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Spillway is an important flood control facility for hydraulic architectures, whether the 

design and layout of the spillway are reasonable or not can directly affect the safety of 

hydraulic architectures and the investment of the entire project. To discuss the rationality 

of the designed reinforcement scheme for spillway of Goushuipo Reservoir in China, this 

paper employed the Computational Fluid Dynamics (CFD) methods, Volume of Fluid 

(VOF) model and Re-Normalization Group (RNG) model to simulate the water surface 

line of spillway under different verified flood standard conditions based on the measured 

data of water surface line of spillway of the Goushuipo Reservoir. By comparing with the 

test values, it’s verified that the simulation results are of high accuracy; then on this basis, 

this paper analyzed the relationship between water level and water flow of spillway under 

different conditions and other hydraulic performance such as the water flow state. 

Moreover, according to the simulation results, this paper analyzed the problems with the 

original design scheme and further proposed an optimized scheme: the two-step water-drop 

energy dissipation scheme for the Goushuipo Reservoir, and performed numerical 

simulation on the optimized scheme. At last, the simulation results proved the rationality 

of the optimized scheme, and the research findings of this paper provide useful references 

for the reinforcement project of the target reservoir in the future. 
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1. INTRODUCTION

In recent years, the Chinese government has attached great 

importance to the reinforcement of reservoirs, and the 

reinforcement of small and medium-sized reservoirs is one of 

the primary tasks for water conservancy companies and units 

[1]. Spillway is an important flood control facility for 

hydraulic architectures, whether the design and layout of the 

spillway are reasonable or not can directly affect the safety of 

hydraulic architectures and the investment of the entire project 

[2], and how to reasonably design the spillway according to 

local geological conditions is a particularly important task 

prior to reservoir stabilization and reinforcement projects. In 

conventional spillway design, the structural arrangement 

usually adjusts measures based on local conditions, general 

speaking, to ensure smooth water flow, the designed spillway 

is usually a symmetrical straight line with equal width [3]. 

However, in actual engineering practice, due to factors such as 

terrain and engineering cost, the designed spillway might have 

some contracted or expanded sections, or they might be arc 

shaped. When discharged flood flows through bent spillway, 

under the action of the centrifugal force of the convex bank, 

the water depth of convex bank might exceed limits, causing 

uneven cross-section water flow distribution and overflow 

risks, which can seriously endanger the projects. Therefore, it 

is of great significance to analyze the hydraulic features of the 

bent flows combining with actual engineering practice and 

propose improvement measures for bent flows.  

The Goushuipo Reservoir is located in the lower reaches of 

Haoyang River, a tributary of the Yellow River in Dawang 

Town of Lingbao City, Henan Province, China. The target 

reservoir is a medium-sized reservoir mainly used for flood 

control, irrigation, cultivation, and power generation. Due the 

limitation of the terrain, there’re many contracted and 

expanded sections, as well as multiple bent sections in the 

spillway of the Reservoir, the structure is quite complex, 

which has resulted in many unfavorable factors to flood 

discharge. Thus, it’s necessary to study the movement 

characteristics of water flow and analyze the rationality of the 

original design scheme of the target reservoir. At present, 

world field scholars have proposed many improvement 

measures for bent flows in spillway, for example, Chen et al. 

[4] simulated the complex turbulence overflow of stepped

spillway with k – e turbulence model, free surface, velocities,

and pressures on the stepped spillway were obtained, the

results showed that the turbulence numerical simulation was

an efficient method for the complex stepped spillway overflow.

Because a physical model is considered the best available

analysis tool, Johnson and Savage [5] compared the discharge

and pressure distribution for flows passing over an

unsubmerged ogee spillway, which focus on the comparison

of the pressure distribution on the spillway when tailwater is

present. Meireles and Matos [6] analyzed the clear-water depth,

velocity distribution, and the energy dissipation characteristics

in the developing nonaerated flow region, the velocity

distribution is well described by a power law. Liu and Han [7]
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proposed to set water flow diversion walls in the axes of bent 

flows of the Dongzhou Reservoir to reduce the unevenly 

distributed slow bent flows; Boes et al. [8] studied the water 

depth in stepped spillway via three parameters of Froude 

number, step height and spillway slope, and proposed the 

calculation formula of water surface line. Judging based on 

these research findings, setting water flow diversion walls or 

diverter piers can significantly improve the flow state of bent 

flows, however, they only have a limited effect due to the 

impact of upstream water flows, so it’s necessary to explore 

targeted measures to narrow down the expanded sections and 

improve the water flow state based on the unique terrain of the 

Goushuipo Reservoir. 

Existing studies on the flow characteristics of spillway can 

be roughly divided into theoretical analysis, in-situ 

observation, physical model test, and numerical simulation [9, 

10], wherein theoretical analysis mainly concludes the law of 

water flows through equation derivation, but it has a high 

requirement on mathematics since solving or integrating high-

order equations or partial differential equations are often 

required [11], so this method is not usually adopted in 

conventional engineering design. Compared with theoretical 

analysis, in-situ observation and physical model test methods 

are more commonly used, their accuracy is higher but the scale 

of model test is smaller and usually affected by many 

interference factors, even a small measurement error can affect 

the test accuracy after being scaled up on the prototype [12]. 

Numerical simulation is a method initiated in 1960s and 1970s 

and developed fast with the advancement of computer 

technology, with the help of computer software, researchers 

can solve the N-S equation describing the fluid movement and 

get the complete fluid field information, the method takes less 

computation time and costs less than model tests [13, 14]. 

Taking the Goushuipo Reservoir as an example, this paper 

employed the Fluent, a software for solving problems of 

computational fluid dynamics, the RNG k-ε turbulence model, 

and the VOF water-gas two-phase flow model to perform 

numerical simulation on the spillway of the target reservoir. 

Through comparative analysis of the simulated value and the 

test value, the numerical simulation was proved to have a high 

accuracy. Then on this basis, the water flow state of spillway 

of the target reservoir was simulated, the problems with the 

original design scheme were analyzed according to the 

simulation results; then the original design scheme was 

optimized, and the optimized scheme was verified through 

numerical simulation; moreover, this paper discussed the flow 

field structure, pressure field, energy dissipation effect and 

other indicators of the stepped spillway, and the results of this 

paper have enriched the research findings of stepped spillway 

with large turning angle and provided useful reference for 

engineering design of similar projects. 

 

 

2. MATHEMATICAL MODEL 

 

2.1 Spillway structure 

 

Table 1. Water level and water flow for different flood conditions 

 

Parameter 

Flood condition 

Flood limit 

water level 

Normal water 

storage level 

Once in 30 

years 

Once in 50 

years 

Once in 

1000 years 

Characteristic water levels (m) 431.73 431.73 435.62 436.56 439.26 

Designed water flow (m3·s-1) —— —— 492 688 1371 

 

 
 

Figure 1. Structure of spillway of the Goushuipo Reservoir 
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The total storage capacity of the Goushuipo Reservoir is 

13.28 million m3. The designed flood standard is once in 50 

years, and the verified flood standard is once in 1000 years. 

The water level and water flow for different flood conditions 

is shown in Table. 1. The spillway is located on the left bank 

of the dam and is an open-type wide-roof overflow weir 

without gate control. The spillway project is composed of an 

approach channel section, an overflow weir section, a steep 

slope section, an energy dissipation section, and a tailrace 

section, as shown in Figure 1. According to the Water 

Conservancy and Hydropower Engineering Classification and 

Flood Standard proposed by the Ministry of Water Resources 

of China [15], spillways are Grade-3 flood discharge 

architectures, and the designed flood control standard of 

energy dissipation and anti-scour projects is once in 30 years. 

After flood routing calculation, the water level for floods once 

in 30 years is 435.62m, and the flood discharge flow of the 

spillway is 492 m3/s. 

 

2.2 Geometric model 

 

The size of the numerical simulation model is consistent 

with the actual size of the spillway. In this paper, an 3D 

geometric model of the spillway of the Goushuipo Reservoir 

was built in SolidWorks. During the model test, it’s found that, 

at the stilling pool and at the end part of the tailrace section, 

the designed height of side walls is not high enough, under the 

flood condition of once in 30 years, there’re overflows both at 

the stilling pool and at the end part of the tailrace section, so 

in the simulation model, we increased the height of the side 

walls of the stilling pool to 7.5m, and increased the height of 

side walls at the end part of the tailrace section to 7.1m, and 

the structure of the 3D model after the height had been 

increased is shown in Figure 2. The calculation area of the 

model was meshed into tetrahedral unstructured grids by 

software Ansys Mesh, In order to accurately calculate the 

height of the water surge, five boundary layers were set in the 

wall boundary, the transition ratio of the boundary is 0.272, 

the growth rate is 1.2. The total number of grids is 4,811,837.  

 

2.3 Governing equation 

 

According to the law of conservation of mass: within a fixed 

fluid region, the change rate of the mass of continuous fluid is 

equal to the net flux of the fluid on the surface of the region, 

then we can get the continuity equation [16]: 

 

0
d

dt


+ =u

 

(1) 

 

where, ρ is the fluid density, kg∙m-3; u is the fluid velocity field. 

Momentum equation: 

According to the law of conservation of momentum, within 

a fixed fluid region, the change rate of the momentum of 

continuous fluid is equal to the sum of mass force and surface 

force in the region, then we can get the momentum equation 

[17]: 

 

( )
d

p
dt
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u
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(2) 

 

where, P is the pressure, Pa; τ is the fluid stress field; F is the 

external force in the fluid region. 

Each stress component τij in the fluid stress field τ can be 

calculated by the following formula 
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(3) 

 

2.4 Boundary conditions 

 

The inlet of the calculation area was the flow inlet, 

according to the designed flow, a series of inlet flow values 

were given, and the outlet boundary condition was set to be 

free outflow; the air inlet boundary was the air inlet above the 

free water surface, and it adopted the pressure inlet, and its 

reference pressure was specified as the standard atmospheric 

pressure; the side walls and channel bottom were set as non-

slip wall boundaries. Referring to the study of Kositgittiwong 

et al. [18], five models including standard k-ε model and RNG 

k-ε model were simulated respectively. By comparing with the 

test values, it’s found that the simulation values of the five 

models were consistent with the test values, and the RNG k-ε 

model was more suitable for near-wall areas. Therefore, the 

3D turbulence RNG k-ε model was adopted as the turbulence 

model, the flow field was solved by the Coupled algorithm, 

and the free water surface was captured by VOF. 

 

 
 

Figure 2. 3D structure of the spillway 

 

 

3. RESULT ANALYSIS 

 

3.1 Comparative analysis of simulation results and test 

results 

 

To verify the accuracy of numerical simulation, the 

calculated values and the physical model test measurement 

values were respectively compared under the flood conditions 

of once in 30 years, once in 50 years and once in 1000 years. 

Judging from the comparison results (Figure. 3), under the 

flood conditions of once in 30 years and once in 50 years, the 

maximum deviation between simulation value and 

measurement value of the water surface line of the spillway 

was 9.2%, the difference was relatively small, so the 

simulation accuracy was relatively high. Under the flood 

condition of once in 1000 years, the maximum deviation 

between simulation value and measurement value of the 

tailrace section was 38.7%, the difference was relatively large, 

but such small difference had little impact on the overall water 

surface line, so it’s known that the accuracy of numerical 

simulation was relatively high, and the numerical simulation 

method could be adopted to modify the original design scheme.  
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Figure 3. Comparison of simulation value and measurement value of the water surface line of central axis 

 

3.2 Relationship between water level and water flow 

 

When analyzing the changes of water level and water flow 

of the spillway, the upstream part of the spillway can be 

regarded as a wide-roof weir. Since in the upstream, there are 

bent sections with complex shapes and structures, plus the 

influence of the bridge piers, when water flows into the weir 

mouth, the width of the overflow section near the bridge pier 

is smaller than the width of the weir, which increases the local 

head loss and reduces the overflow capacity of the weir at the 

same time, causing the phenomenon of side contraction, so 

when calculating the flow rate, the influence of side 

contraction should be taken into consideration, and the 

relationship between water level and water flow is quite 

complicated. The effect of side contraction could be described 

by the contraction coefficient, then the water flow of non-

flooded wide-roof weir without side contraction is [19, 20]: 

 
3

2Q m b 2?gH=   (4) 

 

where, m is the flow coefficient; b is the weir width; ε is the 

contraction coefficient; and H is the water head above the weir. 

 
Figure 4. Relationship curve of water level and water flow 

 

By analyzing the water level-water flow data under different 

working conditions, the relationship between water level and 

water flow was concluded as shown in Figure 4. After fitting, 

the relationship function of water level and water flow under 

three flood conditions: once in 30 years, once in 50 years and 

once in 1000 years, was attained: 

 

Q=-14.60832H2+13048.7113H–2.91148E+06 

R² = 1 
(5) 

 

 

The function can be taken as a reference for flood discharge. 

 

3.3 State of water flow in steep slope section 

 

Since the front part of the spillway is a bent section, the 

water flow in this section is subject to centrifugal force; when 

flowing through this section, the surface water flows from the 

right bank to the left bank, and such lateral flow destroys the 

uniform distribution of water depth in the cross section, so that 

the outer side water depth is greater than the inner side water 

depth, resulting in water surface exceeding the specified height; 

at this time, the distribution of water flow in the cross-section 

is uneven, and the state of water flow tends to be complex. 

When the flow of discharged flood is large and rapid, the 

direction of water flow is deflected due to the side walls of the 

channel, generating a series of disturbance waves in the 

downstream of the deflection point, the waves appear as 

diamond-shaped crosses, forming shock waves [21]. Figure 5 

shows the water surface distribution of the spillway under 

flood conditions of once in 30 years, once in 50 years and once 

in 1000 years. As shown in the figure, when the once-in-30-

years flood flows into the overflow weir section through the 

bent section, diamond-shaped water flows would form on the 

surface of the spillway during the flood discharge process due 

to the action of the narrow cross-section of the channel. Then, 

with the increase of the flow volume, the water flow is affected 

by the bent section in the upstream, and the flow is unevenly 

distributed in per unit width, resulting in unstable diamond-

shaped water flows in the overflow weir section, and they 

move towards the direction of the right bank. For flood that 

happens once in 50 years, the height of the side walls of the 

spillway could meet the flood discharge requirement; but for 

flood that happens once in 1000 years, the water level on the 

right bank of the spillway is higher than that on the left bank, 

and the risk of overflow would occur.  

 

 
(a) Water surface of spillway under flood condition of once 

in 30 years 

732



 

 
(b) Water surface of spillway under flood condition of once 

in 50 years 

 
(c) Water surface of spillway under flood condition of once 

in 1000 years 

 

Figure 5. Water flow state in spillway under different 

characteristic flows 

 

3.4 Water flow state in stilling pool 

 

Figure 6 shows the distribution of water surface in the 

stilling pool under different flood conditions. For floods once 

in 30 years and once in 50 years, the water flow exhibits 

submerged hydraulic jumps after entering the stilling pool, and 

the energy dissipation effect of the pool is obvious; however, 

due to the limitation of the height of side walls of the stilling 

pool, the energy generated by the water flow falling from 

upstream is huge, and the water flow rolls sharply in the 

stilling pool. Under the flood condition of once in 30 years, 

there’s a risk of overflow at the position of left side walls; 

under the flood condition of once in 50 years, there’s a risk of 

overflow on both left and right banks of end part of the stilling 

pool; under the flood condition of once in 1000 years, the 

energy dissipation effect of the stilling pool is not significant.  

 

  
(a) Water surface in stilling pool under flood condition of 

once in 30 years 

 
(b) Water surface in stilling pool under flood condition of 

once in 50 years 

 
(c) Water surface in stilling pool under flood condition of 

once in 1000 years 

 

Figure 6. Water flow state in stilling pool under different 

characteristic flows  

 

According to the numerical simulation results, the height of 

steep slope section of spillway in the original design scheme 

can meet the flood discharge requirements of floods that 

happen once in 30 years and once in 50 years, but for the flood 

that happens once in 1000 years, the height of steep slope 

couldn’t meet the flood discharge requirement, and there’s a 

risk of overflow on the right bank of the spillway. Due to the 

large influence scope of hydraulic jumps, there’s overflow risk 

in some sections of the left bank under the flood condition of 

once in 30 years; for flood that occurs once in 50 years, there’s 

overflow risk in some sections on both the left and right banks 

of the stilling pool; for flood that occurs once in 1000 years, 

all sections of the stilling pool would have overflow risks. 

Therefore, it is necessary to modify the original design scheme. 

Since the maximum elevation of water surface of the left bank 

under the flood condition of once in 30 years is 412.87m, 

however, the height of side slop of the stilling pool is 511.53m, 

exceed 1.34m, according to the design requirements of once-

in-30-years floods, the elevation of side slopes of both left and 

right banks should be increased to a height that is not lower 

than this maximum elevation. Under the flood condition of 

once in 30 years, there’s no overflow in the bent apron section, 

but there’s a sharp contracted section in the connection area 

between the bent apron section and the left bank of the tailrace 

channel, under the influence of the inflow of the bent apron 

section, this area would have overflow risk under the flood 

condition of once in 30 years, so the height of side slopes in 

this area should be increased.  
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4. IMPROVEMENT OF SPILLWAY DESIGN SCHEME 

 

4.1 Scheme design 

 

 
 

Figure 7. Structure of the two-step water-drop energy 

dissipation spillway 

 

Increasing the height of side walls will greatly increase the 

project cost. In order to reduce the project investment and the 

overflow phenomenon to the greatest extent, taking the design 

standards of once-in-30-years floods as the reference, the 

original design scheme has been modified in this paper. In 

terms of once-in-30-years floods, under the action of the bent 

sections in the approach channel, the distribution of discharge 

per unit width is uneven, it’s greater on the left bank and 

smaller on the right bank; moreover, due to the influence of 

the contracted section at the inlet of the spillway, the diamond-

shaped water flows tend to move to the right during the inflow 

process, forming lateral rolling phenomenon in the chute, and 

causing overflow risk to the left bank, therefore, the solution 

is to set two steps in the spillway, on the one hand, it could 

prevent the formation of diamond-shaped waves in the 

spillway and re-adjust the distribution of water flow in the 

cross section; on the other hand, it could form multi-step 

water-drop energy dissipation in the spillway during flood 

discharge, reduce the rolling of water flow in the chute, and 

minimize the occurrence of overflow risks. The specific design 

scheme is shown in Figure 7. 

 

4.2 Analysis of improved results 

 

Figure 8 compares the water flow state of the original 

scheme and the improved scheme under the flood condition of 

once in 30 years. According to the figure, in the two-step 

water-drop energy dissipation scheme, some energy has been 

attenuated in the spillway section, when water flow enters the 

stilling pool, the rolling of water flow has been reduced, the 

flow state becomes stabler, the maximum elevation of water 

surface under the flood condition of once in 30 years is 

411.21m, lower than height of side slop of the stilling pool, 

there’s no overflow risk on the side walls of left and right 

banks, and the water flow in the chute smoothly connects with 

the water flow in the apron section, and the effect is relatively 

ideal. In the two-step water-drop energy dissipation scheme, 

the elevation of water surface line increases significantly in the 

steep slope section of the spillway, but still, there is no 

overflow; the elevation of water surface line drops 

significantly in the stilling pool section, and there is no 

overflow risk in this section as well; the water surface line in 

the tailrace section is relatively smooth, however, due to the 

influence of the backwater of the mountain body in the end 

section, the elevation of water level is still higher than the side 

wall height in the original design scheme. 

 

 
(a) Original design scheme 

 
(b) Water surface of two-stage water-drop energy dissipation 

scheme 

 

Figure 8. Comparison of water flow state between original 

design scheme and the two-stage water-drop energy 

dissipation scheme 

 

Figure 9 compares the flow velocity distribution of the 

original design scheme and the two-stage water-drop scheme, 
and the maximum velocity of the original design scheme and 

the two-stage water-drop energy dissipation scheme were 

exported by postprocessing tool of fluent. As shown in the 

figure, when water flow enters the first step, the maximum 

flow rate is 11.92m/s, when entering the second step, the 

maximum flow rate is 10.53m/s, when it flows from the 

second step to the stilling pool, the maximum flow rate is 

12.94m/s; comparing with the maximum flow rate of 19.81m/s 

when spillway water flow enters the chute in the original 

scheme, the flow rate is significantly reduced, and the effect 

of the two-step water-drop energy dissipation is significant. 

After the water flows through the stilling pool and the apron 

section and enters the tailrace section, the maximum flow rate 

in the tailrace section is 7.78m/s, which is larger than that 

(6.42m/s) in the original design scheme. 

Figure 10 shows the pressure distribution in of the spillway. 

When water flow falls into the plunge pool, the pressure on the 

bottom of the plunge pool is large, since the depth of the 

plunge pool is shallow, the discharged water impacts directly 

on the rectangular pier, and the pressure on the plunge pool 

bottom and the rectangular pier are greater. After calculation, 

the maximum pressure on the plunge pool bottom and the 

rectangular pier surface is 81.2kPa, therefore the deigned 
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reinforcement of the plunge pool bottom and the rectangular 

piers should be strengthened. According to the figure, the 

maximum water pressure in the stilling pool is 87.5kPa, which 

is significantly lower than that (131kPa) in the original design 

scheme.  

 

 
(a) Original design scheme 

 
(b) Water surface of the two-stage water-drop energy 

dissipation scheme 

 

Figure 9. Comparison of flow rate between original design 

scheme and the two-stage water-drop energy dissipation 

scheme 

 

 
 

Figure 10. Pressure distribution of spillway of the Goushuipo 

Reservoir 

 

 

5. CONCLUSIONS  

 

This paper simulated the hydraulic performance of the 

spillway of the Goushuipo Reservoir in CFD software, and 

compared the simulation results with model test data under 3 

different flood conditions of once in 30 years, 50 years, and 

1000 years. For problems with the original design scheme, this 

paper proposed an improved scheme, and then analyzed the 

hydraulic performance of the improved scheme and attained 

the following conclusions: 

(1) Based on the VOF water-gas two-phase flow model, this 

paper calculated the hydraulic performance of the Goushuipo 

Reservoir, and the numerical simulation has been proved to 

have a high accuracy. By analyzing the water level and water 

flow data under different flood conditions, this paper 

concluded the relationship between water level and water flow, 

and gave the relationship function under 3 different flood 

conditions after fitting, which provided a reference for flood 

discharge.  

(2) The height of steep slope section of spillway in the 

original design scheme can meet the flood discharge 

requirements of floods that happen once in 30 years and once 

in 50 years, but for flood that happens once in 1000 years, the 

height of steep slope couldn’t meet the flood discharge 

requirement, and there’s a risk of overflow on the right bank 

of the spillway. Overflow occurs in the stilling pool under all 

3 different flood conditions.  

(3) To solve overflow in stilling pool under the flood 

condition of once in 30 years, this paper proposed a two-step 

water-drop energy dissipation design scheme. Compared with 

the original design scheme, which the height of water surface 

exceed 1.34m over side slop, the water flow state, water 

surface line, flow rate, and pressure of optimization scheme 

have been improved significantly, the maximum elevation of 

water surface is 411.21m, there’s no overflow risk on side 

walls of both left and right banks, the water flow in the chute 

smoothly connects with the water flow in the apron section, 

and the effect is relatively ideal. The improved scheme 

proposed in this paper could be taken as a reference for 

relevant studies and projects.  
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