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Abstract
Temporal evolutions of scour at submerged circular cylinders were investigated. Flow visualization was carried out around the
cylinders over plane, under developed and equilibrium scour holes. Video analysis technique was used to formulate the equations
for determining the diameter of the horseshoe vortex around the submerged cylinders, which is also verified from the vector
diagrams drawn using the velocity measurements. The scour process similar to live bed scour was noticed around the downstream
cylinder. The diameter of the horseshoe vortex is found to depend on the diameter of respective cylinder, submergence ratio,
spacing between the cylinders and skew angle. This formulation along with the dislodgement and transportation of a single
sediment particle is further incorporated in the proposed model for determining the time variation of scour around the submerged
cylinders. It is evident from the results that the upstream cylinder shelters the downstream cylinder and thereby reduces the scour
at the downstream cylinder. Proposed model is further extended to incorporate the effect of non-uniformity of the sediment
particles on the time variation of scour depth. The results indicate significant reduction of scour depth of around 6% and 35% for
upstream and downstream cylinders respectively due to the formation of the armor layer. The model is also compared with the
local scour component of field data around cylindrical bridge piers to establish the differences in the scour process around a
partially submerged cylinder and fully submerged tandem and skewed cylinders.
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1 Introduction

Scour is a natural process caused by the erosive action of flow
on the sediment bed around the hydraulic structures. The
scour around the fully submerged structures (pipelines, vanes,
fish habitat structures, supports of marine structures) is a topic
of continued interest for the researchers due to its requirement
for the design of the foundations of these structures. The struc-
tures like under construction bridge pier foundations, river

restoration structures, and offshore platforms behave as fully
submerged structures and induce heavy scour during high
floods and cyclones, which even undermine the foundations
of these structures. The process of scour depends grossly on
the duration of flow. A continuous scour process will ultimate-
ly excavate the sediment bed from its base resulting in the
undermining of the foundations and their failure.
Fortunately, within a predictable period of time and under a
steady condition, equilibrium can be achieved between the
erosive and the restrictive forces around these structures.
Interestingly enough, the concept of equilibrium is controver-
sial exclusively regarding the time taken to achieve it. Thus,
the study of temporal variation of scour around these struc-
tures gathered its due importance for the secure, efficient, and
inexpensive designing for the stability of these structures.

Numerous studies were carried out for the investigations of
scour around fully submerged structures of different shape and
sizes such as, hemisphere (Albers 1997; Shamloo et al. 2001),
sphere (Truelsen et al. 2005; Dixen et al. 2013) pipelines
(Azamathulla et al. 2011; Azamathulla et al. 2014; Yusoff
et al. 2016) submerged weirs (Abad et al. 2008), submerged
vanes (Tan et al. 2005; Tajari et al. 2020), and submerged
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vertical cylinders (Dey et al. 2008; Sadeque et al. 2008; Zhao
et al. 2010; Sarkar 2014; Bauri and Sarkar 2016). The re-
searchers have reported that the basic mechanism of local
scour is due to a system of vortices developed around the
submerged structures. The flow and scour investigations
around simple hemispherical fish habitat structures under
shallow submergence provided evidence of the existence of
the different regimes of flow, which depend on the relative
submergence ratio of the submerged body, and for all these
cases, equilibrium scour depth was achieved in front of the
submerged body (Albers 1997; Shamloo et al. 2001).
However, the deflected flow around the hemispheres was re-
ported for different flow regimes.

The flow and sediment transport around a submerged vane
experimentally investigated by Tan et al. (2005). They report-
ed that the diversion of sediments depends on the dimensions
and alignment of the submerged vanes with the flow.
Furthermore, in a recent study, Tajari et al. (2020) used sub-
merged vanes to control the movement of sediments toward
the upstream of weirs. The prediction of equilibrium scour
depth around submerged pipeline using a soft computing ap-
proach was studied by Azamathulla et al. (2014). The model
predicts relatively accurate scour depth than the regression
equation of scour depth around submerged pipeline.
Furthermore, the temporal evolutions of scour around sub-
merged pipelines with different skew angles were carried out
by Azamathulla et al. (2014) and Azamathulla et al. (2011).
They found that the flow depth is a principal parameter for the
process of scour around the submerged pipelines. However,
the sediment sizes and diameter of pipes were not varied. The
time variations of scour around submerged sphere under
steady currents were studied by Truelsen et al. (2005). The
study revealed that time variations of scour depth depend on
the Shields parameter. Furthermore, the temporal evolutions
of scour depth around half-buried sphere exposed to steady
currents were investigated experimentally and numerically by
Dixen et al. (2013). An inversely proportional relationship
between scour depth and time scale with the incorporation
of turbulence parameter was reported.

The scour around fully submerged cylinder under steady
flow experimentally investigated by Dey et al. (2008) and
introduced submergence factor to derive the scour depth for
submerged condition from the results of non-submerged con-
dition. The submerged cylinders suppress the alternate vortex
shedding (Sadeque et al. 2008) and generate a strong three-
dimensional downstreamwake, which results in very high bed
shear stress at the lateral face of the submerged cylinder.
However, time evolutions of scour depth around the sub-
merged cylinder were not considered in the study. The exper-
imental and numerical investigations on temporal evolutions
of scour depth around submerged vertical circular cylinder
were carried out by Zhao et al. (2010). It was reported that
height of cylinder plays an important role with the scour depth

around the submerged cylinder. The rate of scour depth de-
creases with the decrease of cylinder height due to formation
of weak horseshoe vortex and vortex shedding. The investi-
gations were observed without varying the sediment sizes.
The experiments were carried out to investigate the scour with
uniform and non-uniform sediment beds around fully sub-
merged circular and square shaped cylinders (Sarkar 2014).
The temporal evolutions of scour depth were scaled by an
exponential law which decreases with increase of densimetric
Froude number and the scour depth was reduced significantly
for non-uniform sediments compared with uniform sediments.
However, the information regarding bed shear stress and scour
prone zones was not reported.

It is noteworthy that the majority of these studies were
carried out with a single submerged structure, and hence, there
is a dearth of information regarding the temporal evolution of
scour around tandem and skewed submerged vertical circular
cylinders. The scour and its temporal variations were exten-
sively investigated around tandem and skewed cylinders
on partially submerged conditions in the past. Few re-
searchers studied the flow and scour around pile groups
in shallow water flow (Salim and Jones 1996; Amini
et al. 2012), two in-line bridge piers under high flood
conditions (Narayana et al. 2020). Furthermore, several
researchers also reported that the upstream cylinder can
be used as a scour protection device for the downstream
cylinder (Melville and Hadfield 1999; Chiew and Lim
2003; Haque et al. 2007; Khaple et al. 2017; Rout and
Sarkar 2019). The efficiency of this countermeasure de-
pends on the cylinder and flow characteristics. In a
recent study, Pandey et al. (2020) used different diam-
eter collars to reduce the temporal evolution of scour
around piers at different elevations. It was reported that
the temporal evolution of scour depth increases with
increasing collar elevations.

A semi-empirical method was developed based on sedi-
ment continuity equation to express scour depth as a function
of time around a single cylindrical bridge pier in clear water
conditions over uniform sediment bed (Yanmaz and
Altinbilek 1991). Non-dimensional scour prediction curves
were proposed for the expected flood duration. Also consid-
ering the fact that the prototypical sediment bed is always non-
uniform or stratified, an expression was developed for primary
vortex, incorporating the movement of a single sediment par-
ticle to predict the temporal variation of scour depth for steady
flow (Kothyari et al. 1992b). Later on, the method was also
modified and applied for the prediction of temporal variation
of scour during unsteady flow with non-uniform sediments.
For non-uniform sediments, the sediment size was replaced
with an effective sediment size. However, this consideration
of effective sediment size for non-uniform sediment was
contradicted with the plea of significant over prediction of
the equilibrium scour depth (Pournazeri et al. 2014). They
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proposed a morphodynamic model to predict equilibrium pier
scour depth with non-uniform sediments taking into account
the selective transport and hiding factor of different particle
sizes.

Using the equation, Kothyari et al. (1992b) and Mia and
Nago (2003) later modified the bed load sediment transport
formula (Yalin 1977) to incorporate the time varied shear
velocity at pier nose for computation of scour depth versus
time at cylindrical bridge pier over uniform sediment bed. The
scour process for live bed conditions was investigated and
developed a model for predicting the temporal scour at live
bed condition for steady flow over uniform sediment bed
(Kothyari et al. 1992a). Similar investigations were carried
out by many researchers (Shen et al. 1965; Muzzammil and
Gangadharaiah 2003; Chang et al. 2004; Oliveto and Hager
2005; Unger and Hager 2007). However, a semi-empirical
model was proposed to determine the variation of scour versus
time at cylindrical piers for both uniform and non-uniform
piers under steady and unsteady flow (Lu et al. 2011). For
all feasible conditions of footing location of a compound pier
with respect to bed level, a model to predict the temporal
variation of scour was developed (Kothyari and Kumar
2012). They also compared the experimental data with the
results (Melville and Raudkivi 1996; Lu et al. 2011).

Investigations were also carried out to determine the time
variation of scour depth around partially submerged tandem
bridge piers. Semi-empirical models were also developed to
predict the time variation of clear water scour around tandem
piers using sediment continuity approach and design charts
were proposed for the estimation of dimensionless scour depth
(Selamoglu 2015; Yilmaz et al. 2017). However, the model
results were not verified with field scour data. The local scour
around twin bridge piers were investigated experimentally in
open channel flow conditions (Wang et al. 2016). Only the
scour evolution characteristics were studied and compared
with that around the single pier. Hence, to the best of the

authors’ knowledge, the time variation of scour around sub-
merged tandem and skewed cylinders has not been reported.
The field measurements on scour around bridge piers during
floods were carried out by Lu et al. (2008) and observed that
the total scour consists of three scour components: local, glob-
al, and general scour. The field measurements of scour depth
were observed using a sliding magnetic collar, a steel rod, and
a numbered brick column. Furthermore, a semi-empirical
method was proposed to separate the local scour components
under unsteady flow conditions and validated the scour
around a bridge pier. However, in this context, it is important
to mention that the novelty of the present study is not to report
the effect of various parameters on the scour depth, rather to
model the variation of scour versus time at submerged
cylinders.

In view of inadequate available data and literature
about scour characteristics and variation of scour versus
time at tandem and skewed arrangement of circular cylin-
ders, this study attempts to formulate a model for
predicting the time variation of scour at fully submerged
cylinders taking into account the spacing between the cyl-
inders, skew angles, and the submergence ratio over uni-
form and non-uniform sediments. Analysis of the flow
visualization videos at the submerged cylinders was car-
ried out to formulate the equations for determining the
vortex diameter, which is further, validated using velocity
measurements with acoustic Doppler velocimeter (ADV).
The results from the developed model are also compared
with available field data for establishing the dissimilarities
that exists with the temporal evolution of the scour hole
around the partially submerged cylinders.

2 Experimentation

The experiments were performed in two parts: the first part of
experiments include measuring of time variations of scour
depth using uniform and non-uniform sediments around sub-
merged tandem and skewed circular cylinders; second part of
experiments consists of flow visualization using KMnO4 and
instantaneous velocity measurement using ADV to find out
the size of the horseshoe vortex and bed shear stress in the
stabilized scour bed. The experiments were carried out in a
recirculating flume of length 10 m, width 0.8 m, and height
0.8 m located in the Hydraulics and Water Resources
Engineering Laboratory of the Indian Institute of
Technology Bhubaneswar, India. A test section of length 2
m, height 0.15 m, and width 0.8 m was located at a distance
of 5 m from the inlet of the flume. Drainage paths were pro-
vided at the bottom of the test section to release water from the
scour hole. Sediment trap was prepared at the downstream of
the test section to retain the transported sediments. The test
section was filled with the sediment of relative density 2.65 to

Figure 1 Schematic representation of the plan view for tandem (a) and
skewed (b) cylinder with ADV measurement sections
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a depth of 0.15 m. Circular cylinders, made of Perspex, with
diameters of 30–75mm, were arranged in tandem and skewed
configurations in the test section. The schematic representa-
tion of plan view of test section with the tandem and skewed
circular cylinder configurations is shown in Figure 1. The
cylinder sizes were kept within 10 % of the channel width in
order to avoid wall effect on the scour during experiments

(Chiew and Melville 1987). The smaller diameter cylinder
was positioned at the upstream side of the configurations
behaves as a scour reduction device for downstream cylin-
der. The upstream cylinders (D1) were placed with a spac-
ing of 2.5 times the diameter of the bigger downstream
cylinder (D2) to determine the interaction of the tandem
cylinders with the flow field and scour of sediment bed.

Table 1 Experimental parameters for uniform sediments

No. D1

(mm)
D2

(mm)
σg d50

(mm)
U
(m/s)

d
(mm)

Uc

(m/s)
ds1
(mm)

ds2
(mm)

No. D1

(mm)
D2

(mm)
σg d50

(mm)
U
(m/s)

d
(mm)

Uc

(m/s)
ds1
(mm)

ds2
(mm)

α = 0
R1 50 50 1.2 1.6 0.36 225 0.50 51 46 R18 75 75 1.2 1.6 0.42 240 0.59 33 22
R2 75 75 1.2 1.6 0.42 220 0.58 53 38 R19 75 75 1.2 1.85 0.42 220 0.62 38 27
R3 30 30 1.2 1.6 0.42 240 0.59 52 33 R20 75 75 1.2 1.6 0.42 200 0.57 49 37
R4 30 30 1.2 0.91 0.36 220 0.45 38 32 R21 75 75 1.2 1.6 0.42 190 0.57 67 58
R5 30 30 1.2 1.6 0.42 190 0.57 73 62 R22 75 75 1.2 1.6 0.36 220 0.58 29 21
R6 30 30 1.2 1.6 0.48 220 0.58 71 53 R23 30 50 1.2 1.6 0.36 225 0.50 43 41
R7 30 30 1.2 1.6 0.42 220 0.58 62 44 R24 30 75 1.2 0.43 0.14 240 0.20 32 26
R8 30 30 1.2 1.6 0.36 220 0.58 38 32 R25 30 75 1.2 0.43 0.14 220 0.20 36 29
R9 30 30 1.2 1.6 0.36 260 0.59 22 17 R26 30 75 1.2 0.43 0.14 200 0.20 42 37
R10 30 75 1.2 1.6 0.42 260 0.59 42 38 R27 30 75 1.2 0.43 0.14 190 0.19 49 38
R11 30 75 1.2 1.6 0.42 240 0.59 51 42 R28 30 75 1.2 1.85 0.42 220 0.62 31 28
R12 30 75 1.2 1.6 0.42 220 0.58 54 48 R29 30 75 1.2 1.85 0.48 220 0.62 42 33
R13 30 75 1.2 1.6 0.42 200 0.57 58 52 R30 30 75 1.2 1.85 0.36 220 0.62 29 23
R14 30 75 1.2 1.6 0.42 190 0.57 68 64 R31 30 75 1.2 0.91 0.36 240 0.45 32 26
R15 30 75 1.2 1.6 0.42 220 0.58 52 43 R32 30 75 1.2 0.91 0.36 220 0.45 33 29
R16 30 75 1.2 1.6 0.48 220 0.58 68 66 R33 30 75 1.2 0.91 0.36 200 0.45 35 31
R17 30 75 1.2 1.6 0.36 220 0.58 28 23

α = 10°
R34 30 30 1.2 1.6 0.42 240 0.59 25 36 R46 30 75 1.2 1.6 0.36 220 0.58 29 32
R35 30 30 1.2 1.6 0.42 220 0.58 38 46 R47 75 75 1.2 1.6 0.42 240 0.59 28 31
R36 30 30 1.2 1.6 0.42 200 0.57 48 57 R48 75 75 1.2 1.6 0.42 200 0.57 39 43
R37 30 30 1.2 1.6 0.42 190 0.57 55 61 R49 75 75 1.2 1.6 0.42 226 0.58 37 48
R38 30 30 1.2 1.6 0.36 220 0.58 28 33 R50 75 75 1.2 1.6 0.42 225 0.57 53 64
R39 30 30 1.2 1.6 0.36 260 0.59 32 23 R51 75 75 1.2 1.6 0.36 220 0.58 28 33
R40 30 30 1.2 1.6 0.42 220 0.58 36 39 R52 75 75 1.2 1.6 0.48 220 0.58 32 41
R41 30 75 1.2 1.6 0.42 240 0.59 25 31 R53 75 75 1.2 1.6 0.42 220 0.58 36 39
R42 30 75 1.2 1.6 0.42 200 0.57 38 46 R54 30 75 1.2 0.43 0.14 240 0.20 29 33
R43 30 75 1.2 1.6 0.42 220 0.58 32 46 R55 30 75 1.2 0.43 0.14 220 0.20 33 37
R44 30 75 1.2 1.6 0.42 190 0.57 52 58 R56 30 75 1.2 0.43 0.14 200 0.20 39 43
R45 30 75 1.2 1.6 0.48 220 0.58 69 81 R57 30 75 1.2 0.43 0.14 190 0.19 43 49

α = 20°
R58 30 50 1.2 1.6 0.36 225 0.50 39 44 R68 30 75 1.2 1.6 0.42 220 0.58 42 53
R59 30 30 1.2 1.6 0.36 220 0.58 27 32 R69 30 75 1.2 1.6 0.42 200 0.57 46 58
R60 30 30 1.2 1.6 0.42 260 0.59 21 26 R70 30 75 1.2 1.6 0.42 190 0.57 67 78
R61 30 30 1.2 1.6 0.42 240 0.59 33 38 R71 30 75 1.2 1.6 0.42 220 0.58 45 53
R62 30 30 1.2 1.6 0.42 200 0.57 48 52 R72 30 75 1.2 1.6 0.48 220 0.58 78 89
R63 30 30 1.2 1.6 0.42 190 0.57 58 63 R73 30 75 1.2 1.6 0.36 220 0.58 27 32
R64 30 30 1.2 1.6 0.48 220 0.58 47 53 R74 30 75 1.2 0.43 0.14 240 0.20 32 38
R65 30 30 1.2 1.6 0.36 225 0.50 47 38 R75 30 75 1.2 0.43 0.14 220 0.20 37 43
R66 30 75 1.2 1.6 0.42 260 0.59 26 34 R76 30 75 1.2 0.43 0.14 200 0.20 42 48
R67 30 75 1.2 1.6 0.42 240 0.59 32 46 R77 30 75 1.2 0.43 0.14 190 0.19 47 53

α = 30
R78 30 30 1.2 1.6 0.42 240 0.59 32 43 R81 30 30 1.2 1.6 0.42 190 0.57 57 65
R79 30 30 1.2 1.6 0.42 220 0.58 36 48 R82 30 30 1.2 1.6 0.42 220 0.58 21 32
R80 30 30 1.2 1.6 0.42 200 0.57 39 51

α = 40
R83 30 30 1.2 1.6 0.42 240 0.59 33 45 R87 30 30 1.2 1.6 0.48 220 0.58 48 59
R84 30 30 1.2 1.6 0.42 220 0.58 38 56 R88 30 30 1.2 1.6 0.36 220 0.58 34 52
R85 30 30 1.2 1.6 0.42 200 0.57 42 53 R89 30 30 1.2 1.6 0.36 260 0.59 32 42
R86 30 30 1.2 1.6 0.42 190 0.57 53 62 R90 30 30 1.2 1.6 0.42 220 0.58 33 43
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The spacing (L=2.5D2) between the cylinders was changed
as the diameter of the downstream cylinder varies for dif-
ferent runs. However, the flow field investigations of Gao
et al. (2014) around two unequal diameter of circular cyl-
inders show maximum flow field interactions with the spac-
ing ratio of L/D2= 2.4. Flow field experiments around two
identical cylinders by Keshavarzi et al. (2017) also reported
about the maximum flow field interactions with the spacing
range of 2 ≤ L/D2 ≤ 3, as a result maximum scour depth can
be expected around upstream cylinder. Furthermore, the
scour depths were reported to be maximum for a spacing
ratio of 2.5 (Keshavarzi et al. 2018).

Uniform and non-uniform non-cohesive sands having me-
dian size (d50) of 0.43–1.9 mm and geometric standard devi-
ation (σg) of 1.2–2.3 were utilized for the experiments. The
sieve analysis of the resulting mixture was carried out and the
particle size distribution curves are presented in Figure 2. The
critical shear velocity (u*c) of used sediments were 0.018 –
0.036 m/s. The values of u*/u*c for uniform and non-uniform
sediment samples are 0.58–0.83 and 0.53–0.62 respectively
(u*: flow shear velocity). Hence, clear water scour conditions
were achieved during all the experiments as u*/u*c< 1. The
flow at the entrance of the flume was allowed to pass a double
layered perforated sheet to receive unidirectional undisturbed
flow at the test section. An approach was also fabricated be-
fore the test section to further reduce the flow turbulence. The
depth of water was regulated by the adjustable inbuilt tailgate
at downstream end of the flume. The flow rate was measured
by an electromagnetic flow meter (model: Process Master
300) with an accuracy of 0.2% of flow rate and least count
of 0.01 L/s. The discharge into the flow meter was regulated
by a gate valve fitted at the delivery pipe of the pump. Flow

velocity (U) of 0.14–0.48 m/s, flow depth (d) of 0.19–0.26 m,
and protruded height of the submerged cylinder (h= 0.10 m)
into the flowwere kept fixed during the experiments (Tables 1
and 2).The submergence ratio S (total flow depth to height of
the submerged cylinders) was in the range of 1.9–2.6.

The concept of equilibrium is controversial exclusively re-
garding the time taken to achieve it. As pointed out by several
researchers (Melville and Chiew 1999; Lanca et al. 2013;
Simarro et al. 2011), the equilibrium scour depth could not
be reached even after running the experiments continuously
over 7 days. However, from a practical viewpoint, it is very
difficult to conduct an extensive series of experiments with
such a long duration. Hence, the maximum duration of present
experiments was continued for 16 h during which the final
equilibrium scour depths were not achieved although the rate
of increase of the scour depth reaches 1 mm per hour for all
runs which is assumed as the equilibrium scour depth. In the
present study, few runs were continued for a longer period of
30 h to check the influence of test duration on the scour depth,
and the growth rate of the scour depth was observed to be less
than 5% of the pier diameter after 24 h (Melville and Chiew
1999). However, the main objective of the present study was
to develop temporal variations of scour depth model rather to
show the equilibrium scour depth. Therefore, time variation
evolutions of scour depth in the developing stage have been
measured (Kothyari and Kumar 2012).

The characteristic of the horseshoe vortex at the cylinders is
used to model the variation of scour depth versus time. Flow
visualization was carried out to quantify the size and area of
the horseshoe vortex produced at the upstream nose of the
cylinders. For this purpose, the potassium permanganate
(KMnO4) solution was injected at the upstream of the nose

Table 2 Experimental parameters
for non-uniform sediments No. D1

(mm)
D2

(mm)
σg d50

(mm)
U
(m/s)

d
(mm)

α
(°)

Uc

(m/s)
ds1
(mm)

ds2
(mm)

R91 50 50 1.72 1.9 0.36 225 0 0.58 48 31

R92 30 50 2.30 0.65 0.36 225 0 0.68 52 39

R93 50 50 1.92 1.2 0.36 225 0 0.62 45 37

R94 30 50 1.92 1.2 0.36 225 0 0.62 41 26

R95 50 50 2.30 0.65 0.36 225 0 0.68 48 36

R96 30 50 1.72 1.9 0.36 225 0 0.58 38 22

R97 50 50 1.92 1.2 0.36 225 10 0.62 53 57

R98 30 50 1.72 1.9 0.36 225 10 0.58 35 37

R99 50 50 1.72 1.9 0.36 225 10 0.58 49 52

R100 30 50 1.92 1.2 0.36 225 10 0.62 38 42

R101 50 50 2.30 0.65 0.36 225 10 0.68 54 58

R102 30 50 2.30 0.65 0.36 225 10 0.68 55 59

R103 30 50 1.72 1.9 0.36 225 20 0.58 37 42

R104 30 50 1.92 1.2 0.36 225 20 0.62 38 47

R105 30 50 2.30 0.65 0.36 225 20 0.68 55 62
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of both upstream and downstream cylinders through a 0.5 mm
bored needle. Continuous video recordings of the response of
the dye around the cylinders were recorded with a high reso-
lution camera (Model: EOS 50) with 444 frames per minute,
the frames of which were later frozen to obtain the diameter of
the horseshoe vortex at different times within the scour hole.
First, the pixels of the frozen photographs are calibrated from
the scale pasted on the cylinder. Subsequently, the distance
representing the diameter of the horseshoe vortex is deter-
mined using the extracted scale. Figure 3 shows the photo-
graph of the flow visualization of a typical run around the
upstream and downstream cylinders within the scour hole.

The water from the scour hole was removed through the
drainage hole provided at the bottom of the test section and the
resin was sprayed over the scour bed and kept it for 24 h to
stabilize. Over the stabilized scour bed, three-dimensional

instantaneous velocity recording was carried out using
16MHz side and down looking ADV. TheADVwas installed
with an instrument carriage for taking velocity recordings in
the vertical and streamwise directions. The instrument car-
riage unit was also placed across the flume wall and moved
on the rails in a streamwise direction, which enabled the mea-
surements along vertical lines at different radial directions
around the submerged tandem and skewed cylinders. A point
gauge with an accuracy of ±0.1 mm was fixed on the second-
ary carriage unit to measure the flow depth. The flow charac-
teristics at a far upstream section were measured and validated
with the profiles and confirm a fully developed turbulent flow
(Nezu and Rodi 1986). The instantaneous velocity data were
measured at various sections along with different directions
(Figure 1) from the center of the submerged circular cylinders.
The time-independent velocitymeasurements were carried out
for 3–6 min at a point. The time of measurement was varied
depending on the turbulence levels as reported (Ataie-
Ashtiani and Beheshti 2006; Ataie-Ashtiani and Kordkandi
2012). The down-looking ADV was used for the near bed
measurements, whereas the side-looking ADV was used for
the velocity measurements close to the submerged cylinders
and the free surface. The sampling volume and rate were
maintained 0.09 cm3 and 50 Hz respectively during measure-
ments. The measured data were first checked and the data with
low SNR (signal-to-noise ratio) and correlation coefficient of
15 and 0.70 respectively are deleted from the data set for
further consideration (Lu et al. 2011).

3 Scour Process

Initially, the clear water scour began at the sides of the up-
stream cylinder and gradually progressed toward its nose. The
eroded particles were scoured from the upstream and deposit-
ed between the tandem cylinders. During the initial phase, the
scour depth around both cylinders increases with time. The
deposited sediments formed dune within the spacing between
the cylinders and subsequently got scoured and transported to
the hole at downstream cylinder. Although no sediment was
fed at the far upstream, yet the scour process showed similarity
with live bed scour around the downstream cylinder, which
led to the temporary reduction of the scour depth. With prog-
ress of time, the clear water scour around second cylinder

Figure 2 Uniform (a) and non-uniform (b) sediment grain size distribu-
tion curve

Figure 3 Photographs showing dye injection around upstream and
downstream cylinders
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increased and reached the equilibrium. For the skewed cylin-
ders, the scour depth at downstream cylinder is much higher
than upstream cylinder in comparison with that of the tandem
cylinders. The upstream cylinder shields the downstream cyl-
inder and prevents the scour hole to develop at a faster rate for
the tandem position, whereas the sheltering effect is less pre-
dominant at higher skew angles resulting in much larger scour
hole for the downstream skewed cylinder. For experiments
with non-uniform sediments, the clear water scour depth
around the tandem and the skewed cylinders are reduced due
to the formation of armor layers over the sediment bed.

The flow visualization experiments showed that the flow at
the front of the upstream cylinder dived down and subsequent-
ly rolled up after reaching close to the bed to form the horse-
shoe vortex. A schematic representation of the horseshoe vor-
tex at time t0 and after time t is shown in Figure 4. The dashed
line shows the vortex at time t0 and the solid line represents the
vortex at a time twithin scoured bed. The scour took place due
to the vigorous action of the horseshoe vortex. The visualiza-
tions also indicate that the diameter of the horseshoe vortex
(Vi; i=1, 2: vortex diameter of upstream and downstream cyl-
inders respectively) increased over time with the evolution of
the scour hole. Figure 5 represents the vector fields inside the
scour depth around the submerged cylinders. The diameter of
the horseshoe vortex for different runs was also calculated
from the vector diagram of the velocity measurements and
validated with the results obtained from the flow visualiza-
tions. In Figure 5, X (cm), Y (cm), and θ (°) are the longitudinal
and vertical distances and angular measuring plane respective-
ly. Two circular cylinders are placed at a center-to-center dis-
tance of 2.5D2. The velocity vectors bending downward and
clockwise from the horizontal and having an inclination of
greater than 10° with the horizontal were included inside the
upper periphery (shown by solid arrow line in Figure 5) of the
vortex (Kothyari and Kumar 2012). The diameter of the horse-
shoe vortex was obtained from the vector diagram matches
well with the extracted vortex diameter from the flow
visualization.

4 Mathematical Model

The flow visualization experiments and the velocity measure-
ments conducted in the present study help to determine the
changing behavior of the horseshoe vortex with the progres-
sive development of scour hole around the upstream and
downstream cylinders. The vortex diameter at fully sub-
merged cylinders is determined using data extracted from
the flow visualization videos. The measured experimental pa-
rameters and validated data of vortex diameters were repre-
sented using the non-dimensional expressions and regression
analysis was carried out to formulate the Eq.1. The correlation
coefficients of regression analysis of the following equations
are 0.74–0.96.

V2

D2
¼ 0:24

D2L

d2

� �−1:16

Sð Þ−0:62 αð Þ0:06

V2

D2
¼ 0:18

D2L

d2

� �−1:34

Sð Þ−0:58

V1

D1
¼ 0:27

D1

d

� �−1:47

Sð Þ−0:71

downstream cylinder skewedð Þ
downstream cylinder tandemð Þ

upstream cylinder tandem and skewedð Þ

ð1Þ

Considering the relative influence of the parameters on the
diameter of the horseshoe vortex, they are included in the
respective equations for the submerged cylinders for various
configurations. The parameters like the skew angle and the
spacing between the cylinders are not included in the formu-
lations of non-dimensional vortex diameter around upstream
cylinder in Eq. 1, but both the skew angle and the spacing
between the cylinders are included for the downstream cylin-
der for skewed configuration, whereas the skew angle is not
considered for the downstream cylinder for tandem configu-
ration. Furthermore, the sensitivity analysis is carried out
using the one-at-a-time method (Boujia et al. 2017), where
each independent parameter is varied around its mean value
keeping others constant to determine the effect of it on the
dependent parameter. In the present study, the sensitivity

Figure 4 Schematic of vortex formation around tandem cylinders on
sediment bed

Figure 5 Velocity vector field around tandem cylinders on sediment bed
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analysis is carried out varying ± 30 % of the independent
parameters of the proposed model from their corresponding
mean values. The results of the sensitivity analysis are repre-
sented in Figure 6, which shows the percentage change in the
magnitude of the non-dimensional vortex diameter with re-
spect to the percentage change in the magnitude of the inde-
pendent parameters. The analysis shows that the submergence
ratio is the most sensitive and skew angle is the least sensitive
parameter for determining the vortex diameter using Eq. 1.

The area of horseshoe vortex matches with the area of
scour hole with increase of scour and progress of time
(Melville 1975; Hjorth 1977). The area (At) of horseshoe vor-
tex at any time t is written as,

At ¼ At−1 þ Ast ð2Þ

where the area of primary vortex at time t=0 is At-1 and Ast
is the area of scour hole at time t. The At-1 and Ast are written as

At−1 ¼ π
4
V2
i ð3Þ

Ast ¼ dst2

2
cot ϕð Þ ð4Þ

where angle of repose is ϕ. For computational purposes,
value of ϕ is assumed as 30°. The depth of scour hole below
the bed level (dst) at time t.

At time t, the bed shear stress at pier nose τt is expressed as

τ t ¼ nτu
At−1

At

� �0:68

ð5Þ

where n= 3.15, 3.4, and 4.2 for downstream cylinder tan-
dem and skewed and upstream cylinder respectively as eval-
uated from bed shear stress. Investigations (Kothyari et al.
1992b; Mia and Nago 2003) revealed that the bed shear stress
produced at the partially submerged cylinder nose at time t = 0
is K times τu, where τu is the shear stress induced by the
approach flow velocity and K is a coefficient. It is pertinent
to mention that the above-mentioned studies carried out a trial
and error process to determine the coefficient K, which was
reported in the range of 3.3–4. However, the bed shear stressτt
produced at the fully submerged cylinders is estimated from
Reynolds stresses. The recorded velocities parallel to scour
bed slope at a vertical distance of 4 mm are used to calculate
the bed shear stress (Wu and Rajaratnam 2000; Kothyari and
Kumar 2012).

Figure 6 Sensitivity analysis of
non-dimensional vortex diameter
with respect to input parameters
of the proposed model
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τ t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2θ þ τ2r

q ����at bed ð6Þ

where τθ and τr are bed shear stress along tangential and

radial directions and calculated from [τθ= -ρ(u0w0 + u0v0 )] and

[τr = -ρ(u0v0 + v0w0 )], respectively, and u′,v', and w′are the
fluctuations of the velocity components with respect to the
means. Finally, the estimated τt is substituted back in Eq. 6
to determine the respective coefficients.

The time t* necessary for transport of one particle from the
sediment bed (Paintal 1971; Kothyari et al. 1992b):

t* ¼ βd50
Ptu*t

ð7Þ

where

u*t ¼
ffiffiffiffiffi
τt
ρ

r
ð8Þ

and β is a parameter depends on the experimental parame-
ters and kinematic viscosity of fluid. The value of β (0.02–
0.08) is determined using the expressions of Kothyari and
Kumar (2012), Pt is possibility of motion of particle at time
t, and ρ is the mass density of water. u*t is shear velocity at
time t. Also, Pt is determined from the following equation
proposed (Kothyari and Kumar 2012):

Pt ¼ 0:8 τ*tð Þ4:2; for τ*t ≤0:5 ð9Þ
Pt ¼ 0:18 ln τ*tð Þ þ 0:17 for τ*t > 0:5 ð10Þ

The non-dimensional bed shear stressτ∗t is calculated from
the following equation;

τ*t ¼
τt

Δγsd50
ð11Þ

where Δγs = γs − γd = γd(s − 1), γs, and γd are the specific
weights of sediment and fluid respectively, and s is the spe-
cific gravity of sediments.

However, for the tandem configurations, it was evident that
scour at downstream cylinder reduces after achieving a local
maximum due to the deposition of sediment, which was
scoured from the upstream cylinder. This reduction of scour
depth was estimated and incorporated in the model of the time
variation for the downstream tandem cylinder. First, the sed-
iment load (qb) deposited in the hole during t* is estimated
using Meyer-Peter formula, where qb is the unit sediment
discharge expressed in mass per unit time per unit width.
Subsequently, the depth of deposition (dp) around the down-
stream cylinder resulting from the sediment inflow is calcu-
lated using the following equation:

1

2

d2p
tanϕ

πD2 ¼ qbt*B ð12Þ

Finally, the depth of deposition (dp) is subtracted from the
modified value of the scour depth during every iteration to
determine the variation of scour versus time at downstream
cylinder for tandem configuration.

Figure 7 Algorithm for calculation of time variation of scour depth
around tandem and skewed submerged cylinders
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4.1 Time Variation of Scour Depth with Uniform
Sediments

Figure 7 shows the algorithm followed for modeling the var-
iation of scour versus time both for the tandem and skewed
circular arrangement of submerged circular cylinders. The
vortex diameter at beginning of the scour process is calculated
using the expressions of vortex diameter for different cases as
mentioned in Eq. 1. As the scour hole develops, the area of the
horseshoe vortex is calculated as the sum of the areas of the
vortex and scour hole. The average bed shear stress is com-
puted using the flow characteristics and pier diameter.
Equation 5 is used to estimate the shear stress at the cylinder
nose at the beginning of the scour process (t =0).
Subsequently, with the development of the scour hole, Eq. 5
is again used to determine the modified bed shear stress,
which is a function of the modified cross-sectional area of
the horseshoe vortex. The t* needed by a sediment particle
for dislodgement is calculated using Eq. 7. The average prob-
ability of a single particle getting transported is a function of t*
and is computed using Eqs. (9–10). Finally, the time is in-
creased to accommodate for the increased scour depth. The
simulation progresses until the modified bed shear stress after
every iteration matches the critical value of the shear stress for
the bed material. However, for the tandem configurations, the
scour around the downstream cylinder reduces after achieving
a peak scour depth due to the inflow of sediment from the
dunes formed within the spacing between the cylinders.
Hence, to account for this reduction in scour depth, the sedi-
ment load moving in to the scour hole during the time t* is
estimated (Eq. 11) and subtracted from the modified value
during every iteration. The computations end if the modified
bed shear stress matches the critical shear stress. Similar steps
are followed to obtain the variation of scour versus time for the
downstream cylinder in tandem and skewed configuration.

Figures 8 and 9 show the variations of scour versus time at
the submerged cylinders measured during the experiments,
and compared with the variations determined using the devel-
oped semi-empirical methodology. Figure 8 shows the varia-
tions for runs R1, R21, and R23. The run R1 and R21 were
conducted using same diameter of 50 mm and 75 mm for the
upstream and downstream cylinders, whereas different cylin-
der diameters of 30 mm and 50 mm were used as upstream
and downstream cylinders respectively, for run R23. Both
these runs were conducted in the tandem configuration (α =
0°). The detailed parameters of the various runs are tabulated
in Table 1. It is evident from the variations that for runs with
same cylinder diameter, the scour depth develops at a faster
rate for the upstream cylinder and the equilibrium scour depth
is more in comparison to the downstream cylinder. The inter-
action of the wake vortices from the upstream cylinder with
the horseshoe vortices around the downstream cylinder
shielded the scour hole to develop fully around the

downstream cylinder. This sheltering effect is the highest in
the tandem configuration. While the diameter of the upstream
cylinder remaining same, it is also evident that the scour at
downstream cylinder got reduced for run R23. This is due to
the fact that the strength of horseshoe vortex around larger
downstream cylinder reduces due to larger participation of
wake vortex from smaller upstream cylinder. For the tandem
and skewed arrangements, prediction errors of the values ob-
tained using the proposed model are calculated with respect to
the corresponding experimental data. The range of the magni-
tude of the prediction errors varies from 0.10%–7.45% and
0.30%–6.13% for the submerged cylinders respectively.
Furthermore, the effects of skew angle on variation of scour

Figure 8 Time variation of scour depth for a upstream and b downstream
cylinders arranged in tandem configurations with uniform sediments
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versus time at submerged cylinders are evident from Figure 9.
It is evident that scour at downstream cylinder increases with
increase of skew angle as also reported (Rout and Sarkar
2019). However, with the increase of α, downstream cylinder
gets exposed to the unobstructed flow. The downstream cyl-
inder behaves more like a single cylinder with an enhanced
rate of scour.

Furthermore, due to the paucity of any experimental data
on the scour around submerged dual cylinders in tandem or
skewed configurations, the variation of scour versus time
around partially submerged single cylinder is determined
using the experimental parameters of runs R1, R21, R23,
R49, and R58 from the analytical methodologies as proposed
(Melville and Chiew 1999; Kothyari and Kumar 2012) and

superimposed in Figures 8 and 9. However, in this context, it
is pertinent to mention that Figures 8 and 9 do not represent
the quantitative comparison of the results of time variation of
the present study (Melville and Chiew 1999; Kothyari and
Kumar 2012). The trends for the development of scour depth
around a partial ly submerged single cylinder are
superimposed to show the dissimilarities in the time rate of
development of scour at submerged cylinders. The maximum
equilibrium scour depth for the present experiments around
the cylinders was found to lie between the results predicted
using the models (Melville and Chiew 1999; Kothyari and
Kumar 2012). The differences between the results of the pres-
ent experiments with that of the proposed models for single
partially submerged cylinders (Melville and Chiew 1999;
Kothyari and Kumar 2012) exist mainly due to the modifica-
tion in the diameter of the horseshoe vortex around submerged
cylinders and the interaction of the shed vortices from the
upstream cylinder with that of the downstream cylinder. The
variations of scour depth versus time for the upstream cylinder
are different compared with single partially submerged cylin-
der as also reported (Hannah 1978). Furthermore, the model
of Kothyari and Kumar (2012) predicts the time variation of
scour depth considering the variation of the diameter of horse-
shoe vortexwith respect to time at the upstream of the partially
submerged cylinders, whereas the model (Melville and Chiew
1999) uses various factors to predict the time variation without
any emphasis on the flow physics. However, the time varia-
tion of scour depth as presented (Zhao et al. 2010) for local
scour around submerged vertical circular cylinder is plotted in
Figure 10. The data of Zhao et al. (2010) are further utilized to
determine the time variation of scour depth using the devel-
oped model. The difference in the experimental data of Zhao
et al. (2010) and predicted results of the proposedmodel is due
to the interaction effects of the upstream cylinder on the down-
stream cylinder. This interaction effect was also established
and reported by Keshavarzi et al. (2018). Also, the time

Figure 10 Comparison of results of Zhao et al. (2010) with the developed
model

Figure 9 Time variation of scour depth for a upstream and b downstream
cylinders arranged in skewed configurations with uniform sediments
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variation of R1 for tandem cylinders is plotted in Figure 10,
which shows that the time rate of development of the scour
hole is high during the initial phase of the experiments for
submerged cylinders.

4.2 Time Variation of Scour Depth with Non-uniform
Sediments

In view of the non-uniformity of natural bed sediments, the
proposed model is further refined for the non-uniform sedi-
ments. The equivalent size of the non-uniform sediment is first
calculated based on the assumption that the equivalent size
particles of uniform diameter are also susceptible to scour at
the same rate as the non-uniform sediments. The effective
equivalent diameter of the non-uniform sediments is deter-
mined using the equation proposed by Wu et al. (2004). The
proposed equation of Wu et al. (2004) is expressed as

deq ¼ d50e
−0:5be lnσgð Þ2 ð13Þ

where deq is the effective equivalent diameter of non-
uniform sediments, be is the exponent which depends on the
particle size, flow intensity, and fractional transport rates of
the sediment mixture. The relative transport capacity shows
similar trends as it decreases with increase of particle size.
According to Wu et al. (2004), the size gradation factor is
significant with σg>2 and the correction factor is negligible
for σg< 1.5. However, in the present study, all the σg> 1.5.
Hence, for simplicity, as proposed by Wu et al. (2004), be is
assumed to be constant at 1.2 in the present model. The ex-
periments as described in the previous sections were repeated
for non-uniform sediments. The effective equivalent diame-
ters of the non-uniform sediment mixtures are 0.43–1.6 mm as

Figure 11 Time variation of scour depth for a upstream and b
downstream cylinders arranged in tandem configurations with non-
uniform sediments

Figure 12 Time variation of scour depth for a upstream and b
downstream cylinders arranged in skewed configurations with non-
uniform sediments
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calculated using the Eq. 1 and it is used in the proposed model
for computation of temporal evolution of scour at the tandem
and skewed cylinders. Figure 11 shows the temporal evolution
of scour depth for runs R1, R91, and R100 with different
sediment size. The runs R1 and R91 were carried out in the
tandem configuration using same diameter for the upstream
and downstream cylinders, whereas the run R100 shows the
unequal diameters of cylinders are arranged in tandem
configurations. It is observed from the figure that the
temporal evolutions of scour depth are reduced around the
cylinders as the sediment size increases. The proposed
model computed the temporal evolution of scour depth
using the experimental parameters of the mentioned runs.
The predicted data from the model matches well with the
experimental data as shown in Figure 11. In tandem
arrangement of cylinders both for equal and unequal
diameters, the evolutions of scour depth were observed
maximum around the upstream cylinder as due to the
sheltering effect. Hence, the upstream cylinder can be used
as a scour reduction device in tandem configurations only.
Furthermore, the model of Melville and Chiew (1999) and
Kothyari and Kumar (2012) were superimposed in Figure 11
to show the similarity and dissimilarity with the present mod-
el. The formation of the armor layer was observed around both
the upstream and downstream cylinders; the thickness of the
armor layer was higher for the upstream cylinder. It is evident
that the reduction in the scour depths due to the formation of
the armor layer for non-uniform sediments is 6% and 35% for
upstream and downstream cylinders respectively.

Furthermore, the temporal evolutions of scour depth
around the submerged cylinders arranged with different skew
angles are presented in Figure 12. The presented data consists
of three different runs of R96, R99, and R104 over non-
uniform sediments with skew angles of 0°, 10° and 20°, re-
spectively. The runs R96 and R104 consist of unequal diam-
eters of cylinders and the run R99 represents the equal diam-
eters of cylinder. The temporal evolution of scour depth was
observedmaximum around the downstream cylinders with the
increasing of the skew angles. The proposed model also com-
puted the time variations of scour depth around the cylinders
and superimposed in the Figure 12. The evolution of scour at
downstream cylinder almost remains same when compared
with the results of uniform sediment as depicted from
Figure 12. For downstream cylinder, vertical extension of
scour hole developed at a rapid rate forming a local maximum,
but immediately after, the scour reduced due to the deposition
of the washed away sediment from the spacing between the
cylinders. This phenomenon was more pronounced for the
tandem configuration in comparison with the skewed cylin-
ders due to the relative positioning of the cylinders.
Furthermore, it is pertinent to mention that this momentary
reduction of scour around downstream cylinder was more
prominent for non-uniform sediments due to the bed sorting
of larger size particles. Figure 13 represents the dip in scour
for the tandem and skewed cylinders over uniform and non-
uniform sediments as well. The dunes formed within the spac-
ing of the cylinders mainly consist of finer particles for exper-
iments with non-uniform sediments due to the sorting and

Figure 13 Time variation of
scour depth for various runs with
c, d uniform and a, b non-uniform
sediments around downstream
cylinder
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erosion of the finer particles from the upstream cylinder.
Hence, the dunes also got eroded much faster for non-
uniform sediment as a result of larger bed shear stress applied
by the flow.

The experimental results with non-uniform sediments are
also checked with the equivalent diameter concepts (Kothyari
et al. 1992b; Wu et al. 2004). Figure 14 shows the differences
of the temporal evolution at upstream cylinder in comparison
to that of proposed models of equivalent diameter (Kothyari
et al. 1992b; Wu et al. 2004). Although the equivalent diam-
eter expression (Wu et al. 2004) is used in the present model,
the differences in the results are due to the modification in the
expression carried out in the present study for the estimation
of vortex diameter for submerged cylinders. It is evident that

the results lie between the simulated results (Kothyari et al.
1992b; Wu et al. 2004).

Figure 15 represents the non-dimensional contours (bz =
z/D1) of the scour bed around the tandem and skewed cylin-
ders of the run R23 and R58. The non-dimensional horizontal
(bx = x/D1) and longitudinal (by = y/D1) axis as presented in
Figure 14 helps to depict the scour geometry around the cyl-
inders. The negative and positive contour values represent the
scour and deposition pattern around the submerged cylinders.
The maximum scour depth has been observed at upstream
face of the downstream cylinder with the skew angle of 20°.
It was observed that the scour depth increases 50%–60% at the
downstream cylinder with an alignment angle of 20°.

The time scale around single fully submerged cylinder was
determined for substantial development of scour (Sarkar
2014), but the temporal evolution of scour hole around the
tandem and skewed cylinders involves different scour process
and even live bed like condition at the downstream cylinder.

Figure 14 Time variation of scour depth with different equivalent
diameter expressions

Figure 15 Scour depth geometry around submerged a tandem and b
skewed circular cylinders

Figure 16 Schematic of time scale used for upstream and downstream
cylinder
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The schematic representation of time scale is shown in
Figure 16 to find out the instantaneous scour depth at any time
t. Hence, the time T is determined from the variation of scour
depth versus time using the slope of the tangent to the curve at
time t = 0. The time T is further non-dimensionalised to deter-

mine the time scalebT , where
bT ¼ Δgd50

3
� �0:5

D2
i

ð14Þ

whereΔ is s – 1, s is the specific gravity of sediments and g
is the acceleration due to gravity. Thus, the present study gives

three different time scales: one for upstream bT 1 and other two

for downstream cylinder (one for first local peak bT 2 and the

other bT 3 for the process to reach equilibrium). Figure 17
shows the non-dimensional time scale with the densimetric
Froude number. The time scales so determined are plotted
versus densimetric Froude number Fd [Fd =U/(Δgd50)

0.5] in
Figure 17 separately for the tandem and skewed configura-
tions. The figure shows that in general, the time scales de-

crease as a result of increase of Fd. However, bT2 decreases
significantly with the increase of the skew angle due to the
quick growth of the scour hole; the downstream cylinder is
unobstructed by the upstream cylinder. Immediately after the
local peak, the process reached the equilibrium stage much
faster for the downstream cylinder placed in tandem configu-

ration resulting in higherbT3.

4.3 Comparison with Available Field Data

Field data on scour at bridge piers were measured during
floods and observed that the total scour consists of three scour
components: local, contraction, and general scour (Lu et al.
2008). The concerned field data as observed by Lu et al.
(2008) were considered for the comparison in the present
study. The field data as represented (Lu et al. 2008) together
with the effective diameter concept (Wu et al. 2004) is incor-
porated in the present model to calculate the local scour com-
ponent around the bridge pier. The results from the present
model are further validated (Figure 18) using the local scour
component of the field data reported (Lu et al. 2008). The
comparisons show that the present model results match well
with the field data as it reaches equilibrium stage.

Figure 17 Variation of time scales versus densimetric Froude number

Figure 18 Time variation of local scour depth of proposed model with Lu
et al. (2008)
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5 Conclusions

The scour characteristic at submerged circular cylinders was
studied. The process similar to live bed scour was noticed
around the downstream cylinder. The process led to the tem-
porary reduction of the scour depth, though finally reaching
the equilibrium at the downstream cylinder. Present study also
leads to the formulation of the equations for determining the
diameter of the horseshoe vortex around the cylinders. The
diameter of the horseshoe vortex is expressed in terms of
diameter of respective cylinder, submergence ratio, spacing
between the cylinders and skew angle. Furthermore, the var-
iation of scour versus time at the submerged cylinders is
modeled using the concept of dislodgement and transportation
of a single sediment particle. The results show that although
the upstream cylinder acts as a shield for the tandem arrange-
ment, but the downstream cylinder is exposed to the unob-
structed flow at 20° skew angles. The non-uniformity of the
sediment particles is also included in the proposed model
using an equivalent size of the non-uniform particles. The
results show considerable reduction of scour depth of around
6% and 35% for upstream and downstream cylinders respec-
tively due to the formation of the armor layer. The proposed
model is also compared with the local scour component of
reported field data to establish the differences that exist in
the scour process around a partially submerged cylinder with
that around fully submerged cylinders. However, it is perti-
nent to mention that the measured data and the results are only
for the scour around tandem and skewed fully submerged
cylinders. Hence, detailed studies are required to determine
the vortex diameter around bodies of various shapes and sizes.
Also, further experiments are required to quantify the influ-
ence of ratio of the cylinder diameters on scour around the
submerged group of cylinders.

Funding This study is funded by the Department of Science and
Technology, Government of India (Grant No: SR/S3/MERC/0029)
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