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PHYSICS OF FLUIDS VOLUME 11, NUMBER 7 JULY 1999
Air flow separation over unsteady breaking waves
N. Reul,a) H. Branger, and J.-P. Giovanangeli
Institut de Recherche Sur les Phe´nomènes Hors Equilibre, Laboratoire IOA, Case 903, 163,
avenue de Luminy, 13288 Marseille, France

~Received 28 April 1998; accepted 26 March 1999!

The evolution of the airflow instantaneous structure over an unsteady breaking wave propagating in
a group is measured in detail using the digital particle image velocimetry technique. It is found that
the boundary-layer over a breaking wave, the steepest in the group, separates at a point close to the
sharp crest and reattaches in the front slope of the following wave. During breaking, the evolution
of the turbulent vorticity is essentially unsteady and the recirculation zone of the separated flow
takes the form of a large well-organized vortex. Links between the wave-crest geometry and
geometrical features of the separation bubble have been established. ©1999 American Institute of
Physics.@S1070-6631~99!01607-4#
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One of the most debated open questions of small s
air–sea interaction is concerned with the role of break
waves. Understanding of the air-flow dynamics above
breaking waves is of key importance for the parameteriza
of the momentum, mass and heat transfer between a
sphere and ocean. However, no realistic theoretical mode
the phenomena has been yet developed due to the lac
direct observations of the air flow just above the water s
face. Precise measurements of the velocity field in the c
vicinity of a moving water surface that breaks up are inde
very difficult since breaking is an unsteady phenomenon,
curring intermittently, starting suddenly and evolving ra
idly. This principal difficulty took two decades to be ove
come. Banner & Melville1 were the first to reveal tha
breaking or near-breaking induce air-flow separation over
waves. Their experiments, as well as those later perform
by Banner,2 aimed at establishing astatisticaldescription of
the air flow above the breaking waves. However, it is also
crucial importance to know the instantaneous structure
turbulence over breaking waves, particularly to improve
isting models of sea-spray droplets production, entrainm
and evaporation.

The first attempt to describe the instantaneous feature
the air flow was done by Kawai,3 who clearly visualized
separated air-flow patterns over short wind-waves. Howe
the limitations of his method did not allow Kawai to follow
the evolution of the patterns and to resolve accurately
flow within the separation bubbles. Instantaneous veloc
shear measurements in the separated flow over wind w
were later performed by Kawamura & Toba.5 While they
detected a high-shear layer at the edge of the separa
bubbles and deduced anaveragedlocation of the reattach
ment point, their results were confined to point values
vorticity at a fixed level from the interface. In both expe
ments, the region of the flow extending from the free-surfa
to the separated shear-layer and the important reattach
area were not clearly identified. Moreover, the flow was o
investigated over the so-calledmicro-breakingwaves while
typical wind waves are often breaking more intensively. T
present works fills this gap. Using the new digital partic
image velocimetry technique~DPIV!, it provides, for various
1951070-6631/99/11(7)/1959/3/$15.00
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levels of breaking intensity, a detailed quantified descript
of the formationandevolutionof the air-flow patterns over a
single propagating breaking wave.

The experiments reported here were performed in
small IRPHE-Luminy wind-wave facility.6 The objective of
these experiments was to examine the evolution of the
flow characteristics over the water surface during the pass
of an isolated breaking wave propagating in a group. At
upwind end of the tank, a vertically oscillating wedge wav
maker produced a frequency-modulated wave packet so
wave energy was focused at a predetermined time (610 ms!
and location (63 cm! in the tank.7,8 The coalescence o
these waves under a moderate wind forcing with a fr
stream value ofUo56 m.s21, led to the formation of a 0.4 s
period breaking wave, at approximately 5 m from the tank
entrance. To avoid perturbations in the air-flow, the wed
wavemaker was completely immersed in the water at the
of the group generation.

The instantaneous air-flow velocity field was obtained
the breaking region, using a cross-correlation DPIV te
nique similar to that described by Willert and Gharib.9 The
flow was seeded with 865 mm water droplets injected by a
spray gun at the inlet of the flume. Two 12 mJ puls
Nd:Yag laser generated a light beam at 532 nm which w
turned into a light sheet about 1.5 mm thick through a se
of optics and mirrors. This light sheet was directed fro
above the tank towards the water surface and slightly
clined at 10° from the vertical. It intersected with the wat
surface creating a well-defined line, parallel to the wind
rection. A charge coupled device~CCD! camera then re-
corded images of the illuminated particles above the wav
viewing them from the side and looking down with an ang
of 10° from the horizontal. The pulse separation betwe
image pairs was 100ms and the field of view was set t
12.639.3 cm2. This area was digitized at 7683484 pixels,2

and processed with interrogating window size of 32332
pixels2 with 50% window overlap. The data processing r
sults in a field measurement of 47329 velocity vectors and
in a spatial wavelength resolution of 0.2630.34 cm2. The
optical property of the interface was used to provide the w
ter surface profile coordinates10 and the DPIV images were
9 © 1999 American Institute of Physics
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FIG. 1. ~a! and~b!: Air-flow instantaneous velocity distributions in the laboratory frame and~c! and~d!: corresponding contours of constant positive~dashed
lines! and negative~solid lines! vorticity over sections of a transient spilling breaking wave.~a! and~c! represent the flow over part of the breaker 135 ms af
~b! and~d!. Minimum and incremental levels of vorticity are bothuvminu5Dv5100 s21. u is the wave phase relative to the crest andZ is the height relative
to the mean water level in the plane of the light sheet.C is a convergence point at the water surface.
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analyzed in the free-surface region using the method of
biri and Gharib.11 The data acquisition process was synch
nized with the signal sent to the wavemaker and trigge
when the breaker crossed the camera field of view. T
image pairs of the illuminated particles over sections of
breaking wave were sequentially recorded with a time se
ration of 135 ms. The breaker wavelengthl was obtained
from the imaging of the water surface and as a first approa
the velocity of the waveCp was approximated from its pe
riod, using the linear dispersion relationship for deep grav
waves.

Two key stages of the flow evolution over tw
wavelength-fractions of a typical spilling breaker (l526.2
cm andCp50.64 m.s21) are illustrated by Fig. 1. As ex
pected, the present experiments clearly reveal the exist
of a separated-flow region downwind of a breaking crest
provide new features of its turbulence structure. A we
defined recirculating motion above the free surface thus
tends from the trough region up to the crest of the wave. T
maximum backflow in this zone is approximately 20% ofUo

as is typical of ‘‘backward-facing’’ step separated flows12

and is not a dead air-zone. The vorticity distributions clea
show that the separated-flow is bounded from above b
high-shear layer dominated by strongly localized coher
patches of negative vorticity~solid contours!. Similarly to
the flow over micro-breakers,4,5 the shear layer seems to d
part from the interface at a point where the slope of the f
Downloaded 13 Aug 2013 to 139.124.60.192. This article is copyrighted as indicated in the abstract
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surface exhibits an abrupt change. While the DPIV metho
not resolving the flow at the interface but approximately
mm above it, at the larger scales, the flow appears to sepa
from the vicinity of the crest andnot above the convergenc
point C ~the latter is deduced from the known kinematic
properties of breakers10,11!. This suggests that multiple scale
of the flow are involved in the separation process. The on
of separation may depend on the occurrence of a stagna
point at the interface but the diffusion of vorticity upwards
the direction normal to the interface is more likely controll
by the interplay between the adverse pressure gradient on
downwind side of the wave and the turbulence in the
flow. The separated flow over this spilling breaker is seen
reattach to the water surface in a region of high-shear,
tween u5180° andu5220°. The vorticity peak value o
2542 s21 found atu5215° ~point 7!, is interpreted as the
instantaneous reattachment point and is located closer to
crest than the average position found in previous studies
new important characteristic parameter of the flow: the sh
ding frequency of small-scale vortices in the initial region
the separated-layer is determined. In the fixed frame,
convective velocity of the first rollers in the shear lay
downwind of the crest~points 1 and 2! is approximately the
average velocity across the shear layer, or.2.1 m.s21. The
distance between their center is approximately 17 mm,
sulting in a shedding frequency of~2.1 (m.s21)/0.017 m!
.124 Hz, which is of order 50 times greater than the wa
. Reuse of AIP content is subject to the terms at: http://pof.aip.org/about/rights_and_permissions
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1961Phys. Fluids, Vol. 11, No. 7, July 1999 Air flow separation over unsteady breaking waves
frequency. Thus, the turbulent processes at separation
very fast compared to wave-period.

The main new result concerning this flow is that t
central region of the separation bubble is not vorticity-fr
but exhibits a dynamically significant vortex. We traced t
process of its formation and evolution. The curvature of
separation streamline~locus of negative vorticity maxima!
and the distributions of coherent vorticity within the sep
rated shear-layer evolved significantly within a small fracti
of the wave period: e.g., in our particular example, the up
boundary of the layer in Fig. 1~d! exhibits two peak values o
2749.8 and2814 s21 ~respectively, numbered 4 and 5! and
a lower level of2378.6 s21 at the large scale vortex cente
~numbered 6!; just 135 ms later the vorticity at the recircu
lating vortex center nearly doubled~2827.1 s21), while in
the shear-layer~averaged over the points 1,2,3! decreased
down to 2584.1 s21. This illustrates the formation of a
roller-type motion in the form of a strong, large-scale vort
between the free-surface and the separated layer during
unsteady separation process. This vortex was convected
the phase-velocityCp during the breaker propagation, sinc
its core position in the frame of the wave remained cons
~over u.115°).

The flow structure was investigated over families
wave packets, systematically generated by varying their
ergy focusing point position and their initial steepness. T
flow was thus captured over waves in a state ranging fr
incipient to fully evolved breaking and with breaking inte
sities ranging from slight spilling to violent plunging. W
found that the appearance of the separation process is de
dent on local properties of the waves but the spatial de
opment of the separation bubbles is strongly linked with
tegral or large-scale characteristics of the wave form.

For each wave studied, the gradient of the surface
thus measured over an horizontal distance of approxima
3 mm, at equally spaced points along the wave profi

FIG. 2. Evolution of the separated layer characteristic heighth over the first
120° phase angles of the breakers vs their crest front steepnesses.(L: In-
cipient breaking,,: Spilling breakers, andh: Plunging breakers!. The
separated-layer thicknessh is scaled by the boundary-layer thicknessd @the
height whereU(z)50.99Uo], measured to be equal to 8.2 cm at 5 m from
the tank entrance.
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Waves over which the flow separates always exhibit
abrupt change of slope downwind of the crest, with ma
mum local gradient values always greater than 0.7.

However, the vertical extent of the separated flow var
greatly as a function of the crest-shape. The crest-front ste
nesse,12 i.e., the ratio of the crest amplitude to the distan
from the crest to the previous profile zero level crossing, w
computed from the digitized wave profiles and used to ch
acterize the instantaneous geometry of the breakers cr
The thickness of the separated-flow region downwind of
crest was parametrized by its mean height, defined ah
5 A/l/3, whereA is the area between the wave profile a
the separation streamline over the first third of the wa
length. The dependence ofh vs e is given in Fig. 2 and
reveal that the instantaneous size of the separation bubb
controlled by the global geometry of the breaking crest:
steeper the crest, the higher the shear-layer above the w
surface.

Thus, the breaking process serves as a strong inter
tent source of turbulent vorticity in the air, which feeds t
separated layer extending far downstream of the discont
ity at the crest. The evolution of the vorticity field sugges
that the likely mechanism of the formation of the stro
single vortex, attached to the wave between the free-sur
and the separated layer, might be the re-entrainmen
stress-bearing fluid from the outer part of the shear-lay
The established strong link of the size of the separat
bubble with the crest geometry suggests that unsteadine
the breaking process will result in intermittent growth a
collapse of the large recirculating vortex, the fact of cruc
importance for evaluating the dynamical significance
separation.
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