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ABSTRACT

For this numerical work, we are interested in
the prediction of a mono-disperse dilute suspension
particle-laden flow in the typical lock-exchange con-
figuration. The main objective is to investigate the in-
fluence of the Reynolds number in such flows. 2D and
3D Direct Numerical Simulations (DNS) with three
different Reynolds numbers are presented with com-
parisons with previous experimental and numerical
works.

INTRODUCTION

Gravity currents are very common in nature, ei-
ther in atmosphere due to sea-breeze fronts, in moun-
tain avalanches of airborne snow or debris flow, or
in the ocean due to turbidity currents or river plumes
(Simpson, 1982). In this numerical study, we focus
on particle-laden hyperpycnal flows, with negative-
buoyancy, where dynamics play a central role in the
formation of hydrocarbon reservoirs (Meiburg and
Kneller, 2009). Moreover, these particle-driven grav-
ity currents are often extremely dangerous for the sta-
bility of submarine structures placed at the sea-floor
like pipelines or submarines cables. It is clear that
the understanding of the physical mechanism associ-
ated with these currents as well as the correct predic-
tion of their main features are of great importance for
practical and theoretical purposes. For this work, we

are interested in the prediction of a mono-disperse di-
lute suspension particle-laden flow in the typical lock-
exchange configuration. We consider only flat sur-
faces using DNS (Direct Numerical Simulation). Our
approach takes into account the possibility of particles
deposition but ignores erosion and/or re-suspension.
Note that in dilute suspensions, the particle volume
fraction is considered relatively small, typically well
below 1%.

Previous results for this kind of flows were
obtained in laboratory experiments (de Rooij and
Dalziel, 2001; Gladstone et al., 1998), using simpli-
fied theoretical models (Rottman and Simpson, 1993;
Bonnecaze et al., 1993), or by numerical simula-
tions (Necker et al., 2002; Necker et al., 2005; Nasr-
Azadani et al., 2011). It was shown that boundary
conditions, initial conditions associated with the lock
configuration, and particle sizes can have a strong
influence on the main characteristics of this kind of
flows.

The principal objective of this numerical study
is to investigate the turbulence structures in such
flows for various Reynolds numbers for bi- and three-
dimensional configurations. Particularly, we will fo-
cus on changes occuring in the current front. The
main features of the flow are related with the tem-
poral evolution of the front location as well as the
suspended sediment mass, sedimentation rate, and the
resulting streamwise deposit profiles.
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Figure 1: Schematic view of the initial configuration
of the lock-exchange flow problem.

FLOW CONFIGURATION AND EQUATIONS

The lock-exchange flow configuration is used
(Figure 1) where uniformly suspended particle sedi-
ments are enclosed in a small portion of the dimension
domain L, X Ly, X L3, separated by a gate with clear
fluid. When the gate is removed the particle-fluid
mixture flows due to gravity and it undergoes a mu-
tual inverse interaction between the "heavy" particle-
mixture flow and the "light" clear fluid. We assume
a dilute suspension of single diameter particles and
we do not take into account the influence of particle
inertia and/or particle-particle interaction.

With the restriction imposed by the dilute sus-
pension approach, this flow can be evaluated numer-
ically by solving the Navier-Stokes and scalar trans-
port equations under the Boussinesq approximation.
To make these equations dimensionless, half of the
box height is chosen (Figure 1) as the characteristic
length scale / and the buoyancy velocity u;, is chosen
as the velocity scale. The buoyancy velocity is related
to the reduced gravitational acceleration u; = /g’'h
where g’ = g(p, — po)ci/po. The particle and clear
fluid densities are p,,pp respectively, with g being
the gravitational acceleration and c¢; the initial vol-
ume fraction of the particles in the lock. When intro-
ducing the velocity and length scales two dimension-
less numbers appear in the equations: the Reynolds
number defined as Re = uph/v where v is the kine-
matic viscosity of the fluid, and the Schmidt num-
ber Sc = v/k, where k is the mass diffusivity of the
particle-fluid mixture. All other parameters and vari-
ables are made dimensionless using c;, h or/and up.
Thus, the dimensionless form for the governing equa-
tion are
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where ef = (0,—1,0) is the unit vector in gravity di-
rection and the nondimensional quantities u;, p,c,s;
represent the fluid velocity, pressure, particle concen-
tration and strain rate tensor, respectively. The parti-
cle settling velocity u; is related to the particle diam-
eter by the Stokes settling velocity law.
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Table 1: Summary of numerical parameters.

Re Ly,Ly,L3 ny,nz,n3 Ar

2D 18,2 1441,221 1x1073
2236

3D 18,2,2  1441,221,201  6.024 x 104

2D 18,2 1537,257 5x107*
5000

3D 18,2,2 1537,257,257 5% 1074

2D 18,2 2305,513 3x 1074
10000

3D 18,2,2  2305,513,385 3x 107

Initial conditions are defined introducing a weak
perturbation on the velocity field in the neighbour-
hood of the interface in order to mimic the distur-
bances introduced in the flow when the mixture is re-
leased. Free-slip boundary conditions are imposed for
the velocity field in the streamwise and spanwise di-
rections. No-slip boundary conditions are used in the
vertical direction. For the scalar, no-flux conditions
are used in the streamwise and spanwise directions
and in the vertical direction at the top of the domain.
In order to take into account the particles deposit in
the vertical direction at the bottom of the domain, an
outflow boundary condition is used, N ¢+ use‘g i‘ =0,
which allows particles to leave the computatlonal do-
main mimicking a deposition process. It should be
noticed that no re-suspension is allowed.

NUMERICAL METHOD AND PARAMETERS

In order to solve numerically the governing equa-
tions (la,lb,Ic) the in-house code Incompact3d
developed by Laizet and Lamballais (2009) is used.
It is based on compact sixth-order finite difference
schemes for spatial differentiation and a third-order
Adams-Bashforth scheme for time integration. To
treat the incompressibility condition, a fractional step
method requires to solve a Poisson equation. This
equation is fully solved in spectral space via the use
of relevant 3D Fast Fourier Transforms. More in-
formation about the code can be found in Laizet
and Lamballais (2009). For the three-dimensional
simulations presented here, the parallel version of
Incompact3d, based on a powerful 2D domain de-
composition is used. More details about this domain
decomposition can be found in Laizet and Li (2011).
The two-dimensional simulations are performed with
the vector version of the code.

The numbers of mesh nodes and the size of the
simulations are presented in Table 1. We consider
(L1p,Lap,L3p) = (1,2,2) to define the box containing
the particle-fluid mixture. The settling velocity is set
to ug = 0.02 in order to correspond with a middle silt
while the Schmidt number is fixed in Sc = 1. All the
simulations were run for t = 60 except the Re = 10000
which was stopped at # = 32 in order to limit the com-
putational effort. The perturbation added to the initial
velocity field is adjusted to yield an initial kinetic en-
ergy 1% of the initial potential energy.

It should be noted that the Re = 2236 case is sim-
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Figure 2: Turbulent structure of the gravity currents by
isosurfaces of Q—criterion (for the isovalue Q = 1)
for Re = 2236,5000, 10000 (from top to bottom) at
t =20.

ilar to the numerical work of Necker et al. (2002).
The only difference lies in the way the weak perturba-
tion is added as initial condition to the velocity field.
The Re = 10000 case is very close to the experimental
configuration of de Rooij and Dalziel (2001).

RESULTS

In this section, a selection of results concerning
analysis of instantaneous visualizations of the flow,
global quantities associated with front location and
runout length, suspended material, and streamwise
particle deposits is presented. The focus is on the de-
scription of the main features of the gravity current
front characterized by the so-called lobe-and-cleft in-
stability (Hértel et al., 2000b) and on the spatial dis-
tribution of the shear stress over the channel bottom.

Instantaneous visualization

The sudden release of the particle-fluid mixture
along the left wall (figure 1) leads to the stream-
wise evolution of the gravity current into the clear
fluid. Due to the small amount of kinetic energy
at t = 0, this motion is initially two-dimensional
(not shown here) then further downstream three-
dimensional structures can be observed at the head
and at the tail of the current. At ¢t = 20 the gravity
current develops a highly 3D turbulence with intense
streamwise vortices as shown with the Q—criterion
from Figure 2. The pictures are taken with the same
isovalue (Q = 1). Therefore, it can be seen a higher
level of turbulence with smaller and very intense
structures for the Re = 10000 simulation by compari-
son with the lower Re simulations.

In Figure 3 snapshots of the concentration field
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are shown at r+ = 20 for the two-dimensional (left)
and the x3 = 0 middle-plane for the three-dimensional
(right) simulations for the three Re numbers con-
sidered. The picture shows important differences
between the 2D and 3D simulations concerning
mainly the front location, the development of Kelvin-
Helmbhotz instability and the resulting vorticity struc-
tures. Furthermore, due to particle settling, high lev-
els of particle concentration are located near the wall.
However, in the 2D results it can be seen that high
levels of concentration are trapped by the vorticity lo-
cated at the tail of the current. This result denotes that
the particle mass should remain suspended for longer
time for the 2D case. The particle concentration
fields for the 3D simulations also show that when the
Reynolds number is increased, the suspended mass is
decreased. This point will be addressed in the follow-

ing.

Global results

The temporal evolution for the front location, sus-
pended particles mass, sedimentation rate and deposit
profiles at the bottom of the box are compared with
the numerical predictions obtained by Necker et al.
(2002) and with the experimental data of de Rooij and
Dalziel (2001). Figure 4 shows the time evolution of
the front location, x¢, and of the suspended mass nor-
malized by the initial suspended mass, m,/m,,, for
all the simulations. From figure 4 it can be observed
that the particle-driven current has a constant front
velocity until time ¢ ~ 10, similar to density-driven
current without particles as shown in Hirtel et al
(2000a). After t = 10 the front velocity deviates from
the straight line due to particles settling. The over-
all agreement for both, front location and suspended
mass, is reasonably good with the data of Necker et
al. (2002). The small differences can be related to the
perturbations added as initial conditions on the veloc-
ity field. Given that gravity currents in lock-exchange
configurations are mostly transient flows, it can be ex-
pected that the front location results are more influ-
enced by the initial conditions than by the Re number.
Nevertheless, there is a clear tendency for an increas-
ing front velocity for increasing Reynolds numbers.
The suspended mass for the 3D simulations follows
what was observed in the particle concentration pic-
tures (figure 3), with less suspended sediments com-
puted for the highest Re simulation and for 2D cases
as well. These results can also be checked by com-
puting the time evolution of sedimentation rate

L Ly
L1L3/ / Cw(x1,x3,)ugdxsdxy,  (2)

as it is shown in figure 5 for the 2D (top) and the 3D
(bottom) simulations. In Equation (2), ¢,, accounts
for the sediment concentration at the bottom chan-
nel. Although the sedimentation rate is strongly af-
fected by the initial condition, good agreement is also
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Figure 3: Particle concentration fields at r = 20 for Re = 2236,5000, 10000 (from top to bottom) for the 2D (left)
and the x3 = 0 middle plane for the 3D (right) configurations. Snapshots taken for 0 < ¢ < 0.3.
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Figure 4: Front location xy and suspended particles
m,/mp, as a function of time for the 2D (top) and the
3D (bottom) configurations: red, green and blue lines
are referred, respectively, to Re = 2236,5000, 10000
and black lines to the numerical data of Necker et al.
(2002).

observed with the 2D and the 3D numerical predic-
tions of Necker et al. (2002) for Re = 2236. For
the 2D configuration, the curve shows a peak value
around ¢ = 15, independent of Re. When this happens
~ 50% of the suspended particles are already settled
(figure 4). For the 3D case the sedimentation rate
curve experiments a time shift accelerating the depo-
sition when the Re number is increased. In all cases
the time evolution of the sedimentation rate follows a
power law with positive and negative exponent before
and after the peak value with similar trend as the nu-
merical data. Finally, it should be noticed that for the
sedimentation rate the difference between Re = 5000
and Re = 10000 is very small.

Another global quantity of extremely importance
for practical implications is the streamwise deposit of
sediment particles computed as

t
Dy (x1,1) :/0 < cp(x1,7) >, usdT, 3)
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Figure 5: Sedimentation rate ris(¢) as function of time
for 2D (top) and 3D (bottom) configurations: red,
green and blue lines are referred, respectively, to
Re = 2236,5000, 10000 and black lines to the numer-
ical data of Necker et al. (2002).

where < . >, indicated a mean value in the x3 direc-
tion. Figure 6 shows this quantity in function of the
streamwise coordinate x;. The deposit is normalized
with the deposit for the final time r = 60. For the 2D
(top of figure 6) and the 3D cases (bottom of figure 6)
the selected times are t = 7.3,10.95,60. Note that the
3D DNS for Re = 10000 was stopped at ¢ = 32 to limit
the computational effort. With this choice, the present
results may be compared both with the numerical data
of Necker et al. (2002) and the experimental data of
de Rooij and Dalziel (2001). A global agreement be-
tween experimental data and numerical results can be
seen in this figure. Our 2D simulations seem to over-
estimate the deposit at the end of the simulation. The
top picture of figure 6 shows that 2D simulations are
giving incorrect prediction for high values of the de-
posit. On the other hand, the 3D results for Re = 5000
(green one) are very close to the experimental data
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Figure 6: Deposit profiles for r = 7.3,11,60 for the
2D (top) and the 3D (bottom) simulations: red,
green and blue lines correspond to, respectively Re =
2236,5000, 10000, black solid lines to the numerical
data of Necker ef al. (2002) and black dashed line to
the experimental data of de Rooij and Dalziel (2001).

both at initial and final times of the simulation. The
differences at the left channel side can be attributed to
different initial conditions between laboratory exper-
iments and numerical simulations.

Wall turbulence characteristics

At the bottom wall of the channel, increasing
spanwise motions cause lobe-and-cleft structures at
the current front location. This complex structure
was observed in many experiments (Simpson, 1972)
and more recently in the DNS of density-driven cur-
rent (without suspended particles) of Hirtel et al
(2000b) and the particle-driven simulations of Necker
et al. (2002). In Figure 7, the wall shear veloc-
ity field at the wall is shown for r = 8, computed

S Js],, = 1/ (9u1/9x2)* + (Jus /9x2)*1y—o. for the
three Re considered in this numerical work. The
same color distribution was used for the three pic-
tures. The front structure (which seems a dental ra-
diography) is readily seen. It is formed by zones of
high shear velocity, the lobe region, alternating with
regions of low values, the cleft region. This spatial
organization of the wall shear velocity can be corre-
lated with other physical phenomena, not considered
in the present simulations. Regions of intense vertical
gradient are good candidates to undergo local erosion
processes. More intense activity at the front but also

ENVIA
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Figure 7: Wall shear velocity at + = 8 for Re =

2236,5000, 10000 (from top to bottom). Same color
distribution for all pictures with 0 < |s|w < 1000.

for 0.5 < x; < 2.5 can be observed when the Re num-
ber is increased.

Hirtel et al. (2000) showed that the initial 2D
base flow, without suspended particles, is linearly
unstable to small 3D perturbations. These pertur-
bations are the seed of the lobe-and-cleft instabil-
ity that characterizes the 3D behaviour of the cur-
rent front. The linear stability analysis, developed
by the authors, shows that the spanwise wavenum-
ber B = 2m/lg and the amplification rate of most
unstable mode are function of the Grashof number
(Gr = Re?). Here lg is the characteristic spanwise
wavelength of the lobe-and-cleft instability. Consid-
ering our three simulations, the following theoreti-
cal results are obtained: /g = 0.196,0.125,0.084 for
Re = 2236,5000, 10000 respectively. For comparison
purposes, in present simulations a x; location plane
was selected just behind the front at the early stage of
the gravity current (t = 4 for Re = 2236 and t = 2.6
for Re = 5000, 10000). In these planes, Fast Fourier
Transforms analysis of vertical velocity in x3 gives
lg =0.2,0.111,0.083 respectively, with values very
close to the theoretical ones.

At t = 8 the structure of the particle-laden grav-
ity current front can be analysed through the visual-
ization of the concentration field as it is shown on
the left side picture of Figure 8. The isovalue cho-
sen is ¢ = 0.25. At the right side of the same pic-
ture, a cross section of Q—criterion for the selected
vertical planes just behind the current front is shown
(figure 8). From this figure, the lobe-and-cleft insta-
bility can be already identified in the region limited
by pairs of streamwise vortices associated with pos-
itive values of Q— criterion (indicated in red). The
picture also shows how these streamwise vortices be-
come thinner and more intense when the Re number
is increased. Also in the picture, the blue zone, where
Q0 < 0, denotes a region where the strain rate over-
comes the rotation rate. Figures 7 and 8 suggest that
clefts are related to high strain rate region whereas
lobes are limited by zones of intense streamwise vor-
ticity.
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Figure 8: Structure of the front by isosurface for ¢ = 0.25 (left) and Q-criterion with an isovalue ranging from
—25 < Q < 25 (right) for Re = 2236,5000, 10000 (from top to bottom) at t = 8.

CONCLUSION

The main features of a particle-driven gravity cur-
rent for a dilute suspension in a lock-exchange config-
uration were examined using 2D and 3D DNS. Three
Re numbers were considered allowing direct com-
parisons with published experimental and numerical
data. The main results are related with the stream-
wise length and suspended sediment mass of the cur-
rent front, the time evolution of sedimentation rate
and the resulting particle deposit at the channel wall.
Good global agreements were found with published
results. In present simulations, no erosion and/or re-
suspension processes were considered. Nevertheless,
the prediction of the spatial and temporal flow struc-
ture at the wall may be related to local erosion pro-
cesses through the identification of region of high
shear velocity or streamwise vorticity (the lobe zone).
On the other hand, high strain rate are located at the
cleft region.
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