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ABSTRACT

Enhancing sediment accumulation monitoring techniques in sewers will enable a better understanding of the build-up processes to develop

improved cleaning strategies. Thermal sensors provide a solution to sediment depth estimation by passively monitoring temperature fluctu-

ations in the wastewater and sediment beds, which allows evaluation of the heat-transfer processes in sewer pipes. This study analyses the

influence of the flow conditions on heat-transfer processes at the water–sediment interface during dry weather flow conditions. For this pur-

pose, an experimental campaign was performed by establishing different flow, temperature patterns, and sediment depth conditions in an

annular flume, which ensured steady flow and room-temperature conditions. Numerical simulations were also performed to assess the

impact of flow conditions on the relationships between sediment depth and harmonic parameters derived from wastewater and sedi-

ment-bed temperature patterns. Results show that heat transfer between water and sediment occurred instantaneously for velocities

greater than 0.1 m/s, and that sediment depth estimations using temperature-based systems were barely sensitive to velocities between

0.1 and 0.4 m/s. A depth estimation accuracy of +7 mm was achieved. This confirms the ability of using temperature sensors to monitor

sediment build-up in sewers under dry weather conditions, without the need for flow monitoring.

Key words: annular flume, heat-transfer processes, sediment transport, temperature sensing, urban drainage systems

HIGHLIGHTS

• Combining temperature measurements and analysis of heat-transfer processes can be used to estimate sediment depths in sewers.

• Neglecting hydraulic variables barely affected the accuracy of the depth estimations.

• Temperature-based systems can be low-cost and easy to scale and implement in sewer systems.

• These devices can lead to optimal inspection and cleaning strategies, as well as in other urban drainage systems.

INTRODUCTION

Sediment build-up in sewer systems not only poses environmental concerns but also leads to significant operational costs
associated with maintenance and cleaning. Sewer inspection and cleaning efforts are scarce in most countries, leading to

loss of hydraulic capacity, blockages and, consequently, an increased risk of flooding in urban areas. These tasks are often
carried out periodically based on past experiences, but without using observation-based criteria. This strategy may lead to
high costs if maintenance is not required as regularly. Some countries, such as Austria, rely on periodic maintenance

based on image observations (Plihal et al. 2014), although these solutions are difficult to scale due to their cost. Improved
monitoring approaches for measuring sediment build-up in pipeline networks will enable more effective cleaning strategies
and enhance the understanding of sediment transport dynamics. Measuring sediment build-up across an entire sewer system

presents significant difficulties, such as accessibility and equipment limitations (Bertrand-Krajewski et al. 2021). Previous
attempts to monitor sediment build-up consisted mostly of single-pipe measurements that required a high cost of supervision
and maintenance (e.g., Lepot et al. 2017).
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This research uses temperature measurements as a proxy for estimating sediment depths in sewer systems. Temperature

acts as a natural non-conservative tracer, providing very useful information in many applications such as sewer flow measure-
ments or combined sewer overflow detections (e.g., Dürrenmatt et al. 2013; Montserrat et al. 2015). Recent studies advanced
towards the detailed understanding of heat-transfer dynamics on the pipe network scale, especially the fluid–headspace–soil

interaction (Abdel-Aal et al. 2021; Figueroa et al. 2021). In parallel, Regueiro-Picallo et al. (2023, 2024a) demonstrated that
heat-transfer processes in urban drainage systems can be used as a method for monitoring sediment depths using temperature
sensors. The methodology consists of dual temperature measurements in the fluid and sediment-bed layers to measure sedi-
ment build-up through changes in temperature dynamics. This approach was inspired by similar techniques used in river

streambeds, which effectively identified accumulation and erosion processes by analysing daily temperature patterns
(DeWeese et al. 2017; Sebok et al. 2017).

Temperature-based sediment monitoring systems assume that flow conditions do not affect heat-transfer processes between

the water and sediment layer and therefore no hydraulic variables need to be measured. However, wastewater flows in sewers
introduce forced convection at the water–sediment interface. This study examines the influence of convective processes on
the estimation of sediment depths using temperature-based systems that ignored hydraulic variables. For this purpose, labora-

tory experiments in an annular flume were performed using various sediment depths, water temperature gradients, and flow
rates. The main advantages of this type of facility were the steady flow conditions and the room-temperature control system
(Tait et al. 2003). In addition, a numerical analysis was carried out to examine the heat transfer at the sediment–water inter-

face. Finally, conclusions and recommendations are made for the design and implementation of low-cost, low-power, and
low-computational sensor-based solutions to improve the understanding of sediment build-up processes and maintenance
strategies for urban drainage systems.

METHODS

Experimental equipment

The annular flume at the University of Sheffield (UK) was used to perform the experimental campaign (Figure 1 (left)). This

facility was located in a temperature-controlled room, where the air temperature was set at 20 °C with a stability of+1 °C. The
flume consisted of a rectangular cross-section 0.20 m wide and 0.48 m high. The side walls and the bottom plate were made of
plexiglass and showed 2.20 m external and 1.80 m internal diameters. In addition, the flume included a top plate with a

smooth PVC lid. The vertical position of the lid could be manually operated to match the desired water depth in the
flume. Top (lid) and bottom (walls and base) plates could be rotated independently and in opposite directions to minimise
Figure 1 | Photo of the annular flume setup (left), and cross-section scheme of the temperature sensor installation (right). Temperature
sensors symbolised with white dots were used to estimate the sediment depths (see Results section), while data related to black-dotted
sensors are not shown in this study.
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the lateral flow circulations, establishing quasi-uniform shear stress conditions on the sediment bed (Tait et al. 2003;

Cecchetto 2017). The rotational velocities of the top and bottom plates were controlled using an automatic control system.
The flume was equipped with 24 PT100 temperature sensors (RS Pro, UK) distributed in three cross-sections, covering the

temperature measurements of the room, water, and sediment layer (see example in Figure 1 (right)). The data were controlled

and collected in a laptop using temperature input modules at a frequency of 1 Hz (National Instruments – NI, UK). In
addition, a water bath circulator (Julabo, UK) was installed on the bottom plate to simulate wastewater temperatures in
sewers. To this end, a closed loop system was designed by connecting inlet and outlet hoses between the water bath and
the annular flume.

The sediment bed consisted of a main layer of fine silica sand and a 10-mm top layer of coarse sand and gravel to avoid
resuspension of fines and ensure a constant sediment depth during the experiments (no bed forms). The sediments were satu-
rated before layering in the flume to prevent air voids. Furthermore, sub-samples were taken and analysed according to

standardised methods to characterise the physical and thermal properties. Densities were determined from laboratory analy-
sis while thermal properties (thermal conductivity and volumetric heat capacity) were measured by using a TP01 sensor
(Hukseflux, The Netherlands).
Procedure

The laboratory-scale experiments replicated water temperature fluctuations in sewer pipes during dry weather periods. These
fluctuations show marked daily, cyclical patterns which can be characterised by a phase and an amplitude (Regueiro-Picallo
et al. 2023). Experiments were carried out by establishing daily temperature patterns using the water bath circulator and flow
conditions by setting top–bottom rotational velocities. In addition, the flume was filled with sediment layers, establishing

three sediment depth conditions (Hsed: 60, 110, and 160 mm), and a layer of tap water was added on top. The objective
was to measure the temperature time series in the system (water and sediment layers) and estimate the sediment depth by
analysing the heat-transfer process.

The water bath circulator was programmed to simulate wastewater temperatures in sewers during dry weather periods,
when sediment build-up is likely to occur. In-sewer measurements from the Urban Water Observatory (UWO), which is oper-
ated by the aquatic research centre Eawag (Dübendorf, Switzerland) in the municipality of Fehraltorf (Switzerland), were

used as a reference (Blumensaat et al. 2023). Two temperature patterns were established in the water layer with daily temp-
erature gradients (DT) of 3.0 and 5.5 °C to test the sensitivity of the temperature amplitude in heat transfer to the sediment
layer (Figure 2), where the temperature gradients were defined as the difference between daily maximum and minimum temp-
eratures. The temperature patterns were tested for two daily cycles (48 h), trying to minimise the influence of the initial

conditions.
An optimal ratio between top and bottom rotational velocities was used to establish the flow conditions while minimising

the effect of lateral flow circulations (Cecchetto 2017). This ratio is influenced by the flume geometry (radius, width, and wall

roughness), the water depth and viscosity, and the sediment roughness. Flume dimensions, water viscosity, and sediment
roughness were assumed to be constant, while the water depth depended on the height of the water surface (constant)
and the sediment depth. Therefore, a calibration of the optimal ratio was performed for each sediment depth condition.

Near-neutral buoyancy balls were introduced in the annular flume to perform the optimal rotational ratio calibration. The
rotational velocities, v (rad/s), were measured by timing a set of plate rotations to obtain the time per lap, t (s), and expressed
as v ¼ 2p=t. After establishing a bottom rotational velocity (vb), the top rotational velocity (vt) was visually adjusted to a

value at which the ball was rolling at the centre of the cross-section. This process was performed by two observers to
avoid bias and repeated up to nine steps, ranging bottom rotational velocities from 0.25 to 0.45 rad/s to avoid null ball move-
ment for low velocities and sediment bed erosion for high velocities (Figure 3). Finally, the average optimal ratio, vopt, was
considered to establish the flow conditions, resulting in values of vopt ¼ 3.84, 3.74, and 3.38 for sediment depths of 60, 110,

and 160 mm, respectively (e.g., Cecchetto 2017).
Three flow velocities, expressed as a function of the rotational velocity and the mean radius of the flume (R¼ 1 m), u ¼ vR,

were tested in the annular flume. The bottom velocity, ub (m/s), was used as the characteristic velocity of the annular flume to

set flow conditions of 0.1, 0.2, and 0.4 m/s (Booij 1994). Subsequently, top velocities, ut (m/s) were determined and set by
applying the optimal ratio. In summary, 18 experiments were performed, combining three sediment depths (Hsed: 60, 110,
and 160 mm), two temperature patterns (DT : 3.0 and 5.5 °C) and three flow conditions (ub: 0.1, 0.2, and 0.4 m/s).
://iwaponline.com/wst/article-pdf/89/11/3133/1436204/wst089113133.pdf
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Figure 2 | 24-h comparison between the water temperature time series in the experimental campaign and the wastewater temperatures
measured at the UWO. Note that non-dimensional temperatures (U ) were plotted, which were computed as U ¼ (T � �T)=A, where T and �T are
the instantaneous and mean temperatures (°C), respectively, and (A) is the amplitude (°C).

Figure 3 | Optimal rotational ratio calibration for the sediment depths of 60 mm (o), 110 mm (*), and 160 mm (þ). Dashed lines represent the
linear regression between the top and bottom rotational velocities.
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Heat-transfer models to perform sediment depth estimations

Temperature daily patterns in combined sewer pipes depend on basin activities, habits, and network operation strategies, but
also heat-transfer processes, such as sewer ventilation, and the characteristics of the pipes and the surrounding soil (Figueroa

et al. 2021). Wastewater temperatures in combined sewer systems show substantial fluctuations, which guarantee the required
dynamics to detect sediment build-up (Regueiro-Picallo et al. 2023). As for hydrodynamics, these systems operate most of the
time under dry weather flow (DWF) conditions. Sediment build-up can result from low flow velocities and high concen-

trations of suspended particles, leading to reduced hydraulic capacity in sewer systems. The sediment layer introduces
additional heat-transfer processes at the wastewater–pipe–soil system, as shown in Figure 4. Particularly, heat transfer in
the sediment layer is governed by diffusion processes.

The methodology for estimating sediment depths in sewers using temperature measurements and heat-transfer analysis is

based on the installation of sensors on the perimeter of pipes to detect changes in the cyclic temperature patterns (Regueiro-
Picallo et al. 2023), as well as the consideration of sediment thermal properties and heat loss at the bottom boundary (i.e.,
sediment–pipe–soil system). The greater the change in temperature patterns between a sensor in the wastewater layer and

one in the sediment layer, the greater the sediment depth. Conversely, no sediment deposits are assumed if the temperature
time series are nearly constant at the wetted perimeter. The amplitude (A, °C) and phase (f, rad) decomposition of the sinu-
soidal signal was used to establish features to relate the sediment depths (Tonina et al. 2014). As temperatures show a daily
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Figure 4 | Distribution of heat transfer processes between water (w-subscript), sediment (s-subscript), pipe, and soil in a sewer pipe.
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pattern, the fundamental frequency (or first harmonic) of the temperature series in the water and sediment layers was eval-
uated, establishing the following features:

Ar ¼ As

Aw
(1)

Df ¼ fs � fw (2)

where Ar is the amplitude ratio and Df is the phase difference (rad) between the temperature time series in the water and
sediment layers. In addition, s and w are the subscripts relative to the sediment and water layers, respectively. The fast Fourier

transform (FFT) algorithm was used to evaluate signal decomposition.
Regueiro-Picallo et al. (2024a) presented a simplified surrogate model to estimate sediment depths in sewer pipes based on

the comparison of the water and sediment-bed temperature time series (i.e., Ar and Df), the sediment thermal properties and

the pipe wall heat loss. The surrogate model was developed based on the solution of the 1D heat diffusion equation in the
sediment bed (domain), establishing a Cauchy-type (or mixed) bottom boundary condition that reproduces the heat loss of
the sediment–pipe–soil system, and a Dirichlet-type top boundary condition that assumes instantaneous heat transfer between

the water and the sediment layer. The equations describing the 1D heat diffusion model in the sediment layer are shown in the
following:

@T
@t

¼ ke
@2T
@z2

(3)

where T is the temperature (°C), t is the time (s), z is the vertical dimension (m), and ke denotes the effective thermal diffusivity
of the sediment layer (m2/s) that represents the ratio of the thermal conductivity (kt, W/m/°C) and the volumetric heat

capacity (Cv, J/m
3/°C), ke ¼ kt=Cv.

� kt
dT
dz

����
Dz
¼ h(TDz � T1) (4)

where Dz is the relative vertical position of the sediment bottom (m) that depends on the sediment depth (Hsed, m), h is the
convective heat-transfer coefficient at the bottom boundary (W/m2/°C) that depends on the material (e.g., PVC or concrete in
sewer pipes) and its thickness, TDz is the sediment temperature at the bottom (°C), and T1 is the temperature outside the

domain (°C).

Tw ¼ f(t) (5)
://iwaponline.com/wst/article-pdf/89/11/3133/1436204/wst089113133.pdf
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where Tw is the temperature of the water layer (°C). Equation (3) represents the 1D heat diffusion equation in the sediment

layer, and Equations (4) and (5) simulate the bottom and top boundary conditions, respectively.
Water motion over the sediment surface enhances heat transfer, i.e., the higher the flow velocity, the greater the heat-trans-

fer rate. Instantaneous heat transfer between water and sediment layers can be assumed if the flow velocity is very large.

However, heat-transfer processes at the water–sediment interface can be influenced by low flow velocity conditions, i.e., sedi-
ment build-up conditions. A Cauchy-type condition can strictly reproduce the forced convection heat transfer at the water-
sediment interface due to the flow conditions, similar to the bottom boundary condition (Equation (4)). Therefore, the top
boundary condition of the 1D heat diffusion model can be modified to evaluate the influence of the flow conditions:

� kt
dT
dz

����
z0

¼ hw(Tz0 � Tw) (6)

where z0 is the relative vertical position of the water–sediment interface (m), Tz0 is the sediment temperature at the top bound-
ary (°C), and hw is the convective heat-transfer coefficient at the top boundary (W/m2/°C) that can be expressed as follows for

a flat surface (Hewitt et al. 1994), e.g., sediment bed:

hw ¼ NuLktw

L
(7)

where L is the characteristic length of the flat surface (m), i.e., flume length (L¼ 6.28 m), ktw is the thermal conductivity of the

water, assumed to be ktw ¼ 0.598 W/m/°C, and NuL is the Nusselt number that represents the non-dimensional heat-transfer
coefficient in flat surfaces and relates the Reynolds (ReL) and Prandtl (Pr) numbers. The averaged Nusselt number over an
isothermal plate in a turbulent region can be expressed as follows:

NuL ¼ 0:037Re4=5L Pr1=3 0:6 � Pr � 60 and 5� 105 � ReL � 107 (8)

where ReL is the Reynolds number expressed as ReL ¼ uL=n, where u is the flow velocity (m/s) and n is the kinematic vis-
cosity of the water (m2/s) assumed to be n ¼ 10�6 m2=s, and Pr is the Prandtl number expressed as Pr ¼ nrwcpw=ktw ,

where rw and cpw are the density (kg/m3) and the specific heat capacity (J/kg/°C) of the water, respectively
(rw ¼ 997 kg=m3 and cpw ¼ 4186 J=kg=�C), resulting in Pr¼ 7.0.

In summary, two models differentiated by the top boundary condition (Dirichlet and Cauchy) were defined to evaluate the

influence of flow velocity on heat-transfer processes in the water-sediment boundary and, consequently, on the sediment
depth estimations. For this purpose, a numerical analysis was performed to compare both models by simulating the tempera-
tures in the sediment layer under multiple flow velocity and sediment depth conditions. Moreover, experimental temperature
measurements at the bottom of the sediment layer were compared with water temperatures to calculate harmonic character-

istics and, subsequently, to estimate sediment depths in the experiments by applying the simplified surrogate model. The
estimations were compared with reference depth measurements to evaluate the uncertainty of ignoring flow conditions in
the surrogate model.
RESULTS

Effective sediment properties

The physical and thermal properties of the sediments, i.e., fine and coarse sands, and gravels, were determined from labora-
tory analysis and sensor-based measurements, considering a composite sub-sample to analyse the thermal properties of coarse
sands and gravels (Table 1). The effective thermal properties were calculated to describe the heat-transfer characteristics of a

multi-layer system since the sediment bed consisted of various materials. The series model with horizontal layer distribution
was used to calculate the effective thermal conductivity, kt ¼ Hsed=(Hsedf=ktf þHsedc=ktc), where f and c are the subscripts
relative to the fine sand layer and to the composite layer of coarse sand and gravel, respectively (Radhakrishnan et al.
2010). Moreover, the volumetric heat capacity of a two-layer system was determined by the formula
Cv ¼ (Hsedf=Hsed)Cvf þ (Hsedc=Hsed)Cvc (Marín et al. 1996). As a result, a value of effective thermal conductivity and volu-
metric heat capacity was obtained for each sediment depth condition. Average effective thermal properties were assumed
om http://iwaponline.com/wst/article-pdf/89/11/3133/1436204/wst089113133.pdf
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Table 1 | Physical and thermal properties of the sediments: dry bulk density (kg/m3), thermal conductivity (W/m/°C), and volumetric heat
capacity (MJ/m3/°C)

Sample Dry density (kg/m3)a Thermal conductivity (W/m/°C)b Volumetric heat capacity (MJ/m3/°C)b

Fine sand 1,440–1,790 1.88–1.92 2.52–2.67

Coarse sand 1,480–1,750 1.95–1.99c 2.85–3.00c

Gravel 1,490–1,730

Reference values (sand) 1,400–2,000d 1.16–2.18d 2.40–3.04e

Effective thermal properties (mean values) 1.91 2.62

Minimum and maximum values.
aLaboratory analysis.
bSensor-based measurements.
cComposite sample.
dNikiforova et al. (2013).
eAbu-Hamdeh (2003).
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for the later heat-transfer analysis and sediment depth estimation, as the maximum relative deviations were less than 1% for
both thermal conductivity and volumetric heat capacity. Measured sediment properties were similar to reference values for
submerged and saturated sands (Abu-Hamdeh 2003; Nikiforova et al. 2013), and to sewer sediments with low organic matter

content (Regueiro-Picallo et al. 2024a).

Fluctuations of water temperature in the sediment bed at different depths

The sediment bed temperature series were damped and time-shifted compared to the water temperature. The greater the sedi-
ment depth, the greater the amplitude attenuation and phase shift between the water and sediment-bed temperature series
(Figure 5). The harmonic features, i.e., amplitude ratio (Ar) and the phase difference (Df), were computed to quantify the

attenuation and phase shift between the temperature series. These values were calculated using the 48-h time series and
expressed as ranges covering the three flow conditions and the two temperature patterns for each sediment depth. Thus,
Ar-values ranged [0.90, 0.93], [0.73, 0.75], and [0.52, 0.60] for depths of 60, 110, and 160 mm, respectively. Similarly for

the phase shift, Df-values ranged [0.16, 0.19], [0.46, 0.50], and [0.78, 0.84] for depths of 60, 110, and 160 mm, respectively.
The main differences between the harmonic features were related to depth and, less significantly, to velocity conditions
and temperature patterns.

The water temperature fluctuations in the sediment layer were also numerically simulated with the two 1D heat diffusion

models, i.e., with Dirichlet- and Cauchy-type top boundary conditions. In addition to the water temperature time series, the
sediment thermal properties (kt and Cv), the convective heat-transfer coefficient at the bottom boundary (h), the temperature
outside the model (T1), and the initial temperature of the sediment bottom (Ts0) were considered to simulate the temperatures

at the bottom of the sediment layer. Moreover, the diffusion model with the Cauchy-type top boundary condition also con-
sidered the hydraulic conditions (ub and L). Most of the above variables were measured (temperature, flow velocity, and
flume geometry) or characterised by laboratory analysis (sediment thermal properties). The convective heat-transfer coeffi-

cient at the bottom boundary (h) was calibrated by fitting the experimental data and the simulated sediment temperatures
using the heat diffusion models for large flow conditions, i.e., ub ¼ 0.4 m/s, as large velocities barely influence the heat-trans-
fer process at the water–sediment interface. The result of the calibration process was h¼ 2.6 W/m2/°C. In addition, the mean

room temperature was considered as the temperature outside the domain (T1), which represents the soil temperature under
actual conditions. Finally, the initial temperature of the sediment bottom (Ts0) was established by performing a 24-h warmup
period of the model.

The Nash–Sutcliffe model efficiency coefficient (NSE) was used to compare the performance of the numerical models to

simulate the sediment temperatures, taking the temperature measurements at the sediment bottom as reference observations
(Figure 5). The NSE values ranged from 0.83 to 0.99 for the diffusion model with the Dirichlet-type top boundary condition,
while for the model with the Cauchy-type top boundary condition, the NSE values ranged from 0.82 to 0.99. A strong fit

between experimental and numerical temperatures was obtained (median NSE values were 0.98), which means that both
models accurately reproduced the heat-transfer process in the sediment layer. No major differences between the NSE
values were found and, consequently, both models can yield similar sediment depth estimations. The following section
://iwaponline.com/wst/article-pdf/89/11/3133/1436204/wst089113133.pdf
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Figure 5 | Temperature time series in the water layer (mean: blue line, standard deviation: blue filled area) and sediment bottom (Hsed: 60,
110, and 160 mm) for temperature patterns DT1 (a) and DT2 (b). Mean and standard deviation of temperature time series were calculated
using the measurements from the three monitored sections.

Water Science & Technology Vol 89 No 11, 3140

Downloaded fr
by TECHNISC
on 27 June 20
presents a numerical comparison between the 1D heat diffusion models to analyse the influence of the flow conditions on the

top boundary of the sediment layer.

Sensitivity of flow conditions on heat transfer between water and sediment layer

A fluid flowing over a surface generates a thermal boundary layer, which induces a convection process. In the present
study, the wastewater flowing over the sediment bed induced a forced convection between both layers. The heat-transfer

process at the sediment–water interface can be characterised by the convective heat-transfer coefficient, hw (Equation
(7)), which is related to the Nusselt number, NuL. High hw values indicate small thicknesses of the thermal boundary
layer and, consequently, equal temperatures in the water layer and water-sediment contour. hw is expressed as a function

of Reynolds and Prandtl numbers (Equation (8)), which relate inertial (hydraulic), thermal, and viscosity variables. Assum-
ing that the water thermal properties and viscosity were constant in the experimental campaign, the convective heat-
transfer coefficient between the water and sediment layers was only sensitive to the Reynolds number. Furthermore, hw

can be assumed to be more sensitive to the flow velocity than to the characteristic length since the proportion to the
latter is hw / L1=5.

Temperatures at the bottom of the sediment layer were simulated with 1D heat-transfer models including Dirichlet- and

Cauchy-type top boundary conditions to study the influence of flow conditions on heat-transfer processes and, conse-
quently, on the sediment depth estimation. The simulated sediment temperatures were calculated using the following
simplified input variables: (i) the mean water temperature time series of the experiments with a daily gradient of 5.5 °C;
(ii) the effective thermal properties of the sediments; (iii) the heat loss condition at the bottom boundary, defined by

h¼ 2.6 W/m2/°C; and (iv) a range of sediment depths between 10 and 190 mm. Moreover, the flume length (L¼ 6.28 m)
was selected as the characteristic length, and Reynolds numbers ranging from 5� 105 to 5� 106, which were equivalent
to bottom velocities of ub ¼ [0.1, 0.8] m/s, were also considered for the simulations with the model that included the

Cauchy-type top boundary condition.
The harmonic features between the time series of water temperature and the simulated temperatures at the bottom of the

sediment layer were calculated for each sediment depth (Figure 6). The higher the Reynolds number, the stronger the
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Figure 6 | Relationships between harmonic features and sediment depths. Amplitude ratio and phase differences were calculated from
water and sediment temperatures, which were simulated with the 1D heat diffusion models including Dirichlet- and Cauchy-type top
boundary conditions.
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agreement between the results of the models with Dirichlet- and Cauchy-type top boundary conditions. The differences

between the two models were negligible by taking the convective heat-transfer coefficient between the water and sediment
layer as a reference because the hw-values were very large (hw � 244 W/m2/°C) compared, for example, with the convective
heat-transfer coefficient at the bottom of the sediment layer (h¼ 2.6 W/m2/°C). Therefore, a Dirichlet-type boundary con-

dition can be assumed to simulate heat-transfer processes at the water–sediment interface (Tz0 ¼ Tw) under low flow
conditions in sewers and, consequently, to estimate the sediment depth applying the surrogate model (Regueiro-Picallo
et al. 2024b).

Sediment depth estimations

Harmonic features were used as input of the surrogate model to estimate the sediment depths. The FFT algorithm was applied
at 24-h moving intervals to calculate the uncertainty of the harmonic features and, consequently, of the depth estimations. The
remaining inputs were (i) the average room temperature, which simulated the soil temperatures; (ii) the mean effective sedi-

ment thermal properties (Table 1); and (iii) the convective heat-transfer coefficient of the bottom boundary, which was
constant and depended on the material at the bottom of the flume. Note that no input parameters related to the flow were
required to perform the sediment depth estimations with the surrogate model. Small deviations were observed between

the sediment depth estimations obtained with the temperature-based system and the reference depth measurements (Figure 7).
The overall accuracy of the temperature-based system estimations was +7 mm, similar to previous work without flow con-
ditions (Regueiro-Picallo et al. 2024a).

The uncertainty of the sediment depth estimations for small temperature gradients (DT ¼ 3.0 °C) was greater than for large
gradients (DT ¼ 5.5 °C). Consequently, the larger the daily temperature gradient the more precise estimations could be
obtained. Moreover, the estimation uncertainty was not affected by the sediment depth, i.e., the precision was similar for
the range of sediment depths tested (60, 110, and 160 mm). However, the precision will decrease for larger depths

(hsed � 160 mm) because the attenuation and time-shift of the temperature time series at the sediment bottom will be very
large, particularly for organic sediments with low thermal diffusivities (Regueiro-Picallo et al. 2023). Furthermore, the sedi-
ment depth estimations generally decreased as the flow increased because of the convective heat-transfer process in the water-

sediment interface (Figure 6). However, the deviations between the depth estimations considering the flow conditions did not
exceed 10 mm, showing that the flow rate and, subsequently, the convective term had minimal impact on sediment depth
estimations.
://iwaponline.com/wst/article-pdf/89/11/3133/1436204/wst089113133.pdf
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Figure 7 | Comparison of the sediment depths estimated with the temperature-based system (boxplots) and the reference measurements
(dashed lines) at 60- (left plots), 110- (middle plots), and 160-mm (right plots), considering three bottom velocities (0.1, 0.2, and 0.4 m/s) and
two temperature patterns (ΔT¼ 3.0 °C: top plots, and ΔT¼ 5.5 °C: bottom plots). Dotted lines symbolise a +10 mm bound.
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DISCUSSION

The performance of temperature-based systems for estimating sediment depths in sewers was evaluated considering different
flow conditions and temperature daily patterns. Low flow velocities, ub ¼ 0.1, 0.2, and 0.4 m/s, which are likely to sediment
accumulation (Lange & Wichern 2013; Regueiro-Picallo et al. 2017), were tested. The bottom plate velocity was taken as a

reference to establish the flow conditions as it is the characteristic velocity in annular flumes (Booij 1994). The results showed
that the convective heat-transfer processes at the water–sediment interface due to the flow velocity could be neglected
because they barely influenced the sediment depth estimation. Minimal deviations of the sediment depth estimations were

obtained using the surrogate model, which excludes the convective heat-transfer coefficient in the top boundary (hw).
hw-values were very large for flow velocities higher than 0.1 m/s and therefore instantaneous heat transfer between the
water and sediment layers can be assumed. Consequently, temperature-based systems can be used to monitor sediment

accumulation in sewer systems without requiring the measurement of hydraulic variables, e.g., flow rates or water depths.
Nevertheless, other variables, such as the sediment thermal properties and the convective heat-transfer coefficient at the sedi-
ment bottom, must also be considered to estimate sediment depths accurately.

Temperature fluctuations in urban drainage systems can be measured using the MONitoring Temperatures in SEdiments
(MONTSE) device (Regueiro-Picallo et al. 2024a). MONTSE is comparable to distributed temperature sensing (DTS) devices,
which are commonly deployed to detect illicit connections as well as infiltration and inflow into sewers (e.g., Vosse et al.
2013; Panasiuk et al. 2019). The vertical resolution of sensors of MONTSE permits the monitoring of temperature fluctu-

ations by comparing measurements from sensors exposed to air, submerged in water, and buried in sediments. In
addition, MONTSE includes a Dual-Probe Heat-Pulse (DPHP) module for in situ determination of sediment thermal prop-
erties, which consists of a heater cartridge that induces a heat pulse while a temperature sensor measures the response across

the sediment bed (e.g., Ravazzani 2017; He et al. 2018). DPHP measurements are local, and, unlike sands and gravels, the
thermal properties of organic sediments can oscillate both spatially and temporally due to biological processes, similar to
the physicochemical properties of sewer sediments (Ristenpart 1995; Regueiro-Picallo et al. 2020). Small uncertainties can
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be assumed when using local measurements of thermal properties to estimate sediment depth (Regueiro-Picallo et al. 2024a).
Furthermore, the convective heat transfer coefficient at the sediment bottom depends on the composition and thickness of the
material in contact with the sediments (e.g., pipe), and can be assumed to be constant. The coefficient can be estimated with
prior knowledge of the sewer system, although it is also possible to calibrate from reference sediment depth measurements, as

for the experimental campaign.
The sediment depth estimations were computed using a simplified surrogate model, which was mainly based on the

relationship with the harmonic characteristics of the water and sediment temperature time series as well as the sediment ther-
mal properties and the convective heat-transfer coefficient at the sediment–pipe–soil boundary. A decomposition of the

temperature fluctuations was performed to calculate the harmonic features (FFT algorithm). The annular flume was operated
for a minimum period of 24 h prior to the start of each experiment with the aim of establishing the initial temperature con-
ditions in the sediment layer and, consequently, minimise the oscillation of the harmonic features. Only the fundamental

frequency (or first harmonic) was later considered as input to the surrogated model, although, as the time series shows
two peaks during the day, the second harmonic could be added to the model to improve the depth estimations.

The surrogate model was based on the solution of the 1D heat diffusion equation at the bottom of the sediment layer.

Despite the installation of a temperature sensor at the centre of the flume base (B/2¼ 100 mm), the heat-transfer processes
exhibited a dependence on the lateral contours. The influence of the flume walls was evaluated by comparing simulated temp-
eratures at the bottom of the sediment layer using 1D and 2D heat diffusion models (Figure 8). The median absolute deviation

(MAD) was used to compare the 1D and 2D simulated temperatures, yielding the maximum deviations for the smallest ratios
between the flume width (B) and the sediment depth, B=Hsed. Deviations were less than 0.15 °C for those experimental con-
ditions with Hsed ¼ 160 mm and water temperature gradients of 5.5 °C, which represents a relative error of less than 3%.

The 2D heat diffusion model of the sediment layer can be applied as an alternative method for estimating sediment depths,

for example, by identifying the best fit between the simulated temperatures and the sensor measurements on the flume walls
(Figure 1(b)). In the event of large sediment depths and significant convective heat transfer through the sediment–pipe–soil
boundary, temperature fluctuations at the bottom of the sediment layer will be significantly attenuated in relation to water

temperatures, leading to highly uncertain depth estimations. Under these conditions, the vertical sensor distribution on
the wall will enable the identification of sensors buried in the sediment layer, as well as the estimation of the position of
the sediment–water interface and, consequently, the sediment depth (e.g., Sebok et al. 2017). Only measurements from sen-

sors located in the water layer and at the bottom of the sediment layer (centre of the flume base) were considered in this study
because the temperature fluctuations at the bottom of the sediment layer were not fully attenuated for the worst conditions,
Hsed ¼ 160 mm, resulting in accurate depth estimations (+7 mm). The sediment depth estimation range can be approached
using the diurnal damping depth (Luce et al. 2013), expressed as zd ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

2ke=v
p

, where v is the fundamental frequency (s�1), or

v ¼ 2p=P, where P is the period of the daily fluctuations (s), equal to 86,400 s. The diurnal damping depth relates time-, dis-
tance-scales and sediment thermal properties, and expresses the depth at which the amplitude of daily temperature
fluctuations is 1=e of that at the surface, i.e., water-sediment boundary. A value of zd ¼ 142 mm was obtained for the type
Figure 8 | Deviations of simulated temperatures at the bottom of the sediment layer using the 1D and 2D heat diffusion models as a function
of the flume width and the sediment depth conditions.
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of sediments that were tested in the experimental campaign. Organic sediments, such as sewer sediments, can show lower

ke-values than sands and gravels and, consequently, lower sediment depth estimation ranges.
In concluding remarks, temperature-based systems could be low-cost and easy to scale and implement in sewer systems,

leading to optimal inspection and cleaning strategies based on observations rather than periodic operations. This would

reduce costs and the risk of combined sewer overflows (CSO) during rainfall events caused by sediment accumulation. Moni-
toring sediment build-up could also be used to develop accurate sediment transport models in sewer systems, resulting in
optimal sewer system designs and the development of digital twin models. Future commercial and scientific perspectives
include the installation of these systems to optimise the sediment management in sewer systems and other urban drainage

infrastructures, such as sediment collectors.
CONCLUSIONS

Heat-transfer processes in sewers were investigated while considering the presence of sediment accumulation. The sediment

layer provides a dampening effect on the temperature fluctuations of the wastewater, which follow a cyclical pattern under
dry weather conditions. Temperature damping can be expressed by means of harmonic characteristics and is mainly affected
by the sediment depth, as well as the sediment thermal properties, the heat loss at the boundaries and the flow velocity.

An experimental campaign was performed in an annular flume by reproducing heat-transfer processes in combined sewer
systems under DWF conditions. This allows for the evaluation of the influence of hydraulic conditions and temperature pat-
terns when estimating sediment depth using temperature-based systems. A numerical analysis of heat transfer models was

carried out considering the influence of flow-forced convection at the water-sediment interface. Large values of the convec-
tive heat-transfer coefficient at the water–sediment interface were obtained, indicating that the temperature boundary layer
above the interface was very small and, consequently, heat transfer occurred instantaneously for velocities greater than
0.1 m/s. Therefore, the hydraulic conditions in sewers hardly influenced the heat-transfer processes of sediment bed deposits.

This allowed the use of simplified surrogate models based on the comparison of water and sediment-bed temperature
measurements to estimate sediment depths, i.e., ignoring hydraulic variables.

Sediment depth estimations showed a low uncertainty and a high precision compared to the reference depth measurements

when there was a large daily amplitude. In addition, deviations of the depth estimates were less than 10 mm considering the
different flow velocity conditions established in the flume. These results confirmed that systems based on temperature
measurements are a viable solution for sediment monitoring in combined sewer pipes without measuring hydraulic variables.

Moreover, sediment thermal properties and convective heat transfer at the sediment–pipe–soil boundary must be determined.
Effective thermal properties of the sediment were characterised in the experimental campaign using sub-samples, although
heat-pulse methods can also be applied for in situ measurements. Knowing the sediment thermal properties, the depth esti-

mation range can be also defined to establish an optimal vertical distribution of temperature sensors. In contrast, the
convective heat-transfer coefficient at the sediment–pipe–soil boundary, which can be assumed to be constant, could be estab-
lished using information of the sewer system. In summary, understanding heat-transfer processes in sewers, coupled with the
measurement of thermal dynamics, will effectively monitor sediment build-up.
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