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Abstract

This study focused on the behavior of turbulent flow around two cylindrical piers in tandem arrangement from a
numerical modeling perspective. The numerical modeling was done with a CFD modeling tool called Ansys CFX.
A physical experiment was referred to for the base setup of the model, such as domain dimensions, boundary
conditions, and data collection points. The basic setup of the model comprised a 21.3 m long, 0.76 m wide, and
0.74 m deep recirculating tilting rectangular flume and two cylindrical piers installed inside. Numerical
experiments were conducted with Shear Stress Transport (SST) model for 3D, 6D, and 9D center-to-center
spacings of the cylinders, where D denotes cylinder diameter. After the modeling was done, the output dataset was
built on the values of longitudinal velocity and turbulent kinetic energy (TKE) along the vertical axis that were
collected along the plane of symmetry of the flume. Dataset investigation revealed that the presence of downstream
cylinder and its relative position from the upstream cylinder influenced the development of flow between them
(i.e. midstream). The expansion of wakes and their corresponding velocities were also affected by the variations
in center-to-center spacings. When compared with physical experimental data, velocity profiles showed better
convergence than turbulence in terms of magnitude and pattern. The outcomes of this study may contribute to a
better understanding of turbulent flow around tandem piers, especially from a numerical modeling perspective. It
may also help qualify the applicability of CFD modeling tools for investigating such phenomena in broader aspects.
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1 Introduction

The longevity and structural stability of the bridge foundation are seriously threatened by scour around the piers.
Around piers, intricate flow patterns caused by local turbulence and acceleration start and spread scour, especially
by creating distinctive vortex systems that intensify localized sediment transport and erosion (Melville & Chiew,
1999). Complex hydrodynamic processes like vortex formation, flow separation, and shear layer development
cause localized erosion of the riverbed, or scour, as river flows interact with bridge foundations. Tandem pier
arrangements, in which two or more piers are aligned in the direction of flow, add complexity because of inter-
pier flow interference and modified turbulence structures (Pasupuleti et al., 2021). Though scour around single
piers has been the subject of much research, tandem arrangements are now posing a significant gesture for further
research. When constructing various engineering projects, group piers arranged in tandem (along with the flow)
are becoming increasingly more common (e.g., bridge piers, offshore and onshore structures, fish habitat
structures, etc.) for economic and geotechnical grounds. In recent years, numerous studies have been conducted
on the local scour around bridge piers with both circular and non-circular geometries (Graf and Istiarto, 2002;
Obeid and Al-Shukur, 2016). When piers are arranged in tandem, especially when there is little space between
them, the scour zones behind the piers are frequently deeper and more concentrated (Ataie-Ashtiani and Aslani-
Kordkandi, 2012; Nowrin, 2020). Therefore, it is essential to comprehend the scour dynamics and flow
mechanisms in tandem pier arrangements in order to build safe bridge foundations and create efficient scour
countermeasures (Zobeyer et al., 2021). Knowledge of the turbulence characteristics associated with fluid flow
interactions with a circular pier placed on a hard bed surface is immensely important for the channel's evolution
process and the scour geometry surrounding pier shapes. Furthermore, the majority of earlier research on two in-
line columns has been conducted by researchers such as (Okajima et al., 2007; D. Sumner, 2010; Elhimer et al.,
2016; lgarashi, 1982) for the aim of aeronautical engineering in wind tunnels; yet research on bed scouring around
two bridge piers arranged in tandem in a river and its connection to flow structure is still lacking. The interaction
between the upstream and downstream piers in tandem arrangements has a major impact on the scour process,
particularly through the creation and development of coherent vortex structures. These include streamwise vortices,
wake vortices, and horseshoe vortices, all of which increase sediment entrainment and bed shear stress. The
purpose of this study is to examine the hydrodynamic behavior surrounding tandem bridge piers, with an emphasis
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on the distribution of turbulent kinetic energy, vortex formation, and their combined effects on local scour. The
work aims to provide a better understanding of the intricate flow—structure—sediment relationships that control
scour in tandem pier systems by integrating experimental observations and computational fluid dynamics (CFD)
simulations. Improved design guidelines, risk assessment methods, and sustainable bridge foundation techniques
in alluvial river environments will all benefit from the findings.

2 Methodology
2.1 Model setup

The numerical model setup in Ansys CFX was configured based on a laboratory experiment conducted by Zobeyer
et al., 2021. The experiment consisted of a laboratory flume and two concrete cylinders. The first and the second
piers were defined as ‘upstream (U/S) pier’ and ‘downstream (D/S) pier’ respectively. The physical setup was
replicated as simulation domain in the numerical model with some adjustments to accommodate the limited
computational resources without compromising flow development conditions. Hence, the length of the flume was
rescaled from 21.3 m to 11.0 m in the domain. Since no free-surface model was used in the experiment, the domain
depth was taken equal to the flow depth (0.265 m) instead of 0.74 m of the laboratory flume that introduced a top
boundary in the simulation domain. The width of the flume (0.76 m) was unchanged. Accordingly, pier height was
taken as 0.265 m instead of 0.30 m to define as an obstacle within the simulation boundary while its diameter was
unchanged (0.15 m). In the model, the distance of the first pier from the inlet was taken as 6.0 m, compared to 11.0
m in the experiment. The flow was observed to be sufficiently developed within this range. In accordance with the
laboratory experiment, the numerical study was conducted for three distinctive gap ratios of L/D = 3D, L/D = 6D,
and L/D = 9D center-to-center distance between piers, denoted as scenarios Si, S, and S, respectively, where L =
center-to-center spacing between piers and D = diameter of the piers. The region between two piers was defined
as ‘midstream region’ and that beyond the downstream pier till the end of the flume as ‘downstream region’. Each
region comprised a defined number of data collection stations placed along the centerline of the flume, with 11
points vertically arranged from the flume bed to water surface level in each station (Figure 1).
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Figure 1. Plan view of data extraction stations
Essential experimental parameters were applied as shown in Table 1.

Table 1. Measurement of experiment parameters

Discharge Width of ~ Water depth,  Cross-sectional mean  Kinematic viscosity Froud Reynolds
(md/s) Flume (m) H (m) velocity, Uo (M/s) of water, U (m?/s) Number, F number, R
0.069 0.76 0.265 0.34 1x10° 0.21 52900

2.2 Modeling Process and Experiment

After defining the model setup, modeling workflow in Ansys CFX was initiated from its project scheme in Ansys
Workbench. Simulation domain geometry was designed according to defined model specifications. A quadratic
unstructured tetrahedral mesh with 0.015 m to 0.005 m cell size was applied to it in the meshing step. During setup
in Pre-CFX, Shear Stress Transport (SST K-w) was selected as the turbulence model. The simulation was
performed using URANS approach with a fixed time-step of 1 s and a total simulation duration of 120 s. For
boundary conditions, an inlet velocity of 0.34 m/s as derived from the inflow discharge was provided, and ‘Outlet’
boundary type was selected for the end face. Right, left and bottom faces were defined as “No Slip Wall’. ‘Free
Slip Wall” option was selected for the top face of the geometry to simulate mobile water surface. Convergence
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criteria were set to 1x10 for all governing equations and the number of iterations per time-step was set to 30 to
ensure solution stability. The CFL value was quite high (>20) for the selected configurations. However, adopting
an implicit paradigm to solve the model ensured stable convergence at each time-step. Post-processing was done
in Ansys CFD-Post, where velocity and turbulent kinetic energy (TKE) data were extracted using probe function.
While vortex shedding frequency and time-series probe data were not recorded during simulation, the final second
of the simulation was used for comparison with experimental data that showed reasonable agreement in velocity
distribution and wake structure.

Table 2 shows the total number of experimental runs of the finalized models.

Table 2. Experimental scenarios

Run no. Test Center-to-center
Scenario spacing between piers
1 S1 3D (0.45 m)
2 S, 6D (0.90 m)
3 S3 9D (1.35m)

3 Results and Discussion

To understand the impact of change in center-to-center pier spacing, velocity and turbulence patterns were
investigated in the midstream and downstream regions. Both the velocity and turbulence parameters were
normalized with mean velocity to render them dimensionless. In case of velocity, the longitudinal component of
the actual velocity was considered. Turbulence parameters were measured in terms of turbulent kinetic energy
(TKE) directly provided by simulation software. Vertical heights were normalized with flow height.

3.1 Velocity Patterns

Figure 2 depicts the spatial evolution of longitudinal velocity in the vertical direction for selected stations from Sq,
S,, and Ss. Unaffected velocity data was extracted from an x/D distance of 4.5D from the center of first pier, where
the flow was ensured fully developed and free from pier interference. It is apparent from the visualizations that all
the velocities in midstream and downstream regions show a decremental deviation from the unaffected flow. This
is due to facing pier obstructions along the flow path, which creates vortices and eddies, resulting in wake zones
between (midstream) and after the piers (downstream).
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Figure 2. Vertical profiles of dimensionless longitudinal velocity in selected stations (a) in midstream, (b) in

downstream

Figure 2 (a), in the midstream, for all three scenarios, velocities at x/D = 0.7 are mostly negative except for a few
in the mid height. It confirms the emergence of a recirculation zone immediately to the first pier. As the flow
progresses, magnitudes of the particles show an increase from x/D = 1.83 t0 4.83 in Sy and x/D = 1.83 t0 7.17 in
Ss, which illustrates a trend in approaching the fully developed flow magnitude.

Figure 2 (b), in the downstream, velocity magnitudes at x/D = 0.7 show the identical recirculation patterns as those
from the midstream for all three scenarios, which are followed by similar increasing patterns in the streamwise
direction. Unlike midstream, however, velocity magnitudes at x/D = 2.17 and x/D = 5.83 appear to decrease against
the increase in pier spacing from S; to Ss. It shows that an increase in the pier spacing may contribute to a reduction
in downstream velocity magnitudes. Figure 3 illustrates the contours of longitudinal velocity in the streamwise
direction. In the midstream, maximum velocity is seen increasing with an increase in center-to-center pier distance.
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In S;, the maximum dimensionless velocity is approximately 0.2, which is followed by 0.6 in S; and 0.8 in S3,
respectively. It suggests that wake zone in midstream is progressively extended due to increased distance of
downstream pier, which provides more room for recovery flow development. In all three scenarios, negative
velocities appear predominantly near water surface and flume bed. In S;, negative velocity is seen up to
approximately x/D = 1.9. In S; and Ss, negative velocities extend up to x/D = 2.0 relative distance from the
upstream cylinder, suggesting a minor increase in near wake zone with the increase in center-to-center pier spacing.
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Figure 3. Contour plots of dimensionless velocity along the centerline of flume

Analyzing the downstream scenarios from Figure 3 reveals that maximum velocity shows a subtle reversion with
the increase in pier spacing. The maximum magnitude is approximately 0.9 in S; and 0.8 in S; and Ss, respectively,
for the selected region. Negative velocities are seen extending up to x/D =1.5in S;, x/D =2in S, and x/D = 2.25
relative distances from the downstream cylinder, putting the extension of downstream wake zones in contrast with
those from the midstream region. It implies that the potential recovery of regular flow development in the far wake
of midstream zone may exert influence on the turbulence behavior of downstream wake flow, contributing to its

extension in the region.
3.2 Turbulence Patterns

In Figure 4, vertical profiles of dimensionless turbulent kinetic energy (TKE) are shown for selected stations along
the streamwise distance. At x/D = 0.7 of the midstream case, TKE values initialize at proximate magnitudes near
the bed (KE/Uo? = 0.007 approximately), which is followed by an increase up until the water surface, where S;
has the highest TKE. At the end of the midstream region, despite having approximately similar increasing patterns,
TKE from S; at x/D = 1.83 still prevails over that from S; (x/D = 4.83) and S, (X/D = 7.83), respectively, in terms
of magnitude, suggesting that increasing distance of downstream pier influences midstream turbulence behavior
by reducing its effects. In downstream, in all three selected stations against each scenario, the patterns are similar,
and the numerical differences are insignificant.
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Figure 4. Vertical profiles of turbulent kinetic energy in selected stations (a) in midstream, (b) in downstream

In Figure 5, maximum dimensionless TKE values from all three scenarios show similar patterns of increase from
just immediate of the upstream pier to some distance and a following decrease up until the end. In midstream
(Figure 5(a)), a rapid increase in TKE values of about 60% to 80% from x/D = 0.7 to 1.83 is seen, which precedes
the gradual decreasing trend afterwards. Having the most space for recovery flow development, Ss shows the
lowest TKE values as it approaches the downstream pier. Maximum dimensionless TKE values after the
downstream pier (Figure 5(b)) show a relatively gradual increase of about 100% to 125% from x/D = 0.7 to 2.5
throughout all the scenarios, as a uniform decrease follows. However, numerically, TKE values from S; fall behind
those from S; and S; from x/D = 1.3 and onwards. This suggests that increasing center-to-center pier spacing can

potentially contribute to reduction in turbulent energy.
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Figure 5. Maximum TKE values along the centerline of the flume

3.3 Comparison with Laboratory Experiment
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(b) TKE: Comparison of experimental and numerical profiles (midstream) and regression analysis
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Figure 6 illustrates the comparison of experimental data with numerical data at selected locations for S;, S; and Ss.
Here, O denotes observed experimental data, and M stands for model-derived data. It can be interpreted from the
comparisons of vertical velocity profiles of midstream velocity that model-derived data has remarkable
convergence with experimental data, except for a few locations. Also, regression value for velocity is 0.7634,
which suggests that the model performance is decent in terms of velocity data. Turbulence data from the model, in
contrast, shows poorer convergence to experimental data in terms of vertical profiles. Also, a low regression value
of 0.3505 means that the developed model is yet to be perfected for precise modeling of turbulent energy.

4 Conclusion

The study centered around three-dimensional modeling of turbulent flow around tandem piers arranged in different
center-to-center spacing. Ansys CFX is a CFD modeling tool that was assumed to be suitable for this purpose;
hence, the model results were compared against the reference physical experiment by Zobeyer et al. The study
came up with a few important conclusions regarding turbulence behavior around tandem piers and the efficiency
of the selected model for investigating such phenomena.

e With the increase in center-to-center pier spacing, the extension of wake zone increases between the piers
(midstream).

o For smaller pier spacing (3D), negative velocity wake zone was larger in midstream than in downstream.
In contrast, for the highest pier spacing (9D), downstream wake zone was larger than midstream wake
zone.

e Changes in center-to-center pier spacing influence the turbulent velocity in downstream wake zone.

o Different pier spacing also influences flow development in the wake zone of both midstream and
downstream.

e For both midstream and downstream, increasing pier spacing has been shown to contribute to faster
dissipation of turbulent energy.

e When contrasted with laboratory experiments, velocity magnitudes from Ansys CFX demonstrate
superior convergence than turbulent kinetic energy.

For the configuration adopted in this experiment, Ansys CFX evidently offers a suitable CFD model scheme to
numerically study turbulent flow around tandem piers. This model can be improved with rigorous trial-and-error
setups with diverse sets of configurations, from increasing mesh precision to different turbulence models and
conducting runs in a sufficiently high-power computational environment.
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