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Abstract 

In this study, two-phase flow over a three dimensional stepped spillway was numerically investigated 

using a finite volume code in ansys-Fluent commercial software. The numerical results were validated 
against experimental data. Then, the effects of several parameters were evaluated on the structure of 

the flow over the concerned spillway. Based on the natural roughness, several roughness heights of 

0.0001, 0.0005, and 0.001 m were considered on the spillway surface to investigate the flow structure. 

In the next step, several surfaces with different contact angles, including 80, 120, and 160°, were used. 
Finally, a passive control method, including simultaneous blowing and suction with different 

configurations, was applied to the steps of the spillway. The results revealed that a change in the 

surface roughness or contact angle and applying the control method could change the flow regime 
from skipping to nappe. Also, variations in the speed of falling water and energy loss were attributed 

to changes in the surface roughness and contact angle and implementation of the proposed control 

method.  

 
Keywords: Stepped Spillway, Rough Surface, Hydrophobic to Superhydrophobic, Passive Control 

Method, Energy Dissipation, Discharge, Falling Velocity. 

  

1. Introduction 

 

A stepped spillway is a device placed along the river path that includes steps to contribute to 

reducing the loss of kinetic energy of the falling water. This removes or reduces the need for 

extra energy injection, such as a water body, at the end of the spillway of the downstream 

river. A stepped spillway is often used in steep places to transfer water, as well as dissipating 

energy and reducing erosion [1,2]. The stairs account for increasing the energy dissipation 

rate through the spillway and reducing the dimensions of the stilling basin. Nowadays, 

stepped spillways have been widely used in different parts of the world due to their 

extraordinary capacity to dissipate the energy flow and thus decrease the dimensions of the 

stilling basin, as well as controlling and reducing the vacuum phenomenon in the spillway. 

Also, using a stepped spillway can reduce the likelihood of cavitation over the spillway. In the 

past decades, researchers have done several studies to raise the performance of these 

spillways and have made great advancements. In general, researchers aim to decrease the 

downstream velocity by improving the performance of energy dissipation in the stepped 

spillway. Sorensen [3] has been one of the researchers in the field of the stepped spillway 

hydraulic.  
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Chamani et al. [4], Matos et al. [5], and Dong et al. [6] carried out many studies on the 

skimming flow regime. They also provided relationships to determine the amount of energy 

loss in this type of flow regime. Cheng et al. [7] numerically showed that the inception point 

(IP) of air entrainment could be observed, rapid air entrainment took place downstream of this 

point, and “white water” and eddies appeared in the corners of every step. 

Wu et al. [8] analyzed the IP of a stepped spillway and reported an empirical equation based 

on their experimental data. Felder and Chanson [9] experimentally investigated the pooled 

and flat stepped spillways with various slopes. They concluded that the dissipation of energy 

in the pooled state was larger than that in the flat case with a smaller slope. Alghazali and 

Jasmin [10] obtained the position of IP in various configurations of stepped spillways. They 

derived twelve empirical relations for several stepped spillways configurations. Munta and 

Otun [11] performed forty experimental tests on some different stepped spillway 

configurations to obtain the relationship among IP, discharge, and chute angle. Also, the 

inception length increases as the unit discharge is elevated, where it diminishes by growing 

both stepped roughness height and chute angle. The pressure distributions on the spillway 

with various step configurations were evaluated by Daneshfaraz et al. [12]. They observed 

that the pressure values were larger for spillways with a smaller number of larger steps. 

Tabari and Tavakoli [13] investigated the effects of stepped spillway geometry on flow 

patterns and energy dissipation. The results revealed that energy dissipation decreases by 

increasing the flow discharge and the number of steps and reducing their height. Bai and 

Zhang [14] compared the pressure distribution of traditional and v-shaped stepped spillways 

and obtained the unique pressure distribution. Li et al. [15] examined steps with non-uniform 

heights at the bottom.  

Their comparison between a curved spillways with/without steps showed that the steps 

balanced the partial centrifugal force on the curved part, causing the water depth of the cross-

section to be evenly distributed and the other base plate to be covered with water. Li et al. 

[16] examined 45°-slope eight-stepped spillways with 8 different structures. They reported 

that the residual energy of the baffled-shifted rounded configuration was approximately eight 

and thirteen percent lower than that of the rounded and sharped configurations, respectively. 

The flow structures of a spillway approach channel at the guide wall of the Kamal-Saleh dam 

were studied by Parsaie et al. [17]. The results revealed that their geometry of the left wall 

caused instability in the flow pattern and formed the secondary and vortex flows at the 

beginning of the approach channel. Morovati and Eghbalzadeh [18] concluded that the 

inception point position had more influence on the nappe and transition flow regimes 

compared to the regime of the skimming flow, particularly at the heights of 9 and 15 cm. Li 

and Zhang [19] numerically studied the hydraulic characteristics of the skimming flow over 

pooled stepped spillway, concluding that the distribution of velocity in the direction of 

spanwise illustrated no significant difference among “fully pooled configuration”, “fully 

pooled and two-sided pooled steps”, and “two-sided pooled and central pooled steps”. 

However, the velocity in two-sided pooled and central pooled steps was enhanced from the 

axial plane to the sidewalls; however, the peak of velocity in all states was approximately the 

same.  

Ashoor and Riazi [20] numerically examined the non-uniform stepped spillways to evaluate 

the maximum energy dissipation. They reported that in semi-uniform stepped spillways with 

the ratio of 1:3 between the lengths of the successive steps, a vortex interference area 

occurred within the two adjacent cavities of the entire stepped chute that caused the energy 

dissipation to increase to 20%. Ghaderi et al [21] proposed a spillway with trapezoidal 

Labyrinth-shaped steps and showed that this type of spillway had better efficiency as it 

elevated the ratio of the spillway width to the total edge length. The effects of barrier height 

on the design of stepped spillway were experimentally investigated by Azman et al. [22]. 
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Their results showed that as the height of the barrier was raised from 10 to 25 mm, the water 

flew down the steps faster at lower pressure, and the overall aeration efficiency was enhanced 

from 1.1 to 1.2%. Güven and Mahmood [23] numerically modeled the influence of the abrupt 

slope change on the flow features over a stepped spillway in the skimming flow regime. Their 

results indicated that near the slope change, the flow bulking, air entrainment, velocity 

distribution, and dynamic pressure are greatly affected. Ghaderi et al. [24] experimentally 

investigated the effective scouring parameters downstream of stepped spillways with various 

flow rates and step sizes. They showed that the enhancement in tailwater depth from 6.31 to 

8.54 and then to 11.82 cm reduced the scouring depth by 18.56% and 11.42%, respectively. 

Based on the literature, many studies have been conducted on the behavior of flow over the 

stepped spillways with various configurations, which have provided appropriate data to 

improve these structures. However, the effects of irregular roughnesses on the surface on the 

fluid flow structure have been less addressed. Therefore, one of the objectives of the present 

study is to investigate the presence of roughness of various heights on the spillway surface. 

Furthermore, surfaces with different contact angles are used to reduce the contact surface 

between water and solid. Also, a passive method [25,26] is implemented to enhance the 

performance of the stepped spillway. In this regard, a finite volume code in the two-phase 

state with the k-ω SST turbulence model [27-30] is employed. 

 

2. Governing equations 

 
According to the former conditions, the flow field was turbulent and assumed to be 

incompressible. Therefore, it does not need to solve the energy equation and the mass and 

momentum conservation equations are expressed as [29]: 
            
𝜕𝑢𝑗

𝜕𝑥𝑗
= 0                                                                                                                                                      (1)   

 

𝜕𝑢̅𝑖
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+ 𝑢𝑖̅

𝜕𝑢̅𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑃

𝜕𝑥𝑖
+ 𝜐

𝜕2𝑢̅𝑖

𝜕𝑥𝑖𝜕𝑥𝑗
−

𝜕𝑢̇𝑖𝑢̇𝑗
̅̅ ̅̅ ̅

𝜕𝑥𝑗
                                                                                   (2) 

 

Where, u is velocity field, t is flow time, P, υ, and x are pressure, viscosity, and the direction, 

respectively. In addition, in the present work, the VOF model was used to predict the liquid-

air interface. The VOF model is a surface-tracking technique where the fluids share a single 

set of momentum equation, and the volume fraction of each fluid in each computational cell is 

tracked throughout the domain. The tracking of the interface between the phases is 

accomplished by the solution of a continuity equation for the volume fraction of one (or 

more) of the phases using the geometric reconstruction scheme. For the qth phase, this 

continuity equation has the following form: 

 
𝜕

𝜕𝑡

(𝛼𝑞𝜌𝑞) + ∇. (𝛼𝑞𝜌𝑞𝑢𝑞) = 0                                                                                                              (3) 

 
𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑗𝑢𝑖) = −
𝜕𝑝

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗
(𝜏𝑖𝑗 + 𝜏𝑡𝑖𝑗

) + 𝜌𝑔𝑖 + 𝐹𝑣𝑜𝑙                                                 (4) 

Where, α, g, and volF  are phase volume fraction, gravity, and force due to surface tension, 

respectively. Also, 

  

𝜌 = 𝛼𝜌1 + (1 − 𝛼)𝜌2                                                                                                                             (5) 
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In which 

 

𝐾 = −
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It is worth noting that the following relationship is defined in each computational cell: 

 

∑ 𝛼𝑞

𝑛

𝑞=1

= 1                                                                                                                                                (7) 

 

The volume source term of the momentum equation considering surface tension is presented 

in Eq. (8). 
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                                                                                        (8) 

 

 

In this equation, σ is the surface tension and 𝑛̂ is defined based on the divergence of the unit 

normal [31] and related to surface contact angle (w) as follows: 

 

𝑛̂ = 𝑛𝑤̂ cos 𝜃𝑤 + 𝑡̂𝑤 sin 𝜃𝑤                                                                                                                   (9) 

 

The open channel flow [32] is characterized by an important dimensionless parameter called 

the Froude number (Fr). 

 

𝐹𝑟 =
𝑉

√𝑔𝑦
                                                                                                                                              (10) 

 

In addition, the wave speed and total and static pressures are defined as: 

 

𝑉𝑤 = 𝑉 ± √𝑔𝑦                                                                                                                                       (11) 

 

𝜌. =
1

2
(𝜌 − 𝜌.)𝑉2 + (𝜌 − 𝜌.)|𝑔⃗| (𝑔̂. (𝑏⃗⃗ − 𝑎⃗))                                                                              (12) 

 

𝜌𝑠 = (𝜌 − 𝜌.)|𝑔⃗| ((𝑔̂. 𝑏̂) + 𝑦𝑙𝑜𝑐𝑎𝑙 )                                                                                                  (13) 

 

Where ylocal is the distance from the free surface to the reference position and defined as 

follows: 

 

𝑦𝑙𝑜𝑐𝑎𝑙 = −(𝑎⃗. 𝑔⃗)                                                                                                                                    (14)  
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Furthermore, the Reynolds averaged momentum equation of the VOF model is: 

 

𝜕𝜌𝑈𝑖̅

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
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𝜏𝑗𝑖̅̅ ̅ = 𝜇 (
𝜕𝑢̅𝑖

𝜕𝑥𝑗
+
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𝜕𝑥𝑖
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𝐹𝑖 is the momentum source term. In Eq. (16), −𝜌𝑢𝑗̇𝑢𝑖̇̅̅ ̅̅ ̅ is the Reynolds stress term for which 

the k-ω shear-stress transport (k- ω SST) turbulence model is used that has proven to work 

well for wind turbine applications [33]. K-ω SST turbulence model is one of the most 

commonly utilized turbulence models. This model contains two additional transport equations 

to show the flow turbulent properties to account for history influences like convection and 

diffusion of the turbulent energy. The transport variables k and ω are used to calculate the 

energy in turbulence and the scale of turbulence, respectively [34]. The k-omega turbulence 

model can be utilized for boundary layer problems, where the formulation holds from the 

inner part through the viscous sub-layer until the walls. Hence, the k-ω SST turbulence model 

can be used in low-Re flow applications without additional damping functions. The SST 

formulation also switches to a k-ε turbulence model behavior in the free-stream, which avoids 

the k-ω problem to be very sensitive to the inlet free-stream turbulence properties. 

The k-ω SST turbulence model is well known for its good behavior in adverse pressure 

gradients and separating flows [34]. It produces high turbulence levels in regions with large 

normal strain, e.g., stagnation regions and regions with strong acceleration. This effect is 

much less pronounced compared to a normal k-ε turbulence model. The k-omega shear stress 

transport turbulence model can fulfill the transport of the principal shear stress in adverse 

pressure gradient boundary-layers [34]. In the k-ω SST model, the turbulent kinetic energy, k, 

and the specific dissipation rate, ω, are obtained from the following transport equations [35]: 

 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
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𝜕

𝜕𝑥𝑗
(Γ𝑘
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𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘                                                                          (17) 

 

𝜕
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𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖) =
𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝑤 − 𝑌𝑤 + 𝐷𝑤                                                           (18) 

 

Where, 𝐺𝑘 and 𝐺𝜔 stand the generation of turbulence kinetic energy (k) and ω as well as 𝑌𝑘, 

and 𝑌𝜔 are the Dissipation of k and ω. 

 

3.Computational domain and grid study 

 

Figure 1 indicates the three dimensional computational domain used in this study. The profile 

spillway crown is y/H=3.66326(x/H)1.85 where x, y, and H are the horizontal, vertical 

components, and height (78.9 cm) from the toe of the flow of water on the spillway, and the 

design head was 9.7 cm. Below the contact point, the spillway profile had a Chute slope of 

1Vertical:0.75Horizontal, which was connected to the paw by a 28cm arch. From the fifth 

step on, the dimensions of the stairs were uniform and equal to 6×4.5 cm.  The height to width 

ratio of the first 5 steps varied so that the tip of the stairs became tangential to the standard 

profile. The heights of the first 5 steps were 4, 2.2, 3, 4, and 5 cm, respectively. The spillway 

had a width of 30 cm, and the length of the channel with an approaching flow was 3 m. The 

downstream slope of the claw was zero, and the guide and downstream channels of the 
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spillway claw had the same width of 30 cm. Also, based on Ref. [33], the flow rate was set at 

0.02 m3.s-1. Moreover, according to Fig. 1a, velocity inlet, pressure outlet, and no-slip 

boundary conditions were considered for inlet, outlet, and wall, respectively. 

 

 
                                       a                                                                        b 

 

Fig. 1. a) Boundary conditions and b) computational domain 
    

For the grid independency study, three cell configurations with 105, 3× 105, and 6× 105cells 

were used. As can be observed in Fig. 2a, the distribution of velocity along the flow on the 

stairs was almost the same for grids with more than 3× 105 cells. This cell configuration led 

to a reduction in the computational time up to half of the time for the grid with 6× 105 cells. 

Furthermore, to decrease the solution fluctuations, a stable solution with a residual of less 

than 10-6 was obtained using this cell structure. Figure 2b shows a schematic of the grid with 

structured cells in the present work. Additionally, in the areas far from the spillway, the grids 

gradually become larger, but the aspect ratio of the cells did not exceed 3 in most areas of the 

computational field. Also, in the calculations and simulations performed in the present work, 

the residual values for all parameters were less than 10-4. 

 

 

                                         a                                                                           b 
 

Fig. 2. a) Grid study, b) the cell sample configuration 
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4. Results and discussions 

 

 

4.1.Validation 

 

In this section the numerical results are compared with the available experimental data [36], 

see Fig. 3. based on the work with [36], The water flows with the rate of 0.02 m3.s-1 over a 

spillway with the crown by y=3.66326x1.85 profile, Chute slope of 1V:0.75H, and with 

different height step from 2 to 5 cm as mentioned previously. As can be observed, the present 

two-phase numerical method and the k-ω SST turbulence model (due to its ability to predict 

recirculation and separation flows in steps) predicted the water height with R-square [37] of 

more than 97% compared to Ref. [36]. After validating the numerical method, several 

effective parameters were investigated. 

 

 
Fig. 3. Validation of the present finite volume code 

 

 
                         20 mm                                                                                 23 mm 
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Fig. 4. Vertical velocity over smooth and rough spillways at various distances 

 

 

 

 

 

4.2.Effects of Roughness 

 

Given that no surface can be completely smooth, this section examines the effects of 

roughness on spillway stairs on the flow behavior. In this regard, three roughness heights of 

0.0001, 0.0005, and 0.001 meters were employed. Figure 4 indicates the vertical velocity 

distribution at different distances from the spillway crown, including 20, 23, 29, 33, 43, and 

53 mm. These distances were determined such that the flow characteristics could be observed 

at the center of the stairs. Also, close to the spillway crown and before its middle part, the 

falling velocity was higher for the smooth state compared to rough spillways. Also, as the 

height of the roughness increased, the velocity of the water flow decreased at distances of up 

to 33 mm from the spillway crown. However, as the flow approached the spillway floor, the 

flow behavior changed, i.e., raising the roughness height increased the rate of water falling. 

This is because the turbulence level increased and the water flow was shifted to the nappe 

regime by increasing roughness height (Fig. 5). 
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Fig. 5. Flow over the rough spillway 

 

 

In this regime, the water flow is more in contact with the air than the solid surface. Therefore, 

the effects of water viscosity were reduced and as a result, the flow was transferred 

downstream more quickly at further distances away from the spillway crown. The increase in 

the length of the separation zone can be observed in Fig. 6. As shown, increasing the 

roughness height at all distances enlarged the length of the flow separation area. This is 

because of the increasing the level of turbulence intensity with growth in roughness height. In 

general this seapration increased the loss of flow energy and also the discharge factor. Also, at 

a distance of 57 mm from the spillway crown, there was no flow separation for the smooth 

and rough case (R1), i.e., in the downstream areas of the spillway, the roughness had no 

noticeable effect on the recirculation flow behavior. Furthermore, in R3, there was a 

minimum value for the flow velocity since wall roughness enhanced turbulent boundary layer 

skin friction and produced thicker boundary layers [38]. 
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Fig. 6. Separation area length at various locations in smooth and rough spillways 

 

 

 

4.3.Hydrophilic,hydrophobic, and superhydrophobic surfaces 

 

In this section, surfaces with different contact angles such as 80° (hydrophilic surface), 120° 

(hydrophobic surface), and 160° (superhydrophobic) [39] were investigated. A surface with a 

high contact angle reduced the water contact area with a solid surface. This contact reduction 

undermined the role of fluid viscosity and decreased the adhesion between the surface and the 

fluid flow. A decrease in viscosity raised the Reynolds number of the flow, thereby increasing 

the flow separation and changing the flow regime from skimming to transition, followed by 

nappe flow. Figure 7 indicates the length of the flow separation area for spillway with 

different contact angles. It should be noted that using the surface with a high contact angle led 

to a reduction in skin friction due to the reduction of the level of surface contact of fluid flow 

and solid surface. In addition, as mentioned above, as the contact angle increased, the 

Reynolds number was elevated, growing turbulence intensity as the main factor in controlling 

the positive pressure gradient. 
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Fig. 7. Effects of contact angle on the length of the separation area 

As can be observed, a change in the contact angle varied the characteristics of the separation 

and recirculation flows on the steps. Thus, up to a distance of 33 mm from the spillway 

crown, the flow separation area for the superhydrophobic surface was smaller than that of the 

hydrophilic surface. Similar to the previous section, the superhydrophobic surface increased 

the flow separation area length and the discharge coefficient as well. 
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4.4.Effects of Passive Control Method 

 

In this section, the effects of flow control methods [26,40] were investigated on the behavior 

of the fluid flow over the spillways. The presence of blowing and suction as active control 

methods caused a change in the structure of the boundary layer and Tollmien–Schlichting 

waves. Since the implementation of active control methods requires energy expenditure, here, 

the passive artificial blowing and suction methods were developed for the spillway steps 

using natural flow characteristics. According to Fig. 8, three different cases (C1-C3) were 

used to perform this study. Every other one step for C1, every other 2 steps for C2, every 

other four and five steps for C3 were considered within a separate path. In this regard, the 

water flow at the top of the separate path was led to the main path using gravity; accelerated 

due to the gravitational force and blown down as an artificial jet to the downstream steps. 

 
                            C1                                                                                 C2 

 

 
C3 

 

Fig. 8. Schematic of the patterns of passive control methods 
Figure 9 indicates the phase contour for the three mentioned states. As can be seen, there were nappe 

regimes in C2, which increased the rate of water falling. Also, for C3, in the spillway upstream, the 

flow was oriented between the transition and nappe regimes; therefore, the water falling velocity was 
higher than that in C1 and main (without control method) cases. In C1, in most areas, the flow varied 

between transition and skimming regimes and had the lowest velocity. Based on the above 

explanations, it can be said that C1 reduced energy loss and C2 increased flow velocity and energy 

loss. Furthermore, Fig. 10 depicts the velocity distribution at different distances from the spillway 
crown. As can be observed at all distances, a higher falling velocity was achieved for C2; accordingly, 
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it can be stated that the use of this passive control method improved the spillway discharge coefficient 

and energy dissipation on average. This is because this passive control method caused an increase in 

the momentum of the fluid flow and, thus, the flow behavior near the steps changed. Moreover, the 

proposed control method yielded an increase in the instability of the flow pattern, as well as provoking 
the secondary flow and vortex flow. By comparing the results, these phenomena were greater for C2 

than C1 and C3. 
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Fig. 9. Two-phase distribution over the spillways in the three cases 
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Fig. 10. Vertical velocity distribution at various distances from the spillway crown 
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5.Conclusion 

 

In the present study, a 3D investigation of the behavior of the flow over a stepped spillway 

was conducted using a two-phase finite volume code. First, the results were compared with 

the experimental data, suggesting the high accuracy of the numerical method used in this 

study. After validating the results, several effective parameters (e.g., surface roughness and 

contact angle) and a passive control method were used. The obtained results can be 

summarized as follows: 

 As the surface roughness height increased, the flow turbulence grew, fluid flow was 

transferred to the nappe regime, and the flow was transferred to the downstream more 

quickly at further distances away from the spillway crown. Furthermore, an increase in 

the surface roughness height led to the enlargement of the separation region. Finally, 

the presence of roughness increased discharge factor and energy loss. 

 The presence of a surface with a high contact angle caused a decrease in the contact of 

water flow with the solid surface, thereby undermining the role of fluid viscosity. 

Therefore, the Reynolds number of the flow was raised and, in turn, flow separation 

was intensified. Thus, the flow regime was transferred from skimming to transition 

and then to the nappe regime. Moreover, the results revealed that by getting away 

from the spillway crown, the surface became more hydrophobic and a large area of 

flow separation took place on the steps. Finally, it can be concluded the hydrophobic 

surface increased the flow separation and discharge factor.  

 Applying the proposed passive control method caused a change in the flow regime. In 

Case 2, the nappe regime was created in some areas that led to an increase in the 

falling water velocity. Also, Case 3 was oriented between transition and nappe regime 

in upstream regions. Thus, the falling water flow in Case 3 was more rapid (i.e., higher 

discharge factor) compared to C1 and the main case. Further, the implementation of 

the proposed control method caused instabilities in the flow pattern and provoked 

secondary and vortex flows, which were more considerable for C2 compared to C1 

and C3. 
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