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Abstract
Pressure distribution on the step spillways is an essential factor for determining the cavitation damage in step spillways. Negative 
pressure at the spillway surface causes cavitation problems, so the location of negative pressure is critical in measuring the cavitation 
risk. Turbulent kinetic energy is also an essential consideration for measuring the intensity of turbulence over the spillway surface; for 
this purpose, numerical modelling is done by using four types of step spillway models by varying channel slopes (12.5°, 19°, 29°,35°) by 
using the volume of fluid (VOF) and realizable k-ε model. The results indicated that negative pressure occurs at the perpendicular face 
of the step near the edge of the step in all channel slopes. With the move up in the channel slope, the possibility of cavitation is reduced. 
Turbulent kinetic energy profiles rise with the surge in channel slope. Turbulent kinetic energy is increased from the crest to the bottom of 
the spillway. At the bottom of the spillway, turbulent kinetic energy is more like a crest. The rise in channel slope caused maximization in 
the turbulent kinetic energy and the air fraction profiles over the spillway surface. Air fraction profiles have a relationship with turbulent 
kinetic energy.

ISSN: 2978-0632

Keywords: Cavitation, Pressure Stepped Spillway, Slope, 
Turbulent kinetic Energy, Volume of fluid (VOF)

Introduction
Mainly, stepped spillways are planned for the skimming flow 
regime because the skimming flow regime exists at raised 
discharge values. A skimming flow regime is formed when 
the flow rate increases and the water forms a coherent scheme. 
No freefall jets are formed in the skimming flow regime [1]. 
Air entrainment issignificant across the skimming flow regime 
because the design of the stepped spillway is based on a 
skimming flow regime, so air entrainment is substantial for this 
process [2]. Water forms a coherent structure above the pseudo-
bottom in the skimming flow regime. Pseudo-bottom is the line 
attaching the edges of the steps of spillways. Downstairs, the 
pseudo-bottom water is recirculated in circles [3].

Energy loss in the skimming flow regime is primarily due to 
the recalculating vortices beneath the pseudo bottom. In the 
skimming regime, a boundary layer exists that connects the 

free face of the air. Air enters the water when this boundary 
thickness connects the free face [4]. This start of air entrainment 
is essential in the skimming flow regime because cavitations, 
energy loss, and the span of the stilling basin depend upon this air 
entrainment starting [5]. After this aerated flow region is started, 
the proportion of the aerated flow region is passionate about the 
cavitation and energy dissipation in the stepped spillways. The 
greater the length of the aerated flow region, the less cavitation 
and the more excellent the energy loss [6]. Primarily, scientists 
and engineers, while designing the stepped spillways, are 
established on the conditions of increasing the length of the 
aerated flow zone so that chances of cavitations will reduce and 
energy dissipation is increased due to more air entrainment [7]. 
Energy dissipation effects with slopes are primarily measured 
with experiments.

These investigations indicate that the steps' energy loss and air 
concentration depend mainly on the critical flow drop and step 
height (h). Critical flow depth and step height (h) are essential in 
energy loss in the stepped spillways. Energy dissipation over the 
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steps is increased by changing the number of steps (N) [8]. Step 
spillways have less cavitation than smooth spillways. Leveled 
spillways are more vulnerable to cavitation loss. The presence of 
steps over the spillway surface lessens the chances of cavitation 
over the spillway. The occurrence of steps over the spillway 
face reduces the water speed over the spillway and minimizes 
the turbulence at the spillway's base. The span of the stilling 
basin was decreased by reducing turbulence at the bottom of the 
spillway. The span of the stilling basin is reduced in cases of step 
spillways [9].

Numerical analysis is advantageous over prototype modelling 
because it gives better results with minimum expenses and 
no need to build a prototype model. Using computational 
fluid dynamics (CFD) has gained much more importance for 
hydraulic engineers when constructing spillways and other 
hydraulic structures. The complete flow data is obtained in CFD 
more accurately than in prototype modelling [10]. correlated 
the four distinct turbulent models, calculated the velocity,and 
compared their results with the PIV. Dong [11]. Simulated the 
flow on the flat stepped spillway. They cast off flat spillway 
models and the model to analyze the spillways numerically [12]. 
used five types of pooled step spillways. They determined the 
impact of distinct pools and measured the velocity and vortex 
profiles over the spillway surface [13]. measured the pressure 
and void proportion over the spillway surface utilizing Flow-3D 
[14]. measured the inception point over the spillway surface by 
changing the height and geometry of the spillway surface [15]. 
used the wrap speed spillway model measured the cavitation 
loss at the spillway face. They determined that cavitation mainly 
occurs downstream of the spillway surface [16]. used different 
non-linear models and different step heights for the numerical 
analysis of spillways [17]. used two turbulence models to 
render the flow over thestepped spillways. Later, they measured 
the RNG turbulence model to give more precise results over 
the other turbulence model. Using the ADINA software [18]. 
analyze the flow over the stepped spillway. They used the 
distinct designs of steps to determine the water surface profile 
and measure the energy dissipation [19]. measured the pressure 
codes over the three step spillways and the cavitation damage in 
all three sorts. studied energy dissipation and critical depth using 
the Flow 3D software. artificial intelligence and different genetic 
programming techniques (GEP) to calculate energy loss over the 
spillway surface [20-25].

Figure 1: Skimming Flow Description in Different Channel 
Slope

This study is concerned with the prediction of pressure profile, 
turbulent kinetic energy, and air fraction profile over the step 
spillways by using different channel slopes varying from (19°, 
29°and 35°). The scope of the study is to predict the negative 
pressure zone on the stepped spillway to predict the cavitation 
damage zone due to negative pressure. Computation fluid 
dynamics (CFD) using fluent multiphase (VOF) software and 
realizable k-ε as a turbulent model. Distinct channel slope 
designs are simulated at various flow rates by varying the 
velocity for prediction of the relationship of pressure profile, 
turbulent kinetic energy profile, and air volume fraction profiles 
with discharge and channel slope. A comparison of mean air 
concentration with bottom air concentration is discussed in this 
paper, and the effect of turbulent kinetic energy over air volume 
fraction is described in the paper.

Materials & Method
This paper uses four different channel slopes that were numerically 
investigated using ANSYS. The hill of spillway models varied 
from mild to steep slopes. The multiphase VOF and realizable 
k-ε model are pre-owned for turbulence modelling. A SIMPLE 
algorithm is adjusted to transient simulation. The momentum 
and turbulent kinetic energy loss rate techniques are second- and 
first-order upwind. PRESTO is utilized for the discretization of 
pressure. The data of all four models are exhibited and stated 
[26-30].

Table 1: Details of four models used for computation
Model h (m) Slope°

M2 0.15 19°
M3 0.24 29°
M4 0.32 35°

Multiphase Modelling
The multiphase VOF model is used because, in this case, only 
two phases are involved: air and water. Hirt & Nichols (1981) 
give that method. When two phases are involved. The VOF 
is suitable when the interface location between two phases is 
engaged. When the VOF leads two phases, water and air, the 
fluid volume is regarded as 0 when it does not contain any water. 
The VOF is given the value of 1 when it’s filled with water; if the 
value lies between 0 and 1, the cell is partially packed with air and 
partially packed with water. The properties of any cell represent 
one level or a mixture. All cell properties like pressure, velocity, 
and temperature follow the volume proportion concept. The total 
volume proportion in each cell is equal to unity [18,19,26].

The volume of fluid (VOF) method solved the different continuity 
and momentum equations to measure the volume proportion of 
each equation.
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Density and molecular viscosity are the attributes of volume 
fraction, which are not constant values; they mainly depend on 
the volume proportion of the water. The following equations can 
determine these terminologies.

(1 )W W W aρ α ρ α ρ= + + − 			                (4)
(1 )W W W aµ α µ α µ= + −                                                                  (5)

In these Wρ  and aρ  represents the density of air and water while 
Wµ and aµ  Represents the molecular viscosity of air and water. 

By repeating the solution, the ρ and µ Can be measured.

Turbulence Modelling
This paper utilizes the realizable k-ε model as a turbulence model. 
Realizable k-ε was introduced by and is used for turbulent flows 
because it gives better results for highly turbulent flows under 
the vortices. In realizable k-ε, a new equation for turbulent eddy 
loss is introduced derived from the high Reynolds number. The 
transport equation for turbulent kinetic energy (k) and turbulent 
eddy dissipation (ε) is below.
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The different equations listed below define the intended strain 
and rotation values, angular velocity of system spin, and 
turbulence fields.
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Boundary Conditions
The inlet of the spillway is the velocity inlet. The flow rate 
measures the velocity of the spillway. The spillway outlet is 
the pressure outlet, and the condition applied is that there is 
no backflow of the water. The spillway walls are measured as 
stationary walls with no slip velocity. Fig. 1 &Fig. 2 explains 
the systematic simulation diagram and elaborates the boundary 
conditions.

Figure 2: Boundary Conditions and description of a model for 
numerical analysis

Results & Discussions
Pressure fluctuations' impact on various channel slopes
Fig. 3 represents the pressure contours of models at different 
discharges on the overall surface of a stepped spillway. Overall 
pressure distribution over the stepped spillway indicates that 
with the increase in flow value, overall pressure on the stepped 
spillway is increased. Also, with the rise in discharge value, 
overall negative pressure on the water's surface increases. It can 
be seen from the shape diagram that negative pressure mainly 
occurs over the vertical face of the step and that the pressure 
value is higher over the horizontal step as compared to the 
vertical step. Pressure values vary from step to step depending 
on the impact of water on the step.

Figure 3: Pressure contours at whole surface of stepped spillway. 
(a, b) pressure contours on stepped spillway with channel slope 
20° at flow rate 0.875 & 1 m2/s; (c, d) pressure contours on 
stepped spillway with channel slope 29° at flow rate 0.875 & 1 
m2/s; (e, f) pressure contours on stepped spillway with channel 
slope 35° at flow rate 0.875 & 1 m2/s. Fig. 4 represents the 
pressure profile at the edges of the whole spillway surface from 
the crest to the bottom of the spillway. Negative pressure values 
are displayed at the vertical edges of the step, while the loop 
structures give the pressure value at the horizontal step.
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Figure 4: Pressure profile over the spillway surface from crest 
to bottom of spillway at different flow rates. (a, b, c) pressure 
profile of 20° spillway at different flow rates of 0.75, 0.875, 1 
m2/s; (d, e, f) pressure profile of 29° spillway at different flow 
rates of 0.75, 0.875, 1 m2/s; (g, h, e) pressure profile of 35° 
spillway at different flow rates of 0.75, 0.875, 1 m2/s.

Fig. 5 represents the pressure propagation on the horizontal face 
of the 2nd and last step of all three slopes of stepped spillway 
models. The rise in channel slope causes the horizontal pressure 
to increase. The maximum pressure on the step at constant 
discharge is 35 degrees. The impression of pressure on the 
step is that it increases with distance, then declines, then rises 
again and reaches the maximum value, then starts declining and 
reaches the minimum pressure value at the border of the step. 
This pressure pattern is the same in all stepped spillway models 
at all discharge rates.

Figure 5: 3D pressure contours on at the horizontal face of 
2nd & last step with different channel slopes. (a) 3D pressure 
contour on the horizontal face of 2nd step with channel slope 
20°; (b) 3D pressure contour on the parallel face of 2nd step 
with channel slope 29°; (c) 3D pressure contour on the parallel 
face of 2nd step with channel slope 35°; (d) 3D pressure contour 
on the parallel face of last step with channel slope 20°; (e) 3D 
pressure contour on the parallel face of last step with. channel 
slope 29°; (f) 3D pressure contour on the parallel face of last step 
with channel slope 29°. Fig. 6 represents the vertical pressure 
on the second & last step. This indicates that with the increase 
in channel slope, pressure on the perpendicular face of the step 
also increases. Maximum negative pressure is occurring near 
the border of the step. This minimum pressure is due to the 
separation of recirculation from the main flow, which is raised 
by a rise in the discharge rate. The trend of pressure on the last 
vertical side of the step is reversed compared to the second 
step due to an aerated flow zone in the previous step. With the 
increase in channel slope, the curves for vertical pressure are 
raised, meaning that the channel slope increases the pressure 
codes over the perpendicular face of the step.

(c) (d)
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Figure 6: 3d Pressure Contours at 2nd & last step of Vertical 
Face of Step with Different Channel Slopes.

(a) 3d pressure contour on 2nd step at vertical face with channel 
slope 20°; (b) 3d pressure contour on 2nd step at vertical face 
with channel slope 29°; (c) 3d pressure contour on 2nd step at 
vertical face with channel slope 35°; (d) 3d pressure contour on 
last step at vertical face with channel slope 20°; (e) 3d pressure 
contour on last step at vertical face with channel slope 29°; (f) 
3d pressure contour on last step at vertical face with channel 
slope 35°. 

Fig. 7 represents the relative critical depth and pressure at the 
perpendicular face of the 2nd and last step. With the rise in 
critical depth, pressure at the vertical face of the step decreases, 
and more negative pressure appears at the border of the step for a 
more considerable critical depth. With the rise in relative critical 
depth, pressure at the vertical face of the pressure decreases.

Figure 7: Critical depth vs. Pressure at 2nd Vertical Face of Step 
at Different Channel Slopes. 

(a) critical depth vs. pressure at 2nd vertical face of step for 20° 
channel slope; (b) critical depth vs. pressure at 2nd vertical face 
of step for 29° channel slope; (c) critical depth vs. pressure at 
2nd vertical face of step for 35° channel slope; (d) critical depth 
vs. pressure at last vertical face of step for 20° channel slope; 
(e) critical depth vs. pressure at 2nd vertical face of step for 29° 
channel slope; (f) critical depth vs. pressure at 2nd vertical face 
of step for 35° channel slope.

Effects of Turbulence kinetic Energy with Different Channel 
Slope
Figure 8: represents the turbulent kinetic energy contours over 
the stepped spillways with different channel slopes for different 
discharges. From the contour diagram, turbulent kinetic energy 
values increase during the entire step with increased discharge 
values. The trend of turbulent kinetic energy from top to bottom 
is also growing, as shown in the contour diagram. The values of 
turbulent kinetic energy with the increase in channel slope rise 
mean that the rising channel slope also increases the turbulent 
kinetic energy from top to bottom of the stepped spillway.

Figure 8: Turbulent kinetic Energy Contours of Whole Spillway 
from Top to Bottom at Middle of Surface.

(a, b) turbulent kinetic energy contours with channel slope 20° 
at discharge rate (0.875 & 1 m2/s); (c,d) turbulent kinetic energy 
contours with channel slope 29° at discharge rate (0.875 & 1 
m2/s); (e, f) turbulent kinetic energy contours with channel slope 
35° at discharge rate (0.875 & 1 m2/s). Fig. 9 represents the 
turbulent kinetic energy profile at the horizontal and vertical face 
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of the step from top to bottom of the spillway. With the increase 
in spillway slope, turbulent kinetic energy increases from the top 
to the bottom of the spillway. Turbulent kinetic energy shows a 
fluctuating trend over the spillway surface.

Figure 9: Turbulent Kinetic Energy Profile from Crest to the 
Bottom of the Spillway at Different Flow Rates. 

(a) turbulent kinetic energy profile of 20° spillway at different 
flow rates; (b) turbulent kinetic energy profile of 29° spillway at 
different flow rates; (c) turbulent kinetic energy profile of 35° at
different flow rates.

Figure10: represents the turbulent kinetic energy over the last 
step of the horizontal face of a stepped spillway. This indicates 
that with the increase in horizontal distance from start to end, 
turbulent kinetic energy is increased, and its reach to the most 
significant value point near the edge of the horizontal step is 
reached, then again, it starts to decrease.

Figure 10: 3d turbulent kinetic energy contours at the last step 
with different channel slopes & 2d contour graph with flow rate. 
(a) 3d turbulent kinetic energy contours at the previous step with 
channel slope 20°; (b) 3d turbulent kinetic energy contours at the 
last step with channel slope 29°; (c) 3d turbulent kinetic energy 
contours at last step with channel slope 35°; (d) 2d contours of 
turbulent kinetic energy with channel slope 20°; (e) 2d contours 
of turbulent kinetic energy with channel slope 29°; (f) 2d 
contours of turbulent kinetic energy with channel slope 35°. 

Study of air concentration at various steps
Figure 11: represents the air fraction profile from top to bottom 
at the surface of the step. At the crest of all spillways, the air 
fraction is almost zero. With the increase in horizontal distance, 
the air fraction will increase in all channel slopes. The figure 
mentions that the slope's rise causes an increase in air fraction. 
The rise of air fraction observed at the edges of each step 
indicates steps caused by the increase in air fraction.

Figure 11: Air Fraction Profile from Crest to Bottom of the 
Spillway at Different Flow Rates. (a) Air Fraction Profile of 20° 
Spillway at Different Flow Rates; (b) Air Fraction Profile of 29° 
Spillway at Different Flow Rates.

Fig. 12 represents the air concentration at the horizontal face of 
the 2nd and last step & of all kinds of stepped spillways with 
different channel slopes. The air values on the 2nd step increase 
with the increased channel slope. The trend of air concentration 
with the horizontal distance is that with the increase in horizontal 
distance from the start to the end of the step, air values are more 
significant at the beginning. It starts to decrease, then again 
increases at the edge of the step and reaches its maximum value. 
The air concentration value is higher at the start of a step than 
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at the end. With the increase in channel slope, the quantity of 
air concentration at the middle of the step increases. It’s clear 
from the contour diagram that the air concentration at the toe of 
a stepped spillway is higher than that at the start of the spillway. 
The air values at the bottom of the stepped spillway are increased 
due to the aerated flow zone.

Figure 12: 3D contours of air concentration at the bottom of 
2nd step with different channel slopes. (a) 3D contours of air 
concentration at the bottom of step with channel slope 20°; 
(b) 3D contours of air concentration at the bottom of step with 
channel slope 29°; (c) 3d contours of air concentration at the 
bottom of step with channel slope 35°.

Fig. 13 represents the air concentration in the centre of the 2nd 
step of all stepped spillway channels at different discharges. 
This indicates that with the increase in distance from left to 
right of the step, air concentration continually decreases until it 
reaches its minimum value, after which it becomes constant. The 
continuously declining air concentration in the centre of the step 
surface is due to the effect of recirculation as it decreases from 
left to right of the step at the middle of the step.

Figure 13: 3D contours of mean air concentration at 2nd with 
different channel slopes. (a) 3d contours of mean air concentration 
at 2nd step with channel slope 20°; (b) 3d contours of mean air 
concentration at 2nd step with channel slope 29°; (c) 3d contours 
of mean air concentration at 2nd step with channel slope 35°.

Conclusions
This study investigates the turbulent kinetic energy and pressure 
distribution over the stepped spillways by using three distinct 
stepped spillways with varying channel slopes and approaching 
numerical simulation using the VOF multiphase model and 
realizable k-ε to study the characteristics of turbulent kinetic energy 
profile, pressure distribution profile, and air volume fraction profile 
over the stepped spillways by varying the flow rates.

Pressure profiles over the steps in all channels are computed 
and discussed at different flow rates. The pressure profiles are 
addressed in both horizontal and vertical faces. The pressure 
profile of the more significant channel slope is higher than the 
smaller channel slope, indicating that with the increase in channel 
slope, the pressure profile rises over the spillway.

The negative pressure occurs adjacent to the edge of the vertical 
face of the step. So, the chances of cavitation are mainly near 
the edges of the steps in all channel slopes. The pressure rate 
suddenly drops at the edge of every step and increases again at 
the horizontal face.

The turbulent kinetic energy profile at all three spillway models 
with different channel slopes is represented at various flow rates. 
The turbulent kinetic energy profile rises with increased channel 
slope and flow rate. The trend of turbulent kinetic energy increases 
from the crest to the toe of the spillway. At the toe of the spillway, 
turbulent kinetic energy is highest due to more turbulence present 
at the bottom. 

All three models ' air fraction profiles on the spillway surface at 
different flow rates are discussed. The air fraction profile rises at 
the bottom of the spillway. From the air fraction profile, maximum 
air is present at the bottom of the spillway. Air fraction profiles 
rise with the increase in channel slope and decrease in flow rate. 
From profiles, it’s mentioned that air concentration increases at 
the step's vertical edge and remains constant at the horizontal 
face. The mean air value at all steps is greater than the bottom air 
concentration. Due to more turbulence at the center of the step, the 
mean air concentration is higher than the bottom air concentration.

Nomenclature
A0 constant (4.04) 
As constant ( 6 cos )φ



Copyright © Awais Raza, et al.

Open Access J Phys Sci, 2026

 Volume 3 | Issue 2

www.oaskpublishers.com Page: 8 of 9

C2 1.9 (constant)

1C ε 1.44 (constant)

Cµ coefficient of uniformity

Gb generation of k due to buoyancy (kg/(ms3))
Gk generation of k due to fluid Shear Gk= tµ S2 (kg/(ms3)
g gravitational acceleration (m/sec2)
h step height (m)
k turbulent kinetic energy (m2/s2)
l step length (m)
M1-M2 stepped spillway model
S modulus of the mean rate of tensor S= 2 ij ijS S

Sk source term of kinetic energy (kg/(ms3))

Sε
source term of kinetic energy (kg/(ms4))

Sij The mean rate of deformation
P pressure (N/m2)
q unit discharge (m2/sec)
Ym Effect of compressibility on turbulence (kg/ms3)

kσ turbulent Prandtl number

εσ turbulent Prandtl number
ui velocity in xi direction (m/s)
uj velocity in xj direction (m/s)

aα volume fraction of air (%)

wα volume fraction of water (%)

ε turbulent dissipation rate (m2/sec3)

θ spillway slope (◦)
µ molecular dynamic viscosity (kg/ms)

tµ turbulent dynamic viscosity (kg/ms)

ρ cell density (kg/m3)

aρ density of air (kg/m3)

wρ density of water (kg/m3)
t time in (sec)

φ channel slope (◦)

υ kinematic viscosity (m2/s)
dc critical depth
dc
h

Relative critical depth

kσ 1.0 (model constant)

εσ 1.2 (model constant)
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