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ABSTRACT: In the present study, the two-dimensional lock-exchange turbidity current under the
influence of wind flow is modeled using open-source software. To solve this, the large eddy simulation
method has been used in order to observe turbulent phenomena more accurately. By developing the two-
phase solver of the software so that the equations of the volume of fluid method are coupled with the
scalar equation of concentration, the three-phase problem is simulated as a phase of a mixture of dense
fluid and pure water next to the air phase. The results show that an increase in wind speed reduces the

buoyancy force driving the turbidity current and increases the entrainment, which means faster pollution  Keywords:
of water areas. This increase in wind speed also increases the wall shear stress, with the difference
that the amount of wall shear stress at low wind speeds is not significant. So this prevents a significant

change in the deposition behavior of the current. Studying the current’s sedimentation behavior, showed

Wind flow
Turbidity current

that at high wind speeds, the co-current wind flow corresponding to the turbidity current has more Turbulent phenomena

harmful effects than the reverse wind flow and its sediment accumulation is getting higher. Sedimentation

Volume of fluid method

1- Introduction

Turbidity current is one of the kinds of Gravity currents
in which the density difference is due to the presence
of suspended particles in the flow [1]. Practically in all
previous numerical studies on the turbidity current in the
open channel, the effect of wind flow has been neglected,
and also the effect of wind flow on shallow waters with the
help of satellite data and ground stations has been studied.

Gkesoulir and Stamou [2] studied numerically and
experimentally the effect of wind on a Settling tank, which
is a means of separating sedimentable solid particles from
wastewater, and found that as the wind speed increased,
sedimentation rate increased and density current velocity
decreased. To save time, instead of modeling airflow
(assuming three-phase flow), apply air velocity as a
boundary condition above the ambient fluid. (Modeling
in two phases). In the present work, by integrating the
Volume of Fluid (VOF) method and the concentration scalar
equation, the three-phase problem is reduced to the two-
phase problem. In the new method, a momentum equation
for two phases of air and dense mixture (containing pure
water and fluid denser than water) and a concentration scalar
equation for density current are solved, and the effect of
this concentration equation is added to the modified density
equation of the VOF method.

*Corresponding author’s email: Khavasi@znu.ac.ir

2- Methodology

VOF is one of the most popular volumetric methods of
free surface simulation. This method is used for two or more
incompressible and immiscible fluids and its purpose is to
track and determine the position of the interface between these
fluids. This method uses a scalar indicator function that is
represented by (fluid volume fraction). To find the percentage
of presence of each phase in the computational cell and
determine the boundary between the phases, the following
scalar equation is solved for the volume fraction [3].

%4_80/14], 0 (D)
ot Ox,

The equation of continuity and momentum in the VOF
method with respect to the effect of the interface (here the free
surface) and the incompressible flow, is as follows [3]:
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Fig. 1. Current head position diagram for wind flow simulations
with Rey; =0 to Re;, = 68800

The source term £ is the surface tension force vector,
which is calculated as follows [3]:

R )

In this equation, o is the surface tension, n=Va vector
perpendicular to the interface (from air to water), and K free
surface curvature obtained from the vector perpendicular to the
surface as follows:

K=V.[ Vo ] Q)

| Ve |

The local properties of the fluid, 4 and p in each cell, are
the weighted mixture of the properties of both fluids [4]:

p=a p,+ 0= ), (6)

p=a p,+(0-a)p,+a p,pC @)

In the last equation pc=(£2-\), p, is the density of the

mixture of density current and’ 'p,, density of water. € =ﬁ
. . . = Py
non-dimensional concentration is between zero and one and its

value is obtained from the concentration advection-diffusion
equation (according to the two-dimensional assumption and
incompressibility) [5]:
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Fig. 2. Sedimentation profile diagram for density current
simulations in the presence of agree wind flow

In this relation, ¥ is the Stokes settling velocity, which is
calculated from the following equation [6]:

2 PPy
V.=eD; M
3- Results and Discussion

In order to observe the effect of increasing Re,, , for
simulations of agree wind flow, the head positions of the
density current are investigated (Fig. 1). As reported by
Gkesoulir and Stamou [2], the trend is that as Re;, increases,
the head position becomes further backward.

It was observed that the mean and maximum values of
entrainment increase with increasing wind flow velocity in
both categories of agree and disagree wind simulations. It
was observed that for run 8 (highest wind speed and agree
wind flow), the average value and maximum value increased
by 463% and 921% respectively compared to run 1 (without
wind flow) and also for run 11 (highest wind speed and
opposite wind flow), the average value increases by 391%
and the maximum value by 352% compared to run 1.

It was observed that with increasing wind speed and
consequently increasing the lift force in the particles (the
dominance of this force over the force of gravity on the
particles), the particle re-suspension becomes more. It was
observed that for run 8, the average value increased by
143%, and for run 11, the average value increased by 175%
compared to run 1. No specific trend was observed regarding
the maximum wall shear stress. It should be noted that
although the upward trend is observed in values of the wall
shear stress, but except at the highest wind flow velocity (run
8), the absolute values of this stress are not significant and
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therefore should not have much effect on the sedimentation
process as it can be seen in Fig. 2.
4- Conclusions

The present work is a two-dimensional numerical
simulation of lock-exchange density current in the presence
of wind flow. This simulation was performed using the Large
Eddy Simulations (LES) turbulence model and its results are
summarized below:

It was observed that with increasing Reynolds number
of agree wind current, the density difference between the
ambient fluid and the dense fluid and consequently the driven
buoyancy force decreases and as a result the head position
falls back.

The effect of wind flow on entrainment was investigated.
It was observed that the mean and maximum values of
entrainment increase with increasing wind flow velocity in
both categories of agree and disagree wind simulations.

The effect of wind flow on the shear stress of the wall
was investigated. It was observed that the average amount
of shear stress increases with increasing wind speed in both
categories of agree and disagree wind flow simulations; As
a result, as the wind speed increases and the lift force on the
particles increases, the particle resuspension increases. It
should be noted that although the upward trend is observed
in the shear stress values of the wall, but except at the highest

wind flow velocity, the absolute values of this stress are not
significant and therefore should not have much effect on the
sedimentation process.

The effect of wind flow on current deposition behavior was
investigated. As mentioned in the previous section, due to the
low values of wall shear stress, no significant difference was
observed between the sedimentation profiles.
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Fig. 3. Diagram of the energy spectrum in the region
near the wall and the initial position of the free surface
for run 8
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Fig. 4. Comparison of the current head position ob-
tained from the present solver with the work of Nasr
Azadani et al [6]
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Fig. 6. Diagram of the comparison of shear stress generated by wind at the interface with shear stress gen-
erated at the surface of the turbidity current at run 8 (a) and run 11 (b)
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Fig. 8. Contour of total concentration and volume fraction of fluid for wind flow simulations with Re,;, =0 to
Re,;, =68800 in dimensionless time 28
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Fig. 10. Iso-surface C==0.02 to obtain the interface between ambient fluid and dense fluid
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Table 2. Mean and maximum values of entrainment and wall shear stress as well as the area under the sedimen-
tation profile diagram for agree and disagree wind flows

j o) dx" Thmas Th e E, E,. L2
Y/ OVEA VARRIN -/ %% NNV ey \
Y/vava AR /5 ERAVNY ERRYNN Y
Y/YN WAtZs </ fA o] XY ofeeey Y
Y/YEYE Y.y o/ ey vy €
\ARAA </E\0 </ 00 o] VYA RV D
Y/YePA WAL A C/ e YAY S AA I3
Y/vYara -/ ovY Al RVRRRYA RVRRAYA Y
Y/AY00 AR VARA A e VA A
Y/ YYVE AR RN AT LY feeess q
Y/-¥AD -/ ¥a) </ -8Y NERYN A T IN V.
V/ AVAA VAR AR o/ FEY VAT N
Ded eyl ) daome e ()3 2 0)ly LIS (5958 9y )
0, =] rc,ceov,de (Y5)

@S Jli> ol o chle Cw Qi »as dgud o oalaiwl
sl 2o ol 92l g ges) gl @y 15 O (S psde cusl JUI
g o olitnl SY el )| Chuni plod I ] (gilodn (o (sl as
And o 5 1) (5l I ey (bl ol ke (1 jho oS sl il

2945 2 S8 b Glagsilodnd Glp gy Jidon ) US55
sbadden om (wgmime SgliS Glerd (B (IS polie (S Jdde
b g Al & Cand 3L b b slagiloand > Cgw, ¢l
b el @l sasme 3ulsi sy sdiad i 245 pl A4S 2g S
Jolsd o yly ()18 gwy Al b cepw Lol L a8 0b oasd
Ay o bl 4l ek Al 4 Cans (558

b 5 38l5a b by 93 Sl gy Jedon dualie VY JSS 5
s owgune BB o oL b (gl Jlrges silod g o 03)5]
15 oanliie Lol 15 oAt ogeoy (sla iy 93 3lge 3L by lo
o §) S il sl o o 45 gy 5] bl (g ylonnr 3 45

A el sl g 0y VY Sl o A (gl (sl &S 05 ol
IRV PP St I WP ON ORI WS 7 SV ¥ WRART:HS
g bl ol odalie (pasilio 89 lpd (o GBS disir 390 5
d9dse odaliio jlend (2B (i 3l 53 ($3gme Lg) ALl L ecuild
G5 ol llae polie (A 2] Sl Gl co g i 2 2 U
63b5 iz 5B ()i gy 1018 3 4ls o 25 4 g Mt Sy

Al asly

SIS gy JlB) gy p =0 =0
Ol P9 S guy b o)Ll LS slaciond )3 oS &5 lon
Ses oy ool Gl SRy e e I e gl S8
S sy Jidon IS Gl 23 S Cgu) oy pslaiess ol
Glo )b den b S glanl o aShla da i b 15 dad oo puo)
ol (gne 4 JUI ilises blie > Jidg ol (S Ky, it
o anelre b (lfoe iy cn ol Ji (b )3 SIS g
By sy 4 8399 5 o Mo b dglio g JUIS alaiio 2 15 g
23 Gy Jday gl Cunsty gl by Gl S Csw,

bl 5l by

LAY~



FAVS YAV doao AF v Jlo QA ojladd dY 080 ¢ pusS yuol SOl wiins 4 puls

sl e sl b el b 4

OB B ol b e ol gl b slall ) b Y
bz 3lge ok ol slalpl b ol Sl Jowo joolio e gogune
S odmliie ¢ SLL slaloj 4o >

Selig daig ey 23k ol 8L oy 4 2 i 0 Y
b (Sastoel 9y did g (pSole e a5 W5 samlie .05 4l
g 39g0 ol (sba gilwds awd g3 ya ;0 b b Cs gy l5l
b didus Hlade a8 05 odsd 0l ol slacie yus 50 b o ]38l ccallre
D9y Yb Wilgs o 50 0L by ety clls jn didin Jlde ol Ve 20
31> 4 a3 (I Jlow 399 s pos &S Canl ] ol e doms
Ll Gl slabs Mo BB joboay ol sy yl38I L 5B Jlew
sl GosS ol (25 ey (59 sline 395 &S

U S R P T
OB L s by G pSle e 45 05 osnlie b sy,
Ol wabre g 38lse b b > (gilwdnd dtwd 93 2 b Ce g
e 598 Ol o (2 )2 93k Ol S SRl b a1l o
@l e 3ala (S 2 2)ly LIS 9588 4 9y ol ade) IS
Wil odnliie patule Ng) Jlpd (oBy (A A 3)90 53 D9d e Y
sdnlie )lod (oS (5 polie ) ($3gr0 Wg) 4l L ecudly ar i L
Crl gl polie A sl2l) 2k by S g (it ) g Lol 2950
Oz b oI g 1l 0 Wl o 65 & g it Sy S5
S5l asly (ool

Ol I gy By p ok pl B ey @ bl 5 0
polde (25308 oy e o)Ll 8 Caond p> oS oo ylon L sl
A5 odalie Cguy sladden om (ugae Ool Olwd (Bp SR
2 gy ) b gl )3 45 45 00> (a2 LB b Lol
ol &S 0g oS ol e b Ay i 0l by gyl sla gl
L &S b ond Syb il @l dase Gulei sy i lis g5
@ Comd (a8 Jolh )3 Oyl ()M oguy anlb ol Cas s 138
gy Jedgp dulie o ol el y3 dasy oo UL @ 3L (9 >
59 Al sl o sl g 00 00y] e g BBlge oL b 90 sl
gy saddsn ) 3130 2k Gl Sl 4 G pwguome SN
Al > gy g5 (bl ) gyl 55 4 0 015 Lol 15 sanlie

gy Cuilol gm) ol 38lse ol by s 5l 5aS lbee ol b >

LAY

0
0 5

10 1S 20 25 30 35
x*

P IBS gl Ssjlwand (10 Cow) Jadg yldgei V) JSW
@Blgo 3L by jpas

Fig. 11. Sedimentation profile diagram for density cur-
rent simulations in the presence of agree wind flow

Bl ol by Sl I 5eS gy cudll (gm) ol 310 b by
2 by o oy o ity aiidl ) gostul 5 (LiguS o psbolen (cul
L bk ey () A gl sy 51 5V Sl slocs p > 38150
Gy el 535 o sl ol > & Cms 65,k b (3
Joge g5 g Colus b Fte £y Sy D90 St o
2 b g 3lge ol (slaggilodnd s 93 2 (sl Cgu) by
Colus oyl Jlade 0gd 0 odalin &5 job lan g M dpole ¥ Joas
Rey, = #AA- - 5 3lge ol by jl jeS e b by ol
2 il e V8 sl g don V0 A sl dly) cul

(25 ol N (glpl & Cand ()15 g,

& S Az -7

Ol im0 (9348 Gilwand polb 545 WD kel i
SaS (g jlodns Oﬂ‘ ol DL ol yeas 0y (gilwla, Jli>
25 9 paie Sygods ol 2ol g sl o plosl Ll gl ) (Sl Jse
] 0]

GMB] (38ls0 Db by s, dae il b St ub odalin L)
Sosld oy ol &5 4 g J& Jhw 5 dame Sl mo J&

Comd (Sl oo by )by <l Lgh'alﬁ‘ Ao > &S A5 04D Ty



FAVE B YAV doxio VFe v Jlo & oyled DY 093 ¢3S prol CSilSin i &yt

— Run 10 — Run 9
— Run7 : — Run 5

ot
el
e

T
=]
o
%

T

00 § 10 15 20 25 30 35 0 5 10 15 20 25 30 35
X* x'k
- i
0.2
— Run 11
0.18F
— Run 8

0 Il 'l Il Il 'l
0 S5 10 15 20 25 30 35
X*

c

(<)« Rey;, =34400 (1) slas! 33 by b Wb g 38150 23U yeas 3 J&s Uy gy Jadgp dwslio gl ldg05 VY U
Re,;,. =68800 (z) 9 Rey, =51600

Fig. 12. Comparison diagrams of density current sedimentation profiles in the presence of agree and disagree
wind in the numbers in (a) Re,;, =34400, (b) Re,, =51600 and (¢) Re,; =68800

LAYY



FAVS YAV doao AF v Jlo QA ojladd dY 080 ¢ pusS yuol SOl wiins 4 puls

Blye 3k by &S a0 ity (sl Blge Sl by b I a8

(A5 L igh s s i) A elal s 1 5V Jloas (gl s 1

M gale glyal oo Jsbo V)
Adoee A
SisS sts

ol g sbl g Sgben e
kg/m.s ( Salips eyl H
m'/s .\ Solew e} N Cow yo b Y
kgm' x> p
kg/m' .o w Js= P LY
NI e 25 O:n J& oz ekt C
S i 9l T o G
Paolys r o 7, JUS S 5 S5 o w2l C,
S oyge sadlse b Gy
T3] m.ol,s bwgie Jhd D
o Air Sl 050 E
by ave NENEV SPR S N
Sk b aaslogsoae i
s s s
NI adhrals Gul S oy g
bylsee m m . Juls elas )l H
Sl max m Y& ok glis)| h
Sbpsdlia SGS spdoe N
ol P Al ey J ;n
<lw Syteghe poge oy n
oYl Palzs p
sns il % M g, glis)| Qs
oad gbs s, Re
Moy = VIS (25, g sml S;’,‘
Ceedlone o Se
&lo Sl 1
[1] R.I. Wilson, H. Friedrich, C. Stevens, Turbulent entrain- m/s «e s U
ment in sediment-laden flows interacting with an obsta- M8 oz Slbey b S U
cle, Physics of Fluids, 29(3) (2017) 036603. IS s ypmls slod 3 S Sloe
M/S w0l iy (25 b bl Sl ey 1
[2] R. Manica, Sediment gravity flows: Study based on ex- IS ¢S gl Logins oty v,
perimental simulations, Hydrodynamics-Natural Water m . Jsb &g x

Bodies, 1 (2012). m.J&> ol Jsb X
mels,lddse  y

Qalz G0 jgle Jobo oodgl i)l pF

[3]A. Koohandaz, E. Khavasi, H. Yousefi, H. Sadeghi Sarsa-

11, Air flow effect on the behavior of lock-exchange grav-

Lo o
ity current, Journal of Hydraulic Structures, 6(1) (2020) i
33-54. m'/s  JsSlge S5 cays @

} . . . Jows o> S of

[4] F. Necker, C. Hartel, L. Kleiser, E. Meiburg, High-resE e el B

LAYY



FAYS G ¥A+Y axbo NYe- JL..J A D)LM QY 0y9d ;).:..5).:.9] «&u&n L;""'“\“‘Q(" A_v).u.u

Research: Oceans, 123(11) (2018) 8638-8654.

[14] P. Lopes, Free-surface flow interface and air-entrain-

ment modelling using OpenFOAM, 2013.

[15] O. Ubbink, Numerical prediction of two fluid systems
with sharp interfaces, (1997).

[16] J.U. Brackbill, D.B. Kothe, C. Zemach, A continuum
method for modeling surface tension, Journal of compu-

tational physics, 100(2) (1992) 335-354.

[17] S.K. Friedlander, Smoke, dust and haze: Fundamentals

of aerosol behavior, wi, (1977).

[18] W.C. Hinds, Aerosol technology: properties, behavior,
and measurement of airborne particles, John Wiley &

Sons, 1999.
[19] S.B. Pope, Turbulent flows, in, IOP Publishing, 2001.
[20] H. Tofighian, E. Amani, M. Saffar-Avval, A large eddy

simulation study of cyclones: The effect of sub-models
on efficiency and erosion prediction, Powder Technol-

ogy, 360 (2020) 1237-1252.

[21] W.-W. Kim, S. Menon, A new dynamic one-equation
subgrid-scale model for large eddy simulations, in: 33rd

Acrospace Sciences Meeting and Exhibit, 1995, pp. 356.
[22] J. Pelmard, S. Norris, H. Friedrich, LES grid resolution

requirements for the modelling of gravity currents, Com-

puters & Fluids, 174 (2018) 256-270.
[23] L. Ottolenghi, C. Adduce, R. Inghilesi, V. Armenio, F.

Roman, Entrainment and mixing in unsteady gravity cur-
rents, Journal of Hydraulic Research, 54(5) (2016) 541-
557.

[24] R. Ouillon, E. Meiburg, B.R. Sutherland, Turbidity cur-
rents propagating down a slope into a stratified saline
ambient fluid, Environmental Fluid Mechanics, 19(5)
(2019) 1143-1166.

[25] Y. NiNo, F. Lopez, M. Garcia, Threshold for particle enp
trainment into suspension, Sedimentology, 50(2) (2003)
247-263.

LAYE

olution simulations of particle-driven gravity currents,
International Journal of Multiphase Flow, 28(2) (2002)
279-300.

[5]1 F. De Rooij, S. Dalziel, Time-resolved measurements of
the deposition under turbidity currents, in: Proceedings
of the Conference on Sediment Transport and Deposition

by Particulate Gravity Currents, Leeds, 1998.

[6] M. Nasr-Azadani, B. Hall, E. Meiburg, Polydisperse tur-
bidity currents propagating over complex topography:
comparison of experimental and depth-resolved simula-
tion results, Computers & Geosciences, 53 (2013) 141-
153.

[7] M. Nasr-Azadani, E. Meiburg, Turbidity currents inter-
acting with three-dimensional seafloor topography, Jour-

nal of Fluid Mechanics, 745 (2014) 409.
[8] K. Bhaganagar, Role of head of turbulent 3-D density

currents in mixing during slumping regime, Physics of
Fluids, 29(2) (2017) 020703.
[9] S.a.K. Teymouri, Ehsan., Numerical study of lock ex-

change turbidity current depositional

behavior in stratified environment, Amirkabir Journal of Me-

chanical Engineering, 50(1-3) (2018).
[10] W. Ding, T. Wu, B. Qin, Y. Lin, H. Wang, Features and

impacts of currents and waves on sediment resuspension
in a large shallow lake in China, Environmental Science

and Pollution Research, 25(36) (2018) 36341-36354.
[11] A. Gkesouli, A. Stamou, A CFD modeling procedure to

assess the effect of wind in settling tanks, Journal of Hy-

droinformatics, 21(1) (2019) 123-135.

[12] L. Morales-Marin, J. French, H. Burningham, R. Bat-
tarbee, Three-dimensional hydrodynamic and sediment
transport modeling to test the sediment focusing hy-
pothesis in upland lakes, Limnology and Oceanography,
63(S1) (2018) S156-S176.

[13] X. Xie, M. Li, W. Ni, Roles of Wind-Driven Currents
and Surface Waves in Sediment Resuspension and Trans-

port During a Tropical Storm, Journal of Geophysical



FAVS YAV doao AF v Jlo QA ojladd dY 080 ¢ pusS yuol SOl wiins 4 puls

o3 gl o ol 4 digSer
P. Nazmi, E. Khavasi, S. Rostami Dehjalali, Studying Wind Effect on the Hydrodynamic Be-
havior of Lock-Exchange Density Current, Amirkabir J. Mech Eng., 53(9) (2021) 4807-4826.

DOI: 10.22060/me;j.2021.19158.6962

£AYO







