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Abstract: We carried out several numerical experiments to analyze how different boundary conditions
affect the ability to detect small pipeline leaks. Our method is based on determining the soil
temperature gradient above a buried district heating channel. The equivalent thermal conductivity
of a wet insulation (λeq ) value of 0.5 W/(m·K) was used to mimic a small water leakage. To evaluate
the heat loss through the channel cross section, the heat conduction model was used for the pipe
insulation, the concrete, and the soil, while the convection model was considered within the channel.
The following effects were used to simulate different operating conditions: heat convection at the
soil surface, leakage only from the supply or return pipe, soil height above the channel, soil thermal
conductivity, and pipe diameter. With the exception of leakage only from the return pipe and low soil
thermal conductivity 0.4 W/(m·K), the results showed a doubling of the soil temperature gradient
when compared with the no-leakage case. This fact undoubtedly confirms the potential of the method,
which is particularly suitable for leak detection in old pipelines that have priority for renovation. A
key added value of this research is that the soil temperature gradient-based leak detection technique
was found useful in most foreseeable DH operating situations.
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1. Introduction
The purpose of this article is to examine the possibility of detecting small water leaks
from district heating (DH) pipes in buried concrete channels under various operating
conditions. The research relates to the district heating system of Ljubljana, where about
130 km of such pipelines, most of which are over 50 years old, are installed. In the period
from 2005 to 2009 heat loss in the network pipeline was 16.1% of the total heat input. This
value is similar to 17% as reported in [1]. We deal with the insulation condition, which
is still considered a key parameter in methodologies for evaluating heat losses in DH
networks, e.g., [2]. Minimizing losses in the DH network is also an important activity to
meet the requirements of the fourth-generation district heating (4GDH) concept [3]. Within
this concept, leakage detection and elimination has been highlighted as an important
measure [4]. In view of the above, it is necessary to highlight the renovation of old pipelines
where leakage is not unusual. Successful detection of small leaks and their remediation
certainly helps to achieve the target value about 4% of heat losses in the network pipeline
of modern district heating systems, achieved above all by the reduction of supply and
return temperature [5]. According to the 4GDH concept, a reduction in heat demand and
heat density leads to higher relative heat losses in the heating network [6,7]. These can
be reduced by reducing the supply temperature, for which well-maintained piping is a
necessity. In this context, upgrading the system by considering the fifth-generation district
heating and cooling (5GDHC) concept would be very advantageous [8]. Regardless of the
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concept, this renovation is associated with high investment costs [9] but is important not
only to minimize heat loss but also to reduce additional pressure drops in the network.
A number of studies using the numerical simulation of the temperature field have
been carried out to identify pipeline heat loss in a buried channel with dry [10–12] or
wet pipeline insulation [13,14]. In this study, we used a numerical procedure that was
presented in detail and validated by an experiment in our previous work [15], a leak
detection methodology based on the determination of the soil temperature gradient above
the channel was found to be successful. The research motivation of the present study was
to verify the robustness of the method. Ten simulation cases were performed to determine
how different boundary conditions influence the soil temperature gradient in the case
of a pipeline leak. This was carried out with λeq = 0.5 W/(m·K) to imitate the thermal
conductivity of the wet insulation [15]. The variation of the operating parameters, including
the heat transfer coefficient at ground level, leakage only from the supply pipe, soil height
above the channel, soil thermal conductivity, and the diameter of the pipeline, showed a
doubling of the soil temperature gradient in the case of wet insulation. A smaller gradient
increase was found in two cases: (1) a 40% gradient increase due to return pipe leak only
and (2) an 80% gradient increase due to low soil thermal conductivity, λs = 0.4 W/(m·K).
The key contribution of this work was to confirm that the detection of small water
leaks from pipes in buried district heating channels is possible for most foreseeable DH
operating situations. Leak detection requires suitable experimental implementation to
control the heat loss through the soil [16,17]. For this purpose, only temperature sensors are
required (for example, the use of a digital pyrometer) [18]. The presented methodology can
also serve as a supplement to infrared thermography, one of the most promising leakage
detection techniques for district heating networks [19].
The article is written as follows. In Section 2, the importance of detecting and dealing
with small leaks in DH networks is discussed in more detail. The organization of numerical
simulations is given in Section 3. Firstly, governing equations, computational domain
with discretization, material properties, boundary conditions, and numerical solutions for
computations are presented. Secondly, grounds for the selection of simulation cases are
stated. Results are collected and discussed in Section 4 including the reliability of leakage
detection. The conclusions are summarized in Section 5.
2. Significance of Small Leakage Detection in DH Networks
Based on our measurements [20], the equivalent thermal conductivity of the insulation
along the pipe was determined to be within 0.8 and 1 W/(m·K) at a leak volume flow rate
of 500 kg/h. Based on our previous experience [15], λeq = 0.5 W/(m·K) was used in the
numerical experiments presented in this paper to imitate a leakage below 500 kg/h, which
undoubtedly can be defined as a small leak. The selected λeq value can be considered
appropriate to obtain a leakage detection limit that is as low as possible. Since we consider
pipelines that are mostly older than 50 years, such leaks are an inevitable fact. However,
the eligibility for renovation is always in question as it is associated with relatively high
costs. As discussed in [21], there are four parameters that are not in favor of the current
investment in larger district heating systems: (1) reduced heat demand due to building
renovation, leading to the relative increase in the pipeline heat loss, (2) high cost of DH
transmission and the distribution network, (3) different business strategies between facility
operators and energy distributors, and (4) the use of fossil fuels for heat generation. Let
us present the problems of the second parameter in more detail: (a) the calculation of
the additional heat loss due to leakage, including the loss due to water runoff into the
surroundings, and (b) the determination of the distributed heat to obtain a rough estimate
of the renovation cost.
(a) The average nominal diameter (DN) of the channel pipe in our case was determined
to be 200 mm [10]. For our basic numerical computation [15] (DN 200, soil thermal
conductivity λs = 0.8 W/(m·K), soil height Hs = 0.9 m), the linear heat loss per meter of
pipe was calculated to be 125.9 W/m (60.8 W/m for dry insulation and an additional
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65.1 W/m due to leakage). Additionally, it was estimated that 1.5% of the total heat input
(1231 GWh in 2009) was lost due to water runoff into the surroundings [10]. Distributed
over 130 km of pipeline in channels, the runoff corresponds to 0.142 MWh/m of heat
loss in one year. Recalculated as the linear heat loss, this is 16.2 W/m. The sum of all
contributions, 142.1 W/m, represents a 2.34-fold increase of the heat loss compared to that
for dry insulation. Furthermore, these heat radiation effects (emissivity ε = 0.93 for the
cardboard cover roof of the pipe insulation) can cause a roughly 20% increase of the soil
temperature gradient [15]. The insulation is no longer functional in any case and thus needs
to be replaced. However, since small leaks are difficult to trace, DH companies usually
solve the problem by gradually replacing old pipelines, as is the case in Ljubljana [22].
(b) Following the procedure in [21], the distributed heat flux Q is calculated by the
equation Q = ρw vw Acp,w ∆θ w , where ρw and vw are the density and average velocity of
water, respectively, A is the internal cross section of the pipe, cp,w is the specific heat of
water, and ∆θ w is the difference between supply and return temperature. For the case of a
DN 200 pipe (for the average water velocity of 0.9 m/s [23]), the distributed heat flux was
calculated to be 4.75 MW. The pipes in the concrete channels are usually replaced with preinsulated pipes. The price of a single pipe system can be considered 640 EUR per meter [24].
Although this price means a high investment return time, there are additional advantages:
(i) installing piping of the higher insulation class (22% reduction of the distribution heat
loss [25]), (ii) a reduction of the chemical water treatment costs, and (iii) a reduction of
water pumping costs. The leak elimination helps to achieve the required pressure at the
DH end points.
3. Numerical Simulations
3.1. Governing Equations
The modeling of heat transfer in a heating network numerically represents a 3D
problem (see e.g., [26]). Since in our case we considered a part of a straight channel
segment, few meters long in the vicinity of a leak, we assumed that flow and temperature
of water in the pipeline are constant. Due to this, we simplified the problem and treated it
as a 2D example.
Two-dimensional transient-steady-state-combined (TSC) simulations [15] represent a
basis for the numerical model used to evaluate the heat transfer across the channel cross
section. The natural convection in the channel and the heat transfer through the solids is
governed by the following [27]:

•

•

•

Continuity equation:
∂ρ/∂t + ∇·(ρu) = 0;

(1)

∂(ρu)/∂t + ∇·(ρuu) = −∇p + ∇·[µ(∇u + ∇uT − 2⁄3∇·uI)] + ρg;

(2)

Momentum equation:

Energy equation:
∂(ρE)/∂t + ∇·[u(ρE + p)] = ∇·(λ∇T), E = cp T − p/ρ + 1⁄2u2 ;

•

(3)

Equation of state:
p = ρrT,

(4)

where u is a velocity vector, ρ is the density, p is the pressure, g is the acceleration due to
gravity, µ is the dynamic viscosity, I is the identity matrix, T is the temperature, λ is the
thermal conductivity, cp is the specific heat, and r is the specific gas constant.
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3.2. Computational Domain and Discretization
For the DH system in Ljubljana, the average nominal diameter (DN) of the pipeline in
the channel was determined to be 200 mm [10]. Consequently, the configuration of the DN
200 channel was selected as the basic configuration.
Figure 1 shows a computational domain consisting of three solid subdomains (soil,
concrete, insulation) and one fluid subdomain (air). The distance between the soil surface
and the top of the concrete channel was 0.65 m or 0.9 m. The extension of the soil subdomain
was 2 m to the left and right of the concrete channel sides. The same soil subdomain
extension was used at the channel’s bottom side. The supply pipe was insulated with
100 mm of glass wool insulation, while the return pipe’s insulation thickness was 50 mm.

Figure 1. Domain geometry, where ys stands for the soil depth.

The whole computational domain was discretized with 93,793 quadrilateral cells. As
in [16], a fine grid was used. In the insulation subdomain, the cell size was 5 mm, while
for all other subdomains, the cell size was 50 mm. The mesh quality parameters of the
computational grid were as follows:

•
•
•

Minimum cell orthogonal quality—0.815;
Maximum cell ortho skew—0.185;
Maximum cell aspect ratio—2.671.

The values of the mesh quality parameters mean that the computational grid was
good and would not be the cause of problems in the numerical solution.
3.3. Material Properties and Boundary Conditions
Air was used as the working fluid to enable convective heat transfer between the pipe
insulation and the concrete wall of the channel. The physical properties of the materials
used in the numerical simulation are:

•

•
•
•
•

Air—density ρ from the equation of state for an ideal gas, specific heat
cp = 1006 J/(kg·K), thermal conductivity λ = 0.024 W/(m·K), dynamic viscosity
µ = 1.789 × 10−5 kg/(m·s), specific gas constant r = 287.058 J/(kg·K);
Steel—ρ = 8030 kg/m3 , cp = 502.5 J/(kg·K), λ = 16.27 W/(m·K);
Concrete—ρ = 2000 kg/m3 , cp = 879 J/(kg·K), λ = 1.14 W/(m·K);
Soil—ρ = 1800 kg/m3 , cp = 880 J/(kg·K), λ = 0.8 W/(m·K);
Insulation—ρ = 20 kg/m3 , cp = 840 J/(kg·K), λ = 0.047 W/(m·K) for no-leak case and
λ = 0.5 W/(m·K) for leak case.

The mean value of the heat losses simulated per day for the entire year of 2009
corresponded to heat losses on day 304, 31 October [10], which is why the boundary
conditions for this day were used in all simulations of the present work. These included
the following temperatures:
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•
•
•
•

3.7 ◦ C for the soil surface, assumed to be equal to the temperature of surrounding
air [16]);
10 ◦ C for the soil temperature at the bottom boundary, equal to the undisturbed
ground temperature;
100 ◦ C for water temperature in the supply pipeline;
60 ◦ C for water temperature in the return pipeline.

Simulations also considered the symmetry on the left and right boundaries and the
conjugate heat transfer through the solid domains: soil, concrete, and pipe insulation.
As an initial condition for the temperature field in the transient simulation, the result
of the calculation of the steady heat conduction for the stated temperature boundary
conditions and the resting air was used.
3.4. Computations
The numerical simulations were performed with the ANSYS Fluent 2D solver. The
transient calculation was conducted by using a first-order implicit scheme. The assumption
regarding the laminar flow regime was based on the fact that the Rayleigh number was
between 5.9 × 105 and 1.4 × 106 . The SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) solver option for the coupling of velocity and pressure fields was used. Spatial
discretization schemes were the following:

•
•
•

Gradient operator—Green–Gauss-cell-based;
Pressure—PRESTO (Pressure Staggering Option);
Density, momentum and energy—second-order upwind.
The relaxation factors were as follows:

•
•
•

0.3 for pressure;
0.7 for momentum;
1.0 for density and energy.

The maximum residuals (convergence criteria) for the iterative procedure were limited
to 10−12 for energy equation and 10−4 for all other equations. The allowed maximum
number of iterations within each time step was set to 20. Since the numerical model had
already been experimentally checked [15], it was possible to analyze the robustness of the
leakage detection method utilizing the numerical experiments.
3.5. Selection of Simulation Cases
Since the consideration of the convection numerical model within the channel already
caused about a twofold increase in the soil temperature gradient, the radiation model
was not considered in the simulations discussed in this paper. The soil temperature fields
above the channel for the basic numerical computation, here called Simulation Case 1, are
shown in Figure 2a. The reduced soil temperature equidistance indicates an increase of the
temperature gradient in the leakage case (equivalent thermal conductivity of the insulation
λeq = 0.5 W/(m·K)). The soil temperature gradient ratio (STGR)—a quotient between the
leak and no-leak gradient—is shown in Figure 2b as a function of λeq . The smoothed
line (Microsoft Excel) indicates a strong STGR reduction between λeq = 0.5 W/(m·K) and
λeq = 1.0 W/(m·K). It can be concluded that the more than doubled soil temperature
gradient at λeq = 0.5 W/(m·K) certainly confirms the choice of this λeq value to characterize
the leak in all numerical experiments discussed in this work.
To cover most of the variables that occurred during the normal operation of the DH
network, nine further simulation cases were carried out. The variables were heat convection
at the soil surface, leakage only from the supply or return pipe, soil height above the
channel, soil thermal conductivity, and pipe diameter. The different compared operating
conditions are shown in Table 1. Each case included no-leak and leak computations.
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Figure 2. (a) Computed soil temperature fields above the channel for Simulation Case 1 and (b) soil temperature gradient
ratio for different equivalent thermal conductivities of the insulation.
Table 1. Operating conditions for the simulation cases.
Simulation Case

1

2

3

4

5

6

7

8

9

10

0.9
0.8
200

11.3
0.9
0.8
200

Yes
0.9
0.8
200

Yes
0.9
0.8
200

0.65
0.8
300

0.9
0.8
300

0.65
0.4
300

0.65
1.2
300

0.9
0.8
50

0.9
0.8
900

Variable
h, W/(m2 ·K)
Supply leak only
Return leak only
Hs , m
λs , W/(m·K)
DN, mm

h, heat transfer coefficient at the soil surface; Hs . soil height; λs , soil thermal conductivity; DN, nominal pipe diameter.

4. Results and Discussion
4.1. Heat Convection at the Soil Surface
In [28], a constant value of h = 14.6 W/(m2 ·K) was taken for the heat transfer coefficient
at the soil surface, including convection and radiation. Furthermore, in [11,13,14], a similar
value of 15 W/(m2 ·K) was used for the heat transfer coefficient between the ground and
surrounding air. In our previous work [16], the average temperature difference between
the air and soil surface was measured in the period of the last three months of 2009 with ∆θ
= 2 ◦ C. The heat flux density through the soil above the DN 200 channel on the reference
day (31 October 2009) was measured at qs = 22.5 W/m2 [10]. From the equation
qs = h∆θ,

(5)

a heat transfer coefficient at the soil surface of h = 11.3 W/(m2 ·K), not much lower than
the values specified in [11,13,14,28], was calculated. A comparison of the soil temperature
profiles simulated for this case with the base case (no-leak and leak) is shown in Figure 3a.
A soil temperature gradient was determined via the best linear fit of the temperature profile
data. Practically no change of the soil temperature gradient was found if the heat transfer at
the soil surface was taken into account. This fact confirms that the soil surface temperature
is a sufficient boundary condition [16]. However, as for the base case, more than a twofold
increase of the soil temperature gradient was obtained.
It should also be emphasized that the difference in soil surface temperature was only
◦
1.4 C (see Figure 3a) when comparing the no-leak and leak cases with h = 11.3 W/(m2 ·K).
In this case, utilizing the infrared thermography, it would be very difficult to attribute
such a small temperature difference to a leak due to the measurement uncertainty caused
by the different ground type (grass, asphalt, concrete). Here, the discussed methodology
can certainly be helpful. Heat transfer at the soil surface is also affected by the radiation,

Energies 2021, 14, 5712

7 of 12

e.g., [29]. Since the soil surface temperature was a sufficient boundary condition, the ground
radiation effect was disregarded. Consideration of this impact would also significantly
increase the computation time.

Figure 3. (a) Influence of the convection heat transfer at the soil surface (Simulation Case 2) and (b) influence of the leakage
from supply and return pipe only (Simulation Cases 3 and 4).

4.2. Supply or Return Pipe Leak Only
Figure 3b shows the computations for supply or return pipe leaks only. These scenarios
are compared with the “Leak” one, representing a leakage from both pipes simultaneously.
In the case of a supply pipe leak only, the soil temperature gradient was found not to be
much lower than for both a supply and return leak (46.5 ◦ C/m for the supply leak only
vs. 47.2 ◦ C/m for the both-pipe leak). It can be argued that for successful leak detection,
supply pipe leakage is sufficient. In practice, the supply pipe leak only is more likely than
the return pipe leak only due to the higher pressure in the supply pipe. Regardless, the
return-pipe-leak case could represent the lower limit of detection since the soil temperature
gradient increased by 1.4 times only, from 22.6 ◦ C/m (no-leak) to 30.6 ◦ C/m (leak).
4.3. Soil Height above the Channel
The influence of the soil height was tested for the DN 300 channel. A comparison of
the soil temperature profiles is shown in Figure 4a. It can be concluded that the soil height
does not play a special role in the leak detection. The increase of the soil temperature
gradient compared to the no-leak case was found to be similar for both soil heights, namely
2.2 times for Hs = 0.65 m and 2.0 times for Hs = 0.9 m.
4.4. Soil Thermal Conductivity
For the period from 27 September to 5 November 2009, the mean value of the daily
averaged soil thermal conductivity measurements (λs ) was 0.826 ± 0.085 W/(m·K) [10].
These results are similar to those reported in [30], indicating a soil thermal conductivity
in the range from 0.4 W/(m·K) to 1.7 W/(m·K) for sandy loam soil. This is certainly
consistent with the fact that the city of Ljubljana is built on sand and gravel alluvium [31].
Based on our measurements, a value of λs rounded to 0.8 W/(m·K) was considered in
the majority of numerical experiments (Simulation Cases 1-6, 9, 10). The influence of the
soil thermal conductivity was tested via Simulation Cases 7 and 8 (see Figure 4b). The
selected λs values 0.4 W/(m·K) and 1.2 W/(m·K) correspond to minimal and maximal
local value measurements [16]. A lower soil temperature gradient increase was determined
for λs = 0.4 W/(m·K) than for λs = 1.2 W/(m·K), at 1.8 and 2.3 times, respectively. The leak
detection problem can arise from the fact that the no-leak gradient at λs = 0.4 W/(m·K) is
similar to the leak gradient at λs = 1.2 W/(m·K), 42.9 ◦ C/m vs. 48.6 ◦ C/m. The issue can
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be further clarified with the comparison between the no-leak and leak soil temperature
gradient |grad θ s | as a function of the soil thermal conductivity (see Figure 5). The
difference of the added constants in the logarithmic trend curves, 29.871 ◦ C/m, shows the
average leak vs. no-leak soil temperature gradient difference to be practically independent
on λs . This means that there is no problem with the leakage detection if λs is known; if not, a
small difference in the soil temperature gradient between no-leak and leak cases (5.7 ◦ C/m,
marked in Figure 5) may lead to an incorrect decision regarding the leak detection. When
λs , determined as proposed in [16], is 0.4 W/(m·K) or less, the possible leak should be
checked by the channel monitoring as proposed in [15]. An additional possibility is to
ascertain λs via the measured soil heat flux qs and soil temperature, utilizing the equation
qs = λs |grad θ s |.

(6)

Figure 4. (a) Influence of the soil height above the channel (Hs = 0.65 m and Hs = 0.9 m refer to Simulation Cases 5 and 6,
respectively) and (b) influence of the soil thermal conductivity (λs = 0.4 W/(m·K) and λs = 1.2 W/(m·K) refer to Simulation
Cases 7 and 8, respectively).

Figure 5. Comparison of no-leak and leak soil temperature gradients as a function of the soil thermal
conductivity.

Although this method, applied in [10], can overestimate λs by up to 30%, it can
be helpful.
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4.5. Channel Dimension
To determine how the channel dimension influences the soil temperature gradient,
simulations were carried out for the nominal pipe diameters of 50 mm, 200 mm, 300 mm,
and 900 mm (Figure 6). In all cases, the soil height above the channel was 0.9 m. Regardless
of the pipe diameter, more than a doubling of the soil temperature gradient was found in
the case of leakage. For DN 50, the best fit of the soil temperature data (R2 = 0.999) is a
quadratic function, but a linear fit with the soil temperature gradient of 38.6 ◦ C/m is also
acceptable (R2 > 0.98).

Figure 6. Influence of the channel dimension. DN 50, DN 200, DN 300, and DN 900 refer to Simulation
Cases 9, 1, 6, and 10, respectively.

Temperature fields related to DN 50 and DN 900 for the no-leak and leak cases are
shown in Figure 7. According to the chosen calculation domain, the simulation areas were
4.7 m × 3.4 m for DN 50 and 7.39 × 4.96 m for DN 900.
Although the patterns of isotherms for DN 50 and DN 900 are different, the reduced
soil temperature equidistance for the leak cases proves that the presented method can be
successfully utilized.
4.6. Reliability of Leakage Detection
The reliability of the leakage detection is shown in Figure 8, where the soil temperature
gradient ratios (STGRs) for the considered simulation cases are compared.
Let us emphasize that in [11,13], a more than twofold increase in the soil temperature
gradient above the channel was exhibited in the case of heat loss from the pipeline with the
wet insulation due to the flooded concrete channel. Based on this fact, a doubling of the
soil temperature gradient was taken as a lower limit for reliable leak detection.
STGR values, rounded to one decimal point, are displayed in ascending order (Figure 8).
The minimum value (1.4) refers to Simulation Case 4 (return leak only). A somewhat higher
STGR (1.8) was found for Simulation Case (low soil thermal conductivity (0.4 W/(m·K)).
All other simulation examples met the desired condition of doubling the soil temperature gradient.
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Figure 7. Simulated temperature fields for channels with nominal pipe diameters DN 50 and DN 900; no-leak and leak cases.

Figure 8. Comparison of the soil temperature gradient ratios (STGRs) for the considered simulation cases.

5. Conclusions
Different numerical experiments were carried out to analyze the influence of a variety
of boundary conditions on the ability of a pipeline leak detection method based on the
determination of the soil temperature gradient above a buried district heating channel. The
methodology was checked by comparison of simulation and experimental field data [15].
Based on this previous study, the equivalent thermal conductivity of wet insulation (λeq )
value of 0.5 W/(m·K) was used to mimic a small water leakage into the pipe insulation. The
heat loss through the channel cross section was evaluated using the heat conduction model
for the pipe insulation, concrete, and soil, while inside the channel the convection model
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was used. To imitate different operating conditions, the following effects or variables were
used in the simulations: heat convection at the soil surface, leakage only from the supply or
return pipe, soil height above the channel, soil thermal conductivity, and pipe diameter. The
results showed that, with the exception of leakage only at the return and low soil thermal
conductivity (0.4 W/(m·K), a doubling of the soil temperature gradient was achieved
when compared to the no-leakage case. This fact undoubtedly confirms the potential of
the method for detecting small water leaks from the pipelines in buried channels in most
foreseeable DH operating situations. The equipment needed are temperature sensors with
data recording and control system (e.g., as in [16,17]). In addition to a reduction of heat loss,
it is also important to reduce the additional pressure drops in the network. Our proposed
method is a useful tool, especially for pipeline renovation planning.
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