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ABSTRACT:

A number of recent publications have suggested that in order to refisoduceth al testing of energy piles,
a finite value for the geo-contact thermal resistance (geo-CT. e S@iléstructure interface needs to be

CTR"should have. The geo-CTR will have

introduced. There is currently no guidance as to what val e g

two potential impacts in terms of the use of energy g uc @ i) reducing heat exchange efficiency, and

generic test set-up, wh e induced by not accounting for heat loss, the interpolation of
temperatures to the t presence of the heat flow sensor were assessed. Initial test results are
then presented t nsteatethow the method works. These results suggest that for a dry medium sand,
while the ge sengitive to the soil density, it is small and the effect on heat transfer is also likely to be

theRtesting will explore the relative importance of a number of factors and in particular, the soil

sma
type, o CTR

KEY WORDS: contact resistance; energy geostructure; geotechnics; heat transfer; laboratory test
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1. INTRODUCTION

When heat flows between two differing solid materials in contact with each other, there will be a finite
contact thermal resistance (CTR) developed at the interface which is influenced by amongst other things
geometric irregularities, surface micro-hardness, surface cleanliness, contact pressure, thermal conductivity
of the solids at the contact and interstitial materials, Yovanovich (1999) [1]. Typical values for the CTR on
ceramic-ceramic interfaces lie in the range of 0.0003 to 0.002 m2K/W (Yovanovich, 1999) [1]; on rough metal-
metal surfaces it may be similar or even higher, while on smooth metal-metal interfaces it can be an order

of magnitude lower.

The range of likely values for CTR are such that its effect is likely to be small for iMRula e thermal

resistance is many orders of magnitude greater but is significant for metals w t sistance is

similar to measured values of CTR. Materials associated with geo-heat exchar% oil, rock, grouts and
e

concrete) offer thermal resistance values between those of insulators (1-2ford gnitude greater) and
metals (1-2 orders of magnitude lower), and it is not immediately apparet if the)€TR effect is significant for
is,differen

geo-heat exchange systems or not. In principle, while the scal i e same factors as described
above will affect geo-contacts — geometric irregularities will Qnding on how the geo-structure is

constructed in the ground, there will be a variety of differi

contacts (particle-particle, cement paste-
particle) and depending on the soil density and confi varying proportions of voids, which maybe

be dry (air filled voids), partially saturate@or fully d with water, or other fluids and gases.

In borehole heat exchangers, the boreh delled as a lumped resistance which includes the effect of
the constituent materials and their C n the heat exchanger system, Beier & Smith (2002) [2].

When it comes to geo-structur h uatidn is more complex; a lumped resistance approach may be able

to be used for piles but for S res such as walls, such an approach may no longer be reasonable.

Geo-contact thermal a -CTR) will have two impacts in the operation of energy geo-structures:

reduced heat ex iciancyiyand increased temperature changes with associated mechanical impacts

within the g trlcture

Svec 1 investigated the heat exchange between plastic pipes of varying configuration and a
saturat il using a benchtop testing apparatus. Based on a comprehensive set of observations,
Figure 1, tRey were able to evaluate the thermal resistance of the various components, including the pipe-
soil geo-CTR, Rint, for which values in the range of 0.19 to 0.45 m.K/W (0.003 to 0.007 m?K/W) associated with
temperature drops, ATint of 0.3 °C to 0.7°C, were obtained. Differences in the geo-CTR between heating and
cooling were noted and attributed to the differing thermal expansion properties of the soil and tube. The
results presented by Svec et al. (1983) [3] suggest that the geo-CTR may represent 5% to 10% of the total

thermal resistance of a borehole heat exchanger.



69
70

71
72
73
74
75
76
77
78

79
80
81
82
83
84
85

86
87
88
89
90

—
o
|
1

- ®
‘ ) |
— 8 b
2_0_, E\ ATint
- o |
o 6T N
= N
= N
® ‘e
S ad .
g. ]
e 24 .0
® Clay soil ®
6 16 mm OD Polyethylene pipe \
0 [l [ [ 1 [
I ] ) 1 )
0 1 2 3 4 5
LN(r)

Figure 1. Radial temperature variation through polyethylene pipe embedded in clay,

from Svec et al. (1983) [3]

Hellstrom (1991) [4] recognised that heat transfer between th Mr and the surrounding ground
involves geo-CTR. However, rather than being an intrinsic rtyef thédinterface, it is attributed to ill-fitting

borehole liners leaving an irregular contact with the round. The geo-CTR is then identified as

being a function of the characteristic thickness ing gap and the thermal conductivity of the
in-fill material. Wang et al. (2016) [5] de p ath | model for evaluating the impact of geo-CTR on
the heat loss performance in heavy-oil wi s. As with Hellstrom (1991) [4], they ascribe this resistance
to irregularities in the contact betw ground and the grout body within the well bore. Wang et
al. (2016) [5] then apply this el toithe back-analysis of field data and demonstrate that in this instance,

the geo-CTR effect may b

In studies modelling @. W uildings to the ground, varying assumptions seem to be made regarding

the geo-CTR; either it\s,i ero geo-CTR) or a finite value used. When ignored, the assumption

regarding th@'geo- sually not stated explicitly. Thomas & Rees (1999) [6] used a value of 0.04 m2K/W

whic enfiomJS0 6946 (2007) [7] but this corresponds to an air-surface contact with an air flow velocity

of 4 m use was not discussed. Al-Temeemi & Harris (2003) [8] used a value of 0.005 m?K/W

recognisinghthat there will be some geo-CTR at the soil-structure interface and it is likely to be lower than

that of an external air-contact surface, but no further justification was given.

More recently, in the back-analysis of thermal response tests on energy piles, Qi (2015) [9] has suggested
geo-CTR values in the range of 0.25 m2K/W (cooling) and 0.17 m2K/W (heating), while Cecinato et al. (2016)
[10] resorted to a fictional “air gap” of 1 cm thickness, equivalent to a geo-CTR of 0.35 m2K/W, in order to
reproduce thermal response tests. Although it should be borne in mind that these values are arrived at from

back-analysis and will depend on many other assumptions regarding inputs in the respective analyses, the

4
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reported values suggest that the CTR in geo-heat exchange problems may be significant. Not accounting for
this effect may impact on the reliability of thermal and thermo-mechanical analysis, and perhaps the

sustainability of heat exchange via energy geostructures.

Freitas Assuncdo (2014) [11] examined the impact of varying the geo-CTR on a pile-soil interface and Figure
2 shows how in the case examined, for the range of geo-CTR values discussed above, temperature change

and heat flow across the pile-soil interface will change very quickly should the geo-CTR increase beyond about

0.04 m?K/W.
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Figure 2. Effect of geo-contact thermal resistance on energy pile heat transfer, after [11]

W
boratory tést method to evaluate the geo-contact thermal resistance (geo-

CTR) is described and eva o ile generic numerical analysis of the problem, undertaken as part of
the development of t t Phoce
sand at two diff tstates jof

demonstrat lication of the method for determining geo-CTR in practice.
- T METHODOLOGY

2.
2.1. era

In this paper, the basis for a ne

re. Subsequently, initial testing results for a geo-contact between a fine

mpaction and a limestone aggregate based concrete are presented to

The test method employed has been scaled up from methods employed for obtaining the contact
thermal resistance across metal-to-metal contacts, e.g. Xian et al. (2018) [12] and Madhusudana (2000) [13].
Existing test procedures set-out to establish one-dimensional (no heat loss), approximately steady-state heat
flow across two samples, then temperature measurements along the sample centreline are extrapolated to
the contact to obtain the change in temperature at the contact (ATix), and an average heat flux through the
samples (typically obtained from meter-bars at each end) is used as a measure of the heat flux at the contact

(qgz2). The CTR is then estimated through Equation (1),
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Xian et al. (2018) [12] identify these steady-state methods as being the most appropriate for bulk materials.

Figure 3 provides a schematic layout of such a test modified for the current application; a concrete sample
and soil sample are contained within a PVC tube which itself will be contained within a larger enclosure that

provides support and additional thermal insulation. The test procedure is as follows:

1. Heatis applied at the base of the concrete sample through a heating pad and the input heat flux (q:)

and temperature (To) are recorded by a thin-film heat flux sensor) with an int ted Type-K

thermocouple temperature sensor (HFS1 & TS0); ® %
2. Along the centreline of the samples, the temperature is continuously recor, t points by
temperature sensors (TS1 to TS6)

3. The heat flux (qz) across the concrete-soil interface (geo-contact) asur ith a second thin-
film heat flux sensor (HFS2 & TS7); %
6,

4. The temperature variation through each material (T; to Ts%and in the concrete and soil

samples respectively) is plotted and extrapolated to C ct (Figure 3), from which it is

possible to estimate the change in temperature a o-contact (ATint);
5. Having determined ATi. and using the meas J2 , the geo-CTR can be estimated through

Equation (1).

\
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Figure 3. Schematic layout of geo-contact thermal resistance test

The key to the test methodology propose in this paper is the inclusion of a thin-film heat flow sensor at the

interface (HFS2, Figure 3). This sensor was added as it was recognised that heat flow is not one-dimensional
6
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and not considering radial heat losses would lead to significant errors in the derived CTR, Madhusudana
(2000) [13]. Low et al. (2017) [14] confirm the short comings of assuming a one-dimensional heat flow
mechanism in thermal cell measurements of soil thermal conductivity. Further, Mondal et al. (2016) [15]
used multiple heat flow sensors embedded in the soil sample to compensate for heat losses when

determining the thermal conductivity of soils in a thermal cell.

In principle, the interpretation of the geo-CTR test could also be undertaken using inverse heat conduction
analysis, however this is not as straightforward as it would first appear as the heat flow problem is not one-
dimensional due to the heat losses, which is the usual assumption in reported application of technique,
Asif et al. (2019) [16], Shojaeefard et al. (2009) [17], and as a consequence t@re u e of
parameters and boundary conditions that are not well defined. An approach for inv Xﬁ
is in development, and may result in the need for additional heat flow and/or %

during the test to ensure accurate numerical modelling.

the tests

rements

Prior to constructing the test rig, a number of numerical analyses wer ertaken in order to understand
where heat was flowing in the test specimen and whether reliable“tesultshcould be obtained; these are

described in the following section before detailing the test set-Up,an ocedures.

2.2. Numerical analysis of Geo-CTR tests met %

2.2.1. Basis for analyses

Before setting up the testing equigment, t rinciples of the test method were investigated by

)

heatflow through the two conducting materials: concrete and soil, with

means of transient thermal analysis ca with the commercial finite element analysis software

ABAQUS Standard 2016. Two axis | geometries were considered:

1) The first considered perfe

adiabatic side boundar uring no radial heat losses, Figure 4(a). The objective of the analyses made

with this model le a comparison with the case where heat losses were considered. The cases
analysed differed in the soil-air surface boundary condition was specified, i.e. Case A: Constant

re (2 nd Case B: Convection boundary conditions with a surface conductance, h = 10

r temperature of 20°C. The thermal conductance value of 10 W/m?K used for the upper

boundary condition is considered representative of the likely value and includes a thermal
radiation component, Figure 5.

2) From the outset, it was recognised that radial heat losses were inevitable and so as to be able to
understand the impact of these losses, analyses were undertaken based on what were considered
realistic material properties and boundary conditions, and a Case C model representing the proposed

test set-up was developed based on Figure 4(b).

Figure 4 shows a schematic of the finite element models including the assumed boundary conditions, and a

table that details the thermal properties adopted for each of the materials modelled. All the materials (soil,

7
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concrete and contact) were characterised by bulk thermal properties which are assumed to be temperature
and pressure independent. This is considered reasonable given the range of temperature and confining
pressure considered in the analysis. The finite element mesh was generated using quadrilateral 4-node linear
finite elements with three differing mesh densities, Mesh 1: 10 mm x 10 mm, Mesh 2: 5 mm x 5 mm and
Mesh 3: 2.5 mm x 2.5 mm. It should be noted that these analyses were based on a set of generic material
thermal properties and boundary conditions, with the aim of evaluating various aspects of the proposed test

methodology, and were not intended to represent the tests presented later.

aQ a
a) b)
1872200 | souen [ S0
] & -1 ‘_ Thermal properties
E Material A (WIMK)  p(kg/m®) ¢ (JkgK)
E | concrete 2.0 2450 940
. Soil 1.0 1600 1220
s H PVC (tube)  0.15 1395 840
5: EPS 0.039 15 1500
L - 7 Thermal boundary conditions
={ * z === Syrface conductance, 10 W/m’K; air temperature, 20°
i *7 i — .« = Centre-line, adiabatic
' By ==uan Constant temperature, T, = 70°C
o === Contact thermal resistance, R = 0.04 m*K/W
g . (soil-concrete; soil-PVC; concrete-PVC)
& --=xexe Contact thermal resistance, R = 0.001 m*K/wW
(PVC-EPS contact)
B < | B 3
Eerrarates ol | Bl e Finite element mesh density varied
1 E ] - _’ i ek

Figure 4. Schematic of finite element model geometry
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Figure 5. Comparison of correlations for forced convective heat transfer coefficient,
Bourne-Webb et al. (2016) [18]

L 4
2.2.2. Heat flow through the test elements Q

values along the profiles differ due to the @ boundary conditions assigned at the upper soil-air surface,

however, either side of the interfac ature variation is linear. In contrast, in Case C, lateral heat
loss led to larger temperature& e concrete and soil, and a nonlinear variation in temperature
along the sample, even w t ady-state conditions were achieved.

The temperature dro st terface, ATin: predicted in each of the analyses is illustrated in Figure 7(a).
Given that in thelthree es, the same geo-CTR is assumed, it is clear that the change in temperature
recorded acress th ct also depends on the other imposed boundary conditions. In Figure 6, to either

tween the concrete and the soil, it is apparent that the temperature gradient in Case A

; the heat flow is therefore higher and thus, for a given CTR, the temperature drop must be

larger. The gradient in the temperature profile in Cases B and C are similar and flatter, which is why the

temperature drop is smaller.
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Figure 6. Evolution of centre-line temperatures

Figure 7(b) shows the relative error in the estimation of th 0-GIR b plication of Equation (1), based on

the temperature drop in Figure 7(a) and using the input h m the base of the concrete (Figure 3).

Case C the relative error remains abo 0%. i irect consequence of the heat losses occurring
between the base of the sample and terface;®which leads to the input heat flux, g: not being
representative of the heat flux at thﬁ

Qa a

20% T

)
2
‘t
<
)
£ £ 10% +
= 1'd .
¥ < |\
c o 0% — —+—
E |—§ 5 l \// 1 - - 2 3
o L ’ Time, t (days
o < 2-10%-—\ / , t (days)
S = .
© Case A % )
© - . =
e — - - CaseB @ -20% T /
g Case C: Test set-up \ e
- 0+ } } ] -30% -+
Q 1 2 3

Time, t (days)
Figure 7. a) Evolution of temperature change across Geo-contact and b) Relative error in evaluation of
Geo-CTR when using constant input flux, q; at base of test sample

This discrepancy in the estimation of the geo-CTR resistance was resolved by the use of the heat flux at the

interface, g2 (Figure 3). Due to the heat losses, the value of g, in Case C, was about 9% lower than in the

10
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idealised Case B, and the relative error quickly reduces to a residual value of 0.7%, Figure 8. This confirms the

need for direct measurement of the heat flux across the interface in order to obtain a reliable estimate of

the geo-CTR.
150
2
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- A - Errorusing q, - @- Errorusing q,

Figure 8. Effect of location of heat flux measurement on the evaluation of geo-CTR (Input heat flux, qi;
Interface heat flux, g, see Figure 3)

v

To investigate this residual error value further, the finjte,ele esh was refined in the vicinity of the geo-

contact. It was found that in terms of the temper ion on the centreline across the interface, this

had an insignificant effect but as Figure illustrates,, the%axial heat flux altered as the finite element mesh
moved from being a relatively coarse me h 1) to a succession of refined meshes (Mesh 2 and 3). The
changes in predicted heat flux at th d to a reduction in the residual error from 0.7% to 0.2%.

It was concluded that the majofSourceof théresidual error was due to the finite element model, rather than

inherent problems in the t u confirmed that it is crucial to have a heat flow measurement at the
interface. O
AR A
135 - mrmrm e
— —A—Mesh 1
o~
£ —a—Mesh 2
~
E 130 + —e—Mesh3
o = - =Input heat flux, g1
o3
=
w125
©
(]
<
s
S
< 120
115 ' ' ' '
0.00 0.02 0.04 0.06 0.08

Radial distance from axis (m)

Figure 9. Impact of mesh refinement on radial distribution of axial heat flux at Geo-contact
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2.2.3. Interpolation of temperatures to geo-contact

In the test apparatus, it will not be possible to have continuous temperature profiles along the sample
axis and the planned configuration is to have three measurement points. The first, about 1 to 2 cm from the
geo-contact, and the remainder at a spacing of several centimetres, Figure 3. Therefore, the numerical
analysis results have been examined in order to see how the measurement locations impact on the reliability

of the inferred geo-contact thermal resistance estimate.

Figure 10 illustrates the interpolation through three sample points either side of the interf

approximating those above, to obtain the interpolated contact temperatures, T1extr and
summarises the resulting estimates for Rirt and its relative error at different times. Rqudt
used to extrapolate the data to the contact and beyond Day 2, the results aregarge

Though not shown here, different simple extrapolation functions were cdnside but” the“quadratic
OLO'

interpolation was found to provide a better fit, leading to relative ergors d 1%, which seems

satisfactory.

The effect of temperature measurement location was also i t considering that these started
closer to the geo-contact. This was found to lead to animp in relative error in geo-CTR by about

0.1%. To conclude, the relative error in the estimati fg ue to the extrapolation of the contact

temperatures from discrete temperature measur in'the solid materials using a simple quadratic

function, is expected to be less than aboutyl%. As lier, the interpretation of the geo-CTR test could
also be undertaken using inverse heat co analysis, and this aspect of the test interpretation is under

development.

Table 1 highlights a further ad ge'afiinCorporating the heat flux measurement at the interface, i.e. the

evaluation of the interfaceyésists be made with almost equal reliability without the system having to

reach a steady-state . the interface resistance inferred from extrapolated results does not

change significa a day of heating.

12
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Figure 10. Interpolation of interface temperature from sample points in numerical model, 2 cm, 8 cm
and 14 cm either side of geo-contact and at different times after heating commences.

WE

Time T extr Taextr ATint Rel. error

Source 3
(days) (°c) (°c) ’K/W) (%)
0.25 37.15 31.55 0.0408 1.97%
0.50 45.65 0.0397 0.64%
) 50.75 0.0396 1.01%
Quadratic
. 52.25 0.0396 0.91%
extrapolation
52.35 0.0396 1.01%
6 52.35 0.0396 0.96%
20 52.36 0.0396 0.91%
FEAat 20 5 00397  0.70%
interface
2.2.4. Influence of sor resistance
The heat flow sensofi .1 mm x 28.5 mm x 0.18 mm thick and presents a finite thermal resistance of
about 0.0018m2K thus, will impact the flow of heat through the sample. Therefore, an additional set

e ertaken where the thermal resistance across central part of the geo-contact (to a radius

ving an equivalent sensor area of c. 1000 mm?) was increased to (Rin: + 0.0018) m2K/W and where
Rint Was assigned values of 0.4, 0.04 and 0.004 m2K/W. As the geo-CTR was reduced from 0.4 to 0.04 and then
0.004 m2K/W, the effect of the sensor was found to introduce an apparent error in the geo-CTR of 0.3%, 2.3%
and 4.7% respectively. As expected, if the sensor resistance is similar to the geo-CTR, then its effect on the
overall resistance is greater and the error in estimating the contact thermal resistance increases. However,
as noted earlier when the CTR is less than about 0.04 m2K/W, the effect of CTR on heat flow is likely to be

small (Figure 2) and thus, any errors in its measurement will not be important.
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3. Geo-CTR TEST METHOD: PROOF OF CONCEPT

3.1.1. Configuration

In the development of the final test configuration, the basic element dimensions indicated in Figure 3
were retained, i.e. 20 cm diameter and 20 cm high soil and concrete specimens contained in a PVC pipe. The
final test configuration includes a wooden box clad with 10 mm plywood which was used to support the tube,
and the void around the tube is filled with expanded polystyrene (EPS) packaging chips in order to provide

insulation and to minimise convection within the void.

A 20 cm diam. class SN2 un-plasticized polyvinyl chloride (uPVC) tube with a nominal wall thj f3.9 mm

was used to contain the soil and concrete specimens. The bottom end of the t&n rted in a

compatible end cap within which the heat source (180 mm diam., 385 W silicone @dad heater)iand heat flux
sensor (HFS1) with integrated thermocouple were also contained. The HFS isfa self-generating thermopile

type transducer with a sensitivity of 2.06 uV/(W/m?) which was sourced fi@m O ngineering.

The heat input is managed using an electronic PID controller baséd, on perature recorded at the
thermocouple (TSO, Figure 3) integrated in HFS1 next to the a e set-point temperature in the

controller was set to ramp to a value of 75°C (as measured

1° inute (from an initial temperature

of 19-20°C), after which it was maintained to within +@852C b ntroller. It should be noted that because

Ruggedized thermocouples (Type K)

the interface between the tw ' and with the sensor tip located on the sample centreline, as
indicated in Figure 3. The u were fitted through holes drilled in the wall of the tube, supported
with rubber gromme 3 s of the thermocouples in contact with the concrete were coated with
thermal grease, t@ ens thePmal contact and to aid in releasing the thermocouples for re-use in other
tests.

integrated thermocouple was located on the interface. As demonstrated in the previous

section, this configuration was necessary if reliable geo-CTR values were to be obtained. During the test, all
data from the HFS and TS were captured via a 16-Channel Data Acquisition system (GW Instruments, iNET-

555) and recorded on a desktop computer.
3.1.2. Materials

The concrete used had a 28 day compression strength of 30 MPa, a water cement ratio of 0.52, a ratio
of cement to sand to coarse aggregate of 1.0:2.0:2.6, and used limestone aggregates. The concrete was

placed carefully in the tube so as not to disturb the thermocouples, and was vibrated to help remove
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entrained air pockets. The concrete was then allowed to moist cure in the tube for around a month. The soil
infill used in the preliminary testing was a dry, uniform, medium to coarse silica sand with a mean particle

size, Dso of about 0.6 mm. Minimum and maximum dry density values of 1.34 and 1.58 g/m?3 were obtained.

3.2. Initial results

3.2.1. Test 1: Loose sand

In this test, the sand was poured into the tube with minimal compaction. Figure 11(a) and (b)
illustrate the evolution of the temperatures recorded by the thermocouples (open sy ), and the
interpolated temperature profile along the sample centreline (dashed lines) in the concrete;and¥eose sand

respectively. The evolution of the temperature difference at the contact and the cm&a t re shown
&

in Figure 11(c), and Figure 11(d) shows the evolution of the inferred geo-CTR. In Rigu s apparent

that the temperatures in the concrete if extrapolated closer to the base (x = -02 m) ot reach 70°C. This

was attributed to either a poor contact between the concrete and the heater p or non-uniformity in
gem

the concrete sample (e.g. segregation of aggregates and cement). The a ts for setting the heating
pad against the concrete were improved in the dense sand tes d farth odified for future testing to

address this.

Table 2. Inferred concrete-soil conta ; istance from Test 1 measurements
Source ATint 92 Rint %-error'?
Q) (W/m?) (m’K/W)
1.28 28.7 0.045 123
1.78 66.7 0.027 33
1.42 72.0 0.020 -1
Quadratic 0.85 53.2 0.016 -20
extrapolati 0.70 42.2 0.017 -17
4 50.68 49.99 0.69 38.1 0.018 -9
36 51.11 50.44 0.67 36.1 0.019 -7
45 51.04 50.31 0.72 36.1 0.020 -

(1) Relative error is with respect to value at 45 hours
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Figure 11. Temperature & heat flux measurements during Test 1

A 4
3.2.2. Test 2: Dense sand \

In this test, the sand was pl several centimetres thick to which 20 blows of a 5.58 kg

hammer with a diameter of 1 m,falling’a height of about 5 cm were applied to produce a dense sand
sample. Figure 12(a) and tr e evolution of the temperatures recorded by the thermocouples
(open symbols) and t e d temperature profile (dashed lines). The evolution of the temperature
difference at th andpthémeasured contact heat flux are shown in Figure 12(c), and Figure 12(d)

shows the e tiom of the inferred geo-CTR.

t are summarized in Table 3. As seen in the test on loose sand, it is apparent that the

method d@es not arrive at a value for the geo-CTR that has a level of uncertainty as small as that suggested
by the numerical analysis. However, after 24 hours, the value is stable to within 10% (of the value at 48 hours)

which again, is satisfactory.
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Figure 12. Temperature & heat flux measurements during Test 2

b )
Table 3. Inferred concrete-soil contact t esistance from Test 2 measurements
Time Toextr ATin Rin %-error'?
Source ) (O wim) (miw)

1.32 51.0 0.026 400

1.09 93.5 0.012 128

0.582 93.1 0.0063 22

Quadratic 0.219 68.2 0.0032 37
extrapolation 0.256 559  0.0046 11

0.249 51.9 0.0048
6 51.7 51.4 0.259 50.6 0.0051 0
48 51.6 51.3 0.258 50.2 0.0051 -

(1) Relativeterror is with respect to value at 48 hours

3.2.3. Discussion

It is apparent from the results of these two tests that the geo-CTR is sensitive to the density of the
sand, and a reduction from the loose to dense sand sample of 0.02 to 0.005 m2K/W. This is to be expected as
a higher density equates to more particle contacts, less air voids and therefore more efficient heat flow across
the geo-contact. With minimum and maximum dry density values of 1.34 and 1.58 g/m?3 respectively, the
maximum possible increase in dry density was about 20%. However, a four-fold reduction in the geo-CTR as
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the density increased was recorded in this case. To highlight the sensitivity of the soil thermal properties with
respect to dry density, it is noted that Alrtimi et al. (2016) [19] report an increase in the thermal conductivity
of a dry fine grained silica sand from 0.348 to 0.584 W/m.K (c. 70% increase) over a similar range of dry

density.

Compared to the FEA, the time taken for the inferred geo-CTR to stabilise is somewhat longer, at 18 to 24
hours compared to about 12 hours (Figure 8). This is most probably due to the differing thermal properties

assigned in the numerical analysis, compared to those of the materials used in the test. To reduce the

impact on the calculated geo-CTR.

The test method in its current configuration does not consider the effect of possible m@isture movement in
the soil or concrete, induced by thermal gradients, Hutcheon (1958) [20]Nlt i sible that thermally-
induced water convection could occur near the geo-contact in sagura gramtlar soils. This is an issue
common to all existing methods for measurement of the t C Ivity of geo-materials. Future
studies will examine the use of imaging technologies or s, Rekshmi et al (2014) [21] that might allow
fec

alterations in moisture content to be measured and i e inferred geo-CTR to be quantified.

4, CONCLUSIONS

Despite being identified as a potenti , very little appears to have been done to understand heat
flow behaviour at geo-contacts, i.e. e elements interface with the ground. Recent numerical

studies investigating the behavVi nergy geostructures have identified the need to introduce a geo-

contact thermal resistance order to better reproduce the field behaviour of thermal response

tests on energy piles.

This study has prgpos laberategy method for evaluating the geo-CTR which recognises that lateral heat
losses are ingVitable whgn imposing a heat flux through two solid materials, even if care is taken to isolate
thet mples. Numerical analyses have been employed to demonstrate that a better estimate for the geo-

CTRis hen the heat flow at the interface is measured directly.

Proof of cofcept testing on a dry, medium sand has shown that the methodology works and that in these
materials, the geo-CTR is sensitive to the density of the soils and is at the lower end of the values suggested
in other studies. Based on Figure 2, this would imply that in this particular case of a dry silica sand in contact
with a limestone aggregate based concrete, the impact of the geo-CTR on energy geostructure operation and

behaviour is likely to be small.

Ongoing studies are attempting to understand further the influence of soil and concrete mineralogy, initial

state, contact roughness, moisture condition and other parameters on the geo-CTR, and to develop suitable
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models to describe the observed response in numerical analysis. By better understanding the impact of the
geo-CTR on heat exchange with the ground, it is expected that more reliable predictions of thermal
performance and thermo-mechanical interactions will be obtained, improving the efficiency and reducing

the risks associated with the use of energy geo-structures in the future.
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