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Abstract: This study investigated the effects of downstream channel obstacles and the lat-
eral transition distance to the dam on dam-break wave evolution as a wave—structure in-
teraction problem. Numerical simulations were conducted using three-dimensional Na-
vier-Stokes equations and solved using the finite volume method. The model accurately
predicted interactions between dam-break waves and downstream structures. The nu-
merical results showed that turbulence intensity increased where the cross-section signif-
icantly changed in the downstream channel. Accordingly, transcritical flow and lateral
transitions were developed around the dam site. Additionally, reducing the distance of
the obstacle to the dam resulted in a significant decrease in wave height and kinetic en-
ergy. The transient flow velocity direction changed around the structures, and pressure
fluctuations were pronounced. Moreover, the entrainment of air bubbles and the vortex
shedding were observed due to the interaction of the wave and downstream structures.
The peak discharge in the downstream channel was reduced by increasing the distance of
obstacles to the dam. The model successfully captured the flow disturbance, wave reflec-
tance from the sidewalls, and formation of hydraulic jumps. The validation of the model
with experimental data in the literature showed that the model performed well in predict-
ing the wave dynamic characteristics around the downstream structures.

Keywords: WSI problem; transitional flow; downstream channel structures; hydraulic
jumps; flood risk management

1. Introduction

Dam failure is a disastrous event that results in the rapid release of a massive volume
of water behind the reservoir and the formation of flood waves. The flood waves’ evolu-
tion toward the downstream areas may lead to many life losses and the destruction of the
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infrastructure, including roads, bridges, buildings, etc. These infrastructures may act as
obstacles against flood waves’ evolution and affect dynamic characteristics like velocity,
kinetic energy, impact loads, and pressure. Accordingly, the flood depth, path, and tran-
sient flow characteristics may change due to the interaction of flood waves and the down-
stream structures. However, the literature has not entirely investigated the dynamic char-
acteristics of the dam-break wave as a transient flow around the downstream structures
[1-4].

Previous dam-break studies focused on the retentive effects of isolated or group ob-
stacles and lateral transitions in the downstream channel at the specific distance of the
dam site. These studies showed that changes in the geometry and arrangement of obsta-
cles and contractions significantly changed the wave impact load, velocity, and model
performance. For example, rectangular obstacles increased the impact load compared to
flat-faced obstacles [5-8]. Accordingly, other studies developed volume of fluid (VOF) and
particle methods like smoothed particle hydrodynamics (SPH) and discrete elements to
capture wave dynamics around obstacles. They showed that increasing the wave height
and pressure around the obstacles and deformation impacts were correlated with the ob-
stacles’ size, scale, and orientation. The volume of fluid (VOF) is a numerical technique
that tracks and captures the interface between immiscible fluids, such as water and air. In
this method, the volume fraction of fluid is tracked within each computational cell. In
contrast, smoothed particle hydrodynamics (SPH) represents fluids as discrete particles
and calculates flow dynamics based on particle interactions. This method is particularly
suitable for modeling wave-breaking and highly turbulent flows [9-12].

It was also reported that the reflection of dam-break waves against the obstacles and
contractions intensified the kinetic energy dissipation and development of turbulence
characteristics [13-15]. Some studies scrutinized the variation in turbulence characteristics
around the obstacles and contractions. They showed that turbulence intensification
caused the development of cross-flows and changed in the magnitude of transverse ve-
locity components, pressure fluctuations, and significant flow mixtures [16-18].

Despite the advancements in identifying the effects of downstream obstacles and
contraction on dam-break wave dynamics, some aspects still need further research. These
complementary studies, presented below, need to fill some gaps. The first is a unified
study identifying the different effects of obstacles and contractions on dam-break wave
dynamics. While the obstacles, depending on their geometry, separate the dam-break flow
in the channel, the contractions may lead to the narrowing of the flow path and an increase
in flow depth upstream [19-23]. Second, reducing the distance between obstacles and con-
tractions to the dam site may significantly change the dam-break wave evolution. In pre-
vious studies, this variation has not been considered a critical factor affecting the dam-
break wave dynamics around the obstacles and contractions. However, this positioning
may significantly change dam-break flow depth, velocity, and kinetic energy, especially
at the early stages [4,18,24-26]. Third, previous studies did not present a holistic view of
simultaneous variations in numerous phenomena around the obstacles and contractions.
These phenomena included air entrapment, turbulence shedding, and flow field variation
in a small area of the downstream channel [27-30].

The questions addressed in this study were critical for improving the predictive ca-
pability of dam-break wave-structure dynamics. The primary study questions were the
following: (a) How did the distance between downstream structures and the dam affect
flow depth, velocity, and turbulence during a dam-break event? (b) What were the effects
of obstacles and contractions on dam-break wave dynamics? (c) How could phenomena
like air entrapment, vortex shedding, and turbulence be accurately modeled to under-
stand dam-break wave evolution in confined downstream channels?
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The following study hypotheses aligned with the questions: (a) Reducing distances
between the dam and downstream structures could significantly alter flow depth, veloc-
ity, and turbulence characteristics. (b) The dam-break wave dynamic characteristics could
be substantially different around the obstacles and contractions in the downstream chan-
nel. (c) Complex phenomena like air entrapment and vortex shedding could provide a
more accurate representation of dam-break wave evolution in confined channels.

To address the above questions, this study investigated the interactions between the
dam-break waves and the downstream obstacles and contractions (downstream struc-
tures). The distance of obstacles and contractions changed along the downstream channel
and was considered a critical factor affecting wave dynamics. Some complex phenomena
like flow depth variations, air entrapment, and vortex shedding were also modeled
around the obstacles and contractions. Accordingly, the free surface height longitudinal
and transverse profiles, Froude number, and inflow hydrograph were predicted around
the downstream structures. The numerical model was a CFD software (Flow-3D HYDRO
(Version: 2023R1 - Academic license: DESKTOP-TM969EE) that used the three-dimensional
(3D) Navier-Stokes equations discretized using the finite volume method in the second
order of time and space precision. The free surface flow volume was also tracked using
the volume-of-fluid (VOF) technique. However, the turbulence characteristics were mod-
eled using the large eddy simulation (LES) method after model calibration and validation
against the mesh resolution and turbulence methods. After doing accuracy tests, the
model was used to study the dam-break evolution around downstream structures in three
different scenarios, including downstream structures (a) near the dam site, (b) in the mid-
dle of the channel, and (c) near the end of the channel. Using a numerical approach, these
three scenarios examined the effects of the downstream structures” distance to the dam
site on the wave-structure interactions. Finally, the quantitative and qualitative results
were presented, such as the free surface profile, the dam-break flow regime, hydrographs,
and the iso-surfaces of flow depth, air entrapment, and vortices around the downstream
structures. The results of this study have practical implications for predicting the dam-
break flood dynamics around the downstream infrastructures in risk management and
hazard analyses.

2. Materials and Methods

This study discretized three-dimensional Navier-Stokes equations using the finite
volume method (FVM) in a structured mesh. This numerical approach was adopted to
reproduce the dam-break wave evolution at different stages. The non-conservative partial
differential equation (PDE) form of the VOF, according to Equations (1) and (2), continuity
in Equation (3), and momentum in Equations (4)—(6) were used in all simulations. The
continuity and momentum equations were coupled with the fluid volume fractions (f) to
simulate the evolution of free surface flow. The Equations (1)—(6) were discretized using
the finite volume method and the central scheme with second-order space-time accuracy
[31-33].

L 9 0 pufy _
Vrae T ax YU T (pvfy) + 5 (pwf) +—==RD +RS 1)
_ 90 dp a dpy 0 ap) 9, f. Op
RD = 5 (9hi ) + dy (9017 ay) 5 (%h )+ @
9 9 ? uf, RS
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wherex, v, z, u, v, w, p, 4, 9, Vi, fx, fu, fo P, Qv Qv 8= Lx, Ly, Lz, ax, ay, az, ttw, Uw, Ww, Us, Us, ws RS,
RD, S¢,and Duif represented the spatial coordinates, the components of velocity in the x, y,
and z directions (three Cartesian coordinates), the fluid density, dynamic viscosity, and
kinematic viscosity, the volume fraction open to the fluid, the fractional areas open to the
fluid in the Cartesian coordinates, the fluid pressure, the gravitational acceleration com-
ponents, the additional force or loss terms components, the acceleration components in
the Cartesian coordinates, the water velocity components, the slip velocity components,
the mass source and turbulent diffusion terms, the Schmidt number, and the mass diffu-
sivity, respectively. The finite volume method (FVM) was used to discretize the governing
equations (Equations (1)—(6)) in this study. The computational domain was divided into
structured control volumes where the fluxes across each cell face were computed using a
central differencing scheme to achieve second-order spatial accuracy. Time integration
was performed with an implicit second-order scheme with dynamic time-step adjustment
according to the Courant-Friedrichs-Lewy (CFL) condition. The volume-of-fluid (VOF)
method was performed to track the free surface by updating the volume fraction scalar
field at every step. Inflow, outflow, and no-slip wall boundary conditions were imple-
mented using ghost cells to represent them accurately.

The semi-implicit method for the pressure-linked equations (SIMPLE) algorithm was
used for pressure—velocity coupling by iteratively solving the pressure correction equa-
tion, ensuring that the velocity fields remain divergence-free. Mesh refinement was per-
formed near-critical regions such as obstacles and contractions to capture transient flow
features accurately. These equations were iteratively solved for the velocity, pressure, and
scalar fields at every step. Accordingly, the residual convergence criteria were satisfied in
all simulations.

The term RS represented the mass source and accounted for specific mass additions
or losses within the computational domain. In this study, RS was primarily associated
with changes in mass flux due to dynamic boundary conditions. These dynamic boundary
conditions encompassed the inflow and outflow at the domain edges or localized mass
exchanges caused by geometry variations. It also accounted for numerical corrections to
ensure the conservation of mass when dealing with complex free surface interactions,
such as wave breaking or air entrainment. These phenomena were particularly relevant
in simulations involving rapidly varying flow conditions, as seen in dam-break wave evo-
lution. While RS was numerically integrated into the governing equations, its values were
derived based on the specific physical conditions at each computational cell. It ensured
that geometry and fluid volume changes were appropriately captured in the mass conser-
vation framework. This inclusion enhanced accuracy in tracking free surface dynamics
and turbulence effects in the modeled scenarios.

2.1. Turbulence Modeling Using Large Eddy Simulation (LES)

This study employed the large eddy simulation (LES) to model the turbulent flow
around the obstacles and contractions. This model resolved the large-scale turbulence ex-
plicitly while modeling the sub-grid-scale stresses using the Smagorinsky model. The tur-
bulence generation arises from the interaction of flow shear and obstacles (contractions),
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represented by a resolved strain-rate tensor and sub-grid-scale eddy viscosity (Equations
(7)-(10)). Accordingly, turbulent transport was captured via convection (V. (pu)) and dif-
fusion (V{965 V u). However, abatement occurred through kinetic energy dissipation at
the sub-grid level. This ensured the model accurately represents energy transfer and tur-
bulence decay around obstacles and contractions [17,31].

TS = —205658;; + %&jfggs (7)

Usgs = (CSA)2|§| 8)

81= 25,5, ©

Sy = 1<@ + aaj) (10)
2\0x;  0x;

where 7565, 9565, Sij, 61y, Tie®, Cs A, |S|, 0%, and 91, represented the sub-grid-scale
stress tensor, sub-grid-scale eddy viscosity, resolved strain rate tensor, Kronecker delta
(equal 1 for i = j), trace of the SGS stress tensor, representing the isotropic part, Sma-
gorinsky constant, a dimensionless parameter (between 0.1 and 0.2), filter width, magni-
tude of the strain-rate tensor, and resolved velocity component in the i- and j- directions,
respectively.

The LES was a robust approach to capture near-wall turbulence effects. In this model,
the no-slip wall boundary conditions were applied at rigid boundaries. This method ac-
curately represented wall-induced turbulence effects, including reduction and dissipa-
tion. However, explicit wall functions were not used in this numerical framework. Indeed,
the applied boundary conditions and mesh refinement near-critical regions (obstacle and
contractions) ensured that turbulence reduction and flow characteristics in the vicinity of
solid structures were accurately captured. Furthermore, the model’s calibration and vali-
dation against experimental data verified its ability to reproduce near-wall flow dynam-
ics. It included the dissipation of turbulent energy due to rigid boundaries. This approach
reliably represented wave-structure interactions, even without employing a formal wall
function formulation.

2.2. Air Entrainment Modeling

The free surface deformations around the obstacles and contractions may result in
air entrainment within the flow. The air entrainment was modeled using an auxiliary
model, assuming it occurred when the turbulence kinetic energy surpassed the gravity
and surface tensions. A specific air volume drew into the water due to the imbalance be-
tween destabilizing and stabilizing forces. The air entrainment formulation was according
to Equations (11)—(14) [23,29].

C0.75k1.5
I, = -1t (11)
&t
P, = pk, (12)
o

Py = pguls + L (13)

2(P. — Py)
sy = ) KaKs [— for P, > P, 14)

0 for P, < Py
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where I, Ci, ky, &, gn, 0, OV, Ka, and Ks represent the turbulence length scale, constant (0.09),
turbulence kinetic energy, turbulence energy dissipation, gravitational component per-
pendicular to the free surface, coefficient of surface tension, volume of entrained air per
unit time, coefficient of proportionality, and surface area of the interface where air en-
trainment occurs, respectively.

2.3. Stability of Numerical Solution and Selecting the Numerical Method

A free surface advection scheme was adopted based on the donor-acceptor tech-
nique. It minimized numerical diffusion and preserved the sharpness of the interface. It
was also a reliable approach and ideal for simulating wave—structure interactions. This
was because this technique could accurately track intricate free surface deformations, in-
cluding splashing, wave breaking, and air entrainment. The stability and convergence of
the numerical solution were ensured through adherence to the Courant-Friedrichs-Lewy
(CFL) condition, expressed as (uAt/Ax) < 1. The convergence criteria were satisfied when
residual values (e) were below 0.001 (e < 0.001). The time-stepping scheme incorporated
dynamic adjustment to satisfy the CFL condition throughout the computational domain.
It was satisfied particularly in regions with steep gradients and free surface interactions.
Discretization was implemented with second-order spatial and temporal accuracy using
the central difference method for all terms in the momentum equations, except for advec-
tion, which was handled separately. The stability parameter (ct), relevant to the weighting
factor for numerical approximations, was set to zero to avoid over-smoothing while main-
taining second-order precision.

The implicit pressure solver employed the generalized minimal residual (GMRES)
algorithm for the iterative solution of the pressure Poisson equation. The pressure-veloc-
ity coupling followed the SIMPLE algorithm. This algorithm iteratively corrected the pres-
sure and velocity fields to enforce continuity. Accordingly, the convergence was moni-
tored at each iteration. It ensured the residuals for all governing equations met the prede-
fined accuracy threshold. These computational strategies enabled the model to handle the
free surface dynamics robustly while maintaining stability and convergence throughout
the simulation.

The GMRES algorithm also addressed the fictitious compressibility inherent in nu-
merical schemes for incompressible fluids. This solver introduced artificial compressibil-
ity to couple pressure and velocity fields iteratively. It also maintained the flow’s incom-
pressible nature by enforcing mass conservation. The pressure-velocity coupling through
the SIMPLE algorithm effectively minimized artifacts from the fictitious compressibility.
It ensured accurate results even at small time steps. This rigorous approach guaranteed
numerical stability and fidelity in capturing dam-break transient flow [16,17,31].

2.4. Initial and Boundary Conditions

The evolution of the free surface during a dam failure over dry beds was modeled
numerically. All simulations were performed using the CFD package (Flow-3D HYDRO)
and the volume-of-fluid method. Flow turbulence was studied using the large eddy sim-
ulation (LES) model. In this way, the effect of changes in the position of obstacles in the
downstream channel on the flow characteristics was studied using the numerical 3D ap-
proach (Figure 1).

Tables 1 and 2 describe the dimensions of the reservoir, the initial depth of water
within the dam reservoir, and other initial and boundary conditions. The initial and
boundary conditions were based on Figure 1 and Tables 1 and 2. The dam-break configu-
ration dimensions and values in Table 1 were adopted from the literature [17]. The initial
water depth within the reservoir, pressure head, and flow velocity u = 0 served as the
initial conditions. This balance between the dimensions makes it possible to describe the
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kinematic and dynamic properties of the free surface flow, as shown in Figure 1 and Table
1. The fixed boundaries, including solid walls and channel bottoms, were considered no-
slip boundary conditions in the computational domain. In addition, all upper mesh planes
were considered slip-free boundary conditions. Indeed, the deformation of the fluid at
these boundaries was free, and the shear stresses were zero. The right side of the channel
was considered an outlet with dam-break flow discharge from the downstream channel.
The reservoir’s length, the dam reservoir’s width, and the obstacles” diameter were equal
to L/3, L/10, and L/75, respectively.

(©)

Obstacle Sr1 Sr2 Sr3 Obst\acle
S | ~ \: -
W, | | E—— . _ Bk M E_ - S |-
1T e
- — T aia; Ls : | P M. aras Ls
Transition i Transition
Oe Wl e . = e = o o o = = MIa4 _______ L
’ HO | 1 SI.IE
Lis Ls a3 Li Tie ' Ls 'as' Ls

Figure 1. Initial and boundary conditions of the idealized city under the effect of the (a) obstacles,
(b) contractions, and (c) geometric configuration of modeling case studies. The water within the
reservoir is in blue color, while the solid elements, including the channel bed, obstacles, and con-
tractions are shown in red color. The boundary conditions are also listed in arbitrary colors on each

mesh plane in figures (a,b).

Table 1. Configuration of the dam-break models.

Model Ho(m) ai(m) a:(m) as(m) a(m) W:r(m) Li(m) Ls(m) L:(m) Description

S11 0.5 0.5 0.4 - - 1.5 243 6.57 5 Obstacles near the dam
Sin 05 0.5 0.4 - ; 15 576 324 5 Obstaclesin the middle
of the channel
Sis 05 0.5 0.4 ; - 1.5 8.7 0.3 5 Obstacles at the end of
the channel
Sis - - - 0.5 05 15 243 657 5 Contractions near the
dam
Contractions in the
Si5 - - - 0.5 0.5 1.5 5.76 3.24 5 middle of the channel
Sie ) i i 05 05 15 8.7 03 5 Contractions at the end
of the channel
Table 2. Validation of numerical against experimental results for the best mesh resolution.
Model for Number of Cells in Number of Cells in Number of Cellsin Mean Cell Size Run Time
Validation Mesh-Block 1 Mesh-Block 2 Mesh-Block 3 (mm) (min)
L1 12,960 51,510 - 11 12.6
L2 2160 6936 - 22 1.8
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FT1 979,294 1,280,000 1,140,000 11 2610
FT2 86,400 160,000 145,000 22 514
FT3 21,250 234,360 35,154 33 212

The initial conditions were formulated according to Equations (15)-(17) [17,31-33].

_(1,initial water depth within the reservoir
Fx,0) = { 0,dry/air region (15)
u(x,0) =0 (16)
_ Patm» air
p(x,0) = {patm + yhy, water 17)

The volume of the fluid scalar function F was equal to 1 and O for the cells filled with
water (reservoir) and voids (dry channel) in Equation (15). Accordingly, the flow velocity
was equal to zero within the reservoir before breaking the dam (Equation (16)). The hy-
drostatic pressure was equal to atmospheric pressure in voids and absolute pressure
within the reservoir with the initial water depth ho (Hoin Figure 1), according to Equation

(17).
The boundary conditions were also formulated according to Equations (18)-(21)
[17,31-33].
u=20
NS: {ap _ (18)
=0
Ox
(un =0
ou; 0
5:47m = (19)
op
L% =0
p=vh
SP:{0u (20)
— =90
ox
% _
0:4on _ (21)
=

A no-slip (wall) or NS boundary condition ensured no flow was parallel to the
boundary, which means the fluid velocity at a solid boundary was zero due to viscosity
(Equation (18)). The NS condition was applied on the channel bed and sidewalls. The Spe-
cific Pressure (SP) was defined as a specific hydrostatic pressure at the dam based on the
fluid column’s height (Equation (19)). This boundary condition was applied to the mesh
planes at the beginning of the reservoir and the dam site. Accordingly, symmetry (S) was
used at the upper boundaries of the computational domain, typically where no physical
boundary existed (Equation (20)). The vertical velocity value, tangential velocity gradient,
and pressure gradient in the normal direction were equal to zero in this boundary. Subse-
quently, the outflow (O) allowed the fluid to exit the domain (channel outlet) without
artificial reflection or interference caused by the boundary (Equation (21)). The indices n
and t represented the normal and tangential direction of the surface.
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2.5. Model Calibration and Validation
2.5.1. Model Calibration Against Mesh Resolution

The numerical approach reproduced the free surface evolution during dam failure in
three cell sizes: 11 mm, 22 mm, and 33 mm. The size of the mesh cells was selected based
on the computational costs, accessible processor (Core i7 3.6 Hz), and computational do-
main dimensions in numerical models. Numerical results depended on the mesh resolu-
tion when simulating dam-break wave interaction with downstream structures [17,34].

The dimensions of the experimental and numerical configurations, number of grid
cells, and computational time were reported for each simulation in Table 2 and Figure 2.
The validation results showed that the run time was significantly lower for a mesh cell
diameter of dc = 22 mm than for the models with a mesh cell mean dimension of d. = 11
mm. However, the model’s accuracy in reproducing the evolution of the free surface was
significantly high considering the values of MAE (Table 3). The computational time in
model validation results was about 0.04 h for a computational domain of 0.15 m? [35].
Similar results were observed when validating the model with the experimental results
for the mesh cells 22 mm. Then, all other numerical simulations adopted the mesh cell size
de=22 mm [36].

2500

20001

-
<]
=]
=

Run Time (min)
=
(=]
(=]
=

500

L1 12 FT1 FI2 FI3
Model

Mean Cell Size (mm)
- - [¥] N w
o 70 =) 3 =]

15

FT1
Model

Figure 2. Comparison of run time and mean cell size for calibration and validation models.

Table 3. Mean values of MAE error in numerical results of the free surface height.

Validation Cases MAE Values
L1 0.0165
L2 0.0132
FT1 0.0532
FT2 0.0666

FT3 0.081
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2.5.2. Model Validation

The model was validated against the experimental data from [35,36]. The experi-
mental data were used to test the accuracy of the VOF method in capturing the free surface
advection, the reservoir release rate, and wave breaking after impact to the right wall. The
model accuracy was evaluated using mean absolute error (MAE).

The mean absolute error (MAE) calculated the average magnitude of the differences
between the experimental values and the numerical results. The formula for MAE was
(1/N) * Y |Ei = Mil, where N, Ei, and Mi stand for the number of points, the actual experi-
mental value, and the corresponding numerical value. The mean absolute error values
indicated the degree of agreement between experimental and numerical results.

As shown in Table 3, the error values were near zero. However, it increased from
0.0532 to 0.081 by reducing the mesh resolution from model FT1 to FT3. The validation
tests showed that the model could efficiently reproduce the free surface evolution in both
small (L1 and L2) and large domains (F1 to F3). However, some discrepancies were ob-
served between the experimental and numerical results. The possible reasons were the
lack of a sluice gate in numerical models and higher wall and bottom friction in experi-
mental results compared to the numerical ones (Table 3).

The modeling calibration and validation process in different stages was summarized
and shown in Figure 3.

The flowchart showed the algorithm for model calibration and validation. This
flowchart presents the structured algorithm to be followed so that the model’s perfor-
mance and optimization tests can be performed accurately. It followed the first model
calibration steps regarding the critical parameters, boundary conditions (BCs), initial con-
ditions (ICs), and auxiliary modules like turbulence and air entrainment.

The model calibration involved iterative analyses of the converged solution for sta-
bility, meeting predefined error criteria. The calibration also required iterative analyses to
converge, stabilize, and ensure predefined error criteria. It followed a sensitivity analysis
of different turbulence methods of RANS and LES. The results were then examined based
on various accuracy metrics: RMSE, MAE, and R2. Thus, this step laid the basis for succes-
sive steps in performing mesh independence analysis and validating a model.

The mesh independence analysis used accuracy tests to specify the optimal mesh res-
olution dc in the next step. The CFL condition was controlled, and volume fraction com-
putation and hydraulic data output were selected as the model outputs, with time steps
ot =0.005 s for stability.

Once the error criteria were satisfied, the model proceeded for validation, where se-
lected mesh and turbulence configurations were applied. The model can predict wave
characteristics influenced by obstacle and contraction distance. This iterative process en-
sured the robustness of the model regarding calibration and validation for optimum per-
formance.
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Figure 3. The algorithm of the calibration and validation process in accuracy tests and model opti-

mization.

3. Results
3.1. Modeling the Dam-Break Flow Around the Obstacles and Contractions

The three-dimensional characteristics of the dam-break flow were predicted during
the wave evolution around the obstacles and contraction (Figure 1 and Table 4). Indeed,
this study focused on predicting the rapid unsteady flow around obstacles and contrac-
tions. The dam-break wave interaction with the downstream structure resulted in devel-
oping the subsequent phenomena in the downstream channel.
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Table 4. Modeling of the dam-break flow over a channel with a series of obstacles near the dam site
S1,1, in the middle of the downstream channel Si12, and near the end of the channel S13.

Model Number of Cells Run Time (min)
S 1,606,169 2178
Si.2 1,823,595 2388
Si3 2,036,470 2400

These phenomena included the free surface deformations around the obstacles, the
dissipation of kinetic energy, and the evolution of vorticity due to upward and downward
motions and the rotational flow. These phenomena were also of the utmost importance in
estimating the consequences of dam failure in the downstream areas. The dam-break
wave energy dissipated, and its height was reduced due to reflection, diffraction, and tur-

bulence when it reached the obstacles in the downstream channel (Figure 4).

Figure 4. Flow depth plan in models. (a) Obstacles: S11, (b) S12, and (c) S13; (d) contractions: Sis, (e)
Si5, and (f) Sis at t =4 s. The horizontal and vertical scales are 1.5 and 4, respectively. The color scale

inside the shapes presented the flow depth.

The flow depth upstream of the obstacles and near the dam, D = 0.2 m, was twice the
flow depth downstream of the obstacles, D = 0.1 m, at t = 4 s, as shown in Figure 4a. The
obstacles near the dam significantly reduced the wave’s kinetic energy, so it did not reach
the downstream outlet (Figure 4a).

The obstacles in the middle of the channel and far from the dam had less resistance
to wave development toward the outlet (Figure 4b,c). Accordingly, the maximum flow
depth due to free surface run-up was reduced from about D = 0.2 m to D = 0.13 m by
increasing the distance of the obstacles from the dam site at ¢ = 4 s (Figure 4b,c). The ob-
stacles caused the flow to split into different paths and develop eddies around obstacles.
These caused the velocity and pressure of the fluid to change, resulting in the formation
of hydraulic jumps and significant variations in the free surface. Accordingly, high and
low velocity and pressure areas formed, making the fluid flow unstable and turbulent.
The dam-break flow energy was significantly dissipated upstream of the contractions
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(Figure 4d—f). This energy dissipation led to a significant increase in flow depth upstream
of the contraction. It formed a high-depth region proportional to the contraction diameter
upstream near the contractions (Figure 4d). However, this high-depth region disappeared
by increasing the distance of contractions to the dam site. Correspondingly, the wave re-
flectance from the sidewalls led to the formation of a low-depth triangular shape down-
stream of the contractions (Figure 4e,f).

3.2. Free Surface Profile

As the distance of the obstacles from the dam site increased, the flow became more
uniform during the dam failure, and the hydraulic jump became less pronounced (Figure
5a,b).

As the obstacles were high and thick, the dam-break flow developed more efficiently
around them, resulting in a higher hydraulic jump and more significant energy dissipa-
tion (Figure 5a—c). For model Si3, no run-up was observed at t = 2 s since the bore had
reached the outlet (Figure 5c). The maximum run-up height above the obstacles was 0.47
m and 0.45 m, roughly corresponding to the initial water depth in model Si1att=2s and
t =4 s, respectively. However, the run-up height decreased uniformly in models S12and
S13 with the increasing distance of the obstacles from the dam site (Figure 5a,b). The free
surface fluctuations around the obstacles were significant, mainly where the obstacles
were close or in the middle distance to the dam site. It was attributed to the dam-break
wave’s significant kinetic energy at the early stages. The free surface profile was smoothed
with a mild slope before the obstacles from the reservoir’s beginning point to the obstacle
location (Figure 5a,b). In contrast, the free surface increased upstream near the contrac-
tions due to the formation of the moving hydraulic jump around x =6 m, 10 m, and 13 m
(Figure 5d-f). It differed from the run-up, considering the significant variation in specific
energy upstream of the contractions and around the narrowed channel. The moving jump
length decreased from around 3 m in Figure 5d to around 1.5 m in Figure 5f by increasing
the distance of the contractions from the dam site.
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Figure 5. Free surface profile in models. (a) Obstacles: Si,1, (b) Si2, and (c) S13; (d) contractions: Si4,
(e) S15 and (f) Sicatt=4s.

3.3. Flow Depth Fluctuations

The flow depth behind the obstacles fluctuated due to changes in the velocity and
pressure of the fluid (Figure 6a—c). The dam-break flow was separated behind the obsta-
cles during wave development and vortices, and air entrapment occurred, forming
shadow areas (Figures 6 and 7). The flow depth was negligible or significantly less in these
areas than in the surrounding area. Accordingly, the dam-break flow depth decreased
substantially in this area. The shadow areas were significantly reduced by increasing the
distance of the obstacles from the dam and from Si1to Sis. It is worth noting that the
downstream channel could become more unstable due to increasing the shear stresses
exerted on the channel bottom. The transverse profile of the flow depth had the shape of
a high-low. The same variations were observed in the contractions from Si4to Sie. In all
cases, the maximum flow depth Dm = 0.5 m was observed around the first row of obstacles
(Sr1), which could be attributed to the strong run-up over the obstacles. In contrast, the
lowest flow depth was observed between obstacles and between obstacles and sidewalls
(Figure 6a-f).
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Figure 6. Maximum flow depth profiles in the transverse direction (Dn = D) in models. (a) Obsta-
cles: S11, (b) S12, and (c) S1,3; (d) contractions: S14, (€) S15, and (f) Sieatt=4s.

The transverse profile of the flow depth had the shape of a high-low. The profiles
were also parallel around the obstacles in the second and third rows (Srl and Sr2). It could
be attributed to the kinetic energy dissipation between the obstacles in the second and
third rows after the wave hit the first row of obstacles.

3.4. Turbulence Structures and Air Entrainment

Vorticity is a measure of the rotation or swirl of a fluid, which can form and develop
around obstacles in a dam failure as the distance of the obstacles from the dam site in-
creases. The magnitude of the vorticity was directly proportional to the rate of change of
the flow velocity. Behind the obstacles, vortex shedding happened because of the flow
separation into different paths. The vortices had a cylindrical shape and oscillated period-
ically. The vortices rotated clockwise or counterclockwise and could persist for an ex-
tended period. The intensity of the vortices around the obstacles near the dam was insig-
nificant in the middle phase t = 4 s due to wave attenuation in the presence of prevailing
laminar flow in the reservoir (Figure 7a).
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Figure 7. Iso-surface of flow depth, horizontal vorticities, and air entrapment around the obstacles
and transitions in models. (a) Obstacles: Si,1, (b) S12, and (c) S13; (d) contractions: Si4, (€) Si5, and (f)
Sisatt=4s.

The intensity of eddies was significant in the middle of the downstream channel and
near the outlet. This was due to the higher flow velocity and developing turbulence struc-
tures at t = 4 s (Figure 7b,c). In contrast, the regular shape of vortices was not observed
around the contractions. The most intensive vortices were also observed when the vortices
were inserted in the middle of the channel for Si5. The change in the scale of the vortices
and their longitudinal stretching was observed down the contractions (Figure 7d—f).

Air entrapment was the process by which air was trapped in the fluid during the
development of a dam break. This occurred around obstacles in the downstream channel
as the wave developed over and around them. The free surface stagnated in the low-ve-
locity and low-pressure areas, and the air became trapped in the fluid. The air entrapment
resulted in bubbles within the flow. However, the highest density of air bubbles was ob-
served around the first row of obstacles (Figure 7a—c)). In contrast, the intensity of vortices
was negligible around the contractions. The possible reasons were fewer pressure fluctu-
ations and weak entrapment mechanisms around the contractions. This also could be at-
tributed to the weak flow mixture and increasing the dam-break flow velocity around the
contractions (Figure 7d-f).

3.5. Dam-Break Flow Regime Variations

The flow regime was transcritical near the dam L: = x =5 m and the first row of ob-
stacles. However, after hitting the first row of obstacles, it was displaced to the subcritical
between x =7 and x = 8 m. Some weak hydraulic jumps formed due to a transition from
supercritical to subcritical flow behind the obstacles. Then, the Froude number increased,
and the flow regime became supercritical due to the rapid evolution of the bore toward
the outlet. The maximum Froude number was Frmax = 5 near the outlet (Figure 8a).
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Figure 8. Froude number changes from the beginning of the reservoir to the end of the channel in
models. (a) Obstacles: S11, (c) S12, and (e) S1,3; (b) contractions: Si4, (d) Si5, and (f) Sisatt=4s.

The transcritical flow formed near the dam site x =5 m in model Si2as in model Si1
and near the first row of obstacles at x =11 m. The transcritical flow formed near the first
row of obstacles in model Si2as in model Si1. However, before the obstacles, a steady
increase in the Froude number was observed from the initial point of the dam x = 0 (left
wall) to x = 10.5 m near the first row of obstacles. Then, the Froude number suddenly
decreased to Fr =0.78, and the flow was in a transition phase. After that, the flow velocity
increased toward the outlet due to the wave development. The maximum Froud number
Frmax = 3.5 was observed near the outlet, as a free jet formed at this point. (Figure 8c).

As in the previous two cases, a transcritical flow formed near the dam, and a transi-
tional flow formed near the outlet. The maximum Froude number, Frmax = 3.4, was ob-
served near the channel outlet. Thus, a mixed flow prevailed along the channel. Accord-
ingly, the Froude number decreased with increasing distance between the obstacles and
the dam (Figure 8e). The same trends were observed when predicting the Froude number
around the contractions. However, the fluctuations of Froude number values along the
channel and around the contractions were fewer, especially around the critical points (Fig-
ure 8b,d,f).

3.6. Inflow Hydrograph in the Downstream Channel

The presence of obstacles in the downstream channel changed the flow direction,
causing the wave to break into smaller waves, interacting with the channel bottom, side-
walls, and obstacles in complex ways. The hydraulic jump created by the obstacles near
the dam in model S1,1 affected the inflow hydrograph. This hydraulic jump resulted in a
decrease in the height of the free surface and an increase in flow velocity, leading to a rise
in inflow. The hydrograph shifted on the time axis from t =0.7 s to t =2.6 s, with the rising
limb’s length increasing with the distance of the obstacles from the dam (Figure 8a). Ac-
cordingly, the peak discharge was reduced from Qp = 0.4 m?/s in S11 to Qp = 0.36 m%/s in
S12 and Qp = 0.33 m%/s in Si5. Thus, the peak discharge was reduced by increasing the
distance of the obstacles from the dam (Figure 8a,c,e). Approximately the same results
and peak inflow discharges were predicted for contractions. However, the inflow hydro-
graphs were not smooth like obstacles. The possible reason was the effects of the back-
flow toward the reservoir and in the upstream direction. The back-flow development from
the constraints toward the reservoir may lead to retentive impacts against the reservoir
outflow evolution in the downstream channel (Figure 9b,d,f).
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Figure 9. Inflow hydrograph of the dam-break flow in the place of downstream structures in models.
(a) Obstacles: S, (c) S12, and (e) S13; (b) contractions: Si4, (d) S15, and (f) Sieatt=4s.

4. Discussion

This study scrutinized the transient dam-break flow and its interaction with down-
stream obstacles and contractions for different distances of the structures from the dam.
The free surface flow evolution and deformations were captured using three-dimensional
Navier-Stokes equations coupled with VOF functions. The turbulence characteristics
were modeled using LES methods. The results of this study on the effects of obstacles on
wave evolution were consistent with those presented in [3,5,9,23]. They showed that the
free surface deformations correlated with the downstream structures’ shape, size, and ar-
rangement. The results also showed that the kinetic energy of the dam-break wave and
turbulence intensity increased when the obstacles were inserted near the dam [5]. This
study also showed that the hydraulic jumps dissipated by increasing the distance of the
downstream structures from the dam. This result was similarly reported in a review of
dam-breaks in the presence of obstacle research by the authors of [23].

However, despite the previous studies, changing the distance of the downstream
structures to the dam was considered a critical factor affecting the wave-structure inter-
actions. It led to significant variations in free surface longitudinal and transverse profiles
and fluctuations in flow depth along the channel. Previous studies did not fully address
these changes [17,24].

This study also captured the variations in the vortices’ shape, scale, intensity, and air
entrainment density around the downstream structures. The results emphasize the differ-
ence between obstacles and contractions in developing these phenomena. Accordingly,
the intensity of these phenomena was quite different around the downstream structures
near the dam from those far from the dam. These phenomena were also scrutinized in
previous studies by the authors of [6,10,24]. They correlated the turbulence shedding and
air entrapment with the structural impacts and kinetic energy dissipation around these
structures.

The numerical results of this study also highlighted the effects of the mesh resolution
and turbulence modeling method on model accuracy and performance. These results were
consistent with previous numerical dam-break studies [13,33,37—40]. Indeed, mesh reso-
lution is a critical factor in capturing dam-break wave-structure interactions and the evo-
lution of free surface flow around downstream structures.

Some asymmetries were observed in the free surface profile upstream near the tran-
sitions, simulating the dam-break wave evolution around the contractions. The asymme-
tries along the longitudinal axis could be attributed to numerical and physical factors.
While the numerical model was configured with symmetric boundary conditions and re-
fined meshing, small perturbations inherent to the discretization process or solver algo-
rithms may have amplified during the simulation. It was particularly nuanced in regions



Water 2025, 17, 424

19 of 22

with complex flow dynamics, such as wake zones and areas of vortex shedding. Addi-
tionally, turbulent flows” inherent unsteady and chaotic nature could lead to slight devi-
ations from perfect symmetry, even under ideal conditions. These asymmetries were not
uncommon in numerical studies and have been reported in the literature, especially in
highly turbulent transient regimes [29,4143]. Complementary studies need to minimize
these effects by conducting additional mesh sensitivity studies and exploring advanced
turbulence models to capture better and mitigate such deviations. However, it is essential
to note that these localized asymmetries did not significantly impact the overall trends
and conclusions of the study.

Previous studies by the authors of [3,9,20] also discussed the development of hydrau-
lic jumps around obstacles and contractions. However, in this study, the characteristics of
the hydraulic jump changed by reducing the distance of the downstream structures from
the dam. For example, the power and height of the hydraulic jump were more pronounced
for the obstacles and contractions near the dam than those far from the dam.

Furthermore, the changes in inflow and outflow hydrographs due to obstacles and
wave-structure interactions was reported in previous studies [17,23,24,26] . However, in
this study, comparing the shape of the hydrograph for obstacles and contractions high-
lighted the difference between them in shape and profile fluctuations.

Some limitations of this study that could be addressed in future studies were simpli-
fying the boundary conditions and the geometry of downstream structures, which can be
more complex and asymmetrical in real-world frameworks. All structures were consid-
ered solid, and the dynamic response of these structures and stress analysis were not in-
cluded in the results of this study. Accordingly, the dam-break wave was generated as an
ideal dam-break problem, while the complexity of the actual dam failure-induced waves
was not included in this study.

Future studies can focus on the potential application of the Riemann method for sce-
narios involving substantial geometric changes or shock-like features. While this study
employed the FVM combined with VOF and LES models, which provided robust frame-
works for capturing transient flow, these approaches may have limitations in resolving
extreme geometric complexities. The Riemann method could complement these tech-
niques in scenarios where shock waves or high-gradient transitions occur. However, the
selected methods were sufficient for addressing the research objectives, including evalu-
ating the turbulence intensification, energy dissipation, and wave-structure interactions
within an idealized framework. Incorporating the Riemann method could be a valuable
avenue for extending this work to more complex, real-world geometries and boundary
conditions.

5. Conclusions

This study investigated the transient flow characteristics of dam-break waves inter-
acting with downstream obstacles and contractions under varying distances. The critical
findings of this study were as follows:

(1) The numerical model successfully predicted the evolution of dam-break waves
around downstream structures with high accuracy.

(2) Reducing the distance of obstacles to the dam significantly decreased wave height,
kinetic energy, and turbulence intensity, particularly at the early stages of the dam
break.

(3) Hydraulic jumps and transcritical flow regimes were more pronounced around ob-
stacles near the dam.

(4) The study captured critical phenomena such as air entrainment, vortex shedding,
and flow field variations near obstacles, emphasizing their dependency on the prox-
imity of the downstream structures to the dam.
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(5) The inflow hydrograph and peak discharge decreased as the distance of obstacles
and contractions from the dam increased, showing the structures’ retentive effects on
wave dynamics.

This study has also significant theoretical and practical implications. These findings
increase the knowledge of wave-structure interaction due to dam breaks as they have
identified the way obstacles and contractions may influence the wave dynamics at various
distances from the dam. The comprehensive data about transient flow dynamics, includ-
ing air entrainment, vortex shedding, and hydraulic jump formation, lay the basic guide-
lines for designing and optimizing downstream infrastructure concerning resisting ex-
treme flow conditions. These results enable engineers to devise improved strategies for
flood risk mitigation against the consequences of dam-break events, especially in high-
risk areas with complex hydraulic conditions. Moreover, this numerical approach can be
regarded as a reliable framework for other water resources engineering applications, such
as urban flood modeling and reservoir outflow management.

Future studies need to be completed on the individual and combined effects of down-
stream structures’ geometry, number, and material properties. Realistic complications,
such as irregular structural layouts, asymmetric boundary conditions, and dynamic re-
sponses of downstream structures to wave impacts, would further extend the model’s
applicability. Expanding research on sediment transport, debris flow, and erosion at ob-
structed or channel contractions will also enable a broader understanding of the phenom-
ena. Further, including stress and deformation analyses of structures in the downstream
area will help bridge gaps between wave dynamics and structural safety evaluations.
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