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Abstract: A ground source heat pump system (GSHP) with a ground heat exchanger (GHE) is a
renewable and green technology used for heating and cooling residential and commercial buildings.
An innovative U-Tube pipe configuration is suggested to enhance the heat transfer rate in the
vertical ground heat exchanger (VGHE). Laboratory experiments are conducted to compare the
thermal efficiency of VGHEs with two different pipe configurations: (1) an innovative U-Tube pipe
configuration (single U-Tube with two outer fins) and (2) a single U-Tube. The results show that the
difference between the inlet and outlet temperatures for the innovative U-Tube pipe configuration
was 0.7 ◦C after 60 h, while it was 0.4 ◦C for the single U-Tube after the same amount of time. The
borehole thermal resistance for the innovative U-Tube pipe configuration was 0.680 m·K/W, which
is 29.22% lower than that of the single U-Tube. The heat exchange rate in the innovative U-Tube
pipe configuration is increased by 57.95% compared to the conventional single U-Tube. Measured
ground temperatures indicate that compared to single U-Tube pipe configuration, the innovative
U-Tube pipe configuration has superior heat transfer performance. Based on the experimental results
presented in this paper, it was concluded that increasing the surface area significantly by introducing
external fins to the U-Tube enhances the heat transfer rate, resulting in increased thermal efficiency
of the VGHE.

Keywords: vertical ground heat exchanger; external fin; thermal response test; effective ground
thermal conductivity

1. Introduction and Background

A ground source heat pump system (GSHP) is an ecofriendly technology utilized
for heating and cooling houses and commercial buildings. GSHP technology exploits the
constant ground temperature over the year to extract heat from buildings and transfer
it into the ground in summer, as well as to extract heat from the ground and transfer it
into the buildings in winter [1,2]. The GSHP system is constructed by connecting a heat
pump with a vertical ground heat exchanger (VGHE). Since the second half of the 1990s,
Thermal Response Tests (TRTs) have been used to measure ground thermal properties
(borehole thermal resistance and effective ground thermal conductivity) and characterize
the efficiency of VGHEs. Researchers have suggested different approaches to measure
ground thermal properties in the field, and a number of mobile experimental apparatuses
have been built in different countries to carry out these measurements [3]. The initial
capital cost of installing the GSHP systems is a significant consideration in VGHE design.
Hence, there are opportunities for designers to do more work in this area and suggest new
pipe configurations to increase the heat transfer rate in the VGHEs and thus decrease the
depth and cost of borehole installation. During the past few decades, several researchers
conducted studies to improve the thermal performance of VGHEs by decreasing the
thermal resistance between the borehole wall and the ground as much as possible. These
studies were based on either numerical or experimental models, the latter includes a
small-scale apparatus in the laboratory or a full-scale field investigation.
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Gu and O’Neal (1998) built a small-scale single U-Tube VGHE in the laboratory to
estimate the effects of backfills (bentonite/masonry sand and bentonite/copper powder)
on the heat transfer performance of a single U-Tube VGHE. The single U-Tube copper pipe
(inner diameter, 4.8 mm; outer diameter, 6.4 mm; length, 1.2 m) was inserted in a metal
tank. The obtained results showed that backfill materials have an influence on the thermal
performance of single U-Tube VGHEs [4].

To determine the effects of another factor, Pahud and Matthey (2001) conducted TRTs
for the double U-Tube VGHEs, with and without spacers, to estimate the influence of
these spacers on the borehole thermal resistance. The borehole thermal resistances of
double U-Tube VGHEs with and without spacers were 0.141 m·K/W and 0.143 m·K/W,
respectively [5]. Zeng et al. (2003) suggested an analytical solution considering the influence
of fluid axial convective heat transfer on pipe configurations of VGHEs. Two different
configurations, single and double U-Tube, of VGHEs were examined by using this method.
The results showed that the borehole thermal resistance of double U-Tube VGHE was lower
than the single U-Tube VGHE [6].

Only one study conducted by Esen and Inalli (2009) showed the effects of three
different borehole depths (30 m, 60 m, and 90 m) on the thermal performance of VGHEs.
The results showed that the 90 m depth borehole heat exchanger had stronger performance
than those with the depths of 60 m and 30 m. It was also noticed that the thermal resistance
values for the single U-Tube VGHE with depths of 60 m and 90 m were 0.05 and 0.03 m·K/W,
respectively [7].

To determine the effects of different pipe configurations on the thermal performance
of VGHE, Acuña and Palm (2010) proposed a new pipe configuration, coaxial (pipe-in-
pipe) VGHE, and it compared with conventional single U-Tube. The outer pipe was in
direct contact with the surrounding bedrock. The results showed that the heat transfer
performance of the coaxial VGHE was superior to the conventional single U-Tube VGHE [8].
Another field study was conducted by Lee et al. (2011) to estimate the thermal efficiency
of two different pipe configurations, the common U-Tube type and a new three-pipe type
GHE. The thermal efficiency of the new three-pipe type configuration was higher than that
of the conventional single U-Tube type [9]. In a study that set out to determine the effects of
three different types—coaxial, double U-Tube, and U-Tube VGHEs—in Oklahoma City, OK,
USA, Beier and Ewbank (2012) found that the best option to reduce the thermal resistance
of the borehole was the double U-Tube, followed by the single U-Tube, and finally the
coaxial type [10]. In the same year, a field study was performed by Desmedt et al. (2012)
to estimate the influence of two different pipe configurations (single U-pipe and double
U-pipe) on the efficiency of the VGHEs. The thermal resistance of the double U-Tube VGHE
was 0.162 m·K/W, 52% lower than the single U-Tube VGHE [11]. To improve the thermal
performance of VGHEs, a numerical study was investigated by Haddada and Miyara (2014)
to estimate the impacts of pipe numbers inside the borehole on the performance of VGHEs.
The four different pipe configurations examined were U-Tube, multi-tube, three-tube, and
four-tube. The heat exchange rate increased between the boreholes and the ground due to
an increase in the number of inlet tubes inside the borehole [12].

Kramer and Basu (2014) built an experimental apparatus in the laboratory to study the
effect of thermal loading on load displacement behavior of the model geothermal pile. The
polyvinylchloride (PVC) U-Tube pipe was installed in a sand tank (length, 1.83 m; depth,
1.83 m; width, 1.83 m). The U-Tube pipe consisted of two PVC pipes that had an inner
diameter of 12.4 mm with a length of 1.22 m [13]. Shirazi and Bernier (2014) established a
small-scale experimental apparatus with a borehole Plexiglas pipe (length, 1.23 m) inserted
at the center from the top of the sand tank (length, 1.35 m; diameter, 1.4 m). The TRT was
73 h for the heat injection and 5 days to let the sand return to its initial ground temperature.
It was reported that the borehole thermal resistance for the single U-Tube VGHE was
0.61 m·K/W [14]. Another small scale VGHE study was conducted by Erol and François
(2014) to estimate the effects of backfill materials on the thermal performance of the VGHE.
Two parallel pipes were inserted in the 1 m length of the VGHE in the sand tank of 1 m3.
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Two heat pumps were used to pump the water to pipes at 12 ◦C, 15 ◦C inlet and outlet of
water temperatures, respectively. The initial temperature of the sand was 20 ◦C [15]. One
year later, Cimmino and Bernier (2015) built the experimental setup consisting of a 400 mm
tall borehole inserted in center and top of the sand tank (length, 1.35 m; diameter, 1.4 m).
The single U-Tube copper pipe was inserted in the borehole. The objective of this study
was to measure the borehole wall temperature at various depths and different times during
the TRT. The results showed that the borehole wall temperature increased with an increase
in the duration of the TRT [16].

Liu et al. (2015) suggested a new VGHE design with three inlet pipes and one outlet (3I-
type) and compared its performance to the single and double U-Tube VGHEs. Experimental
results showed that the thermal resistance of the 3I-type was 31% and 15.8% lower than the
single and double U-Tubes, respectively [17]. In an analysis of the influences of the different
pipe material properties (copper and high density polyethylene pipes) on the performance
of VGHEs, Ramadan (2016) found that the performance trend remains the same for both
copper and high density polyethylene pipes in a ground heat exchanger [18]. Another
field was conducted by Chang and Kim (2016) to estimate the influence of two different
pipe configurations, single U-Tube and double U-Tube, on the thermal performance of
VGHEs. The thermal resistance of the single and double U-Tubes was 0.130 m·K/W and
0.081 m·K/W, respectively [19]. In a numerical study investigated by Luo et al. (2016),
the thermal efficiency of four different pipe configurations (double-U, triple-U, double-W,
and spiral) was estimated. The triple U-Tube had a higher thermal efficiency, followed
by the double-W, the spiral type, and the double U-Tube. The results also indicated that
the double-W type had the lowest economic performance, followed by the spiral type, the
double-U type, and the triple-U type [20]. Two years later, another numerical study was
investigated by Serageldin et al. (2018) to improve the performance of VGHE by suggesting
an innovative U-Tube pipe configuration (an oval U-Tube), and it compared a conventional
single U-Tube. The results showed that the thermal resistance of the oval U-Tube was
0.125 m·K/W, and 15.8% lower than the conventional single U-Tube [21]. A field study
was conducted by Bae et al. (2019) to estimate the thermal performance for four different
pipe types (high-density polyethylene (HDPE) type, HDPE-nano type, spiral fin type, and
coaxial type). The results showed that the best option to reduce the thermal resistance
of the borehole was the spiral fin type (0.181 m·K/W), followed by the HDPE-nano type
(0.181 m·K/W), HDPE type (0.183 m·K/W), and a coaxial type (0.306 m·K/W) [22].

A recent laboratory study was conducted by Li et al. (2018) to estimate the effects
of ground stratification on the performance of GHEs. Two U-Tube copper GHEs were
installed in a sand tank (depth, 6.25 m; length, 1.5 m; width, 1 m), and the sand tank was
filled with sand and clay. The two U-Tube pipe consisted of two copper pipes that had an
inner diameter of 5 mm and diameter outer of 5.5 mm with a length of 6.25 m. The results
showed that an increase in the ground heat injection rates leads to a significant increase
in the effects of ground stratification [23]. One year later, Liang et al. (2019) constructed
an experimental setup with a small-scale spiral-tube copper pipe VGHE inserted in the
metal container (diameter, 0.8 m; height, 1.1 m) setup to investigate the influences of
two parameters (volume flow rate and backfill materials) on the thermal performance of
a small-scale spiral-tube VGHE. The results showed that the heat exchange rate in the
spiral-tube VGHE in blend added to the sand with different Reynolds numbers (3000–8000)
enhanced by 20–31% compared to the native sand [24].

To sum up, the previous paragraphs present a comprehensive review of the efficiency
of ground heat exchangers (GHE) in heat pump systems. Increasing the efficiency of the
GHE may lead to decreased borehole depths and installation costs. Hence, the identification
and optimization of design and operation parameters that can reduce the borehole depth
are among the most important design challenges. To deal with these challenges, various
researchers have conducted several studies to improve the heat transfer efficiency of GHEs.
However, there are still opportunities for engineers to suggest new pipe configurations that
can increase the surface area of the pipe and heat transfer rate in GHEs. One of the most
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attractive solutions to increase the heat transfer rate in VGHEs is to increase the surface area
of the pipe configuration, which could lead to higher heat exchange capacity of VGHEs.
It is well known that heat transfer from a surface can be increased by attaching external
fins (i.e., extended surfaces). However, research activities reported in the literature do not
provide any information about the performance of GHEs with external fins. Therefore, this
research initiative investigates the impacts of external fins on the heat transfer capacity
of VGHEs.

In this paper, an innovative U-Tube pipe configuration (conventional single U-Tube
with two outer fins) is proposed to improve the thermal performance of VGHE by increasing
the surface area for a higher heat transfer rate. Fins or extended surfaces are used to
enhance heat transfer by conduction through the solid and also by convection from the
solid boundaries. Fins of many shapes such as rectangular, trapezoidal, concave, etc. could
be used to enhance the heat transfer rate. The concave shape has a higher heat transfer rate
than the rectangular or trapezoidal shape, and the rectangular shape is more efficient in
transferring heat than the trapezoidal shape [25]. In this study, the fins were planned to
be designed in a concave shape, but then it was decided to change them to a trapezoidal
shape because the tools available in the workshop were not suitable for producing fins in a
concave shape. Another secondary reason to select the trapezoidal shape is its small tip at
the end of the fin. This means it can be a good option to increase the fin length without
touching the borehole wall, compared to the rectangular fin, which has a wide tip at the
end of the fin.

The primary aim of this study is to evaluate the thermal performance of the innovative
U-Tube pipe configuration and compare it with the conventional single U-Tube type pipe
configuration. In addition, the ground thermal properties for these two pipe configurations
were estimated by using line source theory. In order to conduct TRTs, a small-scale
experimental setup was designed, constructed, and commissioned in the laboratory at the
University of Victoria, British Columbia, Canada.

2. Small-Scale Experimental Apparatus and Theory
2.1. Small-Scale Experimental Apparatus

The small-scale experimental apparatus comprises of three main parts: (i) VGHE
(sand tank), (ii) water supply system, and (iii) data acquisition system.

A polyvinylchloride (PVC) borehole pipe (length, 1.05 m; inner diameter, 7.5 cm;
outer diameter, 8.2 cm) is placed at the center from the top of a sand tank (length, 1 m;
depth, 1.1 m; width, 1 m; wall thickness 2 cm), and the space between the borehole
and the tank is filled with dry silica sand up to the top of the borehole. Researchers
proposed that testing times can be significantly reduced by using a radius of influence in
the range of 0.5 m to 1.5 m; this provides satisfactory temperature readings to determine
thermal properties [26,27]. Figure 1 shows a photo of the small-scale test apparatus and
Figure 2 is the schematic cross-section diagram of the same apparatus. Two different pipe
configurations, including a conventional single U-Tube and an innovative U-Tube pipe
configuration, are also inserted into the borehole at different times, and the space between
the U-Tube pipe and the borehole wall is filled with grout (bentonite). Two thermistors
(Omega TH-44032-1/4NPT-80; tolerance at 0–75 ◦C: ±0.1 ◦C) are installed at the inlet and
outlet of the VGHE to measure the inlet and outlet fluid temperatures (see Figure 2). The
connecting pipes between the sand tank and the bath are insulated to minimize the heat
transfer between the connecting pipes and the ambient air.

The conventional single U-Tube pipe consists of two copper pipes that have an inner
diameter of 12.7 mm and outer diameter of 16 mm with a length of 1 m. The innovative
U-Tube pipe configuration consists of two copper pipes that have an inner diameter of
12.7 mm and outer diameter of 16 mm with a length of 1 m. The fins are made of copper
and have a cross-section of 8 mm × 4 mm, attached over the full height (1 m) of the U-Tube.
Figure 3 shows the cross-section of the two different pipe configurations. The parameters
for the two different pipe configurations of VGHEs are listed in Table 1.
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A total of 64 thermocouples (EXPP-K-24) are distributed at specific distances inside
the sand tank to measure the temperatures at different locations throughout the test
and during the recovery time until the sand temperature reached the initial temperature.
The thermocouples can measure a maximum temperature of 105 ◦C with an accuracy of
±0.75 ◦C. Each direction has 16 thermocouples, as shown in Figure 4.
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2.2. Theory

The goal of conducting TRT is to estimate the thermal (i.e., heat transfer) efficiency of
the VGHE and also the thermal properties of the ground in field applications. The rate of
the heat transfers per unit length (depth) of VGHE can be calculated from the relationship
between the measured inlet and the outlet temperatures of the heat carrier fluid (water),
which circulates through the VGHE, and its flow rate, as shown in Equation (1) [12,24,30,31]:

q =
Cp

.
m (Tin − Tout)

H
(1)

where Tin is the inlet fluid temperature (◦C), Tout is the outlet fluid temperature (◦C), q is
the heat exchange rate per unit borehole length (W/m), Cp is the specific heat capacity of
the circulating fluid (J/kg·K),

.
m mass flow rate (kg/s), and H is the borehole depth (m).

To estimate the ground thermal properties, the line source model (LSM) is used in
this research. Ingersoll and Plass (1948) reported that the infinite line source was used
in the 1940s to calculate the ground temperature change over time for ground loop heat
exchangers. The first field study was carried out to estimate the thermal conductivity of
the ground by using this theory [32].

The temperature change in the ground is a function of radius (r) from the borehole
center and time (t) with an injection of a constant amount of heat (q) from the top to the
bottom of the borehole that can be calculated by using the following equation [33–36]:

T(r, t) =
Q

4πλe f f H

∞∫
r

2πk

e−β2

β
dβ =

Q
4πλe f f H

E1

(
r2

4αt

)
(2)

where λe f f is the effective ground thermal conductivity (W/m·K), and α is the thermal
diffusivity of the ground m2/s. When the values of the parameter αt

r2 are large, it can be
expressed with the following simple relation:

E1

(
αt
r2

)
= ln

(
4αt
r2

)
− γ (3)

where, E1 is the exponential integral and γ is Euler’s constant (0.57721).
It is reported that the maximum error resulting from using the value of αt

r2 ≥ 5 is 10%,
and it is reduced to 2.5% when the value of αt

r2 ≥ 20 is used [35,36].
The line source temperature at the borehole radius (rb), including the impact of the

borehole thermal resistance (Rb) between the heat carrier fluid and the borehole wall, was
used to evaluate the mean fluid temperature (Tf (t)). The fluid temperature as a function of
time could be written in Equation (4) [30,33,35]:

Tf (t) =
Q

4πλe f f H
ln(t) +

Q
H

[
1

4πλe f f

{
ln

(
4α

r2
b

)
− γ

}
+ Rb

]
+ To (4)

where Rb is the borehole thermal resistance (m·K/W) and To is the initial ground tempera-
ture (◦C).

The borehole thermal resistance can be expressed by the following equation:

Rb =
H
Q

[
Tf (t)− To

]
− 1

4πλe f f

[
ln(t) + ln

(
4α

r2
b

)
− γ

]
(5)

It is noticed that the second and third terms on the right side of Equation (4) are
constant. Therefore, it can be considered that the above equation is similar to the linear
slope equation as y = m.x + b.



Sustainability 2021, 13, 6384 8 of 15

It is assumed that there is a linear relationship between the mean fluid temperature
and the logarithm time ln(t) [33,36,37]. They also expressed this relation by using the
following equation:

Tf (t) = m.ln(t) + b (6)

Slope = m =
q

4πλe f f
→ λe f f =

q
4πm

(7)

3. Analysis of Experimental Results
Effective Ground Thermal Conductivity and Borehole Thermal Resistance

Two different approaches can be used to estimate the initial ground temperature
before the TRT started [38]. The first approach is to calculate the initial ground temperature
with still water in the U-Tube. The inlet and outlet borehole temperatures and the ground
temperature at 64 locations in the sand tank are recorded every 1 min for about 1 h by using
the data acquisition system. The second approach is to circulate the water in a close system
through the VGHE for about 1 h and without adding heat during the test. Nevertheless,
there was no heat injection during this period, but at the same time, some heat would be
added into the system by the pump. Then, the inlet and outlet borehole temperatures and
the ground temperatures at the 64 locations in the sand tank were recorded every 1 min for
1 h by using the data acquisition system. In this study, the first approach is used to estimate
the average initial ground temperature. The U-Tube in the VGHE wall was filled with
water for 7 days before the measurement started. The average initial ground temperature
was calculated to be 17.58 ◦C.

After the average initial ground temperature was calculated as shown before by using
first approach, the TRT was conducted for 130 h (60 h for the heat injection and 70 h to
let the sand return to its initial ground temperature). A constant heat injection rate was
used throughout the TRT. The outlet fluid temperature leaving from the circulating bath
and entering to the VGHE was set to be 50 ◦C with a constant volumetric flow rate (V) of
0.730 L/min. The inlet and outlet fluid temperatures of the borehole were recorded every
5 min by using the data acquisition system. As shown in Figure 5, the difference between
the inlet and outlet temperatures was 0.82 ◦C after 1h. The temperature difference then
gradually decreased to 0.52 ◦C after 30 h, and it decreased further to 0.4 ◦C after 60 h.
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As shown in Equation (6), there is a linear relationship between Tf and ln(t). The
slope (m) = 0.6189 was calculated from Figure 6, and then substituting ‘m’ in the Equation
(7), λe f f was calculated as 3.92 W/m·K.
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Using Equation (1) and from the measured inlet (Tin) and outlet (Tout) temperatures,
the heat exchange rate per unit length (q) of VGHE was calculated. The borehole thermal
resistance (Rb) was calculated using the value of λe f f (3.92 W/m·K) in Equation (5). The
value of borehole thermal resistance (Rb) at t > 5 r2/α (i.e., 73 min, error 10%), was found to
be 0.961 m·K/W. Calculated results are presented in Table 2.

Table 2. Comparison values of ∆T, V, q, λeff, and Rb for the two pipe configurations.

Pipe Configurations ∆T at 60 h ◦C V (L/min) q at 60 h (W/m) λeff (W/m·K) Rb (m·K/W)

Single U-Tube pipe 0.4 0.729 19.05 3.92 0.961

innovative single U-Tube 0.7 0.703 30.09 4.85 0.680

Four thermocouples, B1b, B2b, B3b, and B4b, were fixed on the right hand side of the
borehole wall at 14.70, 30.30, and 45.00 cm, respectively, from the center of the borehole,
at a height of 700 cm from the bottom of the sand tank. The four thermocouples (EXPP-
K-24) measure the maximum temperature of 105 ◦C with an accuracy of ±0.75 ◦C. Before
conducting the test, the initial ground temperature of B4b, B3b, B2b, and B1b were 17.75 ◦C,
17.98 ◦C, 18.06 ◦C, and 18.09 ◦C, respectively, and they increased after 60 h during the
heat injection to 36.16 ◦C, 25.73 ◦C, 20.52 ◦C, and 19.95 ◦C, respectively. The ground
temperatures of the B4b, B3b, B2b, and B1b decreased to 18.2 ◦C, 18.28 ◦C, 18, and 17.71 ◦C,
respectively, after 70 h from the end of the test, as shown in Figure 7. However, the ground
temperature changed rapidly and reached 36.16 ◦C after 60 h at the borehole wall. It
changed slowly away from the borehole at 45 cm from the center of the borehole and
reached 19.95 ◦C. The ambient temperature was recorded during the TRT and recovery
time by using a dada logger (OM 62), and it was confined at a range of 14.64 ◦C to 20.48 ◦C.
The temperature measurement for the OM-62 was at a range of −40 ◦C to 70 ◦C with an
accuracy of ±0.5.



Sustainability 2021, 13, 6384 10 of 15

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 15 
 

Table 2. Comparison values of ∆T, V, q, λeff, and Rb for the two pipe configurations. 

Pipe Configurations ∆T at 60 h °C V (L/min)  q at 60 h (W/m) λeff (W/m. K) Rb (m. K/W) 
Single U-Tube pipe  0.4  0.729  19.05 3.92  0.961  

innovative single U-Tube 0.7 0.703 30.09 4.85 0.680 

Four thermocouples, B1b, B2b, B3b, and B4b, were fixed on the right hand side of the 
borehole wall at 14.70, 30.30, and 45.00 cm, respectively, from the center of the borehole, 
at a height of 700 cm from the bottom of the sand tank. The four thermocouples (EXPP-K-
24) measure the maximum temperature of 105 °C with an accuracy of ±0.75 °C. Before 
conducting the test, the initial ground temperature of B4b, B3b, B2b, and B1b were 17.75 
°C, 17.98 °C, 18.06 °C, and 18.09 °C, respectively, and they increased after 60 h during the 
heat injection to 36.16 °C, 25.73 °C, 20.52 °C, and 19.95 °C, respectively. The ground tem-
peratures of the B4b, B3b, B2b, and B1b decreased to 18.2 °C, 18.28 °C, 18, and 17.71 °C, 
respectively, after 70 h from the end of the test, as shown in Figure 7. However, the ground 
temperature changed rapidly and reached 36.16 °C after 60 h at the borehole wall. It 
changed slowly away from the borehole at 45 cm from the center of the borehole and 
reached 19.95 °C. The ambient temperature was recorded during the TRT and recovery 
time by using a dada logger (OM 62), and it was confined at a range of 14.64 °C to 20.48 
°C. The temperature measurement for the OM-62 was at a range of −40 °C to 70 °C with 
an accuracy of ±0.5.  

 
Figure 7. Temperature measurement at the inlet (Tin) and the outlet (Tout), borehole wall, and in 
sand at different locations from the borehole wall, conventional single U-Tube VGHE. 

Another TRT was performed for the innovative U-Tube pipe configuration with the 
similar boundary conditions used with the conventional single U-Tube. The average ini-
tial ground temperature was calculated to be 19.91 °C before the TRT started.  

The TRT was conducted for 145 h (65 h for the heat injection and 80 h to let the system 
return to its initial ground temperature). A constant heat injection rate was used through-
out the TRT. The outlet fluid temperature leaving from the bath and entering to the VGHE 
was set to be 50 °C with a constant volumetric flow rate of 0.703 L/min.	The difference 
between the inlet and outlet temperatures was 0.97 °C after1 h. The temperature difference 
then gradually decreased to 0.7 °C after 30 h, and it got to 0.65 °C after 60 h as shown in 
Figure 8. 

Figure 7. Temperature measurement at the inlet (Tin) and the outlet (Tout), borehole wall, and in
sand at different locations from the borehole wall, conventional single U-Tube VGHE.

Another TRT was performed for the innovative U-Tube pipe configuration with the
similar boundary conditions used with the conventional single U-Tube. The average initial
ground temperature was calculated to be 19.91 ◦C before the TRT started.

The TRT was conducted for 145 h (65 h for the heat injection and 80 h to let the
system return to its initial ground temperature). A constant heat injection rate was used
throughout the TRT. The outlet fluid temperature leaving from the bath and entering to
the VGHE was set to be 50 ◦C with a constant volumetric flow rate of 0.703 L/min. The
difference between the inlet and outlet temperatures was 0.97 ◦C after1 h. The temperature
difference then gradually decreased to 0.7 ◦C after 30 h, and it got to 0.65 ◦C after 60 h as
shown in Figure 8.
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As shown in Equation (6), there is a linear relationship between Tf and ln(t). The slope
(m) = 0.6642 was calculated from Figure 9, and then substituting ‘m’ in the Equation (7),(

λe f f

)
was calculated as 4.85 W/m·K.
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Using Equation (1) and from the measured inlet (Tin) and outlet (Tout) temperatures,
the heat exchange rate per unit length (q) of VGHE was calculated. The value of borehole
thermal resistance (Rb) was calculated using the value of λe f f (4.85 W/m·K) in Equation (5).
The value of borehole thermal resistance (Rb) at t > 5 r2/α (i.e., 73 min, error 10%), was
found to be 0.680 m·K/W. Calculated results are presented in Table 2.

As shown in Figure 10, the initial ground temperature of B4b, B3b, B2b, and B1b were
21.08 ◦C, 22.02 ◦C, 21.72 ◦C, and 21.09 ◦C, respectively, and they increased after 60 h during
the heat injection to 41.03 ◦C, 29.28 ◦C, 23.71 ◦C, and 21.69 ◦C, respectively. The ground
temperatures of the B4b, B3b, B2b, and B1b decreased to 20.26 ◦C, 20.55 ◦C, 19.74 ◦C, and
18.5 ◦C, respectively, after 80 h from the end of the test as shown in Figure 10. However,
the ground temperature changed rapidly and reached to 41.03 ◦C after 60 h at the borehole
wall. It changed slowly away from the borehole at 45 cm from the center of the borehole
and reached 21.69 ◦C. The ambient temperature was recorded during the TRT and recovery
time by using a data logger (OM-62), and it was confined at a range of 14.84 ◦C to 21.32 ◦C.

Table 2 presents the difference between the inlet and outlet fluid temperatures (∆T),
volumetric flow rate (V), heat injection rate (q), effective ground thermal conductivity
(λe f f ), and borehole thermal resistance (Rb) for the two different pipe configurations.
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4. Discussion
4.1. Experimental Observations

Two TRTs were conducted in the laboratory for the two different pipe configurations
under similar boundary conditions to demonstrate the impact of innovative U-Tube pipe
configuration on the heat transfer rate of the VGHE. The two different pipe configurations
are the conventional single U-Tube and the innovative pipe configuration (the conventional
single U-Tube pipe with fins), as shown in Figure 3. The two TRTs are continued for
a period of 60 h. As shown in Figures 5 and 8, after 60 h from starting the test, the
difference between the inlet and outlet fluid temperatures was 0.4 ◦C for the conventional
single U-Tube pipe VGHE while it was 0.7 ◦C for innovative U-Tube pipe configuration
VGHE. The latter was increased by 0.29 ◦C. As would be expected, the borehole thermal
resistance also decreased from 0.961 m·K/W to 0.680 m·K/W due to the introduction
of external fins to the conventional single U-Tube (see Table 2). The effective ground
thermal conductivity is 3.92 W/m·K for the conventional single U-Tube pipe configuration,
and it is 4.85 W/m·K for the innovative U-Tube pipe configuration. The results also
indicate that that the heat exchange rate for the innovative U-Tube pipe configuration was
30.09 W/m, i.e., an increase of 11.04 W/m compared to the conventional single U-Tube
(see Table 2). The results also show that the temperature at the borehole wall increased
by 4.87 ◦C when the innovative U-Tube pipe configuration was used compared to the
conventional single U-Tube. With the innovative U-Tube pipe configuration, at 45 cm
from the center of the borehole and at different depths, the highest temperature increased
by 0.54 ◦C more than the conventional single U-Tube pipe configuration as shown in
Figures 7 and 10. Based on the aforementioned observations, it can be concluded that
substantial improvement of thermal efficiency of VGHE can be made by the introduction
of external fins to the conventional single U-Tube pipe. In practical terms, it means
fewer boreholes are required when conventional single U-Tube pipes are replaced by the
innovative U-Tube pipe configuration with external fins, and this, in turn, will reduce the
VGHE installation cost.

4.2. Sources of Uncertainty or Error

The sources of error or uncertainty in measured parameters during the thermal re-
sponse tests (TRTs) and their impacts on the results obtained from the tests in the laboratory
could be explained qualitatively but difficult to quantify adequately. These sources of error
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arise from the assumptions made regarding the properties of the materials, application
of the line source theory, sensors, etc. [39]. Quantification of uncertainties arising from
these sources is not only beyond the scope of this paper, but a systemic evaluation pro-
tocol for this purpose is yet to be established. However, it is well known that the errors
associated with measured inlet and outlet temperatures, using two thermistors (Omega
TH-44032-1/4NPT-80), have a significant impact on the overall error or uncertainty of the
test results [39]. The error associated with each of these two measured temperatures is
±0.1 ◦C at 0 to 75 ◦C. The propagation of this error due to subtraction can be calculated by

square rooting the sum of the square of each errors (i.e.,
√
(0.1)2 + (0.12) = ±0.14 ◦C).

5. Conclusions

The results from the TRTs conducted in the laboratory on a small-scale VGHE with two
different pipe configurations, a conventional single U-Tube and the same with external fins,
have been presented and examined in this paper. The main observations are outlined below:

• The difference between the inlet and outlet temperature for the innovative U-Tube
pipe configuration (i.e., with external fins) is 0.7 ◦C after 60 h while the difference
between the inlet and outlet temperatures for the conventional single U-Tube pipe
configuration was 0.4 ◦C after 60 h. Thus, a 76.3% increase in temperature difference
has been achieved due to the use of innovative pipe configuration.

• The effective ground thermal conductivity for the innovative U-Tube pipe configura-
tion was 4.85 W/m·K, a 23.64% increase compared to the conventional single U-Tube
pipe configuration.

• The borehole thermal resistance for the innovative U-Tube pipe configuration was
found to be 0.680 m·K/W, which is 29.22% lower than that of the same with conven-
tional single U-Tube pipe.

• The increased ground temperatures with the innovative U-Tube pipe configuration,
compared to single U-Tube pipe configuration, clearly indicate the superior heat
transfer performance of innovative pipe configuration.

• The introduction of external fins to single U-Tube pipe configuration helps to reduce
the number of boreholes by about 57.95%, which will in turn decrease the installa-
tion cost.
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