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Abstract: The depth of the stilling basin with shallow-water cushion (SBSWC) is a key factor that
affects the flow regime of hydraulic jump in the basin. However, the specific depth at which the water
cushion is considered as ‘shallow” has not been stated clearly by far, and only conceptual description
is provided. Therefore, in order to define the best depth of SBSWC and its relationship between
the Froude number at the inlet of the stilling basin, a large number of experiments were carried out
to investigate SBSWC. First of all, 30 cases including five different Froude numbers and six depths
were selected for which large eddy simulation (LES) was firstly verified by the experiments and then
adopted to calculate the hydraulic characteristics in the stilling basin. Finally, three standards, based
on the flow regime of hydraulic jump, the location of the main stream and the energy dissipation rate,
were proposed to define the best depth of SBSWC. The three criteria are as follows: (1) a complete
hydraulic jump occurs in the basin (2) the water cushion is about 1/10-1/3 deep of the stilling basin,
and (3) the energy dissipation rate is more than 70% and the unit volume energy dissipation rate is as
high as possible. It showed that the best depth ratio of SBSWC (depth to length ratio) was between
0.1 and 0.3 and it also indicated the best depth increased with the increase in Froude number. The
results of the work are of significance to the design and optimizing of SBSWC.

Keywords: energy dissipation; hydraulic jump; Froude number; stilling basin with shallow-water
cushion (SBSWC); large eddy simulation; best depth

1. Introduction

At present, the energy dissipation by hydraulic jump is used for downstream in many hydraulic
projects [1], of which the stilling basin plays an important role in energy dissipation. However, the
traditional stilling basin has disadvantages such as high underflow speed near the bottom [2—4],
apparent damages by erosion and cavitation as well as insufficient energy dissipation rate [5]. Many
researchers have made studies on such problems. The concept of a stilling basin with shallow-water
cushion (SBSWC) was introduced [6]; namely, a shallow-water cushion is added to the ordinary stilling
basin. In the structure of the new type stilling basin, the water cushion formed at the basin bottom
can be used as the ‘flexible bottom plate’, which applies a flexible counterforce to the water stream in
the steep slope section and ‘absorbs” impact force of high speed flow on the floor of the stilling basin,
so as to protect the bottom of the basin. After that, a series of studies on the impacts caused by inlet
type, inflow angle, and low Froude number of the stilling basin with shallow-water cushion on its
hydraulic characteristics were conducted [7]. For example, the concept of a stilling basin with double
shallow-water cushions is an extension of SBSWC, which has the same advantages as SBSWC, but
with better hydraulic characteristics [8], lower underflow speed, and better distribution of dynamic
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pressures of bottom plate of the stilling basin. The stilling basin with a drop sill is similar to SBSWC in
shape [9-14]. However, the former one is focused on the connection type of a drop sill at the stilling
basin inlet, while the latter one is focused on the energy dissipation mechanism of the stilling basin
and the effect of the shallow-water cushion.

The depth of SBSWC is of critical importance to the energy dissipation effect of the stilling basin;
however, no systematic study has been made on it for now. Besides, whether the water cushion is
considered as deep or shallow has not been defined clearly since the concept of SBSWC was proposed.
This paper attempt to propose an accurate and practical definition of the best depth of SBSWC in terms
of three aspects; namely, flow regime, main stream location, and energy dissipation rate. If the water
cushion depth is higher than the best depth, it is not necessary; if the water cushion depth whereas is
lower than the best depth, the water cushion cannot play the role of the buffer action fully. Therefore,
it is expected that in a stilling basin with the best depth, a complete hydraulic jump (critical hydraulic
jump and submerged hydraulic jump are considered complete hydraulic jumps) occurs and the main
stream is not located too close or far from the bottom of the basin, and the energy dissipation rate is as
high as possible.

This study was not about the thickness of a shallow water cushion, but to study the depths of a
stilling basin with shallow-water cushion required at different Froude numbers. In order to obtain the
best stilling basin depth (represented by dimensionless depth-to-length ratio, which was convenient
for application) corresponding to the specified Froude number; 30 cases including five different Froude
numbers and six depths were selected firstly in the study. Then the large eddy simulation (LES [15])
was adopted to calculate hydraulic characteristics in the stilling basin, and the reliability and accuracy
of which were verified by the results of physical model. Large eddy simulation has a proportional
advantage, such as (1) prediction of turbulent flow from laminar flow, (2) prediction of high-speed
turbulence. Therefore, according to the simulation results of the flow regime of hydraulic jump, the
location of the main stream and the energy dissipation rate, the definition or the standard of the best
depth of SBSWC was proposed; finally the relationship between Froude number and the best depth of
the basin was revealed.

2. Materials and Methods

2.1. Experimental Setup

Experiments were conducted in a smoothened glass flume. It was composed of several
sections including a 363 cm-length inflow discharge chute, baffle, 120 cm-length stilling basin with
shallow-water cushion, and 300 cm-length tail water section (Longitudinal cross-sectional view as
shown in Figure 1). The discharge chute section and all downstream parts were with rectangular cross
section, with a width of 30 cm. The inlet control is a gate that is 10 cm wide, which controls the head of
water to the inflow discharge chute. The slope of the inflow discharge chute used in this study is fixed
to 17°. At downstream, the water level was controlled, and outflow condition was applied.
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Figure 1. Schematic design of the model test (in cm).
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2.2. Mathematical Model

In the present study, ANSYS 16.0 was utilized to investigate the flow characteristics over the
stilling basin with shallow-water cushion with different Froude numbers. An iterative format selected
an implicit time-marching scheme. The volume of fluid (VOF) [16,17] method was adopted to track
and simulate the free surface and two-phase flow of air and water. The mathematical model of 3D
large eddy simulation (LES) was used in the calculation, which is introduced below.

(1) Governing equations

In LES [18-22], the large-scale eddy was simulated directly by solving the momentum equation,
and the small-scale eddy was expressed in the sub-grid scale model. The governing equation was,
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where, the value with “~” represents the large-scale value obtained after filtering; p represents the

density; U represents the velocity; ¢ represents the time; p represents the pressure; g represents the
acceleration of gravity; x represents the coordinate; 7, j represents the coordinate orientation; and Tfjgs
represents the sub-grid stress, which indicates the impact caused by small-eddy movement on the

large-eddy movement. Generally, the sub-grid stress is calculated by the eddy viscidity model,
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where, ji5¢5 represents the sub-grid turbulent viscosity coefficient, §;; = { O/; 4 ; ; Sij represents the

strain rate tensor under the scale to be solved, which is defined as;
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The Smagorinsky-Lilly model is used to calculate the sub-grid turbulent viscosity coefficient:
Hsgs = pL?, /ZST]« X Tj/ Ls = min (Kd, C, vV 3) ; where, represents the mixed length of the sub-grid
scale; x represents the Karman constant; d represents the distance to the nearest wall face; V represents

the volume of computing control body; and C; represents the Smagorinsky constant, which is 0.1 in
this study [23].

(2) Discretization and algorithm

In this test, the finite volume method [24] was used to discrete of the governing equations,
and second-order implicit scheme was used in the discretization of time item, and the PISO
algorithm [25-27] was used to solve and control the coupling of speed and pressure in the equation.
The VOF [16,17] method was adopted to track and simulate the free surface and two-phase flow of air
and water.

(3) Computational domain and boundary conditions
(1) Computational domain

The computational domain and grid are shown in Figure 2 with the same dimensions as Figure 1.
The longitudinal cross-section in Figure 2a is located at the center of Figure 2b. The grids in the stilling
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basin and tail water section were transited from coarse to fine from top to bottom, of which size is
2-3 cm, and the total grids of the model is 272,000.

Outflow
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Figure 2. Schematic diagram for computational domain and grids of mathematical model. (a) Axial

cross-sectional view; (b) The entire calculation domain.

(2) Boundary conditions

The boundary condition of the inlet of the chute was set as velocity inlet condition which could
be determined according to the flow and the area of inlet of the chute. The outflow condition [28] was
applied at the outlet boundary. The viscous sub-layer of the near wall was treated by the wall function
method [29]. Non-slip condition was applied on the fixed wall.

2.3. Verification of Mathematical Model

The calculation results of the large eddy simulation were compared with the test results of three
cases based on the Froude number (Fr) at the inlet of stilling basin and the depth of SBSWC, which are
(@) Fr=6.92,d =20 cm, (b) Fr =7.64, d = 15 cm, and (c) Fr = 9.25, d = 25 c¢m, respectively.

The reliability and accuracy of LES for this study were verified by the computing and experimental
results. Similar hydraulic jumps in the stilling basin were observed from the regime of both the test
and computation (Figure 3) in all 3 cases, and the numerical model captured the flow profiles [30]
accurately compared with test data (Figure 4) and the differences of the average pressure between test
results and calculated results (Figure 5) were very small except for individual locations in case 3.

It can be seen from Figures 4 and 5 that, at most locations, the calculated results were fairly
consistent with that of laboratory tests. The maximums of the relative error for flow profile and
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average pressure were 7.1% and 6.5%, respectively, indicating that the numerical simulations produced
reliable and acceptable results.
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Figure 3. Schematic diagram for flow regimes under three cases.
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Figure 4. Comparison of flow profile.
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Figure 5. Comparison of average pressure.
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3. Results and Discussion

A systematic study by means of LES was conducted to simulate the hydraulic characteristics such
as flow regime, main stream location, and unit volume energy dissipation rate to determine the best
depth of the shallow-water cushion on 30 cases including five typical Froude numbers and six different
depths of shallow-water cushion shown in Table 1.

Table 1. The case of Froude number corresponding to the depth of the stilling basin.

Fr d(cm) d/L Fr d(ecm) d/L  Fr d(cm) d/L Fr d(cm) d/L Fr d(cm) d/L

0 0.000 0 0.000 0 0.000 0 0.000 0 0.000
5 0.042 5 0.042 5 0.042 5 0.042 5 0.042
10 0.083 10 0.083 10 0.083 10 0.083 10 0.083
764 5 0125 %92 15 0125 805 15 0125 2% 15 0125 124 g5 0.125
20 0.167 20 0.167 20 0.167 20 0.167 20 0.167
25 0.208 25 0.208 25 0.208 25 0.208 25 0.208

3.1. Flow Regime

The regimes of hydraulic jumps in the stilling basin at different conditions were presented in
Figure 6. Since it was not possible to calculate every depth as a calculated working condition, the same
six depths were selected for each Froude number, which were 0, 5, 10, 15, 20, and 25 cm respectively.
Therefore, the calculated best depth in each corresponding Froude has an error of £2.5 cm.

It is seen that the regimes and velocity distribution are different in the stilling basins for different
depths with the same Froude number and with different Froude number but same depth. For the same
Froude number, if the depth is not enough, no hydraulic jump takes place in the basin, and the regime
of jump gets more complete as the depth increases; for example, when the depth of stilling basin is
0 cm or 5 cm, there is no hydraulic jump in the stilling basin; when the depth of stilling basin is 10 cm,
15 cm, 20 cm, or 25 cm, there is a hydraulic jump in the stilling basin. This pattern holds for all the
groups (a)—(e) with different Froude numbers. For different Froude numbers, the depth required to
form a complete hydraulic jump is different. For example, a complete hydraulic jump occurred in the
depth of 15 cm, 20 cm, and 25 c¢m in the stilling basin when the Froude numbers are 7.64 and 6.92. In
case that the Froude number is 8.05 and 9.25, the complete hydraulic jump occurred in the depth of 20
and 25 cm in the stilling basin. While in the case of Froude number 11.24, the complete hydraulic jump
occurs in the depth of 25 cm in the stilling basin.

From the prospective of flow regime, the minimum depth of stilling basin with shallow water
cushion (SBSWC) with different Froude numbers were depicted in Figure 7. It is indicated that the
higher the Froude number, the deeper the basin required to form a complete hydraulic jump. In detail,
in cases that the Froude number are 6.92, 7.64, 8.05, 9.25, and 11.24, the minimum depths of stilling
basin with shallow water cushion are 15 cm, 15 cm, 20 cm, 20 cm and 25 cm.
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Figure 6. Flow regimes and velocity distribution at axial plane. (a) Fr = 6.92; (b) Fr = 7.64; (c) Fr = 8.05;
(d) Fr = 9.25; (e) Fr = 11.24. Fr: Froude number.
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Figure 7. The minimum depth of the stilling basin for the complete hydraulic jump.

3.2. Main Stream Location

The main stream zone was defined as the area that the flow speed was larger than the average
speed of cross section in this study. The water cushion was then defined as the water body under the
lower boundary of the main stream and the dimensionless thickness of water cushion was defined as
the thickness of water cushion referred to the depth of the basin.

The main stream location of the 30 cases were grouped and shown in Figure 8 in which the main
stream was represented out by velocity iso-surface in some cases. It shows that the center of the main
stream closest to the bottom of the basin is located at about 1/3 depth of the basin from the bottom
in cases that hydraulic jumps occur which agrees with the results of previous study [7]. In cases that
the Froude numbers are 6.92, 7.64, and 8.05, it can be clearly observed that the water cushions are
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formed between the main stream and the cushion bottom in the cases of the stilling basin depth of
15 c¢m, 20 cm and 25 cm. While in the case of Froude number 9.25 and 11.24 the water cushion locates
between the main stream and the cushion bottom when the stilling basin depth is 20 cm or 25 cm.
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Figure 8. Main stream position in stilling basin. (a) Fr = 6.92; (b) Fr = 7.64; (c) Fr = 8.05; (d) Fr = 9.25;
(e) Fr=11.24.
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Among the 30 cases, for each Froude number, the minimum dimensionless thickness (T) of water
cushion (depth of water cushion over depth of stilling basin) varies with the depth of the stilling basin
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(Table 2). It is seen that the thickness are different in the stilling basins with different depths with the
same Froude number and with different Froude number but same depth. For the same Froude number,
the deeper the stilling basin, the thicker the thickness of the water cushion. For the same depth, the
bigger the Froude number, the thinner the thickness of the water cushion.

Table 2. Minimum of the dimensionless thickness of the water cushion.

Group Fr d=0 d=5cm d=10cm d=15cm d=20cm d=25cm
1 6.92 0 0.08 0.09 0.13 0.15 0.16
2 7.64 0 0.08 0.08 0.13 0.14 0.14
3 8.05 0 0.07 0.09 0.12 0.13 0.13
4 9.25 0 0.06 0.07 0.09 0.11 0.12
5 11.24 0 0.06 0.04 0.08 0.10 0.11

3.3. Energy Dissipation Rate

The energy dissipation [31] rate of the stilling basin could be expressed as Equation (5),

Eo—E
e=——

- )

In which, Ey and E; stand for the energy of the control section at the inlet and outlet of the stilling
basin and taken the elevation at the tailrace section as the reference elevation in Figure 1.
Then the unit volume energy dissipation rate could be defined by Equation (6),

(6)

e
w=—
n
where, w is the unit volume (dimensionless) energy dissipation rate; 7 = (/) is dimensionless
volume; () = LdB is the volume of the stilling basin, L, d and B are the length, the depth and the
width of the stilling basin respectively, () is the volume of the water between inlet and outlet of the
stilling basin.

The energy dissipation rates of the 30 cases were calculated and listed in Table 3, in which,
column 1 is the Froude number at inlet of the stilling basin; column 2 is the depth of the stilling basin;
column 3 is the ratio of the depth to length of the stilling basin (the total length is 120 cm); columns 4
to 10 are the mean speed of different cross sections (the heads of 0, 20, 40, 60, 80, 100, and 120 indicate
the distance of the cross sections away from the inlet of the stilling basin entrance with the unit of cm);
column 11 is the energy dissipation rate; column 12 is the dimensionless volume of the stilling basin;
and column 13 is the unit volume energy dissipation rate.

Using columns 2, 11, and 13 in Table 3, the energy dissipation rate and the unit volume energy
dissipation rate related with the depth of the stilling basin were calculated and depicted in Figure 9
with the different Froude number as a parameter.

Generally speaking, the total energy dissipation (e) increases rapidly with the depth of the basin
and changes little after reaching a certain value with the depth (Figure 9a); whereas, when the Froude
number is smaller, the unit volume energy dissipation rate goes high with the increase of the depth
first, and then drops down after reaching the maximum value, which means some of the water body
does not involve the energy dissipation (Figure 9b); when the Froude number is larger, it goes higher
with the increase of the depth. It also shows that the total energy dissipation reaches the maximum
but the unit volume energy dissipation rate may not reach its maximum value, which indicates the
depth of the basin is not good enough for the hydraulic jump; for example, the unit volume energy
dissipation rate keep increasing with Froude number in the cases of Froude numbers equal to 9.25
and 11.24 which means the depth of 25 cm is sufficient for them getting to the maximum unit volume
energy dissipation rates in the study.
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Table 3. The unit volume energy dissipation rate of the stilling basin.

Fr dem) dL V (m/s) at Different Sections R w
1) ) @3) 0 20 40 60 80 100 120 (11) (12) (13)
@ (5) () ?) ® )] (10)

0.00 0.00 425 4.25 4.28 4.18 4.13 4.10 4.01 10.98%  0.00 /
5.00 0.04 419 3.87 4.30 4.20 4.20 4.05 3.80 17.75%  0.76 0.30
7 64 10.00 008 360 330 350 370 381 340 290 3511% 072 055
’ 15.00 0.13 2.84 3.15 2.30 1.48 1.36 1.25 1.20 82.15%  0.56 1.46
20.00 0.02 2.60 1.55 1.33 0.96 1.09 0.99 0.96 86.37%  0.43 2.10
25.00 0.21 1.66 1.75 1.23 0.76 0.77 0.68 0.56 88.62%  0.45 2.05
0.00 0.00 4.37 4.38 4.37 4.29 4.22 4.20 4.14 10.25%  0.00 /
5.00 0.04 4.32 4.17 411 4.08 3.90 3.90 3.83 21.40%  0.54 0.25
6.92 10.00 0.08 4.07 3.89 3.85 3.88 3.80 3.50 3.03 44.58%  0.62 0.50
’ 15.00 0.13 4.03 3.85 3.13 2.77 2.15 1.53 1.36 88.61%  0.48 1.85
20.00 0.02 3.30 1.73 1.55 1.13 091 0.73 0.98 91.18%  0.44 2.20
25.00 0.21 2.30 1.83 1.44 1.16 0.88 0.72 0.66 91.77%  0.46 1.99
0.00 0.00 7.78 7.63 7.54 7.43 7.51 7.46 7.40 9.53% 0.00 /
5.00 0.04 7.90 7.55 7.49 7.43 7.35 7.30 7.26 15.55%  0.42 0.37
8.05 10.00 0.08 7.55 7.45 7.29 6.98 6.85 6.33 6.25 31.47% 042 0.60
’ 15.00 0.13 7.53 7.20 6.70 6.50 6.29 5.94 5.09 54.31%  0.46 1.19
20.00 0.02 5.81 5.01 4.53 4.01 3.82 3.15 2.85 75.94%  0.36 2.01
25.00 0.21 4.73 4.16 3.86 3.38 3.19 2.65 2.23 77.77%  0.37 2.10
0.00 0.00 1039 1014 10.01 10.02 9.97 9.91 9.88 9.58% 0.00 /
5.00 0.04 10.36  9.89 9.93 9.76 9.71 9.64 9.63 13.60%  0.27 0.46
9.5 10.00 0.08 1020 9.77 9.53 9.52 9.44 9.29 8.61 28.75%  0.45 0.65
: 15.00 013 1042 956 944 936 920 809 743  49.16% 053  1.05
20.00 0.02 9.44 9.49 9.26 8.79 7.85 6.25 5.30 68.48%  0.43 1.80
25.00 0.21 7.89 6.18 6.03 5.82 533 4.85 3.88 75.82%  0.35 2.27
0.00 0.00 1336 1311 1312 13 1292 1288 1276  8.78% 0.00 /
5.00 0.04 1323 1296 1288 1269 1243 1242 1242 11.87% 0.26 0.50
11.24 10.00 0.08 13.2 1291 128 1256 1221 1152 1133 26.33% 0.43 0.70
’ 15.00 0.13 13.19 1288 1262 1212 1163 11.15 10.07 41.71% 0.31 0.92
20.00 0.02 1326 1256 1145 1062 953 8.05 7.79 65.49%  0.32 1.60
25.00 0.21 1221  11.64 1088 948 8.38 7.23 6.11 7496%  0.32 2.34
100%
90%
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B 7000 ___________________________
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Figure 9. Energy dissipation rate. (a) Energy dissipation rate; (b) Unit volume energy dissipation rate.

3.4. The Best Depth of the Stilling Basin

For a given Froude number, it is expected that a complete hydraulic jump occurs in the stilling
basin and the velocity near the bottom is relatively low and with a high energy dissipation rate in
total and per volume. From the perspectives of flow regime, total energy dissipation rate and bottom
velocity, the deeper a stilling basin is, more easily a complete hydraulic jump forms, higher the total
energy dissipation rate and farther the main stream away from the bottom of the basin; however,
from the perspective of the unit volume energy dissipation rate, the depth of the basin should not be
too large, it otherwise is a waste as part of the water body in the basin is not involved in the energy
dissipation. In addition, the thickness of the water cushion may be too large to regard the stilling basin
as a ‘shallow-water cushion’ stilling basin and may be turned into a plunge pool which performs very
different than the stilling basin with shallow water cushion in energy dissipation. Therefore, according
to the results above of flow regime, flow profile, main stream location, energy dissipation, etc., the
standards for defining the best depth of the stilling basin with shallow-water cushion can be proposed
as (1) a complete hydraulic jump must occur in the basin (2) the thickness of water cushion is about
1/10-1/3 deep of the basin, and (3) the energy dissipation rate is more than 70% and the unit volume
energy dissipation rate is as high as possible.

According to the definition for the best depth of SBSWC, three ranges of the depth were depicted
in the 5 different Froude numbers respectively.in Figure 10. The blue line stands for the depth range for
the standard (1) of flow regime according to the minimum depth for a complete hydraulic jump from
Figure 6, and the green line stands for the depth range for the standard (2) of the relationship between
the main stream and the thickness of the water cushion in Figure 8 and Table 2, and the red line stands
for the depth range for the standard (3) of energy dissipation according to Table 3 and Figure 9. It
is shown that all the 3 standards are necessary to obtain the range as neither the minimums nor the
maximums of the range can be determined by the same standard alone for different Froude numbers.
For example, for cases of Froude numbers equal to 6.92 and 9.25, the minimums are determined by
the standards of flow regime and energy dissipation, respectively, while the maximums by energy
dissipation and main stream location, respectively.
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Figure 10. The range of the best depth of the stilling basin under three judgment conditions.

The overlap of all the three ranges for the same Froude number represented that the three
standards were met in this integral (the integral between the maximum of the 3 minimums and
the minimum of the maximums) and its mean is taken as the best depth of the stilling basin with
shallow-water cushion shown in Figure 11 where the dimensionless depth (d/L, the depth over the
length of the stilling basin) was adopted. It indicates that the ranges of the best depth are large for
some cases while small for some other cases and that the best depth of the stilling basin increases with
the increase of the Froude number.
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Figure 11. The range of the best depth of the stilling basin.
4. Conclusions

In this study, 30 cases consisting of five different Froude numbers and six depths were selected
for which large eddy simulation (LES) was adopted to simulate the hydraulic characteristics in the
stilling basin, including the flow regime of hydraulic jump, the location of the main stream and the
unit volume energy dissipation rate. The following conclusions can be drawn:

1. After comparing large eddy simulation calculation results and model tests, the computation
of the flow profile and hydraulic jumps were similar to the test, and the differences of the
average pressure between test results and calculated results were very small except for individual
locations. The numerical data and experimental results were in good agreement, indicating the
reliability and accuracy of LES in the present work.
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2. Based on the experimental results of flow regime of hydraulic jump, the location of the main
stream and the energy dissipation rate, for the first time three standards of the best depth of
stilling basin with shallow water cushion (SBSWC) are proposed in this paper; namely, (1) a
complete hydraulic jump must occur in the basin (2) the thickness of water cushion is about
1/10-1/3 deep of the basin, and (3) the energy dissipation rate is more than 70% and the unit
volume energy dissipation rate is as high as possible.

3. According to the definition for the best depth of SBSWC, three ranges of the depth were depicted
in the 5 different Froude numbers respectively. Therefore, the overlapping sections are the range
of the best depth of stilling basin with shallow water cushion for this study.

4. It showed that the best depth radio of stilling basin with shallow-water cushion (depth to length
ratio) was between 0.1 and 0.3 and it also indicated that the best depth of the stilling basin with
shallow water cushion increased with the increase of Froude number. The results in this paper
are of significance for design and optimizing of SBSWC.
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