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ANALYSIS OF THE POSSIBILITY OF  
AN INCORRECT SHIFT OF  
THE MECHANICAL INDEX OF  
A DIAPHRAGM GAS METER WORKING 
UNDER VIBRATION

Abstract: The article discusses the operation of bellows gas meters, commonly used to measure ho-
usehold gas consumption. It was noted that their testing and certification scope covers laboratory 
conditions, including work in vibration-free conditions, while vibrations occur in actual situations. 
It should be noted that the presented analysis is part of analyzing illegal gas consumption – UAG 
(unaccounted for gas), which is the subject of scientific research both in Poland and globally. The 
Oil and Gas Institute itself states [1] that it has received approximately 1,400 expert opinions, in 
which the gas meter user indicated that the counter had been skipped, while laboratory tests of the 
gas meter did not confirm any irregularities. The author, therefore, addresses the topic by asking 
whether the design of bellows gas meters with a mechanical counter may contain a design defect that 
may cause the counter to skip and then “disappear”. As part of the research, an analysis was made of 
whether vibrations had any impact on the operation of the gas meter, and after confirming the impli-
cations, the counter was dismantled, and an attempt was made to determine the causes of the impact 
of vibrations. Finally, it was indicated what values of forces and acceleration are sufficient to cause 
measurement errors, and it was recommended that the construction of the counter be modified to 
prevent this phenomenon from occurring. The conclusions show that if the gas meter is used outside 
the scope of its certification, the counter may jump. Still, this jump will not leave any mechanical 
traces, and the gas meter may ultimately function appropriately after the vibrations stop.

Keywords: diaphragm gas meter, mechanical index, incorrect shift of gas meter index, illegal gas 
consumption, gas theft, unaccounted-gas lost, expertise
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1. Introduction

In the gas distribution system, both in Poland and 
worldwide, bellows gas meters with a mechanical coun-
ter are most commonly used, especially for individual 
customers. A few years ago, there were about 8 million 
such gas meters in Poland [2–7]. One of the impor-
tant aspects of using gas meters are errors reported by 
their users (“meter jumps”), which, although theoret-
ically possible, could not be demonstrated in previous 
research studies either under what conditions they 
occurred or confirmed that they occurred at all [1]. In 
particular, the 2022 publication indicates a very labori-
ous analysis performed by the authors, who examined 
a number of gas meters simulating approx. 10 years of 
gas consumption and did not notice the possibility of 
a jump, even despite hitting the meter with a force of up 
to 0.62 N [1].

The PN-EN 1359:2017 [8] standard for gas meters 
indicates that they are adapted to work in situations 
where vibrations and shocks are of little significance. 
However, to the best of the author's knowledge, no work 
has been carried out to answer the question of what 
vibrations of little significance mean.

In practical situations, gas installation pipes run 
under streets, which are often corrugated or have gaps in 
the roadway, and each passage of a heavy vehicle can cause 
vibrations that will be transferred to the meter through 
the gas installation pipes. Moreover, it happens that earth-
works are carried out near the gas meter, including work 
using vibrating road rollers. Such rollers generate vibra-
tions with a  frequency of up to 50 Hz (3,000 cycles per 
minute) with an excitation of 2 mm, which means a direct 
interaction with an acceleration exceeding 24 times the 
value of the acceleration of gravity (g).

	 a = –A ω2 sin(ω t)	 (1)

Substituting the parameters of the vibrating roller:

	 ω = 55 Hz · 2 · 3.14 = 345.4 rad/s	 (2)

	 amax = 0.002 m · (345.4 rad/s)2 = 
	 = 238.6 m/s2 = 24.3 g	 (3)

Of course, the same acceleration will not be 
transferred to the gas meter in every case because it 
depends on the gas installation layout. However, in 
old buildings where gas meters are located in houses 
and not connections directly at the installation, vibra-
tions may even be intensified due to the long arm of 
the force. The question therefore arises as to what type 
and what strength of vibrations go beyond vibrations 
of minor significance, and what elements of the gas 
meter or counter construction are susceptible to them.

2. First experiments

Building a device that would allow for obtaining tar-
get vibrations turned out to be a  complex issue. The 
author planned the following arrangement of two gas 
meters, connected to an air flow source and a vibra-
tion source (Fig. 1).

Fig. 1. Measurement schema

The compressed air was to flow first through gas 
meter A, subjected to vibrations, and then be pumped 
directly from it to gas meter B – identical and oper-
ating under normal conditions. In this way, the risk 
of leakage in the measuring system was eliminated 
(if it occurred, significantly lower readings would be 
obtained on gas meter A than on B with the vibration 
generator switched off) and the system was theoret-
ically ensured to operate synchronously. Since the 
scope of the study was limited, it was assumed that 
any difference in the operation of both systems was 
to be measured in the absence of vibrations, and then 
it was expected that this difference would be constant 
despite the activation of the vibration generator. Ulti-
mately, it would be necessary to consider carrying 
out these studies with a larger number of meters and 
a stable source of pumping air, however, the aim of the 
experiment was only to determine whether vibrations 
affect the operation of the gas meter or not, hence the 
precise effect of vibrations on the measurement value 
was not of fundamental importance.

Several vibration generating systems were assem-
bled – using an exercise mat type generator (generat-
ing vibrations in two planes with a frequency of up to 
50  Hz) and an electric saw (generating vibrations in 
one plane with a frequency of up to 50 Hz). It turned 
out that the strength of the test set itself was a rather 
complex issue, because at a given vibration frequency 
and mass inertia of the gas meter, very high stresses 
were obtained on the vibration transfer system. The 
physical implementation of the measuring system is 
shown in Figures 2 and 3, and the measurement results 
are in Table 1.
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Fig. 2. Physical implementation of the measurement system 
based on an exercise mat (2D vibration)

Fig. 3. Physical implementation of the measurement system 
based on an electric saw (1D vibration)

Table 1. Meter readings during measurements

Type of
vibrations Meas. A Measurements B Delta A Delta B Relative error [%] Error cum. [%]

No 
vibrations

0.195 0.231  – –   – –
2.165 2.248  1.970  2.017 102.39 103.83

2D 
vibrations

3.764 3.886  1.599  1.638 102.44 103.24

4.764 4.902  1.000  1.016 101.60 102.90

5.915 6.073  1.151  1.171 101.74 102.67

9.464 9.655  3.549  3.582 100.93 102.02

12.954 13.180  3.490  3.525 101.00 101.74

16.438 16.721  3.484  3.541 101.64 101.72

1D 
vibrations

17.371 17.671  0.933  0.950 101.82 101.73

19.047 19.380  1.676  1.709 101.97 101.75

21.027 21.394  1.980  2.014 101.72 101.75

21.577 21.981  0.550  0.587 106.73 101.87

22.429 22.855  0.852  0.874 102.58 101.90

22.538 22.965  0.109  0.110 100.92 101.89

23.678 24.129  1.140  1.164 102.11 101.90

24.675 25.142  0.997  1.013 101.60 101.89

25.995 26.476  1.320  1.334 101.06 101.85

The measurement results indicate that meter B meas-
ured 2.39% more gas volume than meter A  in the test 
without vibrations – this is surprising in itself, because this 
meter was connected in serial connection after meter A, 
and therefore it was to be expected that the measurement 
on this meter would be rather smaller (due to possible 
leaks). This may indicate a difference between the meters 
themselves, which, although purchased from the manufac-
turer’s distribution network, were nevertheless delivered 
in a way that did not protect them from vibrations during 
transport. However, since the measurement difference in 
this direction could not have resulted from a leak in the 
system, it was decided to continue the study (Fig. 3, 4).

Subsequent measurements indicated a  fluctuat-
ing value of the relative error from 0.92% to 2.44% of 

the measured volume, while one of the measurements 
indicated an error of 6.73%. The measurements do not 
indicate what the relationship was between specific 
vibrations and a specific error value, but it was certainly 
possible to demonstrate that vibrations of the order of 
50 Hz disturb the operation of the meter.

Interestingly, the phenomenon of waving the digits 
of the abacus was observed – during single-plane hori-
zontal vibrations from the direction shown in Figure 4 
and when the vibrations were transferred in such a way 
that the abacus was subject to vibrations, the drums of 
the abacus moved up and down by about 3 mm on their 
own – this did not cause the drums to jump, but indicat-
ed that the jump would have occurred if the drum had 
not been stopped by the decade flip-flop.
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Fig. 4. Direction of vibrations at which the “waving” 
phenomenon of the counter drums was observed

The results of the above experiments and meas-
urements are of course not definitive, therefore it was 
decided to conduct further analyses after dismantling 
the counter.

3. Dismantling the counter

The dismantling of the abacus was done in a non-stand-
ard way – it was decided to cut out the abacus glass and 
cut the fasteners using an angle grinder to ensure that the 
abacus could be removed without any shifting that could 
change its condition during dismantling (Fig. 5).

Immediately after cutting off the abacus, the phe-
nomenon that we tried to demonstrate was observed, 
namely – almost all of the abacus drums could be 

turned freely. The protection in the form of decade 
flip-flops did not hinder this rotation in any way. After 
a  preliminary analysis of the phenomenon, it was 
recorded on film.

It was therefore necessary to explain the cause of 
this phenomenon – as a reminder, it should be added 
that the counter was working properly just before dis-
mantling (apart from a  momentary deviation during 
one measurement), but after dismantling the counter, 
it turned out that the protections for the free rotation of 
the drums did not work.

After analyzing the condition of the counter, the 
pin on which the counter drums are mounted was 
observed to have been pushed out.

Fig. 6. Extension of the pin on which the counter drums  
are mounted

  

  

Fig. 5. Selected frames of a film showing the free rotation of the abacus drums

0:04 0:08

0:09 0:11
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The pin in this position prevented the drums from 
adhering to the decade flip-flops and allowed them to 
rotate freely. It should be added that the greatest impact 
of the extension has on the drums located on the oppo-
site side of the counter (the liter digit), while in relation 
to the drum located at the very extension, the distance 
from the decade flip-flop is too small to be able to rotate 
freely. In other words, all drums are subject to free rota-
tion, up to and including the hundreds-cubic-meter dig-
it, while the thousands-cubic-meter digit already shows 
elements of resistance, while the tens of thousands-cubic- 
meter digits cannot be rotated freely (Fig. 6).

After setting the pin in its correct position, the 
counter continued to work correctly, but there were no 
traces of mechanical skipping anywhere on it, because 
it took place on the principle of the free rotation of the 
drums. What is also important – all the movable drums 
could be rotated freely forwards, while the drums on the 
far right (located farthest from the extension) could be 
rotated in both directions. This way, if the phenomenon 
occurred under actual operating conditions, it would be 
more likely to result in an overestimated reading.

4. The jump of the abacus

Taking into account the influence of the extended pin 
of the counter drums on the correctness of the work, 
it was decided to investigate what force (acceleration) 
is sufficient to extend it. For this purpose, an Extech 
VB300 vibrometer was used, which allows for measur-
ing acceleration in 3 planes (Fig. 7).

The cut off counter, with the pin inserted into the 
correct position, was placed on a  plane, and then the 
vibrometer was struck on the counter with a small force. 
As a result of the impact, the pin extended by 0.5 mm.

Fig. 7. Extension of the pin  
on which the counter drums are mounted

An acceleration of around 8 g may seem large, but 
it is an acceleration of impact. Comparable experiments 
were performed and a pen falling from a height of about 
60 cm caused an acceleration of around 6 g to be record-
ed. It should also be remembered that when a vibrating 
cylinder is working, at a frequency of 50 Hz and a forc-

ing of 2 mm, the acceleration is 24 g. The author there-
fore considers that an instantaneous acceleration at the 
moment of impact of around 8 g indicates a rather small 
force of impact (Fig. 8).

Fig. 8. Acceleration value at the moment of impact –  
readings every 50 ms

Using Newton's second law of dynamics and 
assuming that the drum pin weighs 2 g, an acceleration 
of 8 g is obtained with a force of F = 0.14 N. This force 
is sufficient to extend the pin by about 0.5 mm. This is 
a surprisingly small value – it is a force comparable to 
the force of gravity acting on an AAA battery.

Further experiments have shown that when the 
pin is extended by 2 mm (i.e. after four similar strikes), 
the first drums are moved away from the decade flip-
flops, which can also be manifested by the lack of con-
tact between the drum teeth and the gear wheel driving 
the counter (Fig. 9).

Fig. 9. Deflection of the drums after extending the pin  
by 2 mm
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When the pin is fully extended (above 5 mm) all 
the drums can be turned freely (apart from the ones 
closest to the point of extension, which was discussed 
earlier). Of course, once the pin is pushed back into 
place, the counter works properly again and there is no 
trace of the skip on the drums.

5. Spreading the drums

The above analyses, although indicating that the meter 
is not adapted to work in vibration conditions, do not 
indicate the possibility of overestimating the gas read-
ing, but rather underestimating it. Is there therefore 
a mechanical possibility of overestimating the reading?

Further analyses were carried out and it was deter-
mined that the nominal distance between the drums 
is 2 mm, the width of the tooth in the drum is about 
1.3   mm, and the decade flip-flops have alternating 
teeth of 3 mm and 4 mm width. The principle of opera-
tion is such that the wider tooth of the decade flip-flop 
comes into contact with the protruding tooth of the 
lower digit, which rotates it by the distance of the larg-
er and smaller tooth, which in turn causes the “older” 
drum  to move by two teeth, i.e. exactly the distance 
needed to move by one digit (Fig. 10–14).

However, the drums have some freedom to devi-
ate from the plane of rotation (due to the clearances 
between the pin constituting the axis of rotation and the 
inner diameter of the drum). In the tested abacus, a dis-
tance of 3 mm (1 mm more than the nominal distance) 
can be obtained without using any significant force.

It should be noted that in the case of this new dis-
tance increased by the depth of the tooth in the drum 
(1.3  mm) gives a  total of 4.3 mm, which is enough 
space for the larger tooth of the decade flip-flop to fall 
into this space and then move the drum regardless of 
the fact that the number 9 has not yet appeared on the 
“younger” drum. Interestingly, this phenomenon can 
only occur for drums whose “younger” drum is set to 
at least the number 1 (it will not occur on drums whose 
“younger” drum is set to the number 0, due to the posi-
tion of the protruding tooth of this “younger” drum).

Fig. 10. Possible opening of the drums is 3 mm

Fig. 11. The distance from the drum to the tooth cavity  
(4.30 mm)

Fig. 12. The width of the wider tooth of the decade flip-flop 
(4 mm)

Fig. 13. The position of the teeth initiating the shifting of the 
“older” drum for drums indicating the number 0

Fig. 14. Indication of the abacus at the beginning of the test
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Fig. 15. Correct arrangement of the teeth of  
the decade flip-flops on the drums

Fig. 16. Possibility of the slip-up of the wider tooth of  
the decade flip-flop into the space between the drums

Fig. 17. Wider tooth of the decade flip-flop  
inserted between drums during rotation

Fig. 18. New position of the drums and no signs of skipping

Fig. 19. New indication of the abacus

It is obvious that the probability of the drums 
spontaneously moving apart and the wider tooth of 
the decade flip-flop falling between these drums is 
negligible. However, taking into account the long time 
horizon (vibrations lasting for weeks), this probability 
increases. Importantly, it was possible to demonstrate 
that the abacus jump is possible. Due to the manufac-
turer’s designed drum clearances and the dimensions 
of the teeth, at the moment of the drums moving apart 
there is still 0.3 mm of reserve, and therefore the tooth 
of the decade flip-flop can fit in the space between the 
drums and move the “older” drum without using addi-
tional force. Importantly, the abacus jump does not 
leave any mechanical traces on the drums and decade 
flip-flops (Fig. 15–19).

It should be added that after the experiment was 
completed, the abacus was also dismantled in the second 
counter – the one that was not subjected to vibrations. 
It turned out that in this counter, moving the spindle on 
which the counter drums are mounted is much more dif-
ficult (no precise measurements were made), from which 
the conclusion is that long-term vibrations can not only be 
the cause of the spindle displacement itself, but also cause 
an increase in the clearance between the spindle and the 
drums, which facilitates any potential displacement. 

6. Conclusions

Finally, it was decided to use the conclusions from the 
analyses from the previous points on the second, undis-
sembled gas meter. It was connected to a  system that 
pumped 0.240 m3 of air through it in 30 seconds, and 
then the gas meter was hit several times with a ham-
mer (through pliers, so as not to damage the casing) 
on the side of the counter from the side of the driving 
digits. The blows were quite strong – as earlier experi-
ments showed, the extension of the pin occurred at an 
acceleration of around 8 g. With a mass of the gas meter 



12

Radosław Hofman

Journal of Geotechnology and Energy

with a connected cable of around 5 kg, an acceleration 
of 8 g can be obtained by applying a force of 400 N (cor-
responding to the force of gravity acting on a  weight 
of 40  kg). The force of the impact was much smaller, 
although its value was not determined, however, it did 
not have a  significant event, because the purpose of 
the impacts was to reproduce the effect that vibrations 
acting for many hours can have on the gas meter, for 
which, as already mentioned, accelerations of up to 24 g 
can be expected. It can be assumed that achieving the 
intended effect rather indicates that in practice much 
less acceleration than 8 g is needed to extend the stem.

Fig. 20. A hammer blow simulating hours of vibration

As a  result of the impact, the pin on which the 
drums are mounted moved completely. It is to be 
expected that many hours of vibrations cause the pin 
to gradually extend, so there are many intermediate 
states between the correct state and complete exten-
sion, but the aim of this final demonstration was to 
determine how the gas meter will behave after the pin 
is moved.

It turned out that the impact caused the entire pin 
with the drums to fall into the counter, and it was set 
in the correct position using a  magnet to reproduce 
the state that would occur when the pin was gradually 
extended.

In the event of the effects of gas meter vibrations, 
the phenomenon of the entire pin retracting will most 
likely not occur, because the vibrations will gradual-
ly extend the pin until it is completely loose, but will 
still be in a position close to the initial one. As previ-
ous analyses have shown, extending the pin by about 
2 mm is enough to start observing non-deterministic 
operation of the meter. What's more, since vibrations 
are usually oscillatory, the extended pin may reduce its 
extension as a result of further vibrations (Fig. 20).

A  film was then recorded to show how the gas 
meter works. The film shows that the drums move 

almost simultaneously, so the counter jumps. This gas 
meter was not disassembled to leave it in a faulty state, 
despite having the original seals, but taking into account 
the description of the causes of the phenomenon in the 
previous chapters, it should be expected that there are 
no traces of jumps on the drums and decade flip-flops 
because they work in conditions of no pressure between 
these elements (Fig. 21).

Fig. 21. Selected frames showing the counter jumping 
 in a sealed gas meter

The final conclusion is as follows: a  jump of the 
counter of a bellows gas meter with a mechanical counter 
is possible when used in conditions of intense vibration.

Moreover, even if the gas meter were equipped 
with an electronic pulse counter, it would still have an 
incorrect reading, with the mechanical counter indi-
cating an overstated value and the electronic counter 
indicating an understated value, due to the discon-
nection of the drive drum from the gear rotating the 
counter (pulses are counted based on the revolutions 
of the first drum).

It should also be added that manufacturers of 
meters can protect them from the effects described in 
this article. Firstly, by installing an element that pre-
vents the shaft on which the drums are located from 
moving. Such an element can be installed after the 
counter is mounted (with a latch), or by extending the 

0:06

0:07

0:08
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elements securing the counter glass. Secondly, it is nec-
essary to ensure that the drums are spread apart, even 
with the use of a small force, less than the wider tooth of 
the decade flip-flop. This can be achieved by mounting 
the drums on rolling bearings, for example (the current 
mounting method resembles a  sliding bearing, hence 
the need to provide clearances). And thirdly – after 
making these modifications, full certification tests must 
be carried out to allow the meters to operate in vibra-
tion conditions.

Without the above modifications, readings of gas 
meters taken in operating conditions that exceed the 
scope of their certification described in the PN-EN 
1359:2017 standard mean that these readings may be 
unreliable.

Funding: This research received no external funding.
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1. Introduction

Nowadays, there is growing interest in energy from 
renewable sources due to an increase in public aware-
ness of environmental issues or ensuring energy neu-
trality. More recently, the construction industry has 
been following the idea of creating buildings that con-
sume less energy. Regardless of this, its sources are also 
changing. This can be achieved using, for example, 
thermal energy from the Earth’s interior. This can be 
exemplified by deep borehole heat exchangers, which 
can operate independently, or shallow heat exchangers 
cooperating with geothermal heat pumps.

The aim of this paper is to design a deep borehole 
heat exchanger at the AGH University Student Campus 
in Krakow and to adapt the parameters of the opera-
tion of the system with a geothermal heat pump to the 
required average power needed to meet the energy 
demand for central heating and domestic hot water of 
selected dormitories.

The introduction introduces the concept of geo-
thermal energy, ways of utilizing and accessing thermal 
energy in the rock mass, explains the operational prin-
ciples of deep borehole heat exchangers and supplies 
some examples. The operational principles of geother-
mal heat pumps is also described. The research prob-
lem was then defined and the location of the proposed 
project was outlined along with the expected geological 
structure. In the next section, the design of a deep bore-
hole heat exchanger is presented.

Due to increasing energy consumption in the 
world, mankind is being forced to look for new, alterna-
tive sources and ways of obtaining it. The reason for this 
is the depletion of classical energy resources and their 
negative impact on the environment [1].  

1.1. The concept of the deep borehole 
heat exchanger

There is currently considerable interest in borehole heat 
exchangers around the world. The vast majority of these 
are shallow boreholes with depths of tens to hundreds 
of meters. The use of deep boreholes (e.g. with depths 
of 2,000 to 4,000 m) for the installation of deep bore-
hole heat exchangers makes it possible to obtain higher 
working fluid temperatures and also more energy [2]. 
In contrast to shallow installations, a  deep borehole 
heat exchanger is only able to convert energy for heat-
ing purposes. Due to the high rock temperatures in the 
rock mass, it is not advisable to use such exchangers for 
cooling purposes. Given the high costs of drilling bore-
holes, existing boreholes that were drilled for other pur-
poses, such as negative exploration boreholes or deplet-
ed oil wells, are usually considered for investment [3].

1.2. Examples of deep borehole heat 
exchangers worldwide

To date, deep borehole heat exchangers have already 
been constructed at several sites. Some of these are 
operational, while others are only being used for 
research purposes.

Switzerland

In 1993, in Weissbad, Switzerland, a  borehole with 
a  depth of 1,213 m was deepened to 1,600 m, this 
was to test the permeability of the rock. At a depth of 
1,213.3 m, a cement plug was drilled into the borehole, 
then center pipes were installed to form a deep borehole 
heat exchanger (Fig. 1). When designing the exchang-
er, it was assumed that a temperature of approximately 
15°C would be achieved in a continuous mining process, 
however, the actual temperature was 1.8°C lower [4].

At Weggis, the operation of the deep borehole heat 
exchanger has been monitored since 1994. The first phase 
of operation lasted from 1994 to 1996 and the borehole 
was underused. This was evidenced by the high temper-
atures of the outflowing heat carrier. The system at Weg-
gis has proven to be reliable and robust, where it delivers 
thermal energy of 230 MWh per year. At present, with 
40 kW of geothermal power, the unit efficiency is less 
than 20 W·m–1·K–1. The potential of this heat exchanger 
is estimated at around 180 kW of thermal power pro-
duction [5]. The heating power is closely linked to the 
quality of the extracted heat energy. The lower the tem-
perature of the extracted heat, the higher the heating 
power of the exchanger can be.

Germany

In the German town of Prenzlau, one geothermal bore-
hole double was drilled in the early 1990s. Due to the 
poor permeability of the reservoir layer, no hot thermal 
water was extracted from it, but it was converted into 
a deep borehole heat exchanger with a depth of 2,786 
m. Since 1994, with intermittent reconstructions, it has 
operated year-round in the load range up to 600 kW 
(with the help of a heat pump) [6].

A  deep borehole heat exchanger with a  central 
design was constructed on the premises of the RWTH 
University in the city center of Aachen. The purpose of 
the project was to heat the university building and con-
duct research. The borehole seal was made of two differ-
ent cement grouts (Fig. 2). The lower part of the borehole 
was sealed with a grout with high thermal conductivity, 
while the upper part was sealed with a grout with low 
thermal conductivity. It was shown that with a heat carri-
er discharge temperature of 55°C, the heating capacity of 
the system would be approximately 100 kW [7].
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Fig. 1.  Construction of a deep borehole heat exchanger with a depth of 1213 m in Weissbad, depths are given on the right,  
casing diameters and wall thicknesses on the left, casing – black, seal – grey (converted on the basis of [4])

Fig. 2.  Aachen heat exchanger. The 2D cylindrical grid used (radius 99.5 m and depth 2,973.5 m)  
with a breakdown of the different material types in the heat exchanger: 

1 – high thermal conductivity cement, 2 – low thermal conductivity cement, 3 – ordinary cement, 4 – internal low thermal  
conductivity pipe, 5 – steel cladding pipes, 6 – water (heat carrier), 7 – surrounding rock (converted on the basis of [7])
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Hungary
As part of the WeHEAT project, MS Energy Solutions 
Ltd. implemented Hungary’s first deep borehole heat 
exchanger at a depth of 1800 m in the KIHA-EK-14 bore-
hole in Kiskunhalas. A geothermal gradient of 56°C/km 
was calculated from the original data at the drilling of the 
borehole. These data were used for the first simulations, 
which were later made more realistic by measurements 
during the pilot project. Different configurations of heat 
carrier influent temperature to the heat exchanger (20°C, 
25°C, 30°C) were tested and it was found that, with the 
designed borehole geometry and geological conditions, 
an influent temperature of 20°C was the most favorable. 
Simulations showed that the discharge water tempera-
ture varied between 40 and 50°C for all tested capacities. 
The measured and modelled temperature differences 
show a slight decreasing trend over time.

1.3. Geothermal heat pumps,  
principle of operation

A heat pump is a device that makes it possible to use 
distributed energy in the environment. This is only 
possible with the consumption of mechanical (drive) 
energy. The drive energy consumed by heat pumps has 
a higher energy utility compared to the thermal energy 
received in condensers [1]. Heat flow only occurs from 
a source that has a higher temperature to a source that 
has a  lower temperature. If one wishes to realize the 
flow in the reverse direction, according to the second 
law of thermodynamics, drive energy must be brought 
in from the environment [8] (Fig. 3).

A compressor heat pump works very similarly to 
a  refrigerator, which extracts heat from the products 
placed inside it and releases it outside (into the room). 
The unit consists of an evaporator, compressor, con-
denser and expansion valve (Fig. 4). The evaporator and 
condenser are heat exchangers [9]. In addition to this, 
the heat pump is equipped with various types of valves, 
an automation system or a working fluid reservoir.

The evaporator extracts heat from the so-called lower  
source, i.e. water, air, ground. Under the influence of the 
heat, the working medium is transformed from a  liq-
uid phase into a low-pressure, low-temperature gaseous 
phase. The compressor then compresses the vapor using 
drive energy to produce a high-temperature, high-pres-
sure gas. In the condenser, the process of heat transfer to 
the heating system takes place, condensing the hot steam 
(transformation into a hot liquid at high pressure). The 
last transformation is the passage of the working medi-
um through the expansion valve. This results in a cold 
liquid/steam mixture at low pressure.

In the heat pump circuit, the working medium is 
a fluid that receives heat from the lower source in the 
evaporator – at low pressure and temperature – and 
transfers (gives up) heat in the condenser at high tem-
perature and pressure [3].

There are heat pumps on the market that use driv-
ing energy in the form of electricity (compressor pumps 
with a compressor driven by an electric motor) or high- 
temperature thermal energy (absorption pumps with 
boilers, e.g. gas-fired). Any heat pump, regardless of 
design, is regarded as a device that, with the help of addi-
tional energy, increases the temperature of the working 
medium in order to make practical use of the heat [3].

Fig. 3. Principle of energy transport in a heat pump [8]:
Tk  – average flow temperature of the heat consumer, To – average temperature of the heat transfer medium in the evaporator,  
Q

.
k – heat flux (heating power) from the condenser to the consumer, Q

.
o – heat flux from the mountain to the evaporator  

(low-temperature heating power)

upper heat 
source, Tk

lower heat 
source, To

Driving energy

Q
.
o

Q
.
k
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Fig. 4. Schematic diagram of the working medium circuit in a compressor heat pump [3]:
Ts – condensation temperature, Tp – evaporation temperature, Qc – heat supplied from the condenser, Qo – heat supplied to the 
evaporator, L – electrical energy to drive the compressor, Tk = (T2g + T1g)/2, To = (T2d + T1d)/2, where T2g – return temperature from 
the consumer installation (the so-called upper source), T1g – supply temperature, T2d – flow temperature of the borehole exchanger 
(the so-called lower source), T1d – flow temperature of the borehole exchanger (the so-called lower source), T1d – flow temperature 
of the evaporator (the so-called lower source). upper source), T1g – supply temperature, T2d – supply temperature of the borehole 

exchanger (so-called lower source), T1d – outlet temperature from the exchanger

2. Definition of
the research problem

The concept involves the design of a 3,000 m deep ver-
tical borehole with the construction of a deep borehole 
heat exchanger. 

2.1. Location of the project

The site of the planned borehole for the deep borehole 
heat exchanger is located in Krakow, Malopolska voivod-
ship, in the area of the AGH University Campus, at Pias-
towska Street (Fig. 5). The plot of land on which the bore-
hole is planned has the number 261/1. It is located at an 
altitude of approx. 204 m above sea level (Fig. 5).

Fig. 5. Overview map No. 1 (topographic) 

Source: geoportal.gov.pl
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2.2. Geological structure

Krakow is located on the border of major structural units: 
Upper Silesian Zapadliska, Silesian-Krakow Monocline 
and Nida Basin, as well as the Carpathian Mountains, 
Pre-Carpathian Zapadliska and Carpathian Foredeep [10].

The Krakow region below ground level is built 
from Jurassic, Cretaceous, Miocene and Quaternary sed-
iments (Fig. 6). As regards the Jurassic, these are shoal 
or rocky limestones. In the case of the Cretaceous, the 

marls, locally occurring on Jurassic limestones, are of low 
thickness. The marly clays of the Skavian strata and the 
clays and siltstones of the Wieliczka strata are Miocene 
sediments which occur almost throughout the Krakow 
area. The Quaternary is developed as sands and gravels 
with silts, water-glacial sands and loess, which occur in 
the north-eastern part of Krakow. The thickness of these 
sediments is quite variable - in places it can be up to 30 
m [11]. The lithological profile with the boundary of the 
layers marked can be seen in Table 1 [12].

Fig. 6. Geological map of the Krakow area [13]

Table 1. Lithological profile of the analyzed borehole [12]

Layer, lithology Top [m under 
surface]

Bottom  
[m under surface]

Thickness 
[m]

Density  
[kg/m3]

Formation 
type

Siltstone, shale 0 172 172 1,590 plastic
Grey altered sandstones 172 327 155 2,580 resilient
Diabase 327 423 96 2,800 resilient
Grey fine-grained sandstones 423 498 75 2,660 filtration
Shale, siltstone 498 764 266 2,260 plastic
Fine-grained sandstones 764 929 165 2,660 filtration
Dark grey shales, dark grey siltstones 929 1,160 231 2,200 plastic
Grey and dark grey limestones 1,160 1,452 292 2,620 resilient
Dolomitic limestones, dolomites 30/70 1,452 1,684 232 2,510 resilient
Beige and grey-beige dolomites 1,684 1,888 204 2,410 resilient
Grey and dark grey limestones, dolomitic 
limestones 10/90

1,888 2,349 461 2,509 resilient

Beige and gray-beige dolomites 2,349 3,000 651 2,410 resilient
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3. Problem-solving 
methodology

The heat, from the deep borehole heat exchanger, will 
be used to cover the demand for central heating and 
domestic hot water. The sources must be designed as 
bivalent.

3.1. Design of the borehole casing

Borehole pressure and strength calculations were car-
ried out. The pressure distribution in relation to depth 
(gradients) was summarized in diagram form (Fig. 7). 
Table 2 summarizes the values of pressures in individ-
ual lithological layers. Table 2 summarizes the values 

of pressure gradients in the borehole for individual 
layers.

Strength calculations made it possible to design the 
pipe columns in the borehole and, more specifically, their 
permissible lengths. Based on the Hdi factor, which deter-
mines the tensile strength of the steel pipe, the lengths of 
the individual casing columns were selected:

	– pre-column – 0–60 m;
	– guidance column – 0–498 m;
	– technical column I – 348–1160 m:

•	 section I – 348–600 m,
•	 section II – 600–900 m,
•	 section III – 900–1160 m;

	– technical column I  – 1110–3000 m:
•	 section I – 1110–1750 m,
•	 section II – 1750–2350 m,
•	 section III – 2350–3000 m.

Fig. 7. Diagram of pressure gradients in a borehole
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Table 2. Borehole pressures for individual layers

Layer, lithology
Top 

[m under 
surface]

Bottom  
[m under 
surface]

Thickness 
[m] pzl [MPa] pg [MPa] psz [MPa] ph [MPa]

Siltstone, shale 0 172 172 1,746 2,682 2,682 2,446

Grey altered sandstones 172 327 155 3,613 3,922 5,607 4,413

Diabase 327 423 96 5,266 2,636 7,915 7,466

Grey fine-grained sandstones 423 498 75 6,175 1,956 8,686 8,375

Shale, siltstone 498 764 266 9,092 5,895 17,091 11,192

Fine-grained sandstones 764 929 165 11,241 3,657 15,995 13,341

Dark grey shales, dark grey 
siltstones 929 1,160 231 14,500 4,984 25,732 16,700

Grey and dark grey limestones 1,160 1,452 292 17,134 7,502 27,868 19,134

Dolomitic limestones, dolomites 
30/70 1,452 1,684 232 20,040 5,711 32,643 22,140

Beige and grey-beige dolomites 1,684 1,888 204 22,562 4,821 36,698 24,662

Grey and dark grey limestones, 
dolomitic limestones 10/90 1,888 2,349 461 28,118 11,343 46,112 30,218

Beige and gray-beige dolomites 2,349 3,000 651 35,940 15,386 58,977 38,040

Table 3. Values of borehole pressure gradients for individual layers

Layer, lithology Gzł [MPa] Gg [MPa] Gsz [MPa] Gh [MPa]

Siltstone, shale 0.01015 0.01559 0.01559 0.01422

Grey altered sandstones 0.01105 0.02019 0.01715 0.01350

Diabase 0.01245 0.02184 0.01871 0.01765

Grey fine-grained sandstones 0.01240 0.02248 0.01744 0.01682

Shale, siltstone 0.01190 0.02237 0.02237 0.01465

Fine-grained sandstones 0.01210 0.02233 0.01722 0.01436

Dark grey shales, dark grey siltstones 0.01250 0.02218 0.02218 0.01440

Grey and dark grey limestones 0.01180 0.02289 0.01919 0.01318

Dolomitic limestones, dolomites 30/70 0.01190 0.02313 0.01938 0.01315

Beige and grey-beige dolomites 0.01195 0.02318 0.01944 0.01306

Grey and dark grey limestones, dolomitic limestones 10/90 0.01197 0.02346 0.01963 0.01286

Beige and gray-beige dolomites 0.01198 0.02350 0.01966 0.12680

For reasons of strength as well as cost efficiency, the 
individual casing columns are designed as a telescopic 
assembly composed of sections with different diameters 
and wall thicknesses. This stepped layout tailors material 
grade and geometry to the expected loads and hydroge-
ological conditions at depth, while minimizing steel use 
and simplifying installation.

Table 4 shows the details of the casing used for the 
borehole casing project, together with the diameters of 
the augers drilling the sections.

Figure 8 shows a diagram of how the borehole is 
lined up with the internal exchanger pipe: VIT 4 ½″ 
× 3 ½″ pipe.
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Table 4. Data of casing and augers for drilling the given sections, one wall thickness is assumed for all sections of a given column

Casing pipe, OD
Steel grade ID [m] b [mm] ODC  [m]

Dbit

[in] [m] [in] [m]

185/8 0,4731 K55 0.4510 11.05 0.5080 24 0.6096

133/8 0,3397 J55 0.3153 12.19 0.3651 17½ 0.4445

Section I, 95/8 0,2445 K55 0.2224 11.05 0.2699 12¼ 0.3112

Section II, 95/8 0,2445 L80 0.2224 11.05 0.2699 12¼ 0.3112

Section III, 95/8 0,2445 N80 0.2224 11.05 0.2699 12¼ 0.3112

Section I, 7 0,1778 K55 0.1594 9.19 0.1945 8½ 0.2159

Section II, 7 0,1778 L80 0.1594 9.19 0.1945 8½ 0.2159

Section III, 7 0,1778 N90 0.1594 9.19 0.1945 8½ 0.2159

Explanations: ID – inner diameter of casing pipe, b – wall of thickness, ODC – outer diameter of the connector, Dbit – borehole 
diameter, OD – outer diameter of the casing pipe

 

Fig. 8. Schematic of a borehole casing with VIT pipes. The design of the borehole with “overlapping” (liner) pipes  
can be implemented as decided at the borehole design stage: a) full casing option; b) economy option

Depending on the temperature of the injection 
medium, the method of cementing the cladding pipe 
columns can vary. Thus:  

	– If the temperature of the heat carrier to be inject-
ed into the GOWC is below the mean atmos-
pheric air temperature, the entire borehole can 
be cemented with grout with increased thermal 
conductivity.

	– If the temperature of the brine to be injected into 
the GOWC is above the mean atmospheric air tem-
perature, the brine may additionally cool down dur-
ing the initial flow phase. Therefore, up to a certain 
depth, thermal insulation is recommended. This can 
be realised by means of cement grout with reduced 
thermal conductivity or “overlapping” cementing 
and filling the inter-pipe space with nitrogen.

a) b)
185/8″ 133/8″ 95/8″   7″ (VIT 41/2 × 31/2) 185/8″  133/8″   95/8″  7″   (VIT 41/2 × 31/2)



24

Remigiusz Kunasz, Tomasz Śliwa, Aneta Sapińska-Śliwa

Journal of Geotechnology and Energy

3.2. Deep borehole 
heat exchanger design

The first variant assumes the use of Vacuum Isolated 
Tubing (VIT). These tubes are designed to minimize heat 
transfer between the injected fluid, at a  lower temper-
ature (in the annular space), and the receiving fluid, at 
a  higher temperature (flowing counterclockwise inside 
the column tubes). This variant assumes that the well is 
equipped with a column of double VIT-type tubing.

Fig. 9. Design of the Knott GT-1 well,  
Variant I using VIT tubing; 

 1 – VIT tubing 3½″ × 4½″, 2 – pipe shoe 3½″ × 4½″ [14]

The second variant involves casing two pipe col-
umns which will be sealed at the bottom of the borehole 
with suitable components. Reduced-pressure nitrogen 
will be placed between the pipe columns as insulation 
to minimize heat transfer by using a  vacuum pump. 
The sealing of the two pipe columns with the packer is 
shown in Figure 10.

18 5/8" – 401 m

13 3/8" – 1500 m

349 m 

9 5/8" 2032 m

1448 m

1958 m

7" 2435 m

A

B

C

D

1

2

3

4
5
6

KOLUMNA ZEWNĘTRZNA

A - Rury 7"
B - Łącznik 7" x 5"
C - Rury 5"
D - But rur 5" otwarty

KOLUMNA WEWNĘTRZNA

1.  Rury 2 7/8" lub 3 ½”
2. Tuleja cyrkulacyjna
3. Rura wydobywcza 2 7/8" lub 3 ½” 
4. Paker
5. Łącznik przejściowy z  
    manipulakiem 2 7/8" lub 3 ½” 
6. Łącznik posadowy
7. Rura wydobywcza 2 7/8" lub 3 ½”
8. But rur 2 7/8" lub 3 ½” 

7
8

Fig. 10. Sękowa GT–1 well design, variant II using packer/
sealer: A – 7″ pipes, B – 7″ coupling ×5″, C – 5″ pipes, D – 5″ 
open pipe shoe, 1 – 2⅞″ or 3½″ pipes, 2 – circulating sleeve, 

3 – production pipe, 4 – packer, 5 – transition coupling,  
6 – foundation coupling, 7 – production pipe, 8 – pipe shoe [14]

Vacuum tubes (VIT) have their origins in the 
oil industry, having been developed to minimize heat 
transfer between their interior and the annular space. 
They have found use in cases:

	– When producing or circulating hot fluid through 
production tubing, e.g. in a  permafrost zone, 
where it is undesirable to thaw the ground sur-
rounding the well, which could cause it to lose 
its properties and uncontrolled subsidence of the 
ground around the wellhead could occur. 

	– When paraffin plugs and hydrates form during 
production of reservoir fluids and it is difficult or 
ineffective to use other methods that would pre-
vent their formation. 

	– When hot fluids (e.g. solvents) or vapours are 
injected, with advanced extraction methods such 
as CSS (Cyclic Steam Stimulation) and SAGD 
(Steam Assisted Gravity Drainage), where cooling 
of the injected fluid is undesirable. In these meth-
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ods, large amounts of energy must be expended 
to maximise the heating of the injected fluids, 
vapour, in order to transfer the elevated tem-
perature to the in-situ reservoir fluids. The CSS 
method involves alternating periods of injecting 
superheated vapour into the reservoir and then 
extracting the heated oil through the same well. 
The SAGD method involves drilling two horizon-
tal wells, where the horizontal part of the injection 
well is above the horizontal part of the production 
well. Steam is injected through the injection hole 
and the heated oil flows into the production hole.

	– Where warm oil is transported along the seabed.

Variant II

This technology uses two columns of pipe that are 
plugged independently of each other. A packer is clipped 
onto the inner column which, when clipped, seals the 
space between the two pipe columns from the bottom 
of the borehole. A  circulation sleeve is then opened, 
through which fluid is forced out of the supra-packer 
space using nitrogen. Once the space has been emptied 
of fluid, the circulation sleeve is closed and the nitro-
gen is drained from the space and then, using a vacu-
um pump, the pressure is lowered to reduce the thermal 
conductivity between the fluid being injected and the 
fluid being withdrawn from the borehole. Also impor-
tant in this technology is the proper centralization of the 
inner column and the use of protectors made of a suita-
ble material with low thermal conductivity.

Variant III

This technology uses two columns of pipe that are 
plugged independently of each other as with Variant II. 
Once the inner column has been collapsed, a locator at 
the end of the column is inserted into the PBR, ensur-
ing a  tight connection between the columns. Then, 
using nitrogen, the fluid between the tube columns is 
removed through a sleeve. Once all the fluid has been 
extruded from the space between the two columns, the 
nitrogen is released and the pressure is further reduced 
by using a  vacuum pump. The reduction in pressure 
ensures a reduction in the thermal permeability of the 
entire insulating column. PBR – Polished Bore Recep-
tacle, is a  piece of borehole equipment into which 
a locator with a section of seals is inserted to ensure the 
tightness of the combined elements. The above solution 
allows the locator to move tightly in the PBR-e. In this 
variant, it is also important to use, among other things, 
plastic centralizers/protectors to avoid direct contact 
between the steel pipe columns and the formation of 
thermal bridges.

Fig. 11. Design of the Sękowa GT–1 well, Variant III using PBR: 
 A – 7″ pipes, B – 7″ coupling × 5″, C – 5″ pipes,  

D – 5″ × 4,094″ ACME connector, E – PBR sealant, F – open 
shoe, 1 – 2⅞″ or 3½″ pipes, 2 – circulation sleeve,  

3 – production pipe, 4 – foundation connector,  
5 – production pipe, 6 – locator/stinger [14]

4. Summary
The results of drill stem test of the reservoir at various 
intervals in the borehole have ruled out the possibili-
ty of developing it as a  classic geothermal borehole. 
Unfortunately, the requirements for the borehole to be 
used as a geothermal borehole were not met.

On the basis of the tests and analyses carried out, it 
can be concluded that the temperature in the designated 
measurement intervals stabilizes to certain values during 
both the plugging and pulling out of the loggers, so the 
measurement methodology employed can be described 
as correct. However, three measurements taken at longer 
intervals indicated a  lack of complete stabilization, fol-
lowing a disturbance of the natural temperature during 
the drilling process. This can be concluded from the high 
accuracy of the thermometers used.

Variant III was chosen to proceed further for tech-
nical and economic reasons. The biggest disadvantage of 
Option I was its high price, due to the cost of purchasing 
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and supplying vacuum tubes (VIT). Option II required 
a longer operation time – an additional walk to get the 
pacer on the tube. Variant III was the most financially 
advantageous, moreover, the length of the PBR and the 
locator allows some length tolerance in the selection of 
the packer and possibly easy replacement.

A large number of deep wells and boreholes have 
been developed for the oil industry in Poland, and they 
are not infrequently located close to urbanized areas. If 
even a small proportion of these were used to harness 
the heat of the rock mass, the amount of geothermal 
energy extracted could be increased. Counting only 
the 1980s, more than 4,500 boreholes with a depth of 

more than 500 m were drilled in Poland, according to 
Table 5, which shows the number of boreholes drilled in 
Poland since 1980, according to the Polish Geological 
Institute. In addition, after analyzing the map presented 
in Figure 12, it may be noted that high rock mass tem-
peratures occur, inter alia, in the vicinity of Poznań and 
Gorzów Wielkopolski, where intensive work on hydro-
carbon exploration and production was carried out for 
many years, so there are many boreholes in those areas 
which are nearing the end of their exploitation or are 
already destined for decommissioning. Therefore, the 
topic of adapting deep boreholes and boreholes for 
borehole heat exchangers should be developed further.

Table 5. Number of boreholes drilled in Poland since 1980 according to the National Geological Institute [1]

No. Maximum borehole depth [m] Number of wells drilled in Poland since 1980
1 500 4,563
2 100 3,676
3 1,500 2,575
4 200 1,721
5 2,500 1,228
6 3,000 826
7 3,500 385
8 4,000 188
9 3,500 84

10 5,000 38
11 5,500 13

Fig. 12. Poland’s geothermal potential at a depth of 2,000 m [3]
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The third variant assumes an arrangement that is 
similar to variant II with the difference that a PBR and 
locator would be used instead of the sealing elements 
which are the packer in variant II [14].

5. Conclusions

	– The low thermal conductivity of the inner col-
umn of the exchanger is very important for the 
thermal isolation of the heat transfer medium 
flowing into it, from the medium flowing in the 
annular space – especially the closer you get to 
the surface, because of the increasing radial tem-
perature gradient.

	– Each well should be approached individually, 
carefully analyzing the geological conditions of 

the well, the thermal parameters of the strata and 
the location of the future use of the deep borehole 
heat exchanger. The three proposed variants for 
the construction of a deep borehole heat exchang-
er will allow the developer to select one on the 
basis of the chosen criteria(s).
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1. Introduction

Natural gas is a raw material playing a significant role 
in the energy and chemical industries. A  discovered 
natural gas reservoir is characterized by the following 
parameters: initial pressure, reservoir thickness, porosi-
ty, permeability, reservoir temperature and the composi-
tion of the reservoir fluid. Based on these criteria which 
define the reservoir, it is possible to determine whether 
there are balance resources and then under economic 
and technical conditions, industrial resources [1]. Once 
industrial resources of natural gas are confirmed, the 
hydrocarbon reservoir is developed. The well or wells 
providing access to the reservoir are tested with a tubu-
lar reservoir sampler. Subsequently, the well is secured 
both internally and at the surface. A production string 
is lowered into the production casing, enabling the flow 
of reservoir fluid from the bottom of the well to the sur-
face while protecting the production casing from the 
effects of high reservoir pressure and the components 
of gas that contribute to corrosion and damage to the 
inner walls of the pipes. A production tree is attached 
to the production string, which serves as the surface 
security of the well and simultaneously allows connec-
tion to a system designed for receiving and treating the 
reservoir fluid. Before the commencement of reservoir 
exploitation, each well is tested to determine its produc-
tion capacity [2]. 

The productivity of a  gas well is the maximum 
amount of gas that can be extracted from the reservoir 
using a well in a given time, most often expressed in units 
of Scm/s (m3 of gas at standard conditions per second).  
It depends on the geological parameters of the reser-
voir, in particular on the reservoir pressure, the perme-
ability and thickness of the reservoir, as well as on the 
well parameters, such as the diameter of the production 
pipes used to access the reservoir. The efficiency of the 
well also depends on the composition of the reservoir 
fluid itself, including its viscosity and density, which 
affects its flow through the rock medium [3].

There are two fields of high nitrogenous natural 
gas in Poland. These reservoirs are called Sulęcin and 
Cychry. One of them, Cychry, is localized in the Pol-
ish Lowland. The gas is composed of over 90% nitrogen 
and this reservoir is accessed by two wells which have 
a similar construction and depth [4].

In order to determine optimal extraction, obtain 
information on reservoir parameters and determine the 
production zones of a  given reservoir, hydrodynamic 
tests are performed, consisting of the creation of a state of 
non-equilibrium in the well while simultaneously meas-
uring the reaction of the reservoir to the pressure distur-
bance that occurs in it. The reaction of the reservoir is 
recorded by measuring pressure changes over time [5].

2. Methodology

2.1. Gas inflow to the well

The gas inflow to the well can be described by the 
reservoir performance curve, abbreviated as the “IPR 
curve – Inflow Performance Relationship”, which is 
a function of the relationship between the pressure at 
the bottom of the well and the flow rate. It is deter-
mined based on the gas inflow equation (1) named 
two-term formula [6]:
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where:
		 pbh	 –	bottomhole pressure [Pa],
		 pr 	 –	average reservoir pressure [Pa],
		  q 	–	gas flow rate [Scm/s],
		  k 	–	reservoir permeability [m2],
		  μ 	–	gas viscosity [Pa⋅s],
		  z 	–	gas compressibility factor [–],
		 psc 	 –	pressure at standard conditions [Pa],
		  T 	–	reservoir temperature [K],
		 Tsc 	 –	temperature at standard conditions [K],
		  re 	 –	outer boundary radius [m],
		 rw 	 –	wellbore radius [m],
		 Sm 	 –	mechanical skin factor [–],
		  h 	–	reservoir thickness [m],
		 Dt 	 –	turbulence coefficient [s/m3].

In a simplified form, this formula appears as fol-
lows:
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Figure 1 shows well inflow performance curves for 
different values of the product of permeability and res-
ervoir thickness.
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Fig.  1. Well inflow performance curves [7]

The analysis of Figure 1 shows that for zero well 
rate, the dynamic bottomhole pressure is equal to  the 
average reservoir pressure. With the decrease of the 
bottomhole pressure the well rate increases until 
the bottomhole pressure reaches a value equal to atmos-
pheric pressure, then the well rate takes on a maximum 
value, i.e. the potential well deliverability called "AOF", 
which can also be determined as a positive root of the 
equation of the two-term formula (1) [7]:
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From the equation (2) describing the IPR curve, it 
can be concluded that the slope of this curve is inversely 
proportional to the product of the thickness (h) and the 
permeability of the reservoir (k). With the increase of 
the product kh, the IPR curve becomes flatter.

2.2. Tubing-flow performance

The well flow rate in a well refers to the pressure drop as 
a function of the gas flow rate in the well. It depends on 
the well configuration and the properties of the trans-
ported fluid. For a single-phase gas flow in a well with 
constant parameters, i.e.: cross-section area, tempera-
ture, compressibility coefficient and friction, the tubing 
performance equation has the form [6]:
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where:
		 pwh 	 – 	 wellhead pressure [Pa],
		  g 	 – 	 gravitational constant [m/s2],
		 H 	 – 	 wellbore depth [m],
		 R 	 – 	 individual gas constant [J/kg⋅K],
		  λ 	 –	 friction factor [–],
		 D 	 –	 tubing diameter [m].

Equation (4) consists of two parts: I  static – 
expresses the pressure of the gas column in the well and 
II dynamic – determines the pressure loss due to over-
coming the gas flow resistance in the well.

Gas well streams can contain some liquid conden-
sate which is usually dispersed in the gas in the form of 
mist.  The flowing mixture of gas and condensate can be 
treated as a pseudo-homogeneous fluid with correspond-
ing properties of the single phase recombined hydrocar-
bon fluid, i.e. the fluid obtained from recombining the 
well stream gas and liquid in the same proportion as 
they are produced. This implies that the flow behavior of 
a gas-condensate mixture in a wellbore can be described 
using single-phase flow models, as long as appropriate 
adjustments and modifications are made to account for 
the properties of the pseudo-homogeneous fluid.

In the case of two-phase gas-condensate mist flow, 
the equation is as follows [7]:
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where:
		  Mg	  – 	molecular mass of recombined gas 

[kg/kmol],
		  zg 	 –	compressibility factor of recombined gas 

[–],
		 RVLG 	 – 	volumetric condensate/gas ratio (qL/qsc),
		  ρn	 – 	gas density at standard condition [kg/m3],
		  Ru 	 –	gas constant [8314 joule/kmol⋅K],
		  ρL	 – condensate density [kg/m3].

Figure 2 shows the well performance curves (VLP) 
for two different values of tubing diameters.

Fig. 2. Tubing flow performance [7]



32

Jacek Blicharski, Izabela Dybaś

Journal of Geotechnology and Energy

Figure 2 shows VLP curves, depending on the bot-
tomhole operating pressure from the well deliverability 
for different well tubing diameters at the assumed con-
stant wellhead pressure. With the increase in the flow 
rate, the bottomhole operating pressure also increases 
and the curves deflect upwards, which is caused by the 
increasing flow resistance. The smaller the diameter of 
the tubing, the greater the flow resistance.

2.3. Nodal analysis

To determine the flow rate, nodal analysis is used, i.e. solv-
ing the system of equations for gas inflow to the well (1) 
and the well tubing performance equation (4) or (5). This 
solution can also be obtained graphically by intersecting 
the well performance curve (VLP) and the inflow perfor-
mance curve (IPR) on a graph of pbh versus q. The point 
at which these curves intersect determines the well deliv-
erability, which is illustrated in Figure 3.

Fig.  3. Graphical determination of 
well deliverability using nodal analysis [7]

Figure 3 shows several IPR curves for different res-
ervoir pressures and one VLP curve for the given well-

head pressure. These curves define several intersection 
points that determine the change in well performance 
with decreasing reservoir pressure and therefore the 
decrease in well production rates.

3. Calculations

Nodal analysis was used to perform variant assessment 
of the productivity of the well. First, calculations were 
made for IPR curves at three different reservoir pres-
sures 55.13 MPa (initial reservoir pressure), 40 MPa, 
30  MPa  and three different reservoir permeabilities 
16.2 mD, 12.1 mD, 8.1 mD. Having assumed the coeffi-
cients “a” and “b” of the two-term formula, their values 
were corrected due to the change in gas properties with 
pressure and the change in phase permeability. Permea-
bility was reduced because with the decrease in pressure 
in the gas-condensate reservoir, condensate is deposit-
ed in the reservoir pores, which results in a decrease in 
the effective reservoir permeability.

In the next stage of calculations, VLP well perfor-
mance curves were constructed for different wellhead 
pressures 30 MPa, 20 MPa and 12 MPa and  two tubing 
diameters 2 7/8″ and 3 1/2″. 

A multi-variant analysis was conducted to assess 
gas well productivity. This analysis allows for the eval-
uation of the impact of the a.m. parameters on the well 
deliverability.

The Soave–Redlich–Kwong equation was used to cal-
culate the gas compressibility factor “Z”, while the gas vis-
cosity was determined using the Lee–Gonzalez correlation.

3.1. Data and calculation assumptions

The calculations were based on the assumed input data 
collected in Tables 1 and 2. 

Table  1 . Composition and parameters of gas

Composition Symbol Molecular vol. 
[%]

Critical 
pressure 

[MPa]

Critical  
temperature  

[K]

Molecular mass 
[kg/kmol]

Acentric coefficient
[–]

Methane CH₄ 5.174 4.641 190.55 16.042 0.008
Ethane C₂H₆ 1.290 4.913 305.50 30.068 0.980
Propane C₃H₈ 0.951 4.264 369.80 369.8 0.152
nButane n-C₄H₁₀ 0.292 3.796 425.17 425.17 0.193
iButane i-C₄H₁₀ 0.120 3.647 408.14 408.14 0.176
nPentane n-C₅H₁₂ 0.202 3.374 469.78 469.78 0.251
iPentane i-C₅H₁₂ 0.200 3.333 462.96 462.96 0.197
Hexane C₆H₁₄ 0.178 3.031 507.86 507.86 0.296
Azote N₂ 90.868 3.396 126.25 126.25 0.040
Carbon dioxide CO₂ 0.555 7.382 304.19 304.19 0.225
Hydrogen sulfide H₂S 0.170 8.940 373.20 373.20 0.081
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Table 2. Parameters of the well  and gas properties

Parameter Value
Depth [m] 3,333
Initial reservoir temperature [°C] 111.3
Initial reservoir pressure [MPa] 55.13
Rock permeability [mD] 16.15
Tubing diameter [in] 2 7/8
Roughness of tubing [mm] 0.015
Thickness of the reservoir [m] 30
Condensate exponent [l/m3] 0.089
Condensate density [g/cm3] 0.7289
Condensate density under normal con-
ditions [kg/m3] 1.411

Coefficient “a” of two-term formula 
[MPa2/(Scm/min)] 0.561236295

Coefficient “b” of two-term formula 
[MPa2/(Scm/min)2] 7.90858 · 10–5

Pseudo-reduced temperature [K] 174.339
Pseudo-reduced pressure [MPa] 4.091
Molecular mass of gas [kg/kmol] 31.571
Gas compressibility factor “Z” at initial 
conditions 1.3938

Gas viscosity at initial conditions [Pa · s] 5.296 · 10–5

4. Results​

As a  result of the variant calculations conducted for 
the well, gas flow rates were determined and are pre-
sented in Tables 3–7. The constructed VLP curves are 
shown in Figures 4–8 and the graphical solution of the 
nodal analysis for each variant is also presented in these 
figures. The intersection points indicate the target gas 
well productivity for the considered variants I–V. The 
individual variants differed in terms of the adopted res-
ervoir pressures, wellhead pressures, reservoir permea-
bilities and tubing diameters. 

The values for the variants are presented in 
Tables 3–7.

Variant I – single-phase gas flow

Fig.  4. IPR and VLP curves in variant I

Table  3. Well deliverability determined from the nodal analysis (variant I)

Pr [MPa] Pwh [MPa] D [in] k [mD] q [Scm/s]
55.13 30 2 7/8 16.15 3.1
55.13 20 2 7/8 16.15 4
55.13 12 2 7/8 16.15 4.4

40 30 2 7/8 12.113 0.4
40 20 2 7/8 12.113 2.7
40 12 2 7/8 12.113 3.1
25 12 2 7/8 8.075 1.8

IPR – Pr = 55.13 MPa, k = 16.15 mD 
IPR – Pr = 40 MPa, k = 12.113 mD 
IPR – Pr = 25 MPa, k = 8.075 mD 
VLP – Pwh = 30 MPa, D = 2 7/8 in
VLP – Pwh = 20 MPa, D = 2 7/8 in
VLP – Pwh = 12 MPa, D = 2 7/8 in
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Variant II – single-phase gas flow

Fig.  5. IPR and VLP curves in variant II

Table 4. Well deliverability determined from the nodal analysis (variant II)

Pr [MPa] Pwh [MPa] D [in] k [mD] q [Scm/s]
55.13 30 2 7/8 16.15 3.2
55.13 30 3 1/2 16.15 5.4

40 30 2 7/8 12.113 0.6
40 30 3 1/2 12.113 1

Variant III – single-phase gas flow

Fig.  6. IPR and VLP curves in variant III

Table 5. Well deliverability determined from the nodal analysis (variant III)

Pr [MPa] Pwh [MPa] D [in] k [mD] q [Scm/s]
55.13 12 2 7/8 16.15 4.4
55.13 12 3 1/2 16.15 7.7

40 12 2 7/8 12.113 3.1
40 12 3 1/2 12.113 5.3
25 12 2 7/8 8.075 1.6
25 12 3 1/2 8.075 2.8

IPR – Pr = 55.13 MPa, k = 16.15 mD 
IPR – Pr = 40 MPa, k = 12.113 mD 
IPR – Pr = 25 MPa, k = 8.075 mD 
VLP – Pwh = 30 MPa, D = 2 7/8 in
VLP – Pwh = 30 MPa, D = 3 ½ in

IPR – Pr = 55.13 MPa, k = 16.15 mD 
IPR – Pr = 40 MPa, k = 12.113 mD 
IPR – Pr = 25 MPa, k = 8.075 mD 
VLP – Pwh = 12 MPa, D = 2 7/8 in
VLP – Pwh = 12 MPa, D = 3 1/2 in
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Variant IV – two-phase gas-condensate mist flow

Fig.  7. IPR and VLP curves in variant IV

Table 6. Well deliverability determined from the nodal analysis (variant IV)

Pr [MPa] Pwh [MPa] D [in] k [mD] q [Scm/s]
55.13 30 2 7/8 16.15 3
55.13 30 3 1/2 16.15 5.2

40 30 2 7/8 12.113 0.4
40 30 3 1/2 12.113 0.7

Variant V – two-phase gas-condensate mist flow

Fig.  8. IPR and VLP curves in variant V

IPR – Pr = 55.13 MPa, k = 16.15 mD 

IPR – Pr = 40 MPa, k = 12.113 mD 

IPR – Pr = 25 MPa, k = 8.075 mD 

VLP – Pwh = 30 MPa, d = 2 7/8 in

VLP – Pwh = 30 MPa, d = 3 1/2 in

IPR – Pr = 55.13 MPa, k = 16.15 mD 

IPR – Pr = 55.13 MPa, k = 16.15 mD 

IPR – Pr = 55.13 MPa, k = 16.15 mD 

VLP – Pwh = 12 MPa, D = 2 7/8 in

VLP – Pwh = 12 MPa, D = 3 1/2 in
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Table 7. Well deliverability determined from the nodal analysis (variant V)

Pr [MPa] Pwh [MPa] D [in] k [mD] q [Scm/s]
55.13 12 2 7/8 16.15 4.2
55.13 12 3 1/2 16.15 7.3

40 12 2 7/8 12.113 3
40 12 3 1/2 12.113 5.1
25 12 2 7/8 8.075 1.5
25 12 3 1/2 8.075 2.6

4.1. Analysis of the results

In variant I, the well deliverability was determined at 
the formation pressures of 55.13 MPa (initial reservoir 
pressure), 40 MPa and 25 MPa, and wellhead pressures 
of 30 MPa, 20 MPa and 12 MPa, with a constant diame-
ter of the production pipes of 2 7/8 in. The highest well 
deliverability was obtained at the initial formation pres-
sure and the lowest wellhead pressure (12 MPa), which 
was 4.4 Scm/s. The calculations show that well deliver-
ability decreases with a decrease in reservoir pressure 
and is lower at higher wellhead pressures.

In variants II and III, the influence of the diameter 
of the production tubes on the productivity of the well 
was analyzed. Higher well deliverability was obtained 
for a larger diameter of the production tubes and lower 
values of the wellhead pressure. The highest well deliv-
erability was obtained in variant 3 for the diameter of 
the production tubes 3 1/2 in at the initial pressure and 
the wellhead pressure of 12 MPa and it amounted to 
7.7 Scm/s.

Variants IV and V are modifications of variants II 
and III. In these variants, two-phase gas and condensate 
flow in the well was considered. The obtained results 
indicate a  slight decrease in the well deliverability in 
both variants, i.e. IV and V, compared to variants II 
and  III, which is caused by a greater pressure loss on 
the fluid flow in the well. In turn, this is caused by the 
increase in the gas column pressure and greater gas 
flow resistance with the condensate. The highest well 
deliverability value was obtained in variant V at a for-
mation pressure of 55.13 MPa and a wellhead pressure 
of 12 MPa. In these conditions, the efficiency reached 
7.3 Scm/s and was 5.2% lower compared to variant III. 
In variant IV, at an initial pressure of 55.13 MPa, the 
maximum well deliverability of 5.2 Scm/s was achieved, 
which was 3.7% lower compared to variant II.

5. Conclusions

The analysis conducted showed that the product of 
permeability and reservoir  thickness has a significant 

impact on the productivity of the well; higher perme-
ability enables easier filtration of the reservoir fluid, 
which results in higher flow rate.

Exploitation of the reservoir at a constant pressure 
value at the wellhead with decreasing reservoir pressure 
leads to a  gradual decrease in well deliverability, lim-
iting its productivity over time. Therefore, in order to 
maintain production at the required level, the wellhead 
pressure must also be gradually reduced. In turn, the 
minimum value of the wellhead pressure is dependent 
on the parameters of the gas received from the natural 
gas plant. In the variant calculations for the construc-
tion of the well deliverability curves, three different 
wellhead pressures were assumed: 30 MPa, 20 MPa, 
12 MPa. The highest well deliverability was obtained for 
the lowest pressure at the wellhead of 12 MPa, at which 
the difference between the reservoir pressure and the 
wellhead pressure is the largest.

The diameter of the well tubing also has  
a significant impact on the productivity of the well, 
which translates into pressure loss during gas flow 
in the pipe and consequently into the flow rate. Two 
tubing diameters were assumed in the calculations: 
3  1/2 in and 2 7/8 in. For a  larger diameter of the 
tubing, the flow resistance is smaller, which means 
that the pressure loss during flow is smaller and con-
sequently the well deliverability is higher. However, 
from the point of view of liquid unloading from the 
bottom of the well, with a  smaller diameter of the 
tubing’s, the gas flow rate is higher and the condi-
tions for extracting the liquid phase from the well are 
more favorable. This is particularly important in the 
final phase of reservoir exploitation when the reser-
voir pressure is low and more water flows into the 
well, as well as condensate drops from the gas.

A comparative analysis of single-phase gas flow 
variants was carried out and two-phase mist (gas –
condensate) in the well showed that, in the case of 
two-phase flow, the resistance to fluid flow in the 
well is higher, which is associated with a greater pres-
sure loss caused by higher flow resistance and high-
er pressure of the fluid column in the well, which in 
turn translates into a decrease in the productivity of 
the well.
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