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Abstract

This paper studies the pier with Air-Foil Collar (AFC) and its effect on local scour. Sim-
ulation is carried out with two collars having diameters of 2 b and 3 b, where b is pier
diameter, designated as d,; and d, respectively using FLOW-3D. A total of six simulations
are carried out; pier without AFC, pier with collar d,,, d,, and d,, in reverse to the flow
direction on the sediment bed and pier with d,, and d,, at y/2 above the sediment bed.
The turbulence model used in the study is Large Eddy Simulation (LES), and the bed-load
transport model utilized is van Rijn. A nested mesh configuration is used with 12.234 mil-
lion mesh cells. The error between the experimental and simulated results is 7%, indicating
a good correlation between them. Temporal variation of scour depth and the percentage
reduction of scour depth using the AFC are explored. The percentage reduction of scour
depth (n) for various case studies and different orientations of the collar ranges between
11 to 100%. Scour depth contours, longitudinal scour hole profiles, transverse scour hole
profiles, and streamlines are developed and analyzed for salient features.

Keywords Air-foil collar - Local scour - Scour depth - Large eddy simulation - FLOW-3D

1 Introduction

Deposition and erosion of sediment bed is a natural and complex phenomenon in the allu-
vial channel, which causes the change in the direction of river flow [1-3]. When the direc-
tion of river flow changes, it carries dangerous and unwanted debris which can destroy
any society’s sustenance [4]. Nowadays, flooding of the river is more common due to
climate change which causes damage to hydraulic structures like bridge elements, abut-
ments, caissons etc.[4-9]. Therefore, flooding of the river is a natural hazard [9-12]. The
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characteristics of natural hazards and sediment transport depend upon the change in the
river flow direction [11]. The river flow capacity is affected by the change in bed elevation,
i.e., erosion and deposition [13, 14]. The erosion and deposition of bed materials occur
due to the action of running water, known as scouring [5, 15, 16]. Scouring around the
hydraulic structure is a global problem. It is of three types, i.e., natural, contraction and
local scour. Local scour occurs by destruction in the flow, resulting from downflow and
horseshoe vortex [8, 16-21].

The construction of bridges has always been a complex and challenging process, espe-
cially when spanning over water bodies [22]. In some instances, it becomes necessary to
place piers within the water to span long distances, which can be problematic since the
foundations can be undermined, jeopardizing the structural safety of the bridge. As a
result, it poses a significant concern for public safety and infrastructure, given that scouring
has been responsible for 60% of bridge failures in the United States [22, 23]. For instance,
in 1994, tropical storm Alberto made landfall in Georgia, USA, and caused damage to over
500 bridges due to scour. Out of these, 31 were considered unsafe and needed reconstruc-
tion because scouring reached depths between 4 and 6 m [23]. The widespread nature of
scouring is evident, and it has caused significant damage through various incidents [24].

With the advancement in computer science, Computational Fluid Dynamics (CFD)
became an essential tool for analyzing and visualizing the scouring process [25]. It gives
significant and reliable results compared to experimental results. Nowadays, CFD is more
accessible than experimental work because of difficulties like data collection, scale issues,
time restriction, human error and human resources in experimental work [26]. Experi-
mental results are obtained only where the gauges and sensors are fixed. Also, during the
pandemic and health emergency, it is almost inaccessible to conduct experiments, whereas
CFD becomes useful [27]. The three main turbulence models used in CFD are Reynolds-
Averaged Navier—Stokes (RANS), Large Eddy Simulation (LES), and Direct Numerical
Simulation (DNS) [28]. RANS solves steady-state Navier—Stokes equations, which include
time-averaged velocity. It does not consider the fluctuating components, unsteadiness and
anisotropic turbulence on sediment transport [29].

In turbulent flow, energy is transferred from larger scales of motion to smaller scales of
motion through a process called energy cascade. The large-scale flow structures, which are
characterized by their long time and length scales, dominate the momentum and energy trans-
port. However, at smaller scales, the flow becomes more chaotic and turbulent, with small-
scale eddies and vortices appearing and dissipating rapidly. In Large Eddy Simulation (LES),
the goal is to simulate the large-scale flow structures accurately while modelling the smaller-
scale eddies [29-32]. This is achieved by filtering out the small-scale turbulent fluctuations
using a filter function and then applying a turbulence model to the remaining large-scale flow
structures. The subgrid-scale turbulent fluctuations are modelled using various approaches,
such as eddy viscosity models or dynamic models [25]. Chen et al. [33] investigated the
effects of collar width and hook height on scour reduction through laboratory experiments and
numerical simulations using FLOW-3D. They used a single hook for the laboratory experi-
ments and a double hook for the simulations, both with collar widths of 1.25b and a hook
height of 0.25b, where b is the pier diameter. The results showed that the pier with a sin-
gle hooked collar placed on the bed reduced scouring by 42%, while the pier with a double
hooked collar placed on the bed reduced scouring by 50%. Qi et al. [25] investigated the effect
on local scour around an isolated pier under clear water conditions due to the tilted anticlock-
wise circular collar. FLOW-3D was utilized to simulate the six different cases, i.e., collar tilted
on the bed at 0°, 5°,10°, 15° and 20°. It was concluded that a circular collar on the bed with
0° tilt is best suited for reducing local scour. Valela et al. [27] developed a new collar over
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the traditional flat collar. The best collar design was achieved using OpenFOAM software.
Furthermore, an iteration hybrid process was utilized to get the improved collar, and it was
tested physically and observed that it performed better than the traditional collar by 11%. This
paper investigates scour depth reduction around the bridge pier with and without AFC using
FLOW-3D.

2 Governing equation
2.1 Large Eddy Simulation (LES)

For simulating the turbulent flow, LES is considered as the most popular technique. Accord-
ing to Kolmogorov’s theory of self-similarity from 1941, the geometry of the flow affects the
large eddies, while the smaller scales tend to be more universal [34—37]. This characteristic
allows for explicit solving of the large eddies during calculations, with the smaller eddies
being implicitly accounted for by incorporating a Sub Grid-Scale (SGS) model. For incom-
pressible flow, the filtered Navier—Stokes equation is employed as LES. This is given by the
following eqs:

ap . 9(rm;)
E+ ox;

1

=0 (1)

031» T 0ﬁi 1 aﬁ + 0 0u + 1 aTg,‘
ot " ox; pOox;  0x; 2)

ax p 0x;
where p is the fluid density, t is time, u; are filtered velocities in i direction, X;

(i = 1,2and3) are three axes in the gartesian coordinate system, p is filtered pressure, v is
kinematic viscosity and the term a—i’ brings the nonlinearity in the system because of
i

ou;
uja_xj +u ”J@ . hence,
Ty = iy — 1t (3)
where 7;; is SGS stress and similar equations can be derived for the SGS field (i.e., the
residual field) and it is calculated using Boussinesq’s hypothesis.
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where, 7, is the SGS stress turbulent kinetic energy, J; is filtered scale length, 4, is SGS
turbulent viscosity and S is the rate of strain tensor for the resolved scale defined by

E _ au M, ()ﬁj
¥ 2 0%, o, ®)
Then filtered Navier—Stokes equation can be the following equation
aui+_aai_ 1ap+ 0 [ N ]aui
ot Y axj p ox; 0x N 6xj (6)
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2.2 Sediment transport model

The volumetric sediment transport rate per bed width is given by van Rijn equation and is
given as [38—40].

2.1
® = pd" <9i - 1.0) c, %)

where ¢ is dimensionless rate of bed-load transport, § is bed load coefficient, d, is dimen-
sionless particle size, 6 and 6, are local and critical Shields parameters, respectively which
are given by the Egs. (8) and (9) [26, 41-43]. C,, is the amount of sediment in a sample,
expressed as a percentage of the total volume of the sample.

1/3
Gs -1 4
d,= d50<—( 2 ) > 8)

0.3

0, = ———— +0.055(1 — ™
o= Triga, T OO0 (1=e™) ®

where G, is the relative density of sediment particles, g is the gravitational acceleration
constant.

3 Experimental and numerical setup

Experiments are conducted in a rectangular flume of length 10.3 m, width of 0.8 m and
0.5 m depth located in the Hydraulic lab in the department of civil engineering at NIT
Warangal, as shown in Fig. 1. The working section of the flume is situated at a distance
of 4 m from the inlet and has dimensions of 2.3 m in length, 0.8 m in width, and 0.3 m
in depth. The circular pier of 5 cm diameter () is considered in this study and is kept at
the centre of the working section. The sediment bed is prepared with uniform sand with
median size diameter (ds;) of 0.32 mm with standard deviation (o = \/dg,/d;¢) 1.31
where the median particle size dg, and d,, are diameters for which 84% and 16% of the sed-
iment particles are finer respectively [44]. The thickness of the sediment bed is 30 cm. Pier
diameter () is selected such that effect of sidewall and contraction effect are negligible. In
channel, discharge is measured by an ultrasonic flowmeter with an accuracy of +0.0001
m?%/s installed at the pipe inlet’s exit. All the experiments are conducted with constant
water depth (y=10 cm) and under clear condition, i.e., V/V,.<1 to ensure no transport of

Yectangular tank Sill ravel Pier ~—Working section— ediment bed Tail gate

0.80m

Fig. 1 Layout of the experimental setup (plan view)
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sediment into the scour hole from upstream, where V and V, are approach and critical flow
velocities respectively. The study is carried out with the flow intensity (V/V,) of 0.95.

Figure 2a shows the simulation setup of the working section in FLOW-3D. The pier
is placed at center of the working section with AFC attached to it. The AFC geometry
is built in AUTOCAD and is imported to FLOW-3D. The two different collars of 4 mm
thickness are used in the study with a diameter of d,,( 2b) and d_, (3b) and a length of 4b
and 6b. Figure 2b shows the description of the AFC d,,. The input properties of sediment
and hydraulic conditions are shown in Table 1. Simulations are carried out for six cases, as
shown in Table 2.

3.1 Mesh sensitivity analysis

Sensitivity analysis of meshing in CFD is an important consideration to estimate scour
depth. Four different mesh cell sizes are used to validate the numerical results with experi-
mental results. A nested mesh configuration in which coarse mesh cells cover the entire
geometry and finer meshing is used near the pier with AFC. The total number of mesh cells
is 12,233,789 (12.234 million), with coarse cells of 2,225,664 and fine cells of 10,008,125.
Table 3 shows the mesh sensitivity analysis and it is observed that decreasing the mesh cell
size increases the accuracy of the results. So, the study uses coarse and fine cell sizes of
0.8 and 0.4 cm, respectively. Meshing is done using the Fractional Area-Volume Obstacle
Representation (FAVOR) method for complex geometry [45]. A computer with 128 GB
RAM and i-7 processor is used to simulate the scour process with the simulation running
for eight to twelve days.

3.2 Boundary and initial conditions

The input boundary conditions used in the simulation is shown in Fig. 3b. The upstream
and downstream boundary conditions are velocity (V) and continuative (C), respectively.
Floor, lateral and free surface boundary conditions are wall (W), wall (W) and symmetry
(S), respectively. The initial water depth and pressure distribution used in the simulation
are 0.5 m and hydrostatic pressure, respectively.

3.3 Validation of LES model from previous research

The experimental data of Melville and Raudkivi [16] is utilized to verify the accuracy of
the LES. This same data was also utilized by Qi et al. [25] in their numerical simulation
validation process. The experiments were carried out in a rectangular flume of 19 m in
length, 0.456 m in width and 0.44 m in depth. A cylindrical pier of diameter 5.08 cm was
used as bridge pier with uniform sediment of median size (ds;) of 0.385 mm. The approach
velocity and flow depth are 0.25 m/s and 15 cm, respectively. The experiment continued
for several hours, and during the first 30 min, the depth of the scour hole increased rapidly,
but subsequently progressed at a slower rate. The simulation has same conditions as in
experimental setup. The velocity, continuity, wall, wall, and symmetry boundary condi-
tions are applied to the upstream, downstream, floor, lateral side, and free surface, respec-
tively. To validate the observed data of Melville and Raudkivi [16] in a simulation model,
the parameters such as critical Shields number, entrainment coefficient, angle of repose,
bed roughness, and bed load coefficient of 0.033, 0.018, 32°, 2.5, and 0.050 respectively
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Table 1 Sediment and hydraulic conditions in the simulation setup

Median Specific Critical Angle Bedload Flow Critical Froude number,F,
particle size, gravity of Shields of coefficient depth,y  flow veloc-
ds, (mm) sediment,G, param- repose (cm) ity, V.. (m/s)
eter,d,,
0.32 2.65 0.033 29° 0.045 10 0.26 0.26

are considered. The study uses nested mesh configuration of coarse and fine cell sizes of
0.8 and 0.4 cm, respectively.

4 Results and discussion
4.1 Results of LES model from previous research

The maximum scour depth around the pier is 4.073 cm and 3.89 cm from Melville and
Raudkivi [16] and this simulation, respectively. The error between simulated and observed
results is below 6%. Melville and Raudkivi’s [16] findings indicate that the point of maxi-
mum scour depth is located at the upstream face (0°) of the pier. However, simulations
suggest that it is situated within the range of 0° to 45°. The comparison between Melville
and Raudkivi [16]and the simulated are shown in Fig. 4 for scour profiles. Figure 4a shows
the longitudinal scour profile in which maximum scour occurs at the upstream face of the
pier along the centre line of the pier, and deposition occurs behind the downstream face
of the pier. As shown in Fig. 4 (b), the traverse scour hole profile is symmetrical about
the pier’s centre line. The findings of this study align more closely with previous research,
as evidenced by the comparable maximum depth of local scour and the similar shape of
the scour hole observed. From the Melville and Raudkivi [16] and simulated results, it is
observed that both profiles are significantly similar. It can be concluded that LES model
utilized is both reasonable and accurate, indicating its suitability for computing the utmost
scouring depth surrounding the bridge pier.

4.2 Validation of numerical result with the present experimental result

Experiment is conducted to validate the maximum scour depth around the pier without collar,
which is found to be 6.8 cm and numerical simulation for the similar condition is 6.33 cm.
Thus, an error of 7% is observed, with simulation underestimating the scour depth as shown
in Fig. 5. To check the accuracy of the numerical results, various statistical indices are evalu-
ated by comparing the numerical and experimental results. The coefficient of correlation
(R?) is calculated to assess the strength of the linear relationship between the numerical and
experimental results. Additionally, the mean absolute error (MAE) is computed to determine
the average magnitude of the errors in the numerical simulations [46]. The relative error per-
centage (REP) is utilized to quantify the discrepancy between the simulated and experimental
results as a percentage of the experimental results. The root mean square error (RMSE) is
also employed to measure the magnitude of the errors in the simulated results. The model’s
performance is evaluated using the Nash—Sutcliffe efficiency (NSE) coefficient, which com-
pares the model’s performance to the experimental results based on the mean squared error of
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Table 2 Description of simulation for six cases

Case 1 2 3 4 5 6
Location of Pier Pier with Pier with Pier with Pier with Pier with AFC having
AFC with without AFC having AFC having AFC having AFC having diameter 3b at y/2
respect to AFC diameter 2b diameter diameter 2b diameter above the sediment bed
sediment on sediment  2b on sedi- aty/2 above  3b on the ey
bed bed (d,;) ment bed the sedi- sediment
in reverse ment bed bed d5)
to the flow ey
direction
()

the residuals. The value of R?>, MAE, RMSE, and NSE are evaluated using the following Eqs.
(10-13), which are found to be 0.981, 3.65, 6.30 and 0.924, respectively. Overall, the results
of the study indicated that the simulation has a high level of accuracy, as demonstrated by the
low values of MAE, RMSE, and REP and the high value of the R* and NSE.

2

NYM, M. )— M M.,

Rz— ( 2 exp slm) (z exp)(z slm) (10)
\/N(Zngp) - (ZMeXP)Z\/N(ZMfim) - (ZMsim)2
M)x _Msim
MAE:L (11)
N

1 l 2
RMSE = N;(MEXP—MM) (12)

N oM, -M, )
NSEZI— z::l( exp szm) (13)

2
N R
Zi:] (Mexp - Mexp)

where M,,, and M, are experimental and simulated values, N and ]\TXP are total no of
data and average experimental values, respectively.

From the numerical simulation, 67 and 83% of equilibrium scour depths are obtained
at 10 and 20% of equilibrium time. From the experimental results, the maximum scour
depth location is at the pier’s upstream face (0°). But, in simulation, it is between 0° and
45°. Simulation did not estimate the location of maximum scour depth accurately because,
it does not measure the velocity of turbulent pulsation. Also, the smallest mesh cell size is
not capable of capturing the actual scour hole location. The second reason might be that
it does not consider the sliding, rolling and jumping of sediment particles as in real-world
scenarios.
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4.3 Temporal variation of scour depth with and without AFC

The equilibrium scour depth around the pier without AFC is 6.33 cm, and with collars
d., d.pand d,, it is 1.4, 3.5 and O cm, respectively when they are on the sediment bed
as shown in Fig. 6. When d and d, are at y/2 above the sediment bed then, equilibrium
scour depth around the pier is 5.6 and 3.6 cm, respectively. The percentage of scour reduc-

tion () is defined as
d—d,
n={-—7—)x100 (14)

where d and d, are the maximum scour depth around the pier without and with AFC,
respectively. The percentage of scour reduction using d,,, d. g, d., on sediment bed is
77.78, 46 and 100% and for d., and d_, at y/2 above sediment bed is 11.12 and 42.86%. It is
observed that collar d., on sediment bed is the best suited for reducing local scour around
the bridge pier. The increasing order of percentages of scour reduction for collars are d,.; at
y/2 above the sediment bed, d,, at y/2 above the sediment bed, d,, in the reverse direction
to flow on the sediment bed, d,, and d,, on sediment bed, respectively. It is observed that
the location of AFC also affects the scour depth around the pier. The collar d,, is 31.78%
more efficient than d,,; in reducing the scour around the pier. The streamlined geometry
of the AFC reduces the turbulent intensity of the flow, leading to a decrease in the strength
of horseshoe and wake vortices and a reduction in the transportation of sediment particles
downstream of the pier.

4.4 Morphological changes and scour depth contours

Figure 7 shows the bed morphological changes around the pier with different collar sizes
placed at different elevations. These figures show equilibrium scour hole shapes, reflecting
the scouring and deposition area. Using the collar, minimum scour is observed at d,, on
sediment bed as shown in Fig. 7 (e) and maximum scour depth at d,; at y/2 above the sedi-
ment bed as shown in Fig. 7d. The maximum depositions of 1.54, 1.6, 1.64, 1.55, 2.02 and
0.6 cm occurred at the distances of 33.5, 22, 23.4, 32.6, 19.2 and 31.9 cm from the centre
of the pier respectively.

Scour depth contours are developed in six cases as shown in Fig. 8. Figure 8b and e
shows that in the longitudinal direction, no scouring occurred around the pier. From
Fig. 8c, there is no scouring in the downstream face of the pier. Also, no scour is developed
around the pier with collar b, on bed level as shown in Fig. 8e. Similar pattern in contour

Table 3 Mesh sensitivity analysis

S.N Meshing
Coarse mesh  Fine mesh Experimental FLOW-3D  Error (%) Estimated Total no of
cell size (cm) cell size results (cm)  results (cm) computational mesh cells

(cm) time (days) (million)

1 2 1 6.8 33 51.47 2.5 0.783

2 1 0.5 6.8 4.7 30.88 8 6.533

3 0.8 0.5 6.8 6.3 7.35 10 7.374

4 0.8 0.4 6.8 6.33 6.91 18 12.234
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Fig.4 Scour hole profile from Melville and Raudkivi [16] and simulated results

Fig.5 Dimensionless scour vs
time for experimental and simu- 100
lation results
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Dimensionless scour depth (%)

20 = -7 % Error line
- +7 % Error line

FLOW-3D results
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T
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Dimensionless time (%)

profiles is observed when the pier is without the collar and when the collar is placed above
the sediment bed. Collars b,, and b, on the sediment bed have similar profile and differ
when the collar b, is placed in reverse to the flow direction.

4.5 Scour hole profiles

Longitudinal profiles of six cases are shown in Fig. 9. Scour occurs at the upstream face
of pier and deposition at the downstream of the pier. Length of the longitudinal scour hole
in six cases is 30.7, 2.17, 8.67, 26.5, 0 and 16 cm respectively. Length of transverse scour
hole in six cases is 22.23, 4.1, 25.5, 22, 0 and 18 cm, respectively. Transverse profiles are
symmetrical because of the circular shape of the collar in downstream face of the pier as
shown in Fig. 10.
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4.6 Plotting of the streamlines

Streamlines pattern around the pier with AFC in six cases is shown in Fig. 11. The wake
regions behind the pier exhibit low flow velocity, whereas the maximum flow velocity
is observed at the pier’s side. When pier is attached with AFC, results in a gradual flow
separation, thereby avoiding sudden flow separation. Reduction of intensity of vortices is
directly related to scour reduction. Furthermore, the collar increases the number of zero-
velocity streamlines around the pier, which signifies a reduction in the intensity of horse-
shoe and wake vortices. AFC is similar to streamline body and greatly influences the vor-
tex system i.e., horseshoe and wake vortices. When flow bypassed the pier attached with
collar, vortex system is divided the into two parts; vortex above the collar and below the
collar. As the local scour hole around the pier increases, the number of streamlines also
increases. As a result, the vortex below the collar also increases. Number of streamlines are
lesser below the collar because of the smaller scour hole.

5 Conclusions

This study uses numerical simulation to explore the effect of the airfoil collar on local
scour around the bridge pier. A total of six simulations are carried out with and without
AFC. The error between the experimental and simulation result is 7% which is a good
performance.

The percentage of scour reduction using d,;, d. . d., on sediment bed is 77.78, 46
and 100%, respectively. For d,, and d, at y/2 from sediment bed, it is 11.12 and 42.86%,
respectively. The increasing order of percentages of scour reduction for collars are d,, at
¥/2 above the sediment bed, d, at y/2 above the sediment bed, d_., in reverse to flow direc-
tion on the sediment bed, d,; and d,, on sediment bed. The collar d, is 31.78% efficient
than d, in reducing the scour around the pier. When the collar d,; and d,, are placed on
the sediment bed, it is observed that no scouring occurred around the upstream face of the
pier. Also, with collar d..; no scouring occurred in the downstream face of the pier.

Length of the longitudinal scour hole in six cases is 30.7, 2.17, 8.67, 26.5, 0 and 16 cm,
respectively. Length of the transverse scour hole in six cases is 22.23, 4.1, 25.5, 22, 0 and
18 cm, respectively. The presence of AFC significantly reduces horseshoe and wake vorti-
ces, as evidenced by the higher number of zero velocity streamlines around the pier.

Fig.6 Temporal variation of 10 — -
scour depth around the pier using Pier without collar| | ;¢ olevation of AFC from the sediment bed
AFC 9 de;atz=0cm
dejpatz=0cm y is constant water depth of 10 cm
84
——dcatz=y/2
77 dc,atz=0cm
E 6 deyatz=y/2cm
O
=
2 5
[
©
5 4o
E
3]
2]
1
04

T T T T T
0 100 200 300 400

Time (s)

@ Springer



Environmental Fluid Mechanics

(a) Circular pier without AFC (b) Circular pier with AFC having diameter 2b
on sediment bed (d.1)

(c) Circular pier with AFC having diameter 2b  (d) Circular pier with AFC having diameter 2b
on sediment bed in reverse to the flow at y/2 above the sediment bed (d¢1)@ y/2
direction (d.1r)

(e) Circular pier with AFC having diameter 3b (f) Circular pier with AFC having diameter 3b
on the sediment bed (d,) at y/2 above the sediment bed (dc2)@ 5,2

Fig. 7 Morphological changes in six different cases
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Fig. 11 Streamlines pattern around the pier with collar in six cases
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