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INTRODUCTION 

The Sun is the source of almost all our energy. There are other sources, notably 
nuclear fission reactors and geothermal energy, but these are insignificant relative to 
our total energy consumption, which must include energy to enable agricultural 
products to develop. 

Energy from the Sun arrives at the Earth's surface at an average rate of 
1.41 kW/m 21 and whilst a proportion of it, which depends upon the surface 
characteristics, is reflected, a significant proportion is absorbed by the Earth (or the 
sea). The energy absorbed by the Earth penetrates to a considerable depth and thus 
the Earth acts as a thermal reservoir--a fact to which the growth of vegetation bears 
silent testimony. 

The soil temperature variation at different depths has been carefully studied 2 and 
daily air temperature variations only affect the first metre or so of soil. Below this soil 
depth, only seasonal temperature variations penetrate, whilst below 20-30 m the soil 
temperature is constant at a given depth. It is possible to recover energy from the soil 
by burying a heat pump evaporator and using the upgraded energy rejected from the 
condenser for space or water heating. 

Localised extraction of energy from the soil will cause the temperature of the soil 
to drop but an equilibrium situation will be reached when heat extraction is balanced 
by heat conducted to the cooled volume from the surrounding soil. Thus the Earth's 
surface is acting as a solar collector for the evaporator of the heat pump. 

HEAT PUMPS 

The heat pump principle is identical to the refrigerator principle, but with different 
heat absorption and heat rejection temperatures. Lord Kelvin proposed a heat 
pump design for heating the original Queen's College, Belfast, in 1852. 3 There is, 
unfortunately, no evidence that he proceeded beyond a design proposal. 
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Energy is absorbed at slightly less than ambient temperature by the evaporator of 
a heat pump and it can then be rejected from the condenser at the required space 
heating temperature. The evaporator can absorb the energy from air, ground or 
water and successful applications of all of these sources have been reported. 4- 6 

The attraction of the heat pump principle is that a given energy input (required to 
drive the compressor), which is usually electrical, can yield a heat energy output 
which is typically three times greater than the input. This advantage is mainly a 
function of the upper and lower temperature limits; not surprisingly, the closer these 
are, the higher will be the advantage. The ratio of output over input is often referred 
to as the Coefficient of Performance (COP) and, for the perfect heat pump cycle, is 
given by the reversed Carnot cycle expression: 

COP - THOT 
THOT- /'COLD 

where Tis the temperature in degrees Kelvin. Practical considerations unfortunately 
severely reduce the value of COP obtained from the value suggested by this 
expression. 

An investigation has been carried out by the present authors, and is reported in 
this paper, on the possibilities of using a ground source heat pump in the Belfast 
area. In general terms, the investigation has taken three identifiable subdivisions as 
follows. A study of: 

(a) soil thermal properties; 
(b) the performance of a conventional horizontal ground coil evaporator; 
(c) the performance of an unusual ground coil, using a matrix of relatively deep 

vertical holes, which appeared to offer a significant improvement in 
performance over the horizontal coil. 

Space heating methods are seldom required to operate continuously, so transient 
effects have been considered and, in particular, the ability of the soil to recover its 
original conditions when energy absorption is stopped. 

SOIL THERMAL DATA 

Published data on soil temperature at different depths are available. 2'7 Figure 1 
shows the variation at different depths obtained by Lovering and Goode, 8 and 
clearly illustrates that daily air temperature variations do not penetrate beyond 1 m. 
Figure 2, from the work of Forbes, 2 shows the seasonal temperature variation and 
how this also decreases as depth increases. It is usual to assume that temperature 
remains constant at deptfis greater than 20-30 m. Obviously these results will vary 
with geographical position and soil type. 
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Geothermal energy exerts very little influence on soil temperature. The average 
heat flow from the Earth's surface due to geothermal energy is estimated as 
0.068 W/m2. 9 This is therefore not a significant source of  energy for a ground coil. 

The rate at which energy from the Sun reaches the Earth is much greater (average 
of  1.41 kW/m 2) than the flow of geothermal energy from the Earth, with the greater 
proportion of the Sun's energy re-radiated back to space. The surface characteristics 
of  the ground are an important factor in the proportion of  solar energy absorbed. 

Summarising, the main source of  energy in the soil is solar, supplied in daily and 
annual cycles. The effect of  the annual cycle penetrates some 20-30 m, depending 
upon the thermal characteristics of  the soils or rocks. Soil temperatures at depths 
greater than about 1 m below the surface do not respond to the daily air temperature 
changes. 

The parameters which most strongly influence the thermal conduction of heat 
from the soil to the evaporator coil are: thermal conductivity (k); density (p), specific 
heat (c); thermal diffusivity (0~ = k/cp) and moisture content." 

Standard methods exist for measuring k, c, p and moisture content. It is 
important to realise that soil does not behave as a homogeneous medium and that 
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figures for any of the above parameters are liable to change with time. The most 
obvious cause for this would be a change in moisture content due to either heavy 
rainfall or moisture migration (discussed later). When moisture content changes so 
do all the other parameters. It is clear that calculations based on constant values of 
the various parameters can only yield, at best, approximate results. 

The soil at the site where the experiments discussed here were carried out is 
described in the Geological Survey for Northern Ireland as Recent Pleistocene 
glacial sand and gravel. It is brown to reddish-brown plastic clay with a low stone 
content, used in the past for brick making. Table 1 gives average values for the 
parameters of interest. 

TABLE 1 

Density Specific heat capacity Thermal conductivity 
(kg/m 3) (J/kg) (W/mK) 

1627 2100 1.775 

EXPERIMENTAL EQUIPMENT 

The site for the ground coil experiments described later consisted of a plot of 
ground, 7 m x 2½ m, which included a brick shed. The shed contained the heat 
pump circuit apart from the evaporator and the bulk of the instrumentation. 

Figure 3 shows diagrammatically the equipment used. Briefly, there was provision 
for measuring the flow rate of the refrigerant (RI2 in all the experiments), 
temperature and pressure monitoring of the significant refrigerant conditions 
around the circuit, thermocouple probes (Fig. 4) designed to yield soil temperatures 
at various depths and distances from the evaporator coil and measurement of the 
consumption of electrica! energy used by the compressor motor and condenser fan 
motor. A multi-channel temperature recorder which automatically recorded 
thermocouple readings at pre-set intervals was also used. 

The data available from a test enabled the actual coefficient of performance to be 
calculated and the actual refrigerant pressure--enthalpy diagram and isothermal 
lines in the soil to be plotted. Enough information was collected to yield any time 
dependent characteristics of the heat pump performance. 

HORIZONTAL GROUND COIL EVAPORATOR 

Conventionally, the ground coil has consisted of a horizontal coil laid in trenches at 
a depth of between 1 and 2 m. In order to compare with previously published results 
from different areas, a horizontal ground coil designed for direct expansion of the 
refrigerant was laid as shown in Fig. 5 and an extensive investigation was carried Out. 
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The heat pump characteristics particularly looked at were: 

(1) Actual Coefficient of Performance, i.e. (Heat output/Electrical input). 
(2) Actual heat Absorption per unit length of evaporator pipe. 
(3) Directions of heat flow through the soil to the evaporator. 
(4) Transient effects, including: (a) length of time to reach equilibrium 

conditions in the soil around the ground coil and (b) rate of recovery of the 
soil to normal temperatures when the heat pump stopped. 

Figure 6 shows a typical pressure-enthalpy chart of the heat pump cycle, plotted 
from readings taken during these tests. 

Heat extraction rate for the ground coil varied from 518 to 469 W during the tests. 
An average figure per unit length of pipe would therefore be 30 W/m which compares 
reasonably well with the result of 32-8 W/m found by Griffiths. 1° 

A typical calculation for the actual COP is given below: 

Measured power to compressor/condensing unit = 368 W. 
Rate of energy absorption into evaporator coil = 506 W. 
Actual energy output = 368 + 506 = 874 W. 
Therefore: Overall actual COP - ~ 2-38. 

- -  3 6 8  = 

The above value for COP is representative of values calculated in these tests and 
must be regarded as low. 

9.62 

pressure 
bar 

2 "38 

additional 
sub - coolin g'--" 

" r f j f  temperature at po~ts 

/ I  1 = 2 8 6  K 
• , ~ b j  2 - 294 K 
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I 
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2G1 267 295 302 
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Fig. 6. Pressure enthalpy diagram for heat pump rig. 3 November, 1975. 



DEEP GROUND COIL EVAPORATORS FOR HEAT PUMPS 301 

However, the equipment was on a scale much smaller than for any domestic space 
heating application (output < 1 kW) and there is a scale effect on compressor/motor 
performance which is quite significant. As the compressor/motor size increases, so 
its performance improves. This point is confirmed in the later tests described using a 
vertical tube type of ground coil. 

The results of the soil temperature measurements in the vicinity of the ground coil 
yield a pattern of isothermal lines, a typical example being shown in Fig. 7. The heat 
flow lines are initially radial lines equally spaced around the pipe circumference. The 
distance between the lines represents the amount of heat being transferred and the 
heat flow lines cut the isothermal lines normally. The main flow of heat to the coil is 
from below and either side with a bias away from the centre line between the two 
pipes, indicating the interaction of the pipes. 

Variations in soil temperature--and hence energy uptake and COP--will 
obviously occur as a function of heat pump operating time. Figure 8 shows how soil 
temperature varied at several soil positions of interest as the operating time elapsed. 
It can be seen that soil temperatures are changing rapidly for the first two or three 
days of operation; with a more gradual transition after that until about fourteen 
days, after which relatively steady-state heat conduction is occurring. 

An attempt was made to use the theory presented by Ingersoll e t  a l .  ~ ~ in order to 

s~c 

ground level 

1 1  I ! t ! I diilYvo'relmPt,eor'ture 

Fig. 7. Isothermal lines and heat flow paths for pipes on 10 March, 1976. 



302 

12 

J. R. GOULBURN,  J. FEARON 

IC 

evap'r, tube 

o 

2 
2 
& 
E 

2 t \ 
- I .  L ~ I 

Fig. 5 

m horiz ,  f rom t u b e  

o n z .  from tube 

POs'n. 

• o - - "  ~ m m ,  horiz, from tube  . ~. . . . .  

6 8 12 14 16 18 20 
Days of operation 

Fig. 8. 

A1 

predict evaporator performance both in the equilibrium condition which occurs 
after a considerable heat extraction time and in the transient situation during which 
soil temperatures are changing quite rapidly. 

Sweeping assumptions are necessary for this analysis, namely that: 

(a) the thermal conductivity of the soil is constant (this disregards moisture 
migration effects) 

(b) no phase changes occur during heat extraction (which disregards ice 
formation) 

(c) the evaporator consists of a line of point sources extending to infinity 
(d) the evaporator is buried in an infinite medium 

The analysis is rather complex and so is not included here. A typical comparison 
between measured and calculated soil temperature is shown in Fig. 9. The results are 
disappointing and until an improved mathematical model is available calculations 
of this sort appear to have little value. 

Figure 10 shows the soil temperature recovery graph near to the evaporator tube 
from the moment when heat extraction ceased. There is an obvious constant 
temperature heat transfer process occurring at 2°C which is difficult to explain 
precisely and which is almost certainly due to phase change of the ice in the soil. 
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An important factor for a ground coil is the ground surface area required. 
Consider a heat pump for a domestic space heating load of 9 kW. Assuming a COP 
of 3, the energy absorbed in the evaporator is 6 kW. With an energy absorption rate 
of 30 W/m, a total length of tube of 6000 -3-6- = 200 .~ is required. If a pitch of 1 m is 
assumed for the tubes, a ground surface area of 200 m 2 is needed--a  greater area 
than that normally available. 

VERTICAL GROUND COIL EVAPORATOR 

It is clear that the area of ground needed for a horizontal ground coil evaporator is 
larger than would be available for many houses. One method of overcoming this 
disadvantage is to penetrate more deeply beneath the surface, and hence be 
extracting heat from a greater immediate soil volume for the same surface area. 

A method of achieving this is to use a matrix of vertical holes in which are 
embedded vertical evaporator pipes. Figure 11 (a) and (b.) illustrates two possibilities 

l~'l ~ 127rnmhole i 

g r o u n d  leve l  

oo 

9 5  m m  I~ _ _  (~, 8") 

Fig. 1 l(a). U-tube vertical pipe. 



to s u c t ~  line 

Fig. ll(b). 
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125 mm outside 
d~o pipe 

Detail of vertical pipe for ground grid. 

which were the subject of  our investigation. From the figures it can be seen that both 
these arrangements penetrate to a depth of 8 m. 

In order to investigate their performance,  two 127 mm diameter holes were bored 
in the soil to a depth of  8 m, with the hole centres 0-9 m apart.  In each hole a U-tube 
and a coaxial pipe arrangement  were placed, yoked together as shown in Fig. 12 
which also details the positioning of  the temperature probes. As before, direct 
expansion of  the refrigerant occurs in the ground coil. 

U-tube investigation 
As can be seen in Fig. 13, isolating valves were provided such that either one or 

both U-tubes can be in the heat pump circuit. Thus it was possible to measure the 
performance of  a single U-tube and then observe the extent of  interaction when both 
U-tubes were in the circuit. In an at tempt to balance the two systems, two 
compressors were used- - fo r  the single U-tube, the hermetic compressor used in the 
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//t"/.All 
~s. 1-4) 

, 

~thermocouple point No. 5 
{in silicohe rubber capsule 
as detailed in Fig. 4 ) 

Fig. 12. 

1 

horizontal ground coil experiments, and for two U-tubes (in parallel), a semi- 
hermetic compressor with a larger capacity. 

The sequence and type of tests carried out were as follows: 

(a) Both U-tubes in the circuit, continuous running for 7 days. 
(b) Both U-tubes in the circuit, cyclic (on/off) operation on a basis of 15 h on, 9 h 

off, for 7 days. 
(c) One U-tube, continuous operation for 3 days. 

Results 
(a) The performance measured during the seven-day continuous run, with both U- 

tubes in the circuit and operating in parallel, is summarised in Table 2. There was 
some fluctuation during the run but no severe variations. 

Soil temperatures at the various stations (detailed in Fig. 12) are shown in Fig. 14 
including the temperature variations during the recovery time after shutting down 
the heat pump. The time for complete temperature recovery of point 5 is about one- 
third of the operating time. 
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Fig. 13. Two U-pipes. 

Constant temperature heat transfer is clearly evident when, for example, point 5 
reaches 2°C and remains at that temperature for nearly 40 h. Presumably ice 
formation very near to the surface of the pipe is occurring during this time. As would 
be expected, point 2, which is further from the pipe, stabilises at about 3.5 °C during 
the same period. The moisture migration phenomenon ensures that the soil directly 
adjacent to the pipe will contain a heavy concentration of moisture. 

T A B L E 2  

Reading Actual Extract rate 
No. COP 

Two U-tubes (k W) W/m oJ tube W/m of hole 

1 3-0 0.82 25.63 51.26 
2 2.82 0'76 23.80 47.60 
3 2.75 0.672 22.40 44-80 
4 2.75 0.70 21.90 43.80 
5 2.43 0.594 18'56 37.12 
6 2.49 0'65 20.31 40.62 
7 2.87 0.691 21'56 43.12 
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(b) The heat pump with both U-tubes in the circuit was controlled by a time switch 
to follow a cycle of 15 h on, 9 h off, for ,seven days. Soil temperatures were 
automatically recorded every ninety minutes. 

Figure 15 summarises the results of this test, showing the way in which the extract 
rate, evaporator temperature and soil temperature at point 5 varied during the 
seven-day period. Figure 6 shows the cycle of soil temperatures during day 1 (Fig. 
16(a)) compared with that for day 6 (Fig. 16(b)). 

As expected, there was a gradual decline in extract rate and soil temperature 
recovery was slightly less complete as the time elapsed. At the end of seven days point 
5 had been reduced by 2.5 °C relative to the initial soil temperature. 

(c) For this test, one of the U-tubes was isolated from the heat pump circuit and 
the other acted as the evaporator. To achieve a system balance similar to that 
obtained with the two U-tubes, a smaller compressor was used. This rig was run 
continuously for 3 days, the test being intended to indicate the performance of an 
isolated U-tube which could then be compared with that of two U-tubes which are 
obviously interacting with each other. 

Great significance cannot be placed upon the results given in Table 3 due to the 
low evaporator temperature compared with the two U-tube case. It was 
unfortunately not possible with the equipment available to improve this balance. 

TABLE 3 

Reading Extract rate 
No. One U-tube (14") W/m of tube 

1 451 30 
2 420 28 
3 420 28 
4 418 27.8 
5 420 28 
6 422 28.1 
7 428 28"5 
8 425 28"3 

Co-axial pipes arrangement 
This arrangement (see Fig. 11) was tested continuously for 30 h with both sets of 

pipes in the circuit in the same manner as before. The rate of heat extraction 
fluctuated during the tests between 560 and 520 W, which is lower than that achieved 
with the U-tube arrangement. 

Estimate of area required by vertical evaporators 
As for the horizontal coil, consider a heat pump output of 9 kW. Assuming a COP 

of 3, the energy absorbed in the evaporator will be 6 kW. A reasonable assumption, 
based on the U-tube results, is an extraction rate of 0.4 kW per hole. Thus, the total 
number of holes required = 6/0.4 = 15. If each hole is in a square of ground area 
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0.9 m x 0.9 m, this gives an area of 0.81 m2/hole and the surface area for 15 holes is 
12.15 m 2. This is clearly much more attractive than the 200 m 2 required with the 
horizontal ground coil for the same extract rate. 

SOME PRACTICAL POINTS 

Extract rate and coefficient of performance values interact with each other as a result 
of their dependence on evaporator and soil temperatures. For example, extract rate 
can be increased by dropping the evaporator temperature but this will then reduce 
the COP. 

Extract rate is a function of the temperature gradient in the soil adjacent to the 
pipe and this gradient will tend to decrease with time as the soil temperatures drop 
due to heat extraction. If a constant extract rate is desired, the evaporator 
temperature must decrease at the same rate as the surrounding soil temperature. 

The fixing of the tube diameter is influenced by three main considerations: 

(a) Flow velocities of the refrigerant in the evaporator tubes should be high 
enough to prevent oil, carried over from the compressor and soluble in the 
liquid refrigerant, forming a film on the walls of the evaporator. This will 
reduce the rate of heat transfer and could eventually stop the refrigerant 
flow. The oil comes out of solution when the refrigerant evaporates. 

(b) If flow velocities are too high, excessive pressure drops across the evaporator 
will result. 

(c) The ratio (refrigerant volume within tubes)/(evaporating surface), which 
increases with tube diameter, should not be too large or too small. If the 
ratio is too large, liquid refrigerant will be carried into the compressor; if it is 
too small, the refrigerant will have been completely evaporated well before 
the end of the evaporator. 

To meet the above requirements, it is found that refrigerant velocity should be 
inside a fairly wide band 12 of 4-10 m/sec, where the flow velocity is defined for the 
refrigerant in the vapour state entering the compressor. The velocity in the 
experiments described here was 5 m/sec. 

Energy absorption in the evaporator is caused almost entirely by the boiling of 
liquid refrigerant. It is therefore desirable to have as large a proportion of liquid 
phase refrigerant as is practically possible leave the throttle valve and enter the 
evaporator. To this end an intercooler, detailed in Fig. 17, is introduced. Liquid 
refrigerant leaving the condenser is cooled by the low temperature vapour leaving 
the evaporator. This vapour will then be slightly superheated, which is desirable 
before entering the compressor inlet. 

By using a hermetic compressor, the incoming vapour from the evaporator also 
cools both the electric motor and the compressor cylinder by having to pass over 
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Fig. 17. Construct ion of  a suction-liquid heat interchanger. 

them before entering the compressor cylinder. In the case of a semi-hermetic 
compressor only the compressor cylinder is cooled by the vapour. The heat 
transferred has the effect of further superheating the vapour. 

There are two important phenomena regarding the soil conditions which have a 
very significant influence on heat conduction to the evaporator. Moisture migration 
is the movement of moisture in the soil towards low temperature regions. Thus, the 
evaporator tube outside surfaces attract moisture which tends to increase the 
thermal conductivity of the soil. Figure 18 shows moisture content measured at 
various distances from the evaporator. Ice formation near the tube surface provides, 
during its occurrence, heat transfer without soil temperature changing as the heat of 
fusion is released. 
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Fig. 18. 

distonce from pipe m 

Moisture content  versus distance from pipe. 

Sinking the various types of evaporator described here involves two very different 
techniques. For the horizontal type, trenches were dug by hand which involved a lot 
of disturbance to the surface. For the vertical types, vertical holes were bored, once 
again by hand, with an auger designed for the purpose. The boring process involved 
less work and much less disturbance of the surface. 

Further details of the practical heat pump circuits described in this paper are given 
by Fearon. 13 
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CONCLUSIONS 

(1) The performance of a conventional horizontal ground coil was confirmed as 
being similar to those operated elsewhere ( - 30 W/m of tube). 

(2) The ground surface area for a useful energy output is very large (150-200 m 2 
for 9 kW output). In many instances this area would not be available for an average 
dwelling, when a horizontal ground coil is used. 

(3) The problem of excessive ground surface area can be largely overcome by 
using vertical ground coils of the type described in this paper. 

(4) Of the two vertical configurations tested, the U-tube type gave the best 
performance (40-50 W/m of hole). 

(5) Sinking the vertical ground coils is a simpler operation than that for the 
horizontal type. 

ACKNOWLEDGEMENTS 

The authors are grateful to Professor B. Crossland, Queen's University, Belfast, for 
his encouragement and practical help, and to Modern Refrigeration Ltd, Belfast, for 
their generous assistance with equipment. 

REFERENCES 

1. Encyclopaedia Britannica. Vol. 20, p. 854. 
2. J.D. FoRB~,Accountofsomeexperimentsonthetemperatureoftheearthatdifferentdepths, andin 

different soils, near Edinburgh, Transactions of the Royal Society of Edinburgh, XVI (Part I1) (1849), 
p. 89. 

3. W. THOMSON, On the economy of heating or cooling of buildings by means of currents of air, 
Glasgow Phil. Soc, Proc. Ill  (December, 1852), p. 519. 

4. W. KRUMME, Air-to-water heat pump in the single family home, Elektrowarme International 
(Germany) (January, 1974). 

5. M. KOMEDERA, Heat from ground utilised by heat pump, The Heating and Ventilating Engineer and 
Journal of Air Conditioning (August, 1957). 

6. P. E. MONT^GNON and A. L. RUCKLEY, The Festival Hall heat pump, Journal of the Institution of 
Fuel (April, 1954). 

7. C. B. CRAWEORD and R. T. TEGGET, Ground temperature investigations in Canada. The Engineering 
Journal (March, 1957). 

8. T.S. LOVERING and H. D. GOODE, Measuring geothermal gradients in drill holes less than 60 ft deep, 
East Tintic District, Utah, Geological Survey Bulletin 1172, US Department of the Interior, 1963. 

9. P. J. SMITH, Topics in geophysics, The Open University Press, 1973, p. 105. 
10. M. V. GRIrrITHS, Some aspects of heat pump operation in Great Britain, Proc. I.E.E., 104(Pt. 

A) (15) (1957). 
11. L.R. INGERSOLL, O. J. ZOBEL and A. C. INGERSOLL, Heat conduction with engineering, geologicaland 

other applications, Thames and Hudson, London, 1955. 
12. R. C. G. GUNTHER, Refrigeration, air conditioning and cold storage, Bailey Bros. and Swinfen Ltd, 

1973. 
13. J. FEARON, Heat pump characteristics using ground coil for energy absorption. M.Sc. Thesis, 

Queen's University, Belfast, 1976. 


