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ABSTRACT

Ground Source Heat Exchanger Systems (GSHES) are commonplace throughout the world. Many parameters influence the behavior of
GSHES. These parameters could be listed as; the thermal conductivity of the formation, the velocity of the underground water flow, the
inlet temperature and etc. Mathematical models used in the modeling of GSHE performance are well established. These models usually
account for the conductive heat transfer into the strata and the convective heat transfer within the tubes the fluids flow. Underground
convective flows could affect the behavior of GSHES significantly. A numerical model is developed in this study for the purpose of
analyzing the effects of underground water flow and various other parameters on the performance of GSHES. The model is based on
solving the energy balance equation only. The energy balance considered has three main components; an accumulation term, a
conductive term and a convective term. Steady state flow of fluid in the underground and in the tubes is assumed, which allows for
solving only the energy balance equation. The model is verified with existing analytical and numerical solutions. The model is then used
to study the effects of various parameters on the performance of GSHES.

1. INTRODUCTION

Ground sources heat exchangers have been in use since the late 1940s. The constant temperature of the earth is used as the exchange
medium instead of the outside air temperature and are commonly used to either extract heat from the ground or for cooling the pre
heated water for different consumptions. Various combinations exist for the geometric design of the heat exchangers. A U-tube is likely
one of the most popular type of design where in this case a U-tube is located in the wellbore. Cold fluid is injected from one side of the
U-tube and heated fluid is produced from the other side. In some cases two U-tubes can be used instead of one U-tube to extract heat
from the underground. One of the advantages of using such an approach is that the operation can always be continued if one of the U-
tubes fail. A coaxial structure could also be used where the water is injected through the loop and produced through return tube which is
located in the middle of the wellbore.

The ground source heat exchanger absorbs the heat from the underground and decreases the temperature of the vicinity of the wellbore
during cold fluid injection. The thermal conductivity properties of the wellbore and of the underground formation have significant
effects on the amount of heat that is extracted from the earth. Normally only conduction is taken into account when modeling studies are
concerned regarding the heat transfer between the wellbore and the formation. Studies exist in the literature that consider the heat
transfer from the borehole into the formation by way of conduction. The early studies model the system with the line source model
(Ingersoll, 1948). The temperature field for the line source solution is given by Carslaw and Jaeger (1959). The thermal response test
used for estimating the thermal conductivity of the formation is given initially by Choudary (1976) and Morgensen (1983). Sanner et al.
(2005) provides an overview of the Thermal Response Test. Wang et al. (2010) developed a new test method for thermal response tests.
In their study a novel constant heating temperature method is used for the thermal response test. It is shown that the proposed constant
heating temperature method provides shorter test times when compared with conventional thermal response tests. As a result, thermal
conductivity properties of the formation can be inferred using such a methodology. Aydin et al. (2014) studied the long term
performance prediction of a borehole. In their study, Aydin et al. (2014) uses an analytical model and compares them with experimental
data from the lab. They also consider determining the optimal time necessary for a thermal response test. Gultekin et al. (2014) studied
the optimal distance between boreholes for GSHES. They have considered various configurations of borehole spacing.

The above mentioned literature considers the heat transfer from the borehole to the formation by way of conduction only. However, in
real life there may be underground water flows present. The underground water flow may affect the performance of the GSHES. This
problem has been analyzed by Signorelli et al. (2007). Heterogeneity in formation properties and underground water flow have been
accounted for in this study using numerical models. Akhlaghi et al. (2015) uses numerical model to study the effect of underground
water flow on the performance of ground source heat exchangers.

In this study we look at the factors effecting the heat transfer in a GSHES especially in the presence of underground water flow. A very
simplified numerical model that is based on steady state flow is used for this study. The model is based on solving the energy balance
equation only. The energy balance equation used here includes contributions from conductive and convective transfer of heat. The
model is verified with existing analytical and numerical solutions. The model is then used to study the effects of various parameters on
the performance of GSHES.
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2. MATHEMATICAL MODEL

In this section we review the model developed by Akhlaghi et al. (2015). The schematics of the grid blocks used in this study are given
in Figure 1. The same gridding is used for the U-tube as that of the vertical gridding used in the formation. Additionally, the U-tube
grids are located inside the well blocks. Energy transfer among the U-tube grids is by way of both conduction and convection. Energy
transfer among the U-tube grids and the borehole grids are by way of conduction only. Energy transfer among the borehole grids and the
formation grids are by way of conduction only. Finally energy transfer among the formations grids can be by way of both conduction
and convection. Energy transfer by way of convection in this case will be considered in the presence of underground water movement.
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Figure 1: Schematics of the grid blocks used in the study.

As mentioned in the introduction section, in some cases there may exist two U-tubes in the borehole. The two configurations can be

seen in Figure 2.

a b

Figure 2: Various types of U-tube configurations considered in the study. a-) Borehole with one U-tube b-) Borehole with two U-
tubes.

In this section the mathematical model used in this study is described. It is based on solving only the energy balance equation assuming
steady state flow. The structure of the model is very similar to that developed by Tureyen and Akyapi (2011) except we do not consider
the mass balance equation. Let’s consider any grid i given in Figure 1. Figure 3 illustrates various components of heat transfer
associated with grid block i. We presume that the grid is composed of rock and water components. Grid i can make an arbitrary number
of connections with any other grid in the system. The total number of connections is termed Nc. Energy transfer by way of conduction
and by way of convection is allowed for between grid i and the connected grids represented by j;. The energy balance equation applied
to grid 7 is given in Eq. 1.
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Here ¥ is the bulk volume (m®), pis the density (kg/m’), C is the specific heat capacity (J/kg-°C), ¢is the porosity (fraction), T is the
temperature (°C), u is the specific internal energy (J/kg), w is the mass flow rate (kg/s), 4 is the specific enthalpy (J/kg) and y is the
conduction index (J/°C-s). The sub indices m, w, inj and p denote the matrix, water, injection and production respectively. The first term
indicates the accumulation of energy in grid i. The second term represents the energy contribution from injection, the third term
indicates the energy contribution from production, the fourth term represents the energy contribution to and from neighboring grids and
fifth term accounts for the contribution of energy from neighboring blocks by way of conduction.
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Figure 3: Illustration of any grid i and the neighboring grids.

An upwinding scheme is applied to the convective heat transfer between grid blocks. The subscript & denotes the direction of upwinding
and is defined in Eq. 2.
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The conduction index can be calculated as a function of the thermal conductivity of the system. For neighboring two grid blocks in
Cartesian coordinates the conduction index can be written as a function of thermal conductivity as follows:

(4] G)
Ld )

i j;
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Here A (J/m-s-°C) is the thermal conductivity of the medium, d is the distance between the grid points (m) and 4 is the cross sectional
area between the grid blocks (m?). It should be mentioned again that Eq. 3 is given for grid blocks that neighbor each other in the
Cartesian coordinate system. The conduction index can be calculated as a function of thermal conductivity in various other coordinate
systems. Harmonic averaging is applied to the thermal conductivity in determining the conduction index.

The energy balance equation is handled in a fully implicit procedure causing it to become highly non-linear. To overcome the high non-
linearity a Newton Raphson method is used to solve Eq 1. Numerical derivatives used in order to create the Jacobian matrix in the
Newton Raphson method. A forward difference scheme is used to handle the derivatives with respect to time.

The conduction index plays a significant role here, since energy is transferred only by way of conduction among the U-tube grids and
the borehole grids. The following approximation has been made for the conduction index:
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Here r, (m) is the radius of the U-tube, r,, (m) is the diameter of the borehole, # is the height of the grid. r, (m) is given by the following
relationship:

.- )
Eq. 4 is obtained via discretization of the diffusion equation in radial coordinates around the well. The assumption here is that the U-
tube is assumed to be at the center, where as in the real case it is slightly off center as shown in Figures 1 and 2.

The conduction index between the borehole and the formation depends on the coordinate system. If a radial coordinate system is
discretized, the conduction index can be determined as follows:

zhir (r, +7r)
y = ——————= (6)
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where 75, (m) is the outer boundary radius of the grid block adjacent to the well and r, (m) is the grid point of the same block. If
discretization is carried out on Cartesian coordinates, the borehole is placed at the center of a square or a rectangle. For the conduction
index between the borehole and the well, the following relation can be used:
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where 7, (m) can be determined as follows:
r,=0.14 \JAx" + Ay’ (8)

where Ax (m) and Ay (m) are the lengths of the grid block bearing the borehole in the x and y directions respectively.

3. VERIFICATION

In this section we provide two cases in order to verify our numerical model. We compare our results with analytical model that is used
by Aydin et al. (2014).

3.1. Analytical Model

The following dimensionless analytical equation is considered in order to verify the numerical model (Ozisik, 1993):
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where 6 is the dimensionless temperature, J is the Bessel functions of the first kind and Y is the Bessel functions of the second kind..
Dimensionless boundary and initial conditions are assumed to be:

0(1,1)=0 (10.1)
6(r,0)=1 (10.2)
O(0,1)=0 (10.3)
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where 7 is the dimensionless radius, 7 is the dimensionless time. By using the following equations dimensional boundary and initial
conditions can be reached:

T =0(T, -T,)+T, (11.1)
. (112)
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.
= — (11.3)
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Here T, is initial temperature of the formation, 7j, is temperature of the borehole wall, 7, is radius of the borehole and « is thermal

diffusivity defined by o = % c - The dimensional boundary and initial conditions are:

T(r,,t) =T, (12.1)
T(r,,0)=T, (12.2)
T(w,t)=T, (12.3)

Table 1 gives the parameters used in the verification of the model. It is important to note that the analytical solution presented above
considers a constant temperature boundary condition at the borehole. In order to mimic this effect in the developed numerical model, we
assign large volumes to the borehole grid blocks during the run. This basically causes the temperature in the borehole grid blocks not to
change with time, hence obtaining a constant temperature boundary condition. Furthermore the analytical model assumes a constant
formation temperature. Hence in the numerical model the geothermal gradient is not used to generate the initial distribution of
temperature for the verification.

Table 1: Properties of system in verification.

Initial temperature of the formation, °C 20
Temperature of borehole, °C 15
Radius of borehole, m 0.2
Thermal conductivity of formation, J/(m.s. °C) 2.92
Thermal conductivity of water in numerical study, J/(m.s. °C) 0.6
Density of rock, kg/m® 2650
Heat capacity of formation, J/(kg. °C) 1000
Outer radius of formation, m 1000
Duration of operation, D 100
Total depth of GSHES in numerical study, m 100
Total number of grids in numerical study 256
Number of grid block in r direction in numerical study 40
Number of grid block in z direction in numerical study 5
Radius of U-tube in numerical study, m 0.02
Geothermal gradient in numerical study, °C/m 0

Figure 4 gives the temperature behavior of a specific grid point which is located at approximately 0.42 m from the borehole center. As
can be seen from Figure 4, the behavior of the temperature starts from the initial value. Since the temperature behavior given in Figure 4
is the behavior at formation block, heat is transferred among the grids is only by way of conduction and the temperature starts to
decrease. It is seen that the numerical profile is perfectly overlap with the analytical one.

Figure 5 gives the temperature profiles at the time of 10 Days and 100 Days. As it is clear, for both times the analytical response and the
response of the numerical model overlap each other.
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Figure 4: Comparison of the analytical model and the numerical model at 0.42 m in the formation.
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Figure 5: Comparison of the analytical model temperature distribution with the numerical model temperature distribution for
10 Days and 100Days.

4. SYNTHETIC APPLICATIONS

In this section we provide various synthetic applications to study the behavior of the GSHES. The Cartesian coordinate system will be
used to investigate the effects of underground water flow on the temperature profiles of the GSHES. Additionally we use a Cartesian

example to also study the effects of underground water flow rate. The properties of the formation and of the well are taken as given in
Table 2 unless otherwise stated.
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Table 2: Properties of system in this study.

Surface temperature, °C 20
Radius of borehole, m 0.2
Radius of u-tube, m 0.02
Injection temperature, °C 5
Thermal conductivity of formation, J/(m.s.°C) 2.92
Thermal conductivity of water, J/(m.s.°C) 0.6
Density of ground, kg/m’ 2600
Heat capacity of formation, J/(kg.°C) 1000
Duration of operation, D 100
Total depth of GSHES, m 100
Porosity, fraction 0.1
Total number of grids 620
Radius of u-tube, m 0.02
Geothermal gradient, °C/m 0.033

The number of grid blocks used in this study are 11x11x5. The areal grid used for this study is given in Figure 6. A logarithmic grid has
been used to minimize the discretization errors around the borehole. The borehole is situated at the center of the field. Underground
water flow is assumed to take place only in the fourth layer from the top. Hence the initial temperature of the fourth layer is assumed as
15 °C. Temperature of the other layers are applied by considering the geothermal gradient.

500

Ly, m

Lx, m
Figure 6: Areal logarithmic grid.

For analyzing the effects of underground water flow the temperature profiles around the well at 100 days are compared. Figure 7 gives
the results for three various underground water flow rates. When there is no underground water flow, the profile turns out to be
symmetric as expected. In this case, conduction becomes the only way of heat transfer. With an increase in the underground water flow
rate, the symmetry is destroyed. At the well block, the temperature is cooled less because underground water flow serves to replenish
the heat that is lost to the circulating water in the U-tube. As the water is moving from left to right, the flowing water is also cooled due
to the circulating water, hence this causes the temperature profiles on the right to be smeared, extending the region where temperature
changes are observed. On the left side of the well we observe the exact opposite behavior. The region of changed temperature is brought
closer to the well because of the heat support from the underground water movement.
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Figure 7: Temperature profiles around the well for various underground water flux.

Figure 8 gives the temperature profiles of the forth layer around the well at various days. Underground water flow is assumed to be
0.005 kg/s.m> In this case by increasing the time, as the water is moving from left to right, the temperature is cooled due to the
circulating water in the U-tube. Again the cooling takes place on the right side of the borehole and almost no cooling is observed on the
left side due to the underground water flow. The overall increase in the temperatures of the blocks are caused by conductive heat
transfer between the layers. This is due to the fact that a natural state modeling has not been considered for this example and hence the
temperatures change slightly away from the borehole.

Figure 9 gives the temperature behavior of the formation grids during the operation in the color-map. The same behavior for the forth
layer where the underground water flow is present can be seen.
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Figure 8: Temperature profiles around the well at various days.
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Figure 9: Temperature profiles around the well at various days.
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In the final example we consider the effect of thermal conductivity on the performance of GSHES. For this purpose, three different
values of the thermal conductivity are used; 1, 2.92 and 4 J/(m-s-°C). The results are given for 10 days and 100 days in Figures 10 and
11 respectively. As it is clear from Figure 11, when the thermal conductivity is low, the borehole is cooled the most since there is little
heat transfer when compared with higher cases of thermal conductivity. As the thermal conductivity is increased, the well is cooled less
due to higher heat transfer with the formation.
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Figure 10: The temperature distribution for different formation thermal conductivities at 10 days..
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Figure 11: The temperature distribution for different formation thermal conductivities at 100 days..

5. CONCLUSIONS
The following conclusions have been obtained from this study:

e A very simple numerical model based only on solving the energy balance equation under steady state flow assumptions has
been developed for modeling GSHES.

e  The model has been verified with an existing analytical expression given in the literature.

e  Underground water flow effects the performance of the GSHES. Higher underground water flow rates significantly affect how
the temperature is distributed in the formation.

e  The thermal conductivity of the formation is one of the critical factors that determine the performance of the GSHES. Lower
thermal conductivities lead to more cooling due to lower heat transfer between the borehole and the formation.
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