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Abstract: The current article uses a two-dimensional numerical model to represent the results of theoretical studies of the heat exchange in the soil massif during the operation of a shallow horizontal soil heat exchanger. The analysis of literature sources showed that one of the important conditions for the effective operation of a shallow-soil heat exchange is its rational design parameters, such as the total length of the pipeline, the diameter of the pipe, the distance between the axis of the adjacent pipes, the depth of the heat exchanger placement, etc. A two-dimensional heat exchange model in the soil mass was developed, which made it possible to investigate the operation of a shallow horizontal soil heat exchanger. It was found that the step between the axis of the adjacent pipes of the multi-loop heat exchanger, which is 0.95 m, is optimal when creating a shallow horizontal soil heat exchanger in the soil conditions of Kyiv.
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1. Introduction
In Ukraine, autonomous heat pump heating, hot water supply, and air conditioning systems of buildings of various purposes designed to extract low-potential heat from the soil have become widespread. An important element of such systems is a shallow horizontal soil heat exchanger, whose efficiency significantly affects the coefficient of performance (COP) of the heat pump. The horizontal soil heat exchanger is usually a flat coil located in trenches where the heat carrier circulates. The advantage of shallow soil heat exchangers is the natural restoration in the warm period (owing to solar insolation or the use of the passive conditioning system) of the temperature of the soil massif after the operation of the heat pump system during the heating period.
Many publications are dedicated to the study of shallow soil heat exchangers. A paper (Lamarche 2019) proposes a simplified heat transfer model from underground horizontal heat exchanger tubes. The model simulates heat exchange between the water flowing inside the buried pipes and the surrounding soil, taking into account the soil surface's temperature, the soil's thermal properties, the distance between the pipes in each well and the distances between the wells. The model predicts the ground heat exchanger's required surface area, the pipes' length, the number of wells, and various configurations. The model also considers the pump power required to circulate the water through the soil heat exchanger.
The article (Saeidi Reza et al. 2023) shows the results of the study of cylindrical fins that were investigated for the first time in horizontal soil heat exchangers to improve the heat transfer and overall efficiency of the geothermal heat pump. These ribs have been investigated for various parameters: length, diameter, position, and material. Changes in the heat transfer rate with and without fins as soil properties change were also investigated. Cooling mode heat transfer simulations for a 1D-3D model showed that changing the fin diameter affects the outlet temperature and using non-isothermal flow for the tube. There is minimal difference between improvement and the increase in heat transfer rate when the fin exceeds 1 m.
Other works (Leski et al. 2021, Basok et al. 2022) show results of the numerical modelling that was carried out to study the minimum soil temperature that occurs during the extraction of thermal energy by the horizontal system of the soil heat exchanger under the conditions of the Central European climate. The influence of soil thermal conductivity, heat flow extracted from the soil, periodic interruptions in the operation of the heat exchanger, periodic supply of thermal energy to the soil, relative humidity of the surrounding air, the rate of evaporation, and the coefficient of convective heat transfer on the surface. Minimum temperatures were studied. As a result of the modelling, it was established that a high value of the thermal conductivity of the soil has a favourable effect on the operation of the installation with a soil heat exchanger.
The article's purpose (Albadry et al. 2022) was to review previous research on improving the heat and flow characteristics of the soil heat exchanger. Different factors were studied, such as:
· heat carrier (gas, antifreeze solution, microencapsulated suspension with phase transition and nanofluid),
· turbulence activator,
· soil heat exchanger (material and design parameters),
· backfill materials (conventional type, controlled material strength and material with the possibility of the phase transition),
· soil field (condition type, frozen soil and groundwater).

The paper (Liang et al. 2022) presents the thermal characteristics of a two-layer horizontal soil heat exchanger at different water mass flow rates in alternating and continuous cooling modes. A multilayer composite pipe was chosen as the material for the soil heat exchanger tubes. The influence of changes in the mass flow rate and operating conditions on the performance of a horizontal heat exchanger is discussed. For this purpose, an experimental two-layer soil heat exchanger was made. In the alternate mode of operation, the heat transfer was always higher than in the continuous mode of operation in the overhead heat exchanger.
The article (Lamarche 2019) presents an analytical model for the hourly modelling of ground heat exchangers with a horizontal configuration. The model is based on a new formalism of the finite linear source approach, which speeds up the simulation. The model presents a new approach to consider the effect of seasonal temperature fluctuations, especially when the inlet temperatures of the ground heat exchanger are specified. It also considers the effects of air-soil boundary conditions and thermal interference between different pipe sections in the buried field. The temperature, like the heat flow distribution along the ground heat exchanger, has become a part of the solution and was not determined in advance, as in previous models. The model does not consider possible phase changes due to ice formation or changes in moisture content associated with some horizontal configurations.
The purpose of the works (Šeďová et al. 2018, Basok et al. 2021, Pavlenko 2023) was to clarify the temperatures of the soil massif in the zone of the horizontal heat exchanger both during the heating season and during the idle period of the heat exchanger. The energy potential of the soil mass was estimated by the temperature difference of the soil mass in the heat exchanger area at the beginning and at the end of the heating season. The specific heat capacity of the soil heat exchanger was also determined, and the influence of the thermal resistance of the soil massif and the heat transfer coefficient between the inner wall of the heat exchanger pipe and the heat carrier was analysed.
2. Description of the Model
One of the important conditions for the effective operation of a shallow-soil heat exchange is its rational design parameters, such as the total length of the pipeline, the diameter of the pipe, the distance between the axis of the adjacent pipes, the depth of the heat exchanger placement, etc. The optimal values of these parameters can be obtained based on variant calculations of the thermal regimes of the heat exchangers with different specified values.
Since the accumulated heat of solar radiation is limited by a layer of soil with a thickness of no more than 10 m (Nakorchevskii 2008), for its extraction with the purpose of further use for the needs of heating systems and hot water supply, the most promising are systems using shallow horizontal soil heat exchanger. These include serpentine pipe systems, located at a depth below the depth of soil freezing with a step between pipes L = 0.5-1.5 m.
Below, the analysis of thermal processes in a soil massif equipped with such a pipe system is shown (see Fig. 1). In this case, you can limit yourself to the calculated depth of the massif H = 18 m. In the following calculations, the thermophysical properties of the soil were taken for podzolic soils.
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Fig. 1. The design of a shallow horizontal soil heat exchanger

Fig. 1 shows typical calculation zones, namely corner (1), peripheral (2), and central (3). The lateral boundaries of these zones are chosen so that the connection conditions with the associated sections are close to symmetrical, which simplifies the setting of boundary conditions for them. The central zone, which characterises the thermal processes on most of the pipe of the shallow soil heat exchanger, should be considered the main one. According to data from the literature (Honglei Sun et al. 2021), it is assumed that heat absorption by the system will not be large, and the temperature difference between the liquid heat carrier at the entrance to the system and the exit from it will not exceed several degrees Celsius.
Then, the thermal parameters calculated for zone 3 can be accepted as those corresponding to the average values for the entire pipe with fairly small deviations at the ends of the system. The thermal balance calculation establishes the measure of deviations. Therefore, the heat conduction equation for zone 3 can be written in a spatially two-dimensional formulation (y, z), which characterises the heat transfer per unit length of the pipe system by the formula:

	(1)
where:
λs – the coefficient of thermal conductivity of the soil massif,
ρs – soil density,
cs – heat capacity of the soil.

These thermophysical properties of the soil massif are considered unchanged.
The calculation area is shown in Fig. 2. Its height is H = 18 m. The width corresponds to half the step between the pipes L. If L = 0.5, then the width of the calculation area is L/2 = 0.25 m.
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Fig. 2. Calculation area of a shallow horizontal soil heat exchanger
The initial conditions for equation (1) are set following the data given in (Lykov 1978). The soil temperature in Kyiv at a depth of 3.2 m from the earth's surface during the year has a value of 8.7-9.2°C. Based on this, the initial condition for equation (1) was taken as T(0, z, y) = const = 9°C. The time integration step is Δt = 90 s.
Boundary conditions of the third kind were established on the soil surface (z = 0), which take into account convection and radiation with the surrounding environment, as well as the influence of solar radiation

	(2)
where:
αk – the convection heat transfer coefficient,
ε – the degree of blackness of the earth's surface, which is taken to be equal to 0.9,
c0 = 5.7 W/(m2K4) – radiation coefficient of an absolutely black body,
Tp – temperature of the outside air,
Tamb – the conventional temperature of the environment, which determines the radiation heat transfer from the soil surface,
qs – the heat flux density from solar radiation.

In the process of calculations, the time dependences of Tp, Tamb, and qs values, which change both during the year and the day, were approximated by polynomial dependences. The coefficient of convection heat transfer αk has been calculated using the equations:

at w > 5 m/s	(3)

at w < 5 m/s	(4)
where:
w – the wind speed, the average value for this area, has been determined from reference literature on meteorology.

The heat conduction equation describes the temperature field of a polyethylene pipe:
[image: ]	(5)
where:
λp – the coefficient of thermal conductivity of polyethylene,
ρp – density of polyethylene,
cp – the heat capacity of polyethylene.

The thermophysical properties of the pipe material are considered unchanged. To simplify the calculations, the cylindrical surfaces of the polyethylene pipe d = 253.5 mm were replaced by broken lines, as shown in Fig. 3.
On the inner surface of the polyethylene pipe, that is, on the surface of its contact with the heat carrier, boundary conditions of the third kind are set in the form:

	(6)
where:
λpe – the coefficient of thermal conductivity of polyethylene,
αt – the coefficient of convection heat transfer from the inner surface of the heat exchanger pipe to the heat carrier,
Tin – temperature of the section of the inner surface of the pipe,
[bookmark: _Hlk145494114]Tt – the temperature of the heat carrier,
n – the external normal to the internal surface of the pipe.

On the sections of the inner surface parallel to the ОZ axis, the direction of the normal n coincides with the direction of the y coordinate. On the sections parallel to the ОY axis, the normal n's direction coincides either with the direction of the z coordinate or with the opposite direction (-z).
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Fig. 3. Calculation area of a shallow horizontal soil heat exchanger pipe

The heat transfer coefficient αt from the inner surface of the heat exchanger pipe to the heat carrier is determined from the similarity equation:

	(7)
where:
d – the inner diameter of the pipe,
Re – the Reynolds number, which is determined by the speed of the heat carrier in the heat exchanger pipe,
Pr – the Prandtl number for the heat carrier.

Under the operation conditions of the shallow-soil heat exchanger during the heating period, the temperature of the soil near the pipe changes over time. To ensure the flow of heat from the soil massif to the pipes, the temperature of the heat carrier in the heat exchanger must also change accordingly over time. Boundary conditions of the fourth kind are set on the outer surface of the pipe in contact with the soil in the form


; 	(8)
The heat transfer problem in the soil massif has been solved using the finite difference method. For its application, a two-dimensional difference grid was constructed, of which a fragment in the region near the collector is shown in Fig. 3. The grid step along the horizontal coordinate y has been taken as constant Δy = 0.002 m. The step along the vertical coordinate z in the vicinity of the pipe (0.5 m, Fig. 2) has been taken the same 
(Δz = 0.002 m) and beyond the specified area – variable, but such that it ensures the total depth of the calculation area H = 18 m.
Boundary conditions of the fourth kind on the outer surface of the pipe in finite differences will have the following form (Fig. 3):


;  	(9)
The values of Ta, Tb, and Tc correspond to the temperature values in the main nodes of the difference grid; values of Td and Te are the temperature values at points on the outer contour of the heat exchanger pipe. Since these points are not included in the main nodes of the calculation grid, it is advisable to remove the temperature values Td, Te, from the calculation scheme. Using the above conditions (9) on the outer contour of the heat exchanger pipe, we obtain the following expressions for the heat fluxes on its outer surface:


;    	(10)
where:


.

Since in this heat transfer model, it is assumed that the temperature of the heat transfer medium Tt is variable over time, its value is chosen under the condition that a certain temperature difference is maintained between nodes located on different sides of the outer contour of the pipe. The ΔT value determines the heat flows entering the pipe in the y and z directions. In the transition period, when there is no heating, it was assumed that ΔТ = 0. During the heating season, the temperature difference ΔТ between the external nodal points relative to the contour and the internal ones was constant. Two variants of the values of this temperature difference are considered: ΔТ = 0.05°С 7 and ΔТ = 0.10°С.
The numerical solution of the system of difference equations was carried out according to the implicit finite-difference scheme using the sweep method.
3. Results of Experimental Studies
The results of equation (1) for the case ΔТ = 0.10°С are shown in Figure 4, which shows the isotherms for the fourth year of system operation at the depth of the collector installation h = 1.6 m, the step between the pipes L = 0.5 m, for November 15, January 15 and March 15.
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a) b)
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c)
Fig. 4. Distribution of the temperatures in the soil massif during the operation of a shallow horizontal soil heat exchanger at L = 0.5 m, ΔТ=0.1°С: a) for November 15; b) for January 15; c) for March 15

Since the heating season for the city of Kyiv lasts an average of 6 months (180 days), the presented data characterise the distribution of temperatures in the vicinity of the pipe a month after the start of heating, for the middle of the heating season, and a month before its end. The origin of the coordinates corresponds to a point located along the axis of the pipe (y = 0) 0.2 m below its centre. The maximum value of the ordinate axis corresponds to ymax = L/2. This coordinate system is applied to all figures of this item. As can be seen from Fig. 4, at ΔТ = 0.1°С, significant soil freezing occurs. It requires using a working medium based on a non-freezing liquid and considerable cooling (to Tt ~ -12°С). The average temperature of the heat carrier in the heat exchanger pipe must be lower than the temperature of the inner surface of the pipe Tv by at least 1°С. For such conditions, using a 30% aqueous solution of propylene glycol as a heat carrier is advisable.


Improving the thermal performance of a shallow horizontal soil heat exchanger can be achieved by reducing the value of ΔТ or increasing the pitch between the pipes L. The calculated data can judge the influence of the pipe pitch L. Here, L = 1.5 m is taken, at ΔT = 0.05°С, the Ts value at the end of the heating period turned out to be positive (see Fig. 5).

z, m
z, m
z, m
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a) b)	c)
Fig. 5. Distribution of temperatures in the soil massif during the operation of a shallow horizontal soil heat exchanger at L = 1.5 m, ΔТ = 0.05°С: a) for November 15; b) for January 15; c) for March 15

From the above calculations of the temperature fields, it is possible to conclude the temperature state of the soil massif during the long-term operation of the shallow-soil heat exchanger and about the necessary values of the heat carrier temperature in the heat exchanger tube to ensure its effective operation.
4. Conclusions
A two-dimensional heat exchange model in the soil mass was developed, which made it possible to investigate the operation of a shallow horizontal soil heat exchanger. It was found that the step between the axis of the adjacent pipes of the multi-loop heat exchanger, which is 0.95 m, is optimal when creating a shallow horizontal soil heat exchanger in the soil conditions of Kyiv. During the heating season, this step minimises the mutual influence of the neighbouring loops of the heat exchanger.
[bookmark: _Hlk145496454]With the help of the obtained modelling results, it was possible to establish a slight influence of the wall thickness of the shallow horizontal soil heat exchanger pipe on its thermal characteristics. The operating pressure of the heat carrier is decisive for the thickness of the selection of the pipe wall.
The average calculated power of the thermal energy extracted from the soil from 1 metre of the shallow horizontal soil heat exchanger pipe was 28 W, confirmed by further experimental studies.
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