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ABSTRACT
The present paper establishes numerical simulations with CFD packages for analyze the velocity variation as a
function of roughness in a chute, and to determine the use of OpenFOAM® CFD package for this phenomenon.
Experimental data was obtained from a physical hydraulic model with a smooth bottom and was compared with the
results of numerical simulations from the CFD packages: ANSYS®, FLOW-3D® and OpenFOAM®. Subsequently, the
roughness at the channel bottom was increased and new simulations were carried out for define the new velocity
values. Increases in the resistance coefficient resulted in a significant reduction in velocity and the results of free
open source OpenFOAM® are similar to those obtained in physical modeling as well as commercial software.
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1. INTRODUCTION
A chute is a channel having steep slopes to discharges the flow from higher
to lower elevation with free surface to high velocities. Chutes and
spillways are designed to spill large water discharges over a hydraulic
structure without major damage to the structure itself and to its
environment [1]. Chute is usually used where the drop is greater than 4.5
m and where the water is conveyed over long distances and along grades
that may be flatter than those for drops. This structure is essential to
handle flows in a safe way and concentrate the dissipation of energy in a
point as well as control it efficiently. The flow conditions in the chute will
depend on physical characteristics such as geometry, roughness, material
slope; and fluid characteristics such as flow, velocity, viscosity and
temperature. The dimensions of the chute will depends on topography of
the site and the conditions of project and its cross section is commonly
rectangular.
Chutes are widely studied through physic and numeric modeling to predict
how would operate under various flow conditions [1]. For steep chutes,
both the flow acceleration and boundary layer development affect the flow
properties significantly. The complete flow calculations can be tedious and
most backwater calculations are not suitable because backwater
calculations are valid only for fully developed flows. Furthermore, most
softwares assume hydrostatic pressures distributions and neglect the
effects of free surface aeration [2]. In chutes, processes of air entrainment
and turbulence in the downstream bowl dissipate kinetic energy, resulting
in a hydraulic jump [3].
The change of roughness of the channel´s material has been studied and
modeled, displaying favorable results in the raising the resistance
coefficient to dissipate energy [4]. Water flowing over a rough or steeped
bottom is highly turbulent and can dissipate a major proportion of its
energy [5]. Consequently, it is suitable to evaluate the variation of the
velocity, by changing the roughness in the bottom through numerical
modelling.

Computational Fluid Dynamics (CFD) has become a very important tool to
evaluate hydraulic phenomena, particularly turbulence in Hydraulic
Engineering [6]. In hydraulics, turbulence is the chaotic motion of particles
in water, and it represents a basic problem in CFD methodologies [7,8].
ANSYS®-CFX and FLOW-3D® are examples of commercial CFD codes,
while OpenFOAM® is one open source option for numerical modelling
because it performed well in turbulence modeling for environmental
fluxes [9]. ANSYS®-CFX is considered as one of the most popular codes,
due to its facility in meshing constructions and FLOW-3D® has shown
positive results in modeling CHUTES and in analyzing the dissipation of
kinetic energy [10,11]. Finally, OpenFOAM® has also gained attention for
the large number of turbulence models it has produced [12].
This works aims to determine by numerical simulation with CFD packages:
ANSYS®-CFX, FLOW-3D® and OpenFOAM®, the velocities values
produced in a chute when the roughness is modified, compare the results
of the simulations and establish the reliability of free OPENFOAM package
to investigate this type of phenomena.
2. METHODS
2.1

Experimental Method

The present investigation corresponds to a case study of the sewage
system of the city of Quito in which the Water Supply and Sanitation
Company of Quito (EPMAPS) hired Escuela Politécnica Nacional (EPN).
The prototype is part of the derivation and diversion works of “El Batán”
creek in Quito, Ecuador. These works convey the combined sewer from
“Iñaquito” collector to the “El Batán” Creek. During periods of heavy
rainfall, the flow causes the deterioration of the banks, and damage and
sliding of the slopes, due to its erosive action.
The prototype is a chute that discharges approximately 170 m 3/s in rainy
season periods. The main channel of the structure has a horizontal length
(L) of 67.78 m, slope of the bottom (Io) is 100%, and a width (w) of 10m
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[13]. EPMAPS contracted EPN for the construction of two Hydraulic
Models to analyze the phenomenon.

In regard to turbulence, there was used two different models used to make
the comparative analysis. FLOW-3D® and ANSYS® CFX model used RNG
K-ε; meanwhile, OpenFOAM® used the k-ω Shear Stress Transport (SST).

EPN executed investigation projects and engineer thesis on the Chute
Hydraulic Model, scale 1:25 , that analyzes the hydraulic behavior,
conveyance, dissipation of energy and final dispose of the water (Figure
1).

The RNG k-ε base the equation in the eddy viscosity, 𝜈𝑡 = 𝐶𝜇

a)

𝑘2
𝜖

, where 𝐶𝜇

is a proportion coefficient, 𝑘 is the kinetic energy of turbulence, and 𝜖 is
the dissipation rate, such as in the standard model. However, in the RNG
k-ε model, the coefficients assume different values. In addition, this model
introduces another source term,𝑅, in the dissipation rate equation, which
is given for the equation (1)
𝑅=

𝐶𝜇 𝜂3 (1 − 𝜂⁄𝜂0 ) 𝜖 2
1 + 𝛽𝜂3
𝑘
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Where, 𝜂0 = 4.8, 𝛽 = 0.012 and 𝜂 = [(𝑣𝑖,𝑗 + 𝑣𝑗,𝑖 ) ( [𝑣𝑖,𝑗 + 𝑣𝑗,𝑖 ])]
2

𝜖

.

On the other hand, the k-ω model replaces the dissipation rate term, 𝜖, by
𝜖
the specific dissipation rate term, 𝜔 = (𝐶 , where 𝐶𝜇 = 0.090 [8]. The
𝜇 𝑘)

b)

advantage is that the model doesn’t have a dumping function like the k-ε.
The k-ω SST includes a cross diffusion term, 𝐶𝐷𝑘𝜔 , in the transport
equation for the specific dissipation rate by equation 2 [15]. In this model,
Bradsjaw’s assumption is to define turbulent shear stress, 𝜏 = 𝜌𝑎1 𝑘,
where 𝑎 is the turbulence structural parameter, whose value is constant,
at nearly 0.16 [16].
𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2

Figure 1: a) Chute Hydraulic Model 1:25 “El Batán”Creek, b) Chute
Hydraulic Model 1:25 “El Batán”Creek
Experiments were carried out to obtain the depth and velocity in the chute
with a smooth bottom for different ranges of flows according to the
purposes of the studies executed. The following table shows the data
obtained from the “Hydraulic Model Study of the derivation and diversion
works of the El Batán Creek” and “Analysis of unstable and self-aerated
flow in steep-slope channels” [13,14].
Table 1: Experimental data from Hydraulic Model of the Chute with
smooth surface
Flow

Section of

Velocity

(l/s)*

chute

(m/s)

Inlet

5,13

Outlet

4,38

Inlet

4,62

Outlet

3,98

Inlet

4,32

Outlet

4,57

Inlet

4,60

16

18,92

32

48

Outlet
*1l/s = 1*10-3 m3/s
2.2

Study

Escuela Politécnica Nacional,2000

Haro,2006

Escuela Politécnica Nacional,2000

Escuela Politécnica Nacional,2000

6,22

Numerical Simulation

After modeling the 1:25 scale chutes, the phenomenon was analyzed
through numerical simulation. The phenomena was simulated by
Computational Fluid Dynamics (CFD) methodology. Two of the CFD
packages used were commercial products-- ANSYS® CFX and FLOW3D®—while the other one was free and open source-- OpenFOAM®.
These three CFD packages solved the RANS equations, using finite –
volume and finite – differences methods.

1 𝜕𝑘 𝜕𝜔
, 10−20 )
𝜔 𝜕𝑥𝑗 𝜕𝑥𝑗

(2)

Flows were modeled for smooth surface with the CFD packages. The next
table shows the testing plan of the numeric simulation:
Table 2: Testing plan of the numeric simulation
Test
Number

Flow
[lts/s]

OpenFOAM®

1

16,00

✓

2

18,92

✓

3

32,00

✓

4

48,00

✓

FLOW–
3D®

ANSYS®
CFX

✓

✓

✓

✓

The absolute roughness used was 0.0015mm on the smooth surface. The
numerical models were validated with velocities in the inlet and outlet of
the structure. Once the convergence of parameters in the models was
verified, the mass conservation law was also confirmed.
In the OpenFOAM® package, the selected mesh type was non-structured,
composed of hexahedrons and tetrahedrons domains. The meshing
contained 156,105 elements, 30 of which were tetrahedrons. The
modeling time was 50 seconds and the simulated flows were 16, 18.92, 32,
and 48 l/s. Maximum simulation time was 5 hours and the minimum was
4 hours. The INTERFOAM solver was used to compute the interaction
between two compressive fluids due to the air entrainment present in the
chute.
In the ANSYS® CFX, the type of mesh was mixed, 194840 hexahedrons and
100 tetrahedrons. The modeling time was 60 seconds, and the simulated
flows were 16 and 48 l/s. The simulation time was 3 hours and 48 minutes.
In the FLOW-3D®, the selected mesh was structured, composed of
525,316 hexahedrons. The modeling time was 60 seconds and the
simulation time was 3 hours and 8 minutes.
3. RESULTS

Out of the two commercial products, ANSYS® develops and markets finite
element analysis software used to simulate engineering problems, while
FLOW-3D® is a CFD that analyzes various physical flow processes. Lastly,
OpenFOAM® is an open-source software for computational dynamics
(CFD), a toolbox for the development of numerical solvers, and pre-/postprocessing utilities for the solution of continuum mechanics problems.

Next table shows the results of velocities produced in the chute for a
smooth surface with the CFD packages, which are compared to the results
obtained in the experimental model:
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Table 3: Velocity values in the chute-smooth surfaceVELOCITIES – SMOOTH SURFACE (m/s)

Flow
(l/s)

INLET

16
18,92
32
48

EXPERIMENTAL
MODEL
5.13
4.62
4.32
4.60

OUTLET

OpenFOAM®

FLOW-3D®

ANSYS® CFX

4,44
4,19
4,73
5,11

4,7

4,46

7,85

5,68

EXPERIMENTAL
MODEL
4.38
3.98
4.57
6.22

OpenFOAM®

FLOW3D® ANSYS® CFX

4,71
4.98
6,25
6,86

5.16

5,73

6.38

8,14

modified from 0.0015mm to 0.53mm in all simulations, while the rest of
the conditions were not changed. The next table shows the results:

For a rough contour, the roughness value of the channel bottom was

Table 4: Velocity values in the chute-rough surfaceVELOCITIES – ROUGH SURFACE (m/s)
INLET

Flow(l/s)
OpenFOAM®

OUTLET

FLOW-3D®

ANSYS® CFX OpenFOAM®

16

3,54

3,78

4,03

18,92

3,67

4,08

32

4,26

4,62

48

4,72

5,12

3,92

5,35

Figure 2 shows the results of numerical simulations with CFD packages for
a smooth bottom in the inlet of a chute. In the range of 15 l/s to 20 l/s, the
values of all numerical simulations are similar; from 20 l/s to 50 l/s,
ANSYS® and OpenFOAM® are close to the experiments. From 32 l/s
OpenFOAM® is the closest to the experimental results.

FLOW-3D®

5,38

4.09

4,57

5.99

6,81

Figures 4 and 5 shows the results of numerical simulations with the CFD
packages for a rough bottom in the inlet and outlet of a chute. The values
of all numerical simulations are similar as well as their slopes.
OpenFOAM® presents the minimum values.

OUTLET-ROUGH BOTTOM

7

7
openFOAM

6

Velocity (m/s)

INLET-SMOOTH BOTTOM

8

Velocity (m/s)

ANSYS® CFX

FLOW 3D

6

openFOAM

5
FLOW 3D

4

5

3

ANSYS CFX

4

EXPERIMENTAL
MODEL

3
15

20

25

30

35

40

45

50

15

20

25

30

35

40

45

50

ANSYS CFX

Flow (1x10-3m3/s)

Figure 4: Results of all simulations for a rough bottom in the inlet of a
chute

Flow (1x10-3m3/s)

Figure 2: Results of all simulations for a smooth bottom in the inlet of a
chute

openFOAM

5

Velocity (m/s)

Figure 3 presents the results of simulations for a smooth bottom in the
outlet of a chute. For 16 l/s, OpenFOAM® is the closest to experimental
value. From 18 a 50 l/s, the slope of ANSYS® simulation is similar to the
slope of the hydraulic model data, and the results of the FLOW-3D®
package are the closest to the experimental results.

INLET-ROUGH BOTTOM

6

FLOW 3D

4

ANSYS CFX

3
15

OUTLET-SMOOTH BOTTOM

25

30

35

40

45

50

Flow (1x10-3m3/s)

Figure 5: Results of all simulations for rough bottom in the outlet of a
chute

8

7

Velocity (m/s)

20

6

openFOAM

5

FLOW 3D

4

ANSYS CFX

3
15

20

25

30

35

40

45

50

EXPERIMENTAL
MODEL

Flow (1x10-3m3/s)

Figure 3: Results of all simulations for a smooth bottom in the outlet of a
chute

Based on these results, the decrease in percentage velocity for the increase
of the roughness was calculated. For 16 l/s, in the inlet of the chute
OpenFOAM® and FLOW-3D® presents similar values with and average
value of 20%. The calculated value with ANSYS® was 9.6%. For the outlet,
velocity decreases in a range from 16.8% a 20.7%.
For 48 l/s, in the inlet, the percentage of reduction according to
OpenFOAM® and ANSYS® goes from 5.8% to 7.6%. The value calculated
with FLOW-3D® is 34.8%. For the outlet, the range of decrease velocity
is 16.3% a 21.6 % (ANSYS® and OpenFOAM®, respectively). FLOW-3D®
shows a value of 6.1%. See Table 5:
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Table 5: Decrease of velocity for roughness increase
DECREASE OF VELOCITY FOR INCREASE IN ROUGHNESS (%)
Flow(l/s)

INLET
OpenFOAM®

FLOW-3D®

OUTLET
ANSYS® CFX

OpenFOAM®

FLOW-3D®

ANSYS® CFX

16

20,3

19,6

9,6

16,8

20,7

20,2

48

7,6

34,8

5,8

21,6

6,1

16,3

4. DISCUSSION & CONCLUSIONS

15, DOI: https://doi.org/10.1007/s40710-017-0235-x, 2016.

The numerical modeling of the flow in the chute was carried out with CFD
packages OpenFOAM®, ANSYS® and FLOW-3D® to determine the
velocity values produced and compare the results of the simulations. It
was determined that increases in the resistance coefficient resulted in a
significant reduction in velocity. The free open source OpenFOAM®
presented congruents results to those obtained in physical modeling as
well as commercial software so its use is recommended to carry out
research projects of this type of phenomena.

[10] Parsaie, A., Haghiabi, A.H., Moradinejad, A. 2015. CFD modeling of
flow pattern in spillway’s approach channel. Sustainable Water Resources
Management, pp. 245-251.
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