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ABSTRACT

In the lock-exchange technique used to produce gravity currents, two fluids of different densities are initially at
rest in a tank and separated by a vertical barrier, the lock gate. When this gate is suddenly removed, the two
fluids come into contact and, due to differences in the hydrostatic pressure, the denser fluid flows along the
bottom boundary of the tank, while the lighter fluid flows in the opposite direction above the gravity current.
The initial volume of the denser mixture was found to highly influence the hydrodynamics behavior of the
gravity current. The artifacts produced by the geometry of a limited lock exchange release are partly
suppressed by increasing the volume of denser fluid and making it, at least, equal to the ambient fluid volume.
In the present study the influence of the initial volume release is investigated focusing the attention on the
potential capacity of the current to entrain sediments from an erodible bed. In fact, the erosive capacity has
found to be a crucial characteristic of these type of flows responsible for the displacement of important
sediment volumes. These flows are thus an important mechanisms of distal transport of sediments in the
subaqueous environment. In these experiments, the lock gate was placed at three different locations to have
three initial volumes of release. Two initial gravity current’s densities were tested to have a total of nine
experiences to compare. Using 3D instantaneous velocity measurements, the hydrodynamics of the gravity
currents are analyzed. The bottom shear stress is estimated from the hydrodynamics measurements. Through
the investigation of the instantaneous flow and turbulent quantities, the differences in the potential erosion
capacities are discussed as function of the initial conditions of the gravity current.

Keywords: Lock-exchange gravity currents, initial volume of release, bottom shear stress, fine sediment
entrainment, 3D instantaneous velocity profiles.

1 INTRODUCTION

Gravity currents are buoyancy driven flows created by differences in hydrostatic pressure between two
fluids of different densities which are coming into contact. In a channel, the denser fluid flows along the bottom
boundary, while the lighter fluid flows along the top boundary, in the opposite direction. Gravity currents are
characterized by an important exchange at two interfaces, one at the interface with the lighter fluid and one at
the bottom with the surface over which they flow. In nature, examples of gravity currents are multiples and in
most of the cases, if the lower boundary over which they travel is mobile, they are characterized by a
significant interaction with sediments. Consider the cases of lava flows, dust storms or snow avalanches: the
presence of sediments entrained from the bed increases the density of the fluid. In water, suspended
sediments at relative high concentration cause the formation of turbidity currents. Flowing over a variety of
topography and different bed composed of erodible material, entrainment and eventually deposition of
sediments can take place at a rate that depends on the characteristic of both the current and of the bed. Field
studies have provided quantitative information in the nature of turbidity currents in lakes and reservoirs (De
Cesare, 1988; De Cesare et al., 1998), but direct measurements are difficult to perform given the difficulties in
handle the instrumentation: gravity currents have a destroying force that often make impossible to keep any
type of installation (Parker et al., 1987). Thus, the utility of controlled laboratory experiments becomes evident
(Parker et al., 1987). Advanced in experimental technology have increased our understanding from broad
description of the gravity current morphology to the inner structure of turbulence in these currents (Kneller and
Buckee, 2000).

Gravity currents experiments have been traditionally simulated through the lock-exchange configuration
(Huppert and Simpson, 1980; Rottman and Simpson, 1983; Adduce et al., 2012; Nogueira et al., 2014; Theiler
and Franca, 2016) that consists on the release of a volume of dense fluid into the lighter one, with the two
fluids that are at the beginning at rest and separated by a gate. The aspect ratio of the denser volume is

generally of the order of one (R = ho/x0 ~ O(1), ho the water column depth and x, the lock length). Although

partially idealized, such conditions provide and functional initial configuration for both theoretical
considerations and numerical simulations (Hogg, 2006) and a closer affinity to real conditions. Continuous
release of dense mixture is a second type of experiments that have been developed to produce currents that,
by running much longer time periods than lock-exchange currents develop a stationary body. This brings the
advantage of using averaging procedures to characterize the current (Tokyay et al., 2011). Recently, in order
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to overcome the restrictions imposed by both set-up, gravity currents have been more frequently produced by
lock-exchange with a lower aspect ratio: the initial volume of heavier fluid is comparable to the volume of the
lighter one in the second part of the channel (Shin et al., 2004). This configuration allows the formation of an
extended slumping phase in which the front velocity is almost constant. In these conditions, a quasi-steady
regime is formed, similar to the steady state observed for constant feed gravity.

Few contributions focus on a detailed description of current’s hydrodynamic at the lower boundary and
even less on the ability of a gravity current to entrain material from the bed. This relevant characteristic of
gravity currents is intended to be reproduced in the laboratory environment. In order to understand which is
the influence in the erosion capacity estimation of the volume of release of gravity currents, lock lengths
increasingly shorter have been tested. Initial conditions change the hydrodynamic characteristics of the
current and so the entrainment potential is affected. The bottom shear stress is highly linked to sediment
transport and so it is an indicator of the variation in the erosion capacity of gravity currents formed under
different architectures.

Three gravity current initial densities have been tested combined with three lock-lengths. 3D velocity
profiles were measured with the ADVP (Acoustic Doppler Velocity Profiler). The velocity field and the vorticity
is presented. The bottom shear stress have been calculated through the logarithmic law of the wall theory and
its time-development compared among the tests performed.

The present paper is structured as follows: first of all experimental set-up, instrumentations and
experimental parameters are presented. Then the velocity field is described through the vector, streamwise
velocity and vorticity field plots. The time evolution of bottom shear is also reported and discussed. In the final
section the main findings are summarized and particular attention is given to the possible further steps of this
research.

2 METHODS

2.1 Experimental set-up

The flume used to reproduce the gravity currents is 7.5 m long and 0.275 m wide, and it is divided into
two sections by a vertically sliding gate. An upstream reach serves as head tank for the dense mixture that is
made by dissolving sodium chloride to ambient water. A downstream reach is where the current propagates
and where the main measurements are made at a sufficient distance from the gate so to have a completely
formed current after the lock opening. The bottom is horizontal and smooth along the whole channel. Three

aspect ratios R = ho/xo have been tested (Figure 1). The water depth (hy) have been kept constant and

equal to 0.2 m, values of xq (LO, L1, L2 in Figure 1) are summarized in Table 1. Downstream, the current is let
to dissipate flowing down into a final large inertial tank.

Figure 1. 3D view of the experimental set-up.
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2.2 Measurements and instrumentation

The 3D Acoustic Doppler Velocity Profiler (ADVP) (Lemmin and Rolland, 1997; Franca and Lemmin,
2006) is a non-intrusive sonar instrument that measures the instantaneous velocity profiles using the Doppler
effect. It takes 3D instantaneous velocity measurements during the passage of the density current over a
vertical, including the upper counter flow. For studies of turbulent flow, a high sampling frequency is desirable.
The minimum number of pulse-pairs was here fixed at 32, due to our working conditions, which corresponds
to a frequency of acquisition of 31.25 Hz (Lemmin and Rolland, 1997). The instrument consists of a central
emitter surrounded by four receivers. The geometric configuration is the result of an optimization of the
instrument that allows noise reduction by creating redundancy information for the velocity components
(Blanckaert and Lemmin, 2006). This, together with the despiking procedure proposed by Goring and Nikora
(2002), leads to a considerable reduction in the noise level of the data set. The velocity data consists of
instantaneous 3D velocity profiles along a vertical. The analysis of the power spectra of the raw data collected
with the ADVP allows the identification of the noisy frequencies that where furthermore cut off through a low-
pass filter of the signal. The maximum time window which allowed to still recognize the characteristic
frequencies of the signal was analyzed in order to apply a moving averaging to define the mean velocity field,
following Baas et al. (2005).

2.3 Experimental parameters
The experimental parameters of the nine tests performed are shown in Table 1 where py is the gravity
current initial density (as measured with a densimeter in the upstream reach), g’is the initial reduced gravity of

- [1]
gv:gpo pa
Pa

the dense fluid defined as:
The lock-length (L) have been varied, the ratio of volume calculated as ViV, (Vo the volume

Uh, 2]
B A%

Re,

with U =,/g'h_ the buoyancy velocity.

correspondent to the longer lock) is calculated and reported in Table 1. Re is the Reynolds number
determined as:

Each run have been called R7, R2 and R3 to identify the gravity current’s initial density, from the lowest
one to the greatest, and L0, L1 and L2 stands for the lock-length as shown in Figure 1.

Table 1. Experimental parameters for all experiments.

Po ) g’ L ViNo Req

kg/m® m°/s m - x10°

R1.LO 1028 0.29 2.500 1.00 48.2
R1.L1 1028 0.29 1.250 0.50 48.2
R1.L2 1028 0.29 0.625 0.25 48.2
R2.LO 1038 0.39 2.500 1.00 55.7
R2.L1 1038 0.39 1.250 0.50 55.7
R2.L3 1038 0.39 0.625 0.25 55.7
R3.LO 1048 0.49 2.500 1.00 62.4
R3.L1 1048 0.49 1.250 0.50 62.4
R3.L2 1048 0.49 0.625 0.25 62.4

3 RESULTS

3.1 Flow description

The mean streamwise and vertical instantaneous velocity components collected with the ADVP
instrumentation are reported in Figure 2 as vector field, for all the tests performed, and for the first 10
seconds. We focus here on the head of the current, the most turbulent part of the current and where the
greatest vertical movements are identified. Red dotted lines indicate the contour of the current that on the plot
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is flowing from the right to the left side. The swirling movements of eddies are identified in correspondence of

the high velocity difference at the interface between the heavy and light fluids. These movements are called

Kelvin-Helmholtz instabilities that shed from the head of the current as the front advances. The mean vorticity
was calculated as:

3]

where w is the vertical mean velocity component and u is the streamwise one. The two terms above have
been calculated according to the algorithm proposed by Sveen (2004), Raffel et al. (2013) and used by
Nogueira et al. (2013) as follows:

8w| B 2Wi+z,j T Wii ™ Wi _2Wi—2,j (4]
0x |i,j 10Ax

@ _ 2ui,j+2 U0 U _2ui,j—2 5]
0z}, ; 10Az

being i and j the coordinate of measuring points for streamwise and vertical directions x and z and indicated
as Ax and Az are the distances between adjacent points.

The computed vorticity field is shown in Figure 2 as background of the vector field. In general, two
regions of opposite vorticity are observed. The structures in the interfacial shear layer rotate clockwise,
accelerating towards the back of the current, within the current, and defining a region of negative vorticity. By
continuity, the ambient fluid above is accelerated towards the upper layer and a region of positive vorticity is
individuated. In Figure 2 for test R2.L0 the movements are put in evidence with arrows.
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Figure 2.Vorticity field n (s”) and (u,w) vector plot for all the tests performed with increasing initial densities
from column on the left side to column on the right side and decreasing lock-length from first row on the top to
the bottom. For test R2.L0 the movements of the fluid are put in evidence with arrows
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3.2 Bed shear stress

Under the assumptions of flow gradually varied in the longitudinal direction, essentially two dimensional in
vertical plane, and with high relative submersion, the longitudinal velocity in the overlapping layer can be fitted
to the logarithmic law of the wall (Eq. [6], Ferreira et al., 2012) following the procedure presented in (Zordan et

al., 2016):
wziln[g) o
U, K Z,

where u=u(z) is the mean longitudinal velocity (generally averaged over a sufficiently long time scale), u, is
the friction velocity, k is the von Karman constant (k[ 0.41), z is the vertical coordinate and z, is the zero-
velocity level (which is the vertical coordinate of the closest velocity measurement to the bottom, as collected
with the ADVP).

The fitting procedure of the logarithmic layer is adopted for each instantaneous mean profile collected with
the ADVP instrumentation thus an estimation of the bed shear stress is made for each measuring instant. The
evolution of the bed shear stress along the streamwise direction is shown in Figure 3 over the current velocity
as a background.
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Figure 3. Bed shear stress evolution computed after the fitting procedure of the log layer for all the tests
performed with increasing initial densities from column on the left side to column on the right side and
decreasing lock-length from first row on the top to the bottom.

The bed shear stress generally shows greater values in the frontal region of the current due to the high
velocity of the head. Bed shear stress is generally greater for currents of larger initial density. Tests conducted
under reduced lock-length produce shorter currents, with a more defined tail and not developed body, and
they show a large peak of bed shear stress at the head followed by a steep diminution. The quasi-steady body
of the longest lock-length tests present a long-lasting residual bottom shear stress.

4 DISCUSSION

Bed entrainment is related to the evolution of bed shear stress. Once the bed shear stress exceed a
certain threshold the entrainment takes place. In order to estimate the potential of bed sediment entrainment
by the passage of a gravity current, a new quantity has been defined. The evolution in time of the integral of

T
the bed shear stress @(t) = '[ T, (t)dt which, for a fixed advection velocity, represents the work done from t=0
0
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to t=T, per unit surface. The increment in time of this quantity, namely its slope (a power per unit surface), is
an indicator of the type of the erosion potential of the gravity current.
In Figure 4, ®(t) have been calculated for the nine performed tests. For each geometrical configuration

(LO, L1 and L2), the slope of the integral bottom shear stress is increasing with the initial density: steeper lines
are identified going from R1 to R3. The slope for the smallest lock-length (L3) grows faster than the other
configurations, flattening at around t=10s. At this point the high velocity core of the currents have already
passed and consequently the erosion potential is expected to fade.
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Figure 4. Time evolution of the temporal integral of the bed shear stress. In black are the tests with the lowest
(R1) initial density, dark gray is R2 and light gray is for the largest initial density (R3). The solid line is for tests
with the configuration L0, dotted line is L7 and punctuated line is L2.

5 CONCLUSION

In order to have a quantification of the entrainment capacity of a gravity current, the bed shear stress
have to be estimated. At the moment experimental investigation on this subject are very few due to the
difficulties of having accurate velocities measurements in the vicinity of the bed (Ooi at al., 2009). The
development of bed shear stress is influenced by the initial conditions in which the current form. In this paper
the influence of the lock-length on the temporal evolution of bed shear stress due to gravity currents is
investigated. The head has been found to be characterized by the highest values of bed shear stress. The
body has relevant values of bed shear stresses just when it is well defined, as when the lock-exchange
technique to produce gravity currents approach the continuous release, i.e. in the LO with the highest volume
of initial dense fluid tests. An indicator of the type of time-evolution of the bed shear stress has been defined
with @ (t) . The characterization of bed shear stress evolution depending on the set-up configuration was
discussed. For the next steps we intend to simulate a mobile bed over which the gravity current flows and

entrains sediments. Measurements of volumes of entrained material will be thus possibly related to the herein
estimated bed shear stress.
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