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Abstract. We present here high-fidelity simulations of particle-ladgravity currents for a non-channelized non-
axisymmetric configuration. Results of previous works ase experimental and numerical studies for axissymetric
configurations are used to stablish comparisons. The fottlE®investigation is understand how the Reynolds number
and how the dimensions of the reservoir of the mixture plerficiid affect the dynamics of the current when it is spragdi
over a flat bed. The results show that the higher Reynolds auountributes for the lateral spreading whereas the nar-
rower reservoir is important for the longitudinal spreadinThe deposit map indicates an uniform distribution of juéet
over the bottom for the simulations with a wider channel.
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1. INTRODUCTION

Particle-laden gravity currents are flows in which the drgvforce is supplied by density differences caused by the
presence of suspended particles. When the current is déasesurrounding fluid, it will propagate below the surroimgd
fluid (Ungarish, 2006) due to a horizontal pressure gradisggted by the gravitational force acting on the densitgssc
(Cantero et al., 2007a). It is observed in this kind of flowdlegelopment of highly complex turbulent structures, sueh a
the lobe-and-cleft patterns at the current frontal porteord the Kelvin-Helmholtz vortices in the interface betwdee
current and the fresh fluid. The occurrence of gravity cus@nthe nature is associated with the movement of cold and
warm air masses which give rise to the storms, sand stormgment of oceanic currents due to the difference in saline
and/or temperature concentrations and the avalanchesxdonple.

Submarine currents are the most important mechanism fospiating sediments to deeper regions of the oceans. The
deposits originated from such currents provide valualfterimations about the geological history of the Earth as agll
they can give rise to hydrocarbon reservoirs where oil arsdaga found (Kneller and Buckee, 2000). Depending on the
magnitude, gravity currents are able to destroy seaflooipetgnts like pipes and communication cables (Meiburg and
Kneller, 2010).

The above pointed is the great importance for the geologitdlengineering contexts, so that the correct understand-
ing of the governing physical mechanisms of the gravity eoits able us to make predictions about their main features.
Researches are been reported in the last thirty years tryiagtablish models to predict the front evolution and titk se
imentation process, for example. The observaiiositu of an event is difficult because its unpredictability. Thesmno
commonly used ways to study them are the laboratory expetsvand numerical simulations in a channelized configu-
ration, well known as lock-exchange. In this configuratianiature of fresh fluid and particles, uniformly suspended, i
initially locked in a reservoir separated from the freshdlioy a gate. After removing the gate, the denser fluid horadgnt
propagates constrained by the channel walls in the spamivisetion. The work of Rooij and Dalziel (2001) presents a
description of the deposit profile for a mono-disperse flosv, & flow where the suspension is formed by particles wih th
same diameter. Blanchette et al. (2006) and Gray et al. §288%orm a case including a complex geometry in bottom of
the domain. Necker et al. (2002), Necker et al. (2005), Espbhl. (2014) and Espath et al. (2015) evaluate the energy
balance of the gravity currents in order to find the relatietwen potential and kinetic energy with dissipative terms

Recently, several authors have been presented works in-ahlraamelized configuration with cylindrical or rounded
rectangle as initial reservoirs. Numerical simulationsewmade by Cantero (2006; 2007b) to study the dynamics of a
non-channelized current with axisymmetric initial resenas well as how the Reynolds number impacts in the main
structures of the flow. Zgheib et al. (2015a; 2015b; 2015edusimerical simulations and laboratory experiments, in a
non-channelized configuration whit cylindrical and nonisgrametric initial reservoir, to establish prediction nedsifor
the spreading of the currents.

The present work aims to use Direct Numerical Simulation @)k a non-channelized non-axisymmetric configura-
tion in order to understand the dynamics of the current sfingeand what is the importance of the Reynold number and
the aspect ratio of the initial reservoir for the currentdigvolution and sedimentation process by means qualitatitie
guantitative analysis.
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2. CONFIGURATION AND GOVERNING EQUATIONS

The performed Direct Numerical Simulations are based oglila@nel-basin lock-exchange configuration as shown in
Fig. 1. This set-up consists on an initial sub-volumé.ef x Ly, x Ls_ dimensions, filled with a mixture of particles and
fresh fluid. Initially the sub-volume is separated from thstrof the domain by a virtual lock gate. After remove the gate
an underflow begins spreading in the positiveand lateralzs directions, differently of the axisymmetric configuration
studied by Zgheib et al. (2015a; 2015b; 2015c) which the flpreads in all directions.

Figure 1: Initial set-up of the channel-basin lock-exchapgpblem. The computational domain has lerigthheightL,
and widthL3. Note that the channel-basin transition is rounded withdausr = 0.2.

We assume a low initial volume fraction of suspended pa&gichot more than 1%, what allows to neglect the inertial
interaction among the particles and leading us to an approgdiluted mixture. Despite we do not simulate each single
particle, its interaction with the flow is characterized bg momentum and mass exchange. Such diluted approactsresult
in a very small density difference between the current aedstirrounding fresh fluid, simplifying our equations for
the incompressible flows under Boussinesq assumption. @help fraction is characterized by the particle terminal
fall velocity, well known as settling velocity® and it is obtained by the Stokes settling velocity law, clpsgreeing
with small particle diameterslf, < 0.1mm) (Julien, 2010). Using this law we assume that the Stokes finae is the
dominant force acting over spherical particles. HowevexdStone et al. (1998) suggestvalues one third smaller for
the results of the Stokes settling velocity law becauserabparticles usually are not spherical.

To numerically solve this kind of flow we employ the incommibte Navier-Stokes equations and use the half of the
domain height/ = L, /2) and the buoyancy velocityif) as the characteristic length and velocity scales. Heestlde
represents a dimensional quantity. The buoyancy velcgitiefined as

i =722, (1)
Po
whereg(p, — po)Cy/po is the reduced gravitational acceleratign The particle and ambient fluid densities aige
and gy, respectively.g is the gravitational acceleration wheredsis the total initial volume fraction of particles in the
sub-volume and it is taken as a characteristic parameteelis Thus, the dimensionless incompressible Navier-Stoke
equations can be written as
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In the above equations? = (0, —1,0) is the unit vector acting in gravity direction, as well@s p andc represent
the velocity field, pressure and particle concentratiospeetively. Here appears the Reynolds number which is dkfine
asRe = (uyh) /v, wherer denotes de kinematic viscosity of the fluid. In order to diescthe concentration field of the
domain, the following advection-diffusion equation is daygd

dc dc 1 0%

J— . S g _ =
ot + (uj +u ej)axj ScRe dz;0x;

(4)

In the Eq.(4) the mass is transported taking into accounfltheand settling velocities. The concentration field is
expressed by and theSc = 7/k is the Schmidt number which is the relation between the vis§) and mass diffusivity
(k). Scis setted as one for all simulations to reduce computaticosts.
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Table 1: Summary of the simulation parameters.

Re Lls, LQS, L3S niy, N2, N3 Aﬁ
Casel 1000 1,2,2 1201, 193, 1201 x40~ ?
Case2 1000 2,2,1 1201, 193, 1201 x40~*
Casel 5000 1,2,2 1201, 289, 1201 x30~*
Case 2 5000 2,2,1 1201, 289, 1201 x30~*

The open source codencompact3d! is used to solve these equations in a structured Cartesiah.niEhis code
is based on sixth-order compact finite differences scheorespiatial discretization and a third order Adams-Bashfort
scheme for the time advancement. A spectral method is emglty solve Poisson equation (Laizet and Lamballais
(2009)) as well as a 2D decomposition is used for the paredlielulation (details of this strategy can be found in Laizet
and Li (2011)). The boundary conditions imposed for the oigydield are free-slip at the vertical walls and no-slipfas t
top and bottom of the domain. The channel-basin transisanadelled using an immersed boundary method proposed
by Parnaudeau et al. (2008) which satisfy no-slip and nodbundary conditions. Regarding to the concentration field,
no-flux boundary conditions at the top and vertical wallsatepted, whereas at the bottom an advective equation is used
to mimic the particle deposition and it is expressed as

dc 4 0c

g —— =0 5

ot T g, ®)
this condition allows the particles to leave the domain witey touch the bottom. At the initial condition a weak pertur
bation is added to the velocity field, around the interfacengththe gate is localized, aiming to reproduce de distuanc
generated by releasing of the mixture .

3. NUMERICAL RESULTS

The four high-fidelity simulations presented here are edraut in a computational domaif{ x Lo x L3) = (12 x
2 x 12), discretized by, x ns x nz) mesh nodes for a settling velocity = 0.02. We use two Reynolds number and
two initial sub-volume aspect ratio to differentiate theslations. The list of parameters are shown in Tab. 1.

Figure 2 shows snapshots of the concentration field at the same ¢ = 10), where it is possible to see the spanwise
and streamwise expansion of the current. The spreadingaiuirent has a tongue shape and it is evident the influence of
the Reynolds number over the flow front evolution for equél-salume aspect ratio. Whil®e = 1000 shows a smooth
propagation with a good symmetry in the spanwise directiom simulations withRe = 5000 develop intense turbulence
in their head and body, and the lobe and cleft structureseafréimt of the current are present. At this time we can see
very little material inside the reservoir in the Case 1 sitiohs, unlike Case 2 that presents considerable amount of
concentration for both Reynolds numbers. This fact reflentghe front evolution of the current, where a wider supply
channel contributes to a greater spreading of the currearttbe bottom of the domain.

We plot the current front position as a function of time in F&yto better view the influence of the Reynold and the
aspect ratio. Comparisons of the front evolution alongZihelirection (¢, ¢) are established with that results presented
by Bonnecaze et al. (1995) and Zgheib et al. (2015c) in omlesatidate our results. A good agreement with the
axysimmetric experimental data (Bonnecaze et al., 1995 easeen even though their Reynols number is 6100. The
comparison with the axysimmetric simulation data (Zgheiale 2015c) shows a small difference aftex 9, probably
because its low Reynolds number equal to 3536. Uil 4 we can see the same constant front velocity in all results,
regardless the Reynolds number, symmetry or initial reserhis behaviour indicates that the current evolutiois it
not affected by the intensity (related ftz) nor the particle sedimentation. Afters 4, our curves deviate from constant
velocity, wherez; ; Case 1 is greater than Case 2 d@= 5000 prevails oveRe = 1000 considering the same Case. In
the Fig. 3 it is also shown the current front evolution in tparswise directions«sy) along the positivel; axis, where
x3¢ is very similar for all simulations up tb~ 4. This lateral spreading is mainly ruled by the ReynoldseaRe = 5000
reaches longer distances th&n = 1000. Comparing Case 1 and Case 2 we can not highlight eliféers forke = 1000,
but for Re = 5000 the Case 1 starts to deviates from Case 2 &#et0.

The streamwise front velocity of the currenf; ) is present in Fig. 4 for all simulations. Cylindrical irtireservoirs
spreads in four different phases (Cantero et al., 2007a)théfirst times the current accelerates up ter 0.8 with
uyp ~ tO75. After this short acceleration period, the current entarthe slumping phase which its velocity is almost
constant withu; ; ~ t°. This phase reachésx 5 and it is associated with the reservoir empting, then isgashrough
a brief inertial phase where the buoyancy forces are bathing¢he inertial forces withi; ; ~ t=°5. Finally the current

1This code is available for download at www.incompact3d.com
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Ly
Figure 2: Concentration field at= 10 for Case 1 (left) and Case 2 (right) wite = 1000 (top) andRe = 5000 (bottom).
The snapshots are taken for an iso-value0.08.
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Figure 3: Evolution of the current front position as a funatdf time. Left shows the evolution in thg direction (¢ ¢),

taken in a center plan at; = 0 and compared with experimental result of Bonnecaze ef1#95) and sumulation of
Zgheib et al. (2015c). Right shows the relative front positin the spanwise directior:{;) starting from the lateral
vertical wall of the channel. The plotted values fog {) were taken in the positive side of tlig axis.

enters in the viscous phase when the viscous effects becopwrtant for the flow decelerating with velocity ¢ is
proportional tot—1-5.

Away to visualize the intensity of the flow turbulence is usihe Q-criterion, which is defined lty = % (9945 — Si5Si5),
where(2;; is the rotation rate tensor aift}; is the strain rate tensor (Dubief and Delcayre, 2010). Eigshows the time
evolution of the positive Q-criterion for thRe = 5000 Case 1 and= 8, 12 and 20. The positiv@ depicts regions where
the fluid rotation overcomes the fluid shearing, which formiserent structures like "worms". At= 8 there is intense
turbulence in the entire current although it is possiblémtigiish a portion, located in the head of the current, witieise
intensity is more evident. At subsequent times the cursestibdivided between two regions of intense turbulenceravhe
the first is located approximately at half of the; and the second one is in the frontal portion of the curremthétht =
12 andt = 20. It seems that the turbulent intensityt & 20 decreases because we have less coherent structutes)lgro
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Figure 4: Time evolution of the stramwise current front witip in log-log scale. The black lines depict the transition
phases of spreading. AP: acceleration phase; SP: slumpasgplP: inertial phase; VP: viscous phase.
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due the loss of potential energy of the current by the sediatien process.
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Figure 5: Iso-surfaces of th@-criterion for an iso-valu€) = 1. The pictures are taken féte = 5000 Case 1 ant= 8,

12 and 20 from left to right.

The sedimentation process forms layers at the bottom of dheath with different heights and it can be seen in the
Fig. 6 using isolines for some values. The deposit map isitdxieby time integration of the concentration at the bottom
as fallow

t
D($1,$3,t):/ u’cy (1,23, t)dt, (6)
0

wherec,, is the instantaneous concentration at the bottom wall. Thatgr thickness are found in the Case 2 for both
Reynolds 1000 and 5000 in a region near to the end of the chandemore investigations are needed to correctly
understand such behaviour. In these cases, the largeshaofaleposited particles are concentrated mainly in théecen

of the current, inside an imaginary circle with radius abb@ as depicted in the Fig. 6. On the other hand, the Case 1
simulations show the particles are reaching longer digtafrom the end of the channel, which reflects in lower heights
of the deposit layer if we compare with Case 2. Another imguaraspect is the dendritic shape of the deposit magéor
=5000.

4. CONCLUSIONS

We have presented here Direct Numerical Simulations foretmamnelized non-axisymmetric particle-laden gravity
currents with the purpose of understand how the Reynoldseumnd the aspect ratio of the reservoir of the mixture
particle-fluid affect the dynamics of such flows. The first iitgtion observed is that wider channelss( > L)
facilitate the emptying, which contributes for the pasgidpreading into the basin, and the Reynolds number have a
significant effect on the turbulence and the symmetry of theemt. The front evolution in thé; direction @) has
presented, approximately, the same constant velocity upd, regardlessie or the aspect ratio of the reservoir. After
this time, the Case 1 simulations for bafta = 1000 andRe = 5000 advance faster than the Case 2, which means that
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Figure 6: Deposit height formed by particle sedimentatibtha end of simulations. The curves are scales with the
respective maximum final deposit height. Case 1 are therpigin the left and Case 2 in the righRe = 1000 in at the

top andRe = 5000 in at the bottom.

the important parameter for longitudinal advancementlaedtmensions of the reservoir. On the other hand, the sesult
obtained for the lateral evolutiorr{;) have shown the opposite, where the spreading is mainly toyeReynold. The
deposit map shows that the higher Reynolds produces a tiergjnieading of the current in the Case 1 and 2. When
Lys > L3, (Case 2), considerable amount of particle accumulate igiame near to the end of the channel and inside the
channel.
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