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Abstract

The use of fiber optic distributed temperature sensing (DTS) to detect and locate leaks is
still in its infancy in water infrastructure, despite its promising capabilities. Only few experi-
ments tested this technology, and none of these studies focused on small but persistent leaks,
like background leakages, which are ubiquitous and generally go undetected with the tech-
nology currently available, thus posing a serious threat to the available water resource. To
test the feasibility of detecting and locating background leakages with fiber optic DTS, this
study provides a detailed analysis on flow and temperature alterations around leaking water
pipelines in presence of small leaks (5, 25, and 125 L/d) with small to moderate temperature
differences with the surrounding soil, under 3 different pipe defect configurations, either in
absence or in presence of pipe thermal insulation. Transient 3D heat transfer-unsaturated flow
numerical simulations showed that there is potential to use temperature alterations to detect
and locate incredibly small leaks with fiber optic DTS, like background leakages, despite the
influence of pipe temperature on the surrounding soil. The analysis showed that extent, dis-
tribution, and magnitude of these alterations are convection dominated at a given temperature
difference between leaked water and undisturbed soil, and that it may not be strictly neces-
sary to place the optical fiber directly below the pipe. Indeed, optical fibers located within the
utility trench at the sides of the pipe and below its bottom showed comparable or even better
performance, thus giving new opportunities to retrofit existing pipelines as well.

Keywords Pipe leakage - Distributed temperature sensing (DTS) - Optical fibers - Leak
detection and location - Utility trench - Unsaturated zone

1 Introduction

Detecting, locating, and reducing leaks is easier said than done in today’s water infrastruc-
ture. Countless researchers and practitioners have given their contribution to the topic, but
many governments and water utilities are still somehow reluctant or unable to invest money
and resources to systematically tackle this problem, despite the urgency.
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Figures are impressive: 126 billion m*/yr (346 million m*/d) is the recent estimate of the
global non-revenue water, with an estimated financial cost of USD 39 billion/yr (Liemberger
and Wyatt 2019). But the problem is not ‘merely’ financial. This massive amount of
water lost could serve the current and future needs of millions of people and could have a
tremendous social impact worldwide, especially for the communities struggling every day
for a safe and easy access to drinking water. Water scarcity and droughts are exacerbated by
leaking water utilities as more water needs to be extracted, thus contributing to the depletion
of natural freshwater resources (FAO 2012). Inevitably, this leads to higher energy demands
by pumping stations and treatment plants, the use of more chemicals for water treatment, and
the increase of greenhouse gases emissions (FAO 2012; Stokes et al. 2014). Despite leaked
water can potentially recharge urban aquifers (Lerner 1986, 1990, 2002; Price and Reed 1989;
Foster 2001; Hibbs and Sharp 2012; Bhaskar et al. 2016; Han et al. 2017), its actual reuse is
limited as urban soils and groundwaters may host a variety of contaminants (Tubau et al.
2017). Large volumes of wastewater and stormwater are lost from leaking sewers as well
(Chisala and Lerner 2008), thus contributing to the spread of harmful contaminants beneath
urban environments (Wakida and Lerner 2005; Vazquez-Suiié et al. 2005; Tubau et al. 2017,
Burri et al. 2019). Furthermore, this unintentional recharge may create dangerous interactions
between urban aquifers and the intricate system of shallow and deep anthropogenic features
within the subsurface (e.g., building basements, tunnels, underground constructions, utility
pipelines, utility trenches, etc.), potentially causing serious adverse effects, like flooding of
underground spaces, foundations corrosion, excessive hydrostatic stress, and structures uplift
(Vazquez-Suiié et al. 2005; Attard et al. 2016). Leaking pipes can also produce sinkholes,
which may lead to dangerous road pavement collapses and foundation settlements (Waltham
et al. 2005). Indeed, this is not sustainable.

Generally, performance targets drive water companies and managing authorities primar-
ily towards reducing leaks in water supply infrastructure. As a result, numerous technologies
and algorithms for leak detection and location are specifically tailored for water distribution
networks. Reported and unreported leakages, typically bursts and high flow rate leaks (in
the order of m’/h), are addressed the most (Lambert et al. 2015a; Li et al. 2015; Adedeji
et al. 2017; Hu et al. 2021), as their occurrence is followed by detectable feedback from the
network, like sudden flow rate increase, pressure drops, and acoustic anomalies. However,
a large amount of water is actually lost through background leakages, especially in well-
managed infrastructure (Lambert et al. 1999; Lambert and McKenzie 2002; Lambert 2009;
Lambert et al. 2015a, b). Although relatively small (in the order of L/d), these leaks are
ubiquitous throughout the network and run continuously. Despite their sensitivity to pres-
sure, background leakages are not associated to any appreciable pressure drop or acoustic
anomaly, therefore they give practically no feedback, going undetected for a very long time
and posing a serious threat to the available water resource.

Nonetheless, the soil/trench filling material surrounding such persistent leaks could
be somehow affected. If a sufficient temperature difference exists between water flowing
within the pipes and the subsurface, a temperature alteration may arise in proximity to the
leaks, and this information could be retrieved to detect and locate them. Since leaks occur-
rence and location are unknown, an unfeasible number of discrete temperature sensors
would be required to monitor kilometers long pipelines. A viable alternative would require
a very long sensor running along the entire length of the pipeline and able to detect these
anomalies with a reasonable temperature and spatial resolution. In this regard, distributed
fiber optic sensors could be the best option currently available, as every point along the
fiber acts a sensing element, potentially offering a continuous and fast monitoring of strain,
temperature, and vibration over tens of kilometers (Motil et al. 2016; Wijaya et al. 2021).
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Furthermore, fiber optic cables are very thin and low weight, can be attached to almost
any surface, have a long-term durability, are insensitive to humidity, corrosion, and elec-
tromagnetic interferences, and can work under very harsh conditions, sustaining a wide
range of temperatures and pressures (Nikles et al. 2004; Motil et al. 2016; Wijaya et al.
2021). These characteristics made them suitable for a variety of environmental and struc-
tural health monitoring applications, including leak detection and location in oil, gas, and
liquid pipelines (Nikles et al. 2004; Inaudi et al. 2008; Bolognini and Hartog 2013; Wang
et al. 2017; Drusova et al. 2021; Wijaya et al. 2021).

The use of fiber optic distributed temperature sensing (DTS) is still in its infancy in
water distribution networks (Ibrahim et al. 2021), despite the promising capabilities of the
technology (fundamentals on the operating principles of DTS techniques can be found in
Nikles et al. 2004, Inaudi et al. 2008, and Wijaya et al. 2021). Only few lab and field scale
experiments tested this technology for detecting and locating leaks by monitoring tempera-
ture anomalies around water pipelines (Lombera et al. 2014; Xu et al. 2020; Wang et al.
2022). Although successful, these tests put much of the emphasis on the capabilities of the
specific sensing technique to detect a temperature anomaly, and practically none on the
flow and temperature response in the surrounding soil/trench filling material. Some efforts
in this regard were made by Jacobsz and Jahnke (2020) with a long-term field scale experi-
ment, although the main purpose of their study was to explore the performance of discrete
fiber optic sensors (fiber Bragg gratings) to monitor both strain and temperature anomalies
as a means for leak detection.

Up to now, a detailed analysis on flow and temperature alterations around leaking water
pipelines buried in the subsurface is missing, especially for small leaks with small to mod-
erate temperature differences with the surrounding soil/trench filling material. This study
is the first to provide this since the first occurrence of the leaks in a controlled, yet realistic,
numerical environment. The goal is to test the feasibility of detecting and locating back-
ground leakages with fiber optic distributed temperature sensing, so as to provide theoreti-
cal and practical insights to support future field scale experiments and applications.

2 Methodology
2.1 Conceptual Model

A leaking water pipeline laid in a utility trench together with fiber optic sensing cables
forms the core of the conceptual model (Fig. 1). The utility trench is then surrounded by
native soil hosting an unconfined aquifer (at 1 m from the bottom of the trench). As the
aim is to assess the ability of the optical fibers to detect small leaks with small to moderate
temperature differences with the surrounding soil/trench filling material, the time frame of
the simulations is set to 4 days, which is sufficient to fully observe flow and temperature
alterations in proximity to the sensing cables since their first occurrence.

The pipe is representative of a pressurized water distribution main leaking from one of its
joints. This configuration was preferred compared to others (e.g., wastewater and stormwa-
ter pipelines) as more information is readily available on real losses. However, as water flow
within the pipe is not modeled, the conceptual model is potentially representative of any
type of water infrastructure. Therefore, the pipe material is not specified, and its diameter is
just indicative. To reproduce different defects, the leaks can occur from i) the entire length,
ii) the upper right quarter, or (iii) the lower right quarter of the joint, located at the middle of
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Fig. 1 Detail of the utility trench with leaking pipe and optical fibers (A), YZ (B) and XZ (C) plane views
of the conceptual model, and model domain with computational mesh around the leaking joint (D). Dotted
lines in panel (A) are used to better identify the optical fibers located at the spring line, at the bottom of the
pipe, and below its bottom

the pipeline (Fig. 1). Leak rates of 5, 25, and 125 L/d were chosen to reproduce small leaks
of long duration (i.e., background leakages), which generally go undetected and are respon-
sible for large amounts of water lost (Lambert et al. 1999; Lambert and McKenzie 2002;
Lambert 2009; Lambert et al. 2015a, b).

In most scenarios, the pipe has no thermal insulation, as generally occurs in practice.
Therefore, the outer surface of the pipe is assumed at the same temperature of water flowing
inside it, namely 1, 3, or 5 °C higher than the undisturbed soil (i.e., at a sufficient distance
from the pipe where it is not affected by its temperature), set at 12.5 °C. This is a reasonable
approximation as heat transfer in pipe-soil systems is generally convection dominated, given
the typical velocity ranges of water in the pipes and the small thickness of these (Milano
2012). Furthermore, as the portion of the pipeline analyzed in the present model is limited
(6 m) and its top lays at a depth of 1 m from the ground surface (Fig. 1), the effects of sur-
face temperature daily fluctuations can be considered negligible (Wu and Nofziger 1999;
Milano 2012). These effects are disregarded for the entire model as well, given that they
would only affect the very first few tens of centimeters from the ground surface over the
short time frame considered. Therefore, pipe temperature is kept constant throughout the
simulations, and the same applies to leaked water at the joint defects. As such, in absence of
thermal insulation, pipe temperature inevitably affects its surroundings, and to account for
its influence on soil temperature, flow and temperature fields are computed up to a steady
state condition prior to the onset of the leaks (Sec. 2.3; for these scenarios, soil temperature
distributions prior to the onset of the leaks can be found in the Supplementary material). In
a few illustrative scenarios, the effects of thermal insulation are also analyzed. In this case,
the outer surface of the pipe is assumed at the same temperature of the undisturbed soil and
leaked water is just 1 °C higher, whereas leaks occur over the entire joint.
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The configuration of the utility trench (Fig. 1) reflects the combination of the design
guidelines of different countries and is meant to be suitable for both rigid and flexible
pipes (Howard 1996; Milano 2012; Yorkshire Water 2018). The portion of trench backfill
where the pipe is laid (i.e., the embedment) is filled with a cohesionless free draining mate-
rial (sand/gravel), while the remaining of the trench is filled with native soil (therefore, not
depicted in Fig. 1), as commonly done in practice (Howard 1996; Milano 2012; Yorkshire
Water 2018). To have enough contrast with the trench filling material, a sandy clay loam
(USDA SCS 1987) is chosen as native soil.

The sensing cables run all along the pipe and are placed at different locations within
the trench to assess which of these would be the most suitable for an early detection of the
modeled leaks. The optical fibers are deployed on both sides of the pipe, two at the spring
line (i.e., the horizontal centerline of the pipe), two at the bottom of the pipe, and three
below its bottom, for a total of seven (Fig. 1). No sensing cable is placed over the pipe as
leaked water eventually flows downwards, and leaks occurring at the bottom half of the
pipe would be most likely missed. The optical fibers are also placed at distance from the
pipe and the sides of the trench to reduce the effects of pipe and native soil temperature
on the sensing cables, while keeping in mind the feasibility of their installation for both
existing and new pipes. As fiber optic cables are generally really thin, from few millimeters
to roughly a centimeter including all their components (i.e., core, cladding, inner coating,
strength member, and outer jacket), they are not expected to have any appreciable influ-
ence on the flow and heat transfer mechanisms modeled here. Therefore, no size or type
specifications are provided for the optical fibers. Furthermore, as the conceptual model
aims to be as general as possible, it is not meant to explore the performance of specific
sensing techniques (e.g., Raman or Brillouin), hence, this information is not provided. To
reproduce spatial resolutions typical of DTS systems used for kilometers long applications,
the modeled temperature alterations are then averaged along the fibers over three different
lengths centered at the leaky joint, namely 1, 0.5, and 0.2 m (Inaudi et al. 2008; Motil et al.
2016; Wang et al. 2022). Finally, as in these sensing systems temperature resolutions com-
monly vary from 0.1 to 0.01 °C (Inaudi et al. 2008; Drusové et al. 2021; Wang et al. 2022),
leak detection thresholds are set to 0.1 and 0.5 °C.

2.2 Outline of the Simulations

A total of 30 scenarios were modeled, and a summary is provided hereinafter. When the
pipe is not thermally insulated (27 scenarios), 3 joint defects (entire length, upper right
quarter, and lower right quarter of the joint, denoted by letters J, U, and L) suffer leaks of
5, 25, and 125 L/d (denoted as LS5, L25, and L125), with pipe and leaked water temperature
of 1, 3, and 5 °C higher than the undisturbed soil (denoted as T1, T3, and T5). In presence
of thermal insulation (3 scenarios, denoted by the letter I), the pipe leaks from the entire
length of the joint (J) with leak rates as above (L5, L25, and L.125) and a temperature of
leaked water of 1 °C higher than the undisturbed soil (T1). All scenarios are time depend-
ent (i.e., transient), and the simulation time is set to 4 days.

2.3 Numerical Modeling

The scenarios were modeled with COMSOL Multiphysics® version 6.0.0.405 (COM-
SOL 2021), which solves the governing equations of unsaturated flow and heat transfer in
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porous media by the finite element method (the mathematical formulation of these equations
is reported in the Appendix). Given the high nonlinearity of the transient problem, a mass
lumping procedure (Istok 1989) was enforced for the numerical solution of the governing
equations of unsaturated flow. The model domain is sufficiently big (6 mx5 mx3.85 m,
Fig. 1) to avoid potential interactions between leaked water and boundary conditions, and
the numerical mesh consists of 438’836 irregular tetrahedra, refined at the leaky joint and
within the utility trench, with element sizes ranging between 1.75 and 29.4 cm. The time step
depends on convergence history, although its maximum is set to 1 h to have a sufficiently
fine temporal discretization even when the flow originating from the joint defects is fully
developed. Convergence is reached when the solution of the nonlinear solver respects a rela-
tive tolerance of 0.01. Each scenario took about 4 to 14 h of calculations on an Intel®Core™
19-8950HK CPU running at 2.9 GHz with 16 GB RAM, for a total runtime of about 223 h.

Boundary conditions are presented in Table 1. In all scenarios, a no flux boundary con-
dition is enforced for the outer surface of the pipe (except for the joint defects) and for
the top of the domain, whereas a fixed hydraulic head is set for the bottom and the lat-
eral boundaries to reproduce a static groundwater table at 1.5 m from the bottom of the
domain. Top and bottom of the model are set at a fixed temperature of 12.5 °C, whereas a
no heat source condition is applied to the lateral boundaries. The leaky joint is modeled as
a 1 cm long portion of the outer surface of the pipe over which a flux boundary condition
is enforced to reproduce leak rates of 5, 25, and 125 L/d, and the temperature is fixed to
13.5, 15.5, and 17.5 °C, depending on the scenario. Instead, when the defects occur at the
upper or at the lower right quarter of the joint, the flux and the temperature boundary con-
ditions are applied only to the selected quarter of this 1 cm long portion of the outer sur-
face of the pipe. To avoid model instabilities induced by abrupt changes in the flow field at
the leaky joint, leak rates are set to increase linearly up to the selected value during the first
day, and then are kept constant for the remaining three days. When the pipe has no thermal
insulation, the temperature of the pipe outer surface is fixed to the value at the leaky joint,
whereas a no heat source condition is enforced if the pipe is thermally insulated. For each
scenario, initial conditions prior to the onset of the leaks are obtained by running a steady
state simulation to reach an equilibrium state consistent with the boundary conditions,
assuming a hydraulic head of 1.5 m and a temperature of 12.5 °C for the whole domain as
initial guess for the nonlinear solver.

Table 1 Boundary conditions

Boundary Boundary Conditions
Pipe without thermal insulation Pipe with thermal insulation
Top no flux no flux
fixed temperature [12.5 °C] fixed temperature [12.5 °C]
Sides fixed hydraulic head [1.5 m] fixed hydraulic head [1.5 m]
no heat source no heat source
Bottom fixed hydraulic head [1.5 m] fixed hydraulic head [1.5 m]
fixed temperature [12.5 °C] fixed temperature [12.5 °C]
Pipe outer surface  no flux no flux
fixed temperature [13.5, 15.5, or 17.5 °C]  no heat source
Pipe defects flux [5, 25, or 125 L/d] flux [5, 25, or 125 L/d]

fixed temperature [13.5, 15.5, or 17.5 °C]  fixed temperature [13.5, 15.5, or 17.5 °C]
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Soil hydraulic and thermal properties are listed in Table 2. Instead, to reproduce the
temperature dependency of fluid properties (i.e., density, dynamic viscosity, specific heat
at constant pressure, and thermal conductivity), the data provided by The Engineering
ToolBox (2001) were interpolated with simple polynomial expressions and then incorpo-
rated within the numerical model. Fluid properties pressure dependency is here neglected
as pressure alterations are too low in the modeled scenarios to result in any appreciable
variation of these properties.

3 Results
3.1 Leaked Water Flow Behavior

As the leaks occur, leaked water initially occupies the pore spaces of the embedment
in the close vicinity of the pipe defects and gradually spreads within the utility trench,
thus resulting in a localized increase in the effective water saturation (Appendix).
However, this spreading is limited as leaked water soon finds its way out of the embed-
ment, preferentially moving downwards within the native soil. This eventually occurs
in all scenarios, regardless of the leak rate. Although this may seem unexpected given
that the embedment has an intrinsic permeability of roughly 1.4 orders of magnitude
higher than the native soil (Table 2), an explanation to this behavior is to be found in
the soil retention properties (specifically, @ and n van Genuchten parameters; Table 2).
Briefly, as water within the unsaturated zone is initially in equilibrium with the static
groundwater table (i.e., a hydrostatic pressure distribution exists), prior to the onset
of the leaks the distribution of the effective water saturation along the vertical follows
the van Genuchten retention curve (Appendix). However, a sharp discontinuity exists
in the effective water saturation at the interface between the embedment and the native
soil, despite pressure being the same. This occurs because the retention properties of
the embedment differ from the native soil. As these properties are higher in the embed-
ment, here the effective water saturation is much lower than in the native soil (about

Table 2 Soil properties

Parameter Embedment Native Soil
0, — Residual water content [m3/m3] 0.045 0.1

), — Saturated water content [m*/m3] 0.43 0.39

van Genuchten o parameter [1/m] 14.5 5.9

van Genuchten n parameter 2.68 1.48

% — Intrinsic permeability [m?] 9.591-10712 4.230-10713
®s, — Solid phase density [kg/m’] 2000 1900

bcS — Solid phase specific heat [J/(kgeK)] 729.9 817.3

bks — Solid phase thermal conductivity [W/(meK)] 0.4 0.64

A — Longitudinal thermal dispersivity [m] 0.5 0.5

A — Transverse thermal dispersivity [m] 0.05 0.05

2Carsel and Parrish (1988)
Dalla Santa et al. (2020)
“Diersch (2014)
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0.011 compared to 0.42 at the bottom of the trench), and the relative permeability
(Appendix) is even lower (about 2.48-107 compared to 3.24-107* at the bottom of the
trench). Therefore, the resulting hydraulic conductivity (Appendix) of the embedment
is so low compared to the native soil to make water flow less likely within the trench,
and leaked water preferentially moves downwards in the native soil, supported by grav-
ity. For more details regarding this peculiar behavior, the interested reader is addressed
to D’Aniello et al. (2021, 2022).

Although the fate of leaked water is pretty much the same among the scenarios, a
few differences arise in the migration pathway as the configuration of the pipe defects
changes, the leak rate increases, and the temperature difference between leaked water and
the undisturbed soil varies (Fig. 2; Supplementary material). Indeed, while the plume of
leaked water is symmetric when the entire joint is leaking, it is not when the leaks occur
at the upper or at the lower right quarter of the joint. This asymmetry is more evident in
the embedment rather than in the native soil, where it reduces as the leak rate increases.
When the leaks occur at the upper right quarter of the joint, the effective water satura-
tion increases more at this location and on the right side of the embedment. As the leak
rate increases, more water reaches the lower left side of the embedment both from below
and over the pipe, thus increasing the effective water saturation in this location as well.
However, the lower left side in the close vicinity of the pipe is only slightly affected by
the leaks. Instead, when the leaks occur at the lower right quarter of the joint, leaked water
reaches the left side of the embedment only from below the pipe. Although the effective
water saturation below the bottom of the pipe is overall higher in these scenarios, the
embedment shows no to very small variations in its effective water saturation over the bot-
tom of the pipe on the left side and, in general, over the spring line. Furthermore, when
the leaks occur at the upper or at the lower right quarter of the pipe, the effective water
saturation is slightly higher at the pipe defects than when the entire joint leaks. This occurs
because the leak rate is the same but the surface over which the leaks occur reduces, there-
fore the flux is locally higher and so is the pressure, thus resulting in higher effective water
saturation (the pressure—saturation relationship is described in the Appendix). Overall, the
extent of the plume of leaked water in the native soil does not change much among the
different pipe defect scenarios, and these small differences further reduce as the leak rate
increases. Furthermore, as expected a leak rate increase is followed by an overall increase
in the extent of the plume of leaked water and in the effective water saturation. Small dif-
ferences arise among the scenarios also because of the temperature difference between
leaked water and the surrounding soil. In particular, the lower this difference, the higher
the effective water saturation. Indeed, as the temperature of leaked water increases from
13.5 to 15.5 and 17.5 °C, water viscosity reduces of about 2.5%, 7.4%, and 12% compared
to the undisturbed native soil (at 12.5 °C), whereas water density variations are practically
negligible (below 0.1%). As a result, the hydraulic conductivity is overall higher as the
temperature increases, and a lower effective water saturation is required to let the same
amount of leaked water flow within the soil.

Finally, there is practically no difference in migration pathway and distribution
of leaked water between the scenarios with and without thermal insulation of the pipe.
Indeed, despite the different initial conditions (Table 1), the maximum modeled tempera-
ture difference (1 °C) when the pipe is thermally insulated (Supplementary material) is so
low to cause no appreciable changes in fluid properties and, in turn, no variations in the
flow field.
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Entire Joint Defect (J) | Leak Rate 125 L/d (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | 4 Days
XZ Plane YZ Plane

< o

y
Upper Right Quarter Defect (U) | Leak Rate 125 L/d (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | 4 Days
XZ Plane YZ Plane

0.7

0.5

0.4

Lower Right Quarter Defect (L) | Leak Rate 125 L/d (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | 4 Days 0.3
XZ Plane YZ Plane

-

0.2

0.1

Fig.2 Predicted distribution of the effective water saturation variation at 4 days with respect to the initial
conditions (AS,,) for all pipe defect configurations (J — entire joint defect, U — upper right quarter joint
defect, L — lower right quarter joint defect), leak rate of 125 L/d (L125), temperature difference of 3 °C
between leaked water and undisturbed soil (T3), and non-insulated pipe. Transparent colors are used to dis-
play the results within the numerical domain. All separate outputs are available in the Supplementary material
together with those of the remaining scenarios

3.2 Temperature Alterations Induced By the Leaks

Extent, distribution, and magnitude of temperature alterations are convection dominated at
a given temperature difference between leaked water and the undisturbed soil. Indeed, the
temperature plumes resulting from the leaks (Fig. 3; Supplementary material) are similar
in shape to those of leaked water (Fig. 2; Supplementary material), and mostly follow the
alterations to the flow field induced by the leaks. Furthermore, as the leak rate increases,
extent and magnitude of temperature alterations increase as well. As expected, the mag-
nitude of these alterations increases as the temperature of leaked water increases, while
extent and distribution remain the same for a given leak rate and pipe defect configuration.
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Besides of the pipe defects location, which inevitably affects the overall flow field (Sec.
3.1), the distribution of temperature alterations strongly depends on whether the pipe is
thermally insulated or not. Indeed, even at a very low leak rate (5 L/d) and a small tempera-
ture difference (1 °C), the temperature contrast between leaked water and the surrounding
soil is much more evident at the leaks when the pipe is thermally insulated, as it is at its
maximum here. As expected, around the pipe these alterations increase with time and with
increasing leak rate and decrease at distance from the leaky joint (Figs. 3 and 4; Suppl
ementary material).

Conversely, this contrast is indeed lower when the pipe is not thermally insulated. In
absence of thermal insulation, the magnitude of temperature alterations increases moving

Entire Joint Defect (J) | Leak Rate 125 L/d (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | 4 Days
XZ Plane YZ Plane

AT
[°cl
1
Upper Right Quarter Defect (U) | Leak Rate 125 L/d (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | 4 Days
XZ Plane YZ Plane
0.8
0.6

Lower Right Quarter Defect (L) | Leak Rate 125 L/d (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | 4 Days
XZ Plane YZ Plane

Fig. 3 Predicted distribution of temperature alterations at 4 days with respect to the initial conditions (AT)
for all pipe defect configurations (J — entire joint defect, U — upper right quarter joint defect, L — lower right
quarter joint defect), leak rate of 125 L/d (L125), temperature difference of 3 °C between leaked water and
undisturbed soil (T3), and non-insulated pipe. Transparent colors are used to display the results within the
numerical domain. All separate outputs are available in the Supplementary material together with those of
the remaining scenarios
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away from the pipe in the main flow direction (i.e., downwards) as the effects of pipe tem-
perature on the surrounding soil reduce with distance (Fig. 3; Supplementary material). In
these scenarios, the maximum temperature difference between leaked water and the sur-
rounding soil is located below the pipe and moves downwards as the flow develops.

However, a closer inspection at the close vicinity of the pipe may help reveal that
noticeable temperature alterations can arise at this location as well despite the influence of
pipe temperature (Figs. 5 and 6; Supplementary material). Although small (around 0.1 °C
at 4 days) when the leak rate is at its minimum (5 L/d) and the temperature difference
between leaked water and the undisturbed soil is the lowest (1 °C), these alterations might
become detectable as the leak rate increases (up to roughly 0.2 and 0.3 °C at 25 and 125
L/d at 4 days), assuming a sufficiently fine temperature and spatial resolution of the sens-
ing system (Sec. 3.3) and a low detection threshold. As the temperature difference with the
undisturbed soil increases up to 3 and 5 °C, these alterations become indeed more relevant
in proximity to the pipe, up to roughly 0.3 and 0.5 °C at 4 days for the considerably low
leak rate of 5 L/d, and up to 1-1.5 °C for the leak rate of 125 L/d. This is indeed promising
if compared to the detection thresholds of 0.1 and 0.5 °C (Sec. 2.1) and considering that
these leak rates are representative of background leakages.

Despite overall a steady state in not reached, temperature alterations in proximity to the
leaks tend to get close to it within the time frame considered (4 days), since temperature
changes reduce significantly over the end of the simulations (Figs. 4, 5 and 6; Supplement
ary material) as a consequence of a flow field almost fully developed at this location. In
all scenarios without thermal insulation, at 4 days predicted temperature alterations below
the bottom of the pipe (at 10 cm) are always higher than at the bottom, followed by those
at the spring line. This is not always true since the very beginning of the leaks, depending
on the pipe defect configuration and on the leak rate. Indeed, temperature alterations can
be locally higher either at the bottom of the pipe (lower pipe defects) or at the spring line
(upper pipe defects) in the first stages of the leak. Temperature alterations are symmetric
in the transversal direction (Y axis cut lines at the joint; Fig. 5; Supplementary material)
when the entire joint leaks, and two peaks form at the sides of the pipe, except below its
bottom when the leak rate is the lowest (5 L/d). Over time, two peaks form at the sides of
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Fig.4 Predicted distribution of temperature alterations with respect to the initial conditions (AT) along the
Y axis cut lines at the joint (left) passing through the spring line, the bottom of the pipe, and 10 cm below
the bottom of the pipe, and along the vertical centerline of the pipe passing through the joint (Z axis cut line
at the embedment, right) for the entire joint defect configuration (J), leak rate of 125 L/d (L125), tempera-
ture difference of 1 °C between leaked water and undisturbed soil (T1), and insulated pipe (I). All separate
outputs are available in the Supplementary material together with those of the remaining scenarios
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Fig.5 Predicted distribution of temperature alterations with respect to the initial conditions (AT) along the
Y axis cut lines at the joint passing through the spring line, the bottom of the pipe, and 10 cm below the
bottom of the pipe for all pipe defect configurations (J — entire joint defect, U — upper right quarter joint
defect, L — lower right quarter joint defect), leak rate of 125 L/d (L125), temperature difference of 3 °C
between leaked water and undisturbed soil (T3), and non-insulated pipe. All separate outputs are available
in the Supplementary material together with those of the remaining scenarios

the pipe in the other defect configurations as well, although as expected the peak is always
higher at the right side. In all scenarios, these peaks move towards the sides of the trench
in the transversal direction as the leak rate increases and the time progresses. Consistently
with the flow field, temperature alterations on the left side are higher when the pipe leaks
at its upper right quarter than at its lower right quarter, although both are lower than when
the entire joint leaks. Along the vertical centerline of the pipe passing through the joint
(Fig. 6; Supplementary material), temperature alterations below the pipe are always higher
when the leaks occur at the lower right quarter and from the entire joint, whereas over
the pipe these alterations are higher when the pipe leaks at the upper right quarter and
are practically negligible when the leaks occur at the lower right quarter. Below the pipe,

Leak Rate 125 Lid (L125) | Temperature Difference 3 °C (T3) | Non-Insulated Pipe | Z Axis Cut Line. ]
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Fig.6 Predicted distribution of temperature alterations with respect to the initial conditions (AT) along the
vertical centerline of the pipe passing through the joint (Z axis cut line at the embedment) for all pipe defect
configurations (J — entire joint defect, U — upper right quarter joint defect, L — lower right quarter joint
defect), leak rate of 125 L/d (L125), temperature difference of 3 °C between leaked water and undisturbed
soil (T3), and non-insulated pipe. All separate outputs are available in the Supplementary material together
with those of the remaining scenarios
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temperature alterations increase downwards, whereas moving upwards over the pipe these
reach a maximum roughly at 5-10 cm (the higher the leak rate, the farther the peak loca-
tion) and then decrease.

3.3 Temperature Alterations At the Optical Fibers

Over time, temperature alterations at the seven optical fibers located in proximity to the
pipe (Fig. 1) follow an S-shaped curve (Figs. 7, 8, 9 and 10; Supplementary material).
These curves become steeper and higher as the temperature of leaked water and the leak
rate increase, since the magnitude of temperature alterations induced by the leaks strongly
depends on these two parameters (Sec. 3.2). Indeed, as the optical fibers are located at
distance from the pipe, once the leaks occur no alteration is immediately recorded at the
sensing cables. Temperature alterations occurrence at the optical fibers depend on their
location with respect to the pipe defect and on the leak rate. The closer the optical fiber is
to the defect and the higher the leak rate, the faster temperature alterations occur at these
locations. As the entire joint leaks, the optical fiber located below the bottom of the pipe
along the vertical centerline (referred to as “Below Bottom — Middle” in Figs. 7 to 10 and
in the Supplementary material) is generally the first to witness a temperature alteration, fol-
lowed by the others below the bottom, at the bottom, and at the spring line. When the leaks
occur at the defects on the right side of the pipe, the optical fibers located here experience
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Fig. 7 Predicted temperature alterations over time with respect to the initial conditions (AT) at the optical
fibers for all pipe defect configurations (J — entire joint defect, U — upper right quarter joint defect, L —
lower right quarter joint defect), leak rate of 125 L/d (L125), temperature difference of 3 °C between leaked
water and undisturbed soil (T3), non-insulated pipe, and all spatial resolutions (1, 0.5, and 0.2 m). All sepa-
rate outputs are available in the Supplementary material together with those of the remaining scenarios
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Fig.8 Predicted temperature alterations over time with respect to the initial conditions (AT) at the opti-
cal fibers for all pipe defect configurations (J — entire joint defect, U — upper right quarter joint defect, L
— lower right quarter joint defect), leak rate of 25 L/d (L25), temperature difference of 3 °C between leaked
water and undisturbed soil (T3), non-insulated pipe, and all spatial resolutions (1, 0.5, and 0.2 m). All sepa-
rate outputs are available in the Supplementary material together with those of the remaining scenarios

temperature alterations sooner than those at the left side. These alterations generally occur
first at the optical fibers below the bottom of the pipe (middle and right), then at the bot-
tom (right), at the spring line (right), and at the left side (below bottom first, then bottom,
and spring line) as the leaks occur at the lower right quarter of the joint. Conversely, when
the leaks occur at the upper right quarter of the joint, the optical fiber located at the spring
line (right) is generally the first where a temperature alteration can be observed, then fol-
lowed by the ones at the bottom (right) and below the bottom (right and middle), and by
those at the left side (spring line first, then bottom, and below bottom).

Although temperature alterations can occur earlier at a specific location, it does not nec-
essarily mean that here these alterations will be higher or that the selected detection thresh-
olds (0.1 and 0.5 °C, Sec. 2.1) will be overcome earlier (Figs. 7, 8, 9 and 10; Supplement
ary material). Consistently with the flow and temperature fields described in the previ-
ous sections (Secs. 3.1 and 3.2), temperature alterations are generally higher at the optical
fibers located below the bottom of the pipe, followed by those at the bottom, and at the
spring line. The same applies when the leaks occur at the right side, although as expected
the highest alterations are recorded by the optical fibers at this side. However, temperature
alterations recorded at the left side can overcome the detection thresholds as well in these
scenarios, especially below the bottom of the pipe.

Besides of the location of the optical fibers, the spatial resolution (Sec. 2.1) has an
important role as well in determining whether recorded temperature alterations at the fibers
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Fig.9 Predicted temperature alterations over time with respect to the initial conditions (AT) at the opti-
cal fibers for all pipe defect configurations (J — entire joint defect, U — upper right quarter joint defect, L
— lower right quarter joint defect), leak rate of 5 L/d (LS), temperature difference of 3 °C between leaked
water and undisturbed soil (T3), non-insulated pipe, and all spatial resolutions (1, 0.5, and 0.2 m). All sepa-
rate outputs are available in the Supplementary material together with those of the remaining scenarios

can overcome the selected detection thresholds. Indeed, as the spatial resolution becomes
finer (i.e., from 1 to 0.2 m), the length over which modeled temperatures are averaged
reduces, and recorded values inevitably deviate less between each other. As a result, tem-
perature alterations recorded at the optical fibers become higher and occur more abruptly
at the beginning, whereas their growth rate decreases more at later stages (Figs. 7, 8, 9
and 10; Supplementary material).

Temperature alterations at the optical fibers do not always overcome the detection
thresholds in the time frame considered when the pipe is not thermally insulated (Figs. 7, 8
and 9; Supplementary material). Indeed, when the temperature difference between leaked
water and the undisturbed soil is the lowest (1 °C), only the lowest detection threshold
(0.1 °C) is overcome, and generally this occurs for the highest leak rate (125 L/d), where
temperature alterations at the optical fibers reach a maximum of about 0.35 °C. Practi-
cally, no detection can occur for the lowest leak rate (5 L/d), where temperature alterations
barely reach 0.1 °C with the finest spatial resolution (0.2 m). At 25 L/d, detection could
occur only with the finest spatial resolution, where maximum temperature alterations at
the optical fibers are around 0.2 — 0.25 °C. As the temperature difference between leaked
water and the undisturbed soil increases up to 3 °C, it would be still difficult to detect leaks
as low as 5 L/d, despite most of the time the 0.1 °C threshold is overcome (maximum
alterations at the optical fibers of about 0.35 °C). However, depending on the scenarios
the 0.5 °C detection threshold is now overcome at 25 L/d with both 0.5 and 0.2 m spatial
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Fig. 10 Predicted temperature alterations over time with respect to the initial conditions (AT) at the optical
fibers for the entire joint defect configuration (J), leak rates of 5, 25, and 125 L/d (L5, L25, and L125), tem-
perature difference of 1 °C between leaked water and undisturbed soil (T1), insulated pipe (I), and all spa-
tial resolutions (1, 0.5, and 0.2 m). All separate outputs are available in the Supplementary material together
with those of the remaining scenarios

resolutions mostly at the optical fibers below and at the bottom of the pipe (maximum val-
ues around 0.56 — 0.68 °C). At 125 L/d, the maximum temperature alteration recorded at
the optical fibers reaches roughly 1.05 °C, and the 0.5 °C threshold is overcome in all pipe
defect configurations in around (and even before) 1 day with the coarsest spatial resolution
(1 m), except for the optical fibers at the bottom and at the spring line on the left side when
the leaks occur at the lower right quarter of the joint and at the upper right quarter (in the
latter, the 0.5 °C threshold can still be overcome at these locations with finer spatial resolu-
tions). It is also worth noting that now (at 125 L/d and 3 °C temperature difference with the
undisturbed soil) temperature alterations occurring at the optical fiber below the bottom
of the pipe on the left side are comparable in magnitude and detection time to those closer
to the leaks when these occur on the right side. As the temperature difference between
leaked water and the undisturbed soil reaches 5 °C, temperature alterations at the optical
fibers always overcome the 0.1 °C detection threshold even at the lowest leak rate (5 L/d).
However, at 5 L/d the 0.5 °C threshold is just slightly overcome or barely reached with
the finest spatial resolution in the time frame considered (maximum alterations around
0.49 — 0.58 °C). At 25 L/d, the 0.5 °C threshold is overcome with a spatial resolution of
1 m already (mostly below the bottom of the pipe), although it is with finer spatial resolu-
tions that temperature alterations overcome this threshold at most fibers (maximum values
around 0.94 — 1.12 °C). Finally, at 125 L/d the outcome is similar to the scenarios with a
3 °C temperature difference between leaked water and the undisturbed soil, other than that
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the 0.5 °C detection threshold is overcome much earlier with all spatial resolutions, and the
maximum recorded alterations at the optical fibers reach values up to 1.6 and 1.75 °C.

When the pipe is thermally insulated, as expected temperature alterations at the optical
fibers are much higher, even at very low leak rates and with just a 1 °C temperature dif-
ference between leaked water and the undisturbed soil. Indeed, in all these scenarios the
0.1 °C detection threshold is always overcome at all optical fibers with the coarsest spatial
resolution (1 m). At 5 L/d, the 0.5 °C threshold is slightly overcome just below the bottom
of the pipe (middle) with the finest spatial resolution (0.2 m). As the leak rate increases
to 25 L/d, this threshold is overcome around 1 day below the bottom of the pipe (middle)
with a 0.5 m spatial resolution, whereas at all optical fibers with the finest spatial resolu-
tion (maximum temperature alterations around 0.79 °C). At 125 L/d, temperature altera-
tions overcome the 0.5 °C detection threshold at all fibers except at the spring line with the
coarsest spatial resolution (1 m), where it occurs when this is finer (0.5 and 0.2 m). Maxi-
mum temperature alterations at the optical fibers here reach about 0.93 °C, almost equal to
the maximum temperature difference at the joint defect (1 °C).

4 Discussion

4.1 Potential For Detecting, Locating, and Quantifying Background Leakages With
Fiber Optic DTS

The analysis of flow and temperature alterations around the leaks (Sec. 3) showed that
there is potential to use this information to detect and locate background leakages with
fiber optic distributed temperature sensing. Strikingly, despite the influence of pipe tem-
perature on the surrounding soil, noticeable temperature alterations can occur within the
utility trench in the close vicinity of the leaks (up to 1.75 °C at about 22 cm from the pipe
defect, namely at the optical fiber on the right side and below the bottom of the pipe), pro-
vided that the leak rate is not too small and that a sufficient temperature difference exists
between leaked water and the undisturbed soil. Therefore, detectable temperature altera-
tions in proximity to the leaks are not limited to the case of a thermally insulated pipe,
where even a 1 °C difference between leaked water and the undisturbed soil could be suf-
ficient to overcome detection thresholds (Sec. 3). Indeed, in absence of thermal insulation,
the modeled scenarios showed that temperature alterations resulting from leaks as small
as 125 L/d and with a temperature difference of 3 — 5 °C with the undisturbed soil sub-
stantially overcome the detection threshold of 0.5 °C in short time (around 1 day) with a
coarse spatial resolution (1 m) of the sensing system and, therefore, could be detected. It
is not unlikely that leaks of this magnitude could overcome this detection threshold even
with a temperature difference lower than 3 °C between leaked water and the undisturbed
soil, given that temperature alterations at the optical fibers can still reach maximum val-
ues of about 0.35 °C when the temperature difference with the undisturbed soil drops to
1 °C (Sec. 3). Leaks as low as 25 L/d overcome the 0.5 °C detection threshold and could
be detected as well but with finer spatial resolutions and with temperature differences
between leaked water and the undisturbed soil>3 °C. At 5 L/d, detection becomes prac-
tically impossible unless the 0.1 °C detection threshold and finer spatial resolutions are
considered. However, it would be very unlikely to detect a leak by relying on such a small
detection threshold for a water infrastructure, since it would be hard to discriminate such
small leak-induced temperature alterations even from natural temperature fluctuations of
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water within the pipes. Furthermore, relatively coarse spatial and temperature resolutions
(1 = 0.5 m, 0.1 °C) are currently preferred for practical applications of kilometers long
infrastructure in order to reduce acquisition times and data storage, which would otherwise
become demanding.

Despite not all modeled leaks are deemed potentially detectable with fiber optic DTS, the
results previously described are promising. Indeed, it is important to stress that modeled leak
rates (5, 25, and 125 L/d) are extremely small for a single pipe defect in a water infrastructure
and that could not be detected otherwise. To give a practical figure of how small these leak
rates are, it would take around 58 min to fill a disposable cup of 200 mL at 5 L/d, 12 min at
25 L/d, and 2 min at 125 L/d. However, although small, these leak rates are fully represent-
ative of background leakages, which are ubiquitous in real water infrastructure. Therefore,
modeling temperature alterations high enough to make these small leaks potentially detecta-
ble with optical fibers might open up new possibilities in the challenge of detecting and locat-
ing a wide range of leakages in water infrastructure, especially background leakages, which
are responsible for large amounts of water lost and run undetected with the technologies used
in the current practice. These results can also potentially dispel the common assumption that
temperature alterations induced by small leakages with small to moderate temperature dif-
ferences with the surrounding soil/trench filling material are negligible in the close vicinity
of buried water pipelines without thermal insulation, thus laying the groundwork for a more
conscious application of DTS systems in water infrastructure.

Numerical results also showed a clear nonlinear relationship between volume leaked
and temperature alterations at the optical fibers (“cumulative volume leaked” versus “tem-
perature alterations” curves in the Supplementary material). These curves are not reported
in Section 3 as they have practically the same behavior of those describing temperature
alterations over time at the optical fibers (Figs. 7, 8, 9 and 10; Supplementary material)
and the same considerations can be drawn, except for a slightly higher nonlinearity dur-
ing the first day as the volume of leaked water varies nonlinearly here (simply because the
leak rate varies linearly). These curves could be derived in practical applications as well
with proper calibration of a modeling framework like the one used in the current work sup-
ported by a series of DTS recordings, thus also enabling leakages quantification along the
entire sensing cable.

4.2 Optical Fibers Location for New and Existing Water Pipelines

Within the utility trench, the part below the bottom of the pipe showed overall higher tem-
perature alterations and faster detection times in response to modeled leaks (Sec. 3). There-
fore, this would likely be the best location to place an optical fiber to detect and locate water
leakages with DTS, provided that a sufficient distance from the pipe can be established
(between 10 and 22 cm in the modeled scenarios). Strikingly, it would not be necessary to
place the optical fiber directly below the pipe (i.e., along its vertical centerline), as it is gen-
erally suggested for liquid pipelines (Inaudi et al. 2008), or even in a separate trench beneath
the one hosting the pipe, as suggested by other technical guidelines (Ziemendorff 2022).
Indeed, optical fibers located at the sides of the pipe and below its bottom showed compa-
rable or even better performance (the latter for the highest leak rate modeled, 125 L/d) in
terms of temperature alterations and detection times. This means that this technology could
be used to retrofit existing pipelines as well while reducing installation and maintenance
costs, since it would not be strictly required to place the optical fiber directly below the pipe,
which would be feasible for new pipelines only.
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Although locating the optical fiber in a separate trench (Ziemendorff 2022) would
increase its distance from the pipeline, thus reducing the influence of pipe temperature,
it would be more expensive and could also be counterproductive. Indeed, if the backfill of
this additional trench is made of a cohesionless free draining material (i.e., sand/gravel),
like the one generally used for the utility trench hosting the pipe, in the unsaturated zone
this trench will likely act as a capillary barrier (Ross 1990; Oldenburg and Pruess 1993),
locally diverting water leaked from the overlying pipe, as shown by D’Aniello et al. (2022)
for a similar setting. Therefore, unless breakthrough occurs within this additional trench,
leaked water would not reach the optical fiber, and detection would be hardly possible.

As a final remark, the utility trench itself could also act as a capillary barrier, but with
respect to infiltrated stormwater. However, if the optical fiber is located within the same
trench of the pipe, in this case this would be beneficial as it would prevent stormwater
from reaching the optical fiber and from temporarily altering recorded temperatures (again,
unless breakthrough occurs, which would depend on soil properties and stormwater infil-
tration rates). The effects of infiltrated stormwater on recorded temperatures are well docu-
mented by Jacobsz and Jahnke (2020) in their long-term field scale experiment.

5 Conclusions

In this study, a detailed analysis of flow and temperature alterations around a leaking water
pipeline buried in the subsurface was presented for the first time to test the feasibility of
detecting and locating background leakages with fiber optic distributed temperature sens-
ing (DTS). Transient 3D heat transfer-unsaturated flow numerical simulations showed that
noticeable temperature alterations can occur within the utility trench in the close vicinity of
the leaks despite the influence of pipe temperature on the surrounding soil, and that extent,
distribution, and magnitude of these alterations are convection dominated at a given tem-
perature difference between leaked water and undisturbed soil. When the pipe is thermally
insulated, predicted temperature alterations at the optical fibers located within the utility
trench overcome the 0.5 °C detection threshold in most scenarios even at a 1 °C difference
between leaked water and the undisturbed soil. Conversely, in absence of thermal insula-
tion, the modeled scenarios showed that: i) leaks as small as 125 L/d and with a temperature
difference of 3 — 5 °C (and likely lower) with the undisturbed soil could be detected, as the
resulting temperature alterations at the optical fibers substantially overcome the detection
threshold of 0.5 °C in short time (around 1 day) with a coarse spatial resolution (1 m) of
the sensing system; ii) leaks as low as 25 L/d could be detected as well but only with finer
spatial resolutions (0.5 and 0.2 m) and with temperature differences between leaked water
and the undisturbed soil >3 °C; iii) leaks of 5 L/d would be practically impossible to detect
unless a lower detection threshold (0.1 °C) and fine spatial resolutions are considered.

The analysis is also the first to suggest that it may not be strictly necessary to place the
optical fiber directly below the pipe (i.e., along its vertical centerline) or in a separate trench
beneath the one hosting the pipe, which may be counterproductive as the additional trench
could act as a capillary barrier with respect to leaked water. Indeed, optical fibers located
within the utility trench at the sides of the pipe and below its bottom showed comparable or
even better performance in terms of temperature alterations and detection times in all pipe
defect configurations (i.e., entire joint, upper right quarter, and lower right quarter joint
defects). Therefore, retrofitting existing pipelines with a fiber optic DTS technology could
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become a competitive and viable option as the optical fiber would not be directly placed below
the pipe, feasible for new pipelines only.

Overall, this analysis is the first to show that there is potential to use temperature altera-
tions around water pipelines (with or without thermal insulation) to detect and locate
incredibly small leaks with fiber optic DTS, and it is the first contribution to dispel the
common assumption that temperature alterations induced by small leakages with small
to moderate temperature differences with the surrounding soil are negligible in the close
vicinity of buried pipes. Indeed, modeled leak rates are representative of background leak-
ages, which could not be detected otherwise. Leaks quantification could also be possi-
ble along the sensing cables since numerical simulations further showed the occurrence
of clear nonlinear relationships between volume leaked and temperature alterations at the
optical fibers.

The outcomes of this research are promising, but further experimental and field evi-
dence is required. However, the new theoretical and practical insights gained will surely
help practitioners, researchers, and the whole water industry in this endeavor, creating new
possibilities for detecting, locating, and quantifying leakages, still an open challenge for a
more sustainable urban environment.

Supplementary material Supplementary material to this article can be found at https://
doi.org/10.6084/m9.figshare.21909396.

Appendix
Governing Equations: Unsaturated Flow in Porous Media

By default, the Richards’ Equation interface (Subsurface Flow module) of COMSOL
Multiphysics® version 6.0.0.405 solves the pressure-based formulation of Richards® equa-
tion by the finite element method (Bear 1972; Istok 1989; COMSOL 2021). However, to
account for fluid properties variation with temperature without resorting to the Oberbeck-
Boussinesq approximation (Nield and Bejan 2013), the standard formulation employed by
COMSOL was modified to avoid the expansion of the time derivative (i.e., the storage
term), so as to obtain the generalized form of the equation of transient groundwater flow
through variably water saturated porous media (Bear 1972; Istok 1989):

dp,,0

Dy, [@(pr—pwg)] =0, )

with 6,, = S, ¢ the soil water content, S,, the water saturation, ¢ the porosity, p,, the water
pressure, £ the intrinsic permeability (a scalar or a tensor depending on the presence of ani-
sotropy), k,,, the relative permeability, p,, the water density, u,, the water dynamic viscosity,
g the gravity vector, and Q,, the water mass rate per unit volume (source/sink term). Water

w T w.r

saturation S, is expressed as a function of the effective water saturation S,, = =“—"*_ which

varies between 0 and 1. If the soil is fully water saturated (S,, = 1), water contgf;t equals
porosity and is referred to as saturated water content 6, whereas if the soil is at its residual
water saturation (S,, = §,, ), it is referred to as residual water content 6,.

The soil capillary pressure—saturation constitutive relationship is defined according to the

van Genuchten retention curve (van Genuchten 1980):
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< 1
S, =|———— 2
N ll+(ahw) ] @
with h,, the capillary pressure head between air (subscript a) and water (subscript w),
namely h,, = h, —h, = —h, f * (as h, = 0 under the basic assumptions of groundwa-

ter flow through variably water saturated porous media) being 4 the pressure head and g the
gravitational constant,  and n the van Genuchten parameters, and m = 1 — 1/n with n > 1
according to Mualem’s model (Mualem 1976).

Relative permeability is related to the hydraulic conductivity K,, = k,, K, with K, = %k

the saturated hydraulic conductivity, and is expressed with the van Genuchten—Mualem func-
tion (Mualem 1976; van Genuchten 1980):

K =§Wl/2[1 - (1 —Ewl/'")m]z 3)

which varies from 0 (S, = 0) to 1 (S,, = 1).

Governing Equations: Heat Transfer in Porous Media

Under the assumption of local thermal equilibrium, the Heat Transfer in Porous Media
interface (Heat Transfer module) of COMSOL Multiphysics® version 6.0.0.405 solves the
following form of the heat equation by the finite element method (Nield and Bejan 2013;
COMSOL 2021):

(pc) +pW ot - VT =V - (k,VT) = Q @)

with (pc), the effective heat capacity per unit volume, T the temperature, p,, the water den-
sity, c,,,, the water specific heat at constant pressure, u the apparent groundwater velocity
field, k, the effective thermal conductivity (a scalar or a tensor depending on the presence
of anisotropy), and Q the heat rate per unit volume (source/sink term).

For a variably water saturated porous medium, the effective heat capacity per unit volume
becomes:

(pc)e = (] - ¢)pscs + ewpwcp,w + eapacp,a (5)

whereas the effective thermal conductivity, assuming heat conduction occurring in parallel
in the solid and fluid phases:

k,=1—-¢)k,+0,k,+ 0,5k, (6)

wrw

with ¢ the porosity, p, the solid phase density, ¢, the solid phase specific heat, ,, the soil
water content, 8, the soil air content, p, the air density, c, , the air specific heat at constant
pressure, k, the solid phase thermal conductivity, k,, the water thermal conductivity, and k,
the air thermal conductivity. In presence of thermal dispersion, the term k; = p,.c,,,D;; is
added to the right-hand side of (6), with D; = Azjkl% the dispersion tensor, 4, the disper-

sivity tensor (Nield and Bejan 2013; COMSOL 2021), v =u/0, and v;,v, the pore water
velocity field and its components.
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