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Abstract
Effectively managing floods in urban regions requires effectively designed
and well-maintained runoff collection system. The absence of such a system
and intense rainfall event will have the potential to disrupt the urban life and
cause significant economic loss to properties. Grated inlets, which are a key
component in urban drainage network, are used to capture the runoff. In this
work, a three dimensional CFD model was developed based on open-source
CFD tool, OpenFOAM®, to model flow over a grated inlet. An incompressible,
transient, multiphase flow, Volume of Fluid (VOF) simulation was performed
to predict the water flow rate through the grate inlet. The predicted flow rates
are compared with the HEC-22 monograph values. The close agreement between the results shows the potential of using CFD modeling approach to test
the reliability of existing drainage inlets for different flow scenarios.
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1. Introduction
A key constituent of urban drainage infrastructure is the surface runoff collection system. Proper design and maintenance of the components in this collection
system can minimize the effect of damage and flooding from a storm event. Such
a system will collect the surface runoff, carry the flow through the sewer network,
and discharge it to water receiving body. The components in the collection system are 1) street gutters 2) stormwater inlets, and 3) storm sewers. The street
gutters collect the runoff from the street and convey it to a storm inlet so that
there is no disruption to the traffic on the street. Inlets collect the water from the
streets and transit the flow to the sewer network, and provide access for maintaining the storm sewer system. Storm sewers transport the water to a receiving
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water body.
The stormwater inlets, also known as Street inlets, are the connecting elements between the surface and the underground sewer system. Street inlets can
be four types. These are 1) grate inlets 2) curb-opening inlets 3) combination inlets and 4) slotted drain inlets (Brown et al. 2009). Some of the grate inlets that
are being used include parallel bar grate (P-1-7/8), parallel bar grate with transverse rods at the surface (P-1-7/8-4), parallel bar grate with spacers (P-1-1/8),
45˚ tilt bar grates (45-3-1/4-4, 45-2-1/4-4), 30˚ tilt bar grate (30-3-1/4-4), and
curved vane grate (CV-3-1/4-4-1/4). Figure 1 illustrates schematic drawings of a
few grates. The flow interception capacity and hydraulic efficiency of these
grates have been studied through laboratory tests by the Federal Highway Administration, and the end data was first published as design charts in the publication, referred to as HEC-12 (Hydraulic Engineering Circular No. 12) and its
updated version that was revised in 2013 HEC-22 [1]. HEC-22 (Urban drainage
design manual) contains information relating to the used procedures and charts
to calculate the interception capacities and efficiencies of highway pavement
drainage inlets for seven grate types, slotted drain inlets, curb opening inlets, and
combination inlets on grade and in sump locations.
In this work, our focus is on P-1-7/8 grate. P-1-7/8-4 grate refers to a parallel
bar grate with center-to-center spacing of the longitudinal bars of 48 mm (1-7/8
in). For various sump depth values, the discharge values are compared between
the monograph values given in HEC-22, and the CFD model predicted data. The
CFD model was developed using the popular open-source OpenFOAM® software.
Our goal is to show that the CFD model can be reliably used to design, evaluate,
and predict the efficiency of grates for different flow scenarios.

2. Review
The CFD model was developed using Open Field Operation And Manipulation
(OpenFOAM®). OpenFOAM® is the leading free, open-source software for CFD,
owned by OpenFOAM® Foundation and distributed exclusively under General
Public License (GPL). It has a large user base across most areas of engineering
and science, from both commercial and academic organizations. OpenFOAM®
has an extensive range of features to solve anything from complex fluid flows
involving turbulence and multi-phase, chemical reaction to acoustics, solid mechanics, and electromagnetics. Its versatile C++ toolbox for the Linux operating
system enables developing customized, efficient numerical solvers and
pre-/post-processing utilities for all kinds of CFD applications by solving the
Navier-Stokes equations. OpenFOAM® uses a cell-centered Finite Volume Method (FVM) to solve the partial differential equations of continuum mechanics
and fluid flow. In this approach, the equations are integrated over each of the
control volumes (cells) on the mesh, and volume integrals that contain a divergence term are converted to surface integrals using Gauss’s theorem. The surface
integrals can then be evaluated by summing the contributions from each of the
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Figure 1. Schematic drawing of sample grate inlets (a) Parallel bar grate;
P-1-7/8 (b) Parallel bar grate with transverse rods; P-1-7/8-4 (c) Curved
vane grate; CV-3-1/4-4-1/4 [2].

cell faces. This approach to the solution of the equations requires a method to
extrapolate the velocity stored at the centroid of the cell to the value of the velocity at the face of the cell. Many methods to perform this extrapolation are
available in OpenFOAM, and these are documented in the Users Guide [3].
The time integration can be done through Backward Euler, Steady-state solver,
Crank-Nicholson. The available gradient, divergence, Laplacian, and interpolation schemes are the second-order central difference, Fourth-order central difference, First order upwind and First/second-order upwind. OpenFOAM® provides a variety of turbulence model options from Reynolds-Averaged Navier-Stokes (RANS) to Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS). The available solvers, options in specifying the boundary conditions, mesh generation tools, flow visualization software, and extensive documentation are making OpenFOAM® popular among the CFD modeling community.

3. Literature Review
The approach used for analyzing flow in grates in HEC-12 and the subsequent
HEC-22 [1] monographs was based on the work on Burgi and Gober [2] who
conducted comprehensive hydraulic and debris tests on eleven grate inlets to
identify the grate inlets which maximize hydraulic efficiency and bicycle safety.
They concluded that the hydraulic efficiency of parallel bar grate (P-1-7/8) is
best until a certain longitudinal slope (So). Beyond this threshold slope, the efficiency falls as water starts splashing over the inlet. Since the HEC-22 was published, multiple researchers based on their experimental data, proposed changes
to the equations and coefficients given in HEC-22. Guo et al. [4] conducted an
extensive experimental study to similar real-life flow scenarios (i.e., with clogging) on various grates and curb inlets and proposed different values for coefficients used in some of the equations in HEC-22. The hydraulic efficiency of
grate inlets depends primarily on the street’s geometry with longitudinal and
transverse slope, the surface runoff (discharge) and the grate itself (type, geometry, opening area). They identified that at shallow depths, HEC-22 procedure
overestimates the flow capacity of curb opening inlet. Clogging can drastically
reduce the efficiency, and since debris amount varies with season and location,
DOI: 10.4236/ojce.2020.101004
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they recommended a clogging factor of 0.5 for a single grate and 0.1 for a single
curb-opening inlet. Muhammad [5] summarized the reported curb inlet efficiency studies and based on experimental data, proposed equations to calculate
the cub opening length and inlet efficiency, for depressed inlets. The equations
proposed by researchers in recent years give more reliable estimates of inlet
efficient over a board range of input parameters, as the parameters in the equations were obtained across a higher number of physical experiments.
Galambos [6] presented experimental and numerical investigations using a 2D
and 3D CFD model to better predict the flow interaction between above and below ground drainage and surcharge conditions through UK gullies. The two and
three dimensional CFD model was developed using the Volume of Fluid approach on unstructured grids. The model performance was validated across 1:1
scale experimental data. The detailed CFD model provided new insights into the
flow variables which cannot be measured through experiments. Their study
showed that capturing many local flow parameters require using a 3D model as
standard 2D models fail to reveal the physics of flow in an inlet structure. Kemper and Schlenkhoff [7] conducted physical and numerical studies to predict the
efficiency of a grate inlet for supercritical flow on the grate. Their bidirectional
coupled three dimensional CFD model that considers the interaction between the underground drainage system and the surface runoff used
FLOW-3D software. Their focus was on evaluating the hydraulic efficiency
of a typical grate inlet used in Germany (500 mm × 500 mm). They proposed
an empirical formula to estimate the capacity and efficiency of the grate inlets. Since supercritical flows have upstream control, influencing parameters
are water depth and velocity upstream of the grade and the grate dimensions
and orientation of the bars on the surface of the grate. Fang et al. [8] developed
a three-dimensional virtual laboratory using FLOW-3D to simulate flow at
shallow depths through curb-opening inlets. Bazin et al. [9] developed a coupled
one and two-dimensional hydrodynamic model (for pipe and street flows) and
compared the predicted results with their experimental data. Other researchers
who developed CFD models for analyzing flow through inlets include Djordjevic
et al. [10] and Martins et al. [11] who used OpenFOAM® software to model the
flow through a gully. To arrive at the efficiency of the inlet system, Shepherd et
al. [12] measured the discharge collected by road gullies. Despotovic et al. [13]
conducted laboratory measurements to quantify the inlet capacity and efficiency
and their relationship with approaching flow, longitudinal slope, street slope,
and clogging. Three dimensional CFD models, although they fail to reproduce
all the flow phenomena across length and time scales, do certainly contribute to
comprehend better and visualize the flow.

4. Flow Equations in HEC-22
Depending on the flow depth, the flow over the grate inlet can be either a weir
flow or orifice flow. For shallow depths, the inlet operates like a weir, and for
DOI: 10.4236/ojce.2020.101004
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greater or submerged depths, the inlet operates like an orifice [1]. The design
chart in HEC-22 are based on the below equations
The capacity of grate inlets operating as weirs is given by (Equation 4.26 in
HEC-22)

Qw = Cw Pd 1.5

(1)

where P = perimeter of the grate in ft disregarding bars and the side against the
curb, d is the average depth across the grate and Cw = Coefficient of weir = 3.0.
The capacity of a grate inlet operating as an orifice is given by (Equation 4.27
in HEC-22)
Qo = Co A ( 2 gd )

0.5

(2)

where Co = orifice coefficient = 0.67; A = clear opening area of the grate =
0.9*Area of grate, ft2; g = 32.16 ft/s2.
The inlet grate capacity is minimum (Qw, Qo).

5. 3D Numerical Model
CFD simulation was carried out with the opensource software package OpenFOAM® described by Weller et al. [14] Numerical simulation was performed using the incompressible Navier-Stokes equations, which are derived from the first
principles of conservation of mass and momentum. The continuous partial differential equations are recast into a system of linear equations. Problem closure
to the Navier-Stokes equation is provided with a Newtonian relationship between stress and strain. A PISO-SIMPLE (PIMPLE, semi-implicit) algorithm was
used for solving the pressure-velocity coupling. The linear equations were solved
using a geometric-algebraic multigrid method (GAMG) method.
InterFoam, a Volume of Fluid (VOF) based solver, was used to compute, capture, and track the interface between air and water. The VOF method was first
introduced and developed by Noh and Noh and Woodward [15], Hirt and Nichols [16]. The most widely used within practical interfacial CFD is the Volume
of Fluid (VOF) method. It is a simple and flexible method for capturing and
tracking the interface between two phases (air-water) using fixed mesh (no
moving mesh). Also VOF only solves one set of NS equations for both phases,
thus reducing the number of solved equations and computation time significantly (specifically for the models with large size/mesh and longer physical
time).
The VOF method is a surface-tracking technique that models two-phase flows
with a dimensionless scalar field representing the fluid volume fraction alpha (α).
A volume fraction value of zero represents fluid “a,” e.g., air and a value of one
represents fluid “b” e.g., water. The scalar volume fraction alpha (α) is advected
with the flow via a transport equation. The transport equation is solved simultaneously with the equations of mass and momentum conservation. The full set of
governing equations for the fluid flow is:

∇U =
0
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∂ρ u
+ ∇ ⋅ ( ρ uu ) − ∇ ⋅ ( ( µ + µt ) s ) = −∇p + ρ g + σ K ∇α
∂t
∂α
+ ∇ ⋅ ( uα ) = 0
∂t

(4)
(5)

where u and p are velocity and pressure fields, µt is the turbulence eddy viscosity, s is the strain rate tensor, σ is surface tension and K is the surface curvature.
Following are the possible conditions for alpha (α):
α = 1 : volume cell occupied 100% by water.
α = 0 : volume cell occupied 100% by air.
0 < α < 1 : volume cell occupied by water and air.
Therefore the phase fraction alpha (α) must be conserved and bounded. Since
the phase fraction alpha (α) can have any value between 0 and 1, the interface
cannot be resolved sharply. The interface between the phases is not explicitly
computed; therefore, the sharpness of the interface depends on mesh resolution
around it. A sharp interface cannot be maintained if the advected term ∇ ⋅ ( uα )
gets diffusive and numerical schemes do not reliably overcome the diffusion issue, therefore OpenFOAM® introduces a counter-diffusive term to the alpha (α)
transport equation that can be used to compress the interface. The compressive
convection term is presented in the third term of the transport equation below:

∂α
+ ∇ ⋅ ( uα ) + ∇ ⋅ ( ucα (1 − α ) ) = 0
∂t

(6)

where uc is the compressive velocity.
Physical properties of phases are calculated as weighted averages based on the
alpha fraction. The density ρ and dynamic viscosity µ are calculated as follows:

=
ρ αρ water + (1 − α ) ρ air
=
µ αµ water + (1 − α ) µair

6. Computational Domain
The 10 × 5 × 2 m domain (Figure 2) was constructed with a grate in the middle.
The 3D CAD of the grate was created from a schematic drawing. snappyHexMesh, an OpenFOAM mesh generation utility, was used to generate the flow
domain. The snappyHexMesh utility generates 3-dimensional meshes containing hexahedra (hex cells) and split-hexahedra (split-hex) automatically from
triangulated surface geometries, or ti-surfaces, in Stereolithography (STL) or
Wavefront Object (OBJ) format. The flow domain was discretized, with approximately 8.0 million cells from 2 to 32 mm size ranges (Figure 3). Local volume regions refinement were defined to capture all geometry details in the grate.
Proper surface and volume cell size distributions were applied to capture the
water interface and physics precisely. Also, three prism layers were generated to
capture the velocity profile at the walls. The first cell height was adjusted to genDOI: 10.4236/ojce.2020.101004
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erate the Y+ > 30 at the walls.
The top boundary of the domain was the atmosphere, and the total pressure
was set to zero. The sides of the domain were prescribed to the wall with slip
conditions on velocity. The ground was segmented into two parts, one inner part
around the grate and two, outer part attached to sides of the domain (Figure 4).
The grate and part one of ground were assigned to the wall with the no-slip condition. The velocity and volume fraction were zero-gradient at the sidewalls and
part one of the ground. To mimic the rainfall, the inlet was defined at the outer
part of the ground. A time depended volume flow rate (Figure 5) was prescribed
at the inlet to generate a water level on the grate from 0 to 2.2 ft. The volume
fraction of α = 1 was assigned at the inlet. Pressure outlet was assigned at the
outlet of grate channel. The values of the dynamic viscosity of water and air are
0.001 Pas and 1.8 e-5 Pas, respectively. The Surface tension between air/water is
0.07 N/m.
The K-Omega SST (Reynolds Averaged Navier-Stokes type) was used as a
turbulence model in this study. Gravity acceleration was activated (perpendicular to the ground) to compute the hydrostatic pressure. Wall function was used
to model the near-wall conditions, where the viscous layer is not resolved explicitly, approximations are introduced to account for the flow behavior across it.
Automatically adjustable time step was used based on Courant number to maintain solver stability. A transient, incompressible, and multiphase (VOF) flow was
used to compute the flow fields such as velocity vector, pressure, Alpha water,
turbulence properties (K, Omega) and turbulent viscosity.

Figure 2. Schematic drawing of the grate in the flow domain.

Figure 3. Discretized computational domain
with approximately 8 million cells.
DOI: 10.4236/ojce.2020.101004
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Figure 4. Computational domain with boundary conditions.
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Figure 5. Inlet flow hydrograph.

7. Results
Figure 6 is a plot of the CFD predicted discharge values for flow depths ranging
from 0 to 2.2 ft. The similar trend among the discharge and depth plots shows
the consistency of the developed CFD model, across varying water levels. In
Figure 7, the CFD predicted value is compared with the HEC-22 monograph
value, which was obtained by solving Equations (2) and (3).
The current direction in computational hydraulic modeling advances is to resolve sets of interconnected hydraulic features into component models and develop CFD type representations of the various component sub-models, construction
a system of CFD submodels. These sub modeling components are, in turn,
reusable throughout the global problem domain, enabling a library of sub modeling components to be developed over time. Some civil engineering computational software products provide such reusable component CFD type models.
For example, Advanced Engineering Software [17] provides base software products that readily interface with some CFD freeware and proprietary code products. These assembly submodules enable an enhanced CFD environment that
will be useful in future software development products.
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Figure 6. Variation of predicted flow rate from the CFD model across a range of
water depths.
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Figure 7. Plot comparing the CFD model predicted and HEC-22 flow rates for
various water depths.

In the current paper, the focus is on the important submodule for drainage
inlet hydraulics. Such inlets are of high population and commonly used in the
design of drainage systems and in the master planning of City-wide Master Plans
of Drainage. The drainage inlet submodule is the first and perhaps a fundamental component in a comprehensive CFD library of civil engineering drainage
modeling elements. A library of submodules is under development and will parallel the modeling strategy used in the link-node model, such as seen in the
cited Advanced Engineering Software and published in papers and texts. The
close agreement of results (Figure 3) reinforces the reliability of using CFD
models, which can be more accurate for many hydraulic applications.

8. Conclusion
Grated inlets are an important component of urban infrastructure, and numeriDOI: 10.4236/ojce.2020.101004
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cal models that can predict the flow characteristics over a grate can help in simulating various flow scenarios. In this work, a three dimensional CFD model
which solves the full-dimensional Navier Stokes Equations using OpenFOAM
software was developed for evaluating the flow characteristics over a grate. The
model results, for a range of flow depths, are compared with the HEC-22 published data. In light of the observed results, it can be concluded that the developed CFD model can be reliably used for analyzing and predicting the flow characteristics over inlet grates. Although the focus was running the model on parallel bar grate (P-1-7/8), it can be used across other grate inlets.
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