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Abstract

In this article, fifth order well-balanced finite volume multi-resolution weighted essentially non-oscillatory (FV MR-
WENO) schemes are constructed for solving one-dimensional and two-dimensional Ripa models. The Ripa system gen-
eralizes the shallow water model by incorporating horizontal temperature gradients. The presence of temperature gradi-
ents and source terms in the Ripa models introduce difficulties in developing high order accurate numerical schemes
which can preserve exactly the steady-state conditions. The proposed numerical methods are capable to exactly pre-
serve the steady-state solutions and maintain non-oscillatory property near the shock transitions. Moreover, in the pro-
cedure of derivation of the FV MR-WENO schemes unequal central spatial stencils are used and linear weights can be
chosen any positive numbers with only restriction that their total sum is one. Various numerical test problems are con-
sidered to check the validity and accuracy of the derived numerical schemes. Further, the results obtained from consid-
ered numerical schemes are compared with those of a high resolution central upwind scheme and available exact
solutions of the Ripa model.
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Introduction schemes are introduced to solve the Ripa models, see
for instance.*® Meanwhile, the exact solutions of
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with flat and non flat bottom topographies are com-
puted in Rehman and Qamar.'® The basic idea for con-
structing exact solutions in Rehman and Qamar'® have
been taken from Refs.'!"'* All the aforementioned
numerical techniques for the Ripa models are at most
second order accurate except the one presented in Han
and Li.® Han and Li® the authors have used high order
finite difference schemes based on WENO limiters'* for
solving the Ripa model. However, the finite difference
schemes have some limitations. For examples, the finite
volume numerical techniques enforce the conservation
of flow variables at the discretized level and such types
of techniques are easily formulated for the unstructured
grid systems.

Due to the importance of nonlinear hyperbolic con-
servation laws, lot of high order numerical schemes
have been designed to solve these laws. Among them,
essentially non-oscillatory (ENO) and weighted essen-
tially non-oscillatory schemes have been applied suc-
cessfully to solve these conservation laws in one, two,
and three dimensions. First of all, Harten and Osher'®
developed FV ENO numerical scheme that used an
adaptive stencil based on smooth indicators. This
scheme resolved the sharp discontinuities efficiently and
ensured high order accuracy in the smooth areas. After
that, Shu and Osher'®!” introduced finite difference
ENO schemes in 1988 and 1989. Subsequently, Liu
et al.'"® introduced the third order FV WENO numerical
scheme which is improved version of FV ENO scheme.
In this FV WENO scheme, they improved the order of
accuracy and used the convex combination of all the
candidate stencils. Later, Jiang and Shu'® developed
high order finite difference WENO numerical schemes.
Since then, these numerical schemes are being devel-
oped, modified, and extended for different fields of sci-
ence and engineering, for detail see Refs.?’ 3 Also well-
balanced finite difference and finite volume WENO
schemes®'**'3% are developed for compressible and
incompressible fluid flows.

In this article, fifth order well-balanced finite volume
multi-resolution WENO schemes are constructed for
solving the one-dimensional (1D) and two-dimensional
(2D) Ripa models with and without source terms. We
borrow the idea of MR-WENO scheme from Zhu and
Shu* and take the idea of well-balancing technique
from Xing and Shu.*® Zhu and Shu** the authors
develop this scheme for computing the homogeneous
models. Basically, the multi-resolution techniques®>*
were designed to reduce the computational costs of high
resolution numerical algorithms. Since these multi-
resolution schemes concentrate the regions of computa-
tional domain which include sharp gradients. Further,
the multi-resolution WENO scheme has better conver-
gence property as compare to the classical WENO
scheme. Wang et al.*’ the authors have proved that the
multi-resolution WENO scheme has better convergence

property by considering the one-dimensional steady
state shallow flows. For further detail about these
schemes, the reader is referred to the articles.’’ "
Further, the presence of horizontal temperature gradi-
ents and source terms make the Ripa models more chal-
lenging for the numerical schemes. Hence, it is more
difficult to numerically preserve the steady-state solu-
tions of the considered models. The main objectives of
the suggested numerical schemes are to preserve the
steady-state solutions without sacrificing the high order
accuracy and do not create unwanted oscillations in the
vicinity of temperature jump. This objective is achieved
by decomposing the integral of source terms into the
sum of particular terms, then computing each term in a
way which is consistent to the computation of corre-
sponding numerical fluxes.

The organization of remaining article is as follow. In
Section 2, the mathematical form of 1D and 2D Ripa
systems is given. Next, the construction of fifth order
FV MR-WENO for 1D and 2D problems are presented
in Section 3. In Section 4, we develop the well-balanced
techniques for 1D and 2D Ripa models. In Section 6,
the numerical solutions obtained from the considered
numerical methods are compared with the results of the
high resolution central upwind schemes*’ and for some
particular cases these numerical solutions are also com-
pared with exact solutions of 1D Ripa model.'® Finally,
in Section 7, the conclusions are presented.

The Ripa systems

Here, we describe the properties of 1D and 2D Ripa
models. The 1D Ripa model has the following form
Chertock et al.*

dh + d.(hu) = 0, (1)
3;(hu) + 9, (/m2 + gh;’) = — ghfd,z, (2)
3,(h0) + 8, (hud) = 0. (3)

Where, h(x,t) represents the water depth, u(x, f) repre-
sents the fluid velocity in x direction, 6 is the tempera-
ture field, z(x) denotes the bottom topography, and g is
the gravitational constant. The 1D Ripa model can be
expressed as

9, U + 8,F(U) = Z(U, x), (4)

with U = (h, hu, h), F(U) = (F\, F>, F3) =

(hu, i + €2 hud), and  Z(U,x) = (0, — gh69,z,0).

The eigen values of Jacobian matrix 4 are A = u—

Vgh0,\y = u,A3 = u + /ghf. For the stability of pro-
posed numerical schemes, these eigen values are used to
find the dynamic time steps. Similar to the system of
shallow water equations, the system (4) also has
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These stationary solutions are
341 One of them is

stationary solutions.
well-explained in the articles.
described as

H=h+z=constant, u =0, 6= constant. (5)

For this steady-state, the flux function is absolutely
balanced by the source term.
The 2D Ripa model* is defined as

b + dy(hu) + 3,(hv) = 0, (6)

8,(hu) + 3 (h 2+ ghz 0) + 8, (huv) = — gh0d,z, (7)

() + du(huv) + (hvz L8 0) = —ghtd,z, (8)

3,(h6) + d.(hud) + d,(hve) = 0. (9)

Here, A(x,y,t) represents the water depth, u(x,y, ) and
v(x,y,t) represent the fluid velocities in x and y direc-
tions respectively, 6 is the temperature field, z(x,y)
denotes the bottom topography, and g is the gravita-
tional constant. The 2D Ripa model is written in com-
pact form as

9, U + 3,F(U) + 9,G(U) =

7(U,X), (10)

with = (h,hu,hv, h9), FU) = (F\,F5,F3,F) =
(hu, hu?® + ‘%ze,huv, hu@), G(U) = (hv, huv, W* +
&0 pve), and Z(U,X) = (0, — ghfd,z, — ghfd,z,0).
The eigen values of Jacobian matrix 35 are
A =u—+/ghO,Ay = u,A3 = u,Aqy = u + +/ghf and the

G

corresponding eigen values of the Jacobian matrix

are o) = v —+/ghb,0y = v,03 = v,04 = v + \/ghf.

The system (10) also admits stationary solutions in
which flux gradients are balanced by the source terms
in the steady state case. One of them is expressed as

H=h+ z=Constant, 6 = Constant, u=0,v=0,

(11)

Similar to the 1D case, for the steady-state in equation
(11), the source terms are completely balanced by the
flux gradients in 2D Ripa model.

Construction of high order FV MR-WENO
schemes for the Ripa models

In this section, we construct FV MR-WENO numerical
algorithm for computing the Ripa models. First, we
consider the homogeneous form of the considered
model (4) as follow

9,U + o, F(U) =0,

>0,x € Q, (12)

domain Q into cells
N. Here, the center of i — th

and  divide the

C = [xi_%,xi+%},i =1,..,
. (x,-fl T, 1)

cell is denoted by x; = ~—25—2% and length of i — th
cell by Ax;. By integrating the equation (12) over C;, we
have

d—
L 5
40

o (UG 1)~ F(UG ) = 0
(13)

where U(x;, ) = Ax ri ) : U(x, t)dx. The equation (13) is
approximated by the conservative scheme, as described
in follow

%U,—(r) + Alx,» (FH% - Fi,i) —0.

(14)

Where, Fi+l = F( iUy 1) denotes the monotone

numerical flux and U, ,* are pointwise approxima-

iti—
tions to U(x; L t). Here, we will use the Lax-Friedrichs

flux (LFF) as a monotone numerical flux which is
defined as below

F( eV

(15)
== (F(U L) FRUSL ) - 9US - U %)),

where ¥ = maxy |[F'(U)|. Now computational variables
are Uj(f) which will approximate the cell-averages
U(x;, t). Further, the U i+ and U’ i+1 are calculated
through the adjacent cell averdge Values U; by MR-
WENO reconstruction. For the fifth order MR-
WENO reconstruction, we choose three central candi-
date stencils, S;(i) = {G;}, S(i)) ={Ci-1,C;,Ci 41}
and S;(i) = {C;—2.C;-1,C;,Ci+1,Ci+2} and recon-
struct the zeroth, second, and fourth degree polyno-
mials p1(x), p2(x), and p3(x) respectively, which satisfy

IJxﬁr%
pdx =U;, j =1, (16)
Bl '
1r (0 Liitl  (17)
Axl_x1p2x X = j’] l s L1
J—3
1Jx”% Qdx=U, j=i—2,i—Liji+1,i+?2
X)ax =U;, j=1—2,i—1,1,1 ,1 .
Axi x.1p3 j]
)
(18)

More precisely, the explicit expressions for p;(x), p2(x),
and ps(x) are given as follow

pi@) =, (19)
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Uiy —2U; + U

_ Y
pa(x) 2P (x —x;)
U1 — Uy (20)
— " (x—x
2y T
n —U; 4 +26U; — U,
24 :
1
p3(x) = 1920
[(80U,-_2 — 3200, , + 480U; — 3200, , | + 80U, - »)
(Ax;)*
(x — Xi)4
(21)
, (1600, — 3200, + 3200, . | — 1600 5)
(Ax;)’ (22)

(x —x;)°

(12OU, » — 1440U,_; + 2640U; — 1440U; ;. | + 120U; 4 5)

(Ax;)?
(x —x;)°
(23)
n (ZOOUi_z —1360U,_, + 1360U; + ; — 200U, - 2)
(Axy)
(x —x;)
(24)

+ (9U;_5 — 116U;_; + 2134U; — 116U; + | + 9U; +,)).
(25)

The point-wise reconstructed values U,", ! and U, L are
obtained by the following relations

U,-ZL = wlﬁ,l +1 + sz 1 + w3U (26)
_ ~ 5l o2 _~2
U, +17 wlUifl + szFl + wsU,-,l, (27)

where U 1 and U L for I = 1,2,3, are reconstructed
values, The values U _pare mirror symmetric to the val-

ues U, .. Hence, we just define the values U, 11 as
follow
-1
Ui =pilx 1), (28)
Fr2 1 €12
Ui+ g pz(x, + 1) 52’2U1‘+%’ (29)
3 1 §13 01 £23 02
U= 7m0 ) -0 —=U 1, (30
"3 f3,3p3 i &3 "3 &5 * (30)
with
pl(xi+%) =U, (31)

1— 5

_ _ 1 —
Pz(xi+%) = ?Uz’—l + EUI' + gUf+ ) (32)
1 — 13— 47 —
p3(x; 1) = EUF2 —@UH + @Ui (3
+ gﬁ + iﬁ
20 i+ 1 20 i+2-
Where &, +&,=1, §3+&3+6&3=1, and

&30, &3 # 0. In these expressions, & ,,&, , are the lin-
ear weights. For a balance between the sharp and essen-
tially non-oscillatory shock transitions in non-smooth
regions and accuracy in smooth regions, we set the lin-
ear weights as & , = 1/11, &, = 10/11, & 3 = 1/111,
&3 =10/111, and & 5 = 100/111 for the flfth order
approximation, as described in Zhu and Shu.*

The nonlinear weights w; in equation (26) are defined
as

w; _ T
W= = =, W — m 1+ N
I s w4 ( pyr *Bz) (34)

I=1,..

Here ¢ is taken as 107! in all the simulations. Here, &,
and *B; respectively denote the linear weights and
smoothness indicators. These smoothness indicators in
general form are written as

2(m—1) L1 !
B, = ZJ Py (p'"(x)> v, m=2.3,
X. 1

£ dax/
j=1
(35)

Here, the values of 8;,8,, and 93 are defined in the
same way as described in Shu”*?’ and Zhu and Shu.**
More precisely, these smooth indicators are defined as
follow

13 — 1, _
B, = T (Ui =20 + U+ 1)2 + Z(UH Ui+ 1)2,
(36)
%, L1 2+ 13 L 123 2
M 10 3 M 455 N4 (37)
781( 74 1421461( )
20 \B 2275 )
where
1
n = 120(11U, 2~ 82U + 82U+ | — 11T 4 ,),

(38)
1 — — — — —
N, = % (—3U,',2 + 4OU,',1 — 74U, +1 + 40U, +1— 3Ul + 2),

(39)

1 _ _ _ _
M= —(-Uisa +2Uim; = 2U; 1 + Uj 4 2),

T (40)
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1 — — — — _
My = ﬁ(Uifz —4U; +6U; —4U; 1| + Uj 1)),
(41)

Now for resolving the discontinuities efficiently, the
expression of B8 is defined as follow

8 = (U; —Uifl)zy 81 = (Ui —Ui,)z (42)
= 1, 60>01, = -
g(),l = { 10 Otzerwlise’ gl,l =1 —go,la (43)
50,1 = 501 §1,1 =1 *go,la (44)
§o 1t §1 1
80— 81
gy = fo,l <1 + |§0—+;|>»
(45)

8o — 81
0'1:51‘1(1"_';1—_’_;'), U:UO+O'1.

In equation (45), ¢ can be taken any small positive num-
ber for avoiding the denominator to become zero. In
the last, we set

1 _ _ _ —
B = g (00U = Uiy) + 01(U;+ 1 = U)).  (46)
The term 7 in equation (34) is given as
— 212: 1 |%3 - %l|
( > . (47)

This completes the procedure of spatial reconstruction.

Next we describe the finite volume MR-WENO
scheme for 2D Ripa model. Consider the two-
dimensional Ripa model (10) in homogeneous form as
follow

U + 9.F(U) + 3,G(U) =0, r>0,x,ycQ. (48)
Divide the computational domain Q into cells C; =
[xl_l, i+%] X [yj—%;ijr%]a i=1,.,N,j= 1,...,Ny. and
integrate the equation (48) over cell C;; to obtain

1
AxA
Vel

LU syyot) +
(J UG ) - |
i V.

& !

Vivl Y+
[ 6wt oy - |
y

v

T F(U(x;_y,y, 0)dy

FG(U, y,p, )dy) = 0,

-

(49)

Jyﬁé ff,_%U(x v, Hydxdy is the

where U(x;,y;,t) = Tk Ay/ by

cell average. The notations (-) and (-) denote the cell

average in x-direction and cell average in y-direction.
The equation (49) is approximated as follow

d= 1 /. .
EUij(f) + E(FiwL%,j _Fi—%.])

L. X (50)
* gy (Gus = Gun) =0
where numerical fluxes are defined as
IZ:Y’F(U1+ J+orU ]+(ﬂ/)_ it3)
=1
(51)
and
lj+l = ZY[G(Uer(p 1+1’ 1+(p,]+l) = Eivj*%’
=1
(52)
with Froyy = F (U700 Ul ) and G et =

— —+ . .
F( P g Ui’j%), where numerical flux f(a,b) is

defined on the same lines as given in equation (15) and

i N S
U, ., it g and U, ., 1= are approximations

acquired by MR-WENO reconstruction strategy in a
dimension-by-dimension way. Y; and ¢, are the
Gaussian quadrature weights and nodes. Here, for the
fifth order reconstruction, we varies / from 1 to 3. For
more detail about the implementation of two dimen-
sional WENO schemes, the reader is referred to
Shu?*?” and Zhu and Shu.**

Construction of well-balanced techniques
for the Ripa systems

Here, we construct a high order well-balanced FV MR-
WENO scheme for 1D and 2D Ripa models. First we
construct a well-balanced high order finite volume
WENO scheme for 1D Ripa model (4). By using equa-
tions (4) and (14), we obtain the semi-discrete form of
1D Ripa model as follow

00 =g (R v g

i

J | Z(U, x)dx,

iJC,
(53)

The key idea to develop a well-balanced FV MR-WENO
scheme which exactly preserves the steady-states (5) is
to decompose the integral of non-conservative term in
equation (53) into sum of various terms. Each term is
computed in a way that consistent with the correspond-
ing computed flux terms. The first step in construction of
high order well-balanced FV MR-WENO method is to
obtain the values of U, 1_ from the given cell averages
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U; as explained in Section 3. Consider that the source
term can be written as
Z(U,x) = Z,(U,x) =

> 5@ (U.x)b(x), q=1,2.3,

(54)

where s, and b, are some known functions, for more
detail, see Xing and Shu.*® Since the source term of
Ripa model is

Z(U,x) = (Z1(U,x), Z2(U, x), Z3(U,x) =

(55)
As Z;(U,x) and Z3(U,x) are zeros so only Z,(U,x) is
written as

0
2(U,x) = — gh#d.z = — gB(h + 2)z, + %(zz)x. (56)
From equations (5), (54), and (56) , we have
ap=z+h=constant, a=u=0, a3 =20,
si(a)=—gbh +2), s@)=%,  (57)

bi(x) =z, by(x) =2

For the construction of high order finite volume scheme
apply MR-WENO reconstruction to the function
(0, z(x), 0) with coefficients computed from 4, hu, h6, to
obtain z, . Next integrate the source term in equa-
tion (54) over the cell C; as

J Z(U, x)dx = ZJ s:(a (U, x))b,(x)dx.  (58)

and decompose it in the following way

3 | staw. s ax

= Z( (57(a, (U, + s, (a(U, x),+.))[ B

+ j @V~ L@ U0 + 5, OB )

= Z( (5@ (U, ), ) + (@ (U,2)7, DB, + ) = by(xiy)

’ L (510U, 90) ~ 3 5@V, ) ) + 5,0 (U, 9. )by ).
(59)

The high order approximations (b,), , %i to b(x; %)
are chosen suitably which satisfy the following relation

(U, +%i )— Zsr(ar(U,x)i 4 %i (br); ¢ 1_) = constant,

(60)

when the steady-state is reached. For 1D Ripa model
these high order approximations (b,), | %i are defined as

(0, — ghd,z,0)).

(bl)i-%—%i :Zi+ i,

(b2); 1% = (z; 1% ).

1
2 2 2

(61)

and clearly for the steady-state (11) and (57), we have

FU ) - Z»(ar(U O CA N

(01+1)(h1+1)2 1+1(h1+1 +Z )
+ 0:++ ‘(h+ i T Zz+ ‘))Z +1 _§91++‘( i++%)2

_ _(c)((hl+ N G b R OO AN
= —(c)((hl )T E IO ) —
= 2 ) -
= (C) (e

_ 3

(Zi++ %)) + g(C)(C)Z;; %
(Zi++ %)) + g(C)(C)Zi++ %

( 1'++ %) + Z(Zj++ %))

Similarly we can get F(U; 1) — >, 8sa (U, x);l

b L= —(c)3 Thus the source term takes the follow-

ing form

3 j sl (U)o

= Z (% (Sr(ar(U’ x),t%) + Sr(ar(U’ x);+ %))((i)})l + % - (l;r)i—%)
# | @) = S + s @ U k.
(62)

where (l;r)i +1 is approximation to b,(x; ; %) and defined
as

br'_+l bri++l
L@ ey .

Pl
rl+E 2

The remaining integral term in equation (62) is com-
puted by high order Gauss-Lobatto quadrature.
Finally, for the construction of well-balanced FV MR-
WENO scheme, introduced a minor change in a mono-
tone Lax-Friedrichs numerical flux

Fi+%:F( 1+"U+ )
1 _ _
-2 [F(UH%) R ) - B, - UH%)},
by replacing (U, ,— U, ) with  (a(U, x),, -
2
a(U’ x);+ %)5 Where a(Ua x)l‘++ % = (Cl] (U’ x),'++ %7

a(U,x),", %,a3(U,x);'+ 1). Now modified numerical flux
becomes
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F.i=r (Ui‘+ LU 1) becomes zero and flux term in equation (64) becomes
_ 1 - + + - R
3 [T )+ RO~ 066097, ~ a7 Fro= g [FUL )+ RO (@)
(64)
I Now the truncation error term reduces to
. R 1 N ~ . R
- F2,i +1 + F2,i7% + Z (E(Sr(ar(U7x)i7%) + Sr(ar(Ua )C)i + %))((br)l +17 (br)i7%)7
=—Fy i T Fy i+ Y ()b 1y — (b)),
=—Fy it DY OB )+ Fy s =D (5(O)(B)), (69)

S EUL )+ FaUS )+ Y605 (B + ()

r

# P + FaU7 D) = S5 (0] + o),

|
This completes the construction of well-balanced FV
MR-WENO scheme for 1D Ripa system. Finally, we
end up with the semi-discrete equation as follow

d— 1 1
ZW(f) =— 1 —F. )+ .
VO =g (Fo—Fy) + @), (69)
or the above equation can be described as
d—
2 Wi(t) = LW). (66)

Where £(u) denotes spatial operator. Now, for solving
the system of ordinary differential equations (66), we
apply the third order TVD RK method'® as follow

UD = U" + deL(u"),

3

Ue = U+ %(U“) + diLUMy),

(67)
yrth = %U" + %(U@) + drL(U?)),

with df = L& where & = maxy|A(U)| and CFL
denotes Courant-Friedrichs-Lewy coefficient.

Proposition 4.1.7he construction of FV MR-WENO
method with modified Lax-Friedrichs numerical flux
is a well-balanced scheme and high order accurate for
general solutions.

Proof. Obviously, for the steady-state solution, a,(U, x)
and a,(U,x)ii%i are equal to the same constant ¢ at
each Gauss-Lobatto point in equation (59), so the inte-
gral term

|, 6@V 55007 + s Vo), b,

By using equation (60), the expression in equation (69)
becomes zero which shows that the proposed numerical
scheme is well-balanced. It is straightforward that the
proposed numerical scheme is high order accurate for
general solutions.

Now we explain the construction of well-balanced
finite volume scheme for 2D Ripa model. By using the
equations (10) and (50) with equations (51) and (52),
semidiscrete form of the 2D Ripa model is written as

%ﬁii(t) + Axi, (F,- +1 T Fif%w./) * Aiyj (Gi,/% + G,,_,,%)
1
- Ax;Ay;

J J Z.(U, X)dxdy,
[ foM

(70)
where the source term of 2D Ripa model is

Z(U9 X) = (Zl (Ua x,y), ZZ(U,x,y), Z3(U’ xsy)’
Zy(U,x,y) = (0, — gh@d,z, — ghbd,z,0)).

(71)

As Z,(U, x,y) and Z4(U, x, y) are zeros, so the decompo-
sition of Z,(U, x, ) and Z3(U, x, y) is written as

Z,(U,x) = — gh0d,z = — gb(h + z)z, + ‘%e(zz)x, (72)
and

Z3(U,x) = — gh#d,z = — gb(h + 2)z, + gﬁ(z) 73

3(U, gnvoyz g Z)zy 3 z)y- (73)

Next we follow the same procedure in each of the x and
y directions as discussed for the construction of 1D
case.
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Central upwind numerical scheme

For validation and checking the accuracy, the results
obtained from the multi-resolution WENO numerical
schemes are compared with the results obtained from
the CUP schemes.*’ Here, only final formulaton of the
second order CUP scheme is presented. For detail, see
Nessyahu and Tadmor* and references therein. By
integrate the equation (12) over iy, cell C;, we have

A)C,‘ n n
8 ((Ux)i - (Ux)i + 1)

— J(F(U) . —F(U) ),

—n+ 1

l—n —n
Ui = E(Ui UL )+

(74)

where (U);”% are the mid-point values and approxi-
mated by the Taylor expansion and the numerical deri-
vatives (U,)! are calculated by employing nonlinear
limiters to guarantee non-oscillatory behavior of the
reconstructed values, as mensiond in Nessyahu and
Tadmor.*

Numerical tests

In this section, various numerical test problems are car-
ried out for the 1D and 2D Ripa systems. The results
obtained from well-balanced FV MR-WENO scheme
are compared with the results of central upwind scheme.
In some cases, results obtained from well-balanced FV
MR-WENO schemes are also compared with the avail-
able analytical results. In all case studies outflow bound-
aries are used except in the accuracy test.

One-dimensional test problems

In this subsection we discuss test problems for 1D Ripa
system with flat and non-flat bottom topographies.

Test problem 1: This test problem checks the effi-
ciency of proposed numerical scheme to capture the
small perturbation in steady-state solution. Consider
the small perturbation ®(x) to a steady-state solu-
tion in computational domain [—2,2] as

_ (6= z(x) + ®(x),0,4), x<0,
(h, u, 0)(x,0) { 4 — z(x) + ®(x),0,9), x>0,
where
_ [0l —ls=x= - 14,
P(x) = { 0.0, otherwise.

and take the following non-flat bottom topography

0.85(cos(107r(x + 0.9)) + 1), —1l.<x=< —0.38,
z(x) = { 1.25(cos(10m(x — 0.4)) + 1), 03<x<0.5,
0, otherwise.

The steady-state solution is a piece-wise constant
steady solution. The initial surface and pressure are
shown in Figure 1. Then the solutions on 200 grid cells
is obtained from FV MR-WENO and central upwind
(CUP) schemes are shown in Figure 2 at time ¢ = 0.4.
Clearly the numerical solutions obtained from FV MR-
WENO scheme are more efficient as compare to the
results obtained from CUP scheme.

Test problem 2: This test problem taken from
Snchez-Linares et al® and is used to check the
numerical order of accuracy of considered numerical
algorithm for a smooth solution. Consider the
domain is [0, 1] and simulation time ¢ = 1. The ini-
tial conditions are given as

h(x,0) = 1.0 — z(x), hu(x,0) = 0.1, 6(x,0)
= 1.0 + 0.01cosm(x — 0.5)),
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Table I. L'-errors and numerical orders of accuracy for |D Test problem 2.
No. of cells h hu ho
L'-error Order L'-error Order L'-error Order
20 1.17x1073 — 2.46x1073 — 2.26X1073 —
40 3.73x107° 49712 7.83x107° 4.9735 7.07x107° 4.9985
80 9.970x10~7 5.2254 2.190x107¢ 5.1600 1.68x 1076 5.3952
160 3.10x1078 5.0073 6.58x 1078 5.0567 5.18x 1078 5.0194
320 9.18x10°1° 5.0776 1.98x107? 5.0545 1.51x107? 5.1003
Table 2. ['-errors and computational time for |D Test problem 3 over flat bottom.
No. of cells FV WENO CUP
h hu CPU(s) h hu CPU(s)
200 2.24%107! 3.42x107! 3.098 6.34x107! 6.98x 10" 3.29
400 5.73x1072 0.67x10"" 3.82 2.59x10"! 2.41x10"! 4.014
800 9.71x1073 3.01x1072 10.26 5.82% 1072 6.37x1072 10.77
1600 5.19x1073 7.43x1073 25.08 0.56x 1072 0.43x1072 25.67
and the bottom function z(x) is defined as
_ J(5,0,3), x=<0,
=) = 0.Isin(4mx) — 1.0, (h, 1, 6)(x, 0) { (1.0.5). x>0

As exact solution of this problem is not known, so ref-
erence solution which computed with 4000 cells is
treated as exact solution for computing the numerical
L'-errors. These errors and numerical order of accuracy
for the FV MR-WENO scheme are given in Table 1,
which clearly shows that fifth order accuracy is
obtained.

Test problem 3: Consider the dam break problem,
taken from Touma and Klingenberg,” over a flat
bottom with the following initial conditions

In Figure 3, the exact and approximate solutions on
200 grid points are plotted in the computational
domain [—1, 1] at time ¢ = 0.2. Good agreement among
analytical and numerical results verify the correctness of
both numerical schemes but computation of L'-errors and
computational time for both numerical schemes are men-
tioned in Table 2 show that the proposed numerical
method is more efficient that the CUP scheme.

Test problem 4: This test problem is taken from
Touma and Klingenberg,” in which dam break
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Figure 3. Comparison of numerical results obtained from FV MR-WENO scheme with exact Riemann solutions and solutions of

CUP scheme.

problem over a flat bottom topography with initial
conditions are defined as follow

= (2a 0, 1), —0.5<x=<05,
(h, u, 6)(x,0) { (1,0,1.5), otherwise.
gh’o

The solution profiles 4, 6, and p = %5 are obtained on
200 grid points in domain [—1, 1] at time ¢ = 0.2, as
shown in Figure 4. Both numerical methods resolve the
discontinuities in efficient way but the considered
numerical method behaves more efficiently in the com-
putation of solution profile 6.

Test problem 5: This test problem is taken from
Touma and Klingenberg,” to check the efficiency of
well balance FV MR-WENO scheme on non-flat
bottom topography. In this test problem the step
like bottom topography is considered since we have
exact solution of Ripa model with step like bottom
topography. The initial conditions are given by

25 — z(x), 0, 10),
20 — z(x),0, 5),

x <300,

(h’uae)(x’ O) = { X>300,

and bottom topography is defined as

8,
Oa

x>300,
otherwise.

2(x) = {

The solution profiles 4, Au, and 46 on 400 grid points
in the domain [0,600] at time 7= 12.0 are shown in
Figure 5. A very good agreement between exact solu-
tion and well-balanced FV MR-WENO scheme is
observed in figure while central upwind scheme pro-
duces oscillation near the stationary shock wave.

Test problem 6: Now we consider the dam break
problem over a rectangular bump.® In this problem
the bottom topography is defined as

2(x) = {

and initial conditions are defined as

8,
0,

lx — 300|>275,

otherwise.

20 — z(x), 0, 10),
(15 — z(x), 0, 5),

x <300,

(hyus 0)()(?, 0) = { x>300.

The computational domain [0, 600] is discretized into
400 grid cells and the solution profiles 4, 6, and p are
computed at time 0.2, as shown in Figure 6. Once again
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proposed numerical scheme behaves very well over
non-flat bottom topography.

Two-dimensional test problems

In this subsection we present test problems for 2D Ripa
model over flat and non flat bottom topographies.

Test problem 7: Consider the two dimensional rec-
tangular dam break problem over a flat bottom
topography, taken from Touma and Klingenberg.’
The initial conditions which feature two constant
states are given by

(2’ 0’ 09 l)’

_ if x| =<0.5,
(ha ua V: 0)(3‘»)/» 0) {(1’0’ 0’ 15),

otherwise.

The solution profiles A,hu, and h6 are computed in the
computational domain [—1,1] X [-1,1] at time 0.2
using the well-balanced FV MR-WENO scheme, as
shown in Figure 7. The computational domain is dis-
cretized into 100 X 100 grid cells. Moreover the solu-
tion profiles, obtained from both numerical schemes,

are drawn along x — axis in Figure 8. A good agree-
ment between numerical results is observed.

Test problem 8: We consider the 2D steady-states
problem for Ripa system. Consider the small pertur-
bation ®(x, y) to a steady-state solution as

(h,u,0)(x,y,0) =

{ 3 —z(x,y) + ®(x,),0,0,4/3), if x> +1?<0.25,

(2 = z(x,y) + ®(x,),0,0,3), otherwise.
where
_Jo0.1, if 0.01<x*+?<0.09,
() { 0.0, otherwise.

and take the following non-flat bottom topography

z(x,y) =
0.5exp( — 100((x + 0.5)> + (y + 0.5)%)), if x<0,
0.6exp( — 100((x — 0.5)* + (y — 0.5)%)), otherwise
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Figure 9. Small perturbation of steady-state.

The solution profiles # + z,u, and 6 are computed in
the computational domain [—1,1] X [—1,1] at time
0.2 using the well-balanced FV MR-WENO scheme,
as shown in Figure 9. The computational domain is
discretized into 200 X 200 grid cells. Moreover the
solution profiles, obtained from both numerical
schemes, are drawn along x-axis in Figure 10.
Clearly from Figure 10, the results of proposed
numerical scheme are far better as compare to cen-
tral upwind scheme.

Test problem 9: This test problem™ is used to check
the numerical order of accuracy of proposed numer-
ical scheme for a smooth solution. Consider the
computational domain is [0, 1] X [0,1] and simula-
tion time ¢ = 0.035. The initial conditions are given
by

h(x,y,0) = 10.0 + exp (27x) cos (2my),
hu(x,y,0) = sin(cos (2mx)) sin (277y),

hv(x,y,0) = cos(sin(2y))cos (2mx),
0(x,y,0) = cos(x)sin(y),

and the bottom function z(x) is defined as

z(x,y) = sin(2mx) + cos (2my).

As exact solution of this problem is not known, so ref-
erence solution which computed on 1000 X 1000 grid
cells is treated as exact solution for computing the
numerical L'-errors. These errors and numerical order
of accuracy for the FV MR-WENO scheme are given
in Table 3, which clearly shows that fifth order accu-
racy is obtained in 2D case.

Conclusions

Well-balanced FV MR-WENO schemes were derived
to solve the 1D and 2D Ripa models. Despite the pres-
ence of temperature gradients and source terms in the
considered models, the derived numerical schemes
exactly held the steady-state solutions, maintained the
high order accuracy for smooth solutions, and sup-
pressed the unwanted oscillations near the strong shock
transitions. Different 1D and 2D numerical test prob-
lems were computed to check the validity of designed
numerical algorithms qualitatively and quantitatively.
The numerical results of derived numerical algorithms
were compared with those obtained from the exact
solutions and CUP schemes. A very good agreement
was seen among the results of designed numerical
schemes and exact Riemann solver for the Ripa system.
However, the proposed schemes have produced better
results as compared to the CUP schemes.



Rehman et al. I5
Table 3. L' -errors and numerical orders of accuracy for 2D Test problem 9.
No. of cells h hu hv h o
L'-error Order L'-error Order L'-error Order L'-error Order
2020 2.11x1073 — 2.01x1073 — 2.01x1073 — 1.11x1073 —
40<40 8.33x10~° 4.66 7.81X10°3 4.68 7.71X10°3 4.70 3.63X10°° 4.9344
8080 2.59x10°¢ 5.00 2.49%x10°¢ 4,97 2.39X 1076 5.01 9.19%x 1077 5.3038
160X 160 7.98x10°8 5.02 7.50x10°8 5.05 7.44x10°8 5.00 2.58x10°8 5.1546
320320 2.49%x107° 5.01 2.31x107° 5.02 2.30x107° 5.0l 7.81x10°'° 5.0459
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