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Abstract 

Experiments were conducted in the IRPHE \Vind-wave facility in order 
to study the evidence and occurrence of air-flow separation above short 
\Vind \Vavcs. An original air-flow separation probe was designed and a 
Particle Image Velocimetry (PIV) technique in the air close to the surface 
was carried on. Measurements above steep waves clearly show air-flow 
separation at the crest, organised vortex motions with reverse flow above 
the leeward face and reattachment on the windward face of the downstream 
wave. Occurrence of air-flo,v separation grows linearly with 'vave steepness 
and decreases with \Vave age. The associated effects on \Vind-,vave coupling 
are investigated. 

1 Introduction 

Momentum and energy fluxes from wind to waves are still not well understood, 
more particularly at high winds. This is due to the lack of knowledge on the 
structure of pressure and velocity fields in the close vicinity of steep and breaking 
waves. Some authors ([1, 2, 3, 4, 5, 6, 7]) argued that over steep laboratory wind 
waves, air-flow separation (AFS) could occur leading to significant changes on 
the wind-wave coupling and on the momentum and energy fluxes between air 
and water flows. However, as mentioned in [8], the results concerned a parti­
cular range of laboratory wind waves or quasi-steady breaking waves. No direct 
observations of the spatial structure of the air flow in the close vicinity of short 
wind-forced steep gravity waves were systematically done. 

This paper reports upon a complete series of experiments conducted in the 
large IRPHE wind-wave tank in order to study the structure of air flow above 
short and steep wind-forced waves. First we developed an original method ca­
pable to detect systematically the occurrence of air-flow separation at the wave 
crest and to quantify its effects upon momentum and energy fluxes from wind 
to wave. Then, we used a new and powerful method based upon air-flow visu­
alisation technique: the Particle Imaging Velocimetry (PIV). The results show 
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definitely the occurrence of AFS process, its dependence on sea state and its sig­
nificant effects upon the structure of the turbulent boundary layer and wind-wave 
coupling. These results are of crucial importance to modelize and to parametrize 
wind-\vave interactions particularly for young seas. 

2 Experimental procedures 

A first series of experiments have been conducted in the large IRPHE wind-wave 
tank (60 m Jong, 3 m wide and 3 m high) described in details by [9]. A second 
series using PIV have been conducted in the (1/5)'h scale model of the large 
facility. A sophisticated experimental set-up has been used. It consisted in a) 
three capacitive wave gauges allowing to determine amplitudes, along-wind and 
cross-wind slopes of the waves; b) an original pressure probe developed at IRPHE 
to measure the air static-pressure fluctuations [10]; c) an X-wire to determine 
longitudinal and vertical turbulent wind velocity fluctuations; and d) a wave 
follower to locate the probes at a constant height above the instantaneous water 
surface in presence of waves. Some experiments have been done over combination 
of paddle and wind waves. For these runs, particular attention was taken in order 
to avoid parasitical noise induced by the paddle displacements. The procedure 
is described in details in [11]. 

A key part of the investigation was to develop an original method to detect 
systematically reverse upstream flow above the water surface induced by AFS as 
observed by [4] and [12]. The second one was to operate the PIV visualisation 
technique in order to give the spatial and temporal features of the air flow in the 
close vicinity of the waves. 

2.1 The air-flow separation probe 

Starting from the idea that AFS can induce reverse flow very close to the leeward 
face of the wave (12], the AFS probe detector consisted in two DANTEC Rll 
cylindrical films separated 0.3 mm apart in the mean wind direction. The cold 
film was located upstream the hot film. Finally, the two films were mounted on 
a wave follower to explore the air flow in the close vicinity of the water surface in 
presence of waves and particularly in the troughs. In absence of AFS, the air flow 
is flowing downstream, the thermal wake of the hot film is driven downstream and 
then the upstream cold wire does not detect any air-flow temperature fluctuation. 
On the other hand, if AFS occurs, it could generate upstream local recirculations, 
and then locally the cold film will detect a temperature fluctuation due to the 
thermal wake of the downstream hot film. The efficiency of the method has been 
proved by a complete series of tests in [13]. 
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2.2 The PIV method 

The air flow above unsteady breaking waves was measured with a particle image 
velocimetry system based on the cross-correlation technique. Unsteady breaking 
waves were generated at a fixed location in the (1/5)'h scale model of the large 
facility by focussing packet of waves generated by a wavemaker and forced by the 
wind. A 12 mJ doubled pulsed Nd:YAG laser was used to provide a light sheet 
about 1 mm thick directed downward at the measurements site. The air-flow 
was seeded with water particles with diameters about 10 µm. Images of these 
illuminated particles were captured with a 80C42 Doubleimage 700 Dantec cam­
era using a high-performance progressive scan interline CCD ship. The effective 
resolution of the CCD camera was of 768 (horizontal) x 484 (vertical) pixels. The 
camera and the light sheet were slightly inclined at 10° in order to detect the free 
surface. Flow above wave groups were then analysed with the Dantec Flowmap 
Processor for different wind speeds, wave group amplitudes and breaking point 
positions. 

3 Results and discussions 

First we studied the statistical link between the structure of the turbulent air flow 
and the water surface displacements. We investigated the evolution with height 
of the coherency function between along-wind wave slope and the static pressure 
fluctuations in the air for different wind velocities. As expected, for a given mean 
wind velocity, the coherency function decreases as the height increases but for a 
given height, the coherency increases as the mean wind increases. This suggests 
here that larger is the wind higher is the coupling between the air flow and the 
\vaves. 

Usually it is assumed that the exponential decay in amplitude with the height 
of the wave-induced fluctuations evolves as e-ab with a a decay parameter taken 
as a constant close to the unity and k the wavenumber of the wave. By mea­
suring the evolution with height of the correlation function between air-pressure 
fluctuations and longitudinal wave slope, we estimated the vertical evolution of 
the amplitude of wave-induced pressure fluctuations. The decay coefficient a was 
found to be wave-age dependent. The coefficient is close to 1.5 and decreases 
as the wave age decreases. This result suggests again that wind-wave coupling 
increases as the wave age decreases, as predicted by others (14, 15]. 

To quantify the wind-wave coupling, we determined the contribution of wave­
induced organised motions to the total stress for different sea states. This was 
done by others (15, 16], considering the ratio rw/r where rw is the wave-induced 
stress and r = pu*2 is the total stress. In this work, the organised wave-induced
stress has been considered by comparison between the form drag (correlation 
(F'11x)z=q between pressure fluctuations p' at the surface and longitudinal wave
slopes 1Jx) and the total stress r. As it was not possible to measure directly 
the air-pressure fluctuation at the water surface, the form drag (F'11x)z=o was
estimated at the height z and extrapolated at z = ri, taking into account the 
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decay coefficient value a Ma function of wave age c/u*. The contribution of 
the wave-induced motions to the total stress is not constant but depends upon 
the wave age as shown in Figure 1. One can observe that the ratio (1"1/x)z=" fr, 
which can be considered as a wind-\vave coupling parameter, is maximum close 
to c/u* = 2, for example, for young gravity waves. This is consistent with results 
obtained by others [12, 16, 17, 18]. We can observe that for older gravity waves 
(c/u* > 3) the wind-wave coupling parameter decreases as the wave age increases 
and tends to reach the value of 203 which is in agreement with [19] and [20]. 
Finally, for very young waves the contribution of the form drag to the total stress 
decreases. This suggest that for these waves the viscous stress takes a prominent 
part to support momentum flux from wind to waves. 

Now the question arises: why wind-wave coupling by means of coherent pres­
sure fluctuations increases as the wave age of gravity waves decreases? The struc­
ture of the velocity and pressure fields in the air flow has been investigated by 
using the AFS probe detector simultaneously with the pressure probe, hot-wire 
anemometers and wave gauges. Figure 2 displays the frequency of occurrence of 
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AFS as a function of the wave steepness. The AFS occurrence increases linearly 
,vith the \vave steepness and can reach 243 of the observed \vaves for a steepness 
of the dominant waves equal to 0.18. Figure 3 shows that the percentage of AFS 
occurrence, which is maximum for young gravity waves, decreases \Vith the wave
age of the dominant wave, and evolves as (c/u*)-2·65. 
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Figure 3. Occurrence (in%) of air-flow separation as function of wave age. (o wind 

waves; + \Vind waves plus paddle waves) 

Finally we found that the AFS process induces large spikes on the instan­
taneous product p'T/x just behind the highest crest and on the instantaneous
product u'w' in phase with the trough of the highest wave. This seems to be in 
accordance with AFS which induces a reattachment point shifted in the down­
wind direction from the separation point located close to the highest wave crest. 
To consider the effects of AFS process upon the wind-wave coupling, condi­
tional sampling have been applied to each u' w' p' and T/z time series. Data
corresponding to the cases where AFS occurs and where AFS does not occur 
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have been considered separately. Figure 1 presents the evolution of the wind­
wave coupling parameter (p'11,)z=" fr, as a function of the wave age with and
without considering AFS. This figure shows clearly the role played by AFS in 
the wind-wave coupling. One can observe that the effect of AFS is maximum 
for c/ u* close to 2 and the form drag is increased by a factor of two when AFS
occurs. The wind-wave coupling parameter is largely enhanced by the AFS. 
Nevertheless one can note that detection of AFS has been done here on the cri­
terion of occurrence of reverse flow above the leeward face of the waves. This 
seems highly selective and one can argue that the measured AFS occurrence 
could be underestimated. 

In order to verify definitely the existence of AFS another series of experi­
ments have been conducted in the (1/5) th scale model of the large wind-wave 
tank. In this set of experiments the Particle Imaging Velocimetry method de­
scribed above has been operated. Figure 4 presents examples of PIV air-flow 
measurements. Above the steeper wave instantaneous wind-speed vectors pro­
cessed by PIV clearly proves the occurrence of air-flow separation downwind the 
crest. When AFS occurs, PIV picture shows a} accelerated flow over the crest, 
b) well organised vortex motions with reverse flow above the leeward face, and
c} reattachment on the windward face of the downstream wave. Data acquisi­
tion of p' u' and w' have been done simultaneously, and we project to correlate
the occurrence of AFS observed by PIV with changes in momentum and energy 
fluxes over steep or breaking waves. Organised vortex motions on the leeward 
face of the waves could explain why the contribution of form drag to total stress 
increases as wave steepness increases. AFS should be taken into account to mo­
delize wind-wave coupling. PIV results show that the water surface should not 
be considered as a streamline function as it is supposed in theoretical present 
models. Finally AFS suggests to not consider the existence of a constant shear 
layer in the close vicinity of the surface waves as it has been argued by others 
[19, 21]. 
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4 Conclusion and prospectives 

Evidence of the occurrence of air-flow separation (AFS) process over wind waves 
has been proved by means of a series of experiments conducted in a large wind­
wave tank. This has been done by using an original AFS detection probe and a 
PIV visualisation technique. The occurrence of the AFS grows linearly with the 
wave steepness and decreases as (c/u*)-2-65• Contrarily to the classical point of 
view, AFS could occur for relatively large values of c/u*. As the effects of AFS 
is concerned, it has been shown that the AFS can induce well organised vortex 
motions above the leeward face of steep, near-breaking or breaking waves. The 
measured frequency of occurrence can reach 243 of the observed waves and can 
increase the contribution of the form drag to the total stress by a factor 2. For 
young gravity waves, corresponding to the maximum of occurrence of AFS, the 
form drag can represent about 803 of the total stress. This result has to be 
taken into account for new approaches to modelize momentum and energy fluxes 
over wind waves. Finally, close to the surface, the influence of waves appears 
as a fundamental process not only over the mean wind profile but also on the 
structure of the turbulent air flow. The question which arises now is to study the 
stability of the organised vortex motions generated by the AFS and particularly 
to compare their celerity of advection with the group and phase velocity of the 
underlying surface waves. The analysis of the data obtained by the PIV method 
are at present time analysed. 
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