MOVING-WATER EQUILIBRIA PRESERVING NONSTAGGERED CENTRAL SCHEME
FOR OPEN CHANNEL FLOWS
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Abstract. In this paper, we investigate a well-balanced and positive-preserving non-staggered central scheme, which has
second-order accuracy on both time and spatial scales, for open channel flows with variable channel width and non-flat bottom.
We perform piecewise linear reconstructions of the conserved variables and energy as well as discretize the source term using
the property that the energy remains constant, so that the complex source term and the flux can be precisely balanced so as
to maintain the steady state. The scheme also ensures that the cross-sectional wet area is positive by introducing a draining
time-step technique. Numerical experiments demonstrate that the scheme is capable of accurately maintaining both the still
steady-state solutions and the moving steady-state solutions, simultaneously. Moreover, the scheme has the ability to accurately
capture small perturbations in the moving steady-state solution and avoid generating spurious oscillations. It is also capable
of showing that the scheme is positive-preserving and robust in solving the dam-break problem.

Key words. Open-channel flows, non-staggered central schemes, second-order accuracy, moving-water steady states,
well-balanced, positivity-preserving.

1. Introduction.

The widely applied shallow water equation, also called the Saint-Venant system, is usually employed to
model the flow of water with a free surface under the influence of a gravitational field. It is derived from
the classical Navier-stokes equation when making hydrostatic pressure assumptions and integrating over the
direction of water depth. However, the classical Saint-Venant system does not take into account the variation
of channel width, i.e., the variation of channel width with spatial location. But the variable channel width
is of great practical importance for studying the problem of the shallow water flows through a channel, for
example, to simulate the flow of water in canals and coastal areas. Therefore, it is particularly important to
study the shallow water equations in channels based on the variable channel width and the non-flat bottom.
The one-dimension shallow water in channels expressed in the following form:

At + QI = 07
02 2 42 (1.1)
Qi+ (5 + 95 )2 = 935202 — gAB,,
where A(z,t) := o(z)h(z,t) denotes the wet cross-sectional area, o(x) denotes the channel width, B(x)

denotes the bottom topography, h(z,t) denotes the water depth, Q(x,t) := A(z,t)u(x,t) represents the
discharge, u(x,t) denotes the velocity. It is useful to define the water surface elevation denoted by w(x,t) :=
h(z,t) + B(x) in constructing well-balanced schemes.

In the practical calculation of the equation (1.1), its analytical solutions tend to be nonexistent. There-
fore, the investigation of steady-state solutions to the equation is a direction commonly pursued in com-
putational fluid dynamics. For the shallow water equation, two types of steady-state solutions are usually
considered, one is the still-water steady-state solution and the other is the moving-water steady-state so-
lution. The former is a special case of the latter when the velocity is zero. The latter is more difficult to
construct than the former due to the presence of nonlinear terms.

A number of solutions associated with physical phenomena are small perturbations with steady state.
Accurately catching these solutions is a significant and challenging task, because the direct application of
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shock capture methods may generate spurious oscillations. These non-physical spurious oscillations ex-
traordinarily interfere with the simulation of physical waves. These issues can be alleviated by refining the
computational meshes, however, which are expensive and impractical. Consequently, it is essential to for-
mulate a well-balanced scheme to guarantee that the flux and the discretized source terms can be accurately
balanced with each other when considering both the steady-state solutions. The computational error of the
steady-state solution can be bounded within the machine accuracy.

To maintain the still-water steady-state solution of the open channel flow, many scholars have made great
efforts to design well-balanced and positive-preserving schemes. In 1999, Vézquez-Cendén [25] proposed a
well-balanced numerical scheme for shallow water equations with irregular channels but whose local cross
sections are rectangular. Subsequently, Herndndez-Duefias and Karni [26] extended the cross section to
shallow water equations with arbitrary cross sections and proposed a class of ROE-type upwind schemes.
Balbas and Hernandez-Duenas [20, 21] proposed a numerical method to preserve the still-water steady-state
solution at the wet and dry interfaces, Xing [30] designed a WENO scheme, Qian [24] constructed a higher-
order discontinuous Galerkin method with well-balanced and positivity-preserving to solve the shallow water
equations in channels with a non-flat bottom and irregular river width. Dong and Li [18] proposed a method
based on the hydrostatic reconstruction of the discrete source term, which is also able to maintain the
hydrostatic steady-state solution of the open channel flow and guarantee a positive wet area of the cross
section when there is a dry-wet transition.

However, it is nontrivial to construct a discretization of source terms to maintain moving-water steady
states for open channel flows or shallow water flows. Murillo and Navarro[1] proposed an algorithm to dis-
cretize source terms based on energy-balanced methods, which are able to accurately maintain the unsteady
equilibrium. But, their scheme only achieves first-order accuracy on both spatial and temporal scales. A
high-order discontinuous Galerkin (DG) method researched in [7, 8] accurately maintains the moving-water
steady states and guarantee the positivity of the water depth. Liu developed a partial relaxation schemes
which is on the basis of the finite volume method for open channels [2] and for Saint-Venant systems [3].
Both of the two steady-state-preserving numerical schemes avoid the complicated discretization of source
terms and solving nonlinear equations. However, neither of these two schemes can keep the energy in equi-
librium, which is equal to a constant. The central-upwind method was discussed in [4, 5, 6] to maintain the
moving-water steady states of the Saint-Venant system. But, the new central-upwind scheme proposed in
[6] cannot maintain the still-water steady-state solution.

Here, a non-staggered central scheme is presented to maintain the steady-state solutions of the system
(1.1). The central scheme was first proposed by Nessyahu and Tadmor (NT scheme) in 1990 [9]. After
that, Jiang et al.[10] in 1998, constructed a new, simpler and high-resolution non-staggered central scheme
compared to the NT scheme. Then, the central scheme slowly extended to higher orders [11, 12, 13, 14, 15, 16].
Touma [22, 23] investigates an equilibrium non-staggered central finite volume method for shallow water
equations with dry and wet interfaces. The method satisfies the still-water steady states by using the surface
gradient method and preserves nonnegative water depth, but the method does not necessarily satisfy both
conditions simultaneously. While Dong [17, 18, 19] used a hydrostatic reconstruction approach for the
discretization of the source term to propose a non-staggered central scheme with both well-balanced and
positivity-preserving, yet the scheme was discussed only for still-water steady-state solutions.

In this paper, a second-order non-staggered central scheme is presented, which can not only simultane-
ously maintain the moving-water steady state and still-water steady state for open channels, but also preserve
the positivity of the wet cross-sectional area. There are two key components to designing the well-balanced
scheme in this paper: the first key component is a piecewise linear reconstruction using conservation variables
and energy, not just conservation variables only; the second key component is the special discretization of
complex source terms, which is carried out depending on the difference of hydrostatic numerical fluxes and
the constant energy. How to maintain the positivity of the A is crucial to ensure water mass conservation,
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and in this paper we use the draining time step technique to obtain its properties. To our best knowledge, this
work is the first to maintain the moving-water steady-state solutions using the non-staggered central scheme.
We would like to emphasize that the currently proposed scheme can maintain both types of steady-state
solutions simultaneously.

We summarize the main strengths of the proposed scheme:
e It is a non-staggered central scheme without solving the Riemann problem.
e It can maintain the both types of steady states: still-water and moving-water steady-states.

e It can guarantee that the wet cross-sectional area is non-negative by making use of a “draining”
time-step.

e It has second-order accuracy on both time and space scales.

The paper as structured as follows. In Section 2, we present a non-staggered central scheme for open
channels. Then, in Section 3, we demonstrate that the proposed scheme is well-balanced and positivity-
preserving. In Section 4, some numerical experiments are used to demonstrate the properties proposed
above. In Section 5, some concluding remarks are given.

2. The non-staggered central scheme.

The classical scheme consists of three parts: the forward step: calculate the cell average of the solution
on the staggered grid; the corrector step: update the cell average of the solution calculated in the forward
step; the backward step: compute the value on the non-staggered grid using the updated solution on the
staggered grid. Before introducing the non-staggered central scheme, we first give a short overview of the
steady-state solution for the hyperbolic system of balance laws. Furthermore, to simplify the calculations,
we also make piecewise linear approximations for the channel width and the non-flat bottom.

The above system (1.1) has the following compact forms:

U +FU),=S(U,B). (2.1)
A Q 0
The U = , the flux F(U) = ) ) and source terms S(U, B) = , ,
Q %‘FQ% gQA?Ux*gABz

respectively. For the equation (2.1), the equilibrium between the F(U) and the S(U, B) corresponds to
various non-trivial equilibrium solutions, namely steady-state solutions. When the flow lies in a steady
regime, the system (2.1) admits

1Q? A

Q@ = Const, E:=-—— + g(— + B) = Counst, (2.2)

2 A2 o
in which F denotes the energy. The above solutions are known as the moving-water steady-state solutions.
We mainly focus in this paper on how to construct a moving-water steady-state-preserving scheme.

Notice that when @Q = 0, we derive a physical-related steady-state solutions, i.e., the still-water steady
states:

Q=0, ? + B = Const. (2.3)

2.1. Piecewise linear approximations of the channel width and the bottom topography.

For purposes of simplicity, we discretize the space domain with z; := jAz, where j is any spatial index
that can be a half-integer or an integer, and Az is the spatial scale. We use C; to denote the non-staggered
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cells Cj := [z;_1,2;,1] and C; 1 the staggered cells Cj 1 := [z;,7;41]. Suppose the cell average of the
variable
_ 1 Tird
U~ — Uz, t")d. 2.4
paag | U, (24)
=3

is available.

As is known to all, when the channel width function is complicated, it is expensive to compute the cell
average of o(x) exactly. Therefore, before proceeding to the first evolution step, for simplicity of computation,
we use 6 (x), which is continuous piecewise linear functions, to approximate the o(x).

Xr — J:J_%

+1 =08 Ty TE g Tl (2.5)
where
1
Ojp1 = §[a(xj+% +0) + oz —0)].

2

If the channel width o is continuous at x = x;, 1 then the above equation can be simplified to o,

o(j41)-

D=

Notice that by the definition of the ¢ function, we have the following equation holds:

~ 1 Tivs 1
o =0(x;) = Fx/ P 6 (x)dx = i(gj_% +0j41) (2.6)

-4

Similarly, we use B (x), which is continuous piecewise linear functions, to approximate the B(z):

N T —T;_1
B(z)=B;_ 1 +(Bj;1 —B;_1)- #, v €z 1,251 (2.7)
and define:
R 1 Titd 4 1
B; := B(zj) = s B(z)dz = §(Bj_% + Bj1). (2.8)

T .
i1

REMARK 2.1. The order of the non-staggered central schemes in this paper is not altered by approximat-
ing B, o with B and & because the piecewise linear interpolations (2.7) and (2.5) are second-order accurate
for smooth B and o.

2.2. The forward step.

For the well-balanced property, a major component of the scheme is the reconstruction of the variable
V = (A,Q, E)T rather than conservative variable U = (A4, Q)%. To this end, we compute the energy:

QF A
E; = TAJQ 9(07 + Bj). (2.9)

To achieve non-oscillatory characteristics and second-order accuracy in spatial dimensions, we approxi-
mate the variable V' (z,t™) by using piecewise linear functions:

Pi(x,t") = V' + (z —2;)(V]"), z€Cy, (2.10)

where the numerical derivative (‘7]”)/ is of first order, which is calculated by nonlinear limiters. For all
numerical experiments in Section 4, we choose the following limiter [9].

, vr— v v, —vnr vr,—vn
v minmod<9 J Asc] L ]+12ij Lo j+1Ax J ), 0el

J 1,2], (2.11)
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and

max(a,b,c), max(a,b,c) <0,
minmod(a, b, ¢) = { min(a,b,c),  min(a,b,c) > 0,

0, otherwise,

and the parameter 6 is used to control the numerical dissipation. It is well known that the bigger the value of
the parameter 6, the smaller the corresponding dissipation, i.e., more oscillatory reconstruction is required,
see [22].

Equipped with P;j(z,t"), we can calculate the left and right point values Vji 1

2

_ —n Ax =y’ —n Az NG
V]»Jr% =V +7(Vj ) V]Jj_% :Vj+1_7( ) s (2.12)

and calculate the cell average:

J ity

. ) (2.13)
= §(Pj(xj+;,t )+ Pjyi(zjps,t"))

1 (n (n Az oy V4%
25( TtV )*?(( ) = (V).

However, if we use the above information for the next evolution step, the energy cannot be maintained
a constant. Therefore, we need to compute the corresponding values Aj +1 by solving the cubic equation

)2
j+l A _ _
2A22 +g(,‘ 1+Bj+%)—Ej+%:0 (2.14)
J+s3
where

_ 1 Titr 1

Bj+% :Fx 5 B(x)dx:Z(B]+QBJ+%+BJ+1), (215)

_ 1 Titr 1

Tit: = AL o(x)dx = Z(O’j +20;,1 + Oj41)- (2.16)

The procedure for solving such the cubic equations and certain criteria for determining which non-trivial
root to choose will be discussed in Subsection 2.2.1. Ultimately, we obtain VJZ , in the forward step.
2

2.2.1. The solution of the nonlinear equation.

Here, we present the procedure for finding the solution of the cubic equation mentioned above in this
section. Given o, B, Q and F, equation (2.14) can be simplified to a nonlinear algebraic equation as shown
below:

(A) = @ (A+B) E=0 (2.17)
v Toaz TG - '
When solving the equation (2.17), the solutions obtained is probably not unique, so we are required to select
physically relevant solutions. The process is as follows.
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If the discharge @ = 0, the equation (2.17) degenerates into a linear equation p(A) := g(é +B)—-E=0
and the solution is:

oFE
A=(— —0B
(g )-

If @ # 0, since p(A) is convex function, it reaches a minimum value at

2
4= {7
g

In fact, we call the point corresponding to Ay the sonic point, at which the Froude number

Fr = Valul/v/gA = ValQl/v/gA5 = 1,

at A= Ag. When A > Ay (A < Ayp), thereis Fr < 1 (Fr > 1), and its corresponding state is called subsonic
(supersonic).

If o(Ag) > 0, the equation (2.17) has no positive root, thus we still select the original reconstructed
value A4; if ¢(Ap) = 0, the equation has only one positive root A = Ag; if p(Ap) < 0, the equation has three

roots:
3/% . 2km E
A:2€/}3cos(T+T) 3( oB-72), k=0,1,2, (2.18)
)
where
. P .1
P= —(§)3, T:§arccos(— ),
1 oF oQ? 2 oF
P=—Z(B-Z - 4 Z(oB-=
(0B~ 22), ot gploB = TE).

It is observed that one of these three root is negative, while the other two are positive. Thus, we discard
the negative root and select the physically relevant root as follows: if the states of two adjacent dual cells
are supersonic, we choose the smaller of the two positive roots; if it is subsonic, we choose the larger one;
otherwise, we choose the one that is closer to the reconstructed value.

2.3. The discretization of the flux and the source term in the corrector step.

For the sake of updating the variables, we integrate equation (2.1) on the rectangle Cj+% x [tm, ¢

tn+1
1

1 /f]+1(U(m,tn+1) — Uz, t"))dx = _E/ (F(U(zj11,t)) — F(U(xj,t)))dt

Az
(2.19)

tn+1

Tj4+1
/ / S(U, B)dtdz.
tn

At "t and z € Cjy1, we suppose that Uz, t"H) =~ Pj+%(aj7t"+1) is a piecewise linear function. The
Mean-Value theorem gives:
1 Tit+1
E/m Uz, t")dr ~ U":}, (2.20)
which makes the first half of equation (2.19) become
1 [T

- n+1y _ n ~ JTTn+1 n
s (U(z,t"™) = Ul(x,t ))dSENUj+ -U

i+3°



adopt the midpoint product rules to the fluxes
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We now concentrate on the second half of equation (2.19), which is essential for maintaining the well-balanced
property. On the other hand, to ensure that the scheme has second-order accuracy on the time scale, we

1
o1
where U;LJF

gntl
At

/t F(U(xy,1))dt

~ F(U nti
2 is available through a first-order Taylor expansion

atd o A
ortE =+

(2.21)
SHEDY 48,

with (F") approximates the flux divergence and S? approximates the source term. Depending on the
specific forms of F(U), and S(U, B), (FJ”)/ and S? can be defined as follows

, (@)

(Fj) ,
A;(E

with

(2.22)
i — 9B;)

’
)

)*(05) — gA;(B;))
i—% T+
Az @)=

used to approximate it

ZTjt1 t+1
[
with

On the other hand, for integrations of source terms in equation (2.19), the midpoint quadrature rule is

il

i) F(U;'™>

From equation (2.25), it is clear that the variable U™} = (A"} Q™ 1)
energy E”+1 is computed as follows

n+2 n+2
U)dtdr ~ AzAtS(U; U]Jrl ), (2.23)
S(U;,Ujs1) = ’ (2.24)
j+1 . e e : :
Aj1+A B7+1 B, +4. U; f;‘j: A 74+1A$A.7 (uj — ujyn)?
since the term (u; — u;11)* = O((Ax)?) for smooth solutions, the equation (2.24) is second-order accuracy.
REMARK 2.2. The derivation of quadrature (2.24) can refer to Theorem 3.1 in Section 3, which takes
advantage of the characteristic of constant energy
Combining with equations (2.21) and (2.23), equation (2.19) is simplified to
At o+l
n+l _ 7mn n+z
U]Jr2 UJ+2 A—x(F(U

5 7))+ ALS

_ +l — n+4
(O o (2.25)
is obtained. Once again, the
_ 1 Qg+ AjJr; _
ity =52 Tz Bigy).
Jjt+3 Jta
Hence, we ultimately update the variable V’ff

2

in the corrector step

(2.26)

7
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REMARK 2.3. We observe that, in the (almost) dry region, the calculated value of A may be greatly small.
It may lead to the computed value of the w artificially large. Therefore, we desingularize the calculation of
the u:

2 A
D vt (2.27)
0, otherwise,

where € is taken 10712 in all numerical experiments of this paper. However, for consistency, the discharge
is recomputed using Q = A - u.

2.4. The backward step.

To resume the variable on cell C; 41, We use the following piecewise linear function.

P.

i+3

D@,

(z,t" 1) = VT’; (=, fi

Jj+

which is based on the values (2.25) and (2.26). The minmod limiter is chosen to satisfy the properties of
non-oscillatory. Then, the cell average of V' is computed as

_ 1, - _ Az
T = S T = SR - (), (2.28)

J+3 ]+2 ]_*

Likewise, to maintain the steady states, we solve the following nonlinear equation to replace the recon-
structed variable A;-H'l based on the Q;H'l and E;“H:

Q2

A
2AQ+g( +B;) - E; = 0. (2.:29)

According to Subsection 2.2.1, we select the physically relevant solution of equation (2.29). So far we get
the variable V}"H at t"*! on the non-staggered cells.
3. Theoretical analysis of the scheme.

Here, we certify that the scheme maintains the steady states (2.2) and (2.3) at the discrete levels. That is,
the proposed scheme is well balanced to accurately capture small perturbations and avoid generating spurious
oscillations. Meanwhile, we utilize a “draining” time-step to prove the positivity-preserving property, which
maintains the water mass conservation.

3.1. The well-balancing property.

Here, we demonstrate that the scheme can preserve both moving-water steady-state solutions and still-
water steady-state solutions by means of two theorems. First see Theorem 3.1, that the currently proposed
scheme has well-balanced property for moving water.

THEOREM 3.1. The numerical solution U}‘ assumes that, at time level t", satisfies the constraints (2.2),
i.e.,

Q;=Q and E;=FE, VYjel (3.1)
Then,
el -
(a) the solution obtained from equation (2.22) is U; o Up;

(b) the solution obtained from equation (2.25) and the solution obtained from equation (2.14) are equal,
UTL+1 —_Jn .
J+ 1 J_;’_%?
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(¢) wtilizing the forward projection and backward projection, the currently proposed scheme is well-
balanced, that is, Uj"H = Ujﬂ,

Proof. Firstly, we proof (a). According to the condition (3.1), it has
Q) =0 and (BE;) =0, VjecZ
Therefore, (Fj)/ and S; have the following forms:
0 0
~94;(B)) + (54 (0;) §(54)%(0)) — 9A5(B))
9a; (b 2\ 5 ) \T 2\ 5 ) \05) = ga; (b

Then, the prediction step (2.22) becomes

At 0 0

N

Il
3
+

-
Uj

Next, we proof (b), which shows Uj":ll = U7, .. With consideration of part (a) of Theorem 3.1, the time
2 2

evolution step (2.25) becomes

rTn rTn At rrn rrn rrn rrn
U]:%I = Uj.»,_% - E(F< j+1) - F(Ug )) + AtS(UjJrlvUj )7 (32)
where the flux is
FO(@ FO@;) =0 (- — 1y 4 9o, n2 h?
(Ujt1) — Uj) =@ (Aj+1 _Ij)+§(aj+1 i+1 — ojh3)
(3.3)
A 1 1 g
= Q2(A‘+1 = o) T 5(Oirhie + 0ihg) (s = y) + hjiih(oj41 = 05)-
J J
Since the Ej1 = Ej, it has
Q% 1 1
ghjt1 — ghj = 7(@ - AT) +9B; — 9Bj+1. (3.4)
J Jj+1
The flux in equation (3.2) is finally simplified as:
0

F(Uj1) — F(U;) =

Ajr1t+A; hih; A A .
g (By — Bji) + gMg (041 — o) + S (5 — 2
Then, considering the source term (2.24), the two parts of equation (3.2) are

At . N 0
_E(F( M) — FU)) + ALS(US, Uy ) = . )

. rm+1 _ 7rn
so it has Uj+% = Uj+

L
2
Finally, we proof (c). Suppose that the states of C;_1, C;, and Cj41 are supersonic, i.e., F'r > 1. In the

forward projection,

n — n — n J— n
Q1 =@y =@ Bl =F

J—3
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Since the minmod parameter 6 € [1,2], the reconstructed value of A satisfies
A?i% € [min(A7,,, A7, A7 ), max(A7, ,, A7, AT )]

By the process of solving the nonlinear equations and selecting the physically relevant solutions method in

subsection 2.2.1, we obtain that the states of C];% and Cj+% are supersonic, that is, F'r > 1. According to

Parts (a) and (b) of Theorem 3.1, the time evolution will not change the conservative variables and energy.
Similarly, in the backward projection,

Q' =Q, Eff'=E,
the state of C; is supersonic, which leads to
n+1 __ n
AT = A7

The subsonic state can also be demonstrated by a similar operation. Therefore, it can be derived that if
steady states are achieved at t”, then it will also remain unchanged at t"+!. O
Then, it is shown that the currently proposed scheme can accurately maintain the steady states (2.3).
THEOREM 3.2. The solution Uj" assumes that, at time level t", satisfies the still-water steady-state

constraints (2.3), i.e.,

A
Q; =0 and 0—7 + B; = Counst. (3.5)
J

Then, UM = U?.

Proof. For the conservative law (2.1), since ); = 0, the source term (2.24) is simplified to the following
form:

At A B =B gAin A oo

@, = :
J+% 2 Az 2 0541 gj Ax (3 6)
Since the still-water steady states satisfy % + B; = Const, we can obtain
J
A, A
By — By =~ - L (3.7)
gj Oj+1

Using the proposed discretization (3.6) and the relation (3.7), source term can be simplified:

§@ = _IAmtA A Ay 94 Ay gm0
ity 9 Az o 0 20; 0, Az
J Jj+1 Jj+1 J
2 2
g Aj+1 . Aj)

- 2Ax ' 0541 gj
As for the flux (3.3) is simplified to

_9 A?-‘rl _ﬁ)

FA _p® .
2 Oj+1 0j

Jj+1 J

With part (a) in Theorem 3.1, equation (3.2) are

_At
Az

(FO(Tfy,) = FO(O]) + AtSP (T}, U7 ) = 0,

which demonstrates that U;”rl =Ur. o
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3.2. The positivity-preserving property.

Here, we demonstrate that the currently proposed scheme has positivity-preserving property. In order
to ensure A positivity, we introduce a “draining” time-step to eliminate this problem.
THEOREM 3.3. Suppose that at time level t", for j € Z, the values of hj, hjy1, hjtr;; and h;+l are all
2 2
non-negative. If the CFL satisfies:
At

Aa <1, A= —,
Az (3.8)

a= mjax(|uj| +\/gh;, \u;+%| + 4 /gh;r%7 lujpil+4/9hjq1, |u;r+%| + ,/gh;%),
1
then, we obtain A;LJF? >0, forallj € Z.

Proof. With Remark 2.3, the first component of equation (2.22) can be written as:

n+ AN An
A; 77 = A7 - = (@F)
Q. +Q .,

— AN Jt3 J73 _ -
_ Lo + A= .- + 7+ e
- E(AH% tALF E(AH%“ w AL L) T M
1N _ 1A N
=G gt Ay F e g Ay

Nl

According to the CFL conditions: Aa <1 and (3.8), all coefficients are non-negative, then A;LJF >0.0

To ensure the positivity of fl;.’i'i, we insert the “draining” time step (see [25]):
2

A t(drain) L AxA?Jr%
. 1 L k)
i+1 max(0, F{}, ) + max(0, —F\)

where the F' is computed at time level ¢ = t"+2. The “draining” time step is defined as the time at which
the water included in cell j leaves through the outflow flux at the beginning of the time step. Then, the
evolution of A is replaced with

(drain) (1) (drain) (1)
Antl _ gn _Atj+1 Fj+1_Atj Fj

i+~ Titd Az ’

where

rain . rain . . 1
At;d ) = mln(At,AtEd )), 1=7— isgn(Fj(l)).

So, we have A" > 0.
J+3

REMARK 3.4. If the two-dimension case of open channel flow is considered, since the flow is divergence-
free and not just constant, this is a more difficult task and is out of the scope of this manuscript.

4. Numerical experiments.

Here, we use some classical numerical experiments from other papers to verify the performance of the
proposed scheme (the New scheme) for maintaining the steady states. In addition, we also compare it
with the scheme (the Old scheme) in the literature [18] that maintains still-water steady states as a way
to illustrate the advantages of currently proposed schemes. Among experiments conducted below, we have
common parameters where the gravitational acceleration g = 9.812, the minmod parameter § = 1.3 and
the computation domain and the CFL condition number CFL = 0.35. The computational domain of all
numerical experiments is [0, 25], except for the first experiment which is [0, 1].
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Table 4.1 L'-errors and convergence rates.

A Q
Number of grid cells

L'-error Rate L'-error Rate

100 1.01e-02 - 7.34e-02 -

200 3.10e-03 1.70 2.07e-02 1.83
400 8.29e-04 1.90 5.52e-03 1.90
800 2.06e-04 2.00 1.40e-03 1.98
1600 5.11e-05 2.01 3.48e-04 2.00

4.1. Accuracy Test.

In this experiment we will verify whether the scheme proposed in this paper has second-order accuracy on
the spatial scale. The experiment is taken from reference [28]. However, what is a bit different from reference
[28] is the addition of an irregular channel width function. The bottom topography and the channel width
are:

B(z) = [sin(rx)]?, o(z) =0.9+0.4-(z —0.5)%
other data are

A(z,0) = o(x) - [5+ B Q(x,0) = o(z) - sin(cos(2rx)).

The experiment is done using periodic boundary conditions. The exact solution for this experimental
case is not directly computable for us. Therefore, we try to use the reference solution calculated when the
grid N is taken as 8000 as the exact solution to facilitate the calculation of the numerical error. We set the
experiment to end at t = 0.1, when the shock is not yet formed and the solution is smooth. In Table 4.1, we
measure the L'-errors as well as the convergence rates corresponding to the conservative variables A and Q,
respectively, at different grid sizes. The scheme proposed in this paper is easy to read from the Table 4.1
with second-order accuracy on the spatial scale.

4.2. Steady-state solution of still-water.

In this experiment we wish to verify whether the scheme proposed in this paper has the well-balanced
property of convergence to the still-water steady states. And, we also compared it with the method proposed
in the reference [18]. The bottom topography and channel width are:

0.2 —0.05(x —10)2, 8<az <12,
B(z) =< 048 —0.03(z — 17)2, 13 <z <21,

0, otherwise,

{0.28 +0.005(z — 13)2, 5 <a <2l
o(z) =

0.6, otherwise,
other data are
A(z,0) = o(z) - [0.6 — B(z)], Q(z,0) = 0.

We use the transmissive boundary conditions and set the experiment to end at ¢ = 20.
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Table 4.2 L'-errors of these two schemes at t = 20 at still-water steady states.

A Q E
Number of grid cells
New Old New Old New Old
50 2.4425e-15 2.6645e-15 2.3705e-14 9.3106e-15 3.2863e-14 2.9754e-14
250 1.1580e-14 3.5194e-15 3.1767e-14 1.8910e-14 1.0818e-13 3.8902e-14
1000 2.6731e-14 1.8649e-14 9.9132e-14 5.2291e-14 2.6594e-13 1.8203e-13

On the one hand, Figure 4.1 demonstrates the results at ¢t = 20. We can notice that both the schemes
can exactly maintain the still-water steady states. On the other hand, we compute L'-errors for these two
schemes and show the obtained results in Tables 4.2. It is indeed clear to us that their L'-errors are in the
same order of magnitude, i.e., the machine precision. Even with a relatively coarse grid, both schemes has
the well-balanced property of convergence to the still-water steady states.

6 10

0.61 T T T T T T
== h+B by new scheme = Q by new scheme
0.608 | = = =h+B by old scheme sl = = =Q by old scheme J
0.606 - 1
a4t 4
0.604 - 1
0.602 1 8r |
om
+ 0.6 O 2t i
=
0.598 - 1 1 i
0.596 - 1
0
0.594 - 1
0592 1 tr |
I I I I 2 I I I I
0 5 10 15 20 25 0 5 10 15 20 25
X X
5.95 T T T
E by new scheme
5941 = = =E by old scheme
593 h
5.92 h
591 h
w s9r h
5.89 - ]
5.88 - h
5.87 h
5.86 [ 7
5.85 : : : -
0 5 10 15 20 25

X

Fig. 4.1 still-water steady states at t = 20.

4.3. Steady-state solution of moving-water.

In this experiment we wish to verify whether the scheme proposed in this paper has the well-balanced
property of convergence to the moving-water steady states. The channel through which the water flows
during the experimental tests is an irregular channel with a bulge at the bottom. The bottom topography
and channel width are:

0.2 —0.05(x — 11)?, 9<z <13,

B(x) = 4.1
(@) 0, otherwise, (4.1)
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Table 4.3 L'- and L®-errors of the discharge Q by the new and old schemes.

Supercritical flow Subcritical flow Transcritical flow

New Old New Old New Old

L'-error 4.9752e-10 2.26e-01 9.3233e-11 3.46e-02 1.1088e-11 1.94e-02

L®°-error 3.8298e-11 9.80e-03 6.9633e-13 8.43e-04 1.1382e-12 2.57e-04

0.8 + 0.05(x — 5)2, 3<x <7,
o(x) =< 1.18 = 0.02(z — 18)%, 15 <z <21, (4.2)
1, otherwise.

Three groups of initial and boundary values are considered below, which correspond to three different
steady-state solutions: supercritical, subcritical, and transcritical. We test these conditions, respectively, for
numerical experiments, which are taken from the reference [12]:

(a) Initial and boundary conditions of supercritical flow:

A(z,0) =0o(z)-[2— B(x)], Q(z,0)=0, (4.3)
A(0,t) = 20(0), Q(0,t) = 245 (0). '
(b) Initial and boundary conditions of subcritical flow:
A(z,0) =0o(z)-[2— B(x)], Q(z,0)=0, (4.4)
Q(0,t) = 4.420(0), A(25,t) = 20(25). '
(¢) Initial and boundary conditions of transcritical flow:
A(z,0) = o(z) - [0.66 — B(z)], Q(z,0)=0, (4.5)

Q(0,t) = 1.530(0), A(25,t) = 0.665(25).

REMARK 4.1. In the numerical experiment for the transcritical flow, we impose the downstream boundary
value A(25,t) = 0.660(25) when the flow is subsonic.

In these three numerical experiments, we set the experiment to end at ¢ = 400. In Figures 4.2-4.4, we
show the results: h 4+ B, @ and E for the two schemes. It is clear to see that the New scheme exactly
captures the moving-water steady-states solutions at these flow, while the Old Scheme fails to converge and
generate nonphysical peaks.

At the same time, we compare the errors (L'-errors and L>-errors) in their calculated variables @ with
the exact solutions of the Old and New schemes and show the results obtained numerically in Table 4.3. This
further illustrates that the New scheme converges and maintains the moving-water steady states, while the
Old scheme generates relatively large errors. Therefore, the numerical results and error analysis can clearly
show that the scheme proposed in this paper has well-balanced property for convergence to the moving-water
steady states.

4.4. Small perturbation propagation in moving-water steady states.

In this experiment we verify whether the scheme proposed in this paper has the ability to accurately
capture the propagation of small perturbations in the steady-state solution. If the scheme is not well-
balanced, it is not able to capture the perturbations well and accurately. The bottom topography function
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Fig. 4.2 case (a): h + B, Q and E for supercritical flows.

and the channel width function are the same as those of Example 4.3, with the following initial conditions,
respectively:

(a)Conditions of supersonic flow:

242
(b)Conditions of subsonic flow:
Q.0) =442, B.0)= 42 Log12x0 (A7)
z,0) = 4.42, ,0) = 55 +9- . :
(¢)Conditions of transcritical flow:
3
Q(z,0)=1.53, B(x,0) = 5(0.812 1.53)% +9.812 x 0.2. (4.8)

Based on the final steady states in Example 4.3, we add a small positive number € = 0.050(x) to the A in
the interval x € [5.75,6.25]. We use the two schemes to calculate numerical solutions until ¢t = 1 in Case (a)
while ¢ = 1.5 in Cases (b) and (c). The difference between the calculated water depth ~ and the background
moving steady-state water depth are shown in Figures 4.5-4.7. Then, we reduce the small positive number
to € = 0.00l0(z) and show the difference in Figures 4.8-4.10. We note that the New scheme produces
no spurious oscillations on the raised bottom compared to the Old scheme and captures the propagation
perturbations well under different flows.
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Fig. 4.3 case (b): h + B, Q and E for subcritical flows.

4.5. Dam-break experiments.

During this numerical experiment, we numerically simulate the proposed scheme to deal with the dam-
break problem in a non-constant width channel with an initial irregular dry bed. The channel width function
and bottom topography function are:

o(x) =

1.0, otherwise,

0.8 +0.002(z — 13)2, 3 <z <23, B(x) 0.2 —0.05(x —11)2, 9<x <13,
€Tr) =
0, otherwise.

other data are

A, 0) = {QU(x), z <5, 0, 0) = {24J(x), z <5,

0, otherwise, 0, otherwise.

We use the same boundary condition as in case (a) of Example 4.3. In Figure 4.11, we show results for
t=0.1, 0.5, 1, 2, 8. We can see that the New scheme is stable and does not generate non-physical high @
values at the wet and dry interfaces. When ¢ = 8 the water flow reaches the steady states. This experiment
also verifies the positivity-preserving and robust of the proposed scheme.

5. Conclusion.

In this paper, for open channel flows with variable river width and non-flat bottom, we proposed a
non-staggered central scheme with second-order accuracy on both time and space scales. To begin with,
a piecewise linear approximation was made for the variable river width and the non-flat bottom in order
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Fig. 4.5 case (a): the difference between obtained h and the background moving steady-state h for the old (left) scheme and the new
(right) scheme(cells=200, ¢ = 0.05).

to simplify the calculation. Next, in the forward step, by piecewise linear reconstruction of the conserved
variables and energy, the scheme was spatially accurate to the second order and oscillations can be avoided.
Moreover, in considering the energy balance, we solved the nonlinear equations by choosing the root that
are related to the physical significance. Then, in the correction step, we utilized this property that the
energy of the equilibrium variable remains constant to discretize the complex source term thus keeping the
source terms and fluxes able to balance exactly. Also, in purpose of maintaining the positivity of the wet
cross-sectional area, we introduced a “draining” time step technique. Finally, in the backward step, we
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Fig. 4.7 case (¢): the difference between obtained h and the background moving steady-state h for the old (left) scheme and the new
(right) scheme(cells=200, ¢ = 0.05).

obtained the solutions on the non-staggered grid by the same treatment of cell averaging of the solutions on
the staggered grid as in the forward step.

Numerical experiments showed that the scheme can maintain not only the moving-water steady-state
solution but also the still-water steady-state solution, as well as accurately capture small perturbations in
the moving-water steady-state solution. The dam-break experiments also exemplified that the scheme is
positive-preserving and robust.

This work is the first to use a non-staggered central scheme to maintain the moving-water steady-state
solution. This scheme does not require the use of a Riemann solver, so it is computationally much simpler.
Moreover, the scheme is able to maintain both types of steady-state solutions simultaneously.
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