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Most gravitational currents occur on sloping topographies, often in the presence of
particles that can settle during the current propagation. Yet an exhaustive exploration
of associated parameters in experimental studies is still lacking. Here, we present an
extensive experimental investigation of the slumping regime of turbidity (particle-laden)
currents in two lock-release (dam-break) systems with inclined bottoms. We identify three
regimes controlled by the ratio between settling and current inertia. (i) For negligible
settling, the turbidity current morphodynamics corresponds to that of saline homogeneous
gravity currents, in terms of velocity, slumping (constant-velocity) regime duration and
current morphology. (ii) For intermediate settling, the slumping regime duration decreases
to become fully controlled by a particle settling characteristic time. (iii)) When settling
overcomes the current initial inertia, the slumping (constant-velocity) regime is no longer
detected. In the first two regimes, the current velocity increases with the bottom slope,
of approximately 35 % between 0° and 15°. Finally, our experiments show that the
current propagates during the slumping regime with the same shape in the frame of the
moving front. Strikingly, the current head is found to be independent of all experimental
parameters covered in the present study. We also quantify water entrainment coefficients
E and compare them with previous literature, hence finding that E increases rather linearly
with the current Reynolds number.

Key words: gravity currents

1. Introduction

Turbidity currents are gravity-driven flows induced by the presence of suspended particles,
in addition to other processes that may affect the density, such as temperature, salinity or
humidity. They occur ubiquitously in nature, from submarine turbidites to powder snow
avalanches and volcanic pyroclastic flows, and are almost always sources of potential
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natural hazards (e.g. Dobran, Neri & Todesco 1994; Stethem et al. 2003; Carter et al.
2014; Clare et al. 2020).

These currents have been studied extensively along with homogeneous (saline)
density-driven gravity currents for almost a century, by means of experiments (e.g.
Simpson & Britter 1980; Rastello et al. 2002; Dai 2014; Lippert & Woods 2020),
theoretical analyses (e.g. Benjamin 1968; Huppert 1998; Hogg & Woods 2001; Ungarish
2009) and numerical simulations (e.g. Necker et al. 2002; Blanchette et al. 2005; Cantero
et al. 2007; Cantero, Shringarpure & Balachandar 2012; Ottolenghi et al. 2016). Among
these studies, a major source of interest has been to predict the front velocity u, of the
current. Dimensionally, a current of height . and density pg, hence of density difference
A p with respect to the ambient density o, would have a front velocity scaling as

A
ue o g 22, (1.1)
V° oo

Many works have been devoted to capturing the exact value of the proportionality factor.
The pioneering work of von Karman (1940) leads to /2 in the case of steady unbounded
flows, further extended to account for finite flow depth (Benjamin 1968; Rottman &
Simpson 1983; Ungarish & Zemach 2005), energy conservation/dissipation (Shin, Dalziel
& Linden 2004; Borden & Meiburg 2013) or non-Boussinesq density difference (Ungarish
2007, 2011; Konopliv et al. 2016).

Gravity currents can be generated by a constant source of buoyancy (e.g. Britter &
Linden 1980; Baines 2001; Cenedese & Adduce 2008; Lippert & Woods 2020) or can
result from the instantaneous release of a limited volume of buoyant fluid. In the latter
case, dam-break (or lock-exchange) systems are a common set up to study the features of
the resulting currents (e.g. Simpson 1972; Huppert & Simpson 1980; Rottman & Simpson
1983; Bonnecaze, Huppert & Lister 1993; Ungarish & Zemach 2005; Ungarish 2007, 2011;
Chowdhury & Testik 2011; Khodkar, Nasr-Azadani & Meiburg 2017; Balasubramanian
& Zhong 2018; Maggi, Adduce & Negretti 2022). The heavier (or lighter) fluid is kept
separated from the ambient by a locked gate, which is opened suddenly to generate the
current. For high Reynolds number flows, the front velocity of the resulting currents
can evolve through different regimes (Huppert & Simpson 1980). After a short transient
acceleration stage (Cantero et al. 2007), first there is a regime of constant velocity, called
the slumping regime, as the current gains inertia thanks to the collapse of the heavy
(or light) fluid column, which lasts approximately 5—-15 lock lengths, depending on the
geometry (Rottman & Simpson 1983; Ungarish & Zemach 2005; Ungarish 2009). If inertia
dominates the flow, then the receding rarefaction wave during column slumping hits the
back wall and reflects towards the current nose, modifying its velocity into an inertial

regime, where the front position evolves as /3. The current eventually enters regimes
dominated by either viscosity (Huppert & Simpson 1980), friction and entrainment
(Bonnecaze & Lister 1999; Hogg & Woods 2001) or particle settling velocity (Bonnecaze
et al. 1993, 1995; Hallworth, Hogg & Huppert 1998; Huppert 1998; Hogg, Ungarish &
Huppert 2000; Harris, Hogg & Huppert 2001).

In lock-release systems, these previous studies have focused on the impact of the settling
velocity uy only on the long-term dynamics of the current, typically during the inertial
regime, and after. This corresponds to small values of the settling number u/u., for
which particle settling does not impact the initial slumping regime. Likewise, theoretical
studies have also restrained to asymptotically small settling number values that allow for
analytical development in depth-averaged models (Hogg e al. 2000; Harris et al. 2001).
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However, recently the study of Ikeda & Testik (2021) observed qualitatively increasing
deviations of particle-laden from saline currents in all propagation regimes as the settling
number increases. Literature on constant inflow turbidity currents has also observed
similar differences, especially concerning the volume occupied by the current (Bonnecaze
& Lister 1999; Lippert & Woods 2020; Wells & Dorrell 2021). One purpose of this study
is therefore to quantify the dynamics of constant-volume turbidity currents from low to
strong settling, across a wide range of settling number values.

Lock-release homogeneous and turbidity gravity currents on an inclined plane, which
induce an extra-driving force due to the weight of the current, have also been studied in
the literature (Beghin, Hopfinger & Britter 1981; Rastello et al. 2002; Séon et al. 2005;
Birman et al. 2007; Maxworthy & Nokes 2007; Dai 2013, 2014; Steenhauer, Tokyay &
Constantinescu 2017; Xie et al. 2023). Hence, after the slumping regime, the current
dynamics is characterized at intermediate times by an acceleration phase, later followed
by a deceleration resulting from buoyancy loss induced by water entrainment, increasingly
important at large slopes. Importantly, for saline homogeneous currents, the Navier—Stokes
simulations of Birman et al. (2007) reported that the initial constant-velocity (slumping)
regime still exists at early times, during which the slope-induced acceleration is
negligible. They also reported an increase in slumping velocity with the bottom slope,
of approximately 15 % between 0° and 15°. However, the experiments of Maxworthy &
Nokes (2007) measured much larger variations, up to 30 %. Note that, to the authors’
knowledge, no similar study is available in the literature concerning turbidity currents.
Therefore, a second purpose of this study is to quantify experimentally the impact of an
inclined bottom on the slumping regime dynamics of particle-laden currents.

In this work, we present lock-release experiments of turbidity currents, where we vary
systematically the initial volume fraction, the bottom slope and the particle diameter (and
thus the settling velocity), hence extending previous works to a larger range of these control
parameters in two experimental devices. We focus particularly on the slumping regime,
for which we map its existence and quantify its duration as well as the related current
morphodynamics (velocity, shape) and water entrainment. In the paper, we also focus
on rationalizing existing results with those obtained in the present study into a relevant
parameter map characterizing the flow regimes.

2. Methods
2.1. Experimental set-ups

In this study, most of the experiments are done using the dam-break experimental set-up
sketched in figure 1(a), later referred to as set-up 1. The tank, 150 cm long (Lo + L1) and
20 cm wide (Wp), is filled with water, and divided into two parts by a sluice gate at 10 cm
(Lp) from the left-hand side of the tank. It forms a reservoir on the left-hand side of the
tank in which we prepare an initial volume of particle suspension Vy >~ 3.91 by strongly
stirring a known mass of particles m( within the water. Finally, the tank is inclinable at
various angles up to 7°, and we keep the water height at the gate position constant, equal
to 20 cm. The resulting variation of the initial volume V) is accounted for, however small
compared to the experimental uncertainties. At the beginning of the experiments, as soon
as the stirring is stopped (after less than 0.5 s), the sluice gate is opened manually almost
entirely, up to 1 cm below the water surface to limit as much as possible the generation of
surface waves. The slumping of the column and the resulting turbidity current are followed
by a camera while using a backlight as a light source (see figures 1c¢—h).
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Figure 1. (a,b) Sketches of the experimental set-ups 1 and 2, respectively. (c—h) Snapshots of experiments
using the silica sand (d ~ 120 pm, u; = 0.74 cm s71), 6 =7.2° and for initial volume fractions of
(c—e) ¢ = 0.87 % and (f-h) ¢ = 6.4 %. The orange lines show the extracted current contours.

In order to explore further the influence of the bottom inclination, another experimental
set-up is used (set-up 2; see figure 1b). Here, the tank can be further inclined thanks to
the presence of a rigid lid covering the water surface, keeping the water height to 50 cm.
Here, Lo = 10 cm, L; = 340 cm and Wy = 10 cm. Note that in this experimental set-up,
the suspension is filling not the entire reservoir height, but approximately 50 %—75 % of
that height. Nevertheless, the suspension is checked qualitatively by light attenuation to be
homogeneously suspended up to its maximum height, and the associated initial volume of
suspension Vj is extracted from images prior to opening the gate. Finally, in this set-up,
the current is illuminated from the top, and not using backlighting.

2.2. Parameter space and relevant dimensionless quantities

Most experiments are done with silica sand grains of diameter d ~ 120 pm. For these
particles, the tank inclination € is varied from 0° to 7° in set-up 1, and from 7° to 15°
in set-up 2. Then, in set-up 1 and for & = 7°, the particle settling velocity u; is varied by
using glass beads (Silibeads) of mean diameter ranging from 60 to 250 pwm, corresponding
to us € [0.3,3.2] cm s~ L. As particles are either glass beads or silica sand, we take for
all cases p, = 2.65 g cm™3. The particle properties are detailed in Appendix A. For all
bottom slopes and settling velocities, the initial volume fraction is varied in the range
¢ € [0.25, 30]%. The corresponding excess density of the fluid/particle suspension with
respect to the ambient water, Ap = po — pr (Where po = pr + (pp — pr)¢), therefore
varied between 3 and 600 kg m~>. Finally, we also perform experiments with a
homogeneous saline (without particles) gravity current in set-up 1, in order to make a direct
comparison between turbidity and homogeneous currents. For that purpose, the density in
the reservoir is varied from 1002 to 1250 kg m > to explore the same range of Ap values.
This results in a total of 169 experimental runs.

Each experiment is characterized by three initial quantities: the bottom slope 6, the
volume fraction ¢ or equivalently the excess density Ap as will be discussed later, and
the particle settling velocity u,. For saline homogeneous cases, only slope 6 and excess
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density Ap then characterize the system. Note that the initial aspect ratio of the reservoir,
a = ho/Ly, is kept nearly constant in each set-up, equal to 2 in set-up 1, and >3 in set-up
2. Its influence will be discussed in the paper. Following the available literature, we define

velocity and time scales as
uy = +/g'ho 2.1

and

Lo
1= —, (2.2)
uo

where hg = Vi /(LoWp) is the average initial heavy fluid height, and ¢’ = g Ap/ pr is the
reduced gravity. In the case of turbidity currents, we also write g’ = g(p, — pr)®/ps,
where p, and pr are the particle and fluid densities. This velocity scale can be used
to define a Reynolds number Re and a Stokes number S as the control dimensionless
parameters based on the initial conditions

uph Lo u
Re — 00, S Lol

—, 2.3a,b
v ug ho (2.3a.5)

where v is the water kinematic viscosity. Here, S is a ratio of time scales, thus depending
on the reservoir aspect ratio a and the dimensionless settling velocity u;/ug, also called the
settling number in previous studies (e.g. Lippert & Woods 2020). In our experiments, we

then have Re € [2 x 10%, 4 x 10°], and S € [0.002, 0.05]. Note that the Rouse number
ug/uy, where u, is a shear velocity, has also been used instead of S to quantify the ability
of the particles to remain in suspension (Wells & Dorrell 2021). However, it requires local
measurements of the velocity fluctuations, which we do not perform here.

Importantly, in lock-release systems, ug is the only velocity scale associated with the
gravity current, such that the initial Froude number reduces to unity for all experiments.
On the other hand, we define a Froude number as the dimensionless current velocity in the
slumping regime:

Uc

Fr=—, (2.4)
uo

where i, is the current velocity in the slumping (constant-velocity) regime.

3. Current dynamics during the slumping regime

In this section, we focus on the current dynamics and shape during the slumping regime,
and explore the effect of the bottom slope and particle settling velocity.

3.1. Nose position and velocity

3.1.1. Slumping behaviour

First, we start by tracking the current front position, displayed as a function of time in
figure 2(a) for different initial volume fractions ¢ (or equivalently, different Ap) and
6 = 7°. After a short acceleration phase corresponding to the early collapse of the heavy
fluid column dominated by vertical motion (for details, see Cantero et al. 2007), all
experiments exhibit a regime where the current propagates at a constant front velocity
u. (dashed black lines in figure 2a), also known as the slumping regime.
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In this regime, the measured velocity comes from the lossless conversion of the initial
potential energy of the heavy fluid column, A pghy, into kinetic energy, (1/2)pou?, leading

to
Ap
Ue X | — gho, 3.1
\ r0

where po is the initial heavy fluid density. The prefactor of (3.1) is notably proportional to
v po/pr (von Kdrmédn 1940; Benjamin 1968; Shin et al. 2004), leading to

Ue X U. 3.2)

As shown in figure 2(b), the current velocity indeed scales as Ap'/? (or equivalently,

o/ ), as expected from (3.2). This also corresponds to a constant Froude number
Fr = u./ug as shown in figure 2(c) (dark blue symbols for & = 7°). Varying the particle
settling velocity while keeping the bottom slope at 7° impacts neither the scaling of (3.2)
nor its prefactor (see figure 2b), which remains within 20 % of the one corresponding to
homogeneous saline gravity currents (red symbols).

To conclude, on an inclined bottom, the first propagation regime of our turbidity currents
is characterized by a time-independent velocity, similar to the behaviour of a gravity
current on a horizontal bottom. Surprisingly, the corresponding velocity values are nearly
independent of Re and S in the large ranges considered here.

3.1.2. Effect of the bottom slope

On the other hand, changing the bottom slope more clearly affects the current velocity.
As shown in figure 2(c), currents on slope 7° are nearly 30 % faster than those on 8 = 1°.
After averaging across the initial volume fraction ¢ (in which no clear dependency is
observed, as explained previously), we find that the Froude number (Fr) increases rather
linearly with the bottom slope 6 (see figure 2d). The slope of this linear relationship is
recovered in set-up 2 and in the experiments of Maxworthy & Nokes (2007) for saline
currents, but not in the Navier—Stokes numerical simulations of Birman ef al. (2007), who
report a much weaker increasing trend.

This increase in the Froude number with the bottom slope is not necessarily obvious.
On one hand, on a flat bottom, the constant velocity in the slumping regime results from a
balance between inertia and pressure gradient. On the other hand, the slope adds a constant
forcing term that could result in an accelerated flow. In this case, the full balance of these
different terms does not then lead to a constant velocity. Yet it is observed clearly as
constant in our experiments, as well as in previous studies in the literature (Blanchette et al.
2005; Birman et al. 2007; Xie et al. 2023). Following Ross, Linden & Dalziel (2002) and
Birman ez al. (2007), the along-slope component of gravity, g’ sin 6, needs a dimensionless
time of O(1/sin®) to accelerate the flow at a velocity of O(up). Hence on small slopes,
this does not modify the slumping equilibrium, and the observed constant-velocity regime
is still attributed here to a slumping regime including inertia and pressure gradient, and not
to a frictional-buoyancy equilibrium that would be obtained at larger slopes and/or longer
times (Britter & Linden 1980).

Yet this does not explain the dependence of the slumping velocity on the bottom slope.
This variation could instead result from the early transient acceleration phase, during
which the current accelerates from O to the constant slumping velocity. The complicated
dynamics of this transient phase involves significant vertical motions, and significant
interfacial friction responsible for the development of vortices (Cantero et al. 2007).
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Figure 2. (a) Current nose position as a function of time for various initial volume fractions and for a bottom
slope 6 = 7° and u; = 0.74 cm s~ (for clarity purposes, not all experiments are shown here). The black
dashed lines are linear fits on the constant-velocity regime, whose slopes give the current velocity u.. The
grey dashed line indicates the end of the tank. (b) Current velocity u, as a function of the excess density and
the volume fraction, for a bottom slope 6 = 7° and different settling velocities. (¢) Current Froude number as
a function of the initial Reynolds number for two different bottom slopes for u; = 0.74 cm s~!. (d) Current
Froude number averaged over the initial volume fraction as a function of the bottom slope for iy = 0.74 cm s~!.
Circles correspond to set-up 1, and empty squares to set-up 2. Orange diamonds correspond to the experiments
of Maxworthy & Nokes (2007), and green triangles to the numerical simulations (Re = 4000) of Birman et al.
(2007), both for homogeneous saline currents. The dashed lines are fits of (3.4) to the four previous datasets,
leading to (Frg, C) equal to (0.34,5), (0.26, 6), (0.42, 3) and (0.48, 1), respectively.

We then consider an energetic balance between the initial state and the end of this early
acceleration phase:

1 1 L
|:§ pouf — BApgsineL] —AApgcosO hy = —3 Cd,oou% o 3.3)
0

where A, B and C, are constants accounting for details of the reservoir evolution during
the transient phase. Note that, depending on the lock geometry, they might induce a
second-order dependency on the bottom slope 6, which we will neglect here. Here, L
accounts for the along-slope distance over which the current moves during this phase,
which Cantero et al. (2007) has observed to be independent of the lock aspect ratio or
initial buoyancy, L = 0.3h¢. As a result, we use here L = Dhy with D constant, possibly
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neglecting second-order dependencies on 6. Hence, under the Boussinesq approximation,

Fr(0) = = A \/ 0+ 28 Gino = Frov/cosd + Csind (3.4)
r = — = —— 4/ COS — SINU = r'r COS smmdo, .
uy  \ 1+DCy A 0

where C = D(B/A) and Fry = Fr(@ = 0). For small slopes (8 — 0°), (3.4) can be
approximated by a linear relationship in 6, as suggested previously.

The fits of (3.4) to four datasets are shown in figure 2(d). Although (3.4) is able
to represent the data well, the fits are poorly constrained due to the small number of
experimental points, or the large dispersion in the dataset of Maxworthy & Nokes (2007).
This is especially true for the parameter C, whose uncertainty can reach 100 % (95 %
confidence interval). It is, however, found to be similar in all experimental datasets, but
smaller for the numerical simulations of Birman ez al. (2007). Note that the order of
magnitude of C implies that the linearized version of (3.4) could be used up to 6 ~ 1°,
hence justifying here the use of the nonlinearized form of (3.4). The resulting values of
the Froude number for & = 0°, much better constrained, are different across datasets and
generally smaller than Fr = 0.5 predicted on a non-inclined tank by the simple steady
model of Benjamin (1968). Depth-averaged models, including the properties of dam-break
configurations (Ungarish & Zemach 2005), with non-Boussinesq effects (Ungarish 2007)
or the motion of the lighter fluid in the upper layer (Ungarish 2011), also lead to larger
predicted Froude numbers. Previous measurements on saline and turbidity currents have
reported Froude numbers in better agreement with these theories (e.g. Shin et al. 2004;
Lowe, Rottman & Linden 2005; Nogueira et al. 2014; Sher & Woods 2015), but also
smaller ones in agreement with those measured in this study (Balasubramanian & Zhong
2018; Longo et al. 2018).

The general discrepancies between the different datasets could come from geometrical
differences between the corresponding experimental set-ups. In the experimental set-up
of Maxworthy & Nokes (2007), the heavy fluid is released way below the water surface
(partial depth release), whereas only full-depth releases were performed in set-up 1.
According to the predictions of Ungarish & Zemach (2005), this can lead to an increase of
the velocity of almost 50 %, which matches well the discrepancy between the two studies.
Note, however, that the simulations of Birman et al. (2007), leading to the highest Fr(0)
values, are also full-depth releases. In set-up 2, the ratio between typical current heights
and the tank width is approximately 1.5, compared to 0.5 in set-up 1. Therefore, we can
also expect energy dissipation induced by friction at the walls of the tank to be much larger,
hence explaining the lower measured Froude numbers. Finally, the different set-ups also
have different lock aspect ratios a = hy/Lo. More importantly, set-ups of Maxworthy &
Nokes (2007) and Birman et al. (2007) are in lock-exchange configurations with a < 1
(a=0.5 and a = 0.1, respectively), while our experiments always have a > 1 (a =2
and a >~ 3 in set-ups 1 and 2, respectively). We find a linear decrease of the Froude
number with a (not shown here), a trend already reported by Bonometti & Ungarish (2011),
although weaker (a'/#). Dedicated experiments would be required to study further in detail
the slumping of the column, and its dependence on the geometry of the experiments, by
changing, for instance, the lock aspect ratio a.

To conclude, the conceptual model (3.4) reproduces the 6 dependency of the Froude
number for both saline and turbidity currents obtained in the present configuration,
extending available results from the literature focusing mostly on the zero-slope
configuration to predict the front velocity of the current. However, such an approach does
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not allow the influence of the particle settling to be isolated compared to the situation of a
homogeneous saline current. This will be discussed in the following.

3.2. Existence and duration of the slumping regime

The previous section discussed the value of the current velocity during the
constant-velocity (slumping) regime. However, the latter could not be detected in every
experiment. In the following, we discuss its duration and existence with respect to the
settling velocity ug and the excess density A p, while keeping the bottom slope at 7°.

3.2.1. Existence of the constant-velocity regime

Figure 3(a) shows the influence of the settling velocity on the nose propagation of currents
at a fixed Ap =45 g cm ™3 (¢ =3 %). As discussed in § 3.1, all curves exhibit the
same initial constant velocity at a given slope 6, except the largest settling velocity, for
which no clear constant-velocity regime can be observed. For all our experiments, we
classify the cases with (blue dots) or without (orange squares) a constant velocity regime
in figure 3(b), in a (uy, ug) diagram. The cases shown in figure 3(a) are indicated by
a horizontal green rectangle. It highlights a sharp transition at a dimensionless settling
velocity ug/up >~ 0.067 (black dotted line in figure 3b), separating currents for which
a constant velocity regime is observed, with a velocity Fr(f) independent of S, from
currents for which the velocity always decreases.

3.2.2. Duration of the constant-velocity regime

The duration of the constant-velocity regime, i.e. the time #.,4 at which the front evolution
is observed to deviate from a linear trend with ¢, is shown to decrease as the settling
velocity increases (see figure 3a). In the case of homogeneous saline gravity currents,
this duration is approximately f.,q >~ 30fg, as shown in figure 3(c). The latter result is
in agreement with previous experiments and shallow-water modelling, and corresponds
to the duration needed for the bore (current nose of the upper light fluid layer) to reach
the nose of the heavy fluid current (Rottman & Simpson 1983; Ungarish & Zemach
2005). Note that previous studies have reported a prefactor 7,4  ty between 20 and 30,
which corresponds to travel distance 7-12 reservoir lengths (Rottman & Simpson 1983;
Ungarish & Zemach 2005; Chowdhury & Testik 2011; Nogueira et al. 2014; Sher & Woods
2015; Ottolenghi et al. 2016). The difference may result essentially from the difficulty in
measuring f.,s (Rottman & Simpson 1983; Ungarish 2009; Ottolenghi et al. 2016). Then,
in our experiments, slumping regime durations 7., shorter than 30z can be attributed not
to the transition to the classical inertial regime in >/, but rather to a loss of buoyancy
induced by another process, such as entrainment, or more probably particle settling, as
discussed below.

For the smallest glass beads (u; = 0.32 cm s, figure 3(c) shows that they behave
similarly to the saline gravity currents, except for slow currents (low volume fractions,
high 9 = Lo/up) that exhibit smaller #.,4. As the settling velocity increases, an increasing
number of cases do not follow this trend, more likely for large 7y values, until all currents
exhibit smaller ¢,,,; values.

By using #; = ho/ug as a characteristic settling time, which corresponds to the time
required for a particle to settle over the initial column height, we obtain a good collapse of
the data at various settling velocities (see figure 3d). The resulting trend, whose horizontal
axis is now controlled by the Stokes number S, exhibits a transition between two regimes.
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Figure 3. (a) Current nose position as a function of time for various particle settling velocities, at a fixed
volume fraction ¢ = 3 %. (b) Regime diagram indicating currents for which the constant velocity regime
is detected (blue dots) and those where it is not (orange squares). See § 3.2.1 for more details. The black
dotted line indicates a possible linear regime separation, corresponding to u,/ug >~ 0.067. The green rectangle
indicates experiments displayed in (a). (c) Duration of the constant-velocity regime as a function of the current
characteristic time scale, for various particle settling velocities. (d) Same as (c), but with rescaling of both axes
by a settling time scale 7y = hg/us. In both plots, the black dashed line indicates #.,4 = 30¢9. In (d), the vertical
dotted line indicates the limit S >~ 0.033 (see (b) and § 3.2), and the horizontal dash-dotted line indicates the
limit 7,,q = 0.45¢,. In this figure, experiments were performed in set-up 1 (¢ = 2) for 6 = 7°.

For small values of S, the settling is negligible and 7,,,4 scales with #y, as for saline density
currents (black dashed line). For S larger than 0.01, settling can no longer be neglected.
The curve then transitions to a regime controlled entirely by particle settling, fepq o fs
(dash-dotted line), or equivalently, t.n4/f0 X S —1 The trend stops at S >~ 0.033, the limit
over which the constant-velocity regime is no longer observed.

The data presented in figure 3 come from experiments performed in set-up 1, for which
a = 2 is kept constant. As such, it does not allow us to assess the relevance of a (on which
S depends) on the control of the slumping regime duration. However, by comparing data
from set-ups 1 and 2 (different a) for the same particles (thus same uy), one can observe that
a good collapse is obtained when rescaling by the settling time /o /u, (see figure 4). This
highlights the relevance of the lock aspect ratio a in the control of the constant-velocity
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Figure 4. (a) Duration of the constant-velocity regime as a function of the current characteristic time scale,
for various bottom slopes in the two experimental set-ups. (b) Same as (a), but with rescaling of both axes
by a settling time scale #; = ho/us. In both plots, the black dashed line indicates 7.,y = 30fy. In (b), the
vertical dotted line indicates the limit S >~ 0.033 (see figure 3(b) and § 3.2), and the horizontal dash-dotted
line indicates the limit 7,4 = 0.45t. Here, the settling velocity is u; = 0.74 cm s~1.

regime duration. Finally, it has to be noted that no dependence of f.,; with the bottom
slope is found in the range of parameters covered here (see figure 4). The latter result is not
necessarily obvious, as the current velocity in the slumping regime was shown to depend
on @ in § 3.1. However, the slope is a second-order effect here, as already explained.

In conclusion, the slumping regime is controlled dominantly by two parameters. On the
one hand, its duration /1 is obtained to depend mainly on S, while on the other hand, the
corresponding velocity Fr = u./ug is controlled by the bottom slope.

4. Current morphology during the slumping regime

In this section, we focus on the current morphology. During the constant-velocity regime,
the current shape is found to be defined by an average shape in the frame of the current
nose (blue and orange curves in figures 5a,b). Fluctuations around this average profile can
be quantified by the standard deviation as shown in figure 5(d).

4.1. Morphometrics

The quantitative characterization of the current shape has always been a challenge in
the literature, aiming, for example, at the extraction of a current characteristic height.
When velocity or density/concentration profiles are accessible, studies have used a height
weighted by buoyancy (Shin et al. 2004; Marino, Thomas & Linden 2005; Cantero et al.
2007; Sher & Woods 2015) or kinetic energy profiles (e.g. Islam & Imran 2010; Stagnaro &
Bolla Pittaluga 2014). When a single contour is available, the height of the trailing current
behind the head has been used widely to characterize the current shape, provided that it
is well defined (e.g. Simpson & Britter 1980; Bonnecaze et al. 1993; Lowe et al. 2005;
Chowdhury & Testik 2011).
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Figure 5. (a) Current shape for an experiment with an initial volume fraction ¢ = 3 %. Blue lines: all shapes
during the constant velocity regime superimposed with transparency. Orange line: temporal average shape.
Red dashed line: fit of Benjamin’s current shape. Green dashed line: fit of logarithmic shape (4.1). (b) Zoom of
(a) on the first centimetres. The grey rectangle indicates the camera pixel size. (¢) Average shapes during the
constant-velocity regime for various initial volume fractions. (d) The standard deviation corresponding to the
shapes in (c). In (c¢,d), the black dashed lines separate the current head from its body. Not all experiments are
shown, for the sake of clarity. In this figure, grains are silica sand with d ~ 120 pm, and the bottom slope is
0="17°.

As shown in figure 5(c), the shape of the observed currents spans from a single head
(low volume fractions) to a continuous current with no distinguishable head lobe (highest
volume fractions). The same qualitative variation is observed between low and high
settling velocities, or for saline homogeneous currents between low and high excess density
(not shown here).

In order to encompass all these morphologies, we use the following approach. First, we
fit the theoretical shape of a steady current calculated by Benjamin (1968), to which we
add a free vertical shift to account for the nose (foremost point of the head) height induced
by bottom friction (red dashed lines in figures 5a,b). This allows us to extract a current
height Ay, as well as the current nose height 4,. While Benjamin’s shape accounts for the
large-scale behaviour of the current’s head, it does not reproduce well the curvature close
to the nose (dashed red line in figure 5b), and therefore leads to poor estimations of /.
However, we noticed that close to the nose, the current head is well approximated by a
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portion of a logarithm (see green dashed line in figures 5a,b):

h(x) = hy log (xj 8) , 4.1

C
where § is a shift parameter, found to be almost constant for all currents, and therefore fixed
to 1.4 cm (0.14L). Here, hy, gives a characteristic head height representing its geometry,
and h(0) = h,, is the nose height.

Finally, we also noticed that the average current shape can be split into two parts
(figures 5c¢,d). Close to the nose, the head presents relatively small variations during the
current propagation (figure 5d), and is also rather invariant with respect to the volume
fraction (figure 5c), but also to the bottom slope and the settling velocity. On the contrary,
the tail presents the largest temporal fluctuations induced by shear instabilities, and
its morphology depends largely on the volume fraction and the settling velocity (see
§4.2 for further discussion). Such observation suggests the spatial development of a
Kelvin—Helmholtz instability along the interface of the current, from the head (at which
its amplitude remains small) towards the tail of the current. Accordingly, the transition
between head and tail is defined as a change in the standard deviation, found to increase
beyond a distance L behind the current nose (black dashed line in figure 5d). The volume
of the current head (per unit of width), V}, is then calculated on the corresponding distance
of one Ly behind the current nose (black dashed line in figure Sc). The volume of the tail
(per unit of width), V, is calculated as the total volume minus the head volume Vj,.

4.2. Results

The characteristic quantities hp, hy, hy, Vi and V; are shown in figures 6 and 7 for all
experimental runs that exhibit a constant-velocity regime (see § 3.2.1). A key observation
is that all parameters linked to the current head morphology (4, hy, hy, Vi) are found to
be independent of all experimental parameters, excess density (i.e. Re), settling velocity
(i.e. §) and bottom slope (see figure 6). On the other hand, the volume of the tail, V;, is
found to increase with the excess density (i.e. Re) and decrease with the settling velocity
(i.e. S) (see figure 7).

4.2.1. Current height

As shown in figure 6(a), the average current height h;, is ~0.4hg, in agreement with
previous studies (Shin et al. 2004; Sher & Woods 2015). All experimental points also
lie within the predictions of Benjamin and single-layer shallow-water models, /1, = 0.5k,
and two-layer shallow-water models, i, = 0.35/h¢ (Benjamin 1968; Ungarish 2007, 2011).
Note that a slight decrease can be observed for large excess densities, corresponding to
large volume fractions and Reynolds numbers. This could result from non-Boussinesq
effects, although they are predicted to be insignificant in the density ratios range of our
experiments by shallow-water models (Ungarish 2007, 2011).

Likewise, we obtain approximately constant nose and head heights h, >~ 0.13hy and
hy, =~ 0.04h¢ (figures 6b,c). Note that here, £, /hp >~ 0.1, similar to previous measurements
available in the literature for the same range of Reynolds numbers performed on saline
homogeneous density currents (see figure 9 of Hirtel, Meiburg & Necker (2000), and
corresponding measurements of Barr (1963), Keulegan (1957) and others).

Despite the dispersion in our data, it also seems that saline homogeneous currents, and
turbidity currents with the smallest settling velocity, have in general higher heights than
turbidity currents with larger settling velocities (see figures 6a—c). This could result from
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Figure 6. Average shape properties as a function of the bulk Reynolds number for various bottom slopes and
settling velocities: (a) current height, (b) head height, (c) nose height, (d) current head volume.

a less dilute interface induced by larger settling velocities, but investigating this requires
additional dedicated experiments. Finally, the influence of the bottom slope remains
negligible on the current height in the range [0°, 7°].

4.2.2. Current volume

While the current head volume is constant, Vj, >~ 0.25V (see figure 6d), the tail volume
increases with the Reynolds number (see figure 7a). For saline currents and the smallest
settling velocity, this increase is rather linear. However, increasing the settling velocity
leads to smaller values of V;/Vy, which may correspond to a different slope of this
relationship and/or to a different power law. A good collapse is obtained by plotting the

experimental data as a function of the Stokes number, for which we find V;/Vy o« S -1
(see figure 7b). The volume increase cannot be driven solely by the Stokes number, as this
would imply that saline gravity currents, for which S = 0, would have a constant V;/V)
value, which is not the case. This means that V;/V(y depends on both Re and S.

While most currents have V;/Vy > 1, suggesting the presence of water entrainment,
currents for § > 0.03 have V;/Vy < 1, suggesting the dominance of particle settling.
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Figure 7. Average dimensionless current tail volume as a function of the bulk Reynolds number for various
bottom slopes and settling velocities. Intermediate slopes are not shown, to better highlight the effect of the
settling velocity. In (), biased points, typically for Re > 107, represent runs for which we have little confidence
in the tail volume due to the lock opening (see § 5.2 and Appendix B for further discussion). They are removed
in (b). The legend for the colours is the same as in figure 6.

Then the dependence of V;/Vy > 1 with (Re, S) has to be related to entrainment, which is
discussed in § 5.

5. Water entrainment
5.1. Parametrization and hypotheses

Here, we consider a fixed observation window starting at the lock gate and ending at
the end of the illuminated area (nearly the distance L in figure 1, i.e. excluding the initial
reservoir). In this zone, the continuity equation for the current volume V (per unit of width)
can be written as

LA ~ (5.1)
dt _Qe QS+ana .

where Q, and Q; are fluxes induced by water entrainment and particle settling,
respectively. As the observation window does not take into account what is inside the
initial reservoir, an input flux Q;, must be taken into account as long as part of the
suspension is transferred from the reservoir to the current.

The entrainment flux can be written as the quantity of water passing through the
interfacial line between the current and the ambient, I, at velocity w,:

Qe = wel, (5.2)

where w, = Eu, is the entrainment velocity (Jacobson & Testik 2014), and E is the
entrainment coefficient.

As shown in figure 8(a), the temporal evolution of the current volume, as modelled
by (5.1), can be split into three phases. Just after the lock opens, the volume increases
due to the inflow Q;, at the upstream boundary (lock gate) induced by the column
collapse (phase 1: Q;, > 0, Q. > Q). After the reservoir has emptied, only entrainment
and settling remain, during which the increase of the current volume becomes slower
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Figure 8. (a) Current volume as a function of nose position for § = 7.2°, u;, = 0.32 cm s~ and ¢ =0.24 %.
The double arrows are indicative of the three different phases of the evolution of the measured current volume
(see § 5.1 for details). The black dashed line is the result of (5.1), for the total current volume (i.e. Q;, = 0 and
V(t = 0) = Vp), negligible settling (Q; = 0) and constant entrainment flux (Q, = cte), with Q, estimated from
the maximum observed volume, as explained in the text. (b) Water entrainment coefficient as a function of the
bulk Reynolds number. Biased points, typically for Re > 10°, represent runs for which we have little confidence
in the calculated entrainment due to the lock opening (see § 5.2 and Appendix B for further discussion). Not
all error bars are shown, for the sake of clarity. The legend for the coloured circles is the same as in figure 6.

(phase 2: Qi = 0, Q. > Q). As the current increases its volume (entrainment) and loses
some particles (settling), it dilutes up to a point where it gradually passes below the
detection threshold chosen for the contour extraction (see figures 1¢—h). At this point, the
current volume starts to decrease, and (5.1) is no longer applicable (phase 3: Q;, = 0,
Q. < Qy). The ubiquitous presence of settling, combined with the observed diversity
of cases, makes it difficult to distinguish whether the volume increase is due solely to
entrainment. Therefore, we compute a bulk entrainment parameter, by considering the
volume difference between the maximum volume observed and the initial volume in the
reservoir. We assume that at this time, the reservoir has emptied completely, and that
the current velocity is still large enough to neglect settling processes. This assumption
seems relevant as this time remains within the slumping regime, during which the current
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dynamics is not impacted by settling (see § 3.1.1). Following previous studies (Cenedese &
Adduce 2008; Jacobson & Testik 2014; Nogueira et al. 2014; Wilson, Friedrich & Stevens
2017), the entrainment coefficient therefore reads

1 dv 1 dv 1
_—— == —. (5.3)
u. dt dx I'
Following the mentioned literature, the interfacial length I is also taken at the time when
the current volume reaches its maximum.

5.2. Bulk entrainment coefficient

The resulting entrainment coefficients are shown in figure 8(b) as a function of the
Reynolds number, along with data from previous studies. Disregarding biased points
(see below, and Appendix B), an increasing trend with the Reynolds number is visible.
On the other hand, no clear impact of the bottom slope or the settling velocity (or here,
equivalently, particle size) is found in the studied range. This is not surprising for the
bottom slope, as Cenedese & Adduce (2008) have shown that slopes larger than 25° are
needed to increase water entrainment significantly. Note that error bars in figure 8(b) for

Re < 2 x 10* are large because the volume variations induced by entrainment and by
fluctuations during the propagation become of the same order. Moreover, at large Reynolds

numbers (typically, Re > 10°), entrainment saturates to a constant value. However, we
attribute this to bias induced when releasing the initial reservoir. For the corresponding
runs, the release velocity is too small compared to the current velocity. This results in the
mixing of a significant portion of the reservoir with the ambient fluid brought back by the
overlying backflow (see Appendix B for further description). As such, these currents are
still fed by an input flux, even though the slumping regime, controlled by the current head
properties (formed before the opening-induced mixing occurs), is over. This results in an
erroneously measured constant maximum volume.

Overall, as shown by figure 8(b), our data agree well with previous experimental studies
on both saline (Nogueira et al. 2014; Ottolenghi et al. 2016; Balasubramanian & Zhong
2018) and turbidity currents (Jacobson & Testik 2014; Wilson et al. 2017), suggesting a
dominant linear correlation between entrainment and Re. Surprisingly, Wilson et al. (2017)
found constant entrainment values matching the saturation induced by the bias of our data
at Re > 10°. Note that the data of Balasubramanian & Zhong (2018) have been obtained
by a direct method based on buoyancy fluxes, which validates further the entrainment
parametrization used in this and other studies. Despite the dispersion within each dataset,
we find slightly larger entrainment coefficients. Note, however, that the absolute value of
our results depends on the chosen threshold for the current contour extraction, which can
lead to a volume variation corresponding to a vertical downward shift of E of the order of

1072 in our data.

Interestingly, a similar trend (£ increasing with Re, followed by a saturation) has been
found in laboratory and field data on constant-inflow turbidity and gravity currents in a
rotating frame (Cenedese & Adduce 2010; Wells, Cenedese & Caulfield 2010). Note that
the parametrization of Cenedese & Adduce (2010) tends to E o Re'/? for small Reynolds
numbers, a power law that could also match the trend of the data acquired in this study
(see circles in figure 8). However, it should be noted that our dataset is shifted towards
larger values of the Reynolds numbers, i.e. the increase from E ~ 1073 to E =~ 1072 is
found to occur at Re € [10%, 10°] for Fr ~ 0.5 in Cenedese & Adduce (2008). Hence the
corresponding Re value above which E becomes independent of Re is also much larger.
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This suggests that the dependency of E on Re could thus be of relevance for field scale
gravity/turbidity currents. In any case, further work remains to be done to match the
datasets on constant volume and constant inflow gravity/turbidity currents.

6. Conclusion

In the present study, we investigate the slumping regime, characterized as the constant
front velocity regime, of lock-release turbidity currents using an experimental approach.
In particular, we explore systematically the influence of volume fraction, bottom slope
and particle settling velocity, which remains relatively sparse and scattered in the
existing literature. For that purpose, we define the associated independent dimensionless
parameters as the Reynolds number Re, the Stokes number S and the slope 6. Direct
comparison is also made with saline homogeneous gravity currents for which S = 0.

In the explored parameter range, saline and turbidity currents exhibit a constant-velocity
regime, i.e. a slumping regime, only if S < 0.033. We then show that each parameter
dominantly controls one specific property of the slumping regime.

(i) The dimensionless current velocities Fr (i.e. Froude numbers) increase with 6,
while being independent of Re and S. A relevant energetic balance during this
transient regime, including along-slope weight and friction, is found here to provide
the relevant slope effect as Fr(6) = Fro/cosf + Csinf. The values of Fry and
C appear to depend on the experimental device used, thus will require dedicated
attention in future studies.

(ii) The duration of the slumping regime t.,,4 depends on S. For S < 0.01, z,,q =~ 301 as
for saline homogeneous currents. As S increases, the regime duration decreases, up
to being fully controlled by settling, i.e. t,,q =~ 0.45ho/ug, or equivalently, fo,q/t0 =
0.45S~!. For S > 0.033, the slumping regime disappears.

(iii) Entrainment during the slumping regime can be characterized by a time-independent
entrainment coefficient E. For the parameter range covered here, E is found to
increase rather linearly with Re, while being independent of S and 6.

Interestingly, the morphology of the current head is found to be independent of Re, S
and 6. Above a sublayer induced by bottom friction, the head shape is well approximated
by the theoretical shape of Benjamin’s current, with A /ho >~ 0.4. However, close to the
nose, the head is found to be further curved downwards, presumably due to the influence
of bottom friction, and better approximated by a portion of a logarithm, with A, /hg >~ 0.1
and A, /hg >~ 0.04.

Overall, this work supports the modelling of turbidity currents as an average fluid of
equivalent density pp as long as S < 0.01. When S 2 0.01, the current dynamics differ
due to the presence of the settling particles, which in this case would require dedicated
modelling, similarly to non-Newtonian effects in the fluid rheology for large particle
volume fractions (Chowdhury & Testik 2011; Jacobson & Testik 2014). Nevertheless, in
order to completely unravel the origin of the slope effect on the Froude number, further
work on the early transient regime in the case of an inclined bottom is still required,
especially concerning the influence of the lock geometry.
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Appendix A. Grain properties
A.l. Grain size distributions

The particle size distributions are obtained by taking pictures of the grains using a
microscope. The resulting images are segmented using the CellPose algorithm (Pachitariu
& Stringer 2022), leading to a collection of planar shapes for each particle type. For each
shape, three different diameters are calculated: an average diameter assuming a circular
shape, and the major and minor axis of the ellipse that has the same normalized second
central moments as the selected shape.

The resulting distributions are shown in figure 9. For the glass beads, all three diameters
exhibit similar distributions with matching modes. For the silica sand, the average
diameter is between the minor and major axes of the corresponding ellipse. Note that
the measurements for the Silibeads 200-300 pm are lacking, due to problems with the
microscope. However, for the other glass beads, the measured distributions are in fairly
good agreement with the range given by the manufacturer. Therefore, for the Silibeads
200-300 pwm, we take d = 250 pwm.

A.2. Settling velocity
The particle settling velocity is calculated from the equilibrium between buoyancy,

fo = gm0y — P8, (AD)
and the drag force,
fa = gppusnd*Cp, (A2)

where Cp is a drag coefficient, a function of the particle Reynolds number Re,, = usd/v
and therefore of the settling velocity. Various forms of the drag coefficient can be found in
the literature (van der Hoef er al. 2008). Here, we follow the approach of Camenen (2007)
by writing the drag coefficient in the form

A 1/m m
Cp = (—) +BY/m| (A3)
Re,

where A and B are two constants that depend on the particle shape. Balancing the two
forces thus leads to the following expression for the settling velocity:

m

v 1 (ANY™  ra B\ 1 A\
—ug= |- (= - (2 , A4
a" 4 <B) * (3 B) 2 (B) (A9
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Figure 9. Grain size distributions for the particles used in the paper: (a) Silibeads 40-70 pm, (b) sand
120 pwm, (c¢) Silibeads 100-200 pm, (d) Silibeads 150-250 pm. The solid lines are fits of log-normal
distributions, and the modal value of the average diameter distribution is shown at the upper right of
each plot.

where dy, = ((s — 1)g/v>)?3d is a dimensionless particle diameter, and s = Pp/ of-
Following the empirical calibration by Camenen (2007), we use A = 24, B = 0.4 and
m = 1.92, which corresponds to spherical particles.

To check the calculated settling velocities, we use a simple experimental set-up in
which we put the particles in suspension in a fluid column by stirring strongly, and then
follow the front of the suspension as the particle sediments. As shown by figure 10,
the calculated settling velocities match the experimental ones for dilute enough volume
fractions. However, the measured settling velocity decreases with the volume fraction, as
observed previously in the literature (Richardson & Zaki 1954). Note that the observed

decrease is faster than the typical correction in (1 — ¢)!/3 proposed by Richardson & Zaki
(1954), especially at low-volume fractions. According to Di Felice (1995), the Richardson
& Zaki (1954) regime is reached only for volume fractions larger than 10 %. For more
dilute suspensions, the decrease of the settling velocity with ¢ is stronger. Thus we leave
out this complex dependence on particle volume fraction, and restrict ourselves to the
settling velocities calculated using (A4).

Appendix B. Entrainment induced by the door opening

In §5.2, we observed that the measured entrainment coefficient saturates to a constant
value for Re > 10°. This is attributed to the opening of the lock gate, snapshots of which
are shown in figure 11.

The first source of entrainment is induced at the beginning of the gate opening. As shown
by figures 11(a—c), in the beginning, the tank empties as the suspension flows out of the
bottom with no opportunity for the ambient fluid to create a counter-current at the top (the

974 A4-20


https://doi.org/10.1017/jfm.2023.762

https://doi.org/10.1017/jfm.2023.762 Published online by Cambridge University Press

Slumping regime in lock-release turbidity currents

1.2 _

1.0

v/ug

0.6

S—— * h
04+ -4 Sand 120 pm
Silibeads 100200 pwm

Silibeads 150-250 wm

02} 4
<4 Silibeads 200-300 wm
Silibeads 40-70 wm
0 L 1 L L L P | L L L L L L PR |
1072 107!
¢ (%)

Figure 10. Dimensionless measured particle velocity as a function of the particle volume fraction. Note that
the error bars essentially come from the uncertainty in the calculation of u; from (A4), inherited from the
parameter uncertainties (grain size, water viscosity, densities).
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Figure 11. Close-up on the opening of the door for an experiment made with silica sand (d ~ 120 pwm,
u; =0.74 cm s~ ) for ¢ ~ 8 %.

locked door is impermeable). As soon as the gate has opened higher than the height of the
current (figures 11d,e), the ambient fluid creates a counter-current just above the turbidity
current, thus mixing the ambient fluid with the suspension and refilling the lock. Note that
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this first mechanism induces a dilution of approximately <10 % of the suspension behind
the lock (inferred from the reservoir volume to be filled in figure 11¢).

A second source of entrainment occurs when the suspension column begins to collapse.
As shown by figures 11(f—h), the column collapse begins at the level of the bottom of
the door, not properly at the top of the lock. This creates an intrusion of ambient fluid
inside the lock, surrounded at the top and bottom by the suspension (figure 11g). This
unstable situation is resolved quickly by the collapse of the upper part of the suspension,
which mixes with the ambient fluid below (figures 114,i). The result, at the end of the
gate opening, is a full lock of suspension at a smaller volume fraction than the initial one,
although a large volume of suspension has already been released into the turbidity current.

For these runs, the reservoir then becomes much larger than its initial volume, causing
the resulting currents to fill the entire length of the tank. The corresponding maximum
current volumes are therefore constant, corresponding approximately to /L1, and so are
the corresponding entrainment coefficients. Note that the current head, which controls the
current dynamics during the slumping regime, has the appropriate initial volume fraction
since it forms before the second mechanism occurs.

REFERENCES

BAINES, P.G. 2001 Mixing in flows down gentle slopes into stratified environments. J. Fluid Mech. 443,
237-270.

BALASUBRAMANIAN, S. & ZHONG, Q. 2018 Entrainment and mixing in lock-exchange gravity currents using
simultaneous velocity—density measurements. Phys. Fluids 30 (5), 056601.

BARR, D. 1963 Densimetric exchange flow in rectangular channels. I. Definitions, review and relevance to
model design. La Houille Blanche 7, 739-756.

BEGHIN, P., HOPFINGER, E.J. & BRITTER, R.E. 1981 Gravitational convection from instantaneous sources
on inclined boundaries. J. Fluid Mech. 107, 407-422.

BENJAMIN, T.B. 1968 Gravity currents and related phenomena. J. Fluid Mech. 31 (2), 209-248.

BIRMAN, V.K., BATTANDIER, B.A., MEIBURG, E. & LINDEN, P.F. 2007 Lock-exchange flows in sloping
channels. J. Fluid Mech. 577, 53-77.

BLANCHETTE, F., STRAUSS, M., MEIBURG, E., KNELLER, B. & GLINSKY, M.E. 2005 High-resolution
numerical simulations of resuspending gravity currents: conditions for self-sustainment. J. Geophys. Res.
110, C12022.

BONNECAZE, R.T., HALLWORTH, M.A., HUPPERT, H.E. & LISTER, J.R. 1995 Axisymmetric
particle-driven gravity currents. J. Fluid Mech. 294, 93—121.

BONNECAZE, R.T., HUPPERT, H.E. & LISTER, J.R. 1993 Particle-driven gravity currents. J. Fluid Mech.
250, 339-369.

BONNECAZE, R.T. & LISTER, J.R. 1999 Particle-driven gravity currents down planar slopes. J. Fluid Mech.
390, 75-91.

BONOMETTI, T. & UNGARISH, M. 2011 A numerical investigation of high-Reynolds-number constant-volume
non-Boussinesq density currents in deep ambient. J. Fluid Mech. 673, 574-602.

BORDEN, Z. & MEIBURG, E. 2013 Circulation based models for Boussinesq gravity currents. Phys. Fluids
25 (10), 101301.

BRITTER, R.E. & LINDEN, P.F. 1980 The motion of the front of a gravity current travelling down an incline.
J. Fluid Mech. 99 (3), 531-543.

CAMENEN, B. 2007 Simple and general formula for the settling velocity of particles. J. Hydraul. Engng
133 (2), 229-233.

CANTERO, M.I., LEE, J.R., BALACHANDAR, S. & GARCIA, M.H. 2007 On the front velocity of gravity
currents. J. Fluid Mech. 586, 1-39.

CANTERO, M.1., SHRINGARPURE, M. & BALACHANDAR, S. 2012 Towards a universal criteria for turbulence
suppression in dilute turbidity currents with non-cohesive sediments. Geophys. Res. Lett. 39 (14),
1-5.

CARTER, L., GAVEY, R., TALLING, P.J. & L1U, J.T. 2014 Insights into submarine geohazards from breaks in
subsea telecommunication cables. Oceanography 27 (2), 58-67.

CENEDESE, C. & ADDUCE, C. 2008 Mixing in a density-driven current flowing down a slope in a rotating
fluid. J. Fluid Mech. 604, 369-388.

974 A4-22


https://doi.org/10.1017/jfm.2023.762

https://doi.org/10.1017/jfm.2023.762 Published online by Cambridge University Press

Slumping regime in lock-release turbidity currents

CENEDESE, C. & ADDUCE, C. 2010 A new parameterization for entrainment in overflows. J. Phys. Oceanogr.
40 (8), 1835-1850.

CHOWDHURY, M. & TESTIK, F. 2011 Laboratory testing of mathematical models for high-concentration fluid
mud turbidity currents. Ocean Engng 38 (1), 256-270.

CLARE, M., et al. 2020 Lessons learned from the monitoring of turbidity currents and guidance for future
platform designs. Geol. Soc. 500 (1), 605-634.

Dal, A. 2013 Experiments on gravity currents propagating on different bottom slopes. J. Fluid Mech. 731,
117-141.

DAI1, A. 2014 Non-Boussinesq gravity currents propagating on different bottom slopes. J. Fluid Mech. 741,
658-680.

D1 FELICE, R. 1995 Hydrodynamics of liquid fluidisation. Chem. Engng Sci. 50 (8), 1213-1245.

DOBRAN, F., NERI, A. & TODESCO, M. 1994 Assessing the pyroclastic flow hazard at Vesuvius. Nature
367 (6463), 551-554.

HALLWORTH, M.A., HOGG, A.J. & HUPPERT, H.E. 1998 Effects of external flow on compositional and
particle gravity currents. J. Fluid Mech. 359, 109-142.

HARRIS, C.R., et al. 2020 Array programming with NumPy. Nature 585, 357-362.

HARRris, T.C., HOGG, A.J. & HUPPERT, H.E. 2001 A mathematical framework for the analysis of
particle-driven gravity currents. Proc. R. Soc. Lond. A 457 (2009), 1241-1272.

HARTEL, C., MEIBURG, E. & NECKER, F. 2000 Analysis and direct numerical simulation of the flow at a
gravity-current head. Part 1. Flow topology and front speed for slip and no-slip boundaries. J. Fluid Mech.
418, 189-212.

VAN DER HOEF, M.A., VAN SINT ANNALAND, M., DEEN, N. & KUIPERS, J. 2008 Numerical simulation
of dense gas—solid fluidized beds: a multiscale modeling strategy. Annu. Rev. Fluid Mech. 40, 47-70.

HoGG, A.J., UNGARISH, M. & HUPPERT, H.E. 2000 Particle-driven gravity currents: asymptotic and box
model solutions. Eur. J. Mech. B/Fluids 19 (1), 139-165.

HoGG, A.J. & WooDs, A.W. 2001 The transition from inertia- to bottom-drag-dominated motion of turbulent
gravity currents. J. Fluid Mech. 449, 201-224.

HUNTER, J.D. 2007 Matplotlib: a 2D graphics environment. Comput. Sci. Engng 9, 90-95.

HUPPERT, H.E. 1998 Quantitative modelling of granular suspension flows. Phil. Trans. R. Soc. Lond. A
356 (1747), 2471-2496.

HUPPERT, H.E. & SIMPSON, J.E. 1980 The slumping of gravity currents. J. Fluid Mech. 99 (4), 785-799.

IKEDA, J. & TESTIK, F.Y. 2021 Propagation, deposition, and suspension characteristics of constant-volume
particle-driven gravity currents. Environ. Fluid Mech. 21 (1), 177-208.

IsLAM, M.A. & IMRAN, J. 2010 Vertical structure of continuous release saline and turbidity currents.
J. Geophys. Res. 115, C08025.

JACOBSON, M. & TESTIK, F. 2014 Turbulent entrainment into fluid mud gravity currents. Environ. Fluid
Mech. 14 (2), 541-563.

KEULEGAN, G. 1957 An experimental study of the motion of saline water from locks into fresh water channels.
Tech. Rep. 5168. National Bureau of Standards.

KHODKAR, M., NASR-AZADANI, M. & MEIBURG, E. 2017 Partial-depth lock-release flows. Phys. Rev.
Fluids 2 (6), 064802.

KonorL1v, N., SMITH, S.G.L., MCELWAINE, J. & MEIBURG, E. 2016 Modelling gravity currents without
an energy closure. J. Fluid Mech. 789, 806-829.

LIPPERT, M.C. & WoODs, A.W. 2020 Experiments on the sedimentation front in steady particle-driven
gravity currents. J. Fluid Mech. 889, A20.

LONGO, S., UNGARISH, M., D1 FEDERICO, V., CHIAPPONI, L. & PETROLO, D. 2018 Gravity currents
produced by lock-release: theory and experiments concerning the effect of a free top in non-Boussinesq
systems. Adv. Water Resour. 121 (July), 456-471.

LOWE, R.J., ROTTMAN, J.W. & LINDEN, P. 2005 The non-Boussinesq lock-exchange problem. Part 1. Theory
and experiments. J. Fluid Mech. 537, 101-124.

MAGGI, M.R., ADDUCE, C. & NEGRETTI, M.E. 2022 Lock-release gravity currents propagating over
roughness elements. Environ. Fluid Mech. 22, 383-402.

MARINO, B., THOMAS, L. & LINDEN, P. 2005 The front condition for gravity currents. J. Fluid Mech. 536,
49-78.

MAXWORTHY, T. & NOKES, R.I. 2007 Experiments on gravity currents propagating down slopes. Part 1. The
release of a fixed volume of heavy fluid from an enclosed lock into an open channel. J. Fluid Mech. 584,
433-453.

NECKER, F., HARTEL, C., KLEISER, L. & MEIBURG, E. 2002 High-resolution simulations of particle-driven
gravity currents. Intl J. Multiphase Flow 28 (2), 279-300.

974 A4-23


https://doi.org/10.1017/jfm.2023.762

https://doi.org/10.1017/jfm.2023.762 Published online by Cambridge University Press

C. Gadal, M.J. Mercier, M. Rastello and L. Lacaze

NOGUEIRA, H.I., ADDUCE, C., ALVES, E. & FRANCA, M.J. 2014 Dynamics of the head of gravity currents.
Environ. Fluid Mech. 14 (2), 519-540.

OTTOLENGHI, L., ADDUCE, C., INGHILESI, R., ARMENIO, V. & ROMAN, F. 2016 Entrainment and mixing
in unsteady gravity currents. J. Hydraul. Res. 54 (5), 541-557.

PACHITARIU, M. & STRINGER, C. 2022 CellPose 2.0: how to train your own model. Nat. Methods 19 (12),
1634-1641.

RASTELLO, M., ANCEY, C., OUSSET, F., MAGNARD, R. & HOPFINGER, E.J. 2002 An experimental study
of particle-driven gravity currents on steep slopes with entrainment of particles. Nat. Hazards Earth Syst.
Sci. 2 (3-4), 181-185.

RICHARDSON, J. & ZAKI, W. 1954 The sedimentation of a suspension of uniform spheres under conditions
of viscous flow. Chem. Engng Sci. 3 (2), 65-73.

Ross, A.N., LINDEN, P. & DALZIEL, S.B. 2002 A study of three-dimensional gravity currents on a uniform
slope. J. Fluid Mech. 453, 239-261.

ROTTMAN, J.W. & SIMPSON, J.E. 1983 Gravity currents produced by instantaneous releases of a heavy fluid
in a rectangular channel. J. Fluid Mech. 135, 95-110.

SEON, T., HULIN, J.-P., SALIN, D., PERRIN, B. & HINCH, E.J. 2005 Buoyancy driven miscible front
dynamics in tilted tubes. Phys. Fluids 17 (3), 031702.

SHER, D. & WooDs, A.W. 2015 Gravity currents: entrainment, stratification and self-similarity. J. Fluid
Mech. 784, 130-162.

SHIN, J., DALZIEL, S. & LINDEN, P. 2004 Gravity currents produced by lock exchange. J. Fluid Mech. 521,
1-34.

SIMPSON, J. & BRITTER, R. 1980 Experiments on the dynamics of the front of a gravity current. J. Fluid
Mech. 88, 223-240.

SIMPSON, J.E. 1972 Effects of the lower boundary on the head of a gravity current. J. Fluid Mech. 53 (4),
759-768.

STAGNARO, M. & BOLLA PITTALUGA, M. 2014 Velocity and concentration profiles of saline and turbidity
currents flowing in a straight channel under quasi-uniform conditions. Earth Surf. Dyn. 2 (1), 167-180.
STEENHAUER, K., TOKYAY, T. & CONSTANTINESCU, G. 2017 Dynamics and structure of planar gravity

currents propagating down an inclined surface. Phys. Fluids 29 (3), 036604.

STETHEM, C., JAMIESON, B., SCHAERER, P., LIVERMAN, D., GERMAIN, D. & WALKER, S. 2003 Snow
avalanche hazard in Canada — a review. Nat. Hazards 28 (2), 487-515.

UNGARISH, M. 2007 A shallow-water model for high-Reynolds-number gravity currents for a wide range of
density differences and fractional depths. J. Fluid Mech. 579, 373-382.

UNGARISH, M. 2009 An Introduction to Gravity Currents and Intrusions. Chapman and Hall/CRC.

UNGARISH, M. 2011 Two-layer shallow-water dam-break solutions for non-Boussinesq gravity currents in a
wide range of fractional depth. J. Fluid Mech. 675, 27-59.

UNGARISH, M. & ZEMACH, T. 2005 On the slumping of high Reynolds number gravity currents in
two-dimensional and axisymmetric configurations. Eur. J. Mech. B/Fluids 24 (1), 71-90.

VIRTANEN, P., et al. 2020 SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat. Methods
17, 261-272.

VON KARMAN, T. 1940 The engineer grapples with nonlinear problems. Bull. Am. Math. Soc. 46 (8), 615-683.

WELLS, M., CENEDESE, C. & CAULFIELD, C.P. 2010 The relationship between flux coefficient and
entrainment ratio in density currents. J. Phys. Oceanogr. 40 (12), 2713-27217.

WELLS, M.G. & DORRELL, R.M. 2021 Turbulence processes within turbidity currents. Annu. Rev. Fluid
Mech. 53, 59-83.

WILSON, R.I., FRIEDRICH, H. & STEVENS, C. 2017 Turbulent entrainment in sediment-laden flows
interacting with an obstacle. Phys. Fluids 29 (3), 036603.

XIE, J., Hu, P., ZHU, C., YU, Z. & PAHTZ, T. 2023 Turbidity currents propagating down an inclined slope:
particle auto-suspension. J. Fluid Mech. 954, A44.

974 A4-24


https://doi.org/10.1017/jfm.2023.762

	1 Introduction
	2 Methods
	2.1 Experimental set-ups
	2.2 Parameter space and relevant dimensionless quantities

	3 Current dynamics during the slumping regime
	3.1 Nose position and velocity
	3.1.1 Slumping behaviour
	3.1.2 Effect of the bottom slope

	3.2 Existence and duration of the slumping regime
	3.2.1 Existence of the constant-velocity regime
	3.2.2 Duration of the constant-velocity regime


	4 Current morphology during the slumping regime
	4.1 Morphometrics
	4.2 Results
	4.2.1 Current height
	4.2.2 Current volume


	5 Water entrainment
	5.1 Parametrization and hypotheses
	5.2 Bulk entrainment coefficient

	6 Conclusion
	Appendix A. Grain properties
	A.1 Grain size distributions
	A.2 Settling velocity

	A Appendix B. Entrainment induced by the door opening
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


