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Abstract

This paper focuses on an evaluation of current borehole-thermal-resistance-estimation models based on a Thermal Response Test
(TRT). For the TRT, a U-type heat exchanger was installed in a single medium formed in a model box, and the test performed for
about 18 hours. In order to estimate the borehole thermal resistance, two imaginary circles were regarded as the borehole boundary
where the two Resistance Temperature Detector (RTD) sensors were buried. The values of thermal resistance determined from the
series-sum and multipole methods were compared to each other, as well as to the results from the thermal response test and numerical
simulation. With reference to the experimental results, numerical analysis and multipole methods and Remund’s model predicted
reasonable results. Using the multipole method and numerical simulation, it was possible to estimate the borehole thermal resistance
in a composite region. It was found that the thermal conductivity of the grout had a great influence on the borehole thermal resistance.
However, this effect became smaller as the grout thermal conductivity increased.
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1. Introduction

As one of the most efficient and eco-friendly renewable energy

resources, geothermal energy provided by a Ground-Coupled

Heat Pump (GCHP) has been gaining global attention for heating

and cooling buildings. GCHP systems extract thermal energy

from the ground (for heating) or inject thermal energy into the

ground (for cooling) using vertical or horizontal Ground Heat

Exchangers (GHEs). In these systems, a forced convective heat

transfer occurs between water circulating in a pipe, and the

surrounding ground or grout. In general, vertical GHEs are

preferred to horizontal GHEs due to their higher energy efficiency

and smaller amount of land required for installation. Accordingly, a

number of design methods for vertical GHEs have been proposed

to calculate the heat transfer between the GHE and the ground

(Geothermal Design Studio, 2007; Hellstrom and Burkhard,

2000). In general, the design methods assume that the GHEs

exist as a group of lines or cylindrical heat sources with finite

lengths; then, the problem of conduction in the ground is solved

based on analytical or semi-analytical schemes. The mean

temperature of the fluid circulating within the GHE is estimated

considering a one- or two-dimensional thermal resistance network

in a cross section of the GHE. If a steady heat flow is maintained

around the GHE, the difference between the mean fluid temperature

and the temperature at the borehole-soil interface has a unique

proportional relationship with the heat transferred. The proportional

factor is generally called the borehole thermal resistance

(Claesson and Hellstrom, 2011; Mostafa et al., 2009). Hence, for

a reasonable GHE design, reliable estimation of ground thermal

conductivity, and borehole thermal resistance, is essential. 

While the thermal conductivity is an inherent parameter, the

borehole thermal resistance depends on various components of

the GHE: convective heat transfer characteristics of the fluid,

thermal properties of the pipe and the grout, number of pipes,

and arrangement. Hence, various empirical, analytical, and

numerical models have been proposed for the estimation of

borehole thermal resistance (Bennet et al., 1987; Gu and O’Neal,

1998; Claesson and Hellstrom, 2011; Liu et al., 2009; Mostafa et

al., 2009; Roth et al., 2004; Remund, 1999; Shonder and Beck,

1999; Young, 2001). In one case, an empirical model was suggested

based on experimental data (Remund, 1999); however, experimental

validation of the current models is still lacking.

Because thermal resistance plays an important role in the

design of a GCHP system, effective estimation of borehole

thermal resistance is directly linked to the economic design of

the GCHP system (Marcotte and Pasquier, 2008). In other

words, once a reliable borehole resistance is determined, it is

possible to control the amount of flux in the fluid temperature
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required to operate the system. Hence, in this paper, an experimental

and numerical study was performed to determine a reasonable

estimate of the borehole thermal resistance. To establish an

experimental reference, a thermal response test was conducted

for a U-shaped heat exchange pipe embedded in homogenous

dry sand, in order to obtain ground temperature measurements.

When the heat exchanger was set up in a steel box, each pipe was

placed in a hypothetically parallel array. In general, however, it is

quite likely that the pipes were not truly parallel. Because it is

difficult to describe the actual positions of the pipes in the

experiment, the experimental validation has some shortcomings

in this respect. Then, the thermal response test was numerically

simulated considering the convective heat transfer between the

fluid and the sand. By assuming an imaginary cylindrical

borehole in the sand, the borehole thermal resistance values were

estimated from the results of experiment and simulation. These

values were compared with those evaluated by existing methods,

and the differences among them are discussed.

2. Indoor Thermal Response Test (TRT)

A thermal response test was conducted in a model chamber

filled with homogeneous dry sand, of which a schematic diagram

is given in Fig. 1. The experimental setup of the TRT included an

electric heater with a circulating pump, a mockup steel box, a

water tank, a 4-m length U-shaped Polybutylene (PB) heat

exchanger, and temperature sensors. Inside the steel box (5 m

long, 1 m wide, and 1 m high), the soil could be compacted to a

certain density. The steel box was insulated with double layers of

10 mm polyethylene. Besides this, a tent (3 m × 6 m) was installed

and a far-infrared radiation heater was operated during the

thermal response test to maintain a constant indoor temperature

(Fig. 1). A U-type polybutylene pipe (Table 1) (external diameter

25 mm, internal diameter 20 mm, and length 4 m) was installed

horizontally in the soil. For the convenience of the experiment,

the borehole was not grouted but filled with the sand. The

maximum capacity of the heater was 10 kW. Temperature

sensors were installed at the inlet and outlet of the GHE pipe, and

also buried in the soil 15 cm and 25 cm apart from the center of

the PB pipe (Fig. 2). 

A Korean standard coarse-grained soil, called Joomunjin sand,

was used in the test. The physical properties of Joomunjin sand

are summarized in Table 2. After sieving (mesh size 3.35 mm),

the dry sand was poured into the steel box with a unit weight of

13.97 kN/m3 (with a void ratio of 0.9) in order to carry out the

heat flow test in a single layer of soil.

Though the ultimate aim of the thermal response test is to

estimate the thermal conductivity of the ground, at this point it

can also be utilized to calculate the borehole resistance, using

Fig. 1. Diagram for Thermal Response Test and Mockup Steel Box

 Table 1. Basic Properties of Materials for the Test

 Materials
 Thermal 

conductivity
 (W/m·K)

 Specific heat 
capacity
 (J/kg·K)

 Density
 (kg/m3)

 Joomoonjin Sand  a0.26  835  1386.8

 Polybutylene Pipe  b0.38  525  955

 Circulating water  0.57  4200  1000
aMeasured by Probe test (TP08, Hukseflux)
bGiven by manufacturer.

Fig. 2. Two Imaginary Circles Defining Exterior Boundary of Bore-

hole
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several assumptions. In order to obtain the reference borehole

temperatures required for the borehole thermal resistance, two

circular boundaries with radii of 0.15 m and 0.25 m were

considered to define the imaginary borehole; two RTD sensors

were buried at the boundary lines to measure the temperature, as

shown in Fig. 2. 

In general, the difference between inlet and outlet temperature

reaches a certain constant value as time goes by, and it is called

‘steady state’ to estimate the long term ground behavior. From an

initial ground temperature of 5.85°C, the TRT was performed for

about 18 hours with 170 W of heat injection (Q) until the fluid

temperature reached a steady state. As shown in Fig. 3, it reached

a steady state about 600 min after the start of the experiment,

when the heat injection rate of 41.46 W/m was measured. The

difference in the fluid temperatures at the inlet and outlet became

constant after 600 min. Even though the temperature changes of

fluid are occurring in a transient fashion, the gradient of

temperature became zero as it reached a ‘steady state’ (Fig. 4b).

The difference in fluid temperature between the inlet and outlet,

at the steady state, was measured as about 0.5°C (Fig. 3). Fig.

4(a) shows the variation of inlet fluid temperature in the TRT

with time, where the final inlet fluid temperature and the mean

fluid temperature were 63.42°C and 63.15°C, respectively.

Besides this, the measured borehole wall temperatures were

19.29°C for Case 1, and 9.70°C for Case 2. Based on the above

results, the borehole thermal resistances for Case 1 and Case

2 were estimated to be 1.06 m·K/W and 1.29 m·K/W,

respectively. The values of thermal resistance are much larger

than that typically found in practice due to the low thermal

conductivity of the sand used in the study. In estimating these

results, a relationship between heat flow rate and fluid

temperature was used, and more detailed information is

presented in Table 3. 

 Table 2. Properties of Joomunjin Sand (Yoon et al., 2011)

 Properties  Value

 Uniformity Coefficient, Cu  2.06

 Curvature Coefficient, Cc  1.05

 Specific Gravity, Gs  2.65

 Void Ratio, e  0.90

 Maximum Dry Unit Weight, γd (kN/m3)  16.17

 Minimum Dry Unit Weight, γd (kN/m3) 13.49

Water Content, ω(%) 0.00

Fig. 3. Difference between Inlet and Outlet Fluid Temperatures

Fig. 4. The Fluid Temperature Variation in TRT: (a) Inlet Fluid Tem-

perature Variation with Time, (b) Gradient of Fluid Tempera-

ture with 10 Minutes Time Intervals

Table 3. Comparison of Fluid and Borehole Wall Temperatures

and Heat Transfer Rate

Case 1 Case 2

TRT Results

Tfluid 63.15°C 63.15°C

Tb,av 19.29°C 9.70°C

q 41.46 W/m 41.46 W/m

Numerical
analysis

Tfluid 63.63°C 63.63°C

Tb,av 18.43°C 8.94°C

q 43.71 W/m 43.71 W/m
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3. Borehole Thermal Resistance Estimation Meth-
ods

3.1 Conventional Series Sum Method

In the series sum model, the borehole thermal resistance can be

estimated by summing the convective resistance of fluid Rfluid

(Eq. (2)), the conductive resistance between pipe and grout Rpipe

(Eq. (3)), and the thermal resistance of grout Rgrout (Eq. (4)), as

depicted in Eq. (1). 

(1)

, where (2)

(3)

(4)

where do is the outer diameter of the pipe, di is the inner diameter

of the pipe, de is the equivalent diameter of the pipe, db is the

outer diameter of the borehole, λp is the thermal conductivity of

the pipe, hi is the convective heat transfer coefficient of the

circulating fluid in the pipe, Re is the Reynolds number of the

circulating fluid, Pr is the Prandtl number, n = 0.4 for heating and

n = 0.3 for cooling, and λf is the thermal conductivity of the fluid. 

Usually, the thermal resistance of the grout forms the largest

part of the overall borehole thermal resistance, whereas the fluid

resistance contributes less than one percent to the overall steady

state borehole resistance in a turbulent flow condition (Young,

2001). Therefore, an exact estimate of the grout resistance is

crucial for a reliable estimation of the borehole thermal

resistance. For the calculation of the grout resistance, various

formulas have been proposed, such as Eqs. (5)-(7). Shonder and

Beck (1999) applied  as an equivalent diameter (de) in Eq.

(4), as shown in Eq. (5), while Gu and O’Neal (1998) used

  for de (Eq. (6)) when the shank space Ls is

larger than the outer pipe diameter d0 and smaller than the

borehole diameter rb, where db is the diameter of the borehole, do

is the diameter of the pipe, λg is the thermal conductivity of the

grout, and n is the number of pipes.

(5)

(6)

(7)

However, the above models oversimplify the multi-legged or

coaxial heat exchange pipes into a single pipe. Hence, if the

geometry of the pipe arrangement is complex or asymmetric, the

above models may not give a reasonable estimation of the borehole

thermal resistance. On the other hand, Remund (1999) considered

shank distance between pipe legs as an important factor for the

estimation of thermal resistance by introducing shape factors β0 and

β1, as presented in Table 4, for which the borehole configurations

corresponding to cases A, B, and C are shown in Fig. 5.

3.2 Multipole Method

The multipole method provides an algorithm to calculate the

borehole thermal resistance under a steady-state heat flow condition

(Bennet et al., 1987; Claesson and Hellstrom, 2011). It is very

useful to consider a composite region (grout and surrounding soil)

for calculating temperature fields around vertical GHEs. Eq. (8)

explains the temperature fields with heat sources and multipoles.

Eqs. (9) and (10) express how to calculate its component and they

represent the solutions for heat sources and multi-poles of the order

J at  in the composite region. If only a homogeneous

medium is considered, the value σ becomes zero, and then Eqs. (9)

and (10) could be expressed in much simpler terms.

(8)

 (9)

(10)

(11)

  (12)

Rb Rfluid Rpipe Rgrout+ +=

Rfluid 0.5
1

πdihi

------------⋅= hi

0.023Re
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ln do di⁄( )
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---------------------⋅=
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Fig. 5. Three Different Possible Configurations of U-type GHE in a

Borehole

Table 4. Shape Factors for Various Configurations (Remund, 1999)

 Configuration β0 β1

 A  20.1  -0.9447

 B  17.44  -0.6052

 C  21.91  -0.3796
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where j is the order of multipoles, J is the number of multipoles, Tb,av

is the average borehole wall temperature, qn is the heat flux per unit

length of pipe n, λb is the thermal conductivity inside the borehole, λ

is the thermal conductivity outside the borehole,  is the strength

of the multipole factor, rb is the borehole radius, rpn is the outer radius

of pipe n, and  represents the complex coordinate. 

The borehole resistance defines a relationship between heat flow

rate and fluid temperature, as depicted in Eq. (13). Thus, once the

borehole resistance is determined, fluid temperatures can be

estimated with a given borehole wall temperature. In the multipole

method, this relationship is represented by Eq. (14) with additional

multipole terms. Here, the fluid temperature equation (Eq. (14))

can be derived from Eq. (8). Also, Eqs. (15) and (16) show the

components of resistance; the ultimate borehole resistance is

finally obtained by superposition of each component.

  (13)

(14)

 

 (15)

(16)

where Tfm is the fluid temperature in pipe m,  is the borehole

thermal resistance for ,  denotes the thermal resistance

of pipe n, and  is the thickness of the pipe wall. Formulas for

the convective heat transfer coefficient hp may be found in the

reference of Rohsenhow et al. (1985).

3.3 Numerical Simulation of TRT

The thermal response test was simulated numerically using

COMSOL Multi-physics (Version 4.3) with a pipe and heat

transfer module. The governing equation for this model is

composed of heat equations for conductive and convective heat

transfer. 

First, the heat transfer equation of the flow through a non-

isothermal pipe can be expressed as follows (Incropera and

DeWitt, 1996; Lurie, 2008).

(17)

where  indicates the friction heat dissipated due to

viscosity, in which Churchill’s friction model was applied to

calculate the fD (Churchill, 1997). Ap is the pipe cross section area

(m2), ρf is the fluid density (kg/m3), dh is the mean hydraulic

diameter (m), and u is the tangential velocity of fluid (m/s). Also,

CP represents the specific heat capacity at constant pressure (J/

kg·K), Tf is the fluid temperature (K), and λf is the fluid thermal

conductivity (W/mK). Here, Q represents a general heat source;

Qwall denotes a heat source term due to heat exchange with the

surroundings through the pipe wall. The equation between pipe

flow and heat conduction of solid mass can be coupled through

this term;

 (18)

where Text is the external temperature outside of the pipe (K), and

hZ is an effective value of the heat transfer coefficient; h (SI unit:

W/m2·K) times the wall perimeter Z (SI unit: m) of the pipe. For

a circular tube, the effective hZ can be denoted such that:

(19)

where rn (m) is the outer radius of wall n, hint and hext are the film

heat transfer coefficients inside and outside of the tube (W/

m2·K), and λn is the thermal conductivity (W/m·K) of wall n. 

Secondly, the heat diffusion equation of solid mass can be

expressed as follows.

 (20)
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Fig. 6. Convective Heat Transfer Boundary Condition: Energy Bal-

ance Around Heat Exchanger
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and s indicate the grout, PHC and bulk soil, respectively. In this

study, the described energy balance condition represents a heat

transfer boundary condition (Fig. 6). The boundary condition can

be expressed by Eq. (18), and effective hZ corresponds to an

equivalent convective heat transfer coefficient. Also, the thermal

load was not applied to the fluid. It was applied via a temperature

boundary, and the used inlet fluid temperatures were obtained

from experimental TRT data. 

Figure 7 shows the finite element model developed for the

simulation of the thermal response test. The model has free

tetrahedral meshes; maximum element size = 0.5 m, minimum

element size = 0.09 m, and maximum element growth rate = 1.5.

Material properties used in the simulation are presented in Table

1. The experimental conditions were applied to the numerical

model with configuration of Fig. 2.

The numerical simulation was performed with the TRT data

considering the circulating water flow. The simulated inlet and

outlet fluid temperatures around the steady state were 63.87°C

and 62.38°C, respectively. This indicated a temperature difference

of 0.49°C. The final average fluid temperature was 63.63°C, and

the borehole wall temperatures were 18.42°C for Case 1 and

8.94°C for Case 2. Also, the calculated heat flux was 43.71 W/m.

Therefore, the borehole thermal resistance was estimated as 1.03

m·K/W for Case 1, and 1.25 m·K/W for Case 2. 

4. Results and Discussion

By assuming the two imaginary circles (Case 1 and Case 2)

shown in Fig. 2 to be the borehole boundaries, the thermal

resistances of the boreholes were evaluated based on the series

sum model, multipole method, and numerical simulation results.

In the estimations using the series sum model and multipole

method, the thermal conductivity of the grout was assumed to be

the same as that of the soil, because the thermal response test was

performed in a homogeneous sand. The sand’s thermal conductivity

is presented in Table 1 and its value was determined by a probe

test in a dry state.

Table 5 compares the experimentally obtained Rb with the

analytically or numerically estimated Rb. With reference to the

experimental results, numerical analysis and multipole methods

predicted an analogous Rb, of which the maximum error was

found to be 5% for Case 1, and 3% for Case 2. Also, among the

empirical models which were used for the series sum model

(Eqs. (5)-(7)), Remund’s models provided the best estimation of

Rb for both cases. It is because Remund’s model considers the

Fig. 7. Finite Element Model for Simulation and Specification of

Pipe

Table 5. Comparison of Borehole Thermal Resistances

Estimation Methods
Case 1

(K/(W/m))
Case 2

(K/(W/m))

Experiment 1.06 1.29

Numerical analysis 1.03 1.25

Shonder and Beck 1.22 1.44 

Gu and O’Neal 0.91 1.10

Remund 1.00 1.19

Multipole method 1.01 1.33

Fig. 8. Temperature Fields in Steel Box at Steady State

Fig. 9. Comparison of Results by Multipole Method and Numerical

Simulation for Temperature Prediction
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shank distance in detail compared to other models.

Figure 9 shows a comparison of temperature fields at three

points in Section A (1.8 m from the top, Fig. 8) using the numerical

simulation and Eq. (8) (multipole method). The multipole method

tends to overestimate the temperature at the center, and to

underestimate it going away from the heat source. Also, as can

be seen in Fig. 10, which shows the fluid and ambient temperature

variation with elapsed time, the numerical model overestimated

the fluid temperature and underestimated the ambient temperature.

It could be assumed that this was because the heat from the pipe

flow was not totally transferred to the ground in the numerical

model which performed the coupled analysis between conduction

and convection. However, the difference was so small that it

could not be a major problem. On the whole, the numerical

results seem to reasonably simulate the actual thermal behavior.

Hence, it can be assumed that this numerical model could be

utilized for other types of heat exchangers, such as W, 3U and

spiral-coil types. Also, the multipole method and numerical

model could be applied to estimate the borehole thermal

resistance in the composite region by assuming that the inner

region of the circular boundaries was filled with grout (λgrout =

2.0). In the analysis, the initial temperature and inlet fluid

temperature were set to be identical to those values used in the

previous analyses. Fig. 11 shows the predicted temperature

variation, in which two inflection points can be clearly seen at

the exterior boundary of the borehole. In addition, a much higher

overall heat injection was predicted than that obtained in the

previous analysis. This may be due to the thermal conductivity of

the grout, which is greater than that of sand. Certainly, when the

thermal conductivity of the soil is changed to that of grout (λgrout

= 2.0), it would be expected to show different results. After all,

the overall resistance depends on both soil and grout conductivity;

Fig. 10. Comparison of Temperature Variations by Experiment and Numerical Analysis: (a) Average Fluid Temperature, (b) Borehole wall

Temperature in Case 1, (c) Borehole Wall Temperature in Case 2, (d) Temperature at the Center of Borehole

Fig. 11. Predicted Temperature Variations Around Grout Borehole
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if the conductivity of the soil and grout increase, the overall

resistance will decrease. Table 6 presents the borehole thermal

resistance evaluated from the analysis, in which it can be seen

that the multipole method predicted thermal resistance of the

borehole slightly larger than that predicted by the numerical

models. It is easily seen that the grout thermal conductivity has a

great influence on the borehole thermal resistance. However, as

can be seen in Table 6, when the thermal conductivity of the

grout becomes considerably higher, the borehole thermal

resistance will assume a constant value, and then it will be less

sensitive to changes in the thermal conductivity of the grout.

5. Conclusions

The role of experimentation in this study was to verify the

applicability of current borehole resistance estimation models

such as the series sum model and multipole method, since this

has never before been verified. Also, the numerical model was

developed to simulate the test conditions, and after calibration, it

was used for a parametric study. However, these cannot be done

universally and those results only provide information for the

types of shank distance used in the physical model and numerical

models. 

A thermal response test was conducted in a model chamber to

measure soil temperature at the boundary lines of imaginary

boreholes. The measured results were applied to estimate the

thermal resistances of the boreholes. Based on the thermal

response test, the validity of the analytical and numerical

methods for estimation of the borehole thermal resistance was

assessed. For the U-type of GHE, the series model, multipole

method, and numerical analysis method reliably estimated the

borehole thermal resistance. However, when two or more media

are considered, the multipole method and numerical simulation

is preferable to estimate the borehole thermal resistance. This is

because the empirical models which are used for series sum

model actually do not consider the thermal conductivity of the

soil in estimating the borehole thermal resistance (Eqs. (1)-(7)).

Also, the series sum model may not be practical when the source

materials are more than three because it then becomes hard to

use Eq. (7). In such cases, the numerical analysis or multipole

method appears to have significant advantages. 

Heat transfer behavior during TRT, for the grouted borehole,

was analyzed based on the multipole method and by the

numerical simulation. It was found that the grout thermal

conductivity has a great influence on the borehole thermal

resistance. However, when the grout thermal conductivity

becomes considerably higher, the borehole thermal resistance

will assume a constant value. Since the numerical results seem to

reasonably simulate the actual thermal behavior, it is thought that

the numerical simulation model can be utilized for various

parametric studies.

The ultimate conclusions of this paper can be summarized as

follows:

1. With reference to the experimental results, multipole meth-

ods and numerical analysis predicted reasonable results.

Also, among the empirical models which are used for series

sum model, Remund’s models provided a good agreement

with the results of numerical analysis and multipole method.

2.  The multipole method and numerical simulation verified by

experimental data are preferable to estimate the borehole

thermal resistance for complex cases of GHEs system

because they can be applied regardless of the GHE’s geome-

try. Furthermore, they are able to estimate the borehole ther-

mal resistance in a composite region considering the two

different thermal conductivity.

3.  The grout thermal conductivity has a great influence on the

borehole thermal resistance. However, when the thermal

conductivity of the grout becomes considerably higher, the

borehole thermal resistance will assume a constant value,

and then it will be less sensitive to changes in the thermal

conductivity of the grout.
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