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ABSTRACT

The knowledge of water levels and discharges in urban drainage and stormwater management (UDSM)
systems is of key importance to understand their functioning and processes, to evaluate their
performance, and to provide data for modelling. In this chapter, devoted mainly to underground
combined and separate sewer pipe systems, various methods and technologies are described and
discussed. After an introduction to important aspects to deal with when measuring discharges in sewer
systems, the following parts are presented successively: (i) measurement of water level with rulers, and
pressure, ultrasonic and radar sensors, (ii) measurement of flow velocity with ultrasonic, Doppler,
velocity profiler, free surface, and electromagnetic sensors, (iii) direct measurement of discharge with
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pre-calibrated devices, physical scale models, computational fluid dynamics modelling and use of pumping
stations, and (iv) detection and/or measurement of infiltration into and exfiltration from sewers, with flow or
pressure measurements, tracer experiments, distributed temperature sensing and geophysical methods.

Keywords: Discharge, in- and exfiltration, measuring principles, pumping stations, sensor, technology,
tracers, velocity, water level.

SYMBOLS

(Some symbols are used for different parameters; it should be clear from the context what is meant in a
specific case.)

S SR
S

5
5

5 N~ m¢b~ =

numerical coefficient (-)

aspect ratio B/h (-)

numerical coefficient (-)

magnetic induction field (T)

width of the free surface (m)

celerity of sound in the air (typically ~340 m/s)

celerity of sound in the water (typically ~1480 m/s)

tracer concentration (kg/ m°® or mol/m?)

tracer background concentration (kg/m> or mol/m?>)

concentration of tracer injected (kg/m’)

concentration of indicator tracer (kg/ m°® or mol/m?)

concentration of tracer injected during a tracer experiment (kg/m>)
concentration of tracer measured during a tracer experiment (kg/m>)
concentration of reference tracer (kg/ m°® or mol/m?®)

distance between the Doppler sensor and the particle i (m)

diameter (m)

exfiltration fraction (-)

voltage output of an electromagnetic sensor (V)

difference between transmission and reception frequencies (Hz) of a Doppler sensor
frequency of reception of a Doppler sensor (Hz)

frequency of emission of a Doppler sensor (Hz)

Froude number (-)

gravity acceleration (m/s”)

water level (m)

vertical distance between a water level ultrasonic sensor and the pipe invert level (m)
maximum water height at a point during a measurement period (m)
vertical distance from top of an underwater acoustic level sensor to pipe invert (m)
characteristic dimension of a physical scale model (m)

index

electrical current (A)

virtual current vector (A)

numerical coefficient to estimate U,,, from U =)

Manning-Strickler coefficient (ml/ 3 /S)

dispersion coefficient (m2/ s)
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L length (m)
m index for physical scale model
M,, mass of tracer injected in the investigated reach (kg)

Minp.i;n  mass of indicator tracer injected in the investigated reach (kg)
Minp,ou: mass of indicator tracer downstream of the investigated reach (kg)

Miny mass of tracer injected during a tracer experiment (kg)
Mypas  mass of tracer measured during a tracer experiment (kg)
M, mass of tracer measured downstream of the investigated reach (kg)

Mgerin  mass of reference tracer injected in the investigated reach (kg)
MgEr o mass of reference tracer downstream of the investigated reach (kg)

n geometrical scale factor (-)

N number of particles observed by a Doppler sensor (—)

p index for full-scale structure

P pressure (Pa)

Pec electrical power (W)

Phyar hydraulic power (W)

qiND dosing rate of indicator tracer (m® /S)

qiNg tracer injection discharge (m® /s)

qREF dosing rate of reference tracer (m® /S)

0 discharge (m3 /s)

Omeas  discharge measured by a tracer experiment (m® /s)

Re Reynolds number (-)

s pipe invert slope (m/m)

S; elementary surface (m?)

S wet section (m?)

t time (s)

Tk end time of the tracer spike at the downstream measurement location
T, return travelling time (s)

Ts start time of the tracer spike at the downstream measurement location
U voltage (V)

U mean velocity measured by a sensor in a fraction of the wet section (m/s)
U flow velocity along the measuring line for ultrasonic travel time sensors (m/s)
U, estimated longitudinal velocity (m/s)

U water velocity at the free surface (m/s)

U; flow velocity across the elementary area S; (m/s)

U, mean flow velocity across a wet section (m/s)

U pax maximum flow velocity across a wet section (m/s)

U, local radial velocity of a particle i (m/s)

Us., estimated longitudinal velocity by a Doppler sensor for a particle i (m/s)
U, longitudinal component of the flow velocity (m/s)

U, transverse component of the flow velocity (m/s)

U, vertical component of the flow velocity (m/s)

Vv water velocity (m/s)

v streamwise velocity field (m/s)

Vix, y, z) water velocity at the given point of coordinates (x, y, z) (m/s)
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V; volume of tracer injected (m%)

V., flow velocity measured by a Doppler sensor in its sampling volume (m/s)
w(z) weighting function (-)

w Bevir’s weight vector (-)

We Weber number (-)

x longitudinal coordinate (m)

y transverse coordinate (m)

z vertical coordinate (m), related to water height

Zr lower limit of integration of an electromagnetic sensor (m)
Zurf height of an electromagnetic sensor (m)

Zy upper limit of integration of an electromagnetic sensor (m)

AH total pump head (m)
AH,,;. static pump head (m)

Nelec electromotor efficiency (-)

Npump pump efficiency (-)

p density of water (kg/m">)

At measurement time step in tracer experiments (s)

a angle of measurement for ultrasonic travel time sensors (rad or °)
Bi angle between the direction of the movement of the particle i and the Doppler sensor (rad or °)
o depth of sediment (m)

A friction coefficient (-)

1% kinematic viscosity of water (mz/ s)

6 angle of emission of a Doppler sensor (rad or °)

6, opening angle of the emission cone of a Doppler sensor (rad or °)

surface tension of water (N/m)
control volume of an electromagnetic sensor (m®)
local head loss coefficient (-)

™A Q

3.1 INTRODUCTION

Several types of data can be recorded to better understand and manage urban drainage and stormwater
management (UDSM) systems. However, discharge is probably the most common one, especially to
operate facilities and evaluate pollutants loads (Joannis, 2001). Therefore, methods to measure
discharges are widely used in sewer systems. The discharge can barely be measured with a single sensor
and its calculation is mostly based on combining data from two measurements. It can be estimated by:

(a) Measuring a volume (m%) and measuring a duration (s): this method is limited to small channels and
low flows as the key challenge is to be able to capture all the volume flowing through the channel
(Figure 3.1). Obviously, this method cannot be used for continuous monitoring, and is hard to
implement in urban drainage systems. In addition, such a volumetric method is invasive, with
possible risks for the operators (see Section 7.2).

(b) Combining two measurements: typically, a water level measurement to calculate the wet
section (m?) and a velocity measurement (m/s).

(c) Using water level measurement(s) and a relation between the water level and the discharge.

(d) Electromagnetic induction measurement.
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Water level and discharge measurements 39

Figure 3.1 Implementation of a device to capture all the volume flowing through a weir. Source: Université
Gustave Eiffel.

Even if the measuring device delivers results as discharge values, some calculation is always carried out,
sometimes implicitly, using the readings of the sensor(s) (often two or more) to estimate the discharge. The
following sections of this chapter are devoted to the (b) and (c) estimations listed above. Two cases are
distinguished:

* Open channels, where the flow is driven by gravity, in Sections 3.3.1 to 3.4.5.
* Pressurized pipes, in Section 3.4.6.

A free surface flow is presented in Figure 3.2 with solid walls, and water level 4 (m) from the invert to the
free surface where the width is By, (m). The discharge calculation usually requires knowledge of:

Sewer wall

ree surface
FIow "

Submerged section of
straight section: wet surface S,

Figure 3.2 Definitions of main quantities for a free surface flow. Source: adapted from Larrarte et al. (2016a).
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Damaged wall

Deposit

Figure 3.3 A sewer section where sediment deposit and damaged wall hinder installation of sensors for
discharge measurement. Source: Université Gustave Eiffel.

* Geometric quantities: cross section, slope, and roughness.
¢ Hydraulic quantities: water level (and, therefore, wet section or surface) and flow velocity.

The geometric quantities of the channel are usually considered as constant. However, this may not be true
after important works, when sediment deposit occurs into the channel modifying the cross section

2 280
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Figure 3.4 Typical flowrate patterns in a combined sewer in Nantes, France. Source: Université Gustave
Eiffel.
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Water level and discharge measurements 41

(Figure 3.3), or when corrosion of the walls modifies the roughness (e.g. Stanié ez al., 2016). In addition, the
hydraulic quantities change with time as shown in Figure 3.4 for a combined sewer pipe.

Figure 3.5(a) shows that water level and velocity do not vary with the same dynamics during a dry
weather day. If the velocity is presented as a function of the water level (at the same time), the hysteresis
becomes visible (Figure 3.5(b)).

Figure 3.6 shows a more complex example. During dry weather days from 22 to 31 December, the
hysteresis is negligible but, during the rainy period (approx. 16—17 Dec.), an important downstream
influence (backwater effect) occurs, causing the velocity to reduce when the water level rises.

—
2

1.20
— Water level (m)

— Velocity (m/s)
1.00 1
= Flowrate (m®/s)

0.80 _\—/—\/__

0.60 ’W

0.40 -

0.20 A

Water level (m), flow velocity (m/s) and flow rate (m%/s)

0.00 T T T T T T . . .
00:00 02:24 04:48 07:12 0936 12:00 14:24 16:48 19112 21:36  00:00
Hour

C;

100

Atemoon and night evolution

020 4 1300

o0

D204

/"

070 9 Moming evolution

‘e locity (mis)

D50 4

050 g ' v
0.45 D50 055 0.60 085

Wiater lewel (m)

Figures 3.5 Typical flowrate patterns in a combined sewer during dry weather conditions (a. time series,
b. hysteresis). (a) temporal evolution of hydraulic parameters. (b) velocity as a function of water level:
hysteresis. Source: Université Gustave Eiffel.
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Figure 3.6 Flowrate patterns in a combined sewer with backwater effect (downstream influence).
(a) temporal evolution of hydraulic parameters. (b) velocity as a function of water level: a hysteresis.
Source: Université Gustave Eiffel.

In conclusion:

*  When a univocal relation giving the velocity as a function of the water level exists (it happens
either for artificially controlled sections (combined sewer overflows, weirs, Venturis, orifices,
etc.) or for uniform steady flows, measuring solely the water level 4 is sufficient to estimate
the discharge.

*  When a univocal relation giving the velocity as a function of the water level does not exist, both the
water level and the velocity have to be measured to estimate the discharge.

The first case is rare in sewer systems. Therefore, it is highly recommended to carefully select the
measurement site before implementing any sensor (see Sections 6.2 and 6.3). Sewer operators may be
good advisors as, by working daily in the network, they know areas affected by deposits, pipes with
downstream influence, and other aspects that may affect measurements. Consulting maps of the network
allows singularities such as confluences (Figure 3.7), bends, and changes in channel section or slope,
that may have influence on the flow, to be located. Hydraulic simulations or short-term measuring
campaigns may be useful to ensure the location is exempt of such effects. If no previous information
exists, it is highly recommended to plan a measurement campaign to measure velocity and water level
during several weeks with a few rain events to include diverse hydraulic conditions. Last but not least,
the existence of a univocal relation has to be systematically validated before being used.

Another point needs to be highlighted. This book deals with metrology in urban drainage and stormwater
management, the technologies presented are therefore those used in this context. It means that any part of the
metrological chain implemented in sewer networks must be able to be operated in a corrosive and confined
environment, sometimes complying with ATEX directives 1999/92/EC and 94/9/EC (applicable to
explosive atmospheres including the electrical directives regarding Safety Extra-Low Voltage (SELV)).
Additionally, of course, national/local sanitation regulations must be respected (see Section 7.2 for more
information).
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Figure 3.7 The water flowing from the left side channel influences the flow coming from the bottom. Source:
Université Gustave Eiffel.

Key messages on sensors, measuring devices and sites

» KM 3.1: Hydraulic context— The hydraulic context of each site has to be taken into account at the early
stage of the instrumentation process, especially velocity distribution and deposits

* KM 3.2: Technologies — For most data, there are various technologies available, with their respective
pros and cons.

» KM 3.3: Corrosion — Sewer networks have a corrosive and confined atmosphere.

* KM 3.4: Regulations — National regulations must be respected.

« KM 3.5: Staff — Staff is a key element for professional metrology.

3.2 WATER LEVEL MEASUREMENT

The technologies commonly used for continuous monitoring of water level (Bertrand Krajewski ez al., 2000;
Colin er al., 2016) are presented in Sections 3.2.1 to 3.2.4. However, it is important to mention that in several
cases direct measurement using a ruler may be necessary.

Water level measurement allows calculation of the wet section when the geometry of the section is
known. The wet section is correct only if there are no deposits in the cross section. This point should be
checked systematically. In the case where deposits are present, the sediment height has to be measured
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as well, in order to calculate the real wet section. To the authors’ knowledge, the only existing device able to
continuously measure sediment height is a research prototype (Larrarte ef al., 2016b). When applying a free
surface Venturi flume (e.g. a Diskin venturi device in Diskin, 1963), the risk of deposits in the measuring
section is reduced thanks to the locally increased flow velocity and shear stress.

3.2.1 The simplest sensor: a ruler

A ruler can be considered as the simplest sensor because: (i) it does not require specific skills, (ii) there
is no energy requirement and (iii) it is the cheapest one. However, this device has two main
drawbacks: it is (i) costly in terms of staff costs and (ii) potentially dangerous since it requires direct
access to the water in the sewer pipe. Of course, it cannot be used for continuous monitoring without
image acquisition and image processing tools (e.g. Jeanbourquin et al., 2011). When applied in flowing
water, a ruler is an invasive measuring method (Figure 3.8): a ‘bow wave’ appears making the measuring
result ambiguous. Even in motionless water, the reading accuracy cannot be better than 2—3 mm, which
can be relatively inaccurate for small water depths.

3.2.2 Pressure sensor

The measuring principle of pressure sensors is based on the Bernoulli relation (Equation (3.1)): along a
given stream line, the water height z (m) at the given point (x,y) is related to the pressure P (Pa) and to
the velocity V(x,y) (m/s), with conservation of the sum:
2

Ly 4 L 3.1)

Pg 2g

Several types of pressure sensors are available on the market. All of them require an atmospheric pressure
compensation, a low velocity around the sensor and must be placed at the invert level. As an order of
magnitude, a velocity of 1 m/s leads to an overestimation of the water level of 5 cm. For 2 m/s, the
overestimation will be 20 cm (Equation (3.1)).

The first kind of sensor is named a bubbler (Figure 3.9(a)): it is a bubble generator, with the outlet at the
invert level, that measures the required pressure to release a bubble. This pressure is equal to the hydraulic

Figure 3.8 Notso easy to read a ruler! Water level of 36 cm upstream, 35 cm downstream. Source: Université
Gustave Eiffel.
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(a) (b) street

Differential pressure sensor

Connection box
and atmospheric pressurc

Compressor
Flow regulator
== | [
LI [
Rilsan tube Rilsan tube
for air injection for pressure
measurements

(1to2 huhhlesfsr“‘* A
i Ah
Afty

- T hn
h=hy+2, .. S 3 . S Y
Offset Z,

Smoothing well

Pressure sensor

(d)

Figure 3.9 Pressure sensors: (a) installation of a bubbler, (b) installation of a piezometric sensor, (c) bubbler
installed at the upstream end of a free surface Venturi channel, (d) piezometric sensor. Sources: (a) and (b)
adapted from Bertrand Krajewski et al. (2000); (c) courtesy of Paul Verkroost (Efcon/A.V.M.) and
(d) courtesy of Nicolas Walcker (INSA lyon).

head and can be converted into the water level (Equation (3.1)). This device is obviously sensitive to frost
for its off-sewer part. These sensors require a gas source (e.g. bottle of nitrogen, atmosphere) and
a compressor.

An alternative to the bubbler is the piezometric sensor (Figure 3.9(b)) that uses the piezoelectric
properties of some materials. When the piezometric crystal is submitted to a pressure, electrical charges
appear on the faces opposed to the constraint exerted on the sensor membrane. The intensity of the
electrical signal is proportional to the pressure. Piezometric sensors are of particular interest in pipes
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46 Metrology in Urban Drainage and Stormwater Management: Plug and Pray

where dimensions are too small to install an ultrasonic sensor (which has a dead zone of typically a few tens
of centimetres — see Section 3.2.3) or when the flow is or can be pressurized.
Pressure sensors are necessarily submerged and therefore sensitive to clogging and deposits.

3.2.3 Ultrasonic sensor

Ultrasonic sensors are widely used for long term monitoring stations. The water level is calculated through
the measurement of the travel time of acoustic waves emitted by the sensor and reflected by the free surface,
i.e. the wave travel from the sensor towards the free surface and back to the sensor.

For emerged situations (aerial sensor) the water level is calculated using Equation (3.2a):

h=hy— CTT (3.2a)

where c,;, is the celerity of sound in the air (typically 340 m/s), T, (s) is the return travelling time, and /g (m)
is the vertical distance between the sensor membrane and the sewer invert level, as shown in Figure 3.10(a).

(a) (b)

Sewer

ho

(c)

Figure 3.10 Ultrasonic sensors: installation principles at the crown (a) and invert (b) and photos of
installation at the crown (c) and at the invert (d). Sources: (a) and (b) adapted from Bertrand Krajewski
et al. (2000); (c) courtesy of Nicolas Walcker (INSA Lyon) and (d) courtesy of Paul Verkroost (Efcon/A.V.M.).
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Water level and discharge measurements 47

Aerial ultrasonic sensors present some advantages: they are small, cheap, not really prone to drift and
require less maintenance than the submerged ones. Given the measurement principle, the results are
unreliable when:

* Foam or floating debris is present at the free surface and in the measuring area.
* The composition, temperature, pressure and/or moisture of the atmosphere significantly influences
the celerity of the sound.

While aerial sensors are the most widespread, there are also submerged ultrasonic sensors (Figure 3.10(b)).
Equation (3.2a) then becomes Equation (3.2b):

h=h,+ CW’TT (3.2b)

where c,,q., 1S the celerity of sound in water (typically 1480 m/s), T, (s) is the return travelling time, and
hg (m) is the vertical distance between the sensor membrane and the sewer invert level.

For aerial systems, the implicit assumption that the velocity of sound is known is often too strong due to
variations in temperature, pressure and/or composition of the atmosphere. Additional measurement of these
parameters, in particular temperature and air humidity, can partially correct those variations. However, this

Table 3.1 Advantages and disadvantages of various technologies for water level measurement.

Technology Advantages Disadvantages

Ruler ¢ Cheap * No continuous measurements without
« Almost always available image recording device
* Non-sensitive to humidity * Not so easy to read

Bubbler ¢ Continuous measurements * Requires regular maintenance as it is
» Hydrostatic pressure measurement sensitive to fouling and clogging
e Easy to install « Slow response time

Piezometric ¢ Continuous measurements » Contact with the water

sensor * No dead zone ¢ Requires regular maintenance as it is
* Average investment cost sensitive to fouling
¢ Low power consumption « Drifts easily

¢ Works also for pressurized flow
« Easy to calibrate

Ultrasonic ¢ Continuous measurements e Presence of a dead zone
sensor « Easy to install and maintain * Does not measure when the water level
¢ No contact with the effluent goes up to the sensor
* Low drift over time « Several disturbance factors (foams,
* Rather low cost floats, temperature gradients, haze,
etc.)
Radar sensor « Continuous measurements « Slightly more expensive than the
¢ Undisturbed by variations in temperature, ultrasonic sensor
mist, wind, foam and floatings « Energy consumption is higher than for
« Easy to install and maintain the ultrasonic sensor
» No contact with the effluent ¢ Does not measure when the water level
» Low drift over time goes up to the sensor
* Low cost
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48 Metrology in Urban Drainage and Stormwater Management: Plug and Pray

requires additional sensors (i.e. other additional potential problems and added uncertainties in the obtained
measured values for the water level). The assumptions on the geometry (A or hg — Figure 3.10) need to be
carefully checked. ‘False’ echoes may occur due to e.g. the shape of the manhole construction, or due to the
presence of objects like spiderwebs. One main advantage with submerged systems is that the water
temperature can be considered as constant along the distance A, the main disadvantage is that the sensor
is very sensitive to clogging and deposits.

3.2.4 Radar sensor

Water level measurement with radar sensors is also based on a measurement of the travel time, but with
electromagnetic waves instead of ultrasound waves. Radar waves do not need a support to propagate and
they are not disturbed by variations in temperature, mists, wind, foams nor floating materials. Radar
sensors are therefore preferred to ultrasound sensors if one of these constraints is present on the site.
They are less subject to disturbances and produce non-ambiguous information if they cannot measure,
which makes it easier to sort out false values in the case of loose free surface or dysfunction. With
significant diminution of their costs during recent decades, radar sensors are being used more and more.

3.2.5 Summary

The main advantages and disadvantages of the above technologies most used in UDSM are summarized in
Table 3.1.

3.3 VELOCITY MEASUREMENTS

As explained in the introduction of Section 3.2, when a univocal relation giving the velocity as a function of
the water level does not exist, the velocity has to be measured in conjunction (space) and in synchronization
(time) with the water level. In most cases, the geometry of the pipe or channel is known or can be assumed to
be known. However, corrosion can generate a significant deviation from the initial cross section, in

Figure 3.11 Streamwise velocity distribution in a wide channel section. Source: adapted from Larrarte et al.
(20164a).
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(b) -

(dip phenomenon)

Figure 3.12 Vertical velocity profile in a channel central plane far from any singularities: large (a) and narrow
(b) channels, i.e. respectively A,>5 and A, < 5. Source: adapted from Larrarte et al. (2016a).

particular for concrete sewer pipes (see e.g. Clemens et al., 2015 or Stanic, 2016). The presence of deposits
is also a source of biases and difficulties in measurements.

Longitudinal velocities (Figure 3.11) increase from the invert level to the surface and from the walls
towards the median plane of the flow. This schematization corresponds to the case of wide channels
characterized by an aspect factor A, > 5, with A, = Bg;/h. In this case, the maximum velocity is observed
at the free surface (Figure 3.12(a)). For narrower channels (A, <5), the velocity distribution shows a
‘dip-phenomenon’ effect: the maximum velocity is below the free surface (Figure 3.12(b)).

Circular or egg-shaped (ovoid) section pipes have an aspect ratio lower than 5 (Figure 3.13). Therefore,
the maximum velocity is usually below the free surface (Figure 3.15), except for low filling rates.
Consequently, their velocity profiles mismatch with the specifications of the international standard ISO
748 (ISO, 2007). The height of the measured average velocity may be different from the standard, as
illustrated in Figure 3.14 for two combined egg-shaped sewers in Nantes, France (Larrarte, 2006): in the

(b)
@) 155 —
/10
1.00 130350 1.10 z [mm]
% O
zimm! \&J/
0 | ‘ | i
-110 0 110 |
-120 0 120
Y [mm]
Y [mm)]
Low filling rate High filling rate

Figure 3.13 Velocity field (the isolines reflect the normalized values with respect to the mean velocity) in a
circular section for low (a) and high (b) filling rates. Source: Experimental results adapted from Knight &
Sterling (2000).
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Figure 3.14 Vertical position of the average velocity for two combined egg-shaped channels in Nantes,
France. Source: Larrarte (2006).

Jardin des Plantes sewer, the position of the mean velocity changes and moves towards the invert level with
increasing filling rate, whereas it remains almost constant in the Cordon Bleu sewer.

Very large sewers are sometimes equipped with banks or sidewalks that increase the flow velocity for low
discharges and thus reduce the risk of sedimentation. At low flow rates, the velocity field is distributed like in
a single section (Figure 3.15(a)) with maximum velocity below the free surface and transverse and vertical
velocity gradients. At higher flow rates, the section becomes compound and the velocity field is more
heterogeneous: one observes in particular the presence of a local minimum velocity above the sidewalk
(Figure 3.15(b)) and a very strong transversal velocity gradient in the vicinity of the vertical face of the
bench. Such a velocity field cannot be expected to be stable and may vary over time, even when the flow
rate remains stationary.

(b)

il —

0.5

Water level variation

0.4

RSN .

\ Y 0.7 L
—
No measurements |
0 — 0
0 0.2 0.4 0.6 0.8 1 0 1

y/ymax y/ymax

Figure 3.15 Velocity fields in a large combined sewer: low (a) and high (b) filling rates. Source: adapted from
Larrarte (2006).
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The mean velocity U,, (m/s) through a cross section is the flow divided by the wet section: it is the
average of the longitudinal component (i.e. perpendicular to the section) of the velocities of all fluid
particles which pass through the section at a given time. U,, can be approximated by sampling n points
distributed across the section S,,, (ISO, 2007):

1
Uy, = EZ U;S; (3.3)

where U; (m/s) is the local velocity at point i, perpendicular to the section, and S; (m?) is the surface element
associated with this velocity (Figure 3.16).

An ideal velocity sensor should perform a complete sampling of the wet section to account for the entire
velocity field. However, a real sensor usually does not deliver the true mean velocity U,, across the wet
section but a mean velocity U representative of only a fraction of the wet section. This implies that a
function f should be determined to estimate U, from U (Equation (3.4)):

Un = £ (0) (3.4)

This function fis preferably reduced to a single numerical coefficient k£ over the whole range of velocities
and filling rates (Equation (3.5)):

U, = kU (3.5)

The two most used velocity sensors (transit time sensor and Doppler sensor) and some other emerging
sensors or technologies are briefly described in the following sections.

1.1
1.0
0.9 Free surface
0.8

0.7

0.5 o | o o ° ) of
0.4 ° o ® ®

Si
03 \ o o U, ® e

02 \o o o °
S

0.0 0.1 02 03 04 05 06 07 08 09 1.0 1.1 12 13 14 1.5 1.6

Figure 3.16 Example of discretization of a velocity field in surface elements S, each element being
associated with a local velocity U;. Source: Larrarte et al. (2016a).
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Velocities

Sewer channels differ from rivers; the maximum velocity is below the free surface.
The height of the mean velocity may change with the filling rate.

3.3.1 Ultrasonic travel time

The principle is based on the measurement of the travel time of ultrasonic waves between two sensors A and
B (emitters and receivers), which are positioned at the same elevation, either on both sides of the pipe
(Figure 3.17(a)) or on the same side (Figure 3.17(b)). The sensors are installed with an angle o specified
by the manufacturer. L is the wave travel distance between A and B.

In practice, A and B are alternately transmitters and receivers. Let #; be the time taken by an acoustic
signal emitted from A to reach B and vice versa #, from B to A. The transit time measurement considers
the flow velocity by its projection U’ along the line AB.

Considering, at the height z at which the sensors A and B are installed above the pipe invert (Figure 3.18),
that the velocity component U,(z) parallel to the pipe axis is predominant compared to the respectively
transverse and vertical components U,(z) and U/(z) (U,(z) is perpendicular to the plane of Figure 3.18
and is therefore not visible on the figure), the velocity U'(z) measured along the line AB is converted
into the longitudinal velocity U,..(z) by application of the coefficient 1/cos(a). The mean velocity U(z)
measured by the sensor along the line AB is given by Equation (3.6):

N _ L h— 14
v = 2cos(a) < tit ) (3.6)

@) | (6)

\.‘ Y \‘ \ 4 ‘/

Figure 3.17 Schematic diagram of a transit time measurement system: sensors on both sides (a) or same
side (b) of the channel. Source: adapted from Larrarte et al. (2016a).
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Figure 3.18 Influence of a strong transverse component of the velocity on the difference between the velocity
U.., measured according to the probes A and B and the longitudinal velocity U,. Source: adapted from Larrarte
et al. (2016a).

U(z) is equal to the mean flow velocity U,,(z) at the level z of the line AB (Equation (3.7)):

L

L
jU’.dl _ % j U.dl = Uy (2) 3.7)
0

V) = Lcos(w)
0

Figure 3.18 shows that if the transverse component U,(z) of the velocity is significant, the measured
longitudinal velocity U,.,(z) is very different from the real longitudinal velocity U,(z) (in green). The
presence of non-negligible transverse velocity components is therefore a major source of error.

The line AB is called a path in the geometric sense of the term. This line allows homogeneous horizontal
sampling of the transverse velocity profile (Figure 3.19(a)), but only at a given height. This measurement is
representative of the flow at the height of the path. To obtain a better mean velocity estimate through the
entire wet section, it is common to use several paths at different heights, by installing several couples of
sensors (Figure 3.19(b)).

(a) (b)

A3 B3
A2 B2
A B A1 B1

Figure 3.19 Scheme of installation of one couple (a) or several couples (b) of sensors. Source: adapted from
Larrarte et al. (2016a).
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The discharge is calculated by assigning a defined surface to each path and applying, where appropriate,
corrective coefficients k; to the velocities measured by the different paths (Equation (3.8)):

0= ZkiUiSi (3.8)
p)

where U; and S; are respectively the velocity measured by the i-th path and the corresponding wet surface.
The coefficients k; are different from 1 only for the lowest (near the pipe invert) and highest (close to the free
surface) surface elements. The standard ISO 6416 (ISO, 2017) provides two methods for assigning surfaces
to paths (not detailed here).

3.3.2 Acoustic Doppler flowmeter

An acoustic Doppler flowmeter (Figure 3.20) measures the velocity in a sampled volume by measuring the
difference between the emitted (fs) and received (fs + fp) frequencies (Hz) of acoustic waves. The frequency
fsisintherange 0.5 to 1 MHz. When acoustic waves encounter an acoustic impedance contrast (i.e. a density,
e.g. particles or gas bubbles), the waves are reflected with a frequency fz. The velocity Vi measured in the
sample volume is directly proportional to the difference of frequencies fp = fz — fs (Equation (3.9)):

Cwaterf D

2f;

where ¢, (m/s) is the celerity of ultrasound in water, fs (Hz) is the frequency of emission, and fp (Hz) is
the difference between the transmission and reception frequencies.

In theory, Doppler sensors can be placed anywhere in the flow (Figure 3.20). In practice, the location is of
key importance to obtain accurate results. Indeed, the velocity V, measured by the Doppler sensor is
converted to the estimated mean velocity U, according to hypotheses about the expected velocity field
and profile (see below). The most common specifications correspond to a location of the sensor at the
bottom of the pipe, in a central position (Figure 3.20(a), Figure 3.22). If the sensor is in a different

V, =

3.9

Implemented at the invert Implemented on the side

Figure 3.20 Examples of acoustic Doppler sensor locations: on the invert (a) or on the side wall (b).
Source: Université Gustave Eiffel.
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Figure 3.21 Principle of velocity measurement by a Doppler sensor. Source: adapted from Larrarte ef al.
(2016a).

location (e.g. on the wall, as shown on Figure 3.20(b)), an appropriate correction to estimate U, from V, is
necessary to avoid biases which may be very significant (Lepot et al., 2014). In addition, sensor locations
with deposits or prone to clogging should be avoided.

For a given particle i within the flow (Figure 3.21), the velocity U,., along the flow axis is calculated from
the velocity U,; measured by the Doppler sensor by Equation (3.10):

Uy

U= oo 5 (3.10)

where f; is the angle between the direction of the movement of the particle i and the emission axis of
acoustic waves.

For typical sensor location conditions (i.e. on the invert), the angle j3; is assumed to be equal to the angle
6;, located in the vertical plane of symmetry of the sensor, which itself is assimilated to the emission angle 6
of the sensor, even if strictly speaking this is only true for the particles located on the axis of the emission
cone (Figure 3.21). The measurement volume explored by the Doppler sensor is a 3D cone as shown in
Figure 3.22.

Figure 3.22 Scheme of the three-dimensional measurement cone (in pink) of a Doppler sensor and two
sampled cross sections (in white). Source: courtesy Claude Joannis.
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Table 3.2 Characteristics of three different Doppler sensors noted A, B
and C (Larrarte et al., 2008).

Sensor Sensor A Sensor B Sensor C
Frequency (MHz) 1.0 0.5 1.0
Emission angle (degree) 15 31 14
Opening angle (degree) 17 10 24
Range (m) >3.5 0.8 1.2

The international standard ISO 15769 (ISO, 2010) recommends some specifications for Doppler sensors:

* Emission angle 6.

* Opening angle 6,, of the ultrasonic beam.

* Range of the ultrasonic beam (i.e. the maximum distance along the measurement cone axis at which
measurements are effective).

* Emission frequency fs.

» Signal analysis.

As for ultrasonic travel time sensors (Figure 3.18), transverse or vertical velocity components tend to distort
the measurement (Figure 3.21). Indeed, the true longitudinal velocity U, (in green) may differ from the
longitudinal velocity Us., estimated by the sensor (in blue) because the true velocity vector U (in black)
at the location of the particle i is not necessarily parallel to the main axis of the pipe.

To estimate some specifications of Doppler sensors, Larrarte et al. (2008) developed a test bench and
showed that these quantities vary considerably for different sensors (Table 3.2). During these tests, it was
assumed that the maximum range is reached when the sensor is no longer able to read with an acceptable
accuracy (i.e. less than 20%) the velocity of a controlled flow, located in a tube transparent to
ultrasound, and immersed in a still water tank at a given distance from the Doppler sensor. It is therefore
an arbitrary definition, which however partially reflects the actual in sifu measurement capabilities and
allows objective comparisons between different instruments.

The range is limited due to the attenuation of the received signals, whose intensity decreases when
the distance to the sensor increases. This attenuation is a geometrical effect due to the distribution of the
ultrasound energy on a spherical cap surface proportional to the square of the distance between the
sensor transducer and the reflector (particle or bubble), along the return trip of the acoustic wave. Thus,
the average velocity U given by the sensor is estimated from Equation (3.11):

Uri

. 1 lev?
U=—_ i (3.11)

cos(f) w1

2 7

where U,; (m/s) is the local radial velocity of a reflector i, d; (m) is the distance between the sensor and the
reflector i, and N is the number of reflectors. When the term l/d4 becomes too small, the corresponding
signal becomes too weak with respect to noise, or, if it is not, the weight of the corresponding velocity
becomes negligible.

Laboratory experiments have shown that wastewater, at usual suspended solids concentrations observed
in sewers (below 1 g/L), does not attenuate ultrasound (Larrarte & Francois, 2012) and therefore has no
influence on the range.
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4 Profiler

Figure 3.23 Principle of a Doppler profiler. Source: adapted from Larrarte et al. (2016a).

3.3.3 Velocity profilers

Aiming to correct the geometric attenuation effect affecting previously described standard Doppler sensors,
new devices, named Doppler velocity profilers, have been available since the late 2000s (Figure 3.24 and
Figure 3.25). They record both the scattered frequencies and the travel time of the emitted waves, which
allows the determination of complete vertical velocity profiles, giving the velocities U,, at different
depths z; (Figure 3.23). The discharge is then calculated using an area method (see Equation (3.3)), either
assuming that the velocity is the same across the width of the wet section at each depth z; or applying a
weighting factor to account for slowing near the walls.

Figure 3.24 An ordinary Doppler sensor (left side, black sensor) and a Doppler profiler (right side, blue-grey
sensor) during a comparison campaign. Note the tissues clogging on the connecting wires. Source: Université
Gustave Eiffel.
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Figure 3.25 The acoustic profiler used by Hemmerle et al. (2014) and Cedillo et al. (2016). Source: Hemmerle

et al. (2014).

3.3.4 Free surface velocity measurements

Velocity measurement at the free surface is possible with sensors attached to the crown of the pipe
(Figure 3.26), i.e. without contact with the effluent, except in case of exceptionally high flows. This
technique offers decisive advantages in terms of maintenance, but the conversion of the velocity Uy
measured at the free surface to the mean velocity U, through the wet section is more challenging (see
introduction of Section 3.3.2). Proprietary (and often blind) data processing and algorithms provided by
manufacturers for this conversion have to be carefully checked. Indeed, such a conversion is site specific
and generic calculations cannot be assumed to be valid.

Figure 3.26 Measurement of free surface velocity Uss and estimation of average velocity U,,,. Source: adapted

from Larrarte et al. (2016a).

<<dip phenomenon>>
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Figure 3.27 Evolution of the ratio of the average velocity U,,, with the maximum velocity U,,,.x for various filling
rates for two egg-shaped sewers in Nantes, France. Source: adapted from Larrarte (2006).

The ISO 748 standard (ISO, 2007) indicates that the numerical coefficients to convert the free surface
velocity Uy, assumed to be the maximum velocity U,,,, along the vertical profile, to the mean velocity
U,,, assumed to be observed at 60% of the total depth (i.e. 0.4 x & from the pipe invert), vary from 0.84
to 0.90 depending on the pipe roughness. However, in two egg-shaped sewers, Larrarte (2006) found
that empirical values of these numerical coefficients were between 0.90 and 0.96 (Figure 3.27).

Velocity measurements at the free surface typically use radar waves, but video imaging techniques are
also under development. These techniques are developing rapidly for both sewers and rivers (Nguyen
et al., 2009).

N

~ -
g Ideas on ultrasonic sensors

* | 3.1: Ultrasonic transit time flowmeter to measure flow velocity.
» 13.2: Ultrasonic Doppler flowmeter to measure the velocity of particles and bubbles, assuming they are
the same as the water velocity.

3.3.5 Electromagnetic sensor

The operating principle of electromagnetic (EM) flow/velocity sensors is based on Faraday’s law of
induction. The motion of the conductive fluid through a transversal magnetic field generates a voltage
(Shercliff, 1962). To allow for the stationary analysis of the electromagnetic induction phenomenon,
some electric and magnetic properties of the environment are assumed (Michalski ez al., 2001).
Originally, under these assumptions, Kolin (1936) has given the basic relationship for the EM theory
(Equation (3.12)):

V2E = div(V x B) (3.12)
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Figure 3.28 Right-hand rule governing Faraday’s law of induction with cross-sectional illustrations of the EMV
(bed mounted EM velocity meter) vs. the EMF (closed pipe EM flowmeter) sensors, and the reach of the
respective control volumes. Source: Damjan Ivetic.

where V is the streamwise velocity field, B is the magnetic induction and div(V x B) is treated as a charge
distribution. The raw output signal is the voltage E,, = E! — E2, induced between the electrodes of the
EM sensor. The relations used in the electrical networks motivated an idea to describe how each part of
the flow contributes to the voltage E,, (Equation (3.12)) through the weight function w (Shercliff, 1962)
or, in a more rigorous formulation, through the weight vector w (Bevir, 1970):

-

T T T
Emz—j(VXE)-deZjV-(EXj)dT=j‘7~WdT (3.13)
0 0 0

where the cross product B x j defines Bevir’s weight vector W, 7is the control (sampling, or integrating)
volume of the EM sensor (Figure 3.28) and jis the virtual current vector (i.e. the current density set up in
the liquid by driving an imaginary unit current between a pair of electrodes). Since Faraday’s law of
induction is governed by the right-hand rule, the dominant contributor to the output E,, is the longitudinal
component of the velocity vector, V,, which is needed for flow measurement.

If the sampling volume 7 envelops the whole cross section, such an EM device can be classified as a
closed-pipe EM flowmeter (EMF). For EMFs, the output E,, is directly proportional to the average
cross-sectional velocity U. Conventional EMFs have high accuracy and precision and are common in
pressurized flow application, where for axisymmetric flows, errors lower than 0.1% have been reported
(Leeungculsatien & Lucas, 2013). In sewer systems, the EMF is mostly used downstream of pumping
stations or on inclined reaches where aerated full-pipe conditions can be easily met, for diameters up to
0.6 m. Similar devices, but with lower accuracy, are available for application in pipes with varying flow
depth, for diameters up to 0.8 m.

However, in sewers, the bed mounted EM velocity (EMV) sensors are more commonly used (Figures
3.29 and 3.30). In the bed mounted EMV application, 7 is variable and depends on several factors:
excitation current, coil design, conduit geometry, and water depth (for low depths). Since the excitation
coil of the bed mounted EMV sensors is relatively small, the reach of the produced magnetic field is
limited to the relative vicinity of the EMV (Figure 3.28). Consequently, the output voltage E, is
proportional to ‘some’ local velocity U. The small control volume 7 is considered as the biggest
drawback of these sensors, as usually it is significantly smaller than in the case of the acoustic Doppler
flowmeters. Therefore, additional care is necessary when considering the functional relationship needed
to calculate U from the measured velocity U (Equation (3.13)). Laboratory tests as reported by Iveti¢
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Figure 3.29 Application of the compact flat DC-2 EMV in the combined sewer system of Belgrade: (a) wall
mounted; (b) bed mounted. Source: courtesy of Svet Instrumenata Ltd.

et al. (2018) imply that the constant coefficient k (Equation (3.5)) can be used to a certain extent, but it is
deemed that in larger sewer pipes a function f (Equation (3.4)) is more suitable. If the variation of the
longitudinal velocity distribution V, is negligible across the width and length of the sensor control
volume, a simplified mathematical model of the bed-mounted EMV operating principle can be used to
define k and f (Iveti¢ et al., 2019). The simplified model describes the EMV operating principle with
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Figure 3.30 Flow rate and depth (pressure head) measured with compact flat DC-2 EMV, in the combined
sewer collector of Belgrade. Source: adapted from Prodanovi¢ & Iveti¢ (2019).
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only two technical parameters, one-dimensional weighting function w(z) (Equation (3.14)) and the reach of
the control volume noted as 7,,4:

Zy
U= j w(z) - Vi(2)dz (3.14)
Z,

where z is the direction perpendicular to the sensor electrodes, and Z; = max{Z,,, 6} and Zy =
min{Zg,,s + Tyax, h} define respectively the lower and upper limits of integration. If some porous
sediment deposit of depth & is present above the sensor body, the lower integration limit is shifted
upwards. Similarly, if the water depth £ is less than the sum of the sensor height Z,,r and reach of the
control volume 7, the upper integration limit is shifted downwards.

Direct laboratory comparisons between EMVs and acoustic Doppler flowmeters (Aguilar et al., 2016;
Iveti¢ et al., 2018) revealed that, although the control volume of the EMV is close to the probe, due to
the operating principle, it is more precise and robust in the assessment of the average cross-sectional
velocity U. Also, the EMV can operate in full-bidirectional flows with velocities lower than a few
centimetres per second, so they are convenient to use in flows influenced by backwater effects (Figure 3.30).

Potentially, the most interesting benefit of EMV use in urban drainage, experimentally examined in Ivetié
et al. (2018), is the ability for velocity measurements in the case of sedimentation over the sensor housing
(Figure 3.31). This is a common situation in sewers and even a small layer of sediment (or plastic bags, rags,
toilet paper, etc.) may prevent the correct functioning of some other types of velocity sensors (mostly
ultrasonic ones). However, if the sediment is porous and not affecting the EM properties of the device,
EMVs continue to operate. For small sediment depths (i.e. a few millimetres), errors are negligible. For
larger sediment depths 8, the output is biased. Preliminary laboratory results imply that a correction
function model (CFM) can be experimentally determined for the particular sediment composition and
EMYV sensor model, to minimize the resulting bias. To apply the CFM at the measuring site, continuous
sediment depth measurements are needed. The depth of the sediment above the EMV sensor is directly

Figure 3.31 (a) schematic illustration of the EMV operation under sand sediment; (b) laboratory experiments:
A) sand sediment depth of 6 = 23 mm, B) linearity loss with 8 = 23 mm due to dune formation, C) 6 = 80 mm.
Source: adapted from Iveti¢ et al. (2018).
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proportional to the slope and intercept values of the correction functions. It should be highlighted that in the
case of sedimentation, the user should also compensate the water level measurements (reduced wet section
area) for the presence of sediment.

On the other hand, failure mechanisms encountered with these devices are related to disruptions in the
contact between the electrodes and the conductor (i.e. water). When the electrodes of the EM sensor are
covered with an impervious material, such as cemented sediment or plastic bags, the current fpath is
disrupted or elongated and the resistance of the formed ‘conductor’ (water path between electrodes) is
increased, resulting in a significant or complete loss of the output signal. Another failure mechanism is
related to the hardness of water. If an insulating layer of limescale, resulting from the presence of
calcium and magnesium carbonates, is formed on the electrodes of the EM sensor, again the resistance of
the formed conductor (between electrodes) is dramatically increased, resulting in a decrease of the output
voltage E,,. Highly aerated water can also present a problem, since air pockets can easily cover the
electrodes and increase the uncertainty of the velocity measurements.

N

Ideas on EMV

* 13.3: EMV meters can measure both pressure and velocity.

* | 3.4: EMV can operate under the porous sediment layer of few centimeters — but the output will be
biased proportionally to the depth of the sediment layer.

« |13.5: EMV measures the voltage difference generated by the motion of the conductive liquid through
the sensor’'s magnetic field.

3.3.6 Manning-Strickler relation

The Manning-Strickler relation is just one of the most famous relations giving the flowrate without
measuring the velocity. It is theoretically valid only for uniform permanent flows and it gives the mean
velocity U, as a function of the geometry of the site and the water level (Equation (3.15)):

2
U, = KR} s* (3.15)
where s (m/m) is the invert slope and K (m'/?/s) is the Manning-Strickler coefficient that characterizes
the roughness of the sewer walls. This coefficient should be validated on each site as shown by
Jaumouilli€ et al. (2002). Although the Manning-Strickler relation is seemingly straightforward and easy
to apply, it is not recommended for use because

» Backwater effects or hydraulic jumps can occur unnoticed and introduce unseen and significant
systematic errors.

* The value of K cannot be assumed to be a constant but has rather to be named the Manning-Strickler
variable quantity as it varies with the water depth (Bertrand Krajewski et al., 2000).

» A fully developed velocity profile is implicitly assumed to be present, which is hard to guarantee or to
check in practice.
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Water level and discharge measurements 65

Manning-Strickler

The Manning-Strickler relation is usually not applicable as a reliable method to estimate discharges
in sewers.

3.3.7 Summary

The main advantages and disadvantages of the technologies that are most commonly used to measure the
flow velocity in urban sewers are summarized in Table 3.3.

3.4 DIRECT DISCHARGE MEASUREMENTS
3.4.1 Pre-calibrated devices

A wide range of pre-calibrated devices exist for open channel flow measurement. The principle is to have the
water level rising due to a contraction of the section and then, using a calibrated relation Q(h), to calculate the
flowrate. There are many different devices such as rectangular broad-crested weirs (ISO, 2008), triangular
profile weirs (ISO, 2020), trapezoidal broad-crested weirs (ISO, 1999), round-nose horizontal broad-crested
weirs (ISO, 1990), flat-V weirs (ISO, 2012) and calibrated flumes such as Venturi flumes (ISO, 2013), each
with a number of advantages and disadvantages of varying importance depending on the characteristics of
the sites to be monitored.

One common problem with those devices is their sensitivity to clogging due to debris in the flow or due to
biofouling, which is certainly the case in wastewater. One has to be aware that when implementing these
so-called pre-calibrated devices, the Q(#) relations given in the standards or textbooks are valid only for
a set of defined conditions (temperature range, certain water level thresholds due to surface tension
effects, minimum water level to apply the relation, requirements on upstream and downstream flow
conditions). Unless incorporated during the design, such conditions are difficult to apply in a practice
situation at reasonable costs. A further disadvantage is that the implementation of any weir, flume or
Venturi in an existing system will cause a backwater effect not taken into account in the system design,
with possible risk of upstream flooding. Therefore, it is suggested to avoid using such constructions for
discharge measurements as much as possible, with the exception of existing weirs or construction taken
into account in the original design. It is stressed that for such constructions an in situ calibration is
mandatory when data with a known uncertainty are to be obtained. Section 3.4.2 illustrates a comparison
between Q(h) relations resulting from a physical scale model and a computational model.

Pre-calibrated devices vs. conditions

Pre-calibrated devices are sensitive to clogging and sediment deposits.
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3.4.2 Q(h) relation using laboratory physical scale models

An alternative to pre-calibrated devices consists of using existing structures in sewer systems as
measuring devices, with case-by-case determined Q(#) relations. Such Q(h) relations can be determined
by means of laboratory physical scale models, CFD (computational fluid dynamics) simulations or
in situ measurements.

In complex geometries, like junctions, confluent channels or other locations with a strongly varying 3D
velocity flow field (Figure 3.32), it is often not easy to identify a location for water level measurement
that can be used as the input for a Q(h) relation. Although a CFD numerical model can be used to
simulate the 3D velocity flow field, a laboratory physical scale model can be chosen as an alternative.

There are some reports in which the results of the comparison of CFD and physical models are reported.
For example, van Daal-Rombouts (2017) and Dufresne et al. (2018) conclude that ‘fair’ agreement is found,
with deviation in velocities up to 20-30% and water levels that are in good agreement between the CFD
model and physical model. Both approaches have their strong and weak points. Especially in multi-phase
problems (sediments, air entrainment), CFD models sometimes may show flows that are difficult to
recognize yet represent ‘unphysical’ results. In such cases, an independent verification is needed, e.g. by
means of a physical scale model. On the other hand, physical models are normally built to some
geometric scale. A geometrical scale between 5 and 10 is generally accepted to result in manageable
models while not suffering too much from scale effects. In a sense, physical scale models and CFD are
used as complementary means. By using the results of a physical scale model to validate a CFD model,
the latter can be used to answer ‘what if” questions in a design process or scale up to the prototype scale
to eliminate the scale effects of the physical scale model. For application of either CFD or a physical
scale model, specialist knowledge and professional means are needed. With respect to CFD modelling,
the calculation effort can be considerable, thus limiting the number of simulations that can be made
within a reasonable timeframe. On the other hand, in a physical scale model, geometrical changes are not
easily made and making a ‘model run’ requires time from specialized personnel. There is no general
preference for either CFD or a physical scale model, both have strong and weak points. Making a choice
is largely a matter of carefully considering the dominant processes involved. For example, when
designing a pump sump, it is of importance to know the pre-rotation of the flow approaching the pump
to avoid cavitation, further the occurrence of unstable vortices and air intake should be avoided. These

= - - — r‘—‘— n I
: Internal weir [ . _‘_
Scum board ”."

Scum board

o

Figure 3.32 Example of a combined sewer overflow (CSO) laboratory physical scale model. Source: van
Daal-Rombouts (2017).
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phenomena are not considered to be correctly reproduced by CFD models. For this reason, application of
physical scale models is recommended or even prescribed in some standards (see Hydraulic Institute,
2018; Verhaart et al., 2016).

A key issue in the application of physical scale models is the choice of the geometrical scale while
keeping in mind that the physical properties (viscosity, density) of the fluid used (virtually always water)
cannot, or can to a limited extent only, be scaled. The viscosity is temperature dependent, so by varying
the temperature the viscosity can be changed. As for surface tension, this parameter can be influenced by
using a (preferably non-foaming) detergent, a reduction with a factor of ~2 is feasible in this manner.
Scaling effects can be reduced as much as possible. However, in many situations, it is impossible to
apply geometric scaling and maintain a dynamic similarity between the full-scale structure and the
physical scale model. In the case of a free surface flow, the scale is mostly chosen such that the Froude
number Fr in both the physical scale model and full-scale structure are equal. This is the Froude
similarity, i.e. the ratio between kinetic and potential energy is conserved as it is the dominant energy
ratio in gravity driven flows. This poses some more or less severe restrictions on the range of water
levels that can be tested effectively due to the non-scale-ability of surface tension and viscosity. In this
respect the deviation between the physical scale model and the real structure for the Weber and Reynolds
numbers (resp. We and Re) should be accounted for. In most practical situations in urban drainage, the
flow is turbulent (i.e. Re > 10"-10°). As a rule of thumb, the Reynolds number in the physical scale
model should not drop below ~10°-10*. With respect to the Weber number, there is no real consensus
on the lower critical limit (opinions vary between 10 and 100). This implies, that when taking a
geometrical scale n, the following limitations are to be respected (Equations (3.16)):

v, Vin
Fr, =—2_=Fr, = (3.16a)
ghp ghm
HyVin
Re,, = > 10* (3.16b)
v
V2L
We,, =22~ = 10 — 100 (3.16¢)
g

where the indexes p and m refer respectively to the full-scale structure and the physical scale model,
V (m/s) is the flow velocity, g (m/sz) is the gravity acceleration, # (m) is the water level, H (m)
is the characteristic dimension of the physical scale model, v (m?/s) is the kinematic viscosity of
water, p (kg/m°) is the density of the water, L (m) is the characteristic length, and ¢ (N/m) is the
surface tension.

The Weber number W, (ratio between inertial forces and surface tension forces) is normally in the order
of magnitude of 10~10*. As with the Reynolds number, the Weber number cannot be assumed identical in
the full-scale structure and scale model. Added surfactants can reduce the surface tension by approximately
30-50%, this may be utilized in a scale model when the Weber number becomes too small. When deciding
on a geometrical scale n, this implies that:

* All geometrical measures scale with this factor n.

«  When striving for Froude similarity, the velocity scales with n%.
* The Reynolds number scales (in Froude similarity) with n'~.

* The Weber number scales with n?.

* The discharge scales with n*°.

The impact of scaling is illustrated by an example taken from van Daal-Rombouts (2017) and van
Daal-Rombouts ez al. (2017). In this example, a scale model was used to find a Q(h) relation and a
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Figure 3.33 Results from physical scale model experiments and CFD modelling: (a), (b), (c) and (d) refer to
four different locations along the length of the weir. As can be seen, there is a reasonable match between
physical scale model and CFD model (after validation) apart from location (c) where significant deviations
occur. Source: van Daal-Rombouts (2017).

suitable monitoring location for placing a water level sensor for a CSO construction as shown in Figure 3.32.
In this case, n = 8. For the prototype a discharge of ~5.5 m’/s was expected. The discharge in the scale
model was reduced to a maximum of ~0.03 m/s. Given the choice for the characteristic length scale, the
Reynolds number in the prototype was ~5 x 10* which is reduced by a factor of 81.5 to ca. 2000 in
the physical scale model, which is just in the turbulent region. The Weber number, given the choice of the
characteristic length in the order of magnitude of 100, is reduced by a factor of 64. As the Weber number
reflects the ratio between inertial forces and surface tension forces, this indicates that in the full-scale
structure the effect of surface tension (curvature of streamlines) is much less explicit than in the model. This
directly translates back into a lower imitation of the range of discharges and water depths that can be
explored in the physical scale model while assuming a classic Q(#) relation in the form of Q = ah” in which
the effect of surface tension is omitted. For all practical purposes, when measuring a water depth over the
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Figure 3.34 Q(h) relations found for two locations as derived from physical scale and CFD
models. ‘Disturbed’ refers to the situation in which backwater effects occurred. Source: van Daal-Rombouts
(2017).

crest of a weir that is less than ~6 mm, the usually applied Q(h) relations (e.g. the Kindsvater & Carter (1957)
formula) are, strictly speaking, not valid, nor in the full-scale structure, nor in the scale model.

A comparison between the results obtained from the physical scale model and results from a CFD
simulation are shown in Figure 3.33.

In Figure 3.34 the resulting Q(h) relations for two locations based on the physical scale model and the
CFD model are shown. It can be observed that:

» The relations for the two locations are mutually different.
» There is no significant difference between physical scale and (validated) CFD models.
» The ‘standard’ equation shows significant deviations relative to the model-based relations.

The added value of the physical scale model in this case was found in the identification of suitable
locations for the water level sensor and the validation of the CFD model. For a more in-depth treatise on
hydraulic scale models and associated scale effects, the reader is referred to the literature, e.g. Ettema
et al. (2000) and Heller (2011).

3.4.3 Chemical tracing
3.4.3.1 Principle

Tracer experiments offer a method to measure discharges, with a simple and single assumption: the mass of
tracer is constant along the reach, i.e. the mass measured downstream is equal (Equation (3.17)) to the mass
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Figure 3.35 Injection and measured time series for both continuous (a) and spike (b) injections. Source:
adapted from Bertrand Krajewski et al. (2000).

injected upstream:

Min; = MuEgas (3.17)

where My, and My 45 are respectively the injected and measured masses of tracer (kg). There are two kinds
of tracer experiments: continuous or spike injection (Figure 3.35).

The average discharge Qpsras (m® /s) along the reach can be calculated from Equations (3.18): Equation
(3.18a) for continuous injection, Equation (3.18b) for spike injection.

C
OmEeas = qivg X C N (3.18a)
MEAS
M
OmEas = i (3.18b)

=T,
> i—1. Cueas x At

where gy (m® /s) is the tracer injection discharge, Cjy, (kg/ m?) is the concentration of the injected tracer,
Cueas (kg/ m?) is the tracer concentration measured downstream, 7' and T are respectively the start and end
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Table 3.4 Available tracers and their pros and cons.

Tracers Advantages Disadvantages
Lithium ¢ - ¢ Not measurable continuously
Heavy water . - ¢ Not measurable continuously
De-icing salts « Low price * Not constant background signal
» Availability » Sometimes requires large volume
* Measurable continuously with a for injection
conductivity meter
Rhodamine B« Measurable continuously with « Sensitive to TSS (total suspended
a fluorometer solids)
¢ Usually constant background signal
Rhodamine ¢ Measurable continuously with ¢ High price
WT a fluorometer ¢ Toxicity

¢ Usually constant background signal
* Insensitive to TSS

times of the tracer spike at the downstream measurement location, and At (s) is the time step between
two measurements.

For both methods, the estimation of Q45 directly depends on the measurement of Cyyras, which must
absolutely be uniformly distributed across the measurement section. To ensure this uniform distribution,
three conditions must be carefully checked along the reach: (i) there should be no active lateral house
connection, (ii) the flow should not be split in two or more parts, and (iii) the length of the reach should
be 75 times (respectively 150 times) longer than the largest hydraulic dimension of the wet section
(water depth, width, etc.) if the injection is done in the middle (respectively on the side) of the flow.
Several tracers can be used in urban drainage. Table 3.4 presents their pros and cons.

The continuous injection requires a larger quantity of tracer and more sophisticated hardware equipment,
but the data processing is easier. On the contrary, spike injection experiments are easier to conduct, but
require more elaborate data processing: to facilitate its application, the reader is invited to use the Excel®
file and the Matlab® code available for download at https://doi.org/10.2166/9781789060102. For the
tracer, de-icing salts are recommended for situations with a small discharge and short reach. When the
injection volume becomes too large (a few tens of litres or more), Rhodamine WT is recommended.

3.4.3.2 A nine step operation protocol

This section gives a summary (Figure 3.36) of the spike injection method presented in detail in
Lepot et al. (2014).

After the reach has been identified and appears to be suitable for such experiments (good mixing
conditions), the first three steps deal with the preparation in the office or in the laboratory: (i) calibration
of the measuring device (fluorometer for fluorescent tracer or conductivity sensor for de-icing salt), (ii)
study of the injection device, i.e. study of the true volume injected by pipettes in the case where
fluorescent tracer is used, and (iii) preparation of the solutions to be injected (de-icing salt at 180 g/L or
dilution of commercial solution of fluorescent tracer).

The following steps can be done in sifu. The fourth step consists of estimating the mass of tracer to inject,
given the sewer reach and its hydraulic conditions. The basic equation of longitudinal dispersion (which
describes the evolution of a tracer concentration C along a reach and over time) is required to understand
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1.FLUOROMETER CALIBRATION 2.5TUDY OF INJECTION PIPETTES 3.TRACER SOLUTION
Cov L=
Co e b E— Vin
ulc,) Type B ufe,) Type A u(V,.) Type A

4.DETERMINATION OF M, AND u(M

IM}

M, u(M, ) Type B

5.INJECTION AND ON-LINE MEASUREMENT

6.RAW DATA CORRECTION

7.DATA PROCESSING

aen U(Coe) TyPe B

8.COMPUTATION OF DISCHARGE AND
OF ITS UNCERTAINTY

W(Qup, ) Type B u(Q,. ) Type B

9.VERIFICATION OF THE TESTED FLOWMETER

Figure 3.36 Sketch of the nine-step protocol, given here for Rhodamine WT. For details, please refer to Lepot
et al. (2014). Source: adapted from Lepot et al. (2014).

this calculation (Equation (3.19)).

aC aC 8*C

where C is the tracer concentration (kg/ m®), x (m) is the distance from the upstream injection location, f (s)
is the time, U,, (m/s) is the average flow velocity along the reach, and Ky (m2 /s) is the dispersion
coefficient.

There are various possibilities to set the value of Ky (Rieckermann et al., 2005). For most sewer reaches,
straight and without back flow, the dispersion coefficient given in Equation (3.20) is recommended.

Kx = 6h/ghs (3.20)

where /4 (m) is the water level, and s (m/m) is the slope of the reach.
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Figure 3.37 Data processing for the transit of a spike injection of Rhodamine WT. Source: adapted from
Lepot et al. (2014).

N

~ -
Q Ideas on the M)y, estimation

13.6: Sensors in place — Since My, should be only roughly estimated, data coming from even doubtful
flowmeters could be used for this calculation (water level, velocity).

| 3.7: Water level — Estimate the water level with a ruler.

13.8: Velocity — By throwing floating materials (e.g. plant, balls), the free surface flow velocity Uz can be
estimated from their travel time along the reach. The mean flow velocity U,,, can then be estimated by

multiplying Uys by a numerical coefficient approximately equal to 0.85 to account for the velocity profile
(see Figure 3.12).

Equation (3.21) presents a possible analytical solution to the partial differential Equation (3.19):

My Gyt
C X, 1) =———+——¢ 4Kxt + (C, 3.21
MEAS(X, 1) S, % JAnkit BG (3.21)

where S, (m?) is the average wet section along the reach. My, should be chosen to ensure that the maximal
value of Cypas at the measurement location is: (i) 3 to 4 times larger than the background concentration,
Cpg, and (ii) within the linear range of the sensor calibration function. These maximal values are
typically 2 g/L for salts and 80 ppb for Rhodamine WT.
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Once My, has been injected and Cygas is recorded (step 5), raw data need to be corrected (see Section
7.6 on sensor calibration) and processed (step 6, Figure 3.37). The data processing includes two steps:
automatic identification of the start and end of the spike injection transit and removal of artefact and
outlier values.

Once data have been cleaned, the discharge can be calculated (step 8, Equation (3.18b)). Its value might
be used to check an existing flowmeter. Lepot et al. (2014) give all details to consider several injections and
assess the uncertainties in all intermediate quantities and in the value of Qygas.

No connection nor divergence along the reach

The tracer should be uniformly distributed across the downstream measuring section. Attention should be
paid to the absence of or negligible inflows upstream of the measuring section, or to any divergence (e.g.
bypass of the flow) downstream of the injection point as it engenders a loss of tracer resulting in an
incorrect mass balance. In such cases, the locations of both injection and measuring points should be
adapted to ensure appropriate conditions for the tracer experiment.

3.4.3.3 Examples of application

3.4.3.3.1 Rhodamine WT and de-icing salt tracings vs. flowmeter measurement of small
discharges in a large sewer

Rhodamine WT and de-icing salt tracer experiments have been conducted at the inlet of a stormwater
retention tank in Chassieu, France, in a large (diameter of 1.6 m) and steep (slope of 0.01 m/m) sewer.
Results show that the flowmeter in place underestimates the flow and that Rhodamine WT and salt
experiments deliver consistent results (Figure 3.38).

3.4.3.3.2 Rhodamine WT tracing for two monitoring stations: large pipe, large discharges

In a catchment of Greater Lyon, France, two measuring locations gave inconsistent discharge values:
daily cumulated volumes in both locations were similar despite the fact that between the upstream
and downstream locations, the population connected to the sewer system in the catchment increases
by 20%. Rhodamine WT tracer experiments have been conducted for discharges varying from 250
to 550 L/s.

Figure 3.39 shows two important facts. The first being the difficulty in conducting tracer experiments
immediately downstream of a pumping station: Figure 3.39(a): starts and stops of the pump generate
mean values of the flow which are almost constant over pumping cycles due to the averaging by the in
situ flowmeter, while the more instantaneous tracer experiment reveals that the flow varies significantly
during pumping cycles. The second is the underestimation of the flow by the in situ flowmeter at the
downstream location: all tracing experimental data are located above the expected ideal case (dashed red
line) where the discharges given by the tracer experiments are supposed to be equal to the ones given by
the flowmeter.
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Figure 3.38 Comparative flow measurements with Rhodamine WT tracer experiment (left box plot), de-icing
salt tracer experiment (central box plot) and in place flowmeter (right box plot) in the inlet sewer of a stormwater
retention tank in Chassieu, France. Source: Lepot et al. (2014).
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Figure 3.39 Flow measurements by Rhodamine WT tracer experiments and by in place flowmeters upstream
(a) and downstream (b) of a pumping station in Greater Lyon, France. Blue horizontal bars represent the flow
and its uncertainty given by the in situ flowmeter, and the blue vertical bars represent the corresponding flow
and uncertainty given by tracer experiments carried out at the same moment. Source: adapted from Lepot

et al. (2014).
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N

~ -
Q Ideas on tips in the field

« 13.9: Control the flow — Check if the flow can be increased, decreased or controlled in order to ensure
stable conditions during the tracer experiments, or cover a wide range of hydraulic conditions as shown
in the example of Figure 3.39.

* 13.10: Repeat — Given the low marginal cost of additional spike injections, it is often worth performing
several injections to get more accurate results (repeated measurements) when staff and all equipment
are on site.

« | 3.11: Be patient — Be patient during two consecutive injections in the field, to ensure you can record
the background signal between two peaks of tracer.

» | 3.12: Always check immediately the recorded data (presence of values, clean peaks) in the field to
ensure that the data can be processed later: do not wait to be back in the office to discover possible
problems, errors, failures, etc.

3.4.4 Pumping stations
3.4.4.1 Introduction

Pumping stations play a key role in many urban drainage systems, especially in wastewater and combined
systems in flat areas. The importance of monitoring pumping stations in urban drainage has been highlighted
in some publications, e.g. Korving et al. (2006) or Kooij et al. (2015). Monitoring their performance is
important for a range of reasons:

* Qualification/testing of newly built installations.

* In applications of Real Time Control, variation of pump discharge is often applied as one of the
methods to adapt a system’s behaviour.

* For asset management: decreasing performance can be detected, and corrective actions can be
induced.

* Controlling energy consumption.

» Early warning of ageing processes.

The reasons mentioned necessitate permanent monitoring. However, this is not always applied due to
financial reasons and/or a lack of interest. Next to a permanent monitoring set-up, monitoring campaigns
with a short duration are applied as well, e.g. for commissioning tests or for troubleshooting reasons.
Both applications require a different approach and will be briefly discussed hereafter.

The performance of a pumping station can only be judged by considering the influence of the pressure
main (including appendages like (air)valves, check valves, Venturis, etc.). Further, the presence of siphons
is known to be a source of malfunctioning due to the risk of the accumulation of air/gas pockets (Pothof &
Clemens, 2010, 2011). In severe cases, this may even cause a reduction to a capacity of zero while a high
energy consumption is sustained.

Most significant pumping stations that have been (re)constructed over the past few decades are equipped
with at least the possibility of performing monitoring activities. This is mainly motivated by asset
managerial considerations like the planning of maintenance or rehabilitation/replacement.
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Figure 3.40 Characteristics of a variable speed pump. The black lines describe the pump characteristics, the
blue and red lines indicate the characteristic of the pressure main. The blue line has a larger value for the static
head and a higher friction. The shaded blue/grey area in the figure indicates the design window in which the
system is supposed to operate under satisfactory conditions (among others, no occurrence of cavitation).
Source: adapted from Tukker et al. (2016).

3.4.4.2 Theoretical considerations

A pump characteristic describes the relation between discharge and head, in conjunction with the hydraulic
characteristics of the (system of) pressure main(s) to which the pump is connected. In particular, it defines
the so-called operation area (Figure 3.40).

In the design phase, the area in which the pump is supposed to operate is defined (Figure 3.40). This area
is chosen in such a manner that:

» Stable operation of the pump is guaranteed.
* The occurrence of cavitation is avoided as much as possible.
* The energy consumption is kept as low as possible.

The characteristic of the pressure main (Equation (3.22)) is defined by the static head difference in water
head between pump sump and the level at which the water is discharged from the pressure main and the
dynamic head that is defined by the friction losses in the system. The latter depends on the dimensions
of the pipe, the number and type of bends, valves, etc.

VZ

Z (3.22)

A A LV?
H = Hstatic + A2g—D+ Z gi
where AH (m) is the total head, AH ;- (m) is the static head, A (—) is the friction coefficient, L (m) is the pipe
length, D (m) is the pipe diameter, V (m/s) is the flow velocity, g (m/s?) is the gravitational acceleration and
& are local head loss coefficients.

Given the hydraulic characteristics of the pump and the pressure main, the pump must be supplied with
enough power to operate in the desired work area. The power consumption is defined by Equation (3.23):

P hydr _ P8 QAH

— (3.23)
npump X Mejec npump X Nejec

P elec =
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where P, (W) is the electrical power, Pjq- (W) is the hydraulic power, 77,,,,,, (—) is the pump efficiency,
Nerec (—) is the electromotor efficiency, p (kg/ m°) is the water density, Q (m”/s) is the discharge, and AH (m)
is the pump head.

The electrical power can be calculated directly from the power consumption and the voltage. Often,
only the power consumption (Equation (3.24)) of the pump is registered because the voltage is assumed
to be constant.

Poec = Ul (3.24)

where U (V) is the voltage, and 7 (A) is the current.

For more information, Tukker et al. (2016) offer an in-depth treatise on design, operation and
troubleshooting of (waste)water pumping stations.

It is known that, due to ageing, the characteristic of the pressure main changes over time. This is due to
biofilm growth, sedimentation and/or the accumulation of gas/air bubbles in the system. In addition, the
pump characteristic will also vary over time due to mechanical wear of bearings and propeller blades.
These ageing processes result in an increased energy consumption and, in some extreme cases, in a total
loss of capacity mainly caused by gas accumulation.

A routine activity when managing a pumping station is to regularly check for dynamic losses (last two
terms in Equation (3.21)), especially when pressure difference and discharge are monitored for operational
purposes. It provides a powerful and relatively cheap instrument to check on the performance of a pumping
station/pressure main. The preferred situation is that a first reading is taken directly after putting the
pumping station in operation and this reading is then used as a reference. Over time, an increase of the
friction will occur, resulting in an increase in the power consumption (Equation (3.24)), as this is a slow
process when caused by scaling of the pressure main or wear of the pump. Notwithstanding this, a
regular check (e.g. once every month) is advised as the formation of biogas and/or the air entrainment in
the pumping station may cause gas pockets that accumulate in the pressure mains and can cause a very
significant increase in resistance and hence power consumption. Pothof et al. (2009) estimate that, due to
the presence of air/gas pockets, a yearly excess amount of approx. 10,000 tons of CO, is emitted in the
Netherlands by malfunctioning wastewater pumping stations.

In general, three main monitoring objectives can be distinguished:

* Check on the hydraulic characteristic of the pressure main.
* Check on the hydraulic characteristic of the pump.
e Pump performance.

3.4.4.3 Quantities to be measured

Obviously, one needs to simultaneously measure the head difference over the pressure main and the
discharge for a first global view of the work point of the system. This can be done in a relatively simple
manner when the pumping station has a built-in discharge sensor, which is the case in most large
pumping stations.

When pump behaviour and energy consumption have to be known as well, one needs to measure:

* The discharge.

* The hydraulic head difference over the whole system.

* The hydraulic head difference over the pump.

* The energy consumption (electrical potential and electrical current, in the case of an electro-powered
pump, which is the predominant type in practice).

* The rotation per minute (RPM) of the pump.
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Figure 3.41 Generic scheme of a single pump/pressure main system. Source: Deltares.

It has to be emphasized that a stationary situation is assumed. One should therefore observe the monitoring
data and choose a time window in which the system is stable. When it takes a long time (order of minutes or
longer), depending on the size of the system and the presence of wind vessels to stabilize, this may hint at the
presence of gas pockets in the system (see e.g. Lubbers, 2007).

When only interested in the hydraulic characteristic of the pressure main, only the following quantities
need to be monitored (Figure 3.41):

* The discharge.
* The pressure directly downstream of the pump.

The downstream pressure level is normally known and to a good approximation stationary. If not, this
water level needs to be monitored as well.

When doing so, the combination of discharge and total head is measured, allowing determination
of the dynamic losses due to wall friction and local losses. If local losses need to be quantified
individually, a pressure difference over the local part of the main (be it a bend, a valve or air vent) has to
be measured.

When the pump characteristic needs to be measured (which, for practical reasons, is not recommended in
an in situ set-up!), the following quantities need to be measured:

* The discharge.

* The suction pressure level.

* The pressure directly downstream of the pump.
* The downstream level only when not stationary.
* The rotations per minute (RPM) of the pump.

* The electrical potential and current.

When only interested in the behaviour at the working point, one measurement is sufficient. However, in
most cases, then validating the pump characteristic has to be done over a wide range of discharges and
total head. This can be tedious to achieve in situ as each measurement takes a minimum amount of time
to obtain a stable situation, which puts demands on the availability of enough water to perform the test.
Amongst other reasons, this is why the validation of a pump characteristic is preferably done in a
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laboratory under known conditions, which also allows comparison of the pump characteristic with the
original characteristic provided by the manufacturer.

3.4.4.4 Permanent monitoring set-up

In a permanent monitoring set-up, all quantities mentioned in Section 3.4.4.3 are measured simultaneously
and allow generation of on-line information on the performance of the system, which can be used for
planning maintenance or to detect defects at an early stage (see e.g. Kooij et al., 2015). In such
permanent monitoring set-ups, one is well advised to mount vibration sensors on the pump axis as well,
as wear or damage on the propeller blades and/or bearing can be detected at a very early stage allowing
for a quick response to avoid further damage.

In a permanent monitoring set-up, in most cases an electro-magnetic discharge sensor is used, as they are
known to be robust, stable and offer good accuracy. These devices can only be implemented when this is
foreseen during the design. Implementation in a later phase is often difficult/costly because of the
demands put on the undisturbed length of pipe up and downstream of the device to ensure the correct
flow conditions in the device (see e.g. ISO, 2003).

Figure 3.42 shows the specific energy consumption of a pumping station. The specific energy of a
pumping station has been quantified for a range of discharges at =0, 4 and 8 weeks. The specific
energy increases with time, which is an indication of either efficiency loss of the motor/pump system or
an increase of the resistance of the pressure mains. As this is a two-pump system and the increase in
energy consumption is present in single-pump and two-pump operation, the latter option is the most likely.

0.1 Performance indicator, two pump system

'ageing’ process =0 Two pumps
0.03 —=—P| after 4 weeks; single pump
- P| after 4 weeks; two pumps
——P| after 8 weeks; single pump

0.02/ -» P| after 8 weeks; two pumps
0.01:
0
100 150 200 250 300 350 400 450 500

Discharge [m°/h]

Figure 3.42 Evolution of the specific energy as a function of discharge for a dual-pump pumping station. The
specific energy in this pumping station increases by a factor of almost 1.5 in the course of only 8 weeks. This
may hint at the accumulation of gas pockets in the pressure main. The blue lines indicate the performance
directly after cleaning at t=0. Source: adapted from Tukker et al. (2016).
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Figure 3.43 The cause of an increase in energy consumption became immediately clear when inspecting the
pump. Source: courtesy Kees Kooij (Deltares).

3.4.4.5 Temporary measurements

Apart from pressure, discharge and power consumption, that can be used for defining a range of performance
indicators (Figure 3.42) for daily operation and data for mid- and long-term asset management (Kooij et al.,
2015), the measurement of mechanical vibrations is often added as a monitoring quantity. An increase of
vibrations, or changes in vibration patterns of pumps is often an indicator for either wear of the propeller
and/or the bearings or the presence of some obstruction in the pump. Early registration can avoid
damage and/or malfunctioning (Figure 3.43).

3.4.4.6 Incidental measurements

Many pumping stations are not equipped with permanent sensors for pressure and discharge and/or power
consumption. Nevertheless, for asset managerial or legal reasons, the performance of these stations
sometimes needs to be assessed. In cases where no built-in sensors are present, the main difficulty is
found in getting access to locations for installing sensors. Especially, measuring discharge and pressure
differences in a buried pressure main poses some challenges. As discussed in this chapter, several
options for discharge measurement are available:

* Doppler acoustic (Sections 3.3.2 and 3.3.3).
e Travel time (Section 3.3.1).
* Tracer experiments (Section 3.4.3).

With respect to the latter, it has to be mentioned that depending on the choice of tracer this method can
be expensive but has the advantage of offering a known and potential high degree of accuracy.
Notwithstanding that this method is not often applied as it is difficult to establish during the monitoring
activities, whether or not a stationary situation is obtained, tracers are mainly used to validate other
discharge measuring methods.
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Figure 3.44 Clamp-on discharge measuring equipment installed. Source: courtesy Kees Kooij (Deltares).

Depending on the accessibility of the system and the availability of sufficient undisturbed length (see
ISO, 2003), clamp-on acoustic sensors based on the travel time principle can be applied relatively easily.

An alternative to flowmeters (Figure 3.44) is to isolate the pump sump from the rest of the system and
record the time it takes for the pump to pump out of the pump-sump a certain amount of water. This can
only result in useable data when the following conditions are met:

* The change in water level during the experiment can be neglected compared to the total head, to limit
the working point (Q, &) changing too much.

* A static situation is obtained. This may take up to a few minutes, especially when gas/air pockets are
present in the system. One is well advised to interview the engineers who operate the station normally
to find out the characteristics of the station.

* The exact geometry of the sump is known.

By measuring the water level as a function of time, the discharge can be estimated from the results. As in
many cases the water level at the suction side of the pump is lowered during pumping, the static head
difference needs to be monitored (note that this implies that there is, strictly speaking, never a stationary
situation). However, if the change in static head is small compared to the total head during the
measurement, this effect may be ignored along with the pressure directly after the pump. The situation at
the discharging end of the pressure main defines whether or not one needs to monitor there as well. In
cases where there is free outflow with no risk of backwater effects, there is no need to monitor the
downstream end.

3.4.4.6.1 Measuring set-up for determining the hydraulic characteristic of the pressure main

In most cases, the pressure level at the downstream end of the main is known to a fairly good approximation
and is determined by the local geometry of the construction. When striving for a stationary situation, there is
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Figure 3.45 In situ constructed pressure measuring mount. Source: courtesy Kees Kooij (Deltares).

no real need for the two measurements to be perfectly synchronized with each other. The overall resistance
factor can be determined from the stabilized signals obtained from the reading.

The construction of the measuring point for pressure requires some attention. Figure 3.45 shows an in situ
constructed monitoring point. The most important issues to consider when constructing a measuring
location for pressure in a pressure main are the following ones:

¢ Preferably mount the entrance at the side of the pipe, as the risk of clogging due to fat, etc. at the
ceiling or bottom is substantial, as is the risk of gas or air bubbles disturbing the measurement at
the ceiling of the pipe.

¢ Install a valve, this allows for mounting a compressor for cleaning out the pressure mount when it
gets clogged.

¢ Avoid installing a pressure measuring point directly after a bend, a valve or any other appendage, as
the pressure at such a location may show substantial variation in time due to locally disturbed pressure
and velocity profiles and may prove to yield unusable results. As a rule of thumb, a distance longer
than 5 times the pipe diameter is regarded as a minimum, although in many practical situations this is
hard to achieve due to the existing design.

3.4.4.6.2 Measuring set-up for determining the hydraulic characteristic of the pump

In situ determination of the characteristics of a pump is normally only carried out for ‘dry’ installed set-ups
(normally the bigger pumping stations). For most submersible pumps, the best option is to transport them to
a test-stand in a laboratory or workshop. For in situ testing, the pump has to be operated at a range of values
for discharge and hydraulic head. When the effect of mechanical settings (RPM) and efficiency has to be
verified as well, power consumption has to be monitored. To effectuate a full in situ verification of the
pump characteristic requires detailed planning, and the exact measuring set-up strongly depends on the
local conditions, the engineering of pipes and appendages, and the type of pump. It is therefore not
possible to go into further detail here.
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3.4.5 Use of computational fluid dynamics

As the Hydrometry Charter (Banque Hydro, 1998) points out, hydrometry should not be a routine, but a
profession open to technology, intelligence and questioning. It is the same state of mind that prompted
many teams to develop computational fluid dynamics (CFD) skills and then studies to understand the
hydraulics of sewers or to manage combined sewer overflows (Fach er al., 2008, 2009; Jarman et al.,
2008) or to improve the implementation of sensors (Bonakdari, 2006; Bonakdari et al., 2008;
El Bahlouli and Larrarte, 2018; Larrarte et al., 2004, 2010, 2017; Lipeme Kouyi, 2004; Lipeme Kouyi
et al., 2003, 2005; Vazquez et al., 2005, 2006). Those numerical tools have also been used for flowmeter
calibration by Hrabak et al. (1998).

In this context, Larrarte et al. (2004) have drafted a methodology for qualifying measurement sites in
sewer systems. This approach has been refined within the framework of the MENTOR project
(MEasurement sites conception method for sewer NeTwORKks), funded by the French National Research
Agency and showing how numerical modelling can contribute to measurements in sewer systems
(MENTOR, 2016). In brief, CFD allows the simulation of flows at a potential measurement site
described by its geometry, by the range of flows to be measured and by the range of variation of the
different boundary conditions (other than the flow to be measured, and often confined to water levels).
Two approaches can be defined. The first one is a generic approach for studying the sensitivity of the
measured value and its associated error to measurement conditions. The second approach is a modelling
of the combination “flows 4 sensors” specific to a given measurement site. A digital calibration can then
be performed, i.e. a relationship between the measured quantities (height and velocity) and the flow rate
that one wants to know. It is not easy to judge the quality of the results from a CFD simulation as the
colourful pictures can look very convincing, while in reality the relation with the real world can be weak.
It requires either the judgement of a very experienced hydraulic engineer and/or a well-documented
validation of the CFD results. In very critical cases or when large investments are to be based on
knowledge of the local hydraulics, the reader is well advised to ask for a validation the CFD results
against measured data obtained e.g. from a physical scale model.

3.4.6 Summary

The main advantages and disadvantages of the methods that are most commonly used to measure discharges
in sewer systems are summarized in Table 3.5.

3.5 INFILTRATION AND EXFILTRATION
3.5.1 Introduction

In- and exfiltration of water into and out of urban sewer systems is known to be an issue from many
perspectives. These processes are unwanted as they negatively influence the system performance and
increase the operational costs. In addition, local infiltration of groundwater may easily cause the
occurrence of sinkholes in urban areas posing a risk of material damage and/or unsafe situations for the
public. On the other hand, the on-purpose infiltration processes occurring in stormwater source control
measures or sustainable urban drainage systems (SUDS) are essential for the performance of such
infrastructures. In both cases, it is importance to estimate these quantities when managing UDSM systems.

This section focuses on underground sewer systems, infiltration measurements in SUDS are discussed in
Chapter 4.
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Table 3.5 Advantages and disadvantages of various methods for direct discharge measurements.

Method Advantages Disadvantages
Pre-calibrated « Wide range of systems ¢ Require stable hydraulic conditions
devices - Sensitive to clogging and
sediment deposits
Physical scale » Allows real physical study atlower scale + Requires the construction of the model
model e Similarity issues
Tracer ¢ Measurement fully independent of the < Non-continuous measurements
experiments in situ sensors (water level, velocity)
¢ Independent of hydraulic conditions
Pumping station » Already built, no need for « Effect of ageing on measured values
additional sensors e Requires in situ verification
CFD modelling ¢ Numerical method ¢ Requires expertise and
without measurement computational power
» Careful attention to hydraulics
is mandatory

Leakage (in- or exfiltration) in underground sewer systems is notoriously tedious to detect/quantify. This
especially holds true for exfiltration out of non-pressurized systems like gravity sewers. The main questions
to be answered when monitoring in- and exfiltration are:

e Is there a leak?
* How much is leaking?
¢ Where is the leak located?

These questions can be answered at different spatial and time scales:

* At catchment scale (long term ~ years).
* At pipe scale (short term ~ days).
» At the pipe section scale (short term ~ days).

3.5.2 Large scale measurement of infiltration

Infiltration of groundwater into gravity sewers poses a serious problem. In delta areas for example, the
relative contribution of groundwater to the daily water volume treated in wastewater treatment plants
(WWTPs) can mount up to 70% for ageing systems. In such a situation, it is of importance to find out
which urban areas are responsible for this. A variety of relatively simple methods, known as triangle
methods, have been proposed and applied to estimate the amount of parasitic water being collected and
transported to the WWTP for treatment. All these methods follow more or less the approach outlined by
WeiB et al. (2002).
The basic required input data are:

* The catchment.
* The daily amount of water discharged from the catchment for a given period of time (typically months
to years).
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» The amount of wastewater produced in the catchment as a daily average over a long period (typically

months to years).
* Daily information on rainfall occurrence over the catchment.

From these data, a graph as shown in Figure 3.46 is produced.
The procedure is simple:

* Plot the days in order of ascending daily volume.

» Label each day with a precipitation larger than a certain threshold (e.g. 2-3 mm/day) as ‘wet’, and the
other days as ‘dry’.

* Determine the theoretical discharge of wastewater in the catchment (water supply data, possible
groundwater extraction by industries).

* Construct a graph as shown in Figure 3.46.

* Determine the area labelled as ‘parasitic water’ in Figure 3.46. Note, the term ‘parasitic water’ is
preferred over ‘infiltrating water’ as the excess volume may be caused by other mechanisms than
infiltration alone (e.g. illegal discharges, leaking return valves, surface water pouring in via weirs
that have a too low crest level etc.).

Obviously, this method cannot be considered very accurate, as many implicit assumptions are made.
Nevertheless, it offers a relatively quick and cheap method to find out whether or not infiltration is a
significant issue in a given catchment. Schilperoort (2004) and Schilperoort et al. (2007) report
systematic deviations up to 50% when compared to results obtained with methods based on natural water
isotopes. An elaborate description of the natural water isotope method can be found in e.g. De Bénédittis
and Bertrand-Krajewski (2005).

Once a catchment is found to contribute significantly to infiltration, a certain refinement as to which
locations are most likely to contribute to the infiltration can be made, using readily available data (in
conjunction with GIS applications). In most cases, data on each conduit regarding dimensions, material,
year of construction and geotechnical conditions are known.

A
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>

Day numbers (ascending daily volume)

Figure 3.46 Scheme of the ‘triangle method’ as proposed by Weill et al. (2002). Source: Francois
Clemens-Meyer (Deltares/TU Delft/NTNU).
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Figure 3.47 Clear example of infiltration of groundwater into a sewer pipe. Source: Deltares.

The first conduits to scrutinize are pipes situated below groundwater level, being of a minimum age (e.g.
>30 years of operational service), known to have short pipe section lengths (this implies more joints), and
being the suspected cause of reports on the occurrence of sinkholes and other citizen complaints. This
selection of conduits may be subject to further investigation using more advanced technologies to detect
leakage (e.g. closed circuit television (CCTV) inspections).

3.5.3 Detailed monitoring of in- or exfiltration
3.5.3.1 General

A first and obvious method to consider for detailed inspection of in- or exfiltration is CCTV inspection. This
method, however, has some severe limitations:

* Quantification of the amount of leaking water is not possible.

» Exfiltration can only be detected indirectly (presence of displaced joints, cracks or root intrusion only
hint at the possibility of exfiltration).

» Infiltration can be observed directly in a limited number of cases only, when occurring above water
level and in a quantity that can be described as ‘pouring’ (Figure 3.47).

* CCTV inspection is known to suffer from serious quality flaws (Dirksen et al., 2013).

CCTV can provide a first view of the overall status of the assets but is not a guarantee of obtaining high-
quality information on where leakages occur or on their quantity. A range of alternative methods have
thus been developed to detect and quantify in- and exfiltration from underground urban water systems.
In the course of time, many technologies have been developed and applied in practice with various levels
of success.

It is not intended to supply here a comprehensive and detailed overview of all technologies. A brief
description along with some literature entries is given. It has to be stressed that, as not all technologies
presented here have been subjected to rigorous scientific scrutiny yet, not all claims on the quality of
information obtained can be taken to be correct.
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3.5.3.1.1 Listening stick

The easiest method to use is the listening stick. This stick has an earpiece and is used to listen to the
sound generated by leaks on e.g. pipe fittings (e.g. Glisic, 2014). An obvious drawback of this method is
the fact that a human is used as an ‘organic sensor’, which is known to suffer from subjectivity and
sometimes even bias (see e.g. Miller, 1956; Macmillan & Creelman, 2005). Apart from that, it is
unlikely that all leakages can be detected in this manner as access to underground systems to apply the
method is a serious obstacle.

3.5.3.1.2 Smoke testing

A relatively old but simple method is the smoke test. Smoke is injected into the sewer at a manhole. If there is
a crack or a leak above the waterline the smoke is likely to show up at the surface (Figure 3.48).

3.5.3.1.3 Dye testing

Another simple method is the dye tracer test. A dye (e.g. Rhodamine WT) is injected into the sewer and the
dilution of the dye is measured (Gokhale & Graham, 2004).

3.5.3.1.4 Flow monitoring

The simplest flow monitoring method is manual survey. During night-time, manholes are inspected in the
presence of a significant flow (Gokhale & Graham, 2004). Alternatively, this flow could also be measured
with two or more flowmeters to estimate the difference. These are however prone to unreliable results under
specific circumstances (Smits et al., 2008). Discharge measurements could however also be applied at a
larger (e.g. network) scale to set up a water balance. To this end, discharge measurements from pumping
stations could be compared to drinking water consumption, the water balance deficiency is a measure for
in- or exfiltration (e.g. Korving et al., 2012). Using this method one should be aware that not all water
supplied into a household or an industrial process is discharged into the wastewater system, evaporation,

Figure 3.48 Principle of the smoke test method. Source: adapted from Gokhale & Graham (2004).
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water being an ingredient of products made and garden watering cause a systematic deficiency. The same
holds for water discharged into the wastewater systems that came from another source than the water supply
system: private wells, companies having their own groundwater source. A comprehensive survey of water
sources and water users in a given catchment is a mandatory action when considering flow monitoring as a
means to detect in- or exfiltration.

3.5.3.1.5 Pressure test

For a pressure test, a (part of the) pipeline is isolated, and the internal pressure is set at a specific value. This
pressure has to remain constant for a certain period (e.g. 30 minutes). During this period, the variation of the
volume of water in the pipe is measured (EN, 2015). As an alternative, a prototype named the double packer
consists of two inflatable discs to seal a pipe section of 80 cm. Freshwater is subsequently added to the
interspace. Exfiltration is determined by monitoring the water volume in the interspace (Wolf, 2006).

3.5.3.1.6 Tracing methods

In the EU Project APUSS (Ellis & Bertrand-Krajewski, 2010), the QUEST (Rieckermann et al., 2005) and
QUEST-C (QUantification of Exfiltration from Sewers using artificial Tracers — with Continuous dosing)
(Rieckermann et al., 2007) methods have been developed. Artificial tracers are added to the wastewater
flow to quantify exfiltration in a sewer reach by means of the quantification of the loss of tracer mass.
The APUSS project has also developed various methods to quantify infiltration. One of these methods is
the stable isotope method (Kracht et al., 2007), which compares the isotopic compositions of the foul
sewage and the infiltrating water.

3.5.3.1.7 Sampling and modelling

Sampling can also be used to trace leakage. Soil samples near the pipeline are collected to be analysed for
parameters related to deterioration, e.g. contaminants or moisture content (Liu & Kleiner, 2013). Samples of
wastewater and groundwater are analysed for drug remains to calibrate a groundwater flow model to
estimate exfiltration (Fenz et al., 2005). More recent research (Guérineau et al., 2014) combined surface
water quality modelling with analysis of surface water and sediment samples for E. Coli and wastewater
micropollutants to estimate the amount of sewer exfiltration into a surface water canal.

3.5.3.1.8 Distributed temperature sensing

Distributed temperature sensing (DTS) is a technology developed in the 1980s (e.g. Dakin et al., 1985) and
introduced in hydrology and urban drainage in the past decade for, amongst other applications, detecting and
locating infiltration (Hoes et al., 2009; Panasiuk et al., 2017; Schilperoort et al., 2013). In this method, an
in-sewer fibre optic cable is installed to conduct high-frequency temperature measurements over a long
stretch of sewer pipes. This detects and locates temperature anomalies due to exchange of groundwater
with wastewater. To detect and locate exfiltration and leakage from a pressure main, a fibre optic cable
could be placed in the pipeline bed to monitor the temperature differences (Nikles et al., 2004).

The measuring principle is based on the shift in wavelength of scattered laser light sent down a glass fibre.
In Figure 3.49(a), a schematic representation of the measuring set-up is shown (Lopez-Higuera, 2002).
A laser sends a light pulse through a directional coupler into a glass fibre. In the glass fibre, two types of
scattering occur: Raman scattering (induced by molecular vibrations) and Brillouin scattering (bulk
vibrations). The light is scattered back and recombined in the directional coupler for processing in an
electro-optical device to quantify the shift(s) in wavelength. Figure 3.49(b) shows a typical result of the
shifts occurring in the wavelength observed. The travelling time is measured as well and is used
(Rayleigh scattering, assuming the speed of light to be known and constant) to identify the distance from
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Figure 3.49 (a) DTS measuring principle, (b) Rayleigh, Stoke, anti-Stokes, Raman and Brillouin scattering.
Sources: (a) adapted from https://roctest.com/wp-content/uploads/2017/01/SEN2-Manual1.0c.pdf,
(b) adapted from https://www.bandweaver.com/technology/distributed-temperature-sensing/.

the light source where the scattering occurred. The Rayleigh backscatter has the same wavelength as the
original signal and is used for distance determination. The Raman backscatter show a double shift in
wavelength: (i) toward the red, with longer wavelength (named Stokes) and (ii) toward the blue, with
shorter wavelength (named anti-Stokes). The ratio of the intensity peaks for the Stokes and anti-Stokes is
a measurement of the temperature (for the underlying physical process details, the reader is referred to
the literature, e.g. Lopez-Higuera, 2002). Brillouin scatter depends on bulk vibration, potentially the
absolute difference between respectively Brillouin/Stokes-Rayleigh and Brillouin/anti-Stokes-Rayleigh
can be used to detect pressure vibrations (sound) produced by small leakages in pressure mains
(Sliwezynski & Krehlik, 2014).

A typical measuring result obtained from a DTS measuring campaign is shown in Figure 3.50.

When groundwater is infiltrating in a wastewater sewer and there is a temperature difference that is larger
than the resolution of the measuring device (approximately 0.1 °C), the location of the infiltration can be
determined. In modern systems, the uncertainty in location is in the order of 10 cm, and the uncertainty
in the temperature is ~0.1 °C, depending on duration of the measurement and the feasibility given the
location. In general, a trade-off has to be made between time and space resolution, uncertainty level and
the effect of water velocity. On a sense it resembles the situation when taking photo: one has to find a
workable combination of shutter speed, aperture and the depth of focus/sharpness of the picture sought
when targeting a moving object. In practice the main limiting factor is the amount of data generated (up
to several Gbytes per day) when it comes to choosing these parameters.

Prior to any monitoring campaign, the DTS cable has to be calibrated after it has been installed in the
system (Figure 3.51). By inserting the cable at a number of locations (preferably at accessible locations
like manholes) in a bucket filled with melting ice, the offset (deviation between the reading obtained
with the cable and the known temperature of the ice (0 °C) is known and is used as a systematic
correction on the raw data in the data processing. In more recent equipment, there is the option of
connecting Pt100 thermometers to enable end-to-end calibration of the cable. The reader is referred to
Section 6.4.2 for practicalities regarding DTS.

3.5.3.1.9 Time domain reflectometry

Time domain reflectometry (TDR) as described by Cataldo et al. (2014) could be applied to detect and locate
leakage. In this method, a sudden voltage increase propagates along a sensor or sensing element (e.g.
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Figure 3.50 Example of a measuring result obtained with the DTS method in a storm sewer. At a distance of
circa 367 m and 390 m, regular discharges of relatively warm water occur. This hints at a misconnection at
those locations. Source: courtesy Rémy Schilperoort (Partners4UrbanWater).

two-wire transmission line) which could be installed at the pipe bedding. The variations of the electrical
impedance, which is influenced by leakage, that are encountered along the way are monitored and
schematized in a reflectogram.

3.5.3.1.10 Infrared thermography

Infrared thermography is a technique that can also be used to detect leaks and voids in the surrounding soil
from the ground level (e.g. Wirahadikusumah ez al., 1998). This method detects temperature differences that
occur as a result of the exchange between the pipeline and the surrounding soil. Lepot et al. (2017)
demonstrated that infiltration through a crack can be detected using in-line infrared thermography.

3.5.3.1.11 Smartball

The Smartball is an acoustic concept. A ball equipped with acoustic sensors, an accelerometer, and a
temperature and pressure sensor is inserted at an upstream part of the pipe system and flows
downstream. The location of the ball and possible leaks are determined by analysing the emitted acoustic
signal which is collected at the ground station (Liu & Kleiner, 2013).

3.5.3.1.12 SAHARA

Another acoustic concept is the SAHARA system. In this system, a sensor is mounted on an umbilical
cable which is inserted at an upstream point of the pipe. The sensor, a hydrophone, is equipped with a
small parachute which unfolds in the pipeline to let the sensor flow downstream (Figure 3.52). The

Downloaded from http://iwaponline.com/ebooks/book-pdf/919164/wio9781789060119.pdf

bv auest



92 Metrology in Urban Drainage and Stormwater Management: Plug and Pray

Figure 3.51 (a) DTS measuring computer, (b) Installation of a DTS cable. Source: courtesy Rémy
Schilperoort (Partners4UrbanWater).

hydrophone can detect the sound which is generated by the leak. Subsequently, the location of the leak is
recorded with a receiver at ground level (Rizzo, 2010).

3.5.3.1.13 Leak noise correlation

Leak noise correlators can also be used to detect and locate leakage. Hydrophones up and downstream of a

possible leak can be used to listen to noise generated by the leak. Subsequently, the leak position is identified

by the delay between the leak noise reaching each monitoring point (Davis ef al., 2013; Hao e al., 2012).
Surface Locator Z_r-.’t"i",'}"l‘]

Cable Drums &
Operations Unit

Insertion Device

Sensor Head

Figure 3.52 Principle of the SAHARA system. Source: adapted from Rizzo (2010).
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3.5.3.1.14 Magnetic flux leakage

Electromagnetic methods are often used in pressurized systems. The magnetic flux leakage method uses
large magnets to create a magnetic field around the pipe wall. This is applicable only to ferrous pipes.
Defects are detected by measuring changes in the pipe magnetic permeability (Rizzo, 2010). A magnetic
flux leakage unit is usually mounted on a pig (pipeline inspection gauges). These ‘intelligent’ pigs
(Figure 3.53) are mainly used in oil pipelines, but there is an increasing interest in application in
wastewater pressure mains (Driessen, 2016).

3.5.3.1.15 Ground penetrating radar

The ground penetrating radar (GPR) is also an electromagnetic method. GPR uses electromagnetic
radiations in the microwave band. With a transmitter, microwaves are sent through materials of different
dielectric constants to detect reflected signals from the subsurface. GPR can detect voids in and changes
in soil saturation. Traditionally, GPR is used from the ground surface towards the soil, but in-pipe GPR
systems also exist (Hao ef al., 2012; Liu & Kleiner, 2013).

3.5.3.1.16 Multi-sensor systems

Multi-sensor systems have also been developed over the years. In the PIRAT system (Kirkham ez al., 2000),
CCTYV is combined with sonar and laser profiling on a robot. Sonar is an acoustic technique that can be used
to identify sediments and cracks below the water line. For inspection of cracks above the waterline, laser
profiling can be used (Selvakumar et al., 2014). In this technique a ring of light is projected on the
sewer wall.

Another example of a multi-sensor system mounted on a pipe robot is SAM (Eiswirth et al., 2000). This
system uses, next to CCTV and a laser scanner, a microwave sensor (in-pipe GPR) and radioactive sensors
(y-g probe). These sensors are used to inspect the soil behind the pipe for changes in moisture content and
voids. The y-g probe acts as a source of gamma radiation. The backscatter of gamma rays, together with
natural radiation, is recorded by the probe. The backscatter can be related to the density of the
surrounding soil. Voids change the density and can therefore be detected (Heske, 2003). The
rotatable microwave sensor records changes of the dielectric constant, which are different for dry and
wet soils (Munser & Hartrumpf, 2003). Hydrochemical sensors (conductivity, pH and temperature)
and an acoustic sensor (Herbst, 2002) are also installed on the robot to detect cracks and voids, based
on impact echo. Sound waves are introduced in a concrete pipe wall with e.g. an automatic hammer.

Figure 3.53 Example of an intelligent pipeline inspection gauge. Source: courtesy John Driessen (Sweco).
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The waves reflected by internal flaws and external surfaces are subsequently recorded. A
geo-electrical sensor is installed on a cable attached to the back of the robot to detect and locate leakages
(Wolf, 2006). The latter is now commonly referred to as focused electro leak location (FELL) or
electro-scanning.

Tracer-based and electrical conductivity-based methods are discussed in some length hereafter.

3.56.3.2 Electrical conductivity-based methods

Electrical methods rely on the fact that when leakage occurs, be it in- or exfiltration, this implies that
the electrical resistance of the pipe wall is locally reduced. In this category, the following methods are
reported:

¢ Focused electro leak location (FELL).
* Electrical resistivity tomography (ERT).

Heterogeneity of the underground in urban areas is a challenging environment, as multiple sources of
noise may be present while being unnoticed. Mainly for this reason, no reliable generic information on
detection limits, uncertainty or repeatability of these methods is known. No substantiated claims on
uncertainty levels in measured in- or exfiltration discharges is available either.

3.5.3.2.1 Focused electro leak location (FELL)

The focused electro leak location (FELL) system has been developed in Germany within the interdisciplinary
project SAM (Sewer Assessment with Multi-sensor Systems) to detect and locate leakages (Eiswirth et al.,
2000). An electric potential is applied between an electrode in the pipe (the sensor), and an electrode on
the surface (Figure 3.54). The sensor is located below the waterline and to complete the electrical circuit
the surface electrode is often a metal stake (e.g. Wilmut et al., 2005). The electrical resistance of the pipe
wall is high, unless there is a defect in the pipe such as a defective joint or a crack. The resulting increase
in current is registered and coupled to the location of the sensor.

The main part of the FELL method is the geo-electrical sensor. Gokhale and Graham (2004) describe a
commercialized version of this technique, the FELL-41 system. Since then some alternative systems with
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Figure 3.54 Principle of the focused electro leak location (FELL) method. Source: adapted from ASTM
(2018).
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the same measurement principle have also been developed. Next to the FELL-41 system, the MSI-1620
system is used by Tuccillo et al. (2011) as an alternative model.

Until now FELL has been applied in different studies to detect and locate leakage. Harris and Dobson
(2006) compared FELL with joint pressure testing and CCTV. They concluded that FELL results
coincide with joint pressure testing. However, the FELL results showed significantly more defective
joints when compared to the CCTV, a result later confirmed by Tuccillo ez al. (2011).

3.5.3.2.2 Electrical resistivity tomography (ERT)

Electrical resistivity tomography (ERT) is an active geo-electrical method that calculates the subsurface
distribution of electrical resistivity from a large number of resistance measurements (Daily et al., 2005).
The subsurface resistivity is determined by applying a known electrical direct current between two
electrodes. The ground resistivity is related to various geological parameters such as the mineral and
fluid content, porosity, and degree of water saturation in the rock (Loke, 2020).

A range of electrode configurations is applied, also known as arrays. Different modes of deployment are
available, e.g. vertical electrical sounding (VES) to determine the vertical variation in resistivity.
Investigating the vertical and horizontal variation in resistivity along an investigation line is known as
electrical resistivity tomography (ERT) (Figure 3.55). This 2D electrical survey assumes that resistivity
does not change in the direction that is perpendicular to the survey line. To get more accurate results, a
predefined grid of multiple survey lines could be combined to obtain a pseudo-3D plot (Reynolds, 2011).

Ramirez et al. (1996) used ERT with a combination of surface and subsurface electrodes to detect leakage
from an underground tank in a test facility. The authors successfully monitored the movement of a released
saline tracer from the tank in 2D, 3D and in time.

Jordana et al. (2001) applied ERT using surface electrodes to detect water leakages from a buried pipe in
an experimental set-up and in a short pipeline buried in a farm field. Wood and Palmer (2000) investigated
sewer exfiltration in Sydney with the mise-a-la-masse method in combination with ERT along a single line.
They applied both methods at four different test-sites: two sewers located in open, overgrown areas allowing
ease of access, and two sewers buried under roads. They concluded that in areas with large surface
variations, such as might be associated with sewerage pipes laid under roads, the combination of the two
methods to detect exfiltration may be ambiguous. Eiswirth et al. (1994) also used 2D ERT to
investigate sewer exfiltration in a combination of flush experiments at a gravity sewer test-site in Rastatt,
Germany. A 2D ERT profile was obtained before and after a flush experiment with a saline solution.
Results of the study indicate they were able to detect exfiltration at multiple (12 out of 15) known
defect locations.
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Figure 3.55 Example of apparent resistivity pseudo section. Source: adapted from Loke (2020).
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3.5.3.3 Tracer methods

The basic principle of exfiltration measurements with tracers is to dose a well-known amount of tracer
injected into the sewer under investigation and to apply a mass balance in the investigation reach. Given
the conservative behaviour of the substance, the tracer loss can directly be related to the leakage along
the reach.

3.5.3.3.1 QUEST-C method

The QUEST-C method uses two different tracers, which are continuously dosed upstream and downstream
of the reach under investigation. The underlying principle is that losses of the indicator tracer are mostly
identified relative to a reference tracer which is not affected by exfiltration (Figure 3.56).

The straight-forward QUEST-C method assumes steady discharge in the sewer system during the
experiment. Exfiltration is computed only from the two series of tracer concentration data. The dynamic
approach of the QUEST-C uses the ratio of tracer loads. To this end, simultaneous discharge
measurements at the sampling point are mandatory. The exfiltration fraction E can be estimated by
Equation (3.25):

j crer(?) - qrer(t)dt J Civp() - Q()dt

Mger.in Minp.owr

Mip.in - Mrer out J cinp(®) - qup(D)dt J Crer(t) - Q(0)dr

E=1 (3.25)

where cggr and cjyp are the respective reference and indicator tracer concentrations of the dosing solutions,
qinvp and grer are the respective dosing rates of the tracer solutions, C;yp and Cggr are the respective tracer
concentrations in the sample, and Q is the discharge at the sampling point.

However, the computed exfiltration is systematically wrong if there is significant inflow /infiltration in
the investigation reach.

In the APUSS project, the QUEST-C method was solely applied in field tests. This provides no full
formal validation. Different tracer combinations were used: LiCl, NaBr (Prigiobbe & Giulianelli, 2011;
Rieckermann et al., 2007) and Rhodamine WT (Revitt et al., 2006).

3.56.3.3.2 DEST method

Application of the DEST (detection of exfiltration from sewers using tracers) method implies a well-known
mass of a single tracer is injected at an upstream point of the investigation reach. To complete the balance,
downstream of the reach or system under investigation, the remaining tracer mass is determined. To this end,
discharge is measured and combined with concentration measurements. By doing so, exfiltration can still be
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Figure 3.56 Concept scheme of the QUEST-C method. Source: adapted from Rieckermann et al. (2007).
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detected if there is a significant inflow with a background tracer concentration in the sewer of interest. The
exfiltration fraction E can be estimated by Equation (3.26):

My =My JQ(t)(C(t) — Caoltdr

E
M in Vin Cin

(3.26)
where V,, is the dosed volume, C;, is the dosed tracer concentration, C is the tracer concentration in the
sample, Cp¢ is the background concentration and Q is the discharge at the sampling point.

3.6 SUMMARY AND TRANSITION

This chapter introduced several sensors and methods to estimate or measure flows and validate recorded
discharges data. Such measurements are conducted in many urban drainage systems in the world. They
may look easy and well established, but they are often prone to error and biases that are not always
obvious. Even when applying methods described in standards, one needs to be aware of the limitations
posed by the conditions in field measurements on the applicability.

The combination of a water level and velocity measurement is likely the most used method in sewer
pipes, but careful attention is mandatory in choosing and installing the devices. Section 6.3 of this book
highlights some key points for such installations. Pre-calibrated devices are also well established. If these
technologies are robust, they require detailed checks to set them up.

SUDS are slowly and surely becoming an alternative for stormwater management in urban catchment
and/or remote places. Monitoring such decentralized systems poses different challenges: specific
processes (evaporation, infiltration, low discharges) occur, and the constraints are slightly different (cost,
number of sensors to set up, energy supply). The following chapter is devoted to those issues.
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