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a b s t r a c t

The effect of lateral confinement due to very close sidewalls, on erosion caused by awater jet issuing from
a rectangular sluice aperture, has been studied experimentally in a narrow laboratory flume. Velocimetry
(PIV) in presence of a smooth, no erodible bottom, revealed self-similar velocity profileswith the structure
of a wall jet, but upward-shifted with respect to the classical two-dimensional profile. The classical
definition of the Shields number was modified, to include the influence of the relative roughness and
the inlet aspect ratio. This last coefficient was also relevant in the definition of a suitable length scale to
account for the effect of the lateral confinement. Scour patterns in the narrow flume have also shown
differences with respect to erosion by two-dimensional wall jets: the downstream mound undergoes a
morphological transition, from triangular to trapezoidal, at the early stage of the scour development, and
grains move downhill driven by gravity inside the granular wedge, in a regime of steady recirculation
(SR). Above this regime, a digging–refilling (DR) cycle, with periods of the order of seconds, triggers at a
well-defined Shields number.

© 2018 ElsevierMasson SAS. All rights reserved.

1. Introduction

Sediment transport driven by water jets spreading along nar-
row gaps is present in nature and in practical applications. It plays
a key role in processes involving solid particles dragged through
fractures [1], filtration devices, in the emergence and progress of
underground channelizations, in wastewater flows discharged in
deep and narrow precast drains, and in the motion of solids con-
veyed in pipelines [2,3]. Techniques for crude oil extraction require
detailed studies about slot jet features [4], and laboratory research
of proppant transport in slot flow model has shown that, near the
fracture entrance, significant sand transport is provided by stim-
ulated turbulence [5,6], which can be produced by pumping fluid
through holes in a plate across the slot inlet. Shallow, turbulent
water jets are used as a framework to study hydrodynamics and
depositional patterns at the mouths of distributary channels [7]
because the turbulence characteristics of these narrow, planar
bounded jets differ from those of unbounded ones. Contractions
of a water stream by debris accumulation could lead to the local
scour of the granular bed, due to the local convective acceleration
of the flowwhich increases bed shear stress and the lift action from
turbulent bursts [8]. Numerical results in configurations where
a narrow receiving channel is located downstream of a sluice

∗ Corresponding author.
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gate have shown that increasing lateral confinement modifies the
hydrodynamics of the wall jet, increasing the propagation further
in the streamwise direction, and reducing the bed shear stress
because of the side-walls friction [9]. This last result has also been
reported in steady, uniform flow in smooth narrow channels with
the rectangular cross-section, and was attributed to the increasing
influence of the secondary currents and the fluid shear stresses
(reflecting the effect of eddy viscosity in turbulent flows) as the
ratio between channel width to flow depth decreases [10]. Side
walls (two parallel walls confining the jet at the planes of the
short sides of the rectangular nozzle) have been used to force
the jet to entrain only in the streamwise and lateral directions,
enhancing the two-dimensionality of the flow [11,12]. It has been
shown that the large-scale flow organization, for turbulent slot jets
bounded by very close solid side walls, differs substantially from
the slot free jet, due to the development of the shear layers on both
sides (affecting the spreading of the developed jet) and secondary
longitudinal vortical structures near the nozzle exit [13].

In spite of its relevance, the influence of side walls proximity
on the scour of the bed, immediately downstream of the jet inlet,
is still poorly understood and documented. Measurements of the
scour caused by a jet issuing from a nozzle of constant aperture,
b0 = 2, 5 cm, in a channel of 15m long and four values of width,w:
10, 20, 30 and 40 cm [14], revealed that w significantly affects the
scour patterns. The authors also observed that the confining effect
tends to become significantwith increasing themean flow velocity
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at the inlet plane, U0. They proposed the inlet aspect ratio, AR =

w/b0, as the suitable parameter to account for the confinement
effect. From the comparison of their results, in the range 4 ≤ AR ≤

16, with results from wide channels, AR ≫ 1, they observed that
some points do not gather along the same curve. They found cycles
of digging (when the jet is directed towards the bed) and refilling
(with the jet directed towards the free surface and the grains on
the mound rolling back and refilling the hole), which depend on
U0 and relative submergence,H/b0, beingH the tailwater depth. As
w increased, it took a longer duration for the initial flipping of the
jet towards the free surface to occur. Experimental results showed
that the erosion threshold of an immersed granular layer, impinged
by a vertical liquid jet issuing from a rectangular injector, AR = 6,
and enclosed in a rectangular tank, is governed by a critical Shields
number of inertial nature, Sh0 = ρU2

0/((ρs − ρ)gds), being U0 =

Q/(wb0), Q the flowrate, ρs and ρ the densities of the sediment
and the fluid, respectively, g is the local gravity acceleration, and ds
the median grain size [15]. The results from this model quasi-two-
dimensional set-up have shown that Sh0 increases non-uniformly
with the nozzle-sediment distance, l. This non-uniform evolution
was linked to the spatial structure of the jet, related to its flow
regime described by the Reynolds number at the inlet, U0b0/ν,
where ν = µ/ρ is kinematic viscosity.

The scarcity of experimental data on the scour process in chan-
nels with a very high degree of lateral confinement is in contrast
with a large amount of research work devoted to the scour caused
by plane (AR ≫ 1) wall jets [16,17]. For a layer of non-cohesive
sediments immediately downstream of a rectangular opening, b0,
the variation of the scour dimensions with the logarithm of time
was found to be linear, and the scour process eventually attains an
asymptotic stage, after several hours [18]. The maximum eroded
depth, Y∞, made dimensionless with b0, was found to be mainly
dependent on the densimetric Froude number, F0 = Sh1/2

0 [19,20].
It has been claimed that the effect of grain size is not completely
absorbed by F0 [21,22], hence relative roughness, ds/b0, should be
included in the analysis. Digging and refilling cycles have been also
reported for AR ≫ 1, in experiments lasting hundreds of hours,
being associated with jet-flipping (a phenomenon in which the
jet suddenly flips from the bed to the water surface, and vice-
versa) [19,23].

It is expected that the hydrodynamics of thewall jet in channels
with very close side walls, AR ∼ O(1), as well as the scour profiles
driven by such highly laterally confined jets, will differ from those
reported in configurations with AR ≫ 1. The question arises on
whether the dimensionless numbers, used in this latter case, can
be modified, in a physically-meaning way, to account for scour
with low values of AR. To this end, experiments on the erosion
of a loose granular bed, immediately downstream a sluice gate,
were carried out in a narrow laboratory flume. Velocimetry (PIV)
over a smooth, no erodible bed, was performed to characterize the
mean velocity profiles for the laterally constrained wall jet. The
temporal evolution of the eroded bed morphology, lasting several
hours, was registered from the beginning by means of a sequence
of high spatial resolution snapshots.

2. The experimental setup

Experiments were carried out in a narrow channel, w = 2
cm wide and 140 cm long, see Fig. 1. Glass side walls ensured
full optical access along the channel. Water flow was driven by a
centrifugal pump. Flow rate, Q , was measured with a rotameter of
accuracy ± 0.25 l/min. Water temperature was around 20 ◦C in all
runs. A granular columnof packed glass beadswas used to generate
a uniform velocity distribution at the channel inlet.

Thewater streamwas forced to flow beneath a sluice gate, com-
posed of a vertical acrylic bar of square section, with a 45◦ sharp

Table 1
Summary of experimental configurations.
b0 [cm] Q [l/min] Re0 θ0 Marker

0.2 2.5 – 3.0 3790 – 4550 46.9 – 67.5 +

1.0 3.5 to 12.0 3890 to 13330 2.8 to 32.4 □
1.5 4.5 to 17.0 4290 to 16200 1.9 to 27.4 ⃝

2.0 5.5 to 17.5 4580 to 14580 1.6 to 15.8 △

4.0 12.0 to 17.0 6670 to 9440 1.7 to 3.5 ♢

edge at the end. Five sluice apertures, b0, were used. Table 1
summarizes the values of the experimental control variables, Q
and b0. The complete sealing between the inner channel walls and
the acrylic bar was verified at each run, to avoid undesirable flow
leaks. The mean velocity of the jet at the aperture was calculated
asU0 = Q/(wb0), and the Reynolds number of the jet, based on the
hydraulic diameter of the opening, Dh:

Re0 =
U0Dh

ν
(1)

with ν = 0.01 cm2/s the kinematic viscosity of water, ranged
between 3790 ≤ Re0 ≤ 16200, see Table 1. Thus, experiments
were performed under moderate turbulent jets. The hydraulic
diameter, defined as:

Dh =
4wb0

2w + 2b0
=

2b0
1 +

b0
w

(2)

is postulated as the suitable length scale for our configurations,
since the proximity of the side walls makes its influence not negli-
gible. From Eq. (2), it follows thatDh/b0 is amonotonically increas-
ing function of AR = w/b0, and Dh → 2b0 as AR → ∞: in wide
channels (w ≫ b0), Dh ≈ 2b0 which is the characteristic length
scale for two-dimensional jets (disregarding the factor 2) [18,24].

A flat granular layer, 10 cm depth and 60 cm in length, com-
posed of monodisperse glass beads of median diameter ds = 1.1
mm, geometrical standard deviation σg = 1.1 and density ρs =

2.65 g/cm3, was placed immediately downstream of the jet inlet.
As the ratio w/ds ≈ 20, a negligible influence of side walls friction
on grains motion is expected [25,26]. At the channel outlet, a mesh
of variable porosity was used to keep constant the tailwater depth
at H = 13 cm. Water was allowed to discharge freely into a tank
connected to the pump.

The scour process was recorded, from the beginning, with a
Nikon D90 camera, controlled via software from a PC. The ex-
perimental protocol to start each run was as follows: as Q was
increased, via the control valve, the resistance of the mesh at the
flume outlet was continuously reduced, to maintain constant the
tailwater depth at H = 13 cm. Typically, it took only 1 to 2 s
to reach steady flow conditions at the inlet. Because each run
lasted approximately 9 h, different time spans between successive
snapshots were used, accompanying the slowing down of the
erosive process with time. In all runs, the profile of the eroded
bed remained flat across the channel width, as observed in pre-
vious work [14]. Frontal panels of LED light were placed to ensure
optimal contrast and definition in the images. In-house software,
designed tomanage large amounts of images (approximately 1500
per run), allowed to extract the temporal evolution of the co-
ordinates of the bed profile, (X(t), Y (t)). Thus, the coordinates
of characteristic points, such as the maximum scour depth, Y∞,
and length, X∞, as well as the characteristic angles of the erosive
structures, were easily extracted from each image. The Shields
number for the erosive process was defined as:

θ0 =

[
ds
Dh

]2γ1 ρU2
0

(ρs − ρ)gds
=

[(
ds
b0

)(
1 +

b0
w

2

)]2γ1

Sh0 (3)
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Fig. 1. Sketch of the experimental setup.

with γ1 = 0.11 [21]. Thus, θ0 encapsulates the effects of Sh0 = F 2
0 ,

defined as the ratio between the tractive force of the jet on a
grain and its apparent weight, and the relative roughness, ds/b0,
modulated by a coefficient that takes into account the opening
aspect ratio, AR = w/b0. From Eq. (3) it follows that bed friction
is assumed to be mainly dependent on ds/b0 for the turbulent jet.

3. The base flow at the test section

To characterize themean flow field induced by the jet in the test
section of the narrow flume, time-averaged velocity profiles were
measured in the midplane of the channel using PIV for b0 = 2
cm and U0 = 33.3 cm/s. The erodible granular bed was replaced
with a dummy, no erodible smooth floor. The Reynolds number,
Re0 = 6660, is close to the values used in previous works [27,28]
to study a deeply-submerged, plane wall jet of water, running over
a smooth bottom. The water was seeded with resin grains, relative
density 1.03 and mean size 90 µm, and the vertical midplane was
illuminated with a green laser sheet (532 nmNeodimio-Yag of 100
mW). Measurements were performed at five stations along the
test section with a CCD monochrome camera, 480 × 640 pixels,
at 200 frames per second. The velocity profiles were extracted
via the cross-correlation algorithm, using interrogation windows
32 × 32 pixels in size with 50% overlapping. Fig. 2(A) shows
typical velocity profiles in the region of fully developed flow,which
clearly exhibits the structure of awall jet.Measurements revealed a
predominantly longitudinal flow field, since the vertical velocities,
V , were negligible when compared to the longitudinal ones, U .

To test the self-similarity of the velocity distributions, the max-
imum velocity at any station, Um, was chosen as velocity scale, and
y1/2, the distance above the bottomwhereU = Um/2 and ∂U/∂y <
0, was chosen as the correspondent length scale [29]. Fig. 2(B)
show that the dimensionless velocity profiles of the forward flow
collapse along a single curve. Thus, self-similarity in outer scales
is preserved. For the established-flow zone of a two-dimensional
wall jet, it has been shown that the velocity distribution can be
described by the following similarity function [30,31]:

U
Um

= A1

(
y

y1/2

)1/7 [
1 − erf

(
A2

y
y1/2

)]
(4)

with A1 = 1.48 and A2 = 0.68. Eq. (4) is plotted in 2(B) in
dashed line. The velocity profiles measured in the narrow flume
presents a clear upward shifting when comparedwith the classical
distribution for two-dimensional wall jets. The increase of the
inner-boundary layer thickness has been reported in experiments
where a plane wall jet flowed in contact with a rough bed [32,33].
The upward-shifting was attributed to the increase in the drag
force exerted on the flow by the bottom roughness. In our case,
the jet ran over the smooth bottom of a very narrow channel, thus
the origin of the upward shift may be mainly attributed to the
drag force due to the shear layers, which develop in the close side

walls. Induced secondary currents, due to the enhancement in the
production of longitudinal vorticity in the lateral boundary layer,
could be the responsible for this upward-shifting of the velocity
profiles.

Having found self-similar profiles for the forward flow, it is nec-
essary to analyse the variation of Um and y1/2 with the longitudinal
distance from the opening, x. Fig. 3(A) shows the decay of Um/U0
with x/b0. It is also drawn, in dashed line, the equation for the
decay rate of deeply submerged, two-dimensional turbulent wall
jets [27,29]:
Um

U0
=

3.50√
x
b0

(5)

It is observed that the values of Um are slightly lower than those
expected for two-dimensional wall jet with the same U0. Besides,
velocity decays at a slightly lower rate, Um/U0 ≈ 2(x/b0)−1/3

(R2
= 0.970), instead of the classical 1/2 power-law. This result

is consistent with previous works dealing with planar jets of air,
bounded by close side walls [34], where exponents lower than 1/2
weremeasured for lowvalues ofAR. Fig. 3(B) shows the dimension-
less growth of the length scale of the jet (half-width). By assuming
a linear relationship, the rate of spread is A = dy1/2/dx ≈ 0.081
(R2

= 0.990), just slightly larger (but still within the experimental
uncertainty) than that measured for two-dimensional wall jets, of
about 0.077 ± 0.02 [27–29]. Although this topic deserves further
research, results suggest a weakening of the jet due to themomen-
tum losses by friction with the side walls. In the next section, it
will be shown that associated with this flow field, a characteristic
regime of local scour takes place in the narrow flume.

4. Local scour in the narrow flume

4.1. Temporal evolution of the erosive process

Fig. 4 shows a sequence of snapshots taken from a run with
Q = 6.5 l/min and b0 = 1.0 cm. Each image is labelled with a
timestamp. At the early stages of the process, 0 ≤ t ≤ 12 s, the
jet is tangential to the bed, and the sediment moves as bedload
driven by shear stresses in the inner boundary layer. Some grains
were observed to move in saltation in runs with large θ0. Due to
the intense and aggressive erosive process, the scour hole quickly
develops and grows. The extracted grains settle, after short flights,
downstream at the lee side of a triangular mound.

Above t = tc ≈ 12 − 14 s, the mound undergoes a morpholog-
ical transition from triangular to trapezoidal. This rearrangement
indicates that the triangular structure is unstable with respect to
the competition between the eroding jet and the stabilizing action
of gravity. This transition is attributed to the weakness of the jet:
when the resistance of the granular mound attains a critical value,
the jet cannot support the pile and the system relaxes through
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Fig. 2. Self-similarity of streamwise time-averaged velocity profiles in outer scales: (A) profiles at different stations, x, in the test section, and (B) profilesmade dimensionless
with Um and y1/2 . Markers for stations x are: •17.8 cm, × 22.8 cm, ♦ 30.8 cm, ■35.8 cm, ▲ 41.4 cm and ∗ 48.6 cm. The velocity distribution for a plane wall jet, Eq. (4), is
plotted in dashed line.

Fig. 3. Variation with x/b0 for: (A) dimensionless maximum velocity, Um/U0 , and (B) velocity half-width, y1/2/b0 .

Fig. 4. Temporal evolution of the scour process in a run lasting 9 h, with Q = 6.5 l/min and b0 = 1.0 cm.

gravity-driven grains sliding. Such erosive patterns, with inner and
outer craters, have also been observed in experiments studying
the granular bed impinged by vertical jets [35,36]. Accompany-
ing the morphological transition, the jet undergoes a pronounced
deflection towards the free surface. Thus, more and more grains
extracted from the hole cease to feed the right-hand side of the
mound, but they settle on its left side (plateau of accumulation).

Fig. 5(A) shows that tc decreases with Q and increases with b0,
suggesting a dependence with Q/b0. Indeed, when tc is plotted
against θ0, the points gather along a single decreasing curve, see
Fig. 5(B). From this curve, three regions can be identified. First,
for θ0 < 2, no morphological transition is expected, since at
θ0 ≈ 2 (close to the threshold of sediment transport) tc is observed
to grow markedly (vertical asymptote). In the second place, for
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Fig. 5. Critical time, tc , for the morphological transition: (A) variation of tc with Q , for different apertures, b0 , and (B) the same data in terms of θ0 . Markers are (see Table 1):
+ b0 = 0.2 cm, □ b0 = 1.0 cm, △ b0 = 2.0 cm and ♢ b0 = 4.0 cm.

θ0 > 35, the curve drops abruptly to very small values of tc : the
morphological transition takes place virtually at the beginning of
the scour process. In the range 2 ≤ θ0 ≤ 35 the morphological
transition occurs at well defined, finite values of tc .

For t > tc , see Fig. 4, the erosive work of the jet continued
increasing the size of the hole and of the mound, but the sediment
transport rate decreases for to two reasons. First, the region where
the jet impinges the bed is increasingly far away from the inlet, due
to the erosive work. As this distance increases, the jet velocities
in this region decrease due to the jet spreading. The sediment
transport weakens until reaching the critical distance where the
jet is unable to move more grains [15]. In the second place, an
increasing amount of grains accumulates on the left side of the
mound, due to the jet deviation towards the free surface. Hence,
the flow needs more and more time to drag only a few grains
above the mound peak, and a close-to-asymptotic stage of erosion
is reached. Two erosional regimes were observed to occur during
this long-term scour stage, depending on the value of θ0, as it will
be described in the next section.

4.2. The long-term scour regime

Fig. 6 shows two snapshots, taken 1 h apart, for a typical run
in the so-called steady recirculation (SR) regime. As can be ob-
served, the peak and the endpoint of the mound stayed virtually
immovable (see the vertical dashed lines), and themaximum scour
depth has also remained virtually constant. Inside the granular
wedge (the trianglewhose base is the segment from the peak of the
mound to the point of maximum scour depth, approximately), the
grains were observed to flow downslope, with each grain moving
in contact with its neighbours, closing a steady, clockwise loop.
This recirculation pattern has not been reported earlier in studies
of erosion caused by two-dimensional wall jets.

Above a critical flow rate, the SR configuration cannot be long
sustained and the system undergoes a further transition, to a
digging–refilling (DR) regime. During the digging phase, the hole
and the triangular wedge grow and the angle of the jet deviation
increases following the slope of the right side of the hole. At the end
of the digging phase, just before the avalanche, the jet is pointing
nearly towards the vertical, see the displacement of the bump at
the free surface in Fig. 7(A). The violence of the scour is evidenced
by the number of grains kept in suspension, up to a height of about
2/3 of the tailwater depth.When the jet is no longer able to support
the triangular wedge, a gravity-driven, sudden avalanche occurs,
partially refilling the hole, see Fig. 7(B). After the avalanche, the
bottom has almost flattened, see Fig. 7(B), and the jet abruptly
deviates towards the main flow direction, recommencing a new
digging phase. As in SR configuration, the angle at the right side

Fig. 6. The steady recirculation (SR) regime, for b0 = 1 cm and Q = 6.5 l/min.

of the mound remained about 25◦ in all cases, which is close to
the static angle measured in submerged granular piles [25]. Thus,
a configuration in the DR regime displays periodic oscillations in
shape and size of both, the hole and the mound. The cycle showed
a well defined period, T , measured as T = Tdi + Tfi, where Tdi and
Tfi are the duration of digging and filling phases, respectively [23].
In all runs avalanches occurred quite abruptly, hence Tfi ≪ Tdi .
Hence, DR cycle in the narrow flume differs substantially from that
described earlier, driven by the jet-flipping instability [23,14]. In
those cases, the scour hole was observed to growwhile the jet was
directed toward the bed, whereas the refilling took place when the
jet flips towards to the free surface, and the grainswere dragged by
an inward flow, directed toward the hole. Thus, low refilling rates
were observed, due to the weakness of the returning flow, and the
cycle was observed to last large timespans, in the order of hours.

The abovediscussion canbequantitatively summarizedbyplot-
ting the temporal evolution of the maximum scour depth, Y0, see
Fig. 8. Each curve can be divided into three stages: the short-term
phase, where an intense extraction of sediment occurs in a short
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Fig. 7. The digging–refilling (DR) regime, for b0 = 1 cm and Q = 10 l/min.
Timespan between snapshots (A) and (B) is Tfi ≈ 1.7 s.

Fig. 8. Temporal evolution of themaximumscour depth, Y0 , for increasing flowrate,
Q , and b0 = 1 cm.

time span, followed by the development phase, where the scour
process slows down, and, finally, the long-term phase, with Y0
approaching an asymptotic mean value, Y∞. Earlier studies of bed
scour caused by turbulent two-dimensional jets described such
logarithmic dependence [17–19]. But, unlike those results, in the
present configuration, the curves display a remarkable change at
the critical value Q ∗

= 7.5 l/min. For Q < Q ∗, the signal presents
small oscillations around Y∞, corresponding to the experimen-
tal uncertainties from image processing: the system is in the SR
regime. For Q ≥ Q ∗, the oscillations, whose amplitude increases
as Q increases, are larger than the experimental uncertainty: the

system is in DR regime, and the oscillations correspond to actual
variations of the hole depth.

The representative value for Y∞ was calculated averaging the
last 200 points of each series. The amplitude of the oscillation
around Y∞ was estimated through the corresponding standard
deviation, σ∞. Fig. 9(A) presents Y∞, made dimensionless with b0,
as a function of Sh0 = F 2

0 , and Fig. 9(B) displays the same points,
but in terms of Y∞/Dh and θ0. Data sets of erosion under two-
dimensional wall jet [18,24] are also included. From the compar-
ison, it is concluded that the dimensionless numbers used in (B)
improves the gathering of the points around a master curve, for a
wide range of aspect ratios, 0.5 ≤ AR ≤ 87, relative roughness,
0.04 ≤ ds/Dh ≤ 0.34 and the Reynolds number, 3800 ≤ Re0 ≤

75350. The smallest scour depths (of the order of the grain size)
occurred for θ c

0 ≈ 1, 6 ± 0, 3, near the threshold for sediment
motion, where the jet flowed on an almost flat rough bed. For
values of θ0 > θ c

0 , Y∞/Dh ≈ θ
3/2
0 . This scaling shows the effect

of increasing the proximity of the side walls: for given values of θ0
and b0, scour holes tend to be smaller with decreasing AR = w/b0.

Fig. 10 shows thatwhen the aspect ratio of the hole, Y∞/X∞ [18,
21] is plotted against θ0, most points gather along a kind of master
curve. In spite of some scatter, the trend of the points suggests a
power-law dependence with exponent ≈ 1/6. Only a few points
deviate from this trend, at θ0 ≈ θ c

0 , where the experimental
uncertainty made it difficult to define X∞. Since Y∞/X∞ < 1,
scour in the narrow flume develops slightly elongated holes. This
feature was also reported in scour holes from two-dimensional
jets [18,24], whose points are also included in the figure. It was
observed that the impinging point of the laterally bounded jet was
close to (X∞, Y∞). Being φ = arctan(Y∞/X∞) the angle of the
jet axis with respect to the horizontal, it is concluded that the jet
always impacted the bed pointing downward with φ from 22◦ to
39◦, approximately.

As it was previously described, see Fig. 8, the transition from
SR to DR regimes, at Q ≥ Q ∗, is followed by an increase in σ∞,
beyond the experimental uncertainty. Fig. 11(A) summarizes this
finding for all runs (except for b0 = 4 cm, where with the available
values of Q it was not possible to attain runs in DR regime).
Fig. 11(B) shows that all points also gather along a single, rising
curve if σ∞/Dh is plotted against θ0. Unlike the previous plots,
it was observed that σ∞/Dh do not follow a power-law function
with θ0. At θ∗

0 ≈ 10, a sudden change in the trend of the curve is
present. This critical value corresponds to the transition from SR
to DR regimes. Thus, the proposed dimensionless numbers allow
identifying the transition of the scour regimes.

The period, T , for the DR cycle, was measured recording the
motion of the point of maximum scour depth, X∞, with a CCD
monochrome camera at 10 fps during 30 cycles. Fig. 12 shows a

Fig. 9. Dimensionless scour depth as a function of jet strength: (A) Y∞/b0 against Sh0 = F 2
0 , (B) Y∞/Dh against θ0 . Markers are (see Table 1): + b0 = 0.2 cm, □ b0 = 1.0 cm,

◦ b0 = 1.5 cm, △ b0 = 2.0 cm, ♢ b0 = 4.0 cm.,• Rajaratnam ds = 2.4 mm, ♦ Rajaratnam ds = 1.2 mm and ■ Kurniawan ds = 2.0 mm.
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Fig. 10. Scour hole aspect ratio,Y∞/X∞ , against θ0 .Markers are the sameas in Fig. 9.

portion of a typical spatiotemporal for the vertical line through
this point. The plot shows a sawtooth-like wave: the steepest side
(lasting Tfi) corresponds to the refilling phase, and the gentle side
(lasting Tdi ≫ Tfi) to the digging phase. The period for the ith cycle
was then computed as Ti = Tfi + Tdi. The figure also shows the
correlation between the location of themaximum scour depth and
the level of the free surface just above this point. The free surface
level increases due to the progressive deviation of the jet, towards
the vertical, during the digging phase. A sudden decrease in the
free surface level occurs, following the abrupt change of the jet
direction after the avalanche refilled the hole.

Fig. 13(A) displays the period T , calculated as the averaged value
over the complete signal, as a function of Q , for each aperture
b0. It is seen that T remains almost constant for a given b0, and
increases with b0 for a given Q . The increasing dependency of T
with b0 suggest a functional relationship of T with AR = w/b0.
Additional measurements were performed, taking advantage of
the independence of T with Q , to study this dependency with the
widest data set as possible. Several apertures, b0, were tested at
the maximum available value for Q . The value of T was measured
after 9 hs, following the same protocol previously described. Runs
using glass beads of ds = 2 mm were also performed. Fig. 13(B)
shows that almost all points gather around a single monotonically
decreasing curve. A noteworthy result, deserving future research,
is the insensitivity of T with ds.

4.3. The structure of the mobile granular fraction

The internal structure of the triangularwedgewas further study
due to the key role played by the grains flow, downhill inside

Fig. 12. Typical spatiotemporal diagram for the motion of the point of maximum
scour depth in DR regime.

this region. Grey-level maps were computed (from the standard
deviation of grey levels at each pixel in the stack) from the last
20 snapshots of each run (covering 1 h of the erosive process).
Thus, locations with immobile grains look black, while grey zones
correspond to regions with grains in motion. The lighter the grey,
the more intense the grains motion is.

Fig. 14(A) displays themap for a run in the SR regime. The gran-
ularwedge appearswell defined in light grey, bounded frombelow
by a black triangle (whose sides angles are ≈ 25◦) of motionless
grains. The thin, lighter bands on the rim of the hole and on the left
side of the mound are the grains dragged from the hole, settling
above the granular wedge. At the right side of the mound, a very
thin light grey band is observed. The dark grey near the maximum
scour depth corresponds to the steady stage with Y∞ constant and
small σ∞. The narrow bump at the free surface corresponds to the
virtually steady direction of the jet in this configuration. Fig. 14(B)
shows the increase in the size of the triangular wedge for scour in
the DR regime. It is also noticeable the increase in the thickness
of the grey region close to the maximum scour depth, because of
the digging–refilling cycles. The black triangle (immovable grains)
below the granular wedge is also well defined, and a very thin light
grey band is visible at the right side of themound. The bump of the
free surface is less localized than in SR cases due to the periodic
deviation of the jet.

The area occupied by the granular wedge, M , was measured
from the grey levels maps. This magnitude is relevant, since it is
directly related with the mass of grains m ≃ ρsMw(1 − ϵ) in this
region, being ϵ the bed porosity. Fig. 15 shows that most of the
points gather along a single master curve when M/D2

h is plotted
against θ0, following a power law relationship with an exponent

Fig. 11. Standard deviation, σ∞ , of scour depth: (A) dependence with Q , parametric in b0 , and (B) the same data in terms of dimensionless variables σ∞/Dh and θ0 . Markers
are the same as in Fig. 9.
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Fig. 13. Period, T , in DR series: (A) as a function of the flow rate, Q , parametric in b0 , markers are as in Fig. 9, and (B) as a function of AR, markers are: ■ ds = 2.0 mm, and
• ds = 1.1 mm. Vertical bars indicate standard deviation.

Fig. 14. Grey-levels maps for two runs, b0 = 1.5 cm: (A) SR regime, Q = 10 l/min,
and (B) DR regime, Q = 14 l/min.

Fig. 15. Dimensionless area of the recirculation wedge, M/D2
h , against θ0 . Markers

are the same as in Fig. 9.

≈ 1. Only a few points fall off this trend, close to θ0 ≈ θ c
0 , where

recirculation regions were small and difficult to identify. Since M
was obtained by averaging over several cycles, the curve does not
reveal the SR to DR transition at θ0 = θ∗

0 .
It was observed that the larger M , the larger was the slope of

the right side of the hole, see Fig. 14. Hence, the granular wedge
is increasingly unstable with increasing values of θ0, since the
component of the weight along the incline could become larger

than the hydrodynamical force supporting it. As was discussed
above, for θ0 > θ∗

0 the granular avalanche cyclically triggers. Thus,
the equilibrium condition for a granular wedge impinged by an
inclined jet is worth of future research.

5. Conclusions

The effect of lateral confinement due to the very close spacing
of the side walls, on the scour of a layer of cohesionless sediment
immediately downstream a rectangular sluice gate, has been ex-
perimentally studied in a narrow laboratory flume, for jet aspect
ratios in the range 0, 5 ≤ AR = w/b0 ≤ 10 and several
inlet velocities. Time-averaged velocity profiles, measured with
PIV for AR = 1 in presence of a smooth, no erodible bottom,
revealed self-similar velocity distributions, with the structure of a
wall jet. Velocity profiles present a noticeable upward-shift when
compared to the classical profile for two-dimensional wall jets
(AR ≫ 1). The increase in the thickness of the inner boundary
layer indicates a noticeable difference between laterally confined
and two-dimensional wall jets. A morphological transition of the
downstream mound, from triangular to trapezoidal, took place
at the early stage of the erosive process. Such holes with double
slopes (resembling an inner–outer crater structure) had not been
observed in previous studies of erosion by wall jets issuing from
wide rectangular apertures (AR ≫ 1). This transition was always
accompanied by a significant deviation of the jet towards the free
surface. Inside the granular wedge (originated by the excess of
grains between triangular and trapezoidal profiles) grains move
downhill by gravity. This steady recirculation regime (SR) seems to
be characteristic of the scour process in the narrow flume. Besides
the SR regime, a digging–refilling (DR) cycle was found, where the
wedge cyclically destabilizes, triggering an avalanche with well-
defined amplitude and period (of about seconds). This cycle is quite
different from digging–refilling cycles reported earlier, underwide
jets, associated with the jet-flipping instability, which develops
in periods of hundreds of hours. The aspect ratio of the jet inlet,
AR, plays a relevant role in the definitions of both, the length
scale and the Shields number of the erosive process. The new
set of dimensionless numbers allowed to gather our experimental
points, and those from experiments on scour in wide flumes, in
a master curve. Results of this detailed study may be useful to a
better understanding of sediment transport processes by highly-
confined flows and could help for the validation of new numerical
methods.
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