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Abstract: This study investigated the distribution and dynamics of the Turbulent Kinetic
Energy (TKE) around a group of three tandem piers using a combination of numerical simu-
lations and experimental measurements. The Volume of Fluid (VOF) method, coupled with
the k-# turbulence model, was implemented in ANSYS FLUENT to replicate the free-surface

ow conditions. An experimental validation was conducted using Acoustic Doppler Ve-
locimetry (ADV) to assess the model’s capability at capturing the turbulence characteristics.
While the model effectively reproduced the near-bed turbulence, it consistently under-
estimated the TKE magnitudes across the ow domain, particularly in regions of strong
vortex-induced turbulence. Discrepancies emerged in the con ned regions between the
piers, where the velocity pro les were overestimated at the surface and underestimated
near the bed and mid-depth, impacting the TKE predictions. Despite these inconsisten-
cies, the general pattern of the TKE distribution aligned with the experimental trends,
though the absolute values remained underestimated due to the inherent limitations of
the k-# model. The model’s performance in less turbulent regions demonstrated improved
accuracy, reinforcing its applicability for moderate turbulence simulations. To further
examine the interaction between vortex structures and the TKE, velocity distributions were
analyzed at three speci ¢ depths (z/h = 0.15, 0.4, and 0.62). The ndings showed the
critical role of vortex shedding in TKE generation and dissipation, with notable variations
in the turbulence intensity in uenced by structural con nement effects. This study offers
a novel, high-resolution evaluation of the k-# model’s ability to predict TKE distributions
around tandem piers, using spatially detailed comparisons with the experimental data.
Unlike previous studies that broadly acknowledged the model’s limitations, this work
systematically identi es the speci c regions, particularly vortex-dominated zones, where
its predictive accuracy signi cantly degrades.

Keywords: ow characteristics; tandem piers; k-" turbulence model; ANSYS FLUENT;
ADV measurements; turbulent kinetic energy (TKE); hydrodynamics

1. Introduction

Bridges are among the most in uential structures affecting the hydraulics and mor-
phology of rivers, and bridge engineers must have a thorough understanding of scour
development, as it is a major cause of bridge failures, often resulting from the ow pro-
cesses around bridge piers and abutments [1 3]. Moreover, bridge construction can lead to
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backwater issues, especially during oods; therefore, accurately estimating the rise in the
water surface level due to bridge constrictions and determining the maximum backwater
height are essential considerations in bridge design [4,5]. Consequently, any damage to
these structures raises signi cant concerns for civil engineers and bridge designers [6].

Numerical models are essential tools for estimating the hydrodynamic characteristics
of ow and analyzing the related issues. They enable researchers and engineers to quickly
evaluate various scenarios and develop effective solutions for water ow management,

ood control, and predicting the behaviour of hydraulic systems [7]. Conversely, recent
developments in three-dimensional numerical simulations that can resolve eddies for
analyzing the ow around bridge piers and abutments [8 14] have shown the ability
to offer a comprehensive understanding of not only the mean ow characteristics and
turbulence statistics, but also the unsteady dynamics of coherent structures that are vital in
bed erosion processes.

Investigations into the turbulence around obstacles originated from laboratory ex-
periments [15 17]. While there is a wealth of research concerning ow behaviour and
sediment erosion in steady currents, the number of studies that have delved into the
three-dimensional numerical modelling of these processes remains relatively small [18 21].
Moreover, most of these studies have concentrated on ow behaviours over at, rigid
surfaces [22,23]. These studies have also included an assessment of the mean ow eld and
turbulence statistics surrounding piers, along with visualization experiments on coherent
structures, like horseshoe vortex systems and billow wake vortices. These investigations
have deepened our comprehension of how these structures affect uid behaviour, which is
essential for the effective design and analysis of hydraulic systems [24 29]. However, these
methods are limited in their ability to capture three-dimensional instantaneous ow elds
and the associated bed shear stress distributions.

For over 15 years, the research has concentrated on simulating turbulent flows in nat-
ural rivers. A key early model by Sinha and Sotiropoulos [30] utilized a three-dimensional
multi-block approach to simulate a 2.5-mile stretch of the Columbia River, achieving strong
agreement with laboratory-scale results through steady RANS simulations using the k-# model.

When an obstacle is placed in the ow path, the surrounding ow transforms from
a uniform one-dimensional state into a complex three-dimensional structure due to the

ow separation, which signi cantly affects the boundary layer. The authors of [22,31],
utilizing experimental and computational investigations alongside the FSI-CURVIB method,
examined the clear-water scour around various bridge pier shapes, including cylindrical,
square, and diamond con gurations. The study revealed that a hydrodynamic model
grounded in Reynolds-averaged Navier Stokes (URANS) equations, coupled with the k-#
turbulence model, can accurately predict the scour for diamond piers. However, it tends
to underestimate the scour for blunt-edged piers due to challenges associated with the
vortex resolution.

Flow modelling using FLUENT Computational Fluid Dynamics (CFD) and various
turbulence models has been conducted by Ali and Karim [1]. In their study, FLUENT
CFD was employed to simulate the ow around a circular cylinder, analyzing the rigid
beds and the dimensions of the scour holes. Their study formulated an expression for the
time-dependent scour depth, which is in uenced by three dimensionless parameters: the
pile number, sediment size number, and duration time number. This expression was subse-
quently validated against both laboratory and eld data. Xiong and Cai [32] conducted CFD
simulations and analyses of bridge scour development using a dynamic mesh updating
technique. This study employed the k-# turbulence model in CFD simulations to assess the
transient shear stress, vital for analyzing the sediment motion during scour around bridge
piers. The results showed that the k-# turbulence model can effectively predict the ow



Water 2025, 17, 1100

30f18

elds and scour pro les, validated by comparisons with the experimental data, and demon-
strates reliability in analyzing the scour behaviour across different pier types. The study
conducted by Guemou and Seddini [33] examined the behaviour of sediment particles and
the simulation of the turbulent ow around bridge piers. This study explored the impact
of an aerodynamic design on the bed shear stress around bridge piers, focusing on the
local scour risks. Utilizing the Finite Volume Method (FVM) and detached eddy simulation
(DES), the results indicated that a rounded-nosed pier should not exceed 2.5 times its width
to effectively minimize the bed shear stress. Also, the simulation of the rotational ow
and ow reattachment length over a backward-facing step using Fluent software (volume
15317) was investigated by Soori and Hajikandi [34]. In this study, various turbulence
models, including RN G k-#, Realizable k-#, and k-w, were employed. The results indicated
that the RN G k-# turbulence model exhibited better agreement with the experimental data.
Moreover, Svsndl and Suresh [35] investigated the local scour around bridge piers, a major
cause of bridge failures, using CFD simulations with Fluent and the k-# model. The scour
depth was estimated through empirical formulas and validated experimentally, with the
simulation results aligning with the experimental data, demonstrating the effectiveness
of CFD for understanding the ow behaviour around bridge piers. Additionally, three-
dimensional ow modelling around cylindrical piers in river meanders was conducted
using ANSYS FLUENT, speci cally focusing on a 180 curve, with piers featuring a 21
slope and a diameter of 5 cm, as studied by Lahsaei and Vaghe [36]. The results demon-
strated that the model can effectively simulate the ow patterns in uenced by the relative
radius of the curvature and the arrangement of the piers. It was found that increasing
the curvature leads to a reduction in the tangential velocity. Additionally, the maximum
secondary ow strength varied at different locations based on the orientation of the piers
relative to the ow direction. Ahmed and Ismael [37] used the CFD Fluent (k-#) turbulence
model to simulate the water ow and Turbulent Kinetic Energy (TKE) around two pier
designs, an upstream-facing aero-foiled shaped pier (US-FASP) and a downstream-facing
aero-foiled shaped pier (DS-FASP), alongside a circular pier. The results showed that the
DS-FASP design was the most effective, promoting a smooth ow and resulting in the
lowest TKE. The k-# model effectively captured the wake vortex shape, demonstrating a
strong agreement with the experimental data, and highlighting the DS-FASP’s superior
performance for ow dynamics and turbulence characteristics.

Acoustic Doppler Velocimetry (ADV) and CFD models are powerful tools used in
the study of uid ow and turbulence. ADV is an experimental technique that employs
the Doppler effect to measure the velocity of particles suspended in a uid, providing
high-resolution, three-dimensional velocity data in real-time. This method is particularly
valuable for capturing the complex ow structures and dynamics in various environments,
such as around bridge piers or in river systems [38 41]. On the other hand, CFD models
utilize numerical algorithms and computational power to simulate the uid ow based
on the governing equations of uid mechanics [42 47]. They have been used to conduct
experimental and numerical investigations of three-dimensional (3D) ow patterns around
intact and damaged bridge piers using Acoustic Doppler Velocimetry (ADV), Particle
Image Velocimetry (P1V), and CFD simulations. ADV has been employed for ow velocity
measurements, which have been validated using PIV. Numerical modelling with SSIIM
(Sediment Simulation in Intakes with Multiblock Option) software has demonstrated a
strong correlation with the experimental data. The results have indicated that the presence
of bridge piers shift the location of the maximum bed shear stress toward the mid-channel,
increasing it by 72%, while also causing signi cant water level variations both upstream
and downstream.
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These models can replicate intricate ow patterns, predict turbulence behaviour, and
assess the interaction between uids and structures under varying conditions. When
used in conjunction, ADV and CFD can enhance our understanding of uid dynamics
by validating the simulation results with the empirical data, thereby improving scour
predictions and informing engineering designs of hydraulic structures [14,41,47 50].

Accurately predicting the TKE in complex ow environments remains a challenge in
hydraulic engineering, particularly around bridge piers, where the turbulence-driven scour
and structural stability are critical concerns. This study examines the TKE distributions
around three tandem square piers using a Volume of Fluid (VOF)-based k-# turbulence
model, with the numerical results validated against high-resolution experimental data
obtained via ADV. While the k-# model effectively captures the global velocity eld and
overall turbulence structure, its limitations become evident in regions dominated by intense
vortex shedding and wake interactions. Speci cally, the model underpredicts the TKE
magnitudes in high-shear regions near the piers, where complex turbulence production and
dissipation mechanisms drive energy exchange. These discrepancies re ect the model’s
inability to resolve energy-containing eddies and anisotropic turbulence effects, which are
critical for accurately predicting the ow-induced forces and sediment transport.

The ndings of this study show a key limitation of the k-# turbulence model for
accurately capturing the TKE dynamics, particularly in regions of strong turbulence pro-
duction and dissipation. While the model remains a widely used engineering tool due to
its computational ef ciency for large-scale simulations, its inability to precisely resolve
the TKE distribution emphasises the need for higher- delity turbulence models, such as
a Large-Eddy Simulation (LES) or Direct Numerical Simulation (DNS), for applications
requiring detailed turbulence energy estimates. However, the computational cost of these
advanced models often limits their feasibility for use in full-scale parametric studies. Previ-
ous studies have indicated the low accuracy of standard turbulence models for predicting
the TKE [51,52], yet this gap has not been suf ciently addressed in the existing research.

This study presents a novel evaluation framework that quanti es the speci ¢ regions
and ow conditions where the k-# model fails to capture the TKE accurately, particularly
under highly turbulent conditions generated by hydraulic structures. This approach goes
beyond general performance comparisons by offering a detailed spatial and functional
analysis of the model’s predictive limitations. Such an analysis has not been explicitly
conducted in earlier studies. This study builds on previous knowledge to further assess
the predictive limitations of the k-# model and its implications for engineering applications.
Despite its limitations, the k-# model was selected for this study because it enables ef cient
simulations across multiple operating conditions while still providing reasonable accuracy
for predicting bulk ow characteristics, including the mean velocity pro les and recircu-
lation zones. This balance between computational feasibility and predictive capability is
crucial in engineering applications, such as scour control, hydraulic structure optimization,
and sediment transport modelling, where large-scale simulations are required. The novelty
of this work lies in its focused investigation of the TKE under structure-induced turbulence
and its contribution to re ning turbulence modelling strategies for practical, large-scale
hydraulic simulations. This study, therefore, shows the trade-off between computational
ef ciency and turbulence resolution in standard turbulence modelling approaches, con-
tributing to the development of improved methodologies for capturing turbulence-driven

ow interactions in hydraulic structures.
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2. Numerical Model
2.1. Hydrodynamic Model

Setting up a numerical model in ANSYS Fluent involves careful attention to mesh
quality, boundary conditions, physical models, solver settings, and post-processing tech-
niques to effectively address complex uid dynamics problems. This section details the
simulation and CFD processes in Fluent, highlighting the numerical schemes used and the
computational grid properties for each case. Given that ANSYS Fluent employs the FVM,
it divides the solution domain into discrete control volumes to solve mass and momentum
conservation equations. Over the last few decades, there has been an increasing focus on
numerical models for the study of turbulent ows.

The three-dimensional Navier Stokes equations, along with the continuity and mo-
mentum equations, can be expressed as follows [53,54]:

Continuity equation;

fir 1 1
—+ —(ru)+ —(rv) =0 1
TRE RGBT G) M
Momentum equations;
Fruy+r (ruv)y= B+ Iy ﬂ;yx +riy
1 - 1P ftxy %yy (2)
v +r (rwW)= @+ +rfy

where r is the uid density; t is time; u and v are the velocity components in the x and y
directions, respectively; V is the velocity vector; and P is pressure. The terms tyy and tyy
represent the normal stresses caused by viscosity in the x and y directions, respectively;
while txx, txy, tyy, and tyx denote the shear stresses, which describe how motion in one
direction in uences stress in another direction. Additionally, fx and fy are the body force
components per unit volume in the x and y directions, respectively. The momentum
eguations govern momentum conservation in the x and y directions. The terms f(ru)/1t
and f(rv)/1t represent the rate of momentum change over time, while r (ruV) and
r (rvV) account for momentum convection. The pressure gradients P/fx and 1P/1y
drive uid motion, and the terms rfy and r fy represent external body forces like gravity.

By discretizing the ow equations within the control volume, the partial differen-
tial equations are transformed into a system of algebraic equations. Subsequently, these
algebraic equations are solved numerically to derive the solution eld.

In this study, the standard k-# model is employed for simulation purposes. To address
the perturbation equations associated with this model within ANSYS FLUENT 2022 R2 soft-
ware, the solutions to Equations (3) and (4) are utilized to compute the values of Turbulent
Kinetic Energy and Turbulent Dissipation Rate for each iteration, respectively [34,54 56].

k Equation:
fitcrk) 1 1 1 me 9k |l me Tk
+ —(rku)+ —(rkv) = — m+— — +— m+— — +G+G, rt Yu+S$S 3
it g (g = sc T Ty sc Ty Ko m*sc ()
# Equation:
i(r# 1 1 1 me  T# 1 me T # #
—(ﬂt)+ﬂ—x(r#u)+ﬂ(r#v)=ﬂ m+§f TRy m+§: % +1CiSt rCy P +Cur CuGy+S, 4

where m is the molecular viscosity, m; is the turbulent viscosity, sy is the turbulent Prandtl
number for k, and P, represents the production of TKE due to velocity gradients. The
parameter s; is the turbulent Prandtl number for s, while Cy4, Cys, and Czy are model
constants for the dissipation rate equation. Additionally, Gy represents the mean velocity
gradient, and G, accounts for hydrodynamic effects, and 1K) ang 19 represent the rate

Tt it
of change in TKE over time and the turbulent dissipation rate over time, respectively [57].
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2.2. Numerical Setup

Research into the ow mechanisms around bridge piers is ongoing, with numerical
models frequently employed to study turbulent ows. Observations have indicated that
even simple hydraulic structures can produce complex ow patterns [58]. The primary aim
of simulating ow around bluff bodies like bridge piers is to assess bed shear stress and
predict the resulting scour hole [33]. Minor geometric adjustments can lead to considerable
turbulence effects [59]. The geometric layout and smooth boundary conditions for a
numerical simulation with a total ow domain length of 1.35 m were chosen to facilitate
meaningful comparisons with experimental results [14]. In the experimental setup, the
distance from the inlet to the rst pier was established at 3 m to ensure fully developed ow
before reaching the piers. A uniform upstream velocity of 0.76 m/s was maintained, with a
water discharge of 0.072 m3/s and a consistent ow depth of 0.21 m recorded throughout
the ume prior to adding pier blocks.

Figure 1 shows three uniform mesh sizes (0.1 m, 0.01 m, and 0.009 m) that were
tested across the domain. The largest mesh (0.1 m), with 31,830 nodes and 25,114 elements,
was found insuf cient for resolving ow details, especially near the piers, and further
re nement was necessary to accurately capture the high-turbulence regions. To optimize
computational ef ciency without compromising accuracy, a hybrid meshing approach was
adopted. However, a structured hexahedral mesh (0.005 m) was applied to the general
domain, whilea ner mesh (0.001 m) was used around the piers to capture vortex structures
and ow separation effects (Figure 2). A multi-zone meshing approach was adopted,
resulting in approximately 2.3 million nodes and 2.23 million elements, with a standard
element size of 0.005 m and a ner size of 0.001 m near the piers to accurately capture
turbulent boundary layer. Also, for boundary conditions, a velocity inlet was applied at the
upstream boundary based on experimental ow conditions, while a pressure outlet was set
at the downstream boundary to allow for natural ow development. No-slip conditions
were imposed on the piers and channel walls to account for shear effects, ensuring a realistic

ow representation and numerical stability.

The dimensionless wall distance, Y™, is a critical parameter for evaluating wall func-
tions, as expressed in Equation (5), where y denotes the distance from the wall and U¢
signi es the friction velocity, as outlined in Equation (6) [60,61]. Consequently, a value of
Y = 0.0019 was selected to ensure accurate representation near the wall.

+
Y:L
Ugv

Q)

where the distance from the wall (y) is 0.0032 m, the wall shear velocity (U¢) is
0.012765 m/s, and v represents the kinematic viscosity of the uid. Based on these parame-
ters, the y* value is 40, which falls within the appropriate range for turbulence modelling
and wall treatment considerations.

s

1 0.2 2
10058 Re, %2 r UL

Uy =
t r

(6)

Additionally, the VOF method was implemented for analyzing multiphase ows,
ensuring an air-to-water depth ratio of at least 0.5 to maintain smooth simulations and
prevent issues like water surface breaking or sloshing.

The simulation in this study utilized a time step size of 0.005 s, comprising 20 iterations
per step, in accordance with the Courant criterion to ensure accuracy and stability while
avoiding divergence. Pressure-based solvers with coupled schemes were employed, specif-
ically using a SIMPLE-type pressure velocity coupling algorithm, which is an effective
alternative to density-based and segregated pressure-based algorithms. This coupled ap-
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proach was crucial for handling transient ows, particularly in scenarios with low-quality
meshes or longer time steps typical of implicit numerical methods.

Figure 1. Mesh re nement strategy around piers (plan view).

Figure 2. Re ned mesh around piers (plan view).
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3. Experimental Setup
3.1. Hydraulic Model

Model veri cation was conducted using the experimental setup described by Ikani
and Pu [40]. The setup featured a rectangular ume with dimensions of 12 m in length,
0.45 m in width, and 0.5 m in height. The channel was equipped with a xed bed that had
a slope (Sp) of 0.0033, and was constructed from smooth stainless steel to minimize friction
and turbulence around the piers. The at square piers, each measuring 0.05 0.05 m, were
positioned at a distance of 2d (d = 0.05 m) from one another and centred within the channel
width. All piers were placed more than 6 m from channel in ow to ensure the elimination
of inlet turbulence before reaching the measured location. The approach ow conditions
were characterized by the approach ow depth (h,), Froude number (Fro = up/ gho),
and velocity (up = Qg/Bhyg), where Qg; represents the discharge, B is the channel width,
and g is the acceleration due to gravity. Figure 3b illustrates the side view of the ume
along with the positioning of the bridge piers used in the experiments. The experiment
utilized ow rate (Qp) of 0.072 mi/s, an approach ow depth (h,) of 0.21m, and an average
velocity (up) of 0.76 m/s.

Figure 3. (a) Schematic plan of the ADV measurement locations within the experimental setup and
(b) the group of three square pier placement in the open channel ume.

Furthermore, to minimize boundary effects, the ume width (0.45 m) was chosen
based on the ratio of ow width to channel width, which remained below 0.1, to make sure
there were minimal wall-induced disturbances [62]. The pier spacing was also designed to
minimize boundary in uences and comparisons of velocity uctuations con rmed a good
agreement between experimental and numerical results, according to Ikani et al. [40].

During the experiments, ow characteristics around three square bridge piers were
measured using ADV. In the study by [14], ow characteristics were examined at 60 different
locations, as shown in Figure 3a.

3.2. Acoustic Doppler Velocimetry (ADV)

ADV is an essential tool in hydrodynamics, which is capable of precisely measuring
3D ow velocities by utilizing the Doppler shift principle within ows [63]. To evaluate
the ow characteristics, velocity data were measured using a Nortek side-looking ADV
(i.e., via Vectrino+ software). The instrument was strategically placed within the central
cross-sectional area of the ume, 3 m downstream from the channel’s entrance (Figure 4).
The data collection involved recording velocity datasets at each measured point for 5 min,
with a set sampling frequency of 100 Hz.
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Figure 4. ADV measuring principle and experimental setup.

To ensure accuracy and precision, the ADV probes re-alignment method proposed by
previous studies [55,64] was implemented to ensure the profile’s locational precision and to
enhance data quality. ADV reveals the flow velocity by emitting and receiving acoustic signals.
In bistatic mode configuration, the Doppler frequency shift fp, is calculated from the emitted
frequency fe, received frequency fy, celerity ¢, and velocities of the emitter V; and receiver V;
relative to the moving fluid. The relationship is described by Equation (7) [65]:

fo = E(V%+ V) )

Background noise can signi cantly affect measurement accuracy by altering the signal-
to-noise ratio (SNR) and causing un-intended oscillations in datasets. This is a particularly
serious issue for vertical velocity measurement, which is sensitive to noise. In Nortek
ADV, two probes are used to measure two duplicate vertical velocities, with their averaged
value used to improve SNR. Component velaocities in the longitudinal U, transverse V,
and vertical W directions are integrated using angular discrepancies between the emitter,
receiver, and the moving target. These velocities are formulated by

Vi = U cos(b) + V sin(b) 8

Vr = Vy sin(a) + W cos(a) = U sin(a)cos(b) + V sin(a)sin(b) + W cos(a) 9

where a is de ned as the angular difference between the direction of moving target and the
receiver, with the emitter as the reference point. This angle quanti es the component of the
target’s motion towards or away from the receiver and directly in uences the observed
Doppler shift. b represents the angular difference between the probe emitter and the receiver.
It is instrumental for resolving the horizontal velocity into its longitudinal and transverse
components. The functions cos(b) and sin(b) facilitate the decomposition of these velocities
relative to the probe’s orientation, thus affecting the accuracy of the measurements based
on the spatial con guration of the ADV setup. Subsequently, the Doppler frequency shift,
in terms of U, V, and W, can be expressed as follows [64]:

fp = %[sin(a)cos(b) +V sin(a)sin(b) + W (1 + cos(a))] (10)

On the other hand, advanced signal processing techniques, such as phase averaging
and coherent structure identi cation, are instrumental for re ning the data collected. These
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methods improve the SNIR and enable the precise determination of ow velocities under
complex surrounding conditions [66]. Hence, data collection was conducted by positioning
the probe at the lowest point (0.005 m) and then moving it upward between sampling
rounds. This approach consistently produced data with high correlations (more than
70%) and SNRs of 15% minimum, while reducing data error signi cantly. During the
pre-processing of data, any velocity reading with a correlation value below 70% or an
inadequate SNR value was re-recorded. Therefore, by following these careful data collection
and handling strategies, including advanced signal processing techniques and thorough
calibration protocols, the reliability of measurements could be maintained.

3.3. Uncertainty Analysis

A data uncertainty analysis was conducted for the ADV measurements to determine
the accuracy and reliability of our ndings. Before data collection, calibration tests were
performed four times to validate the consistency of velocity pro les at the same location
under undisturbed conditions (Locations D1, D2, D3, and D4). Figure 5 presents two of
these tests (at D1 and D2) which were conducted to ensure accuracy and assess experimental
fully developed ow.

Figure 5. Streamwise velocity pro les in the undisturbed region for accuracy validation and experi-
mental uncertainty assessment before ow pier interaction.

The uncertainty was quanti ed using the standard deviation s of repeated measure-
ments, calculated as (x; = 0.76, x, = 0.755, x3 = 0.765, and x4 = 0.758). The standard
deviation of the repeated velocity measurements was calculated as 0.0042 m/s, indicating
a low level of variability and high measurement consistency. Given the small deviation
relative to the mean velocity (0.7595 m/s), the uncertainty in the experimental data was
minimal, suggesting reliable measurement accuracy. This low uncertainty reinforces the
validity of the experimental setup and con rms that observed discrepancies between nu-
merical and experimental results are more likely attributable to model assumptions rather
than measurement errors. r

s= g ke @

where N is the number of measurements, x; is each individual measurement, and X is the
mean of the measurements. The relative uncertainty was then calculated as
Uncertaintly = S 100 (12)
y Meanvelocity
The results showed that the relative uncertainty was 0.55%, which was within accept-
able range or error.
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4. Results and Discussion
4.1. Validation Process

The simulation results closely align with the experimental measurements, particularly
in the regions of steady ow. However, minor discrepancies were observed near the piers,
likely due to the limitations of the turbulence modelling, mesh resolution constraints,
and experimental uncertainties. To mitigate these discrepancies, we re ned the mesh
near the piers and employed an adaptive time-stepping approach, which signi cantly
improved the accuracy while maintaining the computational ef ciency. Moreover, Figure 6
illustrates the streamwise velocity pro les of the undisturbed region, demonstrating a
strong agreement between the numerical and experimental results, and con rming the
accuracy of the simulation before the ow interacts with the piers.

Figure 6. Comparison of the streamwise velocity pro les of the undisturbed region: (a) numerical
simulation, (b) experimental measurements.

4.2. Numerical Analysis of Free-Surface Flow Around Three Tandem Piers

Figure 7, representing the water volume fraction distributionina ow eld around
three tandem square piers, provides detailed insight into the complex interactions between
the free-surface ow and turbulent structures, even in the absence of an experimental
validation. The visualization, generated using a numerical model, illustrates the spatial
distribution of the water and air phases, particularly focusing on the free-surface deforma-
tion caused by the pier-induced disturbances. The wireframe contours clearly depict the
regions of ow separation and recirculation behind the piers, which are key contributors
to turbulent TKE generation. The high-gradient zones in the volume fraction indicate
the areas where the free surface interacts with the vortex structures, leading to energy
dissipation and mixing, a critical aspect of ow turbulence.

The upstream ow is relatively uniform, as indicated by the smooth contours, but as
the ow encounters the rst pier, separation occurs, generating wake regions downstream.
These wake regions intensify near the second and third piers due to the cumulative effects
of vortex shedding and turbulence interaction between the piers. This phenomenon re ects
the in uence of the pier con guration on the redistribution of the TKE. The deformation of
the free surface, particularly near the second pier, is a strong indicator of vortex-induced
turbulence, which may be underestimated by the k-# model due to its inherent assumptions
about isotropic turbulence.

In addition, the colour gradient, transitioning from red (indicating the water phase) to
blue (air phase), highlights the extent of the free-surface uctuation and mixing. This detail
is crucial for understanding the energy dissipation mechanisms, as the zones of strong

uctuation correspond to the areas where turbulence and TKE dominate. By observing
these regions, one can infer the ef ciency of the numerical model at capturing the interaction
between the ow structures and the free surface.
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Figure 7. Water volume fraction distribution around three tandem square piers.

Figure 8 also presents the water volume fraction contours, but for speci c planes

(z =130, z=85, and z = 130) in the ow domain, showing the interaction between the

ow eld and the three tandem square piers. The contours provide a detailed view of the

free-surface behaviour and vortex formation at different depths, emphasizing the dynamic
turbulence characteristics in the vicinity of the piers.

Figure 8. Water volume fraction contours at planes z = 30, z = 85, and z = 130 mm, extending the
vortex formation and free-surface ow patterns. (The reference axes show a visual representation
aligned with the simulation’s global coordinate system, where the z-axis represents the vertical
direction to enhance clarity and accurately convey the spatial orientation of the presented data.).

The ow around the rst pier generates strong wake regions, as seen in the high-
gradient contours at z = 30 and z = 85. These regions exhibit substantial energy dissipation
and vortex shedding, which signi cantly in uence the downstream ow behaviour. The
wake structures become more organized and elongated downstream of the second and third
piers, re ecting the stabilizing effects of ow reattachment and reduced turbulence intensity.
At z = 130, the ow shows more developed and uniform patterns with reduced vortex
intensity, highlighting the gradual dissipation of the TKE as the ow moves downstream.

When compared to the ndings of Ikani and Pu [14], who analyzed similar ow
scenarios using both computational and experimental methods, the results align well in
terms of the overall ow velocity and vortex formation patterns. Ikani and Pu [40]’s work
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demonstrated that the primary vortices formed behind the piers dominate the ow eld,
with their strength diminishing in the downstream region. However, Figure 8 highlights
a more pronounced underestimation of the vortex strength and TKE, likely due to the
limitations of the k-# turbulence model at capturing the anisotropic turbulence and free-
surface interactions. Also, the zero water fraction at the centre of the vortex, as shown in
Figure 8, results from air entrainment and the free-surface deformation effects captured by
the numerical model. Intense vortices generate localized pressure drops, causing surface
depressions and intermittent air entrainment. This leads to regions with no water fraction,
where the model predicts air entrainment or surface depression in the vortex core (studies
by [39,40] support these observations). Ikani and Pu [14] utilized experimental data to
validate their computational model, con rming that turbulence models like the k-# struggle
to accurately resolve the ne-scale vortical structures in regions of high turbulence intensity,
particularly near the free surface.

The reference axes in Figures 7 9 may appear different due to the intentional adjust-
ments to the viewing angles, which were designed to enhance the visualization of the
key ow characteristics, including the vortex formation, velocity distribution, and wake
dynamics around the piers. These modi cations to the visualization do not impact the
validity of the results, as all the gures are derived from the same computational framework
and accurately represent the underlying ow phenomena.

Figure 9. The TKE distributions at different planes: (a) z = 30 mm and (b) z = 85 mm. (The z-plane
measurement follows the standard coordinate system, where the z-axis represents the vertical direction).

4.3. Turbulent Kinetic Energy (TKE) Distribution

The TKE distributions at planes z = 30 mm, z = 85 mm, and z = 130 mm, as shown
in Figures 9a and 9b respectively, demonstrate a detailed evaluation of the turbulence
and energy transfer around the three tandem square piers. At z = 30 mm, the near-bed
plane in Figure 5a, the TKE peaks at approximately 0.1 m2/s? behind the rst pier due
to the strong vortex shedding and bed-induced shear stress. These high-energy zones
diminish downstream as the wake turbulence interacts with the second and third piers,
stabilizing at 0.03 0.05 m2/s2. Compared to the experimental ndings of [40], which
documented stronger bed-induced vortices and secondary ow effects, the k-# model
underestimates the TKE due to its isotropic assumptions that fail to capture the anisotropic
turbulence near the bed. At z = 85 mm, the mid-height plane in Figure 9b, the TKE
distributions show complex interactions between the primary wake vortices, with peak
values of approximately 0.08 m?/s? behind the rst pier. The energy transfer between the
vortices results in localized TKE increases behind the second pier, while further downstream
the turbulence dissipates, stabilizing around 0.03 m?/s?. Although the numerical results
align with the general vortex-driven turbulence patterns observed by [40], the k-# model
fails to resolve the energy redistribution associated with asymmetric vortex pairing, as
observed in their experiments. At z = 130 mm, the energy dissipation becomes more
pronounced in this plane due to the surface interactions, with the TKE values dropping
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below 0.01 m?/s? by the third pier, indicating a minimal energy transfer. While the model
predicts the general dissipation trend, it underrepresents the small-scale turbulence near the
surface compared to Ikani et al.’s experimental observations, which documented localized
shear layers and energy uctuations. This layered, plane-by-plane comparison with the
experimental results suggests a more spatially resolved assessment of the k-# model’s
performance than previously reported. In particular, this study identi es the critical
ow depths, such as the near-bed and mid-depth regions, where vortex shedding and
asymmetric interactions lead to a substantial underestimation of the TKE, showing the
model’s limitations for resolving anisotropic turbulence features. Across all the planes,
the energy transfer mechanisms reveal the limitations of the k-# model for accurately
resolving the TKE in regions of strong shear and wake interactions, as it systematically
underestimates the turbulence magnitudes due to its isotropic framework.

At z/h = 0.4 (downstream of the second pier), the experimental peak TKE is
0.12 m2/s%, whereas the k-# model predicts 0.09 m2/s? (a 25% underestimation). At
z/h = 0.62 (near the rst pier), the experimental TKE is 0.15 m?/s?, compared to the
simulated value of 0.11 m?/s2(a27% difference). The mean absolute percentage error
(MAPE) for the TKE predictions across all measurement locations is 22.5%. The largest
local error occurs at z/h = 0.62, where the TKE is underestimated by 27%. The smallest
error occurs at z/h = 0.15, where the TKE underestimation is below 10%. While these errors
re ect the dissipation bias of the standard k-# model, the qualitative agreement with the
experimental turbulence structures remains strong.

An essential parameter for quantifying the ow turbulence is the TKE, which is
derived from the mean values of the turbulent eddies. Hence, it can be estimated using
Equation (13) as follows [67 69]:

TKE = 0.5(u®” + v + wi) (13)

Figure 10 shows the TKE plots at locations after each pier. As a result, the analysis
from the distribution shows that the TKE is relatively smaller at upstream undisturbed
locations throughout the ow depth. In comparison, its values in the ow wake region are
signi cantly altered due to the higher velocity uctuations caused by enhanced turbulence
mixing. The TKE is increased due to the ow separation caused by the piers and the
formation of the wake region. The TKE attains its peak at the near bed and is increased
at the side of rst pier. It is estimated that the highest TKE value occurs near the second
pier (i.e., the middle of whole piers’ vicinity). As an individual point, the TKE value
is highest at z/h = 0.4 after the second pier, and at z/h = 0.62 behind the rst pier.
Based on the simulation, there are discrepancies between the model’s predictions and the
experimental data, where the simulation clearly underestimates the measurement due to the
estimation of the k-# model that dissipates the energy disproportionately. However, there is
a consistent trend observed in the simulated TKE when benchmarked by the experimental
data. Furthermore, there is a satisfactory agreement of the simulated locations of the
TKE peak when compared to each vortex-governed measured point. Conclusively, even
though the employed k-# model does not produce the TKE magnitude with good accuracy;,
it is a very practical model and permits fast computation without needing to consider
large- or small-scale physical eddies. Additionally, with its ability to capture the right
key characteristic locations and features of the TKE distribution, the k-# model should be
considered as an optimum model with which to represent ow turbulence in piers-induced

ows. From both the simulations and measurements, near the ow surface the value of the
TKE becomes very small due to the damping of the velocity uctuations.
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Figure 10. Turbulent Kinetic Energy (TKE) logarithmic distribution of numerical and experimental
tests after each pier and undisturbed zone.

5. Conclusions

This study evaluated the performance of the k-# turbulence model for predicting the
Turbulent Kinetic Energy (TKE) distributions around a group of three tandem piers using
numerical simulations and experimental measurements. The numerical model, imple-
mented in ANSYS FLUENT with the VOF approach, was validated against laboratory
measurements obtained via ADV. A comparison revealed that the k-# model systematically
underestimated the TKE, particularly in highly turbulent regions in uenced by a vortex-
induced ow. The highest local discrepancy occurred at z/h = 0.62, near the rst pier, where
the model underestimated the TKE by 27%. At z/h = 0.4, downstream of the second pier,
the peak experimental TKE was 0.12 m2/s?, while the model predicted 0.09 m2/s2, corre-
sponding to a 25% underestimation. The lowest discrepancy was observed at z/h = 0.15,
where the underestimation remained below 10%. These results highlight the limitations
of the k-# model for accurately capturing the turbulence intensity in vortex-dominated
regions, primarily due to its isotropic turbulence assumption. Despite these discrepancies,
the model effectively captured the overall TKE distribution trend, making it suitable for
large-scale ow predictions while acknowledging its reduced accuracy for resolving small-
scale turbulence structures. This study also presented a detailed, zone-speci ¢ evaluation
of the k-# model’s performance regarding structure-induced turbulence, revealing its criti-
cal underestimations of the TKE in vortex-dominated ow regions. The ndings show a
novel perspective of the model’s spatial limitations and serve as a practical reference for
selecting the appropriate turbulence models for large-scale hydraulic simulations, where
both accuracy and computational ef ciency are required.
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