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Entropy stable flux correction for hydrostatic
reconstruction scheme for shallow water flows

Sergii Kivva*

Abstract

First-order hydrostatic reconstruction (HR) schemes for shallow water equations are
highly diffusive whereas high-order schemes can produce entropy-violating solutions. Our
goal is to develop a flux correction with maximum antidiffusive fluxes to obtain entropy
solutions of shallow water equations with variable bottom topography. For this purpose,
we consider a hybrid explicit HR scheme whose flux is a convex combination of first-order
Rusanov flux and high-order flux. The conditions under which the explicit first-order
HR scheme for shallow water equations satisfies the fully discrete entropy inequality have
been studied. The flux limiters for the hybrid scheme are calculated from a corresponding
optimization problem. Constraints for the optimization problem consist of inequalities
that are valid for the first-order HR scheme and applied to the hybrid scheme. We ap-
ply the discrete cell entropy inequality with the proper numerical entropy flux to single
out a physically relevant solution to the shallow water equations. A nontrivial approxi-
mate solution of the optimization problem yields expressions to compute the required flux
limiters. Numerical results of testing various HR schemes on different benchmarks are
presented.

Keywords— fully discrete entropy inequality, flux corrected transport, shallow water
equations, hydrostatic reconstruction scheme, linear programming
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1 Introduction

In this paper, we consider a design of entropy stable flux correction for a hydrostatic recon-
struction scheme for shallow water equations with variable bottom topography. For simplicity,
without loss of generality, we focus on the Saint-Venant system of one-dimensional shallow
water equations, given by

8th + 835@ — 0,

2 h? (1.1)
atQ + 393 <7 + g;) = —gh@wz,

subject to the initial conditions

h(z,0) = ho(x), Q(z,0) = Qo(z), (1.2)
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where h(z,t) is the water depth, Q(z,t) is the water discharge, g is the gravitational constant,
and z(x) is the bottom topography. The system is considered in a certain spatial domain
D, and if D # R, then on the boundary of D a corresponding boundary conditions should be
specified.

In vector form, the system (|1.1)) can be written as

ou

0
E + %f(u) = S, (13)

where u = (h, Q)T is the vector of conserved variables, f = (Q,Q?/h + gh?/2)T is the flux
vector, and s = (0, ghz,)? is the source vector.

It is well known [19] that solutions of — may develop singularities in finite time
even for a smooth initial condition. Hence, we should interpret in the sense of distribution
and search for weak solutions. However, such weak solutions are not unique. To single out a
unique physically relevant weak solution, the latter should satisfy

oU(u) OF(u)
ot + or

<0 (1.4)

in the sense of distribution for every entropy pair (U, F'). Here U is a convex function of u, the
so-called entropy function, and F' is its entropy flux that satisfies

Fy (u) = Uu(u) £, (w). (1.5)

For shallow water equations (1.1)) with bottom topography z(z), the total energy

Ulu) = % (72 + ghQ) + ghz, (1.6)

serves as an entropy function with entropy flux

3
e
We discretize by the difference scheme

F(u + ghQ + gQxz. (1.7)

A

1 1
E(Ui — ;) + Ar [gz’+1/2 - 9i—1/2] = Si, (1.8)

where the numerical flux g, ,/, is calculated as

Giv1/2 = 9{11/2 T Qiy1)2 [Qﬁ1/2 - Q¢L+1/2} . (1.9)

Here, v; = v(z;,t) = (y(z;,t), q(z;, 1)) is the discrete solution at the grid point (z; = iAx, t);
0; = v(z;,t + At); Az and At are the spatial and temporal computational grid size, respec-
tively. gﬂrl /2 and gZ.LJrl /o Are a high-order and low-order numerical fluxes such that g, ., =
g(v;_141, ..., V;4,) is the Lipschitz continuous numerical flux consistent with the differential flux,
that is g(u, ...,u) = f(u) for all flux-limiters a; 11,2 € [0, 1].

The expression in square brackets on the right-hand side of can be considered as an
antidiffusive flux. For flux-correction we compute the flux limiters c;;/2 as an approximate
solution to the corresponding optimization problem. The classical two-step Flux-Corrected
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Transport (FCT) was firstly developed by Oran and Boris [4] to solve the transient continuity
equation. The procedure of two-step flux correction consists of computing the time-advanced
low-order solution in the first step and correcting the solution by adding antidiffusive fluxes
in the second step to produce accurate and monotone results. The antidiffusive fluxes, which
define as the difference between the high and low-order fluxes, are limited in such a way that
neither new extrema are created nor existing extrema are increased. Later, Zalesak [31] [32]
extended FCT to multidimensional explicit difference schemes. In [32], using characteristic
variables, Zalesak proposed FCT algorithms for nonlinear systems of conservation laws. Several
implicit FEM-FCT schemes for unstructured grids were proposed by Kuzmin and coworkers [17,
18]. However, the known FCT algorithms do not guarantee entropy solutions for hyperbolic
conservation laws.
We discretize the entropy inequality as follows

At

[Gis1jp— Gizip] <0 (1.10)

where Git1/2 = G(Vi—i41, ..., Vitr) is the numerical entropy flux consistent with the differential
one G(u,...,u) = F(u).

A difference scheme is called entropy stable if computed solutions satisfy the discrete
cell entropy inequality . We mention here the pioneering studies of entropy stable schemes
by Lax [I9]. Entropy stable schemes were developed by several authors [7), 10, 12} [13] 20, 25,
29, B0]. To single out a physically relevant solution, we use the so-called proper numerical
entropy flux, the concept of which was formulated by Merriam [21] and Sonar [27]. Zhao and
Wu [33] proved that three-point monotone semi-discrete schemes in conservative form satisfy the
corresponding semi-discrete entropy inequality with the proper numerical entropy flux. Fully
discrete entropy stable schemes with the proper numerical entropy flux for scalar conservation
laws were obtained in [I5, [16]. The numerical entropy flux G(v;_i41,...,v;4,) for F is not
unique. The distinguishing feature of the proper numerical entropy flux among others is that
it satisfies property of the differential entropy flux.

In this paper, we apply a first-order hydrostatic reconstruction (HR) scheme as a low-order
scheme to design flux correction. A first-order HR scheme was originally developed by Audusse
et al. [I], and it does not properly account for the acceleration due to a sloped bottom [§]
for shallow downhill flow. Morales de Luna et al. [23] improved the original first-order HR
scheme for partially wet interfaces. Using a technique of subcell reconstructions, Chen and
Noelle [6] proposed a new reconstruction with a better approximation of the source term for
shallow downhill flows. The main properties of the original HR scheme or its modifications are
positivity preserving, well-balanced, and satisfying a semi-discrete in-cell entropy inequality.
Unfortunately, it is well known that semi-discrete entropy inequalities are insufficient to obtain
a suitable convergence to the entropy weak solution or to get relevant energy estimates. Audusse
et al. [2] showed that the HR scheme combined with a kinetic solver satisfies a fully discrete
entropy inequality with an error term coming from the topography. Thus, we can expect the
convergence of this scheme for Lipschitz continuous bathymetry. Berthon et al. [3] suggested
to introduce artificial viscosity into the HR scheme to get fully discrete entropy inequalities.

Using the approach proposed in [15] [16], we construct a flux correction for 1D shallow wa-
ter equations to obtain numerical entropy solutions for which the antidiffusive fluxes are
maximal. For this, the flux limiters for the hybrid scheme (1.8)-(1.9) are computed from the
optimization problem with constraints that are valid for the low-order scheme. An approximate
solution to the optimization problem yields the desired flux correction formulas. Moreover, con-



sidering the flux limiters as functions of the numerical solution, we prove the unique solvability
of the hybrid scheme - under general assumptions on them. We show that the approx-
imate limiters satisfy the assumptions under which the hybrid scheme has a unique solution.
The developed approach is a novel view on the known FCT method.

The paper is organized as follows. In Section [, we present estimates that are valid for an
explicit first-order HR scheme with the Rusanov numerical flux. Section (3| defines the proper
numerical entropy flux and studies the conditions under which the explicit HR scheme for
homogeneous and inhomogeneous shallow water equations satisfies the fully discrete entropy
inequality. The unique solvability of flux correction for the HR scheme, the optimization prob-
lem for finding flux limiters, and the algorithm for its solution are described in Section [l An
approximate solution of the optimization problem is derived in Section [5] The results of nu-
merical experiments with different HR schemes are given in Section [0 Concluding remarks are
drawn in Section [7.

2 First-Order Hydrostatic Reconstruction Scheme

We consider an explicit first-order HR scheme of Chen and Noelle [6] in the form

A~

At T o - + L - +
Ui —U; + Ar [9i+1/2("’i+1/2’ Vit1y2) — 9il1/2(V;i_y ) 'Ui+1/2)] = At s;, (2.1)
where g, | /o is the Rusanov numerical flux [26] consistent with the differential flux f and given
by

_ 1 _ _
gzj‘:+1/2(vi+1/2a 'U;:_1/2) = 5 <.f(vi+1/2) + f('vj;l/g) - Ci+1/2(v;:1/2 - v¢+1/2)> . (2'2)

The vectors of conservative variables vil /

_ +
I ( Yir1/2 ) — ( +yi+1/2 ) u; = Vg (2.3)
i+1/2 Uil i+1/2 Uittt Vi + max (y, €)

where € is a small a-priori chosen positive number. The water depths are calculated as

, are given by

?J;l/Q = min (wi — Zi41/2, yz) ) Z/ZH/Q = min (wi+1 — Zi41/2, yi+1) (2-4)
with water levels w; = z; 4+ y;, and the cell interface bottom
Zip1/2 = min (max (2;, 2i41) , min (w;, wit1)) - (2.5)

The source term 8; = —s," |, + 8, = (0, =5, )" + (0,57, ,)" is discretized as

_ Yi+ Yit10 2 — Zi+1/2

S

i_+1/2 - 2 A )
o A (2.6)
+ . i+1/2 Yi+1 Zitl — ZZ‘_H/Q
Siv1/2 = T 9 Ar :

Finally, the local speed c;;1/2 in (2.2)) is calculated using the eigenvalues of the Jacobian

fu(u) as follows
Ci+1/2 = Mmax <|Uz‘ + \/ gyi__H/g’ |ui+1| + \/ gy:H/Q) . (27)

The following theorem gives estimates for the numerical solution of the HR scheme (2.1)).
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Theorem 2.1. Assume that ¢;i1/2 > max (|u;|, |uit1]) for all i. Then for

At < 28z (2.8)

b
max(Ciy1/2 — Wiy1 + Ci—1/2 T+ Ui—1)
1

the following inequalities hold for the numerical solution of the system of equations (2.1])-(2.2])

Al‘ . _ + < AI’ “ U; + Uit1 Ci+1/2 — Uit1 CZ'+1/2 -+ U;
At min(w;, W;_1/2> wi+l/2) = Ewi T T g A2 9 Wi — 9 Wit1/2
U + Ui—q Ci—1/2 + Uj—1 Ci—1/2 — Ui Az _
t 5 Fe - (#wi Ty Wit | S iy Max(Wi, W,y 5, Wty ),
(2.9)
Az . - Az Cit1/2 — Uit1 Cit1/2 T Ui _
E mln(Qm qi_l/ga q;:_l/g) S EQZ - ( 92 qi — 9 i+1/2
qg 1 _2 2 _
Ty [5 <y¢+1/2 + 9;1/2> + Wi + Y1 y0) (Zigry2 — Z%ﬂ
X (2.10)
qg 2 2
) {5 (%’—1/2 + y;r—l/2> + (v + yj—l/z)(zi—lﬂ - ZZ)}
Ci—1/2 T Ui—1 Ci—1/2 — Ui Ax _ n
- ( 9 qi — 9 qi,1/2 S E maX(q% Qi,1/27 qi+1/2)7
where wilﬂ = yfﬁrl/Q + Zig1/2-
Proof. Let us prove inequalities (2.9). Inequalities (2.10)) are proved similarly.
We rewrite the equation ({2.1)) for the conservative variable y; in the form
Ax R Ax Cit+1/2 +u; _ Ci—1/2 — Ui 4
Y =77Y — —y¢+1/2 - —yi—l/Q
Cit1/2 — Uil Ci—1/2 T Ui—1 '
5 Yivipt 9 Yi—1/2
Substituting the water level w; in (2.11]) instead of the water depth y;, we obtain
A A C; — Uy, Ci— + u;— C; — Uy
_xwi _ ar Citl/2 +1 1/2 1 w; + +1/2 +1w‘Jrl )
At At 2 2 2 1/
Ci—1/2 + Uim1  _ U; + Ujgq Ui + Ui—q
#wi_l/g + Tzi+1/2 - Tzi—l/Q (2.12)
Cit1/2 — Uit1 Civi/2 T U;  _ Ci—1/2 + Ui—1 Ci—1/2 — Ui

Note that under the condition ({2.8]), the first three terms in the right-hand side of (2.12))

are a convex combination of w;, w;'jrl /o> and w,_, /o> which proves the theorem. O
Remark 2.1. We note that if c;y1/2 satisfies the following inequalities

Az Cit1/2 + Ui _ Ci—1/2 — Ui
MUTT g YT g Wanz0 (2.13)
Civiy2 — Uip1 = 0, 12 +ui1 20,

then the difference scheme (2.11)) preserves the non-negativity of the water depth y.
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3 Cell Entropy Inequality for Fully Discrete HR Scheme

In this section we study the cell entropy inequality for the fully discrete HR scheme (22.1))-(2.2]).
We consider a homogeneous three-point low-order scheme in the form

. At
V; —U; + Az [giLH/z(Uia Vip1) — 95—1/2(”1’—17%)] =0, (3.1)

where the low-order numerical flux g~ , ,, = g(v, w) is consistent with the smooth differential

i+1/2
flux f(u): R™ — R™ of the conservative variables u = (u!,...,u™)%.

We define the numerical entropy flux as follows.

Definition 3.1. Numerical entropy flur G(vi_i11,..., Vi) of the difference scheme (3.1]) is
called proper if for any v;_11, ..., € R™ we have
0 oU(v,) 0

—G (v, Viry) =
+1s 00y Yitr T ok o
ﬁvp o)

5ol G Wit Vi), P=i—l+ 1. it (32)

k
Then the proper numerical entropy flux for the difference scheme ([1.8)) and (1.9 can be
written in the form

Git1/2 = G1‘L+1/2 + Qit1y2 (Gﬁl/z Gz+1/2) (3.3)
where GL+1 /2 and Gﬁl /o are the low-order and high—order proper numerical entropy fluxes

corresponding to the numerical fluxes g* i1/2 and g2 )2

Theorem 3.1. Suppose that f : R™ — R™ is hemicontinuosly Gateaux differentiable, U : R™ —
R is a strictly convex function with a hemicontinuos second Gateaux derivative. If matrices
U"(w)g.,(u,v;) and U"(w)g.,(v;,w) are positive and negative definite, respectively, for any
u,w € R™, At satisfies the inequality

At sera;axﬁ-) A(U"(s)) <(QZL+1/2 - 95—1/2)a (sz':+1/2 - 95—1/2)>

(3.4)
<2Az [<U/(vi>7 (QZL+1/2 - gf—1/2)> - Gz+1/2 + Gz 1/2} )
then the fully discrete scheme (3.1)) satisfies the discrete cell entropy inequality
. At
U(®:) = Ulwvi) + (Gl o (Vi vi41) — GEy jp(vim, v5)] <0 (3.5)

where GZ.L+1 /o S the proper numerical entropy fluxz corresponding to the numerical fluz ng /25
(-,+) denotes the Euclidean inner product.

Proof. Multiplying (3.1) by U’(v;) and subtracting it from the left-hand side of (1.10]), we get

. At
U(d;) = U(vi) + Ar [Gz+1/2 Gz 1/2]

. , . At
= U(%;) — U(v;)—(U'(v3), (8 — v3)) + Az [G7ZL+1/2 - Gz /2 <U v;), (giL—i-l/Q - giL—l/Q) >}

1 At 2 " L L L L
=5\ Az <U (s) <9i+1/2 - gi_1/2) ) (gi+1/2 - gi_1/2)>

f (Gl — Fl0) — (U'(w0). (ghyrys — F(0)))]

+ i_i [F(vi) = GE Ly — (U'(3), (£(05) — g5 112))]

(3.6)



where s = 00; + (1 — 0)v;, 0 < 0 < 1.

It is easy to see that the first term on the right-hand side of is non-negative. Now we
show that the second and third terms in square brackets are non-positive. Indeed, we rewrite
the second and third terms as follows

ou , ,
GL(’Uu Viy1) — GL(viu v;) — @(’Ui) [QLJ(’% Vip1) — QL’](%', 'Ui)]
J

1

ou oU gl
:/Z {81} + AV 11/2) — 9 ——(v z):| Dok (05, V5 + EAV 1 72) AV, jpdE (3.7)
ik

0

1 1
0*U Ol
://Z [Z avjavl (vi + USA'UH»I/Q) ag’l}k (’Ui,’l)i —|— 5A0i+1/2)
k,l j

0 0

Avfﬂ/zAUﬁH/an £dg

ou : .
G (vi,v5) = GH(vi1,v;) — %(vl) (9" (v, v;) — g™ (vie1,v))]
J

ou gt
/Z {avg — AV ) — BN S (v 2)} Dok (v — EAV;_1 72, v;) Avf  jpdE

gt
//Z [ 81}381)’ — NEAVi-1/2) 5 o vk (Vi — €AV 12, vi) | ALy AV jpdn EdE
j

(3.8)
where Av; 15 = viy1 — v
Thus, according to our assumption, the integrals in — do not change the sign over
the integration interval, which means that the second and third terms are negative.
The second and third terms on the right side of are linear in At, and the first term is
of second-order. Therefore, we can choose the time step small enough that the second and third

terms dominate over the first term. Consequently, the right-hand side of (3.5)) is non-positive
if At satisfies (3.4). This completes the proof of the theorem. O]

The proper numerical entropy flux for the first-order HR scheme ([2.1) can be written as
follows

1
Gliyjy = 3 (F(U) + F(UY) = ¢ip1ys (Ut =UT)). (3.9)
Multiplying (2.1]) by U’(v;) and subtracting it from the left-hand side of ([1.10)), we obtain

U(f’z) - U('Ui) + 2_; [GZLH/Q - GiL—l/Q] = U(f’z) - U(Ui) - <U/(Ui), (’ﬁz - 'Uz)>

At B
A |:Gz+1/2 Gz 1/2 — <U/('Ui)a (Q@'L+1/2 - 9571/2 —Sit1/2 + Szr_l/g) >} (3.10)
. , . At _
= U(0) = Uws) = (U'(02), (8 = v) + - [AGH o = AGE ]

where AGiLj /o AT€ defined as
L+ _
AGH—I/Q G2+1/2(Uz+1/2’ U:Hm) F(Uz)

(3.11)
- <U/(Ui)a (gi+1/2(vz‘:-1/27 0;1/2) - Sil/g - f(uz)>> .
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or substituting the values of the corresponding functions, AGiLjrjlE /o CAN be represented as

_ 1 Ui41
AG’lLJrl/2 - {—er:;l/Q(qu i>2 +g <Uz‘+1y;;1/2 — uiyi> (Zi+1/2 — %)

2 2
+9g [%(y;_UQ — i)’ + (3/111/2 — i) <Ui+1yi++1/2 - %(%’11/2 + yz))} (31
— Cit+1/2 {%y;.l/Q(qu —u;)* + g(yz‘t.l/g —y)° — g(yi;l/z —y)° |
+ 9Wh1ye = Yina o) (Zivry2 — Zz')} } ;
AG@‘L_’J{/Q = %{%y; 1/2(Uz 1—u)’—g (Uz 1Y;_1/2 Uz‘?Jz‘) (2 — 2i—1/2)
+9g [%(9;1/2 —yi)*+ (yi_—l/Q — Ui (ui—lyi_—l/Q - %<yi_—1/2 + yl)ﬂ (3.13)
+ i1y |:%yi_—1/2(ui—1 —u)” — g(y;r—l/z —u)’ + g(y{—uz - )’ |

9 e~ ) (5 )| |
We consider two cases: (1) homogeneous and (2) inhomogeneous shallow water equations.

Theorem 3.2. Assume that c;1/2 and At satisfy the inequalities

1
Cit1/2 2 5 max <—Ui+1 — v/ (Uit — w)? + 4gYi, Wit + w + v/ (w1 — w)? + 4gyi+1> )

(3.14)

At max X\ (U"(v)) <(91L+1/2 - 9571/2)7 (91L+1/2 - gz'Lfl/2)>
vE(v;,05) (315)

<20z [(U'(v3), (9511j0 — 95 12)) — Givrjo+ Giipal -
where A (U"(v)) = (u + gy + /(W + gy)? — 4gy.

Then for homogeneous shallow water equations, the fully discrete HR scheme .
satisfies the discrete cell entropy inequality

. At
U(®;) = Ulv) + — [G¢L+1/2(Uia Viy1) — Gz‘L—1/2<Ui—17’Ui)} < 0. (3.16)
Ax
where GiL+1/2 is the proper numerical entropy fluzx (3.9).
Proof. For homogeneous shallow water equations, we have that v, jo = Vie1, V4 = Uzt1 jo =
v; and 'UZ+1/2 = v;41. Then AGZ“/2 in -—- take the form
_ 1 (uigq U;
AG1L+1/2 B {%yi—&-l(uz’-&-l —u;)* + g(Yir1 — i) <Ui+1yi+1 - E(yi+l + yi)) (3.17)

Yi 9
— Cit+1/2 [ ;1 (Uig1 — Uz’)z + §(yi+1 - yz)2:| } )

1 Ui— U;
AGiL—’Jlr/Z ) {lei,l(ui,l — )’ + 9(yi-1 — i) (ui,lyi,l - 5(%‘71 + yz’))

L yss — yﬂ } _ (3.18)

8

2yi71(ui71 - Ui)2 +

]

1
+Ci—12 | 5



Note that the multipliers in the square brackets for ¢;11/o in (3.17)-(3.18) are non-negative.
It is easy to check that when they are zero, then AGZ.L:’FjlE /o are also zero. Let us show that c;+;/9

can be chosen so that AG Iy

Indeed, we rewrite as

_ 1 Ui4-1
AGZL+1/2 {_+?/z'+1(ui+1 - Uz‘)2 + 9Yir1(Yir1 — ¥i) (Uip1 — ;)

L+ .- . .
, and AG;" /o Are non-positive and non-negative, respectively.

2 2
Us Yi+1 g
+g 5 (is1 — vi)* — Cit1/2 [TJF(WH —u;)® + 5(%‘+1 - yz-)?] }
Ly (3.19)
i1
) {TJF(WH — Cit1/2) (Uis1 — U)® + g Y1 (Yirr — 9i) (Uir1 — wi)
g
+ é(uz — Ciy1/2) (Yir1 — yz)Q} :
AGL+1 /2 is a quadratic form with respect to (u;41 —u;) and (y;11 — ;). For it to be non-positive,

it is sufficient for the leading coefficient and its discriminant to be non-positive. Then, c;11/2
should satisfy the following inequalities

Ciy1/2 — Uiy1 > 0,

3.20
Cz2+1/2 — (Wig1 + ;) Ciyrjo + Uip1 Ui — gYiv1 > 0. (3:20)

It is clear that inequalities ({3.20) - hold for ¢; 112 > > 1 (Uz‘+1 + u; + \/(Ui—H —u;)? + 4gyi+1>.
Similarly, it can be shown that AG C1e is non-negative for ¢;_y/3 > 1 ( Ui — U;
+/ (w1 — w;)? + 49%‘4)-

We rewrite the discrete cell entropy inequality (3.10]) in the form

. At
U(®;) — Ulvi) + Ar [GZ+1/2 Gz 1/2}

= U(®;) — U(v;) — (U'(vy), (0; — v;)) +

At
Az

1/ A\, _
=3 (A_x> <U (s) (gz‘L+1/2 - 9%—1/2) ) (gz'L+1/2 gl 1/2)> + [AGZLH/Q AGZL Jlr/2]

Thus, the non-positivity of (3.21]) can be achieved by choosing a sufficiently small At so that
the second term dominates over the first non-negative term on the right-hand side of (3.21)).
This completes the proof of the theorem. O

[AG1+1/2 AGiL—ﬁ/Q] (3.21)

Theorem 3.3. Suppose that cii1/2 and At satisfy the inequalities

a7t + by o — ) Ag ar iy (w]  — wi)?

Cit1/2 = Max

2a; ’
(3.22)
—afu; — b uig + \/(@;@1%‘ = bl uin)? H4galiy (w0, — wis)?
2az+1

At max X\ (U"(v)) <<gf+1/2 — gf_1/2 — ST 3;1/2), (QiLH/z - 95—1/2 — St 3;1/2)>

vE(v4,05)

<2Ax [(U/(Ui)> <Q¢L+1/2 - gz’L—l/Z — St Slt1/2>> - GiL+1/2 + GiL—1/2} .
(3.23)



where

1
AMU"(0)) = o (" + gy + V(2 + gy)? = dgy
) . - 3.24
aj = i(?/;;m ~ Yix1/2) (wiﬂ/? T Wisyp ~ 2wi> ’ o

b = :l:(yi_ilﬂ —u) F (%’11/2 — i)+ 2(%i1/2 yi) (w3 Wit1/2 — w;).

Then for inhomogeneous shallow water equations, the fully discrete HR scheme (2.1])-(2.2))
satisfies the discrete cell entropy inequality

At _ —
A [Gz+1/2( i+1/27 'U;trl/g) - Gz’L—l/Q(vqj_l/m 'Uj__l/z)] <0. (3'25)

where GiLJrl /2 18 the proper numerical entropy fluz (3.9).

Proof. We rewrite AG,L 11 In 3.12))-(3.13)) as follows

U(’IA),L) — U('vz)

L f Uit
AGH_1/2 2 {Tyziyz(ui—i-l - Uz’)2 + gyzj:_l/z(ui—l-l - ui)(wg:_l/g — w;)
i, Uy
+9 [5(9i+1/2 — i)’ - E(y;zrl/z — i) + u%(yz+1/2 vi) (w Wit1/2 w%ﬂ (3.26)
1 _ 1 _
— Cit1/2 [§yz:1/2(“i+1 ;) + g(yz+1/2 yi+1/2) <§(w;-1/2 + wi+1/2) - wz)} } )

1 ru;i_
L, i—1 _
AG; Jlr/2 2 { 5 Yi- 1/2(uz 1= ) —9Y;_ 1/2(ul 1= u) (w; — wi—1/2)

U; U; , _ _ _
+yg [5(1/?_1/2 —4:)" = 5 Wiy, = ¥)" F Yy, =9 (W — wi)] (3.27)

1 _ _ 1 _
+ Cic1)2 {5%_1/2(“1'1 u;)? + g9(y- 1/2 yi—1/2) (wi - §<w1;+—1/2 + wi—1/2>>:| } :

Let us show that the coefficients in the square brackets at ci+1/2 in — are non-
negative. Consider the following cases:

(i) In the fully wet case, min(w;, w;11) > max(z;, zi41). According to (2.4)-(2.5)), we have
wi_+1/2 = w; and wZH/2 Wiyl

: - 1
Hence, 1fyz+1/2 yz+1/2’ then w—:—l/Z z+1/2’ and (y;| Yit1/2 yz—i—l/Q)( (w :r1/2 +wiyp) — wi)

> 0. Otherwise, if " 172 < Yit1/2: then also w, 172 < Wity /2 and the required inequality holds.
(i) In the partially wet case min(w;, w;+1) < max(z;, z;+1). Depending on which bottom is
higher, right or left, we consider two subcases.

Let z; > ziy1. Then zi110 = wigy, yi_—i-l/Q = v, y;jrl/Q 0, and w+l/2, ;jrl/z < w;.

Therefore, (Y15 — Yir1/2) <%(wi++1/2 F W) — w-) > 0.

If 2 < zig1, then 2410 = w;, y;Ll/Q =0, y;jrl/Q Yir1, and w:, 172 = Wis w;rl/Q > w;. Thus,
we again obtain the required inequality.

The non-negativity of the terms in square brackets at ¢;_; /2 is proved similarly.

It is easy to check that when they are zero, then AGZ: i /2 are also zero. Let us show

that ci+1/2 can be chosen so that AGE , and AG 1/o are non- positive and non-negative,

+1/

respectively. Indeed, we consider AGE , and AG@'—I /o @S quadratic equations with respect to

i+1/
(w1 — u;) and (u;—1 — u;), respectively.

10



AGiLJ’rI /9 will be non-positive if its leading coefficient and discriminant are non-positive, i.e.

Cit1/2 = Wit1,

_ _ _ _ 3.28
—a; C?+1/2 + (a; uip1 + b Uz‘)Ci+1/2 — uipuib; + gerl/Q(wZLl/g - wi)2 <0, ( )
where
a; = (?J;r1/2 - ?/i_+1/2) (w;:q/Q Wi~ 2w,;> ; (3.29)
by = Witaye — vi)* — Wiferje — vi)* + 20y 4170 — Y)Wy o — wi).
It is clear that the inequalities (3.28)) hold for
a; Uiy + by u; + \/(@ZUM = by w)? +4ga;y (W), —wi)?
Ci+1/2 Z — (330)
2a;
Similarly, it is proved that AGf_’J{ /2 is non-negative for
—a;uiy — b u; + \/(@Zruzel = bfwi)? +4galy;y p(w , — wi)?
Ci—1/2 = 20F , (3.31)
where
a = (yz_—l/Q - ?/;1/2) (2w2~ - wz‘+—1/2 - wi_—1/2) , (3.32)

bj— = (yitl/z - %)2 - (yi__l/g - yi)2 + Z(yi__l/z - yi)(wi__l/z - wi)'

Thus, returning to the discrete entropy inequality (3.21]), we can choose At so that the non-
positive terms in square brackets dominate over the non-negative first term on the right-hand
side of (3.21). This concludes the proof of the theorem. O

4 Finding Flux Limiters

The system of equations ([1.8)-(1.9) is nonlinear if we consider e as a function of ¥, and it can
be written in the form
b — At Po = %, (4.1)

where mapping P : RN xRN — RN x RY is defined by P = [ai_l/g(ﬁ)gf_qp — i1 /2(D) gf‘ﬁ/Q

/A, gﬁ}—Dl/Q = gﬁ1/2 - giL+1/27 and o; = v; — At/Ax (gz‘L+1/2 - 95—1/2) +s;. Let Op = O(9*,0)
be a closed ball with center at " and radius 6 > 0. Furthermore, we define a mapping
Sv:0y— RY x RN as
Sv =v — AtPv. (4.2)
Let us show that for sufficiently small At the system of equations is uniquely solvable
in a neighborhood of the first-order HR solution of .

11



Theorem 4.1. Assume that
|P(w) — P(v)|| < M||lw — |, Yo, w € O,. (4.3)

If At satisfies
At < §(||Po"|| +oM) 7, (4.4)

then the system of equations (4.1) has a unique solution in Oy.

Proof. Our proof mimics the proof of theorem 5.1.6 [24, p.122]. For fixed d € O (SﬁL, 5), we
define the mapping T : Oy — R™ x RN by

Ty =AtPv+d=v—[Sv—d.

Then, Sv = d has a unique solution in Oy if and only if 7" has a unique fixed point. For any
v,w € O
|Tv — Tw|| = At||Pv — Pw|| < AtM ||v — w|| (4.5)

and S is contractive on Oq if AtM < 1. Moreover, for any v € Oy,
|Tv — o < ||Tv — T#"|| + ||To" — o%|| < AtM||lv — &"|| + ||Sv — d|| < AtM§ +¢e. (4.6)

For e = 0(1 — AtM), the expression on the right-hand side of (4.6)) equal to §. Hence, T" maps
Oq into Oy, and for any d € O (S'ﬁL , 5) the equation Sv = d has a unique solution in Oy.
Finally, we have that * € O (SﬁL, 6) if

|S&" — || = At||Po"| < e. (4.7)

Combining all restrictions on At, we obtain that the nonlinear system of equation (4.1)) has a
unique solution if At satisfies (4.4]). O

Remark 4.1. Note that the mapping S in (4.2)) is contractive in the vicinity of a low-order
solution with the HR scheme (2.1)-(2.7)) if the mapping P in (4.1) is Lipschitz-continuous.

Our goal is to find the maximum values of the flux limiters o € U,y = {a| 0 < aiqr2 < 1},
for which the numerical solution of the hybrid scheme — satisfies the constraints —
and the discrete cell entropy inequality . Then finding the flux limiters can be
considered as the following optimization problem

S(a) ZZ: Qiy1/z > MaX (4.8)
subject to
Ax Cit1/2 — Uit n Ci—1/2 + Ui—1 _ AD
At (w; —w;) + #(wi — W) #( P W) S Q12 Gig s
Ax & — Uy Ci—1/2 + Ui
AD, — i+1/2 i+1 i—1/2 i—1 _
+aic1y2 i yjp < A (Wi — w;) + #(wi — Wi ) + #(wi — W),

(4.9)

12



Ax Cit1/2 — Uiyl Ci—1/2 T Ui—1 AD
At (q - qz) + #(ql - q:H/z) + #(QZ - qi71/2) < Qg1 gi+172

Cit1/2 — Ui+1( ‘ n Ci—1/2 + Ui—1
K3

A _
+ Qi_1/2 9Z 1/2 = Ar (@ — @) + 9 - qi+1/2) + #(Qz - qi—1/2)’ (4.10)

U ~ Ulwi) — (U0, (8~ 0)] = (U0, (9h1so = 9o~ S1ajo + 5710))

+ GH—I/Z Gf—1/2 < Qg2 ((U'(vi),gfffm - Gﬁgm) - Qi—1/2 ((U'(Uz-),g?_[{p) Gz 1/2)
(4.11)

Azr | _ A A
At (B — ;) + giL+1/2 - giL—l/2 ST 3?—1/2 + Qiy1y2 gi+D1/2 — Qi-1/2 gi—Dl/Q =0, (412

where w, = min (wi’wi_—l/ww;:-l/Q)’ wW; = max (wi,wi__l/Q,w;rl/2> and GZ+1/2 = Gﬁl/g —
Gz+1/2

Due to constraints (4.11)) the optimization problem (4.8))-(4.12) is nonlinear. Consequently,
finding a numerical entropy solution of shallow water equations with variable bottom topogra-

phy (1.1)-(1.2]) in one time step can be represented as the following iterative process.
Step 1. Initialize positive numbers 4, €, and €5. Set p =0, ¥° = v, a® = 0.

Step 2. Find aP™ as a solution to the following linear programming problem

p+1
Z g aprﬁg(]ad (4.13)
subject to
Az Cit1/2 — Uit + Ci—1/2 + Ui—1 _ +1 _AD,
At (w; —wi) + #(wz — Wiy + #(w, — W) < _af—i-l/Q 9i+1/y2
Ax Ci — u; Ci—1/2 + Ui
+1 AD, — i+1/2 i+1 i—1/2 i—1 _
Ty 9 s < AL (w; wz’)+—2 ( i_wiH/Q) #(wi—wi_m)a
(4.14)
Az Cit1/2 — Uit + Ci—1/2 T Uj—1 +1  AD
At <q B q,) #( ‘T qi+1/2) #@Z — G 1/2) < O‘f+1/2 gz+1/qz
Ax ¢ — U Ci—1/2 + Ui
1 AD, i+1/2 i+1 i—1/2 i—1 _
+ O‘f+1/2 9 1/[12 — At ( - %) + 2 (Qi - qz_l/g) #(Qz - qi_1/2)7

(4.15)

AQ? ~ / A~ ! -
7 [U(D) = Uw:) = (U (02, (87 = v)) = (U'(w0). <gf+1/2 —9E = St S

+G1+1/2 GzL 12 S 0%+1/2 ((U'(vi),gfﬂm - Gﬁgm) O‘Z 1/2 (U (vs), 9243/2> Gz 1/2)
(4.16)
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Step 3. For a’*! we find #”*' from the system of linear equations

AV B 1 1
At (87 — v)) +91'L+1/2—9571/2—8i+1/2+s;r_1/2—|—afi1/2 gh ,— f+1/2 g, =0, (4.17)
Step 4. Algorithm stop criterion
et — P i
Yi — Y q; — qz | ptl
max (5 |yP+1|) < €1, o (5 }qp+1‘) <En |y T lJrl/Z‘ < &9. (4.18)

If conditions (#.18)) hold, then set © = ©"*'. Otherwise, set p = p + 1 and go to Step 2.

Remark 4.2. [t is clear that the linear programming problem (4.13)-(4.16) is solvable if At
satisfies inequalities (2.8)) and (3.23). It follows from the non-emptiness of the feasible set and
the boundedness on Uuq of the objective function ().

5 Approximate Solution to the Optimization Problem

Solving a linear programming problem is computationally expensive. So, at Step 2, instead
of solving the linear programming problem, it is reasonable to use its computationally less
expensive approximate solution. In this section our goal is to look for an approximate solution
of the linear programming problem - .

First, we find a nontrivial a € U, satisfying inequalities , which are rewritten in the
form

—Qit1/2 gz+1/2 + Qi1/2 gz 1/2 >Q; Y, (5.1)
—Qit1/2 gz+1/2 T Qi1y2 gz 1/2 < Q" (5.2)
where
Ax Cit1/2 — Uit Ci—1/2 T Ui—1 _
Q?’y = At (w; —w;) + #( i — w;fH/Z) + #(wz - wifl/Q)v
_ Ax Cit1/2 — Uit1 Ci—1/2 + Ui—1 _
T = vy (w; —w;) + #(wl — w;jrl/Q) + #(wz - wi—1/2)'

Denote by ; ¥ and ;¥ the maximum values of the components « for the negative and positive
terms on the left-hand side of ( @— , respectively. Then

—Qit1/2 gz+1/2 T Q12 gz 1/% > a; P (5.3)
—Qit1/2 gz+1/2 + Qi-1/2 gz 1/2 <a YR, (5.4)
where
P7Y = min <0, —gﬁg’/%) + min (0, g;‘fi’/‘%) ;
P = max (O, —gﬁﬁ%) + max (0, gﬁ?’/‘g) .

Each flux limiter a1 /o appears twice in and twice in ((5.4) with coefficients that differ
only in sign. Substituting (5.3] into , we obtain that a;,/2 should not exceed

-, . s - AD
- mln(a+y oY) = min(RY, R.Y), Girja <0, (5.5)
Yit1/2 = min(a; ¥, oY) = min(R; Y, RYY), gfg’/% > 0, '
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where R;*¥ = min (1, min(0, Q; ¥) /P ¥) and R;"¥ = min (1, max(0,Q;¥) /P;"¥).
Similarly, it is proved that inequalities (4.15]) hold for

-, . s - A‘D7
A min(a;", a;4) = min(R;, R;9), Girrya <0, (5.6)
Yitr/2 = min(a; 4, ;%) = min(R; 4, L), gfﬁ’fé > 0, '

where R;*? = min (1, min(0,Q;*?)/P; ) and R,"? = min (1, max(0,Q;"?)/P;"7) ,

Q+ qa Ax _ l) Cit1/2 — Uz‘+1( + Ci—1/2 + Ui—1

At ( 9 qi — qi+1/2) + #(% - qi_,l/g)a
- Ax Cit1/2 — Uit1 Ci—1/2 + Ui _
iR (g a) St ) St )
P7% = min (0, —gfg’/qz) -+ min (0, gﬁ?’é) ,
P = max (0, —gfﬁ’/é) + max (0, gﬁ?’é) .
Finally, we rewrite (4.16) in the form
A; < ai+1/2dii+1 + ai—l/Qdii—17 (5-7)
where
Az N / N L L
A= At (U(®:) — U(vi) — (U'(vy), (B — vy))) + Giti2 — Gily

- <U,(’U'L)’ (gZL-i-l/Q - gzL—l/Q - 37;__;'_1/2 + 37?"__1/2)> 5
dig = ((U'(0:), 93y 2) = Giny2) sen(k — ).

By reasoning similar to the above, we obtain from (5.7) that the upper bound of ;s is
equal to

—Ai .
@gfﬂm = min {1, i (0,sgn d;;1 1) + max (0,sgn d;;y1) ,
—Aip1
Bin
where Bl = min((), dii+1) + min((), diifl)
Thus, a nontrivial feasible solution to the linear programming problem (4.13))-(4.16)) on U4
is equal to

(5.8)

min (0, sgn d;11;) + max (0, sgn dz‘—l—li)} 5

~U

Qit1/2 = min(&; Qit1/25 ;‘1+1/27 O‘z’+1/2)~ (5.9)
Theorem 5.1. Let U(%) : RN x RN — RN x RN be a Lipschitz-continuous function on a
closed ball Oy = O(9,6), where ®* is a solution of the system of equations ([2.1)). Then the
flux limiters o, defined by ., are Lipschitz-continuous on Oy.
Proof. 1t is clear that & 120 G +1 /2,Bi,dik are constants, and A; are Lipschitz-continuous
functions on Op. Thus, a;i1/2, @ +1 /2 are Lipschitz-continuous on Oy, since the minimum of
Lipschitz-continuous functions is again a Lipschitz-continuous function. O

Remark 5.1. The hypotheses of Theorems[{.1 and[5.1] are satisfied if U(v) is a strictly convex

function, and a;y1/2 are calculated using (5.1)-(5.9). In this case, the system of equations (4.1)
has a unique solution.

Remark 5.2. The approach presented in this paper can be extended to multidimensional and
implicit HR schemes. For details we refer the reader to [15].
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6 Numerical Examples

In this section, we demonstrate the benefits of the proposed approach and compare numerical
results with analytical and previous numerical studies. We also compare numerical results
obtained with flux limiters, which are approximate and exact solutions to the corresponding
optimization problems.

Applying the centered space flux as a high-order flux, we use the following hybrid HR scheme
in our calculations

N At T g - + L - +
Uy —U; F Ag [Jit1/2 ("i+1/27 Ui+1/2) - gi—1/2(vi—1/2’ ”i+1/2)]
1 AL (6.1)
+§E [O‘iﬂ/? Cit1/2 <v;:-1/2 - Ui_+1/2) — Qi-1/2 Ci-1/2 ("’j—uz - vi_—l/Q)] = At s;,
where g7 J is the Rusanov numerical flux (2.2).
Then the discrete cell entropy inequality (1.10)) can be written in the form
- At T L - + L - +

U(0;) — U(v;) + Ar [Gi+1/2(vi+1/27vi+1/2) - Gifl/Z('Uz'—Uzv Ui—1/2> (6.2)
Cit1/2 _ Ci—1/2 _ '

o1y~ (U(v},1)5) = Uv,y ) = icaj 5 (U(vf ) = Uviy)))| <0

with the proper numerical entropy flux (3.9)).

Below we will mark the numerical solutions of scheme — with a label indicating how
the flux limiters are calculated. The letters L and A denote the applying linear programming or
approximate solution to the optimization problem, respectively. The letters H, () and E mean

that the flux limiters were calculated using inequalities (4.14), (4.15)) and (6.2), respectively.
Numerical solutions with flux limiters satisfying inequalities ([2.13)) are denoted as PP. In the

latter case, flux limiters are defined as follows

(12 = max (O,min (1, o gy W )) . (6.3)

Ci+1/2 Ci+1/2

In addition, we use the following labels:
HR1 is a first-order hydrostatic reconstruction scheme with HLL numerical flux given in [6];

HR2 is a hydrostatic reconstruction scheme of second-order spatial accuracy with explicit
Euler time integration proposed in [5];

ZL is a characteristic variable implementation of the Boris-Book flux limiter described in [32]

and applied to the HR scheme (2.1))-(2.2]).

To solve linear programming problems we apply GLPK package v.4.65 (https : //www.gnu.|
lorg/so ftware/ glpk/)).

6.1 One-Dimensional Dam Break Over a Wet Flat Bed

In this section, we consider a dam break on a wet flat bed in a frictionless, horizontal, rectangular
channel. The channel is 1000 m long. The dam is located in the middle of the channel. The
water depth at the left and right hand sides of the dam is 100 m and 1 m, respectively. The
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Figure 1: One-dimensional dam break over a wet flat bed. Comparisons of exact solutions with
simulated water depths (left) and discharges (right) using HR1, ZL, and PP at t=10 s. The
number of cells is N=100.

dam instantly collapses across its entire width and the resulting flow consists of a shock wave
traveling downstream and a rarefaction wave traveling upstream. In this problem there is
a transition from subcritical upstream to supercritical downstream flows. The simulation is
performed up to time t=10 s.

The analytical solution of this problem was given by Stoker (1957) [28]. The 1D dam-break
on a wet flat bed is a classical test to verify the shock-capturing ability of numerical schemes.

Numerical results obtained with different schemes at time t=10 s on a uniform grid of N=100
cells are shown in Fig. [[}Fig. [3] As shown in Fig. [2| the shock wave resolutions using HR2,
LHE, and LHQE are less dissipative (sharper) and better than with the other schemes shown
in Fig.

The simulated results with PP are close to those obtained with ZL but require much less
calculations. In the numerical results with LHE, AHE, LHQE, and AHQE, we observe the
so-called "terracing” phenomenon characteristic of FCT methods. Numerical results for water
discharge obtained using the LHE and AHE schemes have oscillations that are absent in the
velocities (Fig|3)).

The analytical and numerical solutions were compared quantitatively by the L1 error. The
error is defined as

N
1 a
L'= N >y =y () (6.4)
=1

where y; is the numerical and y* is the analytical solution at point x;, N means the number
of these points. Table [1| shows the L'-norms of errors of the numerical solutions obtained with
different schemes.

A comparison of analytical solutions with computed depths, as well as velocities and dis-
charges at t=10 s using LHE(LHQE) and AHE(AHQE) are given in Fig.[3] The flux limiters for
LHE(LHQE) and AHE(AHQE) are calculated using exact and approximate solutions to linear
programming problems. We note good agreement between these numerical solutions, and the
addition of constraints on water discharges to calculate flux limiters leads to suppression of
oscillations in the numerical solutions.
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Figure 2: One-dimensional dam break over a wet flat bed. Comparisons of exact solutions with
simulated water depths (left) and discharges (right) using HR2, LHE, and LHQE at t=10 s.
The second row is a zoom in the area behind the shock. The number of cells is N=100.

Table 1: L'-norms of errors for the numerical solutions of the 1D dam break over a wet flat
bed at t=10 s with N=100.
HR1 ZL PP HR2
H 1.468x10° 1.679x10° 1.365x10Y 4.052x10~!
Q 3.596x10'  3.882x10'  3.060x10*  9.180x10°
LHE AHE LHQFE AHQFE
H 6.153x10~" 5.114x10~! 7.898x10~' 6.306x10~!
Q 1.912x10'  1.619x10*  2.003x10'  1.647x10*

6.2 One-Dimensional Dam Break Over a Dry Bed

The dry bed dam-break test is usually applied to verify the ability of a difference scheme to
propagate a wet/dry front at the correct speed and to keep water depth positive. The analytical
solution of this problem was given by Stoker (1957) [2§].

We consider a rectangular channel with 1000 m length and a flat bed. The dam is located
in the middle of the channel. The water depth at the left and right hand sides of the dam is
100 m and 0 m, respectively. The dam break is instantaneous and there is no friction. The
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Figure 3: One-dimensional dam break over a wet flat bed. Comparisons of numerical results
obtained with FCT schemes whose flux limiters are computed using exact and approximate
solutions to a linear programming problem with discrete entropy inequality and different con-
straints. The number of cells is N=100.
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Figure 4: One-dimensional dam break over a dry bed. Comparisons of exact solutions with
simulated water depths and discharges using HR1, ZL, and PP at time t=7 s. The number of
cells is N=100.

solution consists of a single rarefaction wave with a wet/dry front at its lower end.
The flow domain is discretized into 100 uniform cells. The simulation time is t=7 s.
Comparisons of exact solutions with simulated depths as well as discharges at t=7 s using
the six schemes are presented in Fig. Among the proposed schemes, the HR1, ZL, and
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Figure 5: One-dimensional dam break over a dry bed. Comparisons of exact solutions with
simulated water depths and discharges using HR2, LHE, and LHQE at time t=7 s. The second
row is a zoom in the area of the front of the moving water. The number of cells is N=100.

Table 2: L'-norms of errors for the numerical solutions of the 1D dam break over a dry bed
at t=7 s with N=100.

HR1 ZL PP HR2
H 1.145x10° 1.320x10° 1.050x10° 3.684x10 "
Q 2.838x10'  3.218x10'  2.590x10'  1.038x10!

LHE AHE LHQE AHQE
H 5.463x10° 1 5.216x10°° 7.690x10 " 5.786x 10!
Q 2129x10'  1.978x10'  2.207x10'  1.820x10!

PP schemes present more dissipative results than the HR2, LHE, and LHQE schemes. The
simulated results with PP are close to those obtained with ZL but require much less calculations.
In the numerical results obtained with LHE, AHE, LHQE, and AHQE, we observe the so-called
"terracing” phenomenon, which is characteristic of FCT methods. The LHE and AHE schemes
produce oscillations in the water discharges that are absent in the velocities (Fig @ For all
the considered schemes, the largest error is observed at the front of the moving water.

Adding constraints on water discharges to the LHQE scheme to calculate flux limiters
eliminates oscillations in numerical solutions. The numerical results obtained with LHE(LHQE)
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Figure 6: One-dimensional dam break over a dry bed. Comparisons of numerical results ob-
tained with FCT schemes whose flux limiters are computed using exact and approximate solu-
tions to a linear programming problem with discrete entropy inequality and different constraints
at time t=7 s.

and AHE(AHQE) are in a good agreement (Fig. [6)). The flux limiters for LHE(LHQE) and
AHE(AHQE) are calculated using exact and approximate solutions to linear programming
problems.

6.3 Dam Break Over a Step.

In this test [5], a dam break over a downward bottom step is considered. The bottom topography
and the initial data are given as follows

1 ifxz<0 0.75 ifx <0
= - h(z,0) = -7 ,0) =0, 6.5
2(a) {O otherwise , (,0) {1.0 otherwise , Q. 0) (6.5)

After a dam break, the solution consists of a left rarefaction wave, a stationary shock wave
at an intermediate height of the bottom step between two stationary contact waves located at
the bottom discontinuity, and a right shock wave [11], 22].

Comparisons of the numerical results obtained on a uniform grid of 200 cells with a reference
solution at ¢=0.1 after the dam break are shown in Fig. [0 The reference solution was
calculated using a central-upwind scheme of second-order spatial accuracy [14] on a uniform
grid with 2000 cells. In Fig.|7| the PP scheme generates oscillations in the numerical results in
the area of the bottom discontinuity. In the numerical results obtained with the ZL scheme,
we see an overshoot of the water depth and discharge for the right shock wave. The second-
order HR2 scheme does not reproduce the left rarefaction wave in its whole entirety, as well
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Figure 7: Dam break over a step. Comparisons of reference solutions with simulated water
depths and discharges using the HR1, ZL, and PP schemes at time t=0.1 s with N=200 cells.
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Figure 8: Dam break over a step. Comparisons of reference solutions with simulated water
depths and discharges using HR2, LHE, and LHQE at time t=0.1 s with N=200 cells. On the
right is a zoom of the area of the bottom discontinuity and the right shock wave.

as the shock wave (Fig. . In Fig. the right side of the shock wave for the LHE, LHQE,
AHE, and AHQE schemes shows an overshoot of the simulated water depth and discharge.

22



18 25 — 1~
L reference L " |
| reference 08 L i
16 2 - it =-- AHE : h
0 ——— LHE i 'Ii PN
r 06 [ :
214 S
L 0.4 reference
- - - AHE
12 | . o2 o HE
v t
i, L o T
04 02 0 02 04 02 04 04 02 0 02 04
X X
18 — 1~
reference - reference B
16 | - - - AHQE 2 b - - - AHQE 0.8 1
' ——— LHQE - LHeE i I PR
L | "
06 |
214 S
L 04 reference
- - - AHQE
12 02 ——— LHQE
1 L
7 O« 0, T
04 02 0 02 04 04 02 0 02 04
X X

Figure 9: Dam break over a step. Comparisons of numerical results obtained with FCT schemes
whose flux limiters are computed using exact and approximate solutions to a linear program-
ming problem with discrete entropy inequality and different constraints. (t=0.1 s, N=200).

We note that none of the considered schemes reproduces the exact solution, especially in the
bottom discontinuity. Table |3[ shows the L1-norm error between the reference solution and the
numerical solutions at time t = 0.1 for different difference schemes.

Table 3: L'-norms of errors for the numerical solutions of the 1D dam break over a step at
t = 0.1s with N=200.

HR1 7L PP HR2
H 5219x10° 8.647x10° 6.039x10° 6.840x103
Q 1.390x1072 2.489x1072 1.806x1072 1.703x10~2
LHE AHE LHQE AHQE
0 4.830x10° 4.100x10° 4.695x10° 4.656x10 3
Q 1.326x1072 1.096x1072 1.243x1072 1.209x102

We also note that the numerical results obtained with LHE(LHQE) and AHE(AHQE) agree
well (Fig. [9). The flux limiters for LHE(LHQE) and AHE(AHQE) are calculated using exact
and approximate solutions to linear programming problems.
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6.4 Steady Transcritical Flow With a Shock Over a Bump.

We consider a test taken from [9] consisting of a transcritical flow with a shock over a bump.
The bed topography of a rectangular channel 25 m long is given as follows

0.2 —0.05(x — 10)? if8 <z <12
() = o I0T s s (6.6
0 otherwise .
Initial conditions satisfy the hydrostatic equilibrium
h+2=0.33 and @ =0. (6.7)

Discharge @@ = 0.18 m?/s and water level h 4+ z = 0.33 m were set as upstream and down-
stream boundary conditions. In the steady-state solution, the flow to the left of the bump is
subcritical, then closer to the end of the bump it becomes supercritical, and after a hydraulic
jump it is subcritical again.
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Figure 10: Steady transcritical flow with a shock over a bump. Comparison of exact solutions
with computed water depths and discharges obtained by HR1, PP, HR2, LHE, and LHQE with
N=100.

Numerical results for the steady state, obtained on a uniform grid of 100 cells, are shown in
Fig. [IOHL1} In the numerical results obtained with the HR1 scheme, we observe an overshoot of
the free surface before the bump and an undershoot of the free surface for the PP scheme. The
free water surfaces calculated with HR2, LHE, and LHQE agree fairly well with the analytical
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Figure 11: Steady transcritical flow with a shock over a bump. Comparisons of numerical
results obtained with FCT schemes whose flux limiters are computed using exact and approxi-
mate solutions to a linear programming problem with discrete entropy inequality and different
constraints.

Table 4: L'-norms of errors of the transcritical steady state flow with a shock over a bump.

HRI PP HR2
H 1.633x10° 2.858x10° 6.258x102
Q 7.534x107% 1.106x10~% 2.201x10~4

LHE AHE LHQE AHQE
H 1.208x10°3 1.298x10° 1.501x10° 9.556x10~ "
Q 1.270x1073 1.087x10% 1.282x1073 8.034x 10~

solution, with slight deviations around the hydraulic jump. Numerical oscillations for water
discharges near the hydraulic jump are present for all compared schemes. Small oscillations
are also present in the calculated discharges with the LHE and LHQE schemes in the whole
modeling area. The L'-norm error between the exact and numerical solutions are shown in
Table @

Note that none of the considered schemes is well-balanced for moving water steady states
with non-zero discharges.

We also note that the numerical results obtained with LHE(LHQE) and AHE(AHQE) agree
well (Fig. [11). The flux limiters for LHE(LHQE) and AHE(AHQE) are calculated using exact
and approximate solutions to linear programming problems.
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Figure 12: Drainage on a non-flat bottom. Water levels and discharges at various times
t=0.15,0.25,0.5,1.0 s.
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6.5 Drainage on a Non-Flat Bottom

We consider drainage of a symmetric rectangular reservoir to a dry bed through its boundaries,
leaving water in topographic depressions. Due to the symmetry, the flow is computed on half
the domain, with wall boundary conditions on the left boundary, and open boundary conditions
on the right boundary. The boundary condition on the right side of the domain allows water
that was at rest to flow freely through the right boundary into the originally dry region. The
bottom topography consists of one hump

(o) = {0.25 [1+ cos(m(z — 0.5)/0.1)] if | — 0.5 < 0.1,

) (6.8)
0 otherwise .

After drainage begins, the solution converges to a steady-state solution in which water exists
only to the left of the hump.

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 13: Drainage on a non-flat bottom. Water levels and discharges at times t=0.5,1.0 s.

Numerical results of water flow at different times, obtained on a uniform grid with N=200
cells, are presented in Fig. Fig. [12| shows that all numerical schemes, except HR1, give
similar results for the water surface level. The first-order HR1 scheme produces a more diffusive
water level profile. The most significant difference in the computed discharges is observed over
the right side of the hump.

In Fig. [I3] the numerical results obtained with the LHE and AHE schemes are in good
agreement, in contrast to the results presented in Fig. (14]

Note that the AHE and AHQE schemes use flux limiters, which are approximate solutions
of the corresponding linear programming problems. The numerical results in Fig.[14]show their
strong dependence on the numerical diffusion of the applied difference schemes.
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Figure 15: Water surface levels and depth contours for the partial dam-break flow at t = 7.2 s

computed with the HR1 scheme.

6.6 2D Partial Dam Break

In this section, a partial dam break problem with a nonsymmetrical breach is considered. The
spatial domain is defined as a channel with 200 m in length and 200 m in width, the dam
is located in the middle of the domain at a distance of 100 m. The bottom is horizontal
and frictionless. Initially, the upstream and downstream water depths are set at 10 and 5 m,
respectively. The breach is 75 m long, located 30 m from the left bank and 95 m from the right
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Figure 16: Water surface levels and depth contours for the partial dam-break flow at t = 7.2 s
computed with the HR2 scheme.
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Figure 17: Water surface levels and depth contours for the partial dam-break flow at t = 7.2 s
computed with the LHE scheme.

The computational domain is discretized by a 40 x 40 square grid. Fig. show a three-
dimensional view of the water surface levels and water depth contours 7.2 s after the dam failure.
The numerical results obtained with the HR1 scheme are the most diffusive of the others. The
water surface levels and water depth countours obtained by the LHE, LHQE, AHE, and AHQE
schemes are similar to the numerical results of HR2 but are non-smooth. AHE and AHQE,
whose flux limiters are approximate solutions to the corresponding optimization problems,
produce smoother solutions than LHE and LHQE, but their solutions are nonsymmetric about
the center of the breach.

7 Conclusions

We presented the flux correction design for a hybrid scheme to obtain an entropy-stable solution
of shallow water equations with variable topography. The hybrid scheme is an explicit HR
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Figure 18: Water surface levels and depth contours for the partial dam-break flow at t = 7.2 s
computed with the LHQE scheme.
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Figure 19: Water surface levels and depth contours for the partial dam-break flow at t = 7.2 s
computed with the AHE scheme.
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Figure 20: Water surface levels and depth contours for the partial dam-break flow at t = 7.2 s
computed with the AHQE scheme.
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scheme whose numerical flux is a convex combination of a first-order Rusanov flux and a high-
order flux. We studied the conditions under which a first-order HR scheme with the Rusanov
flux satisfied the fully discrete entropy inequality. The flux limiters for the hybrid scheme
can be an exact or approximate solution to the corresponding optimization problem in which
constraints valid for the first-order HR scheme are applied to the hybrid scheme. It is proved
that in the vicinity of a numerical solution of the first-order HR scheme, there is a unique flux
correction with flux limiters that are the proposed approximate solution to the optimization
problem.

Numerical examples show that the hybrid HR scheme can produce oscillations in numerical
results if only water surface level constraints for the optimization problem are used to com-
pute the flux limiters. We also note that numerical results obtained with hybrid HR schemes
whose flux limiters are exact and approximate solutions to the optimization problem can differ
significantly.
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