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Abstract: The water cushion depth of stilling basin with shallow-water cushion is a key factor that 13 
affects the flow regime of hydraulic jump in the basin. However, the specific depth at which the 14 
water cushion is considered as “shallow” has not be stated clearly for now, and only conceptual 15 
description is provided. This paper attempts to specify the best water cushion depth based on the 16 
flow regime of hydraulic jump and underflow speed; namely, in case of critical hydraulic jump in 17 
the basin, the best water cushion depth is located where the minimum distance to the bottom plate 18 
of the stilling basin is 1/5~1/4 of the water cushion depth. The theoretical analysis indicates, at 19 
different inclinations of discharge chute (θ) and depth ratios of inlet (m), instead of monotonic 20 
change, the Froude number (Fr) at inlet of the stilling basin with shallow-water cushion firstly 21 
reduces and then increases as the flow velocity at discharge chute inlet (V) increases; the parameters 22 
of inflection point (critical flow velocity and critical Fr) increase as the inclinations of discharge chute 23 
(θ) and depth ratios of inlet (m) increase. Such regularity is the theoretical basis for selecting 24 
representative study cases. The reliability of the large eddy simulation calculation results are 25 
verified by a model test; in the paper, 30 cases including five different Froude numbers and six 26 
shallow-water cushion depths are selected, for calculating the hydraulic factors such as flow profile, 27 
flow regime and flow velocity in the stilling basin with shallow-water cushion; and the varying 28 
pattern between the best depth of stilling basin with shallow-water cushion (depth-to-length ratio) 29 
and the inflow Froude number is obtained which indicates that the best depth of stilling basin with 30 
shallow-water cushion varies little as the change of the Froude number before reaching the critical 31 
Froude number; however, the best depth-to-length ratio of stilling basin with shallow-water cushion 32 
increases as the Froude number increases after the critical Froude number is reached. The study 33 
results in this paper are of reference significance to design and calculation of the stilling basin with 34 
shallow-water cushion. 35 

Keywords: energy dissipation; hydraulic jump; Froude number; stilling basin with shallow-water 36 
cushion; large eddy simulation; hydraulic characteristics 37 

 38 

0 Introduction 39 

At present, the energy dissipation by hydraulic jump is used for downstream in many hydraulic 40 
projects [1], of which stilling basin plays an important role in energy dissipation. However, the 41 
traditional stilling basin [2-4] has disadvantages such as high underflow speed near the bottom, 42 
apparent damages by erosion and cavitation [5] as well as insufficient energy dissipation rate. Many 43 
researchers have made studies on such problems. Early in 2006, Li Tianxiang[6] et al. of Sichuan 44 
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University introduced the concept of stilling basin with shallow-water cushion; namely, a shallow-45 
water cushion is added for the ordinary stilling basin. In the structure of the new type stilling basin, 46 
the water cushion formed at the basin bottom can be used as the “flexible bottom plate”, which 47 
applies a flexible counterforce to the water stream in the steep slope section and “absorbs” part 48 
impact force of the water stream, so as to realize the purpose of "conquering the unyielding with the 49 
yielding". After that, Ru Yongshen and Su Peilan[7,8] made a detailed study on the hydraulic 50 
characteristics of the stilling basin with shallow-water cushion. Liu Da and Liao Huasheng[9] made a 51 
study on large eddy simulation of the stilling basin with shallow-water cushion. Li Lianxia and Liu 52 
Da[10-12] et al. made a series of studies on the impact caused by inlet type, inflow angle and low Froude 53 
number of the stilling basin with shallow-water cushion on its hydraulic characteristics. Liu Da, Jiang 54 
Shengyin and Li Lianxia[13,14] also proposed the concept of stilling basin with double shallow-water 55 
cushions. It has the advantages same to those of the stilling basin with shallow-water cushion, as well 56 
as better hydraulic characteristics, lower underflow speed and better distribution of dynamic 57 
pressures of bottom plate of the stilling basin. Wan Jiwei et al. [15] proposed the concept of stilling 58 
basin with small bucket angle, drop sill and shallow-water cushion. Compared with the common 59 
stilling basin, it is of a simpler shape, and can effectively solve the problems such as weak adaptability 60 
and inflexible operation way in the similar gate dam projects with high unit discharge, low Froude 61 
number and great water level amplitude between upstream and downstream. The stilling basin with 62 
drop sill is similar to the stilling basin with shallow-water cushion not only in type, but also in study 63 
means and method. Sun Shuangke[16] et al. made a study on the hydraulic characteristics of the stilling 64 
basin with drop sill. Yang Yongsen [17] made a study on the mechanism of energy dissipation of abrupt 65 
drop type stilling basin at low Froude numbers. The stilling basin with drop sill [18-24] is very similar 66 
to the stilling basin with shallow-water cushion. However, the former one is focused on the 67 
connection type of drop sill at the stilling basin inlet, while the latter one is focused on the energy 68 
dissipation mechanism of the stilling basin and the effect of the shallow-water cushion.  69 

The water cushion depth of the stilling basin with shallow-water cushion is of a critical 70 
importance to the energy dissipation effect of the stilling basin. However, no systematic study has 71 
been made on that influence factor for now. Besides, whether the water cushion is considered as deep 72 
or shallow has not been defined clearly since the concept of stilling basin with shallow-water cushion 73 
was proposed. This paper proposes the definition of the best shallow-water cushion depth on the 74 
basis of existing study results on the stilling basin with shallow-water cushion; namely, the water 75 
cushion depth at which the critical hydraulic jump occurs in the basin and the distance from the main 76 
stream to the bottom plate is 1/5~1/4 of the water cushion depth. If the water cushion depth is higher 77 
than the best depth, it is not necessary; if the water cushion depth whereas is lower than the best 78 
depth, the buffer action of the water cushion can not be given full play to. Based on that standard and 79 
the theoretical analysis, after verifying the reliability of numerical model, the method of large eddy 80 
simulation is used for a comprehensive study on the pattern of affecting the hydraulic characteristics 81 
of stilling basin by the shallow-water cushion depth. This study is not about to select a specific inflow 82 
Froude number, but to study the shallow-water cushion depths required at different Froude 83 
numbers, so as to obtain the best shallow-water cushion depth (represented by dimensionless depth-84 
to-length ratio, which is convenient for application) corresponding to the specified Froude number 85 
based on the hydraulic parameters such as flow regime and flow field distribution in the stilling 86 
basin.  87 

1 Methodology 88 

In this study, the feasibility and accuracy of hydraulic characteristics of the stilling basin with 89 
shallow-water cushion as simulated in large eddy simulation are verified based on the results of 90 
physical test model, and then the theoretical analysis is conducted to obtain the varying pattern of 91 
Froude numbers and inlet conditions at the stilling basin inlet, so as to select 30 operating conditions, 92 
including five Froude numbers and six shallow-water cushion depths, for calculation and 93 
comparison.  94 
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1.1 Test model 95 

The test device is composed of several sections including the inflow discharge chute section, 96 
baffle as well as the section of stilling basin with shallow-water cushion and tail water section (as 97 
shown in Fig. 1). The discharge chute section and all downstream parts are with rectangular cross 98 
section, with the width of 30cm. The radial gate is used upstream of the model. The discharge volume 99 
is controlled by different water levels in the water tank. The gate opening is 10cm in all occasions. 100 
The discharge chute section is with the length of 363cm. The slope used in this study is fixed to 17°. 101 
The stilling basin section is with the length of 120cm. The tail water section is with the length of 102 
300cm. At downstream, the water level will not be controlled, free discharge is applied. The flow 103 
profile is measured by the grid method. Criss-cross coordinate grid (Fig. 2) is provided on the side 104 
wall. The flow velocity is measured by the LS300-A type current meter.  105 

 106 
Fig. 1 Layout drawing for model test (in cm) 107 

 108 

Fig. 2 Water flow regime of section of stilling basin with shallow-water cushion indicated in 109 
model test 110 

1.2 Theoretical method 111 

The Froude number at the stilling basin inlet is affected by many factors. In order to obtain the 112 
varying pattern related to the Froude number and select representative Froude numbers for 113 
calculation, theoretical analysis method is used in this study to study the Froude numbers at the 114 
stilling basin inlet.  115 

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

 
2 2 2 2

1 1 2 2 1 1
1 2

12 2 2 4 2
V V V VLZ Z
g g g R g

α α ξ λ+ = + + +  (1) 121 

And the continuity equation is expressed as the Equation (2),  122 
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where, the subscripts 1 and represents the inlet location of the discharge chute and the terminal 124 
location of the discharge chute respectively; Z represents the height from the control section to the 125 
reference elevation;  represents the kinetic energy correction factor; V represents the flow velocity; 126 

 represents the local head loss coefficient of the inlet;  represents the frictional head loss 127 
coefficient; R represents the hydraulic radius; h represents the depth of water at the inlet of discharge 128 
chute; B represents the width of the discharge chute; the Froude number at the terminal of the 129 
discharge chute can be obtained by the simultaneous equations (1) and (2), which is also the Froude 130 
number at the stilling basin inlet (according to the flow regime, the above two Froude numbers are 131 
with little difference; for simplification, they are not distinguished). 132 
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Where, m=L/h, L represents the length of the discharge chute, h represents the depth of water at the 134 
discharge chute inlet, and  represents the inclination of the discharge chute.  135 

The Equation (3) can be simplified to ; where, V is an independent variable, m 136 

and  are parameters; in the test, B=0.3m, h=0.1m, 1α =1.05， 2α =1.1， ξ =0.5， 1
1

1

AR
χ

= =0.06，137 

n=0.01, 1/61=C R
n

， 2

8= g
C

λ =0.020047。 138 

In order to select representative operating conditions to be used in the test, the following method 139 
is used to determine the Froude number at the stilling basin inlet:  140 

Step 1: according to the model dimension, turn the Equation (3) into the Equation (4) after 141 
confirming m = 36.3, 142 

 
( )3/ 42
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The relation between flow velocity at the discharge chute inlet and the Froude number at stilling 144 
basin inlet at different  (the inclination of discharge chute) can be obtained based on the Equation 145 
(4), as shown in Fig. 3.  146 

 147 
Fig. 3 Relation between flow velocity at discharge chute inlet and Froude number at stilling basin 148 
inlet at different inclinations 149 

As shown in the figure, at the same inclination, the Froude number reduces firstly and then 150 
increases as the flow velocity varies, during which an inflection point will be inevitable; the inflection 151 
point may be located at different places at different inclinations. Further, to obtain the varying pattern 152 
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between the position of the inflection point and the inclination of the discharge chute, calculate the 153 
derivative of the flow velocity (V) in the Equation (4); taking that derivative as 0, the flow velocity 154 
relation corresponding to the inflection point in Fig. (4) at different inclinations can be obtained by (5)  155 
 2 144.171V Sinθ=  (5) 156 

  157 
Fig. 4 Flow velocity of inflection points related to different inclinations 158 

As shown in Fig. 4, the velocity corresponding to the inflection point increases as the inclination 159 
increases; the Froude number of the inflection point related to each inclination in Fig 3 is 5.3, 4.8, 4.2, 160 
3.5 and 2.6 respectively.  161 

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

 
( )( )3/42

0.5

5.22 5 0.076

5.67

m m V
Fr

V

+ −
=  (6) 166 

  167 

Fig. 5 Relation between flow velocity and Froude number at different ratios of discharge chute 168 
length and inlet height 169 

As shown in Fig. (5), the variation trend between Froude number and flow velocity is different 170 
at different ratios; when m is relatively low, the variation trend is increase after reduction; when m is 171 
relatively high, and the flow velocity and Froude number are in monotone decreasing function. To 172 
obtain the varying pattern of the inflection point, calculate the derivative of the flow velocity (V) in 173 

θ
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the Equation (6), and taking the derivative as 0. The flow velocity of inflection point at different ratios 174 
(m) is shown in the Equation (7), and the function image is shown in Fig. 6.  175 

 2 2.868
5.5 0.084

mV
m

=
−

 (7) 176 

  177 

Fig. 6 Relation between flow velocity (V) at discharge chute and m 178 

As shown in Fig. 5, the velocity corresponding to the inflection point increases as the ratio 179 
increases; however, the ratio is with a certain limit, and the curve is infinitely close to: m=65.476 (see 180 
Fig. 6); therefore, if m is less than 65.476, the relation between Fr and V is not in a monotonic curve, 181 
and there is an inflection point; if m equals to 36.3 or 6.3, the Froude number at the corresponding 182 
inflection point is 4.8 and 2.4 respectively. If m is greater than 65.476, the Equation (6) is a monotone 183 
decreasing function, and the three curves (m=66.3, 96.3 and 126.3 respectively) in Fig. 5 intersect with 184 
the x axis, because simplification is assumed when deriving the Equation (6) by the energy equation 185 
of the Equation (1). Namely, parameters such as the velocity and hydraulic radius at the discharge 186 
chute inlet are used when calculating the frictional head loss. Actually, such parameters varies along 187 
the way, the error will be low if the length of the discharge chute is small (i.e., m is relatively low); if 188 
m is relatively high, such assumption is not applicable. In this study, the discharge chute is short 189 
(m=36.3), thus the error caused by such simplification is small.   190 

1.3 Mathematical model 191 

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

1) Control equation 194 

In large eddy simulation [25-28] (LES), the large-scale eddy is simulated directly by solving the 195 
momentum equation, and the small-scale eddy is expressed in the sub-grid scale model. The control 196 
equation is:   197 

 
( ) 0i

i

u
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 (9) 199 

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

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

the large-eddy movement. Generally, the sub-grid stress is calculated by the eddy viscidity model:   204 

 
1 2
3

sgs sgs
ij kk ij sgs ijSτ τ δ μ− = −  (10) 205 

Where, 
 

represents the sub-grid turbulent viscosity coefficient, ; 
 

represents 206 

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

 
1
2

ji
ij

j i

uuS
x x

 ∂∂= +  ∂ ∂ 
 (11) 208 

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

, 
; where,  represents the mixed length of the sub-grid 210 

scale;  represents the Karman constant; d represents the distance to the nearest wall face; V 211 
represents the volume of computing control body; and  represents the Smagorinsky constant, 212 
which is 0.1 in this study.  213 

2) Discrete and solving 214 

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

3) Computational domain and boundary conditions  220 

(1) Computational domain 221 

The computational domain is shown in Fig. 7. The water intake is with the opening of 10cm. A 222 
baffle is provided at both sides of the upstream intake section of the stilling basin respectively, so as 223 
to avoid overflow during the intermediate iteration process.  224 

 225 
Fig. 7 Schematic diagram for computational domain of mathematical model 226 
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The grids in the stilling basin and tail water section are transited from coarse to fine from top to 227 
bottom which size is 2cm~3cm. The longer edge of the grid is with the dimension of 3cm. The model 228 
is with 57,200 grids in total.  229 

(2) Boundary conditions 230 

The boundary condition of the inlet of the chute is set as velocity inlet condition which can be 231 
determined according to the relationship between inlet velocity and inlet Froude number of stilling 232 
basin discussed in section 1.2. Free discharge[29] is applied at the outlet boundary. The viscous 233 
sublayer of the near wall is treated by the wall function method. Non-slip condition is applied on the 234 
fixed wall.   235 

4. Verification of mathematical model  236 

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

(1) Flow regime comparison  240 

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

 244 

(a) The flow velocity at the chute inlet is 0.5m/s, and the basin depth is 20cm. 245 

 246 

(b) The flow velocity at the chute inlet is 1m/s, and the basin depth is 15cm. 247 

 248 

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

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

(2) Comparison of flow profile 251 

The comparison of flow profiles between test results and calculated results show good 252 
agreement with each other (Fig. 9) which verifies the reliability of large eddy simulation again.  253 
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 254 

Fig. 9 Comparison of flow profile 255 

2 Results and discussion  256 

According to the varying pattern among the Froude number (Fr) at the inlet of the stilling basin 257 
with shallow-water cushion, inlet flow velocity (V) and model dimensions (m and ) as obtained by 258 
the aforesaid analysis as well as the dimensions of physical model (m=36.3, =17°), five values of the 259 
flow velocity at the discharge chute inlet are determined (V=0.5m/s, 1m/s, 2m/s, 6.5m/s and 8m/s), so 260 
that the different Froude numbers at the stilling basin inlet are obtained (Fr=13.03, 9.41, 6.71, 4.89, 261 
5.17). When Fr equals to 4.89, it corresponds to the inflection point (i.e., the critical Froude number) 262 
on the curve (Figs 3 and 5), and the corresponding critical flow velocity (V) at the discharge chute 263 
inlet is 6.5m/s. Six different basin depths are used, including 0cm, 5cm, 10cm, 15cm, 20cm and 25cm, 264 
and the length is fixed to 120cm, so that six different depth-to-length ratios of the shallow-water 265 
cushion are obtained: 0, 0.042, 0.083, 0.125, 0.167, 0.208. The 30 cases for calculation include five 266 
typical Froude numbers and six different depths of shallow-water cushion.  267 

According to five different inflow Froude numbers, systematic study was conducted on the 268 
varying pattern of hydraulic characteristics such as flow profile, flow velocity and flow regime in the 269 
stilling basin with different depths of the shallow-water cushion, so as to determine the best depth of 270 
the shallow-water cushion. Namely, at the best depth, the main stream is located at the position about 271 
1/3 depth of the shallow-water cushion and with the distance about 1/5 depth to the cushion bottom, 272 
and the critical hydraulic jump occurs in the stilling basin.  273 

2.1 Fr=13.03 (V=0.5m/s) 274 

(1) Flow regime and flow profile 275 

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths 276 
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion 277 
which are presented in Fig. 10. In case that the water cushion depth is 0cm, there is no hydraulic jump 278 
along downstream the discharge chute. In case that the water cushion depth is 5cm, the water surface 279 
in the stilling basin is flat, and no hydraulic jump occurs. In case that the water cushion depth is 10cm, 280 
there is fluctuation in water in the stilling basin, and hydraulic jump in far-forth driving form occurs. 281 
In case that the water cushion depth is 15cm, there is an intense fluctuation of water body in the 282 
stilling basin, and critical hydraulic jump occurs. When the water cushion depth is 20cm or 25cm, the 283 
stilling basin is occupied by a large water body, and submerged type hydraulic jump occurs. 284 
Therefore, in terms of flow regime, relatively perfect hydraulic jump occurs in the stilling basin when 285 
the shallow-water cushion depth is 15cm (depth-to-length ratio: 0.125).  286 

θ
θ
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 287 

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

 289 

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

 291 

(e) d=20cm                    (f) d=25cm 292 
Fig. 10 Schematic diagram for flow regimes under six conditions 293 

From comparison of profiles of free surface in the stilling basin at six depths of shallow-water 294 
cushion (Fig. 11), the same observation can be seen that the flow profiles under different conditions 295 
vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 15m.  296 

 297 

 Fig. 11 Comparison of flow profiles at different water cushion depths (Fr=13.03) 298 

(2) Flow field structure  299 

Velocity fields of local flow in the six stilling basins are presented in Fig.12. It shows that 300 
under different conditions, the water flow is different at the inlet and the stilling basin section, 301 
and the velocity varies differently in the vertical direction, and the quantity and intensity of the 302 
vortex generated in the water flow are different. When water flows to the tail ridge of the stilling 303 
basin, the reduction of flow velocity and vortex range change are with distinct difference. 304 
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 305 

(a) d=0cm                        (b) d=5cm 306 

 307 
(c) d=10cm                       (d) d=15cm 308 

 309 

(e) d=20cm                        (f) d=25cm 310 
Fig. 12 Velocity vector of local flow in stilling basin 311 

In case of no shallow-water cushion (0cm), the flow velocity downstream the chute is not 312 
reduced obviously, and there is no vortex in the water flow, and the main stream impacts the floor. 313 
If the depth of the shallow-water cushion is 5cm, water flow turns at the inlet and outlet of the stilling 314 
basin and a partial vortex area is formed, and the flow velocity in the stilling basin is high, and the 315 
main stream touches the bottom. If the basin depth is 10cm, at the front end of the stilling basin, the 316 
flow velocity is high, and there are only a few vortexes; there are more vortexes occurring at the 317 
terminal of the basin; meanwhile the flow velocity is still high, and the main stream touches the 318 
bottom. If the basin depth is 15cm, the flow velocity in the front end of the stilling basin is higher than 319 
that in the tail end, and the water body of energy dissipation is larger compared with the aforesaid 320 
three conditions, and there is a water layer of 1/5 basin depth from the main stream to the bottom 321 
(The black line in Fig. 12(d) is with the distance of 1/5 basin depth to the bottom plate.), and relative 322 
shallow-water cushion is obtained. If the basin depth is increased to 20cm or 25cm, the water body 323 
of dissipation gets larger with wider range vortex, and the flow velocity has been reduced greatly in 324 
the front end of the stilling basin, and there is a deep water layer below the main stream, and an 325 
obvious submerged hydraulic jump has been occurred.  326 

Based on the flow regime and flow field distribution of the hydraulic jump, when Froude 327 
number equals to 13.03, the best depth of shallow-water cushion is 15cm and the corresponding 328 
related depth-to-length ratio is 0.125.  329 

2.2 Fr=9.41 (V=1m/s) 330 

(1) Flow regime and flow profile 331 

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths 332 
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion 333 
which are presented in Fig. 13. In case that the water cushion depth is 0cm (there is no shallow-water 334 
cushion), 5cm or 10cm, the water flow regime is similar along downstream the discharge chute and 335 
in the shallow-water cushion, and it varies as follows: there is no hydraulic jump, the flow regime 336 
bends, and hydraulic jump in far-forth driving form occurs. In case that the basin depth is 15cm, there 337 
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is intense fluctuation in water in the basin, critical hydraulic jump occurs, and the water flow regime 338 
is relatively perfect. In case that the basin depth is 20cm or 25cm, the stilling basin is occupied by a 339 
large water body, and the submerged type hydraulic jump occurs. Therefore, in terms of flow regime, 340 
relatively perfect hydraulic jump occurs in the stilling basin when the shallow-water cushion depth 341 
is 15cm (depth-to-length ratio: 0.125).  342 

  343 
(a) d=0cm                        (b) d=5cm 344 

  345 
(c) d=10cm                      (d) d=15cm 346 

 347 
(e) d=20cm                      (f) d=25cm 348 

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

From comparison of profiles of free surface in the stilling basin at six depths of shallow-water 350 
cushion (Fig. 14), the same observation can be seen that the flow profiles under different conditions 351 
vary greatly, and relatively perfect flow profile is obtained when the shallow-water cushion depth is 352 
15cm.  353 

 354 

Fig. 14 Comparison of flow profiles at different water cushion depths (Fr=9.41) 355 

(2) Flow field structure  356 

Velocity fields of local flow in the six stilling basins are presented in Fig.15. It shows that under 357 
different conditions, the water flow is different at the inlet and the stilling basin section, and the 358 
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velocity varies differently in the vertical direction, and the quantity and intensity of the vortex 359 
generated in the water flow are different. 360 

 361 
(a) d=0cm                              (b) d=5cm 362 

 363 
(c) d=10cm                            (d) d=15cm 364 

 365 
(e) d=20cm                            (f) d=25cm 366 
Fig. 15 Velocity vector of local flow in stilling basin 367 

Compared with the six shallow-water cushion depth conditions when the Froude number is 368 
13.03 as shown in Fig. 12, the flow velocity vector charts corresponding to six depths shown in Fig. 369 
15 are similar. In case of no shallow-water cushion (0cm), the flow velocity downstream the chute is 370 
not reduced obviously, and there is no vortex in the water flow, and the main stream touches the 371 
floor. If the water cushion depth is 5cm, water flow turns at the inlet and outlet of the stilling basin, 372 
a partial vortex area is formed, the flow velocity in the stilling basin is high, and the main stream 373 
touches the bottom. If the basin depth is 10cm, the flow velocity is high at the front end of the stilling 374 
basin, and there are only a few vortexes; there are more vortexes occurring at the terminal of the 375 
basin; meanwhile the flow velocity is still high, and the main stream touches the bottom. If the basin 376 
depth is 15cm, the flow velocity in the front end of the stilling basin is higher than that in the tail end, 377 
and the water bodies of energy dissipation is larger compared with the aforesaid three conditions, 378 
and there is a water cushion of 1/5 basin depth from the main stream to the basin bottom (the black 379 
line in Fig. 15(d) is with the distance of 1/5 basin depth to the bottom plate). If the basin depth is 380 
increased to 20cm or 25cm, the water body of dissipation gets larger with wider range vortex, and 381 
the flow velocity has been reduced greatly in the front end of the stilling basin, and there is a deep 382 
water layer below the main stream, and an obvious submerged hydraulic jump has been occurred.   383 

Based on the flow regime and flow field distribution of the hydraulic jump, when Froude 384 
number equals to 9.41, the best depth of shallow-water cushion is 15cm and the corresponding related 385 
depth-to-length ratio is 0.125.  386 

2.3 Fr=6.71 (V=2m/s) 387 

(1) Flow regime and flow profile 388 

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths 389 
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion 390 
which are presented in Fig. 16. In case that the water cushion depth is 0cm (there is no shallow-water 391 
cushion), 5cm or 10cm, the water flow regime is similar along downstream the discharge chute and 392 
in the shallow-water cushion, and it varies as follows: there is no hydraulic jump, the flow regime 393 
bends, and hydraulic jump in far-forth driving form occurs. In case that the basin depth is 15cm, there 394 
is intense fluctuation in water in the basin; when compared with the stilling basin with the depth of 395 
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15cm corresponding to the aforesaid two Froude numbers, there are more water bodies of energy 396 
dissipation in the basin at this Froude number, but the critical hydraulic jump has not been formed 397 
entirely. In case that the basin depth is 20cm or 25cm, the stilling basin is occupied by water body, 398 
and the submerged type hydraulic jump occurs. Therefore, in terms of flow regime, relatively perfect 399 
hydraulic jump occurs in stilling basin when the shallow-water cushion depth of 15cm~20cm (depth-400 
to-length ratio: 0.125~0.167).  401 

  402 
(a) d=0cm                          (b) d=5cm 403 

  404 
(c) d=10cm                         (d) d=15cm 405 

  406 
(e) d=20cm                          (f) d=25cm 407 

Fig. 16 Schematic diagram for flow regimes under six conditions 408 

From comparison of profiles of free surface in the stilling basin at six depths of shallow-water 409 
cushion (Fig. 17), the same observation can be seen that the flow profiles under different conditions 410 
vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 411 
15cm~20cm.  412 

 413 

Fig. 17 Comparison of flow profiles at different water cushion depths (Fr=6.71) 414 

(2) Flow field structure  415 

Velocity fields of local flow in the six stilling basins are presented in Fig.18. It shows that under 416 
different conditions, the water flow is different at the inlet and the stilling basin section, and the 417 
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velocity varies differently in the vertical direction, and the quantity and intensity of the vortex 418 
generated in the water flow are different. 419 

 420 
(a) d=0cm                            (b) d=5cm 421 

 422 
(c) d=10cm                             (d) d=15cm 423 

 424 
(e) d=20cm                            (f) d=25cm 425 
Fig. 18 Velocity vector of local flow in stilling basin 426 

Compared with the six shallow-water cushion depth conditions corresponding to the aforesaid 427 
two Froude numbers (Fig. 12 and Fig. 15), the flow velocity vector charts corresponding to six depths 428 
shown in Fig. 18 are similar. In case of no shallow-water cushion (0cm), the flow velocity downstream 429 
the chute is not reduced obviously, there is no vortex in the water flow, and the main stream touches 430 
the floor directly. If the depth of the shallow-water cushion is 5cm, water flow turns at the inlet and 431 
outlet of the stilling basin, a partial vortex area is formed, the flow velocity in the stilling basin is high, 432 
and the main stream touches the bottom. If the basin depth is 10cm, the flow velocity in the whole 433 
stilling basin is high, there are only a few vortexes; at the terminal of the basin, the surface in the 434 
horizontal direction increases greatly, and the main stream touches the basin bottom. If the basin 435 
depth is 15cm, the flow velocity is not reduced greatly from the front end to terminal of the stilling 436 
basin, but there are more water bodies of energy dissipation when compared with the aforesaid three 437 
conditions, a water cushion is formed between the main stream and the basin bottom (the black line 438 
in Fig. 18(d) is with the distance of 1/5 basin depth to the bottom plate). If the basin depth is increased 439 
to 20cm or 25cm, the water body of dissipation gets larger with wider range vortex, and the flow 440 
velocity has been reduced greatly in the front end of the stilling basin, and there is a deep water layer 441 
below the main stream, and an obvious submerged hydraulic jump has been occurred. 442 

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

2.4 Fr=4.89 (V=6.5m/s) 446 

(1) Flow regime and flow profile 447 

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths 448 
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion 449 
which are presented in Fig. 19. In case that the water cushion depth is 0cm (there is no shallow-water 450 
cushion), 5cm, 10cm or 15cm, the water flow regime is similar along downstream the discharge chute 451 
and in the shallow-water cushion, the water face is flat, and no hydraulic jump occurs. In case that 452 

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

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


 

 

the basin depth is 20cm, there is intense fluctuation in water in the basin; compared with the aforesaid 453 
four water cushion depths, there are more water bodies of energy dissipation in the water cushion, 454 
and the critical hydraulic jump occurs. In case that the basin depth is 25cm, the stilling basin is 455 
occupied by water body, and the submerged type hydraulic jump occurs. Therefore, in terms of flow 456 
regime, relatively perfect hydraulic jump occurs in the stilling basin when the shallow-water cushion 457 
depth of 20cm (depth-to-length ratio: 0.167).  458 

 459 
(a) d=0cm                  (b) d=5cm 460 

 461 
(c) d=10cm                 (d) d=15cm 462 

 463 
(e) d=20cm                 (f) d=25cm 464 

Fig. 19 Schematic diagram for flow regimes under six conditions 465 

From comparison of profiles of free surface in the stilling basin at six depths of shallow-water 466 
cushion (Fig. 20), the same observation can be seen that the flow profiles under different conditions 467 
vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 20cm.  468 

 469 
Fig. 20 Comparison of flow profiles at different water cushion depths (Fr=4.89) 470 

(2) Flow field structure  471 

Velocity fields of local flow in the six stilling basins are presented in Fig.21. It shows that under 472 
different conditions, the water flow is different at the inlet and the stilling basin section, and the 473 
velocity varies differently in the vertical direction, and the quantity and intensity of the vortex 474 
generated in the water flow are different. 475 
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 476 
(a) d=0cm                               (b) d=5cm 477 

 478 
(c) d=10cm                             (d) d=15cm 479 

 480 
(e) d=20cm                             (f) d=25cm 481 
Fig. 21 Velocity vector of local flow in stilling basin 482 

Compared with the operating conditions at the aforesaid Froude numbers, the flow velocity 483 
vector charts at the depths of 0cm (there is no shallow-water cushion), 5cm, 10cm and 15cm as shown 484 
in Fig. 21 are similar; the flow turns in the stilling basin, there are only a few vortexes, the flow 485 
velocity is not reduced, and the main stream impacts the basin bottom inordinately. In case that the 486 
basin depth is 20cm, there are more vortexes in the stilling basin, the flow velocity is reduced from 487 
the front end to the tail end. In the tail end after the stilling basin terminal, the flow velocity is reduced 488 
greatly, and there is a water cushion of 1/5 basin depth from the main stream to the basin bottom is 489 
formed (the black line in Fig. 21(e) is with the distance of 1/5 basin depth to the bottom plate). In case 490 
that the basin depth is increased to 25cm, the water body of dissipation gets larger with wider range 491 
vortex, and the flow velocity has been reduced greatly in the stilling basin, and there is a deep water 492 
layer below the main stream, and an obvious submerged hydraulic jump has been occurred.  493 

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

2.5 Fr=5.17 (V=8m/s) 497 

(1) Flow regime and flow profile 498 

The occurrence conditions of hydraulic jump in the stilling basin are different at different depths 499 
according to the water flow regimes in the stilling basin at six depths (d) of shallow-water cushion 500 
which are presented in Fig. 22. In case that the water cushion depth is 0cm (there is no shallow-water 501 
cushion), 5cm, 10cm or 15cm, the water flow regime is similar along downstream the discharge chute 502 
and in the shallow-water cushion, the water face is flat, and no hydraulic jump occurs. In case that 503 
the basin depth is 20cm, there is intense fluctuation in water in the basin; compared with the aforesaid 504 
four water cushion depths, there are more water bodies of energy dissipation in the water cushion, 505 
but there is no critical hydraulic jump. In case that the basin depth is increased to 25cm, the stilling 506 
basin is occupied by a large water body, and submerged type hydraulic jump occurs. Therefore, in 507 
terms of flow regime, relatively perfect hydraulic jump occurs in the stilling basin when the shallow-508 
water cushion depth of 20~25cm (depth-to-length ratio: 0.167~0.208).  509 
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 510 
(a) d= 0cm             (b) d= 5cm 511 

 512 
(c) d=10cm                            (d) d=15cm 513 

 514 
(e) d=20cm                            (f) d=25cm 515 

Fig. 22 Schematic diagram for flow regimes under six conditions 516 

From comparison of profiles of free surface in the stilling basin at six depths of shallow-water 517 
cushion (Fig. 23), the same observation can be seen that the flow profiles under different conditions 518 
vary greatly, and relatively perfect flow profile is obtained when the water cushion depth is 20~25cm.  519 

 520 

Fig. 23 Comparison of flow profiles at different water cushion depths (Fr=5.17) 521 

(2) Flow field structure  522 

Velocity fields of local flow in the six stilling basins are presented in Fig.24. It shows that under 523 
different conditions, the water flow is different at the inlet and the stilling basin section, and the 524 
velocity varies differently in the vertical direction, and the quantity and intensity of the vortex 525 
generated in the water flow are different. 526 

 527 
(a) d=0cm                          (b) d=5cm 528 
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 529 
(c) d=10cm                         (d) d=15cm 530 

 531 
(e) d=20cm                         (f) d=25cm 532 

Fig. 24 Velocity vector of local flow in stilling basin 533 

Compared with the operating conditions at the aforesaid Froude numbers, the flow velocity 534 
vector charts at the depths of 0cm (there is no water cushion), 5cm, 10cm and 15cm as shown in Fig. 535 
24 are similar; the flow turns in the stilling basin, there are only a few vortexes, the flow velocity is 536 
not reduced, and the main stream touches the basin bottom inordinately. In case that the basin depth 537 
is 20cm, there are more vortexes in the stilling basin, but no critical hydraulic jump occurs, the main 538 
stream impacts the tail ridge of the stilling basin directly, and a water cushion of 1/5 basin depth from 539 
the main stream to the basin bottom is formed (the black line in Fig. 24(e) is with the distance of 1/5 540 
basin depth to the bottom plate). In case that the basin depth is 25cm, the water body of dissipation 541 
gets larger with wider range vortex, and the flow velocity has been reduced greatly in the stilling 542 
basin, and an obvious submerged hydraulic jump has been occurred, and a water cushion of greater 543 
than 1/5 basin depth from the main stream to the basin bottom is formed (the black line in Fig. 24(f) 544 
is with the distance of 1/5 basin depth to the bottom plate).  545 

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

3 Conclusion 549 

For the first time the best water cushion depth is defined based on the flow regime of hydraulic 550 
jump and underflow speed in this paper at the beginning; namely, in case of critical hydraulic jump 551 
in the basin, the best water cushion depth is located where the minimum distance to the bottom of 552 
the stilling basin is 1/5~1/4 of the water cushion depth. Then the theoretical analysis is conducted to 553 
obtain the varying pattern between the Froude number (Fr) at inlet of the stilling basin with shallow-554 
water cushion and the flow velocity at discharge chute inlet (V) under different ratios between 555 
different inclinations of discharge chute ( ) and depth ratios of inlet (m); namely, instead of 556 
monotonic change, Fr firstly reduces and then increases as V increases, and the parameters of 557 
inflection point (critical flow velocity and critical Fr) increase as the inclinations of discharge chute (558 

) and depth ratios of inlet (m) increase. After the reliability of the large eddy simulation calculation 559 
results are verified by a model test, 30 computing cases are selected including five different Froude 560 
numbers and six shallow-water cushion depths based on the theoretical analysis results, for 561 
calculating the hydraulic factors such as flow profile, flow regime and flow velocity in the stilling 562 
basin with shallow-water cushion; and the varying pattern between the best depth of stilling basin 563 
with shallow-water cushion (depth-length ratio) and the inflow Froude number as follows is 564 
obtained. It shows that before reaching the critical Froude number, the best depth of stilling basin 565 
with shallow-water cushion varies little as the change of the Froude number, however after the 566 
critical Froude number is reached, the best depth-length ratio of stilling basin with shallow-water 567 
cushion increases as the Froude number increases. In terms of this study (m=36.3, =17°), the best 568 
depth-to-length ratio of the shallow-water cushion related to the selected Froude numbers is 1/8~1/5 569 

θ
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θ

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

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


 

 

basically. But it is noticeable that, at the different m and discharge chute inclination ( ), the best 570 
depth-to-length ratio of the shallow-water cushion may be different too, which can be studied 571 
accordingly as per the study method in this paper.  572 
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