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STUDY OF BOREHOLE HEAT EXCHANGER HEAT TRANSFER
ENHANCEMENT PARAMETERS

This paper discusses the study of parameters for improving the heat transfer of a borehole heat
exchanger for a ground source heat pump application. The study of efficiency parameters was
carried out based on an experimental prototype of a ground source heat pump developed by the
authors. A mathematical model has been developed for calculating the efficiency of a ground
heat exchanger based on three-dimensional equations of heat and mass transfer in a porous
medium. The numerical solution was carried out using the COMSOL Multiphysics software.
The numerical calculation algorithm was verified by comparison with experimental data from
the created prototype. Calculations were made of the efficiency of a borehole heat exchanger with
various geometric configurations of the pipes in the well. With an increase in the tube diameter,
the heat transfer increases. With a tube diameter of 40 mm, the thermal efficiency of the heat
exchanger was 42.4 W/m in the heat charging mode, which is 24% more with a diameter of
20 mm. With increasing well depth, the heat transfer efficiency increases. The influence of the
thermal conductivity coefficients of the pipe material, grout material and various types of ground
on the heat transfer efficiency was also studied. It was shown that with an increase in the thermal
conductivity coefficients of grout and ground, the heat flux increases, but above 6.0 W/m K, the
heat flux practically does not change. When the coefficient of thermal conductivity of the pipe
material is higher than 1.0 W/m K, the heat fluxes almost do not change. In general, materials
containing plastics are used for piping of ground heat exchangers, the thermal conductivity
coefficients of which vary between 0.24-0.42 W/m K.

Key words: borehole heat exchanger, ground source heat pump, thermal efficiency, heat and mass
transfer in porous media, thermal conductivity, heat exchanger geometry, mathematical model,
numerical solver.
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2KepacTbl YHFBIMAJIbI >KbLJIY aJMaCTBIPFBIIITHIH »KbIJIy O0epyiH >KakcapTy apamMeTpJjiepiH
3epTTey

Byn KymbicTa Kep KBy COPFBICHIHA MHaiiaaHy VIIiH YKEPACTbl YHFBIMAJIBI KBLTY aJiMa-
CTBIPFBINIBIHBIH KBITYy OepyiH KaKcaprTy IapaMeTpJiepiH 3epTTey KapacThIPbLIAIbl. 1 UMLK
mapaMeTpJiepiH 3epTTey aBTOPJAp 93IpJIEr€H KEP KbLIY COPFBICHIHBIH, TOyKipUOEJiK ITPOTOTHII
meriziage xkypriziai. Keyekri opragarsl KbIIy MEH Macca aJMAaCyIbIH VI OJIIEMIIl TeHIeyIepi
HETi3iHJIe KepacThl KbUIY AJMACTBIPFBINI OHIMJIJITH ecenTey/iH MaTeMAaTUKAJBIK MOJIEi
xkacasyipl. Cangbik menrim COMSOL Multiphysics 6afmapsiaMaliblK,  KacakKTaMachl apKbLIbI
Kyzere achipblIbl. CaHIIBIK ecelrTey aJlrOPUTMI YKACAJFaH MIPOTOTHUIITIH TOXKIpUOeJIiK JlepeKTepi-
MEH CaJIBICTBIPY AapPKBLIbl TEKCEPLIl. YHFBIMAIAFbl KYOBIPIIAJAD/IBIH 9PTYPJl TeOMETPUSIIBIK,
KOH(UTYpaIusIapbl 0ap KEPACTHI YHFBIMAJIBI YKBITY aJIMACTBIPFBIMIBIHBIH OHIMIIT ecenreyiepi
Kypriziamai. KyOsipimansiy, quaMeTpi yiIrafian caifblH XKbLTY Oepy apTabl.
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Ky6bipma guamerpi 40 MM, KBLTY aJIMACTBIPFBINITHIH, XKBLTY OHIMJIIIIT XKBLTY aiijiay peKuMiHJIe
42.4 Br/m kypagpl, 6ys guamerpi 20 mm Gosrrangarsl xkaraiira kKaparaaua 24 % aprbik. YHPbI-
MaHBIH, TEPEHJIIr apTKAH CailbiH XKbLTy Oepy TuiMmIiairi aprampl. KyOeipia MaTepuaibiHbIH, TPYT
MaTePUAJIBIHBIH, YKOHE 9P TYPJI 2KepacTbl MaTepuaiap (TONBIPAK) TYPJIEPIHiH Kby OTKI3rimTiK
KO3 dunmenTTepiHiy KoLty 6epy eHiMmaimirine ocepi 3eprresai. zZKepacTbl 6€TOH MEH TOIMBIPAK,
KBITY OTKI3TMIITIK KO3(DDUIMEHTTEPIHIH KOFaphLIaybIMEeH KbIIY aFbIHbI apTaJbl, aJaitaa 6,0
Br/m K-zieH »Korapbl »KbLIy arblHbl afiTapiabikTaii esrepmeiini. Ky6bipina MaTepuabiHbIH, KbLLY
erkisrimrik koaddunumenti 1,0 Br/m K korapbl Gosranma, »KbULy arblHIAPHI afiTapiibikTaii
e3repmeiini. 2Kasmbl, xbputy eorkisrimrik koaddunuentrepi 0,24-0,42 Br/m K apasnbirbiaga
©O3TepeTiH KePacCThl KbLIY AJMACTBIPFBIIITAP/IBIH, TYTIKTEpl YIMH KHpaMbIHIA ITacTMacca 6ap
MaTepHaJIap KOJIaHbLIA/ IbL.

Tvyiiia ceszep: KepacThbl YHFBIMAJIBI KbLIYAJIMACTPBIFBIIIL, YKEP KbLIY COPFBICHI, XKbLIY ©HIM-
JIJIIT], KeYeKTi OpTajarbl XKbITY YKOHE MAaCCa TACBIMAJIBI, XKBITYOTKI3TIMTIK, *KbLTYaIMaCTBIPEBIIIT
reoMeTPHUSCH], MATEMATHKAJIBIK, MOJIE/Tb, CAHJIBIK, IIIETTiM.
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HccaengoBaHue mapaMeTpoB YJIYyUIIEeHUs TeIJIolepeaadn CKBa>KNHHOIO I'PYyHTOBOIO
TenmJI000MeHHIKA

B pmammnoit pabore paccMaTpUBaeTCs HCCJIEIOBAHHE I1apaMeTPOB YJIYYIIeHUs TeIIONepeIadn
CKBaXXMHHOI'O TEeILJIOOOMEHHUKa JIjIsl IPUMEHEHUsI B I'PYHTOBOM TeIJIOBOM Hacoce. VcciieoBanue
napamMeTpoB 3pdEKTUBHOCTH IMIPOBEJICHO HA OCHOBE pPa3pabOTaAHHOI'O ABTOPAMU SKCIIEPHMEH-
TaJILHOIO IIPOTOTHIIA TPYHTOBOI'O TEIIOBOIO Hacoca. Paspaborana MmareMaTudeckasi MOJIEJIb
pacdera 3>(p@HEKTUBHOCTH TPYHTOBOTO TEILIOOOMEHHMKA HA OCHOBE TPEXMEPHBIX yPABHEHUH
TEIJIOMACCOIIEpeHoca B TOpUCTOit cpejie. HucienHoe perienne 6bL10 ocyinectBieno Ha 110
COMSOL Multiphysics. UucjienHbIil ajroputM pacdyera Obll BepuUIMPOBaH IIyTeM CPaBHEHUS C
IKCIIePUMEHTAJIbHBIMY JIAHHBIMY U3 CO3/IaHHOro pororuna. [IpoBeiensl pacyeTsl 3 PeKTUBHOCTH
IPYHTOBOTO CKBaXXUHHOT'O TEIJIOOOMEHHUKA C PA3JIUIHBIMU M€OMETPUIECKUMEU KOH(MUTYPAIMSMEI
pacnosioxkerunss TpyOboK B ckBakuue. C yBeJMIeHHEM JraMeTpa TPYyOKH Terao00MeH yBeJInIuBa-
ercs. [Ipu auamerpe Tpyoxm 40 MM TemnsoBas 3pEHEKTUBHOCTD TEIIOOOMEHHUKA cocTaBuiaa 42,4
W/m B pexxnme 3akauku Teria, 9ro Ha 24 % Gosbme npu jguamerpe 20 mm. C yBesnmueHuem
[JIyOMHBI CKBayKUHBI yBeJU4YnBaeTcs 3(P@PEeKTUBHOCTH Teluionepenadn. lcciemoBaHo BiusiHME
K03 (DUIUEHTOB TEIIONPOBOJIHOCTH MaTepuaja TPYOKH, MaTepuaja IpPyTa U Pa3/JUIHBIX THUIIOB
rpyHTa Ha 3hdEeKTUBHOCTD Temtoodmena. C yBenudueHneM Ko3(MMOUIMEHTOB TEIIOMPOBOIHOCTH
IrpyTa M [PYHTa, YBEJIMYMBAETCH TEILIOBON morok, oxuako soime 6,0 Br/m K remiosoit morok
npakTudeckn He Mensercd. [Ipm kKoadduimenTe TEMIOMpOBOIHOCTA MaTepuasa TPYOKH BBIIIE
1,0 Br/m K TemioBble MOTOKN IIPAKTUYECKHM HE MEHSIOTCS. B OCHOBHOM JJIst TPYOOK TPYHTOBBIX
TEIIO0OMEHHUKOB HCITOJIb3YIOTCS MaTEePUAJIbl, COIEPKAIIIE IIACTUK, KOI(MMOUIUEHTHI TEILIONPO-
BOJHOCTHU KOTOPBIX Bapbupyiorcs mexkiy 0,24-0,42 Br/m K.

KitioueBble cii0Ba: IPyHTOBBIN CKBAXKWHHBIN TEIJIOOOMEHHUK, TPYHTOBBIN TEILJIOBOI HACOC, TeTl-
JIOBas IIPOU3BOAUTEILHOCTD, TEIJIOMACCOIIEPEHOC B IIOPUCTOI CpeJie, TelIONPOBOHOCTD, I'eOMeT-
pus TEIJIO0OMEHHUKOB, MaTeMaTHIeCKasi MOJIEIb, YNCIEHHBIA PeIlaTellb.

1 Introduction

A heat pump system is more efficient when connected to a ground heat exchanger (GHE) than
a conventional air source heat exchanger based heat pump. This is because the ground has a
relatively more stable temperature and is generally warmer in winter and cooler in summer
than the fluctuating ambient air temperatures. As a result, GHE as part of a ground source
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heat pump (GSHP) system is a critical element that determines its overall performance.
GHESs are mainly classified as either horizontal or vertical according to their configurations.
Vertical downhole GHEs, which also the so-called borehole heat exchangers (BHE), are more
widely used comparing to other GHEs. Since BHEs can provide high heat transfer capacity on
a limited surface area [1] and less influenced by ambient air temperature. On the other hand,
when there is enough land and digging trenches is not difficult |2|, horizontal GHE could be
economically attractive since vertically well drilling is avoided. For climate conditions with a
predominance of the heating season, horizontal GHEs are less suitable, because the influence
of atmospheric air on such heat exchangers is significant. From this point of view, BHEs are
more versatile. The most used BHEs are single U-shaped (one loop per well) and double
U-shaped (two loops per well) heat pipes, which are used as part of a heat pump for heating
and cooling [3].

Three main models for predicting the BHE heat transfer efficiency are widely available in
the literature: analytical, numerical, and semi-analytical models. Compared to numerical
models, analytical models are easier to implement. However, for simulations with small
time intervals, discrete numerical models are most suitable. This is applicable for example
for hourly energy analysis and optimal control of the GSHP depending on the local
meteorological and hydrogeological conditions. Also, with the help of a computational tool, it
is possible, for example, to simulate complex physical processes of heat and mass transfer in a
porous medium. On the other hand, such calculations require large computational resources,
especially for time variable year-round modeling and BHE life cycle modeling [4].

Analytical approaches include the line-source (LS) model [5| and the cylindrical-source
(CS) model [6]. In general, the LS and CS models give a rough estimate of the actual heat
transfer in the BHE; they are easy to implement and provide quick solutions. However,
these models are limited to only radial conductive heat transfer and neglect heat transfer in
the other coordinate direction. In addition, the BHE internal thermal resistance and heat
capacity are neglected, which restricted wellbore thermal resistance prediction in short-
term time interval. As a result, these models later improved by various researchers, for
example in [7] non-uniform heat flow in a well was considered. As another approach, in
[8] to estimate borehole wall temperature g-function dimensionless temperature response
coefficient was proposed. The g-function provides the response of a single BHE to a single
thermal step to predict the long-term performance of the GSHP. In [9] a more accurate two-
dimensional soil heat transfer model, which is called a finite line-source (FLS) model was
developed. As an improvement of basic analytical models, two-dimensional analytical (semi-
analytical) models have been developed. Although they are still not suitable as a numerical
simulation tool. For example, in [10] a robust two-dimensional analytical model considering U-
shaped BHEs thermal interactions have been developed. In [10] by combining analytical and
numerical approaches borehole thermal energy storage simulation model have been developed.
Combination of analytical and numerical models for the double U-shaped BHE inner and
outer regions have been studied in [11]. However, the BHE internal heat capacity was not
considered, so the model cannot be applied to predict non-stationary heat transfer inside the
BHE. In the recent decade, there have been research works on the study of heat transfer
in single and double U-shaped GHEs. Few studies have been devoted to the study of heat
transfer for more complex BHE geometries that consider the influence of thermal properties
of the ground, heat exchanger material, grout, and other BHE parameters.
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In [12] a detailed overview of the design aspects of various GHEs with an emphasis
on improving performance and overall manufacturing costs. According to this research the
most important factors influencing the GHE design are pipes geometrical configuration, GHE
location, the wellbore and pipes length and diameter, pipe connections (serial or parallel),
ground and grout properties, experimental methodology and mathematical modeling tool.
In [13] the CFD tool was used to study the effect of linear spacing on the BHEs thermal
performance with a shallow wellbore. It was reported that the temperature drop is the
smallest at a small pitch and the maximum at the largest pitch of the shank. The authors
also shoed that with increasing liner spacing the improvement in thermal performance
decreases significantly. However, in their study, there is no effect of wellbore spacing on
BHE performance with a large well depth, as well as a combined increase in the thermal
conductivity of the cement slurry with other parameters. A simple analytical model for
calculation of the average fluid temperature and hence improving the BHE thermal resistance
estimation accuracy for a single U-shaped heat exchanger-based wellbore was proposed in [14].
The authors investigated the effect of well depth and volumetric flow rate on the estimation
of RMS distribution between well thermal resistivity and efficient well thermal resistivity.
Additionally, the relative deviation between the two resistances for the specific flow rate was
estimated. However, a comprehensive sensitivity analysis regarding the combined effects of
wellbore spacing, cement slurry thermal conductivity, well depth, wellbore and pipe diameters
on the wellbore thermal resistance estimate has not been performed. As discussed above,
most of the factors affecting BHE performance have been investigated. However, most of
these research papers are not detailed as they deal with the influence of only one or a
few parameters. A comprehensive analysis of all major influencing parameters along with
a comparative performance analysis of single and double U-shaped BHEs using the same
simulation model is lacking in the literature. A detailed analysis of the influencing factors,
combined with a comparison of the thermal performance of single- and double-pipe BHEs
in terms of thermal efficiency, heat transfer per unit wellbore depth, and wellbore thermal
resistance under various conditions, is missing from the previous reports.

Therefore, in this research, a numerical analysis of the thermal performance of BHEs
was carried out based on a verified mathematical and numerical model of heat transfer. The
combined effect of borehole diameter, borehole depth, pipe diameter, grout/ground/pipe
material thermal conductivity on the thermal performance of BHE was studied, including
with various geometric configurations of the piping arrangement. Geometric configurations
include single U-shaped, double U-shaped and spiral types of heat exchangers. The analysis
was carried out and conclusions were drawn on the influence of these parameters on the
efficiency of heat transfer between BHE and the surrounding ground both heat charging and
discharging modes.

2 Physical formulation

Heat flow in a geothermal system includes heat conduction and convection occurring in
well heat exchangers and the surrounding soil mass. Thermal conductivity in the soil mass
occurs as a result of the transfer of thermal energy due to temperature gradients between the
bottom layers of the earth, air and borehole heat exchangers. Thermal convection occurs as
a result of diffusion and advection of heat due to the flow of groundwater. Temperatures and
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temperature gradients in geothermal systems are relatively low, on the order of 5-30°C. In the
presence of groundwater, the soil mass is considered as a saturated two-phase porous material
consisting of solid particles and water. Dry soil is considered as a single-phase material.

The borehole heat exchanger is one of the most important components of a ground source
heat pump system. Due to the complex nature of heat transfer in BHE, an efficient thermal
design that meets the required requirements is a challenge. When designing a BHE, thermal
performance is an important parameter that determines the effective transfer of heat between
the ground and the system. Moreover, the thermal performance of the BHE also determines
the operational efficiency and operating costs of the system integrated in the BHE. In this
regard, a comprehensive study of BHE is needed, especially from the point of view of the
complex impact of factors affecting its thermal performance. In addition to the thermal
performance of the BHE, the wellbore thermal resistance, which is an important parameter
in the design and analysis of BHE heat transfer, will also be analyzed for the single U-tube
BHE; and a comparative analysis will be carried out between different types of BHE in terms
of heat transfer, efficiency and thermal resistance of the wellbore. The thermal performance
of a BHE is influenced by various factors: geometric, thermal, geological and operational
parameters. This article will discuss the combined effect of the main parameters that affect
the performance of a BHE single U-tube heat exchanger.

In this work, a new model was described for simulating downhole heat exchangers
consisting of a single U-tube. In the first part, the theory of building a finite element of
a downhole heat exchanger was presented. The work begins with the definition of the general
equation for the balance of flow and heat transfer within each element of the heat exchanger.
The generated numerical model is for single U exchangers. It can also be adapted for two-
or multi-pipe BHEs as shown in the results of this article. The downhole heat exchanger is
modeled as a one-dimensional finite element with many degrees of freedom. It is necessary to
take into account the heat exchange between the individual sections of the heat exchanger. To
obtain a more accurate model, the division of the region into three subregions was introduced.
The first area is the pipe, which we model as a line, the second area is the cement, which we
model as a solid, and the third, the soil, which we model as a solid with porosity.

3 General equations

The nonisothermal pipe flow is used to compute the temperature, velocity, and pressure
fields in pipes and channels of different shapes. It approximates the pipe flow profile by 1D
assumptions in curve segments, or lines. These lines drawn in 3D and represent simplifications
of hollow tubes.

The heat equation to model nonisothermal pipe flow:

Ipyg

27 — 1

2 (ppu) =0, 1)
8u . 1 pf

pi5 = =0 = 5ol lufu+ F @)

where p; - density of fluid (kg/m?),u—velocity(m/s),p—pressure(Pa),fp - Darcy friction
factor, F' - volume force (H), dj, - parametric value (m).
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The heat equation to model nonisothermal pipe heat transfer:

oT 1, p
pfcl%fa_tf -+ prp,quTf = V(kaTf) —+ afDd—h]u|u2 + Qw, (3)
where ¢, ¢ - specific heat capacity of fluid (J/(kg K)), ks - thermal conductivity of fluid
(W/(m K)), Ty - temperature of fluid (K), @, - wall heat source (J).
In this work the wall heat transfer node to set up heat exchange across the pipe wall was

used for define the external temperature and the nature of the heat transfer.

Qu = (hZ)eff<Text - Tf)> (4)

where (hZ).; is an effective value of the heat transfer coefficient h (W/(m? K)) times

the wall perimeter Z (m) of the pipe. T;; (K) the external temperature outside of the pipe.
Quau appears as a source term in the pipe heat transfer equation.

27
(hZ)eff = In(Zn—) ’ (5>
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where 7, is the outer radius of wall (m), ry - inner radius (m), Z - is the outer perimeter
of wall (m), A, and he, are the film heat transfer coefficients on the inside and outside of
the tube, respectively (W/(m?K)).

The heat transfer in solids is used to model heat transfer in solids by conduction,
convection, and radiation. The temperature equation defined in solid domains corresponds to
the differential form of the Fourier’s law that may contain additional contributions like heat
sources.

The heat equation to model heat transfer in solids:

o7,
pscp,sﬁ + pscp,SUVTs = v(kSVTs)y (6>

where p; - density of solid (kg/m?),c, s - specific heat capacity of solid (J/(kg K)), ks -
thermal conductivity of solid (W/(m K)), Ts - temperature of solid (K), u - velocity (m/s).

The heat transfer in porous media is used to model heat transfer by conduction,
convection, and radiation in porous media. The temperature equation defined in porous media
domains corresponds to the convection-diffusion equation with thermodynamic properties
averaging models to account for both solid matrix and fluid properties. This equation is valid
when the temperatures into the porous matrix and the fluid are in equilibrium. The heat
equation to model heat transfer in porous media:

oT,
(Pcp)effa—f + (pcp)esruNVT, = V (ke VT,), (7)
(pcp)eff = Hpscp,s + (1 - e)pfcp,fv (8>
keps = Ok, + (1 — O)ky, (9)

where T, - temperature of porous media (K), 6 - porosity, ps - density of solid (kg/m?),c,
- specific heat capacity of solid (J/(kg K)), ks - thermal conductivity of solid (W /(m K)), ¢,
- specific heat capacity of fluid (J/(kg K)), k¢ - thermal conductivity of fluid (W/(m K)), py
- density of fluid (kg/m?).
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3.1 Initial and boundary condition

Two modes of operation are considered: ground charging and discharging. Ground charging
is understood as heat transfer to the ground, where the working fluid inlet temperature is
set as 45 °C. Ground discharging is understood as heat transfer from the ground, i.e., heat
extraction. In discharging mode working fluid inlet temperature is set as 5 °C.

As an initial condition for the ground temperature constant undisturbed soil temperature
is assumed. The undisturbed soil temperature is equal to 15 °C for both charging and
discharging cases.

At the boundaries of the computational domain constant temperature is assumed because
there is no influence of temperature boundary condition on the BHE temperature distribution.

4 Results and discussion

The numerical implementation of the indicated mathematical model with the corresponding
initial and boundary conditions was carried out on the COMSOL Multiphysics software. To
verify this numerical tool, a comparison was made with the experimental data of the thermal
response test [15]. Figure 1 shows this comparison. According to Figure 1, the comparison
was carried out according to the working fluid temperature T,,;. The relative error does not
exceed 2-3%, which indicates a very good agreement between the results.

281
26
24

22

/ — T;XF
20}, — T

"‘ Trum

out

Temperature, °C

Time, day

Figure 1: Verification of the numerical calculation algorithm

To study the efficiency of various heat exchanger configurations, 4 types were selected:
(1) single U - shaped (U), (2) - double U-shaped cross (dU-x), (3) - double U-shaped
parallel (dU-u), and (4) spiral (Spiral). Figure 2 shows these geometrical configurations.
These configurations have been proposed to increase BHE thermal efficiency. Of course, the
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most common is the single U-configuration, whereas more complex versions are costly and
laborious to install. However, with the use of more complex configurations, it is possible to
save on the depth of drilling a well.

Wellbore depth is one of the important BHE geometrical parameters that affects the total
amount of heat supplied (in cooling mode) and removed (in heating mode) to/from the well.
Hence, it is very important to investigate its impact on BHE performance. In order to obtain
the result of thermal performance in response to a change in well depth, the input parameters
of the numerical model, which were fixed, are specified as: distance between inlet and outlet
pipes within one BHE, X. = 0.05 m, well radius r, = 0.017 m, soil thermal conductivity
ks = 1.2 W/m.K, working fluid inlet temperature T%;, = 45 °C , 5 °C for charging and
discharging modes, flow rate = 0.6 m?3/h, pipe thermal conductivity k, = 0.4 W/m.K.
Figure 3 illustrates the effect of well depth on the overall heat transfer rate and thermal
efficiency of the BHE. With the increasing well depth, the heat transfer per unit length of
the well tends to decrease, while thermal efficiency improves significantly. The deeper the well
depth, the smaller the temperature difference between the working fluid and the surrounding
soil, and this leads to a decrease in the heat transfer rate per unit depth of the well. The
increase in thermal performance may be since as the well depth increases, more heat enters
the well (in cooling mode); consequently, the outlet liquid temperature decreases. This, in
turn, increases the difference between the inlet and outlet temperature of the working fluid,
which leads to an increase in the thermal efficiency of the BHE. However, with a deep depth
of the well, it is not economically feasible. This is due to an increase in drilling cost (which
depends on geological conditions) and installation cost, as well as the cost of materials. As
a result, when designing with a large well depth, a trade-off must be found between thermal
performance and total cost. In addition, a BHE with a large well depth requires more pump
power to circulate the working fluid and therefore requires more electricity consumption,
which again leads to increased costs.

Pipe diameter is another factor to consider when investigating the impact of pipe
parameters on BHE performance. The effect of pipe diameter on BHE thermal performance
is briefly discussed here. Conventional pipe outer diameters (from 15 mm to 40 mm) were
taken to evaluate the effect of pipe diameter on heat transfer rate, thermal efficiency and
thermal resistance of the wellbore. The effect of pipe diameter on the overall heat transfer
coefficient per unit depth of the well and the thermal efficiency of the BHE is shown in Figure
4. Heat transfer rates and efficiency increase with larger BHE pipe diameters, especially in
high thermal conductivity grounds. BHE with pipe diameter 40 mm has the highest heat
transfer rate and thermal efficiency than BHE with pipe diameter 25 mm and 32 mm. The
average heat transfer coefficient per unit of well depth and thermal efficiency of BHE with
40 mm pipe is 42.4 W/m (charging mode), which is higher than that of BHE with 25 mm
pipe diameter. Thus, according to Figure 4, BHEs with a larger diameter pipe are more
efficient and improve the transfer of more heat. This can be explained by a change in the
heat transfer area of the BHE with a well configuration and a change in the pipe diameter.
Therefore, convective heat transfer improves as the heat exchange surface area increases.

BHE consists of a U-shaped pipe, grout material, and, accordingly, the BHE surrounding
ground. Since pipe and grout materials are considered solid, the influence of their
thermal conductivity coefficient on the BHE thermal efficiency should be considered. Since
surrounding ground is a porous medium with predominantly conductive heat transfer
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U - type dU-x - type dU-u - type Spiral - type

Figure 2: BHE geometrical configurations
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Figure 3: Influence of well depth on heat fluxes in BHE

mechanism, then influence of the ground thermal conductivity is also interesting to test.
Since the surrounding ground is a porous medium with a predominantly conductive heat
transfer mechanism, the influence of the ground’s thermal conductivity is also interesting to
test. Figure 5 shows the influence of mentioned thermal conductivity coefficients on the BHE
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Figure 4: Influence of pipe diameter on heat fluxes in BHE

heat fluxes. A high-density polyethylene (HDPE), polyvinyl chloride (PVC), polyethylene,
polyamide, steel, and copper are some of the common piping materials. Grout material is
the cement slurry, which is in the ratio of 70% - water, 24% - cement, and 6% - bentonite.
Underground materials could be unconsolidated ground type (clay/silt, sand, gravel/stones,
till /loam), sedimentary rocks (clay/silt stones, limestones, dolomitic rocks, etc.), magmatic
and metamorphic rocks (basalt, granite, quartzite, etc.). According to Figure 5, with the
piping material’s thermal conductivity above 1.2 W/m K, there is no change in heat flux. It
is known that the HDPE, PVC, and polyethylene thermal conductivity is less than 1.0 W/m
K, and because of the flexibility, durability, service life, and the piping material cost they
are the most used in BHE. According to Figure 5, the influence of the thermal conductivity
coefficients of the grout and ground material is almost the same. This means that with an
increase in the thermal conductivity, heat fluxes increase, but above 6.0 W/m K this change
is insignificant.

Additionally, calculations were carried out on the effect of the well diameter on the
thermal efficiency of BHE. With an increase in the borehole diameter from 100 mm to 200
mm, the BHEs heat transfer increased by 5.5 W/m; on the other hand, the corresponding
thermal efficiency is somewhat reduced by 3.7 % for BHE. The result shows that as the
well diameter increases, more heat can be injected into the well as the heat transfer area
increases. However, the improvement in thermal performance with borehole diameter is not
as significant as the change in thermal performance with parameters such as borehole depth,
inlet fluid temperature, and soil thermal conductivity. However, from an economic standpoint,
a BHE with a larger borehole diameter may have a higher capital cost and therefore may not
be feasible compared to a BHE with a smaller borehole diameter.
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Figure 5: Influence of different thermal conductivity coefficients on heat fluxes in BHE

5 Conclusion

This paper discusses the study of parameters for improving the heat transfer of a borehole
heat exchanger for a ground source heat pump application. The study of efficiency parameters
was carried out based on an experimental prototype of a ground source heat pump developed
by the authors. A mathematical model has been developed for calculating the efficiency of
a ground heat exchanger based on three-dimensional equations of heat and mass transfer in
a porous medium. The numerical solution was carried out using the COMSOL Multiphysics
software. The numerical calculation algorithm was verified by comparison with experimental
data from the created prototype. Calculations were made of the efficiency of a downhole heat
exchanger with various geometric configurations of the pipes in the well. The study of the
influence of the tube diameter on the heat transfer efficiency showed that with an increase in
the tube diameter, the heat transfer increases. With a tube diameter of 40 mm, the thermal
efficiency of the heat exchanger was 42.4 W /m in the heat charging mode, which is 24% more
with a diameter of 20 mm. It has also been shown that with increasing well depth, the heat
transfer efficiency increases. However, it is not possible to excessively increase the depth of
the well and the diameter of the pipe for economic reasons. The influence of the thermal
conductivity coefficients of the pipe material, grout material and various types of ground on
the heat transfer efficiency was also studied. It was shown that with an increase in the thermal
conductivity coefficients of grout and ground, the heat flux increases, but above 6.0 W/m K,
the heat flux practically does not change. When the coefficient of thermal conductivity of the
pipe material is higher than 1.0 W/m K, the heat fluxes almost do not change. In general,
materials containing plastics are used for piping of ground heat exchangers, the thermal
conductivity coefficients of which vary between 0.24-0.42 W/m K.
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