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Abstract. Ground Heat Exchangers (GHE) are part of Ground
Source Heat Pumps (GSHP), employed as a renewable source in
air conditioning systems. Models implemented are quite in tune to
the real behaviour, enabling reliable designs and optimization,
once several thermal properties of the surrounding soil and
borehole are known. Since some values of those properties are
evaluated from experiments, other ones are selected and
approached from data base, leading sometimes to poor
reproductions, due to the lack of their specific knowledge.

This work demonstrates the effectiveness of the experimental
evaluation of the filling material properties in a vertical GHE, to
guarantee more reliable values to model its thermal behaviour:
moisture content, density, and both thermal capacity and
conductivity. Experiments must be easy and fast to perform,
because their values must be known previous to the GSHP design.
In addition, an identification process over a numerical model has
been developed. In order to check its consistency, results have
been compared with those determined experimentally. As well as
a high model accuracy, it has been demonstrated the importance of
the presented assays to be included in the previous experimental
work to the design step of a GSHP system, providing a valuable
borehole characterization.
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1. Introduction

A Ground Source Heat Pump (GSHP) is a relevant efficient
system applied to air conditioning in buildings which
involves high energy savings, leading to numerous
environmental benefits [1]. The main difference with
conventional systems is that the external heat exchanger
device of the refrigerating machine interacts with the
ground, instead of the surrounding air, being called Ground
Heat Exchanger (GHE). Among several types, the vertical
ones are quite efficient because the ground temperature
remains mostly constant along depth up to 100-150m deep.

For design and optimization purposes, several mathematical
models have been developed, being currently very precise,
at different levels [2]. But to tune these models, it is
necessary the knowledge of several thermal properties.
Most of them can be quite well adjusted from the called
Infinite-Line Source model (ILS) and data collected from
experimental tests: i) the undisturbed Ground Temperature
Test (GTT) [3], where a fluid circulates in a laminar regime
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without heat input for a few minutes, and from which a
mean constant value for the ground temperature Ts (K) is
obtained; ii) the Thermal Response Test (TRT) [4]
provides the inlet and outlet fluid temperatures to the GHE
for a constant circulating flow along an experiment of two-
three day duration, where a constant heat flow is injected.

Among all the characteristics, the most important one
corresponds to the soil thermal conductivity s (W/m.K),
being fortunately quite well fitted. The transient behaviour
of the ground must be determined from the ground thermal
capacity Cs (MJ/m3.K) resulting in its thermal diffusivity
as (M?/s). Its value is normally taken from tables, and does
not represent a serious problem, because models show low
sensitivities associated to this term. In relation with the
borehole thermal behaviour, the ILS method can also
provide the value of a property called borehole resistance
Rp (m.K/W) which involves the stationary behaviour of the
grout, directly related to the borehole thermal conductivity
Ap (W/m.K), although this last value is not really known.
Errors associated to measuring, data acquisition and
model, must be taken into account, having to assume a
margin of error [5].

In addition, in recent years it has been demonstrated the
importance of the intermittent behaviour of the GSHP,
improving the device efficiency, when injecting the heat
flow in the form of pulses [6]. It forces to take into account
the borehole heat capacity Cp, (MJ/m3.K) (and in
consequence its diffusivity o), that the previous procedure
is not capable to provide. The knowledge of both /1, and Cy
produces then a variable Ry, which is able to reproduce the
system behaviour from heat pulses [7].

In this sense, numerical methods associated to GHE are
reasonably attractive to identify this last term, as well as
fitting other ones, such as Ay, 4s, Cs, Ts, ... [8, 9]. In any
case, these methods are also subject to sources of error,
and could provide inconsistent results. In addition, the
computation time is quite high, making unaffordable a
practical procedure for a fast determination of properties
to be used in a design step. Thus, it is necessary additional
experimental work to provide more reliable properties
associated to a friendly and reliable GHE model.
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The aim of this work is to demonstrate the convenience and
effectiveness of adding easy experiments associated to the
characterization of the filling material of a vertical GHE to
those previous characterization steps (GTT, TRT, ILS, ...)
of a GSHP design, obtaining fast results. For this purpose,
grout thermal properties of a GHE, whose samples can be
easily extracted from the borehole, have been evaluated
from experiments. At the same time, a numerical model of
that GHE has been developed, which has been subjected to
a first approximation in the process of identification of
parameters via Design of Experiments (DoE). Experimental
results allow to discriminate the optimal range for this last
process to select an effective set of thermal properties to
tune the model.

2. Material and Methods

A. GHE tested and data

The GHE to be analysed (see scheme in Fig. 1) is located at
University of Jaén (Spain), presenting a 150mm diameter

and 130m depth, in a single U-tube disposition of a 32mm
inner diameter PE100 pipe.
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Fig. 1. Disposition of GHE

An overall procedure is shown in Fig, 2. A GTT was run
first, obtaining a Ts profile in depth, as well as its average
value. In addition, a three-day duration TRT determines the
inlet and outlet fluid temperatures, whose mean value T;
allows providing 4s by a first step of the ILS method [10].
In a second step, Ry (constant) is determined, providing in
advance C, from other sources. A proper model associated
to Ry can also establish the borehole conductivity, Ay [11]
(the opposite can also be done, that is, providing A, from
data base, modelling Ry by [11] and then, establishing Cs. In
any case, at least one these characteristic is not
experimentally known for long-term simulation).
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Fig. 2. Previous steps for thermal characterization of a vertical
single GHE. Conventional procedure

These terms are then used by long-term models for a
GSHP design or optimization stage. But for evaluating
intermittent operation, short-term behaviour cannot be
modelled only from those data, being necessary the
additional knowledge of C, that must be searched
independently. As a result, both models use two
parameters not known from experiments (i.e. A, and Cp).

B. Numerical model and identification process

Half of the described borehole (considering a symmetry
condition, with adiabatic contour) was 3D modelled by a
CFD commercial software by the Finite Volume Method
(FVM) [12], including into the domain a 6m diameter of
the surrounding ground, as Fig. 3 shows.
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Thus, three-dimensional unsteady simulations of the
problem have been conducted, where second-order
accuracy in time and in space has been considered. In the
outer surface of the control volume, it has been included as
boundary condition Ts (undisturbed ground temperature in
depth from the GTT test), remaining constant along the TRT
test. In addition, the overall system is initially at thermal
equilibrium at the ground temperature, and the liquid at rest.

The model simulates the TRT experimented before, thus the
inlet fluid temperature is set as input to it, to calculate the
outlet fluid temperature, which is compared to that
measured, and subsequently evaluate the model accuracy by
means of the Root Mean Square Error (RMSE) between
them.

To identify the suitable value for the borehole
characteristics, a Design of Experiments (DoE) has been
applied to the numerical model, searching the minimum
RMSE [13]. For this purpose, the RMSE is fitted by a linear
regression from a triangular array of binomial terms,
representing, at least, a second order polynomial function of
RMSE =~ f (A, Cp). It allows to evaluate the shape of that
RSME, as response variable, depending on k, and Cy, as
explanatory factors of the experiment (in this case, model),

This approach is built from a two-parameters, three-level,
Full Factorial Design (FFD) of experiments, applied to
those terms over a certain range determined initially from
literature review. This design finds the path where to search
that minimum, being necessary several steps. In this work,
a first stage has been developed, in order to check if the
optimal values that validate the model are within the
margins given by the sample experiments.

C. Experiments over borehole material

Once the hole was filled, the following step consists of
obtaining a sample of this material to be analyzed. In this
case, an initial piece was extracted from the upper end of
the borehole, and then, there was obtained a suitable section
to perform the thermal conductivity analysis (see Fig. 4).

Further steps are as follows, where a precision balance
Blauscal AH1200 was used for weighing materials along
them:

1) The sample was dried first in a drying furnace
Memmert (SNB 167 Model 100) to determine its
equilibrium water content X (kg w/kg d.b.),
accordingly to ASTM D2216 standard [14].

2) Density py: later, the dry density was determined
following the ASTM C373-14 standard [15]. The
sample was weighted twice: the first of them with
dry mass mq, and the second case, once they were
saturated in air m,. Later the saturated sample is
weighted immersed in water, providing a value my,.
The dry density pg can be then calculated following
the eq. (1), taking into account the water density pw
(kg/m3):

— 1)

mg—my

Pa = Pw -
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SAMPLE EXTR

3)

4)

As the equilibrium moisture is known, the
material density p, with this water content can be
then determined following eq. (2).

pr = pa- 1+X) (2)

ACTION

BOREHOLE
UPPER END

Fig. 4. Sample extraction and preparation

Thermal conductivity Ap: this characteristic has
been determined with a guarded heat flow meter
FOX-50 (TA Instruments), in accordance with
the 1SO 8302 standard [16], once adopted newly
their equilibrium moisture content. As the
rectangular shapes differ from those required by
the device, it may produce discrepancies on
experiments. Here appears a certain volume with
air, presenting a thermal resistance Ra in parallel
with that corresponding to the sample Rs, as Fig.
5 shows. For an adequate value determination,
the measured conductivity (4m) provided by the
equipment must be readapted following eq. (3),
knowing the required section by the device (Sm),
the real one provided (Sp) and the air conductivity

(4a).

Sm—Sp
o ©

Sm
Ay = - 2+ A

Heat capacity Cy: this term is determined once
the density pp (kg/m®), equilibrium moisture
content X (kg w/kg d.b.) and both the specific
heat of wet and dry samples ¢, and cq (J/kg.K),
respectively, are known, as eq. (4) shows.

_cgtcey X
1+X

4)

Chb =¢Cp " Pp, Cp
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The last property cq can be evaluated following the
classical method of mixtures, accordingly to
ASTM D4611 standard [17]. A heated dry sample
at a temperature Tn; is cooled with a mass of water
myi, with a known initial temperature Tyi. After the
thermal equilibrium is reached, the final
temperature of the mixture T is used to determine
this characteristic, following eq. (5).

Tmf —Twi
' Tmi—Tmy ®)
Previous to analyse the given results that egs. (1) to (5)
provide from assays, it has been evaluated the uncertainty
wrj associated to the determination of each parameter R;
(such as X, pu, Cp, and so on) by those formulae, from
measuring M; (such as temperatures, masses, conductivity,
surfaces, etc.). They depend on the their own uncertainties
ww,;, depicted in eq. (6) [18].

\/Z aR, wyy l}z

(6)
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A measurement uncertainty is frequently provided by the
manufacturer of the corresponding device, incorporating
irregularities at the sensor signal, the data acquisition
system, and the calibration process (which are added in the
same way as eq (6) shows). For the used equipment, the
accuracies are equal to 0.005g at the balance, 3% for the
heat flow meter, and 0.1°C for the used thermistor. In
addition, samples and experiments themselves induce
errors that cause variabilities in results, thus it is important
to repeat the tests several times.

3. Results

The numerical model has been run for the 9 combinations
of values into their respective ranges for the input factors
Apand Cp into the DoE. An example of the temperature
field at an arbitrary moment for one of them can be seen
in Fig. 6.

t=7,000s

Fig. 6. Model results (temperature field in Celsius ¢ degrees) at
borehole upper end along time of the TRT simulation

Obtaining the RMSE for these synthetic experiments, it has
been approached the surface function for that indicator.
RMSE surface results can be seen in Fig. 7.
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Fig. 7. RMSE surface of Tt (K) from DoE applied to the model

The advantage of this type of identification is that it is
necessary a few number of runs of the model to point
quickly to a little zone around the final solution.
Nevertheless, results can provide local minimums, or for
this case, extensive areas where minimum cannot be sensed
(see Fig. 7). For a tighter approach, higher number of
experiments are necessary, allowing upper orders at the
RMSE surface approximation function. But it is quite
important to select the most suitable zone to keep looking
for the optimal solution, which must also present physical
consistency. For this purpose, the help of additional data is
essential.

In relation with experiments over the sample, they have
been made in triplicate. As a result, uncertainties associated
to measurements cwm,i and equations wrj for parameter
determination are below *7% (6.5% in Ay, 5.95% in Cy,
0.5% in X, and <0.1% for densities), being similar to those
ranges observed in similar studies [18]. As they increase the
initial deviations from experiments, the variability
associated cannot assure a reliable unique solution for the
borehole (depicted by their averages).

However, it is important to mention that the borehole is
remarkably deep, and important changes in its thermal
characteristics can appear along it, especially those related
to the moisture content. Thus, it is more unfailing
considering a certain range where physical consistency can
be guaranteed but trying to assure those averages as
determinant. These values are shown in Table I. Hence,
ranges for C, and A, from this table have been marked in
Fig, 8 as a shaded shape over a zoom of Fig. 7 (as well as
their mean values). As it can be seen, those ranges allow the
selection of the best zone to search the final solution,
increasing the number of experiments centered in that zone.

Table I. — Experiments results

PARAMETER Average Range

X (kg w/kg d.b.) 0.041 0.036 - 0.048
pd (kg/dm?3) 1.62 1.61-1.63
po(kg/dm?) 1.68 1.67-1.68
Zp(W/m.K) 1.65 1.46-1.83
cd (J/kg.K) 558 381 -681
b (J/kg.K) 700 520 - 838
Cp (MJ/m3.K) 1.18 0.88-1.41
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Fig. 8. Restriction of the area to search a consistent solution of
identification process

By this way, it has been demonstrated, first, the usefulness
of the presented experiment-based characterization,
essential to provide consistent results from an
identification process to tune a mathematical model of a
vertical GHE.

Therefore, the experimental procedure is easy to perform
in the previous steps of a GSHP design, as Fig. 9 shows.

GTT TRT Borehole
Experiments
1Tt ;
st
T5 LS, 1 EVALUATION
step
As lcb Ay
ILS, 2d MODEL
‘__
step R, Rb
Cs
DESIGN - OPTIMIZATION
LONG-TERM & SHORT-TERM
SIMULATIONS

Fig. 9. Previous steps for thermal characterization of a vertical
single GHE. Proposed procedure

Once a borehole is filled and dried, these samples can be
taken on site before starting or immediately after finishing
the tests over it (GTT, TRT), although maybe more
appropriate molding them before that filling, with fresh
mix. Later, results can be supplied at the same time of
finishing the analysis of those tests, providing then a
reliable characterization of a single borehole GHE. It
serves as a starting point for a GSHP system design, even
taking into account a short-term model for intermittent
performance emulation.

A quite interesting advantage is that all the terms are
experimentally derived, being included into the
corresponding model (in both short-term and long-term
ways). Neither Cs nor Cp, must be inferred from tables or
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diagrams, as they can be identified following the scheme of
Fig. 9. While in a traditional way, an estimated C; was used
to determine Ry by the ILS method, providing later A, (see
Fig. 2), now the opposite happens, where Ry, is given from
b (experimentally), and later, the ILS method provides Cs.
In any case, it is important to improve the experimental
work associated to borehole samples, reducing the observed
uncertainties in their thermo-physical characterization, and
making possible to provide an effective solution for the set
of terms A, and Cyp (and consequently, Cs).

4. Conclusions

It has been demonstrated the usefulness of making
experimental procedures applied to samples of the filling
material of a borehole in a vertical GHE, due to the
following reasons: i) by including this sample
characterization within the previous ground
characterization works (such as from GTT and TRT), it can
be ensured that the values of all the parameters used by
models are experimentally based (see Fig. 9), while
conventionally, at least two of them must be supplied
without this experimental basis (see Fig. 2). In any case,
some of these experimental procedures must be improved,;
i) when this characterization is applied to a model tuning,
it helps to select a reliable range where to search the
effective set of values for those considered parameters (see
Figs. 7 and 8). It brings the initial values closer to the final
solution, enabling a faster identification, as the number of
model executions can be reduced.
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