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Abstract
The main objective of this doctorial thesis was to investigate how thermally induced
movements in the groundwater (natural convective flow) may influence the heat transport in
borehole and surrounding bedrock in a groundwater filled borehole heat exchanger system.
The purpose was also to determine if thermal response tests could be used to detect the
convective influence and the effect on evaluated heat transfer parameters, effective bedrock
thermal conductivity and borehole thermal resistance. In order to increase the knowledge
about the natural convective influence in groundwater filled borehole heat exchangers,
numerical 3D simulations in the computer fluid dynamic (CFD) software Fluent were
conducted. It was shown that the thermally induced convective flow influenced the borehole
thermal resistance independently of bedrock characteristics (solid or fractured). A larger
convective heat flow (dependent on density gradient) resulted in a lower resistance. The
density gradient and thereby the convective flow are affected by the water temperature level
and the used heat injection or extraction rate. At a water temperature around 4ºC (maximum
density), the borehole thermal resistance had its maximum value resulting in values close to
stagnant water. In other working conditions the heat transfer could be up to 2.5 times greater
than that of stagnant water. This was further investigated and confirmed by in-situ thermal
response tests in two boreholes at the campus of Luleå University of Technology. Several
multi-injection rate thermal response tests were performed, which is a test protocol where
several test periods are performed in a row using different heat injection rates. With this
protocol it was shown that natural convective flow may be seen to affect both the borehole
thermal resistance and effective bedrock thermal conductivity. For the bedrock thermal
conductivity it was shown that the convective influence was seen only for fractured bedrock.
A larger convective heat flow resulted in a higher effective bedrock thermal conductivity. The
numerical 3D simulations were also used to study some common approximations when
modelling grouted boreholes to see if these would also be suitable for groundwater filled
boreholes. The purpose was to find approximations that would allow for a simpler model for
evaluation of thermal response tests and design of borehole heat exchanger systems. It was
shown that using an equivalent radius model (one single pipe in the middle of the borehole)
instead of the more complex u-pipe geometry was a good approximation, if the appropriate
equivalent radius was used. For the total heat transfer, including the convective heat flow, the
total heat transfer area should be the same as for the u-pipes. Another approximation that was
tested was to use a boundary condition at the outer pipe wall instead of simulating the fluid
flow inside the pipe and the heat flow through the pipe wall. It was shown that the two
common boundary conditions, constant temperature and constant heat flux, gave similar
results for total heat transfer calculations but quite different results for only conductive heat
transfer calculations. Performed investigations showed that the convective influence could
give large differences in evaluated borehole thermal resistance and effective bedrock thermal
conductivity. It is therefore strongly recommended that thermal response tests are performed
using similar heating or cooling conditions as the planned borehole system. In Sweden, most
systems use heat extraction during part of the year. For that reason, heat extraction thermal
response tests in groundwater filled boreholes were studied. It was shown that ordinary
evaluation methods did not work due to the large variations in the value of the borehole
thermal resistance during the test. Instead a new evaluation method was proposed, where the
measurement time was divided into intervals, where each new interval allowed for a new
borehole thermal resistance. The same numerical model was used as in the ordinary parameter
estimation evaluation used for the other tests. The model was run manually, and each new
borehole thermal resistance was chosen so that the calculated mean fluid temperature for that
period matched the measured values. The intervals were recommended to be chosen between
4 to 10 hours depending on how fast the mean fluid temperature changed.
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Sammanfattning
Det huvudsakliga syftet med doktorsavhandlingen var att studera hur termiskt utlösta rörelser
i grundvattnet (naturligt konvektivt flöde) påverkar värmetransporten i grundvattenfyllda
borrhål och omkringliggande berg i ett system för bergvärme/kyla. Syftet var också att
klargöra ifall termiska responstest kan användas för att upptäcka påverkan av det konvektiva
flödet samt effekten på de utvärderade parametrarna för värmetransport; effektiv termisk
konduktivitet i berget och borrhålets termiska resistans. För att öka kunskapen om hur
konvektivt flöde påverkar värmeöverföringen i ett grundvattenfyllt borrhål gjordes numeriska
3D simuleringar i CFD (Computer Fluid Dynamics) med mjukvaran Fluent. Det visade sig att
den naturliga konvektionen påverkade värdet på borrhålets termiska motstånd oavsett bergets
karaktär (solitt eller sprucket). Detta motstånd minskade med ökande konvektivt flöde
(beroende av densitetsgradienten) i borrhålet. Densitetsgradienten, och därmed konvektionen,
påverkades av de uppnådda temperaturerna samt av det använda värmeflödet. Vid en
vattentemperatur på 4ºC (maximal densitet) fick borrhålets resistans sitt maxvärde, vilket är i
närheten för värdet för stillastående vatten. Under andra förhållanden kunde värmetransporten
vara upp till 2,5 gånger högre, vilket sänkte resistansen med motsvarande faktor. Detta har
studerats ytterligare med termiska responstest utförda i två borrhål vid Luleå tekniska
universitet. Ett flertal flereffekts termiska responstest har körts, vilket är ett mätprotokoll där
flera testperioder görs i en följd med olika tillförd värmeeffekt. Med detta protokoll kan
påverkan av konvektivt värmeflöde upptäckas både för borrhålets termiska resistans och för
den effektiva termiska konduktiviteten i berget. Det visade sig att den konvektiva påverkan
enbart syntes i det konduktiva värdet i uppsprucket berget samt att ett större konvektivt
värmeflöde ökade bergets effektiva värmekonduktivitet. De numeriska 3D simuleringarna
användes även för att undersöka vissa vanliga förenklingar vid modellering av återfyllda
borrhål, för att se om dessa också var lämpliga för grundvattenfyllda borrhål. Syftet var att
finna förenklingar som möjliggör en enklare modell vid utvärdering av termiska responstest
och vid dimensionering av system för bergvärme/kyla. Det visades att en modell med
ekvivalent radie (borrhålsvärmeväxlaren ersätts av ett enskilt rör i mitten av borrhålet) istället
för den mer komplexa geometrin med u-rör fungerande väl förutsatt att korrekt ekvivalent
radie användes. För en total värmetransport, som tar med det konvektiva flödet, så ska den
totala värmeöverförande ytan vara densamma som för u-rören. En annan förenkling som
undersöktes var att använda ett randvillkor på yttre rörväggen istället för att simulera flödet
inuti röret samt värmeflödet genom rörväggen. Det visades att de två vanliga randvillkoren,
konstant temperatur och konstant värmeeffekt per kvadratmeter, gav likartade resultat vid
användandet av total värmeöverföring men relativt olika resultat när endast konduktiv
värmeberäkning användes. Det visade sig att ett konvektivt värmeflöde kunde ge relativt stora
förändringar i de utvärderade värmetransportparametrarna. Det rekommenderades därför
starkt att vid termiska responstest använda liknande mängd tillförd eller uttagen värme som i
det planerade systemet. I Sverige använder de flesta system värmeuttag under delar av året.
Därför har termiska responstest med värmeuttag ur grundvattenfyllda borrhål studerats. Det
visade sig att vanliga utvärderingsmetoder inte gick att använda på grund av de stora
variationerna i borrhålets termiska motstånd under mätningarna. Istället föreslogs en
utvärderingsmetod där mättiden delades in i intervall och för varje intervall angavs ett nytt
värde på borrhålsmotståndet. Samma numeriska modell som användes i den vanliga
parameterutvärderingen för de andra mätningarna användes även här. Modellen kördes
manuellt där varje nytt värde på borrhålets termiska resistans valdes så att den beräknande
medelfluidtemperaturen för perioden matchade de uppmätta värdena. Det rekommenderas att
använda intervall på 4 – 10 timmar beroende på hur snabbt medelfluidtemperaturen förändras
under den aktuella perioden.
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Nomenclature
dA
dq
g
hc
k
M
Nu*
n
q'
q"
r
R
RN
SL
SS
t
T
T(1)



differential area
differential heat power
Acceleration due to gravity
Convection heat transfer coefficient
Thermal conductivity
Model
Estimated Nusselt number
Node
Heat transfer rate
Heat flux
Radius
Resistance
Value of the squared 2-norm of the residual,
given as resnorm in Matlab
Long collector in S-borehole
Short collector in S-borehole
Thickness
Temperature
Fluid temperature in node 1
Thermal expansion coefficient
Density

Subscripts
b
bhw
br
brb
c
e
er
eq
f
in
pi
po
pw
ref
s
t
u
w


Borehole
Borehole wall
Bedrock
Outer vertical bedrock boundary
Conductive heat flow
Evaluation
Equivalent radius
Equivalent
Mean fluid
Inlet
Inner pipe wall
Outer pipe wall
Pipe wall
Reference value
Simulation
Total heat flow including convection
U-pipe
Water
far away from the pipe wall

Aberrations
BHE
CFD
CHT
cq"pw
cTpw

Borehole heat exchanger
Computer fluid dynamic
Only conductive heat flow
Constant heat flux over the pipe wall
Constant temperature at the pipe wall
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m2
W
m·s-2
W·m-2·K-1
W·m-1·K-1

W·m-1
W·m-2
m
m·K·W-1

m
ºC, K
ºC, K
K-1
kg·m-3
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F-borehole
heTRT
hiTRT
IRP
MIR TRT
S-borehole
TEDhc
THT
TRT

BHE located in fractured bedrock
Heat extraction TRT
Heat injections TRT
Injection rate period
Multi-injection rate thermal response test
BHE located in solid bedrock
The Swedish TRT equipment
Total heat transfer including convective heat flow
Thermal response test
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1. Introduction
Sweden is one of the countries in the world that has most borehole heat exchanger (BHE)
systems. In 2005, Sweden landed on the second place after USA in largest installed capacity
of geothermal heat pump systems and annual energy use (Lund, 2005). Unlike many other
countries, Sweden use groundwater filled BHEs instead of backfilled ones. The heat transfer
through a groundwater filled borehole is more complex than in a grouted one due to
convective flow. This flow may be a result of geohydrological conditions (regional
groundwater flow) or be thermally induced (natural convection). Several investigations have
shown that this may influence the heat transfer drastically. However, still no models for
evaluation of thermal response tests (TRT) or design of BHE systems incorporate the
convective flow or allow for changing heat transfer parameters other than using an equivalent
conductive heat flow. The effect of regional groundwater flow (geohydrological conditions)
has been investigated by several researchers (e.g. Chiasson et al., 2000; Witte, 2001; Gehlin
and Hellström, 2003; Signorelli et al., 2007; Lee, 2008; Wang et al., 2009). They have shown
that regional flow influences in grounds with high hydraulic conductivity, e.g. larger fractures
connecting to the borehole. This is often considered by using effective bedrock thermal
conductivity, allowing for only conductive heat flow in the model. Natural convection,
(thermally induced) has not received the same amount of attention. Kjellsson and Hellström
(1999) investigated the natural convective influence in a laboratory set-up of a groundwater
filled BHE, and they showed a decrease in borehole thermal resistance with increased heat
injection rate. Gehlin et al. (2003) studied the thermosiphon effect in fractured ground and
showed an effect on the bedrock thermal conductivity. These effects are today incorporated in
models by using constant values of borehole thermal resistance and effective bedrock thermal
conductivity, though the studies show changing values depending on heat injection rate.
These effects have therefore been more thoroughly investigated in this study.
1.1. Objectives
The overall objective of this study was to increase the knowledge of how the thermally
induced convective flow influences heat transfer in groundwater filled BHEs. The influence
was to be investigated for both borehole thermal resistance and bedrock thermal conductivity.
Apart from the overall objectives, the study also aimed to:
- increase the knowledge of how to detect the convective influence during a TRT,
- investigate how the convective flow behaves with different temperature levels and gradients,
- increase the knowledge of heat extraction TRT in groundwater filled boreholes.
1.2. Structure of this thesis
The results of performed research on thermal response testing and model simulations are
presented in four published papers, one conference paper and one submitted paper appended
as Papers I-VI.
The doctoral thesis contains six sections; the first section includes a brief introduction,
objectives and the structure of the thesis. The second section contains a background to TRT
and convective heat flow. There follow descriptions of TRT and the models used. In section
five the major results from the papers are discussed, while section six contains a final
discussion together with suggestions for future research in this field. The thesis is written for
those who work in the field, who need to know the most important research results and how
convection affects TRT and BHE systems.
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2. Background
Thermal response tests are used to evaluate heat transfer parameters to be used in BHE
design. This in-situ measurement is an established method to determine borehole thermal
resistance and effective bedrock thermal conductivity. The method was first suggested by
Mogensen (1983) and mobile equipment was introduced during the mid-nineties (Eklöf and
Gehlin, 1996; Austin, 1998) and is used all over the world today. Most commonly the test is
performed using a constant heat injection rate but there is also equipment using a constant
heat extraction rate (e.g. Witte, 2001) or a constant temperature in the injected fluid (Wang et
al., 2010).
When using TRT to evaluate the heat transport in and around a borehole, it is recommended
to use the same heat injection/extraction conditions as the would-be BHE system. Commonly,
a ±10% error in the result is anticipated (Spitler et al., 2000; Witte et al., 2002) for normal
conditions. When regional groundwater (caused by geohydrological conditions) affects the
system, extra care must be taken during the test and evaluation of the result (Sanner et al.,
2000; Signorelli et al., 2007). Convective flow may also be thermally induced (natural
convection) by the achieved temperature gradient, which may e.g. result in thermosiphon
effects where water in connecting fractures starts circulating with the water inside the
borehole, resulting in changes in effective bedrock conductivity and borehole thermal
resistance (Gehlin et al., 2003). Using correct test and evaluation methods is therefore of
utmost importance to achieve good design parameters.
The influence of regional groundwater flow may be detected by the TRT measurement if
analyzed correctly. Witte (2001) described an evaluation method where the test data was
analyzed using longer and longer test times. If regional groundwater was influencing, a longer
test time would result in a higher effective bedrock thermal conductivity. Witte (2005) and
Witte and van Gelder (2006) complemented that test by introducing a TRT procedure where
several heat injection or extraction pulses were used in the same measurement. If the different
pulses resulted in different evaluated heat transfer parameters, then regional groundwater flow
was influencing. This could also be investigated without using the TRT equipment. Drury et
al. (1984) showed that groundwater flow may be detected by using temperature loggings
along the borehole, where aquifers and fractures could be detected by the varying thermal
gradients.
Natural convection occurs when a body force, e.g. gravitation, acts on the density differences
in a fluid. During operation of a BHE the fluid inside the u-pipe will be warmer or colder than
the surroundings. The achieved temperature gradient between the pipe and the borehole wall
results in density differences through the borehole water. Close to the wall a boundary layer
will form where buoyancy forces induce a convective flow vertically along the wall.
Newton’s law is used to describe the heat transfer, Eq. (2.1).

dq

hc  dA  Tpw  Tf

[2.1]

The equation is written using the differential area (dA) instead of the area, since the
convective heat transfer coefficient (hc) is not uniform over a surface. This coefficient
depends on the density, viscosity, fluid thermal properties and flow velocity. For natural
convection the velocity is a result of the temperature gradient between the wall and the fluid
together with the force field and the coefficient of thermal expansion of the fluid, Eq. (2.2),
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which gives the density change when the temperature changes at constant pressure (Kreith
and Bohn, 2007; Incropera and DeWitt, 2006).
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The density of water has a non-linear dependency on temperature with a maximum around
+4ºC; the curve shown in Fig. 2.1 is from Kell (1975). The further away from the maximum,
the larger density differences are achieved when the temperature is raised 1ºC. The convective
flow will therefore be greater at a water temperature of +25ºC than at +10ºC with a
temperature gradient of 1ºC. It will also be affected by the injection or extraction rate where a
larger rate results in a larger temperature gradient. The region around +4ºC is further
complicated because the density decreases on both sides of the maximum density at +4ºC.

Figure 2.1. Water density as a function of temperature
The effect of density differences in fluid flow is often modelled using Boussinesq
approximation, assuming incompressible flow. This means that the density is treated as a
constant value in solved equations, except for the buoyancy term in the momentum equation.
This term is then approximated to Eq. (2.3) using the coefficient of thermal expansion of the
fluid, Eq. (2.2). However, Cawley and McBride (2004) showed that for temperatures close to
the maximum density Boussinesq approximation was not appropriate. In the performed
calculations the Boussinesq approximation was therefore used only for water temperatures
above +10ºC while a polynomial expression based on temperature (T in ºC) for investigations
of the convective flow below +10ºC, Eq. (2.4), was used. The main benefit of using the
Boussinesq approximation is reduction of convergence time since the density is constant in all
equations except in the momentum equation.

U  U ref g |  U ref E T  Tref g.
U

[2.3]

9.539937  105 T 3  8.776513  102 T 2  26.66709T  1.680288  103

[2.4]

For analyses of TRT data analytical methods such as line source or cylinder source are used
or numerical modelling using parameter estimation technique. The analytical models are fast
and simple but use the assumption of constant heat injection or extraction. This is rarely
achieved in field conditions and Austin (1998) showed that parameter estimation gave better
estimations than both the line source and the cylindrical source method. For example, the line
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source method estimates the bedrock thermal conductivity from the slope of a temperature
versus the natural logarithm of the time curve. In one test presented in Austin (1998), bedrock
thermal conductivity could be estimated in the range of 1.96 to 2.99 W·m-1·K-1 (1.13 to 1.73
BTU·hr-1·ft-1·ºF-1) depending on which part of the slope was used. To deal with this, Beier and
Smith (2003) developed an algorithm to remove variable heat injection rates resulting in a
smooth temperature curve that could be used in the analytical methods. Lamarche et al.
(2010) made a thorough comparison between different methods to establish how the borehole
thermal resistance should be modelled using conductive heat flow.
Parameter estimation with a numerical model is often considered to be more time consuming.
However, this depends on the numerical model and the duration of the TRT measurement.
Austin (1998) and Yavuzturc (1999) used a 2D model using a pie-shaped U-pipe
approximation. Hellström (2001) used a 1D axi-symmetric model using the equivalent radius
model with one pipe in the centre. The latter model was used in the current research, and
performed evaluations of the effective bedrock thermal conductivity and borehole thermal
resistance took about 1-2 minutes for a 72 h TRT measurement on an ordinary computer.
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3. TRT measurements
Thermal response test is an in-situ measurement method to determine the heat transfer
parameters for a BHE and its surrounding ground in order to predict the performance of
ground-source energy systems. The thermal response is studied by measuring the change in
circulating fluid temperature over time, which is dependent on the heat transport underground,
the heat injection or extraction rate, fluid flow rate and influencing outside conditions. The
effective bedrock thermal conductivity (kbr) and borehole thermal resistance (Rb) are
evaluated by analyzing measured temperature responses.
3.1. Equipment and test
The test equipment (TEDhc) consists of two systems (Fig. 3.1.1), one for heat injection and
another for heat extraction. For the heat injection, a 3 – 12 kW stepwise adjustable electrical
heater supplies the injection energy. For heat extraction a fluid-to-air heat pump connected to
a buffer tank supplies the circulating heat carrier with cooling power. The heat pump uses the
outside air to release the heat and is due to a construction fault directly connected to the
circulating fluid. This results in larger influence of the outside temperature than for the heat
injection part, resulting in a less constant heat transfer rate.

A TRT test is conducted by injecting or extracting a constant heat power for approximately 72
h with the thermal response recorded on a data logger. The heat carrier fluid, water and
antifreeze, is circulated by a 3-kW variable velocity pump. Ambient air temperature, ingoing
and outgoing fluid temperatures, rig reference temperature, flow velocity and electrical power
consumption are measured and recorded every 5 – 10 minutes. The undisturbed ground
temperature and BHE details such as the length of the groundwater-filled borehole, borehole
and collector diameter and heat carrier fluid properties are also required for the evaluation.

Figure 3.1.1: TRT equipment TEDhc
3.2. Performed measurements
A special test BHE (groundwater filled) located at the campus of Luleå University of
Technology was used for TRT tests. During the drilling of the borehole there were indications
of no or only small fractures connected to the borehole. The borehole was also investigated
during on-going TRT measurements by manual temperature loggings each 2- 5 m along the
borehole. These tests showed a smooth temperature curve along the borehole also indicating
no or only small fractures connecting to the borehole. This borehole was therefore considered
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to be located in solid bedrock and is called the S-borehole. The BHE contains two U-pipe
collectors with different lengths, one 75 m deep (SS) and the other 150 m (SL), with the
groundwater level at 4 m below the ground surface. The TRT equipment is connected either
to the short or to the long collector. The borehole was constructed in this special way to
investigate how the convective flow influenced the heat transfer along and around the
collector and if the resulting kbr and Rb depend on the length of the collector.
Another BHE that was used for TRT measurements is also located at the campus. This
borehole was once part of the world’s first large-scale high temperature borehole storage
(Nordell, 1994). The storage has not been in operation since 1990, but the ground temperature
is still influenced by the storage period and is several degrees higher than the normal ground
temperature in the area. The borehole has a 66 m long U-pipe installed and the groundwater
level is at 1.6 m below ground level. Before the storage was taken into service several
geological and geohydrological investigations were performed. The borehole was shown to be
connected with surrounding boreholes through larger fractures (Maripuu, 1984), and it is
therefore assumed here to be in fractured ground and is called the F-borehole.
Several TRTs were performed in the S-borehole, both heat injection and heat extraction tests.
The heat injection was varied between 3-6 kW for the short collector (SS), resulting in an
injection rate between 42 - 84 W·m-1, and between 3 - 12 kW for the long collector (SL)
giving 21 - 82 W·m-1. The heat extraction test was performed in the long collector using
approximately -6 kW or -41 W·m-1 (SL). In the F-borehole a few TRTs were performed using
heat injection with 3 - 12 kW or 47 - 186 W·m-1.
All tests were performed as multi-injection rate thermal response tests (MIR TRT), which is a
test that uses several heat injection periods (IRP) where each period has a new injection or
extraction rate. Such a test procedure was presented by e.g. Witte and vanGelder (2006) on
back-filled BHEs to gain knowledge of the thermal response and to investigate the influence
of regional groundwater flow. A similar test procedure was used here to investigate the
influence of thermally induced natural convection in groundwater filled BHEs. The tests
started with a 72 h IRP with only the circulation pump running and no extra energy supply.
With this period, heat losses from the equipment and the heat gain from the circulation pump
can be evaluated and determined. These differ depending on outside temperature and other
weather conditions and how hard the circulation pump is working. After the first IRP, 2 - 4
IRPs with different heat injection or extraction rates were performed; all had a duration of at
least 72 h and started directly after each other with no time between the IRPs. Each IRP was
evaluated with its own set of kbr and Rb values.
Before performing a TRT measurement, the undisturbed ground temperature must be
determined. This was done by lowering down a thermocouple into the borehole to measure
the water temperature every 2-5 metres along the collector. The mean value was used as an
estimate of the undisturbed ground temperature. The borehole also has to be investigated for
influence of regional groundwater flow during the evaluation of the test (the method is
presented in Witte, 2001). This flow, as described in Section 1, is not thermally induced
during the test but is instead a natural result of the hydrogeological conditions. The point of
interest in this thesis is the thermally induced natural convective flow, and it was therefore
important to exclude the influence of regional flow. It was shown in Paper VI that none of the
used boreholes evinced influence of regional groundwater flow.
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3.3. Evaluation method and measurement analyses
TRT measurements may be evaluated by analytical methods or by numerical models, as
described in Section 2. However, all methods of today incorporate the convective flow into
the conductive calculations by assuming a constant effective value for Rb and kbr. That would
be equal to no changes in the convective flow during the measurement and independent of the
heat injection rate. In this research for heat injections, TRT, kbr and Rb were allowed to vary
when using different heat injection rates. For heat extraction TRT, Rb changes drastically
during the measurement and has to be allowed to vary almost continuously.

In the evaluation of the measured data, parameter estimation was used together with a
numerical model to determine kbr and Rb. The numerical evaluation model (Me) is an
axisymmetric model (Hellström, 2001) similar to the numerical model described in Gehlin
and Hellström (2003). An annulus geometry is used to describe the borehole, where Rb is used
to calculate the heat transfer between the fluid in the middle of the borehole and the bedrock
wall. Out in the bedrock, kbr is used to calculate the heat transfer from the bedrock wall out to
an outer bedrock boundary where a constant temperature is applied.
kbr

Rb
1
nf

2

3

nw

nbhw

Middle
of
the borehole

4

5

17

6

18

Undisturbed
temperature

Borehole wall

Figure 3.3.1. Model description with nodal mesh and heat transfer parameters
The numerical mesh consists of 18 nodes; 3 nodes from the middle of the borehole to the
bedrock wall (Rb-area) and 15 nodes in the bedrock out to a distance of approximately 13 m
(kbr-area), Fig 3.3.1. Given parameters in the model are the undisturbed ground temperature,
the inner annulus radius, borehole dimensions, the analysis time for the parameter estimation
as well as material parameters for water, pipe, fluid and bedrock. From the TRT measurement
data, fluid flow rate, in- and outgoing fluid temperatures, outside air temperature and
reference temperature are received. For each time step, the temperature of the nodes is
calculated based on the heat injection rate in node 1 and a constant temperature at node 18,
together with the temperature history of the former time step. In Paper VI the model is more
thoroughly described.
The parameter estimation minimises the value of the squared 2-norm of the residual for all
time steps during the evaluation interval, Eq. (3.3.1).
RN

min ¦ T f measured  T 1

2

[3.3.1]

Tf(measured) is the mean fluid temperature from the measurement calculated as the mean
value of the in- and outgoing temperature. The calculated value of T(1), the fluid temperature
in node 1 in the model, will depend on the choice of Rb and kbr, which are estimated during
the parameter estimation.
The total resistance between the circulating fluid and the undisturbed ground temperature is in
the model divided into two different resistances (Rb and Rbr (dependent on kbr)). These two
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will therefore be related and there will be several combinations of these two parameters that
will give similar results. A smaller Rb is compensated by a larger Rbr, which results in a
smaller kbr. In Table 3.3.1, a TRT measurement is evaluated on Rb with a given kbr-value. It is
seen that a larger kbr results in a larger Rb. In the third column the RN-value is shown, the
smaller value being the better match between the measured and calculated curves. The
minimized value for RN when the parameter estimation is used (if both kbr and Rb are
evaluated at the same time) gives the result kbr= 3.37 W·m-1·K-1 and Rb= 0.0634 m-1·K-1·W. In
the fourth column the total required length for a fictive BHE system using 10 boreholes is
calculated in EED (2009) - a higher kbr results in a smaller total borehole length. Small
changes in the input to the model for e.g. undisturbed ground temperature, heat injection or
extraction rate and flow rate may result in different evaluated kbr and Rb. A ±10 % error is
commonly assumed for evaluation of TRT measurements (Spitler et al., 2000; Witte et al.,
2002).
Table 3.3.1. Evaluated Rb based on given kbr for a TRT measurement
together with RN-value and calculated total borehole length for a fictive
BHE system (EED calculations)
Rb
RN
Total borehole
kbr
(Wm-1K-1) (mKW-1)
lengt (m)
3
0.053
6.222
2414
3.1
0.056
4.477
2389
3.2
0.059
3.399
2367
3.3
0.062
2.870
2341
3.4
0.064
2.811
2314
3.5
0.067
3.139
2288
3.6
0.069
3.795
2261
3.7
0.071
4.730
2239
3.8
0.073
5.893
2216
3.9
0.075
7.252
2201
It was shown in Paper VI that the changes in convective flow during heat extraction TRT
were so large that the ordinary parameter estimation evaluation of the test was not possible.
Instead the same numerical evaluation model (Me) was used, but the measurement time was
divided into several intervals where each interval allowed for a new Rb value. It was shown
that the time intervals should be chosen 4-10 h depending on how much the mean fluid
temperature changed during that time; larger changes result in smaller intervals. The Rbvalues are chosen by trial and error and are later plotted against time or borehole water
temperature to see the changes depending on temperature. During this evaluation the bedrock
thermal conductivity is given a constant value and is hence not evaluated. It is therefore
necessary to include a heat injection period first in the TRT measurement where the bedrock
conductivity is evaluated. The test is therefore performed first with a 72 h heat injection test
and then directly switched over to a heat extraction test.
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4. Simulation models
Two different 3D, steady-state models and one 2D transient model were built and simulated in
the computer fluid dynamic (CFD) software Fluent (Fluent 6.3, ANSYS 12.0). This software
is based on the finite volume method and may model fluid flow, heat transfer and associated
reactions such as chemical in different geometries with complete mesh flexibility. In the finite
volume method discretisized equations are received by integrating over each individual
control volume for the conservation laws for mass, momentum and energy. In the simulation
described in this thesis the segregated solution method was used, which solves the linear,
discretisized equations sequentially one by one.
In every iteration the segregated solution procedure is as follows: the momentum equation
with one separate equation for each dimension, thereafter a pressure correction which is
obtained from the continuity equation, and finally, when required, the scalar equations for
turbulence, energy and so on. Since the governing equations from the beginning are coupled
and non-linear, several iterations are required to achieve a converged solution. To decrease
the time to receive a converged solution, Fluent uses under-relaxation, which reduces the
change in each parameter. The new value is received from the old ones together with the
calculated change dampened with the under-relaxation factor. Fluent stores the values of each
parameter at the cell centres. However, some calculations require face values for each cell that
is received using different up-wind schemes. Boundary layers were used close to the wall
involved in the heat transfer to solve the equations more thoroughly in these regions.
4.1. U-pipe model
The U-pipe model (Mu) is a 3D, steady-state model of a 3 m long section of a groundwater
filled single U-pipe BHE (Fig. 4.1.1). It was used in Papers III-IV. The U-pipe has an outer
diameter of 0.04 m and the shank spacing (pipe centre to pipe centre) is 0.05 m. The borehole
is surrounded by solid bedrock out to a radius of 1 m with material properties similar to
granite. A total of 634,200 hexahedron and wedge-shaped volume element cells is used in the
model. Both the U-pipe model (Mu) and the equivalent radius model (Mer) refining the mesh
within the possibilities of the computer strength render changes <<1%. The mesh was
checked for cell skewness and aspect ratio according to normal CFD standard. During the
simulations all residuals were run down to < 5  105 for both models (Mu and Mer).

Figure 4.1.1a. Dimensions of Mu model [m]

b. Part of mesh in the Mu model

The material parameters except for the density of water are kept constant in each simulation.
The Boussinesq approximation is used to describe the density as a function of temperature.
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This is valid for E T  Tref  1 , which is the case for the simulations performed in Papers III
and IV, where the temperature is >+10ºC. The model is run with either a constant temperature
(cTpw) or a constant heat flux (cq"pw) at the outer pipe wall (rpo). The outer vertical bedrock
boundary is set to a constant temperature (Tbrb) and the bottom and top boundaries are treated
as adiabatic surfaces. The same conditions were used in Mer.

Figure 4.1.2. Top view of the U-pipe model, Mu, with additional heat transfer geometry.

The heat transfer through the collector pipes and the fluid inside must be added to the
numerical model to be able to compare with the experimental results. The DN40PN6 U-pipe
has an outer radius of 0.02 m and an inner radius of 0.0177 m (Fig. 4.1.2). This procedure is
described in Paper III. The borehole thermal resistance (Rb) is calculated as the temperature
difference between the mean fluid temperature (Tf) and the borehole wall temperature (Tbhw)
divided by the heat transfer rate (q'), Eq. (4.1.1).
Rb

T f  Tbhw

[4.1.1]

qc

4.2. Equivalent radius model
The equivalent radius model (Mer) is a 3D steady state model similar to Mu with the exception
that the borehole is approximated to annulus geometry. This means that the U-pipe legs are
replaced with one larger pipe placed in the centre of the borehole (Fig. 4.2.1). It was used in
Papers I and IV. It has a total number of 540,000 hexahedron and wedge-shaped volume
element cells. This approximation is common in BHE simulations, since the annular-shaped
geometry makes it possible to solve the problem using a 2D axi-symmetric model, which
considerably reduces the total number of calculation cells. However, both models (Mu and
Mer) used 3D calculations in order to use the same Fluent calculation models, since in this
way they could be compared to each other.
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Figure 4.2.1Dimensions of Mer model [m]

There are different ways of choosing the equivalent radius. It was shown in Paper IV that the
choice depends on the conditions of the simulation, see Section 5.2 and Table 5.2.1. The
model was used with the same simulation conditions as Mu, which was described in the
Section above.
4.3. Heat extraction model
A 2D CFD model was built to simulate heat extraction TRT and was used in Paper V. The
simulation model (Ms) was a 2D axisymmetric, pressure-based, turbulent and transient
solution. It simulates a 1 m section of a BHE using the annulus approximation for the U-pipe,
see Fig. 4.3.1. The mesh consists of a total amount of 9800 map type cells.

Outlet

rbhw=0.057

Outer bedrock boundary
Borehole wall
Pipe

tpw=0.002

Inlet

1

g

rpw=0.04
rbrb=6

Figure 4.3.1. Geometry for the simulation model Ms [m]

Fluid enters the inlet with a velocity of 1 m·s-1 at a given temperature and leaves through the
outlet. When the heat extraction period is started in Ms, a heat injection period has preceded it
resulting in an existing temperature gradient in the bedrock with approximately +15ºC in the
circulating fluid and +6ºC at the outer bedrock boundary. The temperature in the fluid
decreases at a rate of 0.67ºC·h-1.
During the heat extraction period a transient solution is used with a time step of 2 s. The outer
bedrock surface is kept constant at +6ºC and the top and bottom surfaces are adiabatic.
Gravity is in the direction from the outlet to the inlet (however, the reverse direction will not
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affect the result greatly). Temperatures and heat flux data at the pipe wall and borehole wall
are saved every 20 seconds. These are collected as mean values taken over the whole wall.
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5. Result and discussion
The presented results focus on how groundwater affects the heat transfer in and around the
borehole and how multi-injection rate thermal response tests (MIR TRT) and computer
models were used to investigate this effect. In this study only thermally induced natural
convection is of interest and this will be meant when the word convection is used below
unless stated otherwise.
5.1. Convective influence during heat injection TRT in solid bedrock
A heat injection thermal response test (hiTRT) was used in Papers I-II and VI to investigate
how the convective flow in the groundwater affected the heat transfer, for temperatures above
+10ºC. In Paper III, this was further investigated using CFD modelling (model described in
Section 4.1). The hiTRT is the most common test in both Sweden and the world and mobile
equipment has been used since the middle of the nineteen- nineties.

Exp
TRT

-1

0.080

Borehole thermal resistance [m*K*W ]

-1

Borehole thermal resistance [m*K*W ]

The effect of convective flow on the heat transfer during hiTRT has previously been studied
by laboratory experiments (Kjellsson and Hellström, 1999). Here, a 3 m BHE was surrounded
by approximately 0.15 m of sand in a 3 m high cylinder with a diameter of 0.4 m. Results
from their single U-pipe DN40PN6 measurements (Exp) were compared with the results from
current research, which was based on CFD (Model) and TRT, Figure 5.1.1(described in
Papers I, II and VI). After discussion with Hellström during these recent investigations, the
heat injection rate from their result was recalculated to receive a constant conductivity value
for the sand-filled ground assuming only conductive heat transfer. This was done due to the
concerns about unaccounted energy loss to the surroundings during the experiment. The result
presented in Paper II is however directly from the original results given in 1999, resulting in
slightly different borehole thermal resistance (Rb) in Figure 2, Paper II.
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Figure 5.1.1a: Borehole thermal resistance
versus mean fluid temperature

b: Borehole thermal resistance versus heat
injection rate

The convective heat flow rate depends on the density gradients in the borehole water. As seen
in Fig. 5.1.1a, a higher mean fluid temperature and thereby water temperature results in lower
Rb. In the model, three different injection rates 40, 50 and 80 W·m-1 were simulated. In two
cases (40 and 80 W·m-1) a constant heat flux at the pipe wall and kbr=3.5 W·m-1·K-1 were
used, while the 50 W·m-1 simulation used kbr=3 W·m-1·K-1 and constant temperature at the
pipe wall. Since it was shown in Paper IV that the boundary condition at the pipe wall for the
total heat transfer calculation did not affect the result, the differences in results between
simulations 40, 80 and simulation 50 must depend on the choice of kbr.
By comparing simulations 40 and 80 (Fig 5.1.1b), it is seen that not only the water
temperature but also the heat injection rate affects the result. Four different temperature
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levels at the borehole wall (ºC); 7, 12, 17 and 22 ºC were studied for the two different heat
injection rates. It shows that the higher heat injection rate (80 W·m-1) results in lower Rb and a
higher water temperature. Thus, the result depends on both the heat injection rate and the
actual temperature level in the borehole, which creates a certain temperature gradient and
thereby density gradient in the borehole water. This was explained in section 2 and with
Figure 2.1 where the relationship between the density and temperature of water was shown. A
higher temperature and a larger temperature gradient result in larger density gradients, which
in turn results in larger convective heat transfer lowering the borehole thermal resistance.
Different heat fluxes and borehole water temperatures were used both in the TRT
measurements and the experiment. The TRTs were performed using four MIR TRT
measurements with multiple periods using different heat injection rates, 42 and 84 W·m-1.

Total borehole length [m]

The differences in results among laboratory experiments, the TRT and the CFD simulation
may be due to several natural reasons. The geometry of the borehole also affects the heat
transfer (as well as the filling material and borehole configuration). The important geometrical
factors for a single U-pipe BHE in the borehole are the borehole size, pipe size and centre to
centre between the U-legs or closeness to the borehole wall. In the experiment and the model
both the borehole and the pipe size were the same, while for the TRT measurements the
borehole size differed. In the report from the experiments it is mentioned that the pipes are
fixed in a symmetrical position; the model also uses a fixed, symmetrical pipe position but
probably not the same. For the TRT measurements the pipes are not fixed, which usually
results in varying positions of the two legs in the borehole. The model shows in general higher
values compared to the experimental results. The temperature difference between the borehole
wall and the circulating fluid is 0.5-0.8ºC higher for the model than the experiment. The
temperatures in the model are calculated as an area-weighted mean value over the walls, while
in the experiment the mean temperature is calculated based on measurements at 6 different
locations. Since the temperature varies around the borehole due to the U-pipe configuration
(see e.g. Figure 5.2.2), how the mean temperature is calculated may affect the result. When
e.g. choosing only 6 points along a straight vertical line, the result will depend on where the
vertical line is taken; in the middle of the hole or close to the borehole wall. Other factors are
also discussed in the paper.
2950
2900
2850
2800
2750
2700
2650
2600
2550
2500
2450
0.05

0.06

0.07

0.08

0.09

0.1

Borehole thermal resistance [Km/W]

Figure 5.1.2: Calculated total borehole length versus borehole thermal resistance for an
example borehole heat exchanger system

To see the effect of the Rb on a BHE system, an example system of 15 boreholes was
constructed in the design program EED (2009), presented in Paper II. In Figure 5.1.2, the
calculated total borehole length is shown for borehole thermal resistance between 0.05
m·K·W-1 and 0.1 m·K·W-1, using the same kbr-value. Another 100 m of drilling is required if
the borehole thermal resistance value is increased by 0.013 m·K·W-1, i.e. going e.g. from 0.07
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to 0.083 m·K·W-1. In Fig. 5.1.1a such a change is almost seen between the two different heat
injection rates used in the TRT measurements, indicating that using the evaluated values from
a 80 W·m-1 TRT would give quite different results than for a 40 W·m-1 TRT (ordinary BHE
systems usually work with 20 – 40 W·m-1). It is therefore strongly recommended that varying
borehole thermal resistance is included in design and analysis programs for BHE systems and
TRT or that convective heat transfer models are incorporated in these programs.
5.2. Model simplifications and approximations
In Papers III-IV, CFD models were used to investigate the convective heat flow influence on
the heat transport. These models may be used for thorough investigations of the heat
transport, the fluid flow and which parameters affect the process. They were also used to
evaluate some model simplification and approximation, which might be used to develop
simpler, faster and less computational heavy models for analyses and design of BHE systems
in the future. The models are described in Section 4.1 (U-pipe model, Mu) and 4.2 (Equivalent
radius model, Mer).

A common approximation in BHE simulations is to use a constant heat flux over the pipe wall
instead of simulating the circulating fluid flow inside the pipe. This approximation is also
practical to use in 1D or 2D TRT evaluation models where a known heat injection or
extraction rate is used and the achieved temperature response is measured. In a full-length
borehole neither the heat injection rate over the pipe wall nor the temperature is constant
along the borehole. But if looking at the heat transfer in a cross-section of a borehole with a
U-pipe, the temperature along the border of the pipe wall (of one of the U-pipe legs) will be
fairly constant. It was therefore studied how the choice of the boundary condition at the pipe
wall affected the heat transfer in a single U-pipe borehole.
Conductive heat transfer (CHT), Liquid water
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Figure 5.2.1a Total heat transfer including
convective heat transfer

b: Only conductive heat transfer in stagnant
water

The U-pipe model (Mu) was used to investigate the effect of using constant temperature at the
pipe wall (cTpw) or constant heat flux (cq"pw). Six different simulations were performed for
each boundary condition where the heat transport otherwise was the same, i.e. the same mean
heat flow per borehole length, temperature at the outer bedrock boundary (Tbrb) and
temperature level in borehole water (Paper IV). Figure 5.2.1a shows the mean temperature
difference between the U-pipe wall and borehole wall using constant temperature (cTpw) and
constant heat flux (cq"pw) for total heat transfer calculations (THT), i.e. including the
convective heat flow. Figure 5.2.1b shows the same when using only conductive heat transfer
(CHT) calculations. The differences in results between the two boundary conditions are large
(60% larger for cq"pw than for cTpw) when using only conductive heat transfer, while when
including the convective flow the difference is minor (max. difference is 9%).
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The borehole water in a THT simulation will have a more even temperature distribution due
to the mixing with the convective flow. This will decrease the effect of the two different
boundary conditions. Using cq"pw results in larger temperature differences along the borehole
since the rising water receives a constant heat input along the way up to the top. This will
increase the convective flow resulting in a smaller temperature difference between pipe and
borehole wall, shown in the figure.
For CHT the opposite is true, with a larger temperature difference between the pipe and
borehole wall for cq"pw. This is due to the fact that very high temperatures will be received in
the middle of the borehole as a result of twice as much heat input in this area.
Figures 5.2.2a and b show the isotherms received for the two boundary conditions using only
conductive heat transfer (CHT), in a cross-section of the borehole at a borehole length of 1.5
m. Notice the difference in scales for the two figures. Here the difference in temperature
gradient between the pipe and borehole wall is clearly seen. These differences affect the heat
transfer and result in the large differences between the two boundary conditions seen in
Figure 5.2.1b. Notice also the more circular heat transfer in the bedrock for constant heat flux
instead of the more U-pipe-influenced heat transfer for the constant temperature case. In a
cross-section of a BHE, constant temperature at the pipe walls is probably more true to the
real case. In the real pipe the turbulent flow inside the pipe will create an almost constant
temperature across the pipe section for each pipe. This will result in a constant temperature
along each pipe wall, but the two pipes will have different temperatures and the difference
will depend on what level the cross-section is at, since the fluid enters one pipe and leaves the
other after a heat exchange with the surrounding ground. The large difference along the pipe
wall for constant heat flux seems unrealistic, but the temperature along the pipe will change
and this makes it hard to say which boundary condition is more preferable for simulation.

Figure 5.2.2a. Temperatures [K] in and
around the borehole for constant temperature
(cTpw) at a borehole length of 1.5 m (CHT).

b. Temperatures [K] in and around the
borehole for constant heat flux (cq"pw) at a
borehole length of 1.5 m (CHT).

Another common approximation in TRT analyses is to use an equivalent radius model (Mer)
instead of a U-pipe (Mu) in order to use 1D simulation. The most common way of choosing
the equivalent radius (req) is to use the same cross-section area as the U-pipe, which is valid
for conductive heat transfer using constant heat flux over the pipe wall (International ground
source heat pump association, 1988). It was shown in Paper IV that the choice of equivalent
radius depended on which heat transport calculations were used (CHT or THT) and the
boundary conditions at the pipe wall (cq"pw or cTpw). In the THT calculations the same req is
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however valid for both boundary conditions, which corresponds to the heat transfer area being
the same as for the U-pipes. The used equivalent radius for the two boundary and heat transfer
conditions are shown in Table 5.2.1. For more information on how to choose the boundary
condition, see paper IV.
Table 5.2.1. req used in the model for the two boundary and heat transfer conditions
req [m] cTpw req [m] cq"pw
Total heat transfer (THT)
0.04
0.04
Conductive heat transfer (CHT)
0.0355
0.0283
Figure 5.2.3 shows the mean temperature difference between the pipe wall and borehole wall
for both boundary conditions (cq"pw and cTpw) using a) total heat transfer (THT) and b) only
conductive heat transfer (CHT). It is shown that using the correct req the Mer is a good
approximation for both THT and CHT. For the THT calculations the maximum deviation
between the Mu and Mer is 0.08ºC. The received mean heat flow per metre of borehole is also
almost the same for the two models, with a deviation of only 0.5%. For the CHT calculation
the resulting temperature differences from the two models (Mu and Mer) do not deviate at all.
The Mu and the Mer give the same result as regards area-weighted mean values in spite of the
un-radial heat pattern across the borehole wall as long as the right req is chosen.
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Figure 5.2.3a) Comparison between Mu and
Mer for total heat transfer (THT)

b) Comparison between Mu and Mer for
conductive heat transfer (CHT)

The borehole thermal resistance is affected by the temperature gradient in the borehole water.
Thus the choice of boundary condition will give different Rb results using CHT but not for
THT due to the large diversity in the temperature difference between cTpw and cq"pw for CHT.
Figure 5.2.4 shows the average thermal resistance in the borehole water for the different
simulations presented in the paper for each model (Mu, Mer), heat transport (THT, CHT) and
boundary condition (cTpw, cq"pw). It is clear that for THT the different conditions do not affect
the result. The mixing of the water with the convective flow diminishes the effects of the
different conditions. For CHT the values are about 4 times higher for cTpw calculations and
approximately 6 times higher for cq"pw. It is also clearly seen that Mu and Mer result in almost
the same values for all modelling approximations and boundary conditions. Mer is therefore a
good approximation if appropriate req is used. However, in the simulations presented here the
borehole geometry was kept constant and no investigation was performed to see how the
borehole and piping dimensions as well as the shank spacing affect the required req.
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Figure 5.2.4. The average thermal resistance in the borehole water for the two models (Mu
& Mer), the two heat transfer cases (THT & CHT) and the two boundary conditions (cTpw &
cq"pw).

In the design programs for BHE systems the convective heat flow is not included; either the
Rb is calculated using only conductive heat transfer (i.e. stagnant water) or a constant Rb value
is given (assumed or achieved from a TRT). In Papers I and III an attempt to calculate a
Nusselt number was made. However, in these calculations the Nusselt number is perhaps not
a good way to estimate how much the convective flow increases the heat transfer compared to
only conductive heat flow. In these simulations both the conductive flow and the total heat
transfer calculations were performed to achieve the same temperature difference between pipe
wall and outer bedrock wall during the simulations with cTpw. This resulted in different heat
fluxes for CHT and THT, which was then used for the cq"pw calculations. Therefore the
comparable simulations for CHT and THT do not have the same heat flux or temperature
difference between the pipe and borehole wall, for which reason the Nusselt number should
not be used. It could also be noted that the values in Paper III are incorrect, and if calculated
in this way, they would increase from 3.3 to 4.4.
However, it is obvious that using only conductive heat transfer calculations in groundwater
filled boreholes results in several times higher estimated borehole thermal resistance. The
convective flow should therefore be included. An annulus approximation may be used as a
model simplification, if the right equivalent radius is used and for total heat transfer
calculations that is to have the same heat transfer area as for the two legs in the U-pipe. The
heat transfer in the circulating fluid and through the pipe wall may be omitted and instead a
boundary condition (constant temperature or constant heat flux) could be used at the outer
pipe wall. For total heat transfer calculations the choice of the boundary condition does not
affect the borehole thermal resistance value, while for only conductive heat transfer
calculations this results in a large difference between the two boundary conditions.
5.3. Convective influence during heat extraction TRT in solid bedrock
The heat extraction thermal response test (heTRT) operates with lower temperatures than the
heat injection test (hiTRT) described in Section 5.1, which influences the convective flow and
may also result in freezing of the borehole water. This was investigated in Paper V.

There are several differences when heTRT is performed compared to hiTRT. The water
density is highest at +4ºC and at this temperature the convective flow will decrease and
change direction due to the changes in the density curve described in Section 2. This will
result in a higher borehole thermal resistance since the heat transfer is slowed down. If the
water freezes, there will also be drastic changes in the borehole thermal resistance due to
released phase change energy and changed material properties. Due to these differences in Rb
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during the test, ordinary TRT evaluation methods are not possible to use. Instead it was shown
in Paper V that heTRT could be analysed by dividing the TRT measurement time into several
intervals, where each interval was allowed to have a new Rb-value. Then the same evaluation
model (Me) could be used as for the hiTRT (described in Section 3.3) but without the
parameter estimation function.
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Borehole thermal resistance [m*K*W ]

In Figure 5.3.2 the evaluated Rb versus temperature in the borehole water (nw, Figure 3.3.1) is
shown for three heTRT measurements. It is clearly seen that the highest Rb is received around
+4ºC where the convective flow is diminished, which results in a high resistance close the
value for pure conductive flow through stagnant water (approximately 0.12 – 0.16 m·K·W-1in
this specific borehole configuration depending on e.g. shank spacing). The first ice is formed
when the mean temperature in the borehole water is just above 0ºC, where Rb is as lowest.
From the lowest to the highest value there is a difference of 44-66% (the highest divided by
the lowest value for each measurement). It is the change in convective flow depending on the
temperature gradient and the resulting density gradient that changes the heat transfer in the
liquid borehole water. Around 0ºC the water starts to freeze resulting in yet another heat
transfer pattern when the latent heat is released and the material parameters change. It should
be remembered that the given water temperature is calculated from one node in the water
representing the whole borehole water. That is e.g. why a change in Rb is seen before 0ºC,
when some part of the water starts to freeze before the mean temperature of the water
becomes 0ºC.
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Figure 5.3.2. Borehole thermal resistance versus mean borehole water temperature
for three heTRTs.

To investigate this further, a simulation model (Ms) was built in the CFD software Fluent,
described in Section 4.3 and presented in Paper V. In the TRT measurements the heat pump
was used in the equipment, described in Section 3.1. HeTRT measurements are more
disturbed by the surrounding air temperature than hiTRT, since the heat pump releases the
heat to the outside air. The efficiency of the heat pump depends on the temperature
differences it works with. During the experiments the outside temperature differed as much as
20 - 25ºC between night and day time, and the daily variations may clearly be seen in the
measurement results (Fig. 5.3.3a). To minimize outside effects, a linear temperature decrease
was used in the Ms. In Fig. 5.3.3b the inlet fluid temperature together with the resulting
temperature decrease at the pipe wall (Tpw,s) and borehole wall (Tbhw,s) is shown. The nonlinear decrease in pipe wall Tpw,s and borehole wall Tbhw,s is a result of the changing heat
transfer in the borehole water due to changing convective flows during the test and freezing of
the borehole water. It is seen that the largest changes occur around a water temperature of
+4ºC and 0ºC.
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Figure 5.3.3a. Mean fluid temperature
versus time for a heTRT measurement

b. Fluid temperature entering the pipe (Tin,s) and
resulting average temperature at the pipe wall
(Tpw,s) and borehole wall(Tbhw,s)

Since the inlet temperature is given as a linear decrease in Ms the heat transfer rate will not be
constant but increasing. It is therefore more interesting to compare the borehole thermal
resistance calculated from the Ms with those calculated from the heTRTs. Figure 5.3.4 shows
the calculated borehole thermal resistance for Ms plotted against the mean water
temperature, Tpw  Tbhw 2 .
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Figure 5.3.4. The change in borehole thermal resistance with mean water temperature

It is seen that the simulated result agrees well with the result from the measurement (Fig.
5.3.2). The shape of the figure is similar with the highest Rb value at +4ºC and lowest just
before 0ºC. There is also an increase in Rb as the mean water temperature passes 0ºC seen in
both figures during the freezing process due to the release of latent heat and changing material
parameters as well as changes in the convective heat flow. The absolute values differ however
between the measurement and the model due to the different geometries: U-pipe and
uncorrelated annulus. When the freezing process starts for Ms around hour 27-28, the mean
water temperature is approximately 0.7ºC, which is when the Rb value starts to rise. At hour
38-39, when the last water has solidified, the mean water temperature is -5.8ºC.
Dividing the test into several intervals with changing Rb-values may be used for analyses of
heTRT measurements in groundwater filled BHEs. The evaluation time of a TRT test depends
on the number of intervals, i.e. the length of the intervals; the smaller the intervals, the more
thorough the calculations. Figure 5.3.5 shows evaluated Rb versus mean water temperature
where different interval lengths are used: the mixed one which is 1-10 h depending on how
fast the temperature changes, 4 h and 8 h intervals. As may be seen the 4 h intervals work
almost as well as the mixed one while the 8 h intervals do not receive the highest Rb. A
combination of the 4 h interval and the mixed one is recommended with the smallest interval
of 4 h and then larger when the temperature does not change so much.
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Figure5.3.5: Borehole thermal resistance versus borehole water temperature calculated by
using different time intervals; mixed (1-10h), 4h and 8h.
5.4. MIR TRT and TRT in fractured bedrock
In Paper VI the multi-injection rate thermal response test (MIR TRT) is discussed as well as
TRT measurements in fractured bedrock. All measurements for this thesis were performed
using MIR TRT. Such a test consists of several injection rate periods (IRP), where each
period (72 h long) uses a different heat injection rate. For this study a total of nine MIR TRTs
were performed in three different collectors (SS, SL, F) located in solid or fractured bedrock.
See Section 3.2 for a description of the three different collectors. It was shown in Paper VI
that MIR TRT could be used to determine if the bedrock was fractured or not and how much
the convective flow affected the BHE for different heat injection rates. In these investigations
only thermally induced natural convection was studied and the boreholes were first shown not
to be influenced by regional groundwater flow. For investigations of groundwater filled BHE
it is strongly recommended to use MIR TRT measurements to get a better understanding of
the heat transfer and the influence of the convective flow.

As was described in Section 3.3 in the evaluation of MIR TRT, each IRP is analysed
separately with its own set of bedrock thermal conductivity and borehole thermal resistance.
In this way changes in the convective flow may be detected. Figure 5.4.1a shows the
evaluated bedrock thermal conductivity for all measurements in the SS- and SL-boreholes
(solid bedrock) plotted against the heat injection rate. Each measurement is named by the
different heat injection rates that were used: Borehole, measurement, injection rate 1 [W·m-1]
and so on. The range of evaluated bedrock thermal conductivities is fairly large, 2.9-3.8 W·m1 -1
·K , but within each measurement the error is less than 10%, which is considered as normal.
This indicates that the measurements were disturbed somehow. Between each measurement
the ground was allowed to rest for at least three weeks, which may have been too short a time
for the ground to return completely to an undisturbed temperature. The assumption of
constant temperature through the bedrock at the start time may therefore have been violated,
which may be a reason for the inconsistency between the different measurements.
If the convective flow influences the heat transfer, a higher heat injection rate should result in
an increased kbr and a decreased Rb. When solid bedrock is investigated, it is seen that the kbr
is not affected by the convective flow, since the result is randomly distributed, but the Rb is.
Performing one MIR TRT with four IRP can show how its influence changes depending on
the injection rate, or perhaps more interestingly, on the mean fluid temperature. Since each
borehole is unique with its own set of fractures and borehole geometry, performing an MIR
TRT would give a more correct estimate of the heat transfer parameters than a calculated or
simulated value. A Rb function based on the mean fluid temperature could then be determined
and used in a BHE design model, if such existed with varying heat transfer parameters.
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Another interesting thing to notice is that there is no difference between the long (SL) and
short (SS) collectors. The length of the collector will therefore not determine the borehole
thermal resistance.
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Figure 5.4.2a Bedrock thermal conductivity
versus heat injection rate for fractured
bedrock

b. Borehole thermal resistance versus heat
injection rate for fractured bedrock

When a fractured borehole is investigated in the same way, it may be seen that both kbr and Rb
are influenced by the convective heat flow. Notice that in these measurements the highest
injection rate was twice as high as the ones used in the solid bedrock, resulting in a larger
influence of the convective flow. In Figure 5.4.2a the evaluated kbr for the fractured borehole
is shown, and a clearly increasing trend towards a larger heat injection rate is seen. For the
measurement period F3:51 there were electrical problems which probably resulted in an
incorrect value. When convective flow influences the kbr, more heat may be transferred in the
bedrock; the larger the influence the greater the kbr. In Figure 5.4.2b the evaluated borehole
thermal resistance is shown for the F-borehole. The colder water in connecting fractures will
be mixed with the convective flow, which results in larger density differences decreasing the
Rb even more than for solid bedrock. The obtained values are fairly constant around 0.060.065 m·K·W-1 for this borehole except F3:51, which as mentioned, may be disregarded.
It was also shown in Paper VI that the order of the used heat injection rates had an effect on
the temperature gradient. Starting with a greater injection rate first may result in larger
temperature gradients during the next IRP resulting in slightly different heat transfer
parameters. It is therefore recommended to start with a low injection rate in the first IRP and
then increase the injection rate as the IRP numbers increase.
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6. Conclusion
Multi-injection rate TRT is a good method to detect and determine the influence of natural
convection on heat transfer in groundwater filled BHE systems. Such movements were shown
to influence both kbr and Rb and the size of the influence depends on temperature level,
injection or extraction rate and type of bedrock. When designing a BHE system it is strongly
recommended to analyse how the convective flow influences both kbr and Rb and how this
affects the total borehole length of the designed BHE system.
When modelling groundwater filled BHEs, care must be taken to include the convective heat
flow (total heat transfer calculations). Using only conductive heat transfer changes the heat
transport pattern radically for fluid flow, and modelling approximations such as boundary
conditions at e.g. the pipe wall or other approximations as the equivalent radius may also
influence the simulated results. Using only conductive heat transfer calculation resulted in
about 70 % of the achieved heat flux received from the total heat transfer calculations, when
the same boundary conditions were given (constant temperature at the pipe wall and outer
bedrock boundary). The calculated borehole thermal resistance in these simulations was about
4 and 6 times greater than for the only conductive heat transfer simulations using constant
temperature at the pipe wall and constant heat flux over the pipe wall, respectively. It was also
shown that the equivalent radius approximation was a good simplification for the more
complex U-pipe geometry, if the appropriate equivalent radius was used, which depended on
the heat transfer method and boundary conditions.
The models in the performed studies used only a section of a borehole (1-3 m) to simulate a
full-length borehole. Other differences are e.g. also that in a real borehole the wall is rough
and fractures may connect to the hole. Also, the pipes are usually inserted into the borehole
without spacers resulting in different shank spacings between the two pipes. The fluid
temperature varies along the pipe and between the two pipes. All these factors put together
result in unique boreholes, and each of the above mentioned peculiarities affects the
convective flow. However, it was shown that these simplified CFD models may be used to
investigate the effect of natural convection in groundwater filled borehole heat exchangers.
Results from these studies may in the future be used to build new, simpler models for TRT
analysis and BHE design.
The results from several MIR TRT measurements performed in the same BHE showed that
the borehole thermal resistance varied from about 0.06 to 0.15 m·K·W-1 depending on the heat
transfer rate and temperature level in the borehole water. The higher values are close to the
value for stagnant water or using only conductive heat transfer calculations; thus the
convective heat transfer is up to 2.5 times greater than that of only conductive heat transfer.
When using heat extraction TRT, extra care must be taken to consider the convection minima,
at the density maximum of water (+4ºC) and at the freezing point of water at 0ºC. It was
shown that ordinary TRT evaluation methods could not handle such changes. Another
evaluation procedure was therefore suggested, where the measurement time was divided into
several intervals where each interval was allowed a new Rb-value. This study also showed that
a BHE system that operated at a groundwater temperature of +4ºC gave a much greater Rb
than otherwise. Such a system would therefore be less effective and optimization of system
cost ought to include this in order to design as good a BHE system as possible. The majority
of Swedish BHE extraction systems operate in these critical temperatures, from -2ºC to +4ºC.
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6.1. Future work
Research is still needed in this area and some suggestions for this are stated below.

- Development of a simple and fast BHE model including the convective flow and phase
change when ice is formed, which could be used in TRT evaluation and BHE design where
varying Rb and kbr will be incorporated
- More TRT measurements in groundwater filled BHE located in both fractured and solid
bedrock to be used as validation of the new simple model or to extract empirical results that
may be used in the new simple model
- BHE design models should include the effect of the changing heat pump efficiency
depending on varying borehole temperatures, heat transfer parameters Rb and kbr, and heat
loads.
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1.

BACKGROUND

Thermal response test (TRT) is an established method to determine design parameters for borehole heat exchanger
(BHE) systems; borehole thermal resistance and effective ground thermal conductivity. Most commonly, these tests
are performed with heat injection, using the same assumed power level as the planned BHE system. For a thorough
description of TRT and current activities around the world, see Gehlin (2002) or Gehlin and Spitler (2002).
It has been shown that groundwater movement may influence the test result, e.g. by Sanner et al. (2000). Several
investigations of the influence of regional groundwater flow on ground thermal conductivity have been performed.
Chiasson et al. (2000) conducted a numerical investigation which concluded that regional groundwater flow only
influenced the heat transfer in BHEs for certain geohydrological conditions. An enhanced heat transfer was seen in
grounds with high hydraulic conductivity, such as coarse-grained soils (sand and gravel) or formations with
secondary porosities such as fractures.
This was further studied by Witte (2001), who performed measurements and conducted a numerical study of ground
consisting of a clayey cover layer and a water bearing formation consisting mainly of sand. He showed that even
small groundwater flow resulted in a higher estimation value of the ground thermal conductivity. Gehlin and
Hellström (2003a) used three different model approaches to investigate the influence from regional groundwater
flow; continuous porous media, fracture zone with a homogenous porosity and vertical fracture. They showed that
relatively low flow rates in fractures may significantly enhance the heat transfer even though a model simulating the
ground as a continuous porous media using Darcy’s equation suggested otherwise.
In Scandinavia, groundwater is most commonly used to fill the volume between collector and borehole wall. Gehlin
et al. (2003) investigated how thermally induced fracture flow may occur in boreholes with suitable connecting
fractures. This thermosiphon effect was a result of volumetric expansion of the heated borehole water. Heated
borehole water flowed out of the borehole through a fracture at the top while colder groundwater entered the
borehole at the bottom, due to the arisen pressure differences. It was shown that heat transfer in and around the
borehole was increased with this flow.
All these investigations were made for special geohydrological conditions with fairly high porosity or suitable
fractures in the ground. However, for TRT in groundwater-filled boreholes there will always be an influence on heat
transfer from buoyancy flow inside the borehole, which occurs independently of fractures in the ground. This is due
to the arisen temperature gradient in the borehole and the resulting density differences in the water. The induced
buoyancy-driven flow (natural convection) will enhance the heat transfer from collector to borehole wall. This
reduces the borehole resistance compared to stagnant water. The flow rates in the borehole water and thereby heat
transfer will depend on the temperature and the temperature gradient inside the borehole. This paper investigates the
change in borehole thermal resistance due to injection rate for thermal response tests. It also shows how this affects
the calculated total borehole length for an example borehole system.

2.

TEDHC – A SWEDISH THERMAL RESPONSE TEST RIG

In 2004, Luleå University of Technology (LTU) built a thermal response test rig, TEDhc, which may both inject and
extract heat (heating and cooling mode). A similar design has been built by Groenholland and is described e.g. in
Witte (2001). This test rig is used to investigate groundwater influence on borehole heat exchangers and response
tests. Several heat injection tests with different power injection rates have been performed to investigate the
borehole thermal resistance dependency of the injection rate in a groundwater-filled borehole.

Figure 1: The new Swedish TRT equipment, TEDhc
The TEDhc rig consists of two separate systems; the heating and the cooling system. In heating mode, a 3 – 12 kW
stepwise adjustable electrical heater supplies the injection energy. The heat carrier fluid is circulated through the test
equipment and borehole collector by a 3 kW variable pump. Ambient air temperature, ingoing and outgoing fluid
temperatures, rig reference temperature, flow velocity and electrical power demand are measured and recorded
during the test. In cooling mode, a fluid-to-air heat pump connected to a buffer tank will supply the circulating heat
carrier with constant cooling power. Unfortunately some regulation problem has so far prevented tests in cooling
mode.
A TEDhc test is conducted by injecting constant power for approximately 72 h with the thermal response recorded
every 5 – 10 minutes. The undisturbed ground temperature and BHE details such as groundwater-filled borehole
length, borehole and collector diameter and heat carrier fluid properties are required for the evaluation. A
numerically calculated thermal response is then least square approximated with the measured response to get the
effective ground thermal conductivity, e, and the borehole thermal resistance, Rb. The numerical model is a 2D
axisymmetric model (Hellström, 2001) similar to the numerical model described in Gehlin and Hellström (2003b).

3.

HEAT INJECTION TESTS

The arisen natural convective flow (buoyancy and thermosiphon) in and around a BHE depends on temperature
gradients, fractures and borehole heat exchanger dimensions. The convectional heat transfer may be studied by
performing several injection tests in the same borehole, with different power rates. The data is then evaluated to
investigate influence of groundwater movements on the ground thermal conductivity and borehole thermal
resistance for the different power rates. In this study, the borehole is situated in crystalline bedrock with no or few
fractures. Performed investigations for the ground thermal conductivity show no influence from regional or induced
groundwater movements. In the groundwater-filled borehole, however, the induced buoyancy-driven flow enhances
the heat transfer which decreases the borehole thermal resistance.

Four different heat injection tests were performed in a borehole heat exchanger at LTU. The borehole is 150 m deep
and has two DN40PN6 U-pipe installed; one 75 m deep and one 150 m deep. Heat injection thermal response test
measurements were performed on the 75 m U-pipe. Each test consists of one or more power level periods to
investigate the influence from buoyancy-driven flow on the heat transfer.
The groundwater influence on the effective ground thermal conductivity, e, depends on site-specific fractures and
hydraulic gradient. Hence this must be investigated for each new measurement location. A conventional method is
to analyse the measurement data by including more and more data, i.e. least square approximation over longer and
longer measurement times. If the estimated ground thermal conductivity does not change with time, groundwater
influence may be disregarded (the method is described in e.g. Witte, 2001). Such investigations of the measurement
data indicate little or no groundwater influence on the effective ground thermal conductivity. Each measurement is
therefore evaluated with one value of ground thermal conductivity but separate borehole thermal resistance for each
power rate.
In Table 1, the heating power and duration time for each measurement are accounted for. The resulting evaluated
design parameters, effective ground thermal conductivity, e, and borehole thermal resistance Rb are also shown.
Some periods had only the circulation pump running during the tests. The electrical power (driving energy of the
pump) is then approximately 0.5 kW, of which some is heating the circulating heat carrier fluid. In the M4
measurement the result for the second circulation pump period is evaluated using only 53 h instead of
approximately 72 h, which results in some uncertainties for those values.
Table 1: Mean power and test time for each power level together with evaluated parameters, bedrock thermal
conductivity and borehole thermal resistance, for each TRT measurement M1-M4.
Measurement
M1
M2

M3

M4

Start date
050329
050420

050801

050921

Mean power load [kW]
6
Circulation pump
3
6
Circulation pump
Circulation pump
6
3
Circulation pump
6
Circulation pump
3
Circulation pump
3

Duration [h]
70
26
98
99
71
23
72
96
27
116
53
120
23
307

e [W/m,K]
3.4

Rb [Km/W]
0.065

3.2
3.2
3.2

0.069
0.059
0.104

3.5
3.5

0.067
0.077

3.3
3.3
3.3

0.065
0.096
0.073

3.3

0.073

The buoyancy flow in the groundwater-filled borehole will depend on density gradient between heat carrier fluid
and borehole wall. A higher injection rate results in larger temperature difference between pipe walls and borehole
wall. The resulting larger density difference induces higher flow velocities inside the borehole water which will
enhance the heat transfer. A higher injection rate will therefore give a smaller borehole thermal resistance. The
density-temperature relationship for water is not linear; the density gradient is therefore also dependent on the actual
temperatures in the borehole. In the investigated temperature interval (10 - 23ºC) a temperature difference of one
degree results in a larger density difference for a higher water temperature than for a lower water temperature. A
higher borehole water temperature will therefore result in a lower borehole thermal resistance.
Borehole heat exchanger systems may be used for a wide range of temperature levels. Heat carrier fluid
temperatures in the range of -5 to 20ºC are common in Sweden for heat injection/extraction systems. For storage
systems the heat carrier temperature could be up to approximately 80ºC. Therefore it is of interest to investigate the
influence from buoyancy flow on the borehole thermal resistance in a larger temperature interval than the presented
measurements.

Previously, high temperature measurements have not been conducted on normal length BHEs (100-200 m).
However, a laboratory study of the heat transfer in a water-filled borehole heat exchanger was conducted in 1999 by
Kjellsson and Hellström. The test equipment represented a 3 m long borehole heat exchanger with a diameter of
0.1036 m. Outside was a steel cylinder with a diameter of 0.4 m, containing a mixture of fine sand and a waterantifreeze fluid which represented the bedrock. A cryostat-controlled circulating fluid maintained the cylinder at a
certain temperature, Tc. Several injection rates and cryostat temperatures were used to investigate the heat transfer in
the borehole water. From these experiments it is seen that the resulting borehole thermal resistance are mostly
dependent on the temperature level, i.e. the mean water temperature inside the borehole.
In Figure 2, borehole thermal resistance, Rb, is plotted against the mean fluid temperature of the heat carrier fluid for
the TED measurements and for the experiment by Kjellsson and Hellström. The mean fluid temperature is
calculated for the TED measurement as mean value of inlet and outlet temperature during the third day at each
power level. For the experiment, stated values from the report are used. The mean fluid temperature will be a few
degrees higher than the borehole water temperature due to the resistance of U-pipe material.

Borehole thermal resistance
[Km/W]

TEDhc

K&H-99

0,11
0,1
0,09
0,08
0,07
0,06
0,05
0,04
8

18

28

38

48

o

Mean fluid temperature [ C]

Figure 2: Borehole thermal resistance, Rb [m,K/W], plotted against mean fluid temperature for TED
measurements and for experiment from 1999 (K&H-99).
The evaluated effective ground thermal conductivity differs in the four measurements (Table 1). Spitler et al. (2000)
and Witte et al. (2002) showed that uncertainties in input data during the evaluation result in uncertainties in the
estimations with approximately 8 - 10 % for their equipments. Sources of error are e.g. uncertainties in determined
value for undisturbed ground temperature and heat losses or model approximations. By using an example system the
uncertainty in evaluated design parameters may be investigated. The example system is described in section 4. Table
2 shows calculated required total borehole lengths for the system using the evaluated parameters for the different 6
kW power rate periods. The maximum difference is approximately 60 m between the M3 and M4 measurement,
which corresponds to a third of a borehole.
Table 2: Result for the four different 6 kW periods. For each evaluated value a total borehole length is calculated for
the example system described in section 4.
Measurement
M1
M2
M3
M4

e [W/m,K]
3.4
3.2
3.5
3.3

Rb [Km/W]
0.065
0.059
0.067
0.065

Tot. borehole length
2611
2647
2590
2652

4.

DESIGN OF BOREHOLE HEAT EXCHANGER SYSTEM

To see the effect of the borehole thermal resistance on a borehole heat exchanger system, an example system was
constructed in the design program EED [Earth Energy Designer 2.0]. The system consists of 15 boreholes in a 5x6
U-configuration in granite bedrock, located in Luleå, Sweden. The spacing between two boreholes is 14 m and they
are fitted with DN40PN6 single U-pipes. The system is used for both heat injection and extraction, with
approximately 10 % of the total amount of heat extraction injected during the summer.

Total borehole length [m]

In Figure 3, the calculated total borehole length is shown for borehole thermal resistance between 0.05 Km/W and
0.1 Km/W. In summer time the system is used for heat injection. Common heat carrier temperature levels for
cooling purpose are 17-18ºC. In winter time heat extraction lowers the borehole temperature to around zero degrees.
A system designed after a TRT measurement with heat injection may result in an evaluated borehole thermal
resistance of 0.07 Km/W. This corresponds to a total borehole length of 2660 m for the example system. During the
winter the borehole thermal resistance then increases to 0.1 or more (unless it freezes) which gives a total borehole
length of 2890 m. This will result in a less efficient BHE system than calculated if the system is designed for a
resistance of 0.07 m the year round. It is therefore desirable that transient borehole thermal resistance is included in
design and analyses programs for borehole heat exchanger system and thermal response test or that convective heat
transfer models are incorporated in these programs.

2950
2900
2850
2800
2750
2700
2650
2600
2550
2500
2450
0,05

0,06

0,07

0,08

0,09

0,1

Borehole thermal resistance [Km/W]

Figure 3: Calculated total borehole length for example BHE system for different borehole thermal
resistance. The dotted lines shows the calculated borehole length for a fluid temperature ~18ºC (Rb =
0.07 Km/W) and 10ºC or below (Rb = 0.1 Km/W) which corresponds to summer and winter time.

5.

CONCLUSION AND FUTURE WORK

During operation of a borehole heat exchanger (BHE) system, temperature gradients are induced in and around the
borehole. This results in a temperature-density driven flow that increases the heat transfer in the borehole. The
buoyancy flow will depend on temperature gradient and temperature level in the BHE. A higher temperature in the
borehole water decreases the borehole thermal resistance compared to a lower temperature.
BHE systems with differing temperature levels over the year require different design borehole thermal resistance
during the different seasons for a correct design. Since today’s BHE calculation programs do not include the
convective heat flow or changing resistance over the year, the designer needs to consider this and do multiple
designs. Nowadays when larger systems are getting more common it would be desirable to include the buoyancy
flow in the design model and thermal response test (TRT) evaluation.

The presented results are part of an ongoing project to investigate groundwater influence on groundwater-filled
borehole heat exchangers. Thermal response test will be performed with high temperature measurements, forced
groundwater flow measurements and heat extraction measurements. The result from these measurements will be
used to design a numerical model accounting for both the conductive and convective heat transfer in the BHE.
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a b s t r a c t
In design of ground-source energy systems the thermal performance of the borehole heat exchangers is
important. In Scandinavia, boreholes are usually not grouted but left with groundwater to ﬁll the space
between heat exchanger pipes and borehole wall. The common U-pipe arrangement in a groundwaterﬁlled BHE has been studied by a three-dimensional, steady-state CFD model. The model consists of a
3 m long borehole containing a single U-pipe with surrounding bedrock. A constant temperature is
imposed on the U-pipe wall and the outer bedrock wall is held at a lower constant temperature. The
occurring temperature gradient induces a velocity ﬂow in the groundwater-ﬁlled borehole due to density
differences. This increases the heat transfer compared to stagnant water. The numerical model agrees
well with theoretical studies and laboratory experiments. The result shows that the induced natural convective heat ﬂow signiﬁcantly decreases the thermal resistance in the borehole. The density gradient in
the borehole is a result of the heat transfer rate and the mean temperature level in the borehole water.
Therefore in calculations of the thermal resistance in groundwater-ﬁlled boreholes convective heat ﬂow
should be included and the actual injection heat transfer rate and mean borehole temperature should be
considered.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Borehole heat exchanger (BHE) systems use the ground as a
heat source or sink for space conditioning in residential and commercial buildings. In Scandinavia groundwater is often used to ﬁll
the space between borehole wall and collector wall, while otherwise it is more common to backﬁll with some grouting material.
The advantage of using water is cheaper installations and more
easy access to the collector if needed. Grouting is on the other hand
required in many counties by national legislation in order to prevent groundwater contamination or is used to stabilize the borehole wall. In Sweden the most common bedrock is crystalline
granite with few fractures, as a result the use of groundwater-ﬁlled
boreholes is dominant.
This paper covers heat injection in a groundwater-ﬁlled BHE
with a single U-pipe collector. During operation of the system a
temperature gradient is developed in and around the borehole.
When the temperature changes in the water a volume expansion
or reduction is induced, resulting in changes in the density. Dense
water will start to sink and less dense water to rise. The induced
natural convective ﬂow will result in a better heat transfer through
* Corresponding author. Tel.: +46 920 49 23 08; fax: +46 920 49 16 97.
E-mail address: amg@ltu.se (A.-M. Gustafsson).
1359-4311/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.applthermaleng.2009.11.016

the borehole water. It will depend on the mean temperature level
in the borehole water and injection heat transfer rate the system is
working with.
Most BHE calculation models are 1D or 2D using only conductive heat transfer [1,2]. The thermal process is usually divided into
two separate regions, the solid bedrock outside the borehole and
the region inside the borehole. Since the aspect ratio is quite small,
transient heat transfer in the bedrock is often modelled according
to the 1D line-source or the cylindrical-source theory. Regarding
long-term responses for the BHE, the dynamic temperature
changes inside the borehole are small compared to those in the
ground. Therefore, the thermal process inside the borehole is commonly treated as steady-state heat transfer and described by a constant borehole thermal resistance, Rb (K m/W). This includes heat
transfer from the bulk heat carrier ﬂuid through both the collector
pipe and the ﬁlling material in the borehole.
Few models concern the convective heat transfer in the groundwater. Most of them are dealing with regional groundwater ﬂow
[e.g. 3,4], which is shown not to inﬂuence the system except in porous ground or high fractured bedrock. Other studies have shown
that during certain conditions regional groundwater ﬂow may increase the heat transfer even for small Darcy ﬂows [5,6]. There is
also a study on thermosiphon effects where groundwater-ﬁlled
borehole in fractured rock experiences a convective ﬂow through
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Nomenclature
A
cp
g
E
f
h
L
_
m
M
Nhf
Nu
Nu*
Pr
q0
q00
r
R
Ra*
Rb
Rw
ReD
T

aspect ratio = L/(rbhw  rpo)
speciﬁc heat (J/kg K)
acceleration due to gravity (m/s2)
experiment
fanning friction factor
convective heat transfer coefﬁcient (W/m2 K)
borehole length (m)
mass ﬂow rate (kg/s)
model
heat ﬂux number = q00bhw =q00po
Nusselt number
estimated Nusselt number = Rw;c =Rw;t
Prandtl number
heat ﬂow (W/m)
heat ﬂux (W/m2)
radius (m)
radius ratio = rbhw/rpo
modiﬁed Rayleigh number = gbq00po ðr bhw  r po Þ4 =kma
borehole thermal resistance (K m/W)
thermal resistance in borehole water, between outer
pipe wall and borehole wall (K m/W)
_ p  rl
Reynold number = 4m=2
temperature (°C or K)

the borehole into connecting fractures, increasing the heat transfer
in the bedrock as well as the borehole [7]. None of these models
concern natural convection in groundwater-ﬁlled borehole situated in solid rock without any larger fractures, which is a common
situation in Sweden.
Water has a thermal conductivity of approximately 0.6 W/m K,
which would result in a rather high borehole thermal resistance,
Rb  0.15–0.2 K m/W (including heat transfer through the U-pipe
and circulating ﬂuid) in a common single U-pipe borehole heat
exchanger. However, the induced convection increases the heat
transfer and most measurements in the groundwater-ﬁlled single
U-pipe BHE result in a borehole thermal resistance Rb  0.06–
0.08 K m/W during heat injection. A larger borehole thermal
resistance results in a larger temperature difference between the
borehole wall and mean ﬂuid temperature. For a certain undisturbed ground temperature and a speciﬁc heat injection rate a larger Rb will result in a higher ﬂuid temperature up to the heat
pump. For a heat pump injecting heat a high return temperature
from the ground decrease the performance of the heat pump
resulting in a higher electricity demand. It is therefore always
desirably to have as low thermal resistance in the borehole and
ground as possible.
As mentioned, the temperature-dependent natural convection
in the groundwater is not modelled in current simulation tools
and commercial software for BHE systems. Instead the borehole’s
thermal resistance is usually measured during a thermal response
test (TRT) for a certain heat transfer rate injection or an assumed
representative value for the given loading conditions is used. Thermal response tests are performed during approximately 72 h in
Sweden, after it is assumed to be steady-state conditions.
During a year of operation the heat transfer rate achieved and
the temperatures received by the system differs depending on
the season. The convective heat transfer will therefore change during the year which will result in different borehole thermal resistances. This study concerns the inﬂuence of natural convection
on the borehole’s thermal resistance for different heat transfer
rates and temperature levels in solid bedrock without fractures.
The results from the model are compared to other published
numerical model and laboratory experiments.

Greek symbols
a
thermal diffusivity = k/(q cp) (m2/s)
b
thermal expansion coefﬁcient (1/K)
k
thermal conductivity (W/m K)
m
kinematic viscosity (m2/s)
l
dynamic viscosity (kg/s m)
q
density (kg/m3)
D
difference/gradient
Subscripts
a
annulus
bhw
borehole wall
br
bedrock
brb
outer vertical bedrock boundary
c
conductive heat transfer
f
heat carrier ﬂuid
p
pipe
pi
inside of pipe wall
po
outside of pipe wall
ref
reference
t
total
u
U-pipe

2. Simulation models
Two different 3D, steady-state models were built and simulated
in the CFD-software Fluent. The software uses a ﬁnite volume method to convert the governing equations to numerically solvable
algebraic equations [8]. A commonly investigated convection
model in the literature is the annulus model. Such model (Ma) was
constructed (Fig. 1a) to compare the result with published experimental result and numerical simulation, described in Section 3.
The second model (Mu) is a section of a U-pipe in a groundwaterﬁlled borehole with surrounding rock (Fig. 1b). This model is used
to investigate how the borehole thermal resistance (Rb) is affected
by the convective ﬂow. Of interest is how the Rb change for different
temperature conditions in the borehole water and heat transfer
rates. It is also compared with experimental results, Section 4.
The annulus model (Ma) consists of two 1 m long cylinders with
water ﬁlling the space between them (Fig. 1a). The outer radius
was set to the same value as the borehole radius (rbhw) and the inner radius (rpo) was chosen so that the conditions were similar to

Fig. 1. Outline of the model geometries, all dimensions are given in meter.
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these in the published papers [9,10]. The numerical mesh consists
of a total of 91,000 cells of hexahedron and wedge-shaped volume
elements in the borehole. A constant heat ﬂux is given at the inner
cylinder (q00bis ) and a constant temperature at the outer cylinder
(Tbhw). The bottom and top boundaries are treated as adiabatic
surfaces.
The U-pipe model (Mu) consists of a 3 m long and vertical groundwater-ﬁlled borehole containing a single U-pipe collector (Fig. 1b).
The cylindrical region outside the borehole consists of solid bedrock
with material parameters similar to granite (qbr = 2360 kg/m3;
cp,br = 775 J/kg K; kbr = 3 W/m K) extending to a radius of 1 m. Due
to the U-pipe conﬁgurations, the heat ﬂow close to the pipes will
not be radial. The volume between the borehole wall and the U-pipe
is water-ﬁlled with material parameters according to Table 1. All the
material parameters except the density are kept constant for each
simulation. In this model a constant temperature is set at the outside
of the pipe wall (Tpo) which should be an acceptable approximation
for a 3 m long borehole at steady-state conditions. For the other
boundary conditions, the outer vertical bedrock boundary is set to
a constant temperature (Tbrb) and the bottom and top boundaries
are treated as adiabatic surfaces.
The numerical mesh consists of hexahedron and wedge-shaped
volume elements, in total about 634,000 cells. For both models
reﬁning the mesh within the possibilities of the computer strength
render changes 1%. The mesh has been checked for cell skewness
and aspect ratio according to normal CFD standard. During the
simulations all residuals were run down to <5  105. Using conductive heat ﬂow through the water and the bedrock the model
has been compared to an analytical exact model [11] and the difference in result were <1%. The validation of the convective heat
ﬂow through the borehole water is presented for an annulus geometry in Section 3. Fig. 2 shows the mesh in a cross-section of the
borehole and part of the bedrock.
In Fluent and for natural convection heat ﬂows the Boussinesq
approximation can be used to describe the ﬂuid density as a function of temperature. The model treats density as a constant value
in all solved equations, except for the buoyancy term in the
momentum equation. It is valid for b(T  Tref)  1 which is true
for the temperature gradients in the borehole water. The buoyancy
term in the momentum equation is then approximated to Eq. (1).

ðq  qref Þg  qref bðT  T ref Þg:

ð1Þ

The densities versus temperature curve for water is non-linear
(Fig. 3) with highest density value for a temperature level of
approximately 4 °C [12]. The non-linearity will affect the occurring
density differences at a certain mean temperature level in the
borehole water. Lower mean temperature levels will result in
smaller density differences for the same temperature gradient

Fig. 2. Numerical mesh in a cross-section of the borehole.

Fig. 3. Water density as a function of temperature.

between pipe wall and borehole wall. If the mean temperature level in the borehole water is 10 °C, a temperature gradient of 1 °C
will result in a density difference of 0.08 kg/m3. While at a mean
temperature of 25 °C in the borehole water a temperature gradient
of 1 °C result in 0.25 kg/m3 in density difference. These differences
in density will result in an increased velocity for the higher
temperature level. Other parameter values for water (for instance

Table 1
Boundary conditions for the laboratory measurement, E1–E12 and boundary conditions and reference parameters for the model calculations, Mu1–Mu6.
Experiment

E1

E2

E3

E4

E5

E6

q0 (W/m)
Tbrb (°C)

56.89
0.79

75.83
1.00

95.33
1.22

52.22
10.64

71.16
10.87

90.67
10.95

Experiment

E7

E8

E9

E10

E11

E12

q0 (W/m)
Tbrb (°C)

47.89
20.48

65.94
20.68

84.77
20.79

45.42
25.50

64.25
25.64

81.84
25.79

Model

M u1

M u2

M u3

M u4

M u5

M u6

q0 (W/m)
Tbrb (°C)
Tref (°C)
qref (kg/m3)
b (1/K)
m (m2/s)

59.49
0.79
11.43
999.56
1.09  104
1.25  106

55.05
10.64
20.23
998.16
2.11  104
9.95  107

49.54
20.48
28.97
995.96
2.95  104
8.22  107

46.74
25.51
33.45
994.55
3.35  104
7.44  107

101.16
1.22
19.05
998.39
1.98  104
1.02  106

95.18
10.95
27.52
996.37
2.82  104
8.48  107
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kinematic viscosity) vary in the same direction and magnify the
process. Thus there will be a decrease in borehole thermal resistance for increased borehole mean temperature.

In 1983, Keyhani et al. [9] investigated free convection in a vertical annulus. They used an annulus-shaped experimental conﬁguration with radius ratio R = 4.33 and aspect ratio A = 27.6, i.e. the
effective heated length was 87.6 cm, the inner diameter was
1.91 cm and the outer diameter was 8.26 cm. The boundaries had
constant heat ﬂuxes over the inner radius and isothermal conditions on the outer radius. Two gases were used, air (Pr = 0.71 at
300 K) and helium (Pr = 0.68 at 300 K). The experimental results
were ﬁtted with a power-law dependence of aspect and radius ratios, and gave the following Nusselt number correlation, Eq. (2).

Nu ¼ 0:291  ðRa Þ0:244 A0:238 R0:442 ;

1:8  104 6 Ra 6 4:21  107 :
ð2Þ

In 1986, Littleﬁeld and Desai [10] examined buoyant laminar
convection in a vertical cylindrical annulus. The numerical model
had a constant heat ﬂux on the inner radius and either isothermal
conditions or constant heat ﬂux on the outer radius. The model was
valid for Pr = 10. They suggested the following relationship of Nusselt’s number for isothermal boundary condition, Eq. (3).

Nu ¼ 0:443  A0:245 R0:44 ðRa Þð0:2330:009RÞ ;
10 6 A 6 50; jN hf j 6 0:5;

1:5 6 R 6 5;

and Ra 6 108

ð3Þ

An annulus model, Ma, was assembled with measures according
to Fig. 1a, giving the aspect ratio A = 31.45 and radius ratio R = 2.59.
The inner surface was given a constant heat ﬂux and the outer surface a constant temperature. The annulus was ﬁlled with water
reaching a temperature of 281 K, giving a Prandtl number of
9.97. The model was built to match the conditions of Littleﬁeld
and Desai’s numerical model and also the outer radius was chosen
to be the same as the borehole radius in the U-pipe model (Mu),
rbhw = 0.0518 m. Steady-state models require the same heat ﬂow
rate per meter in length (q0 ) over both inner and outer surfaces,
according to energy balance. The inner radius was chosen to satisfy
the condition jN hf j ¼ 0:386 6 0:5; whereby rpo = 0.02 m.
Five different heat ﬂow rates were used (25, 50, 75, 100 and
125 W/m) on the inner radius (rpo) in the simulations. At the outer
boundary, temperatures were held constant at 280 K. The estimated Nusselt number, Nu*, was calculated, Eq. (4), as a quota between the thermal resistance with pure conductive heat transfer in
the borehole water (Rw,c) and the thermal resistances in the borehole water for the actual or total heat transfer including the convection (Rw,t) [14].

Nu ¼ Rw;c =Rw;t

ð4Þ

The thermal resistance in the borehole water for conductive
heat transfer (Rw,c) is calculated as conductive heat transfer in
one dimension for an annulus, Eq. (5).

Rw;c ¼

lnðrbhw =rpo Þ
2pk

ð5Þ

The total resistance in the borehole water (Rw.t) is calculated
from the simulation result, according to Eq. (6). The temperatures
are calculated as surface mean values and the heat ﬂow is given per
meter of borehole length.

Rw;t ¼

T bhw  T po
q0

ð6Þ

In Fig. 4, Nusselt number correlations according to Eq. (4) are
shown as a function of the modiﬁed Rayleigh number. Ra* has been
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3. Validation of numerical model
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Fig. 4. Nusselt number as a function of modiﬁed Rayleigh number for Eqs. (2)–(4).

calculated with the material parameters for water for the actual
mean temperature and with the heat transfer ﬂux from the calculations. The agreement between the Fluent validation model and
the reference Nusselt correlations is good, especially in relation
to Littleﬁeld and Desai’s numerical model.
4. Comparison with laboratory measurement on a U-pipe
borehole
In 1999, Kjellsson and Hellström [15,16] conducted a laboratory
study of heat transfer in a water-ﬁlled borehole with different collector arrangements. The test equipment consisted of an outer 3 m
high steel cylinder with a diameter of 0.4 m. A cryostat-controlled
circulating ﬂuid maintained the cylinder at a certain temperature
(Tbrb). An inner, concentric plastic pipe with an inner diameter of
0.1036 m represented the borehole wall. The annular ground region between the borehole and the steel cylinder was ﬁlled with
a mixture of ﬁne sand and a water-antifreeze ﬂuid. Several collector types were tested. The tests were run at least 3 days and steady-state conditions were attained after about one day.
The single U-pipe DN40PN6 measurements from their experiment are here compared to the Fluent U-pipe model (Mu) described in Section 2 and Fig. 1b. The test was performed for
different cryostat temperatures and heat injections rates. To minimize inﬂuence of heat losses to the surroundings, the injection rate
for each measurement was calculated from the temperature gradient over the ground region assuming only conductive heat transfer
and constant conductivity. Table 1 shows the cryostat temperature,
here named Tbrb, and injection rate for each experimental measurement, named E1–E12.
Boundary conditions in the model were given as a constant
temperature at the outer bedrock boundary (Tbrb) and a constant
temperature at the U-pipe outer wall (Tpo). Water physical properties were taken from standard water parameter table [12,13] for
the same temperature as the reference temperature (Tref) in the
Boussinesq equation. Tref was chosen to be a half degree less than
the wall temperature (Tpo) and thereby close to the mean borehole
temperature. In Table 1, model boundary conditions and reference
parameters are presented for the different simulations, named
Mu1–Mu6.
4.1. Heat transfer through U-pipe wall and heat carrier ﬂuid
The heat transfer through the collector pipes and the ﬂuid inside must be added to the numerical model to be able to compare
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with the experimental results. The DN40PN6 U-pipe has an outer
radius of 0.02 m and an inner radius of 0.0177 m (Fig. 5).
The thermal conductivity for the pipe is assumed constant over
the temperature interval, kp = 0.42 W/m K. The temperature on the
inside of the pipe (Tpi) is calculated according to Eq. (7), where the
temperature on the outside of the pipe wall (Tpo) and the heat
transfer rate (q0 ) is received from the numerical simulation.

T pi ¼ q0 

lnðr po =r pi Þ
þ T po
2pkp

ð7Þ

To calculate the mean ﬂuid temperature the heat transfer
through the ﬂuid has to be established. The convective heat transfer coefﬁcient in the ﬂuid is calculated by using Eqs. (8)–(11) [14].
The volume ﬂow rate is set to 0.97 l/s, the same as in the experiment [15,16]

ReD ¼

_
4m
2pl  rpi

f ¼ ð1:58  lnðReD Þ  3:28Þ2
Nu ¼

hf ¼

ðf =2Þ  ðReD  1000Þ  Prf
pﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ 12:7 f =2  ðPrf2=3  1Þ

Nu  kf
2  rpi

ð8Þ
ð9Þ
ð10Þ

ð11Þ

The mean ﬂuid temperature (Tf) may now be calculated according to Eq. (12)

Tf ¼

q0
þ T pi
hf 2p  rpi

ð12Þ

The borehole thermal resistance (Rb) is calculated as the temperature difference between mean ﬂuid temperature (Tf) and borehole wall temperature (Tbhw) divided by the heat transfer rate (q0 )
Eq. (13). Notice, in the experiment Tf is the mean value of the
ingoing and outgoing ﬂow while for the model Tf is calculated
according to Eq. (12). The mean ﬂuid temperature in the model
is calculated from the mean value of the outer pipe temperature,
Tpo. This may introduce some error in the comparison but for a
3 m long borehole this ought to be insigniﬁcant.

Rb ¼

T f  T bhw
q0

ð13Þ
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5. Results
Borehole thermal resistances from experiment and the numerical model (Eq. (13)) are shown in Fig. 6 as a function of ﬂuid temperature. They show a decreased value for increased ﬂuid
temperatures, which is a result of a larger convective heat ﬂow.
The velocity ﬂow is determined of the density differences in the
borehole water. As discussed earlier, there will be an increased
density difference for an increased mean temperature level (in
the temperature interval of interest, 10–35 °C) due to the non-linearity of the density–temperature curve. A larger density difference in the borehole water results in higher ﬂow velocities and
thus a more effective heat transfer. The model shows in general
higher values, up to around 14% higher compared to the experimental results.
In Fig. 6 for a mean ﬂuid temperature of 23–24 °C there are two
different borehole thermal resistances. The higher value is from
simulation Mu2 with 55 W/m heat injection rate and the lower
from Mu5 with 101 W/m. The almost twice as high heat injection
rate in simulation Mu5 results in a decrease in borehole thermal
resistance of 2.6%. The same may also be seen around 32–33 °C
where the thermal resistances for Mu3 (50 W/m) and Mu6 (95 W/
m) differs with 3%. The same percent is achieved between Mu2
and Mu3 where the heat injection rates are almost the same but
the mean temperatures differ with 8 °C.
Due to the U-pipe conﬁguration the heat ﬂow close to the pipes
will not be radial. After a short distance the heat ﬂow will be more
evenly distributed and a radial pattern will take form at a certain
distance from the borehole. In Fig. 7a temperatures in and around
the borehole are shown. The un-radial shape is clearly visible inside the borehole water, while a radial pattern is seen shortly after
entering the bedrock. In Fig. 7b temperatures are shown along the
borehole wall in the length direction. The highest temperatures are
obtained in the x-direction where the U-pipe is close to the borehole wall and the lowest in the z-direction. The borehole thermal
resistance calculated from the model uses an area averaged mean
value for all its parameters.
These differences in temperature at the borehole wall will affect
the heat transfer in the bedrock close to the borehole. Fig. 8 shows
the temperature difference between the x and z-direction in the
bedrock at the vertical level 1.5 m for simulations Mu5. The x and
z-directions may be seen in Fig. 7a. The associated heat ﬂuxes over
the borehole wall vary from 275–375 W/m2 with a surface mean
average value of 310 W/m2. The differences are evened out quickly

Fig. 5. Top view of the U-pipe model, Mu, with additional heat transfer geometry.
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Fig. 6. Borehole thermal resistance (Rb) from experiment and model calculations.

Fig. 8. Temperature differences between the x and z-direction in the bedrock at
vertical level 1.5.

Fig. 7a. Temperatures in and around the borehole for Mu5 at a length of 1.5 m.

Fig. 9a. Velocity magnitude plot (m/s) at the vertical level 1.5 m.

Fig. 7b. Min. and max. temperatures along the borehole wall in the length direction
for Mu5.

and a radial pattern may be seen at a distance of approximately
0.3 m.
The temperature gradient, when heat is injected, will result in
an upward ﬂow between the U-pipes and a downward ﬂow at
the borehole walls. Between these ﬂows, regions with almost stagnant water will appear; see the blue1 areas in Fig. 9a. The ﬁgure
shows the cross-sectional area of the borehole at the vertical level
1.5 m for simulation Mu5. The lengths of the arrows in Fig. 9b indi-

1
For interpretation of color in Figs. 7–9, the reader is referred to the web version of
this article.

cate the rate of velocity. Towards the ends of the borehole, the
speed is decelerated and the transition from inner to outer ﬂow
occurs.
In Fig. 10a, temperature differences (DT) in the borehole water
are shown for different simulations over a line crossing the borehole between the two U-pipe legs in the middle of the borehole
length. The temperature difference is calculated as the difference
to the water temperature next to the borehole wall. It may be seen
that Mu2 with slightly higher heat transfer rate result in an increased temperature difference. Fig. 10b shows the vertical velocities over the same line. All of these simulations have a heat
transfer rate of approximately 50 W/m. Due to the non-linearity
of the density–temperature curve the lower mean temperature level of the water in Mu2 will result in smaller density differences
(Dq), Table 2. Thus, Mu2 has lowest velocities of these three simulations and result in larger borehole thermal resistance.

Fig. 9b. Velocity vectors for a borehole cross-section at the vertical level 1.5 m.
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Fig. 10a. Temperature gradient in the borehole for Mu2, Mu3 and Mu4 over a line
crossing the middle of the borehole length.

Fig. 11a. Temperature gradients in the borehole for Mu2 and Mu5 over a line
crossing the middle of the borehole length.

Fig. 10b. Velocity proﬁle in the vertical direction for Mu2, Mu3 and Mu4 over a line
crossing the middle of the borehole length.

Fig. 11b. Velocity proﬁles in the vertical direction for Mu2 and Mu5 over a line
crossing the middle of the borehole length.

Table 2
Detailed information for simulations Mu2–Mu5.

Mean water
temperature (°C)
DT (°C)
Dq (kg/m3)
Max velocities (m/s)
Rb (m K/W)

M u2

Mu3

M u4

Mu5

20.01

28.87

33.40

18.34

1.29
0.26
9.92  103
0.077

1.04
0.30
1.24  102
0.074

0.94
0.31
1.17  102
0.073

2.06
0.38
1.24  102
0.075

In Fig. 11a temperature gradient in the borehole water is compared for simulations Mu2 and Mu5 and Fig. 11b shows the associated vertical velocities. Both these simulations have similar water
temperatures in the borehole. Simulation Mu5 has twice the heat
transfer rate though. The larger heat transfer rate result in an increased temperature gradient in the borehole water. The induced
velocities are also higher due to a larger density difference. Notice
though that almost the same velocities are achieved in simulations
Mu4 (Fig. 10b). That simulation had instead a lower heat transfer
rate but a larger mean temperature level. The kinematic viscosity
is also lower for Mu4 which result in that the inﬂuences between
areas with high velocities and almost stagnant water decreases.
This indicates that estimation of the borehole thermal resistance
should be based on both the mean temperature level in the borehole water and the heat transfer rate.

The Nusselt number may be used to investigate how much the
convective heat ﬂow increase the heat transfer rate compared to
stagnant water, i.e. with only conductive ﬂow. Fig. 12 shows the
estimated Nusselt number, Nu* (Eq. (4)), as a function of mean
borehole water temperature. The thermal resistance in the water
for conductive heat ﬂow (Rw,c) and for total heat transfer (including
convective heat ﬂow) (Rw,t) are calculated from the numerical result (Eq. (6)). For this geometry the convective ﬂow make the heat
transfer approximately three times as effective as for stagnant
water.

Fig. 12. Nusselt number as a function of mean borehole water temperature.
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6. Summary and conclusions
In this paper, two different models are presented. An annulus
model (Ma) is used in comparison with published results and is
shown to be in good agreement with numerical study and experiments for an annulus. A U-pipe model (Mu) was used to investigate
the heat transfer in the borehole water and how the convective
heat ﬂow inﬂuenced the borehole thermal resistance for different
heat transfer rates and borehole water temperatures. Surrounding
the BHE is solid bedrock with a constant temperature applied at
the outer vertical boundary. At the U-pipe outer walls a constant
temperature is set.
The U-pipe model was also compared to a laboratory experiment of a 3 m long U-pipe borehole. The results show a similar pattern, although lower borehole thermal resistances are achieved in
the laboratory experiment. As shown the temperature around the
borehole wall differs due to the U-pipe conﬁguration. The achieved
difference of 0.35 °C for simulation Mu5 at the vertical level 1.5 m,
will result in a 5% difference in calculated borehole thermal resistance. In the laboratory measurement the temperature were
measured at six locations at the borehole wall (using 2 measurement points at three different levels; top, middle and bottom). A
mean value based on six measured values compared to the model
value calculated from 9000 cells may fail to incorporate temperature changes around the borehole. Included in the experiment
geometry is also the U-pipe bend in the bottom, the plastic pipe
representing the borehole wall and an outer boundary of the
sand-ﬁlled ground region of 0.2 m. Other factors which may
inﬂuence the result are the assumed pipe conductivity and the calculated thermal resistance in the ﬂuid inside the pipe. There may
also have been heat losses from the experimental equipment to
the surrounding air. The temperature differences between the
borehole wall and the mean ﬂuid temperature in the model are between 0.5 and 0.8 °C higher than the measured temperature difference. In conclusion the model presented in this paper gives good
result in comparison with the experiment.
In a groundwater-ﬁlled borehole heat exchanger, free convective ﬂow will be induced due to the occurring temperature gradients and the resulting density differences. The convective ﬂow
will depend on both the mean temperature level in the groundwater and the heat transfer rate. A high injection rate may give similar
borehole thermal resistance result as a lower injection rate if the
water temperature is lower for the ﬁrst case. Therefore, to determine the borehole thermal resistance both heat transfer rate and
temperature level must be considered.
The U-pipe conﬁguration result in an un-radial heat transfer
pattern close to the borehole. The heat transport will be 2D in
the horizontal plane out to a certain radius where a uniform radial
heat transport occurs. In simulation Mu5, with a heat ﬂow of
101 W/m, the uniform heat transport is achieved at a radius of
about 0.3 m. Borehole heat exchanger system usually operates
with heat ﬂows between 10–40 W/m and thermal response test
rarely exceeds 100 W/m. It should therefore be possible to restrict
numerical models to radius around 1 m if regional groundwater
ﬂow not is included. With no regional groundwater ﬂow heat is
only distributed by conduction in the bedrock and knowing the
undisturbed ground temperature and the thermal inﬂuence radius
an appropriate outer bedrock boundary temperature (Tbrb) may be
chosen.
By examine the Nusselt number it was determined that the heat
transfer approximately increases three times compared to stagnant
water in the temperature interval of 10–35 °C. This makes water
better than most commercial back-ﬁlling materials with regards
to heat transfer capacity even though the thermal conductivity is
lower for water. However, it should be noted that back-ﬁlling, or

grouting, may be required when hydraulic sealing of the borehole
is necessary or when the groundwater level is low.
To disregard the convective ﬂow in heat transfer calculation on
groundwater-ﬁlled borehole heat exchanger result in systems with
over capacities. In these simulations giving the same boundary
conditions the heat ﬂow was in the range from 33 to 71 W/m with
conductive heat transfer and increased to 47–101 W/m when convective heat ﬂow were included. For a heat injection rate of 50 W/
m using only conductive heat transfer result in a temperature difference between pipe wall and borehole wall of 7.7 °C while using
convective heat transfer result in 1.1 °C difference. Thus in system
design when considering the heat pumps temperature constraints
and the buildings energy demands, calculations with only conductive heat ﬂow will result in a larger required total borehole length.
An ordinary borehole heat exchanger is usually in the order of
50–200 m. There may be other parameters affecting the heat transfer for a longer borehole than for the 3 m long investigated in this
paper. For example a longer hole will not be inﬂuenced of the top
and bottom boundary as much as a shorter but the wall boundaries
have a larger impact. In [17] result from thermal response tests is
compared to simulations from the 3 m long CFD model. They
shows similar thermal borehole resistance pattern as been presented in this paper. An ordinary borehole may also interact with
connecting fracture which may enlarge the convective ﬂow. It is
therefore recommended to perform thermal response test in order
to determine the thermal borehole resistance for the speciﬁc
borehole.
Further studies with this model will be investigations of model
approximations such as geometrical approximations and boundary conditions. The goal is to construct a fast, simple model which
may be used in TRT analysis and BHE design. It would also be
desirable to be able to describe the convective ﬂow when fractures connect to the BHE. Connecting fractures would result in
a larger inﬂuence area where the convective ﬂow also affects
the heat transfer in the bedrock [7]. Since every borehole has a
unique set of fractures it is probably preferable to ﬁrst perform
multi-injection rate TRT [18] and combine the result with a simple and fast design model to determine the convective inﬂuence
in a water-ﬁlled BHE.
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Abstract
The thermal borehole resistance in a groundwater-filled borehole heat exchanger (BHE) is affected of
both conductive and convective heat transfer through the borehole water. To calculate this heat transport,
different models are required compared to calculation of only conductive heat transfer in a back-filled
BHE. In this paper some modelling approximations for groundwater-filled, single U-pipe BHEs were
investigated using a 3D CFD model. The purpose is to find approximations that enable to construct a
fast, simple model including the convective heat transfer that may be used in thermal response test
analyses and BHE design programs. Both total heat transfer calculations (including convective and
conductive heat transport) and only conductive heat transfer calculations were performed for comparison
purposes. The approximations that are investigated are the choice of boundary condition at the U-pipe
wall and using a single pipe in the middle of the borehole instead of the U-pipe. For the total heat transfer
case, it is shown that the choice of boundary condition hardly affects the calculated borehole thermal
resistance. For the only conductive heat transfer case, the choice of boundary condition at the pipe wall
gives large differences in the result. It is also shown that using an annulus model (single pipe in the
middle of the borehole) results in similar heat transfer as the U-pipe model provided that the equivalent
radius is chosen appropriately. This approximation can radically decrease the number of calculation cells
needed.
Copyright © 2010 International Energy and Environment Foundation - All rights reserved.
Keywords: Borehole heat exchanger, Borehole thermal resistance, Groundwater-filled borehole, Natural
convection, Numerical model.

1. Introduction
In the 2005 worldwide review of geothermal heat pumps, Sweden was in the “top five” countries with
regard to largest installed capacity and annual energy use. About 275,000 residential units (~12 kW)
were in operation in Sweden, which is almost half as many as in United States of America at that time
[1]. In Sweden and in some other places, groundwater is used to fill the space between the U-pipe and
borehole wall instead of some backfilling material. During operation, natural convection will be induced
in the borehole water due to occurring temperature and density gradients. This will increase the heat
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transfer resulting in quite low borehole thermal resistances (Rb=0.06-0.08 m·K·W-1 using heat injection)
compared to many other filling materials.
The thermal resistance in the borehole is of great importance for the design of the system. A high
resistance will result in a larger temperature difference between the borehole wall and the circulating
fluid. If e.g. heat is extracted from the borehole, a high borehole thermal resistance will result in a low
return temperature to the heat pump, which decreases the efficiency of the pump compared to a lower
resistance. In groundwater-filled boreholes the borehole thermal resistance will change depending on
water temperatures and injection or extraction rate. It is therefore important to include this when
designing the system, since different seasons and/or injection rates will result in different borehole
thermal resistances, which changes the efficiency of the system.
In today’s design and analysis tools for BHEs, the convective heat flow is approximated to a constant
equivalent thermal conductivity. The conductive heat transfer was investigated using analytical, seminumerical and numerical models and for long-term and short-term conditions, [e.g. 2-8]. Since the aspect
ratio is small, the heat transfer is often treated as transient in the bedrock and steady-state inside the
borehole using the borehole thermal resistance to describe the heat transfer through the circulating heat
carrier fluid, U-pipe wall and borehole filling material. The changes in the convective flow due to
different injection/extraction rates is thereby disregarded, which may result in poorly designed BHE
systems.
A common approximation for BHE models is using annular geometry instead of the more complex Upipe geometry in order to perform 1D or 2D calculations that diminish the calculation time. There are
several described methods for calculating the equivalent radius for conductive heat models where the
most commonly used method is to give the equivalent radius pipe the same cross-section area as the two
U-pipe legs [2]. It was also shown by Gu and O’Neal [3] in 1998 that the equivalent diameter was
dependent on the U-pipe diameter and the leg spacing. In 1999 Paul and Remund [4-6] gave an
expression for the borehole thermal resistance that depended on the grout thermal conductivity and a
borehole shape factor determined by the borehole geometry. It would be of advantage if this
approximation also could be used when including the convective heat transfer and this paper therefore
investigates which, if any, equivalent radius is appropriate.
Another common approximation is to disregard the fluid flow inside the collector and instead choose a
suitable boundary condition at the outer pipe wall. The most common method is to use a constant heat
flux [e.g. 7-8], but another alternative is to use a constant temperature. The effect of these boundary
conditions is investigated for both conductive and total heat transfer (including convective heat transfer),
since groundwater-filled boreholes may freeze during heat extraction and a calculation model therefore
should be accurate for both liquid and solid conditions.
In this paper a 3 m long section of a BHE is simulated using a 3D computer fluid dynamic (CFD) model.
The length was chosen to be the same as in [11, 12]. The model is used to investigate how two common
approximations work when using total heat transfer calculations (including convective heat flow) instead
of only conductive heat transfer. One approximation is the influence of the boundary conditions on the
pipe wall where constant heat flux and constant temperature are compared. The other is the equivalent
radius approximation, which is compared to a three-dimensional U-pipe model for a water-filled
borehole heat exchanger. These two approximations, if appropriate for total heat transfer calculations,
may truly decrease the required computational capacity and time for groundwater-filled BHE models.
2. Models and simulations
Two three-dimensional computer fluid dynamics (CFD) models are in this paper used to investigate how
the two approximations mentioned above affect the heat transfer in a groundwater-filled BHE. The
models are built and simulated in the commercial software Fluent using steady-state conditions and
Boussinesq approximation for density. The basis of the code is a conservative finite-volume method. The
program is able to model fluid flow and heat transfer in different geometries with complete mesh
flexibility. The scaled residuals are useful indicators of solution convergence; a decrease to 10-3 is
normally sufficient for a converged solution according to the supplier of the software [9].
The first model is the U-pipe model (Mu), which is a 3 m long section of a groundwater-filled single Upipe BHE (Figure 1a). The borehole is surrounded with solid bedrock out to a radius of 1 m with material
parameters similar to granite. The U-pipe has an outer diameter of 0.04 m and the shank spacing (pipe
centre to pipe centre) is 0.05 m. A total of 634,200 hexahedron and wedge-shaped volume element cells
are used in the model. The large amount of cells required limiting the length of the borehole to 3 m. For
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the comparison presented here between different simulation approximations, the length of the BHE does
not affect the result.
The equivalent radius model (Mer) is used to investigate if this common approximation is appropriate for
total heat transfer (THT, including convective heat flow) calculations. The U-pipe legs are replaced with
one larger pipe placed in the middle of the borehole (Figure 1b). This 3D model has a total amount of
540,000 hexahedron and wedge-shaped volume element cells. The annular-shaped geometry enables it to
be reduced to a 2D axisymmetric model, which considerably reduces the total number of calculation
cells. However, in this paper, both models (Mu and Mer) use 3D calculations. In that way they use the
same Fluent calculation models and may thereby be compared to each other.

Figure 1. Outline of the model geometries (a) U-pipe model (Mu), and (b) equivalent radius model (Mer)
There are different ways of choosing the equivalent radius as discussed in the introduction. Those
mentioned there are valid for conductive heat transfer using constant heat flux at the pipe wall. The
choice of the equivalent radius (req) will be different for other boundary conditions and heat transfer
situations. In this paper conductive heat transfer (CHT) calculations will be used for both constant heat
flux and constant temperature at the pipe wall. For those calculations Fourier’s law, Eq. (1), was used to
calculate req with the result from the simulations using the U-pipe model (Mu). Notice that when using
constant heat flux at the pipe wall, the calculated req results in the same cross-section area as the U-pipe
as described in the literature [2], but not for constant temperature at the pipe wall. For the simulations
using total heat transfer (THT), req is chosen so that the heat transfer area is the same as for the U-pipe.
This will be shown to be suitable for both boundary conditions at the pipe wall. Table 1 shows the used
equivalent radius for the different model conditions.

qc

2SO
Tpw  Tbhw
ln rbhw req

(1)
-1

-1

where q´ is the heat flow (W·m-1),  is the thermal conductivity (W·m ·K ), rbhw is the radius to the

borehole wall (m), req is the equivalent radii (m), Tpw is the temperature at the pipe wall (K) and
Tbhw is the temperature at the borehole wall (K).
Both models (Mu and Mer) are simulated with either a constant temperature (cTpw) or a constant heat flux
(cq"pw) applied over the pipe wall. For the other boundary conditions a constant temperature is applied at
the outer vertical bedrock boundary (cTbrb) and the top and bottom boundaries are adiabatic. Material
parameters for the water in the groundwater-filled borehole depend on the temperature in each simulation
and are taken from a standard parameter table [10]. All parameters are held constant during each
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simulation except the density, which uses the Boussinesq approximation during THT modelling. All
simulations were calculated until the scaled residuals were less than 510-5.
Table 1. Equivalent radius used in the model for the different boundary conditions, heat flows

Total heat transfer (THT)
Conductive heat transfer (CHT)

req [m] cTpw
0.04
0.0355

req [m] cq"pw
0.04
0.0283

Figure 2 shows a flow chart of the simulations performed for this paper. The simulations were performed
for the two models, U-pipe model (Mu) and Equivalent radius model (Mer) in order to see if Mer could be
used as an appropriate approximation for the more complex U-pipe geometry when simulating
groundwater-filled BHEs. The result is presented in Section 4. The models are investigated both for only
conductive heat transfer flow (CHT) and total heat transfer flow (THT, including both convective and
conductive heat transfer). The result for THT is presented in Section 3.1 and for CHT in Section 3.2 and
is further discussed in Section 4 during comparison of the two models. Since the heat transfer in the fluid
and through the pipe wall is disregarded in the model, a boundary condition has to be given at the outer
U-pipe wall. The most common choice of boundary condition is either constant temperature (cTpw) or
constant heat flux (cq"pw) at the outer U-pipe wall. In a full-scale BHE the temperatures and heat flux
will change along the length of the borehole so that neither approximation will cover the real case. The
effect of choosing either boundary condition is therefore also investigated; simulations M1-6 and M13-18
use constant temperature and M7-12 and M19-24 use constant heat flux.

Figure 2. Flow chart of performed simulations and sections where the result is presented
Table 2 shows the boundary conditions for simulation M1-12. M1-6 uses a constant temperature at the pipe
wall. The achieved mean heat flux value at the pipe wall is then used in simulations M7-12, which use a
constant heat flux over the pipe wall. Since steady-state conditions are used and M1 and M7 have the
same mean heat flux over the pipe wall and the same temperature applied at the outer bedrock boundary
(Tbrb), the total heat flow in the bedrock must be the same. The two simulations will therefore receive the
same mean heat flow per metre borehole, which is a parameter commonly used in discussions of BHE
systems. If the boundary condition affects the result, this will be seen as different thermal resistances in
the borehole water, Rw (Eq. 2). The mean borehole wall temperature (Tbhw) will remain the same since
both boundary conditions have the same cTbrb and q', while the mean temperature at the pipe wall (Tpw)
will change resulting in a different temperature difference between the borehole wall and the pipe wall.

Rw

Tpw  Tbhw
qc

(2)

where Rw is the thermal resistance in the water (m,KW-1), Tpw is the temperature at the pipe wall (K),
Tbhw is the temperature at the borehole wall (K) and q´ is the heat flow (W·m-1).
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Table 2. Boundary conditions for simulations M1-M12 for U-pipe model (Mu) and received heat flow per
metre of borehole using total heat transfer flow (THT)
Boundary conditions: cTpw

M1

M2

M3

M4

M5

M6

Tpw [K]

285.08

293.88

302.62

307.10

293.88

293.88

Tbrb [K]

273.94

283.79

293.63

298.65

289.25

286.60

M7

M8

M9

M10

M11

M12

q"pw [W·m ]

237.15

219.45

197.49

186.30

98.85

156.97

Tbrb [K]

273.94

283.79

293.63

298.65

289.25

286.60

M1 / M7

M2 / M8

M3 / M9

M4 / M10

M5 / M11

M6 / M12

59.49

55.05

49.54

46.74

24.68

39.40

Boundary conditions: cq"pw
-2

-1

Received q' [W·m ]

3. Results for the U-pipe model (Mu)
Both total heat transfer (THT) and only conductive heat transfer (CHT) simulations were performed and
are presented in Sections 3.1 and 3.2, respectively. The focus will be on investigating how the heat
transfer is affected by the boundary conditions applied at the outer U-pipe wall.
3.1 Total heat transfer (THT)
Water close to the U-pipe wall will have a more rapid increase in temperature during heat injection than
water close to the borehole wall. The induced temperature gradient results in density differences with
warmer, lighter water rising and colder, heavier water sinking. In the model one large convective cell is
achieved. However, the boundary condition applied at the pipe wall will affect the temperature
distribution in the BHE water. For the boundary condition constant temperature (cTpw), the temperature
in the water close to the U-pipe wall will reach almost the same temperature as the wall. The temperature
distribution at different heights in the borehole will therefore be similar. Using constant heat flux (cq"pw)
at the outer U-pipe wall results in an increase in temperature along the borehole with higher temperatures
at the top of the borehole, because the rising water receives a constant heat input along the way up to the
top. The two boundary conditions will therefore affect the achieved convective heat flow differently.
Figure 3a shows the temperature in and around the borehole at a borehole length of 1.5 m for boundary
condition constant temperature at the pipe wall (cTpw, Mu4). An un-radial pattern is seen inside the
borehole due to both U-pipe legs acting as heat sources. The heat transfer becomes radial after a distance
out in the bedrock (rradial). This un-radial heat flow in the water changes the heat transfer compared to
using an equivalent radius model (Mer). In Figure 3b the radial temperature difference between the x and
z directions is shown in the bedrock for both boundary conditions: constant temperature, cTpw (Mu4) and
constant heat flux, cq"pw (Mu10). It may be seen that constant temperature (cTpw) results in a slightly
higher temperature difference between the x and z directions. Already at a distance of less than 0.2 m
from the centre of the borehole, the temperature difference is however less than 0.01ºC and the radial
pattern is established for both boundary conditions. This is valid for all heights.
Figure 4 shows the mean temperature difference between the U-pipe wall and borehole wall for
simulations Mu1-Mu6 (cTpw) and simulations Mu7-Mu12 (cq"pw). Notice that simulations Mu1 and Mu7 and
so on simulate the same basic condition: the same mean heat flow per borehole length, temperature at the
outer bedrock boundary (Tbrb) and temperature level in borehole water. It may be seen that the two
boundary conditions result in almost the same temperature difference between pipe and borehole wall.
The maximum deviation in the result is 0.14ºC between the two boundary conditions. It may therefore be
concluded that for total heat transfer calculations (THT), the choice of boundary condition at the pipe
wall hardly affects the result using mean values over the whole borehole length.
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(a)

(b)
Figure 3. (a) Temperatures [K] in and around the borehole at the vertical level 1.5 m for Mu4, and (b)
temperatures difference between the x and z directions in the bedrock for cTpw & cq"pw.

Figure 4. The mean temperature difference between pipe wall and borehole wall for cTpw (Mu1-6) and
cq"pw (Mu7-12)
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3.2 Conductive heat transfer (CHT)
The conductive heat transfer (CHT) simulations Mu13-24 were performed assuming stagnant liquid water
in the borehole, i.e. the water is treated as a solid and no convective flow can occur. Simulations Mu13-18
use constant temperature at the pipe wall (cTpw) and have the same boundary conditions as Mu1-6 using
total heat transfer (THT) in Table 2. The new achieved mean heat flux at the pipe wall is then used in
simulations Mu19-24, which use constant heat flux at the pipe wall (cq"pw). The heat transport through the
stagnant water is less effective, whereby the temperature difference between pipe wall and borehole wall
must be larger for CHT compared to THT.
Using the same heat transfer parameters in the bedrock, outer bedrock temperature (Tbrb), pipe wall
temperature (cTpw) and a less effective heat transport through the borehole water will result in a reduced
heat transfer rate (q') for CHT. The achieved mean heat transfer rate is approximately 70% of the values
given in Table 2 for total heat transfer (THT). The conductive heat transfer case (CHT) thus receives a
radical change in borehole thermal resistance (eq. 2). It is therefore not possible to use calculations with
only conductive heat transfer when liquid water is filling the borehole.
Figures 5a and b show the temperature gradient received for the two boundary conditions, constant
temperature (cTpw, Mu16) and constant heat flux (cq"pw, Mu22), at a borehole length of 1.5 m. The
difference between the two boundary conditions may clearly be seen when conductive heat transfer
(CHT) calculations are used. Without the convective flow mixing the water, larger temperature
differences are achieved. Using constant temperature at the pipe wall results in peanut-shaped isotherms
around the pipe legs, and this un-radial heat pattern is transferred far out in the bedrock. Using a constant
heat flux instead results in a higher temperature in the middle of the borehole as a result of twice as much
heat input in this area giving a more radial heat pattern.
In Figure 5a (cTpw) the change in temperature around the borehole wall is 1.4ºC while the pipe wall has
constant temperature. For cq"pw (Figure 5b) the larger temperature difference is around the pipe wall with
a 9.9ºC change and only 0.3ºC difference around the borehole wall. As a result the radial heat transfer
pattern is achieved approximately 3 times further out for the boundary condition constant temperature
(cTpw, CHT) compared to when the convective flow is included (cTpw, THT) and 1.5 times for constant
heat flux (cq"pw, CHT).
Figure 6 shows the mean temperature difference between the pipe and borehole wall for cTpw (Mu13-18)
and cq"pw (Mu19-24) for only conductive heat transfer (CHT). Using constant heat flux at the pipe wall
(cq"pw) results in 60% larger temperature difference than cTpw, even though the mean heat flow per metre
of borehole is the same. This is because a constant heat flux at the pipe wall results in higher
temperatures in the middle of the borehole, while constant temperature results in a more even spread of
the heat in the borehole. Using constant heat flux at the pipe wall (cq"pw) thus results in higher thermal
borehole resistance (eq. 2) than using constant temperature at the pipe wall (cTpw). The choice of
boundary condition would thereby affect the result greatly if water and ice conditions were to be
simulated. Since a full-length borehole has both changing temperature and heat flux along the length
neither is fully correct. The most common approximation in BHE models is the constant heat flux.
4. Comparison between Equivalent radius model (Mer) and U-pipe model (Mu)
The complex geometry in the U-pipe model requires a large number of cells and is thereby
computationally heavy. A common approximation is the Equivalent radius model (Mer) using the annular
geometry with one pipe in the middle instead of two U-pipe legs (Figure 2). The different equivalent
radii (req) used in the simulations are presented in Table 1, in Section 2. All simulations for the
Equivalent radius model (Mer) have the same boundary conditions as the U-pipe model (Mu), discussed in
Sections 2 and 3. It will be investigated whether the un-radial heat transfer pattern in the U-pipe model
changes the total heat transfer pattern for Mu compared to Mer. If the two models have similar borehole
thermal resistance results, Mer is counted as an appropriate approximation.
Figure 7a shows the mean temperature difference between the pipe wall and borehole wall using total
heat transfer THT (req=0.04 m). As may be seen for both boundary conditions, cTpw () and cq"pw (), the
results differ slightly when comparing the two models Mu and Mer. Such small changes hardly affect the
borehole thermal resistance, however. The maximum variation in temperature difference for these
simulations is 0.08ºC between Mu and Mer. The deviation between the two boundary conditions (0.14ºC,
section 3.1) is thus larger than for the two models. The received mean heat flow per metre of borehole is
also almost the same for the two models, with a deviation of only 0.5%. It may thereby be concluded that
the chosen req is appropriate for both boundary conditions.
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(a)

(b)
Figure 5. (a) Temperatures [K] in and around the borehole for constant temperature (cTpw, Mu16) at a
borehole length of 1.5m, and (b) temperatures [K] in and around the borehole for constant heat flux
(cq"pw, Mu22) at a borehole length of 1.5m
In Figure 7b the temperature difference between the pipe wall and borehole wall is shown for the only
conductive heat transfer (CHT) case. Here, req= 0.0355 m when using constant temperature at the pipe
wall (cTpw) and 0.0283 m using constant heat flux (cq"pw). The resulting temperature differences from the
two models (Mu
and Mer ) do not deviate at all. The difference between the result from cq"pw ()
and cTpw () is 60%, the same magnitude as discussed in Section 3. The U-pipe (Mu) and the Equivalent
radius model (Mer) give the same result as regards area-weighted mean values in spite of the un-radial
heat pattern across the borehole wall, as expected.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2010 International Energy & Environment Foundation. All rights reserved.

International Journal of Energy and Environment (IJEE), Volume 1, Issue 3, 2010, pp.399-410

407

Figure 6. The mean temperature difference between pipe wall and borehole wall using stagnant water in
the borehole

(a)

(b)
Figure 7. (a) Comparison between Mu and Mer for total heat transfer (THT), and (b) comparison between
Mu and Mer for conductive heat transfer (CHT)
The thermal resistance in the borehole water (Rw) may now be calculated with the result from the
numerical simulations according to Eq. (2). The result for total heat transfer (THT) is shown in Table 3
for both models (Mu & Mer). The thermal resistance in the borehole water is presented in the first row for
constant temperature at the pipe wall (cTpw) as Mu1-6 and Mer1-6. If the result is the same only one value is
given while different results are presented as Mu / Mer. At the second row, constant heat flux at the pipe
wall is presented for Mu7-12 and Mer7-12. Notice that simulations M1 and M7 have the same basic
simulation conditions; the same mean heat flow per borehole metre and mean water temperature. In each
column the difference between the two boundary conditions (cTpw and cq"pw) may be seen.
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The maximal difference in Rw between the two models (Mu and Mer) is as small as 0.002 m·K·W-1 or 7
%. The deviation between the two boundary conditions is slightly higher and results in a maximum
difference of 12% (0.003 m·K·W-1) for the investigated heat rates and temperature interval. The boundary
condition constant heat flux at the pipe wall (cq"pw) gives in general lower resistance than constant
temperature. A borehole heat exchanger system is however not affected by such small differences. It may
therefore be concluded that the Equivalent radius model (Mer) is an appropriate approximation for the Upipe model (Mu) for THT calculations, and the result is independent of the choice of boundary condition
at the pipe wall.
Table 3. Calculated thermal resistances in the borehole water (Rw) for total heat transport (THT)

M1
M7

cTpw
cq"pw

M2
M8

M3
M9

M4
M 10

M5
M 11

M6
M 12

Rw
Rw
Rw
Rw
Rw
Rw
Mu/Mer 0.030/0.028
0.026
0.024/0.025
0.024
0.030/0.029 0.028/0.027
Mu/Mer
0.028
0.024/0.025
0.023
0.022/0.023
0.028
0.025/0.026

In Table 4 the thermal resistances are shown for conductive heat transfer (CHT). The results from the
two models differ as little as 0.001 m·K·W-1 or 1 % using cTpw, while the result for cq"pw does not differ
at all. The Equivalent radius model is thereby also an appropriate approximation for CHT calculations,
which has been shown earlier in several published papers for boundary condition constant heat flux.
Table 4. Calculated thermal resistances in the borehole water (Rw) for conductive heat transport

M 13
M 19

cTpw
cq"pw

Mu/Mer
Mu/Mer

Rw
0.102
0.163

M 14
M 20

M 15
M 21

Rw
Rw
0.099 / 0.100
0.098
0.159
0.156

M 16
M 22

Rw
0.097
0.155

M 17
M 23

M 18
M 24

Rw
Rw
0.099 / 0.100 0.099 / 0.100
0.159
0.159

In Figure 8 the average thermal resistance in the borehole water for the six different simulation
conditions is shown for each model (Mu, Mer), heat transport (THT, CHT) and boundary condition (cTpw,
cq"pw). It is clearly seen here that Mu and Mer result in almost the same values for all modelling
approximations and boundary conditions. It is also seen that THT results in almost the same value
independent of boundary condition and model. The choice of boundary condition will radically change
the result for CHT, with a lower value using constant temperature at the pipe wall (cTpw). Notice also that
using only conductive heat transfer calculation (CHT) for liquid water and thereby disregarding the effect
of the convective flow result in clearly too high thermal resistance in the borehole water. This together
with the large difference between the two boundary conditions may result in incorrect BHE system
design and a less efficient system.

Figure 8. The average thermal resistance in the borehole water for the two models (Mu & Mer), the two
heat transfer cases (THT & CHT) and the two boundary conditions (cTpw & cq"pw)
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5. Summary and conclusions
Using only conductive heat transfer calculations results in 4-6 times higher thermal resistance than using
total heat transfer calculations (including the convective heat flow) for a groundwater-filled BHE
according to the simulations presented in this paper. The reduction in thermal resistance due to
convective flow was also shown in an experimental investigation made in 1999 by Kjellsson and
Hellström [11, 12]. In ref. [13] the BHE design program EED [14] was used to determine the effects of
different borehole thermal resistances. For a fictive 15-borehole system, the change in borehole thermal
resistance from 0.07 to 0.1 altered the total required borehole length by more than 200 m, which is an
extra borehole. Simulations of groundwater-filled BHEs therefore require that the induced convective
flow is included in the model. Most existing models only included conductive heat transfer and it is
therefore of interest to study how the common model approximations used in this paper affect total heat
transfer calculations.
One common approximation is to disregard the fluid flow inside the collector and instead use a boundary
condition at the outer U-pipe wall, most commonly constant heat flux. Two boundary conditions given at
the U-pipe wall were investigated; constant temperature (cTpw) and constant heat flux (cq"pw). The
comparison was performed for average temperature values at the pipe and borehole wall as well as water
thermal resistance. It was shown that for total heat transfer calculations (THT), the choice of boundary
condition at the pipe wall hardly changed the result at all. Even though the temperature distribution
differed in and along the borehole for the two boundary conditions, the mean values over the borehole
lengths yielded almost the same result. The choice of boundary condition using only conductive heat
transfer (CHT) resulted in a 60% difference in calculated borehole thermal resistance, with higher values
using constant heat flux at the pipe wall. The U-pipe geometry receives an un-radial heat pattern in and
around the borehole, since the two U-pipe legs function as two separate heat sources, which is more
obvious for CHT calculations. A radial pattern will be established at a certain distance from the centre of
the borehole (rradial). For total heat transfer calculations (THT), the convective flow will decrease the
temperature differences in and around the borehole water. The radial pattern is therefore achieved at a
distance smaller than 0.2 m for both boundary conditions for THT. For only conductive heat transfer
(CHT), the un-radial pattern is visible further out in the bedrock and more evident for constant
temperature at the pipe wall. The radial pattern for cTpw is established at approximately 3 times the
distance found for THT calculations and cq"pw results in 1.5 times the THT. This might be used by
reducing the radius of the surrounding bedrock in future models.
Another common approximation for the U-pipe model (Mu) is using one pipe centred in the middle of the
borehole instead of the U-pipe, the Equivalent radius model (Mer). This approximation is shown to be
valid for both total heat transfer (THT) and conductive heat transfer (CHT) using both boundary
conditions (cTpw & cq"pw), if the appropriate equivalent radius is used. The differences between the two
models were as small as 7% for THT and only 1% for CHT. The Equivalent radius model (Mer) may
easily be converted to a 2D axisymmetric model, which reduces the required number of cells
considerably and thereby the computational constraints.
As has been shown in several papers [2-6], the choice of the equivalent radius (req) in the Equivalent
radius model is dependent on several parameters. In these simulations the two models and boundary
conditions required different equivalent radii in order to get the same result as the U-pipe model. For
total heat transfer (THT), the equivalent radius should be chosen, so that the heat transfer area is the same
as for the two U-pipe legs (req=0.04m). This is valid for both boundary conditions. For only conductive
heat transfer (CHT) using constant heat flux at the pipe wall (cq"pw) the suitable req is, as stated in the
literature, to achieve the same cross-section area as for the two pipe legs (req=0.0283 m). For constant
temperature at the pipe wall (cTpw) and CHT, an equivalent radius of 0.0355 was shown to be
appropriate. When constructing a new Equivalent radius model using different conditions, the value of req
should be chosen with great care.
So, when constructing a BHE model, convective heat flow must be included when modelling
groundwater-filled boreholes. It is also appropriate to use the equivalent radius model if only a liquid or
solid state is modelled. If both states (liquid and solid) are to be simulated e.g. during freezing
conditions, each state requires a different equivalent radius. For total heat transfer calculations the choice
of boundary condition (constant temperature or constant heat flux) does not affect the result, while by
using only conductive heat transfer large differences are achieved.
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Abstract
In groundwater filled borehole heat exchangers (BHE) convective flow influences the heat transfer in
the borehole. During heat extraction thermal response tests (TRT) the effect of the changing convective
flow is more dominant than during heat injection tests. Water is heaviest around 4ºC and when exceeding this temperature during the test, the convective flow is stopped and restarted in the opposite direction resulting in a high borehole thermal resistance during that time. Just before 0ºC the convective
flow is largest resulting in much lower borehole thermal resistance. Finally, during the freezing period
phase change energy is released and material parameters change as water is transformed into ice, resulting in a slightly higher borehole resistance than at a borehole water temperature of 0ºC. The changes in
borehole thermal resistance are too large for ordinary analysis methods of thermal response tests to
work. Instead another method is introduced where the borehole thermal resistance is allowed to change
between different time intervals. A simple 1D model of the borehole is used, which is match to give a
similar mean fluid temperature curve as the measurement while keeping the bedrock thermal conductivity constant during the whole test. This method is more time-consuming than ordinary TRT analyses
but gives a good result in showing how the borehole thermal resistance changes. Also, a CFD-model
with a section of a simplified borehole was used to further study the effect of convection and phase
change while the temperature was decreased to below freezing point. The test and the model show
similar results with large variations in the borehole thermal resistance. If the knowledge of changing
borehole thermal resistance were used together with a design program including the heat pump and its
efficiency, a better BHE system design would be possible.

Keywords: borehole heat exchanger, groundwater-filled borehole, borehole thermal resistance, heat
extraction, freezing, U-pipe

Nomenclature
CFD
Me
Ms
n
r
Rb
q
q’
t
T
Tf

Computer fluid dynamics
Evaluation model
Simulation model
Node
Radius
Borehole thermal resistance [m,K/W]
Heat transfer rate [W]
Heat transfer rate per meter borehole [W/m]
Thickness
Temperature
Mean fluid temperature = (Tin+Tout)/2 [ºC, K]

Greek symbols

Thermal conductivity [W/m,K]

Density [kg/m3]
Subscripts
b
Borehole
bhw
Borehole wall
brb
Outer bedrock boundary
e
evaluation
f
Circulating fluid
in
Ingoing fluid
m
Model
out
Outgoing fluid
pw
Pipe wall
s
simulation
w
Water
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1. Introduction
Sweden and some other places in the world use groundwater filled borehole heat exchangers (BHEs)
instead of backfilled ones. In 2004 Sweden alone had about 20% of the total of the world’s installed
geothermal (ground-source) heat pumps [1]. In a groundwater filled BHE convective heat flow will be
induced due to the achieved temperature and density gradient. This will affect the borehole thermal
resistance (Rb), decreasing the value compared to stagnant water. The size of the convective heat flow
will depend on the temperature level in the water and the used heat injection (or extraction) rate. These
parameters may alter over the year and thereby the borehole thermal resistance. In design programs for
BHE systems this effect is disregarded and the heat transfer through the borehole is calculated with one
constant value, in best cases evaluated by a thermal response test (TRT). Often a heat extraction TRT is
used for evaluation of a heat extraction BHE system, resulting in another temperature level and gradient during the test than during the operation of the system.
The change in Rb due to the convective heat flow was shown already in 1999 with a laboratory heat
injection experiment in a 3 m long BHE [2, 3]. An increase in heat injection rate decreased the borehole
thermal resistance, using heat injection rates between 50-100 W/m. This was further studied using
computer fluid dynamic (CFD) modelling [4] and thermal response tests (TRT) in a full-length borehole [5] and it was found that a decrease in heat injection rate from 80 W/m to 40 W/m increased the
Rb from 0.065 K,m/W to 0.075 K,m/W. Lower temperature and injection rates increased the Rb even
more. It is not uncommon for a TRT to work with such high injection rates as 80 W/m and BHE systems often work in the range of 20-40 W/m. In [6] it was shown that an increase in Rb from 0.07
m,K/W to 0.1 m,K/W for a fictive 15 borehole BHE system calculated in the software EED [7] resulted
in more than 200 m increase in total required borehole length for the system. The influence of the convective flow has so far only been investigated with heat injection, i.e. with higher temperatures in the
borehole than 10ºC.
Heat extraction thermal response tests were first introduced in the Netherlands in back-filled BHEs [8,
9], using heat pump TRT equipment with the possibility to both inject and extract heat. In 2005 Witte
[10] introduced a test protocol for TRT measurements using two different heat injection or extraction
pulses in the same test in order to improve the characterisation of the borehole response and ground
thermal conductivity. Regional groundwater flow could also be detected by two pulses resulting in different estimated bedrock conductivity (kbr) [11]. A similar test protocol has also been tested in groundwater filled BHEs [12] and shown a good result in detecting thermally induced convective flow in the
borehole water.
For heat extraction TRT, the borehole thermal resistance will vary more than for heat injection tests.
Water has the largest density around 4ºC, which will affect the convective flow when passing this temperature. If the temperature in the groundwater falls below zero latent heat is also released during the
phase change and the heat transfer properties change as ice is formed. All this will alter the borehole
thermal resistance during the thermal response test. With today’s TRT analysis methods (line source
and parameter estimation based on a conductive heat transfer model) using one Rb-value evaluation of
heat extraction TRT in groundwater filled BHEs is not possible.
In this paper the changes in Rb during a heat extraction TRT are investigated using both measurements
and model simulations. It is of interest to see how large differences in the result are received during the
test and how this affects a BHE system. It is also of interest to find an analysis procedure working for
heat extraction TRT in groundwater filled BHEs.
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2. TEDhc
2.1 Measurement equipment
TEDhc is a thermal response test (TRT) equipment built in 2004, in Sweden, which may both inject
and extract heat. It uses separate heat and cold injection systems with four possible heat injection rates
and one heat extraction rate. In the heat mode a 3–12 kW stepwise adjustable electrical heater supplies
the injection energy. For the cold mode a fluid-to-air heat pump supplies the circulating heat carrier
with cold power. In all measurements a constant power injection or extraction is desired as well as stable flow velocities and outside weather conditions.
The test is performed by circulating a heated or cooled fluid through the system during one or several
injection rate periods each at least 72h with the thermal response recorded every 5–10 minutes. Ambient air temperature, ingoing and outgoing fluid temperatures, rig reference temperature, flow velocity
and electrical power demand are measured and recorded during the test. The undisturbed ground temperature together with BHE details such as active length, borehole and collector diameter together with
heat carrier fluid properties are required for the evaluation. In groundwater filled boreholes the active
borehole length is counted as the water-filled part. The undisturbed ground temperature is determined
by manual logging or evaluation from running the equipment for 10-20 minutes without heating or
cooling, as described in e.g. [13].
2.2 Evaluation of measurement results
In Sweden only heat injection thermal response tests (TRT) have previously been performed. The
evaluation of those tests is made using a parameter estimation method based on a 1D numerical model
[14]. The model calculates a thermal resistance to describe the heat transfer through the fluid, pipe and
borehole water based on an equivalent radius description of the borehole. The desired heat transfer parameters, borehole thermal resistance (Rb) and equivalent thermal conductivity for the bedrock (b) are
evaluated by minimizing the error residual of the squared difference between the measured and calculated BHE mean fluid temperatures.
In the analyses of the heat extraction TRT measurements, the same model (Me) was used to investigate
the temperature dependence of the borehole thermal resistance. But instead of using the parameter estimation function the model was manually run to achieve the calculated mean fluid temperature curve
similar to the one measured by choosing an appropriate Rb value for each 1-10 hour period. Smaller
time intervals are used when the temperature is changed rapidly e.g. in the beginning of the test. The Rb
values are chosen by trial and error method and are later on plotted against time or borehole water temperature to see the changes depending on temperature, see Fig. 5b. Since it is only the thermal borehole
resistance that is investigated during the heat extraction period the TRT measurement also needs to
include a heat injection period first where the bedrock conductivity may also be evaluated. The test is
therefore performed first with a 72 h heat injection test and then directly switched over to a heat extraction test.
The evaluation model is a numerical axisymmetric heat conduction model using annulus geometry, Fig.
1. Given parameters are the undisturbed ground temperature, the inner annulus radius, borehole dimensions and material parameters for fluid, pipe, water and bedrock. Also, from the measurement are received logged 10-minute mean values for fluid flow rate, in- and outgoing fluid temperatures, outside
air temperature and reference temperature inside the equipment.
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Figure 1. Model description with nodal mesh and heat transfer parameters
The numerical mesh consists of three nodes from the middle of the borehole to the borehole wall and
15 nodes in the bedrock out to a distance of approximately 13 m. For every time step the temperature in
the nodes is calculated based on the heat injection rate in node 1 and a constant temperature in node 18,
together with the temperature history of the former time step. The heat extraction rate is calculated as
the temperature difference between in- and outgoing fluid times the mass flow and specific heat for the
circulating fluid. Commonly a TRT measurement is assumed to have a ± 10% error [15,16].
2.3 Performed heat extraction TRT
Three heat extraction thermal response tests (TRT) were performed at a borehole located on the campus of Luleå University of Technology. The heat exchanger has a special arrangement with one long Upipe (150 m) and one short U-pipe (75 m) installed in the same borehole. The measurements were performed on the longer pipe while the shorter one was inactive. This arrangement will alter the heat transfer in the borehole to some extent compared to an ordinary borehole heat exchanger, since less water is
heated in the borehole. It may also disturb the achieved convective cell somewhat but should not alter
the overall result.
The measurements were performed during wintertime and were conducted using several heat injection/extraction rates, see Table 1. The heat injection rate was between 3-12 kW and the heat extraction
about - 6 kW. The order of the heat injection/extraction rates was changed between the three different
measurements whereby they received different surrounding ground temperatures during the heat extraction part. Figure 2a shows the mean fluid temperature (Tf) plotted against time during the heat extraction periods for the measurements. The temperatures at the end of the measurements vary between
-2 and -4ºC. The temperatures in the borehole water will be some degree higher resulting in different
degrees of freezing during the three different measurements.
Table 1. Performed thermal response tests, heat extraction rate about – 6 kW
TRT1 3 kW
12 kW
9 kW
6 kW
TRT2 Heat extraction
3 kW
9 kW
12 kW
TRT3 12 kW
9 kW
Heat extraction
6 kW

Heat extraction
6 kW
3 kW

Due to an error during construction of the measurement equipment, the heat pump works directly towards the circulating fluid. It therefore works at all times and the extraction rate depends on the efficiency of the heat pump. It is therefore more affected by the outside air temperature, which it gives off
heat to, than a heat injection test. During these measurements the outside temperature differed as much
as 20-25ºC during night and day. Figure 2b shows the heat extraction versus time during the heat extraction period. The effect of the unstable heat extraction rate is clearly visible in the mean fluid temperatures in Fig. 2a.
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Figure 2a. Fluid mean temperature versus time

2b. Heat extraction versus time

3. Computer fluid dynamic model
To further investigate the temperature dependence of the borehole thermal resistance, a simplified BHE
model was constructed in the commercial software code Fluent [17] to simulate the convective heat
flow and the phase change from water to ice as the temperature falls below zero. The simulation model
(Ms) is a 2D axisymmetric, pressure-based, turbulent and transient solution, simulating a 1 m section of
a BHE using the annulus approximation for the U-pipe, i.e. one large pipe in the middle of the borehole, see Fig. 3.
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Borehole wall
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3
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1

g
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Figure 3. Annulus model geometry used in Fluent [m]
In the model, fluid enters the inlet with a velocity of 1 m/s and a given temperature and leaves through
the outlet. The temperature in the fluid decreases from +15ºC with a rate of 0.67ºC/h, see Fig. 7a. The
simulation is started with a heat injection period, as in the measurements, using a steady-state solution
with a fluid temperature of 15ºC. This temperature distribution in the borehole and bedrock is used as a
starting condition for the heat extraction period and is shown in Fig. 4.
During the heat extraction period a transient solution is used with a time step of 2 sec. The outer bedrock surface is kept constant at 6ºC and the top and bottom surfaces are adiabatic. Gravity is in the direction from the outlet to the inlet. Data for temperatures and heat fluxes at the pipe wall and borehole
wall are saved every 20 seconds. These are collected as mean values taken over the whole wall. Thus,
in the result section when e.g. discussing the freezing process, temperatures are given as a mean value
resulting in ice forming before the temperature reaches 0ºC.
6

Figure 4. Temperature [K] distribution in borehole and bedrock before heat extraction from centre of
the borehole to outer bedrock boundary 6 m from the centre.

4. Results
As the temperature in the borehole decreases during the heat extraction TRT, the conditions for the heat
transfer change. The magnitude of the convective heat flow depends on the density differences in the
water, which will alter depending on temperature gradient and level in the borehole water. In the test
evaluation model (Me) described in section 2.2 and Fig. 1, three nodes are located in the borehole; in
the circulating fluid (nf), in the water (nw) and at the borehole wall (nbhw). These nodes will be used to
investigate how the temperature influences the borehole thermal resistance.
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Figure 5a. Temperatures of the fluid (Tf,e), in the
borehole water (Tw,e) and at the borehole wall
(Tbhw,e) for TRT1

5b. Evaluated borehole thermal resistance versus
time for TRT1

Figure 5a shows how the temperature decreases in the three nodes (nf, nw, nbhw) during the heat extraction period in the TRT1 test; this period starts after approximately 380 h. The mean fluid temperature
(Tf) quickly drops to 0ºC during 13 h and reaches 0 ºC in hour 392. For the precise time announcement
for the temperatures at the nodes to reach 4ºC and 0ºC, see Table 2. These two temperatures (0ºC, 4ºC)
are chosen since water has the highest density at 4 ºC, and due to the change in material parameters and
the release of phase change energy when water freezes to ice at 0ºC.
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Table 2: Times when the three nodes reach the temperatures 0ºC and 4ºC
Node
4ºC
0 ºC
Mean fluid temperature (Tf,e)
hour 383
hour 392
Water temperature at the water node (Tw,e)
hour 392
hour 488
Temperature at the borehole wall (Tbhw,e)
hour 405
Figure 5b shows the evaluated borehole thermal resistance for measurement TRT1. The maximum difference in Rb during the test is 0.05 m,K/W; from 0.13 m,K/w in hour 394 to 0.078 m,K/W in hour 475.
As stated in the introduction these large variations make it impossible to use ordinary TRT evaluation
where one Rb-value is used. The highest value is received when the temperature in the water is about
4ºC, i.e. when the water is heaviest. The lowest value is just before the water temperature reaches 0ºC,
indicating that the free water with the convective heat flow transfers more heat than the conductive
flow through the ice, even though the thermal conductivity for ice is 3 times more than for stagnant
water. This is more thoroughly discussed using the simulation model (Ms) further down. The nonsmooth curve is yet again the result of the heat pump working directly towards the circulating fluid
without any buffer tank to even out the effect of the changing outside temperature.
Figure 6 shows the variations in borehole thermal resistance for all three measurements (TRT1-TRT3)
during the tests plotted versus the temperature in the borehole water at the water node (nw). All results
show the same tendency with the highest Rb when the water temperature is about 4ºC and the lowest
just before 0ºC. The differences among the different TRT measurements may be a result of variations
in the temperature gradients in the borehole water due to the different heat injection periods before the
heat extraction period.
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Figure 6. Borehole thermal resistances versus borehole water temperatures for all three TRT
measurements.
To further investigate this effect, a simplified simulation model (Ms) was built in Fluent, which was
described in section 3. To reduce the influence of outside conditions such as fluctuating heat extraction
rates, a linear temperature decrease was applied to the inlet fluid temperature (Tin,s). In Fig. 7 the inlet
fluid temperature is shown together with the resulting temperature decrease at the pipe wall (Tpw,s) and
borehole wall (Tbhw,s). The non-linear decrease is a result of the changing heat transfer rate in the borehole water due to changing convective flows during the test. Figure 10 shows the resulting heat transfer
rate over the pipe and borehole wall. Once again the periods with a water temperature around 4ºC and
0ºC show a clear influence of changing heat transport, with a larger affect during freezing. The tem8

perature is given as mean values over the whole pipe or borehole wall, the two periods with a water
temperature of 0 or 4 ºC are therefore longer than stated in the figure. Both periods will be discussed
more thoroughly below.
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Figure 7. Fluid temperature entering the pipe (Tin,s) and resulting average temperature at the pipe
wall (Tpw,s) and borehole wall(Tbhw,s)
When the temperature in the water is above 4ºC, the density is less for a higher temperature. For example at the time of 15 hours, the water close to the borehole wall will be less dense than the water close
to the pipe wall resulting in a convective flow with rising water close to the borehole wall and sinking
close to the pipe wall. When the water temperature is below 4ºC (e.g. at hour 23), the water is heavier
for a higher temperature resulting in a convective flow in the other direction, sinking at the borehole
wall and rising at the pipe wall. Passing 4ºC therefore results in a change in flow direction and for some
time zero convective flow with the consequence of less heat transfer rate.
[m/s]

Figure 8. Velocity profile

bhw

pw

a) before 4ºC

bhw

pw

b) around 4ºC

bhw

pw

c) after 4ºC

Figure 8 shows the velocity profile in a section of the borehole between the pipe wall (pw) and the
borehole wall (bhw) for different temperature distributions. In a) the water temperatures are between
4.71 and 7.36ºC and the convective flow is active. In b) the temperatures in the water are between -0.08
and 4.26ºC and there are hardly any movements in the water and in c) the temperature has decreased
further and the convective flow has restarted in the opposite direction.
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The freezing process starts next to the pipe wall (pw) where it is coldest approximately around hours
27-28. Closest to the borehole wall (bhw) a thin column stays liquid for a long time and the last water
freezes slowly (Fig. 9); around hours 38-39 all the water is frozen. When comparing with Fig. 7 it is
shown that just before the freezing starts, the temperature decrease at the pipe and borehole wall is
slowed down, indicating a lower heat transport through the water. During the freezing process the heat
transport changes depending on how much water is still in liquid phase and also due to the released
phase change energy. At hours 34-35 it looks like the freezing period is over (Fig. 7), which corresponds to 72% of the ice having been formed. When only a thin layer of water remains, the convective
flow is low and even though water has a thermal conductivity value that is three times lower than that
of ice, the heat transfer rate will be approximately the same as for only ice. To be remembered is that
the temperature at the walls is given as mean values over the whole wall.
bhw

pw
Figure 9. Liquid fraction at the time 35 h, the blue colour shows the solid and the red the liquid.
As the inlet temperature is given as a boundary condition, the changing heat transfer conditions will
result in altering heat transfer rate over time. Figure 10 shows the total heat transfer rate over the pipe
wall (qpw,s) and the borehole wall (qbhw,s). At hour 20 a small change in heat transfer rate may be seen,
which corresponds to the time when the water temperature is 4ºC, see Fig. 7. Due to the less effective
convective heat flow around 4ºC the increase in heat transfer rate is stopped until the flow in the convective cell has changed direction.
A larger change in heat transfer rate is seen between hours 26 and 34 when most of the ice is formed in
the borehole. The considerable increase in heat transfer rate over the pipe wall is from the released energy of the phase change. This extra energy is transferred to the circulating fluid and ought to be visible
in the TRT measurements (Fig. 2), but due to the fluctuating heat transfer rate it disappears in the noise.
As the temperature decrease slows down in the borehole due to the released phase change energy, the
temperature gradient between the bedrock and the borehole will decrease, lowering the total heat transfer rate over the borehole wall, as may also be seen in Fig. 10.
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Figure 10. Resulting heat transfer rate at the pipe wall and borehole wall.
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Since the boundary and initial conditions in the simulation model (Ms) is a linear decrease in the inlet
temperature and a given temperature gradient from the outer bedrock boundary to the circulating fluid
(Section 3), the result is an increasing heat transfer rate (Fig. 10). The performed TRT measurements
undergo instead a fairly steady or slightly decreasing heat transfer rate (Fig 2b) due to the use of the
heat pump. This results in a rapidly decreasing mean fluid temperature (Tf), so in order to compare the
results from the evaluation model (Me) and the simulation model (Ms), the borehole thermal resistance
is calculated for the result of Ms, Eq (1).
Rb , s

Tbhw, s  Tin , s  Tout , s 2
qcpw, s

(1)

In Fig. 11 the calculated borehole thermal resistance for the simulation model plotted against the mean
water temperature, Tpw  Tbhw 2 is shown. The simulation result agrees well with the measurement

result. The shape of the figure is similar to the result in Fig. 5, highest at 4ºC and lowest just before
0ºC. The increase in Rb as the mean water temperature passes 0ºC is also seen in both figures during
the freezing process. The absolute values differ however between the measurement and the model due
to the different geometries, U-pipe and uncorrelated annulus. When the freezing process starts around
hours 27-28, the mean water temperature is around 0.7ºC, which is when the Rb value starts to rise. At
hours 34-35 where in Fig. 7 it looks like the freezing process is over, the mean water temperature is
-2.6ºC, which in Fig. 11 is when the borehole thermal resistance stabilizes. At hours 38-39 when the
last water has solidified, the mean water temperature is -5.8ºC. As expected, ice has in general a better
heat transport than liquid water, even though the convective flow increases the heat transfer rate
through the borehole water compared to stagnant water.
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Figure 11. The change in borehole thermal resistance with mean water temperature
By using the evaluation model (Me) and dividing the test into several time intervals, a heat extraction
thermal response test can be evaluated. The evaluation time of a TRT test depends on the number of
intervals, i.e. the length of the intervals; the smaller the intervals, the more thorough the calculations.
All the calculations above were performed with mixed intervals changing from 1 to 10 hours depending
on how much the temperature curve changed. To decrease the evaluation time (up to a day) larger intervals may be used. Figure 12 shows how the evaluated borehole thermal resistance changes depending on calculation intervals for the TRT1 measurement. Used intervals are the mixed interval with 1 to
10 h intervals together with even 4 or 8 h intervals. As may be seen, the larger the interval, the less jag-
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ged the curve, as irregulars are smeared out. The 4-hour interval follows the mixed curve relatively
well except in the beginning, while the 8 h interval misses out the highest Rb value around 4ºC.
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Figure12: Borehole thermal resistance versus borehole water temperature calculated by using
different time intervals, mixed (1-10h), 4h and 8h.

6. Summary and conclusions
During a heat extraction thermal response test (TRT) in a groundwater filled borehole heat exchanger
(BHE), the borehole thermal resistance (Rb) undergoes considerable changes during the test due to
changes in the convective flow inside the borehole. In the measurements presented in this paper, the Rb
value increased by 44-66% from the lowest value to the highest (the highest value divided by the lowest for each measurement). The borehole thermal resistance is highest around a borehole water temperature of 4ºC and lowest just before a borehole water temperature of 0ºC. When the whole borehole
has frozen, the borehole thermal resistance becomes constant with only conductive heat transfer
through the ice.
Around 4ºC water has its highest density. Going from a higher temperature than 4ºC to a lower temperature in the borehole water results in a change in convective flow as the water slows down and
changes direction. During this change in convective flow the heat transfer rate is less, resulting in
higher borehole thermal resistance in the water. To design a BHE system that works with a borehole
water temperature around 4ºC results in a less effective heat transport in the system and could mean a
less effective system. It should therefore be recommended to perform a total system analysis that comprises both the borehole and the heat pump system including variable Rb to determine the optimal borehole length and system working temperatures. This would make it possible to decide the best balance
between installation costs (borehole length and number) and operation cost (electricity for the heat
pump).
When the water temperature is lower than 0ºC ice is formed. In this process, phase change energy is
released as well as a change in material parameters, which alters the heat transfer rate over the pipe and
borehole wall. The freezing process starts next to the pipe wall and spreads outwards. During this process the heat transfer properties change constantly depending on how much liquid water that is left. The
heat transfer rate stabilises however before all water has frozen. When water is left only in a thin layer
close to the borehole wall, the convective flow ceases and the difference in borehole thermal resistance
compared to solid ice is exceedingly small.
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Since the borehole thermal resistance changes drastically during the TRT measurement, conventional
analysis methods cannot be used. Instead a method was used in this paper where the borehole thermal
resistance was allowed to change in order to make the measured and the calculated mean fluid temperature curves similar to each other. This is manually arranged by trial and error and the method is thereby
time consuming but functional. The test time is divided into intervals where the bedrock thermal conductivity is kept constant during the whole measurement and the borehole thermal resistance is allowed
one new value for each interval. In this paper the intervals were divided into mixed intervals using 1-10
h where the time changed depending on how much the temperature curve changed. It was however
shown that a 4 h interval gives as good evaluation as using 1 h, which decreases the evaluation time.
Performing heat extraction TRT is important when a heat extraction system in groundwater filled boreholes is to be evaluated. During the evaluation the borehole thermal resistance must be allowed to vary
to capture the changing heat transport. An ordinary numerical evaluation model may be used where the
Rb is evaluated for different time intervals. The interval’s length may change depending on how fast the
temperature decreases with a 4 h interval as the smallest value.
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During a thermal response test (TRT) or during operation of a borehole heat exchanger (BHE) system,
a temperature gradient in and around the borehole is achieved. This causes convective ﬂow in the
groundwater due to density differences. In groundwater ﬁlled BHE the convective heat ﬂow inﬂuences
the heat transport in the borehole system. The size of the inﬂuence depends on the injection rate used,
which changes during the year for normal BHE systems. Multi-injection rate TRT (MIR TRT) may be used
as a method to detect the convective heat inﬂuence and to examine the effect on the BHE thermal
transport parameters. It was shown that MIR TRT constitutes a valuable method to detect fractured
bedrock and to examine the effect of different heat injection rates. For boreholes located in solid bedrock
only the borehole thermal resistance was inﬂuenced by the convective ﬂow. An increase in heat injection
rate resulted in a decrease in resistance. It was shown that the length of the collector did not affect the
result. For the fractured bedrock the effective bedrock conductivity was also affected, an increase in heat
injection rate resulted in a higher effective bedrock thermal conductivity.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
The thermal response test (TRT) has been used since the mid1990s and is today a common test method to investigate the
thermal response for borehole heat exchangers (BHE) [1,2]. Most
tests are performed in backﬁlled BHEs with only one injection rate
used during the whole test. In Sweden, groundwater ﬁlled boreholes are normally used instead of backﬁlled ones. During operation of these systems, the heat injected or extracted induces
a temperature gradient in and around the borehole. This results in
density differences in the water and a convective heat ﬂow is
achieved. This ﬂow increases the heat transfer compared with heat
transfer through stagnant water and the inﬂuence of the convective
ﬂow depends on the injection rate and temperatures achieved.
Several studies have been performed to investigate the effect of
groundwater on BHEs. Most of them concern the inﬂuence of
regional groundwater ﬂow, which is a result of hydrogeological
conditions existing in the area. Regional groundwater only inﬂuences BHE under certain conditions such as porous bedrock or
larger fractures [3,4]. However, on those sites where groundwater
inﬂuences BHE, there will be problems with evaluations of TRT

* Corresponding author. Tel.: þ46 070 22 88 635; fax: þ46 920 49 16 97.
E-mail address: amg@ltu.se (A.-M. Gustafsson).
0960-1481/$ – see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.renene.2009.09.012

results [5]. Gehlin and Hellström [6] showed that the modelling
approach concerning groundwater ﬂow inﬂuenced the result.
Using a continuous method such as Darcy’s law did not show the
same change in heat transfer as using models with single fractures
close to the borehole. Signorelli et al. [7] used a 3D ﬁnite element
model to investigate regional groundwater ﬂow and showed that
the common line source method did not manage to evaluate TRTs
that were inﬂuenced by ﬂow.
Witte [8] performed several TRT measurements in the same
borehole and showed that using heat injection could result in 10–15%
higher bedrock thermal conductivity than using heat extraction. He
also compared the result from two measurements with and without
a forced groundwater ﬂow where the bedrock thermal conductivity
changed from 2.34 to 3.22 W/(m K). The groundwater ﬂow was
induced by extracting water from a nearby borehole at a rate of 2.89
m3/h. Witte and van Gelder [9] presented a procedure of multipower level heating and cooling pulses to ensure a better knowledge
of the BHE thermal response. Using this procedure makes it easier to
see when a BHE is inﬂuenced by regional groundwater.
Gehlin et al. [10] investigated the inﬂuence of the thermosiphon
effect, i.e. natural convective ﬂow which occurs in groundwater
ﬁlled BHEs with connecting fractures. This ﬂow differs from the
regional groundwater ﬂow since it is thermally induced. The
temperature gradient that occurs during the operation will result in
a density driven natural convective ﬂow in the borehole and out
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Nomenclature

Greek symbols
density [kg/m3]

r
C
speciﬁc heat [J/(kg K)]
Const(1,2) heat lost factor 1 and 2
dt
time step [s]
dz
length unit in the z-direction [m]
F
collector in the fractured bedrock
H
active borehole length [m]
i
node number
IRP
injection rate period
IRPN
injection rate period number
k
thermal conductivity [W/(m K)]
q_
heat injection power [W]
heat injection rate [W/m borehole]
q_ 0
r
radius [m]
R
thermal resistance [(m K)/W]
S
solid
SL
long collector in the solid bedrock
SS
short collector in the solid bedrock
T
temperature [ C, K]
Tf(measured) ﬂuid mean temperature from the measurement
ðTin þ Tout Þ=2 [ C, K]

into the fractures. They used a small-scaled laboratory experiment
to show how the thermosiphon effect worked. During heat injection, the heated water expanded in volume and was forced to ﬂow
outside the borehole. They also simulated the effect with a model
where it was seen to increase the effective thermal conductivity in
the bedrock. The result depended on the heat injection rate and
ﬂow resistance in the fractures.
The effect of thermally induced natural convection in solid BHE
with no connecting fractures has been investigated during a laboratory experiment [11,12] and by numerical model and TRT
measurements [13]. Natural convection in borehole water reduced
the borehole thermal resistance. The result was dependent on the
heat injection rate and temperature level where the resulting
density difference determines the convective heat ﬂow in the
water. A larger injection rate gave a larger convective heat transport
thus reducing the borehole thermal resistance more. Gustafsson
and Gehlin [14] showed that a decrease in borehole thermal
resistance from 0.1 W/(m K) to 0.07 W/(m K) changed the required
total borehole meters from 2890 to 2660 m for a ﬁctive 15 borehole
system, i.e. more than 1 BHE. This was calculated using EED [15] for
a borehole system situated in Luleå, Sweden.
A TRT performed with a certain injection rate captures the heat
transport for those circumstances. Commonly a heat injection rate
is used to evaluate a BHE which will be used in a heat extraction
system. Using the result from a single injection rate TRT test in the
design of a BHE system may result in an over- or under-dimensioned system. A procedure similar to the one suggested by Witte
and van Gelder [9] is used here to investigate the effect of thermally
induced convection. We study whether multi-injection (MIR) TRT
may be suitable for detection of increased heat transfer in both
borehole thermal resistance and bedrock thermal conductivity
depending on the nature of the induced ﬂow.
2. Thermal response test
The TRT has been described in several papers and theses(see e.g.
references [1,2]). The Swedish test equipment (TEDhc) consists of
two systems, heat injection and heat extraction. In this paper only

Subscripts
b
borehole
br
bedrock
in
ingoing ﬂuid, into the equipment
m
middle, between the two nodes
mean
mean value
new
new value for the next time step
nr
period number
out
outgoing ﬂuid, out from the equipment
outsideair outside the equipment in the air
ref
reference inside the equipment
Abbreviations
BHE
borehole heat exchanger
EED
earth energy designer
MIR
multi-injection rate
TRT
thermal response test

the heat injection system was used, due to lack of a good analysing
tool when the borehole water freezes during heat extraction.
2.1. MIR TRT
The heat injection system contains an electrical heater with 4
injection rates from 3 to 12 kW. The heat carrier ﬂuid, water and
antifreeze, is circulated by a 3-kW variable velocity pump.
Temperatures are measured and logged every 10 min for the
ingoing and outgoing ﬂuid ﬂow, outside air and reference
temperature inside the equipment. The total electricity consumption and ﬂuid ﬂow are recorded in the same way. The equipment is
connected to the borehole with an approximately 1-m long insulated collector.
Before performing a TRT measurement, undisturbed ground
temperature needs to be estimated. A thermocouple was lowered
down into the borehole to measure the water temperature along
the collector every 2–5 m. The mean value was used as an estimate
of the undisturbed ground temperature. The TRT measurements
were started with only the circulation pump running and no heat
injection for 72 h to determine the heat loss from the equipment
and heat gain from the circulation pump. This is also a good way to
determine that the given undisturbed ground temperature is set to
an appropriate value. The test is then continued with several
injection rate periods that are run for at least 72 h each with no
relaxing time between the periods.
2.2. Analysis of the measurement data
In the analysis of the measurement results, parameter estimation
is used to determine the equivalent bedrock thermal conductivity
(kbr) and the thermal resistance of the borehole (Rb). A numerical
axisymmetric heat conduction model is used [16] which treats the
borehole as an annulus. It uses the borehole thermal resistance to
describe the heat transfer between the ﬂuid in the middle of the
borehole and the bedrock wall. Given parameters are the undisturbed ground temperature, the inner annulus radius, borehole
dimensions, analysis time for the parameter estimation as well as
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Fig. 1. Model description with nodal mesh and heat transfer parameters.

material parameters for water, pipe, ﬂuid and bedrock. From the
measurement ﬂuid ﬂow rate, in- and outgoing ﬂuid temperatures,
outside air temperature and reference temperature are obtained.
The numerical mesh consists of three nodes from the middle of
the borehole to the bedrock wall and 15 nodes in the bedrock out to
a distance of approximately 13 m (Fig 1). For every time step, the
temperature in the nodes is calculated based on the heat injection
rate in node 1 and a constant temperature at node 18, together with
the temperature history of the former time step, Eqs. (1) and (2).



1




dz

rC p rði þ 1Þ2 rðiÞ2 dz R

ðTði  1Þ  TðiÞÞ


dz
 ðTðiÞ  Tði þ 1ÞÞ dt
Rþ

2
Tf ðmeasuredÞ  Tð1Þ

a
(2)

_
 constð2Þ,ðTð1Þ  Toutsideair Þ=H
q_ 0 ¼ qðtimestepÞ=H
The heat transfer is described by the borehole thermal resistance
(Rb) and the resistance in the bedrock (Rbr). In the borehole the
resistance in each cell is calculated from Rb where the ﬁrst cell
includes the pipe resistance and the second does not. The bedrock
resistance is calculated based on the cell size and the bedrock
thermal conductivity, each node (i) will have two contributing parts
Rbr- and Rbrþ (Eq. (3)). The parameter estimation will however not
be affected by this and uses only one Rb and one kbr value for each
iteration.

4.1

SS1:81
SL2:21

3.9

F1:91
3.7
3.5
3.3
3.1
2.9
2.7
35

rm ðiÞ ¼ ðrðiÞ þ rði þ 1ÞÞ=2
Rbrþ

45

55

lnðrm ðiÞ=rm ði  1ÞÞ
¼
2pkbr

65

75

85

95

105

Analysing time [h]

(3)

lnðrm ði þ 1Þ=rm ðiÞÞ
¼
2pkbr

_ is calculated as the temperature
The heat injection power (q)
difference between in- and outgoing ﬂuid times the mass ﬂow and
speciﬁc heat for the ﬂuid. Const(1) and const(2) are heat loss factors
chosen between 0 and 20 in order to compensate for the heat loss
due to the temperature difference between the surrounding air and
the ﬂuid temperature. These constants are chosen so as to get the
best ﬁt between the measured and calculated temperature curve for
the whole measurement. They are determined visually (trial and
error) by comparing the measured curve with the calculated curve
during the ﬁrst period with only the circulation pump running. The
outside weather condition will result in small changes in the mean
ﬂuid temperature visible to the eye(see Fig. 4). The parameter estimation minimises the value of the squared 2-norm of the residual for
all time steps during the evaluation interval(Eq. (4)).

b

0.13

Bo re ho le th e rmal re si sta n ce [m,K/W]

Rbr

(4)

(1)

For the ﬁrst node the equations are written as follows:



1
dz
q_ 0  ðTð1Þ  Tð2ÞÞ dt
Tnew ð1Þ ¼ Tð1Þ þ
2
R
þ
rC p,rð2Þ dz

X

Tf(measured) is the mean ﬂuid temperature from the measurement
calculated as the mean value of the in- and outgoing temperature.
The calculated value of T(1), the ﬂuid temperature in node 1 in the
model, will depend on the choice of Rb and kbr, which are estimated
during the analysis. The simulations are started with a value of kbr
and Rb whereby the program evaluates new values in order to
minimize Eq. (4). The total resistance between the circulating ﬂuid
and the undisturbed ground temperature is divided into two
different resistances (Rb and Rbr(1/kbr)). These two are related and
there are several combinations of these two parameters that give
similar results. A smaller Rb is compensated by a larger Rbr, which

B edroc k thermal c onduc tiv ity [W/m,K ]

Tnew ðiÞ ¼ TðiÞ þ

min
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Fig. 2. (a) Bedrock thermal conductivity. (b) Borehole thermal resistance.
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Before the storage was taken into service, several geological and
geohydrological investigations were performed. The borehole
presented here was shown to be connected with surrounding
boreholes through larger fractures [20], and it is therefore assumed
here to be in fractured (F) ground.

0

20

4. The measurements and results
60

100

undisturbed

120

one day
two days

140

three days
160
0

5

10

15

20

Temperature [ºC]
Fig. 3. Temperature loggings along the borehole placed in solid bedrock during a 3-day
TRT measurement on the short collector.

results in a smaller kbr (Eq. (1)). Thus, alterations in Rb and kbr due to
the parameter estimation will be noticeable in a similar pattern for
the two parameters. This may be seen in Fig. 2, where kbr and Rb
curves have the same pattern in time. Commonly, TRT measurements are assumed to have a 10% error [17,18].
3. The borehole heat exchangers
A special test BHE located on the campus at Luleå University of
Technology was used in the ﬁrst TRT tests. This BHE contains two Upipe collectors with different lengths, one 75 m deep and the other
150 m. The groundwater level is 4 m below the ground. The
equipment is connected either to the short or to the long collector.
The borehole was constructed in this special way to investigate how
the convective ﬂow inﬂuenced the heat transfer along and around
the collector and if the resulting kbr and Rb depend on the length of
the collector. During the drilling it was seen that the bedrock was
relatively solid (S) with no or small connecting fractures. Temperature measurements along the borehole during TRT measurements
showed a smooth temperature proﬁle suggesting no larger fractures with groundwater inﬂuence(see Fig. 3).
The other BHE is also located on the campus area where an old
high temperature BHE storage has been in use [19]. The storage has
not been operated since 1990 but the ground temperature is still
inﬂuenced by the storage period and is several degrees higher than
the normal ground temperature in the area. The borehole has
a 66 m long U-pipe installed and the groundwater level is at 1.6 m.
Table 1
Heat injection rate for the different measurements and IRPs.
Measurement

IRP1 (W/m)

IRP2 (W/m)

SS1: 43–81
SS2: 81–43
SS3: 81–43–43
SL1: 75–59–40–21
SL2: 75–21–40–59
SL3: 21–75–59–40
F1: 91
F2: 51–91–132–170
F3: 170–51–132–91

42.9
80.7
80.7
75.0
75.0
21.0
91.1
50.6
170.1

80.7
42.9
42.9
58.7
21.0
75.0

IRP3 (W/m)

IRP4 (W/m)

42.9
40.4
40.4
58.7

21.0
58.7
40.4

91.1
50.6

132.3
132.3

170.1
91.1

Three multi-injection rate TRTs were performed on each of the
three collectors to determine whether the effect of convective ﬂow
inﬂuences both Rb and kbr or only one of the parameters. It is also of
interest to see if it is possible to detect the difference in results
between solid and fractured bedrock. Since the BHEs are located
several hundred meters apart, the actual bedrock thermal
conductivities may differ due to different geological bedrocks. The
resulting borehole thermal resistance for the BHE located in the
solid and the fractured bedrock should also differ due to different
geometries of the holes. Points of interest here are the changes due
to different heat injection rates, which alter the convective ﬂow.
Also, the length of the borehole may, e.g. inﬂuence the size of the
convective ﬂow cell, which may alter the heat transfer properties.
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Fig. 4. (a) Heat injection used in measurement SL1. (b) Resulting mean ﬂuid temperature, measured and calculated, for SL1.
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Fig. 5. (a) Evaluated bedrock thermal conductivity for SS- and SL-borehole. (b) The difference between the bedrock thermal conductivity for each IRP and the mean value for the
measurement.

In the borehole located in the solid rock, the water below the short
collector may also be mixed into the convective ﬂow.
In Table 1 the heat injection rate is given for each measurement
and injection rate period (IRP). Measurements made in the short
collector located in the solid bedrock are named SS1–SS3 and the
borehole (SS-borehole). On the longer collector in the same borehole
(SL-borehole), measurements SL1–SL3 were performed and in the
borehole located in the fractured bedrock (F-borehole) measurements F1–F3. Each measurement in the table is named according to:
collector name, measurement number and heat injection rates for
the different IRPs.
4.1. General investigation of the boreholes
The boreholes are ﬁrst investigated for regional groundwater
ﬂow. This ﬂow, as described in the introduction, is not thermally
induced during the test but is instead a natural result of the
hydrogeological conditions. The point of interest in this paper is the
thermally induced convective ﬂow and it is therefore important to
exclude the inﬂuence of regional ﬂow. If regional groundwater

inﬂuences the test, an evaluation using a longer test time will result
in a higher conductivity than a shorter test time, as described by
Witte [8]. Fig. 2 shows the results from measurements performed
on the three collectors (SS, SL and F) using different analysing times.
During the ﬁrst hours the temperature response is mostly from the
borehole and pipes. These ﬁrst hours are not used in the parameter
estimation and the analysing time therefore starts after 15 h for
a new IRP. An analysing time of 40 h therefore means between
hours 15 and 55.
Fig. 2a shows the evaluated bedrock thermal conductivity, kbr,
versus analysing time. The evaluated kbr value is stable over time
for all three cases (SS, SL and F), indicating that regional groundwater ﬂow does not inﬂuence the boreholes. All effects investigated
in this paper therefore arise from the thermally induced convective
ﬂow resulting from the heat injection during the TRT measurement. The evaluated kbr value ﬂuctuates to some extent over time,
which may be a result of the measurement data and numerical
model data not corresponding perfectly. Notice that the pattern is
similar for the borehole thermal resistance (Fig. 2b), which
strengthens the indication of this being a result of the analysis.
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Fig. 6. (a) Evaluated borehole thermal resistance for the short collector in solid rock (SS) and the long collector in solid rock (SL). (b) The difference between the borehole thermal
resistance for each injection rate period and the mean value for the measurement.

Notice that even though the resulting kbr and Rb may be inﬂuenced by the analysis method, they still represent a good estimate
of the thermal response. If both values are used in the design of
a BHE system, the thermal response for the system will still be valid
using a similar calculation model. For consistency all measurements are evaluated between hours 15 and 72 except SL2:75,
F3:170-51, F2:132. These require a different analysis time due to
difﬁculties with the electrical power during the tests and thereby
a stable injection rate. Parameter estimations manage ﬂuctuations
in injection rate better than other analysing methods, e.g. line
source method, but large enough ﬂuctuation such as power failure
may change the result. The differences in kbr and Rb values between
the three measurements are discussed later in this paper.
Fig. 3 shows the temperature measured along the collector in the
SS-borehole during a TRT measurement. The ﬁrst is the undisturbed
ground temperature and the others are after 1, 2 and 3 days of
constant heat injection. The undisturbed temperature logging is
performed before the circulation pump on the TRT is started and is
thereby a measure of the normal ground temperature in the area. As
may be seen slightly deeper than the collector length (75 m), the
temperature is still undisturbed after 3 days. The heat transfer

around the borehole is thereby mostly in the radial direction. The
convective ﬂow induced in the borehole does not involve
the borehole water below the collector. This makes it more likely for
the SS- and SL-boreholes to have similar heat transfer patterns.
Fig. 4b shows the measured and calculated mean ﬂuid temperature
against time for measurement SL1. The heat injections used are shown
in Fig. 4a, which result in heat injection rates of 75, 59, 40 and 21 W/m
borehole. The parameter estimation was performed with the analysing
time at hours 15–72 for the ﬁrst injection rate period (75 W/m), i.e.
hours 89–146 in Fig. 4. As may be seen, the result matches the ﬁrst
period where the evaluation was performed, but is not valid for the
whole measurement (IRP 2–4). Since this is in the solid bedrock, it may
be deduced that the thermal resistance in the borehole changes when
the injection rate is changed. It may also be noted that a larger difference in heat injection rate results in a larger difference between the
measured and calculated mean ﬂuid temperature.
4.2. Multi-injection rate evaluation
In this evaluation method each IRP is analysed separately with
its own set of bedrock thermal conductivity and borehole thermal
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Fig. 7. (a) Evaluated bedrock thermal conductivity for the fractured bedrock (F). (b) The difference between the bedrock thermal conductivity for each injection rate period and the
mean value for the measurement.

resistance values. Fig. 5a shows the evaluated bedrock thermal
conductivity for all measurements in the SS- and SL-borehole
plotted against the heat injection rate. The range of the evaluated
bedrock thermal conductivities is fairly large, 2.9–3.8 W/(m K),
which is more than the normal 10% error limit usually mentioned
for TRT. Within each measurement the error is less than 10%,
however.
Fig. 5b presents the errors between the different IRPs in each
measurement. The kbr value for an IRP (kbrnr) is compared with the
mean kbr value (kbrmean) for the whole measurement. The ﬁgure
shows the difference between these two values plotted against the
injection rate period number (IRPN). As may be seen, the change in
kbr is less than in Fig. 5a, which shows that the error within each
measurement is smaller. The borehole was allowed to rest for at
least 3 weeks between different measurements. This may have
been too short a time for the ground to return completely to
undisturbed temperature. The assumption of constant temperature
through the bedrock at the start time may therefore have been
violated, which may be a reason for the difference in value for the
different measurements.

From studying the result in Fig. 5b it may be seen that the
conductivity values are randomly distributed around the mean
value for each measurement. Notice that there are fewer IRP 3 and 4
conducted, resulting in smaller intervals. The random distribution
indicates that the length in time of the TRT does not inﬂuence the
result. It may also be concluded that the evaluated bedrock thermal
conductivity for the solid bedrock is unaffected by the convective
heat ﬂow, since there is a stable kbr value with increasing heat
injection rate. It may also be seen from the ﬁgures that there is no
difference between the short and long collector.
Fig. 6a shows the borehole thermal resistance for the SS- and SLboreholes. An increase in heat injection rate results in a decrease in
resistance. A larger heat injection rate increases the convective heat
transport, as discussed in Section 1, thus lowering the resistance in
the water. There is also no difference between the long and short
collector. The length of the collector will therefore not determine
the borehole thermal resistance.
In Fig. 6b the difference between the borehole thermal resistance
for an IRP (Rbnr) and the measurement mean value of the resistance
(Rbmean) shown is plotted against the IRPN. The values for different
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Fig. 8. (a) Temperature in the borehole and surrounding ground for F2 during the end
of each IRP. The legend indicates IRPN and heat injection rate for the period. (b)
Temperature in the borehole and surrounding ground for F3 during the end of each
IRP. The legend indicates IRPN and heat injection rate for the period.

periods are randomly distributed around the mean value. The
pattern for each measurement differs, however, from those of the
bedrock thermal conductivity (Fig. 5b), indicating that it is not
a result of the analysis. Even though there exists as large an error as
for the conductivity, the pattern of larger heat injection rate
resulting in lower borehole thermal resistance is clear.
When the F-borehole is investigated in the same way, it may be
seen that the resulting borehole thermal conductivity is inﬂuenced
by convective heat ﬂow. Notice that twice as high an injection rate is
used in these measurements. Fig. 7a shows the evaluated thermal
conductivity for the fractured borehole. A clearly increasing trend for
larger heat injection rate is seen. For the measurement period F3:51
there were electrical problems, so this value may therefore be
disregarded.
Fig. 7b shows the difference in bedrock thermal conductivity
between IRPs and the mean value for the measurement.
Measurement F2 results in increasing values over time, which is
expected since each following period has a higher heat injection
rate (51, 91, 132 and 170 W/m). If F3:51 is disregarded, F3 should
have a decreasing pattern (170, 51, 132 and 91 W/m).
The convective ﬂow depends on the density gradient in and
around the borehole, which is a result of the temperature gradient.
Fig. 8a shows numerically calculated temperature gradients in and
around the borehole for F2. The model uses only conductive heat
ﬂow with an equivalent bedrock thermal conductivity. The ﬁgure

may be used as an indication of the temperature gradient in the
ground for the measurement. As more heat is injected temperatures rise in the bedrock, and an increase in heat injection rate
results in a larger temperature gradient. The convective heat ﬂow
therefore increases with raised heat injection rate resulting in
a higher bedrock thermal conductivity, as shown in Fig. 7b for F2.
For F3 it may be seen that the steepest temperature gradient is
for IRP1, which yields the largest heat convective ﬂow (Fig. 8b). If
the IRP2 is disregarded due to the difﬁculties during that test
(F3:51), the next in line is IRP3 and then IRP4. The equivalent
thermal conductivity therefore ought to decrease with increased
IRP since the convective heat ﬂow is smaller for a higher IRPN. Since
F3:51 results in the ﬂattest temperature gradient, it ought to have
the smallest convective ﬂow among the four periods. It is therefore
a reasonable assumption that it is erroneous since it ought to have
a lower kbr value than the other periods (Fig. 7a).
Fig. 9a shows the evaluated borehole thermal resistance for the
F-borehole. The values are fairly constant at 0.06–0.065 (m K)/W
except F3:51, which, as discussed above, may be disregarded. In
boreholes with connecting fractures the convective ﬂow reaches
out into these fractures, mixing with colder water. This results in
larger density differences and thereby larger convective heat
transfer decreasing the borehole thermal resistance even more
than for solid bedrock. Fig. 9b shows the difference in borehole
thermal resistance between a certain IRP and the mean value of the
measurement. The result is randomly distributed around the mean
value indicating no time effect. The pattern is also not similar to the
one for kbr, and the result is therefore not inﬂuenced by the analysis
method.
As indicated in Fig. 8b, the order of the heat injection rates used
has an effect on the temperature gradient. In Fig. 10 the result is
shown from the numerical model using a solid bedrock with
thermal conductivity kbr ¼ 3.5 W/(m K). Two MIR TRT measurements (C1, C2) were simulated with different borehole thermal
resistance for the three IRPs (Table 2). For IRP 3 the accumulated
heat injection is the same for the two measurements, 72 h with
21 W/m and 72 h with 82 W/m. In the ﬁgure it may be seen that the
temperature curve is similar for the two IRP3, and the same may be
seen for the two periods with heat injection rate 82 W/m even
though the C1 case had the 21 W/m period ﬁrst. For the lowest
injection rate, 21 W/m, there is a clear difference between C1 and
C2. A higher heat injection rate before a smaller one raises the
temperature in the ground, which inﬂuences the convective ﬂow. It
is therefore better to increase the heat injection rate with higher
IRPN.

5. Summary and conclusions
In this paper all of the effects investigated are caused by thermally induced convective heat ﬂow. No regional groundwater ﬂow
inﬂuences the boreholes, which is checked by plotting bedrock
thermal conductivity (kbr values) against analysis time. The kbr
value is stable for larger analysis times indicating no regional
groundwater ﬂow. Thermally induced convective heat ﬂow in
groundwater ﬁlled borehole heat exchangers (BHE) inﬂuences the
heat transport during TRT as well as in BHE systems. The convective
heat ﬂow increases the heat transfer compared with only conductive transport. The consequence is a lower borehole thermal
resistance, which results in a more effective system. For fractured
boreholes where the convective ﬂow also spreads out in the
bedrock, a higher effective thermal conductivity is achieved. This
might increase the inﬂuence between neighbouring boreholes in
a multi-borehole system. It also results in a more effective system
for single BHEs since heat is transported faster through the bedrock.
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Fig. 9. (a) Evaluated borehole thermal resistance for the F-borehole. (b) The difference between the borehole thermal resistance for each IRP and the mean value for the
measurement.

The multi-injection rate thermal response test is used to
investigate borehole heat exchangers for groundwater inﬂuences. It
is shown to be a good method for detecting inﬂuences in the
borehole as well as in the bedrock. Performing a measurement with
3–4 different heat injection rate periods makes it possible to detect
fractured ground and to specify a relation between the thermal
response and, e.g. the circulating ﬂuid temperature. Using this in
the design of the BHE system enables more reliable designs.
In boreholes located in solid bedrock (S-borehole), the convective heat ﬂow only affects the borehole thermal resistance. In these
measurements the heat injection rates varied from 21 to 83 W/m
borehole. A larger heat injection rate increases the convective heat
transport, so that the borehole thermal resistance in the performed
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TRT decreased from 0.12 to 0.065 (m K)/W. The length of the
collector does not determine the general convective heat transport.
The convective ﬂow only inﬂuences the water around the collector
(not below), and results in the same increased heat transport for
both shorter and longer collectors using the same heat injection
rate. That is, the heat transport is mostly in the radial direction.
In boreholes surrounded by fractured bedrock, the convective
heat ﬂow increases the heat transport in both borehole and bedrock.
A larger heat injection rate resulted in a higher effective bedrock
thermal conductivity. The heat injection rates were altered from 51
to 170 W/m borehole resulting in a linear increase in kbr from 2.9 to
3.9 W/(m K). The borehole thermal resistance for the different
injection rates results in a fairly ﬁxed value of 0.06–0.068 (m K)/W.
Connecting fractures increased the convective ﬂow in the borehole
even more and minimised the borehole thermal resistance to nearly
the resistance of the pipes and circulating ﬂuid ﬂow.
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