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Numerical Computation of Inception Point Location for
Flat-sloped Stepped Spillway
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Abstract Stepped spillway is a good hydraulic structure for energy dissipation because of the large value of the surface
roughness. The performance of the stepped spillway is enhanced with the presence of air that can prevent or reduce the
cavitation damage. The inception point in stepped spillway is the location where the turbulent boundary layer reaches the free
surface. From this location air is entrained at the free surface. Chanson developed a method to determine the position of the
start of air entrainment. The aims of this research are to validate the relationships developed by Chanson, to compare the
velocity profile with one-sixth power law distribution and to present pressure contours and velocity vectors at the bed
surface. Within this work the inception point is determined by using fluent computational fluid dynamics (CFD). The
volume of fluid (VOF) model is used as a tool to simulate air-water interaction on the free surface thereby the turbulence
closure is derived in the k —¢ turbulence standard model. The found numerical results agree well with experimental results.
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1. Introduction

Stepped spillway is a good hydraulic structure for energy
dissipation because of the large value of the surface
roughness. Rice and Kadavy[9] found from experiments ona
specific model study of a stepped spillway on a 2.5(H):1(V)
slope that the energy dissipated with steps was two to three
times as great as the energy dissipated with a smooth surface,
the studies of Rajaratman[16] and Christodoulou[11]
demonstrated also effectiveness the stepped chute for
dissipation of kinetic energy, thereby reducing the required
size of the stilling basin at the toe of the dam. The
performance of the stepped spillway is enhanced with the
presence of air that can prevent or reduce the cavitation
damage.

The skimming flow regime down stepped chute is
characterised by highly turbulence and the water flows as a
coherentstream.

In the skimming flow regime, air entrainment occurs when
the turbulent boundary layer thickness coincides with the
water depth[6]. This location is called the inception point
(e.g. Figure 1). At the inception point upstream, the flow is
smooth and glassy whereas at the downstream of the
inception point the flow becomes uniformas the depth of the
air-water mixture grows. The diffusion of air bubbles may be
approximated by simple analytical model[6]:
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Where
C is the void fraction (or air concentration),
tangh is the hyperbolic tangent function,
y is the distance normal to the pseudo-invert formed

by the step edges,

Yoo is the distance where C= 90%
D is a dimensionless turbulent diffusivity,
K is an integration constant, and

D and K are function of the mean air content only, where
Crean is the depth averaged air content defined in terms of
Ygo.
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Figure 1. Position ofthe inception in sepped gillway

The inception point of aeration of stepped spillways is
placed further upstreamthan on smooth spillways.

On smooth spillway, the location of the inception point is
a function of the discharge and the roughness ofthe spillway.
Wood et AI[17] proposed an approach for determining the
distance between the spillway crest and the inception point.
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On stepped spillway, the position of the inception point is
a function of the discharge, spillway roughness, step
geometry and spillway geometry. Chanson[5, 7] developed
a method to determine the position of the start of air
entrainment with slopes greater or equal than 22< Boes and
Hager[3] also derived a mathematical formula enabling the
determination of the distance between the start of the
turbulent boundary layer and the inception point.

The position of the inception point is important element in
determining the energy dissipation. Consequently, this
position is a component in the dimensions of the stilling
basin. At the downstream of the inception point, the
dissipation of energy is very large. Hunt and Kadavy[13]
found that the energy dissipation increases linearly from 0 to
30% upstream of the inception point (e.g. Figure 2).
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Figure 2. Relative energy loss versus the observed normalized length
(L/Li) okxained by Hunt and Kadavy[14]

The topic of the flow over stepped spillway was the object
of several experimental works, with the development of
computational fluid dynamics (CFD) branch, flow over
stepped spillway can be simulated to validate experimental
results. Chen et al[10], simulated flow over a stepped
spillway using the k — turbulence model. Benmamar et al. [2]
developed a numerical model for the two-dimensional flow
boundary layer in a stepped channel with steep slope, which
was based on the implicit finite difference scheme.
Bombardelli et al.[4] Simulated non-aerated region of the
skimming flow in steep stepped spillways using 3D-FLOW.
Afshin and Mitra[l] used FLUENT commercial software
for examining the performance of the volume of fluid (VOF)
and mixture models in simulating skimming flow over
stepped spillway. Iman and Mehdi[15] evaluated energy
dissipation in stepped spillways by taking into account
parameters such as; number of steps, step height , horizontal
step length , characteristic height of the step , flow
discharge per unit and overall slope of stepped spillway by
numerical method.

In this study, flow over flat-sloped stepped spillway was
simulated by using FLUENT software and VOF model was
applied to evaluate air-water flow hydraulic characteristics.
The aims of this work are to validate the relationships
developed by Chanson, to compare the velocity profile with
one-sixth power law distribution, and to present pressure
contours and velocity vectors at the bed surface. The found
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numerical results are compared with the

experimental results [13, 14].

existing

2. Numerical Model

Fluent computational fluid dynamics (CFD) is used to
solve Navier-Stokes equations that are based on
momentum and mass conservation of the moving fluid. The
standard £ — ¢ model is used to simu late turbulence.
Continuity equation:
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Turbulence kinetic energy equation (k):
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Turbulence dissipation rate energy equation (g):
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Where, Gy is production of turbulent kinetic energy which
can be given as
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C,=0.09 is a constant determined experimentally;
ok and o, are turbulence Prandtl numbers for k and ¢
equation respectively, ok =1.0, 6,=1.3,
Ci.and Cy, are € equation constants, C;,=1.44, C,,=1.92.
The volume of fluid (VOF) method is applied to simulate
the free surface between water and air[12].In this approach,
the tracking interface between air and water is accomplished
by the solution of a continuity equation for the volume
fraction of water:
dayy,
6_t dx;
Where, oy, is volume fraction of water.
In each cell, the sum of the volume fractions of air and
water is unity. So, volume fractions of air denote o, can be
given as

day u;

=0;0<a, <1 (M)

a,=1-a, (8

3. Results and Discussion

The geometry of numerical model and boundary
conditions are shown in figure 3. The channel was 10.8m
long and 1.5 m vertical drop. The channel slope is 14", The
stepped spillway contains 40 steps with 38 mm height and
152mm length by step.
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Figure 3. Boundary conditions and numerical model of a stepped
spillway

In this study, several positions of the inception point are
computed and compared with the existing experimental
results[13] as well as with those predicted by the formula of
Chanson[5]. The latter is a function of unit discharge,
gravitation acceleration, channel slope (0>22°) and step
height:

L =9.719 (sin6)°07% (F,)° "3 h(cos 8)  (9)

Where:

L= = distance from the crest spillway to the inception
point

0 =channel slope

F* = Froude number defined in terms of the roughness
height:

F* = q/[g(sin8){h(cos 6)}3]%5

g = unit discharge

g = gravitational constant

h =step height.

Figure 4 illustrates the volume fraction simulated by
VOF model for unit discharge equal to 0.11, 0.20, 0.28,
0.42, 0.62, 0.82 m%s. This figure indicates that the
inception point moves toward the basin floor when the
discharge increases. For unit discharge equal to 0.82m?/s, no
air entrainment occurs along the chute because in high
discharges, the boundary layer cannot reach the free surface
at little distances, and the non-aerated region dominates large
portions of the flow in the spillway. Based on Hunt and
Kadavy[13], the inception point is located in basin floor for
q=0.82m"/s, the air entrainment in this region may be caused
by the hydraulics jump. For unit discharge equalto 0.62, 0.42,
0.28,0.20, 0.11 m?/s, the inception point is located at 6.4, 4.4,
3.3, 2.5, 1.3 mrespectively.
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Figure 4. Numerical computation volume fraction of water for different
discharges

Table 1 summarises the position of the inception point
found by Hunt and Kadavy[13], Chanson[5] and by using
fluent, for unit discharge equal to 0.11, 0.20, 0.28, 0.42,
0.62, 0.82 nf/s.
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Table 1. Observed, calculated and computed inception point
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q Hunt and kadavy (2008, 2010) Chanson (1994) Computed inception point
(m°/s) F Li (m) step Lix(m) step Li (m) step
0.82 75 7.1 basin 70 basin No air entrainment
062 57 6.6 basin 5.7 36 64 basin
042 38 46 29 43 28 44 28
0.28 26 35 22 32 21 33 21
0.20 18 2.7 17 26 17 25 16
011 10 14 9 1.7 10 13 8
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Figure 5. Normalized L; versus Froude surface roughness, P

Table 1 and Figure 5 show good agreement between the
predicted, observed and computed inception point locations.
Hunt and Kadavy[13] proved that a relationship developed
by H. Chanson[5] can be used to determine the inception
point location on stepped chute with Froude surface
roughness (F*) ranging from 10 to 100. They also proposed
new relationships for determining the inception point for F«
ranging from 1 to 100 with slopes little or equal than 22"

L;+ = 6.1 (sin9) %% (F,)°% h(cos 6) (10)

Figure 6 illustrates the location of the inception point
observed by Hunt and Kadavy[13 14] for q=0.28m?/s.
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Figure 6. Inceptlon p0|nt at step 22 observed by Hunt and Kadavy for

0=0.28m?/s

The velocity distribution in stepped spillway is shown in
figure 7. The velocity is higher in aerated region because the
entrained air reduces wall friction; also the fluid is

accelerated by the gravity along the chute. The recirculation
flow which dissipates the energy in step corner is presented
in figure 8. Most of the energy is dissipated by momentum
transfer between the skimming flow and the eddy in the
interior of the step.
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Figure 8. Velocity vectorson one step for g=0.28m?/s

The pressure distributions down the steps are important to
study the risk of cavitation in stepped channel; figure 9
illustrates the contours of pressure in step corner. This figure
indicate that the minimum value of pressure is located in the
vertical wall of the step, is due by separation flow between
skimming flow and the eddy in this region. Also maximum
pressure exists in the horizontal surface of the step. This
maximum pressure is caused by the impact of the skimming
flow coming from upper step.
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Figure 9. Pressure contours on one step for g=0.28m?/s
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Figure 10. Comparison of the one sixth power law with a Velocity
obtained by simulation and measurement in Hunt and Kadavy[10]

In figure 10, the one sixth power law with velocity was
compared by velocity profiles obtained with fluent and the
experimental velocity profiles measured by Hunt and
Kadavy[14] at different distances from spillway crest 0.0,
1.22 and 3.05m respectively for q=0.28m?/s. This figure

shows good agreement between experiments and
simulations. The velocity profiles are uniform at the crest
and trend toward a one sixth power law distribution near the
inception point. Chanson[8] found from experiments that
the velocity profiles tended to follow a one-sixth power law
distribution:

1

/
V_)_/ﬁ
EZ‘Q) 0<y/s<1 (12)

Where Vi is the free-stream velocity; y is the transverse
coordinate originating at the pseudo-bottom and ¢ is the
boundary layer thickness defined as the perpendicular
distance from the pseudo-bottom to the point where the
velocity is 0.99 V.

4. Conclusions

The hydraulic performance of the stepped spillway is the
capability to dissipate more energy than smooth spillways
because of the large value of surface roughness.

In high velocity flows on stepped channel, air is entrained
at the free surface, is caused by the turbulent velocity acting
next to the air-water interface. In the skimming flow regime
and upstream of the inception point, the flow is s mooth and
glassy, when the outer edge of the growing boundary layer
reaches the free surface, air entrainment starts. Downstream
of the inception pointthe flow becomes uniformas the depth
of the air-water mixture grows.

In the present numerical study, flow over flat sloped
stepped spillway was simulated by using fluent. Free
surface was treated by VOF model and turbulence flow was
estimated by k-¢ Standard Model. Good agreement is found
between numerical and experimental results. It was found
that the inception point moves toward the basin floor when
the discharge increases. This study proved that the formula
developed by Chanson[5] can be used to determine the
location of the inception point on stepped chute with Froude
surface roughness (F*) ranging from 10 to 100. The
velocity profile compared favourably with the one sixth
power law distribution near the inception point. Minimum
and maximum pressure is located in the vertical and
horizontal face of step.

Lastly, the findings from this research are an indication
that the FLUENT software is powerful tool to simulate the
air-water flow and to help in the design of stepped spillway
together with the physical model.
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