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Abstract: The water cushion depth of stilling basin with shallow-water cushion 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 be stated clearly for now, and only conceptual
description is provided. This paper attempts to specify the best water cushion depth based on the
flow regime of hydraulic jump and underflow speed; namely, in case of critical hydraulic jump in
the basin, the best water cushion depth is located where the minimum distance to the bottom plate
of the stilling basin is 1/5~1/4 of the water cushion depth. The theoretical analysis indicates, at
different inclinations of discharge chute (0) and depth ratios of inlet (m), instead of monotonic
change, the Froude number (Fr) at inlet of the stilling basin with shallow-water cushion firstly
reduces and then increases as the flow velocity at discharge chute inlet (V) increases; the parameters
of inflection point (critical flow velocity and critical Fr) increase as the inclinations of discharge chute
(0) and depth ratios of inlet (m) increase. Such regularity is the theoretical basis for selecting
representative study cases. The reliability of the large eddy simulation calculation results are
verified by a model test; in the paper, 30 cases including five different Froude numbers and six
shallow-water cushion depths are selected, for calculating the hydraulic factors such as flow profile,
flow regime and flow velocity in the stilling basin with shallow-water cushion; and the varying
pattern between the best depth of stilling basin with shallow-water cushion (depth-to-length ratio)
and the inflow Froude number is obtained which indicates that the best depth of stilling basin with
shallow-water cushion varies little as the change of the Froude number before reaching the critical
Froude number; however, the best depth-to-length ratio of stilling basin with shallow-water cushion
increases as the Froude number increases after the critical Froude number is reached. The study
results in this paper are of reference significance to design and calculation of the stilling basin with
shallow-water cushion.

Keywords: energy dissipation; hydraulic jump; Froude number; stilling basin with shallow-water
cushion; large eddy simulation; hydraulic characteristics

0 Introduction

At present, the energy dissipation by hydraulic jump is used for downstream in many hydraulic
projects [, of which stilling basin plays an important role in energy dissipation. However, the
traditional stilling basin >4 has disadvantages such as high underflow speed near the bottom,
apparent damages by erosion and cavitation %! as well as insufficient energy dissipation rate. Many
researchers have made studies on such problems. Early in 2006, Li Tianxiang®l et al. of Sichuan
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University introduced the concept of stilling basin with shallow-water cushion; namely, a shallow-
water cushion is added for 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” part
impact force of the water stream, so as to realize the purpose of "conquering the unyielding with the
yielding". After that, Ru Yongshen and Su Peilan”®l made a detailed study on the hydraulic
characteristics of the stilling basin with shallow-water cushion. Liu Da and Liao Huasheng® made a
study on large eddy simulation of the stilling basin with shallow-water cushion. Li Lianxia and Liu
Dall012] et al. made a series of studies on the impact caused by inlet type, inflow angle and low Froude
number of the stilling basin with shallow-water cushion on its hydraulic characteristics. Liu Da, Jiang
Shengyin and Li Lianxial'*!4 also proposed the concept of stilling basin with double shallow-water
cushions. It has the advantages same to those of the stilling basin with shallow-water cushion, as well
as better hydraulic characteristics, lower underflow speed and better distribution of dynamic
pressures of bottom plate of the stilling basin. Wan Jiwei et al. [5] proposed the concept of stilling
basin with small bucket angle, drop sill and shallow-water cushion. Compared with the common
stilling basin, it is of a simpler shape, and can effectively solve the problems such as weak adaptability
and inflexible operation way in the similar gate dam projects with high unit discharge, low Froude
number and great water level amplitude between upstream and downstream. The stilling basin with
drop sill is similar to the stilling basin with shallow-water cushion not only in type, but also in study
means and method. Sun Shuangkel'®l et al. made a study on the hydraulic characteristics of the stilling
basin with drop sill. Yang Yongsen ["'made a study on the mechanism of energy dissipation of abrupt
drop type stilling basin at low Froude numbers. The stilling basin with drop sill 1524 is very similar
to the stilling basin with shallow-water cushion. However, the former one is focused on the
connection type of 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 water cushion depth of the stilling basin with shallow-water cushion is of a critical
importance to the energy dissipation effect of the stilling basin. However, no systematic study has
been made on that influence factor for now. Besides, whether the water cushion is considered as deep
or shallow has not been defined clearly since the concept of stilling basin with shallow-water cushion
was proposed. This paper proposes the definition of the best shallow-water cushion depth on the
basis of existing study results on the stilling basin with shallow-water cushion; namely, the water
cushion depth at which the critical hydraulic jump occurs in the basin and the distance from the main
stream to the bottom plate is 1/5~1/4 of the water cushion depth. 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 buffer action of the water cushion can not be given full play to. Based on that standard and
the theoretical analysis, after verifying the reliability of numerical model, the method of large eddy
simulation is used for a comprehensive study on the pattern of affecting the hydraulic characteristics
of stilling basin by the shallow-water cushion depth. This study is not about to select a specific inflow
Froude number, but to study the shallow-water cushion depths required at different Froude
numbers, so as to obtain the best shallow-water cushion depth (represented by dimensionless depth-
to-length ratio, which is convenient for application) corresponding to the specified Froude number
based on the hydraulic parameters such as flow regime and flow field distribution in the stilling
basin.

1 Methodology

In this study, the feasibility and accuracy of hydraulic characteristics of the stilling basin with
shallow-water cushion as simulated in large eddy simulation are verified based on the results of
physical test model, and then the theoretical analysis is conducted to obtain the varying pattern of
Froude numbers and inlet conditions at the stilling basin inlet, so as to select 30 operating conditions,
including five Froude numbers and six shallow-water cushion depths, for calculation and
comparison.

d0i:10.20944/preprints201710.0147.v1
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95 1.1 Test model

96 The test device is composed of several sections including the inflow discharge chute section,

97  baffle as well as the section of stilling basin with shallow-water cushion and tail water section (as

98  shown in Fig. 1). The discharge chute section and all downstream parts are with rectangular cross

99  section, with the width of 30cm. The radial gate is used upstream of the model. The discharge volume
100  is controlled by different water levels in the water tank. The gate opening is 10cm in all occasions.
101 The discharge chute section is with the length of 363cm. The slope used in this study is fixed to 17°.
102 The stilling basin section is with the length of 120cm. The tail water section is with the length of
103 300cm. At downstream, the water level will not be controlled, free discharge is applied. The flow
104 profile is measured by the grid method. Criss-cross coordinate grid (Fig. 2) is provided on the side
105  wall. The flow velocity is measured by the LS300-A type current meter.
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106
107 Fig. 1 Layout drawing for model test (in cm)

108

109 Fig.2 Water flow regime of section of stilling basin with shallow-water cushion indicated in

110 model test

111 1.2 Theoretical method

112 The Froude number at the stilling basin inlet is affected by many factors. In order to obtain the

113 varying pattern related to the Froude number and select representative Froude numbers for
114 calculation, theoretical analysis method is used in this study to study the Froude numbers at the
115  stilling basin inlet.

116 Take the inlet and terminal of the chute section as the control sections 1-1 and 2-2 respectively,
117  and take the elevation at the terminal of the discharge chute as the reference elevation, so as to
118  establish the energy equation and continuity equation. For simplification, take the speed at the inlet
119  as the speed in the frictional head loss item, and take the hydraulic radius at the inlet; the energy
120 equation is expressed as the Equation (1),

2 L V12

2 2
121 Zl+0(1V1 =Zz+0{2V2 +§VL+A
2g 2g 2g 4R 2g

)

122 And the continuity equation is expressed as the Equation (2),

123 V,hB, = B,h,B, @)
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124 where, the subscripts 1 and represents the inlet location of the discharge chute and the terminal
125 location of the discharge chute respectively; Z represents the height from the control section to the
126  referenceelevation; & represents the kinetic energy correction factor; V represents the flow velocity;
127 & represents the local head loss coefficient of the inlet; A represents the frictional head loss
128  coefficient; R represents the hydraulic radius; h represents the depth of water at the inlet of discharge
129 chute; B represents the width of the discharge chute; the Froude number at the terminal of the
130 discharge chute can be obtained by the simultaneous equations (1) and (2), which is also the Froude
131  number at the stilling basin inlet (according to the flow regime, the above two Froude numbers are
132 with little difference; for simplification, they are not distinguished).

4
2gmsin 6+ ﬁ—é—im &
h h 4R

@,

133 Fr= — 3)
(gV)eh*

134 Where, m=L/h, L represents the length of the discharge chute, h represents the depth of water at the
135  discharge chute inlet, and € represents the inclination of the discharge chute.
136 The Equation (3) can be simplified to Fr = f(V,m,6); where, V is an independent variable, m

A
137  and 6 are parameters; in the test, B=0.3m, h=0.1m, ¢, =1.05, «,=1.1, £=0.5, R =-1=0.06,

1

138  n=0.01, C'=1R”6 ) ﬂ=i—‘% =0.020047
n
139 In order to select representative operating conditions to be used in the test, the following method
140 is used to determine the Froude number at the stilling basin inlet:
141 Step 1: according to the model dimension, turn the Equation (3) into the Equation (4) after
142 confirming m = 36.3,
) ,\3/4
(647.46Sin6+2.24517)
143 Fr= — 4)
5.67V"

144 The relation between flow velocity at the discharge chute inlet and the Froude number at stilling
145  basin inlet at different € (the inclination of discharge chute) can be obtained based on the Equation
146  (4), as shown in Fig. 3.

inlet

Froude number at stilling basin

147 0 2 flovlvovelocity at dischalrsge chute inlet ( n%?s) » 30

148 Fig. 3 Relation between flow velocity at discharge chute inlet and Froude number at stilling basin

149 inlet at different inclinations

150 As shown in the figure, at the same inclination, the Froude number reduces firstly and then

151  increases as the flow velocity varies, during which an inflection point will be inevitable; the inflection
152 point may be located at different places at different inclinations. Further, to obtain the varying pattern
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153 between the position of the inflection point and the inclination of the discharge chute, calculate the
154  derivative of the flow velocity (V) in the Equation (4); taking that derivative as 0, the flow velocity
155  relation corresponding to the inflection point in Fig. (4) at different inclinations can be obtained by (5)

156 V? =144.171Sin (5)

flow velocity at discharge chute inlet (V)

zl v?=144.171si@
4 =
3t — -
5,35
2+ 947
1357
i 17,65
21,7.2
o ' . ) y 7
0 5 10 15 20 25 30 35
157 angle of inlet section (8}
158 Fig. 4 Flow velocity of inflection points related to different inclinations
159 As shown in Fig. 4, the velocity corresponding to the inflection point increases as the inclination

160  increases; the Froude number of the inflection point related to each inclination in Fig 3 is 5.3, 4.8, 4.2,
161 3.5 and 2.6 respectively.

162 Step 2: select the inclination of the discharge chute, and then obtain the relation between the flow
163 velocity (V) at the discharge chute inlet and the Froude number (Fr) at the stilling basin inlet under
164  different parameters. In this study, the inclination (&) is 17°, the Equation (3) is turned into the
165  Equation (6), and the corresponding function image is shown in Fig. 5.
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168 Fig. 5 Relation between flow velocity and Froude number at different ratios of discharge chute
169 length and inlet height
170 As shown in Fig. (5), the variation trend between Froude number and flow velocity is different

171 at different ratios; when m is relatively low, the variation trend is increase after reduction; when m is
172 relatively high, and the flow velocity and Froude number are in monotone decreasing function. To
173 obtain the varying pattern of the inflection point, calculate the derivative of the flow velocity (V) in
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174 the Equation (6), and taking the derivative as 0. The flow velocity of inflection point at different ratios
175  (m) is shown in the Equation (7), and the function image is shown in Fig. 6.
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178 Fig. 6 Relation between flow velocity (V) at discharge chute and m
g y g
179 As shown in Fig. 5, the velocity corresponding to the inflection point increases as the ratio
g y P g P

180 increases; however, the ratio is with a certain limit, and the curve is infinitely close to: m=65.476 (see
181 Fig. 6); therefore, if m is less than 65.476, the relation between Fr and V is not in a monotonic curve,
182 and there is an inflection point; if m equals to 36.3 or 6.3, the Froude number at the corresponding
183  inflection point is 4.8 and 2.4 respectively. If m is greater than 65.476, the Equation (6) is a monotone
184  decreasing function, and the three curves (m=66.3, 96.3 and 126.3 respectively) in Fig. 5 intersect with
185  the x axis, because simplification is assumed when deriving the Equation (6) by the energy equation
186  of the Equation (1). Namely, parameters such as the velocity and hydraulic radius at the discharge
187  chute inlet are used when calculating the frictional head loss. Actually, such parameters varies along
188  the way, the error will be low if the length of the discharge chute is small (i.e., m is relatively low); if
189  m is relatively high, such assumption is not applicable. In this study, the discharge chute is short
190  (m=36.3), thus the error caused by such simplification is small.

191 1.3 Mathematical model

192 The mathematical model of large eddy simulation is used in the calculation, which is introduced
193 below.

194 1) Control equation

195 In large eddy simulation %5281 (LES), the large-scale eddy is simulated directly by solving the

196  momentum equation, and the small-scale eddy is expressed in the sub-grid scale model. The control
197  equation is:

198 9p  opu) _,

8
or o, ®


http://dx.doi.org/10.20944/preprints201710.0147.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2017 d0i:10.20944/preprints201710.0147.v1

100 a(pu_,.)+8(pul—u,-):_§+i ﬂa_u_,. 97"
ot ox, dx, ox, (" dx, | ox

J

T P8 )

200 Where, the value with “-” represents the large-scale value obtained after filtering,; p represents
201  the density; U represents the velocity; t represents the time,; p represents the pressure; g represents
202 the acceleration of gravity; x represents the coordinate; i, j represents the coordinate orientation; and

203 T,;gs represents the sub-grid stress, which indicates the impact caused by small-eddy movement on

204  the large-eddy movement. Generally, the sub-grid stress is calculated by the eddy viscidity model:
SgS 1 SgS r
205 T —gfkf 0; =-24,.S, (10)

y &s Y

1; i=j __
206  Where, 4, represents the sub-grid turbulent viscosity coefficient, é'ijz{ 0.i {; S, represents
NES

207 the strain rate tensor under the scale to be solved, which is defined as;

— 1fou, ou,

208 S, == R e (11)
2{ dx; dx

209 The Smagorinsky-Lilly model is used to calculate the sub-grid turbulent viscosity coefficient:

210 gy =,0L§w/2§yo §// L, =min(xf,C V"*); where, L. represents the mixed length of the sub-grid

211 scale; K represents the Karman constant; d represents the distance to the nearest wall face; V
212 represents the volume of computing control body; and C, represents the Smagorinsky constant,

213 whichis 0.1 in this study.
214 2) Discrete and solving

215 In this test, the finite volume method is used to discrete of the control equation, and second-
216  order implicit scheme is used in the discretization of time item, and the PISO algorithm is used to
217  solve and control the coupling of velocity and pressure in the equation. The VOF method is used to
218  track and simulate the free surface and two-phase flow of air and water. The free water surface is
219  established by the geometrical reconstruction scheme.

220 3) Computational domain and boundary conditions
221 (1) Computational domain
222 The computational domain is shown in Fig. 7. The water intake is with the opening of 10cm. A

223 baffle is provided at both sides of the upstream intake section of the stilling basin respectively, so as
224 toavoid overflow during the intermediate iteration process.

outflow

The slope
discharge section
CThe shallow water cushion ?ﬁe tailrace section '

226 Fig.7 Schematic diagram for computational domain of mathematical model
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227 The grids in the stilling basin and tail water section are transited from coarse to fine from top to
228  bottom which size is 2cm~3cm. The longer edge of the grid is with the dimension of 3cm. The model
229  is with 57,200 grids in total.

230 (2) Boundary conditions

231 The boundary condition of the inlet of the chute is set as velocity inlet condition which can be
232 determined according to the relationship between inlet velocity and inlet Froude number of stilling
233 basin discussed in section 1.2. Free discharge®!is applied at the outlet boundary. The viscous
234 sublayer of the near wall is treated by the wall function method. Non-slip condition is applied on the
235  fixed wall.

236 4. Verification of mathematical model

237 The test results are selected to compare with the calculation results of the large eddy simulation.
238  The flow velocity at the discharge chute inlet is 0.5m/s, 1m/s and 6.5m/s respectively. The depth of
239  the stilling basin with shallow-water cushion is 20cm, 15cm and 25c¢m respectively.

240 (1) Flow regime comparison

241 Fig. 8 shows water flow regimes in the stilling basin under the three conditions. It is observed
242 that, both the test and computation show good hydraulic jump in the stilling basin, with intense
243 turbulence on water surface.

244

245

246
247

248
249 (c) The flow velocity at the chute inlet is 6.5m/s, and the basin depth is 25cm.

250 Fig. 8 Schematic diagram for flow regimes under three conditions

251  (2) Comparison of flow profile

252 The comparison of flow profiles between test results and calculated results show good
253  agreement with each other (Fig. 9) which verifies the reliability of large eddy simulation again.
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2 Results and discussion

According to the varying pattern among the Froude number (Fr) at the inlet of the stilling basin
with shallow-water cushion, inlet flow velocity (V) and model dimensions (m and 6) as obtained by
the aforesaid analysis as well as the dimensions of physical model (m=36.3, 6=17°), five values of the
flow velocity at the discharge chute inlet are determined (V=0.5m/s, 1m/s, 2m/s, 6.5m/s and 8m/s), so
that the different Froude numbers at the stilling basin inlet are obtained (Fr=13.03, 9.41, 6.71, 4.89,
5.17). When Fr equals to 4.89, it corresponds to the inflection point (i.e., the critical Froude number)
on the curve (Figs 3 and 5), and the corresponding critical flow velocity (V) at the discharge chute
inlet is 6.5m/s. Six different basin depths are used, including Ocm, 5cm, 10cm, 15cm, 20cm and 25¢m,
and the length is fixed to 120cm, so that six different depth-to-length ratios of the shallow-water
cushion are obtained: 0, 0.042, 0.083, 0.125, 0.167, 0.208. The 30 cases for calculation include five
typical Froude numbers and six different depths of shallow-water cushion.

According to five different inflow Froude numbers, systematic study was conducted on the
varying pattern of hydraulic characteristics such as flow profile, flow velocity and flow regime in the
stilling basin with different depths of the shallow-water cushion, so as to determine the best depth of
the shallow-water cushion. Namely, at the best depth, the main stream is located at the position about
1/3 depth of the shallow-water cushion and with the distance about 1/5 depth to the cushion bottom,
and the critical hydraulic jump occurs in the stilling basin.

21 Fr=13.03 (V=0.5m/s)
(1) Flow regime and flow profile

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion
which are presented in Fig. 10. In case that the water cushion depth is Ocm, there is no hydraulic jump
along downstream the discharge chute. In case that the water cushion depth is 5cm, the water surface
in the stilling basin is flat, and no hydraulic jump occurs. In case that the water cushion depth is 10cm,
there is fluctuation in water in the stilling basin, and hydraulic jump in far-forth driving form occurs.
In case that the water cushion depth is 15cm, there is an intense fluctuation of water body in the
stilling basin, and critical hydraulic jump occurs. When the water cushion depth is 20cm or 25cm, the
stilling basin is occupied by a large water body, and submerged type hydraulic jump occurs.
Therefore, in terms of flow regime, relatively perfect hydraulic jump occurs in the stilling basin when
the shallow-water cushion depth is 15cm (depth-to-length ratio: 0.125).

d0i:10.20944/preprints201710.0147.v1
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. \4

288 (a) d=0cm (b) d=5cm

289

290 (c) d=cm (d) d=15cm

291

292 (e) d=20cm (f) d=25cm

293 Fig. 10  Schematic diagram for flow regimes under six conditions

294 From comparison of profiles of free surface in the stilling basin at six depths of shallow-water

295 cushion (Fig. 11), the same observation can be seen that the flow profiles under different conditions
296  vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 15m.

45

@ The depth of water cushion Ocm ® The depth of water cushion 5cm
The depth of water cushion 10cm The depth of water cushion 15cm
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298 Fig. 11 Comparison of flow profiles at different water cushion depths (Fr=13.03)
299 (2) Flow field structure
300 Velocity fields of local flow in the six stilling basins are presented in Fig.12. It shows that
301 under different conditions, the water flow is different at the inlet and the stilling basin section,
302 and the velocity varies differently in the vertical direction, and the quantity and intensity of the
303 vortex generated in the water flow are different. When water flows to the tail ridge of the stilling

304 basin, the reduction of flow velocity and vortex range change are with distinct difference.
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Fig. 12  Velocity vector of local flow in stilling basin

In case of no shallow-water cushion (Ocm), the flow velocity downstream the chute is not
reduced obviously, and there is no vortex in the water flow, and the main stream impacts the floor.
If the depth of the shallow-water cushion is 5cm, water flow turns at the inlet and outlet of the stilling
basin and a partial vortex area is formed, and the flow velocity in the stilling basin is high, and the
main stream touches the bottom. If the basin depth is 10cm, at the front end of the stilling basin, the
flow velocity is high, and there are only a few vortexes; there are more vortexes occurring at the
terminal of the basin; meanwhile the flow velocity is still high, and the main stream touches the
bottom. If the basin depth is 15cm, the flow velocity in the front end of the stilling basin is higher than
that in the tail end, and the water body of energy dissipation is larger compared with the aforesaid
three conditions, and there is a water layer of 1/5 basin depth from the main stream to the bottom
(The black line in Fig. 12(d) is with the distance of 1/5 basin depth to the bottom plate.), and relative
shallow-water cushion is obtained. If the basin depth is increased to 20cm or 25cm, the water body
of dissipation gets larger with wider range vortex, and the flow velocity has been reduced greatly in
the front end of the stilling basin, and there is a deep water layer below the main stream, and an
obvious submerged hydraulic jump has been occurred.

Based on the flow regime and flow field distribution of the hydraulic jump, when Froude
number equals to 13.03, the best depth of shallow-water cushion is 15cm and the corresponding
related depth-to-length ratio is 0.125.

2.2  Fr=9.41 (V=1m/s)

(1) Flow regime and flow profile

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion
which are presented in Fig. 13. In case that the water cushion depth is Ocm (there is no shallow-water
cushion), 5cm or 10cm, the water flow regime is similar along downstream the discharge chute and
in the shallow-water cushion, and it varies as follows: there is no hydraulic jump, the flow regime
bends, and hydraulic jump in far-forth driving form occurs. In case that the basin depth is 15cm, there
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338  isintense fluctuation in water in the basin, critical hydraulic jump occurs, and the water flow regime
339  is relatively perfect. In case that the basin depth is 20cm or 25cm, the stilling basin is occupied by a
340  large water body, and the submerged type hydraulic jump occurs. Therefore, in terms of flow regime,
341  relatively perfect hydraulic jump occurs in the stilling basin when the shallow-water cushion depth
342 is 15cm (depth-to-length ratio: 0.125).

343 _ u

344 (a) d=0cm (b) d=5cm

145 \J -

346 (c) d=10cm (d) d=15cm

347 ' ‘

348 (e) d=20cm (f) d=25cm

349 Fig.13  Schematic diagram for flow regimes under six conditions

350 From comparison of profiles of free surface in the stilling basin at six depths of shallow-water

351 cushion (Fig. 14), the same observation can be seen that the flow profiles under different conditions

352 vary greatly, and relatively perfect flow profile is obtained when the shallow-water cushion depth is

353  15cm.
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354
355 Fig. 14  Comparison of flow profiles at different water cushion depths (Fr=9.41)
356 (2) Flow field structure
357 Velocity fields of local flow in the six stilling basins are presented in Fig.15. It shows that under

358 different conditions, the water flow is different at the inlet and the stilling basin section, and the
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velocity varies differently in the vertical direction, and the quantity and intensity of the vortex
generated in the water flow are different.

Compared with the six shallow-water cushion depth conditions when the Froude number is
13.03 as shown in Fig. 12, the flow velocity vector charts corresponding to six depths shown in Fig.
15 are similar. In case of no shallow-water cushion (Ocm), the flow velocity downstream the chute is
not reduced obviously, and there is no vortex in the water flow, and the main stream touches the
floor. If the water cushion depth is 5cm, water flow turns at the inlet and outlet of the stilling basin,
a partial vortex area is formed, the flow velocity in the stilling basin is high, and the main stream
touches the bottom. If the basin depth is 10cm, the flow velocity is high at the front end of the stilling
basin, and there are only a few vortexes; there are more vortexes occurring at the terminal of the
basin; meanwhile the flow velocity is still high, and the main stream touches the bottom. If the basin
depth is 15cm, the flow velocity in the front end of the stilling basin is higher than that in the tail end,
and the water bodies of energy dissipation is larger compared with the aforesaid three conditions,
and there is a water cushion of 1/5 basin depth from the main stream to the basin bottom (the black
line in Fig. 15(d) is with the distance of 1/5 basin depth to the bottom plate). If the basin depth is
increased to 20cm or 25cm, the water body of dissipation gets larger with wider range vortex, and
the flow velocity has been reduced greatly in the front end of the stilling basin, and there is a deep
water layer below the main stream, and an obvious submerged hydraulic jump has been occurred.

Based on the flow regime and flow field distribution of the hydraulic jump, when Froude
number equals to 9.41, the best depth of shallow-water cushion is 15cm and the corresponding related
depth-to-length ratio is 0.125.

2.3  Fr=6.71 (V=2m/s)
(1) Flow regime and flow profile

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion
which are presented in Fig. 16. In case that the water cushion depth is Ocm (there is no shallow-water
cushion), 5cm or 10cm, the water flow regime is similar along downstream the discharge chute and
in the shallow-water cushion, and it varies as follows: there is no hydraulic jump, the flow regime
bends, and hydraulic jump in far-forth driving form occurs. In case that the basin depth is 15cm, there
is intense fluctuation in water in the basin; when compared with the stilling basin with the depth of
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396  15cm corresponding to the aforesaid two Froude numbers, there are more water bodies of energy
397  dissipation in the basin at this Froude number, but the critical hydraulic jump has not been formed
398  entirely. In case that the basin depth is 20cm or 25c¢m, the stilling basin is occupied by water body,
399  and the submerged type hydraulic jump occurs. Therefore, in terms of flow regime, relatively perfect
400  hydraulic jump occurs in stilling basin when the shallow-water cushion depth of 15cm~20cm (depth-
401  to-length ratio: 0.125~0.167).
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408 Fig. 16  Schematic diagram for flow regimes under six conditions

409 From comparison of profiles of free surface in the stilling basin at six depths of shallow-water

410  cushion (Fig. 17), the same observation can be seen that the flow profiles under different conditions
411  vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is
412 15ecm~20cm.
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414 Fig.17  Comparison of flow profiles at different water cushion depths (Fr=6.71)
415 (2) Flow field structure
416 Velocity fields of local flow in the six stilling basins are presented in Fig.18. It shows that under

417  different conditions, the water flow is different at the inlet and the stilling basin section, and the
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418  velocity varies differently in the vertical direction, and the quantity and intensity of the vortex
419  generated in the water flow are different.
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426 Fig.18  Velocity vector of local flow in stilling basin
427 Compared with the six shallow-water cushion depth conditions corresponding to the aforesaid

428  two Froude numbers (Fig. 12 and Fig. 15), the flow velocity vector charts corresponding to six depths
429  shownin Fig. 18 are similar. In case of no shallow-water cushion (Ocm), the flow velocity downstream
430 the chute is not reduced obviously, there is no vortex in the water flow, and the main stream touches
431  the floor directly. If the depth of the shallow-water cushion is 5cm, water flow turns at the inlet and
432 outlet of the stilling basin, a partial vortex area is formed, the flow velocity in the stilling basin is high,
433  and the main stream touches the bottom. If the basin depth is 10cm, the flow velocity in the whole
434  stilling basin is high, there are only a few vortexes; at the terminal of the basin, the surface in the
435  horizontal direction increases greatly, and the main stream touches the basin bottom. If the basin
436  depth is 15cm, the flow velocity is not reduced greatly from the front end to terminal of the stilling
437  basin, but there are more water bodies of energy dissipation when compared with the aforesaid three
438  conditions, a water cushion is formed between the main stream and the basin bottom (the black line
439  inFig. 18(d) is with the distance of 1/5 basin depth to the bottom plate). If the basin depth is increased
440  to 20cm or 25cm, the water body of dissipation gets larger with wider range vortex, and the flow
441  velocity has been reduced greatly in the front end of the stilling basin, and there is a deep water layer
442 Dbelow the main stream, and an obvious submerged hydraulic jump has been occurred.

443 Based on the flow regime and flow field distribution of the hydraulic jump, when Froude
444  number equals to 6.71, the best shallow-water cushion depth is 15~20cm and the corresponding
445  related depth-to-length ratio is 0.125~0.167.

446 24 Fr=4.89 (V=6.5m/s)
447 (1) Flow regime and flow profile
448 The occurrence conditions of hydraulic jump in the stilling basin are different at different depths

449  according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion
450  which are presented in Fig. 19. In case that the water cushion depth is Ocm (there is no shallow-water
451  cushion), 5cm, 10cm or 15cm, the water flow regime is similar along downstream the discharge chute
452  and in the shallow-water cushion, the water face is flat, and no hydraulic jump occurs. In case that
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453 thebasin depth is 20cm, there is intense fluctuation in water in the basin; compared with the aforesaid
454  four water cushion depths, there are more water bodies of energy dissipation in the water cushion,
455  and the critical hydraulic jump occurs. In case that the basin depth is 25cm, the stilling basin is
456  occupied by water body, and the submerged type hydraulic jump occurs. Therefore, in terms of flow
457  regime, relatively perfect hydraulic jump occurs in the stilling basin when the shallow-water cushion
458  depth of 20cm (depth-to-length ratio: 0.167).
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465 Fig. 19  Schematic diagram for flow regimes under six conditions

466 From comparison of profiles of free surface in the stilling basin at six depths of shallow-water

467  cushion (Fig. 20), the same observation can be seen that the flow profiles under different conditions
468  vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 20cm.
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470 Fig.20  Comparison of flow profiles at different water cushion depths (Fr=4.89)
471 (2) Flow field structure
472 Velocity fields of local flow in the six stilling basins are presented in Fig.21. It shows that under

473 different conditions, the water flow is different at the inlet and the stilling basin section, and the
474  velocity varies differently in the vertical direction, and the quantity and intensity of the vortex
475  generated in the water flow are different.
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482 Fig.21  Velocity vector of local flow in stilling basin
483 Compared with the operating conditions at the aforesaid Froude numbers, the flow velocity

484  vector charts at the depths of Ocm (there is no shallow-water cushion), 5cm, 10cm and 15cm as shown
485  in Fig. 21 are similar; the flow turns in the stilling basin, there are only a few vortexes, the flow
486  velocity is not reduced, and the main stream impacts the basin bottom inordinately. In case that the
487  basin depth is 20cm, there are more vortexes in the stilling basin, the flow velocity is reduced from
488  the frontend to the tail end. In the tail end after the stilling basin terminal, the flow velocity is reduced
489  greatly, and there is a water cushion of 1/5 basin depth from the main stream to the basin bottom is
490  formed (the black line in Fig. 21(e) is with the distance of 1/5 basin depth to the bottom plate). In case
491  that the basin depth is increased to 25cm, the water body of dissipation gets larger with wider range
492  vortex, and the flow velocity has been reduced greatly in the stilling basin, and there is a deep water
493  layer below the main stream, and an obvious submerged hydraulic jump has been occurred.

494 Based on the flow regime and flow field distribution of the hydraulic jump, when Froude
495  number equals to 4.89, the best depth of shallow-water cushion is 20cm and the corresponding related
496  depth-to-length ratio is 0.167.

497 25 Fr=5.17 (V=8m/s)
498 (1) Flow regime and flow profile
499 The occurrence conditions of hydraulic jump in the stilling basin are different at different depths

500  according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion
501  which are presented in Fig. 22. In case that the water cushion depth is Ocm (there is no shallow-water
502  cushion), 5cm, 10cm or 15c¢m, the water flow regime is similar along downstream the discharge chute
503  and in the shallow-water cushion, the water face is flat, and no hydraulic jump occurs. In case that
504  thebasin depth is 20cm, there is intense fluctuation in water in the basin; compared with the aforesaid
505  four water cushion depths, there are more water bodies of energy dissipation in the water cushion,
506  but there is no critical hydraulic jump. In case that the basin depth is increased to 25cm, the stilling
507  basin is occupied by a large water body, and submerged type hydraulic jump occurs. Therefore, in
508  terms of flow regime, relatively perfect hydraulic jump occurs in the stilling basin when the shallow-
509  water cushion depth of 20~25cm (depth-to-length ratio: 0.167~0.208).
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516 Fig.22  Schematic diagram for flow regimes under six conditions

517 From comparison of profiles of free surface in the stilling basin at six depths of shallow-water

518  cushion (Fig. 23), the same observation can be seen that the flow profiles under different conditions
519  vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 20~25cm.
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521 Fig. 23  Comparison of flow profiles at different water cushion depths (Fr=5.17)
522 (2) Flow field structure
523 Velocity fields of local flow in the six stilling basins are presented in Fig.24. It shows that under

524 different conditions, the water flow is different at the inlet and the stilling basin section, and the
525  velocity varies differently in the vertical direction, and the quantity and intensity of the vortex
526  generated in the water flow are different.
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(e) d=20cm
533 Fig.24  Velocity vector of local flow in stilling basin
534 Compared with the operating conditions at the aforesaid Froude numbers, the flow velocity

535  vector charts at the depths of Ocm (there is no water cushion), 5cm, 10cm and 15¢m as shown in Fig.
536 24 are similar; the flow turns in the stilling basin, there are only a few vortexes, the flow velocity is
537  notreduced, and the main stream touches the basin bottom inordinately. In case that the basin depth
538  is 20cm, there are more vortexes in the stilling basin, but no critical hydraulic jump occurs, the main
539  stream impacts the tail ridge of the stilling basin directly, and a water cushion of 1/5 basin depth from
540  the main stream to the basin bottom is formed (the black line in Fig. 24(e) is with the distance of 1/5
541  basin depth to the bottom plate). In case that the basin depth is 25cm, the water body of dissipation
542 gets larger with wider range vortex, and the flow velocity has been reduced greatly in the stilling
543  basin, and an obvious submerged hydraulic jump has been occurred, and a water cushion of greater
544  than 1/5 basin depth from the main stream to the basin bottom is formed (the black line in Fig. 24(f)
545  is with the distance of 1/5 basin depth to the bottom plate).

546 Based on the flow regime and flow field distribution of the hydraulic jump, when Froude
547  number equals to 5.17, the best shallow-water cushion depth is 20~25cm and the corresponding
548  related depth-to-length ratio is 0.167~0.208.

549 3 Conclusion

550 For the first time the best water cushion depth is defined based on the flow regime of hydraulic
551  jump and underflow speed in this paper at the beginning; namely, in case of critical hydraulic jump
552 in the basin, the best water cushion depth is located where the minimum distance to the bottom of
553 the stilling basin is 1/5~1/4 of the water cushion depth. Then the theoretical analysis is conducted to
554  obtain the varying pattern between the Froude number (Fr) at inlet of the stilling basin with shallow-
555  water cushion and the flow velocity at discharge chute inlet (V) under different ratios between
556  different inclinations of discharge chute ( 9) and depth ratios of inlet (m); namely, instead of
557  monotonic change, Fr firstly reduces and then increases as V increases, and the parameters of
558  inflection point (critical flow velocity and critical Fr) increase as the inclinations of discharge chute (
559 ) and depth ratios of inlet (m) increase. After the reliability of the large eddy simulation calculation
560  results are verified by a model test, 30 computing cases are selected including five different Froude
561  numbers and six shallow-water cushion depths based on the theoretical analysis results, for
562  calculating the hydraulic factors such as flow profile, flow regime and flow velocity in the stilling
563  basin with shallow-water cushion; and the varying pattern between the best depth of stilling basin
564  with shallow-water cushion (depth-length ratio) and the inflow Froude number as follows is
565  obtained. It shows that before reaching the critical Froude number, the best depth of stilling basin
566  with shallow-water cushion varies little as the change of the Froude number, however after the
567  critical Froude number is reached, the best depth-length ratio of stilling basin with shallow-water
568 cushion increases as the Froude number increases. In terms of this study (m=36.3, 6=17°), the best
569 depth-to-length ratio of the shallow-water cushion related to the selected Froude numbers is 1/8~1/5
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570 basically. But it is noticeable that, at the different m and discharge chute inclination (6), the best
571  depth-to-length ratio of the shallow-water cushion may be different too, which can be studied
572 accordingly as per the study method in this paper.
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