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Abstract The development of ground source heat pumps

has facilitated the use of geothermal power at shallow

depths. Initially, ground heat exchangers were buried in

trenches or boreholes, but recent investigations and

increasing congestion of landscapes have suggested the use

of foundation structures as heat exchangers with the

ground. Foundations are shorter than conventional bore-

hole heat exchangers and are closer to each other to ensure

structural support. The thermal inertia of the ground

wherein seasonal heat storage is achieved, therefore,

becomes an important parameter for the design of such

structures. Although thermal response tests have been

developed to estimate bulk thermal conductivity on the

scale of geothermal boreholes, only laboratory or shallow

in situ test methods have been developed to estimate the

thermal diffusivity of the ground. This paper investigates

the potential for using a periodic pumping test procedure to

measure the thermal diffusivity of soils in a scaled model

of a geothermal borehole. The thermal diffusivity estimates

obtained are in agreement with values reported in the lit-

erature and illustrate the potential of the proposed method.

Keywords Ground heat exchanger � In situ test �
Interference analysis � Periodic pumping test � Phase shift �
Signal attenuation � Thermal diffusion � Thermal diffusivity

List of symbols

k Bulk soil thermal conductivity (W/m/K)

q Bulk soil density (kg/m3)

c Bulk soil heat capacity (J/kg/K)

DT = k/qc Bulk soil thermal diffusivity (m2/s)

Du Thermal diffusivity based on phase shift

analyses (m2/s)

Dd Thermal diffusivity based on amplitude

attenuation (m2/s)

T Soil absolute temperature (�C or K)

T0 Ambient laboratory temperature, also mean

soil temperature (�C or K)

h = T - T0 Soil temperature anomaly (�C or K)

h0 Amplitude of soil temperature anomaly at

the heat source shaft (�C or K)

T̂ ; ĥ Complex representations of soil temperature

and soil temperature anomaly

r, ri, R Radial coordinate, radius of the heat source

and radius of the soil sample (m)

t Time (s)

s Period of the heat source signal (s)

x = 2p/s Pulsation of the heat source signal (rad/s)

dTT Amplitude attenuation

uTT Phase shift

Mathematics

In, Kn Modified Bessel functions of nth order

i Imaginary unit

1 Introduction

Shallow geothermal energy represents a substantial reser-

voir of heat [3], the high efficiency use of which has been

made possible by the development of ground source heat

pumps (GSHPs). Two types of GSHP systems can be
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distinguished on the basis of the type of ground heat

exchanger (GHE) that is used [19]: open-loop and closed-

loop systems. In open-loop systems, water from an aquifer

is pumped, processed and injected back downstream. This

type of system requires particular conditions (the presence

of an aquifer with a favourable permeability) and signifi-

cant maintenance (to prevent clogging and corrosion of the

wells). Closed-loop systems use embedded absorber pipes

that are in contact with the ground, and these pipes circu-

late a heat-carrier fluid, allowing heat exchanges with the

heat pump. Therefore, closed-loop systems are widely

installed in various types of stratigraphy, the limiting factor

being the soil drillability. This paper focuses on closed-

loop systems.

The proper design of closed-loop GSHPs requires a

good knowledge of the in situ soil conditions, which can be

classified in two main categories. The first one corresponds

to soils in which a significant natural underground water

flow exists. In this case, the soil conditions are not

favourable for seasonal heat storage, as the injected heat

would be advected away from the GHEs, but are favour-

able for providing a heat source with a rather stable tem-

perature all year long. The second category corresponds to

soils in which no significant underground water flow is

observed. In this case, seasonal heat storage is recom-

mended to ensure the sustainability of the heat source. The

present paper focuses on the second category of soil con-

ditions, in which no natural underground water flow is

observed.

The thermal inertia of the ground is of great importance

in ensuring the sustainability of the heat storage as well as

the efficiency of the GSHP system. The sensitivity of

GSHP systems to design and applied loads was evidenced

by Garber et al. [9]. Furthermore, the use of foundation

structures as heat exchangers with the ground leads to

shorter and more closely spaced GHEs which makes the

thermal inertia of the ground even more important.

Under the stated ground conditions, the main heat

transport process is heat conduction [10], which is char-

acterised by the thermal conductivity, thermal diffusivity

and/or heat capacity of the ground. Therefore, great efforts

have been applied to determine these characteristics. Fa-

rouki [7] separates the methods to estimate the thermal

properties of soils into two categories: those based on

steady-state analyses and those based on transient analyses.

The steady-state analysis methods are mainly used to

determine the thermal conductivity of soils once a heat flux

is established either through a sample (using a guarded hot

plate [2] or a cylindrical arrangement [13]) or in situ (using

the sphere method [16] or a heat meter [20]).

Transient methods provide information about the ther-

mal inertia of the soil, i.e., its thermal diffusivity. Forbes

et al. [8] analysed the propagation of temperature waves in

soil using transient one-dimensional (vertical) heat trans-

port analyses. Hoekstra et al. [12] estimated the thermal

diffusivity of cylindrical soil samples by applying sinu-

soidal temperature signals to the sides of the samples and

measuring the temperature variations at the centres.

Shannon and Wells [21] used a thermal shock procedure

(i.e. a sudden change in temperature that is maintained) to

estimate the thermal diffusivity of a cylindrical sample.

However, these different methods do not provide esti-

mates at an operational scale for GHEs that reach depths

between 10 and 100 m. Samples barely represent real

in situ conditions, and in situ techniques such as the dual-

probe pulse method [5] (that is also used for laboratory

testing) and time series analyses of one-dimensional ver-

tical heat conduction data [11] only permit investigation of

the thermal diffusivity of soils within the first few metres

below the surface. Indeed, the former technique is limited

by the size of the probes [5], while the latter is limited by

the relatively shallow depths, not exceeding 3–5 m, within

which the temperature varies annually [22].

Thermal response tests (TRTs) have been developed

based on the infinite line source model [6] to estimate the

bulk thermal conductivity of a soil mass in which a geo-

thermal borehole has been installed [15]. However, the

inertia of soils has not yet been investigated on such a

scale, even though the bulk thermal diffusivity of soils is

becoming more important as shorter and more concentrated

GHEs (i.e. energy geostructures [14]) are increasingly

being used.

Therefore, this paper investigates the potential of using a

periodic pumping test that was originally designed to

determine the in situ hydraulic properties of soils [18] to

estimate the bulk thermal diffusivity of a soil mass on a

borehole scale. This estimation was accomplished using an

experimental scaled model of a geothermal borehole. The

mathematical basis of the method, including the derivation

of the equations involved and the graphical inversion used

to retrieve thermal diffusivity values from the experimental

data based on interference analyses, is presented in Sect. 2.

The scaled model used in the present study is described in

Sect. 3, as well as the data processing method. Finally, the

results obtained based on source–thermocouple and ther-

mocouple–thermocouple interference analyses are pre-

sented in Sect. 4. Section 5 discusses the applicability of

this method on a real scale, based on the scaled model

results.

2 Testing methodology

Determining the physical (hydraulic or thermal) properties

of soils under a forced periodic regime is achieved by

comparing an input signal to a recorded signal at a given
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distance from the source. Comparisons are achieved by

means of phase shift and attenuation analyses. The phase

shift represents a certain delay between the source and the

recorded signal and is related to the inertia of the system.

Attenuation is also observed between the amplitude of the

source signal and the monitored response. This attenuation

is characteristic of storage and/or dissipative effects

between the source and the measuring point. This type of

analysis is called interference analysis because compari-

sons are achieved between two different points [18].

a. Mathematical formulation

Heat transport within soils can be achieved through

many different processes [4] but thermal diffusion is the

main process occurring in soils in which water advection is

negligible [10]. This process is governed by the so-called

heat equation:

qc
oT

ot
¼ r k � rTð Þ þ QT ð1Þ

where k, q and c are the bulk thermal conductivity, density

and heat capacity of the soil, respectively, and QT repre-

sents any volumetric heat source or sink.

Because the present study focuses on determining the

bulk thermal properties of a soil under a forced periodic

regime imposed through an ‘‘injection well’’ [18], the

geometry of the source is axisymmetric, and one may want

to transpose Eq. (1) into cylindrical coordinates. Further-

more, if the soil is assumed to be isotropic from a thermal

standpoint and it is assumed that no volumetric heat

sources or sinks are present, the heat Eq. (1) becomes:

oT

ot
¼ DT

o2T

or2
þ 1

r

oT

or

� �
ð2Þ

where r is the distance to the source axis and DT is the bulk

thermal diffusivity of the soil, defined as:

DT ¼
k
qc

ð3Þ

The temperature anomaly applied to the soil at the soil–

GHE interface (i.e. at r = ri) is a sinusoidal variation that

is assumed to be homogeneous along the GHE wall.

Therefore, the applied temperature anomaly can be

modelled with a complex form, expressed as:

ĥ r ¼ ri; tð Þ ¼ ĥi tð Þ ¼ h0 exp ixtð Þ

h r ¼ ri; tð Þ ¼ Re ĥ r ¼ ri; tð Þ
n o ð4Þ

where x = 2p/s is the signal pulsation, s is the period of

the source signal and h0 its amplitude. Inserting the

following temperature anomaly equation:

ĥ r; tð Þ ¼ T̂ r; tð Þ � T0 ð5Þ

where T0 is the natural field temperature, into Eq. (2) yields

the following equation:

oĥ
ot
¼ DT

o2ĥ
or2
þ 1

r

oĥ
or

( )
ð6Þ

Spreading the space and time variables and searching for

a solution with the same pulsation as the source signal [Eq.

(4)] yields the following equations:

ĥ r; tð Þ ¼ hr rð Þ exp ixtð Þ

h r; tð Þ ¼ Re ĥ r; tð Þ
n o ð7Þ

Combining Eq. (7) with Eq. (6) yields the following

equation:

r2 o2hr rð Þ
or2

þ r
ohr rð Þ

or
� r

ffiffiffiffiffiffi
ix
DT

r� �2

hr rð Þ ¼ 0 ð8Þ

Equation (8) is a modified Bessel equation of zeroth

order whose solution is given by a linear combination of

the modified Bessel functions of zeroth order I0 and K0:

hr rð Þ ¼ A � I0 grð Þ þ B � K0 grð Þ ð9Þ

where g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ixD�1

T

p
. From this general solution, two types

of analyses can be developed, depending on the type of

boundary conditions that are applied. Considering a fixed

temperature at a given distant R from the source (the

Dirichlet condition) yields the following equation:

h r; tð Þ ¼ I0R � K0 grð Þ � K0R � I0 grð Þ
I0R � K0ri

� K0R � I0ri

hi tð Þ ð10Þ

where I0R ¼ I0ðgRÞ, I0ri
¼ I0ðgriÞ, K0R ¼ K0ðgRÞ and

K0ri
¼ K0ðgriÞ are constants. Considering an adiabatic

wall at a distance R from the source (the Neumann

condition) yields the following equation:

h r; tð Þ ¼ K1R � I0 grð Þ þ I1R � K0 grð Þ
K1R � I0ri

þ I1R � K0ri

hi tð Þ ð11Þ

where I1 and K1 are the modified Bessel functions of the

first kind and K1R ¼ K1ðgRÞand I1R ¼ I1ðgRÞ are constants.

However, in both cases, letting R approach infinity (i.e. the

far-field condition) yields the following equation:

h r; tð Þ ¼ K0 grð Þ
K0 grið Þ hi tð Þ ð12Þ

Based on Eq. (12), one can define an amplitude

attenuation dTT and a phase shift uTT between the source

and a point (at r) as follows:

dTT ¼
h r; tð Þ
hi tð Þ

����
���� ¼ K0 grð Þ

K0 grið Þ

����
����

uTT ¼ arg
h r; tð Þ
hi tð Þ

� �
¼ arg

K0 grð Þ
K0 grið Þ

� � ð13Þ
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b. Graphical inversion of attenuation and phase shift

In practice, the amplitude attenuation dTT and phase

shift uTT are experimentally determined from temperature

time series recorded at the source and at a distance r. A

graphical inversion is then used to derive the thermal dif-

fusivity DT because Eq. (13) is not reversible. To accom-

plish this inversion, Eq. (13) is rewritten as follows:

dTT Xð Þ ¼
K0 N

ffiffi
i
p ffiffiffiffiffi

x
DT

q
ri

� 	� �

K0

ffiffi
i
p ffiffiffiffiffi

x
DT

q
ri

� 	� �
��������

��������
¼

K0 N
ffiffi
i
p

X

 �

K0

ffiffi
i
p

X

 �

�����
�����

uTT Xð Þ ¼ arg
K0 N

ffiffi
i
p

X

 �

K0

ffiffi
i
p

X

 �

( ) ð14Þ

where N = r/ri. Curves dTT(X) and uTT(X) are then used to

estimate values of X corresponding to the observed

amplitude attenuation and phase shift (Fig. 1) and

consequently values of thermal diffusivity DT, using the

following equation:

X ¼
ffiffiffiffiffiffi
x
DT

r
ri ) DT ¼

2p
s

ri

X

� 
2

ð15Þ

3 Experimental set-up

The pumping test method was investigated on a scaled

model of borehole in which the soil homogeneity and the

positions of the temperature sensors are much easier to

control than in situ. Furthermore, the scaled model is

logistically simpler, less expensive and makes it possible to

have several sensors embedded in the soil around the heat

source to better evaluate the potential of the method. The

main features of this method are the application of a sine-

like temperature signal at the heat source that mimics

seasonal operations of a ground heat exchanger and the

recording of the temperature anomaly in the ground at a

given distance from the source. The thermal diffusivity can

then be estimated by comparing the time lag and the

attenuation in amplitude between the source signal and the

signals measured in the ground.

a. Scaled model

A scaled model of borehole heat exchanger was

developed at laboratory scale (Fig. 2). The absorber pipes

consist of two collocated U-shaped loops made of cop-

per. The equivalent diameter of the borehole is 0.01 m.

The buried length of the U-loops is 0.6 m. These pipes

are buried within a cylindrical tank whose inner diameter

is 0.31 m. The tank wall is made of steel and is 0.04 m

thick. A top cap is used to apply a vertical load to the

filling material. Two apertures (one at the base of the

tank and the other in the top cap) were managed to allow

water drainage resulting from the consolidation of the

filling material that is installed in slightly oversaturated

conditions. The aperture in the top cap also allowed

connecting the scaled borehole to the heater/chiller.

Holes in the tank wall, 20 cm above the tank bottom,

were used to install the thermocouples around the scaled

borehole.

The filling material is Bioley silt. This material was

tested in details by Péron et al. [24]. The tank was filled

layer by layer up to a level of 0.6 m.

The heater/chiller device is a temperature controlled

tank equipped with a pump delivering a flow rate of 5.4 L/

min. The heating is provided by electrical heaters. The

cooling is provided using a cryostat immersed in the tank.

This cryostat had a constant cooling rate so that when the

temperature of the heat carried fluid dropped below the set

point, heaters were activated.

The heat carried fluid used in the absorber pipes is a

mixture of water and glycol. Although no negative tem-

perature was investigated in this study, the glycol pre-

vented any ice to from around the cryostat which would

have reduced its cooling rate.

The construction of the laboratory test was as follows:

• The porous stone was placed on top of the bottom hole

of the tank

• The absorber pipes were installed and maintained

vertical on top of the porous stone

Fig. 1 Illustration of the graphical inversion of Eq. (14) with the

amplitude attenuation and phase shift
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• The tank was filled layer by layer up to the level of

0.2 m. Although no compaction was achieved between

the installations of two layers, particular attention was

given to avoid air pockets along the sidewalls and

around the absorber pipes. The filling material was

levelled by hand. Therefore, the thermal contact

between the silt and the absorber pipes might be better

than in full-scale practice.

• Thermocouples were placed on top of the silt at the

desired distance from the absorber pipes.

• The tank was filled layer by layer up to 0.6 m

• The top cap was placed on top of the tank. A toric joint

was used to seal the top cap—tank contact. The top cap

was then loaded with 100 kg, and its settlements were

monitored using a mechanical comparator. The scaled

model was ready to use when the measured settlements did

not show significant increase from 1 day to the other.

Heating and cooling cycles were produced by alternat-

ing the temperature set point of the temperature controlled

tank between T0 ? 15 �C and T0 - 15 �C, where T0 is the

ambient temperature of the laboratory, maintained at

approximately 23 �C. The period adopted was 24 h, so the

temperature set point is changed every 12 h. The test

described here was conducted over 3.5 cycles.

Six thermocouples were deployed around the absorber

pipes. Two additional thermocouples were installed right at

the inlet and outlet of the absorber pipes to monitor the

temperature of the inflow and outflow of heat-carrier fluid.

This allowed getting rid of thermal losses occurring within

the pipes connecting the scaled borehole to the temperature

controlled tank. Because of the consolidation occurring

after the installation of the thermocouples, these might

have slightly moved downward, slightly increasing their

distance to the absorber pipes. However, this was not

quantified and therefore assumed to be negligible for these

analyses. Facing thermocouples were installed at the same

distances from the absorber pipes so that data for three

different distances to the source axis were obtained

(Fig. 2): 7.5 cm (T2 and T5), 10 cm (T1 and T4) and

12.5 cm (T3 and T6).

Fig. 2 a 3D schematic of the scaled model tank and b cross section of the set-up showing the thermocouples and absorber pipes

Fig. 3 Example of source–thermocouple analysis, here between the

source and thermocouple T1
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b. Data processing

The temperature set point was reached more rapidly

during heating than during cooling. As a result, a plateau

was observed during heating, whereas the set point during

cooling was only reached in the first cooling phase (Fig. 3).

This dissymmetry arose from the fact that the heater and

the cryostat that were used did not have the same

capacities.

The raw data obtained from the test consisted of eight

time series of temperature from each of the eight thermo-

couples. The measurements were synchronised and taken

every minute. A running average algorithm was used to

smooth the noisy raw data, except the temperature data for

the absorber pipes. This running average algorithm

involved averaging values over 20 time steps which rep-

resent 20 min, centred on the value being smoothed.

The temperature of the heat-carrier fluid was not

smoothed because doing so would have erased the sharp

transition between heating and cooling and would have

induced error in the determination of the phase shift.

Indeed, the phase shift was estimated as the time required

by the sharp change in the heating–cooling curve to

propagate from the source to the monitoring points

(Fig. 3). The temperature of the heat source (i.e. the

absorber pipes) was approximated as the mean of the

temperatures at the inlets and outlets of the absorber pipes.

An analysis of the spectral density of energy obtained

from a fast Fourier transform of the time series was con-

ducted to verify and retrieve the pulsation of the source and

to ensure that this pulsation was not affected while prop-

agating through the silt (Fig. 4). The peak energy density

was found to occur at a frequency of 10-4.952 Hz for each

thermocouple, which corresponds to a period of 1.04 days.

Therefore, the applied period was 24 h, as expected.

The amplitude attenuation was estimated for the last

heating phase as the ratio between the amplitude of the

response and the amplitude of the source (Fig. 3). The

amplitude attenuation was estimated in this manner for

each of the six thermocouples installed in the tank.

Two types of interference analysis were carried out. The

first type is based on the comparisons between the source

and the thermocouples and is called source–thermocouple

interference analysis. The second type is based on the

comparisons between the thermocouples and is called

thermocouple–thermocouple interference analysis.

The time lag between the thermocouples in the ther-

mocouple–thermocouple interference analysis was esti-

mated using cross correlation by finding the maximum of

the normalised cross covariance function based on the two

thermocouple signals. However, determination of the time

lag was more challenging for source–thermocouple inter-

ference analyses. Indeed, the presence of the plateau during

the heating phase in the source signal would have overes-

timated the lag because cross correlation maximises the

common area between the two curves instead of aligning

the sharp transitions from heating to cooling which phys-

ically corresponds to the maximum temperature observed

at the thermocouples (Fig. 3). Therefore, in the source–

thermocouple interference analyses, the time lag was esti-

mated manually from the smoothed curves for the ther-

mocouples, and a large margin of error, ±10 time steps (i.e.

±10 min), was assumed for the estimates. The phase shift

was estimated as the lag between the last transition from

heating to cooling at the source and the last positive peak

observed at the thermocouple (Fig. 3).

4 Analyses

The analyses are divided into source–thermocouple inter-

ference analyses and thermocouple–thermocouple inter-

ference analyses.

a. Source–thermocouple interference analyses

As stated in Sect. 3.b, source–thermocouple interference

analysis involves comparing the signal from the source with

the responses measured by the different thermocouples.

Observed phase shifts and attenuations for the different

thermocouples are presented in Table 1. Curves of phase

shift and attenuation, as illustrated in Fig. 4, were produced

for a source radius equal to 1 cm—the diameter of the heat

exchanger borehole—and values of N (= r/ri) for each

thermocouple. In total, three sets of curves were used (one

set per distance to the source for three different distances to

the source; see Sect. 3.a). Four values of thermal diffusivity

were derived per thermocouple: one from the amplitude

attenuation (Dd) and three from the phase shift: one fromFig. 4 Spectral density of energy of thermocouple T1
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the measured phase shift value (Du) and two from the

phase shift bounded by the error (Du-10 and Du?10). These

values were estimated only for assumed conditions of no

heat flux at infinity, using Eq. (12), and no heat flux at the

tank radius, using Eq. (11). The Dirichlet-type condition

did not permit retrieval of any value of thermal diffusivity

because the observed attenuations were greater than those

allowed by Eqs. (13) or (10). This was attributed to the

plateaux that were observed when heating, during which

energy is injected while the source temperature (i.e. the

mean between inlet and outlet temperatures) remains

constant. The temperature increases that are thus observed

in the silt are higher than those that would be observed if

the source signal was really sinusoidal.

The results based on the lag between the source and the

thermocouples with no heat flux at infinity yield a mean

thermal diffusivity of 2.08 9 10-7 m2/s, bounded by

1.27 9 10-7 and 4.26 9 10-7 m2/s (Fig. 5a). The results

based on the attenuation are likely to overestimate the

retrieved thermal diffusivity because of the source signal

shape, as detailed previously, and in this case yielded

values one order of magnitude higher, with a mean value of

1.97 9 10-6 m2/s (Fig. 5a). The results using the condition

of no heat flux at the tank wall yielded mean estimates of

7.62 9 10-7 and 5.94 9 10-7 m2/s, based on the phase

shift and attenuation, respectively (Fig. 5b).

b. Thermocouple–thermocouple interference analyses

Thermocouple–thermocouple interference analyses were

carried out by comparing the thermocouples with each

other. Both attenuation and phase shift were analysed for

the different pairs of thermocouples used. For a given pair,

one thermocouple has to be identified as the source and one

has to be identified as the monitoring point. For each pair of

thermocouples, the thermocouple closer to the heat source

was taken to be the new source, producing a source radius

equal to the distance between this thermocouple and the

tank axis. The second thermocouple (farther from the heat

source) was then taken as the monitoring point. Only

boundary conditions of the Neumann type were considered,

for the reason discussed in the previous section.

Observed phase shift and attenuation between the ther-

mocouple are presented in Tables 2 and 3, respectively,

where the first column and raw represent the thermocouple

number as shown in Fig. 2b.

The phase shift can be positive or negative, as the values

in Table 2 represent the lag between the thermocouple

reported in the first column and the thermocouple reported

in the first raw. Obviously, thermocouples have no delay

with respect to themselves, which explains the diagonals of

zeroes in Table 2.

Amplitude attenuation (Table 3) can be [ 1. For

example, if the signal at thermocouple 1 has an amplitude

equal to 0.8672 times the amplitude at thermocouple 2,

then thermocouple 2 has an amplitude equal to

1/0.8672 = 1.1531 times the amplitude at thermocouple 1.

Obviously, comparing thermocouples to themselves yields

no attenuation, so these ratios are equal to 1.

Nevertheless, interference analyses were carried out

considering only positive phase shifts and attenuations

lower than 1, which is consistent with selecting the ther-

mocouple closer to the tank axis as the source and the

thermocouple farther from the tank axis as the monitoring

point.

Because cross correlation was used to estimate the phase

shift, no margin of error was associated with the phase shift

values, in contrast to the assumption of a margin of error

for the manual time lag estimates described for the source–

thermocouple interference analyses.

Even if little attenuation is observed (Table 3) between

thermocouples that are at the same distance from the tank

Fig. 5 Thermal diffusivity based on phase shift (Du) and attenuation (Dd) with the far-field condition of a no heat flux at infinity and b not heat

flux at the tank wall

Table 1 Phase shift and attenuation from interference analyses

between the source and the thermocouples

Sensor uTT (cycles) dTT

1 -0.1745 0.3205

2 -0.1309 0.3694

3 -0.3185 0.2626

4 -0.2269 0.3006

5 -0.1309 0.3656

6 -0.3185 0.2752
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axis (the pairs T1–T4, T2–T5 and T3–T6), this was ignored

and the attenuation was set to 1 for the rest of the analyses.

This can come from the location of the thermocouples,

either on one side of the other of the absorber pipes. The

thermocouples on the hotter side (T1, T2 and T3), where

the heat-carrier fluid goes downward, therefore, experience

slightly greater temperature increase than the ones places

on the colder side (T4, T5 and T6) where the fluid goes

upward [24] (Fig. 2b).

Figure 6 gathers the results of the thermocouple–ther-

mocouple interference analyses for the conditions of no

heat flux at infinity (R ? ?) and at the tank wall (R). The

results are presented as boxplots. The dashed line in the

box represents the median of the value set, the box edges

are the 25th and 75th percentiles and the whiskers extend to

extreme data not considered as outliers. The individual

points are outliers. Despite these are plotted as outliers in

the boxplots, they were included in the estimation of the

mean values presented in Table 4. Individual values of

estimated diffusivities are given in ‘‘Appendix’’ (Tables 5,

6, 7, 8).

The estimates based on the phase shift yield mean val-

ues of the thermal diffusivity of 1.24 9 10-7 m2/s for the

condition of no heat flux at infinity and 1.45 9 10-7 m2/s

for the condition of no heat flux at the tank wall.

The estimates based on attenuation yield mean values of

the thermal diffusivity of 1.18 9 10-5 m2/s for the

condition of no heat flux at infinity and 2.39 9 10-7 m2/s

for the condition of no heat flux at the tank wall.

5 Discussion

Estimates based on the attenuation of the source signal

across the soil mass are more scattered because of the

deviation of the source signal from a real sine wave

(Table 4). The results therefore show that the phase shift

analysis does not really require a perfect shape of the

source signal, though the shape of the source signal does

has a significant impact on the attenuation analysis.

Based on the phase shift only, the estimated thermal

diffusivity of the silt was found to be, on average,

3.1 9 10-7 m2/s, whereas the estimated value based on the

attenuation was higher: 3.65 9 10-6 m2/s.

Al Nakshabandi and Kohnke [1] estimated the thermal

diffusivity of a silt using Eq. (3) by measuring the bulk

density and thermal conductivity of samples and assuming

an average specific heat value of 0.199 cal/g/ �C (i.e.

833 J/kg/K) which are ‘‘averages of data obtained in the

literature’’. The thermal conductivity was measured using a

thermal probe at different soil moisture contents. The

estimates of thermal diffusivity obtained by these

researchers range from 1.5 9 10-7 to 7.0 9 10-7 m2/s for

moisture contents going from 0 to 35 % (i.e. dry to satu-

rated). Wolfe and Thieme [23] measured the thermal

conductivity and specific heat capacity of samples of silt at

various temperatures in nearly saturated conditions (i.e.

moisture content of 17–22 %). The thermal conductivity

was measured using a cylindrical configuration (see

Farouki [7]). Within the temperature range considered in

the present study, Wolfe and Thieme estimated a thermal

conductivity of approximately 0.5 BTU/h/ft/�F (0.865 W/

m/K) and a specific heat of approximately 0.3–0.4 BTU/lb/

�F (1,256–1,674 J/kg/K). The combination of these mea-

surements with a soil grain density of 2,700 kg/m3 leads

to values of thermal diffusivity of approximately

3.0 9 10-7 m2/s, using Eq. (3). Therefore, the estimates

obtained in this study on the basis of the phase shift seem to

Table 2 Phase shift between the different thermocouples

1 2 3 4 5 6

1 0 0.092 -0.079 0 0.092 -0.061

2 -0.092 0 -0.249 -0.127 0 -0.227

3 0.079 0.249 0 0.048 0.244 0

4 0 0.127 -0.048 0 0.127 -0.031

5 -0.092 0 -0.244 -0.127 0 -0.227

6 0.061 0.227 0 0.031 0.227 0

The phase shift is given as the lag in number of cycles between the

thermocouple of the first column and the thermocouple in the first row.

A positive lag represents a delay

Table 3 Attenuations between the thermocouples

1 2 3 4 5 6

1 1 0.8672 1.2177 1.0642 0.876 1.1615

2 1.1531 1 1.4042 1.2272 1.0101 1.3393

3 0.8212 0.7121 1 0.8739 0.7194 0.9538

4 0.9397 0.8149 1.1443 1 0.8231 1.0914

5 1.1416 0.99 1.3901 1.2149 1 1.3259

6 0.861 0.7466 1.0485 0.9163 0.7542 1

Values can be [ 1 because thermocouples in the first column are compared with thermocouples in the first row
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be more consistent with the values reported in the litera-

ture, while the estimates obtained on the basis of attenua-

tion are, as expected, greater.

However, deploying this test procedure at full-scale

would be challenging for different reasons. First, the

accurate deployment of the temperature sensor at a given

distance from the absorber pipes requires perfectly parallel

drilling which is limited in long boreholes. Sensitivity of

the method to the source–thermocouple distance was tested

for the thermocouples T2 and T5 at a radius of 7.5 cm.

Thermal diffusivities were estimated using inversion

curves as in Fig. 1 for distances of 6.5, 7.5 and 8.5 cm,

allowing an error of 1 cm corresponding to 13 % and

considering no flux at infinity. Results are (Fig. 7):

• Based on phase shift, thermal diffusivity is bounded

between 1.75 9 10-7 and 3.48 9 10-7 m2/s

• Based on attenuation, thermal diffusivity is bounded

between 1.15 9 10-6 and 5.78 9 10-6 m2/s. These

results should be tempered as they were shown not to

be consistent because of the source signal shape

deviating from a sine wave.

Therefore, the technique is sensitive to the location of

the monitoring points.

Second, deploying this technique at full-scale will be

more time-consuming than with the scaled model and

would involve the installation of temperature sensors in

boreholes. Because TRTs do not require thermal cycles,

they are not totally compatible with the tested method.

However, the heat source is the same for a TRT and for a

pumping test (i.e. a geothermal borehole). Therefore, the

TRT could represent the first heating of a series of cycles

that would be used for the pumping test. Typical time span

of a TRT is 1 week [15] so that would represent a half cycle.

Then, considering that three cycles are required to reach the

forced periodic regime, a total time span of 6 weeks should

be required to carry this test at full-scale, which is conse-

quent, but consistent with the experience of Renner and

Fig. 6 Results of the interference analyses between thermocouples

based on phase shift (Du) and attenuation (Dd) with no heat flux at

infinity (R ? ?) and at the thank wall (R)

Table 4 Summary of the mean values of thermal diffusivity retrieved by the different analysis approaches

Source–thermocouple

NHFa at R ? ?
Source–thermocouple

NHFa at Rwall

Thermocouple–thermocouple

NHFa at R ? ?
Thermocouple–thermocouple

NHFa at Rwall

Du (m2/s) 2.08 9 10-7 7.62 9 10-7 1.24 9 10-7 1.45 9 10-7

Dd (m2/s) 1.97 9 10-6 5.94 9 10-7 1.18 9 10-5 2.39 9 10-7

a NHF no heat flux

Fig. 7 Curves used for graphical inversion of Eq. (14) for the thermocouples T2 and T5 (solid lines) and curves with and error of ±13 %

(dashed lines). Horizontal lines represent the observed phase shift and attenuation as reported in Table 1
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Messar [18]. Indeed, because hydraulic diffusivity is 6–7

orders of magnitudes higher than thermal diffusivity, much

more time is required for the test.

A clear signal (i.e. with significant amplitude) at the

monitoring points is required to obtain good estimates of

phase shift and attenuation. The accuracy of commercial

thermistors or thermocouples designed for underground

installations is roughly 0.1 �C while amplitude of heat

source temperature increase during a TRT is between 10

and 20 �C. Therefore, the monitoring points should not be

too far from the source to avoid significant attenuation, and

in the same time, should not be too close to the source as

the thermal impact of the filling material of the installation

borehole would induce greater bias. Figure 8 was drawn to

estimate the optimal source-sensor distance based on order

of magnitudes. It represents the quadratic evolution of the

characteristic pulse time according to the characteristic

dimension (i.e. source-monitoring point distance). The

curves are based on the dimensionless heat equation that

yields:

DT�
L2

s
, s� L2

DT

ð16Þ

where L and s are the characteristic length (i.e. radius) and

time (i.e. heat source period) on which heat conduction

occurs. Therefore, the two bounding curves presented in

Fig. 8 are parabolas using DT = 10-7 and DT = 10-6 m2/s.

A signal period of 1 day is shown to generate good

signals at the monitoring points for the scale of the scaled

model used in this study (i.e. source-sensor distance of

approximately 10 cm). Using a signal period of 1 week at

the heat source for the full-scale application leads to a

favourable source-sensor distance between 0.2 and 0.8 m.

However, the portion of borehole filling material is sig-

nificant for low distances as the borehole diameters are

generally between 0.1 and 0.2 m [17]. Therefore, a rea-

sonable range of source-sensor distance is between 0.5 and

0.8 m, wherein the portion of borehole filling material

varies between 10 and 20 %. The bias introduced by the

thermal influence of the filling material could be accounted

for as its thermal properties are known but no particular

solution is provided herein.

The vertical inhomogeneity should also be assessed for

the deployment at full-scale. Indeed, several temperature

sensors should be installed along the monitoring borehole

when different soil layers are encountered. When local

stratigraphy is well documented, at least one temperature

sensor should be placed in each of the identified soil layers.

Furthermore, provided the relatively low cost of thermistors or

thermocouples compared with the cost of a borehole should

encourage installing at least 5–10 temperature sensors.

Despite some extra installation requirements and a

longer testing time if deployed on a larger scale, this test

would be of great value in the design of thermal founda-

tions that reach depths of approximately 10–30 m and have

narrow spacing between the heat exchanger structures.

Indeed, seasonal operations could dramatically affect the

sustainability of the system if the inertia of the ground was

not taken into account properly in the design phase.

Finally, Renner and Messar [18] suggest that using

different periods of input signal may also allow investi-

gating the intrinsic period dependence of the soil thermal

properties as both daily and yearly operations may have a

significant impact on ground heat exchangers.

6 Conclusions

A method based on periodic pumping tests was evaluated

using a scaled model of a geothermal borehole for the

purpose of in situ estimation of the bulk thermal diffusivity

of a soil. The potential of this method is demonstrated on

the scaled boreholes. The thermal diffusivity estimates

based on the phase shift exhibit good agreement between

each other and with estimates found in the literature.

Analyses based on the attenuation of the source signal

should not be considered if the source signal deviates too

much from a sine-like signal. The limitations of deploying

the presented method at full-scale were discussed. A time

period of 4–6 weeks should be required to reach a forced

periodic regime over 2–3 heating/cooling cycles of

2 weeks each. The heat source-sensor distance is found to

be an important parameter as the portion of filling material

between the source and the temperature sensor may sig-

nificantly influence the finally retrieved thermal diffusivity.

Therefore, this portion should be kept as minimal as pos-

sible. Finally, the sensitivity of the method to the accurate

localisation of the sensor was investigated based on the

results of the scaled model. An error of 13 % in the heat

source-sensor distance leads to an error of 50 % in the final

estimates based on phase shift analyses. Furthermore,
Fig. 8 Relationship between time and space scales for heat conduc-

tion in soils with thermal diffusivities between 10-7 and 10-6 m2/s
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vertical stratigraphy of the ground must be accounted for

by deploying several temperature sensors along the moni-

toring borehole.

In conclusion, the method potential was clearly evi-

denced on the scaled model but several limitations remain

to be overcome for the full-scale deployment.
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AppendiX

The individual estimates represented in Fig. 6 are detailed

in this appendix. The results were split into four different

tables to clarify their contents. Table 5 presents estimates

based on the phase shift and the boundary condition of no

heat flux at infinity. Table 6 presents estimates based on the

phase shift and the boundary condition of no heat flux at

the tank wall. Table 7 presents the estimates based on the

attenuation and the boundary condition of no heat flux

Table 5 Values of retrieved thermal diffusivity Du (in 10-7 m2/s) based on phase shift and no heat flux at infinity

1 2 3 4 5 6

1 0.67 0.91 0.67 1.53

2 0.37 0.35 0.44

3 2.51 0.38

4 0.35 6.25

5 0.44

6

Table 6 Values of retrieved thermal diffusivity Du (in 10-7 m2/s) based on phase shift and no heat flux at R

1 2 3 4 5 6

1 1.53 1.57 1.53 2.16

2 0.53 0.34 0.73

3 0.28 0.57

4 0.34 4.51

5 0.73

6

Table 7 Values of retrieved thermal diffusivity Dd (in 10-7 m2/s) based on attenuation and no heat flux at infinity

1 2 3 4 5 6

1 122 20.1 122 54.8

2 43.9 26.2 81.6

3 83.4 49.6

4 31.7 688

5 94.9

6

Table 8 Values of retrieved thermal diffusivity Dd (in 10-7 m2/s) based on attenuation and no heat flux at R

1 2 3 4 5 6

1 3.55 1.41 3.71 1.67

2 2.50 2.82 2.77

3 1.78 0.43

4 2.91 2.27

5 2.84

6
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condition at infinity. Table 8 presents the estimates based

on the attenuation and the boundary condition of no heat

flux at the tank wall. Obviously, no estimation can be

achieved by comparing a thermocouple to itself or to the

other thermocouple at the same distance from the tank axis

(the pairs T1–T4, T2–T5 and T3–T6).
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