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ABSTRACT

In designing and sizing of borehole thermal energy system, natural groundwater movement and temperature
driven flow have a great importance on the borehole heat exchanger efficiency. The efficiency of double U - tube
arrangement in gravel — backfilled borehole installed in a fractured limestone aquifer has been analyzed by
means of three — dimensional numerical simulations. The numerical model is representative of 1 m deep of gravel
back - filled borehole surrounded by the fractured aquifer. Several simulations have been carried out in order to
evaluate the effect of aquifer parameters and boundary conditions on heat exchange efficiency by varying the
mean temperature within the double U - tube. The fractured limestone aquifer of the industrial area of Bari (Italy)
has been chosen as field site in order to identify the aquifer parameter range and the respective combinations.
The results highlight that borehole thermal energy system efficiency is strictly dependent on aquifer trans-
missivity and groundwater Darcian velocity. The conducted analysis shows that, under lower Darcian ground-
water flow and lower aquifer transmissivity, heat transfer efficiency increases at least by 25% compared to
stagnant water, whereas heat transfer in the aquifer is governed by heat conduction. The increase of aquifer
transmissivity induces the thermosiphon effect enhancing heat transfer processes both in the gravel back-filled
borehole and aquifer. At higher values of groundwater Darcian velocity (> 0.1 m/d) advection due to ground-
water flow is not negligible and mixed with free convection enhancing heat transfer further. Based on the results,
discussion on the performance and environmental constraint of gravel back — filled borehole at field site has been
presented.

1. Introduction

2017; Ehyaei et al., 2020).
The present work aims to investigate the potentialities and limita-

The development of cost — effective solutions for district heating
and/or cooling systems, combining different renewable integrated en-
ergy technologies is a challenge, representing the most effective and
efficient solution for the development of modern and sustainable urban
and industrial settlements. In this context low enthalpy geothermal
system plays a fundamental role, combining and integrating with other
renewable technologies in different ways in order to supply the heating
and cooling demand of the residential and industrial districts. At least
four alternative strategies and combination of them can be implemented
in the district heating/cooling system: passive geothermal heating and
cooling (Baird, 2013; Zeiler and Boxem, 2009; Ozgener, 2010), seasonal
thermal energy storage (Samuel et al., 2013; Xu et al., 2014; Shah et al.,
2018; Alva et al., 2018), geothermal heat pump (Trillat-Berdal et al.,
2007; Self et al., 2013), geothermal powered absorption chiller (Yilmaz,
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tions of the low enthalpy geothermal system on the metropolitan area of
Bari (Italy) which presents a great potential to implement renewable
heating and cooling integrated systems. In the area groundwater is at
lower depth in heterogeneous limestone cretaceous formation offering a
great potential for low enthalpy geothermal exploitation.

Borehole Heat Exchangers (BHEs) play a fundamental role in low
enthalpy geothermal systems, dissipating or recovering heat from the
subsoil and groundwater in order to heat and cool buildings as well as
for agricultural and industrial purposes. Geological and hydrogeological
conditions determine the efficiency of heat dissipation (recovery) gov-
erning the heat transport processes (Williams et al., 2010; Wu et al.,
2008; Wagner et al., 2013; Pruess, 2010; Read et al., 2013; Klepikova
et al., 2016; Cherubini et al., 2017). Therefore, knowledge of geological
settings and understanding of hydrogeological processes is fundamental
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in order to ensure adequate design and planning of geothermal
installations.

Generally, a BHE system is realized in a vertical borehole inside
which heat exchangers having different shapes can be installed. A heat
carrier fluid, generally water, circulates through the heat exchanger. The
borehole volume around the heat exchanger is grout filled with a rela-
tively high thermally conductive material. In presence of an aquifer,
groundwater filled borehole or sand/gravel backfilled borehole is
commonly used. Under these circumstances, the BHE is permeable and
provides a preferential pathway for groundwater exchanging heat with
the heat exchanger via natural convection phenomena (Hidalgo et al.,
2009). Cross flow mixed convection takes place (Laskowski et al., 2007).
Advection due to natural groundwater flow (Banks, 2015) is combined
with natural convection due to the difference in groundwater density at
various locations (Gehlin et al., 2003). Natural convection is perpen-
dicular to advection increasing the groundwater mixing within the
borehole and as a consequence the heat transfer increases.

Installation of groundwater filled BHE in karst fractured limestone
aquifers deserves some consideration. Borehole walls could be not stable
due to highly fractured zones, empty cavities or filled with residual
karstification products. Under these circumstances the installation of a
well screen surrounded by a gravel pack is appropriate. In gravel back —
filled BHE well screen may not be there, as gravel pack fills uniformly
the volume between borehole wall and heat exchanger surface. Then
gravel back - filled borehole results more appropriate for such aquifer.

Considering a fractured aquifer with sub horizontal conductive
fractures, heated and less dense or cooled and high dense groundwater
tends to leave the BHE through the fractures located in upper or lower
part of the BHE respectively, with ambient groundwater that tends to
enter in the BHE through fractures at larger depth under heat dissipation
conditions and through fractures at lower depth under heat recovery
conditions (Gehlin et al., 2003; Skarphagen et al., 2019).

Thermal Response Test (TRT) represents a method to evaluate the
efficiency of a BHE at a given location by monitoring the effect of short-
term heating or cooling and inferring the thermal properties of the
ground as well as its hydrogeological conditions (Wagner and Clauser,
2005; Spitler and Gehlin, 2015; Minchio et al., 2020). Anyway, in con-
ventional TRT interpretation BHE is approximated as a line source (Zeng
et al., 2002). In presence of groundwater flow, this model has several
weaknesses due to the assumptions made on the hydrogeological con-
ditions, BHE arrangement and heat transfer processes that give rise to
design errors in low enthalpy geothermal system (Witte, 2013; Poulsen
and Alberdi-Pagola, 2015).To overcome these difficulties the moving
line source model (Molina-Giraldo et al., 2011) that considers ground-
water flow advection can be used. Anyway, both models do not consider
free convection processes that take place in the permeable BHE.

TRT interpretation permits to obtain an estimation of the thermal
resistance. It represents the key parameters for an optimum design and
planning the low enthalpy geothermal system (Luo et al., 2018). In
general, thermal resistance represents the ratio of the temperature dif-
ference between hot and cold surface to the rate of heat flow per unit
area. Then, given the temperature differences between the mean tem-
perature of the heat carrier fluid and the ambient temperature of the
ground, the heat transfer rate per unit length of the BHE will be equal to
the ratio of this temperature difference and the thermal resistance.

Advection due to the groundwater flow and free convection due to
the density driven flow caused by the temperature differences have the
effect of reducing the thermal resistance (Gustafsson et al., 2010;
Chiasson et al., 2000).

The analysis of the crossed mixed convection in the BHE is still an
open issue. In literature, the effect of the advection due to groundwater
flow and natural convection due to the changes in water density caused
by hot or cold water in the BHE has been addressed separately.

Several authors have studied the effect of the advection due to the
groundwater flow on heat transfer processes involving the aquifers and
BHE. Claesson and Hellstrom (2000) and Chiasson et al. (2000) show

that advection phenomena by natural groundwater flow do not influ-
ence the heat transfer processes with an exception for highly fractured
bedrock. Whereas induced groundwater flow by pumping near to the
BHE enhanced heat transfer (Gehlin and Hellstrom, 2003 and Witte,
2001). Banks (2015) investigated advection processes by natural
groundwater flow on grout filled BHE. The authors concluded that
advection processes become important when Darcian flow is higher than
0.01 md~! and with a Darcian flow higher than 0.1 md ™! the effects of
groundwater flow are observable in a time frame of less than 3 days.
Verdoya and Chiozzi (2015) studied the influence of groundwater flow
on the estimation of ground thermal parameters. The authors showed
that the infinite line source model is a reliable method to estimate
ground thermal parameters if heat transfer phenomenon is dominated
by conduction. When the Darcian flow is larger than 0.01 md™! this
model fails to estimate the ground thermal conductivity.

Concerning natural convection in a groundwater filled borehole,
Keyhani et al. (1983) investigated free convection behavior in vertical
annulus with constant heat flux on inner walls and constant temperature
at outer wall finding experimental correlation between Nusselt number
and Rayleigh number. Gustafsson et al. (2010) conducted three dimen-
sional steady-state simulations using CFD - Fluent estimating a value of
borehole thermal resistance in the range 0.07-0.08 mKW ™. Gustafsson
and Westerlund (2010) also investigated thermal resistance of ground-
water filled borehole by means of TRTs on two BHEs 75 m and 150 m
deep. The interpretation of the experimental results shows that thermal
borehole resistance decreases from 0.12 mKW ! to 0.065 mKW ™ as the
injection rate increases in the range of 21-83 Wm ™. Fujii et al. (2009)
conducted TRTs using optical fiber sensors in a groundwater filled BHE
30 m deep finding that as heat injection increased in the range of 68-168
Wm ! the thermal resistance decreased from 0.1 to 0.089 mKW ! with a
light increase of the thermal conductivity from 2.4 to 2.46 Wm 1 K.
Heiko etal. (2012) performed Multi —injection rate TRT in groundwater —
filled BHE in hard rock investigating the effect of the forced convection
induced by an ordinary pump, showing that the forced convection en-
hances BHE efficiency, demonstrating that at the same injection rate the
required borehole length with forced convection is shorter than without
groundwater pumping. Gehlin et al. (2003) investigated the influence of
the thermosiphon effect on groundwater filled boreholes in fractured
rock, finding that convective flow through the BHE into connecting
fractures increases the heat transfer of both borehole and bedrock. Spitler
et al. (2016) performed several thermal response tests in a single
groundwater filled boreholes 80 m deep with a single U-tube finding an
average thermal resistance varying between 0.042 and 0.095 mKW .

There are few studies on the gravel back - filled BHE efficiency. Choi
and Ooka (2016) investigated the effect of natural convection on ther-
mal response tests conducted in a saturated porous formation comparing
gravel backfilled and cement-grouted BHE. The authors affirmed that
borehole thermal resistance of the gravel backfilled BHE is lower than
cement-grouted BHE.

In the present work a numerical method to investigate the flow and
heat transport processes involving the gravel back - filled BHE in frac-
tured karst limestone aquifer is developed investigating the combined
effect of advection and natural convection. The developed method
represents a framework for estimate the gravel back - filled BHE
efficiency.

Computational fluid dynamic (CFD) simulations at local scale are set
up on the basis of the boundary conditions and hydrogeologic parame-
ters which refer to the fractured karst limestone aquifer of the Metro-
politan area of Bari (Italy). Several numerical simulations have been
performed in order to cover the possible hydrogeological conditions of
the study area. Thermal resistance of the BHE and groundwater is
determined varying the working temperatures, hydrogeological features
and boundary conditions investigating the heat transport processes
within BHE and groundwater.

Finally, the potential application of the gravel back - filled BHE in
the study area are presented and discussed with regards to their



implication on low enthalpy geothermal energy system efficiency and
environmental effects.

2. Material and methods
2.1. Study area

The metropolitan area of Bari (Italy) is located in the Apulia Region
(South - Eastern Italy), overlooking the Adriatic Sea. The area presents a
great potential to implement renewable heating and cooling integrated
system since an industrial area with an extension of 1509 ha with more
than 800 industries is present with a nearby suburban degraded area
devoted to social housing where urban regeneration is needed (district
of San Paolo) as well as some significant energy users such as the In-
ternational Airport and General Hospital (Fig. 1).

Morphologically, the site is characterized by three extended tiered
terraces with a height between 40 and 10 m a.s.l. parallel to the coast
sloped down to the sea characterized by paleostream channels (lame)
perpendicular to the terraces. Stratigraphically, on the Cretacic calcar-
eous dolomitic succession extending in depth even for hundreds of
meters (belonging to the known formation of Calcare di Bari) lies
transgressively Calcareniti di Gravina formation (lower Pleistocene)
with a variable thickness from few meters to 20 m. Alluvial and marshy
deposits (Holocene) are detectable at the bottom of lame and some de-
pressions in the dune deposits (Fig. 2).

Groundwater flows in the limestone Cretaceous formation within
fractures and karst channels under phreatic or semi-confined conditions
mainly in SW-NE direction perpendicular to the coastline, with hy-
draulic gradients of 0.1—0.5% (Grassi et al., 1986) with a variable depth
to water table from about 12—13 m near the coast to 40 m in the most
inland zone of the industrial area (Fig. 3). Long term step drawdown
tests have been carried out showing a variation of hydraulic trans-
missivity in the study area in the range 10™> - 102m?s? (Cherubini
et al., 2018), the rock total porosity presents a value between 1.24%—
5.14% (Borgia et al., 2002), whereas the effective porosity assumes a
value of about ~0.3% (Masciopinto and Palmiotta, 2016).

The degree of fracturing in the limestone Cretaceous formation is
quite variable. Boreholes surveys conducted in the study area highlight
the presence of two levels constituted by a carbonate rock sequence
intensely fractured and karstified 26 m thick and a lower level
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Fig. 1. Industrial area of Bari (Italy) characterized by an extension of 1509 ha
with more than 800 industries with the indication of nearby energy users: the
district of San Paolo, The International Airport and the General Hospital.
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Fig. 2. Geological map of the industrial area of Bari: 1) Alluvial and Marshy
deposits (Holocene); 2) Calacareniti di Gravina Formation (Lower Pleistocene);
3) Calcare di Bari formation (Cretaceous); 4) escarpments; 5) Fault (uncertain);
6) Anticlinal axis; 7) Hydrographic network.
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Fig. 3. Contour of groundwater head (m a.s.l.) (black curves), flow paths (gray
curves) and hydraulic transmissivity distribution for the study area.

represented by a dolomitic sequence >20m thick, less fractured and
karstified. Billi (2005) investigated the geometrical and structural at-
tributes of fractures and fracture networks of the Apulian Plateau,
characterised by a succession of carbonate beds separated by sub —
horizontal marked mechanical discontinuities and affected by sub —
vertical fractures with bed - parting and bed — unparting behaviour, and
by rare faults. The authors found that the fracture spacing is directly
correlated to beds thickness variable in the range 0.15-1.20 m.

Di Sipio et al. (2016) investigated thermal properties of the Calcare
di Bari formation in dry conditions by means of laboratory tests, finding
a value for the thermal conductivity of the limestone between 3.7 and
1.5 Wm ! K~! with a mean value equal to 2.5 Wm ™' KL, Typical values
of density and heat capacity of limestone are 2700kgm™ and 910
Jkg’1 m™ (Robertson, 1988). The mean natural aquifer temperature
observed at the site is 290.85 K. Monitoring campaigns in the study area
(March - December 2014) showed a diffusive contamination (Cherubini



et al, 2018) especially by chlorinated aliphatic hydrocarbons.
Groundwater exploitation for water supply was banned by the public
local authority. Thermal anomalies have been detected in correspon-
dence of the hot spot area (Masciopinto and Palmiotta, 2016) which
decrease downstream: temperature results higher than the natural
aquifer temperature values reaching a value of 292.65 K, suggesting a
possible presence of a continuous source of contamination near the hot
spot area and possible on going geochemical and biological processes of
the organic contaminants in non-aqueous phase.

2.2. Large-scale model

The large-scale model has been used to analyse the hydrogeological
features of Bari aquifer. Details on model conceptualization, governing
equation, boundary conditions and validation can be found in Cherubini
et al. (2018) and Pastore et al. (2020). A brief introduction has been
reported for convenience. The fractured and karstic limestone aquifer
has been conceptualized by means of the rough walled parallel plate
flow model assuming a constant number of independent conductive
parallel fracture with spatially variable equivalent aperture. MODFLOW
numerical code coupled with inverse numerical approach has been used
to model groundwater flow. The two-dimensional domain covers an
area of 968.7 km? discretised by means of a structured grid of 100 m in
size.
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The flow model has been validated on the basis of the hydraulic head
measurements and point dilution tests. Simulated specific discharge
reach the observed specific discharge for a value of conductive parallel
of fractures equal to 20. Fig. 4 shows the maps of the space variation of
the mean equivalent aperture and flow velocity magnitude with the
relative probability density functions. The equivalent apertures present
values between 10357 and 10-2%° m following a lognormal distribution.
Flow velocity magnitude varies in the range 0.47 - 80.61 md™! with a
bimodal probability distribution.

2.3. Local-scale CFD model

A three — dimensional CFD model has been set up in order to analyze
the effect of the combination of buoyancy driven flow and natural
gradient flow on the BHE efficiency estimating the thermal resistances of
the BHE and aquifer.

According to Gustafsson et al. (2010), the numerical model is
representative of a section of a 1 m deep of the gravel back-filled bore-
hole surrounded by the fractured aquifer. A double U-tube configuration
has been chosen. Fig. 5 shows a sketch of the conceptual model at local
scale.

Water with same thermo - physical features circulates in the double
U-tube, gravel pack and aquifer. Table 1 shows the water physical pa-
rameters as function of the Temperature T.
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Fig. 4. Mean equivalent aperture and flow velocity magnitude fields for the study area derived by Cherubini et al. (2018) and Pastore et al. (2020) assuming a
number of parallel rough walled fractures of 20. a) space distribution of the log10 of the equivalent aperture [m]; b) probability density function of the log10 of the
equivalent aperture [m]; ¢) space distribution of flow velocity magnitude [md'1; d) probability density function of flow velocity magnitude [md'].



Fig. 5. Sketch of the conceptual model representing a section
of 1m of the gravel backfilled borehole surrounded by the
fractured aquifer. The limestone aquifer is conceptualized as a
set of sub horizontal conductive fractures. Groundwater flows
in the aquifer under natural condition from left to right. Double
U-tube heat exchanger heats groundwater in the gravel back-
filled borehole. The heated and less dense water tends to
leave BHE at the top, whereas groundwater at ambient tem-
perature tends to enter at the bottom. In the BHE natural
groundwater flow mixed with free convective flow caused by

the density differences between heated water in BHE and
groundwater at ambient temperature.

Table 1
Water physical parameter as function of temperature used in the numerical
model evaluated using the REFPROP software.

Parameters Expression
0.000063092789034T°-
0.060367639882855T> + 18.9229382407066 T+
-950.704055329848
Density (for 273.15< T <293.15)
pw [kgm™>] 0.0000103350533197°-
0.013395065634452T2 + 4.969288832655160T+
432,257114008512
(for T > 293.15)
1.3799566804-0.021224019151T + 1.3604562827 x 104T?+
Viscosity -4.6454090319 x 107 T3+
Hy [Pas] 8.9042735735 x 1071°T*-9.0790692686 x 10°
134754 3.8457331488 x 1071°T°
Th:;:‘;:]ity 12010.1471-80.4932879T+0.309866854_17'IQ+
¢, -k K] -5.38186884 x 10T°+3.62536437 x 107T*
Thermal
conductivity —0.869083936 + 0.00894880345T-1.58366345 x 10°
Ky [W-m' K 5T2 +7.97543259 x 10°T°

1

Local CFD simulations have been conducted in a domain of paral-
lelepiped shape with a size of 4 x 8 x 1 m®, positioned at depth from z =
—14m to z=-15m representing the half of the mean boundary
elevation of the shallow aquifer of the field site equal to ~30 m a.s.l. The
gravel back - filled BHE is located at coordinates x=2m and y=2m
presenting a diameter of 0.152 m. Groundwater flow occurs along the x
direction. Fig. 6 shows the model conceptualization, the model geome-
try and the imposed boundary conditions.

In the double U - tube the ratio between the length and diameter is
large and the flow inside can be considered fully developed. Water
temperature inside the double U — tube has been considered constant for
the whole section of the gravel back - filled borehole corresponding to
the average value of inlet and outlet temperature. Water circulates in-
side the U — tubes with a mean velocity u, [LT'] and mean temperature
T, [K]. Friction factor f, [-] can be estimated by means of Churchill
equation (Churchill, 1977) for laminar, transitional and turbulent flow:

g\ " 1/12
_ ~15
fr=38 [(_Re,,> +(A+B) ] (@D)]

With A and B equal to:

7\09 ¢ 16
A= |: 2.457ln<<Rep> + 0.27di> :| (2)
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Fig. 6. Model conceptualization, model geometry and imposed boundary conditions. a) Plan view of the model domain with imposed boundary conditions: constant
flow velocity and constant temperature at upstream face and constant hydraulic head Hy = 0 and no dispersive heat flux at downstream face. Symmetry boundary
condition has been imposed to the other faces b) gravel back - filled BHE geometry c) Heat flow rates between the heat exchanger pipe and both solid and fluid phases
d) Model geometry of the fractured aquifer with the indication of boundary condition at the interface between the BHE and the fractured aquifer and the heat flow
rate between fracture fluid and solid matrix e) heat flow rate between fluid and solid phase.
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Where e [L] is the roughness, d; is the inner pipe diameter and Re,, is the
Reynolds number referred to the double U-tube pipe equal to:
Re, = Pt @)
Hy

The double U - tube exchanges heat with the borehole according to
the temperature differences between the mean temperature T, inside the
pipe and the borehole temperature. The double U — tube exchanges heat
in both solid and fluid phase in the borehole according to the following
heat transfer rates:

pbs = (1 - Hb)he.rr(Tb: - Tp) 5)
Ao = Ophew (Top — T}) (6)

Where qpps [WL?] and Qpbf [WL?2] represent the heat transfer rate be-
tween double U - tube and solid and fluid in borehole, respectively. They
represent a heat transfer boundary condition between the U-tube and
the solid and fluid phase in the boreholes.g;, [-] is the porosity of the
gravel pack, T, [K] is the borehole temperature of the solid phase, Ty
[K] is the borehole temperature of fluid phase. hey [WL2K™1] is the heat
transfer coefficient including internal film resistance and wall resistance
of pipe branch composing the double U - tube system expressed by the
following equation (Cengel and Boles, 2001):

1 1
T dn d, —
-

Where d, [L] is the outer pipe diameter, k; [WL-K™1] is the thermal
conductivity of the pipe material with thickness equal to (d, - d;)/2 and
Rine [WL’2 K’l] is the internal heat transfer coefficient derived by:

k,,
Fi = Nuy ©)

hex = )

Where Nu, is the Nusselt number referred to the pipe system repre-
senting the ratio between convective and conductive heat transfer
phenomena within the pipe. Nusselt number is function of flow regime,
for internal laminar forced convection (Re,<3000) is equal to 3.66,
whereas for turbulent forced convection, the Gnielinsky equation
(Gnielinski, 1976) is used (Re,>3000):

(,/8) (Re, — 1000)Pr

_ ©
T 27(5/8) (P — 1)
Where Pr is the Prandtl number:
Cu,,
Pr= v 10
. (10)

Flow in borehole considering the thermal expansion of water due to
the temperature change, the viscous stress mainly occurring in corre-
spondence of the pipes and the influence of inertia effects is governed by
the following mass and momentum conservation laws:



p,,
PPy V-(p,up) =0 a1
ot
Pu (O 0y
0, <0t +(u;;V)€b> =
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Where, kp, [Lz], By [L~1] are the permeability and inertia resistance of the
packed bed, u, [LT'] is the specific discharge vector, g [LT?] is the
acceleration gravity vector. Ergun (1953) derived a model to take into
account the influence of flow inertia effects correlating permeability and
inertia resistance to the porosity and mean particle diameter d, [L]:

d2 93
ky =L b 13)
" T150 (1-6,)°

175 (1 - 6,)
B =~ 14
b= 7 (14

At each location solid and fluid phase may have different tempera-
tures, therefore each phase needs an energy equation to describe heat
transport processes (Pastore et al., 2018):

T,
ebpwcww’” =V-[ = wp, Co Ty + 0Ky V] + oy (15)
0Ty
(1— ob)pbscb.&TIb = V-[(1 = 0,)kssVTy | — quy (16)

Pbs [ML’B], Cps [LT2K '] and kps [WL1K1] are density and thermal
capacitance of packed bed respectively.

Kyr [Wm 1K 1] represent the effective thermal conductivity tensor
equal to:

be = kw + pWCwD (17)

Where D [L2>T"1] is the dispersion tensor as function of the convective
velocity vp=up/0p, a; [L] and ar [L] representing the longitudinal and
transverse dispersivity respectively. The components of the dispersion
tensor are given by:

Dy = ar|v,|8; + (a, — az) %5,, —lfori#jands; =0fori=j  (18)
b
Several authors conducted experiments on solute and heat transport
in packed beds. On the basis of this result Kambiz (2005) showed a
relationship between Peclet number (Pe) and longitudinal and trans-
verse dispersivity from which a7 and ar result as function of particle
diameter as:

@, = 2.8d,

ar = 0.14d, a

The interaction between fluid and solid phase is represented by the
sink — source term gy described by the follow equation:

Gegs = Sohogs (Tos — Tiy) (20)

Where hys [MT’3 K'l] is the heat transfer coefficient and s [L’l] is the
specific surface area of gravel packed bed. For spherical grains with
constant grain size the specific surface is given by (Kambiz, 2005):

6(1—6,)

4 2D

Sp —

In general way the solid to fluid heat transfer coefficient depends on
phenomena regarding the convective heat transfer between solid surface
and fluid and the internal solid resistance. The Biot number (Bi) repre-
sents the ratio between the internal solid thermal resistance and the

external thermal resistance due to heat convection. When Bi is much less
than unity, the former can be neglected, contrarily for Bi>>1 the latter
can be ignored. Stuke (1948) proposed the following model to represent
the solid to fluid heat transfer coefficient:

- - kb.x -

Where hyy [WL2K1] is the solid surface to fluid heat transfer coeffi-
cient, I [-] is the dimensionless thermal penetration depth for internal
conduction in solid phase equal to 3/2n? (Ouyang et al., 2017). hyy is
related to the borehole Nusselt number Nuy, as follows:

_ hyd,

Nll}, kw

23
Handley and Heggs (1968) found that for porous media having
spherical particles Nuy can be estimated as:

pr'/3 24)

0.225
Nu, = TReZ/ ’

b

Where Rey is the borehole Reynolds number:

|u,ld,
Re, = pw'“l‘ P (25)
O,

The fractured limestone aquifer is conceptualized as a finite number
of horizontal rough walled conductive horizontal fractures having both
equal mean aperture by [L] and fractures spacing 2By [L]. Flow occurs
along the fracture planes along x and y direction governed by the
following continuity and momentum equation.
9p,,

o TV (puuy) =0 (26)

P (U AW
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(27)

Where 6 [-] is the effective porosity of fractured aquifer equal to by /By,
s [MLT?] is the water pressure in the fractures, us [LT 1] is the su-
perficial velocity vector, k¢ [L?] is the permeability of fractured aquifer
equal to:

1 b} Re

_ 1 b Re 28

77 2B, 12796 (28)

Where f; is the friction factor of the fracture which is described by the
following equation (Nazridoust et al., 2006):

fi= %}_ (1+0.02(Ref7) ) (29)

and Rey represents the Reynolds number evaluated for the fractured
media as:

_ pulw[2t

Re
! HeOy

(30)

In general way, under local non thermal equilibrium condition, heat
transport behavior in fractured media can be described using multiple
domain concept (Heinze and Hamidi, 2017). Pore fluid, solid matrix and
fracture fluid at given location have a different temperature and the
interaction between the domains are possible. Anyway, in order to
simplify the model, solid matrix and pore fluid are considered in thermal
equilibrium. The Limestone of Bari has a relative low matrix porosity
equal to ~3%. Then the thermal properties of pore fluid can be
neglected. The energy equation for fracture and matrix domain can be



written as follows:

0T
Opucr st = V[~ wp,e. Ty + 6K VT + gy (31)
aTm
(1- af)pmcm7 =V-[(1 = 6))kuV T ] = Gpm (32)

K¢ Wm 'K represents the effective thermal conductivity tensor
for the fracture media, formally equivalent to the Kps (Eq. 17 and Eq. 18).
Dispersion in rough walled fractures can be described as the sum of the
contribution of geometrical and Taylor dispersion (Roux et al., 1998).
For variable aperture fractures geometrical dispersion assumes a
fundamental role reflecting the disorder of the velocity field in the
fracture plane. Experimental evidence at field scale shows that disper-
sion is influenced by large scale preferential flow channels parallel to the
mean velocity (Becker and Shapiro, 2000). In hydrogeological systems,
dispersion is a scale dependent property (Lallemand-Barres and Peau-
decerf, 1978). For this reason, considering an observation scale of 2m, a
value of 0.01 m has been chosen for longitudinal dispersivity according
to the scale dependent relationship reported in Beims (1983) with a ratio
of 20 between lateral dispersivity and longitudinal dispersivity.

The interaction between fracture fluid and solid matrix is repre-
sented by the sink-source term g, [WL™3] described by the follow
equation:

G = Py (T — Ty) (33)

Where hgy, [WL 2K 1] is the fracture to matrix heat transfer coefficient
in the fracture and s¢ (L2173 is the specific surface area defined as the
ratio of fracture surface area to the rock volume. For a set of parallel
fractures, with uniform fracture spacing equal to By and where the
porous matrix rock is constituted by prismatic slabs, the specific surface
area is equal to 2xBy !, For fracture with relatively small aperture Bi is
much higher than unity, the heat transfer between fracture and rock
matrix is dominated by the solid thermal resistance. Therefore, the
thermal resistance between solid surface to fluid can be neglected.
Fracture to matrix heat transfer coefficient can be described by the
following equation:

km

1B, (34)

hyn =

For rock matrix blocks having a slab shape, I is equal to 2/n% ac-
cording to Ouyang et al. (2017).

The simulation area has a parallelepiped shape with a size of
4 x 8 x 1m3, positioned at depth from z = —14m to z = -15m repre-
senting the half of the mean boundary elevation of the shallow aquifer of
the filed site equal to ~30 m a.s.l. The gravel back - filled BHE is located
at coordinate x=2m and y =2 m presenting a diameter of 0.152 m.
Groundwater flow occurs along the x direction. Simulations have been
performed using COMSOL Multiphysics 4.0a. The built-in modules
including the Brinkmann Module, the Heat Transfer in Fluids Module
and the Heat Transfer in Solids module have been used in this study.
Fig. 6 shows model geometry and imposed boundary conditions. The
finite element mesh is composed by 76,290 prisms and 24,000 hexa-
hedra with the minimum element quality equal to 0.2707.

The Double U-tube system is made of HDPE. Each U-tube is char-
acterized by an inner diameter d;=0.04m and outer diameter
d,=0.044m with a thermal conductivity of 0.40 Wm 'K~!. Water
flows inside each U-tube with a flow rate Q, =5.0333 x 10*ms™! cor-
responding to a pipe velocity u, =0.40 ms~ L.

The Gravel pack is supposed to be made from the core drilling ma-
terial presenting the same thermal parameter of the limestone rock. It is
characterized by sub-rounded granules with a diameter d, = 9.2 x 1073
m and specific surface s, = 348.26 m™! with a porosity 6, = 0.47.

2.4. Model parameters and key indicators

In order to assess the BHE thermal behavior, borehole thermal
resistance Ry [mKW’l], groundwater thermal resistance Rg [mKW 1]
and the dimensionless temperature Tp [K] have been chosen as key in-
dicators. They are evaluated as:

Toe — Tpe

Rh:% (35)
Tpe — T

Rg:% (36)
|Tb27Tpe{
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Where Q [m~!W] is heat flux exchanged per unit length of borehole, Tpe
[K] and Tp. [K] are the average temperature at the pipe — borehole
interface and borehole — aquifer interface respectively. Ty [K] is the
aquifer reference temperature assumed constant. Note that R, represents
the thermal resistance of the gravel back-filled borehole. The Total
resistance of BHE is equal to the sum of R and the thermal resistance of
the heat exchanger R, determined as:

4

_ 38
g 277 Mo (38)

Then heat flux is related to temperature gradient between mean
temperature pipe T, and ambient groundwater temperature Tp as
follows:

. T,—-T,
e= R, +R, +R, (39)

Several transient simulations have been carried with respect to the
model outputs Q, Ry, Rgand Tp to investigate the thermal behavior of the
gravel back filled BHE in fractured limestone aquifer varying of the in-
ternal mean heat exchanger temperature T, and aquifer parameter as:
mean fracture velocity vy [LT_l], mean aperture by [L] and number of
fracture per meter nf[L’l].

Groundwater ambient temperature Ty is set to 291.15K.

In order to cover all combinations of the possible values of the model
parameters, the number of runs needed is 5 x 5x4 x 6 = 600. Each run
presents a duration of 72 h imitating a thermal response test procedure.

First, only flow simulations at varying aquifer parameters showed in
Table 2 have been carried out with the aim of investigating the rela-
tionship between Darcian aquifer velocity uf = vpx(ngxby) and the
averaged Darcian borehole velocity ugyg determined as:

‘”llb|dV

UBHE = VIT (40)
1%

With V representing the volume of BHE section. uyand upyg showing
a linear relationship as:

UpHe = Quy (41)

with a equal to 2.8. This factor is representative of the flow field
distortion due to the presence of the double U-tube and the gravel pack.

Table 2
Range of model parameter chosen for analysis of gravel backfilled BHE behavior
in fractured limestone aquifer.

Parameter Varied Ranges

vr [md1] 0.50; 20.5; 40.5; 60.5; 80.5
logio(bs [m]) —2.85; -2.96; -3.12; -3.35; -3.87
ny [m1] 1,2;3;7

T, [K] 278.15; 283.15; 288.15; 293.15; 299.15; 304.15




In order to investigate how much the convective heat flow increases
the heat transfer rate compared to the case of only pure thermal con-
duction, borehole thermal resistance and groundwater thermal resis-
tance have been compared with the relative pure conductive thermal
resistance R’y and R’ determined via numerical simulation considering
only the thermal conduction phenomena. R’ presents a value between
0.057 — 0.59 mKW ™! whereas R’gis in the range 0.153 - 0.155 mKW L,
The small variations are due to the change of model parameters Tj, ns
and by that affect the fluid and thermal conductivities as well as the
phase volume fractions of the aquifer. Note that R determined for
gravel back — filled borehole has a value lower than R’y determined for
groundwater back - filled borehole ranging in the values of 0.113 —
0.118 mKW 1.

According to Spitler et al. (2016), the hydraulic diameter of the
borehole section has been chosen as characteristic length to analyse
advection and natural convection phenomena in the BHE:

Vf= 80.5 md-l ; bf= 10-3'87 m

v,=0.5 md1; b= 10285 m

Vf= 80-5 I’—I’I—&Zl ; bf= 10-2'85 m

2 2
r, — 4ﬂrp

(42)

DBHE = A o
2nry, — 87r,

Advection regime in the borehole is governed by the Reynolds
number Repyg that can be defined for the borehole section as:

_ P, (sne/05)Dpur
”W

Regue (43)

The product between Reynolds number and Prandtl number is the
Peclet number Pepyg representing the ratio between advection and
conduction phenomena:

Cw
Pegur — Regur x Pr— BHEp, Pv
0, &

(44)

Natural convection regime is governed by the Grashof number Grgyg

Fig. 7. BHE Darcian velocity distribution
expressed in md ™! relative to the horizontal
30l section of BHE at z = -14.5m for T, =304.15K
and n;=7 m ™. a) vertical velocity component
for vp=0.5md ! and by=10"5" m; b) vertical
velocity component for v;=0.5 md~! and
b= 10285 m; c.1) vertical velocity component
and c.2) horizontal velocity component for
201l v=80.5md " and by=10"% m; d.1) vertical
velocity component and d.2) horizontal velocity
component for v;=80.5md ' and by=10%%
m.

b)loF

30




defined as:

B (T, — Ty ) D>
Grayp = 8/ w( P b ) BHE (45)

2
(U /p)

The dimensionless group Grgz/ReZ,; is the Richardson number
Ripyg representing the relative importance of the natural convection on
the advection phenomena.

Borehole heat convective heat transfer can be derived as:

1

hb - 277.'th;, (46)
The borehole Nusselt number is given by:
hyD,
Nugpe = L2 47)

k.,
3. Results and discussion

Heating or cooling affect the BHE and groundwater flow field
changes respect to the model parameters and boundary conditions.
Fig. 7 shows the Darcian velocity field[md '] relative to the x-y section
of the BHE at z = -14.5m obtained for T, =304.15K, ny=7 m~!, min-
imum and maximum fracture velocity value (vy = 0.5 md’l; vr =
80.5md ') and minimum and maximum equivalent aperture (by=10
387 s by = 10285 m).

At minimum values of vs and by (Fig. 7a) the BHE works as a vertical
concentric cylindrical cavity with a hot inner surface and cold outer
surface. The contribute of advection is negligible (horizontal velocity
components are negligible with respect to vertical ones), natural con-
vection is dominant. The vertical velocity profile is negative at the outer
surface and positive at the inner surface. At minimum vfand maximum by
(Fig. 7b) an ascending flow for the whole BHE section is evident.
Advection is still negligible but as the void fraction of the aquifer in-
creases (nyxby), aquifer transmissivity increases, and the aquifer con-
tributes to the natural convection giving rise to a thermosiphon effect.
Hot groundwater leaves the BHE in the higher part attracting ambient
groundwater from the fractures at lower depth. At maximum v; and
minimum by (Fig. 7c) the borehole flow field is like case of Fig. 7a, but
the horizontal flow velocity components are not negligible with vertical
velocity distribution characterized by a slight non symmetrical distri-
bution. Due to the low value of void fraction of the aquifer, advection is
still negligible. At maximum vy and maximum by (Fig. 7d) advection is
not negligible having effects on vertical flow distribution showing a
nonsymmetrical distribution. Ascending flow is mixed with vertical
advection flow.

The dimensionless temperature Tp, has been compared with averaged
Darcian flow velocity uppgg (Fig. 8). As upyg increases, Tp presents a
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constant trend depending on the mean temperature pipe. For T, values
lower than Ty (Fig. 8a), Tp presents a similar constant value equal to
~0.23. For T, above Ty (Fig. 8b) a significant decrease of Tp at
increasingly higher temperatures is evident. At higher T, water density
in BHE becomes lower and buoyancy is higher. Density driven flow
enhance heat exchange and T, tends to reach Tp.. When upyg reaches a
critical value ~0.3md ™}, Tp increases in an exponential way. In this
case, advection is not negligible, mixing with natural convection and T,
tends to reach Tj.

Figs. 9 and 10 show the dependencies of the ratios R’s/Rp and R o/Ry
varying the mean temperature T,, Darcian velocities upyr and uy =
vx (ngxby) respectively. The equivalent aperture by corresponds to the
circle size and the number of fractures ny corresponds to the color scale.

First, let’s focus the attention on the values of ugyg lower than
~0.3md™! corresponding to a value of ugequal to ~0.1 md? according
to Eq. 41. R’p/Ry is governed by natural convection reaching the mini-
mum value when by is minimal keeping a value slightly higher than
unity. Gravel back-filled BHE works as a vertical concentric cylindrical
cavity. Advection is negligible and flow recirculates within the BHE
governed by the temperature differences between inner and outer sur-
faces of BHE. For T}, lower than T this lower limit approaches the value
of ~1.25. For T, higher than Ty, the lower limit increases as T, increases
up to a value of ~1.45. R’y/R; approaches always the unity and heat
transfer is governed by heat conduction phenomena. Then the increase
in efficiency ranges from 25 to 45%. Gustafsson et al. (2010) found for
water backfilled borehole an efficiency that increases three times
compared to stagnant water in the water temperature interval of
283.15-309.15. But R’} for water backfilled BHE is practically twice the
gravel-backfilled borehole.

When by and ny increase, the aquifer void volume increases and as a
consequence the aquifer contributes to the natural convection, giving
rise to a thermosiphon effect and both R’»/Rp and R’g/R, increase
reaching the maximum limit for max values of by and ny. The thermosi-
phon effect is dependent on the temperature differences between T}, and
To. The maximum value of R’»/Rp and R’y/Rg is obtained for T,
=304.15K equal to ~3.0 and ~2.6 respectively, with relative increase
of efficiency respect to the stagnant water. According to Gehlin et al.
(2003) thermosiphon flow enhances the convective heat transfer and
can take place if appropriate conditions of by and ny increase aquifer
transmissivity surrounding BHE. The enhancement of the BHE efficiency
depends on the injected power rate and the transmissivity of the
fractures.

For values of upyr and us higher than ~0.3 md~! and ~0.1 md ™!
respectively, advection is not negligible and contributes to the heat
transfer phenomena. Generally, R’p/Rp and R’y/R, increase as upyg and
uy increase. At lower values of the temperature difference between T,
and Ty the advection contribution to the heat transfer is more evident,
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Fig. 8. Dimensionless temperature Tp as function of average darcian velocity ugyg. a) T, lower than Ty; b) T, higher than T,.
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Fig. 9. Thermal resistance ratios R’;/Ry, and R’¢/R, as function of Darcian velocity upyg and uy respectively and for mean temperatures T, lower than Ty. Equivalent
aperture by corresponds to the circle size and the number of fractures per meter n; corresponds to the color scale.

measurable as the differences of the thermal resistance ratio values
between the zones with uggr < 0.3 md ™! (ur< 0.1 md™!) and the zones
with ugyg > 0.3md ™! (ur>0.1 md™1). When the temperature difference
between Tj, and Ty (T, =288.15 K and T, =299.15K) is minimal, the R’¢/
R, values relative to all combination of ns and by follow the same rela-
tionship. The contribution of the natural convection is negligible; the
aquifer heat transport behavior switches from conductive dominant (uy
<0.1 md’l) to advective dominant (us > 0.1 md’l). As the temperature
differences between T}, and Ty increase, natural convection in the aquifer
becomes relevant mixing with heat conduction (uf < 0.1 md™!) and
advection (us > 0.1 md ) and increasing the heat transfer. According to
Banks (2015) the critical value of Darcian velocity of 0.1 md ™! repre-
sents the value where the effect of the groundwater flow on the thermal
resistance begins to be observed within a time frame of 3 days or less,
then groundwater flow effects become observable in TRT test of such
duration.

Fig. 11 shows the relationships between Nupyg/Pepyr and Ripyg for
T, lower and higher than Ty. Ripyr assumes very high values indicating
that natural convection is the dominating regime inside the BHE. Nugyg/
Pepyp represents the ratio between convection and advection heat
transfer rate.

As Ripyg increases the contribution of convection becomes more
relevant dominating the heat transfer phenomena (Nupyg/Pegpyg > 1)
within the BHE. Nugyg/Pepyr — Ripyg follows a power law like:

Nugyg

(48)

Pepny C X Rigy

With n=0.5 and C depending on T, and C is variable in the range
between 0.0013 and 0.0017 with an average value of 0.0015. The two
graphs show a quite similar behavior except that as the temperature
difference between T, and Ty increases, the buoyancy effect becomes
relevant increasing Rigyr and as consequence the Nugyg/Pepyr — Ripyg

11
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Fig. 10. Thermal resistance ratios R’y/R, and R’¢/R, as function of Darcian velocity upyr and uy respectively and for mean temperatures T, higher than Ty. The
equivalent aperture by corresponds to the circle size and the number of fractures per meter ns corresponds to the color scale.

curve moves more to the right. This effect is more evident for values of T,
higher than Ty due to the greater variation of water density with respect
to the temperature.

Once the relationship between the thermal resistance and the model
parameters is set up, a map of the average thermal distribution for the
field site can be determined. For each couple of vf and by derived by the
large scale flow model, Rp and R; have been determined for varying T,
and ny. Then, the calculated thermal resistances have been divided in
two groups depending on whether the BHE works in heat recovery mode
(Tp < Tp) or heat dissipation mode (T, > To). For each group, the average
thermal resistance maps have been obtained by averaging the maps
determined for each value of T, and ny. (Fig. 12).

The average thermal distributions determined are coherent with the
hydrogeological conditions at the field site, decreasing as velocity and
equivalent aperture increase reaching minimum values near the coast
where the aquifer transmissivity is higher. Gravel back-filled works well

in all zones its total thermal resistance varying in the range of
0.045-0.055mKW ! in heat dissipation mode and in the range of
0.053-0.061 mKW ! in heat recovery mode. Thermal resistance of the
gravel back-filled BHE is always lower than the limit of stagnant con-
dition (R’p + R,=0.073-0.069 mKW™1). Gravel back — filled BHE
works like a high thermal conductivity grout filled BHE. For instance, for
double U- tube grout filled BHE thermal resistance varies in the range
0.109 - 0.054 mKW ! corresponding to a thermal conductivity of grout
material in the range 0.73-1.85 Wm 'K (Baietto et al., 2010).

Aquifer thermal resistance approaches the pure conductivity thermal
resistance (R’g=0.153-0.154) in the upstream zone where aquifer
transmissivity is lower.

4. Conclusions

This study assesses the gravel back - filled BHE performance in a
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fractured limestone aquifer by means of numerical simulations at local
scale. It aims at illustrating the effect of respective aquifer parameter
ranges on the field scale aiding a complementary field experiment. The
fractured limestone aquifer of the Industrial area of Bari is used as a
benchmark, but the proposed analysis is applicable to other sites with
similar hydrogeological features. To investigate the heat transport pro-
cesses, a three-dimensional flow and heat transport model correspond-
ing of a section of 1 m of the gravel backfilled BHE surrounded by
fracture limestone aquifer is set up.

Free convection flow is induced by temperature gradients that create
density differences. The magnitude of free convective flow depends on
the temperature differences between ambient groundwater temperature
and mean water temperature into the heat exchanger. Heat exchanger
modalities between BHE and aquifer are strictly dependent on the
aquifer transmissivity. When aquifer transmissivity is minimum, the
BHE works as a concentric cylindrical cavity with ascending (descend-
ing) free convective flow at the inner surface and descending
(ascending) free convective flow at outer surface. Natural convective
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flow increases heat transfer in BHE, whereas due to the lower value of
the aquifer transmissivity heat transfer in the aquifer is governed mainly
by heat conduction. As aquifer transmissivity increases, BHE and aquifer
interact giving rise to the thermosyphon effect, free convection occurs in
the aquifer further increasing the heat transfer. Heat advection due to
groundwater flow is negligible until the groundwater Darcian velocity is
lower than the critical value of 0.1 md™!. In this last case advection
mixes up with natural convection increasing the heat transfer processes.
The advection contribution appears more relevant for a lower value of
the temperature gradient, especially when the aquifers natural convec-
tion becomes negligible and the heat transfer processes is governed by
advection.

The analysis of the BHE thermal resistance indicates that at lower
groundwater flow heat transfer increases at least 25 % compared to pure
heat conduction with stagnant water inside the BHE, reaching an in-
crease from 140% to 300% when the aquifer transmissivity is maximum
in the temperature interval of 278.15-304.15K.

The outlined model represents a tool for predicting and quantifying
BHE efficiency which may be used in TRT analysis and BHE design. The
model would be a precursor of the thermal response test investigations
in the field site in order to determine experimentally the advective and
free convective influence in gravel back - filled borehole and validate
the developed tool.

The obtained thermal resistance maps for the field site can help the
design of a low enthalpy geothermal system that satisfies, in combina-
tion with other renewable technologies, the heat and cooling demand of
the residential and industrial activities at the field site. The installation
of several boreholes induces an interference effect among them which
can reduce the BHEs efficiency. Darcian velocity and aquifer trans-
missivity represent the key parameters for optimizing the design of the
borehole geothermal system. When aquifer transmissivity and Darcian
velocity are low, the BHE interference is minimal and heat transfer in the
aquifer is governed by heat conduction showing a great potential for
seasonal heat storage. In the zones characterized by higher aquifer
transmissivity and Darcian velocity, heat transfer in the aquifer is gov-
erned by advection with the implication that the plume of heat or coolth
extends downgradient from the BHE, increasing the occurrence of the
thermal interference. In this circumstance seasonal heat storage is not
appropriate and the BHEs should work solely to recovery or dissipate
heat for residential/industrial heating/cooling.

Due to the hydrogeological features, the aquifer at the field site
presents a great potential for low enthalpy geothermal energy exploi-
tation through the implementation of the gravel back - filled BHE sys-
tem. However, groundwater contamination by chlorinated solvent
together with seawater intrusion phenomena represent an environ-
mental constraint for an extensive use of gravel back — filled BHE. As
known, a permeable BHE creates a preferential pathway. Advection and
density driven motion due to temperature differences permits mixing
between shallow and deep groundwater and vice versa that could have a
different grade of contamination. For this reason, gravel backfilled BHE
should be no more than 30 m a.s.1 deep, representing the mean boundary
elevation of the shallow aquifer. Then BHE should be connected in series
in order to obtain the working inlet — outlet temperature difference.
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