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In order to solve the flood discharge problem of both small- and medium-sized warping dams in the Loess Plateau, a stepped
spillway scheme, based on an ecological bag, to achieve full-section water flow and energy dissipation has been proposed in this
paper. (e hydraulic and energy dissipation characteristics of a stepped spillway layout scheme were studied using 3D numerical
simulation. As the height of the dams is low and the spillways are short, the research has shown that the traditional single-step
layout scheme leads to a low overall energy dissipation rate due to the small amount of energy dissipated in the initial steps. As a
result of this, this paper has put forward two kinds of step layout schemes such as the shunt type and the staggered type for the
initial steps. (rough analysis of the flow state, the pressure distribution, and the total energy dissipation rate, the results have
shown that shunt type and staggered type with front step deformation produced an obvious mixing of the water flow, fewer
negative pressure areas, and a higher energy dissipation rate. (e optimal energy dissipation rate of the staggered type reached
87.75%, and the maximum energy dissipation rate was increased by 27.97%.

1. Introduction

Located in the north of central China, the Loess Plateau is one
of the four major plateaus in China. (e soil here is loose and
soil erosion is serious, especially in northern Shaanxi. A
warping dam is an effective soil and water conservation project;
they can not only reduce soil erosion but also prevent warping
and reclaim land to increase grain production. Warping dams
are important engineering measures that are used to control
soil erosion in northern Shaanxi and maintain the ecological
environment of the Loess Plateau.However, with the passage of
time, the early construction sections of warping dams gradually
fill up; this is a particular risk in small- and medium-sized
warping dams because they do not have a spillway. (erefore,
adding dam overflow facilities has become an urgent problem
to ensure the safety of warping dams. For small- and medium-
sized warping dams, the construction of traditional concrete
spillways is not only costly and difficult to manage but also
incompatible with the concept ofmodern ecological protection.
(erefore, there is an urgent need for a new solution to the
problem of warping dams overflowing.

(e mechanism of overflow earth dam is very compli-
cated, and research on this aspect is very limited. From 1981 to
1986, the U.S. Bureau of Reclamation conducted a flexible
lining (geomembrane) extraordinary spillway experiment at
the Cottonwood Dam, the results of which were relatively
successful [1]. Zheng [2] studied the use of an asphalt pro-
tective surface to increase the safety of water flowing over the
dam’s surface. Chen [3] studied the protective effect of a grass
planting surface, which is very compatible with the concept of
ecological and environmental protection. Some scholars also
analyzed the seepage of an earth dam and the stability of its
slope [4–7]. Generally speaking, the main methods of water
crossing are local water crossing and full-section water
crossing of a dam. (e main protection for the dam’s surface
is divided into hard protective surfaces, such as concrete, and
flexible protective surfaces, such as vegetation [8]. With local
overflow, unit width discharge will be relatively large, and it is
difficult to dissipate energy when the water flows downstream.
With the use of concrete and other hard surfaces, the
foundation will be higher and the cost of construction will be
higher [9]. (erefore, according to the characteristics of a
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warping dam on the Loess Plateau, full-section flow of the
dam has been adopted, and an ecological bag has been used to
construct the stepped spillway to protect the flexible slope.

(e stepped spillway drainage structure dates back to
2500 years ago [10], and it has good energy dissipation; it can
greatly shorten the length of the stilling pool and reduce the
project’s investment costs. With the development of roller
concrete damming technology, this technique has been widely
applied [11], and scholars both at home and abroad have
conducted in-depth studies on it [12, 13]. Wu et al. [14] found
that the location of the inception point of the air entrainment
for the stepped spillway is much nearer to the top of the
spillway than a smooth spillway, which led to the high energy
dissipation ratio of the stepped spillway. Eghbalzadeh and
Javan [15] and Kositgittiwong et al. [16] analyzed the models
that are commonly used in the numerical simulation software
and found that each turbulence model is able to accurately
simulate the flow pattern. Chanson et al. [17, 18] found that
the scaling effect of a stepped spillway was more significant;
therefore, more attention should be paid to the model tests.
Tian [19–21] analyzed the energy dissipation rate of a stepped
spillway under sliding, falling, and transition flow conditions.
Under the experimental conditions, the energy dissipation
rate of the three types of flow conditions was not significantly
different. Salmasi and Samadi [22] and Zhang et al. [23]
studied the flow pattern and flow pressure of a stepped
spillway and found that vortex flow is the key to solving those
problems. Mojtahedi et al. [24] came up with a type of the
fuzzy inference system (FIS) which was used to study the
control of the rates of dissipation. It can lead to a remarkable
reduction in the dimensions of stilling basins. Azman et al.
[25] studied the effect of barrier height on stepped spillway
design and found that the usage of the higher barrier would
promote the occurrence of substantial air entrainment during
water swirling that will increase the power dissipation in flow.
(ese studies have promoted the development of stepped
spillways. However, from the normal research on stepped
spillways, it can be seen that the energy dissipation rate at the
front step is low. It had little influence on the high dam with
long spillway but had great influence on the small- and
medium-sized dam with short spillway length. In order to get
better energy dissipation of small- and medium-sized dams
with short spillway length, we deformed the front step.

At present, most of the small- and medium-sized
warping dams on the Loess Plateau are low dams with a
short overflow length.With the construction of an ecological
bag, its anti-impact flow rate will be lower. (erefore, this
paper has studied the layout of a stepped spillway, con-
structed for small- and medium-sized warping dams on the
Loess Plateau according to their characteristics from the
numerical simulation.

2. The Establishment and Verification of the
Numerical Model

2.1. Experimental Verification. (e flume equipment of the
hydraulics laboratory of the Xi’an University of Technology
was used for the test model. (e structural diagram is shown
in Figure 1.

(e water in the reservoir flows through the pump and
the underground pipe into the spillway. After the aeration
section, the water flows through the U-shaped return tank
and then enters the underground reservoir. (e start of the
whole test section is the WES weir, and the end is the ogee
section. (e dam height is 186.63 cm, and the step height is
5 cm. (e slope of the spillway is 30°, and the width is 25 cm.
(eWES weir is composed of three composite arcs, the radii
of which are 10 cm, 4 cm, and 0.8 cm, respectively, the radius
of the ogee section is 70 cm, and the shooting angle at the
bottom of the arc is 20 degrees.

2.2. Numerical Model. In this paper, Ansys Fluent has been
used to simulate and calculate the hydraulic characteristics
of the energy dissipation of a stepped spillway. Before nu-
merical simulation, the meshing and grid independence
study and the turbulence model study are important steps to
ensure the calculation results. In order to select a suitable
turbulence model, taking working condition 3 (weir head
h� 0.3m and unit width discharge q� 0.3502m2/s) as an
example, three turbulence models, standard k-ε, realizable k-
ε, and RNG k-ε, were selected to calculate the pressure. (e
results were compared with the experimental data. (e
calculation results are shown in Table 1. (e horizontal
length of stage L� 260 cm. It can be seen that the RNG k-ε
turbulence model is the closest to the experimental dates,
and the relative errors are less than 5%. (erefore, the RNG
k-ε turbulence model is selected for calculation.

(e model and boundary conditions are shown in
Figure 2.

(e mesh was divided into a combination of unstruc-
tured tetrahedral elements and structured hexahedral ele-
ments according to the parameters of the grid convergence
factor (GCI) proposed by Roache [26] and in order to
evaluate the discrete error of the calculation results. (e
calculation results are shown in Table 2.

(e results have shown that the convergence factors of
the grid gradually decrease with the encryption of the grid,
and all of them are less than 5%. (e discrete error is small,
and the influence of the grid on the computational flow is
small.(erefore, the comprehensive consideration accuracy,
the computer’s running condition, and a mesh size of 0.1 cm
was selected to divide the model. A detailed mesh generation
effect is shown in Figure 3.

2.3. Comparing the Simulated Values to the Experimental
Values. We compared the horizontal pressure, vertical
pressure, and pressure along the steps to verify the accuracy
of the simulation. (e horizontal length of stage L� 260 cm,
step length b� 8.66 cm, and step height a� 5 cm. (e
working conditions are shown in Table 3.

Taking fifteenth step for working condition 3 as an
example, the horizontal and vertical pressure distributions of
the steps were analyzed, and the simulated values were then
compared with the experimental values. (e results are
shown in Figure 4, and the pressure distribution along the
step is shown in Figure 5.
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Figure 1: Schematic diagram of the spillway model.

Table 1: Comparison between the calculated results of each turbulence model and the experimental data.

Turbulence model
x/L� 0.4 x/L� 0.6 x/L� 0.8

Pressure (Pa) Relative error (%) Pressure (Pa) Relative error (%) Pressure (Pa) Relative error (%)
k − ε standard 523.6 12.4 875.2 13.0 625.1 13.2
k − ε realizable 515.2 13.8 685.3 11.5 858.6 19.2
k − ε RNG 573.5 4.1 784.2 1.3 739.9 2.7
Experimental data 597.8 — 774.2 — 720.3 —
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Equations (1)–(4) were used to calculate the energy
dissipation rate. (e experimental and simulated results are
shown in Figure 6.

η �
ΔE
E1

× 100%, (1)

ΔE � E1 − E2, (2)

E1 � Z1 + H1 cos θ + α1
]21
2g

, (3)

E2 � H2 cos θ + α2
]22
2g

, (4)

where Z1 is the elevation of the upstream section (m); H1 is
the upstream water level (m); H2 is the downstream water
level (m); ]1 is the average upstream velocity (m/s); ]2 is the
average downstream velocity (m/s); α is the velocity coef-
ficient, α � 1; and θ is the slope angle.

From Figures 4–6, it can be concluded that the values for
the numerical simulation are in good agreement with the
experimentally measured values and energy dissipation rate

Pressure inlet
Wall

Air in

Pressure outlet

X

Y
Z

Figure 2: Boundary condition diagram of the model.

Table 2: Calculation results of GCI.

Mash size (cm) Total grid P Fs Q (kg/m3) R Relative error η GCI (%)
0.1 454370 0.001 1.25 2303.163 — — —
0.04 756090 0.001 1.25 2430.521 2.5 0.0524 4.367
0.02 1116240 0.001 1.25 2406.308 2 0.0101 1.258

(a) (b) (c) (d)

Figure 3: Grid detail diagram of the stages.

Table 3: Conditions for the simulation calculations.

Working condition Unit width discharge (m2/s) Weir head (m) Fr
1 0.0585 0.1 4.73
2 0.1809 0.2 2.84
3 0.3502 0.3 2.16
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Figure 4: Comparison of the simulated and experimental pressure values for the vertical and horizontal plane of fifteenth step: (a) the
pressure on the level of the step; (b) the pressure on the vertical plane of the step.
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Figure 5: Comparison of the simulated and experimental values of the mean pressure distribution along the step: (a) Fr� 2.16; (b) Fr� 2.84;
(c) Fr� 4.73.
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error is within 5%; thus, the reliability and accuracy of the
simulation have been verified.

3. Establishing the Step Scheme

3.1. Traditional Stepped Spillway. (e model of this nu-
merical simulation took an earth dam in the Loess Plateau
region as the prototype, and the scheme was established.(e
length of the dam was 1m, which is an arrangement unit.
(e backwater slope ratio and the upstream slope ratio were
chosen to be 1/2. (e height of the steps was a � 0.5m, and
the width was b � 1m. Type 1 was a traditional stepped
spillway without front step deformation, as shown in
Figure 7.

According to the characteristics of warping dams in the
Loess Plateau region and in order to make the research
results fundamentally cover the characteristics of the dams
in the Loess Plateau region, different heights of the damwere
selected as 15m, 30m, and 45m. For the different heights,
the dams were analyzed under a single width flow of 2.5m2/
s, 4.5m2/s, and 5.5m2/s. (e specific simulated conditions
are shown in Table 4.

According to the simulated results, the energy dissipa-
tion rate for the type 1 was calculated using equations
(1)–(4), and the results are shown in Table 5.

It can be seen from the results that energy dissipation in
the case of small flow performed well, but once the water
flow increases, its energy dissipation was significantly re-
duced. (is was because the warping dams on the Loess
Plateau are generally low in height. When the velocity of the
water flow increases, the initial stage does not have a sig-
nificant effect. (e results have shown that a low energy
dissipation rate in the initial stage leads to a low overall
energy dissipation rate. In order to solve this problem,
deformation of the front step of the spillway has been

proposed in this paper so that it can effectively dissipate
energy in the initial steps.

3.2. Shunt Type and Staggered Type. In order to obtain a
better energy dissipation effect, front step deformation was
carried out, and both a shunt type and staggered type have
been labeled type 2 and type 3, as shown in Figures 8 and 9.
(e length of the dam was 4.5m, which is an arrangement
unit.

4. Results and Discussion

4.1. Flow Pattern. Since the focus of this paper has been on
the initial step flow, the dam heights of H� 30m and
q� 4.5m2/s were chosen to analyze the initial step flow, as
shown in Figure 10.

In Figure 10, the surface of the water in type 1 was
relatively stable with small fluctuations along the path, and
the aeration effect at the front step was not obvious, which
were not conducive to the front step energy dissipation;
compared with type 1, type 2 and type 3 had significant
fluctuation along the path, and the aeration effect at the front
step was better. When the water flow through the steps,
strong fluctuations were generated, which promoted the
breaking of the water surface waves, strengthened the tur-
bulent kinetic energy exchange between the water flow, and
increased the energy dissipation at the front step. With the
downward flow of water, the flow pattern gradually became
stable.

4.2. Velocity Distribution. From the simulation calculation,
the velocity contour lines of the stepped spillways with
different shapes were obtained, for values of H� 30m and
q� 4.5m2/s. Since the spillways were narrow and long, the
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Figure 6: Comparison of the simulated and experimental energy dissipation rates.
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ends of the spillways were locally amplified to facilitate
observation; the contour map is shown in Figure 11.

At the end of the stepped spillways, the flow velocity
followed the order of type 3< type 2< type 1. (e contour
lines were more like curves or closed curves between the
steps, and they were not completely parallel to the overflow
surface in the main flow. (e flow of the water also resulted
in the presence of high-velocity gas near the surface of the
water. As the depth of the water increased, the drag effect of
the water was less obvious and the movement of the gas was
weaker. (e flow as a whole showed a great degree of dis-
order, and a large amount of momentum exchange occurred
between the main flow and the vortices, and the amount of

aeration in the incoming flow increased. When the frictional
resistance of the steps could not be balanced with the in-
creased kinetic energy of the flow, the flow velocity increased
and the depth of the water decreased.

4.3. Pressure on Horizontal Step Surface. (e maximum
pressure for the three types of stepped spillway increased
with the increase in the flow rate.(e pressure on the surface
of the step first decreased and then increased from the
bottom angle of the previous step to its top of the next step
and then decreased again past this point. (e minimum
value appears at about 20∼40% of the step length from the

(a) (b)

Figure 7: Type 1 spillway: (a) front view; (b) three-dimensional diagram.

Table 4: Design of the simulated working conditions.

Working condition Dam height (m) Unit width discharge (m2/s) Weir head (m) Velocity (m/s) Water surface elevation (m)

I 15
2.5 1.316 1.900 16.316
4.5 1.947 2.312 16.947
5.5 2.225 2.472 17.225

II 30
2.5 1.316 1.900 31.316
4.5 1.947 2.312 31.947
5.5 2.225 2.472 32.225

III 45
2.5 1.316 1.900 46.316
4.5 1.947 2.312 46.947
5.5 2.225 2.472 47.225

Table 5: Calculation results for the type 1 dam’s energy dissipation rate.

Type Dam
height (m)

Unit width
discharge (m2/s)

Weir crest
velocity, ]1(m/s)

Terminal
velocity (m/s)

Terminal water
depth (m)

Terminal Froude
number, Fr

Energy dissipation
rate, η

1

H� 15
2.5 1.900 8.923 0.290 5.29 75.40
4.5 2.312 13.459 0.412 6.69 46.38
5.5 2.472 14.334 0.431 6.97 40.29

H� 30
2.5 1.900 10.997 0.201 7.84 80.43
4.5 2.312 15.276 0.425 7.48 63.08
5.5 2.472 16.506 0.437 7.97 57.32

H� 45
2.5 1.900 14.003 0.232 9.29 78.51
4.5 2.312 17.069 0.299 9.96 68.55
5.5 2.472 18.524 0.331 10.28 63.21
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bottom of the previous step, and the maximum value ap-
pears at 80∼90% of the step length. After reaching its
maximum value, the pressure again decreases as the water
passes the top of the next step. (e main reason for this is

that in the steps, during the formation of the pressure
distribution of a clockwise whirlpool, a flow vortex appears
on the vertical surface of the steps. When the water flows to
the vertical plane of the step, it is blocked by the vertical
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Figure 8: Front view and side view of the initial steps of the two types: (a) front view of type 1; (b) side view of the initial steps of type 1;
(c) front view of type 2; (d) side view of the initial steps of type 2.
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(a) (b)

Figure 9: (ree-dimensional diagrams of the two types of stepped spillway: (a) type 1; (b) type 2.

(a) (b) (c)

Figure 10: Flow pattern of the three types of stepped spillway (H� 30m and q� 4.5m2/s): (a) type 1; (b) type 2; (c) type 3.
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Figure 11: Continued.
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plane of the step, which makes the water turn and counteract
the incoming flow, so that the minimum pressure appears
near the concave angle of the step.(en, the whirlpool water
flows along the mainstream direction. Because of the ro-
tation of the whirlpool, the water carries out an approximate
vertical impact on the step surface, and the impact point is
located near the convex angle of the step. (erefore, the
maximum pressure on the step surface is located in the
second half of the horizontal plane of the step. After the
impact of the mainstream flow and the vortex shear effect of
the fluid, the pressure decreased again. (e horizontal
pressure distribution of the three types of stepped spillway
under the other working conditions is similar to that in
Figure 12. Under the working conditions with a high dam
height and a large flow, negative pressure will appear on
some of the steps.

4.4. Pressure on Vertical Step Surface. (e maximum pres-
sure relative to the vertical surface was on the top of the steps
and then decreased along the vertical orientation until it
reached the bottom of the step. (e relative pressure then
became negative until it reached the minimum negative
pressure as it reached the top of the next step, and then the
relative pressure began to increase. (e reason for this is the
vortex structure within the steps and the vortex caused the
abnormal regularity of the internal pressure; the vortex at the
bottom of the step rotated clockwise, and the centrifugal
force was generated by the rotation at the bottom of the
vertical surface of the step. (e biggest clockwise vortex was
near the vertical surface of the steps in a vertical orientation;
this changed due to the fluctuation of the water. As the water

vortex rotated away from the vertical surface of the step,
negative pressure occurred on the vertical surface and the
position where the minimum negative pressure is at 70∼90%
of the step height. At the lower edge of the bottom of the
upper step, the clockwise vortex met the incoming flow at
that point, and a relatively large pressure occurred at that
point. Under the other working conditions, the pressure
distribution on the vertical surface of the different steps of
the three types was similar to that shown in Figure 13. Under
the working conditions with a high dam height, there were
two areas for type 1 with negative pressure, which has been
shown to be bimodal and type 2 and type 3 were unimodal
with negative pressure in one area only.

4.5. Pressure along the Steps. (e pressure distribution along
the three types of spillway is shown in Figure 14. It can be
seen from the figure that the distribution law of the relative
pressure on the horizontal plane of the steps displays an
oscillating pattern along the step. Since this optimization
model focused on the initial step, it can be seen that the
pressure for the type 2 and 3 spillways fluctuated more at the
initial step than in type 1, and the fluctuation along the path
gradually became stable.(e type 1 spillway displayed a wide
negative pressure area along the steps.

4.6.EnergyDissipationAnalysis. (e energy dissipation rates
for the two types of stepped spillway under the three working
conditions were calculated using equations (1)–(4), and the
results are shown in Tables 6 and 7.

It can be seen from Tables 6 and 7 that the energy
dissipation rate decreased with the increase in the unit

Velocity magnitude:
(m/s)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(c)

Figure 11: Contour maps of the end of the three types of spillways when H� 30m and q� 4.5m2/s: (a) type 1; (b) type 2; (c) type 3.
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width discharge and increased with the increase in the
height of the dam.(e reason for this is that, as the flow rate
increases and the energy dissipation rate of the step’s
energy dissipation section is less for the incoming flow, the
energy dissipation rate is smaller. As the dam height in-
creased, the length of the stepped spillway increased, and as
a result, the energy dissipation distance for the incoming
flow was longer, and therefore a higher energy dissipation
rate was produced.

(e energy dissipation rate of the optimal spillways of types
2 and 3 is around 80%. Formost dam heights and flow rates, the
energy dissipation rate for a large flow rate is significantly higher
for types 2 and 3 than that for type 1.(is has solved the problem
where the overall energy dissipation rate of a stepped spillway of
a dam on the Loess Plateau is lower due to the low energy
dissipation rate in the initial stage. (e energy dissipation rate is
the best for a high dam and low flow, and the maximum energy
dissipation rate reached 87.75% (H� 45m and q� 2.5m2/s).
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Figure 12: Pressure distribution of step 20 (H� 30m): (a) type 1; (b) type 2; (c) type 3.
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Figure 13: Pressure distribution of step 30 (q� 4.5m2/s): (a) type 1; (b) type 2; (c) type 3.
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Figure 14: Continued.
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5. Conclusions

In this paper, three types of stepped spillway energy dissipation
schemes have been proposed based on the concept of full-
section water flow and distributed energy dissipation. (is was
aimed at the characteristics of small flow, low dam height, and
short overflow length of the warping dams on the Loess Plateau
among which two schemes (type 2 and 3) showed deformation
of the shape of the initial steps. (e numerical simulation
software Ansys Fluent was used to simulate the stepped
spillways of different types. By analyzing the flow pattern, the
pressure distribution, and the energy dissipation effect of the
different types of spillway, the following results were obtained:

(i) When the water flow passes through the platform
stage, an obvious stratification phenomenon ap-
pears. A stable clockwise vortex is produced be-
tween the vertical and horizontal faces of the steps,
and there is a large amount of momentum ex-
change between the main flow and the vortices.
(is effect increases the dissipation rate of the
turbulent kinetic energy, therefore achieving better
energy dissipation. (e flow patterns of the type 2
and 3 spillways along the path have shown that the
mixing of the water in the initial steps is obvious,
while the fluctuations of the surface of the water for
type 1 are not.

Table 6: Calculation results of the energy dissipation rate of the type 2 spillway.

Type Dam
height (m)

Unit width
discharge (m2/s)

Weir crest
velocity, ]1(m/s)

Terminal
velocity (m/s)

Terminal water
depth (m)

Terminal Froude
number, Fr

Energy dissipation
rate, η

2

H� 15
2.5 1.900 8.299 0.290 4.92 78.72
4.5 2.312 12.077 0.383 6.23 56.82
5.5 2.472 12.722 0.428 6.21 52.96

H� 30
2.5 1.900 9.552 0.264 5.94 85.24
4.5 2.312 12.892 0.412 6.41 73.71
5.5 2.472 13.796 0.432 6.70 70.19

H� 45
2.5 1.900 12.585 0.226 8.45 82.64
4.5 2.312 14.205 0.361 7.55 78.22
5.5 2.472 14.679 0.409 7.33 76.90

Table 7: Calculation results of the energy dissipation rate of the type 3 spillway.

Type Dam
height (m)

Unit width
discharge (m2/s)

Weir crest
velocity, ]1(m/s)

Terminal
velocity (m/s)

Terminal water
depth (m)

Terminal Froude
number, Fr

Energy dissipation
rate, η

3

H� 15
2.5 1.900 7.685 0.329 4.28 81.76
4.5 2.312 9.308 0.458 4.39 74.35
5.5 2.472 11.874 0.485 5.44 59.02

H� 30
2.5 1.900 8.946 0.298 5.23 87.05
4.5 2.312 12.154 0.383 6.27 76.63
5.5 2.472 13.417 0.469 6.26 71.80

H� 45
2.5 1.900 10.571 0.248 6.77 87.75
4.5 2.312 13.078 0.354 7.02 81.54
5.5 2.472 14.085 0.405 7.07 78.73
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Figure 14: Pressure distribution along the three types of spillway (H� 45m and q� 5.5m2/s): (a) type 1; (b) type 2; (c) type 3.
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(ii) (e change in the pressure over the step was
consistent with the streamline in the gap between
the steps. (e pressure along the length of the step
displayed a wave distribution pattern, and the crest
and trough of the wave occur on the adjacent step,
and the amplitude of the fluctuations decreased
along the length of the step. (e pressure distri-
butions of the type 2 and 3 spillways were better
than that of the type 1 spillway; they had fewer
pressure fluctuations and fewer areas of negative
pressure.

(iii) Compared with the type 1 spillway, the type 2 and
type 3 spillways showed an improved energy dis-
sipation rate throughout the entire working con-
ditions. (is was especially the case for large flow
rates, where the maximum energy dissipation rate
was increased by 27.97% (H� 15m and q� 4.5m2/
s). (e results have shown that this can compensate
for the defects of the traditional layout of a spillway
where the overall energy dissipation rate is low due
to the low energy dissipation rate in the initial steps.

Nomenclature

P: Convergence accuracy
Fs: Safety factor
Q: Flow rate (kg/m3)
Fr: (e number of Froude
Z1: Elevation of the upstream section (m)
R: Ratio of grid size
H1: Upstream water level (m)
η: Energy dissipation rate
H2: Downstream water level (m)
α: Velocity coefficient
]1: Average upstream speed (m/s)
θ: Slope angle
]2: Average downstream speed (m/s)
c: Unit weight of water (kg/m)
E1: Total inlet energy (J)
a: Step height (m)
E2: Total outlet energy (J)
b: Step width (m).
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