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The ladder-shaped spillway in a certain reservoir junction is set as the engineering background in the paper. The hydraulic similarly
model experiment and three-dimensional numerical simulation of hydraulic characteristics of water ﬂow are performed. The outﬂow
capacity, ﬂow state analysis, velocity distribution, water surface line, pressure, and the energy dissipation rate are analyzed, and
experimental results are compared with the numerical results. The conclusions demonstrate that the numerical results of the ﬂow
characteristics are very proximate to actual experimental results, the changeable law is the same, and their energy dissipation rate is
basically consistent; it shows the feasibility of three-dimensional numerical simulation; the conclusions can provide the basis for
the optimization about the ﬂow state of the ladder-shaped spillway in the future.

1. Introduction
The ladder-shaped spillway is widely applied to the hydraulic engineering [1]. It has many virtues, for example, good
energy dissipation eﬃciency, little engineering quantity,
and low cost. The investigations on the water surface line,
energy dissipation rate, aeration characteristic, the friction
coeﬃcient, and scale eﬀect of model of the ladder-shaped
spillway are gradually valued [2–4]. As deeper investigation
is performed [5], it is realized that the macroscopical
hydraulic parameters are connected [6] with the ﬂow ﬁeld
structure of water. The investigation methods of ﬂow ﬁeld
are developed from initial model experiment to the method
in combination with model experiment and 3D numerical
computation of turbulent ﬂow [7]. The outﬂow capacity,
water surface line, ﬂow velocity distribution, etc. in Zhangfeng reservoir are simulated by Li et al. [8], and its results
are consistent with the experimental ones [9]; the outﬂow
capacity and water surface line of side-slot spillway are analyzed with comparison to verify the validity of hydraulic cal-

culation by Yan et al. [10]; then, the energy dissipation of the
ladder-shaped spillway is explored based on the ﬂow velocity
by Zhang et al. [11] and Shen et al. [12]. The inﬂuential factors of the ladder-shaped spillway are analyzed by Zhang
et al. [13]; the physical model and numerical simulation
are adopted by Knop and Mattioli [14] to analyze the
hydraulic characteristic of the ladder-shaped spillway; the
above investigations have enormously improved the development of the theory of hydraulic characteristics, and the
numerical results can be veriﬁed by the experimental ones
[15–17], so the numerical method with the experimental
testing has been widely applied to model the ﬂow state of
water, especially for the spillway [18–20]. In the paper, the
ﬂow characteristic of the ladder-shaped spillway is simulated, and it is compared with the experimental results; the
conclusions demonstrate that the method is feasible.
The paper is organized as follows: in section 2, the engineering background in the study area is introduced at ﬁrst;
in section 3, a hydraulic model experiment about the hydraulic
characteristics is introduced; in section 4, the numerical model
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about the hydraulic characteristics is performed; in section 5,
the numerical results are compared with experimental results;
in section 6, conclusions are drawn.

2. Engineering Background
Certain reservoir is a multiyear regulating water-control
project in a mountainous area; its type is small (1) in size.
The engineering level is IV. The total reservoir capacity is
451 × 104 m3; its dead water level is 1896.22 m, the normal
storage water level is 1927.88 m, the design ﬂood level is
1929.02 m, and the collated ﬂood level is 1930.01 m.
The ladder-shaped spillway is located at the right bank of
the reservoir; it is a side channel spillway; WES practical weir
is selected as the overﬂow weir. Initial regulating water level
of the spillway is 1927.88 m; the crest elevation of the weir is
the same as one of the initial regulating water levels.
The total length of the spillway is 243 m. It is composed
of side weir section, adjustment section, ladder energy dissipation section, and stilling basin section. Water discharge
under the collated ﬂood level conditions Qmax = 122:3 m3/s.
Water discharge under design ﬂood level conditions
Qmax = 46:27 m3/s. The section layout of spillway is plotted in Figure 1.

3. Hydraulic Model Experiment
3.1. Experimental Scheme. The calculative scope of the model
is depicted as follows: the total length of spillway is 315 m;
the length of side weir section is 20 m, one of the regulating
sections is 15 m, one of the ladder energy-dissipation sections is 190 m, one of the stilling basin sections is 21 m,
and one of the tailrace channel sections is 69 m; the similarity criterion of gravity is observed according to model
design, and the normal model is adopted, the geometric scale
of the model is λl = 25; the similar scales of other hydraulic
parameters are shown in Table 1. The planar layout of the
model is plotted in Figure 2. The full view of model is shown
in Figure 3.
3.2. Fabrication and Installation of Materials. The selection
of experimental materials must approximate to the roughness of actual materials to reﬂect the ﬂow state of actual
water in the spillway. According to the principle of gravity
similarity [21], it can be expressed as follows:
λn =

np
= λ1/6
l :
nm

ð1Þ

The roughness of actual discharge structure np = 0:015,
so the roughness of experimental discharge structure can
1/6
be calculated as nm = np /λ1/6
= 0:0088. The
l = 0:015/25
range of roughness about plexiglass material is within
0.007~0.009 commonly, so the plexiglass is selected as the
material of the spillway in the model [22].
The requirement of experimental installation is listed as
follows: the layout of planar conducting wire is determined
by the shape and scope of the model. The bearings of conducting wire are controlled by the theodolite, the permissive

deviation is ±0.1°, the elevation of model is controlled
by the level, and the precise requirement should be satisﬁed [23, 24].
The requirement of experimental precision is shown as
follows: the permissive error of elevation about the structure
model is ±0.3 mm; the permissive error of the cardinal point
of level and zero point of the probe is ±0.3 mm.
3.3. Testing Method
3.3.1. The Supply Facilities of Water. The water supply facilities of hydraulic model experiment are composed of cistern,
power pump, level water tower, distributing pipe, backwater
tank, etc.
3.3.2. The Experimental Measuring Instrument. The measuring instrument of water level and water surface line: water
level gauge and steel gauge and level are adopted to measure
the water level of constant ﬂow. A manometer tube is
selected as the monitoring of pressure.
The measuring instrument of ﬂow velocity: a LGY-IIItype multifunctional intelligent current meter and pitot tube
are adopted to monitor the ﬂow velocity.
The measuring instrument of ﬂow capacity: rectangular
thin-walled weir is adopted to monitor the ﬂow capacity of
constant ﬂow. The type of gauging weir should meet with
the requirement of range and precision.
3.3.3. The Calculative Formula of Rectangular Thin-Walled
Weir. It can be expressed as follows [25]:
pﬃﬃﬃﬃﬃﬃ
Q = m0 b 2gH 3/2 ,

"

2  2 #
0:0027
B−b
H
b
− 0:03 ×
1 + 0:55
m0 = 0:405 +
,
H
B
H+p
B

ð2Þ
where H is the water head of weir, m; P is the height of weir,
m; and B is the width of weir, m.

4. The Numerical Simulation
Flow3D simulation software is adopted to model the correlate experiments. The side weir section, regulating section,
ladder energy dissipation section of discharge tank, stilling
basin section, and tailrace channel section are included in
calculative ranges; it is plotted in Figure 4. The prototype
is adopted in the simulation. Initial inﬂow section is located
at 20 meters ahead of the WES weir at the upstream of the
model. The exit of the channel is located at the downstream
of the model. The total length of the model is 315 m; the
boundary condition of the pressure inlet is adopted for water
and gas inlet. The pressure all is atmospheric pressure at the
boundary of the gas inlet. The boundary of the outlet is far
from the side weir section, and the discharge tank is rather
straight, so it has little inﬂuence on the turbulence in the side
channel. Namely, the alteration of diﬀerent physical quantities along the path tends to be constant. Nonslip boundary
condition is adopted on the surface of wall. The method
about the standard wall function is adopted to deal with a
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Figure 1: The section layout of spillway.
Table 1: Hydraulic parameter similarity under the condition of gravity similarity.
Hydraulic parameters
Length l
Pressure p
Flow velocity v

Conversion relation
λl

25

λp/γ = λl
λv = λl

Similar scale

20

1/2

5

Hydraulic parameters
Flow Q
Time t
Roughness n

Conversion relation
λQ = λl

5/2

λt = λl

1/2

λn = λ l

1/6

Similar scale
3025
5
1.60998

Figure 2: The planar layout of model.

level. Only the entrance section of the spillway is analyzed
in the paper.

5. The Results and Analysis

Figure 3: The full view of model in the laboratory.

5.1. The Outﬂow Capacity. To verify the accuracy of results,
the outﬂow capacity of the WES side channel in the spillway
is, respectively, shown in Table 2 according to numerical and
experimental results; it can be found in Table 2 that numerical results are basically insistent with experimental ones;
under the design ﬂood level conditions, the magnitude of
numerical results is higher (4.17%) than one of the experimental results; under the collated ﬂood level conditions,
the magnitude of numerical results is higher (1.43%) than
one of the experimental results.

viscous bottom layer. The ﬂow ﬁeld of the side channel spillway is calculated and simulated when the water level of the
reservoir, respectively, arrives at design and collated ﬂood

5.2. The Analysis of Flow State. The results of hydraulic
model experiment demonstrate that under the design ﬂood
level conditions, the ﬂow state of water ahead of the weir
keeps steady, the ﬂuctuation on the water surface is little,
and the water ﬂow over the weir is smooth; it is plotted in
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Figure 4: 3D model and boundary conditions.
Table 2: The discharge capacity under diﬀerent conditions.
Discharge rate (m3/s)

Conditions
Design ﬂood level
Collated ﬂood level

The relative error (%)
The error between numerical The error between numerical
Design value Numerical value Experimental value
and design values
and experimental values
48.00
124.30

54.00
131.8

52.80
129.94

Figure 5(a) photograph. When the water enters into the side
weir section through the crest of the weir, because the intersection between the axial line of the spillway and weir is 99°,
water ﬂow is inﬂuenced by the side wall. The transverse circulation is generated in the side slot, and a water wall is
formed at the right bank after the collision between the
water ﬂow and side wall. The water depth at the right bank
is bigger than the one at the left bank at the same cross section, and the width and height of water ﬂow increase as ﬂow
velocity increases. Under the collated ﬂood level conditions
(Figure 5(a) photograph), the ﬂow on the surface of weir
ﬂuctuates because of big ﬂow and the contractility of
entrance before the weir. When water enters into side weir
section, the spray is aroused from the mutual collision of
transverse circulation. The ﬂuctuation of water ﬂow is rather
violent; the height of the water wall at the right bank arrives
at 6.38 m. Its magnitude is less than the design height 8.73 m
of the side wall.
The results of the numerical simulation model the ﬂow
state in the side slot accurately. Under the designed ﬂood
level conditions, it can be found in Figure 5(a) that after
water enters into the side slot from the overﬂow weir, it submerged in the bottom, then rushes at the right side wall, and
then rush into the water surface (blue lines represent the
movement of air); because of the constraint of the right side
wall, it returned to the left bank again, and obvious transverse circulation is formed after the air is involved into
water. The maximum size of the whirlpools is the same as
transverse dimensions in the side slot section. The ﬂuctuation of water is violent; the water ﬂow on the surface is
mixed into the air. And it can be also found that the overﬂow
in the side weir belongs to free overﬂow under the design

12.50
6.19

4.17
1.43

ﬂood level conditions. The water tongue in the side slot
enters into the bottom of water, and the reverse spiral
motion is generated when the water ﬂow skims from the surface. Finally, the ﬂuctuation of water surface is triggered.
Then, water enters into the discharge tank section; it
becomes stable gradually. Under the collated ﬂood level conditions, it can be found from Figure 5(b) that water enters
into the side slot from the overﬂow section; the ﬂow state
of water is similar to the one under the design ﬂood level
conditions; water circles round towards the left side after it
arrived at the surface. It can also be found that under the collated ﬂood level conditions, the water oscillates by a wide
margin. The water level diﬀerence at the surface between
the left and right side walls is rather big. In all, the numerical
results of ﬂow states in the side slot is consistent with the
experimental ones.
5.3. The Distribution of Flow Velocity. The distribution of
ﬂow velocity in the cross section of the weir under the design
and collated ﬂood level conditions is, respectively, plotted in
Figures 6(a) and 6(b). Under the design ﬂood level conditions, the ﬂow velocity arrives at the maximum at the upper
of the curved face in the overﬂow weir, and the variation of
ﬂow velocity arrives at the maximum also. The ﬂuctuation is
violent. The water ﬂow on the surface is mixed into the air,
and rotational velocity occurs at the bottom of the side weir;
the magnitude of ﬂow velocity at the bottom is obviously less
than one of the ﬂow velocities on the surface. The water level
at the front end of the side weir has the elevation at diﬀerent
extents; this kind of state is obvious, especially under the
collated ﬂood level conditions. The ﬂow velocity at 7 m
ahead of the weir, top of weir and cross section 0 + 000,
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Figure 5: The ﬂow state of side channel.
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Figure 6: The ﬂow velocity distribution in the cross section of weir.

0 + 007:5, 0 + 015 are respectively simulated; the results are
shown in Table 3; it can be found in Table 3 that for the ﬂow
velocity of the weir top, under the design or collated ﬂood level
conditions, the errors between numerical and experimental
magnitudes are, respectively, 3.0% and 7.11%; the numerical
results are basically consistent with experimental results.
5.4. The Water Surface Line. Under the design and collated
ﬂood level conditions, the comparisons of water depth
between numerical solution and experimental value about
the side slot, regulating section, the left or right side walls,
and discharge tank section are, respectively, in Figures 7
and 8; the ordinate in the ﬁgure represents water depth,

and the abscissa denotes the pile number of diﬀerent cross
sections. The velocity of discharge is big, the turbulent ﬂow
of water is violent, and the ﬂuctuation of water is rather
big in the experiment, so the maximum and minimum magnitudes of water depth at the right side wall at diﬀerent classical cross sections are measured in the experiment (the
water at the left or right side wall in the discharge tank section is the same in the experiment). It can be found that the
calculative values of water depth at diﬀerent classical cross
sections are basically between the maximum and minimum
values of water depth. The results of numerical simulation
are basically consistent with the experimental results. Especially, the calculative magnitudes in the ladder-shaped
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Table 3: The velocity distribution at the entrance section.

Pile number

Design ﬂood conditions
Experimental value
Simulation value

Error

Collated ﬂood conditions
Experimental value
Simulation value

Error

7 m ahead of weir
The top of weir
0 + 000

1.21
5.48

1.13
5.32

0.08
0.16

0.56
5.22

0.5
5.62

0.06
-0.4

2.02

2.10

-0.08

0.45

0.39

0.06

0 + 007:5

2.59

2.66

-0.07

1.12

1.05

0.07

0 + 015

4.02

3.92

0.10

1.82

1.91

-0.09

4.50
4.00
3.50

Water depth (m)

3.00
2.50
2.00
1.50
1.00
0.50
0.00
0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17

18 19 20 21 22 23 24

25 26 27

Position
The monitoring value of the minimum water depth at the
right side wall
The monitoring value of the maximum water depth at the
left side wall
The calculative value of water depth at the left side wall
The calculative value of water depth at the right side wall

Figure 7: The comparison between numerical and experimental values of water depth at the side wall under the design ﬂood level
conditions.

discharge tank section coincide with the minimum magnitudes of water depth completely.
5.5. The Pressure. 96 monitoring points about the pressure
are arranged along the path of the spillway; especially, 39
monitoring points are arranged in the side weir section.
Their speciﬁc planar layout about the monitoring points is,
respectively, in Figures 9 and 10.
According to relevant research [26], the calculation of
pressure on the surface of the overﬂow weir is rather reliable
by using Flow3D, so the numerical simulation is adopted to
analyze the pressure of weir surface. The pressure distribution along the path in the spillway is plotted in Figure 11;
the numerical results demonstrate that negative pressure
does not occur in the WES weir in the control section of
the spillway (Figure 11(a)). Under the design ﬂood level conditions, the minimum magnitude of pressure at the bottom
plane of the weir is about 0.45 kPa; the pressure in the
reverse section increases greatly under the action of centrifugal force. The maximum magnitude happens at the end of
arcuate segment, and its magnitude is about 38 kPa; the
maximum pressure occurs at the front of the side slot section
in the side tank and regulating sections; it can be found in

Figure 11(b) that under the collated ﬂood level conditions,
the pressure at the wall surface is about 0.6 kPa. The pressure
in the reverse section increases greatly also because of the
action of centrifugal force; the maximum value occurs at
the end of the arcuate segment; it is about 60 kPa. The maximum pressure occurs at the front of the side slot section in
the side weir and regulating sections; its magnitude is about
56 kPa.
5.6. The Energy Dissipation Rate. Under the slip ﬂow conditions, for the ladder-shaped spillway, the energy dissipation
of water is realized by the exchange between the split and
aeration of water and turbulent motion of whirlpools at
the mainstream and bottom. The dissipating eﬃciency of
energy at the ladder section can be measured by using
energy dissipation rate. The energy dissipation rate is
deﬁned as the ratio between the energy that is consumed
from the top of the weir to the end ladder and total energy.
Its formula can be depicted as follows:

η=

E1 − E2
,
E1

ð3Þ
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where η is the energy dissipation rate; E1 is the initial
energy of water; and E2 is the energy at the entrance
cross section of stilling basin. The energy dissipation rate

of the ladder-shaped spillway under two diﬀerent conditions according to numerical simulation can be shown
in Table 4.
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Figure 11: The pressure distribution in the WES weir.
Table 4: The energy dissipation rate of the spillway.
Conditions
Design
conditions
Collated
conditions

Water
level

Energy dissipation rate
Numerical
Experimental
results
results

1929.02 m

86.54

83.26

1930.01 m

78.15

75.32

The tumble of water is very violent. The aerating of
water is obvious. The magnitude of energy dissipation rate
calculated from the numerical simulation is 86.54% under
the design ﬂood level conditions. One in the experiment is
83.26%; under the collated ﬂood level conditions, the water
level in the side slot is high; it belongs to the submerged

overﬂow, so the eﬃciency of energy dissipation decreases.
Under the collated ﬂood level conditions, its energy dissipation rate in the numerical simulation is 78.15%, and its
experimental ones are 75.32%.

6. Conclusions
The 3D numerical simulation is performed at the entrance
section in the ladder-shaped spillway by using the relevant
numerical software in the paper, and its results are compared with the experimental results; conclusions can be
drawn as follows:
(1) The outﬂow capacity of the WES weir is shown in
Table 1 according to numerical simulation; it can
be found that numerical results are basically

Geoﬂuids
consistent with experimental results, and changeable
law is the same
(2) The results of numerical simulation model the ﬂow
state in the side slot accurately; the numerical results
of ﬂow states in the side slot are consistent with the
experimental ones; for the ﬂow velocity of the weir
top, under the design or collated ﬂood level conditions, the errors between numerical and experimental value are, respectively, 3.0% and 7.11%; the
numerical results are basically consistent with experimental results; for the simulation of water surface
line, the results of numerical simulation are basically
consistent with the experimental results also; especially, the calculative magnitudes in the laddershaped discharge tank section coincide with the minimum magnitudes of water depth completely
(3) When the numerical simulation is adopted to calculate and analyze the pressure on the weir surface, the
numerical results are consistent with the experimental results; negative pressure does not occur on the
WES weir in the control section; the magnitude of
energy dissipation rate obtained from the numerical
simulation is 86.54% under the design ﬂood level
conditions; one in the experiment is 83.26%; under
the collated ﬂood level conditions, its energy dissipation rate in the numerical simulation is 78.15%, and
its experimental ones are 75.32%.
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