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Abstract

The paper concerns mathematical modelling of free surface open channel water flow. In order
to simulate the flow two models are used — two-dimensional vertical Reynolds-Averaged
Navier-Stokes equations and one-dimensional Saint-Venant equations. The former is solved
with SIPMLE algorithm of finite difference method using Marker and Cell technique to trace
a free surface movement. The latter is solved using the finite volume method. The dam-break
(water column collapse) problem on horizontal bottom is investigated as a test case. The
calculated results are compared with each other. The numerical simulations are examined
against laboratory experiment presented by Koshizuka et al (1995). The possibility of using
the described models to simulate rapidly varied flow is discussed.

Key words: mathematical modelling, Reynolds-Averaged Navier-Stokes equations, Saint-
Venant equations, free surface flow, rapidly varied flow, dam-break problem

1. Introduction

During the last almost half century, a lot of work on mathematical modelling in
fluid dynamics was carried out. The considerable progress in hardware and software
development has made possible the use of mathematical models in engineering and
industry. The numerical solutions of equations describing hydrodynamics processes
in open channels — being a part of computational fluid dynamics (CFD) — are
also intensively investigated. This development already started during the eighties
(Abbott 1979, Cunge et al 1980, Granatowicz and Szymkiewicz 1989) and continues
(Fletcher 1991, Anderson 1995, Szymkiewicz 2000).

The mathematical equations (representing fundamental laws of physics) that gov-
ern the phenomenon of free surface water flow, the Navier-Stokes (NS) equations,
are well known. However, their solution is practically impossible (despite current
computer powers) for the scale of any real case. Hence the simplified models are
usually solved for numerical simulation of open channel flow. The most widely used
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models of one-dimensional flow are the Saint-Venant (SV) equations. They can be
derived from NS equations using the spatial averaging procedure. In this paper we
compare numerical solutions for rapidly varied free surface flow in open channel,
computed with two-dimensional vertical Reynolds-Averaged NS (RANS) equations
and one-dimensional SV model. The analysis will be useful to assess whether the
SV equations constitute an adequate model of free surface water flow near some
local effects (i.e. steep wave fronts, hydraulic jumps, etc.) or not and answer the
question as to whether they can be used for simulation of typical water engineering
problems.

2. Mathematical Models of Free Surface Water Flow
2.1. Navier-Stokes Equations

In general, the open channel water flow is a three dimensional time dependent,
incompressible, fluid dynamics problem with a free surface. The well known NS
equations (together with continuity equation) describe the dynamics of a portion of
any fluid (Sawicki 1998). However, the water flow in natural and artificial channels
and reservoirs is usually turbulent. In order to eliminate the problem of turbulence
the NS equations can be averaged in time to obtain RANS equations that describe
the mean flow (Sawicki 1998). Then the effects of the turbulent fluctuations on the
mean flow can be imposed applying some turbulence models. The three dimensional
RANS model is often used in technical fluid mechanics, but is still too complex to
be applied to describe open channel flow for practical cases. Many numerical tech-
niques for solving RANS equations have been successfully applied so far (Fletcher
1991, Anderson 1995). They are usually based on the finite difference method
(FDM), finite element method (FEM) or finite volume method (FVM). One of the
most popular and often used technique is a SIMPLE scheme (Semi Implicit Method
for Pressure Linked Equations) of FDM (Potter 1982). In this algorithm a divergence
of RANS equations is considered. It leads to the Poisson equation which describes
pressure field evolution (pressure-correction equation). In the study presented in
this paper the SIMPLE algorithm is used to solve two-dimensional vertical RANS
equations on a rectangular, staggered grid.

If RANS model is used to describe the open channel flow the free surface
movement problem must be solved. The free surface moves with the velocity of
the fluid particles located at the boundary, and therefore its position must be found
during computation. One of the techniques to solve this problem is the Marker
and Cell (MAC) method (Welch et al 1966). The application of this method to
solve open channel flow is possible, but unique, due to huge computational power
needed to simulate some real cases. Therefore, the solutions are often limited to
two dimensional (in the vertical plane) test cases (Maronnier et al 1999, Mohapatra
et al 1999, Zima 2005, Zwart et al 1999).
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2.2. Saint-Venant Equations

Two-dimensional shallow water (SW) equations can be obtained from the RANS
model using a depth averaging procedure (Szymkiewicz 2000). This process elimi-
nates the free surface location problem from the solution. For the equations deriva-
tion, it is assumed that the vertical component of velocity can be neglected, pressure
field is hydrostatic, bottom slope is small and bottom friction can be approximated
as for steady flow conditions. Therefore, SW equations are not a true mathematical
representation of the free surface water flow, but they reduce one of the spatial di-
mensions from the problem. Finally, two-dimensional SW equations can be reduced
to the SV model considering only one-dimensional water flow in the channel. In
general, Saint-Venant assumptions are not satisfied for rapidly varied flow in an
open channel and this model seems to be a poor representation of real phenomena
of the flow near local hydraulic effects. In this paper we present the comparison
between numerical solution to RANS and SV models for rapidly varied flow in an
open channel during the dam-break problem (collapse of water column) on a hori-
zontal bottom. Unfortunately, the FDM and FEM numerical methods for SV model
solution are often inefficient for modelling rapidly varied flow, when discontinuities
like hydraulic jumps or steep fronts exist. In order to ensure the proper solution to
SV equations the FVM is applied (Szydtowski 2004). The calculated results analysis
illustrates the influence of RANS equations spatial averaging procedure leading to
the SV model on the quality of numerical simulation of rapidly varied free surface
water flow.

3. RANS Equations and Solution Method

The governing equations for incompressible viscous flow are the continuity equation
(1) and RANS equations (2), which can be written in the following form (Sawicki
1998):

Vu =0, (1)
D 1
At ZVp+vAn, )
Dt P
where:

u — velocity vector,

f — vector of external forces,

p — pressure,

p — density,

%

— kinetic turbulent viscosity factor.
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If the divergence operator is applied, equation (2) can be rewritten as pressure
correction equation (Potter 1982):

Ap=-V-(u-Vu), 3)

where p denotes normalized pressure expressed as p = p/p.

In the vertical Cartesian plane x-y (neglecting one of the horizontal dimensions)
RANS equations are solved only for two velocity components (horizontal u, in
x-direction and vertical u, in y-direction) and for the pressure p. The external body
forces vector includes the acceleration due to gravity g with components pg. The
equations (1, 2, 3) can be rewritten in differential form for both velocity components
as follows:

ou, Ou,
=L Y_p 4
o 3 , 4)
Ou, N Ouy N Ou, 10p N 0%u, N 0%u,
Uy—F— T Uy =Ygx— —7_ TV s
o1 ox "oy T pax T e T a2
5)
Ouy . Ouy N Ouy 1op u, N &u,
or M ax T dy Iy p Oy "\ ox2 oy? |
25 %p 2 d o, \*
a_p + a_p - — ablx +2 3ux ﬂ + ﬂ . (6)
ox?  0y? Ox oy |\ ox oy

Equations (5, 6) are solved using a SIMPLE algorithm of FDM. The main
idea of this method is applying the splitting technique to the solution. The first
step is a prediction of the velocity field integrating equations (5). The explicit
scheme is used to obtain values of velocity components with values of pressure
from previous time step. In the second step, the correction of pressure field is
computed using equation (6). Then, it is used to correct the velocity field to satisfy
the zero divergence condition (4).

In order to determine the free surface location the flow domain is defined using
the MAC method (Welch et al 1966).

To integrate the RANS equations system (5) and Poisson equation (6) in space
by FDM the two-dimensional domain x-y should be discretized into a set of com-
putational cells. In order to make this partition the Euler staggered grid was used.
In each cell variables u,, u, and p are located in different places (Fig. 1). There
are four types of cells (Fig. 2): full (F), boundary (B), surface (S) and empty (E)
depending on location of the cells and fluid inside the computational domain.

The velocity components are specified at the cell-interfaces while the pressure
is specified at the cell center-point. For RANS equations (5) approximation on
a staggered grid, the Lax-Wendroff scheme was applied (Potter 1982). This approach
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Fig. 1. Cell specification for Euler staggered grid

Fig. 2. Discretization of two-dimensional calculation domain (notations for cells in the MAC
method)

ensures second order accuracy of the numerical scheme. The pressure-correction
equation (6) is solved using the Successive Over-Relaxation (SOR) method (Remson
et al 1971). The boundary conditions for these equations and their solution stability
conditions must be satisfied. The initial velocity field u, pressure p and the initial
domain fill (initial position of the free surface) are specified as the initial conditions.
The velocity terms are explicit, computed using known values, but the pressure term
is implicit, based on the unknown pressure values at the next time step. The position
of the markers in cells for the new time level is computed using the corrected
velocity u and Newton’s second law (Potter 1982).

4. SV Equations and Solution Method

The unsteady one-dimensional open channel flow is usually described using
Saint-Venant equations. In original (non-conservative) form the model can be writ-
ten as follows (Szymkiewicz 2000):

oh 8
o+ 7 ) =0, (7a)
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ou ou oh
E+u£+ga=g(5’o—5f), (7b)

where u is the flow mean velocity (depth averaged velocity component in x-direction
— u,), h water depth, g acceleration due to gravity, x and ¢ represent distance and
time and Sy and Sy denote bed and friction slopes, respectively. The friction slope
can be defined by Manning’s formula, which for the rectangular channel of unit
width has the form:

n*u |ul

Sy = 8)

The model (7a, b) describes gradually varied, one-dimensional free surface flow.
Unfortunately, this non-conservative form of equations is inadequate when hydraulic
jumps or steep water wave fronts can appear. It was proved (Abbott 1979) that the
water flow with discontinuities can be properly described using a conservative form
of SV model only. This can be written in vector form as follows (Cunge et al 1980)

—+—+S=0, )

where:

U " F uh S ! (10a, b, ¢)
= b = b = . a’ 7C
uh u*h + 0.5gh? —gh (So - Sy)

Equation (10) can be rewritten in equivalent form as

%g+dWF+S:0. (11)

In order to integrate the equations system (11) in space the FVM was cho-
sen (LeVeque 2002). Applying this method one-dimensional domain x must be
discretized into the set of line segment cells (Fig. 3). Each cell is defined by its
centre-point and each flow parameter is averaged inside the cell.

oy;
WAXI' + (Fivip — Ficip) + (Sizi2 + Sici2) Ax; = 0. (12)

In order to calculate the fluxes F at cell interfaces the Roe (1981) scheme is
used. Detailed description of the method is available in the literature (Toro 1997,
Szydtowski 2004, Zoppou and Roberts 2003) therefore it is omitted here. The source
terms S are approximated using the method proposed by Bermudez and Vazquez
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Fig. 3. Discretization of one-dimensional calculation domain

(1994). The numerical algorithm is completed with a two-step explicit scheme of
FDM for integration in time. This scheme is of second-order accuracy in time and
its stability is restricted by Courant number (Potter 1982).

5. Numerical Calculations and Results Discussion

The mathematical models described in points 2 and 3 of this paper have been
used to simulate a CFD standard problem — dam-break flow test on the horizontal
bottom. The problem is equivalent to the water column collapse effect. The flow on
dry bottom downstream of the ‘dam’ was considered. Numerical results obtained
with both models were compared. Moreover, the results of a laboratory experiment
carried out by Koshizuka et al (1995) were used to examine the calculations. It is
well known that the SV model is not a true mathematical representation of the free
surface water flow. However, shallow water models are commonly used for simulat-
ing the dam-break flows, assuming that the vertical velocities and non-hydrostatic
pressure distribution do not affect the long term results (Morris 2000, Szydiowski
2003). In this analysis, we compare the numerical results for the free surface profiles
and the front velocity obtained using SV and RANS models at the beginning of the
water flow process — immediately after water column collapse.

Geometry of domain and initial position of water column is presented in Fig-
ure 4. In the laboratory experiment, a glass box with the scale L = 14.6 cm was used.
The water column was supported by the vertical wall, which was drawn up rapidly
(about 0.05 s) for the beginning of collapse. The experiment was recorded using
a video camera. Some pictures of water body during the experiment are presented
in Figure 5. Before the ‘dam-break’ the water body was at rest. After sudden water
release, two effects were observed — depression of water table travelling upstream
and steep water front going downstream of the initial water surface discontinuity.
After reaching the box wall, the wave moving downstream reflects there, forming
a sudden surface swelling going upstream. Moreover, a water splash effect can be
observed near the wall.

The numerical simulation with RANS model with the following parameters
was carried out: number of cells 1891 (Ax = Ay = 0.973 cm), number of particles
n = 800. Gravitation unit g, = —9.806 ms™2 and turbulent kinetic viscosity factor
v =107 m?s~! were imposed. However, viscous effect on the bottom and walls of
the channel was neglected — the slip boundary condition was imposed there.
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Fig. 4. Geometry of domain and initial shape of water column

Numerical simulation with SV model was carried out using a mesh composed
of 1169 computational cells (Ax = 0.0005 m). Time integration was done using
a two-step explicit scheme with time step Az = 0.0001 s ensuring solution stability.
In the first simulation a bottom friction was neglected. The slip boundary condition
on the channel bottom for RANS equations and Manning coefficient equal to zero
in SV model are equivalent to the frictionless open channel flow case. This as-
sumption makes computed results possible to compare with others. Moreover, this
simplification is not far from the test case, where the flow over a glass surface of
small friction is considered.

The free surface profiles obtained using an SV model for different times is
shown in Fig. 5 as solid lines. The results of computing with RANS model (particles
locations only) for the example calculation are presented in the same Figure as the
circle marks.

In order to analyse the wave front propagation problem the flow was considered
until the front have touched the vertical box wall. The position of the water front is
overestimated by the SV model, as compared with the numerical solution to RANS
equations. It was observed that the wave front approximated with SV model is about
two times faster than that computed with RANS model or an observed one. This
effect can also be seen watching the shapes of water table computed with SV model
for times equal to half the simulation time (dotted line in Fig. 5). The water level
for these moments fits the RANS computations and observations quite well.

The front location discrepancy is a result of difference of wave front propagation
velocity predicted using SV and RANS equations. The distance travelled by the front
as a function of time for numerical simulations and experiments is shown in Fig. 6.

The measurements and computed results in non-dimensional relation x/L are
shown on the normalized time (f, = 1 4/2g/L) background. The slope of the curve
defines the velocity of the wave front. The significant disagreement between SV
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Fig. 6. Wave front position — experimental and calculated results

model results and RANS equations is observed. Moreover, it can be observed that
the numerical solution to RANS model matches quite well with the laboratory
measurements. It can be seen that velocity of the wave front predicted with nu-
merical solution to SV equations is overestimated in comparison with experiment
and solution to two-dimensional RANS equations. It is found here that wave front
simulated with SV model moves on a horizontal and frictionless bottom with the
averaged non-dimensional velocity of about 1.8. This value is close to analytical
solution to SV equations for dry bottom conditions proposed by Ritter (1892),
where the wave front non-dimensional speed is equal to 2. This difference has
occurred because the dry bottom in analysed numerical simulation is substituted
with the zone covered by the thin water film (10~% m) while the Ritter solution is
obtained for a depth equal to zero. However, it can be seen (Fig. 6) that measured
and simulated with RANS model the wave front just after a water column collapse
propagates radically slower with averaged non-dimensional velocity of about 0.96.
This is consistent with experimental results presented by Maronnier et al (1999)
and Zwart et al (1999) who have reported the measurements where the averaged
non-dimensional wave front speed (for similar dam break problems) was about 1.1.

Analyzing the wave front velocity obtained with SV and RANS models (Fig. 6)
it can be seen that the front velocity approximated using the former is constant (as
long as the depth upstream the dam remains equal to the initial value) while the
latter gives significant front speed variation. Just after the water release, the front
is slower than that computed with SV equations and then an acceleration can be
observed (in accordance with experiments). Finally — after a short time from the
beginning of water flow — the front velocity is fixed (the slope of distance-time
curve becomes constant).
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On the other hand it can be seen (Fig. 6) that if the bottom friction (defined as
the Manning coefficient) is added to SV model solution (the only one possible way
to consider the water viscosity and flow turbulence in this model) it will produce
the front velocity close to the speed computed with RANS model for the period
after a short-term effect of front acceleration. In Figure 6 it can be observed as the
comparable slopes of distance-time curves for both models.

The discrepancy of computations with RANS and SV models is a result of
different representation of pressure and velocity distribution along depth in both
models. In one-dimensional averaged SV equations the pressure field is always
hydrostatic and velocity is uniform along depth. However, it can be observed that
during the first short-term period after water release, the pressure is non-linear
and the horizontal velocity component is not constant along depth at the dam
(discontinuity) cross-section (x = L in Fig. 4). It is well presented in Figure 7 where
the horizontal velocity and pressure distributions for the first moments after water
release, computed with RANS model are presented. After this short-term effect
the pressure and velocity become almost hydrostatic and uniform, respectively. It
can be observed that at other cross-sections (x = 2L and x = 3L) the pressure and
velocity variation along depth is rather slight and decays with simulation time.

The evolution of pressure on the bottom at the dam cross-section is presented in
Figure 8. The pressure computed with RANS model is equal to zero immediately
after the dam-break because of free surface conditions at this location, while the
water depth is defined there as an initial upstream surface level. Then the pressure
increases as the water begins flowing. It can be seen that the computed pressure is
not equal to the hydrostatic pressure (equivalent to water depth) at the beginning
of the flow. However, the computed and hydrostatic pressure approach each other
a short time after water column collapse. Moreover, it can be pointed out that for
other cross-sections the evolution of pressure and depth fit well, which means that
non-linear pressure distribution is not significant at these locations.

The results presented in the paper confirm that the non-linear pressure distri-
butions and non-uniform horizontal velocity variation near the flow discontinuity
are the short-term effects and they are decaying with simulation time increase.
It suggests that if these short-term effects are not essential for a simulated flow
problem they can be omitted causing no damage to long-term simulation. It proves
that SV equations can be used to describe the rapidly varied flow for the most
practical water engineering problems where the local effects occur, but their inner
structure can be omitted.

If the short-time flow simulation is indispensable or some special local hydraulic
effects like water splashing must be considered, the RANS type models should be
applied.
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Fig. 7. Horizontal velocity and pressure distribution along depth computed with RANS
model at some cross-sections for a) r=0.1 s and r =02 s, b) r=03 s, ¢) t =04 s,

d)r=05s
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(continued) Horizontal velocity and pressure distribution along depth computed with
model at some cross-sections fora) t =0.1 sandr=0.2s,b)r=0.3s,¢)t=04s,
d) r=05s
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Fig. 8. Pressure (o) and depth (-) evolution at a) x = L (dam cross-section), b) x = 2L,
¢)x=3L

6. Summary and Conclusions

In the paper, rapidly varied open channel flow due to dam-break effect was analysed.
The analysis was based on experimental (Koshizuka et al 1995) and numerical in-
vestigation of the water column collapse problem. In order to calculate the evolution
of flow parameters two mathematical models were used — RANS and SV equations.

Concluding, it should be pointed out that SV model (assuming hydrostatic
pressure and uniform velocity distribution along water depth) is not an adequate
description of flow near the local hydraulic effects (i.e. steep wave fronts, hy-
draulic jumps, etc.). The better simulation results for short-term problems can be
ensured using RANS equations. Unfortunately, this model is too complex (even in
the two-dimensional vertical plane) to be applied for practical, free surface water
engineering problems. Therefore, SV equations still remain the main mathematical
model of open channel rapidly varied flow ensuring sufficiently good simulation re-
sults for long-term typical engineering application problems where inner structure
of local hydraulic effects and short-term pressure and velocity distribution evolution
can be neglected. However, if the detailed description of flow parameters of local
hydraulic effect is necessary, the RANS type models must be used.
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