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Length of standing jumps along granular flows down smooth inclines
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Granular jumps—the change in height and depth-averaged velocity during granular
flows—occur during transitions from thin and fast flows (supercritical) to thick and
slow flows (subcritical). The present paper describes discrete element method simula-
tions inspired by recent laboratory experiments, which produce standing jumps in two-
dimensional free-surface dry granular flows down a slope. Special attention is paid to
characterizing and measuring the finite length of those standing granular jumps, as well
as to deciphering their internal structure. By varying macroscopic quantities, such as slope
angle and mass discharge, and microscopic properties, such as interparticle friction and
grain diameter, a rich variety of granular jump patterns is observed. Hydraulic-like granular
jumps with an internal waterlike roller are identified, in addition to diffuse laminar granular
jumps and steep colliding granular jumps. Moreover, a recently established depth-averaged
relation for the prediction of jump heights is fed with the measured jump length and fitted
against the numerical simulations to examine the effective friction in the granular medium
for each type of jump. The dominant component of the general friction law is found to be
different when transitioning from one jump pattern to the others. This study demonstrates
that the granular jump pattern, and particularly its geometry and internal structure, can
offer a stringent test for addressing the dissipation mechanisms that govern the flowability
of granular media.

DOLI: 10.1103/PhysRevFluids.5.034303

I. INTRODUCTION

Granular materials are ubiquitous in nature and are often involved in a myriad of industrial
processes. When an assembly of grains experiences different boundary conditions, it can move
across different states of matter from solid through to liquid and gaseous phases [1,2]. Those
transitions are for instance observed in free-surface flows of dry granular materials down a slope
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[3], which are relevant to a number of large-scale mass flows in nature, such as landslides, debris
flows, and snow avalanches. When the front of a granular flow hits a solid surface, either horizontal
[4] or inclined [5], its profile presents a sudden change in height and velocity. As granular flows
impact barriers—which are commonly used for stopping or diverting landslides, debris flows, and
avalanches—they experience such a sudden change in height and velocity, as reported in Refs. [6—8]
and references therein. The profile change in height and velocity is called a granular jump by
analogy to hydraulic jumps [9-11]. Propagating granular jump patterns also form at the transition
between steady and unsteady flows, in granular heap flows when adding a small amount of water to
monodisperse glass beads [12] or during spreading and deposition of a granular mass upon passing
from a confined inclined chute to a horizontal run out zone [13]. Granular jumps can be gradual
or very sharp and accompanied by a change in density when the incoming flow is dilute enough
(far below the random close packing density of a quasistatic assembly of grains). Granular jumps
along free-surface flows are often described by classical shallow-water shock equations, which are
based on the simplification that the jump volume shrinks into a singular surface [9,14]. However,
granular jumps do have a finite volume (and length), as earlier stated by Savage [15] and clearly
demonstrated from the laboratory study on standing jumps recently conducted by Faug ef al. [16].
The overarching aim of the present study is to carefully analyze the properties that control the
length of standing granular jumps, using the numerical discrete element method. The length of the
standing granular jumps represents the efficiency of the material to dissipate energy as it transitions
from a thin and fast flow to a thicker and slower flow. Therefore studying the length and internal
structure of standing granular jumps can help in deciphering the various mechanisms at the origin
of energy dissipation and thus advance the knowledge of the physics of dense granular flows. A
recent study [18] proposed a general relation for the height ratio of a standing granular jump,
h/h, as a function of the incoming Froude number of the flow Fr = ii/(gh cos ¢ )'/?, the normalized
length of the jump, L/h, and the difference between the tangent of the slope angle (tan ¢) and the
effective friction u, under a generalized Coulomb friction assumption (within the depth-averaged

framework):
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In the equations above, 4 is the thickness of the fast and thin incoming flow, i the depth-averaged
velocity, &, the jump height (outgoing section of the jump), L the length of the jump, and g the
gravity acceleration (g = 9.81 ms™2). p = ¢pp and p, = ¢, pp are the density of the granular bulk
before and after the jump, respectively, where ¢ is the volume fraction and pp is the grain material
density (with the subscript * for the region after the jump). The coefficient g8 refers to the shape of
the velocity profile before the jump and is defined by W= Bii*. The coefficients k and k., account
for the possible normal stress differences before and after the jump, respectively. For more details
on this equation and related input parameters readers are referred to Ref. [18].

A recent experimental work [16] showed that considering a constitutive law based on the (1)
rheology (see, for instance, Refs. [3,19,20]) through the effective friction . defined above could
give a good prediction of the jump height ratio A, /h, provided that the incoming flows were steady
and uniform. However, it is necessary to include an additional dissipative term, which depends on
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the velocity-squared of the incoming flows, when the flows are fast and accelerating [18]. Moreover,
no theoretical framework currently exists to predict the length of the jumps, thus rendering Eq. (1)
not fully predictive. The present paper provides a detailed study of the internal structure of standing
granular jumps and their length with the help of discrete element simulations in two dimensions.
Several characterization methods based on the free surface of the jump, the velocity field, and
the density field across the jump are proposed and compared. The influence of both macroscopic
(mass discharge, slope angle) and microscopic (interparticle friction, grain diameter, restitution
coefficient) input parameters on the length of the jumps are analyzed. The internal flow of the
granular jumps allows us to clearly identify three different types of jumps, thus providing crucial
information on the jump length variation. Moreover, by feeding Eq. (1) with the different measured
jump lengths for each granular jump pattern identified, different variations of the effective friction
with incoming flow conditions are derived. This demonstrates that the standing granular jump and
particularly its length can be seen as a gauge for addressing more general physical insights into the
rheology of granular flows.

Section II presents the numerical setup of the discrete element simulations used to produce the
two-dimensional standing jumps, largely inspired by a laboratory device designed by Faug et al.
[16]. Section III discusses the rich variety of granular jumps observed in the numerical simulations,
confirming and further extending some of the results obtained with the previous laboratory tests
[16]. In particular, a new type of granular jump is identified. Some more quantitative aspects
associated with each type of granular jump are addressed in Sec. III. The variation of the jump
length with both macroscopic and microscopic input parameters is analyzed in detail in Sec. IV for
the different types of jump. Then Eq. (1) is applied to different types of granular jumps, allowing
us to reveal different components controlling the structure of the friction law (effective friction in
a depth-averaged framework) as a function of the incoming flow conditions (Sec. V). Finally, the
paper ends with a discussion on the main outcomes of the present study and recommendation for
future work (Sec. VI).

II. METHODS

A. Numerical set-up to produce standing jumps

Simulations using the discrete element method (DEM) are carried out with the YADE open
source software [21], with spherical grains whose interaction is modeled by a viscoelastic force for
normal contact directions and an elastic force capped by a Coulomb friction threshold for tangential
contact directions. The details of this classical contact model used in DEM for dense granular flows
are described in Ref. [22]. The stiffness coefficients are calculated from the values of the Young’s
modulus E, which was taken equal to 1 x 10 with respect to the limit of rigid grains condition and
Poisson’s coefficient v taken equal to 0.3. The friction coefficient between moving grains and the
bottom is p;, = 0.25. The grain density is p, = 2500 kg m~3 to mimic the typical density of glass
beads often used in laboratory experiments. The time step is dt = 3 x 10~ s. The simulations are
carried out in two dimensions, meaning that there is only one grain across the width of the flume and
that side-walls effects are ignored, in contrast to the laboratory tests on granular jumps conducted in
Ref. [16]. The grain diameter distribution varies 15% around the average diameter. This corresponds
to a polydispersity which is high enough to avoid crystallization effects yet low enough to prevent
grain segregation processes. Other important values of the model which have been varied for this
study are presented in Table I.

The numerical setup used to produce the jumps is shown in Fig. 1, which describes an inclined
plane of slope ¢ that sustains a granular flow supplied by an upstream reservoir with an opening
height H that is permanently feeding in grains. An initially closed retaining gate is placed at the
exit of the incline. Under these conditions, a propagating granular jump is formed once the grains
impact the retaining gate at the bottom of the plane. When the traveling jump reaches the middle
of the incline, the retaining gate is moved vertically in order to make the jumps stationary. To this
purpose, the incoming and outgoing discharge rates are continuously measured, while the retaining
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TABLE 1. The default and range of values for the parameters of the jumps: Height of the opening of
the reservoir H, slope of the flume ¢, average grain diameter d, interparticle friction coefficient w, friction
coefficient between the grains and the bottom of the inclined plane wu;, and the restitution coefficient between
grains e.

H (m) ¢ (deg) d (m) 12 Mo e
Default value 0.5 20 0.04 0.5 0.25 0.5
Range 0.4-1.1 22-50 0.02-0.06 0.04-1.0 - 0.1-1.0

gate is constantly adjusted vertically to balance the two flow rates. When the steady flow state is
reached, the gate still has the possibility to move up or down if the outgoing discharge becomes
different from the incoming discharge in order to maintain a steady flow during all the simulation.
A number of numerical simulations are performed by varying the slope of the incline ¢ and the
opening height of the reservoir H (which controls the mass discharge). The effects of microscopic
grain properties are also examined by varying the grain diameter d, the interparticle friction u, and
the restitution coefficient e.

B. From micro to macro: Coarse-graining

The spatial fields of volume fraction and velocity are calculated on a grid with a space-step of half
a grain diameter d, using a coarse-graining method similar to the one described in Refs. [23-25].
The flowing particles are labeled from 1 to N. From statistical mechanics, the density of the granular
medium at a given position r and time ¢ is defined by:

pr,y=" > mW(Ir — ()], )

ly—ro) | <e

with ||r — rj|| the distance between the center of the ith grain with mass m; to the point r on the grid.
A Lucy function W was used as the coarse-graining kernel [26], which for two spatial dimensions
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FIG. 1. Discrete element method numerical setup (top) and example of a volume fraction field obtained by
coarse-graining (bottom).
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takes the form [27,28]:

Wir) = ?[—3(5)4%(5)3—6(5)2“] ifr<e s

otherwise
The range of the Lucy function is here taken equal to ¢ = 2.5d. The choice of this range is a
compromise between a value large enough to smoothen out the discrete nature of the granular
system and small enough to still observe the continuum gradients. From the literature, ¢ 2 2d is
very often encountered. The sensitivity of the results to the coarse-graining width for the granular
flow and jump problem investigated here was checked and is briefly discussed in Appendix A.

The coarse-grained velocity values v(r, ) are calculated from:

Z||,j_ri(,)||<c v(ry, HmV(Ir — ()|l
pj(t) '

When the steady state is reached, the coarse-grained fields are extracted every 1000 time steps
(0.3 s) and averaged, such that the results is insensitive to increasing number of frames. The reader
can refer to the end of Appendix A for a brief discussion on the choice made for time averaging of
the data. The free surface is defined from the field of volume fraction ¢, with a threshold of 0.15,
which largely indicates a transition from a loose gaseouslike to a denser fluidlike medium. A typical
result obtained for the volume fraction field is shown on Fig. 1. Furthermore, in the following the
depth-averaged variables will also be described along the x axis of the inclined plane by averaging
the values of the points of the grid that are under the free surface for each x, and weighting them by
the density at that point, with f representing either the density p or the velocity v:

Zygh(x) ,O(X, y)f(xv Y)
Zygh(x) IO(-X? )’) ’

Some examples of the velocity profiles at different given positions along the chute extracted from
the two-dimensional velocity field will be shown in Sec. III.

v(r,t) = (6)

fx) =

(7

C. Defining the length(s) of the jump

The aim of the DEM simulations presented in the current paper is to define and determine
accurately the length of standing granular jumps, as a closure relationship for Eq. (1). Until now,
the jump length has always been defined only visually through observation of the free surface
[16,18,22]. This definition is tacitly based on the assumption that the jump begins when the free
surface is no longer parallel to the bottom and ends when it reaches a constant angle which
corresponds to the minimum angle to have a flow. As can be seen in Fig. 2, a jump is characterized
by a rapid change not only in the flow thickness 4 but also in the depth-averaged velocity # and
in the volume fraction ¢. By considering h, i, or ¢, it is possible to define at least three different
lengths for the jump.

The volume fraction was already used above as a criterion for determining the free surface of
the flowing medium, i.e., to distinguish between the dense flowing layer and the gaseous phase of
particles undergoing binary collisions above the free surface (viz., using the threshold of 0.15 in
volume fraction on Fig. 1). However, Fig. 2 shows that the depth-averaged variation of the volume
fraction along the x coordinate is not very smooth, so a criterion for defining the jump length based
on volume fraction is probably not going to be reliable. That said, the length of the jump defined by
the volume fraction appears to be very close to the length of the jump defined by the velocity.

Both the free-surface curve used in the previous studies [16,22] and the depth-averaged velocity
curve proposed in the present study exhibit a smooth signal. Their corresponding curves also show
the transition between the fast and thin flow regime (supercritical) and the slow and thick flow
regime (subcritical). The start of the jump is relatively easy to determine. In the case of the velocity
curve, this point is well defined in terms of the local maximum of the curve. In the case of the
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FIG. 2. Three different jump lengths identified for a single standing (laminar) granular jump, based on the
depth-averaged variable considered: & (blue line), i (green line), or ¢ (pink line). This jump was obtained with
¢=28,H=05m,pu=05d=40cm.

free-surface curve, that point is well defined, too, as already discussed previously. The end of the
jump is not as straightforward to determine, regardless of the criterion used (either the free surface
or the depth-averaged velocity curves). However, in both cases, one can find the point where the
curve describing the corresponding variable (% or i) along the plane becomes a straight line. This
method requires a smoothing of the function that describes the variable considered. The smoothing
function used was a Savitzky-Golay filter [29], as it gave sufficiently smooth results without loosing
the information of the points where there are strong variations. Then the transition point is defined
when the derivative of the function describing the variable becomes constant. As the two methods
give different results, the question is then which of these two length definitions is the more relevant?

The length of the jump region can be considered as the length of a transition zone between two
different possible stable flow states. That length should be a function of the given set of initial
conditions (slope angle, discharge rate, frictional properties of the side and bottom walls, and the
properties of the grains): Any disturbance from a stable state observed along the inclined plane
should be considered as being a part of the jump region itself. Figure 2 shows that a disturbance
already occurs on the depth-averaged velocity curve and the depth-averaged volume fraction curve
while the changes are not yet detected on the free-surface curve. Moreover, the end of the jump
given by the velocity curve (similarly to the one given by the volume fraction curve) stands beyond
the end of the jump given by the free-surface curve (Fig. 2), suggesting that disturbances also occur
after the end of the jump detected from the free-surface curve. For these reasons it seems reasonable
to choose the depth-averaged velocity as the criterion to determine the jump region. In the rest of this
study, the length L will always refer to the length of the jump measured from the velocity profile, as
described above.

III. THE DIFFERENT TYPES OF JUMP

The numerical setup allows us to obtain a wide spectrum of standing granular jump patterns by
varying the control parameters over the ranges listed in Table I. The restitution coefficient e between
the grains did not have any discernible influence on the jumps created. For that reason, all the jumps
reported in the present work are based on a restitution coefficient e = 0.5.

Figure 3(a) shows some examples of the streamlines inside the jumps obtained by coarse-graining
the velocities from the DEM. A transition from steep jumps at high slope angles to much more
diffuse jumps at the lower slope angles is observed. Under high mass discharges, the granular
media tend to remain dense and nearly incompressible. In contrast, the jumps become much
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FIG. 3. Numerical and experimental phase diagrams of jump patterns for various slopes ¢ and discharge
height ratio H/d. (a) Phase diagram obtained numerically in the present study. The streamlines inside the jumps
are drawn with a color indicating the local velocity. All the simulation use an interparticle friction u = 0.5 and
a bottom friction u;, = 0.25. (b) Phase diagram obtained experimentally in Ref. [16] using glass beads.

more compressible at lower mass discharges. A recirculation zone can be identified under some
specific conditions when either the slope angle and/or the mass discharge are high. Those different
two-dimensional (2D) numerical jump patterns are fully consistent with previous 3D experimental
results. Additionally, Fig. 3(b) shows the experimental phase diagram obtained in Ref. [16],
which compares qualitatively well with the phase diagram obtained numerically [Fig. 3(a)] in the
present study by varying both ¢ and H. A quantitative comparison is not possible between the
numerical simulations carried out in two dimensions and the laboratoratory tests, which were three
dimensional, mostly because of the difference in 2D and 3D packing fractions.

The advantage of the current numerical simulations is that the streamlines can be accessed before,
inside, and after the jumps. Recirculation zones can for instance be clearly identified in the top right
corner of the numerical phase diagram in Fig. 3(a), with one of the streamlines showing a rolling
pattern that is developing at the foot of the steep jump. A criterion to identify the recirculation more
easily than with the streamlines (and even estimate its size) will be discussed in Sec. III B.

Recirculation patterns are also observed once the interparticle friction u is decreased to values
smaller than a critical friction u., as depicted on Fig. 4. The recirculation here always takes
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N

4.8

FIG. 4. Transition from (a) a laminar granular jump (u = 0.8 > w.) to (b) a hydraulic-like granular
jump with the presence of a waterlike roller (x = 0.1 < p.). The streamlines are drawn in each jump as
in Fig. 3(a) with colors representing the corresponding velocity.

place into the interior of the jump and can run along almost the entire length of the jump. This
type of recirculation is different from the one observed in the phase diagram [Fig. 3(a)], which
is located close to the free surface at the foot of the jump. Note that the recirculation observed
in the phase diagram at high slope angles is either just below the free surface (high discharge
rates) or above (lower discharge rates). The recirculation pattern observed under small values of
interparticle friction is closer to the fully developed internal roller that one observes with hydraulic
(nonfrictional) flows. Such waterlike granular rollers were not observed in the experimental work
in Ref. [16], as the interparticle friction coefficient is inherent to the material and thus cannot be
easily controlled experimentally. It is worthwhile to note that in our DEM simulations we did not
observe any transition between one jump pattern to another while keeping the micro and macro
parameters constant, unlike previous experimental studies that found multiple solutions for the
same set of parameters for different geometrical configurations. For instance, Viroulet ef al. [8]
recently studied granular flows over a smooth bumplike obstacle and highlighted the existence
of two solutions—either a detached jet downstream or a granular jump upstream, depending on
whether or not some grains at rest were initially settled in front of the bump before the impact of
the incoming granular stream. Also, Gray and Cui [30] were able to produce strong oblique shocks
instead of weak shocks by carefully controlling the downstream boundary conditions in their tests on
deflected granular flows (both the strong and weak oblique shocks being predicted by their theory).
In the following, we will discuss in more detail the properties of the different types of stable jump
patterns observed in our simulations.

A. Laminar granular jumps

Figure 2 shows the height of the free surface, the depth-averaged velocity, and the depth-averaged
volume fraction of a laminar granular jump. The streamlines of this type of jump [see the two
pictures on the left side of Fig. 3(a)] are showing a smooth transition from one stable state (thin
flow, high velocity) to another (thick flow, low velocity).

In this kind of jumps, the energy is deemed to dissipate due to the friction developing between
the grains. The depth-averaged volume fraction in such jumps (see purple curve in Fig. 2) exhibits a
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FIG. 5. Velocity profiles of a laminar granular jump (¢ = 24°, d =4 cm, H = 0.5 m, u = 0.5) before
(red), inside (green), and after (blue) the jump. The velocity profiles shown were measured every 0.12 m along
the inclined plane.

monotonic growth while transitioning from one state to the other. We will show in Sec. IV that, for
such laminar granular jumps, the length L of the jump could be expressed as a linear function of the
incoming thickness .

Figure 5 shows the velocity profiles of a laminar jump. As discussed in previous studies about
granular flows down smooth inclines [16,31], the incoming velocity profile (red curves in Fig. 5)
follows a Bagnold profile with a sliding velocity at the bottom. The velocity as a function of depth
u(y) is given by:

h—yo\""? h—yo y—y\"*
u(y)zw(@HA(@@( ) —( -~ ) : (8)

d d d

with u(¢) the sliding velocity and A(¢) a coefficient, both dependent on the slope angle ¢, and yp =
1.5d the typical thickness of the layer made of grains sliding on the chute bottom (roughly assumed
to be independent on ¢). Empirical expressions for u,(¢) and A(¢) are discussed in Ref. [16].

After the end of the jump (blue curves in Fig. 5), the velocity profile is totally different: The
sliding velocity is much lower and the shear rates are much weaker. Inside the jump region (green
curves in Fig. 5), the velocity profiles adjust from the upstream stable flow state to the downstream
gradually decelerating flow state. The curves showing those profiles are well separated because of
a significant decrease of velocity along the x axis within the jump region, while they collapse well
before the jump (nonaccelerating flow) and are quite close to each other after the jump (slightly
decelerating flow).

B. Steep colliding granular jumps

Starting from the conditions under which a laminar granular jump is formed, increased slope
angle as in Fig. 6 gradually destabilizes the jump, with the possibility of an accompanying
recirculation pattern. The jump region in that case is very short and steep, while the gravity forces
are having a strong influence on the flow. In particular, the grains of the incoming collisional flow
add a strong eroding force on the grains inside the jump, whereas the grains on top of the jump
are pulled down by gravity in an avalanching process. This process seems to correspond to the
recirculation eddy at the foot of granular jumps previously reported by Brennen et al. [9] and Gray
et al. [14] in their experiments at high Froude numbers.

This recirculation can be seen in the streamlines [see the pictures depicted on the first row of
Fig. 6 for cases (c), (d), and (e)]. This phenomenon becomes even more obvious when plotting the
variations of the depth-averaged volume fraction ¢ (x) along the chute as displayed on Fig. 6 (second
row). Here a significant drop in volume fraction takes place from the middle to the end of the jump
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@ =22 (b) (=28 (c) (=234 (d) T=40° (¢) = 46°

FIG. 6. Transition from a laminar granular jump [cases (a) and (b)] to a steep colliding granular jump [cases
(c), (d), and (e)] by varying the slope: streamlines (first row) and longitudinal variation of the depth-averaged
volume fraction (second row).

for cases (c), (d) and (e). The general profile resembles that of a laminar granular jump but the
presence of the significant drop in volume fraction emphasises the granular recirculation process.
Figure 7 shows the velocity profiles of a steep (recirculating) colliding jump. As for the laminar
granular jumps, the incoming velocity profiles (red curves in Fig. 7) follow a Bagnold profile with a
sliding velocity [Eq. (8)]. The velocity profiles after the jump (blue curves in Fig. 7) are also similar
to the velocity profiles after a laminar granular jump (blue curves in Fig. 5). However, because of the
recirculation, the velocity profiles inside a steep colliding granular jump (green curves in Fig. 7) are
very different from the ones in a laminar granular jump (green curves in Fig. 5). At a given position
x inside the jump, the magnitude of the velocity is first increasing with the height, and then strongly
decreases beyond a certain position y. At some points, the decrease is so strong that the velocity
along the inclined plane may even become negative, clearly indicating a recirculation process. At
the same time, the sliding velocity is decreasing rapidly. Close to the end of the jump, the upper part
of the velocity profile is increasing again, in a way that aligns with the outgoing flow after the jump.

C. Hydraulic-like granular jumps with an internal roller

The hydraulic-like jump is characterized by a waterlike roller developing within the jump, below
the free surface of the flow [see Fig. 4(b)]. Its dynamics is different from the one of the colliding
jump with granular recirculation developing close to the free surface, as discussed in the previous
subsection. The hydraulic-like jump is created when the interparticle friction is lowered below a

3.0 e —
250

[

s

ulm s~
FIG. 7. Velocity profiles of a steep colliding granular jump (¢ =38°,d =4cm, H=0.5m, u =0.5)

before (blue), inside (green), and after (red) the jump. The velocity profiles shown were measured every 0.12 m
along the inclined plane.
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FIG. 8. Transition from a laminar granular jump (a) to a hydraulic-like granular jump with a waterlike roller
[(b), (c), (d), and (e)] by varying the interparticle friction coefficient: Streamlines (first row) and longitudinal
variation of the depth-averaged volume fraction (second row).

critical friction coefficient w... As the interparticle friction decreases, the properties of the flow
inside the jump tend to be similar to what is commonly observed for a frictionless fluid like water.
The instable zone of the recirculation looks like the roller phenomenon known to appear in hydraulic
jumps (see Ref. [18] and references therein). Like rollers in hydraulic jumps in water, this large
recirculation zone seems to have a strong influence on the other features of the jump.

Figure 8 shows the transition from a laminar granular jump to an hydraulic-like jump with a
presence of an internal waterlike roller, in terms of the streamlines and the depth-averaged volume
fraction. The waterlike roller may extend along almost the entire length of the jump. The drop in
volume fraction identifying the recirculation zone does not appear in the middle of the jump like
for the colliding granular jumps described in the previous section, but at the very beginning, and it
is wider, thus indicating a different leading mechanism at stake. This difference can also be seen by
comparing the velocity fields shown by the color of the streamlines depicted on Fig. 6 and Fig. 8.
In the first case [cases (c), (d), and (e) in Fig. 6], the rapid incoming flow stays attached to the free
surface and the recirculation takes place above the free surface, while it penetrates far into the jump
in the second case [cases (¢), (d), and (e) in Fig. 8], when the friction between the grains is very low,
thus offering much less resistance to the incoming stream.

Figure 9 shows the velocity profiles of a hydraulic-like jump. Because of the low friction between
the grains, the velocity profiles are very different from those in laminar granular jumps (Fig. 5) and
colliding jumps with recirculation (Fig. 7). The incoming velocity profiles do not follow a Bagnold
profile anymore, as can be seen from the red curves drawn in Fig. 9. The incoming flows look like

=1

u[m s}

FIG. 9. Velocity profiles of a hydraulic-like jump (¢ = 25°,d =4 cm, H = 0.5 m, u = 0.04) before (red),
inside (green), and after (blue) the jump. The velocity profiles shown were measured every 0.12 m along the
inclined plane.
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FIG. 10. Jump length L (a) and jump length relative to incoming flow thickness L/h (b) versus the slope
angle ¢. Inset of (a): Incoming thickness of the flow % as a function of ¢. Inset of (b): Jump length relative to
the incoming flow as a function of the Froude number. The circles correspond to the granular laminar jumps
and the squares to the steep colliding granular jumps with recirculation.

a plug flow with nearly no shear over depth. After the jump (blue curves in Fig. 9), the profiles are
more similarly to what we observe in both laminar and colliding granular jumps. This means that
the friction between grains does not play such an important role after the jump. As those jumps
are characterized by a roller, some velocity profiles inside the jump (green curves in Fig. 9) exhibit
velocities that are sometimes largely negative. The overall shape of those velocity profiles inside the
hydraulic-like jump with an internal waterlike roller differs from the shape of the profiles measured
in the steep colliding jump with free-surface recirculation.

It is worthy to note that Figs. 5, 7, and 9 all indicate that the criterion based on the depth-averaged
velocity defined in Sec. II C is accurate enough to delimitate the three zones before, inside, and after
the jump.

IV. JUMP LENGTH VARIATION WITH INPUT PARAMETERS

In this section, a detailed investigation on the influence of different parameters on the jump
patterns and the length of the jump (based on the depth-averaged velocity as discussed in Sec. I C)
is presented. First, the effect of varying the slope angle, the mass discharge and the grain diameter
for a given interparticle friction greater than the bottom friction is studied. Second, the effect of
varying interparticle friction is analyzed.

A. Slope angle

The slope angle ¢, which controls the Froude number Fr = ii/(gh cos ¢ )!/? of the incoming flow
on a smooth bottom [16,18], has a strong influence on the jump pattern: The diffuse jumps at small
Fr become steeper with increasing Fr and a granular recirculation zone appears. That recirculation
zone can be seen as the result of a stable granular flow (whose free surface is inclined at ) being
eroded by the thin and fast incoming collisional flow, and thus producing backward avalanche flows
starting from the top of the jump. The recirculation zone observed at high ¢ ceases when the kinetic
energy of the fast incoming collisional flow (and its high eroding capacity) is reduced at lower ¢.

The length of the jump is decreasing with the slope angle [see Fig. 10(a)]. When the jump
is purely laminar, the incoming thickness of the flow % is also decreasing with the slope angle,
proportionally to the jump length [see circles in the inset of Fig. 10(a)]. However, above a
certain slope angle, the incoming thickness does not decrease any longer [squares in the inset of
Fig. 10(a)]. The relative jump length L/ is therefore constant when the jump is purely laminar (L is
a function which increases linearly with %) and starts decreasing with the slope angle (and thus the
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FIG. 11. Jump length L (a) and jump length relative to incoming flow thickness L/h (b) versus the opening
height H at the exit of the tank (which controls the mass discharge). Inset in (a): Thickness & of the incoming
flow as a function of the opening height H of the reservoir. Since L versus H and & versus H have the same
slope in (a), L/h in (b) is independent of the mass discharge.

Froude number) when some recirculation appears, as shown in Fig. 10(b). This yields a decrease of
L/h when Fr is increased [inset in Fig. 10(b)], in strong contrast with what would be observed in
hydraulic flows (cf. the data gathered on Fig. 2(d) in Ref. [18] for water).

B. Mass discharge

The length of the jump is an increasing function of the opening height H of the gate at the
exit of the tank, as shown in Fig. 11(a). Comparing Fig. 11(a) with the inset of Fig. 11(a), one
observes that the increase of the jump length L with the opening height H, and the increase of the
thickness 4 of the incoming flow with H are proportional [see black dashed lines in Fig. 11(a)].
Thus, normalizing the jump length by the thickness of the incoming flow leads to the result that L /A
is essentially independent of the mass discharge [Fig. 11(b)]. In other words, the length L of the
laminar granular jump is only a function of the incoming thickness 4.

C. Grain diameter

Still considering laminar granular jumps, an increase in the grain diameter produces similar
effects as the ones observed with an increase of the opening height of the reservoir. The increase of
the length L of the jump with the grain diameter d is proportional to the increase of the thickness
h of the incoming flow with d [see the black dashed lines in Fig. 12(a) and its inset]. Thus, L is
a function of % only, and the normalized length L/h remains essentially constant with the grain
diameter as depicted in Fig. 12(b).

D. Interparticle friction

The effect of varying the interparticle friction becomes significant once the interparticle friction
falls below a critical friction . For p greater than p, the granular jump exhibits the smoothed
streamlines, and the value of the interparticle friction does not have a strong influence on the jump
length [see Fig. 13(a)]. For u smaller than ., the curvature of the streamlines increases and a
hydraulic-like roller forms inside the jump, which seems to influence the jump length [Fig. 13(a)].
However, the jump length relative to the thickness of the incoming flow remains nearly unchanged
by varying u.

To further highlight the transition from laminar granular jumps to hydraulic-like granular jumps
(with the presence of a waterlike roller), the evolution of Fr, h,/h, {, and ¢ are drawn on Fig. 14.
A sharp increase of A, /h is observed when u decreases below ¢, consistent with the simultaneous
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FIG. 12. (a) Jump length L, (b) jump length relative to incoming flow thickness L/h versus the grain
diameter d. Inset in (a): Thickness £ of the incoming flow as a function of d. L versus d and & versus d in
(a) have the same slope, thus L/h in (b) is independent of d.

sharp increase of Fr, while ¢ remains nearly insensitive to w. In addition, the angle ¢, at which the
free surface of the superstable flow downstream of the jump is inclined drops and tends toward zero.
This asymptotic behavior resembles the phenomenon observed with water flows.

V. DISCUSSION
A. Jump height ratio

Referring to Eq. (1) described in the introduction, Fig. 15 depicts the thickness of the jump A,
relative to the thickness of the incoming flow % as a function of the Froude number of the incoming
flow for all jumps. The prediction of the Bélanger equation [32], classically used in hydraulics,
suggests:

he 1
z=§(\/1+Fr2—1), )

and is also plotted. This is, in a fact, a reduced form of Eq. (1) for p./p =1 and L/h = 0 (see
Ref. [18] and references therein). Interestingly the relation between h,/h and Fr is not affected
by the jump type. However, there exists a noticeable gap between the prediction of the Bélanger
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FIG. 13. (a) Jump length L and (b) jump length relative to incoming flow thickness L/h, both against the
interparticle friction coefficient p. The circles represent laminar granular jumps and the stars denote hydraulic-
like jumps with a waterlike roller.
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equation and the numerical data, which is always above the Bélanger model for Fr in the range
1.5-4 and tends to be closer to Bélanger equation at higher Froude numbers (range 4-5 in this
study). This trend is highlighted by the inset of Fig. 15. This result is in full agreement with previous
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FIG. 15. Jump height ratio, h,/h, as a function of the Froude number, Fr, for all jumps investigated in the
present study. The continuous line shows the prediction of the Bélanger equation used in hydraulics (see text).
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FIG. 16. Dimensionless length of the jump L/h versus the Froude number Fr for all jumps. The orange-
colored line shows that L/ is rather constant (within the uncertainty for measuring the jump length) for laminar
granular jumps.

experimental results (see Fig. 6 in Ref. [18]) and further highlights the need of a richer theoretical
framework for predicting the jump height, for instance based on Eq. (1). In the following we discuss
the main outcomes of the present study in terms of the jump length depending on the jump type
considered.

B. Length of the jumps

Figure 16 shows the dimensionless length L/h of all the jumps investigated in this study as
a function of the Froude number Fr of the incoming flow, by distinguishing the three types of
jump identified. One can notice that the relation between L/h and Fr depends on the jump type,
which is in strong contrast to the previous results that the relation between h,/h and Fr is not
affected by the jump type (see Fig. 15). Based on Eq. (1), this means that changes in p, or ¢, /¢, are
expected to be balanced by a change in L/, keeping the jump height ratio &, /h versus Fr constant.
This result strongly supports the idea that the length of the jump (L/k) and the constitutive law
(1. and ¢, /¢) are interrelated. In other words, the variation of the jump length with Fr and the
dissipation mechanisms inside the jump are closely related. Analyzing the differences in terms of
the jump length between the various types of jump may give insights into the different dissipation
mechanisms inside the jump.

The laminar jump occurs for Fr in the range 1.5-2.5 and its size shows some variability with
Fr in that range: The mean value of L/h is around 6.5. The colliding jumps with a recirculation at
their foot appear at higher slopes, which correspond to higher Fr. Instead of being constant, L/h is
a decreasing function of Fr, ranging from L/h = 6 for Fr = 3 to L/h = 4 for Fr = 5. For the jumps
with an internal waterlike roller, L/h exhibits a slight increase with Fr. This behavior resembles the
increase of L/h with Fr as generally observed with water flows.

It is worthy to note that at a given Froude number, L/h is higher for the hydraulic-like jumps
with an internal waterlike roller than for the steep colliding jumps with recirculation taking place
close to the free surface at the foot the jump (see for instance the data for Fr = 4).

C. Effective friction depending on the jump type

The general framework proposed by Ref. [18] [see Eq. (1) given in the Introduction] can be used
to get the effective friction coefficient p, inside the jump for the different types of jumps identified
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FIG. 17. Effective friction inside the jump . extracted from Eq. (10) as a function of the Froude number
for all types of jumps.

in the present work. An expression for 1, then reads as follows:

260 - L) k(4 4k

3

Ko%(] +%%) ’

Ue =tan¢ + (10)

with Ky a shape factor so that the weight per unit width of the jump can be written as w =
KogL(ph + pyhy)/2, as initially introduced by [15]:

2y poh(x)dx
~ L(ph+ pihy)

where p(x) and h(x) are the density and height (respectively) of the flow inside the jump. The earth
pressure coefficients k and k, before and after the jump are both taken equal to 1 in this study (for
further discussion see Refs. [17,18,33]). The Boussinesq momentum coefficients 8 and S,, which
correspond to the ratios between the depth-averaged value of the velocity-squared and the square of
the depth-averaged velocity (see also introduction), are directly extracted from the DEM simulations
(from the velocity profiles shown in Figs. 5, 7, and 9). The effective friction coefficient u, is a good
indicator of the efficiency of energy dissipation inside the jump for each type of jump. The variation
of . with Fr is plotted for all our jumps in Fig. 17. One observes a remarkable difference between
the types of jump: u. is independent of Fr for the laminar granular jumps but is an increasing
function of Fr for the steep colliding granular jumps, and even becomes a decreasing function of
Fr for the hydraulic-like jumps. Note that the general relation established under the assumption of
a Coulomb rheology and proposed for granular jumps by Méjean et al. [18] may be questionable
when the interparticle friction coefficient u is lower than u... As such, the value u, extracted from
Eq. (10) should be considered with caution in the case of hydraulic-like jumps with a roller. This is,
however, a useful way to further highlight the differences between the latter jump type and the other
jumps.

Figure 17 and the general behavior of the jumps (streamlines patterns, recirculation or not,
evolution of the length with input parameters) can help in drawing some underlying assumptions
for the development of a dissipation model depending on the jump type. More generally, this may
provide crucial insights on the physics of flowing granular matter.

The effective friction inside the jumps, u., and the length of the jumps relative to the incoming
flow thickness, L/h, are constant with the Froude number in case of laminar granular jumps [circles
in Fig. 10(a) and 17]. The jump length is sensitive to changing the thickness of the flow: Increasing
either the mass discharge (through H) or the grain diameter (d) produces an increase of the jump

(1)
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length, but the ratio L/h remains independent of either H or d. The streamlines show a gradual
transition from the stable state upstream from the jump to the stable state after the jump, and the
granular flow is dense. All of this suggests that the dominant dissipation process for this type of
jumps stems from enduring frictional contacts between the grains.

As the recirculation inside the jump increases, the length L of the jump decreases [squares in
Fig. 10(a)], while the effective friction p, within the jump increases (squares in Fig. 17). This
highlights the dissipative role of the recirculation phenomenon. In those types of jumps, there are
still enduring frictional contacts between the grains, but binary gaseouslike collisions come into
play in the recirculation zone (evidenced by the overall shapes of the streamlines and the drop in
the depth-averaged volume fraction along the chute). This observation indicates that the steep jump,
with a granular recirculation zone, is efficient at dissipating energy over a shorter distance. The
presence of the recirculation zone characterized by active bouncing of particles probably contributes
to higher rates of energy dissipation. This suggests that a theory describing energy dissipation in
granular jumps at high ¢ (high Fr) should not be limited to including a frictional term only but
should also account for a collisional term. For such jumps with fast and thin incoming flows, u, may
be written (in first approximation) as the sum of a constant Coulombian friction i, and a velocity-
squared dependent term in the form aFr?. Note that, however, we could not find any relevant values
of 1y and « to fit at the same time both the laminar (circles in Fig. 15) and the colliding (squares
in Fig. 17) granular jump data, in contrast to the analysis proposed earlier by Méjean et al. [18],
applied to jumps measured in the laboratory [16]. This result motivates future work.

Figure 17 shows that as the friction between the grains decreases (stars shown on the plot),
the effective friction inside the jump u,. decreases as well. This is because as u decreases, the
enduring frictional contacts between the grains are less efficient at dissipating energy and a waterlike
roller can form. There is a large drop in volume fraction across most of the jump, indicating a very
loose grain packing inside that roller. Figure 17 shows that u,, extracted from Eq. (10), may even
reach zero for u = 0.04. Note that the incoming flows produced by simulations with u below 0.04
(not shown here) were so gaseous that it was impossible to measure the depth-averaged variables
properly. For the hydraulic-like jumps, because of the presence of that roller, it will certainly be
relevant to infer a general jump height relation relying on a turbulent-like effective shear stress
(similar to the one proposed for instance in Ref. [18] for water flows), instead of the Coulombian
shear stress which was deemed necessary for the derivation of Eq. (10). The transition from a
steep colliding granular jump to a hydraulic-like jump with a roller is caused by the lowering of
interparticle friction. This process of the transformation of the granular recirculation at the foot of
the jump into a fully developed roller inside the jump warrants further investigation.

VI. SUMMARY AND CONCLUSION

The discrete numerical simulations carried out in the present study have revealed the existence
of three types of granular jumps that show different geometries and internal dynamics and therefore
emphasise different regimes of the constitutive friction law—in terms of the effective friction
coefficient . as a function of the Froude number Fr of the incoming flow (under a depth-averaged
framework). At low Fr, laminar granular jumps were characterized by slowly varying streamlines
and a monotonic and gradual increase of the density along the jump. The resulting effective friction
e was nearly constant regardless of the Froude number of the incoming flow. For higher Fr, steep
colliding jumps occurred with sharp variation of the streamlines and the formation of a recirculation
close to the free surface, accompanied by a drop in density. The effective friction ©, was found to
increase with the Froude number of the incoming flow. The latter two types of jump were obtained
for a typical interparticle friction of about 0.5. When decreasing the interparticle friction below a
critical value (0.2 in the numerical simulations done here), the laminar granular jump turned into a
hydraulic-like jump with the formation of an internal roller which extended over the whole length
of the jump, and a well-identified (sharp) drop in density occurred. In this case, ©, was shown to be
a decreasing function of the Froude number of the incoming flow. The present study demonstrates
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that the standing granular jump may be seen as a stringent test for the dominant term controlling
the constitutive form of the friction law as affected by its interrelation with the internal dynamics of
the granular medium. Therefore, the granular jump can be seen as a useful gauge for addressing the
dissipation mechanisms that govern the flowability of granular media, in addition to the other flow
configurations traditionally used to investigate the rheology of granular flows, such as plane shear
flows [19], annular shear cell flows [34] or steady and uniform flows down inclines [35].
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APPENDIX A: DISCUSSION ON THE COARSE-GRAINING TECHNIQUE

This Appendix discusses the coarse-graining technique used and the choices made for the present
study, specifically dedicated to the macroscopic features of standing jumps formed during granular
flows down inclines. The reader can refer to Refs. [24,25,36-39], and a number of references therein,
for detailed descriptions of the existing coarse-graining techniques, including very refined methods.

A series of simulations was carried out for one jump type, considering one given set of input
conditions (H = 0.5 m, ¢ = 25°) and the default values given in Table I for the micro parameters
d, i, up, and e, and by systematically varying the range ¢ of the Lucy function from c¢/d = 0.75
to ¢/d = 10. It was found that the results in terms of jump geometry (ratios L/h and h,/h) were
independent of c¢/d as long as ¢/d was kept below h/2 (h ~ 9d for the set of parameters considered
for the corresponding series of simulations). However a slight influence of ¢ on the measured volume
fractions was detected. Figure 18 shows the depth-averaged values of the volumes fractions ¢ and
¢ as a function of ¢/d.

The volume fraction after the jump is nearly constant and independent of c/d over a narrow
range of c¢/d, which typically ranges from 2 to 4.5 for the jump type investigated here. The lower
limit (see the vertical continuous line drawn on Fig. 18) is fully consistent with the conclusions of
previous works showing that values of the coarse-graining width, w = ¢/2, below the grain diameter
should be avoided, as early reported by previous studies on 2D shear-cell flows [37] and 3D granular
flows [25]. Very small values of the coarse-graining width (w < 0.1d) could have been considered
to capture the oscillations of volume fraction but this would have required data acquisition at very
high frequency, as investigated in details by Weinhart et al. [25] (see also the discussion at the end
of the present Appendix). The upper limit of c¢/d (~4.5, as indicated by the vertical dashed line
drawn on Fig. 18) above which ¢, starts to decrease significantly with c¢/d is also consistent with
previous studies showing that too large values of the coarse-graining width (close to the system
size) should be avoided [25,37] because of side-effects close to boundaries. The latter effects are
even more pronounced in the case of the shallow and stratified incoming flows (that take place
before the jump) because the two boundaries, namely the bottom and the free surface of the flow,
become very close. This explains why the volume fraction ¢ of the incoming flows is sensitive to
c/d. Figure 18 shows that ¢ slightly varies even when c is in the range [2d, 4.5d], as materialized
by the two vertical lines drawn in Fig. 18. However the variation of ¢ in that range of c is less than
5-10% and does not affect the main results of the present study in terms of the effective friction .
as a function of the Froude number Fr (see Fig. 17). It is clear from Fig. 18 that above a critical
¢/d—of about h/2—the volume fraction drastically drops because of the combined effects caused
by the bottom and the free surface boundaries, thus causing a large underestimate of the volume
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FIG. 18. Volume fractions measured before (¢) and after (¢, ) the jump as a function of the range ¢ of the
Lucy function scaled by the grain diameter (c/d). Simulations done for H = 0.5 m and ¢ = 25°, considering
the default values given in Table I for d, u, up, and e.

fraction. Moreover, it should be noted here that the data shown in Fig. 18 do not correspond to the
thinnest flows investigated in the present study. For the thinnest flows (h/d ~ 6), the upper limit of
c should be /2 ~ 3d. Considering both that upper limit given by the thickness of the thinnest flows
and the lower limit of ¢ ~ 2d (w ~ d), one can conclude that ¢ = 2.5d was a very good compromise
for the present study.
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FIG. 19. Evolution of the depth-averaged volume fraction along the chute: comparison between time-

averaged results sampling data every 0.3 s (continuous line) or 1 s (dashed line). Simulations done for

H = 0.5 mand ¢ = 25° considering the default values given in Table I for d, ., i, and e, and taking ¢ = 2.5d
for the range of the Lucy function.
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In order to analyze in detail how a number of micro- and macroparameters influence the granular
jump patterns, the computational costs were drastically reduced by registering only a small fraction
of the data over time. As explained in the main text, the average in time was a direct average of
the instantaneous coarse-grained fields extracted every 1000 time step (0.3 s), and the instantaneous
fields were chosen separated enough in time to ensure minimum correlation between the individual
grain positions at successive coarse-grained time steps. Figure 19 shows the evolution of the depth-
averaged volume fraction along the chute measured with this method (as used for the present study)
and it is compared to another signal obtained by using an even more degraded acquisition rate (every
1 s). It can be concluded from the two curves that the choice made for time-averaging was largely
sufficient (on the safe side) to get robust measurements of the steady-state quantities, such as the
depth-averaged volume fraction along the chute.

Investigations on the fluctuating behavior of the granular flows and jumps would demand
refinement on the coarse-graining technique, by considering very small values of the coarse-graining
width combined with much longer simulations at steady state (still avoiding issues related to the
existence of correlations between individual grain positions at successive coarse-grained time steps)
for consistent time-averaging or ensemble averaging [25]. Refined coarse-graining by taking into
account the gradients within the averaging region properly was developed recently and also offers a
robust method for meaningful measurements of the fluctuating behavior of shallow granular flows
[36]. Capturing the oscillations of the granular flow and jumps due to layering was beyond the scope
of the present study.
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