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The structure of the pressure and velocity field in the air above progressive, 
mechanically generated water waves was investigated in order to evaluate the 
influence of a mobile and deformable boundary on turbulence production and the 
related bursting phenomena. The Reynolds stress fluctuations were measured in a 
transformed Eulerian wave-following frame of reference, in a wind-wave research 
facility a t  Stanford University. 

The structure of the wave-coherent velocity field was found to be very sensitive to 
the height of the critical layer below which the waves travel faster than the wind. 
Because the critical-layer height changes rapidly with the ratio ( c / u * )  of the wave 
speed to the wind friction velocity, the structure of the wave-coherent velocities 
depends strongly on the parameter c/Uao, where UJ0 is the mean free-stream wind 
velocity. When the critical height is large enough that most of the flow in the 
turbulent boundary layer is below the critical height, the structure of the wave- 
coherent velocities is strongly affected by the Stokes layer (in the air), which under 
the influence of turbulence can have thickness comparable with the wave amplitude. 
In contrast, when the critical height is small enough that most of the flow in the 
boundary layer is above the critical height, the structure of the wave-coherent 
velocities is strongly affected by the critical layer. The latter was found to be 
nonlinear and turbulently diffusive. 

The dependence of the structural behaviour of the wave-coherent velocity field 
upon the critical and Stokes layers results in considerable modifications of the 
turbulence-generating mechanism during the bursting-cycle, as the dimensionless 
wave speed c/Uao changes. Such modifications are manifested by an enhancement of 
the contributions to the mean Reynolds stress of the bursting events (relative to their 
solid-wall counterparts), and their dependence on the dimensionless wave speed. For 
c/Uao 2 0.68 (or c/u*  > 20), the nonlinear critical-layer thickness is large compared 
to the wave amplitude (except when c/Uaa = 0.68), and the diffused Stokes layer 
stimulates the wave-associated stress production. In the water proximity, the 
bursting contributions remain nearly constant with dimensionless wave speed ; 
ejections account for 90% of the mean Reynolds stress, whereas sweeps provide 
77 %, the excess over 100 % being balanced by the outward and inward interactions. 
For c/Uao < 0.68, the critical-layer thickness is smaller than the wave amplitude and 
all contributions increase gradually with c/Uao. However, the ratio of ejection to 
sweep contributions remains unaltered and x 1.15, indicating that sweeps are nearly 
as energetic as ejections a t  all dimensionless wave speeds. The value of c/UaB z 0.68 
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appears to separate the flow regimes of high and low critical level, respectively, where 
significant and weak production of the wave-associated stresses have been found. 
Near the water surface the height distribution of the fractional contributions of the 
bursting events is also sensitive to the ratio c/UJO. In the equilibrium region of the 
boundary layer it remains uniform and in the free stream rises sharply, independent 
of dimensionless wave speed. 

The mean time period between ejections or sweeps depends on both the wave and 
wind field characteristics and does not scale with either the inner or the outer flow 
variables. The former can be determined from the time between the first two largest 
consecutive peaks of the phase-averaged Reynolds stress distribution. 

In  the water proximity, the height distribution of the normalized energy 
production is sensitive to c/U60; only when c/U, 2 0.68 does it show a peak of 
increasing magnitude with increasing dimensionless wave speed. 

1. Introduction 
1.1.  Bursting and Reynolds stress production over solid boundaries 

In a turbulent boundary layer, turbulence generation plays a primary role in 
determining the local balance of production, transport and dissipation of turbulent 
kinetic energy and, hence, it is important that the mechanism(s) of Reynolds stress 
generation be well understood. Considerable theoretical and experimental work, 
using flow visualization and either velocity or pressure sensors, has been done for wall 
flows (Kline et al. 1967; Corino & Brodkey 1969; Kim, Kline & Reynolds 1971 ; Grass 
1971; Wallace, Eckelmann & Hrodkey 1972; Offen & Kline 1975). Hinze (1975), 
Laufer (1975) and Willmarth (1975) have written reviews describing the status of 
research on solid-wall turbulence, especially on the bursting phenomena of turbulent 
boundary layers. Experimental investigations of these phenomena have disclosed a 
complex quasi-ordered flow structure which consists of a deterministic sequence of 
fluid motions occurring randomly in space and time. These studies generally 
concentrate on determining the average spatial and temporal scales of ejection and 
sweep events, the two most distinct features of the quasi-ordered structures. 
Although the spatial configuration and scales of the wall structure are generally 
agreed upon by the different investigators, there is considerable disagreement 
concerning the frequency of occurrence and the scaling of the bursting events in 
bounded shear flows. Bogard & Tiederman (1983) presented results for the non- 
dimensional mean bursting period (normalized with the inner and/or outer flow 
variables) as a function of Reynolds number, obtained by different investigators and 
corresponding to various flows, including flow visualization and probe data. Thcsc 
non-dimensional bursting periods show large scatter. For the probe data, the scatter 
extends over a Reynolds-number range greater than an order of magnitude. Perhaps 
of greater significance are the different trends found in these results. The average 
bursting period of the probe data shows an effective increase with increasing 
Reynolds number, whereas for the flow visualization results this period decreases or 
a t  least remains unchanged with increasing Reynolds number. These differences have 
becn attributed to the different detection schemes used, but  Bogard & Ticderman 
(1983) suggested that probe measurements probably detect something different from 
the bursts identified using flow visualization techniques. Blackwelder & Haritonidis 
(1983) concluded that the discrepancies among the probe data can be attributed to 
the sensor size and proposed a correction scheme for the measured non-dimensional 
mean bursting frequency, scaled with the inner variables, applicable wherever the 
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viscous length? of the detecting probe is greater than 20. Alfredsson & Johansson 
(1983), however, pointed out that the correction scheme of Blackwelder & Haritonidis 
(1983) contains no dependence on the averaging time used by the variable-interval 
time-averaging (VITA) method (BIackwelder & Kaplan 1972) to detect bursting. 
Therefore, it cannot explain the trend seen in their data, which display the frequency 
of occurrence of VITA (bursting) events as a function of the integration time, 
obtained from two probes with viscous lengths of 13 and 32, respectively. 

I n  previous investigations (Offen & Kline 1975; Tiederman, Smith & Oldaker 
1977) a distinction was made between ejections and the overall process of a streak 
breakup, which was called a burst. Recent experimental evidence (Bogard & 
Tiederman 1986) further supports the idea that groups of ejections are related to the 
breakup of a single streak. As a result, in the recent literature the term ‘bursting 
period’ has been replaced by the term ‘ejection period ’, indicating that a single burst 
may contain more than one ejection grouped closely together. The interested reader 
should peruse Offen & Kline (1975) and Hinze (1975, pp. 660 ff.)  for a physical 
description of streaks. Briefly, the ‘wall streak ’ is a basic flow module that can be 
viewed as a sub-boundary layer, within the conventionally defined boundary layer, 
consisting of many streaklines. The lift-up stage of bursting can, in turn, be viewed 
either as an upwelling motion of this sub-boundary layer (a process similar to a local, 
convected separation) or, equivalently, as a consequence of vortex roll-up. Sweeps 
are thought to represent the passage of a previous burst from further upstream. 
According to Schraub et al. (1965), a streakline is defined as the locus of points 
connecting all particles that have passed through a given fixed point in space. Only 
in steady flows do streaklines coincide with streamlines. In  flows over solid boundaries 
streaks have a wavy shape, although sometimes one can also observe a local spiral 
motion in the streamwise direction (see also $3.2.2). The wave motion is more 
distinct in the vertical plane close to the wall, whereas the spiral motion is more 
distinct a t  greater distances from the wall. 

1.2. Bursting and Reynolds stress production above an  air-water interface 

Past field and laboratory measurements of the velocity and pressure fields over water 
waves, conducted by Elliott (1972), Shemdin & Lai (1973). Snyder et al. (1981) ; Hsu, 
Hsu & Street (1981); Kawamura et al. (1981); Kawai (1981, 1982); Hsu & Hsu 
(1983) ; Papadimitrakis, Hsu & Street (1984) ; Papadimitrakis, Hsu & Wu (1987) and 
others, have shown considerable alteration of the wind turbulence owing to the 
presence of waves. Most of the observational evidence of these changes has been in 
the form of spectra of velocity, pressure and, in a few cases, temperature and 
humidity fluctuations (see, for example, Antonia & Chambers 1980 ; Papadimitrakis, 
Hsu & Wu 1986). Distinct peaks, for example, have been found in the power spectral 
densities of pressure and vertical as well as horizontal velocities, near the frequency 
a t  which the spectral density of the surface-wave displacement is maximum. Wave- 
coherent contributions to  the mean Reynolds stress (abbreviated hereinafter as w.c., 
see $ 2  for pertinent definitions) have also been found to cause reduction of the latter 
by as much as 25% a t  large ratios of c/U8, (i.e. 2 l), a condition common for the 
dominant waves in the open ocean (Chambers & Antonia 1981). Moreover, 
Kitaigorodskii & Donelan (1984) have argued that the turbulence structure of the air 
in the water proximity is affected by the surface roughness condition, particularly a t  
low values of C / U & ~ ,  as flow separation from steep (generally small) roughness 

t Defined as I+ = lu,/v, where I, u* and v are probe length, friction velocity, and kinematic 
viscosity of the air, respectively. 
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elements enhances the surface turbulence. Therefore, i t  will be of great importance 
to know the characteristics of the bursting cycle in the presence of a mobile and 
deformable boundary. 

Among these and other investigations on the structure of turbulent air flows above 
water waves, only a few have explored the Reynolds stress production mechanism in 
the water proximity (Mollo-Christensen 1973 ; Takeuchi, Leavitt & Chao 1977 ; 
Chambers & Antonia 1981 ; Kawamura et al. 1981 ; Toba, Kawamura & Okuda 1984; 
Warhaft & Bolgiano 1984; and Kawamura & Toba 1985). These studies give direct 
evidence for intermittent momentum and heat exchange in the lower and inner part 
of either the atmospheric or a laboratory boundary layer above water waves, and 
show that the near-surface stress is mainly supported by intermittent bursts. 
Dornian & Mollo-Christensen (1973) associated the bursts of surface stress with the 
generation of capillary waves observed near the crest of the dominant waves. They 
further suggested that these bursts occur preferentially a t  some phases of the large- 
scale wave field and play an important role in the generation processes of large sea 
surface waves. The existence of bursting phenomena over wind waves, characterized 
by the intermittent outflow and inflow of low- and high-speed air parcels has been 
reported by Kawai (1981, 1982) and Kawamura et al. (1981). Their visual observa- 
tions revealed ordered structures in the air with a horizontal lengthscale comparable 
with the dominant wavelength. They also showed that these ascending and 
descending motions, associated with large negative spikes in the time series of 
instantaneous Reynolds stress, occur a t  relatively fixed positions on the windward 
and leeward side of the dominant wave crests. This abrupt Reynolds stress 
generation by the coupling of horizontal and vertical velocity fluctuations is, 
certainly, similar to  the ejection and sweep stages of the bursting phenomena found 
in flows over solid walls. According to Csanady (1985), these shear stress spikes over 
wave crests act as the principal instrument of air-sea momentum transfer. 

This paper describes the influence of nearly sinusoidal, mechanically generated 
water waves on the turbulent Reynolds stress production mechanism and on the 
bursting-related phenomena in the air flow above them. Comparison is made with the 
results of Lu & Willmarth (1973) for flows over smooth flat walls, Nakagawa & Nesu 
(1977, 1981) for open-channel flows over smooth and rough beds, and Takeuchi et al. 
(1977); Kawamura et al. (1981) and Kawamura & Toba (1985) for flows with 
mechanically and/or wind-generated waves. Additional information regarding the 
mean periods and scales of ejections and sweeps, as well as the wave-associated 
(abbreviated hereinafter as w.a.) and small-scale turbulent energy production, is also 
presented. The role of W.C. pressure fluctuations in the bursting sequence under the 
present conditions is examined in a separate paper. 

2. Experimental apparatus and data analysis 
The experiments were conducted in the Stanford Wind-Wave Research Facility 

(see Papadimitrakis et al. 1985). The data acquisition station was located 13 m from 
the air inlet. The depth of the air flow H ( =  ZS,), measured from the mean water 
level to the channel roof, was 1.07 m. The water depth d was 0.83m. The 
1 Hz, mechanically generated wave was in deep water with a nominal amplitude 
a = 2.54 cm, a wavelength L = 1.56 m, and a wavenumber E = 4.03 m-l. 

The air flow above the progressive, small-amplitude (wave slope w O.l), sinusoidal 
water wave is considered to be two-dimensional (see Papadimitrakis et al. 1986). In 
the Cartesian coordinate system used here, x is taken in the wave propagation or 
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mean air flow direction and y is the vertical coordinate measured upward from the 
mean water level. The coordinate transformation used contains only vertical 

(2 . la ,  b, c) translation, namely = t* = ,p. 

(2.2) 
and has been described by Hsu et al. (1981) ; Q represents the sinusoidal water surface 
displacement from the mean water level. To measure the flow quantities in the 
transformed wave-following frame, the wave-follower system described in Papa- 
dimitrakis et al. (1984) (referred to, hereinafter as I) was used as the primary 
instrument. The X hot film and wave-height gauge characteristics, their calibrations 
and accuracies are also discussed there. 

The air and water flows were permitted to settle into statistical equilibrium over 
a half-hour period prior to data acquisition. The data taken correspond to seven 
mean free-stream wind velocities in the range 140-400 cm/s. They were collected a t  
20 or 21 elevations, 0.75-53.3 cm (k0 .25  mm) above the instantaneous water 
surface. 

Since the instantaneous velocity field above the waves consists of a mean, a W.C. 
perturbation, and a turbulent component, namely 

familiar time and phase averages were used to extract the W.C. fluctuations from the 
total signals. The phase average contains only the mean and W.C. parts ; therefore 

(2.4) 

, Y = Y* +f(y*) 9 2  

f (y*)  = sinh (kH-ky*)/sinh ( k H ) ,  

u, = Ui+Qi+u;; i = 1,2,  (2.3) 

8, = ( U i )  - ut, 
where Ui ( U ,  0) is the time-averaged mean velocity, Qi (a, 5) is the W.C. perturbation, 
u; (u‘, v‘) is the turbulence fluctuation, and ( ) denotes phase averaging. The vertical 
W.C. velocity was corrected to account for the spurious component introduced by the 
wave-follower motion (see Hsu et al. 1981). 

The bursting events were identified by classification of the measured Reynolds 
stress uv according to the Quadrant technique, that is, according to the signs of 
u ( =  4 +u’) and v ( =  v“+v’) signals. Brodkey, Wallace & Eckelmann (1974) termed 
u < 0, v > 0 an ejection ; u > 0, v < 0 a sweep ; u < 0, v < 0 a wallward interaction ; 
and u > 0, v > 0 an outward interaction. This terminology is also used here. 
Therefore, ejections and sweeps are always associated with the second and fourth 
quadrants of the ( u ,  v)-plane, respectively. Contributions to the mean Reynolds 
stress w from the four quadrants of the (u ,  v)-plane were computed as outlined by LU 
& Willmarth (1973) ; here the overbar indicates time averaging. The contribution to 
w from the region of the ith quadrant, denoted by mi, is such that 

where T is the record length, and S,(t) is an on-off function defined as, 

1, when the point u, v is in the ith quadrant, (2.6a) 
(2.6b) 

uvz and m4 correspond to the ejection and sweep quadrants, whereas W~ and m, 
correspond to the interaction quadrants. 

The phase-averaged Reynolds stress is approximately equal to the sum of phase- 
averaged w.a., (Q.”), and turbulent, (u’v’), stresses, namely 

Asi(t) = ( 0, otherwise, 
- 

( u v )  z (QG) + (u’v’) (2.7) 



308 Y .  A .  Pupadimitrukis, R. L. Street and E .  Y .  Hsu 

provided that 6 ,  G are uncorrelated with u’,v’ and (dv’), (Gu‘) are small. Therefore, 
in flows above water waves i t  is important to study the behaviour of the total phase- 
averaged stress (uv) as well as that of either (66)  or (u‘v‘). Classification of these 
stresses may provide insight into the effect of a mobile and deformable boundary on 
the mechanism of turbulent energy production and its partition among the various 
fields. Contributions to the mean w.a. stress % from the four quadrants of the 
(C), (C)- (or ((u), (v)))-plane were computed in a similar fashion. The contribution 
to this stress from the region of the i th quadrant, denoted by 6 C i ,  is such that 

where T, is the wave period, and S;(t) is defined as 

1, (2.9a) 
0, otherwise. (2 .9b)  

when the point (C), (v”) is in the ith quadrant, 
&(t )  = 

a2 and a4 come from the second and fourth quadrants of the (6),(6)-plane, 
whereas 

The phase-averaged turbulent stress (u’v’) was also sorted, but into two parts, 
according to the sign of (u’v’). Negative and positive contributions to m, denoted 
as a and 

and Gg come from the other two quadrants. 

are such that 
~ 

(u’v’) L$’(t) dt ( j  = 1,2) 
u’v’ u’v’ T, 

1, when (u’v’) < 0, 
0, when (u’v’) > 0. 

and S;(t) is defined as 

s;(t) = 

(2.10) 

(2.11a) 
(2.11 b )  

The choice of classification of the (CG) and (u’v‘) stresses according to the signs of 
( d ) ,  ($7) and (u’d) was dictated by the scheme used to deduce these stresses. For the 
(Cv“) strem, both of the phase-averaged velocities (C) and ( 6 )  were available (but 
not their instantaneous values C, 6), whereas for the (u’v’) stress only the product 
(u’v’) was available. The latter was calculated according to the following 

(2.12) relationship : 

The difference (ulv‘) -m represents the W.C. turbulent Reynolds stress. For 
comparison of our results with those obtained by other investigators, the stress EV 
was further classified according to the ‘Hole’ method, which is an extended 
Quadrant technique introduced by Lu & Willmarth (1973) (see also $3.6 and figure 
8a) .  With this scheme, large contributions to vu from each quadrant can be extracted 
leaving the smaller fluctuating uv signal in the ‘hole’. The contribution to TZV from 
the ‘hole’ corresponds to that during the more quiescent periods. Bogard & 
Tiederman (1986) have recently found that this technique has a high probability of 
detecting the ejections and a low probability of false detections. 

(u‘v‘) x (uv) - (u) (v). 

3. Results 
3.1. Mean velocity projiles 

Figure 1 shows mean velocity profiles in wall coordinates. A detailed discussion of the 
mean velocity statistics can be found in I. The lower part represents the logarithmic 
region of a typical turbulent-boundary-layer velocity profile, whereas the upper part 
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shows the wake characteristic. At the higher wind speeds, the wake becomes more 
pronounced, the elevation where it begins to be felt is lower, and the lower portion 
of the profile close to the air-water interface deviates from the logarithmic law. This 
deviation may be attributed to the generation of the surface drift current, whose 
magnitude is proportional to the wind speed. The wake characteristic of mean 
velocity profiles has also been observed by Hsu et al. (1981) and Hsu & Hsu 
(1983). 

The mean velocity data were fitted to a wake log-linear expression to determine 
the boundary-layer thickness 8, the wake parameter ~ ( x ) ,  and friction velocity u*. 
Then, in wall coordinates, 

where 

1 
u+ = - lny++C+- 

K K 

Here K ( =  0.4) is the von Karman constant and U,, is the (Eulerian) mean surface 
drift current. According to Phillips (1977), U,, = Uds,l- UdSgs, where UaS3, and UdS3,  
represent the Lagrangian and W.C. (i.e. Stokes) mean drift current. The latter may be 
taken as ( c ~ k ) ~ c  (Kinsman 1965); Uds,l is usually approximated as M 0.55u,, but the 
recent wave-following measurements of Cheung (1985), under similar wind and wave 
conditions, have shown that U,s,l M 0.65u,. Then, because in this investigation 
Uds/u* varies between 0.21 and 0.53, it represents a very small correction to the 
ratio U / u ,  (which is > 20.0) and can be safely neglected in ( 3 . 2 ~ ) .  C represents the 
intercept of the logarithmic portion of mean velocity profiles. I ts  variation with wind 
speed (also seen in figure 1 )  can be ascribed to  the thinning of the viscous sublayer 
as the wind speed increases. The latter is caused by variations in the surface 
roughness (see also I and Papadimitrakis et al. 1987). 

Equation (3.1) remains valid for y+ > 40-45, i.e. outside the linear sublayer and 
buffer zone. The former is defined as the region where U+ = yf (i.e. 0 < y' < 5-10). 
In  hydrodynamically smooth flows, the edge of this linear profile (located a t  y+ M 10) 
characterizes the extent of the viscous sublayer. The buffer zone represents the 
transitional region between the linear sublayer and the logarithmic region of mean 
wind profile, and extents between 5-10 < y+ < 40-45. 

Table 1 lists the parameters Uan (cm/s), u* (cm/s), c/Uan, c / u * ,  C ,  ka, k8, Icy,*, kS,  
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"8, u* C l U S ,  4% C lea ICS kY,* lea, k4n 
141 4.25 1.11 36.5 12.76 0.11 2.15 00 0.015 00 
179 5.52 0.87 28.1 12.35 0.11 2.15 0.62 0.011 0.65 
200 6.20 0.78 25.1 11.87 0.10 1.95 0.20 0.010 0.36 
23 1 7.24 0.68 21.4 10.77 0.11 2.11 0.061 0.009 0.09 
346 11.91 0.45 13.0 7.48 0.10 1.44 0.005 0.005 0.02 
402 15.57 0.39 10.0 4.12 0.11 1.44 0.004 0.004 0.01 

TABLE 1. Experimental conditions 

and lcS, which characterize the wind and wave conditions. The mean wind velocity 
Uao was conveniently measured a t  the channel centreline (y = So = 18); y:, 8, and 
8, represent mean critical height, and thicknesses of the viscous sublayer and 
nonlinear critical layer, respectively. They are given as t  (Phillips 1977 ; Hsu & Hsu 
1983) 

where GC is the amplitude of the vertical W.C. velocity perturbation, as given by an 
inviscid solution, and U ;  = dU/dy*, both evaluated a t  y:. For a logarithmic mean 
wind profile, GC may be approximated by (see also Benjamin 1959) 

where J,(ky,*) = 1: (lnx)' e-(ky,*)l:dx; J1 = 1; (lnx)2 e-(ku:)xG(x)dx, 

G(x)  = [(ln~)-'-(lnx,)-~]dx for x < xm, 

for x > xm, 
r 
0 

and x, = exp [ ~ ( U , ~ - c ) / u * ] .  The coefficient A ,  is determined from a least-squares 
fitting of the measured v" values, in the free stream, to the expression 

v" = A ,  ka(Uao-c) ePky*. 

It was found that A ,  decreases with increasing wind speed and is of O(1). Then 
substitution of ( 3 . 3 ~ )  into (3.4) yields 

~ 6 ,  = 2 [ k a ( l c y y  ~J,I ; ;  r = {I - (~cy,*)z e(kY,*)J,}-lA,. (3 .5a,  6) 

3.2. Structure of the wave-coherent $ow Jield 

We discuss here the wind and wave characteristic scales and their mutual coupling. 
We also discuss the lengthscales associated with the critical-layer thickness. We then 
examine the changes in the critical and Stokes1 layer structures caused by turbulent 
diffusion and mixing, the influence of mean wind shear upon the Stokes layer and of 
nonlinearities on the critical layer, the interaction between the critical and Stokes 
layers and their influence upon the W.C. flow field. Finally we describe the structure 

t This definition of 6, may not be appropriate for non-smooth surface roughness conditions. 
1 This layer is in the air and should not be confused with the Stokes layer below the 

interface. 
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of the W.C. flow field in terms of the above scales and the behaviour of the critical and 
Stokes layers. 

3.2.1. Lengthscales of the wave-coherent jlow field 

The wind field is characterized by the global and local lengthscales 6 and 6,. They 
indicate the extent of mean velocity variation, and the lower limit of turbulent 
mixing near the interface, respectively. The W.C. field is, in turn, characterized by a 
global lengthscale, the wavelength k-l ,  and two local scales, the wave amplitude a 
and the (viscous) Stokes-layer thickness /3' [ = (2v /w) i  = 0.223 cm], where w is the 
radian wave frequency; k-l indicates the extent of the W.C. flow field, whereas a and 
/3' characterize the undulation as well as the variation of this field near the interface. 
The above scales form the non-dimensional parameters ka ,  k p ' ,  k6, and k6. The W.C. 

flow field has different characteristics when the critical height y,* is comparable with 
either the global or local scale. I ts  behaviour is also different below and above y,*. 
Below y,*, the flow is still turbulent and behaves as if it  were in an undulating channel 
bounded by the wavy surface and the lower boundary of the cat's eye pattern (for 
a description of this pattern see, for example, Phillips 1977). Above y,*, the W.C. flow 
depends strongly on the cat's eye. In this investigation, k/F' ( z  0.009) 4 k a ;  
consequently, when turbulence diffusion is weak, the (viscous) Stokes layer is 
expected to be very thin and undulating along the wave surface. Furthermore, since 
k6 x O( 1)  and k6, 4 k6, it is also expected that the W.C. perturbations (C, 6) will be 
affected by both the mean wind shear and turbulence. 

3.2.2. Critical-layer effects ; linear and nonlinear critical-layer behaviour 

When c/U8, > 1 ,  ky,* = co and the entire boundary layer is below the critical 
height. Our results also indicate that now k/3' z k6,. Then the upper portion of the 
Stokes layer is modified by turbulent diffusion and its thickness becomes comparable 
with the wave amplitude. As a consequence of the diffusion of the Stokes layer into 
the boundary layer the w.a. stress -z oscillates with height in the water proximity. 
In  the boundary-layer region (0 < ky* < k6) ,  C and v" are also affected by the mean 
wind shear. However, in the free stream (Icy" > k6)  they maintain a potential-flow 
character (see I). 

When c/Ua0 < 1 and ky,* x O(k6) ,  .ii and v" still exhibit a potential-flow behaviour in 
the free stream, and the stress -E also shows a similar oscillatory behaviour with 
height in the boundary layer. Yet the magnitude of the latter changes owing to the 
existence of the critical layer. 

The presence of this layer smooths out the discontinuity that presumably exists a t  
y,* in a linear quasi-laminar analysis. In such an analysis viscosity becomes 
important near y,*. The resulting (viscous) critical layer has a finite thickness S,, 
given as 6, = ( v / k U $  (Miles 1959). However, turbulent mixing may overtake viscous 
diffusion and produce a much thicker critical layer, as the dimensionless wave speed 
decreases and the critical height approaches the energetic turbulent region. The 
thickness of the turbulence-modified linear critical layer, act, may be also calculated 
from an expression similar to that given for a,, but with v replaced by the eddy 
viscosity V ,  = KU* y*. Calculations of S,, and 6, (not shown here) indicate that 
6,, $- a,, the latter being of O(0.02).  When c/U,,  = 0.87 (or c/u, z 28), a,, actually 
becomes comparable with 6. 

The nonlinearities of the wave-induced flow can also play a role in smoothing out 
the vorticity discontinuity at y,* (Davis 1969; Benney & Bergeron 1969). The 
significance of nonlinear effects in determining the behaviour of the W.C. flow field, as 
well as in enhancing the energy transfer from wind to waves, has been emphasized 
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by Robinson (1974) and Phillips (1977). According to Robinson (1974), nonlinear 
instabilities in parallel shear flows develop as a series of temporally growing spiral 
vortices, a description consistent with experimental observations (see also § 1 . 1 ) .  
Nonlinearities become important, relative to viscous effects, if the wave slope ka, and 
the Reynolds number of the flow Re (say = u, S / v ) ,  satisfy simultaneously the 
conditions ka 4 1 ; Re % 1 and ka % Re-! (Benney & Bergeron 1969). Since the values 
of Re ( =  6+), shown in table 2 of I, do satisfy the above requirements we might argue 
that nonlinear effects become significant in this investigation. Comparison of the 
nonlinear critical-layer thickness 6, with S,, also indicates that kS, 2 kSCt,  the 
former being larger a t  the higher values. Then the results of kS,, kS,,kS,, and 
the above observation suggest that  the nonlinear critical layer, plays an important 
(or perhaps the most important) role in determining the behaviour of the W.C. flow 
field, as Robinson (1974) and Hsu & Hsu (1983) also suggested. Yet the effect of 
turbulence on the nonlinear critical-lager structure is considerable and cannot be 
neglected. 

3.2.3. Mean wind and turbulence effects 

With the various critical-layer thicknesses described, we now consider the 
influence of mean wind shear and turbulence diffusion on the Stokes layer ; we then 
attempt to explain the behaviour of the W.C. flow bclow and above y,*. 

The effect of mean wind shear on the Stokes layer is quantified by the Tietjens 
function T( -2),  defined conventionally in the hydrodynamic stability theory (Lin 
1955). The argument Z [ =  c(kUh/v)i/Uh, where Uh is the slope of the mean wind 
profile a t  y* = 01 is the parameter that measures this mean shear effect (Benjamin 
1959; Hsu & Hsu 1983). I n  fact, the surface friction layer behaves as if, a t  
y,* = c/Uh, there were a critical layer with thickness of order 8, = (kUA/v)-f. 
Then the parameter Z represents the distance of the interface from this hypothetical 
critical layer, using the actual critical-layer thickness as a measure. Asymptotically, 
as 2 t co, the surface friction layer will reduce to  the Stokes layer. For this reason 
we shall refer to this surface friction layer as a 'modified' Stokes layer. The latter has 
a thickness of O ( F ' ) ,  if 2 is very large, and of O(6,) if Z is small. Since Uh = u i / v ,  
i t  can be shown that 2 = R;i(c/u*)i, where R ,  = c / k v  = 2(k/7')-2 is the wave 
Reynolds number. For better understanding of the conditions of this investigation, 
the parameters IcS, [ = R;!(c/u,)i], Icy, [ = R ; 1 ( ~ / ~ , ) 2 ]  and 2 are shown in table 2 as a 
function of dimensionless wave speed. Since 2 is not large (< 8 ,  according to 
Benjamin 1959), it is expected that the influence of the mean wind shear (near the 
wave surface) on the Stokes layer will be considerable a t  all wind speeds. 

We now examine the effect of turbulence diffusion on the Stokes layer 
and, subsequently, on the W.C. flow. Comparison of the values of kS, and Icy,* 
with the corresponding values of kS, shown in table 1 indicates that the upper 
portion of the Stokes layer is influenced by turbulence diffusion. The parameter 
8, /3 [ = 10(2R,)-i (c /u , ) ] ,  which measures the thickness of the viscous sublayer 
relative to the Stokes layer, also quantifies the effect of turbulence on the latter, 
and is listed in table 2 .  As seen, S,/3 decreases with decreasing dimensionless 
wave speed and, progressively, a greater portion of the Stokes layer penetrates 
deeper into the boundary layer. Using a simple eddy-viscosity model, it  might be 
argued that the turbulence-modified Stokes layer has a characteristic lengthscale 
based on pt = Lw/B(v+ v,)];; /3;' % p-' and, at high dimensionless wave speeds, /3;' 
actually becomes comparable with the wave amplitude. If, to a first approximation, 
the eddy mixing is assumed to be a local process, then the effect of turbulence on the 
Stokes layer can be evaluated by replacing /3 (appearing in the viscous expressions 
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ClU& 1.10 0.87 0.78 0.68 0.45 0.39 

4 0.013 0.011 0.010 0.009 0.007 0.005 
kY,* 0.054 0.032 0.025 0.019 0.007 0.004 
z 4.16 2.94 2.51 2.04 1.05 0.74 
8, P 1.64 1.27 1.13 0.99 0.59 0.45 

TABLE 2. Effects of mean wind shear and turbulence on St,okes layer 

cIu* 36.5 28.1 25.0 21.4 13.0 10.0 

of the W.C. velocities) with /It. Such substitution results in a modified w.a. stress, 
which can be approximated as _ _  

%, x A , ( l c a ~ ) ~  exp { - ky* + r* Pt dy *} sin { I* Pt dy *}, 
0 

where A,, ( x 1.5) is an amplification factor accounting for the effect of mean flow (see 
also Hsu & Hsu 1983), and the subscript s indicates contributions to the w.a. stress 
from the Stokes layer. Yet &' cannot grow indefinitely with decreasing dimensionless 
wave speed (being proportional to vt) for, as the wind speed increases and the critical 
layer approaches the interface, the reduced turbulence intensity in the region below 
the critical height (relative to its maximum value a t  the constant stress-layer 
elevation), and the vortical layer associated with the cat's eye pattern render 
diffusion less effective. This high-vorticity layer acts somehow as a barrier which 
limits the upward diffusion of the turbulent Stokes layer, but also generates 
additional w.a. Reynolds stresses owing to the transport of vorticity when the fluid 
circulates around the cat's eye. In this sense, the confined Stokes layer (by the 
vortical layer from above and the density interface from below) behaves as a 
compressed layer. 

One can also interpret this compression effect of the critical layer on the turbulent 
Stokes layer in terms of the vortex force introduced by Lighthill (1962). The latter 
results from the greater disparity between the vorticity of particles and their 
surroundings near the critical level. The net vortex force per unit area, F,, acting on 
the layer is proportional to the excess (or defect) of vorticity carried through the 
critical layer by the fluid, namely 

(3 .7a ,  6 )  

where p is the air density, PI x - 0(1), and Uz denotes the curvature of mean wind 
profile at the critical height; -66, represents the w.a. stress produced by the critical 
layer. When the critical layer falls inside the logarithmic region of the mean velocity 
profile (i.e. when Icy: x O(k8)  or less), U;/Uh cc (Icy,*)-', and GC (given by (3.4)) is small; 
consequently, Fc is also small. Therefore, in the region below y,* the compression of' 
the turbulent Stokes layer by the vortex force (between the vortical layer from above 
and the waveform from below) is weak, and the w.e. flow field may be represented 
by the superposition of the flow fields induced by the two layers. The distribution of 
the total w.a. stress -z is then described by the sum of -Gs and -Gc. 

When c/Uao is low, so that Icy,* < ka and U; remains negative, the W.C. perturbations 
near the interface depend mainly on: (i) the compression of the flow field below y: 
by the vortex force, and (ii) the interface boundary condition. Then the critical layer 
becomes thin and undulates with the waveform. Below y,*, Q and v" are determined 
by the critical layer alone. Although 6, decreases with decreasing c/UQ i t  can be 
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shown that, in this regime, F, actually increases with decreasing dimensionless wave 
speed ; consequently, F, becomes larger and the compression of the W.C. flow field by 
the vortex force is now stronger. - Yet the mean stress associated with the turbulence- 
modified Stokes layer, --CCS, decreases as the wind specd increases (for /3, decreases). 
It can also be shown that for c/U8, > 0.45, this stress is > -Gc. Then. depending on 
the relative magnitude of -Gs compared with -Gc, the total w.a. stress below 
Ey,* may decrease or increase as c/U8, decreases. Our measurements indicate that the 
total w.a. stress, a t  the lowest point of measurements, decreases with decreasing 
c/Us, (except when c/Ut, = 0.68 or c/u* = 21.4). Above y,*, 6 and v" depend on the 
undulations of the upper boundary of the cat's eye pattern, defined by 

ijz = 8, cos+(kx*-wt+8 , ) ,  (3.8) 

where 8, is the phase angle locating the centre of the cat's eye (Phillips 1977). 
If c/U,, is further decreased so that ky,* < ka,  U: will eventually become positive 

(when y,* falls inside the lower portion of the buffer zone). Then -GC will become 
negative, since this stress is proportional to -Uz,  and the vortex force will be 
directed upwards, thereby reducing the compression of Stokes layer and (perhaps) 
rendering turbulence diffusion more effective again. 

It should be pointed out that  a t  low c/Us, values the measured w.a. stress is greater 
than the sum of -Gs and -%,, Then, since at c/lJ8, = 0.45 and 0.39 -% remains 
negative, it might be argued that the actual critical-layer contribution to the total 
w.a. stress is larger than the Miles (1957) theory predicts. 

In summary, the structure of the W.C. velocity field is very sensitive to the height 
of the critical layer. As the dimensionless wave speed decreases from c/Us, = 0.87 to 
0.68, the critical height decreases rapidly from ky,* = 0.62 to 0.061 while the global 
lengthscale of the wind field, 6, remains practically unchanged. The viscous sublayer 
becomes progressively thinner (being inversely proportional to u*) and a greater 
portion of the upper part of the Stokes layer is influenced by turbulent diffusion. As 
the critical height decreases, the cat's eye (confined from below by the density 
interface) becomes slender, undulating along the waveform, and more uneven on the 
upper and lower side of the critical layer since ky,* < kS,. The compression of the W.C. 
flow field below the critical height may enhance the production of the w.a. stress in 
the critical layer (i.e. the stress -%,). 

When c/Ua0 is further decreased so that ky,* < kS, < ka, the critical layer and the 
region below the critical height are very thin and the behaviour of the W.C. flow is 
mainly determined by the critical layer. 

3.2.4. Low- and high-critical-level regimes 

From table 1 we find that ICS, > ka only when c/Uso 2 0.68. Apparently, there 
exists a critical value of c/Usa ( =  pc) which distinguishes the flow regimes of low and 
high critical level. These two regimes are associated with strong and weak (zero for 
c/Uso 2 1.0) compression of the W.C. flow field below y,* resulting, respectively, in a 
significant and weak suppression of the w.a. stress production. The flow regime of low 
critical level seems to be also signified by : (i) a phase jump of approximately 180" in 
the profiles, 6plz, of the W.C. Reynolds stress phase lags (with respect to the surface 
wave) ; and (ii) a small positive phase lag 8, (i.e. 0" < 8, + 90") in the corresponding 
profiles of the W.C. velocity C, close to the water surface.t Our observations suggest 
that pc may be located at somewhere near c/Uso x 0.68, when kS, x ka.  The results 

t For an explanation of this and Oa at c/Uao = 0.55, 0.45 and 0.39 see I. 
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of Hsu & Hsu (1983) also show that k8, x ka, when 0.65 < c/U,, < 0.74. 
Furthermore, (3.5) indicates that k8, x f (ha, ky;, c/u,).  Since y,* depends on both 
the properties of the mean wind profile and the wave characteristics, and Ea depends 
also on fctch (Huang, Long & Bliveii 1981 ; Hsu et al. 1982), we conclude that ,uc is 
not a universal constant but may depend on fetch and possibly on the boundary- 
layer development (artificial versus natural ; wave tank versus open sea). 

As seen from table 2 ,  for c/U,o ? 0.68 (or c/u* 3 21.4), ley,* 3 kp-', indicating that 
perhaps there is another critical (c/u*)cr ratio associated with the high- and low- 
critical-level regimes. Its value can be determined from the condition : ky,* x EK', 
and is given by (c/u*),, = (2R,)f. For the present experiments x 20. This 
critical ratio closely approximates the value of c / u *  that corresponds to ,uc. The 
latter observation may facilitate the selection of the appropriate value of c / u *  
resulting from the condition ks ,  x ka. if this equation has multiple roots with 
respect to c / u * .  

3.2.5. Zone of significant wave-associated stresses 

When c/Us, 0.68 (or c/u* > 20), turbulence diffusion and mixing reduce the 
decay rate, 

D = -ky*+r*P,dy*,  0 

- 

of the w.a. stress with height and augment the width (Icy,*) of the zone where -C6 
remains significant, as c /u *  increases. The reduction of D with decreasing wind speed 
results from the growth of /It. When c/U,, < 0.68 (or c/u* < 20), turbulence diffusion 
becomes less effective (for both Pt decreases and the cat's eye vortical layer, located 
now closer to  the water surface, prevents the Stokes layer from spreading upwards). 
Then, owing to the reduced influence of turbulence diffusion and mixing on D beyond 
6,, the width kyt is expected to decrease as 8, becomes smaller with decreasing 
c/Ua0. The variation of k y t  with the wind and wave parameters is important for 
explaining the behaviour of both the distribution of the fractional contributions 
mi/m, and the contribution of the w.a. stress to the production of the total Reynolds 
stress across the boundary layer. The discussion in the remaining part of this 
subsection is, therefore, devoted to shedding some light on this. 
- The width Ey,* can be determined from the first and/or second zero crossing of the 

-tic stress along Icy*, that is, from the condition 

sin{ I* Ptdy*} = sin (nn) (n  = 1,2)  (3.9) 

as the subsequent extrema of this stress decrease rapidly with increasing ky*. This 
location is approximately given by 

assuming that vt varies as (see Cebeci & Bradshaw 1977 ; Sheet 1979 ; Kitaigorodskii 
& Donelan 1984) 

(3.11a) 

(y+/lO)', 10 < y+ d 40, (3.11b) 

( 3 . 1 1 ~ )  

a,S+y-l, 0.28+ < y+ < s+, (3.11d) 

0 < yf < 10, 

40 < y+ 6 0.28'; V 
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where y =1{1--erf[5($-0.ix)]} 2 

is the intermitteney factor and a1 ( z  0.07) is a numerical constant. Equation (3.10) 
is not valid when Icy: > 0.2kS.  Owing to the eddy-viscosity approximation in the 
region Icy* > 0.2k8, the corresponding expression becomes more complicated. 
Equations (3.11 a ,  6) have been derived from dynamic considerations in similar flows 
(Street 1979, p. 891), whereas ( 3 . 1 1 ~ )  is based on purely dimensional arguments. It 
is, therefore, valid in the logarithmic region of the boundary layer irrespective offlow 
type. Equation (3.1 1 d )  represents, however, an empirical expression derived from 
flat-plate boundary layers and its validity in interfacc flows remains to be seen. 

For c/7j8,, = l . l l , c / u *  = 36.5 and, for n = l ,kyz  z 0.11 (or ?/:/So z 0.05). At this 
dimensionless wave speed, the measured -a stress decays rapidly with height, in 
the water proximity, and a t  Icy* NN 0.11 i s  about an order of magnitude smaller than 
its value a t  the lowest point of measurements (Papadimitrakis 1982). In the region 
0.1 1 < Icy* < 0.2, -%oscillates slightly with height and then decays rapidly to zero 
as Icy* increases. 

An expression nearly identical to (3.10) can also be derived by using the theoretical 
model for an oscillating turbulent boundary layer described by R. E. Davis in an 
Appendix to Hsu & Hsu (1983). Davis' equations (A 1)-(A 5), with vt = VKY' applied 
down to y* = 0, lead to the expression 

(3.12) 

The above relation yields Icy: z 0.082 for c/u* = 36.5 and n = 1. The difierence 
between this Icy: value and 0.11 may be attributed to the dissimilar eddy viscosity 
approximations used in the buffer and linear sublayers. When c/U,o < 0.68, 
(or c / u ,  < 20), Icy: can still be determined from (3.9) and, assuming that for 
y+ 2 8;: vt z KS;, is given by 

Table 3 shows the variation of Icy: with c/u* (and c/UJ0) according to (3.10)-(3.13). 
For 15.6 < c / u *  < 36.5 (or 0.55 <c/U,o < l . l ) ,  the measured -%stresses do oscillate 
with Icy* taking on positive and negative values, and the position of first and second 
zero crossing appears to reasonably agrec with the above results (see also I). 

At c/u* z 13.0 and 10.0 (or c/U8, z 0.45 and 0.39), the w.a. stresses wcre found to 
remain negative a t  all measurement heights.? However, a t  Icy* z 0.46 and 0.40 they 
are about an order of magnitude smaller than their corresponding absolute maximum 
values. The negative sign of the w.a. stresses in the water proximity can be justified 
by considering the critical-layer contribution to the w.a. stresses. At these 
dimensionless wave speeds, y: z 11.5 and 10.5, and UZ apparently becomes negative. 
Then, simple calculations show that the critical-layer contribution to -% (i.e. the 
stress --ac) is greater than its Stokes-layer counterpart (i.e. -Gs). Hence it is 
expected that, close to the water surface, --%will remain negative. Since now -%, 
__ Inside the linear sublayer the w.a. stress should become positive again, since there C" = 0 and 
U,?', = 0. _ -  
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G I  Go 1.10 0.87 0.78 0.68 0.55 0.45 0.39 
4% 36.5 28.1 25.0 21.4 15.6 13.0 10.0 

n = 1 ; Icy: 0.11 0.14 0.15 0.16 0.14 0.13 0.10 
n = 2 ;  Icy: 0.33 0.40 0.43 0.51 0.48 0.46 0.40 

TABLE 3. Variation of ky: with wind and wave conditions 

dominates the total w.a. stress, (3.13) may no longer be valid and the corresponding 
values of ky: shown in table 3 for n = 1 may become questionable. However, because 
the vortex force is directed upwards and renders turbulent diffusion more effective 
again, it might be argued that the actual width ky: will be larger than its values 
shown in table 3 for c/Ua0 = 0.45 and 0.39. The significance of this observation will 
become apparent in the next section where we discuss the behaviour of correlation 
coefficient(s) with height and dimensionless wave speed. 

3.3. Correlation coeficients 

Figure 2 shows the distribution of the correlation coefficients R and R‘ 

(3.14a, b )  

As can be seen, the turbulent correlation coefficient R’ is nearly constant in most of 
the equilibrium regiont (i.e. 0.14kS d y*/S,  d 0.28kS or 0.3kS d ky* d 0.6kS) and 
assumes a mean value Rk which decreases from about 0.39 to 0.30, as c/U8, increases 
from 0.39 to 1.11. Close to the water surface (i.e. y*/S,  < 0.14kS or ky* < 0.30kS) R 
increases, whereas in the free stream (i.e. y*/S, > 0.28k8 or ky* > 0.6kS) it decreases 
monotonically as y*/S,  increases. Lu & Willmarth (1973) have reported a value of 
R‘ = 0.44, and values as large as 0.5 have been measured by other investigators 
(Wallace et al. 1972; Nakagawa & Nesu 1977, 1981). Our lower R‘ values, throughout 
the boundary layer and the water proximity in particular, compared to wall- 
bounded and open-channel flow data, are thought to be the physical consequence of 
turbulence alteration through : (i) the interaction with the large-scafc vclocity 
perturbations induced by the mechanically generated waves ; and (ii) the generation 
of the wind-induced drift current. The latter effect results in a reduction of both the 
air friction velocity u*, and the mean turbulent shear and normal Reynolds stresses, 
relative to their values over a solid surface. The fact that the equilibrium-layer 
correlation coefficient Rk decreases as c/U,, increases may be partly attributed to 
variations of the surface roughness condition from transitionally rough to smooth 
(based on traditional measures), although the data of Ligrani & Moffat (1986) over 
a solid-wall boundary layer indicate that such variations do not alter either the trend 
or the magnitude of R .  Otherwise, the comparison with previous data in pipe, wall- 
boundary-layer, and open-channel flows indicates that the turbulence correlation 
coefficient displays universal characteristics, independent of flow type and surface 
roughness condition. 

The distribution of the correlation coefficient R shows a behaviour that is similar 
to that of R only in the equilibrium and free-stream regions, as close to the water 
surface R either decreases or increases with non-dimensional height, depending on 

t I n  this region a dynamic equilibrium exists between tiirbulrnce production and dissipation, 
and a similarity in turbulent structure is expected t o  be found. independent of boundary 
conditions. 

11 2 
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FIGURE 2. Distributions of‘ total (R) ,  and turbulent (K’)  correlation coefficients throughout the 
boundary layer. Open symbols denote R :  0, A. V, 0. 0. b.  d correspond t o  c/1J8” = 1.1 1, 0.87. 
0.78. 0.68, 0.55, 0.45 knd 0.39. Solid s.ymbols denote R’. 0 ,  A. V, ., +, L .  1 correspond to  
c/Uyo = 1 . 1 1 ,  0.87, 0.78, 0.68. 0.55, 0.45 and 0.39. 
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c/lJ8,. The mean values of R in the equilibrium region, like Em, also decrease from 
about 0.25 to 0.12, as c/U, ,  increases from 0.39 to 1.11 .  Since the correlation 
coefficient R is directly linked to the quantitative behaviour of the fractional 
contributions m i / ~ ( i  = 1 ,  ..., 4) and is mainly rcsponsible for it (see §3.4), it 
is important to understand the physical mechanisms governing its variation 
throughout the boundary layer, under the conditions examined. A description of 
these mechanisms follows. 

The behaviour of the correlation coefficient R in the water proximity possibly 
reflects the influence of the W.C. velocity perturbations (S, v“) on the wind turbulence 
and their mutual interactions, as can be seen by expressing R in terms of the W.C. and 
turbulent stresses, namely 

(3.15) 



Turbulent boundary layer over progressive water waves 319 

The organized-random velocity componcnt intcractions result in modifications 
of the corresponding velocity fields. Such manifestations of wind turbulence 
alterations by the waves can also be found in the ratios -u'2"/q'2,(T, = (u'")i//u,, 
and (T, = (v")i/u,, where 4" represents mean turbulence intensity. In the constant- 
stress-layer region of a typical boundary layer over a fiat wall, under neutral 
conditions, these ratios have values of about 0.15, 2.5 and 1.3 (see. for example, 
Bradshaw 1978). Over sea, various investigators have reported values of (T,. (T, in the 
range 1.7 d (T, d 2.3 and 1.3 d crv d 1.6, but there is suspicion that these values 
contain (unremoved) W.C. contributions (Busch 1973). In the present experiments 
they were found to be smaller, increasing monotonically between 0.08-0.14, 1.95-2.35 
and 0.65-0.95, respectively. as c/U8, decreases. The smaller values of these ratios and 
of the turbulence correlation coefficient R' as well, signify that - n / u i  is also 
reduced ~ in the presence of waves. According to I, in the constant-flux-layer region 
-u'v'/u2, < 1 (approaching unity as the wind speed increases), whereas for a flat-wall 
boundary layer - n / u i  M 1 .  The behaviour of wind turbulence in the presence of 
waves is dependent on the ratio c/U8, (i.e. on the critical layer), because it is affected 
by wave-induced modifications of the burst/sweep statistics, which are introduced 
through the effects of the flow in the vicinity of the critical layer on the turbulence 
above and below it. Again, as the wind speed increases the water wave behaves as a 
rigid (wavy) surface (for, as c+O:  U8"/c -+ G O )  and the turbulence characteristics 
return to their conventional flat-wall boundary-layer counterparts, although 
somewhat modified to account for the extra strain rates introduced by the wavy 
surface (see, for example, Kendall 1970). 

As seen from figure 2, the zone of influence of the surface waves on R appears first 
to become wider as c/U,o decreases from 1.11  to about 0.68, then (slowly) thinner as 
C / U $ ~  further decreases to 0.39, and is confined in the region ky* < O.l(ro.55. This 
behaviour is consistent with the fact that for C / U ~ ~  < 1, G and v" decay faster with ky* 
than for c/Ua0 > 1.  When c/UJ0 = 1.11 ,  the W.C. flow is only affected by viscosity at 
the interface and turbulent mixing in the boundary layer, since the critical-layer 
effect is negligible. Then, close to the water surface 3 M O(u"), C2 + d2. -Gv" % -= 
and, thus, it is reasonable to assume that there the behaviour of R with height (at 
any given ratio c/U,,) is dominated by the w.a. stress distribution. 

For c/U,, < 1 ,  the behaviour of R with height depends also on the distribution of 
%? and 2 across the layer. Our results (see I) indicate that, in the region 0.3 < Icy* 
< 0.55, 3 decays almost as fast as -?%, being one to two orders of magnitude 
smaller than its maximum value a t  the lowest point of measurements ; 3 decays with 
height more slowly than both and -E. As c/U8, decreases from 1.11  to 0.39 (for 
any fixed y*), %? increases and eventually becomes of O(u'2),  whereas 3 decreases 
and, a t  the highest wind speed it becomes an order of magnitude smaller than v'"; 
u ' ~ ,  d2 and -= also decay with height, but more slowly than .ii2.v"2 and -%, 
respectively. At high wind speeds (say c/U,, < 0.4), the critical-layer height becomes 
very small and, as mentioned before, the water surface behaves approximately as a 
rigid (wavy) boundary. Under these conditions, the wave's influence on R gradually 
decreases as the wind speed increases and the trend of R with height in the water 
proximity becomes asymptotically similar to that over a solid (wavy) surface. Such 
variations should, therefore, be confined in the inner region of the boundary layer 
(i.e. ky* < 0.2kS). The data of table 1 indicate that, for c/U,, = 0.45 and 0.39, 
0.2kS = 0.39 and 0.29, respectively. These values arc smaller than their experimental 
counterparts (0.55 and 0.40), as shown in figure 2. This discrepancy may be partly 
attributed to the mobility of the interface and the continually changing surface 

_ _ _  

- -  - - 

- _  _ _  
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roughness caused by the short wavelets riding on the dominant wave with phase 
velocities c, such that c,/u* x O(1) or less. It can also be interpreted in terms of the 
critical-layer behaviour which then augments the width of the zone of influence of the 
w.a. stress and, consequently, enhances the influence of surface waves on R. 

Figures 8 and 9 of I also show that all significant variations of the ratio R, = 
.iid/u‘v‘ occur in the region 0 < Icy* < 0 .14 .55  where maxR, x O(1). Therefore, it 
can be argued that the variation of R across the surface layer is largely determined 
by the corresponding -% stress distribution, when 0.55-0.68 < c/U8, < 1.1, and to 
a lesser extent when 0.39 < c/U,, < 0.554.68. 

-~ 

3.4. Contributions to the mean Reynolds stress from different events 

Figure 3 shows the fractional contributions milm to the mean Reynolds stress m, a t  
the lowest point of measurements, as a function of dimensionless wave speed. It is seen 
that ejections are the largest contributor to W, with sweeps the second largest. 
However, the contributions from outward and wallward interactions are also 
significant. For c/U8, 0.68, ejections contribute on the average 90% of the total 
mean stress. This fractional contribution is somewhat greater than the value 80 % or 
77% reported by Kim et al. (1971) and Lu & Willmarth (1973) for smooth, flat-wall 
boundary layers. I n  the same range of dimensionless wave speeds, sweeps contribute 
about 77% of the mean stress, and both first and third quadrants have identical 
contributions ( - 34 YO and - 33 %, respectively). Lu & Willmarth (1973) have 
reported values of 55 % and - 32 % for the contribution of sweeps, wallward and 
outward interactions. Takeuchi et al. (1977) reported that ejections and sweeps each 
provide about 100 % of the mean turbulent Reynolds stress, whereas wallward and 
outward interactions each provide - 50 YO. Increased sweep contributions were also 
observed by Nakagawa & Nesu (1977) in their rough-bed, open-channel flow 
measurements, and were attributed to the bed roughness. For c/U8, < 0.68, a 
significant change in the behaviour of fractional contributions mi/m is observed. 
The contributions of all quadrants progressively increase. Values as high as 192 %, 
174%, -146% and - 120Y0 were found a t  c/U8, = 0.39. However, the value of the 
ratios m2/m4 and mJm3 remains almost unaltered. 

Both Lu & Willmarth (1973) and Nakagawa & Nesu (1977) found good agreement 
between measurements of the fractional contributions WJW and their prediction 
throughout the boundary layer, except close to the wall and in the outer intermittent 
region. The predictions were made by applying either the cumulant-discard method 
to the Gram-Charlier probability distribution of u- and v-signals, or the assumption 
of joint normality for these two signals. Takeuchi et al. (1977) has also found that 
both of the turbulent fluctuations u‘ and v’ have a remarkably Gaussian behaviour, 
a t  least up to three times their standard deviation, and that the probability density 
of u’v’ shows a distinctly non-Gaussian distribution, sensibly in agreement with the 
measurements of Lu &, Willmarth (1973) and Nakagawa & Nesu (1977). We might, 
therefore, anticipate that similar or extended methods can be used to predict the 
various aspects of the bursting cycle in flows above an air-water interface. This 
conclusion will become obvious after we delineate the similarities and differences 
among some other relevant quantities for interface flows, conventional wall boundary 
layers, and open-channel flows. 

Following Lu & Willmarth (1972) and h’akagawa & Nesu (1977) we have derived 
expressions that can be used to predict the fractional contributions mJm at  
N = 0 (zero ‘hole’ size), in terms of the correlation coefficient R. These expressions 
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are based on the assumption of joint normality of the u and v signals. In  the water 
proximity, the ratios m2/m4 and mJm3 have values. independent of dimensionless 
wave speed, of about 1.15 and 1.10, being smaller than their counterpart values over 
wall-bounded flows (i.e. 1.85 and 1.25). Such low values imply that the assumption 
of joint normality of u and v is probably better justified for interface than for smooth 
flat-wall flows. This assumption is indeed consistent with the measured probability 
densities of u', v' and u'v' by Takeuchi et al. (1977), under similar wind and wave 
conditions. The effects of deviation of u and II probability density distributions from 
a Gaussian behaviour on the burst fractional contributions are also included in our 
analysis. They are usually described - by the - skewness and turbulence diffusion factors 
LSu,, andl where Xu = d3,  S,  = 3, D, = 4G2, D, = 6d2 and 4 = u/(u")i, 
$ = v/(ii)T. Then, the ejection fractional contribution is given by the following 
equation : 

- - 

S- - uv2 (1 - R2)i + R cos-l( - R) n- - _  - - +-+- 
uv 2xM 2(2x )%R 6(2x);' 

(3.16) 

and similar expressions hold for the other contributions; here 8- = &S,-8,) and 
D- = t(D,-D,). Since the organized velocity perturbations do not contribute to the 
skewness and diffusion factors, it  follows that S,  x Su) ; S,  x S ,  ; D, x D,,; and D, 
x nu,. The measurements of Takeuchi et al. (1977) and Nakagawa & Nesu (1977) 
have shown that, for small y*/S,] (or ky*) .  Svr x -S, x 0.1-0.2; D,, x -DU x 
0 . 1 4 . 2 ;  therefore, S- z S,,; D- x Dvr. They have also observed that 8- and D- 
slowly decrease with increasing surface roughness and/or wind speed. Then, 
comparison of the various terms on the right-hand side of (3.16) reveals that, for the 
range of dimensionless wave speeds considered in this invcstigation, the contribution 
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of the last two terms to mi/m is rather small (being < 10%) and can be neglected. 
Under these conditions, the following simplified expressions for mi/m hold ; 

(3.17) 

(3.18) 

The predicted contributions ma/m, according to (3.17) and (3.18) are also shown in 
figure 3. The agreement is very good, providing further confidence in the assumptions. 
Since both D- and S- are small and positive their net effect on w~~ Jiiiiii is to slightly 
increase m2/m and/or decrease m4/m, relative to their values given by (3.17) and 
(3.18), bringing the predicted contributions even closer to their experimental 
counterparts. Similar arguments also hold for the interaction contributions. 

The dependence of the fractional contributions mt/m on c/CT,o (or c/u,) has also 
been observed by Chambers & Antonia (1981). However, their results show that 
these contributions increase as c / u *  becomes large ( z 81), a behaviour consistent 
with the decreasing values of coefficient fz found in the open sea as c / u ,  increases 
(Volkov 1970). Such field dependence of both ma/m and R on c/u, appears to be a t  
odds with our measurements. Since Volkov's (1970) data were collected a t  a height 
y = 2 m from the mean water level, in the presence of a swell and under unstable 
conditions, it is possible that their non-dimensional height, Icy*, falls in the region 
where R remains nearly constant (for a fixed c / u * ) ,  assuming that the observed 
laboratory behaviour of R with height for 21 < c/u, < 37 can also be found in the 
ocean a t  large values of c / u * .  Therefore, the field trend of decreasing R with c/u* is 
not inconsistent with our measurements (figure 2). For 10 < c/u, < 40, Volkov's 
(1970) data indicate somewhat higher R-values than our measurements, but this can 
probably be attributed to the unstable stratification. t Because the measurement 
height in Chambers & Antonia (1981) (y = 5 m) corresponds to ky* z 0.3 and their 
data were collected under more unstable conditions (Ri x -0.43) than those 
corresponding to Volkov's (1970) experiments (Ri x -0.025), it is expected that 
their R-value a t  c / u *  = 81 will be greater than 0.05. as suggested by Volkov (1970), 
and possibly about 0.104.12. Here Ri represents the gradient Richardson number. 
Such a correlation coefficient, however, corresponds (according to (3.17) and (3.18)) 
to fractional contributions mt/m nearly equal to the results shown in figure 3. for 
c/UJ0 z 0.55. The critical layer in their run with c/u* = 81 was found to be located a t  
about 49 m from the mean water level and, since ky: z 3.3, i t  is expected that its 
effect on the w.a. stress production will be small. For these field conditions: wave 
Reynolds number R, z 1131 x lo4, kp-' z 0.00042 and (c/u,)cr x 69 (< 81). On the 
other hand, since 2 ( z  1.54) is not very large, ky; ( z  0.00056) and k6, ( z  0.00037) 
are larger than Ed, ( z  0.00007), and 6, /7' ( z 0 . 1 7 )  is small, we may conclude that 
the effects of mean wind shear and turbulence on the Stokes layer will be significant. 
Such effects widen the zone of influence, Icy,*, and enhance the production of the w.a. 
stresses by reducing their decay rate D. It is important to note that a t  sea, zc, is 
difficult to measure (typical uncertainties are of O( & 15%)) and may also depend on 
the state of wave development which, perhaps, is a function of fetch. Consequently, 
c / u *  values in the laboratory and in the open ocean may not have one-to one 

t There is some evidence (Morduckhovich & Tsvang 1966; Papadimitrakis et al. 1987) that  H 
increases with instability, although such dependence is controversial. 
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FIGURE 4. Distribution of Cv"/u'v' as a function of dimensionless wave speed. 

correspondence. Because this particular experiment was also conducted under 
unsteady conditions, it will not be further discussed. 

Inspection of figure 2 reveals that, a t  the lowest point of measurements, while the 
coefficient R' remains constant with dimensionless wave speed, the correlation 
coefficient R decreases progressively from about 0.3, a t  c/Uaa x 1.11, to 0.1 a t  c/Ua, 
z 0.39 (except a t  c/Uag z 0.68). Again, this decrease is caused by a modification of the 
structure of the airflow field associated with the presence of large-scale (w.c.) - velocity 
perturbations, as can be seen from (3.15). Close to the water surface, -Gv" decreases 
toward zero with decreasing dimensionless wave speed (figure 4), owing to the rapid 
decrease of v" perturbations. For c/Ug, < 0.45, the w.a. stress remains negative, 
although small and, therefore, IG@/ < IUI'UII. I n  contrast, u'2, --m and v" increase 
monotonically with decreasing c/Us, and, thus, the coefficient R decreases. Since the 
fractional contributions mi/m increase with decreasing R (equations (3.17) and 
(3.18)) and, a t  the lowest point of measurements, R decreases with decreasing c/Uaa, 
it becomes evident that the W.C. perturbations affect the distribution of these 
contributions under different wind conditions, mainly through variations of their 
dynamical behaviour and their mutual interaction with turbulence, processes also 
reflecting the critical- and Stokes-layer dynamics. Variations in surface roughness 
conditiont with wind speed (between the aerodynamically smooth and transitionally 
rough regimes) may also affect the skewness and diffusion factors AS,,,, D,,,, as 
Nakagawa & Nesu (1977) have shown for smooth- and rough-bed open-channel flows, 
and alter to a small extent the probability density distribution of uv,  and ultimately 

Figure 5 shows the distribution of the fractional contributions 4v"JGV" (i = 1, . . . ,4 )  
to the mean w.a. Reynolds stress, at the lowest point of measurements. For c/Ua0 2 
0.68, the entire w.a. stress is produced during the ejection and sweep phases, their 
contributions being 51 % and 49 %, respectively. For c/U,, < 0.68, a different 
behaviour is observed. At c/Us, = 0.55, the inward and outward contributions are 
still negligible, but the contributions of ejections and sweeps are different, being 68 % 
and 41 %, respectively. At the lowest dimensionless wave speed, the above trend is 

t Characterized by the roughness Reynolds number Re* = u* yo/v according to traditional 
measures. The roughness height, yo [ = exp ( -  KC)],  was calculated from the mean velocity profiles 
(see I). 

the contributions FV~/TEV. - -  
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reversed, and the -z stress is mainly produced during the wallward and outward 
interactions, their contributions being - 70 YO and - 4 3  YO, respectively. Ejections 
contribute about 8%. This behaviour is expected, since -Cv" < 0 a t  this particular 

___ 

c/Uao ratio. _ _  
The distribution of the fractional contributions Ci7+/Gfi with c/U8" certainly reflects 

variations in both the amplitude (6,v") and phase lag (O,, 8,) of (b) and ( E )  phase 
averages. I n  the water proximity, 8, and 8, are dctcrminctl from a kinematic 
boundary condition and the combined influence of critical and turbulcnt Stokes layer, 
respectively. For high and moderate dimensionless wave speeds (1.10 d C/U,,~ 5 0.68) 
8, approaches 270", whereas 8, varies between 135"-90". At  the lower dimensionless 
wave speeds (c/U,, < 0.68), 0, and 8, approach 0" and a small positive angle in the 
first quadrant (i.e. < go"), respectively, for then the wave behnvcs as a solid (wavy) 
boundary and the compression of the flow field below the critical layer is strong. The 
latter effect also results in a strong reduction of the amplitude of 6. as 6 is related to 
the undulation of the mean streamlines observed in the frame xz = x* - ct* travelling 
a t  the wave celerity c. Presumably a t  low dimensionless wave speeds the shear flow 
instability, with which the cat's eye is related, induces increased wind-to-wave 
momentum transfer which, in turn, induces tighter wind-wave coupling and stronger 
turbulence-mean flow interactions. As a consequence of these variations in 8, and 
8, with c/Uao, the smallest negative peak of ( S )  and the largest positive peak of (v") 
distributions shift downward along the leeward side of the mechanically generated 
wave carest, as c/UJa decreases from 1.11 to  0.39 (see also $4). Then the almost-out- 
of phase (i.e. 180") oscillations of ( E )  and (v") phase averages, when C / U , ~  >, 0.68. 
result in negligible GI and z3 cor,+ributions. Conversely, for low dimensionless wave 
speeds, 0" < 0, - 0,< 90" and (a ) ,  (77) oscillate almost in phase, producing negligible 
G, and G4 contributions. 

At the lowest point of measurements, independent of dimensionless wave speed, 
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the fractional contributions ufvi/ufv' ( j  = 1,2) to the mean turbulent Reynolds stress 
remain nearly constant, in accord with smooth-wall boundary-layer results ; is 
virtually zero so -- that is entirely produced by q, as figure 5 also shows. This 
contribution of u'vilu'v' ( %  100%) is smaller than the value of 132 % (77 +52) 
reported by Kim et al. (1971) and Lu & Willmarth (1973) for smooth, flat-wall 
boundary layers. However, this result is consistent with the observation that both 
the turbulent Reynolds stress and turbulence intensities are reduced in the presence 
of mechanically generated waves, as further evidenced by the relatively low 
roughness length for the wave height. 

The results of (C.") and (u'v') stress classification suggest that the pronounced rise 
of mt/m, observed when c/UJo < 0.68, can be a t  least partly attributed to the w.a. 
stresses. Their reduced contributions (relative to the lower wind speed) counter- 
balance this rise, and result in constant fractional contributions to the mean 
turbulent Reynolds stress at all dimensionless wave speeds. Comparing our fractional 
contributions with those obtained by Takeuchi et al. (1975), using McIntosh, Street 
& Hsu's (1975) data? over wind-generated waves alone where the air flow 
perturbation by the waves is considered to be small, we conclude that the magnitude 
of the burst and sweep events is enhanced by the presence of mechanically generated 
waves. 

3.5. Relative intensities of the various events 

I n  order to describe clearly the influence of water waves on the bursting process, it 
is necessary to investigate the relative intensity of each event, of the bursting cycle 
throughout the boundary layer. Figures 6 and 7 show two typical distributions of the 
fractional contributions of the various events to m, and Reynolds stresses, as 
a function of either y*/S, or ky*. As seen from figure 6, the intensities of the various 
events satisfy the relation : ejection > sweep > outward interaction > inward inter- 
action, within the observed range of y*/S, (or ky*) .  The difference between outward 
and inward interactions, however, is very small. This behaviour was also observed by 
Lu & Willmarth (1973), Nakagawa & Nesu (1977, 1981), and others. Close to the 
water surface (0 < y*/6, d 0.14k8 or 0 < ky* < 0.3k8), the detailed distribution of 
the various events depends on the ratio c/UJo. The intensity of all events increases 
with increasing y*/S, (or ky*), reaches a maximum, and then either decreases down 
to a minimum or remains fairly constant. The width and location of the two extrema 
depend on C / U , ~ .  At the lowest dimensionless wave speed, the intensity decreases with 
increasing y*/S, (or ky*), in accord with the results of Lu & Willmarth (1973), 
Brodkey et al. (1974), and Takeuchi et al. (1977). Nakagawa & Nesu (1977) observed 
a similar behaviour for their smooth-bed, open-channel flows, but they found an 
increase in the intensity of ejections and sweeps with height in their rough-bed case. 
However, their rough-bed measurements do not extend deeply enough in the wall 
region (down to about y*/S z 0.085) and, thus, it is unknown whether these trends 
continue there. 

I n  the equilibrium region (0.14kS < y*/S, < 0.28kS or 0.3kS < Icy* d 0.6kS) the 
intensity of each event is nearly constant, independent of position, (which is a furthcr 
proof that, in this region, the bursting process and the accompanying turbulence 
production attain a stable equilibrium state). On the other hand in the free stream 
(y*/S, > 0.28kS or ky* > 0.6kS) it increases rapidly with y*/S,, as reported by all 
previously mentioned investigators. 

Again, the differences among these distributions (mi/m) in the water proximity 
These data  show much lower contributions from each quadrant than their mechanically 

_ _ ~  

generated wave counterparts and are consistent with Lu & Willmarth's ( 1973) estimates. 
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(i.e. for Icy" < 0.3kS) can be attributed to variations of the dynamical behaviour of 
the w.a. Reynolds stress and the increasing modulation of wind turbulence by the 
waves with decreasing dimensionless wave speed. It is in this region that virtually all 
of the w.a. stresses are produced (see Hsu & Hsu 1983; and I). For Icy* 3 0.3k8, 
and the oscillatory part of both 66 and u'w' become negligible a t  all dimensionless 
wave speeds, and the influence of waves on the fractional contribution mi/m 
becomes insignificant. 
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As seen from figure 7 ,  the distribution of fractional contributions 

329 

_ _ ~  
u‘vj/u‘v‘ ( j  = 1,2)  

to the mean turbulent stress --m remains invariable throughout the boundary 
layer, whereas the distribution of Cfi t /CC ( i = 1, . . . ,4) shows trends similar to those of 
mt/m but somewhat more erratic. The oscillatory behaviour of the -a stresses 
with height and their small magnitude in the free stream are certainly responsible for 
such erratic distributions. The influence of these oscillations, which were shown to be 
a consequence of the turbulence-modified Stokes layer, and the contribution of the 
w.a. stresses produced by the critical layer are clearly reflected on the distributions 
i X t / G f i  in the water proximity. The almost constant relative intensity equilibrium 
range. and the sharp rise of these intensities in the free stream are also shown in 
figure 7 .  

Since both the time- and phase-averaged Cfi and u’v’ stress distributions depend on 
the critical- and Stokes-layer behaviour (which, in turn, is affected by turbulence 
diffusion and mixing), it becomes apparent once more that these layers influence the 
Reynolds stress generation processes in the boundary layer above mechanically 
generated water waves. 

3.6. Reynolds stress classiJication 

Figure 8 shows typical contributions to the mean Reynolds stress w of the various 
events of the bursting cycle, at the lowest point of measurements, as a function of the 
‘hole’ size H .  The fraction of time spent in the ‘hole’ region is also included in these 
figures. As seen from the contribution curve related to the ‘hole’, for a large portion 
of the time Iud is very small. Ejections are always the largest contributor to W ,  with 
sweeps the second largest, independent of dimensionless wave speed and ‘hole’ size. 
The contributions from ml and m3 arc relatively small, except for c/Ua, < 0.68. 
Thus, the importance of the ejection-like events in the turbulent boundary layer over 
progressive water waves is obvious. 

The time occupied by the ‘hole’ is very large and, hence, we can infer that  cjections 
may arise in the form of sharp pulses. The fractions of time 7’,(H) spent by the uv 
signal in the ith quadrant have also been calculated as a function of H .  The fractions 
of time spent in the first and third quadrants (not shown in figure 8) were found 
to be approximately equal, with TI slightly greater than T3 at low dimensionless wave 
speeds. T4 was found to be somewhat greater than l i ,  with a tendency to become 
equal at low c/U8, values. The fact that T, z T4 shows that sweeps are probably as 
energetic as ejections. These results agree well with the observations of Corino & 
Brodkey (1969), Kin1 et al. (1971), Grass (1971), Lu & Willmarth (1973). Brodkey P t  

al. (1974), and Nakagawa & Nesu (1977). Table 4 lists the values of 7;,* at H = 0. 
Following Lu & Willmarth (1972) and Nakagawa & Nesu (1977). we have also 

derived expressions for Y\,4(0) as a function of R, L Y ~ , ~  and 

_ _  

- _  

namely 

(3.19a, 6) 

and similar expressions hold for TI, 3(0). The corresponding expressions for any 
threshold H are too complicated and will not be given here. As seen from table 4, the 
values T2,4p(0) (where the subscript p indicates ‘predicted ‘) calculated from 
(3.19a, 6) with L ! -  being neglected since its contribution to T2,4(0) is < 4%, and our 
experimental results both decrease as R decreases from 0.29 to 0.1. The former are 
also remarkably close to thcir experimental counterparts. Again, thc vontrihution of 
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Go (cm/s) 141 179 200 23 1 285 346 402 

0.29 0.26 0.23 0.31 0.18 0.13 0.10 R 
T, (H = 0) 0.293 0.287 0.284 0.295 0.274 0.265 0.260 
T4 (H = 0) 0.306 0.302 0.293 0.309 0.286 0.274 0.270 
T2,4p ( H  = 0) 0.297 0.292 0.287 0.300 0.279 0.271 0.266 

TABLE 4. Dimensional ejection and sweep time periods 

S- to T2,,(H = 0) causes T2,(H = 0) to slightly decrease and T4,(H = 0) to increase, 
relative to their values with S- = 0, bringing them even closer to their experimental 
values. 

i n  contrast to our results, Kawamura & Toba’s (1985) observations over wind- 
generated waves (for which c/u* = 1.15, c /U ,o  = 0.064) have shown that T, % 1.3T4. 
However, as we demonstrate below, our results are not inconsistent with their 
finding. I n  this respect, i t  is interesting to note that Nakagawa & Nesu (1977) have 
shown that the ratio T4(0)/T2(O) : (i) decreases from about 1.3 to 0.8 as S- decreases 
from f0.6 to -0.4; (ii) remains < 1.0 for 8- > 0;  and (iii) becomes > 1.0 for S- < 0. 
At 8- = 0 their calculations indicate that T4/T, = 1.0. They have also shown that 
for rough surfaces S- becomes negative, a t  least close to the open-channel bed. It is 
then possible that, for wind-generated waves a t  sufficiently low dimensionless wave 
speeds where the water surface becomes hydrodynamically rough (and air flow 
separation usually occurs), 8- may become negative. This conclusion is indeed 
supported by the turbulence measurements of Buckles, Hanratty & Adrian (1984) in 
the air above steep solid wavy surfaces. They found that in such flows separation and 
reattachment occur, and the skewness of horizontal velocity fluctuations, S,, 
changes sign a t  about the height of maximum turbulent intensity, being positive close 
to the wall. However, in smooth flows above small-steepness (unseparated) 
mechanically generated water waves X u  < 0. Since in general IS,I > ISv[, it can be 
argued that for 8, > 0, S- will be negative. Therefore, Kawamura & Toba’s (1985) 
finding that T, > T4 does not necessarily contradict our results which indicate 
otherwise. 

The distributions of the normalized contribution of ejection and sweep events 
throughout the boundary layer, a t  H = 0, namely 

- __ 
- uv2 . - uv4 
((2) (2)); ’ ((2) (7)}+ 

shown in figure 9, are nearly independent of dimensionless height, except close to the 
water surface and a t  the edge of the boundary layer. Figure 10 shows the distribution 
of these contributions, a t  the lowest point of measurements, as a function of 
dimensionless wave speed. For c/U,, = 0.39, i t  was found that 

- - 

- uv2 % 0.26; - uv4 % 0.20, 
{ (2) (2)); { (2) (2)); 

but similar values are expected for the higher dimensionless wave speeds, judging 
from their distribution a t  the lowest point of measurements. Lu & Willmarth (1973) 
reported values of 0.34 and 0.24, respectively. 

The average value of the ratio m2/m4, a t  the lowest point of measurements, is 
approximately 1.15, being smaller than either of the values 1.45 and 1.85 reported, 
respectively, by Kawamura & Toba (1985) and Lu & Willmarth (1973). For c/U,, > 
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FIGURE 9. Typical distributions of normalized ejections and sweep contributions. b, ejections ; 
Q, sweeps. c/U8, = 0.39. 
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FIGURE 10. Distribution of normalized ejection and sweep contributions, at the lowest point of 
measurements, as a function of dimensionless wave speed. Notation as in figure 9. 

0.68, this ratio decreases near the interface (indicating that sweeps become even more 
energetic compared with moderate and low dimensionless wave speeds), but remains 
nearly constant in the inner and equilibrium regions of the boundary layer with 
values between 0.95-1.15, as opposed to 1.35 reported by Lu & Willmarth (1973). As 
c/Us, decreases, iJVI/m4 increases towards a value of approximately 1.4 in the 
equilibrium and most of the free-stream regions, with a tendency to decrease in 
the centreline region of the channel. This trend of increasing m2/m4 towards 
the equilibrium region a t  low dimensionless wave speeds agrees well with the 
observations of Wallace et al. (1972), Brodkey et al. (1974), and Nakawaga & Nesu 
(1977). From these characteristics, as well as from the contributions to  vo of the 
various events, it appears that  the bursting process near the free-stream may consist 
of smoother and more isotropic events, independent of flow type and surface 
roughness condition. Such universal behaviour may be attributed to the effects of 
pressure fluctuations in forcing the turbulent field towards isotropy (Elliott 1972). 

3.7. Ejection and sweep time periods 

An estimate of the characteristic mean time periods related to ejections and sweeps 
was obtained from the Reynolds stress classification according to the hole method. 
Figure 11 shows the distribution of the non-dimensional mean time interval Te, = 
T,, U,/S, between ejections and/or sweeps, a t  the lowest point of measurements, as 
a function of H and C ~ U ~ ~  as a parameter; 6, denotes the displacement thickness 
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FIGITRE 11. Distributions of non-dimensional mean time interval between : ( a )  ejections and (6) 
sweeps, at the lowest point of measurements, as a function of hole size H .  Left and right arrows 
point to  the respective coordinate. 

calculated from the mean velocity data. It is seen that these time intervals have a 
remarkably log-linear behaviour, but they do not scale with the outer flow variables 
U8, and So, as suggested by Rao, Narasimha & Badri-Narayanan (1971) and by Lu & 
Willmarth (1973). They also increase with both the wind speed and the hole size H ,  
except a t  c/U8, = 0.68. The corresponding distributions of the numbcr of ejection and 
sweep occurrences N, , , ,  shown in figure 12, are remarkably less scattered, providing 
further evidence for the lack of scaling of the bursting periods with the outer flow 
variables. N e , s  are related to 5'L,s through the following relationship : 

(3.20a, 6) 

The coefficients 0.002 and 184.32 correspond to the sampling time interval and 
record length in seconds, respectively. Figure 13 shows the distribution of pe,s at  
c/U8, = 0.39, as a function of the hole size H and y*/S, as a paramctcr. The results 
clearly suggest that  the mean non-dimensional time intervals : ( i )  have similar 
distributions; and (ii) are height dependent (except fur H = 0, where T, and 7', are 
nearly equal and independent of y*/S, and C / U , ~ ) .  This behaviour was also observed 
by Lu & Willmarth (1973), Brodkey et al. (1974), and Nakagawa & Xesu (1977) for 
both the smooth and rough flow rcgimes. The data also indicate that N e  (or T,) 
increase (or decrease) up to about y*/S, z 0.39 (or Icy* z 0.85). At higher elevations 
this trend is reversed. Bogard & Tiederman (1986) found that the number of cjecations 
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in a burst increased substantially away from the wall, up to about y+ z 100. and then 
slowly decreased from that point towards the centreline of the channcl. They 
attributed this increase to the breakup of the streak filament (whicah formed one 
ejection near the wall) into multiple ejections far from the wall. However. their data 
indicated that despite this increase the number of bursts remainod constant 
throughout the boundary layer. 

The absence of a plateau in the variation of pe,s with H (figure 13) indicates that 
the value of H alone is not an acceptable criterion for determining the actual values 
of the non-dimensional mean ejection and sweep rates. The unique features observed 
by Lu & Willmarth (1973) that :  (i) 'when H reaches a valuc betwccn 4 and 4.5 only 
m2/m is not zero, regardless of the distance from the wall'; and ( i i )  ' a t  H = 2.25 to 
2.75, the contributions from m1, m2 and m3 vanish a t  any distance from the wall. ' 
were not found in this study. Nor could these features be observed a t  any other value 
of H .  ,!Above H = 5 ,  the contributions of all events become negligible. Blackwelder & 
Haritonidis (1983) also found that no unique value of their threshold could be 
obtained with the VITA method by searching for a region wherc thc bursting 
frequency was relatively independent of the threshold. These observations, however, 
are consistent with the findings of Chen & Blackwelder (1978) who showed that. 
whenever a simple threshold level (such as H )  is applied to a function having a 
continuous probability distribution (such as uv), the frequency of occurrence of the 
detected event will vary monotonically with the threshold parameter. Therefore, 
with the 'hole ' and other detection methods, almost any value of Te,s can be obtained 
by choosing particular values of the threshold H .  Consequently, no great significance 
can be placed on the absolute values of pe,s recorded. However. if H is held constant 
for all of the data, the relative variation of the estimated period cannot be attributed 
to the threshold value (see also $4). 

For H z 3-4, ml/m and m3/m become very small, but ejections still contribute 
up to 1 5 4 0 %  to the mean Reynolds stress throughout the boundary layer, whereas 
u?i4/m2 x 0.45. Since luwl = H(U"): (2); and R = -m/(?); (3);. it  follows that luvl = 

( H / R )  1 ~ 1 .  Close to the water surface, for high and moderate c/CL, values. R z 0.3 
and, therefore, H / R  z 10. For the lower dimensionless wave speeds, H / R  will be even 
greater owing to the reduced values of R. Ejections that correspond to such threshold 
levels are certainly violent and must come from large spikes in the uv signal. As seen 
from figure 11,  the non-dimensional mean ejection and sweep time periods do not 
remain constant but increase with increasing Reynolds number for any H = constant 
(including H = 4), in accord with the conclusions of Bogard & Tiederman (1983). The 
non-dimensional mean time intervals p,, ~ = T,, ~ ui/v, scaled with the inner variables 
and corresponding to H = 4, also increase with (the conventionally defined) 
momentum-thickness Reynolds number, R P ~ ,  as shown in table 5. The same holds 
true for any other value of the threshold and/or location y*/S, throughout the 
boundary layer. Nor could any of these time intervals be scaled with the geometrical 
mean of the inner and outer timescales, as suggested by Alfredsson & ,Johansson 
(1982) for solid-wall flows. Since the viscous length of the hot films we used was 
< 20. we have no reason to believe that our results are contaminated by wire-length 
effects, as discussed by Blackwelder & Haritonidis (1983) and Alfredssori & 
Johansson (1983). Jackson (1976) has also pointed out that none of the data from 
boundary-layer flows in rivers with smooth and rough beds supports this scaling. a t  
least with the outer flow parameters. 

Table 5 also shows the dimensional ejection time intervals T, which correspond to 
H = 4. They do not appear to increase or dec-rease monotonically with &>creasing 

- 
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c / q  1 .11  0.87 
Re, 4180 4620 

Te (H = 4) 51 66 

T, ( H  = 4) 0.443 0.341 
T, ( H I 8  = 10) 0.149 0.100 
m2/m ( H / R  = 10) 0.18 0.20 
m4/m ( H I R  = 10) 0.09 0.12 
max < u v J / m  3.15 2.95 

Tq ( H  = 4) 125 20 1 

TABLE 5. h’on-dimensional 

0.78 0.68 0.55 0.45 
5100 6460 6050 7500 

80 109 339 61 1 
286 354 928 1053 

0.326 0.325 0.511 0.673 
0.080 0.145 0.057 0.038 
0.42 0.18 0.53 0.87 
0.12 0.08 0.34 0.68 
2.73 2.53 2.82 3.08 

ejection and sweep time periods 

0.39 
9150 

1065 
1814 

0.685 
0.032 
0.25 
1.07 
3.32 

dimensionless wave speed. Such a trend, however, is not totally inconsistent with the 
findings of Bogard & Tiederman (1983, 1986) which suggest that the number of 
ejections within a single burst may vary under different Reynolds-number 
conditions, thereby causing variations in T,. Quantitatively, the lack of mono- 
tonicity in the variation of T,(H = 4) with decreasing dimensionless wave speed 
may be explained by the fact that the number of ejections detected, whenever 
(uvl > ( H / R )  ImI a t  H = 4, is affected by variations in the stress threshold H / R  
caused by variations in R. Therefore, the values of T, that  correspond to the fixed 
threshold H / R  = 10 for all dimensionless wave speeds may be more representative of 
the time interval between ejections that belong to the same burst. These dimensional 
time intervals are also shown in table 5 .  It is interesting to note that these ejection 
periods correspond closely to the time between the two largest consecutive peaks of 
the phase-averaged (total) Reynolds stress distributions. The latter can be described 
by the following approximate equation : 

(uv) x (.ii6)+(u’v’) = $1.221161 cos(2wt-O,-O,) 
+l?lzl C O S ( W ~ - O ~ , - ~ ~ ) + $ I S I  161 COS(O,-O,)+U”.  (3.21) 

Here I I denotes amplitude and FIz = ( u ’ v ’ ) - a  is the W.C. turbulent stress. The 
existence of multiple peaks in the (uv) distributions is consistent with the presence 
of multiple peaks in both experimentally observed and predicted phase-averaged 
distributions of the W.C. pressures over mechanically and/or wind-generated waves 
(Papadimitrakis et ul. 1986; Okuda 1983; Chalikov 1986), provided that an 
oscillating shear stress is roughly equivalent to an oscillatory pressure (Longuet- 
Higgins 1969). It can also be justified by the presence of the w.a. and W.C. Reynolds 
stresses and their harmonics, as shown in (3.21). The main component of the (C6) w.a. 
stress appears a t  2 Hz, with a time interval between successive negative or positive 
peaks of about 0.5 s. This stress, then, interacts with its W.C. counterpart (producing 
two more extrema in the ( u v )  distributions) and modulates the above time interval 
(z 0.5 s) according to the phase lags of O,, 8, and OF,,. The presence of four peaks in 
the (uv) distributions described by (3.21) is also apparent from the quartic algebraic 
equation in wt obtained by letting a(uu)/at  = 0. Furthermore, it can be shown that 
two of these consecutive peaks correspond to the ejection stage of the bursting cycle, 
that is to the condition: (u) < 0, (v) > 0, and that the other two correspond to the 
sweeping stage of the cycle (i.e. ( u )  > 0; (v) < 0). The calculated ejection time 
periods from the smoothed ( u v )  distributions given by (3.21) agree well with the 
values obtained from their experimental counterparts, as can be seen in figure 14. 
The latter shows typical phase-averaged distributions of ( q ) ,  ( u ) ,  (v) and ( u v )  at  
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FIGURE 14. Typical phase-averaged distributions of 1, u. v. and of the total Reynolds stress. 
(a)c/1JJn = 0.68: 0, ( i j )  (em);  0, ( u )  (mm/s) ;  A, (v) (mm/s) ;  +, (uw) (cmz/sz)). ( b )  c / U ,  = 0.39: 
0, (1) (cm);  +, ( u )  (mm/s) ;  0, (v) (mm/s); V,  (uv) (cmz/sz)). The horizontal dashed line 
indicates the value of -W, and the vertical arrows point out the t,wo consecutive extreme values 
of the (uu) distribution which correspond t o  the ejection stage. 

two different dimensionless wave speeds. Owing to small contributions from higher 
(w.c. velocity) harmonics, the measured (uv) distributions show a number of minor 
peaks, but also indicate the presence of four major peaks contributed by the w.a. and 
W.C. turbulent stresses (perhaps less clearly a t  low C / U , ~  values). It is also seen in 
figure 14 that the peak value of the phase-averaged (uv) stress distributions which 
corresponds to  the ejection stage of the cycle is about (2 .5-3 .5)m.  The ratios max 
(uv,>/%B (for all of the wind speeds examined) are also included in table 5. They 
decrease with decreasing c / U , ,  only when c/U8" 3 0.68. These values are consistent 
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with the results of bursting detection described by Lu & Willmarth (1973) which 
indicate that max (uu2)/m M 2.6. Willmarth (1975) has also reported that the ratio 
max ( u v 2 ) / m  may attain values of up to about 5.5 a t  times slightly delayed with the 
respect to the detection of a burst a t  a nearby location. All of these observations 
provide further confidence that the Quadrant (Hole) technique a t  H / R  = 10 yields 
reliable ejection time periods for flows above water waves. Therefore, the ejection 
period in such flows is roughly determined by both the wind speed and the moving- 
boundary characteristics. 

As scen from table 5, T,(H/R = 10) now decreases with decreasing dimensionless 
wave speed (with an exception at  c/Ua0 = 0.68 where R increases), a behaviour 
consistent with the fact that as the threshold H ( =  10R) decreases more ejection 
events are being detected within the given record length. This observation is also in 
agreement with : (i) the increased ejection fractional contributions, m2/m, found a t  
high wind speeds; and (ii) the measurements of Lu & Willmarth (1977) and 
Kawamura & Toba (1985) which indicate that, since the convection velocity of a 
coherent structure increases with the wind spccd (being proportional to U,), more 
coherent structures are expected to pass through the detecting probe within a wave 
period as the wind speed increases. At c/% = 1 . 1 1  and 0.68 the respective 
correlation coefficients R (0.29,0.31) and ejection time periods T,(H/R = 10) (0.149, 
145 s) are approximately equal. Then, it is interesting to note that the measurements 
of Kawamura & Toba (1985) at  a height y* /b,  = 0.133 over purely wind-generated 
waves, under a (UJ0 = )  5.75 m/s wind speed for which R M 0.32, have also yielded 
T, = 0.151 s. However, no further comparisons will be made because of the limited 
data available. Again. the m2,4/m fractional contributions at  c/Ua0 = 0.68 are very 
similar to  those obtained a t  c/U,o = 1.11, provided that the correlation coefficients R 
a t  the corresponding measurement points are approximately equal. Since the value 
of c/U,o M 0.68 represents a threshold between the flow regimes of high and low 
critical layer, and the lowest point of measurements a t  the various dimensionless 
wave speeds considered do not correspond to the same dimensional, or more 
importantly non-dimensional, height (say y+),  it  is perhaps not surprising that these 
fractional contributions are different a t  c/U,o. 

For completeness, the ejection and sweep fractional contributions to VD which 
correspond to H / R  = 10 are also included in table 5. They have a trend similar 
to that shown in figure 3, but they are smaller than the corresponding values a t  
H = 0. It should be noted, however, that the former contributions come only from 
large ejections. 

3.8. Turbulmce production 

The distributions of normalized total, w.a., and turbulent energy productions, 
P,, = PKy*/u3,, p,, = Ftcy*/u; and PA = P K y * / u ;  throughout - the boundary 
layer are shown in figure 15. Here P = - m ( X J / a y * ) .  P=-56(aLr/ay*), and 
Y' = -u"(aU/ay*) .  For y+ 3 45, the mean velocity gradient was obtained from (3.1) 
and was found to agree very well with its value determined from mean velocity data. 
In the logarithmic region of a typical turbulent boundary layer over a smooth, flat 
wall, P,, M 1.0, and values as high as 1.4 have been found in the buffer zone of 
transitionally rough and fully rough boundary layers (Ligrani & Moffat 1986). For 
0.68 < c/Ua0 < 1.11, most of the W.C. flow in the turbulent boundary layer is below 
the critical layer ; 5, v" are strongly affected by the Stokes layer and the w.a. stress is 
the major contributor to the production of the total Reynolds stress. Although the 
small-scale turbulence production P' is reduced as a result of the large- and small- 
scale velocity interactions, the total energy production is enhanced owing to the 
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contribution of the w.a. stress. As seen from figure 15, P, attains values as high as 
x 3.8 in the water proximity. When 0.39 < c/Us, < 0.68, the w.a. stress contribution 
to P, in the same region decreases substantially with decreasing dimensionless wave 
speed (although PA increases with wind speed but remains always < l . O ) ,  thereby 
causing a reduction in the total energy production P,. The largest magnitude of 
inner-region normalized production is found a t  the highest c/U8, value. This -- is 
consistent with the results shown in figure 4 which indicate that the ratio Glu’v’ 
becomes maximum there, and the fact that -%?/UL becomes also maximum. Figure 
15 also shows the distributions of the normalized total energy productions associated 
with positive (7’ = -m2-m4) and negative (7- = ml+m3) contributions to -w, 
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throughout the boundary layer. As seen, the contribution ofr-  to the net production 
is always smaller than the contribution of r+  (but not insignificant), a t  least up to the 
equilibrium region. However, in the free stream it becomes of the same order as Pn, 
though its absolute value is small. Therefore. the energy interchange from 
turbulence and the W.C. field to the mean flow cannot and should not be neglected. 

4. Discussion 
The increased contributions of the bursting events to  the total mean Reynolds 

stress and their pronounced rise for c/U8, < 0.68, owing to the w.a. stress, strongly 
suggest that the presence of mechanically generated water waves definitely affects 
the mechanism of Reynolds stress production near the water surface. The variation 
throughout the bo~indary layer of both the distribution of the fractional 
contributions, WUJEV,  and of the ratio TDJJWU~, and the close to unity value of the 
latter in the water proximity, all demonstrate the influence of the W.C. velocity 
perturbations and their mutual interaction with turbulence, through alterations in 
the Stokes- and critical-layer behaviour, on the bursting cycle. Notable changes in 
the distributions of the fractional contributions to the mean Reynolds stress and of 
the ratio m2/m4 occur when C / U , ~  < 0.68. There, the ratio w2/m4 decreases slightly 
with decreasing dimensionless wave speed making sweep contributions even greater. 
These increased sweep contributions persist irrespective of hole size (figure 8),  as has 
also been observed in open-channel flows over rough beds. 

As described earlier, the mean ejection periods (in seconds) are closely related to 
the time interval between the two largest consecutive peaks found in the phase- 
averaged distributions of the total Reynolds stress. The position of these peaks is also 
determined by the dynamic behaviour of critical and Stokes layer, as the 
dimensionless wave speed changes. 
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When c/Uan > 1.0, BZi = 132" and 8, = 277". Therefore, the two largest consecutive 
peaks in the (~7)) stress distributions, which correspond to the ejection stage, are 
located on the leeward side of the mechanically generated wave crest. The 
subsequent two largest peaks correspond to the sweeping stage of the cycle, since for 
both of them ( u )  > 0 and (v) < 0, and are located on the windward side of the (long) 
wave crest. When 0.39 d c/U8, < 1.0, 8, and 0, are such that the two largest 
consecutive peaks, which correspond to the ejection stage, shift downwind on the 
leeward side of the crest, whereas the other two shift upwind (and remain) on the 
windward side of the crest, as the dimensionless wave speed decreases. There is 
evidence (see, for example, Wu, Hsu & Street 1977) that for laboratory flows over 
purely wind-generated waves (for which c / u *  z O(1))  8, = 320-350" and 8$ = 

285-295". Then, it is expected that the two largest consecutive peaks of the (uv) 
distributions, associated with ejections, will be located on the windward side of the 
dominant wave crest, with the other two largest peaks (associated with sweeps) being 
located on the leeward side of the crest. The measurements of Kawamura & Toba 
(1985), which show the occurrence of large negative spikes in the instantaneous 
u ( t )  v ( t )  signal and large positive spikes in the instantaneous spanwise vorticity signal 
a t  fixed positions relative to the dominant wave crest, do confirm the above 
observation. Further evidence for the shifting behaviour of the four largest peaks of 
the phase-averaged (uv) stress distributions can be found in the measurements of 
McIntosh et al. (1975) over mechanically generated waves (though under slightly 
unstable conditions) for which cIu* z 4.0. As with the case of purely wind-generated 
waves, these measurements show that the two largest consecutive peaks, associated 
with ejections, are also located on the windward side of the mechanically generated 
wave crest. It would be interesting to determine the value of c/u* and/or any other 
critical parameter that  influences such shifting around the dominant wave crest. and 
future studies should address this issue. 

It is possible that in a burst of generation of turbulence, the different scales of local 
instability may interact so as to mutually enhance each others growth rate, smaller 
scales occurring preferentially a t  certain phases of thc larger scales on which they 
ride to allow their Reynold stress to do work on the larger scales, while the larger 
scales through their growth make the smaller-scale instability persist. The processes 
whereby the smaller-scale disturbances focus a t  certain phases of the larger scales 
may be as described by Landahl (1972). The experiments of Kendall (1970) and of 
Hussain & Reynolds (1970) do show that a rigid wavy boundary affects the 
generation of turbulence and the structure of a turbulent field, and that the phase 
velocity of the waves affwts the generation and response of the turbulent field. The 
experiments on the structure of air flow above water waves described in Hsu & Hsu 
(1983), I and elsewhere all show that the air-water interface, in response to the 
external (wind) forcing, definitely affects the dynamics of the small-scale turbulence 
and produces coupling between scales. 

5. Summary and conclusions 
A set of experiments was conducted to study the influence of mechanically 

generated water waves on the bursting cycle. Based on the results and discussion 
presented, the following conclusions can be drawn. 

The presence of mechanically generated water waves affects the mechanism of 
Reynolds stress production through variations in the dynamic behaviour of the 
critical and Stokes layers in the air, and their mutual interaction. At high 
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dimensionless wave speeds (i.e. c/U,o 2 0.68 or c/u* > 20), most of the flow in the 
turbulent boundary layer is below the critical height, the nonlinear critical-layer 
thickness is large compared with the wave amplitude, and such alterations result 
from the thickening of the Stokes layer by turbulence diffusion and mixing; this 
process stimulates the production of the w.a. stresses by the Stokes layer. At low 
dimensionless wave speeds (i.e. c/U,n < 0.68 or c/u* < 20), most of the flow in the 
boundary layer is above the critical height, the nonlinear critical-layer thickness is 
small compared with the wave amplitude, and the compression of the Stokes layer 
by the vortex force, acting on the vortical layer associated with the cat’s eye pattern, 
results in a weak production of the w.a. stresses by the Stokes layer; however, the 
compression of the flow field below the critical height may enhance the production 
of the w.a. stress in the critical layer. Owing to the modifications of the W.C. flow by 
the critical and Stokes layers, the bursting events are also enhanced in the presence 
of mechanically generated waves. Throughout the boundary layer, ejections are the 
largest contributor to the mean Reynolds stress, with sweeps being the second 
largest. In  the water proximity, when c/U,, > 0.68, ejections and sweeps contribute 
about 90 YO and 77 % to ED, whereas the outward and inward interactions contribute 
-34% and -33Y0, respectively. When c/Uao < 0.68. a pronounced rise in the 
fractional contributions of the bursting events to m is observed. The w.a. -__  stress 
counterbalances this rise and results in constant fractional contributions u’v;/u’v’ 
( j  = 1,2) ,  independent of dimensionless wave speed. The value of p, = c/Uao (z 0.68 
in this study) which appears to distinguish the flow regimes of high and low critical 
layer, and is associated with significant and weak production of the w.a. stress, is not 
a universal constant but may depend on : (i)  the wave age ( c /u* )  ; (ii) the wave slopc, 
or significant slope as defined by Huang et al. (1981), ( k a ) ;  and (iii) the non- 
dimensional fetch (xg/u2,), parameters that express the wind and wave field 
conditions and their mutual coupling. Future attempts should address this aspect, 
by conducting experiments under a variety of wind and wave conditions. 

Close to the water surface, sweeps and ejections contribute about equally to the 
mean Reynolds stress m (i.e. m2 m4), a t  all dimensionless wave speeds, while the 
height distribution of their relative contributions, mt/m, does vary with c / U  . The 
width of the zone of influence of the surface waves on these distributions is basically 
determined by the ratio c/u,, the wave Reynolds number R,, and the dimensionless 
nonlinear critical-layer thickness kS,. In  the outer part of the cquilibriurn region and 
close to the free stream, the bursting process consists of smoother and more isotropic 
events with a universal character independent of flow type and surface roughness 
condition. 

The mean time interval between ejections or sweeps does not scale with either the 
inner or outer flow variables. However, the mean ejection period can be determined 
from the time between the two largest consecutive peaks of the phase-averaged 
Reynolds stress distribution. 

For 0.39 6 c/U,o < 1.0, ejections and sweeps occur on the leeward and windward 
side of the mechanically generated wave crest, respectively. Such a behaviour, 
however, cannot be regarded as universal, because for air flows above purely wind- 
generated waves (where c/U,,  4 1 .O and c/u* = O( 1)) ejections and sweeps usually 
occur on the windward and leeward side of the dominant wave crest. 

When normalized with Ky*/u$, the total energy production, owing to W.C. 
contributions, shows a peak near the water surface with a maximum value of z 3.8, 
a t  the highest dimensionless wave speed (where c/U6, > 1.0). The normalized 
turbulence energy production, however, is smallest a t  this dimensionless wave speed. 

s 
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This peak decreases in magnitude with decreasing c/.5i0, and disappears as c/L\O 
becomes smaller than 0.68. 
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