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Introduction

The generation of wind-driven waves is of central im-
portance for wave forecasting and for engineering applica-
tions involving liquid—gas transport (Sullivan & McWilliams,
2010; Janssen, 2004). Since the pioneering works of Phillips
(1957) and Miles (1957), decades of research have converged
on a two-stage scenario. In the first stage, incoherent, low-
amplitude wrinkles are excited by turbulent pressure fluctua-
tions in the air, leading to a linear growth of wave energy in
time (Phillips, 1957), with saturation at a finite amplitude set
by liquid viscosity for moderate winds (Paquier et al., 2016;
Perrard et al., 2019). In the second stage, at sufficiently strong
winds, the air—water shear flow becomes unstable, producing
an exponential growth of wave energy (Miles, 1957).

Yet the nature of the transition between the Phillips and
Miles regimes, and its dependence on physical parameters, re-
mains unsettled. This motivates accurate laboratory measure-
ments under controlled conditions, especially for parameter
ranges distinct from the classical air—water system.

Two factors of particular interest are liquid viscosity and
free-stream turbulence intensity—parameters that are often ne-
glected or difficult to vary in both experiments and simula-
tions. The wide scatter in reported onset velocities for the
air—water configuration may partly reflect uncontrolled varia-
tions in free-stream turbulence. While the role of viscosity on

wrinkle amplitude and the wrinkle-wave transition has been
examined experimentally (Paquier et al., 2016), the present
work focuses on the influence of free-stream turbulence.

The aim of the present study is to investigate how the
onset velocity for wave amplification is affected by chang-
ing the turbulent nature of the incoming flow, in particular the
turbulence level or geometrical features of the boundary lay-
ers. To this end, we designed a dedicated experiment aimed
at modifying the properties of the incoming turbulence by us-
ing turbulence grids to control the level of the turbulence of
the wind developing over a viscous fluid, combined with hot-
wire anemometry, PIV and Free-surface synthetic Schlieren
measurements (Moisy et al., 2009) to characterise the air and
liquid flows as well as the surface deformation.

Experimental Methods

The experiments were conducted in the closed-loop wind
tunnel S2 of IMFT, which has a working test-section of di-
mensions 1.8 m x 0.5m x 0.5 m. The whole floor of the wind-
tunnel is replaced by a tank of depth & = 50 mm, filled with
silicon oil of density p = 1.2 x 103 kgm™3 and kinematic vis-
cosity v =50 x 107°ms~2. This large viscosity produces
a strong attenuation of the waves, avoiding wave reflections
on side walls and at the extremity of the tank (Paquier et al.,
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Figure 1. Experimental set-up of the wind tunnel equipped with a 50 mm depth liquid tank at the bottom. Also depicted are the three

measurement techniques used.

2016). Both the wind-tunnel side walls and the liquid tank are
made of glass to enable optical access.

Multiple measurement techniques were carried out in or-
der to characterise the air and viscous fluid, as well as their
interface:

1. hot-wire anemometry measurements, to characterise the
free-stream turbulence intensity ' /U, and the boundary
layer profile developing over the liquid;

2. particle image velocimetry measurements in a vertical
plane in the liquid to measure the surface drift velocity,
from which we deduce the friction velocity u* using the
shear stress continuity at the surface;

3. surface deformation measurements using Free Surface
Synthetic Schlieren (FSSS), to measure the wave growth
amplitude with micrometer accuracy.

To investigate the influence of the free-stream turbulence
on the wave generation, different grids have been mounted at
the inlet of the test-section. Three inflow conditions are stud-
ied : the empty wind tunnel (NG), and two turbulent grids,
G32 and G64, with mesh sizes M = 31.6mm and 64.1 mm,
respectively. The grids are made of square-mesh arrays of
co-planar rectangular bars, and have the same porosity ratios
B = (1—d/M)*>=0.66. Such grids are expected to gener-
ate nearly isotropic turbulence, with low Reynolds number
dependence (Roach, 1987). As shown in figure 2, the no-
grid inflow condition produces a free-stream turbulence level
u /U, ~ 0.6%, with no variation in the streamwise direction,
while the grids G32 and G64 produce a decreasing turbulence
level along the wind-tunnel, in the range 13 —2% and 26 — 4%,
respectively. The typical levels 7, reach in the FS-SS window
(the grey strip in figure 2) are 7, ~ 3 — 4% (G32) and 7 — 9%
(G64). The decay of the turbulence intensity is found to fol-
lows the classical power-law behavior of grid-generated turbu-
lence,

u? X—Xo\ "
T, = :a( M°> , (1)

with Xp a virtual origin, n the decay exponent and a a pre-
factor. A best-fit procedure, treating Xy and n as free pa-
rameters, yields Xo/M ~ 1 and n ~ 0.82 £0.02. Values
of n reported in the literature typically fall within the range
0.55 < n < 0.7, indicating that the present results lie slightly
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Figure 2. Streamwise evolution of 7}, for U; = 3.2 m s~ (hot
wire measurements). The light grey strip marks the streamwise
extent of the FS-SS measurements.

above the upper bound of this interval (Mohamed & LaRue,
1990; Lavoie et al., 2007; Zhao et al., 2023). This discrepancy
may be partly explained by the relatively short downstream
distances considered here, X /M ~ 2-50, whereas significantly
larger distances (X/M > 40) are usually examined in previ-
ous studies. Such short distances are required in the present
work to maintain high turbulence intensities, thereby ensuring
a significant influence of free-stream turbulence on the wave
generation process.

Effect on friction velocity

The formation of surface waves is directly tied to wind-
induced shear stress at the air-liquid interface, defined as T =
Uq0T/dz. This quantity is commonly parameterised through
the friction velocity, u* = \/T/p,. A direct determination of
T is hindered by the inability of hot-wire anemometry to re-
solve the velocity gradient in the immediate vicinity of the in-
terface with sufficient accuracy. Consequently, T is typically
inferred indirectly. In canonical boundary layers, where free-
stream turbulence is negligible, u* may be obtained by fitting
the mean velocity profile to the logarithmic law of the wall.
However, such an approach is not applicable in boundary lay-
ers subjected to significant free-stream turbulence. An alter-
native methodology consists in estimating u* from the shear-
driven flow within the liquid, invoking the continuity of shear
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Figure 3. Streamwise evolution of u* inferred from PIV measurements in the liquid. (a) no grid; (b) grid G32; (c) grid G64. Dashed
lines are fits using the Schlichting law using Eqn. (4), with C = 0.029 and xp = —1530mm (no grid), C = 0.032 and xp = Omm (G32)
and C = 0.038 and xy = 150 mm (G64). The horizontal dotted line u* = 0.35 m s~ ! corresponds to the critical friction velocity marking
the wrinkle-wave transition. The light grey strip depicts the FS-SS measurement extent.

stress across the interface (Paquier et al., 2015). In the present
experiments, the relatively high liquid viscosity ensures that
the flow induced by the wind stress remains laminar, as indi-
cated by a maximum Reynolds number of Ush /v, = 40, where
U; denotes the surface drift velocity and / the liquid depth. Un-
der the assumptions of two-dimensional flow and zero net flow
rate, the velocity field adopts a parabolic Couette—Poiseuille
profile (Spurk & Aksel, 2008),

ug(x,z):Us(x)<l+%> (1+3%), ?)

with —h < z < 0. The continuity of shear stresses at the air-
liquid interface implies

B du
pau’? = PeW(T;L:O- 3)

To determine the friction velocity u*, we fit the velocity
profile near the surface using the parabolic law (2). By differ-
entiating this profile with respect to z and extrapolating z — 0,
we then obtain u* from (3). Figure 3 presents the resulting
streamwise evolution of u* for various wind speeds U, and for
the three inlet conditions. A clear transition is observed for
each inlet condition: while u* decreases gradually with x at
low wind speeds (wrinkle regime), it displays a strongly non-
monotonic behaviour at higher wind speeds (wave regime).

In the absence of grid, the friction velocity follows the
classical Schlichting’s law (Schlichting, 2000),
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Figure 4. Evolution of the normalised friction velocity
squared against the Reynolds number Re, only for wind speeds
U, within the wrinkle regime. The dashed lines correspond to
the Schlichting law of Eqn. (4), with a pre-factor C = 0.029
(NG), C =0.032 (G32) and C = 0.038 (G64), respectively.

where C is a constant and Rey = U, (x — xq)/ Vg4, with xg ac-
counting for the virtual origin of the boundary layer. A best
fit gives C = 0.029, which aligns well with the Schlichting’s
law, and a virtual origin at xo = —1530 mm located far up-
stream from the liquid tank. This agreement with Schlichting’s
law confirms that the wrinkle amplitude is sufficiently small to
leave the boundary layer in the air effectively unchanged.

At low wind speeds, the friction velocity increases signifi-
cantly with free-stream turbulence, reaching values about 20%
higher for G32 and 30% higher for G64 compared to the no-
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Figure 5. Evolution of u* against Uy, at fetch x = 500 mm,
for all inflow conditions. Solid lines are fits of the form u* =
aUY, with p = 0.88 (NG), and p = 0.94 (G32 and G64).

grid condition. However, it exhibits a steeper decrease along
the streamwise direction. Despite this increase, the effect re-
mains moderate relative to the rise in free-stream turbulence,
which is amplified by a factor of 7 for the G32 and 14 for G64.
The friction velocity still follows the Schlichting’s law in the
presence of grids, but with a larger value of C (+10% for G32
and +30% for G64), as well as a virtual origin that is noticeably
shifted toward the grid location (xg = 0 mm and xy = 150 mm,
for G32 and G34 respectively). This shift suggests that the
boundary layer is tripped and reconfigured by the presence of
the grid.

This monotonic behaviour of the friction velocity with
streamwise distance holds only in the wrinkles regime, below a
critical friction velocity «, which depends on both the param-
eters U, and x. From figure 3, it can be seen that this transition
occurs at u* ~ 0.33-0.35 ms~!, a value consistent with the
threshold u} ~ 0.34ms™! reported by Aulnette et al. (2022)
under similar conditions. This sharp rise in u* beyond the
transition emphasises that increasing surface roughness due to
waves significantly enhances the surface stress at the interface.
It should be emphasised that, although the transition occurs at
arelatively constant friction velocity «: regardless of inlet con-
ditions, the corresponding wind speed shows a strong depen-
dence on these conditions. In particular, it decreases signif-
icantly with increasing free-stream turbulence: the transition
occurs at about U, = 8 ms™! in the absence of a grid, while
it typically occurs around 6ms~! and 5ms~! for cases G32
and G64, respectively. This effect is clearly illustrated in fig-
ure 5, which shows the evolution of the friction velocity u* as
a function of the wind speed U, at a given fetch.

Effect on surface deformation

Examples of instantaneous snapshots of the surface de-
formation measured by Free-Surface Synthetic Schlieren are
given in figure 6 for different wind speeds and for each free-
stream condition. There is a stark contrast between low and
higher velocities. At low velocity, the interface is made up of
disorganised patterns of low amplitude of about 15 um, that
are elongated in the streamwise direction, and are typical of
wrinkles. Close to the onset of the waves, two-dimensional
crests oriented in the spanwise direction appeared, superim-
posed on the existing wrinkles, leading to an overall increase
in surface amplitude up to approximately +30 um. At higher
speeds, quasi-two-dimensional structures that span across the

entire field of view with amplitudes up to +0.4 mm are visi-
ble, which is characteristic of gravity-capillary waves. These
findings qualitatively agree with the observations reported
by Paquier et al. (2015), who conducted experiments in a wind
tunnel without a grid, yielding a free-stream turbulence level
of T, ~ 2%. More importantly, figure 6 clearly illustrates the
main effects of increasing the free-stream turbulence intensity:
an increase in the amplitude of deformations — both in the
wrinkles and waves regimes — and a significant reduction in
the critical wind speed for the onset of regular waves.

The characteristic amplitude of the surface vertical dis-
placements is defined as

1/2

G @) = (D0e2) )

where the averaging is performed first in time (overbar) and
then along the spanwise direction (brackets). The evolution
of s for a given fetch x, is depicted in figure 7 against,
(a) the wind speed, and (b) the local friction velocity. The
three inlet conditions follow the expected behaviour, namely
a slow (linear) increase in the wrinkle regime, followed by a
sharp one after the transition to the wave regime. However,
the significant decrease of the critical wind speed velocity dis-
cussed above is clearly visible. From the intercept of the best
fit of the two branches, wrinkles and waves, we can determine
precisely the critical wind speed of the wrinkle-wave transi-
tion: Uy = 8.0£0.1 ms~! in the absence of a grid, and at
Use =5.9+0.1 ms™!, and 5.1£0.1 ms~! in the G32 and
G64 cases, respectively. It should be emphasised that these
velocities are consistent with the change in slope observed in
curves u*(U,) (Fig. 5). The marked reduction in U, when a
grid is present suggests that the extra turbulent intensity gener-
ated results in an increase of the wrinkle amplitude, which in
turn allows the wrinkle-wave transition to take place at a lower
wind speed.

When ;s is plotted against the local friction velocity
(Fig. 7b), data obtained under all inlet conditions collapse
satisfactorily, with a transition occurring at u; ~ 0.33 +0.02
ms~!. This behaviour confirms that the abrupt increase in
u* is directly associated with the wrinkle-wave transition.
Figure 7b also indicates that the transition occurs at a char-
acteristic surface deformation of the order of s ~ 16+
4 um, supporting previous findings that wrinkles act as pre-
cursors to wave development. A power-law fit of the form
Grms o u*" within the wrinkle regime yields an exponent n ~
1.1 £ 0.1 This value is consistent with the experimental re-
sults of Paquier et al. (2016), who reported exponents in the
range n =~ 1.1-1.2 for viscosities close to the one considered
here (vy =30 x 107% m?s~! and 85 x 10~ m2s~!). This near-
linear dependence of s therefore appears to be a robust char-
acteristic of the wrinkle regime.

The wrinkles can be interpreted as transient wakes gen-
erated by turbulent pressure fluctuations moving within the
boundary layer. Their width is mainly determined by the size
of the pressure fluctuations, which scales with the boundary
layer thickness, while their length depends on the wake dy-
namics of these moving pressure sources. Consequently, any
modification of the boundary layer properties is likely to in-
fluence their geometry. To describe the shape of these surface
deformations, a two-point correlation function is employed,

(Cx,0)E(x+r.1))

C(I’) = <C(X,I)2> ’

©)
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Figure 6. Examples of instantaneous surface deformation height {(x,y, ) without grid (a,b,c), with grid G32 (d,e,f) and with grid G64
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Figure 7. Evolution of {;s, at x = 500 mm, against (a) the
wind speed U,; and (b) the local friction velocity u*. The
dashed lines in the wave regime correspond to power-law scal-
ing shown as a guide.

where r = r.ex + ryey, and (.) indicate double average over
space and time. In the case of disorganised wrinkles, the char-
acteristic wavelengths of the deformation pattern in the longi-
tudinal and transverse directions, A; (with i = x,y), are then

defined as A; = 6rjy, where ryg is the position of the first zero-
crossing of C(r;). Under this definition, A; equals the wave-
length A of a monochromatic wave field propagating in the
direction e;.

Figure 8 shows how the longitudinal and transverse cor-
relation lengths vary with friction velocity for different inflow
conditions. A clear crossover between A, and A, occurs at the
critical friction velocity u* ~ u (indicated by the grey band
in the figure), marking the transition from disorganised wrin-
kles to nearly two-dimensional waves. Below this transition,
wrinkles have a nearly constant width, while their length in-
creases with friction velocity, consistent with wake dynam-
ics (Rabaud & Moisy, 2013; Nové-Josserand et al., 2020).
Above the transition, the longitudinal length decreases to the
typical wavelength of regular waves, A, ~ 40mm, while the
transverse length increases significantly (in case of purely two-
dimensional waves Ay = o). Overall, inlet conditions have a
limited but noticeable effect. In the wrinkle regime, grids en-
hance the growth of A, (Fig. 8c), likely due to larger pressure
structures. After the transition, differences in A, suggest that
inlet conditions can influence the degree of two-dimensionality
of the wave field, as evidenced by a moderate increase of A,
for the G64 grid (Fig. 8c) consistent with figure 6(i), where the
waves begin to lose their two-dimensional character.

Summary

We experimentally examined how the intensity of free-
stream turbulence, 7y, in an airflow over a quiescent liquid sur-
face affects the initial formation of wrinkles and, subsequently,
waves as the wind velocity U, increases. To this end, we em-
ployed various passive grids positioned at the inlet of the test
section to generate T;, of up to 8% at the measurement location,
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Figure 8. Streamwise evolution of the correlation lengths A, and transverse A, against the friction velocity u*, averaged over the
window x € [430,620] mm, (a) NG, (b) G32, and (c) G64. The light grey strip corresponds to the critical friction velocity u} =

0.334+0.02 ms~!.

situated approximately 500 mm downstream from the start of
the liquid tank. Our main findings are summarised as follows:

(a) Increasing 7, raises the friction velocity at the inter-
face by approximately 20-30%. For all inlet conditions, the
streamwise decay of u* (below wave onset) follows Schlicht-
ing’s law for a standard boundary layer over rigid surfaces,
though with a modified prefactor and virtual origin when grids
are used.

(b) The level of T, does not change the typical wave-
generation scenario: as wind speed rises, wrinkles form at the
interface and eventually develop into regular waves at suffi-
ciently high velocities (Paquier et al., 2015, 2016), with mini-
mal impact on their spatial organization.

(c) However, the critical wind speed U, at transition de-
creases markedly: U,. ~ 8 ms~! for T, = 0.6%, 5.9 ms~! for
T. = 4%, and 5.1 ms~! for T, = 8%. Despite this, the criti-
cal local friction velocity remains nearly constant for all inlet
conditions, 1 ~ 0.3340.02 ms~!.

(d) At the wrinkles-to-waves transition, a sharp increase
is observed in both the local wave amplitude {,5(x) and the
local friction velocity u* (x).

More comprehensive details of this work are available
in Mathis et al. (2026).

These results raise questions about the nature of the tran-
sition from wrinkles to waves and the origin of the critical fric-
tion velocity, . Notably, this transition occurs at a constant
wrinkle amplitude, {;mg. Adjusting the boundary layer prop-
erties allows us to quantify the link between turbulent forcing
and the surface response, while also exploring the transition
between the Phillips mechanism (Phillips, 1957) — thought to
drive wrinkle formation — and the Miles mechanism (Miles,
1957), which is believed to control wave growth.
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