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ABSTRACT

Today several dams are equipped by the stepped spillways because of efficient
for energy dissipation and of high contribution to the stability of these
structures. The air-water flow on stepped spillway can prevent or reduce the
cavitation damage. The air entrainment starts where the boundary layer attain
the free surface of flow; this point is called “point of inception”. The objective
of this paper is to study the characteristics of flow at stepped spillways such as
velocity profile, pressure field and effect of step height in risk of cavitation by
numerical method. In this resarch, the Ansys fluent computational fluid
dynamics (CFD) is used to simulate water flow down stepped spillway and
turbulence parameters are calculated by standard k —e model. The volume of
fluid (VOF) model is utilised to track free surface of flow. The found numerical
results agree well with experimental results.

Keywords: inception point, flow field, Ansys Fluent, VOF Model, Stepped
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RESUME

Aujourd'hui, plusieurs barrages sont équipés par des déversoirs en escaliers en
raison de leur efficacité a la dissipation dénergie et de leur contribution
importante a la stabilité de ces structures. L’écoulement air-eau sur les canaux
en marche escalier peut prévenir ou réduire les dommages causés par la
cavitation. L'entrainement d'air commence lorsque la couche limite atteint la
surface libre de I'écoulement; ce point est appelé «point d'inception». L'objectif
de cet article est d'étudier les caractéristiques d'écoulement sur un coursier en
marche escalier, telles que le profil de vitesse, le champ de pression et I'effet de
la hauteur du marche sur le risque de cavitation par méthode numérique. Dans
cette recherche, le logiciel Ansys Fluent (CFD) est utilisée pour simuler
I'écoulement de l'eau dans un déversoir en marche escalier et les paramétres de
turbulence sont calculés a l'aide du modéle standard k —¢. Le modéle de volume
de fluide (VOF) est utilis¢ pour suivre la surface libre de 1I’écoulement. Les
résultats numériques trouvés concordent bien avec les résultats expérimentaux.

Mots clés : point d'inception, champ d'écoulement, Ansys FLUENT, méthode
VOF, marche escalier, modeéle (k-¢),

INTRODUCTION

Evacuating the surplus of water by smooth spillway from the dam to stalling
basin creates high levels of kinetic energy. The amount of kinetic energy can be
reduced by building of series of steps on the surface of spillway (Chanson,
2001). Chinnarasri et al (2012) showed from experiment that, the energy
dissipation increased when the number of steps increased for the case of
skimming flow. Rice and Kadavy (1996), found from experiments on a 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 (1990) and Christodoulou
(1993) 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. Stepped chute flows are characterised by a high level of turbulence,
and large amounts of air which can prevent or reduce the cavitation erosion
damage.
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Figure 1: Position of the inception point in stepped spillway

The flows on stepped spillways can be divided into different flow regimes, i.e.
nappe flow, transition flow and skimming flow regimes with increasing
discharge (Chanson 1994). The changes between flow regimes depend on the
spillway configuration including the channel slope, the step height and the
discharge. In the skimming flow regime, air entrainment occurs when the
turbulent boundary layer thickness coincides with the water depth (Chanson
1997). 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 uniform as the depth of the
air-water mixture grows.

Historically, most experimental research has been developed to characterise the
flow over stepped spillway. Today, with the development of computational fluid
dynamics (CFD) branch, flow over stepped spillway can be simulated to
validate experimental results and to help in the design of stepped spillway
together with the physical model (Chen et al 2002; Bombardelli et al 2011,
Mohammed et al. 2012; Bentalha and Habi 2015; Afshin and Mitra 2012;
Cheng et al 2006, Bentlaha and Habi, 2017).

This study, present the results of numerical simulation flow in moderate slope
stepped spillway obtained by using Ansys Fluent computational fluid dynamics
(2014) to show the distribution of velocity and pressure along the stepped
spillway. Likewise the cavitation damage has been discussed in this work. The
simulation results were compared with the experimental data of Felder and
Chanson (2009) and Chanson, H. and Toombes, L. (2001).
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NUMERICAL MODEL

Ansys Fluent computational fluid dynamics (CFD) is used to solve Navier-
Stokes equations that are based on momentum and mass conservation of multi-
phase flow over stepped spillway. Because the standard k — € model is still a
good tool for numerical simulation of flow in stepped spillways and verified by
experimental and field data (Chen et al 2002), it is used to simulate turbulence.

Continuity equation:
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Where, G is production of turbulent kinetic energy which can be given as
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Mt is the turbulent wscosﬂy that satisfies

k2

ue = pCy— (6)
C,=0.09 is a constant determined experimentally;
ok and o, are turbulence Prandtl numbers for k and € equation respectively,
szl.o, G£=1.3,
Cy.and C,, are € equation constants, Cy,=1.44, C,.=1.92.
The volume of fluid (VOF) method is applied to simulate the free surface
between water and air (Ansys Fluent 2014). 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:

6aw dayu;

S+ =00<a, <1 )

Where, oy 1S volume fraction of water.
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In each cell, the sum of the volume fractions of air and water is unity. So,
volume fractions of air denote a, can be given as

a, =1—a, 8
The volume fraction, momentum and turbulence closure equations were
discretised by employing a conservative, second-order accurate upwind scheme.
The pressure-velocity coupling algorithm is the pressure-implicit with splitting
of operators (P1SO). The boundary conditions in this study are velocity inlet as
water inlet and air inlet, outlet as a pressure outlet type. All of the walls as a
stationary, no-slip wall. The viscosity layer near to the wall dealt with the
standard wall function (see figure 2). The boundary conditions for the turbulent
quantities such as k and € can be calculated from (Ansys Fluent 2014):

3 2
k = E(Uavgl) 9)
_ 3/4 k3/2
£=0y 0.07Dy (10)

Where, | is turbulence intensity can be estimated from the following formula
derived from an empirical correlation for pipe flows:

I=0.16(Repy) /8 (11)
U.yg is the mean velocity of water flow inlet and Dy, is the hydraulic diameter.

Two physical model provided by Felder and Chanson (2009) and Chanson and
Toombes. (2001) are simulated by Ansys Fluent. The experiments of Felder and
Chanson (2009) and Chanson and Toombes (2001) were conducted in a same
channel with 3.2 m long and 1 m wide and channel slope is 21,8", but two
different step heights were investigated.

The stepped spillway used by Chanson and Toombes (2001) (see figure 2)
contains nine identical steps (height = 0.1 m, length = 0.25 m) and the stepped
spillway used by Felder and Chanson (2009) contains 20 identical steps with
0.05m height and 0.125 m length by step. The two-dimensional numerical
domain was divided into unstructured grids (triangular cell) that had a high
adaptability to the complex geometry and boundary. Triangular meshes with
0.015 m? are used.
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RESULTS AND DISCUSSIONS

Figure 3 shows the transition flow and skimming flow simulated by VOF model
and obtained by experiments (Chanson and Toombes 2001). This figure shows
good agreements between the numerical results and experimental results. From
this figure, the transition flow observed for the low range of water discharge and
the skimming flow occurred for upper range of water discharge. In skimming
flows, the water skimmed smoothly over the pseudo bottom formed by the
steps.
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Figure 3: Transition flow and skimming flow simulated by VOF model and
obtained by experiments

In transition flows, the water exhibited a chaotic behaviour associated with the
intensive recirculation in cavities, strong spray and splashing. Furthermore the
skimming flow observed by Felder and Chanson (2009) correspond with predict
by fluent (see figure 4). From figure 4 the skimming flow was appeared for
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g=0,043 m?/s but in figure 3 the transition flow was observed for flow rate
greater than 0,043 m2, this remark demonstrate the effect of step height on the
onset of skimming flow. Chanson (1994) proposed the equation for the onset of
skimming flow for spillway slopes range from 11.3" to 38.7" as follows:

> 1.057 - 0,465 (12)

were,
dc = critical flow depth, for rectangular channel d. = 3/q2/g, h =step height

and I=step length
e
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Figure 4: Skimming flow obtained by experiment and simulation
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Figure 5: Experimental and computational air concentration distribution
compared with equation (13)
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The start of air entrainment is defined by the point where the boundary layer
thickness reaches the water depth, figure 3 and 4 present also a good accordance
between the positions of inception point obtained by experiment and by
simulation.

Downstream of the inception point of free-surface aeration, air and water are
fully mixed, forming a homogeneous two-phase flow. In skimming flow, the air
concentration distribution may be described by an analytical solution of the air
bubble advective diffusion equation:

v (L_l)3
— _ 2 nm__ Yoo Yoo 3/
C=1-tanh (K 20y + 3D, > (13)
where y is distance measured normal to the pseudo-invert, Yg is the
characteristic distance where C = 90%, K is an integration constant and D, is a
function of the of the mean air concentration C.., (Chanson, 2001).In figure 5,
the computed air concentration profiles downstream of the inception point is
compared with experimental data Chanson H. and Toombes L. (2001) and with
equation (13) at different locations for discharge of 0.182 (m?/s).

As can be seen, there are little differences between the numerical and
experimental results because the VOF model underestimate the value of air
concentration (Afshin and Mitra 2012). Equation 13 compares favourably with
the numerical and experimental air concentration profiles.

The air-water velocity profile at step edge is presented in figure 6 for q=0,182
m?/s. The percentage difference between numerical and experimental data was
less than 13%. In the skimming flow, the velocity profile increase from the
pseudo bottom at the free surface flow.

Based on previous study’s (Chanson 2001, Hunt and Kadavy 2010), the
distribution of air-water velocity follows a power law given by:

o (L)l/n (14)

Voo Yoo

Where Vg is the characteristic velocity for C = 90%.The exponent n is obtained
from experiments data. Chanson and Toombes (2001) found n = 5.1 and 6 for
y./h values of 1.5 and 1.1, respectively. Hunt and Kadavy (2010) taken n=6.0
with slope 14°. Matos (in Chanson and Toombes 2001) obtained n = 4. Felder
and Chanson (2009) proposed n=10 for y/Y90<1. This figure showed that the
velocity profiles follow a power law distribution with n=6.0 and n=5.1
downstream of the inception point.
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Figure 6: Comparison of the power law with a Velocity obtained by simulation and
measurement in Chanson and Toombes 2001, for g=0,128 m?/s

In order to evaluate the risk of cavitation in stepped channel; figure 7 and figure
8 show the contour of pressure for step height equal 0.1 and 0.05 respectively.
According to these figures, the maximum value of negative pressure is appeared
in the stepped spillway with step height h=0.1 m, is due by separation flow
between skimming flow and the eddy in this region.
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Figure 7: Contour of static pressure along the stepped spillway with h=0.1 m for
q=0.122m?°/s
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Figure 8: Contour of static pressure along the stepped spillway with h=0.05 m for
q=0.122m?/s

The risk of cavitations appears for high velocity flows and when the values of
static pressure becomes lower then vapour pressure of water, resulting in the
local cavitation index:

P—Py

(15)
PZ

Where V is reference flow velocity, P is reference flow pressure, Py is water
vapour pressure and p is water density. To prevent the cavitation damage to a
stepped spillway, it is required to keep o more than cavitation inception index
o;. Based on the study of Falvey (1990), the cavitation inception index varies
between 0.076 and 1,2 for all surfaces roughness. Matos et al (2014) proposed
formulae to evaluate the damage of cavitations at the inception point:

4.762(%)]

ksF*0.59

o = 0.064F, 023 [1 + (16)
Where:
ks = h cosO
h = step height
0 = channel slope
F+~ = Froude number defined in terms of the roughness height:
F. = q/lg(sin 0){ks}*]°®
g = unit discharge
g = gravitational constant
In figure 10, equation 16 is plotted as function F~ for step height equal 0.05 m
and 0.1m. This figure shows that, the risk of cavitation increase with increasing
of F. therefore when the flow rate increase, also with growing of step height .
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Figure 9: Cavitation index versus Froude surface roughness, F«
CONCLUSION

The software Ansys Fluent was used to simulate air-water flow along stepped
spillways. Free surface of water was tracked by VOF model and turbulence
flow was estimated by k-¢ Standard Model. The experimental studies of
Chanson and Toombes (2001) and of Felder and Chanson (2009) are used to
validate the numerical results of aerated flow over the stepped spillway. It was
found that the calculated inception point is well agreed with that of
measurement and the air concentration distribution may be described by an
analytical solution of the air bubble advective diffusion equation. It has been
verified that the velocity profile follows power law distribution with exponant
n=6 and n=5.1. The maximum value of negative pressure is appeared in the
stepped spillway with step height h=0.1 m, is due by separation flow between
skimming flow and the eddy in this region. Finally the risk of cavitation damage
increase by increasing of flow rates and step height.
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