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1. Introduction

Oil production at the fields is accompanied by intense 
hydrate-paraffin formation in the tubing and the intertube 
space (between the outer surface of the tubing and the inner 
part of the casing). To eliminate it, oil and gas companies 
spend significant labor, material and financial resources.

It is known [1–3] that one of the complications of the 
oil production process is the deposition of gas hydrates and 
paraffins on the surface of tubing and casing of wells. This 
phenomenon leads to a decrease in the effective diameter 
and complicates the operation of pipelines and reservoirs, 
significantly reducing oil production (20 %) and increasing 
electricity consumption during oil pumping (10–15 %). 
Methods of removing these deposits on the surface of under-
ground equipment and surface oil transportation and storage 
systems (oil gathering systems, separation and stabilization 
units, etc.) can be improved in two directions: 1) carrying 
out organizational and technical measures to prevent the 
formation of deposits; 2) cleaning the surface of the equip-
ment from hydrate-paraffin deposits. 

To prevent the formation of hydrate-paraffin deposits, 
some methods have been proposed, such as the use of spe-
cial coatings on the inner surface of pipes, introduction of 
various chemical reagents into the pumped flow, ultrasonic 
treatment, magnetic treatment, etc. [4]. These methods have 
been studied mainly in terms of using them in industrial 
conditions and have received some application. However, 
in many oil fields, these methods are technically difficult to 
implement and economically impractical. Therefore, they are 
usually limited to cleaning measures.

To select the optimal method of preventing hydrate forma-
tion, it is necessary to conduct experiments to study the condi-
tions, modes, zones and patterns of these deposits in the tubing 
and the annulus of oil wells. Only by clarifying the picture of 
physical mechanisms and the specifics of the formation of these 
depositss, it is possible to successfully develop new or improve 
existing effective technologies for the prevention and treatment 
of complicated oil wells. All these measures help to increase the 
corrosion resistance of underground downhole equipment.

2. Literature review and problem statement

In [5], it was shown that hydrates and iron (Fe) oxides 
significantly reduce the corrosion resistance of downhole 
equipment (casing and tubing, frame and individual units 
of centrifugal pumps, sucker-rod pumping units, etc.). These 
factors contribute to the formation of resin-paraffin plugs 
in the annulus, which reduces the inter-cleaning period of 
wells. A number of theoretical papers are devoted to the 
problem of hydrate formations in the annular intertube 
space of oil wells, but their results are not confirmed by ex-
perimental and industrial data. Thus, in [6, 7], the influence 
of various factors on the processes of hydrate formation in 
the tubing of oil production wells was analyzed. Methods 
for combating the effects of hydrate-paraffin deposits [8] 
and measures for preventing hydrate-paraffin formations [9] 
were proposed. In [10], the explanation of physical mecha-
nisms and specific features of hydrate formation in tubing 
pipes is given. However, there is a lack of results of field tests 
on real models, which would adequately reflect the physical 
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favorable pressure-temperature conditions of hydrate 
formation in a wide range of pressure (0.1–120 MPa) 
and temperature (from –20 to +80 °C) were determined. 
The experimental results made it possible to determine 
the conditions required for hydrate deposits and iron (Fe) 
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pressure from 0 to 60 MPa. These results are confirmed by 
thermodynamic calculations of the oil-gas-hydrate phase 
equilibria in the annulus of the well. Data processing was 
performed using the methods of correlation, dispersion 
and regression analysis, which allowed comparing the 
processes of hydrates and iron (Fe) oxides formation in 
the annulus of oil wells. The results of the study can be 
used to prevent and eliminate hydrate-paraffin plugs in 
the downhole equipment of oil wells, and also to determine 
the operation mode of the well for long-term operation of 
the downhole equipment without complications, accidents 
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To achieve the aim, the following objectives were accom-
plished: 

– to develop an experimental installation that can fully 
simulate the conditions hydrate formation and iron oxides to 
real well processes;

– to determine the conditions necessary for hydrate for-
mation and iron oxides in different temperature and pressure 
ranges.

4. Materials and methods of research

4. 1. Equipment and materials used in the experiment
As is known from the practice [3, 8], in real conditions 

of oil production and preparation in the fields, there are 
mixtures of hydrocarbon (oil) gases, including CO2, H2, 
N2, H2S. These components form mixed hydrates, the 
composition of which varies depending on pressure and 
temperature. The form of hydrates also depends on the for-
mation conditions: in a turbulent flow, it is a mass similar 
to compressed wet snow, and in a laminar flow – crystals of 
various modifications.

Having a high sorption capacity, hydrates are actively 
covered with a film of liquid and solid hydrocarbons (resins, 
asphaltenes, paraffins, salts, mechanical impurities). These 
compounds strengthen the hydrates and increase their ad-
hesive properties, i.e. the ability to adhere to the walls of the 
equipment.

Conditions for hydrate formation significantly depend 
on the gas composition. From the components of petroleum 
gases, hydrates form nitrogen, hydrogen sulfide, carbon di-
oxide, methane, ethane, hydrogen, propane and isobutane. 
The gases of oil fields contain heavy gas fractions. Below 
Tables 1, 2 present the average statistical data on the compo-
sition of pumped oil, water-oil mixture and associated gas, 
taken from the productive layers of the oil field of the Poltava 
region (Ukraine).

Table	1

Chemical	composition	of	oil

Chemical composition of oil (mol.%):

carbon dioxide traces

Nitrogen traces

Methane 0.37

Ethane 0.41

Propane 3.43

Isobutane 1.99

n-butane 5.58

Isopentane 2.87

n-pentane 4.17

residue (hexane + higher) 81.18

molecular weight of degassed oil 197.14

molecular weight of the residue 229.07

In addition, the physical parameters of this reservoir oil 
are given in Table 2.

For a detailed study of hydrate formations and iron ox-
ides in the annulus of the oil well, experiments were conduct-
ed on the author’s specially designed laboratory equipment – 
an experimental installation containing a technological unit 
and an information-measuring system.

and thermodynamic processes occurring in the annulus of 
wells during oil production. This factor does not allow de-
veloping effective technological methods and organizational 
and technical measures to prevent and reduce the likelihood 
of hydrate formation. It is known that these deposits are cor-
rosive to the surface of the casing and tubing in the annular 
space of oil wells.

As follows from [11], deposits are sparingly soluble in 
petroleum solvents (gasoline, kerosene, diesel fuel, etc.) due 
to the high content of refractory paraffins. The solubility of 
the oil conglomerate increases sharply at temperatures close 
to the melting point of paraffin (50–60 °C).

For preventing clogging and removing hydrate-paraffin 
deposits, the following methods are mainly used in the world 
practice: 

– washing wells with inhibitors or chemical reagents and 
hot water (hydrochemical method) [12–14];

– using scraper tools (mechanical method) [15];
– using lined tubing by applying granular glass or epoxy 

resin to their inner surface [9];
– using bactericidal protection [9];
– using magnetic protection methods [3];
– using special electric heaters, which contain, for ex-

ample, a tubular body with heating elements arranged in a 
spiral on its surface. The heater is lowered into the column 
and voltage is applied to it, the thermal energy of the heater 
is transferred to the hydrates, which are destroyed, and so-
lidified paraffin deposits in the tubing and melts them [15];

– using direct electric heating of wells with special 
electrical installations using tubing and casing as a heating 
element [16].

The lack of results of field tests on real models, which 
would adequately reflect the physical and thermodynamic 
processes occurring in the annulus during oil production, 
does not allow developing effective technological methods 
and organizational and technical measures to prevent and 
reduce the likelihood of hydrate formation, corrosive to 
the surface of casing and tubing in the annular space of 
oil wells.

All this suggests that an important component of mod-
ern research and development is to conduct appropriate ex-
perimental work, followed by processing the data obtained. 
In particular, to substantiate the optimal method of pre-
venting hydrate formation, it is advisable to investigate the 
conditions, zones and patterns of these deposits in the tubing 
and the annulus of oil wells. Only by clarifying the picture 
of physical mechanisms and the specifics of the formation of 
these formations, it is possible to successfully develop new or 
improve existing technologies for the prevention and treat-
ment of complicated oil wells, providing increased corrosion 
resistance of underground well equipment.  

3. The aim and objectives of the study

The aim of the work is to determine the patterns of the 
hydrate formation process under conditions close to the en-
vironment of oil wells. This will make it possible to reflect 
the physical and thermodynamic processes occurring in the 
annulus of wells during oil production. The results of the 
study open up practical possibilities for appropriate adjust-
ment of the well conditions to prevent hydrate plugs in it and 
increase the durability of the equipment.
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Table	2

Physical	parameters	of	water-oil	mixture	and		
associated	gas

oil and gas saturation pressure, kgf/cm 122.1

gas content, m3/t at 20 °С 86.43

m3/m3 at 20 °С 74.24

volume ratio 1.23

oil viscosity, сp 1.45

oil density, g/cm3 0.749

compressibility ratio, 1/аtm.·10-5 12.22

Fluid composition:

water content, vol. % 25

mechanical impurities, mg/l 280

Chemical composition of associated water, mg/l:

Сl- 9,000
�
3HCO  400

2�
4SO up to 5

Са2+ 600

Mg2+ 110

Na2+, K+ 7,500

H2S 0.5

CO2 50

O2 0.2

Total mineralization, g/l 16

pH 7.2

Associated gas СО2, vol. % 0.2

Humidity, % 100

Moisture content, g/m3 3

Hydrocarbons, % up to 50

Composition of associated gas (in %):

СН4 60.55

С2Н6 8.25

С3Н3 16.58

i-C4H10 2.52

n-С4Н10 6.30

methylpentane residue

H2S 20–50 mg/l

Density at 20, 40 °С 1.16; 0.963 g/l

To study the temperature and pressure influence and 
the nature of the water-oil mixture, the formation fluid 
directly from the productive horizons of the oil field was 
used (Tables 1, 2). Both the products of hydrate forma-
tions and the result of their interaction with the steel 
surface of tubing and pressure chambers were studied. At 
the same time, as a result of the interaction of the corro-
sion-active medium with the surface of the tubing and the 
pressure chamber, sulfides and oxides of iron are formed, 
which were not taken into account in the study of hydrate 
formations. In addition, the products of asphalt-resin-par-
affin deposits on the tubing walls and pressure chamber 
surface, which in some cases were present, but in very 
small quantities (less than 5 % wt.), were not specifically 
studied. Therefore, they were neglected when processing 
the measurement results.

4. 2. Research methods of hydrate formations and 
iron oxides

The method for studying hydrate formations and 
iron (Fe) oxides was as follows. After loading a sample of 
the production string pipe, welded at both ends, to which 
textolite gaskets were attached, into the pressure chamber, 
the pressure chamber was filled with reservoir water-oil 
mixture. Reservoir fluid was taken directly from the wells 
of the oil field, the chemical composition of which is given 
in Table 1 and 2, characterized by a high degree of hydrate 
formation and iron (Fe) oxides in the annulus. After seal-
ing the pressure chamber, experiments were performed, 
the duration of which was kept constant and equal to 
24 hours (according to the recommendations of the Inter-
national Association of Corrosion Engineers – NACE). 
In this case, the temperature was kept constant, while the 
pressure was changed from 0.1 to 60 MPa. To study the 
effect of temperature, similar operations were performed at 
constant pressure and different temperatures varying from 
–15 to +60 °C. At the end of each experiment, the tubing 
sample and the pressure chamber surface  were cleaned of 
deposits with a special scraper, and the water-oil mixture 
was poured through a metal sieve into a container. 

Separation of hydrate formations from sulfide and oxide 
compounds was performed using a magnet wrapped in cel-
lophane. Since hydrate formations are not sensitive to the 
magnetic field, after removing sulfides and iron oxides, they 
were poured into a measuring cup for weighing on electronic 
scales (measurement accuracy is 0.001 g), and then the pro-
portion of hydrate formations in the total mass of deposits 
was determined.

As a reference measurement, we took the basic option – 
pressure 1 MPa, temperature – 15 °C. In this case, the mass 
of hydrate formations averaged 30 % of the total mass of 
deposits (sulfides and iron oxides, hydrate formations and 
asphalt-resin-paraffin deposits). The measurement results 
were entered into a computer for processing. A total of 120 
experiments were performed.

In the process of testing the method on the laboratory 
installation, it was found that asphalt-resin-paraffin de-
posits are not formed during the experiment (24 h) and 
therefore do not make an error in the measurement results. 
The reproducibility of the experimental results is 85–95 %, 
the measurement error in the proposed method does not 
exceed 10 %. Data processing was performed using the 
methods of correlation, dispersion and regression analysis, 
which allowed making a comparative analysis of the for-
mation of hydrate formations and iron (Fe) oxides in the 
annular space of oil wells.

As experimental samples, tubing with a diameter of 
73x5.5 mm, made of steel grade 36G2C, which is widely used 
at the fields of Ukraine, was used. Reservoir-watered oil was 
collected in a tank directly at the well outlet.

5. Results of the study of hydrate formations and  
iron oxides 

5. 1. Development of an experimental installation
The laboratory installation (Fig. 1) consists of a cy-

lindrical pressure chamber 2, outside of which there is a 
cooling jacket 3, in which, if necessary, liquid nitrogen 
is poured through a special device 12. Liquid nitrogen is 
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drained at the end of the experiment through the valve 13. 
The pressure chamber 2 with the cooling jacket 3 is placed 
in the furnace 1 with thermal and electrical insulation. In-
side the pressure chamber, a tube 4 with an electric heat-
er 23 is welded asymmetrically to the bottom, which is 
switched on when liquid nitrogen is poured into the cool-
ing jacket (at this time the oven is switched off). Tempera-
ture conditions in the pressure chamber are controlled by 
an automatic electric heating system, which includes an 
autotransformer with an ammeter and a voltmeter 16, a set 
of thermocouples TC1 – TC3, electronic potentiometers 8 
and 15. Pressure conditions in the pressure chamber are 
provided by a pump BР 10, connected pulse tube 18 with a 
nipple 9; the pressure is controlled by a manometer M 26. 
The studied objects (coils of production string tubes 1.4 m 
long) are placed in the pressure chamber,  hermetically 
sealed by the cover 5 and squeezing bolts 6. To prevent 
the influence of the upper and lower pressure chamber 
walls 21, 25 on the measurement results, the walls are 
closed by an insulating (textolite) gasket 7. Loading and 
unloading of the research objects – samples of tubing and 
formation water-oil-gas liquid 20, are carried out in an in-
clined position of the pressure chamber, which is fixed on 
the frame 14, which allows rotating the chamber around 
the axis of the pins 22. To prevent air from entering the 
investigated water-oil mixture with increasing pressure, 
the inner lid 24 is placed in the pressure chamber, which 
under pressure moves up and down the four grooves 11, 
milled along the forming shell of the pressure chamber. 
The end part of the auxiliary cover also has a groove 19 
into which the sealing ring is inserted. The results of 
testing the method showed no significant increase in the 
oxygen content in the water-oil environment due to air 
injection into the pressure chamber.

Data on the measured parameters (temperature and 
pressure) are sent to the computing complex CC 17. Other 
information is also entered there, in particular, the volume 
of the investigated liquid phase, gravimetric measurement 
data, etc. The computing complex includes a computer, a 
graphics device, a digital printing device and peripherals.

The installation is made of standard modular units, easily 
dismantled, and therefore can be used in stationary and mobile 
versions (for example, in the field). The installation allows 
studying hydrate formation in a wide range of pressure (0.1–
120 MPa) and temperature (from –20 to +80 °С). Data on the 
measured parameters (temperature and pressure) are sent to 
the computing complex. The schematic diagram of the installa-
tion can fully approximate the conditions of hydrate formation 
and iron oxides to the actual well processes and characteristics.

5. 2. Statistical results of studying hydrate formations 
and iron oxides

The results of the experiments are shown in Fig. 2 and 3, 
which make it possible to determine the conditions neces-
sary for hydrate formation and iron (Fe) oxides.

Thus, if the temperature varies from 0 to –15 °C, the most 
favorable conditions for hydrate formation are created at 
pressures from 0.1 to 1 MPa. If the pressure is reduced (0.1… 
0.8 MPa), the hydrate formation conditions occur at low 
temperatures (from –5 to –15 °C). If the pressure is equal to 
1 MPa, conditions for maximum hydrate formation are creat-
ed only in the temperature range from –15 to +15 °C. With an 
increase in temperature from 20 to 40 °C, favorable precondi-
tions for hydrate formations can be realized only at pressures 
of 5–40 MPa, although their probability does not exceed 
40–50 %. In the maximum temperature range of 40–60 °С, 
hydrates can be formed, although with a small probabili-
ty (10–20 %), only at elevated pressures of 40–60 MPa.

 
 

  Fig.	1.	Schematic	diagram	of	the	experimental	installation:	1	–	furnace;	2	–	cylindrical	pressure	chamber;	3	–	cooling	jacket;	
4	–	tube;	5	–	cover;	6	–	squeeze	bolts;	7	–	insulation	(textolite)	gasket;	8,	15	–	electronic	potentiometers;		

9	–	nipple	(KSG	–	nipple	model);	10	–	booster	pump	(BP);	11	–	grooves;	12	–	special	nitrogen	filling	device;	13	–		valve;		
14	–	frame;	16	–	automatic	electric	heating	system;	17	–computing	complex	(CC);	18	–	pulse	tube;		

19	–	groove;	20	–	research	objects	(samples	of	tubing	and	formation	water-oil-gas	liquid);		
21,	25	–	upper	and	lower	pressure	chamber	walls;	22	–	pins;	23	–	electric	heater;	24	–	inner	lid;	26	–	manometer	(M)
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The data in Fig. 3 clearly illustrate three zones of hydrate 
formation depending on the temperature-pressure ratio, 
characterized by different probabilities of hydrate formation. 
Here are also graphs of hydrate formations of the water-oil-
gas mixture and separately the gas released from oil and 
water vapor, obtained by the calculation in [6].

6. Discussion of the results of studying 
hydrate formations and iron oxides in 

the well-proximal conditions

Comparison of data in the tempera-
ture and pressure range indicates their 
convergence, which confirms the ade-
quacy of the developed method to the 
results of thermodynamic calculations 
of the oil-gas-hydrate phase equilib-
rium (Fig. 3). It should be noted that 
in the zone of the dynamic (static) 
level line in the well (t=–5...+30 °С, 
Р=1...5 MPa), as well as in the zones 
of intense condensation, favorable pres-
sure-temperature conditions for intense 
hydrate formation are created (Fig. 2). 
This is confirmed by literature data and 
the results of practical observations [6, 7]. 
In addition, it is important to note the 
experimentally confirmed fact, known 
from the literature and present in lab-
oratory studies, that the composition 
of hydrate formations changes with 
increasing temperature and pressure. 
This phenomenon is caused by the high 
content of gas ingredients. This must 
be taken into account when choosing 
effective reagents that help dissolve hy-
drate formations and remove them from 
the surface of downhole equipment. 

It is known [6, 7] that the conditions of hydrate forma-
tion in the annulus are determined by the phase equilibrium 
on the dynamic level line at an appropriate temperature and 
pressure. 

 

 
  

Fig.	2.	Graphs	of	the	mass	fraction	of	hydrate	formations	and	iron	(Fe)	oxides	
against	temperature:	the	figures	on	the	curves	are	pressure	values	in	MPa	([6])
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Fig.	3.	Graphs	of	the	hydrate	formation	curve	(1)	in	the	annulus	of	the	oil	well:		
zone	I	–	maximum	probability	of	hydrate	formation	(90–100	%);		

ІІ	–	average	probability	of	hydrate	formation	(40–50	%);		
ІІІ	–	minimum	probability	of	hydrate	formation	(10–	20	%);	3	–	lines	of	pressure-temperature	conditions
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The possible range of temperature and pressure in the 
annulus of the well at the depth of the dynamic level may not 
change much, but this interval is taken with some expansion. 
This allows considering situations involving oil heating of 
the tubing, from where heat is transferred to the space be-
tween the tubing and the casing, which causes an increase in 
pressure. Also, temperature and pressure may change due to 
a decrease in the annular pressure as a result of fluctuations 
in the dynamic level associated with pressure in the bottom-
hole zone, pump operation and other reasons. The increase in 
pressure in the annular space of the well may occur due to a 
thermal phenomenon, which consists in a possible significant 
pressure increase as a result of heating the fluids in the well 
space. This condition is common to all production wells.

The results of the study should be used taking into ac-
count the composition of well products and the capabilities 
of laboratory equipment. The installation allows studying 
hydrate formation in a wide range of pressure (0.1–120 MPa) 
and temperature (from –20 to +80 °С).

7. Conclusions 

1.  The developed laboratory equipment – an experimen-
tal installation containing a technological unit and an infor-
mation-measuring system, allows modeling the conditions 
of hydrate formation and iron oxides close to real well pro-
cesses. This makes it possible to study hydrate formation in 
a wide range of temperature and pressure due to the presence 
of a pressure chamber with an electric heater and a cooling 
jacket with the ability to supply liquid nitrogen. Thus, the 
design of the installation allows using it both in laboratory, 
and field conditions.

2. The studies have made it possible to determine the 
conditions necessary for hydrate formation and iron (Fe) 
oxides in the range of temperature from –15 to +60 °C and 
pressure from 0 to 60 MPa. It is determined that the most 
favorable conditions for the formation of hydrate deposits 
are the pressure 0.1–1 MPa and temperature from –5  
to –15 °С.
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