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Abstract: Hydraulic structures installed in rivers inevitably create a water level difference between
upstream and downstream regions. The potential energy due to this difference in water level is
converted into kinetic energy, causing high-velocity flow and hydraulic jumps in the river. As a result,
problems such as scouring and sloping downstream may occur around the hydraulic structures. In
this study, a FLOW-3D model was constructed to perform a numerical analysis of the Changnyeong-
Haman weir in the Republic of Korea. The constructed model was verified based on surface velocity
measurements from a field gate operation experiment. In the simulation results, the flow discharge
differed from the measured value by 9-15 m3/s, from which the accuracy was evaluated to be 82-87%.
The flow velocity was evaluated with an accuracy of 92% from a difference of 0.01 to 0.16 m/s.
Following this verification, a flow analysis of the hydraulic structures was performed according to
boundary conditions and operation conditions for numerous scenarios. Since 2018, the Changnyeong-
Haman weir gate has been fully opened due to the implementation of Korea’s eco-environmental
policy; therefore, in this study, the actual gate operation history data prior to 2018 was applied and
evaluated. The evaluation conditions were a 50% open gate condition and the flow discharge of two
cases with a large difference in water level. As a result of the analysis, the actual operating conditions
showed that the velocity and the Froude number were lower than the optimal conditions, confirming
that the selected design was appropriate. It was also found that in the bed protection section, the
average flow velocity was high when the water level difference was large, whereas the bottom
velocity was high when the gate opening was large. Ultimately, through the reviewed status survey
data in this study, the downstream flow characteristics of hydraulic structures along with adequacy
verification techniques, optimal design techniques such as procedures for design, and important
considerations were derived. Based on the current results, the constructed FLOW-3D-based model
can be applied to creating or updating flow analysis guidelines for future repair and reinforcement
measures as well as hydraulic structure design.
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1. Introduction

About 34,000 small weirs (National Fisheries Information System) are installed in
small-medium streams in the Republic of Korea (ROK) for agriculture and water-friendly
use. Most of these are structures such as fixed weirs or turning types and have flow
characteristics of general weirs that consider only upstream and downstream water level
conditions. In 2012, 16 large weirs with various types of water gates were installed in
the ROK. Unlike small-scale weirs of the past, the large weirs have various flow patterns
depending on the upstream and downstream water levels and gate operating conditions.
In particular, emergency operation situations, in which a water gate is opened quickly
in a situation with a large water level difference between the upstream and downstream
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regions, show strong flow characteristics similar to the spillway discharge of a dam. As a
result, scouring of the downstream riverbed and deformation of the dissipator can occur,
raising the issue of the safety of such structures.

In cases outside the ROK, Wanoschek et al. (1989) investigated the phenomenon of
hydraulic jumps in trapezoidal channels [1], and Bohr et al. (1993) studied the qualitative
calculation of hydraulic jump length [2]. Additionally, Chanson & Brattberg (2000) studied
the energy dissipation caused by the magnitude of the hydraulic jump phenomenon [3]. In
a study on the downstream flow characteristics according to weir installation, Dhamotharan
et al. (1981) analyzed the relationship between the water depth change and turbulence
coefficient through a one-dimensional model [4]. Ziegler and Nisbet (1995) conducted
a study to verify 30 years of actual data and SEDZL modeling results of the Watts Bar
reservoir in the US [5]. Olsen (1999) simulated the Kaligandaki Reservoir flow velocity and
river bottom variation using a three-dimensional (3D) model and verified it by comparison
with the experimental results of a hydraulic model [6]. Saad and Fattouth (2017) analyzed
the hydrodynamic characteristics of the flow over weirs with circular openings [7], and
Bagheri et al. (2018) analyzed the hydraulic characteristics of flow through streamlined
weirs [8]. Hussain et al. (2020) extended the optimal homotopy asymptotic method
with the use of Daftardar—Jeffery polynomials to a Hirota—Satsuma coupled system of
Korteweg—de Vries equations [9]. Arifeen et al. (2021) studied a numerical scheme based
on the Haar wavelet for solutions of higher-order linear and nonlinear boundary value
problems [10]. Sharafati et al. (2021) reported an analysis of the scour depth of hydraulic
structures in which computational models and empirical formulas were applied [11]. In
Khan et al. (2021), an investigation of mass and thermal energy transfer of a 3D Carreau fluid
moving through a permeable and stretching (shrinking) sheet was undertaken considering
the effects of thermal radiation, cross-diffusion, and Hall current [12]. Khan et al. (2021)
also investigated a mixed convective Casson fluid flow passing a yawed cylinder with
heat transfer [13]. Ullah et al. (2021) studied the impacts produced by various physical
parameters of interest on the temperature profile and the velocity components [14]. Aamir
et al. (2022) analyzed the effect of a rough, rigid apron on scouring downstream of a sluice
gate [15]. Aghazadeh Gharebagh et al. (2022) carried out an experimental investigation
of the floor scour rate under flood conditions [16]. Laishram et al. (2022) experimentally
compared the hydraulic jump characteristics and energy dissipation between sluice gates
and radial gates [17]. Varaki et al. (2022) analyzed the effect of the apron length on the
local scouring downstream of a grade control structure with a labyrinth platform [18].
Furthermore, Rizk et al. (2022) investigated the heat transfer characteristics during a hybrid
nanofluid’s (GO + ZnO + H20) 3D incompressible unsteady motion between two parallel
plates in the presence of an applied varying magnetic field [19].

In hydraulic model experiments in the ROK, Kim (2004) studied the hydraulic charac-
teristics of river flow according to the shape of underwater structures [20]. Lee et al. (2005)
experimentally determined the particle size of floor protection stone material by supple-
menting the experimental conditions based on the experimental results of Escarameia and
May [21]. In addition, Choi et al. (2008) analyzed changes in the flow of a river according
to the installation of a movable weir equipped with a bottom water discharge device [22].
Jung (2011) presented the protection works for fixed and movable weirs through a study on
the selection of river bed protection according to the installation of beams, and calculated
the sedimentation length and changes in the river bed according to the beam structure [23].
Kim et al. (2005) developed a two-dimensional numerical analysis model to identify the
flow characteristics according to the installation of hydraulic structures and conducted
a hydraulic impact analysis around the Singok underwater weir in the Han River of the
ROK [24]. Moreover, Kim et al. (2005) applied a 3D numerical model to hydraulically
analyze the amount of air inflow in the fluid following the installation of stepped weirs [25].
As for the impact analysis of river scouring through a numerical model, Jeong et al. (2011)
analyzed the scour characteristics of a river through a 3D numerical model [26]. In addition,
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Son et al. (2015) applied the CCHE2D model and conducted a study on flow characteristics
and river bed fluctuations considering the effect of a bottom protection layer [27].

In the current study, the downstream flow characteristics of a mid-sized weir with
large water gates are investigated by developing a FLOW-3D model. The applicability
of the model is first verified through a calibration of the numerical model with field test
results. The flow characteristics of the downstream hydraulic structures according to
various upstream and downstream water levels and sluice gate operating conditions are
then investigated. The ultimate aim is to identify the worst-case flow conditions so that the
developed model can be employed in the design of hydraulic structures in the future.

2. Study Methods

FLOW-3D, a three-dimensional computational fluid dynamics (CFD) program, was
first selected for its high-precision numerical analysis. An analysis model was then con-
structed for the Changnyeong-Haman weir section of the Nakdong River in the ROK. After
that, the results of a gate discharge experiment were reviewed, and 3D flow analysis was
performed applying the same upstream and downstream water level and gate operating
conditions to prove the applicability of the analysis model. Based on the verified flow
analysis model, various boundary conditions and sluice gate operating conditions were
then applied to analyze the flow characteristics downstream of the hydraulic structure.
Subsequently, the optimal design conditions were selected by calculating the management
water level of a flood with the largest difference between the upstream and downstream
water levels and the planned frequency (100-year frequency) with a large flow rate. Flow
analysis was performed for four cases varying the degree and number of weir sluice gate
openings. Then, by reviewing the operation performance of the gates of the Changnyeong-
Haman weir from 2013 to 2018, two additional cases were selected for analysis in which
the gates were opened more than 50% in a situation with the largest water level difference.
As a result, the condition that generates the largest flow velocity in the energy dissipator
section was selected as the optimal design condition.

3. 3D Flow Analysis Model Construction and Calibration
3.1. Study Target Channel

As shown in Figure 1, the hydraulic structures can be divided into shallow foundation
type and pile foundation type according to the depth to the bedrock at the site. In the
case of the shallow foundation type where the structure sits on the bedrock, the effect
of downstream river bottom erosion on the stability of the structure is limited even if no
energy dissipator is installed. However, in the case of the pile foundation with a deep
soil depth, erosion of the riverbed will likely affect the structure’s safety, and therefore it
is essential to design and manage the energy dissipator. In this study, the Changnyeong-
Haman weir as a pile foundation type with the deepest soil depth was selected as the study
target. Below, we review the downstream flow characteristics and verify the adequacy of
the energy dissipator.

3.2. Modeling

The FLOW-3D model is based on unsteady-state simulation, with continuity equations,
3D momentum conservation equations (Navier-Stokes equations), and energy equations
employed to simulate the flow phenomena of incompressible and compressible fluid flows.
Five techniques can be applied to the analysis of fluid turbulence: the mixed length model,
the turbulence energy model, the »xmo model, the renormalized group theory model, and
the large eddy simulation model. Moreover, FLOW-3D has better calculation times and
boundary expressions than other programs in calculating free surfaces based on the finite
difference method. In addition, for accurate flow analysis, turbulence must also be analyzed.
There are Direct Numerical Simulation (DNS), Large Eddy Simulation (LES), and Reynolds-
averaged Navier-Stokes (RANS) simulations for analyzing turbulence problems. In this
study, the LES model with high accuracy was applied. LES applies a spatial average within
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the grid instead of the time average of the Navier-Stokes equation. Moreover, the flow up
to the size that can be expressed by the filter is directly calculated, and the flow smaller than
that is statistically processed. Furthermore, LES can simulate realistic turbulence compared
to other models.

Shallow foundation

Bed protection
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Apron Bed protection
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Figure 1. Effect of downstream riverbed erosion according to the type of weir foundation.

For the modeling, this study used the results of a water depth survey (Figure 2)
conducted in June 2015 when the modification of the rubble ground of the Changnyeong-
Haman weir was completed. Table 1 shows the model construction’s X, Y, and Z analy-
sis ranges.

Table 1. Modeling range.

Divisi X Axis (Left, Right) Y Axis (Flow Direction+) Z Axis (Vertical Direction)
ivision

Min Max Min Max Min Max
Coordinates —800 600 —1000 1700 -30 18

In consideration of the purpose of this study, the grid size of the model was densely
constructed with an average of X 0.25m X Y 0.5 m x Z 0.25 m for the weir structure
and energy dissipator section. The upstream and downstream sections with large fluc-
tuations in flow due to the discharge from the movable weir consisted of an average of
X147 m x Y 245m x Z 0.36 m. The remaining sections were divided into an average of
X71m xY6.7m x Z1.15m, for a combined total of 1,540,800 grids. Table 2 and Figure 3
show the model grid details and the 3D shape around the structure, respectively. For the
roughness, the criteria of French (1985) were applied, with values of 0.055 for the channel
and bed protection, and 0.003 for the concrete structures applied [28].
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(a) Model grid (b) 3D terrain shape

Figure 3. Grid of the model and 3D terrain shape.

Table 2. Grid size of the model.

X Size (m) Y Size (m) Z Size (m)

Division Grid Number
Min Max Min Max Min Max
Surrounding structure 0.25 0.25 0.50 0.50 0.23 0.26 153,600
Upstream and 125 269 100 390 033 038 612,000
downstream sections
Other 2.00 12.20 4.00 9.40 0.90 1.20 775,200
Total 1,540,800

3.3. Field Discharge Experiment

In this study, data from a gate discharge experiment conducted in the field were used
to verify the adequacy of the developed 3D model. For the field gate discharge experiment
shown in Figure 4, the movable weir maintenance gate No. 2, where the flow is concentrated
during discharge, was selected as the target section. A microwave water surface current
meter was installed on the weir bridge, and the surface velocity was measured at points
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about 20 m, 35 m, and 55 m downstream when the gate was opened 9% (0.7 m, Case 1) and
15% (1.2 m, Case 2). The results are shown in Figure 5.
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Figure 5. Gate operating conditions in the discharge experiment.

As a result of the experiment, when the sluice gate was opened 0.7 m (9%), the flow
velocity was measured to be a minimum of 0.135 m/s, a maximum of 1.206 m/s, and
an average of 0.29-0.81 m/s. When the gate was opened 1.2 m (15%), the flow velocity
was measured to be a minimum of 0.100 m/s, a maximum of 1.272 m/s, and on average,
0.42 to 0.96 m/s. The experimental results are shown in Figures 6 and 7 and Table 3. In
the Figures 6 and 7, it shows the data measuring the velocity at each downstream point
according to the gate opening.
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Figure 6. Surface velocity results from a 0.7 m open gate.
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Figure 7. Surface velocity results from a 1.2 m open gate.

Table 3. Overall results of the field gate discharge experiment.

Surface Velocity (m/s)

Divisi Gate
ivision .
Opening . 20m 35m 55 m
Review Downstream Downstream  Downstream
Min 1.208 0.934 0.448
Case 1 0.7 m (9%) Max 0.240 0.135 0.201
Average 0.810 0.290 0.310
Min 0.625 1.272 1.071
Case 2 1.2 m (15%) Max 0.243 0.100 0.798
Average 0.420 0.690 0.960

3.4. Calibration of the Model

To verify the constructed FLOW-3D model, simulations were performed by applying
the same upstream and downstream water level conditions and gate operating conditions
as in the field gate discharge experiment. The surface flow velocity distribution according
to the simulation results and the longitudinal velocity distribution in the center of the gate
are shown in Figures 8 and 9 for the two cases.

Tables 4 and 5 show the surface velocity and flow rate at each point for the two cases
by comparing the results of the field gate discharge experiment and numerical analysis.
The flow accuracy was analyzed to be 82% (9 m3 /s difference) in Case 1 and 87% (15 m3/s
difference) in Case 2. For the flow velocity, 86-99% accuracy was confirmed in Case 1 with
a difference of 0.04 to —0.01 m/s, whereas that in Case 2 was 83-98% with a difference of
0.16 to —0.01 m/s.

Table 4. Comparison of field gate discharge experiment and numerical analysis results, Case 1.

. Surface Velocity (m/s)
T Discharge
Division (m3/s) 20 m 35m 55m
Downstream Downstream Downstream
Field experiment 50 0.81 0.29 0.31

Numerical 59 0.80 0.33 0.34

analysis
Difference +9 —0.01 +0.04 +0.03

Accuracy 82% 99% 86% 90%
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(b)

Figure 8. Numerical simulation results for the gate discharge test conditions, Case 1. (a) Case 1
surface velocity distribution. (b) Case 1 longitudinal velocity distribution of gate center.

velocity magnitude

(El.m)
-10.0 -

(b)

Figure 9. Numerical simulation results for the gate discharge test conditions, Case 2. (a) Case 2

surface velocity distribution. (b) Case 2 longitudinal velocity distribution of gate center.
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Table 5. Comparison of field gate discharge experiment and numerical analysis results, Case 2.

Surface Velocity (m/s)

e .. Discharge
Division (m3/s) 20 m 35m 55m
Downstream Downstream Downstream

Field experiment 112 0.42 0.69 0.96
Numerical 127 0.41 0.72 1.12

analysis
Difference +15 —0.01 +0.03 +0.16
Accuracy 87% 98% 96% 83%

4. Analysis of 3D Flow Characteristics by Gate Operation Situation
4.1. Review Condition

In order to examine the worst-case scenario for weir hydraulic structures, it is impor-
tant to consider the average water depth of the downstream section and the flow velocity
at the bottom, which are applied as variables when designing the energy dissipator. Ac-
cordingly, in order to increase the stability of the design, it is important to estimate the flow
velocity through appropriate boundary conditions and gate operating conditions.

In this study, as shown in Table 6, the water level with a fully open gate and a large
difference in upstream and downstream water levels was first applied as a boundary
condition. Second, the flood season water level at the planned frequency (100-year) with
the largest flow discharge was applied as another boundary condition. In order to compare
the difference in flow rates according to the gate operation, Case 3 and Case 5 reflect
situations in which three gates are fully opened at once, whereas Case 4 and Case 6 reflect
situations in which only the central floodgate is fully opened.

Table 6. Boundary conditions for flow characteristics analysis.

Division Upstream Level Downstream Gate
(EL. m) Level (EL. m) Operation
Case 3 5.00 0.76 Full opening,
three gates
Management- :
waterlevel g0 4 5.00 0.76 Full opening,
Virtual central gate
condition :
Case 5 12.80 12.03 Ftuhu N
100-year ree gates
frequency Case 6 12.80 12.03 Full opening,

central gate

4.2. Analysis Results
42.1.Case3

As a result of the analysis of Case 3, the hydraulic jump was terminated within the
apron section as shown in Table 7 and Figure 10. When examining the flow velocity in the
bed protection section, a maximum flow velocity of 5.14 m/s occurred 124.5 m downstream
of movable weir 2. As a result, the flow velocity propagation tendency was found up
to about 700 m downstream with a high flow velocity of 5.0 m/s or more based on the
maximum terminal velocity. In addition, as the flow rate weakened to 3.0 m/s or less as
it passed through the puddle section, it can be confirmed that an energy reduction was
achieved through a rapid change in the longitudinal section due to natural riverbed scour.
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Table 7. Comparison of maximum velocity by vertical section, Case 3.
s Flow Velocity (m/s) Tractive Force (N/m?)
Division

Weir 1 Weir 2 Weir 3 Weir 1 Weir 2 Weir 3

No. 1 point 3.98 5.14 4.81 18.47 30.95 26.89

No. 2 point 0.84 1.86 0.60 0.57 2.57 0.26

No. 3 point 1.81 1.98 1.53 3.10 3.52 2.02

No. 4 point 1.73 3.58 2.35 8.32 14.97 7.26

Longitudinal velocity distribution of movable weir 2

0.0 1.9

Longitudinal velocity distribution of movable weir 1
0.0 1.9 38 58 7.7 96 15

Longitudinal velocity distribution of movable weir 3
5.8 77 9.7 116 0.0 19 38 5.8 7.7 9.6 15

446.147 695.798 -53.155 196.496 X(m) 446.147 695.798

Figure 10. Analysis result of Case 3.

42.2. Case 4

As a result of the analysis of Case 4, the hydraulic jump was terminated within the
apron section as shown in Table 8 and Figure 11. When examining the flow velocity in the
bed protection section, a maximum flow velocity of 5.81 m/s occurred 124.5 m downstream
of movable weir 2. As a result, the flow velocity propagation tendency was found up
to about 200 m downstream with a high flow velocity of 5.0 m/s or more based on the
maximum terminal velocity. Then as in the previous case, as the flow rate weakened to
1.0 m/s or less as it passed through the puddle section, it can be confirmed that an energy
reduction was achieved through a rapid change in the longitudinal section due to natural
riverbed scour.

Table 8. Comparison of maximum velocity by vertical section, Case 4.

Flow Velocity (m/s) Tractive Force (N/m?)
Division
Weir 2 Weir 2
No. 1 point 5.18 26.89
No. 2 point 1.17 0.26
No. 3 point 2.07 2.02

No. 4 point 1.32 7.26
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0.00

Longitudinal velocity distribution of movable weir 2
0.75

o

-49.695 137.224 324.143

X(m)

511.062 697.981

Figure 11. Analysis result of Case 4.

4.2.3. Case 5

As a result of the analysis of Case 5, a hydraulic jump did not occur due to the
large flow discharge of the river. The results are shown in Table 9 and Figure 12. When
examining the flow velocity in the bed protection section, a maximum flow velocity of
2.99 m/s occurred 124.5 m downstream of movable weir 2. As a result, the flow velocity
propagation tendency was found up to about 200 m downstream with a high flow velocity
of 3.0 m/s or more based on the maximum terminal velocity. It was also confirmed that the
flow characteristics were restored to the average flow velocity of 2.0 m/s during a planned
flooding as the flow passed through the puddle section.

Table 9. Comparison of maximum velocity by vertical section, Case 5.

s Flow Velocity (m/s) Tractive Force (N/m?)
Division
Weir 1 Weir 2 Weir 3 Weir 1 Weir 2 Weir 3
No. 1 point 3.98 5.14 4.81 18.47 30.95 26.89
No. 2 point 0.84 1.86 0.60 0.57 2.57 0.26
No. 3 point 1.81 1.98 1.53 3.10 3.52 2.02
No. 4 point 1.73 3.58 2.35 8.32 14.97 7.26

Longitudinal velocity distribution of movable weir 1

0.00 078 1.56 235 313 391 4.69
18.0
(Elvm) l
<.|o.o w 2R e )
53.155 196496  y(m) 446.147 695.798

Longitudinal velocity distribution of movable weir 3
0.00 0.76 1.53 229 3.06 3.82 459

1.50 2.24 299 3.74 4.49

I

18.0

Y
(El.m)
30.0

“m [

196.496  y (m) 446.147 695.798

Figure 12. Analysis result of Case 5.
4.2.4. Case 6

As a result of the analysis of Case 6, a hydraulic jump did not occur due to the
large flow discharge of the river. The results are shown in Table 10 and Figure 13. When
examining the flow velocity in the bed protection section, a maximum flow velocity of
4.36 m/s occurred 124.5 m downstream of movable weir 2. Again, it was confirmed that
the flow velocity propagation tendency was restored to the average velocity of 2.0 m/s of a
planned flood while passing through the puddle section about 150 m downstream based
on the maximum longitudinal velocity.
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Table 10. Comparison of maximum velocity by vertical section, Case 6.
. Flow Velocity (m/s) Tractive Force (N/m?)
Division
Weir 2 Weir 2
No. 1 point 4.36 16.07
No. 2 point 0.16 0.02
No. 3 point 1.66 2.06
No. 4 point 201 3.44
m‘ Ci g/ Mag m*
=2 de Longitudinal velocity distribution of movable weir 2
5 0.00 1.10 220 3.30 441 551 6.61
18.0
Y
(El.m)
-30.0

54.771 95.694 246.159( ) 396.624 547.089 697.554
X(m

Figure 13. Analysis result of Case 6.

4.2.5. Comparison of Analysis Results

Table 11 compares the results for the four virtual operating conditions. The change in
the maximum downstream flow velocity according to the difference in water level, and the
change in the maximum downstream flow velocity, water depth, and propagation distance
according to the gate opening condition are shown.

Table 11. Comparison of analysis results by case.

Diison e Mterlel o waerledd | Vlody  Deph T’ Ul
! ! (N/m?) (m)

#1 3.98 6.80 18.47 700

Case 3 #2 5.00 0.76 5.14 6.70 30.95 700
#3 4.81 6.83 26.89 700

Case 4 #2 5.00 0.76 5.81 6.38 40.53 200
#1 2.13 18.07 3.83 700

Case 5 #2 12.80 12.03 2.99 18.08 7.49 700
#3 2.61 18.06 5.73 700

Case 6 #2 12.80 12.03 4.36 17.78 16.07 200

In Cases 3 and 4, the management level condition, maximum velocity, and tractive
force were greater downstream than in Cases 5 and 6. Therefore, it was confirmed that
the effect of the water level difference on the downstream flow of the hydraulic structure
has a greater effect than the discharge. In addition, Cases 3—6 were compared to check the
difference in the downstream flow according to the opening of the gate. As a result, when
all three gates were opened, the propagation distance of the flow was longer than when
one gate was opened. In the case of opening one gate, the downstream maximum flow
velocity and tractive force were greater than in the case of opening three gates. Therefore,
Case 4, in which the maximum flow velocity and tractive force occurred, is judged to be
the worst condition for hydraulic structure design.

4.3. Comparison with Actual Operating Conditions

In real operating conditions, stronger flow conditions may occur than virtual con-
ditions. Therefore, in this study, the Changnyeong-Haman weir gate operation history
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from 2013 to 2018 was reviewed (Figure 14). As for the review conditions, as shown in
Table 12, the situation in which the sluice gate was discharged under the largest water level
difference was selected as the comparative condition.
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Figure 14. Changnyeong-Haman weir gate operation in the period 2013-2018.

Table 12. Boundary conditions for comparison with actual operating conditions.

Upstream Water Downstream Water

Division Level (E.L. m) Level (E.L. m) Gate Operation
Actual Case7 5.50 2.58 All gates, 54% open
operating
conditions Case 8 5.14 1.78 All gates, 49% open

Case 7 is the condition in which all movable weir gates were opened by 3.8 m during
the rainy season on 19 June 2013. Case 8 is the condition in which all movable weir gates
were opened by 3.5 m during the rainy season on 9 July 2013. For the two cases, we
examined how the downstream flow characteristics changed according to the upper and
lower water levels and the gate opening condition. The analysis results are shown in
Figure 15. The water level, flow velocity, and Froude number in each section were also
compared, as shown in Figures 15-17 and Table 13.

According to the analysis results, in Cases 7 and 8§, it is judged that a hydraulic jump
did not occur because the Froude number was maintained below 1, even in the section with
gate overflow. The Froude number at the end of the apron was similar, around 0.2-0.3, in
both design and actual operating conditions. Moreover, analyzing the velocity and Froude
number in the bed protection section revealed that the actual operating conditions were
lower than the design conditions. Therefore, it was possible to confirm that the previously
selected design conditions were valid.

In Case 7, the gate opening was larger than in Case 8, whereas in Case 8, the water
level difference between the upstream and downstream regions was larger than in Case
7. The average velocity and the bottom velocity at the section crossing the apron were
largely analyzed in Case 7 with the large gate opening. On the other hand, the average of
the maximum velocity in the bed protection section was largely analyzed in Case 8. As a
result, it is judged that the gate opening has a large influence on the bottom velocity, and
the upstream and downstream water level difference due to the influence of gravity waves
has a more significant effect on the average flow velocity.



Sustainability 2022, 14, 10493 14 of 17

0.00 1.00 2.00 3.00 4.00
80 ¢ T ] 8.0
Y
(YEI.I'n) | (El.m)
30.0
m'o - r + + + + + + + 1
00 a0 20 " s0 10 200 -100.00 -24.93 50.14 125.21 200.28
X(m) X(m)

(a) Case 2 (A head: 4.24 m) (b) Case 7 (A head: 2.92 m)

EREEEECCEEEEEE L ]

10000 2493 5014 125.21 200.28
X(m)

(c) Case 8 (A head: 3.36 m)

Figure 15. Analysis results of vertical velocity: Case 2, Case 7, Case 8.
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Figure 17. Analysis results for the Froude number: Case 2, Case 7, Case 8.
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Table 13. Analysis results by point for the design condition and actual operating conditions.

Division

Observation Point (m)

-50 —40 -—-35 —-30 —25 —20 —10 0 29 3.9 6.2 6.9 10 15

Design 483 469 458 438 410 369 261 120 046 039 —-157 —-145 —-1.06 -0.12

Water level

Case 7 529 524 520 516 511 503 487 121 19 183 157 167 175 120

(e Case8 499 496 493 491 486 483 471 003 069 069 074 072 039 071
Design 683 669 658 646 618 577 486 328 270 636 518 530 569 663

Depth (m) Case7 729 724 720 724 717 711 696 366 865 858 832 842 850 795
Case8 699 696 693 699 694 691 680 293 744 744 749 747 714 746

Design 168 234 278 343 417 507 665 909 116 669 677 645 573 525

Average  Case7 198 223 242 255 281 302 330 750 379 358 333 330 344 404

Velocity Case8 163 182 196 207 229 246 268 800 361 342 352 354 395 350
(m/s) Design 106 157 197 257 325 437 622 909 132 103 180 270 660 7.90
Bed Case7 152 172 192 196 221 242 220 636 106 189 436 487 642 632

Case 8 124 138 153 157 179 197 171 834 197 337 529 560 693 6.28

Design 020 029 035 043 054 067 097 160 225 08 09 090 077 0.65

Froude number

Case 7 023 02 029 030 033 036 040 076 042 040 038 038 041 046

Case 8 020 022 024 025 028 029 032 075 048 045 043 043 045 041

Upstream bed protection Concrete + gate Downstream apron

Division

Observation point (m)

20 25 30 50 60 70 80 90 100 110 120 150 175 200

Design -073 013 043 072 075 070 068 070 069 068 068 070 071 0.70

Water level

Case 7 197 228 241 252 259 257 253 255 257 255 250 257 259 257

(EL-m Case8 118 142 162 174 179 18 179 174 172 172 172 173 179 180
Design 602 583 613 642 645 640 638 640 639 638 638 1590 2426 26.07
Depth (m) Case 7 858 798 809 822 829 827 823 825 827 825 820 1741 2588 27.70
Case8 779 717 732 744 749 752 749 744 742 742 742 1698 2522 27.07

Design 447 293 191 246 270 3.03 325 338 343 341 343 184 132 170

Average Case7 336 232 176 166 18 182 180 173 175 204 232 145 111 127

Velocity Case8 259 198 149 111 1.05 125 150 167 188 213 236 132 133 151

(m/s) Design 580 576 4.08 152 169 196 213 220 218 211 219 018 035 042

Bed Case7 428 395 358 196 166 139 123 171 167 177 200 093 127 155

Case 8 406 39 218 139 115 101 094 091 109 137 169 112 126 203

Design 05 039 025 031 034 038 041 043 043 043 043 015 009 011

Froude number

Case 7 035 02 020 019 020 020 020 019 019 023 026 011 0.07 0.08

Case 8 037 035 032 032 033 033 029 028 027 027 027 010 010 0.10

Downstream apron Downstream bed protection Stone reinforcement

5. Conclusions

In this study, a 3D model was constructed to investigate the flow characteristics
downstream of a hydraulic structure. The validity of the analysis model was first verified
by comparing the analysis results with field discharge experiment results. Then, based on
the verified analysis model, various boundary conditions and gate operating conditions
were applied to identify the flow characteristics of the downstream hydraulic structures.
The results of this study are summarized as follows:

(1) A three-dimensional flow analysis tool that can calculate the flow velocity according to
the water depth with the capability to handle rapidly varying flow analysis is essential
for high-accuracy research. Therefore, among the commercialized 3D CFD programs,
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Flow Science Inc.’s FLOW-3D software was used, which has various application cases
for domestic rivers, whereas the Changnyeong-Haman weir of the Nakdong River in
the ROK was selected as the channel for analysis model construction.

(2) A 3D flow analysis was performed by applying the same gate operating conditions
as in a field gate discharge experiment. In the simulation results, the flow discharge
differed from the measured value by 9-15 m3/s, from which the accuracy was evalu-
ated to be 82-87%. The flow velocity was evaluated with an accuracy of 92% from a
difference of 0.01 to 0.16 m/s. Accordingly, the suitability of the constructed analysis
model was verified.

(3) Based on the verified analysis model, various boundary conditions and gate operat-
ing conditions were applied to analyze the flow characteristics downstream of the
hydraulic structure, the results of which were compared with the field experiment
results. Case 4, where the maximum flow rate occurred in the bed protection section,
was analyzed as the worst condition for hydraulic structure design.

(4) Finally, by reviewing the gate operation performance of the Changnyeong-Haman
weir from 2013 to 2018, two cases in which the sluice gate was opened by more than
50% under a large water level difference were selected, and the flow characteristics
were analyzed. As a result of the analysis, the actual operating conditions showed
that the velocity and the Froude number were lower than the optimal conditions,
confirming that the selected design conditions were appropriate. Additionally, the
flow velocity for the apron section was analyzed to be higher as the gate opening was
larger. In the bed protection section, it was confirmed that the average flow velocity
was high when the water level difference was large, and the bottom velocity was high
when the gate opening was large.

Based on the results of this study, the developed FLOW-3D-based model can be
applied to creating or updating flow analysis guidelines for future repair and reinforcement
measures, as well as for hydraulic structure design. In addition, if the flow characteristics
according to gate operation are analyzed in connection with soil transport and the transport-
diffusion of pollutants, the developed model can be effectively applied to the prediction of
riverbed fluctuations and water quality problems.
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