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Abstract: This paper presents a numerical study on flow and local scour around two identical
cylinders with diverse spacing ratios (s/D) and alignment angles (α). The spacing ratio of
center-to-center distance between cylinders (s) to the cylinder diameter (D) varied from 1.25 to 5.0,
including five alignment angles ranged from 0◦ to 90◦. The detailed scour processes and information
were obtained in a physics-based way by using large eddy simulation coupled with sediment
transport in a Lagrangian framework and a morphodynamic model. Turbulent flow properties
around two cylinders in staggered array are significantly concerned by the spacing ratio and the
alignment angle which reflect complex features of evolution of scour and scour depth. The computed
results exhibited the scour depth is associated with the spacing ratio and alignment angles especially
at the rear cylinder. For small alignment angles, the growth rate at the rear cylinder increased as
the spacing ratio increased, due to a decrease in shielding effect. As the alignment angle increased,
the scour depth around the rear cylinder increased until the angle reached approximately 45◦–60◦.
Subsequently, the scour depth decreased with the alignment angle. It also revealed that the spacing
ratio was more sensitive to the maximum scour than that of the alignment angle. For (s-D)/D > 2.0,
the maximum scour depth only depended on the spacing ratio.
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1. Introduction

One of the typical hydraulic structures in rivers and streams is circular pile. When a vertical
circular pile is placed in a natural channel, the flow experiences significant changes and produces
complex turbulence structures [1]. There is a downflow in front of the pile and horseshoe vortices
are generated around the pile. Flow acceleration occurs at the sides of the pile and vortex shedding
is formed downstream of the pile. If the circular pile consists of groups in close proximity, this
complicates the physical process due to the interaction of vortices and contraction flow. The simplest
case of group piles is two identical piles with a variety of arrays, and flow characteristics with various
spacing ratios and angles of approaching flow have been studied in last decades.

Various experimental and numerical studies on the interaction of shear layers, and vortex
shedding downstream of two circular cylinders have been carried out. Igarashi [2,3] reported eight
different flow regimes for flow patterns through two cylinders in a tandem array. Later, some studies
were categorized into three different flow regimes: (i) extended-body regimes where two cylinders
are regarded as a single bluff-body (1 < s/D < 2); (ii) reattachment regimes where the separated shear
layers from the front cylinder reattach to the rear cylinder (2 < s/D < 5); (iii) co-shedding regimes
where Kármán vortices are formed from individual cylinders (5 < s/D) [4,5]. Sumer [4] identified
that three types of flow may occur in the presence of two side-by-side cylinders. When the spacing
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ratio between two cylinders is small, the flow behaves as a single-bluff-body like the tandem array.
For intermediate spacing ratio, a biased flow pattern occurs so that a gap flow biased towards one of
the two cylinders. As the spacing ratio is large, parallel vortex streets are presented downstream of two
cylinders where symmetric Kármán vortices are generated. Numerical studies of flow patterns around
two staggered array have been also conducted using two and three dimensional (2D, 3D) models.
Most numerical works have focused on flow characteristics through two cylinders in the tandem and
side-by-side array, and have investigated the effect of spacing ratios in transverse and streamwise
directions [6,7]. It is confirmed that more complicated flow patterns and structures are identified at
two cylinders in staggered array than an isolated cylinder.

As the bed is movable, the complex flow interacts with sediment and increases the sediment
transport capacity, resulting in local scour around piles. The local scour around piles is a major issue
because it is one of the key factors that undermine the stability of structures and lead to failure of the
piles. For instance, Briaud et al. [8] reported that until 1999, approximately 60% of bridge failures
in the United States was because of the local scouring around the piles and Hunt [9] documented
more than 1502 bridge failure occurred from 1996 to 2005 in the United States. Numerous studies
on local scour around circular pile groups have been conducted by laboratory experiments [10–13].
The objective of those works was an estimation of maximum scour depth around pile groups for safe
and economic designs. In addition to the estimation of scour depth, some studies deal with proposing
scour countermeasures at pier groups [14,15]. Thus, some semi-empirical equations for maximum
scour depth have been proposed [10,11,13]. However, most of these equations overestimated the
maximum scour depth due to the scaling effect [16,17].

Since 1990s, three-dimensional numerical models have been developed to calculate local scour
around cylinders. There are no scale effects in those numerical approaches. Khosronejad et al. [18]
proposed the Reynolds averaged Navier-Stokes (RANS) model closed with the k-ω turbulence model.
They adopted a curvilinear immersed boundary method in order to deal with hydraulic structures and
a movable bed. They simulated the local scouring process around three kinds of piers with cylindrical,
square and diamond shapes. They presented that the growth rate of scour was overestimated and
those simulations failed to capture the local scouring correctly at the upstream base for the cylindrical
and square shapes. On the other hand, scour shape and time evolution of scour were represented
for the diamond shape case. They inferred that dynamics of turbulent horseshoe vortices at the
upstream base were not predicted well by RANS model. Nagata et al. [19] developed a 3D numerical
model for simulating flow and bed changes around hydraulic structures. The flow model was based
on RANS equation with a non-linear k-ε turbulence model on moving boundary-fitted coordinate
system. The bed change model incorporated the effect of non-equilibrium sediment transport by
employing a stochastic model of sediment pickup and deposition using the momentum equation of
particles. The model was applied to local scour around a spur dike and a circular cylinder. The results
were compared with experimental data and showed reasonable agreement with a sufficient accuracy.
Roulund et al. [20] carried out RANS with a k-ω turbulence model coupled with a morphodynamic
model for the calculation of flow and scour around a circular cylinder under live bed condition.
The model accurately reproduced the development of scour hole and ripple formation, whereas the
equilibrium scour depth was under-predicted by approximately 15–30%. They mentioned that this
was because the suspended sediment process was not considered. Zhao et al. [21] developed a 3D
RANS model coupled with a bed morphological model applied to flow and scour around a submerged
cylinder on a non-cohesive sediment bed. Both bed load and suspended load were taken into account.
The mechanisms of the scour were reasonably predicted by the numerical model but the maximum
scour depth was about 10–20% smaller than observed data.

In order to overcome the inherent limitations of RANS model, the large eddy simulation (LES)
or detached eddy simulation (DES) models coupled with a morphodynamic model have been
developed [22–24]. Escauriaza and Sotiropoulos [22] who developed the DES model, investigated the
initial stage of scour in the vicinity of a circular cylinder. The result showed that all the dynamics
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of erosion with the emergence of ripples, were mainly produced by turbulent horseshoe vortices.
However, the only initial development of scour was simulated because the objective of this work was
the investigation of erosion and bed form dynamics at the initial stage. Kim et al. [23] proposed LES
coupled with sediment transport and morphodynamic models. The model was validated on the basis
of comparison with experimental data [11,18] and presented that temporal evolution and shape of
local scour around a circular cylinder were captured more accurately than those of the RANS model.
It is evident from the above literatures that most available numerical studies have been carried out on
scour depth and process around a single cylinder. To date, Kim et al. [23] have only investigated local
scour processes and maximum scour depth around two cylinders in tandem and side-by-side array.
They provided the understanding of the underlying physical process of local scouring. However, these
are very special cases of staggered array. Numerical studies addressing the effect of various spacing
ratios and alignment angles on local scour around two cylinders in staggered array have not been
conducted extensively and there still remains poor understanding of the processes.

This study presents numerical simulations on scour process around two identical cylinders
in staggered array. LES combined with a ghost-cell immersed boundary method was adopted to
simulate turbulent flow around two cylinders, and detailed scour phenomena were calculated by
coupling sophisticated sediment transport in a Lagrangian framework and with morphodyanmic
models. To investigate the effect of spacing ratio (s/D) of center-to-center cylinder spacing (s) and the
diameter of the cylinder (D), and alignment angle (α) around two cylinders, a total of four spacing ratio
(1.25D, 2.5D, 3.75D and 5.0D) and five alignment angles were considered. The scour and deposition
patterns, temporal evolution of local scour, and scour depth were examined. In addition, the simulated
maximum scour depth was compared with available experimental data of two cylinder cases in
staggered array.

2. Numerical Model

We employed our previously developed LES model, combined with sediment transport and
morphodyanmic models [23–26] to simulate the coupled hydrodynamic and morphodynamic
processes around two circular cylinders in a staggered array. The numerical model was composed
of three submodels including hydrodynamic, sediment transport, and morphodynamic models.
These submodels were coupled to simulate the local scouring process around the two cylinders in a
physics-based manner. As the details of the numerical model have already been documented [23–26],
only a brief description of the submodel is given here.

2.1. Hydrodynamic

This submodel described an eddy-resolving model, using LES. This was solved by a finite
volume method (FVM) integrated on an isotropic multi-level Cartesian grid. The equations governing
the three-dimensional unsteady resolved flow field for incompressible turbulent flow were the
spatially-filtered continuity and Navier-Stokes equations:

∂uj

∂xj
= 0 (1)

∂ui
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+
∂uiuj
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where xi, xj are the coordinates, t is the time, P is the modified pressure, ρ is the density of the fluid, ui
and uj are the filtered velocity components, υ is the kinematic viscosity, and Sij is the resolved strain
rate tensor:
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The filtered Navier-Stokes equations are obtained by decomposing flow variables into resolved
and unresolved components, and sub-grid stress (SGS) terms appear by filtering Navier-Stokes
equations, which are modeled using the Smagorinsky model [27]:

τSG
ij = −2υtSij +

1
3

τkkδij (4)

υt = (Cs∆)2|S| (5)

|S| =
√

2SijSij (6)

where υt is the turbulent viscosity, Cs is the Smagorinsky constant (=0.16), and ∆ is the filter size given
as follows:

∆ = (∆x∆y∆z)1/3 (7)

The bed surface was treated by a wall function technique for rough bed, which was a reasonable
approach for sediment bed and morphodynamic simulations:

up

u∗
=

1
κ

ln
yp

y0
(8)

where up is the flow velocity parallel to the bed at the distance of yp from the bed and κ is the
von Kármán constant, u* is the local shear velocity, y0 = ks/30. Here, ks is the roughness height and is
evaluated by ks = 2.5d where d is the diameter of sand particle.

Equations (1) and (2) were discretized on a staggered grid and solved with a two-step fractional
step method with a spatial second-order accuracy. The solution was advanced in time using an
Adams-Bashforth-Crank-Nicolson method ensuring a second order accuracy in time. To deal with
complex geometries, a ghost-cell immersed boundary method was adopted for the cells intersecting
immersed boundaries. It is expensive to simulate turbulent flows and morphodynamics on a Cartesian
grid with uniform grids. Here, the grid was locally refined using an adaptive multi-level structure
grid, and this is applied to the circular cylinder and bed surface.

2.2. Sediment Transport

We briefly described the submodel of sediment transport, involving the sediment pickup,
transport in suspension, and sliding. The sediment particles were modeled as small rigid spheres in
the fluid. In this submodel, the motion of sediment particles was taken into account by instantaneous
properties, which improved the level of physical mechanism of the sediment behavior.

The sediment velocity of individual particles in the water was determined by momentum equation
accounting for drag, lift, gravity, the effect of a pressure force, and added mass [28]:

ρsVp
d
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n

(9)

where
→
v p is the velocity of sediment particle, u f is the fluid velocity at the particle location, CD

is the drag coefficient evaluated by the relations proposed by Morsi and Alexander [29],
→
g is the

gravity vector,
→
n is the unit normal vector, Vp is a particle volume, and D/Dt is a material derivative

(=∂/∂t +
→
u ·∇). The lift force term on the right-hand side of Equation (9) is replaced by the theoretical

and experimental relationships proposed by McLaughlin [30] and Mei [31]. It is also possible to
estimate sediment transport rate within a scour hole through an empirical equation. For example,
Dodaro et al. [32] and Dodaro et al. [33] modified the Einstein sediment transport model to simulate
local scour evolution downstream of a rigid bed.
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The trajectory of individual particles is determined by displacement equation as:

d
→
x p

dt
=
→
v p (10)

Equation (10) is calculated until the sediment particles reach on the bed. When the particles
interact with the bed, two different mechanisms (viscous damping or elastic rebound) occur.
Schmeekle et al. [34] suggested a suitable physical scaling of these behaviors based on the Stokes
number. If elastic collision takes place, the new velocities are determined as:

vn,new = −βnvn,old (11)

vt,new = βtvt,old (12)

where vn and vt are the normal and tangential velocities, respectively. The coefficients of βn and βt are
set to 0.65 and 1.0 [34].

The sediment on the bed can be approximated by spherical particles interlocking in the form of
layers. If the shear stress of the fluid on the bed exceeds a certain value, the particles start to rotate and
probably move from their position. The incipient motion of sediment particles is calculated by the
vector summation of drag, lift and gravity forces, and the particles begin to move if the moment is
greater than its threshold value. In our model, the pickup rate formula proposed by De Ruiter [35] was
incorporated to estimate the pickup rate:

E = ϕ
√

ρs(τ − τc) (13)

where ϕ is an empirical constant as 0.016, τ is the shear stress which is evaluated by the tangential
force of the projection on the bed, and τc is the critical shear stress based on the criterion of initial
rotation of the particle.

The instantaneous volume of the sediment pickup from an area A is estimated by:

VE = E
A
ρs

∆t (14)

The number of particles from each cell can be determined by:

npickup =
VE
Vp

(15)

2.3. Morphodynamic

This submodel described the instantaneous bed elevation by implicating erosion and deposition
of the volume of sediment. In addition, the volume of sediment transported by sliding was also taken
into account. The bed elevation for each cell during time step is calculated as:

∆z =
1

1− λ

A2

A3

Vp

(
ndepo − npickup

)
S

+
δPs

∆x∆y

 (16)

where λ is the sediment porosity, and A2 and A3 are the shape coefficient for spherical particles, which
are π/4 and π/6, respectively. ndepo and npickup are the number of particles of deposition and pickup,
respectively. The second term of right-hand side represents the effect of sliding. The bed elevation
was defined in the cell center and was interpolated across other points by bilinear interpolation with
second order accuracy.
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3. Numerical Conditions

The diameter of the two identical cylinders was D = 0.16 m, which were mounted at the bottom
in a rectangular open channel 10 m (62.5D) long and 2.4 m (15D) wide (Figure 1).Water 2017, 9, 654 6 of 19 
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levels, and the finer grids were located close to the cylinders, bed, and side walls (Figure 3). For 
more details, we refer to Nabi et al. [25]. A no-slip condition was used at the solid walls, and the 
free surface was imposed as a rigid lid plane with zero friction in the horizontal direction. In 
present simulations, the flow field in the open channel with two cylinders was simulated on a flat 
rigid bed for more than 300 s to obtain fully-developed turbulent flow, after which the submodels 
of sediment transport and morphodynamic models began to act. The local scouring around two 
cylinders was simulated until the maximum scour depth reached an equilibrium state, assuming 
that its rate of increase did not exceed 3% of the cylinder diameter. 

Figure 1. Numerical domain for two cylinders in a staggered array.

The two cylinders were placed at a distance of 4.0 m (25D) from inlet of the channel. The water
depth was 0.15 m and the bulk velocity (Ubulk) was 0.25 m/s. In order to achieve the desired bulk
velocity containing turbulent fluctuations at the upstream, a fringe region with periodic boundary
conditions was placed at the upstream. The fully developed turbulence yielding from this region
flowed into the main domain. The corresponding Reynolds and Froude numbers were 41,500 and 0.23,
respectively. The bed consisted of non-cohesive fine sand materials with a uniform size of d = 0.85 mm.
Figure 2 shows a sketch of two cylinders and present simulation cases. To investigate the effect of
spacing ratio and alignment angle of the cylinders, a total of four spacing ratios (s/D = 1.25, 2.5, 3.75
and 5.0) and five alignment angles (α = 0◦, 30◦, 45◦, 60◦, 90◦) were considered.
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Figure 2. Schematic representation of flow around two cylinders and simulation cases with staggered
array: The approaching velocity Ubulk is from left to right. The α is the alignment angle between two
cylinders and the dot represent the center location of another cylinder.

A multi-level Cartesian grid with local refinement was employed with a base grid of
512 × 128 × 32 in streamwise, transverse, and vertical directions, respectively. The grid was refined
by three levels, and the finer grids were located close to the cylinders, bed, and side walls (Figure 3).
For more details, we refer to Nabi et al. [25]. A no-slip condition was used at the solid walls, and the
free surface was imposed as a rigid lid plane with zero friction in the horizontal direction. In present
simulations, the flow field in the open channel with two cylinders was simulated on a flat rigid bed
for more than 300 s to obtain fully-developed turbulent flow, after which the submodels of sediment
transport and morphodynamic models began to act. The local scouring around two cylinders was
simulated until the maximum scour depth reached an equilibrium state, assuming that its rate of
increase did not exceed 3% of the cylinder diameter.
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Figure 3. Computational grids around two cylinders with an alignment angle of 45◦: (a) s/D = 1.25;
(b) s/D = 5.0.

4. Numerical Results

4.1. Flow Field

The instantaneous flow fields at the equilibrium state were visualized by showing a Q-isosurface
and streamlines for different spacing ratios under the influence of three alignment angles in Figure 4.
In all cases, the turbulent horseshoe vortices and local concentration of flow were visible around
upstream base of the front cylinders, which led to the entrainment of sediment. On the other hand,
vortex structures were more complex than that of an isolated cylinder, and there are significant
variations under the impact of spacing ratios and alignment angles.
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When the cylinder spacing ratio was s/D = 1.25, the two cylinders behaved like a single-bluff
body, and a single wake is formed downstream of the cylinders. For α = 0◦, the separated shear layers
from the front cylinder were affected by the rear cylinder, but similar vortex flow structures around
the isolated cylinder were seen, which indicates that very few vortices were observed within the gap,
and the generation of horseshoe vortices was almost dissipated due to the shielding effect, indicating
that bed scouring can be weak. As the alignment angle increased, the vortex formation region in
a lateral direction increased and local concentration of flow was amplified within the gap because
of contraction flow, leading to higher momentum fluid through the gap. For the spacing ratio of
s/D = 2.5, the shear layers from the front cylinder reattached the rear cylinder at α = 0◦, which implies
that flow pattern was similar to the reattachment regime [4]. Even though the vortex shedding from
the front cylinder was observed, the intensity of the vortices was still weak. The wake vortices from the
front cylinder impinged on the rear cylinder, and these entered into the inner side of the rear cylinder,
after which they merged with the vortices that shed from the rear cylinder. When the alignment angle
increased, the gap flow was more evident. At α = 30◦, the vortices that had separated from the front
cylinder influenced the left side of the rear cylinder, and irregular flow structures appeared, due to
interaction of large-scale eddies. For α = 60◦, two wakes were clearly seen downstream of individual
cylinders, and they were convected with a strong interaction in the downstream direction. As the
spacing ratio was s/D = 5.0, more vortices were located in the gap at α = 0◦, which means that the
turbulent horseshoe vortex around the rear cylinder and wake vortex shedding were relatively strong.
At a larger alignment angle, there was no interference effect, and the upstream flow and the wake were
very similar to that of an isolated cylinder. The alignment angles with the spacing ratio significantly
changed the three-dimensional flow fields, including the horseshoe vortices and the interaction of wake
vortices responsible for various erosion mechanisms associated with the development of scour holes.

The time series of the instantaneous shear velocity for three locations are shown in Figure 5.
The instantaneous shear velocity was obtained by applying log-law. Variability of the shear velocity
on sediment bed is very important because its quantity dominates the sediment entrainment. P1 and
P2 are the locations where the scour depth was the deepest at 45◦ from the front and rear cylinders,
respectively, and the location of P3 is the center point between two cylinders.
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Figure 5. Time series of instantaneous shear velocity (α = 0◦ (Left); α = 30◦ (Middle); α = 60◦ (Right)):
(a) s/D=1.25 and (b) s/D=5.0.

Instantaneous shear velocity is highly influenced by the alignment angle with spacing ratio.
For the small spacing ratio (s/D = 1.25), high temporal variability of the shear velocity was observed
at P1, whereas a very low quantity of the same was shown in P2 and P3, due to the shielding effect.
The variability of this quantity at P1 was relatively low for the alignment angles of α = 30 and 60◦.
On the contrary, this quantity at P2 increased with an increase in the alignment angle, due to the local
acceleration effect driven by the flow to pass at the side of the rear cylinder. The feature of variability
in the shear velocity at P3 was similar to that of P2. As the alignment angle increased, acceleration
of flow along with turbulent horseshoe vortices driven by the contraction effect resulted in a high
turbulent stress, which was amplified. Thus, the value and temporal variability of the shear velocity
increased with an increase in the alignment angle. When the cylinder spacing ratio increased, this
quantity showed different features. For α = 0◦ with s/D = 5.0, high temporal variability of the shear
velocity was observed at P2 because the vortices shed from the front cylinder impinged on the flow
around the upstream of the rear cylinder, and then the interference effect amplified turbulent stress.
For α = 30◦, the time series of the shear velocity was similar to that of s/D = 1.25. As the alignment
angle is α = 60◦, there was no difference of the value and variability of the shear velocity between
P1 and P2, which implies that there was no interaction effect, and the flow was independent in both
streamwise and lateral directions.

4.2. Scour Process

The numerical result of development processes of the bed elevation around two cylinders for an
alignment angle of 45◦ with s/D = 1.25 is shown at the four instances in time (t = 10 s, 240 s, 1800 s
and equilibrium) in Figure 6. This provides a global overview of the detailed scour and deposition
processes around the cylinders, triggered by the rich dynamics of turbulent flow.
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plane of each cylinder) driven by increase in bed shear stress. In addition, local scour was observed 
at the gap due to the acceleration of flow. At 240 s, in the area surrounding the cylinders, local scour 
regions were extended because of erosion at the sides of the cylinders increases and it merged with 
scouring upstream of the base of the cylinders. After 1800 s, the bed was continuously scoured 
around the two cylinders, and the bed elevation descended gradually. On the other hand, local 
scour depth at the gap was relatively low. This infers that the separated flow from the front cylinder 
was directed to the right side of the rear cylinder rather than the gap region. Thus, the local 
acceleration effect at contraction area was weakened. At later times, the local scouring persisted 
around the cylinders with turbulent horseshoe vortices and the deepening of the bed taking place 
continuously. The scoured regions around the cylinders were overlapped and expanded due to 
high dynamics of flow resulting from the interference effect. A single scour hole and deposition 
finally developed around the cylinders. 
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Figure 6. Instantaneous views of the bed elevation for an alignment angle of 45◦ with s/D = 1.25 at 10 s,
240 s, 1800 s and equilibrium: (a) Time = 10 s; (b) Time = 240 s; (c) Time = 1800 s; (d) Time = Equilibrium.

At 10 s, the bed scouring started at the sides of two cylinders (30◦–90◦ from the symmetric plane
of each cylinder) driven by increase in bed shear stress. In addition, local scour was observed at the
gap due to the acceleration of flow. At 240 s, in the area surrounding the cylinders, local scour regions
were extended because of erosion at the sides of the cylinders increases and it merged with scouring
upstream of the base of the cylinders. After 1800 s, the bed was continuously scoured around the
two cylinders, and the bed elevation descended gradually. On the other hand, local scour depth at
the gap was relatively low. This infers that the separated flow from the front cylinder was directed
to the right side of the rear cylinder rather than the gap region. Thus, the local acceleration effect at
contraction area was weakened. At later times, the local scouring persisted around the cylinders with
turbulent horseshoe vortices and the deepening of the bed taking place continuously. The scoured
regions around the cylinders were overlapped and expanded due to high dynamics of flow resulting
from the interference effect. A single scour hole and deposition finally developed around the cylinders.

Figure 7 shows the numerical result of instantaneous views of the bed elevation around two
cylinders for an alignment angle of 45◦ with s/D = 5.0 (t = 10 s, 240 s, 1800 s and equilibrium). After
10 s, the scouring of the bed initiated at the sides of each cylinder at about 40◦ at a symmetric plane of
the individual cylinders, which was the region of larger magnitude of bed shear stress. During 240 s,
local scour was observed at the sides and upstream of the base of the cylinders, which indicates that
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the horseshoe vortex system dynamics began to dominate. During 1800 s, the simulation exhibited the
steady growth of bed scouring around the cylinders, which indicates that the acceleration effect, along
with dynamics of horseshoe vortices, was a significant contribution to entrainment of sediment on
the bed. Until the equilibrium, sediment scoured from the bed around the cylinders was deposited
downstream of each cylinder and it slowly migrated due to periodic shedding of large scale vortex in
the wake regions. The growth of local scour around individual cylinders continued with time and the
bed reaches the equilibrium. The scour and deposition patterns were almost identical between the
front and rear cylinders, and there was no local scour at the gap, due to an increase in spacing ratio.
This demonstrates that the interference effect from the cylinders was almost negligible at s/D = 5.0.
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Figure 7. Instantaneous views of the bed elevation for an alignment angle of 45◦ with s/D = 5.0 at 10 s,
240 s, 1800 s and final time: (a) Time = 10 s; (b) Time = 240 s; (c) Time = 1800 s; (d) Time = Equilibrium.

To have a better understanding of the characteristics of local scouring around two cylinders with
a staggered array, it is worth exploring the profiles of local scour depth around each cylinder with the
alignment angle and spacing ratio. Figure 8 presents the numerical results of maximum scour profiles
around each cylinder for s/D = 1.25, 2.5, 5.0 with the alignment angle.
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s/D = 5.0 (Lower): (a) Front cylinder; (b) Rear cylinder.

The maximum scour depth (ds) at each cylinder was normalized by the maximum scour depth
of a single cylinder (ds1) [23]. For scour depth at the front cylinder, the bed rapidly evolved during
tUbulk/D < 25, and the growth rate of the scour slowed down with time. Over time, the bed reached the
equilibrium. The trend of maximum scour depth around the front cylinder was similar for each other,
regardless of the alignment angle and spacing ratio. However, the scour depth and the growth rate
of scour depended on them. For example, the growth rate of scour increased with an increase in the
alignment angle for s/D = 1.25 at the initial stage (tUbulk/D < 25). In this time, the intense shear layers
shed from sides of the cylinder generated an acceleration of flow at approximately 45◦ from the plane
of the cylinder, which contributed to a rapid increase in local scour depth. In addition, the interference
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of flow was highly dominated due to an increase in the projected area, and thus it could result in high
dynamic interactions between the turbulent flow and the bed. Such mechanisms were responsible for
the bed scouring at the initial stage. At the later stage, the growth rate of scour was similar to each
other, even though the scour depths at the equilibrium were estimated to be ds/ds1 = 1.08, 1.08, 1.13,
1.15, 1.16 in α = 0◦, 30◦, 45◦, 60◦, 90◦. For s/D = 2.5, the time evolution of scour for α = 0◦, 90◦ was
relatively faster than that of α = 30◦, 45◦, 60◦ which indicated that the turbulent stress near the bed was
higher due to interference effect for α = 0◦, 90◦. During later stage, the deepening of the bed occurred
gradually, and the growth rate of scour becomes slow. The temporal evolution of maximum scour was
almost identical for s/D = 5.0, due to significant decrease in the interference effect. Unlike the local
scouring around the front cylinder, the rate of scour growth around the rear cylinder was significantly
affected by both the alignment angle and spacing ratio. In particular, apparent difference depended on
the alignment angle appears in s/D = 1.25. For an alignment angle of α = 60◦ and 90◦, the rate of scour
growth increased rapidly in the initial time (tUbulk/D < 10). However, the scouring rate of α = 90◦

evolved much slower than that of α = 60◦, and its value of the final scour depth at the equilibrium
became lower. The maximum scouring regions were placed near the side, and the gap for α = 60◦

and 90◦, respectively. For α = 90◦, the maximum scoured region was located at the gap between two
cylinders, resulting from local acceleration of flow at the contraction area. We speculate that the shear
layer from the front cylinder for α = 60◦ drove much higher momentum to the side of the rear cylinder
than that of α = 90◦, which could contribute to an increase in turbulent stress near the bed. The growth
rate and scour depth decreased with a decrease in the alignment angle. For α = 0◦, the two cylinders
were regarded as a single structure elongated to the downstream direction, and the growth rate of
scour declined considerably, due to the shielding effect which interrupted the horseshoe vortices. Thus,
the scouring at the nose of the rear cylinder was almost not observed, and scour appeared only at
the sides of the rear cylinder. The local scour depth was estimated to be ds/ds1 = 0.77. For s/D = 2.5,
the rate of growth scour for α = 45◦, 60◦, 90◦ showed a similar trend while it slowed down, and scour
depth decreased for α = 0◦ and 30◦. This demonstrates that the shielding effect due to the front cylinder
was still valid for s/D ≤ 2.5, with α ≤ 30◦ corresponding to the reattachment regime. As the spacing
ratio increased, the shielding effect decreased and the growth rate of scour around the rear cylinder in
s/D = 5.0 was similar except for α = 0◦.

4.3. Equilibrium Bed Topography

Figure 9 shows the simulated bed topography at the equilibrium. The spacing ratio with alignment
angles impinged significantly on scour and deposition patterns. A single scour hole developed around
two cylinders, as the cylinder spacing ratio was less than s/D = 2.5. However, the scour holes were
separated for α = 30◦ of s/D = 2.5 (Figure 9b). This is attributed to a relatively small alignment angle
which reflected the low dynamics of the turbulent horseshoe vortices along with an acceleration effect.
For s/D = 1.25, as the alignment angle increased, the projected area and the exposure of the gap to
approach flow increased. As a result, local scour depth increased and the contraction scour began to
appear. A single deposition mound was observed downstream of the cylinders. For s/D = 2.5 of α = 0◦,
it still appeared a single scour hole around two cylinders with a deposition region. The accumulated
sediment downstream of the cylinders increased, whereas its region was close to the rear cylinder,
which indicated that the impact of large-scale vortex shedding behind the rear cylinder was weakened.
For s/D = 2.5, the local scour was separately developed around each cylinder as the alignment angle
increased while the scour holes were overlapped and global scour was seen for α = 60◦. For α = 0◦,
when the spacing ratio of the cylinders was larger than s/D = 2.5, the local scour hole was developed
around the rear cylinder, and its depth and area increased with increasing spacing ratio. For α = 30◦,
the scour holes grew separately with s/D ≥ 2.5, and the interference effect vanished as the spacing
ratio became s/D = 5.0. Similar features of scour and deposition were seen in α = 60◦. The global
scour disappeared as s/D > 2.5, which reflected a decrease in turbulence intensity due to interference.
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The scour and deposition were observed around individual cylinders, and they showed a symmetric
pattern at s/D = 5.0, which confirms that the interplay of flow and bed change was independent.Water 2017, 9, 654 14 of 19 
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4.4. Scour Depth

In previous studies, studies have mainly been conducted on the estimation of maximum scour
depth, but there are very few studies on local scour depth around each cylinder in the presence of two
cylinders. The maximum scour depths around each cylinder and scour depth at the center location
between two cylinders according to the alignment angle are shown in Figure 10. For a comparison
between present numerical predictions and laboratory experiments, experimental data of Hannah [36]
for s/D = 5.0 is presented.
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Figure 10. Local scour depth: (a) Schematic view of maximum scour areas around two cylinders;
(b) Maximum scour depth at the front cylinder; (c) Maximum scour depth at the rear cylinder; (d) Local
scour depth at the center location between two cylinders.

As it can be seen from Figure 10b, the maximum local scour of the front cylinder increased with
an increase in the alignment angle, and subsequently it decreased for s/D = 5.0. The every scour
depth for s/D = 5.0 was deeper than that of a single cylinder, and there was a variation in the range of
ds/ds1 = 1.06 to 1.14. The computed scour depth was in good agreement with experimental data [36].
For s/D = 1.25, the scour depth increased as the alignment angle increased, and it reached a maximum
value of ds/ds1 = 1.37 at α = 90◦. This trend demonstrates that when the alignment angle becomes
larger, the contraction effect and the size of turbulent horseshoe vortices increase due to an increase
in the projected area of the cylinders. For s/D = 2.5, the scour depth decreased first with increasing
alignment angle, and subsequently it increased slightly. When the spacing ratio was larger than
s/D = 2.5, the trend of scour depth versus the alignment angle became similar. Even though the scour
depth around the front cylinder was affected by the alignment angle, the scour depth varied with a
range of ds/ds1 = 1.06 to 1.37.

For local scouring of the rear cylinder in Figure 10c, the scour depth varied dramatically with
the alignment angle. The scour depth increased as the alignment angle increased, for all cases. This is
attributed to a decrease in the shielding effect at the rear cylinder with increasing the alignment angle.
Thus, it can be confirmed that the impact of turbulent stress associated with dynamics of horseshoe
vortices and acceleration of flow at the side of the cylinder increases. On the other hand, the scour
depth continued to increase until the alignment angle reached approximately α = 60◦. Subsequently,
scour depth began to diminish. This trend coincided with experimental data [36]. The scour depth
was smaller than that of a single cylinder when the alignment angle was α = 0◦. However, as the
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alignment angle increased, the scour depth around the rear cylinder was mostly ds/ds1 > 1.0. From the
computed result, the behavior of bed scouring around the rear cylinder was significantly linked to the
shielding effect.

Unlike the scour around a single cylinder, a global scour was observed around two cylinders due
to enhanced flow and turbulence resulting from the interference effect. The scour depth at the center
between two cylinders is depicted in Figure 10d. The global scour depth was highly influenced by the
spacing ratio. When the spacing ratio was s/D ≥ 2.5, the scour depth was smaller than that of a single
cylinder. For s/D = 1.25 with α ≥ 30◦, the scour depth was larger than ds/ds1 = 1.0.

The maximum scour depth around two cylinders in staggered array versus the ratio of the
separation interval (s-D)/D is shown in Figure 11. The computed scour depth fell sharply as the
ratio of the separation interval decreased until a certain value of (s-D)/D = 1.5 was reached. This
was due to a decrease in the intensity of the horseshoe vortices and a weak acceleration in the flow
at the gap, along with a reduction in the projected area of the cylinders. Subsequently, it decreased
slowly with the ratio of the separation interval, which implies that the interference effect was not
considerable. For α ≥ 30◦, the maximum scour depth was less sensitive to the alignment angle but
was closely related to the ratio of the separation interval. The apparent trend of scour depth according
to the ratio of the separation interval appeared and the computed data was in reasonable agreement
with available literature data and empirical equations [11,12,36,37]. For α = 0◦, however, the scour
depth increased first with increasing ratio of the separation interval and it reached a maximum
value at (s-D)/D = 2.0. In sequence, the scour depth decreased with an increase in the ratio of the
separation interval, and it converged to that of a single cylinder. The computed scour depth were
compared with experimental data [11,12,36,37] and it showed good agreement. It is important to
note that a discrepancy in a tendency for the scour depth appeared as (s-D)/D ≤ 2.0, due to different
mechanisms of scouring. For (s-D)/D > 2.0, on the other hand, the maximum scour depth showed a
similar trend and similar quantitative values, irrespective of the alignment angle and the ratio of the
separation interval. The computed result demonstrates that coupling LES with sediment transport and
morphodynamic models in a physics-based way can simulate complex scour processes and accurately
estimate the maximum scour depth around two cylinders in a staggered array.
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5. Conclusions

This paper presents the effect of the spacing ratio and the alignment angle of two cylinders on the
flow field and the scouring process. The spacing ratio of center-to-center distance between cylinders to
the cylinder diameter was varied from 1.25 to 5.0, including five alignment angles ranged from 0◦ to 90◦.
LES was combined with an adaptive multi-level Cartesian grid with a ghost-cell immersed boundary
method to resolve the bed shear stress (around the cylinders) under turbulent flow. To compute
scouring, the flow was coupled with a sediment transport model and a morphodynamic model.
This led to a direct coupling between the instantaneous flow properties, sediment motions, and the
bed morphology.

The scouring process was characterized by the spacing ratio and the alignment angle. For small
spacing ratio, the scour holes were overlapped around two cylinders and a deposition mound was
observed due the fact that the cylinders behaved as a single body. As the alignment angle increased,
the magnitude of contraction flow at the gap increased, leading to local scouring. When the spacing
ratio became larger, the interference effect decreased and scour holes around two cylinders were
developed separately. The growth rate of scour and local scour depth were influenced by the spacing
ratio and alignment angle, and particular features of scouring were found at the rear cylinder. For small
alignment angles, the flow, approached the rear cylinder, was interrupted by the front cylinder, and the
scour development slowed down. The growth rate of scour increased with an increase in the spacing
ratio, because of a reduction in the shielding effect. As the alignment angle increased, the scour depth
around the rear cylinder increased until the angle reached approximately 45◦–60◦. Subsequently, the
scour depth decreased with the alignment angle. However, relatively small variations of growth rate
and scour depth appeared around the front cylinder. The computed maximum scour depth and trend
were in reasonable agreement with the available experimental data and the empirical equation. A big
difference between the maximum scour depths was observed at (s-D)/D ≤ 2.0. Here, a different trend
was shown between α = 0◦ and the others. For (s-D)/D > 2.0, on the other hand, the maximum scour
depth showed similar trends and values, regardless of the alignment angle and the spacing ratio. This
revealed that the spacing ratio is more sensitive to the maximum scour than that of the alignment.
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