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Abstract

In this work, we introduce a high-order unstructured path-conservative-based method to solve a novel sed-
iment transport model in generalized shallow water equations. The high-order of accuracy of the proposed
fully discrete scheme is achieved by several new strategies developed for the sediment transport context.
Some important properties of the scheme such as stability, well-balanced and preserving-positivity have been
proved. The performance of the method is assessed on a number of test cases. The results obtained are
compared with other schemes, reference/exact solutions and experimental data. The proposed unstructured
path-conservative-based method is suitable for parallel computations and allows for consideration of a wide
variety of nonconservative problems available in the literature. This work extends and generalizes recently
proposed unstructured positive finite volume schemes.

Keywords: Sediment transport(ST), Nonhomogeneous Shallow Water Equations, Path-conservative based
methods, Well-balanced preserving-positivity(WBPP), Unstructured mesh, Experimental data

1 Introduction

We propose in this work to solve by using a new unstructured finite volume method, a novel two-
dimensional(2D) sediment transport model(STM) that is able to adapt to some coastal or estuary envi-
ronments and has the potential to integrate multiple physics. The developed model is a nonlinear hyperbolic
nonconservative system that admits the steady states, particularly the “steady at rest” and which any analyt-
ical expressions for the eigenstructure exists. The dynamic of sediments in layer of suspended particles and
the morphodynamics in bedload layer in rapidly-varying-hydraulic conditions require a coupled modeling.
Decoupled approach can lead to numerical instabilities and can fail a rigorous estimation of the morpho-
dynamics. It is more difficult to find an analytical solution due to its nonlinear nature and the presence
of complex coupled terms. For a multidimensional(multiD) problem, it is important to develop multiD
numerical strategies to find numerical solutions. The literature does not enough offers simple and robust
unstructured path-conservative based methods able to simulate multiD sediment transport equations. We
develop a new numerical method that does not require any complex resolution technique. This case can
appear when we design an unstructured path-conservative method combined with a Riemann-based solver
with multiple intermediate waves.

We develop here a multidimensional stable, fast and robust path-conservative based method using a
simple 1D Riemann solver without any intermediate waves to solve our proposed 2D model. The proposed
method does not require any Ad-hoc assumption or simplification as in [41] or any complex method of
resolution such as the fix-point method used in [1]. It is well-known that robust numerical schemes should
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be well-balanced and positive even in presence of wet-dry fronts [2], [12],[27], [13], [38], [50],[51]. There is
the need to be a balance between flux and source terms because the solution of such a model can be a small
perturbation of the steady states.

Some numerical schemes are not proved positive and fail in approximating equilibria or near equilibria 2D
solutions. Here, a new unstructured well-balanced positivity-preserving scheme is developed to solve a new
sediment transport model. A novel hydrostatic reconstruction is also proposed to achieve the positivity of
water depth. The set of balance laws of the model has the main disadvantage of containing nonconservative
products due to non-equilibrium hydrostatic pressure. The non-equilibrium pressure creates the variable bed
topography and the variable sediment concentration in the x, y — momentum equations that lead to solutions
containing shock waves. Therefore, a unique definition of possible discontinuous solutions of the model is
used in path sense. The choice of a path allows to prove several shock waves definitions according to [4]. In
this case many shock wave theories can be used to define a shock wave solutions of the model. The finding of
shock waves connecting two states with different propagation speeds is not the objective of this paper. With
the presence of nonconservative products, the explicit calculation of the eigenstructure of the proposed model
is one of the complex one. To overcome this drawback, we propose to use the Gerschgorin theorem to find
the one-sided local speeds needed to evaluate numerical fluctuations. Gerschgorin theorem is more refined
than the Lagrange theorem used in [50]. For a nonconservative problem, the presence of nonconservative
product can produce instabilities during simulations. It is well observed in some solutions generated by
several Godunov-type schemes available in the literature. The difficulty related to the discretization of
nonconservative products can be overcome by using smooth paths.

Some numerical path-conservative methods were developed to solve 1D and 2D nonconservative
problems[9]. Path-conservative strategies are often combined with Roe solver , HLL (Harten-Lax-Leer) solver
and its variants such as HLLC (Harten-Lax-Leer with Contact), HLLEM (Harten Lax Leer entropy) Riemann
solvers, DOT (Dumbser-Osher-Toro) solver and other numerical techniques. All these solvers give rigorous
methodologies to compute the discrete flux or numerical fluctuations at the cell interfaces. Several path-
conservative methods based on these solvers have been designed and successfully applied to solve sediment
transport models [8], [7], [27], [34], [32], [36], [35], [40] and the references therein. We can also combine CU
scheme with path-conservative framework to derive Path-conservative central-upwind scheme. This strategy
has been introduced to overcome the drawbacks of CU schemes and applied only to a large number of 1D
nonconservative problems (related to SWE) by Castro et al.,[6].

Designing a well-balanced scheme is more complicated for sediment transport than for shallow water
equations. For example, the well-balanced discretization developed in Castro et al.,[6] is only valid for 1D
shallow water-based equations. Indeed, their strategy uses a non-singular matrix obtained by projection of
the Jacobian matrix in the steady state spaces. Some well-balanced strategy developed for SWE fail for
sediment transport equations. For some sediment transport models, the projected Jacobian matrix into the
steady states space is singular, therefore, it is not invertible (see Ngatcha and Njifenjou [35]). In order to
guarantee the exactly well-balanced property even in presence of wet-dry fronts, sophisticated numerical
methods must be designed.

Several well-balanced numerical methods have been developed to solve sediment transport problems [?
], [38], [2], [24]. These above schemes are valid only for 1D cases. For multiD problems it is necessary to
design multiD numerical methods. Here, we design a well-balanced numerical method valid for both 1D
and 2D cases. With our proposed strategy we have proved that the scheme verifies the C-property. It
is well-known that the HLL solver is an incomplete Riemann solver and is dissipative [5]. It is also well-
known that some schemes require empirical considerations and choice of specific functions. The proposed
2D numerical methodology on structured mesh does not require the knowledge of the full eigenstructure of
the flux matrix per time step as HLL Riemann solver [23] and its variants(HLLC, HLLEM), Roe scheme [37],
DOT (Dumbser-Osher-Toro) Riemann solver [16].

1D solver can be extended to design 2D schemes on both structured and unstructured mesh. 2D structured
finite volume schemes based on 1D solver have been developed in the literature to solve sediment transport
problems. In this work a methodology to design 2D PCCU scheme on structured cartesian mesh is briefly
presented. This scheme is seen as an extension of one-dimensional PCCU and does not use any empirical
consideration or specify functions as in the designing of some Multidimensional approximate Riemann solvers



available in [41] and [1]. One drawback of 2D schemes on the rectangular structured mesh is that the fluxes
are computed only at the interfaces of the cells. Structured numerical methods do not take into account the
flux at the level of the vertices of each cell. With such a methodology the solutions obtained will be isotropic.
The finding of isotropic solutions is not always desirable when solving a sediment transport problem. To
take into account the conservative and nonconservative fluxes in all the directions of the cell, it is important
to design a numerical method on unstructured mesh. We introduce in this work a unstructured PCCU
method based on the efficient, robust and highly accurate WBPP multiD numerical methodology. With
that, the proposed multiD scheme can be applied to all conservative and nonconservative problems without
major modifications. WBPP shock-capturing PCCU methods combined with a high order reconstruction
technique for solving multiD sediment transport models with wet-dry fronts on general triangular meshes are
not reported in the literature.

In the current study, a central-upwind scheme in the path-conservative framework is developed on trian-
gular meshes to approximate a multiD nonconservative hyperbolic system.

Few multiD path-conservative methods for nonconservative problems designed satisfy all the following
major properties: (i) well-balanced that is exactly capable of preserving steady-state solutions (lake at rest
states) even in the presence of wet-dry interfaces; it stably simulates the wet-dry zones without numerical
oscillations; (ii) it stably handles the discontinuities since the nonconservative products are well-defined; (iii)
positivity-preserving that is capable of maintaining the water depth non-negative during the simulation with-
out reducing the global time step. The developed method satisfies all these major properties. Some schemes
found in literature, although verifying some of the above properties, are not suitable complex geometries.

Our main goal is to derive a fast, robust and efficient second order unstructured path-conservative central-
upwind method combined with a special spatio-temporal reconstruction that captures the steady states, shock
fronts and rarefaction waves. Another important goal is to use the method for solving a new developed fully
coupled STM.

The model includes in the momentum equations friction source terms. The influence of the friction term
does not disappear in some practical applications (for example when the water depth is small or zero). The
presence of this term increases the level of complexity in numerical computations. To overcome this difficulty,
we propose to implement third-order Semi-implicit Runge-Kutta time integration method that sustains the
well-balanced and positivity-preserving properties of the proposed scheme. A high-order well-balanced
positivity-preserving PCCU scheme can be obtained by increasing the order of the gradient derivatives in the
reconstruction procedure. Here, qualitative and quantitative comparisons between experimental, numerical,
reference and analytical solutions for several benchmark problems are presented.

The rest of the paper is organized as follows. In section 2, we propose a new sediment transport model in
nonconservative form. In section 3, we develop some new extensions of path-conservative based schemes for the
proposed model. We present a CU scheme in a path-conservative framework in subsection 3.1 and we develop
a PCCU scheme for the 1D model in subsection 3.2. In section 4, we design new well balanced positivity-
preserving PCCU schemes and we prove some properties of the scheme. We introduce a multidimensional
PCCU (M-PCCU) method on general triangular mesh for the proposed model in section 5. In section 6, we
propose a time discretization procedure and we prove that the PCCU scheme is positive. In Section 7, we
expose several numerical examples demonstrating the performances of the proposed method.

2 Mathematical modelings and derivation

We propose a new fully coupled nonlinear hyperbolic system consisting of five equations based on multi-
physics and multi-components flow models described below (see Fig. (1)). Three layers are considered to
derive these equations and these layers allows us to develop three sub-models: a hydrodynamic sub-model, a
morphodynamical sub-model and a sediment concentration sub-model. Firstly, we consider three-dimensional
(3D) two phases (solid and fluid) equations and we use the nonhomogeneous Navier-Stokes equations for both
phases. Secondly, by summing on both phases the two-phase equations and assuming that the mixture velocity



and the fluid are equal, we find a nonhomogeneous 3D fluid flow father model:

adp . B

% + div(pU) =0, (1)
852] + div(pU @ U) + grad(P) = F, (2)
div(U) = 0, (3)

where ¢ is the time, U = (u, v, w) are component of fluid velocity. F is the source term and P is the pressure
term. p is the mixture density. div and grad are the 3D divergence and gradient operators respectively.

F4 z=h(xt) + Zp(x t) + B(x)

e

e

Layer of clear water

Layer of Suspended sediment particles

>
L)

Layer of Bedload

Zp(x, t)

\/_\EB(T Non erodible bed

Figure 1: Multi-physics and multi-components flow models: water, water/sediment mixture and topography

We use the hydrostatic assumption consisting to neglect the vertical acceleration of the fluid. Therefore,
the z-direction of 3D momentum equation reduces to:

oP
5, = P9 (4)

This implies that the pressure distribution over the vertical direction is hydrostatic.
The situation where the density is influenced by the sediment concentration c is considered:

p = puw(l—c)+ psc, (5)

where the pure fluid density p,, and the sediment density ps are assumed to be constant in space and time
and where c¢ is the flux volumetric sediment concentration. There is a counterpart in the evolution of the
fluid volume fraction that will compensate to achieve the following evolution of the mixture density:

ap % opv  Opw

— — 4+ —=0. 6
ot ox dy 0z (6)
At the free surface, the total sediment flux is assumed to be zero:
oc
W, — =0, 7
c+ o, 92 ( )



where W is the effective settling velocity obtained by averaged Lagrange equation of the motion over the
set of particles and depending of local concentration and given by:
W,
W,

= (1™, ®)

where m is a positive exponent.
dm
A material point on a free surface M(x,y, 2,t) = —z + n(t, x,y). Thus - = 0 leads to:
on

a + ll(t, z,Y, W)Vﬂ - w(ta z,Y, 77) =0. (9)

The relation given by Eq. (9) is obtained under the assumption that, any fluid particle which is on the
free surface of the fluid at the initial time will remain on the free surface for any further time. The sediment
flux near the bed is function of sediment erosion (F) and deposition (D) exchange:

Oc
Wsc+02§ =D—-E. (10)
We can define a quantity % (where Fy(t) = 2(t) — Z;(t,x(t))) that describes the erosion/deposition ex-
change. Using this quantity we can define the bedload interface equation as:
07y (x,1)
ot

The following assumptions are used:

dF,
+u(t,x, Z5)VZ (x,t) = dTb +w(t,x, Z;) (11)

H
1. Long waves propagating assumption € = T < 1, where H and L are two scale length characteristics.

Therefore h = (¢) and ({;—1: = O(e).

We assume that |[u — u| < O(g) where instantaneous velocity and averaged velocity.

The fluid is viscous and incompressible, no heart transfer (the horizontal gradient temperature is zero).
The suspension is assumed to be sufficiently dilute to justify the use of the Boussinesq approximation.
The sediment diameters dsg are uniform.

The vertical averaging technique of Saint-Venant at the first approximation is used.

S W

We introduce here the averaged of a function ¥ by

) = % ! Y(x,t)dz where h(x,t) =n(x,t) — Zp(x,1) (12)
Zy

1 is the fluctuation with respect to the average. It value is ¢ = 1) — 1 and clearly the average of fluctuation
¢’ is zero. h and Z, and 7 are the water depth, bed level and the free surface respectively (see below).
The Leibniz’s relations are also used to derive the model:

oy o [ [T oy on 0Zy

T = gp | viz= [ Gz v Tl wz) G, (13
and 7 ) )

oh 0 o on 0Zy
-2 dz = dy — - Zp) —. 14
o= s [, V= [ Grds—vm vz (14)

The hydrostatic approximation used in the modeling leads to:
opP

5= —pg =P —P,=—pg(z—n) (15)
=P =P, —pg(z—1n) (16)
(17)



The pressure term in horizontal momentum equations obtained reads:

VP = Vpg(n—2z)=pgVn—gn—=2)Vp, (18)
1
;VP = gVn—gn—2)Vp.
Now the horizontal momentum equation takes the form
ou Oluw) 1
— . -VP = 1
8t+V(u®u)+ 5% +pV F (19)

Integrating the divergence-free equation over the depth of water and using the Leibniz relations we obtain
the mass and momentum conservation equations. The derived system constitutes the hydrodynamic sub-
model. The final model is obtained by adding sediment transport equations (bedload equation and sediment
concentration equation) to the hydrodynamic sub-model.

2.1 Hydrodynamic sub-model
The hydrodynamic sub-model reads:

oh _ (E-D)
dhu 1o, .1, (E - D)

Here, u = (u,v) is the horizontal velocity vector with the depth-averaged components u and v along the
coordinates axis and q = (q1,q2) = (hu, hv) = hu is the mass flux. I is the identity square matrix in R2.
Z} = Zy+ B is the total bed level, B is the non erodible bed and Zj, is the mobile bed level (see Fig. (1)). The
mixture density p = Cp, + (1 — C)p,, where C is averaged sediment volume concentration (see below). The

momentum flux is q@u+ 3 gh?I and the pressure is assumed hydrostatic. The gradient operator V is defined

byV:(a

oz’ dy
(E - D) . : : : .
W, p being the bed porosity, £ and D are respectively the erosion and deposition rates. In the system

(20b), (SFu,Sky)T = —gh(Sts, Spy)T are the friction term components, which depend on the flow regime.
When the flow is turbulent, Darcy-Weisbach law can be used:

) and the divergence is noted by V.(.). The erosion/deposition exchange is represented by

_ nllul[(u,v)
(Spas Spy) = gl (21)

where n is the Darcy-Weisbach friction factor.

E-D
Eq. (20a) for ((1)) = 0 is the Lagrangian form of mass conservation equation:
-p
oh
— 4+ V.(hu) =0. 22
S () (2)
Note that hu in (22) and q in (20b) are different in their role. The system (20) is named generalized Shallow
Water/Sediment model. Yet, for steady state or unsteady solutions, the continuity equation (22) degenerates
to a constraint V.(hu) i.e. the depth-integrated velocity is a solenoidal filed. We have:

V. (u®q) = (u.V)q+q(V.u). (23)

The first term of RHS in Eq. (23) is associated to the background flow and the second term is closely linked
to the change in the water depth along flow path. Illustrating how the change in the depth h are insert
wined. We observe that the divergence V.(u ® q) contains (q.V)u and (V.q)u. Moreover, the term (V.q)u
characterizes the wave propagation and (V.q)u+ghV1 is the wave-like propagation on top of the background
flow. This means that the depth-averaged velocity u = q/h is transported by the mass flux q.



2.2  Sediment transport equations.

Here, we expose the sediment concentration equation described in the layer of suspended sediment particles
and the bedload equation in the bottom layer. We choice an Eulerian approach for both equations.

Sediment concentration equation

The averaged equation governing the sediment concentration reads:

ohC

o + V. (hagg,C) = V. (vs fbVC)+ E — D (24)
The diffusion term is obtained by using Darcy’s law into the averaged density evolution equation. Really,
the advection velocity is given by Uyqy = Feorr, where F,.- convert the averaged velocity into advection

velocity [26]:
_ Iy —log(B/30)1;
I log(eB/30)

(25)

where Iy, Iy are given by [14]:

1 _ I +log(B)B'~fo)
1— Bl Ro 1 1
I = 1—R0( ), Ro# , and I, = Ro—1 » Ro#l
—log(B), Ro=1 —0.5(log(B))?, Ro=1,

h
where B = — with kg is bed roughness taken as in [32]. For sake simplicity, we take F,.. = 1 in all the

tests. The function f is the sediment mode parameter introduced to represent the percentage of sediments
transported by the suspended load. We adopt the following relation[21]

f =min{1, 2.58_R0}, (26)

S

where Ro = is the Rouse number used to define the mode of sediment transport (bed-load or suspension),

k= 0.4 is Von Karman number, u, is the bottom velocity and Wy being the settling velocity given by [42]:

13.95
W, = \/( “)2 4 1.09sgdso — 13.95—
dso dso
where dsg is the sediment diameter and where v is the clear water viscosity. The parameter s = Ps _ 1is
P

the submerged specific gravity of sediment.

Bed evolution equation

1
By assuming that u(¢,x, Z;)VZ;(x,t) — w(t,x, Z;) — 17qu, the bed-load equation given by (11) is
—D

replaced by the Exner’s equation. Here, g is the horizontal sediment transport rate. Following Eq.(11), the
bedload equation can be rewritten as:
0z 1 Ogm 1 Oqe  (E—D)

= — 2
ot 1—-p Odx 1-—p Oy 1—-p "’ (27)

where qp1, @2 denote volumetric sediment transport rates per unit width along the cartesian coordinates.
Therefore, the morphodynamic sub-model using a Grass approximation reads:

0%y Ag 0 ((hu) [(hu)2+(hv)2]> L Ag 0 ((hv) [(m)%(h@?]) _ (E-D)

ot 1—pox h3 h3 1—p

T )



where Ay[s?/m] represents the intensity of fluid/sediment interaction and where we have denoted g, =
[(hu)? + (h0)?]

B3
Exner based equation for the conservation of mass of sediment given by (28) states that the rate of

change of bed elevation within a control volume is driven by the sediment fluxes crossing the boundaries of
that volume and the erosion/deposition exchange.

(qbla Qb2) = (huv h'U)

Closure model
In above equations, D is the deposition rate [10]:
D =W(1 - Cy)™C,, (29)

where m is a parameter indicating the hindered influence of high sediment concentrations on settling velocity.
The function C, is the local near-bed uniform sediment concentration in volume, which can be determined
for uniform grain size as:
C, = a0, (30)
where a. is given as in [10]:
1—
a. = min{2, J}
c
The erosion rate E is calculated in as [2]:
o0 — o)V u? + 02

FE = hd0-2 )
0, otherwise

0 >0,

(31)

For sediment entrainment F, ¢[m!-?] is the coefficient that controls the erosion force. The function 6., is the
critical value of Shields parameter 6 defined by

U

0= ,
gsdso

(32)

where, u, is the function velocity defined using the manning coefficient u, = /Cyu?. Another formulation
account the sediment supply condition can be given (for dunes):

w= (33)

h

S

where kg is a roughness coefficient depending on sediment supply condition [32].

2.8 Nonconservative form of the model
The final two-dimensional sediment transport model in generalized shallow water equations reads:

oh (E - D)

dhu 1, S _ (E-D)
T + V. (hu ®u+ igh I> +ghVZ] + 72—pgh (ps — pw)VC = 1=p) u — ghSy, (34b)

OhC  OF.,;rhuC  OF,,. hvC
+ + =V.

o - 5 (hvo fVC) + (E — D), (34¢)
0Z Ag 0 ( (hu) [(hu)? + (hv)?] Ag 9 [ (h)[(hu)* + (h)*]\  (E-D)

aTb 1—p8x< h3 >+1—p3y< h3 )“ 1—p > (34d)
OB

i 0. (34e)



The proposed model can be seen as an extension of those proposed by Clare et al.,[14], Greimann et al.,[21],
Huybrechts et al.,[26], Huabin et al.,[27], Holly et al.,[25]. It very similar to the one recently developed by
Ngatcha et al.,[32]. Moreover, it extends the model developed b y Cao et al.,[10] and its extensions used in
some papers such as [2], [30] and [49]. The proposed model can reformulate in nonconservative form as:

OW  OF (W OFy(W oW oW oW oW
1 O IW) L OBOW) o oy TV W) 2 ow) DY uw) O
ot 88\% %yw ox Oy ox Oy (35)
+51(W)E + SQ(W)Ty + SE(W) + SD(W) + SF(W) z,y € QCR, ¢ E]O,T].
h
hu
Here, 7,y € Q CR2t € (0,T), W = | hv | is the vector containing the conserved variables and W = (W, B).
hC
Zy
The functions Fy (W, B) are the physical fluxes on both x,y-directions given by:
hu hv
hu? + 1/2gh? huw
_ huv | v +1/2gh*
FI(W’ B) N FeorrhuC ’ F2(VV’ B) N EeorrhvC ’ (36)
o1 Qb2
0 0
A Ig B
where (qp1,qp1) = 179(%1, qp1) and where w =0, k = 1,2. The nonconservative vectors read:
—-Dp
0 0
—gh 0
nwB=| | nws=|"9
0 0
0 0
0 0
bw—ps 0 0 0
—_— —gh 0
2/) —g 2 Pw Ps 0 —gh
(W,B) = 0 , QW B) = 2 , Si(W) = E So(W) = 0
0 0
0 0 0 0
0 0 0 0

The bottom friction, the erosion/deposition exchange and diffusion source terms are defined respectively
by:

(E-D)
(1-p)
0 _E-D) 8
—ghSf, (1-p) 0
Sp= | 7S | g | _E=D) sy = | 0 ac\ 9 ac
0 E—-D v B Y
0 E—-D
_ 0
1-p
0



The smooth solution must satisfy some positivity constraints which lead to the following solution space
for physically admissible solutions

W={WeR°® h>0,C>0},
The Jacobian matrix of the system reads:
Ap(W) = A (W) = T,(W) = Qr(W) = Sp(W), k=12 (37)

_ 0F,(W)

where A (W) W

. We note that

.An == .A.Il = ./41.1’11 + Ag.ng, (38)

where n = (n1,1n5) is unit normal vector.

2.4 Steady state solution

We develop steady-state solutions for the one-dimensional sediment transport in a nonhomogeneous shal-
low water system obtained from our proposed model. We start by computing the steady-state solution in
the 1D case. In situations when the erosion/deposition effects are zero(E — D = 0), the stationary solutions

aw
satisfying T 0 can be obtained:

h = constant, hu = constant in time, Z; = constant in time, C = constant in time, p = constant in time.
(39)
If we assume that:
hu = qy, 0.7Z; = —Ky, 9,C =—Hp, p=po. (40)
The last equation of (40), corresponds to saturated sediment medium. According to Eq(40), we obtain the
constant water depth hy defined by:

F(ho) = 0, with F(hg) = 95550 hi + gKohl — %qg (41)
The structure of 2D steady-state is not easy, but it is possible to find a quasi 1D steady-state solutions:
h = constant, hu = constant,hv =0, 0,Z] = constant in time, 0,7, =0, (42)
0,C = constant in time,d,C =0, p = constant in time,
or
h = constant, hv = constant,hu=0, 0,Z; = constant in time, 0,Z; =0, (43)
0,C = constant in time, 0,C =0, p = constant in time.

When the bed Z; and the sediment concentration C' are constant in time, we set Z; (z,y,t) = Z; (z,y) and

C(z,y,t) = C(z,y).

3 Finite volume methods

In this section, we develop a WBPP path-conservative central-upwind scheme. We start with considering
an open bounded interval of R, denoted by Q and representing the flow domain. A uniform grid {z; =
i Az}ier is defined on Q (recall that © is the closure of € in the topological sense), where Ax is the grid size.
The associated finite-volume cells K; (named also control-volumes) are defined as: K; = [z;_1/2,Tit1/2]-

These control-volumes should meet the following condition Q = Ufil K;, where N = Card(I) is a given
nonnegative integer assigned to tend to +oo. The family of control-volumes K; is denoted by 7. Sometimes

Az is called the size of 7. We assume that at any time ¢ > 0 the average (in space) W;(t) of the solution over

o 1 .
any control-volume K; is available. Recall that W;(t) = N [x. W(x,t)dz. W; interpreted as the average of
— l‘ ’

W (a piecewise constant approximation for all x € K of W (x,t) at time ¢t + At). The design of CU scheme
in path-conservative framework requires the choice of sufficiently smooth paths in the normed space R®

10



3.1 A well-balanced CU scheme

In this subsection, we begin by develop a CU scheme in path-conservative version for the one-dimensional
version of the proposed model:

OW
T + A1 (W) =8S(W(z,t)); z€QCR,te€0,T) (44)
: : . 0F1 (W)
Here, W = (W, B) is the unknown vector, F'(W) = F;(W) is the physical flux and 4;(W) = 0 The
x

source term expresses as:
S=5(W)+SW)+ Sc(W)+ S.(W) + Sp(W) + Sp(W),

where Sp, S, S are respectively given by:

0 0 0
07y gh?(ps — pw) OC 0B
—gh 2 e —gh=
x 14 X ox
So = 0 , 8. = 0 , 8= 0 (45)
0 0 0
0 0 0
0 0 0
The first-order semi-discrete CU scheme for quasi 1-D model reads:
1 d Fir12(t) — Fiz1y2(t) — .
—— t)dx | = — - () ], K; ,1 € 7. 4
Amdt(/}gwm,m) < - SOV ) Kie Thie (46)
Here, the CU flux F; /5 reads:
1 oiti/2 14 a§+1/2 - aé+1/2 B .
Fir1/2 = %F(W&/z) + #F(Wi-&-l/Q) T (W:H/Z - Wi+1/2> , €L (47)
where
hu
2, L 9
hu® + §gh
huv
F(W) = FrorrhuC : (48)
1 (hu) [(hu)2 + (hv)z}
1-p h3
0
Remark 3.1. and where
+ - + -
i+1/2 =207 120 )0 it1/2  Qip12 TGy 4
Qg = - 5 o D — (49)
Git172 ~ Gig1y2 Uir172 = Bip1/2

The one-sided local speeds of propagation ail/g are upper/lower bounds on the largest/smallest eigenval-

ues of Jacobian matriz of the system A; determined by the polynomial characteristic given at first order
approzximation by:

@ = min {0 (AW ) M (AL (W3 0)),0) (50)
arap = max (AW ) da( A (W )0}

11



In absence of sediment flux ¢, the eigenvalues of the quasi-1D system are given by:

)\1,6 =ux V ghv )‘2,3 = 07 )‘4 =u, AS = FCO’N”U' (51)
Thus the semi-discrete CU scheme can be rewritten in term of fluctuations as:
d— Fir12() = (F(W ) = F(W,, 1 0) — Ficipo(t) + (F(W ) — F(W., ) —
—Wi(t) _ +1/2 ( 1/2) ( +1/2 1/2( ) ( ( 1/2) ( +1/2) n S(W,(@Z)
dt Az
Do,y +DFy— (F(WH )= F(W, ) _
_ ( +1/2 1/2 N 1/2 +1/2 + S(WL(1)),

where Dil /o are the fluctuations given by:
it12 = F(Wi, ), and D= —Fiip+ F(W/ ). (53)

Particularly, the condensed form of the definition of fluctuations for CU scheme is written as follows:

Di_+1/2 =

i+1/2

14+aiT/2 1 dw,;
D %/ A (Wi412(s)) +1/2dsj:a°2 (W+ W
0

i+1/2 ds i+1/2 z+1/2> : (54)

We expose this formulation to show how the CU technique does not account the nonconservative terms in
the definition of fluctuations given by (53) or (68). In this semi-discrete CU scheme, we denoted W;.:_l /2 and

\)\% the left and right intermediate values of polynomial reconstruction

i+1/2

—~ T
W(z,t) = 3 P, X, (2),P; = (PZ.“),Pi@, ....,P}M) : (55)

where X-the characteristic function, H(j )—polynomials of a certain degree satisfying the conservation and
accuracy requirements defined for all ¢ by:

1 — ; )
F/ P;(z)dz = W;, and PP (z) = WO (z) + O((Az)*), z€K,
x K;
with s; a (formal) order of accuracy and W (z) = (W . W)t is the exact smooth solution. We are
interested at boundary extrapolated values. One has:
Wi/ = W(Zit1/2,0) = Pi(zi11/2), W;;:»]/Q =W (zi41/2,0) = Pit1(@iq1/2)- (56)

Here, W;+1/2 and W:FH/Q are connected via Riemann fan by ’y(WLl/Q,W;ﬂ/z) (a curve in phase space).

For some smooth W, we have:

Wz‘i+1/2 = W(zi41/2) + O(K4|%), VielZ (57)
At the first order we have:
W;+1/2 = W'L and W:r+1/2 = Wi-‘rl' (58)

Note that the quantities W, Wz‘i+1/2’ a;t+1/2

notation by suppressing this dependence. The source terms are discretized in well-balanced sense as follows:

)@ = _(f’s;pffv)g [(hsgo o) (O o — OV ) (59)

- ((hc)i_-f-l/Q + ULC);:—I/Q) ( iv1/2 h:r—1/2)}

are the quantities depending on time, but we simplify the

(60)

(50)1('2) % (h;+1/2 + hitrl/z) ( bit1/2 Z;i—l/?) g

12



Remark 3.2. The semi-discrete well-balanced CU scheme for the 1D proposed model is given by (48), (53),
(55), (56),(58), (50) and (59). This scheme does not account the nonconservative products present in the
model that modify the wave speed propagation. It important to design a numerical scheme that take in
consideration these terms.

3.2 A one-dimensional PCCU scheme.

In this section, we develop a new PCCU scheme for 1D version of the proposed model. The designed
scheme is an extension of the one developed in Ngatcha and Njifenjou [35] (see also [32]). A quasi-1D
nonconservative problem derived from our model reads:

oW °A%

ot
OF (W) _ _ _
where A(W) = A; (W) = P —Ti(W)—Qi(W) =S (W), Th =T,Q1=Q, 51 =5

We start by choosing the linear path ¥:

=S.(W)+Sp(W)+Sp(W), xeQcCR,tec]0T],T >0, (61)

1) (2) (N) (N+1) -
‘Ili+1/2( 5) = (\Ilz+1/27\1]z+1/27"' \Il7,+1/2’\111+1/2) =¥(s, Wz+1/2’wi+1/2)'

Next, we defined the discretization of nonconservative terms using these paths. The nonconservative vectors

T1 =T and @ = Q are associated to multiple paths (\PE?I/Q, \Ilfi)l/z, \Ilgfl)/z) and the fixe topography

i+1/2
These linear paths connect both states W i+1/2 and W, | /
that a local-Lipschitz application ¥ : [0, 1] x  x  — Q satisfies the following property:

vector S1 = S is associated only to (

5 across the jump discontinuity at x = xq, such

CO,W 0 W o) =W pand (LW 0, W o) =W, forall Wi, o Wi, €Q.
(62)
We can define a nonconservative product [X3d,Y], with X ¢ RY N >0 and Y € R as:
_ i dw _ n
[(X.0:Y]g = X (s Wz+1/27Wz+1/2)) ds (s, Yz+1/2’y‘+1/2)d5 =X, 1) (63)

Now, we will noted by My, , ,,, M =T, @, S to represent the nonconservative contribution terms at discrete
level. This definition is similar to the one proposed by Volpert [47] for the nonconservative product. We take
a particular example of the simplest linear segment paths:

i1ya(5) = Wiy +s(Wip =W ), sel01]. (64)
The jump condition using the definition of paths reads:

_ A _
/ A (s Wz+1/2’w:r+1/2)) ds (s, W2+1/2’W1+1/2)d8 (65)

[A W)0:Wle — [T(W)0: Zplw — [Q(W)0:Cle — [S(W)0. Blw

(W 7,+1/2> (W;+1/2) + T(Wz+1/2’w;+1/2)(zb+i+1/2 ZI;z+1/2)
QW z+1/2’ z+1/2)(C1+1/2 Cz:tl/2) +S(W 1,+1/2’Wz_+1/2)(Bi+1/2 - Bi—1/2)
o(W

W;+1/2)

_|_

l+1/2

where o is speed of discontinuity. The LHS term of (65) is the fluctuation which is split right moving waves
arising in the Riemann solution the fluctuation is defined by:

D(W;—l/Q’ z+1/2 / A 7d3 = (Wz+1/27Wz_+1/2) + D+(Wz+1/2’wz_+1/2) (66)
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where D~ (Wz+l/2’ W;+1/2)’ DJF(W;EH/?’ W;+1/2) represents the difference between the numerical flux and
the physical flux at both sides of the cell interface and are computed using Central-Upwind technique. In
Eq.(65), we have used a quadrature method to compute the integral for all the nonlinear functions associated

to nonconservative terms:

1 Wi o+ W

— = 1+1/2 1+1/2

WSy 0 Wie) = [ T(iapa(s)ds = T2 Z002) (o)
— — d‘IlH-l 2( )
Q(W7,+1/27W1+1/2)(O:|»1/2 Cl+1/2) = / Q(¥i11/2(5)) ds/ ds,and
_ W +Wi—1/2

_ 1+1/2

SWiije Wit = /05(‘I’z'+1/2(3))d525< / 2 )

Particularly, the nonconservative contribution for sediment concentration reads:
dW¥iy1/2(s)
i d
/ QY +1/2 5))————" ds S
(59)(01‘11/2 + Cf+1/2)

)
= (_;,_p_((hc)l_._l/Q (hC)H_l/z) (h+

Pix1/2 T Pit1y2 2(

+
Piz1j2 t pi+1/2)

T
The components of W; /5 are: Wii1/0 = (Yp 5412, Vhuit1/2, Yhoit1/2Vnciviy2 V2,012, YBlit1/2) -
We have for example:

1 . .
9[h02 2] w ZQ/ Un(s) =5 = 5 Zb)i172 = (Zb)ia/2):

Therefore, we rewrite the fluctuations D for the nonconservative system as follows:

i+1/2

+
Dz+1/2

1+a1+1/2 d‘I’Z+1 9 +1/2 B
Tre, / A o) T2 s 1 OO (W, - W) (63)

We retrieve the fluctuation formulation for conservative systems developed in CU scheme when A = A.
With this new formulation of fluctuation, the second order semi-discrete PCCU scheme reads:

dW;(t) 1 _ _
i Az (Dz+1/2 +D;_ 12+ F(Wz+1/2) F(Wz 1/2) Ti - Qi— 1) (Se)i+(Sp)i+(Sk)i- (69)
Here, we have used the definition of the polynomial reconstruction to compute T3, Q;, S;
T, = ( /K T (Pi(x)) dx) (Ziisie = Ziiap) (70)
R : - +
Ql </K1 Q <PZ($ ) (Oerl/Q 0271/2) ’
Si = </ S (Pl(l‘)) dl‘) (Bi+1/2 - Bifl/g)
K;
where

W, . .+ W'
M; = (/ M(PAx))dw) =M< e ””) M =T.Q,5.
K;

The one-dimensional semi-discrete PCCU scheme for the 1D proposed model can be rewritten as:
d— 1

%Wz(t) = AL (Fit1y2 — Fie 1/2)—A7 (=T — Qi — Si)— AlxH\p,i+1/2+5D(Wi(t))+SF(Wi(t))‘f‘Se(“(f;‘it))%

14
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where we denoted the jump contribution Hy ;41,2 reads:

+ —
A_1/2 Aii1/2
Heiv1/2 = Jrz—/_ (Tgi-1/2+Qwi-1/2+ Sw,i-1/2] — Jrz—/_ [Tgiv1/2+ Qwit12 + Swiv1/2] - (72)
a —a a —a
i—1/2 ~ _1/2 it1/2 ~ %ig1/2

The source terms Sp,; = Sp(W;(t)) Sp; = Sp(W;(t)) and Se; = S.(W;(t)) are discretized as follows:

E-D 0
1—p 3 0
_(E-D)y (hi+1/2 + hzr+1/2> 0
(1-p) -9 9 1f, 0
(£ — D)vi (h‘ +hi ) .
Sei = o= | Sk = it1/2 " Nir2) o | Spi= | 6F(hwfC)
p -9 215 0
E-D 2
E-D 0 0
L—p
0 0

(Jig1 — ()i
Az ’

Remark 3.3. The Path-conservative central-upwind method is formally consistent with the particular defi-
nition of weak solutions while the original CU is only consistent with smooth solutions. The use of PCCU
scheme is a great interest than the original CU-scheme. The semi-discrete PCCU scheme coincides with a
semi-discrete version of path-conservative HLL Riemann solver with intermediate wave.

where the operator 07 expressed as 07 (.) =

Remark 3.4 (2D PCCU scheme on cartesian mesh). A simple 2D PCCU scheme on structured meshes
can be derived directly without any difficulty following the methodology described in Fig. (2) and by using to
the previous results.

Y
Giks1/2
k+1/2 T 1=
Fii/z - Fir1px
e 1 % e
Gik1/2
k-1/2 o
i-1/2 i+1/2
X
@ Flux interfaces
Figure 2: 2D structured meshes, methodology to evaluate the fluctuations. In this methodology, the fluctuations DE and

i,k+1/2
’Dﬁ_l/z . are computed at each cell faces of the meshes and the half indices (i + 1/2,k) and (i, k + 1/2) to denote cell faces
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4 AENO nonlinear reconstructions and main properties

4.1

We present a computational economical second order limiter.

Generalized AENO nonlinear reconstruction for 1D schemes

methodology of [39]. We start by writing the piecewise polynomial as follows:

PZ(QT)

where A

=W, + (z —z;)Ay;

= (VW);,i € Z are the slopes that approximate (VW (z;,t

x € Kj;,

Tit1/2 — Ti—1/2

with x; = 5 ,

This limiter is inspired from the ENO

(73)

™) in a non-oscillatory manner using a

nonhnear slope obtained by convex combination of A; /s (W;,W;y1) and A,;_,; /2 (W, W,_) as follows:

(VW) = A; = {

A1+ BT (Al — A

A1+ B (Asyrye —

sign(Aiy1/2) + sign(A

In Eq. (74), ¢ = abs <

where

' i-1/2)
2

BE(r) =

abs <
abs (

’L+1/2
A2 te
i—1/2

A2+ 6)

+
T

i+1/2)®,
Ai—1/2)¢7

. The parameters S+ are defined as:

>0

if [Agy1/2] > [Ai-1)2],

if [Ai_1/2] > [Aig12]

In Eqgs (74)-(76), the slopes A;4/9 are defined as follows:

Aij12=

In the above equation (75),
Z€r0.

W1 —W;
Az ’

W,
A=

W,
Az '

if [Ajp12] > [Ai-1)2],
if [A_1/2] > [A1)2]

(74)

(77)

is a positive parameter, and € is a small positive tolerance to avoid division by

Some minmod based reconstructions choose the absolute minimum of the slopes between right and left
slopes. This can produce diffusion for a second order scheme and even for a high order scheme. The choice
of highest slope can produce small oscillations during the simulation. To overcome this drawback we can

use an AENO methodology.

The above AENO-based procedure given by (73)-(77) uses also the ADER

methodology and ENO strategy. This reconstruction technique is proven to have a formal second accuracy
and is computationally economic than the classical AENO reconstruction developed in [44]. This methodology
reconstruction can be naturally extended in 2D schemes.

4.2 AENO nonlinear reconstructions for 2D schemes

Here, we extend the above modified AENO reconstruction following two step process.

P(z,y) = Wi,kJrAi(:cfxi)JrAk

(yiyk)ﬁ ‘rayGKiv

with z; =

Tit1/2,k — Ti—1/2,k
2 )

_ Yik+1/2 — Yik-1/2

2
(78)

where the above slopes A;(A; 1125, Ai—1/2,6) and Ag(A; 411/2, A x—1/2) are defined in 2D manner using

(74) with
ANERYN

Ajgr1)2

Az ’

W, — W,_
A ijop = %

W, — Wi
Ajp_1/2 = k Ay kol

(79)



Now we can estimate the solution at the face centers by linear reconstruction:
. — 1
+ _ —_
Wi—l/Z,k = Wik — A Wz+1/2 p = Wik + §Aiv (80)
and ) )
ij_l/z =W — §Ak, W12 = Wik + 5Ak. (81)

Using this 2D reconstruction, we can obtain easily a second order 2D PCCU (or 2D PCCU-AENO for short)
scheme in space. However we can increase the order of derivatives of W; to obtain a high order scheme but
a high order scheme do not still ensure a high order accuracy.

Remark 4.1. (High order PCCU schemes) The order of the proposed scheme depends on the choice of

the functions Py, = (P(l),P(z), ...... ,P(N“)), For any smooth functions W, and according to Eq. (57) we
have:
P(z) = W(x)+ O(Ki|"),Vx € K; (82)
dP;

w O(|K;|®?).
F () + O(Kil*)
Then, the semi-discrete PCCU-AENO scheme (71)is an approximation of order at least r = min(s, s1+1, so+
1) of the nonconservative quasi-1D system (61) in the following sense:

(Ditrlﬂ+Di_1/2+/K.A(P(:c))dex> S — /A —+S( )+ 0K, (83)

where S(W;) = Sc(W;) + Sp(W;) + Sp(W;) computed in each cell by using a barycenter formula. According
to remark 4.1, the order of PCCU is at least r, we can obtain the high order methods based on first order
PCCU numerical scheme by increasing the derivative of W.

4.8  Well-balanced discretization strategy for PCCU schemes

In this subsection, we propose a well-balanced discretization for the proposed model in quasi-1D case.
According to Egs.(40)-(41), the proposed numerical method satisfy the C-property for the derived STM if
the condition:

E-D=0, u=0, v=0, Z =Z,(x), h+Zf =wy, C =Ko, (84)

holds for stationary flows at rest. Using (84), the source terms are treated in such a way are preserved at a
discrete level.

In Eq.(84), Ky, Cy are the positive constant. Using the reconstructed unknown values by AENO recon-
struction, the discretization of source terms must preserve (84) at discrete level.

The numerical methodology proposed here is a robust and highly accurate technique and among other
things very suitable for sediment transport problems. We denote by: W the admissible space that satisfies
Eq. (84), W, the admissible space guaranteeing that "lake at rest” solutions are exactly preserved at discrete
level and Wg‘ = WSDO the admissible space in which "lake at rest” solutions and the positivity of water depth

dW,(t
at discrete level is exactly preserved. To obtain a stationary solution, i.e. dt( ) =0, VYW €W, the
following relation must be satisfied:
(2) (2 _ (2) (2) (2)
7 +57 = (]:z+1/2 Fili H‘I’,i+1/2> ; (85)
(2) (2) a; 1/2 2)
= ]:z+1/2 F; -1/2 7 F —a (T i—1/2 +S\1u 1/2)
i—1/2 i—1/2
Git1/9 ) )
+ (T i+1/2 + 5y z+1/2)

+ —
Giy172 — Yiq1)2
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where F{ +)1 2= =F (W;:_l /2,W;:_1 /2) is the second component of well-balanced numerical flux defined for
reconstructed unknowns W i+1/2) Wi it1/2 € W, that is:
i+1/2 i+1/2
2 1-0 14+ o _
Fid = 5 F(2)(Wj-+1/2) 5 jae )(W1+1/2) with Wz+1/27wz+1/2 e Wy (86)

Here, T»(Q), Si(Q) are the second components of nonconservative topography term defined above. Since
Wj+1/2’wi++1/2 € Wy, one has:

= ho L+ 2 (87)

= hz+1/2 + 7, it1/2 T Lhit1/20

+ _ —
Wit172 = Wit1y2 b z+1/2

where the above unknowns h and Z, are computed in positivity-preserving sense (see below). In Eq. (87),
we have noted that

*, % +
Zb,i+1/2 =7, Ji+1/2 + Bist1)a. (88)

The jump contribution for topography source term is given by:

ht o4 h
(2) (2) _ i+1/2 i+1/2 _
T‘Il,i+1/2 + S\I!,i+1/2 = —g( D) )(hz+1/2 h;:—l/Z)' (89)

Therefore, the well-balanced discretization strategy for the topography source term is obtained by combining
(85) and (89). This strategy can be easily extended on unstructured mesh. With this well-balanced procedure,
the steady solution at rest can be easily obtained.

4.4 AENO positivity-preserving reconstruction procedures

In this subsection, we present some important results showing that the proposed unstructured method is
able of preserving the positivity of the water depth at each time-step. The proposed technique is similar to
the one exposed in a recent work of Ngatcha and Njifenjou [35] (see also Ngatcha et al.,[32]).

Well-balanced positive hydrostatic reconstruction

A good PCCU-AENO method for the proposed model should thus be well-balanced (in the sense that
it must exactly preserve physically relevant steady states) and positivity preserving (in the sense that the
computed values of h must be positive). Negative values of h can lead to an impossibility of calculating
the eigenvalues (51). In this subsection, we present a procedure originally developed in [35], extended in
[32] to preserve the p051t1V1ty of water depth. We introduce the above reconstructed AENO values ht 12
(h“)z+1/2v (hv)lH/Q, Zb 74172 Of the unknowns to the left and right of i 4- 1/2. The velocity and concentration
components at the interface are calculated as:

(hu) . (hu)_
+ o i+1/2 - i+1/2
Yitr2 = TpF 0 Y2 T T = (90)
i+1/2 i+1/2
and
4 _ (hv)z+1/2 (hv)z+1/2 1
Vivi2 = TpF 0 Vw2 T = (91)
i+1/2 i+1/2
The right/left bed elevation at the cell interface ¢ + 1/2 in right is given by:
Z;’:Ll/z = min(maX(Z:,i+1a Zl;k,i)v Th‘+1)» Z;’;';Uz = min(max(zg,i—i-l’ Zl;k,i)a 77i)' (92)
Therefore, Zb 12 = Bit1e + Zliil/Q which should satisfy that Z; il/? + th/Q = ﬂil/g = const if the
still water n; + Z, = const is given. This treatment makes the reconstructed bed elevation equal to the
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water free surface level at the interface of wet/dry cells. In order to preserve the reconstructed water depth
nonnegative, the values of water depth are corrected as:

hiv1s = max (0, min(n; — Zy ;41 /2, hi)), h;:_l/Q = max (0, min(n;+1 — Zy ;11 /9, hit1)), (93)
which verified at the steady states hi++1/2 = h;+1/2' where Z; 11/ = max(Zgi’;H/27 Z;‘;;_UQ) Finally the rest
of unknowns can be recalculated as:

+ -
ul L, = 7(]“‘)14-1/2 U Ly = LW)HI/Q (94)
+1/2 = T v Yig2 T T )
i+1/2 i+1/2
+ -
vlh = 7(}“’)14-1/2 Uy = 7(}”’)14-1/2 (95)
i+1/2 = ¥ w12 T Ty J
i+1/2 i+1/2
and N B
o+ _ (hc)i+1/2 _ . (hc)iﬂ/z (96)
i+1/2 = T pF ) +1/2 T = )
i+1/2 i+1/2

+ — h:t + (Z*):t
Miy1/2 i+1/2 byit1/2°
This procedure does not affect the C-property of the scheme. Moreover, this procedure is adapted in the
case where the bed elevation of the dry cell is higher than the water surface elevation of the neighbor’s wet

cell. With this procedure, we ensure the C-property of our scheme for the dry-bed application.

Remark 4.2. Although the 2D well-balanced positivity-preserving PCCU-AENQO scheme on structured mesh
is interesting, it cannot produce anisotropic solutions. The finding of anisotropic solutions is recommended
for a multiD STM. In next section, the multidimensional CU (M-CU for short) scheme is reformulated
in path-conservative framework and using this later we derived particularly simple-yet highly accurate and
robust-multidimensional PCCU scheme.

5 A well-balanced unstructured path-conservative central-upwind method

In this section, we develop for the first time a genuinely path-conservative central-upwind method for non-
conservative problems on general triangular grids. The designed method is applied to the nonconservative
problems governing by sediment transport equations but can also be used for all nonconservative equations
available in the literature. To design this method, we develop a CU scheme for 2D model on general triangular
grids in path-conservative framework. The jump contributions are added simply in the fluctuation formula-
tions for unstructured mesh. The proposed unstructured PCCU method is view as a linear combination of
simple solvers. Only one path connecting two waves (without intermediate waves) is used to obtain it. With
this method, it not necessary to design a unstructured method based on multidimensional solver that can
become difficult to implement when the number of unknowns becomes greater.

5.1 Finite volume gridding

We assume that K; is a triangular cells of size |K;|. The mesh T is given by 7 := |J, K;. We denote
by n;j = (cos(6;;),sin(6;;)) the outer unit normal to the corresponding sides of K; of length [;; such that
ni; = —nj;. Let (z4,y;) be the coordinates of the center of mass for K; and p = (zp,;,¥p,,;), be the mid
point of j — th side of K; the set of neighboring of cells K; is denoted by V; = {K; € T, K, K; # @}. We
have K, := v, K;;, where K;; is a non-overlapping sub-cells which contain an edge of the cell K;. Kj;; is
associated to the interface of OK; (0K, = 0K;;()0K;. The distance between p;; and C;(the center of the
cell K;) is noted d(p;;,C;). We note by A; the minimum of this distance, that is A; = minjey, (d(pij, C;)).
All these notations can be found in Fig. (3).
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Figure 3: meshes and notations

General path-conservative formulation

Using the above unstructured mesh described in Fig. (3), it is possible to design a high order unstructured
path-conservative based scheme of the form:

V\/;Z;t) _ /KiA(P(x))idx+]§Dij(wi,wj,nij)s(wi(t))_ 97)

dP
The term |, . A(P(x))d—dx is a approximation of the regular measure of Lebesgues decomposition of
. X

oW
[A(W)E]K while the terms Dj; = D(W,;, W;,n;;) and D;; = D(W,;, W, n,;) are to its singular part.
We have, D(W,;, W;,n;;) = D(W;, W;, —n,;). At the first order accuracy, the first term in RHS disappears.

For conservative hyperbolic equations, a first order semi-discrete scheme reads:

i(t)
dt

g

= Dij(Wi, W;,nij) = S(Wi(t), (98)
JEV:

where the fluctuation terms D;; take account only the conservative flux:

Dij(Wi,Wj,nij) :/ T.nds, Nij :/ nds (99)
oK; NoK; 9Tk 0K; N OK;

Next, we will introduce a methodology to design PCCU scheme on unstructured mesh. To simplify the
presentation we will remove Sy, the nonconservative contribution due to fixe topography. We assume that
the non-erodible topography is constant and this leads to consider W instead of W = (W, B).
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5.2 Reformulated M-CU scheme

In this subsection, we rewrite a M-CU scheme in path-conservative form. We start by proposing a
multidimensional CU (M-CU for short) scheme for the proposed model. This scheme reads:

Wit 1 l;; cos(0;;
dt() = K 7;__+(a7_) [ajiFy (W;(pij)) + aizFr (Wilpi;))] (100)
ey, W T
1 l;; sin(0;;
- T i ( ,J,) [aji (W (pis)) + aijFo(Wilpiz))]
|K1| jevs aij + aji
;5 Qj 4 —
D e Walpy) = Wilpig)] + S(Wa(®)),
. 7t Ji
JEV:

where the source term is S(W;(t)) = So(Wi(t)) + Sc(Wi(t)) + S(Wi(t)) + Se(Wi(t)) + Sp(Wi(t)), and where
Wi(pi;) and W;(p;;) are the corresponding values to the p;; of the piecewise linear reconstruction. These
values read: . .
i(pii) = li (pij) = li . 101

Wi(pij) o™ W(x), W;(pi;) o W(x) (101)
We neglected in this equation the nonconservative terms present in (35) and thus the resulting method is only
consistent with smooth solutions. The order of method is given in sense of remark (4.1). A reformulation of
the M-CU scheme in term of fluctuations is possible and one has:

Wi t 1 allz .
dzf ) = T ﬁ [cos(6:5) F1 (W (pij)) + sin(0:;) F2(W;(pi;))] (102)
K3 ]6V1 1, 1
1 ll i .
- & > ﬁ [cos(6;) 1 (Wi(pij)) + sin(0:;) F2(Wi(pi;))]
3 ]EV7 1, 1
1 —Zaijaji
= 52— Wilpiy) — Wi(pij)]
2 [, @i T i ’ Y
+ S(Wi(t)).

We denote the fluctuations at interface 0K;; (0K, by D;;(W;, W;) and Dj;(W;, W;). The M-CU scheme is
rewritten in path-conservative framework as:

Wit 1
dt( ) = —mjgl(D”(Wl,W]) +Dji(Wi7Wj)) (103)
+ |Ki| > Lij leos(8iy) (F (Wilpig)) — FL(W; (pi))) + sin(6iy) (F2 (Wi(pig)) — Fo(W;(pig))] + S(Wit)),
jevs

where the fluctuations read:
1 > .
Dijji = 3 (1 + 04?) Lij cos(0i;) (1 (Wj(pij)) — F1r (Wilpij)) + Ly sin(6s5) (F2 (W(pis)) — Fo (Wi(pi0004)
+ af (W;(pij) — Wilpis))
where the terms aéj and aij are respectively:

aéj = 204545 and o/ij _ % ¥ 45 i
ij = aji @ij = aji
Remark 5.1. This reformulation helps us (i) to show that the main drawback of the original multidimensional
central-upwind scheme was the fact that the jump in the nonconservative product terms across cell interfaces
have never been taken into account and (i) to understand how the nonconservative products discretized on
unstructured mesh can influence the numerical solution.
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5.3 PCCU scheme on unstructured meshes: M-PCCU scheme

Here, a new version of path-conservative methodology for nonconservative is developed. The semi-discrete
M-CU scheme given by (100) can be directly reformulated into a M-PCCU scheme by adding the nonconser-
vative products in the fluctuation terms:

Wit 1
dt( ) - K| J; D v
e 3 b leos(0) (ROVpy)) = F (W, (94) + 5in(0,) (Fo(Wi(0y)) = Fo(IWy )]
ey,
1 -
+ |KZ‘ (—Tz — Qz) + S(Wz(t))

where the source term decomposes as follows:
S(W;(t)) = Sp(Wi(t)) + Se(Wi(t)) + Sp(Wi(t)).

Unlike the M-CU scheme, the developed M-PCCU method incorporates all the nonconservative terms,
precisely in the definition of terms linked to fluctuations. We have defined the fluctuations for M-PCCU
scheme as follows:

1 .
Dijji = 3 (1 + alj) [Lij cos(0s5) (F1 (W;(pig)) — F1 (Wi(piz))) + Lij sin(0s5) (F2 (W;(piz)) — F2 (Wi(p)0H)
1
5 (1 + O‘lj) [_T‘I’ij,ji - Q\Il””] + an (WJ (p’ij) - Wi(pij)) .
Here, Dj; = D(W;, W, —n;), D;; = D(W;, Wj, n;;) are the fluctuations that represent the difference between
the numerical flux and the physical flux at both sides of the cell interface.

In this formulation, we have considered a sufficiently smooth path ¥;; ;; : [0,1] x R®> x R® — R® such
that:

Wi (1, Wilpij), Wi(pig)smig) = Wilpig), (1, Wilpiz), Wj(pij), nji) = Wi(pij) (107)
Wi (0, Wi(piz), Wi(pij)snji) = Wilpij),  ¥5:(0, Wj(pij), Wi(pis), nij) = Wipij)-
Using this definition, we can define the matrix Ty, .,, Qw,, , as:
' d¥ij,ji
T, = ; T(Wijji(s, Wilpiz), Wi(pig), ), m) — == ds, (108)
_ [ dWj ji
Q‘I’ij,ji - o Q(\I}ij7j’i(s’Wi(pij)’Wj(pij%n)vn)TdSv
and Ti; Qz by:
P; P,
7~ [ 1@ T i G- [ o) T (109)

g Q\p”yﬁ] take account the contributions of the jumps of the nonconser-

1 g
The terms 5 (1% a}) [~Tw
vative products at the cell interfaces. The terms T;, Q; account the contribution of nonconservative product

in the cell center. These terms disappear in a first order accuracy scheme.

Remark 5.2. The nonconservative terms make the numerical scheme to become formally consistent with a
particular definition of weak solutions. Unlike the M-CU scheme, the designed M-PCCU scheme incorporates
all the nonconservative terms. precisely in the definition of terms linked to fluctuations.
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5.4  MultiD well balanced discretization

Following the same procedure presented for 1D case a well balanced discretization can be obtained. One
has:

(1) = 3 (07 +27) o
Y by [eos(by) (j;;)(vvi (1)) = FL2 Wy (pig))) +sin(6) (F5 Wiwi)) = 57 (W (i) |
where -
D2 = 5 (1 aP) [byeostos) (K W) -~ F” (Wiloi) | ()
b [y sin@y) (B W5(000) = 57 o)) | - 5 (10) [18),, - @) ]

where Fi(Z), i =1,2 are given in well-balanced sense (particularly according to Eq. (84)).

5.5 New Hybrid reconstruction state procedure

We employ an approximation of W at each interface I';; using combination gradients of center of cells,
gradients of center of subcells and a ponderation parameter « € [0, 1].

1
Wilpiy) = Wi+ 3 (aVW;.Cip+ (1 — a)VWy.Cup) , (112)
1
Wilpi) = Wi+ 5 (@VW;.Cp+ (1 - a)VWj.Cip). (113)
Note that the spatial discretization in (56) does not necessarily monotone and non-physical oscillations

may occur during the simulations. Therefore to eliminate these numerical oscillations and order to obtain a
TVD M-PCCU method, we introduce an appropriate slope limiter:

Wilpy) = Wi+ %Limit (@VWi.Cip+ (1 — @)V Wi Caup, VIVi) | (114)
Wips) = Wj+ o Limit (aVW;.Csp + (1 — @)V Wy Ciup, V). (115)
Another method consists to use the neighboring triangle in the discretization:
Wilpy) = Wi+ %Limit (@OVWi.Cip+ (1 — @) (W1 — W), Wyt — W) . (116)
Wijpij) = W;+ %Limit (aVW;.Cip + (1 = a)(Wji = Wa), Wi — W), (117)
where Limit in (114) and (116) is a slope limiter function such as the well-known MinMod limiter function:
Limit(a, b) = max(0, min(1, %)) (118)
Other slope limiter functions can be used (see [31]).

Gradient approximation

Let consider C;;, 1=1,2,3 the vertices of cell K;. The vertices of subcells K;; are {C;,C;, Ci7i1)(j)} where
ip(1) =2, ip(2) =3, ip(3) = 1. We consider in K;; a linear approximation of gradient VW;; using the values
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Wi, Wi, 1 =1,2,3 which are second order approximation of W(C;), W(C;.1), W(Ci2), W(C;,3) respectively.
This approximation can be written as:

VWi = Wi g VAL + Wi VAL + W, i) VAP, (119)

where A9, A?, )\;p () are the barycentric coordinates associated to the vertices. We also denote by bij,j=1,2,3

the corresponding barycenters of subcells K;;. Given a smooth function W by applying the quadrature formula
of the barycenter, we obtain:

1
m/ W(x)dx = W (by) + O(A?),1=1,2,3 (120)
il il

and thus the following equality holds:

3
— 1
W= ] /K W (x Z bij) + O(A?). (121)
% B =
We can easily verified that:
| K1 | Kiz| | Kis| | K| | Kz | Kis| 2
b; b; biz) = b; b; b; A*). 122
R ¥ b))+ g W) =W (b + e+ g b ) 08D, 012)
Therefore, the following equality also holds:
Wi = W(Cy) + O(A?), (123)
| K|
where C; = Z] 1 |K|b”

The constant gradient deduced from a P; approximation on the subcells Kj; is given by a weighted average
of the gradients on the subcells of Kj,

3
_ Ej:l |Kij| VW|KU
- 3
Zj:l |Kij|

(124)

The directional local speeds a;; and a;; are defined by:

aij(pij) = min{\ (A (Wi(pij))), A1 (Aij(W;(pij))), 0}, (125)
aji(pij) max { A5 (Aij (Wi(pij)), As (Aij (W;(pig)), 0}

Here A\ (Wi(pij)) and As(W;(pij;)) are the upper bound on the largest eigenvalue and lower bound on the
smallest eigenvalue of A;;(W;(pi;)) and A;;(W;(pi;)) respectively. The Jacobian matrices of the nonconser-
vative system of the proposed model read

or;
ow

sinth) | g V() = Ti0W3(05) — Qu(IW 1)

«wmm»=awm[awmwmmm»Qm@m} (126)

and

oOF,
aw
8F2
P

MW%N=&WW[GMW%MWW>%(%% (127)

—+mw[ wmwmmw»@<mﬂ

The proposed scheme converges to steady-state solutions, preserves the positivity of the water depth, captures
the shock near the moving bottom and conserves local properties of conservation.
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General remark on the Gerschgorin’s disc theorem

The Gerschgorin theorem gives a good methodology to obtain an upper bound on the largest positive
root of a polynomial. This theorem is based on the following concept:

Remark 5.3. Let us the Jacobian matrices for our model given by (126) and (127). The concept of the
Gerschgorin’s disc theorem for our model is that one can take the diagonal entries of matrices A;j(Wi(pij))
and Ay (W;(pij)) respectively aij(Wi(pij)) = ai; and a;j(W;(pi;)) = ai; as coordinates of complex plane.
These points then, act as the centers of 5 discs. FEach disc is centered at a;; on the complex plane with
radius Vi(Aéj), Il = 1,2 that are the sum of magnitudes of the 4 others entries from the same row noted

Vi(AlL) = Doitj la};|,1 =1,2. For short, the Gerschgorin disc for each matriz can be noted D(al;, Vi(AL;)).
Here, for each matriz A;;(Wi(pij)) and Aij(W;(pi;)) at least one of these Gerschgorin discs has radius 0,
since each matriz admits one row with non diagonal entries all equal to zero. Then, all the eigenvalues of

these matrices will lie within the union of these discs. The following result generalizes this concept.

Proposition 5.1 (Existence of Gerschgorin disc). Every eigenvalue of A;;(W;i(pi;)) and A;j(W;(pij))
given by (126) and (127) respectively lies within at least one Gerschgorin disc.

Remark 5.4. The proposed multidimensional scheme depends on the definition of the state reconstruction
operator P;(t) that depends on W;(pi;), Wi(pi;). Therefore the order of multi-dimensional PCCU depends
on the order of the operator P;(t) and its derivative. A first-order method is a high-order method where the
order of the operator is zeros. A second-order is a high-order where the order of the operator is one. It
18 possible we can easily extend the above reconstruction in space to obtain the high-order TVD scheme by
using a high-order approzimation of W(C;), W(C;1), W(C;2), W(Ci3). We can also extend in the time
discretization method presented above to four and even fifth order without major modifications. A nonlinear
approzimation of gradient VW; using the values W;, Wy, 1 =1,2,3 is not discussed in this paper.

6 A time positive discretization method for Path-conservative-based schemes

The equation (52), (71) and (105) represent second order semi-discrete schemes in space. We start by
rewriting the Eq. (?7) as follows:

dh; —
o = LU (128)
da. _ .
% = LOW]; + Z2[W)iq;, q=hu, hv
d(hC) —
(dt LW
dZy —
& = Lok
where j — th component of £ reads:
£9) = P 459 4 80§ =h hu,hv,hC, Z, (129)

where Z[W); = Cy|q;| with % = Z[W];q,.
Path-Conservative schemes can be re-written as:
oW A
o +DW)=SW)W (130)

where S(W) is substituted to S(W)g. This system of ODEs with stiff source term S(W)(¢) is solved using
the third-order semi-implicit Runge-Kutta (SI-RK3) method which is a modified version of the third-order
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strong stability preserving RK (SSPRK) method. The method treats the non-stiff terms using explicit RK
methods while the stiff terms use implicit methods. Without stiff terms, the SI-RK method reduces to the
corresponding explicit RK method. To write the fully discrete M-PCCU scheme, we starting by write the
following three steps:

W W" + At DW") (131)
1— At S(W")
—(1) —(1)
—@ 33— 1 W +atp@Y)
W =W — (132)
1—AtS(W )
—(2) —(2)
—@3) lem 2 W7+ AtDW)
1— At S(W)
(134)
where W = &™) 7™ o™ 2e™, (Z,)®).k = 1,2, 3.
Thus the fully discrete M-PCCU scheme reads:
M =Y for M =n, hO, 7, (135)
a® — (an? p®& G s
n q” — (A" DWW ) S(W)
gt = == , q=hu,hv (136)
1+ [At S(W)]
(137)

where k& = 2,3 and D) is the second and third component of the vector D. The SI-RK3 method allows
us the use of a important time step compared to its explicit counterpart. It maintains the discrete balance
between the fluxes and source terms capturing the steady states and preserving the positivity of water depth.

A proof of Positivity of PCCU schemes

Here, we prove that the proposed numerical method is positivity-preserving at discrete level. We have
the following result.

Lema 6.1. Consider the general fully discrete PCCU scheme given above by Eq. (131)-(135). Ifﬁ? > 0;Vi;
then E;H_l > 0; Vi.

We prove this result in a one-dimensional case and the 2D version of lemma 6.1 can be proved in a similar
manner.

Proof. For the M = h we have:

E(l) _ E? AL D™ (W”), (138)
i ) o
R = %Eﬁ + gﬁm + At DI (W), (140)
L 5(3)7 (141)

(142)

(k)

where " ,k =1,2 are defined in (135). The rest of unknowns expressed in the form (135).
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Here, considering the fact that the h component of fluctuations and friction source term is zero, we have:

- 1 1— az+1/2 1+ az+1/2 az+1/2
(h) _ 1 h + - 0 -

D (W ) - mes(K) [( 2 F (Wi+1/2)+ 9 (Wz+1/2> 9 (hz+1/2 hz+1/2(>1 )

1 1_ offl/Z A 1 +az 1/2 R a671/2 . B

~ mes(K) [( 2 YWl o) + 2 FY(WiZyye) = 9 (hi—l/Q_hiq/z)
We can express El(- ) as linear combination of hl 12 hiiq /2 h, /2 since we have used the fact that ﬁgn) =
ht |+ h,
/2 L2 ond assumed that b = 0. Following the above considerations, one has:
9 i—1/2
i+1/2
—(1) 1 1 _ 1, B olt i
hi ™ = 5 +c (_2ui+1/2 T 9%+12%412 T T hiv12 (144)
1 1 - 12, A T
+ ¢ (2“i1/2 9% Wiy + B) hi_1/0
i+1/2
1 1 1 o2 ag™ N
+ 5 tc < 3 z+1/2 + 5 Uiyt B) hita o
b At
where ¢ = ——.
mes(K)
We will show that each coefficient of E(l) see as linear combination of three nonnegative reconstructed

values hz+1/2’hz_+1/2vh;1/2 We have according to equation (50), ZH/Q > 0 since a:ril/Q >0, al._il/2 <
0, al L1/2 = Qg1 > 0. Moreover, because all the reconstructed water depth are nonnegative, we have

,/thl/2 > 0 and thus alH/2 ;LH/Q >0 and u;, it1/2 ;+1/2 > 0. This leads to conclude that the two

first coefficient are positive. Using the above same arguments and the fact that:

it1/2 . it1/2
o/1+/ +ozg+/

+ - +
@it12 ai+1/2<ai+1/2

we get the following relations:

0< 1 L 4 ag™? < divy2
— 9 i+1/2 2 1 i+1/2 9 — 2
and i—1/2 +
1 1 ;- oy a;
+ i—1/2 4 0 i—1/2
0< <2ui—1/2 T YT Ty > < 5

We conclude that the coefficient in A , will be also nonnegative, if the following restriction

i+1/

1

0<c<
max{a;

i+1/2 _a;+1/2}
is satisfied. 7(
Since and all the coefficients are non-negative, which leads to h,

—(n+1
k = 2,3 are non-negative. We can seen that h5n+ )

Therefore EE”H)

—(k
2 > 0. We prove using same way that hg );

—(k
can expressed as linear combination of hl(. ); k=123

, V4 is non-negative. O
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7 Numerical Results

In this section, several 1D and 2D tests are proposed to assess the performance of the proposed PCCU
method on unstructured meshes. In this section, we run a series of test cases to verify our implementation
and evaluate the M-PCCU MATLAB program. A study of the efficiency and a acceptable validation of 1D
and 2D PCCU-AENO methods are exposed using reference solutions, exact solutions, CU scheme and one
experimental data set. Our main objectives are to:

1. Verify that the well-balanced discretization strategy here interesting

2. Test if the method is able to recover the exact solution for a problem with exact solution

3. Study the effect of interaction between sediment and fluid on the stability of the scheme and prove the
importance of high-order methods

Test the ability to resolve a multi-class sediment transport model

Verify if at least the second order accuracy is achieved

Study the convergence and compute the rates of convergence

Compare with some of the existing methods in terms of accuracy, efficiency and robustness

Compare with experimental data

© 0N o

Verify the adaptability of our model in several environment contexts

For one-dimensional tests, the numerical stability is imposed by the Courant-Friedrich-Lewy (CFL) condition.
The integration time step is evaluated as:
K
At = oppmesE) (145)
a
where K; = [x;_1/2,%;_1/2] and where a = max(a;l/z, _a;+1/2)7 with ajiﬂ/2 is the local propagation speeds
defined in (50).
For 2D structured grid we use the following stability condition:

. [Ax Ay
where a = max(ajﬂ/z, a;fH/Q), b= max(bzzrl/Q, bj+1/2)'

For general triangular mesh, we use the following restriction:

A
At = CFLmin <Z) . (147)
0] max(aij,aji)
where Az = Hlil’li (d(pijy Cz))
For the test cases where the exact solution exists, the error estimate (err) is computed between the
numerical solutions and the exact solution:

lerrllee = | D KGIIWF — WP (148)
KjET

where We* and WP are the exact solution and numerical solution respectively. And the convergence rate is
deduced. For the test cases that do not admit reference solution, we verify the convergence of the proposed
method by using the measure of the difference between the solutions computed on two consecutive grids. The
L' — norm is given by:

N N
1
[N — Ny = o SO el - wl (149)
=1 k=1



where &V := {(bf\fk} and UV := {\I’ka} are two functions prescribed on structured mesh of N x N cells. The
rates of convergence are calculated as:

N/2 _ N/4||
O(LY) = Lo <“p¢1), 150
(L) = Log: \ Tow—o ], (150)

where we have noted that Logy(z) = y = bY = x. More generally, the error estimate is evaluated in
LP —norm, p=1,2,00 at the time ¢t = T, where T is the final time. The computational parameters used
in some simulations are found in Table. (1).

Table 1: Computational parameters

| quanmtity | pw | e |l g | ¢ | x| A
| Reference value | 1000Kg/m® | 2650Kg/m® || 1m/s* | 0.015m'? | 1.2%107° [[ 0.25 |

General algorithm

In the following, we briefly present the algorithmic steps necessary for implementation of the second order
M-PCCU scheme:

Construct the unstructured mesh.

We locate each cell with its center and its interfaces via a special pre-processing procedure.

We perform the reconstruction states in order to obtain the slope (VW); in equation (124).

We extrapolate values at cell boundaries p;;, Wi(pij) and W;(pij), by using Eq. (116).

We compute the family paths ®;;(s, W;i(pi;), W;(pi;),n) and ®j;(s, Wi(pi;), W;(pi;),n).

At each interfaces, we compute the flur F(W;(pij)) and F(W;(pi;)) and we use these flur to compute
the fluctuation D;; j; given by Eqs.(106).

7. At each interfaces: use the values W;(p;;) and W;(pij) to compute the contribution of the jumps of

nonconservative products Ty, ,., Qw,; ;, and S, ;, by using Eqs.(108).

8. Via Gerschgorin disc, we compute the eigenvalues of Jacobian matrices given by (126) and (127)

9. We use these eigenvalues to compute the local speeds propagation a;;(pi;) and a;;(pij).
10. We compute the vectors T;, Q;, S; via Eq. (109).
11. We implement a procedure of type SI-RKS perform the update cells averaged by using the multidimen-
stonal semi-discrete scheme (105).

S otk W

7.1 Accuracy tests with Shallow Water Equations(SWE)

This test is performed to assess the accuracy of our WBPP PCCU-AENO scheme. We consider a 1D
SWE (20a)-(20b) with flat topography, dry/wet zones and without sediment transport (Ag =0, E—D =0)
and friction source term (n = 0). The domain of simulation € = [0, 2000] is discretized with N=1000 uniform
cells. A similar test is performed in some works in the literature. The initial velocity and the initial water
depth for both tests are respectively:

O mw S 00m ) = {6 AR TCA) B N CE)

h(z,0) =
(2,0) {Mﬂﬁx>N%m 0.2 if > 1000m

Neumann condition is used at all boundaries:

hv =0, huvr=20
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Figure 4: Accuracy test with dry zones. Comparison between exact solution and numerical solution obtained by PCCU scheme
at the first order.

6 . 8 -
==PCCU scheme —PCCU scheme
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Figure 5: Accuracy test with wet zones. Comparison between exact solution and numerical solution ibtained by using PCCU

scheme at the first order.

The numerical solutions for both tests are computed via the proposed WBPP method at the final time
T = 40s. The exact solutions of SWE are compared to PCCU solutions. The results of these comparisons
are displayed in Figs. (4)-(5). Our PCCU-AENO method exhibits good convergence behaviour for this

well-known nonlinear hyperbolic problem.

Our scheme accurately locates the dry-wet transition and reproduces quite well the profile of the wave
tip. Figs. (4)-(5) show that shock waves and rarefaction waves are well captured by the scheme. In both
tests, the positivity of the water depth is well preserved. The robustness and the efficiency of the method is

well observed.
A variant of this test is performed to assess the ability of the scheme to achieve a high order accuracy. A

dam break with small water depth is performed to test this ability. The domain of simulation is @ = [0, 1].
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Figure 6: Accuracy test for dam break problem. Water depth and velocity computed via the proposed first and second PCCU
schemes at time t =0.5.

The initial condition is:

0.01 if  <0.5
h(z,0) = SO (#,0) = 0.1 (152)
0.02 if = > 0.5m

and the Neumann condition as in the previous test is used. In all the simulation the CFL = 0.5. The results
of this test is displayed in Fig. (6).

One expects that for all the cases the computed solution at the first and second order (computed with
N = 100) convergence to reference obtained via a refined mesh. We show that the proposed scheme can solve
complex problems with at least a second order accuracy. This test confirm our theoretical results presented
above state an order of convergence (at least 2).

7.2 Accuracy test with Shallow- Water-Ezxner equations

We consider a simple 1D Saint-Venant-Exner test where a smooth analytical solution exists. This solution
refers to a steady-state condition for a subcritical water flow coupled with a linear-in-time bed erosion, as
proposed by Berthon et al.,[3]. A similar test problem has been studied in [24] and [8]. The SVE problem is a
variant obtained from the proposed model when we set & — D = 0, B = 0 and when the friction source term
and sediment concentration vanished. In this application we use the first order path-conservative central-
upwind scheme to approximate the 1D Saint-Venant-Exner model without source terms in domain Q = [0, L],
L = 7m. The exact solution is given by [3]:

Qexact = 17
=[] e
exact — ;
A
conct (153)

hezact =

Uezact 5

Uezact + 29Gezact (1‘)
Zb,exact =1- 2gu )
exact

where the coefficients are given by ¢ = 8 = Ag = 0.005. The comparison is made for both exact and
numerical solutions and is plotted in Fig.(7).
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Figure 7: Comparison between analytical solution and numerical solution computed by the proposed PCCU-AENO scheme.

Table 2: The Ll-errors and convergence rates for h, u and Zj; at the first order.

h hu Zb
N LY —norm [ O(LY) | L' —norm | O(LY) | L' —norm | O(LY)
50 | 5.78E3 / 2.34E 2 / 1.560E2 /

100 2.78E-3 1.053 1.32E-2 0.821 2.31E-3 0.981
200 1.36E-3 1.028 6.98E-3 0.922 1.03E-3 1.0417
400 7.101E-4 0.941 3.45E-3 1.011 5.46E-4 1.041

The Result displayed in Fig. (7) demonstrates that the proposed scheme can describe the bed level and
water height evolution with good accuracy. We can see that our first order PCCU scheme provides a good
approximation of the exact solution. Similar results were also obtained in literature in [8], [24], [3]. We run
the computation on different grids varying the number of cells N from 50 to 400. We show the L' —norm of
the errors and the convergence rates O(L') at the first order in Table (2). We expected that the convergence
rate tends to 1.

7.8 Steady state solutions at rest

In this test we show that our M-PCCU scheme can capture steady-state solutions and thus satisfy the
well-balanced property. This test is designed to verify that, when the erosion/deposition exchange source
term is zero, all the rest of the contributions will not affect the well-balanced property in quiescent water
with uniform sediment deposition. A similar test is done in [50]. We see also the behavior of the bottom
in quiescent water. The computational domain is [0,2] x [0,2] and is divided into N = 400 cells and set
zero-order extrapolation boundary conditions at both ends of the domain, that is W0 = W', WN = WwN+1,
The initial conditions read:

h(z,y,0) = 1,u(z,y,0) = v(x,y,0) =0, Zy(2,y,0) = C(x,y,0) = 1.2exp(—0.2(x — 1.4)* — 0.2(y — 0.8)?).

(154)
Grass formula is used with A, = 0.003. In Fig.(8), we show the computed quiescent water surface, sediment
concentration and bed evolution profiles at time ¢t = 2s.
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Figure 8: Free surface, bottom elevation and sediment concentration computed by the proposed well-balanced PCCU scheme.
CFL =0.1

As one can see, no oscillations are developed at the quiescent water surface. When the erosion/deposition
exchange source term is zero, all the rest of the contributions do not affect the lake at rest steady state at a
discrete level. This test prove also the fact that Z; (z,y,t) = Z;(z,y) and C(z,y,t) = C(z,y). The Table (3)
clearly illustrates that our 2D PCCU scheme preserves the studied steady-state solutions within the machine.

Table 3: The L1 — errors for h, C and Z;

N RN =N oY = eV 12 - 20,
100 1.16E-14 1.879E-8 2.548E-7
200 6.254E-16 2.547E-10 2.454E-9
400 5.2147E-17 4.011E-11 9.0124E-11
800 4.321E-17 8.471E-11 1.245E-13
1600 2.78E-18 7.584E-14 1.365E-15

7.4  Comparison with reference solution.

We consider here to solve a reduced model obtained when ¢, = 0 by using 1D PCCU scheme. The solved
model has been originally proposed by Cao et al.,[10] and solved by a flux limiting method by Benkhaldoun
et al., [2]. In this test, fourth sediment of diameters d = 0.002,0.001,0.0008,0.0001 are tested to show the
ability of the model to adapt to a wide range environments. The domain of simulation is = [0, 50000] with
a dam located at the middle of €2. The initial conditions are given:

, u(z,0) =0, C(x,0)=0.001, Z(z,0)=0 (155)

h(z,0) 40 if x < 25000m
€T =
’ 2 if x > 25000m

The Neumann condition is used for all the variables. The PCCU scheme is computed and plotted in Fig.(11).
There is no analytical solution to this problem therefore a reference solution is computed with the PCCU
scheme on a fine grid N = 2000. The reference solution is compared with the solutions obtained at first,
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second and third order. The obtained results using our PCCU-AENO method are also in good agreement
with those reported in [2].

t =300 t =300
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Figure 9: Comparison with reference solution. Free surfaces, bottom evolutions and sediment concentrations computed at the
second order for d=0.001 and N=2000 cells, CFL = 0.55.
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Figure 10: Comparison at different times of simulation. Free surfaces, bottom evolutions and sediment concentrations computed
at the second order for d=0.001 and N=2000 cells CFL = 0.55.
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Figure 11: Free surface, horizontal velocity and sediment concentration profiles computed at first order for fourth different grain
sizes. N=2000 cells CFL = 0.55

It is expected that the solution for each sediment size d does not present any numerical diffusion. These
results show that the dam break over the mobile bed can participate in the creation of a highly concentrated
wavefront, which is limited by the forefront and a sediment transport contact discontinuity and decreases
with time. It is observed that the sediment concentration is more intense for fine grains and this situation is
associated with low velocity due to dilute flow (Boussinesq assumption). The presence of fine sediments in
the water reduces the flow velocity and is well suitable to use Boussinesq assumption. However when the size
of the sediment becomes greater, the concentration becomes low and fluid/sediment velocity has the same
behavior as clear fluid velocity. In this situation the Boussisnesq assumption becomes questionable and the
longitudinal diffusion coefficient can be revised. Moreover, the proposed method captures well the sediment
concentration near the regions of large gradients without any oscillation.
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Figure 12: Comparison both first and second order schemes. Free surface, bottom evolution and sediment concentration
computed at the first and second order accuracy for d=0.0018, CFL = 0.5. N=100

First and second order schemes

We compare now the results obtained by both first and second order scheme different sediment diameters
d = 0.18mm, d = 3mm with the same computational parameters as previously. The first order scheme is
computed at different grid numbers N = 100, 200,400. The obtained results are displayed in Figs.(12)-(13).

Comparison with existing methods

Next we compare the performance of the proposed PCCU scheme to the well-known CU scheme developed
in Eq. (52). We consider the same parameters of simulation as previously and the computational solutions
at different grid-points are plotted in Fig.(14).

The result Fig. (14) shows how the lack of well balanced discretization of nonconservative terms can fail
the numerical convergence. It observed that the CU scheme does not detect the jump and does not accurately
capture the shock waves possible solution of the model. The WBPP PCCU-AENO method proposed here
eliminates the excess diffusion due to the presence of nonconservative terms. This confirm the drawbacks
of CU scheme stated and proved in [35]. The computational time is very important aspect when long-term
bed evolution of a river, estuaries and coastal environment must be investigated in engineering management
application. With a various computational grids resolution, the PCCU-AENO method presents a better
performance than the CU-AENO scheme.

7.5  Experimental validation with a dry-wet transition test

In this test, a reduced model named SVE (Saint-Venant-Exner) model is solved by our numerical method
and compared with explicit staggered finite volume of Gunawan et al.,[24] and experimental data of [11]. The
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Figure 13: Comparison both first and second order schemes. Free surface, bottom evolution, horizontal velocity and sediment
concentration computed at the first and second order accuracy for d=0.003, CFL = 0.5. We computed the second order scheme
with N = 100 gridpoints

SVE is obtained from our model by removing the sediment exchange and bottom friction source terms in Eq.
(20). The initial conditions are given:

0.1 if <0
h(z,0) = - , ,0) =0, Zy(z,0)=0. 156
(2,0) {O_ifwo u(,0) =0, Zy(z,0) (156)
The Neumann boundary conditions are used:

hni =0, wuny=0,Zy.n =0. (157)

The sediment diameter is dsg = 0.0032, the sediment density is ps = 1.540, the domain of simulation
is = [-1.25;1.25], Grass formula is used with A, = 0.003. The free surface and bed level profiles at
different times are shown in Figure (15) they show a good agreement between the numerical solution and the
experiment data of [11].
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Figure 14: Free surfaces computed at second order for both CU and PCCU schemes. The sediment diameter is d = 0.0005, CFL
= 0.55

The results obtained in Fig. (15) are practically similar to those obtained by [24] using an explicit finite
volume scheme on a staggered grid. The test shows that the developed WBPP AENO scheme can treat the
wet /dry zones without difficulty. We recall that the bedload equation is given by (11). The mass conservation
of moving particles can be applied to formulate the transport at the bedload interface in term of a transport
discharge flux gp:

u(t,x, Z;\VZ; (x,t) —us(x,t, Zp) = V.q. (158)

In Exner equation obtained by (11) and (158), we assume that the motion at the bedload interface is
balanced by the gradient of the horizontal mass sediment flux q,. It well-known that the Exner equation
assumes that the bottom characteristic velocity moves at the same velocity than the velocity fluid. This
is not physically acceptable is constitutes an ad hoc assumption that produces the discrepancy observed in
the test presented in Fig.(15). A modification of the bedload equation can be given to improve the results
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Figure 15: Free surfaces and bed levels profiles computed at second order using PCCU scheme. N=100 cells

observed. Alternative formulations have been recently proposed by Ngatcha et al.[34, 32, 33].

7.6 Comparison between CU and PCCU schemes

In this test, we design a genuinely two-dimensional dam-break problem to validate our proposed scheme
for the sediment transport model in nonhomogeneous SWE developed here. The initial water depth displayed

in Fig. (16) is given by:

h(z,y,0) =2+ 0.25(1 — tanh(c(

where a = 2.5, b=0.6, ¢=10.

/ T
/
26 (
24
22
/ 2
2
0 o5 !

Figure 16: Initial water depth
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The initial sediment concentration is C'(z,y,0) = 0.001. The initial velocities are u(z,y,0) = 0 and
v(z,y,0) = 0, the initial bottom is Z,(z,y,0) = 0. The sediment porosity is p = 0.25. Manning’s coefficient
is n = 0.02, the erosion force ¢ = 0.015, the diameter of sediment is dsq = 0.001. The Exner equation is used
with Ag = 0.001. The boundary conditions read:

hn=0, un=0, Cn=0,Z,n=0 (160)

The solution is computed using the 2D PCCU-AENO scheme presented here. All the unknowns are
plotted and presented in Fig.(19). The results demonstrate that the 2D-PCCU scheme can predict stable
morphodynamics.

Water depth. h, t = 0.10126 bottom. Zb, t = 0.10126
—
0.05
0 —
520 - . -0.05
-0.1
2 —
-0.15
2

1.8 ~ -0.2 #

0 0

X

Figure 17: Free surface, bed level and sediment concentration profiles. N=100 cells

Now we compare the M-PCCU scheme and M-CU scheme by using the same computational parameters.
The results are plotted in Figs. (18)-(20)

When the mesh is refined, the second-order convergence rate is observed for all the conserved variables,
h, hu, hv, C, Zy. The results of convergence for the two-dimensional problem on the structured mesh are
shown in Table.(4)-(5).
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Figure 18: Free surface profiles. Comparison between PCCU and CU schemes. Left CU scheme, Right PCCU scheme. N=500
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Figure 19: Bed evolution solutions. Comparison between CU scheme and PCCU scheme. Left CU scheme, Right PCCU scheme.
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Figure 20: Free surface contours. Left CU scheme, Right PCCU scheme.
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Table 4: The L1 — errors and convergence rates for h, C' and Z

N Y e o) | ey - ey | o | 1zY - 2 | ot
100 7.15E-3 / 9.83E-3 / 8.97E-3 /

200 1.969E-3 1.861 2.82E-3 1.801 2.14E-3 2.066
400 4.84E-4 2.021 7.21E-4 1.967 5.41E-4 1.986
800 1.189E-4 1.976 1.89E-4 1.925 1.38E-4 1.961
1600 2.97E-5 2.001 4.65E-5 2.025 3.65E-5 1.916

Table 5: The L1 — errors and convergence rates for hu and hv

N ()N — (ha)N72|1y | OLY) | [[(h)™N = (h)N2]|, | O(LY)
100 3.45E-2 / 2.14E-2 /

200 8.97E-3 1.943 5.84E-3 1.872
400 2.45E-3 1.872 1.34E-3 2.002
800 7.84E-4 1.644 3.58E-4 1.904
1600 2.014E-5 1.959 8.91E-5 2.007

Efficiency of the proposed well-balanced discretization

Now we verify the efficiency of the proposed well-balanced discretization strategy. We use the simulation
parameters of the previous test. The results are plotted in Fig. (21). We show that the PCCU scheme with
the well-balanced strategy developed gives best results than PCCU without using this strategy.

Zy, bed level Contours for shallow flow 2y, bed level Contours for shallow flow

2

0.5

0
] 0.5 1 1.5 2 0 0.5 1 1.5 2

Figure 21: Bed evolution contours. Left non well-balanced PCCU scheme, Right well-balanced PCCU scheme.

7.7 Processing of Dry/wet and dry cells on a 2D Riemann problem

When utilizing WBPP shock-capturing PCCU-AENO scheme to predict sediment transport in coastal
flows in real 2D geometry the processing of dry-wet and dry cells is an important step. We consider a 2D
Riemann problem with dry/wet cells. The initial conditions given in Table. (6) are displayed in Fig.(22)
and Fig.(24). Two tests are performed to show the positivity and robustness properties of our proposed
2D method. The Riemann problem performed here consists to a dam break over erodible bed with high
sediment transport. The computational domain for both tests reads Q = [—1; 1] x [—1; 1] and as previously,
the Neumann condition (160) is applied on all the boubdaries.
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Table 6: Initial conditions of 2D Riemann problem with wet/dry zones

Testl: wet zones hlm] | Zy[m] | ulm/s] | v[m/s]
2 €[-0505],y€[-0505 | 2 | 15 0 0
xz € [-1;1],y € [-1;1] 1 1 0 0
Test2: dry zones him] | Zy[m] | ulm/s] | v[m/s]
2 €[-05,05,y € [-0505 | 2 | 15 0 0
z € [-1;1,y € [-1;1] 0 0 0 0

For the first test, we have removed the bedload sediment flux (g, = 0) and for the second test, Grass
formula is performed with A4 = 0.003 and bed porosity p = 0.2. The sediment concentration is plotted with
dso = 8mm, the friction term is considered with n = 0.03. The sediment concentration is C = 0.001, the
erosion force is ¢ = 0.25

The rest of parameter used the test is available in Table (2). All the source terms are considered in the
numerical simulations. We have used N = 200 structured cells for both tests. The solution obtained at
different times ¢ = 0.2,¢ = 0.5 are displayed in Figs (23) and (25)

Initial condition. Bed level 7, Initial condition. Water depth h

1.5 2
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1
> > 1
0.5
0.5
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y 2 2 < v 2 2 .

Figure 22: Initial condition of the Riemann problem: processing of wet cells

It is expected that all the profiles presented here describe well the dynamics of sediment and the free
surface flow during the simulation time. It is observed in Fig. (23), that the positivity and robustness of the
scheme are preserved during all the simulation. Therefore, we conclude that the proposed 2D AENO method
has been successful in eliminating the numerical diffusion and does not give rise to nonphysical oscillations
even near regions of large gradients while maintaining positive the water depth even in presence of dry cells.
The two-dimensional AENO-hydrostatic reconstruction proposed in this work is clearly interesting and can
be used for a wide range of two-dimensional conservative and nonconservative problems.
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Figure 23: Dam break over dry bed. Bed evolution and water depth profiles for fully coupled model with PCCU-AENO scheme
on structured meshes at different times

7.8 Low and high interaction between sediment and fluid. Comparison between Meyeré Peter-Muller formula
and Grass formula
In this test, we show that the proposed method can simulate the low and high interaction between sediment
and fluid. In fact, this is one of the main problems in order to obtain precise numerical approximations. Due
to the phase lag effect which does not integrate into the proposed sediment transport model, the numerical
diffusion can appear. It’s important to design a high-order PCCU scheme in order to avoid this phenomenon.
The sediment transport flux can write by a unified formulation:

q = c1Ka(h, q)(ca + c3Ki(h,q))™ (161)
where m, c¢;, co and c3 are constant values and Ky, K are scalar function of h and ¢. For Grass formula

a1 = Ag, Ka(h,q) = u, ca =0, ¢1 =1, K1 = |ul, m = my = 1. To compare both Meyer&Peter-Muller
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Figure 24: Initial condition of the Riemann problem: processing of dry cells

formula and the Grass formula we approximate with the Grass model. In fact, the MPM formula without
critical shear stress can be interpreted as a particular case of the Grass model for values of Ag and m,. We
recall that Ag represents the type of interaction between fluid and sediment and for MPM model can read:

Ag— _SVIE (162)
g - 1/2?
(s —1R),

where s is specific density ratio, R, is the hydraulic radius, we have R, ~ h and where d is constant.
Considering s = 2.65, g = 10, d = 0.0198, we obtain for MPM model:

Ag=1.19 x 107*p~1/2, (163)

We observe that for a range of values of water depth, we have always had to do weak interactions.

The test is performed by a dam break. The fluid velocity u(x,y,0) = 0. The domains of simulation are
Q = [0,2000] x [0, 10]. For two-dimensional we consider triangular meshes with 1400 triangles. The dam is
located in the middle of Q. The dam separates two initial water depth exhibits; wet zones are h(x,y,0) = 20m
on the left side and h(z,y,0) = 1m on the right side of the domain. We perform the test by using both
Grass and MPM formulas. The results of the simulation are presented in Fig. (26)-(27). Fig.(26) compares
the solutions obtained by the our proposed second order TVD method. Fig.(27) shows the influence of the
degree of interaction between sediment and fluid Ag. It is also seen that for the considered sediment flux
formulae, the use of Gerschgorin disc theorem is particularly appropriate.

It is expected in Fig. (28) that the second order scheme becomes unstable when Ag becomes greater. This
unstability is due to the strong interaction between the sediment and fluid near the bottom. This scheme
allows to obtain a stable evolution of the morphodynamics when the fluid/sediment interactions are strong.
We conclude that it is important to develop a high order scheme to accurately capture these interactions.
There are no particular difficulties in extending these tests with a high-order scheme. This last step does
not pose any particular difficulty and will be useful for concrete applications. This would not be surprising
since we have demonstrated theoretically that our method is able to achieve a high order accuracy. Tests
will be done in a future article to confirm this. We have limited ourselves this paper only to the second-order
test. Exner equation is not appropriate to describe the morphodynamics in presence of strong sediment/fluid
interactions [32],[34]. A bed-load equation must be able to describe the movement of the bottom even when
the sediment /fluid interaction becomes greater.

45



Bed level Z,, t=0.2 Bed level Z;, t=0.5

1 14
= 0.5
= 054
04
3 L
-0.5 - 2
0 0 -2 o 0
2 22 2 -2
Yy x x Y

Water depth. h, t=0.2 ‘Water depth A, t=0.5

2
1.5
w1
0.5
0
2
2 2
0 0
y 2 2 x
Sediment concentration. C', t=0.2. Sediment concentration. C, t=0.5.
%107 x107
1 1
= 05 5 05
0 0
2 2
2 2
0 0 0 0
y 2 2 x y 22 x

Figure 25: Dam break over wet bed. Bed evolution and water depth profiles for fully coupled model with PCCU-AENO scheme
on structured meshes at different times

8 Concluding and perspectives

In this paper, an unstructured path-conservative central-upwind scheme has been introduced and applied
to solve a new sediment transport model. The model is a coupling of nonhomogeneous shallow water equa-
tions with sediment transport phenomena. The model generalizes several recent sediment transport models
based on Shallow Water equations. The proposed model is a nonconservative system of nonlinear equations
admitting a complex Jacobian matrix. The existence of global weak solution of the model remains an open
problem. The Gerschgorin disc theorem has been applied with success to reduce the cost of finding the eigen-
values of the complicated Jacobian matrix. We have used these computed eigenvalues to design an original
simple, robust and highly accurate path-conservative method based on combination of 1D Riemann solvers
without any intermediate states. Contrarily to some mutlidimensional schemes available in the literature,
the total eigenstructure of the model is not necessary. A novel multidimensional well-balanced discretization
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Figure 26: Numerical solution of a dam break problem obtained using our unstructured PCCU method TVD method. The time
of simulation is T' = 40s, MPM formula is used with Ag given by Eq.(163)
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Figure 27: Dam break over mobile bed. Bed evolutions Z; with Grass formmulae. Left strong interaction Ag = 0.009 with
Grass formula, right weak interaction Ag = 0.09 with MPM formula.
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Figure 28: Dam break over high fluid-sediment interaction using the second order PCCU scheme, Ag = 0.9 The time of simulation
is T'=40s

strategy has been developed and implemented here. With that, the scheme has been proven well-balanced
and is able to capture steady-state solutions. The piecewise polynomial reconstruction procedure developed
here allows us to develop a high-order M-PCCU scheme. Some results related to the method have been proved
rigorously with acceptable mathematic formulations. Some tests have been made to show the performance
and interesting properties of our method (positivity-preserving, shock-capturing, well-balanced, stability).
The developed high-order unstructured PCCU method can be used to simulate sediment transport models
in complex flow while remaining robust and accurate. The proposed method is computationally efficient and
easy to apply in most computer programming languages.

Advantages and limitations of the numerical modeling

The use of the M-PCCU scheme will be appropriate to capture the shocks even when the number of cells
is small. It’s proven experimentally that the Exner’s equation is not applicable to accurately describe the
morphodynamics. There is a need to reformulate this equation in order to extend it to a wide range of sediment
transport problems in coastal environments. The bedload equation given by (11) can be a opportunity of
modeling and this has been proved in a recent work of Ngatcha et al[32]. The bed-load equation proposed
by these authors is susceptible to be improved. The well-balanced discretization strategy of the source terms
for multidimensional scheme can also be improved.

Perspectives

Future works are extended to: (i) The proposed model can be extended to a multi-class sediment transport
model; (ii) study the case where the distortion effect in the fluid flow plays an important role; (iii) other
types of meshes can be implemented.

Data availability

The data that support the findings of this study are available on request from the corresponding author.
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