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Summary
In-situ thermal response tests (TRT) have been carried out on six boreholes in Oklahoma
City, Oklahoma at the Hope Crossing (Habitat for Humanity) site. The set of boreholes include
coaxial and double U-tube heat exchangers, as well as conventional U-tube heat exchangers.
This TRT study is a part of a larger project, where the boreholes are connected to ground source
heat pumps to cool and heat homes. The TRT study is the first part of a larger project to evaluate
the thermal performance of different types of ground heat exchangers. The TRT tests and
subsequent data analyses provide estimates of the soil thermal conductivity and the borehole
thermal resistance of each heat exchanger. Potentially the borehole depth and/or number of
boreholes can be reduced for an installation if the borehole resistance is lowered. The double Utube heat exchanger with enhanced grout has the lowest borehole resistance, followed by a single
U-tube heat exchanger and a coaxial exchanger both with enhanced grout. The length of the
double U-tube heat exchanger with enhanced grout could have a 20% to 40% length reduction
compared to a conventional U-tube heat exchanger with bentonite grout. The amount of
reduction is dependent on parameters for each installation such as soil thermal conductivity.

Introduction
A geothermal heat pump research project is being carried out at the Hope Crossing
(Habitat for Humanity) site in Oklahoma City, OK. OG&E is coordinating the project and has
gathered many collaborators to participate in the project. In these homes a heat pump is coupled
to the ground to provide both heating and cooling. Water circulates in pipes forming a closed
loop between the heat pump and a ground heat exchanger. The heat pump system moves heat
from the ground during the winter to warm the home. During the summer the system transfers
heat from the home into the ground. Below 20 feet under the surface, the ground temperature at
Oklahoma City remains nearly constant at about 64˚F throughout the year. This nearly constant
temperature allows the heat pump to efficiently heat and cool the home. We wish to identify
designs that reduce the required borehole depth and installation costs. Except for one installation,
all the heat exchangers are in vertical boreholes.
This report focuses on the heat exchangers in vertical boreholes with different piping
geometries. The designs include single U-tube, double U-tube and coaxial pipe configurations.
In a single U-tube layout (Figure 1) the circulating fluid flows down one leg of the U-tube and
flows up the other. The space between the pipes and the borehole wall is filled with grout to
prevent water and contaminants from migrating along the vertical borehole. While circulating
through the buried pipes, the fluid exchanges heat with the surrounding soil or rock. The double
U-tube layout (Figure 2) is connected so that water flow is divided between the two U-tubes in
parallel flow.
In a simple coaxial ground heat exchanger design (Figure 3), an internal pipe is placed
inside a larger external pipe. Grout fills the space between the outer pipe and the borehole wall.
The fluid may enter the heat exchanger through the internal pipe or the annulus and then flows
downward. The fluid travels upward through the other pathway. In all the coaxial heat
exchangers in the present study the fluid enters through the internal pipe.
In-situ thermal response tests (TRT) have been performed on the test boreholes to
provide estimates of soil thermal conductivity and borehole resistance. Both parameters are used
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to design borehole heat exchangers. Gehlin and Spitler (2003) and Sanner et al. (2005) review
the history of in-situ TRTs. As illustrated in Figure 4, the test equipment often includes an
electric heater, which serves as a controlled heat source. The fluid is pumped through a closed
loop that includes the heater and ground heat exchanger. The circulating fluid flow rate is
measured by a flow meter. The transient fluid temperatures are recorded at the inlet and outlet
connections to the ground heat exchanger. The TRT provides estimates for the soil thermal
conductivity, ks, and the borehole resistance. Both of these parameters are used to design the
required number of boreholes and depth for an installation. A typical TRT lasts between 36 to
48 hours.
The undisturbed soil temperature is evaluated during the in-situ test by initially
circulating the fluid through the U-tube with the heater off. Prior to starting the in-situ TRT, the
water-filled U-tube is left undisturbed for 7 or more days to allow the standing water to come to
the undisturbed ground temperature. The delay of 7 days also allows the pliable grouts to fully
build, or hydrate. The measured temperature of the exiting water from the U-tube during the
initial circulation is averaged over a time window corresponding to the travel time through the
loop to estimate the undisturbed ground temperature.
Additionally, a suite of electronic logs (e-logs) were conducted . The e-logs consisted of
natural gamma ray, spontaneous potential (SP), sixteen (16”) short and sixty-four (64”) inch long
normal, and resistance. Natural Gamma Ray emissions were measured in counts per second, SP
in milli-volts, 16” and 64” normal in Ohms per meter, and resistance in Ohms . The suite of five
e-logs were used to determine vertical lithology of each bore hole. Further, the e-logs were used
to determine invasion of the bore hole by drilling fluids and solids/spoils. Also, caliper logs were
conducted to determine borehole diameter along the length of the bore hole. Further, deviation
logs were conducted to track the position of the bore hole with depth from vertical. The authors
are not including the e-logs, caliper, and deviation logs and interpretations within this report.
This report focuses on six boreholes each with a TRT that provides a short-term
assessment of the thermal performance of each ground heat exchanger. The long-term
performance of each ground heat exchanger will be monitored as each heat exchanger
installation is connected to a heat pump that heats/cools a home.
Thermal Resistance Models
For the single U-tube configuration the thermal resistance model of the borehole in
Figure 5 illustrates the heat transfer between the circulating fluid in each leg and the undisturbed
ground. Also, heat exchange occurs between the two pipes. Heat transfer from the first pipe to
the borehole wall must pass through a borehole resistance, Rb1. The borehole resistance includes
all the thermal resistances between the fluid and the borehole wall such as the inner-pipe film
resistance, pipe wall resistance, grout resistance, and any contact resistances. The temperature of
the borehole wall, Tb, is treated as being uniform around the borehole circumference at a given
depth. The heat transfer from the borehole wall to the distant undisturbed ground passes through
the ground resistance, Rs1. Corresponding resistances apply for the second pipe. The heat
transfer between the fluids in the two pipes passes through the thermal resistance R12.
The TRT determines the overall borehole resistance, Rb. Here Rb represents the thermal
resistance between the circulating fluid in both pipes taken together and the borehole wall. If the
pipes are symmetrically placed in the borehole, Rb1 = Rb2 = 2 Rb. Likewise, Rs1 = Rs2 = 2 Rs,
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where Rs is the overall soil resistance. The soil thermal conductivity, k, is inversely proportional
to the overall soil resistance Rs. A corresponding model applies to the double U-tube
configuration.
For the coaxial heat exchanger the heat transfer between the circulating fluid in the pipes
and the surrounding soil is represented by a thermal resistance model of the borehole as shown in
Figure 6. The illustration is for the case with the fluid entering the inner pipe and returning
upward through the annulus. Heat transfer occurs between the fluids in the inner pipe and the
annulus through resistance R12, which accounts for the convective films and the inner pipe wall.
Two thermal resistances in series exist between the circulating fluid in the annulus and the soil.
The resistance Rb represents the borehole resistance between the circulating fluid in the annulus
and the borehole wall. The borehole resistance includes thermal resistances corresponding to the
convective film, pipe wall, grout and any imperfect contacts. Again, the soil resistance, Rs,
represents the time dependent thermal resistance between the borehole wall and the undisturbed
soil.
Single U-tube Heat Exchangers
A single U-tube heat exchanger (Unit # 10) is installed in a slim borehole (diameter 2.75
in) with a 177 feet loop length. The loop is made of DR-11 HDPE pipe with a nominal diameter
of ¾ inch. Instead of the usual practice of filling the void space in the borehole with grout, this
borehole is gravel packed from the bottom to 70 ft below the surface. Lab measurements
indicate the gravel pack saturated with water has a thermal conductivity of 1.82 Btu/(hr-ft-F),
Bentonite pellets have been poured in the top 70 ft as a grout seal (0.43 Btu/(hr-ft-F)) in the top
of the borehole. The length-weighted average thermal conductivity of the filling material is 1.27
Btu/(hr-ft-F). See Table 1 for values in metric units and other parameters for the heat exchanger.
The measured transient fluid temperatures are plotted in Figure 7 where the horizontal
axis is the natural logarithm of time in hours. The time is the elapsed time after the start of heat
input. In a simple model the heat exchanger is treated as a line source of heat (Carslaw and
Jaeger, 1959). The model predicts the linear trend seen in Figure 7 for the late-time data. Often
the mean of the inlet and outlet temperatures (Tin and Tout) is used in the line-source analysis.
The arithmetic average or mean is simply

Tm 

Tin  Tout
2

(1)

A linear fit to the late-time data consistent with the line-source model is placed over the data in
Figure 8. The line-source model does not match the early-time data, because the model does not
fully account for the thermal storage of the circulating fluid, location of the U-tube, and the
thermal properties of the grout-filled borehole. The soil thermal conductivity, k, is inversely
proportional to this late-time slope,
ks 

Q
4 m L

(2)

where Q is the heat input rate, L is the length of the loop, and m is the late-time slope. The soil
thermal conductivity is estimated to be 1.72 Btu/(hr-ft-˚F) as listed in Table 3. Note the late-time
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slopes of the inlet fluid temperature, the outlet fluid temperature and the mean temperature are
nearly all the same. Thus, the value of the soil thermal conductivity could theoretically be
determined from any of these curves. The estimate for soil thermal conductivity is not sensitive
to the choice of using the mean temperature approximation.
The borehole resistance can be estimated from the line-source model (Beier and Smith,
2002; Witte et al., 2002) by the expression
*

( )

(

)+

( )

The temperature Tm(t) may be set as the extrapolated mean temperature of the late-time trend
evaluated at one hour. Then the time, t, is set equal to one hour. Here Ts is the undisturbed soil
temperature, αs is the soil thermal diffusivity, rb is the borehole radius, and γ is a constant
approximately equal to 1.78. Based on the linear trend in Figure 8 the borehole resistance is
0.155 (hr-ft-˚F)/Btu.
The choice to evaluate Tm(t) at one hour is for convenience. Using a different time and
the corresponding temperature on the late-time trend line gives identical results. If a second
borehole in the same soil has a larger borehole resistance, a thermal response test would yield the
same late-time slope. However, the late-time data would fall on a parallel trend above the current
late-time trend (Beier and Smith, 2002).
Another installation with a single U-tube heat exchanger (Unit #7) has a more typical
borehole diameter of 4.75 in (120 mm), and the depth is 320 ft (98 m). The U-tube has high
density polyethylene (DR-11 HDPE) pipe with a nominal diameter of 1 inch. The thermal
conductivity of the grout (Barotherm Gold ®) has been measured on a field sample with a needle
probe. The enhanced grout has a thermal conductivity of 0.81 Btu/(hr-ft-˚F).
For the test on Unit #7 the transient mean temperature of the circulating fluid is shown in
Figure 9 with the expected logarithmic linear trend in the late-time data. Application of the linesource model estimates the soil thermal conductivity and the borehole resistance as 2.22 Btu/(hrft-˚F) and 0.187 (hr-ft-˚F)/Btu, respectively. See Table 3 for these values in metric units.
This deepest borehole (Unit #7) in the study penetrates ground with the largest average
thermal conductivity. The test on the shallowest borehole (Unit #10) finds the lowest soil
thermal conductivity. Borehole e-logs (normal, resistivity and gamma ray) indicate the deeper
boreholes penetrate cleaner water-bearing sandstone layers, which have higher thermal
conductivity.
Within the line source model, the mean temperature approximation implicitly assumes
that the heat transfer rate to the ground is uniform along the length of the borehole. The
corresponding temperature profiles within the U-tube legs appear as straight lines as illustrated in
Figure 10. More general models of the vertical temperature profiles have been developed by
Beier (2011), Yang et al. (2009) and Zeng et al. (2003). These models are valid during the
logarithmic linear period for the late-time data. In some cases these models find vertical
temperature profiles that depart from profiles of the mean temperature approximation as shown
in Figure 10. In such cases, the mean temperature profile approximation tends to overestimate
the borehole thermal resistance. As illustrated by Beier (2011) this more general model can be
used to estimate the borehole resistance. Applying this more general model to the data from
Units # 7 and #10 gives borehole resistance values of 0.170 (hr-ft-˚F)/Btu and 0.145 (hr-ft-
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˚F)/Btu, respectively. These estimates of borehole resistance are about 9% less than the
corresponding estimates with the mean temperature approximation.
Marcotte and Pasquier (2008) argue a p-linear average is better than the mean of surface
temperatures for the evaluation of the borehole resistance. The p-linear average is defined as
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Here ΔT represents the temperature difference from the undisturbed soil temperature, Ts.
Marcotte and Pasquier get their best results as p → -1. They derive Equation (4) by assuming
the fluid variation at power p, |ΔT(z)|p, varies linearly within the pipe between |ΔTin|p and
|ΔTout|p . For the test data set on Units # 7 the estimated borehole resistance from the p-linear
average is nearly the same as the corresponding value from the vertical profile model. For Unit
#10, the estimated borehole resistance from the p-linear average is nearly the same as the
corresponding value from the mean temperature approximation.
The positions of the U-tube legs in the borehole are unknown and probably vary with
depth and the density of the grout. Detailed calculations of borehole resistance often assume the
legs are placed symmetrically in the borehole because no specific information is known. Figure
11 shows typical idealized locations for a single U-tube. Experience indicates borehole
resistance often falls between the idealized values corresponding to configurations B and C in
Figure 11. Calculations of borehole resistance have been carried out using the software
GLHEPRO (2008). These values from GLHEPRO are a useful reference for comparison as
listed in Table 3. For Unit #7 the borehole resistance found by the in-situ test falls between the
independently calculated values (with GLHEPRO) corresponding to configurations B and C. No
reference values from GLHEPRO are listed in Table 3 for Unit #10, because the software does
not handle boreholes with such small diameters.
Double U-tube Heat Exchanger
The double U-tube heat exchanger for Unit #6 has ¾-inch HDPE pipes with an active
loop length of 260 ft. The borehole diameter is 5.25 in, and the grout has a thermal conductivity
of 0.82 Btu/(hr-ft-˚F). Spacers have been placed in the center of the tube array to spread the
tubes apart. Additional information about the heat exchanger is listed in Table 1. The measured
inlet and outlet temperatures to the ground loop are shown in Figure 12 during the thermal
response test along with the mean temperature. Between the interval 1.6 and 13 hours, the test
data were not recorded and were lost, but the heat input and flow circulation was uninterrupted.
A linear fit is applied to the data after 13 hours in Figure 13. From this fit line the soil thermal
conductivity estimate is 2.07 Btu/(hr-ft-˚F) and the borehole thermal resistance is 0.113 (hr-ft˚F)/Btu. The p-linear average gives a borehole resistance that is about 6% less as listed in Table
3.
Again, Calculations of borehole resistance have been carried out using the software
GLHEPRO (2008). For Unit 6 the borehole resistances found by the in-situ test falls between
the independently calculated values corresponding to configurations B and C.
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Coaxial Heat Exchangers
Several vertical coaxial heat exchangers have recently become available in the
marketplace. In this study two suppliers (Amasond® and Geothex®) have specified the
borehole depth, diameter and grout used in their respective designs.
The thermal response test on the Geothex® heat exchanger at Unit #4 has the most
complete data set. The heat exchanger is placed in a borehole with a diameter of 5.25 in and an
active length of 214 ft. Barotherm ® Max grout is used with a thermal conductivity of 1.79
Btu/(hr-ft-˚F) based on a field sample. A plot with the mean temperature data in Figure 14
includes a linear fit of the late-time data. A plot of the late-time data in Figure 15 show some
undesired variation of the temperature data from the straight-line trend, which is most likely due
to the daily weather cycle effects on the equipment at the surface. The straight line is placed
through the data before and after the departure from the trend. Based on this linear trend the linesource model estimates the soil thermal conductivity to be 1.83 Btu/(hr-ft-˚F) and the borehole
thermal resistance is 0.158 (hr-ft-˚F)/Btu.
The vertical temperature profiles in a coaxial heat exchanger may differ considerably
from the profiles in a U-tube heat exchanger. Beier et al. (2012) have developed a heat transfer
model for the coaxial geometry. The model generates the vertical profiles in the heat exchanger
at any given time during the late-time period or constant heat flux period. The profiles for the
Geothex® heat exchanger at Unit #4 are shown in Figure 16 for a time near at the end of the test
(48 hr). The internal pipe has a polyethylene foam wall that acts as a good thermal insulator and
minimizes the heat exchange between the fluids in the central pipe and the annulus. Thus, the
higher temperature of the fluid flowing down the internal pipe is nearly unchanged. The
temperature of the fluid flowing in the annulus decreases as the fluid moves upward and loses
heat to the cooler soil. The mean temperature approximation gives good results for such a
profile, because the mean of the inlet and outlet temperatures is representative of the average
temperature of the fluid along its path through the annulus. The mean temperature
approximation and vertical profile model (Beier et al., 2012) give nearly identical value for the
borehole resistance (Table 3).
A fully transient model is being developed as an extension of the vertical profile model
(Beier et al., 2013) for the coaxial heat exchanger. This transient model fits the entire TRT data
set is shown in Figure 17. The model fits the entire transient data set. The model estimates the
soil thermal conductivity to be 1.86 Btu/(hr-ft-˚F) and the borehole thermal resistance is 0.153
(hr-ft-˚F)/Btu. Both values are nearly identical to the line-source model estimates.
At Unit #9 two shallower boreholes are used for the Geothex® installation, and a TRT
data set is available for one of the boreholes. The tested borehole has a diameter of 4.75 in and
an active depth of 150 ft. The borehole contains Barotherm® Gold grout with a thermal
conductivity of 0.83 Btu/(hr-ft-˚F). Figure 18 shows a plot of the mean temperature and a linear
fit for the line-source model. Again some variations in the measured temperatures around the
linear trend are most likely due to temperature variations at the surface. The plot of the late-time
data in Figure 19 shows the linear fit more closely. The line-source model estimates the soil
thermal conductivity to be 1.60 Btu/(hr-ft-˚F) and the borehole thermal resistance is 0.211 (hr-ft˚F)/Btu.
The transient model for a coaxial heat exchanger is again applied to the data set with the
match shown in Figure 20. The model estimates the soil thermal conductivity to be 1.60 Btu/(hrft-˚F) and the borehole resistance to be 0.213 (hr-ft-˚F)/Btu.
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Installation # 3 has three boreholes each containing an Amasond® coaxial heat
exchanger. A TRT data set is available for one of the boreholes. The borehole diameter is 5.25
in, and the active borehole depth is 120 ft. The measured temperatures in Figure 21 show a gap
in the readings between 21.5 and 25 hours. The data depart from a linear trend before this gap.
With these complications, the line-source model is difficult to apply, because the model is
restricted to only the late-time data. The transient coaxial model is applied to the full data set in
Figure 22. The model estimates the soil thermal conductivity to be 1.86 Btu/(hr-ft-˚F) and the
borehole resistance to be 0.209 (hr-ft-˚F)/Btu .
Again, calculations of borehole resistance have been carried out using the software
GLHEPRO (2008) for the coaxial heat exchangers. The values from the borehole tests and the
expected values based on GLHEPRO are within 10% of each other, which is within the
uncertainty of the estimate from the in-situ test.
Discussion
In designing a borehole field the engineer needs values for the both the ground thermal
conductivity and borehole resistance. The ground thermal conductivity is what nature provides,
but the engineer does have a choice for the borehole specifications, which affect the borehole
resistance. Both parameters are used in the calculation of the total thermal resistance, which is
used to estimate the required ground loop length in a design.
The total resistance is the resistance between the circulating loop fluid and the
undisturbed ground temperature away from the borehole. The total resistance has contributions
from the borehole resistance and ground resistance. The total resistance is approximated
(Remund, 2009) as
( )
where Fc is a run factor and Rs is the soil resistance. For the results in Table 4 the run factor is
set equal to 0.6, which corresponds to the case when the heat pump(s) would be running 60% of
the time during the design month. An estimate of the ground thermal resistance is given by
(

)

( )

where dso is the diameter of the ground surrounding the borehole affected by heat transfer and db
is the borehole diameter. The value of dso is set to 20 ft.
As a reference the borehole resistance and total resistance are calculated for a single Utube with bentonite grout. The borehole resistance is a weighted average of the values
corresponding to configurations B and C as estimated by the software GLHEPRO. The
weighting is 80% configuration B (0.329 (hr-ft-F)/Btu) and 20% configuration C (0.196 (hr-ftF)/Btu). The resulting borehole resistance of 0.302 (hr-ft-F)/Btu is nearly identical to the value
calculated by the method recommended by Remund (2009) for this case.
The percent reduction relative in total resistance relative to this reference borehole is
estimated for each of the boreholes and listed in Table 4. Three values of soil thermal
conductivity are used in Equation 6 for each borehole. The values are chosen to cover the usual
7

range found in applications. The double U-tube heat exchanger (Unit #6) has the largest
reduction, which ranges from 22% to 41% depending on the soil thermal conductivity. As the
soil thermal conductivity increases, the soil resistance decreases (Equation 6), and the
corresponding term in Equation 5 decreases relative to the borehole resistance. Then, the total
resistance is more sensitive to changes in the borehole resistance. This reduction in total
resistance roughly corresponds to the expected decrease in the required loop length compared to
the reference borehole. The actual decreased in length depends on parameters for a particular
installation and must be determined for each case.
The boreholes in Unit #7 and Unit #9 have the same grout material a Unit #6, which
provides a meaningful comparison. The single U-tube borehole (Unit #7) has a decrease in total
resistance between 12% and 24%. The coaxial Geothex ® borehole shows a reduction of 10% to
19%. Thus, the ranking for the borehole geometries goes from double U-tube, single U-tube,
and coaxial. Within the uncertainty of the borehole resistance estimate, the single U-tube and
Geothex® coaxial cases (Units #7 and #9) have the same results from a practical point of view.
The coaxial Geothex® heat exchanger in Unit #4 has a larger reduction in total resistance, but
the grout has a higher thermal conductivity.
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Table 1. Information for single and double U-tube heat exchangers.
Heat exchanger type

Single U-tube

Single U-tube

Double U-tube

10

7

6

Ewbank

Geo-Enterprises

Geo-Enterprises

Gravel (107’)/
Bentonite Pellets
(upper 70’)

Barotherm® Gold
(pre-mixed bags)

Barotherm® Gold
(pre-mixed bags)

1.27 (2.20)
weighted average

0.81 (1.40)

0.82 (1.42)

2.75 (70)

4.75 (121)

5.25 (133)

177 (54)

319 (97)

260 (79)

1.050 (27)

1.315 (33)

1.050 (27)

0.860 (22)

1.077 (27)

0.860 (22)

0.225 (0.389)

0.225 (0.389)

0.225 (0.389)

63.0 (17.2)

63.7 (17.6)

63.4 (17.4)

Soil volumetric specific heat,
Btu/(ft3- ˚F) ; (kJ/(ft3- K))

37 (2480)

37 (2480)

37 (2480)

Water volumetric flow rate,
gpm (liters/s)

3.1 (0.20)

6.9 (0.44)

4.6 (0.29)

12,600 (3690)

21,700 (6360)

18,000 (5280)

Installation number
Heat exchanger supplier

Grout type
Grout thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
Borehole diameter , in (mm)
Active length, ft (m)
Pipe outer diameter, in (mm)
Pipe inner radius, in (mm)
Pipe wall thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
Undisturbed soil temperature, ˚F (˚C)

Average heat input rate, Btu/hr (W)
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Table 2. Information for coaxial heat exchangers.

Heat exchanger type

Coaxial

Coaxial

Coaxial

4

9

3

Geothex®

Geothex®

Amasond®

Barotherm® Max
(pre-mixed bags)

Barotherm® Gold
(pre-mixed bags)

Barotherm® Max
(pre-mixed bags)

1.79 (3.10)

0.83 (1.44)

2.95 (5.11)

5.25 (133)

4.75 (121)

5.25 (133)

214 (65)

150 (46)

120 (37)

1.61 (41)

1.61 (41)

1.495 (38)

1.10 (28)

1.10 (28)

1.20 (30)

0.0081 (0.014)

0.0081 (0.014)

0.225 (0.389)

2.48 (63)

2.48 (63)

2.24 (57)

2.24 (57)

0.225 (0.389)

0.225 (0.389)

0.225 (0.389)

63.0 (17.2)

63.0 (17.2)

63.0 (17.2)

Soil volumetric specific heat,
Btu/(ft3- ˚F) ; (kJ/(ft3- K))

37 (2480)

37 (2480)

37 (2480)

Average water volumetric flow rate,
gpm, (liters/s)

4.8 (0.30)

3.0 (0.19)

3.3 (0.19)

14500 (4260)

10800 (3160)

9180 (2690)

Installation number
Heat exchanger supplier
Grout type
Grout thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
Borehole diameter, in (mm)
Active length, ft (m)
Internal pipe outer diameter, in (mm)
Internal pipe inner diameter, in (mm)
Internal pipe wall thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
External pipe outer diameter, in (mm)
External pipe inner diameter, in (mm)
External pipe wall thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
Undisturbed soil temperature, ˚F (˚C)

Average heat input rate, Btu/hr (W)
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Max 2.47 (63)
Min. 2.21 (56)
Max 2.26 (57)
Min. 2.01 (51)

Table 3. Results from in-situ thermal response tests.
Heat exchanger type
Installation number
Heat exchanger supplier
Grout type
Grout thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
Borehole diameter , in (mm)
Soil thermal conductivity
Line source/mean temp.
Btu/(hr-ft-˚F) ; (W/(K m))
Soil thermal conductivity
Vertical profile model
Btu/(hr-ft-˚F) ; (W/(K m))
Borehole resistance
Line source/mean temp.
(hr-ft-˚F)/Btu ; ((K m)/W)
Borehole resistance
Line source/p-avg. temp.
(hr-ft-˚F)/Btu ; ((K m)/W)
Borehole resistance
Vertical profile model
(hr-ft-˚F)/Btu ; ((K m)/W)
Borehole resistance estimate
GHLEPRO
(hr-ft-˚F)/Btu ; ((K m)/W)

Single U-tube
10

Single U-tube
7

Double U-tube
6

Coaxial
4

Coaxial
9

Coaxial
3

Ewbank

Geo-Enterprises

Geo-Enterprises

Geothex®

Geothex®

Amasond®

Gravel/
Bentonite Pellets

Barotherm® Gold

Barotherm®
Gold

Barotherm®
Max

Barotherm®
Gold

Barotherm®
Max

1.27 (2.20)

0.81 (1.40)

0.82 (1.42)

1.79 (3.10)

0.83 (1.44)

2.95 (5.11)

2.75 (70)

4.75 (121)

5.25 (133)

5.25 (133)

4.75 (121)

5.25 (133)

1.72 (3.00)

2.22 (3.84)

2.07 (3.58)

1.83 (3.17)

1.60 (2.77)

1.85 (3.20)

---

---

---

1.86 (3.22)

1.60 (2.77)

1.86 (3.22)

0.155 (0.090)

0.187 (0.108)

0.113 (0.065)

0.158 (0.091)

0.211 (0.122)

0.232 (0.134)

0.146

0.184

0.106 (0.061)

0.153 (0.089)

0.207 (0.120)

0.230 (0.133)

0.145

0.170

---

0.159 (0.092)

0.213 (0.123)

0.209 (0.121)

---

Config. B 0.213
(0.123)
Config. C 0.148
(0.086)

Config. B 0.181
(0.105)
Config. C 0.080
(0.046)

0.141 (0.081)

0.206 (0.119)

0.240 (0.139)
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Table 4. Comparisons of combined borehole and soil thermal resistances.
Heat exchanger type
Installation number

Single U-tube
10

Single U-tube
7

Double U-tube
6

Coaxial
4

Coaxial
9

Coaxial
3

Heat exchanger supplier

Ewbank

Geo-Enterprises

Geo-Enterprises

Geothex®

Geothex®

Amasond®

Grout type

Gravel/
Bentonite Pellets

Barotherm®
Gold

Barotherm®
Gold

Barotherm®
Max

Barotherm®
Gold

Barotherm®
Max

1.27

0.81 (1.40)

0.82 (1.42)

1.79 (3.10)

0.83 (1.44)

2.95 (5.11)

0.43 ()

2.75 (70)

4.75 (121)

5.25 (133)

5.25 (133)

4.75 (121)

5.25 (133)

4.75 (133)

0.155 (0.090)

0.187 (0.108)

0.113 (0.065)

0.158 (0.091)

0.211 (0.122)

0.232 (0.134)

0.302

7%

12%

22%

17%

10%

9%

---

21%

22%

36%

28%

17%

14%

---

26%

24%

41%

31%

19%

16%

---

Grout thermal conductivity,
Btu/(hr-ft-˚F) ; (W/(K m))
Borehole diameter , in (mm)
Borehole resistance
Line source/mean temp.
(hr-ft-˚F)/Btu ; ((K m)/W)
Percent Reduction in
Total Resistance
ks=0.6 Btu/(hr-ft-F)
Percent Reduction in
Total Resistance
ks=1.6 Btu/(hr-ft-F)
Percent Reduction in
Total Resistance
ks=2.2 Btu/(hr-ft-F)

a. Estimated from GLHEPRO software.
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Single U-tube
Reference
Borehole
Bentonite

a

Soil or Rock

Grout

U-tube Heat
Exchanger
Pipes

Borehole
Boundary

Figure 1. Cross section of a single U-tube heat exchanger.

Soil or Rock

Grout

U-tube Heat
Exchanger
Pipes

Borehole
Boundary

Figure 2. Cross section of a double U-tube heat exchanger.
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Soil
or Rock

External
Pipe

Borehole
Wall

Inner
Pipe

Grout

Figure 3. Cross section of coaxial heat exchanger.

Pump

Heater

m
Tsup

Trtn

U-tube
borehole heat
exchanger

Figure 4. Test setup for in-situ thermal response test.
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Ts

Ground
Grout
Or Water
T1

T2

Entering
Fluid

Leaving
Fluid

Tb

Tb

T1

T2

R12

(a)

(b)

Figure 5. (a) Geometry of borehole with single U-tube and (b) thermal resistance model.

Fluid enters the central pipe
Ts
T1

T2

R12

Tb

Rb

Ts
Rs

Tb
T
T
T1
T2

Figure 6. Geometry of coaxial borehole and corresponding thermal resistance model.
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0

2

4

ln(Time (hr))
Figure 7. Circulating fluid temperatures during the in-situ test on a single U-tube borehole at
Unit #10.
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Mean Temp.
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75
70
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2
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Figure 8. Linear fit of late-time data of mean temperature from in-situ test at Unit #10.
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Figure 9. Data from in-situ test at Unit #7.
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0

Outlet

Inlet

Depth (m)

50
100
150
200
250

Mean temp. approx.
More accurate model

300
14

16

18

Temperature (˚C)

20

Figure 10. Calculated temperature profiles from mean temperature approximation and vertical
profile model for a generic single U-tube borehole.

A

B

C

Figure 11. Different configurations of U-tube pipes in borehole.
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Temperature (˚F)

90
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Mean Temp.
Outlet Temp.

60
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-2

0

2

4

ln(Time (hr))
Figure 12. Circulating fluid temperatures during the in-situ test on a double U-tube borehole at
Unit #6.
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Figure 13. Linear fit of late-time data of mean temperature from in-situ test at Unit #6.
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Temperature (˚F)

90
85

80
75

Mean Temp.
Fit Line

70
65
-2

0

2

4

ln(Time (hr))
Figure 14. Linear fit of late-time data of mean temperature from in-situ test at Unit #4.

Temperature (˚F)

90
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3
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Figure 15. Enlarged view of late-time data from in-situ test at Unit #4.
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Depth ft)
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Temperature (˚F)
Figure 16. Calculated temperature profiles from the vertical profile model for the coaxial heat
exchanger at Unit #4 near the end of the test.
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Figure 17. Fully transient model fit of the in-situ data set from Unit #4.
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Figure 18. Fully transient model fit of the in-situ data set from Unit #9.
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Figure 19. Enlarged view of late-time data from in-situ test at Unit #9.
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Figure 20. Fully transient model fit of the in-situ data set from Unit #9.
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Figure 21. Enlarged view of late-time data from in-situ test at Unit #3.
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Figure 22. Fully transient model fit of the in-situ data set from Unit #3.
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