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Abstract: In this paper, a three-dimensional (3D) numerical model based on the finite element method
(FEM) is developed to determine the fluid flow and heat transfer phenomena in a real multi-tube
downhole heat exchanger (DHE), designed ad hoc for the present application, considering natural
convection inside a geothermal reservoir. The DHE has been effectively installed and tested on the
island of Ischia, in southern Italy, and the measurements have been used to validate the model. In
particular, the authors analyze experimentally and numerically the behavior of the DHE based on
the outlet temperature of the working fluid, thermal power, overall heat transfer coefficient, and
efficiency. Furthermore, the influence of the degree of salinity on the performance of the DHE has
been studied, observing that it degrades with the increase in the degree of salinity. The results show
that the DHE allows to exchange more than 40 kW with the ground, obtaining overall heat transfer
coefficient values larger than 450 W/m2 K. At the degree of salinity of 180 ppt, a decrease in the
efficiency of the DHE of more than 8% is observed.

Keywords: downhole heat exchanger; geothermal energy; experimental measurements; numerical
modelling; 3D model

1. Introduction

The world is aiming to develop sustainable solutions towards meeting the domestic
needs of the energy production and transportation sector, specifically to reduce greenhouse
gas emissions and protect the environment [1]. The European Union has made increasing
the use of renewable energy resources a high priority. Renewable energies accounted
for 17.5% of the EU’s total energy consumption reported by Eurostat in 2017 [2]. The
European Union has revised its target to achieve a share of at least 40% to 45% renewables
in total energy consumption by the year 2030 [3]. Wide growth has been observed in
solar-based and wind-based energy production, which accounts for about 17.5% and 7% of
total renewable energy power plants worldwide [4]. Unfortunately, both these technologies
are highly dependent upon weather conditions [5,6], and major fluctuations in electricity
production have been observed, making them vulnerable to the conditions in a given
geographical location on hourly, monthly, and seasonal bases [7].

Among the renewable energy sources, geothermal energy and biomass can provide
more flexibility and enable continuous operation in electricity production [6,8]. To exploit
geothermal energy in an effective way, heat exchangers are of the utmost importance. Heat
exchangers are widely used for heating and cooling processes, including in industrial
and agricultural applications (e.g., in greenhouses and aquaculture facilities), crop drying,
food-processing dehydration, and water heating [9–12]. Heat exchangers can be installed
underground, both horizontally and vertically. The vertical ones are typically better,
especially when a high heat exchange capacity is required within a limited area [13]. In a
vertical heat exchanger, several tubes, usually U-shaped, are arranged in a symmetrical
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circular pattern and buried in the ground at a certain depth. Heat is then extracted or
conveyed to the ground by circulating a fluid (usually water) in the pipes in a closed circuit.
The hole is usually filled with earth, mortar, or geothermal fluids [14,15].

A downhole heat exchanger (DHE) consists of several tubes, extracting heat from
the geothermal reservoir via the circulation of a working fluid inside the tubes. It does
not extract any geothermal fluid from the aquifer [16,17]; therefore, it does not require an
extra well for the re-injection of geothermal fluid. Compared to other geothermal systems
like ground-coupled heat pump (GCHP) systems, the DHE geothermal system has lower
installation costs and higher availability [18].

Several studies have been conducted on GCHP systems to obtain higher efficiencies.
Different analytical models have been developed, like 1D-line [19], helical-line [20], ring-
coil [21] models, and for different shapes, like spiral [22], cylindrical heat source [23], and
coaxial [24,25] models, for the optimization of the design of heat exchangers. The influences
of different parameters, like working fluid flow rate, ground water flow, and backfill
material thermal properties, for GCHP have also been studied [26,27]. Some studies have
analyzed the installation costs and production performance of ground heat exchangers in
GCHP systems [28,29].

As concerns DHEs, Carotenuto et al.’s [30] experimental studies verified the limitations
of heat extraction with respect to DHEs. Carotenuto et al. [31,32] developed a lumped
parameter model to study the heat and mass transfer between a geothermal well and a
natural convection promoter. Galgaro et al. [33] employed the finite element method to
conduct numerical simulations of mass and heat transfer inside porous media for a DHE
array. A study on natural convection in a U-tube DHE under steady-state conditions was
conducted by Gustafsson et al. [34]. Another steady-state model for a U-tube DHE was
proposed by Lyu et al. [35]; it coupled a working fluid with a geothermal fluid inside a
wellbore for the investigation of heat extraction. Carotenuto et al. [36] studied the saturated
geothermal reservoir of a DHE system using 2D steady-state numerical simulations.

The previous studies on DHE systems provided significant insights into the heat
transfer process, but almost all the models of DHE systems were either zero-dimensional
(0D) or two-dimensional (2D) and mainly dealt with single- or double-tube U-shaped
geometries, which do not effectively reproduce the behavior of real DHEs, which are made
of multiple tubes. Moreover, there are few comprehensive studies on the influences of key
factors on the heat extraction performance of DHEs. The performance of a DHE is also
linked with the thermophysical properties of the working fluid in question; for example,
properties like the viscosity, conductivity, and density of water vary from site to site and
can change with time as well within the same location [37,38]. Even though the water being
used is fresh water, the effects of the increase in the degree of salinity in water are also
important for heat exchangers’ efficacy. Degree of salinity is the presence of salt in water,
usually expressed in parts per thousand (ppt), i.e., grams of salt per kilogram of water. The
increase in salinity can cause corrosion and degrades a heat exchanger’s tubes via fouling;
therefore, the impact of these properties of water on heat transfer is relevant and cannot
be ignored.

On the basis of the above analysis, in this paper, the authors experimentally and
numerically analyzed, for the first time in the literature, a real DHE, designed and realized
ad hoc for geothermal applications. The heat exchanger was inserted in a geothermal
well on the island of Ischia in Southern Italy, and several experimental campaigns were
undertaken to prove its efficacy and efficiency. Moreover, the authors developed a 3D
numerical model able to reproduce the fluid flow and heat transfer inside the DHE and
its interaction with the geothermal well. The numerical model was validated against the
experimental data in terms of the outlet temperature of the working fluid, thermal power,
the heat transfer coefficient, and efficiency. Furthermore, the effects on the efficiency of
feeding the DHE with water characterized by different degrees of salinity were analyzed.
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2. Experimental Setup

The experimental facilities have been installed and tested on the island of Ischia, in
Southern Italy (Figure 1). The island of Ischia represents the emerged part of a large volcanic
field that extends from Procida to the submarine volcanoes offshore of western Ischia.
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Figure 1. Island of Ischia in Southern Italy.

The experimental set-up mainly consists of: (i) the downhole heat exchanger (DHE),
designed and realized ad hoc for geothermal applications (Figure 2); (ii) the aboveground
heat dissipation system (dry cooler), employed to reproduce different working conditions
of a user (Figure 3 right); (iii) the management and control apparatus, equipped with
dedicated measurement and acquisition systems, pump, valves, safety components, and
hydraulic connections (Figure 3 left).

The heat transfer fluid receives thermal energy from the heat exchanger inserted in
the geothermal well and transfers it to the dry cooler, which reproduces the terminals to be
installed in an indoor environment of a real heating plant. Figure 4 describes the operation
of the experimental device installed on the island of Ischia. The DHE inside the well is in
contact with the aquifer, and heat exchange is favored by the installation of a filtering tube
as a casing of the well in correspondence with the depth of the DHE (Figure 5).

The construction of the well, which has a depth of about 100 m, has been carried out
in several stages. The first phase involved the excavation of a reservoir having a diameter
of 900 mm and a depth of about 25 m using the rotation technique. Subsequently, both
rotation and percussion techniques were used, drilling with a diameter of 800 mm up
to a depth of 45 m. The hole was lined with temporary lining tubes with a diameter of
800 mm and a thickness of 8 mm. The next phase involved the excavation of the well,
with a diameter of 600 mm from the top to the bottom of the hole, through the use of the
percussion technique. The final lining pipes were made of 316L stainless steel with an
external diameter of 457 mm, a thickness of 6 mm, and an internal diameter of 445 mm.

The heat exchanger was 6 m long and composed of a single module. Internal baffles
and steel tie rods were used to stiffen it further. It was made of AISI 316L stainless steel in
order to ensure large resistance to corrosion due to the involvement of geothermal fluid.
The heat exchanger consisted of 12 inlet flow pipes and 12 return pipes.

Since it is difficult to guarantee the perfect circularity of the section in the curvature,
there is a head in the lower part of the heat exchanger that is similar to the upper one but
lacks an internal septum to allow for the circulation of the heat transfer fluid. The upper
and lower heads are depicted in Figures 6 and 7, respectively.

The installation stage of the DHE inside the well is presented in Figure 8.
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The experimental set-up consisted of a dry cooler with variable thermal power from
5 kW to 90 kW and a maximum flow rate of 2.5 m3/h. It is, essentially, a finned-pack heat
exchanger, typically used for cooling a fluid by means of air. In particular, the dry cooler
chosen was equipped with (i) a heat exchanger employing copper pack and aluminum fins
sized for temperatures up to 99 ◦C; (ii) EC brushless high-efficiency fans able to modulate
up to 10% of the maximum air flow; and (iii) a painted AISI 9016 galvanized steel structure
suitable for outdoor environments. The dry cooler was hydraulically connected to the
management and control apparatus, which was connected to the DHE.

The circulation pump installed in the apparatus was designed via the calculation of
pressure drops. The pump provides a pressure of at least 30 kPa in correspondence with a
flow rate of 2.5 m3/h. The INT180 single-phase STRATOS 30/1-12 circulation pump with
the IF-EXT OFF module (on/off and 0–10 v) was chosen; it can work with different flow
rates of a fluid.

A dedicated management and control apparatus module was designed, including
all the valves and components needed for the operation and management of the system,
such as the acquisition system connected to all the sensors installed in the experimental
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facility. In particular, the module was equipped with an electromagnetic flow rate meter,
pressure transducers, and Pt100 thermal probes for the measurement of inlet and outlet
water temperatures, e.g., the data logger for the eight Pt100 temperature probes installed
inside the well at different depths. These sensors were protected with a silicone cable
and positioned from two meters above the heat exchanger to two meters below the heat
exchanger. These sensors were extremely useful for monitoring the behavior of the aquifer
when the heat exchanger was in operation and calculating the most adequate boundary
conditions for the heat exchanger.

The thermal power exchanged by the DHE was calculated using two Pt100 temperature
sensors on the flow and return pipes from the exchanger along with a flow rate meter.

It should be noted that Type A and Type B uncertainties were associated to the exper-
imental measurements in order to calculate the combined uncertainty. Then, a coverage
factor equal to two was used to obtain the expanded combined uncertainty, corresponding
to a confidence level of 95.4%, based on Gauss distribution. Associating the uncertainties
with the experimental data, the authors validated the numerical model by verifying that
the numerical results fell within the uncertainty interval.

3. Description of Numerical Model
3.1. DHE Geometry

The geometry of the real DHE was reproduced using the commercial software Comsol
Multiphysics version 5.5, as shown in Figure 9. The DHE consists of 24 tubes and a duct at
the bottom of the heat exchanger. Water inflow occurs by means of 12 tubes, and another
12 tubes are used for outflow. The material used for the heat exchanger is AISI 316L steel.
The main geometrical characteristics of the DHE are reported in Table 1.

Energies 2023, 16, 6783 8 of 20 
 

 

3. Description of Numerical Model 
3.1. DHE Geometry 

The geometry of the real DHE was reproduced using the commercial software Com-
sol Multiphysics version 5.5, as shown in Figure 9. The DHE consists of 24 tubes and a 
duct at the bottom of the heat exchanger. Water inflow occurs by means of 12 tubes, and 
another 12 tubes are used for outflow. The material used for the heat exchanger is AISI 
316L steel. The main geometrical characteristics of the DHE are reported in Table 1. 

 
Figure 9. Geometry of the DHE. 

Table 1. Characteristics of the DHE. 

Property Description Value Unit 
Tubes’ diameter 0.020 m 
Tubes’ interior diameter 0.018 m 
Tubes’ exterior diameter 0.022 m 
DHE’s length 6.0 m 
Number of tubes 24 - 

3.2. Fluid Flow and Heat Transfer Model of the DHE  
The Navier–Stokes Equation (1) was solved to reproduce the fluid flow inside the 

DHE. 𝜌(𝑢 . ∇)𝑢 = ∇. ሾ−𝑝𝐼 + 𝐾ሿ + 𝐹, 𝜌∇. 𝑢 = 0 (1)

The 𝑘 epsilon model was employed to reproduce the turbulent phenomena inside 
the DHE, and the energy conservation equation was implemented to determine heat trans-
fer inside the DHE. The mathematical model used is as follows:  𝜌(𝑢 . ∇)𝑘 = ∇. ൜൬𝜇 + 𝜇்𝜎 ൰ ∇𝑘ൠ + 𝑃 − 𝜌𝜀 (2)

Figure 9. Geometry of the DHE.



Energies 2023, 16, 6783 8 of 19

Table 1. Characteristics of the DHE.

Property Description Value Unit

Tubes’ diameter 0.020 m
Tubes’ interior diameter 0.018 m
Tubes’ exterior diameter 0.022 m
DHE’s length 6.0 m
Number of tubes 24 -

3.2. Fluid Flow and Heat Transfer Model of the DHE

The Navier–Stokes Equation (1) was solved to reproduce the fluid flow inside the DHE.

ρ(u·∇)u = ∇·[−pI + K] + F,
ρ∇·u = 0

(1)

The k epsilon model was employed to reproduce the turbulent phenomena inside the
DHE, and the energy conservation equation was implemented to determine heat transfer
inside the DHE. The mathematical model used is as follows:

ρ(u·∇)k = ∇·
{(

µ +
µT
σk

)
∇k
}
+ Pk − ρε (2)

ρ(u·∇)ε = ∇·
{(

µ +
µT
σε

)
∇ε

}
+ Ce1

ε

k
Pk − Ce2ρ

ε2

k
ρε (3)

Pk = µT

[
∇u·

{
∇u + (∇u)T

}
− 2

3
(∇·u)2

]
− 2

3
ρk∇·u (4)

µT = ρCµ
k2

ε
(5)

Q + Qp + Qvd =
.

mCp∇T +∇·q
and q = −k∇T

(6)

q is the conductive heat flux, whereas the terms Qp and Qvd are related to the pressure
changes and viscous dissipation in the fluid, respectively. As the flow is incompressible
in this model, the terms Qp and Qvd were neglected. The term ρ (kg/m3) is the density
of the working fluid,

.
m is the mass flow rate of the working fluid, and Q (W/m3) is the

heat generation rate. Equation (2) is the kinetic energy transport equation, and the term
Pk yields the production of turbulent kinetic energy, which is expressed in Equation (4).
Equation (3) represents the energy dissipation rate, ε, and µT is turbulent viscosity given
in Equation (5) to study the fluid flow. The equations were then coupled with the energy
conservation equation, which is studied by using Equation (6) in the numerical model
developed. Ce1 = 1.44, Ce2 = 1.92, Cµ = 0.09, σk = 1, and σε = 1.3 in the equations above are
constants, and their values were taken from the experimental works of DC Wilcox [39].

3.3. Domain and Boundary Conditions

Water enters from the (top left half) inlet and exits from the other sides of the tubes,
as shown in Figure 10. The DHE is immersed in the geothermal well, and it is directly in
contact with the geothermal fluid; therefore, the convective heat flux boundary condition
was applied at the external surfaces of the heat exchanger by means of Equation (7).

The term Ts represents the outer surface temperature of the heat exchanger, calculated
using the numerical model, while Twell represents the temperature of the geothermal fluid in
the well, derived from the experimental data acquired during the measurement campaigns.
In particular, Twell was calculated as the average value of the temperature measurements
inside the well, acquired by means of Pt100 sensors.
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The heat transfer coefficient, h, was calculated for the free convection of the geother-
mal fluid inside the well based on the correlations related to vertical cylinders [39]. In
particular, the convective heat transfer coefficient, h, in Equation (8) is a function of the two
dimensionless parameters, namely, the Rayleigh number (Equation (9)) and the Prandtl
number (Equation (10)), which refers to natural convection, whereas Gr in Equation (11) is
the Grashof number.

The value of h was calculated for each value of Twell , as given in Table 2, and then
used as a boundary condition for each case simulated by employing the numerical model.
In particular, the model was used to reproduce eight different cases based on eight exper-
imental values of the inlet temperature of the working fluid, well temperatures, and the
convective heat transfer coefficient, as reported in Table 2.

q = h(Ts − Twell) (7)

h =
k
L

[
4
3

{
7RaPr

5(20 + 21Pr)

} 1
4
+

{
(272 + 315Pr)L
35(64 + 63Pr)D

}]
(8)

Ra = Gr·Pr (9)

Pr = µ
cp

k
(10)

Gr = gβ(Ts − Twell)
L3

ν2 (11)

The properties of the geothermal fluid in terms of specific heat capacity, cp; dynamic
viscosity, µ; thermal conductivity, k; and kinematic viscosity, v, used in the above equations
are reported in Table 3.

The value of the Prandtl number is 7.01, while the values of the Reynolds, Grashof, and
Rayleigh numbers are reported in Table 4 for the eight cases considered in the numerical
simulations.
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Table 2. Experimental data used to set the boundary conditions (the value of h was calculated by
employing the measured data).

Case
Number

Tinlet
(◦C)

Twell
(◦C)

h
(W/m2 K)

Ttop
(◦C)

Tbottom
(◦C)

Case 1 33.7 54.7 206.5 65.5 47.4
Case 2 34.0 54.5 205.3 65.9 49.4
Case 3 35.0 55.0 204.0 65.2 49.9
Case 4 35.5 56.6 208.4 65.9 54.2
Case 5 36.0 57.4 207.3 65.7 55.2
Case 6 36.6 58.2 207.8 65.5 56.3
Case 7 37.0 59.3 209.3 65.9 57.6
Case 8 38.0 60.5 209.7 65.9 59.3

Table 3. Values of properties employed in the model for the geothermal fluid.

Property Value

Thermal conductivity, k 0.598 W/m K
Thermal expansion coefficient, β 0.000210 1/K
Kinematic viscosity, v 0.0000010023 m2/s
Dynamic viscosity, µ 0.0010005 Ns/m2

Specific heat capacity, cp 4183 J/kg K

Table 4. Values of non-dimensional numbers.

Case
Number

Re
(−)

Gr
(−)

Ra
(−)

Case 1 3043.5 251,062.2 1,760,215.1
Case 2 3041.8 245,483.1 1,721,099.1
Case 3 3038.6 239,106.9 1,676,395.3
Case 4 3035.3 244,287.5 1,712,717.2
Case 5 3038.6 255,844.3 1,793,742.9
Case 6 3040.2 258,235.4 1,810,506.9
Case 7 3041.8 266,205.6 1,866,386.8
Case 8 3050.1 268,995.2 1,885,944.7

The effects of the degree of salinity of the working fluid have been studied by fixing
the input data, particularly for the data of Case 2 (Table 2), in order to compare the obtained
results for different salinity conditions with respect to fresh water. The properties of water
for the different degrees of salinity employed in the numerical model are reported in
Table 5.

Table 5. Thermo-physical properties of water for different degrees of salinity.

Property\Degree of Salinity m = 0
(ppt)

m = 60
(ppt)

m = 120
(ppt)

m = 180
(ppt)

Dynamic viscosity, Ns/m2 0.001001 0.00189 0.0028 0.00365
Specific Heat capacity, J/(kg K) 4183 4000 3860 3620
Density, kg/m3 1000 1028 1060 1098
Thermal conductivity,
W/(m K) 0.6562 0.676 0.751 0.826

3.4. Mesh Sensitivity Analysis

Due to the complex structure and large size of the geothermal heat exchanger, five
tetrahedral meshes with 1.50, 1.55, 1.6, 2.2, and 4 million tetrahedral elements have been
tested. The meshes have been chosen after a mesh sensitivity analysis, and Figure 11
shows a magnified image of the employed mesh near the bottom and top of the DHE. The
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computational grids also include three boundary layers to accurately capture the complex
flow behavior near solid boundaries.
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The outlet temperature of the working fluid and computational time were calculated
for the above five computational grids, as shown in Figure 12. According to the obtained
numerical results, when the number of elements reached 1.6 million, a further increase in
the number of elements led to a negligible variation in the outlet temperature. Moreover, the
authors calculated the relative errors with respect to the experimental values of the outlet
temperature for the five grid sizes. In particular, for 1.5, 1.55, 1.6, 2, and 4 million elements
grids, the relative error was found to be 2.1%, 1.2%, 0.2%, 0.1%, and 0.09%, respectively.
Therefore, the mesh with 1.6 million elements was chosen for all the simulations in order to
save computational resources and ensure an adequate accuracy of the numerical results.
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3.5. Model Assumptions

In order to analyze the complex thermofluid dynamic phenomena inside the real
3D heat exchanger inserted in the geothermal well and, at the same time, to avoid using
an excessive number of computational resources, the authors simplified the model by
employing convective boundary conditions on the boundaries of the heat exchanger. Using
this approach, the geothermal aquifer and the well were not reproduced in the 3D compu-
tational domain. However, in order to correctly reproduce the heat transfer performance of
the DHE, the authors employed the on-site-acquired experimental data on the temperature
of the geothermal fluid in the well to set the convective boundary condition reported in
Equation (7).

A further development of the present model could take into account the reproduction
of the well and aquifer in a 3D computational domain, with the consequent necessity of
significantly more computational resources.

4. Results and Discussion

The computational model developed by the authors was used to simulate the eight
cases reported in Table 2. The main performance parameters calculated in the present
paper are the overall heat transfer coefficient, thermal power, the outlet temperature of the
working fluid, and efficiency.

For the calculation of the overall heat transfer coefficient U, Equation (12) was used

U =
.

Q/A∆Tlm (12)

where
.

Q is the thermal power calculated from Equation (13) and A is the surface area of the
heat exchanger

.
Q =

.
mcp(Toutlet − TInlet) (13)

while ∆Tlm is the logarithmic mean temperature, which is calculated using Equation (14) in
the case of constant heat flux at the surface.

∆Tlm =
(∆T1 − ∆T2)

ln
(

∆T1
∆T2

) (14)

Furthermore
∆T2 = TS − TOutlet

∆T1 = TS − TInlet

where
.

m is the mass flow rate of the working fluid,cp is the specific heat at constant pressure
of the working fluid, TInlet is the inlet temperature of the working fluid, TOutlet is the outlet
temperature of the working fluid (which is calculated as the output of the 3D numerical
model), and Ts is the surface temperature of the heat exchanger.

Moreover, the efficiency of the DHE was calculated based on Equation (15), which
was taken from reference [30]:

η =
Ttop − Tbottom

Ttop − Tm
(15)

where Tm is the mean temperature, that is, the average temperature between the inlet and
outlet temperatures of the DHE, whereas Ttop and Tbottom are the temperature at the top and
bottom surfaces of the DHE, respectively, and they were measured using the temperature
probes employed in correspondence with the top and bottom caps of the DHE.

Figure 13 shows that from the inlet-side tubes, the temperature of the heat exchanger
starts to increase gradually; it then stabilizes when it reaches the mid height of the outlet
side and remains this way until reaching the outlet.
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4.1. Verification and Validation

The computational model was validated against the experimental data acquired on
site for a real geothermal heat exchanger. For each case reported in Table 2, the values
of the overall heat transfer coefficient, thermal power, outlet temperature, and efficiency
have been calculated using the numerical model and compared with the corresponding
experimental data. The experimental data used for the model’s validation are provided in
Table 6.

Table 6. Experimental data employed for model validation.

U
(W/m2 K)

Q
(kW)

Efficiency
(−)

Tout
(◦C)

424 39.0 0.75 51.7
444 38.7 0.76 51.8
420 36.6 0.75 52.5
429 39.3 0.58 53.7
434 40.0 0.55 54.5
460 41.1 0.51 55.6
454 42.2 0.46 56.5
471 43.2 0.39 50.9

In the following sub-sections, the authors report the main results obtained using the
numerical model and through comparison with the experimental data, together with the
measurement uncertainties, that allowed them to both analyze the performance of the DHE
and validate the numerical model.
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4.2. Outlet Temperature and Heat Transfer Coefficient

The authors calculated both the outlet temperature of the working fluid and the overall
heat transfer coefficient and compared them with the corresponding experimental data
for the eight cases reported in Table 2. Figure 14 shows both the calculated and measured
values of these parameters together with the expanded combined uncertainty associated
with each experimental point. It can be observed that the outlet temperature of the working
fluid increases with the increase in the inlet temperature in a more pronounced manner
than the overall heat transfer coefficient. In particular, the DHE is able to work with an
overall heat transfer coefficient larger than 450 W/m2 K.
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As shown in Figure 14, the numerical results are in excellent agreement with the
experimental data. In particular, the numerical values fall within the uncertainty intervals
for all but two of the experimental points.

4.3. Thermal Power and Efficiency

The increase in the inlet temperature of the working fluid leads to an increase in
the output thermal power,

.
Q, for cases 4 to 8 in Table 2, as shown in Figure 15. This

phenomenon should be due to the more pronounced increase in the outlet temperature
and to the increase in the heat transfer coefficient observed in the previous sub-section. In
particular, the DHE is able to exchange more than 40 kW with the well, without causing
freezing phenomena of the geothermal aquifer.

However, a decrease in the efficiency of the DHE was observed, which should mainly
be due to the decrease in Tbottom and the difference between Ttop and Tbottom. In order to
ensure greater efficiency, the inlet temperature should be kept as low as possible [40].
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4.4. Effects of Degree of Salinity

The outlet temperature and heat transfer coefficient of the DHE, calculated using the
present numerical model for different degrees of salinity of the working fluid, are reported
in Figure 16. The thermos-physical properties of water for different degrees of salinity are
reported in Table 5.
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It can be observed that the outlet temperature decreases with the increase in the degree
of salinity, and so does the heat transfer coefficient. When the molality is 180 ppt, decreases
of more than 7% in outlet temperature and 50% in the heat transfer coefficient compared to
those of fresh water are observed. Therefore, it is preferable to work with fresh water.

The output thermal power and efficiency for different degrees of salinity are reported
in Figure 17. It is worth noting that the inlet temperature and boundary conditions used
for each different value of salinity were kept constant (Case 2 of Table 2) to compare this
performance with that of fresh water, i.e., m = 0. It can be observed that the increase in the
salinity of water leads to a decrease in the overall performance of the heat exchanger in
terms of, e.g., thermal power and efficiency. This occurs because when the degree of salinity
of water increases, the amount of heat exchanged in the system decreases [41], leading to a
decrease in the outlet temperature of the heat exchanger, and an overall decrease in system
performance is observed.
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A decrease greater than 8% in the efficiency of the DHE can be observed for a molality
of 180 ppt, showing the importance of using fresh water or water with the lowest degree of
salinity as a working fluid.

5. Conclusions

In this study, the authors have developed a three-dimensional thermo-fluid dynamic
model to reproduce a real geothermal downhole heat exchanger (DHE). The experimental
data acquired on-site on the island of Ischia, in southern Italy, have been employed to
validate the numerical model.

The efficacy and efficiency of the geothermal heat exchanger have been analyzed. The
k-epsilon model has been applied to reproduce the turbulence phenomena inside the DHE,
while the thermal interaction between the DHE and the geothermal well has been studied
by employing natural convective heat flux boundary condition, based on the experimental
data. The validated model has allowed to calculate the outlet temperature of the working
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fluid, the overall heat transfer coefficient, the thermal power, and the efficiency. These data
have been also obtained by means of the instruments available on the pilot plant installed
on the island of Ischia, in order to compare the numerical and experimental results.

The results show that the DHE allows to exchange more than 40 kW with the geother-
mal well, without causing the phenomenon of ground freezing, obtaining overall heat
transfer coefficient values larger than 450 W/m2 K. As expected, the increase in the convec-
tion mechanism allows to improve the DHE performance.

Moreover, the effects of the degree of salinity of water on the performance of the heat
exchanger have been analyzed. An increase of the degree of salinity brings to a decrease
of the outlet temperature and, consequently, of the efficiency of the DHE, i.e. more than
8% reduction when the degree of salinity is equal to 180 ppt.

The authors think that the present validated model could be used to further analyze
real geothermal systems and to design its extension, based on the coupling with other heat
exchangers.
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Nomenclature

cp specific heat capacity: J/kg K
Tinlet inlet temperature, ◦C
Toutlet outlet temperature, ◦C
Twell temperature of the well, ◦C
m molality, parts per thousand
U overall heat transfer coefficient, W/m2 K
TS surface temperature of DHE, ◦C
Tlm logarithmic mean temperature, ◦C
L characteristic length, m
k thermal conductivity, W/m K
q heat flux, W/m2
.

Q heat transfer, W
h convective heat transfer coefficient, W/m2 K
Ra Rayleigh number
Pr Prandtl number
Gr Grashof number
D diameter of tube, m
.

m mass flow rate, kg/s
g gravitational acceleration, m/s2

u velocity, m/s
p fluid pressure, Pa
I identity matrix
∇ del operator
T stress tensor
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Greek symbols
v kinematic viscosity, m2/s
β thermal expansion coefficient, 1/K
ρ density, kg/m3

µ dynamic viscosity, Ns/m2

µT turbulent viscosity, Ns/m2

η efficiency
Acronyms
HEX heat exchanger
DHE downhole heat exchanger
GCHP ground coupled heat pump
FEM finite element method
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