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A 3D numerical model for the estimation of fleansidering water level rise by hydraulic struesir
is presented and the results are compared wittexperimental results. The numerical simulation is
conducted on the unstructured meshes with finitarme method. The volume of fluid method is used to
represent the free surface and the standards model is employed to calculate the turbulent fldmv.
this study, the numerical simulation and the latmgaexperiment are performed about the bridge kwhic
is the representative hydraulic structure. Thedigliof the developed numerical model is considered
through the obtained data from and the effect deEmigvel rise by hydraulic structure is estimatehm
the computational results, it is found that the eidsd able to reproduce the flood flow considenivater
level rise by hydraulic structures with a reasoeaicuracy. Therefore, the numerical model develope
in this study will be useful to estimate the watarel rise and overflow discharge caused by hyiraul
structures.

Key Words : 3D numerical model, unstructured mesh, volume of fluid method, water level rise,
backwater, hydraulic structures

1. INTRODUCTION simulate the free surface. One of the most suaglessf
methods has been the volume of fluid method

Hydraulic structures such as pier and bridg@roposed by Hirt and Nichdls This method’s
girder cause water level rise during flood situagio Popularity is based on ease of implementation,
which is of great interests in engineering prastice accuracy and computational efficiency. The method
In this study, a numerical model is proposed th1as been used by several researchers to capture the
simulate the flow considering water level rise byfree surface on structured mesh. The method is a
hydraulic structures. The simulation is related tgowerful approach, but it is not known to have been
free surface flow in three dimensional computationgmplemented on  unstructured meshes. Also,
In numerical simulations of open channel flow, frednstances of non-physical deformation of the
surface is usually replaced by a rigid lid. Thisinterface shape have been repd#ted 4 In this
approach is suitable only if free surface isPaper, a high resolution scheme proposed by Ubbink
non_comp|ex_ For rap|d|y Changing free surfaces thiand Iss&@ is used to capture the free surface. This
approximation will introduce nonphysica| errors_SCheme treats the volume fraction of each fluid

There are many capturing methods available t#hich is used as the weighting factor to get thef|
properties. Particularly the method of Ubbink and
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Iss& is adaptive to arbitrary unstructured meshes.
The computation is implemented into a finite
volume procedure using unstructured meshes. The
proposed methodology is applied to the flow

including hydraulic structures.

2. GOVERNING EQUATIONS

(1) Fluid flow model

E"‘Ujﬁ:i I/+i E +(C1£G_ngg)£
ot ox;  0x, g, )0X, k
(9)

where G is the production rate of the turbulent
kinetic energy k and is defined as:
G:—Eﬂ
0X;

The constants in equations (6), (8) and (9) take

(10)

The governing equations for continuity andthe values suggested by Rddand generally the

momentum with the tensor notation are as follows:

oy,

— =0 1
N (1)
o, ou, 1 dp 0%u, | 107
— 4+ j_: i -—— 4y + =
ot 0X; P 0X; 0x;0X; P 0X,
(2)
where t is the time, u; is the time-averaged
velocity, X is the Cartesian

component, p is the time-averaged pressune,

is molecular kinematic viscosityr; =-pu,u; are

the Reynolds stress tensom{, is the fluctuating
velocity component.

The conservative form of the scalar convection

equation for the volume fractiom is:
da  oau _ 3)
ot 0x
(2) Turbulence mode
In the standardk —& model, the Reynolds

tensors are acquired through the linear constautiv

equation:

— 2

where k is the turbulent kinetic energyg; is the

Kronecker delta,v, is the eddy viscosity and;
is the strain rate tensor defined as:

1 i=j
5”_{0 it i#j ®)
(6)

(7)

where ¢ is the turbulent energy dissipation rate.

Two transport equations are employed to estimatE"ey

k and ¢:
%+ujﬁ:i V+i ﬁ +G-¢ (8)
ot ox; 0X, o, ) 0X;

universal values are as follows:
Cc,=009 C, =144 C, =192 0, =100 o, =130
(11)

3.NUMERICAL METHODS

(1) Discretization methods

The finite volume method based on the

coordinate unstructured mesh is employed in the model. The

governing equations are integrated over a number of
polyhedral control volumes covering the whole
domain in the finite volume method, the general
form is as follows:

%L@v + [ quthds= [ rOghas + [bav (12)

where V is the volume of the control volumes
is the surface of the control volume with a unit
normal vector n directing outwards,¢ is the

general conserved quantity representing either
scalars or vector and tensor field componeifitsjs

the diffusion coefficient ando is the volumetric
source of the quantityz .

The equation system is mesh independent and is
valid for arbitrary polyhedral control-volumes. The
conserved equations are discretized on a collocated
unstructured mesh. The surface fluxes are calailate
from the Rhie-Chow interpolatidnto avoid the
checkerboard effect. The second order implicit
Crank-Nicolson scheme is employed in the temporal
integral. The widely used SIMPLE(Semi-implicit
method for pressure-linked equations) method is
used for the coupling of the pressure and the
velocity.

(2) Solution methods

The final algebraic equation systems resulted
from the discretization process are characterized b
sparse and non-symmetrical coefficient matrices.
are solved with a preconditioned

GMRES(generalized minimal residual method)
incorporated with an ILUTP(incomplete LU
factorization with threshold and pivoting)

preconditioner proposed by S&adThe relaxation
method proposed by PatanRais implemented to
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increase the diagonal dominance of the coefficiertlichols) are employed to select diffusive scheme or

matrices. dispersion scheme according to the direction of
interface. And, a switch parameter between
(3) Volume fraction convection equation diffusive and dispersion scheme is introduced to

The finite volume discretization of the volumeimprove the accuracy of diffusive and dispersion
fraction convection equation is based on the itiegr scheme.
form of equation (3) over each control volume and In the above mentioned volume fraction
the time interval. If P denotes the centre of the convection equation, the volume fractionaface
control volume, the Crank-Nicolson discretization,can be written as:

second-order accurate in time, leads to: . al + gt at + gt
n 1 af:(l_ﬂf)%*'ﬂf% (16)
(@5 —aplVe == ~((aFy)' +(aF)" ) . <
=2 where S, is the weighting factor.
(13)

where f is the centroid of the cell face anfd;, is 4. BOUNDARY CONDITIONS
the volumetric flux defined as: o ] ]

E =S [ (14) The boundary conditions include the inlet, the

f = f f :
_ _ _ outlet, the impermeable wall.

where S is the face area with unit normal vector  For the inlet boundary, it is generally considered
directing outwards. The summation in equation (13}s a Dirichlet boundary and all the quantities have
is over all cell faces. _ be prescribed. The turbulence quantities suctk as
solution is free from numerical diffusion in albfl/ boundary with zero gradients is applied to the
directions, it should be noted that thepessyre. At the outlet boundary, the outlet isaset
Crank-Nicolson scheme is necessary. The schemesig gownstream of the study domain as possible and
more expensive in terms of computer storagfeymann boundary with zero gradients can be
because it needs both values of old and the ne®/ il ccymed. The following correction metHddis

level for the volumetric flux F at the faces. employed to ensure the conservation of mass.

However, this can be overcome because for

sufficiently a small time step the variation &f is ZufDSf

negligible in comparison with the larger variatioh Uy =u§ E—— (17)
a . Therefore, it is reasonable to use only the most zufﬂsf

outlet
. Near the impermeable wall, the flow velocity is
at¥ =ql, +£za? F, (15) assu_med to be paral'lel to the WaII: The standatt wa
V function approach is used to link the turbulent

.. L domain with the near-wall area. The turbulence
where a; is the approximation of the i atic energyk and the dissipation rate are
time-averaged volume fraction value at face. specified corresponding to a viscosity ratio of010.

The scheme proposed by Ubbink and ¥s$& and taking the turbulence intensity 8%. In thisigtu
chosen to capture the free surface. The wholghe total number of 24,890 polyhedral meshes is
domain is treated as the mixture of water and aiused. The unstructured mesh consists of hexahedra
The volume fraction is used as the weighting factoin order to represent the computational domain
to get the mixture properties such as density anaccurately, in particular the shape of the pier and
viscosity. girder.

Most of the methods applied in volume fraction
convection are employed the fractional steps o5, LABORATORY EXPERIMENT
operator-splitting method on two or three
dimensional problems. Ubbink and ISsproposed  The objective of the laboratory experiment is to
CICSAM (Compressive Interface Capturing Schemgompare the variations of flow according to a kind
for Arbitrary Meshes) method, in which throughof river structures under the same hydraulic
semi implicit disposal the volume fraction conditions. And, the laboratory experiment is
convection equation can be solved for two or thrégerformed to compare with the numerical results.
dimensions. Particularly, the method is efficient Tpe experimental channel used in this study is
even if on unstructured meshes. located at Ujigawa Open Laboratory, DPRI, Kyoto

In this method, the concept of normalizedynjversity and is straight channel of width 40cm,
variable diagram and the main idea of Hirt antjepth 23cm, and length 14.6m.

recent value ofF . The equation (13) reduces to:

P f=1
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Table 1 Hydraulic conditions (uniform flow)

analysis of free surface.

6. RESULTS AND DISCUSSIONS

The simulated results are compared with the

experimental data. The computational domain for

comparison and the location of structures, shown in

Fig 1, are as follows.

Parameters Symbols(unit) Values
Flow discharge Q(l/s) 7.00
Water depth hy(cm) 4.76
Slope | 1/987
Mean velocity Um(cm/s) 36.80
Reynolds number Re 17,517
Froude number Fr 0.54

The domain for comparison of the water level and
the velocity at z=2cm is the range of each 150cm in

Table 2 Experimental cases

the upstream and the downstream side from the
hydraulic structure. And, the domain for comparison

of the velocity at the free surface is the range of

each 50cm in the upstream and the downstream side

from the hydraulic structure.

(1) Planedistribution of water level

The results of plane distribution of water leved ar
compared in this section. Fig.2 is the results of
Case-1 when there is no structure. Fig.2, Fig.3 and

Structures Figure
Case-1 No structures
Case-2 | Cylinder pier @}m
IScm
8cm
Case-3 Girder 1.4cm:[/ /
) |
40cm
. D —
Cylinder \ m
Case-4 pIer .dem ‘TG—V
+ 3.3cm
Girder =]
5cm

Fig.4 show the results of Case-2, Case-3 and Case-4
respectively. Case-2 is not considering the
overtopping flow over hydraulic structures. Case-3
and Case-4 is considering the overtopping flow over
hydraulic structures.

The detail of the experimental setup is described
in Table 1. The experimental cases are shown in

Table 2.

Case-1 is conducted to compare with the other
Case-3 and Case-4 are

cases. Case-2,

1 300cm |
| 1

20cm | Flow

| 40cm

20cm

y

150cm 150cm

the N

experiments to consider the effect of water leigsd r -
by the pier, girder and bridge, respectively.

In the experiment, the distributions of velocitg ar
measured at the free surface and z=Zuoeasured
from the bottom. And, the water level is also

N

Fig.1 Computational domains

measured for the shape of free surface. The water

gauge of servo typés used for the measurement of 4 60
the shape of free surface. The distribution of m.¢] !:Z
velocity at the depth z=2cm measured by using the 5% 50 3 P 100 180 175.1
electromagnetic velocity meter. The velocity ofefre aperimet i
water surface measured by using the PIV(Particle 2 a2
Image Velocimetry) method. The PIV measurement m 2’ s
is a method to determine the velocity by demanding %z 40 = b 50 100 150 @os

a mean transferring distance of tracer for each
measuring point based on a similarity of tracer

X (cm) 3.0
Simulation

Fig.2 Results of water level (Case-1)

shape between continuous pictures on the inspection

domain. The PVC(Polyvinyl Chloride) powder of 20 Ie-o
mean diametersoum is used as tracer in this .o ’ "
experiment. The PIV analysis is conducted by T 0 0 IR

taking a picture using the video camera positiceted

the downstream of channel. A measuring domain is ]
the range of each 50cm in the upstream and ©m.q
downstreamside from hydraulic structure. The — %s a0 b T T
of measurement
program developed by Fujita et&lis used for an

spatial interval

is 2cm. The

X (cm)
Experiment

20
20

[ [ SEnnANEANN
W oW W oW .
o w e ©

X (cm)
Simulation

Fig.3 Results of water level (Case-2)

h (cm)
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Fig.4 Results of water level (Case-3) 3.000
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2 x[cm]
y ] ' :: Fig.8 Comparison of water level (Case-3, y=0)
(em)_4o- ™
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Fig.5 Results of water level (Case-4) F--- :::::::::‘:::: —------o
3.500
From the computational results, it is judged that 3000 t-—-f-——-c---4---d4---5---1
the effect of backwater and water level rise by the -150 -100 -50 0 50 100 150
hydraulic  structures generally have good x[cm]

agreements. From the computational results of water Fig.9 Comparison of water level (Case-4, y=0)

level, it is found thattendency of the water level
profile can be expressed around hydraulic
structures.

From the obtained results, it is found that the
water levels generally have good agreements. In
general, the effect of backwater by the hydraulic

(2) Comparison of water level structures was well represented in the simulation.

The water levels along the center line of the
flume(y=0) of each case are shown in Figs. 6-
respectively.

9(3) Comparison of velocity

The simulated velocity at z=2cm is compared
with the experimental datan Figs. 10-13. In the
figures, x-axis and y-axis show the distance in

6000 —————————————-——————-—-———- . . . . . .
Foocooooozoozoosoooooooooo longitudinal direction and the velocity, respeclyve
5500 ————————————————————————
5000 F———————————————————————— 0
'g‘ Ef&}%g€676335€57‘3§§>€‘}}§g%‘??éin s exp CE---J--—--Z-Z--—-—Z-Z--—Z-—Z-—gE-—Z-Z—-—-—Z-—Z-Z-<z=
8450 ———————————————————————— o 50
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3.000 wEEEEEEEEEEEEEEEEEEEEEEEEEEE
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. . -150 -100  -50 0 50 100 150
Fig.6 Comparison of water level (Case-1, y=0) (om)
6.000 Fig.10 Comparison of velocity at z=2cm (Case-1, y=0)
5'500 7777777777777 e R 60:::::::::::::::::::::::7:::
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Saso0 | T
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3.000 0 als
-150 -100 -50 0 50 100 150 150 -100 50 0 50 100 150
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Fig.7 Comparison of water level (Case-2, y=0) Fig.11 Comparison of velocity at z=2cm (Case-2, y=0)
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represent the free water surface. The differencing

scheme proposed by Ubbink and ®da also

employed to capture the free water surface in
unstructured mesh.

The prediction of the water level rise by hydraulic
structures is very important from the viewpoint of
flood disaster. The present study shows that the
numerical model used in this study can be used to

x(em) simulate the changes of the flow field around
hydraulic structures although the numerical model
underestimates the water level rise around hydrauli
structures. In order to improve the model developed
77777 gy S gy I in this study, further researches considering
,,,,, CCCI[CICOICIIrIICdIIIC different turbulence models and various flow

T ffesndecitfinag [ de#8E conditions are needed.
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In this study, the numerical simulation was
conducted to estimate the effects of water less ri
by hydraulic structures within a river. The
developed numerical model can treat the flow with
free surface on an unstructured mesh with finite
volume method. The standarll—& model was
used for turbulence model and the volume of fluid
method proposed by Hirt and NichBlavas used to
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