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Abstract: The earth is an energy resource which has more suitable and stable temperatures than air. Typical
values for Coefficient of Performance (COP) of Ground Source Heat Pumps (GSHPs) are up to 8 while it is 4 of
air source heat pumps. GSHPs were developed to use ground energy for residential heating. The most important
part of a GSHP is the Ground Heat Exchanger (GHE) that consists of pipes buried in the soil and is used for
transferring heat between the soil and the heat exchanger of the GSHP. Soil composition, density, moisture and
burial depth of pipes affect the size of a GHE. Design of GSHP systems in different regions of US and Europe is
performed using data from an experimental model. However, there are many more techniques including some
complex calculations for sizing GHEs. An experimental study was carried out to investigate heat transfer in soil.
Measured fluid inlet temperatures were used in the numerical simulation and the fluid outlet temperatures were
calculated. A parametrical study was conducted to investigate effects of soil thermal properties and geometrical
parameters on heat transfer from ground heat exchanger. It is seen that the soil thermal conductivity has great
importance on heat transfer. Also, burial depth and distance between pipes are other parameters to be considered
for sizing GHEs.
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1. Introduction

The GHE is an important part of GSHP systems and its dimensions and burial depth should be
calculated with an effective method. Particularly, the cost of assembly of GHE affects the
choice of these systems. In the literature, there are two kinds of analytical approaches: Kelvin
Line Source Theory and Cylindrical Source Theory. In addition, there are many studies using
two or three dimensional steady state and time dependent numerical techniques [1-7], [8-11,
12]. Kelvin Line Source and Cylindrical Source theories find only symmetrical soil
temperature distributions around the pipe. Metz [7] has been suggested an analytical model to
find temperature distribution in the soil by dividing ground into blocks around the coil and
done some modifications to Line Source theory. Mei [6] has been included the effects of
seasonal ground temperature variation, pipe material, circulating liquid properties and
compared his work with modified line source and simple line source models. A simplification
of boundary conditions to solve equations analytically causes some error on results especially
shorter simulation times. Analytical models do not consider the temperature change of soil by
depth and the surface effects such as radiation, convection and surface cover. The effects of
the convection on the ground surface were included in some of the models [1, 2]. A more
complicated model for heat transfer of buried pipes was performed by Negiz, Hastaoglu and
Heidemann for petrol transferring pipes [4, 9, 10]. Piechowsky was included mass transfer in
his model to take into account the effects of the soil moisture [11, 13]. In this study, a
numerical model was suggested with realistic boundary conditions. In order to validate the
new model a big scale experimental set area was built.

2. Experimental study

A GSHP having 4 kW heating and 2.7 kW cooling capacity is used for experimental study.
The ground heat exchanger consists of three parallel pipes which have 40 m length and '2”
diameter buried in soil at 1.8 m depth. The distance between the parallel pipes is 3 m.
Experimental GSHP system is installed at Yildiz Technical University Davupagsa Campus on
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800 m?” surface area with no special surface cover. Temperature data were collected using T-
type thermocouples buried in soil horizontally and vertically at various distances from the
pipe center and at the inlet and outlet of the ground heat exchanger. All the thermocouples are
connected to a 64 c hannel PLC system capable of saving data of hourly temperature
measurements for 8 days. Figure 1 and 2 represents the experimental setup.
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Figure I Experimental setup (heat pump and measuring system) [14]

Figure 2 Experimental setup (ground heat exchanger and thermocouple locations) [14]

3. Numerical study

Aiming to find three dimensional temperature distributions in the soil, a new model with
realistic boundary conditions was suggested. Heat transfer in the soil is time dependent three
dimensional heat conduction. Temperature gradient along the pipe axis is so small that it can
be neglected and the heat conduction equation can be solved using dynamical boundary
conditions in two-dimensional geometry. The solution domain and boundary conditions was
prepared as in Figure 3.
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Figure 3 Parallel pipe horizontal GHE and solution area in the soil [14]

The model consists of parallel pipes buried at the depth of Y. Distance between pipes is D.
Region shown in Figure 4 is taken as solution domain. This is two dimensional and presented

in Cartesian coordinate system.
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Figure 4 Computational solution domain [14]

Two-dimensional time dependent heat conduction and boundary conditions of problem are of

the form,;
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Tf,i =C (7)

Where Qq is total heat transfer rate at the surface and Tg; is the fluid inlet temperature.
Because of the complexity of the boundary conditions, the heat conduction equation has been
solved numerically using Alternating Direction Implicit (ADI) Finite Difference formulation.
ADI method is stable for every time step and grid size and the resulting matrix system is tri-
diagonal. Tri-diagonal matrix systems can be solved easily using the Thomas algorithm. For
this purpose, software was developed in MATLAB environment and the effects of solution
parameters on the results were investigated. Details of the numerical model and solution
procedure can be found in Demir et.al. [14]. The simulation results were acceptable when a
mesh size of 0.1 m in x and y directions, 1 m in z direction and 1800 s as time step were used.
Parameters from experimental study used in numerical simulation as below:

- Start date 13th December - Length of parallel pipes, L =40 m

- Volumetric flow rate, V¢= 0.42768 m*/h - Distance between pipes, D =3 m

- Soil thermal conductivity, ks =2.18 W/m K - Burial depth, Y = 1.8 m

- Soil thermal diffusivity, a5 = 0.00000068 m*/s - Working fluid is water

- Pipe outer/inner diameter, d,/d; =20/14.6 mm - Pipe material = PPRC

- Pipe thermal conductivity, k, = 0.8999 W/m K - Number of parallel pipes, n =3

4. Results

The experimental fluid inlet/outlet and theoretical fluid outlet temperatures are shown in
Figure 5. It is seen that the experimental and numerical results are in good agreement.
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Figure 5 Experimental fluid inlet and experimental/theoretical fluid outlet temperatures [14]
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The effects of the parameters, soil thermal conductivity, burial depth and distance between
pipes were investigated numerically. Figure 6 and 7 s how the effects of soil thermal
conductivity on fluid outlet temperature and horizontal temperature distribution in soil. Fluid
outlet temperature increases with increasing thermal conductivity while has no e ffect on
horizontal temperature distribution after 250 h of simulation time.
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Figure 6 Effects of the soil thermal conductivity on fluid outlet temperature
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Figure 7 Effects of the soil thermal conductivity on horizontal temperature distribution in soil

In Figure 8 and 9, the effects of the distance between pipes on fluid outlet temperature and
horizontal temperature distribution in soil are presented. Fluid outlet temperature increases
with increasing distance. Also, it is seen from Figure 9 that increasing the distance between
pipes affects the unaffected soil region and heat transfer characteristics. Smaller distances
cause decrease of the temperature of the soil in the vicinity of the pipes and reduces heat

transfer rate.
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Figure 8 Effects of the distance between pipes on fluid outlet temperature
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Figure 9 Effects of the distance between pipes on horizontal temperature distribution in soil

In Figure 10 and 11, the effects of the burial depth on fluid outlet temperature and horizontal
temperature distribution in soil are shown. Fluid outlet temperature increases with increasing
burial depth. It is easily seen the effects of surface temperature variations on the fluid outlet
temperature for the burial depth of 0.5 m. Therefore, it is recommended that the minimum
burial depth must be 1 m for horizontal ground heat exchangers. Also, increasing the burial
depth increases the fluid outlet temperature as the temperature of the soil increase with depth.

5. Conclusions

In this study, the numerical model including all weather conditions was suggested and
verified with the experimental study. The most important advantage of the model is
implementation of meteorological data to numerical model. It is seen that the maximum
deviation between calculated and experimental fluid outlet temperatures is 10.5%. It is
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possible to simulate whole year operation of ground heat exchanger providing the
meteorological data.
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Figure 10 Effects of the burial depth pipes on fluid outlet temperature
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Figure 11 Effects of the burial depth pipes on horizontal temperature distribution in soil

After validating the numerical model, a parametrical study was conducted to investigate
effects of the geometrical parameters and soil properties. It is determined that the fluid outlet
temperature is strongly depends on soil thermal conductivity. The heat transfer characteristics
of the soil in the vicinity of the pipes can be improved by using backfill material. Other
important parameters are burial depth and distance between the pipes. Pipes should be buried
in the soil below 1 m from the free surface in order to eliminate surface effects such as
temperature variation, radiation, snow and rainfall. Also, the distance between pipes should
not less than 0.8 m considering the required surface area.
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To improve the accuracy of the model neural network approach may be used for modeling
soil, air temperature and solar radiation. Also, moisture transfer and variation of soil thermal
conductivity with soil moisture content and temperature can be modeled for further studies.
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