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Preface

This Reprint aims to offer a comprehensive and multidisciplinary overview of recent advancements
in hydraulic engineering and hydrological modeling. The collected works focus on fundamental
principles, governing mechanisms, and technological innovations driving hydraulic processes,
while also addressing challenges in the design and management of water infrastructure. By
integrating theoretical insights with engineering practice, this volume seeks to advance both scientific
understanding and practical applications in hydraulics and hydrology. The contributions cover a broad
scope, reflecting the diversity of contemporary research in the field. Topics can generally be categorized
as follows: (1) high-dam hydraulics; (2) channel hydraulics; (3) cylinder flow; (4) air-water two-phase
flow; and (5) hydrological modeling. Collectively, these studies underscore the interdependence of
hydraulic and hydrological processes across various spatial and temporal scales and emphasize
the need for interdisciplinary approaches to tackle water-related challenges. This Reprint also
highlights the value of coupling numerical modeling with experimental studies, as their integration
can yield more robust insights into hydraulic performance and infrastructure safety. The motivation
behind this compilation stems from the growing global demand for water security, sustainable
reservoir management, and resilient hydraulic structures amid evolving environmental and social
conditions. Dams and reservoirs play a crucial role in flood control, energy generation, irrigation, and
ecological regulation. Ensuring their long-term safety and efficiency demands continuous innovation,
rigorous scientific analysis, and reliable engineering solutions. By synthesizing methodological
advances and applied research, the contributions in this Reprint serve as a timely resource for current
practice and future development. This publication is intended for a wide audience: researchers
and graduate students will discover new theoretical insights and methodologies; engineers and
designers will find practical applications; and practitioners, project managers, and policymakers will
benefit from case-based findings that support evidence-based decision-making and sustainable water
management strategies. In summary, the studies presented herein provide valuable perspectives
on hydraulic and hydrological sciences and point to emerging trends in the design, operation, and
management of dams and reservoirs. It is our hope that this Reprint will inspire further research,
foster interdisciplinary collaboration, and contribute to the safe and sustainable development of water

infrastructures worldwide.

Shiqiang Wu and Ang Gao
Guest Editors
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Advanced Research on Hydraulic Engineering and
Hydrological Modelling

Ang Gao * and Shiqiang Wu

Nanjing Hydraulic Research Institute, Nanjing 210029, China; sqwu@nhri.cn
* Correspondence: agao@nhri.cn

1. Introduction to the Special Issue

Hydraulics and hydrology are ancient disciplines that play a crucial role in ensuring
water security, safeguarding water environments, and maintaining water ecology. In recent
years, the construction of high dams, such as the Baihetan Project, has not only resolved
numerous problems but also generated a wealth of practical theories, advanced techniques,
and valuable practical experiences in the fields of hydraulics and hydrology [1,2]. Physical
models, numerical models, and prototype measurements are traditional research meth-
ods [3-5]. However, with the rapid advancement of emerging technologies like information
technology [6] and big data [7], the integration of these technologies with hydraulics and
hydrology has emerged as a prominent research topic in the current academic landscape. It
is essential to summarize and disseminate the above-mentioned related research findings
to further promote the development of this area of interest.

Consequently, this Special Issue of Water was launched. Since the call for papers was
announced, twelve original articles and one review article have been accepted for publica-
tion following a rigorous peer-review process (Contributions 1-13). These papers can be
categorized into several domains: high dam hydraulics, channel hydraulics, cylinder flow,
air-water two-phase flow, and hydrological modeling. To provide a better understanding
of this Special Issue, we hereby summarize the key highlights of the published papers.

2. Overview of the Contributions to This Special Issue

Regarding hydraulic research on high dams, Zheng et al. (Contribution 1) investi-
gated the emergency discharge capacity of ultra-high dams under extreme events such as
floods and earthquakes by reviewing dams over 200 m worldwide. The study revealed
inadequate discharge capacity, poor structural safety at high heads, excessive hoisting
requirements, and complex sealing technologies. To overcome these challenges, strategies
such as multi-stage gates and siphon layouts were proposed, emphasizing enhanced gate
pressure resistance, intelligent control, and integrated risk management to ensure continu-
ous safe drawdown and strengthen disaster resilience. High-altitude hydraulic projects face
increased cavitation risk due to reduced atmospheric pressure, and conventional aeration
designs perform poorly under such conditions. Guo et al. (Contribution 2) conducted
decompression chamber tests simulating various pressures and flow rates to analyze air
discharge, cavity characteristics, and air-water concentration. Results showed that lower
pressure significantly reduces aeration and air-water content. A correction formula was
developed to accurately predict aeration performance under low pressure, providing a
theoretical basis for ventilation design in high-altitude hydraulic structures. Cavitation
is a major safety concern in high-head spillways. Dong et al. (Contribution 3) addressed

Water 2025, 17, 2562 1 https://doi.org/10.3390/w17172562
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the severe backflow and ventilation failure of conventional aerators in mild-slope chutes
under low Froude numbers by proposing a curved aerator with locally increased slope to
reduce impact angle. Shape parameters were derived and validated through numerical
simulations. Results show that appropriately lowering the jet impact point eliminates
backflow, significantly outperforms traditional designs, and effectively resolves cavitation
protection challenges under mild slopes and high discharge conditions. Overtopping and
seepage are the primary causes of tailings dam failures. Gao et al. (Contribution 4) con-
ducted a 1:100 physical model test and combined numerical simulations to investigate the
breaching process and downstream hazard evolution. Results show that failure progresses
through seepage stabilization and flow-slide development stages before full crest breach.
Measures such as controlling the phreatic line, adding drainage systems, and improving
flood regulation were proposed to enhance dam safety and provide technical guidance for
emergency management.

Regarding channel hydraulics, Smith et al. (Contribution 5) used the River2D model
combined with field data to simulate velocity and shear stress distributions in a shallow
river reach under ice-covered and open-water conditions. The results show that ice cover
reduces overall flow velocity but enhances local recirculation and alters high shear stress
distribution, while narrowing the main channel and increasing water depth, which may
affect fish habitats. This study provides an important basis for understanding winter
hydraulic characteristics and ecological impacts. China’s water resources are unevenly
distributed between the north and south, making inter-basin water transfer projects highly
demanding and risky. Zhang et al. (Contribution 6) addressed the issues of complex channel
response and insufficient scheduling safety in such projects by developing a hydraulic
model for the Yangtze-Huaihe Water Transfer Project. They proposed a safe regulation
range based on the earliest and latest adjustment times and identified flow variation as
the key factor through the Sobol sensitivity analysis, further deriving a power function-
based rapid prediction formula. Results indicate high prediction accuracy, enabling the
replacement of traditional models, improving scheduling efficiency, and ensuring safe
project operation. Climate change has increased flash flood risks in steep-slope watersheds,
while existing hydrodynamic models often neglect canopy interception and litter storage,
reducing simulation accuracy. Amon et al. (Contribution 7) integrated these processes
into the HEC-RAS model to improve flash flood simulation in steep basins and compared
two approaches for representing litter: as rainfall loss and as a high-porosity soil layer.
Results show that litter significantly reduces surface runoff and peak discharge. This study
provides a scientific basis for small watershed flood modeling and risk management.

In terms of cylinder flow research, Wang et al. (Contribution 8) developed a coupled
internal wave—cylinder—topography model using large eddy simulation to examine how
topography influences cylinder loading. The results show that irregular topography sig-
nificantly alters the direction of horizontal forces, enhances shallow water effects, and
greatly increases reverse forces on the lower section, while higher internal wave amplitudes
intensify flow strength and vortex activity. This study reveals the hydrodynamic response
of structures under complex terrain, providing valuable guidance for the safe design of
hydraulic structures. Most studies on cylinder flow neglect boundary effects and lack the
systematic analysis of how confinement influences flow structures. Xu et al. (Contribution
9) used two-dimensional numerical simulations to examine the impact of boundary con-
finement on cylinder flow characteristics. The results show that confinement does not alter
the four fundamental flow regimes but reduces vortex size, shifts vortex centers toward the
boundary, and significantly increases drag and vortex shedding frequency when G/D < 3.5.
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Prediction formulas for drag and shedding frequency were proposed, providing reference
for the design and vibration control of nearshore structures.

In terms of high-speed air-water two-phase flow research, Luo et al. (contribution
10) conducted fluent-based numerical simulations to analyze concentric double-nozzle
non-submerged cavitation jets, focusing on the influence of nozzle geometry and pressure
parameters on the flow field. Results indicate that contraction and expansion sections sig-
nificantly enhance cavitation intensity, with the expansion section enlarging the cavitation
zone, and smaller contraction angles yielding better performance; moderately increasing
throat diameter and nozzle pressure further improves impact pressure. The study proposes
an optimized nozzle design method, providing theoretical guidance for large-scale surface
strengthening applications. Composite cavitation nozzles can significantly enhance cavita-
tion performance, yet the influence of key structural parameters and effective optimization
strategies remain unclear. Huang et al. (Contribution 11) employed large-eddy simulation
combined with the response surface method to optimize nozzle structural parameters.
The results indicate that the optimized design substantially increased the vapor volume
fraction compared with conventional nozzles, with model prediction errors of only 2.04%
and impact force test errors ranging from 1.5% to 2.7%. This study introduces a system-
atic optimization approach, providing theoretical and technical support for cavitation jet
nozzle design.

In terms of hydrological modeling research, Jin et al. (Contribution 12) proposed an
improved vertical exchange approach based on node water balance, integrating vertical
flow computation into the 1D hydraulic equation with iterative solutions to resolve unrea-
sonable backflow calculations and instability in conventional models. The results indicate
that the improved method achieves coupling results highly consistent with the ICM model
while significantly enhancing computational efficiency, providing a high-accuracy, low-
subjectivity solution for urban flood simulation and drainage system optimization. The
Jakarta government plans to construct a coastal reservoir at the river mouth to alleviate
water shortages and flood risks, but feasibility assessment methods tailored to Indonesian
conditions are lacking. Soekarno et al. (Contribution 13) proposed a pre-feasibility analy-
sis framework for coastal reservoirs, incorporating hydrological calculations, operational
simulations, and flood and sediment assessments. The results show that the reservoir
provides limited flood regulation, lowering upstream water levels only in the early stages.
This study offers a scientific basis for planning inter-basin water supply and flood control
projects in Indonesia.

3. Conclusions

This Special Issue features multidisciplinary scholarly works that aim to provide an
in-depth comprehension of the scientific principles and mechanisms, encompassing critical
technologies, challenges, and concepts, in the fields of hydraulic engineering and hydro-
logical modelling. The guest editors anticipate that the papers published in this Special
Issue will appeal to researchers, designers, and practitioners involved in the design and
management of dams and reservoirs and will also assist in identifying future research direc-
tions. The research findings and methodologies presented in this Special Issue, including
hydraulic research on high dams, channel hydraulics, cylinder flow, air-water two-phase
flow, and hydrological modelling, hold great research significance. These technological
contributions can aid relevant scholars and project managers in analyzing and managing
the safety of the major structures in reservoir dams.
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Abstract: For flood discharge structures with high water heads, aeration facilities are usually installed

in engineering to promote water flow aeration and prevent cavitation damage to the overflow surface.

Actual engineering has shown that as the slope of the discharge channel bottom decreases or water
level changes lead to a decrease in the Froude number, the cavity morphology after conventional
aeration facilities or allotype aerators is poor. This article proposes a curved aeration facility scheme
based on the idea of locally increasing the bottom slope to reduce the impact angle, which is formed
by the convex parabolic bottom plate and concave parabolic bottom plate. The convex parabolic
bottom plate is tangent to a flat bottom plate behind the offset, and the concave parabolic bottom
plate is tangent to the downstream. The jet landing point is controlled at the junction of the convex
parabolic bottom plate and the concave parabolic bottom plate, and the lower jet trajectory is in line
with the parabolic bottom plate. The corresponding parabolic bottom plate calculation formulas were
theoretically derived, and the design method of the shape parameters of the aeration facility was
provided. Through specific engineering case studies, it was found that: (1) As the Zac/Zag value
increases, point C becomes closer to point G, the slope of the water tongue landing point C becomes
steeper, and the cavity is less likely to return water. (2) When the position of the water tongue
landing point is 0.5-0.8 times the height of the water tongue impact point, there is almost no water
accumulation in the calculated cavity. At this time, the platform length Lag = 0.5LaF, the convex
parabolic section length Lpc = (0.45-0.6) Log, the concave parabolic section length Lcp = (0.43-0.11)
Lag, the convex parabolic section calculation formula is z (x) = —A1x, (A; = 0.0059-0.00564), and the
concave parabolic section calculation formula is Ayxy — Byxp (A = 0.003347-0.01927).This solved the
problem of aeration and corrosion reduction under small bottom slope, large-unit discharge, and low
Froude number engineering conditions.

Keywords: parabolic aerated facilities; no backwater; small bottom slope; impact angle; the lower
jet trajectory

1. Introduction

In high head flood discharge structures, the water flow velocity is high. Low-pressure
areas can easily form in the contraction part of the inlet section of the flood discharge
tunnel, the side wall behind the gate groove, the turning section of the tunnel, the top of
the overflow weir, the uneven part of the discharge groove, and the energy dissipation
ridge. When the pressure in these areas drops below the saturated vapor pressure of the
water, the gas core in the water will quickly expand and form bubbles. These bubbles
will flow with the water flow and quickly collapse if the pressure rises again [1]. The
collapse process of bubbles will generate great impact force and high temperature, causing

serious damage to the walls of flood discharge structures, namely cavitation damage [2].

Aeration and erosion reduction measures are usually adopted to prevent cavitation damage
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on the flow surface [3,4]. At present, aeration facilities can be divided into conventional
aeration facilities and small bottom slope aeration facilities [5]. A conventional aeration
facility consists of several transverse and vertical grooves around the chute walls that are
connected to an air supply. Air is entrained into the water flow through the air cavity
neighboring the water flow surface owing to the difference in atmospheric pressure. The
cavity jet length, air entrainment coefficient, and air diffusion evolution near the wall are
the main parameters used to describe the aerator efficiency [6]. For example, Pfister and
Hager’s [7,8] investigation focuses on the flow structure and the air transport downstream
of chute aerators: Minimum F; values for efficient air entrainment by aerators are F, = 6
for offsets, F; = 5 for deflector aerators with the deflector angle = 6°, and F; = 4 for the
deflector angle = 11°. Steep deflectors are more efficient than those with small values of the
deflector angle. Aerators with a floor slope of 30° on steep chutes operate more efficiently
than those on flat chutes. Therefore, as the bottom plate angle of the discharge channel
decreases, the efficiency of conventional aeration facilities significantly decreases. This is
mainly due to the serious return water in the cavity under the action of small bottom slopes,
which blocks the ventilation holes and leads to the failure of aeration facilities [9]. In recent
years, domestic scholars have proposed some small bottom slope aeration facilities based
on engineering practice, namely irregular aerators. These special-shaped aerators have the
same structural parameters as conventional aerators. By controlling the lateral distribution
of water tongue landing points and reducing the impact angle between the water tongue
and the bottom plate behind the aerator, the shape of the aerator is changed to some
extent, eliminating cavity backflow. For example, Pang et al. [10] proposed a U-shaped
groove aerator; Sun et al. [11] proposed a concave aerator in conjunction with the Xiao
wan spillway tunnel; Wang et al. [12] proposed a V-shaped groove aerator; Deng et al. [6]
proposed a wedge-shaped aerator arranged at the end of the pressurized inlet of the small
bottom slope open channel. When the bottom slope of the discharge channel is small, the
application range of these irregular aerators is small, and cavity water accumulation is still
inevitable. According to research results, the key factor causing cavity water accumulation
is the impact angle between the jet water tongue and the bottom plate. When the impact
angle decreases to a certain extent, the water accumulation disappears. The critical impact
angle given by Zhang Liheng et al. [9] is 9°. Based on this, some scholars have proposed
“aerator + local steep slope” [13], such as Sun Zhenxing, Wang Fangfang, and others [14]
proposed a “planar V-shaped ridge + local steep slope” aeration facility to solve the problem
of aeration and erosion reduction in flood discharge cavities under conditions of gentle
bottom slopes and large water level fluctuations; Liu et al. [15] proposed a “bottom plate
bending aerator” by fitting the local bottom plate curve with the lower jet trajectory. The
aerated facility has a continuous and simple two-dimensional structure, which not only
effectively suppresses cavity backflow, but also has a good flow state. However, due to
the lack of specific design methods for shape parameters, the aerated facility still needs to
continuously adjust the local bottom plate shape behind the offset in specific engineering
applications, which is time-consuming and laborious. Based on the research results of
Liu et al. [15], this article proposes a curved aeration facility scheme based on the idea of
locally increasing the bottom slope to reduce the impact angle of the jet flow. The parabolic
curve of the bottom plate is theoretically derived, and a design method for the shape
parameters of the aeration facility is provided. The reliability and rationality of this design
method are verified through engineering examples. Through engineering examples, it is
verified that the parabolic aerated facility proposed in this article effectively eliminates
the problem of cavity backflow and solves the problem of cavity backflow in small bottom
slope aerated facilities.

2. The Principle of the Double Parabolic Aerator Shape Design

The impact angle of the jet flow behind offset is the most critical factor causing cavity
backflow. When the impact angle decreases to a certain extent, the accumulated water in
the cavity disappears [16]. Based on this idea, as shown in Figure 1, this study transforms
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the local bottom slope behind the offset into a body structure composed of the flat bottom
plate Lsp, the convex parabolic bottom plate Lpc, and the concave parabolic bottom plate
Lcp. The lower edge OC of the jet flow impacts on the connection point C of the convex
bottom plate and the concave parabolic bottom plate, where the local slope is the largest.
By designing the parabolic curves reasonably, the lower jet trajectory fits to the bottom
plate, effectively reducing the jet impact angle, eliminating cavity backflow, and ensuring
sufficient aeration flow.

air vent &
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-

offset /; y

|
1
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I
r

LaB Lec L Lcp J:
Flat Convex parabolic Concave parabolic
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Figure 1. Definition sketch with notation.

Establish three Cartesian coordinate systems, xOz, x; Bz, and x,Cz;, with the vertex
O, B, and C as the origin, as shown in Figure 1. In the figure, the deflector height is t and
the deflector angle is v, and the jet take-off angle is 8. The bottom slopes of the upstream
and downstream discharge channels are, respectively, ajand «,. 31 is the angle between
the jet landing point C and the x-axis, (3, is the tangent angle of the convex parabolic the
bottom plate at point C, 3 is the impact angle between the lower jet trajectory and the
convex parabolic bottom plate, and 3 = 31 — 2. The endpoint A at the bottom of the offset
intersects with the lower jet trajectory at point F, and B is the point on the segment AF.
Create a convex parabolic segment BC that is tangent to line segment AF at point B, tangent
to the lower jet trajectory at point C, and then create a concave parabolic segment CD that is
tangent to the convex parabolic segment at point C, and tangent to the downstream bottom
plate at point D. This is the parabolic aerator design scheme.

Next, determine the relevant design parameters for the jet landing point C that fits the
body shape.

3. The Lower Jet Trajectory

To construct the relationship between the lower edge of the jet water tongue behind
the ridge and the local bottom plate, it is necessary to understand the trajectory of the jet
water tongue movement.

Jet trajectories are typically described by the physically based point-mass parabola
versus the take-off conditions, thereby assuming constant density and neglecting jet disinte-
gration and aerodynamic interaction. However, the effective take-off angle of a jet trajectory
is not identical with the boundary angle of the terminal structure due to pressure rear-
rangement. Therefore, take-off angles are usually derived from prototype observation or
from physical model tests, thereby assuming a parabolic trajectory geometry and fitting the
take-off angles, depending on the deflector’s geometry and the hydraulic conditions [17].

In the case of Froude number F; < 7, under the condition of a small bottom slope, the
jet distance is short, the influence of aeration resistance is small, and the effect of gravity is
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significant, so only the correction of the jet take-off angle needs to be made [18]. According
to mass point dynamics, the lower jet trajectory equation reads:

x2

—_— 1
2F2hcos? 6y @

z(x) = xtan @y —

Here, the approach flow Froude number is F;; the approach flow depth is h; the jet
take-off angle is 0.

There have been many achievements in the study of the take-off angles of the lower jet
trajectory, and significant achievements have been made, such as Chanson [19],
Steiner et al. [20], Rutschmann and Hager [21], Wu and Ruan [22], Pfister [23], and
Long Qiang et al. [24]. The shape of the parabolic aerator is achieved by designing the
reasonable convex concave parabolic curve to achieve the lower jet trajectory which fits the
bottom plate. The accuracy of the take-off angle of the lower jet trajectory directly affects
the shape of the cavity, and also is a key parameter for the successful design of parabolic
aerated facilities. In recent years, turbulence numerical simulation has been widely used in
hydraulic engineering. Deng and Xu [25], Luo and Diao [26], and Gao et al. [27] simulated
the aeration flow in tunnels and spillways. The results show that the numerical simulation
results are in good agreement with the experimental data, which shows that turbulence
numerical simulation is feasible for simulating the hydraulic characteristics of the Large
Discharge Spillway Tunnel. Based on this, the numerical simulation method is used to
calculate the take-off angle of the lower jet trajectory.

4. Calculation Formulas of the Parabolic Bottom Plate

As shown in Figure 1, the bottom plate structure behind the offset is divided into
three parts: the first part is the platform bottom plate, the second part is the convex
parabolic bottom plate, and the third part is the concave parabolic bottom plate. Through
theoretical analysis, the impact point G is a key parameter for constructing the relationship
between the lower edge of the jet water tongue and the local bottom plate. Therefore, the
relationship between the platform section and the horizontal jet distance is established,
and the relationship between the lower edge of the water tongue and the convex concave
bottom plate is established. The specific process is as follows:

4.1. The Length of the Platform Bottom Plate

Put Z = —A into Equation (1), from which can be obtained the intersection point of the
lower jet trajectory and the platform extension line:

2A
Lar =05Fhsin20; [1+ /1 + ———— 2
AF g k ( F2hsin? 6 ) @)

In the formula: A is the total height, m; if 6y, > 0, take “+”, if 01, <0, take “—".
Therefore, the length of the platform bottom plate is written as:

Lag = kLxp 3)
where k is the coefficient to be determined, and 0.45 < k < 0.50.

4.2. Calculation Formulas of the Convex Parabolic Bottom Plate

In the coordinate system x;Bz;, the formula for calculating the convex parabolic
bottom plate is:
z(x1) = a1x% + b1y + ¢ 4)

In the formula, a1, by, and ¢; are undetermined coefficients.
When x; =0and z; =0, c; =0.
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Taking the derivative of calculating Equation (4) yields the following Equations (5) and (6):

d
dﬂ =2a1x; + b =0 (5)
xl X1 =0
d
dﬂ =2a1Lgc +b; = —tan By (6)
X1 lxy=Lpc

The calculation formula of the convex parabolic the bottom plate is:

— tan
B2 2

z(x1) = 2pe 1 )
In the formula: Lag < Lgc + Lag < Lag-
Po=Pp1—B

In the formula: B is the actual impact angle between the lower jet trajectory and the
bottom plate; if § = 0, it indicates that the lower jet trajectory is completely tangent to the
bottom plate. 31 is obtained from Equation (8); based on 3, = 31 — 3, 32 can be obtained.

dz
tanfy = — Tx (8

x=Lac

According to Equation (7), the length of Lpc depends crucially on the vertical distance
Zac from the point C to the platform bottom plate. The value of Z¢ is closely related to
the elevation of the original impact point G, as the elevation of the jet landing point C will
not be lower than the original impact point G. Therefore,

Zac =nZag )

In the formula, n < 1.0 is used to ensure that the point C position is as far away as
possible and the elevation is low, and n is taken as high as possible.
After the Zac value is determined, the Lgc value can be determined.

4.3. Calculation Formula of the Concave Parabolic Bottom Plate

In the second coordinate system x,Cz,, the formula of the concave parabolic the
bottom plate is obtained as follows:

—t t
ana; + tan > x5 — tan Boxo (10)
2Lcp

z(xp) =

Here: LCD > LAG - LAC-

The calculation formulas (3), (7), (9), and (10) are the general equations for parabolic
bottom plates for an aerated facility. This equation is applicable to conventional two-
dimensional aerated facilities.

5. Engineering Application

The ecological drainage (emptying) tunnel on the left bank of the particular hy-
dropower station has a total length of approximately 1260 m. The outlet of the pressure
tunnel is connected to the working gate chamber, and the working gate chamber is con-
nected to the non-pressure tunnel section. The longitudinal slope of the non-pressure
section bottom plate is i = 0.1, and the verified flood level is H = 3894.18 m, Q = 983 m3/s.

5.1. The Shape Design Based on This Paper’s Approach

The original first aerator in the non-pressure section of the ecological drainage tunnel
was located at the 0 + 920.20 m section of the gate chamber. Due to the gentle slope of the

10



Water 2024, 16, 1574

bottom of the spillway, the stability of the cavity of conventional aeration facilities is poor,
and is prone to the formation of water accumulation. Water accumulation will reduce the
length of the cavity, causing a decrease in ventilation volume. In severe cases, it can block
the ventilation holes and cause poor air intake. Aeration facilities have instead become
artificially convex bodies, forming cavitation sources and causing cavitation and erosion
damage. This article adopts a combination of “the small deflector + the offset + parabolic
bottom plate” aerators, which is a parabolic aerator. The small deflector height is 0.3 m,
with a slope of 1:10, and the offset height is 0.7 m. The reason for using a combination
of “the small deflector + the offset + parabolic bottom plate” aerators is that the small
deflector + the offset causes little disturbance to the original water surface and easily forms
a stable cavity. The parabolic bottom plate can reduce the impact angle between the jet
water tongue and the original bottom plate, effectively eliminating cavity backflow. This
combination setting fully utilizes the advantages of various body structures, overcomes
their shortcomings, and achieves the goals of aerating and reducing corrosion.

Given the hydraulic parameters under the verified water level, use the parabolic
bottom plate calculation formula in the third subsection of the text to design the parameters
of each part of the bottom plate. In the design process, not only should the convex parabolic
bottom plate be tangent to the platform bottom plate, but also the concave parabolic section
should be tangent to the downstream bottom plate. Therefore, iterative calculation methods
should be used in the calculation and design process.

5.1.1. Known Conditions

Known hydraulic parameters in front of the deflector: the water depth h = 6.1 m,
Froude number F; = 4.163, total height of the aerator A = 1.0 m, the small deflector height is
0.3 m, with a slope of 1:10, and the offset height is 0.7 m, upstream slope i; = 0, downstream
bottom slope i; = 0.1; numerical simulation is used to simulate the combination of “the
small deflector + the offset” combination aerator and calculate the take-off angle 61, = 4 °of
the lower jet trajectory.

5.1.2. The Control Parameters Calculation
@® Lar length

Calculate the position of the intersection point between the lower jet trajectory and
the platform extension line using Equation (2):
Lar =23.611 m;

@ Laglength

According to Equation (3), let k = 0.5; then, the length of the platform segment is:
LAB =11.806 m;

® Laglength

Calculate the jet distance Laog when the jet flow impacts the original bottom plate,
L AG = 40.20 m;

®  Zag height
Calculate the height of the impact point G where the jet flow impacts the original
bottom plate relative to the platform section: Zag = 4.02 m.

5.1.3. The Design Parameters Calculation
@ Calculate Z4¢

After determining the Z,4¢ value using Equations (3) and (7), a reasonable body shape
can be obtained. According to Equation (9), letn=0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and calculate
the Z4¢ values listed in Table 1, represented by My 3, Mo, Mg 5;

11
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Table 1. Type design based on this paper’s approach.

Convex Parabolic Bottom Plates

Concave Parabolic Bottom Plates

Design Shape ?AC Lag/m Lsc Calculation Lcp Calculation Formulas Zcp bl
m /m Formulas /m /m
Mos 1.206 11.806 13.861 —0.00628x> 37.292 0.000994x2 — 0.1741x 5.108 9.876
Mo 1.608 11.806 16.305 —0.00605x> 25.140 0.001936x% — 0.1972x 3.736 11.163
Mos 2.010 11.806 18.461 —0.00590x> 17.601 0.003347x% — 0.2177x 2.796 12.289
Mo 2.412 11.806 20.416 —0.00579x> 12.163 0.005608x2 — 0.2363x 2.045 13.301
Moz 2.814 11.806 22.214 —0.00571x2 7.909 0.009704x2 — 0.2534x 1.397 14.225
Mos 3.216 11.806 23.887 —0.00564x2 4.394 0.019277x2 — 0.26926x 0.811 15.078
Moo 3.618 11.806 25.460 —0.00558x2 1.380 0.066795x> — 0.28420x 0.265 15.873

(@ Calculate Lgc and 3,

According to Laor — Lap < Lpc < Lag — Lap, within this range, in descending order,
(31 is calculated by initially assuming the Lpc value, substituting it into Equation (8);

(® Calculation formula of the convex parabolic segment

Substitute the 3, value and the Lpc value into Equation (7) to obtain the calculation
formula for the convex parabolic bottom plate;

® Calculate Lcp

Within the range of Lcp > Lag — Lac, in ascending order, the Lcp value that is
inputted into Equation (10) to calculate Z'cp is preliminarily assumed;

® Calculation formula of the concave parabolic section

Take B2, Lpc, orp. Substitute into Equation (10) to obtain the calculation formula for the
concave parabolic bottom plate.

5.2. The Influence of the Jet Landing Point C Position on the Bottom Plate Shape Parameters

List the parameters of each part of the bottom plate obtained above in Table 1, and
plot the relationship between Z,c/Zag and the relative length Lpc/Lag, the relative
length Lcp/Lac, and the relative total length Laop/Lag, as shown in Figure 2. As the
Zac/Zag value increases, the relative length Lgc/Lag gradually increases, the relative
length Lep /Lag significantly decreases, and the relative total length Lop/Lag gradually
decreases. This indicates that the larger the Z4¢/Z ¢ value, the closer point C is to point G,
the steeper the slope of the jet landing point C, and the less likely the cavity is to backflow.
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Figure 2. Relationship between Z4¢/Z g and the relative lengths of each part of the bottom plate.

5.3. Numerical Simulation

To visually observe the shape of the cavity, turbulent numerical simulation was used
to simulate and calculate these seven types of body shapes.

12
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5.3.1. Computational Model

The numerical simulation calculation area includes the upstream reservoir, pressure
tunnel section, gate chamber section, and non-pressure section, with a total length of about
1260 m, as shown in Figure 3. The RNG k-¢ turbulence model is suitable for complex
flows such as strongly turbulent water flow, jet collision, and separated flow. It considers
the anisotropy of turbulence and corrects turbulence viscosity, which can repair complex
turbulence simulations to a certain extent, and especially for situations with large flow
amplitudes, the RNG k-¢ model has more advantages, so this article adopts the anisotropic
RNG k-¢ turbulence model [25]. A coupled solution was obtained using the PISO algorithm,
using unsteady flow to approximate constant flow for iterative calculation.

/ 100
-100 Og ()
Figure 3. Calculation Model.

In order to accurately observe the shape of the cavity, the aerator section is the focus
of simulation calculations. Due to its clear interface tracking, conservation, interface
reconstruction techniques, wide applicability, and ease of implementation, the VOF method
is particularly suitable for capturing air/water interfaces in simulations [26,27]. In this
paper, the VOF [28-30] method is used to calculate the water/air interface. The basic
principle of the VOF method is to define a fluid volume function F in each grid unit in the
computational domain. When F = 1, it means that the grid unit is completely filled with
a certain fluid phase. When F = 0, it indicates that there is no fluid phase in the grid cell.
When 0 < F < 1, it indicates that the grid cell is filled with at least two fluid phases, and
the cell is referred to as the interface between the fluids. The value of F can be obtained by
solving Equation (11), which needs to satisfy the following transport equation:

oF ouF OJvuF
D e T 11
o T ax "oy (1)

In the formula, F is the ratio of the fluid volume within a certain unit to the total
volume of that unit.

5.3.2. Grid Division and Boundary Conditions

Due to the fast convergence speed, high accuracy, and high computational efficiency
of structured grids, the overall model of ecological drainage tunnels adopts structured
grid division.

However, the grid size has a direct impact on the accuracy of capturing convective
features. If the grid is too large, it may not be possible to capture the subtle structural
changes at the lower edge of the jet water tongue behind the ridge; if the grid is too
small, although it can improve accuracy, it will increase computation time and resource
consumption. In order to reduce time and improve calculation speed, only the aeration
facility section is encrypted. The grid size of this area along the X and Z directions is 0.1 m,
and the grid size in the Y direction is 0.1 m, in order to obtain a clearer cavity shape. The
connecting calculation areas are set as gradient grids, and the total number of grids is kept
below 1.2 million; Figure 4 shows the local grid division of the aerator section. In the case
of a known flow rate, the inlet boundary condition of the upstream reservoir area adopts a
pressure inlet boundary, setting a characteristic water level for the verification flood level,
corresponding to a flow rate of 983 m?®/s. The outlet adopts a pressure outlet, and the
ventilation port and the top surface of the reservoir are in contact with the atmosphere.

13
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The pressure inlet is given at standard atmospheric pressure, and the wall surface adopts a
no-slip boundary condition. The viscous bottom layer is treated using the wall function
method. The constant discrimination condition for numerical simulation calculation is that
the error between the inlet flow rate and the outlet flow rate does not exceed £5%.

Figure 4. Local grid division of the aerator section.

5.3.3. Numerical Simulation Calculation Results
Calculate Cavity Shape

The numerical simulation first calculates “the small deflector + the offset” combination
aerator, and the calculated cavity shape is shown in Figure 5. Then, seven reasonable
shapes designed in Sections 4.1 and 4.2 are simulated and calculated. The calculated cavity
shape of the longitudinal profile of the discharge channel bottom plate and the bottom
plate are shown in Figure 6. (1) Due to the dual effects of small bottom slope and gravity,
traditional aerators have severe cavity backflow and poor flow state. The seven reasonable
types of aerators calculated using the design method in this article have stable cavities and
better flow state than traditional aerating facilities. When Zac/Zag < 0.5, there is a small
amount of water accumulation in the cavity, and when Zac/Zag > 0.5, there is almost
no water accumulation in the cavity. (2) As the Zxc/Z g value increases, the maximum
net cavity length shows a trend of first increasing and then gradually decreasing. (3) The
maximum net cavity length on the bottom plate of the discharge channel shows a shape of
“convexity on the middle and concavity on both sides”, which is mainly due to the fact that
in the two-dimensional continuous aeration facility the middle jet flow has a high velocity,
while the jet flow on both sides has a low velocity.
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Figure 5. Calculated cavity shape of “the small deflector + the offset” combination aerator.
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Figure 6. Cont.
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Figure 6. Calculated cavity shape behind the offset.

Distribution Characteristics of Bottom Plate Pressure

Time-average pressure distribution of the local bottom plates is shown in Figure 7
and the calculated value of time-average pressure at the centerline of the bottom plate
is shown in Figure 8. Under different Z4c/Zac values, we plot the relationship be-
tween relative convex parabolic segment Lac/Lag and relative impact force peak position
La-rp/Lag, and the relationship between relative total length Lyp/Lag and relative cen-
trifugal force peak position La.cpp/Lag is shown in Figure 9. (1) The pressure change
in the platform bottom plate is not significant, with a range of —2 KPa < p < 0 KPa. When
Zac/Zag = 0.6, the negative pressure is minimum, and when Zy¢/Zag = 0.9, the negative
pressure is maximum. (2) The pressure distribution in the convex concave parabolic section
shows a “bimodal” pattern. The maximum pressure value generated when the jet flow
impacts the convex parabolic bottom plate is the impact force peak, and the maximum
pressure value generated when the centrifugal force acts on the concave parabolic bottom
plate is the centrifugal force peak. At the same Z4¢c/Zag value, the pressure significantly
increases to the impact force peak, gradually decreases and fluctuates within a certain range,
then gradually increases to the centrifugal force peak and significantly decreases and tends
to stabilize. (3) As the Zc/Zag value increases, the impact force peak first increases and
then decreases, and the maximum net cavity length also increases first and then decreases,
while the centrifugal force peak gradually decreases. Possible causes of this phenomenon
are as follows: One reason is that as the Z,¢/Z g value increases, the concave parabolic
section gradually decreases and rapid stream, resulting in the flow unable to discharge
smoothly, causing the upstream jet flow to impact the bottom plate in advance, and the
impact force peak and the centrifugal force peak to gradually coincide. Secondly, although
the take-off angle of the lower jet trajectory is accurately calculated in the process of body
shape design, the Froude number Fr calculation uses the average velocity in front of the
aerator, resulting in a difference between the designed point C and the impact force peak
position. Overall, the position of the impact force peak fluctuates back and forth within a
certain range of the point C.
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Figure 7. The time-average pressure distribution of local bottom plates under different Zxc/Z g values.
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But regardless of the reason, when Z4¢c/Zag > 0.5, the calculated net cavity can still
maintain a certain length and almost no water accumulation after the aerator.

6. Discussion

Through the above research, it has been found that under small bottom slopes and
low Froude number engineering conditions, the “aerator + local steep slope” aerated fa-
cility can effectively suppress or reduce cavity backflow, and obtain a relatively stable
aerated cavity. However, whether it is a special-shaped aerator or a combination of
“aerator + local steep slope” aerator, when the bottom plate of the discharge channel
decreases or the Froude number decreases, the accumulated water in the cavity cannot be
eliminated due to the dual effects of gravity and small bottom slope, indicating a relatively
weak adaptability. The double parabolic aerator is designed for engineering conditions
such as small low slopes or flat bottom slopes. The basic principle of the design is to locally
increase the bottom slope behind the offset, reduce the impact angle between the jet water
tongue and the bottom plate, and keep the lower edge of the jet water tongue as close as
possible to the local bottom plate. Locally increasing the bottom slope only changes the
shape of the local bottom plate and does not change the size of the original bottom slope,
which is independent of the size of the original bottom slope. It is suitable for a wider
and stronger range of bottom slopes. In addition, both the irregular aerator and the
“aerator + local steep slope” measures are determined through repeated engineering tests,
which is time-consuming and laborious. The reason for this is that there is no design
method with body shape parameters for reference, and it all depends on engineering
experience. The double parabolic aerated facility has its own design method for body shape
parameters, which can be used as a preselection scheme for designing the optimal body
shape parameters of the aerated facility, saving time and effort.

7. Conclusions

To solve the problem of aeration and erosion reduction in discharge structures under
conditions of small bottom slope, low Froude number, and large single-width flow rate,
this paper proposes a new double parabolic aeration facility based on the concept of local
steepening. The convex parabolic section is tangent to the flat section behind the ridge,
and the concave parabolic section is tangent to the downstream bottom plate. The water
tongue landing point is controlled at the junction of the convex concave parabolic curve,
and the lower edge of the water tongue is in contact with the parabolic bottom plate. The
calculation formula for the parabolic bottom plate has been theoretically derived, and a
design method for the shape parameters of the aeration facility has been provided. Through
engineering examples, it has been found that the larger the Zyc/Zac value, the closer
the C point is to the G point, and the less likely the cavity behind the offset is to retain
water. When the water tongue landing point is 0.5-0.8 times the height of the water tongue
impact point, there is almost no water accumulation in the calculated cavity. Therefore,
the larger the Z4¢c/Z g value, the better, under the condition of meeting the downstream
connection conditions of the project. The research results of this article make up for the
lack of experience in the design of aerated structures, and promote the quantification of
aerated corrosion reduction in discharge structures, which has important engineering value.
In addition, to increase the volume of the aerated cavity, systematic large-scale model
experiments will be carried out in subsequent work to optimize the structural parameters
of the double parabolic aerated facility and provide a design method for the optimal aerated
facility body parameters.
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Abstract: In the 1D-2D coupled simulation of urban waterlogging, the calculation process of vertical
flow exchange is independent from the 1D hydraulic calculation, resulting in a failure to consider the
node head and pipe flow during the exchange flow calculation, which may lead to irrational results
and further affect the stability of the model calculation. However, setting an upper limit for the
exchange flow may introduce excessive subjective factors into the simulation process. In this study, a
vertical flow exchange method based on the water balance of nodes is proposed. When a node is in
an overloaded state, the calculation of vertical flow exchange at the node is integrated into the 1D
hydraulic simulation process, thus taking into consideration the influence of the node head and pipe
flow when calculating vertical flow exchange. Additionally, the iterative solution method used in
the 1D hydraulic model ensures numerical harmony between the vertical flow exchange, node head
and pipe flow, thus ensuring the stability of the coupled calculation. For the non-overloaded nodes,
the calculation of the vertical flow exchange was conducted using a variable-head orifice discharge
formula, enabling the consideration of changes in the surface water depth during the calculation
of the node backflow. Using the InfoWorks ICM model as a benchmark, a comparative analysis of
case simulation results demonstrated that the improved vertical flow exchange method was able to
accurately and stably simulate the process of vertical flow exchange. When used with the improved
vertical exchange method, the coupled model gave simulation results that closely matched those of
the benchmark model.

Keywords: urban waterlogging; coupled model; SWMM,; vertical flow exchange

1. Introduction

In recent years, with the increasing frequency of extreme rainfall disasters, more cities
have implemented planning and construction for drainage and flood control. In this pro-
cess, urban hydrodynamic models have been widely applied [1-4]. Early hydrodynamic
models focused on simulating surface runoff processes and hydrodynamic processes in un-
derground drainage systems, but they were unable to simulate surface waterlogging [5,6].
In order to address this deficiency, Hsu M. H. (2000) used the SWMM (Storm Water Man-
agement Model) as a one-dimensional (1D) model coupled with a two-dimensional (2D)
diffusive overland flow model, in order to achieve a coupled urban waterlogging simula-
tion [7]. However, in this method, the flow exchange between models was unidirectional.
When the drainage network was overloaded, water flowed from the drainage system to the
ground surface; when the drainage system had sufficient discharge capacity, surface water
on the ground could not flow back to the drainage system. In further research, a series
of coupled models capable of bidirectional exchange between an underground drainage
system and surface water were developed [8-10]. Although coupled models have the
advantages of detailed results and adeptness in handling simulations of the bidirectional
exchange of water flows, their computational processes are complex and their efficiency
is low. In order to achieve a balance between simulation accuracy and computational
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efficiency, some researchers explored waterlogging simulation methods that could avoid
solving hydrodynamic equations yet still maintain good accuracy, such as with flood analy-
sis algorithms based on GIS [11], an enhanced inundation model for flood calculations [12],
and some simple models of cellular automata [13]. However, these methods can only
determine the extent of waterlogging and water depth, but are unable to simulate the
hydrodynamic processes of waterlogging, so their application scope is limited.

Currently, the coupled 1D-2D model is the main method for simulating urban water-
logging. Vertical flow exchange is a key segment in the coupled process, and it significantly
influences the accuracy of the simulation results and the water balance between the 1D
and 2D models [14-16]. The current calculation method for vertical flow exchange mainly
uses the head difference between the water levels of nodes in the 1D model (H1p) and the
surface water levels of the 2D model (Hjp) as the driving head, and orifice or weir flow
formulas are utilized to calculate the flow exchange between the 1D and 2D models [17].

The typical calculation formula for node overflow is as follows [2]:

Qof = coAmny\/28(Hip — Hap)  if Hip > Hap 1)

where Q, is the calculated overflow value (m3/s); ¢, is the orifice discharge coefficient;

A,1, is the manhole area of nodes (m?); ¢ is the gravitational acceleration (m/s?); Hyp is the

water level of the 1D model’s nodes (m); and H»p is the water level of the 2D model (m).
The typical calculation formula for the node backflow is as follows [2]:

cwWHap+/2¢Hap if Hip< Zop < Hap and Qps < Qpm
Qvr = { coAmnr/28(Hip — Hap) if Zop < Hip < Hop and Qpr < Qpr (2)
Qom if Qur > Qpm

where Qyy is the calculated value of the backflow (m3/s), and in order to achieve a stable
simulation, the value of Qs cannot exceed the maximum backflow rate of Qp; cw is the
weir discharge coefficient; W is the perimeter of the node or the width of the rainwater
outlet (m); and Zjp is the ground elevation where the node is located (m).

When calculating node backflow or intercepted discharge by inlets, in order to consider
the water interactions between the surface and drainage system more accurately, water
energy upstream of the node or inlet (sum of the head difference and velocity head) is
used as the driving head for Formula (2) [18]. Furthermore, some studies have discussed
the relationship between the discharge coefficient and the surface flow pattern, and have
concluded that the orifice and weir discharge coefficient have a significant correlation with
the Froude number of surface flow [18,19]. The vertical water exchange method takes into
consideration that velocity head and flow pattern are often used for detailed 1D models of
drainage systems, including the full drainage structure composed of conduits, manholes,
gullies and inlets. These are coupled with 2D models in a fully distributed way [20,21],
where the runoff volumes are estimated and applied directly to the elements of the 2D
model of the overland surface, and exchange with the 1D model through inlets. However,
due to limitations in data availability and computational power, the Fully Distributed
models are generally suitable for small-scale cases. For medium to large-scale models,
the Semi-Distributed Urban Stormwater models remain the preferred choice. In Semi-
Distributed models, conceptual, empirical or physical-based methods transform runoff
routing into inflow hydrographs, which are then applied to the selected computational
nodes of the drainage system. Not every inlet is modeled, but they are clustered to
computational ones. In this case, the discharge coefficient has been decoupled from specific
inlets and has become a subjectively determined parameter that needs to be calibrated
using actual measurement data.

The determination of discharge coefficients for flow exchange equations over a range
of hydraulic conditions and inlet types has a significant impact on the simulation results.
Recent studies related to water exchange through manholes or inlets using the weir and
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orifice-type equations have been implemented using physical model experiments [22-24]
and numerical simulations [25]. The values of the discharge coefficients are influenced
by the inlet geometry and the approaching flow characteristics (flow depth and Froude
number). Rubinato et al. [19] studied water exchange of scaled circular manholes under sub-
critical flow with a Froude number of 0.151-0.691; the results revealed that under subcritical
flow conditions, water exchange is sensitive to hydraulic heads within interaction nodes
and surface water. Hence, the uncertainty related to head loss in hydraulic structures, sur-
face roughness and other parameters in urban hydrology may have significant implications
to water exchange and should be considered in the selection of weir/orifice formulas and
the determination of discharge coefficients. Under supercritical flow conditions, the flow
velocity parameter has to be considered while determining the discharge coefficients. Cosco
et al.’s study [18] highlighted the strong relationship between discharge coefficient ranges
and the upstream Froude number under supercritical flow, and formulated power functions
in order to express the weir/orifice discharge coefficients as a function of Froude number.
Ali Zaiter et al. (2024) gave a comprehensive review about “equations and methodologies
of inlet drainage system discharge coefficients” [26]. Ali’s review summarized orifice and
weir discharge coefficient ranges of rectangular inlets, grated circular inlets and circular
non-grated inlets under subcritical flow and supercritical flow, respectively, and concluded
that there is no uniform pattern or trend to determine the discharge coefficient of each inlet
as it may vary significantly with the change in Froude number, inlet geometry, grate geom-
etry, grate orientation, flow velocity and water depth. Therefore, weir and orifice discharge
coefficients have to be calibrated and adjusted experimentally, taking into consideration
the crucial factors that affect the inlet discharge capacity [27]. Russo et al. (2015) analyzed
extreme floods in Barcelona using the 1D-2D coupled model created by InfoWorks ICM,
and gave a detailed description of how to calculate and calibrate the discharge coefficients
of manholes and storm inlets [28].

The calculation of flow exchange through orifice or weir formulas is not only complex,
but also involves significant uncertainty in the selection of discharge coefficients. Moreover,
the introduction of an artificially set value of Qy,, adds subjectivity and uncertainty to the
simulation of coupled models. The fundamental reason for the instability in the coupling
process when not using a limitation for Qy,, is that the calculation of the backflow is
independent of the 1D model. Thus, interactions among variables such as the vertical flow
exchange, node head and conduit flow are neglected, which may lead to irrational backflow
values. When an irrational value is involved in the coupling process, computational
instability may occur. Fan Y. (2017) suggested determining the Qy,, based on the simulation
stability of the model and the actual situation of the node [29]. According to this method,
the appropriate value of Qp, can only be obtained through trial and error during the
simulation process. In order to implement a stable coupled simulation without artificially
set values, Peng G. (2022) calculated the backflow while considering the free space of
a manhole and connected conduits [30]; however, this was a compromise solution and
the interactions among the vertical flow exchange, node head and conduit flow were
still neglected.

This study introduces the principle of node inflow and outflow balance into the
calculation process for vertical flow exchange, and the calculation of vertical flow exchange
is integrated into the 1D model in order to consider interactions among the vertical flow
exchange, node head and conduit flow so that harmonious results can be obtained. This
improved method simplifies the calculation process for vertical flow exchange and enhances
the stability of the coupled process.

2. Coupled 1D-2D Hydrodynamic Model
2.1. Hydrodynamic Models

The SWMM is a hydrologic-hydraulic water quality simulation model that utilizes
dynamic modeling techniques [31]. As an open-source model, it is widely used in the
field of urban stormwater simulation. The SWMM is suitable for the 1D hydrodynamic
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simulation of drainage systems in urban areas. In this study, the SWMM is used as a 1D
model for the hydrological simulation of sub-catchments and the hydrodynamic calculation
of drainage systems.

Conservative shallow water equations are used as the governing equations in the 2D
model, and they are solved using a self-developed simulation module with the Godunov
scheme for the finite volume method [32]. Conservative shallow water equations are
adopted as the governing equations in the 2D model. The governing equations can be
written in matrix form, as shown in Formulas (3) and (4).

et =545, @3)

where U, F and G represent the conservation vector, the flux vectors in the x and y directions,
respectively, and S; and Sy are the source terms representing the bed slope and friction
effects, respectively. In addition, ¢, x, and y represent time and the coordinate axes of
a Cartesian coordinate system. The specific forms of U, F, G, S; and Sf are shown in
Formula (4).

h hu hv 0 0
U= |hu|,F= huz—l—%ghz ,G = huv ,Sp = —ghaaixh S = —Cfu\/uz—i-vz
hv huv ho? + Lgh? —ghaaiyb —Crovu? + 02

where h represents water depth (m); u and v represent the flow velocities in the x and y
directions, respectively (m/s); z;, represents the absolute elevation of the ground surface

(m); and C = 517"/23, in which n is the Manning coefficient. Additionally, water level
1 is used in the second order spatial reconstruction and the non-negative water depth
reconstruction—# = I + zp.

Formulas (3) and (4) are solved herein by a finite volume Godunov-type numerical
scheme proposed by Liang (2010), which has an emphasis of constructing a well-balanced
scheme and evaluating the friction source term in order to ensure non-negativity of water
depth [33,34]. The monotonic upstream-centered scheme for conservation laws (MUSCL)
linear reconstruction method [35] with a MINMOD slope limiter [36] is used along with
a Harten, Lax and van Leer approximate Riemann solver, with the contact wave restored
(HLLC) for the calculation of interface fluxes [37]. The second-order temporal accuracy is
achieved by using a Runge—Kutta time integration [38].

During the coupling process of the 1D and 2D models, two main aspects are involved:
time synchronization and flow exchange. For time synchronization, this study used the
1D model time step as the benchmark and achieved time synchronization by adjusting the
2D model time step. For flow exchange, this study only considered vertical flow exchange,
while lateral and frontal flow exchanges were neglected. Closed boundary conditions were
adopted at the boundaries of the surface grid for the 2D model.

2.2. Time Synchronization in the Coupled 1D and 2D Models

Since the time step of the 1D model (At1p) is often larger than that of the 2D model
(Atap), Atip is taken as a benchmark. By adjusting At;p, the synchronization of the time
steps in the 1D and 2D models is achieved. During the simulation process, when the 1D
model advances by one time step, the 2D model runs 7 steps. The first n — 1 steps of the
2D model are calculated using the Courant-Friedrichs-Lewy (CFL) criterion, and the value
of Atyp for the nth step is calculated as Atjp — Z’ffl Atyp. The synchronization method for
the 1D and 2D models is presented in Figure 1.
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Atyp = Atepy, Aty =At,y - YT ALy,

i={123-n-1} i=n__

I A

Figure 1. Time synchronization in the coupled 1D and 2D models.

3. Improved Vertical Flow Exchange Method

The three typical cases of vertical flow exchange at nodes are shown in Figure 2.

H,

\/ Hy o H, H,
O,
Hy Hy I H, | l | i,

(a) overflow at overloaded node (b) backflow at overloaded node (c) backflow at non-overloaded node

Figure 2. Three typical cases of vertical flow exchange at nodes.

In Figure 2, cases (a) and (b) represent situations of overloaded nodes, where the
water head inside the node (same as the water level of the surface cell) is greater than the
maximum at the upper edge of the connected conduit section, which is denoted as Hp.
Since the 1D model generally ignores the volume inside node wells, this implies that the
node water head Hj exceeds the ground elevation Hy. In such cases, the calculation of
conduit flow in the 1D model should consider the surface water level of the 2D model at the
node location. The inflow and outflow of the node are calculated according to the conduit
flow values. The difference between the inflow and outflow is considered as the vertical
flow exchange between the 1D and 2D models. If the value of the vertical flow exchange
is positive, this indicates that the node is an overflow node. If the value is negative, this
indicates that the node is a backflow node. If the value is equal to O, this indicates that
there is no vertical flow exchange in this node. Case (c) represents the situation of a non-
overloaded node, where the node water head Hj is less than the maximum at the upper
edge Hp of the section of connected conduits. In this case, the calculation of pipe flows in
the 1D model was independent of the surface water level, and the backflow of the node
was calculated using the orifice flow formula and was added as the inflow to the node.

3.1. Calculation of the Vertical Flow Exchange

The nodes of the 1D model are associated with the mesh cells of the 2D model in
which they are located, with the mesh cell area serving as the ponded area for each node.

Figure 3 illustrates the relationship between the ponded area of the node and the
mesh cell. The dark blue cell represents the mesh cell corresponding to the location of the
node. Before the coupling simulation begins, the ponded area of the corresponding node
is updated using the area of this cell. This cell not only participates in the calculations of
the 2D model, but also contributes to the computation of the vertical flow exchange. The
remaining cells are ordinary cells that only participate in the calculations of the 2D model.
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. cell corresponding to node

. ordinary cells

Figure 3. Relationship between the ponded area of a node and the cells in the 2D mesh grid.

3.1.1. Calculation of the Vertical Flow Exchange in Overloaded Nodes

When a node is in an overloaded state, the calculation of the flow in the connected
conduits needs to consider the influence of the surface water level. In 1D hydraulic
simulations, before the calculation of the dynamic wave in each time step begins, the water
level of the mesh cell in which the node is located is used to update the node’s water head
in the 1D model. Then, the 1D hydraulic calculation of the dynamic wave is performed. The
SWMM module uses an iterative method to calculate node water heads and conduit flow
rates, with the convergence of node water heads as the stopping condition for iteration, and
in each iteration, the vertical flow exchange is updated by applying the principle of water
conservation. This ensures numerical harmony among the node water heads, conduit flows
and vertical exchange flows. Thus, stability in the calculation of the vertical flow exchange
is achieved. According to the principle of water conservation, the following relationship
between the change in water volume within the ponded area and the flow in the connected
conduits of the node exists:

View — Voia = Atip (Zﬁ;l Qi+ le) ©)

where V,;; represents the water volume within the ponded area of the node at the beginning
of the time step (m3); View represents the water volume within the ponded area of the node
at the end of the time step (m?); Q; is the flow in the ith conduit connected to the node
(m3/s), with inflow as positive and outflow as negative; Qy; is the sum of other inflows,
such as surface runoff and dry weather flow (m3/s); and k is the number of conduits
connected to the node.

The change in the water volume within the ponded area of the node in the 1D model
is the volume of vertical exchange between the 1D and 2D models, so the vertical exchange
flow can be calculated as follows:

Vinew — Vold

Qexf = Atip

(6)

where Q,, represents the vertical exchange flow (m3/s), with positive values indicating
node overflow and negative values indicating node backflow.

3.1.2. Calculation of Vertical Flow Exchange in Non-Overloaded Nodes

When a node is not overloaded but there is ponding water on the surface cell, the
flow calculation for the connected conduits does not need to consider the influence of the
surface water level. Therefore, there is no need to update the node’s water level, and the
orifice flow formula is used here for the backflow calculation. During the backflow process,
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the surface water level may change. As a result, the following formula for the backflow
calculation considering a variable head is used:

. _ 25(VH — VH)
’ COAmh\/g

where f;, represents the backflow time (s); S represents the ponded area (m?); H; represents
the surface water level at the node at the beginning of the backflow time t, (m); and H;
represents the surface water level at the node at the end of the backflow time t;, (m).
Assuming that H, = 0, Formula (7) is used to calculate the time t;,, which represents
the time required for all of the ponding water in the cell to completely backflow. If t, > Atip,
this indicates that within the current time step in the SWMM, not all of the ponding water
in the cell backflows. Then, Formulas (8) and (9) are utilized in order to calculate the
water level of the surface water and the backflow rate at the end of the current time step in

@)

the SWMM. ,
ANt 2
Hy — (xﬁH - W) ®
S(H, — H.
Qexf: (Altlp 2) 9)

If t;, < Atip, this indicates that within the current time step in the SWMM, all of the
ponding water in the cell has completely returned into the underground network. Then,
the backflow rate at the end of the current time step is calculated with Formula (10):

(10)

If the node is in an overloaded state at the end of Atip, this indicates that it has
transitioned from a backflow state to an overflow state within this time step. In this case,
the vertical flow exchange of the node is calculated using the principle of conservation of
inflow and outflow according to Formula (6).

3.1.3. Correction of Continuity Errors Caused by Node Water Head Updates

Figure 4 illustrates the meanings of various variables during the process of updating
the node water head. In the coupling process, the 1D model’s time step At} is calculated
first. When a node is in an overflow state (shown in Figure 4a), the water head of the node
changes from H,j; to Hyep within the time step. The water volume between these two
levels represents the overflow volume of the 1D model. During the process of vertical flow
exchange, this volume is transferred from the 1D model to the 2D model. Consequently,
the volume of water in the 2D model increases accordingly. In order to ensure water
conservation in the coupling process, this volume needs to be removed from the 1D model.
Therefore, at the end of At]},, the water head and ponding water volume corresponding to
the node in the 1D model should be H,;.

27



Water 2024, 16, 1563

(a) Water level variables in (b) Water level variables in
overflow process backflow process

Figure 4. Diagram showing the continuity error caused by updating the node head.

After the overflow volume is added to the 2D model and the 2D model'’s corresponding
time step is completed, the water level in the 2D cells becomes Hjp. Before the calculation of
the next time step in the 1D model (At} 1) begins, it is necessary to update the node water
head using Hyp. The water head at the node changes from H,;; to Hyp, and the ponding
water volume also increases accordingly. The increment in this ponding water volume is
equivalent to adding additional virtual water to the 1D model without corresponding to
any actual physical process, which may lead to continuity errors.

In order to eliminate this continuity error, it is necessary to eliminate the volume
of water between H,;; and Hpp during the calculation of the flow exchange in time step
AtS !, The elimination method involves obtaining the initial result of the flow exchange
Qexfo using Formula (6) and then correcting it using Formula (11), in order to eliminate the
continuity error.

(H op — Hoa ) S

At1p

When the node is in an overloaded backflow state (shown in Figure 4b), the water
head at the node changes from H,j; to Hyew. At the end of Atj, in the 1D model, the water
head and ponding water volume of this node are calculated according to Hy,e. The water
volume between H,; and Hy,.w represents the vertical backflow volume, which will be
removed from the corresponding 2D cells during the respective time step in the 2D model.
Updating the node water head using H,p before the calculation of the next time step in the
1D model At/ ! would cause an increase in the ponding water volume in the 1D model’s
nodes. The water head changes from H,,., to Hpp, and the ponding water volume changes
accordingly. This increase in ponding water volume can be considered as the volume of
surface water from the 2D model flowing back to the ponded area of the 1D model’s nodes.
This volume of water has actual physical significance and does not lead to continuity errors;
therefore, no correction is needed.

Qexf = QexfO - (11)

3.2. Implementation of Model Coupling

In the coupled model utilizing the improved vertical flow exchange method, the
SWMM requires the node ponding functionality to be enabled. The specific calculation
steps during the coupling process corresponding to At;p are as follows:

i. Determining which nodes are in an overloaded state;

ii. Updating the water heads for overloaded nodes;

iii. Calculating the backflow for non-overloaded nodes (with the method described in
Section 3.1.2) and adding backflow to the corresponding node as inflow;

iv. One-step evolution of the 1D model (the vertical flow exchange for overloaded nodes
is calculated with the method described in Section 3.1.1 by adding the corresponding
functions);

v. Eliminating continuity errors;

vi. Transferring the vertical flow exchange values to the 2D model;

vii. Evolution of the 2D model until the end of At;p. This is followed by step i.
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Since the SWMM module has the function of calculating the ponding water volume at
nodes, the vertical exchange flow under the condition of overloaded nodes can be directly
obtained through the change in the ponding water volume at these nodes. Steps (i) to (v)
can be implemented within the SWMM module by adding corresponding functions to it.

4. Case Study
4.1. Benchmark Software

In this study, InfoWorks ICM (from here on ‘ICM’) was used as a benchmark. ICM
solves the complete 2D Saint Venant equations in a finite volume semi-implicit scheme [35]
with a Riemann solver [39]. ICM combines a number of distinctive features such as the
analysis and prediction of potential flood extent, depth and velocity, and the modeling of
the interaction of surface and underground systems in a fully integrated environment [28].

Generally, in a 1D-2D coupled model created by ICM, the calculation of vertical flow
exchange between 1D and 2D models is achieved through nodes of 2D and Gully 2D flood
types. For 2D nodes, the exchange of water between the 1D and 2D models is calculated
using weir equations, assuming a weir crest level at the node ground level and crest length
equal to the node shaft circumference. For Gully 2D nodes, the exchange flow is calculated
using a specific (customized) “head/discharge relationship”. The Gully 2D flood-type
nodes more accurately describe the water exchange between the 1D drainage system and
the 2D surface at different rainwater inlets.

ICM can conduct both Fully Distributed simulations and Semi-Distributed simula-
tions. In this study, only Semi-Distributed simulations were performed and discussed.
For theoretical study cases, the nodes with vertical flow exchange do not represent any
specific type of rainwater inlet. For practical study cases, the drainage network used was a
reduced network, only conduits and computational nodes were included. Runoff volumes
were estimated for the sub-catchment and then routed to the corresponding nodes as
sub-catchments’ outlets. In this case, only 2D flood type were used for water exchange
calculation of both study cases, and the typical discharge value of 0.5 was used for all 2D
flood type nodes.

4.2. Theoretical Study Case

The improved method was validated using a theoretical case study, as shown in
Figure 5. The drainage system consisted of six nodes and six conduits, and the level surface
area was a closed square with a side length of 200 m. Nodes 2 to 5 allowed vertical flow
exchange. The elevation of the surface was 0 m, and the roughness coefficient (n value)
was 0.025. Water entered the system through node 1, with the inflow gradually increasing
from 0 to 1.0 m3 /s within the first 10 min of the simulation, remaining constant until the
20th hour and then dropping to 0. Water left the system through node 6, with the outfall
set as a free outflow. The system was initially dry. The attributes of the conduits and nodes
are shown in Table 1.
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(0, 200) , (200, 200)
i 1
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» inflow
0,0) x (200, 0)
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Figure 5. Diagram of the theoretical case.
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Table 1. Properties of the elements of the drainage system.

Conduit Node
ID Upstream  Downstream Dia Len Roush X Y Full Ground Well Dia
Node Node /m /m oughness Coordinate =~ Coordinate = Depth/m  Elevation/m /m
1 1 2 1.0 100 0.013 —70.711 100.000 1.159 0 0.7
2 2 4 0.6 100 0.013 29.289 100.000 1.259 0 0.7
3 2 3 0.6 100 0.013 100.000 170.711 1.329 0 0.7
4 4 5 0.7 100 0.013 100.000 29.289 1.329 0 0.7
5 3 5 0.7 100 0.013 170.711 100.000 1.400 0 0.7
6 5 6 1.0 100 0.013 270.711 100.000 1.500 0 -
In the coupled model proposed in this study, the area of the mesh cell where the node
is located was used as the ponded area of the node. Therefore, the impact of the grid mesh
on the coupled process is important. Two types of grid meshing structures (2 m x 2 m (54)
and 4 m x 4 m (S16)) were used for the theoretical case.
Figure 6a shows the water balance in the improved model with grid meshing of cell
areas of 16 m?. During the process of vertical flow exchange, the accumulated overflow
volume from the nodes should be equal to the sum of the surface water volume and the
accumulated backflow volume from the nodes. Figure 6a shows that the improved model
maintained water conservation during the vertical flow exchange process, as the accumu-
lated overflow curve of the nodes perfectly overlapped with the curve of “accumulated
backflow + surface water accumulation”. In the process of the coupled 1D-2D simulation,
the total water entering the coupled model (accumulated system inflow) needed to be equal
to the sum of the water leaving the system (accumulated system outflow) and the water
stored within the model (surface water). Figure 6b demonstrates that the overall water
conservation of the model was also well satisfied.
17 o surface water + accumulated overflow 8 1 o accumulated system outflow + surface water
accumulated overflow P00 7 A —accumulated system inflow
08 1 — —accumulated backflow 6 -
E = - = surface water 2
S 0.6 - 5, 51
B T 4
£04 3
S S RMSE =2.78 X102
R
0.2 -
-~ 1 1
0 < T 'x ‘x O

diagram of water conservation in the

T T T T

4 8 12 16 20 24 0 4 8 12 16
Time/h Time/h

vertical flow exchange process coupled simulation process

(a) (b)

Figure 6. Analytical diagram of the water balance in the improved model. (a) Water conservation in the
vertical flow exchange process. (b) Systematic water conservation in the coupled simulation process.

Root mean squared error (RMSE) was used as a statistical measure of deviation be-
tween “accumulated overflow” with “accumulated backflow + surface water accumulation”
for Figure 6a, and “accumulated system inflow” with “accumulated system outflow + sur-
face water” for Figure 6b.

Figure 7 takes node 2 as a typical overflow node, node 3 as a typical backflow node,
and the locations of point A and node 3 as representatives for the surface water depth. It
compares the calculation results of the improved model and the ICM model with two types
of grid meshing. The Nash-Sutcliffe efficiency coefficient (Exs) was used to quantitatively
evaluate the degree of agreement between the simulation results of the two models. It can
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be seen that the calculation results of the improved vertical flow exchange method with
different grid meshes had a high degree of agreement with the results of the ICM model.
With the meter-level and ten-meter-level grid meshes, the coupled calculation results
obtained with the improved vertical flow exchange method were basically consistent with
the results obtained with the ICM model. It can be seen in Figure 7c that the difference in
grid meshing had a certain impact on the simulation results for the surface water depth,
but the improved method was able to obtain a water depth change curve that was almost
consistent with that of the ICM model.
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N (a) ~ ()
5 016 »0.06 -
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Figure 7. Comparison of the results of the improved model and the ICM model (a-d).

4.3. Practical Study Case

The Dongsha storm drainage system in Wuchang District, Wuhan City, was used as a
practical case for the simulation of urban waterlogging; the study area covers a catchment
range of 82.73 km?. The terrain within the catchment area is relatively flat, with Shahu
Lake and Donghu Lake located on the south side. These lakes are the main recipients of
runoff. However, as the lake water levels remain relatively high throughout the year, it
adversely affects the drainage of the stormwater drainage network, making local low-lying
areas prone to waterlogging.

The terrain and drainage system of the study area are shown in the right subfigure of
Figure 8. The ICM model and the improved model were both used to establish a coupled
1D-2D model for the study area. An unstructured grid with an average cell size of 450 m?
was adopted as the ICM model’s ground grid, and the total number of cells was 210,000.
The improved model used a structured grid for the ground, with a cell size of 20 m x 20 m
and a total of 240,000 cells. The rainfall data used were from two heavy rainstorms in the
area, which occurred on 18 June and 6 July 2016 (hereinafter referred to as the 201606 and
201607 rainstorms). The cumulative rainfall amounts for the two storms were 143.5 mm
and 125.6 mm, respectively, and the rainfall intensity curves for both storms is shown in
the two left subfigures in Figure 8.

Both coupled models were used to simulate the waterlogging conditions for the two
rainstorms. The inundated area of the improved model is shown in Figure 9. The 201606
rainstorm, with its heavy rainfall and short duration, led to severe urban waterlogging.
The simulation results indicated many inundated areas and significant water depths on the
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ground. For the 201607 rainstorm, although it also had heavy rainfall, its longer duration
and more uniform distribution of rainfall throughout the event, with a peak intensity
approximately half of that of the 201606 rainstorm, resulted in less severe waterlogging
and fewer recorded waterlogging points on that day. In both rainstorm simulations, the
simulation results of the improved model were basically consistent with the actual recorded
waterlogging points on the respective days. The simulation results demonstrated that the
coupled model using the improved vertical flow exchange method was able to accurately
simulate the inundation range and depth of urban waterlogging.
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Figure 8. Storm drainage system and rainfall intensity curves of the selected storms.
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Figure 9. Inundated areas in the two rainstorms.

Figure 10 presents the temporal changes in the surface water volume for both the
improved model and the ICM model during the two rainfall events. It can be observed that
the vertical flow exchange calculations from the improved model closely aligned with those
from the ICM model, as indicated by the high degree of overlap in the curves depicting
the temporal variation in the volume of groundwater accumulation. This suggests that the
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vertical flow exchange calculations at the nodes using the improved method were highly
consistent with those from the ICM model.

In the urban waterlogging simulations, the vertical flow exchange at overloaded nodes
accounted for most of the overall vertical flow exchange. Figure 11 shows a comparison
of the number of different types of vertical flow exchange nodes in the evolution of the
1D model during the coupling process. Based on the statistical analysis of the simulation
results, the proportion of vertical flow exchange at overloaded nodes, with respect to the
total vertical flow exchange at nodes during the two rainstorm simulations, was 81.43%
and 88.66%, respectively. Using the improved method allowed for the direct calculation
of the vertical flow exchange results at nodes using the SWMM module, based on the
principle of water conservation in most cases. The calculation of the backflow volume
using a variable-head orifice flow formula was only needed in a few instances of backflow
at non-overloaded nodes. This significantly reduced the amount of vertical flow exchange
calculations using the orifice or weir flow formulas, thereby improving the computational
efficiency and stability of the coupled simulation.
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Figure 10. Comparison of temporal changes in the surface water volume of the different models.
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Figure 11. Numbers of different vertical flow exchange nodes in the 1D model during the coupling
process.

5. Conclusions and Future Work

Based on the SWMM and an independently developed two-dimensional hydrody-
namic model, a coupled hydrological and hydrodynamic model for urban waterlogging
was constructed. Within this framework, the vertical flow exchange method was improved
using the principle of node water balance. Both a theoretical drainage system and a real
urban drainage system were used as case studies in order to validate the improved method
in terms of simulation accuracy, reliability and water balance. The main conclusions are
as follows.

Calculating the vertical flow exchange using the principle of water conservation
can significantly reduce the calculations related to the orifice or weir formulas. Most
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calculations related to the vertical flow exchange can be implemented with the original
functions in the SWMM. Only the backflow at non-overloaded nodes needs to be calculated
outside the SWMM by using orifice or weir flow formulas.

The calculation of the vertical flow exchange is integrated into the SWMM calculation
module. The SWMM module uses an iterative method to calculate the node water heads
and conduit flow rates, with the convergence of node water heads as the stopping condition
for each iteration. Thus, numerical harmony is achieved among the node water heads,
conduit flows and vertical exchange flows. In addition, numerical stability of the simulation
is achieved without any artificially set values in the calculation of the vertical flow exchange.

A comparison of the simulation results from the ICM model with those of the improved
model demonstrates that the coupled model using the improved vertical flow exchange
method exhibits good accuracy and reliability. Its results align closely with those of the ICM
simulation across various grid sizes ranging from meters to hundreds of meters, making
this method suitable for the numerical simulation of urban waterlogging.

However, this study still has certain limitations. It only discusses the calculation of
vertical flow exchange in the case of Semi-Distributed Urban Stormwater Models. The
nodes involved in vertical flow exchange are computational nodes, not specific rainwater
inlets. Additionally, due to insufficient monitoring data, there has been no detailed cali-
bration or discussion of the flow coefficients at the exchange nodes in both the ICM and
proposed models. These shortcomings need to be addressed in future work.
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Abstract: Cavitation is typically observed when high-pressure submerged water jets are used. A
composite nozzle, based on an organ pipe, can increase shear stress on the incoming flow, significantly
enhancing cavitation performance by stacking Helmholtz cavities in series. In the present work,
the flow field of the composite nozzle was numerically simulated using Large Eddy Simulation
and was paired with the response surface method for global optimizing the crucial parameters
of the composite nozzle to examine their effect on cavitation behavior. Utilizing peak gas-phase
volume percent as the dependent variable and the runner diameter, Helmholtz chamber diameter,
and Helmholtz chamber length as independent variables, a mathematical model was constructed
to determine the ideal parameters of the composite nozzle through response surface methodology.
The optimized nozzle prediction had an error of only 2.04% compared to the simulation results,
confirming the accuracy of the model. To learn more about the cavitation cloud properties, an
experimental setup for high-pressure cavitation jets was also constructed. Impact force measurements
and high-speed photography tests were among the experiments conducted. The simulated evolution
period of cavitation cloud characteristics is highly consistent with the experimental period. In the
impact force measurement experiment, the simulated impact force oscillates between 256 and 297 N,
and the measured impact force oscillates between 260 N and 289 N, with an error between 1.5% and
2.7%. The simulation model was verified by experimental results. This study provides new insights
for the development of cavitation jet nozzle design theory.

Keywords: composite submerged nozzle; large eddy simulation; response surface methodology;
high-speed photography

1. Introduction

Cavitation refers to the process in a fluid flow where, due to changes in the pipeline
structure or external conditions, the local fluid pressure drops below the current fluid’s
saturation vapor pressure. This drop causes tiny bubbles within the fluid to rapidly expand
and collapse in a short period, releasing a large amount of energy. Johnson et al. [1]
proposed to apply cavitation to water jet technology to improve the jet erosion effect.
Relevant studies have shown that under the same conditions of pump pressure and flow
rate conditions, the impact pressure of a cavitation jet is 8.6 to 124 times higher than that of
a continuous jet [2—4]. Cavitation jet technology has wide applications in fields such as oil
extraction, cleaning and rust removal, and metal surface strengthening [5-7].
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The cavitation jet nozzle is the core component for generating cavitation and can have
a significant impact on the cavitation effect [8-10]. The working conditions inside the
cavitation jet nozzle are complex, involving phase transition, high pressure, and high speed.
Therefore, the study of the internal phenomenon of the cavitation nozzle mainly relies on
numerical simulation [11,12]. Chen et al. [13] confirmed through numerical simulations
that cavitation jet corrosion of steel is primarily due to the generation of high-strength
shock waves and instantaneous high temperatures when cavitation bubbles collapse. Dong
et al. [14] modified the cavity wall contour of the Helmholtz nozzle into a circular arc
shape, resulting in a 16.9% increase in turbulent flow energy. Yang et al. [15] captured
the growth, shedding, and collapse of cavitation in three nozzle jets using high-speed
photography, finding good agreement between experimental images and predicted model
images. Dong [16] designed a diagonal nozzle with the k-¢ model and researched the
impact of intake constriction, parallel mid-section. Wang [17] used the proper orthog-
onal decomposition method (POD) to analyze cavitation cloud characteristics in organ
pipe nozzles. Stanley et al. [18] used direct numerical simulation (DNS) to study the cre-
ation of a free jet flow and the non-constant flow properties of a free-jet-flow shear layer.
The Reynolds-Averaged Navier-Stokes (RANS) method is commonly used for its lower
computational demand, but it struggles to describe vortex dynamics and only simulates
time-averaged flow characteristics, neglecting transient values in cavitated flow fields [19].

Large Eddy Simulation (LES) can decompose turbulent instantaneous motion into
large- and small-scale vortices, which are calculated separately. Large-scale motion needs
to be directly calculated through a numerical solution of the motion differential equation.
The impact of small-scale motion on large-scale motion will be manifested in a stress
term similar to Reynolds stress in the motion equation, which is called sub-grid Reynolds
stress. They will be simulated by establishing a model that is a perfect combination of the
direct simulation method and the Reynolds-averaged simulation method. With sufficient
computational resources, more information on turbulence can be obtained. The method
has been extensively used to study nozzle cavitation [20-23]. Kim et al. [24] used LES to
investigate the influences of initial momentum thickness on free jet flow in a circular hole,
discovering that these factors have a significant impact on the free jet’s flow characteristics.
Fang [25] compared LES results with experiments to better understand organ pipe nozzles.
Li et al. [26] used LES to study the flow characteristics of highly under-expanded jets with
several different nozzle geometries (circular, elliptical, square, and rectangular). The results
showed significant differences in the formation and development of intercepted surges,
with the elliptical jet having the slowest penetration rate. Yang et al. [27] used the RANS
method, LES method, and the RANS-LES hybrid method to simulate the fluid field of
submerged cavitation water jets and analyzed the accuracy of different turbulence models
in predicting jet cavitation. The results showed significant deviations in RANS, while
RANS-LES and LES models showed higher precision.

Recent research has begun integrating fluid dynamics with multi-objective parameter
optimization [28]. Li et al. [29] used genetic algorithms to optimize curved nozzle structural
parameters for maximum output power. Uebel et al. [30] utilized quenching conversion
concepts based on CFD to optimize and improve system performance and obtained feasible
design parameters for a quenching reactor. Qian et al. [31] conducted experiments to obtain
the relationship between injection distance and nozzle diameter, establishing a mathemati-
cal model to identify optimal injection distances for each nozzle diameter. Edeling et al. [32]
used a Bayesian algorithm, calibrated with the Launder-Sharma k-model, to predict new
boundary layer flows and analyze errors.

Response surface methods are frequently employed to explore the nonlinear effects of
numerous variables on the response variable in a particular range and alter them based on
practical demands [33]. Han et al. [34] used the response surface methodology to optimize
the internal structural parameters for the key part of a straight cone nozzle, with the flow
coefficient used as the objective function. Zhang et al. [35] proposed a dual serpentine
nozzle structure and analyzed the influence of key structural parameters on its aerodynamic
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performance using computational fluid dynamics and the response surface methodology.
They established an axial thrust coefficient response model to understand interactions
between exit aspect ratio, export area ratio, and nozzle outlet width ratio. Wang et al. [36]
established a response surface method model with experimental impact force characteristics
as dependent variables and nozzle structure parameters as separate variables. This model
was used to calculate the optimal parameter solution. Using results from impact force and
cleaning performance experiments, it was verified that the experimental errors were all
less than 5%, indicating high reliability.

This paper establishes a response surface fitting model between the structural parame-
ters of the cavitation nozzle and the peak gas-phase volume fraction inside the nozzle. The
model, developed using Large Eddy Simulation and the response surface method, identifies
optimal structural parameters. The optimized nozzle is then analyzed experimentally.

2. Numerical Simulation Model and Physical Model
2.1. Governing Equations of Large Eddy Simulation

Large Eddy Simulation decomposes turbulence into large-scale and small-scale vor-
tices using a filter function. The large-scale vortices are directly solved using the N-S
equation, while small-scale vortices are processed by the sublattice sub-scale model. In
this study, the water jet cavitation phenomena, caused by the nozzle structure, results in a
gas-liquid two-phase fluid. This fluid is considered incompressible and can be calculated
by filtering the three-dimensional incompressible governing equations [37]:
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where 7; and #; are the instantaneous velocities of the fluid; x; denotes the 3D coordinate
direction; p and p represent the fluid density and fluid pressure, respectively; 7;; is the
sub-grid scale stress between the large- and small-scale vortices; J;; is Kronecker’s delta;
v7 is the eddy viscosity; and Sj; is the resolved scale strain rate tensor.

The vortex viscosity coefficients are derived using the WALE model based on the veloc-
ity gradient’s invariance. The governing equations of the WALE model are as follows [38]:
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where L is the length of the sub-grid scale; Cy, is the WALE model constant, taken as 0.35
in the current work; d represents the distance to the proximate wall; k represents the von
Karman constant; and V is the computational cell volume.

2.2. Computational Grid and Boundary Conditions

In this study, an organ pipe was connected behind a Helmholtz nozzle to form a dual-
chamber composite nozzle. When the fluid flows into the Helmholtz chamber at high speed
from the inlet, due to the sudden increase in cross-section, the high-speed fluid will form a
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submerged free jet after entering the Helmholtz chamber. The original low-speed fluid in
the chamber comes into contact with it and forms a shear layer at the outer boundary of
the jet on the contact surface. The fluid within the boundary zone of a free jet undergoes
entrainment with the nearby stationary fluid, causing the free jet to be in a reverse pressure
state. At the same time, a shedding vortex is formed, which propagates downstream and
interacts with the colliding wall to generate backflow, resulting in oscillation. When the
jet enters the accordion tube and passes through the contracted section, it can generate
pressure excitation in the fluid and feed back the pressure excitation to the resonant cavity,
forming feedback pressure oscillation. According to transient flow theory, if the frequency
of pressure excitation matches the natural frequency of the nozzle resonant cavity, the
organ tube chamber will amplify the incoming flow from the Helmholtz chamber, which
can transform the shear layer vortex of the jet into a large structure of separated annular
vortex. The intermittent vortex circulation of this large structure can enhance cavitation,
that is, generate cavitation jet at the outlet, thereby improving its erosion and cleaning
ability. Figure 1 shows a geometric model of the Helmholtz—organ pipe composite nozzle,
and the parameters are provided in Table 1.

—, L L I I
\O

| — |

d Dy j D, D, Jz

I L i) 1

Figure 1. Composite nozzle model geometry.

Table 1. Composite nozzle structural parameters.

Position Symbol/Unit Dll)menswnal
arameter
Inlet diameter dy/mm 6
Length of inlet straight section [ /mm 5
Helmholtz chamber diameter D1 /mm 12-16

Helmbholtz chamber length Ly/mm 7-11
Helmbholtz chamber angle 0/° 60

Connection runner diameter di/mm 2-8
Connection runner length I, /mm 6
Organ pipe resonant cavity diameter Dy /mm 10
Diameter of the middle chamber of the organ pipe D3 /mm 6
Organ pipe resonant cavity length Ly /mm 6
Length of the cylindrical section of organ pipe I3/mm 4
Length of diffusion section Iy/mm 5
Outlet diameter dp/mm 2

The computational domain for the submerged flow field is a cylinder having the
diameter of 30 mm with the length of 100 mm, where it must be ensured that the fluid
field develops properly in the composite nozzle. In this study, CFD grid generation was
carried out using Fluent Meshing in ANSYS 2021R1 software. Polyhedral grids were used
for meshing the geometry, and a denser grid was created in the composite nozzle jet’s core
region, as well as shear layers near the exit. To verify grid independence, the model was
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simulated for four sets of grids with different grid sizes. The results of the peak gas-phase
volume fraction, as shown in Figure 2, indicate that as the amount of grid cells grew from
1,861,356 to 2,792,034 altogether, the change of the peak gas-phase volume fraction was
less than 2.9%. Hence, the grid with 1,861,356 cells was used in the later models. The
overall mesh quality of the selected grid was about 0.7, which meets the computational
requirement of Large Eddy Simulations.
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Figure 2. Effect of grid quantity on peak gas-phase volume fraction.

The final mesh of computational domain and boundary settings are shown in Figure 3.
The pressure inlet was set at 10 MPa, while the output was set to 0 MPa. The ambient
pressure was set at 101,325 Pa, with a turbulence intensity of 5% and a turbulent viscosity
ratio of 10; additionally, a non-sliding wall surface was used. The fluid medium was pure
water with a saturation vapor pressure of 3540 Pa. The WALE model was selected for
LES as a sub-grid model, and the pressure-velocity coupled momentum equation was
calculated using the PISO algorithm. Because cavitation is a complex unstable process,
transient simulation was used in this research. The grid number of 1,861,356 was taken
as the model, and the time step was 1 X 107%s,1x10°s,1 x 107% s, and the time
independence test was conducted for the selected grid number. The calculated results are
shown in Table 2. The simulation results changed greatly when the time step size changed
from 1 x 107%sto 1 x 107° s, but when the time step is further reduced, the change in the
results is relatively small. It can be concluded that when the transient time step is less than
1 x 1077 s, the results of CFD simulation are independent of the time step, resulting in the
time step of 1 x 107 s and the iteration step of 1000. The computational residuals for each
time step of each conservation equation are less than 1 x 107°.

Table 2. Results of the time step size independence tests.

Time step size (s) 1x 1074 1x107° 1x 1076
Peak gas-phase volume fraction (%) 29.06 29.32 29.33
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Figure 3. Mesh of computational domain and boundary settings.

3. Response Surface Method Design

The response surface technique aims to find the optimal solution by specifying a range
of values for each variable. It involves conducting a finite number of tests and building a
polynomial fit to approximate the relationship function between each factor [39,40]. The
formula for the response surface method is as follows [41]:

y=PBo+Y . Bixi+) .  Bix*+ Z?q- Bijxix;j +¢€ 7)

The above equation includes the constant, linear, squared, and interaction terms, along
with an error term. In Equation (7), n is the number of independent variables; ¢ is the total
error; Po, Bi, Pii, and B;; are the regression coefficients; and x is the investigation factor.

This study adopted the Box-Behnken Design (BBD) suitable for 2-5 factors in response
to surface methodology. The experiments considered the peak gas-phase volume fraction
as the dependent variable because the volume fraction of the gas phase can effectively
reflect the effectiveness of cavitation; it can also reflect the cleaning ability of the composite
nozzle, while the independent variables were taken as the diameter (D1), length (L), and
connecting channel diameter (d;) of the Helmholtz chamber in the composite nozzle. The
design included three factors, A, B, and C, at three levels: —1, 0, and 1. The coding and
actual values for each design factor in the composite nozzle are displayed in Table 3.

Table 3. Levels of independent variables.

Variable Levels

Variable Coded Variables

-1 0 1
L1/ (mm) A 7 9 11
D1 /(mm) B 12 14 16
dy /(mm) C 2 5 8

According to Table 3, the experimental plan was designed with 17 sets of test points.
The initial 12 sets were used for factor analysis, and the remaining 5 sets were used to
estimate the experimental error. The final experimental plan and response values by
simulation are shown in Table 4.
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Table 4. Experimental design and results.

Run Variables Peak Gas-Phase Volume
A: L{/(mm) B: D1/(mm) C: dq/(mm) Fraction V (%)

1 7 12 5 16.1516
2 11 12 5 26.2346
3 7 16 5 26.4647
4 11 16 5 20.3565
5 7 14 8 18.75

6 11 14 8 13.2654
7 7 14 2 24.364
8 11 14 2 30.5335
9 9 12 8 12.415
10 9 16 8 17.369
11 9 12 2 24.2589
12 9 16 2 25.1698
13 9 14 5 29.123
14 9 14 5 29.328
15 9 14 5 32.1356
16 9 14 5 28.7596
17 9 14 5 30.2115

4. Results and Discussion
4.1. Response Surface Analysis

Regression fitting was performed using the data from Table 4, involving multiple
interactions to establish a predictive regression equation. This equation relates the peak
gas-phase volume fraction of the composite nozzle to several factors:

V =29.91 + 0.5825A + 1.29B — 5.32C — 4.05AB + 2.91AC ®)
+1.01BC — 2.84A% — 4.77B% — 5.34C?

ANOVA was used to analyze the regression equation, and the results are presented in
Table 5. Analysis reveals that the primary term C, and the secondary terms B> and C? have
significant effects on the peak gas-phase volume fraction (p < 0.01). The primary term B,
interaction terms AB and AC, and secondary term A? also significantly affect it (p < 0.05).
Other terms were found to have no significant effect. The F values in Table 5 indicate
the degree of influence of three factors on the peak gas-phase volume fraction, as follows:
connection channel diameter (C) > Helmholtz chamber diameter (B) > Helmholtz chamber
length (A). The p-value of this overall model (p < 0.001) reached a high significance level,
and the error of the out-of-fit term (p = 0.6848 > 0.05) was found to be not significant. This
indicates that the model is quite accurate and stable. The regression coefficient R? of the
model is 0.9838. This indicates that 98.38% of the variability in the data are accounted for by
the model, suggesting a strong fit for substituting the experimental results. The adjusted R?
was 0.9630, which suggests that the model can explain 96.30% of the variance in the peak
gas-phase volume fraction after adjusting for the number of predictors in the model. The
difference between adjusted R? and the predicted R? is lower than 0.2. This indicates that
the predicted values of the model are very close to experimental values, further indicating
its high reliability.

Figure 4 shows the normal probability distribution of residuals and the distribution of
residuals and predicted values, respectively. From Figure 4a, it can be seen that the normal
probability distribution of residuals approximates a straight line, indicating reliable fitting
results for the model’s independent variables and response values. Figure 4b displays the
externally studentized residuals of the model predictions against the predicted values of
the model. The figure shows that the residuals are distributed randomly and irregularly.
Based on the above judgment conditions, it can be concluded that the peak gas-phase
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volume fraction model of the composite nozzle, obtained via the response surface method,
exhibits good adaptability and conforms to the inspection principles.

Table 5. ANOVA results of regression model.

Sum of Mean F
Source Squares df Square Value p Value
Model 622.42 9 69.16 47.26 <0.0001 Significant
A 2.71 1 2.71 1.85 0.2155
B 13.26 1 13.26 9.06 0.0197
C 226.07 1 226.07 154.47 <0.0001
AB 65.54 1 65.54 44.78 0.0003
AC 33.95 1 33.95 23.20 0.0019
BC 4.09 1 4.09 2.79 0.1386
A? 34.02 1 34.02 23.24 0.0019
B? 95.70 1 95.70 65.39 <0.0001
c? 120.11 1 120.11 82.07 <0.0001
Residual 10.24 7 1.46
Lack of fit 292 3 0.9729 0.5312 0.6848 Not significant
Pure Error 7.33 4 1.83
Cor Toal 632.66 16
R? 0.9838
Adjusted R? 0.9630
Predicted R? 0.9081

Figures 5-7 show the surface response plots for the peak gas-phase volume fraction of
the composite nozzle at different values of A, B, and C, with one variable set at alevel of 0. A
larger slope indicates greater factor influence. It can be seen from Figure 5 that with a fixed
diameter of the connecting runner d1, the peak gas-phase volume fraction has a tendency to
first increase and then decrease with the increase in the diameter of the Helmholtz chamber,
peaking at a chamber diameter of 13.6 mm. When the diameter of the Helmholtz chamber
is less than 13 mm, due to limited chamber space, cavitation bubbles become blocked in
the chamber, energy is disrupted, and the vortex ring cannot effectively feedback upstream,
resulting in a small gas-phase volume. Until the diameter of the Helmholtz chamber
reaches 13.6 mm, the degree of cavitation significantly increases, and the gas-phase volume
fraction reaches its peak. However, when the diameter exceeds 13.6 mm, the chamber space
and feedback distance of the bubbles increase, and more bubbles stay near the collision wall,
causing energy dissipation and reducing cavitation performance. Figure 6 shows a similar
increase and decrease effect of the connecting runner diameter d; on the peak gas-phase
volume fraction. As the length of the Helmholtz chamber increases, the peak gas-phase
volume fraction also increases. Due to the increase in length, there is enough space inside
the chamber to develop and grow, forming large-scale vortex rings. However, when the
length is large, it can also lead to a reduction in cavitation. The slope of the response surface
in Figure 7 is greater than that in Figures 5 and 6, showing that modifications in B and C
have a considerable effect on the peak gas-phase volume percent. Because the connection
runner diameter is less than 2.9 mm, the energy inside the chamber is disrupted, which is
not conducive to cavitation. When the connection runner diameter increases from 2 mm to
2.9 mm, the gas-phase volume fraction also increases.

After conducting response surface analysis and solving the fitted predictive regression
equation, the value range of the three factors was set. The objective function was set to
the greatest value of the peak gas-phase volume fraction, leading to the determination
of the optimal size of the composite nozzle, as shown in Table 6. The predicted peak
gas-phase volume fraction under these conditions was 31.747%. In order to validate the
accuracy of this fitting model, numerical simulations of the optimized structure were
carried out, resulting in an actual peak gas-phase volume fraction of 32.41%. The peak
gas-phase volume fraction of the optimized nozzle was significantly improved; compared
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to the same type of Helmholtz single-chamber nozzle [14], the gas-phase volume fraction
increased by 189% and the relative error between the predicted and simulated values
obtained by the response surface method under the same operating conditions was 2.04%.
This small error confirms the reliability and accuracy of the model obtained by the response
surface method.
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Figure 4. Residual plots. (a) Normal probability distribution of residual; (b) residuals vs. predicted values.
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Figure 5. Peak gas-phase volume fraction of D1—L; response surface.
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Figure 7. Peak gas-phase volume fraction of dj—D; response surface.

Table 6. Parameters after nozzle optimization.

Structure dy (mm) D1 (mm) L; (mm)

Size 29 13.6 10.1

4.2. Experimental Analysis of Cavitation Cloud Characteristics

Figure 8a presents a schematic diagram of the cavitation jet experimental system. This
system was mainly composed of a plunger pump, water tank, composite nozzle, motor,
and high-speed camera. The experiment required high pressure, which was supplied by
an AR high-pressure piston pump. It has a maximum operating pressure of 20 MPa. The
experiments used clean water at 25 °C as the medium, with an inlet pressure of 10 MPa,
and were conducted under submerged conditions. The composite nozzle adopted the
optimized parameters—listed in Table 6—obtained using the response surface method. The
nozzle along with the test setup are shown in Figure 8b. A high-speed camera was used to
record the development and evolution of cavitation clouds at the submerged nozzle, while
a pressure sensor was used to record the impact force. The experimental photos are shown
in Figure 9.

Visualization experiments were conducted on the composite nozzle using the afore-
mentioned experimental equipment. The cavitation clouds, as captured in Figure 9, are
organized according to their development over time, as shown in Figure 10a. This process
can be divided into three stages: the nascent stage (0-100 ps), the developmental stage
(100-1500 ps), and the abscission and collapse stage (1500-1900 us). In the nascent stage of
cavitation, the fluid is ejected from the nozzle into a stationary flow field. The interaction
between the jet and the stationary fluid generates a pressure difference and shear flow,
promoting the generation and development of bubbles. The minimum cavitation range is
concentrated at the nozzle outlet. In the developmental stage, as fluid continues to eject
from the jet, the length of the cavitation cloud increases gradually. Under the influence
of jet shear, the high-speed flow diffuses to the surrounding area, leading to symmetric
bubble distribution. The cavitation volume ratio in the red area increases to 0.7. With the
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continued impact of subsequent jets on the tail of the cavitation bubbles, the tails begin to
collapse inward. In the abscission and collapse stage, the cavitation cloud, at its maximum
of around 100 mm, begins to detach from the jet, as shown by the red dashed line in
Figure 10a. The maximum cavitation volume fraction decreases, and the cavitation begins
to collapse. Figure 10b shows the simulation results using the Large Eddy Simulation with
the WALE model.
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Figure 8. Test platform for the high-pressure submerged jet. (a) Schematic diagram. (b) Photo of the
experimental platform.
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Figure 9. The experimental photos.
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Figure 10. The evolution process of cavitation clouds of composite nozzles. (a) Test results.
(b) Simulation results.
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By comparing the numerical simulation with the experimental images, as can be seen
from the red sloping dotted line, it is found that the evolution process of cavitation clouds is
roughly the same. However, differences in grid numbers and numerical simulation models
prevent the experimental images from aligning perfectly with the simulations.

The normalized Q-criterion, where the value of Q denotes the level of vortex strength,
was used to form simulations in order to identify and display the vortex’s features. The
vortex structure’s temporal evolution is depicted in Figure 11. At Q = 30,000, the emphasis
is on the creation of coherent structures inside the jet, which contains several scale vortices.
At t =100 ps, in the nascent stage, high flow velocity at the nozzle outlet results in dense,
small-scale vortices. At t =1300 ps, during the period of cavitation development, small-
scale vortices near the nozzle increase, and the conical large-scale vortex at the rear end
elongates and fractures. At t = 1900 ps, in the abscission and collapse stage of cavitation,
the collapse of cavitation bubbles generates energy that causes disturbance to the fluid,
breaking down the vortices into smaller scales and leading to an increase in the overall
length of vortices. As illustrated in Figure 11, the flow velocity decreases outward from the
central axis throughout the entire process, with small-scale vortices distributed along the
axis and large-scale vortices present on the outer side. The Helmholtz structure causes the
uniform inlet flow to oscillate, forming a “Ring Vortices” structure at the nozzle outlet.

NN

X Velocity: 0 6 121824 30

(c) t=1900us

Figure 11. Vortex structure evolution over time.

Figure 12 shows the curve of impact force variation over time in tests and simulations
with an inlet pressure of 10 MPa and a target distance of 20 mm. Here, F is the impact force
on the target surface, and t is the test time. Between 0.05 and 0.25 S, the simulated impact
force oscillates between 256 and 297 N, with a pulsation amplitude of 41 N. The impact force
measured in the test oscillates between 260 and 289 N, with a pulsation amplitude of 29 N.
The error between the test and simulation is in the range of 1.5% to 2.7%, which verifies the
reliability of the optimized nozzle. The higher simulated values compared to test results
are attributed to the measurement losses of transducer surface forces during testing.
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Figure 12. Comparison of target impact force between test and simulation results.

5. Conclusions

This paper optimized the composite nozzle, which is composed of a Helmholtz—organ

pipe. It combined CFD Large Eddy Simulation with the response surface method. A
high-pressure water jet cavitation visualization experiment system has been established,
and a comparative study of the cavitation cloud evolution has been carried out using a
high-speed camera. Through design optimization and experimentation, the following
conclusions were reached:

@

@

®)

4)

The BBD response surface methodology was used to construct a predictive regression
equation between the composite nozzle parameters and the peak gas-phase volume
fraction. A total of 98.38% of the data in the regression equation fitted well with
the actual simulation results, reaching a highly significant level. This can replace
numerical calculations to predict the results.

Among the single factors, the diameter of the connecting channel and the diameter of
the Helmholtz chamber significantly influenced the peak gas-phase volume fraction.
Taking the peak gas-phase volume fraction as the response value, the influence of three
factors, namely the diameter of the Helmholtz chamber, the length of the Helmholtz
chamber, and the diameter of the connecting flow channel, on the response value can
be sorted as follows: connection channel diameter > Helmholtz chamber diameter >
Helmbholtz chamber length.

The optimized structural parameters of the composite nozzle at an inlet pressure of
10 MPa were determined using the response surface method: the diameter of the
connecting runner is 2.98 mm, the diameter of the Helmholtz chamber is 13.6 mm, and
the length of the Helmholtz chamber is 10.1 mm. The peak gas-phase volume fraction
achieved using the optimized parameters was 32.41%, with a relative error of 2.04%
from the model prediction. The optimized composite nozzle showed a significant
improvement in cavitation performance.

Visual experiments on the flow field of composite nozzles indicate that the simulation
of the cavitation period matches the experimental photos, consistent with existing
research. The nozzle-generated vortex is mainly distributed along the axis, with small-
scale vortices at the nozzle outlet and a conical large-scale vortex at the far end of the
nozzle outlet. Over time, large-scale vortices collapse into small-scale vortices. In the
impact force testing experiment, the calculation results of the optimized composite
nozzle scheme aligned well with the experimental model test results, verifying the
optimization results and simulation accuracy.
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Further experimental and numerical study is needed, such as observing the proper-
ties of cavitation clouds using particle image velocimetry (PIV) and using artificial neural
network methods to solve the nonlinear multiparameter coupling problem of nozzles, estab-
lishing the relationship between the structure of cavitation jet nozzles and cavitation effects.
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Nomenclature

j, Uj Instantaneous velocities of the fluid
X; 3D coordinate direction

0 Fluid density

p Fluid pressure

Tij Sub-grid scale stress

dij Kronecker’s delta

vt Eddy viscosity

Sij Resolved scale strain rate tensor

Ls Length of the sub-grid scale

Cuw WALE model constant

d Distance to the proximate wall

k von Karman constant

14 Computational cell volume

n The number of independent variables

€ Total error
Bo, Bi, Bii, and Bij  Regression coefficients
X Investigation factor

Df Freedom
Q Magnitude of vortex intensity
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Abstract: More frequent high-intensity, short-duration rainfall events increase the risk of flash floods
on steeply sloped watersheds. Where measured data are unavailable, numerical models emerge as
valuable tools for predicting flash floods. Recent applications of various hydrological and hydrody-
namic models to predict overland flow have highlighted the need for improved representations of
the complex flow processes that are inherent in flash floods. This study aimed to identify an optimal
modeling approach for characterizing leaf litter losses during flash floods. At a gauged watershed in
the Hidegviz Valley in Hungary, a physical-based model was calibrated using two distinct rainfall-
runoff events. Two modeling methodologies were implemented, integrating canopy interception and
leaf litter storage, to understand their contributions during flash flood events. The results from the
model’s calibration demonstrated this approach’s effectiveness in determining the impact of leaf litter
on steep-sloped watersheds. Soil parameters can estimate the behavior of leaf litter during flash flood
events. In this study, hydraulic conductivity and initial water content emerged as critical factors for
effective parametrization. The findings underscore the potential of a hydrodynamic model to explore
the relationship between leaf litter and flash flood events, providing a framework for future studies
in watershed management and risk-mitigation strategies.

Keywords: hydrodynamics; numerical modeling; leaf litter; flash flood; watershed modeling;
overland flow; interception; depth-averaged modeling

1. Introduction

Climate change has produced an upsurge in high-intensity, short-duration rainfall
events, increasing the threat of flash flooding through steeply sloped watersheds. These
floods pose a hazard to natural watersheds and urban areas. Higher rainfall intensi-
ties increase the overland flow and may cause substantial damage to an area. Smaller
(area = 5-50 km?) steep-sloped watersheds or the upper regions of larger watersheds
present a more significant risk due to the lack of hydrological data and a scarcity of
management resources for preventative action [1,2]. When measured data are unavailable,
numerical models can help predict flash floods. Several hydrological and hydrodynamic
models were recently applied to predict overland flow [3-8]. Many of these models do
not represent the complex flow processes of flash floods and have reduced complexity,
increased parameter sensitivity, and reduced prediction accuracy [9].

Natural, steep-sloped watersheds contain stream beds with woodland and meadow
areas. Rainfall-runoff processes for these types of watersheds include rainfall, rainfall
losses, and the remaining excess rainfall that turns into overland flow [10,11]. The excess
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rainfall comes from subtracting losses from the rainfall in the watershed. These losses
are the interception (storage capacity of the canopy), surface storage, and infiltration
into the unsaturated soil layer. In natural watersheds, rainfall intensity, land cover, and
the unsaturated upper soil are the most important parameters to define the losses from a
rainfall event [1,12,13]. Surface storage in natural watersheds includes leaf litter interception
and storage as well. During short, intense rainfalls, canopy interception, leaf litter, and
near-surface infiltration may also reduce the short-term runoff and affect the overland
flow ratio [14,15]. Accurately determining the runoff hydrograph at the outlet of these
watersheds requires a better understanding of the physical processes of the losses from
interception and leaf litter storage.

Forested watersheds have leaf litter layers with parameters that change over time
(layer width, humidity, and storage capacity). The mechanism of leaf litter interception and
how it stores and releases water is poorly understood [16]. Most studies on leaf litter storage
are empirical lab experiments based on a given watershed’s specific fauna [17-21]. Fur-
ther studies have combined lab experiments with different numerical approaches [22-24].
Although studies have experimented with different leaf litter types worldwide, local vege-
tation can be compared to these measurements. The water retention in leaf litter depends
on its current composition and thickness [25]. The decomposition process will reduce a
leaf litter’s storage capacity [26]. The impact of leaf litter on runoff remains difficult to
quantify; therefore, back calculations based on measured runoff are needed. This paper
focuses mainly on leaf litter’s storage capacity as a function of initial conditions (dry or
saturated) and rainfall intensity.

Various model structures, such as physics-based, index-based, and conceptual models,
are available to describe rainfall-runoff processes in ungauged watersheds [1]. Physics-
based models can effectively assess and predict overland flow [27]. Two-dimensional
models applying shallow water equations may accurately predict runoff and flood occur-
rence timing and duration [28]. They are computationally and data-intensive, and there is
a need to evaluate the input parameters and rainfall-runoff processes to improve modeling
success and avoid unnecessary uncertainty.

A proper model requires several components: (1) a precise topographic description
because the slope geometry dictates the flow velocity; (2) detailed land use that defines the
dominant vegetation, as well as seasonal land surface changes (e.g., cultivation, plowing,
and harvesting); and (3) the temporal condition of land cover that may impede surface
runoff, such as leaf litter or shallow channeling, or sediment deposition from previous
runoff events. These components affect the quantity and rate of runoff on steep slopes [29].
In addition to the fluid movement, the model must calculate the natural losses [30,31].
Including quick infiltration in the unsaturated upper soil layer can improve the shallow
surface flow [6,32-34]. For calculating losses, different infiltration models have been
included (Green and Ampt, CN) [35]. Flash floods are not affected by slower processes
such as transpiration or long-term infiltration.

Costabile et al., 2020 [28], studied rainfall-induced floods in watersheds using the
Hydrologic Engineering Centre River Analysis System (HEC-RAS). The current HEC-RAS
version provides a valuable tool for complex modeling. The fully 2D computational model
includes full hydrodynamical equations with an additional eddy-viscosity model. This
model requires many input parameters to reproduce flow paths, times to concentration,
and behavior of overland flow [35-38].

Findings from prior research were synthesized into a comprehensive model. While
numerous studies propose applicable methodologies, they focus on watersheds that are larger
than those examined. For larger watersheds, existing methods for evaluating overland flow
are likely appropriate [4-9]. However, customizing the infiltration and surface storage volume
is necessary for smaller, steeply inclined woodland watersheds. While hydrodynamic calcula-
tions for larger watersheds can be simplified [4], the complexities of numerical methods and
eddy viscosity play critical roles in ensuring accuracy for smaller, steep catchments [6,12,32].
As previously discussed, the storage capacities of leaf litters show variability across different
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studies and experiments. These findings are instrumental in devising an approximation that
can be seamlessly incorporated into a hydrodynamic model.

In this study on a gauged watershed, a complex depth-integrated model was evaluated
using two rainfall-runoff events. In addition to the complex overland flow simulation,
the model includes an infiltration add-in. Applying two modeling methodologies to
incorporate interception and leaf litter storage, this study aimed to determine a better model
for describing leaf litter losses during flash floods. The following section summarizes the
forest rainfall-runoff processes and briefly introduces the study region. Section 4 describes
the rainfall-runoff methodology applied during modeling; Section 5 presents prediction
results and challenges.

2. Forest Rainfall-Runoff Processes

A natural, mainly forested watershed will store much water during and after rainfall.
The canopy will intercept some rain while the rest continues as throughfall. The leaf litter
then detains and stores some throughfall, while another portion passes through the leaves
and reaches the ground’s surface. Finally, the remaining water may infiltrate the soil, collect
in surface depressions (storage), or continue downhill as overland flow.

The quantity of rain involved in each process will depend on the rainfall intensity,
the size and type (deciduous or coniferous) of the trees, the thickness and condition of
the leaf litter, the irregularities in the ground surface, and the antecedent moisture in the
soil. As the storage capacities in the canopy;, leaf litter, and soil reach their limits, rainfall
will convert directly into overland flow, initiating flooding conditions. Evaporation and
transpiration processes are slow relative to short, violent bursts of rain, so they do not
significantly reduce the quantity of overland flow during such events. Figure 1 presents
the conceptual model for forest rainfall hydrology.

:o::jzo:oiz‘r. 1:&:‘::»:0}:‘.& 1:.: ‘?"“3"“

Canopy Interception ,

lThrough Fall
A Leaf Litter Evaporation

Surface Storage ;
Soil Infiltration 3 Overland Flow

Figure 1. Forest rainfall-runoff process.

This study focused on short-term, high-intensity rainfall events. Since watersheds are
forested and have significant slopes, the main processes occur over a short period, in which
soil infiltration has only a limited impact. Rainfall intensity and duration, canopy which
soil infiltration has only a limited impact. Rainfall intensity and duration, canopy and leaf
litter interception, surface storage, and slope steepness have the most significant effects
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on the occurrence and intensity of flash flooding. In small watersheds, short-duration,
high-intensity rainfalls can cause floods.

A leaf litter layer forms in watersheds covered with forested areas. It has storage and
infiltration capacities and becomes saturated during rainfall as it stores water. This water
may then infiltrate the soil, remain on the surface, evaporate, or slowly release into overland
flow. The processes occurring in leaf litters usually require a more extended period than a
rainfall event. A leaf litter’s capacity changes seasonally and depends on its thickness and
area distribution. In these cases, infiltration dominates the water’s movement.

In steep-sloped watersheds, the runoff volume and peak flow increase while the time
to peak decreases. These types of watersheds are more susceptible to flash floods. The
interception, depression storage, and soil infiltration capacity also decrease. In this paper,
the authors considered watersheds with a 5-10% slope or higher and observed that, with
an increasing slope, the infiltration decreased [29].

Typical Sequence of Rainfall-Runoff Events

The rainfall-runoff process in a natural watershed can be visualized in three steps, as
shown in Figure 2. During a high-intensity rainfall (T1), rainfall breaks through the canopy
and fills the leaf litter layer. Without a leaf litter layer (meadows, agricultural land), rainfall
infiltrates the soil layer. If no leaf litter covers the ground, soil infiltration and surface
ponding may begin. The depressions fill up on an uneven surface, and the water surface
in these depressions starts to behave as a temporary impervious surface. At the same
time, overland flow initiates, driven by the rainfall not captured by the other processes. A
significant quantity of rainfall may directly convert to overland flow if the rainfall intensity
is high.

Rainfall
O RUHBOH

Canopy Interception

Remaining Storage
Released From

T . eleased From . o, 03 Litter Overfand
l L secheaf Litter @\ﬁn’ﬂ@n@ T Flow
Leaf Litter SM
urface Storage
et $ Storage Overland Release & = Saturated/Unsaturated
i U Flow Soil Infiltration
Surface Storage
gUnsaturated Soil Inﬁltrationg
T1 T2 T3

Figure 2. Rainfall-runoff processes.

At time T2, when the rainfall stops, the leaf litter layer slowly releases the stored water
on the surface, producing overland flow. The water in the depressions filled during the
rainfall starts infiltrating the soil layer.

Days after the rainfall (T3), the stored water in the leaf litter layer continues to release
on the surface, and infiltration continues into the unsaturated soil layer. The water in the
depressions also continues to infiltrate into the soil layer.

3. Study Area
3.1. Watershed Description

The Hidegviz Valley extends over ~6 km? in the northwestern corner of Hungary. It is
a small experimental watershed with dedicated hydrometeorological, overland flow, and
infiltration measurement stations. The watershed consists of three subbasins formed by the
confluence of three streams (Figure 3).
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@ Flow measuring weir

Figure 3. Location of the Hidegviz Valley watershed.

From west to east, the Rak creek is the primary water body; the tributaries are the
Farkas and the Vadkan are streams. The main channel length is ~3000 m, and the average
bed slope is 4%. The Vadkan and Farkas Streams’ lengths are ~1400 and ~990 m, with
an average 4-6% slope. More than 2/3 of the area of the three subwatershed belongs to
the Rak Creek, 4.4 km?; the Vadkan Stream comprises 0.93 km? and the Farkas Stream
comprises 0.6 km?2. The entire watershed area is 6 km?2 [39].

The Hidegviz Valley lies within the Sopron Mountains. It has an average annual
precipitation of 700-900 mm, with peak rainfall in July. The annual temperature averages
8-8.5 °C. The climate exhibits a strong subatlantic effect [40]. The Koppen system classifies
this region as Cfb (warm temperate, without dry season, and warm summer).

Although the watersheds are small, the streams are perennial, fed by springs. While
researchers have not measured the springs’ flow rates, they have observed similar flows
from all three.

The geology of the catchment is crystalline bedrock and Tertiary (Miocene) fluvial
sediment deposited in five general layers. Podzolic brown forest soils, non-podzolic
highly acidic soils, and lessivated brown soils (soil structure broken down by clay minerals
leaching into the layer) have evolved in this area. These soil types are typical for cool,
humid forest environments.

The natural forested areas in the watershed appear in Figure 4. The primary woodland
type was beech, with smaller oak (dashed line) and negligible pine areas (red) [41]. In the
19th century, due to intensive afforestation, 50% of the woodland areas became needle-leaf
wood areas [42].

The meadow areas are generally open, containing smaller vegetation. The stream beds
are natural; the only artificial structures are the culverts at the crossings of the forestry
routes. Because of the erosion, the beds are winding, and the bed material is mainly rocky.

The watershed has two major soil types [43]. “Magasbérci” formation soils cover the
stream beds, while “Brennbergi” formation soils cover the rest of the watershed. Figure 5
shows the distribution of the main soil types.
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Figure 4. Land use distribution on the watershed.
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Figure 5. Distribution of near surface soil types.

The “Magasbérci” (magenta) layer is primarily an alluvial loamy sand layer with
fluvial gravel pockets. This soil covers only areas near stream beds [44].

The “Brennbergi” (green) layer represents the higher parts of the watershed over
the “Magasbérci” layer. The formation contains mostly blocks, with an average size of
over 1 m; the blocks are sharp and cracked. Alluvial soil types have washed into the
cracks, mainly loam, sand, and gravel debris. The soil layer’s proper composition is heavily
unclassified [44].

The root zone is 2-3 m deep. Since porosity is greater in woodland areas than in
meadows, they have a higher water storage capacity [44].

3.2. Measurements

Researchers have conducted meteorological, hydrological, and forest-related measure-
ments and experiments on the watershed since 1983, with reliable data for modeling since
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2010. Located near the Rdk—Farkas Creek junction, the hydrometeorological station mea-
sures precipitation, temperatures, and wind speed. A broad-crested weir with a trapezoidal
section measures the discharge flow nearby in the bed of Réak Creek, which is the combined
flow from the Rak, Farkas, and Vadkan streams. Water levels in the stream are measured
using pressure transducers with an absolute precision of +2 mm, a sensitivity of 0.1 mm,
and a maximum depth of 1.5 m. Level readings occur at 1-minute intervals. The pressure
transducers are manufactured by Dataqua Ltd. [45]. The in situ and laboratory experiments
for leaf litter interception also occurred at the station [41].

4. Case Studies

Rainfall data at the Hidegviz station was collected daily and at 10-minute intervals.
The events between 2010and 2013 were evaluated based on the following criteria:

The cumulative one-day 10 min and daily measurements should match.

The intensity should be high enough to cause overland flow.

Measurement errors must be avoided; the full data set for rainfall and runoff and the
time measurement of the events had to be correct.

Two events in July, Event 1 in 2010 and Event 2 in 2012, were selected for model
prediction. Their rainfall intensities, durations, and volumes appear in Table 1. Runoff
volumes and rainfall/runoff volume ratios also appear in the table.

Table 1. Measured rainfall and outflow values for Events 1 and 2.

i Rainfall ¢ Rainfall Flow
. avg . C .
imax (mm/h) (mm/h) Dz;a;;:;)n (min) V((Jrlrt:;;le V(()Il;l?:l;le Ratio
Event 1 190.2 35.6 70 170 276,438 5257 1.90%
2010
Ezggz 85.5 45.7 100 210 318,052 8133 2.56%

4.1. Event 1

The rainfall started on 15 July 2010 at 20:20 and ended on 15 July 2010 at 21:30 (Figure 6).
The cumulative rainfall was 45.7 mm, totaling 70 min. Overland flow at the measuring
station started at 21:47, and peak flow was reached between 22:38 and 22:59. During this
time, the measurement weir did not record any flow. For this duration, we assigned a
constant value of 0.44 m3/s. The recession limb has two distinct inflection points. The first
inflection point occurred on 15 July at 23:49; after this time, rapid overland flow drainage
turned more gradual as interflow reached the outflow of the creek. There is a less-distinct
change in the slope on 16 July at 3:39, when interflow starts to play a more dominant role.
On 16 July at 16:00, the hydrograph reaches its minimum; the flow is close to the previous
baseflow value.
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Figure 6. Event 1, between 15 and 16 July 2010.

Estimated time of concentration: 170 min (measured from the center of rainfall to the
inflection point on the recession limb).

4.2. Event 2

The rainfall started on 7 June 2012 at 15:20 and ended on 7 June 2012 at 17:00 (Figure 7).
The cumulative rainfall was 53.4 mm, lasting 1 hour and 40 min. Overland flow at the
measuring station started at 16:40, and peak flow was reached between 17:53 and 18:08.
Between the two peaks, flow decreased for 8 min and increased again to reach the same
peak 7 min later. The inflection point in the recession limb of the hydrograph is 19:09. The
flow suddenly jumps lower at 22:00, then rises back up on 7 July at 1:53 a.m. The jump
indicates a possible disturbance in flow measurement around the measuring weir. On the
following day (7 July 2012) at 8:00, the hydrograph levelled off to the baseflow level. The
estimated time of concentration is 210 min (center of rainfall, inflection point).
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Figure 7. Event 2 between 6 and 7 July 2012.

Even though both events occurred in July, there are distinct differences between the
two hyetographs and hydrographs. For Event 2, precipitation had a longer duration but
lower intensity. For Event 1, the maximum rainfall intensity was twice that of Event 2.

The runoff hydrograph shapes have similarities and differences; the rising limb in-
creases sharply for both hydrographs, but the peaks and recession limbs differ. Since
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measurement error during Event 1 forced an assumed peak at 0.44 m® /s, comparing peak
flows becomes problematic. The recession limb descends more gradually for Event 2
than for Event 1. There can be several reasons for the difference between the two events,
such as (1) antecedent conditions in the catchment, (2) dissimilar rainfall intensities, and
(3) different rainfall durations.

Several meteorological conditions influence antecedent conditions, but rainfall is the
most significant. Two days before Event 2, two smaller rainfall events occurred, while no
rainfall event occurred twenty days before Event 1. Therefore, the watershed was drier
before Event 1 than Event 2. The rainfall before Event 2 produced measurable runoff, as
shown in Figure 8.
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0.6
0.5
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previous rainfall event
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Figure 8. Flow event occurrence before Event 2.

A smaller runoff event started on 5 July 2012 at 15:50. The decreasing flow becomes
baseflow around 6 July 2012 at 12:00. According to Kiss [41], the leaf litter releases water
after rainfall. After the first 24 hours, there is a continuous outflow from the leaf litter. The
flow decreases every day, but it lasts for several days. As a result, one can assume that for
Event 2, the leaf litter storage was not empty, and the soil was not dry.

5. Materials and Methods
5.1. Canopy Interception and Leaf Litter Storage

For canopy interception, the following equation was used [39]:
I.=S5 (1 - e_§> +0.07-h 1)

where I [mm] = interception, S [mm] = storage capacity of the canopy, and & [mm] = rainfall
height. The formula was designed for daily rainfalls and required adjustment.

Experimental data show that canopy interception decreases linearly with time during
rainfall [22]. The linear decline is important for long-duration rainfalls; however, this study
investigated short rainfall events, and the canopy interception capacity remained constant.

Various experiments determined leaf litter interception parameters using needle-leaf
and broadleaf litter materials. Both types exist in the Hidegviz Valley watershed. According
to experiments presented in [41], leaf litter behaves like a sponge, drawing up and releasing
water during and after rainfall. Csafordi et al. [39] estimated litter interception to be a linear
process with time.
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Kiss [41] determined a formula for leaf litter storage from experiments in the Hidegviz
watershed. The following equation was derived based on leaf litter in the Hidegviz Valley:

1
Ec=S;[1-—— @)

(v )
where E; [mm] = leaf litter interception, S, [mm] = maximum storage capacity of the leaf
cover, T, [mm] = rainfall height, and n = is the dimensionless factor. Equation (6) does
not consider the increased leaf litter storage with time. The loss of the stored water from
leaf litter is around 0.5 mm in a day. Similarly to Equation (1), this formula considers daily
rainfalls [41].

Zhao et al.’s [22] experiments have shown a connection between rainfall duration and
litter storage capacity in different sloped areas. They later investigated forests with two
wood types: Magnolia grandiflora and Pinus massonlana [22]. They found that leaf litter
storage depended on the watershed slope. The experiment used different litter masses
for slopes 5° and 20°. At the Hidegviz Valley, the average slope of the watershed area is
around 10°.

Li et al. [23] showed experimentally that the leaf litter storage changes with time, and
storage capacity is greater for high rainfall intensity. In their work, they investigated the
following woodland types:

Platycladus orientalis
Pinus tabulaeformis
Quercus variabilis
Acer truncatum

The Quercus variabilis and Pinus tabuleaformis tree varieties are similar to the Hun-
garian broadleaf and needle types. They performed experiments to measure leaf litter
interception during a 60 min rainfall event using 10, 50, and 100 mm /h intensities. Their
results for Q. variabilis and P. tabulaeformis appear in Figure 9.

Leaf (Quercus variabilis) Needle leaf (Pinus tabuleaformis)
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Figure 9. Leaf litter storage capacity for different leaf types on a 60-minute rainfall event with 10, 50,
and 100 mm/h intensities.

For 50 mm /h rainfall intensity, litter interception is constant after 40 min of rainfall
for both leaf and needle leaf: 5.8 mm for leaf and 4 mm for needle leaf.

Kiss [41] determined the release of stored water from the leaf litter. With Equation (3)
below, 0.2-1.7 mm of interception can be determined on average for oak leaves; meanwhile,
with beech and needle leaf types, around 3-4 mm of interception can be determined on
average through a rainfall event. Equation (3) used an exponential draining process for
three different leaf litter types:
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W = Wiyin + (Sa - wmin)'e(a/‘t/) 3)

where w [mm] = the current water content of leaf litter, w,,;, [mm] = the minimal water
content, S, [mm] = the maximum storage capacity, «’ [1/day] = the coefficient of the amount
of the release of water content, ' [day] = elapsed time from the end of the rainfall.

In the experiment, the collected samples were 0.75-1.25 kg/m?, and the litter layer was
around 1 cm thick. According to Kucsara and Gribovszki [46], a leaf litter layer’s storage
capacity grows with its thickness. The leaf litter releases its water rapidly in the first days,
and then the release becomes slower (Figure 10). According to the measurements [41], the
leaf litter has a sponge-like behavior. The water intake is fast, and the release is significantly
slower. Therefore, laboratory experiments provided a more comprehensive picture of the
leaf litter draining process. The experiment focused on the seasonal drainage in winter and
summer. Based on experiments, the leaf litter drainage lasted 15-25 days.

3.5
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2.5
2.0
1.5
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0.5
0.0

Actual water content (mm)

0 5 10 15 20 25 30
Time after rainfall (days)

Figure 10. Leaf litter storage (mm) vs. time (day) [46].

5.2. Soil Infiltration

In this study, the Green and Ampt equations modeled the soil infiltration process [47].
The 3D hydrosoil [48] soil map provided estimates of the soil texture and hydraulic con-
ductivity distribution in the Hidegviz valley in the top 10 cm soil layer. The other soil
parameters for the Green-Ampt equation were estimated based on the hydraulic conductiv-
ity, using values reported by Rawls et al. [49].

5.3. Overland Flow Ratio

Watersheds with natural land cover have a significant variation in overland flow ratio
(excess rainfall /total rainfall). Typical overland flow ratios used in Hungary for forested
watersheds are 5-15%; meadows: 15-30% [50].

For step-sloped watersheds, the ratio of overland flow can increase with increased
intensity of rainfall [51].

5.4. Modeling Approach

Two modeling approaches, Methods A and B, were developed and evaluated (Figure 11).
For Method A, canopy and leaf litter interceptions are subtracted from the rainfall time series.
The remaining rainfall then infiltrates into the unsaturated soil layer. Excess rainfall generates
overland flow:

hefy () = h(t) = Ic(t) = Li(t) = Sa(t) — Fs(t) €

where heﬁ [mm] = effective rainfall, # [mm] = rainfall, I. [mm] = canopy interception, I,
[mm] = leaf litter interception, S; = depression storage, and Fs [mm] = soil infiltration.

For Method B, only canopy interception is subtracted from rainfall. A pseudo-soil
layer with high porosity and conductivity replaces the leaf litter, provides storage, and
allows infiltration. The remaining excess rainfall generates overland flow:

heps(t) = h(t) = Ic(t) — Fi(t) — Sa(t) — Fs(t) ©)

64



Water 2024, 16, 750

where hi,5 [mm] = effective rainfall, h [mm] = rainfall, I [mm] = canopy interception, F;
[mm] =litter infiltration, S; = depression storage, and Fs [mm] = soil infiltration. The
numerical model incorporated the two methods using the following approach.

’ Rainfall ‘ ‘ Spring baseflow

:

’ Crown interception ‘

l Method A Method B l

Leaf litter interc. Leaf litter interception
(substraction from (litter as soil layer) on
rainfall t.s.) forest areas

¥ L 2

Area averaged soil
parameters, increased
forest imperviousness

1 1 1

’ Depth averaged overland flow ‘ _}

l Depth averaged

stream bed flow
’ Outflow time series, Q(t) ‘ .

Figure 11. Modeling approaches.

Area averaged
soil parameters

The crown interception was calculated similarly in both models using Equation (1). In-
filtration losses were calculated differently. Method A subtracted the leaf litter interception
from the rainfall time series. The woodland areas were covered with leaf litter and assumed
to be saturated and impervious throughout the simulation. Infiltration was calculated only
in the remaining meadows (Brennbergi), lowlands, and stream beds (Magasbérci).

Method B modeled the leaf litter as a soil layer throughout the woodland area. The
remaining meadow and lowlands consisted of Brennbergi and Magasbérci soils similar to
Method A.

All the simulated events were about one day long, during which the leaf litter released
perhaps 10% of its retained water [41]. Therefore, the simulation did not consider water
released from the litter. Excess rainfall resulted from subtracting canopy, leaf litter, and
infiltration losses from rainfall. The hydrodynamic numerical model calculated overland
flow based on excess rainfall. The selected two events allowed for model prediction and
comparison between Methods A and B.

5.5. Governing Equations

The HEC-RAS model simulated surface runoff. The Finite Volume Method (FVM)
used a 2D mesh to calculate overland flow. The most accurate solution is the complete
hydrodynamical equation (shallow-water equations, SWE).

oV

_ 1. )
T (V-V)V + fekxV =—¢Vzs + hV (vthVV) oR + o (6)

where V [m/s] = velocity in x—y directions, V = (%, %) = gradient operator, f. = Coriolis

parameter, k = unit vector in the vertical direction, g [m/ s?] = gravity, zs [m, mBf] = elevation
of water surface, i [m] = water depth, v; [m?2/s] = horizontal eddy coefficient, T, [N/ m?] =
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bed shear stress, p [kg/ m3] = water density, R [m] = hydraulic radius, 75, [N/ m?] = wind
shear stress on the water surface.

This study did not apply the wind shear stress factor. Due to its chaotic motion,
turbulent mixing transfers the momentum between computational cells. In time-averaged
velocity fields, dispersed mixing transfers momentum. Huang [6] suggested that an
additional turbulence model could simulate overland flow more accurately. With an
additional eddy viscosity component, the size of the computation cells and the time step
define the degree of numerical diffusion. The added eddies represent the flow more
appropriately, producing more accurate results.

The Smagorinsky-Lilly turbulence model calculated the eddy viscosity by:

9s = Du,hi + (Cs0)?|S] )

where vg [m?/s] = eddy viscosity, D = matrix of dispersion coefficients, u* [m/s] = averaged
velocity around the stream bed, / [m] = water depth in a cell, Cs = Smagorinsky-coefficient
(~0.005-0.2), A [m] = filter length (equal to the cell side length), S [1/s] = temporal defor-
mation vector

The modified SWE equation’s final form with the additional eddy viscosity
model becomes:

oV 1

S+ (VV)V A+ fok X V = —gVz 4 V- (0hVV) - DL v.(95VV)  (8)

PR

The complete SWE method exhibited unstable behavior, even with the shortest possi-
ble time steps. Therefore, a simplified local inertia method (SWE-LIA) was adopted. The
model’s stability increased by eliminating the nonlinear advection terms [35]:

1% T
Sr + fekx V = —gVz, - p—;w-wsvw ©)

Almeida and Bates [32] stated that the LIA method produces similar results to the
SWE method when the Froude number is less than 0.5. Both methods (SWE and LIA)
produced stable outputs during simulations of Event 2; therefore, the LIA method was
adopted.

6. Numerical Grid Structure

The calculation algorithm generated an adaptive mesh to discretize the watershed
(Figure 12). The mesh’s resolution depended on local geometrical parameters: where the
effective overland flow ratio is high (creek beds, steep slopes, roads), the resolution is finer,
while other areas did not need high resolution due to their high storage and slower flow
velocity. The grid size ranged between 4 x 4 and 20 x 20.

The mesh’s resolution depends on the geometry of the terrain. The terrain types were
divided into creek beds, steep slopes, and plain areas.

e  Creek beds: The steeper gradient necessitated the use of smaller cells. Accurate
calculations in smaller creeks require the midpoints of the cells to be positioned
within the bed. Otherwise, the calculations may introduce numerical errors from
inappropriate mesh geometry in other areas.

e  Steep slopes: The model could quickly become unstable due to potential high velocities
and corresponding Froude numbers. The average slope of the watershed areas is
around 10%. Smaller cells improve the calculation’s stability.

e Plain areas: The upland areas and areas around the bed creeks decline gently. The
flow velocity decreases in these areas and does not require small cells.

The average time step of 0.4 s produced stable results.
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Figure 12. The adaptive grid mesh.

7. Interception and Litter Storage Calculation

The crown interception was calculated for both methods using Equation (5). Crown
storage capacity changes with different woodland types. The capacity varies from 1.5 to
4 mm and averages around 2-3 mm. During high-intensity rainfall, needle-type leaves can
hold up to 6-8 mm [46].

Method A calculated leaf litter storage for every time step of the measured rainfall
data. Table 2 lists input parameters for storage capacity. Calculating leaf litter storage on a
watershed scale presented uncertainties due to variations in litter depth, area distribution
through seasons, and its initial storage capacity before an event. The initial leaf litter storage
was calculated based on the time after the preceding rainfall event. For Event 1, it was
20 days; for Event 2, it was 0.9 days.

Table 2. Antecedent water content in the leaf litter for both events (Equation (3)).

' [day] Sa [mm] Wypin [Mm] a’ w [mm]
Event 1 20 3.184 0.147 —0.185 0.22
Event 2 0.9 3.184 0.147 —0.185 2.72

7.1. Event 1

Time series interval: 15 July 2010 20:20-21:20, duration 70 min.

Figure 13a compares rainfall to effective rainfall after crown and leaf litter interception.
It shows that only the highly intensive parts (20 min) of the rainfall reach the surface,
creating overland flow and soil infiltration. Only the crown interception was subtracted in
Figure 13b. The effective rainfall time is 40 min, with slight rainfall loss.

The total rainfall volume was 271299 m3, the excess volume for Method A was
210,606 m?, and for Method B was 232,676 m.
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Figure 13. Event 1 effect of interceptions, Method A (a) and Method B (b).
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7.2. Event 2

Time series interval: 7 July 2012 14:40-16:50, duration 100 min.

Method A (Figure 14a): The rainfall time series is 100 min long. By adding both crown
and leaf litter interception, the length of the rainfall that reaches the surface was reduced to
70 min. In Method B (Figure 14b), when only the crown interception is subtracted from the
rainfall time series, the rainfall that effectively reaches the surface is 90 min.
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Figure 14. Event 2 effect of interceptions, Method A (a) and Method B (b).

The total rainfall volume was 317,011 m3, the excess volume for Method A was
258,324 m?, and for Method B was 275,188 m5.

8. Results

A comparison of results from Methods A and B follows in the next section. The
discussion will first focus on the simulated discharge hydrographs at the watershed outlet
for the two events. Then, the following sections discuss the difficulties and nuances of
calibrating some parameters for the modeling process.

8.1. Soil Calibration Process

The calibration focused on determining soil parameters for the Hidegviz Valley water-
shed. Analysis Method A required parameters for Bennberg and Magasberc soils that un-
derlie the meadow and lowland (streambed) areas. Method B required a third pseudo-soil,
the leaf litter, located in the woodland area. Figure 15 shows the two meadowland /lowland
soils with Magasberc in magenta and Breenberg in grey. Magasberc is prevalent along the
streambeds and lowlands, while Breenberg is upland. The wooded area covers the majority
of the valley in green. In order to distinguish between woodland and meadow areas, the
land cover map was laid over the soil map. Where woodland areas were found (green),
leaf litter was assumed and considered a soil layer or interceptor, as described earlier.
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500 m

Figure 15. Modeled soils (green—woodland (leaf litter as soil); dark blue—Magasbérc soil (cutting
areas); magenta—Brennberg soil (meadows, creeks)).

The woodland areas are the areas where leaf litter accumulates. Therefore, the focus
during calibration was on this area. The calculation for Method A was as follows: In
the woodlands, litter deficit is subtracted from the rainfall, and no further infiltration
occurs (impervious). The rainfall in non-woodland areas interacts with the Magasberc
or Brennberg surficial soils. The Green and Ampt equation determined the degree of
infiltration. Green and Ampt parameters for the two soils were adjusted to produce
reasonable behavior in the watershed.

The calculation for Method B was as follows: In the woodlands, a soil layer was
approximated through leaf litter interception and storage using the Green and Ampt
equations. In non-wooded areas, the same soils from Method A provided infiltration and
runoff behavior.

The models required three steps for calibration. For Method A, the two events were
evaluated, and parameters were adjusted until they reached optimal results. The intercep-
tion and the leaf litter storage were subtracted from the rainfall time series and did not
change during calibration. The soil parameters for the Green and Ampt equation were
adjusted and remained the same for both events, except for initial water content. The final
values appear in Table 3.

Table 3. Calibrated soil parameters.

Pore Size
. Initial Soil Saturated Soil Residual Soil e e,
Soil Type Sf [mm] K [mm/h] Water Content Water Content Water Content Dls;::::wn
Magasberc 261.76 15.67 0.20 0.33 0.04 0.35
Brennberg, 219.04 26.67 0.18 0.35 0.03 0.40

cutting areas

In method B, where the leaf litter was approximated by soil, the two events were eval-
uated separately since the initial conditions of the litter were different. The soil parameters
in the other regions (Brennberg and Magasberc) were identical to Method A. Table 4 shows
the modeled soil types with the selected parameters for the Green and Ampt equations.
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Table 4. Calibrated soil parameters with the added pseudo-soil of the leaf litter layer.

Wetting Front Initial Soil Saturated Soil Residual Soil Pore Size
Area Type Suction Ksat [mm/h] Water Content Water Content Water Content Distribution
S¢ [mm] -) -) ) Index (-)

Magasberc soil (loam-sandy loam)—orange

Meadows areas,

streambed 261.76 15.67 0.20 0.33 0.04 0.35
Brennberg soil (loamy sand-sandy loam)—grey
Meadow areas- 219.04 26.67 0.18 0.35 0.03 0.40
Leaf litter (loamy sand)—green, event 1
Woodland areas 134.24 115 0.13 0.41 0.02 0.56
Leaf litter (loamy sand)—green, event 2
Woodland areas 20 63 0.38 0.41 0.02 0.56

The most recent rainfall before Event 1 occurred 20 days before, while for Event 2,
rain occurred two days before. Therefore, the initial soil water contents for Event 2 were
set at values higher than those set for Event 1. When a soil layer approximated the leaf
litter, varying only the initial moisture content could not approximate the measured flow.
The composition of the leaf litter was unknown, and its thickness may differ for the two
events. The Green and Ampt equations could approximate leaf litter behavior, but it would
require experimental determination since it does not behave like typical soil. During the
evaluation, the leaf litter in the model was not sensitive to the initial water content; instead,
the saturated hydraulic conductivity was the key. Earlier measurements showed similar
scales in hydraulic conductivity [52]. The saturated hydraulic conductivity was higher
in Event 1 than in Event 2. The different conditions of the leaf litter, such as thickness,
composition, and age, may explain this. Since several parameters interact and cannot
be easily measured, the saturated hydraulic conductivity value might approximate the
cumulative behavior.

The other parameter considered for calibration was the Manning #n number. The
n value depends on the structure of the surface. The overland flow’s depth is small;
therefore, the shear stress has a higher impact on the flow; a rougher surface must be
defined to approximate the surface roughness properly. For overland flow, Manning’s
n-values were assumed uniform during each event. The surface roughness was determined
based on the land use distribution (Figure 4) and applied based on literature values. During
calibration, the n values remained constant since the current HEC-RAS version only allows
a linear change from an initial roughness to a final one. Possibly, if the roughness can vary
nonlinearly throughout the simulation, the calibration would be more accurate. Manning’s
n-values are listed in Table 5 for the four terrain types.

Table 5. Calibrated Manning’s n-values.

Terrain Type Mann?gg’lslzflValue
Creek bed 0.03
Cutting area 0.1
Forest 0.4
Forest covered with leaf litter 0.2

Method A assumed the forested areas were impervious, and the recommended n-
value was applied to the forested surface. When a soil approximated the leaf litter (Method
B), its effect on the overland flow differed. During the calibration, the overland flow on the
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leaf litter surface was smoother than on the natural forested surface; therefore, the forest
area with litter received a smaller n-value.

8.2. Model Predictions
8.2.1. Event 1
Event 1 was modeled using Methods A and B. The results appear in Figure 16. Using

Method A, the peak flow and the recession limb followed the measured data well. Method
B slightly overestimated the flow.

0.6
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Figure 16. Prediction results for Event 1, for Methods A and B.

The time to peak of the modeled hydrographs is correct with both methods. There
are jumps in the rising limb of the modeled hydrograph (Method B). Another jump occurs
soon after the peak as well. Method B predicted a much more gradual recession than the
measured flow.

Overprediction of overland flow velocities and volumes produced small jumps in
the model hydrograph (Figure 16). In Method B, when only the canopy interception is
subtracted from the rainfall time series, the time of the concentration is shorter, and the
runoff volume is greater than that in Method A. Due to the faster surface flow, runoff
from the two small watersheds (Vadkan and Farkas Creek) arrived very quickly at the
outlet, producing jump #1 in the numerical model. The modeled flow reduced after this
peak for a short time until the flow from the larger, more dominant watershed (Rak Creek)
arrived, and the flow increased again. The model accurately predicted the rising limb of
the measured hydrograph after this time.

The second jump predicted by Method B comes from the overflows of the temporary
ponding areas. This effect has also occurred during smaller flood events, as evidenced by
flow measurements.

Method A estimated the measured hydrograph well. Also, in method A, the overland
flow is slower due to the higher roughness of the forest area.

To illustrate the flow dynamics during Event 1, mainly when jump #1 occurs, Figure 17
displays the spatial distribution of overland and channel flow depths. Method B exhibits a
larger surface ponding area near the junction of Rdk Creek (location 2, white circle) due to
creek overflow. Channel flow (white rectangle) is smaller because the local peak flow has
already moved downstream. In contrast, the creek channel is deeper in Method A because
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the surface runoff moves slower, allowing the creek to contain and convey the flow without
breaching its banks. The difference originates from the choice of Manning’s n-values for
Methods A and B, reflecting the differing surface roughness of soil and leaf litter, respectively.
Method B allows faster overland flow due to the smoother leaf litter surface.

Method A Method B

- .-
’ 4
' 4
Method B

Y

&

Figure 17. State of modeled overland flow at jump #1 in both methods around the culverts (location 1)
and the lower Rak Creek junction area (location 2) during Event 1.

Near the Farkas and Vadkan culverts (location 1), both overland and creek flow depths
are depicted for the upper region. Method B shows less water depth since the overland
flow velocity is higher, indicating that the peak flow from these two smaller watersheds
has passed this location. In local surface depressions, such as shown on the right side of
the drainage system (orange circle), Method B accumulates more water in local storage
since its more significant surface runoff has not yet infiltrated. The culverts across the road
caused backwater effects along the stream since, in most cases, sediments fill the culverts
and reduce flow. There was no information about the conditions of the culverts during the
investigated events, so it was difficult to represent them accurately in the numerical model.
In Method A, the average depth in the creek bed is lower, thus reducing the backwater
effect at the culverts compared to Method B.

For Method B, recalibrating the culvert geometry may reduce jump #1 (Figure 16) by
simulating the effect of accumulated sediment. Since the actual conditions of the culverts
were unknown, no further adjustments were attempted.

8.2.2. Event 2

Methods A and B showed promising results for Event 2, 7 June 2012 (Figure 18). The
predicted time of concentration, peak flow, and the recession limb agreed with the mea-
sured hydrograph. Method A slightly underestimated and Method B slightly overestimated
peak flow.
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Figure 18. Prediction results for Event 2, for Methods A and B.

Both methods modeled the shape of the rising limb, but they rose earlier than the
measured hydrograph and reached their peak earlier than the measured value. Method
B showed the same jump response in the rising limb, similar to Event 1, but to a much
lesser degree. A small jump appears in the measured flow but is much less significant.
As with Event 1, it comes from the faster time of concentration of the Farkas and Vadkan
Creek watersheds.

Both of the methods overpredicted the flow velocity for the two smaller watersheds,
but the modeled flow from Rak Creek appears to follow the measured hydrograph well.
Both of the methods’ recession limbs are more gradual until their inflection points. After
the inflection point, Method A reaches baseflow earlier and slightly underestimates it.
With Method B, the flow slows slightly after the inflection point and then reduces to the
measured flow, slightly overestimating it. The slight delay in the recession limb may result
from the saturating leaf litter layer or numerical error. The numerical error originated from
the constraints of the model itself. Throughout the modeling process, numerical sensitivity
to the mesh and time steps increased in regions where steeper slopes transitioned to milder
ones, particularly after reaching peak flow. Enhancing the average resolution of the cells
mitigated these errors. However, reducing the time step beyond a specific threshold (0.1 s)
was not feasible without introducing instability into the entire model. During modeling,
larger excess rainfall contributed to stabilizing the model.

The adjusted model with Method B nicely fits into the baseflow curve after the jump
in the measured hydrograph.

Table 6 shows the summary statistics of the calibrated models using Methods A and
B. They both approximated peak flows well. Method B predicted the time to peak better
than Method A for Event 2, where a soil layer defines the leaf litter. The volume error
was unreliable since there was an error in the measurement on the recession limb of the
hydrograph. Blockages in the weir could have produced the observed decrease in the
measured data, perhaps driftwood or sediment accumulation. After 07.07, at 01:30, Method
B fits the measured data better. If the measurement error is not considered, the decreasing
limb of Method B fits better for the possible real flow time series. Therefore, the NSE value
should be higher.
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Table 6. Statistics of the model results for both methods.

Peak Flow Time NSE Volume
to Peak
[ems] -) Error (-)
[hr]
Measured 0.44 2.47
Event 1
15 July 2010 Method A 0.48 2.42 0.72 0.11
Method B 0.49 2.33 0.43 0.51
Measured 0.62 2.95
Event 2
Method B 0.62 2.67 0.81 0.25

9. Conclusions

The present study focused on applying canopy interception and leaf litter retention
in the hydrodynamic 2D modeling of a flash flood event in a small, forested watershed.
Earlier models simulated flash flood events but did not include these components. Two
modeling approaches were applied to study the influence of canopy and leaf litter on
estimating surface runoff for two rainfall events.

Both models predicted runoff better for Event 2, where the runoff volume was larger,
creating a greater depth in overland flow. The shallower depths from Event 1 tended to
be less stable and less predictable. Unfortunately, these two events were the largest in the
database. A higher-intensity event with substantial duration would have improved the
prediction process.

Another significant challenge in the modeling process was the variability in the
condition of leaf litter (such as its thickness and moisture content), which was greatly
influenced by preceding rainfall events and prevailing meteorological conditions. This
variability added a layer of complexity to the accurate prediction of the watershed’s
response to rainfall events, particularly in establishing the initial conditions for each
simulation. The leaf litter’s storage capacity was very sensitive to its condition, requiring a
more meticulous reassessment before each event than ordinary soil conditions.

This study averaged soil and leaf litter parameters over the computational grid areas.
However, increasing the refinement of the soil grid created additional instabilities in
calculating surface runoff. The model’s sensitivity to the mesh and time steps, combined
with the inherent limitations of the modeling software regarding time step adjustments,
meant that any further increase in the resolution of the soil and leaf litter distribution
reduced numerical stability. Employing area averaging for loss approximations in smaller
watersheds could prove more effective in achieving accurate results.

This behavior also occurred for culvert structures within the model. The sensitivity of
culverts’ parameters varied with the slope and length of the structure and had minimal
impact on the outcomes. In contrast, modifications in the diameter, representing sediment
accumulation inside the culvert, had a pronounced effect by creating backwater conditions.

Method A subtracted the canopy and leaf litter interceptions from the rainfall and
assumed that the areas covered with leaf litter were impervious for the event duration. In
Method B, leaf litter interception and storage processes were modeled as soil using the
Green and Ampt equations. From the modeling, the following conclusions can be stated:

e The linear formula based on woodland types estimates the crown interception to a
reasonable degree of accuracy.

e  If the Green and Ampt soil parameters model is applied to the leaf litter calculations,
then it must account for antecedent moisture conditions (saturation). Events 1 and 2
began with different initial moisture conditions in the leaf litter and underlying soil.
Before either event, there was no information about the leaf litter’s thickness, current
composition, or in situ moisture content.
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e  The results also showed that predicting the decreasing limb had less error for the
smaller rainfall event when the leaf litter was modeled as a soil layer (Method B).

e  Forboth events, Method A performed well. It was less sensitive to the initial conditions
of the leaf litter, rainfall duration, and intensity.

The models showed that a 2D hydrodynamical model can be used to estimate the
effect of leaf litter on a steep-sloped watershed. The calculation with both methods is more
stable if the excess rainfall is higher. These results suggest that the accuracy improves with
flash-flood events. Therefore, both methods may correctly model flash floods.

When leaf litter interception was subtracted from the rainfall time series, the leaf
litter storage capacity was connected to the rainfall intensity. These subtractions were
the basis for calculating the losses in Method A. Even a rudimentary estimate improves
the modeling results. This method is ideal for ungauged watersheds, planning processes,
or water damage prevention projects. During a rainfall event on an ungauged forested
watershed, where the land use is known, leaf litter storage volumes can be predicted as a
function of rainfall intensity. However, this method cannot calculate the saturation of the
leaf litter. Therefore, it should be applied if measured data are available, or if the leaf litter
layer is thick and mostly dry.

Method B is more precise than Method A for predicting the flow’s physical processes.
Soil parameters can estimate the behavior of the leaf litter during a flash flood event since
litter interception and storage in a short period work similarly to unsaturated soil. Of
course, the behavior of leaf litter is not the same as that of the soil, but field or laboratory
measurements can provide estimates. Since proper leaf litter data will not always be
available for a given watershed, the modeling of the litter should depend on as few
parameters as possible. This study found that hydraulic conductivity and the initial water
content were the two most significant parameters.

The results showed that, during the modeling of the overland flow, the land use
controls the time to peak and the slope of the rising and the recession limb. Compared
with Method A, only crown interception modifies the rainfall time series. The process of
surface storage calculation in this method is more complex, and the surface roughness is
more accurate since the numerical model does not neglect leaf litter. Therefore, Method B’s
complex physical model structure gives a more accurate simulation for predicting flood
events in a forested watershed. Method B can be more accurate for ungauged watersheds
since the land use and the vegetation type are the model’s key elements (in addition to a
proper DEM).

This study applied a new approach to overland flow modeling compared to previ-
ous studies. Both crown and leaf litter interception significantly affect overland flow, al-
though the conditions change with time. Therefore, combining complex overland flow
simulation and substituting leaf litter with a soil layer can effectively predict flash floods in
forested watersheds.

The main accomplishment of this study was in demonstrating the feasibility of construct-
ing a model for steeply sloped, forested watersheds. Such watersheds, often situated in the
upper reaches of larger catchments, are typically prone to high risks of flash flooding. Detailed
and complex models are essential to understand the behavior of these types of watersheds.
This study focused on integrating numerical solutions with empirical methods, illustrating
how various available data can be utilized within a single model framework. The dual ap-
proach of numerical and empirical methods also lays the groundwork for comparative studies.
Although the methodology for calculating overland flow remains consistent, the computation
of losses varies, which is particularly valuable since many of these smaller watershed areas
lack gauging stations. In ungauged watersheds, comparative modeling is a vital strategy
for reducing uncertainties. Consequently, one of the aims of this study was to establish a
foundation for modeling approaches that can be applied in planning processes, especially in
ungauged watersheds with a significant risk of flash flooding.
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Abstract: To account for changes in the performance of spillway aerator structures of high-altitude
dams, depressurization generalized model experiments and theoretical analyses were conducted
in this study. Measurements were taken for ventilation hole air velocity, cavity subpressure, cavity
length, and air concentration in crucial regions. The study proposed correction formulas for the
aeration coefficient and water air concentration in aerator devices operating under low atmospheric
pressure. The pressure range of the experiments was between 26.3 kPa and 101.3 kPa. The results
indicated that with decreasing atmospheric pressure, ventilation hole air velocity, ventilation volume,
cavity subpressure, and water air concentration all showed a decreasing trend. For every 15 kPa
decrease in pressure, ventilation hole air velocity decreased by approximately 24%. When the
atmospheric pressure dropped from 101.3 kPa to 26.3 kPa, the cavity subpressure decreased and
eventually approached zero. The maximum reduction in air concentration was 14.9% in the cavity
backwater area, 38.5% at the cavity end, and 38.3% in the downstream bubble escape segment. The
proposed correction formulas could be used for a rapid estimation of ventilation volume and air
concentration in low-pressure environments. This research provides a scientific basis for the design

of aeration devices in water projects located in high-altitude regions.

Keywords: low atmospheric pressure; depressurization model experiment; ventilation volume;
air concentration

1. Introduction

Cavitation damage caused by high-speed water flow can pose a serious threat to the
safe operation of spillway structures. Spillway outlets of projects such as the Boulder
Dam in the United States, the Liujiaxia Hydropower Station and the Ertan Hydropower
Station in China, and the Aldeadavila Dam in Spain have all experienced severe cavitation
damage during operation [1-4]. Currently, three main damage reduction measures are
employed in engineering practices: reducing the incipient cavitation number through the
optimization of the overflow boundary body shape and the control of the unevenness
of the overflow surface; using materials with strong cavitation resistance; and using air
entrainment to alleviate cavitation, aerating areas where cavitation is likely to occur in the
water flow [5]. Extensive engineering practice has shown that aeration is one of the effective
methods for preventing cavitation damage on overflow surfaces [6,7]. Due to its simple
technical structure and noticeable effects, it is widely used in various high-head spillway
structures. With the continuous development of water resources in China, the western
high-altitude regions rich in hydropower resources are gradually becoming hotspots for
hydropower development. An increasing number of high dams will be built in areas
at altitudes of 3000 m and above. Besides characteristics such as high head and large
flow, the environmental conditions of high altitude and low atmospheric pressure are
gradually becoming a focus of attention for their impact on hydraulic safety, especially
regarding cavitation in spillway structures. Due to the decrease in atmospheric pressure
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and reduction in cavitation number with increasing altitude, spillway structures are prone
to cavitation and subsequent cavitation damage [8,9].

Under normal atmospheric pressure, researchers have conducted extensive research
on using air entrainment to alleviate cavitation. Research directions mainly encompass the
mechanisms of using air entrainment to alleviate cavitation [10,11], the characteristics of
forced aeration in water flow [12-15], the design of aeration devices [16], the downstream
bubble characteristics of aeration devices [17], and the scale effects of aeration ratios [18,19].
The ventilation volume is an important parameter for measuring the effectiveness of air
entrainment devices. A significant amount of research has been conducted by previous
researchers on the ventilation volume of aeration devices. There are numerous influencing
factors, including incoming flow hydraulic characteristics, channel and aeration device
geometry, and affected aeration phenomena [20-22]. However, relatively limited research
has been conducted on aeration under low atmospheric pressure. Falvey [3] developed
computer programs to support the design of aerator structures at different altitudes based
on local atmospheric pressure. This approach has been applied to an altitude range
of approximately 375 m to 2280 m. However, there was no generalized study of the
extent and mechanisms of the impact of air pressure on aeration and cavity hydraulic
characteristics. Currently, commonly used formulas for ventilation volume are mostly
empirical formulas based on prototype or model data [12,23,24], without considering the
influence of atmospheric pressure on ventilation volume.

Existing research indicates that as atmospheric pressure decreases, the distribution of
gas nuclei in water undergoes changes, the surface tension coefficient of water increases,
the cavitation number of the water flow decreases, and it becomes more difficult to generate
backwater in the cavity [8,9,25,26]. Pang et al. [26], through the collection of gas nucleus
images under different pressures, found that as the environmental air pressure decreased,
the number of gas nuclei decreased, and the proportion of small-sized gas nuclei increased.
Wang et al. [8], using the capillary method at different air pressures and water tempera-
tures, measured surface tension. The results showed that at the same water temperature,
lower air pressure corresponded to a larger surface tension coefficient. At a maximum
vacuum pressure of 0.1 MPa, the surface tension of 20 °C water increased by approximately
18% compared to atmospheric pressure. Additionally, the influence of air pressure and
temperature on the water surface tension was essentially independent as the air pressure
decreased. Pang [9] utilized theoretical equations to calculate the variations in the critical
pressure of a single gas nucleus under different atmospheric pressure conditions. The
results demonstrated that under low atmospheric pressure, the incipient cavitation number
of gas nuclei decreased, whereas the reduction in the flow cavitation number was signifi-
cantly enhanced compared to that of the incipient cavitation number. For every increase in
altitude of 500 m, the cavitation number of the water flow decreased by 2.5% to 3.5%. In
high-altitude areas, the risk of cavitation and cavitation erosion increased in fast-flowing
water. Wu [27] analyzed the changing patterns of air content in water under different atmo-
spheric pressure and temperature conditions. As the atmospheric pressure decreases, the
air content will also decrease. If there are differences in air content between the prototype
and the model, the incipient cavitation numbers will also differ, leading to a scale effect.
During experiments on a 1:35 scale model of a spillway at a hydropower station, Zhao and
Hu [28] conducted observational comparisons and found that when the depressurization
chamber reached a vacuum level of 93%, the cavity length decreased by approximately
10% compared to normal atmospheric pressure conditions. Using a computational fluid
dynamics (CFD) numerical simulation, Pang et al. [29] calculated the cavity length in an
aeration device under different atmospheric pressure conditions. The results indicated
that as the atmospheric pressure decreases, the cavity length in high-velocity water flows
becomes smaller. For each 10 kPa decrease in atmospheric pressure, the average cavity
length decreased by approximately 1.7% to 2.9%. Xue et al. [30] conducted steady-state
numerical simulations of a specific hydraulic turbine in high-altitude regions to analyze the
effects of high-altitude environments on hydraulic machinery performance. They found
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that as the atmospheric pressure decreased, the low atmospheric pressure area of the elbow
section of the draft became larger. Simultaneously, the cavitation coefficient of the hydraulic
turbine increased with decreasing atmospheric pressure, making cavitation more likely to
occur. In summary, research on the aeration characteristics in low atmospheric pressure
environments is still in its initial stages, while the current calculation formulas for using
air entrainment to alleviate cavitation have not yet provided regulations for the relevant
hydraulic calculations and designs under low atmospheric pressure conditions.

Therefore, this paper presents depressurization generalization model experiments
and theoretical analysis conducted with a primary focus on hydraulic characteristics such
as ventilation hole air velocity, ventilation volume, and air concentration. Considering
four discharges and six atmospheric pressures, a total of twenty-four sets of experimental
conditions were established. This study investigated the ventilation characteristics of
aeration devices under different low atmospheric pressure conditions and the downstream
water air concentration characteristics. Furthermore, we proposed a correction method
for using air entrainment to alleviate cavitation characteristics under low atmospheric
pressure, with the aim of providing a scientific basis for the design of aeration devices in
high-altitude hydraulic engineering projects.

2. Research Methods

To simulate a series of low atmospheric pressures, experiments were conducted inside
a depressurization chamber. The generalized model was based on a typical design of a
tunnel spillway, which included a control section, a gentle slope section, a steep slope
section, and a jet bucket section. The total length was 4.14 m, the net width was 0.188 m, and
the height was 1.66 m. The arrangement of the model within the depressurization chamber
is shown in Figure 1. A WES weir was used for the control section. The gentle slope section
had a gradient of 3.0% and a length of 0.33 m. The steep chute section followed the gentle
slope section and was composed of a parabolic curve, a straight line, and a counter-arc
curve. To study the forced aeration characteristics under different low atmospheric pressure
conditions, an aeration device was installed at the transition between the parabolic curve
and the straight line. For the aeration device, a configuration combining a ramp and a
slot was adopted, as shown in Figure 2. The slope of the ramp relative to the downstream
straight section was 1:10, and the longitudinal length of the ramp was [ = 20 cm. The total
depth of the aeration slot was d = 4.5 cm, and the total length was 4.23 cm. The air vent
hole was located within the chute and had a diameter of 3.0 cm.

Figure 1. Generalized model deployment.

81



Water 2024, 16, 353

d:total depth of the aeration slot
Flow 1: the longitudinal length of the ramp

//l Air vent hole
7 /

J
4

M: cavity subpressure
C: air concentration
L: cavity length

c4

Figure 2. Aeration device size and measurement point arrangement.

Four experimental discharges Q (0.0740, 0.0528, 0.0354, 0.0199 m3/s) and six different
atmospheric pressure conditions (the pressure range inside the depressurization chamber
varied from 26.3 to 101.3 kPa in steps of 15 kPa) were employed in this study, resulting
in a total of twenty-four experimental conditions. Vacuum degree refers to the degree
of gas rarity in a vacuum state, expressed by the formula P, = Py — P;, where P, is the
environmental pressure inside the vacuum chamber and Py is the atmospheric pressure in
the external test laboratory of the vacuum chamber as shown in Table 1 for the vacuum
degree inside the depressurization chamber. The test parameters are listed in Table 2.

Table 1. Vacuum degrees in the depressurization chamber under different atmospheric pressures.

Series Atmospheric Simu.lating High g;f;?j?g:::ﬁi
Pressure (kPa) Altitudes (m)
Degree (kPa)

1 101.3 0 0

2 86.3 1330 15.0
3 71.3 2900 30.0
4 56.3 4700 45.0
5 41.3 6950 60.0
6 26.3 10,000 75.0

Table 2. Test parameters.

Series Discharge (m3/s) Incoming Flow Velocity (m/s) Froude Number
1 0.0740 4.96 5.61
2 0.0528 4.63 5.99
3 0.0354 4.33 6.62
4 0.0199 4.19 8.41

Different measurement methods were employed to measure the ventilation hole air
velocity, cavity length, cavity subpressure, and air concentration. The air velocity was
measured using the KANOMAX multi-point air velocity measurement system (Andover,
NJ, USA). The probe used was of the hot-wire type with a maximum range of 50 m/s
and an accuracy of 2% full scale (ES.). The probe with left and right ventilation holes was
connected to a Model 1550 data acquisition system for automated measurements. The
sampling frequency was 10 Hz, and the sampling duration was 120 s. The cavity length
was determined through concentration measurements and observations. The downstream
water air concentration under the aeration device was measured using a resistance-type
air concentration meter. Four measurement points (C1, C2, C3, C4) were arranged on
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the bottom plate at distances of 24 cm, 40 cm, 48 cm, and 62 cm from the end of the
aerator. The cavity subpressure was measured using an absolute pressure fluctuation
sensor. Measurement point M1 was located in the middle of the aerator.

3. Forced Aeration Characteristics under Low Atmospheric Pressure
3.1. Ventilation Hole Air Velocity

The characteristic air velocity values of the ventilation holes under different atmo-
spheric pressures are listed in Table 3 for typical discharges. Air velocity changed with
atmospheric pressure under different discharges, as shown in Figure 3. The root mean
square proportion of air velocity to the average air velocity under different pressures
ranged from 13.3% to 15.3%, showing no significant trend with changes in atmospheric
pressure. This suggested that changes in atmospheric pressure did not noticeably impact
the turbulence of the air entrainment. There was a strong linear positive correlation be-
tween atmospheric pressure and the air velocity through the air vent holes. As shown
in Figure 3, the air velocity through the air vent holes notably declined with decreased
atmospheric pressure. With the use of a linear fit with a y-intercept of 0, the R? value
approached 0.99. At a discharge of 0.0740 m3/s, for every 15 kPa decrease in pressure,
the air velocity decreased by approximately 17.2% to 29.2%, with an average reduction of
about 24.1%. At a discharge of 0.0528 m? /s, the air velocity decreased by around 16.9% to
32.8%, with an average reduction of about 25.0%. At a discharge of 0.0354 m3/s, the air
velocity decreased by approximately 17.5% to 35.7%, with an average reduction of about
25.4%. Finally, at a discharge of 0.0199 m?/s, the air velocity decreased by about 17.9% to
34.8%, with an average reduction of approximately 23.9%.

Table 3. Air velocity characteristic values of ventilation holes in aeration device under different
atmospheric pressures (the discharge was Q = 0.0740 m3/s).

Feature Parameters (m/s)

Atmospheric Degree of Influence on
Pressure (kPa) Maximum Value Minimum Value \I}eﬂl\/{lse Average Value the Average Value (%)

101.3 1.63 0.60 0.14 1.00

86.3 1.46 0.49 0.12 0.83 17.2

71.3 1.13 0.40 0.10 0.65 22.1

56.3 0.87 0.32 0.07 0.50 219

413 0.56 0.21 0.05 0.35 29.9

26.3 0.34 0.18 0.03 0.25 29.2

The ventilation volume of the flip bucket is equal to the sum of the air supply from the
ventilation holes on both sides. If the ventilation volume is insufficient, the anti-cavitation
protection effect is poor, while if the ventilation volume is saturated, it can lead to adverse
flow conditions. Under various operating conditions, the ventilation volume decreased
significantly with the decrease in atmospheric pressure. The probable reasons for this are
as follows: (i) In low atmospheric pressure conditions, the gas density was lower compared
to normal atmospheric pressure. This led to an increase in the average distance between air
molecules and a reduction in the thermal motion of air molecules, resulting in inadequate
air intake through the ventilation holes. (ii) There was a reduction in the air pressure
gradient force. The horizontal air pressure gradient force served as the primary driving
force behind wind formation and could be calculated using Equation (1).

1
G=—-VP )
p

where —V P is the pressure gradient, with its direction pointing from high pressure to low
pressure.
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Figure 3. Variation trend of vent hole air velocity with changes in atmospheric pressure at different
discharges. (a) Q = 0.0740 m3/s; (b) Q = 0.0528 m3/s; (¢) Q = 0.0354 m3/s; (d) Q = 0.0199 m3/s.

For aeration devices, high pressure refers to the atmospheric pressure, while low
pressure pertains to the pressure within the cavity. Air flows from the high-pressure
region to the low-pressure region, creating airflow within the ventilation holes. Hence,
its characteristics are closely linked to the cavity subpressure. The measurement results
from point M1, the cavity subpressure, and the air pressure gradient force under different
atmospheric pressures are listed in Table 4. The ventilation volume decreased with the
reduction in discharge. The trend of changes in ventilation volume and cavity subpressure
was essentially consistent with the variation in the incoming discharge. The larger the
subpressure inside the cavity under the water jet, the stronger the intake capacity of the
ventilation hole. Taking the air pressure gradient force from point M1 to the ventilation hole
as an example, lower atmospheric pressure resulted in decreased air density and cavity
subpressure. However, since the decrease in cavity subpressure was much greater than
that in atmospheric air density, the air pressure gradient force noticeably diminished with
decreased atmospheric pressure.

Table 4. Cavity subpressure values and pressure gradient forces under different atmospheric pressures.

.
100

)
110

Measurement Point

Atmospheric Pressure (kPa)

101.3 86.3 71.3 56.3 41.3

26.3

M1

Measurement Value (kPa) 101.108 86.166 71.230 56.259 41.275
Subpressure Value(kPa) 0.192 0.134 0.070 0.041 0.025

26.294
0.006

Pressure gradient force (N/kg) 0.908 0.728 0.458 0.339 0.281

0.106

3.2. Cavity Length

The length of the cavity is an important parameter in the design of an aeration device.
Both the ventilation volume and the effective protection length of the aeration device are
influenced by it. The longer the cavity, the greater the ventilation volume, the more fully
the water flow is aerated, and the longer the aeration protection distance. The variation in
cavity length under different atmospheric pressures is shown in Figure 4.
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Figure 4. Cavity length under different atmospheric pressures.

The results indicated that, in the atmospheric pressure range of 101.3 to 41.3 kPa, the
cavity length showed an increasing trend as the atmospheric pressure decreased. For every
15 kPa decrease in atmospheric pressure, the cavity length increased by an average of 1.68%.
The growth amplitude was correlated with the change in the cavity negative pressure. As
the atmospheric pressure decreased, the reduction in the cavity negative pressure was more
significant, leading to a larger growth amplitude in the cavity length. The subpressure in
the cavity exerts a downward drag force on the water flow, and the larger the subpressure,
the shorter the cavity [31]. As seen from the previous section’s results, the subpressure in
the cavity showed a significant decrease with the decrease in atmospheric pressure. When
the atmospheric pressure dropped below 41.3 kPa, the subpressure inside the cavity was
almost equal to the ambient atmospheric pressure. Neglecting the effects of air resistance
and surface tension, at this point, the ejected water could be considered to be only subject to
the force of gravity. Therefore, the length of the cavity tended to increase as the atmospheric
pressure dropped, and the extent of growth was related to the decrease in negative pressure
within the cavity.

3.3. Correction of Aeration Coefficient under Low Atmospheric Pressure

The calculation of the ventilation volume in aeration devices is a crucial issue in
the study of using air entrainment to alleviate cavitation. It also serves as the basis for
the rational arrangement of aeration devices. Through dimensional analysis, the widely
applicable formula for calculating ventilation volume in aeration devices takes the form of
Equation (2). The empirical formulas proposed by Bruschin [12] and Pan et al. [32] were of
the above form.

da = KoL 2)

where g, is the ventilation volume per unit width, K is the aeration coefficient, v is the
average velocity at the flip bucket, and L is the length of the cavity.

The aeration coefficient K value is currently widely regarded as a constant related to
the dimensions of the aeration device. Existing preliminary research indicated that the
impact of atmospheric pressure on cavity length is relatively minor. Therefore, changes
in atmospheric pressure have a significant effect on the aeration coefficient K value, ne-
cessitating adjustments; otherwise, significant errors will arise. The relationship between
these two factors at different discharges is illustrated in Figure 5. Decreased atmospheric
pressure resulted in lower air density, while K exhibited a linear decrease.
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Figure 5. The correlation between the aeration coefficient K and changes in atmospheric pressure at
different discharges. (a) Q = 0.0740 m3/s; (b) Q =0.0528 m3/s; (c) Q = 0.0354 m3/s; (d) Q = 0.0199 m3/s.

Through regression analysis of 20 sets of test data with different discharges and
atmospheric pressures, and incorporating corrections based on variations in cavity length,
the modified calculation Equation (3) for the aeration coefficient K/ accounting for low
atmospheric pressure was derived.

K = 0935L-Kg 3)
po
where p is the atmospheric pressure; py is the standard atmospheric pressure; Ky is the
aeration coefficient at standard pressure.

To verify the effect of the correction equation, experiments were conducted by lowering
the flip bucket height by 1 cm from Figure 2; the correction Equation (3) was substituted
into Equation (2), and the data comparison between the corrected value of the calculated
ventilation volume and the test value is plotted in Figure 6. The maximum error did not
exceed 10%, indicating the accuracy of the rapid estimation of the ventilation volume in
aeration devices under low atmospheric pressure.

Currently, in high-altitude areas, especially those above 3000 m, there are relatively
limited prototype observational data for hydraulic engineering. To verify Equation (3),
model test data (scale 1:40) and prototype data from the Baihetan Hydropower Station
spillway model were compared. The Baihetan Hydropower Station has a maximum dam
height of 289 m, an altitude of 825 m, an environmental air pressure of approximately
91.6 kPa, a normal reservoir water level of 825 m, and a discharge of 3900 m3/s. The
calculated results are presented in Table 5. The error between the model test results of
the single-width aeration flow and the prototype measured data under normal pressure
was 19.60%. However, when using the corrected Equation (3), the error of the calculated
single-width aeration flow was only 1.72%, demonstrating higher accuracy.

Table 5. Comparison of calculated values from equation (3) with experimental model values.

1
100

)
110

Upstream Flow Model Test Error
Velocity (m/s)

Calculation of g,
Using Equation
(3)

Prototype g, Model Test g, %)
()

Calculation Error (%)
Using Equation (3)

25

16.2 19.38 19.60 16.48

1.72
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Figure 6. Comparison between the ventilation volume correction values calculated using Equation
(3) and the experimental measurements.

4. The Effect of Atmospheric Pressure on the Air Concentration in Water

Air concentration is defined as the ratio of the volume of air to the volume of the
air-water mixture in the aerated water flow. It is generally considered that when the air
concentration in water is in the range of 1.5% to 2.5%, the damage caused by solid boundary
cavitation is significantly reduced. When it reaches 3% to 5%, the damage from cavitation
can be avoided. Experiments conducted by Peterka showed that when the air concentration
in water close to the channel bottom was 2%, it significantly alleviated cavitation damage
to solid boundary walls, and when the air concentration reached 7.4%, cavitation damage
completely disappeared [33]. Russell and Sheehan conducted experimental research on
the surface cavitation of concrete under different air concentrations. The results of the
experiments indicated that an air concentration of 2.8% was sufficient to prevent cavitation
damage to the concrete surface. Even in situations where severe air-entrained damage
to the concrete surface was anticipated, an air concentration of 5% was enough to avoid
cavitation damage [34]. Due to the decreased atmospheric pressure, there is a significant
reduction in the ventilation volume of the aeration devices. This is bound to result in
a weakening effect on the air concentration in the downstream water bodies, which is
unfavorable for using air entrainment to alleviate cavitation.

The variation trend of the air concentration in characteristic downstream water bodies
of the aeration device under different operating conditions with changes in atmospheric
pressure is depicted in Figure 7.

The results indicated that the air concentration within the cavity remained con-
stant regardless of changes in atmospheric pressure under different discharge conditions
(Figure 7a). However, the air concentration at the other measurement points decreased
with lower atmospheric pressure. When the atmospheric pressure decreased from 101.3 kPa
to 26.3 kPa, the minimum reduction in air concentration in the cavity backwater area was
1.72%, and the maximum reduction was 14.9%. The minimum reduction in air concentra-
tion at the end of the cavity was 32.7%, and the maximum reduction could reach 38.5%.
The minimum reduction in air concentration in the bubble escape section downstream of
the cavity was 25.8%, and the maximum reduction could reach 38.3%.

Under various discharge conditions, with a uniform decrease in atmospheric pressure,
there was a turning point in the extent of reduction in air concentration in the water at
the end of the cavity’s backwater region (Figure 7b). In the range of atmospheric pressure
from 101.3 kPa to 71.3 kPa, for every 15 kPa decrease in atmospheric pressure, the air
concentration only decreased by an average of 0.10%, showing a minor reduction. In the
range of atmospheric pressure from 56.3 kPa to 26.3 kPa, for every 15 kPa decrease in
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atmospheric pressure, the air concentration decreased by 0.48% to 1.71%. Across different
discharges, the average reduction was about 1.1%, indicating a relatively larger reduction.
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Figure 7. The relationship between air concentration in characteristic downstream water regions of
an aeration device and atmospheric pressure under different operating conditions. (a) Inside the
cavity; (b) cavity backwater area; (c) cavity end; (d) downstream bubble escape section of the cavity.

The air concentration at the end of the cavity exhibited a favorable linear relationship
with atmospheric pressure (Figure 7c). With every 15 kPa decrease in atmospheric pressure,
the air concentration decreased by approximately 0.34% to 0.54%, accounting for around
6.5% to 7.7% of the air concentration at normal atmospheric pressure.

Under different discharge conditions, with a uniform decrease in atmospheric pressure,
there is a turning point in the extent of reduction in air concentration in the water within the
cavity’s downstream bubble escape section (Figure 7d). When atmospheric pressure was
within the range of 101.3 kPa to 86.3 kPa, a significant reduction in the water air concentra-
tion was observed. With a 15 kPa decrease in atmospheric pressure, the air concentration
decreased by 0.18% to 0.34% under various discharge conditions. This reduction accounted
for about 11.7% to 15.3% of the air concentration at normal atmospheric pressure, with an
average proportion of 13.7%. When atmospheric pressure was within the range of 86.3 kPa
to 26.3 kPa, there was a favorable linear relationship between air concentration and atmo-
spheric pressure. For every 15 kPa decrease in atmospheric pressure, the air concentration
decreased by about 0.04% to 0.10% under different discharges. This reduction accounted for
about 3.3% to 6.3% of the air concentration at normal atmospheric pressure, with an average
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proportion of 4.4%. And in this region, the rate of decline in the air concentration along
the path was relatively fast under low air pressure. The decrease in atmospheric pressure
may lead to a quicker reduction in the downstream along-path air concentration to below
the minimum erosion-free air concentration, which is unfavorable for aeration protection.
By assessing the correlation between the air concentration and atmospheric pressure in
different characteristic regions of the water bodies, it can be inferred that air concentration
decreases at lower atmospheric pressure, and the reduction trend varies depending on
the initial air concentration. Specifically, when the water air concentration is higher, as
the atmospheric pressure decreases, the reduction in air concentration initially shows a
small decrease and then shows a larger decrease. Conversely, as the atmospheric pressure
decreases, the reduction in air concentration exhibits an initial larger decrease followed by
a smaller decrease when the water air concentration is lower. The current understanding of
the air concentration decreasing with decreasing atmospheric pressure is as follows: Due
to the decrease in atmospheric pressure, the surface tension of the water increases, making
turbulent fragmentation more difficult. As a result, the exchange between the flowing
water and the surrounding medium decreases during motion, resulting in a reduction in
air entrainment. Turbulent diffusion is the fundamental reason for air entrainment. With
decreased atmospheric pressure and increased surface tension, water particles require
greater turbulent energy to overcome surface tension. Therefore, it is more challenging to
achieve air entrainment under low atmospheric pressure.

The air concentration in the water of the downstream bubble escape region of the
cavity is a crucial basis for analyzing the effectiveness of aeration device protection. As the
air concentration in this area is often low, the impact of decreased atmospheric pressure on
it is relatively significant. Based on regression analysis from depressurization generalized
modeling experiments, considering the effect of atmospheric pressure, a correction formula
for the air concentration C in the downstream bubble escape section of the aeration device
cavity has been formulated as Equation (4).

0573(po — 3<p <101
C_{0%3@0 p)Co 863 <p < 1013 @

0.8978 — 0.0025(pg — p)]Co 263 < p < 86.3

where Cj is the air concentration in the water under normal atmospheric pressure, which
can be obtained through model experiments, numerical simulations, or empirical formu-
las based on prototype observations; p is the atmospheric pressure; py is the standard
atmospheric pressure.

5. Conclusions

In this study, depressurized generalized model experiments comprising six different
atmospheric pressure conditions and four discharges were conducted, resulting in a total
of twenty-four operating conditions. This research aimed to investigate the variations
in ventilation hole air velocity, ventilation volume, and air concentration under low at-
mospheric pressure conditions. Additionally, a low-pressure correction method for the
aeration coefficient and water air concentration was proposed. The main conclusions are
as follows:

(1) There is a favorable linear relationship between atmospheric pressure and the air-
flow velocity of the ventilation hole. With a decrease in atmospheric pressure, the
airflow velocity and ventilation volume through the hole decreased. For every 15 kPa
decrease in atmospheric pressure, the air velocity decreased by an average of 24.6%.
Additionally, with the decrease in atmospheric pressure, the subpressure in the cavity
significantly decreased, and there was a trend of increasing cavity length.

(2) When the atmospheric pressure decreased from 101.3 kPa to 26.3 kPa, the maximum
reduction in air concentration in the cavity backwater area was 14.9%. The minimum
reduction in air concentration at the end of the cavity was 32.7%, and the maximum
reduction could reach 38.5%. The minimum reduction in air concentration in the
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bubble escape section downstream of the cavity was 25.8%, and the maximum reduc-
tion could reach 38.3%. As the atmospheric pressure decreased, there was a trend of
decreasing air concentration in the water, and the extent of this decrease depended
on the initial air concentration. When the water air concentration was higher, the
reduction was initially small, followed by a more significant decrease. Conversely,
when the water air concentration was lower, the reduction showed an initially larger
decrease followed by a smaller decrease.

(3) A low-atmospheric-pressure correction method for the aeration coefficient and water
air concentration in the bubble escape section has been proposed. This method can
be applied for the rapid estimation of ventilation volume and air concentration in
aeration devices under low atmospheric pressure.
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Abstract: Metropolitan areas in Indonesia, specifically Jabodetabek, are projected to continue expe-
riencing population growth. This will result in increased water demand, which, if left unchecked,
could lead to a water crisis. Additionally, the region faces persistent flooding issues. To mitigate
these challenges, the Indonesian government proposes the creation of a coastal reservoir. However, a
methodology for the pre-feasibility study of such reservoirs in Indonesia is currently lacking. This
study addresses this gap by presenting a methodological framework encompassing hydrology and
water allocation analyses as well as numerical modeling related to hydraulic and sedimentation as-
pects of coastal reservoirs. The methodology was designed to be adaptable based on data availability.
Finally, this methodology was applied to a case study located at the Cisadane River estuary. The
water allocation simulation showed that the reservoir can release an annual optimum discharge of
80.618 m3/s in wet years and 22.731 m3/s in dry years. Flood modeling demonstrated a modest
impact on reducing early-hour floods, with a water level decrease of around 20-50 cm within 5 km of
the reservoir. Furthermore, sediment modeling revealed varying sedimentation and erosion depths
along the rivers, with approximately 62,300 m3/year settling in the reservoir.

Keywords: coastal reservoir; methodology development; water balance; flood; sedimentation

1. Introduction

Jakarta, Bogor, Depok, Tangerang, and Bekasi (Jabodetabek) are metropolitan areas
that continue to experience rapid population growth and industrial development. This has
an impact on various aspects, including decreasing land availability, increasing demand for
raw water, and continuously rising pollution and waste [1,2]. These factors significantly
affect the condition of natural resources, particularly water resources. For instance, a study
by [3] highlights the impact of coal mining on polluting water resources.

As a result, water resources will experience changes ranging from quantity to quality,
which, if left unchecked, will cause a water crisis, especially during the dry season. A study
conducted by the Indonesian government shows that the projected water demand for the
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Jabodetabek area in 2030 will reach 110 m?/s and in 2070 will reach 159 m?/s. Therefore,
adaptation is crucial as climate change intensifies and prolongs shortages [4]. Until now,
piped water coverage in this area has remained at only 64% [5] and tends to decrease from
year to year. Thus, massive groundwater extraction was conducted to meet increased water
demands. This has caused land subsidence that has occurred for decades in this area [6-8].
A study by [9] shows that observed subsidence rates during the 1982-2010 period were
about 1-15 cm/year and can be up to 20-28 cm/year at certain locations.

Apart from raw water problems, the Jabodetabek area also faces flooding issues.
Over half of Jakarta’s population resides in the coastal area in the northern part, which is
vulnerable to floods from the riverside and seaside [10]. Floods have occurred not only in
Jakarta but also in downstream areas around the Jakarta Bay area such as Tangerang and
Bekasi. Various factors contribute to these floods, namely, river overflows and local rain;
inadequate drainage systems; small water absorption areas, resulting in the potential for
tidal flooding from the sea; and climate change, which increases flood inundation areas
and depths [11,12]. Furthermore, land subsidence resulting from groundwater extraction
amplifies vulnerability to tidal flooding [13,14].

Thus, to address these problems, the Indonesian government has planned a structural
countermeasure, namely, a coastal reservoir, which is part of the National Capital Integrated
Coastal Development Program (NCICD). Coastal reservoirs, successfully implemented
in many countries [15], offer significant benefits for freshwater supply to coastal cities
with growing populations [16,17]. This reservoir is planned to be built at the Cisadane
River estuary, which will consist of a treated water reservoir (TWR) to address water
shortage problems and an untreated water reservoir (UWR) to address flooding problems.
In addition, another purpose of this infrastructure is to reduce groundwater extraction.

However, a methodology for the pre-feasibility study of the coastal reservoir in Indone-
sia has not been previously developed as this infrastructure is still rarely used in Indonesia.
Therefore, this study addresses this gap by presenting a methodological framework for a
pre-feasibility study of the coastal reservoir in Indonesia. The methodology involved an
analysis of water needs and availability (water balance) as well as numerical modeling
related to hydraulic and sedimentation modeling in the coastal reservoir. The analysis was
carried out using several types of software, namely, WEAP 2023.0 and HEC-RAS 6.2. This
methodology was then applied to a case study at the Cisadane River estuary to assess the
feasibility and impact of the infrastructure through modeling since it is an essential step in
the design process.

2. Methodology Development
2.1. Data Preparation

In the design of a coastal reservoir, the initial analysis focuses on the supply discharge
from the river. This step is crucial for making decisions on water resource management [18].
Two types of discharge must be assessed: flood discharge and dependable discharge.
Dependable discharge is the amount of discharge available to meet water needs with
a calculated risk of failure [19]. This discharge can be calculated using two methods,
depending on data availability. The first method involves using discharge observation data.
If the discharge observation data are available, dependable discharge can be determined
immediately. However, according to the Indonesia Hydrological Guidelines Standard [20],
observed discharge data should consist of at least 20 years of data to accurately calculate
dependable discharge. If this requirement is not met, a hydrological calculation (rainfall-
runoff model) is needed to convert rainfall into runoff. The details of this process will be
explained further in the next chapter.

Similarly, flood discharge can be calculated using the same method as that used for
dependable discharge. The necessary discharge observation data are also required to cover
a period of 20 years, or else a hydrological calculation is necessary. However, the method-
ology for calculating flood discharge is well-developed in the Indonesia Hydrological
Guidelines Standard. Therefore, this study will not delve into detailed explanations regard-
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ing flood discharge calculation. To calculate the hydrological process, rainfall data with
a minimum of 10 years of data are needed. However, in developing countries, including
Indonesia, there are vast areas without rain gauges. Even in areas where rain gauges exist,
the data are often incomplete. Hence, precipitation satellite products, namely, Tropical
Rainfall Measuring Mission (TRMM), have been officially used in Indonesia.

However, the quality of TRMM data is less reliable in the tropical regions of Asia
as a study conducted by [21] suggested that TRMM may not be suitable for applications
without prior correction. Therefore, if the available rainfall data from rain gauges do not
span 10 years, TRMM rainfall data can be utilized but must be calibrated to a rain gauge,
as demonstrated by [22] in a hydrological analysis of upper Bengawan Solo River in Java
Island. Additionally, other data required for hydrological calculations include land cover
and climatology. The methodology framework is presented in Figure 1.
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Figure 1. Methodology.
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2.2. Hydrology Analysis

In a case where the discharge observation data fail to meet the requirement, the
dependable discharge can be calculated using the F.J. Mock Model and National Rural
Electric Cooperative Association (NRECA) rainfall data. The FJ. Mock Model is often
chosen for its simplicity as a rainfall-runoff model with inflows, outflows, and groundwater
storage considerations. The NRECA is a relatively simple rainfall-runoff model capable of
calculating the percentage of surface runoff that enters a groundwater reservoir [18]. These
two models have been widely used, especially in Indonesia [23-26].

Initially, rainfall data must be tested to ensure data quality with several methods,
namely, Outlier, Stationer, the double mass curve test, and the Spearman trend test. If the
data do not pass the test, correction using TRMM data is necessary. The regional rainfall is
then calculated using the Polygon Thiessen Method for regional average rainfall data to
calculate dependable discharge and the Polygon Thiessen method for regional maximum
daily rainfall data to calculate flood discharge. In addition, land cover must be included in
the analysis as it is an important factor in hydrological calculation that is used to calculate
water losses due to infiltration. Research by [12,27] confirms that changes in land use result
in increased flood discharge.

The dependable discharge model result is then calibrated using the observed discharge
data. However, the observed discharge data should be tested with Outlier and a rescaled
adjusted partial sums (RAPS) test before use. Calibration results for each model are then
validated using Nash—Sutcliffe efficiency (NSE), with criteria provided by [28] (Table 1). The
calibrated results should have a good interpretation or at least a satisfactory interpretation,
and the best model, with the highest NSE value, should be chosen.

Table 1. NSE value interpretation.

NSE Value Interpretation

NSE > 0.75 Good
0.36 < NSE < 0.75 Satisfactory

NSE < 0.36 Not Satisfied

For flood discharge, rainfall data are analyzed using a frequency analysis to obtain
rainfall design for a certain return period. There are a lot of methods for frequency analysis.
Gumbel, Normal, Log Normal, Pearson, and Log Pearson are the best frequency analysis
methods according to [20]. Other methods not included in the standard can still be used
if the results pass the Smirnov-Kolmogorov and chi-square tests. Multiple methods are
recommended to obtain a distribution function with better confidence levels based on the
lowest values of the Smirnov—Kolomogorov and chi-square test results. Thus, an optimum
result can be obtained. The rainfall design is then distributed into hourly rainfall and used
to calculate flood discharge using the synthetic unit hydrograph (SUH) method.

Currently, there are many referable SUH methods. Fortunately, the eligible SUH
methods to be used in Indonesia have been determined in the Indonesia Hydrological
Guidelines Standard [20], namely, the SCS (Soil Conservation Service), Snyder, Nakayasu,
Limantara, GAMA-1, ITB-1, and ITB-2 unit hydrographs. Finally, to choose the appropriate
SUH methods, the Creager curve is employed in the analysis. The Creager curve, developed
by [29], serves as a tool to verify and select flood discharge from various SUH methods
employed in an analysis. This curve is one of the most well-known methods and has been
widely used in many hydrologic applications. Moreover, a study by [30] has conducted
research that determines the Creager coefficient for Java Island.

2.3. Water Resource Allocation Modeling

The modeling of water resource allocation can be conducted using WEAP 2023.0
(water evaluation and planning) software. This software was made and developed by the
Stockholm Environment Institute’s U.S. Center. WEAP incorporates the necessary features
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to address water allocation needs. The algorithm integrates various elements, such as
relative water flow and groundwater infiltration from rainfall, water conservation, water
policy and allocation priorities, reservoir operations, hydropower generation, water quality,
vulnerability assessment, and ecosystem requirements. Furthermore, this software has
been extensively utilized in numerous studies [31-33]. Thus, this software is recommended
for modeling water resource allocation.

The dependable discharge serves as an input for the model, along with other parame-
ters such as the elevation-volume curve of reservoir capacity, infiltration, evaporation, etc.
Additionally, upstream water extraction data must be incorporated into the model to pre-
vent the overestimation of inflow discharge. The objective of this modeling is to determine
a sustainable discharge that can be supplied and maintained throughout the year. This
process may involve some trial and error to achieve the optimum discharge and sustain it
for the following year. To become sustained, the water level elevation must be at the upper
limit of effective storage at the beginning and end of the simulation, and it should not fall
below the lower limit of effective storage throughout the year.

2.4. Numerical Model

Numerical models have been widely used in designing and analyzing the impact of
hydraulic structures [29], including coastal reservoirs. In this study, numerical modeling
was conducted to assess the reservoir’s impact during periods of heavy rainfall, establish
floodgate operation procedures, and calculate sediment rates to estimate the reservoir’s
service life. Numerical modeling software, such as HEC-RAS 6.2, MIKE Zero 2024, etc., can
assist this process. However, despite the availability of several types of numerical modeling
software, HEC-RAS 6.2 is preferred in Indonesia since it offers open-source software. For
instance, studies by [34-38] used HEC-RAS 6.2 for their research in Indonesia. Moreover,
HEC-RAS 6.2 has been widely used in numerous consultant projects as this software is
well known among hydraulics practitioners in Indonesia, thus creating a large community
of HEC-RAS 6.2 users in the country.

Given these considerations, we recommend the use of HEC-RAS software 6.2 in feasi-
bility studies of coastal reservoirs in Indonesia. However, this does not imply restricting
the use of other software. Alternative software, such as MIKE Zero 2024, are still eligible to
use, provided that the results are thoroughly validated against the observation data. In this
study, a HEC-RAS 6.2 one-dimensional model was used for the analysis. Developed by
the US Army Corps of Engineers, HEC-RAS 6.2 is continuously improved and developed,
standing as one of the most utilized modeling systems for analyzing channel flow and
floodplain delineation [39]. Importantly, this software is capable of modeling sediment
transport, which is notoriously difficult [40]. The flood discharge served as an input in the
model, along with tidal, topography, and sediment bed gradation data.

3. Case Study
3.1. Research Location

The proposed coastal reservoir is located at the Cisadane River estuary in Tangerang
Regency, Banten Province. The coastal reservoir scheme is given in Figure 2. The Cisadane
River Basin covers a 1376 km? area with 126 km along the main river, as shown in Figure 3.
The Cisadane River holds the potential to meet the water demand of Jabodetabek. However,
the water quality of the Cisadane River is currently polluted due to industrial and domestic
waste [41]. Therefore, waste water treatment is necessary before supplying water to the
city. The coastal reservoir will consist of TWR, and a waste water treatment plan (WWTP)
will be used to enhance water quality, resulting in raw water suitable for consumption. The
treated raw water will then be distributed to surrounding residential and commercial areas.
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Figure 3. Catchment and administrative area of study location.

A flood control reservoir, referred to as the UWR, equipped with sea dikes and three
identical flood gates is planned to mitigate flooding at the Cisadane River estuary. The
total storage capacity of the UWR and TWR is 68.83 million m® and 202.78 million m3,
respectively, relative to +0 elevation. Sea dikes were built to prevent seawater contamination
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of the reservoir and mitigate tidal flooding. In addition, floodgates were built to prevent
the overflow of UWR water. The operation of the flood gates is contingent on the reservoir
and seawater levels, opening when the reservoir water level is above the seawater level.
The capacity and area for each reservoir are shown in Table 2.

Table 2. Reservoir capacity and area.

Volume (10° m3) Area (ha)
UWR 68.83 1739.69
TWR 202.78 1212.90

3.2. Hydrology Analysis

Hydrology analysis consists of dependable discharge and flood discharge calculations.
Observed discharge data spanning 12 years were obtained from Bendung Pasar Baru. Due
to limited observed discharge data, an empirical method was used to determine both
dependable discharge and flood discharge, utilizing recorded rainfall data. The 10-year
recorded rainfall data from Kracak, Cigudeg, Bendung Pasar Baru, Pasir Jaya, and Ranca
Bungur Station were tested using Stationer and a double mass curve test. The Stationer test
indicated that the entire recorded rainfall data were stationary. However, the double mass
curve test indicated inconsistency for each recorded rainfall data station. Thus, a correction
using TRMM data was necessary. Regional average and regional maximum daily rainfall
data were then calculated using the Polygon Thiessen method.

The frequency analysis aimed to predict the maximum rainfall within a certain return
period (rainfall design). Gumbel, Normal, Log Normal, and Log Pearson Type III methods
were used for the frequency analysis in this research. The Smirnov-Kolmogorov test was
conducted for every method, and all methods were found to be sufficient. Subsequently,
a chi-square test was conducted to choose the most sufficient method. Based on the test
results, the Gumbel method was selected with the lowest calculated chi-square value and
was used in further analyses.

The flood discharge was calculated using several SUH methods, namely, SCS, Nakayasu,
ITB-1, ITB-2, and GAMA-1 SUH. The peak discharge for each SUH method was then plotted
on the Creager curve to verify and select the most appropriate flood discharge. The ITB-1
SUH was found to be the most appropriate according to the Creager curve, with the flood
hydrograph results for the 100-year and 1000-year return periods presented in Figure 4.

Flood Discharge Hydrograph

—Q100 ——Q1000

——*| Q1000, = 2498.96 m¥s
Q100,= 1848.58 m¥s
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0 10 20 30 40 50 60 70 80 90 100
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Figure 4. Flood discharge hydrograph.

The dependable discharge analysis was calculated using the F.J. Mock and NRECA
models. Prior to analysis, evapotranspiration needed to be calculated as an input parameter
for the model, referring to [42] and using the Penman—-Monteith method. The model results
were subsequently calibrated using recorded discharge data from Bendung Pasar Baru,
with the NSE value as the calibrating parameter, as shown in Figure 5a. The NSE value
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for the F.J. Mock and NRECA models were 0.69 and 0.85, respectively. The NRECA model
was chosen due to its higher NSE value with good interpretation. Consequently, the results
from the NRECA model were used in water resource allocation modeling.

NRECA Discharge Calibration
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Figure 5. Dependable discharge analysis: (a) NRECA discharge calibration; (b) remaining down-

stream discharge of Cisadane River; (c) schematic model of WEAP.

3.3. Water Resource Allocation Modeling

After the calibrated discharge (existing condition) was obtained, an external factor,
namely, water extraction, was added to the calculation. The water extraction data for
upstream of the Cisadane River were from resident, irrigation, and industry data. Conse-
quently, the dependable discharge was adjusted to account for upstream water extraction
before being input into the WEAP model as the supply discharge for the coastal reservoir.
The resultant downstream discharge of the Cisadane River is presented in Figure 5b. The
schematic model of WEAP is illustrated in Figure 5c.

In this study, five dependable discharge scenarios were simulated based on their
probabilities, namely, Q33.3, Q50, Q66.7, Q80, and Q90. The goal was to determine the
optimal annual release discharge value from the TWR, ensuring that it maintained the
upper limit of effective storage (normal water level) at the end of the simulation operation
pattern and did not fall below the lower limit of effective storage throughout the year. The
upper limit of effective storage for this coastal reservoir was at +0.00 m elevation, while the
lower limit was at —18.20 m elevation.

Initially, the reservoir operation pattern was simulated with January as the initial
simulation month. However, the results were not optimal, which was indicated by the large
amount of water discharge wasted or overflowing into the sea through the floodgates. To
mitigate this issue and reduce wasted water discharge, various simulations with different
initial months were attempted. It was found that using May as the initial month yielded
optimum results, characterized by the least wasted water discharge and the most supplied
discharge. The WEAP simulation results of the reservoir operation pattern, along with the
optimized discharge value, are presented in Figure 6, which were achieved through a trial
and error process.
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Figure 6. WEAP simulation results of reservoir operation pattern: (a) Qz3 outflow = 80.618 m3/s;
(b) Qs outflow = 61.660 m3/s; (c) Qgq outflow = 48.817 m3/s; (d) Qgp outflow = 36.313 m3/s; (e) Qg
outflow = 22.731 m3/s.

3.4. Numerical Modeling

The numerical modeling was divided into flood and sediment modeling. For flood
modeling, floodgates were incorporated into the model, with five proposed sizes by the
design team. All floodgates were required to be identical in size. The objective was to
determine the most suitable yet cost-efficient size for the coastal reservoir. To evaluate each
floodgate size’s effectiveness, simulations were conducted under two conditions: flood
design discharge with 100-year and 1000-year return periods, resulting in 10 scenarios, as
shown in Table 3. In addition, an existing condition scenario (without the coastal reservoir)
was simulated under flood design discharge of 100-year and 1000-year return periods to
facilitate comparison and analyze the coastal reservoir’s impact.
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Table 3. Flood numerical modeling scenario.

Scenario Q100 Q1000 Flood Gate Width (m)
; ! Y 500
i v y 400
z v y 300
Z v . 200
o v ) 100

—_

o
1

<

The modeling scope extended from Bendung Pasar Baru into the UWR. Cross-section
data along the Cisadane River were obtained from a topographic survey. The modeled
river’s total length was approximately 22 km, with a 25 m distance between each cross
section. The numerical model schematic set up is given in Figure 7. The simulation time was
set at 100 h, with a time step of 10 s. The duration of the simulation was determined based
on the overall time needed for the flood hydrograph. In our case, 100 h was the time needed
for the flood hydrograph to reach its peak and return to its normal river discharge. Flood
design discharge with 100-year and 1000-year return periods, derived from hydrology
analysis, were used as the upstream boundary conditions. Tidal data for Jakarta Bay,
obtained from two observation stations, were used as the downstream boundary condition.
The model schematic setup is given in Figure 6. In addition, the floodgate operation rule
was applied in the simulation to optimize the coastal reservoir’s impact:

e  When tide level > water level in the coastal reservoir, the floodgate is closed;
e  When tide level < water level in the coastal reservoir, the floodgate is opened.

Flood Gate 2

/

\ Flood Gate 3

Flood Gate 1 1 : UWR XS Detail

Cross Section (XS) Layout

Figure 7. Numerical modeling schematic setup.

101



Water 2024, 16, 344

The numerical modeling results, comparing the existing scenario with the coastal
reservoir scenario in a long-section view, are presented in Figure 8. In this figure, Scenario 1
is used as an example. The results indicated that the UWR had an impact on reducing early-
hour flood levels, with a decrease in water levels of around 20-50 cm up to £5 km upstream
from the UWR, as shown in Figure 8a. However, under maximum Q100 conditions, the
UWR had a minimal impact on reducing floods due to its small reservoir capacity compared
to the flood volume of the Cisadane River, as shown in Figure 8b. Similar results were
observed in each simulation scenario. The highest water level results for the UWR in each
scenario are given in Figure 9. Figure 9a,b highlight a significant decrease in HWL between
scenarios with 100 m, 200 m, and 300 m floodgates, with an up to 80 cm decrease in HWL
between the 100 m and 300 m floodgate scenarios.

The decrease in HWL observed in the 400 m and 500 m floodgate scenarios was very
insignificant. This indicated that the 300 m floodgate had reached its highest effectiveness.
Thus, an increase in floodgate size beyond 300 m is unlikely to have a significant impact and
tends to be cost-inefficient. In this case, the authors recommend using a 300 m floodgate
for the coastal reservoir. A more detailed result is presented in Figure 10a, illustrating the
comparison of water levels in the coastal reservoir and the sea, along with the total flow
through the floodgates throughout the simulation. The negative value of the flow indicates
that the discharge flowed into the coastal reservoir. Additionally, the modeling results were
used to provide the floodgate operation, as shown in Figure 10b. At the beginning and end
of the simulation, the floodgate was closed due to high tide levels and low river discharge.
For the rest of the simulation, the floodgate was fully opened because of the large amount
of flood discharge from the river.
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Figure 8. Flood model results of existing scenario and Scenario 1 at hour 8 of simulation (a) and hour
30 of simulation (maximum condition) (b).

102



Water 2024, 16, 344

Highest Water Level (m)

16

1.2

0.8

0.4

HWL vs. Floodgate Width (Q100) HWL vs. Floodgate Width (Q1000)

2
E m]
=16
N °
>
2 a
212
o E
@ a
£ 0.8
& 0.
pod N I = o o
0.4
100 200 300 400 500 600 0 100 200 300 400 500
Floodgate Width (m) Floodgate Width (m)
(a) (b)
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Figure 10. Result of flood simulation for Scenario 1: (a) reservoir water level and flow; (b) gate opening.

Finally, sediment modeling was conducted to simulate sediment transport in the UWR.
The primary focus here was to analyze sediment deposition in the coastal reservoir. Thus,
the floodgate was excluded from the model for simplicity, assuming that the floodgate
would be continuously opened throughout the simulation. The model setup was the same
as that for flood modeling, with dependable discharge at 50% probability used as the
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upstream boundary condition. Riverbed sediment gradation data were obtained from field
measurements, as shown in Table 4, with three datasets classified as upstream, middle, and
downstream segments. For the sediment boundary condition upstream, a rating curve of
the flow—sediment load was utilized, which was also obtained from field measurements. To
analyze the sediment behavior in the coastal reservoir, a long-term analysis was conducted,
and the simulation time for sediment modeling was set at one year, with a time step of
1 min.

Table 4. River sediment gradation.

Percent Passing (%)

Segment

Gravel Sand Silt Clay

Upstream 0 77.90 14.32 7.78
Middle 0 55.56 30.35 14.09
Downstream 0 49.72 33.75 16.53

The sediment modeling results, in a long-section view, are given in Figure 11. This
figure shows the riverbed conditions at the beginning and end of the simulation. In
general, there was substantial erosion along the Cisadane River and sedimentation in the
UWR. Most parts of the Cisadane River experienced erosion, with approximately 90%
of the riverbed parts eroded. The average erosion depth was 0.37 m, with a maximum
erosion depth of 4.94 m. The volume of sediment deposited in the coastal reservoir was
approximately 62,300 m>/year or 0.35 cm/ year of sediment layer, under the assumption
that the sediment was evenly distributed along the reservoir.

— Coastal Reservoir —| ¢ Cisadane River |

River Bed Elevation (m)

—8— River Bed Elevation — Initial Simulation (m)
—— River Bed Elevation — Final Simulation (m)

0 5000 10,000 15,000 20,000 25,000 30,000

Main Channel Distance (m)

Figure 11. Cisadane riverbed changed for Q50%.

4. Conclusions

A methodology for the pre-feasibility study of coastal reservoirs in Indonesia has not
been developed previously given the limited usage of such infrastructure in the country.
Thus, this study addressed this gap by presenting a methodological framework for a
pre-feasibility study and managing water resources of a coastal reservoir in Indonesia.
The process encompassed hydrology analysis, water allocation modeling, and numerical
modeling to determine dependable and flood discharge, conduct a water balance analysis,
assess floodgate operation, and estimate reservoir service life. The methodology was
designed to accommodate varying data availability, considering the common limitation of
limited data in Indonesia.
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Subsequently, we applied this methodology to a case study located at the Cisadane
River estuary in Tangerang Regency, Banten Province. The water resource allocation
simulation, considering different dependable discharge scenarios, revealed that the TWR
could release an annual optimum discharge of 80.618 m®/s during a wet year (Q33.3%) and
22.731 m3/s during a dry year (Q90%). Flood modeling was simulated for both 100-year
and 1000-year return periods, incorporating variations in floodgate size. The operation of
the floodgate was based on the water levels of the UWR and the sea.

The flood modeling indicated that the UWR had a limited impact on reducing floods
in the early hours of the simulation, with a decrease in water levels of around 20-50 cm
up to & 5 km upstream from the UWR. This impact was slight due to the small reservoir
capacity compared to the flood volume of the Cisadane River. Similar results were observed
in each simulation scenario. The water collected in the UWR is to supply the TWR during
the dry season. Furthermore, sediment modeling was conducted for normal monthly
discharge (Q50%) with a one-year simulation time, revealing sedimentation and erosion
along the rivers with varying depths. Approximately 62,300 m?/year of sediment volume
or 0.35 cm/year of sediment layer is estimated to settle in the UWR.

To enhance the quality of the pre-feasibility study, the authors recommend using
field measurement data rather than satellite projections, such as TRMM for precipita-
tion data. Long-term and up-to-date time series data for discharge and precipitation are
preferable for more credible results. In addition, the authors suggest installing new mea-
suring instruments if the measurement instruments are inadequate or unavailable in the
research location.
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Abstract: Tailings dams are structures that store both tailings and water, so almost all tailings dam
accidents are water related. This paper investigates a tailings dam’s failure pattern and damage
development under flood conditions by conducting a 1:100 large-scale tailings dam failure model
test. It also simulates the tailings dam breach discharge process based on the breach mode using
FLOW-3D software, and the extent of the impact of the dam failure debris flow downstream was
derived. Dam failure tests show that the form of dam failure under flood conditions is seepage failure.
The damage manifests itself in the form of flowing soil, which is broadly divided into two processes:
the seepage stabilization phase and the flowing soil development damage phase. The dam failure
test shows that the rate of rise in the height of the dam saturation line is faster and then slower. The
order of the saturation line at the dam face is second-level sub-dam, third-level sub-dam, first-level
sub-dam, and fourth-level sub-dam. The final failure of the tailings dam is the production of a breach
at the top of the dam due to the development of the dam’s fluid damage zone to the dam top. The
simulated dam breach release results show that by the time the dam breach fluid is released at 300 s,
the area of over mud has reached 95,250 square meters. Local farmland and roads were submerged,
and other facilities and buildings would be damaged to varying degrees. Based on the data from
these studies, targeted measures for rectifying hidden dangers and preventing dam breaks from both
technical and management aspects can be proposed for tailings dams.

Keywords: tailings dam; flood; model experiment; dam break; FLOW-3D

1. Introduction
1.1. Research Status

The mud wastewater containing tailings will be discharged after metal and non-metal
mine beneficiation. Tailings slurry contains mercury, arsenic, and other heavy metal ions,
both resources and pollution sources [1]. The tailings dam is a dam body formed by the
accumulation and rolling of the tailings after the mine selects the useful components [2].
It is of great significance to research the dynamic stability of tailings reservoirs for mine
safety production, protection of downstream life and property safety, and the surrounding
environment [3]. Tailings dams, an important source of danger if an accident, are bound
to people’s lives and property [4]. In 2008, a dam break accident occurred in the 980 ditch
tailings pond of Shanxi Xinta Mining Co., Ltd., Yuncheng, China, resulting in 281 deaths
and 33 injuries. The direct economic loss was as high as CNY 96,192,000 [5]. On the
afternoon of 30 April 2006, the tailings dam of Zhen’an Gold Mine in Shaanxi Province was
constructed. The accident caused 17 people to disappear, five people were injured, and
76 houses were destroyed [6,7].

In many tailings reservoir accidents, due to the lack of flood discharge capacity of
flood discharge structures in the reservoir area, flood overtopping, tailings dam break,

Water 2024, 16, 68. https:/ /doi.org/10.3390/w16010068 108 https:/ /www.mdpi.com/journal/ water



Water 2024, 16, 68

and other phenomena occur occasionally [8,9]. In this regard, scholars in related fields
have performed much research and achieved certain results. Chen Zhang et al. [10]
established three-dimensional and two-dimensional finite element models. The seepage
field of the project under different operating conditions was simulated, and the safety
factor under different operating conditions was obtained by combining the seepage field
with the stable surface. The influence of the length of the dry beach and the upstream
slope ratio on the seepage and stability of the tailings dam was determined. Sanchez-
Peralta et al. [11] took a dry tailings pond in Colombia as the research object, studied
the movement characteristics of dam break debris flow with different water contents,
and obtained the relationship between the length and width of dam break debris flow
movement. Changbo Du et al. [12] studied and analyzed the influence of reinforcement
on tailings dam and the change law of pore water pressure and internal pressure of the
dam body after mud discharge. The pore water pressure and internal earth pressure
of the accumulation dam after grouting gradually increased with time. Reinforcement
can greatly reduce the pore water pressure and internal pressure of reinforced dams.
Gregor Petkovsek et al. [13] proposed a dam break model EMBREA-MUD to calculate the
water and tailings outflow of the tailings reservoir and the corresponding break growth.
Weile Geng et al. [14] conducted experimental research on the settlement deformation and
mesostructure evolution of unsaturated tailings under continuous load. The results showed
that the mesostructure deformation of unsaturated tailings with different moisture contents
under load was the same and could be divided into four stages: pore compression, elastic
deformation, structure change, and further compaction. Alan Lolaev et al. [15] developed a
method to determine the tailings filtration and secondary consolidation coefficient in the
process of alluvial according to the physical conditions, density, and water phreatic, and a
mathematical model to calculate the consolidation time. Kun Wang et al. [16] proposed
a multidisciplinary program to simulate the dam break runoff of hypothetical tailings
reservoirs on the downstream complex terrain using UAV photogrammetry and smooth
particle hydrodynamics (SPH) numerical method. Rawya M. Kansoh [17] studied the
influence of the earth-rock dam’s structural parameters on the dam failure process. Kehui
Liu et al. [18] studied the microscopic characteristics of hydraulic erosion of reinforced
tailings dams and revealed the influence of different reinforcement spacing on the critical
start-up speed of tailings particles. It shows that the smaller the reinforcement spacing,
the greater the critical start-up speed of the reinforced tailings samples. Luca Piciullo
et al. [19] proposed a regression analysis that considers the functional relationship between
the release amount and the characteristics of the tailings dam, such as height and water
storage (i.e., dam factor). The effects of construction type, filling material, and failure
mode on the release amount were also evaluated, as well as the failure frequency of the
tailings dam as a function of the construction method. Tailing dams built using upstream
construction methods are more prone to failure and are more susceptible to static and
dynamic liquefaction. Chunhui Ma et al. [20] pointed out that a reasonable construction
schedule and flexible waterproof material are key features of impervious bodies for dams
with significant deformation. When the dam deformation becomes stable, consideration
should be given to secondary treatment of the impervious body to enhance dam safety.
Fukumoto et al. [21] used finite element software to simulate the seepage failure process
caused by seepage. Alibek Issakhov et al. [22] combined the k-w turbulence model to
study this process numerically. The VOF (volume of fluid) method was used to simulate
the fluid movement behind the tailings dam during the break-up of the fluid and the
riverbed landscape. Yonas B. Dibike et al. [23] A two-dimensional hydrodynamic and
component transport model was used to study the effect of OS tailings release on the water
quality and sediment quality of LAR by simulating sediments and related chemicals. It
was concluded that the tailings release location was different; 40% to 70% of the sediments
and related chemicals were deposited on the riverbed of the 160 km study section, while
the remaining sediments and related chemicals left the study area in the first three days
after the release event. Research conducted by Xiaofei Jing et al. [24] investigated the
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overflow characteristics of tailings dams reinforced with steel bars. During the overflow
process, they measured dam displacements, saturation lines, and internal stresses. The
study demonstrated that the erosion resistance of tailings dams significantly improves
with an increase in the number of reinforcement layers. Abdellah Mahdi et al. [25] studied
the potential consequences of a hypothetical oil sand tailings dam failure. For this reason,
a non-Newtonian dam—-dam model with a viscoplastic rheological relationship is used.
The model can reproduce the flood and water level changes in downstream lakes (due
to destructive waves). The simulation study of oil sand tailings overflow proves the
importance of considering the non-Newtonian characteristics of tailings. Naeini et al. [26]
used SIGMA /W and QUAKE/W software to analyze the high-middle line tailings dam’s
dynamic response and permanent deformation and evaluated the dam’s performance.
Mohammad Reza Boroomand [27] used the numerical analysis method to analyze the earth
dam’s seepage under the uncertainty of geotechnical parameters and analyzed the seepage
of the earth dam under the condition of uncertainty of geotechnical parameters. Sumin Li
et al. [28] simulated and analyzed the hazard range, degree, and spatial state of sediment
flow after the dam break and obtained the influence of sand flow velocity, flow depth, and
impact on the downstream villages in the disaster area. The feasibility of the expansion
and heightening of the tailings dam project was demonstrated, and the disaster risk levels
of different spatial locations in the downstream villages were obtained through simulation.
Through experiments, Kong et al. [29] studied the influence parameters of tailings dams
under seepage. They concluded that the particle size gradation, non-uniformity coefficient,
and water content of tailings sand were the main factors affecting the critical hydraulic
gradient. It is concluded that the seepage failure gradient with suitable gradation, uniform
particles, and suitable water content is significantly higher than that with poor gradation,
uneven particles, and poor water content.

Flood overtopping and seepage failure account for 80% of the total accidents, and these
two failure forms mainly occur in flood season and are closely related to water. Therefore, it
is necessary to explore the tailings dam failure mode, development process, and the impact
on the downstream after dam failure under flood conditions to ensure its safe operation.
Based on the engineering background of a tungsten mine tailings dam in Ganzhou City,
Jiangxi Province, a 1:100 physical model test was carried out to explore the dam break
form and failure development process of the tailings dam under flood conditions. The
FLOW-3D fluid simulation software was used to solve the influence of the tailings dam
on the downstream after the dam break, and the change law of the flow area, velocity
development, and submerged depth of the dam break fluid during the flood discharge
process was analyzed. Finally, reasonable prevention and remediation suggestions are
proposed for the hidden dangers of tailings dams.

The innovation of this paper is to determine the dam break mode and dam break
position of the tailings dam under flood conditions by constructing a physical model, which
provides a basis for simulating the influence of dam break on the downstream of the dam
body.

1.2. Research Flowchart

The research flowchart of this paper is shown in Figure 1.

2. Design and Construction of Large Physical Models
2.1. Overview of the Prototype Tailings Dam

The prototype tailings dam is a tungsten tailings dam located in a narrow valley
running north—south in Ganzhou City, Jiangxi Province, China. The downstream of the
tailings accumulation dam is farmland, dormitory buildings, mountain roads, etc., and the
valleys in the downstream are relatively open. Figure 2 shows an overhead view of the
prototype tailings dam. The tailings dam is built using the upstream damming method.
The initial dam is a clay core wall weathering material dam located at the mouth of the
northern valley. The bottom elevation is 262.0 m, the top elevation is 284.0 m, the dam
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height is 22 m, the upstream and downstream slope ratio is 1:2.5. The design average
external slope ratio of the tailings accumulation dam is 1:5, the average slope of the tailings
deposition beach is 5%, the design final tailings accumulation dam elevation is 368.00 m,
the total dam height 106.00 m, with a complete storage capacity of 1550 x 10* m® and a
service life of 65 years. The present top elevation of the stacked dam is about 315 m, the
height of the dam is 53 m, the accumulated storage capacity is about 559 x 10* m?, and
the average external slope ratio of the stacked dam is 1:4.9. The reservoir is currently a
fourth-class reservoir, with a flood protection standard of one in 200 years. At a later stage,
it will be a second-class reservoir with a flood protection standard of 1000 years.

Experimental study on dam break of tailings dam under flood conditions |

physical simulation

| The three-dimensional entity of tailings
dam is established in Civil-3D

pick up profile

modelling

Simulating flood
conditions

The variation law of
dam saturation line

Discrimination of dam failure mode : seepage ]
failure or overtopping dam failure |

Flow-3D simulation
dam break

Influence of dam break sediment
on downstream

Figure 1. Research flowchart.

Figure 2. Top view of a tailings dam.

2.2. Selection of Model Sand

To ensure the relative reliability of the test results, the selected dam materials are
properly relaxed to meet the primary conditions of similar main influencing factors. The
model test focuses on the agglomeration effect of particle movement during the deformation
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of the dam body. For the selection of model sand, the initial dam is built with silty clay,
and the accumulation dam adopts the mine prototype tailings. Figure 3 is the particle size
distribution curve of the model sand. According to the particle size distribution curve,
two quantitative indexes of soil particles can be determined: non-uniformity coefficient
Cy and curvature coefficient C.. C, and C, can jointly determine the gradation of soil. The
expressions of the two are:
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Figure 3. Cumulative distribution curve of particle size.

The calculated C, and C. of the model sand are 2.29 and 0.84, respectively. It is
generally believed that the sand soil with Cy <5 or C. outside 1~3 belongs to the poorly
graded soil, so the model sand is determined to be the poorly graded soil. If the seepage
failure occurs in the dam, the development mode of seepage failure can be predicted by
some parameters of the soil, that is, whether the soil is piping or flowing soil. According to
the non-uniform coefficient discrimination method proposed by the former Soviet Union
scholar Istomina, it is preliminarily judged that the model sand is a flowing soil-type soil.

2.3. Construction of the Dam Failure Model

The dam break process of a tailings reservoir involves many aspects, such as hy-
draulics, mud and sand dynamics, and soil mechanics. It involves many disciplines and is
highly complex, which leads to the similarity relationship of model tests.

Therefore, we must put aside the generality of similarity and focus on the similarity
of critical elements. This experiment uses the engineering background of a tungsten mine
tailings dam in Jiangxi Province, China. The similarity criterion is appropriately relaxed,
and the accumulation effect of particle movement during the deformation of the dam body
is emphasized to construct the physical model.

Under the condition of geometric similarity, the physical model test of the 1:100 large-
scale tailings dam is carried out according to the level of the second-class reservoir of
the prototype tailings dam. The prototype range of the tailings dam is 1200 m x 700 m,
and the model size is 12 m x 7 m. The model mainly comprises bedrock, a dam body, an
observation system, and a water supply circulation system. The specific steps are as follows:
According to the topographic map data provided by the mine, the three-dimensional model
of the prototype tailings dam is established using Civil-3D modeling software (ver.2018)
according to the size of the actual tailings dam (Figure 4). Then, several vertical sections
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are cut out in the model with the east-west direction as the standard line, and the points on
each vertical section are taken equidistantly to extract the elevation value of each point on
each vertical section. The model is intended to build a model with an elevation of 230 m in
the actual terrain. The steel frame structure of the bedrock is made based on the elevation
of each point on the vertical section. The square steel pipe is used as the bedrock support.
Each steel pipe corresponds to the elevation of its relative point in proportion. Finally, the
waterproof cloth is covered on the steel frame group and fixed to obtain a complete view of
the bedrock terrain. Figure 5 is the completed mountain steel frame group, and Figure 6 is
the complete bedrock after laying waterproof cloth.

A

\xstre}m

Figure 6. A complete view of bedrock.

The initial dam is piled up with silty clay. In the process of stacking the initial dam,
two PVC pipes with holes in the wall body and tightly wrapped with permeable geotextiles
are symmetrically buried at the bottom of the initial dam to simulate the drainage pipe.
A valve is installed at the outlet end of the two drainage pipes to control the drainage
speed. The sub-dam uses the pipeline method commonly used in the mine to simulate
the ore drawing. An ore drawing main pipe is introduced from the slurry pool to start
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the ore drawing from the model’s right side, and a valve is set in the main pipe to control
the flow rate of the square ore. When the pulp flows into the tailings pond, the tailings
will be layered and precipitated under hydraulic screening. After precipitation, the ore is
suspended when the tailings reach the target dam height. Start to build the next sub-dam,
use the layered filling method to build the dam body to the design elevation, and use
the vertical line method to control the elevation when building the dam. (Figure 7) is the
construction of the second sub-dam. Four pore water pressure gauges are buried in the dam
construction process to monitor the position of the saturation line of the dam body. The
four pore water pressure gauges’ positions are arranged along the dam body’s central axis.
They are located directly below the dam crest of the first-, second-, third-, and fourth-level
accumulation dams. They are named as site 1, site 2, site 3, and site 4 (Figure 8).

Figure 7. Second-stage sub-dam stacking.

Figure 8. Buried pore water pressure gauges.

Due to the need to supply a large amount of water for the test, a water tower was
placed on the site (Figure 9), and a return water collection system was designed to achieve
a water supply cycle (Figure 10). The observation equipment of the test (Figure 11) uses
a trinocular camera and a high-definition camera to record the dam break process of the
tailings dam.

Figure 9. Water tower.
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Figure 10. Water supply circulation system.

Figure 11. Experimental observation system.

3. Tailings Dam Break Model Experiment

The dam failure mode under specific flood conditions is characterized by permeation
damage, manifested as soil erosion. Through analysis of experimental phenomena and
data, the development process of dam failure is elucidated, revealing the variation patterns
of pore water pressure at different locations and the saturation line of the dam body.

3.1. Dam Failure Experiment

The test was carried out by intermittently injecting water into the reservoir to simulate
flood conditions, keeping the flow rate stable during the injection, and keeping the drainage
pipe open during the whole test. The beginning of the water injection was taken as the
beginning of the test, and the entire dam break test lasted 448 min. It can be roughly
divided into two stages, each accounting for one-half of the total length. Figure 12 shows a
typical picture of the damage to the dam during the test. Figure 13 shows a timeline of the
test damage development. The specific tailings dam damage development process is as
follows:

> ¥

(a) Seco—stage sub-dam overflow (b) Third-stage sub-dam overflow

Figure 12. Cont.
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(i) Fourth-stage sub-dam overflows  (j) Final damage pattern of the dam

Figure 12. Dam failure model tests.
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Figure 13. Timeline of the development of the flowing soil destruction.
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The first stage is seepage stabilization: the overflow water is clear, the dam’s surface
is stable, and there is no movement of particles. At 138 min of the test, the contact
zone between the right end of the second sub-dam and the bedrock began to seep first
(Figure 12a). The seepage water flows along the contact zone between the dam body and
the bedrock and overflows down the dam face. There are two reasons for the seepage here.
The first is fine cracks in the contact area between the soil and the bedrock, which provides
a breakthrough for the seepage water. The second is based on calculating the data collected
by the pore water pressure gauge. It can be seen that the saturation line at this time escapes
on the slope of the second sub-dam, where the dam surface overflows. Subsequently, the
second-stage sub-dam continued to seep, and the overflow area gradually expanded and
merged with the second-stage sub-dam dam surface. At 174 min, the third-stage sub-dam
began to overflow on the left side (Figure 12b). At this time, according to the collected data,
it can be calculated that the buried depth of the saturation line has been exposed to the
third-level sub-dam. At 190 min, the first sub-dam also overflowed (Figure 12c). Then, the
sand boiling point appears at the right end of the first-stage sub-dam, and the soil particles
fluctuate obviously with the overflow water. The sand boiling causes the soil particles to be
continuously taken out of the soil body. At 203 min, the dam surfaces of the first, second,
and third sub-dams have all become swampy.

The second stage is the development and failure stage of the flowing soil: seepage
deformation occurs continuously, and more earthwork is lost. At 236 min, the first flow
soil damage happened at the right end of the second sub-dam (Figure 12d). The failure
form is flow slip. At 239 min, a second flow soil damage occurred on the left side of the
first sub-dam (Figure 12e). The flow-slipping soil will form a pit that evolves into a breach,
making the seepage velocity and seepage flow faster and larger. Then, the pit part of the
soil slides, and the seepage water erodes the downstream dam surface. At 248 min, two
erosion ditches have been formed in the flow soil failure area on both sides of the dam
(Figure 12f,g).

The erosion gully on the left side is located at the junction of the right side of the first-
order sub-dam and the bedrock. The critical hydraulic gradient is lower, the dominant flow
develops more rapidly, the sand is wrapped violently, and the subsequent seepage damage
is more likely to occur. The erosion gully produces more water flow to scour multiple
branches on the dam’s surface. The right erosion ditch is located at the junction of the
secondary dam and the bedrock. At this time, the erosion ditch has developed to a certain
depth, and the sand boiling point has reached 6. The flowing soil migrates downward
under the action of overflow water. The flowing water will bring the fine particles to the
downstream area. The coarse particles will be accumulated to form a “filter layer” to block
the overflow water channel. The seepage pressure on both sides of the filter layer gradually
increases. A new seepage channel will be formed when the seepage pressure on one side
reaches the critical value. At 292 min, the flow soil damage eroded to the third sub-dam
and further developed upstream along the boundary. Part of the erosion gully’s inner wall
soil is washed away underwater, and the internal wall forms holes and expands upward
until the upper part forms a suspended surface. When the shear strength of the upper soil
is greater than the shear strength of the soil, it will collapse and continue to repeat the next
round of erosion. At this time, the left-flowing soil does not develop to the upstream failure
but to the proper lateral erosion, and the right side flushes out a new channel due to the
obstruction of the ‘filter layer’. At 303 min, the third flow soil failure occurred on the left
side of the third sub-dam (Figure 12h). Because of the increase in overflow water and the
acceleration of water flow, the right scouring area opens the downstream channel at the
particle deposition, and fine particles are continuously taken out of the dam by seepage
water. The overflow water also washes away the ‘filter layer’ on the left side. After that,
the first sub-dam eroded to the deep, and the dam surface failure area did not expand.
There is a hydraulic—gravity erosion cycle in the flow soil damage area of the second-stage
sub-dam, which extends to the upstream and the middle of the dam body. With the increase
in the erosion damage area of the water flow, the more the sand boiling point, the faster
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the seepage damage, and the erosion area of the lower section continues to expand, and
the water flow in the erosion gully is large and fast. The flowing soil failure zone of the
third-stage sub-dam has not yet formed a penetrating failure path and is in the initial stage
of erosion. At 348 min, the fourth-stage sub-dam overflowed (Figure 12i). At 448 min, the
flow soil was eroded to the fourth sub-dam (Figure 12j).

The flow soil damage area is eroded to the fourth sub-dam, which is regarded as the
whole dam damage. It is measured that the depth of the collapse area is about 12 cm, and
the width is about 80 cm. It should be noted that although the dam body has undergone a
large area of seepage failure, the dam body has not yet experienced an unstable landslide.
The tailings dam finally broke because the dam body soil damage zone developed to the
top of the dam to produce a breach.

3.2. The Change Rule of the Saturation Line

Figure 14 is about the change curve of the saturation line. At the beginning of the test,
as the upstream water level rose, the saturation line rose rapidly despite the drain being
in a normal discharge condition. After the lifting of the head has ceased, the rate of the
upward lifting of the saturation line becomes significantly slower due to the hysteresis
effect. Then, a certain depth of burial is maintained. In the middle and late stages of the test,
most of the dam had become saturated, and the soil matrix suction had weakened. When
water is again stored in the reservoir, the saturation line will again lift, but at a reduced
rate compared to the initial period. If the reservoir level is no longer raised, the saturation
line tends to fall after a period of time. By approximately 270 min into the test, the dam
face had already developed a certain size of the flow damage zone, and it was no longer
meaningful to discuss the depth of the saturation line.
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Figure 14. Variation curve of saturation line.

In the previous study [30], a two-dimensional finite element model of the tailings
dam, chosen from the central axis of the three-dimensional tailings dam model, was used
to analyze the distribution of saturation line in the tailings dam under flood conditions.
The numerical simulation results show that when the upstream water head rose to 125 m
(Figure 15), the saturation line intersected with the first and fourth-level accumulation
dams and was exposed throughout the dam surface. The variation law of the saturation
line obtained by the numerical simulation is consistent with the experimental phenomenon;
that is, the saturation line increases with the rise of the reservoir water level, and the order
of the dam surface exposure is the second-stage sub-dam, the third-stage sub-dam, the
first-stage sub-dam, and the fourth-stage sub-dam. According to the simulation results, the
displacement of the dam body does not change greatly, and the plastic strain zone does
not appear on the slope and crest of the dam body, and there is no penetration. It can be
judged that the tailings dam model does not have deep slip when the water level is about
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to overflow; that is, the skeleton structure of the dam body is stable. Combined with the
physical model test, before the saturation line of the dam body reaches the dam surface
of the fourth-level sub-dam, the tailings dam has undergone seepage failure, but the dam
body has not undergone structural instability. The results of numerical simulation are
consistent with the phenomenon of physical model test. After that, with the development
of flowing soil, the damaged area of the dam body continues to extend to the top of the
dam, which will eventually cause the breach of the dam top and cause the flood discharge
of the dam.

Figure 15. Saturation line distribution of the tailings dam under 125 m water level.

4. Impact Analysis after Dam Break and Prevention Suggestions

Based on the results of the physical model experiment, it can be inferred that the
tailings dam failure was triggered by seepage failure. This means the area of flowing
soil gradually eroded upstream until a breach was created at the top of the dam, and the
reservoir fluid poured downstream. Therefore, an erosion damage trench was set up on
the model for the dam breach calculation in FLOW-3D (ver. 9.3), extending from the top
of the initial dam to the top of the dam, and the shape was simplified to a semi-cylinder.
Figure 16 shows a model of the tailings dam after completion of the pre-treatment.

Figure 16. FLOW-3D 3D calculation model.

4.1. Dam Failure Test Results

An overview of the area downstream of the tailings dam is shown in Figure 17. The
downstream area is dominated by the production facilities (red and yellow line areas in
the figure), staff accommodation buildings (pink line area), the road around the mountain
(blue curve), villages (green line area), and scattered agricultural land.

Figure 17. Aerial view downstream of tailings dam.
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4.1.1. Overflow Area

Figure 18 shows the change in the extent of fluid inundation at 60 s, 120 s, 180 s,
240 s, and 300 s as calculated by the software, with the fluid in blue in the figure. As
can be seen from the diagram, the breached fluid was rapidly released downstream in
a short period and, by 300 s, covered the entire flat area downstream, with an overflow
area of approximately 95,250,000 square meters. Farmland and roads in the area will be
flooded, and production facilities and residential buildings will also be affected. In addition,
emergency escape plans can be challenging to implement successfully at short notice. It is
thus clear that in the event of a breach of this tailings dam, it would be a major accidental
disaster.

Figure 18. Time-course diagram of mud area.

4.1.2. Flooding Depth

Figure 19 shows a cloud of the distribution of flooding depth at 60 s, 120's, 180 s, 240 s,
and 300 s. Due to the lower topography in the eastern part of the downstream area, the
fluids that wash down first collect in the east and then spread westwards. As can be seen
from the graph, the maximum inundation depth is always located in the eastern part of the
lower reaches near the initial dam. The mudslide did not affect the northern area due to
the terrain’s advantage; when the situation was urgent, people could be evacuated along
the northwest-facing road to the north.

o Ox.
i

Figure 19. Cloud map of flooding depth.
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4.1.3. Flow Rate Analysis

The flow velocity during the release process reflects the magnitude of the fluid impact.
Figure 20 shows the flow velocity clouds during the dam breach release process at 60 s,
120's,180 s, 240 s, and 300 s. Due to inertia, the fluid emerges from the breach. It rapidly
completes the transformation from potential energy to kinetic energy in the trench eroded
by the flowing soil, with the flow velocity reaching a maximum. In addition, there is some
leakage around the dam at the junction of the tailings dam and the mountain. After the
fluid is flushed off the tailings dam, the average flow velocity decreases due to the diffusion
principle and frictional forces. In general, the flow of emissions increases and then falls.
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Figure 20. Cloud map of flow rate.

Three points, A, B, and C, are selected in the flow direction of the release to analyze
the fluid’s flow velocity characteristics, specifically during the dam failure process. The
three points are located at the top of the initial dam, the foot of the initial dam, and the
downstream area adjacent to the tailings dam (Figure 21). Figure 22 shows the variation in
flow rate over time at three points. Overall, the flow velocities at points A, B, and C are
successively reduced as the flow path develops. From the point of view of the flow velocity
at a single point, it does not increase to a peak all at once but has an undulating, phased
variation. At about 30 s, the overflow velocity starts to appear at the three points, after
which the trend is a cyclic process of “increase-smooth or decrease” because the increase in
flow velocity does not coincide with the expansion of the breach, which, in turn, determines
the flow velocity of the discharge. The flow rate increases accordingly when the breach
expands and becomes deeper again. After several cycles of this until the breach is no longer
extended, the flow rate at points A, B, and C all fall during the last 30 s of the figures and
will return to zero as the flooding stops.

Figure 21. Flow rate reference points.
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Figure 22. Flow rate time history diagram.

The analysis of the variation in the flow rate of the release shows that the debris flow
impacts downstream in a segmented manner. Therefore, the decrease in flow velocity
should not be regarded as the end of the entire dam break, nor should blindly carry out the
aftermath of the accident at this stage, but should wait for a longer period to observe and
confirm so as not to cause more damage.

4.2. Recommendations for Prevention and Management
4.2.1. Technical Measures

Dam surface treatment: According to the seepage characteristics of the tailings dam,
to prevent overflow water and rainwater from scouring the shoulder and face of the dam
and to collect the seepage water, a shoulder drainage ditch should be installed along the
junction of the dam with the slopes of the two banks, and a face drainage ditch should
be installed on the face of the dam. Moreover, the downstream slope of the dam can be
mulched, turfed, and, if necessary, reinforced by stone pitching at the foot of the dam.

Additional seepage facilities: Combined with the model test results, it is clear that
control of the saturation line of the tailings dam should be a top priority for safety manage-
ment. To effectively control the depth of the saturation line, additional drainage facilities
can be provided in the form of a combined horizontal drainage pipe and a vertical shaft
connected to the end of the horizontal drainage pipe. In addition, the vertical drainage
pipe should be raised with the height of the stockpile dam and pumped out periodically.

4.2.2. Management Measures

Routine inspection and maintenance: Besides monitoring various safety indicators
such as the tailings dam saturation line and dry beach length, the person responsible for
safety should regularly inspect the dam body for cracks, collapses, and surface erosion.
They should also ensure that the slope protection is intact and that the drainage facilities
are clear of blockages, siltation, or waterlogging. Check for seepage, pipe surges, or flowing
soil, focusing on the junction between the dam and the hills on either side, and be vigilant
for changes in seepage flow and turbidity. If a potential problem is identified, the cause
must be immediately determined, and remedial action must be taken to prevent it.

Ensure excellence in flood management, including pre-flood preparation, response
during flooding, and post-flood rescue work.

5. Conclusions

(1) The reservoir’s water level had not yet crested before the dam was damaged. In
other words, the cause of dam failure under flood conditions is seepage failure, which
manifests itself in the form of flowing soil. Before the flow soil is destroyed, the
dam surface will produce overflow, water accumulation, sand boiling, and other
phenomena. The phenomenon of the dam failure test shows that the flow soil damage
starts at the weak point of the dam at the junction with the bedrock. These areas have
a high saturation gradient and are more prone to local damage. In the early stage
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of soil flow failure, multiple sand boiling points were generated on the dam surface.
With the development of seepage, collapsible cracks appeared on the dam surface one
after another, forming erosion ditches. In the middle stage of soil failure, the failure
area is widened. The soil cycle undergoes the process of erosion-gravity erosion, and
the “filter layer” will slow down the failure rate to a certain extent. In the later stage of
flow soil damage, the flow water damage area began to penetrate, and the erosion
intensified until the whole dam body was damaged. Therefore, when the sand boiling
point is generated, and the collapsible cracks appear on the dam surface, these can be
used as a warning sign of seepage failure.

The buried depth of the saturation line becomes shallow with the increase in the
upstream water head. And, the rate of increase is first fast and then slow. After the
lifting head is stopped, the saturation line will still rise slightly for a period of time
due to the lag effect. If the reservoir water level is not replenished for a long time, the
saturation line will be reduced under normal drainage. The order of the saturation
line escaping from the dam surface is the second sub-dam, the third sub-dam, the first
sub-dam, and the fourth sub-dam. It can be seen that before the flood, it is necessary
to check and repair the drainage facilities to ensure their suitable operation. During
the flood season, all measures should be taken to enhance the flood discharge, reduce
the saturation line, and avoid the seepage damage of the tailings dam.

The results of the FLOW-3D hydrodynamic simulation software show that the breach
fluid was rapidly discharged within a short period, covering the entire flat area
downstream by 300 s. The local farmland and roads were submerged, and the rest of
the construction facilities were also damaged to a certain extent. Therefore, it will be a
major disaster once the tailings dam breaks. The rapid development of the dam breach
mudslide and the short release time make it impractical to organize the evacuation
of people when the release occurs. Therefore, in combination with the mechanism
of tailings dam failure, targeted measures for potential remediation and dam failure
prevention can be proposed from both technical and management aspects.

The innovation point is to use a large-scale physical model test to study the dam break
mode of tailings dam under flood conditions. By monitoring the internal changes
of the tailings reservoir under flood conditions, the stage of seepage failure of the
dam body can be judged, which can serve as an early warning for the subsequent
break of the tailings dam. The experimental process and experimental results of
the model can provide a reference for the changes in tailings reservoir under flood
conditions under real working conditions so as to correspond to the changes of
tailings reservoir fluid under flood conditions under real working conditions. Provide
guidance for staff to monitor changes in tailings ponds. The determination of dam
break position and dam break mode by model test provides a basis for simulating
the influence of tailings dam break on the downstream. The use of a steel frame
structure to build a tailings dam model can cover the entire tailings dam terrain
more comprehensively and economically and can more comprehensively analyze the
entire dam break process of the tailings dam. Compared with the local tailings dam
similarity simulation and on-site exploration, it is more profound and comprehensive,
which has practical significance for the safety of the tailings reservoir. The defect is
that there is a prototype of the model, and it cannot be used for all tailings mines.
The actual situation needs to be analyzed in detail. In addition, according to the
tailings pond model test, it can be expected that the tailings pond model can be used
to study the useful mineral components in the recovery reservoir, which has practical
significance for environmental protection and resource recovery.
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Abstract: For the complex and changing water transfer conditions along the nullah water transfer
project, it is of great significance to analyze the hydraulic response characteristics of the channel pool
to ensure the safe and efficient operation of the project. In this paper, using the adjustable reservoir
capacity of the channel pool, combined with the earliest and latest regulation time, a method is
proposed to determine the optimal regulation time of water conservancy engineering structures
through the hydraulic response characteristics. In order to validate the method, the hydraulic
response characteristics of the channel pool during the whole regulation period were investigated
using an actual river diversion project as an example. By using the Sobol global sensitivity analysis
method, the sensitivity analysis of three variables (water transfer flow, upstream initial flow, and
downstream water level) was conducted, and the results showed that the change of water transfer
flow was the most-critical factor affecting the optimal regulation time. In order to quantitatively
study the correlation between the water transfer flow and the optimal regulation time, the water
transfer flow factor was coupled to the existing prediction model, and the results showed that the
coupled model can efficiently predict the optimal regulation time, and the NSE coefficient can reach
0.98. In addition, the coupled model can be efficiently used to serve on-site dispatchers for accurately
predicting the optimal regulation time and making the corresponding safety decisions.

Keywords: open channel; water transfer project; hydraulic response characteristics; regulation time

1. Introduction

The spatial and temporal distribution of water resources in China is uneven, with
more water resources in the south and fewer in the north, and regional water resources’
supply and demand conflicts are prominent. To optimize the allocation of water resources,
many large open-channel water diversion projects have been constructed in various re-
gions [1]. However, the open-channel water transfer project has a long water transmission
line, involves a wide range, and is difficult to control. During the operation process, various
external factors such as weather will affect the normal operation of the project, which
further increases the work intensity of dispatchers. Analyzing the hydraulic response
characteristics of canals and ponds can provide important technical support for the actual
operation of the project; thus, many scholars have conducted in-depth research in this
direction by constructing hydrodynamic models. In open-channel water transfer projects,
the length of the channel is usually much larger than the width and depth of the water
transfer section, so the hydrodynamic simulation model of the whole system can be ap-
proximated as a one-dimensional problem [2]. Qi Jiashuo, Li Kangbin [3,4], and others
simulated the variation trend of the channel water level under different gating control
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schemes through a one-dimensional hydrodynamic model and analyzed various hydraulic
response characteristics to provide a data reference for managers to control the gating.
Schuurmans, Bautista, and Paris [5-7] all used the hydraulic response characteristics of
the channel to estimate the feedforward control time of the regulating building. Zheng
Hezhen and Wahlin [8,9] built a one-dimensional hydrodynamic model to analyze the
internal relationship between the water level, flow rate, head, regulation time, and stor-
age capacity between the canals and ponds of each pumping station and optimized the
predictive control method of the water delivery system and the pumping station control
strategy. Lu Longbin, Li Mengxuan, Liu Zhiyong [10-12], and others have all deeply
described the evolution of water conditions in separate pumping stations under emergency
conditions by analyzing the trend of water level changes before and after the pumping
station, which can provide support for engineering emergency treatment. Zhang et al. [13]
analyzed the hydraulic control conditions for the operation of the dumping station in the
open-channel water transfer project based on the operation case of the dumping station
of the pipeline water delivery system and proposed the optimal operation mode of the
dumping station in the open channel. Yan et al. [14] constructed a single-canal pond model,
assuming that the water level in front of the downstream pumping station was a fixed value,
reversed the flow change of each section, and judged the optimal regulation time of the
pumping station based on the flow change trend of the downstream pumping station. By
coupling a one-dimensional hydrodynamic model with a multi-objective genetic algorithm
and taking the gate opening as a decision variable, they generated a cascade gate group
adjustment scheme [15]. In other studies, the hydraulic response relationship has been
extended to the field of channel control. Among them, the lag time in feedforward control
is another manifestation of the hydraulic response relationship, and many scholars [16-18]
use known perturbations to calculate the feedforward control strategy of the throttle gate
based on the lag time. Subsequent unpredictable disturbances within the channel occur
from time to time, decreasing the ability to perceive water conditions within the channel.
Thus, predictive control models have emerged to solve such problems. The integral delay
(ID) model is currently used as a predictive model. The principle of the ID model is to
divide the channel into uniform and backwater zones according to the hydraulic response
relationship and use the hydraulic response relationship to predict the evolution of the
water level change and flow rate in the channel. This control method has been widely
used in water transfer and irrigation projects [19-22]. However, all of the above articles
focus on the accurate control of the water level, ignoring the role of its storage capacity in
the regulation process. Therefore, this paper adopted the method of interval water level
control to give full play to the application of its storage capacity in water transfer projects.
Through the fast-fitting equation, the feasible region of the safe control time of the channel
pool is calculated quickly.

To make the feasible region calculation results better applicable to practical engineer-
ing, it is also necessary to find a simple and quick calculation method. Based on historical
data or the calculation results of the mechanism model, the simplified method of fitting
the objective function’s fast calculation equation has been widely used in many industries
of water conservancy. Wang Jianping [23] deduced the calculation equation of the equi-
librium scour depth by analyzing the influencing factors of the scour depth of the open
channel under different working conditions using dimensional analysis and regression
analysis methods. Xia et al. [24], based on the measured data of hydrology and sediment in
the Jiaojiang River Estuary for many years, combined with the comparative relationship
between the turbulent action of water flow and the action of sediment gravity, obtained
an empirical equation for the sediment-carrying capacity suitable for the study area. By
analyzing the relationship between the upstream initial flow and the optimal regulation
time interval, Li Guhan et al. [25] used the least-squares method for regression analysis to
obtain an empirical equation that can quickly generate the hydraulic regulation scheme
of the Shaping secondary power station. The above research analyzes the relationship
between the parameters and selects the key influencing factors to formulate the coupling
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of the independent variables and dependent variables according to the level of correlation,
to achieve the rapid calculation of the target values.

Based on the research on the hydraulic response characteristics of conventional canal
tanks, this study proposes a quick calculation method for safe regulation intervals using the
relationship between regulation volume and hydraulic response. By analyzing the earliest
and latest regulating times of each load type within a project case study, we calculate the
feasible safe regulating time range for the pumping station and determine the regulation
scheme based on the quick regulating formula. This computational method is compared
with the traditional method for controlling the water level, with the main differences being
as follows. First, the regulating method can provide full play to the buffer function of the
channel-water-storage process during scheduling, in line with actual needs, and can meet
various scheduling requirements in water diversion projects. Second, the general dispatch
method only regulates and controls relatively small water level fluctuations. This approach
can result in an excessive frequency of throttle gate adjustments, greatly increasing the
workload of the dispatcher. However, by adopting the adjusted interval method proposed
in this paper, one can make full use of channel ponds to provide flexible storage, allowing
for certain interval fluctuations in the water levels, reducing the frequency of throttling
gate adjustments and reducing the workload of scheduling personnel. Third, in actual
project calculations, adopting a quick computation formula for adjusting the interval
can improve the response efficiency of the diversion canal pool, ensure its operational
safety, and provide theoretical guidance and technical support for project construction,
management, and operation.

2. Research Methods

During the operation stage of the water diversion project, to meet the goals of down-
stream water supply, ships passing through the locks, and ecological water replenishment,
dispatchers need to adjust the rotation angle of the pumping station, the number of units to
be turned on to meet the flow demand. Operation plays a vital role. To prevent the water
level at the boundary of the canal and pond from exceeding the upper and lower limits due
to the untimely adjustment of the pumping station, the earliest and latest regulation times
of the pumping station based on the mechanism model are proposed. Aimed at preventing
engineering safety accidents, which may be caused by large changes in the water level at
the boundary of the canal and pond due to the increase in upstream water, by constructing
a one-dimensional non-constant flow hydrodynamic numerical simulation model of the
coupled pump station, the prediction of the water regime of each section can be realized,
and it is feasible to combine the safety regulation time. The domain can provide technical
guidance for the actual operation of the project.

2.1. Governing Equations and Solutions

Based on the Saint-Venant equations of one-dimensional unsteady flow, a one-dimensional
hydrodynamic simulation model is constructed [26], including the continuity equation and
the momentum equation [27]. The equations are expressed as follows:
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where B is the width of the water-passing section, m; H is the water level, m; Q is the flow
rate, m3/s; ¢ is the acceleration of gravity, m/s?; x is the space coordinate of the section,
m; t is the time coordinate, s; g is the side inflow, m3/s; a is the momentum correction
coefficient; A is the water passage area, mZ; and Sf is the friction ratio drop, which can be
expressed by the following equation:
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where 7. is the Manning roughness coefficient of the water conveyance channel and R is
the hydraulic radius, m.

The above-mentioned Saint-Venant equations belong to the first-order quasi-linear
hyperbolic partial differential equations. Generally, the analytical solution cannot be
directly obtained, and the approximate solution can only be obtained by the numerical
discrete method. After comprehensive comparison, this model uses the Preissmann four-
point weighted implicit difference scheme with good stability, high calculation accuracy,
and fast convergence speed to discretize the Saint-Venant equations [28] with the chase
method [29]. The discrete grid form [30] is shown in Figure 1.
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Figure 1. Preissmann weighted implicit four-point scheme.

2.2. Model Internal Boundary Conditions” Generalization

The solution to one-dimensional unsteady flow in an open channel involves the setting
of external and internal boundary conditions. The internal boundary refers to the nodes
with obvious changes in hydraulic properties or geometric shapes, but the Saint-Venant
equations do not apply to such nodes, so the internal boundary needs to be generalized [31].
As one of the important control buildings in the open-channel water diversion project, the
pumping station can raise the water resources from the lower ground to a higher place and
effectively improve the distribution of water resources [32]. In the pumping station, the
combined operation of multiple units is usually used to lift water. The dispatcher adjusts
the operating conditions of the pumping station by changing the number of units, the type
of units, the rotation angle, and the speed of the unit.

When the pump station is used as the inner boundary, the continuity equation and
the flow-head-rotation angle characteristic curve of each pumping device can be used
for processing, and the losses in the station can be ignored at the same time. From a
macro point of view, multiple units in the same pumping station work in parallel, and they
should be treated as a whole in the model. The horizontal addition method can be used
to horizontally add the flows under the same head on each performance curve to obtain
the lower head. There is information to explain the total flow of the pumping station [33].
When using the model, it is calculated according to different flow—head-rotation angle
equations.

The equation of continuity is:

Qk = Qk41/ ®)
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where Qy and Q1 represent the inlet and outlet flow of the pump (m?3/s), respectively.
The relationship between the pump flow and the water level of the canal pool satisfies
Equation (4).
Hiey1 — Hi = aQi® + b Qx + ¢k, 4)

where Hy, 1 is the water level of the outlet pool (m); Hy is the water level of the inlet pool
(m); and ay, by, and ¢ are the relevant parameters of the unit characteristic curve.

To solve the Saint-Venant equations simultaneously, it is necessary to linearize Equation (4),
and the equation can be discretized according to the Preissmann four-point equation men-
tioned above:

—Qr +0+ Qi +0=0, ®)

Equation (4) accords with the same method; the continuity equation is expanded by
the Taylor series, and only the second-order terms are retained. Assuming that the inlet
and outlet flows of the pumping station are equal, the governing equation of the pumping
station is as follows:

0— H;{Hl - (Zalercl+1 + bk)QZill + H;::ll = _ﬂlerclJrlz =+ Ck,s (6)

Equations (5) and (6) following the four-point Preissmann format on the continuity
equation and momentum equations are dispersed into discrete form and Saint-Venant
equations. The last parts of Equations (5) and (6) coupled to the channel model, a simul-
taneous solution, finally realize the solution of the pumping station. The Saint-Venant
equations of the discrete process due to the derivation process are relatively complicated.
Due to the limited space available, please refer to [34] for details.

2.3. Safety Regulation Time Frame

In this study, the channel hydrological simulation was carried out through the hydro-
dynamic model. The minimum and maximum operating water level of the single channel
pond boundary composed of upstream control buildings and inner boundary control build-
ings in the study area were taken as the water level overrun threshold, and the water level
overrun time was calculated by the model. When the upstream flow mutation occurs, to
maintain the inflow and outflow balance of the canal pool, the downstream buildings must
be regulated. Because the drainage pool flow wave transmission has a time lag, when the
time is less than the flow downstream structure adjustment wave transmission time, it
will inevitably produce buildings near the water level decrease, and the drainage pool is
the lowest water level operation, so for the structure of the control time, there must be
a minimum regulation time to ensure the water level after regulation or just close to the
lowest water level operation. This is the earliest regulation time. When the regulation time
of the downstream building is greater than the flow propagation time, the water level near
the building must rise, and then, there is the highest operating water level in the channel
pool. Therefore, there must be a maximum regulation time for the building to make the
regulated water level just at or close to the highest operating water level, which is the latest
regulation time. The time difference between the latest and the earliest regulation time is
the safe regulation domain value. By calculating the earliest and latest regulation time, the
safety regulation time range of the pump station can be obtained, which provides technical
support for the actual operation of the project. The earliest and latest regulation times are
shown in Figure 2.
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Figure 2. The earliest and latest regulation times.

2.4. Sobol Global Sensitivity Analysis

The Sobol sensitivity analysis was proposed by Sobol in 1993. This method is centered
on decomposing the total variance of the model inputs into the sum of the variance of
each parameter and the variance of the parameter interactions. Then, the sensitivity of
each parameter is identified by calculating its contribution to the variance of the output
parameter.

Suppose the model is Y = f(x) = f(x1, X2,..., X4), X = (X1, X2,..., Xy,) is the parameter vector,
and 7 is the number of parameters; the variance decomposition equation is expressed as:

V=Y Vit Y Vit Vign )

Sp=Vi/v, 8)

where V represents the total variance of the model; V; represents the variance for the
effect of the i-th parameter; V;; represent the variance of the i-th and j-th parameters
acting together; V1, ., represents the variance of all parameters acting together; and St
represents the full sensitivity coefficient

2.5. Overview of the Region

The Yangtze River and Huaihe River Diversion Project connects the Yangtze and
Huaihe River systems and is one of the 172 major water-saving and water-supply projects
designated by the State Council. From south to north, the Yangtze River and Huaihe River
Diversion Project (Anhui section) is divided into three major sections: the Yangtze River and
the Chaohu Lake Diversion Project, the Chaohu Lake and Huaihe River Diversion Project,
and the Huaihe River and Henan Province Diversion Project. A total of 12 pumping stations
are being set up during the first phase of the project, including Fenghuangjing pumping
station, Zongyang pumping station, Paihekou pumping station, Shushan pumping station,
etc. The project covers Anhui and Henan provinces, including Anqing, Wuhu, Ma’anshan,
and Hefei in Anhui Province and Zhoukou and Shanggiu in Henan Province, covering
a total of 15 cities and 55 counties. After the completion of the project, it will be able to
supply water from the Yangtze River to the water-scarce areas in the north, promote the
development of navigation in Jianghuai, and improve the water ecological environment
of Caizi Lake, Chaohu Lake, Wabu Lake, and Huaihe River. In addition, it will inject new
vitality into the social and economic development of Anhui and Henan Provinces.

The water diversion project from the Yangtze River to the Huaihe River has a large
water flow, long lines, and a wide range. The Xiaohe branch line controls the intake gate
to divert the water from the Yangtze River and Chaohu Lake from the Baishitian River
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mouth to the Paihekou pumping station. It is the key interval for the whole project to link
the past and the future. This section is a newly excavated open channel. Affected by the
topography, the hydraulic response of the canal pool is more obvious than in other canals,
and this section involves the joint regulation and single-stage regulation of the gate pump
group. The normal operation of the project is of great significance. Therefore, this section
was selected as the research area in this study, and the control inlet gate of the Xiaohe
branch line is used as the upstream control node, while the Shushan pumping station is the
downstream control node. An overview of the canal section is shown in Figure 3.
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Figure 3. Study area graph.

At the same time, the Paihekou pumping station also undertakes the task of controlling
the water level of the Paihekou ship lock. When a ship passes through the lock, the pumping
station needs to be turned on to raise the water level of the lock chamber to the Paihe water
level, which can effectively connect with the Jianghuai shipping industry. The designed
water supply flow of the ship lock is 6.5 m3/s.

The design of the flood control level in front of the Xiaohe dividing line control inlet
gate is 11.46 m; the designed water diversion level behind the gate is 6.0 m, and the bottom
elevation is 0.6 m. The designed water level under the Shushan pumping station is 7.6 m;
the lowest operating water level is 5.8 m, and the highest operating water level is 10.7 m.
Paihekou pumping station has a single design flow rate of 37.69 m?/s and operates in 8 use
modes and 1 standby mode, and the designed water level below the station is 4.1 m. The
specific information is shown in Table 1 and Figure 4.

Table 1. Engineering foundation information of Paihekou pumping station and Shushan pumping

station.
The Pump e Design Flow Number Design Flow Water Level in Front of Station
Station (m3/s) (m®/s) Design (m) Max (m) Min (m)
Paihekou Axial flow 37.69 9 301.5 4.10 5.80 3.60
Shushan Axial flow 36.25 8 290 7.60 10.70 5.80
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Shushan P Stati
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Axial-flow pump 10.7 5.8 -1 290 8

Paihekou Pumb Station (before)
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11.46 300 16
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Figure 4. Specific parameters of the study area.

2.6. Hydrodynamic and Parameter Verification

The core of the verification of the hydrodynamic model is to verify the parameters of
the hydrodynamic model. The parameters of the hydrodynamic model are mainly divided
into fixed parameters and variable parameters, and the fixed parameters are mainly the
parameters of the hydraulic components related to the line. The variable parameters mainly
include hydrodynamic initial conditions, boundary conditions, calculation time, calculation
step, pump station angle, river roughness, etc. This paper mainly verifies the variable
parameters of the hydrodynamic model.

In order to test the simulation effect of the hydrodynamic model, a hydraulic model of
the Shushan pumping station controlled by small joint and branch lines was constructed.
The upstream flow through the sluice controlled by small joint and branch lines was used
as the flow boundary; the downstream water level in front of the Shushan pumping station
was selected as the water level boundary, and the measured water level of the Paihekou
pumping station was used as the comparison to verify the accuracy of the model. Therefore,
the output step size of the model was selected as 2 h/time; the simulation time was 60 h,
and the roughness of the canal was the designed value of 0.015. The simulation results are
shown in Figure 5.
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Figure 5. Comparison of the actual observation and simulation results.
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As can be seen from the above figure, the simulation accuracy of the hydrodynamic
model tends to be consistent with the measured value. The maximum deviation of the
simulation was 0.26 m, and the minimum deviation was only 0.01 m; the NSE = 0.86.
The simulation accuracy was expected and met the requirements of subsequent hydraulic
response analysis.

3. Project Case
3.1. Operation Setting

This study took the upstream and downstream canals of the Paihekou pumping
station as an example, using the Xiaohe branch line to control the flow of the intake gate
as the upper boundary, the Paihekou pumping station as the inner boundary, and the
water level in front of the Shushan pumping station as the lower boundary. The influence
of the pumping station unit adjustment on the hydraulic response characteristics of the
channel was studied. During the actual operation of the project, affected by the time-of-use
electricity price, the pumping stations along the line usually chose asynchronous regulation
to reduce the costs. At the same time, to make full use of the self-adjusting ability of the
canal and pond, the dispatcher will also adjust the time according to the actual choice.
However, when the water intake of the channel increases and the downstream pumping
station is not adjusted in time, the water level in front of the station will gradually rise until
it exceeds the limit. According to the actual needs of maintaining the safe operation of the
project, the earliest and latest regulation time of the pump station were studied, and the
adjustable time range was provided for the dispatchers. It was assumed that the current
flow in and out of the channel is balanced, and the overflow of the inlet sluice is controlled
by adjusting the small junction line according to the single flow value of the Paihekou
pumping station. The water level of the downstream Shushan pumping station was fixed,
including six working conditions of 5.8, 6.6, 7.6, 8.6, 9.6, and 10.7 m. Table 2 shows all the
conditions of the flow changes at the upstream boundary for the regulation time.

Table 2. Flow changes at the upstream boundary.

Initial Upstream Flow

3 0 37.69 75.38 113.07 150.76 188.45 226.14 263.83
(m>/s)

37.69 - - - - - - -
75.38 75.38 - - - - - -
11307 11307  113.07 - - - - -
Flow change 150.76 150.76 150.76 150.76 - - - -
(m3/s) 18845 18845 18845 18845 188.45 - - -
22614 22614 22614 22614 2614 22614 - -
263.83 263.83 263.83 263.83 263.83 263.83 263.83 -

301.5 301.5 301.5 301.5 301.5 301.5 301.5 301.5

3.2. Feasible Domain of Safety Regulation Time

Through the hydrodynamic model calculations, the downstream overrun time is
significantly shorter than the upstream overrun time, so the water level in front of the
Paihekou pumping station is not overrun as the regulation target. The earliest regulation
time is 0 h, and the latest regulation time is calculated following the order of the working
conditions set in Table 2, as shown in Figure 6.

As can be seen from Figure 6a,b, for a drainage basin, as long as the initial flow rate,
downstream water level, and the amount of flow variation are determined, there will be the
latest regulation time, and for the same initial flow rate and downstream water level, the
regulation time will decrease as the amount of flow variation increases; at the same initial
flow rate and amount of flow variation, the latest regulation time will decrease as the water
level increases. For the same flow change, the relationship between the downstream water
level and the initial flow and the latest regulation time, as can be seen from Figure 6¢, when
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the flow change is the same, with the same downstream water level, the latest regulation
time with the initial flow increases and then decreases the trend.
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The latest regulation time (h)
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Figure 6. The result chart of the latest regulation time. (a) Initial flow of 0-113.07 m3/s. (b) Initial
flow of 145.5-258.13 m3/s. (c) Relationship between downstream water level, initial flow, and latest
regulation time for the same amount of flow change.

As can be seen from Figure 6, the hydraulic response characteristics can be expressed
as a function of some kind, so a numerical method can be used to fit the hydraulic response
characteristics to the relational equation, thus providing theoretical support for the rapid
regulation of the channel.

3.3. Parametric Sensitivity Analysis

To quickly calculate the regulation time, the Sobol global sensitivity analysis method
was used to analyze the most-sensitive factor for the regulation time, which results in a
fast prediction equation for calculating the regulation time that is applicable in different
situations.

3.3.1. Sobol Global Sensitivity Analysis Method

Parameter sensitivity analysis refers to the degree of contribution of the independent
variables of the function to the dependent variable of the function. The more-sensitive
independent variables are also more important for the dependent variable, and the selection
of the more-sensitive independent variables is particularly important for generating a fast
calculation of the regulation time equation.

In the process of calculating the regulation time for the hydrodynamic model, the
amount of flow variation, the initial flow, and the downstream boundary level of the model
all affect the regulation time, so the Sobol method was used to analyze the sensitivity of
the three variables above and select the best-fitting variable. The process used the Sobol
sequence sampling method to obtain 1200 parameter samples, which were substituted into
the hydrodynamic model for cyclic calculations. The Nash—Sutcliffe efficiency coefficient
was chosen to characterize the degree of agreement between the calculated and measured
values of the model. As the focus of the pumping station is to consider the effect of different
parameters on the water level changes, the pre-station water level at the Paihekou pumping
station was the objective function.

3.3.2. Analysis of the Results of the Sobol Method

By comparing the total sensitivity index of the Sobol method, the multi-factor problem
can be transformed into a fewer-factor problem or a single-factor problem, which greatly
simplifies the work. The results showed that the total sensitivity of the amount of flow
variation is higher than that of the initial flow and downstream water level with the water
level in front of the Paihekou pumping station as the objective function. Therefore, the
amount of flow variation was determined to be the most-sensitive factor affecting the
regulation time. The sensitivity indicators for each parameter of the Sobol method are
shown in Figure 7.
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Figure 7. Parameter-sensitive indicator graph.

3.4. Fast Computational Equation Fitting

In the actual project, to protect the safety of the channel, the Paihekou pumping station
often runs three units and stabilizes the water level to operate at the designed level, thus
saving energy and achieving safe water transfer. For this reason, the fitting equation was
selected for the working conditions of a selected initial flow rate of 113.03 m?®/s and a
downstream water level of 7.6 m.

According to the results of the parameter sensitivity analysis in Section 3.1, it is known
that the amount of change in flow is the most-sensitive factor for the regulation time, so the
amount of change in flow was used as the independent variable, and the latest regulation
time was used as the dependent variable to fit the fast equation for the regulation time. The
univariate fitting equation due to the form of the fitting function has a variety of methods to
select the best-fitting equation, so there is a need to determine the specific form of the fitting
equation. For this purpose, the linear function, exponential function, power function, and
logarithmic function were selected for the initial flow rate of 113.07 m3/s. The downstream
water level of 7.6 m was chosen for the conditions to fit using Matlab’s toolbox. The results
of the fitting are shown in Table 3.

Table 3. Equation fitting form.

Number Variable Fitting Equation Form R?
1 Linear function fitting 0.77
2 Flow chanee Exponential function fitting 0.92
3 & Logarithmic function fitting 0.90
4 Power function fitting 0.99

As shown in Table 3, in the form of the fitting equation, the single variable should be
fit in the form of a power function.
A univariate equation was used for the fit, and the equation for the fit is:

H; = 961.68x 1022 )
where H; is the latest time for regulation, h, and x is the flow change, m3/s.

3.5. Test of the Fitting Equation

To test the accuracy of the fitting equation, different amounts of flow variation were
selected to test the general applicability of the fitting equation, and the selected working
conditions are shown in Table 4, while the results of the test are shown in Figure 8.
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Table 4. Flow switching conditions tested.

Number Flow Change (m3/s) Number Flow Change (m>/s)
1 10 6 60
2 20 7 70
3 30 8 80
4 40 9 90
5 50 10 100
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Figure 8. The model validation results.

As demonstrated in Figure 8, the simulation performed better with the NSE = 0.98.
The latest regulation time derived by fitting the equation tended to be spatially consistent
with the latest regulation time predicted by the model. Thus, it can be demonstrated that
the engineering dispatching clock can be perfectly adapted to the most-recent regulation
time determined by interpolation through the method of fitting the equation, replacing the
conventional hydraulics model, and offering safe dispatching decisions for the dispatchers.
This can lessen the workload of the schedulers.

4. Conclusions

This paper presented the idea of the earliest and latest regulation time of the regulation
building under the flow switching conditions of the open-channel water transfer project
with engineering safety as the objective and used the upstream and downstream of the
Paihekou pumping station of the river diversion project as the study area for the example
analysis. This concept is based on the one-dimensional non-constant flow dynamics
numerical simulation model. The key findings are listed below:

(1) The latest regulation time at the Paihekou pumping station upstream and downstream
was calculated in this study to determine the effects of the flow change, downstream
water level, and upstream initial flow. It was found that, for the same initial flow
and downstream water level, the regulation time decreased with the increase in the
flow variation volume; for the same initial flow and flow variation volume, the latest
regulation time decreased with the increase in the water level. The latest regulation
time with the starting flow increased initially and subsequently reduced in a trending
format for the same flow variation and downstream water level conditions.

(2) The overall sensitivity index of the flow variation was found to be at the maximum
when using the Sobol global sensitivity analysis method at the latest regulation
time, which is connected to the starting upstream flow, the flow variation, and the
downstream water level. At the same time, it was suggested for the method of the
fitting equation to be used for the calculation of the most-recent regulation time in
order to calculate it rapidly. The hydrodynamic model was used for testing, and the
amount of flow change was chosen as a one variate to suit the computation of the
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most-recent regulation time. The results showed that the effect of the fit was better
with the computed NSE = 0.98, and the fitting equation can be a perfect replacement.

Author Contributions: N.Z. and H.R.: conceptualization, data curation, formal analysis, investiga-
tion, methodology, software, validation, visualization, writing—original draft, and writing—review
and editing. F.L.: resources, supervision, funding acquisition, and project administration. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, Grant Number 2017YFC0404504, and the National Water Pollution Control and Treatment
Science and Technology Major Project, Grant Number 20172X07602-002.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zhang, Z,; Tian, Y.; Lei, X.H. Study and application of general unsteady flow simulation model for complex open channel water
transfer Project. In Proceedings of the 2018 CHES Annual Conference, Amsterdam, The Netherlands, 9-12 September 2018.

2. Litrico, X.; Fromion, V. Simplified Modeling of Irrigation Canals for Controller Design. J. Irrig. Drain. Eng. 2004, 130, 373-383.
[CrossRef]

3. Qi ].S,; Cui, Y.R; Wang, S.Y. Analysis of Hydraulic Response in Emergency Gate Control of the Water Supply Project in North
Xinjiang. J. Water Resour. Archit. Eng. 2021, 19, 250-256.

4. Li,K.B,; Shen, B.; Li, Z.L. Open channel hydraulic response characteristics in irrigation area based on unsteady flow simula-tion
analysis. Trans. Chin. Soc. Agric. Eng. 2015, 31, 107-114.

5. Schuurmans, J.; Clemmens, A.].; Dijkstra, S.; Hof, A.; Brouwer, R. Modeling of Irrigation and Drainage Canals for Controller
Design. |. Irrig. Drain. Eng. 1999, 125, 338-344. [CrossRef]

6.  Bautista, E.; Clemmens, A.]. Volume Compensation Method for Routing Irrigation Canal Demand Changes. J. Irrig. Drain. Eng.
2005, 131, 494-503. [CrossRef]

7. Parrish, J. A Methodology for Automated Control of Sloping Canals; University of lowa: Lowa City, IA, USA, 1997.

8.  Zheng, H.Z.; Tian, Y.; Wang, C. Study on the Predictive Control Method of Cascade Pumping Stations in Water Transfer System.
Yellow River 2018, 40, 140-143.

9.  Wahlin, B.T.; Clemmens, A.]. Automatic downstream water-level feedback control of branching canal networks: Simula-tion
results. . Irrig. Drain. Eng. 2006, 132, 208-219. [CrossRef]

10. Lu, L.B,; Lei, X.H.; Tian, Y. Research on the Characteristic of Hydraulic Response in Open Channel of the Cascade Pumping
Station Project in an Emergent State. . Basic Sci. Eng. 2018, 26, 263-275.

11.  Li, M.X;; Tian, Y.; Lei, X.H. Analysis onemergency response time for accidental pump—Stop at multi—Stage pumping station of
Water Diversion Project from Yangtze River to Huaihe River. Yangtze River 2021, 52, 212-217.

12.  Liu, Z.Y,; Liu, M.Q. Analysis and Control of Pump-stopping Hydraulic Transient in Cascade Water Supply Pumping Station.
China Rural Water Hydropower 2006, 7, 32-34.

13. Zhang, Z.; Lei, X,; Tian, Y.; Wang, L.; Wang, H.; Su, K. Optimized Scheduling of Cascade Pumping Stations in Open-Channel
Water Transfer Systems Based on Station Skipping. J. Water Resour. Plan. Manag. 2019, 145, 05019011. [CrossRef]

14. Yan, P; Zhang, Z; Lei, X.; Zheng, Y.; Zhu, J.; Wang, H.; Tan, Q. A Simple Method for the Control Time of a Pumping Station to
Ensure a Stable Water Level Immediately Upstream of the Pumping Station under a Change of the Discharge in an Open Channel.
Water 2021, 13, 355. [CrossRef]

15.  Zhu, ].; Zhang, Z.; Lei, X.; Yue, X.; Xiang, X.; Wang, H.; Ye, M. Optimal Regulation of the Cascade Gates Group Water Diversion
Project in a Flow Adjustment Period. Water 2021, 13, 2825. [CrossRef]

16. Belaud, G.; Litrico, X.; Clemmens, A.J. Response Time of a Canal Pool for Scheduled Water Delivery. |. Irrig. Drain. Eng. 2013, 139,
300-308. [CrossRef]

17.  Burt, C.M,; Feist, K.E.; Piao, X.S. Accelerated Irrigation Canal Flow Change Routing. J. Irrig. Drain. Eng. 2018, 144, 6. [CrossRef]

18. Liao, W.; Guan, G.; Tian, X. Exploring Explicit Delay Time for Volume Compensation in Feedforward Control of Canal Systems.
Water 2019, 11, 1080. [CrossRef]

19. Kong, L.;Li, Y,; Tang, H.; Yuan, S.; Yang, Q.; Ji, Q.; Li, Z.; Chen, R. Predictive control for the operation of cascade pumping stations
in water supply canal systems considering energy consumption and costs. Appl. Energy 2023, 341, 121103. [CrossRef]

20. Khatavkar, P; Mays, L.W. Real-Time Operation of Water-Supply Canal Systems under Limited Electrical Power and/or Water
Availability. J. Water Resour. Plan. Manag. 2020, 146, 04020012. [CrossRef]

21. Kucuk, H,; Turan, M,; Yarali, K.; Al-Sanabani, H.; Iskefiyeli, M. A new algorithm for load shifting operation of water pumping
stations. J. Fac. Eng. Archit. Gaz. 2021, 36, 2087-2093.

22.  Shahdany, S.M.H.; Maestre, ].M.; van Overloop, PJ. Equitable Water Distribution in Main Irrigation Canals with Constrained

Water Supply. Water Resour. Manag. 2015, 29, 3315-3328. [CrossRef]

139



Water 2023, 15, 3201

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

Wang, J.P.; Lv, W.B.; Fan, Q.F. New Empirical Equations of Equilibrium Flow Scour Depth of Open Channel Outlet. Water Resour.
Power 2013, 31, 139-140.

Xia, W.Y.; Zhao, X.D.; Zhang, X.Z. Application of Empirical Equation of Sediment Transport Capacity in Forecast of Riv-erbed
Erosion and Deposition of Jiaojiang River Estuary. Water Resour. Power 2017, 35, 101-103.

Li, G.H.; Zhang, Z.; Kong, L.Z. Research on the Hydraulic Control Method of Shaping I Hydropower Station. China Rural Water
Hydropower 2022, 1, 196-199.

Malaterre, P.-O.; Rogers, D.C.; Schuurmans, J. Classification of Canal Control Algorithms. . Irrig. Drain. Eng. 1998, 124, 3-10.
[CrossRef]

Mu, J.-B.; Zhang, X.-F. Real-Time Flood Forecasting Method With 1-D Unsteady Flow Model. J. Hydrodyn. 2007, 19, 150-154.
[CrossRef]

Wang, C.H.; Li, G.Z.; Xiang, X.H. Practical River Network Flow Calculation; Hohai University Press: Nanjing, China, 2015.

Litrico, X.; Fromion, V.; Baume, J.-P.; Arranja, C.; Rijo, M. Experimental validation of a methodology to control irrigation canals
based on Saint-Venant equations. Control Eng. Pract. 2005, 13, 1425-1437. [CrossRef]

Mehmed, Y. Steady Non-Uniform Flow in Open Channel; Water Resources and Electric Power Press: Beijing, China, 1987.

Wang, C.; Yang, J.; Nilsson, H. Simulation of Water Level Fluctuations in a Hydraulic System Using a Coupled Liquid-Gas Model.
Water 2015, 7, 4446-4476. [CrossRef]

Yan, P; Zhang, Z.; Lei, X.; Hou, Q.; Wang, H. A multi-objective optimal control model of cascade pumping stations considering
both cost and safety. J. Clean. Prod. 2022, 345, 131171. [CrossRef]

Zhang, Z. Research on Perception and Regulation Model of Water Delivery Process in Open Channel Water Transfer Project.
Ph.D. Thesis, Hohai University, Nanjing, China, 2020.

Olszewski, P. Genetic optimization and experimental verification of complex parallel pumping station with centrifugal pumps.
Appl. Energy 2016, 178, 527-539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

140



. water @\py

Article

Flow Field and Gas Field Distribution of Non-Submerged
Cavitation Water Jet Based on Dual-Nozzle with
Concentric Configuration

Yun Luo 1'?*, Jingyu Zang ! and Hongxiang Zheng !

College of New Energy, China University of Petroleum (East China), Qingdao 266580, China;
zhenghongxiang1@163.com (H.Z.)

State Key Laboratory of Heavy Oil Processing, China University of Petroleum (East China),
Qingdao 266580, China

*  Correspondence: luoyun1003@163.com or luoyun@upc.edu.cn; Tel. /Fax: +86-532-86983481

Abstract: Cavitation water jet peening is an efficient and green surface treatment technology. The
dual-nozzle can realize a cavitation water jet in air (non-submerged condition), which can be used for
the surface treatment of large structures. The flow field characteristics of the dual-nozzle determine
the cavitation effect. In this paper, the simulation of a cavitation water jet in air is carried out using
Fluent software. The flow field characteristics containing velocity distribution, impact pressure, and
gas phase volume fraction distribution are studied in detail. Furthermore, the effects of the nozzle
structure parameters and incidence pressure on flow field characteristics are discussed. It was found
that the structure parameters of the inner nozzle have a great influence on the flow field characteristics.
Setting a contraction segment and expansion segment can improve the impact pressure and increase
the intensity of the cavitation jet. Increasing the throat diameter and incidence pressure of the internal
nozzle is also beneficial to improve the impact pressure and cavitation intensity. In order to assure a
good cavitation effect, nozzle optimization should be performed. This study has guiding significance
for the design of the dual-nozzle for a non-submerged cavitation water jet.

Keywords: composite nozzle; cavitation water jet; flow field characteristics; gas distribution; simulation

1. Introduction

Water jet technology is a rapidly developing, environmentally friendly machining
process [1]. At present, branch technologies such as the abrasive water jet, pulsed water
jet, and cavitation water jet have been gradually developed [2—4]. Water jet technol-
ogy is used in a wide range of fields such as cutting, cleaning, rock breaking, and well
drilling [5-7]. Water jet peening is a new surface strengthening technology, which orig-
inated in the 1980s. Water jet peening can introduce compressive residual stresses on
surfaces and subsurfaces, and improve the fatigue life of components [8]. Cavitation peen-
ing, which is a new and more efficient surface treatment technology, was developed on the
basis of water jet peening [9]. Compared with traditional water jet peening, cavitation water
jet peening is a more effective surface strengthening technique with the characteristics of
large process range and high treatment efficiency.

Cavitation shot peening uses the huge impact force generated by the collapse of
cavitation bubbles to strengthen the surface of the workpiece [10]. Therefore, the number
of cavitation bubbles determines the impact pressure and range of action of the cavitation
jet. In order to improve the efficiency of cavitation peening, it is necessary to enhance the
cavitation intensity in the flow field. Wenqiang Dong established a model of a submerged
angular cavitation nozzle, and the flow field of the submerged cavitation nozzle was
studied by numerical simulation [11]. It was proved that optimizing the nozzle structure can
improve the cavitation effect (the size of the cavitation cloud) in the flow field. Mingming Ge
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investigated the effect of temperature on the intensity and the dynamics of cavitation [12].
It is found that when the temperature reaches the range of 55-60, the cavitation extent is
larger and the vapor cloud shedding is more vigorous [13].

Many attempts have been made to investigate the capabilities of cavitation water jet
peening for treating different materials by experimental method. During the initial stage of
cavitation water jet peening development, cavitation bubbles are generated by injecting a
high-speed water jet into water. Enomoto et al. [14] first reported the injection of a high-
speed water jet into water to form a submerged jet, which was used to mitigate the stress
corrosion cracking of pressure vessels. Odhiambo and Soyama [15] revealed that the fatigue
strength of carbonized chrome-molybdenum alloy steel was improved by submerged
cavitation water jet peening. Han et al. [16] demonstrated experimentally that cavitation
jets improved the fatigue strength and life of SAE1045 steel. Ju and Han [17] performed
microstructure analysis of titanium and concluded that the strengthening mechanism
of cavitation jets was caused by the observed twin-crystal and twin-crystal interactions.
Hutli et al. [18] found that the high-speed submerged cavitating jets could be used for
the surface modification of mechanical and electrostatic properties of aluminum alloy.
Balamurugan et al. [19] found that the introduction of compressive residual stresses in
gear teeth by cavitation peening can increase their life. To sum up, the abovementioned
cavitation peening is a conventional submerged jet, i.e., a cavitation jet in water.

However, it is difficult to treat big pressure vessels and pipes using submerged cavita-
tion jet due to the limitation of the water tank. In response to this problem, Soyama [20]
used a low-speed water jet to replace the static water in the water tank, thus realizing the
non-submerged cavitation water jet. The high-speed water jet and low-speed water jet
were transported by an inner nozzle and external nozzle, respectively. This dual-nozzle
realized cavitation jet in air without the submerged environment and treated any-size
components in the site. Afterwards, Soyama [21,22] analyzed the beneficial effects of the
non-submerged cavitation water jet on the residual stresses and fatigue strength of SUS316L
stainless steel and demonstrated the effectiveness of the cavitation jet in air. An important
parameter for the cavitation flow is cavitation number, which is a ratio of dynamic pressure
and static pressure. To enhance the effect of cavitation peening, a pressurized chamber
was used to optimize the cavitation condition considering the cavitation number [23].
After that, the geometry of the nozzle and the outlet bore of the nozzle throat were op-
timized, thereby enhancing the aggressive intensity of the jet by about 20 times [24,25].
Soyama et al. [26,27] made a detailed comparison between the compressive and the fatigue
strength of stainless steel by cavitation peening, water jet peening, shot peening, and laser
peening. They concluded that the fatigue strength of the cavitation-peened specimen is
the highest. However, most of the current studies have not reported the details of the
characteristics in the convection field.

Besides, as an impact treatment method, cavitation peening can also cause erosion dam-
age to equipment surfaces if the working parameters are not appropriate.
Yamauchi et al. [28] found that the useful function of cavitation water jet peening de-
pends on the standoff distance. Smaller working distances are suitable for water jet cutting
because of the concentration of jet energy and the small treatment area. Longer working
distances are suitable for cavitation peening, which guarantees a certain treatment area
without damaging the integrity of the surface. Therefore, it is important to accurately
clarify the flow field distribution of cavitation water jet peening to determine the optimum
conditions without inducing detrimental material erosion. Marcon et al. [29] investigated
the effect of concentric jet velocity on cavitation intensity and peening performance for a
jet formed by a coaxial double nozzle. It was also pointed out that the jet velocity and the
working distance have a great influence on the cavitation intensity and impact performance.
The higher the jet velocity, the greater the residual compressive stress that can be generated
and the thicker the compressive stress layer. Subsequently, they studied the effects of
nozzle dimensions and shape on cavitation intensity and peening performance in co-flow
cavitation water jet [30]. However, how the nozzle size and jet pressure affect the flow field
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distributions are still unrevealed. No studies were performed on the flow field analysis of
non-submerged cavitation water jet peening.

Therefore, the aim of this study is to clarify the flow field characteristics of the non-
submerged cavitation water jet peening with dual-nozzle based on numerical simulation.
The influences of the nozzle dimension and the internal and external pressure on the
flow field characteristics were also discussed. This study is of great significance for its
application in surface strengthening of actual welded structures.

2. Numerical Simulation
2.1. Geometric Model

Figure 1 shows the schematic of the setup for cavitation jets in air and the geometric
dimensions of the concentrically configured dual nozzles. As shown in Figure 1a, the whole
device consists of a high-pressure water pump, a low-pressure water pump, a nozzle, two
pressure gauges, a sample holder, and water tanks A and B. When the device is started,
the high-pressure water pump injects a high-speed water jet with a pressure of p;, (20 MPa)
into a low-speed water jet with a pressure of p,, (0.08 MPa) to form a cavitation water jet.

kgggm,'ﬁ ‘ High-pressure
| d9mm .‘ water jet
— -

Low-pressure

Pressure E| - water i
jet
gage Pressure gage g
C A
@h Pressure %

55mm

45mm

Pump Nozzle LUJ Specimen
Tank B v

Stage L \A—/ J
T
Z16mm
Bunp @30mm

(a) (b)

Figure 1. (a) Schematic diagram of cavitation water jet device. (b) Schematic diagram of the geometric
size of the nozzle structure.

The nozzle is the key component to generate the cavitation jet, and the nozzle in the
device is composed of two parts: the inner nozzle and the external nozzle. The diameter of
the inner and external nozzle are di; = 9 mm and d; = 70 mm, respectively. The standoff
distance is H = 25 mm, which is the same for the inner and external nozzle. The outer
diameter of the inner nozzle is 32 mm, the linear transition segment of the outer wall is
30 mm, and the length of the outer wall constriction segment is 45 mm; the straight segment
of the outer nozzle is 20 mm and the inner wall constriction segment is 55 mm. For the
inner nozzle, the length of the constriction segment is L = 7 mm, the height is s = 4 mm,
and the angle of the contraction segment is & = 30°. The length of the expansion segment is
w = 3.5 mm and the expansion angle is 8 = 45°. The diameter of the throat is 4 = 1 mm and
the length is 7.5 mm.

2.2. Meshing and Boundary Condition

The calculation domain of the flow field is shown in Figure 2a. AB is the high-pressure
water inlet. CD and EF are low-pressure water inlets. IJ, KL, IG and KH are pressure outlets.
GH is the target surface.
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Figure 2. Flow field calculation area (a) and mesh division (b).

The calculation domain is divided into structured grids by GAMBIT 2.4.6 software,
and the core area of the jet and the shear layer near the nozzle outlet is encrypted. The
grid of the calculation domain is shown in Figure 2b. In order to reduce the amount of
calculation as much as possible while ensuring the calculation effect, the distance between
the grid nodes is gradually increased from the center of the nozzle outlet to the downstream
and the boundary. Keeping the Courant number within a reasonable range, the grid size at
the nozzle outlet shear layer is controlled at about 0.01 mm and the overall grid number in
the final calculation domain is 122,840. The values of Equisize Skew and EquiAngle Skew
are below 0.54, indicating good grid quality.

The high-pressure inlet pressure is set to 20 MPa, and the low-pressure inlet pressure
is set to 0.08 MPa. The initial gas phase fraction of the inlet is 0, the pressure outlet pressure
is 101,325 Pa at atmospheric pressure, and the gauge pressure is 0. The solver uses a
pressure-based solution. The explicit relaxation factors for momentum and pressure are
both 0.75. The second-order windward format is used for fitting, where the time step is
1 x 107 s. When the residual error is controlled within 1 x 10~°, the calculation is
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considered to be basically convergent. The CPU used for the calculation is Intel(R) Xeon(R)
Gold 6242R. The simulation calculation in this paper used a total of 2000 core hours.

2.3. Control Equation
2.3.1. Multiphase Flow Model

The common multiphase flow model contains the mixture model, VOF model, and
Euler model. The mixture model or Euler model should be used to solve the calculation
problems of the fluid containing bubbles, droplets, and particles with mass transfer between
the fluids, as the VOF model is not suitable. Generally, the calculation results of the Euler
model are more accurate than those of the mixture model but the latter requires less
computer resources and has relatively high stability of the calculation process. In this study,
the mixture model [31] is used:

a — n
(pmzfnﬁ) +V- (pmz?m) = -VP+V {ym (Vzﬁn + Vvﬂ” + Pmgm +F+ V- (Z ROV KD

k=1

%
where F is the volume force, and Zd,/k is drift velocity at k phase, which is described

as follows:
n

— — XkPk —
Odrp = Olp — Z Opk (2)
k=1 Fm

Then, the gas phase volume fraction equation can be obtained as follows:

d
g(“vpv) + V- (ap000m) = =V (2000V4r,0) 3)

2.3.2. Turbulence Model

The basic turbulence models include the k-¢ model and k-w model. The k-e model has
better performance and accuracy in high-speed calculation. The SST k-w model has a good
calculation for vortex structures. The velocity gradient of the cavitation jet is quite large at
the nozzle and there will be cavitation vortex distribution in the flow field. The capture
of such cavitation is very important for the presentation of simulation results. Therefore,
SST k-w turbulence model is selected for simulation calculation.

The equations are as follows [32]:

%(pk) + aaxi(pkui) = aa] (rk;’;) + Gk — Vi + S )
%(pw) + aixi(pwui) = aax] (rngﬁ + Gw — Yuw + Dy + Sw ©)
Te=p+ % ©)

T =g+ 5—:) )

where Gy is the generating term of turbulent kinetic energy; G, is the generating term of
dissipation rate w; Yy and Y, represent the dissipation of k and w caused by turbulence,
respectively; I'y and I, are the effective diffusivity of k and w, respectively; and oy and
0w are the turbulent Prandtl numbers of k and w, respectively. ji; represents the turbulent
viscosity, which is calculated by the following equation.

ok 1
Ht = — SE (8)
w max{a%, uTaZJ}
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F = tanh(cpg) )
@, = max |2 vk , SO0y (10)
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2.3.3. Cavitation Model

Cavitation models include Singhal et al.’s model, the Zwart-Gerber—Belamri model,
Schnerr and Sauer model, Kunz model, etc. The Zwart-Gerber-Belamri model can be
used to simulate the cavitation effect in the mixture model and Euler model. It is easier
to converge and saves computational resources. In this paper, the Zwart-Gerber-Belamri
model is used as the cavitation model. The convergence result can be obtained quickly.

In cavitation, the mass transfer between the liquid and gas phases is controlled by the
vapor transport equation:

9 —
a(apv) +V- (zxvav) =R, — R (11)

where

v = vapor phase;

« = vapor volume fraction;
0v = vapor density;

N

V» = vapor phase velocity;

Re, Re = mass transfer source terms connected to the growth and collapse of the vapor
bubbles, respectively.

Assuming that all the bubbles in a system have the same size, Zwart-Gerber—Belamri [33]
proposed that the total interphase mass transfer rate per unit volume (R) is calculated using
the bubble number densities and the mass change rate of a single bubble:

_ 3apy |2P,—P

R
Ry \/3 o

(12)

where

« = vapor volume fraction;
0v = vapor density;

R} = bubble radius;

P, = bubble surface pressure;
P =local far-field pressure;
o1 = liquid density.

Equation (12) is derived assuming bubble growth. In order to apply it to the bubble
collapse process, Zwart—Gerber-Belamri proposed to replace it with Equation (13). Finally,
they obtained the cavitation model as follows:

The Zwart-Gerber-Belamri model is described as follows:

frP<p
S (13)
IftP>P,
Re = Fong gl |20 (19
where
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P, = saturation vapor pressure;

Fuap (evaporation coefficient) = 50;

&y (Volume fraction of gas nuclei) =5 x 1074;
0v = vapor density;

R;, (bubble radius) =1 x 107 m;

P =local far-field pressure;

p; = liquid density;

F,ona (condensation coefficient) = 0.01.

2.4. Mesh Refinement Analysis

For the simulation of fluid dynamics, grid-independence verification is essential. In
this paper, the minimum grid size was controlled in order to multiply the number of grids.
Finally, six different numbers of grids were divided, as shown in Table 1.

Table 1. Number of grids at different grid sizes.

Mesh-1 Mesh-2 Mesh-3 Mesh-4 Mesh-5
Number of grids 14,860 22,200 79,200 122,840 245,400

In this paper, the velocity and the gas phase distribution in the flow field were the
main focus. Therefore, the velocity along the axial direction and the distribution of the
gas phase in the flow field were used as a measure of whether the number of meshes
is sufficient.

As shown in Figure 3, as the number of grids multiplied, the maximum velocity
increased and reached 200 m/s. It can be found that the velocity profiles overlapped when
the number of grids reached 79,200. At this grid number, the velocity results in the flow
field are already unaffected by the grid number.

T T T : : . :
200 - —_— 14,860 ‘7 st
L _._22,200 | 1 |
——79,200
150 | —— 122,840
= | 245,400 |
g
2100 |
O 4
o “
(D] o ‘: i
g !
50 /:
S S SR SR i
0 i 2
1 i | ; i : i | 1 . |
’ 20 40 60 80 100

Axial distance (mm)
Figure 3. Variation in axial velocity and axial velocity in the flow field.

As shown in Figure 4, as the number of grids increased, the morphology of the gas
phase within the flow field also changed. When the mesh number is 79,200, the separation
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of cavitation bubbles can already be simulated. When the grid number is encrypted
from 122,840 to 245,400, the difference in calculation results is not much. Therefore, the
simulation of the gas phase distribution can be achieved at the grid number of 122,840.
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Figure 4. Cloud map of gas phase distribution in the flow field with different number of grids:
(a) 14,860, (b) 22,200, (c) 79,200, (d) 122,840, (e) 245,400.

Therefore, combining the velocity results with the gas-phase cloud map results, the
simulations in this paper all use a grid number of no less than 122,840 to exclude the effect
of grid number on the simulation results.

2.5. Model Experimental Validation

In order to validate the reasonableness of simulations using the model above, some
experiments results were compared with simulation results.

Figure 5a shows the morphology of the cavitation jet captured by Yang et al. [34] using
a high-speed camera. The nozzle used in the experiment was modeled, and the parameters
in the experimental environment were simulated as the initial boundary conditions. The
simulation results are shown in Figure 5b.

Comparing the two figures, it can be found that the cavitation bubbles show a gradual
growth trend in the range of x = 0~60 mm; after x = 70 mm, the vacuoles start to shed
significantly. The general morphology of the cavitation jet and the process of vacuole
growth, development, and shedding shown in the two figures are basically consistent. The
morphological verification of the cavitation jets by simulation and experiment verifies that
the model used in this paper is applicable to simulate cavitation jets.
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Figure 5. Comparison of cavitation jet morphology from high-speed photography (a) and numerical
simulation (b).

3. Results and Discussions
3.1. Analysis of Flow Field Characteristics
3.1.1. The Gas Phase Distribution

The calculated results were processed using post-processing software to obtain a cloud
diagram of the gas phase distribution within the flow field, as shown in Figure 6. In the
figure, the darker the degree of red, the larger the gas content in the region, and closer
to blue indicates lower gas content. From the figure, we can see that the maximum gas
content reached 0.9 and there is a large range of gas phase area, which indicates that the
nozzle can effectively produce the cavitation effect.
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Figure 6. Cloud map of gas phase distribution in the flow field.
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3.1.2. The Velocity Distribution

Figure 7 shows the contour distribution of axial velocity within the flow field. It can
be seen that the jet velocity increases rapidly when flowing through the throat and the
velocity reaches its maximum at the throat exit. From the throat exit to the outside of the
flow field, the jet velocity presents obvious stratification due to the occurrence of shear. The
middle part has the highest velocity, while the velocity in the surrounding part decreases
rapidly. When the jet impinges on the surface of the specimen, the axial velocity decreases
to 0 and the kinetic energy is transformed into pressure potential energy.
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Figure 7. Velocity distribution cloud in the flow field.

3.1.3. The Pressure Distribution

Figure 8 shows the impact pressure on the surface of the specimen with the radial
distance from the center of the surface. The maximum impact pressure appears in the
center of the water-jet-impacted position (the center of the surface of the specimen) and
its value is about 9 MPa. Then, it rapidly declines with the increase in radial distance.
However, the process of bubbles collapse was ignored in this simulation. The actual
impact pressure on the surface of the specimen induced by the bubble collapses is not
included in the simulation results. So, the simulation results may have deviations from the
actual results.

3.2. Effects of Geometric Parameters of Inner Nozzle

On the basis of the conical composite nozzle shown in Section 2 (hereinafter referred to
asnozzle A), a series of conical composite nozzles were designed by changing the structural
parameters of the inner nozzle. The structure of each nozzle is shown in Table 2. Compared
with nozzle A, the throat diameter of nozzle B was increased to 2 mm. On the basis of
nozzle A, the contraction angle of nozzle C was decreased to 18°. Compared with nozzle
A, nozzle D did not have the expansion segment. Based on nozzle D, nozzle E omitted
the contraction segment. The structural mesh was divided using Gambit 2.4.6 software,
as shown in Figure 9. The built model is imported into Fluent software for simulation
calculations. The boundary conditions, model selection, and iteration time step for the
simulation of nozzles B, C, D, and E are identical to those used for nozzle A.

150



Water 2023, 15, 2904

3.2.1. The Gas Phase Distribution

Figure 10 shows the gas phase distribution contour in the flow field of the five nozzles.
The colors of the five gas phase distribution clouds correspond to the same gas content
values, with red indicating a high gas content and blue indicating a low gas content. In
general, all five nozzles are effective for generating cavitation. However, the flow field
characteristics show some differences due to the different structures of the inner nozzles.
The gas content rate and the area of gas phase region were used to measure the severity
of the cavitation. The higher the gas content, the larger the area of the gas phase region,
representing a more intense cavitation phenomenon.

Pressure (MPa)
V)] (@) ~
|} |} |}
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Figure 8. Impact pressure distribution on the surface of the specimen.

Table 2. Nozzle structure within the conical composite nozzle.

Contraction Segment Expansion Segment Throat Diameter d Target Distance H
Nozzle A L=7mm,s=4mm (x=30°) w=3.5mm, § =45° 1 mm 25 mm
Nozzle B L =6.125mm, s = 3.5 mm (x = 30°) w =3.5mm, § =45° 2 mm 25 mm
Nozzle C L=12mm,s =4 mm (x = 18°) w =3.5mm, f =45° 1 mm 25 mm
Nozzle D L=7mm,s=4mm (« =30°) No expansion segment 1 mm 25 mm
Nozzle E No contraction segment No expansion segment 1 mm 25 mm

Comparing the gas phase distribution of nozzle B, the gas phase region of nozzle A
with a smaller throat diameter is larger and the distribution of cavitation bubble is more
uniform. Comparing the gas phase distribution in the flow fields of nozzle A and nozzle C,
it can be found that the shape and area of the gas phase region in the flow fields of the two
nozzles are similar. The gas content rate in the flow field of nozzle C is higher than that in
nozzle A. The nozzle with a smaller contraction angle has the higher gas content rate of the
flow field. Comparing the gas distribution of nozzle A and nozzle D, the area of the gas
phase region within the flow field of the nozzle with an expansion segment (nozzle A) is
larger. The gas phase content rate of nozzle D is higher than that of nozzle A. The nozzle
with an expansion segment has a larger gas phase region. Comparing the gas distribution
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in the flow fields of nozzle D and nozzle E, it is found that the gas phase region within
the flow field of the nozzle with a contraction segment (nozzle D) is larger; however, the
improving effect of gas phase distribution is not as big as that of other parameters.

From the gas phase distribution, the cavitation phenomenon is more intense in the
nozzle flow field with expansion and contraction segments. The cavitation effect of the
contraction segment with a smaller contraction angle is better. The expansion section and
throat diameter have a great influence on the gas phase distribution in the flow field. The
gas phase area in the flow field can be significantly increased by setting the expansion
section. Increasing the throat diameter will somewhat reduce the gas phase area but will
increase the gas phase content rate. Setting the contraction segment can also increase the
gas phase region area within the flow field. However, the influence on the flow field is not
as significant as that of other parameters.
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Figure 9. Conical composite nozzle structure and grid schematic: (a) nozzle B, (b) nozzle C,
(c) nozzle D, (d) nozzle E.
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Figure 10. Cloud diagram of gas phase distribution in the flow fields of five nozzles: (a) nozzle A,
(b) nozzle B, (c) nozzle C, (d) nozzle D, (e) nozzle E.

3.2.2. The Velocity Distribution

Figure 11 shows the variation in the axial velocity of the jet at the central axis of the
five nozzles with the axial distance. The solid blue line in the figure is the horizontal line
where the nozzle outlet is located (at 75 mm), and the nozzle outlet to the surface of the
specimen is the external flow field. The water jet is distributed with the central axis as the
axis of symmetry. The axial velocity decreases from the center to all around; so, the velocity
on the central axis is maximum. In the external flow field, as the axial distance continues to
increase, the water jet velocity is first maintained at the maximum velocity for a distance
and then decreases, reaching the specimen when the velocity drops to 0. Regardless of the
structure of the nozzle, the maximum velocity in the flow field is almost the same, which is
consistent with the conclusion calculated by the Bernoulli equation.

153



Water 2023, 15, 2904

220
200 I
I —=—nozzle A N

180 L —e—nozzle B \* “

160 A— nozzle C 1
—~ 140 | —v—nozzle D \ \ \
é —+—nozzle E b '\ \\
E 120 “l Xx X
§ 100 I
> 80 I { \

60 I ‘2 *

40 I 00 000000000000000000 Z’/ \

20 -¢¢¢*¢§:!¢¢¢A!¥¢éfm’£ v‘/

N il il 008 A0a0 A

0 10 20 30 40 50 60 70 80 90 100 110

Axial distance (mm)

Figure 11. Axial velocity distribution of the central axis of the five nozzles.

The velocity in the flow field of nozzle E without the constriction segment rises very
sharply, while the velocity in the flow field of the nozzle D with the constriction segment
rises relatively gently. Comparing the velocity curves in the flow fields of nozzle A and
nozzle C, the velocity of nozzle C with a smaller constriction angle rises more gently. It
can be found that the constriction segment is equivalent to a transition segment, which
can reduce the loss caused by the rapid change of speed; the smaller the constriction angle
of the nozzle, the better the effect. In the external flow field, the jet velocity in the flow
field of nozzle A with the expansion segment maintains a distance of 20 mm before it
begins to drop rapidly. This distance is much larger than that of nozzle D without the
expansion segment, which shows that the expansion segment can be effective to increase
the cavitation jet’s working distance.

Comparing the axial velocity change curves in the flow fields of nozzle A and nozzle
B, in the internal flow fields of the nozzles, the initial velocities of the inner straight sections
of the two nozzles are different. The initial velocity of nozzle A with the smaller throat
diameter is lower. However, after passing through the constriction segment, the velocity of
nozzle B in the external flow field is only slightly higher than that of nozzle A, and the two
curves are not very different. Therefore, changing the throat diameter has a limited effect
on the velocity in the flow field and the range of action. From the velocity distribution in
the flow fields of different nozzles, the nozzle with a smaller contraction segment angle and
expansion segment can reach the best velocity distribution. The expansion segment has a
more positive influence on the velocity distribution in the flow field than the contraction
segment. In addition, changing the diameter has a minimal influence on the velocity in the
external flow field.

3.2.3. The Pressure Distribution

Figure 12 shows the impact pressure distribution of the five nozzles on the sample
surface. It can be seen from the figure that, in the flow field of all nozzles, the impact
pressure near the axis is the largest and the impact pressure decreases with the increase in
the radial distance. However, it is worth noting that nozzle C and nozzle D do not strictly
follow this law and the impact pressure is the largest at about 2 mm from the center axis of
the nozzle. In addition, the speed at which the impingement pressure decreases with the
increase in the radial distance is also different for the nozzles of different structures.

Comparing the impact pressure distributions of nozzle A and nozzle B shown in
the figure, the impact pressure of a nozzle with a throat diameter of 2 mm (nozzle B) is
approximately twice that of a nozzle with a throat diameter of 1 mm (nozzle A). Therefore,
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increasing the throat diameter will increase the impingement pressure of the jet. The
impact pressure of nozzle C with a smaller constriction angle is much greater than that
of nozzle A, and the two curves intersect at 28 mm. It can be found that the jet from
nozzles with smaller constriction angles have stronger concentration and can achieve higher
impact pressures.

20
18
L ——nozzle A
16 - ——nozzle B
" i ——nozzle C
= ——nozzle D
% 12 ——nozzle E
N
g 10
2
o 8
=9
6
4
2

-50 -40 -30 -20 -10 0 10 20 30 40 50
Radial distance (mm)

Figure 12. Impact pressure distribution of five nozzles on the surface of the specimen.

The impact pressure of the nozzle with the expansion segment (nozzle A) is always
greater than that of the nozzle without the expansion segment (nozzle D). The impingement
pressure of nozzle D is greater than the pressure of nozzle E (without constriction). For
nozzles with no constriction segment and no expansion segment, the increase in the
impact pressure caused by the constriction segment is relatively limited and the impact
of the expansion segment on the impact pressure is more significant. From the impact
pressure distribution, the nozzle with a smaller contraction angle, contraction segment,
and expansion segment has the highest impact pressure. Increasing the throat diameter
can significantly increase impact pressure. For a nozzle without a contraction segment
and expansion segment, setting the expansion segment increases the impact pressure
more obviously.

3.3. Effects of Pressure Ratio of Inner Nozzle to External Nozzle

Nozzle A was used to study the effect of the pressure ratio of the inner nozzle to the
external nozzle on flow field characteristics. The rest of the conditions were kept constant.
The ratios of the internal incidence pressure to external incidence pressure were selected as
20 MPa:0 Pa, 20 MPa:0.04 MPa, 20 MPa:0.08 MPa, 30 MPa:0 Pa, and 40 MPa:0 Pa, respectively.
The simulation results were compared to study the effect of the incidence pressure on the
flow field characteristics of the water jet.

3.3.1. The Gas Phase Distribution

Figure 13 shows the gas phase distribution clouds in the flow field at different inci-
dence pressures. Comparing panels a, b, and ¢, it can be found that the area of the gas
phase region in the flow field is largest when the incidence pressure of the outer nozzle is 0.
Comparing panels a, d, and e, we can find that when the incidence pressure of the outer
nozzle is 0, with the increase in the incidence pressure of the inner nozzle, the maximum
gas content rate in the flow field basically remains the same but the area of the gas phase
region increases.
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Figure 13.  Flow field gas phase distribution clouds at different incident pressures:
(a) 20 MPa:0.08 MPa, (b) 20 MPa:0.04 MPa, (c) 20 MPa:0 Pa, (d) 30 MPa:0 Pa, (e) 40 MPa:0 Pa.

Changing the internal and external pressure ratio actually changes the cavitation
number o, which is of great importance in cavitation jets. The smaller the cavitation
number, the more intense the cavitation phenomenon, and when the cavitation number
is larger, the cavitation phenomenon is less likely to occur. The cavitation number can be
determined by Equation (15).

—PZPo_P27Po P2 (15)

o
ot pi—p2 ;

where p; is the upstream pressure of the jet, p; is the downstream pressure, and p; is the
saturated vapor pressure of the environment in which it is located.
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As can be seen from Equation (15), when increasing the inner nozzle incidence pres-
sure, the cavitation number decreases, the degree of cavitation is enhanced, and the vacuole
cloud in the flow field increases (the area of the gas phase region increases). While increas-
ing the incidence pressure of the outer nozzle, the cavitation number decreases and the
degree of cavitation within the flow field decreases accordingly.

3.3.2. The Velocity Distribution

Figure 14 shows the axial velocity distribution along the central axis for different
incident pressures. The effect of incident pressure of the outer nozzle on the axial velocity is
very small when the incident pressure of the inner nozzle is the same. Keeping the incident
pressure of the outer nozzle the same, the axial velocity distribution curves have the same
trend for different incident pressures of the inner nozzle. The difference lies only in the
maximum value of the velocity. The greater the incident pressure of the inner nozzle, the
greater the maximum velocity in the flow field.
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Figure 14. Axial velocity distribution at different incident pressures.

3.3.3. The Pressure Distribution

Figure 15 shows the impact pressure distribution at different incidence pressures. It can
be seen that the three curves almost overlap when the incidence pressure is
20 MPa:0 Pa, 20 MPa:0.04 MPa, and 20 MPa:0.08 MPa. The impact pressure on the specimen
surface is less affected by the incidence pressure of the outer nozzle when the incidence
pressure of the outer nozzle is lower. Comparing the impact pressure distribution when the
incidence pressure is 20 MPa:0 Pa, 30 MPa:0 Pa, and 40 MPa:0 Pa, the impact pressure on
the specimen surface increases as the incidence pressure increases. The maximum impact
pressure on the specimen surface is about 2 Mpa lower than the incidence pressure.

3.4. Discussions

In this study;, finite element simulations of the flow field of nozzles with different
nozzle structures and incidence pressures are performed to obtain the gas phase distribu-
tion, velocity distribution, and impact pressure within the flow field. Based on the above
analysis, we can conclude that the inner nozzle with a smaller contraction segment, smaller
expansion segment, and bigger throat diameter has the better cavitation effect (the cavita-
tion cloud area in the flow field is larger) and impact pressure. Increasing the inner nozzle
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incidence pressure and reducing the outer nozzle pressure can also improve the cavitation
effect and enhance the impact pressure. The contraction segment and expansion segment
promote the occurrence of cavitation phenomena. Zhang et al. [35] used pressure-sensitive
paper to measure the impact pressure distribution of cavitation water jets along the jet
injection direction (axial direction). The study showed that different nozzle shapes can
have a significant effect on the cavitation phenomenon. Pressure drop occurs in the throat
of nozzles with constricted and expanded segments but not in nozzles without expanded
segments. This verifies that our simulation results are right. In addition, Soyama et al. [27]
also proved that the cavitation jet of the nozzle with an expanding segment had the highest
intensity of erosion on the specimen compared with other conventional water jet nozzles.
These results are also consistent with the conclusions of this paper.

40
—=— 20MPa:0Pa
35| —e— 20MPa:0.04MPa
—&— 20MPa:0.08MPa
20 L —v— 30MPa:0Pa
40MPa:0Pa
£25
=
© 20
3
A
é’ 15
10
5
0 L | L | L | L | L | L | L | L | L |

-50 40 -30 -20 -10 0 10 20 30 40 50
Radial distance (mm)

Figure 15. Impact pressure distribution at different incidence pressures.

It should be noted that the erosion intensity and impact effect of the cavitation water
jet are judged mainly by gas phase distribution, velocity distribution, and impact pressure.
However, the impact pressure is not accurate enough because the cavitation bubbles’
collapse process is not simulated. So, the impact pressure obtained may not be the actual
impact pressure. The modeling of the generation of cavitation bubbles is challenging
because of the complexity of the cavitation phenomenon [29]. In addition, only simulation
analysis was performed on the cavitation phenomenon and no experiments were carried
out. Further numerical simulations and experimental verification of cavitation bubble
collapse are required. However, this study still has a great guideline for the design of the
conical composite nozzle and the selection of incident pressure.

4. Conclusions

In previous studies, scholars mainly focused on the cavitation phenomenon occurring
in venturi tubes and submerged cavitation jets. The more widely used non-submerged
cavitation jets are understudied. In this paper, the flow field characteristics containing gas
phase distribution, velocity distribution, and impact pressure of the cavitation water jet in
air based on a dual-nozzle design with concentric configuration was investigated in detail
by numerical simulation. The simulation study of the non-submerged cavitation jet flow
field has reference significance and guiding significance for the design of concentric double
nozzles. The effects of inner nozzle structure parameters and the incidence pressures on
the flow field characteristics were also compared. The following conclusions can be drawn:
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The structure of the inner nozzle has a significant impact on the flow field characteris-
tics, and the selection of a suitable inner nozzle structure can improve the action distance
of the jet as well as the impact pressure.

The contraction segment of the inner nozzle has the effect of increasing the area of
gas phase in the flow field and increasing the impact pressure; the smaller the contraction
angle of the contraction segment, the stronger the effect.

The expansion segment of the inner nozzle has a great influence on the characteristics
of the flow field. Setting the expansion segment can significantly improve the gas content
rate in the flow field and the impact pressure of the jet.

The internal and external incident pressures also affect the flow field characteristics.
When increasing the incident pressure of the inner nozzle, the cavitation number decreases
and the cavitation phenomenon in the flow field is enhanced. The gas phase area and gas
holdup in the flow field will increase, and the impact pressure will increase. In contrast,
increasing the incident pressure of the outer nozzle will increase the cavitation number,
which in turn will weaken the cavitation in the flow field.
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Abstract: Modeling in ice-covered rivers is limited due to added computational complexity, specifi-
cally challenges with the collection of field calibration data. Using River2D, a 2-dimensional hydrody-
namic modeling software, this study simulates depth-averaged velocity and shear stress distributions
under ice cover and in open-water conditions during varying flow conditions in a small, shallow
riffle-pool sequence. The results demonstrated differences in velocity distribution throughout the
channel and increases in discharge were found to impact the velocity magnitude under ice cover,
while the spatial distribution remained consistent. A recirculating eddy found along the pool’s left
bank was exacerbated under ice cover, with potential implications for silver shiner habitat suitability.
Bed shear stress magnitude did not vary significantly between ice and open water, although the
spatial distribution differed notably. Model validation demonstrated success in simulating water
depth and velocities, and the shear stress was estimated within a reasonable margin. Using hydrody-
namic models provides valuable insight into seasonal changes in velocities and shear stress when ice
is present.

Keywords: hydrodynamics; channel resilience; riffle-pool; River2D; erosion; deposition; velocity

distribution; recirculation

1. Introduction

Fluvial processes are studied through field research using direct measurements to in-
crease the understanding of channel hydrodynamics under various conditions with different
morphological characteristics [1-3]. However, field measurements are time consuming, and
it is challenging to cover larger areas in short periods of field time. Ice cover on rivers exac-
erbates the challenges in field data collection and increases the complexity associated with
channel fluvial processes [3-8]. Increasingly, one-, two- and three-dimensional models are
used alongside field studies to understand, simulate, and predict the fluvial processes in rivers
to support channel design projects, management, and hazard-mitigation efforts [3,6,9-14].
Specifically, modeling is relied on to simulate, predict, and evaluate ice processes that occur on
a river. CRISSP2D, RIVICE, DynaRICE, and MESH-RBM are modeling frameworks that simu-
late the ice formation on large rivers and predict the location of ice jams in an effort to reduce
flooding and infrastructure damage [14-17]. Although efficient in simulating ice formation, it
is a challenge for models to incorporate hydrodynamics or morphodynamics within a channel,
limiting their use in investigating the impacts of ice on fluvial processes (e.g., velocity and
shear stress). Additionally, despite the numerous models available for flow modeling under
open-channel conditions, there are few models that consider both ice processes and fluvial
dynamics, especially models that handle the parameters in small channels (e.g., less than
1 m deep).

Fluvial processes occurring under ice cover require more investigation, especially in
the context of flow distribution, thalweg concentration, and shear stress at the
bed [2,5,6,10,12,18]. Enhancements in methods to analyze these processes under ice cover
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using instrumentation such as acoustic Doppler velocimeters (ADVs) and acoustic Doppler
current profilers (ADCPs) provide inputs for flow modeling under ice cover [2,5,6,11]. Nu-
merical models are powerful tools for simulating river processes using computational meth-
ods to solve non-linear equations that describe the hydro-morphodynamics of rivers [19].
Numerical modeling incorporates empirical relationships for roughness, velocity, sediment
transport capacity, and shear stress to predict flow characteristics under ice cover [20].
Hydrodynamic modeling continues to develop to address the limitations associated with
uncertainties related to fluvial dynamics under ice [7]. Lotsari et al. [6] aimed to improve
our understanding of the spatial variation of ice-covered mid-winter flow and the erosion
and sedimentation capacity of ice-covered flow as compared to open-water using the
two-dimensional (2D), hydrodynamic model River2D. River2D has the capacity to simulate
direction and magnitude for time- and depth-averaged velocities and to identify recircu-
lating flow structures [21]. The 2D hydrodynamic model produces results that efficiently
compare the differences in the near-bed velocities and the spatial distribution of flow under
ice-covered conditions and open-channel conditions for meandering rivers [6]. However,
changes in the velocity distribution and shear stress under different flow conditions and
the influence of a variable bed morphology were not investigated.

The objectives of this study are to simulate ice-covered velocities and shear stress (magni-
tudes and distributions) under various flow conditions, and to assess the model’s performance
in a small, ice-covered riffle-pool sequence (Supplementary Materials Figure S1). For this
purpose, River2D was used as it includes ice as an upper boundary layer and models depth-
averaged velocity and shear velocity distributions [22]. Two scenarios were employed to
conduct direct comparisons and investigate the impacts of ice on flow and shear stress: sim-
ulation 1 used field data collected during ice cover in lower flow conditions to calibrate an
ice-free simulation, and simulation 2 used field data collected during open water in higher
flow conditions to calibrate an ice-covered simulation. Hydrodynamic modeling, such as what
is presented here, helps users to confidently evaluate processes that are difficult to measure
directly (e.g., under ice-covered conditions and dangerous high flow conditions).

2. Study Site and Field Measurements

Sixteen Mile Creek in southern Ontario, Canada, has a total watershed area of 372 km?,
and it empties into Lake Ontario (Figure 1). It flows southeast through the city of Milton, and
experiences impacts from a variety of land-use types including urban, agriculture (cropping
and grazing), and forests. The study reach drains an area of 108 km? and is a 75 m segment,
which is ~20 m at its widest (Figure 1b) and ~1 m at its deepest. Based on the Water Survey of
Canada gauging station (02HB005, period of record: 1957—present), located approximately
4.5 km upstream of the study reach, the average winter discharge is 1.35 m?/s, the average
spring discharge is 2.3 m?/s, and the average summer discharge is 0.8 m®/s [23]. The
2021 average winter discharge was 1.2 m3/s, the average spring discharge was 2.3 m3/s,
and the average summer discharge was 0.8 m?/s [23]). Bed roughness was quantified using
roughness lengths (y), which is defined as the height above the bed where the mean velocity is
theoretically 0 m/s [24]. The roughness length estimates along seven cross-sections throughout
the study site indicated that in the upstream and downstream, most sections of the study
reach exhibit bed roughness features that are typical of riffles, while the lower section along
cross-sections 4, 5, and 6 exhibit lower levels of roughness, which is typical of pools (Table 1).
Wolman pebble counts determined that all cross-sections had a large range in substrate size
but were typical for riffles and pools (Table 1). During site visits, sediment transport was
limited to suspended sediment transport, and the bedload was negligible [5].
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Figure 1. Sixteen Mile Creek is a small, low-order stream in southern Ontario, Canada. (a) Study
reach location relative to the Laurentian Great Lakes and (b) aerial photograph showing numbered
cross-section locations through the study reach. Flow direction is from left to right, as indicated by
the large black arrow along the left bank. The dashed line along the left bank indicates ice extent.
(c) Photograph looking upstream along the left bank (red dot on (b)) showing the thin (~1 m) strip of
open water on 25 February 2021 (two days after the major sampling campaign on 23 February 2021).
The white arrow in the photograph indicates flow direction.
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Table 1. Channel geometry and bed substrate characteristics.

. . Median Grain Roughness
Cross-Section Width  Average Depth d/D Size (D50) Lengths Notes
1—Riffle 12m 0.35m 0.85 412 mm 2 mm Large boulders near left bank
> Riffle 10m 045 m 3 150 mm 225 mm Embedded, poorly sorted fine material found
between cobles
3 Riffle 10m 028 m 0.95 295 mm 2428 mm Large, flat boulder 3 m from the right bank,
~25% embedded
Fine material (sand sized and fine) along the left
4—TPool 18 m 0.48 m 10 48 mm 0.5-0.7 mm bank, embedded gravel, cobbles, and boulders
toward the right bank
5__Pool 14m 052 m 100 59 mm 05 mm Dominated by fme-gramed bed material
(sand-sized and smaller)
6—Pool 10m 0.6m 125 48 mm 0.4 mm Dominated by fme-gramed bed material
(sand-sized and smaller)
7__Riffle 9m 05m 114 439 mm 2527 mm Cobbles and boulders with embedded pebbles

and coarse sand

Topographic site surveying using a real-time kinematic global position system (RTK
GPS) at 3-5 m intervals along the top and bottom of the channel banks, the top of the
slope, the edge of the water, and along the channel bed was conducted across the site.
Measurements were differentiated based on location using codes: edge of water (EOW),
bottom of bank (BOB), top of bank (TOB), channel bed (CB), and central line (CL). Addi-
tionally, the ice extent was mapped at 3-5 m intervals throughout the study site on field
collection visits [5,25]. Boulders with a b-axis exceeding 0.25 m were surveyed and fed into
the elevation model to describe bed heterogeneity throughout [26]. The bed slope was less
than 1% through the entire reach (~0.9%), 1.06% through the riffle bed slope, and 1.09%
through the pool bed slope. For model calibration and validation purposes, the water
levels were continuously monitored from January to June, and the velocity measurements
were collected throughout February and March along seven delineated cross-sections
(Figure 1) [5,22,25].

The velocity data collected on 23 February 2021 (under ice cover and lower flow
conditions) used a Sontek Flowtracker2 Handheld ADV and the Sontek S5 ADCP (where
depth was sufficient), and on 2 March 2021 (open water, higher flow conditions), a Sontek
S5 ADCP was used. The procedures outlined in Lotsari et al. [7] and Demers et al. [8]
were followed on both days. The Flowtracker2 ADV used for this project has an acoustic
frequency of 10.0 MHz, a minimum depth requirement of 0.02 m, and depth and velocity
resolutions of 0.001 m and 0.0001 m/s [27]. Despite the minimum depth requirement
of 0.02 m for the ADV, the measurements could only be completed for depths of 0.05 m
or more during this study. The Flowtracker2 ADV also recorded the Signal Noise Ratio
(SNR) to aid in detecting measurement errors and/or sensor blockages [27]. The average
sampling time was kept relatively short in order to collect data over a wide spatial extent [5].
The S5 ADCP has a minimum depth requirement of 0.2 m and thus is limited in shallow
waters. The Sontek S5 has a vertical resolution of £0.001 m and a velocity resolution of
£0.0001 m/s, and the velocities are averaged between all five transducers [28]. While
collecting samples in open water, the ADCP sensor automatically adjusted the velocity cell
sizes based on instrument movement speed, water depth, and flow velocity [28]. Sixteen
Mile Creek is a shallow channel with a maximum depth of less than a meter, resulting in an
average cell size of 0.02 m. The S5 had the blanking distance set at 0.05 m. The average
measurement height above the bed was 0.082 m and the average measurement depth below
the surface was 0.06 m in open water.

Velocity measurements were collected along all seven cross-sections using a combi-
nation of the ADV and ADCP (Figure 1). ADV measurements were collected in 0.05 or
0.10 m-depth increments at 1 m lateral intervals when possible, and at 2 m lateral intervals
when time constraints applied. These measurements were taken along each cross-section
under both open-water and ice-covered conditions, where holes were drilled through the
ice (when present) using augers [7,8]. The ADV was used in combination with the ADCP
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to collect data in both shallow and deeper locations throughout the channel. Under ice
cover, stationary ADCP measurements were taken through the hole in the ice, from which
the flow direction, water depth, and maximum velocity were calculated, and the mean
velocity profiles were determined. In ice-free conditions, the ADCP was mounted to a float
and manually towed along each cross-section. Where ice was present, the ice thickness and
visual descriptions of roughness were also manually measured and recorded.

Since the ADCP records velocities in the East, North, and Up (ENU) directions [29],
the E and N vectors were rotated around their axis at an angle corresponding to the
streamwise direction to yield u and w velocity components. This was determined using
the Velocity Mapping Toolbox (VMT) developed by USGS [29]. The vertical velocity vector
was unchanged by the rotation of the E and N velocity rotations. The ADV collects u, v,
and w (streamwise, vertical, and lateral) velocities and it did not require additional data
processing prior to analysis.

3. Pre-Processing, Data Analysis, and Model Validation

The 2-dimensional model River2D was used for hydrodynamic simulations under
ice and open water across the study site. River2D requires channel bed and ice surface
topography converted into a discrete mesh, roughness estimates, initial flow, and boundary
conditions [22]. The boundary conditions were defined as discharge along the inflow
boundary, and fixed water surface elevations at the outflow boundary [22]. Depth-averaged
velocities were calculated based on the St. Vernant equations: conservation of mass,
conservation of x-direction momentum, and conservation of y-direction momentum [22].
A singular velocity value was assigned at each node, and the depth specific velocities
were not computed. The model runs on the following three basic assumptions: (1) a
hydrostatic pressure distribution across the water column depth, (2) constant distribution
of horizontal velocities over depth, and (3) Coriolis and wind forces are negligible [22].
When ice cover was present, River2D used an ice and bed resistance model, where the
bed and ice roughness values were combined to create composite roughness used in the
hydraulic calculations [22].

The topography data obtained for the ice extent and the high-resolution channel topog-
raphy survey were converted into Digital Elevation Models (DEMs) using the Triangular
Irregular Network (TIN) interpolation tool in River2D_Bed [30]. All topography points
were identified as fixed nodes, with elevation and roughness values assigned from the
underlying bed topography layer [30]. Hard breaklines were delineated along the deepest
location of the channel, as well as the edge of the water and the top of the banks, to prevent
‘leakage’ from the model [6]. Breaklines ensured the appropriate interpolation of values
along linear features in a finalized channel bed elevation TIN (Figure 2) [30]. Throughout
winter 2021, full ice cover was present up- and downstream of the pool, with partial cover
over the pool, leaving a strip of open water along the left bank (Figures 1c and 2c). The
open-water section along the pool is considered within the model by assigning ice thickness
values to ice nodes and assigning 0 to no-ice nodes [22]. Breaklines were then established
along the ice edge to ensure interpolation along the ice-water boundary. The fixed nodes
and breaklines were subsequently smoothed into a mesh element (10 cm resolution) with
all the necessary components, allowing the topographical data to be fed into the River2D
software [22]. Velocity bins measured using the ACDP under the ice cover ranged from
2 cm-10 cm. The mesh resolution was set to provide sufficient details on velocity and shear
stress distribution while still allowing for validation with field data.
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Figure 2. Interpolated model surfaces. (a) Channel bed elevation, (b) channel bed roughness, and
(c) ice thickness (dark colors represent minimal (or no) ice thickness). Bed roughness was manually
prepared in the River2D_bed extension and extends past water edge to ensure roughness values are
assigned along the water edge breaklines.

All triangulation points in the mesh element layer require equivalent sand roughness
height (ks) estimates, which serve as representations of hydraulic friction across the sur-
face [31]. Roughness heights (ks) were calculated for all measured cross-sections based on
estimated roughness lengths from logarithmic velocity profiles seen in Equations (1)—(3):

ks= 30.1y,, (1)

yo=e 7, @)
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uy=a+blny, (3)

where uy is the mean velocity at a given depth, a is the intercept, b is the slope and velocity
gradient, and yy is the calculated roughness length [32]. Individual channel bed nodes
throughout the mesh element were assigned roughness height values corresponding to the
nearest cross-sections to yield a finalized channel bed roughness TIN. Visual observations
and roughness length estimates of the ice surface demonstrated little change in the rough-
ness across the ice surface, allowing for a singular roughness length assigned for the upper
boundary ice surface [5,25]. The River2D software requires discharge estimates at the upper
limit of the study site (cross-section 1, Figure 1). These estimates were calculated using the
transect velocity—area method, based on velocity measurements collected throughout the
February and March site visits [5,25].

Simulations were run for ice-covered and open-water conditions under two scenarios
(lower water levels derived from ice-covered field data on 23 February 2021, and higher
water levels derived from open-water field data on 2 March 2021) [5]. Each simulation
yielded direct estimates of the shear velocity for each node along the lower boundary,
which were used to calculate the shear stress along the channel bed using Equation (4):

Tp= pu*2/ (4)

where T, is the bed shear stress, p is the water density, and u, is the shear velocity. When
ice cover was present, the calculated shear velocity only applied to the channel bed and
did not allow for the calculation of shear stress along the ice surface [22]. Model validation
was conducted by calculating mean absolute error (MAE) values between simulated and
measured velocities, ice surface elevations and water levels at calibration point locations [6].
MAE was calculated using Equation (5):

1 N
MAE = N ZI abs(Mj—Pj), (5)
where N is the number of observations, MV is the modeled value, and P;is the measured
value [33].
4. Results

4.1. Cross-Section Velocity Distribution

Cross-sectional geometry analyses and changes in velocity through each cross-section
were achieved by creating a mesh grid with cross-section widths corresponding to x values,
depths corresponding to y values, and streamwise velocities corresponding to z values. This
grid was used to create cross-sectional maps of velocity to visualize the lateral distributions
for each cross-section. The lateral and vertical velocities were represented using a vector
plot overlain on the cross-sectional contour, demonstrating the direction and magnitude of
secondary velocities [29]. For ice-covered velocities, the intervals between the measurement
locations were omitted to avoid errors caused by interpolation. The largest changes in
streamwise velocities were observed within the pool, especially along the left bank of cross-
section 4, where upstream velocities exhibited a notable increase under ice and a shift in the
secondary flow toward the right bank rather than the left (Figure 3). The flow structures
observed in open water, such as the circulation seen in cross-section 5 (Figure 3) and the helix-
shaped flow cell in cross-section 6 (Figure 3), were not readily observed under ice cover on
23 February, which was likely due to the sparse data availability under ice. The cross-sectional
velocity analysis hints at potential changes in velocity distribution during ice cover in the pool
(Figure 3), but because of the nature of data collection in the winter, it was difficult to generate
meaningful results for riffle cross-sections (Supplementary Materials Figure S2).
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Figure 3. Velocity distribution maps along cross-section 4 (upper panel), 5 (middle panel) and 6 (lower
panel) within the pool of the study site (Figure 1), from left bank to right bank under open-water
conditions (top panel) and ice-covered conditions (bottom panel). Streamwise velocities are represented
on a color scale and secondary velocities are represented by arrows showing direction and magnitude of
the transverse and vertical velocity component. Data were collected using a Sontek S5 ADCP under
ice-covered conditions on 23 February 2021, and open-water conditions on 2 March 2021.
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4.2. Water Depth Distribution and Depth-Averaged Velocity

River2D modeled water depth under various conditions (Figure 4). In general, when
ice cover was present, the water depth increased, with its maximum under higher flow,
ice-covered conditions (Figure 4b), and at its minimum under lower flow, open-water
conditions (Figure 4c). River2D does not allow for a fixed ice cover; thus, the water depths
increased when ice was present to maintain flow continuity under a higher flow resistance.
Outflow water depths were constant between the two lower flow simulations and the two
higher flow simulations due to fixed water surface elevations as measured in the field
(Figure 4).
Depth (m)
1.50
1.35
1.20
1.05
0.90
0.75
0.60
0.45
0.30
0.15
0.00

a) Ice-covered, lower flow c) Open water, lower flow .

Flow =1.17 m3/s m3/s

b) Ice-covered, higher flow
d) Open water, higher flow

Distance
| N )

10.0m

Flow = 1.98 m3/s
Flow = 1.98 m3/s

Figure 4. Modeled water depth under (a) lower flow, ice-covered conditions; (c) lower flow, open-
water conditions; (b) higher flow, ice-covered conditions; and (d) higher flow, open-water conditions.
Prepared in River2D.

Field data collection is challenging under ice cover; thus, models, such as River 2D, are
useful tools to help characterize velocity flow patterns when ice is present. Simulations were
run for ice-covered and open-water conditions based on lower flow and higher flow field
data [5]. The lower flow, ice-covered and higher flow, open-water simulations were used for
model calibration, validation purposes, and direct comparisons of depth-averaged velocities
under different flow characteristics. No significant difference in the depth-averaged velocity
magnitude was observed across the reach during lower flow conditions (Figure 5). However,
depth-averaged velocities observed downstream of the pool directly above the outflow of
the model under ice cover abruptly decreased and then increased (~0.4 m/s) in the River2D
output (Figure 5a). There were slight changes to the wetted perimeter and thalweg width.
Under lower flow, ice-covered conditions, the wetted perimeter increased (Figure 5a) when
compared to the open-water, lower flow conditions (Figure 5c). The upstream thalweg width
was largest under open-water conditions (Figure 5a vs. Figure 5c¢), indicating a wider spatial
distribution of faster velocities. Along the left bank of the pool, a recirculating eddy was more
obvious under ice-covered conditions compared to open-water conditions (e.g., Figure 5a vs.
Figure 5c). Flow direction vectors were a direct output of River2D, and the depth-averaged
flow directions were predominantly streamwise throughout the length of the channel, except
for the recirculating eddy (Figure 5).
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Figure 5. Modeled depth-averaged velocities during (a) ice cover, lower flow conditions (1.17 m3/s);
(b) ice cover, higher flow conditions (1.98 m3/s); (c) open-water, lower flow conditions (1.17m3/s);
and (d) open water, higher flow (1.98 m3/s). Flow directions are indicated at 1 m intervals using
vector arrows (if they were plotted at 0.1 m intervals it would be difficult to visualize), and no-flow
boundaries are outlined in red; the inflow boundary is on the left and outflow boundary on the right.
Prepared in River2D.

Similar results were generated for higher flow conditions in open water and ice-
covered flow (Figure 5b,d). The wetted perimeter increased under ice as demonstrated by
an increase in the wetted area from bank to bank (Figure 5b vs. Figure 5d). The thalweg
widened under open water, and a notable increase was observed in velocities throughout
the upstream section and within the pool in open-water higher flow (Figure 5d). The
depth-averaged velocity magnitude under higher flow open-water conditions ranged from
0.6 m/s to 1 m/s, while ice-covered higher flow conditions exhibited a slower thalweg
velocity range between 0.4 m/s and 0.6 m/s (Figure 5b,d). As demonstrated under lower
flow, ice-covered conditions (Figure 5a), an abrupt decrease followed by an increase in
velocities was observed under higher flow, ice-covered conditions within the downstream,
bottleneck section of the channel. This change exceeded velocities in the same location
under open-water, higher flow conditions (Figure 5d). The eddy along the left bank of the
pool was also present under higher flow conditions, and was exacerbated by the presence
of ice cover.

The recirculating eddy along the left bank of the pool exhibited notable differences in
velocities between open-water and ice-covered conditions for both lower and higher flow
simulations (Figure 6). While still present under open-water conditions, the recirculating
eddy along the left bank of the pool only exhibited velocities ranging between 0 and 0.1 m/s
(Figure 6). Conversely, under ice-covered conditions, velocities within the eddy ranged
from 0.1 to 0.6 m/s. Although higher flow open-water conditions did result in increased
velocities when compared to ice-covered conditions, this increase in discharge under open-
water conditions was concentrated within the thalweg across the pool, rather than in
the eddy (Figure 6). Additionally, the eddy demonstrated slightly faster depth-averaged
velocities under lower flow ice-covered conditions than under higher flow ice-covered
conditions (Figure 6). However, velocities within the pool thalweg during higher flow,
ice-covered conditions exceeded those seen in the same location but with a lower flow
(Figure 6). The largest velocities within the pool thalweg occurred under higher flow,
open-water conditions, ranging between 0.35 and 0.65 m/s (Figure 6).
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Figure 6. Depth-averaged velocity magnitude and directions within the pool under (a) lower flow,
ice-covered conditions; (c) lower flow, open-water conditions; (b) higher flow, ice-covered conditions;
and (d) higher flow, open-water conditions. Flow directions are indicated at 1 m intervals using
vector arrows (if they were plotted at the mesh resolution of 0.1 m intervals it would be difficult to
visualize). Ice extent along the left bank is delineated by dashed line in (a,b). Prepared in River2D.

The number of data points collected on 2 March 2021 during higher flow conditions
without ice cover were more numerous than the data collected in February (with ice cover).
Specifically, the ADCP collected data continuously throughout the site, as it was mounted to a
float and towed throughout the reach. There were minimal differences in average velocities
when the 2 March 2021 data were ‘resampled’ to data densities similar to the ice-covered
collection. However, the velocity direction within the previously identified recirculation zone
along the left bank of the pool was less obvious (Figure 7). These differences highlight the
potential biases due to sample density during the open-water conditions.
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Figure 7. Resampled depth-averaged velocity magnitude and directions within the pool under (a)
lower flow, ice-covered conditions; (c) lower flow, open-water conditions; (b) higher flow, ice-covered
conditions; and (d) higher flow, open-water conditions. Flow directions are indicated using vector
arrows at each mesh point, set at 1 m intervals. Ice extent along the left bank is delineated by dashed
line in (a,b). Prepared in River2D.

4.3. Shear Stress Magnitude and Distribution

The shear stress values were calculated for all mesh nodes based on the River2D shear
velocity output. Under all simulations, the upstream section of the river segment exhibited
bed shear stress values exceeding 1 N/m? (Figure 8). Under open-water conditions,
the shear stress hotspots spanned a wider area of the channel, while under ice-covered
conditions, the hotspots narrowly follow the thalweg (Figure 8). The bed shear stress
magnitudes were larger under higher flow conditions, ranging from 2 to 16 N/m? within
the riffles, and from 0 to 1.5 N/m? within the pool (Figure 8b,d). Under ice-covered
lower flow conditions, the bed shear stress values remained low throughout the pool, only
increasing above 1 N/m? within the recirculating eddy along the left bank. The maximum
bed shear stress values increased under lower flow ice-covered conditions in the upstream
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and downstream sections, while they remained smaller within the pool when compared to
lower flow open-water conditions (Figure 8a,b). Overall, the widest distribution of high
bed shear stress values occurred under open-water, higher flow conditions, exceeding those
seen in all other simulations (Figure 8d). Lower flow, open-water conditions experienced
a similar distribution but at a lower magnitude (Figure 8c). When ice cover was present,
regions exhibiting a high bed shear stress shifted, with hotspots observed along the left
bank of the pool and upstream and downstream of the pool (Figure 8a,b). The most notable
differences between the ice-covered and open-water shear stress distributions were noted
along the recirculating eddies within the pool and the downstream section located above
the outflow boundary (Figure 8). Overall, the range in the bed shear stress magnitude did
not vary much between open-water and ice-covered conditions, but larger bed shear stress
values were observed under higher flow conditions.

a) Ice-covered, lower flow c) Open water, lower flow
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Figure 8. Bed shear stress distribution under lower flow, ice-covered conditions (a); lower flow,
open-water conditions (c); higher flow, ice-covered conditions (b); and higher flow, open-water
conditions (d). Prepared in QGIS.

Based on field bed and channel geometry surveys (Table 1), nodes within the modeled
mesh were classified using the cross-sectional depth to median grain size ratio (d/D) to
evaluate the shear stress magnitude variability as a function of the geomorphic unit (e.g., riffle
vs. pool) (Figure 9) [34]. The shear stress magnitudes for pool cross-sections (d/D > 10) were
lower than the shear stress for riffle cross-sections (d/D < 10) (Figure 9). The shear stress
along pool cross-sections was less than 1 N/m?, indicating low shear stress values, while the
shear stress at riffle cross-sections ranged above 1 N/m? (Figure 9). p-values from a two-tailed
t-test indicate significant differences in the bed shear stress values within a 95% confidence
interval for the pool under higher flow conditions and the riffle under lower flow conditions
(Table 2, Figure 9). However, the p-values for the riffles under higher flow conditions and the
pool under lower flow conditions did not indicate significant differences between the shear
stress magnitude under open-water and ice-covered conditions (Table 2, Figure 9).
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Figure 9. Bed shear stress distribution under (a) lower flow and (b) higher flow conditions based on
the channel geometry classification of depth over median grain size (Table 1).

Table 2. p-values from difference of means test conducted between ice-covered and open-water
conditions in the pool (d/D > 10) and riffle (d/D < 10) for lower and higher flow conditions.

Lower Flow Higher Flow
Pool (d/D > 10) 0.26 0.041
Riffle (d/D < 10) <0.0001 0.053

174



Water 2023, 15, 1604

4.4. Model Validation Results

A model validation demonstrated that the lower flow simulation results were moder-
ately stronger than those from the higher flow (Table 3). No real-time observations were
conducted for lower flow, open-water conditions or higher flow, ice-covered conditions;
therefore, model validation was not calculated for those simulations. The lower flow model
was most successful in simulating depth-averaged velocities, within 0.046 m/s, with water
depths being simulated within 0.098 m and shear stress within 0.147 N /m? (Table 3). Under
higher flow, open-water conditions, the depth-averaged velocities exhibited a marginally
lower MAE, while the MAE for water depth was halved, and the MAE for shear stress
was slightly larger (Table 3). Overall, the shear stress demonstrated the lowest success
in modeled values for both lower flow and higher flow simulations, and depth-averaged
velocities demonstrated the highest success (Table 3). Under the higher flow simulation, all
average MAE values fell under 0.2, and the mean absolute percentage errors fell below 20%
(Table 3). Additionally, the MAE values on the resampled datasets were conducted and
follow the same patterns as the denser dataset analysis. The resampled MAE values also
indicated a lower accuracy when compared to field values.

Table 3. Calculated MAE values for the modeled water depth, depth-averaged velocities, and shear
stress values under lower flow, ice-covered conditions and measured data on 23 February 2021,
and higher flow, open-water conditions and measured data on 2 March 2021. MAE values for the
downsampled simulations models are shown in parentheses.

Ice-Covered Conditions, Feb 23 Field Data (Lower Flow) Open-Water Conditions, Mar 2 Field Data (Higher Flow)

Cross-Section Depth-Averaged Shear Stress Depth-Averaged Shear Stress
Water Depth (m) Vflocity (mi) (N/m?) Water Depth (m) Vepl'ocity (m/§2) (N/m?)
0.018 0.22 0.035 0.018 0.25
1 0.038 (0.12) (0.19) (0.36) (0.15) (0.13) (0.17)
0.162 0.065 0.25 0.098 0.033 0.13
2 (0.22) (0.18) (0.27) (0.11) (0.16) (0.20)
0.177 0.079 0.39 0.063 0.14 0.36
3 (0.24) (0.21) (0.19) (0.18) (0.15) (0.39)
4 0.043 0.036 0.11 0.031 0.026 0.073
0.17) (0.13) (0.23) (0.12) (0.09) (0.16)
0.134 0.058 0.15 0.012 0.011 0.11
5 (0.23) (0.16) (0.18) (0.08) (0.10) (0.13)
6 0.157 0.077 0.098 0.014 0.052 0.093
(0.28) (0.21) (0.21) (0.15) (0.14) (0.18)
0.066 0.016 0.083 0.091 0.012 0.047
7 (0.15) (0.11) (0.14) 0.11) (0.09) (0.16)
Reach Average 0.11 0.050 0.19 0.047 0.041 0.152
(0.20) (0.17) (0.23) (0.129) (0.123) (0.199)

Model validation demonstrates that the model output accuracy varied between the
criteria and location throughout (Table 3). Pool cross-sections exhibited lower MAE values,
while riffle cross-sections exhibited higher MAE values (Table 3). These results indicate that
the River2D-simulated ice-covered flow in this reach of the Sixteen Mile Creek is sensitive
to water depth, and that shallower flows are more problematic. River2D employs the St.
Vernant equation to calculate depth-averaged velocities by considering the conservation of
mass and momentum in the x and y direction [22,30]. Studies have demonstrated that in
shallow, turbulent waters, with significant secondary flow components, the accuracy of
this equation may be affected [35]. Furthermore, locations with shallower, slower-moving
waters will be proportionally more sensitive to mean absolute error values.

5. Discussion

Higher and lower flow conditions largely influence velocities, flow directions, and
shear stress in channels. There are limited data on the interaction between discharge and
ice cover as it relates to fluvial processes in small channels [36,37]. The lower and higher
flow scenarios tested in this study were representative of a range of conditions experienced
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in winter 2021. The nearest Water Survey of Canada (WSC) gauging station is 4.5 km
upstream of the study site (Station ID 02HB005); from this record, the winter 2021 average
discharge was 1.2 m3/s (long-term winter season average was 1.4 m3/s, 65 years) [23]. At
the WSC gauging station, the discharge was 0.625 m®/s on 23 February 2021 and 1.22 m®/s
on 2 March 2021 [23]. These values are slightly lower than the conditions measured at the
study site and are reflective of the upstream position of the WSC gauge. However, given
the relative differences between our study site and the WSC data, we can conclude that
the February 23 field data coincided with lower flow conditions, likely below the seasonal
winter average, and the March 2 field observations coincided with average winter flow
conditions but represent the higher conditions of the two comparison datasets.

5.1. Spatial Distribution of Depth-Averaged Velocities and Bed Shear Stress under Ice Cover

Under both higher and lower flow conditions, the outflow water surface elevation
was constant between ice-covered and open-water trials, therefore reasonably simulating a
fixed ice cover (Figure 4; Supplementary Material Figure S3). Calibrated model-simulated
depth-averaged velocities and water levels were within a 10% margin of error for both
simulations (Table 3). Experimental flume studies demonstrated that a fixed ice cover
leads to confined flow and increased depth-averaged velocities [12], which were similar
to the observed values downstream of the pool in this study (Figure 5). However, water
depth within the pool and in the upstream riffle increased under ice cover, indicating
that incorporating ice cover in River2D does not explicitly consider bed- or bank-fast ice
unless the water depth is maintained constant, as seen near the outflow (Figure 5) [38].
Throughout winter 2021, the ice cover did not fully extend across the pool, leaving a strip of
open water along the left bank and preventing fixed ice and confined flow from occurring
in the pool (Figure 2). The results from the velocity simulations demonstrated overall
slower depth-averaged velocities under ice cover when compared to open water for both
the lower flow and higher flow outputs (Figure 5). However, the recirculating eddies along
the left bank of the pool had higher velocities when ice was present, and the segment
downstream of the pool presented exceptions to these results (Figure 5). In pool-riffle
sequences, increases in velocity downstream of pools occur to maintain flow continuity
following channel narrowing [38]. Peters et al. [20] found that when ice cover was not fixed
to the bed or banks, increases in the flow resistance from the upper boundary increased the
water depths and reduced the bulk velocities. The changes in depth-averaged velocities
in higher flow, open-water conditions as compared to higher flow, ice-covered conditions
were more notable than under lower flow conditions, suggesting that in these simulations,
the ice cover impact on velocities is exacerbated under higher flow conditions (Figure 5).

The thalweg location remained relatively consistent in all simulations, although the
thalweg was distinctly wider under open-water conditions (Figure 5c,d). The ‘sandwiching’
effect that the ice, bank, and bed have on velocities prevents faster velocities from being
located close to the banks, which effectively narrows the thalweg in the channel when ice
cover is present [39,40]. Previous studies found changes in the thalweg location under
ice cover conditions, noting that faster flows were concentrated in narrower areas [6,11].
However, in this study, there was limited evidence from the measured data (Figure 4) to
suggest a concentration of the thalweg when ice was present. Overall, the simulated spatial
distribution of velocities under ice remained constant under both flow conditions (Figure 5).
However, recirculation and upstream flow were more prevalent under higher flow conditions,
particularly when ice cover was present (Figures 5 and 6). This indicates that although changes
in discharge may not significantly impact the distribution of slower and faster velocities under
ice, they can enhance recirculation and cause faster bulk velocities. Turbulent flow in riffle-
pool sequences typically increases in prevalence and magnitude under higher discharges, and
this was observed between lower and higher flow conditions, which was further exacerbated
by the presence of ice [38].

Bed roughness did not have a consistent impact on depth-averaged velocities under
ice cover (Figure 5a,c). Field observations at the same location [5] suggest no reduction
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and, in some cases, slight increases in the maximum velocities under ice at cross-sections
within riffles, while cross-sections exhibiting lower roughness (e.g., in the pool) noted
a decrease in maximum velocity magnitudes (Figure 4). Conversely, model simulations
only noted increases in depth-averaged velocities under ice along the riffle cross-section
downstream of the pool (cross-section 7 (Figure 1), Figure 5a,b). These results demonstrate
that while ice-covered depth-averaged velocities may be reduced in magnitude along riffle
cross-sections, maximum velocities may not show the same trend [13,41]. Furthermore, as
River2D is able to simulate depth-averaged velocities, the ability to interrogate changes in
maximum velocities within the water column is limited.

Another notable change in the depth-averaged velocity magnitude under ice cover was
observed along the left bank of the pool (Figure 6). In each model output, a recirculating
eddy was present along the left bank edge of the pool (Figures 5 and 6). Vertical and
horizontal eddies commonly occur in pools located directly downstream of fast-flowing
riffles as a result of sudden changes in the channel geometry [42]. However, during both
lower and higher flow simulations, the eddy exhibited faster depth-averaged velocities
when ice cover was present (Figure 6). This is supported by the velocity mapping work
for each of the data collection dates (Figure 4, upper panels in a—c) and from velocity
magnitude and direction mapping across each cross-section in the field [5]. The location
of the eddy coincided with the strip of open water located along the left bank during
ice-covered conditions (Figures 1 and 2) [5]. Partial ice cover can cause a redistribution of
depth-averaged velocities, resulting in slower velocities directly under the ice cover and
displacing faster flow to uncovered (unconfined) locations within the channel [20]. The
velocities within the pool were reduced under ice cover due to increases in resistance, and
faster velocities were redistributed from the thalweg toward the ice-free left bank, therefore
intensifying the eddy (Figure 6). An experimental study by Peters et al. [20] had similar
findings, where faster velocities were located under open-water segments of a partially
covered flume.

Bed shear stress is dependent on multiple variables, including shear velocity mag-
nitude, bed roughness, and the relative depth of maximum velocity within the water
column [43]. While the presence of ice has no immediate impact on bed roughness, the
upper and lower boundaries’ interacting influence on depth-averaged velocities can influ-
ence velocity gradients and, therefore, shear velocities [4]. This causes different impacts
on the bed shear stress under the ice within riffles and pools [7]. The results from the
simulations demonstrated that under both lower and higher flow, open-water conditions
exhibited a wider distribution of bed shear stress values exceeding 0.5 N/ m?, following
closely along the thalweg (Figure 8). These results mirror the narrowing in thalweg ob-
served under ice-covered conditions, which is similar to other studies that confirmed that
bed shear stress values are dependent on the thalweg location [44]. The bed shear stress
did not exceed 16 N/m? in any simulation or scenario and is consistent with shear stress
values observed in small channels exhibiting riffle-pool sequences [5,24,45]. The higher
flow simulations demonstrated the similar maximum and minimum values as lower flow
conditions, although bed shear stress values exceeding 1 N/ m? covered a larger area under
the higher flow conditions (Figure 8). This suggests a wider distribution of large bed
shear stress values under higher flow conditions (Figure 8). Bed shear stress is known
to increase with higher velocities, therefore increasing the shear stress under higher flow
conditions [18]. For both higher and lower flow conditions, the results from the bed shear
stress analysis indicated that when ice cover was present, the shear stress increased in the
riffle directly upstream of the pool (cross-section 3, Figure 1), as well as downstream of the
pool (Figure 8). Additionally, the bed shear stress was greater along the left bank of the
partially covered pool in the same location as the recirculating eddy, which was caused by
faster depth-average velocities (Figure 8).

Changes in depth-averaged velocities alone do not explain the changes in the shear
stress observed through these simulations (Figure 8). Previous work has demonstrated
that ice cover can push the maximum velocities closer to the bed, increasing the velocity
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gradient and resulting in faster shear velocities [5,18,25]. Field studies at Sixteen Mile Creek
demonstrated that maximum velocities were located closer to the bed under ice-covered
conditions and coupled with negligible changes in magnitudes of maximum velocities,
the bed shear stress was found to increase both upstream and downstream of the pool
cross-sections [5]. Conversely, in cross-sections with a lower level of roughness within the
pool, maximum velocities were notably reduced and did not result in an increase in shear
stress under ice [5]. Modeled shear stress values were not consistently different between
ice cover and ice-free conditions (Figure 9; Table 2). Similar to the field results [5] and
previously published studies including flume experiments [13,18], the bed shear stress was
larger in channels with greater roughness (e.g., riffles) than in lower roughness channel
segments (e.g., pools). River2D does not take into consideration the depth of maximum
velocities when calculating the shear velocities [22]. Additionally, the shear velocity output
is derived using the composite roughness of the upper and lower boundaries and it may
not present an accurate picture of the shear velocities along the bed under the ice [6]. This
could explain why the modeled shear stress values within rough and smooth cross-sections
under ice and open-water conditions do not agree with the findings from the field [5].
However, while the shear stress magnitude is not as accurately calculated by the model,
the simulations provide detailed insight into the distribution of shear stress. This enables
the identification of high and low shear stress zones and demonstrates changes caused by
ice cover. Ice-impacted river management can benefit from understanding where zones of
high shear stress shift when ice cover is present, therefore informing seasonal erosion and
deposition processes.

5.2. Implications for Ecosystem Services

There is a known population of silver shiners, an endangered minnow species, that
utilizes the left bank of the pool during open-water conditions [46]. Their preferred habitat
includes riffle-pool sequences, which are generally wider than 30 m, although they are
occasionally found in smaller tributaries such as Sixteen Mile Creek [47]. Previous work
on silver shiners reports that they are commonly found within the water column where
velocities are ~0.12 m/s (£0.02 m/s; [47]). The velocities along the left bank at this site
ranged between 0.01 and 0.18 m/s in open water but exceeded 0.40 m/s when ice partially
covered the pool (Figure 6), potentially reducing the usable silver shiner habitat during the
winter season. Furthermore, previous works (e.g., Huusko et al. [48]) have demonstrated
the need for flow variability such as this, to offer refuge, but also, to offer a steady supply
of materials from upstream. The recirculation zone along the left bank offers a point for
fish to station hold while materials move downstream closer to the middle of the channel,
acting as an almost food conveyor belt.

Increased velocities along the eddy in the partially covered pool may present insight
into pool maintenance mechanisms during ice-covered conditions. Riffle-pool sequences
are common geomorphic units in low- to moderate- gradient channels and are important
influences on local hydraulics, sediment transport, and aquatic habitat [49,50]. The periodic
removal of fine sediment deposited along pools is essential for maintaining pool morpho-
logical characteristics [51]. Geomorphologists have presented several potential mechanisms
for riffle-pool maintenance, including velocity reversal, stormflow, flow convergence, and
natural hydrogeomorphic maintenance [38,49,52,53]. Within the pool, the presence of
partial ice cover increased the depth-averaged velocities along the left bank (Figure 6).
This suggests a potential increase in sediment transport and the removal of fine-grained
sediment from the pool under both lower and higher flow conditions, especially those
with a partial ice cover. The grain size along the left bank of the pool was dominated by
sand and silt-sized material (Table 1), and the critical velocity required for entrainment was
~0.19 m/s [54]. While open-water depth-averaged velocities may be insufficient for entrain-
ment, velocities along the left bank when ice cover was present exceeded the critical velocity
of 0.19 m/s under both lower and higher flow conditions (Figure 6). If consistent over a
long period of time, the impact of ice cover on pool depth-averaged velocities could play a
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role in pool maintenance in ice-affected riffle-pool systems. Additionally, the recirculation
zone found along the pool’s left bank may provide an important ecosystem function for
silver shiners by transporting nutrients and food sources into the channel [55].

5.3. Modeled Shear Stress Distribution and Magnitude: Advantages and Drawbacks

Simulated shear stress during ice presence in the channel reached up to 2 N/m?,
suggesting variability in the erosional potential between ice-covered and open-water
conditions (Figure 8). A similar study by Lotsari et al. [6] investigated spatial variations in
depth-averaged velocities under ice along a Pulmanki River meander bend. The results
from the Pulmanki River study indicated that near-bed velocities during all seasons would
be sufficient for incipient motion, but that the spatial variability in erosion-deposition
locations increased under ice [6]. Lotsari et al. [6] stated that ice cover should be considered
as an important factor in morphological changes to meander bends, and the findings
from the Sixteen Mile Creek suggest that the same is true for riffle-pool sequences [5].
Moreover, the value in mapping shear stress across the channel using River2D highlights
the opportunity to see changes in the shear stress distribution across the bed, which can
be limited only when the field data are evaluated (e.g., Smith et al. [5]). High-resolution
velocity data collection (e.g., Figure 3) is challenging with ice cover present, as the model
facilitates an additional opportunity to interrogate the data.

The bed shear stress estimates exhibited higher error values than depth-averaged
velocities and water levels (within a 30% margin of error) (Table 3). There are several
factors that influence the accuracy of shear stress estimates. The field bed shear stress
estimates were calculated using logarithmic velocity profiles to identify velocity gradients
and calculate shear velocity and shear stress [4,5]. However, River2D calculates shear
velocity using the Keulegan equation, which incorporates the mean velocity, water depth,
and equivalent sand roughness (ks) [22,56]. Methods that use different variables to calculate
shear stress can lead to varying results and increase the margin of error between field-based
and simulated estimations [24]. The logarithmic (law of the wall) method does not consider
antecedents along the bed or acceleration and deceleration within riffle-pool transitions,
while the Keulegan equation simplifies the influence of bed roughness using an equivalent
roughness height coefficient [57,58]. Ice-covered simulated bed shear stress values may be
further influenced by the composite roughness value used in River2D to calculate shear
velocities, leading to a reduced accuracy [6]. Shear velocity model outputs can be used
conservatively to estimate bed shear stress but should be coupled with field surveys to
ensure accuracy in bed shear stress magnitude estimates.

6. Conclusions

The River2D hydrodynamic model successfully simulates flow characteristics in rivers
of varying sizes and can be used for applications, such as habitat suitability models, river
restoration plans, and sediment transport estimates [6,9]. This research simulated velocity
distribution and shear stress in a small, shallow riffle-pool sequence under ice cover and
through two different flow levels. The results indicated reduced depth-averaged velocities
throughout the upstream riffle and pool, and increased depth-averaged velocities along
the left bank and downstream of the pool under ice cover for both higher and lower flow
simulations. The thalweg widened under ice cover, and the spatial distribution of the
velocities shifted when ice cover was present, exhibiting a higher amount of recirculating
flow along the partial ice cover in the pool. Increased discharge resulted in larger differences
in water depth and velocities between open and ice-covered conditions, although the spatial
distribution of flow remained consistent between the two ice-covered and open-water
simulations. The recirculating eddy intensified with the presence of ice, increasing the
depth-averaged velocities in known silver shiner habitats. Additionally, the findings from
velocities within the pool suggest that ice cover may play a role in pool maintenance in
ice-affected streams.
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The shear stress analysis demonstrated no difference in the maximum and minimum
shear stress values between open-water and ice-covered flow. However, there were clear
differences in the distribution of bed shear stress under ice and open water for lower and
higher flows. Overall, the model was successful in simulating depth-averaged velocities
and water levels throughout the study site, while the shear stress values exhibited a higher
and more variable margin of error. The shear stress values derived from River2D for small,
ice-covered streams established a baseline approximation, but should be paired with field
measurements for a more accurate picture. Ultimately, River2D was successfully calibrated
to simulate depth-averaged velocities, flow directions, and water levels in a small and
shallow riffle-pool sequence but was proven to be more effective in deeper sections.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15081604/s1. Figure S1: Problem schematic. Figure S2: Velocity
distribution maps for each riffle cross-section (a is cross-section 1; b is cross-section 2; c is cross-section
3; d is cross-section 7; Figure 1) from left bank to right bank under open water conditions (top panel)
and ice-covered conditions (bottom panel). Streamwise velocities are represented on a colour scale and
secondary velocities are represented by arrows showing the direction and magnitude of the transverse
and vertical velocity component. Data were collected using a Sontek S5 ADCP under ice-covered
conditions on 23 February 2021, and open water conditions on 2 March 2021. Figure S3: Modelled
water surface elevations for all four simulations. Water elevation decreases in the downstream direction
according to the channel bed slope, and to simulated water depths.
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Abstract: In this study, a three-dimensional internal wave (IW)—cylinder—terrain coupled numer-
ical model is established. Based on the large-eddy simulation (LES) method, the IW mechanical
characteristics of the cylinder and the flow field evolution around the cylinder over different types
of terrains are explored. The similarities and differences in the mechanical characteristics of the
cylinders in the environments with and without terrains are compared. The research results show
that, when the IWs propagate over terrain, the waveform structures are prone to continuous changes.
The intense reverse alternating flow of the upper and the lower water, bounded by the pycnocline,
results in huge IWs forces differences between the case without terrains and the cases with terrains.
In the case without terrains, the maximum horizontal resultant force on the cylinder is positive, while
the resultant forces are negative in the cases with terrain. Compared with the case without terrain,
the shallow-water effect caused by the combined action of the terrain and the IWs enhances the flow
field strength, making the lower parts of the cylinder suffer larger horizontal forces in the opposite
direction to the IW direction. Moreover, the additional vortices produced by the interaction between
the IWs and the terrain causes a more complex flow field around the cylinder and the greater forces
on the cylinder.

Keywords: internal wave; terrain; force on the cylinder; flow field; numerical simulation

1. Introduction

A vertical density gradient characterizes stratified flow. In various aquatic envi-
ronments such as oceans, estuaries, and lakes, the fluid density varies with depth due
to the changes in temperature, salinity, and other factors, resulting in stable density
stratification [1]. Such a stable stratified environment can generate internal waves (IWs) of
different amplitudes under small or weak disturbances. The IWs carry a large amount of
energy during the propagation. The hydrodynamic characteristics in the IW environment
are more complicated than those in a homogeneous fluid due to the opposite flow directions
in the upper and lower water layers. The shear flow can induce fatigue failure in most
structures [2], which can jeopardize the safety and stability of underwater cylinders in deep
seas, near areas, estuaries, and lakes and reservoirs [3]. The development of coastal areas is
deepening year by year. With the construction of a large number of bridges across the sea
and river near the estuary, the structural safety of cylinders under the action of IWs has
become an issue of great concern in the engineering field.

Depression-type IWs widely exist in all kinds of waters [4]. Due to the changeable
terrain of coastal areas [5], the continuous change in the wave pattern results in continuous
change in the hydrodynamic characteristics during the IWs propagation along the coastal
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slope. The induced shear instability can easily lead to turbulent mixing [6] and aggravate
the shearing effect of the pycnocline [7]. Therefore, the variable terrain environment has a
great influence on the propagation and evolution of the IWs and significantly changes the
hydrodynamic characteristics of the IWs during propagation.

Existing studies on the forces of IWs on cylinders are mostly carried out on the ideal
generalized level-bed terrain, while the continuous and irregular bottom terrains in the
near-shore and estuary areas are ubiquitous [8,9]. There are few studies on the response
mechanism of the IW forces on cylinders over such non-uniform terrains. Therefore, it
is necessary to obtain the hydrodynamic characteristics of the IW environment and the
mechanical mechanism of the structure when the IW propagate over different terrains. In
the present study, a three-dimensional (3D) IW numerical tank with a large eddy simulation
(LES) approach is established to explore the mechanical regularity of the cylinders in such
a complex IW-terrain coupled environment, and only estuarine and riverine water are
included in the simulation studies. The numerical models and verification are shown in
Section 2, the results and analysis are presented in Section 3, and the conclusions are given
in Section 4.

2. Numerical Models
2.1. Governing Equations

The Navier-Stokes (N-S) equations are adopted to describe the three-dimensional
transient motion of an incompressible viscous fluid, which could be described as:

dp | dpui) _
o T oy, M)
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— _ ! 2
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where p stands for the water density; t stands for the time; i stands for the Cartesian

coordinates directions; x; stands for the spatial coordinate; u; stands for the flow velocity; p

stands for the pressure; y stands for the kinematic viscosity; and f; stands for the body force.

2.2. Scalar Transport Equation

In the present research, IWs are excited by the density difference between the up-
per and lower layers in the two-layer flow system. The convection—diffusion effect is

expressed as:
oC  ou,C) 0 oC
5 T ax; E k@ +S 3)

where C, ranging from 0 to 1, stands for the scalar volume concentration; the water density
o can be controlled by the formula: p = Cp, + (1 — C)p1, (01 and p; represent the upper layer
density and the lower layer density, respectively); k stands for the diffusion coefficient; and
S stands for the source term or sink term.

2.3. Turbulence Model

In this paper, the spatial averaging method LES applies a filtering function to separate
large-scale and small-scale vortexes to simulate the stratified flow.
The filtering functions for the governing equations above (labeled by an overbar) are
expressed as follows:
9 _ 0 4
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where the sub-grid stress tensor 7;; = u;uj — u;iij, the Sub-Grid Scale (SGS) flux x; =

Eu_j — C_u] In this study, the turbulent eddy viscosity v; is a function of the filtered scale
and the strain rate tensor, which can be described as:

Nl—

v = (CsA)*(25;S5) @)

- — 2
where A stands for the filtered scale; the filtered scale S; i = % <2— + Wf); C; stands for

the Smagorinsky constant. In the IWs environment, C;, changing with space-time, can be
calculated by a dynamic procedure [10].

2.4. Establishment of a Numerical Tank

In the current study, the three-dimensional numerical terrain models are established
based on a single-cylinder (SC, without terrain) tank model. The dimensions of this
numerical model are 4.0 m long (X) x 0.3 m high (Y) x 0.3 m wide (Z), see Figure 1. A SC
with a diameter D = 0.05 m and a length /11 = 0.2 m is placed on the centerline in the spread
direction (Z). The cylinder bottom center is located at (x, y, z) = (2.0, 0, 0.15) m. By using
the gravity collapse approach to motivate the IWs [11], the numerical tank is separated
into the IW generation region (x = 0-0.23 m) and the IW propagation region (x = 0.23—4 m),
where Ah is the thickness difference in the pycnocline between the two regions, and 7 is
the initial amplitude.

. the low-density water

. the high-density water _>|D |e

-
pycnocline

0,0,0)

j& 0.23m e 1.77m >l 2.0m

generation region propagation region

Figure 1. Sketch map of the single cylinder (5C) numerical model.

In the stratified fluid environment, the upper layer is defined as the lower-density
water layer with density p; = 0.998 g/cm3 and depth I; = 0.075 m, and the lower layer
is defined as the higher-density water layer with density p, = 1.017 g/cm® and depth
I, = 0.225 m, respectively. Therefore, the total water depth of the tank H is kept at 0.3 m.

The generation and propagation of IWs of depression are simulated by the LES
method [12]. The governing equations are discretized by the finite-volume method. The
PISO algorithm is employed to ensure mass conservation and obtain the pressure field by
coupling the velocity-pressure terms [13,14]. The second-order central differential scheme,
the second-order upwind scheme, and the second-order implicit scheme are adopted to
discretize the diffusion term, the convection term, and the time step, respectively.

Nonslip solid-rigid walls are chosen to define the numerical tank left wall (upstream
boundary), the sidewalls, the bottom, and the cylinder periphery. A “Sommerfeld radiation”
boundary condition is used to define the tank’s right wall (downstream boundary) [15]
to avoid the reflection of IWs. The model top boundary is specified by the rigid-lid
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approximation [16] to neglect the surface waves. Surface waves are usually very small
compared to the IWs [17], so the rigid-lid approximation is reasonable for the water surface.

2.5. Numerical Model Verification
2.5.1. Verification by Physical Model Test

A physical model test conducted by Chen [18] is applied to verify the numerical model.
The physical model tank with dimensions of length x width x depth=12m x 0.5m x 0.7 m
is illustrated in Figure 2. The thicknesses of the upper freshwater layer are 0.1 m with a
density of 0.998 g/cm3, and the thicknesses of the lower saline layer are 0.4 m with density
of 1.030 g/cm?. In the initial phase, there is a thickness difference controlled by a gate in
the pycnocline between the IW generation region and the IW propagation region, which is
similar to Figure 1 above. By lifting the gate, a leading IW of depression is motivated by the
gravity collapse (caused by the thickness difference) method and propagates toward the
tank’s left end [19], as shown in Figure 2. Two ultrasonic probes fixed in the tank top were
adopted to capture the IWs spatial distribution in the propagation region of the numerical
tank. A triangular bar was fixed between the probes, and the basis length Lw was equal to

the wavelength.
Air Gate
Ultrasonic probe 2 Ultrasonic probe 1

Fresh water h,

Saline water Lw h,
< > z

Ihs
X

< L >
P "

Figure 2. Schematic diagram of the physical model test [18].

The evolution of IWs excited by the current numerical simulation is compared with
the physical model results of Chen [18] for verification. The comparison results of the
verification, see Figure 3, presents that the simulation results agree well with the physical
model results. Consequently, in this study, it is reasonable to adopt the numerical model
for studying the IW interactions with cylinders and terrain.

2r 2+
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Figure 3. Validation results: (a) probe 1, (b) probe 2.
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2.5.2. Grid Independence Test

The grid-size convergence analysis of the single cylinder (5C) without terrain is carried
out in this section. Three cases of different grid types are set according to the differences in

the number of nodes on the cylinder periphery, as illustrated in Figure 4. The details of the
calculation cases are shown in Table 1.
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Figure 4. Detail view of the unstructured mesh around a cylinder periphery: (a) T1, (b) T2, (c) T3.

Table 1. The cases of grid-size independence test, 779/H = 0.0575.

No. Case At (s) CEp-max Elements Number
1 T (low density) 0.02 0.0810 525,454
2 T, (moderate density) 0.01 0.0857 2,384,640
3 T3 (high density) 0.006 0.0862 3,318,278

In the current study, Cr, is used to define the dimensionless horizontal total force on
the cylinder, which is calculated by the following formula:

Fy

Cr, = g AH (8)

where, F, stands for the horizontal total force on the cylinder; g stands for the gravitational
acceleration; A stands for the cylinder windward surface area (cylinder frontal side); and H
is the total water depth of the tank.
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The numerical results of the three different grid densities are illustrated in Figure 5.
The force trend of the horizontal total force in the low-density grid is different from that in
the medium-density grid, and the maximum horizontal force difference in the horizontal
force in the two cases is about 0.5%. At the same time, the maximum horizontal force
difference between medium-density grid and high-density grid is only approximately
0.05%, and Cf;, in T, almost coincides with that in T3 over time. Therefore, the grid
independence test results show the convergence of the grids. Consequently, the moderate
gird density (case T») is sufficiently fine enough to discretize the computational domain,
which can be adopted in the rest numerical simulations.

0.1

, cemennnee T3HIGH
0.08 | ! ————— T2:MID
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Figure 5. Numerical model verification results of the IWs forces on a cylinder of different mesh
densities, 779 /H = 0.0575.

3. Result and Analysis

A nonuniform bottom is very common, such as bottom-step terrain [20], flat-top-
knoll terrain [21], and flat-top-platform terrain [22]. To further explore the IW mechanical
characteristics for the cylinder over terrain, one case of SC and three cases of different types
of terrain are selected for comparative analysis, as shown in Figure 6a—d, including the SC
model (Case N1), the bottom-step terrain model (Case Nj), the flat-top-knoll terrain model
(Case N3), and the flat-top-platform model (Case Ny).

— 1D — xzu.:V — D—

T T
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(a) (b)
ey = 7 —y;  pa—
I#ll.:iy' p— | p— — B n.:g.y‘ BT —
i a |
hy=0.2m
fy=.2m
H=0,3m
v - =0,3m ¥

H- -
i‘ o ygr=xm i Z flat-top-platfarm terrain | h=0im
tlat-top-knoll terrain 0w I\/ X a=as’
X a=di’ *

T—im F=im

(c) (d)

Figure 6. Sketch map of numerical tank for four cases: (a) Ny, (b) Ny, (c) N3, (d) Ny.
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In this study, the stratified characteristic parameters (the water depth ratio /1 /I, of
the two water layers, and the density difference Ap between the two water layers) and the
dimensionless IW amplitude #y/H are consistent: the upper water depth /1 = 0.075 m, the
lower water depth I, = 0.225 m, making /1 /I, = 0.33; Ap = 0.019 g/cm3, 19/H = 0.0575. The
diameter of the cylinder is 0.05 m, the length of the cylinder /; = 0.2 m, and the coordinates
of the center of the cylinder bottom are (2, 0.1, 0.15) XYZ. The height difference between
the cylinder bottom and the tank bottom is /i = 0.1 m. The lengths of the terrain platform
in Cases Ny, N3, and Ny are 0.3 m, 0.3 m, and 2.15 m, respectively, and the slope angles «
in Cases N3 and Ny are 45°. Schematic diagrams of numerical tank for the four cases are
shown in Figure 6a—d, and the cases introduction is presented in Table 2.

Table 2. Case introduction for different terrains.

No. Case hllhz 170/H CPn-max
1 Single cylinder (Ny) 0.33 0.0575 0.0857
2 Bottom-step terrain (Np) 0.33 0.0575 —0.0683
3 Flat-top-knoll terrain (N3) 0.33 0.0575 —0.0692
4 Flat-top-knoll terrain (Ny) 0.33 0.0575 —0.0753

3.1. Coupled Influence of Terrain and IWs on the Forces on the Cylinder

Figure 7 shows the graphs of Cp, on the cylinder vs. time ¢ for the SC case and the
three terrain cases. The figure presents that the peak value of Cp, in the cylinder of the
N case is significantly larger than that of the other three terrain cases, indicating that the
bottom topography significantly changes the IW forces on the cylinder and makes the IW
forces peak value Cry.n, change from positive to negative. Obvious negative peaks of
Cry, appear in the three terrain cases Np, N3, and Ny when the IWs are close to the front
edge of the terrain. The reduction in the lower layer depth of IW due to the topographical
factors causes a shallow-water effect, and the strength of the fluid flow field in the lower
layer around the bottom terrain is enhanced. Moreover, the negative forces applied to the
cylinder over the terrain result in the negative peak value of Cr,,. As shown in Figure 8, the
negative forces on the cylinder in the lower layer in cases Ny, N3, and N4 are much greater
than those in case N1, which can also explain the difference in the peak value between N
and N»—-Njy in Figure 7. As a result, the shallow-water effect enhances the strength of the
flow field around the cylinder in the lower layer, thereby causing a greater negative force
on the lower parts of the cylinder.

0.1}

0.08 N,
N!

0.06 N,
N-I

0.04

0.02

&
©

-0.02

-0.04

-0.06

-0.08 |- | | 1 | | 1 1 1 J

Figure 7. Graphs of Cr,, on the cylinder vs. time f for various cases.
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Figure 8. Comparison diagram of layered horizontal resultant force under four working conditions,

Crn = Cruomax-

3.2. Comparison of the Vertical Distribution of the Force on the Cylinder in Different Cases

The calculation results corresponding to the time Cr, = Cpyyy0 Of all the cases (as
shown in Figure 8, t = 25 s, the time of the most unfavorable forces on the cylinder) are
selected for analysis. By further analyzing the stress mechanism of the cylinder over
different terrains, the cylinder body is divided into ten parts along the vertical direction,
and a section is taken at a separation of 0.02 m. The parts in the upper layer are defined as
“upper parts”, and the parts in the lower layer are called “lower parts”. The pycnocline
between the upper parts and lower parts is at the depth of 0.225 m. The vertical distribution
of the non-dimensional horizontal forces Cr at various water depths in all the cases are
shown in Figure 8. The calculation expression of Cy is similar to Equation (8) for Cp,. Cron
the upper parts of the cylinder is positive, and the value in case N; condition is significantly
greater than that in the other three cases. Cr on the lower parts of the cylinder becomes
negative and the values in cases Ny, N3, and N4 are much greater than that in case Nj.

The pressure coefficient of the cylinder periphery at a certain depth section is Cp,, and
the expression can be defined as follows:

2% (Py— Pyy)
Cpy = —— 24—~ 9)
Y pyurznaxy

where P and Umax are the point pressure on the cylinder periphery and the maximum
velocity, respectively; P, is the point hydrostatic pressure on the cylinder periphery; and
p is the fluid density. The subscript y denotes a certain depth y. In this paper, the values
of y are 0.26 m and 0.14 m, which are the center heights of the upper and lower layers,
respectively. The schematic diagram for the definition of the circumferential angle is
illustrated in Figure 9, where the angel degrees ranging from 90° to 270° form the cylinder
windward surface area (frontal side), and the angel degrees ranging from 270° to 90° from
the lee side.
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Figure 9. Schematic diagram for the definition of circumferential angle.

Figure 10a,b shows the distribution of the pressure coefficient C, on the cylinder at
Planey— 2 (Po.26 for short, y = 0.26 m) and Planey-q.14 (P14 for short, y = 0.14 m) sections.
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Figure 10. Comparison of the pressure distribution between N1 and Np-Ny. (a) ¥ = 0.26 m,
(b) y =0.14 m.
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As shown in the Figure 10a of the pressure distributions in the upper layer (y = 0.26 m),
the maximum pressure points on the periphery are all at the former stagnation points, and
the lee sides of the cylinders are all immersed in the low-pressure areas. The pressure on
the frontal sides is greater than that on the lee side, so the forces on the upper parts of the
cylinder are generally positive. Moreover, the pressure on the frontal sides in case Nj is
significantly greater than that in cases Ny—Njy, resulting in the forces on the upper parts in
case N being significantly greater than those in cases Np—Njy.

As shown in Figure 10b, the pressure distributions in the lower layer (y = 0.14 m), the
high-pressure areas all appear near the cylinder lee sides. The pressure on the cylinder
frontal sides is less than that on the lee sides, resulting in negative horizontal resultant
forces on the lower parts (see Figure 8). Moreover, the differences in pressure between
the frontal sides and the lee sides in cases Ny—Nj are much greater than those in case Nj.
Therefore, the reverse horizontal forces on the cylinder in cases N,—Ny4 are much greater
than those in case Nj.

Combined with the vorticity contours, the pressure distribution characteristics of the
cylinders are further analyzed below. The propagation direction of the IWs is defined
as the positive direction. When the IWs pass through the cylinder, the flow direction in
the upper water is the same as the wave direction, so that the frontal side of the upper
parts is impacted by the IWs, while the vortexes are formed near the lee sides (as shown
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in Figure 11). Therefore, the pressure on the frontal side increases, while the pressure
on the lee side immersed in the vortexes decreases. The pressure difference between the
frontal side and lee side leads to a positive horizontal total force on the upper parts, and
the maximum pressure point is at the former stagnation point. Moreover, Figure 11 shows
that the vortices around the cylinder in the SC case are obviously different from those in
the other three terrain cases, indicating that the existence of terrain weakens the horizontal
forces on the upper parts to a certain extent.

Y Component Vorticity -1-0.5-0.1 0.1 0.5 1 Y ComponentVorticity —1-0.4-0.1 0.1 0.5 1

Y Component Vorticity —1-0.4-0.1 0.1 0.5

0.2

0.1

19 2 21 19 2 21
X/(m) X/(m)
(c) (d)
Figure 11. Plots of vorticity around the cylinder at Pyps: (a) Ny, (b) Ny, (¢) N3, (d) N4, when

Crn = Crpomax-

In the lower layer, the wave propagation direction is opposite to the flow propagation
direction, and the vortices of the low-pressure region are formed near the frontal side of
the cylinder (see Figure 12), thus reducing the pressure on the frontal side. The pressure
difference between the frontal side and lee side results in the reverse horizontal resultant
force, as shown in Figure 12. In addition, combined with Figure 13, the shallow-water
effect occurs when IWs propagate to the bottom terrain [23,24], which strengthens the flow
field near the terrain in the lower layer and makes the lower parts subject to the impact of
the additional reverse wave fluid. Additionally, although in the four cases the vortices all
appear near the frontal sides of the lower parts, the vortices in the SC case are significantly
different from those in the other three terrain cases due to the influence of the topographic
factors, resulting in the difference between the horizontal resultant forces on the lower
parts in the terrain cases and the no terrain case.

In summary, the existence of bottom terrains weakens the forces on the upper parts
of the cylinder in the upper layer fluid, and due to the shallow-water effect in the lower
layer, the lower parts of the cylinder are subject to greater horizontal resultant forces in the
reverse wave direction.
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Figure 12. Plots of vorticity around cylinder at Py14: (a) N1, (b) Ny, (¢) N3, (d) Ny, when Cr,, = Crppoppay-
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Figure 13. Plots of the flow field in Z direction, when Cr,, = Cpjy0: (@) N1, (b) Np, (¢) N3, (d) Ny.

193



Water 2023, 15, 1598

3.3. Variation in the Flow Field around the Cylinder under Different Cases

By comparing the flow field distributions of the SC case (N1) with the terrain cases
(N2—Ny) in Figure 13a—d, it is found that, when the IWs reach the bottom terrain, vortexes
can be found near the frontal side of the terrain, but no obvious vortex appears in case
Nj. The vortexes are generated by the coupled effects of the IWs, the topography, and the
shallow-water effect. Compared with the SC case, when the IWs propagate over the terrain,
the interactions between the IWs and the terrain make the flow field around the cylinder
more complex and changeable, especially near the lower parts of the cylinder. As a result,
the complex hydrodynamic environment caused by the IWs and the terrains compels the
cylinder to experience larger forces.

3.4. Influence of the Amplitudes on the IWs Forces and the Flow Field over the Terrain

On the base of the above research, the terrain is a key consideration to explore the
hydrodynamic characteristics in IW environment, but the IWs amplitudes also have a big
effect on the forces on and the flow field around the cylinder [25,26]. Therefore, more
calculation results of the influence of the amplitudes on IWs forces are presented to study
the research further in the following. The cases introduction is presented in Table 3. The
case S stands for the SC case and the case F stands for the flat-top-platform terrain case,
where the subscripts 1-5 indicate the different amplitudes ranging from 0.0275 to 0.0674.

Table 3. Case introduction for different amplitudes.

No. Case h1/hy 1o/H Cru-max Rrp-max
1 Sy 0.33 0.0275 0.0245 17 6%
2 Fq 0.33 0.0275 0.0202 Do
3 S 0.33 0.0384 0.0428 17 59
4 F, 0.33 0.0384 —0.0353 e
5 S3 0.33 0.0494 0.0664 13.99
6 F3 0.33 0.0494 —0.0572 e
7 Sy 0.33 0.0575 0.0857 12.1%
8 Fy 0.33 0.0575 —0.0753 e
9 Ss 0.33 0.0674 0.132 34 5
10 F5 0.33 0.0674 —0.0864 e

3.4.1. Influence on the IWs Forces

The comparison of Cp, vs. time t between the case S (5C) and the case F (flat-top-
platform terrain) under different amplitudes conditions are shown in Figure 14. On the
whole, with the increase of the IW amplitude, the forces on the single cylinder increase,
and the duration curve of the IW forces on cylinder are all similar in all the cases. Under
the small amplitude condition of 19/H = 0.0275 (see Figure 14a), the IW forces peaks
Crp-max for the case S; and the case F; are both positive. Cr,_;q¢ for the cases Fo—Fs5 turn
negative as the amplitude increases, while Cr,.,qr for the cases S,—Ss still keep positive
(see Figure 14b—e). Meanwhile, a percentage parameter R,y is applied here to specify
the differences of Cr,;0x between the cases S and the cases F, and the expression can be
defined as follow:

(CFn—max)S - ‘ (CFYI—WUZX)F‘
(CFn—mux)S

are the IW forces peaks on the cylinder for the case S

(10)

RFn—mux =

where (CFn—max)S and (CFn—mux>
and the case F, respectively.

As can be seen from the Table 3, Rry,_,, decreases as the IW amplitudes 7 /H increase
from 0.0275 to 0.0575 but it sharply increases to 34.5% when #(/H reaches 0.0674. This
can be explained by the flow field and density distribution characteristics as illustrated
in Figures 15e and 16e. When IW with large amplitude propagates to the bottom terrain,

F
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the interaction between the IW and the terrain is intensified and the shallow-water effect
occurs, which strengthens the flow field strength near the terrain in the lower layer and
influences the force on the cylinder. A phenomenon of “elevation” simultaneously occurs
because of the “blockage” effect caused by the bottom topography, which directly reflects
the influence of the existing terrain on the flow field near the cylinder.

7]

v(s)

50 10 15 20

012

vfs)

(e)

Figure 14. Comparison of Cr, vs. time t between the S case and the F case: (a) 779/H = 0.0275,

(b) 170/H = 0.0384, (c) 170/H = 0.0494, (d) 770/H = 0.0575, (e) 17o/H = 0.0674.
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Figure 15. Plots of the flow field in Z direction, when Cr, = Cprpmua: (@) 70/H = 0.0275,
(b) 70/H = 0.0384, (c) 770/H = 0.0494, (d) 170/H = 0.0575, (e) 7/H = 0.0674.

3.4.2. Influence on the Flow Field

The flow field distribution characteristics of different amplitudes conditions are plotted
in Figure 15a—e. With the increase of the wave amplitude, the interaction between the IW
and the terrain as well as the flow field intensity are both enhanced. The vortices can be
found on the bank slope in all the cases, but the size of the vortex is obviously different
when the amplitude changes. It is obvious that the vortex size increases with the amplitude,
and more than one vortex appears when the amplitude exceeds 0.0575, which can be found
in Figure 15d,e.
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Figure 16. Plots of the density distribution in Z direction, when Cr,, = Crjyy0x: (a) 170/H = 0.0275,
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The density distribution characteristics plotted in Figure 16a—e also give evidence to
present the interaction between the IWs and the terrain. With the increase of IW amplitude,
the IW pattern is more strongly disturbed by the terrain. IW propagating over the bank
slope is partially reflected, causing a remarkable “blockage” near the terrain and a “eleva-
tion” phenomenon in the reverse wave propagation direction as illustrated in Figure 16e.
Therefore, the increase of the interaction strength between the IWs and the terrain could not
only cause greater horizontal forces on the lower parts of the cylinder, but also make the
flow field around the terrain more complex, further affecting the mechanical characteristics
of the cylinder.
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4. Conclusions

A 3D numerical tank model of a flume with internal waves and terrain is set up to
research the mechanics characteristics of the cylinder in an IW-terrain coupled environment.
The main described are as follows:

(1)  The topographic factors of the terrain significantly affect the IW forces on the cylinder.
There is a strong distinction between the SC case and the three terrain cases: in the SC
case, the maximum resultant forces on the cylinder are positive, and the maximum
resultant forces are negative in the terrain cases.

(2) Compared with the SC case, the shallow-water effect caused by the IW-terrain coupled
environment enhances the strength of the flow field around the cylinder, so that the
lower parts of the cylinder are subjected to larger forces in the reverse wave direction.

(3) Compared with the SC case, when the IWs propagate over the terrain, the interactions
between the IWs and the terrain make the flow field around the cylinder more complex
and changeable. As a result, the complex hydrodynamic environment compels the
cylinder to experience larger forces.

(4) A percentage parameter Rr;. .y is applied in this research to specify the differences
of Crypmux between the SC case and the terrain case. Rpy;.c decreases as the IW
amplitude increases when the amplitude is relatively small, but it sharply increases
when amplitude is large enough. It is can be explained by the shallow-water effect.
When IWs with large amplitude propagate to the bottom terrain, the interaction
between the IW and the terrain is intensified and the shallow-water effect occurs,
which strengthens the flow field strength near the terrain in the lower layer.

(5) With the increase of IW amplitude, the interaction between the IW and the terrain is
enhanced. Vortices can be found on the bank slope in all the cases, but the size of the
vortices is obviously different when amplitude changes. The vortex size increases with
the amplitude, and more than one vortex appears when the amplitude is large enough.

(6) With the increase of the IW amplitude, the IW pattern is more strongly disturbed
by the terrain. IW propagating over the bank slope is partially reflected, causing
a “blockage” near the terrain and a “elevation” in the reverse wave propagation
direction. Therefore, the intensification of the interaction strength between the IWs
and the terrain could not only cause greater horizontal forces on the lower parts of
the cylinder, but also make the flow field around the terrain more complex.
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Abstract: Based on the two-dimensional hydrodynamic model of the finite volume method and
structured multigrid, the flow characteristics around a square cylinder with boundary constraint
are analysed. The gap ratio G/D (G is the distance from the cylinder to the channel boundary;,
and D is the side length of the square cylinder) does not change the four flow patterns. Under the
laminar vortex street phase, the boundary constraint only reduces the scale of the vortices. The
vortex centres are pressed toward the boundaries of the channel, and a low velocity zone is formed
near the boundary, but the law of vorticity attenuation along the flow direction is not changed. The
flow pattern classification map shows that the boundary constraint increases the Reynolds number
required to generate the turbulence flow pattern, and the range of the Reynolds number in the
flow pattern of the laminar vortex street has a maximum increase range. The correlation between
the time-averaged drag coefficient or the vortex shedding frequency and Reynolds number under
different gap ratios indicates that the resistance of the square cylinder and the vortex shedding
frequency increase accordingly with the strengthening of the boundary constraint. When G/D < 3.5,
the increase is particularly obvious. Meanwhile, the correlation characteristics between the resistance
or the vortex shedding frequency of the square cylinder and the Reynolds number are unrelated to
the boundary constraint strength.

Keywords: flow around a square cylinder; boundary constraint; wake flow pattern; resistance
strength; vortices shedding frequency

1. Introduction

Flow around a square cylinder is a classic problem in fluid mechanics. When fluids
such as air and water flow through square components such as high-rise buildings, bridge
piers, and floodgate pillars, they are affected by the cylinder, and flow patterns with differ-
ent characteristics are produced. The characteristics are related to the Reynolds number of
fluids, the shape and size of the cylinder, the space size, etc. The pulsation and resonance
effects caused by fluid separation and vortex shedding of the flow around a cylinder can
affect the safety of the building itself. Therefore, the complex flow characteristics around
a square cylinder have always been a hotspot and a challenge in academic research, and
they provide important references for related practical applications.

Flow around a cylinder is a typical phenomenon of the flow around a blunt body. The
development of the flow around a cylinder is closely related to the boundary layer of the
cylinder. Because of the retarding action of the boundary mutation of the cylinder, the
velocity and pressure gradient near the cylinder are obvious. Under large gradients, the
thickness of the fluid boundary layer increases and separates from the cylinder boundaries,
forming a backflow in the downstream direction of the cylinder. The above process is
the origin of the flow around a cylinder. The separation and shedding of the boundary
layer, the flow changes of the shear layer, and the flow pattern distribution of the wake are
coupled with each other to form a complete flow around a cylinder. The Reynolds number
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is a key factor in determining the flow pattern around a cylinder. At different Reynolds
numbers, the flow around a cylinder exhibits completely different fluid characteristics.
According to the flow characteristics under different Reynolds numbers, the flow around
a square cylinder can usually be divided into four types of flow pattern classifications,
namely L1, L2, L3, and T. The four types of flow pattern classifications and their main
characteristics are shown in Table 1 (Williamson, 1988 [1]; Wang, et al., 2001 [2]); Behara
and Mittal, 2010 [3]).

Table 1. An overview of the flow pattern classifications of the flow around a square cylinder.

Flow Pattern Classification Flow Characteristics

Stable and symmetrical attached vortices
formed by the separated flow behind

L1 Stable attached vortex phase a cylinder (Taneda, 1956 [4]; Coutanceau and
Bouard, 1977 [5]).
L2 Unstable attached The attached vortices behind a cylinder are
vortex phase asymmetric, fluctuating sinusoidally.
Attached vortex shedding appearing behind
13 Laminar vortex street phase a cylinder and forming periodic laminar vortex

streets (Thoman and Szewczyk, 1969 [6];
Collins and Dennis, 1973 [7]).

Vortex streets are unstable, attached vortex
T Turbulence phase shedding appearing non-sinusoidally, and
turbulence is formed behind a cylinder.

A physical model test and numerical simulation are the main methods for the
study of the flow around a cylinder. Using a tracer (Coutanceau and Defaye, 1991 [8]),
aluminium powder (Taneda, 1956 [4]), soap liquid film (Wu, et al., 2004 [9]; Couder,
1981 [10]; Chomaz, 2001 [11]; Beizaie and Gharib, 1997 [12]), PIV (Kim, et al., 2015 [13];
Palau-Salvador et al., 2010 [14]) and other tools, physical model tests have been widely
used to study the flow around a cylinder, but these tests have been limited in terms of their
scale effect correction, boundary layer restoration, and measurement accuracy. Compared
with the physical model test, the numerical simulation has the characteristics of accurate
data extraction, no scaling effect, and low cost. Thus, it is widely used in the study of the
flow around a cylinder. However, the mutation of boundaries of the flow around a cylinder,
the complexity of the local flow pattern, and the strong turbulence characteristics demand
high requirements in terms of the accuracy of the numerical simulation results. Considering
the calculation efficiency while improving the calculation accuracy is an important indicator
of the excellence of the numerical simulation method of the flow around a cylinder. The
turbulence model and grid meshing are the primary methods of optimizing the numerical
simulation method of the flow around a cylinder.

To reduce the influence of boundary conditions, the distance between the cylinder and
the boundaries is usually increased, or the boundaries are set as slip boundaries during
numerical simulation (Sen et al., 2011 [15]; Tong et al., 2022 [16]). However, the influence of
boundary conditions on the flow around a cylinder is unavoidable in the real environment.
Bridge piers, submarine cables, oil and gas pipelines, radiators, grids etc. are all typical
examples of the flow around a cylinder constrained by boundaries (Yang et al., 2021 [17];
Prsic et al., 2016 [18]; Chen and Wu, 2019 [19]). The gap ratio G/D provides a quantitative
basis for the constraint degree of the boundaries on the cylinder (Lei, 2000 [20]). According
to the size of the gap ratio, the constraint effect of the boundaries on the flow around a cylin-
der can be subdivided into several stages (Nishino et al., 2007 [21]; Lei et al., 2000 [22]).
When the gap is relatively large, for example, when the G/D of the flow around a cylinder
is greater than 0.8, the boundaries have no effect on the vortex shedding and the wake flow
pattern around a cylinder (Khabbouchi et al., 2013 [23]). As the boundaries of the channel
narrow, for example, when the G/D is less than 0.8, the boundary constraint effect begins
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to increase significantly, and the shedding of the vortices of the flow around a cylinder
is inhibited by the boundaries (Prsic et al., 2016 [18]; Durao et al., 1991 [24]). Meanwhile,
the separation angle, frequency and vorticity intensity of the resistance, lift intensity, and
vortex shedding of the cylinder change with the variation of the G/D (Yang et al., 2021 [18];
Lei et al., 2000 [22]; Khabbouchi et al., 2013 [23]; Martinuzzi et al., 2003 [25]), and the distri-
bution and stability of the wake behind the cylinder are affected (Nishino et al., 2007 [22];
Martinuzzi et al., 2003 [25]; Bailey et al., 2002 [26]; Bearman and Zdravkovich, 1978 [27];
Grass et al., 1983 [28]).

Physical model test tools, such as a wind tunnel or a PIV, can trace the vortex shedding
frequency and wake structure of the flow around a cylinder under boundary constraint
(Khabbouchi et al., 2013 [23]; Bearman and Zdravkovich, 1978 [27]; Shi et al., 2010 [29];
Zhou et al., 2022 [30]; Price et al., 2002 [31]), but numerical simulation is still required to
obtain the exact values of physical quantities such as force conditions. The confinement
effect of the boundaries can amplify the local gradient of physical quantities such as velocity
and pressure around the cylinder, which demands higher requirements for the error control
of the numerical simulation.

The selection of the turbulence model and grid meshing method is closely related to the
calculation accuracy of the flow around a cylinder with boundary constraint. Direct numer-
ical simulation (DNS) can accurately restore various fluid characteristics of the flow around
a cylinder (Zhang et al., 2020 [32]; Trias et al., 2015 [33]; Dong et al., 2006 [34]), but the high
calculation cost constrains the application of DNS in the numerical simulation of the flow
around a cylinder with boundary constraint (Behera and Saha, 2019 [35]; Ji et al., 2019 [36]).
Large eddy simulation (LES) has been widely used in the numerical simulation of the
flow around a cylinder (Rodi et al., 1997 [37]; Voke, 1997 [38]; Kahil et al., 2019 [39]); it
has mainly been used to accurately restore the transient flow pattern of the flow around
a cylinder because calculation costs are reduced significantly. In the numerical simulation
of the flow around a cylinder with boundary constraint, LES can accurately restore the
separation angle, the vortex shedding frequency, the resistance, and lift intensity of the
cylinder (Prsic et al., 2016 [18]; Rodi, 1997 [40]; Grigoriadis et al., 2003 [41]). The grid
resolution is closely related to the simulation accuracy of the flow around a cylinder with
boundary constraint. The O-H meshing strategy based on a structured multigrid divides
the computational domain of the flow around a cylinder into the high-resolution area
near the cylinder and the ordinary resolution area in other areas. This strategy not only
accurately restores the fluid characteristics and the wake flow pattern near the cylinder, but
also considers the calculation efficiency (Khan and Ibrahim, 2019 [42]) and is the preferred
meshing strategy for the numerical simulation of the flow around a cylinder with boundary
constraint (Prsic et al., 2016 [18]; Kanaris et al., 2011 [43]).

Unlike cylinders, square cylinders have a discontinuous boundary shape with several
right-angle mutations. Different boundary layer separation mechanisms lead to differences
in the vortex shedding laws between cylinders and square cylinders (Norberg, 1993 [44]).
Among these, abrupt boundaries, such as right angles, can have a significant impact on
the flow pattern, especially the generation of vortices. At present, the research on the
flow around a cylinder with boundary constraint has mainly used cylinders as the re-
search object (Prsic et al., 2016 [18]; Chen and Wu, 2019 [19]; Khabbouchi et al., 2013 [23]),
and there have been few research results related to the flow around a square cylinder
(Yang et al., 2021 [17]). However, in practical application, it is impossible for the cylinder
to be of an absolutely smooth construction as structures with edge angles widely exist.
Meanwhile, the research has mainly focused on the force condition of the cylinder itself
and the relationship between the local flow pattern near the cylinder and boundary con-
straint (Khabbouchi et al., 2013 [23]). There have been few studies on the distribution
and development law of the wake of the flow around a cylinder by boundary constraint
(Prsic et al., 2016 [18]). The wake of the flow around a cylinder has a wider range of influ-
ence and this also has research value.
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In this study, a square cylinder was taken as the research object. Based on the finite
volume method and a structured multigrid, a two-dimensional mathematical model was
established to simulate the flow around a square cylinder with boundary constraint in
a rectangular channel. The boundary constraint effect was studied under four flow patterns:
laminar, transitional flow pattern, vortex street, and turbulence. The resistance of the
cylinder, the vortex shedding frequency caused by the flow around a square cylinder, and
the flow pattern of the wake behind the square cylinder are studied, and the mechanism of
the boundary constraint interfering with the flow around a square cylinder is discussed.

2. Numerical Simulation Method for Flow around a Square Cylinder
2.1. Mathematical Model

According to the flow characteristics around a square cylinder, a two-dimensional
mathematical model was developed. The governing equations were modified as follows:
9p

continuity equation : — + dpu;
yeq e

=0 )

. dpu; 0 oy 9dp ) du;  Ou; :
momentum equation : o + ax; (pu,u]) = o, + o] [y <8x]- + 9%, +fi @

Here p is the fluid density, y is the dynamic viscosity, u is the velocity vector, p is the
scalar pressure, f is the inertia force, x is the cartesian coordinate, and i and j are the x
direction unit vector and the y direction unit vector, respectively.

The finite volume method was used to discretize the governing equation, the quadrilat-
eral multigrid was used to discretize the two-dimensional model, and the PISO calculation
method was used to couple the pressure and velocity.

The inlet was set as the velocity inlet boundary with steady velocity, and the outlet
was set as the free outflow boundary. A no-slip wall boundary was used for the plane
boundary of the model.

For the initial condition, the computational domain was set as a stationary flow field,
and each physical quantity was assigned as 0.

The transient model was used for the numerical simulation. The convergence accuracy
of each physical quantity was set to 1.0 x 107°.

2.2. Computational Domain and Boundary Conditions

In the actual application scenarios of the flow around a cylinder, such as bridge
piers, high-rise buildings, wind turbines, etc., the geometric shapes in the horizontal di-
rection are similar to those in the vertical direction (Blackburn and Henderson, 1999 [45];
Sadeque et al., 2008 [46]; Yuce and Kareem, 2016 [47]; Zaid et al., 2019 [48]), so the char-
acteristics of the flow around a cylinder in the horizontal direction are representative.
Meanwhile, the velocity distribution of the approaching flow, such as water flow and wind,
are uniform and symmetrical on the scale of the cylinder. Therefore, the computational
domain was set as a two-dimensional rectangular channel with length L and width H. The
two ends of the channel were the inlet and outlet. A square cylinder with a side length
of D was set at the axis of the channel. The distance between the square cylinder and the
inlet and outlet of the channel were %L and %L, respectively. The length L of the computa-
tional domain and the side length D of the square cylinder, as well as their positions, were
fixed. To keep the flow pattern near a square cylinder free from the influence of the inlet
and outlet boundary, it was necessary to keep the cylinder and boundaries at a greater
distance. Thus, we set L = 30 D, and the cylinder was %L and %L from the inlet and outlet
boundaries, respectively. The width H of the computational domain can be adjusted in the
range of H =2 D~12 D during the calculation. In this study, D was set to 0.4 m. The flow
around a square cylinder was simulated under different Reynolds numbers by adjusting
the velocity at the inlet boundary. The schematic diagram of the computational domain
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and boundary conditions is shown in Figure 1, where x is the flow direction, and y is the
width direction of the rectangular channel.

No-slip wall
Velocity inlet Free outflow
G
B2 No-slip wall
l l / flow direction
H o [] —

‘[ ’f-{ D |«=_  square cylinder

G

J No-slip wall

L/4 } 3L/4

Figure 1. Schematic diagram of the computational domain and boundary conditions.

2.3. Computational Grids

Structured grids were used to fit the rectangular computational domain with square
inner boundaries. Different grid sizes were set in different parts of the computational
domain. In the area close to the square cylinder, the grid density was relatively high, while
in the other area the density was relative. The computational domain was divided into
nine zones with different grid sizes. The location of these nine zones is shown in Figure 2.

T

b, 1 2 3
+ 18
b, 4 o[ ] 6

——
1
T

} 55D ——}— 4D — 20.5D }
Figure 2. The location of nine zones for grid generation.

Here, when H > 4D, by = 4D and H < 4D, by = H, only zones 4, 5, and 6 exist. The
grid sizes in the nine zones are shown in Table 2, where grid sizes are adjusted by variable
6. The computational grid distribution of the computational domain is shown in Figure 3.

Table 2. Grid sizes in nine zones.

Zone Grid Length Grid Width

1 36 30
2 ) 30
3 30 30
4 36 6

5 o o

6 30 0

7 36 30
8 o 30
9 30 36
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(b)

Figure 3. Computational grids distribution of the computational domain; (a) total computational
grids distribution; (b) detailed computational grids distribution close to the square cylinder.

To optimize the simulation in terms of accuracy and computational cost, the influence
of the grid resolution on the simulation results was examined. A specific channel width
(H =12 D) was set, and the simulation results under different grid resolutions were com-
pared. The time-averaged drag coefficient C; and the Strouhal number S; were important
parameters to describe the fluid characteristics around a square cylinder.

The time-averaged drag coefficient C, is a dimensionless coefficient that reflects the
resistance of a square cylinder in the fluid and is modified as follows:

1T 2R
Cd_f/o pUZDdt ®)

Here, C; is the time-averaged drag coefficient, F; is the resistance of a square cylinder,
that is, the pressure difference between the stoss side and slip slope of a square cylinder, U is
the streamwise velocity, D is the side length of the square cylinder and the characteristic
length defining the Reynolds number, T, is the period that includes a certain variation
period of the drag coefficient. The Strouhal number S; is a dimensionless coefficient
describing the periodic unsteady flow, which, in this study, was used to reflect the shedding
frequency of the vortex from the flow around a square cylinder.

5 _ fD

- @

Here, S; is the Strouhal number, f; is the shedding frequency of the vortex from the
flow around a square cylinder.
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By adjusting the velocity at the inlet boundary, the Reynolds number R, of the flow

around a square cylinder was set. The Reynolds number was modified as follows:
ub
Re = 7 ®)

Here R, is the Reynolds number and v is the kinematic viscosity of the fluid.

The flow around a square cylinder under different grid resolutions (6/D =
0.125, 0.075, 0.050, 0.025, 0.0125, 0.0075) was simulated where R, = 40 and 100, and the
results were compared. The time-averaged drag coefficient C; and the Strouhal number S;
of the flow around a square cylinder under different grid resolutions are shown in Table 3.

Table 3. Comparison of C; and S; of the flow around a square cylinder under different grid resolutions.

Re = 40 Re = 1000
Grids s/D EleTzf:L ts - -
o o Ss

Gl 0.125 5444 149 188 0117
G2 0.075 15,194 1.54 2.02 0.120
G3 0.050 33,636 159 217 0.121
G4 0.025 134,544 1.64 2.29 0.121
G5 0.0125 535,076 1.67 2.39 0122
G6 0.0075 1,487,034 1.69 242 0.122

It can be seen from Table 3 that, with the increase in the grid density, the simulation
results of the flow around a square cylinder tended to converge. When 6/ D was less than
0.0125, with the further reduction of 6/D, the change range of C; and S; was very small.
When R, = 40, replacing the grid G5 with the finest grid G6 resulted in only a 0.9% change
in C;. When R, = 1000, replacing the grid G5 with the finest grid G6 resulted in only a 1.4%
change in C; and 0.2% in S;. Though grid G6 (6/D = 0.0075) provided the finest simulation
results, the computational cost of this grid resolution was too high. Grid G5 (6/D = 0.0125)
was acceptable. Thus, 6 /D = 0.0125 was set to define the grid sizes.

2.4. Model Analysis

A specific channel width (H = 12 D) was selected, the numerical results under different
velocity inlet conditions were compared, and the rationality of this calculation model
was analysed.

Using the flow around a square cylinder under the conditions of R, =40, 200, 1000,
and 22,000, the earlier research results were compared with the calculation results in this
study. The time-averaged drag coefficient C; and the Strouhal number S; of the flow around
a square cylinder under different Reynolds numbers between the present and earlier results
are compared in Table 4.

It can be seen from Table 4 that when R, = 40, 200, 1000, and 22,000, both C; and
St in this study were in good agreement with the earlier numerical and physical results,
indicating that the calculation model established in this study had good effectiveness and
accuracy under different R, values.
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Table 4. Comparison of C; and S; of the flow around a square cylinder under different R, values
between the present and earlier results.

R, Source C,4 S;
Sen et al. [15] 1.67 -
40 Lan et al. [49] 1.72 -
Present 1.67 -

Lan et al. [49] 1.49 0.143

200 Gera et al. [50] - 0.145

Okajima [51] 1.50 0.141

Present 1.49 0.141

Lan et al. [49] 2.23 0.122

1000 Okajima [51] 2.10 0.120~0.130

Wang [52] 2.40 0.124

Present 2.39 0.122

Trias et al. [33] 2.19 0.132

Lyn [53] 2.18 0.134

Bouris et al. [54] 2.10 0.135

Fureby et al. [55] 2.11-2.30 0.126~0.138

22,000 Cao et al. [56] - 0.130

Bearman et al. [57] 2.05 0.122

Lee [58] 2.18 0.132

Present 2.06 0.124

3. Characteristics of the Flow around a Square Cylinder under Boundary Constraint
3.1. Feature of Wake Flow Patterns of the Flow around a Square Cylinder

The flow pattern distributions around a square cylinder in the four classifications L1,
L2, L3, and T (Table 1) are shown in Figure 4.

When R, was low, the flow around a square cylinder formed a closed wake composed
of two attached vortices behind the square cylinder (Classification L1, Classification L2),
as shown in Figure 4a,b. Here, the positions of the attached vortices were stable, and
they did not appear to be shedding from the triangular area behind the square cylinder
and moving downstream. The action range of the vortices was limited to the triangular
area behind the square cylinder and the flow field in most other areas of the channel was
still laminar flow. When R, exceeded a specific value, the attached vortices behind the
square cylinder appeared to be shedding, and the vortices moved freely in the downstream
direction (Classifications L3 and T), as shown in Figure 4c,d. Here, the area behind the
square cylinder was the area affected by the eddy current, and its action range was much
larger than that of Classifications L1 and L2.

3.2. Boundary Constraint Effect in Vortex Street Flow

Under the laminar vortex street flow pattern (Classification L3), the regular shedding
of the attached vortices had an impact on the change of the flow pattern within a specific
range behind the square cylinder, so Classification L3 was chosen for study. Quantitative
research was carried out on the distribution and motion law of the vortices and the influence
of the boundary constraint on the wake flow pattern around a square cylinder.

A dimensionless coefficient gap ratio G/D was defined, which characterized the
constraint degree of the boundaries to the flow around a square cylinder. G/D was

modified as follows:
H-D

2D

G/D = )
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Figure 4. Cont.
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Figure 4. Different classifications of flow distribution around a square cylinder; (a) Classification
L1 (R, = 40); (b) Classification L2 (R, = 95); (c) Classification L3 (R, = 400); and (d) Classification T
(R, = 1000).

Here G/D is the gap ratio, H is the width of the rectangular channel, D is the side

length of the square cylinder, G is the distance from the side of the square cylinder to the
plane boundary of the channel (Figure 2).
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According to Section 2.1, when R, = 400, the vortex street can form behind the square
cylinder. The flow pattern around a square cylinder, the trajectory of the vortex centres,
and the average distance of the vortex centres E along the flow direction when G/D =5.5,
3.5,2.5,1.5,1.0, and 0.5 are shown in Figures 5-7, respectively.
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Figure 5. Cont.
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Figure 5. Flow pattern around a square cylinder under different boundary constraint degrees when
R, =400. (a) G/D =5.5; (b) G/D =3.5;(c) G/D =25;(d) G/D =1.5; (e) G/D =1.0; and (f) G/D = 0.5.
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Figure 6. Trajectory of the vortex centres of the flow around a square cylinder under different bound-
ary constraint degrees when R, = 400. (a) G/D =5.5; (b) G/D =3.5; (c) G/D =2.5; (d) G/D =1.5;
() G/D =1.0; and (f) G/D = 0.5.
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Figure 7. Average distance of the vortex centres of the flow around a square cylinder dy along the
flow direction under different boundary constraint degrees when R, = 400.

The constraint degree of the channel boundaries will affect the distribution of the
vortex street and the movement of the vortices. When the gap of the channel is large
(G/D > 3.5), the flow pattern of the post-cylinder wake is similar, and the constraint degree
of boundaries is weak. Here, the two trajectories of the vortex centres were closer to the
axis of the channel. When the gap was small (G/D < 3.5), the constraint degree of the
boundaries became more obvious, the channel boundaries began to interfere with the shape
and distribution of the vortex street, and the degree of interference increased along the
flow direction. After extrusion by the constrained boundary, the volume of the vortices
decreased, and the two trajectories of the vortex centres gradually migrated to both sides
of the channel along the flow direction. As the constraint degree was further enhanced
(0.5 < G/D < 2.5), the vortices were extruded by the channel boundaries, and its size
was further reduced. The vortex centres moved a certain distance near the axis and then
migrated to the two sides of the channel. Then, they reached the channel boundaries and
moved downstream along them. A low velocity area was formed near the boundaries.
The greater the constraint degree of the boundaries, the more forward the starting point
of the trajectory migration of the vortex centres. The constraint effect of the boundaries
reduced the distance between adjacent vortices in the wake along the flow direction. When
G/D > 3.5, the distance between adjacent vortex centres along the flow direction did not
decrease significantly, but when G/D < 3.5, the effect of the boundary constraint was
increasingly strengthened, and the amplitude reduction of d increased significantly.

The variation of vortex vorticity () along the flow direction with different boundary
constraints is shown in Figure 8. (2 was modified as follows:

Q=05x (a”"—auf) (7)

X]' X
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Figure 8. Variation of the vorticity of the flow around a square cylinder along the flow direction
under different boundary constraint degrees.

Here, () is vortex vorticity.

The vorticity at the initial position of the wake was modified as (), and the vorticity
reaching the outlet of the channel was modified as (). The relationship between ()1 /(g
and G/D is shown in Figure 9.
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Figure 9. Relationship between ()1 /)y and G/D in the vortex street flow pattern.

The vorticity of the vortex street around a square cylinder attenuated along the flow di-
rection, and the boundary constraint affecting only the law of the initial vorticity attenuated
along the flow direction. When the vortex moved to the area beyond 18 D behind the square
cylinder, the vorticity tended to be stable, and there was no obvious attenuation along the
flow direction. Under different boundary constraint degrees, the vorticity attenuated to
10% of the initial vorticity. For the flow around a square cylinder, the final attenuation
degree of the vorticity of the vortex street was unrelated to the distribution, shape, and
motion law of the vortex street caused by the boundary constraints.

3.3. Fluid Characteristics of the Flow around a Square Cylinder

The time-averaged drag coefficient C; and the Strouhal number S; were used as the
evaluation indexes of the fluid characteristics of the four flow pattern classifications L1,
L2, L3, and T in the flow around a square cylinder. The range of the boundary gap ratio
G/D was 0.5 to 5.5. The relationship between C;and G/D, R, when R, was between 0.005
and 2000 is shown in Figure 10. The relationship between S; and G/D, R, when R, was
between 150 and 2000 is shown in Figure 11.
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Figure 10. Relationship of Cy nd G/D, R,. (a) InC, versus InRe and G/D; (b) C; versus G/D; and
(c) InC, versus InRe.
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Figure 11. Relationship of C;and G/D, R,. (a) S; versus Re and G/D; (b) S; versus G/D; and (c) S;

versus Re.
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The relationship between C; and R, in the flow around a square cylinder was similar
to that of the flow around a cylinder. The relationship between C; and G/D, R, in Figure 10
is expressed by Equation (8a—c):

Ca = exp(a) + exp(b)(G/D) 2 (8a)
2.35 — InRe (Re < 2.46)

a = {207 —0.77InRe + 0.09(InRe)? (2.46 < Re < 860) (8b)
0.934 (Re > 860)
4.06 — InRe (Re <12.18)

b= < 494 —1.62InRe + 0.12(InRe)? (12.18 < Re < 880) (8¢)
—0.569 (Re > 880)

Under the four different flow patterns, C; values were all related to the boundary
constraint. After the boundary constraint degree was increased, the resistance of the square
cylinder was significantly enhanced. In Figure 10a,b and Equation (8a—c), it can be seen
that, though R, was different, the law of Cy changing with G/D was consistent, and all flow
patterns conformed to the negative square relationship. When G/D > 3.5, the boundaries
were far away from the square cylinder. Its constraint effect was small, and C; tended
to exp(a) with the increase in G/D (see Equation (8a—c)). exp(a) is the drag coefficient
of the flow around a square cylinder without the constraint effect. When G/D < 3.5, the
constraint effect of the boundaries was significantly enhanced, and C; grew exponentially
with the decrease in G/D. For example, in a turbulence flow pattern, when R, was 1200 and
when G/D > 3.5, the boundaries were far away from the square cylinder, and C; was close
to the value of exp(a) without a constraint effect. Between them, when G/D = 3.5, then
C4 = 2.59, which was only 1.8% larger than exp(a) (exp(a) = 2.54). Here, the impact of
the boundary constraint on C; was minimal. When G/D < 3.5, as the boundary constraint
was strengthened, C, increased. After G/D < 1.0, the distance between the cylinder and
the boundaries was smaller than the width of the cylinder, and C; increased significantly.
When G/D = 0.5, C; reached 4.81.

The relationship between C; and R, was not affected by the boundary constraint
degree. It can be seen in Figure 10a,b that under each G/D, the law of the change of C,; with
R, can be divided into three stages. When R, < 6, [nRe was linearly related to [ nC,, and
C,; decreased with the increase in R,. When 6 < R, < 1100, [nC; had a quadratic relation
with InRe. C; decreased first and then increased as R, increased. After R, > 1100, C; did
not change with R, and became a specific value.

The relationship between S; and G/D, R, in Figure 11 can also be expressed by
Equation (9a—c):

Sy=a+b(G/D)! (9a)
a=0.14—10"*Re + 5 x 10~ 8R¢? (9b)
b=015—6x 10"°Re + 2 x 10 8R¢? (9¢)

It can be seen from Equation (9a—c) that the relationship between S; and G/D con-
formed to the hyperbolic functional relationship at each R,. In Figure 11a,b, when G/D < 3.5,
the boundary constraints increased the shedding frequency of vortices, and when G/D < 1.5,
the shedding frequency of vortices increased significantly, and the amplification of S; in-
creased significantly.

Like Cg, the relationship between S; and R, was also unaffected by the boundary
constraint degree. S; and R, had a quadratic relation, which is shown in Figure 11a,b and
Equation (9a—c). Under each G/D, S; first decreased and then increased with the elevation
of R,, and reached the minimum value when R, = 1100.
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3.4. Flow Pattern Division of Flow around a Square Cylinder

The four flow patterns (L1, L2, L3, T) around a square cylinder under different R,
were all affected by the boundary constraint. When G/D was 0.5~5.5, the dichotomy
method was used to locate the R, range corresponding to each wake flow pattern of the
flow around a square cylinder under a different boundary constraint degree, and the flow
pattern classification map of the flow around a square cylinder is shown in Figure 12.

55 g
50 F
45 F
40 F
35 B
30 F

G/D

25 B
20 F

1.5 B
1.0 F

0.5 A - 1 1 A A A A 1 A A J
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Re

Classification L1 Classification L2

Classification L3 Classification T

Figure 12. Flow pattern classification map of the flow around a square cylinder under boundary constraint.

The increase in the boundary constraint led to the appearance of Classification T
(turbulence phase), which required a larger R,, and the R, ranges corresponding to clas-
sifications L1 (stable attached vortex phase), L2 (unstable attached vortex phase), and L3
(laminar vortex street phase) also expanded. When G/D < 2.5, the increase in the constraint
degree resulted in a significant expansion of the R, range corresponding to Classification
L3. As seen in Figures 4d, 5 and 6, after being constrained by boundaries, the steady state
of the staggered distribution and regular movement downstream of the vortex streets in
the original turbulence flow pattern was destroyed, and vortices were shed from the square
cylinder and randomly diverged downstream to both sides of the boundaries. The vortices
of the flow around a square cylinder were constrained by the channel boundaries. The
divergence of vortices to both sides was blocked, and they could only move downstream.
The relative stability of the flow around a square cylinder was maintained, which caused
the appearance of Classification T, requiring a larger R,. Thus, the boundary constraint had
a rectification effect on the flow around a square cylinder, which improved the stability of
the flow pattern and moderated the occurrence of turbulence.

4. Conclusions

In the present study, numerical simulation was used to study the flow characteristics
around a square cylinder under different boundary constraints. The major results are
summarized as follows:

(1) The flow pattern around a square cylinder can be divided into four types under differ-
ent Reynolds numbers: L1 (stable attached vortex phase), L2 (unstable attached vortex
phase), L3 (laminar vortex street phase), and T (turbulence phase). The boundary
constraint does not change the flow pattern around a square cylinder.

(2) In the flow pattern of a laminar vortex street, the boundary constraint squeezes the
vortex shapes, pushes the vortex centres to the channel boundaries, and reduces
the distance between the vortices along the flow direction, but the boundary con-
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straint cannot change the attenuation law and magnitude of the vorticity along the
flow direction.

(3) When the constraint degree of boundaries exceeds a specific level (G/D < 3.5), the
time-averaged drag coefficient of the cylinder and the shedding frequency of the
attached vortices can increase significantly.

(4) The variation law of the drag coefficient of the flow around a square cylinder and
the shedding frequency of attached vortices with the Reynolds number will not be
affected by the boundary constraint degree.

(5) The boundary constraint rectifies the wake flow pattern around a square cylinder, and
the appearance of turbulence requires a larger Reynolds number. With the increase
of boundary constraint degree, the expansion of the of Reynolds number range
corresponding to the flow pattern of the laminar vortex street is the most significant.
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Abstract: With the development of a 300 m high dam and large reservoir construction, the emergency
drawdown capacity of cascade reservoirs, especially high dams, has become a hot issue of concern
to all sectors of society while giving play to huge comprehensive benefits. Based on a thorough
investigation of the current situation of drawdown facilities for high dams and large reservoirs with
a height of 200 m or more in the world, this paper finds that drawdown facilities currently face
difficulties such as insufficient drawdown capacity, poor safety and stability of high head structures,
extremely high lift hoisting equipment, and high difficulty in high head water seal technology. It is
pointed out that the key technologies that need to be urgently addressed for a deep drawdown of
high dams and large reservoirs are the pressure-bearing capacity of gates and the capacity limit of
hoists. As a result, the elevation of the bottom tunnel of the drawdown building cannot be arranged
and the orifice is limited, and the drawdown depth and discharge capacity are limited.

Keywords: high dam and large reservoir; security; technical for reservoir drawdown; drawdown
capacity; deep drawdown theory

1. Introduction

High dams and large reservoirs play an irreplaceable role in ensuring social and
economic development and national water resource security, and their security is related to
national major public security. With the intensification of the impact of human activities,
global climate change, and the frequent occurrence of natural disasters, the problems of
reservoir dam-break and landslide dam-break have become increasingly prominent [1].
Effectively ensuring the safety of hydropower projects and cascade hydropower stations in
the basin is of far-reaching and significant significance to ensuring national energy security
and the safety of human life and property. The Basin Hydropower Emergency Plan and
Requirements, which is being prepared by the National Development and Reform Commis-
sion and the Energy Administration of the People’s Republic of China, clearly stipulates the
principles of emergency work for basin hydropower emergencies and the requirements for
emergency dispatching and security and requires that cascade hydropower projects should
have the emergency venting capacity and should regularly repair and maintain the flood
discharge and venting facilities. When the cascade hydropower project encounters such
emergencies as excessive inflow flood in the upstream river channel, inflow flood in the
upstream cascade or reservoir landslide, a flood caused by the dangerous situation of the
backwater building itself, and war and terrorist attacks on the project, the reservoir capacity
shall be adjusted in time according to the requirements of the government emergency
management department. The requirements for emergency drawdown capacity of high
dams and large reservoirs are written into the specification, which shows the importance
and necessity of emergency venting capacity of reservoir dams.

The operation and maintenance experience of water conservancy and hydropower
projects shows that the drawdown facilities play a significant role in reducing the incidence
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of engineering accidents, reducing the impact of accidents and disasters, and improving
the safe operation of the project. For example, in China, after an earthquake, the Zipingpu
concrete face dam was damaged. The upstream water level of the dam was reduced in time
through the flushing and venting tunnels and the flood discharge tunnel, which created
construction conditions for the repair of the dam’s concrete slab and water stop system. And
Seepage occurred downstream of the Qizishan dam with the flow rate reached 1170 L/s.
From March to July 2002, the emptying tunnel was used to withdraw the reservoir for
treatment. The operation has been normal so far, which has played an important role in the
rapid inspection and treatment of basic leakage. Others, such as Sayanshushensk in Russia,
Kolbrien and Zillergrund in Austria, Zezier and Sacred Maria in Switzerland, and El Ataza
in Spain, also occurred on the heel. In the case of cracking, the emptying of the reservoir
provides favorable conditions for engineering maintenance.

According to incomplete statistics, there are relatively few venting facilities for rigid
dams in China, and high dams generally have bottom outlets for flood discharge, such as
Xiaowan, Guangzhao, Ertan, etc. There are many examples of setting up emptying facilities
for rock-fill dams. Medium and low dams generally meet the emptying requirements by
combining spillway tunnels and diversion tunnels; high dams are generally equipped
with special emptying facilities. Investigation of the relevant parameters of the deep-hole
arc gates for hydropower projects at home and abroad shows that the domestic leader
in various indicators is the second-level concrete double-curved arch dam of Dongjiang
Hydropower Station. The maximum dam height is 157 m, the working gate of the emp-
tying tunnel has a water head of 123.40 m, and the size of the orifice is 6.4 m x 7.5 m
(width x height). The total horizontal static water pressure is 5743 kN, and the maximum
flow is 1625.00 m3/s. The leading foreign index is India’s Tarbela. The earth-rock dam
has an inclined core, and the maximum dam height is 143 m. The water head of the
working door of the emptying tunnel is 135.60 m, the orifice size is 4.88 m x 7.3 m (width
x height), the total horizontal static water pressure is 4697 kN, and the maximum flow rate
is 1260.00 m3/s. As the layout depth of the vent hole increases, the size of the orifice of the
arc gate decreases and the flow rate decreases. The layout depth of the prior art venting
buildings is generally about 120 m, and the small orifice size results in limited leakage,
which can only be vented during specific periods of the dry season, and the venting depth
is limited and can only be used for routine maintenance and overhaul of the project.

In short, the scientific and reasonable setting of venting facilities will not only provide
the dam with maintenance conditions but also improve the emergency response capability
of the dam, avoid major disasters, and ensure the safety of people’s lives and property.
However, the emergency response capacity of the reservoir dam emptying facility designed
according to the existing specifications is insufficient and does not fully meet the require-
ments of national emergency management. The main manifestations are the inability to
withdraw all the time, the limited drawdown volume, the insufficient drawdown depth,
the limited drawdown storage capacity, and so on.

2. Method

On the basis of researching a large amount of engineering data, the research method
in this article is shown in Figure 1:
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Figure 1. Method flowchart.

3. Safety Challenge of High Dam and Large Reservoir
3.1. Problems Faced by the Security of High Dam and Large Reservoir

Global climate change and the increase in extreme weather, earthquakes, landslides,
debris flows, and other natural disasters lead to the damage of flood discharge facilities,
dam overtopping, dam collapse, and other accidents in some hydropower projects, which
seriously affect the safety of people’s lives and property and public safety, e.g., the failure
of the dam in Zhumadian, China, in 1975; the landslide surge generated by the Cascade
Mountains in the United States in 1966; the swell generated by the Nosteyuko River in
Canada in 1983, which caused severe damage, including the collapse of the downstream
barrier dam; the formation of the Hongshiyan barrier lake, caused by the Ludian earthquake
in Yunnan, China, in 2014; the Baige barrier lake on the Jinsha River, caused by a landslide
in the Tibetan Autonomous Region of China in 2018; and the dam failure in the Sardoba
Reservoir in Uzbekistan in 2020. All these examples caused a huge loss of life and property
and undermined the safety of local people.

Large reservoirs with high dams are generally the leading reservoirs in a basin, and
their structural design is usually based on natural floods and check floods. However, in
recent years, with the emergence of non-natural extreme flooding, it has become clear
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that most high dam reservoirs are lacking in emergency response capacity. When a major
incident occurs in a cascade reservoir group, there are severe potential safety hazards which
may even trigger a disastrous chain reaction through successive reservoirs. Therefore, safety
provision in terms of emergency emptying capacity in cascade reservoirs has become a
matter of widespread concern; the improvement of the emergency capacity of high dam
and large reservoir projects is now an urgent priority requiring immediate attention.

3.2. Current Safety Provisions for High Dams and Large Reservoirs

At present, the safety guarantee measures of high dam and large reservoir projects
are mainly to deal with sudden adverse conditions such as non-standard floods, landslide
surges, earthquakes, etc., by setting up relevant water withdrawal structures and com-
prehensively evaluating whether the overall operation status of the building is safe and
supplemented by special underwater detection, regular maintenance, and other work. The
traditional underwater detection method cannot meet the underwater detection and main-
tenance requirements of high dams and large reservoirs due to its low efficiency, high cost,
high safety risk, and limited coverage of underwater work within 60 m. There are a few
projects in China that attempt to use underwater robots or manned submersibles to detect
the high dam reservoir [2], but the existing deep-water defect detection and intelligent
operation underwater robots (ROV) and miniaturized manned diving equipment [3] can
only adapt to the water depth of 100 m, far from meeting the requirements for the repair
and maintenance of 300 m high dam. In addition, the existing underwater detection means
are mainly to inspect the surface of the building, and the types of NDT equipment that can
be carried are also extremely limited. The acquired detection data can not only reach the
depth of comprehensive evaluation of the building’s operation status but also cannot play
the role of emergency elimination. Therefore, where large reservoir capacity, wide water
area, and deep-water levels prevail, existing methods of detection cannot meet operational
safety needs, and emptying facilities take on particular importance.

Years of operational and maintenance experience also show that emptying facilities
play a significant role in reducing the occurrence and impact of accidents and improving the
assurance of a project’s operational safety. For example, the deep outlets in the Zipingpu
Dam, Zhushugiao Panel Dam, Qiezi Mountain, and Meishan Reservoir projects in China
play an important role in facilitating rapid inspection and the treatment of problems. When
damage occurs, the reservoir can be emptied promptly, and maintenance conditions can
be provided to ensure the continuing safety of the project. In 2018, China’s “11.03” Baige
barrier lake emergency rescue took “about 1.3 billion m? of storage capacity to absorb
dam break flood” in emergency treatment measures [4,5], which successfully averted
the danger. The arch dam of Kolnbrein in Austria, with cracks in the heel, was also
reinforced by a number of drainage reservoirs. However, the early Baiyun Hydropower
Station, Sanbanxi Hydropower Station, Zhushugiao Panel Dam, and other projects in China
cannot be overhauled or maintained because of a lack of drainage facilities; consequently,
problems with these dams cannot be adequately addressed, and their operation continues
to be compromised [6,7]. The Oroville Dam in the United States is also not equipped with
venting facilities [8]. In February 2017, due to the large inflow, the reservoir water level rose
sharply, and there was no time to discharge. The spillway was damaged, resulting in major
losses. So, high dams and large reservoirs lack effective means to respond to extreme events
and still face great hidden dangers. With the continuous development of dam height, the
existing drawdown technology has been difficult to cope with the challenges faced by high
dams and large reservoirs.

4. Current Drawdown Technology

Emptying facilities are defined in this paper as structures that can lower the reservoir
water level. These principally include spillways, spillway tunnels, and discharge cavities
in embankment dams, surface outlets, mid-level outlets, low-level (bottom) outlets, and
other drainage structures in concrete dams. These can be categorized by function, type, and
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layout. In terms of function, specialized emptying facilities include emptying tunnels and
low-level (bottom) outlets, that is, those facilities intended for emptying the water in the
reservoir as far as possible. In terms of type, current usage includes more pressure holes,
no pressure holes with pressure, and full pressure holes; in terms of layout on the facade,
there are “dragon head up” type, “dragon tail down” type as well as steep groove type,
deep-hole type/straight line type, and swirling vertical shaft type.

Current emptying facilities in a representative worldwide range of dams over 200 m
in height are summarized in Table 1.

Table 1. Characteristics of the emptying facilities in a representative selection of high dam projects.

Height Capaci Facilities for Emptying or
No. Name Country Type (mg) (br}: ~m3t)y Lowering Watef;yevfls
1 ShuangJiangKou China ER 314 31.15 1 emptying outlet
2 Nurek [9] Tajikistan TE 300 105 none
3 LiangHeKou China ER 295 101.54 1 emptying outlet
4 XiaoWan China VA 294.5 150 2 low-level emptying outlets
5 Inguri [10] Georgia VA 272 11.1 7 low-level outlets
6 NuoZhaDu China ER 261.5 237.03 none
7 Chicoasen [11] Mexico TE 261 16.1 none
8 Deriner Turkey VA 249 19.69 8 bottom outlets
9 Sayano-Shushenskoe Russia VA/PG 245 313 1 guide bottom outlet
Dam [12]
10 ChangHe Dam China ER 240 10.75 1 discharge outlet
11 La Esmeralda Dam [13] Colombia ER 237 8.2 spillway
12 Oroville [14] America TE/ER 234 43.62 none
13 El Cajon Dam [15] Honduras VA 234 57 3 discharge outlets
14 Karun-4 Dam [16] Iran VA 222 21.9 2 discharge outlets
15 Bhakra Dam [17] India PG 226 96.2 16 deep outlets in the dam
16 Hoover Dam [18] America VA 221 348 none
17 JiangPingHe China CFRD 219 13.66 1 discharge outlet
18 Daniel-Johnson Dam Canada PG 214 1418.52 low-level discharge outlet
19 Keban Dam Turkey PG 210 300 no
20 Almendra Dam Spain VA 202 26.49 2 bottom discharge outlets

Note: The dam type adopts the code of International Commission on dams: PG—gravity dam; VA—arch dam;
ER—rock-fill dam; TE—earth dam; CFRD—Concrete faced rock-fill dam.

Amongst high dams above 200 m, early concrete dams were generally equipped with
deep outlets for drawdown. The construction and development of high dams and large
reservoirs have led to increased attention being given to drawdown facilities. Concrete
dams are increasingly equipped with dedicated bottom outlets, used to withdraw the
reservoir water below the deep outlet. More than 90% of China’s earth-rock dam and rock-
fill dam projects are equipped with emptying tunnels as dedicated drawdown facilities. By
contrast, the majority of projects in other countries do not have dedicated emptying facilities
but combine these with flood discharge, water diversion, or sand discharge structures
to withdraw water levels when necessary. Traditionally, withdrawal facilities have been
designed primarily to meet the maintenance requirements of high dams and large reservoirs,
which is a normal emergency emptying method. However, the Jinsha River, Yarlung
Zangbo River, and Niulan River barrier lake accidents that have occurred in China in recent
years demonstrate that hydropower and water conservancy projects struggle to meet the
challenge of emptying a large number of reservoirs in a short time. The emergency capacity
of traditional drawdown facilities is insufficient, and the safety emergency drawdown
technology of high dam and large reservoir projects needs innovation.

At present, some exploratory studies have been carried out on the layout of new deep
drawdown facilities. Deng Gang et al. [19] proposed an inverted “U” shaped drawdown
tunnel and set a vent gate at the downstream side of the top of the emptying tunnel. Since
the inlet elevation is higher than the outlet elevation, when the reservoir water level is
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higher than the top elevation of the emptying tunnel and the reservoir water needs to
be emptied, lift the vent gate, and the reservoir water can automatically flow out of the
outlet and be emptied under its own weight. Although this structure can reduce the water
pressure borne by the vent gate, the vent tunnel is arranged in an inverted “U” shape, and
the drawdown of high dams and large reservoirs requires a large tunnel diameter, which
increases the construction difficulty. In addition, the hydraulic characteristics under high-
water heads are extremely complex, and the safety of this structure needs to be verified.

Yang Jiaxiu et al. [20] proposed a rapid deep drawdown technology for high dams
and large reservoirs based on the combined water retaining of multistage gates. This
technology provides the reverse hydraulic thrust by filling water at the downstream side
of the single-stage gate so that the hydraulic thrust of the single-stage gate can meet the
conventional design requirements. The total waterhead is shared by the “graded water
retaining” of the multistage gate so that the drawdown facilities are arranged at a deeper
underwater position. Under the condition of large discharge and high-water pressure, the
dynamic water operating head of each gate and the flow velocity in each channel can still
be at the normal level. At the same time, the technical idea of “channel layering + relay
drawdown” is adopted to achieve the sustainability of drawdown depth in theory. This
technology can rapidly empty high dams and large reservoir projects in the flood season
and dry season. This technology meets the drawdown requirements of high dam and large
reservoir project safety, cascade joint operation management, health diagnosis, upgrading
and reconstruction, engineering accident rescue, disaster prevention, and emergencies and
can effectively improve the safety of the operation and maintenance of the high dam and
large reservoir project and the anti-risk ability under various major natural disasters and
emergencies. This structure theoretically realizes the deep safety emergency venting of
high dams and large reservoirs, and its engineering practice application in 300 m high
dams is still in progress.

5. Difficulties in Reservoir Drawdown
5.1. Insufficiency of Drawdown Response Capability
The emptying capacity of the reservoir is evaluated by the drawdown ratio of the
waterhead and the drawdown ratio of storage capacity [21]. Define the drawdown ratio of
waterhead 6y and storage capacity venting rate dy, The higher the value of 5y and dy, the
higher the drawdown capacity. di and dy can be calculated by using Formulas (1) and (2).
Zy— 24

Vo—Vy
0

Sy = x 100% @)

where:

og—Drawdown ratio of waterhead,;

Zy—Normal water level, m;

Z1—Drawdown level, m;

H—Dam water head, m;

dy—Drawdown ratio of storage capacity;

Vo—Storage capacity corresponding to normal water level, m?;
V;—Storage capacity corresponding to emptying water level, m>.

Using formulas (1) and (2), the following observations can be made regarding the
emptying capacity of representative high dam and large reservoir projects in China: at
present, the largest reduction rate of emptying head is Shuibuya Hydropower Station
with 62.44%, while the reduction rate of most projects is only 30~50%, and the largest
reduction rate of emptying capacity is Goupitan Hydropower Station with 96.75%, while
most are in the range of 70~90% (Figure 2). Even for the high dam after the emptying
storage decreasing rate is as high as 90%, an empty head lower rate can reach 50%. Only
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8

the remaining reservoir water sinks to the depth of an a-level one-hundred-meter high
dam, which still has more than 100 million cubic meters that need to be filled with water

(Figure 3). The same large storage capacity is equal to the (1) type of hydropower project.

This emptying capacity is still drastically insufficient, to the extent that conditions do
not even allow for adequate maintenance, and emergency safety provisions are seriously

compromised.
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Figure 2. Reduction rate of the drawdown capability of 17 dams in China.
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Figure 3. Drawdown water head capacity of 17 dams in China.

From the treatment of dammed lakes such as Jinsha River, Yarlung Zangbo River,
and Niulan River in recent years, the frequent occurrence of serious and special natural
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disasters has put forward new requirements for an emergency response of hydropower and
water conservancy projects. The most effective way to reduce the impact of accidents is to
empty the storage capacity after disasters. Traditional water conservancy and hydropower
projects, even if equipped with drawdown facilities, are basically based on the maintenance
needs of high dams and large reservoirs. They are a normal drawdown means. When
faced with emergencies, they often cannot withdraw the reservoir in a timely and effective
manner, which cannot meet the emergency needs of emergencies. Therefore, the safety
emergency drawdown technology needs to emerge at the historic moment. On the premise
of meeting the requirements of safe operation and maintenance of high dams and large
reservoirs, further improve the corresponding emergency capacity of the project, give full
play to the disaster prevention and mitigation capacity of hydropower projects, and reduce
the secondary disaster risk.

In addition to the above indicators, the emergency drawdown capacity can also be
evaluated according to the drawdown time, drawdown capacity, and orifice area. Ac-
cording to the statistics of the drawdown time of the high dam and large reservoir project
(Figure 4), it can be seen that the drawdown time is generally 20 to 40 days, some of which
are 4.25 days short, and some of which are 102 days long. The average drawdown time
per 100 million m? of storage capacity is 1.86 days, the average drawdown time per 1 m of
water level drop is 3.78 days, and the drawdown can only be carried out in the dry season
when the upstream inflow is small. In the flood season, because the upstream inflow is
large, the drawdown flow is small, and the drawdown cannot be carried out. Because the
time of the emergency cannot be predicted, the emergency response can only be carried out
according to the principle of “the reservoir water shall be as low as possible, the drawdown
shall be as fast as possible, and the loss shall be as small as possible”. The existing 20-day or
even 40-day emergency response time is relatively long. Therefore, the current drawdown
time cannot meet the emergency venting requirements.
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Figure 4. The drawdown time of 17 dams in China.

According to the statistics of the drawdown capacity and orifice area of the high dam
and large reservoir project (Figure 5), the existing high dam and large reservoir project has
a huge storage capacity. Because the discharge of the single hole of the concrete dam is
small, with an average of 1300 m?/s, it has to increase the discharge by arranging multiple
bottom holes to achieve the purpose of emptying the reservoir. However, when the local
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(m3/s)

ity

Discharge capac

material dam is equipped with a special emptying reservoir, the maximum discharge is
2000 m? /s, which is the emptying tunnel of Lianghekou Hydropower Station. At present,
the area of the vent hole is 41 m? on average, and the largest is the vent hole of Lianghekou
Hydropower Station, up to 84 m2. With the construction of a 300 m high dam, the demand
for drawdown discharge is increasing, and the area of the vent hole also needs to be
increased accordingly, which brings unprecedented challenges to drawdown technology.
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Figure 5. Discharge capacity and orifice area of 17 dams in China.

To sum up, at present, the area of a single hole of high dam and large reservoir projects
is relatively small, the drawdown discharge is relatively small, the drawdown time is
relatively long, and it can only be vented during the dry season. It is feasible for drawdown
under normal operation, but if extreme conditions (earthquake, excessive flood, military
strike, and cascade engineering disasters in the basin) require drawdown in flood season or
rapid drawdown, it cannot meet the requirements. The lack of drawdown and emergency
capacity is an important problem for the development of drawdown facilities in high dams
and large reservoirs.

5.2. Technical Difficulties Relating to Safety and Stability of High Head Structures,
Ultra-High-Lift Hoisting and Closing Equipment, and High Head Water Seals

In comparison with high dams, either the inlet of the discharge tunnel floor in con-
ventional dams is higher or the gate well is located behind the dam’s seepage prevention
curtain. In addition, the structure bears less external water pressure, and the main load-
bearing components of the gate shaft lining are only used as a safety reserve in the initial
support and the secondary lining. However, for high dam and large reservoir projects, the
intake floor is set deep, the gate well is located before the anti-seepage curtain, and external
water pressure and surrounding rock deformation pressure are larger. When conventional
structural mechanics or the boundary value method is used for calculation, the lining
section size and the amount of reinforcement are larger. When the external water exceeds
a certain head, the excavation section size and lining structure calculated are distinctly
uneconomical and unreasonable [22]. In addition, during the operation of the circular
hydraulic tunnel, the reinforced concrete lining is under the influence of internal water
pressure, and its circum-axial stress is generally expressed as tensile stress. Under the action
of a high-water head, the concrete may exceed its tensile strength and crack, leading to the
seepage of internal water [23]. Therefore, the following points represent the most important
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design challenges for the safety and stability of emptying structures: consideration of the
interaction between surrounding rock and lining, accurate analysis of the stability and
safety of surrounding rock and lining structure, realistic simulation of damage and cracking
behavior of hydraulic tunnel lining under pressure, and the economical and rational design
of the reinforced concrete lining.

When the reservoir is drawn down, water is discharged by opening the upper spillway
or surface outlet, spillway tunnel, and other gates. After the water level drops further, the
emptying hole or the bottom outlet’s arc gate is opened.

It can be seen from Table 2 that the current maximum water-retaining head for the
bottom outlet gate of Xiaowan Hydropower Station is 160 m. This figure represents the
highest design level. That is to say, the maximum pressure of the gate is 160 m static
pressure; however, the operating water head is less than 160 m. The highest water pressure
of 124,000 kN is found in the emptying and repair gate of the Lianghekou Hydropower
Station; this represents a worldwide maximum.

Table 2. Technical characteristics of the main domestic and international emptying gates.

Orifice
Dimensions Orifice Design Total Water
No. Name Gate Name (Width x Area (m?) Head (m) Pressure (kN)

Height/m x m)

Accident gate of

. 5x75 37.5 146 52,330
deep spillway tunnel
Rogun i
! gt Working gate of 5% 6 30 146 40,245
deep spillway tunnel
. Emptying accident gate 7x9 63 120 71,383
2 Shuang]iangkou Emptying radial working gate 7 X 6.5 45.5 120 52,112
. Emptying check gate 8 x 10 80 120 124,000
3 LiangHeKou Emptying radial working gate 8 x 10.5 84 80 96,750
Emptying accident gate 7x9 63 124 84,900
4 PuBuGou Emptying working gate 6.5 % 8 52 126.28 121,870
Emergency sluice gate for
5 LaXiWa drain bottom outlet 4x9 36 132 48,694
Sluice gate for bottom outlet 4x6 24 132 46,096
Emergency sluice gate for
6 JinPing a emptying bottom outlet 5x12 60 133 87,200
Sluice gate for bottom outlet 5x6 30 133 52,120
. Emptying accident gate 5x11 55 152 84,530
7 ShuiBuYa Emptying working gate 6x7 0 154 102,200
Emergency sluice gate for
8 XiaoWan drain bottom outlet 5x12 60 160 106,300
Sluice gate for bottom outlet 5x7 35 163 110,000
9 ChangHeBa Emptying gate 14 x 11.5 161 40 98,460

The extreme pressure borne by gates in high dams and large reservoirs necessitates
larger hoisting equipment and higher water seal pressure. For high-head arc gates, swing
hydraulic presses are generally used as hoisting equipment. By increasing the orifice
area to improve discharge volume, the hydraulic press capacity exceeds the limit and the
ultra-high lift and high-capacity opening and closing equipment volume. The outer side of
the cylinder is too large, making it difficult to manufacture and transport, and the wire rope
is easily damaged during the opening and closing of the gate. The head of the water seal
of the gate changes in accordance with the water level of the reservoir area, and the stress
state of the water seal varies greatly in response to the large water level fluctuations in the
emptying tunnel. Research has been carried out on a number of domestic super-high head
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gates (including Dongfeng, Hongjiadu, Guangzhao, Xiaowan, and Laxiwa) to test water
seal materials and types, to address the problem of water seal behavior under the action of
high-water heads. When the water level is low, the contact stress between the water seal
head and the water seal seat plate is low, and the risk of leakage is high. When the water
level is high, the contact stress between the water seal head and the water seal seat plate
becomes too large, leading to compression, deformation, and possible failure, of the water
seal. The water seal is under unidirectional force: there is no water on the downstream side.
Under the action of high-water levels, crevice jets are easily created, leading to “crevice
cavities”, cavitation or wear of the sluice panel and embedded parts, and vibration of the
sluice, adversely affecting the normal operation of the gate and the safety of the structure.

When the water pressure of the gate cannot be increased, there is a conflict between
the gate orifice area and emptying depth, namely, as emptying depth increases, the gate
orifice area can only be reduced. Concurrently, discharge volume will decrease, which
may damage the gate or prevent it from opening by excess pressure. When the discharge
volume is less than the incoming flow of the reservoir, the water level of the reservoir
cannot continue to decrease, and it cannot be emptied. Therefore, the pressure-bearing
capacity of the gate, the capacity of the gate hoist, and the water seal performance in high
dam and large reservoir projects, both domestically and internationally, have reached the
limits of technology. The safety design of the metal structure is a further industry technical
problem facing discharge outlets.

6. Main Technical Problems Faced by Deep Venting of High Dams and
Large Reservoirs

China’s Lancang River, Jinsha River, Nu River, and Yarlung Zangbo River basins
are planning to build a number of 300 m high dams and large reservoirs, mostly cascade
“leading” power stations in the basin. Some of the projects are located in the western
frontier and minority areas, with complex political and social environments. The valleys
with deep overburden and high unloading and steep slopes in the dam areas are ecologically
fragile. The project area is cold, at a high altitude, and has a high seismic intensity, and the
construction and operation conditions are complex. The technical difficulties of ultra-high
dam construction technology, low-pressure flood discharge and energy dissipation, risk
control, and emergency treatment have exceeded the scope of existing experience and
specifications.

At present, the effective drawdown means of water conservancy projects are mainly
to set up bottom holes, and the control equipment is a hydraulic gate. Due to the limitation
of the pressure-bearing capacity of the gate and the capacity of the hoist, the drawdown
facilities cannot be arranged deeper and the orifice cannot be larger, resulting in the
limited drawdown depth and capacity, and the water cannot be discharged in the flood
season, which cannot meet the requirements of emptying the reservoir at any time. This
is a technical problem in the industry that needs to be solved urgently. However, the
understanding of dam emptying at home and abroad is not uniform, and some are still
quite different. On the one hand, it is suggested to set up deep drawdown facilities,
which must be completely vented; on the other hand, due to the consideration of the
project economy and lack of understanding of drawdown, it is recommended not to set
up venting facilities. However, for ultra-high dam projects, it is necessary to set up deep
drawdown facilities as an important engineering means to control complex political, social,
engineering, and other risks.

To sum up, the main technical problems faced by the construction of high dam deep
drawdown facilities are as follows:

(1) Determination of drawdown safety control standard: The long operation time of
the high dam project, the large range of water level fluctuation, and the large discharge and
flow rate will have an impact on the earth-rock dam body, the reservoir bank slope, and
the rigid dam abutment and dam foundation. How to discharge water safely and quickly
is the premise of studying the deep release of the high dam and large reservoir.
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(2) Study of ultra-deep drawdown technology above 180 m water head: A key problem
of the existing drawdown facilities is the contradiction between the drawdown depth
and the discharge. The hydraulic thrust borne by the gate of the drawdown facility is
proportional to the drawdown depth and the gate orifice area. With the increase in the
drawdown depth being limited by the level of metal structure manufacturing technology,
the hydraulic thrust borne by the gate extends to the maximum value of the current
hydraulic thrust, the gate orifice area S decreases, and the discharge Q decreases. When
the discharge is less than the inflow, the water increases instead of decreasing and cannot
be emptied. Therefore, the first core problem to be solved for the emptying of high dams
and large reservoirs is how to bear the high-water head of the gate. The development of
ultra-deep drawdown technology above 180 m water head is the key to realizing the deep
drawdown of high dams and large reservoirs.

(3) Study on drawdown intelligent control system: In order to realize the deep safe
drawdown of high dams and large reservoirs, it is necessary to ensure the safe and stable
operation of the drawdown system under various working conditions, and at the same
time, it can be maintained frequently to avoid the situation that it cannot be opened when
it is necessary to open. Therefore, the development of an intelligent control platform,
the formation of an intelligent control process and emergency plan, and the realization
of an intelligent reservoir drawdown control are important conditions to ensure the safe
drawdown of high dams and large reservoirs.

(4) Drawdown effect evaluation: The effect of drawdown is directly related to the
strength of the emergency response capability of high dams and large reservoirs. The
traditional drawdown usually takes the drawdown depth, period, and drawdown rate as
the evaluation indicators, but for different projects, the dam height is different, the inflow
is different, the discharge channel is different, and the ratio of reservoir capacity to dam
height is different, so it is impossible to compare the horizontal drawdown capacity based
on the above three parameters. Even for the same project, only the above three parameters
cannot qualitatively express the actual engineering significance of the drawdown effect
on project safety, maintenance, and other aspects. Therefore, it is an important judgment
basis for a safe drawdown of high dams and large reservoirs to explore the evaluation of
the drawdown effect in many aspects.

(5) Risk prevention and control technology of cascade basin: On the premise that the
drawdown safety of a single project can be guaranteed, the drawdown process should pay
special attention to the impact of the cascade basin. Therefore, the multi-step emergency
dispatching and stepwise drawdown mode of the catastrophic flood should be studied,
and the stepwise drawdown time and flow technical requirements considering the impact
of the cascade basin should be put forward. With the protection object of the basin as the
target, a multi-objective collaborative emergency drawdown mode for cascade reservoirs
is established. From the basin system level, it is an important requirement to study the
risk prevention and control technology of engineering safety and coastal public safety in
the process of multi-objective collaborative drawdown of cascade reservoirs and to build
the risk prevention and control technology of emergency venting of high dams and large
reservoirs as well as cascade reservoirs to adapt to the development of cascade basins.

7. Key Technologies to Be Solved Urgently

In the emptying facility, let the head of the pressure center of the gate be hg, the
cross-sectional area of the emptying facility be S, and the bulk density of water be . Then,
the water pressure on the gate is given by means of F = vhyS. Ignoring the traveling
head of the reservoir and considering the effects of energy loss, the constant coefficient
\/2¢, and structural shape coefficient as k, the discharge flow capacity is Q= kShol/? =
kFy~'hy~1/2 [20]. F is proportional to the emptying depth H (the head of the gate pressure
center is hp) and the gate orifice area S. As the emptying depth increases, the gate’s
water pressure F tends to Fy4y, the gate orifice area S decreases, and the discharge Q
decreases accordingly. When the discharge flow is lower than the incoming flow of the
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reservoir, the water level does not decrease but increases and the reservoir cannot be
emptied. Emergency emptying capability is expressed in terms of emptying time, discharge
volume, and discharge orifice area. The orifice area is the crucial factor: the larger the orifice
area, the larger the discharge capacity, and the shorter the corresponding emptying time.
The effectiveness of the emergency emptying response is therefore largely determined by
the size of the discharge orifice. However, as we have seen, until now, discharge structures
have been limited by the pressure-bearing capacity of the gate and the capacity of the hoist:
the floor elevation cannot be deeper and the orifice cannot be too large. This results in
limited emptying depth and discharge volume, which cannot meet any period of time. To
meet the requirement of full emptying, this key technological problem urgently needs to
be solved.

8. Conclusions and Outlook

The high dam and large reservoir projects have large storage capacities, high-water
heads, period ring benefits, and high technical requirements for safety assurance purposes.
From the perspective of long-term operation requirements, comprehensive inspection,
maintenance, and reinforcement require a deeper lowering of the reservoir water level. In
response to emergencies, it is necessary to have the capability of the emergency emptying
reservoir water at any time. Based on a thorough investigation of the current situation
of venting facilities for high dams and large reservoirs with a height of 200 m or more
in the world, this paper finds that drawdown facilities currently face difficulties such as
insufficient drawdown capacity, poor safety and stability of high head structures, extremely
high lift hoisting equipment, and high difficulty in high head water seal technology. It
is pointed out that the key technologies that need to be urgently addressed for a deep
drawdown of high dams and large reservoirs are the pressure-bearing capacity of gates and
the capacity limit of hoists. As a result, the elevation of the bottom plate of the drawdown
building cannot be arranged, the orifice is limited, and the drawdown depth and drawdown
discharge capacities are limited.

The emptying technology of high dams and large reservoirs needs to be further
improved. First, it is necessary to conduct research into the formulation of relevant specifi-
cations and specify emptying capacity, emptying depth, emptying storage capacity, and
emptying time. Second, limited to the particularity of the current emptying tunnel, it is
difficult to design the structure under the conditions of the high-water head and large water
level variation. The principle of an inverted siphon can be considered. The height of the
inlet is higher than that of the outlet, and the gate position is relatively high. The water’s
self-weight and the inverted siphon principle are used for emptying dams. We used the
hierarchical emptying concept for arranging emptying facilities and multiple emptying
tunnels. Each emptying tunnel is equipped with multi-level gates. The downstream of the
gate is filled with water to reduce the total water pressure of the gate, increase the safety
and stability of the structure, and reduce the difficulty of structural design. In the future,
we can also break through the limits of thinking and find new ways to solve the problem
of safety and emergency emptying, e.g., drawing lessons from the working principle of
deep-water submarines, designing high-pressure inflatable gates, using hollow inflatable
gates to resist the high-water head upstream, reducing the total water pressure of the gates,
and using composite nanomaterials to make gates, increase the strength of the gates, and
achieve the purpose of deep-hole water blocking and emptying.
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