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Abstract

We present a temperature sensor module (TSM) for detecting the groundwater flow
velocity and direction in the vicinity of a borehole heat exchanger (BHE). We demon-
strate the method for double U-tube BHEs, which can also be applied to coaxial BHEs.
TSMs can be installed together with a BHE to monitor the temperature distribution in
the horizontal plane of a BHE. They consist of 16 digital temperature sensors equally
distributed on two concentric rings and a compass, which provides the TSM orienta-
tion. While the eight sensors located on the inner ring mainly map the temperatures of
the inlet and outlet tubes, the temperatures measured on the outer ring are influenced
by advective heat transport due to groundwater flow. We study the sensitivity of the
TSM to groundwater flow by numerical simulations and suggest a method for deriv-
ing both the groundwater flow velocity and direction. Moreover, we designed a TSM
prototype and tested it in a sandbox experiment. This test confirmed the operational
principle of the TSM and the method for determining the groundwater flow veloc-

ity and direction. The digital temperature sensors used in the TSM prototype resolve
temperature changes down to 0.02 K. Both the numerical simulations and the experi-
mental measurements show that such a temperature resolution enables the detection
of groundwater flow velocities above 107" ms~' (>30ma™").

Keywords: Borehole heat exchanger, BHE, Groundwater, Numerical simulation, EGRT,
Enhanced geothermal response test

Background

The long-term efficiency of borehole heat exchanger (BHE) fields can be affected by
groundwater flow (Fiitterer and Constantin 2014; Fiitterer et al. 2011; Lazzari et al.
2010). The advective transport of heat can influence neighboring BHEs and thus reduce
the heating and cooling power capacity of the BHE field (Diao et al. 2004). To maintain a
highly efficient BHE field, it can be necessary to optimize the operation of the entire BHE
field or parts of the BHE field by individual control of the BHE (Hecht-Mendez et al.
2013). The thermal storage capacity of a borehole heat exchanger field strongly depends
on the thermal interaction of the BHEs. Claesson and Eskilson (1988) showed that the
BHE field geometry and the thermal interaction between the BHEs depend on ground-
water flow. In this sense, knowledge about groundwater flow is highly recommended.
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There are many types of groundwater flow measurements in boreholes, which dif-
fer in their underlying measurement principles (Guaraglia 2014). The most common
methods utilize tracers, heat sources (Pitschel 2001) or optical methods and meas-
ure the tracer concentration (Schén 1996), temperature distribution or particle flow
velocity (Schoéttler 2000), respectively. Morgenstern (2005) gives an extensive com-
pilation of groundwater flow measurement methods. All these methods consist of
measurements taken in open wells where absent rock changes the natural flow field
(Bergmann 1970). Hence, the real groundwater flow is not directly measured, but is
obtained after correction of the borehole influence (Klotz 1977). A method for detect-
ing groundwater flow, which can also be applied when a BHE is installed in the bore-
hole, is the enhanced geothermal response test (EGRT), (Luo et al. 2015). Classically,
thermal response tests (TRT) are used to determine the influence of the underground
properties and additional groundwater effect on the effectivity of BHE (Wagner et al.
2012). While the TRT only provides an effective thermal conductivity for the under-
ground, the EGRT allows a depth resolved vertical distribution of the apparent ther-
mal conductivity near the BHE. Groundwater flow causes high apparent thermal
conductivities above the typical thermal conductivities for the respective lithology or
above the values measured in the laboratory (Heidinger et al. 2004), i.e., high appar-
ent conductivities indicate groundwater flow. In this way, aquifers can be localized
and the BHE or BHE field can be characterized more precisely (Luo et al. 2015). How-
ever, EGRT data cannot be used to determine flow direction and velocity.

Here, we present a new concept for determining the groundwater flow rate and
direction using horizontal temperature sensor rings installed inside a BHE, which
is published as a German patent (DE102016203865). We call these two concentric
rings with eight temperature sensors at each ring the temperature sensor module
(TSM). This temperature sensor module (TSM) makes it possible to detect the tem-
perature field distribution inside and in the direct vicinity of a real BHE. A BHE in
a non-groundwater flow case shows a nearly symmetrical temperature field, which
is proportional to the distance from the BHE to the monitoring point. Introducing
advective heat transport through groundwater flow causes a distortion in the tem-
perature distribution and hence a difference in temperature with a maximum value in
the flow direction. Monitoring the radial temperature distribution on the surface of
the borehole heat exchanger allows determination of the flow direction and the flow
strength. Figure 1 shows a schematic cross section of the BHE and the TSM positions.
The sensor rings are mounted around the BHE inlet and outlet tubes. While the inner
ring, with a diameter of 90 mm, is close to the BHE tubes, the outer ring (diameter
of 150 mm) is on the surface of the BHE. The temperatures measured by the inner
sensors mainly depend on their position relative to the inlet and outlet tubes. Thus,
these measurements can be used to determine the orientation of the TSM relative
to the BHE. In contrast to the inner sensors, the outer sensor temperatures depend
mainly on the thermal properties of the surrounding material. However, we expect
that they will also be influenced by advective heat transport due to groundwater flow.
We prove our assumption by numerical simulations of the heat and mass transport in
a 2D plane perpendicular to the BHE using SHEMAT-Suite (Rath et al. 2006), which
we introduce in “Methods” section.
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Fig. 1 Cross section of a BHE equipped with 16 temperature sensors (numbered 1-16) in a TSM. The outlet
(bullet) and inlet (times) tubes of the BHE are enclosed by the inner sensors. The outer sensors are located on
the surface of the BHE

The simulation results serve to layout the temperature sensor module. Additionally,
we present a TSM prototype used in a sandbox experiment to verify the concept. First,
experimental data and forward simulation of the prototype that has been tested in a
sandbox experimental environment are subsequently analyzed and used to assess the
TSM concept.

Methods

Basics

We use SHEMAT-Suite, a finite-difference simulator for heat and mass transport in
porous media based on the code of Processing SHEMAT (Clauser 2003). The combined
flow and heat transport equations (Bear 1988) are solved on a Cartesian 2D grid. Water
flow is calculated by:

v (Vh+pV2)| + Q= Ss— (1)

pwgk oh
I ot

where p,, is the density of water [kg m 2],  is the dynamic viscosity of water [kg (ms)™'],
g is gravity [m s™?], k is permeability [m?], / is the hydraulic head [m], z is the vertical
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Fig. 2 2D model of the BHE tube (a) and simulation of the calculated inlet and outlet tube temperatures as a

function of depth (b). The colors denote units with different geophysical properties

coordinate in space [m], and p, = (p;—p,) po ' describes the pressure-dependent relative
change in water density to a reference density p,. Q [W] is a source term, and S; is the
specific storage coefficient [s™].

As an analog to the flow equation (Eq. 1) taken from the mass balance equation, the
heat transport equation may be derived from Fourier’s Law and the energy balance equa-
tion (Incropera 2011; Carslaw and Jaeger 1959):

oT
V- (pwewTv = IVT) + H = (po) - v)

where T is the temperature [°C], c,, is the specific heat capacity of water [J(kg K)~], and
H is a heat source term [W m™]. 1, [W m~! K™'] is the effective thermal conductiv-
ity of the fluid-filled matrix, and c,, and c, are the volumetric heat capacities of water
and the fluid-saturated porous medium [J m~2 K~!], respectively. v is the Darcy velocity
[m s1]. Two 2D models are used in this work to simulate the temperature distribution
in a BHE. In the first model, we want to determine the temperature of the working fluid
in the BHE. Subsequently, we use the obtained inlet tube and outlet tube temperatures
to simulate the temperature distribution in a horizontal plane with the BHE in the center
of the model (similar to Fig. 1). With this model, we study the effect of groundwater flow
on the temperature distribution in the vicinity of the BHE.

Simulation of the working fluid temperature in the BHE

To calculate the working fluid temperature along the BHE, we use a simplified one-tube
model of a single inlet tube in two ways. First, we simulate the temperature distribu-
tion of the working fluid in the inlet tube. Second, we simulate the temperature of the
working fluid for the back leading outlet tube using the previously simulated tempera-
ture at the bottom of the inlet tube as the input. We consider a 100-m-long tube with a
32 mm diameter. In Fig. 2a, a section of the 2D model property units is shown, where the
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colors represent the units with equal physical properties. The blue units on the left side
represent the tube and cement of the BHE. The rotation symmetric model consists of
30 x 120 x 1 cells. For a realistic description of the pipe, the cells that simulate the pipe
are 16 mm thick and 1 m long. In addition, the pipe wall and the backfilling cement are
also resolved. In the z-direction, the pipe is divided into 100 equidistant 1-m-long sec-
tions, and the whole model is extended to 150 m depth to avoid boundary effects. Six
geological layers are considered. We use data from the E.ON ERC BHE field, which is
located in Aachen (Pechnig and Mottaghy 2012). The colors in Fig. 2a, b denote different
layers with varying parameters for porosity and thermal conductivity (Table 1).

The simulated temperature along the inlet and outlet tubes is shown in Fig. 2b. With

1 we calculated an outlet

an inlet temperature of 6 °C and a flow rate of 450 cm® s~
temperature of 8 °C, which matched the temperature of 8.1 °C measured at the outlet
of the BHE in our field fairly well. Hence, we assume that the obtained temperature
profiles of the inlet and outlet tubes are realistic. In the first 10 m, the temperature
gradient was lower than that in the other layers (thermal conductivity of layers two to
six in W m™! K71 2.6, 2.83, 3.01, 2.87, and 2.92) due to the smaller thermal conduc-
tivity of 1.2 W m~! K™, At a depth of approximately 80-90 m, the EGRT (enhanced
geothermal response test) provided unexpectedly high apparent thermal conduc-
tivities of 3.4 W m™' K™'. As they exceed the values measured in samples from this
depth range, we assume that groundwater flow has occurred in this region, which has
contributed to the high apparent thermal conductivity by advective heat transport.
Therefore, we used our first model to obtain the inlet and outlet tube temperatures
at this depth range. Their difference was approximately 0.3 K at 80-90 m depth and
decreased with increasing depth. We used the 0.3 K difference in the second model
by assuming inlet and outlet temperatures of 7.0 and 7.3 °C, respectively. For the tem-
perature of the surrounding soil at approximately 85 m depth, we assumed 10 °C. The
temperature distribution for the underground was determined by a numerical model.
In this model, we used a typical heat production rate of 0.6 W m~2 on the bottom and
the paleontological heat increased over the last 60 years (Mann et al. 2008) as the top
boundary conditions, respectively.

Simulation of the temperature distribution in a horizontal plane around the bhe

Model set-up

Here, we study the influence of groundwater flow on the temperature distribution by
simulating a 2D horizontal cross section of the borehole heat exchanger. The model area
consists of 247 x 247 cells and is 18 m x 18 m in size. We refined the discretization to

Table 1 Parameters used for the numerical simulation of the working fluid temperature

Units Thermal Volumetric Permeability [m?] Porosity [-] Temperature [°C]
conductivity heat capacity
Wm~TK™"] [MJK™"m™3]

Ground 12-30 23 3x 107" 0.200-0.300 100

BHE cement 2.0 1.0 1x107"° 0.010 10.0

Pipe 03 40 1x107%° 0.001 Calculated
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Fig. 3 Schematic top view of the fine discretized part of the 2D model with the double U-tube BHE in the
middle. The property zones are color-coded and differ in heat conductivity, heat capacity, porosity and
permeability (see Table 2 for the values). The two inlet tubes (I and Il) are shown in orange and light blue, and
the two outlet tubes (lll and IV) in light green and green

Table 2 Parameters used for the numerical simulation of the temperature distribution

around the BHE

Units Thermal Volumetric Permeability [m?]  Porosity [-] Temperature
conductivity heat capacity [°C]
[Wm~'K™"] [MJK Tm™3]

Ground 28 2.0 3x 107" 0330 10.0

Thermocem 2.0 10 1% 107" 0.010 10.0

Inlet tubes 03 40 1x 1072 0.001 7.0

Outlet tubes 0.3 40 1% 10720 0.001 73

0.32 cm in the borehole section. Figure 3 shows a scheme of the fine discretized part
of the model. We assumed a standard PE-100 double u-pipe BHE of 100 m depth and
a borehole of 150 mm diameter. The inlet tubes and outlet tubes have a diameter of
32 mm each. Corresponding to Fig. 1, the inlet tubes are marked with a cross (in Fig. 3:
I and II), while the outlet tubes are marked with a dot (in Fig. 3: III and IV). A BHE is
normally back-filled with a concrete suspension with a thermal conductivity of approx-
imately 2.0 W m™! K~! to reduce thermal resistivity to the ground. According to the
data provided by the EGRT, the simulated surrounding soil has a thermal conductivity
of 2.6 W m~! K. All parameters used in the numerical simulation for the horizontal 2D
model are shown in Table 2.

Results

In our model, we assumed a depth of 85 m in a 100 m BHE, with a soil temperature of
10 °C at this depth. The temperatures at the inlet tubes and outlet tubes are set to 7.0 and
7.3 °C, respectively. Thus, the temperature difference of the tubes is 0.3 K, as obtained
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Fig. 4 Temperature distribution at the BHE region without groundwater flow (a) and with groundwater
flow at 107°m s~' (ca. 31 m a~"), both under stationary conditions. The black arrows in (b) indicate the
groundwater flow direction

from the numerical simulations in the previous chapter. With this model, we study the
influence of groundwater flow on the temperature distribution, especially on the tem-
perature at the sensor positions shown in Fig. 1. We consider three different groundwa-
ter flow velocities of 10°° m s, 10" m s}, and 108 m s~! and vary the flow direction
from 0° (W direction) to 180° (E direction) in steps of 22.5°.

In Fig. 4a and 4b, we show the simulated temperature distributions for the BHE region
at 107° m s! (compared to Fig. 3) without and with groundwater flow, respectively. The
black arrows in Fig. 4b indicate the flow direction.

Under stationary conditions, the model with groundwater flow as advective heat trans-
port is dominant (soil temperature is 10 °C) and is on average warmer than the one with-
out flow. From the results in Fig. 4, groundwater flow appears to only minutely change
the temperature at the inner ring sensors labeled 1-8 (see Figs. 1 and 3). However, the
inner ring is essential for determining the sensor’s position relative to the BHE tubes. As
the double U-tube heat exchanger is asymmetrical, the temperature shift resulting from
the BHE layout has to be taken into account. Depending on the groundwater’s angle of
incidence, the distorted temperature distribution differs with the relative position of the
inlet tubes and outlet tubes, provided that they have a temperature difference. The influ-
ence of groundwater flow on the inner and outer ring temperatures will be discussed in
the following section.

We performed a numerical simulation to investigate the groundwater influence on the
temperature distribution of a BHE. In Fig. 5, the calculated temperature data at the sen-
sor positions of the inner ring (a) and the outer ring (b) are shown for three different
groundwater flow rates (v= 10°ms 10" ms}, and 1078 m s~! and for no-flow con-
ditions). The BHE inlet tube and outlet tube temperatures had a significant impact on
the inner ring temperatures. According to the calculated temperatures at the inlet tubes
and outlet tubes in Fig. 2, we expect a temperature difference of 0.3—0.4 °C for the inlet
tube and the outlet tube at the depth range of 80-90 m. Here, we used 7.3 °C for the
inlet tube temperature and 7.0 °C for the outlet tube temperature, respectively. In this
example, both inlet tubes were near sensors 2 and 4, while the outlet tubes were in the
vicinity of sensors 6 and 8. Sensors 1 and 5 monitored the inner ring, and sensors 9 and
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Fig. 5 Simulated temperature data at sensor positions 1-8 of the inner ring (a) and 9-16 of the outer ring (b).
The sketch in (a) in the right top corner shows the BHE tubes with sensors
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Fig. 6 Simulated temperature data at sensor positions 1-8 of the inner ring (a) and 9-16 of the outer ring (b)
for three different flow directions: 0° is the flow from left to right, 90° is the flow from top to bottom and 180°
is the flow from right to left

13 showed equal temperatures, respectively, as expected for this set-up. The tempera-
ture increased rapidly with higher flow rates as heat was transported by advection in the
groundwater. Compared to the no-flow condition, we observed a significant temperature
change at the outer sensors at flow rates higher than 107" m s, Thus, the outer ring can
be used to detect groundwater flow, and the inner ring can be used to determine the ori-
entation of the TSM relative to the BHE inlet and outlet tubes. This is important as the
position of the TSM relative to the inlet tube and outlet tubes most likely changed dur-
ing the insertion of the BHE into the ground. Additionally, the temperature at the inner
ring was influenced by advective heat transport at a flow velocity of 85 m a™! (see Fig. 5).

Page 8 of 18
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In Fig. 6, we show numerically calculated temperatures influenced by groundwater
flow from three different flow directions for the inner (a) and outer ring (b) sensor
positions. We varied the groundwater flow directions: 0°, 90° and 180° correspond to
flow from left to right, from top to down, and from right to left in Fig. 1, respectively.
Assuming a relatively high flow rate of 107® m s™, the outer ring sensors show a
strong correlation with the groundwater flow direction. Changing the flow direction,
the calculated temperatures for the outer ring sensors shift as expected. However, the
temperatures of the inner sensors are mostly influenced by the temperature of the
inlet and outlet tubes and show a much smaller temperature spread. The interpreta-
tion of the inner ring temperature distribution is very difficult, as it is influenced by
the inlet and outlet positions, their temperatures and the groundwater flow rate.

Conclusions of the numerical study

Groundwater flow as low as 10~ m s™! can be detected with the TSM consisting of
two temperature sensor rings: an inner ring for detecting the orientation of the BHE
tubes and an outer ring for detecting the groundwater-induced temperature changes.
At flow rates of 107 m s~!, the temperature distribution at the outer ring differs
strongly from that under no-flow conditions. Lower flow rates of approximately 107
m s~! cause temperature shifts of less than 0.1 K. At a groundwater flow velocity of
107 m s71, the flow direction can be easily resolved. The angular resolution depends
mainly on the number of sensors installed on the outer ring. In our case, the angular
separation is 45°, i.e., we can obtain flow directions with an accuracy of approximately

22.5°.

Temperature sensor module experiments

TSM prototype

Encouraged by the introduced simulation results, we designed a TSM prototype for
testing and proving the concept (Fig. 7). The TSM consists of digital temperature sen-
sors allocated on a modular double ring system. We used the open source software
Arduino IDE to control the sensors. Each module consists of three double ring levels
allocated vertically on two tubes.

The TSM prototype frame is made up of two tubes. The frame is 40 cm long and
has an outer diameter of 150 mm and an inner diameter of 90 mm. For mounting
purposes, the TSM is divided in two halves, which are equipped with holders for
attaching the TSM to the BHE inlet and outlet tubes. The entire frame consists of
PCA plastic for the following two reasons: (1) plastic is preferred to avoid disturb-
ing the magnetic field sensors for the real TSM modules installed inside the BHE,
and (2) material with low thermal conductivity is used to hinder the mutual influence
of neighboring sensors. The measurement sensors are positioned horizontally on two
rings attached to the inner and outer frame tubes (labeled 4 in Fig. 7). Each ring is
equipped with eight sensors. The sensors and their electronic periphery are assem-
bled on flex boards. We used digital ADT7240 semiconductor temperature sensors
with a resolution of 16 bit [datasheet ADT7240 (2017)]. They are capable of resolv-
ing temperature in 0.0078 K steps. We used open source Arduino software (based on
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Fig. 7 Temperature sensor module (TSM) with three temperature sensor (4) ring levels. The TSM is mounted
via the yellow spacers (5) to the inlet and outlet tubes of the BHE. The TSM main tube (red) is 1 m long. The
blue spacers (2) ensure a constant distance between the inner (red) and the outer tubes (gray) and thus
between the inner and outer ring temperature sensors (4)

C++) and hardware for programming and reading the digital temperature sensors.
The data, which are collected via an Arduino pController, are transmitted and stored
via ethernet to a database for further processing. For more technical details about
the TSM, see Michalski and Klitzsch (2017). We calibrated the sensors relative to one
master sensor with an accuracy of approximately 40 mK using an insulated water bath
connected to a thermostat with an accuracy of 10 mK.

Sandbox experiment

We tested the TSM prototype in a sandbox experiment. For that, we installed a BHE
model together with the TSM prototype in the sandbox, which can handle water flow
at a constant rate. Figure 8 shows the experimental set-up. The sand-filled cubic box
has an edge length of 80 cm and two water tanks attached on opposite sides. The
tanks are hydraulically connected to the box via felt-covered, perforated walls. They
enable a hydraulic gradient across the sandbox, and thus, water flows through it.
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Fig. 8 Experimental set-up for testing the TSM prototype under flow conditions. a-c are the devices used
to simulate the BHE operation: the thermostat, its controlling unit and a small backup water reservoir,
respectively. The sandbox (d) contains the BHE model with the TSM prototype attached to it. Water flow
through the sandbox is driven by the hydraulic gradient between the two water tanks (e) and (f)

The TSM sits in the center of the sandbox and is attached to four tubes. They repre-
sent the two inlet tubes and outlet tubes of the BHE and are connected to temperature-
controlled water reservoirs. The latter provides stable temperatures, with an accuracy
of 0.01 °C, and the attached pump enables volume flow rates of 0.5 1 s™*. At the begin-
ning of the experiment, the sand and the water in the side tanks were at the laboratory
temperature, which varied between 20 and 22 °C during the experiment. The TSM was
oriented to allow (ground)water to flow from sensor 1 to sensor 5.

With this set-up, we performed experiments at different flow rates through the sand-
box, i.e., we simulated different groundwater flow velocities. For this, we created a
hydraulic gradient between the two opposite water tanks by constantly pumping water
from one tank into the opposite tank. Thus, we were able to establish constant flows at
certain rates, i.e., certain constant hydraulic gradients. For all experiments, we moni-
tored the temperature distribution using the TSM. For the first experiment, the whole
sandbox was at ambient temperature and no (ground)water flow through the sandbox
was established. After pumping cool water through the BHE model, we monitored the
temperature decrease until we reached steady state conditions. Subsequently, we turned
the pump off and monitored the temperature increase in the sandbox. Afterwards, we
repeated the experiment at different groundwater flow rates. We enforced the ground-
water flow by hydraulic heads of 15, 7, and 3.5 in the water tanks adjacent to the sand-
box. We started with a hydraulic head of 15 cm. After reaching stationary conditions,
we decreased the hydraulic head first to 7 cm and second to 3.5 cm. For the experiments
with and without (ground)water flow, we cooled the working fluid of the BHE down to
10 and 15 °C, respectively.

Prior to the flow experiment with temperature monitoring, we performed a tracer test
to determine the hydraulic conductivity of the sand in the box. For this experiment, we
injected salt water into the source tank and measured the electrical conductivity in the
sink tank. For the established hydraulic head of 12 cm, we obtained a velocity of approxi-
mately 2 x 107> m s~! and thus a hydraulic conductivity of approximately 3 x 10™* m
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s~! or a permeability of approximately 3 x 107! m?, which we used for subsequent

simulations.

Comparison of experiments and numerical simulations

We used the experiment without a hydraulic head, i.e., without (ground)water flow, to
adjust the thermal properties of the sandbox model. From this, we obtained a thermal
conductivity of approximately 2.8 W m~! K~! and a water heat capacity of 2 MJ K™! m~3
for the filling material of the sandbox, medium-grained sand with a porosity of approxi-
mately 30%. These values match those obtained from laboratory measurements of

sand samples. For the Thermocem®

cement, which is in between the two TSM tubes,
we used a porosity of 10% and assumed, as plastic tubes enclose it, a very low perme-
ability of 107! m? Its thermal conductivity and heat capacity were 2 W m~! K~! and
2 MJ K~! m™3, respectively. Its thermal conductivity strongly influenced the temperature

gradient of our measurement. Thus, Thermocem®

mainly causes the temperature dif-
ference between the inner and the outer sensor rings. Those results were inserted into a
numerical 2D model of the TSM with a BHE, as described in “Model set-up” subsection.

In Fig. 9, we show the experiment together with the simulation results for the cool-
ing phase where the BHE was turned on (Fig. 9a) and for the relaxation phase after the
BHE was turned off (Fig. 9b). For simplicity and because of the model symmetry, we
show the temperature for only one inner (black) and one outer ring sensor (gray). The
numerical model mirrors the measured the temperature variation well. The simulated
and measured temperatures slightly deviate from each other for only the fast tempera-
ture changes. The temperature fluctuations, which were under steady state conditions
(Fig. 9a), were caused by the variation in the ambient temperature in the laboratory.
As we also monitored the ambient temperature, we considered it a time-dependent
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Fig. 9 Temperature development during the cooling (a) and the relaxation phase (b) at the inner (black) and
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the cooling (a) and the relaxation phases (b) of all TSM sensors for the sandbox experiment without (ground)
water flow

boundary condition in our simulation. The ambient temperature variations of approxi-
mately 1 K caused fluctuations at the TSM of approximately 0.1 K.

In Fig. 10, we show the results of the same experiment under steady state conditions
for the cooling (a) and the relaxation phases (b) for all temperature sensors. Again, we
compared the measured and the simulated temperatures. In the cooling phase (Fig. 10a),
the temperatures of the inner ring sensors 1-8 were below those of the outer ring sen-
sors 9-16 because of their proximity to the heat sink. The numerical simulation and
experimental data match quite well, although the simulated and measured temperatures
slightly deviate for the inner ring sensors 3 and 5 and for the outer ring sensors 9 and 14.
A deviation can occur for several reasons, but we propose errors in the sensor position
as the major cause. Especially for the inner sensors, a small deviation in the position,
and hence in the distance between the sensors and the BHE tubes, can cause tempera-
ture differences of up to 0.3 K. The temperatures measured at the inner sensors strongly
depend on their relative positions to the in- and out-flow tubes. Thus, the inner ring
temperatures can be used to determine the position of the inlet and outlet tubes of the
BHE.

Figure 10b shows the measured and simulated steady state temperatures of the relaxa-
tion phase after turning the BHE off. Here, the results of the simulations are in good
agreement with the experimental data. As expected, the inner and outer ring sensors
have the same temperature, which is close to the laboratory temperature.

Finally, we tested the TSM in the sandbox by establishing water flow from one side
to the other side of the box. The experiment started at a hydraulic head of 15 cm. After
reaching a constant temperature level, we subsequently reduced the hydraulic head to
7 and 3.5 cm. The water reservoir temperature for the BHE was 15 °C. However, due to
heating effects from the environment, the resulting working fluid temperatures in the
inlet and outlet tubes of the BHE model were slightly different: 15.45 and 15.05 °C for
the inlets and 16 and 15.15 °C for the outlets. We measured the temperatures at the top
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of the BHE tubes using surface PT-100 temperature sensors. These temperature val-
ues were used as inputs for the numerical simulations. Moreover, the water, constantly
pumped from one tank to the other to establish water flow through the box, was heated
during the experiment by approximately 1 K due to the heat introduced by the pump.
Again, we considered the temperature change in the numerical simulation by adapting
the temperature boundary conditions.

We ran the experiment for 9 h. Unfortunately, sensor 16 broke during the experiment.
Therefore, we cannot show temperatures from this sensor at the hydraulic heads of 7 and
3.5 cm. Figure 11 shows the numerically calculated and the measured TSM tempera-
tures under the steady state conditions for the different experiments: initial tempera-
tures before turning on the BHE and b—d TSM temperatures at constant hydraulic heads
of 15, 7 and 3.5, respectively.

Apart from those recorded by sensors 1 and 8 of the inner ring, the simulation
matched the measured temperatures well. We attribute the deviation of these sensors to
water seeping into the joint between the two parts that construct the TSM. Such water
infiltration would primarily affect sensors 1 and 8, which are next to the joint.

The other sensors showed good agreement between measurement and simulation,
whereas the recorded temperature pattern looks very similar for the three different
hydraulic heads. The inner ring sensor temperatures mainly depend on the temperatures
of the inlet and outlet tubes. Hence, they should look similar and can be used to deter-
mine the relative orientation of the TSM to the BHE. The outer ring sensor temperatures
were higher and showed greater variability than the inner ring sensors. However, the
effect of the decreasing hydraulic head on the temperatures was lower than predicted:
With a decreasing hydraulic head, the measured and simulated temperature differences
in the flow direction (sensor pairs 1-5 and 9-13) decreased by~0.2 K at the outer ring
and by~ 0.4 K at the inner ring. The temperature change at the inner ring is due to the
permeable inner backfilling material. We filled the interior of the TSM prototype with
sand for easier assembly and disassembly of the TSM prototype to the BHE tubes. A
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completely cement-filled TSM cannot be disassembled and separated from the BHE
tubes. Hence, water flow affected the interior sensors of the TSM prototype.

Figure 12 shows the temperature difference between opposite sensor pairs a—c for the
outer ring and d—f for the inner ring for hydraulic heads of 15, 7 and 3.5, respectively. The
water flows from sensor 1 to 5 (inner ring) or from sensor 9 to 13 (outer ring). Caused
by the advective heat transport of the water, the latter pairs have the highest temperature
differences for both the measured and the simulated data (Fig. 12). Thus, the experiment
confirms the ability of the TSM to detect groundwater flow and to deduce its direction
from the monitored temperatures.

We ascribe the differences between measured and simulated temperatures to the inac-
curacy of the numerical model. We have not included the casing of the sensor boards or
the protection films in the numerical simulation, as the dimensions of those parts are
at or below the size of the grid cells. They affect not only the thermal properties of the
TSM but also the position of the sensors. Those parts influence the apparent thermal
conductivities and, due to their fabrication, cause displacement of the sensors from ideal
cylindrical coordinates. The displacement of a sensor by 3.2 mm, which corresponds to
the cell size of the model, causes a temperature change of up to 0.2 K in the numerical
simulation.

Apart from those recorded by sensor pair 1-5 of the inner sensors, the simulated and
measured temperature differences agree well. As described previously, water seeping
into the joint of the two TSM halves probably caused the large difference between sen-
sors 1 and 5.

Summary and conclusions

We presented a new temperature-sensing method to derive groundwater flow from
temperature distribution measurements near the BHE. First, we jointly simulated heat
transport and groundwater flow in a 2D model of a BHE to derive the temperature

Page 150f 18



Michalski and Klitzsch Geotherm Energy (2018) 6:15 Page 16 of 18

resolution required for detecting groundwater flow. For that, we used groundwater
flow rates of 107 m s, 1077 m s~ and 107® m s~!. Subsequently, we used them in
the 2D BHE model to simulate the temperature distribution near the BHE with and
without flow, revealing that both rings are necessary to interpret the temperature dis-
tribution. While groundwater flow affects the outer ring temperatures, the inner ring
temperatures mainly depend on the distances between the sensors and the inlet tubes
or outlet tubes. Hence, the position of the tubes and their temperatures have large
impacts on the inner ring temperatures. They provide the TSM orientation relative to
the BHE tubes, which is essential because of the asymmetrical temperature distribu-
tion of the double U-tube BHE. Our simulations show that the flow direction can be
resolved at an angle of 22.5°. Under no-flow conditions, the asymmetry of the BHE
slightly influences the outer ring temperature distribution, but a flow velocity of 107°
m s~ ! clearly changes it, i.e., such a groundwater flow rate can be easily detected. For
the lowest flow velocity detectable with the TSM, we obtain 10~ m s~ ! if we assume
a temperature resolution of 0.1 K for the temperature difference of opposing sensors.
Hence, in the case of small flow velocities, the contribution of the BHE pipe arrange-
ment has a larger impact on the temperature distribution of the outer ring sensors
(Fig. 5b).

To test the approach, we designed a TSM prototype and applied it in a sandbox
experiment, which contained a BHE model. There, we monitored the TSM tempera-
tures without and with groundwater flow after starting and stopping the BHE opera-
tion. The experiments confirm the detectability of groundwater flow at relatively high
flow rates on the order of 107> m s™!, Furthermore, we also observed the sensitivity
of the outer ring temperatures to flow direction. Due to the design of the TSM with
eight temperature sensors per ring, we postulate an angular resolution of 22.5° with
an accuracy of £ 11.25°. Unfortunately, we could not confirm the angular resolution in
the sandbox experiment as the experimental set-up allowed only one flow direction.
Even though the simulations show that we meet the directional accuracy of £11.25°,
we expect a decreasing accuracy with decreasing flow velocity for the real application
of the TSM.

In general, the simulations match the observations but also partially deviate. We
attribute the deviations between measurement and simulation to the complexity of
the TSM set-up, which was not fully considered in our numerical model.

In the following project step, TSMs will be installed within a real BHE at depths of
interest between 50 and 100 m. This will provide the possibility for testing the TSM
under real conditions.
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