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A B S T R A C T

Due to the constricting and localization of flow by orifices, these hydraulic structures are commonly used in
dams and water impoundment reservoirs to flush deposited sediments. They are also one of the most important
flow measurement structures. In this study, the flow characteristics at upstream of a large circular orifice located
at the wall of a water reservoir, in the case that the sediments were accumulated behind it, was investigated. The
experiments were performed at the hydraulic laboratory of Shahid Bahonar university of Kerman, in a model of
rectangular reservoir. The experiments were performed in two parts. First, the flow behavior during the scour
development at upstream of the orifice and the extent of sediment erosion due to the orifice flow was
investigated. Next, a semi-confined structure was located at the upstream of orifice to increase the sediment
removal efficiency. The effect of the geometrical characteristics of structure on the dimensions of scour hole was
determined. It was observed that the interactions of water, sediment and structure generated strong vortices
upstream of the orifice, which caused the lifting and sweeping away of a large amount of sediment from the
reservoir and let to formation of a semi-cone hole upstream of the orifice.

1. Introduction

Orifices are hydraulic structures that are used for different pur-
poses. In dams, they are used to flush deposited sediments from the
reservoir. They are also one of the main flow measurement structures.
Streeter et al. [24] defined the orifice as an opening through which the
fluid flows. Generally, the orifice flow condition is established when the
head above the center of orifice become 2–2.2 times of the orifice
diameter [10]. If the head is less than 5 times the diameter of the
orifice, the orifice is categorized as a large orifice (Goyal, 2015).

They are commonly used as one of the most appropriate measures
to remove the accumulated sediments from the reservoirs. The practice
of removing the deposited sediments in the reservoir by the orifice
accelerated flow is called flushing operation. During the flushing
operation, high flow velocities are localized at the orifice, causing
removal of sediments through it [1].

Previous field and laboratory studies showed that sediment flushing
by orifices has very low efficiency [6,17]. Flushing efficiency (E) implies
the ratio of volume of flushed sediment ( ∀ )C to the volume of water
used ( ∀ )w during the flushing operation [21]. It can be calculated by
Eq. (1).

E =
∀
∀

C

w (1)

On the other hand, one of the main disadvantages of the orifice

structure is the probability of blockage by the submerged debris and
deposited sediments. This problem frequently occurs at the dam
orifices (low-level outlets) due to the accumulation of sediments, and
influences the hydraulic behavior of orifices. When the orifice structure
is used as bottom outlet of dams, it is desirable to prepare such
conditions that increase the strength of orifice flow to remove more
sediments from the reservoir (improve the flushing efficiency). In this
research, to increase the strength of orifice flow, a semi-confined piles
group structure was designed and placed at the upstream of the orifice.
This structure can protect the orifice from the blockage problem, as
well. It is anticipated that such a structure causes a complex flow
condition at upstream of the orifice. To the author's knowledge, the
interaction of structure, sediment and flow upstream of large orifices as
well as the measurement of spatial and temporal variations of their
upstream sedimentary bed have not been completely studied, up to
now. The initial purpose of this research was to observe the behavior of
flow and the variations of sedimentary bed geometry due to the erosion
at upstream of a large orifice during the flushing operation. Next, the
effect of geometrical characteristics of semi-confined piles group
structure on the dimensions of scour hole was investigated.
Henceforth, the ‘flushing cone’ is used as the ‘scour hole’ throughout
the paper.

Review of the literature concerning orifices indicates that most of
the available studies dealt with the discharge characteristics of orifices
and the downstream effects of orifice flow. Chanson et al. [3]
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investigated the unsteady flow patterns, the discharge capacity and the
velocity field in a rectangular orifice flow, discharging vertically. They
found that the discharge coefficient of the vertical orifice flow is very
close to that of horizontal orifice flow. They also reported that the
unsteady velocity field is consistent with potential flow calculations and
good agreement was existed between their experimental data and ideal-
fluid flow theory. Shammaa et al. [23] studied the effect of size and
shape of orifice on the flow behavior and the velocity field upstream of a
finite-size orifice. They found that in the near field zones, the iso-
velocity surfaces appear to be semi-ellipsoidal, while, in the far field
zones they become hemispheres. Emamgholizadeh et al. [7] documen-
ted that the effective variables on the volume of the flushing cone
upstream of the orifices are the physical properties of fluid and
sediment and the condition of outflowing water. Bryant et al. [2]
performed an experimental study to investigate the flow patterns
upstream of an ideal orifice, multiple orifices, and an orifice near the
flow surface. They developed a new potential flow solution for flow
behind orifices and reported that there is good agreement between the
results of their proposed solution and measured data. Hussain et al.
[10] performed analytical and experimental study to estimate the
discharge coefficient of sharp-crested circular orifices. Powell and
Khan [19,20] investigated the sediment transport, the extent and the

shape of the scour hole upstream of unbounded orifices under steady
flow conditions for different sediment sizes and heads on the orifice.
They found that the maximum scour depth increases with the head on
the orifice and decreases as the sediment size increases. In addition,
they measured longitudinal and vertical components of orifice flow
velocity and reported that the maximum velocity occur below the
centerline of the orifice. They used a three-dimensional flow model to
simulate the flow behavior upstream of the orifice under fixed bed and
mobile bed conditions and reported that the model could accurately
predict the velocity field in both cases. Sun and Liu [25] studied the
characteristics of vortices near the orifices, gates and intakes struc-
tures. Based on collected experimental data and a theoretical analysis,
they proposed a mathematical model capable of describing the main
hydraulic characteristics of vortex. The results of proposed model was
compared with the experimental data and other vortex models and
good agreement was found.

Role of vortices on scour phenomenon was also investigated by
Raudkivi [22] and Melville [13]. Raudkivi [22] claimed that wake
vortices have a vertical axes with vertical flow direction at the center.
Melville [13] reported that when the flow collides with the upstream
face of a structure (here, pile), a stagnation pressure is created, which,
causes establishment of downflow in front of pile. The downflow

Fig. 1. Schematic representation of the water supply system and model of reservoir.

Nomenclature

d50 median size of the sediment particles (m);
dhole maximum depth of flushing cone (m);
Dorifice diameter of orifice (m);
Dpile pile diameter (m);
E flushing efficiency (dimensionless);
g acceleration due to gravity (m s−2);
Gs specific gravity of sediment (dimensionless);
H flow head above the center of orifice (m);
I the distance between two adjacent piles (m);
R the distance of each pile from the orifice (m);

Re orifice Reynolds number (dimensionless);
Rhole radius of flushing cone (m);
V the outflow velocity (m s−1);
Wc maximum width of flushing cone (m);
x,y,z coordinate system points (m);
ρs mass density of the sediment (kg m−3);
ρ mass density of the fluid (kg m−3);
μ dynamic viscosity of the fluid (kg m−1 s−1);
σg geometric standard deviation of sediment (dimension-

less);
∀C volume of flushing cone (m3);
∀w volume of water (m3).
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accelerates downward with a spiraling motion and pushes the bed
sediment, causes the formation of horseshoe vortex. Simultaneously,
the separation of flow at the sides of each pile creates the wake vortices
with an opposite rotation direction compared to the horseshoe vortex.
Melville and Hadfield [15] reported that a substantial scour occurs
downstream of piles because of deflecting the streamlines and creating
a wake region behind them. Other important factor in scour phenom-
enon is the time [14,12]. In this way, the temporal variations of
flushing cone should be considered especially for design and operation
of hydropower dams. It depends on the condition of flow, geometry of
structure and sediment properties [7,16].

2. Materials and methods

The experiments were conducted at the Hydraulic Laboratory of
Department of Water Engineering at Shahid Bahonar University of
Kerman on a model of rectangular reservoir with a large circular orifice
with 9.5 cm diameter. Considering the laboratory space and the pump
capacity, the whole size of reservoir was selected large enough to
facilitate the observing of sediment flushing process while the scale
effects remain negligible. The width of reservoir was long enough that
the reservoir side walls have no effect on the flushing phenomenon. The
length of reservoir was long enough to ensure that the approaching flow
is smooth. In this way, the length, width and height of the reservoir was
2.5 m, 1.3 m and 1.5 m, respectively. A part of right and front walls of
the reservoir was made of glass to observe the flow condition near the
orifice during flushing operation. (Fig. 1) shows the schematic view of
the model. The flow was supplied from an underground sump by a
centrifugal pump located adjacent to the reservoir. There were two
butterfly valves in the reservoir circulating system, one regulating the
inflow and other regulating the outflow. Multiple measures including
perforated bricks and vertical screens were used at the inlet section of
reservoir across the entire cross-section of the reservoir to prevent the
formation of large-scale disturbances and to reduce the turbulence and
vortices caused by pump fluctuations. Non-cohesive sediments with
d50=0.36 mm and σ = 2.24g were used in this study. (Fig. 2) represents
the particle size ditribution curve of bed sediment. Before starting of
each run, the sediment thickness in the reservoir was 40 cm, set with
the bottom edge of the orifice. PVC cylindrical piles with different
diameters (Dpile) and different spacing (I), according to (Table 1), were
implemented in the reservoir at different distances (R) from the orifice
(Fig. 3). The geometrical dimensions of flushing cone were measured
using a point gauge mounted on the railways above the reservoir. Dye
injection technique was used together with Canon Powershot IS 170
SX camera to visualize the flushing features during the experiments by
taking photos and recording videos.

2.1. Test procedure

The purpose of this research was to study the mechanism of
sediment scouring upstream of a large circular orifice during the

flushing operation. To increase the orifice flow power, a new structure,
as shown in (Fig. 2), composed of a series of submerged semi-confined
cylindrical piles was placed around the orifice. (Fig. 4) shows the side
and plan view of piles implementation layout. The reason for choosing
semicircular layout arised from the results of conducting the reference
test, where, the final shape of flushing cone was semicircular. In this
study, the reference test was the test without implementation of piles
around the orifice. In total, 203 experiments were performed to
measure the flushing cone dimensions. All tests were performed under
constant head condition (H=45 cm, from the center of the orifice to the
water surface) at the reservoir, but for two different orifice outflow
discharges (14.5 L/s and 10 L/s).

The tests procedure was such a way that, initially the pump was
started and discharged the flow to the reservoir. After that, the orifice
was opened so that the inflow to reservoir was equal to the outflow. Any
variation in scour due to differences in the opening of the orifice was
negligible for each run. The tests were run for 6 h (up to reaching to the
equilibrium condition). The flushing cone was assessed as having
reached equilibrium when the centerline bed profile did not change
more than 2 mm within a 2-h period. Then the pump was turned off
and the orifice was closed gradually. After that, the water in the
reservoir was drained completely and then the geometrical dimensions
of flushing cone were measured. Cross sections were taken at various
Z/Dorifice distances by means of a point gauge limnimeter. The
coordinate system was set with the origin at the invert of the orifice
as previously showed in (Fig. 4). As can be seen, the z positive location
was measured upstream of the orifice and the x positive location was
measured laterally across the orifice.

2.2. Dimensional analysis

Considering the effective variables on flushing process reported by
Emamgholizadeh et al. [7] and the geometrical properties of proposed
structure in the present study, it is concluded that the main variables
that affect the volume of flushing cone ( ∀ )C are fluid density ρ( ), fluid
viscosity μ( ), the median size of sediment d( )50 , the sediment density
ρ( )s , the total head above the center of the orifice H( ), the orifice outflow
discharge Q( ), the diameter of orifice D( )orifice , the acceleration due to
gravity g( ), pile diameter D( )pile , the distance between two adjacent piles
I( ), and the distance of each pile from the origin of the orifice R( ). Eq.
(2) shows these terms in functional form.

f ρ μ d ρ H Q D g D I R( ∀ , , , , , , , , , , , ) = 0C s orifice pile50 (2)

By selecting H, g, and ρ as the repeating variables, the resulting
terms of the dimensional analysis are obtained as Eq. (2).

⎛

⎝
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(3)

Where, Re =
ρVD

μ
orifice is the orifice Reynolds number and G =s

ρ
ρ
s is the

specific gravity of sediment. For the purpose of this study some of the
terms in Eq. (3) may be dropped. For all tests, the sediments used were
sand with the same specific gravity, so the relative density term (Gs) can
be neglected. In addition, the effect of Re was considered negligible
under a fully turbulent flow from the orifice. Since the value of Dorifice, H
and d50 was constant in all tests of this study, the value of H

Dorifice
and

d
Dorifice

50 remained constant, as well. Regarding the above explanations,

Eq. (3) can be simplified as Eq. (4):
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(4)

According to Eq. (3), the piles diameter and spacing and their

Fig. 2. Particle size distribution curve of bed sediment.
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Table 1
Experiments carried out in the present research.

Model D (m) I (m) R (m) Q (L/s) H (m) Model D (m) I (m) R (m) Q (L/s) H (m)

Reference1 – – – 14.5 0.45 D3 I3 R4 0.032 0.048 0.050 10 0.45
Reference2 – – – 10 0.45 D3 I4 R1 0.032 0.064 0.020 10 0.45
D1 I1 R1

a 0.020 0.016 0.020 14.5 0.45 D3 I3 R1 0.032 0.048 0.020 14.5 0.45
D1 I1 R2 0.020 0.016 0.030 14.5 0.45 D3 I3 R2 0.032 0.048 0.030 14.5 0.45
D1 I1 R3 0.020 0.016 0.040 14.5 0.45 D3 I3 R3 0.032 0.048 0.040 14.5 0.45
D1 I1 R4 0.020 0.016 0.050 14.5 0.45 D3 I3 R4 0.032 0.048 0.050 14.5 0.45
D1 I2 R1 0.020 0.032 0.020 14.5 0.45 D3 I4 R1 0.032 0.064 0.020 14.5 0.45
D1 I2 R2 0.020 0.032 0.030 14.5 0.45 D3 I4 R2 0.032 0.064 0.030 14.5 0.45
D1 I2 R3 0.020 0.032 0.040 14.5 0.45 D3 I4 R3 0.032 0.064 0.040 14.5 0.45
D1 I2 R4 0.020 0.032 0.050 14.5 0.45 D3 I4 R4 0.032 0.064 0.050 14.5 0.45
D1 I3 R1 0.020 0.048 0.020 14.5 0.45 D3 I5 R1 0.032 0.096 0.020 14.5 0.45
D1 I3 R2 0.020 0.048 0.030 14.5 0.45 D3 I5 R2 0.032 0.096 0.030 14.5 0.45
D1 I3 R3 0.020 0.048 0.040 14.5 0.45 D3 I5 R3 0.032 0.096 0.040 14.5 0.45
D1 I3 R4 0.020 0.048 0.050 14.5 0.45 D3 I5 R4 0.032 0.096 0.050 14.5 0.45
D1 I4 R1 0.020 0.064 0.020 14.5 0.45 D4 I1 R1 0.040 0.016 0.020 14.5 0.45
D1 I4 R2 0.020 0.064 0.030 14.5 0.45 D4 I1 R2 0.040 0.016 0.030 14.5 0.45
D1 I4 R3 0.020 0.064 0.040 14.5 0.45 D4 I1 R3 0.040 0.016 0.040 14.5 0.45
D1 I4 R4 0.020 0.064 0.050 14.5 0.45 D4 I1 R4 0.040 0.016 0.050 14.5 0.45
D1 I5 R1 0.020 0.096 0.020 14.5 0.45 D4 I2 R1 0.040 0.032 0.020 14.5 0.45
D1 I5 R2 0.020 0.096 0.030 14.5 0.45 D4 I2 R2 0.040 0.032 0.030 14.5 0.45
D1 I5 R3 0.020 0.096 0.040 14.5 0.45 D4 I2 R3 0.040 0.032 0.040 14.5 0.45
D1 I5 R4 0.020 0.096 0.050 14.5 0.45 D4 I2 R4 0.040 0.032 0.050 14.5 0.45
D2 I1 R1 0.025 0.016 0.020 14.5 0.45 D4 I3 R1 0.040 0.048 0.020 14.5 0.45
D2 I1 R2 0.025 0.016 0.030 14.5 0.45 D4 I3 R2 0.040 0.048 0.030 14.5 0.45
D2 I1 R3 0.025 0.016 0.040 14.5 0.45 D4 I3 R3 0.040 0.048 0.040 14.5 0.45
D2 I1 R4 0.025 0.016 0.050 14.5 0.45 D4 I3 R4 0.040 0.048 0.050 14.5 0.45
D2 I2 R1 0.025 0.032 0.020 14.5 0.45 D4 I4 R1 0.040 0.064 0.020 14.5 0.45
D2 I2 R2 0.025 0.032 0.030 14.5 0.45 D4 I4 R2 0.040 0.064 0.030 14.5 0.45
D2 I2 R3 0.025 0.032 0.040 14.5 0.45 D4 I4 R3 0.040 0.064 0.040 14.5 0.45
D2 I2 R4 0.025 0.032 0.050 14.5 0.45 D4 I4 R4 0.040 0.064 0.050 14.5 0.45
D2 I3 R1 0.025 0.048 0.020 14.5 0.45 D4 I5 R1 0.040 0.096 0.020 14.5 0.45
D2 I3 R2 0.025 0.048 0.030 14.5 0.45 D4 I5 R2 0.040 0.096 0.030 14.5 0.45
D2 I3 R3 0.025 0.048 0.040 14.5 0.45 D4 I5 R3 0.040 0.096 0.040 14.5 0.45
D2 I3 R4 0.025 0.048 0.050 14.5 0.45 D4 I5 R4 0.040 0.096 0.050 14.5 0.45
D2 I4 R1 0.025 0.064 0.020 14.5 0.45 D5 I1 R1 0.050 0.016 0.020 14.5 0.45
D2 I4 R2 0.025 0.064 0.030 14.5 0.45 D5 I1 R2 0.050 0.016 0.030 14.5 0.45
D2 I4 R3 0.025 0.064 0.040 14.5 0.45 D5 I1 R3 0.050 0.016 0.040 14.5 0.45
D2 I4 R4 0.025 0.064 0.050 14.5 0.45 D5 I1 R4 0.050 0.016 0.050 14.5 0.45
D2 I5 R1 0.025 0.096 0.020 14.5 0.45 D5 I2 R1 0.050 0.032 0.020 14.5 0.45
D2 I5 R2 0.025 0.096 0.030 14.5 0.45 D5 I2 R2 0.050 0.032 0.030 14.5 0.45
D2 I5 R3 0.025 0.096 0.040 14.5 0.45 D5 I2 R3 0.050 0.032 0.040 14.5 0.45
D2 I5 R4 0.025 0.096 0.050 14.5 0.45 D5 I2 R4 0.050 0.032 0.050 14.5 0.45
D3 I1 R1 0.032 0.016 0.020 14.5 0.45 D5 I3 R1 0.050 0.048 0.020 14.5 0.45
D3 I1 R2 0.032 0.016 0.030 14.5 0.45 D5 I3 R2 0.050 0.048 0.030 14.5 0.45
D3 I1 R3 0.032 0.016 0.040 14.5 0.45 D5 I3 R3 0.050 0.048 0.040 14.5 0.45
D3 I1 R4 0.032 0.016 0.050 14.5 0.45 D5 I3 R4 0.050 0.048 0.050 14.5 0.45
D3 I2 R1 0.032 0.032 0.020 14.5 0.45 D5 I4 R1 0.050 0.064 0.020 14.5 0.45
D3 I2 R2 0.032 0.032 0.030 14.5 0.45 D5 I4 R2 0.050 0.064 0.030 14.5 0.45
D3 I2 R3 0.032 0.032 0.040 14.5 0.45 D5 I4 R3 0.050 0.064 0.040 14.5 0.45
D3 I2 R4 0.032 0.032 0.050 14.5 0.45 D5 I4 R4 0.050 0.064 0.050 14.5 0.45
D5 I5 R4 0.050 0.096 0.050 14.5 0.45 D5 I5 R1 0.050 0.096 0.020 14.5 0.45
D1 I1 R2 0.020 0.016 0.030 10 0.45 D5 I5 R2 0.050 0.096 0.030 14.5 0.45
D1 I1 R3 0.020 0.016 0.040 10 0.45 D5 I5 R3 0.050 0.096 0.040 14.5 0.45
D1 I1 R4 0.020 0.016 0.050 10 0.45 D3 I4 R2 0.032 0.064 0.030 10 0.45
D1 I2 R1 0.020 0.032 0.020 10 0.45 D3 I4 R3 0.032 0.064 0.040 10 0.45
D1 I2 R2 0.020 0.032 0.030 10 0.45 D3 I4 R4 0.032 0.064 0.050 10 0.45
D1 I2 R3 0.020 0.032 0.040 10 0.45 D3 I5 R1 0.032 0.096 0.020 10 0.45
D1 I2 R4 0.020 0.032 0.050 10 0.45 D3 I5 R2 0.032 0.096 0.030 10 0.45
D1 I3 R1 0.020 0.048 0.020 10 0.45 D3 I5 R3 0.032 0.096 0.040 10 0.45
D1 I3 R2 0.020 0.048 0.030 10 0.45 D3 I5 R4 0.032 0.096 0.050 10 0.45
D1 I3 R3 0.020 0.048 0.040 10 0.45 D4 I1 R1 0.040 0.016 0.020 10 0.45
D1 I3 R4 0.020 0.048 0.050 10 0.45 D4 I1 R2 0.040 0.016 0.030 10 0.45
D1 I4 R1 0.020 0.064 0.020 10 0.45 D4 I1 R3 0.040 0.016 0.040 10 0.45
D1 I4 R2 0.020 0.064 0.030 10 0.45 D4 I1 R4 0.040 0.016 0.050 10 0.45
D1 I4 R3 0.020 0.064 0.040 10 0.45 D4 I2 R1 0.040 0.032 0.020 10 0.45
D1 I4 R4 0.020 0.064 0.050 10 0.45 D4 I2 R2 0.040 0.032 0.030 10 0.45
D1 I5 R1 0.020 0.096 0.020 10 0.45 D4 I2 R3 0.040 0.032 0.040 10 0.45
D1 I5 R2 0.020 0.096 0.030 10 0.45 D4 I2 R4 0.040 0.032 0.050 10 0.45
D1 I5 R3 0.020 0.096 0.040 10 0.45 D4 I3 R1 0.040 0.048 0.020 10 0.45
D1 I5 R4 0.020 0.096 0.050 10 0.45 D4 I3 R2 0.040 0.048 0.030 10 0.45
D2 I1 R1 0.025 0.016 0.020 10 0.45 D4 I3 R3 0.040 0.048 0.040 10 0.45
D2 I1 R2 0.025 0.016 0.030 10 0.45 D4 I3 R4 0.040 0.048 0.050 10 0.45
D2 I1 R3 0.025 0.016 0.040 10 0.45 D4 I4 R1 0.040 0.064 0.020 10 0.45
D2 I1 R4 0.025 0.016 0.050 10 0.45 D4 I4 R2 0.040 0.064 0.030 10 0.45

(continued on next page)
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distance from the orifice are three effective parameters on the volume
of flushing cone. As said, one of the purposes of this research was to
investigate the effect of Dorifice, I and R on the extent of flushing cone.
The flushing cone geometric characteristics investigated were: (1) the
maximum scour depth (2) the maximum radius of flushing cone, (3)
the amount of evacuated sediments through flushing operation.

3. Experimental results

The first set of experiments was conducted without placing the
proposed structure upstream of the orifice. The primary mechanism of
sediment transport during the first seconds of this set of experiments
was the excess flow shear stresses, generated by the accelerated
outflowing water from the orifice, which scoured the sediment and
created a flushing cone upstream of the orifice. After about 3 min, due
to increasing the depth of flushing cone, the velocities and shear
stresses in the flushing cone decreased. After this initial stage, two
counter-rotating vortices begun to form below the invert of the orifice
(Fig. 5). These vortices caused lifting the sediments from the flushing
cone into the outflowing water and afterward became the dominant
mechanism for removing the sediments from the flushing cone. Then,
the vortices were mixed together and produced a stronger drifting
vortex. Sediment particles begun to roll down the sides of the flushing
cone, then was fed into the central drifting vortex and sucked vertically
out of the cone and through the orifice. At the end of each experiment, a
series of ridges and troughs formed within the flushing cone.
Formation of these ridges and troughs proves the existence of vortices
[18].

The observations revealed that the amount of flushed sediments
was largely dependent on the strength of these vortices. Therefore, by
increasing the strength of these vortices, it is possible to remove more
sediments from the reservoir. Accordingly, in this experimental study a
structure composed of semi-confined piles was connected to the orifice
to increase the strength of the vortices and flow turbulence. In addition,
by using the proposed structure in dams, the risk of orifice blockage
due to submerged debris decreases.

One of the main representative characteristics of scour hole at

upstream of the orifices is the final shape of the scour hole. The scour
hole cross-sectional data may be used for the future calibration,
assessment and development of numerical models, as well. (Fig. 6)
shows the transverse cross-section of flushing cone for three different
distances of Z/Dorifice=0.53, Z/Dorifice=1 and Z/Dorifice=1.53 from
the orifice. From the figure, the dimensions of flushing cone decreased
by increasing the distance from orifice. In other word, the cone cross-
sectional area at distance Z/Dorifice=0.53 was 9.22 times the cross-
sectional area at Z/Dorifice=1.53.

Also, the experiments showed that, the side slope of flushing cones
was approximately equal to the submerged angle of repose of the
sediment, 26°. This is consistent with the observations of
Emamgholizadeh and Fathi-moghadam [6]. In this regard, Fang and
Cao [9] reported that, for granular sediments, the slope of flushing cone
may be estimated by the submerged angle of repose.

3.1. Effect of proposed structure on the flushing process

The mechanism of flushing operation in the presence of proposed
structure was influenced by two factors: 1) encountering the flow with
piles (local scour) 2) constricting the flow due to using confining plate
and vertical piles.

During each experiment of this research, there was a strong
interaction between the size of the pile, the distance between two
adjacent piles, the size of the flushing cone and the strengths of down
flow, horseshoe and wake vortices (Fig. 7). The wake vortices interacted
with the horseshoe vortex at the flushing cone, increased its strength
and caused it to oscillate laterally and vertically. In addition, the wake
vortices caused an erosion process that sucked up the material from the
flushing cone and swept them away from the base of the cone. Dye
injection showed that the flow field, approaching the piles, varies three
dimensionally with complex recirculation zones and secondary flows.
In this case, the flow had to pass through the gap between piles, led to
establishing a constricted flow with higher velocity, turbulence and
tractive forces which swept away the bed material and developed the
flushing cone at a faster rate compared to the reference test. By this
processes, the flushing cone were deepened due to the conflicting

Table 1 (continued)

Model D (m) I (m) R (m) Q (L/s) H (m) Model D (m) I (m) R (m) Q (L/s) H (m)

D2 I2 R1 0.025 0.032 0.020 10 0.45 D4 I4 R3 0.040 0.064 0.040 10 0.45
D2 I2 R2 0.025 0.032 0.030 10 0.45 D4 I4 R4 0.040 0.064 0.050 10 0.45
D2 I2 R3 0.025 0.032 0.040 10 0.45 D4 I5 R1 0.040 0.096 0.020 10 0.45
D2 I2 R4 0.025 0.032 0.050 10 0.45 D4 I5 R2 0.040 0.096 0.030 10 0.45
D2 I3 R1 0.025 0.048 0.020 10 0.45 D4 I5 R3 0.040 0.096 0.040 10 0.45
D2 I3 R2 0.025 0.048 0.030 10 0.45 D4 I5 R4 0.040 0.096 0.050 10 0.45
D2 I3 R3 0.025 0.048 0.040 10 0.45 D5 I1 R1 0.050 0.016 0.020 10 0.45
D2 I3 R4 0.025 0.048 0.050 10 0.45 D5 I1 R2 0.050 0.016 0.030 10 0.45
D2 I4 R1 0.025 0.064 0.020 10 0.45 D5 I1 R3 0.050 0.016 0.040 10 0.45
D2 I4 R2 0.025 0.064 0.030 10 0.45 D5 I1 R4 0.050 0.016 0.050 10 0.45
D2 I4 R3 0.025 0.064 0.040 10 0.45 D5 I2 R1 0.050 0.032 0.020 10 0.45
D2 I4 R4 0.025 0.064 0.050 10 0.45 D5 I2 R2 0.050 0.032 0.030 10 0.45
D2 I5 R1 0.025 0.096 0.020 10 0.45 D5 I2 R3 0.050 0.032 0.040 10 0.45
D2 I5 R2 0.025 0.096 0.030 10 0.45 D5 I2 R4 0.050 0.032 0.050 10 0.45
D2 I5 R3 0.025 0.096 0.040 10 0.45 D5 I3 R1 0.050 0.048 0.020 10 0.45
D2 I5 R4 0.025 0.096 0.050 10 0.45 D5 I3 R2 0.050 0.048 0.030 10 0.45
D3 I1 R1 0.032 0.016 0.020 10 0.45 D5 I3 R3 0.050 0.048 0.040 10 0.45
D3 I1 R2 0.032 0.016 0.030 10 0.45 D5 I3 R4 0.050 0.048 0.050 10 0.45
D3 I1 R3 0.032 0.016 0.040 10 0.45 D5 I4 R1 0.050 0.064 0.020 10 0.45
D3 I1 R4 0.032 0.016 0.050 10 0.45 D5 I4 R2 0.050 0.064 0.030 10 0.45
D3 I2 R1 0.032 0.032 0.020 10 0.45 D5 I4 R3 0.050 0.064 0.040 10 0.45
D3 I2 R2 0.032 0.032 0.030 10 0.45 D5 I4 R4 0.050 0.064 0.050 10 0.45
D3 I2 R3 0.032 0.032 0.040 10 0.45 D5 I5 R1 0.050 0.096 0.020 10 0.45
D3 I2 R4 0.032 0.032 0.050 10 0.45 D5 I5 R2 0.050 0.096 0.030 10 0.45
D3 I3 R1 0.032 0.048 0.020 10 0.45 D5 I5 R3 0.050 0.096 0.040 10 0.45
D3 I3 R2 0.032 0.048 0.030 10 0.45 D5 I5 R4 0.050 0.096 0.050 10 0.45
D3 I3 R3 0.032 0.048 0.040 10 0.45

a D1=0.020, D2=0.025, D3=0.032, D4=0.040, D5=0.050, I1=0.016, I2=0.032, I3=0.048, I4=0.064, I5=0.096, R1=0.200, R2=0.300, R3=0.400, R4=0.500 m.
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velocity fields at the intersection of the wake vortex streams from
adjacent piles. In all tests of this study, it was observed that the
maximum scour depth occurred at the center of the flushing cone due
to the additive effect of central drifting vortex scour and wake vortex
scour (Fig. 7).

3.2. Effect of pile diameter

In the proposed structure, circular piles with five different relative
diameters D D( / )pile orifice of 0.21 (D1=0.020 m), 0.26 (D2=0.025 m), 0.35
(D3=0.032 m), 0.42 (D4=0.040 m), and 0.53 (D5=0.050 m) were used.
In this section, the results of tests D1I2R2, D2I2R2, D3I2R2, D4I2R2,

Fig. 3. Preparing the sedimentary bed upstream of orifice (a) and procedure for embedding the proposed structure in the reservoir: before (b, c) and after the test (d, e).

Fig. 4. Schematic representation of orifice and scour hole: side view (left) and top view (right).
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and D5I2R2 are reported and discussed (I2=0.032 m, R2=0.300 m).
The results are consistent for all other combinations of I and R. For all
other setups, The effect of pile diameter on the dimensions of flushing
cone is demonstrated in (Fig. 8a, b). By implementing the piles, the
relative flushing depth increased, so that, for the outflow discharge rate
of 14.5 L/s, the value of d D/hole orifice increased from 0.83 (in the
reference test) to 0.95 for the test with D I/ = 1pile . By further increasing
of the pile diameter, the depth of flushing cone decreased, so that, the
minimum flushing depth was observed at D I/ = 1.56pile equal to
d D/ = 0.68hole orifice (Fig. 8a). In other word, among the tested pile
diameters, the pile with D I/ = 1pile has the most efficiency on the
sediment removal. In this case, in addition to the central drifting
vortex in front of the orifice, both the shear stresses and pile-induced
vortices had significant role in formation, widening and deepening of
flushing cone. For the thinner piles, (i.e. D I/ < 1pile ) the pile-induced
vortices were not strong enough to lift and sweep the sediments,
therefore, little scour was observed upstream of the orifice. For the
piles with larger diameters (D I/ > 1pile ), no horseshoe vortex formed
and the shear stresses was the only responsible for formation of the
flushing cone. This is consistent with the observations of Carstens and
Sharma [4]. In fact, larger piles acted as an obstacle, reduced the flow
velocity and turbulence and imposed an attenuating effect on the
strength of central vortex. Therefore, for D I/ > 1pile , the maximum
depth of flushing cone decreased. In addition, for the piles with larger

diameters, the pile-induced wake vortices had not sufficient opportu-
nity to be strong enough because of the short distance between piles
and the orifice. In other word, before strengthening the wake vortices,
the flow reached to the orifice.

In the other hand, for the outflow discharge of 14.5 L/s, the relative
radius of flushing cone R I( / )hole reached from 1.58 in the reference test
to 3.6 for the test with D I/ = 1.56pile , indicating 128% increment in the
relative radius of flushing cone (Fig. 8b). By increasing the pile
diameter, the scoured region increased compared to the reference test.
Similar trend was observed for the outflow discharge of 10 L/s.

3.3. Effect of pile spacing

For the piles with the most scouring effect (i.e. D I/ = 1pile ), the
distance between the piles (I) was changed to investigate the effect of I
on the dimensions of flushing cone. To this purpose, the piles were
implemented in five different relative distances from each other,
I D/ = 0.17, 0.34 , 0.51 , 0.67and 1.01.orifice The results from tests
D3I1R2, D3I2R2, D3I3R2, D3I4R2, and D3I5R2 are discussed here.
For all other setups, the results are consistent. (Fig. 9a, b) shows the
effect of I D/ orifice on the characteristics of flushing cone. By increasing
the piles spacing, the maximum depth of flushing cone was firstly
increased and then decreased. In the case of reference test, the value of
d D/hole orifice for the outflow discharge of 14.5 L/s was obtained 0.83,
while, for I D/ = 0.17orifice , the value of relative depth reached to 1.3,
indicating 56% increment in relative flushing depth. By increasing the
pile spacing, the depth of flushing cone reached to 0.7, which was lower
than the flushing depth at the reference test. In the case of
I D/ > 0.17orifice , the scour depth between the piles as well as the
maximum depth of flushing cone decreased because the effect of
accelerated jet flow was weakened and the shear stresses were reduced
in the flushing cone. In fact, by increasing the distance, the interference
of the flow from each pile was significantly weakened and the strength
of wake vortex decreased, rapidly. In addition, the collision between the
flow jets and the central drifting vortex was alleviated and the
turbulence decreased. This was consistent with the results of Elliott
and Baker [5], and Kim et al. [11] who reported that if the pile spacing
become large, the flow interference triggered by adjacent piles will be
negligible. For I D/ = 0.17orifice , not only the erosion capacity of jet-flow
became stronger, but also due to the interactions between flow and
piles, the flow turbulence increased, resulted in more amount of scour
upstream of orifice. In addition, the horse-shoe vortex became com-
pressed and the collision between separated streamlines with each
other and with the central drifting vortex increased.

From (Fig. 9b), the effect of piles relative spacing on the relative
radius of flushing cone was approximately constant. In this case, the
maximum relative radius of flushing cone was observed at
I D/ = 0.17orifice , which was 3.37 for the outflow discharge of 14.5 L/s,
indicating 113% increment in comparison with the reference test.

3.4. Effect of piles distance from the orifice

As said, the top view of the piles position was semicircular shape
with a radius of R. The results from tests D3I1R1, D3I1R2, D3I1R3,
D3I1R4, and D3I1R5 are discussed here. These tests (tests with D3I1)
showed the most scour depth among the experiments. To investigate
the effect of pile distance from the orifice, more piles were added as R
was increased, keeping I the same. (Fig. 10a, b) show the effect of R on
the characteristics of flushing cone. As shown, for Q=14.5 L/s and
Q=10 L/s at R D/ = 3.16orifice , the relative flushing depth was obtained
0.96 and 0.72, which increased 15% and 13%, respectively, compared
to the reference test. In the high values of R, the relative depth of
flushing cone decreased. As can be seen, at R D/ = 5.26orifice , the relative
flushing depth was close to the reference test for both outflow
discharges.

In addition, for the outflow discharge of 14.5 L/s, the value of

Fig. 5. Typical flow patterns upstream of the orifice.

Fig. 6. Longitudinal profile (top) and cross-sections (below) of flushing cone.
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R D/hole orifice for the reference test was 1.58, while, for the test with
R D/ = 5.26orifice , it was 5.32. Also, for outflow discharge of 10 L/s, the
value of R D/hole orifice for the reference test was 1.18, while, for the test
with R D/ = 5.26orifice , it was 4. In other word, the value of relative radius
of flushing cone at the test D3I1R4 was 3.37 and 3.39 times of that of
the reference test, respectively for outflow discharges of 14.5 and 10 L/
s. It was observed that more the R D/ orifice, more the R D/hole orifice. From the
analysis it was found that, as the R increased, a wider area of the bed
surface exposed to the shear stresses and a larger amount of sediment
was scoured from the bed. In larger values of R, the inception point of
scouring occurred close to the orifice and developed retrogressively to
the upstream. In this case, the main factor for sediment removal was
the extending of constricted flow region. In smaller values of R, the
scouring process begun from the upstream face of piles and extended
progressively toward the orifice by mixing with horseshoe vortex, wake
vortices and central drifting vortex. For R D/ > 3.16orifice , the piles had
inverse effect on the depth of flushing cone but caused a wider area of
reservoir to scour.

3.5. Temporal variation of flushing cone

(Fig. 11) shows how the flushing cone developed over time up-
stream of the orifice. As can be seen by opening the orifice valve, the
scour was initially occurred close to the orifice and thereafter extended
symmetrically toward the upstream with a half-cone shape. The scour
rate was very high at the early stage of the scouring process, then
decreased with time. By embedding the proposed structure, the rate of
temporal development of flushing cone increased significantly. In this
way, the scouring process initiated at the flanks of each pile, then,

propagated at the sides of piles. The final shape of flushing cone was
semi-circular, similar to the reference test, but with a diameter of about
twice that. After 6 h, the equilibrium condition was reached, and the
walls of flushing cone became stable. At about 240 min after the
commencement of the test, the variations rate of flushing cone were
decreased and then the final shape of flushing cone was formed after
6 h, so that, no further development occurred, thereafter.

3.6. Flushing efficiency

To calculate the volume of flushing cone in this study, the x,y,z
points of flushing cone were measured and then, imported to SURFER-
10 software. (Fig. 12a, b) shows a sample of contour map and 3D
wireframe map of flushing cone in the test D2I4R3, obtained by
SURFER-10. For the reference test of this study, the flushing efficiency
was obtained 0.00094 for the first 1000 s of the test, while, for the test
D3I1R4 (test with the greatest effect), the flushing efficiency reached to
0.00324, indicating a remarkable effect of semi-confined pile structure
on improvement of flushing efficiency. Emamgholizadeh and Fathi-
moghadam [6] reported flushing efficiency of 0.00343 for their
experimental conditions. By surveying some reservoirs over the world,
Morris and Fan [17] reported the range of 0.00017–0.043 for flushing
efficiency. The wide range of flushing efficiencies in different works is
due to the differences in flow condition, sediment properties, geometry
of bottom outlet, and time duration of flushing operation. These factors
can heavily influence the flushing efficiency.

Fig. 7. Schematic representation of the interaction of flow and piles and the generated vortices (top) and ridges formed after flushing operation (below).
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Fig. 8. Variations of flushing cone relative depth (b) and relative radius (a) vs. pile
diameter.

Fig. 9. Variations of flushing cone relative depth (a) and relative radius (b) vs. pile
spacing.

Fig. 10. Variations of flushing cone relative depth (a) and relative radius (b) vs. pile
distance from the orifice.

Fig. 11. Temporal variation of flushing cone in the reference test (top) and comparison
it with the test D5I2R4 (below).
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4. Conclusion

In this research the flow characteristics and sediment scour at the
upstream of a large orifice, when the sediments are accumulated up to
the invert of orifice, were investigated. Next, a semi-confined piles
group structure was used to strengthen the power of orifice flow with
the purpose of improving the sediment removal efficiency. The effect of
geometrical properties of proposed structure on the dimensions of
flushing cone was investigated. The results showed that by using the
proposed structure, both the relative depth and the relative radius of
flushing cone increased. In this way, piles diameter had a significant
effect on the dimensions of scoured region. It was observed that by
increasing the piles spacing, the maximum depth of flushing cone was
firstly increased and then decreased. Furthermore, it was found that as
the distance of piles from the orifice increased, a larger amount of
sediment was scoured from the flushing cone. Then, the time develop-
ment of flushing cone was followed with and without the structure. It
was observed that in the presence of proposed structure, the rate of
temporal development of flushing cone increased significantly. The
observations indicated that, the amount of flushed sediments increased

by up to 250% compared to the reference test.

References

[1] J. Ahn, Numerical Modeling of Reservoir Sedimentation and Flushing Processes
(Ph.D. thesis), Colorado State University, Fort Collins, Colorado, 2011, p. 158.

[2] D. Bryant, A. Khan, N. Aziz, Investigation of flow upstream of orifices, J. Hydraul.
Eng. 1 (98) (2008) 98–104.

[3] H. Chanson, S.I. Aoki, M. Maruyama, Unsteady two-dimensional orifice flow: a
large-size experimental investigation, J. Hydraul. Res. 40 (1) (2002) 63–71.

[4] T. Carstens, H.R. Sharma, Local scour around large obstructions, in: Proceedings of
the 16th Congr., Proc Int. Assoc. for Hydraul. Res., 1975.

[5] K. Elliott, C. Baker, Effect of pier spacing on scour around bridge piers, J. Hydraul.
Eng. 7 (1105) (1985) 1105–1109.

[6] S. Emamgholizadeh, M. Fathi-Moghadam, Pressure flushing of cohesive sediment
in large dam reservoirs, J. Hydrol. Eng. ASCE 19 (2014) 674–681.

[7] S. Emamgholizadeh, M. Bina, M. Fathi-Moghadam, M. Ghomeyshi, Investigation
and evaluation of the pressure flushing through storage reservoir, ARPN, J. Eng.
Appl. Sci. 1 (4) (2006) 7–16.

[8] M.K. Goyal, Fluid Mechanics and Hydraulic Machines, PHI learning Pvt. Ltd, Delhi,
India, 2015, p. 792.

[9] D. Fang, S. Cao, An experimental study on scour funnel in front of a sediment
flushing outlet of a reservoir, 1.78-1.84, in: Proc. 6th Federal Interagency
Sedimentation Cont., Las Vegas, 1996.

[10] A. Hussain, Z. Ahmad, G.L. Asawa, Discharge characteristics of sharp-crested
circular side orifices in open channels, Flow Meas. Instrum. 21 (3) (2010) 418–424.

[11] H.S. Kim, M. Nabi, I. Kimura, Y. Shimizu, Numerical investigation of local scour at
two adjacent cylinders, Adv. Water Resour. 70 (2014) 131–147.

[12] M.B. Mashahir, A.R. Zarrati, A.R. Rezayi, Time development of scouring around a
bridge pier protected by collar, in: Proceedings of the 2nd International Conference
on Scour and Erosion, ICSE-2, Singapore, 2004.

[13] B.W. Melville, Local Scour at Bridge Sites, (Ph.D. thesis), School of Engineering,
University of Auckland, New Zeland, 1975, p. 259 Report No. 117.

[14] B.W. Melville, Y.M. Chiew, Time scale for local scour at bridge piers, J. Hydraul.
Eng. ASCE 125 (1999) 59–65.

[15] B. Melville, A. Hadfield, Use of sacrificial piles as pier scour countermeasures, J.
Hydraul. Eng. 11 (1221) (1999) 1221–1224.

[16] M.E. Meshkati Shahmirzadi, A.A. Dehghani, G. Naser, S. Emamgholizadeh,
A. Mosaedi, Evolution of developing flushing cone during the pressurized flushing
in reservoir storage, World Acad. Sci. Eng. Technol. 3 (2009) 10–27.

[17] G.L. Morris, J. Fan, Reservoir Sedimentation Handbook: Design and Management
of Dams, Reservoirs and Watershed for Sustainable Use (Electronic Version),
McGraw Hill, New York, 2010.

[18] D.N. Powell, Sediment transport upstream of Orifice (Ph.D. Dissertation), Graduate
School of Clemson University, South Carolina, United States, 2007 (UMI Number:
3290698).

[19] D.N. Powell, A.A. Khan, Scour upstream of a circular orifice under constant head, J.
Hydraul. Res. 50 (1) (2012) 28–34. http://dx.doi.org/10.1080/
00221686.2011.637821.

[20] D. Powell, A. Khan, Flow field upstream of an orifice under fixed bed and
equilibrium scour conditions, J. Hydraul. Eng. (2014) 04014076.

[21] N. Qian, Reservoir sedimentation and slope stability; technical and environmental
effects, in: Proceedings of the 14th International Congress on Large Dams,
Transactions. Rio de Janeiro,Brazil, vol. 3, 1982, pp. 639–690.

[22] A. Raudkivi, Functional trends of scour at bridge piers, J. Hydraul. Eng. 1 (1)
(1986) 1–13.

[23] Y. Shammaa, D. Zhu, N. Rajaratnam, Flow upstream of orifices and sluice gates, J.
Hydraul. Eng. 2 (127) (2005) 127–133.

[24] V.L. Streeter, E.B. Wylie, K.W. Bedford, Fluid mechanics, ninth edition, Tata
McGraw-Hill Education, India, 2010, p. 562.

[25] H. Sun, Y. Liu, Theoretical and experimental study on the vortex at hydraulic
intakes, J. Hydraul. Res. (2015). http://dx.doi.org/10.1080/
00221686.2015.1076533.

Fig. 12. Contour map (a) and 3D map (b) of flushing cone in the test D2I4R3.

M.R. Madadi et al. Flow Measurement and Instrumentation 52 (2016) 180–189

189

http://refhub.elsevier.com/S0955-16)30204-sbref1
http://refhub.elsevier.com/S0955-16)30204-sbref1
http://refhub.elsevier.com/S0955-16)30204-sbref2
http://refhub.elsevier.com/S0955-16)30204-sbref2
http://refhub.elsevier.com/S0955-16)30204-sbref3
http://refhub.elsevier.com/S0955-16)30204-sbref3
http://refhub.elsevier.com/S0955-16)30204-sbref4
http://refhub.elsevier.com/S0955-16)30204-sbref4
http://refhub.elsevier.com/S0955-16)30204-sbref5
http://refhub.elsevier.com/S0955-16)30204-sbref5
http://refhub.elsevier.com/S0955-16)30204-sbref6
http://refhub.elsevier.com/S0955-16)30204-sbref6
http://refhub.elsevier.com/S0955-16)30204-sbref6
http://refhub.elsevier.com/S0955-16)30204-sbref7
http://refhub.elsevier.com/S0955-16)30204-sbref7
http://refhub.elsevier.com/S0955-16)30204-sbref8
http://refhub.elsevier.com/S0955-16)30204-sbref8
http://refhub.elsevier.com/S0955-16)30204-sbref9
http://refhub.elsevier.com/S0955-16)30204-sbref9
http://refhub.elsevier.com/S0955-16)30204-sbref10
http://refhub.elsevier.com/S0955-16)30204-sbref10
http://refhub.elsevier.com/S0955-16)30204-sbref11
http://refhub.elsevier.com/S0955-16)30204-sbref11
http://refhub.elsevier.com/S0955-16)30204-sbref12
http://refhub.elsevier.com/S0955-16)30204-sbref12
http://refhub.elsevier.com/S0955-16)30204-sbref13
http://refhub.elsevier.com/S0955-16)30204-sbref13
http://refhub.elsevier.com/S0955-16)30204-sbref13
http://refhub.elsevier.com/S0955-16)30204-sbref14
http://refhub.elsevier.com/S0955-16)30204-sbref14
http://refhub.elsevier.com/S0955-16)30204-sbref14
http://refhub.elsevier.com/S0955-16)30204-sbref15
http://refhub.elsevier.com/S0955-16)30204-sbref15
http://refhub.elsevier.com/S0955-16)30204-sbref15
http://dx.doi.org/10.1080/00221686.2011.637821
http://dx.doi.org/10.1080/00221686.2011.637821
http://refhub.elsevier.com/S0955-16)30204-sbref17
http://refhub.elsevier.com/S0955-16)30204-sbref17
http://refhub.elsevier.com/S0955-16)30204-sbref18
http://refhub.elsevier.com/S0955-16)30204-sbref18
http://refhub.elsevier.com/S0955-16)30204-sbref19
http://refhub.elsevier.com/S0955-16)30204-sbref19
http://refhub.elsevier.com/S0955-16)30204-sbref20
http://refhub.elsevier.com/S0955-16)30204-sbref20
http://dx.doi.org/10.1080/00221686.2015.1076533
http://dx.doi.org/10.1080/00221686.2015.1076533

	Sediment flushing upstream of large orifices: An experimental study
	Introduction
	Materials and methods
	Test procedure
	Dimensional analysis

	Experimental results
	Effect of proposed structure on the flushing process
	Effect of pile diameter
	Effect of pile spacing
	Effect of piles distance from the orifice
	Temporal variation of flushing cone
	Flushing efficiency

	Conclusion
	References




