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Abstract: A stilling basin with sudden enlargement and bottom drop leads to complicated hydraulic
characteristics, especially a fluctuating pressure distribution beneath 3D spatial hydraulic jumps.
This paper used the large eddy simulation (LES) model and the TruVOF method based on FLOW-3D
software to simulate the time-average pressure, root mean square (RMS) of fluctuating pressure,
maximum and minimum pressure of a stilling basin slab. Compared with physical model results,
the simulation results show that the LES model can simulate the fluctuating water flow pressure
in a stilling basin reliably. The maximum value of RMS of fluctuating pressure appears in the
vicinity of the front of the stilling basin and the extension line of the side wall. Based on the
generating mechanism of fluctuating pressure and the Poisson Equation derived from the Navier–
Stokes Equation, this paper provides a research method of combining quantitative analysis of
influencing factors (fluctuating velocity, velocity gradient, and fluctuating vorticity) and qualitative
analysis of the characteristics of fluctuating pressure. The distribution of fluctuating pressure in the
swirling zone of the stilling basin and the wall-attached jet zone is mainly affected by the vortex
and fluctuating flow velocity, respectively, and the distribution in the impinging zone is caused by
fluctuating velocity, velocity gradient and fluctuating vorticity.

Keywords: submerged jump; sudden lateral enlargement and bottom drop; large eddy simulation;
vortex; fluctuating pressure

1. Introduction

Energy dissipation by hydraulic jump is a traditional method that is used to dissipate
excess energy, where the stilling basin is an important part of the energy-dissipating struc-
tures. Since the underflow stilling basin dissipates energy through large-scale turbulence,
the energy dissipation is mainly concentrated in the front half of the stilling basin, which
causes high flow velocity, slab damage by erosion [1], and cavitation. Fluctuating pressure
beneath hydraulic jumps can cause extremely serious damage, and the fluctuating lifting
force is an important factor in the failure of the stilling basin slab. Liu et al. [2] discussed
fluctuating pressure propagation within lining slab joints in stilling basins. Seyed Nasrol-
lah et al. [3] advanced and predicted fluctuating pressure and extreme pressure beneath
hydraulic jumps with a statistical method.

To solve these problems, stilling basins with bottom drop were applied in many actual
energy dissipation projects, such as Xiangjiaba Dam, Jinanqiao Dam, and so on. A stilling
basin with bottom drop plays an important role in a new type of energy dissipater, which
is obviously different from the traditional underflow stilling basin [4]. Li et al. [5] focused
on the best depth of a stilling basin with shallow-water cushion by large eddy simulation
(LES) modeling. Luo et al. [6] studied the distribution characteristics of fluctuation pressure
and lifting load in a stilling basin with step-down for floor slab.

In order to increase the energy dissipation rate and adapt to special terrain require-
ments, the stilling basin should be designed to be wider than the updown discharge chute.
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From the perspective of engineering economy, the conjunction section should be designed
to be abrupt or divergent between discharge chute and stilling basin. In this circumstance,
a spatial hydraulic jump is formed. Zhang et al. [7] carried out a series of systematic
experiments and studied the impact of two expanding conjunction types. Katakam et al. [8]
studied the characteristic of the spatial hydraulic jump in a stilling basin with abrupt drop
and sudden enlargement by experiments and theoretical analysis. Nasrin et al. [9] studied
hydraulic jump in a gradually expanding rectangular stilling basin with roughened bed.

In order to reduce the high cost and capture the flow characteristics compared with
laboratory experiments, researchers have attempted simulation by computational fluid
dynamics (CFD) software. FLOW-3D has been successfully reported in recent studies on
energy dissipation, scouring, and waving [10–17].

Although the presence of the drop reduces the bottom velocity and can slow down
part of the fluctuating pressure, the sudden expansion creates a vertical vortex on both
sides based on the formation of a horizontal vortex under the slam. The superposition of
the horizontal and vertical axis vortex makes the fluctuating pressure characteristics of the
stilling basin slab particularly complicated. Some scholars have studied the fluctuating
pressure of the stilling basin by physical model tests or using the κ-ε turbulence model
to determine the height of the drop, the depth of the stilling basin, and the length of the
underflow [4,6,18,19]. Ferreri et al. [20] studied the different types of hydraulic jumps that
occur in a rectangular channel at drop and abrupt enlargement.

It is commonly known that the Reynolds Averaged Navier-Stokes (RANS) model
cannot get the information of water flow fluctuation. So a few researchers have studied
the fluctuating pressure of a stilling basin slab with sudden expansion and bottom drop
through numerical simulation methods. In order to obtain the information of the entire flow
field, it is particularly necessary to use a turbulence model that can reflect the fluctuation
of the water flow. The large eddy simulation (LES) model has a proportional advantage in
simulating the characteristics of water flow fluctuation [5,21–23].

The flow pattern of the stilling basin with sudden enlargement and bottom drop
is particularly complex, and its fluctuating pressure characteristics are closely related to
the safety of the stilling basin slab. However, little attention has been dedicated to the
simulation of fluctuating pressure. To do so, a series of researches regarding the fluctuating
pressure on the stilling basin slab was simulated and analyzed in this paper.

Considering that there is controversy about fluctuating pressure between prototypes
and physical models due to the scale effect [24], in order to avoid the influence of model
scaling, this work is based on the shape of a physical model test of a certain actual project
and analyzes the model results. This study not only discusses the horizontal and vertical
distribution of fluctuating pressure on a stilling slab, but also establishes a relationship
among fluctuating velocity, velocity gradient, fluctuating vorticity, and fluctuating pressure.

2. Physical Model and Problem Description
2.1. Experimental Setup

Liyuan Hydropower Station in the Jinsha River, Yunnan Province, China, was physi-
cally modeled in the hydraulic laboratory of Northwest Agricultural and Forestry Univer-
sity at a scale of 1:50. As shown in Figure 1, from an economic perspective, the width of
the stilling basin should be designed wider than the discharge chute. So the width of the
discharge chute and the stilling basin is 147 and 222 cm, respectively, with an expansion
ratio of 222/147 = 1.5; the height of bottom drop is 35 cm. Apart from the model layout
in Figure 2, it is obvious that the conjunction between the discharge chute and the still-
ing basin is designed to be expanded abruptly. To avoid redundancy, only 3 operating
conditions given in Table 1 are included in this study.

Water was fed to a reservoir by a regulated pump, and the pump rotation speed and
the water level in the tank feeding the experimental device remained constant for every
measurement. This provided constant discharge, steady flow and boundary conditions
to guarantee the repeatability of the experiments. The flow discharge was measured
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by a rectangular thin-wall weir set up downstream. The velocity was measured by a
propeller-type current meter (relative error ≤ ±5%). The data of fluctuating pressure
were collected by a DJ800 system, which was developed by the China Institute of Water
Resources and Hydropower. The sensor type was selected as piezoresistive silicon pressure
transducer (precision: 10 Pa; measurement error: ≤ ±0.5%) to measure time-average and
fluctuating pressure. The fluctuating pressure sensor is flush and perpendicular to the
pressure measuring surface. After the model manufacturing and installation are completed,
inspection, calibration and verification are carried out to reduce errors. The fluctuating
pressure data-processing process is shown in Figure 3.

According to previous research results and existing test data, the main frequency
of fluctuating pressure is generally concentrated below 25 Hz [25]. According to the
requirement of Nyquist sampling theory, the sampling frequency in this test was 50 Hz,
which is twice the highest frequency, and the sample capacity was 4096. Data collection
at time intervals of 0.02 and 0.04 s was performed in the same working conditions. The
statistical analysis results of the collected data show that the RMS value and main frequency
of fluctuating pressure at the same measuring points are basically the same at 2 collection
frequencies. According to relevant research results and instrument storage capacity, the
sample capacity selected was 4096.
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Table 1. Operating conditions.

Condition Flow Discharge
(m3/s)

Inflow Froude
Number

Inflow Velocity
(m/s)

Inflow Water
Depth (m)

1 0.942 5.295 5.611 0.114
2 0.643 4.545 4.489 0.097
3 0.232 4.227 3.018 0.052

2.2. Large Eddy Simulation (LES) Model

In a large eddy simulation (LES) [26,27], the basic idea is to decompose the instan-
taneous fluctuation motion in turbulence into 2 parts, large-scale and small-scale eddies,
through the filtering method, and the large-scale vortex of turbulence is simulated directly
by solving the momentum equation, but not directly calculating small-scale vortices, which
are represented by a subgrid model. After filtering with the incompressible Navier–Stokes
(N-S) equation, the governing equations of the large eddy simulation are obtained:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

ρ
∂(ui)

∂t
+ ρ

∂

∂xj
(uiuj) = −

∂p
∂xi

+ µ
∂2ui

∂xj∂xj
− ρ

∂τij

∂xj
(2)

where u is velocity; t is time; x is the coordinate; i, j is the coordinate orientation; in
τij = uiuj − uiuj, the value with “–” represents the large-scale parameters after filtering; ρ
is the density of water; g is the acceleration of gravity; µ is the viscosity coefficient; and
τij is the subgrid-scale stress, describing the impact caused by small-eddy movement on
large-eddy movement.

The Smagorinsky–Lilly subgrid model is adopted in this paper, and the subgrid stress
is computed from

τij = −2νtSij +
τkkδij

3
(3)
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where the turbulent viscosity is molded by

υt = (CS∆)2∣∣S∣∣ (4)

and Sij represents the strain rate tensor, which is defined as

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(5)

where δij =

{
1, i = j
0, i 6= j

,
∣∣S∣∣ = √2SijSij, and CS represents the Smagorinsky constant, which

is 0.16 in this study.
FLOW-3D computational fluid dynamics (CFD) software was used in the study. The

governing equations involved in this calculation were the continuity, N-S, gas–liquid
interface, and turbulence equations. The finite-difference discrete method was used to
solve the control equations. The TruVOF method was used to trace the free surface for 3D
complicated flow field [28]. The transportation equation of the fluid volume function F in
FLOW-3D can be described as follows:

∂F
∂t

+
1

VF

[
∂(FAxu)

∂x
+

∂
(
FAyv

)
∂y

+
∂(FAzw)

∂z

]
= 0 (6)

The projection-based generalized minimum residual (GMRES) method was used for
the pressure iteration term to improve the solution convergence speed. The Courant–
Friedrichs–Lewy maximum number was set to 0.45 [15].

To prevent the solver from diverging at the beginning of the calculation, the initial
step size was set to 10−8 s. According to the sampling theorem, the sampling interval time
was 0.02 s. Consequently, the total calculation completion time was set to 52.5 s. After
the calculation was stable, the simulation time was 30–50.48 s for analysis. In order to
analyze the fluctuating pressure in the time domain, the total sampling time was 20.48 s,
and 1024 sets of discrete fluctuating pressure data points were accumulated.

2.3. Computational Domain and Boundary Conditions

Ten pressure monitoring points were added in the numerical model. The layout of
pressure measurement points is shown in Figure 1. The data information sampling interval
was consistent with the numerical simulation. The specified pressure P was considered
as the inlet of block 1. For the outlet of block 2, the downstream boundary condition
adopted a pressure outlet P and the bottom plate of the downstream tailwater section of
the stilling basin was used as a reference, and the pressure head was determined according
to the model test measurement. Moreover, the specified pressure boundary condition P
(P = 0) was considered as the top surface of block 1, which is consistent with atmospheric
pressure. For the sides and bottom, the no slip boundary condition S was considered. The
wall surface function method was used for the near wall surface, and the wall surface
equivalent roughness of the side wall of the sink and the bottom of the stilling basin was
taken as 0.001 m. To improve the efficiency of calculation and ensure faster stability, as
shown in Figure 4a, two initial water regions as incompressible fluid were added to the
numerical model.
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3. Numerical Methodology and Model Validation

Combined with the physical model test, the numerical simulation results of represen-
tative operating condition 1 were verified and analyzed. The relevant verification results
are as follows.

3.1. Grid Sensitivity Analysis

The calculation model has two mesh blocks that use a structured rectangular hexahe-
dral mesh, as shown in Figure 4b. The mesh size of containing block 1 included the entire
computational spatial domain, then block 2 was built by a nested grid, which was created
for the end of the discharge chute and the stilling basin area where the hydraulic jump
took place.

It is well known that simulation results are sensitive to the grid size, especially for
LES. Motivated by this, the sensitivity analysis of grid size and quality were studied [29,30].
By adding two flux surfaces to the 3D mathematical model, the discharge of the spillway
can be monitored. Typical operating condition 1 was selected for a grid independence
test. Four schemes are given in Table 2; it is clear that grids 3 and 4 are sufficient for grid
accuracy, the difference of which is 1.49 and 1.06% (<2%), respectively, compared with the
physical model results. In order to improve calculation efficiency and ensure computation
accuracy, this paper finally adopted grid 3 to carry out a series of simulation studies.

Table 2. Grid independence test.

Grid Containing Block
Cell Size (m)

Nested Block
Cell Size (m)

Discharge
(m3/s)

Relative Error
(%)

1 0.050 0.025 0.990 5.10
2 0.040 0.020 0.969 2.70
3 0.030 0.015 0.956 1.49
4 0.020 0.010 0.952 1.06

3.2. Comparison of Flow Pattern, Water Surface Profile, and Velocity

In order to study the hydraulic characteristics on the bottom of the stilling basin slab
systematically, the origin of the coordinate was located at the connection between the drop
and the center line of the slab. X represents the distance from the measuring point to the
drop, Y axis is perpendicular to X at the horizontal plane of the slab, Z represents the
distance from the measuring point to the slab along the vertical water depth.

The model test and numerical simulation of the flow patterns are shown in Figure 5. It
can be found in the figure that the flow pattern of the LES result is basically consistent with
the flow pattern of the physical model test, and the simulation result reflects the severe
fluctuation of the water surface in the hydraulic jump region. The distribution along the
water surface profile of the stilling basin center line is shown in Figure 6. The discharge
channel and stilling basin are connected by vertical expansion and falling drop. The first
region of hydraulic jump always occurs at the connection part of the discharge channel
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and the stilling basin under series unit width discharge. The water surface profile began to
rise before the slam, and the peak point was basically in the middle and rear of the stilling
basin, that is, the peak point of the hydraulic jump appeared in the stilling basin.

When jets flow into the stilling basin, there are various shapes of eddies with horizontal
and vertical vortices. According to previous research [5], this study divided the center
line of the stilling basin slab into three zones along the mainstream direction: underflow
swirling zone (I), impinging zone (II), and wall-attached jet zone (III). Combined with
Figure 4, it can be concluded that because the sluice and the bottom plate are connected
by a falling drop, there is a certain thickness of water cushion in the downstream of the
stilling basin.

The bottom velocity is an important control parameter for the design of the stilling
basin. The relative error of bottom velocity defined as

δ1 =
|VC −VT|

VT
× 100% (7)

where VC represents calculation velocity and VT represents test velocity.
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The comparison result of bottom velocity is shown in Figure 7, where x is the distance
from the measuring points of bottom velocity to the origin of coordinate. The values of
x are 15.7 cm, 38.5 cm, 55.1 cm, 87.4 cm, 100.0 cm, 137.4 cm, 187.4 cm, and 251.2 cm. Due
to strong turbulence and aeration in the front of the stilling basin, there are some slight
differences between the experimental and simulated values of the water surface line and
bottom velocity (δ1 < 10%), but the overall trend remains the same.
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In the impinging zone (II), there is a velocity stagnation point (Velocity = 0) at x = 60 cm.
While the water flows into the stilling basin, the downstream flow gradually descends
along the way, forming a horizontal vortex at the bottom of the submerged jet zone. At
the same time, due to the influence of the horizontal vortex, the velocity gradient is large,
causing an underflow swirling zone in the front of the stilling basin. The flow velocity
in zone (I) is negative because of the horizontal clockwise vortex with an elliptical shape
underneath the main jets, and the flow velocity of the wall-attached jet zone in the middle
and rear part changes smoothly.

In summary, LES can basically reflect the characteristics of the flow field.

3.3. Verification of Pressure

The root mean square (RMS) of the fluctuating pressure (defined as σ) is an important
amplitude index to measure the random process of the fluctuating pressure of water
flow [31]. The magnitude of σ reflects the degree of violent pressure fluctuation. The
time-average pressure and the distribution of σ at 10 pressure measurement points along
the center line of the bottom of the stilling basin obtained from the experimental and
numerical results are compared. The comparison results are shown in Figure 8a. Solid and
hollow points represent experimental and calculated data, respectively, and δ2, δ3 represent
the relative error of time-average pressure and σ, respectively. The relative error of σ at the
rear of the stilling slab is slightly larger (δ3 ≤ 10%) because the water flow was relatively
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stable. The result shows that the experimental values of time-average pressure and RMS
of fluctuating pressure are in good agreement with the simulated values. This indicates
that the large eddy model can better simulate time-average and fluctuating pressure on the
stilling basin slab. In the impinging zone (II), the main flow of the submerged jet impacted
the bottom of the stilling basin, so the time-average hydrodynamic pressure acting on
the bottom of the stilling basin slab (II) increased sharply. In the underflow swirling
zone, the RMS of fluctuating pressure increased along the way. The pressure at the 4th
measuring point (x = 68.3 cm) reached the maximum value and then gradually decreased
and remained stable. Both fluctuating and maximum time-average pressure occurred at
the 4th measuring point. The comparison of RMS of maximum and minimum pressure
is shown in Figure 8b. The calculated maximum pressure is slightly smaller than the
experimental maximum pressure. However, the minimum pressure result is the opposite.
The reason for this phenomenon is that actual water current fluctuates more sharply.

Water 2021, 13, x FOR PEER REVIEW 9 of 19 
 

 

3.3. Verification of Pressure 
The root mean square (RMS) of the fluctuating pressure (defined as σ) is an important 

amplitude index to measure the random process of the fluctuating pressure of water flow 
[31]. The magnitude of σ reflects the degree of violent pressure fluctuation. The time-av-
erage pressure and the distribution of σ at 10 pressure measurement points along the cen-
ter line of the bottom of the stilling basin obtained from the experimental and numerical 
results are compared. The comparison results are shown in Figure 8a. Solid and hollow 
points represent experimental and calculated data, respectively, and 2δ , 3δ  represent 
the relative error of time-average pressure and σ, respectively. The relative error of σ at 
the rear of the stilling slab is slightly larger ( 3δ  ≤ 10%) because the water flow was rela-
tively stable. The result shows that the experimental values of time-average pressure and 
RMS of fluctuating pressure are in good agreement with the simulated values. This indi-
cates that the large eddy model can better simulate time-average and fluctuating pressure 
on the stilling basin slab. In the impinging zone (Ⅱ), the main flow of the submerged jet 
impacted the bottom of the stilling basin, so the time-average hydrodynamic pressure act-
ing on the bottom of the stilling basin slab (Ⅱ) increased sharply. In the underflow swirling 
zone, the RMS of fluctuating pressure increased along the way. The pressure at the 4th 
measuring point (x = 68.3 cm) reached the maximum value and then gradually decreased 
and remained stable. Both fluctuating and maximum time-average pressure occurred at 
the 4th measuring point. The comparison of RMS of maximum and minimum pressure is 
shown in Figure 8b. The calculated maximum pressure is slightly smaller than the exper-
imental maximum pressure. However, the minimum pressure result is the opposite. The 
reason for this phenomenon is that actual water current fluctuates more sharply. 

 
    (a)                                      (b) 

Figure 8. Comparison of pressure at 10 pressure measurement points: (a) Comparison of root mean square (RMS) of fluc-
tuating and time-average pressure; (b) Comparison of maximum and minimum pressure. 

In summary, with the help of FLOW-3D software, the parameters of time-average 
pressure, root mean square (RMS) of fluctuating pressure, maximum and minimum pres-
sure of a stilling basin slab by LES are basically consistent with the measured results of 
the model test. The results demonstrate that the calculation method using the LES model 
to study the fluctuating pressure of a stilling basin is credible and reasonable. 

  

Figure 8. Comparison of pressure at 10 pressure measurement points: (a) Comparison of root mean square (RMS) of
fluctuating and time-average pressure; (b) Comparison of maximum and minimum pressure.

In summary, with the help of FLOW-3D software, the parameters of time-average
pressure, root mean square (RMS) of fluctuating pressure, maximum and minimum pres-
sure of a stilling basin slab by LES are basically consistent with the measured results of the
model test. The results demonstrate that the calculation method using the LES model to
study the fluctuating pressure of a stilling basin is credible and reasonable.

4. Results and Discussion
4.1. Qualitative Analysis of RMS of Fluctuating Pressure

Figure 9 is a distribution diagram of the time-average pressure and σ on the stilling
basin slab under three operating conditions. Figure 10 is the vector diagram at the z = 40 cm
level and the horizontal plane (z = 0 cm) of the bottom of the stilling basin under the three
operating conditions. In Figures 9 and 10, the end of the drop is set as x = 0 cm, the
direction of water flow is set as the positive direction of the x-axis, and the front of the
end sill x = 263 cm is used as the endpoint coordinates. Since the stilling basin is an
axisymmetric structure, its center line is recorded as y = 0 cm, and the endpoint coordinate
y = 80 cm at the position offset from the center line to the left by 80 cm. In Figure 9, the
fluctuating data was extracted for graphing. Cases 1–3 represent three operating conditions
given in Table 1. In case 1, the inflow Froude number (Fr = 5.295) and flow discharge
(Q = 0.942 m3/s in physical model, Q = 16,652 m3/s in prototype) is the largest of three
working conditions.
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4.1.1. Qualitative Analysis of Longitudinal Distribution

Comparing three operating conditions in combination with Figure 9, it can be con-
cluded that the time-average pressure and RMS of fluctuating pressure in the longitudinal
direction along the x-axis are relatively small at the front of the stilling basin, and the turbu-
lence of the water flow is very severe due to the presence of the horizontal vortex [18]. At
the end of the swirling zone (I) and impinging zone (II), the RMS value gradually increases
and reaches the peak value. In the stilling basin, the bottom velocity decreases and its
distribution is more uniform. Therefore, the RMS value of fluctuating pressure gradually
decreases and tends to be low. Results indicated that fluctuating pressure increase with
x/Ls (Ls = stilling basin length), when it reaches the highest point, comes down. Near the
sill, the water depth increases and the time-average pressure increases gradually along the
way, according to the distribution of hydrostatic pressure. Because the residual flow of
water has a certain impact on the tail sill of the stilling basin, the RMS value at the end of
the stilling basin increases slightly, and the value of RMS value increases, with decreasing
inflow Froude number, which is clearly similar to the experimental results of Yan et al. [25].
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4.1.2. Qualitative Analysis of Horizontal Distribution

Due to the sudden lateral enlargement, the main flow of the water is diffused rapidly.
When part of the water flows through the bottom drop, a horizontal axis vortex is formed
near the bottom drop. Only the remaining part of the flow depends on the downstream
water depth to form an incomplete spatial hydraulic jump. Owing to the entrainment effect,
two larger vertical vortices and other large and small vertical vortices that are free in a
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certain area are formed on both sides of the originally incomplete binary 3D hydraulic jump.
The existence of multiple vortices expands the turbulence range of the water flow. The
turbulence in this area is very strong and the water flow can be quickly dissipated, which
improves the energy dissipation rate of the stilling basin to a certain extent. However, the
lateral expansion amplitude is relatively small, especially the underwater lateral expansion
vertical axis vortex, which is squeezed by the water flow near the side wall, and the rolling
strength is difficult to expand horizontally. The superimposed horizontal axis vortex that
develops upstream greatly increases the turbulence of the stilling basin slab, which leads
to the peak of the RMS value in the area between extension line of the side wall of the vent
and x = 25–75 cm. Therefore, the RMS value in the front and middle part of the stilling
basin first increases and then decreases from the center line of the bottom to the side wall.

At the same time, in the impinging zone of the stilling basin, the hydrodynamic
pressure of the current impact is greater. For the area with a large RMS value of fluctuating
pressure, the maximum area is closer to the upstream than the time-average pressure.
The main reason is that the vertical axis vortex center is closer to the upstream, due to
the superposition of the horizontal and vertical axis vortices, so the area has a large flow
velocity gradient. The rotation of the vortex body produces a vertical force on the bottom
slab, causing the dynamic water pressure to be stronger than the time-average pressure, so
the intensity of fluctuating pressure is larger.

4.1.3. RMS of Fluctuating Pressure Distribution at Different Flow Rates

Combining Figures 9 and 10, the maximum RMS value of fluctuating pressure (de-
noted as σmax) and the location of occurrence under three operating conditions are given
in Table 3.

Table 3. Distribution of σmax points under three operating conditions.

Condition σmax (Pa) σmax Point Coordinates (cm)

1 2139 (50,60)
2 1253 (35,55)
3 932 (30,35)

It can be concluded from the table that operating condition 1 has the largest water
flow fluctuation intensity, and the position of the maximum value point occurs the farthest
from the center line. The velocity distribution can reflect the flow state of the water flow
and further affect the pressure distribution. The distribution of σ is related to the flow field.
Combining this with the position distribution of the macro vortex given in Figure 10, it can
be obtained that due to the sudden expansion, the water jet entrains to form a vertical axis
vortex. With the increases flow discharge, the velocity of the main flow into the stilling
basin increases, which causes the centrifugal force of the water flow and the strength of
the vortex to increase. The vortex centers move toward the side wall line. In case 3, the
flow rate and energy are relatively small, the center of the vertical vortex deviates from
the center line to a small degree, and the bottom velocity of the stilling basin is low. On
account of the vertical axis vortex being truncated by the horizontal axis vortex, the energy
and intensity will also weaken and develop downward, so the RMS of fluctuating pressure
is smaller and closer to the center line.

Near the slab of the stilling basin in case 1, there is a vertical vortex structure by water
flow, which indicate that the vertical vortex has already reached the slab of the stilling
basin. When the location of this vertical vortex is fixed, the intensity of the vortex structure
has large effect on the distribution of fluctuating pressure. However, for a stilling basin of
multi-horizontal submerged jets(MHSJs),the vertical vortex breaks into subsidiary vortices
during the transfer process and moves gradually downstream by Zhang et al. [18]. The
intensity of the vortex structure has little effect on slab of the stilling basin.
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4.2. Quantitative Analysis of Fluctuating Pressure
4.2.1. Mathematical Model

In the above study, a preliminary qualitative analysis of the distribution of RMS
caused by the macro-vortex was carried out. However, the generation mechanism of
fluctuating pressure is a very complicated problem. The quantitative analysis requires
in-depth research on the generation mechanism of fluctuating pressure.

The Poisson Equation of fluctuating pressure in flow field is as follows [31]:

∇2p′ = −ρ

[
2

∂ui

∂xj

∂u′j
∂xj

+
∂2

∂xi∂xj

(
u′iu
′
j − u′iu

′
j

)]
(8)

where p′ and u′i are fluctuating pressure and velocity, respectively, and ui is time-averaged ve-
locity.

Equation (8) can be considered as the basic governing equation, in which it is clearly
indicated that fluctuating pressure is mainly caused by fluctuating velocity. The first item
on the right side contains the effect of time-averaged velocity gradient in addition to the
effect of fluctuating velocity. The velocity gradient represents the effect of time-averaged
shear force, which is called turbulence–shear [32]. This item represents the generation
of fluctuating pressure and the combined effect of time-averaged velocity gradient and
fluctuating velocity, which is generally called a quick response term. The second term on
the right side of Equation (8) only contains the effect of fluctuating velocity itself, known as
turbulence–turbulence. According to the two terms in the equation, it can be understood
that the generation of fluctuating pressure is composed of two comprehensive factors: the
interaction of turbulence–shear and of turbulence–turbulence.

To illustrate the relationship between fluctuating pressure and turbulent vorticity, the
turbulent vorticity equation is given as follows:

ω′k =
∂u′j
∂xi
−

∂u′i
∂xj

(i, j, k = 1, 2, 3) (9)

Substituting Equation (9) into Equation (8), we get:

∇2p′ = ρ

[
−2

∂ui

∂xj

∂u′j
∂xj

+
1
2

(
ω′kω

′
k −ω′kω′k

)
− 1
ν

(
ε′ − ε

)]
(10)

where ε′, ε represent turbulence dissipation rate, defined as follows:

ε′ = υ
∂u′i
∂xj

∂u′i
∂xj

, ε = υ
∂u′i
∂xj

∂u′i
∂xj

(11)

The first term on the right side is the quick response term of the time-averaged flow
field and the second term is caused by the turbulent vorticity, which reflects the large-
scale vortex with concentrated vorticity in the turbulent flow. The third term is caused
by the dissipative effect of small-scale vortices, which makes a major contribution to the
high-frequency part of the fluctuating pressure. Because the study of turbulent fluctuating
pressure is mainly focused on low frequency, the third term can be omitted.

Therefore, by omitting the third item, we finally get:

∇2p′ = ρ

[
−2

∂ui

∂xj

∂u′j
∂xj

+
1
2

(
ω′kω

′
k −ω′kω′k

)]
(12)

It can be seen from Equation (12) that the low-frequency and large-amplitude compo-
nents of turbulent fluctuating pressure are mainly caused by the fast response term in the
time-average velocity field and the nonlinear term of the fluctuating velocity field itself
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caused by the large-scale vortex. It can also be understood that the fluctuating pressure
in turbulent flow is the result of the combined action of the flow field and the vorticity
field. Governing Equation (12) shows that fluctuating pressure mainly comes from three
parameters: fluctuating velocity, flow velocity gradient, and vorticity fluctuation. The first
term is the combined effect of fluctuating flow velocity and velocity gradient, and the
second term is the effect of vorticity itself. In this case, the combination of fluctuating flow
velocity and flow velocity gradient is taken as influencing factor 1, and the vorticity itself is
taken as influencing factor 2.

4.2.2. Quantitative Analysis of Longitudinal Distribution

To avoid redundancy, this paper only analyzes the experimental results of representa-
tive operating condition 1. We extract the pressure, flow velocity, and vorticity sequence
calculated in representative operating condition 1 and RMS processing to get Figure 11.
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From Figure 11a, it can be found that the RMS of fluctuating pressure in the back
section of the stilling basin (x = 100–263 cm) is basically consistent with the RMS of
fluctuating velocity, indicating that the fluctuating pressure in the wall-attached jet zone
is mainly caused by flow velocity fluctuation. However, there is no correlation in the
region of x = 0–100 cm, which reflects that the water flow in the middle of the stilling
basin is violently turbulent and the fluctuating velocity is not the main factor causing the
fluctuating pressure.

Based on the analysis of Figure 11, it is not difficult to find that in the front of the
stilling basin, x = 0–60 cm, there is a good correlation between the RMS values of fluctuating
pressure and fluctuating vorticity, mainly due to a large reverse vortex at the bottom of the
submerged jet area, and the fluctuating pressure in this area is mainly caused by the vortex.
In the stilling basin slab x = 60–100 cm area, the fluctuating pressure is not caused solely
by fluctuating velocity or vorticity. The turbulent flow in this area is severe. Moreover,
there is also water swirling, which is caused by the combined action of factor 1 (fluctuating
velocity and velocity gradient) and factor 2 (fluctuating vorticity).

4.2.3. Cross-Sectional Distribution Quantitative Analysis

In the above analysis, the maximum value of σ in the typical operating condition 1
is near x = 50 cm, so the cross-section at x = 50 cm of the bottom of the stilling basin is
cancelled, and the fluctuating pressure distribution is shown in Figure 12.
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bottom plate: (a) Distributions of fluctuating velocity and fluctuating pressure; (b) Distributions of
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Comparing Figure 12a,b, the overall trend of the distribution of fluctuating pressure
and fluctuating vorticity at this section is basically the same, while fluctuating pressure and
fluctuating flow velocity show different distribution trends, with obvious differences in some
areas. In the study of the longitudinal distribution law, it was found that x = 0–60 cm was
mainly affected by the vortex, and the analysis results here were demonstrated. Especially
in the interval of y = 45–80 cm, the degree of correlation with fluctuating vorticity is
relatively high. The ordinate of the σmax point of the stilling basin is y = 60 cm, which is
located in the core area of the vertical vortex. The distribution of fluctuating pressure is
mainly affected by the vorticity. Therefore, quantitative analysis of the RMS distribution
law of fluctuating pressure on the stilling basin slab with sudden lateral enlargement and
bottom drop needs to be comprehensively considered with multiple influencing factors.
The difference of flow patterns in different regions will inevitably affect the distribution of
fluctuating pressure.

4.3. Discussion

In this numerical study, hydrodynamic parameters were calculated and analyzed for
understanding the fluctuating pressure in the stilling basin with sudden lateral enlargement
and bottom drop. The fluctuating pressure coefficient (defined as Cp

′) is the most significant
parameter among the characteristic parameters of the pressure fluctuation amplitudes and
it follows as:

Cp
′ =

σ

V1
2/2g

(13)
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where V1 is the inflow velocity and g is the acceleration of gravity.
Figure 13 displays the distribution of Cp

′ against x/y1 (y1 is the inflow water depth
entering the jump, θ is the angle of entering flow) along with horizontal slab of stilling basin
for different inlet Froude number of 5.0 [33] and 5.3 (numerical model in this research). The
pressure fluctuation beneath free jump in the spillway with the entering flow at an angle
of 10◦ has been subject to several experimental researches by Gunal. In Figure 13, η = 0
represents the center line of the stilling basin slab, and η = 0.5 represents the half of slab
width direction (y = 40 cm).
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′).

According to Figure 13, the maximum fluctuating pressure coefficient is located at the
beginning of the stilling basin (x/y1 = 0) due to the high turbulence intensity formed by
hydraulic jump. In Figure 13, it is observed that fluctuating pressure coefficient first tends
to decrease in the range 0 < x/y1 < 2.5, then increases gradually. For the stilling basin with
bottom drop, Cp

′ can reach the maximum value at the position of about 5.0 < x/y1 < 6.5
within the impinging zone (II). The results are in accordance with by Yan et al. [25]. and
Naseri et al. [21].

If a comparison is made between the maximum values of Cp
′ at two values of η, the

maximum difference in fluctuating pressure coefficient is about 10%. Compared with
Figures 9 and 13, it was found that the effect of the sudden lateral enlargement on the
distribution of fluctuating pressure is considerable.

The varying laws of Cp
′ show that compared to the corresponding classical jumps,

the fluctuating pressure characteristics of spatial hydraulic jumps are more complicated.
Both sudden lateral enlargement and bottom drop will result in the difference distributions
of spatial hydraulic jumps compared with those of equivalent classical hydraulic jumps.
Whereas few considerations are provided concerning the effect of different expansion ratios
on horizontal distribution of fluctuating pressure coefficient.

5. Conclusions

In this paper, the fluctuating pressure characteristics of a stilling basin slab with
sudden lateral enlargement and bottom drop were simulated based on FLOW-3D software
and large eddy simulation. Through analysis compared with physical test results, the
following conclusions can be drawn:

1. The flow pattern, velocity distribution, time-average pressure, root mean square
(RMS) of fluctuating pressure, maximum and minimum pressure of a stilling basin
slab of the water flow obtained by numerical simulation are in good agreement with
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the experimental results, indicating that it is advisable to use large eddy simulation to
study the fluctuating pressure of stilling basin slab.

2. Due to the superposition of the horizontal and vertical vortex, the turbulence and
mixing of water in the front of the stilling basin and the extension of the side wall of
the vent are severe, resulting in a large RMS of fluctuating pressure in this area, which
requires attention. With the increase of per-unit width discharge, the peak point
of σ deviates from the center line of the stilling basin and approaches the side wall
line. Both sudden lateral enlargement and bottom drop will result in the difference
distributions of spatial hydraulic jumps compared with those of equivalent classical
hydraulic jumps.

3. The RMS of fluctuating pressure longitudinally changes along the center line of the
stilling basin, first increasing, then decreasing, and finally increasing slightly. The
submerged jet zone is mainly affected by the vortex body, and the impinging zone is
affected by the fluctuating velocity and the vortex body. The wall-attached jet zone
is mainly caused by the fluctuating velocity. The horizontal direction from the front
of the stilling basin along the center to the side wall shows a trend of first decreas-
ing, increasing, and then decreasing, which is highly correlated with the vorticity
distribution, but has little correlation with the fluctuating velocity distribution.
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