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THE POTENTIAL USE OF

A DRAGER X-AM 8000

PORTABLE MULTI-GAS DETECTOR
FOR MONITORING EXPLOSIVE GASES
IN THE AREA OF HISTORICAL OIL
AND GAS FIELDS

IN THE PODKARPACKIE REGION

Abstract: The oldest oil basin in the world is located in the Polish Carpathians. Former
mines, often abandoned, have become technical monuments. The growing popularity
of industrial tourism in the world and in Poland attracts more and more tourists who
want to “find oil” on their own. In most cases, these are abandoned crude oil and natu-
ral gas fields, with such places associated with the risk of poisoning, ignition or explo-
sion of escaping gases from unprotected crude oil fields or borehole outlets. The article
also highlights the heritage of oil mining in the Polish Carpathians and related cultural
routes. The author focuses on the issue related to the occurrence of the hazard zone of
hydrogen sulphide poisoning or methane explosion in the sites of old oil fields. It pre-
sents the possibility of using the Drager X-am 8000 portable multi-gas detector as a per-
sonal device for monitoring the concentration of gases and vapours considered toxic
and/or explosive, such as methane or hydrogen sulphide. It also proposes the use of the
Dréger X-am 8000 multi-gas detector, which in combination with the Dréager X-site Live
real-time area monitoring module, can serve as a mobile system for short- or long-term
monitoring of the above-mentioned zones.

Keywords: Methane exhalation, hydrogen sulphide, hand-dug wells, industrial heritage
tourism, Drager X-am 8000
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1. Introduction

Tourism is becoming a mass phenomenon, one which
can almost be considered universal, and which is devel-
oping dynamically [1-3]. Furthermore, there is an
increasing specialization of tourism, with technical
monuments becoming tourist attractions. The division
of tourism related to industry can be found in the work
of M. Kronenberg [1], he distinguishes between:

— industrial tourism,

— tourism in post-industrial areas,

— industrial heritage tourism.

In reference to the rich heritage of the oil industry,
new cultural routes are being created in the area of the Pol-
ish and Ukrainian Carpathians and existing ones are being
modernized. They are located mainly in the Podkarpacie,
Malopolska and Western Ukraine provinces [2, 4-9].

The most important of them include:

— The Jasto - Lviv Cross-Border Oil Trail,
— Carpathian-Galician Oil Trail,

The World Cradle of Oil Mining,

— Following the footsteps of giant extinct mammals,
earth wax, crude oil and salt.

It is worth remembering that contemporary respon-
sible management of non-renewable energy sources
requires reaching back to the 19th and 20th century his-
tory and the beginnings of oil and gas extraction.

The Carpathian oil and gas area is located in the cen-
tral and eastern part of the Polish flysch Carpathians. The
oil industry in Poland was initiated by hand-dug wells -
known as dug pits, wells, and dug pits [10, 11]. Their loca-
tion (Fig. 1) is the place of the primary, natural oil spill
and/or exhalation of natural gas to the earth’s surface.
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Fig. 1. The area of old hand-dug wells in the Polish Carpa-
thians: 1 - range of the area of old mining pits occurrence,
2 - state borders; 3 - major rivers; 4 - faults; 5 — overthrusts,
6 — location of hand-dug well in Polana Ostre [12 - modified]

2. The risk associated
with the exaltation of
the gases in place of
an old, abandoned oil
and natural gas fields

Natural surface occurrence of oil and gas was known
here already in the Middle Ages. The Polish geologist
Stanistaw Staszic, in his book About Earthborn of the
Carpathians and other mountains and Polish plains
[13] mentioned a black smudge of oil from the rocks
(10, 14].

Old, abandoned oil and gas fields are becoming
increasingly popular among tourists. Of these, the most
interesting are the places where crude oil is available at
one’s fingertips and where the exhalations of natural gas
are also visible (Fig. 2). Such places are often unmarked
and unsecured [5-9, 15-18].

D

‘hand-duig well
filled-with oil

s

Fig. 2. An example of an old hand-dug set near Polana Ostre

village: a) visible outline of the walls of the old hand-dug filled

with oil; b) open outlet of the borehole with visible bubbles of
methane [19 — modified]
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Most often they have the form of hand-dug wooden
wells or left-over boreholes (Fig. 3) [11, 19]. Oil was also
obtained by collecting it from the water surface and dig-
ging shallow pits in the ground where it could accumulate.

According to the applications of the indigenous
inhabitants of the Bieszczady Mountains, the number
of such places may exceed 250 [17, 19].
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Fig. 3. Cross section of a hand-dug well with winch,
timber lining [20 - modified]

The places of crude oil outflow and natural gas
exhalation are also interesting from the scientific point
of view, as evidenced by numerous articles and scientif-
ic studies [11, 12, 21-25].

The presence of volatile hydrocarbons within such
facilities poses a serious risk of methane explosion,
while hydrogen sulphide poisoning is also dangerous to
the health and life of people residing there [11, 12].

In order to reduce the risk of ignition and/or
explosion of methane or poisoning with hydrogen sul-
phide, people living in the potentially dangerous zone
are obliged to be equipped with gas detectors, automatic
notifying them of hazards by means of light and sound
signals. Among these tools is the Driager X-am 8000
[26, 27], which is portable and can at the same time
measure the concentration of seven gases, including
hydrogen sulphide and methane [26-28].

The occurrence of an explosion hazard generat-
ed while in the immediate vicinity of the excavation’s
outlet or an inactive borehole is related to the explo-
siveness of the air-gas mixture. Methane belongs to
the gases whose emissions can be hazardous to human
health and life [29, 30]. Methane is a flammable gas that
reacts with oxygen, and the chemical reaction produc-
es a flame accompanied by large amounts of heat. The
ignition initiator for methane is, for example, a spark or

a flame. The combustion is explosive when the concen-
tration of methane in the air is between the lower and
upper explosive limits [31].

The explosion limits expressed by the content of
Methane in a mixture with air at a temperature of 20°C
and a pressure of 1 bar are [31]:

— 5% vol./vol. Methane - lower explosive limit (LEL),
— 15% vol./vol. Methane - upper explosive limit (UEL).

Ignition of methane may occur spontaneously if
the temperature of its mixtures in the air reaches 537°C
at a pressure of 1 bar [31, 32].

Methane is a colourless, odourless, and tasteless
gas that is lighter than air. It burns with an almost col-
ourless flame with a blue halo [31-33].

Methane is not a toxic gas. This gas in high concen-
tration has a suffocating effect on the respiratory system
and displaces oxygen. Poisoning with this gas can even
lead to unconsciousness, and in low concentrations it
can cause narcotic effects [31-33].

Another gas that may appear in the air while in
the immediate vicinity of the shaft exit or inactive bore-
hole is hydrogen sulphide. This gas is classified both as
to explosive gases and toxic. Exceeding the permissible
concentration level may have a negative influence on
human health and life [31, 32, 34].

Hydrogen sulphide is a colourless gas with
a strong odour of rotten eggs, when the gas concentra-
tion exceeds 0.18 mg/m’ [34]. When concentration of
the gas ranges from 1400 to 2800 mg/m?, it may stop
respiratory processes [34].

Hydrogen sulphide is a flammable and explosive
gas. The explosive limits of the gas in the air mixture are
given below [34]:

— 4.3% vol./vol. hydrogen sulphide — lower explo-
sive limit (LEL);

— 45% vol./vol. hydrogen sulphide — upper explosive
limit (UEL).

The self-ignition temperature of hydrogen sul-
phide in the air mixture is 290°C [34].

3. The Drager X-am 8000
portable gas multi-detector.
Features and types of
sensors compatible with it

The Dréger X-am 8000 (Fig. 4) portable gas multi-de-
tector is ATEX-certified. This means that it can be used
in an area where an explosive mixture of gases, vapours
or oxygen can be generated temporarily or continuously.
This explosion hazard area is classified as zone 0 [26-28].
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Fig. 4. List of the basic features in Drager X-am 8000 [28 - modified]

The Driger X-am 8000 is a modern multi-gas
detector with a build-in, high performance pump for
a simultaneous and continuous monitoring of up to
seven gases [26-28].

The detector has five slots into which four types
of sensors can be installed as required, including dual-
use sensors. The device can be armed with the following
sensors [26-28]:

— infrared,

— photoionization,

— catalytic,

— electrochemical in XXS version for measuring
oxygen and toxic gases.

Thanks to this, it is possible to select from the pool
of 42 sensors those corresponding to the current needs in
an easy way. In total, it makes it possible to measure the
concentrations of 124 gaseous substances [26-28, 35].

The device is also equipped with a Bluetooth mod-
ule that allows X-am 8000 to communicate with other

DUAL IR Ex/COz2 Sensor

Methane molecule
absorbs IR light absorbs IR light
weakened infrared

ight intensity

ncoming Infrared
intensity

incoming infrared
intensity

.:r(

»
>
»

A methane molecule absorbs energy
and is caused to oscillation

Carbon dioxide molecule

weakened infrared
light intensity

)

A carbon molecule absorbs energy
and is caused to oscillation

systems or mobile devices with a dedicated application.
This enables online data exchange or reading of measured
values away from the gas sampling point [27, 28, 35].

Infrared (IR) sensor -
principle of operation

The gas sample is transferred to the measuring
cuvette by diffusion or a pump. The infrared emitter
produces broadband radiation that passes through
the window into the cuvette, where it is reflected by
mirrors and passes through another window, hit-
ting the dual detector. The dual detector consists of
a measuring detector and a reference detector. If the
gas mixture contains, inter alia, hydrocarbons, then
some of the radiation is absorbed and the measuring
detector produces a reduced electrical signal. The
signal from the reference detector remains unchanged
[27, 35, 36]. The DragerIR sensor principle is pre-
sented in Figure 5.

Gas entry

Double detector

Reflector

Fig. 5. Principle of infrared Dréager sensor [27 — modified]
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Photoionization detector (PID) -
principle of operation

Gas particles are detected if, under the influence of radi-
ation emitted by the UV lamp, are ionized, i.e. the ioniza-
tion energy is lower than the energy emitted by photons.
The presence of ionization products is recorded by an
electrometer. The resulting ions recombine [27, 33, 35, 36].
The Dréger PID sensor principle is presented in Figure 6.

Electrochemical sensor -
principle ofoperation

The basic principle of an electrochemical sensor is that
at least two electrodes (the measuring electrode and the
counter electrode) are in contact with each other in two
ways: first, through an electrically conductive medium
(electrolyte), and second, through an external electrical
circuit (electron conductor). The electrodes are made
of a material with catalytic properties, thanks to which
chemical reactions take place in the so-called three-
phase zone [27, 35, 36]. The Drager Electrochemical
sensor principle is presented in Figure 7.

PID sensor

Gas molecule

P
W

Ultraviolet rays

[ =

Catalytic bead sensors -
principle of operation

A small coil made of platinum is embedded in a porous
ceramic bead with a diameter of less than 1 mm [27,
35, 36]. A current flows through the platinum coil,
heating the pellistor above 100°C. When temperature
of the pellistor will increase in the presence of flam-
mable gases, it contains a suitable catalytic material,
which leads to causes the resistance of the platinum
coil to such an increase. This change in resistance can
then be evaluated electronically. For combustion, pel-
listor uses oxygen from the ambient air [27, 35, 36].
This sensor works on the basis of the catalytic bead
principle. A second pellistor is used with almost the
same structure in order to eliminate changes in the
ambient temperature. The second pellistor does not
react to gas. Coupled by a Wheatstone bridge, the
two pellistors then form a sensor circuit, which is
largely independent of the ambient temperature, and
which can detect the presence of flammable gases and
vapours [27, 35, 36]. The Driger Catalytic bead sensor
principle is presented in Figure 8.

Porous Electrode
membrane (current measurement

UV lamp

Electrode
Gas (suction voltagg

Fig. 6. Principle of photoionization detector — Dréger (PID) sensors [27 — modified]
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@® Electron
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Fig. 7. Principle of electrochemical Dréger sensor [27 — modified]
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Fig. 8. Principle of catalytic bead Dréger sensors [27 - modified]

4. Use of the Drager X-am 8000
for monitoring
a gas mixture in the air
within old oil and gas fields

In places where abandoned crude oil or natural gas
fields occur, people there come into contact with liquids
or gases classified as dangerous to human health or life
and these substances can also pose a risk of ignition or
explosion. At the time when work is performed in this
area, in accordance with Polish law, the area should be

|

SmartLINC

Smart device for

receiving Bluetooth® readings
from gas and rad detectors
and transmitting to

Lifeline Smart Gateway

I

Draeger X-am 8000
Removable from kit for
personal menitoring,
up to 7 gases

marked, properly secured, and monitored [33, 37-39].
In this case, the most effective, also in economic terms,
type of monitoring is mobile monitoring.

The Dréiger X-zone 8000 multi-gas detector can
successfully perform this function and, in combination
with the dedicated Driger X-site Live set (Fig. 9), it is
a tool for real-time monitoring of a potentially haz-
ardous area for human life and health. The advantage
of this combination is that the Dréger X-site Live kit
weighs just over 10 kg and is the size of a suitcase. In
addition, Dréger X-site Live is equipped with a mobile
device through which one can observe the current indi-
cations of the gauges and reconfigure it [35, 40].

1
Lifeline Smart Gateway
for communication of data back
to the internet and anywhere

in the world

FirstNet® cellular capability

|
Mirion Accurad™ PRD
for gamma radiation
detection

Fig. 9. Driger X-site Live set contents [40 — modified]
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In addition to the designated slot for the Driger
X-zone 8000 multi-gas detector, there are communi-
cation modules inside the case: GSM, GPS, Wi-Fi and
Bluetooth. This enables real-time transmission of meas-
urement data to any place on Earth [40]. Also in this
way, the device transmits information about the existing
threat to life or health. When one of the sensors registers
the exceedance of the permissible value for each of the
tested substances, the message about the danger is auto-
matically sent to all active users who are in the monitored
zone and remotely supervising the work. In addition to
electronic notification, the Driger X-zone 8000 and the
Driager X-site Live kit emit a warning flashing light, an
audible alarm signal and vibration via the Dréager X-zone
8000 multi-gas detector [27, 28, 35, 40].

The oil and gas industry also uses radiation gener-
ators and radioactive sources. The radioactive materi-
als used may also pose a potential threat to the natural
environment and to humans [40, 41]. For radiation pro-
tection, Dréger X-site Live is also equipped with a gam-
ma detector with an alarm set at 50 um/h (0.5 uSv/h).
The measurement takes place in two seconds [40].

5. Conclusions

Old and abandoned oil and gas fields, in the form of
pits and unprotected borehole outlets, may pose a risk
of poisoning by escaping gases or lead to the ignition or
explosion of methane.

The Dréger X-am 8000 portable multi-gas detector
can be used to detect both toxic and explosive gases in
the air.

Thanks to their mobility and technical parameters,
the Dréger X-am 8000 together with Driger X-site Live
can be used for continuous and periodic monitoring of
concentrations of up to 7 gases simultaneously, includ-
ing explosive gases such as Methane and toxic gases
such as e.g. Hydrogen sulphide.

Driger X-am 8000 together with Dréiger X-site
Live can be used to monitor the concentration of gases
in potentially explosive zone 0 during tourism or when
carrying out, inter alia, research and inventory work
related to zone protection.

Using communication modules in the Driger
X-site Live wireless hazardous area monitoring station,
conditions in the workplace can be remotely monitored
by the controllers.

Recognition of technical objects as monuments of
a bygone era, appreciation of their cultural and artistic
values contributes to the emergence and development
of industrial tourism.
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Abstract: At present, gas obtained from unconventional deposits plays an important role
in the global economy as an energy factor. The simulation of the exploitation of this type
of deposits is very complex and requires an individual approach for each case, which is
extremely inspiring and interesting, therefore this article attempts to deal with the problem
of modeling the extraction of natural gas from tight unconventional deposits. Extraction
of tight gas requires the use of measures that stimulate this process and requires an unusu-
al approach both at the stage of deposit recognition, its drilling and exploitation. Using
computer programs, more and more accurate models are developed taking into account
almost all known processes occurring in the deposits during exploitation, which signifi-
cantly influences the better selection of parameters of wells and operations that intensify
the production, and thus improves the results of exploitation.
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1. Introduction

Crude oil and natural gas are energy resources of tre-
mendous economic and political importance, both
for highly developed and poor countries, which have
these raw materials in quantities that allow them to
create a market, as well as for countries that do not
have hydrocarbon resources or have small amounts at
their disposal. Therefore, over time, new gas depos-
its are sought in structures that were previously not
of interest. Both during the exploration and their sub-
sequent exploitation, there are problems that must be
defined and solved. Therefore, over the years, the fol-
lowing deposits have been distinguished, i.e. the nat-
ural accumulation of hydrocarbons in the rocks as:
conventional, i.e. those that can be exploited through
boreholes without additional technical and technolog-
ical treatments aimed at intensifying extraction, and
unconventional ones - requiring specialized treat-
ments and an individual approach, without obtain-
ing the raw material would be insignificant, and thus
unprofitable [1].

Among the terms that have emerged in connection
with the search for gas in unconventional structures is
the term “closed gas”. The term is commonly used to
refer to structures with low permeability in which natu-
ral gas is trapped. In the 1970s, the concept of tight gas
was defined and standardized by the government in the
United States. The US Natural Gas Policy Act (NGPA,
Public Law 95-621) of 1978 classifies tight gas fields
as structures with a permeability of less than 0.1 mD.
This definition, according to the sources, was a politi-
cal definition and was used to determine which wells
would receive federal and/or state tax credits for gas
production. Today, this definition is a function of many
physical and economic factors. Another definition of
tight natural gas deposits, which is considered the best
at present, is the definition of gas tight in a rock struc-
ture, and its extraction is not possible on an economi-
cally justified level without performing intensification
procedures, such as e.g. hydraulic fracturing. Addition-
ally, it is justified to make horizontal holes, including
branched wells [2].

In order to properly classify a newly discovered
natural gas deposit, it is necessary to characterize the
deposit parameters. Important geological parame-
ters that should be investigated and determined for
the stratigraphic unit in question include: the spatial
arrangement of the deposit, the type of genetic faci-
es, textural maturity, mineralogy, diagenetic processes,
dimensions of the structure and the occurrence of
natural fractures in the rock. One of the most difficult
parameters to evaluate for a tight gas field is the size
and shape of the drainage zone. These types of struc-
tures show constant pressure disturbances even after
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long periods of operation (months or even years).
When the drainage zone takes an oblong shape, it may
indicate the presence of natural fractures in the rock
or the presence of hydraulic fractures during the treat-
ment. The drainage zone in this type of deposit largely
depends on the number of drilled holes and the num-
ber, method and quality of fracturing treatments. The
pressure and temperature rise are abnormally high
due to the considerable depth of the gas-bearing lay-
ers. Other important parameters strongly related to
the petrophysical description of the deposit are: rock
porosity and permeability. From the point of view of
tight gas deposits, it is important that the pore space
distribution in the deposit rock is largely regular, and
the porosity in this type of sandstone usually ranges
from 2% to 12% [3]. Pores are usually poorly connect-
ed, which is caused by numerous diagenetic processes
generating, for example, an increase in quartz, which
in turn significantly impedes gas exploitation, as well as
easy gas flow to the borehole. For this reason, the per-
meability of these rocks also reaches low values, which
causes a rapid drop in extraction during exploitation.
Natural cracks in the rock structure are a positive
aspect that enables the exploitation of tight gas. Moreo-
ver, rocks forming tight gas deposits are usually thicker
(in the order of several hundred meters) than those of
conventional deposits.

Saturation of the deposit rock with bound water
is another important parameter in the process of iden-
tifying and modeling hydrocarbon extraction from
a tight gas deposit. There are several problems with
the analysis of this parameter. In the first place, bound
water saturation in rocks of this type is usually quite
high, although it can vary depending on the type of
rock, and is also irreducible [4]. Sandstones, classified
as conventional formation rocks, exhibit an irreduci-
ble bound water saturation of between 15% and 20%.
Compact gas-bearing sandstones have higher water
saturation values — approx. 40%, and thus also a high-
er capillary pressure. On the other hand, for exam-
ple, shale and siltstones show the highest irreducible
water saturation — over 60% and thus high capillary
pressure. Compact gas-bearing sandstones, despite
high water saturation, often still accumulate gas that
is “free” of water. This property plays a particularly
important role when the gas-saturated part of the bed
is accompanied by a water-saturated zone. Depending
on the size of this zone, the amount of water satura-
tion of the deposit rock, the wettability of the rock
surface with water, the surface tension at the phase
boundary, as well as the amount of hydraulic resist-
ance of water flow in the analyzed porous medium, the
inflow of water to the deposit poses a potential threat
to the mining process. This zone may occupy most of
the deposit, leading to the movement of water in the
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direction of the borehole, resulting in the formation
of, for example, a water cone. In order to avoid or lim-
it the consequences associated with this unfavorable
phenomenon, reservoir engineering is to determine
the maximum efficiency for which gas is exploited
without water (the fluid flow towards the well is sin-
gle-phase) [4].

2. Method section

To create the base simulation model, the author used
the CMG GEM (GEM - Generalized Equation of State
Model) software - a compositional simulator (in the
academic version) operating on the basis of an adaptive
implicit scheme developed by Thomas and Thuranau
and Collins et al.

The construction of the batch file began with
the determination of the area of an exemplary depos-
it. At this stage, the author did not have data from
the real deposit. The assumed area of the deposit is
a 1500 m x 1500 m saturated with high-methane gas.
The assumed thickness of the structure saturated with
gas is 40 m, and the zone saturated with the underly-
ing water has a thickness of 30 m. It was assumed that
the structure was homogeneous. The assumed depth
of the top of the deposit is 4500 m, and the depth of
the aquifer is 4540 m. The temperature of the deposit
was set at 60°C, while the initial pressure was set at
50 MPa. This pressure is 10% higher than the hydro-
static pressure, which is a phenomenon characteris-
tic of tight gas deposits (anomalously high reservoir
pressure) [3]. One of the initial elements defined in
the batch file creation phase in Builder is to define the
dimensions of the block grid for the subsequent cal-
culation process. The correct selection of the mesh is
an extremely important element, as it determines to
a large extent not only the accuracy of the results, but
also the possibility of creating calculation variants.
Considering the time-consuming nature of the sim-
ulation, the number of blocks should be minimized
(the CMG GEM academic license, which was used
to carry out this part of the work, allows to create
a maximum of 1000 blocks), which in turn maximizes
their dimensions to meet the initial assumption of the
dimensions of the deposit. On the other hand, small-
er block dimensions give more accurate calculation
results, which is of particular importance when ana-
lyzing, for example, hydraulic fracturing of boreholes
and determining the impact of deposit water activity
on the course of exploitation. Therefore, in the base
model, the dimensions of blocks in the X-Y plane were
assumed to be 50x50 m. The vertical dimensions of
the blocks were varied so that the smallest dimensions

were closest to the gas-water contour, which will allow
for more accurate results regarding the amount of
water flowing into the deposit from the aquifer during
the simulation. Such assumptions led to the separa-
tion of 7 layers in the model (Tab. 1). The model uses
a Corner Point mesh. Keeping the area of the modeled
deposit area assumed at the beginning, the number of
blocks in each direction is arranged as follows: in the
x-axis direction - 30, in the y-axis direction - 30, in
the z-axis direction - 7, blocks equal to 6300. For the
entire model, a constant value of porosity equal to 6%
and the horizontal permeability - 0.05 mD, while the
vertical permeability was adopted at the level of 10%
of the horizontal permeability.

Table 1. Comparison of the thickness values of individual
layers of the simulation model

Layer Volume [m]
1 15
2 10
3 10
4 5
5 5
6 10
7 15

Another section defined in the process of creating
the simulation model is determining the parameters of
the reservoir fluid. A simplified gas-water model was
adopted. The values of individual parameters are col-
lected in Table 2, while the remaining ones needed cal-
culations that were generated using correlations that are
part of the software used.

Table 2. List of values of PVT model parameters

Parameter Value Unit
Temperature 60 [°C]
Gas den sity 0.697 [kg/m?]
Water density 1075 [kg/m?]

Water volume coefficient

in relation to initial pressure 1.02395 [-]

4.62-107 [1/kPa]
Pressure at standard conditions 101.325 [Kpa]
Water viscosity 0.421 [cP]

Water compressibility ratio

An important part of the model is the prepara-
tion of phase permeability plots. In this case, they were
created based on the two-phase gas-water correlation
in moderately wettable sandstone with interfacing. The
assumed values of characteristic points are presented in
the diagrams Figure 1.
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g

Fig. 1. Relative permeability curves as a function of fluid saturation

For all variants, it was assumed for comparison
that the gas would be operated with a maximum initial
expenditure of 150,000 nm’/day. The operating time
was assumed to be 30 years, with a time step of one year.

3. Results

The created base model was used to generate various
exploitation variants. In the calculations, the author ana-
lyzed the following variants: mining with a vertical, hori-
zontal well (and within these variants, the impact of the
location of the well in the deposit and the available vol-
ume of the deposit were analyzed), as well as mining with
a hydraulically fractured vertical well and a horizontal
well-fractured well. In the variants with the use of the frac-
turing treatment, not only the impact of the location of the
borehole or the available thickness was examined, as in the
case of without the use of fracturing, but also the impact
of individual fracturing parameters on the operation pro-
cess, as well as the impact of the initial size of the drilling
expenditure on gas and water production over time.

For the assumed variants, a simulation of the course
of reservoir fluid extraction was carried out in order to
compare the effectiveness of the operation of a vertical and
horizontal well, to evaluate the effectiveness of the hydrau-
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lic fracturing treatment, as well as to analyze the impact
of well parameters such as: well depth, deposit thickness
made available by the well, as well as fracturing parameters
such as such as the fracture permeability, the length of the
fracture wing (impact range) or the number of fractures
made in the case of horizontal wells On the basis of the
simulations, the most interesting aspect was the influence
of hydraulic fracturing parameters on the exploitation
process, therefore the results obtained for this variant will
be presented in the further part of the article.

3.1. Horizontally drilled
horizontal wells

For a horizontal well fractured several times, the impact
of changes in the length of the fracture wing, perme-
ability and the number of fractures in the horizontal
section on the mining process was analyzed. The calcu-
lations assume the length of the fissure wing (for x: 50;
100; 150; 200; 250 m) and the permeability (k: 1; 5; 10;
20; 50 D), but also the number of gaps: 5; 8; 10; 12. The
following parameter values were adopted in the refer-
ence model: number of gaps equal to 10, wing length x,,
equal to 150 m and permeability k, .5 D.

In order to improve the quality of the calculation
results, the author adapted the block grid. The dimensions
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of the blocks 25x25 m were assumed closest to the well,
and as they moved away from the well, the dimensions
were doubled, resulting in a deposit area of 1100x2800 m,
which gives the number of blocks equal to 6.426. Simu-
lating only one wing of the slot. Such a procedure allows
to obtain a larger impact zone of the well and more accu-
rate simulation results, and due to the symmetry running
along the horizontal section of the well, which is 1000 m,
the obtained results of the quantity of extracted formation
fluids can be multiplied by two, obtaining the same results
as for the operation of both wings Figure 2.

The first analyzed parameter was the distribution of
hydraulic fractures in the stimulated zone. On the basis of
the analyzed variant results, it was found that the number
of hydraulic fractures made should be selected in such
away as to ensure effective drainage of the stimulated zone,
while avoiding overlapping zones of adjacent fractures.
Planning too many fractures in close proximity causes the
parameters of the fracturing treatment to deteriorate.

Figure 3 presents the profiles of efficiency and
total gas extraction for the proposed variants, while
Figure 4 presents changes in water extraction depend-

ing on the variant. Based on the charts and results
presented in Table 3, the following relationship was
observed: with the increase in the density of hydrau-
lic fractures, the production of natural gas and water
increases, and the increase is greater for water. In the
case with the smallest number of fractures, gas pro-
duction is 7.2% lower than in the reference variant
(10 fractures), while for water it is 31.41% lower. For
the variant with the largest number of fractures, gas
production increased by only 2.92%, and water by as
much as 47.01%. As can be seen from diagram Fig-
ure 3, the impact of the arrangement of the fractures is
of key importance on the production of gas in the ini-
tial stage of exploitation, then the greatest differenc-
es in expenditure are observed, moreover, the greater
the number of fractures, the longer the production
remains with the given initial expenditure. However
these differences then fade away. The opposite is true,
however, in the case of extracted water, in the first
years of exploitation the amount of extracted water is
similar in each variant, and the greatest differences are
observed in the last year of extraction.
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Fig. 2. Location of the horizontal well along with hydraulic fracturing in the model - reference model

Table 3. Summary of the results of the analysis of the influence of the number and distribution of hydraulic fractures
on the course of exploitation

Number of Total gas Difference in extraction Total water Difference in extraction relative to
hydraulic extraction relative to reference values extraction the reference value
fractures [10° m3] [%] [10° m?] [%]

5 1973.44 -7.20 31.27 -31.41
8 2093.2 -1.57 44.6 -2.16
10 2126.6 - 45.58 -

12 2188.6 2.92 67.01 47.01
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Another important parameter influencing the effi-
ciency of hydraulic fracturing is the range of impact of
this treatment. As part of this analysis, five fissure wing
lengths were examined. The assumed range in this case
was between 50 and 250 m with a step of 50 m. The
simulation results are summarized in Table 4 and in
the graphs Figures 5 and 6 on the basis of which it was
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found that the production of gas and water from the
deposit increases with the increase of the wing length.
The longer the range of the slot wing, the longer the ini-
tially assumed gas flow is maintained. The differences
in the flow of gas and water over time depending on
the variant are similar to the arrangement of the slots
in the well.
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Table 4. Summary of results of the analysis of the impact of the range of hydraulic fractures on operation

. . Difference in extraction Total water Difference in extraction
Range of the hydraulic | Total gas extraction . . .
ap wing x,, [m] [10° m’] relative to reference values extraction relative to reference values
e [%] [10° m’] (%]
50 1823.16 -14.27 41.53 -8.89
100 1987.78 -6.53 49.18 7.90
150 2126.6 - 45.58 -
200 2251.6 5.88 39.33 -13.72
250 2380.6 11.94 33.78 —-25.90
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Fig. 5. Profiles of efficiency and total gas extraction depending on the range of hydraulic fractures in the range of 50-250 m
(green — base value)
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Analyzing the impact of hydraulic fracture perme-
ability on the work efficiency of the well on basis of the
obtained simulation results collected in Figures 7 and 8
as well as in Table 5, it can be concluded that it is much
smaller than in the case of changes in the length of the
fracture wing. There is a slight increase in gas extrac-
tion of, only 8.02%, with the fracture permeability of
50 D. However, it plays a significant role in the amount
of water extracted. For the same case, an increase in
water extraction by 142.57% compared to the reference
variant was observed. The best fluid-conducting capac-

2,00e+5

ity of hydraulic fractures is generated at the beginning
of the service life, then the gas and water supply is the
most intense, so at this time the fractures with the high-
est permeability will be able to deliver fluid to the well
with sufficient capacity, but at a later time the difference
between reservoir rock permeability and the hydraulic
fracture permeability is so great that even fractures with
weaker permeability will be able to deliver fluid to the
wellbore with a sufficient flow. Therefore, the design of
fractures with high permeability is unjustified in the
context of the entire operation.
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Table 5. Summary of the results of the impact of the hydraulic gap permeability on operation

s . Total gas Difference in extraction Total water Difference in extraction
Permeability of hydraulic > . . .
fractures k,, [D] extraction relative to reference extraction relative to reference values
dl [10° m’] values [%] [10° m’] [%]
1 1901.02 -10.61 27.05 —40.66
5 2126.6 - 45.58 -
10 2214.4 4.13 74.51 63.47
20 2260.4 6.29 91.84 101.48
50 2297.2 8.02 110.57 142.57

4. Discussion

The article presents a simulation model which is
a numerical image of a fragment of an exemplary
deposit with petrophysical parameters characteristic of
a tight gas structure. The parameter values were adopt-
ed based on the collected literature. Additionally, the
author defined the underlying layer in the base mod-
el. The author performed calculations for the variants
mentioned in the article.

When designing a hydraulic fracturing treatment,
basic parameters are selected such as: the range of the
fracture wing, fracture permeability, and for a horizon-
tal well, additionally the location of fractures on the
horizontal section of the well. Therefore, the impact
of changing individual parameters on the production
was assessed. The analysis of the obtained results of the
total gas production after 30 years of operation shows
that the longer the fracture wing, the greater the pro-
duction, but this relationship is true only up to a cer-
tain upper limit of the fracture length, different for dif-
ferent variants (depending on the location of the well
in relation to the aquifer and the available thickness).
This is due to a significant difference in the parameters
of the zone covered by fracturing and the rest of the
deposit, and the selection of better and better parame-
ters of this treatment does not give the desired effects,
because the gas flowing between the narrow fractures
is not able to replenish the zone near the well so quick-
ly. This leads to a sharp drop in pressure at the wellbore
and, consequently, to cessation of operation until the
pressure is rebuilt. The same is also true of gap perme-
ability. The greater the permeability of the fracture, the
more gas is able to flow into the well in a shorter time.
However, the improvement of the gas flow conditions
covers only the area of the fracture range and in the
case of the analysis of this parameter, the rapid pres-
sure drop, which was also observed in the fracture wing
length analysis, is even more visible with the increase
in fracture permeability. In some embodiments, this
led to such a large pressure difference between the bed

and the zone around the wellbore that operation was
only possible for a few days. The relationship is also
true for the number of slots in a horizontal well, but
in this case, when selecting an appropriate variant, the
interaction of individual slots should be taken into
account. If the gaps are located too close to each oth-
er, the effects of this treatment overlap. Such a solution
has the opposite effect, leading to a deterioration of
the operating results. In addition, the implementation
of each additional gap generates a greater cost of the
entire procedure.

Another aspect considered in the article was the
amount of water flowing into the well. As for gas, the
volume of water extraction is influenced by individual
fracking parameters. The selection of appropriate frack-
ing parameters and the location of the well in the reser-
voir can be the basis for limiting water extraction from
the reservoir and preventing the formation of water
cones.

5. Conclusion

To sum up, the specificity of tight gas deposits requires
an individual approach to each newly discovered
deposit at the stage of its modeling. The use of min-
ing intensification procedures significantly complicates
this process, however, it is necessary to obtain satis-
factory results, as evidenced by both industrial practice
and the obtained research results. Observing the behav-
ior of the constructed deposit model when a horizontal
well is operated with a fracturing treatment performed,
it can be concluded that the most effective operation is
a well with average parameters such as those adopted
in the reference model, providing a small deposit area
that will be exhausted as much as possible. At the same
time, an appropriate network of wells should be creat-
ed, which will have a slight interaction with each oth-
er, thanks to which effective gas extraction from the
deposit will be achieved.
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PERFORMANCE ANALYSIS

OF A HORIZONTAL WELL

LOCATED IN

AN UNDERGROUND GAS STORAGE
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Abstract: Natural gas is the most ecological fossil fuel thanks to lower CO, emissions and
no dust pollution, hence it is included into raw materials beneficial from the point of view
of environmental protection. Natural gas is extracted from deposits often located at great
depths by means of both vertical and horizontal drilling, characterised by high efficiency
in terms of obtaining the highest possible productivity, which will allow the existing reso-
urces of the deposit to be exploited in the shortest possible time.

The paper analyses the influence of factors such as reservoir pressure, the thickness
of the reservoir, the length of a horizontal section, average permeability of a reservoir, tur-
bulence coefficient and water exponent on the process of lifting a liquid phase during the
operation of a horizontal well located in an underground gas storage facility.

The calculations were carried out using data concerning exploitation of the “B” na-
tural gas field and conducted using the “THS PERFORM” computer programme, which is
the leading industry software for carrying out analyses of productivity changes in gas wells.

In the final part of the article, conclusions are given, summarising the results of the
nodal analysis reservoir performance curve (IPR) and well throughput curve (VLP).

Keywords: horizontal well, IPR, VLP, gas rate, UGS facility
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1. Introduction

Energy raw materials, especially environmentally friend-
ly raw materials, are becoming increasingly important
and include the natural gas known as “blue fuel”. Natu-
ral gas is extracted from deposits often located at great
depths by means of both vertical and horizontal drilling.

It is important that both vertical and horizontal
wells are characterised by high efficiency in terms of
obtaining the highest possible productivity, which will
allow the existing resources of the deposit to be exploit-
ed in the shortest possible time.

The paper analyses the influence of factors such
as reservoir pressure, the thickness of the reservoir, the
length of a horizontal section, average permeability of
a reservoir, turbulence coefficient and water exponent
on the process of lifting a liquid phase during the oper-
ation of a horizontal well. The calculations were car-
ried out using data concerning exploitation of the “B”
natural gas field and conducted using the “IHS PER-
FORM” computer programme, which is the leading
industry software for carrying out analyses of produc-
tivity changes in gas wells. The following correlations
were used in the horizontal well performance analysis:

— Joshi’s correlation for calculating productivity for

a horizontal well,

— the Hagedorn & Brown correlation for determining
the course of pressures in a well for two-phase flow,

— the Lee, Gonzalez & Eakin correlation for calcu-
lating changes in gas viscosity,

— the Dranchuk & Purvis — Robinson correlation for

calculation of deviation factor of real gas z.

The results of the calculations are presented in the
form of graphs. In the final part of the article, conclu-
sions are given, summarising the results of the analysis.
In the further part of the article, the author focused on
the course of operation of a horizontal well located in
an underground gas storage facility.

2. Method section

2.1. A brief description of the
underground gas storage facility “B”

The Underground Gas Storage Facility (UGS) is located
in the partially depleted “B” natural gas field. This field
is geologically located in the central part of the pre-Su-
detic monocline in the northern edge of Carboniferous
tectonic element called the Wolsztyn Dike. The struc-
ture of the “B” gas field is formed by a reef in the Zech-
stein limestone developed on a “paleovoltage” in the
Zechstein basement . In the geological section of the
reef of the “B” deposit 87.5 m of Zechstein limestone
profile was found, developed in the form of permeable
and porous rocks . The “B” gas field is massive and strat-
ified with an area of about 1.53 km?, with a volumetric
energy system [1].

Petrophysical and technological parameters char-
acteristic of the “B” PMG are summarised in Table 1.
These parameters were obtained from the B3H well.

Table 1. Summary of parameters and data used in the analysis of the effectiveness of operation of the B3H well [2-4]

Parameters for PMG “B” [2]

Total field Extracted Reservoir Reservoir Average . Coefficient
Buffer gas . Skin effect L
resources field resources [million nm?] | Pressure temperature reservoir ] deviation of gas
[million nm?] | [million nm?] [MPa] [K] thickness [m] z [-]
1110 546.367 563.633 18.3 371.15 29 2 0.968
Parameters of reef formations in PMG “B” [2]
Average Average horizontal Water Average vertical Average | Hydrocarbon content in
effective permeability of deposit | saturation [%] permeability [mD] clayey limestone profile [%]
porosity [%] [mD] [%]
14.98 59 14 19 8.14 81.33

Data of fluids taken for the analysis of efficiency of the B3H well on the “B” PMG [3]

Water exponent Density of Density of Density of Salinity of CO, Nitrogen content
[m?/million nm?] condensate [g/cc] gas [-] water [g/cc] | water [mg/l] | content [%] [%]
5 0.832 0.643 1.07 92.710 0.2298 18.3038
Casing pipe parameters of horizontal section of B3H well [4] Parameters of B3H well trajectory [4]
Outer diameter | Inner diameter Absolute |Max. measured| Max. vertical Max. borehole
Drilling depth [m] " roughness | depth (MD) | depth (TVD) angle
[mm] [mm)] o
[mm)] [m] [m] [°]
2850 177.8 151.49 0.01651 2850 2489.9 90
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2.2. Brief characteristics of
the correlations used in the analysis
of horizontal well efficiency

The following equation was used to develop a perfor-
mance curve for a horizontal well Joshi’s equation (1)
for steady-state flow of a weakly compressible fluid
in an anisotropic reservoir, without formation dam-
age [5].

2k, hA
g=—— e 4 )
2
a+,|d —[2]
B}/l ln +[Ianih ln Ianih
£ L |:rw(1am’ +1)]
2
where:
q - borehole flow rate,

Ap - pressure difference [Pa],

B - volume factor of gas [-],

k, - horizontal permeability [m?],

h - depth of borehole [m],

M, — gas viscosity [Pas],

L - length of horizontal section of the well [m],

r, - radius of the well [m],

a - half the length of the horizontal well interaction
ellipsoid [m],

- medium anisotropy coefficient [-],

k, - vertical permeability [m?],

t,; — radius of the horizontal well interaction range [m].

In Joshi’s formula, the function PD(tD) for a hori-
zontal well is proposed, consisting of two members:

— The first describes the horizontal flow and
depends mainly on the length of the horizon-
tal section (L). The length (L) affects the longer
half-axis of the ellipsoid (a), which is expressed by
equation:

0.5)%°

L
a=2105+ 025+ rTH )

2

— The second term (3) describes the flow in a verti-
cal plane taking into account the medium anisot-
ropy coeflicient I, expressed by the relation:

k
Lo =\ 3)
kV

The natural gas volumetric coefficient B, is expressed
by the relation:

Bg = M = P"T—ZZZ ( 4)
VSC PZTﬂZﬂ

where:

V,; - the volume occupied by the gas at p, T (in par-
ticular under field conditions),

V. - volume occupied by gas at standard conditions,

B, - volumetric factor of natural gas,

P, - pressure at normal conditions,

T, - reservoir temperature,

z, - deviation factor of real gas under reservoir con-
ditions,

P, - reservoir pressure,

T, - temperature under normal conditions,

z, - deviation coeflicient of real gas under normal
conditions, assumed to be equal to 1.

Due to the possibility of the occurrence of two-
phase flow in a well, the Hagedorn & Brown correla-
tion was used for description, expressing the change
of pressure gradients and frictional pressure losses
occurring in a pipe in time [6]. This correlation has
been derived in the Anglo-Saxon system of units and
is not usually converted to the SI system for accuracy
of calculations.

In this correlation, the energy conservation equa-
tion assuming dWs = 0 is written in the following form:

N
dp 2f;wh 2 5)

e + +
dz EPsr D Psr Az

The nature of flow in two-phase gas-liquid systems
can be determined based on the use of charts, where the
flow regime is a function of: flow rate of each phase, flu-
id properties and the diameter of the extraction pipes.
To describe the flow character, dimensionless num-
bers are used: input fluid N,;and input gas N,, internal
diameter N, and fluid viscosity N, defined respectively
by the relations [7]:

1

N, =1.938V, (p—LT (6)
(&}
1
_ pr |4
N,, =1.938V, (?j )
N, =1.938D(p—Lj2 ®)
(&)
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1
4
N:1.938uL[ 13} ©)
1Ay
where (for equations (5), (10) and (11)):
]j( — flow resistance coefficient,
w,, — velocity of the mixture of both phases,

p, — theaverage density of the flowing fluid expressed
by the relation:

psr: (1 _wl)pg+w1pl (10)

The mixture velocity w,, is the sum of the surface
velocities of the phases:

Wm:Wsc+ng (11)

In order to calculate the pressure drop in the well-
bore from equation (5), the amount of “phase lag” for
the fluid w,, and the flow resistance coefficient for the
mixture f,must be determined in advance. “Phase lag”
of the fluid and the average density are determined
from the graphs (Figs. 1-3) using the dimensionless
numbers N, and N, previously defined by relations
(6)-(9): Ny, N,

“Phase delay” is determined from the graphs in
(Figs. 1-3) by the following algorithm [7]:

— calculation of N,
— determination of the CN, from (Fig. 1),
— calculation of the quotient (12):

N,p~ (CN,)

0.575 , -1 (12)

N vg P a N D

where:

p - pressure at the well interval for which the pressure
gradient is calculated,

p. — atmospheric pressure.

Determination of the quotient value based on Fig-
ure 2.
Calculation of the auxiliary quotient (13):

0.380
N, N,

2.14
ND

(13)

Determination of the value of the borehole slope
correction ¥ (Fig. 3).

The magnitude of the “phase lag” ,is expressed
by the formula:

o, = &‘P
7 (14)
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Fig. 1. Plot of CN, dependence on N, viscosity number [7]
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Fig. 3. Correction diagram W as a function of the product of

The density of the mixture is calculated from equa-
tion (13).

The determined density p,, is needed to calculate
the hydrostatic pressure and the pressure loss due to
friction.

Formula for hydrostatic pressure:

_ PngAz

AP, =
T g, (15)
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The formula for pressure loss due to friction is of
the form:

APf = M (16)
Pm
where:
D - pipe inside diameter [ft],
f - coefficient of friction [-],
g - gravitational acceleration [32.2 ft/s?],
AP, - change in pressure [psi],
AP, - pressure change due to friction [psi],
V, - fluid surface velocity [ft/s],
V, - gassurface velocity [ft/s],
V., - mixture velocity [ft/s],
Az - change in height [ft],
y, - viscosity of the liquid [cP],

p, - density of liquid [Ib/ft*],

pys — density of the fluid in the slip region [Ib/ft*],

p, - density of the mixture [Ib/ft’],

o - surface tension at the gas/liquid interface
[dynes/cm].

Before further use of the correlation, the author
checked the ranges of its applicability.

Gas viscosity calculations were performed using
the correlation of Lee, Gonzalez and Eakin, expressed
by the formula [8]:

He = 107 gL (17)

where:

M, — gas viscosity [Pas],

p, — density of gas in reservoir at specific pressure and
temperature [kg/m’].

Parameters K, X and Y are expressed by relations
(18)-(20) [8]:

(0.00094+0.02M,,,,)T**
~ (209+19M,,) (18)
986
X:3'5+T+0'01Mwa (19)
Y=24-02X (20)
where:
T - temperature of the reservoir [°C ],
M,, - substituted molecular weight of the gaseous
mixture.

The dynamic viscosity of water was determined
from the Matthews and Russell curve expressed by
equation (21) [9]:

38.3 14.6 C,
= - —— |+148 || 1+| = 21
p’w TO'ZS |: [300j:| ( )

0.5
Ty f

where:
t, - dynamic viscosity of water [0.001 Pass],
T; - temperature [°C],
C, - concentration of dissolved solids.

The empirical correlation of Dranchuk-Purvis—
Robinson (22) expressed by the relation was used to
calculate the real gas deviation coefficient z:

0.27p,,

zT,,

q, (22)

This correlation is valid in the ranges [9]:
1.05<T,<3.0 and 02<P, <3.0.

The g, best value is calculated using the Benedict—
Webb-Rubin equation of state.

3. Results

3.1. Analysis of the effectiveness of
the B3H well

In an analysis of the effectiveness of the operation of
the B3H well, the author, as mentioned above, took
into account the following: the length of the horizon-
tal section, which results from the technology used to
drill the well; reservoir pressure; thickness of reservoir;
average permeability of the reservoir; turbulence coef-
ficient; and water exponent. These parameters, apart
from the first one, are essentially beyond our control,
as they are determined by the properties of the discov-
ered reservoir.

Two characteristic curves for the operation of the
reservoir and the well are shown in Figure 4. These are:
the IPR (Inflow) curve, which represents the inflow
of fluid from the reservoir to the well, and the VLP
(Outflow) curve, which represents the throughput
of the well. These curves intersect at a characteristic
point, the abscissa of which, at a well-defined pressure
depression, is the flow rate at which the well may be
operated. In the case of a need to lift fluids out of the
well, it is advisable to define limits to the well’s flow
rate at which this process occurs without problems.
For this reason, two points are determined on the VLP
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curve with regard to maximum and minimum flow
rates for proper flowing out of the well. In the diagram
(Fig. 4), these points are marked as a green square
indicating the minimum current flow rate capable of
drawing off condensate and a blue triangle indicating
the minimum current flow rate for drawing off water.
In addition, the minimum current flow rate at which
the unfavourable process of bed erosion occurs (bed
scouring) is determined. The expenditures for these
characteristic points: condensate removal, water
removal and sand removal were determined on
the basis of calculations carried out with the use of
the IHS PERFORM computer program.

If the intersection of IPR and VLP curves is behind
the green square, then there are conditions for trans-
portation of condensate, at minimum expenditures and
assumed initial factors used in the analysis, amounting
for the B3H well to 339,246.4 m?/d. On the other hand,
in cases where the intersection of the curves is beyond
the blue triangle, conditions exist for rising water at min-
imum flow rate and assumed initial factors used in the
analysis, amounting for the B3H well to 478,068.9 m’/d.
The analysis also shows the flow rate causing erosion of
the well with a pink dot. For the B3H well, this value

is 2,662,138.6 m*/d, beyond which potential damage to
the tubing in the well will occur.

IPR VLP

(0;0) Q, AOF Q

Fig. 4. Example of nodal analysis for a well [4], where:
IPR - reservoir performance curve, VLP — well throughput
curve, P — dynamic bottom pressure, P* - reservoir pressure,
P, - bottomhole pressure in the exploited B3H well, Q - flow rate,
AOF - maximum potential flow rate, Green square — min-
imum current flow rate to remove condensate, blue trian-
gle - minimum current flowrate for water removal, pink
dot - erosion-inducing flow rate

Table 2. Summary of efficiency depending on individual B3H factors

Variant Length of ho[rinf]ontal section Ga[;?s;l(tf])ut Variant Average ﬁe[lr(ri1 Ilgirmeability Ga[inosl/lg])m
1 440 495,571 1 59 495,426
2 10 301,501 2 1 60,872.9
3 50 442,030 3 50 456,699
4 100 468,077 4 100 638,893
5 200 484,005 5 500 1,318,975
Variant Reservoir pressure Gas output Variant Variant turbulence Gas output
[kPa] [m?/d] [1/m*/d] [m*/d]
1 18,300 495,423 1 0.070629 495,431
2 16,500 271,320 2 0.035315 684,430
3 17,500 409,426 3 0.105944 408,126
4 19,000 561,896 4 0.141259 355,190
5 20,000 648,156 5 0.194231 304,328
Variant Reservoi[rrr‘i?ickness Ga[s n(})}l;g]ut Variant Efl\lfit/e;; iel)lci};(r)lnre;:]t Ga[;osl/lél])m
1 29 495,010 1 5 495,571
2 10 293,196 2 0.001 495,670
3 20 413,473 3 50 390,285
4 50 641,797 4 100 386,819
5 150 1,051,710 5 150 344,094
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3.2. Analysis of the efficiency of
the B3H well as a function of
the length of the horizontal section

Analysis of the graph of pressure vs. gas flow rate as a func-
tion of the length of the horizontal section (Fig. 5) shows
that a change in this parameter produces significant dif-
ferences in the results obtained. It is also noticeable that
curves 1, 5 have the ability to carry condensate and water,
while curves 3, 4 only carry condensate. Whereas curve 2
shows no drift of condensate. It is important that this
parameter depends on the drilling, so you can manoeuvre
this value in order to obtain the best expenditure. How-

ever, analysing the curve of the gas yield as a function of
the length of the horizontal section (Fig. 6) it can be stated
that in the range of the length of the horizontal section
from 10 to 50 m the curve of the change of the yield from
the length of the horizontal section increases significantly,
which means that the gas yield also increases significant-
ly. Further on, the curve from the value of the length of
the horizontal section from 50 to 440 m flattens, which
means that the gas flow rate will increase less and less.
What is important here is the fact that after exceeding the
above-mentioned value, the greater length of the hori-
zontal section does not translate into an increase in gas
output, but only generates greater costs.

Pressure, kPa,abs
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— Case 3(3)

— Inflow (1)
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Fig. 5. Graph of pressure vs. gas flow as a function of the length of the horizontal section
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Fig. 6. Graph of gas flow rate vs. the length of the horizontal section

3.3. Analysis of the effectiveness
of the B3H well in relation to
reservoir pressure

By analysing the diagram of pressure vs. gas flow as a func-
tion of reservoir pressure (Fig. 7), it may be stated that this
parameter is one of the most important ones which influ-
ence the effectiveness of well operation. It is also noticeable
that for curves 1,4 and 5, there is a possibility of taking out

condensate and water, while for curve 3 - only conden-
sate. On the other hand, in the case of curve 2, there is no
drift of condensate. Analysing the diagram of gas flow in
dependence on the pressure in the reservoir (Fig. 8) we can
state that in the range of the pressure in the reservoir from
16,500 to 200,000 kPa, the curve of change of the flow in
dependence on the pressure in the reservoir increases all
the time, which means that the gas flow is also increasing.
Itis important here that this parameter is crucial in achiev-
ing higher gas flow rates in a well.
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Fig. 7. Graph of pressure vs. gas flow rate as a function of pressure in the reservoir
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Fig. 8. Graph of gas flow rate vs. pressure in the reservoir

3.4. Analysis of effectiveness of
the B3H well in relation to
the thickness of reservoir

Analysis of the diagram of pressure vs. gas flow rate
depending on the thickness of the reservoir (Fig. 9)
shows that for curves 1, 4 and 5, there is a possibility of
exporting condensate and water, whereas for curve 3 -
only condensate. For curve 2, on the other hand, there

is no drift of condensate. Analysing the diagram of gas
flow in dependence on the reservoir thickness (Fig. 10)
it can be stated that in the range of reservoir thickness
from 10 to 150 m the curve of flow change from the
reservoir thickness increases, which means that the
gas flow also increases. The further course of the curve
from the thickness of the reservoir from 50 to 150 m has
a greater tendency to increase, which means that the gas
flow rate will also increase to a greater extent.
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Fig. 9. Graph of pressure vs. gas flow rate as a function of reservoir thickness
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Fig. 10. Graph of gas flow rate vs. thickness of reservoir

3.5. Analysis of the effectiveness of
the B3H well as a function of
the average permeability of
the reservoir

Analysing the diagram of pressure vs. gas flow as
a function of the deposit average permeability (Fig. 11),
it may be stated that in the interval of permability val-
ues from 0 to 60, the values of gas flow increase rapid-
ly, while previously slower. It can also be seen that the
IPR (Inflow) curve intersects the VLP (Outflow) curve

Pressure, kPa,abs

3
1000000

4
1200000 1400000

behind the blue triangle, so for curves 1 and 4 to 5, it is
possible to carry condensate and water out. For curve 3,
only condensate outflow is possible.

Analysing the graph of the gas flow rate depending
on the deposit average permeability (Fig. 12), it can be
stated that in the range of the average permeability val-
ues from 1 to 50, the curve of the flow rate change from
the permeability ratio increases, which means that the
gas flow rate also increases. The further course of the
curve from the value of the deposit average permeabil-
ity from 100 to 500 grows more slowly, which means
that the gas flow rate will increase less and less.
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Fig. 11. Graph of pressure vs. gas flow rate as a function of the deposit average permeability
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3.6. Analysis of the efficiency
of the B3H well
as a function of turbulence ratio

By analysing the diagram of pressure versus gas flow rate
as a function of the turbulence ratio (Fig. 13), it can be seen
that the higher the turbulence ratio, the lower the gas flow
rate. It is also evident that for curves 1 and 2, there is a pos-
sibility of removing condensate and water, for curves 3
and 4 - only condensate, whereas for curve 5 there is no
possibility of removing both condensate and water. Addi-

tionally, this is the parameter on which the skin effect
coefficient depends. Analysing the curve of the gas flow in
dependence on the turbulence coefficient (Fig. 14) it can
be stated that in the range of the turbulence coefficient val-
ue from 0.035315 1/m?/d to 0.070629 1/m*/d the curve of
the flow change from the turbulence coeflicient decreases
strongly, which means that the gas flow also decreas-
es significantly. The further course of the curve from
the value of the turbulence coefficient 0.070629 1/m’/d
to 0.194231 1/m’/d stabilises, which means that the gas
flow rate will decrease less and less.
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Fig. 14. Graph of gas flow vs. turbulence ratio

3.7. Evaluation of the sensitivity

of a horizontal well

to the water exponent
Analysing the diagram of pressure vs. gas flow rate as
a function of the water exponent (Fig. 15), it may be
stated that, for specific parameters of the reservoir and

the BH3 well, the relations are as follows. Firstly, the
higher the water exponent, the lower the gas flow rate.
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As regards the pink point on the reservoir productivity
curve, it denotes the rate at which liquid and gas would
start to destroy the wellbore on the basis of processes
such as cavitation; however, since it has a very high
value, it is not included in the diagram. The destruc-
tion rate decreases as the water exponent increas-
es. It is also noticeable that for curves 3, 4, 5 there is
a possibility of removing condensate and water, where-
as for curves 1, 2 only condensate can be removed.
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Analysing the curve of gas discharge depending on the
water exponent (Fig. 16), it can be stated that in the
range of the water exponent value 0.001 m*(1)/10°m>(g)
to 5 m*(1)/10°m’(g) the curve of change of the discharge
from the water exponent decreases slightly, which
means that the gas discharge also decreases slightly. The
further curve from the value of the water exponent of
5 m*(1)/10°m>*(g) to 50 m*(1)/10°m>*(g) decreases signifi-
cantly, which means that the gas flow rate also decreases
to a large extent. From the value of the water coefficient
of 50 m*(1)/10°m>*(g) to 100 m?*(1)/10°m*(g), the curve
stabilises, which means practically constant gas emis-

Pressure, kPa,abs
=
g

N 155

sion. This is due to the fact that the water is initially lift-
ed point-wise upwards, which in the horizontal section
merges into a shaft whose water mass is heavy and diffi-
cult to lift. Since such a large force is necessary, a great-
er depression in the reservoir is possible. This increas-
es the output with less risk of water entering the well.
Horizontal wells are therefore less sensitive to water
inflow into the well. The last section of the curve of
the change in flow rate from the water exponent from
100 m*(1)/10°m3(g) to 150 m3(1)/10°m>(g) decreases
strongly, which means that the gas flow rate also decreas-
es to a large extent.
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Fig. 15. Plot of pressure versus gas flow versus water exponent
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Fig. 16. Plot of pressure vs. gas flow vs. water exponent

4. Discussion

1. Horizontal wells are drilled into well-known struc-
tures which, after being drilled by vertical wells,
provide a great deal of information on the spatial
geometry or fracture structure of the reservoir,
thus eliminating the risk of a possible unsealing of
the reservoir structure through the unintentional
drilling of a horizontal well into it.

2. The contact between the horizontal well and the
reservoir is determined by the length of the hori-
zontal well, which makes it possible to achieve
a higher flow rate at the same depression. Hori-
zontal wells are less sensitive to water inflow into
the well because the pressure gradient is distrib-
uted over a certain length of the horizontal sec-
tion.
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3. An analysis of the course of the IPR curve (Fig. 5)

as a function of the length of the horizontal sec-
tion shows that the longer the horizontal section,
the greater the gas flow rate. A significant increase
in the gas discharge can be found in the length
range from 10 m to 50 m. For greater values of
the length of horizontal sections, the increase in
output becomes weaker. It is important here that
after exceeding the value of 440 m there is no
visible increase in efficiency. It is also noticeable
that for lengths of horizontal sections: 440, 200
(curves 1, 5) there is a possibility of carrying away
condensate and water (Fig. 6).

. From the analysis of the IPR curve (Fig. 7) on

the pressure in the bed, it can be stated that the
higher the pressure in the reservoir, the high-
er the gas output. A significant increase in gas
output can be found in the range of reservoir
pressure from 16,500 to 20,000 kPa. It is also
noticeable that for the values of pressures in the
reservoir: 18,000, 19,000, 20,000 (curves 1, 4, 5)
there is a possibility of condensate and water
extraction (Fig. 8).

. From the analysis of the course of the IPR curve

(Fig. 9) on the thickness of the deposit it can be
stated that the greater the thickness, the greater
the gas output. A significant increase of gas yield
can be found in the thickness range from 10 m to
150 m. It can also be seen that for thickness val-
ues: 29, 50, 150 (curves 1, 4, 5), there is a possi-
bility of condensate and water being carried away
(Fig. 10).

. From the analysis of the IPR curve (Fig. 11) on the

average permeability of the deposit, it can be con-
cluded that the higher the average permeability of
the deposit, the higher the gas flow rate. A signif-
icant increase in the gas output can be found in
the range of average reservoir permeability from
1 to 59 mD. For higher values of the vertical per-
meability of the reservoir, the increase in output
increases more strongly. It can also be seen that for
values of vertical bed permeability: 59, 100, 500
(curves 1, 4, 5), there is a possibility of condensate
and water lift-off (Fig. 12).

7. The analysis of the IPR curve (Fig. 13) on the turbu-
lence ratio shows that the higher the turbulence ratio,
the lower the gas flow rate. A significant decrease in
gas flow rate can be found in the range of turbulence
ratio from 0.035315 1/m’/d to 0.070629 1/m?/d. For
higher values of turbulence coefficients, the decrease
in output decreases more strongly. It is also evident
that for the values of reservoir vertical permeability:
0.035315; 0.070629 (curves 1, 2), there is a possibility
of condensate and water outflow (Fig. 14).

8. From the analysis of the course of the IPR curve
(Fig. 15) from the water exponent it can be stated
that the greater the water exponent, the smaller
the gas output. A significant decrease in the gas
yield can be found in the water exponent rang-
es from 5 m*(1)/10°m*(g) to 50 m’(1)/10°m’(g)
and from 100 m*(1)/10°m*(g) to 150 m*(1)/10°m*(g).
For values of the water exponent range from
50 m’(1)/10°m*(g) to 100 m*(1)/10°m*(g), the curve
stabilises, which means practically constant gas
output. This is due to the fact that the water is ini-
tially lifted upwards at a point, which in the hori-
zontal section merges into a shaft whose water mass
is heavy and difficult to lift. Since such a large force
is necessary, a greater depression in the reservoir is
possible. This increases the output with less risk of
water entering the well. Horizontal wells are there-
fore less sensitive to water inflow into the well. It
can also be seen that for a value of the water expo-
nent of 0.001-5 (curves 2, 1), there is a possibility of
condensate and water escaping (Fig. 16).

5. Conclusions

In conclusion, it is confirmed that the most important
factors having the greatest influence on the efficiency of
a horizontal well located in an underground gas storage
facility are the following: reservoir pressure, thickness
of the reservoir, length of the horizontal section, aver-
age permeability of the reservoir, turbulence coeflicient
and water exponent.
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