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A STUDY ON A TWO-DIMENSIONAL SHALLOW FLOW MODEL
FOR OMPLEX TOPOGRAPHY
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Abstract: In this paper, Finite Volume Method (FVM) is used to solve two Dimensional Shallow
Water Equations (2D SWE) on structured mesh. The HLLC scheme approximate Riemann solver is
invoked to compute the fluxes of mass and momentum; MUSCL procedure is employed to obtain
second order accuracy. Besides, semi implicit method is utilized to solve the friction source term. The
effectiveness and robustness of the above schemes is verified by three tests: hydrostatic test, a well-
known Thacker’s test and run up water wave on the domain with conical island. A case study of Lang
Ha reservoir- Vinh Phuc is implemented to simulate breach hydrographs of dam collapsed scenarios.
Keywords: Finite Volume Method, HLLC scheme, MUSCL procedure; Complex topography.

1. INTRODUCTION

Finite Volume Method (FVM) is a numerical
scheme to compute a discrete solution of a
conservation law of Partial Differential
Equations (PDE) in the form of integral
equations. Nowadays, it is considered the most
applied numerical strategy to solve 2D SWE.

Using FVM, most complicated shallow water
flow phenomena, such as: transcritical and
supercritical flows; discontinuous type flow or
moving wet/dry front can be simulated.
However, the challenges still exist to achieve
second order accuracy to preserve the C-
property and obtain physical solution over
complex topography. In this paper, FVM are
used to solve 2D SWE on structured mesh;
HLLC approximate Riemann solver is invoked
to evaluate inter-cell fluxes and MUSCL
procedure is employed to obtain high resolution.

The numerical scheme is usually utilized to

topographies, such as: capturing discontinuities
in the flow field without spurious oscillations,
satisfying C-property to ensure the preservation
of static condition and robust tracking of
wet/dry fronts. The above scheme has been
validated by a hydrostatic test and a well-known
Thacker’s tests with parabolic bed topography.
Besides, a difficult test of solitary wave on
domain with conical island is also reproduced.
The scheme demonstrated to behave satisfactorily
with respect to their effectiveness and
robustness, showing good application prospects.
Thus, it is applied for a real case study of Lang
Ha reservoir (Tam Dao — Vinh Phuc) to obtain
the breach hydrographs of dam break
scenarios.

2. NUMERICAL MODEL

2.1. Governing mathematical scheme.

The conservation form of 2D SWE can be
written as (Cung et al, 1980):

handle the main challenges involved in the 5U +5F(U) +6G(U):S(U) (1)
simulation of complex flows over natural oy
h hu 0
Where: U=|hu |, F(U)=|hu® +0.5gh> ;G(U)— huv :S(U) =| gh(S,, —Sy,)
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! Division of Hydraulics, Thuyloi University.

U is the vector of conserved variables; F and
G are flux vectors and S is source term
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accounting for bed slope term and friction term.
x, y are orthogonal space coordinates on a
horizontal plane and t is the time; h and z, are
water depth and bottom elevation; u, v are
velocity components along x- and y- directions;
Sox, Soy, St, Sgy are bed slopes and friction

slopes along the same directions; n is
Manning roughness coefficient; g is gravity
acceleration.

Based on Godunov type scheme, the flow
variables are updated to a new time step by
using the following equation:

n+ . At At
Ui,j = Ui,j - E [Fi+l/2,j - Fi—l/z,j ]_ A_y [Gi,j+l/2 - Gi,j—l/z ]+ Atsu )
where superscripts denote time levels; step is employed according to (Aureli et al,

subscripts 1 and j are space indices along x- and
y- directions; At, Ax, Ay are time step and space
sizes of the computational cell.
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Figure 1. HLLC solution of local Riemann
problem (in x direction).

Interface fluxes F,, ;and G, ;,,/, are approximated

by HLLC scheme (Fig. 1). For example:
F, if s, >0,
F.,= F il s <02, 3)
F; if s, <0<s,,
F; if 5, <0,

where, Up and Uy are the left and the right
states of Riemann problem, respectively;
F, =F(U,) and F, =F(U,); si, s2 and s3 are
estimates of the speeds of the left, contact and
right waves, respectively. The middle region
fluxes Fs« and F. are the numerical fluxes in
the left and the right sides of the middle region
of the Riemann solution which is divided by a
contact wave. These values can be taken the
same as (Le, 2014).

In order to achieve second order accuracy in
time and space, the MUSCL-Hancock
procedure with three steps: reconstruction data;
evolution of extrapolated values and corrector

2008). In this paper, slop limiter Minmod is
technique to gain physical results and satisfy the
Total Variation Diminishing (TVD) property.

2.2. Stability condition, friction term and
wet/dry treatment.

The stability condition for the numerical
scheme described in section 2.1 is governed by
the Courant—Fredrichs—Lewy (CFL) criterion,
controlling the time step At at each time level.
For Cartesian grids, CFL stability condition is

given by Eq. 4:
oeh [5]+yeh

Ax Ay

At = Cr| max

4)

where Cr is the Courant number specified in
the range 0<Cr <1.0.

To avoid unphysical flow inversion, friction
term is discretized in a semi-implicit manner
with the parameter 0 is set equal to 0.5:

Sk = (1-0)(ghS;,)" +0(ghS ;)"

Sy = (1-0)(ghS,,)" +6(ghS,, )"

Preservation of C-property for the cells with
wet-dry interfaces can be guaranteed by the
local modification technique introduced by
(Liang, 2010).

The selected numerical model is written by
Fortran90 and validated it with several test cases
(Le, 2014). Three tests with irregular topography
are chosen in the following part in order to show
the robustness and effectiveness of the proposed
model.

3. VALIDATION

3.1. Preservation of still water surface.

C-property is considered as one of the most

®)
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important requirements that the numerical
scheme should be satisfied. (Hou et al, 2013)
produced a test of still water over two islands
one of which is fully submerged while the other
is only partly wetted. The whole domain is

(xy) max{o; 0.25—5[(x -0.7) +(y—0.5)2]} if x>0.45m;
X =
77 maxo; 0.1-10](x 0.3y

Fig. 2a shows 3D view of numerical solution
of water surface at rest at t = 100s while Fig. 2b
shows the computed water surface and unit
discharge profile at centre line of domain. Water
elevation remains constant meanwhile the unit
discharge is equal zero, thus, the present scheme

01 02 03 04 05 06 07 08 09
X(m)
a)

1.0mx1.0m square, with the bed elevation given
by the Eq. 6, (see Fig. 2a). The initial water
level is 0.152m; initial velocities in x and y
directions are set to zero. The computational
area is uniformly divided into 100x100 cells.

6
+(y—-0.57 Jif x <0.45m ©
can satisfy exactly C-property. Besides, the
numerical scheme achieves the correct balance
between the flux term and source term also in
presence of wet/dry fronts because no
oscillation occurs on the interface between free
surface and partly submerged island.

(bed elevation, m} b)
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Figure 2. a) Bed topography, b) Still water over two bumps.

3.2. Thacker’s long wave resonance in
parabolic basin.

(Thacker, 1981) provided an analytical
solution corresponding to free surface
oscillation in a parabolic basin that can be used
to verify the behavior of 2D numerical models

discharge(m3/s/m)

in dealing with wetting and drying fronts. For
this case, the bed topography is defined as:

z,(x,y)=h (ﬂ lj
a

The initial water elevation is specified by Eq. 8:

(7

VI-4> x*+y*( 1-4°
xX,y)=max| z,(x,y); h, - -1|-1 8
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Figure 3. Water surface elevation at different times

The analytical solution of water elevation is:

N1-A®

1-A”

) xP+y 1l
n(x,y.t)= ma{zb(x’ vk h°(1 ~Acos(ac)  a’ ((l ~ Acos(@d)’ IJ IJ] ¥

where T=27/w;

A= (a4 —1, )/(a4 + r(;‘) The parameters used for

this numerical test are a=1.0, rp=0.8m and hp=1.0m.

On the computational domain [-2m,2m] x [-
2m, 2m], where hg is the depth of the water at
the centre and a is a radial distance from the
centre point to the zero elevation of the
shoreline. The numerical solutions of water
elevation at different times simulating by the
proposed scheme are displayed in Fig. 3.

As can be seen from Fig. 3, the computed
water surface elevation profile are in excellent
agreement with analytical solution at t = T/§,
T/4, T/2. But a small displacement can be seen

o =,/8gh,/a and

between them at t = T. This is possibly due to
numerical damping in the scheme and the step—
like representation of the bed geometry (Song et
al, 2011).

3.3. Run-up of a solitary wave on a conical
island.

This complicated test is set up to study the
run-up of waves on a conical island in the US
Army Engineer Waterways Experiment Station.
As the moving wet-dry fronts on irregular bed
are produced in this experiment, when the wave
runs up on the island, it can be applied to test
model’s capability to cope with wetting and
drying over complex bed.

Figure 4. Water wave run up at t=9s, 10s, 11s, 13s.
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A 25.92mx 27.6m computational domain is
chosen. A conical island is located at the center

0(0,0) of domain, which its elevation is
following by Eq. 10:

z,(x,y)= max[o; 0.9-0.254/x> + y* Jif z,(x,y)>0.625m; z,(x,y)=0.625m (10)

Still water with a depth of 0.32m is initiated
in the domain. The left boundary is set to be the

n(t)= H.sech{\/gqt—T)}+D; u(t)zm; v(t)=0

Where H is the amplitude of the incident
wave, H=0.064m and D is the still water depth,
D=0.32m; T denotes the time when the crests
reach domain, T=2.45s and C is the wave
celerity, with C=,/g(D+H).

The simulated evolution of the solitary wave
around island is sketched in Fig. 4. In addition,
the computed and measured water levels at four
gauges are plotted in Fig. 5. Obviously, the
presented model gives a good prediction the
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=
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Figure 5. Time histories surface displacements at different gauges.

4. APPLICATION

Lang Ha reservoir constructed since 1986 is
located in Tam Pao -Vinh Phuc province (Fig. 6a).
Its responsibility is to irrigate 400ha of agricultural
area (Cong ty xay dung va chuyén giao cong nghé

wave inflow boundary, where water level n and
velocity components u and v are imposed:

(11
n

wave heights and arrival time at most gauges.
Besides, comparison with other numerical
results in different works, such as (Hou et al,
2013), the close agreement can be observed.

Thus, with three above tests, the
robustness and effectiveness of the numerical
model is demonstrated when it overcomes the
challenges, such as: ensuring C-property,
tracking wet/dry front in complex topography

conditions.
G(10.36m, 13.80m)
0.36 o o <o observation
— | o numerical
&

4 8 12 16 20
t(s)

G(12.96m, 11.22m)
numerical

<o o o observation

4 8 12 16 20
t(s)

Thuy l¢i, 2006). Recently, the main earth dam of
this reservoir is degraded seriously, so simulating
dam break flood propagation to build early warning
scenarios for reservoir’s downstream when dam
collapses should be considered.
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Figure 6. a) Contour map of Lang Ha reservoir; b) Breach hydrographs
of total and partial dam break scenarios.

In this work, the breach hydrographs of two
scenarios: total and partial dam break are
simulated. The ratio between partial dam
collapsed area with total one is 0.82. The most
dangerous hypotheses are set up: extreme water
elevation +66.3m in upstream; water depth at
downstream is set to equal zero and the main
earth dam instantaneously collapsed. The
Manning coefficient is taken to 0.03.

According to (Fig. 6b), in case of total dam
break scenario, the peak of discharge is 27546
m’/s and emptying time is around 480 seconds.
Meanwhile, these values are 21632 m’/s and
around 720s, respectively in solution of partial
dam break scenario.

These hydrographs can be used as input data
for hydraulic simulation of flood propagation in
downstream if reservoir downstream’s geometry
is available.
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Tém tit:

NGHIEN CUU MOT MO HINH NUOC NONG HAI CHIEU
CHO DANG PIA HINH PHUC TAP

Trong bai bdo ndy, phieong phép thé tich hitu han dwoc sir dung dé giai hé phwong trinh nude
néng hai chiéu trén hé hedi cé cau triic. Phirong phap HLLC dwoc dimg dé tinh xdp xi cdc gid tri
ciia théng lwong trong hé phwong trinh nwée néng. Qui trinh MUSCL dwoc ding dé c6 duwoc két
qua chinh xdc bdc hai. Ngodi ra, phwong phdp tinh ban dn dwoc ding dé gidi s6 hang ma sdt
trong hé phwong trinh nay. Bai bdo ding 3 vi du dé kiém tra tinh ding dén va hiéu qua ciia mé
hinh lwa chon: thuy tinh, Thacker va song lan truyén trén mién tinh todn cé tru hinh nén cut.
Phan cudi, dp dung mé hinh tinh dwong quda trinh lwu luong cho 2 kich ban vé ddp cia hé chira
Lang Ha — Vinh Phuc.

Tir khéa: Thé tich hitu han, phuong phap HLLC, qui trinh MUSCL, dia hinh phtc tap.
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