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ARTICLE INFO ABSTRACT

One of foremost issue arise in the dam management and dam reliability assessment is
the sedimentation of suspended particles. Sedimentation affected the energy production
and efficiency, storage, discharge capacity, and flood attenuation capabilities. In this
paper, the sediment transport and scouring in the dam spillway structure was modelled
using finite volume method (FVM) based software, ANSYS. The trajectory of suspended
particles in the water flow was formulated based on the discrete phase model (DPM). To
access the simulation model, particle image velocimetry (PIV) experiment using scaled-
down dam spillway model was conducted. The discrepancy between the findings attained
from simulation and PIV experiment is less than 4.89%, inferred the numerical model was
acceptable. It was found that the maximum scouring rate and maximum deposition rate
are respectively 4.20x10-9 kg/s and 2.00x10-6 kg/s. As such, it was empirically
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approximated the dam maintenance should be scheduled once every 8.9 years, based on
sole consideration on resolving the scouring and deposition of suspended particles. This
work demonstrated the viability of DPM based numerical simulation in study the fluid-
particle interaction of sediment transport problem, particularly for the application of dam
reliability.

1. Introduction

Dam is a vital infrastructure for both water storage and hydroelectric generation, which is
essential to fulfil both domestic and industrial water and electricity needs. Regular maintenance on
dam structure is necessary to prevent disastrous dam failure events, potentially lead to casualties,
financial losses, and ecosystem damages. Accordingly, there are various researches being conducted
to analyse the structural reliability of dam and later devise suitable mitigation and maintenance
protocols [1]. Most of reported dam reliability researches emphasize on the fluid-structure
interaction (FSI) phenomenon of focused dam structures, for instance, spillway [2], radial gate [3,4],
downstream sector [5] and reservoir bank [6]. These past works evaluated the existing implemented
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operating conditions on the structure, from the point views of stress and deformation and failure to
justify the potential failures arise.

Sediment transport is the movement of suspended particles at the bottom bed of downstream
of dam spillway along the water flow. It is vital to study the sediment transport in dam structure for
the determinations of erosion and deposition, which both are detrimental to the dam structural
reliability. In the past studies, the sediment transport in dam structure was numerically simulated.
For instance, the sediment pulse model was applied to simulate the landslide in Navarro River,
California [7]. Additionally, the developed dam removal express assessment models (DREAM) was
proposed to study the sediment transport problem [8]. There is an analytical approach to compute
the transport of coarse and fine sediments which also accounting the grain size distribution [9].

To enhance the veracity of sediment transport and scouring analyses, comprehensive research
methodologies were adopted. A combination of empirical formulations, pressure fluctuations-
erodibility index and numerical simulations was applied to solve the scouring problem in dam [10].
Another study seen the combination of field observations, mathematical model tests, and several
hydraulic scale models [11]. The maximum scour depth can be predicted based on the empirical and
semi-empirical equations [12].

It was reported that the discrete element method (DEM) simulation can capture the physics of
granular characteristics of suspended sediment particles but at the expense of long computational
time [13]. As such, the discrete phase model (DPM) was proposed to reduce the computational speed
[14]. DPM has seen various applications in the computational fluid dynamics (CFD) simulation, for
instances hydraulic engineering, thermal engineering and electronic packaging [15,16]. To date, there
is no literature that reported the use of DPM in simulating the sediment transport and scouring
problems.

This paper presents the discrete phase model (DPM) simulation on the sediment transport and
scouring in a dam spillway, as part of dam reliability study. The numerical model was validated with
particle image velocimetry (PIV) experiment based on scaled-down physical model of the investigated
dam spillway. The sediment transport of suspended particles at the downstream of spillway were
visualized and analyzed to determine the scour rate.

2. Numerical Simulation

This section provided the details of numerical simulation of the dam spillway flow with suspended
sediment particles using ANSYS software, which utilizing the fluid—structure interaction (FSI)
approach with discrete phase model (DPM) for the formulation of sediment particles. FSI is
characterized by the interactions between a deformable or moving structure and the surrounding or
internal fluid flow, while DPM enables the precise prediction of the trajectory particles.

2.1 Governing Equations
The fluid flow in the current simulation work was governed by the Navier—Stokes equation which

involves both the conservation of mass and momentum, respectively given by the continuity
equation and momentum equation as follows

2 +V(pw) =0, (1)
at

2ew) 4y = _VP+V 2
—r pu-u) =—-VP + V1 +pg, (2)
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where p denotes the density of the fluid, u is the flow velocity, T is the shear stress, and g is the
gravitational acceleration. Moreover, the model is based on two phase interactions of water and air,
with the flow front was tracked by the volume of fluid (VOF) model. Both the phases are distinguished
by the volume fraction, f, in the range of 0 to 1, governed by the transport equation as follows

Lf+uvf=0 (3)

Meanwhile, the sediment particles suspended in the continuum flow phase was governed by the
force balance equation. The trajectory and tracking of the suspended particles in the fluid are
associated with the mass and other forces exerted on each of the particles was given by

ouy

s Fp(u—up) + gs o 2)

Pp

+ B, (4)

where the first term Fp, (u — u,) is the drag force associated with the velocities of fluid and particles
(respectively denoted as u and u,), u is the dynamic viscosity of the fluid, p, is the density of
suspended particle, p is the density of fluid and g, is the x-component gravitational acceleration.
The additional force term, F,, is related to the mass, acceleration, and pressure gradient in the fluid
based on the consideration that p > p,, given by

Fo=2u, (53) (5)

For the multiphase flow, the virtual mass effect that occurs when secondary phase p accelerates
relative to primary phase g can be optionally included. The inertia of the primary-phase mass
encountered by the accelerating particles (or droplets or bubbles) exerts a virtual mass force on the
particles. The virtual mass force is defined as

51 dq¥q dpﬁp)
Fom = 2 %Pq ( dt dat /)’ (6)

d
where the differentiate term d—‘; denotes the phase material time derivative of the form of

dg(®) _ a(d) | (-
D 90 4 (5, 7), ”

The virtual mass force, ﬁvm, was added to the right-hand side of the momentum equation for the
both phases

-

va,q = _va,p- (8)

Nonetheless, the virtual mass effect is significant when the secondary phase density is
considerably smaller than the primary phase density, i.e. transient bubble column. The suspended
sediment particles would suspend on the water due to buoyancy and flow move along with the
continuum streamlines of water. This would establish a two-way multiphase fluid-particle interaction
[15,16].
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2.2 CAD Geometrical Model

The dam spillway consists of two parts, for instance the upstream section and downstream
section. To reduce the complexity of spillway geometry and thus to enable the practicality of
subsequent particle image velocimetry (PIV) experiment, the dam spillway model was proportionally
scaled down based on the actual dam spillway with a scale of 1: 40. This scaling was justified based
on the guideline of scaling limit proposed on flow system. Moreover, the existence of past
experimental works that based on scaled-down dam model had further affirmed the current choice
of scaling of dam model.

The CAD geometry of dam spillway model as generated using SolidWorks software was depicted
in Figure 1 (a). Figure 1 (b) shows the fabricated scaled-down physical model of dam spillway made
of clear transparent Perspex for the subsequent PIV experiment.

Flow Direction

(a) - (b)
Fig. 1. (a) CAD geometrical model and (b) fabricated scaled-down physical model for the
investigated dam spillway

2.3 Mesh, Boundary Condition and Setups

The schematic and the mesh model of the scaled-down dam spillway model were shown in Figure
2. The mesh developed for the current model is based on the unstructural tetrahedrons mesh using
optimized mesh sizing. Pressure-based solver was chosen, with the semi-implicit method for pressure
linked equations and second-order upwind algorithm schemes were adopted for both the coupling
of pressure-velocity and spatial discretization respectively. A fixed time step of 0.01 s was chosen for
the simulation. The numerical fluid domain comprised of air, water and sediment particles. The
tracking of multiphase of air and water was based on the implicit multiphase model, with air being
the primary phase and water as the secondary phase.

Upstream

\L':

Downstreari o Downstream P

(@) ")
Fig. 2. (a) Fluid domain surrounding the dam spillway structure and (b) the meshed fluid domain
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Figure 3 depicted the boundary conditions imposed on the fluid domain, including inlet, outlet
and wall. For the mixture phase of the inlet, velocity inlet BC is used to define the velocity and scalar
properties of the flow. The velocity of the water flow into the inlet is set at 0.0075 m/s to ensure that
it is nearly negligible and does not have a huge effect on the fluid flow. Meanwhile, a no-slip wall
condition is imposed to ensure that the wall-fluid velocity is 0 m/s. Moreover, the pressures at the
inlet and the outlet are equal to the atmospheric pressure, which is 0 Pa (gauge) [17].

inlet

Upstream
wall

¢_L
outlet

Downstream o w50 - Lot

Fig. 3. The boundary conditions imposed on the fluid domain
3. Particle Image Velocimetry (PIV) Experiment

Particle image velocimetry (PIV) is a non-intrusive optical method that can be used to determine
the instantaneous vector measurement throughout the cross-sectional view. The motion is followed
using small tracer particles of polyamide seeding particles. The LED light will illuminate the tracer
particles by creating a thin laser light sheet. Subsequently, the image will be captured using a camera
specifically at the target area. On the basis of the positions of these tracer particles at two different
instances of time, we can obtain the particle displacement to infer the flow velocity field. The velocity
vector of the fluid through the tracer particles is computed on the basis of the instantaneous
displacement of the tracer particle, Ax between two consecutive light pulses separated by an interval
of At, as follows [18-20]

Ax
Vpiy = v (9)

Figure 4 and Figure 5 depicted the actual and the corresponding schematic outline PIV
experimental setup for the water flow in scaled-down dam spillway model. A camera was placed
perpendicularly to the laser to record the flow of water from the side of the water tank. Laser was
used to produce a thin illuminated sheet which track the polyamide particles. Subsequent the flow
experiment, two consecutive images were extracted from the recording and pre-processed to
remove noises. PIV lab software was used to analyze the images to plot the velocity vector contours.
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Fig. 5. Schematic overview of the experimental PIV setup

4. Results
4.1 Validations

Figure 6 depicts the four points of interest associated to the numerical-experimental comparison
of velocity contours in Table 1. It was found that discrepancy between the findings obtained from
numerical simulation and PIV experiment is not exceed 4.89%, thus affirming the veracity of
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numerical model. Particularly, at high flow velocity, the flow vortex was observed at point 2 where
the water flow drops from the upstream. At the point 4, laminar flow streamlines were exhibited as
the flow velocity is stable and low.

Downstream / - ‘g Upstream

) S—

— * + \ i
=+ 2

Fig. 6. The locations of four points of interests (1, 2, 3 and 4) on
the dam spillway

Table 1
Comparison between numerical and experimental flow velocity contours at five distinct points of interest

Point  Numerical simulation PIV experiment Discrepancy (%)
3 . " W
1 4 2.26
Velocity = 0.51229 m/s Velocity = 0.5007 m/s
2 i ‘ | g 3 s 1.37
Velocity = 1.79008 m/s
3 :q e : 4.89
\ v
| ‘
‘ ] S ‘/ T }‘ e '5. ==
I it
Velocity = 0.385576 m/s Velocit= 0.40444 m/s
4 ‘ i : 0.30
(7
I ‘
L ;
|
Velocity = 0.375292 m/s Velocity = 0.37415 m/s
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4.2 Pressure and Velocity

Table 2 gave the pressure and velocity of spillway flow at the times of 0.5s,1.0s, 1.5 s, and 2.0
s. The simulation showed that the hydrostatic pressure built up on the water at the upstream, which
the pressure increases with the water depth. The flow downstream has lower pressure due to the
high velocity of water in accordance to the Bernoulli’s principle. Additionally, the velocity vectors are
similar to the predicted vectors. Velocity is highest in the region of transition from upstream to
downstream. The free stream in the upstream region has low velocity due to the low velocity from
the inlet. Observation can be made on velocity magnitude over time. The velocity remains the same
as time increases, inferring stable flow regime.

Table 2
Pressure contours and velocity vectors obtained from the numerical simulation
Time (s) Pressure Velocity

0.5

1.0

15

2.0
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4.3 Particle Track and Scouring Rate

Table 3 showed the particle track of sediment particles at different time. At 0.5 s, most of the
particles were in still position with few particles being displaced. In the region near the inlet, the
particles start to move as water flows in. At 1 s, about half of the particles start to displace along the
water flow, such that the particles suspended in the water while exhibited oscillatory motion in the
vertical direction. At 1.5 s, there are more sediment particles being disrupted. However, some of the
particles near the dam were left uninterrupted. Most of the particles are lifted from the bottom of
the model. The particles are dispersed because of the continuous water flow. Finally at 2 s, all the
particles were moved as an interaction result due to the water flow from inlet.

Table 3

Sediment particle tracks at the bottom of dam spillway

Time Sediment particle tracks Time Sediment particle tracks
0.5s

1.0s

The total masses and numbers of particles over time at the four different regions follow the order
A, B, C, and D, as depicted in Figure 7. The plots in Figure 8 and Figure 9 gave the sediment mass and
sediment mass loss over time respectively. It was found that both the total mass and number of
particles are decreasing over time, consistent to the sediment transport phenomenon which align to
the observation of sediment particle tracks in Table 3.

Region A has the highest number of particles since it is nearest to the dam structure. Thus, a huge
number of sediments here will harm the bottom structure of the dam. This condition can also
decrease the water level of the reservoir. Table 3 showed that the sediment particles tend to move
toward Region A, which can also be observed from the gradual total mass loss over time at the
different regions given in the plots of Figure 8.
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Fig. 7. Divided regions at the downstream segment of dam spillway
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5. Conclusions

In this paper, the sediment transport and scouring of suspended particles at a spillway dam were
numerically simulated using commercially available software, ANSYS. Multiphase volume of fluid
(VOF) formulation was adopted to track the flow front of water in the dam spillway, while the
movement of suspended sediment particles were tracked based on the discrete phase model (DPM).
The simulation findings were in great consensus with the particle image velocimetry experiment
using the scaled-down spillway model, with the discrepancy lower than 4.89%. This inferred that the
proposed numerical model is correct, and the subsequent numerical findings are acceptable. The
spillway flow and sediment particle tracks were presented and discussed. Scouring was visualized in
the simulation as there is gradual loss of sediment mass at the bottom of spillway during the spillway
flow. The mass loss of sediment particles increasing with time, with the largest scouring rate and
deposition rate recorded are respectively 4.20x107° kg/s and 2.00x107® kg/s. Generally, the current
simulation work suggested the viability of DPM approach in simulating the sediment transport and
scouring phenomenon, that emphasizing on the fluid-particle interaction between water and
suspended particles.
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