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Invert traps have been successfully used to collect sediments at convenient locations within the sewer net-
work, where large volumes of solids can be stored. In the present study, experiments have been performed
in 15 cm wide and 5 m long channel for the measurement of retention ratios of five different invert trap con-
figurations (namely, rectangular, trapezoidal with one side vertical, trapezoidal, trapezoidal with rectangular
base, rectangular with trapezoidal base) having top width of 32 cm and depth of 28 cm with slots of three
different sizes (namely, 5, 9 and 15 cm) for the flow of seven different sediment types (namely, two types
of sand, glass beads and four types of plastic beads) at different flow rates for each trap. The flow rates select-
ed in present study cover entire range of flow rate expected in channels during dry weather flow and mon-
soon. Flow field and retention ratio predictions for each invert trap configuration have been carried out using
CFD modeling with the help of FLUENT software using Renormalization Group (RNG) k–ε along with Discrete
Phase Model (DPM). The simulation results are capable of showing particle trajectories, the effect of flow rate
and trap geometry on the flow patterns, developed within the trap. Based on CFDmodeling and experimental
measurements, it is concluded that the invert trap having rectangular shape with trapezoidal base is the most
efficient trap configuration with highest sediment retention ratio.
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1. Introduction

Liquid–solid two phase flow through pipeline, rectangular duct
and open channel are widely employed in the chemical and mining
industries and are encountered in slurry transport, sewer line, irriga-
tion channel, and natural phenomena such as river mechanics. In any
practical situation, the transported solids are multisized and their size
may span three orders of magnitude. The flow of sediments in river
and sewers are very complex. Once the sediment has been entrained
into the flow, it travels in suspended or as bed load. Finer lighter ma-
terial tends to travel in suspension and is primarily influenced by tur-
bulence fluctuations in flow, which in turn are influenced by bed
shear. It is advected at mean flow velocity. Heavier material travels
by rolling, sliding, or saltating along the pipe invert (or deposited
bed) as bed load. This type of movement is affected by the local veloc-
ity and advection velocities in this mode are considerably lower than
the mean flow velocity.

With increasing urbanization, waste water discharges into urban
drainage channels, are increasing. It is observed that construction de-
bris, natural sediments and urban solid waste are carried in flows in
drainage channels. Sewer sediments get deposited along the invert
of the drainage channels during periods of dry weather flow and at
the bottom of the irrigation channel due to non-availability of suffi-
cient flow velocity in some reaches. Sediment trapping structures (in-
vert traps) have been proposed as a method of reducing the amount
of sediment available to be deposited in the drainage system and irri-
gation channels. These trapping structures can be located at the invert
of the sewer pipe or channel to allow the sediments to be deposited
and stored within the structure. In conjunction with regular periodic
cleansing, these structures have been considered to provide an effec-
tive method of sediment deposition control. Many novel devices exist
that aim to trap various types of sediment within its environment and
operate in a variety of manners. Pit-traps were introduced by Hubbell
[10] to reduce the problems with sampling devices causing interfer-
ences with the flow, which was inherent with other bed-load sam-
pling devices. A more promising approach would be to selectively
remove the inorganic sediment fraction. Chebbo et al. [3] proposed
that the use of invert traps, or bed-load sediment traps as they are
commonly known, would be a more appropriate approach. Further
they envisaged that invert traps would be placed at positions of po-
tential deposition, as defined by Bachoc [1], and serve as a means of
removing the larger particles from the flow.

Computational Fluid Dynamics (CFD)-based approach for investi-
gating the variety of multiphase fluid flow problems in closed
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Fig. 1. Schematic plan and elevation views of experimental set-up with invert trap having rectangular configuration (x=5, 9 and 15 cm).

2 D.R. Kaushal et al. / Powder Technology 215-216 (2012) 1–14
conduits and open channel are being increasingly used. One advan-
tage with CFD-based approach is that three dimensional solid–liquid
two phase flow problems under a wide range of flow conditions and
sediment characteristics may be evaluated rapidly [5, 11–14, 17–
19], which is almost impossible experimentally. Harwood and Saul
[7] used the particle tracking approach to simulate the performance
of a range of Combined Sewer Overflow (CSO) structures. They used
a laboratory study to assess the performance of the CFD based
model in predicting the particle retention efficiency of the CSO struc-
tures. Harwood and Saul concluded that the CFD software FLUENT
was able to accurately determine the spherical particle retention effi-
ciency of these type of structures, and in particular, a swirl type hy-
drodynamic separator.

Schmitt et al. [16] applied density current approach in CFD modeling
for the best sediment trap design. They concluded that sediment trap
with centrally placed slot having width similar to that of channel and
two lids covering the trap at same level gives maximum retention ratio.
This is confirmed by carrying out the simulation for various cases involv-
ing centrally placed slot with both cover at same height, with raised
downstream cover, with a slot situated at the downstream edge of the
trap, and with the slot situated at the upstream edge of the trap.

Buxton et al. [2] proposed a 2-D computational model to compare
the results of sediment retention efficiency of the channel with invert
Collecting Tank 

Fig. 2. Pictorial view of e
trap, with that of laboratory results. RNG κ–ε model was used in the
model and the performance of three slotted rectangular configura-
tions with slot of 90 mm, 45 mm and 22.5 mmwas predicted. This in-
vestigation shows that particle tracking consistently overestimates
sediment retention efficiencies observed within the laboratory
models. None of these studies have considered the various possible
trap configurations to trap sediments.

The over prediction of sediment retention ratio in case of 2-D
modeling in the earlier studies may be attributed to the absence of
lateral flow effects. In the present study, therefore, an attempt has
been made to propose optimum configuration by performing experi-
mental and 3-D CFD modeling using particle tracking approach of five
different configurations of invert trap.
2. Experimental set-up

The experimental set-up consists of several components
designed to recreate the movement of different types of sediment
within a representative sewer section, which has been established
in the Water Resources and Simulation Laboratory of Civil Engi-
neering Department of IIT Delhi. The plan and elevation views of
experimental set-up are shown in Fig. 1.
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Table 1
Summary of channel parameters.

Channel parameter Value

Length 5.0 m
Base width 0.15 m
Channel bed level 1.3 m
Slope (So) 1:500
Discharge range 0–10 l/s
Depth/discharge equation Q=0.838 d1.534

3D.R. Kaushal et al. / Powder Technology 215-216 (2012) 1–14
The setup consists of 5 m long, 0.15 m wide and 0.15 m deep
open channel with removable invert trap fitted at the channel bot-
tom and two water tanks, each situated at upstream and down-
stream end of the channel. The channel and invert traps have
been made of Perspex sheet. Summary of the key channel parame-
ters is presented in Table 1. One pump of 2 hp capacity is installed
to maintain the flow in channel. The pump is connected to the
channel with the help of 3 inch diameter pipeline laid at the
ground level below channel. The flow in channel is regulated by
valves installed in the pipeline at upstream and downstream of
the pump. For measurement of discharge through channel, the
pipe bend situated below the water tank at upstream end of the
channel has been used as elbow meter. Differential head in the
elbow meter is measured using vertical differential U-tube manom-
eter. Set of sediment injectors in the form of cylindrical vessels
Fig. 3. Cross-sectional views of channel with different invert trap configurations (All dimens
with conical bottom is installed near upstream end of the channel
for injecting sediments in the channel. For collecting the escaped
sediments, a fine mesh is used at the top of collecting tank situated
at downstream end of the channel.

An inlet control valve, located at the upstream end of the channel,
is used to control the flow rate. An adjustable tailgate was located at
the downstream end of the channel. This was adjustable to ensure
uniform flow conditions along the channel. The channel slope was
set to 1:500. The channel bed is raised by 1.3 m from the floor level,
allowing a range of traps to be placed into the invert of the channel.
Rectangular cross-section is preferred over the circular and trapezoi-
dal cross-section due to the manufacturing issues arising out at the
channel/trap interface.

To prevent the leakage of water, and more importantly the loss
of sediments from the channel, the joints between the laminated
Perspex sheets were sealed with waterproof silicone sealant and
covered with thin waterproof engineering tape. The cross-
sectional dimensions of the channel are shown in Figs. 3 and 4.

2.1. Invert traps

Five different invert trap configurations with three different slot
sizes for each trap were used to examine the influence of trap con-
figuration and slot size on the retention performance of the trap.
Configuration 1 has rectangular shape, Configuration 2 has one
ions are in cm; x=5, 9 and 15 cm; y is the depth of flow and varies as given in Table 2).
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Table 2
Flow properties used in the present study.

Discharge (l/s) Depth of flow y (cm) Flow velocity (m/s) Hydraulic radius (m)

9.95 5 1.33 0.03
7.0 4 1.16 0.0261
4.6 3 1 0.02143
3.34 2.5 0.9 0.0187
1.57 1.5 0.7 0.0125
0.84 1.0 0.56 0.00883

Fig. 4. Gravity-operated sediment injector.
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side wall vertical and other side wall inclined, Configuration 3 has
trapezoidal shape, Configuration 4 has trapezoidal shape at top
with rectangular base and Configuration 5 has rectangular top
with trapezoidal base. The trap configurations and slot sizes are
shown in Figs. 3 and 4.

2.2. Representative sediment particles

The overall requirement for the artificial sediments used in the
experiments is that they represent the sediments found in sewer/
channel system. Listed below are some of the key requirements for
the choice of the artificial sediments:

• The transport mode of the laboratory sediments must be the same
as that of the field sediment at similar hydraulic conditions.

• Artificial sediments must behave discretely to enable comparison to
be made with the CFD discrete phase model, as discussed in
Section 6.

• A reliable method for the determination of trap retention perfor-
mance requires that the sediment can be handled, retained and
measured whilst minimizing the risk of sediment losses.

• The sediment must retain its physical properties during and after
the tests, i.e., use of inert and non-combustible particles.
Sediment 
injection points 

5 gaps at 30 mm each 

150 mm

Fig. 5. Location of outlet tubes situated at channel bottom for sediment injection.
2.3. Sedimentation parameter range

Raudkivi [15] proposed the use of an empirical relationship
called the ‘Sedimentation Parameter’ in order to estimate the likely
mode of transport of sediment. The parameter categorizes the
movement of particles based upon the ratio of particle settling ve-
locity to the sewer pipe bed shear velocity as given in Eq. (1).

η ¼ ωs

κV� ð1Þ

where, η=sedimentation parameter, ωs=settling velocity, V*=
bed shear velocity, κ=von Karman's constant=0.4.

The classification of sewer sediment based upon sedimentation
parameter has been shown in Table 3. The range of sedimentation pa-
rameter for each sediment type was determined for range of flow
rates (and thus bed shear velocities) used in experiments. To ensure
the reproduction of typical transport modes in the sewer line, it is
necessary to choose sediment types that exhibited a similar range of
sedimentation parameters for the range of discharges available in
the laboratory.

Seven different types of sediment have been used covering a
broad range of sedimentation parameters. This leads to the choice of
two different sizes sand particles, one size of glass beads, and four dif-
ferent sizes of plastic beads to represent gross solids, inorganic grits
and organic solids in sewer line, respectively. Settling velocities
were determined using settling velocity test for each sediment type.
The properties and characteristics of representative particles are tab-
ulated in Table 4.

2.4. Sediment injector and collecting system

The main objective of this investigation is to simulate the
transport of sediment in a sewer section upstream of an invert
trap and obtain retention performance characteristics of variety
of sediment types. This type of investigation requires method for
feeding sediments into the system and for reclaiming the sedi-
ments from the system. In order to design a suitable sediment
feeder, three main requirements had to be met. The first was
that the injector should ideally feed sediment into the channel at
a constant rate to enable the sediment efficiency results indepen-
dent of feed rate. The second requirement was that the sediment
should be injected evenly across the width of the channel, en-
abling the results to be independent of lateral variations in the
amount of sediment fed to the system. The third requirement
was the method of sediment injection should ideally not interfere
with the flow. Together with these requirements, it was also
Table 3
Classification of sewer sediments based upon sedimentation parameter.

Mode of transport Range of sedimentation parameter (η)

Bed load 5–15
Saltation 1.5–5
Suspension 0–2.125
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Fig. 7. Bed shear velocity (V*) versus discharge for channel used in present study.

Table 4
Characteristics of particles used.

Particle
type

Density
(kg/m3)

Diameter
(mm)

Settling velocity
(mm/s)

Sedimentation
parameter
(η) range

Sand 1 2600 0.15 84.5 9–13
Sand 2 2600 0.8 137.5 15–20
Glass bead 2500 0.3 108.5 12–16
Plastic bead 1 1200 5.3 72.6 8–11
Plastic bead 2 1200 4.9 43.7 4–7
Plastic bead 3 1200 3.4 52.2 5–8
Plastic bead 4 1200 2.4 40 4–6
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important that the sediment was injected in such a way as to
allow the different sediment transport conditions for each sedi-
ment type to develop different types of sewer sediment move-
ment. The sediment injector system (Figs. 1, 2, 5 and 6) fitted to
the top of channel near the exit of inlet tank consists of four cylin-
drical tanks of 40 cm height and 10 cm diameter with conical base.
Sediment discharge tube of diameter 1 cm is attached to the outlet
of conical base of each cylindrical tank. Each sediment injector has
a valve to control sediment discharge as shown in Fig. 5. Four
smaller sediment injectors are used instead of one having larger
diameter, so that sediments flow freely and uniformly along the
width of the channel. The sediment discharge tube discharges
the sediment at a distance of 10 cm away from the exit of inlet
tank at the bottom of channel.

The outlets of sediment injectors were equally spaced at 30 mm
across the channel to ensure evenly distributed mass of sediment
passing the trap (Figs. 5 and 6). Sediment was injected in the
flowing water at the bottom of channel. It is visually observed
that sediments move in the form of four jets in the flowing
water, however, get fully mixed at a distance of about 0.5 m
downstream of the injection point. With the gravity feeder system
it was necessary to ensure that the reduction in sediment dis-
charge rate as the cylindrical tank gets emptied was within accept-
able limits. As discussed in the earlier section of this paper, the
sedimentation parameters of different type of particles used in
the present study are in line with the particles to be transported
in the real drainage systems. Further, the sediment discharge (or
sediment feed rate) is maintained by adjusting the different valve
openings for different type of particles used in the present study,
so that the concentration of sediment is maintained as 500 mg/l
similar to that of generally present in the real drainage systems.
The sediment collecting box and collecting tank is separated by a
fine mesh of 75 μm between them.
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Fig. 6. Flow depth (y) versus discharge curve for channel used in present study.
3. Experimental procedure

3.1. Flow depth versus discharge relationship

Discharges are determined by measuring the time taken for filling
up of upstream water tank up to a known level. For each measured
discharge, uniform flow was achieved by adjusting the outlet tailgate
until the depth along the entire length of channel is constant. Depth
measurements were taken along the length of the channel with the
help of a vernier point gauge.

The flow depth versus discharge relationship is determined as
shown in Fig. 6. From the same figure, following empirical equation
is obtained:

Q ¼ 0:8386d1:534 ð2Þ

where: Q=discharge (l/s), d=depth of flow (cm).
With the help of Eq. (2), the discharge in channel can be deter-

mined for a known uniform flow depth. The discharge capacity of
the channel is found to be 9.95 l/s.

3.2. Bed shear velocity (V*)

Bed shear velocity in the channel is calculated using following
equation and shown in Fig. 7:

V� ¼
ffiffiffiffiffiffiffiffiffiffiffi
gRSo

p
ð3Þ

where: g=gravitational acceleration=9.81 m/s2, R=hydraulic radi-
us (m), So=bed slope. The channel bed shear velocity was calculated
using Eq. (3).
Table 5
Measured retention ratios for different invert trap configurations using Sand 1.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 12.26 50.3 42.05 58.9 69.1 54.3
1.5 9 15.66 12.26 47.3 39.8 47.2 59.1 46.35
1.5 5 15.66 12.26 45.5 32.5 40 45.8 40.8
2.5 15 19.18 10.01 44.8 31.9 39.4 55.15 42.9
2.5 9 19.18 10.01 39.2 27.25 38.1 44.25 32.3
2.5 5 19.18 10.01 38.3 25.3 33.6 32.35 25.8
3 15 20.51 9.363 39.6 27.7 36.6 45.3 38.3
3 9 20.51 9.363 38.2 22.3 34.1 38.8 30.3
3 5 20.51 9.363 37.8 17.8 33.1 28.9 22.55
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Table 8
Measured retention ratios for different invert trap configurations using plastic beads 1.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 10.53 37.21 42.35 24.56 9.73 43.51
1.5 9 15.66 10.53 20.62 18.34 15.79 4.14 24.53
1.5 5 15.66 10.53 6.72 5.24 3.94 2.46 26.62
2.5 15 19.18 8.60 23.09 30.34 15.35 7.37 35.41
2.5 9 19.18 8.60 17.93 14.41 10.96 1.85 14.35
2.5 5 19.18 8.60 5.38 4.8 2.63 1.46 7.63
3 15 20.51 8.04 15.11 25.76 7.01 5.99 28.47
3 9 20.51 8.04 11.21 9.6 5.48 1.76 12.03
3 5 20.51 8.04 4.5 2.62 1.75 0.92 5.32

Table 6
Measured retention ratios for different invert trap configurations using Sand 2.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 19.95 91.6 94.4 97 98.6 96.4
1.5 9 15.66 19.95 91.4 92 92.6 94.9 95.3
1.5 5 15.66 19.95 81.8 89.6 90.9 90.2 89.8
2.5 15 19.18 16.28 87 94.1 95.4 91.4 90.7
2.5 9 19.18 16.28 80.7 87.2 86.6 84 87.6
2.5 5 19.18 16.28 71.8 84.4 79.6 79.1 82
3 15 20.51 15.22 84.2 92.1 80.4 89.5 93.8
3 9 20.51 15.22 73.8 85 73.4 76.6 88.4
3 5 20.51 15.22 70.6 80.8 65.8 74 77.4
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3.3. Retention ratio

The efficiency of the trap is defined as the ratio of mass of sedi-
ment trapped within the invert trap to the total mass of sediments
injected in to the channel. Performance characteristics of any trap-
ping structure are typically reported in terms of a flow parameter
(e.g. discharge) versus efficiency of the trapping structure. In the con-
text of sediment traps it was felt that the use of the term efficiency,
which implies a correlation between high levels of sediment reten-
tion and good performance, may be misleading. A high efficiency
would suggest that a high proportion of the transported sediment is
retained in the trap. This could mean that the trap is behaving either
efficiently or inefficiently depending on the type of sediment flowing.
The purpose of an invert sediment trap is to selectively retain only
those types of sediment that are known to cause problems such as
septicity. One of the objectives of this work is to investigate the selec-
tion of the trap with respect to the different sediment types that exist
in sewer systems. This investigation has chosen to introduce the term
Retention Ratio (RR) to prevent any confusion over the performance
characteristics of the trap. A general definition of retention ratio is
shown in Eq. (4).

Retention Ratio RRð Þ¼ Mass retained in invert trap
Total Mass injected in channel

ð4Þ

3.4. General experimental methodology

Before the start of each test, the channel and all equipment
were thoroughly cleaned to ensure no sediment remains inside
the channel. Removable trap were then slotted into the invert of
the trap and fixed with the main channel with screw and bolted.
The sieve mesh is placed over the top of collecting tank at the
Table 7
Measured retention ratios for different invert trap configurations using glass beads.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 15.74 96.875 96.875 93.75 95.62 98.5
1.5 9 15.66 15.74 93.75 91 90 95 98.125
1.5 5 15.66 15.74 85.625 78.75 87.5 93.75 91.875
2.5 15 19.18 12.85 88.75 95 91.87 91.25 92.5
2.5 9 19.18 12.85 81.25 90 86.25 90 90
2.5 5 19.18 12.85 73.75 77.5 77.5 86.25 77.5
3 15 20.51 12.01 87.5 93.75 88.75 78.75 93.75
3 9 20.51 12.01 78.75 86.25 85 76.25 87.5
3 5 20.51 12.01 71.25 76.75 75 75 75
downstream end of the channel and sediments are filled in sedi-
ment injector cylinders. The final stage of preparation was to seal
up any gaps between the collection box and collecting water tank,
and the channel and trap as a precautionary measure, minimizing
the risk of sediment loss during each test.

In each test, flow rate is determined only after ensuring the flow
reaches to the steady state. The flow depth was initially determined
with corresponding flow rate using Fig. 6 for specific discharge.
After running the flow for 30 min the actual discharge was measured
using the Elbow meter.

Tests were carried out separately for each sediment type at differ-
ent flow discharges for various invert trap configurations and slot
openings. The mass of sediment was weighed and filled in sediment
injector. The sediment discharge rates were controlled by valves
fitted in the sediment discharge tube so that the concentration of sed-
iment is maintained as 500 mg/l similar to that of generally present in
the real drainage systems.

After starting the flow, sediment injector valve is opened and sed-
iment is allowed to discharge into the channel. All the sediment is
allowed to either trapped or move over the invert trap. The water is
kept on running until all the sediment either trapped in invert trap
or retained in the collecting box.

The discharge of water was then stopped and the remaining
water was allowed to drain out of the channel. The collection
box and invert trap were then removed and the retained sedi-
ments were transferred to different pre-labeled drying trays. The
sand and glass beads were then left to dry in an oven set at a
temperature of 100 °C for 24 h, while plastic beads are wiped thor-
oughly for measuring the trapped mass of sediments. After drying,
the sediment samples were weighed and the retention ratio was
calculated from Eq. (4). One kilogram of sediment particles were
injected from sediment injector. The test results are tabulated in
Tables 5–11.
Table 9
Measured retention ratios for different invert trap configurations using plastic beads 2.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 6.34 30.38 22.3 17.9 8.73 32.86
1.5 9 15.66 6.34 14.35 14.48 12.31 3.21 14.84
1.5 5 15.66 6.34 8.37 5.51 3.23 2.84 4.31
2.5 15 19.18 5.17 20.81 21.53 12.44 7.1 23.47
2.5 9 19.18 5.17 13.5 9.23 9.2 2.31 7.74
2.5 5 19.18 5.17 6.34 4.61 2.24 2.1 5.71
3 15 20.51 4.84 14.83 16.92 8.21 6.47 20.3
3 9 20.51 4.84 8.13 6.923 6.84 2.13 9.01
3 5 20.51 4.84 5.26 2.05 1.5 1.23 6.47



Table 10
Measured retention ratios for different invert trap configurations using plastic beads 3.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 7.57 18.12 28.12 18.63 8.02 40.3
1.5 9 15.66 7.57 15.5 14.75 7.19 2.98 20.74
1.5 5 15.66 7.57 10.45 8.85 5.06 2.42 11.73
2.5 15 19.18 6.18 17.77 21.35 10.5 6.71 28.23
2.5 9 19.18 6.18 13.93 10.94 5.72 2.42 13.43
2.5 5 19.18 6.18 6.8 6.94 4.06 1.5 10.71
3 15 20.51 5.78 13.24 20.48 5.16 3.36 22.1
3 9 20.51 5.78 8.01 9.2 4.43 2.24 11.05
3 5 20.51 5.78 5.97 7.11 2.95 1.4 9.35
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4. Experimental results and analysis

4.1. Effect of sedimentation parameter on retention ratio

The empirically derived sedimentation parameter was chosen as
the non-dimensional parameter. These were given in Table 4 for dif-
ferent particle type. Retention ratio is plotted against sedimentation
parameter for different configurations in Fig. 8(a) to (e) at all flow
rates for three slot sizes and 7 sediment types. It is observed that in-
crease in sedimentation parameter resulted in to increase in retention
ratio. Comparing the performance of the trap with respect to the dif-
ferent sediment types, we can see that the trap is behaving differently
(high retention ratios for sand, glass beads and low retention ratios
for plastic beads).
4.2. Effect of trap configuration on retention ratio

Fig. 9 shows the effect of trap configuration on retention ratio
for all the sediment types, the slot sizes and the flow rates. It ap-
pears that the retention ratio is also sensitive to change in configu-
ration of invert trap and the Configuration 5 having rectangular
shape with trapezoidal base was found to have a maximum reten-
tion ratio.
4.3. Effect of slot size on retention ratio

Fig. 10 shows the effect of slot size on retention ratio for the sand
sediment type. It appears that the retention ratio is very sensitive to
change in slot size. Comparing the results for the three slot sizes, it
can be seen that the variation in slot size has a significant effect on
the performance of the trap. Comparing the data for the 15 cm,
9 cm and 5 cm slotted for different trap configuration, the reduction
in slot size decreases the measured retention ratio of the trap
throughout the discharge range.
Table 11
Measured retention ratios for different invert trap configurations using plastic beads 4.

y
(cm)

x
(cm)

V*
(mm/s)

η Retention ratio, RR (%)

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

1.5 15 15.66 5.80 22.43 26.339 10.21 6.89 24.28
1.5 9 15.66 5.80 16.35 18.3 7.36 4.31 16.428
1.5 5 15.66 5.80 15.88 12.94 5.42 3.44 11.07
2.5 15 19.18 4.73 14.15 19.196 8.42 6.03 18.57
2.5 9 19.18 4.73 13.55 12.946 6.31 3.44 11.42
2.5 5 19.18 4.73 10.74 9.82 4.21 3.01 8.214
3 15 20.51 4.43 11 18.3 5.26 3.88 19.28
3 9 20.51 4.43 10.28 10.26 4.31 3.14 10
3 5 20.51 4.43 9.34 8.48 3.26 2.58 7.142
4.4. Effect of discharge on retention ratio

The effect of discharge on the retention ratio can be observed
from Tables 5–11. These tables show data for three different slot
sizes of 15 cm, 9 cm and 5 cm and show that for different types
of sediment an increase in discharge results in to a reduction in re-
tention ratio. It is also noticeable that the relationship between dis-
charge and retention ratio for each type of sediment is only slightly
different. In all cases, the retention ratio tends to unity as the dis-
charge tends to zero i.e. in this scenario there is no sediment trans-
port past the trap.

4.5. Sediment particle deposition profiles inside the trap

In the laboratory several processes of sediment trap behavior were
found to occur. These behaviors were found to be dependent on the
characteristics of the sediment, the flow rate, the trap shape and the
slot size. They are described as following:

1. A particle passes straight over the trap. Particles that do not enter
the trap are typically sediment with lower sedimentation parame-
ters (lower settling velocity and higher flow velocity) mostly plas-
tic bead particles. It is seen that few plastic bead particles retained
in the trap and rest pass over the trap without entering into the
trap.

2. Sediment enters trap, circulates around trap and escapes back out
into the flow after some time. This type of behavior is the most
sensitive to change in conditions. Sedimentation parameters and
settling velocities are higher than those in type 1 but are not
high enough to ensure that the sediment remains within the
trap. This typically results in variable retention ratio. It is seen
that particles do enter but only few finally get retained and rest es-
cape back to main flow.

3. This is the same as type 2 with exception that the sediment even-
tually settles. This typically results in a variable retention ratio. It is
seen that only few particles return back to main flow and most of
the entered particles get settled.

4. Sediment enters trap and settles to the base of trap. Being the
heaviest types of sediments, under the same flow conditions as
above, the strength of the flow within the trap is not sufficient
enough to carry these sediments back into the flow. This typ-
ically results in a high retention ratio and gives specific depo-
sition profile depending upon the opening size, flow rate, trap
configuration and sediment type. It is seen that the particles
once entered are fully settled at the bottom of the trap and
no single particle escapes the trap. Such cases are usually oc-
curs with high sedimentation parameter, i.e. with low flow
rate, narrow opening and particles having high settling
velocity.

After examining the experimental sediment deposition profiles
inside the trap, the deposition pattern is not same for all flow con-
ditions, sediment types, trap configurations and slot sizes. The na-
ture of deposition profile inside the trap gives clearly the
indication of the intensity of turbulence present in it and its effect
on the retention capacity. The general trend was found that the
plastic beads stay in suspension or escapes the trap if the slot
sizes are kept wide and the flow rates are high. Decreased flow
rates and small slot sizes lead to slow motion of the plastic bead
particles inside the trap and they start to settle at the bottom. If
flow rate is increased and the opening size is kept wide, random
motion of plastic bead particles start and no particle settles until
the flow is stopped.

In case of sand and glass beads due to their high sedimentation
parameter, it has been observed that the entered particles do not
return back to the main flow even if the slot is kept wide and
flow rate is increased. But the deposited glass beads and sand



Fig. 8. Variation of retention ratio (RR) with sedimentation parameter (η) for different invert trap configurations.
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sediment particles give a unique set of profile at the bottom of the
trap. Although, the heavier sediments are not much affected and
they straight forwardly gets deposited and particles do not move
in random motion and do not escape, the shapes of sediment
Fig. 9. Variation of retention ratio (RR) with sedimentation parameter (η) for all invert
trap configurations.
deposition profiles are different for different flow conditions, slot
openings and trap configurations.

5. Mathematical model

The commercial FLUENT software package, FLUENT 6.2 based
on the finite volume approach [6], was used for solving the set
of governing equations. FLUENT provides flexibility in choosing
discretisation schemes for each governing equation. The discretised
equations, along with the initial and boundary conditions, were
solved using the segregated solution method to obtain a numerical
solution. Using the segregated solver, the conservation of mass and
momentum equations were solved iteratively and a pressure–
correction equation was used to ensure the conservation of mo-
mentum and the conservation of mass (continuity equation). The
Discrete Phase Model (DPM) was employed to predict the liquid–
solid flow behavior in open channel and in invert trap as the
volumetric concentration of particles is below 10%. The RNG k–ε
model was used to treat turbulence phenomena in both phases.
However, after the settlement of the particles in the traps, the vol-
ume fraction of particulate phase in the settled regions definitely
exceeds 10%, which is the upper limit of the usage of Lagrange
particle method, employed in the present study. After the settle-
ment of the particles, the Lagrange method is no more useful. In
fact the Lagrange method abandons the particles after the settle-
ment. Hence the Lagrange method is unable to model the re-
suspension of the settled particles. The present CFD modeling
does not take into account for the re-suspension of particles.
Hossain et al. [8, 9] carried out CFD modeling in the horizontal

image of Fig.�8


Fig. 10. Variation of retention ratio (RR) with slot size.

Table 12
Details of 3D mesh generated using GAMBIT software.

Zones Cell depth
(mm)

Cell
length
(mm)

Number of
mesh cells

Active
elements
(%)

Skewness
of worst
element

Channel (upstream
of invert trap)

3 5 70,000 90 0.2

Invert trap 1 3 20,000 85 0.4
Channel (downstream
of invert trap)

3 5 40,000 90 0.3
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pipeline considering settlement and re-suspension of the particles
using the Euler-Euler multiphase method and in these studies
settlement of particles were also evaluated through analytical
method.

5.1. Governing equations

The Reynolds-averaged Navier–Stokes equations representing
transport equations for the mean flow velocities are as follows:

∂ρ
∂t þ

∂
∂xi

ðρuiÞ ¼ 0 ð5Þ

ρ
Dui

Dt
¼ − ∂p

∂xi
þ ∂
∂xj

μ
∂ui

∂xj
þ ∂uj

∂xi
−2

3
δij

∂ui

∂xi

 !" #
þ ∂
∂xj

½−ρuiuj � þ φM
i ð6Þ

where, ρ is the liquid density, u is the liquid phase velocity compo-
nents, x is the coordinate, p is the static pressure, δij is the Kronecker'
delta, μ is the viscosity. Velocities and other solution variables repre-
sent time-averaged values. Φi

M (C) is source term in the momentum
equation due to presence of the particulate phase and for each cell
C, it is defined as:

ϕM
i ¼ 1

VC
∑
nc

j¼1
ηj ∫

ΔtCj

3μCDReVP

4d2
p

u−up

� �
dt ð7Þ

where VC is the volume of the cell, VP is the volume of the particle,
ηj is the number of particle per unit time traversing the jth trajec-
tory takes to pass through cell (C), Δtcj is the time that a particle on
jth trajectory takes to pass through cell (C), Re is the Reynolds

number, →up

� �
is the particle velocity and →u

� �
is the liquid velocity.

The Boussinesq hypothesis, relating the Reynolds stresses with the
mean velocity gradients, used in the present study is given below:

−ρu′
iu

′
j ¼ μ t

∂ui

∂xj
þ ∂uj

∂xi
−2

3
δij ρkþ μ t

∂ui

∂xi

� � !" #
ð8Þ

where, k is the turbulent kinetic energy and μt is the turbulent
viscosity.

The RNG based k−ε turbulence model is used in the present
study. This model uses Eqs. (9) and (10) similar to the momentum
equations, for the turbulent kinetic energy, k, and the dissipation
rate, ε, given by Choudhury [4]:

∂
∂t ρkð Þ þ ∂

∂xi
ρkuið Þ ¼ ∂

∂xj
αkμeff

∂k
∂xj

 !
þ Gkþ Gb�ρε� YMþ Sk ð9Þ

∂
∂t ρεð Þ þ ∂

∂xi
ρεuið Þ ¼ ∂

∂xj
αεμeff

∂ε
∂xj

 !

þ C1ε
ε
k

Gkþ C3εGbð Þ−C2ερ
ε2

k
�Rεþ Sε ð10Þ

where, Gk is the production of turbulent kinetic energy due to
mean velocity gradient, Gb is the production of turbulent kinetic
energy due to buoyancy, YM is the fluctuation dilatation, Sk and Se
are the source terms, C3ε, C2ε, C1ε are the constant terms.

In the DPM, particle trajectories are calculated by integrating the
force balance on the particle. The force balance equates the particle
inertia with the force acting on the particle. Eq. (11) is the force bal-
ance for the x-direction.

∂up

∂t ¼ FDðu� upÞþ
gxðρp�ρÞ

ρp
þ Fx ð11Þ

The forces that act on the simulated particle for the current case
are the drag force, Eq. (12), FD, the gravity term and external force Fx.

FD¼
18μ
ρpd

2
p

CDRe

24
ð12Þ

Re¼
ρdp up�u

��� ���
μ

ð13Þ

Eq. (11) incorporates additional forces (Fx) in the particle force
balance that is important in the current investigation. The first of
these is the “virtual mass” force, the force required to accelerate the
fluid surrounding the particle and is given in Eq. (14). The other

image of Fig.�10


Fig. 11. Three-dimensional figure of channel and invert trap Configuration 5 depicting boundary conditions considered in CFD computations (all dimensions are in cm; x=5, 9 and
15 cm; y is the depth of flow and varies as given in Table 2).
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considered force is the force that arises due to pressure gradient in
the fluid, and is given by Eq. (15):

Fx ¼ 1
2
ρ
ρp

∂
∂t u� up

� �
ð14Þ

Fx ¼ ρ
ρp

 !
up

∂u
∂x ð15Þ

where, up is the particle velocity, ρp is the density of the particle, dp is
the particle diameter and Re is the particle Reynolds number.

Two-way coupling is accomplished by alternatively solving the
discrete and continuous phase equations until the solutions in both
phases have stopped changing (i.e. until the convergence criteria
are met).

5.2. Wall function

The mean velocity is calculated from Eqs. (16) and (17) using non-
equilibrium wall functions are based on a two-layer approach by Kim
& Choudhury (1995)

U
−−

τw
ρ

¼ 1
κ
ln E

ρC
1
4
μκ

1
2y

μ

2
4

3
5 ð16Þ

U
−−

¼ u−1
2
∂p
∂x

yn
ρκ

ffiffiffi
κ

p ln
y
yv

� �
þ y−yv
ρκ

ffiffiffi
κ

p þ y2v
μ

" #
ð17Þ

where, yv is the physical viscous sublayer thickness, U
−−

is the mean
velocity of the liquid, E is the empirical constant (=9.793), y is the
distance from the wall, к is the von Karman constant (=0.4) and τw
is the wall shear stress.

6. Numerical solutions

6.1. Geometry

Five different configurations of invert trap have been considered
in the present study. Fig. 3 shows the dimensions of all the five trap
configurations. Three-dimensional CFD models for all the five con-
figurations of invert traps along with channel have been set up to
carry out the simulation of flows and particle trapping. Total length
of the channel was kept as 5 m. A channel length of 3.5 m was pro-
vided at the upstream end of the trap for full development of flow.
The width of the channel and trap is kept as 0.15 m.

A total of five invert trap shapes were modeled for seven sedi-
ment sizes at six discharges and three slot sizes, giving the total
number of simulations as 630. Six discharges considered in the pre-
sent study are selected to cover full range of the possible discharges
expected in channels during dry weather and monsoon. A mean
fluid velocity was applied at the inlet for each simulation. This ve-
locity was determined by dividing the known discharge by the
area of flow at inlet. The input fluid properties used are tabulated
in Table 2. The grid was generated using GAMBIT 2.0 (as tabulated
in Table 12), which is compatible with FLUENT 6.2. A boundary
layer, which contains four cells with a distance of the cell adjacent
to the wall at 3% of the depth of channel and a growth factor of 1.3,
was employed on the wall to improve the performance of the wall
function and to fulfill the requirement of y+, the dimensionless
wall distance, for the cell adjacent to the wall. To obtain better con-
vergence and accuracy for a long channel and the invert trap, the
hexagonal shape and map type element have been employed. The
map type element is a volume meshing type in GAMBIT, which
uses an algorithm to sweep the mesh node patterns of specified
“source” faces through the volume.
6.2. Boundary conditions

Fig. 11 shows the isometric 3D view and boundary conditions of
Configuration 5. There are three faces bounding the calculation do-
main: the inlet boundary, the wall boundary and the outlet bound-
ary. Particles were injected from the inlet surface of the channel
uniformly. Input parameters for particle tracking are listed in
Table 14. The sediment concentration of 500 mg/l is considered.
FLUENT has capability to discretize the particles based on given
sediment concentration as input. Flat velocity and volume fraction
of liquid and solid phases were introduced at the inlet of the chan-
nel. It is observed that the flow gets fully developed at small dis-
tance downstream of inlet and far upstream from invert trap. No

image of Fig.�11


Table 13
Summary of basic computational parameters.

Configuration variable Value

Supersonic/initial gauge pressure 101,325 Pa
Roughness constant 0.5
Roughness ht. 0.1 mm
Turbulent intensity 5%
Input velocity From Table 2
Hydraulic diameter From Table 2

(a) Configuration 2

(b)  Configuration 4 

(c) Configuration 5

Fig. 12. Velocity contours in m/s for different invert trap configurations for slot size
x=15 cm at flow rate of 9.95 l/s.
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slip condition was used to model liquid and solid velocity at the
wall and wall functions were used. Basic computational parameters
are tabulated in Table 13.

6.3. Solution strategy and convergence

A second order upwind discretization scheme was used for the
momentum equation while a first order upwind discretization was
used for volume fraction, turbulent kinetic and turbulent dissipation
energy. These schemes ensured, in general, satisfactory accuracy, sta-
bility and convergence. The convergence criterion is based on the re-
sidual value of the calculated variables, i.e., mass, velocity
components, turbulent kinetic energies, turbulent dissipation ener-
gies and volume fraction. In the present calculations, the threshold
values were set to a thousandth of the initial residual value of each
variable. In pressure–velocity coupling, the phase coupled SIMPLE al-
gorithm was used. Other solution strategies are; the reduction of
under relaxation factors of momentum, volume fraction, turbulence
kinetic energy and turbulence dissipation energy to bring the non-
linear equation close to the linear equation, subsequently, using a bet-
ter initial guess based on a simpler problem.

7. CFD modeling results

7.1. CFD flow field prediction

The velocity contours at flow rate of 9.95 l/s for Configurations 2, 4
and 5 with slot size of 15 cm are shown in Fig. 12 (a, b and c). It is ob-
served from these figures that the flow patterns are affected signifi-
cantly with the change in the shape for a given flow rate. The
contour maps are showing that the velocity is reducing towards the
centre of the trap. Low and high velocity zones within the trap are
clearly visible from the color map of the invert traps. It is expected
that the particles entering in the low velocity zone will settle down.
The centre of the fluid rotation in the trap is almost at the centre.
The corners of the trap are showing zero velocity in the contour
map. The velocity profile in open channel follows an expected trend,
i.e., varying fromminimum at bottom and side walls to the maximum
at top. The magnitude and direction of fluid velocity vectors in chan-
nel and invert trap of Configurations 2, 4 and 5 is shown in Fig. 13.
Table 14
Input parameters for particle tracking.

Parameter Value

Injection type Injection on inlet uniformly at 500 mg/l
Particle density/diameter As defined in Table 4
Particle initial velocity As defined in Table 2 (same as fluid)
Drag law Spherical
Stochastic tries 10
Random eddy lifetime Off
Saffman lift force Off
Length scale 0.01
Number of time steps 500,000
Wall boundary conditions Default except base of trap as ‘trap’
Direction of the fluid velocity vectors inside invert trap is found clock-
wise with vertex located at the centre of the trap. Similar patterns of
fluid velocity vectors have also been observed in other trap Configu-
rations 1 and 3.

The paths followed by the particles are shown in Fig. 14(a) to (c).
The change in the color of the particle denotes the change in the ve-
locity. It is observed from these figures that after entering into the in-
vert trap, most of the particles move in clockwise direction and keep
on losing momentum till they settle at the bottom.
7.2. CFD sediment retention prediction

In Discrete Phase Model (DPM), the trajectories of particles are
computed in a Lagrangian frame and FLUENT has capabilities of
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(a) Configuration 3 

(b) Configuration 4

(c) Configuration 5

Fig. 14. Particle trajectories inside different invert trap configurations for slot size
x=15 cm at flow rate of 9.95 l/s.

(a) Configuration 2

(b) Configuration 4 

(c) Configuration 5

Fig. 13. Fluid velocity vectors in m/s inside different invert trap configurations for slot
size x=15 cm at flow rate of 9.95 l/s.
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coupling these particles to the liquid phase in the Eulerian frame.
FLUENT can also exchange mass, momentum and energy between
the two phases. However, there are some specific requirements that
should be kept in mind while using the DPM. It is recommended
only for a volume fraction of particles less than 10%. The reason for
such a limitation is that the discrete phase model does not take into
account any particle-particle interactions. If the volume fraction is
much higher than 10%, the influence of particles interaction may be-
come a significant factor and could affect the accuracy of computa-
tional results. The DPM accounts for the effect of turbulence on the
particle trajectories. This turbulent dispersion can be modeled via
DPM either with the stochastic tracking model or with the particle
cloud model. Typical applications for DPM might be for particle sepa-
ration such as coal classifiers or cyclones. DPM is also applied to spray
drying applications, liquid fuel or coal combustion problems.

In the present study, results are obtained with stochastic particle
tracking. It is observed that these results are dependent upon a
range of input parameters, such as, particle characteristics, model
boundary conditions and several numerical set-up parameters. Para-
metric analyses were therefore undertaken to assess the sensitivity
of simulation results to these input parameters and to determine



Fig. 16. Comparison of experimental and CFD-based retention ratio (RR) for Sand 1
particles for all the configuration at all three slot sizes.
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appropriate default parameters and methodologies for obtaining a set
of predicted retention ratio performance curves. Once a suitable in-
jection methodology is determined, all further models based on dif-
ferent trap configurations and discharges were run on this basis.
The injections were made utilizing seven different particle types for
CFD analysis similar to those used in experimental study to validate
the computational results keeping the geometry of channel and invert
traps as identical. Density and diameter of these particles are shown
in Table 4. The sediment retention ratios obtained in the present
DPM based computations are shown in Fig. 15.

From the velocity contours shown in Fig. 13, the Configuration 4
seems to have larger amount of low velocity zones as compared to
Configuration 5, however, it is observed in CFD modeling results
that the Configuration 5 has more retention efficiency. The reason
behind such an unexpected behavior is that the particles entering
into the invert trap in Configuration 5 keep moving in infinite
loop and finally lose its momentum and settles down, whereas, in
Configuration 4, most of the particles do not enter into the invert
trap because of larger stagnant zones inside the invert trap. Inactiv-
ity of liquid mass inside Configuration 4 makes particles to move
along with the mainstream in the channel without entering into in-
vert trap. Configuration 5 was found to have highest sediment re-
tention capacity for almost all sediment types and discharges. The
higher velocity inside the trap is expected to encourage the re-
suspension of the settled particles. But the Lagrange method used
in the present study is incapable of modeling the re-suspension
and hence the observed high settlement may not be correct
representation.

The effect of varying discharge and slot size for Sand 1 is shown in
Fig. 15. From this figure, lesser the slot size, lower the retention ratio.
It is also observed that decrease in discharge results into increase in
retention ratio for all the three types of slot sizes. As the velocity re-
duces, shearing on the particles get reduced, hence, more sediment
deposition takes place at lower flow rates. Similar type of patterns
have been obtained on the basis of CFD modeling for other
Fig. 15. CFD-based retention ratio (RR) for Sand 1 particles for different slot sizes for
Configuration 4.
configurations and sediment types at all slot sizes and flow rates con-
sidered in the present study.

8. Comparison between experimental and CFD-based retention
ratios

The ability of the CFD software FLUENT to reliably predict the re-
tention ratio for invert trap using standard input parameters was in-
vestigated. Overall, there was broad qualitative and quantitative
agreement in trends and flow patterns. The results suggest that the
DPM model is reasonably effective with the retention ratio predic-
tions for invert trap.

In Fig. 16, the measured retention ratios for Sand 1 particles are
compared with the computed for all the configurations. It is observed
that the DPM model gives fairly accurate predictions (with percent-
age error in the range of +44% to −22%) for retention ratio.

9. Conclusions

Following conclusions have been drawn based on the experimen-
tal and discrete phase modeling for sediment retention ratio for in-
vert traps:

1. The simulation results are capable of showing particle trajectories,
effect of flow rate and trap geometry on flow patterns developed
within the trap.

2. The experimental and CFD modeling results of sediment reten-
tion for the invert trap is showing higher retention at larger
slot sizes, larger sedimentation parameters and lower
discharges.

3. The CFD modeling predicts the sediment retention ratio in invert
trap with percentage error in the range of +44% to −22%.

4. The sediment deposition patterns are measured experimentally in
the invert trap. These patterns are found to vary with flow condi-
tions, sediment types, trap configurations and slot sizes.

5. Based on CFD modeling and experimental measurements, it has
been concluded that the invert trap having rectangular shape
with trapezoidal base with lid on sides is the most efficient trap
configuration with highest sediment retention ratio.
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