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Abstract-The ground is a virtually unlimited, ubiquitously accessible heat source and sink 
for heat pumps. Deep boreholes may be used as heat exchangers in the ground. We 
present an extensive analysis of such a heat extraction (or injection) borehole. The effects 
of stratification of the ground, climatic variations, geothermal gradient, and groundwater 
filtration are dealt with. A basic tool for the analysis is the solution for a heat-extraction 
step. The thermal disturbance at and near the ground surface is shown to be negligible. 
Thermal recharge in order to improve the heat-extraction capacity a few months later is 
shown to be futile. The thermal processes in the borehole are, in good approximation, 
represented by a single borehole resistance. Formulae that relate the heat-extraction rate 
to the required extraction temperatures are given. They are based on superpositions of 
steady-state, periodic, and extraction-step solutions. A response-test method is proposed 
for the determination of three important parameters: average thermal conductivity in the 
ground, borehole thermal resistance, and average undisturbed ground temperature. 

1. INTRODUCTION 

The ground may be used as heat source and sink for heat pumps. Heat is extracted from the 
ground in the heating mode and injected in the cooling mode. The ground heat exchanger may 
consist of buried horizontal pipes or deep boreholes. We present thermal analyses and 
dimensioning rules for the latter type. 

Many systems using deep boreholes have been built in the U.S. and Canada, and about 5000 
systems for heat extraction are in operation in Sweden. The Swedish systems use boreholes in 
rock with high thermal conductivity. The depth of the boreholes varies between 40 and 150 m, 
and the diameter between 0.075 and 0.11 m. The heat carrier fluid is heated by the surrounding 
ground, while it flows down to the bottom of the borehole in one channel and back upwards in 
another channel. The cold borehole extracts heat from the surrounding ground by pure heat 
conduction. The thermal problem is here posed in terms of heat extraction, but all results and 
analyses are equally applicable to heat injection or any mixture of injection and extraction. 

There are many different heat collector designs. The most common type in Sweden is a 
U-shaped plastic tube in the borehole (Fig. 1). More than two channels are often used. The 
volume of the borehole outside the pipes contains groundwater or a backfilling with, for 
example, sand in order to increase the thermal contact between the pipes and the borehole 
wall. The water may be used directly as a heat carrier. A single pipe down to the bottom of the 
borehole .is then used. Designs with a closed loop for a separate heat carrier fluid have the 
advantage that extraction temperatures below 0°C may be used. Temperatures down to -5°C 
during peak-extraction periods are common in the Swedish systems. An interesting new 
concept is to use direct evaporation of the working fluid in copper pipes in the borehole. 

A general design manual for ground-coupled heat pumps has been compiled by Bose et al.’ 
The present paper deals with questions and problems associated with the thermal processes in 
the ground and the borehole. Questions such as thermal influence at the ground surface, 
long-term behavior and effect of groundwater filtration are dealt with. The key processes and 
parameters for the thermal performance are identified. Secondary and insignificant processes 
and simplifications are discussed. The proper design of these systems requires a precise 
knowledge of the relation between the fluid temperature and the heat extraction rate under 
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Fig. 1. Heat-extraction borehole. 

various conditions. Design or dimensioning rules, which may be used for calculations by hand 
or on a personal computer, are presented. This paper is based on the analytical solutions and 
other results of Ref. 2. A subsequent paper-3 deals with the case of thermally interacting 
boreholes. Many details and special studies are reported in Ref. 4. The dimensioning rules and 
the other fmal formulae presented here and in Refs. 2 and 3 have been implemented on a 
personal computer (IBM compatible, MS-DOS) for simple interactive use.’ 

2. THERMAL PROCESS AND SIMPLIFICATIONS 

The thermal process in the ground and the borehole involves many implications. It is of 
great help for further analysis to identify secondary and insignificant processes, which may be 
neglected in the formulation of the basic problem or dealt with by separate analyses. The 
results from Ref. 2 are used to this end. 

2 1. S~uti~d ground 

The ground is often stratified. The thermal conductivity, which is one of the most important 
parameters for the thermal performance, is then a function of depth: J = n’(t). The average 
thermal conductivity over the active heat extraction region, D C z C D + fI, is: 

h’(z) dz. (1) 

We have in numerical simulations compared cases with a stratified ground to the corresponding 
homogeneous case with Iz given by Eq. (1). An example is a case with d’ = 2.5 W/mK for 
0 < I < D + H/2 and A’ = 4.5 for z > D + H/2, and the homogeneous case with iz = 3.5. The 
difference in heat extraction temperatures became <O.o4”C, when typical Swedish data were 
used for the other parameters4 The average volumetric heat capacity over the borehole depth 
should be used. The error, when the ground is treated as homogeneous with il given by Eq. 
(l), is negligible in the present applications. The ground may now be treated as homogeneous. 
The temperature T(r, z, t) in the ground satisfies the heat conduction equation in cylindrical 
coordinates: 

1dT d2T 1dT d=T --=- 
a at dr2 +;z+s 

2.2. Ground surface 

The temperature at the ground surface varies strongly during the day, from day to day, and 
during the year. These variations at the ground surface are attenuated downwards in the 
ground. The length dp, Eq. (39), is a measure of the penetration depth. The annual variation 
(ti, = 1 yr) gives the largest penetration depth, which is characteristically a few meters. These 
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variations in the top-soil layer are negligible for the thermal response of the deep borehole. It 
is sufficient to use the annual mean temperature as boundary condition at the ground surface. 
Other complications at the ground surface such as air-to-ground thermal resistance, freezing, 
rain, and snow may for the same reason be neglected. 

2.3. Efective undisturbed ground temperature 

The undisturbed ground temperature increases by at most a few degrees Centigrade from the 
ground surface down to the bottom of the borehole due to the geothermal gradient. It is shown 
in Ref. 2 that only an average undisturbed ground temperature, T,,, is of importance for heat 
extraction. With good accuracy, the temperature T,, is normally equal to the undisturbed 
ground temperature at the mid-depth, z = D + H/2, of the borehole. Experimentally, it is 
determined by circulating the heat-carrier fluid without heat extraction or injection. The 
circulating fluid assumes after a short transient period a steady temperature T,,. Heat then 
flows to the lower half of the borehole from the surroundings, which have a temperature above 
T ,,,,,, while the same amount of heat flows from the borehole to the somewhat colder 
surroundings in the upper half. In a precise analysis, one should account for the effect of heat 
input from the circulation pump, which causes a slow increase of the fluid temperature. This is 
easily done by using Eqs. (10) and (14)) with -qlH equal to the heat input from the circulation 
pump. The temperature T,, will be called the effective undisturbed ground temperature. The 
simplified initial condition in the ground is now 

T(r, z, 0) = T,,. (3) 

The temperature T,,, instead of the somewhat lower mean annual temperature at the ground 
surface, is also used* as boundary condition at z = 0, i.e., 

T(r, 0, t) = T,,. (4) 
The errors in heat extraction performance, when the simplified initial and boundary conditions 
of Eqs. (3) and (4) are used instead of more precise ones with a geothermal gradient and 
variations at z = 0, are characteristically cl% .4 

2.4. Boundary conditions at the borehole 

The uppermost part of the borehole, 0 < z < D, may be thermally insulated. The small heat 
flow through the insulation is neglected. The radial derivative is then zero: 

dTlar = 0, r = rb, O<z<D. (5) 

The depth z = D may be the groundwater level. The boundary condition (5) 1s valid for this 
case, if the small heat flow to the pipes through the air gap in the borehole is neglected. The 
precise value of D (for variations between, say, 1 and 5 m) for a fixed active heat-extraction 
length H is not important.* 

The thermal process in the ground is coupled to the convective-diffusive processes in the 
borehole. This coupling, with heat flows to and between the fluid channels and temperature 
variations along the borehole, is discussed in Sec. 5. We will first deal with the thermal process 
in the ground for a constant temperature T,(t) along the borehole wall, viz. 

T(k, z, t) = Tb(f), D<z<D+H. (6) 

The average heat extraction q(t) per meter borehole (W/m) is given by 

q(t~=~~~+X2nr,ri~/~_~dZ. (7) 

The total heat extraction rate is Hq(t) (W). It is negative during periods of heat injection to the 
ground. 

The thermal problem may be formulated with a given extraction temperature T,(t). The 
problem is then defined by Eqs. (2)-(6). The heat extraction rate, Eq. (7), is obtained from the 
solution. However, it is much better to start with a given heat extraction rate q(t). The 
simplicity of the dimensioning formulae presented is due to this better way of posing the 
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problem. The thermal problem is then defined by Eqs. (2)-(7) with a given heat extraction rate 
q(t). The extraction temperature rr,(r) is obtained from the solution. 

2.5. Effect of groundwater movements 

The heat conduction with the governing Eq. (2) is disturbed by moving or filtrating 
groundwater in cracks and permeable strata. The effect of a reasonably homogeneous, 
horizontal groundwater flow is analyzed in Ref. 2. A simple formula for the steady-state 
heat-extraction rate is derived. The effect of the groundwater flow is negligible if 

~F&.G?,l(2~) < 1. (8) 

Here, qW [m/set or, to be precise, m3 of water/(m* . set)] is the Darcy velocity of the 
groundwater flow. 6 The groundwater flow qW must be quite strong, before the limit (8) is 
exceeded. The ground has to be highly permeable and the hydraulic gradient high. The 
condition (8) should therefore be met for reasonable values for hard rock with its normally very 
low permeability.2 

There may in certain cases be a groundwater flow along the borehole between two 
permeable strata with different hydraulic heads. This may influence the heat extraction 
performance considerably, provided that the water flow is large enough, and the influenced 
segment of the borehole is long enough. 

3. HEAT EXTRACTION STEP 

The given heat extraction q(t) [or injection for q(t) CO] in the problem defined by Eqs. 
(2)-(7) may be any function of time. The simplest case is a constant rate q1 (W/m) starting at 
t=o: 

s(t) = qJWth 
1, t>o, 

He(t)= (0, t<o* (9) 

The temperature solution for any q(t) may be obtained from the solution for the heat- 
extraction step by supe~osition using Duhamel’s theorem.7 The general superposition integral 
for the borehole temperature &(t) is given in Ref. 2. The superposition technique is here used 
to get the solution for any piecewise constant q(t). The solution or response for the 
heat-extraction step is a fundamental tool for the further analysis. 

3.1. Bore~o~e temperature 

The borehole temperature T,(t) is of particular interest, since it is the response felt by the 
heat pump. The dimensional analysis in Ref. 2 showed that T,(t) may be written as follows: 

T&(t) = T,, - 41& (10) 

R, = 1/(2~~)g(t/t~, TbfH)‘ (11) 

The factor R, {K/(W/m~] may be regarded as a time-dependent thermal resistance for a unit 
heat-extraction step. The dimensionless step-response function g depends on t/t, and rb/H (the 
weak dependence on D/H is neglected*). The time t, is defined by Eq. (17). The resistance R, 
and the g-function are by definition zero for negative t/t,. The variation of g with the second 
argument is given by:* 

g(tft,, hItIff) = g(tft,, b/H) - ~n(GYqJ. (12) 

Here, rb and rt are two borehole radii. 
We consider the following example with typical Swedish data: 

Ef= 1lOm D=Sm 2t,=O.llm 

1= 3.5 WlmK a = 1.62 * lo+ m*fsec To,,, = 8°C. 

q1 = 22 W/m Rb = 0.1 K/(W/m) 

(13) 
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Fig. 2. Borehole temperature for a heat-extraction step for the data of Eq, 
days (d) to years (yr). 

(13). Time-scales from 

The constant heat extraction q1 = 22 W/m gives 21,000 kWh/yr. This case has been solved 
numerically with the model of Refs. 8 and 9. The borehole temperature from the first few 
hours up to 500 yr is shown in Fig. 2. The curve also gives g(r/t,, O.OOl), as indicated by the 
arrow in the figure, since q~/(2~~) = 1.0 in this example (the time t, becomes 26yr). 

The temperature decrease is quite rapid during the first hours. The time-scales are 
interesting. One third of the total temperature drop to steady-state conditions occurs during the 
first day, and two thirds during the first two months. Only 5% of the total drop occurs from 25 
to 500 yr. The steady-state extraction temperature is essentially obtained after, say, 5 yr. 

The ~ndamental response function g has, in a logarithmic time-scale, two asymptotes, which 
provide quite good approximations.2 

R, = RI, = 1/(2JcA)[ln(V’&/r,)) - y/2], tb s t c t, (or tb G t G 0. Its), (14) 

A, = R, = 1/(2jcA)ln[Hl(2r,,)], t a t, (or t 2 lot,). US) 

Here, y = OS772 is Euler’s constant. The first expression is obtained in a radial heat flow 
approximation using a line sink. It is not valid for very short times, when the heat capacities 
inside the borehole are of importance. There is the following lower limit associated with the 
borehole radius.2 

tb = %;/a + Jtrt2HIV, = %;/a. (16) 

The first term, Sr$a, is characte~stically 2-3 h; see Eq. (13). The second term, which is the 
circulation time for the fluid in the pipes, is characteristically a few minutes. It can normally be 
neglected. The radial approximation R;(t) and the steady-state thermal resistance R, coincide 
at the (steady-state) time 1,. This gives: 

t, = H2/(9a). (17) 

This time becomes 26 yr for the data of Eq. (13). The expressions (14) and (15) are valid 
with very good accuracy for t q O.lt, and t > lot,, respectively. More exact values, obtained 
from a numerical calculation, differ by up to 7% in the intermediate interval 0. It, < t < lot,.’ 

3.2. Long-term thermal disturbance in the ground 

Heat extraction and injection will change the ground temperatures. This thermal disturbance 
depends on the given q(t), The radial range of variations during the year is shown in Ref. 3 to 
be a few meters for all ground materials. The thermal disturbance in the ground outside a 
cylinder with a radius of, say, 3 m around the borehole is determined by the average annual 
heat extraction rate qav, which is roughly constant from year to year. Thus the thermal 
disturbance for r > 3 m is given by the heat extraction step with ql = qav. 

We consider the data of Eq. (13) with q1 = qav = 22 W/m, Figure 3 shows the computed 
positions for the isotherm T = 7”C, i.e., 1°C below the undisturbed ground temperature Torn. 
The largest distance from the isotherm to the borehole is 4,9,18,23, and 27 m after 
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0 20 40 

1 

Fig. 3. Propagation of the isotherm T = To, - 1 = 7°C. The table gives the borehole temperature. 
The data refer to Eq. (13). 

1, 5,15,100, and 1000 yr, respectively. The corresponding borehole temperatures, given in the 
table below the isotherms, are virtually constant after 25 yr. The isotherm for t = 1000 yr lies 
close to the steady-state one. The figure illustrates the gradual change from an essentially radial 
process during the first years to a three-dimensional one after, say, 10 yr, and finally to a 
virtually steady-state process after some 25 (near the borehole) to 1OOyr (further out in the 
ground). 

The borehole may be used for any combination of extraction and injection during the annual 
cycle. The thermal disturbance outside r = 3 m is determined by the annual average extraction 
rate only. A balanced system, for which equal amounts of heat are extracted and injected 
during each year, has virtually no thermal disturbance outside r = 3 m. 

3.3. Thermal disturbance near the ground surface 

The thermal disturbance at and near the ground surface may change the conditions for 
vegetation. The variations of q(t) during the year are only felt in the vicinity of the borehole. 
They are essentially negligible in the top-soil layer even close to the borehole, if the heat 
extraction starts at, say, 2 m depth or further down (D 2 2 m). The thermal disturbance is then 
determined by the basic heat extraction step with q1 = qav. 

The result of a numerical calculation is shown in Fig. 4. The temperature disturbance, Tdist, is 

0.00 l0 20 50 40 50 

r(m) 

Fig. 4. Thermal disturbance at the depth z = 1 m due to a heat extraction borehole. The data refer to 
Eq. (13). 
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shown at the depth z = 1 m for the data of Eq. (13). The largest disturbance near the borehole 
is -0.2”C only. This disturbance is superimposed on the natural, undisturbed temperatures 
with their strong variations during the year. 

An analytical solution for the heat-extraction step is given in Ref. 2. Simple formulae for the 
heat flux at the ground surface and the temperature near the ground surface are given. The 
following estimation of the maximal disturbance is derived: 

The dashed line in Fig. 4 shows this estimate. The thermal resistance at the ground surface is 
here neglected. Let a! (W/m’ - K) be the heat transfer coefficient between the ground surface 
and free air. A soil layer with the thickness zo= A/LX has the same thermal resistance: 
~/LX = 2,/A. The effect of the surface resistance is accounted for if z is replaced by z + z, in Eq. 
(18). The order of magnitude of z. is 0.1 m. In Fig. 4, the disturbance is at most -0.2”C at 
z = 1 m. The disturbance at the ground surface becomes one tenth of this for z. = 0.1 m. 

The example above shows that the order of magnitude of the thermal disturbance in the 
top-soil layer is at most 0.2“C, and at ground surface 0.02”C. These temperature changes are 
completely negligible in comparison to natural variations. The thermal disturbance on the 
environment from a single heat extraction borehole is negligible. 

3.4. Heat supply from ground and through ground surface 

The extracted heat is obtained by cooling of the ground around the borehole. The cooling 
will induce a heat flux from the air through the ground surface. The relative contributions from 
these two sources are obtained from the heat extraction step with q1 = qav. The superimposed 
variation, q(t) - qav, represents a balanced extraction and injection. A quite simple formula for 
the total heat flux, Q&t) (W), through the ground surface is given in Ref. 2. The fraction 
n = Qs,J(Hq,) is the heat taken from the air, while remaining part 1 - v is the fraction 
obtained by cooling of the ground. Table 1 gives 7 as a function of time for the data of Eq. 
(13). The time-scale is noteworthy. After 25 yr, only 32% of the heat comes from the air, while 
the remaining 68% is due to cooling of the ground. About one half is obtained from the air 
after 100 yr, and after 1000 yr there is still 15% from cooling of the ground. 

Table 1. Fraction of the extracted heat that is 
supplied through the ground surface. 

t (years) [ 1 5 25 100 500 1000 
fl 1 0.04 0.12 0.32 0.57 0.79 0.85 

4. PULSE ANALYSIS 

The given heat extraction may normally be represented with sufficient accuracy by piecewise 
constant values. We will here consider certain basic cases, from which insight is gained and 
important conclusions may be drawn. The temperature drop from the undisturbed level TO,,, is 
denoted AT, while AT’ denotes a dimensionless drop: 

AT = TO,-- Tb(t) = qJ(4kl) AT’. (19) 

4.1. Superposition of heat-extraction steps 

Let the extraction function q(t) consist of N steps: 

s(t) = 2 (qn - q,-#-Ie(t - 0 
n=l 

(40 = 0). (20) 

Then q(t) is equal to 0 for t 6 t,, q,, for t, <t G tn+l(n = 1, . . . , N - l), and qN for t > tN. The 
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Fig. 5. Considered extraction pulses. 

temperature at the borehole wall is obtained by superposition 
step.2 

G(t) = T,ln - c” (% - qn-I)R& - GJ, 
n=l 

t/t, 

t/t, 

of the contributions from each 

(40 = 0). (21) 

The resistance R,(t), which is zero for negative t, is given by the approximations (14) and (15), 
or by a complete, more exact curve in Ref. 2. Formula (14) is valid with very good accuracy for 
tb < t - t,, < 0. It, (n = 1, . . . , N), which for the data of Eq. (13) gives an interval from 3 h to 
3yr. 

4.2. Single pulse 

Figure 5(a) shows a single pulse with the length cl. The temperature drop at the end of the 
pulse, t = 0, is from Eqs. (lo), (14) and (19): 

AT = q1/(4n~)[ln(4at,l~~) - r], (fb < tl < 0. Its). (22) 

The last factor is the dimensionless temperature drop AT’. Table 2 gives values for different tI 
for the data of Eq. (13). The temperature factor qJ(4nA) becomes 05°C. The value of AT’ 
falls in the interval 3-10. 

The recovery after the single pulse of Fig. 5(a) is from Eqs. (14) and (21) obtained as the 

Table 2. Dimensionless temperature drop 
at the end of a pulse with the length t,. 

t1 ( 3h 6h Id lw lm 6m ly 
AZ” i 2.6 3.3 4.6 6.5 3.1 9.9 10.5 
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Table 3. Dimensionless temperature drop AT’ 
after a single pulse. 

t/t1 1 0.1 0.25 0.5 1 3 5 10 
AT' 1 2.4 1.6 1.1 0.69 0.29 0.18 0.10 

difference between two logarithms in time to the beginning (t + tJ and end (t) of the pulse: 

, (lb < t < 0. It, - tr)* (23) 

The second factor is the dimensionless temperature drop AT’, which depends on t/t, only. 
Table 3 gives a few values. 

The values in Table 3 should be compared with those in Table 2. The remaining temperature 
drop after one pulse length (t = tI) is of the order of 10% of the temperature drop at the end of 
pulses with the length 1 day-6 months. Only around 3% remains after three pulse lengths 
(t = 3tJ. 

Any pulse train may be expressed by a superposition of single pulses. With the two formulae 
(22) and (23) we already have acquired a good knowledge of the behavior of the borehole 
temperature Tb(t). 

The heat-extraction conditions during periods of maximum extraction rate (normally in 
wintertime) are improved, if the borehole is recharged during the summer. The improvement 
of summer recharge is easily assessed with the formulae above. The temperature decline after a 
recharge pulse is given by Eq. (23). Let us 
q(t) = -22 W/m, i.e., injection of 2.42 kW, 
temperature due to the recharge becomes: 

t, = 3 months, t = 3 months: 

t = 6 months: 

take the data of Eq. (13) with a recharge pulse 
during 3 months. The increase of the borehole 

AT=---- 

= 0.2”C. (24) 

The largest temperature drops may, in a normal application, be around 5-10°C. The above 
recharge will diminish these drops by -5%. 

The above example shows that the gain from recharge is very small. It is in most cases not 
economical to recharge heat in order to improve the situation some months later. 

4.3. Two balanced pulses 

The borehole temperature Tb(t) depends, strictly speaking, on all variations of the heat- 
extraction rate before the considered time t. The average extraction rate qaV is always 
important, while the superimposed variations are attenuated with time. The variable extraction 
rate may be represented by the average extraction rate and superimposed balanced pairs of 
pulses; i.e., an injection and an extraction pulse involving equal amounts of heat. 

We will analyze the effect of a single balanced pair of pulses of the type shown in Fig. 5(b). 
The length of the pulses are til and (1 - a)tr, 0 c LY < 1, and the injection and extraction rates 
are q1 and -1yqJ(1 - a), respectively. Here, the sum (20) involves four terms. The 
temperature drop becomes 

AT =-$ [In(y) -&ln(z)], (t,<f<O.lt,-#J. (25) 

The dimensionless temperature drop, i.e., the second factor involving logarithms, is a function 
of l/t1 and (Y only. Table 4 gives a few values. The value of AT’ is, with good accuracy, equal 
to c~(t,/t)~/2 for large t/tr. 

The values in Table 4 shall be compared with those in Table 2. The value for a balanced pair 
is ~0.2 after the time t = fl, while the drop for the constant extraction step after 1 day is 25 
times this value [for the data of Eq. (13)]. This shows the rather rapid attenuation of balanced 
deviations from the average extraction rate. 

%Y 13:6-D* 



518 JOHAN CLAESSON and PER ESKILSON 

Table 4. Dimensionless temperature drop AT after a 
balanced pair of pulses. 

The influence of previous pulses may be illustrated further with the balanced pulse train 
shown in Fig. 5(c). Each pulse has the time length tl. The extraction and injection rates are 
equal. 

The dimensionless temperature drop AT’ at t = 0, i.e., at the end of an extraction pulse 
contains contributions from the last pulse 1 and from the other pulses 2,3 and so on. The 
cont~bution from pulse 1 is, for the data of Eq. (13), given by Table 2. The value of AT’ lies 
between 2.6 and 10 for t between 3 h and 6 months. The balanced contribution from pulse 2 
and 3 becomes 0.29 [Table 3 with a = 0.5, t/(2t,) = 0.51. The contribution from pulse 4 and 5 is 
0.06. The contribution from pulse 6 to N is, for N > 10, very close to the contribution from 6 to 
N = ~0, which is 0.10. The total contribution from pulse 2 to a large N is 0.45. This is to be 
compared with the cont~bution between 2.6 and 10 for pulse 1. The error, when all the 
balanced pairs from 2 and 3,4 and 5, and so on are neglected, is thus -10%. 

The examples in this and the two preceding sections provide guidelines for the necessary 
resolution in q(t) in order to make an accurate calculation. The formulae and analyses above 
are not valid for variations on a time-scale below tb, which may be somewhat below 3 h. We 
now assume that q(t) is given by one constant value for each basic time interval tq, the length 
of which must exceed f,,: 

tq > tb. (26) 

The value of AT’ for a balanced pair of pulses is 0.12 for t/t, = 1 and 0.04 for t/t1 = 2 (Table 
3, a! = 0.5). A resonable level of accuracy is to neglect a balanced pulse pair for t 3 tl, i.e., if 
the time t to the end of the pulse pair is greater than or equal to the length f1 of the pulse pair. 
The first and second preceding pulses are retained. The next two pulses 3 and 4 have together 
the length tl = 2t4, and their effect is considered after the time t = 2t4. We therefore consider 
only the average of pulses 3 and 4. Pulses 5 and 6, and so on, are brought together in the same 
way. Consider then the pulses 5 + 6 and 7 + 8. The balanced part may again be neglected, since 
it is considered after the time t = 4tq. This argument may be applied to all preceding pulses. 
The result is that we only need to consider average extraction values during pulses, the lengths 
of which are doubled for each pulse (except the first one): 

t*, tq, 2tq, 4t,, 8tq, * * * . (27) 

This geometric series increases rapidly. The necessary number of pulses in order to represent 
q(t) is therefore surprisingly small. As an example we consider the case tq = 3 h. In order to 
calculate the extraction temperature at a certain time, we need to know the extraction rate for 
preceding pulses with the lengths 3h, 3h, 6h, 12h, Id, 2d, 4d, 8d, 16d, lm, 2m, 4m, 8m, and so 
on. 

The value of AT’ is 0.04 for t/t1 = 2. If this more rigorous level of accuracy is used in the 
argumentation above, we have to retain the first four preceding pulses. Then we need two 
pulses with the length Zt,, and so on. This gives the following values of the required pulse 
lengths: 

t4, =$r ts, t4, 2f4, 2fp, 4t,, 4t4, St,, St,, . . . . C’W 

We believe that the intervals of Eq. (27) are sufficient in most applications. 

4.5. Pulsated vs constant extraction 

The heating demand is pulsated in many appli~tions, in particular during the day. High 
peaks decrease the thermal performance considerably. A possibility is to use a short-term heat 
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storage as a buffer in order to obtain a constant extraction rate for the borehole. A comparison 
between pulsated and constant extraction is of great interest. 

Figure 5(d) shows a pulsated extraction. The period is ti and the pulse length cutI, 0 < (Y < 1. 
The extraction rate of the pulses is qJ(u. The corresponding constant extraction rate is q1 
(dashed line). We are interested in the difference in the borehole temperature at the end of a 
pulse, i.e., at t = 0, between the pulsated case and the case with constant extraction. This 
difference depends on the number of preceding pulses. It becomes with good accuracy equal to 
the value for an infinite pulse train after about five pulses. Quite simple formulas for the 
borehole temperatures for a balanced, infinite pulse train are derived in Ref. 10. The difference 
in temperature drop at t = 0 [Fig. 5(d)] between the pulsated case and the constant extraction is 

AT=&[($-l)[ln(~)-y]+ln(n)-ln’r(~”)l}, (cutl>rJ. (29) 

Here I(1 + a) is the gamma function.” The first part is the temperature drop of the excess 
pulse ql/a - q1 during the time -at, < t < 0. The remaining part, which is a small correction, 
depends on cy. A few values are given in Table 5. They are rather small compared to the values 
of the constant extraction pulse in Table 2, except for very small (Y. The effect of pulsation 
compared to constant extraction is therefore approximately equal to the extra temperature 
drop due to the excess extraction rate q,/a - q1 during the pulse. 

Table 5. Correction term in Eq. (29). 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

h$(l + a)]/a -1.8 -1.2 -0.84 -0.62 -0.45 -0.32 -0.22 -0.13 -0.06 0 

We consider an example with data of Eq. (13). A pulsated extraction during 8 of the 24 h 
(a = l/3) is compared to constant extraction. The temperature drop for the constant extraction 
after 1 yr is 10.5 x 0.5 = 5.25”C according to Table 2. The extra temperature drop due to 
pulsation is from Eq. (29) 

, 

AT = 0.5. [(3 - 1) e2.45 - 0.76]= 2.1”C. 

The decrease of heat-extraction capacity for the same temperature 
5.25/(5.25 + 2.1) = 0.29, i.e., 29%. 

(30) 

drop becomes l- 

5. LOCAL PROCESSES IN THE BOREHOLE 

The detailed thermal processes in the borehole and its immediate vicinity are quite complex. 
It is necessary to consider their time-scales in order to identify the basic parameters. 

5.1, Time-scales 

The time for the heat carrier fluid to circulate through the borehole is given by the second 
term of (16). It gives a time-scale for a change of inlet conditions to be felt along the whole 
borehole. These transient, axial effects with a time-scale of a few minutes are not considered in 
this study. 

The response to variations on a time-scale below l-2 h will depend on the heat capacities of 
heat carrier fluid, pipings, heat exchanger etc. This problem, associated with the specific 
equipment above ground, should be studied by practical experiments. These short-time effects 
are not considered here. 

A change of the temperature in the heat carrier fluid in the pipes will induce a transient local 
process in the borehole outside the pipes. The time-scale to obtain approximate local 
steady-state conditions in the borehole may be assessed in the following way. Let AT be a 
change of fluid temperature in the pipes. The amount of heat to change the borehole 
temperature by AT is of the order JG&,,,c, AT (J/m). It is shown below that the order of 
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magnitude of the heat flux from the pipes is ATIRb (W/m). The quotient gives a time-scale t;l 
to obtain local steady-state conditions in the borehole: 

JG~P,c,AT 
“= AT/RI, 

6 pwcw =---_-AR,. 
a PC 

(31) 

The second factor pwc,/(pc), i.e., the ratio between the heat capacity of ground water and 
ground material, is approx. 2. The borehole resistance Rb is in the present applications equal to 
O.lK/(W/m) or less. The last factor with A. equal to say, 3.3 W/(mK) is then -1. It is then 
reasonable to take 2.9; = tb, Eq. (16), as criterion for attaining local steady-state in the 
borehole and its immediate vicinity. We introduce the following (borehole) timer 

tb = 5r2,la. 

We do not consider variations of the heat extraction rate q(t) on a time-scale below tb. 

5.2. Borehole thermal resistance 

(32) 

The temperature of the heat carrier fluid varies along the downward and upward channels. 
At each depth z and time t, there is a local steady-state process with heat flows between the 
pipes and the ground around the borehole. These flows balance the convective heat flow along 
the pipes. The exact equations for heat balance in the borehole are given in Ref. 8. 

The heat flow problem between the fluid in the pipes and the surrounding ground is 
essentially two-dimensional in the plane perpendicular to the borehole. The relations between 
temperatures and heat flows may be represented by a heat-flow circuit with thermal resistances 
between nodes at the bulk fluid temperatures in the pipes and at the borehole wa11.8 

Natural convection in the groundwater in the borehole may be important. The thermal 
resistances should then be measured in laboratory experiments. Field experiences indicate that 
the effect of natural convection is small at low temperatures; in particular near the density 
maximum at 4°C. The borehole outside the pipes is in many cases filled with a solid material 
that prevents natural convection. The local heat flow problem outside the pipes is then one of 
pure heat conduction. This case is solved analytically in Ref. 12. So-called multipole expansions 
are used to fit the solution around each pipe and around an outer circular boundary in the 
ground. A PC-model (IBM-compatible, MS-DOS), which gives the solution rapidly, is 
available. The model is used extensively in Ref. 13, in which these local resistances are given 
and discussed for many cases of practical importance. 

The variation of temperature along the pipes depends on the pumping rate V,. It becomes 
negligible, when V, is very high. This case with a single temperature T,(t) for the heat carrier 
fluid is discussed here, while the necessary modifications for small V, are dealt with in the next 
section. The thermal resistance circuit is reduced to a single resistance between T, and Tb. We 
have the fundamental relation: 

Tb- Tf=&. (33) 

The borehole thermal resistance Rb [K/(W/m)] between heat carrier fluid and the ground 
outside the borehole is one of the most important parameters of a heat extraction borehole. It 
is important to design the heat exchanger so that Rb becomes as small as possible. 

The model in Ref. 12 uses a circle in the ground outside the borehole periphery as outer 
boundary. This means that the effect of the outside ground with its different thermal 
conductivity is accounted for. The borehole resistance Rb includes this effect, and Tb should be 
interpreted as the mean temperature around the borehole periphery.13 

The total thermal resistance Rb depends on A, rb, the thermal conductivity &, in the borehole 
outside the pipes, and the number of pipes and their positions in the borehole. It also depends 
on the thermal resistances Ri over the pipe walls and RfC between the bulk fluid in the pipes 
and the inner pipe wall with different values for laminar and turbulent flow. 

As an illustration, we consider a case with two pipes (polyethylene, medium density) with 
water outside the pipes. Natural convection is not considered. The calculation is performed for 
laminar and turbulent flow in the pipes. A third case with temperatures below 0°C and the 
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Fig. 6. Considered pipe configurations. 

water frozen to ice is also included. The following data are used: 

il = 3.5 W/mK, rb = 0.0575 m, 
;I,, = 0.56 W/mK (water), (34) 
& = 2.0 W/mK (ice). 

The outer radius of the pipes is 16 mm. The thickness of the pipe wall is 2.1 mm, and the 
thermal condu~ti~ty 0.36 WfmK. 

Formulae from Ref. 13 give Rb=O.O62K/(W/m), and &= 0.142 for laminar flow and 
Rfc = 0.008 for turbulent flow (Re = 7500, Pr = 13.4). Three pipe configurations are considered 
(Fig. 6). The spacing between pipes and borehole wall is 2 mm in cases A and C. The nine 
cases have been computed with the model of Ref. 12. The obtained borehole resistances Rb are 
given in Table 6. 

Table 6. Computed borehole resistance 
R, [K/(W/m)] for the configurations of 

Fig. 6. 

Conditions A IB C 
unfrosen, laminar 0.210 0.362 0.227 
unfrozen, turbulent 0.132 0.279 0.143 
frosen, turbulent 0.042 0.075 0.051 

It should be remembered that natural convection, which may occur in the unfrozen cases and 
give a smaller Rb, is neglected in these calculations. It is clear that laminar flow in the pipes 
should be avoided. It is also clear that increase of & from 0.56 in the unfrozen case to 2.0 in 
the frozen case reduces Rb considerably. The importance of position is also shown. The pipes 
should be kept close to the wall by a suitable device in order to reduce the flow paths through 
the water as much as possible. The question how to reduce Rb is discussed in Ref. 13. 

The Swedish field experiences indicate values around Rb = 0.1 K/(W/m) for a typical case 
with two plastic pipes in a borehole.15 

5.3. Temperature variations along the borehole 

The temperatures in the fluid channels and in the ground vary along the borehole. These 
variations are studied analytically in Ref. 14. A reasonable approximation is to use the mean 
value of the inlet and outlet fluid temperatures as an approximately constant fluid temperature 
in accordance with Eq. (35). This has been tested with very good agreement4 against a more 
exact numerical model,’ in which the ground temperature varies along the borehole. The 
simplified Eqs. (35) and (36) may therefore be used without restrictions. 

The inlet and outlet fluid temperatures are given by 

T,, = Tf - @1(2c,ptV;), &out = & + qWtWf W. (35) 

Here ~(m~/sec) is the pumping rate. Equation (33) is still valid? 

r,(t) - T,(t) = q(t)% (36) 

The heat extraction rate q(t) and the temperature T,(t) are here average values along the 
borehole. 
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6. DIMENSIONING RULES 

The design or dimensioning rules proposed here are based on a given heat extraction rate 
Hq(t) (W) and a given lowest extraction temperature Tr,,,,in for the temperature T,(t) of the 
heat carrier fluid. Input parameters are A, T,,, and a for the ground, rb, H, and Rb for the 
borehole and its heat exchanger, and the given q(t). The dimensioning formulae below give the 
lowest fluid temperature. The borehole depth H or other input variables are adjusted until the 
prescribed value of Tr,min is obtained. 

The cooling mode with heat injection to the ground is in many applications the critical one. 
There is then a prescribed highest injection temperature T,,,, instead. The formulae below 
(and PC-models) are directly applicable by using negative values for q(t). 

6.1. Simplified heat extraction 

It is often sufficient to use a rather simple form for the extraction rate q(t). Figure 7 shows 
such a case with a constant component q. and a superimposed periodic component with the 
amplitude qp and the period t, (normally 1 yr). There is also a superimposed heat extraction 
pulse with the strength q1 and the duration t i. This pulse occurs at the time of largest periodic 
extraction. 

The borehole temperature, based on analytical solutions for the three components, is given 
in Ref. 2. The largest contribution from the pulse occurs at the end of it, while the largest effect 
from the periodic component occurs some time after its extraction maximum. We assume that 
these largest effects occur roughly at the same time. Then from Ref. 2 and Eq. (33) the lowest 
fluid extraction temperature is 

Lin = T,, - qo& - qpR, -q&(&) - (qo + qp + qi)Rb. (37) 

Here R, [K/(W/m)] is the steady-state thermal resistance of the heat extraction borehole and 
R, the amplitude of the periodic thermal resistance.’ 

R, = 1/(2nA) ln[H/@rb)], (rb c(H), (38) 

R, = 1/(2~A)~[ln(2/r~,) - y]’ + x*/16, r;lb = rb@dp < 0.1, dp=w. (39) 

The resistance Ri(t,) for the pulse is given by Eq. (14). 
Equation (37) is quite instructive. The temperature drop TO, - Tf,min required to sustain the 

largest heat extraction has a steady-state term qOR, from the constant (i.e., average) extraction, 
and corresponding terms from the periodic and step components. Finally, there is a term 
q(t)R, for the drop in the borehole. The thermal resistances R,, R,, R,, and Rb give the 
temperature drop for a corresponding unit extraction rate. 

We consider as an example the data of Eq. (13). The resistances become from Eqs. 
(38) (39), and (14): 

R, = 0.314 K/(W/m), R, = 0.188 K(W/m), 

Ri(t,) = 0.106 + 0.023 ln(ti/tJ K/(W/m) (td = 1 day). 

(40) 

Fig. 7. Prescribed heat extraction (constant + periodic + pulse). The kth period is shown. 
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Fig. 8. Prescribed monthly values of heat-extraction rate. 

Here fi/t,, is the length of the pulse in days. With the extraction components of Fig. 7 
(40 = 20, qp = 15, q1 = 10 W/m), we get for tl/td = 1: 

To, - Tf,min = 20 * 0.314 + 15 * 0.188 + 10 * 0.106 + (20 + 15 + 10) * 0.1 
= 6.28 + 2.82 + 1.06 + 4.5 = 14.66 K. (41) 

For tl/td = 30 we have: 

To, - Tf,min = 6.28 + 2.82 + 1.84 + 4.5 = 15.44 K. (42) 

This example shows the importance of the borehole resistance Rb, which here accounts for one 
third of the temperature drop. 

It is often possible to use a still simpler extraction q(t) by putting qp or q1 to zero. It is a 
straightforward matter to extend the method to more than one periodic component and more 
pulses. The variation during the whole period must be considered in order to obtain Tf,miny 
since the largest contributions from different terms occur normally at different times. 

6.2. Stepwise heat extraction 

A second alternative, which is quite easy to use with the PC-models described in the next 
section, involves a sequence of stepwise constant values for the given heat extraction, i.e., 

4(t) = 4lal t,<t~t,+l, n = 1,. . . , N,,,. (43) 

The lowest extraction temperature is given by the minimum of the temperatures at the end of 
pulses. With the use of Eqs. (21) and (33) we have: 

Tf+,, = min 
IsNsN,. 

T,, - 4NRb - 5 (4n - qn-i)R&+i - 1.)] (40 = 0). (9 
n=l 

Figure 8 shows a typical example with given monthly values, which are repeated each year. 
The data of Eq. (13) are used. The highest extraction rate is 41 W/m during the fifth month. 
The total heat extraction becomes 21 MWh/yr. The lowest extraction temperature according to 
Eq. (44) is shown in Table 7 for different years. 

Table 7. Lowest extraction temperature. 
Data according to Eq. (13) and Fig. 8. 

Ye= 11 2 3 25 loo 
Z’f,min (“C) 1 -4.6 -5.2 -5.6 -6.2 -6.4 

The borehole is in this case frozen during the period of highest extraction each year. A 
smaller value for Rb may be valid in accordance with Table 6. A decrease from Rb = 0.1 to 
Rb = 0.05 K/(W/m) corresponds to an increase (0.1-0.05) * 41= 2.05”C for Tf,min. 

6.3. PC-models 

The dimensioning rule of Eq. (37) has been implemented on a personal computer (IBM-PC 
and compatible computers, MS-DOS). Another PC-model calculates iteratively from Eq. (44) 
the required borehole length H for a given lowest extraction temperature (or a given highest 
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temperature in the case of dimensioning for heat injection to the ground). The interactive 
models’ are rapid and quite simple to run. 

The formulae in Ref. 2 for heat flow through the ground surface and the effect of 
groundwater flow are also implemented as small programs. The two disks of the PC-models 
also contain the corresponding dimensioning rules in Ref. 3 for multiple, thermally interacting 
boreholes. 

7. DISCUSSIONS OF PARAMETERS 

7.1. Three important parameters: A, Rb, T,, 

The thermal resistances R,, R,, and R, are inversely proportional to the thermal conductivity 
of the ground, h. This means that the thermal pe~ormance is essentially pro~~ional to A, 
which therefore is a very important parameter. Granite with A = 3.3 is three times better than a 
clay soil with A = 1.1. The Swedish heat extraction boreholes lie almost exclusively in rock with 
high thermal conductivity. 

A second, very important parameter is the borehole thermal resistance Rb between the heat 
carrier fluid and the borehole wall. It may be measured in field or laboratory experiments, or 
calculated theoretically with the model of Ref. 12, provided that natural convection does not 
take place or is insignificant. The example of Eq. (41) shows that the borehole thermal 
resistance may account for one third of the temperature drop. It is important to design the 
borehole heat exchanger carefully. Quite a lot of work has been done to this end. A detailed 
discussion of various designs is given in Ref. 13. For example, low-density polyethylene with 
low thermal ~ndu~tivity should be avoided, since the thermal resistance over the pipe walls is 
quite important. Table 5 shows that laminar flow is to be avoided. The water in the borehole 
with its low thermal conductivity (0.56 W/mK) is another problem. One shall try to reduce the 
length of the heat flows paths through the water by pushing the pipes against the borehole wall. 
The cases A and B in Fig. 6 and Table 6 are illustrations of this. Freezing is advantageous, 
since the thermal conductivity then increases to around 2 W/mK, Table 6. Other possibilities 
are to use more than two pipes or to replace the water by some filling material with higher 
thermal conductivity, The thermal resistances in the ground are of course not affected by the 
design of the heat exchanger in the borehole. Thus the largest gain for a very good heat 
exchanger with Rb = 0 is to eliminate the last term in Eq. (37). The other parts of the total 
temperature drop are not affected. 

A third important parameter is the effective undisturbed ground temperature T,,, which is 
an average over the borehole depth. The heat extraction works against this temperature, and it 
is essentially proportional to the difference T,, - Tf, Consider for example a northern climate 
with Tom = 8°C and a southern one with T,, = 18°C in a case with Tr,min = 3°C. The available 
temperature drop, and hence the extraction capacity, is three times larger in the southern 
climate. The undisturbed ground temperature lies between 2 and 10°C in northern climates 
such as the Swedish one. The temperature interval above freezing becomes quite small. The 
Swedish systems use almost exclusively a heat carrier brine in a closed loop, which allows 
temperatures below 0°C. The lowest extraction temperature lies in the interval from -10 to 
-2°C. 

7.2. Heat exaction q(f) 

The average extraction rate q. and the variations q(t) - q. of the given heat extraction rate 
are quite important. Short, strong pulses are problematic. The effect of pulsating vs constant 
extraction is given by Eq. (29). An example with extraction during 8 h each day gave a 
decrease of heat extraction capacity with 30%. 

The effect of recharge in the summer on the extraction during the following winter is quite 
small (5% improvement in a particular example). The total cost for recharge must therefore be 
very small, if recharge is to be economically justified. 
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7.3. Pumping rate 

The pumping rate V, of the heat carrier fluid should be large enough to ensure turbulent 
flow in the pipes. The pumping work increases strongly with V,, so one should not greatly 
exceed the limit of turbulence. An advantage of high pumping rates is that the difference 
T fout - T,, diminishes, Eq. (35). 

The question of which flow direction to choose arises when the upward and downward 
channels are asymmetrical. An example is an open system with an inner pipe and the borehole 
annulus as the second channel. It is shown in Ref. 14 that the thermal response is exactly the 
same in the two cases. This may be somewhat surprising, since the temperature profiles along 
the borehole are quite different in the two cases. 

7.4. Negligible parameters and effects 

We have shown that many parameters and effects are negligible, or rather insignificant, for 
the thermal performance of the extraction borehole. We enumerate these here: (1) stratified 
ground; deviations from the average thermal conductivity are negligible. (2) Ground surface; 
temperature variations, snow etc. are negligible. (3) Geothermal gradient; temperature 
deviations from the effective undisturbed ground temperature TO, due to the geothermal 
gradient are negligible. (4) Variations of the thermally insulated upper part between, say, 
l-5 m with constant H are negligible. (6) The effect of horizontal groundwater filtration is 
negligible, if criterion (8) is met. (7) The thermal impact of a heat extraction borehole near and 
at the ground surface is completely negligible compared to natural variations. (8) Borehole 
time-scale; transient thermal effects in the borehole and the heat carrier fluid are insignificant 
on a time-scale above tb, Eq. (32). 

7.5. Response test 

The important parameters A, Rb, and TO, may be determined experimentally with a response 
test. The undisturbed ground temperature is determined by pumping without heat injection as 
described in Sec. 2.3. After that, a constant heat injection rate, q(t) = -ql, is applied, for 
example with an electrical heater, during a few days. The temperature varies, after a short 
initial period, linearly with In(t) in accordance with Eq. (14). The slope gives A. from the 
equation 

dT,/dr = qJ(4nA), t = In(t). (45) 

The response test uses the same principle as the hot-wire method, which has a line heat source 
with a length of around 10 cm. There is a large difference in time and length scales, since the 
borehole has a length of around 100 m. The borehole resistance R,, is obtained from the 
difference qlRb = T,(t) - Tb(t) with T,(t) given by Eq. (14). It is an important task to develop a 
laboratory method to measure Rb under controlled conditions. A cylinder of a few meter’s 
height with the heat exchanger along the axis has to be built, and Rb is measured under 
steady-state conditions. 

A few response tests have been made in Sweden. The largest one concerns a multiple- 
borehole system with 25 boreholes and a total borehole length of 2000m. The experiment and 
the evaluation technique in the case of several pulses are reported in Ref. 15. 

7.6. Thermal resistance analysis 

The analysis in Sec. 6.1 illustrates that the different thermal resistances represent the thermal 
processes in a very lucid way. The resistances Rb, R,, and RJt) are especially important. 
Consider a constant heat extraction rate qO (or the average component). The steady-state 
temperature drop after very long time, t > t,, is 

AT = qO(Rb + R,). (46) 

For the data of Eq. (13) we have R,, = 0.1 and R, = 0.3. This means that one quarter of the 
temperature drop occurs at the borehole and the remaining three quarters in the ground. 

A large part of the temperature drop in the ground occurs close to the borehole due to the 
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Table 8. Steady-state thermal resistance from the borehole to 
the radius r*. Data according to Eq. (13). 

r* (m) ) 0.055 0.2 0.5 1 1.7 5 10 
R’ (K/(W/m)] ] 0 0.059 0.10 0.13 0.16 0.21 0.24 

steep gradients there. Consider the region between the borehole and a radius r*:r,, < r < r*. 
The steady-state thermal resistance of this annulus is 

R* = 1/(2nA)ln(r*/r,,) WWm)l. (47) 

Table 8 give R* for the data of Eq. (13). These values are to be compared with R, = 0.3. One 
third of R, lies in the region out to r* = 0.5 m and two thirds out to r* = 5 m. Let rs,o,5 denote 
the radius for which R* equals 0.5R,. We have from Eqs. (47) and (38) 

r. so.5=V%z. (48) 

This gives for the data of Eq. (13) r,,o.5 = 1.7 m. 
An increase of the borehole radius to 0.5 m, for example, will reduce R, from 0.3 to 0.2. The 

annulus 0.055 C r CO.5 m is now a part of the enlarged borehole. Its contribution to the 
borehole resistance Rb will depend on the heat exchanger design. The cost of drilling increases 
strongly with the radius &. Therefore we suggest that one should try smaller borehole radii with 
a tradeoff between drilling cost and borehole length. 

The steady-state formula (38) is valid after long time, t > ts with t, = 26 yr for the data of Eq. 
(13). The temperature drop after the time t for a constant pulse q1 is 

AT = @[& + R&)1. (4% 
Table 9 gives R*(t) from Eq. (14) for the case of Eq. (13), for which the numerical expression 
of Eq. (41) is valid. 

Table 9. Thermal resistance of an extraction step. 
Data according to Eq. (13). 

t 
I&(t) [K/(W/m)] ] k!ll :6 ::O z4 %?8 

The values of Table 9 are to be compared with the steady-state value R, = 0.314. Half this 
value is attained after 9 days. Let tq,o.5 denote the time, when R, is equal to 0.5R,. Then we 
have from Eqs. (14), (17), and (38): 

t q,o.5 = t&,/H = H2&/(!%2). (50) 
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NOMENCLATURE 

= Thermal diffusivity 
= Heat capacity 
= Depth of thermally insulated upper part 

of the borehole 
= Response function for the heat extraction 

step, Eqs. (10) and (11) 
= Borehole length over which heat extrac- 

tion takes place 
= Heavyside’s step function, Eq. (10) 
= Heat-extraction rate (W/m, average over 

the borehole) 
= Radial distance - . . . 

rb = Borehole radius 
= Radius of pipes in the borehole 

2 = Thermal resistances [K/(W/m)] 
Rb = Thermal resistance between fluid and bore- 

hole wall 
R, = Thermal resistance due to a heat extrac- 

tion step 
t = Time 
fb = Borehole steady-state time, Eq. (32) 
t, = Steady-state extraction time, Eq. (17) 
T = Temperature in the ground 

Tb = Temperature at the borehole wall 
Tf = Temperature of heat carrier fluid 
T Orn = Effective undisturbed ground 

temperature 
v, = Pumping rate (m3/sec) 
z = Depth from the ground surface 

Greek letters 

ny 
= Euler’s constant (-0.5772) 
= Thermal conductivty 

P = Density 
AT, AT’ = Temperature drop, Eq. (19) 

Subscripts 

b = Borehole wall 
f = Fluid 

P = Periodic 
4 = Heat extraction step 
S = Steady-state 
W = Groundwater. 


