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Effect of wind turbulence on wave generation over a viscous liquid
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When wind blows over the surface of a viscous liquid, a clear transition from irregular
small-amplitude streamwise-oriented wrinkles to well-defined nearly two-dimensional reg-
ular waves is observed at a critical wind velocity. We examine how free-stream turbulence
in the air influences the growth of wrinkles and regular waves, as well as the transition
between these two regimes. Experiments are carried out in a wind tunnel, in which air is
blown over a tank filled with silicone oil whose viscosity is 50 times higher than that of
water. The free-stream turbulence is enhanced using upstream grids, achieving relative
turbulence intensities up to 8%. Surface deformations are measured using free-surface
synthetic Schlieren with micrometer accuracy. Velocity measurements are performed using
hot-wire anemometry above the interface and particle image velocimetry in the liquid.
Results reveal two primary effects of grid-enhanced free-stream turbulence: an increase in
the wrinkle amplitude and a reduction in the critical wind speed at the onset of regular
waves. Nevertheless, the wrinkle-wave transition still corresponds to an approximately
constant friction velocity. We also observe a nonmonotonic evolution of the wave am-
plitude with fetch, which we rationalize using a wave energy balance model that accounts
for the downstream decrease in friction velocity.

DOI: 10.1103/7dxt-dk3t

I. INTRODUCTION

The wind-driven generation of surface waves is an apparently simple problem that conceals
complex physical mechanisms. Beyond its importance in oceanography and wave forecasting [1-4],
it also plays a central role in industrial processes involving two-phase flows such as oil recovery and
coating operations [5—7]. A key aspect of the problem is that the flow on the air side is always
turbulent, which makes predictions of the onset velocity and the nature of the initial surface defor-
mations challenging. These early stages indeed depend sensitively on the detailed boundary-layer
structure in the air—not only the mean velocity profile but also the fluctuating pressure and shear
stress distributions, which are notoriously difficult to control in laboratory experiments.

Since the pioneering works of Phillips and Miles [8,9], several decades of research have led
to the following two-stage scenario. In a first stage, incoherent wrinkles with very low amplitude
are excited by the turbulent pressure fluctuations present in the boundary layer above the surface
(Phillips mechanism [8]). This results in a linear increase over time of the energy of the surface
displacements, which eventually saturate at a finite amplitude governed by the liquid viscosity
for moderate wind speeds [8,10-16]. These wrinkles may be thought of as the superposition of
incoherent wakes originating from pressure fluctuations traveling in the turbulent boundary layer
in the air [17,18]. At low wind speed, typically below 1-3 ms~! for the air-water system, these
structures, referred to as wrinkles by Paquier et al. [19,20], reach a statistically stationary state in

2469-990X/2026/11(6)/064804(21) 064804-1 ©2026 American Physical Society


https://orcid.org/0000-0001-7066-9023
https://orcid.org/0000-0002-1789-7892
https://orcid.org/0000-0002-6497-6980
https://orcid.org/0000-0003-4953-9384
https://orcid.org/0000-0002-6166-4877
https://orcid.org/0000-0003-0408-4232
https://orcid.org/0000-0003-1527-4744
https://ror.org/01ahyrz84
https://ror.org/033p9g875
https://ror.org/02feahw73
https://ror.org/025nmxp11
https://ror.org/025nmxp11
https://ror.org/03xjwb503
https://ror.org/02feahw73
https://ror.org/02byv2846
https://crossmark.crossref.org/dialog/?doi=10.1103/7dxt-dk3t&domain=pdf&date_stamp=2026-06-26
https://doi.org/10.1103/7dxt-dk3t

R. MATHIS et al.

which the energy injected by pressure fluctuations in the surface deformations is balanced by that
dissipated in the liquid.

In the second stage, for sufficient wind speeds, the coupled air-water shear flow becomes unsta-
ble, leading to a subsequent exponential increase of the energy of the surface displacements (Miles
mechanism [9]). Linear stability theory can be used to predict the critical wind speed corresponding
to this transition [9,21-23], as confirmed in laboratory experiments [24—28]. The onset is expected
to be sensitive to several factors, in particular the liquid viscosity and the free-stream turbulence.
The effect of the liquid viscosity has been investigated by Paquier et al. [20], who showed that
increasing the viscosity increases the critical wind speed. In contrast, the effect of the free-stream
turbulence on wrinkles and critical wind speed remains largely unknown.

Despite their very small amplitude, wrinkles are the base state from which regular waves grow
as the wind speed is increased. Therefore, one may expect the transition to regular waves to depend
on any parameter that may affect the wrinkles, in particular the structure of the turbulent boundary
layer in the air. The relation between the statistical properties of the turbulent pressure fluctuations
and that of the wrinkles was analyzed in Perrard et al. [17]. The characteristic size of the latter, A,
is governed by the largest spatial scales of the pressure fluctuations field, which itself is controlled
by the thickness of the boundary layer, §, with no significant effect of the liquid viscosity, v,. The
root-mean-square (rms) amplitude of the wrinkles, ;s results from a balance between the work
performed by the wind stress at the surface and the viscous dissipation in the liquid. This balance
yields [17]
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(1)

with u*, p,, and p, being the friction velocity in the air and the air and liquid densities, respectively,
g denoting gravity.

Several important assumptions underlie the derivation of Eq. (1). First, the characteristic size
of the turbulent pressure fluctuations is governed by the boundary layer thickness §. Second, the
amplitude of pressure fluctuations is governed by the mean shear stress p,u*>. These are natural
assumptions in standard boundary layers developing over a flat plate with zero or negligible free-
stream turbulence. In contrast, the relationship between the statistics of the near-surface pressure
fluctuations (size and amplitude) and the shear stress may be more complex in boundary layers with
significant free-stream turbulence. The question therefore arises of whether the scaling of (1) still
holds in such nonstandard boundary layers.

Another assumption underlying Eq. (1) is that the characteristic forcing scale is much larger than
the capillary length ¢. = /y/p;g, with y the surface tension. This assumption is only partially
satisfied in experiments, with a typical Bond number (§/1.)* of the order of 100. Varying surface
tension has indeed been shown to significantly affect the wave growth in the wave regime [29-31],
suggesting that surface tension may also influence the wrinkle amplitude, and hence the wrinkle-
wave transition.

The purpose of this study is to explore how free-stream turbulence influences the development of
wrinkles and the critical wind speed for the onset of wave amplification. In particular, we examine
whether this critical wind speed is modified by changes in the properties of the incoming flow. If
yes, then this would imply that wind velocity alone does not control wave onset for a liquid with
given physical properties. This would provide a natural explanation for the large scatter in critical
wind velocities reported in the literature for the classical air-water configuration.

To address these questions, we have developed a dedicated wind-tunnel experiment in which
air is blown through a grid before encountering the surface of a viscous liquid (silicone oil with
kinematic viscosity v, = 50 x 107® m? s~!). Two grids with different mesh sizes are used to vary the
characteristics of the free-stream turbulence. Velocity measurements are carried out using hot-wire
anemometry above the interface and particle image velocimetry within the liquid, enabling a direct
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determination of the friction velocity u*. Surface deformations are measured using free-surface
synthetic Schlieren with micrometer accuracy [32].

The use of silicone oil instead of water has several implications. The high viscosity consid-
ered here (about 50 times that of water) partly simplifies the wave amplification mechanism: By
increasing wave attenuation, it reduces the cumulative effect of wind forcing and suppresses wave
reflections, leading to a more local relationship between the forcing and the liquid response. Further-
more, the relatively low surface tension considered here (about 3 times smaller than that of water)
may also enhance the wrinkle amplitude, therefore affecting the wrinkle-wave transition. Despite
these differences, present experiments provide valuable insight into the influence of free-stream
turbulence on wind-wave generation, which may also be relevant to the more standard case of the
air-water system.

The structure of the paper is as follows. Section II presents the experimental setup, the grid
characteristics and the experimental techniques. Section III provides an overview of the mean
velocity profile and turbulence intensity in the air boundary layer, together with the velocity profile
in the liquid used to determine the friction velocity at the interface. Section IV analyses the statistics
of the surface deformations for different wind speeds and free-stream turbulence conditions. Specific
attention is paid to the spatial evolution of the wave amplitude with the distance from the grid. The
observed nonmonotonic evolution is rationalized thanks to a model based on a wave energy balance
taking into account the decrease of the friction velocity in the air with the distance from the grid.

II. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUES

The experimental setup is sketched in Fig. 1(a). Experiments are carried out in the closed-loop
wind tunnel S2 at IMFT, whose test section is 1.8 m long with a 0.5 x 0.5 m cross section.
The general characteristics of the wind tunnel are reported in Ref. [33], and only modifications
introduced for the present investigation are described below. The floor of the test section is replaced
with a rectangular liquid tank with a depth 2 = 50 mm spanning the entire width of the tunnel.

The tank is filled with silicone oil with density p, = 970 kg m~>, kinematic viscosity v, = 50 x
10~® m?s~!, and surface tension y = 0.021 N m~' at 25°C. This high viscosity ensures a strong
attenuation of the waves, preventing wave reflections at the downstream end of the tank and on the
side walls. The side walls of both the test section and the liquid tank are made of glass to provide
optical access. In the following, x, y, and z denote the streamwise, spanwise, and vertical directions,
with origins located at the leading edge of the tank, at the middle span of the test section, and at
the undisturbed liquid/air interface, respectively. By definition, x also corresponds to the local fetch,
i.e., the distance over which the wind has acted on the liquid surface since the onset of air-liquid
interaction. To ensure that the flow in the liquid is fully developed, data acquisition starts 20 mins
after the wind starts blowing.

Three distinct inflow conditions are investigated: one without a grid, referred to as NG (no-grid),
and two with grids, with mesh sizes M = 31.6 mm and 64.1 mm, hereinafter referred to as G32
and G64, respectively. The grids are located 0.2 m downstream of the exit of the contraction, at
position x, = —0.2 m upstream of the leading edge of the tank. In what follows, X = x — x, denotes
the streamwise distance to the grid location. Both grids are made of 8-mm-thick alloy coplanar
rectangular bars arranged in a square mesh array [see Figs. 1(b) and 1(c)]. Grids G32 and G64
are based on bars with width d = 6 and 12 mm, respectively. They have identical porosity ratios
B = (1 —d/M)*> =0.66. Each grid is flush mounted, with the edge recessed into the walls of the
wind tunnel.

The turbulent boundary layer in the air is characterized by hot-wire anemometry for the three
inflow conditions. A miniature single-wire probe is used, consisting of a 5-um-diameter and
1.25 mm-long tungsten wire (DANTEC-55P11), operated by an A. A. Labs AN-1003 anemometer.
The sampling frequency and duration are set to 20 kHz and 240 s, respectively. The wire sensor
is mounted on a dual-axis traverse system that allows a continuous probe motion either in the
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FIG. 1. Experimental setup. (a) Wind tunnel, with the 50-mm-deep tank filled with silicone oil and the three
measurement techniques. [(b) and (c)] Grids G32 and G64, respectively. The edges of the grids (in brown) are
recessed into the channel walls.

longitudinal (x, z) plane or in the transverse (y, z) plane. Hot-wire calibration is performed in situ
in the absence of a grid.

The flow in the liquid tank is measured using particle image velocity (PIV) in the (x, z) vertical
midplane located at the spanwise position y = 0 (Fig. 1). The PIV setup is composed of a Nd-YAG
laser Quantel Ultra 2 x 200 mJ and a 16-bit LaVision Imager sSCMOS camera with a resolution of
2560 x 2160 pixels, equipped with a 50 mm lens. In most cases, a 10-min-long set of 600 images
is recorded at a sampling rate of 1 Hz to ensure statistical convergence. The time delay between
successive image pairs is adjusted according to the wind speed and interface roughness, ranging
from 200 ms for a low wind speed and nearly flat interface to 10 ms for high wind speeds and
strongly deformed interface. At low wind speed (1 and 2 ms™!), the number of images in each set is
increased to 2000 due to the slow convergence rate of statistics in such configurations. Similarly, in
the wave regime, the number of images in each set is increased to 1000 in order to obtain converged
statistics of the interface displacement. Velocity fields are measured in four 324-mm-long windows
with a 44-mm overlap, covering streamwise positions ranging from x = 100 mm to x = 1164 mm,
with an effective spatial resolution of the order of 1 mm, both along the x and z directions. This
field of view includes the region where the surface displacements are measured. PIV calculations
are performed using the DaVis software, using a multipass adaptive interrogation scheme with
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window sizes decreasing from 64 x 64 to 16 x 16 pixels and a 75% overlap to compute correlation
functions.

Surface displacements are measured using the free surface synthetic Schlieren (FS-SS) technique
[32]. A 25 cm x 25cm random dot pattern is placed beneath the liquid tank and illuminated by a
LED panel. The image of the pattern, refracted through the deformed interface, is recorded using
a 2016 x 2016 pixels, 12-bit pco.dimax cs4 CMOS camera located above the surface (Fig. 1). The
camera is equipped with a telecentric lens with a 260-mm entrance diameter (Opto Engineering
TC4M-172), offering a wide field of view and a large working distance (600 mm) enabling imaging
without parallax distortion. The distance between the pattern and the free surface is adjusted based
on the typical wave amplitude to be measured, so as to maximize the measurement accuracy while
avoiding the formation of caustics [32].

A digital image correlation algorithm (DaVis software with the same multipass adaptive interro-
gation scheme as in the PIV above) is used to determine the apparent displacement field, or, of the
dot pattern relative to a reference image obtained in the absence of wind. The free-surface height,
¢ (x,y), is then computed by inverting the linearized refraction problem, V¢ = ér/H*, with H*
being the effective distance between the pattern and the surface corrected for the refraction indices
of the liquid layer and glass bottom wall. The horizontal field over which 8r is recorded is 190 mm
long and 150 mm wide, covering a range of fetches from 430 to 620 mm, centered at y = 0. The
horizontal resolution is 0.86 mm while the vertical resolution is approximately 0.1 um. Data are
recorded at a rate of 2 Hz during 500 s to ensure statistical convergence of the rms amplitude, ;ms.

III. FLOW CHARACTERIZATION

A. Wind velocity profile and free-stream turbulence

We first characterize the structure of the turbulent boundary layer in the air and examine its
dependence on the inlet conditions. Figure 2(a) presents the mean (time-averaged) velocity profile
u(z) for the three inlet conditions at the same free-stream velocity U, = 3.2 ms~!. Profiles are
measured at a fetch x = 430 mm corresponding to a distance X = x — x, = 630 mm from the grid,
i.e., 20 and 10 mesh sizes downstream of grids G32 and G64, respectively.

The no-grid profile exhibits the expected classical behavior, with a boundary layer thickness
8 >~ 22 mm (here § is defined as the height at which the local mean velocity reaches 99% of
the free-stream velocity). In contrast, the presence of a grid markedly alters the velocity profiles,
producing a 10-20% overshoot in u(z) at a height z,x =~ 20 mm above the interface, with only a
weak dependence on the mesh size. Far from the interface, the velocity is uniform, without any sign
of a disturbance resulting from the presence of the grid. This indicates that the grid-induced wake
and jet modulation are smoothed out at a downstream distance X /M ~ 10-20, in line with available
observations [34]. Additional measurements at other spanwise locations confirm the absence of
grid-induced modulations in the velocity profile.

The maximum in the velocity profile is a classical feature of turbulent boundary layers in the
presence of grids [35-38]. It originates from the localized pressure loss induced by the grid in the
free stream, which accelerates the flow in the boundary layer [35]. The overspeed ratio Upax /UL,
with Unax = %(zZmax ), 1 almost independent of the free-stream velocity and exhibits a weak decrease
with the streamwise position, not exceeding 3% over the field of view with both grids. The vertical
location of the maximum, zy,x, decreases with U, by approximately —8% per ms~! and increases
with the downstream position by 12% per 100 mm.

Vertical profiles of the root-mean-square streamwise turbulent fluctuation 7, = \/ﬁ/ U, are
shown in Fig. 2(b). In the absence of a grid, these profiles exhibit the classical large inner peak
very close to the interface, where T, >~ 15%, while 7, decays to ~ 0.6% outside the boundary
layer. In the presence of a grid, 7, is still uniform outside the boundary layer but reaches much
larger free-stream values, T, >~ 4% and 8% with grids G32 and G64, respectively. Close to the
interface, T, keeps values similar to those observed in the no-grid case, with 7, >~ 15%, indicating

064804-5



R. MATHIS et al.

(a) (b)

250 T T T T i T 250 T T
—— NG a ® =] A ——NQG
—B— G32 —B—G32
A G64 A G64
200 1 !L 1 200 | 1
=] A
150 1 150 r 1
_ — ° B A
~ ~
100 100
50 1 50
0 : . . 0 ;
0 02 04 06 08 1 1.2 0 0.05 0.1 0.15 0.2

H/ Ua ﬁ / U,

FIG. 2. Normalized mean velocity profiles (a) and turbulence intensity profiles (b) in the air at y = 0 mm
and x = 430 mm, i.e., X = x — x, = 630 mm downstream of the grid location, for the free-stream velocity
U, = 3.2 ms~'. The horizontal dashed lines correspond to the boundary layer thickness for the no-grid case
(NG, blue line) and to the location of the center of the first horizontal rod for grids G32 and G64 (red and
yellow dashed lines, respectively).

that the near-interface fluctuations are dominated by the intrinsic dynamics of the turbulent boundary
layer rather than by the diffusion from the free-stream turbulence. A local minimum of 7, may be
noticed at a vertical position close to zy.x, together with a weak secondary peak at z ~ 30 mm.
These are classical features of turbulent shear flows, associated with the strong correlation between
the turbulent energy production and the local mean shear. Additional measurements at larger fetch
(not shown) exhibit similar trends, with a slow longitudinal decrease of the secondary peak of u/Z,
accompanied by a slight increase of its vertical position.

Figure 3(a) shows the variation of the free-stream turbulence intensity 7, with the distance from
the grid at U, = 3.2 m s~!. Measurements are performed upstream of, within, and downstream
from the FS—SS window where free-surface displacements are determined (gray area in the figure).
Without a grid, the turbulence level remains constant, with 7, >~ 0.6%. It reaches much higher values
and decays with the fetch in the presence of a grid, with typical levels 7, >~ 3—4% (G32) and 7-9%
(G64) in the FS-SS window. The observed decay of the turbulence intensity can be compared with
the classical power-law behavior of grid-generated turbulence,

Vu? _a<x —XO)”

i 2

with X, a virtual origin, n the decay exponent, and a a prefactor. Our data, shown in log-log scale in
Fig. 3(b), are consistent with this power-law decay. A best fit with X; and » as free parameters yields
Xo/M ~ 1 and n ~ 0.82 4 0.02. Values of n reported in the literature are usually such that 0.55 <
n < 0.7, so that our data lie somewhat beyond the upper limit of the usual range [39—41]. This may
be due in part to the short downstream distances used in present experiments, X/M =~ 2-50, while
much larger distances (X/M > 40) are usually considered in the literature. These unusually small
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FIG. 3. Streamwise variation of the free-stream turbulence intensity for U, = 3.2 ms~! (hot wire measure-
ments). (a) Linear plot versus the distance to the grid. The light gray area indicates the region where the FS-SS
measurements of the free-surface displacements are performed. (b) Log-log plot against (X — X,)/M, with
Xo/M = 1. The corresponding Reynolds numbers are Re,, = 7500 for G32 and 14500 for G64. The dashed
blue line represents the uniform free-stream turbulence level (0.6%) in the NG case.

distances are necessary here to ensure high turbulence intensities, hence a significant effect of the
free-stream turbulence on the wave generation process. The lower bound of our measurement range,
X/M =~ 2, is close to the location of the maximum turbulent kinetic energy production. In the range
X/M ~ 2-10, referred to as the nonequilibrium region [42,43], turbulent statistics are known to
retain anisotropic features of the forcing. Waves near the upstream end of the tank are therefore
excited by this nonstandard decaying turbulence, while their subsequent evolution for X/M >
10, where the FS-SS measurements are performed, occurs in the classical decaying turbulence
regime.

B. Influence of the inlet condition on the friction velocity

A key quantity in the surface wave generation process is the wind shear stress t = u,0u/dz
at the air-liquid interface, usually quantified through the friction velocity u* = /t/p,. Since the
minimum distance above the interface reached in hot-wire measurements is not sufficiently small to
extrapolate the velocity gradient down to the interface, 7 is usually obtained indirectly. In a classical
boundary layer (with negligible free-stream turbulence), u* is inferred by fitting the mean velocity
profile with the logarithmic law. However, this law no longer applies in nonstandard boundary layers
with a strong free-stream turbulence. Nevertheless, we can deduce u*™ from the shear-induced flow
in the liquid, taking advantage of the continuity of shear stresses at the interface [19]. Because of
the large liquid viscosity, the flow induced in the liquid by the wind stress is laminar in present
experiments (the maximum Reynolds number is Ush/v, =~ 40, with U, being the drift velocity at
the surface and 4 the liquid depth). Assuming a purely two-dimensional flow, the zero net flow-rate
condition implies a parabolic Couette-Poiseuille profile [44]

b4 z
ne(e,2) = U (14 5)(1437), ©
with —h < z < 0. Continuity of shear stresses at the air-liquid interface implies
ou
patt’? = pyvg— 4)
BZ z=0

Velocity profiles determined in the liquid by PIV in the vertical midplane y = 0 are shown
in Fig. 4 for various wind speeds and for the different inflow conditions. At low wind speeds
(filled symbols), the interface remains almost flat and the flow is stationary. At higher wind
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FIG. 4. Mean velocity profile in the liquid determined by PIV at fetch x = 500 mm in the absence (a) or
in the presence [(b) and (c)] of a grid. Arrows indicate increasing wind speeds U,,. Filled symbols correspond
to wind speeds below the onset of waves (U, = 3.2 and 5.1 ms~! for the three inlet conditions) while open
symbols refer to wind speeds beyond the onset of waves (U, = 8.3, 6.1 and 5.6 ms~! for NG, G32 and G64,
respectively).

speeds (open symbols), the surface becomes wavy, and the instantaneous velocity profiles exhibit
a time-dependent oscillatory component. In this regime, a time average is performed to extract the
mean velocity profile. In both cases, the resulting profiles are accurately captured by the parabolic
law (3). More specifically, profiles obtained in the absence of a grid exhibit a zero crossing at
|z|/h € [0.30, 0.33], close to the expected value 1/3, suggesting that the flow is almost two dimen-
sional and thus uniform in the spanwise direction. Departures from the theoretical zero-crossing
position are more pronounced in the presence of grids, where |z|/k € [0.34, 0.36], and slightly more
pronounced with G64 [Fig. 4(c)] than with G32 [Fig. 4(b)]. This suggests the presence of a positive
flow rate in the midplane y = 0, implying a weak return flow close to the sidewalls. However, the
resulting spanwise modulation of the surface velocity remains small and is unlikely to affect the
wave generation process.

To determine the friction velocity u*, we fit the velocity profile close to the surface with the
parabolic law (3). Then differentiating with respect to z and extrapolating to z — O allows us
to obtain u* using (4). At large wind speed, light reflection on the wavy surface makes PIV
measurements less reliable. This is why the fit is performed only in the range |z|/h = 0.1 — 0.3
in such cases. Figure 5 shows the resulting streamwise variation of u* for various wind speeds
U, and for the three different inlet conditions. A well-defined transition is observed for each inlet
condition. Indeed, while u* slowly decreases with x at low wind speeds (wrinkle regime), it exhibits
a strongly nonmonotonic behavior at larger wind speeds (wave regime).

Let us first discuss the low-speed regime. Here the influence of free-stream turbulence on the
friction velocity remains modest. Indeed, in the window where the surface displacement measure-
ments are performed, u* increases relative to the no-grid case by a factor of approximately 1.2 with
the grid G32 and 1.3 with the grid G64 for a given wind velocity. This is to be compared to the huge

increase of \/L72 which grows approximately by a factor of 7 for case G32 and 14 for case G64. This
weak increase of u* indicates that the surface shear stress is primarily governed by the turbulence
production in the boundary layer near the liquid surface rather than by the outer turbulence. In other
words, the liquid surface is only weakly affected by the free-stream turbulence, which is efficiently
screened by the boundary-layer turbulence. Nevertheless, despite its limited magnitude, we will see
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FIG. 5. Longitudinal variation of the friction velocity u* deduced from PIV measurements in the liquid.
(a) In the absence of a grid; (b) with the G32 grid; (c) with the G64 grid. Dashed lines correspond to fits based on
the Schlichting law (5), with C = 0.029 and xy = —1530 mm (no-grid case), C = 0.032 and xy = 0 mm (G32
case), and C = 0.038 and xy = 150 mm (G64 case). The horizontal dotted line #* = 0.35 m s~! corresponds
to the critical friction velocity associated with the wrinkle-wave transition. The light gray area indicates the
FS-SS measurement window.

later that this increase in u* plays a crucial role in setting the wrinkle amplitude and controlling the
transition from the wrinkle regime to the wave regime.

In this low-velocity regime, as Figs. 5 and 6 make clear, the slow decay of u* with the streamwise
position is well captured by the classical Schlichting law for a turbulent boundary layer developing
over a rigid flat wall [45], namely

M*Z

= CRe; "2, (5)
where Re, = U,(x — x9)/v, is the Reynolds number based on the streamwise position, x; is a
virtual origin, and C is an empirical prefactor. A best fit performed in the no-grid case [Fig. 5(a)]
yields C = 0.029, in good agreement with the literature, with a large negative virtual origin
xo = —1530 mm located far upstream from the liquid tank. This agreement with the Schlichting
law confirms that the wrinkle amplitude remains weak enough to leave the boundary layer in the air
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FIG. 6. Normalized friction velocity squared as a function of the Reynolds number Re, for wind speeds
U, within the wrinkle regime. Dashed colored lines correspond to the Schlichting law (5), with a prefactor
C = 0.029 (NG case), C = 0.032 (G32), and C = 0.038 (G64), respectively, and varying virtual origins xj.

essentially unaltered. In the presence of grids, Figs. 5(b) and 5(c) reveal that not only do the values
of u* exceed those found in the no-grid case, but they also exhibit a noticeably steeper decrease
with x. The Schlichting law (5) still captures this decrease, as shown in Fig. 6 (red and yellow
symbols) but with slightly larger prefactors C (approximately 0.032 and 0.038 for cases G32 and
G64, respectively) and a shifted virtual origin (xo = 0 mm and xy = 150 mm, respectively for G32
and G64). The shift in xy suggests that the boundary layer is tripped well upstream of the liquid tank
in the no-grid configuration, whereas in the presence of a grid, it develops at the beginning of the
liquid tank in the G32 case or slightly downstream in the G64 case.

Figure 5 shows that the monotonic decrease of u* with x holds only up to a critical friction
velocity u, which depends primarily on the wind speed U, but also on the fetch. At small fetch, this
transition occurs for u* ~ 0.33-0.35 ms~', a value consistent with the threshold u: ~0.34 m s~ !
reported by Aulnette et al. [46] for the onset of waves on silicone oil with the same viscosity (v, =
50 x 107% m?s~"), a slightly shallower depth (h =35 mm) and a weak free-stream turbulence
intensity (7, ~ 2%). Beyond this threshold, u* exhibits a sharp increase at moderate fetches, due
to the increasing effective surface roughness induced by the developing waves. A subsequent
decrease of u* is also observed at larger fetch, with #* even dropping below u in cases G32 and
G64. As will be shown in the next section, this decay is associated with a decrease in the wave
amplitude.

Importantly, the critical friction velocity u; remains nearly constant across all inlet conditions,
whereas the corresponding critical wind speed exhibits a strong dependence on these conditions.
This effect is highlighted in Fig. 7, where the variation of #* with U, at a constant fetch x = 500 mm
is shown. Below the transition, u* follows the Schlichting law (5), which may be recast in the
simple form u* oc UY, with p >~ 0.9 & 0.04. In contrast, a strong increase of u* is observed when the
friction velocity exceeds u. The critical wind speed at the onset of waves significantly decreases as
the free-stream turbulence increases. Indeed, this transition occurs at U, ~ 8 ms~! in the absence
of a grid, while it occurs typically at 6 and 5 ms~! in cases G32 and G64, respectively. A more
accurate estimate, based on the amplitude of the surface deformations, will be achieved in the next
section.
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U, (m/s)

FIG. 7. Friction velocity u* measured at fetch x = 500 mm as a function of U, for the three inflow
conditions. Solid lines are fits of the form u* = a U?, with p = 0.88 for the NG case, and p = 0.94 for the
G32 and G64 cases.

IV. SURFACE DEFORMATIONS

A. Amplitude and characteristic lengths

We now characterize the surface deformations induced by the wind for the different inlet condi-
tions. Typical snapshots of the surface deformations measured by free-surface synthetic Schlieren
for each inflow configuration are presented in Fig. 8 for increasing wind speeds. All snapshots were
recorded in the field of view 430 mm < x < 620 mm, including the position x = 500 mm at which
friction velocities u™ plotted in Fig. 7 were measured. For each inlet condition, a gradual variation
of the surface pattern with increasing wind speed is observed:

(1) Below the critical velocity [Figs. 8(a), 8(d), and 8(g)], the surface exhibits disorganized,
streamwise-elongated wrinkles with a typical amplitude of the order of 10 um.

(2) Near the onset of wave generation [Figs. 8(b), 8(e), and 8(h)], nearly two-dimensional waves
with spanwise-oriented crests begin to overlap with the wrinkles, accompanied by a marked increase
in the vertical displacements of the free surface which reach approximately 30 um.

(3) Above the critical velocity [Figs. 8(c), 8(f), and 8(i)], the surface deformation is dominated
by regular, well-organized nearly two-dimensional waves with a characteristic wavelength of ap-
proximately 30—40 mm and amplitudes up to 0.5 mm.

These properties are in qualitative agreement with the observations reported by Paquier et al.
[19] who used a wind tunnel without a grid, resulting in a free-stream turbulence level T;, >~ 2%.
Present experiments enlighten the two main effects of the free-stream turbulence intensity on the
surface deformation: Increasing 7, slightly increases the amplitude of the wrinkles and significantly
decreases the critical wind speed for the onset of regular waves.

To quantify these effects, we determine the characteristic amplitude of the surface vertical
displacements defined as
1/2

Coms (%) = (£2(x, y, 1)) (6)
where the averaging is performed first in time (overbar) and then along the spanwise direction
(brackets). We first examine the dependence of ¢.,s on the wind speed and inlet configuration at a
fixed fetch, x = 500 mm; variations of ¢, with the fetch are analyzed in more detail in the next
section.

Figure 9 shows how ¢, varies as a function of the wind speed U, [Fig. 9(a)] and as a function of
the local friction velocity u* [Fig. 9(b)]. For the three inlet conditions, the curves reveal an almost
linear increase in the wrinkle regime, followed by a much steeper increase in the wave regime.
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FIG. 8. Instantaneous field of the surface height, ¢ (x, y, t), in the absence of a grid [(a)—(c)], with grid G32
[(d)-(D)], and with grid G64 [(g)—(1)]. Values of the wind speed are selected to illustrate the wrinkle regime
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FIG. 9. Variation of the wave amplitude ¢, at x = 500 mm as a function of (a) the wind speed U, and
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From the intersection of the extrapolated trends in each regime, we determine that the wrinkle-wave
transition takes place at U, = 8.0 = 0.1 m s~ ! in the absence of a gridandatU,, =59+ 0.1m s7!
and 5.1 0.1 ms~! in the G32 and G64 cases, respectively. These critical velocities closely match
the change of slope of curves u*(U,) in Fig. 7, confirming that the sudden increase in u* is
directly associated with the wrinkle-wave transition. This sharp increase in u* beyond the transition
highlights the fact that, by increasing the surface roughness, waves strongly increase the surface
stress at the interface.

As expected from the above discussion, when ¢ is plotted as a function of u* [Fig. 9(b)],
the curves corresponding to the three inlet conditions approximately converge. This confirms that
the transition takes place at u* =~ 0.33 £0.02 ms~!, corresponding to a characteristic surface
deformation of s >~ 16 = 4 um. Below the transition, in the wrinkle regime, a power-law fit of
the form ¢, oc ™" yields an exponent n >~ 1.1 & 0.1. A quantitative comparison with theory is
difficult due to the limited range of u* available in the wrinkle regime. Nevertheless, the measured
exponent is significantly smaller than the theoretical prediction n = 1.5 given by Eq. (1). It is,
however, consistent with the values reported by Paquier ez al. [20] for liquid viscosities close to that
used here, where power-law fits for v, = 30 x 107° m? s~ and 85 x 107% m? s~! yield exponents
in the range n ~ 1.1-1.2. This quasilinear variation of ¢ therefore appears to be a robust feature of
the wrinkle regime.

The decrease of the critical wind speed U, in the presence of a grid may partly result from the
overshoot observed in the #(z) profiles in the boundary-layer region (see Fig. 2). If the wrinkle—wave
transition were controlled by the wind velocity at the outer edge of the boundary layer, then this over-
shoot would indeed trigger the transition at a lower free-stream velocity. However, the overspeed
observed in Fig. 2 reaches only 15-20%, whereas the reduction in U, is more pronounced, typically
25-35% compared to the no-grid configuration. This difference indicates that the influence of the
grid on the transition does not reduce to a mere shift in the effective wind speed but also involves
modifications of the turbulent activity within the boundary layer. The marked reduction in U, when
a grid is present suggests that the extra turbulent intensity induced by the grid results in an increase
of the wrinkle amplitude, which in turn allows the wrinkle-wave transition to take place at a lower
wind speed.

The fact that the wrinkle amplitude is approximately constant at the transition (&g >~ 16 £
4 wm) is in qualitative agreement with the criterion proposed by Perrard et al. [17], which states
that the wrinkle-wave transition occurs when ¢,s reaches a certain fraction of the viscous scale
8, = v,/u*. Here one has §, >~ 45 £ 5 um at the transition, yielding a ratio {;m/8, =~ 0.36 = 0.1.
This value is significantly larger than that found in the experiments of Paquier et al. [20] ({ms/8y =
0.11) or in the simulations of Li and Shen [15]. The difference may result from several factors.
First, the experiments in Ref. [20] were performed in a water-glycerol mixture having a surface
tension y ~ 0.06 N m~!, significantly larger than that of the silicone oil used here (y = 0.021 N
m~!). As discussed in Sec. I, this lower surface tension may increase the wrinkle amplitude for a
given level of pressure fluctuations [31]. In addition, pressure fluctuations in the turbulent boundary
layer may themselves be highly sensitive to details of the wind-tunnel geometry, in particular the
channel height (500 mm here, compared to 105 mm in Ref. [20]). Although these differences make
it difficult to quantitatively compare the amplitude of the wrinkles in the two experiments, the close
agreement in the critical friction velocity u strongly suggests that this parameter provides a robust
criterion for describing the transition between wrinkles and waves.

The influence of the inlet conditions is not limited to the wrinkle amplitude but may also affect
their geometry. Wrinkles can be seen as transient wakes produced by turbulent pressure fluctuations
traveling in the boundary layer. Their characteristic width is essentially governed by the width of the
pressure patches, which scales like the boundary layer thickness, while their length is governed by
the wake dynamics of these moving pressure sources [17,18]. To quantify the characteristic shape
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FIG. 10. Longitudinal (blue stars) and transverse (green diamonds) correlation lengths A, and A, averaged
over the window x € [430, 620] mm, as a function of the friction velocity u* for (a) the NG case, (b) the G32
case, and (c) the G64 case. The vertical gray strip corresponds to the critical friction velocity u} = 0.33 &
0.02 ms~L

of surface deformations, we compute the two-point correlation function,

(x, )l (x+r,1))
(¢(x,1)?)

where r = r.ex + ey and (.) denotes the average over the entire two-dimensional field of view
(x,y) and over time. From this, we define the longitudinal and transverse correlation lengths A;
(with i = x,y) as A; = 6r;, with r;p being the location of the first zero crossing of C(r;). With this
definition, one gets A; = X in the case of a monochromatic wave field of wavelength A propagating
in the e; direction. In the case of disorganized wrinkles, A, and A, still provide characteristic
wavelengths of the deformation pattern in the longitudinal and transverse directions, respectively.

Figure 10 shows the variation of the two correlation lengths as a function of the friction velocity
for the three inflow conditions. All curves exhibit a marked crossover of A, and A, at u* >~ u?,
a hallmark of the geometrical transition from disorganized wrinkles to nearly two-dimensional
waves. Below the transition, wrinkles are characterized by a nearly constant characteristic width
Ay ~70-100 mm and a length A, increasing with u* from approximately 150 to 300 mm. This
increase in A, is consistent with the narrower wake generated by a pressure perturbation as its
convection velocity increases [18,47]. Beyond the transition, the longitudinal correlation length
decreases significantly to A, >~ 40 mm, the typical wavelength of the regular waves, while the
transverse length A, strongly increases (A, would be infinite for purely two-dimensional waves).
The influence of the inlet conditions on A, and A, is complex but not major. We notice that, in
the wrinkle stage, A, increases more markedly with u* in the presence of grids, reaching its largest
value in the case of the G64 grid. This may be the consequence of a larger spatial extension of
pressure fluctuations resulting from the larger mesh size. Also, beyond the transition, A, is seen to
be significantly smaller in the G64 case compared to the G32 case. This may result from a stronger
spanwise modulation of the velocity, affecting the two-dimensionality of the wave field.

Cr)= . )

B. Variation with fetch

The amplitude of surface deformations depends on the wind forcing but also on the fetch at which
measurements are performed. This dependence with respect to x is already visible in the bottom row
of Fig. 8, with a wave amplitude increasing with x in the no-grid case, while this amplitude stays
nearly constant or even slightly decreases in the G32 and G64 cases. This decrease of s With x is
further confirmed by visual inspection. Indeed, surface waves are seen to be strongly attenuated, or
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FIG. 11. Linear-log representation of the longitudinal variation of the amplitude of surface deformations
for various wind speeds. (a) No-grid case, (b) with grid G32, and (c) with grid G64. Data associated with black
bullets are obtained right at the wrinkle-wave transition, i.e., at U, = U,.

even to vanish, near the downstream end of the liquid tank for wind velocities slightly beyond the
transition.

Influence of the fetch on surface deformations is enlightened in Fig. 11 which displays the
longitudinal variation of {ms(x) for the three inlet conditions at various wind speeds, including
right at the transition (black bullets). In the wrinkle regime, ¢y is seen to be almost independent
of the fetch for all inlet conditions, at least over the narrow range of x where FS-SS measurements
are performed. In contrast, in the wave regime, s exhibits a more complex behavior, with either
a growth or a decay for increasing fetches. It is reasonable to hypothesize that this nonmonotonic
behavior is related to the nonmonotonic variation of u* with x evidenced in Fig. 5. To elaborate
more on this connection, it is necessary to distinguish between wrinkles and waves.

In the wrinkle regime, {ms(x) correspond to the passive response of the liquid surface to the
turbulent forcing exerted by the wind [17]. This is because (s remains small (~ 1-10 wm)
compared to the viscous length scale §, = v/u* (45-300 um), so that surface deformations do not
modify significantly the air boundary layer. In this regime, one therefore expects an essentially
local relationship between ¢ms(x) and pressure fluctuations pms(x) within the boundary layer.
However, the link between p.y,s and u*(x) is not as straightforward, as it depends on the detailed
structure of the boundary layer, which itself is influenced by the free-stream turbulence. Seeking
only an order-of-magnitude estimate, one may write prms(x) ~ p p.u*?(x), with p* a dimensionless
prefactor depending on the Reynolds number and inlet conditions. For a standard turbulent boundary
layer with no free-stream turbulence, one has p™ ~ 2 4 0.5 in the range of Reynolds numbers
considered here [48,49], but larger values are expected in the presence of grids. Owing to the weak
decay of u* with x over the limited range where surface measurements are performed (less than
2% in the no-grid case and 5% with grids according to Fig. 5), pms 1S expected to be essentially
independent of x, which directly translates into nearly-uniform longitudinal profiles of ¢, in
agreement with the almost flat profiles observed in Fig. 11. The remaining scatter in the surface
deformation observed in Fig. 9(b) when ¢, is plotted as a function of ™ at constant x likely reflects
the fact that p,,s depends not only on u* but also on the detailed structure of the boundary layer and
hence on the inlet conditions.

In the wave regime, the situation is generally more intricate because {;ms(x) and u*(x) become
interdependent quantities coupled through nonlocal feedback mechanisms. Indeed, the amplitude
&ms Of surface deformations at a given fetch results from the cumulative action of the wind forcing
over the entire region extending from x = 0 to the current longitudinal position. This process is
dominated by the amplification of waves through the Miles mechanism, partly counterbalanced
by viscous dissipation in the bulk of the liquid [9,21,22,50]. Conversely, by modifying the surface
roughness, waves enhance the turbulence in the air boundary layer and thus increase u* [51,52]. The
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high viscosity of the liquid may partly simplify the general picture because the large dissipation in
the liquid reduces the cumulative effect of the wind forcing, leading to a more local relationship
between u* and ¢s. This enhanced locality may help connect the nonmonotonic longitudinal
variation of ¢, revealed by Fig. 11 with the nonmonotonic variation of u* evidenced by Fig. 5.
This is the purpose of the simple model developed in the next section.

C. A simple model for the nonmonotonic variation of the wave amplitude with fetch

To rationalize the nonmonotonic variation of {ys(x) with the fetch in the wave regime, we
introduce the following simplified model. We consider that the wave field is dominated by a
single Fourier component with a wavelength A ~ 40 mm propagating in the x direction. Since this
wavelength is significantly larger than the capillary-gravity wavelength A, ~ 9.3 mm, it belongs
to the gravity regime, so that the wave energy density per unit surface is E =~ p,g¢2 . Since the
characteristic wave slope k¢ = 27 ¢ /A remains moderate close to the onset of waves [k¢ < 0.08 for
¢ up to 0.5 mm], we assume a purely linear dynamics and disregard the retroaction of the wave field
on u*. In the statistically stationary state, the evolution of the wave energy density is governed by
[11,26,53]

9
(¢cg+Us)—E=P—-D, (8)
ox

with ¢,(k) the group velocity of the dominant wave component, U, the surface drift current, P(k)
the rate at which wind supplies energy to the wave field, and D(k) the rate at which the wave
energy is dissipated in the liquid by viscosity. Here the wave transport by the group velocity is
the dominant contribution: One has ¢, >~ 0.14 m s~! for A ~ 40 mm, while U; < 0.05 ms™' (see
Fig. 4). Assuming that, close to the onset, waves grow exponentially due to the wind-induced stress
(pressure and viscous shear stress) applied on the liquid surface [9,21], the energy injection rate
may be written in the form P = ygE, with the temporal growth rate given by [9,54,55]

w2
ye = ﬂw&(”—> , )
pPe\ €

where w(k) denotes the characteristic radian frequency, ¢ = (g/k)!/? is the corresponding phase
velocity, and B is a nondimensional parameter. Compilation of field and laboratory data obtained
for wind-generated waves over water suggests an average value g >~ 32 & 16 [2,55], while recent
experiments using silicone oil with a kinematic viscosity v; = 50 x 107® m? s~! provide compara-
ble values, 8 ~ 45 + 20 [50].

The dissipation term D includes bulk dissipation, D(k) = —4v,k%E [56], and dissipation in the
surface and bottom boundary layers. Given the values of vy, k, and the liquid depth considered here,

the bulk contribution is dominant [50]. We can therefore rewrite (8) in the approximate form
d Pa 4 oE
(g +U)—E~|B—u"(x)—4vow|—, (10)
ox 00 c?

which defines the critical friction velocity u; at which the net growth rate vanishes. If u* were
x-independent, then Eq. (10) would predict an exponential decrease (for u* < u) or increase (for
u* > u}) of the wave amplitude with x. However, due to the spatial decay of u* in the streamwise
direction, the net growth rate changes sign at some critical fetch, x,,, resulting in a nonmonotonic
wave amplitude. This is consistent with Figs. 5 and 11. Indeed, beyond the wave onset, u* remains
consistently larger than u’ over the available range of fetches in the absence of grids, leading to a
positive growth rate and, consequently, to a monotonic increase of ;s wWith x. In contrast, in the
presence of grids, the longitudinal u* profiles drop below the threshold value u* = u} beyond a
certain fetch x,, that decreases from 1000 to 600 mm as the wind speed increases, consistent with
the observed longitudinal variation of {5 in the measurement window.
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FIG. 12. Streamwise evolution of the wave amplitude ¢, for wind speeds beyond the critical velocity U,,.
Dashed lines are fits based on the model (12).

Further prediction of the evolution of the wave energy with the fetch is difficult, as the feedback
of the waves on the friction velocity is not known. An approximate model can, however, be obtained
by neglecting this feedback and extrapolating the Schlichting relation (5) beyond the critical value
u’. With these crude assumptions, Eq. (10) predicts that the wave amplitude reaches its maximum

at a fetch x,, such that
o (CB pa U2Y
xmwﬁv_(_ﬂp__a) , (11

with C the constant involved in Eq. (5). It is noteworthy that the dependence of x,, on the wind speed
is extremely steep (ocU.), in qualitative agreement with observations. Indeed, in the absence of a
grid (large U,), x,, likely exceeds the tank length, whereas in the presence of a grid (smaller U,), a
shorter x,, is obtained, which shifts significantly downstream as U, increases. Integrating Eq. (10)
with u*(x) obeying the Schlichting relation (5) yields a nonmonotonic variation of &,s(x) in the

form
5 x—x0 \'°
Crms (X) ¢ €Xp {A(x — x0)4/5|:1 - (ﬁ) , (12)
m — A0
where the dimensional coefficient
0 wU? va \'°
A=Cp—~—-2 = (13)
Pe (Cg + US)CZ U,

depends on the wind speed and wave properties. Data in Fig. 12 are consistent with this behavior,
both with and without grids: whereas ;s does not exhibit a maximum in the no-grid configuration,
it displays a clear maximum in the G32 and G64 cases at a fetch x,, that shifts downstream as the
wind velocity increases.

Such a nonmonotonic variation of the wave amplitude is specific to the high liquid viscosity used
in the present experiments and is unlikely to extend to smaller viscosities. In experiments performed
with water, the viscous attenuation is much smaller, so the fetch at which the wave amplitude reaches
its maximum [x,, o v[s according to (11)] would be shifted to considerably larger streamwise
positions. In this case, other effects such as wave saturation by nonlinear interactions are expected
to take place much earlier, making the above predictions for {;m(x) irrelevant. Conversely, with a
much more viscous liquid, x,, would be considerably smaller, so that waves would be visible only
near the entrance of the tank. This is indeed consistent with experiments performed with highly
viscous silicone oils having kinematic viscosities up to 5000 x 10~ m? s~! [46], in which periodic
waves are only observed at small fetch.
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V. SUMMARY AND FINAL COMMENTS

We carried out experiments aimed at characterizing how free-stream turbulence in the air affects
the generation of surface waves by wind over a viscous liquid. Using two different turbulence-
generating grids inserted downstream of the converging section of a low-turbulence wind tunnel, we
could increase the turbulence intensity from 0.6% in the absence of a grid to roughly 4 and 8% at
the location of the free-surface measurements. Using a variety of complementary measurement tech-
niques, we could then quantify the influence of the inlet conditions and of the resulting nonstandard
turbulent boundary layer on the characteristics of the wrinkles (weak-amplitude turbulence-driven
surface deformations) at low wind speed and the onset of regular nearly two-dimensional waves at
larger wind speed. Our main findings are as follows:

(1) For all inlet conditions, surface deformations exhibit a clear transition from the wrinkle
regime to the regular wave regime as the wind speed U, is increased, consistent with earlier
observations carried out with low free-stream turbulence intensities [19,20].

(2) For a given wind speed, the grids enhance the friction velocity u* by about 20-30% in the
region of interest. In the wrinkle regime, the longitudinal decay of u* with the fetch is similar
to that observed in a standard boundary layer over a rigid flat wall with negligible free-stream
turbulence (Schlichting law). Nevertheless, the prefactor and virtual origin involved in this empirical
law depend on the inlet condition.

(3) The grids significantly reduce the critical wind speed corresponding to the onset of regular
waves, from U,. ~ 8 ms~' to6and 5 ms~!. However, the critical friction velocity at the transition
remains almost constant, u* >~ 0.33 & 0.02 ms~!, in fairly good agreement with previous studies
employing liquids with comparable viscosities.

(4) Beyond the critical wind speed, both the local friction velocity u*(x) and the local wave
amplitude ¢ (x) strongly increase with U, (or u*). Yet, the functional relationship s = f(1*) at
a given fetch x remains unchanged for all inlet conditions.

(5) In the wave regime, a nonmonotonic variation of u*(x) and ys(x) with fetch is observed.
A simple model based on the governing equation for the wave energy density helps rationalize this
behavior by considering the joint effect of the wind-driven input governing the wave growth (which
itself is modulated by the longitudinal variations of u*(x)) and of the viscous dissipation of wave
energy in the bulk.

To date, most models, experiments and numerical simulations of wind-generated waves consider
a canonical turbulent boundary layer in the air flow above the free surface. Changing the properties
of this boundary layer provides a way to quantify the relationship between the turbulent forcing
and the response of the surface and to explore the transition between the Phillips mechanism
[8], assumed to drive the generation of wrinkles, and the Miles mechanism [9], considered to
govern the wave growth. At low wind speed, surface deformations are driven by the forcing of
the surface by turbulent pressure fluctuations in the boundary layer. At larger wind speed, the
wave growth predicted by the Miles model is primarily governed by the mean velocity profile
in the air, which itself depends on the inner structure of the boundary layer. Both mechanisms
are therefore expected to depend on the details of the boundary layer and the turbulent activity
therein.

A natural extension of the present study, currently underway, involves replacing the passive grids
used here with an active grid that allows much higher levels of free-stream turbulence (up to ~20%).
This will enable us to determine whether the trends revealed by the present study for 7, < 8%,
especially the fact that the wrinkle-wave transition takes place at a constant u* irrespective of 7,,
still hold in the presence of much more intense free-stream turbulence.
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