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Abstract

Development of a numerical model to study the hydrodynamics and sediment transport
phenomenon is essential in venturing into the field of coastal engineering applications. In
the framework of OpenFOAM, a solver which can simulate simultaneously waves and cur-
rent and its impact on sediment transport is nonexistent. Here, a semi-coupled sediment
transport solver has been developed using open source framework OpenFOAM. Initially
a new hydrodynamics solver (hereafter named hydroFOAM) has been developed to study
the flow dynamics in coastal engineering applications. A set of Navier—Stokes equations
including the continuity, momentum and inter-phase equations are solved using the finite
volume method. Volume of fluid method has been employed to track the free surface.
Later, different mathematical formulations are solved in a newly written solver (hereafter
named sedimentTransportFOAM) to simulate the sediment transport phenomenon. Bed
load and suspended load transport theories are being used while developing the solver. Pre-
cise descriptions of the two solver as well as the employed algorithm has been presented
in this paper. Towards the end, the developed mathematical model has been validated with
earlier experimental investigations and same has been presented using graphical figures
and tables.

Keywords OpenFOAM - hydroFOAM - SedimentTransportFOAM - Volume of fluid -
Sediment transport

1 Introduction

Studying and analysing the sediment transport phenomenon and hydrodynamics in differ-
ent flow regimes (Afzal et al., 2021; Dutta et al., 2022, 2023; Gautam et al., 2021; Kumar
& Afzal, 2023a, b, c; Prasad and Kumar, 2014; Pradhan et al., 2022; Priyadarsan and
Afzal, 2023; Ranasinghe & Turner, 2006) around a structure plays an important role in sev-
eral coastal engineering applications which includes bridge pier construction, oil and gas
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pipeline transmission, low Reynolds number applications and many more. The key point
in sediment transport phenomenon in coastal areas is the presence of both waves and cur-
rent. Earlier several researchers have studied the sediment transport phenomenon in detail
using computational fluid dynamics (CFD) which was mainly due to effect of steady cur-
rent (Chauchat et al. 2017) in OpenFOAM framework. Some of the other researchers have
studied hydrodynamics beneath both waves and current in OpenFOAM framework but
lacked the presence of sediment transport in the module (https://openfoamwiki.net/index.
php/Contrib/sedfoam). Development of a solver (that can take into account presence of
both waves and current along with sediment transport) which caters to the need to coastal
and ocean engineers is very rare but essential. The development of a new solver is para-
mount in diving deep into the intriguing physics of the sediment transport phenomenon
and hydrodynamics around the bridge piers. An attempt has been made in this paper to
develop a new computational solver for studying the sediment transport phenomenon and
complex hydrodynamics in coastal engineering applications.

Sukhinov et al. (2014) has developed a mathematical model to study the sediment trans-
port phenomenon for a non-stationary spatial 2D model in the coastal zone of water reser-
voirs. They have considered the soil porosity, the critical shear stress, turbulent exchange,
wind currents and friction on the bottom. Lai and Wu (2019) have developed a new 3D
hydrostatic pressure model to study the open channel flows. The proposed model works
well for flow and sediment transport phenomenon with flexible meshes. Yoyrurob and
Liengcharernsit (2011) has developed a finite element solver to study the sediment trans-
port considering the bedload and suspended load transport. Singh (2005) has developed a
two-dimensional sediment transport model to study the sediment transport phenomenon.

Jian and Chen (2019) have numerically simulated sediment transport to study the sedi-
ment movement and the evolution law of the estuary bed for studying the estuary sediment
deposition, sea water intrusion prevention treatment scheme and solve the problems of
engineering. Benkhaldoun et al. (2009) have presented a one- and two-dimensional finite
volume method to study the sediment transport. It has been found that the numerical simu-
lations are well able to capture the complex physics sediment transport under flow regimes
with high shocks. Kitsikoudis et al. (2015) has used artificial neural networks, symbolic
regression based on generic programming and adaptive-network-based fuzzy inference sys-
tem for the derivation of sediment transport formulae. Chauchat et al. (2017) have devel-
oped a two-phase solver for sediment transport application. The developed solver was an
extension to the already existing in-built twoPhaseEulerFoam solver. Since the proposed
solver by Chauchat et al. (2017) is a two phase solver, the effect of waves can not be stud-
ied. The solver OLAFOAM (https://openfoamwiki.net/index.php/Contrib/sedfoam) devel-
oped in OpenFOAM environment to study the hydrodynamics in an open channel due to
the combined action of waves and current. The hydroFOAM solver developed in this work
is different from the OLAFOAM (https://openfoamwiki.net/index.php/Contrib/sedfoam),
where the wave module is not completely numerical, rather it is a combination of both
analytical and numerical approaches. To work with the sedimentTransportFOAM solver,
the output from the hydroFOAM solver needs to be solved and formatted in a particular
manner. Thus, the need to create a customized hydrodynamics solver named hydroFOAM
is created in this work.

Wu (2004) has proposed a two-dimensional depth averaged model to study the sedi-
ment transport in open channel flow using the finite volume method. He has computed
the flow and sediment transport formulations in a decoupled manner. Hung et al. (2009)
have used an orthogonal curvilinear coordinate system to develop a depth averaged two-
dimensional non-equilibrium cohesive and non-cohesive transport model. Jacobsen
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et al. (2012) have developed a wave generation toolbox in OpenFOAM (https://www.
https://openfoam.org/) for solving open channel flows using the Reynolds averaged
Navier—Stokes (RANS) equations.

As per the author’s knowledge, there is no computational tool available that inte-
grates the advanced capabilities of OpenFOAM for high-performance finite volume sim-
ulation with established and accurate analytical expressions encompassing free surface
flows, wave dynamics, and flow current mechanics. This paper signifies a pioneering
effort in this direction. What sets this paper apart is its fusion of numerical and analyti-
cal methods to forecast scour and flow properties. This tool will find widespread appli-
cations in sediment transport, scour prediction, and bridge pier modeling. Conversely,
solvers such as IHFOAM and OLAFOAM lack the speed and comprehensive solution
provided by analytical methods. In our approach, we’ve harnessed the strengths of both
analytical methods and numerical simulation to create hydroFOAM and sedimentTrans-
portFOAM as two distinct modules. The decision to maintain them as separate modules
is rooted in software development standards, specifically to maintain modularity in the
code. This design choice allows for future expansions without entangling or interlinking
with the existing code.

In this paper, the flow dynamics and sediment transport computational models are
developed for the open channel coastal engineering applications, this will help the engi-
neers to design the structures more safely leading to environmental sustainability (Abd-
elzaher, 2022; Abdelzaher & Shehata, 2022; Elkhouly et al., 2021). The numerical mod-
eling has been carried out using the open source C++ framework OpenFOAM (https://
www.https://openfoam.org/). The developed semi-coupled code has been validated with
the data from literature. To the best of authors’ knowledge, this work is idiosyncratic in
its own. The development of solver for the open channel coastal engineering applications
in sediment transport has not been done earlier in OpenFOAM framework. With the aid of
OpenFOAM parallel computing classes, the developed solver can be used to run in parallel
threads. Thus, the proposed module can work in serial as well as parallel computing mode.
The paper is structured as follows: A brief introduction has been presented in Sect. 1. The
mathematical model has been presented in Sect. 2. The validation of the developed model
is presented in Sect. 3. A concluding remark has been presented in Sect. 4.

2 Mathematical modeling

The solver developed in this module to study the sediment transport phenomenon due to
the combined action of waves and current is a combination of two solvers, i.e., hydro-
FOAM and sedimentTransportFOAM. The proposed mathematical model in this article is
a semi-coupled solver. The proposed mathematical framework has been implemented using
the free and open source OpenFOAM framework. hydroFOAM solver is used to study the
hydrodynamic parameters of the flow behaviour in coastal engineering applications with-
out taking consideration of the effect of sediment transport. Later the parameters resulted
out from the hydroFOAM solver is used as an input to the sedimentTransportFOAM solver.
The sedimentTransportFOAM solver solves the differential equations to calculate the sedi-
ment transport parameters. hydroFOAM solver solves the three-dimensional volume aver-
aged Reynolds averaged Navier—Stokes (VARANS) equations for two in-compressible
phases using a finite volume discretization and the volume of fluid (VOF) method.
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2.1 hydroFOAM solver

The volume averaged Reynolds averaged Navier—Stokes (VARANS) equations include con-
tinuity and momentum conservation equations to solver the pressure and velocity field in the
flow domain. The continuity equation is as follows:

ou;)
ox;
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=0 (1)

The momentum equation can be expressed as follows:
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The friction coefficients are calculated according to the formula proposed by Engelund
(1953). The coefficients are calculated as follows:
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To track the fluid movement and interface the following interphase equation is used.
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In this solver the two phases are assumed as water and air. In computation these two phases
can be substituted by denser media and lighter media respectively. Thus, the two phases
presented here can be generalized for any fluids. Here « is the volume fraction of water (or
the denser medium). « is defined as follows:

water

a = volume of water per cell = —— ©)
total

where V, ... and V, ., are volume of water in cell and total volume of cell respectively.
From Egq. (6), it can be concluded that the value of @ = 1 corresponds to the cells where the

complete cell is filled with water. Similarly, @ = O corresponds to the cell having air only. All

other values corresponds to the interface. Any hydrodynamic parameter, Y for any given cell

can be calculated from the following formula:
Y= anater + (1 ) air (7)

For example the density in any particular cell can be calculated using the Eq. (7). This is
shown in the following Eq. (8):

P = 0Pyyrer T (1 - a)pair (8)
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The values of a for each and every cell in the domain can be calculated using the Eq. (5).
But for physical interpretation there should be sharp interface. Thus to maintain the physi-
cal continuity and sharp interface, a must be conservative and lie between O and 1. Thus
an artificial compression term [V - U.a(1 — )]. This is a standard procedure used in Open-
FOAM (Weller et al., 1998). This approach is conservative and takes only non-zero values
only at the interface. Thus the Eq. (5) can be written as presented in Eq. (9). The bounded-
ness of the equation is achieved by using the MULES solver (presented in Appendix A).
The MULES solver is an already existing solver in OpenFOAM. A limiter factor on the
fluxes of the discretized divergence term is used to ensure the value lies between O and 1.

oa 1 0(a<ul>) a<u(7,>a(l - a) -0
ot " ¢ ox * Pox; -

L 1

©)

Freely available wave generation toolbox developed by Jacobsen et al. (2012) is being used
in the hydroFOAM solver for the purpose of generation of wave boundary conditions.
The module incorporates generation and absorption of waves at inlet and outlet bounda-
ries. The wave generation toolkit (Jacobsen et al., 2012) is being released under the GNU
public license through the extended community. Table 1 presents the list of wave theories
included in this study. A brief discussion on the turbulence modeling has been presented in
Appendix B.

2.2 sedimentTransportFOAM

The sediment transport mechanism depends on the shape and size of sediment particles.
There are two modes of sediment transport, i.e. suspended load transport and bed load
transport. The mode in which sediment transport will occur depends not on the settling
velocity of the sediment to the critical bed shear stress (Kraft et al., 2011). There is also
a good way to approximate the chance of which mode of sediment transport on the basis
of the ratio of settling velocity to the shear velocity. In suspended load transport, sedi-
ment particles move without staying in contact with the bed, whereas in bed load transport,
the particles maintain continuous contact with the bed as they move. The larger sediment
particles move downstream due to the bed load transport mechanism. There is a rough esti-
mation of 5-25% of the suspended load is transported as bed load. The developed solver
sedimentTransportFOAM is a semi-analytical solver. The calculation of bed shear stress in
the combined action of waves and current is challenging. Earlier several researchers have

Table 1 List of “wave type”

and “wave theory” available in Wave type Wave theory

hydroFOAM Regular cnoidal
Regular Stokesl
Regular StokeslII
Regular StokesV
Regular streamFunction
Solitary Boussinesq
‘Wavemaker tveta
Irregular -
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worked on calculating bed shear stress and developed a couple of equations. The sediment-
TransportFOAM has six models to calculate the bed shear stress. The end-user can choose
among these equations as per the need. Babaeyan-Koopaei et al. (2002) has developed the
following equation to calculate the bed shear stress:

7 = pgRS; (10)

Schlichting and Gersten (1979) has proposed the following equation to calculate bed shear
stress:

7= pCpU? a1

The friction-based approach takes into account the bed friction in calculation of bed shear
stress. The following equation is derived by considering the frictional force.

= %prz (12)

12h,

2
where f=0.06/10g( ) if wk/v<50, otherwise if uk/v>70.0, then

u

2
f=0.06/ log(%) . Here f is the coefficient of friction, k, is bed roughness parameter.

Rijn (1984) has silggested that the value of k; = 3dy,.
Schlichting and Gersten (1979) has used a logarithmic relationship to calculate the bed
shear stress.

r=pu*2

- 13
where, u*=u<lln<£>> (13)
k 20

where u* is the shear velocity, z is the height above the bed and z; is the characteristic
roughness length and is calculated as &, /30.

Simulations carried with keeping the turbulence models turned on can be used to calcu-
late bed shear stress 7 using the following definition.

7= —p(vt+v)a—Z (14)

Another formulation that can be used whenever a turbulence model is in place for carrying
out the simulation, is presented here. The total kinetic energy, k is defined as:

1,/ - _
k=§(<u2>+<v2>+<w2>) (15)
The () is the averaging operator.Then the bed shear stress can be calculated as follows:

T=ky/e, (16)

Generally, the value of ¢, is taken as 0.09.

Above section discusses the methodology to calculate the bed shear stress using dif-
ferent mathematical proposed earlier. Table 2 lists down the keywords available in sed-
imentTransportFOAM for calculating the bed shear stresses. Three different formula-
tions are there in sedimentTransportFOAM to calculate the bed load transport rate. The
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Table 2 Different formulations available in sedimentTransportFOAM for calculation of bed shear stress

Name of the model Keywords in
Babaeyan-Koopaei et al. (2002) babaeyan

Schlichting and Gersten (1979) linear formulation schlichtingLinear
friction based approach [rictionBased
Schlichting and Gersten (1979) log formulation schlichtingLog
Turbulence formulation turbulenceFormulation
Total kinetic energy formulation tkeFormulation

different models are discussed here. Before that three non-dimensional numbers are for-
mulated below to ease out the discussions. The non-dimensional formula of bed shear
stress, critical bed shear stress and bed load transport rate are described below:

. _ T
(ps — p)gd;
Tc,i
Ti T T NoT
o (ps — p)gd; 17
_— dp.i

Bpi =
’ (p—p)g
s di

The formulation given by Rijn (1984) is presented below:

i _ 0053

1< 03
d's, ek p/(p=Dg \ 3
PV ol

The critical bed shear stress 7, is calculated from the Shields diagram (Dustegir et al.,
2018). According to Van Rijn (1984) this equation fits well for the small diameter particles
in a range of 100-500 pm. When modeling suspended sediment numerically, the computed
bed-load movement can be utilized as a boundary condition i.e. reference concentration.
Meyer-Peter and Miiller (1948) proposed the following formula to calculate the bed load
transport rate:

(18)

q,; =0; if T < T
* I * . (19)
qy; :(xs<‘r‘ - Tc’l.> ;o it T >
where
a, = 1.6Int™ +9.8

Engelund and Fredsge (1976) has given the following model in 1976 to calculate the bed
load transport rate:
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q,;=0: if = <7

* 20
qz’i =18.74(T* - Tzi) (1*0'5 - 0.71*0‘5) it o> (20)

c,i
A convection diffusion transport equation is used for predicting the suspended load trans-
port in sedimentTransportFOAM.

@+U-£+w@—i l“i 21
or T iox T T aw \ o, @h

The deposition rate is calculated from the following formulation:
D=wgc, (22)

The sediment concentration rate is calculated from the following equation:

—r \ 15
i Tei
cbed,sus.load,i =0.015 Z ]
p/(p,—Dg \ 3
==

The equivalent roughness height of Nikuradse was considered as reference level above
bed (a), with a minimum value 0.01d. According to Rijn (1984) the equation is the "’best”
agreement between measured and calculated concentration profiles for a flow depth of
0.1-0.25 m, with a flow velocity varied from 0.4 to 1.6 m/s and sediment size in the range
of 180-700 pm. The above section discusses the mathematical model used in the sediment-
TransportFOAM solver in a concise manner. In the next section some differential equation
solving algorithms are presented.

0.3 (23)

2.3 Algorithm

hydroFOAM solver is coded using the PIMPLE algorithm which is a combination of PISO
and SIMPLE algorithm. PISO stands for pressure implicit with splitting of operators, whereas
SIMPLE stands for semi-implicit method for pressure linked equation. The non linearity terms
in the equations explained in hydroFOAM is handled using an iterative technique. For exam-
ple the non-linear term in the momentum equation V - (UU) is approximated as V - (U"U" ™).
Here, U" and U™*! are the solution at present and next step respectively. As there is no pressure
equation in the governing Navier—Stokes equation, the continuity equation imposes a con-
straint on the momentum equation. At low Courant number, the coupling between the pressure
and velocity is very strong. Therefore a pressure corrector term is repeated without updating
the same in the momentum equation. In in-compressible flows, the momentum equation is
discretized as:

a;UP + 2 a"NUN =r—- Vp (24)
N
Writing a new term H(u), which is defined as follows:

HU) =r- ) a,Uy (25)
N

@ Springer



Sediment transport analysis under combined action of waves...

Applying Eq. 25 in Eq. 24 gives:
ap+Up=HU)-Vp

- 26
U, = (@) (H(U) - Vp) (20
Substituting the Eq. 26 in continuity equation (V- U = 0) will result in the following
equation:

V - [(a4)™'Vp] = VI(@*) ' HU)] @7

The differential equations used in sedimentTransportFOAM are solved by using the finite
volume discretization. All the terms of the equation are solved implicitly.

The variables used in the earlier equations of bed shear stress calculation are presented
in Table 3.

3 Validation

The hydroFOAM solver has been validated with the works of Umeyama (2011) for com-
bined wave-current flows without the presence of any structure. The flow condition used
are presented in Table 4. The validation plot comprising of z versus velocity at four dif-
ferent time steps are presented in Fig. 1 which shows very good agreement between the
simulated velocity profile obtained using the developed code and the experimental results
of Umeyama (2011).

The numerical model (hydroFOAM and sedimentTransportFOAM solver) has also been
validated with the work of Sumer et al. (2003) for steady current condition. The bed load
transport rate computed from the numerical model is compared with the work of Sumer
et al. (2003) and is presented in Table 6. The flow conditions used in this validation are

Table 3 List of symbols used

Symbol Description

T Bed shear stress

p Density of water

R Hydraulic radius

Sy Energy slope

Cp Drag coefficient

U Average fluid velocity

f Coefficient of friction

k, Bed roughness parameter

u* Shear velocity

v Viscosity of water

v, Eddy viscosity

(s Non-dimensional bed shear stress
T:J, Non-dimensional critical shear stress
Qb Bed load transport rate

q[*“. Non-dimensional bed-load transport rate
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Table 4 Flow conditions used for

N f th del
the results presented in Fig. 1 ame of fhe mode

Keyword in sedi-

mentTransport-
FOAM
Density of water 998.2
Kinematic viscosity of water 1.004e—06
Density of air 1.205
Kinematic viscosity of air 1.41e—05
Wave theory cnoidal
Wave height 0.0309
Wave period 1.0
Wave direction 0.0
‘Wave phase 1.57079633
U 0.08
All dimensions are in SI unit
0.25 - 0.25 -
- 2
. '.‘: e« Numerical oz ; e« Numerical
i s 4 Reference 1 s 4 Reference
—~0.15 015
£ 1 £ i
N o.10 } N o.10 :
a 2
0.05, : 0.05 :
: :
0.005 0 2 7 3 ] 0.005 0 2 73 3 10 12
Velocity (m/s) Velocity (m/s)
(a) =0 (b) 4+ =025
0.25 0.25
a
- 3 e+ Numerical o0 ¢+ Numerical
‘ s 4 Reference s 4 Reference
_0.15] _0.15
(S i S 4
N o.10 } N .10 ]
2
0.05, : 0.05
: 1
0.005 i 3 70 2 0005 7

2 4 6
Velocity (m/s)
(A £ =075

4 6
Velocity (m/s)
(c) r} =0.5

Fig. 1 Validation of z versus velocity plot at four different #/T ratio

mentioned below (Table 5). The validations shows excellent agreement between the experi-
mental results and to that obtained using the developed numerical model.

Further, the developed numerical model has been validated with the work of Ribberink
and Al-Salem (1994) for oscillatory flow conditions. The domain dimensions are taken as
14 m X 0.3 m X 1.1 m. Second order Stokes wave formulation has been used here for wave
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Table 5 Flow conditions used in

the validation with the works of Parameter Value

Sumer et al. (2003) Flow rate, Q(Ltr/s) 18.4
Mean velocity, U(cm/s) 30.67
Bed friction velocity, Uy, (cm/s) 1.74
Shields parameter, 6, 0.085

Table 6 Comparison of the rate of bed load transported in volume per unit time per unit width, g cm3/cm s)
with the works of Sumer et al. (2003)

Sumer et al. (2003) Present computation

0.065 x 1072 0.06359 x 1072

Table7 Flow conditions used for Cases  Water Wave period (s)  Net transporta- U, (m/s)

the results presented in Fig. 2 depth (m) tion rate (m%/s)
Casel 0.8 6.5 107.2 x 107 0.5
Case2 0.8 6.5 107.2 x 107° 0.9
10 =
o« e « Reference Data 10 v
® a2 |Y v Computational Data e g0
8
ve
) 8

- 6 v w — “
£ - IS
S . » o6 «®
N - N

4 ot v

4 [
@ [ )
2
. e e Reference Data od
v e 21|v v Computational Data o
0
-15 -10 -5 0 5 10 -15 -10 -5 0 5 10
c(glL) c(g/L)
(a) case 1 (b) case 2

Fig.2 z versus c plot for two considered cases

generation. Figure 2 present the plots of the validation showing the variation of suspended
sediment concentration at different distances from the bed. The flow conditions used in the
simulation are presented in Table 7.

Furthermore, the present computational model has been validated with the work of Li
and Davies (1996) for combined wave-current flows. The flow conditions used here are
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Table 8 Flow conditions for the plots presented in Fig. 3

Cases Net current (m/s) Wave velocity ampli- Wave period Net transportation
tude (m/s) rate (x107%)(m?/s)
Case 1 0.15 1.60 7.2 107.2
Case 2 0.20 1.35 7.2 111.8
Case 3 0.30 1.10 7.2 80.8
Case 4 0.45 0.90 7.2 84.4
10— 10rww
e e @ Reference Data 9 e e Reference Data
& ¢ |V v Computational Data 4 v v Computational Data
8 L4 8
[ 2 Y [ 4
7 7
[ 4 «
€68 [ ok we
s . S Cw
N 5 » N 5
4 ¢ 4 ow
3 3 [
» e
2 2 4
ov o
Yo =0 2 4 6 & 10 12 14 76 s 0 5 10 5
c (g/L) c (g/L)
(a) casel (b) case2
10 10
p » » [ A »
8 8
o o
6 LA § e
= ‘. ) = e
54 e 54 o
w
N «o¥ N
Yy »
2 S 2 ¢ e
o«
- o
° " [ 4
0i| ® @ Reference Data o 0| ® e Reference Data ®
v v Computational Data v v Computational Data
270 5 o 5 10 B FR— T p— o 5 70
¢ (g/L) ¢ (g/L)
(c) case3 (d) cased

Fig. 3 Validation of z versus ¢ plot with the work of Li and Davies (1996)
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presented in Table 8. Figure 3 shows the plots of the validation showing the variation of
suspended sediment concentration at different distances from the bed. The Fig. 3 shows
that the present computational model is able to satisfactorily predict the experimental
results obtained by Li and Davies (1996).

4 Conclusion

The continuity, momentum and interphase equations are solved using the finite volume
method.The volume of fluid method is being employed to track the interface. The solver is
developed with the aid of the PIMPLE algorithm. The simulation data computed from the
hydroFOAM solver is used for the simulation of the sedimentTransportFOAM solver. The
resulted data from the sedimentTransportFOAM is used to analyze the sediment transport
phenomenon.

4.1 Key lessons learnt

The hydroFOAM solver successfully captures the wave-current phenomenon, the code has
been validated with the works of Umeyama (2011) for combined wave-current flows with-
out the presence of any structure. The sediment transport cases are successfully validated
with the works of Sumer et al. (2003) for steady current condition, Ribberink and Al-Salem
(1994) for wave only flow conditions and Li and Davies (1996) for combined wave-current
flows. The developed model predicts very well the hydrodynamics and sediment transport
phenomenon in river and coastal engineering applications.

4.2 Future work

The code will be further employed to investigate hydrodynamic scour and design bridge
piers resistant to flow-induced vibrations, instabilities, and erosion. In the future, there are
plans to incorporate smoothed particle hydrodynamics (SPH) into the current framework
for analyzing particle-level scour predictions and also develop a coupled three-phase sedi-
ment transport module.

Appendix A: MULES
The multidimensional universal limiter for explicit solution (MULES) technique as
described in Sect. 2.1 is presented here. The Eq. (5) can be written in the following form:

0A
—+V-B=0
Y + (28)

The Eq. (28) can be discretized and written in the following form:

n+1 n
AT A

A—t’v+;(B“-S)f=0 (29)
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The Eq. (29) can be expressed with flux-corrected transport schemes. A sample one-
dimensional simple flux-corrected transport scheme is presented below for the reference of
the reader.

Aty - <Bf+; - Bi;) - (hCur=as6) (30)
A sample MULES function used in OpenFOAM is presented below:
MULES: :correct
(
alphal,
alphaPhi,
talphaPhiCorr0.ref (),
1,
0

Appendix B: Turbulence modeling

The OpenFOAM framework has three different types of trbulene modeling provided with
the package which are being rendered in the hydroFOAM and sedimentTransportFoam
solver. These are Reynolds averaged simulation (RAS), detached eddy simulation (DES),
and large eddy simulation (LES). The details of the implementation of all these models are
prsented in the OpenFOAM documentation (https://www.https://openfoam.org/). k — € tur-
bulence model is being presented here for the reference of readers. Two transport-equation
for linear-eddy-viscosity turbulence closure model are as follows:

D
E(pk)= V- (pDVk) + P — pe 31
where D, is effective diffusivity of k, P is turbulent kinetic energy production rate, € is tur-

bulent kinetic energy dissipation energy rate.

D Ce 2
~(pe) = V - (pD,Ve) + T<P+ Cy3kV - u> —Cyp

2
€
n (32)

where D, is effective diffusivity for € and C,, C,, and C; are model coefficients.
The above Eqgs. (31) and (32) are solved using numerical methods. The k — € model is
extensively used to predict the turbulence modeling influence in the flow domain.
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