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An Asymptotic Preserving scheme for the
shallow-water equations with Manning friction using
viscous correction of the HLL scheme

Solene Bulteau* Christophe Berthon T

Marianne Bessemoulin-Chatard *

November 21, 2019

Abstract. The aim of this paper is to propose a numerical scheme for the shallow-
water equations with a Manning friction source term able to preserve the diffusive
regime, namely the behavior of the solutions in long time and stiff friction limit. Because
of the non-usual rescaling of the friction parameter, a strongly nonlinear derivative
operator is involved in the diffusive limit and the development of a numerical scheme
possessing this property is not straightforward. The scheme presented here is based on
a perturbed HLL scheme with additional viscous terms.

Keywords. Finite volume schemes, asymptotic-preserving schemes, conservation laws
with source term, shallow-water equations.

AMS subject classifications. 65M08, 35Q35.

1 Introduction

This paper is devoted to the development of an asymptotic preserving scheme, based
on a perturbed HLL discretization, to approximate the solutions of the shallow-water
equations with a Manning friction source term [19]. The system of interest reads:

ath + azq = 07

2 h2 (z,t) e R x Ry, (1.1)
o+ 0. (1 + %5 ) = ~Hllat ",

h 2
where the unknowns, h(z,t) > 0 and ¢(z,t) € R, both depending on space and time,
respectively denote the water height and the discharge. As usual, the water velocity is
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given by u = ¢q/h. In the model, g = 9.81 m.s~2 is the gravity constant while k and 7

denote friction parameters according to the Manning friction model [19]. In general, n
is given by 7/3. Concerning the parameter k, called Manning coefficient, it defines the
intensity of the friction to be adopted.

Here, we are interested in the behavior of h and ¢ in long time and dominant friction,
and faraway from dry areas. Since our aim is to build a numerical scheme able to preserve
the correct asymptotic behavior of the solutions, we formally recall the derivation of the
asymptotic diffusive regime. A small parameter ¢ is thus introduced in order to govern
the time ¢ and the friction coefficient k as follows:

t<t/e and k< k/e%. (1.2)

The friction parameter has to be rescaled differently than the time because of the
quadratic term in ¢ in the source term (see [5,10]). With this scaling, the system (1.1)
now reads:

Eath/ + amq = 07

2 2
q gh k _
0) Oy | —+ 57— ) = —=|qlgh™".

6tq+x<h+ 2> 3 ldla
To study the behavior of h and ¢ when ¢ tends to zero, the following Chapman-Enskog
expansions of the unknowns are introduced:

(1.3)

h=h"+eh'+... and q=¢"+e¢" +.... (1.4)

The here considered water height h is assumed to be positive but, thereafter, we also have
to impose the positivity of its first-order term, namely h® > 0. Plugging expansions
(1.4) in the rescaled system (1.3), enforcing e to zero, we obtain the following limit

system:
8zq0 =0, (1 5)
— klg®|g" (%) = 0. '

Since h® > 0, the second expression of the above system necessary gives ¢ = 0. Then,
from (1.3), we now obtain the following limit problem:

8th0 + aqu = 07

am (g(h0>2) — —k|q1|q1(h0)_". (16)

2

The second expression of the above system leads to the following definition of ¢', called
the local equilibrium (see [15]):
1,0)2
0, (9(2) )’ (1.7)

L (R°)"
q ——Slgn(azho)\/ :

Next, considering the hg governing evolution equation in (1.6), we obtain the following

nonlinear diffusion equation:
0yn 0)2
Ouh0 + 0, <—sign(8xh0)\/(hk) 0, (9(’;) >D =0. (1.8)

In the above equation, we may recognize a non stationary p-laplacian type equation
supplemented with a nonlinear flux function. Let us underline that the p-laplacian
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equation, known to be a degenerate parabolic equation, has been widely studied
(see [2,14,18,21] for theoretical aspects and [1,4,17,20] for some numerical studies)
and appears in several physical problems as, for instance, in non-newtonian fluids [9].

The aim of this work is to derive a scheme for (1.1) such that, in the diffusive regime,
the approximate solution is consistent with the limit problem (1.6), or equivalently
(1.7)-(1.8). This property to be satisfied by the numerical scheme, called asymptotic
preserving (AP) [5,6,15], is not straightforward and the development of AP-schemes
requires a particular attention. During the two last decades, numerous AP-schemes
were proposed in the literature. For instance, in [3,6,7], AP numerical strategies have
been introduced to accurately approximate the asymptotic diffusive regime issuing
from the radiative transfer models. We also refer to [16] where an AP-scheme is derived
to approximate the solutions of the isentropic gas dynamics in the Darcy law regime.
Next, in [6], a generic formulation of AP-schemes is proposed by a suitable extension of
the well-known HLL scheme [13]. At the wide discrepancy with the above mentioned
works where the source term rescaling is governed by 1/e, according to (1.2), in the
present paper we have to deal with a rescaling prescribed by 1/¢2. High order source
term rescaling in 1/e™ are considered in [5] where the asymptotic diffusive regime
is established to be strongly nonlinear. Of course, this nonlinearity is clearly stated
in (1.8). In [5], the authors concluded the asymptotic diffusion study by the derivation
of a generic numerical scheme. More recently, in [10], the shallow-water model with a
Manning friction given by (1.1) is adopted and a scheme with interesting asymptotic
behavior is derived. However, the diffusion regime satisfied by the introduced method
comes from an extension of the numerical technique introduced in [6] designed for a
scaling of the stiffness given by 1/e. As a consequence, the authors established a correct
numerical asymptotic behavior of the water height. But, in [10], the expected regime
verified by the discharge, according to (1.8), is no longer preserved. In this sense, the
numerical scheme proposed in [10] is at most partially asymptotic preserving. The
present work is motivated in the design of a numerical scheme able to fully restore the
expected asymptotic diffusive regime given by both relations (1.7) and (1.8).

The paper is organized as follows. Section 2 is dedicated to the presentation of
the considered general framework. It allows to introduce several notations useful in
the next sections and to present a generic form for all the schemes presented in this
paper. Afterwards, in Section 3, the scheme given in [10] for the system under concern
(1.1) is recalled. The failure of this extension of the scheme presented in [6] is then
highlighted. Indeed, this scheme is able to preserve terms of order zero, namely h®
given by (1.8), but not of order one. As a consequence, the relation (1.7) to govern ¢* is
not preserved and the resulting scheme is said a priori partially asymptotic preserving.
In fact, by studying the asymptotic behavior of the discharge, since the scheme adopts
a nonphysical scaling in 1/e, we exhibit an additional relation satisfied once again by
hP. This new relation combined with (1.8) make this scheme not asymptotic preserving.
This failure is illustrated with several numerical experiments. In Section 4, an extension
of the generic method introduced in [6], respecting the natural rescaling of the source
term stiffness, is proposed. This generalization is able to deal with stiffness rescaled in
1/e™ with m € N*. From now on, we emphasize that the here derived scheme turns
out to be a revisit of the numerical approach introduced in [5]. Next, this proposed
method is applied on the model (1.1), for which m = 2, and the diffusive limit regime,
given by (1.7) and (1.8), is proved to be preserved by the here designed numerical
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technique. More precisely, the respect of the natural rescaling allows to catch consistent
discretizations of the order zero, to get (1.8), and the order one, to get (1.7), of the
solutions in the diffusive regime. Finally, Section 5 is devoted to the numerical results
to illustrate the interest of the developed scheme.

2 A Godunov-type scheme with source term

For the sake of completeness in the forthcoming developments, we briefly detail the
asymptotic preserving numerical technique introduced in [6]. To address such an issue,
we consider hyperbolic systems with source terms as follows:

AW + 0, F(W) =k (R(x,W) — W), (x,t) eR xRy, (2.1)

where W € Q is the vector of the unknowns, with Q € RY the phase space, F(W) € RY
is the physical flux and R(W) € RY is a function occurring in the source term. We
immediately notice that the system (1.1) enters in such a formalism with

2 2

W="%"hq), FW)=" (q, % + 92> and R(z,W)=" (h, q— q|q|h_") . (2.2)

For the sake of simplicity, we assume k to be a constant and we refer to [6] for more

complex interactions.

Next, we introduce a free parameter, denoted k, such that the system (2.1) equiva-
lently reformulates as follows:

OW + 0, F(W) = (k+k) (R(z, W) =W), (z,t)eRxRy, (2.3)
with
R(x,W) = ﬁkﬁ (R(z, W) —W)+W. (2.4)

In fact, from a numerical point of view, k will play the role of a correction to be
prescribed in order to recover the expected numerical asymptotic regime.

First, we consider the space discretization made of cells (2;_1/2, Zit1/2)icz With a
constant size Az such that x; /0 = x;_1/5 + Az for all i € Z. Next, concerning the
time discretization, we adopt t"*! = t" 4+ At where At > 0 denotes the time increment
and where t = 0. As usual, in order to enforce some stability conditions, the time
increment will be restricted according to a CFL like condition [8]. Now, equipped
with (W]")icz over each cell (x;_y/2,2;41/2) at time ", we search for relevant updated
states (W;*t1);cz to approximate the solution of (2.3) at time ¢"*!. Following [6], the
required updated states are obtained by adopting a Godunov-type scheme [11-13]. To
address such an issue, we first exhibit an approximate Riemann solver made of four
constant states separated by three discontinuities (see Figure 1). According to [6], the

approximate Riemann solver of interest reads as follows:

Wi, if

PN W+ (1= agg) RO™,Wr), if —Ap< % <0,

W (Z,WL, WR) - . (2.5)
W + (1= ape) RO, W), i 0<% <A,
W, i e < 3,
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7)\LR )\LR

WL WR

| |
—Az/2 0 Az /2

Figure 1: Structure of the approximate Riemann solver

where the parameter «, ; is defined by

_ 2ALr
220+ (k+kpp) Az

Qrpr

(2.6)

The main originality in this approximate Riemann solver remains in the introduction
of the source term within the two intermediate states separated by a stationary dis-
continuity. Moreover, for the sake of simplicity in the forthcoming derivations, we here
have adopted a symmetric fan made of speed waves —\, ; < 0 < A_ . Extensions with
speed waves A;, < 0 < Ag are straightforward and they are left to the reader. In (2.5),
the vector W* denotes the intermediate state of the classical HLL scheme introduced
n [13], defined by

1
2ALr

W* = (WR + WL) —

(F(Wg) = F(WL)),

DN =

and the following notation is used in the definition (2.5) of the Riemann solver:

R(0F,W) = lim R(z, W).

x—0F

In order to obtain the expected updated states, we first put the approximate Riemann

~ r—x, 1 . .
solver W (——2, W/, W7 ) at each interface z; 1 forall i € Z. Next, we define Wt
as follows:

1 [ =/ x—21
Win+1 :E/ W(At2’ in_pWin) dx

T, 1
-3

L [P (2220 e n ) g
a0 ) (m’ +) "

T4

With clear notations stated at each interface x;, 1 after straightforward computations
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we obtain:
Wit = W 2it ( 1 (FWi) = FOW)) + gy (F(W]) - F(Wﬁﬂ))
Jr% (ai+%>\i+% (Wﬁ_l - Wl") — O‘i—%)‘i—% (Wzn _ 1TL—1))
%At (on-s-% (R( +1,Wn) WZ") +oys (R(xi%, W) — Wln))

(2.7)
In order to restore the expected asymptotic preserving property, the free parameter k5
is fixed to catch a discretization of the correct limit in the diffusive regime.

3 Failure of an asymptotic preserving scheme

In this section, we recall the scheme developed in [10] and we show that the expected
AP-property is not fully satisfied. We adopt the scheme (2.6)-(2.7) where the wave
velocities (/\H%)iez are fixed as follows:

Aiy1 = max ('ql + v/ ght, S |ql+1 h;’H) for all i € Z. (3.1)
1+1

According to [10], in order to recover the asymptotic diffusion equation (1.8), the pa-
rameters (k;, 1)iez are given by

k|hz+1 n‘

2

Firy =2X44 \/gAx((th)" + (W) (hify + hiY)

This correction has been selected in order to get a consistent approximation of the
diffusive equation (1.8) in the asymptotic regime. However, this limit regime is obtained
adopting the following rescaling of the time increment At and the friction coefficients k
and k, , using a small parameter &:

—k forallieZ. (3.2)

At + At/e, k< k/e and kpp < kpr/c.

Once again, we underline that this rescaling is not the natural rescaling of the friction,
given by (1.2). As a consequence, this rescaling is inconsistent with the continuous
framework.

After rescaling and when specified to (2.2), the scheme (2.7) now reads as follows:

h?“ = h; T % Ax (aa% (Qz‘+1 -4 ) + 055_% (Qi - %-1)) (3-3)
At

+5s (Méa;% (s = B2) = Aoy (A2 — R 1)) :

At (¢f1)® | (M) (@) (h)?
nt+l _ n_ € it1 i+1 _ \H4 _ )
i =4q 2eAx (az +3 ( h?+1 +g 9 h? g 9 (34)
@) (f)? (g)® ()
€ i i) _
iy (S oo N0

At
+25A ( z+%af+% (g1 —ai') — )‘i—%ajf% (gi" — Q?—l))
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—oo (afiy +aly) alaln) .
where
2)\i+1€
a§+l = 2 _ 5 (35)
2 2)\i+%€+(k’+k‘i+%)Al‘

and with k, +1 defined by (3.2). In the following lemma, we recall the asymptotic
convergence result coming from [10]:

Lemma 3.1. We assume that h?’o >0 foralli € Z and
af 1 =0(e) forallielZ. (3.6)

In the limit of € to zero, the scheme (3.3)-(3.4) reads as follows:

() + (07 | $A2)? = (827

At ; :
O,n+1 __ Q,n =e . Q,n _ Q,n 141 i+1
hi = hi +Am s (h”l hi ) 2k Ax
(3.7)
_sion (hQ,n B hq,n> (h?n)n + (h?’—nl)n %(hg’n)Q - %(h?Ln1)2
g\l i1 2k Az ’
" =0. (3.8)

As expected, the discrete diffusion equation (3.7) is a consistent discretization, when
Az and At tend to zero, of the diffusion equation (1.8).

Proof. Since the zero-order expansion of both (hl)? and (¢1*)} reads

hi =h{" +0(e) and ¢ =g + Oe),

i
with assumption (3.6), in the limit of € to zero, the scheme (3.4) yields to

0,n

@ g™ |(hy™) ™" =0 for all i € Z.

With h?’" > 0, we immediately get q?’” = 0 and the discharge limit equation (3.8) is
recovered. Now, once again with (3.6), the scheme (3.3) is written as follows in the limit
of € to zero:

At 1 .
PO = R0y ()\ lim == (W05 = hP") = Ay lim =2 (" =) ).

2Az +32:50 2e—0 €
B (3.9)
Using the definition of af+% given by (3.5) and the definition of &, 1 given by (3.2), we
have:
SR L g 0 + 1) 510)
es0 € Airi kAx|h?’+n1 — hd"

The scheme (3.9) thus coincides with the expected limit (3.7) and the proof is achieved.
O
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This first lemma assesses the asymptotic preserving property of the scheme (3.3)-
(3.4) in the sense that the diffusive limit (1.8) is preserved. However, we now state a
result concerning the behavior of the equation (3.4) in the diffusive regime, which does
not coincide with a discretization of the expected local equilibrium (1.7). Moreover,
this new statement establishes a non-consistent behavior of (hl');cz as € goes to zero.

Lemma 3.2. Assuming (3.6), as € tends to zero, the limit of the equation (3.4) is
consistent with 0,h° = 0.

Proof. After Lemma 3.1, we have h} = h)™ + O(¢) and ¢ = O(¢). Because of (3.6),
when e tends to zero, the relation (3.4) reduces as follows:

o3 (W) — ()

gg% £ Az * shg(l) € Az =0
Moreover, since (3.10) holds, the above relation can be rewritten
hOn_hOn 1 hOn_hOn
. i+1 0,n n (_),n 0,n (_),n i+1
sigm ( - ) oy (00 + (S hmye P
hi™ — h? " 1 0 0 0 0 W™ — By
. [ — h‘,n n h‘,n n h‘,n hn 3 7 7—1 —0.
+Slgn ( Az )\17% (( % ) + ( 171) )( % + 171) Az 0

Now, we show that the above discretization is consistent with 9,h° = 0. To address
such an issue, let us consider h°(x) a smooth enough function such that hg’" = hO(x;)
and h{y" = hO(z; £ Az). As a consequence, we easily get:

sign (9,h° (z;) + O(Az) ) \/16 hO(x;))+3 |0,h0(z;)] + O(Ax)

z+2

+sign (0,h%(z;) + O(Az) )

)73 0,10 ()| + O(Ax) = 0.

The above equality can thus be rewritten as follows:

(sign (0:h°(z;) + O(Ax)) N sign (0,h°(x;) + (’)(Aw)))
Ny N

U3

% /(W0 (22))7+3 |9, h0 ()] + O(Az) = 0.

Since the wave speeds (); +%)ieZ are positive then, when Az tends to zero, the above

expression is consistent with the expected limit 9,h° = 0. The proof is thus achieved.
O

This second result clearly exhibits that the asymptotic water height admits a
constant behavior. Moreover, no additional information on the behavior of ¢* can be
obtained to mimic the required relation (1.7).

It is worth noticing that the hypothesis (3.6) imposes k + Ei—&-% # 0 for all i € Z.
However, according to the definition of k;, 41 given by (3.2), the case k +k;, = 0 arises
when the water height is constant at an interface. In this situation, «, =1 and the
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condition (3.6) does not hold. As a consequence, lemmas 3.1 and 3.2 cannot be applied
in cases of constant water height and the partial asymptotic preserving property is,
once again, no longer valid for the scheme (3.3)-(3.4).

From now on, let us illustrate the inappropriate behavior of the discretizations given
by the scheme (3.3)-(3.4). To address such an issue, two different initial conditions are
considered. They are defined on the spatial domain [—5, 5] and are given as follows.

e Continuous initial condition:

2 if < -1,
1 3

ho(e) =3 3 (3 +sin (72“)) if —1<az<1, and u(z)=0. (3.11)
1 else,

e Discontinuous initial condition:

2 if <0,
ho(x) = { ) olse and wug(x) =0. (3.12)

Figure 2: Initial water height.

Moreover, the parameter k is set equal to 1, the parameter 7 is equal to 7/3 and
zero-flux boundary conditions are used.

We compare the discretization of the water height given by the scheme (3.3) with
the straightforward discretization (3.7) of the diffusive limit. As detailed in the proof
of Lemma 3.1, the approximate water height given by (3.3)-(3.4) coincides with the
discretization given by this limit scheme in case of non constant water height. On
Figure 3, we display the approximate water height, at time ¢ = 0.01 and for the
continuous initial condition, obtained with the scheme (3.3)-(3.4) for different values
of €, the asymptotic parameter. The dotted line corresponds to the limit water height
obtained with (3.7). The same plot, obtained for the discontinuous initial condition,
can be observed on Figure 4. The preservation of the diffusive limit by the scheme
(3.3)-(3.4) developed in [10] is not obvious. This result is not surprising since we are
not in the framework given by hypothesis (3.6) for both initial conditions (3.11) and
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(a) N =100

Figure 3: Water height at time ¢ = 0.01 with the continuous initial condition for different
values of e.

(a) N =100 (b) N = 800

Figure 4: Water height at time ¢t = 0.01 with the discontinuous initial condition for
different values of e.

(3.12).

To complete this illustration, we display on Figures 5 and 6 the water height
obtained for a fixed value of € and different number of cells. Moreover the water height
discretized by the limit scheme (3.7) is obtained with 800 cells.

(a) e = 0.01 (b) & = 0.0001

Figure 5: Water height at time ¢ = 0.01 with the continuous initial condition for different
number of cells.
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(a) e = 0.01 (b) £ = 0.0001

Figure 6: Water height at time ¢t = 0.01 with the discontinuous initial condition for
different number of cells.

Moreover, to observe the behavior of the one-order of the approximate discharge
given by the scheme (3.3)-(3.4), we consider (¢}"/e)? where (gI*)? is the discharge given

7

by (3.3)-(3.4). We compare it with the following discretization of the local equilibrium

(1.7) :
n : n n (h?)n ‘g(h;n 1)2 — g(h‘?—l)2|
q' = —sign (A", — i—l)\/ : PR A 2A; , (3.13)

where (A1) is given by the discrete diffusion equation (3.7). This comparison is
displayed on Figures 7 and 8 for a fixed value of N and different values of e. We can
observe that, for a fixed number of cells, more ¢ is small and more the one-order of
the approximate discharge is far from the discrete local equilibrium. This allows us to
confirm that the scheme (3.3)-(3.4) is not asymptotic preserving in the sense that it
does not preserve both the diffusive limit (1.8) and the local equilibrium (1.7).

o >
0 = -

(a) N = 100 (b) N = 800

Figure 7: Order one of the water discharge at time ¢t = 0.01 with the continuous initial
condition for different values of ¢.

Finally, on Figures 9 and 10, we display the one-order of the discharge compared
to the discrete local equilibrium (3.13) for a fixed value of ¢ and different number of
cells. Once again, we remark that the scheme (3.3)-(3.4) fails capturing the expected
asymptotic behavior.
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4 2 o 2 4 4 2 o 2 4

(a) N =100 (b) N =800

Figure 8: Order one of the water discharge at time ¢t = 0.01 with the discontinuous
initial condition for different values of €.

o e —

- 2 o 2 4

(a) e = 0.01 (b) & = 0.0001

Figure 9: Order one of the water discharge at time ¢t = 0.01 with the continuous initial
condition for different number of cells.

I 2 o 2 4

(a) € = 0.01 (b) & = 0.0001

Figure 10: Order one of the water discharge at time ¢ = 0.01 with the discontinuous
initial condition for different number of cells.

4 An improved AP-scheme

A generic method is now developed to design asymptotic preserving schemes for the
hyperbolic problem (2.3) with a diffusive regime governed by a rescaling of ¢ and k of
the following form:

t<t/e, and k< k/e™,
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where m € N*. Let us emphasize that m is restricted to 1 in [6] while we have to fix
m = 2 to deal with system (1.3). To derive the scheme under interest, we extend the
formalism (2.3) in order to correctly mimic the rescaling of the source term in 1/e™.
To address such an issue, we introduce a second free parameter § > 0 as follows:

AW + 0, F(W) = 6(k+ &) (R(z, W) — W), (2,t) €R xRy,

where R is now given by

R(x,W) = (R(x, W) —W) +W.

§(k+ k)

We notice that § is a proportional parameter. It will be chosen according to the
rescaling in order to restore the correct asymptotic behavior.

The scheme (2.6)-(2.7) can then be applied by substituting k + k. by §(k + k. z)-
The next step consists in injecting into the obtained numerical method the following
natural rescaling of the time step At and the parameters k and kz:

At < At)e, k<« k/e™ and kpp < kpp/e™. (4.1)
Moreover, the parameter ¢ is chosen as follows:
§=em 1

As usual, the parameter k., is given at each interface by (3.2) such that the first
equation of the scheme is consistent with the diffusive equation in the limit regime.

Now we exhibit the scheme for the shallow-water equations with Manning friction
(1.1). The integer m is equal to 2 and the wave speeds are, once again, defined by (3.1).
The natural rescaling defined by

At Atfe, k< k/e® and ko ¢ kogn/e?, (4.2)

can be adopted and § fixed to € to obtain the following rescaled scheme:

hith = h?_gitx (O‘fﬁ (a1 — @) +ai_y (4 - q?fl)) (4.3)
+2?Ttx (AH%%Z% (hity = hi') = Nigei_y (B — h;l_l)) :
o o (0 02
T, <<qh>2 N g(h:;)Q - %11)2 _g(h?21>2>)

At
ooy (Mot (i =) = Mioyaly (@ —ai))

T o3 (065+% + Oéf_%) q;'lg;' |(R) ™",
where (a;l)iez is given by
2
2\, 1€
af, L = sk 2 . (4.5)

2 on et (kt ks
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The discrepancy between the above scheme (4.3)-(4.4) and the scheme (3.3)-(3.4), devel-
oped in [10], stays in the introduction of the coefficient é which modifies the definition of
« given by (4.5). This new parameter turns out to be essential to improve the numerical
diffusion involved in the scheme in order to deal with the correct scaling (4.1). We now
state the asymptotic behavior satisfied by the scheme (4.3)-(4.4).

Theorem 4.1. We consider the scheme (4.3)-(4.4)-(4.5), where the additional param-
eter kH% is defined by (3.2). When € tends to zero, the two following assertions are
satisfied.

(i) In the diffusive regime, the equation (4.4) coincides with a discretization of the
local equilibrium (1.7).

(i) In the diffusive regime, the equation (4.3) coincides with the discrete diffusion
equation (3.7) to discretize (1.8).

Proof. Let us adopt the following Chapman-Enskog expansions of A} and ¢}* for all
1€Z,neN:
A =" 4+ O(e) and ¢ = ¢)" + O(e), (4.6)

where the zero-order of the water height h?’" is assumed to be positive for all ¢ € Z and
n € N. First, we underline that the following developments easily hold for all ¢ € Z and
neN:

s
2

(@)? | () (g")?
9Ty T o Y

+ O(e).

The discrete discharge evolution law (4.4) can then be rewritten as follows:

0,n 0,n \n sn
om+l _ on At <e <(qi+1)2 (hl)? (@™? (b )2+0(5)>

Xt 9 - -9

q; =4q; — O,n 0,n
2e Az hi-{—l 2 h; 2
n n 0,m\2 0,m\2
(@2 (™2 (@) (h;h)
£ 7 1 _ _
s ( o +g 3 h?’_n1 9> +O(¢)
At A B 0,n o,n o) A 5 0,n 0,n O
+2€A$ i+%ai+% ;31— 4 + (e)) — z‘—%ai,% q; —q 1+ (¢)
kAt 1 Om e~
BB oy oz, ) (21100 4 0E) + 0.

(4T
Moreover, from the definition of (a7, , )icz given by (4.5) and the definition of (k;1)icz
2 2

€ . can be rewritten as follows:

given by (3.2), agis

8 o EAlhg,, — 17
o 1 =€|¢€ i+ L n n n n
it+1 +3 g((h?2 )7 + (R)")(RE + A7)

Using expansions (4.6), from the above expression we deduce the following limit:

0,n 0,n 0,n 0,n
of, 1 g((h3 )™ + ()M (RS + Ry ™) it RO £ pOn
;1_r>r(1) E 2 — )\i+% kAx|h?j:L1 — h?’n ’ ¢ b

. On _ 30,n
+ o0, it hy =Ry
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Even if the limit of o 41 /€ is not necessary finite, when € goes to zero, the dominant term
2

in the equation (4.7) coincides with the source term discretization. As a consequence,
we get the following limit for all ¢ € Z:

0= q;"g;" |(h") " (4.8)

3

Since hg’" is assumed to be positive, the above expression necessary gives that the zero-
order of the discharge q?’” vanishes in each cell, and the expansions (4.6) then rewrite:

hr = hd" 4 ehl™ + Oe) and ¢ =¢ (qlln + (’)(5)) : (4.9)
Moreover, the following development now holds:
PR =2 (g g™ ()T + O 4.10)
¢'lqi'[(h!) ™" = &" (@ |g; " |(hy )T+ O(e) ) - (4.
Now, it is necessary to distinguish the expansion of (a;ﬁj 41 )icz with respect to the be-
2
havior of the water height as follows:
504;_% + O(e?) Ty
a5y = \@a;/_z% +0() it Ry =R and  h;" # b, (4.11)
g1 +0(e) it hY"=hy and AP =R,
where
0,n 0,n 0,n 0,n
1 g((R5)" + (R (R + Ry ™)
Qipl = 2 O,n 0.n )
2 i+l kAz|h | — by
2 hy "y
o’ = AL (4.12)
2 Ay klhi L — hy" A
-1
2,n 2,n
o0 = g4 deed [RIEL — BT AT
i+3 2 g(h?7n)n+1
We notice that the quantities a} 1o oz;/_i and a? 1 are positive and well defined. For
2 2 2
the sake of simplicity in the notations, we introduce (ﬂiﬁi)iez and (ﬂi’i)iez defined as
2 2

follows:
At k
Le — 20 e (9 ((hn )2 = (W) + g g (R~
8L =~ oty (55 (02 = (O2F) + Sl ™).
At k
R, g n n n n n —
85 =~ ratey (5o () = () + Edlalal(0) ™)

From (4.9), (4.10) and (4.11), 8¢ admits the following expansion:

it+3
By +06) it A0 £ AL,
gs ] ET RO AR amd BRI,
éﬁfjgl +0(1) if hY"=hy and AP =R,
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where we have set

At n n n n ny\—
85 = 5oty (5o ()2 = (A0™)2) + ka! ™ lal " (™))

2 2Ax
L,—1/2 kAt 172 10 1my,0m—
Biiy " =- 9 i1 ai " (h)
kAt
L,=1 _ 0 1n 1, 0,m\—
ﬁi+% Ty Y g " (h™)

and

At . -
B = =Sratyy (5 (02 = ((9™2) + kel lalhI) ™) |

2 2Ax
R,—1/2 KAt 172 15 1m,0m -
ﬁi+% = _T%Jr%qwmqwnl (hii) ™"
R,—1 KAt o 1m0, y—
ﬂi+% = —T%Jr%qifﬂqifl (i)™

Adopting this new notation, we easily rewrite (4.4) as follows:

At
1 L, R,
gt = Q?Jrﬂi:% + ﬂi,z + %AT (>\1+%af+% (qzn+1 - qf) - )‘i—%a -1 (qzn - Q:L—l))

A n 2 n\2 n)2 n 2
_ ¢ af N (q2+1) _ (qz ) +ac . (qz ) _ (qul) )
2eAx \ T2\ A h =2\ AP R

41 i

(4.13)
Now, let us consider the limit of (4.13) as € goes to zero. Since the behavior of Qi1

and /Bfii depends on the values of the water height, two cases must be distinguished
2
to exhibit the limit scheme. First, let us assume that hY™ = hY" and/or hY™ = h?fl,

then the limit of (4.13) as & goes to zero reads

@ lal () = 0, (114)

3

Next, if we have h" # h2™, and h)™ # h?fl then, in the limit of € to zero, (4.13) now
tends to

1 0, 0,n 1 0, 0,
Yits %(hiJrnl)Q —§(h")? i3 §(h")? = §(h2h)?
1 1 1 1
) + &y Az A + a;_y Az (4.15)

= —kq, "|g;" (™).

Nowadays, to achieve the establishment of (i), we have to show that the above limit
scheme, given by (4.14) or (4.15), is consistent with the local equilibrium (1.7). To
address such an issue, we introduce two smooth enough functions, h%(x) and ¢'(z),
such that (b, q;™) = (h%(x:), ¢" (2:)) and (hYY, qi1%) = (hO(z; £ Az), ¢ (z; + Ax)).
Now, in order to deal with the limit scheme, (4.14) or (4.15), we have to distinguish
the case h®(x;) = h%(x; — Ax) and/or h%(z;) = h%(z; + Ax) and the case hO(x;) #
hY(z; £ Az). Since the expected consistency comes in the limit of Az to zero, the case
hO(x;) = h°(x; — Ax) and/or h®(x;) = h®(x; + Ax), for all Az small enough, necessary
implies h°(x) equal to a constant in a neighborhood of z;. Then, since h°(z;) > 0, the
limit (4.14) gives ¢'(x;) = 0, which coincides with the expected local equilibrium (1.7)
with a constant water height. Next, let us assume that h°(z) is not given by a constant.
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As a consequence we have h%(xz;) # h®(z; & Ax) as soon as Az is small enough. Then,
we easily obtain the following limit

1
lim it} §h0(zi + Az)® — % (x:)?
Az0 a1.1+% + al{% Ax
. G 2R0(x,)? — 1O (x; — Ax)? (9
al [ +al Az v 2 ’
it3 -3

to immediately deduce the required consistency of the e-asymptotic scheme (4.15)
with the local equilibrium (1.7) as the water height is not constant. This achieves the
establishment of (7).

Now we turn proving (7). First, we give the behavior of the discretization (4.3)
for € in a neighborhood of zero. To address such an issue, let us underline that the
expansions (4.9) now write:

e(a"+0) i BT R and B £ B,

A =hd"4+0O(e) and ¢ =
e (qf” + O(e)) otherwise.

The above expansions combined with the expansion (4.11) of o 1 imply:
2

1 53 n n
2eAg Vith (a1 — a") = O(e), (4.16)

so that the discrete water height evolution law (4.3) now reads:

n n At € n n € n n
B = W+ ALO(E)+ 51— (Mrgasys (b = B0) = X_yasy (R = hE,)) . (417)

To simplify the notations, let us set
13

22 (hpy, — B,

. B AH%a
Vitd 2eAx

such that we reformulate (4.17) as follows:

Rl = BT 4 AtO(e) + At (75 — e ) . (4.18)

i1 L 1
i+3 2

From (4.11), the following behavior of 77, , is obtained:

1

+3 0,n 0,n . on om
Tx? (hi"'l —hi ) +0(e) it hy" # hiiqs
1/2
75 | = fAi+%ai+% hl,n hl,n o) if hO,n _ hO,n d hl’n hl’n
o oAy Tl +0() if h" =Ryl and hy # byl
Ap1a® (hz’n _ h;,n)
7 i+5 i+1 i ) on o i .
: 2 2Ax +0(e) it h;" =h; ) and byt = hy.
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Thus, as soon as h)"" = h?jr"l, the quantity 7, , is at least of order \/z. Then, the above
2

expansion rewrites as follows:

5 )\i+%ai+% 0,n 0,n
Moreover, by the definition of 0411 1o given by (4.12), the following equality holds :
2
1
>\i+%ai+% hO,n . hO,n
2Azx i+l ‘

i+1
Ax

()2 — (h0™):

_ 1 g . On _ 10n 0,n 0,n ’
ToAr k51gn(hi+1 hi™) ((hi+1)n+(hi )")

(4.20)
As a consequence, the expansion (4.19) of Vs 1 can thus be rewritten as follows:
2

(RO (00 [$ ()2 = § (™)

2k Az

1. 0, 0,
%EJF% = ESlgn(hiJrnl_hi ")

+0O(Ve). (4.21)

Then, equipped with the above expression, the discretization (4.3), or equivalently
(4.18), thus admits the following behavior:

0,n 0,n
(hgy )" + (R )" §(hih)? — (i ")?
2k Ax

n At : 0,n 0,n
Pt = i+ o | sien (B3 — 0™

; (ho,n ho’") (h?’n)” + (h?fll)fi *g (h?’ l)z — % (h?ml)Q
sign | h; o ; :
At@(\[g).

In the limit of € to zero, we immediately obtain the expected consistency with the
diffusion equation (1.8). The proof is thus achieved. O

5 Numerical illustrations

This section is devoted to the numerical representation of the convergence of the
discretization given by (4.3)-(4.4) towards the discretization given by the limit scheme
(3.7). The preservation of the asymptotic behavior of the discharge given by (1.7) is
also highlighted. The two initial conditions introduced in Section 3 and given by (3.11)
and (3.12) are considered. Moreover, the parameter k is set equal to 1, the parameter
7 is equal to 7/3 and zero-flux boundary conditions are used.

We compare the discretization of the water height given by the scheme (4.3)-(4.4)
with the straightforward discretization (3.7) of the diffusive limit. As detailed in the
proof of Theorem 4.1, the approximate water height given by (4.3) coincides with the
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discretization given by this limit scheme when ¢ tends to zero. On Figures 11 and
12, we display the approximate water height, at time ¢ = 0.01 and for both initial
conditions, obtained with the scheme (4.3)-(4.4) for different values of €, the asymptotic
parameter. The dotted line denotes the limit water height obtained with (3.7). We can
clearly observe the preservation of the diffusion equation by the scheme (4.3)-(4.4).

4 2 [ 2 4 4 2 [ 2

(a) N =100 (b) N = 800

Figure 11: Water height at time ¢ = 0.01 with the continuous initial condition for
different values of e.

4 2 o 2 4 4

o 2 4

(a) N = 100 (b) N = 800

Figure 12: Water height at time ¢t = 0.01 with the discontinuous initial condition for
different values of €.

To complete this illustration, we display on Figures 13 and 14 the water height
obtained for a fixed value of € and different number of cells. The behavior of the space
convergence is clearly better than for the scheme developed in [10], whose results are
displayed in Section 3.

Moreover, to observe the behavior of the one-order of the approximate discharge
given by the scheme (4.4), we consider (¢'/¢)? where (¢I*)? is the discharge given by
(4.4). We compare it with the discrete local equilibrium (3.13) on Figures 15 and
16 for a fixed value of N and different values of €. At the discrepancy with results
from Section 3, the convergence toward the discrete local equilibrium is illustrated
and the scheme (4.3)-(4.4) preserves both the diffusion equation (1.8) and the local
equilibrium (1.7).
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4 2 o 2 4 4 2 o 2

(a) e = 0.01 (b) £ = 0.0001

Figure 13: Water height at time ¢ = 0.01 with the continuous initial condition for
different number of cells.

4 2 o 2 4 © F) 2 [ 2 4 6

(a) e = 0.01 (b) & = 0.0001

Figure 14: Water height at time ¢t = 0.01 with the discontinuous initial condition for
different number of cells.

(a) N =100 (b) N =800

Figure 15: Order one of the water discharge at time ¢ = 0.01 with the continuous initial
condition for different values of €.

Finally, on Figures 17 and 18, we display the one-order of the discharge compared
to the discrete local equilibrium (3.13) for a fixed value of € and different number of
cells. The spatial convergence of the scheme (4.3)-(4.4) is, here again, better than the
spatial convergence of the scheme (3.3)-(3.4), from [10], displayed in Section 3.
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-4 2 o 2 4 -4 2 o 2 4

(a) N =100 (b) N =800

Figure 16: Order one of the water discharge at time ¢t = 0.01 with the discontinuous
initial condition for different values of €.

(a) e = 0.01 (b) & = 0.0001

Figure 17: Order one of the water discharge at time ¢ = 0.01 with the continuous initial
condition for different number of cells.

4 2 o 2 4 4 2 o 2 4

(a) € = 0.01 (b) & = 0.0001

Figure 18: Order one of the water discharge at time ¢ = 0.01 with the discontinuous
initial condition for different number of cells.
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