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ABSTRACT

Flow measurements in Urban Drainage Systems (UDS) are essential for pollution control and system
management. Since the accuracy of, today the most popular, Acoustic Doppler Velocimeters is
impeded by several factors, this research is focused on the alternative, or a supplemental, Electro-
Magnetic Velocity (EMV) meters. EMV meters are more robust and can provide accurate low flow
measurements, even when covered with porous sediment. However, the downside of EMV is the
small control volume (CV) where the flow velocities are integrated in a non-linear manner to obtain a
single, one-dimensional measured velocity. For a better understanding of the sensor output and
measured mean flow velocity with quantified uncertainty, it is necessary to determine the size of the
CV and to understand the non-linear integration principle within the CV. Valuable technical
parameters, needed for describing these EMV properties, are typically not provided by the
manufacturers. Fundamentally, they could be defined with the magnetic field and “virtual” current
distributions. To allow for a more practical interpretation of the EMV operating principle, a simplified
model of an EMV sensor is proposed here. The suggested model describes the EMV operating
principle with only two technical parameters, one-dimensional weighting function w and the reach of
the CV, the ,,,4,. Furthermore, a methodology is proposed for defining these two parameters, using
two lab flume experiments. The first one is focused on the investigation of the EMV output, when the
EMV is covered by the porous sediment with different depths. The second experiment involves the
determination of the longitudinal velocity distribution within the lab flume and the CV of the EMV
meter. A backward analysis is suggested to formulate a minimization problem, from which the
unknown technical parameters are assessed. The proposed procedure was applied on the examined
Flat DC-2 EMV meter. Derived one-dimensional weighting function w exponentially drops with the
distance from the electrodes, while the reach of the CV was found to be t,,,,, = 8.7 cm. These
parameters, and the simplified model, were validated against the EMV outputs acquired in the lab
flume, without sediment presence.
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Vo Measured velocity for @ = 1 [m/s]
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O [MIS]
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Vineas Measured velocity [m/s]

Vs meas Simulated measured velocity [m/s]

Ve, Vi (2) Longitudinal velocity distribution [m/s]
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w Weighting vector [/]

w Weighting function - row (1 x N) vector of coefficients [/]

Z The vertical position of the lower limit of integration [m]

Zsurf The vertical position of the surface of the EMV electrodes [m]

Zy The vertical position of the upper limit of integration [m]

Z Roughness length of the surface [m]

& Relative position of the boundary between the inner and outer region [/]

& Relative distance from the bottom [/]

Saip Value of dip phenomenon [m]

INTRODUCTION

Flow measurements in Urban Drainage Systems (UDS) present a challenging task. Measuring devices
have to be designed to operate with partially filled pipes, with varying water depths and a large range
of velocities, in environmental conditions commonly characterized as hostile. The selection of the
optimal measuring method is governed by hydraulic, physical and environmental conditions along
with the properties of the flowing fluid (Godley, 2002). In UDS particularly, the Velocity-Area (VA)
method is frequently used. Wet cross-sectional area A can be easily obtained via depth h
measurements and known A(h) relation, but the assessment of the mean flow velocity V is a more
complex task, since none of the available devices can measure it directly. To obtain the mean flow
velocity, it is necessary to find the relationship connecting some measured velocity V;,,.,s With the
actual mean flow velocity V. This relationship depends on both the used measuring method and the
hydrodynamic features of the measuring site (Larrarte 2006, Bonakdari and Zinatizadeh, 2011). As
each velocity measuring method is governed by certain technical parameters (Larrarte et al., 2008),
for adequate implementation of the VA method in UDS, it is essential to know these parameters of the
used sensors.

Commonly in the UDS, velocity measurements are performed with a bed-mounted Acoustic Doppler
Velocimeters (ADV) (Larrarte et al., 2008). However, it was shown (Mclintyre & Marshall, 2008) that
the ability of the ADV to provide accurate velocity measurements in UDS can be impeded by several
factors (Maheepala et al., 2001; Aguilar et al., 2016): low flow depths, low velocities, sedimentation,
etc. Hence an investigation on alternative, or a supplement method is needed, in order to increase the
reliability of flow measurements in UDS. In this paper, the flat bed-mounted Electro Magnetic
Velocity (EMV) meter/sensor is analyzed (Svet instrumenata, 2018).

Due to the nature of the operating principle, the EMV meters are potentially more robust and reliable
when compared to the ADV. It was shown that EMV meters can provide measurements of the flow
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velocity even covered by few centimeters of porous sediment (Iveti¢ et al., 2018a). Additionally,
EMYV meters have good performance for flows with low depths (smaller than 5 cm) and low, or even
reverse velocities (below few cm/s), found in pipes under the back-water effect. These characteristics
are particularly valuable in the combined sewer systems where a dramatic difference is observed
between dry and wet weather flows (Harremoés et al., 1993). However, the downside of the EMV
meters is the small control volume (CV, flow volume contributing to the sensor’s output signal) close
to the sensor. The velocity measurements are more “local*, when compared to the bed-mounted ADV
and confined to the parts of the flow near the wall, where the velocity gradients are high. Furthermore,
velocity measurements made by the EMV are the result of non-linear integration of flow velocities
within the CV (Shercliff, 1962). Therefore, additional care should be taken when defining the
relationship between V},,.,s and the actual V. The standard calibration procedure (ISO3455, 2007),
performed by the manufacturer is not covering these issues. This relationship should be assessed for
the range of flows and hydraulic conditions, through the discharge assessment, or transiting, for given
local geometric configuration (EI Bahlouli & Larrarte, 2018; Iveti¢ et al., 2018b). Using numerical
modelling of the velocity fields, the observed velocity can be simulated Vs ,,,.,s and correlated to the
V, presuming that the sensor arrangement and technical parameters (describing the measurement
principle) are known. Furthermore, the associated uncertainties can be assessed leading to the
optimization of the number and position of the sensors. As the manufacturers of EMV meters are
typically not providing the user with these technical parameters, a suitable methodology for their
derivation is needed. In the literature, such a procedure for the bed-mounted EMVs does not exist.

In this paper, a simplified mathematical model of the bed-mounted EMV is suggested, describing the
operating principle of the sensor with two technical parameters, one-dimensional weighting function
w and the reach of the CV, the t,,,4,. It is estimated that for practical purposes these two parameters
are sufficient to describe the non-linear integrating principle of the EMV meter, needed for
establishing the relationship between the measured velocity V;,.,s and the actual mean flow velocity
V. Furthermore, an experimental methodology is proposed for the assessment of these technical
parameters, based on two lab flume experiments. The first experiment involves investigation of the
EMV output in the conditions where the sensor is covered with porous sediment (Iveti¢ et al., 2018a)
of varying depth. The second experiment is focused on describing the distribution of the longitudinal
velocity within the lab flume, or more accurately within the CV of the EMV device. The aim of the
analysis is to support the simplified framework for the application of the discharge assessment
(transiting) procedure, with bed-mounted EMV devices.

The paper has been structured in the following manner: firstly, in the material and methods section,
the brief overview of the EMV theory is presented, supplemented by the summary of the bed mounted
flat EMV characteristics and the simplified mathematical model of an EMV operating principle.
Afterward, the details of the used experimental setup are presented. Material and methods section is
closed with the concept of the proposed procedure for the assessment and validation of the (missing)
technical parameters. In the next section, the results of the applied procedure, on the used flat bed-
mounted EMV, are presented and the derived technical parameters are validated. Finally, in the
conclusions, implications of the presented investigation are discussed and the directions for future
research are defined.

MATERIAL AND METHODS
2. 1. Mean velocity measurement with the EMV meter
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Bed-mounted EMV meters are not commonly used for flow measurements in UDS or in open channel
flows. The operating principle of these devices along with the overview of the used EMV
characteristics are presented in Iveti¢ et al. (2018a), while the basics are recapitulated here. Afterward,
the simplified mathematical model of an EMV sensor is proposed and the importance of the missing
technical parameters is highlighted in the scope of the accurate mean flow velocity assessment.

2.1.1. Basics of the EM velocity sensing theory

EMV operating principle is based on the Faraday’s law of induction, where the meter’s output signal

(induced voltage between the electrodes E) is generated by the motion of the conductive fluid through
a transversal magnetic field (Shercliff, 1962). By assuming particular electric and magnetic properties
of the environment (Michalski et al., 2001), Kolin (1936) has proposed a basic relationship for the EM
theory. General sensitivity was described as the cross product of the velocity and the magnetic field at
a certain position (Bevir, 1970; Bevir et al., 1981, Watral et al., 2016). Furthermore, the relations used
in electrical networks, motivated an idea to describe how each part of the flow field contributes to the

total voltage E measured by the EM sensor, through the weighting function w (Shercliff, 1962) or in a

more rigorous formulation, through the weighting vector W (Bevir, 1970):

Ezf (§xf)-l7dr=f W-vdfgf wTde (1)
T T

T

where V is the fluid’s streamwise velocity field, B is the magnetic field (or induction) of EMV’s coils,
the cross product B x J defines Bevir’s weighting vector W, t represents the CV of the EM sensor
(Fig. 1) and J is 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).

Fig. 1. Left) Flat DC-2 EMV in the lab flume (top view); Right) Illustration of the Flat EMV
operation under sand cover with parameters significant to the analysis (longitudinal cross-section)

2.1.2. Bed-mounted flat EMV meter



142
143
144
145
146

147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

163

164

165
166
167
168
169
170
171
172
173
174
175
176

177

178
179
180
181
182
183
184

In the research presented here, bed mounted Flat (coil) DC-2 EMV sensor was used. It is designed by
a local SME (Svet instrumenata, 2018) for one-dimensional velocity measurements. The sensors are
installed and are continuously operating in the several UDS applications, either on the bottom or on
the wall (when multiple sensors are used, e.g. as in lveti¢ et al., 2017). For minor conduits, smaller
Compact Flat DC-2 EMV s used.

The flat EMV sensor is shaped to minimize the flow disturbances. The used EMV has two flat
excitation coils integrated into the robust inox housing, covered with epoxy resin, with the dimensions
of L =280 mm, W = 160 mm and H = 23 mm (Fig. 1 Left). The high internal resistance (order of 20
MQ) reduces the effects of fluid conductivity variations on the velocity measurements. The sensor is
connected to external data logger and power source. Data can be collected either wirelessly via GPRS
or with the standard RS-232/RS-485 serial interface. The overall cost of one flat DC-2 EMV unit is
below 5000 $, being in a similar price range as the one-dimensional non-profiling ADV. Factory
calibration of each EMV meter is performed in a towing tank simulating nearly homogenous velocity
profile in the CV of the sensor (1SO3455, 2007). The manufacturer specifies that the accuracy of the
DC-2 EMV device is +1% of the measured velocity and the precision 0.001 m/s. The operating range
is bidirectional, defined as + 15 m/s. Results of the laboratory benchmarking of the measurement
uncertainty were reported in Iveti¢ et al. (2018a). The induced voltage shows a linear relationship with
the measured velocity, even in the case of the low flow depths where some deviations were expected
due to the effects of the sensor housing on the velocity distribution. The power consumption is user
controllable: larger coil currents and longer measurement periods will increase the needed power but
will lead to better signal/noise ratio.

2.1.3. A simplified mathematical model of an EMV and (missing) technical parameters

The main source of the flow measurement uncertainty in the VA method is emanating from the mean
velocity assessment. A number of investigations involving the usage of bed-mounted ADVs (Hughes
et al., 1996; Larrarte et al., 2008), emphasized that the velocity measured V., is different from the
mean flow velocity V7, due to the local character of the measurements. Even in sites which satisfy the
basic requirements, in terms of the straight sewer reaches with neither deposits nor singularities in the
vicinity, a suitable extrapolation is needed to obtain the mean velocity over the entire wet cross
section (El Bahlouli & Larrarte, 2018) for the expected range of flows. As EMVs are also measuring
the velocity in the local, fixed volume CV, the same conclusions can be drawn. The relationship, or
the extrapolation, connecting the measured velocity V,,,.,s With the actual mean velocity V, is a
function of both the technical parameters of the velocity sensor (describing the size of the CV and the
principle of the velocity integration within) and the local hydrodynamic properties (velocity profile) in
given flow range.

Equation (1) is used to describe the output of the EM sensors: the output voltage is proportional to the

product of the velocity field and the weighting vector W, or function w, integrated across 7. Due to
the complexity of this model, where the output is defined with a volume integral of three vector fields,
an attempt is made here to derive the simplified mathematical model of bed-mounted EMVs. The goal
of the simplification is to allow the user to easily describe the EMV’s operating principle. The
simplified model and the appropriate technical parameters of the particular EMV sensor, allow the
user to perform discharge assessment (or transiting in El Bahlouli & Larrarte, 2018), in specified
geometric configuration of a conduit, for the expected range of flow rates (lveti¢ et al, 2018b).
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The Faraday’s law of induction is governed by the right-hand rule, therefore the main longitudinal
velocity component V, is also the dominant contributor to the output signal. It is deemed that for
describing the EMV output, the formulation given by Shercliff (1962), involving the usage of the

weighting function w, can be used instead of the vector w. Thus, it can be concluded that for the
modelling of the EMV output, apart from the V,, it is sufficient to define only the weighting function
w and the size of the EMV’s CV, the 7.

In general, the CV of a bed-mounted EMV sensor depends on the type of used coils to create the
electromagnetic field and can be spatially described as a volume t (Fig.1). Assuming that the
longitudinal velocity distribution V,, across the width and the length of the CV, is not varying
significantly, volume integral from eq. (1) can be simplified to one dimension, i.e. the definite line
integral. Thus, the integration is performed along a line perpendicular to the surface of the electrodes.
It should be noted that, by adopting this simplification, only the effects of velocity profile
irregularities across the z direction (perpendicular to the EMV electrodes or across the height of the
EMV CV) can be analyzed. Also, by proceeding in this manner, the weighting function w is reduced
to one dimensional function w(z). As it will be later shown, in such a case it is reasonable to describe
CV by using a single parameter t,,,,, hereby named as a control volume reach. The reach of the CV
Tmax defines the distance between the minimum lower and maximum upper limit of the linear
integration (Fig. 2). Lower limit of integration is in general defined by the vertical position of the
surface of the EMV electrodes Z,,,¢, although in case of the presence of sediment cover of depth & it
should be defined as:

Z; = max{Zsurf, 5} (2)

As the flow depth h can be lower than the Zs,,r + Tmax, the upper limit of the integration is defined
in the following manner:

Zy = min{Zsurf + Trmax h} 3

Between these limits, a product of the longitudinal velocity profile and the corresponding one-
dimensional weighting function is integrated, hence a measured output V;,,.,s can be simulated using
the following simplified equation:

Zy

Vneas VS,meas = j W(Z) ' Vx(Z)dZ (4)

Zy,

where Vs 45 1S the simulated EMV output while z is the distance perpendicular to the surface of the
electrodes, measured from the bottom of the conduit (or conduit walls if the EMV is mounted on the
wall). It should be highlighted that by varying the lower and upper limit of integration, different parts
of the w(z) are included in the integral, although the spatial distribution of w(z) remains constant.

The Egs. (2-4) define the simplified mathematical model of a bed-mounted EMV. In general, different
designs of the bed-mounted EMV’s are available, with various excitation coil shapes and electrode
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size and position. However, typically the CV is positioned above the sensor housing. Thus, it is
assumed that the presented model can be applied for the simulation of the output originating from
different bed-mounted EMV models, if the assumption regarding the negligible variation of the V, is
applicable. By allowing for the simulation of the sensor output, via the presented model, the discharge
assessment for typical UDS geometric configurations can be performed (EI Bahlouli & Larrarte,
2018). Unfortunately, the parameters w(z) and 7,4, Of particular EMV models, are typically not
provided by the sensor manufacturers. Additionally, to the best of the authors knowledge,
corresponding recommendations for their definition are not available in the literature.

Nz ™z
A H Ve
Zv=2Zsurf + Tinax Zv=Zsurf ¥ Tmax

= Y. 1 @ 1= o Y. 1
[ 1 h i 1

h - ! i . I
i max ! i max Zi= 5 1
i _ | Ve 1 v |
4 Z1= Zsurf r Zsurf
[ Yy -, | o l Yy — !

™
Z
Z.\urf +Tmax
V.

Z,= Zsurf

Fig. 2. A simplified mathematical model of a bed-mounted EMV sensor: illustration of the integration
limits - A) Standard: Lower limit Z, = Z,, and the upper limit Z, = Zg,,.r + Tpax, B)
Sedimentation: Lower limit Z, = & and the upper limit Zy = Zs¢ + Tax, C) Low flow depth:
Lower limit Z, = Zg,,r and the upper limit Z;, = h

2.2. Experimental setup

The lab flume in the Faculty of Civil Engineering, University of Belgrade (Serbia), has been used for
the experimental work (Fig. 4 & 5 in Iveti¢ et al., 2018a). It accommodates the free surface flow in an
8 m long and 0.25 m wide rectangular channel with a controllable downstream flap gate. The flume is
connected to the variable frequency drive pump, providing flow rates up to 40 L/s and water depths
up to 0.4 m. The whole system can also be controlled with a flow control valve placed at the inlet of
the flume. At the inlet pipe, a KROHNE Aquaflux F/6 EMF is mounted with an assessed flow
measurement uncertainty of 0.6% for an extended flow range of 2 L/s - 212 L/s. Depth gauge placed
perpendicular to the water level and above the EMV meter, covered the range of depths between zero
and 40 cm (hp), with a benchmark uncertainty of 0.2 cm. The EMF and the depth gauge were used for
benchmarking the uncertainties of the velocity measurements (lvetic¢ et al., 2018a), made by Flat
EMV placed 4.20 m from the upstream small reservoir and 3.50 m from the downstream flap gate.
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Above the flume a traversing system is installed, allowing for the computer-guided servo positioning
of the down-looking 3D ADV sensor, for the point velocity measurements. Specifically, the Vectrino
PLUS model (Nortek, 2009) was used, with the declared accuracy of 0.5% (in ideal conditions). The
ADV was used to measure the velocity distribution within the CV of the EMV. Since the presented
system is closed, the conductivity of the water can be considered uniform and constant.

2.3. Assessment of the (missing) technical parameters

The procedure for the assessment of the EMV’s one-dimensional weighting function w(z), and the
reach of the CV, the 7,4, is based on the results of two correlated experimental investigations.
Firstly, the experiments including the EMV operation under sand sediment of different depths were
conducted. It was assumed that the sand sediment is not affecting the EM properties of an EMV
sensor (Newman, 1982). In a total of m = 1 - M experiments, where M = 16, the Flat EMV was
covered with the sediment depths of §,,, = {0, 5, 10, 15, 20, 23, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70,
80 mm}. To prevent the sand from moving, maximum mean flow velocity was kept around 0.30 m/s.
The performed experiments were analyzed in Iveti¢ et al. (2018a). It was concluded that the sediment
cover reduced the output signal in a systematic manner. The observed systematic effect on the
measurements, can be minimized with the application of the linear regression analysis and resulting
linear correction functions, defined by the intercept or zero-shift 8 and slope or amplification a:
— Vemvm — Bm (5)

Vem =
m

where Vg ,,, and Vigpy , are benchmark mean velocity and observed velocity, respectively while a,,
[-] and B, [m/s] are the m-th correction function slope and intercept parameter respectively. It was
found that the parameters of the correction functions can be modelled if the sediment depth & is
known, therefore a sediment (type) specific Correction Function Model (CFM) was defined and
proposed for reduction of the systematic effect of the sediment cover on the velocity measurements.

For the analysis presented here, it is interesting to examine the variation of the correction function
parameters « and 8 against the sediment depth §. The value of parameter  was found to be constant
for varying sediment cover depths. This type of behavior was linked to the fact that the zero shift, 8
originates from the reduction of the surface of the electrodes due to the presence of the sediment cover
(Tveti¢ et al., 2018a). On the other hand, the value of «, correction function slope or amplification, has
shown a clear power like correlation with the sediment depth (Fig 3). It was concluded that the
observed reduction of the output signal, proportional to &, was occurring due to the fact that the
sediment cover was occupying the lower part of the EMV’s CV, hence the Z; was shifted upwards
(Eqg. 2 and 4). The parts of the CV occupied with the sediment, where the velocities are negligible
(Qr~0, Fig 1 Right), were not contributing to the output generation.
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Fig. 3. Correction function slope « values with CFM slope model, obtained after reduction of the bias
uncertainty resulting from the presence of the various sand sediment depths § = Z;

Further analysis revealed that these results can be used for the derivation of the one-dimensional
weighting function w(z) and the reach of the CV, the 7,,,,. The rationale is based on the fact that the
sediment cover experiments lead to the correlation between the reduction of the CV size in the
direction perpendicular to the electrodes (through Z; = §), and the reduction of the EMV output —
described through the parameter «. If the actual longitudinal velocity distribution V, (z) is known, Eq.
(4) can be used to assess the missing technical parameters w(z) and 7,4, The following subsections
are dedicated to the description of the procedures used for the definition of the actual longitudinal
velocity distributions in the lab flume through a second experimental investigation, and later the
assessment and the validation of the technical parameters.

2.3.1. Assessment of the longitudinal velocity field within the Control Volume

To derive the one-dimensional weighting function w(z), a continuous function describing the
longitudinal velocity distribution V, (z) above the Flat DC-2 EMV was needed to complement the
experiments presented in Iveti¢ et al. (2018a). The experimental analysis of the flat EMV were
performed in the lab flume described in the section 2.2. It is important to highlight that during the
experiments the aspect ratio Ar (the ratio between the flume width B and channel depth h) was
smaller than 5 in most of the cases. Thus, the experiments were performed in the narrow channel
setup, where the velocity distribution is three dimensional, and the maximum velocity appears bellow
the free surface (Nezu et al., 1986; Bonakdari et al., 2008). The submerged position of the maximum
velocity is defined through the value of dip phenomenon, the &4,

In general, for describing the V,.(z) in the fully turbulent channel flow, different formulations are used
for the inner and outer regions of the composite turbulent boundary layer. The inner region represents
roughly 10-20% of the channel flow depth, and within this region, turbulent kinetic energy generation
is dominant over the rate of dissipation. Depending on the wall rugosity, i.e. smooth or rough walls,

10
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different formulations can be used for describing the velocity distribution. For the case of rough walls,
logarithmic velocity distribution can be used:

= %ln (kis) + B, (6)

where u, is the shear velocity, x is the Von-Karman constant, k is the roughness height while B; =
—2.5In (i—") For defining By, roughness length of the surface z, is needed, which can be determined
based on the roughness Reynolds number, using the relations proposed by Jan et al. (2006). Although
the porosity of the sand has an influence on the velocity distribution in the inner region, Chen &

Chiew (2004) indicated that this relation can be applied for flows over porous beds, if there is no
seepage through the bed.

Due to the narrow channel flow setup, analytical velocity distribution that accounts for the dip
phenomenon, regarding the value &,;,,, was needed for the outer region. General formulation proposed
by Bonakdari et al. (2008) was used here:

z 2
v [5+atcn [+ +cnmo) - <% vt CA”“”)\

=15 >
e %+§+CAT l\ %"’Ei‘l'CAr /
(7)
ghsin@ 1 1
o WL (0.2h)+B|
K e kg $

where ¢; is the relative distance from the bottom, £ is the relative position of the boundary between
the inner and outer region, C,,- is the parameter depending on the &,;, value, while sin 8 is the energy
slope. The expression was derived from the simplified Reynolds Averaged Navier-Stokes equations,
taking into the account the previously observed features of the narrow channel flows. The main
parameter of this model is defined as C,, = 9.35&;;. Several researchers proposed expressions for the
value of &g, at the central vertical profile, based on a series of measurements (e.g. Wang et al.,
2001; Yang et al., 2004; Bonakdari et al., 2008). To define the most adequate formulation for the &4,
value, and generally the velocity distribution in the experiments with the Flat EMV, supplementary

V. (z) measurements were performed. Experimental setup described in section 2.2. was used and three
cases were analyzed (Table 1.).

Table 1. Flow characteristics of three analyzed cases used for the assessment of the longitudinal
velocity distribution within the lab flume

Case Sediment depth Flow rate  Flow depth

] [mm] [L/s] [em]
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336
337
338
339
340
341
342

343

344

345
346

347

348

349
350
351
352

353
354
355
356
357

358
359
360
361

362

1 20 14.5 20.4

2 25 14.4 20.3

3 0 33.3 324

Longitudinal velocity distribution above the Flat EMV was measured within the flume, along three
Central Vertical Profiles (CVP). The positions of the CVP 1 and 3 were chosen to be above the
EMV’s electrodes, while CVP 2 is placed in between (Fig. 4). Point velocity measurements were
made with the down-looking ADV (Lohrmann et al., 1994). Raw instantaneous velocity
measurements were taken using the sampling frequency of 100 Hz and were despiked based on the
spike detection algorithm proposed by Goring & Nikora (2002). Despiked measurements were
averaged over 30 s interval (v) as suggested by Buffin-Bélanger & Roy (2005).

2.50 0.29 1.70 [m] b—b

_ /- ‘ Traversing system + Vectrino ADV
: —— T 7T T 1 LSS
: E X X X

..... = CVP position

= T, = "

| = : 8 6 6 8
— Flat EMV ; e
. - . 28  lem]

Fig. 4. A schematic illustration of the central vertical profiles (CVP) position above Flat DC-2 EMV
used for longitudinal velocity measurement using ADV

2.3.2. Derivation of the technical parameters

The starting point for the derivation of the one-dimensional weighting function w(z) and the reach of
the CV 7,44, is the simplified mathematical model of the EMV sensor defined with Egs. (2-4).
Following the assumption that the V.45 = Vs meas, the mathematical model shows how V., can be
reduced with the increase of the lower Z; and reduction of the upper Z;; integration limit. As the
magnetic field B and virtual current j have the highest magnitudes in the vicinity of the electrodes, it
is expected that the weighting function w(z) follows a similar distribution. Hence, the increase of the
Z;, will have a dominant influence on the V., reduction (Fig 2 B), when compared to the decrease
of the Z; (Fig 2 C). Therefore, it can be expected that the correlation between the increase of Z; and
the reduction of V., is more valuable for the assessment of the technical parameters.

The correlation Z; -V, .45 Was defined based on the sand sediment experiments reported by lveti¢ et al.
(2018a). The Z; was modified in a controllable manner with the sand sediment of various depths &.
The measurements made by the Flat EMV sensor were compared to the ones corresponding to the

Z), = Zgyrf, Where the whole weighting function was employed resulting in the V.45 = V4 (for Vj,

a = 1). The Fig 3 shows that, with the increase of the Z, = & (when § > Zg,,.¢), the V045 has a
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power like decrease, when compared to the V,, (Z, = Zs,,f). If the information regarding the velocity
distribution V,.(z) is introduced here, the backward analysis can be used to reveal the actual
distribution of the w(z) from Eq. (4). However, the upper limit of integration Z; (i.e. the reach of the
CV) is unknown, thus, the derivation of the missing technical parameters is formulated as a
minimization problem, where the set of t,,,, values are examined to obtain the optimal one.

From the sand sediment experiments (lveti¢ et al., 2018a), it was observed that for the maximum
sediment depth in the experiments of § = 8.0 cm, the EMV sensor was producing a small output. This
output was generated by the upper parts of the weighting function (with smaller magnitudes), between
Z;, = 6 = 8.0 cm and unknown Zy;. Thus, the RMSE of the simulated values Vs ,,,045 against the
measured values V. 0bserved with sediment depth of § = 8.0 cm, was deemed as the viable
minimization criteria. The minimum examined value of 1,4, Was 6.0 cm, corresponding to the
difference between § = 8.0 cm and Zg,,,-¢. Also, it was clear that 7., is expected to be similar to this
value as the measured velocity for the corresponding sediment depth of & = 8.0 cm, were around 22
times smaller than the benchmark values (a« = 0.045). Therefore, the maximum examined 7,,,,, Was
adopted to be double of the minimum value, i.e. 12.0 cm.

Once the minimization problem was defined, it was necessary to discretize the simplified
mathematical model (Egs. 2 — 4). Since both functions w(z) and V,.(z) are continuous, the definite
integral in Eqg. (4) can be represented as the sum of products along the vertical line, discretized with
an arbitrary Az. Distance between Zg,,,.r and Zg,,-r + Tiqy IS discretized in N segments, viai =0 —
N discretization nodes. For each §; = Zg,, s + iAz = Z ;, a linear equation in the form of the sum of
the products can be used to describe the generation of the output signal V045 ; = a;Vy. The
distribution of the w(z) is the characteristic property of the EMV sensor model and is constant in
space for varying flow rates, water or sediment depths. On the other hand, for each Z, ; a
corresponding velocity distribution V! (z) needs to be defined as with the increase of i the bulk flow is
moving further away from the electrodes. Thus, for each Z, ;, a different upper segment of the w(z)
between j =i — N is multiplied with a corresponding V! (z), and integrated to yield V;,cqs ; (Fig. 5).
In the discretized form this can be represented in the following manner:

N
1 )
aiVo =4 E W)y ; (8)
=

The Eq. (8) can be interpreted as a discretized version of the simplified mathematical model of an
EMV sensor (Eq. 4). For the sake of brevity, a system of N equations (8) can be represented in the
matrix form:

NaV, = wV 9)

where a is the row (1 x N) vector of slope coefficients, w is the row (1 x N) vector of unknown
coefficients of weighting function and V is the square (N X N) matrix of longitudinal velocity
profiles. Due to the fact that the filtration velocity is negligible (Qz~0, Fig 1 Right), the matrix V has
a Lower Diagonal (LD) form, where the coefficients above the diagonal, corresponding to the
velocities in the sediment cover, are equal to zero. As the derivation of the technical parameters is
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postulated as a minimization problem, for each examined t,,,, between 6.0 and 12.0 cm, a
corresponding w is computed from Eq. (9). Final w and t,,,, are defined based on the min RMSE
criterion, between the simulated values Vs ;045 and observed V., for the 6 = 8.0 cm.

Zv=Zsurr+ Tinax v'(Z) : Zv=Zsurf+ Tinax V;*l(z)
A . : A

Ziis1 =01

Fig. 5. Schematic illustration of the EMV output signal generation through the interaction between the
weighting function w(z) and corresponding velocity distributions V, (z) for subsequent sediment
depths §; and §;,4

2.3.3. Validation of the technical parameters

To validate the proposed simplified mathematical model of the EMV sensor and the derived technical
parameters w and 7,,,4,, an independent set of data measured with the flat EMV was used, extracted
from the laboratory tests without sediment cover, reported in the Iveti¢ et al. (2018a). Within this set,
114 original (unadjusted) velocity measurements were simulated with the proposed model Eqgs (2 — 4),
and the derived w and 7,,,,,. Using the results from the assessment of the longitudinal velocity field,
specifically from the case 3 (Table 1), needed velocity profiles were modelled. Simulated
measurements were plotted against the original measurements using the line of perfect agreement (1:1
line) as a reference. The RMSE is reported, conforming to the bias uncertainty (Aguilar et al., 2016),
and compared with the adjusted bias uncertainty of the flat EMV sensor (Iveti¢ et al., 2018a).

RESULTS & DISCUSSION

3.1. Assessment of the longitudinal velocity field within the Control Volume

Following the experimental procedure presented in 2.3.1, point velocity measurements were made
within lab flume, for three different cases (Table 1.). Original raw data were despiked using the
algorithm proposed by Goring and Nikora (2002) and averaged over 30 s interval. Although several
measurements v, were characterized with low SNR values, and therefore could have been rejected,
the deviation from the examined velocity profiles were not significant. Overall, the average relative
differences for case 1, 2 and 3 were 6.2%, 6.9% and 8.1%. The goal of these experiments was to
determine the suitable longitudinal velocity distribution in the lab flume, needed for the derivation of
the one-dimensional w(z) (or w in discretized form) and the CV reach t,,,, of the DC-2 Flat EMV
Sensor.
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Longitudinal velocity measurements for the cases 1 and 2, involving the presence of a sediment cover
are presented in Fig. 6 and 7, respectively. Measurements for case 3, without the sediment, are
presented in Fig. 8. Due to the geometry of the used lab flume, the effects of the Prandtl’s second type
of secondary flow resulted in the appearance of the dip phenomenon ¢g;,,. This effect was captured in
all of the measurements, which can be seen on the Fig. 6 — 8. To allow for the accurate modelling of
such velocity profiles, a theoretical profile in the outer region given by Bonakdari et al. (2008) with
several formulations for the location of the &, were examined and compared. It was found that for
the examined dispositions, involving rather low aspect ratio Ar values from 0.77 to 1.26, the most
suitable fit was observed for the formulation of ¢;;,, = 1.3 exp(— Ar/2), given by Yang et al. (2004).
The resulting velocity profiles are shown with a solid line on Fig. 6 — 8. However, the velocity
measured at the point closest to the bed was found to be 20% higher, in average, than the modelled
value. For the cases 1 and 2, this could be attributed to the effect of the porous bed, which was not
captured by Eq. (6). On the other hand, for the case 3, the observed deviation could have a different
origin, possibly from the housing of the sensor itself. As the observed deviations do not affect the
results in a significant manner, it was concluded that the longitudinal velocity profiles in the lab flume
can be modelled both in the inner and outer region.

Velocity profile (Bonakdari et al., 2008)
O Despiked ADV measurements v,

o
[N}

o
i
a

©
—

0.05 ¢

Distance from the bottom Z [m)]

03 0 0.1 0.2 03 0 0.1 0.2 0.3
Longitudinal velocity V,(z) [m/s]
Fig. 6. Despiked longitudinal velocity measurements along three centerlines compared with the

logarithmic velocity profile (Bonakdari et al., 2008), for @ = 14.5L/s, h =22.4cm, § = 2.0 cm,
Ar =122
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Velocity profile (Bonakdari et al., 2008)
O Despiked ADV measurements U,
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0.1 0.2 0.3

0 0.1 0.2 0.3

Longitudinal velocity V,(z) [m/s]

Fig. 7. Despiked longitudinal velocity measurements along three centerlines compared with the
logarithmic velocity profile (Bonakdari et al., 2008), for Q = 14.4 L/s, h = 22.3cm, § = 2.5 cm,

Ar =1.26

Velocity profile (Bonakdari et al., 2008)
0 Despiked ADV measurements 7,

e
w

o
N
a

o
(M)

o
i
[6)]

°
-—

0.05¢

Zsurf
Z=0

Distance from the bottom Z [m)]

CVP =2

== Q_ - - -

CVP =3

[e}
== -Q - - -

0 01 02 03 04 05 0 041
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Longitudinal velocity V,(z) [m/s]

Fig. 8. Despiked longitudinal velocity measurements along three centerlines compared with the
logarithmic velocity profile (Bonakdari et al., 2008), for @ = 33.3 L/s, h =32.4cm, § = 0.0 cm,

Ar =0.77

3.2. Derivation of the technical parameters

Once appropriate theoretical velocity distributions were determined, all of the needed information was
available for the formulation of the system of linear equations (Eq. 8). The N Egs. (8) form the
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system of linear equations (Eg. 9). As the t,,,, Was not known a priori, a set of 7,,,,, values were
inspected, where for each examined t,,,, a different system of equations was solved (Eqg. 9) yielding
a set of pairs, computed w and t,,,,.. Final value of 7,,,,,, and corresponding w, were determined by
minimizing the RMSE of the simulated values against the unadjusted values observed with the
sediment depth of § = 8.0 cm. It was found that minimal RMSE corresponds to t,,,, = 8.7 cm, which
can be seen on Fig. 9. The comparison between the observations simulated with t,,,,, = 8.7 cmand a
complementary w, and original observations for § = 8.0 cm, is shown on Fig. 10, with a line of
perfect agreement (1:1 line) as a reference.

The solution of the system of the linear equations (Eg. 9), for 7,4, = 8.7 cm, leads to the
experimentally defined one-dimensional weighting function w (Fig. 11). It can be seen that the
dominant contribution to the EMV’s output is coming from the regions of the CV closest to the
electrodes of the sensor. With the increase of the vertical distance from the Z,,,.r, the magnitude of

the weighting function w drops, as expected. In the original Eq. (1), the weighting vector or function
is defined by the cross product of the magnetic field B and virtual current J. As the distance from the
flat coils is increasing, the magnitude of Bis decreasing. Similarly, the magnitude of j is being

governed by the magnitude of the B and the position of the electrodes, therefore j has also the
downward trend with the increase of the vertical distance from the sensor electrodes.

0.012

0.009

0.006 1

RMSE [m/s]

0.003 |

Minimum 7,0, = 87 mm

0 L 1
60 70 80 90 100 110 120
Reach of the CV 7,,,, [mm)]

Fig. 9. RMSE between the original and simulated observations made with the DC-2 Flat EMV for the
experimental setup with sand sediment depth § = 8.0 cm, against examined values of reach of the CV

Tm ax
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Fig. 10. Observations, simulated with 7,,,, = 8.7 cm, against original unadjusted observations (lveti¢
et al., 2018a) made with the DC-2 Flat EMV for the experimental setup with sand sediment depth 6 =

8.0cm

JEL N

Distance from the bottom Z [mm]

Tmazx

Flat DC-2 EMV

1 1 1

— Weighting function
Reach of the CV
- — = Flat EMYV upper surface

o
N

4 6 8

Weighting function w [/]

Fig. 11. Experimentally derived one-dimensional weighting function w and the reach of the CV 7,4,
for DC-2 Flat EMV, against the distance from the flume bottom (Z = 0)

3.3. Validation of the technical parameters

The validation was performed using the set of unadjusted, or original, Flat DC-2 EMV observations
reported in the Ivetic et al. (2018a), made on the standard setup without the sediment cover. In section
3.1 it was concluded that the longitudinal velocity distribution in the vertical centerlines can be
predicted for different flow conditions, with and without sediment, by using the Eq. 6 - 7. For each of
the 114 used observations, velocity distribution was modelled and combined with the derived
weighting function w and 7,4, to yield the values of the simulated observations Vs .45, for given
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flow conditions. Simulated observation values Vs ;.45 are shown against the original, unadjusted
observations Vi, with 1:1 reference line of perfect agreement, on Fig. 12.

— ’
08¢ e
F 7y
< 0 4
&
-g v Simulated observations
E 0.4 = = =Line of Perfect Agreement
%
2
o
4=l
% 0.2
5
L
ZEE . | | | |
0 0.2 0.4 0.6 0.8

Unadjusted observations Vgary [m/s]

Fig. 12. Simulated observations against original unadjusted observations (lveti¢ et al., 2018a) made
with the DC-2 Flat EMV for the experimental setup without sand sediment

It can be seen that the simulated observations Vs .., are in decent agreement with the unadjusted
observations Vg,,,,. The computed RMSE value is 0.025 m/s, which is slightly higher than the
adjusted bias uncertainty (0.015 m/s) reported in Ivetic et al. (2018a). It is assumed that the higher
RMSE value is mainly due to the deviations between the used theoretical velocity distribution and
actual velocity distribution. It can be hypothesized that for higher velocities and lower depths, actual
longitudinal velocity distribution had higher magnitudes in the inner region.

Based on the presented results, it is concluded that the simplified mathematical model of the EMV
sensor can be used to describe the operating principle of these devices in general. Furthermore, it is
shown that the missing technical parameters, one-dimensional weighting function w and CV reach
Tmax» CaN be derived with the proposed experimental methodology for each particular bed-mounted
EMYV sensor. It should be noted that both w and z,,,,, appear to be fixed properties of the examined
EMV sensor, as they were applicable to both the cases with and without sand sediment.

CONCLUSIONS

Bed-mounted EMV meters can be considered as a supplement, or an alternative, to commonly used
ADVs for flow measurements in UDS. In previous laboratory investigations, it was shown that these
devices are more robust and can deliver accurate low flow measurements, even under a porous
sediment cover. However, the EMV meters are sampling smaller control volume (CV), which is
closer to the sensor than bed-mounted ADV’s, in the parts of the flow where velocity gradients are
high. Due to the fact that both ADV’s and EMV’s velocity measurements are deviating from the mean
flow velocity, a suitable extrapolation is needed to calculate the flow rate. Extrapolation, covering the
range of hydraulic conditions can be defined for specific UDS geometric configuration and the
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expected range of flow rates. In order to perform this type of analysis, the operating principle of the
sensor needs to be modeled.

Fundamentally, the operating principle of the EM devices is described through the volume integral of
three vector fields product (magnetic, velocity and virtual current fields). As these vector fields are
rarely defined at each specific UDS measurement site, a simplified mathematical model of the EMV
meter is suggested here. The suggested model describes the EMV operating principle with only two
technical parameters, one-dimensional weighting function w and the reach of the CV, the 7,4, It is
deemed that the proposed model can be applied to any common bed-mounted EMV sensor
application, if it can be assumed that the variation of the longitudinal velocity distribution is
negligible across the width and length of the sensor CV.

Furthermore, a novel procedure for the experimental derivation of two technical parameters, w and
Tmax» 1S Proposed. It is based on two correlated experimental investigations. Firstly, the experiments
in which the sensor is covered with porous sediment were used for determining the reduction of the
measured velocity due to the variation of the lower integration limit. Secondly, the longitudinal
velocity distribution is defined within the integration limits, by combining the theoretical velocity
profiles and down-looking ADV measurements. Using the acquired data, the backward analysis is
suggested to formulate a minimization problem, from which the unknown technical parameters are
assessed.

For the used Flat DC-2 EMV meter the non-linear one-dimensional weighting function was derived.
The reach of the CV, for this sensor, defining the maximum upper integration limit, was found to be
8.7 cm. The suggested simplified model of an EMV, and derived technical parameters, were validated
against the independent set of data, obtained from previous experiments without sediment (lveti¢ et
al., 2018a). It was concluded that, if the velocity distribution within the CV reach is known, the
velocity measurements can be simulated as the product of the one-dimensional weighting function and
longitudinal velocity distribution, integrated between lower and upper integration limits.

The proposed experimental procedure for derivation of w and t,,,,,, is relatively expensive and time-
consuming. However, derived technical parameters appear to be invariable properties of the EMV
sensor, hence the same set of parameters can be used for different sensor application. When using the
suggested model of the EMV for discharge assessment, with experimentally derived technical
parameters, longitudinal velocity field within the CV of the sensor needs to be assessed for each
examined flow rate. Theoretical velocity distributions can be used if the local hydraulic and geometric
properties meet the needed assumptions, otherwise CFD analysis should be applied. Further field
investigations, probably supported by CFD analysis, are needed for the assessment of the full practical
implications and limitations. The suggested research should lead to the derivation of the robust pre-
positioning analysis, needed for the minimization of the associated flow measurement uncertainties in
the UDS.
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