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Abstract: The efficiency of heat transfer through borehole heat exchangers is influenced by the
thermal resistances of both the borehole and the surrounding soil. Optimizing these resistances can
improve the heat transfer performance and reduce system costs. Soil thermal resistance is
geographically specific and challenging to reduce, according to previous research. In contrast,
borehole resistance can be minimized through practical approaches, such as increasing the thermal
conductivity of the grout or adjusting the shank spacing in the U-tube configuration. Previous
literature also suggests coaxial pipes as a more efficient design than single U-tube borehole heat
exchanger. A novel approach involves inserting a physical barrier between the U-tube’s inlet and
outlet legs to reduce the thermal short-circuiting and/or to improve the temperature distribution from
the inlet leg in a U-tube borehole. A limited literature exists on the barrier technique and their
contribution to reduce thermal resistance. The effects of two different barrier geometries of flat plate
and U-shape of different materials, with various grout and soil thermal conductivities as well as
shank spacing configurations have been considered in this study. Using FlexPDE software, the study
numerically assesses thermal resistances through the borehole. The study focusses on the sole
contribution of barrier in mitigating thermal resistance of U-tube borehole heat exchanger. The study
suggests that the barrier technique is an effective solution for optimizing heat transfer through U-
tube borehole heat exchangers, especially with reduced shank spacing and lower thermal
conductivity soil. It can reduce the length of a U-tube borehole by up to 8.1 m/kW of heat transfer,
offering a viable alternative to increasing shank spacing in the U-tube borehole or enhancing thermal
conductivity of the grout. Moreover, under specific conditions of soil and grout with low to medium
thermal conductivity, U-tube borehole heat exchanger with a barrier between the legs demonstrates
a reduction of up to 43.4 m per kW heat transfer (22.7%) in overall length compared to coaxial pipes.

Keywords: ground source heat pump; ground source heat exchanger; vertical ground source heat
pump; borehole heat exchanger; heat transfer for ground source heat pump; borehole thermal
resistance; thermal short-circuiting in borehole heat exchanger

1. Introduction

Closed loop vertical ground source heat pumps are notably widespread for their efficiency and
effectiveness compared to other ground source heat pump types like horizontal closed loop, direct
exchange, open loop, and surface water ground source heat pumps [1]. One of their key advantages
is the compact footprint of the heat exchanger in the form of a borehole, which makes them especially
suitable for residential areas with small plots and commercial buildings [1]. They also ensure stable
ground temperature and demand minimal pumping energy [1]. However, the system does have

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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drawback of requirement for a deep borehole drilling which contributes to a higher cost and
challenges related to expertise in borehole drilling and proper implementation [1, 2].

Typically, water (or a mixture of water and antifreeze in below-freezing soil conditions)
circulates on one side of the ground source heat exchange system, while refrigerant circulates on the
other side, directly connected to the heat pump. According to ASHRAE-Applications [3], U-tube
boreholes typically range from 100-150 mm in diameter and have depths of 15-120 m. U-tube
borehole length can be further increased to 180 m or more if the procedures for deep boreholes are
followed. A U-tube containing the circulating fluid is inserted into each borehole, typically made of
polyethylene with a diameter of 20-40 mm, although other pipe materials may also be utilized [3].
Figure 1(a) and Figure 1(b) illustrate the U-pipe arrangement.

An alternative to U-tube boreholes is coaxial pipe arrangement where a smaller pipe (the inner
pipe) is enclosed within a larger outer pipe. The heat transfer fluid can be circulated in two ways.
One way is to enter the fluid through the outer pipe (inlet pipe) and return the fluid via inner pipe
(outlet pipe). The other flow arrangement is to enter the fluid via inner pipe (inlet pipe) and return
the fluid via outer pipe (outlet pipe). Figure 1(c) and Figure 1 (d) illustrate the coaxial pipe
arrangement with inflow through the annular pipe.
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Figure 1. Schematic diagram showing BHX; (a & b) Plan & section for U-tube arrangement; (c & d) Plan & section

for Coaxial pipe arrangement with inflow through annular pipe.

Usually the space between the U-tube/ coaxial pipe and the borehole wall is filled with grout,
which serves a crucial role in stabilizing the U-tube/ coaxial pipe within the buried system and in
preventing water seepage into the borehole. BHX cost (which is mainly the cost of U-pipe, grout and
borehole drilling) for GSHP typically accounts for more than 30% of the total cost of the GSHP system
[4] Given its significant expense, optimizing this component is vital for enhancing heat transfer
efficiency and for harnessing more sustainable energy from the same area of the land.

The total thermal resistance consists of two parts: the soil itself and the borehole as shown in
Figure 2. In a conventional U-tube BHX having a geometrical symmetry of the inlet and outlet legs,
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the fluid temperature to be considered for the evaluation of borehole thermal resistance is the mean
temperature of the inlet and outlet fluid temperatures [5].

Tti+Tto
= T+ T (1)
2

44— R, Total thermal resistance ———
R.: Borehole R.: Soil thermal
thermal resistance resistance
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Figure 2. Thermal resistance network for U-tube BHX.

The borehole resistance component includes the resistance offered by grout, pipe material, and
the circulating fluid. Contact thermal resistance is assumed to be negligible for simplification. The
total thermal resistance is the sum of soil and borehole resistance.

R, = R, + R 2)

Reduction in any of the above two components or both will lead to an improved heat transfer.
The heat transfer resistance characteristics of soil vary with geographic location and are generally
immutable. Deep soil mixing offers a viable method to lower soil thermal resistance, yet its
implementation is expensive and may not be economically feasible across all site conditions and soil
types [6]. On the other hand, there are methods to decrease Rb i.e. BHX thermal resistance. Therefore,
the overall thermal resistance of the system can be reduced for an enhanced heat transfer by adopting
techniques to lower the BHX thermal resistance.

Increasing the length of the ground loop in a BHX reduces the approach of BHX defined as the
difference between average loop temperature Tt and the initial ground temperature Ts.

Approach =T, — Tt (3)

Te— Ts,as L > o 4)

Reducing the thermal resistance between the ground and the circulating fluid enhances the heat
transfer, thereby reducing the required length of the heat exchanger per kW for a given approach.

Previous research on the optimization of borehole thermal resistance has investigated the impact
of pipe material, borehole diameter, shank spacing, and grout material. Research by Kerme et al. [7]
discusses various geometric factors (shank spacing, borehole size/diameter, borehole depth), grout
and soil thermal conductivity for single and double U tube arrangements and then proposes the
combined effective measures for heat transfer improvement. Shen et al. [8] discusses the various
influential factors (such as flow rate, inlet temperature, heat extraction rate, length of BHX and
backfill material) on the performance of deep U-tube BHX and suggest an optimal control of flow
rate.
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According to Kavanaugh and Rafferty [2] the choice of thermally enhanced grout material is also
challenging. The grout filler must block surface water and unwanted groundwater from reaching
aquifers, as they can pollute drinking or irrigation supplies. High-solids sodium bentonite grout
(>20% solids), while effective, is a poor heat conductor, whereas materials with good heat transfer
may allow water migration. Some regulations may permit porous materials if the top 6 meters of the
borehole are sealed with a nonporous grout. Cement-based sealants are ineffective for BHX due to
pipe shrinkage but can be enhanced with additives. Pouring of thermally enhanced grout with
abrasive sand might also be challenging due to unavailability of the pumping equipment with the
installer.

Erol and Francois [9] studied various BHE grout materials, including bentonite-based, silica
sand-based, and homemade admixtures with graphite. Increasing graphite content beyond 5% or
using all types of graphite powders in BHE backfill mixtures is impractical, as graphite's varying
properties can negatively affect grout flowability, permeability, and strength. By TRT test, they found
that adding just 5% homemade natural flakes graphite enhances grout thermal conductivity, crucial
for optimizing heat transfer efficiency when matched appropriately to ground conductivity.

Study by Mahmoud et al. [10] suggests that selecting the right grout depends on system
conditions. Traditional grouts like bentonite and cement offer strength but require additives for better
thermal performance. Phase change material (PCM) is recommended for its storage capacity and
stability. A mix of conventional grouts, additives, and PCMs is recommended for optimal results.

Liu et al. [11] conducted a comprehensive study to assess potential cost reductions through
enhancements in borehole heat transfer under diverse geological and thermal conditions and
revealed that improvements such as enhanced grout and double U-tube loops effectively reduce
borehole lengths. The study primarily focuses on installation costs and relies on the simplified
geometrical approach of Eskilson’s g-function through commercial software.

Research work is also available on comparison of U-tube with coaxial pipe and a few other
arrangements like double U-tube, discussing the thermal behavior of the BHX with these
arrangements. Study made by Zanchini et al. [12] showed that in coaxial pipes, the configuration
where water flows into the BHX through the outer annular pipe and exits through the inner pipe
provides superior thermal performance compared to the opposite arrangement, where inflow occurs
through the center or inner pipe and outflow through the outer annular portion. Brown et al. [13]
modelled coaxial, single U-pipe and double U-pipe configurations, finding coaxial pipes exhibiting
highest heat transfer rate and lower pressure drop. Harris et al. [14] demonstrated that the coaxial
BHX configuration is more effective than the double U-pipe design. According to Chen et al. [15], by
using double U-tubes in parallel in BHXs, the heat transfer capacity may increase by over 50% from
the single U tube system which could justify the cost increase in installation and pumping energy
consumption. Chen and Tomac [16] suggest use of VIT (Vacuum Insulated Tube) for coaxial pipe
arrangement to prevent thermal short-circuiting. An economic analysis is suggested as the cost of
VIT is 5 times more than the cost of un-insulated tubing.

While there is an ample research work available on the comparative study of materials and
geometry of the U-tube BHX and its comparison with the other arrangements like coaxial pipes and
double U-tube, there is not much research work on segregating the inlet and outlet leg of the U-tube
to prevent them from a direct interaction with each other.

Al-Chalabi [6] investigated the effects of introducing I-shape and U-shape obstructions in a U-
tube BHX. However, the study did not account for the thickness of the U-tubes, which led to
extremely overestimated efficiency of the barriers compared to scenarios where tube thickness is
considered. In addition, the study is limited to the highly thermally conductive grout with a ratio
kg/ks of 2, and does not provide an insight into the various alternatives of the grout and soil. The
results are reported in terms of the borehole thermal resistance instead of an overall thermal
resistance. High thermal conductivity grout results in a lower contribution of the BHX thermal
resistance out of the total thermal resistance of the soil and BHX. Therefore, there is a need to report
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the net impact of the saving in terms of an overall reduction in the total thermal resistance or borehole
length or an overall increase in the heat transfer.

Ngo and Ngo [17] conducted a numerical assessment to evaluate the impact of an insulated flat
shape barrier between the U-tube legs of ground heat exchanger. The study examines the effects of
Reynolds number on heat transfer, focusing on laminar flow with a low Reynolds number value
(optimal heat transfer at Reynolds number of 120 and suggests that at lower Reynolds number values,
heat transfer increases due to a decrease in the outlet temperature (Tr) for a given inlet temperature
(T#), though it does not address the impact of reduced mass flow rate on the heat transfer as a result
of lower Reynolds number value. The heat rejected by the fluid for cooling will be as follows [2]:

Q = —msx cp X (T — Tho) )

The expression for Reynolds number is as follows [18].

pXVXDhn meXDn
Re = =

L Acxpu ©)

The above equation depicts that the mass flow rate of the fluid is a function of Reynolds number.
Under the given geometry and fluid temperature, the Reynolds number varies directly proportional
to the mass flow rate of the fluid, which means the more the mass flow rate, the more will be the
Reynolds number for a given geometry and fluid temperature. In case of turbulent flow through
pipes, the Reynolds number is > 10,000 [18]. Ngo study with Reynolds number of 120 will have a
significantly lower flowrate through the same geometry than the flow conditions considered in other
studies with turbulent flow. The study does not very clearly state the pipe material considered in the
study, however mentions that their study reports high efficiency operation with 16% enhanced heat
transfer when copper pipe is used instead of high-density polyethylene. It is therefore understood
that they have conducted a study based on copper pipes. Previous studies suggest that use of HDPE
pipes is very common due to better performance, durability and economics [2, 19-21]. The
assumption of copper piping with laminar flow within the U-tube could increase the risk of thermal
short-circuiting than that with high density polyethylene pipe [2]. Due to more short-circuiting, the
results of improved heat transfer due to barrier between the inlet & outlet pipe will be misleading.
Thickness of the pipe is also neglected which will overestimate the performance of the barrier.
Because the study is not based on optimal parameters, there is a potential to increase the heat transfer
further by improving the flow rate and pipe material. Measures to improve these parameters will
result in a change in the reported impact of the barriers in the study, which warrants further analysis
to draw definitive conclusions.

Previous studies about grout material have suggested that grout selection for better thermal
conductivity might be challenging and may be compromised for the strength of the BHX and/or
economy. The study of the novel technique of barriers between the two legs of BHX for optimization
of heat transfer is required to be explored as an alternative to conventional way of increasing the heat
transfer by thermally enhanced grout. The technique can also be applied in addition to the
conventional methods to further increase the heat transfer. There is a need for a detailed evaluation
of the thermal performance of the barrier between the two legs of a U-tube BHX, with a specific
comparison to a conventional U-tube system. Due to complexity of the BHX geometry, numerical
assessment would be more appropriate. Flat plate and U-shape geometries of the barrier are to be
studied with various materials and thickness. The design parameters of BHX geometry and flow are
to be optimized before evaluating the effect of barrier. Comparison to be made with a focus to depict
the sole contribution of barrier from the base case. It is also required to report the results of an overall
impact in terms of net increase in heat transfer or net reduction in the BHX length. This would allow
for a clearer assessment of the barrier's unique contribution in optimizing the BHX length and will
help implementing the barrier technique where they contribute to the enhancement of heat transfer
through the BHX. Additionally, it would be beneficial to compare the results of numerical assessment
for barrier techniques with other heat transfer enhancement techniques, such as coaxial pipe
arrangements, to offer a broader selection of borehole heat exchanger (BHX) design options.
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2. Methods

A traditional single U-tube heat exchanger was numerically assessed and validated for different
combinations of shank spacing and grouts. A coaxial pipe BHX was also assessed to see the
improvements in efficiency of the heat transfer in the BHX with coaxial pipe arrangement compared
to a traditional single U-tube BHX. Next investigation was to see the effects of novel techniques of
different barriers/ obstructions between the two legs of a U-tube BHX and comparison of the resulting
improvement. Numerical assessment was done on FlexPDE software version 6.51, a finite element
model builder and solver. The undisturbed soil temperature (Ts) and fluid temperature (Tf) remained
constant across all options, leading to an unchanged Approach temperature, as determined by
Equation 3. This study aimed to determine which borehole heat exchanger option minimized heat
transfer resistance, thereby requiring the shortest length per kW: under these conditions.

2.1. Model Assumptions and Governing Equation:

The analysis was performed for a single BHX under steady-state heat transfer. The heat transfer
inside the borehole for longer time steps can be considered as steady-state heat transfer within that
time step [22]. The lower limit of the time step is 5 times rv?/a, which is usually a few hours for
different soils and borehole sizes [5, 22]. Similarly, a radial steady-state approximation for the small
annulus of the soil near the borehole gives an error of less than 0.3% in determining the resistance of
the soil outside the borehole [22]. Thus, for a time efficient model, we conclude that it is appropriate
to consider steady-state heat transfer both inside and outside the borehole.

Homogeneous ground condition is considered in the analysis as a simplification assumption [5].
With the assumptions of steady-state heat flow and homogenous ground material, a two-dimensional
model can effectively capture the essential heat flow characteristics in the material and is therefore
considered for the analysis.

A far-field radius is the radius of influence and beyond it, the temperature of the soil remains
un-disturbed [23]. According to the study made by Ruan, the soil within 0.5 meters of the borehole
reacts to the short-term heat flux from the ground to the fluid. In contrast, the area beyond 0.5 meters
is primarily influenced by the long-term net energy input into the ground heat exchange system.
After 1 meter from the center of the borehole, there is no significant change in the mean fluid
temperature [24]. We therefore based our analysis for a far-field radius of 1 meter.

No contact resistance, no moisture migration through the soil, homogenous grout & pipe
materials, water as a fluid and winter heating mode are considered in the analysis.

Fourier’s law of heat conduction is as follows [25].

Q = —kAVT -
The transient heat transfer equation in three dimensional cartesian coordinate system is as
follows [25].
22T 02T 2T 1 aT ({gen
(Ge)+(5:)+ (57) = Q)G - () ®

The steady state two-dimensional equation in cartesian coordinates reduces to the following
expression which shall be the governing equation in this study which is expressed as follows [25].

(%)J’(%ﬁ): 0 )

2.2. Analysis for Traditional Single U-Tube Borehole Heat Exchanger:

Figure 3 describes the geometry of the U-tube model. Far-field boundary is not shown here to
represent an enlarged view of the borehole for clarity. Refer to Figure 1 to see the far-field boundary.
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Figure 3. U-tube BHX model geometry.

The size and material of U tube and borehole diameter are in accordance with the
recommendations in ASHRAE-Applications [3]. Heating mode for winter operation of the GSHP is
considered. For a better efficiency, the outlet temperature of the fluid in heating mode should be 5°C
to 8°C less than the undisturbed ground temperature. [2]. AT of 4°C to 3°C is adopted for water as a
fluid to keep the cost and pumping energy within reasonable limits [2]. The soil temperature taken is
an approximation used to represent a range of Australian soils where the average geothermal ground
temperatures are from 14°C to 18°C [26-28]. Soil thermal conductivity of 0.5 to 2 W/m.K also
represents various soil conditions in Victoria, Australian Capital Territory and the near-by areas of
New South whales [29, 30]. The grout materials are considered to represent a variety of grouts with
or without a filler material to enhance their thermal conductivity. Neat cement grout with water-to-
cement ratio of 0.6 has a thermal conductivity of 0.585 W/m.K after drying, whereas grouts with
thermal conductivity of 1 & 2 W/m.K represent thermally enhanced cement grouts with a
combination of filler materials [31]. The description of shank spacing is shown in Figure 4 and covers
the whole range of possible shank spacing from minimum to maximum in a symmetrical
configuration with pipes in the center of the borehole. To estimate the convective heat transfer
coefficient, the flow rate of 0.642 L/s (10.2 USgpm) which is a fully developed turbulent flow under
the considered geometry of the U-tube is considered. The properties of water are taken from [32].
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Reynolds number is calculated from Equation (6). Calculation of Nusselt number and convective

heat transfer coefficient is from the following equations [18].

Nu = 0.023 Re 98 x Pr 04

h = (Nux k)/Dn

(10)

(11)

Correlation in Equation (10) is valid for forced convection in fully turbulent flow (condition met

when Re > 10,000 for flow in pipes) and is applicable for fluid flow in heating mode [18]. The physical

and thermal properties of the numerical model along with the summary of calculated results for Re,
Nu and h are as depicted in Table 1.

Table 1. U-tube BHX model parameters.

S. No. Model Parameter Value Units
1 Un-disturbed soil temperature Ts 15 °C
2 Temperature of the outlet pipe of U-tube, Tt 9 °C
3 Temperature of the inlet pipe of U-tube, Tt 6 °C
Mean fluid temperature,
4 Tei+Tho 7.5 °C
Ti= >
5 Borehole Diameter, Db 100 mm
. . . . 0.5 W/m.K
Various soils thermal conductivity, ks, considered
6 . . 1 W/m.K
in the analysis are:
2 W/m.K
. . 0.585 W/m.K
Various grouts thermal conductivity, kg,
7 . . . 1 W/m.K
considered in the analysis are:
2 W/m.K
. . . . : 31.8 mm
Various shank spacing options, S, considered in
8 . 50 mm
the analysis are:
68.1 mm
High density
9 U-tube pipe material polyethylene -
(HDPE)
10 Pipe thermal conductivity [33, 34] 0.45 W/mK
11 Pipe outer diameter, dpo[35] 31.8 mm
12 Pipe thickness, tp [35] 2.9 mm
13 Fluid (water) density [32] 999.5 kg/m3
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14 Fluid (water) dynamic viscosity [32] 0.001418 kg/m.s
15 Fluid Prandtl number [32] 10.2768 -
16 Calculated Reynolds number for fluid 22,164 -
17 Calculated Nusselt number for fluid 174.98 -
18 Calculated Convective heat transfer coefficient of 3,907 W/me.K

fluid, h
It is to be note that in a borehole of 100 mm with U tube external diameter of 31.8 mm, the

maximum shank spacing will be 68.2 mm, however we have considered 68.1 mm as Smax because of
the software (FlexPDE 6.51) limitations in providing solution for 68.2 mm shank spacing in a few
scenarios.

Finite element triangular meshes were considered for the complete borehole field geometry. The
software FlexPDE 6.51 automatically decides the initial mesh size based on the defined geometry and
the complexity of the problem. For the borehole region and the soil region near the borehole, finer
mesh size was defined. Region “1.1 grout” represents the soil region near the grout/ borehole within
a radius of rgo defined as 1.1 times rg. The soil region at the boundary of 1.1 rge was defined with a
finer mesh spacing of dpo/20. For borehole/ grout, the mesh spacing was dpo/30 and that for the U-
tube inlet and outlet pipes was dpo/50. With these conditions, numerical analysis on FlexPDE version
6.51 was performed.

2.3. Validation of the Results of the Numerical Model:

Various analytical and semi-analytical equations available for determination of borehole thermal
resistance have been numerically assessed and their validity is compared to the results of numerical
analysis by previous studies. Analytical models estimate the heat transfer from the borehole wall to
the surrounding soil, ignoring the internal borehole region, while numerical models use finite
difference or finite volume methods to calculate the temperature distribution throughout the entire
domain, including both the surrounding soil and the internal borehole [36].

Sharqawy et al. [36] performed a detailed study where the effective pipe-to-borehole thermal
resistance in vertical ground heat exchangers was investigated through numerical simulations. A
detailed analysis was conducted to identify the dimensionless geometrical parameters that influence
this thermal resistance. The heat transfer rates between U-shaped pipes and the borehole were
determined numerically and compared with well-established limiting analytical solutions. A
dimensionless correlation for the effective pipe-to-borehole thermal resistance was developed. The
results of the empirical formula established were also compared with approximate analytical models
that treat the U-shaped pipes as a single pipe with an equivalent diameter, as well as with
experimental data from the literature. The findings indicated that the existing models do not provide
an accurate representation of the effective pipe-to-borehole thermal resistance.

Lamarche et al. [37] also performed a detailed study on the various theoretical, empirical and
experimental approaches for determining the effective borehole thermal resistance. The multi-pole
method (Bennett et al. 1987) was found to be the best fit for determining borehole thermal resistance.

Liao et al. [38] also proposed an empirical formula for the effective borehole thermal resistance
and the dimensionless borehole thermal resistances obtained from the correlation was compared with
those from other equations available.

Al-Chalabi [6] and Abuel-Naga and Al-Chalabi [39] worked on Equations by Paul [40], Bennet
et al. [41], Gu and O'Neal [42], Hellstrom [43], Shonder and Beck [44] and Sharqawy et al. [36] and
found that the equation by Bennet et al. [41] i.e. Equation (12) as follows, was the closest to PDE
solutions. Bennet et al. [41] utilized multi-pole method. The method uses a series of linear heat sources
or sinks to represent the pipes within the circular borehole, allowing for the modeling of borehole
configurations with multiple U-tubes, including asymmetrical setups.
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As=Dyp/2s = A2/ 2A1 (15)
o= (kg -ks) / (kg + ks) (16)

The equation by Bennet et al. [41] does not consider the thickness of the pipe. The work by Al-
Chalabi [6] and Abuel-Naga and Al-Chalabi [39] was ignoring thickness of U pipe and its thermal
conductivity in the numerical analysis, Bennett equation was used.

Javed and Spitler [45] studied the theoretical formulas and empirical correlations to find the
effective borehole thermal resistance. It was found that the solution which is a combination of zeroth-
order multipole solution and the correction originating from the first-order multipoles is the best fit
for almost all scenarios. It was therefore advised to use the modified first order multipoles method
instead of other published methods.

The modified Bennett equation by Javed and Spitler [45] which accounts for pipe material will
give accurate results for the study which accounts for the thickness of pipe material.

We therefore validated the results of FlexPDE 6.51 with the modified Bennett equation by Javed
and Spitler [45]. The validation was performed for all conditions of the grout and shank spacings
considered in the analysis.

(17)
1 /112%+40
Ry= ——|B+In|[—2——
b= laniy)|” “(2(/1; —1)0)
4 2
22 1—( g ))
_ 3< 45-1
148 1+ 152
TN (m-3)
2 ﬂ%
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Where,
B =27k (Rp+ Re) (18)
Rp = In(r2/r1)/(27tks) (19)
Re=1/Q2m 11 h) (20)
B =2mks Rp (1)
B = 27tk In(r2/r1)/(27tksp) (22)

Table 2 shows the results of using Equation (17) compared to FlexPDE 6.51 results where the
error between the two results was only 0.5% or lesser. This indicates the authenticity of FlexPDE
version 6.51 results and further analysis was done using FlexPDE version 6.51.

Table 2. Validation results for FlexPDE 6.51 analysis of U-tube BHX.

U-tube BHX U-tube BHX
thermal resistance .
thermal . Difference
. from numerical .
kg S resistance from analysis on in
modlﬁedﬁBinnet FlexPDE version percentage
canato 6.51
W/m.K mm (W/m.K)'! (Wm.K)'! %
31.8 0.2367 0.2356 0.5
0.585 50 0.1820 0.1816 0.2
68.1 0.1352 0.1349 0.2
31.8 0.1577 0.1572 0.3
1 50 0.1255 0.1252 0.3
68.1 0.1022 0.1019 0.3
31.8 0.1005 0.1008 0.2
2 50 0.0835 0.0833 0.2
68.1 0.0736 0.0735 0.2

2.4. Analysis for Insulated Outlet Leg in a Conventional U-Tube Arrangement:

To see the impact of insulation on the outlet leg of the U-tube BHX in reducing the thermal short-
circuiting, analysis was performed for the U-tube BHX of the same parameters as defined in Table 1
with 3 mm closed cell foam insulation on the outlet pipe. The thermal conductivity of the insulation
was considered as 0.0342 W/m.K [46]. Due to insulated outlet leg, the minimum shank spacing was
34.8 mm. Analysis was performed for soil of thermal conductivity 1 W/m.K.
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Figure 5. U-tube BHX with insulated outlet pipe

2.5. Analysis for Coaxial Pipe Arrangement:

In the previous literature, the performance of coaxial pipe arrangement was found to be better
than U-tube. Therefore, coaxial pipe arrangement was analyzed for the comparison of the
improvements in the heat transfer rate. Coaxial pipes were analyzed with water flowing into the
borehole through the outer annular pipe, as previous studies have shown this arrangement to be
thermally more efficient than the one with inflow from the central pipe [12].

Unlike U-tube, the outlet (inner) pipe of coaxial arrangement has no direct contact with the grout
and exchanges heat solely with the inlet (outer) pipe. As a result, short-circuiting effects are more
evident in uninsulated coaxial pipe arrangements because of the significantly increased thermal
pathway between the inlet and outlet pipes, Lamarche [5]. Due to the extremely high short-circuiting
losses in uninsulated outlet pipe in coaxial arrangement, most of the previous studies recommend
insulation on the outlet (inner) pipe of the coaxial arrangement of tubes to minimize the thermal
short-circuiting [5, 16]. For insulation of the outlet pipe, the following are few options commonly
available:

(a) uniform insulation throughout the BHX which is usually applied by insulating the outlet
pipe with insulation applied on its external side. A protective pipe over the insulation is required to
protect it from the water damage of the annular pipe [16, 47].

(b) Non-uniform insulation using vacuum insulated pipe (VIT) as the outlet pipe where vacuum
is created between two metallic pipes [16, 47].

Because of two-dimensional study, we analyzed coaxial arrangement with a uniform 3 mm
insulation of close cell foam on the outlet (inner) pipe under the same operating conditions. To protect
the insulation from water, a PVC tube casing was considered. Because, only the fluid in the outlet
pipe is directly exposed to the borehole, the fluid temperature for the calculation of borehole thermal
resistance is the temperature of the fluid in the outer (inlet) pipe Lamarche [5]. Figure 5 describes the
geometry of the coaxial model.
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Figure 6. Insulated Coaxial pipes model geometry

Grout & soil properties and the fluid temperatures of the model were identical to the U-tube
model as summarized in Table 1. Nusselt number was calculated from the following equations [18,
48-50].

- (%) (Re —1000) Pr

Dn

—)2/3 ann
o7 Fam (14 () Pk (23)
07 +12.7 (=g~ | V2 (Pr2/3 — 1)

Correlation in Equation (23) is proposed by Gnielinski and is called Gnielinski equation. The
equation is valid for 0.1 < Pr < 1,000 and Re > 4,000. According to Gnielinski [50], fann which is the
annular pipe friction factor, is different from the friction factor for the circular tube and can be
calculated from the following equation.

fann = (108 lOglo Re* — 15)2 (24)

Where,

1+a)Ina+(1—-a?

Re* = Re X
¢ € (1-a)?xlna (25)
. . inner pipe outer diameter (26)
a = annular diameter ratio = — -
outer pipe inner diamter
a = rpvc/roi (27)

For the boundary condition of heat transfer at the outer wall with inner wall insulated, Fann is
determined by Equation (28) [50].

Fam = (0.9 — 0.15%6) (28)
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Value of K is 1 if the fluid temperature at the wall of the annular
pipe and the bulk fluid temperature are considered to be the same [50].

The other physical and thermal properties of the numerical model along with the summary of

calculated results for Re, Nu and h are as depicted in Table 3.

Table 3. Coaxial pipes model parameters.

S. No. Model Parameter Value Units
1 Fluid temperature for estimation of borehole thermal resistance, 6 oC
Te= Tii
2 Inlet (Outer) pipe material Black steel -
3 Inlet (Outer) pipe thermal conductivity [33] 43 W/m.K
4 Inlet (Outer) pipe diameter (external) [51, 52] 48.3 mm
5 Inlet (Outer) pipe thickness [51, 52] 3.68 mm
6 Outlet (Inner) pipe material HDPE -
7 Outlet (Inner) pipe thermal conductivity [33, 34] 0.45 W/m.K
8 Outlet (Inner) pipe diameter (external) [35] 25 mm
9 Outlet (Inner) pipe thickness [35] 2.3 mm
10 Thickness of insulation on outlet (inner) pipe 3 mm
11 Thermal conductivity of insulation [46] 0.0342 W/m.K
12 Thickness of uPVC protective pipe [53] 1.5 mm
13 Thermal conductivity of uPVC protective pipe [54] 0.17 W/m.K
14 Inlet fluid (Water at 6°C):
e  Density [32] 999.6 kg/m?
e  Dynamic viscosity [32] 0.001483 kg/m.s
e  Prandtl number [32] 10.8029
e  Calculated Nusselt number 55.66
) Calculated Reynolds number 7,355
e  Friction factor fam 0.0378
e  Calculated convective heat' transfer coefficient for inlet 4634 W/me.K
(outer) pipe, hi
15 Outlet fluid (Water at 9°C):
e  Density [32] 999.3 kg/m?
o Dynamic viscosity [32] 0.00135 kg/m.s
e  Prandtl number [32] 9.7507
e  Calculated Reynolds number 23,276
e Calculated Nusselt number 215.94
e  Calculated convective heat transfer coefficient for inlet 6,173 W/m2.K

(outer) pipe, hi

The resistance network for the arrangement is shown in Figure 7.

was assumed to be negligible for simplification.

Contact thermal resistance
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Figure 7. Thermal resistance network for coaxial pipes BHX
Ry = Rfo + Rpo + Rg (29)

1 n(®) n(3) (30)
Ro = 2T Toi ho 2711:;;0 * 27r7;cg

Rsc = R + Rpi + Rins + vac + Rfo (31)

L nE) mE) mE)
e Zwrhi 27T;;pi * 21112.1 * 2n1:pvsc "o Tpve o 2

2.6. Analysis for Flat Plate Barrier Arrangement Between the Inlet & Outlet Legs of the U-Tube:

By introducing a flat plate barrier throughout the length of the BHX, the outlet pipe will be
thermally separated from the inlet pipe, but its direct contact with the soil and grout will not be
restricted. These barrier arrangements were analyzed to see if they lead to a better thermal
performance. Several arrangements were analyzed numerically which are listed as follows. Analysis
was done for soil thermal conductivity of 0.5, 1 & 2 W/m.K, grout thermal conductivity of 0.585, 1 &
2 W/m.K , minimum, average and maximum shank spacing. The minimum shank spacing due to
insertion of the barrier will be more than the minimum shank spacing of 31.8 mm for the conventional
U-pipe. If the heat transfer savings of the U-tube with barrier is compared with the conventional U-
tube at a lower shank spacing of 31.8 mm, the savings will be misleading because of the comparison
with a different shank spacing. Therefore, to depict the sole contribution of the barriers, the results of
the analysis are compared to a conventional U-tube BHX with shank spacing Smin-actual.

Smin-actial = 31.8mm + Overall thickness of barrier in mm (33)

Figure 8 shows these arrangements diagrammatically.
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Figure 8. Schematic of Flat plate shape barrier arrangements for U-tube BHX.

2.6.1. Flat Plate Plastic Barrier:

To minimize the thermal short circuit losses between the inlet and outlet legs, 3 mm thick and
80 mm long plastic barrier as shown in Figure 8a were analyzed. Following thermal conductivity for
the plastic barriers were analyzed:

e  Barrier nomenclature FSB-3PL1: 3 mm flat plate shape plastic barrier of thermal conductivity
0.17 W/m.K. This may be an unplasticized polyvinyl chloride pipe (uPVC) material which is
commonly available [54].

e  Barrier nomenclature FSB-3PL2: 3 mm flat plate shape plastic barrier of thermal conductivity
0.5 W/m.K. This may be a specialized rigid plastic material [55].

e  Barrier nomenclature FSB-3PL3: 3 mm flat plate shape plastic barrier of thermal conductivity 2
W/m.K. This may be a specialized rigid plastic material [55].

The thickness of the barrier was considered according to previous study and in the perspective
of the strength for its underground installation [6].

2.6.2. Flat Plate Plastic Barrier with Metallic Tape:

In addition to the attempt to minimize the short-circuit losses with the plastic barrier, a 0.2 mm
thermally conductive metallic tape was applied to improve the thermal distribution of the inlet pipe.
Barrier nomenclature FSB-3PLMT is used for this arrangement. Metallic tapes are common in heat
transfer and electronics applications. The thermal conductivity of these tapes is dependent on the
thermal conductivity of the metal used, the percentage of impurities in the metal and the thermal
conductivity of the adhesive. Copper tapes usually have thermal conductivity in the range of 200-250
W/m.K and are usually available in thicknesses up to 0.2 mm [56]. Figure 8b shows the geometry.
The considered tape had an overall thermal conductivity of 200 W/m.K [56].

2.6.3. Flat Plate Metallic Barrier:
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To observe the sole impact of improvement in temperature distribution of inlet pipe, without an
attempt to reduce the thermal short-circuit between the two legs by a plastic barrier, metallic barriers
were considered with a thickness of 3 mm and a width of 80 mm as shown in Figure 8a. The following
materials were considered as a barrier due to their corrosion resistant properties, which makes them
suitable for underground application.

Barrier nomenclature FSB-3SS: 3 mm flat plate shape stainless steel SS304 barrier of thermal
conductivity 16 W/m.K [33, 57]

Barrier nomenclature FSB-3BR: 3 mm flat plate shape brass of thermal conductivity 109 W/m.K
[33]

2.6.4. Flat Plate double BARRIER:

Because plastic barrier helps to mitigate short-circuiting losses and metallic barrier helps to
enhance the temperature distribution of the inlet pipe, our next analysis was to see the effect of a
double flat plate barrier of plastic and metal where flat plate plastic and flat plate metal barriers were
combined to form a double flat barrier. The options considered for the analysis were as follows:

Barrier nomenclature FSB-3PL3AL: 4 mm double flat plate shape barrier with 3 mm plastic
(thermal conductivity 0.17 W/m.K) [54] & 1 mm aluminum (thermal conductivity 237 W/m.K) [58].
Refer figure 8c.

Barrier nomenclature FSB-3PL3SS: 6 mm double flat plate shape barrier with 3 mm plastic
thermal conductivity 0.17 W/m.K) [54] & 3 mm stainless steel (thermal conductivity 16 W/m.K) [33,
57]. Refer figure 8d.

Barrier nomenclature FSB-3PL3BR: 6 mm double flat plate shape barrier with 3 mm plastic
thermal conductivity 0.17 W/m.K) [54] & 3 mm brass (thermal conductivity 109 W/m.K) [33]. Refer
figure 8d.

2.7. Analysis of U Shape Barrier Arrangement Between the Inlet & Outlet Legs:

For the outlet pipe, the half of the pipe facing the inlet pipe rejects heat while the other half facing
the opposite side takes heat from the surrounding grout and soil. An improvement measure may be
analyzed by introducing a U barrier instead of a flat plate barrier, surrounding the half perimeter of
the outlet pipe from where it rejects heat and the portion of the pipe which takes heat from the ground
is kept free. The barrier will be surrounding the half perimeter of the outlet pipe and extending 10 mm
further to prevent the mixing of thermal distribution of the outlet pipe and the inlet pipe.

The thermal properties of the selected materials were the same as considered in the flat plate
barrier arrangements. Analysis was done for soil thermal conductivity of 0.5, 1 & 2 W/m.K, grout
thermal conductivity of 0.585, 1 & 2 W/m.K, minimum and average and maximum shank spacing.
Like the analysis in the flat plate shape barriers, the impact of barriers in heat transfer improvement
for maximum shank spacing was not found to be significant and therefore dropped-out for further
discussions. Several geometrical arrangements were analyzed numerically which are listed as
follows. Figure 12 shows these arrangements schematically.

Barrier nomenclature USB-3PL: U-shape barrier with 3 mm thick plastic of thermal conductivity
0.17 W/m.K [54]. Refer figure 9a.

Barrier nomenclature USB-3PLMT: U-shape barrier with 3 mm thick plastic of thermal
conductivity 0.17 W/m.K [54] and 0.2 mm self-adhesive metallic tape of an overall thermal
conductivity 200 W/m.K [56]. Refer figure 9b.

Barrier nomenclature USB-3SS: U-shape barrier with 3 mm thick stainless steel of thermal
conductivity 16 W/m.K [33, 57]. Refer figure 9a.

Barrier nomenclature USB-3BR: U-shape barrier with 3 mm thick brass of thermal conductivity
109 W/m.K [33]. Refer figure 9a.

Barrier nomenclature USB-3PL1AL: 4 mm double U-shape barrier with 3 mm plastic (thermal
conductivity 0.17 W/m.K [54]) & 1 mm aluminum (thermal conductivity 237 W/m.K [58]). Refer figure
9c.

do0i:10.20944/preprints202411.1508.v4
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Barrier nomenclature USB-3PL3SS: 6 mm double U-shape barrier with 3 mm plastic thermal
conductivity 0.17 W/m.K [54]) & 3 mm stainless steel (thermal conductivity 16 W/m.K [33, 57]). Refer
figure 9d.

Barrier nomenclature USB-3PL3BR: 6 mm double U-shape barrier with 3 mm plastic thermal
conductivity 0.17 W/m.K [54]) & 3 mm brass (thermal conductivity 109 W/m.K) [33]. Refer figure 9d.

/10mm 10mm
I @ @ I U-Shape
, | barrier
\ /0.2mm
U-shape /. _~ self-adhesive
barrier ~ metallic tape —
{a) (b)
- |
Plastic Plastic |
U-barrier U-barrier
Metallic e Metallic
U-barrier — U-barrier —
(c) (@
Figure 9. Schematic of U-shape barrier arrangements for U-tube BHX.
3. Results

3.1. Analysis for U-Tube BHX:

Figure 10 shows the results of the heat transfer for the inlet & outlet pipes of the U-tube at
various soil, grout and shank spacings.

The results showed that the inlet pipe had a positive value of heat flux indicating that pipe
absorbs heat from the surrounding soil. Heat transfer in the outlet occurs in two ways: a positive gain
due to a 6°C temperature difference between the soil and fluid outlet, and a negative loss due to the
short-circuiting near the inlet pipe. The net heat transfer through the outlet pipe can be either positive
or negative, depending on the direction in which the heat transfer is greater. The more thermally
conductive is the soil, the more will be the net heat transferred. Wider shank spacing and thermally
enhanced grout materials also lead to improved net heat transfer.
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Figure 10. Heat transfer from U-tube BHX Inlet & Outlet legs; (a) for ks: 0.5
W/m.K (b) for ks: 1 W/m.K (c) for ks: 2 W/m.K

3.2. Analysis for U-Tube BHX Having Insulated Outlet Leg:

As shown in Figure 11, the thermal efficiency of insulated outlet leg of the U-tube BHX either
decreased (for lower thermal conductivity grouts) or showed a marginal increase (for higher thermal
conductivity grout).

Therefore, restricting the heat flow path of the outlet leg of U-tube BHX to minimize or eliminate
the thermal short-circuit losses does not always lead to better overall heat transfer efficiency. This is
due to a few reasons which offset the thermal efficiency improvement by reduction in the thermal
short-circuit losses; one being the isolation of the outlet leg from the grout and soil to exchange heat,
the other being the changes in the temperature distribution of the inlet pipe due to reduced grout
area in the central region within the BHX which leads to a decrease in the inlet pipe heat flow,
especially at reduced shank spacing, this effect is more pronounced. In addition, the contribution of
BHX thermal resistance for lower thermal conductivity grout is comparatively more in the net heat
transfer compared to the case with higher thermal conductivity grout which makes the impact of the
increase in BHX thermal resistance more contributing towards reduction in the overall hat transfer.
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Figure 11. Comparison of Net heat transfer for uninsulated U-tube and U-
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3.3. Analysis for Coaxial Pipes:

Figure 12 shows the results in terms of the heat transfer rates for inlet and outlet pipes. The
thermal short-circuit losses were 2.58 W/m. These short-circuit losses remain constant for the same
geometric and flow parameters, regardless of the thermal conductivity of the soil and grout, therefore
their contribution in low thermal conductivity soils and grouts is comparatively higher in percentage

of the total heat flow.
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Figure 12. Heat transfer rate from the inlet & outlet pipes for insulated coaxial
pipes (inflow through outer pipe)
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Figure 13 shows the net heat transfer in W/m from the inlet & outlet pipes at various operating
conditions for U-tube and coaxial pipe arrangements. For the soil with comparatively lower thermal
conductivity of 0.5 W/m.K, the performance of U-pipe was better than the insulated coaxial pipe
arrangement for all scenarios of the shank spacing. For soil with thermal conductivity of 1 W/m.K
and for grout with 0.585 W/m.K thermal conductivity, the performance of insulated coaxial
arrangement is lesser for Savg & Smax case and shows better performance for Smin. The same trend was
observed for grout thermal conductivity of 1 and 2 W/m.K. In crease in soil and grout thermal
conductivity was making coaxial pipes performance better than U-tube BHX.
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Figure 13. Net heat transfer rate for U-tube and coaxial BHXs
3.4. Single Flat Plate Barrier Arrangement for U-Tube BHX:

3.4.1. Flat Plate Plastic Barrier:

Table 4 shows the results of the numerical analysis for the three arrangements of plastic flat
plate barrier (FSB-3PL1, FSB-3PL2 & FSB-3PL3) at soil thermal conductivity of 1 W/m.K. The results
show that the BHX thermal resistance increased causing a reduction instead of an increase in the total
heat transfer through the borehole after introducing thermal barrier. The plastic with higher thermal
conductivity of 0.5 W/m.K exhibited a marginally smaller negative percentage. The increase in
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thermal resistance or a decrease in the total heat transfer was more for closer shank spacings and for
lower thermal conductivity grouts. To verify this trend, another specialized plastic material of
thermal conductivity 2 W/m.K was analyzed. The results showed a marginal increase in the total heat
transfer for the higher thermal conductivity plastic with the same trend of comparatively better
performance at closer shank spacings and lower thermal conductivity grouts.

The presence of a barrier having a thermal conductivity lower than the grout material decreased
the heat transfer through the inlet pipe, resulting in a reduction in heat flow from the inlet pipe leg.
Consequently, despite the mitigation of the short-circuiting losses the net heat transfer was still lower
than the base case. The plastic with higher thermal conductivity of 2 W/m.K increased the short-
circuiting effect but offered marginal increase in the overall heat transfer.

Table 4. Comparison of U-tube BHX heat transfer for plastic barrier arrangements FSB-3PL1, FSB-3PL2 and FSB-
3PL3; ks: 1 W/m.K.

Conventional U-tube BHX (Base U-tube BHX with barrier

ke S case for the comparision) arrangement FSB-3PL1
Qin Qout Qt Qin Qout Qt POLin
Q; (Note--
W/m.K mm W/m W/m W/m W/m W/m W/m 1)

34.8 11.65 (0.99) 10.67 10.36 0.27 10.63 -0.38%
0.585 50 10.11 1.28 11.38 9.72 1.64 11.36 -0.23%
68.1 9.91 2.34 12.25 9.74 249 1224 -0.12%
34.8 14.05 (2.12) 11.94 12.02 (0.13) 11.89 -0.38%
1 50 12.22 0.23 12.45 11.40 1.03 12.42 -0.22%
68.1 11.44  1.51 12.95 11.04 190 12.94 -0.12%
34.8 17.04 (3.98) 13.06 14.01 (0.99) 13.02 -0.34%
2 50 15.09 (1.71) 13.38 13.45  (0.09) 13.36 -0.17%
68.1 13.75 (0.13) 13.62 12.82 0.79 13.61 -0.10%

U-tube BHX with barrier U-tube BHX with barrier

ke S arrangement FSB-3PL2 arrangement FSB-3PL3

Qn Qo O POIinQ, Qn Qo Q "ON' .
W/m.K mm  W/m W/m w/m (Note-l) 'w/m w/m w/m Qt(1)0 )

34.8 11.52 (0.86) 10.66 -0.07% 12.37 (1.59) 10.78 1.06%
0.585 50 10.07 131 11.38 -0.04% 10.29 1.17 11.45 0.61%
68.1 9.90 235 12.25 -0.02%  9.99 230 12.29 0.30%
34.8 1343 (1.52) 1191 -0.22% 14.45 (2.47) 11.98 0.39%
1 50 11.99 0.44 1244 -0.12% 12.35 0.13 12.48 0.22%
68.1 11.33 1.61 1294 -0.07% 11.50 147 1297 0.12%
34.8 15.73 (2.70) 13.02 -0.27% 17.04 (3.98) 13.06 0.00%
2 50 14.44 (1.07) 13.36 -0.13% 15.09 (1.71) 13.38 0.00%
68.1 13.39 0.22 13.61 -0.08% 13.75 (0.13) 13.62 0.00%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase from the
base case whereas negative value indicates a decrease.

3.4.2. Flat Plate Plastic Barrier with Self-Adhesive Metallic Tape:

Table 5 shows the resulting heat transfer for barrier arrangement FSB-3PLMT i.e. 3 mm plastic
flat plate barrier with 0.2 mm self-adhesive metal tape. The table also shows the previously discussed
barrier arrangement FSB-3PL1 i.e. 3 mm plastic barrier of 0.17 W/m.K for a comparison of the changes
after adding a metallic layer over the plastic barrier. At lower thermal conductivity grout of 0.585


https://doi.org/10.20944/preprints202411.1508.v4

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 January 2025 d0i:10.20944/preprints202411.1508.v4

23 of 45

W/m.K and at closest shank spacing of 35 mm, there was a significant increase in the overall heat
transfer from 10.63 to 11.20 W/m which is around 5% increase from the base case. The percentage
increase in the heat transfer rate started to diminish at increased shank spacings and thermal
conductivity of the grout. At the lower thermal conductivity grout of 0.585 W/m.K, the heat transfer
from the outlet pipe was also improved in addition to an increase in the heat transfer through the
inlet pipe. For grout materials with higher thermal conductivity, the heat transfer in the outlet pipe
decreased from the case of a simple plastic barrier without any metallic tape. However, due to the
increased heat transfer in the inlet leg in case of metallic tape on the plastic barrier, this scenario still
resulted in an overall improvement in heat transfer.

Table 5. Comparison of heat transfer for barrier arrangement FSB-3PL1 and FSB-3PLMT; ks: 1 W/m.K.

U-tube BHX with barrier U-tube BHX with barrier
ke arrangement FSB-3PL1 arrangement FSB-3PLMT
> O~in O~out Qt POl in Q; Qin Czout Qt POl in Q;
W/m.K W/m W/m w/m (Notel) w/m  w/m w/m (Notel)
Siin 10.36 0.27 10.63 -0.38% 11.12 0.08 11.20 4.99%
0585 S, 9.72 1.64 1136 -0.23% 10.01 1.64 11.65 2.31%
Simax 9.74 249 1224 -0.12% 9.87 2,51 12.38 1.02%
Siin 12.02 (0.13) 11.89 -0.38% 12.69 (0.37) 12.32 3.20%
1 Sove 1140  1.03 1242  -0.22% 1169 096  12.64 1.54%
Simax 11.04 1.90 12,94 -0.12% 11.17 1.88  13.05 0.75%
Siin 14.01 (0.99) 13.02 -0.34% 14.55 (1.26) 13.29 1.74%
2 Sove 1345  (0.09) 1336  -0.17% 13.73  (0.23) 13.50 0.86%
S ax 12.82 0.79 13.61 -0.10% 12.96 0.72  13.68 0.45%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase from the base
case whereas negative value indicates a decrease.

Figure 14 to Figure 16 show the temperature distribution within the BHX for a conventional -
tube, a U-tube with barrier arrangement FSB-3PL1 and FSB-3PLMT. The temperature distribution
shown is for ks of 1 W/m.K and kg of 0.585 W/m.K. Shank spacing is 34.8 mm for Figure 14 & Figure
15, and 35 mm for Figure 16.

For the temperature distribution in the grout regions shown, the temperature values are also
noted at a few locations as shown in Figure 14 to Figure 16. In our analysis, the U-tube was centered
along x-axis, therefore the temperatures in upper right quarter xy plane were identical to the lower
right quarter xy’ plane. Similarly, temperatures in the upper left quarter x’y plane were identical to
the lower left quarter x'y” plane.

The addition of plastic barrier between the two legs (arrangement FSB-3PL1 and Figure 15)
shows the temperature distribution for this arrangement) restricted the direct heat exchange between
the inlet and outlet legs of the U-tube. Because of restriction in the heat flow from the outlet leg, the
temperature near the outlet leg at locations 1,3 & 5 increased. Because of the restricted direct heat
flow, there was no short-circuiting between the two legs and the grout temperature near the inlet leg
therefore decreased at locations 2,4 & 6, compared to the U-tube without barrier (Figure 14). So, the
plastic barrier in this way was positively impacting in improving the heat transfer rate in the U-tube
BHX.
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Figure 14. Temperature distribution in grout region for conventional U-tube BHX, ks: 1 W/m.K, kg: 0.585 W/m.K

and S: 34.8 mm.
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Figure 15. Temperature distribution in grout region for U-tube BHX with barrier arrangement FSB-3PL1, ks: 1
W/m.K, kg: 0.585 W/m.K and S: 34.8 mm.
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Figure 16. Temperature distribution in grout region for U-tube BHX with barrier arrangement FSB-3PLMT, ks: 1
W/m.K, kg: 0.585 W/m.K and S: 35 mm.

The resulting heat transfer rate from the outlet leg of the U-tube borehole heat exchanger
improved from -0.99 W/m to 0.27 W/m. However, at the same time, the grout region near the barrier
had a low thermal conductivity plastic material which caused restricted temperature distribution
from the gout to the BHX wall. The increased grout temperatures near the barrier facing the outlet
leg also caused an increase in the grout temperature of the grout in the right half (xy and xy” planes)
of the BHX. As a result, the temperature near the BHX wall at locations 7,8 & 9 and the grout regions
near-by increased after addition of plastic barrier, and the heat flow rate from the inlet leg reduced
from 11.65 W/m to 10.36 W/m. The net heat transfer rate marginally decreased from 10.67 W/m to
10.63 W/m.

The addition of metallic tape over the plastic barrier facing the inlet pipe side (arrangement FSB-
3PLMT and Figure 16) decreased the overall thermal resistance between the inlet and outlet legs,
causing thermal short-circuiting between the two legs due to which the overall heat flow rate from
the outlet leg reduced again from 0.27 W/m (for FSB-3PL1) to 0.08 W/m (for FSB-3PLMT). Metallic
tape improved the temperature distribution between the grout and BHX wall facing the inlet pipe
side, causing noticeable reduction in the temperature at locations 4,6 and 8 to 14. This caused the heat
flow rate from the inlet leg to increase from 10.36 W/m (for FSB-3PL1) to 11.12 W/m (for FSB-3PLMT).
The net heat transfer rate increased from 10.63 W/m (for FSB-3PL1) to 11.2 W/m (for FSB-3PLMT).

3.4.3. Flat Plate Metallic Barrier:

The results of heat transfer for the two flat plate metallic barriers analyzed are shown in Table
6. The results of a conventional U-tube BHX are already shown in Table 4. Although the values of
heat transfer loss from the outlet leg of the BHX are more in these two cases from the conventional
U-tube outlet leg heat loss, the overall heat transfer is improved. In addition, for closer shank spacing,
the improvement in the heat transfer with barrier arrangement FSB-3SS was less than that with
barrier arrangement FSB-3PLMT as shown in Table 5. For farther shank spacings, the performance
of FSB-35S5 was found to be marginally better. The heat transfer performance of the barrier
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arrangement FSB-3BR was significant for minimum and average shank spacings, whereas for farthest
shank spacing of 68.1 mm, the lowest increase was noted.

Table 6. U-tube BHX heat transfer for flat plate metallic barriers FSB-3SS and FSB-3BR, ks: 1 W/m.K.

U-tube BHX with barrier U-tube BHX with barrier arrangement
ke S arrangement FSB-3SS FSB-3BR

Q;, Qout Qt POl in Qt Qin Qout Qt POl in Qt
W/mK mm  W/m W/m w/m (Notel) w/m  w/m  w/m  (Note-1)

34,8 12.87 (1.69) 11.19 4.86% 13.03 (1.61) 11.42 7.09%

0.585 50 10.45 1.22 11.67 2.55% 10.52 1.27 11.79 3.53%

68.1 10.06 2.34 12.40 1.18% 10.09 236 12.45 1.60%

34.8 1499 (2.71) 12.28 2.90% 15.15 (2.64) 12.51 4.83%

1 50 12.55 0.09 12.65 1.56% 12.63 0.14 12.76 2.51%

68.1 11.59 1.46 13.06 0.80% 11.63 1.48 13.12 1.27%

348 17.65 (4.41) 1324 135% 17.81 (4.38) 13.43  2.82%

2 50 15.38 (1.91) 13.47 0.70% 15.46 (1.89) 13.58 1.47%

68.1 1391 (0.23) 13.67 0.38% 13.95 (0.22) 13.73 0.80%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase
from the base case whereas negative value indicates a decrease.

3.4.4. Impact of Single Flat Plate Barrier on BHX Length:

The analysis of single flat plate barriers in Table 4 depicted that the contribution of plastic
barriers in mitigating the borehole thermal resistance is marginal or even negative in various
scenarios, though adding a 0.2 mm metallic tape of thermal conductivity 200 W/m.K on 3 mm plastic
barrier substantially improves the results. Therefore, plastic barriers FSB-PL1, FSB-PL2 & FSB-PL3
are not an option to increase the heat transfer of U-tube BHX.

From Table 4 to Table 6, it was noted that the increase in heat transfer rate due to the addition
of a barrier was not substantial compared to the minimum and average shank spacings, we therefore
focused on the minimum and average shank spacings only to present the resulting impact on BHX
length.

Table 7. Absolute and percentage reduction in length for U-tube BHX with barrier arrangement FSB-3BR.

Length per kW, for
Conventional U-tube BHX Length for U-tube BHX with barrier arrangement FSB-3BR
K (Base case for the
€ comparision)
S
k=05 k=1 ke=2 ks=0.5 ke=1 ke=2
W/mK Lin Lin Lin Lin AL in POR Lin AL in POR Lin AL in POR
m m/kW;  m/kW; m/kW, [ m/kW,; m/kWt (Note-1) m/kW, m/kWt (Note-1) m/kW, m/kWt (Note-1)
0.585 34.8 157.5 93.7 61.8| 151.2 6.4 4.04% 87.5 6.2 6.62% 55.7 6.1 9.85%
' 50 152.0 87.8 55.5| 148.7 3.3 2.19% 84.9 3.0 3.41% 52.8 2.7 4.88%
1 34.8 147.5 83.8 51.9| 1435 3.9 2.68% 79.9 39 4.61% 48.1 3.8 7.31%
50 144.2 80.3 48.2| 142.1 2.1 1.48% 78.3 20 245% 46.4 1.8 3.74%
) 34.8 140.2 76.6 447 138.1 2.1 1.51% 74.5 21 2.74% 42.7 2.1 4.63%
50 138.4 74.7 42.8| 137.3 1.1 0.81% 73.6 1.1 1.45% 41.8 1.0 2.37%

Note-1: POR: Percentage of reduction from the base case. Positive value indicates a reduction from the base case whereas negative
value indicates an increase.

Note-2: Units for k, are W/m.K
As shown in Table 7 the absolute decrease in the length of the BHX because of barrier was more

for the lower thermal conductivity soil, however the percentage reduction was more for the higher
thermal conductivity soil. Because the absolute reduction in length is directly related to the cost of
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the BHX, comparison of absolute length reduction might lead to a better decision in terms of barrier
selection.

The results of absolute reduction in the BHX length by introducing a 3 mm plastic barrier with
metallic tape (FSB-3PLMT) and that with 3 mm thick metallic barriers of stainless steel and brass
(FSB-3SS & FSB-3BR) are shown in Figure 17 & Figure 18 for shank spacing Smin & Savg respectively.

LEGENDS 9 9 9
B FSB-3PLMT, 3 8 3
S:35mm
- 7 < 7 7
EFSB-3SS, = © & b
$:34.8mm = ©
Sk E 6 |« 6 6
= "
WFSB-3BR, 2 g " 5 |n =
) L€ < £ <0 £ ~
$:34.8mm L I - < < < S st
) = o = g o
T S ) P s )
0 \n4 — 4 ~N 4
o ] .. -
o © %) ~ ~
20 S © S
553 . 23 S =3 N ™
c — o — ~N N —
= 0 ~ ~ o~
o 2 = 2 2
S )
5] o — o - o
‘g i — — -
7] 1 1 1
0 0 0
0.585 1 2 0.585 1 2 0.585 1 2

Grout Thermal Conductivity, k, (W/m.K)

Figure 17. Reduction in U-tube BHX length at Smin, for flat plate barriers at various conditions of grout & soil

thermal conductivity.
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Figure 18. Reduction in U-tube BHX length at Savg, for flat plate barriers at various conditions of grout & soil
thermal conductivity.

3.5. Double Flat Plate Barrier Arrangement for U-Tube BHX:

3.5.1. 4 mm Double Barrier:

Table 8 shows the results for the 4 mm barrier (3 mm plastic & 1 mm aluminum).
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Table 8. Comparison of heat transfer from U-tube BHX with barrier arrangement FSB-3PL1AL, ks: 1 W/m.K.

Conventional U-tube BHX

U-tube BHX with double barrier
(Base case for the

k S . arrangement FSB-3PL1AL
g comparision)
POl in
Q Q Q Q; Q Q
in out t in out t Qt (Note—.
W/m.K mm W/m W/m W/m W/m W/m W/m 1)

. 0.585 35.8 11.43 (0.72) 10.72 11.45 0.02 11.47 6.09%
. 50 10.11 1.28 11.38 10.16 1.60 11.76 3.31%
1 35.8 13.85 (1.87) 11.97 13.05 (0.48) 12.57 4.36%
50 12.22 0.23 12.45 11.88 0.88 12.76  2.50%
) 35.8 16.86 (3.78) 13.09 14.96 (1.45) 13.50 2.81%
50 15.09 (1.71) 13.38 13.97 (0.36) 13.61 1.69%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an
increase from the base case whereas negative value indicates a decrease.

A noticeable increase in heat transfer especially at low thermal conductivity of grout and closer

shank spacing resulted due to barrier.

3.5.2. 6 mm Double Barrier:

Table 9 shows the results for the 6 mm barrier for two different 3 mm thick metallic barriers that
are used with 3 mm PVC to form a 6 mm thick barrier. The improvement in heat transfer for 6 mm

double barrier of PVC & stainless steel was less than observed for 4 mm double barrier with PVC &

aluminum.

Table 9. Comparison of heat transfer from U-tube BHX with double barrier arrangements FSB-3PL3SS & FSB-
3PL3BR; ks: 1 W/m.K.

Conventional U-tube BHX
(Base case for the

U-tube BHX with double barrier

U-tube BHX with double barrier

ke S comparision) arrangement FSB-3PL3SS arrangement FSB-3PL3BR

Qin Qout Q¢ Qin Qout Q. poling, Qn  Qou Qi polinq,
W/m.K W/m  W/m  W/m  W/m  Wm  w/m (Notel) w/m  w/m w/m (Note-l)

0.585 37.8 11.08 (0.27) 10.81 11.27 0.12 11.39 5.34% 11.58 0.04 1162 7.50%

10.11 1.28 11.38 10.22 1.49 11.71 2.86% 10.34 1.48 11.82 3.87%

37.8 13.49 (1.45) 12.05 12.80 (0.34) 12.46 3.41% 13.17 (0.48) 12.69 5.34%

50 12.22 0.23 12.45 11.89 0.80 12.69 1.92% 12.06 0.76 12.82 2.94%

37.8 1654 (3.40) 13.13 1461 (1.23) 1337 1.81% 1505 (1.46) 13.59 3.45%

50 15.09 (1.72) 13.38 13.88 (0.36) 13.52 1.07% 14.14 (0.49) 13.65 2.02%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase from the base case whereas
negative value indicates a decrease.

3.5.3. Impact of Double Flat Plate Barrier on BHX Length:

The results of reduction in the BHX length by introducing double flat plate barrier are shown in

Figure 19 & Figure 20 for shank spacing Smin & Savg respectively.
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Figure 19. Reduction in U-tube BHX length at Smin, for double flat plate barriers at various conditions of grout &
soil thermal conductivity.
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Figure 20. Reduction in U-tube BHX length at Savs, for double flat plate barriers at various conditions of grout &

soil thermal conductivity.
3.6. Single U-Shape Barrier Arrangement for U-Tube BHX:

3.6.1. U-Shape Plastic Barrier:

Table 10 depicts the results of single U-shape barrier of PVC plastic with 0.17 W/m.K. Soil
thermal conductivity was 1 W/m.K in the analysis. The results showed that the BHX thermal
resistance increased causing a reduction instead of an increase in the total heat transfer through the
borehole after introducing 3 mm thick plastic U-barrier. The trend is like the flat plate barrier case
and the change of the barrier geometry from flat plate to U-shape does not help in heat transfer
improvement in this case.
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Table 10. Comparison of U-tube BHX heat transfer for plastic barrier arrangements USB-3PL; ks: 1 W/m.K.

Conventional U-tube BHX . .
U-tube BHX with barrier arrangement
(Base case for the

USB-3PL
ke S comparision)

Qi, Qout Qt Qi, Qout Qt POl in Qt
W/m.K mm W/m  W/m W/m W/m W/m W/m (Note-1)
34.8 11.65 (0.99) 10.67 10.65 0.00 10.65 -0.12%

058 7750 1041 128 1138 995 141 1136 021%
L 348 14.05 (2.12) 1194 1256 (0.58) 11.97 0.31%
50 1222 023 1245 11.82 0.66 12.48 0.24%

5 348 17.04 (3.98) 13.06 1492 (1.73) 13.19 1.04%

50 15.09 (1.71) 1338 14.19 (0.67) 13.52 1.03%
Note-1: POI: Percentage of increase from the base case. Positive value indicates an
increase from the base case whereas negative value indicates a decrease.

3.6.2. U-Shape Plastic Barrier with Self-Adhesive Metallic Tape:

Table 11 shows the resulting heat transfer and also shows the previously discussed plastic
barrier of 0.17 W/m.K for a comparison of the changes after adding a metallic layer over the plastic
barrier. At the lower thermal conductivity grout of 0.585 W/m.K and at closest shank spacing of
35 mm, the percentage increase in the overall heat transfer from the base case was the highest. The
percentage increase in the heat transfer rate started to diminish at increased shank spacings and
thermal conductivity of the grout. Unlike the flat plate barrier case, at lower thermal conductivity
grout of 0.585 W/m.K, the heat transfer from the outlet pipe decreased from the base case. For other
grouts of higher thermal conductivity also, the heat transfer in the outlet pipe reduced from a plastic
U-barrier with no metal tape. Due to an increase in the heat transfer of the inlet leg, in overall this
arrangement improved the net heat transfer.

Table 11. Comparison of heat transfer from U-tube BHX with barrier arrangement FSB-3PL1 and FSB-3PLMT;
ks: 1 W/m.K.

U-tube BHX with barrier U-tube BHX with barrier
ke arrangement USB-3PL arrangement USB-3PLMT

Qn  Qou Q. POlINQ: Qi Qo Q. POlinQ
W/m.K W/m W/m w/m (Notel) “w/m w/m w/m (Note-1)

gsgs Smn 1065 000 1065 -012% 1212 (105) 1106 372%
Sag 995 141 1136 -021% 1025 124 1149 0.95%

. Smin 12.56 (0.58) 11.97 0.31%  13.91 (1.57) 12.34 3.43%
Swg 11.82 066 1248 0.24% 1221 039 1260 1.21%

, Smin  14.92 (1.73) 13.19 1.04%  16.02 (2.55) 13.47 3.16%

Savg 1419 (0.67) 13.52 1.03% 14.62 (1.01) 13.61 1.70%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase
from the base case whereas negative value indicates a decrease.

3.6.3. U-Shape Metallic Barrier:
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Table 12 shows the results of this analysis. Both metallic U-shape barrier options USB-35S &
USB3BR exhibited lower improvement in the net heat transfer than USB-3PLMT, except for one
scenario. For farther shank spacings and at lower thermal conductivity grout of 0.585 W/m.K, the
performance of USB-3BR was found to be marginally better.

Table 12. U-tube BHX heat transfer for metallic U-barriers USB-3SS & USB-3BR ks: 1 W/m.K.

3mm thick U-barrier of stainless steel 3mm thick U-barrier of brass with
k S with 16 W/m.K thermal conductivity 109 W/m.K thermal conductivity
g

Qn  Qou Q  poring,  Qn  Qou Q  polina,
W/m.K mm W/m W/m w/m (Note-1)  \y/m W/m w/m (Note-1)
34.8 13.42 (2.53) 10.89 2.12% 13.99 (2.97) 11.02 3.31%

058> 50 10.32 1.17 11.49 0.93% 10.38 1.15 11.53 1.31%
1 34.8 1256 (0.58) 1197 0.31% 16.22 (3.94) 12.28 2.88%
50 11.82 0.66 1248 0.24% 12.65 (0.08) 12.58 1.02%

) 34.8 1492 (1.73) 13.19 1.04% 18.88 (5.53) 13.36 2.27%

50 14.19 (0.67) 13.52 1.03% 15.72  (2.24) 13.48 0.77%
Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase
from the base case whereas negative value indicates a decrease.

3.6.4. Impact of U-Shape Barrier on BHX Length:

The results of reduction in the BHX length by introducing 3 mm thick metallic barriers and a
3 mm plastic barrier with metallic tape are shown in Figure 21 & Figure 22.
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[ o S 3 s
=N 3 = 3 . m L = o~
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5 - 2 = I «
5 N - -
=] ° — ! o
o 2 - o
1 1l i
- 0
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Figure 21. Reduction in the BHX length for various single U- barriers; ks: 0.5 W/m.K.
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Figure 22. Reduction in the BHX length for various single U- barriers; ks: 2 W/m.K.
3.7. Double Flat Plate Barrier Arrangement for U-Tube BHX:

3.7.1. 4 mm Double U-Shape Barrier:

Table 13 shows the results for the barrier arrangement USB-3PL1AL i.e. 4 mm double U-barrier
(3 mm plastic & 1 mm aluminum).

Table 13. Comparison heat transfer for U-tube BHX with double barrier arrangement USB-3PL1AL; ks: 1

W/m.K.
Conventional U-tube BHX
vent ! U-tube BHX with double barrier
(Base case for the
L. arrangement USB-3PL1AL
ke S comparision)
O~in O~out Qt O~in O~out Qt POlin Qt
EE— (Note-1) -
W/m.K W/m W/m  W/m  W/m  W/m  W/m
. 0.585 35.8 11.43 (0.72) 10.72 12.74 (1.45) 11.29 4.42%
' 50 10.11 1.28 11.38 10.40 1.15 11.56 1.51%
1 35.8 13.85 (1.87) 11.97 14.62 (2.05) 12,57 4.35%
50 12.22 0.23 12.45 12.45 0.22 12.67 1.77%
5 35.8 16.86 (3.78) 13.09 16.82 (3.14) 13.68 4.14%
50 15.09 (1.71) 13.38 15.00 (1.32) 13.68 2.24%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an
increase from the base case whereas negative value indicates a decrease.

3.7.2. 6 mm Double U-Shape Barrier:

Table 14 shows the results for the double U-barrier for two different 3 mm thick metallic barriers
combined with 3 mm PVC to form a 6 mm thick barrier which are designated as barrier arrangement
USB-3PL3SS & USB-3PL3BR. The improvement in heat transfer for USB-3PL3SS was less than
observed for USB-3PL1AL.
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Table 14. U-tube BHX heat transfer for double barrier arrangements USB-3PL3SS & USB-3PL3BRks: 1 W/m.K.

U-tube BHX with double barrier U-tube BHX with double barrier
ke arrangement USB-3PL3SS arrangement USB-3PL3BR
S
Qin Qout Q  poring, QA Qo Q POIiNQ,
W/m.K w/m  W/m  w/m (Notel) wm o w/m w/m  (Note-l)
0.585 37.8 12.19 (0.93) 11.26 4.17% 12.88 (1.42) 11.46 6.03%
50 10.42 1.13 11.55 1.43% 10.57 1.04 11.61 2.02%
1 37.8 13.92  (1.45) 12.47 3.54% 1475 (2.06) 12.70 5.39%
50 12.38 0.26 12.63 1.48% 12.65 0.07 12.72 2.14%
5 37.8 15.93  (2.40) 13.53 3.03% 16.92 (3.17) 13.75 4.72%
50 14.74 (1.12) 13.62 1.78% 15.21 (1.50) 13.71 2.48%

Note-1: POI: Percentage of increase from the base case. Positive value indicates an increase from
the base case whereas negative value indicates a decrease.

3.7.3. Impact of Double U-Shape Barrier on BHX Length:

The resulting reduction in the BHX length by introducing double U- barrier of plastic & metal is
shown in Figure 23 to Figure 24.
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Figure 23. Reduction in the BHX length for various U- barriers; ks: 0.5 W/m.K.
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Figure 24. Reduction in the BHX length for various U- barriers; ks: 2 W/m.K.
4. Discussion

4.1. Comparison of this Study with the Previous Studies:

The barrier analysis conducted by Al-Chalabi [6] was based on a kg/ks value of 2 with dv/dp value
of 3.33. The ratio dv/dp in our analysis was 3.15; which is considered to be approximately equal to the
value in the study by Al-Chalabi [6], for the comparison. The far-field radius was 1 m in both studies.
The values of thermal conductivities of the barrier materials and their geometry were identical. The
previous study mentioned the results corresponding to the ratio kg/ks which has a value of 2 in the

previous study. In this study, ks/ks value of 2 will be equivalent to the following two scenarios:
e ksof 0.5 W/mK & kg of 1 W/m.K
e ksof 1 WmK & kg of 2 W/m.K

The comparative summary of the results of the analysis by Al-Chalabi [6] and the relevant results
in our analysis are depicted in Table 15.

The previous study presents the results in terms of ratio kg/ks which was set as 2; however as per
this study, the results of heat transfer rate & borehole thermal resistance for two scenarios of identical
kg/ks ratio, but different values of kg and ks resulted in a different result of the value of borehole
thermal resistance.

The values of borehole thermal resistance between this and the previous study do not match
with lower values in the previous study. This is because of not considering the thickness of HDPE
pipe in the analysis and therefore the resistance of pipe material in not added in the BHX thermal
resistance. In addition, it is noted in this study that increasing the soil thermal conductivity decreases
the borehole thermal resistance for the same kg/ks ratio so the difference of values in the two studies
might also be a due to use of non-similar conditions of ks and k.

In this study, the barrier technique is found to be more effective in decreasing the BHX resistance
for a lower kg/ks ratio. The previous study is based on a higher value of kg/ks, therefore lacks the
analysis for the scenarios where barrier technique may perform more effectively.

Table 15. The comparative summary of the results of the analysis by Al-Chalabi [6] and the relevant results of
this study.
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Previous study This study
kg/ks:2 with Scenario 1 (k,: |kg/ks:2 with Scenario 2 (ks:
ke/ks:2 0.5and kg: 1) 1 and kg: 2)
‘ Description BHX POR s BHX s BHX
resistance  noted POR resistance resistance
Comments—— POR |—— POR -
from the calculated
mm m.K/W study mm m.K/W mm m.K/W
‘ 30 0.0606 31.8 0.1575 31.8 0.1008 .
Conventional | 40 0.0528 37.8 0.1460 Base 37.8 0.0938 Base
: —— Base case —— :
U-tube 50 0.0463 50 0.1272 case 50 0.0833 case
67.5 0.0385 68.1 0.1090 68.1 0.0735
double flat 40 0.0298 -44% -44% Note 1 37.8 0.1060 27% 37.8 0.0748 20%
. olate barrier 50 0.0336 -36% -27% Note 2 50 0.1049 18% 50 0.0722 13%
P 67.5 0.0318 -40% -17% Note 3 Not evaluated
0, 0,
40 0.0122 77% 77% Note 1 37.8 0.0918 37% 37.8 0.0681 27%
~ doubleU
H 0, 0,
shape barrier 50 0.0215 549 549 Note 1 50 0.1011 21% 50 0.0697 16%

POR: Percentage of reduction from the base case

Units for kg: W/m.K

Units for kg: W/m.K

Note 1: The calculated percentage matches the POR noted in the previous study

Note 2: The calculated percentage does not matche the POR noted in the previous study. It seems that the previous study
calculated it from the base-case of 40mm shank spacing instead of 50mm shank spacing.

Note 3: The calculated percentage does not matche the POR noted in the previous study. It seems that the previous study
calculated it from the base-case of 40mm shank spacing instead of 67.5mm shank spacing.

The previous study discusses only the percentage reduction in the thermal resistance of the
borehole and does not provide an overview of the goal of improving the heat transfer rate or reducing
the BHX length. The percentage of borehole thermal resistance in the total resistance of a ground heat
exchange system varies with changes in grout thermal conductivity and is more for lower values of
thermal conductivity grouts and gradually decreases with increase in the grout thermal conductivity.
Therefore, the indication of percentage reduction in the thermal resistance of the borehole will not
warrant the effectiveness of the barrier design which offers a higher percentage reduction in borehole
thermal resistance. Indication of net heat transfer rate or BHX length reduction instead, may provide
a better understanding.

This study fills the gap in the previous study by providing a comprehensive study discussing
various combinations of soil and grout thermal conductivity with a conclusive indication of heat
transfer rates and BHX length reduction.

4.2. Ccomparision of Different Barriers with Conventional U-Tube:

The impact of a barrier between U-tube legs of BHX in reducing the length is better for closer
shank spacing than average shank spacing. For example, the saving in U-tube BHX length reduces
from 6.4 to 3.3 m/kW,, for the case of FSB-3BR with ks of 0.5 W/m.K and kg of 0.585 W/m.K, when
shank spacing is increased from 34.8 mm to 50 mm (Refer to Figure 17). The maximum reduction in
absolute length of the BHX due to barrier arrangement was 4 m/kW: for flat plate barrier when FSB-
3PL3BR double flat plate barrier was introduced for Savg, ks of 0.5 W/m.K and kg of 0.585 W/m.K. For
the U-shape barrier, the maximum reduction was 4.2 W/m.K when USB-3PL3BR double flat plate
barrier was introduced for Savg, ks of 0.5 W/m.K and kg of 2 W/m.K.

The absolute reduction in length was found to be more for lower thermal conductivity grout,
except for the case of double U-barriers with average shank spacing, where the absolute reduction
for higher thermal conductivity grout was found to be more.
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The performance of flat plate-shaped barriers does not show a significant variation across
different soil thermal conductivities when the grout thermal conductivity remains constant.
However, this difference becomes quite pronounced for U-shaped barriers. For example, the
reduction in BHX length for the case of FSB-3BR at Smin & kg of 0.585 W/m.K, is 6.4, 6.2 & 6.1 m/kW:
for soil thermal conductivity of 0.5,1 & 2 W/m.K respectively; whereas for the case of USB-3BR at Smin
& kg of 0.585 W/m.K, the reduction was 6.4, 3.0 & 2.7 m/kW: for soil thermal conductivity of 0.5,1 & 2
W/m K respectively.

The performance of double U-barrier USB-3PL3BR was found to be the best out of various single
and double barriers of U-shaped. The same trend was noted for flat shape barrier also where FSB-
3PL3BR was the best in thermal performance.

The performance of flat plate barrier arrangement FSB-3PLMT was found to be better than FSB-
3SS for almost all scenarios of shank spacing, ks and kg; the same trend followed for U-shape barrier
also where USB-3PLMT outperformed USB-3SS.

The absolute reduction in length achieved by using a double flat plate barrier was not twice that
of the single metallic barrier under the same operating conditions, but instead showed a slight
increase. For instance, with ks of 0.5 W/m.K and kg of 0.585 W/m.K, the BHX length reduction was
improved from 6.4 m/kWt to 7.8 m/kWt, representing a further reduction of 1.4 m/kWt (or 22%)
between the FSB-3BR and FSB-3PL3BR. This trend was even less pronounced at higher soil thermal
conductivities of 1 and 2 W/m.K. For U-shaped barriers, the trend showed a marginal improvement
over flat plate barrier.

4.3. Overall Comparison of Different Ground Heat Exchange Systems Discussed in This Study:

The design of the insulated outlet leg of the U-tube BHX was found to be ineffective in improving
the heat transfer rate of the BHX. Design for the coaxial pipe arrangement showed the arrangement
suitable to improve the heat transfer for medium and high thermal conductivity soil of 1 & 2 W/m.K.
For soil with low thermal conductivity of 0.5 W/m.K, the significant short-circuit losses in coaxial
pipes make the conventional U-tube a more favorable option compared to coaxial pipes.

Figure 25 to Figure 27 show the absolute reduction in the BHX length compared to the coaxial
pipe arrangement for ks of 0.5, 1 and 2 W/m.K respectively. The figures show the length reduction for
the conventional U-tube BHX and for different scenarios of U-tube BHX with single and double
barriers. The performance of the stainless-steel barrier options (FSB-3SS and USB-3SS) was found to
be comparable to or lower than that of the FSB-3PLMT and USB-3PLMT options in most scenarios.
As a result, for simplicity, the single stainless-steel barrier options have been omitted from these
figures. Similarly, the performance of FSB-3PL3SS &USB-3PL3SS were found to be less than FSB-
3PL1AL & USB-3PL1AL and therefore omitted.

The minimum shank spacing (Smin) for the various U-tube BHX configurations shown in Figure
25 to Figure 27 varies depending on the geometry. It is 31.8 mm for the conventional U-tube BHX,
34.8 mm for the FSB-3BR and USB-3BR, 35 mm for the FSB-3PLMT and USB-3PLMT, 35.8 mm for the
FSB-3PL1AL and USB-3PL1AL, and 37.8 mm for the FSB-3PL3BR and USB-3PL3BR. The average
shank spacing is 50 mm across all options.

In Figure 25 to Figure 27, for the configurations where the performance of the conventional U-
tube BHX (without a barrier) is superior to the coaxial pipe arrangement, the contribution of the
barrier to reducing the BHX length is the difference in length reduction between the conventional U-
tube and the barrier-equipped option. For example, in Figure 25, with ks and kg values of 0.5 and
0.585 W/m.K at Savg, replacing coaxial pipes with a conventional U-tube BHX reduces the length from
191.4 m/kW: (for coaxial pipes) to 158.8 m/kW: (for conventional U-tube). Adding the USB-3PL3BR
barrier to the U-tube BHX further reduces the length to 148.2 m/kW-.

do0i:10.20944/preprints202411.1508.v4
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Figure 25. Reduction in length for various arrangements of U-tube BHX compared to coaxial pipes; ks: 0.5
W/mK, (a) Smin (b) Sang
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Figure 26. Reduction in length for various arrangements of U-tube BHX compared to coaxial pipes; ks: 1 W/m.K,
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The best-performing barriers were the double barriers made of 3 mm plastic and 3 mm brass,
both in flat plate and U-shape configurations. The flat plate barrier FSB-3PL3BR outperformed the U-
shape barrier USB-3PL3BR in reducing the BHX length for kg value of 0.585 W/m.K. However, the
USB-3PL3BR demonstrated better performance than the FSB-3PL3BR for kg value of 2 W/m.K, as

shown in Figure 25 to Figure 27. The performance difference between FSB-3PL3BR and USB-3PL3BR
was minimal for kg value of 1 W/m.K.
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Based on Figure 25 to Figure 27, we conclude the decision tree as shown in Figure 28 for the
selection of the best ground heat exchange system to get an optimized length of BHX. Soil of 0.5, 1
and 2 W/m.K is considered as low, medium and high thermal conductivity soil respectively. Grout
thermal conductivity of 0.585, 1 and 2 W/m K is considered low, medium and high respectively.
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Figure 28. Decision tree for the type BHX for the minimum length.

5. Conclusions

Vertical Ground source heat pumps can be implemented as an economical option for heating/
cooling, subject to its careful designing, especially for the ground loop heat exchanger. Over-
designing of this component will lead to uneconomical design, whereas under-designing will lead to
discomfort. There is a need to adopt techniques for reducing borehole thermal resistance or in other
words to improve the heat transfer process across the BHX.

Various barrier arrangements between the two legs of U-tube BHX have been proposed which
provide a viable alternative to conventional U-tube arrangements and serve as a better option than
coaxial pipes in certain conditions of soil and grout thermal conductivity.

The options of double barrier arrangement FSB-3PL3BR & USB-3PL3BR have shown the best
performance over a conventional U-tube BHX, with a possible saving of 7.8 & 8.1 m in length of BHX
per kW of heat transfer respectively for ks of 0.5 W/m.K and kg of 0.585 W/m.K. The other simple
option of 3 mm plastic barrier with 0.2 mm metallic tape i.e. barrier arrangements FSB-3PLMT & USB-
3PLMT, though offering comparatively lower heat transfer improvements may still perform
economically, especially in settings where installation simplicity and cost-effectiveness are
prioritized. A reduction of 7.3 & 7.5 m in length of BHX per kW of heat transfer is possible from FSB-
3PLMT & USB-3PLMT for ks of 0.5 W/m.K and kg of 0.585 W/m.K.

The study demonstrates that the novel design of various geometries and materials of barrier
between the two legs of a U-tube BHX presents viable alternative to conventional U-tube
arrangements in ground heat exchanger systems and shows better performance over coaxial pipes
for low to medium thermal conductivity soil and grout. Although flat & U-shape barriers with 3 mm
plastic & 3 mm brass were the best options of the barrier for length reduction, the other options
discussed in the study which showed an improvement in the heat transfer may also be considered
based on simplicity in construction or lower cost. A cost-benefit analysis is recommended for the
selection of the type of BHX arrangement among the various options discussed for a given soil
condition, especially where the difference between various options is marginal.

The study for barrier techniques in this study is limited to two-dimensional steady state analysis.
Further numerical study with a three-dimensional analysis may precisely determine the resulting
reduction in the BHX length. Dynamic modelling may also help in the précised determination of the
overall improvement in the heat transfer for the long-term. A minimum overall barrier thickness of
3 mm has been considered to ensure the strength and stability of the barrier for deep burial in the
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vertical borehole. Structure analysis for the précised thickness of the barrier may be undertaken for
further optimization. The study can be continued for double U-pipe arrangement and other

configurations.
Author Contributions: This research work was conducted as a part of Asfia Nishat's Master by Research
program supervised by Dr. Hossam Abuel Naga, at Latrobe University, Melbourne, Australia.

Nomenclature for the barrier arrangements discussed:

FSB-3PL1: Flat plate shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K

FSB-3PL2: Flat plate shape barrier- 3 mm plastic of thermal conductivity 0.5 W/m.K

FSB-3PL3: Flat plate shape barrier- 3 mm plastic of thermal conductivity 2 W/m.K

FSB-3PLMT: Flat plate shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K & 0.2 mm
metal tape of thermal conductivity 200 W/m.K

FSB-3SS: Flat plate shape barrier- 3mm stainless steel of thermal conductivity 16 W/m.K

FSB-3BR: Flat plate shape barrier- 3mm brass of thermal conductivity 109 W/m.K

FSB-3PL1AL: Double flat plate shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K &
1 mm aluminum of thermal conductivity 237 W/m.K

FSB-3PL3SS: Double flat plate shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K &
3 mm stainless steel of thermal conductivity 16 W/m.K

FSB-3PL3BR: Double flat plate shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K &
3 mm brass of thermal conductivity 109 W/m.K

USB-3PL: U-shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K

USB-3PLMT: U-shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K & 0.2 mm metal tape
of thermal conductivity 200 W/m.K

USB-35S: U-shape barrier- 3 mm stainless steel of thermal conductivity 16 W/m.K

USB-3BR: U-shape barrier- 3 mm brass of thermal conductivity 109 W/m.K

USB-3PL1AL: Double U-shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K & 1 mm
aluminum of thermal conductivity 237 W/m.K

USB-3PL3SS: Double U-shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K & 3 mm
stainless steel of thermal conductivity 16 W/m.K

USB-3PL3BR: Double U-shape barrier- 3 mm plastic of thermal conductivity 0.17 W/m.K & 3 mm
brass of thermal conductivity 109 W/m.K

Other Nomenclature:

Ac: Area of cross-section in m2

BHX: Borehole heat exchanger

BHXs: Borehole heat exchangers

Cp: Specific heat at constant pressure in k]/kg.K
AT: Temperature difference

Dv: Borehole diameter in mm or m

Drn: Hydraulic diameter in mm or m

Dy: Pipe external diameter in mm or m

h: Convective heat transfer coefficient of the fluid in W/m2K
kg: Grout thermal conductivity in W/m.K

kp: Pipe thermal conductivity in W/m.K

ks: soil thermal conductivity in W/m.K

kWt kilo-watt thermal

L: Length of U tube pipe

ms: Mass flow rate of fluid

Nu: Nusselt number

Pr: Prandtl number

Q or q: Heat flow rate in W/m

Qin: Heat transfer rate in the inlet pipe in W/m
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Qout: Heat transfer rate in the outlet pipe in W/m

Qgen: Heat generated in W

ri: Pipe internal radius in mm or m

rv: Borehole radius in mm or m

Re: Reynolds number

Re: Thermal resistance of borehole in (W/m.K)!

Rto: Thermal resistance of fluid in the inside pipe for coaxial pipes in (W/m.K)!
Rfo: Thermal resistance of fluid in the outside pipe for coaxial pipes in (W/m.K)!
Rg: Thermal resistance of grout in (W/m.K)!

Rins: Thermal resistance of insulation for coaxial pipes in (W/m.K)"

Rp: Thermal resistance of pipe for U-tube BHX in (W/m.K)"*

Rpi: Thermal resistance of inside pipe for coaxial pipes in (W/m.K)*

Rpo: Thermal resistance of outside pipe for coaxial pipes in (W/m.K)*

Rpve: Thermal resistance of PVC protective pipe for coaxial pipes in (W/m.K)~!
Rs: Thermal resistance of soil in (W/m.K)!

Rse: Thermal resistance due to short-circuit between inlet & outlet pipes in (W/m.K)!
Re: Total thermal resistance of BHX in (W/m.K)~

S or s: Shank spacing in mm or m

Smax: Maximum Shank spacing in mm or m

Savg: Average Shank spacing in mm or m

Smin: Minimum Shank spacing in mm or m

Ts: undisturbed soil temperature at far-field boundary in °C

Tohw: temperature of borehole wall in °C

Tr: Average Fluid Temperature of inlet and outlet pipe of U tube heat exchanger in °C
Tfi: Average Fluid Temperature of inlet pipe of U tube heat exchanger in °C
Tfo: Average Fluid Temperature of outlet pipe of U tube heat exchanger in °C
Vavg: Average velocity of fluid in m/s

a: Thermal diffusivity in m?/s

o: Density in kg/m3

T: Time

v: Euler's constant = 0.5772

Abbreviations:

ASHRAE: American Society of Heating, Refrigeration & Air-conditioning Engineers
GSHP: Ground source heat pump

HDPE: High density polyethylene

PDE: Partial differential equation

PE: Polyethylene

TRT: Thermal response test

PVC: Polyvinyl Chloride

uPVC: Un-plasticized polyvinyl chloride
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