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Floods are one of the causes of ground movement and displacement, and due to rapid urbanization and urban 
growth may occur more frequently than before. The characteristics of an urban drainage system can define the 
occurrence and extent of flooding, where catchment elements have a determining role. This document presents 
the numerical investigation of the hydraulic inlet efficiency and the discharge coefficient of seven types of grate 
inlets. The FLOW-3D® simulator is used to test the gratings at a full scale, under flow rates of Q = 24, 34.1, 44, 
100, 200 and 300 L/s, preserving the configuration of the experimental prototype with longitudinal slopes of 
1.0%, 1.5% and 2.0% and a fixed cross slope, for a total of 126 models. Based on the results, hydraulic inlet ef-
ficiency curves and discharge coefficients are constructed for each type and a longitudinal slope condition. The 
results are adjusted with empirical formulations proposed in other investigations, serving to verify the results 
of physical testing of prototypes.
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Introduction
Floods are one of the causes of displacement (World 
Bank, 2019) that are accentuated by rapid urbanization 
and population growth in cities (UNDRR and CRED, 
2018). The drainage network plays a fundamental 
role in protecting urban activities in cities (Cosco et 

al., 2020). The functionality of catchment structures, 
such as drains, can define the occurrence and extent 
of urban flooding due to rain (Jang et al., 2019; Leitão 
et al., 2017). These elements are often overlooked and 
may not be considered in drainage models (Kleidorfer 
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et al., 2018); as such, they have become weakness-
es in the design and management of infrastructure 
(Sedano-Cruz et al., 2013), even when the underlying 
system has sufficient capacity (Palla et al., 2018).

This has increased the pressure to find solutions 
to the problems of storm water runoff (Faram and 
Harwood, 2002), as an integrated numerical ap-
proximation of the processes involved are sought 
(Aragón-Hernández, 2013; Ellis and Marsalek, 1996). 
Several numerical and physical approaches have 
been developed, in order to determine the hydraulic 
efficiency of the catchment structures, understand 
the variables that intervene in their hydraulic behav-
ior (Carvalho et al., 2019), improve the response to 
different events (Yazdanfar and Sharma, 2015), and 
mitigate the effects of floods (Téllez-Álvarez et al., 
2020).

Although scale models are one of the study options, 
Argue and Pezzaniti (1996) found that the reduction 
of scale can cause errors. Thus, there is a growing 
interest in the comparison of results between scaled 
down and full-scale models. This demonstrates the 
importance of assuming physical modelling and nu-
merical modelling to be complementary approaches 
(Antunes do Carmo, 2020).

For this reason, numerical modelling has been used 
as a procedure to verify the efficiency of sewer el-
ements. The predictions of computational fluid dy-
namics (CFD) have been demonstrated to adequately 
reproduce the hydraulic characteristics of operation. 
The volume of fluid (VOF) begins to have a relevant 
role in the investigation and prediction of open chan-
nel flow (Khazaee and Mohammadiun, 2010) as an 
element to represent the complete biphasic three-di-
mensional fluid dynamics.

Kaushal et al. (2012) and Mohsin and Kaushal (2016) 
have validated and optimized hydraulic processes 
with inverted traps, in which the results adequately 
describe the surface conditions of free water, velocity 
and static pressure for a variable flow as well as ge-
ometric parameters that resemble the experimental 
conditions, allowing us to determine the efficiencies 
of these hydraulic structures.

Ghanbari and Heidarnejad (2020) have simulated 
the three-dimensional flow field over the piano key 
weirs to study the flow hydraulics and compare the 
discharge rates. They have investigated the effect 
of each model and its discharge coefficient. Their 
results suggested that the data from the numerical 
model were adequately consistent with those from 
the laboratory model.

The results obtained by Tellez-Alvarez et al. (2003), 
Gómez Valentin (2007), Fang et al. (2010), Rus-
so (2010), Gómez et al. (2016), Lopes et al. (2016), 
Téllez Álvarez et al. (2017) and Tellez-Alvarez et al. 
(2019, Chapter 65) have demonstrated the abilities of 
three-dimensional computational fluid dynamics as a 
virtual laboratory to evaluate and verify the efficien-
cy in the interception of inflow in drains in different 
configurations. This has allowed computational fluid 
dynamic simulation to be converted into a technical 
support and development tool (Faram and Harwood, 
2000).

The objective of this research is to study the catch-
ment capacity of grate inlets through a three-dimen-
sional (3D) numerical hydrodynamic approach that 
would allow the evaluation of the hydraulic efficiency 
and discharge coefficient of some types of grates. 
This is carried out by means of the implementation 
of FLOW-3D® (Flow Science, 2019), a CFD numerical 
model based on the VOF method. In addition, we also 
sought to verify the results of the physical experi-
mental phase of prototypes previously developed by 
Chaparro Andrade and Abaunza Tabares (2021) and 
later integrating them into models of the urban sys-
tem, such as that of Cortés Zambrano et al. (2020),

This study presents, in detail, the step-by-step ad-
vance for three-dimensional numerical research. It 
seeks to build robust and flexible models that capital-
ize on the advantages of CFD, including control over 
boundary conditions, attainment of data in different 
scales in specific points, and a full-scale study under 
different conditions. In addition, some of the results 
obtained are analyzed, discussed, and tested in order 
to make a statement of the usefulness, limitations, 
and improvement options for future studies, as rec-
ommended by Jakeman et al. (2006).
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Experimental Development

Experimental campaign

This campaign was developed by Chaparro Andrade 
and Abaunza Tabares (2021), with a physical proto-
type on a reduced scale that represented a road lane 
that was 2.75-m wide and 4.0-m long. This can be 
seen in Fig. 1.

N° 
Grade 
Type

Length 
(cm)

Width 
(cm)

Effective 
Area
( m² )

Area of 
Openings

( m² )

% 
Openings

Type 1 0.90 0.42 0.219 0.150 68.49

Type 2 0.65 0.42 0.221 0.160 72.56

Type 3 1.15 0.48 0.343 0.242 70.40

Type 4 0.72 0.38 0.205 0.126 61.54

Type 5 0.70 0.40 0.218 0.163 74.84

Type 6 1.00 0.40 0.317 0.163 51.52

Type 7 0.55 0.55 0.270 0.179 66.04

Table 1. Geometric characteristics of the typologies tested

Fig. 1. Physical model of the experimental campaign (source: Chapar-
ro Andrade and Abaunza Tabares, 2021)

The seven types of grate inlets shown in Fig. 2 were 
tested, varying the longitudinal slope between values 
of SL = 1.0, 1.5 and 2.0%, keeping the transverse slope 
fixed at SL = 1.0 and a flow rate QStreet of 34.1 l / s.

These tests were carried out in a rectangular channel 
with a variable slope, measuring the intercepted flow 
with a triangular V-shaped weir and a limnimeter, in 
the Hydraulics laboratory of the Santo Tomás Univer-
sity (Tunja).

Numerical model 

In order to verify the results of the physical experi-
mental phase of prototypes, the experimental slope 
combinations were maintained, whilst the range of 
the volume of the test flow of water was expanded to 
QStreet = 24, 34.1, 44, 100, 200 and 300 L/s, for a total 
of 126 models.

Mathematical formulation of the three-dimensional 
flow movement: The FLOW-3D® solver (Flow Science, 
2019), a CFD 3D numer-ical model, was selected 
and used, taking into account the results obtained by 
Téllez Álvarez et al. (2003, 2017, 2019).

The numerical simulation was performed with the 
Reynolds averaged three-dimensional numerical ap-
proach for the Navier-Stokes equations (RANS), to 
solve the continuity and moment equations (Flow Sci-
ence, 2018):

𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥) + 𝑅𝑅𝑅𝑅
𝜕𝜕𝜕𝜕
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𝜕𝜕𝜕𝜕

= 𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹 + 𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (1) 

𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
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𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥
𝜕𝜕𝜕𝜕

= 𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹 + 𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (1) 
(1)

Where:  VF is the fraction of volume open to flow, ρ is 
the density of the fluid, RDIF is the turbulent diffusion,  
RSOR is the source of mass. The velocity components 
(u, v, w) are in coordinate directions (x, y, z) or (r, RSOR, 
z). Ax is the fractional area open to flow in the x direc-
tion, Ay and AZ are similar fractional areas open to 
flow in the y and z directions respectively.
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Fig. 2. Design of the grate inlet types studied: (a) R1, (b) R2, (c) R3, (d) R4, (e) R5, (f) R6, (g) R7 (source: based on geometries of Chaparro Andrade 
and Abaunza Tabares, 2021)

(a) (b)

(c) (d)

(e) (f)

(g)
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The Navier-Stokes equations with some additional 
terms represent the motion in the three coordinate 
directions, as described by Equations (2), (3) and (4):

𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
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+ 𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑅𝑅𝑅𝑅
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𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑣𝑣𝑣𝑣2

𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹
= −

1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝐺𝐺𝐺𝐺𝑥𝑥𝑥𝑥 + 𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥 − 𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦 −
𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹

(𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤 − 𝛿𝛿𝛿𝛿𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠) (2) 

𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+
1
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+ 𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑅𝑅𝑅𝑅
𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑤𝑤𝑤𝑤𝐴𝐴𝐴𝐴𝑧𝑧𝑧𝑧
𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
� −  𝜉𝜉𝜉𝜉

𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑣𝑣𝑣𝑣2

𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹
= −

1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝐺𝐺𝐺𝐺𝑥𝑥𝑥𝑥 + 𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥 − 𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦 −
𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹

(𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤 − 𝛿𝛿𝛿𝛿𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠) (2) 
(2)

(3)

𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+
1
𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹
�𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥

𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑅𝑅𝑅𝑅
𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑤𝑤𝑤𝑤𝐴𝐴𝐴𝐴𝑧𝑧𝑧𝑧
𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
� = −

1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝐺𝐺𝐺𝐺𝑧𝑧𝑧𝑧 + 𝑓𝑓𝑓𝑓𝑧𝑧𝑧𝑧 − 𝑏𝑏𝑏𝑏𝑧𝑧𝑧𝑧 −
𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹

(𝑤𝑤𝑤𝑤 −𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝛿𝛿𝛿𝛿𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠) (4)

𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+
1
𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹
�𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥

𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑅𝑅𝑅𝑅
𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑤𝑤𝑤𝑤𝐴𝐴𝐴𝐴𝑧𝑧𝑧𝑧
𝜕𝜕𝜕𝜕𝑤𝑤𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
� = −

1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝐺𝐺𝐺𝐺𝑧𝑧𝑧𝑧 + 𝑓𝑓𝑓𝑓𝑧𝑧𝑧𝑧 − 𝑏𝑏𝑏𝑏𝑧𝑧𝑧𝑧 −
𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹

(𝑤𝑤𝑤𝑤 −𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝛿𝛿𝛿𝛿𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠) (4)
(4)

Where:  Gx, Gy and Gz are body accelerations, fx, fy 
and fz are viscous accelerations, bx, by and bz are 
flow losses in porous materials or through porous 
deflector plates, and the last terms consider the in-
jection of mass in a source represented by a geomet-
ric component.

The term uw = ( uw , vw , ww ) in equations (2), (3) and 
(4) is the velocity of the source component, which will 
generally not be zero for a mass source in a General 
Model of Moving Objects and us = ( us , vs , ws ) is the ve-
locity of the fluid at the surface of the source relative 
to the source itself.

The effect of gravity was defined in the z axis with 
the value of 9.81 m/s2. This parameter was changed 
in the x and y direction for each configuration of the 
slope in the study, according to the longitudinal and 
transverse inclination of the platform.

Calculation domain. Geometries were generated in 
CAD software at a 1:1 scale. They were exported in 
the STereoLithography (STL) format, imported and 
then checked using the qAdmesh tool provided in the 
program.

Then a Cartesian coordinate system was defined, sub-
dividing the domain into three structured meshes with 
cubic hexahedral elements: firstly, a general mesh 
with an element size of 0.02 m, which corresponds to 
the virtual platform; secondly, a mesh nested around 
each grid that maintained a 2:1 relationship (general: 

detailed), in a volume of 2 m long by 1 m wide and 
0.35 m high; and finally, a mesh adjacent to the nest-
ing, which corresponds to the grate dimensions plus 
0.05 cm on each side (width and length), with which 
the flow captured by the grate is determined.

Fig. 3. Subdivision of the domain in FLOW-3D®: general, nested in 
grid and sink outlet, inside the test platform (source: produced with 
FLOW-3D®)

Boundary conditions and other configurations. With 
respect to the boundaries, an input was established in 
terms of the fluid volume rate for QSTREET = 24, 34.1, 44, 
100, 200 and 300 L/s, specific pressure at atmospher-
ic pressure, and two outputs, one for the flow cap-
tured by the bottom grate and another at the platform 
outlet, downstream of the grate.

In order to represent the initial condition of a platform 
full of air, a fluid fraction of zero was established with a 
depth of water sheet at the inlet, allowing it to be filled 
until the permanent state condition was achieved. The 
integration between water and air was considered in 
the simulations through the use of the VOF method 
for multiphase flows, facilitating the evaluation of the 
advection of the moment with first-order precision.

A roughness value of 0.3 mm was set for the plat-
form, without distinguishing absolute roughness var-
iation or change of gutter lane material. A uniform 
section of the slope and the finish was formed which 
restricted the flood width to a single pumping.

Turbulence models. In urban drainage, unstable, 
three-dimensional flow conditions are observed with 
randomness, implying turbulent flows. These condi-
tions are related to frictional resistance, flow sepa-
ration, transition from laminar to turbulent flow, ex-
tension of secondary flows, the propagation of jets 



Environmental Research, Engineering and Management 2022/78/4126

and contrails, and rapid flow variations (Vyzikas and 
Greaves, 2018). Given the conditions of depth of the 
water sheet, the hydraulic characteristics of the flow 
may have a greater influence on the shear stresses 
than the disturbances in the flow around the grates. 
This led to the selection of the turbulence model of 
the Renormalization group (RGN) (Yakhot and Orszag, 
1986; Yakhot and Smith, 1992), which describes low 
intensity turbulent flows and flows that have strong 
shear regions with greater precision, implemented in 
FLOW-3D® (Flow Science, 2018).

In addition, it is the most commonly used meth-
od for free flow analysis, as well as the most stable 
one (Fang et al., 2010; Gómez Valentin, 2007; Jang et 
al., 2019; Kleidorfer et al., 2018; Téllez Álvarez et al., 
2003).

Results and Discussion

Influence of mesh refinement on captured flows

With 15 seconds of simulation, convergence condi-
tions of stable flow were achieved. As recommended 
by Jakeman et al. (2006), an analysis of the sensitiv-
ity to meshing changes was performed. The dimen-
sions of the openings of each type of grate inlet and 

Mesh Grate
Sx SL Ū Qstreet Qout y

Esim
(m/m) (m/m) (m/s) (l/s) (l/s) (mm)

0.02 m and 
0.01 m

R3 0.01 0.02
0.66 24.1 11 25.88 0.456

0.01 m and 
0.005 m 

0.75 24 9.9 25.82 0.410

Relative Error 11.00%

0.02 m and 
0.01 m

R7 0.01 0.01
0.97 100 24.3 55.52 0.243

0.01 m and 
0.005 m 

0.96 100 23.6 56.69 0.234

Relative Error 3.00%

0.02 m and 
0.01 m

R4 0.01 0.02
1.49 299.9 46.9 88.32 0.156

0.01 m and 
0.005 m 

1.49 300 43.8 88.84 0.146

Relative Error 7.00%

the estimated depths of flow for stable flow conditions 
were taken into ac-count. The summary of some re-
sults obtained is shown in Table 2.

For the simulations, two mesh sizes were defined: 
one of 0.02 m for the general or platform subdomain 
and 0.01 m for the nested subdomain (flow around 
the grid), one of flow output through the grid. There 
was a low variation in the results obtained. An optimal 
structured mesh size was sought according to the 
available computational resources and independence 
of the results, with respect to the mesh size used with 
a reasonable computation time. This coincided with 
the modelling experiences of Manuel Gómez et al. 
(2016), Cárdenas-Quintero et al. (2018) and Tellez-Al-
varez et al. (2019).

Comparison of flow patterns with experimental 
campaign results

Figs. 4 and 5 present an example comparison of the 
results of the simulations for grate types 7 and 10. In 
these figures, the three-dimensional numerical sim-
ulation approach is evidenced. Some phenomena are 
reproduced, such as flow propagation, weir function, 
hydraulic overhang, and dry fronts. These were ob-
served in the physical experimental campaign carried 
out by Chaparro Andrade and Abaunza Tabares (2021).

Table 2. Examples of results obtained from mesh sensitivity tests for some types
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Fig. 4. Comparison between the results obtained during physical experimentation in prototype 7 and simulation results with FLOW-3D® (source: 
made with FlowSight® and photographic record by Chaparro Andrade and Abaunza Tabares, 2021)

Fig. 5. Comparison between results obtained during physical experimentation in prototype 10 and simulation results with FLOW-3D® (source: 
made with FlowSight® and photographic record by Chaparro Andrade and Abaunza Tabares, 2021)
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Fig. 6. Example of the results of flow depth and velocity vectors in the xy plane, for a stable flow condition in a grate inlet type and free surface 
configuration and flow regime, of some grating types (source: produced with FlowSight®)

(a) (d)

(b) (e)

(c) (f)

(g)
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Sheet depth and velocity pattern

The results of the simulations show the two-dimen-
sional flow patterns in the sectors of the grate and 
their surroundings. In some cases, dry fronts are ob-
served until the middle of the grid, reaching partial 
and total submergence conditions for some experi-
mental combinations.

In all test cases, a pattern was noted in which the depth 
of the sheet increased when the water flow increased 
and the slope decreased. Upstream of the grate, the 
generation of a hydraulic projection behind the dry 
front, repels, in some cases, with an increase in the 
longitudinal slope, and in other cases over the grate.

The two-dimensional lateral propagation of the ex-
cess flow of water that flows without being captured 
by the grid is observed, extending from the curb in the 
vicinity of the first intake opening. In most of the cases 
evaluated, the lateral extension but not the concen-
tration of the flow, occupies the entire test lane in the 
vicinity of the curb. This is preserved with the change 
in longitudinal slope and is partial for flows of 24 L/s.

Comparison of results with other investigations

To compare the catchment capacity of the different 
types of grating, longitudinal slopes and test flows, 
the inlet efficiency related to a lane with longitudinal 
and transverse slope (E ‘) was evaluated. The defini-
tion of catchment proficiency provided by Despotovic 
et al. (2005) was used:

𝐸𝐸𝐸𝐸´ =
𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜

(5)(5)

For each type of the grate inlet tested, hydraulic inlet 
efficiency curves were constructed for each of the test 
longitudinal slope configurations, as a function of the 
street flow ratio – flow depth measured at the curb 
(Q/Y).

The catchment hydraulic efficiency curves versus the 
flow rate-flow depth ratio are better adjusted (accord-
ing to the coefficient of determination) to a decreasing 
potential function (hyperbola), with a negative expo-
nent and a positive coefficient. This coincides with that 
reported by Cárdenas-Quintero et al. (2018), Gómez 
and Russo (2011), Gómez Valentin (2007).

The results were then compared with the formulations 
proposed by the Polytechnic University of Catalonia 

and the University of Zaragoza, in order to verify the 
results obtained with reference studies. The proposed 
methodologies are based on the studies carried out 
by Spaliviero et al. (2000) and relate the total efficien-
cy of the grate inlet with the Q/y relationship through 
a potential function, where the coefficients A and B 
vary for each particular typology and can be calcu-
lated based on the geometric characteristics of the 
grids, without previous experimental tests (Gómez 
and Russo, 2005b). This is described in Equation (6). 
This has been adjusted to a road width of 2.75 m. For 
the present study, the formulations made by Gómez 
and Russo (2005a) and Gómez and Russo (2011) have 
been evaluated, and are described in Equations (7), 
(8), (9) and (10).

𝐸𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴 𝐴
𝑄𝑄𝑄𝑄
𝑌𝑌𝑌𝑌
�
−𝐵𝐵𝐵𝐵

(6) (6)

𝐴𝐴𝐴𝐴 =
0.39

𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔−0.35 ∙ 𝑝𝑝𝑝𝑝−0.13 (𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 + 1)0.01(𝑛𝑛𝑛𝑛𝑙𝑙𝑙𝑙 + 1)0.11(𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑 + 1)0.03 (7) (7)

𝐵𝐵𝐵𝐵 = 0.36
𝐿𝐿𝐿𝐿
𝑊𝑊𝑊𝑊

 (8) (8)

𝐴𝐴𝐴𝐴 =
1.988 ∙ 𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔0.403

𝑝𝑝𝑝𝑝0.19(𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 + 1)0.088(𝑛𝑛𝑛𝑛𝑙𝑙𝑙𝑙 + 1)0.012(𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑 + 1)0.082 (9) (9)

𝐵𝐵𝐵𝐵 = 1.346
𝐿𝐿𝐿𝐿0.179

𝑊𝑊𝑊𝑊0.394 (10) (10)

Where:  E is the inlet efficiency, Q is the total dis-
charge approaching the inlet (m3/s), Y is the flow 
depth (m), A and B are two characteristic coefficients 
of the grate and specifically can be expressed in terms 
of geometrical data of the grate inlet, nt number of 
transversal bars, nl number of longitudinal bars, nd 
number of diagonal bars, Ag is the area that encom-
passes all the holes in the grid or clear area of open-
ing, p is the percentage of gaps area, L is the grate 
length, W is the grate width. 
Graphs were generated with the obtained results, with 
error limits of +20.1% and −46.0% (maximum positive 
and maximum negative) and −35.6% (maximum neg-
ative). These results are then compared with those 
proposed by Gómez and Russo (2005a) and Gómez 
and Russo (2011).

There is less relative deviation between the results of 
the formulation proposed by Gómez and Russo (2011) 
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Fig. 7. Inlet efficiency curves obtained for the tested grates: (a) R1, (b) R2, (c) R3, (d) R4, (e) R5, (f) R6, (g) R7 (source: study)

(a) (c)

(b) (d)

(e) (f)

(g)
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Fig. 8. Relative deviations between the numerical results and the 
proposal of Gómez and Russo (2005a) (source: study)

Fig. 9. Relative deviations between the numerical results and the 
proposal of Gómez and Russo (2011) (source: study)

compared to that made by Gómez and Russo (2005a), 
with maximum negative relative errors of 35.6% ver-
sus −46%, tending to be in high flow values. In addi-
tion, the results obtained show a positive correlation, 
with R2 = 0.98, 0.98, 0.99, 0.98, 0.98, 0.99, 0.94, for the 
types of grate inlets tested, 1, 2, 3, 4, 5, 6 and 7.

𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 =
𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔�2 ∙ 𝑔𝑔𝑔𝑔 ∙ 𝑔𝑔
(11) (11)

Where:  Qcap is captured flow, Ag the area of holes in 
the grid, Δh is the water level above the level of the 
bottom grid upstream of it, and g is the acceleration 
of gravity.

This was done in order to estimate discharge coeffi-
cient values to be compared later in real-scale physi-
cal experimental campaigns. Figs. 10a, 10b, 10c, 10d, 
10e, 10f and 10g present the summary graphs of the 
results obtained by type of grate for each value of lon-
gitudinal slope.

The discharge coefficient results obtained from 
three-dimensional numerical experimentation show 
a range of values between 0.07 and 0.39, for volumet-
ric flow rates captured between 9.9 L/s and 77.9 L/s.

Results verification of physical experimentation 
of prototypes

Once the collection efficiency values of the evaluated 
grates were obtained, the results obtained from the 
simulation were compared with those reported by 
Chaparro Andrade and Abaunza Tabares (2021).

Significant differences were found, registering dis-
crepancies of up to 0.27 in the collection efficiency 
values, equivalent to relative errors of 72.3%. This can 
be explained by the difficulty in representing transi-
tions from the flow to the turbulent flow and turbu-
lence phenomena to the scale used, and that were 
evidenced in the numerical modelling. 

Grate 
InletType

Numerical Inlet 
Efficiency

Inlet Efficiency 
of Experimental 

Prototypes

Relative 
Error

R1 0.38 0.60 56.9%

R2 0.39 0.59 50.3%

R3 0.44 0.62 39.3%

R4 0.38 0.65 72.3%

R5 0.39 0.54 38.4%

R6 0.42 0.67 60.9%

R7 0.41 0.68 67.0%
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Orifice type discharge coefficient

In order to analyze the discharge coefficient (Cd), the 
formula of an orifice was used:

Table 3. Comparison of efficiency results obtained through numerical 
modelling and experimentation with prototypes, for a longitudinal 
slope of 1.5%
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Fig. 10. Orifice type discharge coefficient curves for the grates tested: (a) R1, (b) R2, (c) R3, (d) R4, (e) R5, (f) R6, (g) R7 (source: study)

(a) (d)

(b) (e)

(c) (f)

(g)
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This has already been reported by Argue and Pezzan-
iti (1996), who mentioned the implications of applying 
simple Froude’s law scale relationships to triangular 
flow cases and recommended the exclusive use of 
full-scale experimentation platforms.

In addition to the implications for the dimensions of 
the grate inlet, there are further considerations. The 
effects of the reduction of the scale, the operation of 
the implemented instrumentation, the errors that can 
be induced in the precision of the measurements and 
other factors may have been overlooked or ignored, 
but are a source of uncertainty.

Conclusions
A numerical approach was formulated and imple-
mented for the evaluation of hydraulic efficiency of 
grate inlets of drains. Seven different types of grate 
inlet that are usually found in the city of Tunja were 
analyzed through the construction of models and use 
of CFD-3D simulations with VOF-type elements in a 
commercial software.

Comparison of the obtained results with the formu-
las proposed by the Universidad Politécnica de Cata-
luña and the Universidad de Zaragoza allowed us to 
demonstrate the capacity of the three-dimensional 
numerical simulation in the study of capture meth-
ods. Maximum relative deviations of −39.3% were 
achieved, which evidences a better fit with the meth-
odology proposed by Gómez and Russo (2011), one of 
the most robust formulations proposed to date (Alia 
Md. and Sabtu, 2020).

The inlet efficiency of the grate inlets does not cor-
respond to a single value and is a function of the hy-
draulic characteristics of the street flow (speed, sheet 
depth, flood width, and specific energy), the grate ge-
ometry, its location on the road, and the longitudinal 
slope of the drainage surface.

The 3D CFD simulation for a wide range of flows and 
longitudinal street slopes allowed the construction 
of inlet efficiency curves and also the orifice-type 
discharge coefficient curves for the different types 
of bottom side grates studied. In addition, the qual-
itative understanding of the flow characteristics in 
these collection elements was also described for the 
following: two-dimensional flow patterns in the grate, 

functioning as a lateral and frontal weir in some ar-
eas of the grate, recirculation areas of the flow, areas 
of projections, dry fronts, flow propagation and ori-
fice-type operating conditions, and in cases of partial 
or total submergence of the grid intake openings.

The differences found in the catchment values and re-
sults of the hydraulic inlet efficiency and the discharge 
coefficient of grate inlet types 2, 4 and 11 demonstrat-
ed the influence of the definition of an adequate mesh 
size of the domain. This served to highlight the im-
portance of building models that reproduce flow con-
ditions with convergence or results, independent of 
meshing; avoiding leading to discrepancies that may 
limit the replication of the results.

The results showed that for the experimental com-
binations of single pumping of 1.0% and longitudinal 
slope of 1.0%, 1.5% and 2.0%, no type of grate inlet 
presents 100% collection efficiency for the test lane 
flows (24, 34.1, 44, 100, 200 and 300 L/s). In all cases, 
the remaining flow and bidirectional propagation of 
this non-captured flow were configured.

The results of the 3D CFD simulation made it possible 
to verify the results of the physical experimentation of 
prototypes. When these results were compared with 
those derived from the physical simulation, signifi-
cant discrepancies in the collection efficiency values 
obtained through prototypes were evidenced.

The achievement of partial and total submergence 
conditions in the hydraulic evaluation of the catchment 
of the seven types of grids evidences the importance of 
continuing to study the hydraulics in these catchment 
elements, in order to obtain the definition of the equa-
tions to be used for efficiencies less than 90%. Given 
the need to evaluate the existing catchment elements 
in the already consolidated urban context, it may be 
possible to support intervention plans that seek the 
rehabilitation, correction, and improvement of the ex-
isting draining system and its associated problems.

The present work has made it possible to determine a 
series of values and build discharge coefficient curves 
for each of the grids studied. The different combina-
tions of configurations will be able to be compared in 
future real-scale physical experimental campaigns, 
allowing for the results reported here to be supported.

Although the present work has confirmed the abili-
ties of 3D CFD hydraulic modelling and recognized 
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its usefulness as a tool with which we can study and 
understand hydraulic operation, further research in 
real-scale physical tests is required.
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