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Abstract

A large eddy simulation (LES) model, integrated with the volume of fluid (VOF) method,
was employed to investigate hydrodynamic forces and vorticity distribution around a
circular cylinder in a narrow channel. The simulated surface pressure and drag coeffi-
cient closely matched the experimental results from flume testing. The ratio of cylinder
diameter to channel width is defined as the blockage ratio (Br). The effects of blockage on
hydrodynamic loadings and vortex structures around the cylinder were examined through
a series of numerical simulations. The results reveal that blockage ratios exceeding 20%
significantly alter key flow characteristics, including the upstream and circumferential
pressure coefficients, drag coefficient, lateral force coefficient, and Strouhal number. Higher
blockage ratios enhance near-wall vortex formation and intensify shear layers. The vertical
(Ωy), streamwise (Ωx), and spanwise (Ωz) vorticity components all increase with Br, lead-
ing to stronger and more spatially extensive vortex structures near the bed, particularly
in the form of horizontally elongated vorticity structures. These changes have impor-
tant implications for structural stability and local scour. Overall, the findings contribute
to the optimization of hydraulic structure design by highlighting the effects of channel
confinement on flow-induced forces.

Keywords: large eddy simulation; narrow channel; blockage effect; hydrodynamic loadings;
vorticity distribution

1. Introduction
Many bridges worldwide have suffered severe damage due to scour around bridge

abutments, particularly local scour at piers and piles. According to the AASHTO LRFD
Bridge Design Specifications (2010), scour is considered a critical factor in the design of
bridge foundations, especially under extreme event limit states. In a comprehensive review,
Brandimarte et al. [1] concluded that flooding and foundation scour are among the most
frequent contributors to bridge collapse, as supported by several earlier studies [2–5]. This
finding is also supported by a review conducted by Zhang et al. [6], who analyzed global
studies on bridge failures from 1980 to 2016. As illustrated in Figure 1, their results confirm
that hydraulic causes, including scour, represent one of the leading external causes of
bridge failure globally.
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(a) (b)

Figure 1. Bridge failure statistics (1980–2016) by region and cause: (a) documented bridge failures by
region (USA, China, and worldwide); (b) distribution of typical bridge failure causes [6].

Research on local scour has a long history, originating from field observations and
laboratory experiments that systematically investigated the flow structures around the
bridge piers and characterized the vortex patterns generated by cylindrical constructions
in flume conditions. This is illustrated by Dargahi [7], who used flume experiments
and hydrogen bubbles to visualize the vortex structures around a circular cylinder in a
flat channel bed. The study demonstrated that the upstream horseshoe vortex system
is the primary driver of scour around the pier. Simpson [8] reviewed the studies on
junction flows that occur near an obstacle and a flat for laminar- and turbulent-approaching
boundary layers. The review concluded that the pressure gradient surrounding the obstacle
creates a three-dimensional separation, allowing development into horseshoe vortices.
Das et al. [9] used an acoustic Doppler velocimeter to measure the vorticity fields around
different pier shapes, including square, circular, and equilateral triangular piers, under clear-
water equilibrium scour conditions with a uniform sand bed. The results demonstrated
that the square and equilateral triangular pier produced stronger circulation and more
concentrated vorticity within the horseshoe vortex, particularly at azimuthal planes of
0◦ and 45◦, compared to the circular pier under equilibrium scour conditions. Gautam
et al. [10] compared velocity measurements around a simple circular pier and a complex
pier composed of a column, an elliptical pile cap, and multiple piles. They observed that the
flow fields differed significantly between the two pier types, with reverse flow prevailing
downstream of the simple pier at low Reynolds numbers (Re) and shifting upstream as the
Re increased.

Alongside experimental studies, computational fluid dynamics (CFD) models have
been applied to investigate the horseshoe vortex around a bed-mounted cylinder. Olsen and
Melaaen [11] and Olsen and Kjellesvig [12] were among the first to use three-dimensional
numerical models to simulate steady flow over a circular cylinder on a mobile bed, where
sediment transport and bed evolution were considered by coupling the flow field with
sediment continuity and utilizing the standard k-ε model and a finite volume approach.
Their results agreed well with the physical model tests [13]. On the other hand, Tseng
et al. [14] used a weakly compressible large eddy simulation (LES) model to investigate the
three-dimensional flow field around square and circular cylinders on an immobile bed, i.e.,
a non-erodible rigid surface. Their findings showed that the down-welling flow in front of
the cylinder generated a horseshoe vortex. Escauriaza and Sotiropoulos [15] applied the
detached eddy simulation (DES) model to examine the effect of Re on the horseshoe vortex
in the junction of the cylinder and channel bed. Their simulation results highlighted that
the horseshoe vortex in front of the cylinder was composed of a train of several vortical
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structures and was affected by Re, as demonstrated by the three-dimensional visualization
of coherent structures and instantaneous image of vorticity at the symmetry plane. In a
combined numerical and experimental approach, Kirkil and Constantinescu [16] employed
LES modeling and laboratory experiments to visualize the turbulent horseshoe vortex and
the near-wake flow behind a circular cylinder on a flat bed under subcritical (Re = 16,000)
and supercritical (Re = 5 × 105) shallow channel conditions. Their analysis indicated that a
single primary necklace vortex dominated the horseshoe vortex region in both flow regimes,
while bimodal oscillations within the vortex core enhanced turbulent kinetic energy and
Reynolds stresses.

In addition to investigations of the horseshoe vortex formed in front of a cylindrical
pier in an open channel, another area of interest is the analysis of hydrodynamic forces
acting on a cylinder placed in narrow open channel flows. In a study by Ranga Raju
et al. [17], laboratory experiments were combined with theoretical analysis to examine the
afflux, i.e., the increase in the upstream water level resulting from an obstruction, caused by
three circular cylinders in open channel flows with various blockage ratios under subcritical
conditions. Their findings indicated that the drag coefficient increased due to the blockage
effect, leading to a decrease in the upstream free surface level, known as afflux. Davis
et al. [18] quantitatively examined the impact of channel walls on the flow around a two-
dimensional square cylinder constrained in a channel. They concluded that the blockage
effect considerably alters the flow field and increases the drag coefficient and Strouhal
number. Chu et al. [19] used an LES model to investigate the free-surface flows over a
submerged rectangular bridge deck. Their study revealed that the drag coefficient remained
constant when the blockage ratio was less than 14% but increased as the blockage ratio
became larger than 14%. Furthermore, Chu et al. [20] and Nguyen and Lei [21] utilized CFD
simulations to analyze the flow around circular cylinders, emphasizing the amplification
of dynamic pressure and drag forces, particularly under confined flow conditions with
varying Reynolds numbers. The blockage ratio refers to the ratio of the projected area of the
cylinder to the cross-sectional area of the flow domain. These studies enhance the current
understanding of how blockage ratio, cylinder geometry, and flow characteristics interact
across diverse hydrodynamics environments.

More recently, Hurtado-Herrera et al. [22] conducted a numerical investigation us-
ing an LES model to examine the effects of blockage ratio (Br) and approach velocity on
local scour around a vertical cylinder under clear-water and live-bed conditions. They
compared two blockage ratios, Br = 0.0625 and 0.1, and found that both the scour rate and
depth increased in the narrower channel due to stronger flow contraction. In their study,
a channel was considered narrow when Br ≥ 0.1, a condition that led to significant flow
confinement and altered wake structures. Their results were validated against experimen-
tal data from [23,24], confirming the accuracy of the modeled horseshoe vortex-induced
scour mechanisms. The LES-derived flow patterns and near-bed shear stress distribu-
tions revealed modifications of vortex structures induced by blockage. These findings
contribute to the understanding of morphodynamic responses under confined conditions.
However, there remains a need to quantify hydrodynamic loadings (e.g., drag and lift
coefficients) and vorticity components (Ωx, Ωy, and Ωz) across a range of Br to gain a
deeper understanding of the interaction between flow characteristics and confinement
effects in narrow-channel conditions.

In summary, previous experimental and numerical studies have contributed to the
understanding of horseshoe vortex formation and hydrodynamic forces acting on cylindri-
cal structures in open channel flows. However, most of these efforts have focused on wide
channels and horizontally oriented cylinders, with limited attention being paid to confined
flows and the three-dimensional vorticity components (Ωx, Ωy, and Ωz) around vertically
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mounted cylinders. Additionally, while local scour and flow separation have been widely
studied, the systematic effects of Br on hydrodynamic loads and vortex development re-
main insufficiently explored. The present study addresses these gaps by employing an LES
model to investigate the influence of Br (ranging from 10% to 30%) on vorticity distribution
and hydrodynamic forces in narrow-channel flows. In this context, a narrow channel refers
to a flow domain in which lateral sidewalls significantly affect the local hydrodynamics,
typically corresponding to Br > 10%. The blockage ratio is defined as follows:

Br =
D
W

(1)

where D and W are the cylinder diameter and the channel width, respectively. The findings
of this study aim to support the design and safety assessment of hydraulic structures
operating under confined flow conditions, where flow constriction can substantially modify
velocity fields, vortex dynamics, and hydrodynamic loading.

2. Numerical Model
This study combined a three-dimensional LES model with the VOF method to simulate

the hydrodynamic loadings and vorticity distributions in confined channel flows with a
range of widths. The numerical solver was modified from the open-source code Truchas,
which was developed by Los Alamos National Laboratory [25]. The same numerical
simulation has been employed to predict the free surface flow over a rectangular deck [19],
dambreak flows over cylinder arrays [26], and the flow field around a cross-river rubber
dam [27].

The filtered continuity equation and Navier–Stokes equations can be used to model
fluid motion [28,29]:

∂ui
∂xi

= 0 (2)

∂ ρ ui
∂t

+
∂ρuiuj

∂xj
= − ∂P

∂xi
+ ρgδi3 +

∂

∂xj

[
µe f f

(
∂ui
∂xj

+
∂uj

∂xi

)]
(3)

where u, P, ρ, and g are the fluid velocity, pressure, density of fluid, and gravitational
acceleration, respectively, and the over-bar indicates that the quantity is the spatially
filtered value [30,31]. The subscripts i, j = 1, 2, and 3 represent the x, y, and z directions,
respectively; t is the time; δ is the Kronecker delta; and µeff is the effective viscosity, which
is represented by

µeff = µ + µSGS (4)

where µ is the dynamic viscosity of the water and µSGS is the viscosity of the sub-grid
scale turbulence. The sub-grid scale turbulence was modeled using the Smagorinsky
formula [32]:

µSGS = ρ(Cs∆s)
2[2SijSij

] 1/2 (5)

where Cs and Sij are the Smagorinsky coefficient and the filtered rate of strain, respec-
tively [33]:

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(6)

∆s is the characteristic length of the spatial filter. The characteristic length is calculated
as follows:

∆s = (∆x∆y∆z)1/3 (7)

In the numerical simulation, the value of the Smagorinsky coefficient was set to
Cs = 0.15 based on our previous research [20,27,34,35]. The projection approach [36] was
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employed to solve the Poisson pressure equation and to decouple the velocity and pressure
in the Navier–Stokes equations. The VOF method [37] was used to resolve the kinematics
of the water surface. The volume fraction fm of water in a grid cell is governed by the
following equation:

∂ fm

∂t
+

∂

∂xj

(
fm uj

)
= 0 (8)

When fm = 1, fm = 0, or 0 < fm < 1, the computational cell is full of water, the cell is fully
occupied by air, or the cell is partially occupied by water, respectively. The convergence
criterion for the momentum equation was set to 10−6, and the Courant number was
Cr = 0.85. The average time step was 1 × 10−3 s, and the output time step was ∆t = 0.1 s.
The simulation results before dimensionless time τ = tV1/D = 30 were discarded to exclude
the initial transient results of the simulation, where V1 and D are the upstream velocity
and the cylinder diameter, respectively. The time-averaged velocity and pressure were
computed from the simulation results when the dimensionless time τ = 30–64.

3. Model Validation
The accuracy of the present numerical model was validated by comparing its simula-

tion results with the laboratory experiments conducted by Dargahi [7]. A circular cylinder
with a diameter and a height of D = 0.15 m and 0.50 m, respectively, was installed along the
centerline of a water flume. The upstream and downstream water depth was h1 = 0.2 m.
Figure 2 presents the schematic of the computational domain and flow conditions. The
domain was 3.15 m, 1.5 m, and 0.36 m in length, width, and height and was discretized
using the finite volume method. The channel bed and sidewalls were set as no-slip bound-
ary conditions, and the downstream boundary was defined with a zero-velocity gradient,
following practices adopted in previous OpenFOAM-based simulations [38,39]. The do-
main was initialized with water, and a velocity field based on the inlet log-law profile was
applied as the initial condition to represent a fully developed flow throughout.

Figure 2. Schematic diagram of the flow condition, where the cylinder diameter D = 0.15 m.

A logarithmic profile was used to describe the distribution of streamwise velocity in
the vertical direction:

V(z)
u∗

=
1
κ

ln
(

z
z0

)
(9)

where the von Karman constant, shear velocity, and roughness length are κ = 0.41,
u* = 0.012 m/s, and z0 = 2.5 × 10−5, respectively [7]. Note that the grid size of ∆z = 2–3 mm
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near the bottom wall can be normalized as z+ = ∆zu*/ν = 24–36, which is slightly larger
than the thickness of the viscous sublayer. Since the viscous sublayer is not resolved and the
study focuses on large-scale flow dynamics, this wall treatment is considered appropriate,
in accordance with previous LES studies [40–42]. The reference velocity at z = 0.18 m, y = 0,
and 0.3 m from the inlet (from the cylinder face) was V1 = 0.26 m/s; this velocity value will
be used for validation grids. The upstream Froude number was Fr1 = V1/(gh1)0.5 = 0.186;
the Reynolds number, based on the cylinder diameter, was Re = V1D/ν = 39,000.

A three-dimensional view of the computational mesh is shown in Figure 3a. The entire
computational domain was divided into ten zones. The circular cylinder was located in
Zone VI, with a non-structured grid (as depicted in Figure 3b). Zone V used a uniform
grid, while the other zones utilized non-uniform grids with a stretching ratio of 1.05. The
grid arrangement in the z direction was divided into two layers: finer grid cells (∆z = 3 mm
for Grid 1, and ∆z = 2 mm for Grid 2) in the lower layer (z = 0–30 mm) and a non-uniform
grid in the upper layer (z = 30–200 mm). The vertical grid size was gradually increased
(with a stretching ratio of 1.05). In the horizontal direction, the smallest grid size around
the cylinder was 5 mm = D/30.

(a) Three-dimensional view of the computational mesh. (b) Mesh around the circular cylinder.

2D

2D

Figure 3. Computational domain and mesh arrangement. (a) Three-dimensional view where the
yellow dashed line represents the still water depth. (b) Top view of the mesh around the cylinder.

Figure 4 compares the simulated velocity profiles at the upstream boundary (x/D = 2,
y/D = 0) with the measured velocity distribution from Dargahi [7]. The curve was de-
termined using the logarithmic profile in Equation (9). The average relative difference
between the simulated and experimental results was 4.9% and 4.7% for Grid 1 and Grid 2,
respectively. For the validation case, the Br was 10%. The simulated and measured pressure
coefficients right in front of the cylinder (at x/D = 5.46, y/D = 0) are shown in Figure 5.

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.00

0.05

0.10

0.15

0.20

0.25

 CFD, Grid 1
 CFD, Grid 2
 Exp. Dargahi (1989)

z 
(m

)

 Velocity (m/s)

Figure 4. Velocity profile at the inlet boundary (at x/D = 2 and y/D = 0) for the experimental case [7].
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z/
h 1

 CP

Figure 5. Comparison of simulated and measured pressure coefficients on the frontal side of the
circular cylinder [7,14].

The pressure coefficient (Cp) is defined as follows:

Cp =
P − Ps
1
2ρV2

(10)

where P is the total pressure, Ps is the hydrostatic pressure, ρ is the water density, and V is
the streamwise velocity at height z = 0.18 m.

Figure 5 shows the distribution of Cp in front of the cylinder face (at x/D = 5.46,
y/D = 0), which is directly related to the non-uniform velocity profile upstream of the
cylinder. Cp is calculated using Equation (10). The average differences between the simu-
lated and measured Cp values from Dargahi [7] are 2.18% and 2.1% for Grid 1 and Grid 2,
respectively, while the discrepancy between the earlier study by Tseng [14] and Dargahi [7]
is 3%. The good agreement between the measured and simulated Cp on the frontal side of
the cylinder demonstrates the accuracy and reliability of the current LES model.

The time-averaged drag force and lateral force were calculated from the simulated
pressure on the surface of the cylinder:

FD =
m

∑
j=1

n

∑
i=1

P(θi,j) cos θi,j(R∆θ)∆z (11)

FL = −
m

∑
j=1

n

∑
i=1

P(θi,j) sin θi,j(R∆θ)∆z (12)

where θi,j is the angle; R is the radius of the cylinder; n is the number of grid points on
the cylinder surface; and m is the number of grid points in the z-direction. The current
computation uses n = 90 (90 grid points around circumference of the cylinder) and m = 9
(9 different heights in the vertical direction). The drag coefficient, CD, is defined as

CD =
FD

1
2ρV2 A

(13)

where FD is the drag force acting on the cylinder and A = hD is the projected area of the
circular cylinder. The lateral force coefficient, CL, can be written as

CL =
FL

1
2ρV2 A

(14)
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where FL is the lateral force acting on the cylinder.
Table 1 compares the drag coefficients and the Strouhal number computed by two

different computational grids. The time-averaged drag coefficients CD = 1.099 and 1.199 for
Grid 1 and Grid 2, respectively, are very close to CD = 1.10–1.20 of the two-dimensional
circular cylinder in the range 103 < Re < 105 [43–45]. The time-averaged lateral force
coefficients are CL = 0.06 and 0.04 for Grid 1 and Grid 2, respectively. They are close to the
value CL = 0 for a circular cylinder in uniform, symmetric flow. This comparison verifies
the accuracy of the present LES model.

Table 1. Simulation results of the validation case using different computational grids.

Grid Dargahi’s
Experiment Grid 1 Grid 2

Total grid no. - 949,326 1,562,615

Grid no. on the
cylinder surface - 90 120

Smallest grid size -
∆x = 6 mm ∆x = 5 mm
∆y = 6 mm ∆y = 5 mm
∆z = 3 mm ∆z = 2 mm

Strouhal no. 0.20 0.206 0.208

Relative error - 3.0% 4.0%

CD 1.15 1.099 1.199

Relative error - 4.43% 4.26%

CL 0 0.06 0.04

CPU time - 255 h 416 h
Note: Flow parameters: D = 0.15 m, h1 = 0.2 m, V1 = 0.26 m/s.

The Strouhal number (St) is computed as follows:

St =
fsD
V

(15)

where fs is the shedding frequency. The shedding frequency was computed from the
time series of lateral forces at a normalized height of z/h1 = 0.6, resulting in frequencies
of fs = 33.6 Hz and 34.0 Hz for Grids 1 and 2, respectively. These values are in good
agreement with previous results (St = 0.20–0.21) for two-dimensional circular cylinders at
Re = 103–104 [46–48].

Figure 6 presents the simulated pressure coefficients around the cylinder at z/h1 = 0.6
using two computational grids, along with experimental data for a two-dimensional circular
cylinder (Re = 4.4 × 104), as reported by Surry [49], which closely matches the Reynolds
number of the present study. The good agreement between both datasets suggests that the
flow fields at this height approximate two-dimensional behavior. According to potential
flow theory, the theoretical Cp at the stagnation point (θ = 0◦) is Cp = 1.0. The simulated
values at this point are Cp = 0.991 and Cp = 0.986 for Grids 1 and 2, corresponding to
deviations of 1% and 1.4%, respectively. Additionally, the experimental study [7] reported
Cp = 0.965 at θ = 0◦, z/h1 = 6, while the simulation by Tseng [14] yielded Cp = 0.97 (see
Figure 5). This discrepancy arises because the velocity near the cylinder base is reduced by
boundary layer effects, causing Cp to deviate from the theoretical value. Dargahi [7] also
noted that the pressure gradients may be a result of the non-uniform velocity distribution in
the approaching flow. Furthermore, the average total errors between the simulated results
and the measurement of Surry [49] were 1.97% and 2.01% for Grids 1 and 2, respectively.
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Figure 6. Validation of simulated pressure coefficients against experimental data on the cylinder
surface at z/h1 = 0.6 [49].

As shown in the numerical validation model, the results obtained using Grid 1 and
Grid 2 show good agreement with the experimental data. This demonstrates that the
present LES model can accurately simulate the flow field around the circular cylinder. It is
worth noting that although both grids yielded comparable accuracy, the CPU time required
for Grid 2 was longer than that of Grid 1 (see Table 1). Therefore, Grid 1 was selected for
the remaining simulations in order to reduce computational cost.

4. Results and Discussion
4.1. Hydrodynamic Loading Effect

This section investigates the blockage effect on the hydrodynamic loadings and the
vorticity distribution around a circular cylinder. The upstream and downstream water
depths are identical, with h1 = 0.2 m and the cylinder diameter D = 0.15 m. The upstream
velocity profile is set to the same logarithmic profile as in the validation case, with a shear
velocity of u* = 0.012 m/s and a reference velocity V1 = 0.26 m/s at height z = 0.18 m. The
channel widths are set as W = 1.5 m, 1.05 m, 0.75 m, 0.6 m, and 0.5 m, resulting in Br = 10%,
14.3%, 20%, 25%, and 30%, respectively.

Figure 7 illustrates the evolution of time-averaged velocity vectors around the circular
cylinder at z/h1 = 0.04 for various Br values. As the Br increases, the flow exhibits enhanced
separation and a more pronounced recirculation zone in the cylinder’s wake. Notably,
the velocity in the gap between the cylinder and the sidewall increases significantly, and
the velocity vectors become increasingly aligned with the channel walls. This behavior
suggests a higher risk of erosion near the side boundaries and greater turbulence intensity
downstream due to the confined flow. The observed changes in vector magnitude and
direction underscore the impact of blockage on flow dynamics in narrow channels.

The time-averaged Cp on the frontal face of the cylinder (at x/D = 5.46, y/D = 0) under
varying Br conditions is presented in Figure 8. As the channel width decreases, notable
changes are observed in the Cp distribution along the cylinder surface. The minimum
Cp consistently occurs at z/h1 = 0.1125, and its magnitude decreases with increasing Br.
The interaction between the incoming turbulent boundary layer and the cylinder surface
is enhanced under more confined flow conditions. This implies that the Br influences
the separation-induced vortex flow at the junction of the channel bed and the cylinder.
Compared to the baseline case (Br = 10%), the Cp value exhibits progressive deviations of
1.18%, 2.26%, 3.38%, and 5.61% at blockage ratios of 14.3%, 20%, 25%, and 30%, respectively.



Water 2025, 17, 2366 10 of 21

These variations provide quantitative benchmarks for assessing the impact of Br on surface
pressure characteristics in hydraulic structures.

The time-averaged Cp around the circumference of the cylinder at z/h1 = 0.6 for
different Br values is presented in Figure 9. As previously discussed in Figure 5, the frontal
Cp (≈1.0) at θ = 0◦ remains consistent for Br = 10% and 14.3% but becomes slightly greater
than 1.0 when Br ≥ 20%. Beyond this threshold, the overall distribution of Cp around the
cylinder undergoes a notable change. The values of Cp deviate from the potential flow
theory, due to flow separation, at other locations along the cylinder circumference. In
addition, the minimum Cp (θ = 68–80◦) and the base pressure Cpb (θ = 120–180◦) decrease
with increasing Br, resulting from the high velocity in the gap region (see Figure 7). The
location of minimum Cp is approximately at θ = 68◦ for Br = 10% and 14.3%, shifting toward
the leeward side of the cylinder (θ = 76–80◦) as Br increases. These results indicate that the
blockage effect considerably alters the flow characteristics around the circular cylinder in
an open channel.

(a) Br = 10% (channel width W = 1.5m) 
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y/
D

x/D

0.0

0.1

0.2

0.3
U

V (m/s)

2 4 6 8 10 12

-1.6

0.0

1.6

−1.6

Figure 7. Time-averaged velocity vectors (at z/h1 = 0.04) around the cylinder. (a) Br = 10%;
(b) Br = 14.3%; (c) Br = 20%; (d) Br = 25%; (e) Br = 30%.
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Figure 8. Time-averaged pressure coefficient on the frontal side of the circular cylinder (at x/D = 5.46
and y/D = 0).
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Figure 9. Time-averaged pressure coefficient on the cylinder surface at height z/h1 = 0.6.

The time-averaged drag coefficients are plotted against Br in Figure 10. It shows
that the CD remains constant at CD = 1.12 when Br ≤ 14.3%, indicating that Br has a
negligible effect on drag under low-blockage conditions. This behavior is consistent with
the results reported for circular cylinders in unconfined domains [14]. As Br increases, the
blockage effect accelerates the incoming flow and increases the dynamic pressure on the
front face of the cylinder, thereby amplifying the pressure difference between upstream and
downstream surfaces and resulting in a higher CD. This phenomenon was also observed by
Chu et al. [19] for a horizontal rectangular cylinder in free surface flows. The contraction
of the channel width not only contributed to the increase in CD but also exerted a notable
influence on CL.

Figure 11 reveals the time histories of the lateral force coefficient for Br values ranging
from 10% to 30%, computed using Equations (12) and (14). The results exhibit periodic
fluctuations induced by vortex shedding around the cylinder. Higher blockage ratios,
particularly Br = 25% and 30%, show significantly larger amplitudes and higher frequen-
cies compared to lower-blockage conditions. This figure indicates that flow confinement
intensifies the lateral forces acting on the cylinder, potentially leading to stronger dynamic
responses and structural vibrations. These findings underscore the sensitivity of vortex-
induced forces to geometric confinement in the flow domain. This is due to the enhanced
vortex shedding, which makes the alternating low- and high-pressure zones become more
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prominent and amplifies the lateral force oscillations. Consequently, an increase in the root
mean square of CL and St values can be anticipated, as shown in Figures 12 and 13.
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Figure 10. Relationship between the drag coefficient of circular cylinder and blockage ratios [7,14].
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Figure 11. Time histories of lateral forces on the cylinder across a range of Br.
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Figure 12. Effect of blockage ratio on the root mean square of the lateral force coefficient [21,50,51].
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Figure 13. Relationship between the Strouhal number and blockage ratios [7,14,50].

The amplitude of the fluctuation is expressed as the root mean square value of the
lateral force coefficient CL_rms:

CL_rms =

√√√√ 1
N

N

∑
i=1

(
CL(ti)− CL

)2 (16)

where N = 228 is the data number and CL is the time-averaged lateral force coefficient.
Figure 12 shows the variation in the root mean square of the lateral force coefficient

for different blockage ratios. The values are derived from the temporal data shown in
Figure 11 and calculated using Equation (16). A pronounced upward tendency in CL_rms

is observed as the Br increases, particularly within the range of 10% to 30%, indicating
a stronger unsteady lateral force response under higher-confinement conditions. This
trend confirms that greater flow confinement enhances vortex shedding intensity, which
strengthens the alternating pressure field around the cylinder. As a result, the amplitude
and persistence of unsteady lateral forces increase, leading to higher CL_rms values. The
diagram also compares the present results with previous experimental and computational
studies [21,50,51], and the close agreement confirms the reliability of the current approach in
capturing the effects of blockage on lateral force fluctuations. These results demonstrate that
stronger and more coherent vortices, which are generated under high-blockage conditions,
impose greater pressure asymmetry over time, thereby amplifying the overall lateral force
acting on the cylinder.

The dimensionless St is plotted against Br in Figure 13. At Br = 10%, St = 0.206, which
closely agrees with the experimental results [7,46]. In addition, the simulated value of
St = 0.228 at Br = 25% is consistent with the findings of Richter and Naudascher [50], based
on experiments involving a horizontal circular cylinder in a narrow rectangular duct. These
comparisons support the validity of the LES model in investigating the effects of Br on
hydrodynamic loading on circular obstacles in open channel flows. Moreover, Figure 13
shows that the St value increases when Br > 20%. This pattern results from the acceleration
of flow through the narrowed gap caused by the reduced channel width, which amplifies
the vortex shedding frequency and consequently elevates the St value.

As shown in the simulation results, variations in channel width under identical inlet
flow conditions led to changes in hydrodynamic loadings. These findings are consistent
with previous studies, underscoring the critical role of blockage in amplifying flow-induced
scour and structural loading in narrow channels. Modifications in the pressure coefficient
along the upstream surface and around the circumference of the cylinder at z/h1 = 0.6,
along with elevated drag coefficients, demonstrate the significant influence of Br on flow
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behavior. Furthermore, the time history of CL reveals a noticeable growth in oscillation
amplitude at Br = 20–30%, resulting in higher values of both the CL_rms and St values.
These enhancements reflect intensified unsteady lateral forces acting on the structure. The
diagrams illustrating these changes allow engineers to assess the impact of Br on structural
performance and adapt their design plans accordingly.

4.2. Vorticity Distribution Effect

As well as the hydrodynamic loadings, this analysis also examines the vorticity dis-
tribution around the cylinder near the channel bed. Figure 14 is a schematic diagram
of three-dimensional vorticity around the circular cylinder. The vorticity in Cartesian
coordinates is

→
Ω =

(
∂ w
∂ y

− ∂ v
∂ z

)→
i +

(
∂ u
∂ z

− ∂ w
∂ x

)→
j +

(
∂ v
∂ x

− ∂ u
∂ y

)→
k (17)

Figure 14. Schematic diagram of the horseshoe vortex around a circular cylinder in an open
channel flow.

Vorticity upstream of a cylinder in unconfined channels has been the primary focus
of previous studies. In contrast, the present study examines the influence of blockage on
vertical vorticity in front of the cylinder and the streamwise vorticity component within
the region between the sidewall and the cylinder, referred to hereafter as the gap region.
Figure 15 shows the distribution of vertical vorticity (Ωy) upstream of a wall-mounted
cylinder for Br = 10–30%. The contours are plotted on the symmetrical plane (y = 0), high-
lighting the formation of near-wall vortical structures. In all cases, a strong concentration of
Ωy appears near the cylinder base, indicating intensified spanwise shear layers caused by
the deflection of the incoming boundary layer. As the Br increases, both the peak vorticity
and its closeness to the cylinder surface grow, suggesting stronger flow confinement and
adverse pressure gradients. These changes imply that local scouring in front of circular
piers may increase under narrow-channel conditions with erodible beds.

The relationship between the blockage ratio and the peak Ωy on the symmetry plane
(y = 0) is shown in Figure 16. The results show a consistent increase in peak vertical vorticity
as Br increases from 10% to 30%, supporting the interpretation that geometric confine-
ment intensifies upstream vortex generation by increasing adverse pressure gradients and
boundary layer deflection near the cylinder base. The evolution in Ωy_max values indicates
the development of stronger near-bed shear layers and more complex three-dimensional
vortex interactions at higher blockage ratios. These findings are consistent with previous
studies [7,14,22,52] which reported that the obstacle in confined channel flows exhibits
stronger shear-induced vorticity and more pronounced vortex deformation due to higher
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pressure gradients and velocity contraction near the junction between the channel bed and
the cylinder surface.
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Figure 15. Distribution of the vorticity Ωy on the symmetric plane (y = 0) of the cylinder at z/D = 0–0.2.
(a) Br = 10%; (b) Br = 14.3%; (c) Br = 20%; (d) Br = 25%; (e) Br = 30%.
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Figure 16. Maximum vorticity Ωy in front of the cylinder on the symmetric plan (y = 0) of the cylinder.

Figure 17 illustrates the distribution of streamwise vorticity (Ωx) on the y-z plane
across the cylinder center at x/D = 6 under varying Br conditions. The vortex rotates coun-
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terclockwise when the vorticity Ωx > 0 (represented by red color), whereas the vorticity
Ωx < 0 (represented by blue color) indicates the vortex rotating clockwise. At Br = 10%
and 14.3%, the vorticity structures appear compact and symmetric, indicating stable vortex
formation. As Br increases from 20% to 30%, the intensity and spatial extent of Ωx increase,
resulting in laterally expanded and more prominent vortical structures that reflect stronger
rotational motion and elevated near-bed turbulence. These findings underscore the influ-
ence of blockage effects on near-bed vortex dynamics (Ωx), with important implications for
sediment transport, scour formation, and hydrodynamic forces on structures in confined
channel environments.
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Figure 17. Vorticity distribution (Ωx) on the y-z plane (x/D = 6.0) of the cylinder. (a) Br = 10%;
(b) Br = 14.3%; (c) Br = 20%; (d) Br = 25%; (e) Br = 30%.

Building on these observations, Figure 18 summarizes the correlation between the
maximum (red circles) and minimum (blue square) streamwise vorticity values (Ωx).
These values are measured at the cross-section through the cylinder center (y-z plane) at
x/D = 6. The vorticity magnitudes exhibit a slight increase with Br values, ranging from
Ωx_max = 13.1 to 14.6 s−1 and Ωx_min = −14 to −15 s−1. The vorticity distribution remains
symmetric on both sides of the cylinder, with the vortex cores (locations of peak vorticity)
consistently located around y/D = ±1.02 and z/D = 0.03 across all cases. Although the
channel side walls have a limited impact on the magnitude of Ωx in the gap region, the
emergence of secondary vortices opposing the main vortex becomes more evident as the
channel narrows. This effect is particularly pronounced when Br ≥ 20%, as shown in
Figure 17. These intensified vortices expand their influence area, leading to erosion not
only at the base of bridge piers but also along the channel banks, contributing to bank
instability and lateral scour.



Water 2025, 17, 2366 17 of 21

0 5 10 15 20 25 30 35
0

5

10

15

20

 x_min   

 x_max

 


x_

m
 (s

−
1 )

 Br (%)

Maximum x in the gap region

Figure 18. Maximum and minimum vorticity Ωx on the y-z plane (x/D = 6.0) versus blockage ratio.

In addition to the streamwise (Ωx) and vertical (Ωy) vorticity components shown in
the preceding figures, Figure 19 presents the time-averaged distribution of the spanwise
vorticity (Ωz) at a height of z/D = 0.05 for various Br. The Ωz component is concentrated
in the gap region between the cylinder and the channel wall, originating from the cylinder
surface and extending downstream into the wake. The magnitude of Ωz increases with Br,
indicating intensified vortex shedding under more confined flow conditions. At Br = 25%
and 30%, two secondary vortices emerge and align downstream along the channel wall,
forming a nearly straight structure. In addition, due to the no-slip boundary condition at
the lateral wall, the velocity at the channel wall is zero, while the adjacent flow in the gap
region remains non-zero. This velocity gradient generates an additional shear-induced
vortex near the channel wall, which enhances local spanwise rotation and contributes to
the three-dimensional complexity of the wake. This near-wall vortex may further intensify
lateral momentum transport and promote local scour along the channel boundary.

Figure 20 shows the variation in the maximum and minimum spanwise vorticity (Ωz)
at z/D = 0.05 across a range of Br. As Br increases from 10% to 30%, both Ωz_max and
Ωz_min exhibit a consistent rise from approximately ±15.0 s−1 to ±18.2 s−1. The locations
of these peak values remain nearly constant at x/D = 6.1 and y/D = ±0.54, indicating a
persistent vortex formation zone near the cylinder. This trend reflects the intensification
of shear layers within the narrowing gap caused by increased blockage, which enhances
vorticity generation. The symmetrical growth of positive and negative vorticity suggests
the development of stronger and more coherent rotational structures on both sides of the
wake, thereby contributing to more complex flow dynamics at higher Br values.

As shown in the results above, although the effects of Br on vorticity values appear
minor, their cumulative impact could influence long-term structural performance. There-
fore, understanding the subtle variations in vorticity induced by blockage is essential for
improving the reliability and durability of structures subjected to confined flow conditions.
Overall, this insight highlights the importance of incorporating Br considerations into the
design process to optimize performance and prevent potential structural failures over time,
particularly in cases where Br ≥ 20%.
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Figure 19. Distribution of the vorticity Ωz on the x-y plane of the cylinder at height z/D = 0.05.
(a) Br = 10%; (b) Br = 14.3%; (c) Br = 20%; (d) Br = 25%; (e) Br = 30%.
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5. Conclusions
This study employed the LES model and VOF method to investigate the hydrodynamic

forces and the vorticity distribution around a circular cylinder in a confined channel.
The numerical model was validated against experimental data from [7], as detailed in
Section 3. The numerical model was then utilized to investigate the impact of blockage
on the vortex structure near the channel and hydrodynamic loading through a series of
numerical simulations. The simulated results are as follows:

- The blockage ratio has a significant influence on the pressure and force characteristics
around the cylinder. The changes in the upstream and circumferential pressure distri-
butions, along with elevated drag coefficients, reflect the effect of flow confinement.
At Br = 20–30%, amplified oscillations in the lateral force coefficient lead to higher
CL_rms and St values, highlighting the impact of blockage on hydrodynamic loading
in confined channels.

- The vorticity analysis indicates that increasing Br intensifies near-wall vortex struc-
tures, particularly through elevated vertical (Ωy), streamwise (Ωx), and spanwise (Ωz)
vorticity components. As Br increases, the vorticity field becomes more dominant
and spatially extensive, with Ωx and Ωz forming elongated structures and enhanc-
ing near-bed turbulence on the leeward side of the cylinder. These changes suggest
that higher blockage ratios (Br = 20–30%) promote strengthening vortex activity near
the bed, increasing the potential for local scour in narrow-channel conditions with
erodible beds.

In conclusion, the present study confirms that Br ≥ 20% significantly affects flow
characteristics around a circular cylinder in narrow channels, including the upstream and
circumferential pressure coefficients, drag coefficient, lateral force coefficient, and Strouhal
number. The enhanced near-wall vortex structures and shear layers at higher Br contribute
to increased vorticity magnitudes, with important implications for structural performance
and erosion. These findings emphasize key design considerations for engineers, particularly
regarding hydrodynamic forces acting on obstacles in confined environments. However,
this study was conducted at a fixed Reynolds number, which limits its ability to capture
Reynolds number-dependent flow phenomena such as transition to turbulence, scale sep-
aration in vortical structures, and increased flow unsteadiness. As such, future studies
are recommended to investigate the effects of varying Reynolds numbers on hydrody-
namic forces and vorticity distributions around a circular cylinder in confined channels,
particularly at Br = 30%.
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