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Abstract

Energy piles are heat capacity systems that hase inereasingly exploited to provide both
supplies of energy and structural support to atrilictures. The energy and geotechnical
behaviours of such foundations, which are govehyetheir response to thermo-mechanical
loads, is currently not fully understood, espeygiathnsidering the different design solutions
for ground-coupled heat exchangers. This paper saarmses the results of numerical
sensitivity analyses that were performed to ingadé the thermo-mechanical response of a
full-scale energy pile for differerft) pipe configurationg(ji) foundation aspect ratio§ji)
mass flow rates of the fluid circulating in the ggpandiv) fluid mixture compositions. This
study outlines the impacts of the different solnsi@n the energy and geotechnical behaviour
of the energy piles along with important forethotsgihat engineers might consider in the
design of such foundations. It was observed treptpe configuration strongly influenced
both the energy and the geotechnical performantieeoénergy piles. The foundation aspect

ratio also played an important role in this cont@te mass flow rate of the fluid circulating
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in the pipes remarkably influenced only the engygsformance of the foundation. Usual
mixtures of a water-antifreeze liquid circulatimgthe pipes did not markedly affect both the

energy and the geotechnical performance of the pile

Keywords: Energy piles; thermo-mechanical behaviour; en@eyormance; geotechnical

performance; design configurations.

1. Introduction

Energy piles (EP) are a relatively new technoldwt touples the structural role of canonical
pile foundations to that of heat exchangers. Thasedations, already needed to provide
structural support to the superstructure, are gpaipvith pipes with a heat carrier fluid
circulating into them to exploit the large thermtdrage capabilities of the ground for the
heating and cooling of buildings and infrastrucsqgarticularly when these EPs are coupled
to heat pumps. In these systems, heat is exchdelegen the foundations and the soil in a
favourable way, as the undisturbed temperatureeoftound at a few meters of depth
remains relatively constant throughout the yeain@earmer than the ambient temperature
in the winter and cooler in the summer) and thentlad storage capacities of both media are
advantageous for withstanding the process. Geotidreat pumps are connected to the piles
and can transfer the stored heat and their enapgy to buildings and infrastructures during
the heating season. On the contrary, they canatittra heat from the conditioned spaces and
inject it (again, in addition to their energy inptd the soil during the cooling season.
Temperature values that are adequate to reach ddmfels in living spaces and
advantageous for engineering applications (e.gi¢idg of infrastructures) can be achieved

through this technology with a highly efficient usfeprimary energy. Traditionally,
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geothermal borehole heat exchangers have beenitexbior this purpose. Recently, the use
of energy piles has been increasingly spreadingusscof the savings in the installation costs

related to their hybrid character and to the ahgjlprocess.

The EPs possess a twofold technological chardw¢htis drawn a dual related scientific
interest in their behaviour. In fact, the energyfprmance of the energy piles can markedly
vary for different(i) site layouts(ii) foundation geometrie§iii) pipe configurations, an@v)
soil and foundation material properties. In additithe geotechnical behaviour of the energy
piles can strongly vary for differeft) restraint conditions an@h) applied thermal loads.
Consequently, these two fundamental aspects adrtbyy piles are interconnected and

coupled through the thermal and mechanical resgorfsthese foundations.

Over the years, a number of studies have investigie thermal behaviour of vertical
ground-coupled heat exchangers, focusing on theepses that occur inside (i.e., the tubes,
infill material and fluid) and around (i.e., thersaunding soil) their domain. Analytical [1-11]
and numerical [12-31] models of varying complexigve been developed for such purposes.
Currently, various amounts of research have beaeasingly performed for the analysis of
the thermal behaviour of energy piles [32-49]. Heerethe three-dimensional, asymmetric
and time-dependent characterisation of the thebmladviour of such foundations, which
involves the interaction between the fluid in thegs, the pipes themselves, the pile and the
surrounding soil, has often been considered in Idiiegb ways that have been deepened only
for specific case studies and have not been couptbdhe mechanics of the problem. This
latter aspect, i.e., the variation of the mechdrieaaviour of both the foundation and the soil
surrounding the energy piles due to thermal lohds,been investigated in recent years
through several numerical studies in the fieldieil engineering [50-60]. However, except
for some of the very latest research [61, 62],dlstadies generally simplified the numerical

modelling of the complex thermal behaviour of thergy piles by imposing temperature
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variations or thermal powers to the entire modeirohdations, which were considered to be
homogeneous solids, without the inner pipes anditicalating fluid. From a geotechnical

and structural engineering point of view, this aygmh put the analyses on the side of safety
(especially in the short-term) because the entivedation undergoes the highest temperature
variation and hence the maximum induced mechagritatt. However, from an energy
engineering point of view, the physics governing teal problem has been markedly
approximated. In particular, when dealing with miede which ground heat exchangers are
coupled to the other building-plant sub-system$wwia global thermodynamic and energetic
analysis [63-65], the aforementioned simplificaanay lead to inaccurate performance

predictions and non-optimal design choices.

Energy piles, because of their bluffness, shouldr@ysed as capacity systems capable of
responding to a phase shift in a variation of thert@ary conditions. More specifically, the
thermal behaviour of the foundation should be itigased considering the complex pipes-
pile-soil system as the heat exchange problemverged by the temperature differences
between these components. Together with thesetasfiee coupled transient mechanical
behaviour of the foundation should be analysed gsvierns the bearing response for the
superstructure. In this framework, looking at arthugh assessment of the interplay between
the thermal and mechanical behaviour of energy pile present paper summarises the
results of a series of 3-D numerical sensitivitglgaes comprising the considered aspects for
a single full-scale energy pile. This study is parfed with reference to the features of the
energy foundation of the Swiss Tech Convention @eait the Swiss Federal Institute of
Technology in Lausanne (EPFL), and investigatesdles of differenti) pipe
configurations(ii) foundation aspect ratio§ii) mass flow rates of the working fluid, atis)
fluid mixture compositions on the transient thermeehanical response of energy piles. This

investigation focuses hence on the influence betwee thermal and mechanical behaviours
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of energy piles under transient conditions congndedifferent technical solutions applicable
to such foundations. The adherence to physicatyedlaracterising the numerical approach
considered herein is corroborated by satisfying enral predictions [66] of experimental

tests [67, 68] that have been recently performeteasite of interest.

The foundation is tested during its heating operathode (the superstructure is heated while
the ground is cooled). With respect to the considelesign solutions, the energy
considerations related (0 the thermal response of the foundation in thetsieom, (ii) the

time constants for approaching the steady statditons of the heat exchange aid)) the

heat transferred between the fluid in the pipestaadsurrounding system are presented.
Geotechnical aspects relateditg the stress distribution in the pile afWl the displacements

fields characterising the foundation depth are atstsidered.

In the following sections, the key features chaasing the finite element modelling of the
examined problem are first presented. The restiltseonumerical sensitivity analyses are

then outlined. Finally, the thermo-mechanical bétawof the energy piles and the related
energy and geotechnical performances are discugtiedeference to the simulated design

solutions.

2. 3-D finite element modelling of an energy pile

2.1 The simulated site

The dimensions of the energy pile and the charattes of the surrounding soil deposit
considered in this study are those of an experiataite located at the Swiss Federal Institute
of Technology in Lausanne (EPFL), under the regdmiilt Swiss Tech Convention Centre.

The experimental site includes a group of four gngiles installed below a corner of a
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heavily reinforced raft supporting a water retemtiank. The foundation of the tank includes,
besides the four energy piles, eleven other comwegitpiles that are not equipped as heat
exchangers [67, 68]. This study considers onlyafrtae four energy piles with respect to a
configuration denoted by a null head restraint amdill mechanical applied load on the top of
the foundation, i.e., the one before the constonotif the water tank. The energy pile is
characterised by a heigHtp = 28 m and a diamet&gr = 0.90 m (see Figure 1). The pipes
in the shallower 4 meters are thermally insulatelinit the influence of the external climatic
conditions on the heat exchange process. The dbkasdics of the soil deposit surrounding
the piles (see again Figure 1) are similar to thheperted by Laloui et al. [53] as the
considered energy foundation is placed in clos&iprty to the one referred in this study.
The ground water table at the test site is atdpeot the deposit. The upper soil profile
consists of alluvial soil for a depth of 7.7 m. 8elthis upper layer, a sandy gravelly moraine
layer is present at the depth between 7.7-15.7h@n Ta stiffer thin layer of bottom moraine
is present at a depth between 15.7-19.2 m. Finalhlgplasse layer is present below the

bottom moraine layer.

2.2 Mathematical formulation and constitutive models

To develop a quantitative description of the resgoof the energy pile in the considered soil
deposit under the mechanical and thermal loaddptloaving assumptions were made): the
soil layers were considered to be isotropic, fablyurated by water and assumed to be purely
conductive domains with equivalent thermo-physpraperties given by the fluid and the
solid phaseqjji) both the liquid and the solid phases were incosgipée under isothermal
conditions(iii) the displacements and the deformations of thel sékleton were able to be

exhaustively described through a linear kinematmsroach in quasi-static conditions (i.e.,



151 negligible inertial effects)jv) drained conditions were satisfied during the asedyloading
152 processes, an@) both the soil and energy pile behaved as lineamib-elastic materials.

153 Assumptiongi-iii) have been widely accepted in most practical catgsothesesiv-v) were
154 considered to be representative of the analysdalgoin view of the experimental evidence
155 that was obtained through-situ tests performed at the site [68, 69]. Therefonelen these
156 conditions, a coupled thermo-mechanical mathenldbaaulation has been employed in the

157 following analyses.

158 Assuming Terzaghi's formulation for the effectiveess, the equilibrium equation can be

159 written as
160 V-o';; +Vpy, +pg; =0 (1)

161 whereV - denotes the divergenceéyrepresents the gradient,; = o;; — py,6;; denotes the
162 effective stress tensor (wherg is the total stress tensgx, is the pore water pressure and
163  §;; is Kroenecker's deltap = np,, + (1 — n)p, represents the bulk density of the porous
164 material, which includes the density of wapgrand the density of the solid particjes

165 through the porosity; andg; the gravity vector. The increment of effectiveest can be

166 expressed as
167  do'ij = Cijiu(deg + B'11,dT) (2)

168 whereC;j, is the stiffness tensor that contains the matpasameters, i.e., the Young'’s
169 modulusE, and Poisson's ratio; dey; is the total strain incremerg, is a vector that
170 contains the linear thermal expansion coefficidrthe materialg; I;; is the identity matrix;

171 anddT is the temperature increment.

172  As previously mentioned, the ground and the coedilling of the EP were assumed to be

173 purely conductive media. With these assumptidresgnergy conservation equation reads

7



174 pcZ - V- (AVT) =0 3)

175 wherec is the specific heat (including water and solichponents:,, andc); t is the time;
176 and4 is the thermal conductivity (including water amdié componentd,, ,, and4, ;). In

177 equation (3), the first term represents the tramisiemponent of the internal energy stored in
178 the medium and the second term represents theraaaterred by conduction (i.e., through
179 Fourier’s law). In the considered engineering aggtlon, the thermal properties of the fluid
180 components were considered to be temperature depenhereas those of the solid

181 components were considered to be temperature indepée

182 The energy conservation equation for the incomgkes8uid flowing in the EP pipes can be

183 written as

OTpuik, .
184 prpr l;tlkf + prpruf,l‘ - V(Tbulk,f) =V [Ap/lfv(Tbulk,f)] + qp (4)

185 wherepy, ¢, Ay, Touik s, U i» A are the density, specific heat, pipe cross seatiarea, bulk
186 temperature, longitudinal velocity vector and thareonductivity of the operative fluid,
187 respectivelyy, represents the heat flux per unit length exchatigeaigh the pipe wall and

188 is given by
189 qp = UPp(Text - Tbulk,f) (5)

190 whereU is an effective value of the pipe heat transfesfiicient, P, = 2rr,,, is the wetted
191 perimeter of the cross section, @ng; is the temperature at the outer side of the pipe.
192 overall heat transfer coefficient, including théemmal film resistance and the wall resistance,

193 can be obtained as follows:

1
L lint ln(M) (6)

hint 4p Tint

194 U=



195 whereh;,,: = Nu A¢/d), is the convective heat transfer coefficient inside pipe,1, is the
196 thermal conductivity of the pipe,,; andr;,; are the external and internal radii, respectively,
197 dj, = 44,/P, is the hydraulic diameter, améu is the Nusselt number. For a given geometry,

198 Nu is a function of the ReynoldBe, and PrandtlPr, numbers, with

199 Nu = max(3.66; Nugy,p) (7)

(fp/8)(Re—1000)Pr

200 Nugyp = - (7.b)
201 f, =[-18logy (%)]_1 (7.c)
202 where

203 Re = 214 pr =%

bs Af

204 Equation (7.b) is the Gnielinski formula [70] farbulent flows; the friction factorf,, is
205 evaluated through the Haaland equation [71], widahalid for very low relative roughness

206 values.

207

208 2.3 3-D finite element model features

209 The analyses presented in this study employedaitware COMSOL Multiphysics [72],

210 which is a finite element simulation environmentthe following sections, sensitivity

211 analyses were conducted with respect to threerdiffdbase-case models of a single energy
212 pile equipped with a single U, a double U, and aNdped type configuration of the pipes.
213 Extra-fine meshes of 107087, 88597 and 98357 eltmvesre used to characterise the models
214 for the different foundations. Tetrahedral, prisimatiangular, quadrilateral, linear and vertex

215 elements were employed to describe30®;p - 2Hgp - 2Hgp 3-D finite element models.
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Figure 2 reports the features of a typical moddikat in the study with a focus on the mesh
used to characterise the pile that was equippdddifierent pipe configurations. The energy
pile was described by 49824, 66722, and 70970 elenier the single U, double U, and W-
shaped type configurations, respectively. Thesaitounding the pile was then characterised
by the remaining 57263, 21875, and 27387 elementhé various models. Tetrahedral
elements were used near the joints of the pipesress the remaining domain of the pile was
covered by means of the swept method. The pipes swlated with a linear entity in

which the fluid was supposed to flow. In all of tteses, the centres of the pipes were placed
at a distance of 12.6 cm from the boundary of tmflation. Fluid flow inside of the pipes
and the associated convective heat transfer wadatiea by an equivalent solid [73], which
possessed the same heat capacity per unit volumesfpecific heat multiplied by bulk

density) and thermal conductivity as the actualwation fluid.

2.4 Boundary and initial conditions

Restrictions were applied to both the vertical bodzontal displacements on the base of the
mesh (i.e., pinned boundary) and to the horizatitgdlacements on the sides (i.e., roller
boundary). The initial stress state due to grawitthe pile and the soil was considered to be
geostatic. The thermal boundary conditions alloveedhe heat to flow through the vertical
sides of the mesh and through the bottom of thehr(les) = 13.2 °C). The initial
temperatures in the pipes, energy pile and soiéwet afly = 13.2 °C, i.e., the average
measured temperature at the considered site dwririgr. The fluid circulating inside the
pipes (high-density polyethylene tubes) considendtie base-case models was water. The

nominal velocity of the fluid inside the pipes wgs= 0.2 m/s, and the inner diameter of the

pipes wasp = 32 mm. In all of the tests, the inflow temperataf the fluid was set &8, =5

10



240 °C, which referred to the operation of the enexgyndation in winter. A thermal conductivity
241 A, = 0 W/(mK) was imposed in the shallower 4 meterthefpipes to simulate the thermal
242 insulation of the ducts near the ground surface. firite element mesh and the boundary

243 conditions used in the simulations are shown ife@.
244
245 2.5 Material properties

246 The soil deposit, energy pile and pipes propertiee defined based on the literature review
247 and in view of the technical documents relatedheodonsidered engineering project [53, 67,

248 69, 74, 75]. They are summarised in Table 1.

249

250

251 3. Thermo-mechanical sensitivity of the energy pilesotthe different
252 technical solutions

253 The results of different numerical sensitivity aysa&s considerin{j) various pipe

254  configurations inside of the single energy p{le, foundation aspect ratio@ii) fluid flow

255 rates inside the pipes afi&) fluid compositions are presented in the followssgtions. The
256 tests, performed through 3-D transient finite elete@mulations, occurred over 15 days in
257 winter. This period has been proven to be sufficiemeach steady-state within the EP

258 domain: consequently, the enthalpy drop of thelffuwum the inlet to the outlet section of the
259 pipes corresponded to the thermal power exchangbe &P outer surface (the one in contact
260 with the soil). Under such conditions, the heatacaty effects were negligible and the energy

261 pile behaved as a typical heat exchanger that hascterised by an equivalent thermal

11
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resistance between the ducts and the soil. Theicd®ffectiveness method for heat
exchangers [76] was used to evaluate and compaiteett transfer process among the

different EP configurations. The heat exchangeratifenessg;,,, is defined as

_ Tout—Tin (8)

£ =
he Ts—p_Tin

whereT;_,, is the average temperature at the soil-pile iaterf

Compressive stresses and strains were considebsdpositive, as were the downward

displacements (i.e., settlements).

3.1 Influence of the configuration of the pipes

The thermo-mechanical behaviour of a single enpiigyequipped with a single U, a double

U and W-shaped pipes was investigated.

Figure 7 shows the axial distributions of the terapge for each type of configuration. As
can be noted, no remarkable temperature variahiaracterised the shallower 4 meters of the
foundation because the pipes in this region wezanthlly insulated. After 15 days, the centre
of the foundation equipped with single U, doublandl W-shaped pipe configurations
underwent an average coolingaff =T — T, = -3.5, -5.5, and -5 °C, respectively. The
highest temperature variation was reached witldthale U-shaped geometry of pipes
because it involved the highest quantity of coldevan the heat exchange process. A more
pronounced cooling of the bottom part of the pikswbserved due to the lower thermal
conductivity of the molasse layer, which inducddwer heat exchange with the foundation.

The temperature distribution along the axial fourmadepth did not remarkably vary in all

12



283 of the cases between 7 and 15 days, indicatinghleatermal conditions inside the pile were

284 already close to steady state during the first wadekperation.

285 The axial distributions of stress induced by thevadescribed temperature variations are
286 shown in Figure 4 (the initial stress distributdure to the foundation body load was

287  subtracted). Maximum values of the stregg, = -800, -1400 and -1300 kPa were observed
288 along the axial depths of the foundation for thgke U, double U, and W-shaped pipe

289 configurations, respectively. These results weresistent with the previously observed data
290 because the configurations of the pipes that leddégreatest negative temperature variations
291 inside the pile were the configurations for whibk greatest stresses were observed from the
292 foundation thermal contractions. The magnitudehefdtress induced by the temperature

293 variation in the energy pile equipped with the nd-shaped pipe configuration was close to
294  the one characterising the results obtained by eséal. [62] for a single energy pile tested

295 in winter conditions with the same type of pipe foguration.

296 Figure 5 shows the axial distribution of the veatidisplacements for each configuration.
297 Consistent with the distributions of the temperataind stress, the greatest effect in terms of
298 the displacement of the cold flow within the tuless observed for the pile with the double
299 U-shaped pipe configuration, whereas the smalfésttevas observed in the foundation with
300 the single U-shaped pipe configuration. Maximune gittlementdz,;, = 0.28, 0.47 and 0.46
301 mm were observed for the energy pile equipped thighsingle U, double U, and W-shaped
302 pipe configurations, respectively. The null poimhich represents the plane where zero

303 thermally induced displacement occurs in the fotindgd69], was close to the bottom of the

304 energy pile for all of the cases. This occurrenas gimilarly observed by Gashti et al. [62].

305 The temperature trends of the water circulatinthepipes is reported in Figure 6. As can be

306 observed, the water temperature linearly increasmt the flow direction. However, the

13
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329

330

331

slight changes of the slope of the curves indictttatithe increase was not uniform because
the spatial progressive increase of the water tesye in the pipe reduced the heat transfer
potential with the soil, which thus led to slowemiperature increases. The fluid outflow
temperatureslyy, were higher for the single U pipe configuratiothwespect to the double

U configuration, and this can be attributed toextal interference that occurred in the latter
solution between the two U pipes within the pileeThighest temperature increase was
obtained for the W-shaped pipe configuration, adicwy to the study proposed by Gao et al.

[34].

The trends of the thermal power extracted fromgiteeind for the energy pile equipped with
the different considered pipe configurations fa émtire duration of the tests is reported in
Figure 6. Complementary data referring to the dntti@simulations (15 days) are finally

summarised in Table 2.

A decrease of the thermal power extracted frongtbend along the foundation depth,
Q/Hzp, Was observed throughout all of the tests (cfufég) that was consistent with the
temperature decrease that occurred at the soilpdeface; however, as already noted, the
time evolution of the extracted thermal power altmeached steady-state after one week of
continuous operation. The highest levels of enesgyaction were obtained through the
double U and W-shaped pipe solutions, whereas lawgunts of energy were removed from
the ground through the single U-shaped pipe cordiiipn. These results are quantitatively
reported in Table 2, which shows that after 15 dthesenergy pile equipped with the double
U-shaped pipes had a 57% higher heat transfethratewhat was obtained through a single
U-shaped pipe configuration; on the other handfah@er design solution was only 2% more
efficient than the one with the W-shaped pipe.dnatusion, the W-shaped pipe configuration
should be considered to be the best trade-off artt@design solutions analysed in this

section, owing tdi) a significantly higher energy extraction with respto the single U-

14



332 shaped pipe configuration, which justifies its l@gimstallation cost; an@i) a negligibly

333 lower energy extraction with respect to the douwhlghaped pipe configuration that was

334 operated at half of the volumetric flow rakg,that was globally needed for the latter solution
335 (thus entailing significantly less pumping powdme reason for such similar thermal

336 behaviour between the two solutions must be detexthby the low effectiveness of these

337 short ground-coupled heat exchangershat was defined in equation (8); more specifycal

338 asignificant departure from the linear trend @& #ffectiveness versus heat exchanger surface
339 (which is double for the W-shaped pipe configunatiath respect to each of the two U-legs)

340 towards saturation was not obtained in the testedigurations.
341
342 3.2 Influence of the foundation aspect ratio

343 The thermo-mechanical behaviour of a single enpigywith aspect ratiodR = Hgp/Dgp =
344 10, 20 and 4@Dzp = 0.9 m) was investigated in the present section. The apalwere

345 performed with respect to the previously considguipe configurations, and, in each case,
346 the results were compared to those of the enetgyhmt was characterised by the nominal

347 aspectrati?dR = 31, which was already simulated in section 3.1.

348 Figure 8 shows the axial temperature distributimn®ach pile aspect ratio and pipe

349 configuration. The foundation depth was considemezldimensionless form by dividing it by
350 the total height of the piléjep. Different temperature distributions along theticat

351 coordinate were observed for the various aspedsrdepending upon the thermal properties
352 of the various soil layers and, above all, on tative influence of the upper adiabatic 4

353 meters. As previously observed, the highest tentperaariations (and therefore the highest
354 axial stresses, strains, and displacements vargtiwere obtained for the energy pile

355 equipped with the double U-shaped pipes.
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The axial distributions of the temperature-industdss in the pile are shown in Figure 9.
Lower and more homogeneous distributions of thécadraxial stress were observed for the
piles with lower aspect ratiodR = 9 and 18, whereas higher and less homogeneous
distributions were obtained for the foundation elesgrised by the nominal dimensions

(AR = 31) and for the one with the highest aspect hlc= 36. This result was due (0 the
different bearing behaviour that characteriseddli@dation in the various considered cases,
i.e., predominantly frictional results were obseruatil an approximate depth of 20 m and a
more pronounced end-bearing characteristic wasedddérom a depth of 20 m on afid)

due to the impact of the thermal properties ofvilueous soil layers on the heat exchange
process and on the related thermally induced stiggser bound values of the axial stress
oy n = -926, -1531 and -1513 kPa were reached in thematialf of the deeper and more
constrained foundation for the single U, doubleahld W-shaped pipe configurations,
respectively. Lower bound values of the axial strgsg, = -181, -300 and -261 kPa were
reached close to the centre of the shallower agldenstrained foundation for the same pipe

configurations.

The effect of the different foundation constraiat&l thermal properties of the various soil
layers can also be observed in Figure 10, whiclkvedddhe thermal vertical displacements
along the dimensionless foundation depths for tfierdnt aspect ratios. The null point
location was close to the geometrical centre ofd@dation for the aspect ratid® = 9 and
18, whereas it was close to the bottom for the @sj¢iosAR = 31 and 36. This result
outlines the more pronounced end-bearing behawbtlre foundation for depths greater than
20 m, where the molasse layer was found and a higetion of the load was transferred to
the pile toe. Upper bound values of the settleménts = 0.3, 0.7 and 0.65 mm were
observed for the deeper foundation for the singlddudible U, and W-shaped pipe

configurations, respectively. Lower bound valueshef settlementgz,;,, = 0.27, 0.47 and
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0.47 mm were observed for the shallower foundatwah was equipped with the same pipe

configurations.

The distribution of water temperature inside thgegifor the entire duration of the tests and
the useful data related to the energy performahteemiles at the end of the analyses are
finally summarised in Figure 11 and Table 3, retipely. The curvilinear coordinate
following the pipe axis was expressed in dimengsslform by dividing it by the total length
of the pipex. As can be observed in Figure 11, the temperatuttee operative fluid in the
pipes increased with the aspect ratio of the pibwjously due to the increase in the heat
transfer surface. The results of the simulationglacted at the nominal aspect ratio were
consistent with the other results, as observedhbéyact that the thermal power that was
extracted from the ground with the double U-shgpeds was the largest among the analysed
solutions and was followed, in order, by the pilgipped with the W and single U-shaped
pipes (cf. Table 3). A doubling of the foundati@pact ratio from 10 to 20 involved an
increase of the thermal power extraction betwe&@¥%d.8nd 170% depending on the
configuration of the pipes (the thermally uninsethsurface of the pile was increased by
172%), whereas a doubling from 20 to 40 resulteal lmwer relative increase between 87%
and 100% (the uninsulated surface was increasd@b¥), which can be attributed to the
tendency of the heat exchanger to become satundtiedhe increase in the heat transfer

surface.

3.3 Influence of the fluid flow rate circulating in the pipes

The thermo-mechanical behaviour of a single enpiigycharacterised by different fluid flow
rates circulating in the pipes was investigatethepresent section. Because the fluid flow

rate can change both by a variation of the tubmetar,¢, and by the fluid velocityy,, the
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following numerical analyses considered both ogittrough two different series of tests.
First, the response of the energy pile equippel pijpes of different diameters with water
flowing at a constant velocity was considered. Thiea response of the energy pile equipped
with tubes of the same diameter but that were cleriaed by different velocities of the
circulating fluid was investigated. The analysesengerformed with respect to the previously
considered pipe configurations, and in each casegsults were compared to those of the

energy pile characterised by the nominal features.

3.3.1 Pipe diameter variations

The axial temperature distributions obtained fer\tarying pipes diameter$ & 25 and 40
mm) with respect to the nominal conditiols£ 32 mm) and for the different pipe
configurations are shown in Figure 12. A significdacrease of the pile axial temperature
with respect to nominal conditions (approximateRC) was observed only for the W-shaped
pipe configuration and for the pipe with the latgdiameter (and therefore with the highest

flow rate).

The uniform temperature distributions along theniation depth led to small variations of

the axial stress distributions for the differerggodiameters and configurations. In accordance
with the temperature profile, the more pronouncadations were noted for the energy pile
equipped with the W-shaped pipe where the useeofuibes with diametep = 40 mm

involved an increase of approximately -200 kPaxadlasertical stress with respect to the

nominal conditions (cf. Figure 13).
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The distribution of the water temperature inside ppipes after 15 days and the trend of
thermal power extracted from the ground for théremturation of the tests are reported
Figure 14 as a function of the pipe diameters. dempntary data referring to the end of the

simulations are summarised in Table 4.

Figure 14 showed an increase in the outflow tenmpe¥avhen the diameter of the pipe was
reduced, and this was attributed to the subsegleamease in the flow rate. The most
important effect that was observed by the variatibthe pipe diameters was with the W-
shaped pipe. The trend of thermal power extractad the ground showed that besides its
decay with time, up to 10% of the heat transfez vads gained when the diameter of the pipes

was increased from 25 to 40 mm (cf. Table 4).

3.3.2 Fluid velocity variations

The axial temperature distributions obtained bywey the water velocities in the pipes

(ur = 0.5 and 1 m/s) with respect to the nominal condifig = 0.2 m/s) and for the
different pipe configurations are shown in Figufesignificant lowering of the pile axial
temperature with respect to the nominal conditi@pproximately 1 °C) was observed for
only the W-shaped pipe configuration, where thalfitelocity was increased from 0.2 to 0.5

m/s.

In accordance with the uniform temperature distidns along the foundation depth that were
observed for the piles characterised by the sibgad double U-shaped pipes, no
remarkable variations of the axial stress distidng were noted in Figure 16. In addition to
the more pronounced variations with respect ta¢sponse of the foundation with nominal
features, higher fluid velocitiag = 0.5 or 1 m/s involved an increase of approximat200

kPa of axial vertical stress for the W-shaped pipafiguration.
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The distribution of water temperature inside thgepgiafter 15 days and the trend of thermal
power extracted from the ground for the entire tlareof the tests are reported in Figure 17
as a function of the fluid velocities in the pip€amplementary data referring to the end of

the simulations are summarised in table 5.

Figure 17 showed a decrease in the outflow temperathen the water velocity in the pipes
was increased, and this can be attributed to drease in the flow rate. The trend of thermal
power extracted from the ground showed that desgitgpical decay with time, a sensible
growth of the heat transfer efficiency was obsenvéén the fluid velocity increased (cf.
Table 5). In fact, the increase of the water v&joiri the pipes from 0.2 to 0.5 m/s created an
increase of approximately 7% in the heat transfer and a decrease from 0.2 to 1 m/s
resulted in an increase of approximately 11%. Thas@ations depended upon the
configuration of the pipes, and the most relevdieices were observed for the W-shaped pipe

configuration.

3.4 Influence of the operating fluid composition

Antifreeze is a chemical additive that lowers treefing point of a water-based liquid. In
pipes, it is often useful to insert an antifreegait mixed with water to avoid technical
problems especially when dealing with foundatiormkireg conditions characterised by very

low temperature regimes.

The behaviour of a single energy pile with antireadditives of MEG 25 and MEG 50
(mixtures with 25% and 50% of mono-ethylene glyicolvater, respectively) in the
circulating fluid in the pipes was investigatedie present section. The analyses were
performed with respect to the previously considgrige configurations, and, in each case,

the results were compared to those of the eneftgyyith water circulating in the pipes.
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The thermal properties of MEG 25 and MEG 50 arertel in Table 6.

Figure 18 shows the axial temperature distributibias were obtained along the foundation

depth with the different heat carrier fluids.

By varying the working fluid, no appreciable diféerces in the pile axial temperature
distributions were observed. Therefore, the medahnesponse of the foundation was not

expected to markedly vary in terms of the stresdisplacements.

The distribution of the operative fluid temperaturside the pipes after 15 days and the
trends of thermal power extracted from the growrdHe entire duration of the tests are
reported in Figure 19 as a function of the liquidwating in the pipes. Complementary data
referring to the end of the simulations are sumsearin Table 7. The use of the antifreeze
liquids did not appreciably affect the temperatfréhe fluid in the pipes, but it did induce
variations in the performance of the system endrgyto the lower specific heat of the

medium.

Table 7 shows that a 25% concentration of MEG itewereated a decrease of up to 6% in
the heat transfer rate and that a 50% concentrafiMEG created a decrease up to 11% with

respect to the nominal conditions with pure water.

4. Concluding remarks

This paper summarises the results of a seriesraerinal simulations that were performed to
investigate the effects of different design solusidi.e., different pipe configurations, aspect
ratios of the foundation, fluid flow rates circutag in the pipes, and fluid mixture
compositions) on the energy and geotechnical padiace of the energy piles. The study

determined that
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The configuration of the pipes was the most impurtactor in the characterisation of
the thermo-mechanical behaviour of the energy pitesas observed that the W-
shaped pipe configuration resulted in an incre&sp ¢o 54% in the heat transfer rate
compared with the single U-shaped configuratioth@tsame flow rate. The double
U-shaped pipe configuration, which possessed alddlav rate with respect to the
other configurations, resulted in the highest aqaphbf the concrete with the greatest
related stress and displacement distributions. éfbe, it was considered to be a less
advantageous solution with respect to the W-shapgeziconfiguration both from a
thermo-hydraulic and a geotechnical point of view.

The increase of the foundation aspect ratio redut@n approximately linear
increase of the exchanged heat that was indepefrdemthe configuration of the
pipes. However, a lengthening or shortening ofethergy pile resulted in markedly
diverse responses of the foundation to the therrachamnical loads, depending on the
impact that the different mechanical and thermapprties of the surrounding soil
layers may have had on the bearing response @ilthdn the considered cases, a
lower and more homogeneous variation of stressg¢sliaplacements along the
foundation depth was evidenced for the lower eneilgyaspect ratios (i.eAR = 9

and 18), whereas higher and less homogeneous ievidwtere observed for the
higher aspect ratios (i.eAR = 31 and 36).

An increase of up to 11% in the heat transferwate obtained by increasing the fluid
flow rate (more specifically, increasing the watelocity from 0.2 to 1 m/s) with

only slight differences in the results for the dient pipe configurations (more
evident variations were observed for the W-shapee gonfiguration). No

remarkable variations of the vertical stress (aldted strain and displacement)

distributions in the foundation were observed wfith variation in the fluid flow rates.
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« Low concentrations of antifreeze that were mixethwiater in the pipes did not
markedly affect the energy performance of the pwith respect to the nominal case
where pure water was used (i.e., the heat trarsferdecreased by approximately 6%
for MEG 25). Only the use of higher concentratiohantifreeze caused considerable
decreases in the heat transfer rates (i.e., aaxid approximately 11% for MEG
50), but these percentages are hardly needed étigaiasituations. No remarkable
variations of the vertical stress (and relatedst@ad displacement) distributions in
the foundation were observed with the variatiothefheat carrier fluid compositions.

* In all of the cases, the decay of the thermal paxéracted from the ground that was
gained by the operative fluid occurred in the fsstays of continuous functioning. In
this period, the heat transfer rate decreased 8p%owith respect to the first day of
operation for the energy pile equipped with a sridishaped pipe and up to 45% for
the foundation characterised by the double U ansh@fed pipe configurations.

* The choice of the most appropriate design solutothe heat exchange operation of
the energy piles should be considered based oenidrgy demand of the related
environment with respect to the thermo-hydraulguieements of the heat pumps and
in consideration of the magnitude of the involvéfié&s from the geotechnical point

of view.
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733

734 6. List of tables
735
Soil layer
EMPa] |v[] |[n[] |plkam? |c[kgK)]|AW/(mMK)] |a[l/K] |K[ms]
Al 190 022 | 01 2769 880 1.8 0.33X1p7x10°
A2 190 022 | 01 2769 880 1.8 0.33x1p1x10°
B 84 0.4 0.35 | 2735 890 1.8 0.33%10 1x10°
C 90 0.4 0.3 2740 890 1.8 0.33%1p 2x10™"
D 3000 0.2 0.1 2167 923 1.11 0.33%1p2x10™"
Energy pile and pipes

Concrete| 28000 0.25] 0.1 2500 837 1.628 1*10] -
HDPE | - - - - - 0.42 - :

736  Table 1: Material properties of the soil deposit, rergy pile, and pipes.

737

738

739

740

741

742

743

744

745

746

747

748

749
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750

751

752
753

754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771

772

Pipes configuration | T,,,[°C] | AT [°C] Ts_p [°Cl | &he [] V [l/min] Q/Hgp [W/m]
Single U-shaped 5.70 0.70 10.73 0.122 9.7 16.9
Double U-shaped 5.55 0.55 9.06 0.135 19.3 26.5
W-shaped 6.08 1.08 9.15 0.260 9.7 26.1

Table 2: Thermal performances of the energy pilesof the different pipe configurations.
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773

774

775
776
777
778
779
780
781
782
783

784

Single U-shaped pipe

AR[] | Tou[°C] | AT [°C] Tsp [°C] &pe [] V [I/min] Q/Hgp [Wim]
10 5.17 0.17 10.85 0.028 9.7 125
20 5.44 0.44 10.71 0.077 9.7 16.5
31.1* 5.70 0.70 10.73 0.122 9.7 16.9
40 5.86 0.86 10.65 0.152 9.7 16.1
Double U-shaped pipes
10 5.14 0.14 9.20 0.032 19.3 20.3
20 5.35 0.35 9.05 0.086 19.3 26.3
31.1* 5.55 0.55 9.06 0.135 19.3 26.5
40 5.69 0.69 8.80 0.182 19.3 25.9
W-shaped pipe

10 5.28 0.28 9.02 0.070 9.7 21.0
20 5.71 0.71 8.94 0.180 9.7 26.6
31.1* 6.08 1.08 9.15 0.260 9.7 26.1
40 6.33 1.33 8.82 0.347 9.7 24.9
* Base case

Table 6: Thermal performances of the energy pilesof the different aspect ratios.
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785

786

787
788
789
790
791
792
793
794
795
796
797

798

Single U-shaped pipe

¢ [mm] | Ty [°C] AT [°C] Ts_p [°C] &pe [] V [/min] Q/Hgp [Wim]
25 6.07 1.07 10.67 0.189 5.9 15.8
32* 5.70 0.70 10.73 0.122 9.7 16.9
40 5.46 0.46 10.44 0.085 15.1 17.3
Double U-shaped pipes
25 5.85 0.85 9.03 0.211 11.8 25.0
32* 5.55 0.55 9.06 0.135 19.3 26.5
40 5.36 0.36 8.67 0.098 30.2 27.1
W-shaped pipe
25 6.64 1.64 9.25 0.386 5.9 24.2
32* 6.08 1.08 9.15 0.260 9.7 26.1
40 5.72 0.72 8.56 0.201 15.1 27.0
* Base case

Table 4: Thermal performances of the energy pilesof the different pipe diameters.
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799

800

801
802
803
804
805
806
807
808
809
810
811

812

Single U-shaped pipe

ugp [m/s] | Ty [°Cl AT [°C] Ts_p [°C] &pe [] V [/min] Q/Hgp [Wim]
0.2* 5.70 0.70 10.73 0.122 9.7 16.9
0.5 5.29 0.29 10.47 0.052 241 17.2
1 5.15 0.15 10.41 0.028 48.3 18.1
Double U-shaped pipes
0.2* 5.55 0.55 9.06 0.135 19.3 26.5
0.5 5.23 0.23 8.71 0.061 48.3 274
1 5.12 0.12 8.67 0.033 96.5 29.0
W-shaped pipe
0.2* 6.08 1.08 9.15 0.260 9.7 26.1
0.5 5.46 0.46 8.51 0.132 24.1 27.9
1 5.24 0.24 8.38 0.071 48.3 29.0
* Base case

Table 5: Energy performances for the different wate velocities circulating inside of the pipes.
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813

814
815
816
817
818
819
820
821
822
823
824
825

826

MEG 25

T[°C] | py[kg/m?] | c; [D(kg-K)] | A7 [W/(m-K)] | s [Pa-s]

-10 1048 3713 0.477 3.186%10
-5 1046 3719 0.481 2.704x30
0 1045 3726 0.485 2.314x30
5 1044 3734 0.489 1.995x10
10 1042 3742 0.493 1.733x10

MEG 50

-10 1094 3201 0.413 5.316x10
-5 1092 3221 0.412 4.428x10
0 1090 3240 0.411 3.723x10
5 1087 3260 0.410 3.157x10
10 1084 3280 0.408 2.700%10

Table 6: Thermal properties of MEG 25 and MEG 50.
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827

828

829

Single U-shaped pipe

Type of T oy [°C] AT [°C] Tsp [°C] | &he [] V [I/min] Q/Hgp [W/m]

antifreeze

Pure water*| 5.70 0.70 10.73 0.122 9.7 16.9

MEG 25 5.74 0.74 10.59 0.132 10.1 18.6

MEG 50 5.80 0.80 10.65 0.141 10.5 20.9
Double U-shaped pipes

Pure water*| 5.55 0.55 9.06 0.135 19.3 26.5

MEG 25 5.59 0.59 8.96 0.148 20.2 29.6

MEG 50 5.64 0.64 8.94 0.161 21.0 33.4

W-shaped pipe

Pure water*| 6.08 1.08 9.15 0.260 9.7 26.1

MEG 25 6.19 1.19 8.83 0.310 10.1 29.9

MEG 50 6.23 1.23 8.94 0.312 10.5 32.3

* Base case

Table 7: Energy performances for the different opeative liquids.
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830 7. List of figures

831
- - 0
A1 - Alluvial soil i
A2 - Alluvial soil -5
B - Sandy-gravelly -1-10
moraine 4 —_
£
15
C - Bottom moraine <
-20 %
[m)]
25
-30
832 -35

833  Figure 1: Typical soil stratigraphy surrounding the Swiss Tech Convention Centre energy foundation.
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Boundary conditions

A& Pinned boundary
«§ Roller boundary

[l Temperature constraint .
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soil

@® Water inflow
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C Water outflow

Figure 2: Finite element mesh and boundary condities used in the simulations.
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Figure 7: Axial temperature distributions for the different pipe configurations.
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Figure 4: Axial distributions of the thermal vertical stresses for the different pipe configurations.
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Figure 5: Axial distributions of the thermal vertical displacements for the different pipe configuratbns.
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Figure 6: Distributions of the water temperature inthe pipes for the different configurations.
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949  Figure 7: Trend of the thermal power extracted fromthe ground for the different pipe configurations.
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986  Figure 9: Axial distributions of the thermal vertical stresses for the different pile aspect ratios.
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Figure 11: Distributions of the water temperature n the pipes for the different pile aspect ratios.

50

0 02 04 06 08 1



1044

1045

1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062

1063

Initial

CJ¢=25mm Il $=40 mm Nominal condition  ---- -\ yitine
0 ———T——T—T0 — 11 —————
U-shaped type UU-shaped type W-shaped type
- G
T 10| - = - = -
N
£
Q
]
a]
-20 |- = - = ~ -
! R o S RPN B I
6 8 14 6 8 10 12 14 & 12 14
Temperature, T [°C]
Figure 12: Axial temperature distributions for the different pipe diameters.

51



1064

1065

1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082

1083

Depth, z [m]

Figure 13: Axial distributions of the vertical stress for the different pipe diameters.

52

=10

-20

-1600

[ 1¢=25 mm Il (=40 mm Nominal condition
T I T I T I T ?_I_— T | T | T | T V;/ I T | T | I/‘I‘r T
U-shaped type UU-shaped type -shaped type  /
pedtype 4 . Z/{//!
\
e | s S | P 1
0 -1600 -800 0 -1600 -800 0

Thermal vertical stress, o, , [kPa]




6.8 | T l T l T l T T l T I T
° r U-shaped type b I UU-shaped type - W-shaped type
2 e4rf - = — =
>
g L L A
E <
& 256 = =
o L L s
2 52 - -
A
4.8 1 | ! | 1 1 1 L | !
0 20 40 0 40 80
Pipe lenght, | [m]
2 60 T 1 L e A —T 1 T
3 0 i U-shaped type y r UU-shaped type 7 M W-shaped type 1
£ & _ 50 — — - -
2P, | - Pl -
8= S 40 - - - -
—E= | ] i L 4
0o o
EE 30 — | = —
233 | - 1T -
FS 20| —| — - -
g 1 4 L _
X 10 [ B P R N P R TR B
0 4 8 12 16 0 4 8 12 16 0 4 8 12 18
1084 Time, t [days]
1085 Figure 34: Distributions of the water temperaturesin the pipes for the different pipe diameters andhe
1086 relative trends of the thermal power extracted fromthe ground.
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098

53

L1 ¢=25 mm

Bl =40 mm

Nominal condition




1099

1100

1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117

1118

Depth, z [m]

0

-10

-20

[ 1v=0.5m/s

M v=1m/s

— T
U-shaped type

o

n—

T T ]
UU-shaped type
o

(=

Nominal condition

Initial

“77" conditions

L
W-shaped type

14

8 10 12 14
Temperature, T [°C]

Figure 15: Axial temperature distributions for the different water velocities.

54



[Ju=0.5m/s Il u=1m/s Nominal condition

0 T T T T T T T ,— T T T T T T T F_ T T T T T T T "P
U-shaped type go UU-shaped type " W-shaped type i
v 1
' D
T -10 - - — - — -
N
&
o
o)
[m]
-20 + - — — - -
PR B T B ) | P El | I L 4 1
-1600-1200 -800 -400 O -1600-1200 -800 -400 O -1600-1200 -800 -400 O
1119 Thermal vertical stress, g, [kPa]

1120 Figure 16: Axial distributions of the thermal vertical stress for the different water velocities.
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Re: Highlights

* Energy piles thermo-mechanical behaviour cruciddpends on pipes configuration
* Thermal power extracted from the ground increasdsmie aspect ratio

* Heat transfer rate fundamentally depends on fluadsrflow rate
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