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Super position of the Single Point Sour ce solution to gener ate
Temperature Response Factors for Geothermal Piles

M. Fossa, A. Priarone, F. Silenz

Abstract

Geothermal piles are a very promising techniquexfaoit the low enthalpy resource for ground
coupled heat pumps. In fact, they are heat excliangegrated in the foundation structures of
the buildings, with reduced need in term of grogndace availability and diminished drilling
costs. Unfortunately, to evaluate the ground théresponse to their presence it is not possible
to use classical analytical solutions due to thwir aspect ratio and to the relevant effect of the
heat capacity of the inner cylindrical volume. lddaion, different shapes of the pipe
arrangement are possible: helix around the fouodatile or a series of vertical pipes connected
through U bends at top and bottom of the cylindncdume.

This study proposes a semi-analytical method toahgdound heat exchangers with a great
flexibility concerning their shape. The method |ledMultiple Point Sources (MPS), applies the
spatial superposition of the analytical solutiontfte Single Point Source. It has been validated
by means of the comparison with literature anadytioethods and FEM results for helix heat
exchangers. Finally, it has been applied to fingl thmperature response factor for different
shapes of heat exchanger in geothermal piles.

Keywords: Ground coupled heat pumps; geothermal piles; tempe response factors;
superposition method.

1. Introduction

Geothermal energy exploitation with Ground Couptesht Pump (GCHPS) is a great opportunity
for environmental protection and energy savingldoth residential and commercial buildings. A
typical geothermal system is based on the reabrzaif horizontal or vertical heat exchanger fields.
Horizontal ones are very demanding for availabl6ase area whereas vertical borehole heat
exchangers (BHE) have very good performance but imigial costs due to the drilling equipment
(Holmberg et al., 2016).
For these reasons, short vertical heat exchangess lbeen developed and studied. Such shallow
ground heat exchangers can be integrated diretthythe building foundation elements (Ghasemi-
Fare and Basu 2016, Jekusind Zlender 2018). Inside foundation piles (atfermred as geothermal
piles or energy piles), the heat exchangers caarfanged into helix configurations (Helix Heat
Exchangers, HHE), defining a cylindrical volume ttha typically filled with steel reinforced
concrete.
If geothermal piles are considered, the classicadets for vertical BHE (infinite line source ILS,
finite line source FLS, infinite cylindrical heabwce ICS) become inappropriate to describe the
heat exchanger thermal behavior with respect torgioln fact, due to the reduced depth of the
pile, the influence of the heat transfer area atttip and bottom end of the heat exchanger becomes
relevant and makes the above “slim” models unslgtétr engineering design. Moreover, the
presence of the additional thermal capacity ofdbecrete volume affects the heat transfer. For
these reasons, devoted models have to be devdimpsach a problem.
One of the first studies dealing with the presepid was the one by Rabin and Korin (1996). They
modeled the spiral heat exchanger by means ofiessef rings with constant pitch distance and
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solved the thermal problem numerically. The resbhiise been compared with data from field
experiments considering the effects of the theqpnaperties of the soil, the aspect ratio of thet hea
exchanger and its pitch distance. An interestingienical approach has been recently adopted by
Zarrella et al. (2015) who developed a resistaragacitance thermal model for simulating a HHEs
field. They analyzed the effects induced by differgeometrical parameters and ground properties
(i.e. the effects of axial conduction and of theate temperature).

Recently, a Chinese research group (Man et al.-201Q, Cui et al. 2011) developed a series of
analytical solutions based on the Green’s functisethod to represent the thermal response of
HHEs into the ground. The proposed models are ofvipig complexity and they include the
infinite and finite “solid” cylindrical geometrieén which ground is assumed to occupy also the
inner cylindrical volume), infinite and finite ringnd helix source configurations.

Some works combine the conduction heat transféehénground with other effects. Moch et al.
(2014) numerically solved the soil freezing problamound a helix coil, modelling the HHE as a
series of rings or as a finite cylinder filled witilround. Moch and co-workers compared the
theoretical results with experimental data, findiegtisfactory agreement. Go et al. (2015)
investigated the effects of groundwater advectio the ground on the performance of a spiral
coils field by numerically solving the conjugateahéransfer problem with the commercial code
Comsol Multiphysics.

In this paper, to simulate geothermal piles witlradpand U arranged pipes, a semi-analytical
method is proposed, based on the spatial suparposit the analytical solution of the Single Point
Source problem (SPS). First, the reliability of thedel has been extensively checked in terms of
numerical discretization (heat sources densityctsje also with a validation against literature
analytical solutions. Then, two different geomedrad heat exchanger have been considered and
modelled: a series of ring coils around a solidndgr and a series of vertical pipes connected
through U bends at top and bottom of a cylindnadume.

2. Theoretical background

Ground heat exchangers (GHEs) behavior is frequetdakcribed in terms of a network of two
thermal resistances, the first pertaining to that lexchanger itself and the second related to the
time-dependent response of the ground to the presehthe GHE. To study the ground thermal
response it is a common practice to solve the iahsconduction equation, to obtain the
temperature field as a function of time accordiogat 1D (radial) or 2D (radial and axial)
description of the thermal domain.
Frequently, the temperature field can be repredenta dimensionless form by the introduction of
a proper Temperature Response Factor (TRF). Itauiation depends on the applied boundary
conditions as discussed in details for example tigréhe and Fossa (2016). A general expression
for any TRF solution can be written with referenace¢he applied heat transfer rate per unit length:
277kgr T _Tgr -
r= :

& 1)

This basic dimensionless solution, expressed asnetibn of a proper Fourier number, can be
profitably superposed in space and time (Ingerwstodl. 1954, Eskilson 1987), in order to simulate
the transient response of a GHE field when sulgettevariable thermal loads to the ground
(Yavuzturk and Spitler, 1999, Bernier et al. 2004).

The temperature field around the GHE can be ohldatheough both numerical and analytical
approaches.

In the following the main analytical solutions fbescribing the effects of heat sources burieden th
ground are presented and discussed. For all thasdelsn the ground is assumed to be an
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102 uniform temperature equal i ., in the whole domain.
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2.1. Analvtical solutions for point, line and cwdirical heat sources

A series of simplified geometries have been comsatiéor describing a real ground heat exchanger.
They refer to heat sources having different shafe®ying from the single point configuration, to
infinite and finite line and cylindrical sourceshi$ section is devoted to the description of the
above geometries (as sketched in Table 1) and dordatated analytical solutions to the heat
conduction problem.

A very early model for geothermal applications hg Single Point Source (SPS) one, where the

source is delivering a constant heat transfer €§‘teThe related SPS solution can be expressed in
terms of the complementary error function as:

T(r7)=Tg.+ 23;: ;m{ﬁ} (2)

This solution has been the starting point for abite further ones for more complex source
geometries using the superposition technique.

The first application of the superposition methddtlee Single Point Source solution has been
applied to obtain the Infinite Line Source (ILS) ded The model has been described in details by
Ingersoll et al. (1954) following the work of Ckr& and Jager (1947)

st =20 8 70'/3 EEl( i j 3)
1/4Fo

The expression of the ILS solution contains theosential integral functiork;, that can be

evaluated with proper truncated series expansimiefjding the Abramovitz and Stegun (1964)

approximation:

o il

where

ap=-0.57721566 az = 0.05519968
a; = 0.99999193 as =—0.2491055
a, =—0.24991055 as = 0.00107857

The above approximated expressionEgfcan be proved to be accurate within 10%af > 0.25
(i.e. the argument of the exponential integral -@d4 is smaller than 1) and within 1%FHb, > 2.

The integration over a line of lengthallows to obtain the temperature field at anyabkdnd axial
position around the finite line source (in infiniieedium) as the superposition in space of multiple
point source contributions. Equation (5) shows tkeult of this integration (present paper
contribution), that refers to the Finite Line Saro a Infinite medium (FLSI):

{«/(z h)2 +r ]
H erf 2\/7
rFLS(rlzvr)zlq

2 5l J(z-h)?*+r?

To obtain the solution for the Finite Line Sourneai semi-infinite medium (FLS), it is necessary to
consider the superposition of a series of imagecesuwf opposite heat rate strength with respect to
a plain of symmetry which represents the grounthser at which the temperature remains constant

and equal to the initial undisturbed orlg; .

()
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For FLS, Zeng et al. (2002) proposed the followsogution:
[0 _ 2 2 [ 2 2
erfc w erfc M
1M 2Jar 2far
rFLS(r'Z’T):iq 2, .2 - 2, .2
250 Jz=hy?+r J(z+h)?+r

(6)

Lamarche and Beauchamp (2007) solution provide®xicess temperature as a function of radius
and time as the average alanigr a lengthH:
N Be+a
erfc(y2) erfc(y 2) dz— DB] 7)

rFLSave(r!T)ZI: I WdZ_DA_ _[
- _

\/ﬁ_ ZZ_I[;Z
In the above expressiory,:]/(z /FoH ) [ is the radial distance made dimensionless by tHE B

lengthH, and D\ e D5 are equal to:

0, =" el a)z= g7 sty 2[5 1) prae(y5) - =
= eric Z = + C +1|- C -
A ) 14 14 I4 ,B\/I_T

D, = ,32+1Eerfc(y ,32+1)—o.5[ﬁcerfc(yw)+ B+ 4Eerfc(ya/,82+ zﬂ+
eV (B _ 0_5[e—y2/32 + e-yz(ﬁ2+4)]

N
Claesson and Javed (2011) reformulated the FLSythaazording to new expressions where the
distanceD of the line source from the ground top surfaceidaslidepth) can be taken into account:

) =20 [ o ~(m) 2] 22 g ®)
{Fara,
Y(x,y) = 2ierf (X) + 2ierf (x+ 2y) —ierf (2x + 2y) —ierf (2y) (9)
: ¥ 1 e
= = -— h-eVv 10
ierf (U) !erf(v)dv Uerf(U) \/]_T@ e ) (10)

The Infinite Cylindrical Source model (ICS) reféosa geometry in which the source is an infinitely
long hollow cylindrical surface. The ICS case wamlgtically solved by Carlslaw and Jaeger
(1947), either considering the heat rate boundandition or the temperature one. Solving these
problems they provided th@& andF solutions, as described below:

r
rICSQ(rvr) = ZHBB(FOW ,p:r_] =

i (11)
2% gf P g ) 1
“d 5L (PP ) -3 Ye(p8) s
-2 _ 14 "
r|csT(r-T) F( Orcw) JAe_'EZEFO'Cy]_dIB ( )
2 e (B)+Y(B) B

whereJy, J1, Yo, Y1 are Bessel functions of the zBrand first order, respectively.

Later Ingersoll et al. (1954) provided tabulatetliea of the related solutions.

According to Fossa (2017), the ICS solution carapproximated, with an error below 1%, using
the following Equation:
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Table 1. Point, Line and Cylindrical heat souraggsometry and boundary conditions.

6 .
rICSQ(r = rQ/| ’ T) = Z]T[Ezcj I—Ogjlo (FOrQ/I )j| (13)
j=0
where
Co=1.2777 E-1 c1=1.0812 E-1 c; = 3.0207 E-2 Cc3=-2.30337 E-3
Cs=-1.4459 E-3 Cs = 3.6415 E-4 =-2.4889 E-5

2.2 Analvtical solutions for Helix Heat ExchangéHE)

Ground heat exchangers as short energy piles céenotodeled as infinite sources or linear ones
because of their low aspect ratio (reduced deptin i@spect to classical Borehole Heat Exchangers,
BHE) and relevant contribution of the thermal cagyaof the inner cylindrical volume. For these
reasons new specific models are needed. In thitosecylinder, ring and helix heat sources are
considered according to the geometries describédlnte 2.

In recent years, a Chinese research group (Marn. &0&0-2011, Cui et al. 2011) has derived
different analytical models to represent the grotegponse to the presence of HHEs. The models,
derived from the application of the Green's functimethod, are the Infinite and Finite Solid
Cylindrical source model, the Infinite and Finiteh& Source model, the Infinite and Finite Spiral
Source model.
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In the following, the models are briefly illustrdteFor the finite length models, the ground is
assumed to be a semi-infinite medium and the temtyper of the ground surface is kept constant

and equal tolg ., . For all the models, a constant heat transfer pateunit of borehole length is
considered as imposed boundary condition.

The Infinite Solid Cylindrical Source (ISCS) mod®s been proposed by Man et al. (2010) to
improve the existing "hollow" cylindrical countems (e.g. the ICS model) taking into account the
heat capacity of the inner cylindrical volume. Bwdution can be obtained as follows:

Foe(rir) = _1 []Z]—lT[E. [_ r2 +rpi|e2 —2r [, cos¢Jd¢ (14)

29 dar

Man et al. (2010) elaborated also a Finite Soliéif@yical Source (FSCS) model that considers a
cylindrical source with deptH. The analytical solution is:

Mees(12,7) =:11[j %ﬂ%{%} ex -rzf_Aar;'T E{erf B'—\/g} 2rf {ﬁ}—af {E—Jg}}dr (15)

Cui et al. (2011) developed the Infinite Ring S@utRS) model considering the heat source
composed by an infinite series of rings stackediradoa vertical axis. In this way it is possible to
take into account the discontinuities of real halources and the impact of the coil pifchThe
proposed analytical solution results:

2
P/ Ty ' 1 r/ry (r /1) +1
Mes(r,2,7)=—2== a = |lexp -—+——— |0
(11 2:7) NS %-([Fo ¥2 7% 2F0 4Fo

rpile rpile rpile

(16)

r
4Fo

rpile

[z—n[p—O.S[pjz

_ r‘pile + eXp _
4Fo

rpile

[z+nEp+0.5E|oJ2
dFo

pile

rpile

Cui et al. (2011) proposed also the Finite Ring rEé®euFRS) model, considering a cylindrical
source with depthl, composed byn rings and they obtained the following expression:

2
IMye 7 rir, rir. ) +1
rFRs(r-Z-T): p pile 1 - I:I()l: pile :lﬁxp _( p||e) :||:|

4\/7_7- 0 Forpile 2Forpi|e 4Forpi|e
2 _— 2 (17)
(z—n[p—o.5tp] (z+n[p+ O.Sfp]
4 Fite Fite
e - - € e dFo
2, 2 4Fo P 4Fo roite

rpile rpile

Man et al. (2011) refined the representation ofHRtE introducing the spiral geometries.

These models consider the coil pipe as a helixeduin the ground around a vertical axis with a
fixed coil pitchp.

The Infinite Spiral Source (ISS) solution is:
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I$ SDT\/_ q I:OrpHeS/2

2
] (r/r,) +1-2(r I, ) Ceosp - ¢ W (Z-erTJ (18)
DJ exp- 4 Fo me d¢lmF0rpiIe

rpile

The Finite Spiral Source (FSS) model considersigefinumber of spiral coils equal to and its
analytical solution is:

2
(1) +1
r@,zr)=—2>2e ——( ple O
F$( ¢ ) 8BT\/7I:]‘ FOrp|I(93/2 4FOrpile

{z p@/hj [z+p@72j2 (19)
2t /b 2(r/r,.|[tos@p—¢ ' r, ¥
O ex (/1) 056 -9 ) exp—~— =2 |- exp-~—— 2 |Ldg [dFo,,

0 4F0rpi|e 4F0rpi|e 4F0rpi|e
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Table 2. Solid Cylinder, Ring and Helix heat sosr@eometry and boundary conditions.
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3. Present study method: the multiple point source model (M PS)

In this paper a semi-analytical method is presensedtable to model any GHE geometry,
irrespective of the piping shape and not relyingaog specific symmetry condition. The model is
based on the spatial superposition of the SingietFSwurce (SPS) solution (Eqg.2). The sources are
placed along a suitable contour to create the eégieometry including rings and helix coils.

In order to impose constant temperature at thergraurface, equal to the undisturbed dige. ,

the image source approach is applied and a oppstseiegth heat transfer rate is applied to all the
image sources.
For each positiorj of the ground domain, the overall temperature sxoeith respect to the

undisturbed valudg .. can be evaluated at each instant as superposttithe effects induced by
all theNgyurees poINt sources, including the image ones:

Nsources
Tj (T) _Tgr,oo = z T|] (T) _Tgr ,00 (20)
i=1

Recalling the solution for the Single Point Souf€g.2) one obtains:

B : é‘ Nsources 1 1
Tj (T) Tgr,w_m z r—erfC —W (21)

o 1=l i
Finally, the average temperature excess relatedl thej ground positions taken into account can

be evaluated as follows:
1 Npositions

>, T(O-T,. (22)

positions  j=1

T()-T,..=

In the application of the suggested method, a fomeddal issue is the definition of the minimum
number of point sources to be superposed to pryppepresent any curved line constituting a heat
source. This problem is equivalent to assess thdanmuan allowed distance between the single
sources. This distance (PS to PS distance or drid 4s) necessarily depends on another
geometrical parameter, i.e. the distance of PS freighbor evaluation point (EP).

Considering Figure 1, single point sources arequlam a generic curved line at a distance equal to
As. The Temperature Response Factor is evaluatedliatamcer, from the source, normal to the
curved line. In this original way, the ground resge is evaluated at the virtual location of theepip
boundary and no “grout type” heat resistance hdsetserted in the model. The selection of the
PS density along the path describing the pipe geaent has to be done while reaching a tradeoff
between discretization accuracy and computatiomaé tsaving. For this reason, a series of
preliminary calculations and comparisons with resge reference analytical solutions has been
performed to assess the best discretization paeaksty,.

First, the analysis has been carried out for aalimgometry, to compare the results obtained with
the multiple point source (MPS) model with the festrom the FLS analytical solution.

Figure 2 shows the comparison between the temperatisponse factor from the FLS solution
(ro/H =0.001) and those obtained with the MPS modeldiferent values ofAs/r,. As can be
observed, the MPS solution approaches the refereb8eone when the discretization parameter
AS/ry is of the order of the unit (Fossa 2017).

A similar analysis has been applied to a helix legahanger approximated as a series of rings, with
radiusrpie, total highH and pitchp, according toFigure 3 and Table 3. The temperature field is
evaluated at a distanecg from the sources. The rings are modeled by therpagition of single

point sources, each with an applied heat transter equal td§,gs. The number of the PS for each
ring defines the parametAs/ry.
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303 Figure 2. Comparison of reference FLS resuli#i(= 0.001)with MPS superposition solutions for differexg/ry,.

304
305

306 The evaluation of the Temperature Response Factor the HHE is carried out by increasing the
307 number of PS for each ring, upNps = 140, with a corresponding paramehsfr, = 1 (Table 4).
308 Figure 4 represents thiefunctions for the differerhs/r, and shows that, increasing the number of

309 PS and so decreasing the valu&gfy, the different MPS profiles approach.
310

311
g%% Table 3. HHE geometrical parameters.
H [m] 15
Ipile [m] 0.45
p [m] 0.5
ry [m] 0.02
314
g%g Table 4. Discretization parameters and averagévelarrors for ring heat exchangers.
Nps As= 2-7#r e /Npe Ay, £%
18 0.16 7.8 -
35 0.08 4 17.8%
70 0.04 2 6.1%
140 0.02 1 0.9%
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To quantify the effect of the discretization paréeneand compare thé functions obtained with
increasing\ps it is possible to define an average relativereas

% (23)

ri _ri+1

¢% =ave

i+1
The calculated values are reported in Table 4 aod ghat, decreasing the parameisir, from 2
to 1 does not produce a relevant change it thalue, with a relative error equal to 0.9%.
Therefore, it is possible to consider as gener@rarn the valué\s/r, = 2, with a good compromise
between accuracy and computational time savings.

Figure 3. Sketch of a helix heat exchanger (HHEpraximated as a series of rings.
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Figure 4. MPS method: effect of the discretizafi@nameteAs'r, on the evaluation df functions for a ring heat
exchanger.

To further validate the suggested method, the teatype response factorobtained with the MPS
method for the geometry represented in Figure 3 leen compared with literature analytical
solutions.
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In particular, the infinite and finite solid cylindal source (ISCS and FSCS) and the infinite and
finite ring source (IRS and FRS) solutions havenbamnsidered (Man et al. 2010, Cui et al. 2011).
In this case th€ functions have been evaluated at 0.45 and for more vertical positions than the
numbers of rings, i.e. 10 evaluation points forhepitch distance. For this reason, théunctions
result in their asymptotic values are smaller tthense showed in Figure 4.

At low Fo values, i.e. In(Boy)<-4 (corresponding tBo,,<2), all thel” functions have to match with
the ILS trend. On the contrary, it is relevant wwnp out that thd values obtained with the IRS
solution move slightly away. It is not clear if shbehavior has to ascribed to the solver of the
Matlab code used to solve Equation 16 or to soreffiarency of the analytic expression.

For higherFo numbers, Figure 5 clearly confirms that the MPShwoeé allows to find results that
are in very good agreement with the correspondingsdrom the analytical solutions, with an
average relative error at the asymptote with rasfeéSCS and FRS equal to 2.8% and 1.8%,
respectively.

An additional comparison related to the presenthoktpredictions is shown in Figure 6. Here a
FRS is considered and its geometrical paramet&dial5 m, rye=0.45 m,p=0.25 m. A 2-D
Comsol FEM model has been built on purpose: a eohdteat transfer rate condition has been
imposed to ring external surface and the tempegdteld (in time and space) has been calculated.
From the average temperature along rings at givaaree (0.02 m), the TRF of the present heat
source geometry has been inferred and comparedtigtitorresponding solution by the present
MPS model.
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Figure 6. Comparison between the MPS results amd feSults in terms off _-function for a FRS heat exchanger.
Geometrical parameters are given in figure legend.

In Figure 6 the temperature response facforsave been evaluated with respect to the heat gansf

rate per unit helix IengthQ’L) and not per unit pile deptIQ( ):

=27k, ! .Tf’“” -rdt (24)
QL L
Again, as can be easily noticed, the agreemerteoptesent method results with the FEM ones is
very good (average difference 2.5%) at both théy geart of the transient response and in the late
period up to the asymptotic trend.

4. Reaults

The great advantage of the MPS method is thakovalgenerating heat sources of any shape, thus
offering a terrific flexibility.

In geothermal pile applications, it is possibletttiee piping is arranged not as a spiral around the
foundation pile but as a series of vertical pipesnected through U bends at top and bottom of a
cylindrical volume (Figure 7). Even the verticappiarrangement is easier in terms of installation
and probably safer with reference to concrete @geon steel cage, some companies also propose
helical pipes. The MPS method has been appliedtergqte the temperature response fdctar

the above geometries and the results are compaesth other.

In the two different cases, is evaluatedit the same distaneg from the sources, considering the
same equal heat transfer rajdor all the sources and setting the discretizaiarametens/r, = 2

to define the number of PS.
Finally, both geometries have nearly equal totpépengthL:

L = Lrings D Lvertical pipes (25)
with:
Lrings =2 D'p“e DH— and Lvertical pipes = Nlegs EH + 2n.ljrpile (26)
—
'''' NS /
H
I 2o R A W N
S Ipile L

v
z

Figure 7. MPS method applications: rings and valfipe arrangements for geothermal piles.
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Figure 8. MPS results: comparison between ringsvantical pipe geometry.

The rings configuration has a coil pitgh=0.28 m whereas the vertical pipes configuration
considers a number of legs equal to 10. Thus,dts¢ pipe length_ for both geometries is nearly
equal to 150 m.

Figure 8 shows the comparison between the two rdiitd” functions obtained with the MPS
method. At smalFoy (In(9 Foy) < -1), the two curves reveal a very good agredrbeocause, at the
beginning, each point source cannot perceive tfieeimce induced by the presence of the others.
As a consequence, at a distance equa) foom PS, the response of the ground is nearlysémee

as for a single point source (SPS).

On the contrary, for higkoy, the effects of the other PS become relevanttlamdhape of the two
energy pile geometries induces slightly differesgponse in the ground (with an asymptotic relative
difference of nearly 1%).

5. Conclusions

For ground coupled heat pumps (GCHP), the use micaeground heat exchangers associated to
the foundation structures of the building (energleg) is a very interesting and promising
technique. In this type of installation, the pigge frequently arranged as helix heat exchangers
(HHE) around the pile or as a series of verticpkepiconnected through U bends at top and bottom
of the cylindrical volume.

In recent years, some analytical solutions haven lpgeposed in literature to analyze the energy
piles. Unfortunately, they are complicated to beedusand strictly associated to a particular
geometry, i.e. a particular shape of the pipesngement around the pile.

In this paper, a new semi-analytical approach (MlgdtPoint Source method) has been proposed.
The algorithm is based on the spatial superposdfdhe analytical solutions related to a system of
single point sources arranged along a path desgribie pipe shape. After an extensive analysis on
the sources discretization, the method has bedtatadl against analytical methods for a helix heat
exchanger approximated as a series of rings witkea pitch. In particular, the ground response
obtained with the MPS method has been comparedthétlanalytical solutions of the Finite Solid
Cylindrical Source model and the Finite Ring Souroadel with a very good agreement (average
relative error equal to 2.8% and 1.8%, respectjvéiyvery good agreement has also been obtained
from the comparison with FEM simulations of a fenitng heat exchanger.

The proposed method is simply to use, effective\aarg flexible to be applied to other geometries,
i.e. other pipes arrangements around the pile. A&xample, the paper compares the ring coil
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configuration with a series of vertical pipes cocted through U bends at top and bottom of a
cylindrical volume. Future investigations will bewbted to the application of the present method to
sensitivity analyses on helix pitch effects.

Nomenclature

a Thermal diffusivity [nf/s];
E; Exponential Integral function [-]
erf Error function [-];

FO.  Fourier number based on the radi(i;

Fo, Fourier number based on the deHtR];

H Pile depth [m]

I, Modified Bessel function of the zero order [-];

Jo,J1 Bessel Function of the first kind of zero and onger [-];
Bessel Function of the second kind of zero andavder [-];
Thermal conductivity [W/m K]

Total pipelength [m]

Number of rings [-]

Pitch [m];

Heat transfer rate [W];

Heat transfer rate per unit length [W/m];
Radial coordinate [m];
Distance between SPS [m]

BT @@° 3 s
N

T Temperature [K];
Ty Undisturbed (initial) ground temperature [K];
z Axial coordinate [m]

Greeks

£ Dimensionless radial distanagH) [-]
£ Average relative error [%]

r Temperature Response Factor [-]
@ Angular coordinate

T

Time [s];
Subscripts
b Referred to the point at which thds evaluated

or Referred to ground
pile Referred to pile
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Geothermal piles are heat exchangers integrated in the foundations of the buildings
They have low aspect ratio and high heat capacity in the inner cylindrical volume
It is not possible to use classical analytical solutions

A new semi-analytical method called multiple point sources (MPS) is proposed

The method has been validated against analytical and FEM models



