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We report experiments on wind-blown sand that highlight a transition from saltation to collisional

regime above a critical dimensionless mass flux or Shields number.

The transition is first seen

through the mass flow rate @ which deviates from a linear trend with the Shields number and seems
to follow a quadratic law. Other physical evidences confirm the change of the transport properties.
In particular, the particle velocity and the height of the transport layer increases with increasing
Shields number in the collisional regime while the latter are invariant with the wind strength in the
saltation regime. Discrete numerical simulations support the experimental findings and ascertain
that mid-air collisions are responsible for the change of transport regime.

Introduction — The study of wind-blown sand started
seventy years ago with the seminal work of Bagnold [1].
He was the first to identify the dominant mode of sand
transport, termed saltation, which consists of grains trav-
eling in a sequence of ballistic trajectories and produc-
ing a splash of new ejected grains when colliding back
onto the soil. The saltating particles do not undergo any
mid-air collision. This is the peculiarity of the saltation
regime of transport which is now well documented either
experimentally or theoretically [2-4].

Saltation regime is expected to break down at high
wind speed when the particle concentration within the
transport layer is so high such that mid-air collision are
likely to occur. Several recent numerical studies [5, 6] re-
vealed indeed that at high fluid shear stress a highly colli-
sional regime develops close to the bed surface. This col-
lisional layer was referred to as a "soft" bed in [5]. Duran
et al. [2] also identified through numerical simulations a
change of transport regime at high wind speed. In the
present letter, we provide for the first time experimental
evidences that wind blown-sand undergoes a transition
from the saltation regime to a collisional regime at high
Shields number. We also developed discrete numerical
simulations that give credit that the transition is driven
by mid-air collisions.

Wind tunnel experiments — The experiments reported
here were performed in a 6m long wind tunnel with a
cross-section of dimensions 0.27 m x 0.27 m [7]. The
floor of the tunnel is covered with a 2.5 cm thick layer of
sand composed of quartz grains with a median diameter
d =190 pm and a density p, = 2650 kg/m?. The nom-
inal air velocity Uy, (i.e., the air speed outside from the
boundary layer) in the wind tunnel was varied between
5 and 20m/s, corresponding to Shields number S* rang-
ing from 0.03 to 1.5. A typical experimental run lasts
several minutes at a constant nominal velocity Uy, dur-
ing which air and grain velocity profiles were measured
by Pitot tubes and Particle Imaging Velocimetry [7, 8].
Particle flux density profiles were also assessed via a par-
ticle counter probe (SPC-S7, Niigata Electric [9, 10]). At

the end of each run, the sand collected at the exit of the
tunnel was weighed and the resulting outgoing transport
rate @ estimated [11].
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Figure 1: Dimensionless mass flow rate versus the
Shields number. The Shields number S* is a
dimensionless number that compares the turbulent
shear stress to the grain weight: S* = pgi,u*?/(ppgd)
where u* is the friction velocity (extracted from the air
profiles as explained in the caption of Fig. 2). Data by
Creyssels et al. [8] obtained in longer wind-tunnel and
corresponding to the saltation regime have been added
to the graph.

The transition from saltation to collisional regime is
clearly evidenced through the variation of the mass flow
rate as a function of the Shields number S* (see Figure 1).
Fig 1 shows clearly a change of behavior at a critical
Shields number S¥ =~ 0.3 (corresponding to a free stream
velocity Us = 10.4m/s). For S* < S¥, the mass flow
rate @ scales linearly with (S* — S¥) (where S = 0.008
is the Shields number at which transport ceases), whereas
for S* > S%, it strongly deviates from a linear regime. In
the latter regime, the variation of the flow rate is clearly
a non-linear function of the Shields number: @ o« S*"



with n > 1. The best fit to the data gives n = 1.8 which
is close to 2. Importantly, transport regime at very high
Shields number (i.e., S* > 0.7 corresponding to Rouse
number below 2 [14]) should be interpreted with caution
since turbulence velocity fluctuations start to become im-
portant and particles may enter in suspension.

Another evidence of the regime change is seen in the
vertical air velocity profile (see Fig. 2). The vertical air
velocity profile U(z) above the transport layer is well de-
scribed by a logarithmic law as shown by Bagnold [1]:
U(z) = Uy + “=In(z/zs), where zy and Uy are respec-
tively the height and velocity of the focus point defined
as the locus where the air speed is independent of the
wind strength, and £ = 0.41 is the Von Karman’s con-
stant. This focus height z; can be interpreted as the
height of the transport layer which is found to be inde-
pendent of the wind strength [7] in the saltation regime.
Our measurements confirm the existence of a focus point
as long as S* < S7. We find: zy = 40d = 8 mm and
U; = 3 m/s. However, above the critical Shields number
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Figure 2: Air velocity profiles for different flow
strengths: They exhibit a logarithmic increase and are
well approximated by U(z) = (u* /k)In(z/zp). The
relationship between the friction velocity u* and the
free stream velocity Uy, is found to obey an affine
function for the entire range of investigated velocities:
u* = 0.143 Uy, — 0.347. Inset: Focus height as a
function of the free stream velocity U.

S, the velocity profiles do not converge any more at a
unique point. We can however still define a pseudo-focus
point as the intersection point of two successive wind pro-
files. This pseudo-focus point is found to increase with
increasing Shields number greater than S}, suggesting
that the transport layer thickens with increasing wind
strength in the collisional regime (see the inset of Fig. 2).

From PIV measurements, we extracted particle veloc-
ity profiles (see Fig. 3). The horizontal particle velocity
increases with increasing height for all wind strengths.
In the saltation regime, we confirm that the particle ve-
locity within the saltation layer (i.e. z < zy = 40d) is
almost insensitive to an increase of the wind strength, as
shown by Ho et al. [7]. In contrast, in the collisional

regime, the particle velocity increases dramatically with
increasing wind strength. This contrasting behavior is
also evidenced through the slip velocity (i.e., the veloc-
ity extrapolated at the bed [16]) which is invariant with
the friction velocity in the saltation regime but increases
linearly with it in the collisional regime (ws;, ~ 0.85u*;
see the inset of Fig. 3).
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Figure 3: Mean horizontal particle velocity versus
height for various flow velocity. Inset: Particle slip
velocity versus the friction velocity u*.

The last feature drawn from the experiments con-
cerns the mass flux density profile assessed via a particle
counter probe [10]. For all wind strengths investigated
so far, the mass flux density was found to decrease with
height at an exponential rate ¢(z) = go exp(—z/l,), where
qo is the flux density extrapolated at the bed surface and
l4 the characteristic decay length (see Fig. 4.a).

Interestingly, the characteristic decay length [, exhibits
a contrasting behavior at low and large Shields number.
The characteristic decay length [, is invariant with the
Shields number in the saltation regime (i.e., 3% ~ 95 d)
as shown by Ho et al. [7]. However, this invariance of
the decay length breaks down at large wind strengths:
the latter increases with increasing Shields number in
the collisional regime (Fig. 4.b). The increase of [, is
found to follow a linear trend with the Shields number:
lg — 1591 ~ 108 d(S* — S7). This increase indicates that
the height of the transport layer increases with increasing
Shields number and provides a natural explanation for
the disappearance of the focus point for the air velocity
profiles at high Shields number.

In contrast with [,, the variation of the flux density
qo with the Shields number does not show any transition
between low and large Shields number (see Fig. 4.c). It
follows a linear variation with the Shields number both
at low and high wind strengths with the same rate: qg ~
0.18p,/gd(S* — S7).

Discrete numerical simulations — We completed our
experimental investigation by the development of two-
phase numerical simulations based on a discrete element
method for particle dynamics coupled to a continuum
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Figure 4: (a) Mass flux density profile ¢(z) for different
wind strengths. (b) Characteristic decay length [,
versus the Shields number. (c) Flux density ¢ versus
the Shields number.

Reynolds averaged description of hydrodynamics. We
used the same approach as that developed by Duran et
al. [15] (see further details in the Supplementary mate-
rial).

The simulated system is two-dimensional (i.e. the cen-
ter of mass of the particles is confined with a vertical
plane). We employed periodic boundary conditions in
the stream-wise direction and considered spherical parti-
cles with similar properties as those in the experiments
(i.e., d = 200 um and p, = 2650 kg/m?). We used typical
values for the normal restitution and friction coefficient,
en = 0.9 and p = 0.5, respectively (See the Supplemen-
tary for further details). For these parameters, the den-
sity ratio is 0 = 2208 and the particle Reynolds number
R =0.5.

The outcomes of the simulations confirms the existence
of a transition between two different transport regimes at
low and high Shields number. We reported on Fig. 5 the
mass flow rate as a function of the Shields number ob-
tained from the simulations which supports the change
of transport regime. The numerical data indicates that
the mass flow rate varies linearly with the Shields num-
ber at low wind strength up to a critical Shields number
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Figure 5: Mass flow rate obtained from the discrete
simulations: A linear trend with the Shields number is
observed up a critical S¥ ~ 0.1 and a quadratic
behavior above. The saltation threshold S} obtained
from the simulations is 0.01. Experiments and
prediction from the aeolian transport model of Pasini et
al. [17] based on kinetic theory are displayed as well.
Insets: Experimental and numerical data re-plotted as a
function the reduced Shields number S*/S¥. In the
upper Inset, we show a close-up view of the saltation
regime.

S¥ = 0.1. Above this critical value, the mass flow rate
clearly deviates from a linear trend and its variation is
compatible with a quadratic increase with the Shields
number (Q o S*2). We thus obtain the same type of
transition as that observed in the experiments. However,
we can note that the agreement between simulations and
experiments is not quantitative. The simulations greatly
overestimate the mass flow rate and predict a transition
towards the collisional regime at a lower critical Shields
number in comparison with that found in the experi-
ments (S = (0.1 against S:**? = (.3). However,
it is important to note that the transition occurs at the
same critical mass flow rate Q. ~ 10p,d/gd. We will
come back to that point and the possible causes of the
discrepancy later on.

Additionally, the mass flux density profiles obtained
from the simulations exhibit the same trends as those
seen in the experiments (see Fig. 6). The latter decreases
at an exponential rate as a function of the distance from
the bed surface. The mass flux density qo extrapolated at
the bed surface (see the Supplementary material for the
precise definition of the bed surface) increases linearly
with the Shields number at low and high wind strength
but the characteristic decay length indicates a change of
behavior at a critical Shields number S = 0.1: Below
this value, I, is almost constant and of order of 50 d, and
above it, [, increases linearly with the Shields number.
These features are in agreement with the experiments.

Fig. 7 displays the particle velocity profiles for increas-
ing Shields number obtained from the simulations. In-
terestingly, the variation of the depth-averaged particle
velocity (see the Supplementary material for its compu-
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Figure 6: Simulation outcomes. (a) Mass flux density
profiles for various Shields number; (b) Mass flux
density ¢o at the bed versus the Shields number:

go ~ 0.62(S* — S¥); (c) Characteristic decay length [,

versus the Shields number: In the saltation regime

lq/d =~ 50 and in the collisional regime [ /d ~ 4255*.

tation) with wind strength also highlights a transition at
critical Shields number S} = 0.1 which corresponds to
critical friction velocity u* = 4u¥ (uf = 0.2m/s). Below
it, the depth-averaged particle velocity is invariant with
the wind strength as expected for saltation transport but
above it, the latter increases with increasing friction ve-
locity (see the inset of Fig. 7. The increase is linear with
the friction velocity. These features corroborate the ex-
perimental results (see Fig. 3).

The last important point is to check whether the tran-
sition observed at high Shields number can be associated
to a change of transport regime from saltation to colli-
sional regime. Our hypothesis is that at large Shields
number the saltation regime breaks down because mid-
air collisions become predominant within the transport
layer. To check the validity of this hypothesis, we deter-
mined the mean free path of the particles via the two-
phase numerical simulations (see Supplementary mate-
rial). In the saltation regime, the mean free path is ex-
pected to be twice the maximum elevation height of the
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Figure 7: Particle velocity profiles obtained from the
numerical simulations. Inset: Depth-averaged particle
velocity versus the friction velocity.
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Figure 8: Rescaled mean free path 1/(2z,,) of the
saltating particles versus the Shields number. The mean
free path depends on the maximum elevation height z,,
of the particle trajectory (see Supplementary material).

We computed it for two different elevations z,, = 50d
and 100d.

particle trajectory whereas it is expected to be smaller
in the collisional regime [18]. This is precisely what we
found (see Fig. 8). It is also important to stress that the
collisional layer remains confined close to the bed and is
topped by a ballistic region free of mid-air collisions.
Conclusion— We have seen that the transition in exper-
iments and simulations occurs at the same critical flow
rate Q. but at different critical Shields number S7. This
call for severals concluding remarks. (i) First, the fact
that Q. is similar in experiments and simulations gives
credit to the hypothesis that the transition is driven by
mid-air collisions. The mass flow rate is, in the salta-
tion regime, directly proportional to the depth-averaged
particle volume (since the particle velocity and transport
layer thickness remain constant), and is thus expected to
control the onset of particle collisions within the trans-



port layer. (ii) Second, the underestimation of S, in the
simulations seems to originate from a general overesti-
mation of the simulated mass flow rate. As a result, the
transition predicted by the simulations is expected to oc-
cur at a lower critical Shields number, which is indeed
observed. Interestingly, if we re-plot the mass flow rate
curves rescaling the Shields number by the critical value
S., we get a nice collapse between the experimental data
and the simulations (see the inset in Fig. 5). One plau-
sible explanation for the overestimation of the simulated
mass flow rate may be found in the simplified descrip-

tion of the granular phase (e.g., spherical shape, simple
visco-elastic model for particle-particle interactions). In
particular, the particle shape can significantly affect the
mass flow rate as mentioned in [19, 20]. Additionally, the
turbulent flow model employed in the simulations which
is based on classical mixing turbulent length could be
eventually improved to account for the possible damping
of the turbulence by the saltating particles.
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