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While designing physical hydraulic model tests to investigate the efficiency of pressure flushing, it is most likely that very
fine sediments of cohesive nature are required to satisfy the relevant scaling criteria. Cohesive sediments have different
physical properties than sand, and a possibility to avoid such scale effects is to use lightweight materials with a specific
gravity larger than water but lower than sand as model sediment. This paper addresses this issue by presenting results from
laboratory experiments mimicking pressure flushing through a bottom outlet by using different lightweight materials and
sand as model sediments. The results consolidate conclusions of previous studies carried out solely with sand and show that
lightweight models can be used to predict the length and volume of flushing cones. Empirical relations to predict the length
and volume of flushing cones are proposed and validated against a small set of experimental data from a previous study.
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1. Introduction

Reservoir sedimentation is a global problem resulting in

continuous depletion of storage capacity of reservoirs by

0.5–1% (Schleiss et al. 2016). In the case of reservoirs used

for the generation of hydroelectricity, sediments do not

only continuously reduce the live storage capacity but may

also induce severe damages on hydro-mechanical compo-

nents. To counter and/or mitigate reservoir sedimentation,

various techniques ranging from reduction of sediment

yield by watershed management to evacuation of deposited

sediments have been proposed and implemented (Annan-

dale et al. 2016; Basson and Rooseboom 1997; Brandt

2000; Morris and Fan 2010; Schleiss et al. 2016; Wen

Shen 1999). Among these techniques, hydraulic flushing

is a common worldwide strategy (Lai and Shen 1996) for

restoring reservoir storage capacity. In fact, past experi-

ences have shown that flushing is an effective technique

to remove sediment deposits in small reservoirs (storage

capacity < 100 × 106 m3) as well as in large-scale reser-

voirs (storage capacity up to 10,000 × 106 m3) (Paul and

Dhillon 1988).

Pressure flushing removes sediment deposits through

bottom outlets, while the reservoir water level is main-

tained not to be lower than the minimum operating level.

Compared to free-flow flushing, in which the reservoir

water level is drawn down completely, pressure flush-

ing is less efficient and only scours sediment deposits in

*Corresponding author. Email: nils.ruther@ntnu.no

the vicinity of bottom outlets by creating a funnel-shaped

crater commonly designated as the flushing cone or flush-

ing half-cone (Emamgholizadeh et al. 2006; Mahmood

1987; Meshkati et al. 2010; Wen Shen 1999). A simpli-

fied sketch of a flushing cone and associated parameters

is shown in Figure 1. Despite its spatially limited extent,

pressure flushing is crucial for hydropower reservoirs when

sediment deposition levels near intakes have to be con-

trolled to prevent the passage of sand through the turbines

while the hydropower plant is in operation (Basson and

Rooseboom 2007; Fang and Cao 1996). Moreover, it can

be the only feasible option for reservoirs in water-scarce

regions, which cannot afford emptying the reservoir for

free-flow flushing (Emamgholizadeh et al. 2006; Kondolf

et al. 2014; Meshkati et al. 2010).

Several experimental studies have been carried out

to improve the understanding of the processes govern-

ing pressure flushing and to address the effect of various

hydraulic and sediment parameters on the formation of

scour cones. The results from previous studies had estab-

lished that as soon as the gate of the bottom outlet is

opened for pressure flushing, a scour is initiated due to

excess shear stress (Powell 2007; Powell and Khan 2012).

Large amounts of sediment are released in this first phase,

resulting in the formation of the scour cone (Fang and

Cao 1996). After the scour cone formation, vortices with

vertical axes occur randomly and govern the equilibrium

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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Figure 1. Sketch of a flushing cone and its associated parameters.

size of the flushing cone by entraining further deposited

sediment particles into the flow so that they are flushed

through the outlet (Powell 2007; Powell and Khan 2012).

With progressing time, the scour cone becomes stable in

shape and size with no further sediment removal from the

cone (Di Silvio 1990). At this stage, the flushing cone is

assumed to achieve an equilibrium for the given hydraulic

conditions.

The flushing process can be continued further by draw-

ing down the reservoir water level (Scheuerlein et al.

2004). For a constant outlet discharge, the flushing cone

volume increases with a decrease in reservoir water level

(Emamgholizadeh et al. 2006; Meshkati et al. 2010).

On the other hand, for a constant reservoir water level,

an increase in the outlet discharge will further increase

the flushing cone volume (Emamgholizadeh et al. 2006;

Meshkati et al. 2010). Moreover, it had been found that

for a constant outlet discharge (which was regulated in

the corresponding experiments) and reservoir water level,

the flushing cone increases with an increase in the size

of the bottom outlet (Meshkati et al. 2010). However, the

flushing cone size not only depends on the opening area

of the outlet, but also on its shape. For the outlets with

the equivalent opening area, square outlets produce big-

ger flushing cones than circular outlets (Dreyer and Basson

2018; Hajikandi et al. 2018) but smaller flushing cones

than flat rectangular outlets (Dreyer and Basson 2018). For

an outlet of specific shape and size, the maximum flush-

ing efficiency can be achieved by flushing at the lowest

operational reservoir level, while the bottom outlets are

fully opened (Emamgholizadeh et al. 2006; Meshkati et al.

2010).

Besides hydraulic parameters, the size of the flushing

cone also depends on sediment properties like the charac-

teristic particle size ds and thickness of sediment deposit

above the outlet’s sill level hs. The size of the flushing cone

increases with decreasing ds of non-cohesive sediment

since finer sediments have a lower angle of repose and

are subjected to higher buoyant forces (Fathi-Moghadam

et al. 2010). The flushing cone size also increases with

increasing hs due to the additional availability of sedi-

ment to be flushed. According to a sensitivity analysis by

Emamgholizadeh et al. (2013), the net sediment height

above the mid-height of outlet opening H snet, the charac-

teristic sediment size ds, the outlet opening diameter D,

the average velocity at the outlet u and the net flow depth

above the mid-height of outlet opening H wnet are the most

significant parameters regarding the flushing cone dimen-

sion and volume. Here, these parameters have been listed

in descending order of their significance which means that

the sediment properties H snet and ds affect the flushing cone

geometry more than the hydraulic parameters u and H wnet.

Although the effect of different hydraulic and sediment

parameters on the final geometry of flushing cones was

shown experimentally by various authors, it is still difficult

to analytically predict the combined effect of all parame-

ters since pressure flushing is a complex three-dimensional

phenomenon (Scheuerlein et al. 2004). Therefore, different

empirical relationships (Table 1) have been developed by

various researchers to predict the flushing cone’s dimen-

sions and volume in a dimensionless framework. However,

these empirical relationships provide partly contrasting

results. For example, Emamgholizadeh et al. (2013) and

Karmacharya et al. (2019) compared the predictions for
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Table 1. Empirical equations to predict volume and length of a flushing cone

Reference Empirical equations Eq. no.

Emamgholizadeh et al. (2006)
V

1/3
s

Hs,net
= 0.6139

(

u
√

gHw,net

)0.0062
(

Hs,net

ds

)0.05( Hs,net

Hw,net

)0.0036

1

where g is the acceleration due to gravity

Powell (2007) Zmax =
18576

Hwnet

D
+ 33273

ρu

µ

(

ds

Hwnet

)0.1
2.1

Wmax

2
=

55789
Hwnet

D
+ 144557

ρu

µ

(

ds

Hwnet

)0.1
2.2

Lmax =
72017

Hwnet

D
+ 45656

ρu

µ

(

ds

Hwnet

)0.1
2.3

Vs = 0.673Lmax
Wmax

2
Zmax 2.4

Shahmirzadi et al. (2010)
Vs

H3
w,net

= 0.042

(

u
√

gHw,net

)0.149
(

Hs,net

Hw,net

)3.082
(

A

H2
w,net

)0.174

3.1

3.2

Lmax

Hw,net
= 0.031

(

u
√

gHw,net

)0.104(
Hs,net

Hw,net

)0.733
(

A

H2
w,net

)0.146

where A is the opening area of the bottom outlet

Meshkati et al. (2010)
Vs

H3
w,net

= 4.6

(

u
√

g(Gs − 1)ds

)0.21
(

Hs,net

Hw,net

)2.2( D

Hw,net

)0.89

4.1

4.2

Lmax

Hw,net
= 0.02

(

u
√

g(Gs − 1)ds

)0.1
(

Hs,net

Hw,net

)0.75( D

Hw,net

)0.34

where Gs is the specific gravity of sediment particles and D is the diameter of outlet’s
opening

Fathi-Moghadam et al. (2010)
V

1/3
s

D
= 5.28

(

u
√

g(Gs − 1)ds

)0.1(
Hw,net

Hs,net

)−0.046

5.1

5.2

Lmax

D
= 8.19

(

u
√

g(Gs − 1)ds

)0.1
(

Hw,net

Hs,net

)−0.033

Dreyer and Basson (2018)
Lmax

hw
= 1.206Ln

(

hw

hw − hs

)

− 1.4594Ln

(

u
√

ghw

)

+ 0.0536Ln

(

boc + boe

hw

)

6.1

6.2
Wmax

hw
= 2.3065Ln

(

hw

hw − hs

)

− 3.4197Ln

(

u
√

ghw

)

+ 0.136Ln

(

boc + boe

hw

)

Zmax

hw
= 0.7615Ln

(

hw

hw − hs

)

− 0.7519Ln

(

u
√

ghw

)

+ 0.0278Ln

(

boc + boe

hw

)

6.3

Vs

h3
w

=
(

Lmax

hw

)1.9529(Wmax

hw

)−0.3787(Zmax

hw

)1.3663

6.4

where boc is the outlet width over the centreline and boe is the outlet width at the edge

the scour cone volume based on Equations (4.1) and (5.1)

(Table 1) and showed that the corresponding results were

significantly different. This can be explained by the fact

that the experiments by Meshkati et al. (2010) were carried

out with constant values of specific gravity of sediment

particles Gs, characteristics sediment size ds and thick-

ness of sediment deposit H s, whereas the experiments by

Fathi-Moghadam et al. (2010) were performed with con-

stant values of Gs, D and H s. Therefore, Equations (4.1)

and (5.1) may not able to predict the effect of variation



254 S. K. Karmacharya et al.

in the parameters that were kept constant in the respective

experiments.

This study evaluates the predictions of those available

empirical relations on our experimental data and proposes

new empirical relations based on the experimental data.

Laboratory experiments were conducted on pressurised

flushing of non-cohesive sediment deposit through a bot-

tom outlet by using model sediments of different specific

gravities. The objective of this study is to assess the

applicability of properly scaled lightweight materials, hav-

ing a specific gravity lower than sand but higher than

water, as model sediment in physical hydraulic modelling

specifically in predicting flushing cone geometry. The scal-

ing conditions adopted for selecting model sediments are

described in Section 2. Section 2 also describes the exper-

imental setup and procedure for the study. The results of

the experiments are presented and discussed in Section

3 in which also new empirical relationships are derived.

Section 4 concludes the paper and makes recommendations

for future studies.

2. Method

2.1. Experimental setup

Experiments were carried out at the hydraulic laboratory of

Norwegian Institute of Science and Technology (NTNU) in

Trondheim, Norway, and the hydraulic laboratory of Hydro

Lab in Lalitpur, Nepal. The experimental setups at both

laboratories were constructed to be hydraulically identical,

so that the results are directly comparable. The experimen-

tal setup consisted of an inlet tank, a 6 m long, 0.6 m wide

and 0.75 m high horizontal flume, and an outlet tank. The

inlet tank was connected to the laboratory’s water storage

reservoir via a pump and supply pipe. A box with cali-

brated V-notch was installed at the end of the supply pipe to

measure the discharge fed into the inlet tank. At the down-

stream end, the flume was equipped with a 5 cm × 5 cm

orifice at the centreline representing a sluice gate, i.e. a bot-

tom outlet. The sill level of the orifice was kept 6 cm above

the flume bed (i.e. a0 = 6 cm) to allow the free formation

of the flushing cone and to avoid the influence of the down-

stream flow. The opening height of the orifice could be

varied from 0 to 5 cm by a vertical slide gate. An outlet

tank was installed at the downstream end of the flume to

settle the flushed sediment before the outlet discharge was

finally released back to the water storage reservoir.

2.2. Model sediments

In total, five sets of experiments were carried out with

five different model sediments (Table 2). The model

sediments designated as LW-1, LW-2 and LW-3 were

lightweight materials and the ones designated as Sand-

1 and Sand-2 represented sand. Theoretically, properly

scaled lightweight materials can be used in scale mod-

els to represent fine sand in the prototype situation, which

otherwise would have to be modelled by silt or clay, i.e.

by cohesive sediment, hence producing erroneous results

due to contrasting sediment properties. Each of the three

lightweight sediments had cylindrical grains with a uni-

form grain size distribution. For the experiments carried

out with Sand-1 and Sand-2, poorly graded sands were

used keeping the characteristics particle size d50 as close

as possible to that estimated by the adopted scaling crite-

ria. The particle size distribution (PSD) curves of selected

model sediments are presented in Figure 2. The sorting

coefficient Cs from the PSD curves of the Sand-1 and

Sand-2 sediments were estimated according to Folk and

Ward (1957) to be 0.174 and 0.202, respectively (Table 2).

According to the classification scheme by Folk and Ward

(1957), sand with Cs < 0.35 is very well sorted. Similarly,

Figure 2. PSD of selected model sediments.

Table 2. Sediments used for the experiments and their properties

Exp.
set no.

Sediment
material ID

Name of
material

Size
(ds) mm

Specific
gravity (Gs)

Geometric
mean size

(dg)

Geometric
standard

deviation (σg)

Sorting
coefficient

(Cs)

Uniformity
coefficient,

Cu = d60/d10

1 LW-1 Poly-methyl
methacrylate
(PMMA)

2.40 1.180 2.40 1.00 0 1.00

2 Sand-1 Natural sand 0.30 2.650 0.30 1.67 0.174 2.50
3 LW-2 Masterbatch 4.00 1.400 4.00 1.00 0 1.00
4 Sand-2 Natural sand 1.05 2.650 0.93 1.25 0.202 1.76
5 LW-3 Polystyrene 2.00 1.058 2.00 1.00 0 1.00
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the uniformity coefficient Cu for both Sand-1 and Sand-

2 were below 6, hence both can be considered as poorly

graded sand. Therefore, both Sand-1 and Sand-2 can be

considered as very well sorted. The average angle of repose

for all the model sediments used in this study including

lightweight sediments was ∼ 35° in dry condition.

The characteristic particle size ds and specific gravity

Gs of the selected sediments were chosen in such a way

that LW-1 and Sand-1 can be scaled up to a common arbi-

trary prototype by scaling the Sand-1 model as a ‘Best

model’ [as per classification by Kamphuis (1985)] and the

LW-1 model as an undistorted ‘Densimetric Froude model’

[as per classification by Kamphuis (1985)]; hereby, it was

assumed that both models have the same length scale ratio

Lr, where the subscript ‘r’ defines the ratio of prototype

and model properties. A similar scaling relation was main-

tained between LW-2 and Sand-2 by selecting appropriate

values of ds and Gs. LW-3 was not paired with a sand

material as the scaling criteria demanded a very fine sand

(ds < 0.07 mm) which is close to the sand–silt boundary

and possibly be subjected to cohesion. However, experi-

ments with LW-3 were carried out to achieve additional

data for regression analysis.

For Sand models to be designed as a Best model, sim-

ilarity in Froude number (F r = 1), densimetric Froude

number (F∗r = 1), relative density of sediment (ρs /ρ) and

relative roughness (h/ds) need to be maintained between

the model and prototype, where ρs is the density of sed-

iment, ρ is the density of fluid, i.e. water, and h is the

flow depth. The densimetric Froude number, also known

as Shield’s number, represents the ratio of the bed shear

stress to the submerged weight of a single sediment par-

ticle, and is defined as F∗ = u2
∗/[(Gs − 1)gds], where u∗

is the shear velocity. For simplification, the unidirectional

flow was assumed in the present flume experiments so that

the shear velocity can be defined as u∗ =
√

(ghS), where

S is the energy gradient of the flow. Since the hydraulics

inside a scour cone is complicated to be defined mathemat-

ically, uniform flow conditions in the straight reach were

considered for scaling the model sediments. The similar-

ity criteria for the ‘Best model’ can be achieved by scaling

down the required model sediment diameter with the geo-

metric scale Lr and using the same specific gravity as the

prototype sediment, i.e. dsr = Lr and Gsr = 1.

For a densimetric Froude model of the prototype, sim-

ilarity in Froude number (F r = 1) is required and the

lightweight sediment must be chosen so that similarity

in the densimetric Froude number (F∗r = 1) between the

model and the prototype is satisfied. Combining the simi-

larity criteria for densimetric Froude models, i.e. F r = 1

and F∗r = 1, a simplified relation among the scaling

parameters can be derived to design the lightweight sed-

iment models:

Lr = δ2(Gs − 1)rdsr (7)

Here, δ denotes the distortion ratio (ratio of the horizon-

tal length scale factor to vertical length scale factor) which

is equal to unity for geometrically undistorted models.

2.3. Experimental procedure

Each of the five sets of experiments consisted of 32 indi-

vidual tests which were performed under steady flow con-

ditions for a range of different parameter values (Table 3).

Additional 32 tests were carried out for H s = 100 mm with

LW-1 and Sand-1 to provide additional data for valida-

tion purposes. Hence, in total, 192 tests were performed in

this study. The flume width (B = 0.6 m) and orifice width

(b = 0.05 m) were kept constant throughout all the tests.

At the beginning of each test, the flume was manually filled

with a sediment deposit of uniform thickness H s. Then the

inflow discharge was slowly fed into the flume without dis-

turbing the initial sediment deposit, and the water level

Table 3. Input parameters for 32 tests in each set of experiments

a Q Hwnet H snet a Q Hwnet H snet

Test no. m lps m m Test no. m lps m M

1 0.02 1.3 0.197 0.070 17 0.02 1.3 0.197 0.050
2 0.02 1.7 0.303 0.070 18 0.02 1.7 0.303 0.050
3 0.02 2.0 0.453 0.070 19 0.02 2.0 0.453 0.050
4 0.02 1.8 0.383 0.070 20 0.02 1.8 0.383 0.050
5 0.03 1.8 0.169 0.065 21 0.03 1.8 0.169 0.045
6 0.03 2.2 0.251 0.065 22 0.03 2.2 0.251 0.045
7 0.03 2.6 0.339 0.065 23 0.03 2.6 0.339 0.045
8 0.03 3.0 0.443 0.065 24 0.03 3.0 0.443 0.045
9 0.04 2.5 0.164 0.060 25 0.04 2.5 0.164 0.040
10 0.04 3.2 0.274 0.060 26 0.04 3.2 0.274 0.040
11 0.04 3.9 0.375 0.060 27 0.04 3.9 0.375 0.040
12 0.04 4.3 0.490 0.060 28 0.04 4.3 0.490 0.040
13 0.05 3.2 0.179 0.055 29 0.05 3.2 0.179 0.035
14 0.05 3.8 0.242 0.055 30 0.05 3.8 0.242 0.035
15 0.05 4.7 0.339 0.055 31 0.05 4.7 0.339 0.035
16 0.05 5.0 0.417 0.055 32 0.05 5.0 0.417 0.035
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Figure 3. Flushing cone formed with (a) LW-1, (b) Sand-1, (c) LW-2, (d) Sand-2 and (e) LW-3.

was allowed to rise. When the desired water level H wnet

was reached, the gate was opened up to the desired open-

ing height a. The water level H wnet was chosen from the

rating curve of the outlet orifice for the selected opening

height, so that the outflow discharge Q was equal to the

inflow discharge for the selected water level and the orifice

opening height. All tests were carried out without sediment

feeding into the inlet discharge. When the flushing cone

reached the equilibrium state, the bottom outlet was closed

and the water inside the flume was drained slowly with-

out disturbing the shape and size of the flushing cone. The

flushing cones were assumed to achieve equilibrium when

there was no further sediment erosion inside the cones and

their geometry remained stable for the given hydraulic con-

ditions. The achievement of the equilibrium condition in

each test was determined by visual observation only. Just

to be more certain, the tests were continued to run for

some time even after reaching the equilibrium condition.

Figure 3 shows examples of flushing cones formed with

different model sediments.

Finally, the surface profile of the flushing cone was

measured for each test. For the experimental sets 1 and

5 (Table 2), which were performed at the hydraulic lab-

oratory of NTNU, the surface profiles of the flushing cones

were measured using a SeaTek 5 MHz ranging system con-

sisting of 32 acoustic transducers. In the experimental sets

2, 3 and 4, which were carried out at the hydraulic labo-

ratory of Hydro Lab, a point gauge of 1 mm accuracy was

used to measure the final flushing cone for each test. The

data were used to determine the flushing cone volume with

the help of 3D data interpolation function in MATLAB.

3. Results and discussion

The experimental results were analysed in a dimensionless

framework by the following functional relationship that

results from a dimensional analysis regarding the flushing

cone volume:

Vs
1/3

Hwnet

= f

(

u
√

g (Gs − 1)ds

,
hs

Hwnet

,
A

H 2
wnet

)

(8)

where u = Q/A and hs = H s − a0. The plots, as shown in

Figure 4, of dimensionless flushing cone volume
(

Vs
1/3

Hwnet

)

against each of u√
g(Gs−1)ds

, hs

Hwnet
and A

H 2
wnet

show that the

data points for the aforementioned pairs of lightweight

sediment and sand are almost overlapping and show a sim-

ilar trend. Therefore, it can be concluded that the chosen

Figure 4. Plots of V
1/3
s

Hwnet
against (a) u√

g(Gs−1)ds

, (b) hs

Hwnet
and (c) A

H 2
wnet

for different ‘a’ and hs.
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lightweight sediments satisfy the scaling criteria and that

they behave similar to sand so that they represent suitable

model sediments.

3.1. Flushing cone geometry

The planform of the final flushing cones after reaching

equilibrium conditions was close to a semi-circular shape.

The centre of the semi-circular shape was at the middle of

the orifice, i.e. the flushing cone width was about twice as

long as the length (Figure 5(a)). This result complies with

the results obtained by Meshkati et al. (2010), Shahmirzadi

et al. (2010), Powell and Khan (2012), Dreyer and Basson

(2018) and Sawadogo et al. (2019). It also shows that the

flushing cone geometry formed by lightweight sediment

is similar to that formed by sand. According to Meshkati

et al. (2010) and Powell and Khan (2012), the flushing

cone length and width increase with increasing outflow dis-

charge. The overall trend of data points for each model

sediment presented in Figure 5(b) shows that the width

of flushing cones formed with sand as well as lightweight

sediments in the present study was increasing with the

increase in outflow discharge and confirms hence these

results. A direct comparison of the trends in data points

for the tests carried out with Sand-1 and Sand-2 indicates

that for the same specific gravity of non-cohesive sediment

material, the size of the flushing cone increases as the parti-

cle size decreases. This consolidates the conclusions made

by Scheuerlein et al. (2004), Fathi-Moghadam et al. (2010)

and Powell and Khan (2012). It can also be observed that,

in response to changes of the outlet discharge, the overall

trend in the width (or length) of the flushing cones formed

by lightweight sediment is comparable to the ones formed

by sand.

3.2. Flushing cone volume

For a constant orifice area, the flushing cone volume

increased with increasing net available head and hence

with increasing outlet discharge. Since the geometry

of flushing cones formed with lightweight sediments

responded to different hydraulic conditions in a similar

way as those formed with sand, the plots of lightweight

sediments LW-1 and LW-2 for H s = 140 mm only are pre-

sented in Figure 6 for illustration. Figure 6 also shows that

the flushing cone volume increases with increasing open-

ing area of the orifice under a constant net head. The results

support hence the conclusions made by Emamgholizadeh

et al. (2006), Meshkati et al. (2010), Shahmirzadi et al.

Figure 5. Half-width v/s (a) length of flushing cones, (b) discharge for Hs = 140 mm.

Figure 6. Plot of Vs against Hwnet for Hs = 140 mm using (a) LW-1 and (b) LW-2.
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(2010), Fathi-Moghadam et al. (2010), Dreyer and Bas-

son (2018) and Sawadogo et al. (2019). The results show

that the maximum volume of sediment deposit can be

flushed when the outlet discharge is the maximum for a

given outlet opening. Ideally, the combination of the lowest

reservoir level and maximum outlet discharge, which can

be achieved by a bigger outlet opening, produces the maxi-

mum flushing efficiency. However, providing large outlets

in a dam, especially in high head dams, is not always feasi-

ble and hence the optimisation of outlet opening size with

respect to required minimum reservoir operation level and

available discharge for flushing is essential for best results

in practice.

3.3. Comparison between lightweight sediment and

sand

Since the lightweight sediments LW-1 and LW-2 were

paired with Sand-1 and Sand-2 sediments, respectively,

the results from these tests can be directly compared

using scale-invariant dimensionless parameters. Figure 4

shows that the plots of the dimensionless variables for the

lightweight sediment and its paired sand extend over the

same range under identical test conditions. The dimension-

less length
(

Lmax

Hwnet

)

and dimensionless volume
(

Vs
1/3

Hwnet

)

of

flushing cones formed with lightweight material and its

paired sand are presented in Table 4. For the sand and its

paired lightweight models, the dimensionless flushing cone

length and volume were in good agreement, as shown in

Figure 7(a,b), respectively. Hence, it can be concluded that

properly scaled lightweight materials in physical hydraulic

models can replicate the pressure flushing of non-cohesive

sediment in the prototype. In this study, uniform-sized

lightweight materials were used in the model to represent

graded sand. Therefore, the results also support the prac-

tice of using lightweight materials that are uniformly sized

to the required characteristic particle diameter d50 in order

to represent graded sand.

3.4. Comparison of past empirical relations

The performance of past empirical equations to estimate

dimensionless flushing cone volume for our experimen-

tal data were also evaluated by comparing the measured

Table 4. Output parameters from 32 tests performed with selected model sediments

Vs
1/3/H wnet L/H wnet

Test no. LW-1 Sand-1 LW-2 Sand-2 LW-3 LW-1 Sand-1 LW-2 Sand-2 LW-3

1 0.53 0.62 0.55 0.53 0.72 0.82 0.86 0.76 0.66 1.12
2 0.38 0.41 0.38 0.35 0.48 0.57 0.58 0.54 0.46 0.73
3 0.27 0.28 0.26 0.25 0.33 0.40 0.41 0.35 0.33 0.51
4 0.31 0.32 0.31 0.28 0.39 0.46 0.48 0.42 0.37 0.61
5 0.69 0.78 0.69 0.65 0.88 1.03 1.12 0.95 0.83 1.36
6 0.50 0.53 0.49 0.47 0.62 0.73 0.78 0.68 0.60 0.92
7 0.39 0.40 0.38 0.35 0.47 0.57 0.60 0.50 0.44 0.74
8 0.32 0.31 0.30 0.27 0.37 0.45 0.46 0.43 0.36 0.60
9 0.80 0.81 0.74 0.73 0.98 1.16 1.25 1.01 0.95 1.43
10 0.52 0.49 0.48 0.46 0.62 0.74 0.73 0.69 0.58 0.91
11 0.41 0.37 0.36 0.34 0.47 0.57 0.55 0.52 0.44 0.72
12 0.32 0.29 0.29 0.26 0.38 0.45 0.42 0.42 0.34 0.57
13 0.79 0.77 0.71 0.70 0.97 1.12 1.12 0.92 0.89 1.42
14 0.62 0.57 0.57 0.52 0.74 0.87 0.85 0.79 0.68 1.05
15 0.47 0.42 0.41 0.39 0.55 0.66 0.60 0.59 0.50 0.80
16 0.39 0.35 0.35 0.32 0.45 0.55 0.50 0.48 0.43 0.68
17 0.49 0.54 0.48 0.47 0.59 0.70 0.76 0.69 0.63 0.91
18 0.35 0.36 0.33 0.31 0.41 0.49 0.48 0.46 0.45 0.66
19 0.24 0.25 0.23 0.23 0.29 0.34 0.35 0.33 0.31 0.44
20 0.28 0.29 0.27 0.26 0.34 0.39 0.41 0.38 0.35 0.52
21 0.63 0.64 0.61 0.57 0.77 0.88 0.86 0.86 0.71 1.15
22 0.45 0.45 0.43 0.41 0.54 0.63 0.62 0.60 0.56 0.84
23 0.36 0.34 0.32 0.31 0.42 0.49 0.46 0.46 0.41 0.68
24 0.29 0.26 0.26 0.24 0.33 0.39 0.37 0.38 0.33 0.52
25 0.72 0.67 0.67 0.62 0.85 0.99 0.98 0.95 0.82 1.25
26 0.47 0.42 0.42 0.39 0.54 0.64 0.59 0.57 0.51 0.77
27 0.37 0.32 0.32 0.29 0.41 0.49 0.44 0.40 0.37 0.65
28 0.29 0.24 0.25 0.23 0.33 0.39 0.35 0.34 0.30 0.51
29 0.70 0.64 0.64 0.59 0.85 0.97 0.92 0.92 0.78 1.28
30 0.55 0.47 0.49 0.45 0.65 0.75 0.67 0.68 0.58 0.95
31 0.42 0.36 0.36 0.33 0.49 0.57 0.49 0.50 0.43 0.71
32 0.35 0.30 0.30 0.27 0.40 0.47 0.42 0.42 0.36 0.58
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Figure 7. Comparison of (a) Lmax

Hwnet
and (b) V

1/3
s

Hwnet
for the Sand/Lightweight sediment pairs.

Figure 8. Comparison of measured dimensionless volume V
1/3
s /Hwnet against that predicted using empirical equations proposed by (a)

Emamgholizadeh et al. (2006), (b) Powell (2007), (c) Shahmirzadi et al. (2010), (d) Meshkati et al. (2010), (e) Fathi-Moghadam et al.
(2010) and (f) Dreyer & Basson (2018).

dimensionless flushing cone volume against that predicted

by each of the empirical equations, Equations (1)–(6) as

listed in Table 1. Figure 8 shows that the equations pro-

posed by Emamgholizadeh et al. (2006), Shahmirzadi et al.

(2010), Meshkati et al. (2010) and Dreyer and Basson

(2018) under-estimated the dimensionless volume of the

flushing cone, whereas the equations proposed by Powell

(2007) and Fathi-Moghadam et al. (2010) over-estimated

it. Comparatively, equations proposed by Meshkati et al.

(2010) and Dreyer and Basson (2018) made better predic-

tions than others, though the results are under-estimated.

The underestimation of the flushing cone volume by

Equation (4) could be due to the difference in the shape

of the outlets, since Meshkati et al. (2010) used circular

outlets, whereas square and flat rectangular outlets were

used in this study. Hajikandi et al. (2018) and Dreyer

and Basson (2018) had shown that square and flat rect-

angular outlets produce bigger flushing cones than the

circular one. However, Equation (6) also considers out-

let’s shape in terms of boc and boe but still under-estimated

the flushing cone volumes. The possible reason behind

the over-estimation of flushing cone volume by empiri-

cal equations proposed by Powell (2007) could be that the

equations were derived for the constant thickness of sed-

iment deposit with its surface at the level of outlet’s sill,

i.e. hs = 0. It may overestimate the volume while extrap-

olating for hs > 0. Fathi-Moghadam et al. (2010) also

over-estimated the dimensionless flushing volume which
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consolidated the conclusion made by Emamgholizadeh

et al. (2013). Equations (1), (2), (3) and (5) seem to be

unsuitable for the range of parameters used in this study.

Since the available empirical relations did not fit well in

our data, new regression-based empirical relations were

derived to predict dimensionless volume and length of

flushing cones.

3.5. Regression analysis

Out of 160 experimental data points for all 5 model sedi-

ments with H s = 120 and 140 mm, 120 data points were

randomly selected as the training data set for regression

analysis. The remaining 40 data points were combined

with the additional 32 data points (16 from each of LW-

1 and Sand-1 model tests with H s = 100 mm) and used as

the testing data set for validation of the regression model.

Based on the functional relationship given by Equation

(8), multi-variate non-linear regression analyses were car-

ried out and Equations (9) and (10) were derived to pre-

dict the dimensionless flushing cone volume and length,

respectively

Vs
1/3

Hwnet

= 1.173

(

u
√

g (Gs − 1)ds

)0.203

×
(

hs

Hwnet

)0.522(
A

H 2
wnet

)0.221

(9)

Lmax

Hwnet

= 1.311

(

u
√

g (Gs − 1)ds

)0.286

×
(

hs

Hwnet

)0.588(
A

H 2
wnet

)0.203

(10)

Figure 9(a,b) shows the plots of measured Vs
1/3

Hwnet
against

Vs
1/3

Hwnet
estimated by Equation (9) for training and testing

datasets, respectively. In the same way, Figure 10(a,b)

shows the plots of measured Lmax

Hwnet
against Lmax

Hwnet
estimated

by Equation (10) for training and testing datasets, respec-

tively. The statistics regarding validation of Equations (9)

and 10 (Figures 9(b) and 10(b), respectively) show that the

Figure 9. Plot of measured V
1/3
s

Hwnet
against estimated V

1/3
s

Hwnet
for (a) training dataset and (b) testing dataset.

Figure 10. Plot of measured Lmax

Hwnet
against estimated Lmax

Hwnet
for (a) training dataset and (b) testing dataset.
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proposed equations provide good predictions even when

the testing dataset also includes H s = 100 mm data, while

the training data only account for H s = 120 and 140 mm.

To further test Equation (9), 45 experimental data

from Fathi-Moghadam et al. (2010) were extracted and

used to predict the dimensionless flushing cone volume

(Figure 11). Moreover, the dimensionless flushing cone

volume was also predicted using the empirical equations

proposed by Meshkati et al. (2010). Figure 12 shows the

comparison of measured Vs
1/3

Hwnet
values against the predic-

tions made by Equations (9) and (4.1). The figure shows

that estimations of Vs
1/3

Hwnet
by Equation (9) for the data from

Fathi-Moghadam et al. (2010) are more accurate than those

by Equation (4.1). As mentioned before, Meshkati et al.

(2010) carried out experiments with constant H snet, Gs and

ds and varied A, whereas Fathi-Moghadam et al. (2010)

performed experiments with constant H snet, Gs and A and

varied ds. Hence, Equation (4.1) might be unable to predict

the variation in Vs
1/3

Hwnet
due to changes in ds and Hsnet val-

ues. However, in this study, experiments were carried out

Figure 11. Prediction of V
1/3
s

Hwnet
for Fathi-Moghadam et al. (2010)

experimental data using Eq. 9.

Figure 12. Prediction of V
1/3
s

Hwnet
for Fathi-Moghadam et al. (2010)

experimental data using Eq. 4.1 and Eq. 9.

with varying H snet, Gs, ds and A (Table 3), and therefore,

Equation (9) is able to predict Vs
1/3

Hwnet
for variation in all these

parameters.

4. Conclusions and recommendations

An experimental investigation of pressure flushing of non-

cohesive sediment deposits through a bottom outlet was

carried out by using three lightweight materials and two

sand materials as model sediments. Two lightweight mate-

rials LW-1 and LW-2 were paired with sand material

Sand-1 and Sand-2, respectively. The lightweight sediment

and sand from each pair were selected in such a way that

they can be scaled up to a common arbitrary prototype by

scaling the Sand-1 model as a ‘Best Model’ and the LW-1

model as an undistorted ‘densimetric Froude model’.

The experimental results consolidated the conclusions

made by previous authors on the geometry of the flushing

cones. The plan of flushing cones is close to semi-circular

in shape and has its centre at the middle of the outlet’s

opening width. The experimental results for lightweight

sediment satisfied the functional relationship of dimension-

less variables, thus to confirm that the lightweight sediment

can mimic the processes of natural sediment. The trends

in dimensionless variables for lightweight sediment and

its paired sand were comparable. The dimensionless flush-

ing cone length and volume for lightweight sediments

are close to those for the respective natural sand in each

pairing. Thus, it can be concluded that properly designed

densimetric Froude models with lightweight sediments

can be used to fairly replicate prototypes with very fine

sand, specifically in the case of pressure flushing of non-

cohesive sediment deposit through bottom outlets. As per

the experimental results, it can be added that uniform-sized

lightweight materials can be used in physical hydraulic

models to represent graded sand in the prototype. Finally,

regression-based empirical equations to predict the length

and volume of the flushing cone were proposed. However,

the range of variables in this study was constrained by the

capacity of laboratory facilities and hence the proposed

equations might not be viable for significantly different

range of variables.

It should be noted that the average angle of repose for

the selected model sediments was approximately close to

each other (about 35°) when measured in the dry state.

The angle of repose is a significant parameter to determine

the final geometry of flushing cones. The replication of

flushing cone experiments with sand by using lightweight

materials having a significantly different angle of repose

may produce different results. Hence, further study in

future is recommended using lightweight materials hav-

ing a different angle of repose. In this study, both sand

and lightweight materials were treated as model sediments

which satisfy the selected scaling criteria. Future stud-

ies with lightweight material as model sediment and sand
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as prototype sediment by using scaled-up experimental

setup for sand model are recommended to quantify the

scale effects. The validation of the proposed empirical rela-

tion against existing reservoir data as far as possible is

also recommended for further study. This study does not

cover time scaling in physical hydraulic models. Mobile

bed models have different time scales for hydrodynamics

and sediment motion. Further studies on time scaling are

recommended specially for unsteady flow conditions.

Nomenclature

a opening height of the bottom outlet

a0 height of the bottom sill above the flume bed

A cross-sectional area of the orifice

b opening width of the bottom outlet

boc outlet width over the centreline

boe outlet width at the edge

B width of the flume

ds characteristic sediment particle size

D diameter of the circular bottom outlet

g acceleration due to gravity

Gs specific gravity of sediment particles

hs sediment height above outlet’s sill

H s sediment height above the flume bed

H snet net sediment height above the centre of the outlet

opening

hw flow depth above outlet’s sill

H w flow depth above flume bed

H wnet net flow depth above the centre of the outlet

opening

Lmax length of the flushing cone at equilibrium

Q discharge

u average flow velocity at the orifice

Vs equilibrium volume of the flushing cone

Wmax width of the flushing cone at equilibrium

Zmax depth of the flushing cone at equilibrium
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