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Combining a daily temperature pattern analysis
and a heat-pulse system to estimate sediment
depths in sewer systems+

Manuel Regueiro-Picallo, ©*? Jeroen Langeveld, ©° Haoyu Wei, ©°
Jean-Luc Bertrand-Krajewski ©¢ and Jorg Rieckermann [0k

Sediments in urban drainage systems (UDS) significantly impact their operation, so effective strategies are
required to reduce their negative effects. Monitoring sediment accumulation provides valuable insights into
sediment characteristics, sediment transport dynamics, and system performance. However, the
effectiveness of monitoring systems is limited due to cost constraints and installation challenges. This study
describes the development and application of a new system based on temperature dynamics to measure
sediment depths in sewer systems. The methodology involves the analysis of temperature time series
under dry weather flow conditions to identify harmonic patterns between wastewater and sediment-bed
temperatures. These patterns are increasingly attenuated by increasing sediment depth. This study
combines a system called MONitoring Temperatures in SEdiments (MONTSE), which integrates a dual-
probe heat-pulse (DPHP) method to characterize sediment thermal properties, and a surrogate model,
which includes temperature pattern analysis, to estimate sediment depths. Likewise, laboratory-scale
experiments were performed to validate the temperature monitoring system and the surrogate model
performance. The maximum absolute errors in measured sediment depths were less than 22 mm, and the
uncertainty of the system was estimated at £7.3 mm. Groundbreaking measurements of thermal properties
of UDS sediments were also reported. Reliable information on sediment depths and properties was
provided, so the system could significantly optimize sewer system operation and cleaning strategies.

Sediments pose a major problem for sanitation systems. We present a methodology that combines MONitoring Temperatures in SEdiments (MONTSE),

measurements of thermal properties and the development of a surrogate model to estimate sediment depths in sewer pipes. The methodology was

laboratory-tested using samples with varying organic matter contents, showing its potential to optimize sediment cleaning strategies of sanitation systems.

1. Introduction

loadings discharged to receiving waterbodies through
combined sewer overflows (CSOs)." Optimal operation and

Sediments pose a major challenge to the performance of
urban sewer systems, e.g., to reduce hydraulic capacities,
generate unpleasant gases/odours, and intensify pollutant
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cleaning strategies are crucial to cost-effectively reduce the
negative impacts of sediments on the effectiveness of sewer
systems. However, established sewer sediment models lead
to significant uncertainty in  predicting sediment
accumulation in sewer systems. These models, such as
Ackers® and May,” were adapted from riverbed approaches in
which non-cohesive mineral particles predominate, and
relevant key processes and influential parameters observed in
sewers were not considered, such as cohesion, biochemical
reactions, and consolidation, among others. Therefore, the
models do not satisfactorily simulate sediment depths or the
subsequent accumulation, erosion and transport processes in
sewer systems.”” Poorly predictive sediment models stress
the need for an improved technique to monitor sediment

This journal is © The Royal Society of Chemistry 2024
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accumulation in sewer systems by developing a robust
evidence base and establishing a proactive data-driven sewer
maintenance regime. Monitoring in-pipe sediment
properties and accumulation behaviours could offer valuable
insights into  sediment transport dynamics and
performance. Nevertheless, up-to-date experiences based on
monitoring sediment accumulation in sewers were mostly
limited by the measuring periods and the number of
locations because of both the high cost of equipment (e.g.,
acoustic profilers) and the challenges of their installation
regarding pipe accessibility, equipment limitations, and the
potential risks associated with sediment sampling.®™®
Addressing these challenges and obtaining reliable
information on sediments is crucial for optimal operation
and cleaning strategies, ultimately improving the
performance of sewer systems and reducing associated
impacts on receiving waters.

This study therefore develops a system to estimate
sediment depths in sewer pipes by monitoring temperature
dynamics. The system is inspired by river streambed
transport studies that measure temperature time series to
estimate groundwater fluxes and sediment thermal
properties.”"® There are also examples of long-term
monitoring of temperatures to quantify the deposition and
scour of sediments in riverbeds.'* In addition, it builds on
an initial study by Regueiro-Picallo et al.,'> which showed the
utility of using heat transfer processes to estimate sediment
depths in wurban drainage systems (UDS). This new
methodology consists of measuring temperature time series
that followed harmonic patterns under dry weather flow
conditions in both wastewater and the base of the sediment
layer. Sediment-bed temperature patterns are amplitude-
attenuated and phase-lagged (in relation to sediment depth)
in comparison to wastewater temperatures according to the
sediment depth. However, there is no comprehensive model
that relates sediment depth and harmonic features, ie.,
amplitude and phase, to other factors that influence heat
transfer processes in pipes, such as sediment thermal
properties and boundary heat loss.

Likewise, the thermal properties of UDS sediments should
be characterized. These sediments are organic and are often
described by their density, particle size distribution, and
volatile content." The relatively high levels of heterogeneity
and elevated volatile content of sewer sediments, which are a
function of their source and in-pipe hydraulic conditions,"®
negate the wuse of thermal property data from other
compounds, such as soils, sands, and marine sediments, as a
surrogate for UDS sediments. In particular, sewer sediments
are subject to stratification processes within the sediment
layer, resulting in granular and cohesive materials in the
lower layer and in organic materials in the upper layer."”'®
On a temporal scale, the interaction between sewer
sediments and wastewater favours changes in their properties
due to biological processes.’® Both spatial and temporal
variability provide further complexities to use reference data,
e.g., soil thermal properties.

This journal is © The Royal Society of Chemistry 2024
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The thermal properties of UDS sediments could be
monitored with a specifically tailored active heat system
based on the dual-probe heat-pulse (DPHP) method. This
method is commonly used in soil studies to determine
thermal properties and to monitor moisture content.>® Active
heat systems consist of introducing a heat pulse into the
sediment layer from a heating source (first probe) and
measuring the heating and subsequent heat recovery with a
temperature sensor (second probe). At a laboratory scale,
compact DPHP devices were developed to determine thermal
properties in soil samples (e.g., Ravazzani).>* Full-scale active
heat systems were combined with distributed temperature
sensing (DTS) measurements to obtain both in situ soil
thermal properties and moisture content values.”>*
However, these devices are not customized to measure the
thermal properties of heterogeneous and volatile sediments
such as those in UDS.

This study develops a novel system called MONTSE
(MONitoring Temperatures in SEdiments) that combines
heat pulses and temperature time series measurements,
hereafter referred to as active and passive temperature
measurements, respectively. The aim of the MONTSE
system is to determine sediment thermal properties in situ
by using a customized DPHP system and to estimate
depths from heat transfer processes in sewer systems. For
this purpose, a surrogate model was developed to obtain
sediment depths from the active and passive temperature
measurements, also including the influence of boundary
heat loss. The surrogate model was a simplified solution of
the diffusion heat equation, which considered actual
wastewater temperature patterns, and multiple ranges of
sediment depths, thermal properties and boundary heat
losses and, therefore, extended and generalized the model
introduced by Regueiro-Picallo et al.'® Finally, a laboratory-
scale experimental campaign was then performed with
artificial and actual urban drainage sediments to evaluate
the performance of the thermal property measurements
with the DPHP system and the accuracy of the sediment
depth estimations when applying the surrogate model. In
addition to sewer sediments, organic samples from other
UDS as well as an inorganic sand sample were considered
to cover a wide range of thermal properties due to the
heterogeneity that could be found in sediment properties.
The characterization of thermal properties of various UDS
sediments also provided a wuseful reference for future
studies.

The following sections present the experimental setup,
including the temperature monitoring system, the DPHP
method to determine sediment thermal properties, and the
surrogate model to estimate sediment depth. The results are
highly promising because the device shows field-ready
capabilities and provides sediment depth estimations with
an accuracy of +7.3 mm. This accuracy would be sufficient
for most field applications, e.g., to detect substantial
sediment layers in sewers or to monitor sediment
accumulation in pipes and in other UDS, such as gully pots.

Environ. Sci.: Water Res. Technol., 2024, 10, 922-935 | 923
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2. Materials

2.1. Description of the laboratory-scale setup

The laboratory-scale setup was built to reproduce sediment-
bed heat transfer processes in combined sewer pipes, which
are triggered by the wastewater temperature variations (upper
boundary) and influenced by the sediment properties, the
pipe contour, and the surrounding soil. It consisted of a
transparent plexiglass cylinder (900 mm in height by 250 mm
in diameter) with rigid PVC lids at the top and bottom, and
experiments were performed by placing a sediment layer at
the bottom of the cylinder overlaid by a water layer. A water
bath circulator (Julabo FN25-ME, Germany) was used to
develop a temperature-controlled system that simulated daily
temperature variations of combined sewer pipes. For this
purpose, water was pumped from the temperature-controlled
system into the water layer of the model. A coil system was
also built to distribute temperature in the water layer. No
flow conditions were considered in the water layer during the
experiments, iLe., temperature stratification resulted in the
water layer despite the coil system and convection processes
at the water-sediment interface were not simulated (see
section 3.2.1).

The heat transfer between the sediment, the pipe wall
and the surrounding soil was considered. The daily
temperature of the surrounding soil was assumed to be
nearly constant based on field observations.*
Consequently, the cylinder was coated with a foam
insulation case and the setup was placed in a temperature-
controlled room to ensure nearly constant temperatures
outside and controlled heat transfer conditions inside the
cylinder. Finally, three measuring tapes were installed on
the cylinder wall to visually measure sediment depths as a
reference. Fig. 1 shows the experimental design performed

View Article Online
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in the experimental hall facilities at Eawag (Diibendorf,
Switzerland).

2.2. The MONTSE system and supplementary sensors

The MONTSE system consisted of an Arduino MKRZero
microcontroller to measure and log temperatures. The
prototype included one cartridge heater (Probag, Switzerland)
and five DS18B20 temperature sensors (DFRobot, China)
(temperature sensor ID: from DS1 to DS5, see Fig. 1). The
cartridge heater was designed to be installed in UDS
environments to reduce intrusion of the heat pulse probe
into the overlying wastewater to prevent clogging. The
heating resistor inside the cartridge was 46 mm in length
and 4 mm in diameter, and temperature sensors were 45 mm
in length and 6 mm in diameter. A technical description of
the MONTSE system is provided by Regueiro-Picallo et al.”®

The cartridge heater and one temperature sensor (DS1)
were placed at the bottom of the cylinder as part of the DPHP
system to determine sediment thermal properties. The
distance between the heater and the temperature sensor was
12.5 mm. Likewise, an additional temperature sensor (DS2)
was installed at the bottom of the cylinder, 25.5 mm away
from the heater. Furthermore, three temperature sensors
were placed in other parts of the setup: the first one was
placed at the water-sediment interface (DS3, at varied depths
between experiments), the second one was submerged in the
water layer (DS4), and the third one was placed outside the
cylinder to measure the temperature at the outer contour
(DS5).

Moreover, the sediment properties obtained by the DPHP
system were compared with that of a commercial TP01 sensor
(Hukseflux, The Netherlands). An electrical conductivity 5TE
sensor (Decagon Devices, USA) was also included to measure

Insulating foam

— A
Water Bath

{ H: 900 mm

Coiling system

(temperature control)

| Control boards

(data collection)

.. Temp. sensor
Water Ds4
layer
.. Temp. sensor
DS3
Sediment Temp. sensor
layer DS5
Moisture  Thermal Temp. sensors , Heater
content + properties .- . .
orobe probe DS1 and DS2 ~ cartridge

PVC bottom

Fig. 1 Scheme of the experimental setup, including the locations of the sensors.
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volumetric moisture content. Both supplementary probes
were placed at the bottom of the cylinder.

2.3. Sediment samples

Six types of water-saturated sediment samples (S1-S6) were
collected for the experimental campaign (see Table 1). The
aim was to cover a wide range of sediment thermal properties
and, for this purpose, samples with varying volatile contents
were selected, including organic sediments from various
UDS. As a benchmark, washed sand (S1) was included as a
synthetic sediment sample, with a grain size distribution
between 0.315 and 0.500 mm. The remaining samples were
collected at various locations in the urban drainage system of
Zurich: samples S2 and S3 were collected in gully pots
(residential and industrial areas), samples S4 and S5 in
combined sewer pipes (residential and industrial areas), and
sample S6 in a stormwater tank. Their volatile content was
measured in triplicate according to the 2540 G standard.””

2.4. Experimental procedure

Firstly, saturated sediment samples were poured into the
cylinder to form a uniform layer
compaction. The depth of the layer was visually measured
with measuring tapes attached to the wall of the cylinder.
Secondly, a water layer was added on top to allow
temperature oscillations to be introduced. For this purpose,
actual in-sewer temperature measurements were taken as a
reference from the Urban Water Observatory (UWO) (see
Fig. 2), operated by the Eawag in the municipality of
Fehraltorf, Switzerland.>® Finally, a function
programmed in the water bath circulator to reproduce daily
temperature patterns in the laboratory-scale setup.
Experiments were performed by combining passive and
active temperature measurements. Passive temperature time
series were recorded both at the water-sediment interface
(sensor DS3) and at the bottom of the sediment layer (sensor
DS2). They were used to determine the attenuation and
phase-lag of daily temperature patterns. In addition,
temperatures were measured at the outer contour to
determine the boundary condition (sensor DS5). Three daily
cycles (72 hours) were therefore performed for each
experiment, avoiding the influence of the initial conditions

sediment without

was
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Fig. 2 Three-day time series of the wastewater temperatures
measured in a combined sewer pipe at the UWO under dry weather
conditions.

on the temperature analysis. Furthermore, the sediment
thermal properties were simultaneously measured with the
DPHP system by periodically introducing heat pulses into the
sediment layer.

The MONTSE system was programmed to measure
temperatures and to place heat pulses at the bottom of the
sediment layer every 24 hours. Each cycle began with
1-second frequency measurements for 30 seconds to assess
initial conditions before the heat pulse started, followed by
the activation of the cartridge sensor for 120 seconds.
Afterward, the heat pulse stopped, thus cooling the
sediments. The measurement frequency was maintained at 1
s' during both the sediment heating phase and the
subsequent 450 seconds after switching off. Subsequently,
temperature measurements continued at a 60 second interval
until completing a 24 hour cycle.

3. Methods

Firstly, the heat pulse model used to calculate sediment
thermal properties with the DPHP system is described.
Secondly, details on the solution of the heat equation are
given, including the nondimensional form. This equation is
the basis to build a surrogate model that estimates sediment

Table 1 Physical and thermal properties of the sediment samples: volatile content, volumetric water content, thermal conductivity, and volumetric heat

capacity. Mean * standard deviation

Volatile content®

Volumetric water content?

Thermal conductivity”

Volumetric heat capacity”

ID# Sediment type (%) (%) Wm™ec™) MJm™ec™)
S1 Sand 0 34.4 £ 0.5 1.374 + 0.018 2.654 + 0.027
S2 Gully pot 16.7 £ 0.9 43.2 £ 3.6 0.684 + 0.042 3.446 + 0.457
S3 Gully pot 13.7+1.4 354+64 0.662 + 0.022 3.587 + 0.181
S4 Stormwater tank 194 +1.9 39.1 £ 3.0 0.641 + 0.042 2.587 + 0.175
S5 Sewer pipe 2.6 £0.1 40.7 £ 2.6 1.074 + 0.036 1.810 + 0.100
S6 Sewer pipe 3.6 £0.3 354 +£2.2 0.915 + 0.034 1.952 + 0.080

Key: * Laboratory-based measurements in triplicate. ” Sensor-based measurements.

This journal is © The Royal Society of Chemistry 2024
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depths from the attenuation and phase-lag features of the
temperature time series, the sediment thermal properties
and the heat loss at the low boundary. Finally, the
application of the surrogate model is described to obtain
sediment depths and performance assessment according to
the laboratory-scale experiments.

3.1. Determining sediment thermal properties with active
temperature sensing using a heat pulse model

A DPHP system was developed to determine the thermal
properties in UDS sediments. Thermal properties are
commonly defined by three parameters: (i) thermal
conductivity (k, W m™" °C™), (ii) volumetric heat capacity (C,,
J m™ °C™), and 9iii) effective thermal diffusivity (k., m* s),
which represents the ratio of the previous parameters.

ke =4 (1)

The DPHP system focuses on the heat transfer process
between a heater and a temperature sensor, which is a
function of both the properties of the heater and the material
in between. Information on sediment thermal properties can
be determined according to three aspects: the characteristics
of the heater, the distance to the temperature sensor, and the
intensity and duration of the heat pulse. For this purpose,
heat pulse models were applied to obtain thermal properties
by simulating the heating and subsequent cooling process of
the sediment layer.”® Considering the dimensions of the
DPHP system, the heat pulse model of a finite cylindrical
source was selected to obtain sediment thermal
properties.***° The selected heat pulse model is represented
by the following equation:

AT(r,t)

qr 2 /ake (t-to)
- 4TECVJ

ulete @/ u, <27a u) erf (éﬁ)du, t>t,
(2)

12 ket

where AT is the temperature response (°C), t is the time (s), r
is the radial distance from the heater (m), ¢’ is the heat
source per unit length and time (W m™), C, is the volumetric
heat capacity of the sediment (] m™ °C™), k. is the thermal
diffusivity of the sediment (m> s™), ¢, is the duration of the
heating period (s), u is the variable of integration, a is the
radius of the heater (D/2, m), b is half the length of the
heater (L/2, m), Io(x) is the modified Bessel function of first
kind and order zero, and erf(x) is the error function.

Differentiating eqn (2) with respect to time and setting the
result equal to zero gives the following expression from
which the thermal diffusivity (k.) can be determined:*’

d?+a®

ake(tm 1) d .
tme[” >]IO{2ke(t:—to)}erf|: 4ke(tm—t0)] (3)

= (tm—to)e [7%] I {ﬂ} erf [L}
2ketm Vaketm
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where ¢, is the time of the temperature maximum (s), and d
is the distance from the temperature sensor to the heater (r =
d, m). A derivative-free method was used to find the optimal
solution of eqn (3) and, subsequently, determine k.. Then,
the definite integral of eqn (2) was evaluated numerically on
the temperature maximum to determine C,. Finally,
substituting k. and C, in eqn (1) gives the value of k.

The model for pulsed heating from a finite cylindrical
source was selected according to the relationships between
the heater dimensions (diameter and length) and the
distance to the temperature sensor DS1. Generally, the DPHP
systems developed to determine k. and C, in soil applications
use the line source heat pulse model,* which does not
consider the dimensions of the heater.?"** However, the use
of the model for pulsed heating from an infinite line source
would lead to high wuncertainties in thermal property
estimations. According to the uncertainty analysis developed
by Kluitenberg et al.,** neglecting the diameter and length of
the heater in the heat pulse model would imply errors of
thermal diffusivity measurements of around 3% and 5%,
respectively. Furthermore, the model for pulsed heating from
a finite cylindrical source assumes an infinite domain, but
the DPHP system was stuck to the bottom of the setup. The
measurement of the thermal properties using a radial heat-
pulse model was assumed to be highly conditioned by the
sediment between the heater cartridge and the passive
temperature sensor and, consequently, the model could be
applied, leading to small errors. Thermal property
measurements in the experimental setup and in a wide
laboratory beaker were performed to quantify the influence
of the low boundary and, subsequently, confirm this
assumption (see section 5.1).

The characteristics of the heater, including the heat pulse
strength and duration, were measured or provided by the
(see section 2.2.). In addition, the
measurements of the temperature sensor DS1 placed at a
distance of d = 12.5 mm from the heater were used to obtain
the sediment thermal properties (hereinafter k, and C,).
Finally, the &, and C, values obtained by the DPHP system
were compared with commercial sensor measurements. The
absolute errors of k. and C, were therefore computed to
assess and compare the performance of both systems.

manufacturer

3.2. Estimating sediment depths with passive temperature
sensing using a heat transfer model

3.2.1. Heat transfer processes. Vertical heat transfer from
water to the sediment layer in combined sewer pipes can be
approached by a partial differential equation (PDE) that
governs diffusion heat transfer processes.'> Contrary to
groundwater flux estimations based on advection-diffusion
models,”™® the pipe contour prevents water from flowing
through the sediment layer and, subsequently, vertical
advection fluxes can be neglected. The 1D diffusion heat
equation was assumed because the low-boundary heat loss
barely affects the sediment-bed temperatures when the ratio

This journal is © The Royal Society of Chemistry 2024
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between the cylinder diameter and the depth is large, i.e. low
depths, and shows poor sensitivity to estimate sediment
depths for large depths." If sediments were spatially and
uniformly distributed, the heat transfer processes of the
sediment layer would be expressed with the 1D diffusion heat
equation as follows:

Ik 2T (@
ot “oaz?

where T is the temperature (°C), ¢ is the time (s), and z is the
vertical dimension.

The heat transfer processes of the sediment layer under
regular operating conditions in combined sewer pipes (no
heat supply) are influenced by the daily oscillations of the
wastewater flow at the top boundary, ie., water-sediment
interface, and by the heat energy loss at the low boundary.

A Cauchy-type boundary condition was used to introduce
the heat loss into the low boundary:

S e = h(Tae= T 6
where h is the convective heat transfer coefficient (W m™>
°C™) that depends on the model material (i.e., rigid PVC), Az
denotes the sediment depth (m), T,, is the sediment
temperature at the bottom (°C), and T, is the temperature
outside the domain. Rearranging the /4 and k. terms in the
right-hand side of eqn (5) yields the following:

dr

e lae = —a(Tar = Ts) (6)

where a = hik, is the leakage coefficient (m™") through the
bottom of the cylinder.

A Cauchy-type boundary condition would also be required
to consider the convection processes at the top boundary due
to the flow conditions and, consequently, the convective heat
transfer coefficient would depend on the pipe flow velocity.
Instantaneous heat transfer to the sediment domain was
assumed, omitting the hydraulic variables in the model (see
the ESIT). Therefore, a Dirichlet-type boundary condition was
used to introduce water temperature oscillations into the top
boundary:

Tw =f(0) )

where Ty, is the temperature at the water-sediment interface
(°C). As for a daily analysis of the heat transfer processes, it
could be assumed that wastewater temperature in a
combined sewer pipe is uniformly distributed in the vertical
dimension due to the vertical mixing processes on the order
of seconds. As the laboratory-scale setup did not consider
flow conditions in the water layer, the temperature time
series at the interface were assumed as a reference for water
layer temperatures.

3.2.2. Nondimensional form of the 1D diffusion heat
equation. The 1D diffusion heat equation and the boundary

conditions were nondimensionalized to simplify the

This journal is © The Royal Society of Chemistry 2024
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subsequent surrogate model used to estimate sediment
depths. The number of variables of the heat transfer
diffusion model can be reduced by using the following
transformations:

U=—p (8)
7= wt 9)
r=— (10)

\/%
w0
where U, 7, and y are the nondimensional variables, 4,, is the
diurnal temperature amplitude of water (°C), and o is the
angular frequency of the daily fundamental frequency (s™)
expressed as w = 2n/P, in which P is the period of oscillation
(P = 24 hours for daily patterns).

The variables can be differentiated, and the following
equations are obtained:

oT = A,0U (11)
o7

ot = — 12

p (12)
2k,

0z =1/—dy (13)
(]

Consequently, the 1D diffusion heat equation can be
simplified as follows by substituting eqn (11)-(13) into eqn
(4):
U  19°U
—=—— (14)
ot 20y

Likewise, boundary conditions can be expressed as follows:

Uy = g(7) (15)
(jT[; |A1 = —aUy (16)

where Ay <Ax = Az/\/z_ke_/a) and @ (o‘c = am) are the

nondimensional form of the sediment depth and the leakage
coefficient, respectively.

By nondimensionalizing, the heat transfer model could be
characterized by two main variables, i.e., Ay and . Likewise,
the model could be rescaled by the sediment thermal
diffusivity and the daily fundamental frequency.

3.3. Surrogate model for the nondimensional 1D diffusion
heat equation to estimate sediment depths

A surrogate model was developed to estimate sediment
depths by reducing the complexity of heat transfer processes
in combined systems to a simple and

sewer low
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computationally expensive solution. The surrogate model for
the nondimensional 1D heat transfer equation was built
using the harmonic regression analysis of temperature time
series. Likewise, harmonic regression methods were applied
to relate sediment depths and groundwater fluxes to heat
transfer processes in river streambeds'®?* and were recently
introduced for sediment depth estimation in UDS."
Wastewater temperature time series show a sinusoidal daily
pattern in combined sewer pipes under dry weather
conditions (see Fig. 2), so the fundamental frequency (or first
harmonic) of the temperature time series described by its
diurnal temperature amplitude (4, in °C) and phase (¢, in
rad) can be calculated. The methodology consisted of both
identifying the fundamental frequency of nondimensional
water and sediment-bed temperatures and computing the
differences. Consequently, the amplitude ratio (4,) and the
phase difference (A¢) were identified as main features of the
surrogate model.

A= :TSV (17)
Ap= s — ¢y (18)

where subindices w and s denote the water layer and the
sediment bed, respectively. Note 4, = 1 in the
nondimensional form of the wastewater temperature time
series (Uy). The fast Fourier transform (FFT) algorithm was
used to perform the frequency analysis and to obtain A and ¢
corresponding to the fundamental frequency.

The surrogate model was built by simulating the
nondimensional solution of the 1D heat diffusion equation
for multiple scenarios. The UWO's dry weather temperature
time series were therefore used as well as various sets of both
sediment thermal properties (k, = [0.5, 1.7] W m™* °C™", and
Cy = [1.5, 3.9] MJ] m™ °C™) and sediment depths (Az = [1,

a) Amplitude ratio
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190] mm). These variables were chosen to encompass many
within ~ the  laboratory-scale  setup.
Furthermore, the mean of the wastewater temperature time
series was used as an approach to the out-of-domain
temperature (7,) for being transformed to the
nondimensional form (U, eqn (8)). In addition, a range of
convective heat transfer coefficients (%) was established to
describe the heat loss in the low boundary. % values ranged
from perfect insulation conditions (2 =0 W m™ °C™") up to &
=12 W m™ °C™, exceeding the reference values for PVC
pipes.*?

As a result, sediment temperature time series were
simulated at the bottom of the cylinder and, subsequently,
the harmonic features between wastewater and the sediment
bed temperature time series were computed. Finally, the
surrogate model was developed according to the
relationships between the nondimensional parameters & and
Ay (section 3.2) and the harmonic features A, and A¢ (see
Fig. 3, (a) and (b)).

The surrogate model tested to assess its
performance in estimating the known sediment depths of
the laboratory-scale experiments. Temperature sensor
measurements and one reference value of the convective
heat transfer coefficient were therefore required as inputs.
Fig. 4 describes the input parameters required to apply the
surrogate model and, consequently, to estimate sediment
depths. The measurements of the temperature sensor DS1
were used to calculate the sediment thermal properties (k;
and C,, see section 3.1). These properties were determined
at least three times for each experiment (1 cycle per day),
and the average values were considered as the input
parameters of the surrogate model. Likewise, the
measurements of the temperature sensors DS2 (sediment
bottom) and DS3 (water-sediment interface) were used to
perform the FFT frequency analysis of sediment bed and
water temperature series, respectively. In addition, the

measurements

was

b) Phase difference

)
n

[S]
[N}
W

o

Fig. 3 Relationships between the nondimensional parameters, ¢ and Ay, of the 1D diffusion heat equation and the harmonic features, (a)

amplitude ratio and (b) phase difference.
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Experimental campaign Input variables

Active measurements

Sediment-bed temperatures |— i—] Thermal properties
i — k,C,

Passive measurements

Harmonic features
A,,A¢

Wastewater temperature
T,

W

Reference value
Outside temperature ; : Convective coeft.
T, : : h

Visual measurements

Reference sediment depth

Surrogate model I

« Estimated sediment depth
AZI”

Fig. 4 Scheme of sediment depth estimations according to the
temperature time series and of performance assessment of the
surrogate model. First, the sediment thermal properties (k; and C,) are
determined from sediment-bed temperatures during the heat-pulse
periods, and the harmonic features (A, and A¢) are computed from the
daily temperature patterns of the wastewater, sediment bed and outer
contour. Second, the resulting sediment thermal properties and
harmonic features as well as the reference convective heat transfer
coefficient provide the surrogate model inputs to estimate the
sediment depth (Az,,). Finally, the estimations from the temperature-
based systems and the reference visual measurements are compared
by computing the absolute error ().

Model performance
e=4z,— Az,

average temperature measured by sensor DS5 outside the
model was used to obtain nondimensional temperatures
(eqn (8)). The FFT frequency analysis to obtain the
fundamental frequency parameters (A and ¢) was performed
without considering the first 24 hours of the experiments
to avoid the influence of the initial conditions. The
harmonic  features resulted from calculating the
fundamental frequency differences of the nondimensional
water and sediment-bed temperatures (4, and A¢, eqn (17)
and (18)). Finally, the nondimensional heat loss at the low
boundary (¢, see section 3.2) was computed by considering
a convective heat transfer coefficient of 7 = 1.75 W m™
°C™, like the coefficient used by Koju.>* This value was
obtained by averaging the best-fitting /# values between the
simulated and experimental sediment-bed temperature time
series (see the ESIt).

Two values of Ay were obtained by introducing the
previous inputs (4, A¢ and d) into the relationships
developed for the harmonic features and were transformed

into sediment depths <Az = A)(\/Zke/a)>. The average value

was established as a final sediment depth estimation of the
laboratory-scale experiments (Az;,). The estimated sediment
depth was compared with the reference values measured with
the measuring tapes attached to the cylinder (Az,). Finally,
the absolute error was also used as a metric to assess the
performance of the method (¢ = Az, — Az,, see Fig. 4).

This journal is © The Royal Society of Chemistry 2024
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3.4. Uncertainty analysis

An uncertainty analysis was performed to assess the accuracy
of the sediment depth estimations based on the temperature
measurements. The uncertainty propagation of both the
input variables and the surrogate model was therefore
performed according to the Monte Carlo method. The
uncertainty of sensor temperature measurements was
calculated considering the manufacturer's specifications and
the calibration process. In addition, the uncertainties of the
heat pulse characteristics were calculated based on the heater
dimensions and the power supplied. The accuracy of the
DPHP system was assessed by propagating the previous
uncertainties, thus determining sediment thermal properties.

The h value was unknown, so a uniform distribution was
selected for the h values that best fitted between the
simulated and the experimental sediment bed temperature
time series. Uncertainties were also assessed for the surrogate
model, where the uncertainty associated with UWO
temperature measurements was propagated in the 1D
diffusion heat equation to obtain the uncertainties of the
harmonic features. Likewise, Monte Carlo simulations were
performed with one-million iterations to propagate all the
uncertainties listed, thus deriving the resulting uncertainty of
the sediment depth estimations for each experiment. Finally,
error distributions could be calculated by computing the
absolute errors of the sediment depth estimations obtained
by the Monte Carlo simulations. The uncertainty propagation
model is described in detail in the ESLf

4. Results

4.1. Sediment properties

The physical and thermal properties of the sediment samples
analysed in the laboratory-scale setup were determined from
laboratory analysis and sensor-based measurements
(Table 1). It is worth stressing that this is the first time that
thermal properties of organic sediments from UDS are
reported. The sediment samples collected in gully pots and
sewers were not significantly different between high density
and residential areas.

Compared with the sediments collected from both the
gully pots and the stormwater tank, sewer sediments
contained lower volatile content (<5%) and consisted of
granular particles. This might be because sediments were
collected from a rather steep sewer section, limiting the
accumulation of fine particles with greater organic matter
content."”'® The highest volatile content values were
obtained in the sample from the stormwater tank, with this
assumed to be a function of the sediment collection depth
(where the upper part of the sediment layer concentrates a
greater percentage of organic material).

The mean values of volumetric water content (VWC) were
obtained by averaging the electroconductivity sensor
measurements. Sediments were saturated, so their VWC
could be used to approximate porosity. Considering the
variability of VWC measurements, UDS sediments reported
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higher standard deviation compared to sand. Likewise, the
continuous sensor measurements showed a progressive
decrease in VWC values during the tests (e.g., stormwater
tank, 46.4-33.5%). Each sediment sample remained at least
12 days in the laboratory model setup (corresponding to four
sediment depths, with each being tested for three days),
which might have changed sediment properties due to
compaction and biological processes. The sand used in the
experiments was inert, with a uniform particle distribution of
0.3-0.5 mm, so no compaction process occurred in
comparison to UDS sediments. The continuous
measurements of the electroconductivity sensor are available
in the database of the experimental campaign.>®

Thermal conductivity (k) and volumetric heat capacity (Cy)
values were obtained by averaging the DPHP system
measurements for each sediment type. The thermal
properties of the sand matched the values for saturated
sandy clays (1.61 W m™ °C™ and 2.53 MJ] m™ °C™).* A
comparison of the thermal properties by sediment types also
showed a varied magnitude of differences with, e.g., the
variation in mean k; between sand and stormwater tank
sediment being twice as large. The k, values decreased as
sediment volatile content increased, i.e., sediments with low
volatile content showed high k; values, while sediments with
high volatile content showed the lowest k. values.
Furthermore, C, values for UDS sediments showed a greater
deviation than for sand. The deviation of C, is related to the
compaction processes previously described because its value
directly depends on VWC; C, = VWCpycCy *+ ppsCs, Where the
subscripts w and s indicate the water and solid fractions of
the saturated sediments, p and p;, are the density and bulk
density, respectively, and ¢ is the specific heat capacity.
Therefore, C, measurements generally decreased as the
consolidation time increased.

a) Thermal conductivity (W/m/°C)
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4.2. Error analysis of DPHP system measurements

The k. and C, values determined by the DPHP system were
compared with the TP01 sensor (Fig. 5, (a) and (b)). On the
one hand, the k; values determined with the DPHP system
showed errors of less than 0.21 W m™ °C™" with respect to
the TPO1 sensor measurements. The greatest errors were
obtained by sediments with lower volatile content. On the
other hand, the C, values deviated by 0.51 MJ m™ °C™" on
average between the DPHP system and TPO1 sensor
measurements. Samples collected in gully pots (S2 and S3)
showed the greatest C, absolute errors between the
measurement systems.

Considering the deviation of each measurement, both
systems presented similar k. standard deviations.
Nevertheless, the DPHP system generally showed smaller
deviations of C, measurements than the TP01 sensor. Besides
the deviations on C, measurements due to sediment
compaction processes, deviations could be related to
measurement accuracy. According to the heat pulse model
(eqn (2) and (3)), DPHP measurement accuracy depended on
the measured temperature time series, the characteristics of
the heat pulse, and the dimensions of the heater. The
accuracy of k; and C, measurements of the DPHP system was
calculated to be +0.04 W m™" °C™" and +0.10 MJ m™> °C ™,
respectively (see further details in the ESI}).

4.3. Sediment depth estimations

The sediment depths estimated by the surrogate model were
compared with the measuring tape  observations
(Fig. 6, (a) and (b)). The absolute errors of sediment depths were
less than 22 mm, and the mean absolute error (MAE) was less
than 7.3 mm. The greatest differences were obtained by
sediments with high volatile content, ie., gully pot and

b) Volumetric heat capacity (MJ/m3/"C)
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(a) Thermal conductivity and (b) volumetric heat capacity comparison between the measurements obtained by both the DPHP system and

the TPO1 reference sensor considering the six sediment samples analysed in the laboratory-scale setup (S1 to S6). The horizontal and vertical error

bars represent the standard deviation in measurements.
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b) Error distribution (mm)
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(a) Comparison of the sediment depths estimated by the temperature-based system and visual measurements obtained by the measuring

tapes. The vertical error bars represent the coverage interval at a confidence level of 95% computed by Monte Carlo simulations. (b) Absolute error
distribution of the sediment depths considering the six sediment samples (S1 to S6) and the four depth steps (Az; to Az,).

stormwater tank samples (S2, S3, and S4). These sediments also
showed the greatest deviations in their thermal properties
(Fig. 5), which were related to the occurrence of compaction and
biological processes during the experiment. Moreover, these
processes also affected the direct measurements by using the
measuring tapes. According to the measurements taken before
and after each experiment, direct measurements were estimated
to vary by 2.5 mm for sediments with high volatile content.

Likewise, the uncertainty analysis from Monte Carlo
simulations showed less variability of estimations for small
sediment depths than for large sediment depths. As expected,
the greater the sediment depth, the greater the attenuation
and phase lag of the temperature series. The uncertainty of
the harmonic features therefore increased for large sediment
depths. This analysis also showed that estimations performed
with the temperature-based system implied non-symmetric
distributions for small sediment depths (see further details
in the ESIf). As for small sediment depths, the distribution
was skewed towards low values. Conversely, great sediment
depth estimations followed normal distributions. An overall
accuracy of the sediment depth estimation performed with
the temperature-based system was computed by considering
the coverage interval at a confidence level of 95%. As a safety
factor, the average distance between the mean values and the
upper boundary of the coverage intervals was therefore
considered, thus overestimating the uncertainty of the lower
boundary. As a result, the accuracy of the system was of +7.3
mm.

5. Discussion

The MONTSE system can be used to measure temperatures
in UDS, thus providing a new opportunity to monitor
sediment depths by analysing heat transfer processes. The
results obtained in a laboratory-scale setup showed an

This journal is © The Royal Society of Chemistry 2024

accuracy of +7.3 mm, so it could be potentially used in
operational applications. For a better understanding, it is
crucial to address two key points: (i) the application of DPHP
systems to characterize sediment thermal properties in UDS,
and (ii) the field applications and future perspectives of
temperature-based systems to estimate sediment depths,
focusing on advantages, limitations, alternatives, and
potential uses.

5.1. Application of DPHP systems in UDS

The DPHP system emerged as part of the MONTSE system,
which was devised by solving the heat pulse model of a finite
cylindrical Subsequently, the DPHP system
underwent rigorous testing very close to the base of a
laboratory-scale setup. Likewise, heat-pulse methods assume
sediment homogeneity in the surroundings of the heat

20 The potential for basal sediment boundary

source.

source.
conditions to affect the measurement of thermal properties
was therefore assessed by comparing thermal properties of
saturated sand at the base of the model and in a laboratory
beaker (see the ESIf). The thermal properties showed similar
values (relative error <5%), suggesting that the distance from
the heater to the bottom did not significantly affect the
measurements of sediment thermal properties.

The experimental campaign provided the first references
for thermal properties of UDS sediments, which can be used
as a benchmark for further studies. The comparison among
thermal properties by sediment type suggested that volatile
content values appeared to be inversely proportional to
thermal conductivities. Acknowledging volatile content as an
indicator of pollution level in UDS, this system could
therefore be potentially applied in estimating the level of
organic substances associated with UDS sediments. On the
other hand, the variability of volumetric heat capacity values
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in UDS sediments was mainly caused by compaction
processes. These processes were also observed due to the
decrease of the VWC values and to the sediment depth
measurements taken with the measuring tapes before and
after experiments. Despite these oscillations, the use of the
DPHP method to obtain sediment thermal properties was
reliable for sediment depth estimations.

The active system offered the advantage of on-site
measurements of the sediment thermal properties. For field
applications, the frequency of heat pulses should be
optimized in the case of battery-operated systems as they
consume most of the energy (7.2 W active measurements,
and 0.0008 W passive measurements). Therefore, the heating
pulse frequency could be decreased to reduce power
consumption. Although the measurement system is sensitive
to the change of sediment types, no major exchanges in
sediment type are expected at a single measurement location,
but the potential impacts of sediment compaction and
biological processes are inevitable. Alternatively, the same
system could be used without the cartridge heater, i.e., using
only passive temperature measurements. For these cases,
active measurements could be replaced by collecting
sediment samples to analyse their thermal properties in the
laboratory or by using future benchmark values. This could
compromise the accuracy of sediment depth estimations for
the sediments with high volatile content, but it is most
sufficient for routine applications, for which ATEX issues
should also be considered.

The active temperature system was developed to be
installed in sewer systems, and two criteria were considered
when proposing the heat-pulse system. Firstly, the system
must resist damage that sediment transport can cause to the
submerged sensors due to the impact of solid particles.
Secondly, as the system is submerged in wastewater, clogging
and malfunctioning of the sensor must be avoided. For both
reasons, the dimensions of the heater were like those of the
DS18B20 temperature sensors (45 mm in length and 6 mm in
diameter), whose robustness and performance were shown
when monitoring campaigns in sewer systems, such as the
UWo.»

5.2. Field applications and future perspectives of
temperature-based systems to estimate sediment depths

A surrogate model was also developed to estimate sediment
depths. The UWO temperature patterns used to develop this
model were independent of the experimental campaign
measurements, although they were used as a reference for
the temperature control system. Therefore, the selected
features are valid in other sewer pipes that follow daily
temperature patterns.

The model covers a range of depths up to 190 mm.
However, sediment depths greater than those tested can be
found in sewer collectors and interceptors (e.g., 200 to 500
mm).**>° To estimate large sediment depths, additional
sensors should be put in the pipe cross section as the bottom
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temperature measurements would be strongly attenuated and
the system would provide great uncertain estimations in the
sediment depth (see Fig. S2, ESIT). For these cases, analytical
approaches developed for river streambeds could also be
used.”'®'* The errors in the estimation of organic sediment
depths greater than 100 mm with analytical approaches were
less than 10 mm."”

The sediment depths estimated with both the MONTSE
system and the surrogate model showed an accuracy of +7.3
mm. This accuracy included variability due to the systematic
changes from the compaction processes during the
experiments with UDS sediments. The sediment depths were
difficult to monitor in field applications. For instance, the
sediment depth measurement with measuring tapes and
sticks could lead to uncertain values due to both the
compaction of leaves in gully pots*® and the sediment
organic content in sewer pipes.® However, from the practical
perspective, millimetre levels of accuracy are not required to
monitor the accumulation and wash-off of sediment deposits.
The same holds for the decision on whether a UDS system
needs to be cleaned.

Albeit other techniques, such as acoustic profilers,” are
also effective in estimating sediment depths, their
installation is costly and power intensive. In addition,
monitoring sediment depths with acoustic profilers, e.g.,
sonars, requires a minimum wastewater depth of 125 mm."
A major advantage of the proposed system is that its
installation and application is simple since temperature
sensors do not require complex electronics. Future versions
of the MONTSE system will include exchangeable batteries
and data transfer modules, and will integrate the surrogate
model into the microcontroller software, leading to edge
computing.

The temperature-based already
validated for natural systems, aims to be transferred to
urban drainage systems. In addition to sewer systems, the
system is clearly potential to monitor other drainage
infrastructures, such as gully pots, pumping stations, and
sediment traps as well as to settle devices for primary
stormwater treatment. The analysis of heat transfer processes
should therefore be adapted according to the geometry or
temperature variations in infrastructures, such as the gully
pots affected by the temperature gradients caused by runoff.
This methodology could also be combined with the use of
DTS devices, which are used to detect illicit connections and
to characterize infiltration into sewers (e.g., Vosse et al.,*?
Panasiuk et al.**), but they could also be adapted to measure
longitudinal sediment-bed distributions with suitable
installation at the bottom of sewer pipes.

In addition to the operational applications, the system
could be used to study sediment accumulation after cleaning
UDS. For instance, sewer pipes recently cleaned could show a
rapid build-up of organic sediments with high pollution
potential, which could be slowly replaced by granular and
coarse sediments.'®'® This system could therefore be used to
estimate the of pollution potential, and

system, which was
9-14

evolution
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subsequently to develop and validate sediment transport
models.

6. Conclusions

The results of this study show that the combination of active
and passive temperature measurements can be used to
estimate sediment accumulation in sewer pipes with daily
temperature patterns under dry weather conditions. The
main conclusions are provided below:

e The MONTSE monitoring system can robustly measure
daily temperature patterns within the water layer and
sediments, enabling the analysis of heat transfer processes
in sewer systems. This system also integrates active
temperature measurements to estimate sediment thermal
properties as key parameters in the analysis of heat transfer
processes.

e A surrogate model was built based on the
nondimensional solution of the 1D diffusion heat transfer
equation. This model established a relationship between the
harmonic features of water and sediment temperature
patterns, sediment depth, thermal properties, and the low-
boundary condition. The nondimensional analysis reduced
the number of parameters of the model, thus enabling the
model to be used under various conditions.

¢ A laboratory-scale campaign was carried out to evaluate
the performance of both the MONTSE system and the
surrogate model to estimate sediment depths, resulting in
absolute errors of less than 22 mm compared to the
measuring tapes. The performance of the DPHP system was
also assessed, resulting in k. and C, measurements in
agreement with those of a commercial sensor (MAE: 0.21 W
m™' °C™" and 0.51 MJ m™ °C™", respectively).

e The thermal properties of UDS sediments were lower
than those in sands, with values for k. and C, being
approximately twice as small in sediments with high volatile
content. Additionally, the thermal conductivity showed an
inverse relationship with volatile content as well as the
compaction processes increased the variability of the
volumetric heat capacity in sediments.

e The accuracy of the sediment depth estimations of the
proposed temperature-based system was +7.3 mm, which is
acceptable in the context of decision making in the cleaning
and maintenance operations of sewer pipes as well as in
sediment transport research.

e This new temperature-based system was designed to be
implemented in sewer systems. It also overcomes the
challenges associated with traditional systems that monitor
sediment accumulation, such as continuous measurements.
Additionally, the system has potential for sediment control
applications in other UDS, such as gully pots, stormwater
treatment systems, and sediment traps, among others.
However, fundamental adaptations are required to
implement it effectively, including the re-analysis of relevant
heat transfer processes and geometries.

This journal is © The Royal Society of Chemistry 2024
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