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11  Abstract

12 This investigation deals with the mechanics of movement of singular quartz gravel and coarse sand river
13 bed particles in upstream and over inlet key of three type-A Piano key weir (PKW) models, which were
14 recorded with a high-speed camera. Acoustic-Doppler-Velocimeter was used to obtain the upstream bed
15  shear stress. The sediment threshold and regime over the upstream bed were compared with the previous
16  investigations and found to be within the ranges. Generally, a sediment particle decelerates as it
17  approaches the inlet key, but accelerates over it due to flow contraction and an increase in shear stress.
18  Rolling and saltation regimes were observed over the key. The maximum particle velocity at the key end
19  was higher in case of 1-cycle model than 2-cycles than 3-cycles. CFD simulation shows a rapid increase in
20  shear stress at the key end. For the used models, PKW required 17%-43% of additional shear stress on
21  the upstream bed to pass sediment over the key. This study is useful for the in-channel application of

22  PKW and sediment flushing over it.

23 Keywords: Sediment movement; Particle tracking; Piano key weir; High-speed camera; CFD.

24 Introduction

25  Piano key weir (PKW) has a greater discharging capacity than other weirs and has been constructed

26 widely in recent times not just as dam spillway but also in large diversion projects in Vietham and
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India (Ho Ta Khanh 2017; Das Singhal and Sharma 2011). A three-cycles type-A PKW configuration
with noses beneath the upstream apexes is shown in Fig. 1(a). Where a and b are inlet and outlet keys
widths; P is the key height; B; and B, are inlet and outlet keys overhangs; W is the width of the
channel; and other terms are described in notations. Noses below the upstream apexes reduce the inlet
energy loss and provide a better flow condition at the inlet entrance (Anderson and Tullis 2013).
However, the construction of a transverse hydraulic structure leads to increase in the upstream flow
depth and reduction in flow velocity which results into non-uniformity in flow and sediment
discontinuity (Bai and Duan 2014; Fan and Morris 1992; Tiwari and Sharma 2015). This may further
deposits sediment in the backwater or transports it to the weir during the heavy flood events, thus

hampering the channel navigation and may result in upstream inundation (Noseda et al. 2019).

The investigations on the complexity of sediment movement caused by the streamflow in the
watercourse were given utmost importance since the 1% half of the 20" century. Perhaps, Shields
(1936) initiated the study on the incipient movement of non-cohesive sediments in alluvial bed. The
primary governing factors for the sediment transport are the fluid, flow and sediment characteristics
(Garde and Albertson 1959; Garde and Ranga Raju 2015). However, the threshold condition for
particle motion on a smooth bed is inferior to that for alluvial bed and the Shields method
overestimates the critical condition for smooth bed (Bridge and Dominic 1984; Novak and Nalluri

1975, 1984; Ramesh et al. 2011; Safari et al. 2017).

Earlier experimental investigations and Computational Fluid Dynamics (CFD) simulations on
PKW dealt predominantly with its discharging capacity, the influence of different geometric
parameters, design guidelines, construction strategies and case studies while focusing mainly on the
impact of tailwater submergence, aeration, floating debris, energy dissipation, scale effects, cost
involvement etc. as reported in several review studies by Abhash and Pandey (2020); Crookston et al.
(2019); Erpicum et al. (2017); Oertel (2018), but it appears that a very limited study (possibly the only
one by Noseda et al. (2019)) has been performed on the sediment movement over PKW. The previous
investigations by Sharma and Tiwari (2013); Tiwari and Sharma (2015) were mainly based on visual

observations and limited to suspended load transport and threshold of the lifting of sediment upto 2
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mm. Noseda et al. (2019) carried out an experimental study on the self-cleaning capacity of PKW and
examined the upstream riverbed scour behavior and flushing of sediments over the weir. A
comparison between the investigations conducted by Noseda et al. (2019) and Gebhardt et al. (2019)
indicates the superior self-cleaning capacity of PKW than rectangular labyrinth weir. Hence, the main
governing factor behind such observations is the slopping inlet key. The downstream scouring has
been studied by Jistrich et al. (2016); Kumar and Ahmad (2020), and it is directly affected by the
residual energy which has been studied by Eslinger and Crookston (2020); Silvestri et al. (2013). CFD
simulation has also been used by several researchers to study different aspects related to PKW.
Crookston et al. (2018) performed 40 simulations and validated the results with previous experimental
data and suggested empirical equations for estimation of the coefficient of discharge of type-A PKW.
Hu et al. (2018) studied the discharge passing contributions of upstream crest, downstream crest and
sidewall crest and found that the contribution of sidewall crest reduces with an increase in the
tailwater depth. Denys and Basson (2020) studied the unsteady hydrodynamic forces present around
the PKW and found that the vortices in the inlet key are the significant source of excitations and

expose the sidewall to episodic fluctuations of pressure.

The sediment movement over a PKW is a complex and interesting phenomenon and attracts
micro-level investigations. Several studies have been carried out formerly to analyze the behavior of
particle movement over fixed and mobile beds. The bed load particles can travel in three regimes
namely sliding or transition, rolling and saltation depending on the Shields number Ns, (or Shields
parameter) which is determined as the ratio of the bed shear stress to the stress imposed by the
buoyant weight of particle (Ancey et al. 2002; Ramesh et al. 2011). Shields number is expressed as
Nsh = (uc)?/(Ss — 1)gd, where u. is the critical shear velocity in m/s, Ss is the specific gravity of
sediment, g is the acceleration due to gravity in m/s? and d is particle size in m. For a gently sloped
bed, the transition, rolling and saltation regimes attain at Ns, ranges 0.001 — 0.005, 0.005 — 0.01 and >
0.3, respectively as suggested by Ancey et al. (2002). Table 1 shows contributions of some of the
major experimental studies carried out on particle tracking during its movement over a fixed bed. In

addition to those experimental studies, Bridge and Dominic (1984) suggested empirical equations to
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estimate the mean particle velocity in saltation regime and bed load transport rate. The velocity of a
particle moving over a fixed rough bed and bed load transport rate for plane bed experimental results
can be accurately estimated using those equations. Subsequently, Wiberg and Smith (1985) proposed
a mathematical model to predict the trajectory of individual particles in saltation and rolling modes
and to determine the mean particle velocity, whereas Nifio and Garcia (1994) proposed another model

for coarse gravel particles.

In the case of the alluvial bed, the particle movement also depends on the roughness created by
the bed particles and the variation in the bed-forms (Tregnaghi et al. 2012). The study on the particle
motion characteristics during its movement over the mobile bed was conducted out by Fernandez
Luque and Van Beek (1976); Nifio et al. (1994); Lee and Hsu (1994); Shim and Duan (2017); Shim
and Duan (2019) using standard video-imaging technique, real-time flow visualization technique,
continuous tracking record and VIPT (video image-based particle tracking technique) software.
Recently, Zhao et al. (2020) found an increase in the saltation height and length if the particle shape is

not spherical.

It is observed that limited detailed studies have been carried out on the sediment movement over
weir structures. The complexity of flow around PKW and its effect on the particle movement make
the study more interesting. Therefore, the present systematic investigation was initiated to have an
insight into the particle motion characteristics over PKWSs and their correlation with particle size and
flow parameters. The study focuses on the incipient movement of singular sediment particles (quartz
gravel and coarse sand) ranging from 1.7 to 6.3 mm (a total of 12 sizes) during their movement over
the smooth upstream bed and inlet key of three type-A PKW models through tracking of such motions
using a high-speed camera and image processing technique. An Acoustic Doppler Velocimeter
(ADV) was used to determine the shear stress on the upstream bed, and Computational fluid dynamics
(CFD) simulation was performed to relate the particle kinematics with the shear stress and maximum
flow velocity over the key. This study is going be a substantial addition to the recent developments on
PKW and will be very useful in planning and designing of PKW keeping in view the problem of

upstream sedimentation.
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Experimental set-up

Three PKW models namely PK; (1-cycle), PK, (2-cycles) and PKj; (3-cycles) and twelve sediment
sizes were considered in this study. The geometrical configurations of the models are listed in Table
2. All experiments were performed in the Hydraulic Engineering Laboratory at 1IT Roorkee in a 15.0
m long, 0.39 m wide and 0.5 m deep flume. The models which are shown in Fig. 1(b) were fabricated
with 0.006 m thick acrylic sheet. The noses beneath the outlet apexes were projected upto half of the
outlet overhangs, Bo/2 = 0.032 m. The flume has glass-walled in its major portion for proper
visualization of flow and was fed from an inlet pipe of 0.1 m diameter. An advanced, precise, pre-
calibrated ultrasonic flowmeter having an accuracy of +1% was used to measure the discharge values.
The flow depth was measured using a point gauge (with Vernier scale) having least count of 0.0001 m
only and the least count of the ADV measurement was 0.0001 m/s only. The maximum experimental
uncertainty was found to be about 1.2% only. Two honeycomb grid walls, a series of flow
straighteners and wave suppressor were placed upstream of the flume to minimize surface disturbance
and cross-currents. A high-speed digital camera (IPX-VGA210L) capable of recording at 207 FPS
was placed at the right side of the flume and connected to a workstation PC for storage and further
processing of the recordings. Proper illumination was maintained using a LED bulb. Better
visualization was ascertained by coloring particles (red) and upstream bed (white). Further, a 10 MHz
Vectrino ADV was used to measure the instantaneous velocity of flow along the depth. The measured
velocity profiles were used to calculate the shear stress on the upstream smooth bed. The schematic
diagram of the experimental set-up is shown in Fig. 1(c). Figures 2(a) and 2(b) show the examples of

video recording and velocity measurement, respectively.

Methodology

Video recording, image analysis and sediment tracking

Each of the twelve individual sediments fed manually inside the flume at a distance about 1.8 m
upstream of the PKW. Non-cohesive river bed sediments (nearly rounded) comprising quartz coarse
sand and quartz gravel particles were used in the study. The specific gravity was found to be 2.64. For

each combination of sediment and PKW model, the test was started at a lower discharge and
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increased gradually with small increments of 0.1-0.2 x 10 m¥s till the sediment starts moving over
the inlet key bed. For 1.7 mm particle moved over the inlet key of PK3 model, the discharge and total
head over the weir crest were 13.55 x 10 m®s and 0.0323 m, respectively. Video recording was
started immediately when the sediment approached near the field of recording. The field was 325 mm
long and 247.5 mm deep, whereas the resolution of recording was 320 pixels x 480 pixels. The length
and height of each pixel were 1.0156 mm and 0.5156 mm, respectively. At first, the camera captured
videos at 207 FPS and the continuous footages were stored using STREAMPIX software and frame
grabber card. Each recording was processed in STREAMPIX software and converted into a series of
image sequences. The positions of sediment at different time steps were obtained from these image
sequences using IMAGE-PRO PLUS software. However, those positions were available in terms of
pixel values and the origin (0,0) of the pixel grid was located at the top left corner of the image. The
positions were converted into a 2D Cartesian coordinate system using the pixel dimensions and
considering the inlet entrance as the origin (0,0). Figure 3 shows the pixel and Cartesian coordinate
systems, images of sediment moving on the upstream bed and inlet key bed and its distance from the
origin, i.e. Lx. For a better representation of the large variation in particle velocity observed along its
route of movement, the particle tracking was done by taking time steps of 20 frames in the upstream
channel bed (deceleration segment), upstream part of inlet key (transition segment) and 10 frames in
the remaining inlet part (accelerating segment). The recordings were processed for those events only
in which sediment moved over the rightmost half inlet key and there was no visual obstruction due to
the PKW sidewalls. In these events, it was observed that sediment passes in the key along a
longitudinal plane located close to the flume’s right boundary. The pixel calibration and camera
focusing were done on that boundary. The effect of 2D imaging and perspective distortion was

negligible.
Mechanics of a particle motion

Once the tracked positions of a particle are available at different time steps, the method suggested by
Mazumder et al. (2008); Ramesh et al. (2011) was utilized to determine the instantaneous particle

motion characteristics. Following the forward difference technique and using the consecutive
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positions of a particle at different time steps, particle kinematics and dynamics parameters were

determined.
Shear stress on the upstream channel bed

The shear stress on the upstream smooth channel bed was obtained at a location of 0.1235 m upstream
of the outlet key by observing the velocity profile over the bed using ADV and fitting it in the well-
known Prandtl-Karman logarithmic equation available for smooth bed (Carvalho et al. 2010; Ferro
2003; Kumar et al. 2019; Ramesh et al. 2011). For each point, the mean flow velocity was obtained
from the filtered data separated from 3000 raw samples (60 seconds of recording at 50 Hz) of
instantaneous velocity. The data filtration was processed in Explorer V software by fixing the
minimum correlation (COR) to 70 and minimum signal-to-noise-ratio (SNR) to 15 (Kumar et al.
2019; Sharma and Tiwari 2013; Voulgaris and Trowbridge 1998). The depth of flow, y was measured

at 0.5 m upstream of the outlet key.
Shear stress on the inlet key

The velocity profile over the inlet key could not be measured precisely, probably due to flow
complexity, high turbulence, unsteadiness of flow and vortices within inlet key as observed by Denys
and Basson (2020) and flow separation at the tip of the sensor. So, the shear stress on the inlet key bed
could not be determined experimentally and was obtained from CFD simulation performed in ANSY'S
19.1 academic software (ANSYS 2018). It was then correlated with the particle kinematics. For
convenience, the force balancing method suggested by Wiberg and Smith (1985); Chiew and Parker
(1994) for a sediment particle resting on a sloping surface was utilized to balance the forces acting on

a sediment particle moving over the inlet key bed of PKW.

The resultant effective force on the particle = total hydrodynamic force exerted by the moving water
on the particle — the tangential weight component of the particle — resistance imposed by bed friction;

ie.,

F,=F,—W sina—W'ucosa 1)
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where F; is the effective hydrodynamic force causing sediment movement, which is the product of the
mass of the particle and its acceleration as in submerged condition; F is the total/gross force acting on
the particle as a combination of hydrodynamic drag, lift and basset force; A is the projected area of the
particle on which the fluid force is acting; W is the submerged weight of particle; « is the inclination
of the inlet key and p is the friction coefficient. Both the drag and lift forces are functions of the
characteristics velocity of flow which further depends on the shear velocity (Chiew and Parker 1994;
Garde and Ranga Raju 2015). Therefore, F; is directly related to the bed shear stress imposed on the
inlet key bed .. Here, the variation in the basset force or history force which could occur because of
the variation in the relative motion of sediment and water is neglected because the estimation of such
variation within the inlet key of PKW where accurate measurement of the flow properties is
challenging becomes very difficult. It has been observed that researchers have previously neglected
the basset force in numerical modeling (Bombardelli et al. 2008; Lee and Hsu 1994; Moreno-Casas
and Bombardelli 2016; Rostami et al. 2006; Schmeeckle and Nelson 2003). However, the basset force
becomes an important factor for small sand particles moving in a flow having a relatively low
Reynolds number. Nifio and Garcia (1998a) found that the effect of the basset force is significant for
small sand particles having the explicit particle Reynolds number R, = ((Ss — 1)gd®)°5/v from 50 to
100 but not so substantial for R, > 500. In the present study, gravel and coarse sand particles were
used and R, varied from 315 to 2247. Therefore, it can be assumed that the basset force is not so
significant. The accurate estimation of the drag and lift components is difficult, and therefore, an
attempt was made to understand the trend of particle acceleration varying with the shear stress z,. For
a particle of size d, let us assume that A, W’, a and p are constant along its path of movement.
Therefore, it can be considered that as = f(z.), where f is a function. However, in the actual scenario,
this assumption may not always be entirely accurate because of the variation in the projected area of
particle and p during rolling and saltation regimes, unsteadiness in the flow characteristics, the effect

of the basset force for smaller particles and the spatially varied nature of flow along the inlet key.
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CFD simulation

The CFD simulations were carried out using CFX solver which requires less computational cost and
space than Fluent solver due to a lesser number of degrees of freedom (Berggren et al. 2009; Kadia et
al. 2020). The widely used standard k-¢ turbulent model (an eddy-viscosity model) which was
introduced by Launder and Spalding (1972, 1974) was used in the present simulation. The simulation
was carried out at a discharge of 19.7 x 10 m?s for all three PKW models following the method
available in the literature (Kadia et al. 2020). A 1.5 m long domain having cross-sections 0.39 m x
0.335 m in the downstream side and 0.39 m x 0.3 m in the upstream side was modeled. The meshing
was finalized with the tetrahedron method considering 0.00709 m size of bed faces and fixing the
maximum size of the element at 0.0156 m. A total of about 0.7 to 0.8 million small elements were
created. As the near-bed flow properties are very crucial in estimating the velocity gradient and bed
shear stress, 5 to 10 inflation layers were created near the bed for better representation of the flow.
The total simulation time and time steps were selected as 30 s and 0.05 s, respectively. Multiphase
(water as primary phase) and open channel modules were considered. A transient flow simulation of
the domain was initialized considering mean velocity on the inlet face. A pressure-based outlet was
considered and the top opening of the domain was configured with relative pressure normal to the
plane. The boundary conditions for PKs model simulation are shown in Fig. 4. The simulation was

based on the Volume of Fluid (VOF) method and the finite volume technique.

Results and discussion

Particle movement, kinematics and dynamics

PKW has an impact on flow and sediment continuity of a channel, just like other similar hydraulic
structures, but it has the self-cleaning capability. While observing the sediment movements over the
inlet keys of PKW, it was found that sediment moves along the centre of a full inlet key and close to
the sidewall in case of half key for which the tracking was done. The sediment movement in the
approaching segment, i.e. in the upstream of an inlet key was found to be 3D, but due to the limitation
of 2D tracking the lateral component of the particle movement could not be measured. A total of

thirty-six image sequences were analyzed for particle motion characteristics and two of them are
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shown in Fig. 5. In general, and as shown in Fig. 6, it was observed that sediment tends to slow down
while approaching the inlet key. For larger particles, and especially in case of PKj, the transition
segment along the path of movement was observed. The slight movements in the upstream part of the
key in these cases may look similar to what was observed earlier by Kumar et al. (2019) for sediment
movement over a ramp. But still, these movements are faster than what was observed for the ramp.
Except for those few cases, particle starts accelerating immediately after reaching near the inlet key
entrance and there was no transition segment in its path of movement. The possible reason is the
formation of accelerating flow pattern near the inlet key caused by the contractions in both vertical

and lateral directions as observed by Denys and Basson (2020).

Figures 6(a—c) show the variation in particle velocity vs, particle acceleration as, angle of
orientation of the velocity vector @; and applied force on the sediment F for 4.05 mm particle
travelling over the three PKW models. The required discharge values to pass 4.05 mm particle over
the inlet key bed of PK;, PK, and PKs; were 22.0 x 103 18.65 x 102 and 18.2 x 10° m3s,
respectively, which indicate a considerable variation in the flow characteristics depending on the
PKW configuration. There is a contraction of flow area within the key along the flow direction, and it
was found that particle accelerates rapidly in the upstream part and downstream end of the key as
shown in Figs. 6(a—b). Such variations in vs, as are affected by the changes in inlet key shear stress
(7o) (obtained from the CFD simulations and discussed later), high turbulence, unsteadiness of flow
within the inlet key as indicated by Denys and Basson (2020) and changes in the projected area of the
particle during rolling and saltation regimes. Therefore, no smooth pattern of variations was found.
The sediment generally accelerated in the rising part of a saltation event and decelerated in its falling
part. The maximum observed v;s in the study was 0.617, 0.609 and 0.458 m/s for PK1, PK; and PKs,
respectively. Generally, for all d the highest vs, as and Fs were witnessed for PK; model having a
wider inlet key and which requires higher discharge (and a slightly higher approach flow velocity) to

pass the same sediment than the other models.

The orientation of the particle velocity vector to the horizontal axis (6s) is directly related to the

regime of the sediment movement. The fluctuations and maximum values of @ are higher for saltation

10
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regime than rolling and sliding. It was found that s varies from 50.9 to 13.8 degree for particle
movement over the inlet key bed. For all three PKWs, the extremum, range and average of 6 were
determined and plotted against particle size d as shown in Fig. 7. Figure 7(c) indicates that sediment
passing PK; has a larger range of & than that of the other two models, and in general, the range
increases with a rise in d. The rapid rotation of sediment during rolling and saltation regimes, the
jumps during saltation, some irregularity in particle shape and stochastic nature of flow are
contributing to the fluctuation of @s. Further, the fluctuations in @, vs and as were calculated from their
instantaneous and mean values obtained from thirty-six experimental runs (and a total of 665 tracking
results) following the method used by Ramesh et al. (2011). The model wise frequency distribution f
is shown in Fig. 8, which indicates higher fluctuations in all three parameters for PK; than that for
other models. The distributions of 8% and a's can be approximated to a bell-shaped distribution, but
the distribution of v's for PK; and PK3 does not follow a similar trend. Ramesh et al. (2011) found a
similar Kind of distribution trend for particle movement over a transitionally rough bed with a gentle
slope. The variations are caused by a collective effect of the interaction between sediment and flow,
flow unsteadiness and non-uniformity, particle collision with inlet bed and the spatially varied flow

formed due to the flow proportion passing over the sidewalls.
Critical condition and the regime of particle motion

As reported earlier, the critical shear stress for the movement of individual sediment on the smooth
bed is much lower than the same for alluvial condition and the difference is lower for small particles.
Figure 9 shows the difference between Shields curve plotted from Chien and Wan (1999) and the
plots obtained for smooth bed from Novak and Nalluri (1975); Safari et al. (2017) and in the present
study. From the study carried out by Novak and Nalluri (1975) in a rectangular channel taking

singular particles from 0.6 to 50 mm, Ns» can be expressed as:

203

N, =0

)
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where y is the specific weight of water in N/m?3 and d in m. Later, Safari et al. (2017) suggested Eq.
(3) for rectangular cross-sections and it is applicable for low Particle Reynolds numbers (Re” = u;d/v)

from 1.4 to 15.51, where u;" in m/s, v is the kinematic viscosity in m?/s and d in m.
N,, =007(Re”) ™" 3)

The shear stress on the smooth upstream bed was determined for the beginning of sediment
movement (i) on the upstream bed (zwiv) and (ii) on the inlet key (zeik) for all thirty-six cases using
the measured velocity profiles, and the corresponding Shields number N, values were calculated to
compare the observed critical condition and particle regime with the previous studies. For the critical
motion of a particle on the upstream smooth bed, the particle generally moved in sliding or transition
regime and Ng, varied from 0.0029 to 0.0056 which is very close to the range (0.001 to 0.005)
suggested by Ancey et al. (2002). Figure 9 shows that the observed critical Ns, values are higher than
what was suggested by Safari et al. (2017) but lower than what was determined from Novak and
Nalluri (1975). The difference in experimental conditions and the flow alternation caused by PKW
may be attributed to such differences. It was found that the lateral and vertical components of the
near-bed velocity at the location (0.1235 m upstream of the outlet key) where the velocity profile and
shear stress were obtained are about 2—-3% of the longitudinal velocity component. These components
have slightly influenced such differences. Using the thirty-six observed datasets for critical sediment
movement over the smooth upstream bed, the following expression is determined based on regression

approach

-0.333

N, =0.015(Re") (R2=0.81) 4)

Equation (4) has a coefficient of determination R? = 0.81, and it is applicable for (i) similar type of
smooth bed conditions, (ii) non-cohesive river bed quartz coarse sand and gravel and (iii) 19 < Re" <
125. Both Fig. 9 and Eqg. (4) indicate a decreasing trend of Ns» with an increase in the particle size and
particle Reynolds number, which is similar to the observations made by Novak and Nalluri (1975);

Safari et al. (2017). Further, while plotting the calculated N against the observed values, it was

12
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observed that Eq. (4) underestimates Nsn for the datasets collected from previous studies as shown in
Fig. 10(a). The mean absolute percentage error values are about 42%, 33.2% and 6.72% for the
datasets collected from Novak and Nalluri (1975); Ramesh et al. (2011) and the present study,
whereas the maximum absolute percentage error is about 60%. The difference in the experimental
conditions and the effect of PKW on the upstream flow condition may be attributed to such
deviations. The datasets available in Safari et al. (2017) were not used in this comparison because in

those cases Re" < 19.

Additional bed shear is required on the upstream smooth bed to move sediment over the inlet key.
It is being used to counter the tangential component of particle weight that resists the climbing of the
particle. For these cases, the regime of a particle during its movement over the upstream bed and inlet
key bed was observed during the particle tracking. The particle regime in upstream of the weir and
corresponding observed Ns were compared for the conditions suggested by Ancey et al. (2002). It
was found that smaller particles require greater upstream Nsy to move over the inlet key bed as
compared to larger ones for all three PKWs as shown in Table 3. For larger particles (in eleven cases),
the rolling regime was observed over the upstream bed, even though Ns, was below 0.005 as shown in
Table 3. Whereas, there was no rolling motion in four cases (mostly for PK3) despite Nsn > 0.005.
These observations differ from the condition suggested by Ancey et al. (2002). However, the flow and
experimental conditions are not the same in the two studies, and there is an effect of PKW in the
upstream flow characteristics. Mostly, the rolling regime was observed over the upstream bed.
Further, it was observed that particle moves in the inlet key while rolling over the key bed with
intermittent small jumps. No saltation of the particle was observed in only three cases as shown in

Table 3.

The proposed equation for obtaining the upstream shear stress

PKW geometry has a direct influence on the upstream flow condition and sediment movement.
Therefore, it is necessary to analyze the correlation between PKW geometry, particle size and critical
shear stress on the upstream bed required to pass sediment over inlet (zwi). Out of the total of 36

collected datasets, 24 were used to establish a relationship of zuik with the independent variables d
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and length magnification ratio L/W, and the remaining 12 datasets were utilized for validation. After
applying the least square technique, Eqg. (5) was found, which is applicable for 2.3 <L/W <4.9, 1.7 <

d <6.3 mm, 0.31 <H/P <0.73 and a/b around 1.2.

T =00706d —00041d? +0.0131(L/W ) +00447 (R2=0.941;dinmm) (5)

Figure 10(b) illustrates a comparison between the computed and observed zci for both the datasets
used in calibration and validation. The maximum absolute percentage error, mean absolute percentage
error and root mean square error for the validated datasets are 7.06%, 4.08% and 0.0133, respectively,
which are within a permissible range. A good number of points, 62.5% of calibration and 66.67% of
validation lie within only +5% error range which shows a respectable performance of Eq. (5). All

datasets except one lie within the error range of +10%.
Shear stress and particle kinematics in the inlet key

As mentioned earlier, CFD simulation was performed to analyze the spatial variation in the shear
stress 7, acting on the inlet key. The shear stress values were computed along the inlet key bed at a
distance of 0.005 m from the right wall of flume because the tracked sediment moved along a plane
close to the sidewall of the flume. Figures 11(a—b) and 12 show the variation of z, along the inlet key
bed of the models. Although the shear stress 7, rose gradually in all three cases in the upstream part of
the key, i.e. Ly upto 0.06-0.07 m, it was found more or less constant in the middle part of the key, i.e.
Lk from 0.06-0.07 m to 0.15-0.17 m. However, a rapid enhancement in 7, observed in the downstream

part of the key where the flow velocity is also higher due to vertical contraction.

Figure 12 shows the comparison between the three plots of z, obtained from CFD simulations. It
was found that z, rises with an increase in L/W and reduction in inlet width a for Ly upto 0.15-0.17 m,
but an opposite trend was observed in the downstream part of the key beyond Ly = 0.15-0.17 m. For
the same discharge, the maximum z, was found for PK1 model. Further, it was found that PK; requires
higher discharge (and a slightly higher approach flow velocity) to pass the same sediment than the
other two models. Therefore, it is justified that the highest vs and as, as shown in Figs. 6(a—b), which

were found in the downstream part of the key for PK; than other two models are due to the higher
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shear stress imposed in case of PK; for a particular d. Further, vs and as increased quickly in the
upstream part of the key for PK3 model where a significant rise in 7, was found. The particle velocity
did not increase much in the middle part of the key similarly to z,. There is a strong correlation

between 7, and particle kinematics, and the assumption as = f(z,) is acceptable.
Correlation between particle motion and flow characteristics

As the particle motion is closely related to the flow properties, the correlation between flow and
sediment parameters were analyzed. Figure 13(a) shows different parameters related to the study.
Upstream flow velocity V¢ and Froude number Fr were calculated at 0.5 m upstream of the outlet key,
whereas the maximum particle velocity Vs max Was obtained from particle movements. The mean flow
velocity at the downstream end of the key Vmax could not be measured precisely using ADV probably
due to high turbulence and unsteadiness in the flow and flow separation at the tip of the sensor, and
therefore, CFD simulation was done for two discharges 16.1 x 10 and 18.45 x 10 m®%s passing over
PKi. A larger particle needs higher V. and Fr to travel. Interestingly, it was noticed that Vs max iS much
higher in case of PKi; model as compared to others and it mostly increases with particle size.
However, Fig. 13(b) depicts that such a trend was not observed for PK; and PKs. The highest
observed Vs max in the study was 0.617 m/s for PK;. The flow recirculation and vortices inside the inlet
key observed by Denys and Basson (2020) appear to be affecting the particle movement varying with
the key width. Further, Fig. 12 shows that for a constant discharge the shear stress varied inversely
with L/W at the downstream end of the inlet. While comparing the normalized maximum particle
velocity vs max/Vc to the normalized particle size d/y, a declining trend of vs max/Vc Was observed as
shown in Fig. 13(c), even though vs max increases with particle size for PKi. Thus, Vs max increases at a
slower rate than V.. Figure 13(d) shows that the enhancement of critical shear stress on the upstream
bed is higher for smaller particles as compared to the larger ones. It was found that zcwik is dominated
more by d than L/W. Further, it was noticed for all particles that PK3 requires much lower discharge to
pass them than PK; and PK,. Meanwhile, normalizing ik by zevin it was found that about 17% to
43% of additional shear stress (except one result) is required upstream of PKW to move sediment

over it. The average amount is being 31%. Figure 13(e) shows such variation with respect to d. When
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the discharge was compared, it was found that 1.08-1.31 (average 1.23) times discharge is required to
move sediment over PKW than that of upstream bed. This additional shear stress is being utilized to
counter the tangential component of the particle weight to move it over the slopping key. Finally, the
ratio of Vs max t0 Vmax Obtained from CFD simulation of PK; is found to be 0.69 and 0.78 for 2.0 and
2.58 mm particles, respectively, which is close to the value (Vs max/Vmax = 0.73) found by Kumar et al.

(2019) for movement of 2.18 mm particle over a ramp.
Conclusions

The particle motion parameters at critical sediment movement in the inlet key of three type-A PKW
models were determined experimentally. It was observed that sediment generally slows down while
moving from upstream towards the inlet key and mostly accelerates instantly after reaching near the
key entrance. The accelerating flow pattern formed by the flow contraction attributes to such a
phenomenon. The rolling and saltation regimes were observed over the inlet key and particle
generally accelerates in the rising part of a saltation event and decelerates in its falling part. The
observed angle of orientation of particle velocity vector to the horizontal axis, & varies from 50.9 to
13.8 degree, and its range is higher for PK; and generally proportionate to d. The rapid rotations of
sediment during rolling and saltation regimes, its jumps during saltation and the irregularity in particle
shape contribute to the fluctuation of 5. The distributions of #'s and as for all three models are nearly
bell-shaped, but the distribution of v's for PK, and PK3 does not follow such a trend. Further, it was
observed that particle accelerates rapidly in upstream and downstream parts of the key, but the
particle velocity did not increase much in the middle part. The maximum observed vs values at the key
end are 0.617, 0.609 and 0.458 m/s for PK3, PK; and PKj, respectively. The highest vs and as values
were witnessed for PK; having a wider inlet key and which requires higher discharge (and a slightly
higher approach flow velocity) to pass sediment than the other two models. For the same discharge,
the maximum z, was found for PK; model. CFD simulation showed that z, rises gradually in the
upstream part of the key, stays more or less constant in the middle part and enhances rapidly in the
downstream part. Hence, the particle kinematics is strongly influenced by z, and the assumption as =

f(zo) is acceptable. However, the effect of variation in the basset force, especially for the smaller
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particles could influence the said assumption. For PKj, the ratios of vs max t0 Vimax Were obtained to be
0.69 and 0.78 for 2.0 and 2.58 mm particles, respectively. The proposed equation underestimated the
Shields number (within a considerable range), perhaps due to different experimental conditions.
Finally, for the used models, it was obtained that, additional shear stress amounting 17% to 43% is
required to counter the tangential component of particle weight to move it over the slopping key. This
study is an important addition to the recent developments on PKW and will be very useful in planning
and hydraulic design of PKW as diversion structure keeping in mind the problem of upstream

siltation.

However, the present investigation is limited to singular particle movements over the inlet key of
type-A PKWs and the lateral component of particle movement in the approaching segment could not
be determined due to 2D tracking. Further research may be carried out with different PKW types to
relate the particle motion with the upstream flow condition affected by the PKW geometry and
particularly by the obstruction caused by the outlet key overhangs. In addition to this, a study may
also be carried out to identify the effect of the key slope which is related to the tangential component

of the sediment weight.
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