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Abstract 

Recently, a significant number of embankment dams have been considered unsafe due to inadequate spillway ca-
pacity and predicted overtopping during extreme flood events. The use of stepped overlays for overtopping protec-
tion has proven to be cost effective and has gained acceptance worldwide, particularly in the USA. An interesting 
alternative configuration to the typical stepped spillway of constant width is the use of converging chute walls. This 
spillway typology enables the increase of the crest length in relation to the chute width at the toe, allowing a de-
crease of the head above the crest, for identical discharge, and complying with possible width constrains at its 
downstream end. However, a wall deflection induces undesired cross-waves by increasing the flow depths in the 
vicinity of the wall, which should be taken into account for design purposes. 

This study presents a 3D numerical study using the Computational Fluid Dynamics (CFD) code FLOW-3D®, with 
simulations performed using a RANS approach coupled with the RNG k-ε turbulence modelling. Some main flow 
characteristics along the converging spillway, for smooth and stepped inverts, were evaluated and compared with 
those previously acquired on a physical model with a 1V:2H sloping chute, typical of the downstream slope of 
small embankment dams. The results show that, in general, a good agreement was found between numerical and 
experimental data along the nonaerated flow region, on both smooth and stepped inverts, namely regarding flow 
depths in the chute centreline and at the chute sidewalls, as well as velocity profiles in the chute centreline. 
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1 Introduction 
Over the last decades, stepped spillways have become 
a popular overflow structure in dam engineering. The 
macro-roughness created by the steps enhances the en-
ergy dissipation along the chute, leading to a reduction 
of the size of the energy dissipator at the toe, and re-
spective construction costs. The application of RCC 
stepped spillways for rehabilitation of small embank-
ment dams may encompass non-conventional spillway 
geometries (Figure 1). This may be due to geological 
or topographical constraints, or those imposed by urban 
development, leading to the need for converging 
chutes, namely on stepped overlays (e.g., Hunt et al. 
2008, 2012). 

 
Figure 1. RCC overtopping protection of embankment dams: 
Yellow River Watershed Dam No. 14, USA, rehabilitated in 
2004 (Photograph: J. Matos, March 2007).  
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Chute wall convergence increases the flow complexity, 
with the wall deflection inducing increased flow depths 
in the wall region, in comparison to those in the chute 
centreline.   

In the last decades, extensive research has been carried 
out worldwide on the hydraulics of stepped spillways, 
embracing physical modelling or numerical studies 
(e.g., Hunt et al. 2014, Matos & Meireles 2014, Chan-
son et al. 2015, Frizell & Frizell 2015). However, a 
more limited number of theoretical and experimental 
studies have been conducted on the hydraulics of con-
verging stepped spillways (e.g., André & Ramos 2003; 
Cabrita 2007; Hunt et al. 2008, 2012; Woolbright 
2008; Zindovic et al. 2016), and fewer studies made 
use of CFD codes as a way to complement and support 
the analysis of this type of spillways (e.g., Lesleighter 
et al. 2008; Willey et al. 2010). 

For a given stepped spillway, the flow pattern may be 
either nappe, transition, or skimming flow for increas-
ing discharge (e.g., Chanson 2002; Matos & Meireles 
2014). In the skimming flow regime, usually relevant 
for the design of RCC overtopping protection systems, 
the water skims over the step edges, whereas the step 
cavity is filled with circulating fluid. 

Similarly to high-velocity flows on smooth spillways, 
skimming flow down stepped spillways can be divided 
into two regions: a clear-water flow region close to the 
spillway crest, where the boundary layer grows from 
the spillway floor and the water surface is quite smooth 
and glassy; and an air-water flow region downstream 
of the point of inception of air entrainment (e.g., Wood 
1991, Chanson 1996). The point of inception of air en-
trainment moves downstream with increasing dis-
charge, and much larger boundary layer growth occurs 
on stepped chutes in comparison to that observed on 
smooth channels (e.g., Chanson 1994, Matos & Meire-
les 2014). However, in the presence of moderate unit 
discharges on small dams, the boundary layer may not 
have a long enough distance to fully develop, and, con-
sequently, air entrainment may not take place. There-
fore, the study of the nonaerated flow properties may 
be relevant for hydraulic design purposes, particularly 
for small embankment dams. 

In the present study, a 3D numerical study, with the 
CFD code FLOW-3D®, was applied to model the 

skimming flow on small smooth and stepped chutes 
with converging walls. Typical results of flow depth 
and velocity profiles were also compared with those 
previously acquired on a 1V:2H sloping physical mod-
el chute. 

2 Experimental data 
The experimental facility used for validation of the 
numerical model presented herein was assembled at the 
Laboratory of Hydraulics and Water Resources of the 
Instituto Superior Técnico (IST), in Lisbon.  

The facility comprised an uncontrolled broad-crested 
weir followed by a chute and a stilling basin (Figure 2). 
The weir was 0.5 m long, 0.5 m high, and incorporated 
a semicircular upstream corner to reduce flow separa-
tion at the entrance. The slope of the chute was 1V:2H 
(26.6° from horizontal), and its width was 0.70 m. Ex-
perimental tests were conducted for skimming flow on 
constant width and/or converging chutes, namely by 
André & Ramos (2003) and Cabrita (2007).  

The numerical study reproduced a configuration of 
symmetrical chute wall convergence with an angle (θ) 
of 9.9°, for three types of surface macro-roughness 
(Table 1, Figure 2). All tests on the stepped chutes cor-
responded to the skimming flow regime, for flow rates 
(Q) between 35 and 56 l/s, that is, unit discharges at the 
crest ranging between 0.05 and 0.08 m2/s, respectively. 

Further details on the experimental setup and instru-
mentation can be found in André & Ramos (2003), 
Cabrita (2007) and Meireles & Matos (2009).   

Table 1.  Roughness types tested in the surface of the chute. 

Macro-roughness type No. of steps 

Smooth (PVC) -- 

Steps with h =2.5 cm 20 

Steps with h =5.0 cm 10 
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  (a)                                         (b) 

Figure 2. Experimental facility with two converging chute 
walls (θ = 9.9°): (a) smooth chute (b) stepped chute, h = 2.5 
cm (Cabrita 2007). 

 

3 Numerical model 
Reynolds Averaged Navier-Stokes equations (RANS) 
have been numerically solved by means of the finite 
volume method, coupled with RNG 𝑘𝑘−𝜀𝜀 turbulence 
modelling, being 𝑘𝑘 the turbulent kinetic energy and 𝜀𝜀 
the turbulent dissipation rate, both modelled by their 
respective transport equations (Yakhot et al. 1992). 
FLOW-3D® uses an advanced algorithm for free sur-
face tracking, TruVOF, developed by Hirt & Nichols 
(1981), hence, it is simulated with one-fluid approach 
avoiding the need of modelling the air above the sur-
face, treated as a moving boundary condition for air en-
trainment. After defining both geometry and a Carte-
sian, staggered grid, the software uses FAVORTM 
method to incorporate geometry effects into the gov-
erning equations. The preprocessor, using this tech-
nique, generates area fractions for each cell face in the 
grid by determining which corners of the face are in-
side of a defined geometry and reconstructing the ge-
ometry based on these parameters (Flow Science, Inc., 
2015). Therefore, the process is heavily dependent on 
the mesh resolution. 

4 Numerical model implementation 
4.1 Geometry and mesh 

The solid geometry was generated component by com-
ponent using the tools provided by FLOW-3D® in or-
der to reduce possible resolution issues due to the ap-
plication of FAVORTM method. One of the 
configurations used as case-study is presented in Fig-
ure 3 (x, y and z are the longitudinal, transverse and 
normal coordinates, respectively). 

 

 
 

Figure 3. Geometry used in the numerical simulations for the 
stepped spillway with two converging chute walls (θ = 9.9°;       
h = 5.0 cm). 

In this study, 3D simulations were performed. In order 
to reduce the computational time, a symmetry bounda-
ry condition was defined at 𝑦𝑦 = 0 for the symmetric 
configuration, simulating only half of the domain. In a 
symmetry plane the shear stress is zero and the flux of 
properties across the boundary is not allowed, predict-
ing the same flow conditions in the region immediately 
outside of the boundary and reducing significantly the 
computational time. Four different types of mesh were 
defined (Table 2). Meshes 2 and 4 are composed by 
two Cartesian blocks: block 1 is a coarse buffer mesh 
and the second mesh block, block 2, is nested inside 
the first, containing finer cells on the domain of interest 
(stepped chute region).  

Table 2.  Mesh types used for the spillway modelling with two 
converging chute walls (θ = 9.9°). 

Mesh 
type 

No. of 
cells 

Cell size (m) 

1 983 808 0.0125 x 0.0125 

2 1 972 992 
Block 1: 0.0125 x 0.0125 

Block 2: 0.00625 x 0.00625 
3 415 296 0.01667 x 0.01667 

4 832 608 
Block 1: 0.01667 x 0.01667 
Block 2: 0.00833 x 0.00833 
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4.2 Boundary conditions 

In block 1, the upstream boundary condition, xmin, was 
set as a specified pressure with definition of the fluid 
elevation as measured experimentally by Cabrita 
(2007). For the downstream boundary condition, xmax, 
an outflow condition was applied. For the symmetrical 
chute, ymin was set as a solid boundary condition (wall) 
and ymax was defined as a symmetry boundary condi-
tion. The bottom boundary (zmin) was defined as wall 
(no-slip condition) and the top boundary (zmax) was set 
with a specified pressure in which fluid fraction is zero 
and the pressure is equal to the atmospheric one 
(101325 Pa). In block 2, all boundary conditions were 
set as symmetry, with the exception of ymin, defined as 
a wall condition, and zmax, defined with the same condi-
tion (specified pressure) as for block 1. 

4.3 Physics models 

The activated physics models were: air entrainment, 
bubble and phase change, density evaluation, drift-flux, 
gravity and non-inertial reference frame and viscosity 
and turbulence. The chosen turbulence model was the 
RNG 𝑘𝑘−𝜀𝜀. The TLEN (maximum turbulent length 
scale) was set to be dynamically computed by the 
software, since it is also the most recommended option 
according to Flow Science, Inc. (2015). The air en-
trainment model, developed by Hirt (2003), was added 
with an entrainment rate coefficient of 0.5 and surface 
tension coefficient of 0.073 N/m, and with bulking and 
buoyancy options activated. For the numerical approx-
imation of the advection terms, a first order scheme 
was employed for an initial period of time, followed by 
an explicit second order scheme with gradient preserv-
ing using a Restart simulation. 

4.4 Mesh independence study 

Mesh independence tests were conducted for Q = 35 
l/s, with depths and velocities having been tracked over 
the different meshes presented in Table 2, for both step 
heights. In the nonaerated region of the stepped chute 
with h = 2.5 cm (L ≤ 0.56 m), the mean relative differ-
ences between meshes 2 and 4 were 2.9% for the 
depths along the centreline (Figure 4) and 3.9% along 
the right wall. For a step height of 5.0 cm, those values 
were 3.4 and 3.8%, respectively. Therefore, a grid-
independent solution was achieved in the nonaerated 
region of the spillway. However, an increasing differ-

ence in flow depths between meshes, including those 
more refined (i.e., meshes 2 and 4), was noticeable in 
the self-aerated region of the spillway (e.g., Figure 4, 
for L > 0.56 m). 

The velocity profiles in the nonaerated region of the 
stepped chute showed similar values close to the free 
surface, but they were found to be sensitive to mesh 
size near the pseudo-bottom (in Nunes 2017). 

 
Figure 4. Numerical flow depths along the centreline for the 
stepped spillway with two converging chute walls (θ = 9.9°;                    
h = 2.5 cm; Q = 35 l/s). 

4.5 Simplified numerical model: symmetry 
boundary condition 

Due to the computational time involving the meshes 
presented in Table 2, a simplification of the numerical 
model of the symmetrical spillway was used by impos-
ing a symmetry condition and therefore allowing for a 
simulation of only half of the model. However, this 
boundary condition imposes certain features, such as 
null velocity in the normal direction of the boundary. A 
sensitivity analysis was conducted by comparing the 
modelling of the entire computational domain with half 
of it (Nunes 2017). The results showed that the model 
simplification had a very small influence on the numer-
ical results of the flow depth in the nonaerated flow re-
gion. Even though considerably larger differences were 
observed for the velocity profiles in the nonaerated re-
gion near the point of inception, for the Restart simula-
tion, the simplification of the symmetrical spillway was 
considered acceptable. 
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5 Results and discussion 
5.1 Flow rate 

Similarly to Lúcio (2015), flow rates were not an im-
posed condition in any of the boundaries. In order to 
evaluate if the flow rates obtained in the numerical 
simulations corresponded to those of the experimental 
tests, the relative differences between experimental and 
numerical discharges were evaluated (Table 3). There-
in δ1 and δ2 refer to the relative differences between the 
experimental flow rate obtained by Cabrita (2007) and, 
respectively, the simulated flow rate on the upstream 
and downstream boundaries for the final time of the in-
itial simulation. The values presented in Table 3 are for 
the symmetrical spillway with flow rates corresponding 
to half of the computational domain (model simplifica-
tion). 

Table 3.  Relative differences between experimental and nu-
merical values of the discharge at xmin and xmax boundaries. 

Qexp/2 
Qnum/2 
(xmin) 

Qnum/2 
(xmax) 

δ1 δ2 

(l/s) (%) 
17.5 16.96 16.88 -3.1 -3.5 
21.0 21.02 21.39 0.1 1.8 
24.5 23.97 24.13 -2.2 -1.5 
28.0 26.82 26.74 -4.2 -4.5 

 

5.2 Flow properties along the stepped 
spillway 

In this section, the experimental data and numerical re-
sults are presented for a flow rate of 56 l/s (unit dis-
charge at the upstream end of the chute of 0.08 m2/s). 
For such flow rate, nonaerated flow conditions occur 
along the entire chute length, regardless of the chute 
macro-roughness.  
In Figure 5, experimental and numerical flow depths 
obtained at the chute centreline and at one converging 

sidewall are shown for smooth and stepped chutes. In 
the chute centreline, the numerical results are in gen-
eral fairly close to the experimental counterparts, in 
particular for the smooth chute and for the stepped 
chutes, using first followed by second order numerical 
approximations of the advections terms. However, an 
overestimation of the flow depths is noticeable near the 
downstream end of the stepped chutes, namely for L ≥ 
0.78 m (Figures 5c, e). 
With regard to the flow depths on the right wall of the 
spillway, the numerical results are also similar to the 
experimental data, except at the upstream end of the 
spillway (L < 0.22 m), regardless of the type of invert 
(smooth or stepped); in the vicinity of the slope change 
region, considerably lower flow depths were obtained 
from the numerical simulations. 
The experimental values of the velocity measured by 
Cabrita (2007) were compared with the numerical 
counterparts for distinct types of chute macro-
roughness. Figure 6 shows velocity profiles on the cen-
treline of three cross-sections along each chute.  
An overall good agreement was obtained between the 
numerical results and the experimental data on the 
smooth chute as well as on the stepped chutes (particu-
larly using first followed by second order numerical 
approximations of the advections terms), but close to 
the pseudo-bottom, where larger relative differences 
were found on the stepped chutes (e.g., Figures 6e, f). 
Both numerical and experimental results show the in-
fluence of the stepped macro-roughness on the de-
crease of the velocity in the inner flow region, in com-
parison to that obtained in the smooth chute. In the 
vicinity of the free-surface, the velocity is less depend-
ent on the macro-roughness, as expected, because the 
boundary layer is developing and has not reached the 
free-surface.
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(a)                                                                                    (b) 

 
(c)                                                                                    (d) 

 
 (e)                                                                                    (f) 

Figure 5. Experimental and numerical flow depths along the 9.9° converging chute, for Q = 56 l/s and mesh 4: (a) smooth chute, 
centreline; (b) smooth chute, converging wall; (c) stepped chute (h = 2.5 cm), centreline; (d) stepped chute (h = 2.5 cm), con-
verging wall; (e) stepped chute (h = 5 cm), centreline; (f) stepped chute (h = 5 cm), converging wall. 
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(a)                                                       (b)                                                      (c) 

 
(d)                                                       (e)                                                      (f) 

  
(g)                                                       (h)                                                      (i) 

Figure 6. Experimental and numerical velocity profiles on the centreline of the 9.9° converging chute, for Q=56 l/s: (a) smooth 
chute, L = 0.11 m; (b) smooth chute, L = 0.34 m; (c) smooth chute, L = 0.56 m; (d) stepped chute (h = 2.5 cm), L = 0.11 m; (e) 
stepped chute (h = 2.5 cm), L=0.34 m; (f) stepped chute (h = 2.5 cm), L=0.56 m; (g) stepped chute (h=5.0 cm), L=0.11 m; (h) 
stepped chute (h=5.0 cm), L=0.34 m; (i) stepped chute (h= 5.0 cm), L=0.56 m. 
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6 Conclusions 
In the present study, a 3D numerical study with the 
CFD code FLOW-3D®, was applied to model the 
skimming flow on small smooth and stepped converg-
ing spillways. Typical results of flow depth and veloci-
ty profiles were compared with those previously ac-
quired on a 1V:2H sloping chute, for 9.9° converging 
walls.  

In general, the numerical results of flow depths and ve-
locity profiles at the chute centreline were fairly close 
to the experimental counterparts, for the smooth and 
stepped chutes, namely if a first order scheme followed 
by an explicit second order scheme was used for the 
numerical approximation of the advection terms. How-
ever, a tendency of overestimation of the flow depths 
on the chute centreline was noticeable near the down-
stream end of the stepped chutes, and the opposite was 
verified in a short reach near the upstream end of the 
chute. In addition, the fit of the velocity profiles in the 
inner flow region was less satisfactory.  

As expected, the smooth spillway showed in general a 
better agreement between the experimental and numer-
ical results, which would be expected, due to the re-
duced complexity of the flow near the invert, when 
compared to that of the stepped chutes.  
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