IMAGE PROCESSING AND EXPERIMENTAL TECHNIQUES TO

CHARACTERIZE THE HYDRAULIC PERFORMANCE OF GRATE INLETS

This Doctoral Thesis dissertation concerns two main research topic: the analysis
of the flow velocity pattern in the nearness of a grate inlet through Surface Flow
Image Velocimetry (SFIV) technique and the study of overflow of surcharged
sewer system through grate inlets.

Concerning the first main issue, a methodology able to reproduce the velocity field
and, consequently, the flow distribution around the grate inlet, has been proposed.
This methodology can be used by inlet manufacturers to improve the design of
their products in order to collect as much water as possible in case of storms. In
fact, water is collected by two main mechanisms: the frontal flow where the
amount of water is intercepted through the upper part of the inlet (orthogonal to
the flow direction), and the lateral flow where the flow is intercepted through the
lateral side of the inlet (parallel to the main flow direction). As demonstrated and
discussed in this thesis, this lateral inflow, due to the transversal component of the
flow, is around a 20 - 30% respect to the 70 - 80% of the frontal flow.

The second main issue treated in this thesis has been the behavior of the overflow
by grate inlet due to pressured sewer systems. The estimation of grate inlet
discharge coefficients and the head energy loss in this kind of situation could be
very important to provide useful values to be used by commercial numerical code
that nowadays use common default values assuming orifice or weir approaches.

The experimental campaigns related to the two main topics were carried out using
a physical model in real scale located in the Hydraulic Laboratory of the Technical
University of Catalonia. It is important to consider that the SFIV technique method
could be also extrapolated to other applications in the fields of hydraulic
engineering like rivers and costal engineering.
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Abstract

This Doctoral Thesis dissertation concerns two main research topic: the analysis of the flow velocity pattern in the
nearness of a grate inlet through Surface Flow Image Velocimetry (SFIV) technique and the study of overflow of
surcharged sewer system through grate inlets.

Concerning the first main issue, a methodology able to reproduce the velocity field and, consequently, the flow
distribution around the grate inlet, has been proposed. This methodology can be used by inlet manufacturers to
improve the design of their products in order to collect as much water as possible in case of storms. In fact, water
is collected by two main mechanisms: the frontal flow where the amount of water is intercepted through the
upper part of the inlet (orthogonal to the flow direction), and the lateral flow where the flow is intercepted
through the lateral side of the inlet (parallel to the main flow direction). As demonstrated and discussed in this
thesis, this lateral inflow, due to the transversal component of the flow, is around a 20 - 30% respect to the 70 -
80% of the frontal flow.

The second main issue treated in this thesis has been the behavior of the overflow by grate inlet due to pressured
sewer systems. The estimation of grate inlet discharge coefficients and the head energy loss in this kind of situation
could be very important to provide useful values to be used by commercial numerical code that nowadays use
common default values assuming orifice or weir approaches.

The experimental campaigns related to the two main topics were carried out using a physical model in real scale
located in the Hydraulic Laboratory of the Technical University of Catalonia. It is important to consider that the
SFIV technique method could be also extrapolated to other applications in the fields of hydraulic engineering like
rivers and costal engineering.

Keywords

Grate inlet, Surface Flow Image Velocimetry (SFIV), image processing, overflow of surcharged sewers, discharge
coefficients.






Resumen

Esta tesis doctoral trata dos temas principales: el analisis del patrén de velocidad de flujo en la proximidad de una
reja de alcantarillado a través de la técnica de la velocimetria por imagen del flujo de superficie (en inglés Surface
Flow Image Velocimetry, SFIV) y la salida de un flujo por una reja producido por la entrada en carga de un sistema
de alcantarillado.

En cuanto a la primera cuestidn, se propuso una metodologia capaz de reproducir el campo de velocidad v,
consecuentemente, la distribucion del caudal alrededor del sumidero. Esta metodologia puede ser utilizada por
los fabricantes de rejas de alcantarillado para poder mejorar el disefio de sus productos y asi poder recoger la
mayor cantidad de agua posible durante eventos de lluvia. De hecho, el agua es interceptada a través de dos
mecanismos principales: el flujo frontal donde la cantidad de agua es interceptada a través de la parte aguas arriba
de la reja (lado ortogonal a la direccidn del flujo), y el flujo lateral donde el flujo es interceptado a través del lado
lateral de la reja (lado paralelo a la direccién principal del caudal). Como se demuestra y se discute en esta tesis,
esta afluencia lateral, debido al componente transversal del flujo, es alrededor de un 20-30% respecto al 70-80%
del flujo frontal.

La segunda cuestion principal tratada en esta tesis ha sido el comportamiento del flujo producido por la entrada
en carga de un colector de alcantarillado y la salida de dicho flujo al exterior a través de una reja de alcantarillado.
La estimacion de los coeficientes de descarga de la reja y la pérdida de energia hidraulica en estas condiciones
podrian ser muy importantes para proporcionar valores Utiles para ser utilizados por cédigos numéricos
comerciales que hoy en dia utilizan valores predeterminados comunes asumiendo enfoques hidraulicos de tipo
orificio o vertedero.

Las campafias experimentales relacionadas con los dos temas principales se llevaron a cabo utilizando un modelo
fisico en escala real ubicado en el laboratorio hidraulico de la Universidad Politécnica de Cataluiia. Es importante
tener en cuenta que el método de la técnica SFIV podria ser también extrapolado a otras aplicaciones en los
campos de la ingenieria hidraulica como la ingenieria de rios o la ingenieria costera.

Palabras clave

Reja de alcantarillado, Velocimetria por Imagen del Flujo Superficial (SFIV), procesamiento de imagenes, entrada
en carga de un colector de alcantarillado, coeficientes de descarga.






Latin letters

c,d

Ce

Framerate qmera

g

g(x,t)

Symbols and abbreviations

cross-section flow area.

area of interrogation domain.

velocity gradient tensor.

area of a small segment that divides STl into a number of portions.
area estimate of the section.

minimum area that includes all the voids in the grate inlet.

grate hole’s area.

water spread.

distance from the tank.

constants from each device provided by the manufacturer.

constant that depends on the ability of the analysis procedure to
determine the displacement between the images.

tracer number density / value of coherency.

discharge coefficient including all the effects of energy losses through the
grate, effect of approaching velocity, etc.

distance between two consecutive position of the tracers during dt.
particle image diameter.

particle diameter.

efficiency of the grate inlet between 0 and 1.

inlet efficiency related to a width of half roadway x=3 m.

framerate of camera.

gravitational acceleration (9.81 m/s?).

grey level intensity.
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L Ly

LXv LY

Ng

n
ne

No

Po
p(X)
D1

P2

Pij (t)

Qest
QF

normalized image intensity.

street transversal slope.

street longitudinal slope.

appropriate orientation vector of STIV method.

coefficient related to the street geometric conditions and to the flow
depth.

adjustment coefficient for large-scale roughness flow in rivers (k,=0.85,
recommend the literature).

energy loss coefficient.

dimensions of the image in x and y direction.

length of the grate inlet.

linear dimensions of the recording medium.

value corresponding to the total number of paths identified for each case.
paraxial image magnification.

number of turns of current meter.

number of diagonal bars.

total number of positions along the channel.

number of longitudinal bars.

number of transversal bars.

nominal refractive index of the medium.

mean number of particles per interrogation volume in the fluid
ratio between the void area and A;.

Intensity of image.

position-dependent sensitive of the pixel.

position vector of the target at instant t;.

position vector of the target at instant t,.

intensity for the perturbed density field.

approaching discharge on the UPC platform of 3 meters width.
discharge.

frontal flow rate.
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Q; inflow.

Qe discharge intercepted by the grate inlet.
Qoutfiow outflow discharge from surcharge flow through the grate inlet.
Qo outflow /carryover of the grate
Qout outflow.
Qroadway flow approaching to an inlet related to half roadway
Qq lateral flow rate.
Q; total flow rate of SFIV technique.
Q4 outflow (1).
Q, outflow (2).
Qs outflow (3).
t time exposed by the light pulse.
t time.
tq time 1
t, time 2
T matrix of LSPIV method.
u velocity.
Umax full-scale velocity.
U mean velocity vector of the target.
Uy, Yy components of velocity on a surface.
v flow velocity.
Voutfiow velocity of surcharge flow through the grate inlet (Voy¢riow = Qw;%)
V; instantaneous velocity for two consecutive time.
7]. mean velocity obtained by averaging each of the instantaneous velocities.
VMean vetocity mean velocity.
Vs velocity field using SFIV technique.
Ve mean surface velocity obtained for each case by averaging the mean

velocity of each tracer or particles.

(V) est is the estimated mean velocity.



V pixel framerate of camera (Pixel/Frame).
Frame
w width of the grate inlet.
W, is the width of the tank.
X width of the road (generally a half of roadway).
x horizontal coordinate.
Xp(t) position of the particles in the fluids as function of time t
X, Zj location of the centre of the window.
X position vector in image domain.
XY in-plane coordinates of X.
Xij location of its center.
Xp(0) position of the image on the camera as a function of time t.
y flow depth or water depth / Vertical coordinate.
Vest flow depth estimated.
Zo object distance from the Z=0 plane to the effective center of the lens.
Zo image distance from the effective center of the lens to the image plane.
Greek letters
amn or (1- ajn alternating black and white region of widths.
B equalto 8 = (&) <d—") ~ 0.184.
ne/ \d,
St Increased time for image capture.
oz depth of field.
Ah water level above the grate.
Ahy, difference of water level above the grate.
AE displacements in the x direction along the tank.
AL displacements in the vertical z direction along the tank.
Ax displacement of the marker, located at x at time t.
AXp, max particle displacement associated with the full-scale velocity.
Ax*, Az representation of the size of the region.
Ay displacement of the marker, locater at y at the time t.



Az,

Agize 14 Size of interrogation area (IA).
At time interval, separating observations of the marker images.
At camera interval of time.
€ Exposure time.
n spacing of the lines on the mask.
0 angle of the platform.
A light wavelength.
on nominal reference density (1000 kgm-3).
O ,x root mean square displacement error.
T low-pass-filter time constant.
1] orientation angle of STIV method.
17} mean orientation angle of STIV method.
Abbreviation
CccD charge-coupled device (image sensor).
DVR dynamic velocity range.
DSR dynamic spatial range.
HID high image density.
LID low image Density.
PIV particle image velocimetry.
PTV particle tracking velocimetry.
RMS root mean square.
SFIV surface flow image velocimetry.

thickness of the light sheet.
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Chapter 1 Introduction to visualization
technique. Main objectives of the thesis

1.1 Introduction of visualization technique

In the last decades, the flow visualization techniques started to study more deeply to quantify the flow
measurements in hydraulic applications where it has gone of the hand of the evolution of the technology. Besides,
many techniques were developed according to the principle of Particle Image Velocimetry (PIV) with specific
objectives of researchers.

The visualization techniques for hydraulic applications were applied in the hydraulic research because it is possible
to quantify the flow measure in a non-intrusive way for a large domain and capable to reproduce the velocity field
while other methods only provide values in a single point.

Besides, many lines of research are focussed on measures of the river flow discharge through visualization
techniques, because this is a non-intrusive technique capable to reproduce the behavior of the approaching flow
in rivers. However, in urban areas, it is difficult to do hydraulic measures during floods too. For this reason, the
challenge of the thesis was to develop a methodology of the technique called Surface Flow Image Technique (SFIV)
to reproduce the field velocities in two directions and the distribution of the flow with application in urban
hydrology as the flow behavior near grate inlets.

1.2 Motivation

To prevent flooding caused by inadequate sewer systems has become an important issue in urban
drainage. Potential damage from prolonged flooding in urban areas can easily arrive to millions of euros. Normally
the residents of the cities pay services fees and they expect that the urban drainage system operates effectively
without fear of failure due to weather conditions. The drainage systems designed to cope with the most extreme
storm conditions would be too expensive to build and operate and it is better to do a balance with the technical
conditions and economic restrictions of the cities (Schmitt et al. 2004).

In the catalogues of grates, there are many different types and shapes. Some of them capture flow better than
others or have a greater area of voids, some have diagonal bars, others transversal bars, etc., such a variety of
grates depends not only on their functionality but also on aesthetics reasons. New designs are decided in response
to grates dimensions, shapes, integration in street furniture and design, etc. The suppliers and manufacturers
provide extensive data on structural behavior but rarely provide information about the hydraulics behavior of the
grate, especially about its captured flow capacity.

The hydraulic efficiency of surface drainage structures depends at the same time on the rate of water removal
from the gutter and on the amount of water that can enter into the storm system. In this field, the general problem
of the urban drainage cannot consider separately the two following components (Smith 2006):

1. The surface system composed of streets, ditches, and various natural and artificial channels;

2. The subsurface storm sewer network.
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For this reason, the study of the surface drainage system is a basic requirement for the correct behavior of a
drainage system, because in case of flooding, hazard criteria are generally related to the surface runoff produced
during the storm event. The geometry of the gutter, physical features of the surface and type of road drainage
inlets have an influence on the hydraulics parameters of a stream circulating in urban areas. For this reason, in
this thesis propose a methodology to measure surface velocity field through image processing technique obtaining
the distribution of the flow around the grate inlet and the behavior of surcharge flow through the grate inlet.

1.3 Aim of study

The aim of the conducted research is to develop techniques able to predict the behavior of the flow
around the grate inlet and the distribution of the intercepted flow rate on the grate. The idea is to generate the
velocity field in the vicinity of some grates and compare these velocities and flow near the inlet, with the
intercepted flow rate measured on the platform for the same grates in the Laboratory of Hydraulics of the
Technical University of Catalonia (UPC).

1.4  Objectives of the thesis

The main objective of this thesis is to estimate the velocity field through the technique of digital image
processing, the so-called Surface Flow Image Velocimetry (SFIV). In particular, the first stage of this technique has
been applied to determine the velocity field and the distribution of the flow near the grate inlet and the second
stage was to study the behavior of surcharged flow through the grate inlet and estimate the discharge coefficient.

The dissertation is divided into some specific objectives as follows:

e To perform an experimental campaign in the Laboratory of Hydraulics of the Technical University of
Catalonia in the real-scale platform that can simulate the hydraulic behavior of a traffic lane developing a
methodology of SFIV technique to generate the field velocities and distribution of flow rate around the
grate inlet. We will take videos with a high-resolution camera, and from the image, we are going to
reproduce the velocity patterns. At the same time, we are measuring the intercepted flow by the inlet.

e To validate the methodology of SFIV technique, this includes comparisons of the field velocities and
distribution of the flow with two different software as Digiflow developed by the Department of Applied
mathematics and Theoretical Physics at the University of Cambridge versus PIVIab that is a toolbox of
MATLAB.

e To validate the methodology of SFIV technique, comparing the intercepted flow estimated from the
images with the measured intercepted flow in the laboratory of hydraulics using the platform for three
different grates.

e To develop a second experimental campaign to study the behavior of grate inlet under pressure flow
conditions and estimate the discharge coefficient of the outflow for a range of flow from 10 to 50 I/s.
Moreover, we will obtain the distribution of flow rate around the grate, and the field velocities using the
SFIV technique.

1.5 Thesis structure

The rest of this document is organized as follows:

Chapter 2 presents the state-of-the-art of the description of the surface flow image velocimetry technique and
software packages as well as some applications of image processing techniques in hydraulics engineering.
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In Chapter 3, the experimental campaign performed for this dissertation and the research activities previously
conducted in the Laboratory of Hydraulics of UPC are described. Moreover, the flow velocity pattern in the vicinity
of the sewer grate, and the development of the Surface Flow Image Velocity technique are applied to calculate a
balance of mass on the grate and estimates the frontal and lateral flow rate of the grate inlet.

Chapter 4 presents the second experimental campaign focused in the outflow from sewers in case of pressure
flow conditions and calculate the discharge coefficients for sewer grates, also the distribution of the flow and
velocity field around the grate inlet through SFIV technique.

Chapter 5, presents the conclusions, achieved results and give some suggestions for future works.
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Chapter 2  State of the Art about high
resolution techniques for velocity
measurements

This chapter describes different measurement techniques capable to measure the flow velocities, where
the methods of measuring can be classified in velocity measure in a single point or in more than one. These
techniques are specially used for measuring velocities in problems of hydraulics, fluid mechanics and other
engineering applications.

Basically, this chapter collects the state of the art of different schemes and methods about measurement
techniques developed. Showing the review of some techniques to measure the flow in the physical model of urban
drainage located in the Laboratory of Hydraulics of the Technical University of Catalonia as Acoustic Doppler
Velocimetry (ADV), and some image processing techniques to measure the velocity of surface flow for engineering
applications.

2.1 Measurement techniques

In order to investigate the traditional measurements and methods used to determine the velocities in a
fluid, it requires a technique that allows simultaneous measurement of fluid velocity and the distribution of the
discharge in a section. In the advances of traditional measurements and methods that are present in bibliography
like Laser Doppler Velocimetry, Image based velocimetry techniques, Electro-magnetic measurement techniques,
etc., some processes are more interesting to be used in the platform of grate inlet with this type of flow
approaching. Therefore, this chapter studies and compares some instruments, techniques and methods available
in the market such as Acoustic Doppler Velocimeter, Propeller Type Water Current meter and image based
velocimetry techniques as Particle Image Velocimetry.

2.1.1 Propeller Type Water Current meter

The propeller type current meter is used to measure point velocity of water flow directly in m/s (Figure
2:1). This is used for flow measurement by mechanical effects from the rotor current meter. These equipments
are based on the counting of number of rotations of a propeller, where an electronic signal is transmitted by the
meter on each revolution allowing the total number of revolutions to be counted and timed. Because the rate at
which the propeller rotates is directly related to the velocity of the water, the timed revolutions are used to
determine the water velocity. Furthermore, these instruments are more used as oceanographic device or river
discharge measurement.

This type of instrument is classified in mechanic propeller and electromagnetic propeller. where the mechanic
propeller is divide in four types:

- Type of collector: helix. The propeller type is helical.
- Type of size instrument: Mini propeller (laboratory application), Counter balanced water current
propeller, water current propeller Salmon and universal propeller (rivers and channels)
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- Type of control box: accountant and chronometer and automatic counter
- Type of floats: bars, gangways and border.

Figure 2:1 Current meter equipment.

Current meter consists of a propeller, attached to a shaft which rotates driven by the fluid stream. The measure
is to compare the number of turn’s makes the propeller per unit time (n) and this value is related to the water
velocity (v) following an Equation [ 2:1 ] of the form:

v=c+ dn [2.1]
Where: v : is the velocity (m/s)
c,d : are constants from each device provided by the manufacturer
n : number of turns of current meter (units/time)
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Figure 2:2 Measure with current meter.
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The way of counting turns can be mechanical or electronic. These instruments provides the integration of the
velocity corresponding to the diameter of the propeller. Using the micro-current propeller is possible to measure
velocity in flow with few centimeters of depth (around 20 cm), considering that velocity is measured in a single
one point. Flow measurement with current meter is basically measuring the velocity at various points of a cross
section. To make a correct flow measurement is not enough to measure the velocity at a single point, is necessary
to divide the section into several subsections. The method has the following four steps: The first is determine the
section of study, and second is define the set of points of measurement, regularly spaced with more density of
points where there is a velocity gradient high, the third is convert the number of turns of the propeller per unit of
time in velocity (m/s), and finally with the velocity profile, the area of diagram of velocity is measured to obtain
the flow rate of the section (m?3/s) (Figure 2:2). It is only used in steady flow conditions.

2.1.2  Acoustic Doppler Velocimeter (ADV)

The Doppler effect (or Doppler shift), named after the Austrian mathematician and physicist Christian
Doppler who proposed it in 1842 (Doppler, 1842), is the change in frequency and wavelength of a wave for an
observer moving relative to the source of the waves. The received frequency is increased (compared to the
emitted frequency) during the approach, it is identical at the instant of passing by, and it is decreased during the
recession.

Velocities can be measured in any body of water containing suitable acoustic scatters, or scattering particles may
be added to the flow. Scatters are particles in the flow (typically suspended sediment) that reflect acoustic signals
back to the probe receivers. The ADV probe actually measures the velocity of the scatters in the flow, but these
small particles move with the same average speed as the water — the velocity it measures is consequently the
velocity of the water.

Acoustic Doppler Velocimeter Vectrino from Nortek AS

This type of instrument is developed normally by the group SonTek or Nortek, where the price is around
15 000 Euros. In our laboratory of the Technical University of Catalonia we have the Nortek with the special
software to store the data.

The Vectrino uses the Doppler Effect to measure current velocity by transmitting short pairs of sound pulses,
listening to their echoes and, ultimately, measuring the change in pitch or frequency of the returned sound. Sound
does not reflect from the water itself, but rather from particles suspended in the water. The particles are typically
suspended sediment or air bubbles (Nortek AS 2004).

Approximately 50mm /‘

Figure 2:3 Down-looking cable probe close-up.

In contrast to standard Doppler profilers and current meters, an Acoustic Doppler Velocimeter Vectrino is a
biostatic sonar. This means that it uses separate transmit and receive beams. It transmits through a central beam
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and receives through four beams, each mounted inside a receiver arm and all focused on the same volume, to
obtain the three velocity components from that volume. Two main types of beam configurations exist, a side-
looking probe and a down-looking probe where the main difference is the orientation of the transmitter and
receiver beams (Figure 2:3 and Figure 2:4).

Figure 2:4 Side-looking cable probe.

Coordinate systems: The vectrino measures velocity components parallel to its three beams. Vectrino is more
sensitive to the Z-velocity than it is to the X or Y velocity. Consequently, the Z-velocity component yields a lower
measurement uncertainty. (Figure 2:5).

AZ
A B xndieitor
X I
\ L2 s &=
%\
‘ View direction 77_;

Figure 2:5 Definition of XYZ coordinates.

While the output sampling rate is between 1 and 200 [Hz], the internal sampling rate goes from 200 to 5000 [Hz].
The Doppler uncertainty (or noise) at 25 [Hz] equates 1 [%] of the velocity range (Nortek AS, 2004).

Although the probe is inserted into the flow, the sensing volume is several centimeters away from all physical
parts of the probe, so the presence of the probe generally does not distort too much the measurement, except
for supercritical flow conditions. All acoustic transducers should be submerged during data collection. Operating
with the transducers out of water will not cause damage, but the obtained data will be meaningless.

2.1.3  Basics principles of Particle Image Velocimetry (PIV)

The first visualization by Leonardo da Vinci (1452 — 1519) sketched various flow fields over objects in a
flowing stream (Gad-el-Hak et al. 1998). The scientist Ludwig Prandtl in 1904 propelled the investigation of flows
a great step forward by making it possible to replace passive observations of nature with experiments carefully
planned to extract information about the flow using visualization techniques.

However, at that time only a qualitative description of the flow field was possible. No quantitative data about flow
velocity, etc., could be achieved.
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The year 2014 marked the 30th anniversary of the term "Particle Image Velocimetry" (PIV) where the state of the
art was started by some papers by (lan Grant, 1994), the bibliography of PIV (Adrian, 1996) and some very good
books on PIV by Raffel and Westerwel (Raffel et al., 1998; 2007; Adrian and Westerweel, 2011).

The first research to achieve such measurements employed the method of laser speckle for solid mechanics, that
consist in the displacement of speckle patterns as a substitute of tracers of images (particles), where the light
created by the interference pattern of the laser is represented in bright and dark areas and it is called speckles,
considering that it could be applied to the measurements of fluid velocity fields. In 1997, the laser speckle
phenomenon was applied to fluid flow by measuring the parabolic profile in laminar tube flow (Barker and
Fourney, 1977; Dudderar and Simpkins, 1977; Grousson and Mallick, 1977). In 1983, Ph.D. student working at
the Von Karman Institute showed practical measurements for laminar flow and turbulent flow of liquids and gases
using laser speckle velocimetry (LSV), stirring up more interest within the fluid mechanics community (Meynart,
1980a; 1980b; 1982a; 1982h; 1983b; 1983a).

In 1991 Adrian showed the importance of particle images techniques for experimental fluid mechanics (Adrian,
1991). Many types of research became interested in PIV since because these techniques permit studying the
structure of turbulence flows. Hence, a successful measurement techniques must be able to measure over a wide
dynamic range of scales in length and velocity (Adrian, 2004; 2005)

Flow visualization is useful to understand the mechanics of a particular flow field and the information provided is
invaluable for rapid feedback during experimental development (Adrian and Westerweel, 2011). This may be
particularly important when a single camera for PIV provides a 2D image of the real complex flows.

. Light sheet
Sheet optics
¢

PIV laser
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Figure 2:6 PIV laboratory systems.

In general, the Particle Image Velocimetry method (PIV) is a classical velocity measurement through the video
camera that returns instantaneous fields of the vector velocity by the fundamental definition of velocity and
estimate the local velocity u from the Equation [ 2:1 ] (Figure 2:6)

[2:1]

Where: u : is the velocity (m/s)
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Ax . is a the displacement of the marker, located at x at time t (m)
At . is the over short time interval, separating observations of the marker images (s)

The Figure 2:6, show a scheme of typical PIV systems used to obtain instantaneous velocity measurement for
fluids. The mechanism is based in the addition of particles in the fluid (tracers) following on a stream. The analyzed
region isilluminated by a laser that synchronizes with a camera (normally digital camera CCD). For the post-process
of image sequence, it is used a software of PIV. Through the software it is possible to follow the particles using a
cross-correlation between two consecutive images.

2.2 PIV fundamentals

Before going into details of the PIV technique, some general steps in the procedure for determining the
velocity field are shown in Figure 2:7. PIV is a non-intrusive velocity measurement, in contrast to techniques for
the measurement of flow velocities employing probes such as pressure tubes or hot wires, the PIV technique being
an optical technique works non-intrusively, where in the flow should be seeded particles as tracers, the size of
particles need to been small enough to follow the fluid acceleration and capable to be visualize by the camera.
Also, PIV technique is an indirect velocity measurement as it measures the velocity of a fluid element indirectly by
means of the measurement of the velocity of tracer particles within the flow, which in most applications, have
been added to the flow before the experiment starts. Besides, PIV is a whole field technique which allows the
recording of images of large parts of flow fields in a variety of applications in gaseous and liquid media and
extraction of the velocity information out of these images. The spatial resolution of PIV is large, whereas the
temporal resolution (frame rate of recording PIV images) is limited due to current technological restrictions.

Particle
seeder

Az

Image
recording
(film, CCD, etc.)

y

Synchronizer > Digitizer
l]im.n]
AX
Validation | D"’P“_“Qm.gm < Image < Storage
interrogation processing
- u(x,t) . Kinematics/ w, ... _— U, rms, ...
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Figure 2:7 Procedure of data processing (Adrian and Westerweel, 2011).

Furthermore, a theoretical understanding of the basic principles of the PIV techniques has improved significantly.
Simulations of the recording and evaluation process give useful information on many parameters important for
the layout of an experiment utilizing PIV (Raffel et al. 1998).
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The 2D standard PIV scheme has main components including laser sheet, digital video camera recorder, computer,
synchronizer, pulsed laser, as shown in Figure 2:8.

Mirror

Laser

Q Lens

~ ~
L ® \.-Ict.x .§\\~
Sa <
Sso " Y ( ¥} s.\‘\\ ) =~
~ - ° So
Sso S~ I. ® ~""-~
<3 ~ < / -
Camera CCD Tl Sk 0 e o -
\‘*\s .~§§. )
S [ ~. @ A
S~a =~L
DR ° Qe
\\ N\
~<o o
Zoom ~<

Field velocities

Images P o -

Correlation Ll S

t+dt e S

Figure 2:8 A scheme of a 2D standard PIV systems.

2.2.1 Illumination

The area should be sufficiently illuminated to achieve good visualization of the particles or tracers. It is
desirable that the lighting be even and diffused to avoid shadows and reflections, and thus ensure proper
identification of the particles or tracers. In the point measurement technique of PIV, the laser is used as a source
of bright illumination. PIV image acquisition should be done using short light pulses to prevent particle image
streaking. Hence, pulsed lasers become obvious choices for PIV work (Dabiri, 2006). Currently, solid-state Nd: YAG
lasers using frequency-doubling crystals to produce pulses at 532 mm are used widely.

The illumination is characterized by the time At between the exposures and the duration 8t of the exposure. The
ratio of the exposure duration relative to the exposure time delay, dt /At, determines the degree to which the
motion of the tracer particles is frozen (Adrian and Westerweel, 2011). Considering that the illumination has two
important parameters, namely the duration of the illumination pulse, called exposure time, and the delay time
between two successive pulses. These parameters have to be fixed depending on the type of the flow of study.
The first parameter of exposure time has to be sufficiently short to guarantee a good illumination of tracers; while
the delay time is the most changeable parameter during the recording phase. In conclusion, the exposure time
and delay time parameters have to be carefully fixed, considering the character of the flow under study (Di Cristo,
2011).
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Xenon lamps can produce several hundred joules in pulses as short as 1 ps, considering that only a small fraction
of this energy can be used to form a thin, high-quality light sheet owing to inherent limits on collimating light from
an extended source.

2.2.2 Camera and Imaging

Since the appearance of the PIV technique, this system has evolved tremendously as a result of various
technological advances. The evolution of computer equipment allowed for greater speed and capacity of
processing. In addition, Couple Charge Device (CCD) sensors have developed with increasing resolution, replacing
the method of very slow and laborious video-recording by CCD cameras.

CCD cameras have as a main component an electronic semiconductor plate of photosensitive silica with hundreds
of filaments ordered in mesh, creating millions of tiny light-sensitive photodiodes defining the basic element of
the image: the pixel (Picture Element), which when stimulated by light energy, release electrons that produce an
electrical charge, which once registered can encode the image.

The digital image is the result of converting analog data into digital. The light strikes the digital sensor and
generates electrical signals to a processor, the Analog-Digital device will convert in digital code by creating an
image file. The digital image is composed of elements called pixels which are arranged in a frame called bitmap.
Each pixel is the combination of values of color and brightness in a certain position that be recorded numerically.

Computers use the binary number system consisting of only two digits which are the 0 and 1. Considering that the
number of possible combinations to increase the number of bits equal 2", where n is the number of bits. The
greyscale images are created with a palette of eight bits with 256 tones ranging from black (0) to white (255); 254
intermediate shades of gray are enough for the human eye to not detect abrupt transitions.

The objective aperture corresponds to the diameter of the diaphragm located inside the objective; a larger
diameter lighter reaches the sensor surface. It is expressed with a series of numbers f/ called diaphragms or
diaphragm points. The most common are: f/1.4, f/2, /2.8, f/4, /5.6, f/8 and f/22.

The speed of shutter controls the time the shutter blades remain open; the more time, more light reaches the
film. This speed value is expressed in fractions of second called exposure time. The same exposure of the film can
be achieved by varying the parameters of openness and speed. If the speed is increased, it has to be compensated
with an increased diameter of the diaphragm. Figure 2:9 shows the visualization of particles or tracers with the
PIV camera.

Video array

Field of view f

Figure 2:9 Camera visualization.
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The lens of the cameras have the function to locate the particles or tracers in the fluids as x,, (t), and the location
of the image on the camera is defined as X, (t). Figure 2:10 shows the behavior of simple geometry of the
differents planes of the PIV method, where the the plane of particles or tracers have a plane of coordinates (x,y,0),
which are mapped on the plane (X,Y), according to Equation [ 2:2 ] of projection of the camera and Equation [ 2:3
] of Mo.

Image
recording
(film, CCD, etc.)

Figure 2:10 Discretization of viasulation of particles or tracers (Adrian and Westerweel, 2011).

X\ _ X
(y) =M () [22]
m, =20
°= Zo [2:3]
Where: Mg : is the lateral magnification
Zo . is the object distance from the z=0 plane to the effective center of the lens
Zo . is the image distance from the effective center of the lens to the image plane

An image may be defined as a two-dimensional function, f(x,y), where x and y are spatial (plane) coordinates, and
the amplitude of f at any pair of coordinates (x,y) is called the intensity or gray level of the image at that point. A
digital image is a numerical representation of an object. It is composed of a finite number of elements; each such
element is called a picture element or pixel. When ¥, y, the amplitude f(x,y) of an image are all finite, discrete
guantities, an image is called a digital image.

2.2.3 Image Digitization

The elements of a digitizer are a sampling aperture, mechanism for scanning the image, light senor,
quantitizer and output storage medium. The characteristic of an image digitizer depends on the pixel size, image
size, local property measured, linearity and noise.

Digitization is a process of converting a physical image to a digital image as spatial sampling or rectangular
sampling. Digitalizing an image means turning it into a file that can be manipulated by computer, that is to say, set
of bits. To digitalize an image, it is necessary to divide it into discrete units, each of which is called a pixel. Once
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divided the image is assigned a value to each of the pixels. Important change in PIV technique was to change to
digital recording called Digital-PIV, influencing also the recording modes (Willert and Gharib, 1991).

The resolution in digital photography refers to the amount or density of pixels that form the image and the number
of colors. The resolution in digital photography refers to the amount or density of pixels that form the image and
the number of colors. The number of pixels is specified by indicating the total number of pixels or indicating the
number of pixels that are in each of the dimensions of the image (first the horizontal and then the vertical). An
image of 3.3 million pixels can be referred to as an image of 2,048 x 1536 pixels.

The charge-coupled devices (CCDs) and complementary metal oxide semiconductor (CMOS) arrays, consist of
rectangular or square arrays of pixel sensors that convert the light energy in the image plane into electrical signals
in the form of either electrical charge held in the electron storage wells of a CCD or voltages from the active pixel
sensors of a CMOS (Adrian and Westerweel, 2011). These two types of sensors provide some signals proportional
to the light energy that enters each pixel during the exposure time 8t following Digitization Equation [ 2:4 ]

I[i,j] = f f p(X — X;;)I(X, )ydXdt = f p(X — X;;)eX)dX [2:4]
Where: i,] : are the row and column numbers of the pixel
Xij 1 is the location of its center

p(X) :isthe position-dependent sensitive of the pixel
€ . is the exposure

The process of converting a continuous image intensity field into a two dimensional array of analog pixel reading
is called pixelization. The CCD camera or PIV cameras have capability to transfer the charge created by the first
exposure from each pixel to an adjacent charge storage well, where the transfer process is very fast, of order 1 ps.
allowing the pixel sensor to record the second exposure nearly at once. The time of transfer of all the charges
determine the frame rate of the camera.

2.2.4 Digital Image Processing

The initial interest of digital image processing stems from two interest areas firstly, improvement of
pictorial information for human interpretation and secondly, processing of image data for storage, transmission,
and representation for autonomous machine perception (Gonzalez and Woods, 2002).

From the sixties and the development of computers, digital image processing has advanced to impressive steps
and algorithms were first used in a wide range of applications as geologists studying contamination with satellite
or aerial images, archaeologists restoring old photographs of ancient artifacts destroyed over time, applications
in astronomy, biology, defense, industry, character recognition, quality control, fluids mechanics, etc.

Around 30 years ago, the advances in digital image processing initiated a quantitative analysis of flow visualization
pictures and have led to new measurement techniques such as particle image velocimetry (PIV) with digital images
developed by Hesselink (1988).

An image can be defined mathematically as a two-dimensional function f(x, y), where x and y are polar coordinates
(in a plane), and f in any pair of coordinates is the intensity or level of gray of the image in this coordinate. When
the coordinates (x, y) and the values of f are all finite, discrete quantities, the image is a digital image. A digital
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image is composed of a finite number of elements, each a specific place and value. These elements are called
pixels. The field of digital image processing refers to processing digital images by means of a digital computer.

There are basic methods for implementing the general measurement scheme as low image density PIV called
particle tracking velocimetry (PTV), high image density PIV called particle image velocimetry (PIV) and Laser
Speckle velocimetry (LSV).

PTV or Low Image Density is a technique that requires low concentration of particles to have a good performance,
and the results of PTV vector fields tend to be sparse. A priority is to define the image interrogation spot A;, which
needs to be enough large to contain the maximum particle image displacement, where N, is the image density,
and a crucial term in PIV as shown in Equation of image density [ 2:5 |:

_ CAlAZO

= K1 .
1 M(Z) [2.5]

The interrogation volume is the intersection between the interrogation spot and the light sheet thickness. Also
the value of N, represents the mean number of particles per interrogation volume in the fluid.

High Image density or PIV is a technique that increases the number of vector fields but at the same time increases
the number of particles or tracers and uses a statistical method to track displacement of small groups of particles
or tracers. The most common approach is space-time cross-correlation of the images of the particles with small
interrogation spots or windows.

To do a cross-correlation of two consequence images, an image at the time t exposed by a light pulse is recorded
on one frame of the video camera, as defined in Equation of image I, [ 2:6 ]

LX) =1X,t) = f (2)7 [X — F(x)1g[x — x,(t)|dx [2:6]

And the images from t+At are exposed and recorded on a second frame, following the Equation [ 2:7 ]:

I,(X)=I(X,t+ At) = f N2 [X — F(x)]g[x —x,(t+ At)]dx [2:7]

The method of cross-correlation estimates the velocity field with a correlation between image (11) and image (l,)
(Equation [ 2:6 ] and [ 2:7 ]), with the location of W3, following the Equation [ 2:8 ] of cross-correlation image:

R(s) = Jw I;(x)I,(X + s)dX [2:8]

1

Digital particle image velocimetry called DPIV has a procedure of digital PIV cross-correlation to estimate the mean
displacement of the particles or tracers in an interrogation area. Furthermore, to compute the cross-correlation
the large peak value is usually the best approximation of the displacement of the particle or tracers in the windows.
This information about the displacement and the time between two consecutive images allow computing the
mean velocity in one interrogation area as show in the Figure 2:11:
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Figure 2:11 Cross-correlation procedure (Willert, 1997).

The cross-correlation method between two interrogation areas from successive images or frames and successive
times is used as Fast-Fourier transform (FFT’s). Applying the FFT in the PIV image processing reduces the time
required for the necessary operation to produce a velocity field (Willert and Gharib, 1991; Keane and Adrian,
1992).

2.2.5 Postprocessing

This step proceeds after the definition of the interrogation spot of PTV or PIV. The displacement data
are converted to a real velocity by dividing the displacement by the pixels per unit length and by the exposure
time delay. These results can be represented in a map of vector of field velocities and the turbulences of the flows
in units as meters per second or centimeters per second. Figure 2:12 shows a typical output field velocities vector
for reproduce the behavior of the flow around the cylinder and the effect of turbulence. The flow is flowing from
right to left.
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Figure 2:12 Field velocities vector around cilinder. Source: www.pivlab.blogspot.de.

Post-Processing of PIV data is characterized by validation of the raw data, replacement of incorrect data, data
reduction, analysis of the information and presentation and animation of the information. The first step is the
validation of the raw data which require a special algorithm to be developed in order to detect these incorrect
data. The second step is the replacement of incorrect data, which refers to complete data fields similar to the case
of study for numerically obtained data. Next it is important to reduce the data because is difficult to analyse several
hundred velocity vector maps that describe their fluid mechanical feature. Fourthly, the information is analyzed,
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where this is the most difficult task for the users of PIV. And finally the information is presented using special
software for the graphical presentation of the PIV field data. Animation is also used for better understanding of
the comparison between experiments and simulations of field velocities. (Raffel et al., 1998).

It is possible to correct the velocity field of PIV method on velocity field maps using a software package proposed
by Nogueira et al. (2001) also established the limits on the resolution of correlation PIV through the paper that
focuses on the fundamentals of spatial resolution for correlation-based PIV (Nogueira et al., 2005).

2.2.6 Accuracy, resolution and performance of PIV

The measurement of displacement between two consecutive images with some tracers of particles
present in the fluid has to be considered, because the performance may not be sufficiently accurate and the fluid
motion may not be represented correctly, especially when the fluid has strong temporal and spatial accelerations
(Westerweel et al., 2013).

The priority is to consider the parameters that can possibly degrade the image, for instance, illumination,
representation of the tracers or particles on the sensor, the digital camera device, inappropriate particle location
and pixilation of the image.

Besides, the dubiety of the result as a consequence of image processing, interrogation area, analyst of image and
data reconstruction are other problems in the performance of the PIV. As a result, the image can reproduce some
noise in the recording medium.

To determine the displacement of the centroid of the particle image is possible through the root mean square
called rms error (g,,), where x represents the position in the fluid and X represents the position in the image
plane. Subtracting the error of At the error of the velocity measurement is determine by the Equation [ 2:9 ] of
rms error of the velocity measurement:

o, = 2tx _ Thu
u At T MoAt [2:9]

Figure 2:13 Despacement of particle image.

Where the value of Mg is the image magnification. To analyse the measurement of the displacement between two
images of the same particle is represented in the Figure 2:13, where is important to take in account the noise in
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the image processing because the result of correlation of two images consequence depend of the center of the
particles, and it could be affect to the position of the particles.

Previous studies demonstrate that in basics principle of displacements it is easier to locate the center of a small
image than a large image (Adrian, 1986), where these author proposed Equation [ 2:10 ] of rms error:

O4x = Cd; [2:10]

Where: ¢, . is a constant that depends on the ability of the analysis procedure to determine the
displacement between the images
d: : is the particle image diameter (Adrian, 1997)

Furthermore Equation [ 2:11 ] of d. by Offutt, is useful when we subtract the f-number of the lens in favor of the
depth of field 6z because the depth of field is normally a restriction imposed on the system (Offutt, 1995)

1
d, = Mo[1.5624+ d}]? [2:11]

Consider that the relation of particle displacement associated with the full-scale velocity is Axp, max, the dynamic
velocity range (DVR) is defined as the ratio of the maximum velocity to the minimum resolvable velocity following
Equation [ 2:12]

_ Umax M OAxp,max

DVR = = :
T o, [2:12]
Where: Umax . is the full-scale velocity defined as the Equation [ 2:13 ]
Ax
pmax
Umax = A— [2:13]
t

In the recording plane the format of the recording have two dimensions as Lx and Ly, but in fluid the filed view is
given by the Equation [ 2:14 | and Equation [ 2:15 ]:

) =

= [2:14]
Ly

l, = M, [2:15]

For this reason, the definition of dynamic spatial range (DSR) follows Equation [ 2:16 ] where the minimum scale
are less than Axp, max.

lx _ LX/MO

DSR = [2:16]

Axp,max Axp,max
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The product of DVR by DSR define the performance of the PIV as show in the Equation [ 2:17 ]

Lx

DVR x DSR = [2:17]

CTT

the parameter of Equation [ 2:17 ] should be high values to be suitable for turbulence approximation and
measurements in high Reynolds number flows (Adrian and Westerweel, 2011).

Prasad et al.(1992) studied the effect of resolution on the speed and accuracy of particle image velocimetry
interrogation; while in the last decades the effect of resolution, speed, performance and accuracy of the image
processing in PIV was studied by many authors like (Liu et al., 1991; Westerweel et al., 1997; Fouras and Soria,
1998; Keane and Adrian, 1998; Nogueira et al., 1999; Nogueira et al., 2001; Foucaut and Stanislas, 2002; Lecuona
et al., 2002; McKenna S. P., 2002; Scarano, 2003; Nogueira et al., 2005).

2.2.7 Advanced techniques of PIV

In fluids mechanics the general measurement method implemented frequently in experiments are low
image density PIV (PTV), high image density PIV (PIV) and Laser Speckle velocimetry (LSV) (Figure 2:14). These
three methods have different characteristics because they work with different types of image, different methods
of interrogation and reproduce different characteristics of the vector fields, with the main difference being the
concentration of particles or tracers. A brief description of these methods is provided.

|:> Low Image Density (LID)

|::> High Image Density (HID)

|::> Laser speckle velocimetry (LSV)

Figure 2:14 Types of flow visualization.
2.2.7.1 Low Image Density (LID)

The first visualization of motion of fluids using this techniques was developed by Prandtl in 1957 (Prandtl
and Tierjens, 1957; Antman et al., 2003; Oertel, 2010), but in recent times Flor and van Heijst (1996) used to
analyse the motion of vortices in a stratified fluid. To make a map of velocity field it is necessary to know the
direction and magnitude of the fluid velocity by measuring the orientation and the length of the streaks. Moreover,
Particle Tracking Velocimetry present a low source density of particles in the area of study (N, << 1) as show in the
Figure 2:15.
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Low image density

N, << 1

Figure 2:15 Despacement of Particle tracking velocimetry.

The displacement method of PTV requires the flow to be seeded with tracer particles of very low concentration,
and a very low image number intensity in frames or video recording. Also only a single particle can be identified
in image recording. Particle tracking is possible frame to frame and with low information density in the
measurement plane. The disadvantages of PTV is the low concentration of particles being the restriction to
increase the number of density of vector that can be measured.

2.2.7.2 High Image Density (HID)

High Image Density (HID) is a whole flow field technique providing instantaneous velocity vector
measurements in a cross section of a flow. The use of modern digital cameras and dedicated computing hardware,
results in real time velocity maps. In PIV, the velocity vectors are derived from sub sections of the target area of
the particle-seeded flow by measuring the movement of particle between two light pulse following Equation [ 2:1
] described in the section 2.1.3.

The visualization of vector field of the PIV method requires the flow seeded with tracer particles of high
concentration, a high image number density in photo or video recording. Particle image tracking is impossible from
frame to frame due to high information density in measurement plane. Also, Particle Image Velocimetry present
a high source density of particles in the area of study (N, >> 1) as show in the Figure 2:16.
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Figure 2:16 Despacement of high image density.
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Hence, the motion of the fluid can be determined by measuring the particle displacements through evaluation of
the PIV recordings, where the recorded images are divided into small interrogation areas and analyzed by means
of a correlation method. Furthermore, with the PIV technique quantitative two-dimensional information of the
fluid velocity is obtained. Comprehensive descriptions and explanation on the principle of the PIV technique have
been provided by Raffel et al. (1998; 2007). Furthermore this method was extended in three-dimensional flows by
Malik et al. (1993).

2.2.7.3 Laser Speckle Velocimetry (LSV)

The Laser speckle velocimetry (LSV) requires the flow seeded with tracer particles of very high
concentration, a very high image number density in photo or video recording. The single particle cannot be
identified in image recording; thus particle image tracking is impossible from frame to frame due to high
information density in the measurement plane.

Furthermore, LSV is very similar to PIV method, with this technique focusing on the displacement of speckle
patterns instead of particle images (Fomin, 1998). The first experiment of this techniques was in solid mechanics,
but was extended to some application in laminar pipe flow (Barker and Fourney, 1977; Dudderar and Simpkins,
1977; Grousson and Mallick, 1977). lwata et al. (1978) did some measurement of flow velocity by multiple
exposure speckle photography; Meynart also applied LSV in complex flows in gases and liquids, in laminar and
turbulent regime and also used to analyse the convective flow field (Meynart, 1980b; 1982a; 1982b).

2.2.8 Algorithm code “Digiflow”

This section describes the algorithm used for image processing. Advanced image processing software
Digiflow developed by Dalziel Research Partners at the Department of Applied Mathematics and Theoretical
Physics (DAMTP), at the University of Cambridge, provides a range of image processing features designed
especially for studying the measurement of fluids flows.

The history of the Digiflow started in 1988 with the first version called Digimage, published the first commercial
version in 1992, being the first tools of image processing in fluids mechanics. After in 1994 began the development
of Digiflow where the first commercial version was published in February 2005 with the development of synthetic
schlieren.

Synthetic schlieren is a novel technique for producing qualitative visualizations of density fluctuations and for
obtaining quantitative whole-field density measurements in two dimensional density-stratified flows (Dalziel,
2012). The principal techniques of Digiflow is “pattern matching refractrometry” that provides accurate
guantitative measurements of two dimensional density field, being these techniques are based on the same
optical principles as the classical schlieren method, but have the advantages of being much easier to setup and of
being adaptable to much larger domains (Dalziel et al., 2000).

The origins of synthetic schlieren is in the classical schlieren and moiré fringe techniques, where the synthetic
schlieren have inside four techniques as qualitative synthetic schlieren, line refractrometry, dot tracking
refractrometry and pattern matching refractometry.

The basics optics of the four techniques described before depends on the same optical phenomenon. The principal
parameters for the optics visualization are the density “p” and the refractive index “n” that have relationship
among them. Furthermore Figure 2:17 show the optical sketch of the synthetic schlieren where the apparent
movements are given by Equation [ 2:18 ] of A and Equation [ 2:19 ] of AC:

43



Image processing and experimental techniques to characterize the hydraulic performance of grate inlets

A —1W W,+2B 1 on'
5—2 t(W, t)no ax [2:18]
A —1W W,+2B 1 on'
5—2 (W, t)noax [2:19]
Where: W; : is the width of the tank
B, : is the distance from the tank to the mask
A& . is the displacements in the x direction along the tank
AS . is the displacements in the vertical z direction along the tank
ng : is the nominal refractive index

(Also the light rays are nominally parallel to the cross-tank coordinate y)

Video camera

Diffuse light source
Figure 2:17 Sketch of basics setup of synthetic schlieren (Dalziel, 2012).

If we have salt water, the relationship between salinity, density and refractive index are approximately linear
following the Equation [ 2:20 ]:

dn n
Vn=—Vp=B—Vp [2:20]
dp Po
Where: B risequalto f = (%) (3—") ~ 0.184
o/ \dp

For the description of quantitative mode of the method synthetic schlieren was necessary to use a typical video
camera with a CCD sensor capable to obtain a digital image that provide a rectangular pixels represent by a signal
Pi(t), where it need to be proportional to the spatial of the light intensity falling on the surface p(x,z;t), describe
in the Equation [ 2:21 ].
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1 xi+ATx* x,-+7
P;(t) = Ax*Azf . f " p(x,z; t)dz|dx [2:21]
Xi— ) x,-+7

Where: Ax*, Az : is the representation of the size of the region of the mask imaged by individual pixels.

The representation of a mask resulting in the image horizontal lines oriented parallel to the x axis. If the lines are
perfectly black (p=0) and perfectly white (p=1), the intensity po in Equation [ 2:22 ] represent the intensity
produced by the mask under quiescent conditions.

_ (0 0<zmodn< «a
Po(x,2) = {1 otherwise [2:22]
The intensity of the corresponding digitized image will be described in the Equation [ 2:23 | of pj:
0 1A < dn< 1A
> z<zimodn< an > V4
1 1
1 an+EAzS zimod n < U_EAZ
pi‘j;°=<1+zjm0d7]—an 1A 3 Ay 1A [2:23]
> e an > z < zjmodn n > V4
1 zymodn—an 1A < dn < 1A
2 Az N34 = zmoan < 542
Where: n : is the spacing of the lines on the mask
anor(1-a)n :isthe alternating black and white region of widths

An expression similar to Equation [ 2:23 ] holds when the density field is perturbed. Provided the perturbations
are small such that A <1, where AC is given by Equation [ 2:19 ], and variations in A occur over a length scale
large compared with 1, then n may be replaced in Equation [ 2:23 ]| with n-A{ (Dalziel et al., 2000). Qualitative
mode synthetic schlieren works by calculating | Pij (t) — Pij;0|, this difference simply being | AC| and is proportional

to |%| for pixels which contain an edge in both the Pij;0 and Pij (t) images (Dalziel et al., 1998).

The qualitative mode of the techniques synthetic schlieren developed three variations based on different
approaches to measuring the apparent motion of the mask called line refractrometry, dot tracking refractrometry
and pattern matching refractrometry.

Line refractrometry. - is when the intensities Pj (t) for the perturbed density field are compared with the
interpolated base state to determine the apparent displacement normal to the line as in Equation [ 2:24 ] of AC.
To obtain the quantitative information through this approximation is necessary to introduce the intensity by the
sensor CCD located in the digital video camera.

(P—P)(P-Py)  (P=Py)(P—Py)
(PI_PO)(PI_P—I) (P—I_PO)(P—I_PI)

Ag = Az [2:24]

Additional parameters are define as P= Pjj (t), Po= Pjj.0, P-1=Pij-1,0 and P1= Pjj+1,0. Furthermore this method was used
in experiment of internal waves by Sutherland et al. (1999).
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Dot tracking refractrometry. - It is a regular array of dots. The basic principle of the technique is the location of
the intensity-weighted centroid relative to a position of each dot. Where the centroids of the dots are found first
for the base flow, and then for each flow containing a density perturbation to be analyzed (Dalziel et al., 2000).
Furthermore the difference in these two centroids locations gives the two components A and A( for each dot
(i,j) related to the in-plane density gradient Ap’;; through Equation [ 2:18 J and [ 2:19].

Pattern matching refractrometry. — These kind of techniques has its origins in the Particle Image velocimetry (PIV)
techniques. The principle function of this techniques is to show the motion of the displacement of the pattern of
dot through of the measure of the difference between comparable interrogation windows in the quiescent image
and the image at the time At. Cross-correlation function is the way to measure the difference between shifted
windows.

Many research focusing on PIV frequently use Equation [ 2:25 | of fcross(Aﬁ, A xi,zj) to analyse the motion of
fluids through the cross correlation using Fast Fourier Transforms. Furthermore, Equation [ 2:26 ] of
fabs(A§, Vils xi,zj) and Equation[ 2:27 | of fsq(Af, AG xl-,zj) are functions to help the performance of the
processing of images in the CPU.

(P(x+A4Ez+ AL )Py(x,2)) — (P(x + Az + AL t)Py(x, 2))

fcross(Agﬂ A; Xi Zj) == 1 1 [2-'25]
(P(x + 4z + AG 0)?) —(P(x + AL z + AG ©))]2[(Po(x + 2)?) —Py(x,2)?)]2

favs(4& AG x;,2;) = (|P(x + AL z + AL t) — Po(x,2)|) [2:26]

fsq(AE AL x;,2;) = ([P(x + AE z + AL t) — Py(x,2)]?) [2:27]

The Digiflow software is the most accurate, but computationally expensive, as it uses powerful pattern-matching
techniques to determine the apparent displacement as accurately as possible: the design of this part of the system
has concentrated more on accuracy than speed (Dalziel, 2012).

2.3 Hydraulic engineering applications for free surface flow

The literature review confirms some techniques that the engineers began to use as a tool to evaluate
the velocity fields and flow discharge fluxes in hydraulics applications, derived from fundamental research in fluids
mechanics laboratories. In the 1980s, some researchers started to develop instruments and techniques such as
acoustic velocimetry, laser Doppler velocimetry, thermal anemometry, radar and particle image velocimetry (PIV),
etc. (Muste et. al, 2010). Both Eulerian and Lagrangian methods were used and particle seeding image techniques
for experimental fluids mechanics was very popular for measurements of extensive regions where the pattern of
the instantaneous velocity field was necessary (Adrian, 1991). Also, PIV and particle tracking velocimetry (PTV)
were developments with a lot of application in complex and turbulence flows (Westerweel et al., 2013), where
the analysis of the velocity has been developed in two and three dimensions In the area of fluids mechanics
(Kloosterzielt and Heijst, 1991; Dalziel, 1992; Keane and Adrian, 1992; Malik et al., 1993; Adrian et al, 2000;
Adrian and Westerweel, 2011).

Some studies of large scale flows specific for hydraulics applications are reported by Stevens et al. (1994) with
application for laboratory experiments, another application for measuring flow velocity in porous media by Dill et
al. (1995) and research to determine the flow field downstream of hydraulic jump by Hornung et al. (1995) and
Lennon et al. (2006), also some developed to detect unsteady surface-velocity field measurement by Lloyd et al.
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(1995) and Muller et al. (2002). Other applications were developed by Ettema et al. (1997) to measure the field
velocities of ice and in experiments of bubble plume (Lindken and Merzkirch, 2001; Seol et al., 2007).
Furthermore, a novel technique to quantitative detection of rain intensity from video camera was proposed by
Allamano et al. (2015).

Large-Scale particle tracking velocimetry techniques called LSPTV is a tool developed with the basic principle of
Particle Tracking Velocimetry (PTV) to study unsteady flows (Sokoray-Varga and Jézsa, 2008). This, in the last
advanced of techniques, was developed using multi-channel CCD cameras (Li et al., 2013) with some application
in sediment transport.

2.3.1 Space-Time Image Velocimetry (STIV)

Non-intrusive techniques Space-Time Image Velocimetry (STIV) was proposed to measure river surface.
Tracers are used to indicate the brightness or color distribution in river surface in the STIV techniques, from which
the sequence of image capture on the river is converted to surface velocity field. Furthermore, it is possible to
measure the orientation angle of the pattern to the mean flow direction with Space-Time Image (STI) (Fujita and
Tsubaki, 2002; Fujita et al., 2007).

Regarding the correction of the orientation angle of the vectors, the description of the space-time image (STI) is
important in order to apply to the STIV image techniques. Figure 2:18 shows how to construct the STI system for
image processing and correction of the orientation angle of the mean flow direction. Firstly it is important to
identify the relation between the display coordinates (x,y) and the physical coordinates (X,Y,Z) by establishing
mark points coordinates before measurement (Fujita et al., 2012). The relation described before can be
demonstrated following Equation [ 2:28 ] of x and y coordinates and the reverse form following Equation [ 2:29 ],
where these equations describe the physical coordinates along “L”. where “L” is the physical length of the search
line.

Figure 2:18 Sketch of STI constr ution (Fujita et al., 2012).
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x=FXY), y=GXY) [2:28]

X=fxy), Y=gkxy [2:29]

The distribution of intensity of the image is a search time placed parallel to the mean flow direction, where the
orientation angle can be obtained by the following Equation [ 2:30 ] (Fujita et al., 2007):

tan2@ = i [2:30]
]tt _]xx

Where the values of “J” can be calculate following the Equation [ 2:31 ], Equation [ 2:32 | and Equation [ 2:33 ]:

dg dag
Jax = ox adxdx [2:31]
dg dg
= | — —dxdt :
Jxt L,ax ot ¥ [2:32]
dg dg
= | — —dtdt :
Jee | ox ox [2:33]
Where: g(x,t) :is the grey level intensity
A :is the area of a small segment that divides STl into a number of portions

In the processing, the value of coherency is the main value of orientation angle for each small segment as shown
in Equation [ 2:34 ], used as a weighting function.

\/(]tt —Jx)? + 4%

[2:34]
c
Jax + e
Equation [ 2:35 ] defines the mean orientation angle as:
_ [oc(@)de

The STIV techniques analyse the flow measurement of the Uji River located in the city of Uji, Japan as shown in
Figure 2:19. This river divides the city of Uji into two parts for the community’s frequent use for repose and
recreation.
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Figure 2:19 Visualization of Uji River upstream.

The section of the river that was studied through STIV techniques is 135 m long and 65 m wide. Figure 2:20 shows
the measured streamwise velocity distribution in the river Uji. This vialization was analyzed with thirty seconds of
consecutive image recorded, which is a total of 900 frames recorded with the camera capture rate of 30 frames
per second.
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Figure 2:20 Visualization of velocity field of Uji River using STIV techniques (Fujita et al., 2007).

Additionally, another study that some researchers did with the space-time image velocimetry was the case of
Uono river located in Japan. The river has a width of about 100 m as shown in Figure 2:21, having results from a
flow velocity of around 3.5 m/s. Because the velocity is high there is only one mean direction of flow.

Another river surface measurement was performed in 2011 in the Kinu River in Japan, where the image size was
1920 x 1080 pixels. These experiments were evaluated with two cameras located one on the right bank and the
other on the left bank of the river Kinu in order to analyse the difference of the camera positions. The conclusion
was that the velocity distribution measured from the two angles showed agreeably good results.
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Figure 2:21 Visualization of surface flow image of Uono River (Fujita et al., 2007).

2.3.2 Unmanned Aerial Vehicle (UAV)

This method consists of measuring the surface velocity distribution of the river with video images
obtained from an unmanned aerial vehicle (UAV) as shown in Figure 2:22. The description of the structure of the
systems of aerial STIV developed some tools to correct the vibration of UAV through intelligent processing
techniques such as Rotation Invariant Phase Only Correlation called RIPOC and Scale Invariant Feature Transform
called SIFT (Fujita and Notoya, 2015).

Figure 2:22 Equitment of UAV.

The first step of the technique is to apply the RIPOC algorithm developed by Takita et al. (2003, 2004) in order to
detect the background displacement between the images, parallel displacement length, rotation angle and change
of image size. The second step is the detection of feature points using SIFT algorithm (Lowe, 2004; Bay et al.,
2008). To be more efficienct in the process and have a good performance, Library Approximate Nearest Neighbors
(FLANN) developed by Muja et al. (Muja and Lowe, 2009, 2014) was used. As the image still has some errors of
vibration, the application of Random sample consensus method (RANSAC) (Fischler and Bolles, 1981; Hast et al.,
2013) is important to avoid outlier data for the image transformation process in the third step corresponding to
the application of STIV techniques developed by Fujita et al. (2007).
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Furthermore, a test was performed on the Saint Joseph river in Indiana, USA, reproducing instantaneous velocity
maps of flow and demonstrating the power of the method (Blois et al., 2016). Another study was in Thur River,
Switzerland (Detert and Weitbrecht, 2015), where the image processing was done with MATLAB-based open
source software PIVlab developed by Thielicke et al. (2014). Another research implemented a similar technique
called remotely piloted aircraft system (RPAS), that has application only for low surface velocity and small
discharge described by (Bolognesi et al., 2016).

2.3.3 The Variance Image (VI) and Threshold Segmentation with Path Discretization (TSPD)

This method to capture the surface flow velocities and the discharge volumes with the application of
video-based techniques and digital image processing for data collection was developed by Osorio-Cano et al.
(2013). The validation of this method was through laboratory measurements in the UISA hydraulics channels in
the Universidad Nacional de Colombia (UNAL) as shown in Figure 2:23.

The authors describe two techniques based on digital image processing — Variance Image (V1) Techniques and
Threshold Segmentation and Path Discretization. Both techniques are compared with results from conventional
instruments. For both techniques 12 variance images were captured with a group of 20 photograms recorded

every 1 second (ot).
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Figure 2:23 Sketch of UISA Hydraulics channels (Osorio-Cano, Osorio and Medina, 2013)
The Variance Image technique (V)

The principle objective of the techniques is to measure the variance of the pixel intensity of a group of
stored images where paths or routes of possible tracers or particles traveling on the surface flow are detected
(Osorio-Cano et al., 2013).

Matlab tools were used to correct the variance at some point by the function ginput, transform the velocity field
(u and v) in coordinates of the image to (x,y,z) and correct the effect of the angle from the camera using the
Pinhole model (Direct Linear Transform, DLT), where the projection of matrix H was built as shown in Equation [
2:36 ] of Pinhole model:
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d[Witki hi1 hiz hiz hyy ;' ;l
Vi=_|WiVi| = ha1 has has hy,|l5 | =H |3 [2:36]
Wi hs1 hs; hz; 11]4 1

Considering that for these studies the value of z is constant, the values (x,y) are represented for every point in the
image. Furthermore, the instantaneous velocity for two consecutive time is generated with the following Equation
[2:37 ]

d X; — X 2 _ . — v.)2
Vi — bt — \/( i+1 1) (YE+1 Yz) [2:37]
t t
Where: d; : is the distance between two consecutive position of the tracers during 6t
N . is the total number of positions along the channel

i risequalto 1,2,...,ni-1

The mean velocity is obtained by averaging each of the instantaneous velocities using Equation [ 2:38 J:

— 1
V= Z V; :
A i [2:38]
Where: m : is value corresponding to the total number of paths identified for each case
j risequalto 1,2,..m

i risequalto 1,2,...,ni-1

And as the final result, the mean surface velocity is obtained for each case by averaging the mean velocity of each
tracer or particles following Equation [ 2:39 J:

1o
Vszgzvj [2:39]

Where: j risequalto 1,2,...m

Consequently the mass conservation equation is used to obtain the discharge through the channel UISA in the
laboratory of hydraulics of UNAL, as shown in Equation [ 2:40 ] of discharge:

(Vin)est
est = % = (k. V) (bYest) [2:40]
est
Where: (Vi) est : is the estimated mean velocity
Vest : is the estimated flow depth
k, : is the adjustment coefficient for large-scale roughness flow in rivers (k,=0.85,

recommend the literature).
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Threshold segmentation and path discretization (TSPD) technique

This technique is similar to the variance of image techniques described before. For the analysis the video
recorder captures frames with small area between 400 by 600 pixels at a velocity of 10 frame per second with a
duration of 1 minute, with a total of 6 cases of study.

The description of the Threshold Segmentation and Path Discretization (TSPD) techniques are divided in 3 steps:
namely, binarization of raw video data, data grouping by labeling and filtration and path discretization. The first
step corresponds to sensitive analyzes of the performance, focusing on the transformation of RGB binary image
in grayscale intensity value of the image with the range of 0 to 255. The idea is to assign the value 1 (white dots)
to a value equal or greater to 230, and value 0 (white dots) less than 230 to the binary image. The second step is
the identification the white element on the binary image. The accuracy of the techniques depends of the size of
the objects and the connectivity of the objects, because the objects of the binary image correspond to tracers
moving as surface flow. Lastly, the third step was to build the surface velocities with the Threshold segmentation
and path discretization (TPSD) and Variance Image (V1) Techniques.

2.3.4 Large-scale particle image velocimetry (LSPIV)

The developed Large-Scale particle Image Velocimetry (LSPIV) was previously studied by Fujita and
Komura (1994) and Fujita et. al (1997). LSPIV techniques have similar algorithm to conventional PIV but with
special treatment for flow illumination, flow tracing and removal of the spatial distortion of the recorded images
due to lens aberrations and imaging at oblique angles (Fujita et al., 1998).

LSPIV Velocimetry techniques used a CCD or Charge-coupled device camera located in a position with angle of 90°
to the flow for the image capture as shown in Figure 2:24. The LSPIV techniques used a conventional system for
image recorded and the image resolution is 640 by 480 or 512 by 512 pixel with 8 bit image of gray level. The
important tasks for the image processing of LSPIV are match flow seeding, image recording and processing
variables to the flow structures to be captured (Fujita et al., 1998).

In order to consider that in the image process, the results present some image distortion that is possible to correct
through the procedure for correction of distorted images with some parameters described by Fujita et al. (1997).
Two coordinates systems are used: cathode-ray tube (CRT) coordinates (xyz) and the physical coordinates (XYZ),
both of which are related through a transformation matrix. The transformation equation from CRT-coordinates to
the physical coordinates follow the Equation [ 2:41 |-

_bix+byy+ b3 __bex +byy+ bg
"~ byx+bsy+1’  byx+bsy+1 [2:41]
Where: b; (i=1,8) : are the transformation coefficients determinate by the least square method using N
pairs of points of know coordinates, (x1,y1), X1,Y1),...(Xn,¥n), (XN, YN).
Also, the transformation equation can be generated using the Equation [ 2:42 ]:
TB=2Z [2:42]

Where T is equal to the matrix as show in the Equation [ 2:43 |
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Figure 2:24 Diagram of Large-Scale Particle Image Velocimetry (Fujita et al., 1998)
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Consequently, the LSPIV techniques include some additional steps in the procedures to build field velocities
through LSPIV method as shown in Figure 2:25. In fact, the output of the LSPIV measurement is the instantaneous
velocity vector for the area of study. The seeding and illumination of the LSPIV image techniques are significantly
different from the standard PIV.

Digitization of recorded images

4

Image enhancement

. 4
Determine the position of the marker points in physical and CRT
coordinates

L 4

calculate mapping coefficients

L 4

Create a non-distorted image

4

Set analysis region

L4

Image processing

. 4

Plot velocity vectors and additional information

Figure 2:25 Steps of LSPIV techniques (Fujita et al., 1998)

The particles located in the free surface are used as tracer, but are sometimes not well distributed in the area of
study and additional seeding particles is necessary in the domain to have a good correlation and reproduce the
velocity field (Ismail and Ulrich, 2007; Di Cristo, 2011). But in some cases of rivers, the domain of study is very
large and foams and straw on the free surface are usually used as tracers. The velocity field using this kind of
tracers present significant error in the flow velocity. Admiraal et al. (2004), developed a new method to reduce
the error of visualization of tracers in a real case of study in the Lake Ogallala in Nebraska, United States of America
method. For this reason, Admiral et al. proposed methods to reduce the effect of the tracers with the case study
of the Lake Ogallala in Nebraska, U.S.A. Furthermore, the effect of tracers, seeding procedure and concentration
are further investigated by Muste et al. (2004).

Another important factor is the illumination, that in LSPIV techniques is lesser compared to the standard PIV that
requires high intensity. This technique usually uses halogen, sodium-vapor or other types of lamps located in a
suitable position to produce uniform illumination in the area of study.

LSPIV was used in some applications in fluvial hydraulics like surface of shallow water flows in hydraulics structures
described by Weibrecht et al. (2002), and laboratory experiments on mass exchange between river and dead water
zones created by groin fields (Brady et al., 2004; Stagonas and Miiller, 2007; Weitbrecht et al., 2008).
Furthermore, Hauet et al. (2008) developed some advances to the LSPIV method for rivers application with two
steps — geometric transformation and image reconstruction, capable of generating the field velocities and flow
discharge in the section of study. Also another kind of characterization of flow depth and discharge was developed
with laboratory experiments by Muste et al. (2004), for implementation in rivers and coastal areas.
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LSPIV techniques is a robust alternative for taking measurements during extreme events such as floods, hurricanes
or low flows in wetlands and small streams (Muste et al., 2010). LSPIV was implemented in rivers such as lowa
and Piano Key Weirs (Creutin et al., 2003; Hauet et al., 2008; Jodeau et al., 2008; Kantoush et al., 2011; Muste
et al., 2011; Sharma et al., 2014), with comparison to experimental data and in some cases, numerical simulation
as well. Furthermore, investigation was developed by Dobson et al. (2014) for the river surface velocity to increase
the performance and the accuracy. In addition, river surface flow was measured by videotape from a helicopter
with the applications to flood flow and a low flow in the Shin River in Japan (Fujita and Hino, 2003), as shown in
Figure 2:26.
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Figure 2:26 Surface field velocities on Shin river (Fujita and Hino, 2003)

LSPIV techniques were also applied to measure the flow inside sewers systems (Jeanbourquin et al., 2011),
considering the complicated environment to conduct measurements and install equipment. Also LSPIV was
applied using hydraulic kinematic model in order to generate three-dimensional flow fields for discharge
approximation (Bradley et al., 2002).

2.3.5 Mobile large-scale particle image velocimetry (MLSPIV)

The technique of mobile large-scale particle image velocimetry (MLSPIV) was developed with the
principle of the large-scale particle image velocimetry (LSPIV) techniques, with the evolution of the mobile device
in the last decades. The technique captures real time visualization and estimates the instantaneous averaged flow
characteristic of a free surface river with minimum equipment from the banks of the river (Kim et al., 2008).

The instruments for the measurement include the imaging device (video or digital camera), the telescoping mast,
and a truck with a control and data processing unit, capable for remote control and real time display of the
characteristic of the river, as shown in Figure 2:27.

For this technique the authors developed two types of programs — the PTU program (Trivedi, 2004) which controls
the camera and the LSPIV program Hauet et al. (2009) for the image processing and evaluation of the discharge in
the river. The software is based on the algorithm developed by Fujita et al. (1998).
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The procedure of MLSPIV has three steps including the first step related to the truck and peripherals, the second
step of camera positioning and image acquisition and the final step of image processing to obtain the velocity
fields and discharges. This technique was compared with the measurements of discharge by the U.S. Geological
Survey (USGS) stream gauging station in lowa, USA.

Furthermore, the last investigation was to use the MLSPIV techniques to measure flood discharge in the Arc river
in France (Dramais et al., 2011), because in flood events the velocity is one important parameter to measure, but
is not easy to measure with high flow approximation in the river. The paper compares the results with conventional
measurement and with numerical simulation.

a-a Imaging Device .

Remote controlled:
Pan, Tilt, Zoom, Focus,
Range Finder

«Guy Lines

- Telescoping Mast

Power Generalor, Batteries, * Control and Data Processing Unit
Charger, UPS, Tool Box, Fuel Tank Computer, Remote Control, Display

Figure 2:27 Sketch of measurements using MLSPIV (Kim et al., 2008)

2.3.6 Direct Visual Measurement using digital video recording systems

This technique called Direct Visual Measurement was developed using closed-circuit television (CCTV)
systems, and compared with two different methods — Large-Scale Particle Image Velocimetry (LSPIV) and Space-
Time Image velocimetry (STIV). The technique was evaluated also with experimental measurements by standard
equipment. The location of this study was in the Tempaku river located in the central part of Japan (Tsubaki et al.,

2011). Also, the CCTV camera was located near to the Nomani bridge station as shown in Figure 2:28.
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Figure 2:28 Sketch of measurements using digital video recording systems (CCTV) (Tsubaki et al., 2011)

This technique was created because, in some cases, deteriorated tracer image with a poor quality format in video
recordings proved difficult to apply directly to the PTV technique or PIV technique. For example, when the image
recorded was done in midnight. For this reason considerations were taken to correct the angle and generate the
mean velocity using flooding debris or float as tracers, with the following Equation [ 2:46 |-

. _P2-P1
Uu=——— 2:46
t,—t, [2:46]
Where: i : is the mean velocity vector of the target.
Dy . is the position vector of the target at instant t;.
Dy . is the position vector of the target at instant t..

In conclusion, the surface flow velocity by direct visual measurement techniques compared with the conventional
float measuring present a correlation coefficient of 0.76. Nevertheless, this is a useful tool for discharge

measurement to establish a rating curve for hydraulics applications for rivers.

Furthermore, direct visual measurements compared with the LSPIV and STIV techniques show different
magnitudes of flow rate, where the difference between experimental measurement versus LSPIV are 26% and
with STIV techniques of 9%. These effects are because the LSPIV techniques are more sensitive to the details of

the surface pattern than the STIV techniques (Tsubaki et al., 2011).
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Chapter 3  Surface Flow Image
Velocimetry (SFIV) Technique

3.1 Introduction

The aim of this chapter is to describe the application of the Surface Flow Image Velocimetry (SFIV) to
develop a hydraulic analysis of the velocity fields in the vicinity of inlet grates and measurement of flows nearby,
to improve the knowledge and the design of new inlets and their spacing. This visual technique allows the
approximation of the surface flow velocity field where other techniques can fail. Especially in the case when the
flow is supercritical near the inlet, with small depths, the introduction of other devices to measure velocity fields
(ADV, etc.) strongly modifies the flow around the gage and it is useless the data collected. SFIV allows to getin a
non-intrusive way an approach of the flow velocities in the area covered by the images.

This chapter defines the experimental methodology proposed and implemented in this doctoral thesis
dissertation. It describes the experimental installation, the instrumentation used, the design of the experimental
campaign and the testing phase of the implementation.

The design of the experiment is the step prior to the realization of the essays. This phase describes the
experimental facilities and equipment chosen to perform the experiment, planning the assembly of the various
elements and finally a calculation of the fields of velocities and distribution of flows through the processing of
images.

The image processing allows to obtain approximated results according to the test parameters chosen and gives an
idea of the viability of the experiments as well as of the experimental conditions to be imposed in order to
minimize the errors.

The experimental facilities are located in the hydraulic laboratory of the Technical University of Catalonia. The
physical model used for this work is a platform simulating a road lane where surface drainage inlets can be located.
The experiments facilities can be divided in two groups: in the first there are included the hydraulic platform, light
equipment (reflectors) and the grate located on the platform, while in the second group there are the high speed
and resolution camera and a computer with enough storage and high computer processing units that will be
described next section. Video cameras of high resolution and speed with commercial codes were used to
characterize the flow patterns in some of the most common grate inlets used in Barcelona. Measurements of
velocity fields using video techniques and image processing algorithms have been compared with the approaching
velocity (1D flow) for 3 types of grates, and with the intercepted flow measured in the tests. Flow measured in the
lab is the total intercepted flow, but no differences between frontal and lateral flow are made, so the only way to
know this difference would be using the SFIV or other similar techniques, from the velocity distributions next to
the inlet.

Another purpose of this chapter is to assess the viability of the implementation of Digiflow and PIVlab in specific
experimental conditions as were tested in the experimental campaign of this thesis with specular reflection of
light interacting with the small waves on the free surface, instead of conventional particle seeds to estimate the
flow visualization, because in this case represents an option to get the flow patterns through SFIV methodology.
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3.2 Description of the research line developed by the Institute Flumen

Few years ago, following a demand from the former sewerage management company of Barcelona,
CLABSA (Clavegueram of Barcelona S. A), now BCASA, a series of tests about the hydraulic behavior of a set of the
most common inlets in Barcelona was conducted in the hydraulic laboratory of the Technical University of
Catalonia. This gave rise at the beginning to a line of specific work by the Research Institute Flumen that, with the
passing of the years, has always attracted more interest in this topic.

Other recent campaign was developed to study the hydraulic behavior of continuous transverse grates (typical in
squares and pedestrian zones) (Russo and Gémez, 2014) or clogging factor related to conventional grate inlets
(Gémez et al., 2013; Gémez et al., 2018).

3.2.1 Conventional grates tested

In the first phase of the experimental campaign carried out by Russo (Russo, 2009; Gomez and Russo,
2011), the most common grates used in the city of Barcelona were tested to estimate their hydraulic performance
under different geometric and circulating flow conditions. These grate inlets and their geometric characteristics
are shown in the Table 3:1, as well as in the Figure 3:1 and Figure 3:2. The results related to the grates types 1, 2,
3,4,5,6, 7,8 and 9 were used to develop the methodology explained below, while the grates types 10 and 11
were used to validate the methodology.

Moreover, it was called (Q) the flow rate approaching along the street (In this case our platform function as a
street), in the essays was measured the depth at the edge of the platform, immediately upstream the grate and
the flow captured or flow intercepted called (Qunt) for a combination of values of slopes and flow rates as shown
in the Equation [ 3:1].

Qint
E = 3:1
0 [3:1]
Where: Q : is the approaching discharge (I/s)
Qint :is discharge intercepted by the grate inlet (I/s)
E . is the efficiency of the grate inlet between 0 and 1

The data of flow rate captured by the grate does not reflect too well the hydraulic behavior of the grate. An
intercepted flow rate of 10 I/s is high if the approaching flow for street is 20 |/s, and is a small value in front of 150
I/s. Efficiency explains much better the performance of a grate in front of the circulating flow along the street. So,
the comparison between grates efficiency should be done in terms of efficiency.

The capacity of intercepted flow for all types of grates was obtained for each flow rate and different combinations
of platform slopes tested. 8 longitudinal slopes and 5 cross slopes were tested, and all the corresponding
combinations (in total 40 combinations) were tested with 5 different flow rates and all the types of grate.
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Figure 3:2 Two types of grates ( Types 10 and 11) used to validate the methodology carried out.

Grate Length  Width Area including Void Number of Number of Number of

(L) (W) void area (Ag) area longitudinal transversal diagonal
cm cm m? (An) bars bars bars
m? () (ne) (na)
Units Units Units
Type 1 78.0 36.4 0.2114 0.1214 5 1 0
Type 2 78.0 34.1 0.1850 0.0873 1 17 0
Type 3 64.0 30.0 0.1647 0.0693 1 0 12
Type 4 77.6 345 0.2250 0.1050 2 13 0
Type 5 97.5 47.5 0.3431 0.1400 3 7 0
Type 6 80.0 30.0 0.1622 0.0736 0 15 0
Type 7 60.2 315 0.1807 0.0881 2 1 10
Type 8 74.5 26.0 0.1540 0.0852 1 0 11
Type 9 100.0 50.0 0.5000 0.2012 1 3 21
Type 10 60.2 315 0.1807 0.0865 2 0 8
Type 11 99.9 50.0 0.4940 0.1760 1 3 28

Table 3:1 Geometric characteristics of the tested grates in the Laboratory of Hydraulics from UPC.

Different adjustments that allow easy application of the experimental results were attempted. Initially linear
relations were proposed between hydraulic efficiency and flow depth on the platform. This allows to set a line for
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each current circulating flow down the street. This adjustment is more clear for high flow rates and less evident
for low flow rates.

Following experiences in other countries, an adjustment was made between the inlet hydraulic efficiency (E) and
the ratio of flow rate and depth (Q/y). Previous studies by other authors as Spaliviero et al. (2000) suggested linear
relationships of E vs Q/y. On the basis of the data from the tested results, a potential relation was proposed
following the Equation [ 3:2 ]:

-B
E=A- (g) [3:2]
y
Where: Q : is the approaching discharge (m3/s)
y : is water depth (m)
Aand B : are the parameters that depend on the geometry of the grate

The proposed adjustment Equation [ 3:2 ] describes quite well the behavior of the grates studied as shown in the
Table 3:2 and Figure 3:3 (Gomez and Russo, 2011). Moreover, Spaliviero et al. (2000), did not reach high values of
Q/y, with values close to 1, while for the tests carried out in the laboratory of the UPC, the flow conditions reached
values up to 8 and more (Russo, 2009; Gomez and Russo, 2011).
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Figure 3:3 Potential adjustment from the experimental data.

Grate 1 2 3 4 5 6 7 8 9 10 11
type
R%2(%) 81.04 91.20 92.13 85.08 88.39 88.05 90.34 93.23 82.53 88.73 81.97

Table 3:2 Correlation coefficient for tested grates.

The values of the coefficients A and B for the tested grates are identified to fully characterize the grate. Table 3:3
summarizes the parameter values of A and B found using the potential adjustment of Equation [ 3:2 ].

Grate 1 2 3 4 5 6 7 8 9 10 11
type
A 0.447 0.386 0.397 0.4301 0.536 0.3703 0.390 0.3551 0.556 0.3522 0.515
B 0.739 0.873 0.830 0.815 0.790 0.8645 0.079 0.8504 0.707 0.7175 0.688

Table 3:3 Values of coefficients A and B.
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The adjustment (Equation [ 3:2 ]) considers only the flow rate through a platform width of 3 meters. In the case
that the width of mid road is different from 3 meters, the Equation [ 3:2 ] can be generalized to any type of
geometric section considering flow rate circulating on the half of the street (Qsireet) and a uniform velocity
distribution (Gémez and Russo, 2005; Russo and Gomez, 2011).

In order to extend the methodology for streets with several lanes presenting a half roadway width x different from
3 mitis possible to generalize the Equation [ 3:2 ] according to the flow depth (y) using the following expression
in the Equation [ 3:3].

Qroadway] "
Ef:A.[k.M] [3:3]
y
Where: Qroaaway . is the flow approaching to an inlet related to half roadway (m3/s)
E' . is the inlet efficiency related to a width of half roadway x=3 m
y : is water depth (m)
Aand B . is the parameter that depend on the geometry of the grate
k : is a coefficient related to the street geometric conditions and to the flow depth (y)

For this reason, the Table 3:4 shows the formulas that generalize the Equation [ 3:3 ] for any type of road.

Coefficient k for each type of street and geometric conditions and each flow depth
Half roadway width x=3 m

Anyy k=1
Half roadway width x <3 m
y < X-lx k=1
= 1
X <y<3-k _1_(1_x-1x 2
Y 2
31
y >3-l k:1—(1— y )
x -1 2
1_(1_ y )
Half roadway width x >3 m
y53'|x k=1
3 1\2
3rhsy<xh k=1-(1- y )
7.2
1—(1—3 IX)
VZX'IX k: y
x- 1, 2
1—(1— > )

Table 3:4 Equations for determine value of k.

Where Qroadway is defined as the circulating flow related to the real geometry of the street, while Q was the flow
circulating on the UPC platform of 3 meters width. Flow hydraulic sections and flow depths vary depending on the
street geometry and on the circulating discharge. Moreover, Qroadway and Q generate the same flow depth at the
curb (y), but the difference is that the first corresponds to the real geometric characteristic of the street, while the
second one is related to platform geometry. Also, the product (k-Qroadway) represents the discharge Q approaching
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the inlet for a roadway width x=3m (corresponding to the platform width). Once E’ was calculated, the intercepted
flow Qint can be determined by the Equation [ 3:4 J:

QintzE"QzE,'k'Qroadway [3:4]

While this methodology is easy to use, it would be desirable to extend this analysis to grates that have not been
tested. Although the best results are obtained from the tests, it is evident that experimental data may not always
be available. For all that, a correlation between the parameters A and B of the potential law and some important
geometric characteristics of the tested grates was found. After several attempts the Equation [ 3:5 ] and Equation
[ 3:6 ] to estimate A and B parameters were proposed (Gomez and Russo, 2011).

1.988 - 43403

A= p0190 . (4 1)0.088 . (3, 4 1)0.012 . (g, + 1)0.082 [3:5]
Where: 4, : is the minimum area that includes all the voids in the grate inlet (m?)
p : is ratio between the void area and Az (%)
ng . is the number of transversal bars (unit)
n . is the number of longitudinal bars (unit)
ng . is the number of diagonal bars (unit)
0.179
B =1.346 2 555 [3:6]
Where: L . is the length of the grate inlet (in cm)
w : is the width of the grate inlet (in cm)

This setting reproduces the behavior of all types of grates with a range of values of their geometry characteristics
similar to those tested. With these expressions, it is possible to approximate the equation to adjust the efficiency
of a grate without having to perform any previous essay. The range of validity of the above equations is shown in
Figure 3:4.

wd 0'00T

wd 0'6S
—-— = -

=

| 26.0cm
50.0 cm

Figure 3:4 Range of validity for the Equation [ 3:2 ], Equation [ 3:3 ] and Equation [ 3:4 ].
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3.3  Description of experimental facilities to estimate inlet hydraulic efficiency

3.3.1 Main physical model facilities and characteristics

The hydraulic efficiency of the most common inlets used in Barcelona was analyzed through
experimental tests in real scale (1:1) avoiding scale effects. In order to achieve this aim, the flow intercepted by
the inlet was going to be measured from a known approximation flow. Thus the inlet’s capture capacity for a given
flow and transversal and longitudinal slopes in the street was obtained.

Figure 3:5 Sketch of physical model.

Test facilities consisted of a platform simulating a road lane where the grate inlet can be placed. The test zone
dimensions on the fore-mentioned platform are 3 meters width and 5.50 meters length. These dimensions
reproduce approximately the width of a circulation lane on an urban street, thus allowing the 1:1 scale of the
study as shown in Figure 3:5. Water flows over the platform longitudinally. The platform slope can be altered both
in the sense of the flow (longitudinally) as well as transversally. The range of the studied slopes goes from 0 to 4%
of transversal slope, and between 0 and 10% of longitudinal slope. The experimental campaign was carried out in
the Hydraulic Laboratory of the Technical University of Catalonia by Flumen Research Institute (Figure 3:5).

The laboratory has a pumping station able to discharge up to 250 |/s from a storage tank located at the basement
of the building to another tank on the rooftop as shown in the Figure 3:6. Given the water’s level oscillation in the
tanks, energy losses, etc. the maximum flow is limited up to 200 I/s. The aim of the rooftop tank is to maintain a
constant water level, and work as a regulation element for the laboratory’s supply flow. It is located approximately
15 meters above the test zone.
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Figure 3:6 Reservoir tank located at the roof of the building

A motorized multi stream valve regulates the supply flow. The valve is manually controlled. The flow measurement
is done using a Fischer & Porter electromagnetic flow meter, with an estimated precision of 1 I/s. Thanks to this
installation, the test flow can be regulated in an easy and reliable way, with the electronic control table for
hydraulics pumps as shown in the Figure 3:7.

Figure 3:7 Electronic control of hydraulics pumps

3.3.2 Inlets test installation

Water enters into the platform through a small reservoir on the platform’s head. This tank is responsible
to dissipate entrance energy of the flow and to provide horizontality of the water level. So, one-dimensional
movement condition in free surface for the water is favored: in a section (perpendicular to the flow direction) the
water height is the same for the whole width, with a triangular cross section in case of positive transverse slope
of the platform. This makes the flow easier to reach the approach conditions in steady and uniform flow.
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In order to reproduce as faithfully as possible, the water approach (on the street) to the inlets in real conditions,
the water enters into the test platform with a transversal distribution of water depths very similar to the one that
takes place in a real city street. The head tank is 3.85 m wide (it includes all the useful platform), approximately 2
meters high (allowing water assume enough height on the platform) and one-meter width, which ensures a
storage volume enough to guarantee a smooth entrance flow. The tank and the platform are connected by an
elastic joint, that allows movements of the platform (mobile) with reference to the head tank (that is fixed) and
guarantees the imperviousness and preventing water to escape Figure 3:8.

/]

Grate

Outflow

&

Platform

Structure of
regulation for inflow

Inflow

Figure 3:8 Sketch of the tank of regulation inflow

The platform has a total area of 3.20 x 6.70 m2. The useful area for the circulation of water is 3.00 x 5.50 m and is
limited by two PVC walls, approximately 30 cm high. The maximum water height during the tests will be 15 cm,
equivalent to the curb height existing in most of the streets. The platform is based on three points: the two corners
near the header tank and one point to the other end downstream of it. The first support is formed by a ball joint
on a column with a height of 1.80 m that allows turns but no displacements, so it is the fixed point of the platform.
It is located on the left upstream corner. The second support is located in the right upstream corner. It is formed
by a supported kneecap in a threaded bar inside a column of 1.65 m. A flywheel on the threaded bar can vary the
vertical displacement of the said support point, varying the cross slope of the platform to a maximum of 4%. The
third support allows twists and scrolling vertically and horizontally. It is provided with an alternating current motor
that allows the easy modification of the longitudinal slope. The maximum value allowed is 10% as shown in the
Figure 3:9.
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Support 1

Flow direction

N

Support 2

Figure 3:9 First point of based with ball for change the transversal slope.

Flow collected by the tested inlet falls down to a small pool, at the end of which is a V-notch weir where the
discharge is measured by means of the use of a limnimeter which provides an accuracy of a tenth of millimetre

for readings as shown in the Figure 3:10.

_ Qintercepted

Qapproach flow

Platform of grate inlet

Figure 3:10 V-notch and limnimeter.

68



Image processing and experimental techniques to characterize the hydraulic performance of grate inlets

3.3.3 Test conditions

Flow range. - The study of the inlet efficiency was carried out according to a testing protocol considering
5 discharge values: 25, 50, 100, 150 and 200 |/s.

The upper limit is imposed by the pumping capacity of the laboratory. The limit value of 25 |/s was determined on
the basis of previous tests, in which the measurements of the flow depth produced by lower discharges is very
hard.

The range of studied discharges is greater than the usual values found in bibliography and close to the real
discharges that can be generated during heavy storm events on urban streets.

Slope range. - Testing protocol considered the following slopes values:
Transversal Slopes:

Ix 0% 1% 2% 3% 4%

Longitudinal Slopes:

ly 0% 0.5% 1% 2% 4% 6% 8% 10%
3.4  Methodology of SFIV Technique

3.4.1 Experimental and theoretical frameworks

This section defines the experimental methodology to estimate the flow velocity field in the nearness of
a grate inlet. The methodology has been implemented in the hydraulic laboratory of the Technical University of
Catalonia using the facilities described in the previous section and is proposed as one of the main achievement of
this doctoral thesis. This section describes the preliminary studies on the installation, the design of the
experimental campaign, the implementation of the experimental installation, the instrumentation used and the
results obtained.

In this case, the proposed methodology can become a useful tool to understand the velocity fields of the flow
approaching the inlet where the traditional measuring equipment’s have serious problems and limitations (Tellez
et al. 2015) with final objective to understand better the inlet hydraulic interception process (Tellez et al. 2015;
Tellez et al. 2016).

To solve a problem of image processing for any experiments, the following 3 stages must be carried out as shown
in Figure 3:11.

Image model Implementation and
visonmosel | Ly | imaeprocess | resuls

Figure 3:11 Three stages for the solution of an image processing problem (Stucki, 1979)

For the case of this campaign, an image model was developed through the use of experimental facilities and
laboratory equipment’s. Then an image process was defined and implemented using algorithms of flow pattern
correlations by specific software and, finally, flow velocity field in the nearness of the grates was obtained.
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Surface Flow Image Velocimetry (SFIV) allows to measure complex surface velocity fields in engineering. This may
be particularly important when a single camera provides a 2D image of the real complex flow. Flow visualization
is useful to understand the mechanics of a particular flow field and the provided information is invaluable for rapid
feedback during experimental development (Adrian and Westerweel, 2011).

The practical application of SFIV for grate inlet efficiency estimation presented here, together with specific
procedures to achieve these results, need enough contrast on the water surface to provide accurate measurement
of the flows. The method that relies on several techniques of image processing evaluates the velocity field
following the block diagram shown in Figure 3:12.

Prepare experimental set-up

L 2

Calibration and video recording

L 2

Digitizer and storage

9

Image processing

L 2

Pattern matching refractometry

L4

Field of flow velocity (m/s)

L 4
Display the results

Figure 3:12 Diagram of general steps of the process based on SFIV technique

Images are obtained through a downward looking camera, located at a height of 4 meters above the platform,
sustained vertically by a metal frame. The position of the light over the platform is located in the place that
provides the best possible lighting in the study area, and it is able to achieve the best image resolution with the
maximum velocity of the camera. The power of the two spotlights used was of 500 watt and 100 watt respectively.
They were located at an angle of 45-degree respect to the platform when the lane is completely horizontal, to
optimize reflection and minimize noise in the video image (Figure 3:13).

Figure 3:13 Location of camera and spotlights in the physical model

In addition, a strip of 1.35 x 3 m was also painted in light brown color with the objective of increasing the image
contrast to have a better definition of the surface flow. In order to obtain several fiducial point references on the
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video images, 21 points were plotted with a cross (+) using a simple marker on the area that can be best focused
by the camera (0.94 m x 1.18 m) when it is completely flat on the platform (Figure 3:14).

i 3.00m i

Figure 3:14 Painted section and marks on the platform used as reference points in the images

Next generation of laboratory experimental campaign, 3 different types of grate inlets (Figure 3:15) were tested
to determine first the intercepted flow, it was same grate inlets used in the previous experimental campaign,
proposing an images processing technique to get their detailed local velocity field for a large range of geometric
conditions and different approaching discharges.

Grate Type 3 Grate Type 5 Grate Type 6

Figure 3:15 Type of grates used in the experimental campaign

For each of the grate inlets analyzed, the experiments were performed varying the flow rate and the longitudinal
and transversal slopes. Flow captured measurements and video recordings were registered. Transversal slopes of
0%, 2% and 4% and longitudinal slopes of 0%, 0.5%, 1%, 2%, 4%, 6%, 8% and 10 were considered, with a total of
24 combinations. Moreover 5 different flow rates (25 I/s, 50 I/s, 100 /s, 150 |/s and 200 I/s) for all the geometric
combinations were considered reaching a total of 120 tests for each grate inlet.

3.4.2 High resolution and speed camera

The evolution of high-speed cameras makes possible the recording of video with excellent conditions
for image processing, while the display of flow phenomena allows processes that are impossible to be captured
by the human eye, or at conventional frequencies. It is of great interest to use a very high speed camera and also
high spatial resolution to record the tests for flow velocity analysis. The selection of the type of camera depends
on the flow but the main aspects, such as the sensitivity and speed of the camera, the capacity of memory
recording and the resolution of the image, have to be considered. For the experiments presented here
"Photonfocus" MV2-D1280-640 CMOS Area Scan Camera model was used (Figure 3:16). Technical specifications
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of the camera are: resolution of 1280 x 1024 pixels, color format monochrome, frame rate of 488 fps, gray scale
resolution output 8 bits, using also an optic Nikon 50 mm lens. Additionally, the camera needs a computer of large
capacity with a data acquisition board to acquire and store the amount of information generated in the process
of recording the video. Among the main features of the computer there are the Intel Core i7 processor and RAM
of 12 GB. In addition, the computer has a video card that provides sufficient resources for the post-process images.

Figure 3:16 MV2 — D1280-640 CMOS Camera.

In addition, the software is provided to set camera parameters and stored within the camera. The camera has a
digital Camera Link Full interface; image preprocessing is available as an option, the general specification and
features of the camera are listed in the following Table 3:5 (User Manual Camera, 2008) .

Parameter Value
Technology CMOS active pixel
Resolution 1280 x 1024 pixels
Pixel size 12.0 um x 12.0 um
Active optical area 12.36 mm x 12.29 mm
Color Format Monochrome
Min. region of Interest (ROI) in 8 tap mode 1 row x 16 columns
Min. region of Interest (ROI) in 10 tap mode 1 row x 40 columns
Greyscale Resolution 10 bit (internal) / 8 bit (CameraLink output)
Digital Gain X1/x2 /4
Exposure Time 10 ps ... 100 ms
Exposure Time Increment 2 s
Frame Rate (Tint = 10 um) 488 fps
Camera Taps 8or10
Readout mode Sequential or simultaneous readout

Table 3:5 Specification of the MV2-D180-640 Camera

3.4.3 Video recording and preparation of video for image process

In order to prepare the sequence of the surface flow image, the open software VirtualDub
(www.virtualdub.org) was used. It is a very powerful and free program, that allows modifications like cut or join
videos or extract tracks from the long film. It also allows to change the resolution of videos, modify their quality,
convert video from one format to another, etc. VirtualDub takes the video and prepares the sequence of images
captured for 150 frames/second (for a time of 10 second, 1500 frame images were used). The images were
processed in gray scale with an 8-bit palette of 256 colors, ranging from black (0) to white (255); a few thousand
frames are enough to analyse the average flow during some seconds. The results presented here correspond to
steady state flows, but this could be applied to transients too.
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Moreover, for our case study, with the video captured in the area of location of the grate inlet (Figure 3:17), some
parts of the image contain some black areas corresponding to the outside part of platform and the inlet holes. The
part of area of visualization that was not necessary for the analysis and the areas outside of the platform were not
considered. Taking into account that the area of field view change depending on the geometry of the platform
(change in slopes), the area of video according to the geometry of platform was resized every time.

AX

TAy

Figure 3:17 Cut the black area of visualization.

In order to calibrate the results of the velocities in the IS (m/s) it is useful to previously use the information of
reference coordinate system obtained from the fiducial points and distances described in Figure 3:18 and Table
3:6. Considering that the platform can change the slope in the transverse direction of 0% to 4% and in the
longitudinal one from 0% to 10%, and with the purpose to correct its angle of incidence, the focus area on the
platform was measured and it was noted that it had a variation of the area from 94.70 cm. x 118 cm. in case of it
was fully flat and from 104.60 cm. x 130.10 cm. with a longitudinal slope of 10% and transversal slope of 4%,
having an average ratio of 10 pixels/cm.

Transversal slopes 0% Transversal slopes 2% Transversal slopes 4%
High (m) Width (m) High (m)  Width (m) High (m) Width (m)
Longitudinal slope 0% 0.947 1.180 0.964 1.201 0.977 1.218
Longitudinal slope 0.5% 0.947 1.183 0.964 1.201 0.977 1.220
Longitudinal slope 1% 0.953 1.186 0.970 1.209 0.985 1.227
Longitudinal slope 2% 0.963 1.197 0.978 1.221 0.986 1.236
Longitudinal slope 4% 0.978 1.218 0.995 1.239 1.008 1.256
Longitudinal slope 6% 0.992 1.239 1.005 1.257 1.021 1.278
Longitudinal slope 8% 1.005 1.254 1.026 1.278 1.038 1.293
Longitudinal slope 10% 1.018 1.267 1.033 1.287 1.046 1.301

Table 3:6 Dimension of focus area of the camera on the platform.
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Figure 3:18 Correction of the inclination angle of the platform.

3.4.4 Image processing

Using the CCD camera around the grate inlet, sequence of images was registered and stored. Applying
the image processing with a cross-correlation of a set of images recorded of surface waves, with a small size of
interrogation box, 20 by 20 pixels, instantaneous velocity vector fields were obtained as shown in Figure 3:20.

The cross-correlation algorithm consists in to define the interrogation box that includes the marker (surface
waves) in the area of the image (Framel), and search the same marker in the second frame (Frame 2), with more
probable displacement between two consecutive images (Figure 3:19). Velocity vector can be determined with

the displacement of the centre of interrogation box (Ax or Ay), divided by time interval (At), following the Equation
[3:7].

Ax (x,t Ay (y, t
u(x.t) =%;v(y. t) =% [3:7]
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Figure 3:20 Layout of SFIV technique application (data collection and image processing).

3.4.5 Digital image processing using Digiflow
The image analysis is performed through the implementation of DigiFlow, advanced visualization

software developed by S. Dalziel at the Department of Applied Mathematics and Theoretical Physics (DAMTP), at

the University of Cambridge (Dalziel, 2012). Digiflow has an important component of correlation particle image
velocimetry (CPIV) that uses a pattern matching synthetic schlieren. Many other systems of PIV also owe their
development to synthetic schlieren described by (Dalziel et al. 1998, Dalziel and Redondo, 2007). In this thesis it
was followed only the wave patterns on the water surface in order to convert this motion into a velocity field

through a CPIV type algorithm, because it is faster and more simple (Dalziel et al., 2000).
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Following the interrogation of the synthetic schlieren method in DigiFlow, the displacement data of the small
surface waves or micro-vortices detected in the images are converted to field velocities, by dividing the
displacement of the pixel per unit length and by the exposure time delay.

Although there are not particles there, it looks like the Froude number is high enough for the gravity-capillary
waves to be treated as simple patterns that are advected by the mean flow. Consequently, getting a velocity field
out of the experiment appears feasible.

3.4.6 Velocity field around the grate inlet

Some examples of the velocity pattern for the grates type 1, type 2 and type 3 are shown in the Figure
3:21. The figures show the average local velocity vectors at steady conditions. The images are the results of SFIV
associated to the flow discharge approaching the inlets. The value of the velocity is in the range of 1 m/s to 2.02
m/s for this type of geometric configuration of the platform.

0 100 200 300 400 500 600 700 800 90 1000 1100
axis "x" (Pixels) axis "x" (Pixels)

Type 3 grate, Q=200 I/s, Transv. Slope=4%, Type 5 grate, Q=200 I/s, Transv. Slope=2%,
|0ng. S|Ope=0.5%. |ong. Slope:4%.

axis "x" (Pixels)

Type 6 grate, Q=200 I/s, Transv. Slope=0%, long. Slope=10%.

Figure 3:21 Field velocities of different grate inlet.
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It is necessary to consider that the velocity field around the grate inlet with the technique SFIV gave a good
approximation, but over the grate inlet, due to the strong vertical component of the three dimensional flow, the
velocity is not accurate because the holes generate a discontinuity in the convergence region that affects the
horizontal correlations. Moreover, the splash on the grate produce perturbation in the surface flow forcing a 3D
behavior.

The vector field at the free surface not only generates the velocity in one direction, it may obtain the surface
velocity in two components velocities on a surface (U, and V})), and for this reason it is possible to estimate the
frontal and lateral flow rates approaching the grate. Moreover, in the example concerning the grate type 1 (Figure
3:21), it is possible to visualize the influence of the flow captured by the grate in the velocity field, where the
vectors near the grate present a curvature towards the right side.

3.4.7 Approaching flow

The flow approaching the inlet is mainly basically one dimensional in the platform, in order to define as
the circulating flow related to the real geometry for a wide of 3 meters. It presents different types of gutter section
depending of the transverse slopes and the water level vary according the flow approaching, where a rectangular
gutter section is when the transverse slope is null, triangular gutter section when the water level not exceed the
spread of 3 m (y < 3:1x) and the trapezoidal gutter section when the flow rate generate a high values of water level
y > 3:Ix as shown in the Figure 3:22jError! No se encuentra el origen de la referencia.. So knowing the flow and
the water level measured in the platform is possible to calculate the average velocity for every test. This value can
be compare this value with the average velocity obtained with the SFIV technique measured at the curb
immediately upstream from the inlet (Point 1 of the Figure 3:25).

Furthermore, the motion of the flow on the street present a longitudinal slope I,, with a wetted cross section
according to the transverse slope Ix as shown in the Figure 3:22.

Rectangular gutter section Triangular gutter section Trapezoidal gutter section

Figure 3:22 Gutter cross sections.

In order to validate the average velocity, the comparison between the velocity values upstream the grates
calculated with Digiflow are represented versus the values considering average velocity and obtained through flow
depth measurements (Figure 3:23). The correlation factors R? of the fits are between 0.83 and 0.86, so the
comparison of results is quite satisfactory, so SFIV technique can be used to predict the velocity even in places
where conventional measurements are not possible.
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Figure 3:23 Comparison of the average velocity calculated and the velocity calculated by SFIV in Digiflow, for the
approaching flow.

3.4.8 Distribution of flow rate around the grate inlet

Flow intercepted by an inlet can be considered as a combination of two flows: frontal and lateral flow.
According to the Figure 3:24, it is possible to distinguish between frontal and lateral flow.

Inflow

ﬂ_Q,

Outflow

Figure 3:24 Sketch of distribution of flow rate intercepted by the grate inlet.

Considering a 1D approaching flow is maybe the simplest form to compare the experimental calculated velocities
with SFIV results. 2D flow approach is more complicated and SFIV could be more useful in this case. From the 2D
velocity field it is possible to estimate the flow captured by the grate, applying the mass balance over the grate.
This possibility was implemented through the development of a code in MATLAB. For this practical case, the
conceptual model of the distribution of flow rate on the grate is shown in Figure 3:24.
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From the mass balance over the grate (Equation [ 3:8 ]), the flow rate intercepted by the grate is equal to frontal
flow rate plus the lateral flow rate minus the outflow / carryover of the grate:

Qmt = Qr + Qs — Qo [3:8]

Given that the image processing in Digiflow only provides results of field velocities, combined with the measure
of some depths in the vicinity of the grate, it was calculated the flow at every line considered in grate perimeter.
The depth at 10 points 2 cm around the grate was measured where the flow depth were assumed as shown in
Figure 3:25. Velocity field obtained gives a value at every pixel, and from the water level previously assumed at
this pixel, the flow was obtained as show in Figure 3:25 and from the following equations:

Q: = fVSdA [3:9]
A
n
z qi = VSl . Al + VSZ . AZ e B an . An [3:10]
i=1
Vol === mm e e e e - > Vo,
Y, Y i Ye Y;
VSF - + + + +
: o— 1
1 > 1
! 1Y, [+ Grate * |
1 > |
1 i< > ;
1 1 + >
Vsr1 g r % Yo, Vion

Figure 3:25 Measure of water depth (+) and discretization of the flow rate for each grate inlet.

Since values of flow captured by the grate through the test in the platform were available, the comparison of the
intercepted flow measured versus the intercepted flow obtained using the image process by SFIV techniques with
Digiflow was performed, following the methodology described in section 3.4.

The results of the comparison on the grate inlet (Considering all the geometric configuration and the approaching
flows) between intercepted flow measured and the intercepted flow obtained using SFIV process (Figure 3:26) are
quite encouraging because these relations for the three types of grates show a coefficient of correlation between
0.89 to 0.95, indicating that the difference of the intercepted flows are quite small, although it is useful to say that
the greatest differences were found with low longitudinal slopes of 0.5 and sometimes 1%, associated with very

low velocities.
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Figure 3:26 Comparison between Intercepted Flow Measured vs Intercepted Flow obtained by SFIV.

Another utility associated to the velocity fields obtained from this SFIV technique for each combination of slopes
and flow rate provides is the evaluation of the flow rate captured by the grate inlet according to the Equation [
3:8 ]. Mass balance on the grate inlet provides the values of frontal and lateral flow rate on the grate that is
important to understand how the flow is captured by the grate.

In order to analyse the distribution of flow rate around the grate inlet, Figure 2:27, Figure 2:28 and Figure 3:29
shows the results of percentage of frontal and lateral flow rate captured for the three different types of grates
studied where the range of values in percentage are between 60% to 100% approximately of the frontal flow rate
and between 0% to 40% for the lateral flow rate, confirming previous studies. In addition, the lateral flow for
slopes of 2% and up, the percentage do not exceed the 30%, being the 40% for cases with less reliability of results.
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Figure 3:27 Left: Porcentage of frontal intercepted flow; Right: Porcentage of lateral intercepted flow.
Grate Type 3.
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Figure 3:28 Left: Porcentage of frontal intercepted flow; Right: Porcentage of lateral intercepted flow.
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Figure 3:29 Left: Porcentage of frontal intercepted flow; Right: Porcentage of lateral intercepted flow.
Grate Type 6.

Moreover, it is important to note that for low slopes when a recirculation of the flow at the end of the grate occurr,
this effect changes the boundary condition of the mass balance because some times inflow in the last part of the
grate can exist. On the other hand, for slopes more than 2%, it is possible to state that the flux is mainly 1D.

3.4.9 Validation of the SFIV techniques

The validation of SFIV techniques is an approach that combines the correlation analysis of a group of
perturbations of flows or surfaces waves on the image. The validation of the SIFV techniques was based on the
results of the laboratory tests. The flow rate captured by the grate inlet was compared to the obtained one using
SFIV technique. Figure 3:26 shows the comparison of the intercepted flow by the grate, with a correlation of more
than 83 percent, which indicates that the methodology, accuracy and performance of the SFIV techniques are

quite good.
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3.4.10 Optimization parameters of the simulations

In order to optimize the SFIV techniques, not only good approximation of the results has been provided, but, also,
the analysis of the combination of parameters that were introduced in the solver Digiflow with the aim to find the
best setting to obtain the better recorded image sequence.

So, after some iterations of combining the parameters involved in the correlation, it was decided to fix the values
of interrogation windows, quality, algorithm of correlation, while the parameter that it was decided to change for
each combination of geometry and flow approximation was the values of Bias in the algorithm.

Biased search is the preferential displacement when the flow is more in one direction, used for a large domain
with a less time of computation. The parameter of Bias in the correlation of the image depends on the density of
tracers on the image, and the geometry of the street in this case the longitudinal and transversal slopes, and the
flow rate of approximation. This type of combination of parameters is useful for small area of search domain with
good accuracy and approximation with slopes more than 1%.

If the mean flow of velocity field has a significant bias in one direction, it is possible to specify nonzero “Bias”. This
allows a greater computational efficiency with smaller values for shift. The only slightly non-standard bit is setting
the yBias. The units of “Bias” are pixel displacements and have an effect similar of shifting the second image by
negative of the specific amount (Dalziel, 2012).

For this reason, when there is a previous “history”, that “history” is used to set the bias and the max shift is
reduced, with the precise amount of reduction determined by a more complex algorithm. This approximation is
obtained from a correlation analysis over a larger domain.

Results of the comparison of intercepted flow and average velocity for the three different types of grates tested
with the best values of bias provide good accuracy of the results as shows in Figure 3:23 and Figure 3:26. To
simplify the range of Bias values a statistical analysis was done in order to find a relation between the Bias values
for different combinations of flow approaching and geometry of street.

The selection of values of bias was established plotting the values of Bias, building three groups for each
trasnversal slopes, where the central point of the tredline was the medium values well-known as average bias
values as show in the Figure 3:30 and Table 3:7.

Transversal slope (%) Longitudinal slope (%) Flow rate (I/s) Bias
0 0,0.5,1, 2,4,6,8and 10. 501/s, 100 I/s, 150 I/s and 200 I/s. 9
2 0,0.5,1, 2, 4,6, 8and 10. 501/s, 100 I/s, 150 I/s and 200 |I/s. 10
4 0,0.5,1,2,4,6,8and 10. 501/s, 100 I/s, 150 I/s and 200 I/s. 12
0,2and4 0,0.5,1, 2, 4,6, 8and 10. 251/s 8

Table 3:7 Values of Bias.

The first steps were to find the best relation for both parameters. The values of bias were divided into 3 different
groups with flow rate of 50, 100, 150 and 200 |/s where the values of bias were equal to 9 for transversal slope of
0%, equal to 10 for transversal slopes 2% and equal to 12 for transversal slope of 4% (Figure 3:30). For flow rate
of 25 I/s and all the geometric configuration, the value of bias is equal to 8.
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and 50 I/s.

In summary, as the variation of the bias is too big, for the first aproximation of the results it is possible to evaluate
it using an average value of bias equal to 10, and it further simplify the methodology of SFIV techniques.
Furthermore, the analysis of the results show that the bias depends not only on the numbers of tracers, but also
depends on the geometry of the gutter section.

3.5 SFIV techniques using another software

The main purpose of this section is to assess the viability of the implementation of PIVIab in specific
experimental conditions as were tested in this thesis with the image analysis using the Digiflow using the same
methodology of the SFIV techniques.

PIVIab has been selected for the following reasons: it is an open source code, which takes advantage of several
features of Matlab and facilitates subsequent data processing by providing a close link to the popular Matlab user
interface.

PIVIab is an open source developed by Prof. Dr. Eize J. Stamhuis and Dr. William Thielicke in the framework of his
PhD research at the University of Groningen, Netherlands. Besides, the literature realised by Dr. William Thielicke
and Prof. Dr. Eize J. Stamhuis (2014) constitutes the main reference of the PIVlab software that provides
understanding of the mathematical background and the implementation of the functions of PIVIab.

PIVIab has a user-friendly interface, that is programmed in Matlab. The version 1.41 that was released in February
2016, has been used for this study. PIVlab was developed through digital particle image velocimetry (DPIV)
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techniques. It was originally used in conventional measurement scenarios found in laboratory activity associated
with fluid mechanics topics.

3.5.1 Description of the algorithm

PIVlab architecture (shown in Figure 3:31) is the tool menu, with simple and intuitive graphical user
interface for image processing. The input needs to be a sequence of minimum two images. The next steps are pre-
processing, image evaluation, post processing, data exploration and results exporting, where it is possible to
choose the format of plotting.

Image pre-processing is optional that can significantly change the quality of the image captured. This filters
implementation increases the readability of images or eliminate undesirable features that can affect the
correlation processing. PIVlab presents three different filters in the pre-processing — contrast limited adaptive
histogram equalisation (CLAHE), intensity high pass and intensity capping.

In the steps of Image evaluation, PIV lab incorporates two different methods of correlation as Direct Cross-
correlation (DCC) and Fast Fourier Transform (FFT). DCC has a disadvantage in the analysis of complex flow
patterns, whereas the second approach FFT is an extremely powerful tool that remarkably reduces computational
effort and time in the cross-correlation process.

PIVIab was developed with some advanced interrogation strategies that include multipass interrogation and
multigrid interrogation to obtain a result where multipass approach consists in two steps: first, analysis with
conventional interrogation with interrogation windows proposed, and second displacement of the interrogation
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Figure 3:31 Scheme of PIVIab (Thielicke and Stamhuis, 2014).

Moreover, PIVIab includes a multi-frame interrogation in its algorithm using experiment where it is possible to
combine a High-speed camera CMOS with laser equipment with a high frame resolution and high frame rate.
Specification about the comparison between CCD and CMOS digital cameras was studied by Hain (2007) and some
examples were published by Kahler (2000; 2004) about the method of multi-frame interrogation.
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In addition, the PIVIab was developed from Digital Particle Image Velocimetry techniques in the field of
visualisation of complex’s flows using MATLAB code (Thielicke and Stamhuis, 2014). The idea was to use the same
software PIVlab but with the methodology of Surface Flow Image Velocimetry techniques developed by Tellez et
al. (2016).

3.5.2 Image processing through PIVlab

For the cross-correlation of the image sequence, it is possible to choose a single pass direct cross-correlation called
DCC or discrete Fourier transform correlation with multiple passes and deforming windows called FFT. In order to
estimate the value of framerate of camera according to the interrogation box to have a good approach for the
experiments to be done, the proposed interrogation box value is 20 pixels (in both directions). For this reason, the
Equation [ 3:11 ] is used in order to convert velocity in m/s into pixel/frame. The velocity in pixel by frame is useful
to estimate a priori the minimum dimension of the interrogation area to set in PIVlab.

At camera
V. o; =V . Frameratecamera [3.‘11]
( Pixel ) Mean velocity A
Frame size IA

Where: V_ pixel : is the framerate of camera (Pixel/Frame)
Grame)
ViMean velocity : is the mean velocity (m/s).
At camera .is the interval of time (seconds).
Framerate qmera :is the framerate of camera (frames/seconds)
Agize 14 : Size of interrogation area (IA) (m)

In this case, the value of interval of time was 1 second, the framerate of the camera used was of 150 fps and the
size of interrogation area was 0.00094. In order to have the first approach, it was decided to take an example of
200 I/s with transversal slopes of 2% and longitudinal slopes of 2% where the value of mean velocity is about 1.5
m/s. Applying the Equation [ 3:11 ], the result indicates that the displacement is around 10 pixels, computed
within an image pair.

Focusing on the process of PIV analysis to generate the field velocities with PIVIab, a four-pass PIV calculation was
selected (Figure 3:32) , with a sequential interrogation area of sizes of 128 x 128, 64 x 64, 32 x 32 and 20 x 20 pixels
considered as an optimal choice in this case study. Practically the first pass uses relatively large interrogation areas
(128 x 128 pixels) to calculate the displacement of image data reliably. The larger the interrogation areas, the
better the signal-to-noise ratio, and the more robust is the cross correlation.

Furthermore, on the right of the Figure 3:32 it is possible to define the values of interrogation area, where for the
first pass it is possible to insert the value of the step between interrogation areas indicating the areas overlap one
another when performing the cross correlation procedure. The step is important because there is additional
displacement information at the borders and corners of each interrogation area. This information is used to
calculate displacement information at every pixel of the interrogation areas via bilinear interpolation. The second,
third and fourth steps are set equal to 50% of the interrogation area.
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Figure 3:32 Set of controlling options for PIV analysis with PIVIab.

Velocity magnitude from PIVIab shows different setting to plotting colour maps to illustrate the velocity magnitude
to represent the velocity field in good quality and approximation as shown in Figure 3:33. Moreover, to visualise
and study more deeply the pattern structure of the flow is better to generate the streamline as derivative of the
vector field in both direction axis “x” and axis “y”.

The velocity pattern for the grate type 5 is shown in the Figure 3:33. The image on the left shows the visualization
of velocity map, the image in the right shows the streamline around grate inlet and the image on the left
show the velocity magnitude. The range of longitudinal slopes are 0%, 0.5%, 1%, 2%, 4%, 6%, 8% and 10% with a
range of transversal slopes of 0%, 2% and 4%, and flow rate of 50 I/s, 150 I/s and 200 I/s. The images are the results
of SFIV associated to the flow discharge approaching the inlets.

Figure 3:33 Vector field and corresponding velocity magnitude map. Transversal. Slope 2%, Long. Slope
2%, Flow rate 200 I/s and Grate type 5.
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In PIVIab it is possible to plot the streamline from the two-dimensional velocity map in order to derive them; this
kind of visualisation is capable of rendering detail on very complex vector fields releasing streamlines at every grid
point of the vector field. Clicking on a point within the flow field it is possible to draw the corresponding
streamlines; hence their spatial resolution is arbitrarily chosen. To guarantee an optimal readability, it is
favourable to trace them directly on the images avoiding superimposed vector map as shown in Figure 3:33.

The result of the SFIV techniques using PIVlab code to develop a field velocities around the grate inlet show a good
aproximation, but also have some problem to represent the velocity on the grate inlet. The next step for us is to
evaluate the flow rate capture by the grate inlet. The analysis in the next section was following the same
methodology that used with the Digiflow program in the chapter before.

In order to understand the theoretical background, a brief treatment of the gutter flow is presented. A commonly
applied methodology for measuring and estimating the discharge of an open channel is based on a simplified form
of the continuity equation. In physics it is an equation that derives from a simple mass balance, describing the
transport of some conserved quantity. Following the section 3.4, it is possible to find more details about the
equation to quantify the distribution of the flow rate around the grate inlet for incompressible fluid, such as liquid
water, where the flow rate is equal to the product of the cross-sectional area and its mean velocity in order to
measure the flow rate capture by the grate inlet.

3.5.3 Comparison of velocities and flow rates between PIVlab and Digiflow

The results provided by the two software, in terms of velocity maps, are found to be quite similar even
though their algorithms are substantially different. The agreement between Digiflow and PIVIab is encouraging,
especially considering the challenging conditions that potentially may compromise a proper image pairing. Also
this comparative approach provides insight for the selection of appropriate processing parameters.

Experimental analysis traditionally focuses on the assessment of the reliability and accuracy of the results
obtained. Notably, this chapter is specifically aimed at determining the quality of the resulting velocity fields
deriving from PIV technique implemented through PIVlab and Digiflow. Of particular concern are, in this
framework, the conditions that optimize the measurements performance.

Practically this is achieved by means of three distinct steps: prior to the comparison between SFIV technique
estimated velocities and theoretical predictions from simple formulas of hydraulics, instantaneous velocity field
from both PIVlab and Digiflow are reported in order to study the mismatch existing between the spatial
distribution of the documented velocity fields. In this way trueness and precision of different algorithms may be
inferred, focusing on how pattern matching algorithms are reflected in the results.

In addition, the accuracy of the respective methods is discussed through a kind of validation procedure.
Considering that the direct quantification of the error in the velocities delivered by the software is actually
impossible. For this reason, was used the same method of the distribution of flow rate with a mass balance of the
grate inlet order to have a good approximation of the velocities. Finally, some considerations are reported about
the general image patterns of the water surface giving insight into the amount of water intercepted by the inlet
frontally and laterally.

The methodology used to study the intercepted flow rate was similar that was used with the model based on
water mass balance allows to correlate the experimental data of captured flow rate with discharges simulated
through water depths and PIV estimated velocity. Finally, some considerations are reported about the general
image patterns of the water surface giving insight into the amount of water intercepted by the inlet frontally and
laterally.
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Most important of all, discharge estimates obtained with PIV velocities show good agreement with discharge
directly measured, whilst it has been ascertained that a rigorous uncertainty analysis of surface velocity fields is
an extremely complicated task that is beyond the scope of this thesis.

In order to validate the results of PIVIab the first comparison was to compare the velocity between PIVIab and
Digiflow versus the average velocity obtained as shown in the Figure 3:34 (left), where we can see in the graphics
that results show a good approximation using both software. Where the correlation coefficient for the comparison
with Digiflow is 0.81 and with PIVIab is 0.77, for this reason it is possible to state that the Digiflow is a little bit
more accurate than PIVlab. The comparison was for flow rates of 100 I/s, 150 I/s and 200 I/s.
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Figure 3:34 Comparison of velocty PIVIab and Digiflow versus Velocity Izzard. Flow rate 100 I/s, 150 I/s
and 200 I/s.

Furthermore, the next steps was to compare the intercepted flow by the grate inlet (Type 5) with the experimental
data as shown in the Figure 3:34 (right), where the comparison showed a good approximation for both codes with
correlation coefficient of 0.89 for PIVIab approximation versus experimental data, and 0.93 with Digiflow. The
comparison was for flow rates of 100 I/s, 150 I/s and 200 I/s. Results of intercepted flow indicate that Digiflow
show a little better approximation than PIViab.

Moreover, with SFIV techniques using PIVlab code the distribution of flow rate around the grate inlet was obtained
following the same methodology described in the section 3.4. At the same time the distribution of frontal and side
flow rates between PIVlab and Digiflow program was compared as shown in the Figure 3:35, Figure 3:36, Figure
3:37 and Figure 3:38, for different geometries and three different flows of approximation (100 I/s, 150 I/s and 200
I/s).

Analyzing the frontal intercepted flow (Figure 3:35 and Figure 3:36), it shows that the frontal flow decrease as the
transversal slope increase, also the range of percentage of efficiency for low transversal slopes as 0% increase with
the longitudinal slopes between 0.7 to 1, for different flow approach (100 I/s and 200 |/s). But for transversal
slopes of 2% the profile of percentage is more homogenous along the longitudinal slopes of 2% to 10%, with range
0.85 to 0.95, with flow rate of 100 I/s. For the same condition but changing the flow rate to 200 I/s, the efficiency
increase along the longitudinal slope between 0.7 to 0.88 approximately.
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In addition, it is possible to see in Figure 3:35 to Figure 3:38, that the efficiency threshold of the frontal and lateral
intercepted flow is similar. This shows that with both software it is possible to reproduce the distribution of the
flow around the grate inlet using the methodology of SFIV techniques.

In conclusion, PIVlab code developed in the platform of Matlab is another useful program capable to study the
behavior of the flow around the grate inlet. It is an alternative to the SFIV techniques, considering that the Matlab
code is one of the more common calculation codes used by the community of research.

Both program Digiflow and PIVIab demonstrate a good approximation in the results for this case study, but
Digiflow show a little better approximation, because the code is specific for problems in fluids mechanics and
PIVIab is a more general software with different applications. Also Digiflow presents more options for the users to
evaluate the flow pattern. Finally, both codes are convenient to apply the methodology of the techniques Surface
Flow Image Velocimetry (SFIV) for this case study, following the steps described in the section 3.4. The major
advantage of PIVlab is that it reproduces the streamline around the grate inlet.

3.5.4 Differences between PIVlab and Digiflow

This section has the aim to increase the sensitivity of the differences between the pattern matching algorithms
encountered so far. In order to make the comparison between image flow fields, the user-adjustable parameters
in PIV analysis have to be as much as possible equal in both codes. Naturally different correlation processing entail
different internal workings for PIVlab and Digiflow; consequently, only a few controlling parameters in one code
have their direct corresponding option in the other software. In this case, only the dimension of the interrogation
area and its spacing (or step) is found explicitly in both codes. Thus they are fixed at 20 pixels for the IA size and
50% (i.e. 20 pixels) for the areas overlapping. On the other hand, the main differences in the processing algorithm
lead to distinct features of the procedures.

Overall, analysing the processing schemes on a purely theoretical basis both Digiflow and PIVlab have advantages
and drawbacks, considering the entire procedure performed in order to obtain the velocity field. The following
points are some crucial considerations to bear in mind when discussing the result of flow fields:

» PIVIab and Digiflow results depends on the contribution of intensity of the images. For this reason, it is
important to consider a good quality of videos with a high resolution and speed, capable to visualize and
generate the field velocities.
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» Digiflow is capable of introducing sequence of images or videos to study, but PIVIab only accept sequence
of image, for this instant, is necessary to develop a code or use another program to decompose the video
recorded during the experiments.

» Digiflow has more utilities according to analyse experiment on fluid mechanics as dye in the flow, particle
tracking, PIV, etc., with also more possibilities to change the algorithm using parameters such as Bias, Max
shift. PIVlab is more focused on PIV.

» Furthermore, Digiflow has the possibility to introduce the coordinate in both direction (x and Y), but in
PIVIab, it is necessary to introduce the coordinate in one direction, and it takes for both directions.

3.5.5 Results and conclusions of the simulations based on the studied grates

SFIV technique is a non-invasive technique that does not disturb the flow as other methods do. It is also very
important for this type of flow with very small depths because of the difficulties of using micro-sensors. The
application of image processing techniques (SFIV) in the experimental investigation of the propagation of the flow
rate in the model of urban drainage has been validated for use in a wide range of flows. Detailed velocity
measurements are necessary, given that the situation requires a good understanding of different instruments of
video recording and full knowledge of image processing techniques.

Another advantage of the SFIV technique is that it is possible to reproduce the field velocities in the surface flow
depending on the characteristic of the test data, but the important parameters to consider in the laboratory
condition or in the real case are the geometry of the section, resolution and quality of image, framerate, accuracy,
algorithm of correlation and the illumination. These parameters are very important in experimental test and the
image processing of complex flows. With the generation of the velocity field instantaneously and with the cross
section, it is possible to monitor flow rate in some rivers, channels, streets and extend this technique to other
engineering applications where surface patterns are identifiable.

Also this technique uses standard video equipment and cameras that are accessible nowadays because the
technology of digital camera has had a huge development in the last decade. And if it continues, the advances in
these type of tools, will become widespread both in laboratory and field hydraulics.

Since SFIV techniques have been shown to provide a good capacity to generate the surface velocity fields,
important engineering application are open to new studies, such as floods, monitoring of rivers, laboratory
applications in hydraulics and fluids mechanics, urban hydrology (streets and sediments), dam, debris flow,
erosion of bank, ocean waves, etc.

For the specific problem presented here, flow patterns near the inlet, SFIV technique allow the estimation of flow
patterns and the associated velocity field, and as a consequence the assessment of the frontal and lateral flow, as
well as carryover flow. So it is possible to use these techniques to assess the hydraulic performance of the grate
inlets and from the test results to improve or propose new designs. Comparison with 1D and 2D approach
concerning circulating flow shows the good performance of this visual technique.

The application of image processing techniques in the experimental investigation presented in this paper has been
validated in many different conditions of geometries (slopes) and flows.

Accuracy of results of velocity fields, depend on slopes values, because in case of flat surfaces and low velocities,
the free surface does not have enough identifiable perturbations to do a significant correlation, as many of the
wave patterns escape from the interrogation regions. For this reason, this technique is more useful to be used
when there exists a supercritical flow.
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A priory the application of SFIV technique was base in Digiflow, in this case of study Digiflow program present a
little better accuracy than PIVlab following the same method of SFIV technique. Moreover, the Digiflow has more
setting to change in the code to increase the quality of the results. The advantage of the PIVlab is more accessible
to the community of research because is a package of MATLAB software.
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Chapter 4 Interactions between surface
flow and surcharged pipe flow

4.1 Introduction

This chapter presents results of the experimental campaign to study the interaction between surface flow and
surcharged pipe flow carried out in the hydraulic laboratory of the Technical University of Catalonia through the
same platform used for achieving the hydraulic performance of the grate inlet. The methods proposed to estimate
the field velocities and distribution of flow rate are similar to those described in Chapter 3, with some
modifications in the experimental model.

Pressure flow conditions appear in sewer systems when flow exceeds the hydraulic capacity of the conduit, causing
that some outflow is produced. Water exits through the inlets, in case they are directly connected with no flap
gate. In this case, the flow leaving the sewer can be simulated assuming orifice flow conditions, but no references
about the proper values of the discharge coefficient to be used are found in the literature.

An experimental approach is presented in this chapter, where, from real scale tests in a laboratory platform,
different flows from 10 to 50 |/s are tested representing the outflow to the streets through one grate. In each test,
water levels are measured manually over the grate and an orifice equation is used to calculate the discharge
coefficient. Values show a dependence of the discharge, increasing the value with the outflow rate. A sensitivity
analysis about the influence of longitudinal slope on this value demonstrated that discharge coefficients could be
considered constant with the street longitudinal slope.

4.1.1 Previous research

Urban floods have been the object of interest of many researchers in last decades (Hammond et al., 2018).
Moreover, the increase of imperviousness in the last decades, and potential effects of climate change, can increase
these problems in a short and mid-term horizon (Velasco et al., 2018). During many years, the focus of the pluvial
flooding in urban areas was basically oriented in the sewer network performance, assuming that all the runoff
produced is introduced into the sewer. Traditionally drainage manuals imposed a security level of the sewer
system based on specified return periods associated with the rain event used in the design (Artina et al., 2001),
while no criteria were used to limit overland flow on the city surfaces during heavy storm events. The first
references about manuals and procedures to limit street runoff can be found in USA (DCG, 1969; CCRFCD, 1999;
CDOH, 2000) and United Kingdom (BS 6367, 1983; Butler and David, 2004). The behavior in a city during a rain
event is a combination of the performance of the underground sewer network and the street network, and one
of the key points is the flow transfer between surface level (streets) and underground level (sewer network). The
proper way to analyse the behavior of the full drainage system is to consider the join effect of the sewer network
and the overland flow.
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The minor system provides a basic level of service by conveying runoff produced by the common (low rainfall
intensity) rain events. So, the major system has to transport the runoff from the more extreme rain events (higher
intensity and design return period) that are in excess of what the minor system can deal with this approach.

In the 70’s, the city of Denver, Colorado, proposed the first design manual for this city (DCG, 1969), offering the
first criteria that describe the connection between major and minor systems. Moreover, in 80’s, the so called dual
drainage approach, known as DDSWMM (Dual Drainage Storm Water Management Model) was included in many
drainage codes of several cities of Canada (Environment Canada and Ontario Ministry of the Environment, 1976).

Notwithstanding these first experiences focused on real implementation of the dual drainage concept, the
computational capacity of the computer codes made quite difficult complex 1D/2D simulations in urban areas
(Wisner and Kassem, 1983). For this reason, 1D sewer models, assuming that all the runoff enters into the minor
system were widely used in the following years (Smith, 2006). 1D models, simple to build up and with less
complicated theory were well accepted as common engineering practice and supported by a wide range of
software packages. In the 90’s Djordjevi¢ et al. (1991) showed that the flows in the storm sewers are dependent
on the excess volumes that are allowed to flow along the street network or if they are stored in a fictitious sub-
basin above the surcharged manhole. Djordjevi¢ et al. (1999) identified some weak points of the existing models
because they provide a “coarse surface descriptions” and a “lack of interaction between surface and underground
flow components”.

Nasello and Tucciarelli (2005) suggested this approach called Dual Urban Drainage Model as the best to describe
what really happens in a city during rain events. The current approach is to consider a 1D model for the sewer
network and a 2D model for the street flow networks (Russo et al., 2015) and can be used to analyse the urban
flood problems in the sewer networks but, above all, the estimation of surface flood impacts like economic
damages (Velasco et al., 2015), and business interruptions.

More recently, Chen et al., (2016) analyzed the flow transfers through the manholes neglecting the presence of
the cover, although, before the manhole cover is moved during flooding produced by sewer surcharges, overflow
occurs through the inlets existing in the urban area. Chang et al. 2018 compared numerical simulations of urban
flooding considering grate inlets and neglecting them and demonstrated that the effect of inclusion of inlets in
dual drainage modelling improves the accuracy of flood modelling. As stated, the definitions of “major system”
and “minor system” are referred, respectively, to the surface layer (streets and surface areas) and the ground level
below (sewer network). For a reliable modelling a proper representation of the flow transferring between the
surface and underground layer is essential. The surface flow must be intercepted by the inlets and introduced in
the sewer system. Recent references about inlet efficiency can be found in the technical literature. In most cases,
laboratory campaigns have been developed to test the hydraulic efficiency of grate inlets. For instance, tests were
developed in United Kingdom, where Highways Agency (HA) commissioned HR Wallingford (HR) in association
with the Transport Research Laboratory (TRL) to carry out a study on the hydraulic performance of gully grating
used to collect surface water runoff from roads (May and Todd, 1997). Another scheme of facilities was developed
to perform the British Standard in the University of Birmingham (Russam, 1969) and, more recently, the last
physical model was done in the laboratory of the University of Sheffield (Djordjevic et al., 2013). In Spain, in the
hydraulic laboratory of the Technical University of Catalonia, a real scale platform was designed, built and used to
test hydraulic efficiency of the most common grates used in Barcelona (Russo, 2009; Gomez and Russo et al.,
2011; Russo et al., 2013).

Also in South Korea (Ku and Jun, 2009), and in the United States of America (specifically in the Colorado State
University, Urban Drainage and Flood Control District (UDFCD) and Colorado Department of Transportation) other
experimental facilities for testing hydraulic capacity of grate inlets were performed (Comport and Thornton,
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2012). Another physical model to investigate the hydraulics of intake structures like grate inlets was developed in
the University of Wuppertal in Germany by Kemper and Schlenkhoff (2015). In all of these cases, models objective
was to estimated how much water can be intercepted by several types of grate inlets and the water that continues
downstream.

Some authors have considered the hydraulics of this kind of process similar to an orifice or a weir process
(Rubinato et al., 2017). This approach has the advantage that both are included in most of the commercial
software available in the market for urban drainage modelling, making easier the application of this concept. If
orifice option is adopted in the expression describing its hydraulics, the parameter to estimate the hydraulic of
the orifice is the area of the holes, the energy immediately upstream the inlet and a discharge coefficient, different
for every type of inlet, and also different for any hydraulic conditions.

Area of the holes is known for every considered inlet and the available energy “h” is a function of the flow along
the street, depending, essentially, on rainfall and street geometry, while discharge coefficient C4 must be
estimated by the user. Unfortunately, inlet providers and manufactures do not provide this information. Some
companies like Neenah foundry give a set of abacus to assess the flow captured by the inlets depending on street
and curb geometry, but not in the form of a specific discharge coefficient. In the last website version, Neenah
foundry suggests to use a discharge coefficient equal to 0.6 (NFCO, 2018), thus it was used as a typical value for
orifice coefficient in a tank outlet. So in case of estimating inlet captured flow, discharge coefficient must be
estimated. In many cases, practitioners use similar values for inlets discharge coefficients proposed for orifices
without considering that their discharge coefficient values depend on geometry and circulating flow. But it is not
clear that this value could be used to reflect what really happens in the inlet. Some studies developed in last years
(Cardenas-Quinteros et al., 2017) have shown that discharge coefficients are far from the 0.6 value and, especially
for supercritical flow conditions with high Froude numbers, Cq could be close to 0.1 or 0.2 for the flow entrance
from the street to the sewer.

All these studies have been considered the entrance of water into the sewer, and not the opposite situation when
the sewer is surcharged and flow exits from the sewer reaching the street level.

In the literature, it is possible to highlight studies about surcharged manholes that are located in the centre of the
street while the grate inlets are generally located in the lateral curbs. Martins et al. 2014 and Lopes et. al. 2015
studied the surcharge of a gully box through experimental and numerical analysis. In a more recent experimental
and numerical study carried out by Beg et al. (2017; 2018) in the Sheffield University, the effects on the surface of
surcharge flow on sewer manholes were analyzed. In the same University, Rubinato et al. (2018a and 2018b)
studied the flow leaving the sewer through manholes, assuming the cover has been removed by the outflow and
estimated discharge coefficient considering orifice and weir approaches.

Moreover, concerning lateral grate inlets, Bazin et al. (2014) modelled a flow exchange between a street and
drainage pipe in comparison with the experimental results obtained in the Ujigawa Open Laboratory in Tokyo,
Japan. Finally, the effect of surcharged flow in urban areas was studied by Lee et al. (2015) and Bermudez et al.
(2018).

In the work described in this chapter, an experimental study where an outflow is produced through the grate inlet
is presented, reproducing the effect of pressurized sewer for different flows leaving the sewer and longitudinal
slopes of the platform. The experiments consider just one grate inlet but the methodology can be extended to any
type of inlet.
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4.2 Methodology

This section presents the description of the experimental facility, hydraulic conditions for the tests and
methodology to determine the field velocities and discharge coefficient.

4.2.1 Experimental set-up

An existing platform reproducing a street lane in the hydraulic laboratory of the Technical University of Catalonia
(Barcelona) has been used for this experimental campaign. This platform (Figure 4:1) was also used for previous
studies to determine inlets efficiency and their captured flow (Gémez and Russo, 2005; Gomez and Russo, 2009;
Russo et al., 2013). Platform is 5.5 m long and 3 m width, and longitudinal and transverse slopes can be modified
until a maximum of 10% for longitudinal slope and 4% for the transverse slope. The inlet considered is the so called
Barcelonal, the most common grate inlet in Barcelona. Tests were done in real scale to avoid scale effects.

In the Figure 4:1 a scheme of the laboratory installation is shown. In all the tests no flow on the surface layer was
assumed, so the only exchange is from the sewer to the surface represented by the platform. Tests were done in
steady flow conditions in all cases. Transverse slope was constant and equal to 2% for the different tests, as
required in most of urban guidelines for pavement design and currently in Barcelona.

% long. slope

rat
Platform Grate

L]

Inflow

Figure 4:1 Scheme of the laboratory installation.

K s

Figure 4:2 Inlet box below the grate.
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Flow reaches the inlet through a 200 mm circular pipe. An inlet box of 90 x 30 cm and 50 cm height is located
below the grate inlet (Figure 4:2). Also, the box hold the grate and has the inflow in the centre of its bottom.

The platform was modified in such a way flow through the inlet could be reproduced with the aim of representing
the pressurized flow in the sewer and an outflow leaving the conduit. Flows considered through the grate were
from 10 to 50 I/s. The water level over the grate inlet was measured manually, with a limnimeter of 1 mm accuracy.
23 points over the grate were taken into account and an average value of the 23 measures was considered as
representative of the water level over the grate. In order to simulate the surcharged overflow by the grate, the
experimental facilities present some modifications with additional pipes and valves electronically installed as

shown in Figure 4:3.

Figure 4:4 Graphics with the structure to support limnimeter.
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In the previous chapter, the experimental set-up and the instrumentation necessary for the application of SFIV
techniques were described. Through this equipment, it is possible to obtain a velocity field with a set of
experiments with camera speed of 150 fps for all combinations of transversal slopes (0%, 2%, 4%) and longitudinal
slopes (0%, 2%, 4%, 6%, 8%, 10%) considering the surcharged overflows of 10, 20, 30, 40 and 50 I/s. In total, 18
combinations for each flow rate and 90 cases of processed images for this type of grate were considered (Figure
4:5),

Grate Type 5

Figure 4:5 Type of grate used in the experimental campaign.

4.3  Discharge coefficient

Taking in account that the objective of this chapter is to study the surcharged overflow by grate inlet (Figure 4:6),
which can be defined from the expression of the discharge coefficient for nozzles and orifices, the output flow is
governed by the following Equation [4. 1] to calculate the discharge coefficient Cq:

Q

Cj=——
A, /294h [4.1]
Where: Qoutfiow : is the surcharged overflow by grate inlet (m3/s)
Cy . is the discharge coefficient including all the effects of energy losses through the grate,

effect of approaching velocity, etc.

g : is the gravitational acceleration (9.81 m/s?)
Ap, : is the area of holes of the grate (m?)
Ah . is the water level above the grate (m)
IAh
AL A A AL S SASSS S,

i

Inflow

Figure 4:6 Sketch of exit surcharge flow of the grate inlet.
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In the Figure 4:7, it is possible to observe the differences of water levels over the grate during the tests. Moreover,
some oscillations of several millimetres (10 mm as maximum) were observed during the tests, so water level
measure takes the average value with time of the water depths.

Outflow 10 I/s Outflow 20 I/s Outflow 30 I/s

Outflow 40 1/s Outflow 50 I/s

Figure 4:7 Outflow between 10 and 50 I/s for a geometric configuration of the platform with 2% of
longitudinal and transverse slopes.

Although the grate inlet is designed to capture the surface flow, sometimes high flow rate or bad design of the
sewer produce surcharged conditions. For this reason, it is important to analyse the behavior of the surcharged
grate inlet and the interaction with the surface flow.

In order to understand the behavior of surcharged grate inlet, an experimental campaign was developed
considering several surcharged overflows exiting by the grates (10 I/s, 20 /s, 30 I/s, 40 I/s and 50 |/s), several
longitudinal slope (0%, 2%, 4%, 6%, 8% and 10%) and a fixed transversal slope of 2%. Test were carried out without
circulating flow on the platform, although the physical model is able to take into account this effect as descried
before.

In order to estimate the discharge coefficient (Cy) for the tested grate, Equation [4. 1] was considered and for each
surcharged overflow water levels were measured over the grate inlet in 23 points in order to achieve the average
flow depth.

Imposing the outflows, for 10, 20, 30, 40 and 50 I/s, the values of mean water level over the inlet were obtained,
for the case of 0% of longitudinal slope and 2% of transverse slope (Table 4:1).

Flow rate Hgrate
(I/s) (mm)
10 39
20 56
30 74
40 92
50 105

Table 4:1 Average water level above the inlet grate.
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In all the cases, the inlet is covered by water, even with the lowest flow. Reynolds values of the experiments ranged
from 63662 to 318310, (lower value for 10 |/s and greater value for 50 I/s) were estimated in the pipe. From the

water levels over the grate, it was possible to calculate the following discharge coefficient from the Equation [4.
1] (Table 4:2).

Flow rate Discharge Coefficient
(I/s) (Ca)
10 0.14
20 0.22
30 0.29
40 0.36
50 0.41

Table 4:2 Discharge coefficient for the Barcelona grate inlet (longitudinal slope 0% to 10%, transverse slope 2%).

So it is possible to observe that discharge coefficients are not the same as used for other orifice types of flow.
Figure 4:8 shows an evolution with the flow of the discharge coefficients, with an increasing value with the
outflow, multiplying for more than 3 the minimum discharge coefficients. For the minimum flow tested, 10 I/s,
value of 0.13 was found, while for the maximum flow, 50 |/s, a discharge coefficient of 0.41 was obtained.
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Discharge coefficient "Cy"

©
-
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o
G

0.00

Outflow (I/s)

Figure 4:8 Discharge coefficient evolution with the outflow through the grate. Longitudinal Slope 0%, 2%, 4%,
6%, 8% and 10%, and Transversal slope 2%.

As said, these results were obtained with 0% longitudinal slope and 2% of transverse slope and the absence of
flow approaching the inlet.

In order to carry out a sensitivity analysis regarding longitudibnal slope, the same tests were repeated fixing
transverse slope to 2% and modifying longitudinal slopes. Specifically values of 2, 4, 6, 8 and 10% were tested. In
all cases the same approach was used, considering an average value of the water level over the grate and
measuring the water level in 23 points. In this case, for some combinations of flow and slope, especially for high
slopes, not all the grate holes were covered by water, and the outflow was associated to a smaller area. Anyway,
for those values with no water level above grate, 0 value was considered and they were included too in the average
value. In all cases, although steady state was imposed, the effect of the flow through the grate produced
oscillations around the water level, so an average value for the measured water level was defined in every case.
Results are presented in the Figure 4:9.
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Figure 4:9 Values of Discharge coefficient “Cq4”.

It is possible to observe that the influence of the longitudinal slope is quite limited, so there is not a serious error
to consider constant values, equal to those found for 0% of longitudinal slope. So for any grate inlet, it is possible
to define the discharge coefficients and they are practically constant for any longitudinal slope.

4.4  Energy loss coefficient

The energy loss occurs when the motion of fluid pass around a section and the energy of the fluid changes. The
energy loss depends on two conditions as the type of fluid and the motion of the fluid. Two different type of
energy loss exists:

1. The friction losses
2. The local losses

where the friction losses depend on the viscosity of the fluid and if it is laminar or turbulent. Normally this loss
occurs along the pipes. The local losses occur with a disturbance of flow due to a local change of geometry with a
formation of eddies by the obstacle or structure (for instances, a grate can be considered as an element producing
a local loss).

In Table 4:3, it is possible to see the typical values of energy loss coefficient “K”.

Type Classification Values

”KII

Regular 909, flanged 0.3

Regular 909, threaded 1.5

Long radius 909, flanged 0.2

Elbers Long radius 909, threaded 0.7
Long radius 459, flanged 0.2

Regular 459, threaded 0.4

1802 return bend, flanged 0.2
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1802 return = 1802 return bend, threaded 1.5
bend
Line flow, flanged 0.2
Tees Line flow, threaded 0.9
Branch flow, flanged 1.0
Branch flow, threaded 2.0
Union, 0.08
Threaded
Glove, fully open 10
Angle, fully open 2
Gate, fully open 0.15
Gate, % closed 0.26
Gate, % closed 2.1
Valves Gate, % closed 17
Swing check, forward flow 2
Swing check, backward flow o0
Ball valve, fully open 0.05
Ball valve, 1/3 closed 5.5
Ball valve, 2/3 closed 210

Table 4:3 Typical local loss coefficient “K” (https://vanoengineering.wordpress.com/2012/12/30/head-loss-
coefficients/).

The estimation of energy loss coefficient in surcharged sewer overflow by grates depends on the inlet geometry.
On the other hand, it is important to know the pressure losses that the water undergoes in its circulation through
the grate. For the case of a reduced hydraulic section, the loss of energy can be calculated by Equation [4. 2] and
consequently the energy loss coefficient “K” could be calculated by Equation [4. 3]:

v; tfl
Ahy, = KM [4.2]
29
2g
K = Ahy, 7z [4.3]
outflow
Where: Ahy, : is the difference of water level above the grate (m)
K . is the Energy loss coefficient
g : is the gravitational acceleration (9.81 m/s?)
Ay : is the grate hole’s area (m?)
Voutflow :is the velocity of surcharge flow through the grate inlet (m/s) (Voyutriow = M)

Ap

In addition, in order to calculate the values of energy loss coefficient “K”, it was necessary to carry out other
experimental tests avoiding the presence of the grate in the physical model and maintaing all the other features
(same distribution of the measure points of water depth, the same surcharged overflow and longitdinal slopes).
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In this case, flow velocity was calculated considering the section of the whole hole withouth following the Equation
[4. 3].

Results shown in Figure 4:10 demonstrate that the parameter of water depth is very sensitive in the Equation [4.
3], considering that the surface level is unstable and, due to the effect of turbulence, the values of “k” are not easy
to evaluate. Also, the values for the 10 I/s present an added uncertainty because sometimes the area of the hole

does not cover all the grate and the difference of water depth is very difficult to estimate. For this reason Figure
4:10 does not show these cases.
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Figure 4:10 Graph of Energy loss coefficient “K”.

After results analysis, a value of energy loss coefficient was proposed for each exit surcharged flow of the grate
inlet that involves all the combinations of geometry (longitudinal and transversal slope) for each surcharged
overflow studied as shown in Table 4:4 and Figure 4:11, taking into account, as said, that the inflow 10 |/s was
removed because its results do not present a good accuracy.
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Figure 4:11 Graph of proposing an Energy loss coefficient “K”.
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Flow rate (I/s) Energy loss Coefficient (K)
20 3.41
30 2.02
40 0.44
50 0.42

Table 4:4 Resume of Energy loss coefficient “K”.

4.5 Image processing

Also for these tests, image processing technique was used to reproduce the flow pattern produced by sewer
surcharged overflows. Again a video editor (VirtualDub) was useful to prepare the videos for the image processing.
It removed and resized the captured image as show in Figure 3:17 according to the geometry of the platform. In
this case, the video was cut in one side (Ax) as shown in Table 4:5. Then, through the program VirtualDub the
sequence of image in a resolution of 1280 x 1024 px and speed of 150 frames/second was saved.

Transversal slope Longitudinal slopes Ax
(%) (%) (Px)

2 0 68

2 2 76

2 4 82

2 6 91

2 8 96

2 10 99

Table 4:5 Area of trim of image.

A changing parameter on this experiment was the angle of the platform (0) (Figure 3:18). Considering a different
value of pixels/meters for a resolution of 1280 x 1024 pixels for each combination of slopes, the first step is to
measure the focus area of the image on the platform changing the angle of the platform (8) as shown in the Table
4:6. In this case, the distance between the platform and the camera was 4.4 meters.

Furthermore, the image process was done through the code Digiflow, using an interrogation windows of 20 by 20
pixels. Also, the coordinate systems were generated between focus view of the lens camera and the focusing area
on the platform. Once these parameters are defined, it is possible to generate the cross-correlation of the surface
flow perturbations in Digiflow and generate the field velocities.

Transversal slopes 2%

High (m) Width (m) Angle (0)
Longitudinal slope 0% 0.961 0.986 6.2320
Longitudinal slope 2% 0.946 0.972 6.159°
Longitudinal slope 4% 0.925 0.957 6.022°
Longitudinal slope 6% 0.910 0.947 5.904°
Longitudinal slope 8% 0.890 0.930 5.775°
Longitudinal slope 10% 0.894 0.928 5.800°

Table 4:6 Dimension of focus area of the camera on the platform.

4.5.1 Velocity field and distribution of the flow

Using the tool Digiflow through the cross-correlation of the images, it is possible to view the maps of field velocities
expressed in m/s, where the vector of velocity pattern is associated to the exit surcharged flow through the grate
inlet. The values of field velocities are in the range of 0.15 m/s to 0.90 m/s for this type of combination (Figure
4:12).
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Figure 4:12 Field velocities around the grate inlet, Transv. Slope 2%.

4.5.2 Distribution of flow around the grate inlet

Following the scheme of the mass balance of the grate inlet (Figure 4:13), it is possible to determine the
distribution of the flow rate around the grate, using the map of the velocity field, the flow depth measurements,
the Matlab code and following the methodology of SFIV technique described in chapter 3. With the mass balance
on the grate, the total outflow by the grate is equal to outflow (1) plus outflow (2) plus outflow (3) of the grate
following the Equation [4. 4]:

Qoutflow = Q1+ Q2 + Q3 [4. 4]
Where: Qoutfiow : is the outflow discharge from surcharge flow through the grate inlet (m3/s).
Q : is the outflow (1) (m3/s).
Q, .is the outflow (2) (m3/s).
Qs : is the outflow (3) (m3/s).
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Inflow

@
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Figure 4:13 Scheme of the mass balance of the grate inlet.

Outflow

Following the Equation [ 3:9 ] and Equation [ 3:10 ], it was described the discretization of the domain for different
sides of the grate to obtain the mass balance in the grate inlet domain (Figure 3:25) as described in Chapter 3. For

these tests, 10 point of water level were taken around the grate inlet and the velocity was generated with cross-

correlation of sequence of image, for an area of 0.5 m of width and 1 m of long.

Moreover, the generation of mass balance on the grate was obtained through a code in MATLAB and

programmable excel sheet. The results of the comparison between experimental and measured exit surcharged

overflow through the grate inlet and the flow rate obtained by the equation of mass balance using the velocities

of Digiflow are shown in Figure 4:14. All the results are calculated for different platform geometries with a range
of longitudinal slope 0%, 2%, 4% 6%, 8% and 10% and a fixed transversal slope of 2%, and several overflows (10
I/s, 20 1/s, 30 I/s, 40 |/s and 50 I/s). The greatest differences were found with low longitudinal slopes of 0% and
0.5%, flow rate of 10 I/s, associated with low velocities.
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Figure 4:14 Comparison between measured exit surcharge flow of the grate inlet vs flow rate obtained

by SFIV technique.
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In order to further analyse the distribution of flow rate around the grate inlet, Figure 4:15 shows the results in a
percentage of flow rate where the 100% is the total flow rate introduced under the grate inlet. The distribution of
flow rate in the grate inlet is divided according to the mass balance in 3 parts as Qi, Q; and Qs (Figure 4:13); with
the same combination of slopes and flow rate.

The results concerning the distribution of flow rate depend on the exit surcharged overflow and the longitudinal
slopes as shown in Table 4:7. Summarizing, the range of the outflow “Qi” is between 0-21%, the outflow “Q)” is
around 37-49% and the outflow “Qs” is between 30-63% approximately, for all the combination of geometry
described before and overflow between 20 and 50 I/s. The case of flow rate of 10 I/s is more difficult to analyse
because it is not easy to generate a good velocity field for low velocities, but the maximum flow is governing by
outflow “Qs"” between 49% to 78% and 13% to 50% for the outflow “Q,” as show in Figure 4:15.
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Figure 4:15 Graph of distribution of outflow, transversal slope 2%.
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Inflow Outflow “Q3” Outflow “Qy” Outflow “Q;”
(1/s) (%) (%) (%)

20 63-31 37-63 0-6

30 47 -33 53-54 0-13

40 47 - 35 53-49 0-16

50 38-30 55-49 7-21

Table 4:7 Range of distribution of flow rate around grate inlet.

4.6 Conclusions

An experimental study representing the outflow from surcharged sewer systems through grate inlet has been
presented. Full scale 1:1 tests were carried out considering different rates of overflows through grate inlet
produced by surcharged pipes and different longitudinal slopes of the platform. The discharge coefficient
calculated using the orifice expression show an evident variation with the outflow discharge. Values of these
coefficients can increase three times depending on the overflow rate. Another interesting result is that the
discharge coefficient is not sensitive with longitudinal slopes.

Moreover, through the SFIV technique and using the software Digiflow, it was possible to evaluate the distribution
of the surcharged overflow through a grate inlet.

Results of the experimental campaign show a range of values of discharge between 0.13 to 0.41 for a flow rate
surcharge between 10 to 50 |/s. Furthermore, is important that the values of Cq estimated were approximately
constant for each outflow through the tested grate inlet, whereby the effect of transversal and longitudinal slopes
has very poor influence. Tests considered the absence of surface flow approaching the grate inlet. Further analysis
could be carried out to analyse the influence of the presence of runoff on the discharge coefficients values of the
grate.

The flow transfer between the major and minor drainage systems and viceversa become one of the key elements
for a good quality of the results. computer codes available now in the market allow this dual drainage modelling,
so, in case of this approach the accuracy of the results rely on the good estimation of these flow transferring and
the right choice of discharge coefficients, in case an orifice type approach is used to describe the flows through
the grate.

Discharge coefficients are far from the values used in many cases by practitioners or suggested by some inlet
manufacturers. The typical value suggested of 0.6 is too optimistic, and real values could be one third or one
fourth. The differences can produce significant errors in the flooding simulations produced by 1D/2D coupled
models. Most of the commercial software allows the orifice type to describe the flow transfer between sewer and
surface. Grate inlet manufacturers could provide for every grate the specific discharge coefficients so the
application to consider dual drainage can be done in a very easy way.

In addition, values of energy loss coefficient “K” was calculated for the same grate. In this case, it is possible to
say that the values “K” is between 0.42 to 3.41 for the overflows between 20 and 50 I/s.
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Chapter 5 Final remarks

5.1 Conclusions

The safe traffic and the general condition of the urban environment during rain events are given by the correct
design of urban drainage systems and the right size of the drainage network. The function of the drainage systems
is to collect and transport stormwater produced in urban area and the inlets system has to capture runoff
generated on roads, sidewalks, and other pervious and paved areas no directly connected to the sewer system.
Flooding in urban areas can be caused by the excess of runoff on the street, where the grate inlet has the principal
objectives to capture the flow that circulates uncontrolled on the surface and introduce it in the sewer network.
For this reason, the study of the hydraulic efficiency of grate inlets is important to locate them in the correct
positions and to know how many inlets are necessary along the street.

This PhD dissertation is focused on engineering application concerning the hydraulic behavior of the grate inlet
and the use of visual techniques to measure flow velocities. Specifically, one of its main objective is to develop a
visualization technique to study the hydraulic efficiency, field velocities and distribution of flows around the grate.
The second main issue of the thesis is to study the surcharged flow through a grate inlet in urban areas when the
sewer systems gets pressurized. This PhD dissertation continues the research line concerning inlet hydraulics
started approximately 20 years ago by the Flumen Institute of the Technical University of Catalonia.

This thesis contents results of two different experimental campaign from 2013 to 2017 on the platform for grate
inlets testing located in the laboratory of hydraulics of UPC. The first campaign concerned the analysis of the flow
distribution and the velocity field around the most common three grate inlets in the city of Barcelona, while the
second campaign was to study the discharge coefficient and the behavior of the flow leaving the sewer through a
grate (Barcelonal) when the sewer gets pressurized.

The methodology carried out to apply a new technique called Surface Flow Image Velocimetry (SFIV) relies on
visualization techniques in engineering applications using the software of advanced image processing for fluid
mechanics called Digiflow developed by Dalziel Research Partners at the Department of Applied Mathematics and
Theoretical Physics (DAMTP) of the University of Cambridge.

The experimental campaign about the achievement of grate inlet discharge coefficient of surcharged sewer system
was developed to fill an important gap in literature, where this topic has been not treated and default values
proposed by engine software’s are totally inadequate.

The document of this dissertation is divided into six chapters, where the scope of the thesis is described in chapter
1 with the principal objectives and introduction of visualization techniques for hydraulic application. The state of
the art (Chapter 2) contents the theory of different experimental hydraulic measurement techniques and the
description of different image processing techniques in the field of hydraulics. The scope of chapter 3 describes
the methodology developed to generate the field velocities and the distribution of the flow around the grate inlet
through visualization technique, applying a technique as SFIV. Chapter 4 is focused on the analysis of the hydraulic
behavior of pipe surcharged flow through the grate inlet.
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The first case studied in this thesis deals with the generation of field velocities and distribution of flow rate around
the grate inlet. The tests were carried out for three different types of grates (the most common ones in Barcelona),
on the hydraulic platform in scale 1:1 for grates testing developed at the Hydraulic Laboratory of the UPC. Results
provided the field velocities around the grates for five different approaching flows with a range between 25 I/s to
200 I/s, changing the longitudinal (0, 0.5, 1, 2, 4, 6, 8, 10%) and transversal (0, 2, 4%) slopes and having in total 24
combinations for each approaching flow.

Following the same methodology of SFIV technique described in chapter 3, the next step was to do a comparison
of field velocities and distribution of the flow around grate (Barcelonal) using the PIVIab tools of MATLAB pack-
age. The results presented a very good accuracy in comparison with experimental data and previous results
through Digiflow.

SFIV technique is a good tool as visualization technique that can be used for another engineering application
following the method developed in this dissertation such as floods, experimental application in hydraulics and
fluids mechanics, streets, channels, tunnel, dam, debris flows, ocean waves, etc.

The first conclusion of the SFIV technique with the application in the nearness of a sewer grate is that the precision
of the velocity field shows good accuracy special for supercritical flow. However, this technique has a dependency
of slopes and approaching flow of the street, where results confirm that in a flat surface and low velocities is
difficult to generate enough recognizable perturbations on the surface flow to reproduce the field velocities.

The second innovative experimental campaign was developed in the same experimental set-up with some changes
to study the behavior of pipe surcharged overflow through the grate inlet. The originality to study the grate under
pressure is that nobody has studied in deepness this problem yet in literature.

The new experimental methodology carried out allowed to study the values of discharge coefficient and the loss
energy of the grate inlet and, at the same time, it was possible to study the distribution of the exit flow and the
field velocities using the methodology of SFIV technique developed in this thesis and described in chapter 3. For
this experiments, the transversal slope was fixed at 2% and the longitudinal slopes were 0, 2, 4, 6, 8 and 10%, for
a range of exit flow between 10 I/s to 50 I/s.

5.2 Achieved results

The main contribution of this dissertation is the development of a Surface Flow Image Velocimetry technique to
determine the filed velocities and the distribution of the approaching flow in the nearness of sewer grates
developed in the Laboratory of hydraulics of UPC. The same technique can be extrapolated for other engineering
applications following the methodology studied in this dissertation.

SFIV is a non-invasive technique that does not disturb the flow during the measure, convenient for small water
level and high velocities where is more difficult to use other types of sensors. SFIV technique was validated for
many combinations of slopes and approaching flow. It can be used for other engineering applications as river
engineering, channels, waves in the coastal area, etc.

In this thesis, the methodology of the technique SFIV has been applied in urban drainage and, specifically, in the
study of the behavior of the flow in the nearness of grate inlet, where it is possible to know the field velocities and
the distribution of the flow around it.

After the tests of three different grates, the conclusion was that the distribution of the flow around the grate inlet
is divided in 70% for frontal flow rate and 30% of lateral flow rate approximately. Furthermore, the SFIV technique
provides a map of the field velocities around the grate inlet.
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Another contribution is related to the discharge coefficient (Cq4) for the grate inlets in case the flow exits from the
sewer to the street (surcharged sewers conditions). The range of values for discharge coefficients proposed in this
thesis for a sewer grate is between 0.13 to 0.40, for a range of surcharged outflows through the grate inlet
between 10 and 50 |/s, showing significant difference respect to a usual values suggested in the technical literature
for the discharge coefficient of orifice.

Results of discharge coefficient represent an important contribution especially for dual drainage systems where,
in some case, the engineers use values of discharge coefficient of the orifice far from reality with significant errors
considering that the relation of values of discharge coefficient between grate and orifice are too big.

Another issues treated in this research was the estimation of the values of energy loss coefficient “K”, where the
range of values obtained through the tests was between 0.42 and 3.41 with a range of exit flow from 20 I/s to 50

I/s.

5.3 Future work

This PhD dissertation opens the door to promising further researches:

- To extend the application of SFIV techniques for other engineering applications and also, to implement
the methodology with another method of image capturing, because of it could be more adequate the
study of big domains with drones or planes in rivers, coastal and oceans.

- To extend the experimental campaign of surcharge flow through the grate inlet to other different types
of grate inlet in order to validate the methodology, and try to propose a correlation function for the
discharge coefficient with the geometry of the grate.

- Moreover, to perform a new experimental campaign to study the interaction of exit surcharged flow with
the surface flow along the street.

- To compare the results of experiments with the tridimensional numerical simulation results. The
comparison could be interesting to confirm the values of discharge coefficient and energy loss coefficient
values. In this case, 3D simulations could represent another useful tool to analyse the behavior of the
interaction between the exit flow with the surface flow.

5.4 Publications derived from the thesis

Publications in Journals:

Tellez-Alvarez, J., Gomez, M., Russo, B., Redondo, J.M. (2018). Application of SFIV Surface Flow Image Velocimetry
techniques for the analysis of flow near grated inlets. Proceedings of the Institution of Civil Engineers, Journal
Water Management. (Minor revision)

Cosco, C., Gbmez, M., Russo, B., Tellez-Alvarez, J., Macchione, F., Costabile, P., Costanzo C. (2018). Proposal for
grated inlet discharge coefficients using Froude number in case of orifice and weir approach. Journal of Hydraulic
Research (under review)

Gémez, M., Russo, B., Tellez-Alvarez, J. (2018). Outflow from sewers in pressure flow conditions: discharge
coefficients in case of orifice approach representing the grate hydraulics. Urban Water Journal (Minor revision)
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Russo, B., Gomez, M., & Tellez, J. (2013). Methodology to Estimate the Hydraulic Efficiency of Nontested
Continuous Transverse Grates. Journal of Irrigation and Drainage Engineering, 139(10), 864-871.
doi:10.1061/(ASCE)IR.1943-4774.0000625.

Other publications
Proceedings of national and international conferences:

Oral Presentation

Tellez-Alvarez, J., Gdmez, M., Russo, B. “Image processing technique for hydraulic application”, Proceedings of ISP
RAS, 29:6 (2017), 289-298. doil: 10.15514/ISPRAS-2017-29(6)-18.

Tellez, J., Gdmez, M., Russo, B., Zanon, F. Comparacion de métodos de andlisis de imdgenes para determinar el
campo de velocidades en las cercanias de las rejas de alcantarillado. Jornadas de Ingenieria del Agua, JIA 2017.
Corufa, 2017, p. 1-12.

Tellez, J., Gdmez, M., Russo B. and Redondo, J.M. (2016). Metodologia para la obtencion del campo de velocidad
en la proximidad de las rejas de alcantarillado. XXVII Congreso Latinoamericano de Hidraulica. 2016, Lima, Peru.

Tellez, J., Gdmez M., B. Russo and J.M. Redondo. (2016). Surface Flow Image Velocimetry (SFIV) for hydraulics
applications. 18th International Symposium on the Application of Laser and Imaging Techniques to Fluid
Mechanics, Lisbon, Portugal.

Tellez, )., Gdmez, M. and Russo, B. (2015). Metodologia para determinar el campo de velocidades en los imbornales
de captacidn. VIl Seminario Red de Laboratorios de Hidrdulica de Espafia.

Poster presentation

Tellez, J., Gdmez, M., Russo, B. and Redondo, J.M. (2016). Characterize the hydraulic behaviour of grate inlet in
urban drainage to prevent the urban’s flooding. EGU General Assembly Conference Abstracts.

Tellez, J., Gdmez, M. and Russo, B. (2015). Técnica para la obtencicn del campo de velocidad del flujo superficial
en proximidad de rejas de alcantarillado. Jornadas de Ingenieria del Agua (JIA 2015): la precipitacion y los procesos
erosivos, Cérdoba, Spain.

Tellez, J., Gdmez, M., Russo, B. and Redondo, J.M. (2015). A simple measuring technique of surface flow velocity
to analyse the behaviour of velocity fields in hydraulic engineering applications. EGU General Assembly Conference
Abstracts.
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