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Abstract. The applicability of experimental and numerical models used for the solution of dam-break
flows is vital for better dam projects and also in preventing related accidents. The high cost and the time-
consuming nature of laboratory studies require consistency in the investigation of numerical models. In
this study, the propagation of a flow using a fluid with a different density from that of normal water in the
reservoir was investigated both experimentally and numerically. Salt water was preferred as a Newtonian
fluid in order to observe the propagation of flows in different density after a sudden break. A small-scale
channel was constructed and laboratory data were obtained using image processing techniques. For the
numerical model, Smoothed-Particle Hydrodynamics (SPH) method and Reynolds Averaged Navier-
Stokes (RANS) equations solved by Flow-3D software, were applied. Flow depth changes were observed
in the reservoir and the downstream. The data obtained from all methods were compared with each other.
The results of two numerical simulations point out that the disagreements on graphs in the time evolutions
of the fluid levels in the SPH increase due to turbulence effects, whilst, these differences decrease in the
RANS equations solved by Flow-3D software. Consequently, since the SPH provides taking the measures
and developing intervention strategies to reduce the risks connected to the evolution of dam-break flows,
it is thought that future validation studies of the model will be require with the use of data observed in this
field.
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Introduction

Some environmental flows can be simulated like dam-break induced shock waves.
The prediction of these flows is one of required elements in the design of a dam. Dams
are constructed for specific purposes such as water supply, flood control, irrigation,
navigation, sedimentation control and hydropower (Lee et al., 2018). Past examples
show us that the dams can be destroyed due to various reasons. The reasons of failure
can be different for each dam and each case. While rockfill dams usually fail after a
certain amount of time elapses, concrete dams fail a lot more suddenly. In practice the
release of dam-break flows will be more gradual than this idealization. However, the
sudden release may be expected to give the worst scenario. The shock wave
propagation, caused by a dam-break, produces damaging effects in the downstream. It
can be seen common that the propagation of water mixture which of different density
from water can be formed in the downstream after torrential rain or a dam collapse.
Hence, the flood wave can damage both living species and the environment (Yenigun et
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al., 2016). For the process of the dam construction and the evaluation of a demolition
situation after the construction, it is important to simulate the flow characteristics on a
dam-break problem with laboratory experiments and numerical models. Various dam-
break flow problems, which use water as the fluid in the reservoir, was experimentally
and numerically examined in the literature. Ritter was the first to examine this flow
problem in 1892. He used Saint-Venant equations to solve the sudden dam-break
problem in a horizontal, rectangular, frictionless channel and he considered the
downstream as a dry bed and the reservoir in an infinite length (Vischer and Hager,
1998; Chanson, 2005). There are numerous studies investigating a dry and/or wet bed
downstream (Stoker, 1957; Bellos et al., 1992; Mohapatra and Bhallamudi, 1996;
Stansby, 1998; Janosi et al., 2004; Bukreev and Gusev, 2005; Gao et al., 2010; Oertel
and Bung, 2012; Ozmen-Cagatay et al., 2014; Kocaman and Ozmen-Cagatay, 2015;
Turhan, 2017; Turhan et al., 2019). It is possible to see many studies in which dam-
break flow problem has been examined experimentally using image processing
techniques in the literature. (Spinewine and Zech, 2007; Ozmen-Cagatay and Kocaman,
2010; Aureli et al., 2011; Yang et al., 2011; Kocaman and Ozmen-Cagatay, 2012;
Lobovsky et al., 2013; Kunugi et al., 2013; Albano et al., 2014; Aureli et al., 2014;
Amaral et al., 2016; Hui et al., 2017; Liu, 2018). There are a limited number of studies
that include different density Newtonian fluids in the reservoir (Janosi et al., 2004;
Ancey and Cochard, 2009; Shakibaeini and Jin, 2011; Li et al., 2013; Furuya et al.,
2014). Concerning the research in this flow problem, using salt water as a Newtonian
fluid in a dry channel in rapidly unsteady flow can be interpreted an original study.
Since laboratory experiments are costly and time-consuming processes, using software
program to solve these problems is essential (Karaer et al.,, 2018). With recent
developments in computer technology, using particle methods has become more
widespread and also, their sensitivity in modeling applications requires further testing.
There are several software programs in which the dam-break flow problem is
numerically simulated. In this study, Smoothed-Particle Hydrodynamics (SPH) method
used as a particle method and it was first developed by Gingold and Monaghan (1977),
Lucy (1977), Liu and Liu (2003) for astrophysical problems. Subsequently, it has been
applied to various problems in fluid dynamics (Dalrymple and Rogers, 2006; Gomez-
Gesteira et al., 2012; Dominguez et al., 2013; Crespo et al., 2015; Gu et al., 2017).

Dam-break shock waves usually affect large downstream regions and the common
tendency is to comment flow characteristics in the horizontal scale rather than along the
flow depth (Miao et al., 2011; Luo et al., 2017; Akbari, 2018). Recently, due to the
increase in computer technology, Flow-3D, which is computational fluid dynamics
(CFD) software based on volume of fluid (VOF) method, has been used widely to
analyze free-surface flows among the other commercially available software programs
(An et al., 2012; Ozmen-Cagatay et al., 2014; Robb and Vasquez, 2015; Hu et al.,
2018). In the literature, the SPH model was applied to predict a dam-break flood
propagation, which might occur in a specific living area. The studies in the literature
represents the significant potentials of numerical and laboratory modeling in practical
engineering applications. Moreover, the results obtained from all methods assisted to
validate the results of each other in terms of SPH, RANS and laboratory experiments.
(Chen et al., 2005; Albano et al., 2016; Gu et al., 2017; Xie et al., 2017).

In this paper, the sudden dam-break flow propagation of a different density
Newtonian fluid in a small-scale, rectangular and horizontal channel was experimentally
and numerically investigated. The purpose of this study is to model the flow movement
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in an idealized dam-break configuration in case of a Newtonian fluid in the reservoir.
Normal water is a Newtonian fluid which of that the dynamic viscosity value is 0.001
kg/m.s and density value is 1000 kg/m? at the constant temperature of To = 23.7 °C. Salt
water was preferred as a Newtonian fluid to investigate the effect of a fluid with a
different density to normal water. Thus, the behavior of a high density fluid has been
tried to be analyzed. Experimental data were digitized using image processing
techniques. Fluid free-surface profile graphs and snapshots were obtained at four
downstream locations and at various specified distances in the reservoir and
downstream. The SPH method and RANS equations, solved by the Flow-3D software
program, were employed for the numerical models. The results obtained from the SPH
were compared to laboratory experiments and RANS equations solutions.

Materials and methods
Experimental set-up

The reservoir and the downstream lengths of the rectangular and horizontal channel,
in which the experiments employed, were designed to be 0.30 m and 0.916 m,
respectively, as can be seen in Figure 1. In order to observe the sudden and unsteady
flow behavior, the channel was selected in a small-scale. The channel was made of
plexiglas and a gate of 0.35 m height was performed to simulate the dam-break flow
problem. Furthermore, a pulley system, connected to the gate, was utilized to observe
the sudden break situation. Moreover, a metal component with approximately 2 kg
weight, which was attached to the hole on the gate with a rope, was designed. The rope
was passed through two pulleys and it was bound to a load of about 12 kg filled with
sand.

0.30 m 0916 m
0.32m [ 1 Gate Section A-A
_——_____——_——————
1.216m
0.30 m 0916 m
0.20m l A Gate ‘s Plan

Image Processing

Figure 1. Experimental set-up and gate mechanism (Turhan et al., 2018)
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The temperature of the laboratory was measured at 23.7 °C during the experiments,
hence this value was used in the numerical models. The viscosity was measured to be
18 cP (0.018 kg/m.s) at this temperature with the help of a viscometer. The mixing ratio
of salt water was evaluated to be 20% and a homogeneous mixture was obtained by a
mixer. As a result, the fluid density was specified to be 1200 kg/m?.

The reservoir contained salt water at a height of 0.15 m (ho) and the downstream
have a dry bed. In order to create a sudden dam-break condition, the time of gate lifting
should be less than 1.25(ho/g)*? (ho: initial height and g: gravitational acceleration) as
suggested by Lauber and Hager (1998). This limit value has been used in many studies
(Chanson, 2005; Spinewine and Zech, 2007; Ozmen-Cagatay et al., 2014; Kocaman and
Ozmen-Cagatay, 2012, 2015; Aureli et al., 2014; Turhan et al., 2019). In order to obtain
approximate value of data, ten experiments were performed and the average of the
values was calculated. As ho is 0.15 m, 0.155 s becomes the limit value for sudden dam-
break and in this study lifting time was under approximately 0.10 s in the video images.

Flow measurement and camera calibration

The digital image processing is produced by transferring real images to digital media
in different formats such as .jpg, .bmp, .png, etc. (Yildirim et al., 2003; Aureli et al.,
2011, 2014; Liu, 2018). In this technique, as seen in Figure 2, the image was divided
into pixels and grid view was obtained. Normal water was used as the Newtonian fluid
for camera adjustments and blue food dye was preferred to provide color.

The lighting in the laboratory, where the experiment was conducted, was improved
to use image processing techniques effectively before starting laboratory experiments.
In order to obtain better images from the experiment, continuous lamp source of
approximately 500 W was employed in the laboratory. The optimum shooting option
was evaluated to be 1/125 snapshot, 85 mm, 3.5 lens and 1250 1SO proof.

e

Figure 2. Grid view in image processing (pixel)

The frame rate and the resolution were set to 60 frames per second (fps) and
1280*720 pixels, respectively. The camera calibration process was performed with the
images taken at different angles and the image distortions were eliminated. Camera
shooting at the same coordinate significantly reduced the calibration error rate. The
channel measurement points can be seen in Figure 3. Depth changes in the images were
measured using a virtual wave probe (Kocaman and Ozmen-Cagatay, 2015). (X, y)
coordinates were obtained by using an edge detection function at the specified locations,
with the help of different colors. The simulation time and time-interval was assumed to
be 3 s and approximately 0.017 (1/60 fps), respectively.

The level changes graphs are dimensionless (H-T) for all methods. For the
dimensionless analysis, the values were calculated from the following equations
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T = t(g/ho)”?> and H = h/h, where H and T are dimensionless terms and h denotes the
changes in the fluid height over time. The use of dimensionless parameters can reduce
the number of variables and therefore, dimensional effect-independent assessments
become possible.

z

1.216m
0.30m 0.916m
Q gate
Resewolr Downstream
L 015m | 015m : 025m . 030m : 0.32 m
h.=0.15m '
- - I I \I/ x
Origin Wave Locations
0.15m Probe from the
——» i} No Origin
0.45m P1 0.15m
070 m P2 0.45 m
P3 0.70 m
1.00 m P4 1.00 m

Figure 3. Channel measurement points

Numerical modeling
Reynolds averaged Navier—Stokes (RANS) equations

RANS equations for an incompressible Newtonian fluid are shown in Equations 1
and 2 (Luo et al., 2017):

ﬁ'ui _

ﬁ'_.xz- =0 (Eq.l)
du; Blugu;) ap i(% %) ﬂ(u u; ‘]
gt dx; o i by \ox;  ox;) P ax, trg (Ea2)

where p is density, ui and u; indicate the velocity component in the defined direction, t is
time, p is pressure, p is dynamic viscosity and gi is gravitational force in the defined
direction. When Equation 2 is compared with the Navier—Stokes equations, it can be
seen that there is an extra term, namely 8 (pw;"w;")/@x;and it characterizes turbulence-

induced stresses or Reynolds stresses. In the RANS equations, scalar values for all the
physical properties of flow are evaluated as mean magnitudes. For laminar flow, the
numbers of equation are equal to the unknown parameters. In the RANS, distinct terms
have to be adjoined to the available equations. Hence, turbulence closure models are
utilized to solve these problems. The term . is used for turbulence viscosity, and it is
found in the solution steps for the time varying RANS equations. Furthermore, the
solution of this problem can be obtained with the help of many different turbulence
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models (Wilcox, 2000). The k-¢ turbulence model is generally preferred for the final
step of the process (Kocaman and Guzel, 2011; Souders et al., 2013; Ozmen-Cagatay et
al., 2014; Heydari and KhoshKonesh, 2016; Bayon et al., 2016; Ozdil et al., 2017).

The numerical solutions for the RANS were computed using Flow-3D software CFD
program based on the VOF method. This program contains a mesh—grid system. It
comprises a fractional area/volume obstacle representation method (FAVOR) as cell
porosity technique (Flow Science Inc., 2017). All the surfaces of the channel were
presumed to be smooth. The channel sidewalls were considered to be symmetric, which
implies no flux and shear of any property across it. Tangential and normal velocities
were accepted as zero at the solid boundary according to the no-slip condition (Rostami
and Siosemarde, 2015; Kocaman and Ozmen-Cagatay, 2015). For this study, a grid size
was adopted as 5 mm after executing accuracy analysis for 2 mm and 10 mm. The time
step At was specified according to the Courant—Friedrichs—Lewy (CFL) criterion and
also, it was determined automatically with the help of the Flow-3D software.

Smoothed particle hydrodynamics (SPH) method

The SPH method is described as a technique that includes numerical solutions for
fluid dynamics equations using a set of particles and fluid displacement (Dalrymple and
Rogers, 2006). One of the most important features of this technique is that SPH is a
Lagrangian mesh-free particle method. The Navier-Stokes equations, which are
discretized in fluid dynamics problems, can be unified by the physical properties of the
particles surrounding each particle position (Vacondio et al., 2012). The average
smoothing length is calculated by Equation 3:

Fi) = [Fir" YW (r — 1) (dr") (Eq.3)

where “W” is the kernel function and “h” is the smoothing length. “W” employed in the
smoothing process, can involve several features. It is possible to consider some of these
properties as being positive in a specified interaction region. Thus, it maintains
gradually decreasing result values owing to the normalization and distance. The
function is applied to a set of particles. Also, this function is called as application
regions when defined by smoothing length. Therefore, a summation is applied to all
particles within these application regions of the kernel (Eq. 4) (Ozbulut et al., 2014).

Flr) = E,Fln ) Win —n, h)Aw, (Eq.4)

In Equation 4, “a” and “b” symbolize individual particles. Furthermore, Avy, points out
the volume of the neighboring particle “b”. As the volume is defined as Avy, = my, /pp,
where “m” is the mass and “p” is the density of particle, Equation 4 can be modified as
shown in Equation 5 (Crespo et al., 2015):

Fln) = E,Fln) ’;— Wir, — 5, h)Av, (Eq.5)

The momentum equation is used to define the acceleration of a particle as a
consequence of interaction with a neighboring particle (Eq. 6) (Altomare et al., 2015):

av, P P,
e — XpMy, (P_;+E+naa) VaWap + g (Eq.6)
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In Equation 6, v is velocity, P is pressure, m is mass and Wap is the kernel function. The
kernel function also depends on the distance between two particles. The term ITap IS
called the artificial viscosity (Dominguez et al., 2012). The mass for each particle is
constant and the differences in the fluid density are calculated by solving the
conservation of mass or continuity equation (Eq. 7). Furthermore, Cubic spline was
selected as the kernel function type for this study (Cunningham et al., 2014).

dpg
dr

= XpMpVgp A, Wy (Eq.7)

The pressure value of the flow is calculated using Tait’s equation of state as can be
seen in Equation 8 (DualSPHysics Team, 2016):

P=b [[i)}’ ~ 1] (Eq.8)

where y=7, b= ¢, py/v, po: reference density, c;: the speed of sound. The speed of
sound value is calculated from Equation 9 (Vacondio et al., 2012):

ar

co=c(po) = [(32) Io, (Eq.9)

For this study, the Verlet algorithm was used in order to prepare the time stepping
process. A variable time-step process was performed, which relies on applying the CFL
condition, forcing terms and a viscous diffusion term (Barreiro et al., 2013). Moreover,
a boundary condition, where the fluid—boundary interactions can be computed inside the
same loops like the fluid particles, is suitable to fulfill due to computational simplicity
in this paper. Seeing determine the optimum value of the artificial viscosity, different
artificial viscosity values were tested and the optimum value obtained as 0.10. There are
many studies in the literature about the use of various artificial viscosity values in the
SPH (Gomez-Gesteira et al., 2012; Dominguez et al., 2013; Cunningham et al., 2014;
Crespo et al., 2015; Gu et al., 2017; Zhu et al., 2017; Tantekin et al., 2017). SPH
parameters can be seen in Table 1.

Table 1. SPH parameters (Turhan et al., 2019)

Property Options
Version DualSPHysics v4.0
Dimension 2D
Type of the kernel function Cubic spline
Time-stepping Verlet
Density filter Shepard filter
Viscosity treatment Artificial viscosity (a = 0.10)
Equation of state Tait equation
Boundary conditions (BC) Dynamic
Distance between particles (dp) 0.001
Smoothing length 1.0
The number of fluid particles 46857
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Results and discussion

In this study, the fluid wave propagation was investigated over a dry bed.
Experimental video records were digitized using image processing techniques and the
SPH method and RANS equations were used for the numerical models. The propagation
of salt water, in a small-scale channel under a sudden dam-break situation, was
researched and the variation of fluid depth at four specified locations were examined. In
order to show the variation in the free-surface profile of the flow for sudden dam-break
flow conditions, the following time values, which represent the initial stages after
suddenly lifting the gate, were selected as to=0.00s, t1=0.017 s, 2= 0.083 s, t3= 0.134
S, t4=0.184 s and ts = 0.234 s. Moreover, time values, which represent the change of
waves reflecting from the wall at the end of the channel, were selected as ts = 1.002 s,
t7=1.2525s,t8=1.670 s, tg = 2.004 s, t10 = 2.338 s and t11 = 2.989 s (see Figs. 4 and 5).

According to the selected time values, the snapshots and level changes in selected
locations were compared and the solution sensitivity of the SPH method was analyzed
to better understand the unsteady flow behavior. With a sudden lifting of the gate, the
fluid starts to move in the downstream direction due to gravitational force. At the initial
stages of the propagation, all methods are in good agreement with each other (An et al.,
2012; Albano et al., 2014; Bayon et al., 2016; Gu et al., 2017; Zhu et al., 2018). The
shock wave front has a parabolic shape for the three methods at t = 0.083 s. At time
t=0.134 s, the wave front is subjected to the deformation and it becomes concave
shape. As can be understood from the literature, a similar fluid behavior can be seen in
the sudden wave propagation where the fluid is selected as water (Bellos et al., 1992;
Stansby et al., 1998; Janosi et al., 2004; Spinewine and Zech, 2007; Ozmen-Cagatay
and Kocaman, 2010; Gao et al., 2010; Girolami et al., 2012; Ye et al., 2016; Bayon et
al., 2016; Hui et al., 2017; Turhan et al., 2019). However, in the numerical models, the
wave front has a convex shape. This difference can be explained by the fact that the
experimental channel has minor surface roughness compared to the numerical models.

Experiment RANS SPH
\
t=0.00 5 ‘ t=0.00's [ l t=0.00 5
‘ |
t=0.017 s t=0.017 s I I t=0.017 s
t=0.083 5 _ t=0.083 5 k t=0.083 5
i
P N A
t=0.134 5 : t=0.134s h t=0.134 5
t=0.184 5 4 t=01845 | t=0.184 5
t=0.234 5 t=0.234 s t=0234 5 |
-_ [ _—’) _\h—. .‘

Figure 4. Evolution of free-surface profiles with time at the initial stages after sudden lifting
from t = 0.00 s to t = 0.234 s for experiment, RANS and SPH
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Figure 5. Evolution of free-surface profiles of reflecting wave with time from t = 1.002 s to
t = 2.989 s for experiment, RANS and SPH

A dam-break flood shock wave over a dry bed can be separated two parts as an initial
wave and a dynamic wave after the initial stages (Lauber and Hager, 1998; Chanson,
2005; Ozmen-Cagatay and Kocaman, 2010; Kocaman and Ozmen-Cagatay, 2015; Hui
et al., 2017; Turhan et al., 2018). Nsom (2002) defines a convex shape of the wave front
for highly viscous fluids. Figure 5 shows the change in free-surface profiles in the
experimental and numerical models for the selected locations in the case of a reflected
wave. At t = 1.002 s, the wave rises on the channel surface for a while and the formation
of air bubbles is observed in the wave front. When the wave is breaking in the RANS
example, the wave jumps to a further point due to disintegration in the SPH. High
energy losses in the experiments cause a decrease in the velocity because of the
turbulence effect and the fluid level is observed at higher position (Kocaman and
Ozmen-Cagatay, 2012; Souders et al., 2013; Rostami and Siosemarde, 2015; Gu et al.,
2017; Turhan et al., 2019). At t = 1.252 s, the wave front has a different shape for each
methods. In general, RANS results are compatible with the experimental results in
terms of the wave front velocity (Ozmen-Cagatay and Kocaman, 2010; Bayon et al.,
2016; Heydari and KhoshKonesh, 2016; Hu et al., 2018).

In Figure 6, for P1 =0.15 m, the numerical and experimental results are in good
agreement with each other except for T =20 to 25. For P2 = 0.45 m, except for a few
differences, the numerical methods show similar results to each other until T =15. In
the SPH method, between T = 15 and 20, it is seen that the fluid height increased at the
initial stages but later, it decreased with time and also it is constant at H = 0.20.
However, in the RANS method, the depth was observed to be higher than with the SPH
(Turhan et al., 2019). At T = 20, the front of wave became vertical shape for the SPH
due to the artificial viscosity coefficient. For P4=1.00 m and T =8 to 10, some
fluctuations were seen in the experimental results and the fluid height is lower
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compared to the SPH. Until the end of the propagation, the maximum H value is
occurred for T = 10 in the particle method. For P4 = 1 m, the obtained results in RANS
and experiments are quite similar except for T = 8 to 15.

1.20 -
1 : | s Experiment ¢++++ RANS SPH | P1=015m
0.80 \
H S
0.40 My,
1‘\.""‘5---—~ .W
0.00 - T . . : :
0.0 50 10.0 T 15.0 20.0 25.0
0.60
P2=0.45m
040
H n“\“‘v ,Nm._'r,.
0.20 f‘/ e o
/ M—ﬂ"-{
0.00 = . : : : .
0.0 50 10.0 T 15.0 20.0 25.0
0.60 -
P3=0.70m

0.40 -

0.20 [/4*———-‘ e

0.00 et ; ; : : :
0.0 5.0 10.0 T 150 20.0 25.0
1.20 -
P4=1.00m
0.80 -
H .® ‘e,
0.40 - T
0.00 ™ . . . .
0.0 5.0 10.0 T 150 20.0 25.0

Figure 6. Flow depth variations with time at P1, P2, P3 and P4

At T =10 to 15, the SPH results have been observed to differ from the experimental
results. The disintegration of the reflected waves can be mentioned as one of the reasons
for the differences due to particle collision in the flow. At T = 25, the experimental and
SPH results in the graphs began to meet each other. Furthermore, a more sensitive
analysis of the SPH parameters and modeling the wave motion with high-technology-
aided computers will greatly increase the capability of the numerical solution
(Dominguez et al., 2013; Valdez-Balderas et al., 2013; Turhan, 2017; Akbari, 2018).
While the numerical model can generate highly compatible data in the initial stages of
the dam-break, the differences between the results for various methods at P4 can be
clearly observed due to the wall at the end of the channel. As a result, the propagation of
flow in a Newtonian fluid with a different density, such as salt water for this study, can
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yield similar results with the cases in which water was used as a fluid in the initial
stages for both experimental and numerical results.

In addition, the reflected waves after hitting the wall become more vertical shape in
the propagation of water and the formation of bubbles on the front face of the wave
draws more attention (Zhu et al., 2018; Turhan et al., 2018). For fluid propagation,
wave breaking, jet and bubble formations can be observed for some time due to the
turbulence effect (Janosi et al., 2004; Li et al., 2013; Hu et al., 2018; Liu et al., 2018).

Conclusion

Difficulties in the application of dam-break flow problems require from utilizing
numerical methods because of rough real case conditions. In recent years, the advances
in computer technology have enabled computer-aided software programs to easily solve
these problems. Therefore, the validation of numerical methods can considerably
provide to test the sensitivity of the experimental solutions. In this study, the dam-break
flow problem, in which the liquid is salt water, was investigated both experimentally
and numerically over a dry bed to gain a better understanding of the effects of different
density fluid. According to the results, the values obtained from both numerical
methods and experiments are close to each other, but when the turbulence effect is high,
the free-surface profiles and graphs show some differences. In these periods, major
changes are observed using the SPH method. However, RANS results are in good
agreement with the experiments. The artificial viscosity and particle approach in the
SPH cause differences in the results in terms of profiles and graphs. The use of artificial
viscosity in the SPH increases the differences between the results in each case.
Although the results obtained from the SPH is usually considered to be good in
agreement with the results obtained from other methods, studies performing more
sensitive analyses can make greater contributions with more consistency. It can be
stated that SPH, a mesh-free particle based Lagrange method, may be adopted as a
useful numerical method for solving complex open channel flow problems.

As further studies, force and velocity measurements in dam-break problems, the
effect of channel base roughness and channel slope on flow characteristics can be
examined. In addition, several artificial viscosity and smoothing length values can be
investigated to observe the performance of the numerical model under different
parameters.
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