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The accumulation of sediments in stormwater systems negatively affects their functioning. For example,
the re-suspension of these sediments can lead to serious pollution of surface water bodies through
combined sewer overflows (CSOs). In addition, the persistent accumulation of sediments reduces the
storage and hydraulic capacity of stormwater systems, resulting in an increased risk of flooding. Stormwater
managers spend considerable resources cleaning these systems, but we still lack reliable and easy-to-use
monitoring methods to provide information on the location, volume and composition of sediments. This
study explores the use of temperature sensors combined with the analysis of heat transfer processes to
measure sediment depth in sand trap gully pots. To this end, a laboratory-scale experimental campaign
Received 10th May 2024, was carried out using a 1:1 scale gully pot model, with different sediment types, hydrographs and inflow
Accepted 15th July 2024 temperature conditions. The experiments were designed using field measurements to reproduce the
temperature changes in gully pots and thus the heat transfer processes. The results showed maximum
differences between reference measurements and estimated depths of less than 30 mm. Finally, the use of
rsc.li/es-water temperature sensors as a cost-effective solution for monitoring sediment accumulation is discussed.

DOI: 10.1039/d4ew00389f

Water impact

Sediment collectors, e.g. gully pots, prevent the overloading of particles in urban drainage systems by inducing their sedimentation. We present a
temperature-based system that uses pioneering measurements of heat transfer processes in sediment collectors to estimate sediment accumulation. This
system was tested on a 1:1 scale model of a gully pot using organic and surrogate sediments.

1. Introduction that can cause blockages from entering the underground
stormwater systems. Finally, they also reduce the load of
sediments and their associated pollutants so as to prevent
the accumulation of these materials in drainage systems and
the transport to downstream receiving waters. The current
paper focuses on the latter function, more specifically the
trapping of sediment by gully pots. As sediments accumulate
in gully pots over time, regular cleaning is required to ensure
a minimum hydraulic capacity and to reduce the risk of
flooding."?*

Traditionally, cleaning operations are scheduled on a
regular basis, with gully pots in residential areas typically
Tecnoloxica en Edificacion e Enxefiaria Civil (CITEEC), Universidade da Corunia, cleaned out about once a year, while those in SpeCific
15071 A Corufia, Spain. E-mail: manuel.regueirol @udc.es locations with high solid loads, such as marketplaces, are
b Hydraulic Engineering Unit, Deltares, 2629 HV Delft, The Netherlands cleaned between two and four times annually.3'4 However,
CD‘epartment of Civil Engineering, Facu‘lty of Engineering, Norwegian University of recent studies suggest that this approach may be questioned
Science and Technology, 7491 Trondheim, Norway . . . 5
4 SkillsinMotion B.V., Esdoornlaan 11, 3454 HH De Meern, The Netherlands in terms of its effectiveness. Post et al.” show that a stable

sediment depth can develop in gully pots within just a few

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ew00389f months, suggesting that the sediment retention capacity of

The discharge of runoff generated in urban areas into
stormwater systems is controlled by gully pots, also known as
catch basins or catchpits, which are elements of
infrastructure that convey street runoff volumes to the
drainage pipes. The gully pots are also expected to control
and mitigate water depths and overland flow velocities at the
inlet of the stormwater pipe networks. In addition, they
retain small floating objects and prevent large solid objects

“ Water and Environmental Research Team (GEAMA), Centro de Innovacion
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these infrastructures can be lost before a new round of
cleaning is undertaken. This in turn means that sediments
can freely enter stormwater systems over a significant time
period, leading to a potential loss of hydraulic capacity and
(avoidable) environmental damage.

A further finding of previous studies is that there is a
notable spatial and temporal variability (and even indications
of chaotic process characteristics) in the sediment
accumulation rate in gully pots, even for small service
areas.>” In addition, cleaning programmes do not usually
cover all gully pots in an urban area. The number of gully
pots emptied in a given year usually represents a small
percentage of the whole, eg 5% was reported in the
municipality of Oslo, Norway.® This hinders the task of
formulating effective and efficient cleaning strategies by the
responsible asset manager. Ideally, information on the status
of (groups of) gully pot(s) would lead to the formulation of a
successful maintenance strategy (either a cost- or risk-based
one).

Measurements of sediment accumulation rates in gullies
reported in the literature have usually been carried out
using manual methods,” which require the availability of
substantial material and personal resources, while the
results obtained prove to be only limited transferable to a
‘real world’ system. To the authors' knowledge, no reliable,
continuous monitoring solution that is both practical and
scales well in terms of cost is currently available. Such a
measurement technique would ideally have the following
characteristics: i) low-cost, since each municipal area covers
thousands of structures; ii) robust to clogging and changing
environmental conditions, such as build-up of debris; iii)
low-power and relatively maintenance free, thus not
requiring constant maintenance and battery swaps; and iv)
with an acceptable level of accuracy to measure the
sediment depth.

The present study considers the use of passive-
temperature sensors as an inexpensive monitoring solution
for sediment accumulation in gully pots. This idea derives
from a method developed to measure sediment depths in
sewers by using temperature sensors and the analysis of heat
transfer processes.® Such a method is based on establishing a
relationship between the attenuation and time lag of the
temperature time series in the water and sediment layers and
the sediment depth itself. For this purpose, the heat transfer
triggered by temperature fluctuations should be significant
in order to estimate the sediment accumulation. However,
the heat transfer processes in gully pots differ from those in
sewer pipes,”'® and thus further development and
refinement of this method is necessary. Unlike temperature
time series in sewer pipes, which follow a cyclical pattern,®'*
temperature fluctuations in gully pots are triggered when
rainfall occurs, similar to retention ponds.? Therefore, the
approach to gully pots is based on analysing the heat transfer
towards the sediment layer caused by the temperature
gradient between the runoff entering the gully pot and the
inner standing water to estimate the sediment accumulation.

This journal is © The Royal Society of Chemistry 2024
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This study aims to describe the heat transfer processes in
gully pots and to develop a method to estimate sediment
depths based on passive temperature measurements. To this
end, preliminary field measurements were performed to
design a lab-scale experimental campaign. Experiments were
performed in a 1:1 scaled gully pot model to determine the
main variables that influence heat transfer processes and to
evaluate the method to estimate the sediment depths. The
temperature-based system showed high performance when
comparing the sediment depth estimations with reference
measurements, setting a baseline for the potential
application in field measurements. The use of temperature
sensors, then, emerges as a promising solution towards
optimising the monitoring and cleaning strategies for gully
pots while ensuring their efficient performance, as well as
investigating sediment build-up processes.

2. Materials

2.1. Experimental setup

The experimental setup consisted of a 1:1 scaled gully pot
model located in the Hydro Hall facilities at Deltares (Delft,
The Netherlands). The gully pot model was made of
polymethyl methacrylate (PMMA) and the inner dimensions
were 350 x 350 x 1010 mm. In addition, the model had a
grated lateral inflow, and a flow outlet opening located 390
mm from the bottom. Sediment layers were poured at the
bottom and were covered by a water layer up to the outlet
opening. Further details on the gully pot geometry can be
found in the research performed by Rietveld.”

The gully pot was placed inside a tank with inner
dimensions of 450 x 840 x 950 mm. The outer tank was used
stable boundary condition mimicking the
temperature and to control the initial temperature conditions
in the gully pot. For this purpose, the outer tank was filled
with deionised water while a temperature control system was
built by using a NESLAB RTE-211 recirculating water bath
(ThermFisher Scientific, The Netherlands).

A system of PVC pipes and connectors carried the outflow
from the gully pot to a water tank of 550 L which acted as a
reservoir. This second water tank also included a temperature
control system to set the temperature gradient with respect
to the initial temperature in the gully pot. For this purpose, a
NESLAB ThermoFlex2500 recirculating chiller (ThermFisher
Scientific, The Netherlands) was installed. In addition, the
550 L water tank also included a deflector to induce the
sedimentation of the resuspended particles flushed out of
the gully pot, and a hydraulic pump with a discharge capacity
of 4500 L h™'. The setup was operated in a closed loop by
pumping the water from the 550 L water tank to the gully pot
inlet. Fig. 1 shows an image and a schematic overview of the
experimental setup.

as a soil

2.2. Instrumentation

2.2.1. Temperature sensors. Temperature sensors were
installed to control and measure temperature variations in
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the experimental setup. DS18B20 sensors were selected with
a tolerance of +0.5 °C according to the manufacturer's
specifications, this mainly conditioned by an offset in the
temperature measurements.
corrected by performing a prior calibration, for which several
temperature steps were established, and DS18B20
temperature measurements were compared to those of a
certified PT100 sensor.

A total of 23 temperature sensors were installed in the
experimental setup to measure the heat transfer processes
inside the gully pot, as well as to control the boundary and
initial conditions. Inside the gully pot, four sensors were
placed at the bottom, plus two sensors at the middle section
of the walls every 50 mm from the bottom up to 300 mm.
Additionally, two sensors were placed at ~500 mm from the
bottom to measure the temperature of the water layer, and
one sensor was installed at the inlet to measure the inflow
temperature. Outside the gully pot, one sensor was placed
inside the outer tank to measure the contour temperature,
one sensor inside the 550 L water tank to establish and
control the initial temperature, and two sensors to measure
the room temperature. A graphical description of the sensor
distribution can be found in the ESL}

2.2.2. Flow control. A proportional-integral (PI) control
system was developed to set, control, and measure the flow

Sensor measurements were
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rate in the experiments. This system consisted of a magnetic
inductive flowmeter DMH (KOBOLD, USA) and a solenoid
valve (Air Torque, Italy). Additionally, a SIPART PS2 positioner
(SIEMENS, France) with an air supply was installed to control
the opening and closing system of the solenoid valve. These
devices were installed in a PVC pipe (DN 32 mm) between the
hydraulic pump, which was submerged in the 550 L water
tank, and the gully pot inlet.

The PI control system was implemented using LabVIEW
software that controlled an analogue input and output
module (I0 module) of the flowmeter and valve positioner
signals. First, a predefined hydrograph was uploaded before
executing the software, including flow rate setpoints with a
time resolution of 0.1 s. The LabVIEW software started by
reading the analogue input from the flow meter, using the 10
module. The PI control system then computed the voltage
output, and subsequently opened or closed the solenoid
valve. The proportional (P) and integral (I) gain coefficients
that controlled the PI system were 0.15 and 0.007,
respectively. Finally, the software read the next flow rate
setpoint from the predefined hydrograph.

2.2.3. Sediment depth reference measurements. Two
techniques were applied to obtain sediment depth reference
measurements for comparison with the temperature-based
method. First, the structure from motion (SfM)
photogrammetric technique was applied in the experiments
with inorganic sediments because low-turbidity conditions
could be ensured, similar to Regueiro-Picallo et al.'® For this
purpose, a GoPro HERO 9 Black camera (GoPro, USA) was
used to take underwater images of the sediment bed. The
reconstruction of the sediment-bed surface from images was
performed with the 3DF Zephyr Free software.'* Additionally,
MeshLab software was used to scale and reference the
sediment coordinate system.'> For the latter, markers were
previously installed on the walls of the gully pot model. The
spatial resolution of the reconstructed model was 2 mm, and
the residual errors compared to the marker coordinates were
less than 1 mm. Section 2 in ESIf provides figures to
illustrate the sediment-bed reconstruction process using the
SfM technique (Fig. S2a and b¥). A second method involved
the use of measuring tapes for experiments with high
turbidity of the water layer, ie., those experiments with
organic sediments. Two measuring tapes were installed on
different walls of the gully pot model. A measurement error
of +5 mm was established between the single-site
observations and the average sediment depth. Sediment
depth reference measurements were performed at the
beginning and end of each experiment, the values obtained
always being identical within the established error.

2.2.4. Sediment properties. Physical and thermal
properties were characterised by means of sediment samples
(see subsection 2.3.1). Bulk density, organic content, and
volumetric water content (VWC) were considered for the
physical analysis, and thermal conductivity and volumetric
heat capacity measurements were performed for the thermal
analysis. Laboratory analysis of subsamples was performed to

This journal is © The Royal Society of Chemistry 2024
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obtain the bulk density and organic content, following
standard methods,"® while VWC and thermal properties were
determined from sensor-based measurements with a 5TE
sensor (Decagon, USA) and a TPO1 sensor (Hukseflux, The
Netherlands), respectively.

2.3. Experimental procedure

Fifty-six experiments were performed by combining the
following features. A table summarising the test
configurations is provided in the dataset related to the lab-
scale experimental campaign (see Data availability)."”

2.3.1. Sediments. Sediments containing various organic
matter content were tested to evaluate the sensitivity of the
sediment composition to heat transfer processes. First, an
inorganic sample composed of washed sand (S1. Sand) with a
grain size distribution between 0.4-0.8 mm was selected. In
addition, a composite organic sample was collected from
local gully pots (S2. Organic) in the Neeselande district
(Rotterdam, The Netherlands), a zone that had previously
been monitored, as reported by Rietveld et al'® Finally, a
synthetic sample was prepared by mixing the sand and the
gully pot sample at 50% by weight (S3. Mixture).
Furthermore, five sediment layers ranging from 50 to 250
mm were tested to assess the performance of the
temperature-based method to estimate sediment depths.

2.3.2. Temperature gradients. The heat transfer processes
in gully pots are triggered by temperature changes between
the standing water inside the gully pot and the runoff inflow.
However, the temperature patterns in gully pots during rain
periods were initially unknown. Field measurements were
carried out with the aim of designing the experimental
campaign in the laboratory model, and for this purpose two
gully pots were monitored at the Deltares campus between
July and September 2022 to characterise temperatures in the
standing water layer. In addition, rainfall intensity
measurements from a meteorological station located ~50
and ~200 m from the monitored gully pots were also
available."

Field observations showed temperature gradients (AT) of
the standing water when rainfall-runoff events occurred,
where the temperature gradient was defined as the difference
between the initial and the maximum or minimum
temperatures of the standing water during a rainfall-runoff
period (positive and negative gradients, respectively). For this
purpose, a rainfall-runoff event was considered when the
rainfall accumulation exceeded 1.5 mm in a one hour period
without constraints in the preceding dry weather periods.
Negative temperature gradients ranging from -0.4 °C to -7.0
°C were observed in most of the rainfall during the
measuring period, i.e., the temperature of the standing water
was initially warmer than the runoff inflow. Only a few events
were observed where the runoff inflow caused positive
temperature gradients. See section 4.1.1. for further
information related to field temperature observations.

This journal is © The Royal Society of Chemistry 2024
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As a result of the field measurements, two negative
temperature gradients (AT; = 5.0 °C and AT, = -3.0 °C) were
selected for the experimental campaign with the aim of
analysing the influence of the water temperature gradient on
the diffusion of heat through the sediment layer to estimate
the sediment depth. The temperature gradients were
established by the difference between the water temperature
in the 550 L tank and the initial temperature of the standing
water inside the gully pot, which was mainly conditioned by
the outer tank temperature control system. Additionally, six
experiments were performed under positive-gradient
conditions (AT; = +5.0 °C and AT, = +3.0 °C) for inorganic
sediments.

Temperature measurements were stored using local data
loggers. The measurement sampling frequency ranged from
1 s to 60 s during the experimental campaign to monitor
initial temperature changes. A common sampling frequency
of 60 s was selected in the analysis of the heat transfer
processes.

2.3.3. Hydrographs. The inflow hydrograph to a gully pot
depends on multiple variables, such as rainfall intensity,
catchment area, slope, roughness, etc. The design of the
experimental hydrographs was simplified, establishing three
hydrographs to analyse the influence of the heat input in
gully pots due to the runoff. Setpoint hydrographs with a
peak flow rate of 0.4 L s™* at 5 min (Hydro,), 10 min (Hydro,),
and 15 min (Hydro;) were selected, which corresponded to a
runoff discharge produced by a common rainfall in Dutch
urban catchments, ranging between 1.2 to 53 mm h™" and 12
to 217 m>* Hydro,, Hydro, and Hydro; conditions were
tested for sand (S1), while Hydro, was only tested for gully
pot (S2) and mixture (S3) sediment layers.

The durations of the setpoint hydrographs were 20, 30,
and 40 min, respectively. After the hydrograph duration was
exceeded, data collection continued to monitor the heat
recovery in the laboratory-scale gully pot. The overall
experiment duration was defined based on the temperature
gradient. Thus, experiments with a temperature gradient of
+5.0 °C (AT; and AT3;) and +3.0 °C (AT, and AT,) lasted 6 and
3 hours, respectively. Fig. 2 provides an overview of the
hydraulic and thermal experimental conditions.

3. Methods

3.1. Heat transfer model

Heat transfer in gully pots during rainfall is mainly governed
by advection and dispersion processes in the water layer and
diffusion processes in the sediment layer. A uniform
distribution of the temperature in the water layer was
assumed due to fast mixing induced by high-turbulent
conditions. In addition, the heat transfer in the sediment
layer caused by changes in the water temperature can be
addressed by the partial differential equation (PDE)
governing the heat diffusion. For the squared geometry of
the gully pot, the sensor locations in the model, and
assuming isotropic and homogenous thermal properties of

Environ. Sci.: Water Res. Technol., 2024, 10, 2392-2405 | 2395
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Fig. 2 (a) Setpoint hydrographs (Hydro;, Hydro, and Hydrosz) and (b)
inflow temperature conditions (AT;, AT,, ATs and AT,) selected for the
experimental campaign. Note that example measurements were used
to represent the test conditions.

the sediment layer, the 2D heat diffusion equation with no
heat generation can be expressed as follows:

oT o*T  *T
—ke< + ) )

o klae oy

where T is the temperature (°C), ¢ is the time (s), x and y
represent the transversal and vertical axis (m), respectively,
and k. is the effective thermal diffusivity of the sediment (m®
s'), which can be expressed as the following ratio:

ke = (2)

where k, is the thermal conductivity (W m™ °C™) and C, is
the volumetric heat capacity (] m™ °C™). Additionally,
temperatures in the sediment layer are influenced by the
water temperature on the top boundary, and convective heat
losses on the lateral and bottom contours. A Dirichlet-type
boundary condition was defined at the top boundary by
introducing the water layer temperature fluctuations:

Tw = f(9) (3)
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and a Cauchy-type boundary condition was defined at the

bottom and on the left and right walls:
dTy,

ktd_’? = _h(Tb_Too) (4)

dr
where T, is the temperature at the boundary (°C) and d_b is
n

the outward normal derivative (°C m™), T,, is the ambient
soil temperature, which corresponds to the water
temperature in the outer tank surrounding the gully pot (°C),
and % is the convective heat transfer coefficient (W m™ °C™),
which depends on the gully pot model material, i.e., PMMA,
and can be expressed as h = k /e, where k. is the
thermal conductivity of the PMMA and e is the thickness of
the gully pot wall.

A MATLAB® subroutine was coded to implicitly solve eqn
(1) using the finite difference method, with a node-centred
and rectangular discretisation of the sediment layer and a
mesh size of 50 mm on the x-axis and 1 mm on the y-axis.
Note that the validity of the reduction to two spatial
dimensions is stated in the Discussion section. As a result,
sediment temperatures could be simulated and compared
with the experimental observations at the locations where the
sensors were installed. The code is available in ZENODO and
can be run on MATLAB® R2017a or later versions."”

3.2. Sediment depth estimation

The comparison between the experimental and simulated
temperature time series in the sediment layer was used to
estimate the sediment depth. For this purpose, the 2D heat
diffusion model was applied considering the following input
variables: i) the temperature time series in the water layer
(Ty) and outside the gully pot domain (7..); ii) the sediment
thermal properties (k. and C,); iii) the heat loss at the left,
right and bottom boundaries, defined by the convective heat
transfer coefficient (%), and iv) the sediment depth (fgeq)-
Since a homogeneous temperature in the water layer was
assumed, T, was obtained by a spatial averaging of the
measurements of the sensors above the water-sediment
interface. Additionally, 7., was considered to be equal to the
time average of the temperature measurements at the outer
tank due to the stability of the temperature control system
(0.1 °C). k, and C, were measured with a thermal property
sensor (TP01) by analysing sediment subsamples and
considering the average values of each sediment as the model
input. The h-value was defined by the thermal conductivity of
the PMMA (k. ) and the thickness (e) of the gully pot wall
(see section 3.1). The wall thickness of the gully pot was 18
mm and the k. for worn PMMA can be ranged between
0.15-0.25 W m" °C™".*° A value of k= 0.23 Wm " °C"
was assumed after averaging the best fitting k. -values
between the simulated and experimental sediment-bed
temperature time series (see ESIf). Consequently, the
convective heat transfer coefficient was 7 = 12.8 W m™> °C™".
Finally, sediment depth was introduced as an iterative

This journal is © The Royal Society of Chemistry 2024
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variable (%seq) that converges when the minimum difference
between the experimental measurements and numerical
simulations was obtained. A constant sediment depth during
each rainfall-runoff event was assumed for the simulations,
i.e., no sediment deposition during the inflow. Although the
runoff inflow is the main source of sediments entering gully
pots, this assumption was supported by the low sediment
accumulation rates observed in field campaigns in The
Netherlands with maximum rates of 0.94 L per day,” which
correspond to accumulation rates of ~8 mm for a gully pot
cross-section of 350 x 350 mm> Consequently, the
methodology was designed to capture long-term dynamics of
sediment build-up.

Sediment temperatures were simulated (T,, ) and
compared to the experimental measurements (7). Average
temperature time series of the two sensors buried in the
sediment layer and closest to the water-sediment interface
were selected for comparison. Temperature measurements
from sensors located deeper in the sediment layer were not
used because they showed a large temperature attenuation
and time lag, thus introducing considerable uncertainties in
the sediment depth estimation method. A MATLAB®
subroutine based on the Nonlinear Least-Squares algorithm
was coded to obtain the sediment depth with the best fit. For
this purpose, a Least-Squares objective function was
programmed to minimise errors between the simulated
temperatures and the experimental measurements in those
locations in the sediment layer close to the water-sediment
interface. Additionally, model performance was assessed by
calculating the absolute error between the sediment depth
estimated using the temperature-fit model (A4 ) and that
measured with the SfM or using measuring tapes (fseq ), € =

Passive measurements Sample analysis
Temperatures Thermal properties
Tw, Too k, C

v

Reference value [terative value

Convective coeff. Sediment depth
h hsed,
2D Heat diffusion
Tgs[mula/ed i

¥

Nonlinear Least-Squares
min [Z(K.vimulated i~ 7:9)2]

Estimated sediment depth
hsed,,

Model performance
& = |hsed,, — hsed,)|

Fig. 3 Scheme to estimate sediment depths using the temperature-
based model and evaluate its performance.
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|Asea,, — Msea|- Fig. 3 summarises the input variables to
iteratively estimate the sediment depths and perform the
model assessment.

4. Results

4.1. Heat transfer dynamics in gully pots

4.1.1. Rainfall and temperature field observations. Field
measurements showed that short-term temperature gradients
in the water layer can be observed during rainfall when
runoff flowed into the gully pots, e.g. Fig. 4 shows the
temperature evolution in the standing water layer during
consecutive rainfalls. For comparison purposes, rainfall-
runoff considered when the rainfall
accumulation exceeded 1.5 mm in a one-hour period, in
order to account for initial losses such as local depressions,
absorption and evaporation. Consequently, 20 rainfall-runoff
events with significant temperature gradients were observed
in the gully pots (GP1 and GP2).

The temperature gradients in GP1 were all negative,
between -0.4 to -7.0 °C, with a median value of -2.6 °C.
Conversely, negative (-0.5 to —6.4 °C) and positive (+0.4 to
+1.7 °C) gradients were observed in GP2, with median values
of -1.7 and +1.2 °C, respectively. Overall, only 16.7% of the
rainfall led to positive gradients. The oscillation between
positive and negative temperature gradients was related to
the initial standing water temperature of the gully pot, which
is influenced mainly by the thermal inertia of the soil.
Moreover, the largest temperature gradients occurred when
the antecedent dry weather period was greater than 24 hours,
thus excluding consecutive rainfalls. Under these
circumstances, the median temperature gradients were
slightly higher, -3.7 °C in GP1, and -2.7 and +1.7 °C in GP2.
The rainfall and temperature gradient field observations are
summarised in the ESI{ (Table S1).

4.1.2. Attenuation of the temperature time series. The
temperature attenuation between water and sediment layers

events were

Standing water temperature

25 I v .VV VWY T 0
Temperature =
234 . . 20 T
o Rainfall intensity é
£ 214 40 &
g g
2191 60 £
g 3
17 1 ) .5
o~

15 T T T 100
12:00 18:00 00:00 06:00 12:00

Time (hh:mm)

Fig. 4 24 hour temperature time series measured in the standing
water layer of a gully pot at the Deltares campus. Rainfall intensity data
were downloaded from the Met Office Weather Observations
Network.*®
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was used to describe the heat diffusion in the sediment layer
due to the influence of sediment types, temperature gradients
and hydrographs. Due to the non-linearity of the process, the
Spearman correlation coefficient, rs, between the temperature
time series of two sensors at different locations in the gully
pot model, was established as a descriptive reference metric
of temperature attenuation, and this also accounted for the
time lag. The revalue varies between 1 and -1, but in this
case the smaller g (close to zero or negative), the greater the
attenuation between the temperature time series. For
instance, the temperature attenuation between the water
layer and a 50 mm sediment layer for a negative gradient
experiment was obtained as the Spearman correlation
coefficient between the temperatures of the sensors installed
in the water layer and at the bottom of the gully pot model.
Fig. 5 shows the temperature time series of sensors
located in the water layer compared to those at different

_a) Negative temperature gradient, AT1

Temperature (°C)
&
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-5 1
-6 T T T T T
0 60 120 180 240 300 360
Time (min)
b) Positive temperature gradient, AT3
Tw: Water temperature
Max-min water temperatures
5 4 Tswoz Sediment temperature at h =100 mm
-~ Tsys0: Sediment temperature at h =50 mm
9 4 TSOOO: Sediment temperature at the bottom
44
[
S
2
= 3
ot
-
=%
£ 2
Q
=
11 /w
0 T : .
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Fig. 5 Temperature time series in the water and sediment layers for
experiments with negative AT; (a) and positive AT3 (b) gradient input
conditions. Temperatures in the sediment layer were measured at
heights of 100, 50 and 0 mm relative to the bottom of the gully pot.
The remaining conditions were equal for both experiments: sand-type
sediment, sediment height of hgq = 150 mm, and Hydro; flow
conditions. Note that temperatures are shown relative to the initial
measurements.
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locations within the sediment layer. The temperature time
series of the sediment layer were attenuated compared to the
water layer, which was influenced by the inflow temperature
into the gully pot. In addition, the temperature attenuation
increased in terms of how deep the sensors were placed
compared to the water-sediment interface. For instance, the
temperature time series influenced by negative gradients, as
shown in Fig. 5a, yielded rsvalues between the temperature
in the water layer and in the sediment layer at heights of 100,
50 and 0 (bottom) mm of 0.01, to -0.65 and -0.78,
respectively, highlighting a progressive attenuation of
temperatures through the sediment layer. The same pattern
was observed for the positive temperature gradients shown in
Fig. 5b, with rg-values decreasing from 0.40, to -0.71 and
-0.82, respectively. Considering the relative differences in r-
values, the temperature attenuation within the sediment layer
was not linear, ie., the attenuation was higher in those areas
closer to the water-sediment interface than those observed
between the areas near the bottom of the gully pot. Hence,
the deeper the sediment layer, the more challenging it was to
observe significant differences in temperature attenuation.
For this reason, only the closest sensors to the water-
sediment interface were considered for estimating the
sediment depth.

Furthermore, no temperature stratification was observed
in the water layer due to the uniformity of the outer
temperatures established by the temperature control system
in the outer tank. The differences between the temperature
time series measured at various heights showed absolute
deviations less than 0.35 °C, with the largest deviations
occurring in the experiments with the lowest sediment depth,
i.e., hseq = 50 mm (see ESLj Fig. S4). Consequently, the mean
of the sensor measurements was considered to reflect the
reference temperature of the water layer.

4.1.3. Influence of sediment properties, temperature
gradients and hydrographs. The influence of sediment types
on heat transfer processes can be related to the sediment
properties (see Table 1). The physical and thermal properties
of sediment samples were determined from laboratory
analysis and sensor-based measurements. An inverse
relationship was obtained between the volatile content, which
is an organic matter proxy, and the thermal conductivity (),
and a proportional relationship between the VWC, and the
volumetric heat capacity (C,), similar to what was reported by
Regueiro-Picallo et al® Since C,values measured in the
sediment samples were roughly similar, the thermal
diffusivity values (k., eqn (2)) were taken to have been
influenced largely by the thermal conductivity and thus by
the volatile content.

Fig. 6a shows the temperature time series according to
sediment type, highlighting the temperature attenuation
between the water layer and the sediment at a depth of 50
mm below the water-sediment interface, resulting in r,-
values of -0.01, -0.41 and -0.71 for sand, composite mixture,
and organic sediments, respectively. This trend indicates that
the lower the thermal diffusivity of the sediments, the greater

This journal is © The Royal Society of Chemistry 2024
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Table 1 Physical and thermal properties of the sediment samples: volatile content, volumetric water content (VWC), bulk density, thermal conductivity,

and volumetric heat capacity. Mean * standard deviation

Sediment Volatile content” Volumetric water Bulk density” Thermal conductivity® Volumetric heat capacity”
type” (%) content’ (%) (kg m™) (Wm™ec™) (MJ m™ec™)

Sand 0 42.2 +0.2 1598 + 26 2.168 + 0.018 3.029 + 0.089

Mixture 2.2+£0.2 343 £3.2 1377 + 20 1.739 + 0.031 2.868 + 0.213

Organic 14.1+1.9 48.1 £ 2.5 468 * 46 0.808 + 0.055 3.277 £ 0.163

“ Submerged conditions. ” Laboratory-based measurements in triplicate. © Sensor-based measurements.

the attenuation of temperatures, i.e., sand, k. = 0.72 mm?* s, sediment temperature measurements closest to the

showed a lower temperature attenuation than the composite
mixture, k. = 0.61 mm? s, and the organic sample, k. = 0.25
mm® s,

The influence of temperature gradients and hydrographs
on heat transfer processes is related to the temperature of
inputs into the water layer. Fig. 6b shows the heat transfer
between the water layer and the sediment layer considering
the temperature gradients d7; = —5.0 °C and dT, = -3.0 °C.
High heat transfer to the sediment layer was obtained for
high absolute temperature gradients. In the experiments
performed with different inflow hydrographs, similar
temperature time series were obtained for Hydro;, Hydro,
and Hydro; conditions (Fig. 6c). Differences were only
observed in the negative peaks of the water temperatures,
which were time-lagged according to the peak flowrate.
However, this peak flow effect was attenuated by the heat
transfer to the sediment layer and, consequently, had no
influence on sediment depth estimation.

Finally, the sediment depth also influenced the
temperature attenuation. Although the distance between the
water-sediment interface and the top pair of sensors buried
in the sediment layer was similar in all tests, approximately
50 mm, the distance from the bottom boundary, ie. the
depth, affected on the water temperature diffusion in the
sediment layer. Fig. 6 qualitatively shows that the attenuation
between water and sediment temperatures was similar for
depths of 100, 150 and 200 mm, sand-type sediment,
temperature gradient ATy, and Hydro, flow conditions. Under
these experimental conditions, the rgs-values were —0.01, 0.11
and 0.11, respectively, highlighting a similar attenuation
between the temperature in the water and the sediment-
buried sensors close to the interface. Conversely, the
temperature attenuation under the same experimental
conditions and a sediment depth of 50 mm was lower than
the experiments mentioned above, with a rg-value of 0.47.
Therefore, the bottom boundary barely affected on the water
temperature diffusion process in the sediment bed for depths
greater than 100 mm.

4.2. Sediment depth estimations

.The sediment depth was obtained by estimating the distance
between the temperature sensors buried in the sediment
layer and the water-sediment interface and adding the
reference height at which the sensors were installed. The

This journal is © The Royal Society of Chemistry 2024

sediment-water interface (T) were iteratively compared to
simulated temperatures (75, ) to obtain the sediment
depth of best fit, see examples in the ESI{ (Fig. S5).
Consequently, sediment depth estimation was influenced by
the vertical sensor spacing.

Fig. 7 shows the comparison between reference sediment
depths measured with the SfM methodology (sand) and
measuring tapes (organic and composite mixture) and those
estimated with the temperature-based model. The absolute
errors between the reference values and the estimated
measurements were less than 30 mm in all cases, and the
median absolute deviation (MAD) was less than 4 mm. The
largest deviations (greater than +15 mm) were obtained for
the composite mixture and reference sediment depths of 200
mm and 250 mm, and for the sand experiment with a
positive temperature gradient and a reference sediment
depth of 150 mm.

The deviations were generally more significant for the
experiments using organic sediments or composite mixtures
than for those performed with sand under negative
temperature gradient conditions. The main reason could be
the uncertainty of the reference sediment depths measured
with the measuring tapes due to the difference between the
point measurements and the average sediment depth (+5
mm error). Despite the sediment surface was manually
flattened, its uniformity could not be evaluated due to the
water turbidity caused by fine particles from the organic
sediments. Conversely, the comparison between the
estimated sediment depths and the reference measurements
with the SfM method for sand resulted in errors of less than
14 mm. The SfM method was used to verify the uniformity
(flatness) of the sand surface. As a result, the uniformity

n
coefficients (UC =1- |hsed — sea;|/ nhsed) of the sediment
i—1

depths for the sand experiments ranged from 94 to 99%.
Another possible reason why depth estimations for organic
sediments and composite mixtures showed larger deviations
than sand could be the spatial variability of sediment
properties.

The sand-depth estimations between experiments with
negative and positive temperature gradients were similar
(differences of less than 15 mm), except for the sediment
depth of 150 mm, in which the estimated value of the
positive temperature gradient deviated 30 mm from the
reference value. On analysing the temperature series of
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Fig. 6 Temperature time series in the water and sediment layers in
experiments under different conditions of sediment type (a),
temperature gradient (b), and input hydrograph (c). The influence of
sediment type was analysed by comparing experiments with a
sediment height of hgeq = 100 mm, temperature gradient AT; and
Hydro, flow conditions. The influence of the temperature gradient was
analysed by comparing experiments with organic-type sediment, a
sediment height of hseg = 150 mm, and Hydro, flow conditions. The
influence of the input hydrograph was analysed by comparing
experiments with sand-type sediment, a sediment height of heq = 200
mm, and temperature gradient AT;. Note that temperatures are shown
relative to the initial measurements.
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Fig. 7 Comparison of the sediment depths estimated with the
temperature-based system and the reference measurements obtained
by the SfM technique and visual observations.

negative and positive temperature gradient experiments for a
sand-depth of 150 mm (Fig. 5a and b), a greater temperature
attenuation in the sediment layer was observed in the
experiment with the positive temperature gradient, since a
significant difference of 0.5 °C between the temperature in
the outer tank (7,) and the initial temperature in the
sediment layer was measured. Additionally, deviations in the
sediment depth estimations for composite mixtures were
positive, which is probably related to the sediment thermal
properties and their disposition at the bottom of the gully
pot model. Because this sediment was a composite mixture
of the sand and organic compounds with different densities
(Table 1), the disposition at the bottom might have turned
out to be slightly heterogeneous, and as a consequence yield
different thermal properties from the laboratory-based
measurements.

5. Discussion

Temperature-based systems appear to be a solution to the
monitoring of sediment build-up processes in collectors of
urban drainage systems, such as gully pots, thus ensuring
their efficiency. The methodology was developed based on
lab-scale experiments and reference field measurements on
gully pots and can be potentially extended to other
conditions. The following discussion, then, addresses two
main issues: i) the influence of the assumptions of the
experimental campaign on the sediment depth estimation,
and; ii) the practical applications of temperature-based
systems to monitor urban sediment collectors.

5.1. Influence of the experiment conditions on the sediment
depth estimation

5.1.1. Boundary conditions. Sediment depths
estimated through a comparison of measured and simulated
temperatures in the sediment layer. A 2D model was selected
to simulate the heat diffusion process in the sediment layer,

were
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which included a Dirichlet-type top-boundary condition
assuming uniform temperatures in the water layer and a
Cauchy-type bottom and wall condition simulating heat
transfer between the gully pot and the surrounding soil.
Resolving a 3D heat diffusion model was not considered
necessary. The 2D simplification resulted in negligible
deviations (<0.05 °C maximum MAD) when considering the
geometrical conditions (a 350 x 350 mm cross section gully
pot sand trap) and wall-centred thermal sensors; see section
7 in ESIT provides further details.

Uniform temperatures could be assumed in the water
layer while runoff flowed into the gully pots due to the
turbulent mixing processes. However, this assumption is not
necessarily met once the runoff inflow stops or under high
inflow conditions to cause short flow paths, leaving the water
layer without a complete mixing of temperatures. Standing
water temperatures remained uniform after the inflow
hydrograph in the experimental campaign, in that the
absolute temperature deviations at different vertical locations
were less than 0.35 °C. The uniformity of the water
temperature was indirectly induced by the wall boundary
condition. A nearly constant boundary temperature was
established using the thermal control system on the wall
contours, although real gully pots are influenced by the soil
thermal inertia, which may lead to a vertical temperature
stratification and, consequently, a transfer of temperature to
the water layer of the gully pot once the runoff inflow has
stopped. Thus, assuming a uniform temperature in the water
layer, when the boundary condition is influenced by a vertical
temperature distribution, this may lead to deviations of
sediment depth estimations.

Under temperature stratification conditions of the water
layer, measuring the water temperature close to the water-
sediment interface would be required to determine the top-
boundary condition of the heat diffusion model and,
subsequently, to estimate the sediment depth accurately. For
this purpose, a vertical distribution of temperature sensors is
crucial, as well as to know their locations during the
installation process and ensure that they remain in the same
position during the measurement period. Sensors submerged
in the water layer would show a short-term shift in
temperatures during inflow, while the temperature signal
would be attenuated for sensors buried in the sediment layer.
Alternatively, water stratification process could be included
in the simulation of heat transfer processes to estimate the
sediment depth. However, simulating the water temperature
stratification ~ would increase the complexity and
computational cost of the heat transfer model by taking into
account convective processes in the water layer and air-water
interface conditions, as well as measuring water depths.

5.1.2. Tested variables. The amplitude of the temperature
gradient triggered the heat transfer processes and was then
used to determine the sediment depth. Small temperature
gradients in the water layer resulted in low heat diffusion in
the sediment layer and therefore estimating sediment depths
from a temperature-based model might lead to uncertain
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values. The small temperature gradients could be related to
small inflows, which would also lead to small sediment
accumulations, or to similar initial air and gully pot
temperatures. Consequently, a threshold temperature
gradient should ideally be defined from which, first, the
rainfall-runoff events could be identified because rainfall
data will not always be available, and second, the depth
estimation uncertainty could be assumed. The lab-scale
experimental campaign showed that the low temperature
gradients, ie. +3.0 °C (AT, and AT,), were sufficient to
estimate sediment depth. The temperature gradients were
established based on reference field measurements, although
field data were restricted to a single season and a
geographical area with specific rainfall conditions. However,
field measurements provided an initial envelope of
temperature gradients in gully pots. Temperature gradients
in urban environments due to the influence of rainfall have
also been reported in previous studies. For example, Kim
et al.”" measured temperature gradients of 20 °C on asphalt-
paved surfaces, while Hester et al'®> reported average
temperature gradients between +1.8 and +5.6 °C in streams
and retention ponds caused by runoff from urban areas.

Sediment type, which is mainly characterised by the
organic matter content, was also seen to constitute a sensitive
feature in the heat transfer processes due to its relation to
thermal properties. Organic gully pot sediments showed
higher temperature attenuations than the sand and the
composite mixture. Consequently, detecting sediment
accumulation at low depths will be easier when the
sediments show a high volatile content compared to those
inorganic sediments. Nevertheless, estimating large depths
will lead to uncertain values, i.e., the depth estimation range
is smaller for organic sediments than for sand layers. This
has implications for sensor spacing optimisation, which can
be quantified using the thermal relaxation time, expressed as
t = L?/k,, which relates time-scales (¢), distance scales (L) and
material properties (thermal diffusivity, k). In terms of the
thermal properties measured for the sand and the organic
sediment under a constant time-scale, the following
relationship holds: Lgang ~ 1.7Lorganic, Meaning that heat
diffusion develops at a distance scale 70% greater in sand
layers than in organic sediments and, therefore, spacing of
sensors in sand layers can be wider than in organic
sediments.

Moreover, significant differences were observed between
the thermal properties of sand and organic sediments, e.g.
the thermal diffusivity is 2.9 times greater for sand than for
organic sediments. Therefore, sediment thermal properties
should be determined to accurately estimate the sediment
depth. Likewise, the spatial variability of sediment properties
should be also considered. These variations may be due to
different types of particles transported by runoff, as well as
seasonal variations in sediment sources.>” As a solution,
laboratory-based measurements were performed to determine
sediment thermal properties for the lab-scale experimental
campaign. Alternatively, thermal properties could be also
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measured in situ by including a dual-probe heat-pulse (DPHP)
system, similar to Regueiro-Picallo et al.®

Finally, a minor influence of the inflow hydrographs was
observed in the water and sediment temperature time series.
However, a high variability of rainfall intensities is likely to
occur under field conditions, and as a consequence multiple
hydrograph scenarios that influence gully pot inflow
temperatures come in play. The hydrograph does not have a
direct influence on the sediment depth estimation, but does
impact the temperature changes of the water layer, which is
the top-boundary condition of the heat diffusion model.
Therefore, hydrograph variability is captured by the
temperature measurements, and no flow measurement is
required to perform depth estimations. Furthermore,
determining the duration of the inflow hydrograph influence
on heat transfer processes is challenging due to the
remaining conditions, ie., sediment properties,
boundaries, sensor locations, etc. Thus, a fixed event
duration must be established to evaluate the heat transfer
processes. For example, periods of 3 and 6 hours starting
from the entry of the flow into the gully pot were established
in the lab-scale experimental campaign (Fig. 2b).

5.1.3. Sediment build-up dynamics in gully pots.
Experiments were performed by setting constant sediment
depths and uniform beds. No sediment transport processes
were observed during each experiment, as the peak flow did
not cause bed erosion. The sediment depth was measured
before and after each experiment to confirm that the depth
was constant. Under real-world conditions, sediment
accumulation occurs during rainfall due to sediment being
washed into the gully pots by runoff. The sediments
eventually settle to the bottom of the gully pots depending on
their physical properties (size, density, etc.), and therefore the
depth is not constant during the runoff process. However, we
must bear in mind that the sediment accumulation rates per
rain event (in mm per event or mm per day) are generally
low. Rietveld et al.” reported maximum accumulation rates of
0.94 L per day, equivalent to 7.7 mm per day for a gully pot
with a cross-sectional area of 350 x 350 mm. Additionally, it
is assumed that the temperature of the fresh incoming
sediment equals the temperature of the inflowing water,
ensuring a low impact in terms of the heat diffusion of the
sediment layer. The temperature-based methodology does
not provide short-term insights into the dynamics of
sediment accumulation in gully pots, since the sediment
depth estimations are obtained by analysing the time series
of temperatures affected by the rainfall and the subsequent
heat recovery. The current methodology focuses on long-term
monitoring to evaluate the build-up processes in gully pots.

Moreover, flat-bed conditions established to
accurately determine sediment depth using a temperature-
based system. However, turbulent processes, especially
during heavy rainfall, can resuspend/disturb deposited
materials in large sediment depths and lead to bed forms on
the sediment surface due to the flow currents from the
impinging jet direction and the outflow location (see Rietveld

wall
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et al.®). Assuming a constant sediment bed, then, constitutes
a source of inherent systematic uncertainty in depth
estimations when measuring at a single position on the
sediment bed surface.

5.2. Practical applications of temperature-based systems to
estimate sediment depths in gully pots

Temperature-based systems can be used in field applications
to optimise cleaning tasks in gully pots, sediment traps or
similar urban drainage infrastructures. The sensor setup
used in the lab-scale experimental campaign consisted of
temperature sensors attached to the wall with a horizontal
orientation, i.e. parallel to the bottom. This configuration
might be problematical if, for example, vacuum cleaner
systems are used to clean the gully pots. In such cases, a
vertical configuration was designed and tested (data in
Regueiro-Picallo et al.'’), and this can be installed in corners
so that it is protected from cleaning and maintenance
activities. A corner installation may require a 3D thermal
diffusion model to estimate the sediment depth, and
potentially would result in a lower sensitivity to changes in
depth due to the stronger influence of the wall-boundaries.
Alternatively, dismountable systems could be designed so
that they could be removed during the cleaning tasks.

The methodology could be simplified to a comparison of
temperature time series to reduce the complexity of field
measurements, where millimetre accuracy is not required,
such as determining whether a gully pot should be cleaned
to prevent malfunction. For this purpose, temperature
measurements from sensors that are submerged in the water
layer could be compared with temperatures from sensors
close to the bottom. The sediment level would then be
obtained by identifying the water-sediment interface position
between the pair of sensors that show a high temperature
attenuation and time-offset, similar to Sebok et al?
Consequently, depth measurements could be discretised by
installing temperature sensors along the vertical axis of the
infrastructure. A high temperature resolution demands a
narrower spacing of sensors, thus the addition of more
thermal sensors. The number of sensors could be reduced by
establishing a threshold depth for cleaning purposes.
Alternatively, simplified surrogate models could be developed
to increase the accuracy of depth measurements from the
temperatures of the water-submerged sensor and the
sediment-buried sensor close to the interface, thus
monitoring the build-up processes. For this purpose, features
of the temperature time series should be defined, similar to
Regueiro-Picallo et al.>*

Other alternative monitoring techniques include
distributed temperature sensing (DTS) systems, such as those
used to detect illicit connections in sewer pipes.>> However,
the DTS system is not scalable in terms of installation,
maintenance costs, and energy consumption for application
in multiple gully pots. Active heat-pulse systems could also
provide information on the sediment depth by applying

This journal is © The Royal Society of Chemistry 2024
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methodologies similar to those used to determine the
thermal properties of soils and urban sediments.>***’
However, depth estimations using active heat-pulse systems
would be highly power intensive,® thus requiring access to a
continuous power source or the use of impractically large
batteries and chargers. Other potential techniques are laser
sensors, such as LiDAR, or acoustic sensors, but they are
sensitive to clogging, e.g., spider webs, and therefore are
maintenance intensive.

The passive temperature system proposed in the present
study is cost-scalable, in that it consists of low-cost sensors
with low power consumption. In addition, the technique
uses a time-scale for analysis similar to the sediment
accumulation processes, which might result in limitations
in dry-weather basins where sediments may initiate the
rainfall process completely dry, ie., sediment saturation
conditions and therefore thermal properties will change
during rainfall-runoff events. Temperature-based systems
only provide sediment depth monitoring of those gully pots
where they were installed, which is itself a breakthrough
for resolving this problem. However, there are thousands of
gully pots or sediment traps in urban areas. Therefore, a
strategy should be defined to optimise the cost of
monitoring and cleaning by establishing a threshold to
determine whether a specific gully pot tends to lose
sediment retention efficiency in light of all the inherent
uncertainties in the measurement. To this end, additional
improvements should be made to the temperature-based
system, such as data transfer modules for online
monitoring of these urban drainage systems.

6. Conclusions

Sediment accumulation in gully pots can reduce the
hydraulic capacity of drainage systems during rainfall,
causing flooding in urban areas. A methodology based on
temperature measurements and the analysis of heat transfer
processes was developed to monitor sediment depths. For
this purpose, a lab-scale experimental campaign was
performed on a 1:1 scale gully pot model, which was
designed using reference field measurements. The results of
this study show that passive temperature-based systems can
be implemented to monitor sediment build-up processes.
The main conclusions are as follows:

e Field measurements at two gully pots showed that
runoff volumes cause thermal gradients in the standing water
layer. The observed envelope of temperature gradients ranged
from -7.0 °C for negative gradients, and +1.7 °C for positive
gradients during the summer season in The Netherlands.
Field measurements were used as a reference for the design
of a lab-scale experimental campaign, in which two
temperature control systems were set up to reproduce
temperature patterns.

e The results of the experimental campaign showed that
the temperature gradients in the standing water layer were
diffused through the sediment layer depending on the
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sediment thermal properties, the gully pot walls and the
bottom boundary conditions (defined by the material and the
soil temperature), and the amplitude of the temperature
gradient.

e A method for estimating sediment depth from passive
temperature measurements and prior knowledge of sensor
positions was developed and evaluated. Depth estimations
were obtained by iteratively comparing temperature
measurements in the sediment layer with simulations of a
2D diffusion heat transfer model. The maximum and
median absolute deviations between depth estimations and
reference measurements were 30 mm and 4 mm,
respectively.

e This technology uses low-cost passive sensors, which
require minimal maintenance and are easily scalable to
establish sediment monitoring systems in urban drainage
systems. No flow measurements are required because its
impact is directly captured by the temperature sensors in the
standing water layer.

e Further data are still required: i) to describe heat
transfer processes in sediment collectors with a wider range
of properties, considering anisotropic effects on thermal
properties induced by stratified macro-elements in the
sediment layer, such as plastics or decomposing leaves; ii) to
analyse sediment depth uncertainties based on non-uniform
sediment beds; iii) to estimate the performance of
temperature sensors installed in the corners of pots, thus
facilitating cleaning operations; and iv) to study the
economic scalability of the temperature-based technology,
since the unit cost is influenced by the optimisation of
sensor spacing.
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