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Abstract 

The expansion of the use of geothermal heat pumps makes the study of their performances a keystone in 

their development. Several parameters are crucial to design properly a geothermal heat pump. Comparing 

the theoretical characteristics of a system with the actual ones one the field is part of its understanding.  

This Master thesis gives a closer look for determining from filed data two central parameters, the borehole 

thermal resistance and the ground thermal conductivity, using a newly developed technique called 

Distributed Thermal Response Testing (DTRT). These calculations are applied to a U-pipe heat exchanger 

installed in a private household. From these two parameters, it is possible to estimate the thermal 

conductivity of the filling material inside the borehole and thus estimate its influence on the performances 

of the system. Three grouting material are studied here and theoretical values are compared with 

experimental value in order to try to get a picture of the inside of the borehole.  

This thesis provides a picture of the actual thermal parameters of the studied borehole, which clearly 

reveals the influence of the grouting material in each layer. It is also noticed that the laboratory value of 

the grout thermal conductivities varies when comparing with theoretical values or manufacturer data. The 

lack of understanding of the actual drying state of the grouts inside the borehole may by one reason why.   
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Abbreviations 

GSHP: Ground Source Heat Pump 

BTES: Borehole Thermal Energy Storage 

COP: Coefficient Of Performance  

BHE: Borehole Heat Exchanger 

TRT: Thermal Response Test 

DTRT: Distributed Thermal Response Test 

DTS: Distributed Temperature Sensing 

LSA: Line Source Approximation 

CENGg: Ground Compressed Expanded Natural Graphite 

PFA: Pulverized Fuel Ash 

TPS: Transient Plane Source 
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Nomenclature 

a: Ground Thermal Diffusivity [m²/s] 

A: Area [m²] 

Cp: Specific heat capacity [J/(kg.K)] 

k: Slope 

m: Ordinate at the origin  

q: Heat Flux [W/m] 

Q: Power [W] 

r: Radius [m] 

rb: Borehole Radius [m] 

rp: Pipe Radius [m] 

R: Thermal Resistance [K.m/W] 

RT: Total Thermal Resistance [K.m/W] 

Rb: Borehole Thermal Resistance [K.m/W] 

Rr: Ground Thermal Resistance [K.m/W] 

Rfluid: Fluid Thermal Resistance [K.m/W] 

Rpipe: Pipe Wall Thermal Resistance [K.m/W] 

Rbhf: Borehole Filling Material Thermal Resistance [K.m/W] 

R12: Resistance between the two pipes [K.m/W] 

Ra: Borehole Internal Resistance [K.m/W] 

t: Time [s] 

T: Temperature [°C] 

Tave: Average Fluid Temperature [°C] 

Tin: Inlet Fluid Temperature [°C] 

Tout: Outlet Fluid Temperature [°C] 

Tg: Undisturbed Ground Temperature [°C] 

Tf: Fluid Temperature [°C] 

 ̇: Volume flow [m3/s] 
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γ: Euler constant 

λ: Thermal Conductivity [W/(m.K)] 

λrock: Ground Thermal Conductivity [W/(m.K)] 

λg: Grout Thermal Conductivity [W/(m.K)] 

  : Shank spacing [m] 

ρ: density [kg/m3] 
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1. Introduction 

 

1.1 State of the geothermal energy production in the world 

The geothermal technologies have the possibility to play a great role in order to achieve the global 

requirements to reduce greenhouse gases emissions and to lower our environmental impact on the Earth. 

Geothermal energy is considered as a renewable energy source (IEA, 2011) and can be employed through 

different applications. These applications can be for space and district heating or cooling, industrial 

heating, snow melting, etc. There are in general two types of geothermal energy technologies, deep and 

shallow. Ground source heat pumps are part of the second category.  

The global technical potential for the geothermal electricity has been estimated at 12 500 TWh/year, 

which represent 62% of the 2008 electricity generation in the world. In 2009, 67.2 TWh/year were 

generated by geothermal sources. Ground source heat pumps (GSHP) represents 49% of the total 

geothermal heat produced worldwide.  

In 2005, The GSHP capacity installed in the world reached 15,400 MW (Navigant Consulting, 2009). An 

important growth has been observed between 1995 and 2005, going from 2,000 to 15,400 MW. The USA 

is the largest GSHP user with 63 % of the global installed capacity. It is followed by Sweden which 

represents 20 % of the global installed capacity. In Sweden, during the last decade, the number heat pump 

sold has significantly increased, from less than 20,000 units in 1997 to more than 120,000 units in 2006. 

This was partly due to a rise in the electricity price and taxes. In 2008, 34% of the Swedish household 

heating was ensured thanks to heat pumps.  

 

1.2 Ground Source Heat Pumps 

A ground source heat pump is a heating and/or cooling system which uses the earth as a heat source in 

the heating mode (respectively heat sink in the cooling mode). It is not technically a geothermal system as 

it does not use the heat from the center of the earth but from the sun. Indeed, the temperature gradient in 

the upper part of the ground is obtained thanks to the solar radiations, the interaction with outdoor air 

temperature and the influence of the urban effects.  

GSHPs usually have higher coefficients of performance as compared with air source heat pump for 

example. This is due to higher and more stable ground temperatures. This technology is profitable as the 

return on investment of most installations is made in 3 to 10 years.  



-12- 

 

Different types of GSHP have been developed (US 

Department of energy, 2012):  

 The closed-loop systems:  

o They can be horizontal, i.e. shallow (around 

1 m deep), using around 150 m of looped 

tubing for around 10 kW of heating 

capacity (Erreur ! Source du renvoi 

introuvable.Erreur ! Source du renvoi 

introuvable.).  

o Or vertical, i.e. deeper (from 30 to 300 m), 

composed of boreholes in which pipes 

(often U-tubes) are introduced and filled 

with grout or ground-water. (Figure 3).  

o Or make use of a pound or a lake as heat 

source with the horizontal type (Figure 3). 

 The open-loop systems: the fluid 

is exchanged between two separated wells or 

water body (Erreur ! Source du renvoi 

introuvable.). If one single well is used to extract 

and re-inject groundwater, it is also considered as 

an open loop.  

 

 

Figure 4: Open loop system 

Figure 1: Horizontal closed loop system 

Figure 3: Vertical closed loop system 

Figure 2: Pound/Lake closed loop system 
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During this project, vertical closed-loop systems will be studied. These can be composed of one to 

hundreds boreholes, the Borehole Heat Exchanger (BHE), which is often connected to the evaporator of 

a conventional heat pump (Figure 5). Boreholes depth varies usually between 50 and 300 m. A collector 

pipe is introduced into the borehole to allow the fluid to circulate. This pipe can be of different forms: U-

pipe, the most common, pipe-in-pipe, multi-pipe or multi-chamber. U-pipe heat exchangers can be either 

Single U-pipe or Multiple U-pipes. Multiple U-pipes are the most frequent in Central Europe whereas 

Single U-pipe are mostly in use in North America and Northern Europe. Multiple U-pipe Heat exchangers 

allow a larger heat transfer surface but their cost also obviously increases.  

The space between the borehole wall and the collector can be filled either with ground-water (usual case in 

Sweden) or with grouts (used in the USA as well as in Central Europe). This backfilling must ensure a 

good thermal contact between the ground and the fluid but also limit vertical water movements along the 

borehole. These water movements can lead to environmental problems (migration of polluted water, 

drainage of soil layers near the ground surface, disturbance of hydraulic characteristics of the soil). 

 

Figure 5: Schema of a GSHP with Vertical BHE 
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1.3 Thermal Response Test  

1.3.1 Principle of the TRT 

The purpose of the thermal response testing (TRT) is to determine, at least, two key parameters in order 

to design properly the ground source heat pump system, i.e. to determine the optimum length of the 

borehole and thus to optimize the cost of the installation. These two parameters are the ground thermal 

conductivity and the borehole thermal resistance. The undisturbed ground temperature profile is usually 

also an output of this test.  

 The ground thermal conductivity, denoted λrock and expressed in W/(m.K), is the capacity of 

the ground to conduct heat. The heat transfer between the fluid and the ground depends on the 

conductivity of the ground and of the filling materials (grout or ground-water).  

 

 The borehole thermal resistance, Rb, represents the capacity of the borehole to resist the heat 

flow. It is expressed in K.m/W and must be as low as possible. The total ground thermal 

resistance RT is the sum of the ground thermal resistance Rr and the borehole thermal resistance 

Rb. 

           (1)  

The borehole thermal resistance is composed of the fluid thermal resistance Rfluid, the pipe wall 

thermal resistance Rpipe and the filling material thermal resistance Rbhf. 

                       (2)  

 

Figure 6: Schema of a borehole 
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More details about the evaluation of the borehole thermal resistance will be given in section 1.3.3.  

The thermal response test is usually carried out on few boreholes representative of the whole system.  

A typical thermal response test apparatus is composed of a circulation pump, an electric heater, a water 

tank, and as an expansion tank, and the necessary instrumentation (temperature and flow sensors). The 

first device was built in 1983 at KTH (Mogensen, 1983). Later, others were built independently in Sweden, 

at Luleå University of Technology, between 1995 and 1996, and in the USA, at Oklahoma State 

University, in 1995. The principle of finding the borehole resistance during TRT was developed by 

(Mogensen, 1983). He used a chiller and a circulating pump and measured the exit temperature at a 

constant extraction heat rate. Heat extraction TRT equipment is not so common.  

 

Figure 7: TRT unit (Gehlin et al, 2003) 

 

Nowadays, in order to determine the ground thermal conductivity and the borehole thermal resistance, the 

fluid temperature is normally measured at the inlet and the outlet of the borehole. The difference between 

these two temperatures and the rate at which they change is called the thermal response of the borehole. 

The evolution of the temperature as a function of the time is studied. The duration of a satisfactory 

thermal response test is normally about 50 hours.  

The undisturbed ground temperature must be estimated prior to measurements. There are two ways of 

assessing this temperature with the TRT device. The first way is to measure the average borehole 

temperature before switching on the heater. This method may overestimate the undisturbed ground 

temperature to a minor extent as the circulation pump injects some heat into the system. The second 

method is to introduce a sensor inside the borehole, to measure the temperature every few meters. 



-16- 

 

Conventional TRTs only determine the effective thermal conductivity of the ground and the effective 

borehole resistance as it measures the average of the inlet and outlet fluid temperature. (Fujii et al, 2006 

and 2009) and (Acuña et al, 2009) have suggested using optic cables to measure the temperatures all along 

the borehole length. This method gives more accurate results.  

 (Fujii et al, 2006 and 2009) have placed the optical fiber outside the collector, which prevent from 

measuring the borehole thermal resistance. This was solved in by (Acuña et al, 2009) as they proposed the 

so-called Distributed Thermal Response Test (DTRT).   

DTRT uses a Distributed Temperature Sensing system (DTS) that allows measuring the temperature 

distribution along the borehole, and not only at the inlet and the outlet, thanks to a fiber optic cable 

introduced inside the collector of the borehole. The fiber optic cable works as a distributed sensor instead 

of several punctual sensors. DTS technology is based on the principle of Raman optical time domain 

reflectometry. Raman Effect is the inelastic scattering of a photon, which means that the photon 

exchanges energy with its surrounding and changes its frequency. This phenomenon happens only to a 

small proportion of the photons scattered. When sending the optical pulse into the optical fiber, the 

change in frequency of this part of the reflecting light is analyzed over a period of time. The frequency 

change can be negative (anti-Stokes, the photon loses energy) or positive (Stokes, the photon gains 

energy). The temperature is determined with the ratio between Stokes Raman scattering and anti-Stokes 

Raman scattering.  

This method of temperature measurement has proved to be accurate and reliable as its results, applied to 

BHEs, correspond to the local information and better characterize borehole sites.  

 

1.3.2 Evaluation methods and models 

In order to determine the desired parameters, different analytical and numerical models have been 

developed. In this section, two analytical approaches are described. 

 Line source approximation  

The first model that has been used is based on the Line Source Approximation (LSA). The borehole heat 

exchanger is considered as an infinite line source with a specific power rate and a heat transfer (only 

conduction is considered). (Mogensen, 1983) was the first to exploit this theory for determining the 

borehole resistance. The theory is based on Fourier’s law: 

   

  
        

  

  
 

(3)  
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From this equation, we can express the radial temperature as a function of the time at any point around 

the source line respecting some time validity limits:  

 
 (   )  

 ̇

       
  (

  

   
) 

(4)  

 

Where an approximation of E1 (the exponential integral) is:  

 
  ( )  ∫

   

 
  

 

 

   (
 

 
*    

(5)  

 

 ̇ is heat injection or extraction rate, a is the thermal diffusivity  

γ is the Euler constant and its approximated value is 0.57722 

Then, borehole thermal resistance Rb can be introduced as a function of the average fluid temperature and 

of the temperature at the radius borehole wall: 

  ̇         (  ) (6)  

 

With      
        

 
 

 

 (7)  

 

Thus, Tave as a function of the borehole conductivity, the undisturbed ground temperature Tg, the time 

and the borehole diameter can be calculated: 

 
    (    )  
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(  (

  

  
 
 *   *   ̇      

(8)  

 

This method has the advantage of being simple and of giving rapid results.  

In a practical way, when plotting the fluid temperature as a function of the logarithmic of time, the slope 

of the curve and it ordinate at the origin can be easily determined, and thus λ and Rb: 
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 Temperature profiles and borehole resistance models 

Usually the TRT analysis methods use the mean of the outlet and inlet temperature of the fluid inside the 

borehole. This method may lack accuracy and give an overestimated borehole thermal resistance. Indeed, 

it considers that the heat exchange rate is constant along the borehole, which is not always the case. 

(Marcotte and Pasquier, 2008) have developed the concept of p-linear approximation. By involving the p 

parameter and making it tend toward a specific value (-1 happens to be the best), they obtain more 

accurate results. But for a specific case, the value of p can be different and must be estimated again. (Beier 

et al, 2012) have elaborated a different analytical method, checked by field measurements, that does not 

use the mean temperature approximation. This method takes into account the variation of the undisturbed 

ground temperature along the borehole, if known from independent measurements. The Beier at al’s 

method presumes the following assumptions: 

- Only the late time period is considered, i.e. when temperature as a function of the logarithmic 

time is linear.  

- The thermal borehole resistance is split up between the ground resistance Rr, the borehole 

resistance Rb and thermal resistance between the two pipes R12. R12 is defined as the sum of the 

two pipe wall resistances, the film resistances and the grout resistance. R12 depends on the spacing 

between the two legs of the U-pipe. 

- The temperature of the borehole wall is considered as uniform around the borehole 

circumference at all given depths.  

Then, for an elemental length of the inlet and of the outlet pipes, an energy balance is done, which gives a 

first order differential equation for the fluid temperature in the pipe as a function of the depth. With the 

following boundary conditions: the temperature at the inlet is given and the temperatures at the bottom of 

both legs of the U-pipe are equal, as well as dimensionless variables, the following dimensionless 

differential equations of the temperatures in both legs can be written:  
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N12, Ns2 and Ns2 are the dimensionless conductances (reciprocal of resistance). They depend on the 

different parts of the borehole thermal resistance, the volumetric fluid flow rate, the volumetric heat 

capacity and the borehole length. For symmetrical borehole heat exchanger, it can be assumed that 

Ns1=Ns2, as Rs1=Rs2 and Rb1=Rb2. The dimensionless temperatures can be determined as a function of the 

depth:  
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The details about the different constants can be found in (Beier, 2011) and (Beier et al, 2012). These 

equations allow drawing the vertical temperature profile. From the equations 14 and 15, the expression of 

the heat transfer rate can also be found and the borehole thermal resistance as well as the ground thermal 

conductivity can be determined from in-situ data.   

The dimensionless heat transfer rate is defined by:  
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 (16)  

For a symmetrical U-pipe heat exchanger, this equation is a non-linear algebraic equation with two 

unknowns, the borehole thermal resistance Rb and the thermal resistance between the two pipes R12. The 
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soil thermal resistance can be estimated from field data as explained in the line source model above. The 

inlet temperature, the undisturbed ground temperature and the heat input rate can be measured. If the 

borehole is not considered as symmetrical (Rb1≠Rb2) the borehole thermal resistance is estimated over a 

possible range of R12. However, according to (Beier et al, 2012), the symmetrical case is a more than 

acceptable hypothesis as the error it implies is in the range of the measurement error.   

These models can be compared with numerical models developed with 3D-simulation software or with 

experimental data.  

1.3.3 Methods of evaluating the Borehole Thermal Resistance 

Many different methods exist to evaluate more particularly the borehole thermal resistance. These 

methods can be analytical, numerical or experimental. (Lamarche et al, 2010) sums up and compares these 

different approaches. The borehole resistance is a 2-D concept and depends on many parameters, the 

position of the borehole, the grout, the soil, etc.  

Scientists have proposed the following analytical formulas to evaluate Rb’, the unit length borehole 

resistance: 

 (Paul, 1996), based on experimental results: 

     
 

  (
  
  
*
  
  

 
 (17)  

   and   are coefficients that depend on the spacing between the two legs. 

 (Hellström, 1991), based on the line source theory: 
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 (18)  

  
        

        
 and    is the shank spacing, defined as half the center to center distance between the two 

legs of the U-pipe.  

 (Bennet et al.,1987), based on multipole method: 
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The first term come from the line source formula, the second term is the first-order multipole correction. 

The solution is an infinite series. Unlike the other formulas presented in this section, it includes the pipe 

resistance in its second term.  

 (Sharqawy et al, 2009), based on 2-D finite element simulation: 

     
 

    
( 
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 (20)  

 

These 2-D models have been compared to a realistic model developed thanks to finite-element software. 

It has been demonstrated that the multipole method by (Bennet et al, 1987) is the most accurate, with the 

least error magnitude of Rb for every configuration (no matter the grout or ground conductivities or the 

shank spacing).  Other methods can give good results for particular cases, but they must be used carefully 

as they can in other cases be far from the results given by the simulation.  

  

The borehole thermal resistance can also be evaluated from experimental data, if the borehole wall 

temperature is known, as following: 

 Assuming linear variation of the temperature along the borehole: 

         

        
    

  
 

 (21)  

Tb is obtained from transient models such as the LSA. This formula tends to overestimate the thermal 

resistance. Other ways to do this is by: 

 Using the p-linear approximation 

 Assuming a logarithmic distribution  

 Assuming Zeng distribution (Zeng et al, 2003) 
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The Zeng distribution gives the better results as it takes into account more parameters and assumes fewer 

approximations.  

 

1.4 Grouted borehole 

During this project, boreholes backfilled with grouts have been studied. The thermal conductivity of the 

filling material has a non-negligible influence on the borehole thermal resistance. The borehole thermal 

resistance must remain as low as possible, as said earlier, and the main part of this thermal resistance is 

due to the grout (65% as compared to 35% for the tube wall) according to (Alrtimi et al, 2013). 

 

1.4.1 Types of grout and comparison 

Filling materials cover a wide range of thermal conductivities. Ground-water has a thermal conductivity of 

0.6 W/(m.K), bentonite of 0.8 to 1 W/(m.K), thermally enhanced grouts with quartz have 1 to 1.5 

W/(m.K) while a value of 3 W/(m.K) can be found for bentonite with graphite (Hellström, 1998). Figure 

8 shows the influence of the thermal conductivity on the borehole thermal resistance in a single U-pipe 

for three different pipes positions. 

 

Figure 8: Thermal resistance vs. Thermal conductivity of the filling material, (Hellström, 1998) 

 

As observed in Figure 8 the thermal resistance of the borehole can be significantly reduced by improving 

the thermal conductivity of the grout, but also by improving the distance between pipes.  
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Improving the thermal conductivity of the grout would also lead to the need of a smaller borehole length 

and thus to a cost reduction. Besides, the power extracted from the borehole can be increased. However, 

the cost of the grout can also be quite high.  

The study of (Delaleux et al, 2012) shows that, when using a grout composed of bentonite and graphite 

flakes, the graphite content always improves the thermal conductivity. For the KS300 graphite, for 

example, the thermal conductivity increases from 2.5 W/(m.K) without graphite to 8 W/(m.K) with 35% 

of graphite. When using Ground Compressed Expanded Natural Graphite (CENGg), it is highlighted that 

the density of the graphite added in bentonite can also be optimized. The thermal conductivity of a 

bentonite with 5% of CENGg and a graphite density of 100 kg/m3 can reach 5.5 W/(m.K) (as compared 

to 4 W/(m.K) for a density of 150 kg/m3). The moisture of the grout can also affect its thermal 

conductivity. For raw bentonite, the thermal conductivity can be as low as 0.2 W/(m.K) with no water and 

reach 1.8 W/(m.K) with 45 % of water. Concerning the bentonite with 10 % of CENGg, the thermal 

conductivity goes from 1.8 W/(m.K) for the dry one to 5 with a quantity of water of 35 %.  

However, bentonite based grouts are susceptible to shrinkage and cracking, due to moisture losses. 

Therefore, it exists another type of grout which is cement based. (Alrtimi et al, 2013) have considered a 

cement based grout, blended with pulverized fuel ash (PFA) stemming from industrial waste. They 

compared this grout when adding fine sand, coarse sand, ground glass or fluorspar (fluorite plus quartz) in 

different mix proportions and at dry and saturated conditions. The percentage of cement has been fixed at 

20 %. In all mixings, the proportion of PFA should not exceed 40 %. For the initial mix (80% PFA + 

20% cement) the thermal conductivity found was 0.32 W/(m.K) in dry condition and 1.08 W/(m.K) at 

saturation. When adding coarse sand or fluorspar, the thermal conductivity reaches more than 2 W/(m.K) 

in saturated conditions. This is due to the content of quartz, present in both material but also to the size 

of the particle enhancing the thermal conductivity in the coarse sand, compared to fine sand. Adding fine 

sand or ground glass, whatever its size is, does not improve the thermal conductivity, even when changing 

the additive proportion. However, the addition of fluorspar and coarse ground glass simultaneously leads 

to a better thermal conductivity, specially improving the dry one (1.4 W/(m.K)). The important size of the 

glass allows a better contact between the grout particles as the PFA and the fluorspar fill the voids. This 

implies also a low shrinkage. In addition, it appears that this blend has an appropriate low hydraulic 

conductivity, avoiding the contamination of the surrounding water, and a good flow, which make it easy 

to pump. Besides, PFA and ground glass have a very low cost and are from recycling.  

(Hellström, 2002) summarizes the results of several studies concerning the research on different grouts 

thermal conductivities. (Allan and Kavanaugh, 1999) have studied cementious grouts and revealed that 

neat cement, with a water/cement ratio of 0.6, has a very low thermal conductivity, 0.84 W/(m.K) in 

saturated conditions, whereas thermal conductivities of cement grouts with addition of silica sand, 

alumina, silica carbide or steel grit reach more than 2 W/(m.K). The best conductivity is reached for an 

addition of coarse silica carbide with a filler/cement ratio of 1.4 and a water/cement ratio of 0.45 and is 

worth 3.30 W/(m.K).  



-24- 

 

The study of bentonite grouts by (Remund and Lund, 1993) shows that the addition of quartzite, sand, 

limestone or iron ore, with a proportion of more than 30 %, leads to thermal conductivities exceeding 1 

W/(m.K) (as compared to 0.78 W/(m.K) for pure bentonite). For example, the thermal conductivity of a 

grout composed of 70 % of quartzite can reach 2.35 W/(m.K). The workability and pumpability of the 

grout is ensured for up to 50 % in additive.  

(Borinaga-Treviño et al, 2013) have also studied the addition of different aggregates stemmed from the 

industry such as Electric arc furnace slag or construction and demolition waste in cement grouts and 

shows that the first significantly increase the thermal conductivity (from 0.9 to 1.5 W/(m.K)) whereas the 

second does not give significant results.  

Finally, both bentonite-based and cement-based grouts have disadvantages. The first swells easily, has a 

high viscosity and is hard to mix, which makes it difficult to handle. The second tends to shrink, has a 

long curing time and may affect water quality.   

 

1.4.2 Grout Thermal conductivity measurement  

The most common method to measure the thermal conductivity of a grout in laboratory conditions is 

based on the Fourier’s law. The laboratory method consists on placing a sample between two pieces of 

similar dimension of a material with a known conductivity. (Delaleux et al, 2011) use cylindrical sample, 25 

mm in diameter and 25 mm in length. Thermocouples are placed at the center of each cylinder and the 

three cylinders are located between two insulated heat exchangers (a heat source and a cold source) 

(Figure 9).  The value of the resulting thermal gradient allows estimating the thermal conductivity.  

 

Figure 9: Schema of the devise measuring the thermal conductivity, (Delaleux et al, 2011) 

This method presents an error of around 15 % as the water content of the sample, which influences the 

thermal conductivity, can vary during the test. Thus, the test must be carried out several times. (Alrtimi et 

al, 2013) have tried to lessen the error by sealing the contact between the cylinders and with the 

thermocouples and by using a temperature gradient as low as possible, reducing the change in water 

content.  
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Another method employed by (Delaleux et al, 2011) uses square samples (100x70x20 mm3) composed of 

60 g of solid and 49 g of water and placed on a flat heating element. The temperature is recorded to 

determine the thermal conductivity. This experiment requires a short time to be done (less than 180 s) and 

the water content of the sample remains almost constant. The error has been evaluated around 4 to 5 %. 

This method is explained in more details in (Jannot and Meukam, 2004).  

For high water content, the first method is advised, whereas the second method is more appropriate for 

partially dried sample.  

The method which is being used during this project is called the Transient Plane Source (TPS) Method. It 

is used to study thermal properties such as the thermal conductivity, the thermal diffusivity or the specific 

heat of a material, solid or liquid. The principle is so called Hot Disk sensor composed of a thin double 

metal spiral sandwiched between two sheets of insulating material (here Kapton), which is fitted between 

two pieces of sample and heated thanks to an electrical current (Figure 10). The temperature increase is 

recorded as a function of the time. Assuming that an infinitely large sample is used, the thermal 

characteristics can be determined.   

 

Figure 10: Sample support TPS device 

 

1.4.3  Grout thermal conductivity calculation 

By knowing the borehole thermal resistance, the grout thermal conductivity can be calculated with, for 

example, the equivalent diameter method: 

                        (22)  
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With 

       
 

      
, where h is the heat transfer coefficient in W/(m2.K)  (23)  
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The heat transfer coefficient can be calculated, Rb is given with experimental data and all the other 

parameters are known. Therefore the grout thermal conductivity λgrout can be estimated.  
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 (26)  

 

For the calculation of the grout thermal resistance, this method considers that there is only one pipe with 

an equivalent diameter instead of 2 pipes. The number 4 in the denominator of Rpipe and Rfluid is due to the 

fact that there are actually two pipes.  

The grout thermal conductivity can also be calculated using the formulas presented in section 1.3.3.  

 

1.5 Objectives of the project 

 To study a grouted U-pipe borehole heat exchanger carrying on a distributed thermal response 

test on a real installation. 

 Using the line source theory, from the collected data, to determine the borehole thermal 

resistance and the ground thermal conductivity at 8 sections along the borehole.  

 To evaluate grout thermal conductivity with the DTRT results as a start point, using existing 

methods. 

 To compare field test with laboratory and theoretical results. 
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2 Description of the installation  

2.1 The Borehole Heat Exchanger 

The borehole heat exchanger that has been used in the experiment part of this thesis is located in 

Vallentuna, Batterivägen 6. It was planned to be used for heating in a private single household (after the 

tests presented here were finished). This borehole is one of the three boreholes installed there and it has 

the following characteristics: 

Table 1: Borehole characteristics 

Collector Type U-pipe 

Depth  100 m 

Ground water level  5 m 

Active length 95 m 

Outer diameter of the pipe 40 mm 

Wall thickness of the pipe 3.7 mm 

Material of the collector Polyethylene 

Shank spacing (wall to wall) 25.5 mm 

Circulating fluid (Melinder, 2007)  

The freezing point was measured 

with a refractometer 

Ethyl alcohol concentration in weight: 25 % 

Ethyl alcohol concentration in volume: 30 % 

Freezing point temperature: -15°C  

Borehole diameter 115 mm 

Average volume flow rate  2.27 m3/h 

Total power supplied  6 kW 

 

Figure 11 and Figure 12 illustrate the borehole site.  
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Figure 11: Cross section of the borehole geometry 

 

Figure 12: Top of system 

 

The borehole is filled with three different grouts as shown in Figure 13: 

Fiber optic cable 

Pipes for 

secondary fluid 

Borehole 
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Figure 13: Borehole grouts 

 

Spacers have been installed every meter in order to ensure the parallelism between the inlet and the outlet 

pipe. 

2.2 The Thermal Response Test Apparatus 

 

Figure 14: Thermal Response Test Apparatus 
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The TRT apparatus used in this experiment was built at the Royal 

Institute of Technology (KTH) in Stockholm. It consists on a circulating 

pump (Magma 25-100 from Grundfos, Figure 15), an inductive flow and 

energy meter (HGS9-R6 from Brunata, Figure 17), a STAD flow regulation 

valve (Figure 16) and an electric heater with adjustable heating power 

between 3 and 12 kW.  

   

Figure 17: Brunata flow and energy meter 

 

Multimode fiber optical cables are employed during this experiment. They are of 50/125 type, which 

means that their core diameter is 50 μm and their cladding diameter is 125 μm, and are graded-index (their 

core has a refractive index that decreases with the increasing radial distance from the optical axis). Graded-

index fibers allow refocusing of the rays in the core and thus minimizing modal dispersion.  

The temperature readout equipment is of type HALO-DST from Sensornet ( 

 Figure 19). Halo-DTS has a range up to 4 km, a spacial resolution of 4 m (sampling of 2 

meter sections) and a temperature resolution of less 0.1 °C.  

  

Figure 18: Multimode optical fiber  Figure 19: Halo-DST 

Figure 15: Magma Circulator Pump 

Figure 16: STAD valve 
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3 Measurements and analysis 

3.1 DTRT 

The test was carried out during approximately 8 days. Temperature measurements with optical fiber cables 

were taken (integrated) every 6 min and recorded approximately every 2 m in depth. The DTRT 

measurement can be divided into 3 different test phases: 

Table 2: Phases 

DTRT phase Test time (hours) Duration  Start date and time 

The undisturbed ground conditions phase 0 to 71.1 71.1 hours 16/08/2013 

17:04:04 

The constant heat injection phase 71.1 to 139.6  68.5 hours 19/08/2013 

16:43:26 

The borehole recovery phase (without 

fluid circulation) 

139.6 to 196.5 56.9 hours 22/08/2013 

13:14:30 

For the analysis, the borehole has been divided into 8 sections of 10 m each; this distribution is 

represented in Figure 20. The first and last 10 m have been neglected in order to obtain more accurate 

data and avoid unexpected behaviors due to the contact with the surface and to the hemisphere below the 

borehole, respectively (this may cause a divergence from the line source theory).  

  

Figure 20: Borehole Sectioning 
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3.1.1 Temperature 

The fluid mean temperature in each section during the DTRT is shown in Figure 21. This temperature is 

calculated as the average of all measurement points along the down-going and up-going pipes. The three 

phases can be clearly distinguished.  

 

Figure 21: Fluid mean temperatures by section 

As we can see in Figure 21, the fluid mean temperature in every section is approximately the same during 

the heating phase. Figure 22 shows a close-up on the heating phase temperature range. 

 

Figure 22: Mean temperature by section - Heating phase 
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Figure 23: Mean temperature by section - Recovery phase 

The average temperature in the borehole during the undisturbed ground condition phase is 8.27 °C. This 

temperature varies with depth as shown in Figure 24.  

 

Figure 24: Undisturbed temperature profile 
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3.1.2 Heat Power rate 

The heat power rate can be evaluated with the temperature data given by the recording apparatus. The 

temperature difference along the section is used and the following formula is applied for each section and 

for both pipes: 

    ̇      (27)  

Cp is the Specific heat capacity in J/(kg.K), ρ is the fluid density and  ̇ is the volume flow in m3/s.  

 ̇ average value is here 0.0006317 m3/s. Figure 25 shows the volume flow as a function of the time. The 

average value of the volume flow can be taken as an input since the standard deviation is 5.95*10-6 m3/s, 

or less than 1% of the average value. We can see that its value is almost constant and matches with the 

heating phase. 

 

Figure 25: Fluid mean temperature and Volume flow 

 

The specific heat capacity and the density can be determined as a function of the temperature thanks to an 

excel file made by (Melinder, 2007) applied to the secondary fluid in use here. 

It has been found that                           and           
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Figure 26: Density vs. Temperature 

 

 

Figure 27: Specific heat capacity vs. Temperature 

 

The thermal power for each section can then be calculated. During the Undisturbed ground temperature 

phase and the Recovery phase, the thermal power is equal to zero as there is no power injected.  

When plotting the temperature difference as a function of the time for every section, it can be noticed in 

Figure 28 that it is fluctuating. This fluctuation makes the power, calculated with Eq.27, vary the same 

way. This variation does not reflect the reality as the temperature cannot go up and down. Figure 28 

shows the variations in section 1 along the up-going pipe. The average value of the temperature difference 
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is 0.13 °C but the standard variation is 0.045 °C, which is quite high. To be able to use the value of the 

power, it is necessary to filter the data. 

 

Figure 28: Temperature difference in Section 1 for upgoing pipe 

Figure 29 shows the average thermal power for each section. It can be noticed that this power is not 

constant with depth. The sum of these values is equal to 4.8 kW. The remaining 1.2 kW, to reach the 6 

kW delivered, are produced in the first and the last 10 meters.  

 

Figure 29: Average thermal power by section 
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3.2 Method to determine the Borehole Thermal Resistance 

and the Ground Thermal Conductivity using experimental 

data 

An excel program based on the line source theory and developed by (Acuña et al, 2009) was used to 

estimate these two parameters, essential to assess the design of the ground source heat exchanger.  

The program requires the following input data:  

- The Mean Temperature and the Power as a function of the time for each borehole section,  

- The undisturbed mean temperature at each section,  

- The borehole diameter, 

- And the borehole active length (equal to 10m for each section studied) 

These data are provided in order to draw a picture of λrock and Rb along the borehole. 

To evaluate the mentioned parameters, the following procedure is used: 

1. Estimation of λrock during the Recovery phase (between 160 and 190 hours), with Rb = 0.  

2. Estimation of Rb during the Heat injection phase (between 100 and 120 hours, with the value 

of λrock found in the first point as an input for this calculation.  

The ground thermal conductivity is estimated during the Recovery phase for more accuracy. Indeed, the 

temperature gradient during this period is smaller which make the line source theory closer to the reality.  

The heat injection phase optimization period has been set between 100 and 120 hours. On this period, the 

power is the most stable compared with the rest of the heat injection phase. As it can be seen on Figure 

30, two bumps are present around 95 hour and 120 hours and these bumps should not be taken into 

account to determine the desired parameters. Other time ranges have been tried but they do not show 

good results, the variation is too large. 

 

Figure 30: Total Injected Power from Global TRT 
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As the power is fluctuating a lot, the desired parameters have been evaluated for three different cases: 

- Case 1: Power base, the raw calculated power has been used as input 

- Case 2: Power constant, the power is set as a constant value at its average during the heat 

injection phase 

- Case 3: Power “filtered” 2 hours, the power is constant on a two-hour period and its value is the 

average on this period  

These three cases are illustrated in Figure 31 for the 1st section.  

 

Figure 31: Power in section 1, 3 cases 

 

The difference in the obtained results for these three cases is studied. 

From the experimental results of λrock and Rb, the thermal resistance of the grout is calculated. 
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3.3 Laboratory measurement for Grout thermal conductivity  

3.3.1 The grouts 

Inside the borehole used for the experiment, three different grouts were employed.  

Table 3: Grouts characteristics 

 Composition Characteristics (from data sheet) 

Top Grout Bentonite and Graphite, 

pellet form  

Thermal conductivity: 2.1 W/(m.K) 

Density: 1100 kg/m3 

Permeability: 10-11 m/s 

Dimension of the pellets: 6 x 11 mm2 

Middle Grout Cement and Quartz To be blended with water 

Thermal conductivity: 2.2 W/(m.K) 

Density of the ready mix: 1780 kg/m3 

Permeability: 10-10 m/s 

Bottom Grout Bentonite and Cement To be blended with water 

Thermal conductivity: ~2.0 W/(m.K) 

Density of the ready mix: ~1650 kg/m3 

 

In order to do the laboratory measurements of the grouts conductivities, it is necessary to prepare grouts’ 

samples. The samples are mixed according to the constructor’s recommendations: 

 For the bottom grout, the 25 kg pack can be mixed with between 11 and 15 liters of freshwater. It 

is advised to obtain a perfect blend to mix with 15 liters of water. It represents 37.5 % of water in 

the total weight.  

 For the middle grout, the maximum, but also the ideal, amount of water represents 28% of the 

total weight of the final product.  
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A good mixing and the water quality are crucial since they influence a lot the characteristics of the final 

product. According to the manufacturer, the product is supposed to have hardened after 24 hours but the 

full characteristics are only obtained after 28 days.  

The samples have been prepared using the advised proportions of grout and water. The mixture is then 

mixed during few minutes and poured in a plastic mold with a plastic foil in it to make the removal from 

the mold easier. When the sample is dry enough, it is removed from the mold for the last drying hours. 

Measurements have been carried out at several drying time.  

All the samples have approximately the following characteristics: 

Table 4: Sample characteristics 

Diameter 8 cm 

Height  1.3 cm 

Mold material Plastic 

 

The pellet grout (top grout) does not need the prior addition of freshwater and mixing. In the case of a 

groundwater filled borehole, the pellets are only introduced after the installation. The full swelling capacity 

is reached after 24 hours and thus the full characteristics. It is important to ensure a homogeneous filling 

of the borehole to fill up steadily and slowly. To fill up a volume of 1000 liters, 1100 kg of pellets is 

needed. When doing laboratory test for this grout, it has been noticed that the blending stays soft during 

several weeks before drying. We can assume that, inside the borehole, this filling material never dries and 

an important part of its thermal conductivity is ensured by water. However, when it dries experimentally, 

the volume filled by the grout is significantly smaller and heterogeneous. The sample of this time prepared 

for the laboratory test is shown in Figure 32, which reveals geometrical irregularities.  

 

Figure 32: Top grout Thermal and water 



-41- 

 

 

3.3.2 Laboratory measurements 

The method used to measure the thermal conductivity of the grout is explained in section 1.4.2. The 

device used here is called Hot Disk Thermal Constant Analyzer from Hot Disk AB.  

The sensor employed for the measurement is a Kapton sensor with a radius of 6.403 mm. Kapton is a 

polyimide (kind of thermally stable polymer) film which is stable through a large temperature range and is 

commonly used for flexible printed circuits. The radius of the sensor is chosen according to the 

homogeneity of the sample. 

After placing the sensor between two samples, the set-up is covered and a waiting time of one hour must 

be respected in order to stabilize the temperature. Then, an input power and a measurement time are set 

and the test can start. The measurement lasts approximately 15 minutes plus a required stabilization time 

between each change in power or time setting. Figure 33 and Figure 34 show pictures taken during the 

laboratory measurements.  

 

 

Figure 33: Sample with sensor 
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Figure 34: samples installed for measurement 
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4 Results and discussion 

This section is a summary of the values found for Borehole thermal Resistance and Ground thermal 

conductivity as well as for the Grout thermal conductivity.  

4.1 Borehole thermal Resistance and Ground thermal 

conductivity from DTRT 

The simulations to determine the borehole thermal resistance and the ground thermal conductivity have 

been done for 8 sections of 10 m and for 4 sections of 20 m. However, only the results of the eight 10 m-

sections are been display (Figure 35) as they give more accurate values.  

 

Figure 35: Ground thermal conductivity for each section 

Figure 35 shows the ground thermal conductivity for each section and for the three evaluation cases. The 

ground thermal conductivity value varies between 3.08 and 3.86 W/(K.m). The values for the three cases 

are quite close (see Figure 36: Average ground thermal conductivity for the three casesFigure 36). The 
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filtered case shows an average value slightly lower. A big gap can be noticed between sections 4 and 5 but 

also between 1 and 2 and between sections 7 and 8. These differences may be justified by the presence of 

different ground characteristics.  

 

Figure 36: Average ground thermal conductivity for the three cases 

 

Figure 37: Borehole thermal resistance for each section 
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As shown on Figure 37, the borehole thermal resistance varies within the range from 0.07 to 0.14 K.m/W, 

with an average value of 0.092 for the base case, 0.10 for the constant case and 0.099 for the filtered case.  

In paragraph 2.1.1, it has been said that the borehole contains three different grouting materials 

distributed according to the sections as drawn in Figure 38. The values of the borehole thermal resistance 

reveal the presence of these different grouts. It should be reminded that Rb must be as low as possible and 

thus the bottom grout and the top grout (pellets) seem to be more suitable. These results must, however, 

be evaluated further since the sections with pellets was not properly grouted. Sections 1 to 3 behave 

mostly like groundwater filled boreholes where convection effects are observed (resulting in lower 

borehole resistances). 

 

Figure 38: Borehole thermal resistance with grouts distribution 
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4.2 Calculation of the Grout thermal conductivity 

From equations 25 to 29 with the equivalent diameter method, or with other formulas such as Hellström’s 

or Multipole (Eq. 17, 18, 19, 20), the grout thermal conductivity can be calculated.  

Table 5: Input data 

rpo 0,02 m 

rpi 0,0163 m 

rb 0,0575 m 

req 0,02828 m 

λpipe 0,42 W/(m.K) 

Volume flow 0,6317 l/s 

Fluid velocity 0,5027 m/s 

Heat transfer coefficient 1120 W/(m2.K) 

xc 0,03275 m 

 

The heat transfer coefficient is determined specifically for the secondary fluid at a temperature 21.1 °C 

representing the average temperature between hours 100 and 120 (stable heating phase).  

The grout thermal conductivity has been calculated in the three cases explained in section 3.2. The 

obtained results are pretty close therefore only the base case is going to be displayed.  

Figure 39 shows the results obtained with the equivalent diameter method and with Paul’s method. Their 

results are very close to each other. Values that have been found with the other methods give very 

different results. Some minor mistakes when using these methods may be the cause of these differences.  
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Figure 39: Grout thermal conductivity calculated with 5 methods 

The average grout thermal conductivities for each filling material are the following (values from the 

equivalent diameter method):  

Table 6: Grout thermal conductivities with equivalent diameter method 

Top grout 3.990 W/(K.m) 

Middle grout 1.705 W/(K.m) 

Bottom grout 2.404 W/(K.m) 

 

The value of the thermal conductivity of the top grout is high, about twice as the value of the two other 

grouts. This grout has been poured from the top of the borehole. The quantity of the pellet section that 

has been used is smaller than the one that had to be used in theory. This may be due to the amount of 

ground water which is too large and a too quick introduction of the grout. Finally the proportion of pellet 

and water is about half-and-half which implies that grout is not homogeneous and that the borehole is not 

properly grouted. Therefore the main contribution in the value of the thermal conductivity is not the 

grout itself but the result of the convection created by the high amount of water. This value  is therefore a 

fictitious thermal conductivity. 
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4.3 Laboratory measurement of the Grout thermal 

conductivity 

The samples were becoming very fragile when drying so they were manipulated with caution. As (Alrtimi 

et al, 2013) highlighted, bentonite grouts tend to shrink and crack. The grouting material was supposed to 

dry after 24 hours, but it was not the case. In reality, it took around 48 hours to be suitable for 

manipulation. Therefore, tests have been carried out after 48 hours and then 7 days after in order to see 

the evolution of the thermal conductivity.  

All the tests have been carried out at a room temperature of 22°C, with a measurement time varying 

between 10 and 80 seconds and a heating power between 270 and 300 mW. The thermal conductivity 

error is evaluated at 2 %.  

 

Table 7: Bottom grout Thermal conductivity 

 After 2 days After 7 days After 20 days 

Bottom grout 37.5% of water – Sample 1  1.1018 W/(K.m) Unable  Unable 

Bottom grout 37.5% of water – Sample 2 0.7459 W/(Km) 0.1382 W/(Km) 0.1253 W/(Km) 

 

The first sample broke after the first test therefore it was not possible to carry out further experiments 

The second sample, after two days, was still wet, wetter than the first sample. The high water content 

affects the measurements. Indeed, when the power is applied, it could create water movements inside the 

sample, and thus convection. This high water content made the sample behave more like a liquid than like 

a solid. Therefore, the choice of the sensor may not be suitable. Figure 40 shows the evolution of the 

temperature inside the first sample. The first points have to be removed as they don’t depict the real 

behavior of the sample but include the effect of the insulation of the sensor.  This phenomenon is 

corroborated by the temperature increase in both samples during the test after 2 days. Indeed it is far 

lower than after 7 days (around 1K compared with 15K). For the measurement, a shorter measurement 

time is required compared with regular solids (10 to 20 seconds compared with 40 to 80 seconds).  
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Figure 40: Temperature increase during the test - 1st sample after 7 days 

 

After 7 days, the data obtained with the second sample were of better quality to analyze. The tests have 

been carried out with 3 measurement time settings and 3 heating powers. The obtained results are close to 

each other (Figure 41).  

 

 

Figure 41: Grout thermal conductivity - Sample 2 - 7 days 
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However, the value of the thermal conductivity after 7 days is very low. Therefore it has been decided to 

perform an extra test after 20 days to control it. After 28 days, the grout is supposed to have achieved its 

full characteristics. The results of the test after 20 days show a thermal conductivity of the same order of 

magnitude than after 7 days. I seems so that the real thermal conductivity of the dry grouting material is 

very low, more than 10 times lower than what is mentioned in the product manual. There might be factors 

not considered in these tests and this result must be investigated further.  

It may be also interesting to check the density of the grouting material. The bottom grout sample, made 

with 93.75 grams of powder and 56.25 grams of water, has a weight of 95 grams, which means that almost 

all water has disappeared. This weight gives a density of approximately 1450 kg/m3. It is 12% less than the 

value given by the manufacturer and may have an impact of the thermal conductivity.  

The fragile nature of this grouting material can suggest that the space filled by the grout inside the 

borehole is not very homogeneous. However, it is difficult to know the actual drying conditions inside the 

borehole. Besides, we do not know how the grouts behave at the junction between them.  
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4.4 Summary 

Table 8: Summary of the results 

Grout 
Manufacturer 

thermal conductivity 

Calculated thermal 

conductivity (from DTRT 

results) 

Measured thermal 

conductivity 

Top grout (pellets + 

groundwater) 

2.1 W/(K.m) 3.990 W/(K.m) Not applicable (no 

apparatus to measure) 

Middle grout 2.2 W/(K.m) 1.705 W/(K.m) Grout not available 

Bottom grout 2 W/(K.m) 2.404 W/(K.m) 0.75 to 0.13 W/(K.m) 

 

For the top grout, the calculated thermal conductivity is almost twice the conductivity given by the 

manufacturer. This difference can be explained by the high proportion of convection inside the borehole. 

We also do not know the way the manufacturer determine the characteristics of his grouts.  

For the two powder grouts, the conductivities given by the manufacturer and calculated from DTRT are 

of the same order of magnitude. However in some sections grouts may have been unintentionally mixed.  

The most noteworthy difference is the one for bottom grout between the theoretical and the laboratory 

measured thermal conductivities. Indeed, the manufacturer conductivity is between 2.7 and 15 times 

higher than the measured one. This difference may be due to the real drying state of the grout inside the 

borehole. During the laboratory measurement (especially after 20 days), the water content in the sample 

was almost null. Besides, it was not possible to know how the manufacturer proceeded to determine the 

thermal conductivity.  

More laboratory measurements of the thermal conductivity could be done by varying the water content of 

the mix or in different humidity conditions. However the measurements should be done before the 

complete drying of the sample or even, if possible, in liquid phase. Other measurements could be carried 

out when adding graphite to the mix. The influence of these parameters could be evaluated and a result 

closer to the reality may be found.  

The methods to determine the grout thermal conductivity can also be studied further and compared to 

evaluate their differences.  
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