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ABSTRACT

When producing hydrocarbons, an important task relates to the optimization of the stock of the producing well.
The main complications for wells in non-working mode are represented by the formation of asphalt-resin-
paraffin deposits. This issue is one of the most common problems in the production and transportation of oil.
A promising method to deal with these deposits is the application of smooth coatings made of epoxy polymers
on the inner surface of the production well tubing. In this work, a number of laboratory studies were carried out
on the “Cold Finger” installation to assess the effectiveness of this approach. These laboratory studies have shown
that the efficiency related to smooth coatings is 27% while the resulting thermal conductivity ranges from 0.259 to
0.279 W/(m°C). These results demonstrate that this technology can reduce the amount of organic deposits and
increase the temperature of oil.
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Nomenclature
mdep mass of the formed deposits, g;
moil mass of the investigated oil sample, g;
I1 intensity of formation of wax deposits on the “cold” rod without coating, %;
I2 intensity of formation of wax deposits on the “cold” coated rod, %;
K coefficient of heat transfer, W= m2 � Kð Þ
tw temperature of the inner surface of the hollow rod wall, rmcircC;
tr reservoir temperature (fluid temperature at well bottom), rmcircC;
x geothermal gradient (taken to be 0.0172 °C/m);
h distance along the vertical from the bottom to the referred elementary section of the pipe, m;
D inner diameter of the pipe, m;
dh elementary section of the pipe along its height, m;
cf specific heat of the fluid, J= kg � Kð Þ;
qf fluid density; rmkg=rmm2rm;
u mean fluid flow velocity, rmm=rmc;
Fp area of the flow section of the pipe, rmm2;
dtf change in fluid temperature in an elementary section of the pipe, rmcircC:rm;
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1 Introduction

Reservoir fluid is a multiphase mixture, during the production of which many complications may arise
inside the tubing [1]. Examples of such complications are organic deposits, salt formation, hydrate formation,
mechanical impurities, corrosion damage to oil and gas field equipment, etc. [2,3]. In the production of
hydrocarbons, one of the main tasks of a subsoil user is to minimize these manifestations and, as a result,
trouble-free production and transportation of formation fluid [4]. Modern mining conditions complicate
the fulfillment of this task every year. Arrangement of offshore fields involves an increase in the length of
the production well tubing, a decrease in the flow temperature, and an increase in pressure losses in the
cleaning system [5–7]. A significant role is also influenced by the commissioning of fields with hard-to-
recover hydrocarbon reserves and the transition of existing fields to later stages of development. Hard-to-
recover deposits are characterized by unfavorable conditions of fluid occurrence, low filtration properties
of the reservoir rock and deteriorated physical and chemical properties of the fluid [8,9]. These deposits
make up a significant share of the reserves explored in the territory of the Russian Federation and,
according to various estimates, make up from 60% to 75% [10,11]. The production of fluid from these
fields requires increased economic investment. Fields moving to late stages of development are
characterized by a significant deterioration in the technological parameters of oil production, such as
reservoir pressure, water cut, the composition of the produced fluid, etc.

Currently, the most common problem in the Russian Federation is the formation of wax deposits. The
formation of these deposits creates many problems for subsoil users, as it can complicate almost any process
of oil production: production, transportation or primary preparation of a fluid. Basically, the formation of wax
deposits is observed in the bottomhole formation zone, on the cold surface of the production tubing, line
pipelines and reservoirs.

The main components of wax deposits are paraffinic and asphaltene hydrocarbons. Asphaltenes and
resins are heavy wax components of crude oil that can be found in crude oil in varying amounts,
however, the presence of these substances does not indicate the presence of complications in the
production of this oil, since these substances are soluble in light hydrocarbons. Asphaltenes significantly
affect the formation of organic deposits [12,13]. So, according to works [14,15], a small number of
asphaltenes in oil (0.1% of the mass) can significantly affect its properties, significantly lower the gelation
temperature and yield stress of the waxy model oil. Numerous studies have shown that the deposition rate
changes with a change in the concentration of asphaltenes in oil [16–18]. This effect is achieved due to
the fact that at low concentrations asphaltenes can also act as a natural pour point depressant or wax
inhibitor [19,20]. In addition, these components can act as crystallization centers for wax deposits and
change the structure of the formed deposits [21–23].

Another component of wax deposits are paraffins, which are a mixture of saturated hydrocarbons [24]. In
reservoir conditions, all the considered components of wax deposits are in the form of separate molecules due
to the high pressure, temperature and dissolution of associated petroleum gas in oil. The formation of wax
deposits occurs when the oil temperature drops below the temperature of the onset of paraffin crystallization.
At a given temperature, the first crystals of paraffin are released from the oil, which is often associated with a
decrease in the intensity of molecular motion in the oil flow, the convergence of wax molecules and the
formation of a crystal of deposits. The subsequent formation of deposits occurs due to accidental
formation of crystals due to the bonding of paraffin molecules or a more common process caused by the
presence of various crystallization centers in the oil. Asphaltenes, resins, finely dispersed rocks, and
corrosion products can be just such crystallization centers [25]. It should also be noted that high values of
the asphaltene content can have a depression effect on the formation of deposits due to the disturbance of
the formation of the tape structure of paraffin and, thereby, reduce the dynamic viscosity of oil [26].
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To date, many laboratory studies have been carried out aimed at determining the mechanism and factors
affecting the formation of wax deposits. Many deposition mechanisms have been proposed so far, but
molecular diffusion has been accepted as the dominant wax deposition mechanism [27,28]. The
molecular diffusion mechanism implies that wax deposits crystallize near a cold surface, which creates a
concentration gradient between that surface and the center of the stream. Due to this gradient, the wax
molecules will move from high concentration to low concentration. The main factor in the formation of
deposits is considered to be the temperature of the fluid flow since its decrease below the temperature of
the onset of paraffin crystallization contributes to the formation and formation of aggregates and their
further separation from the volume of oil. Determining the temperature of the onset of paraffin
crystallization for a fluid is a difficult task, since this temperature is highly dependent on the content of
light fractions in oil, including gases. When the pressure drops below the bubble point pressure, these
fractions can be released into the gas phase, which can significantly increase the temperature of the onset
of paraffin crystallization in oil. An increase in the intensity of wax deposits formation also occurs with
an increase in the water cut of the produced fluid due to the involvement of the aqueous phase in the
volume of sediments [29]. The roughness of the tubing surface and the speed of fluid movement along
the tubing are also important. High roughness can intensify the adhesion of wax deposits and thus
increase the rate of adhesion of the deposits, a high rate of fluid production can reduce the rate of
formation of wax deposits due to the tearing of the formed deposits from the surface of the production
tubing. The formation of wax deposits in the formation fluid flow leads to a change in the rheological
parameters of the produced fluid: an increase in its viscosity, a decrease in fluidity. With a significant
decrease in the temperature of oil transportation, oil solidification is possible due to the high degree of
crystallization of wax deposits and the formation of a crystalline matrix. With an increase in the volume
of deposits on the inner surface of the tubing, a significant decrease in the hydraulic radius can be noted,
which leads to an increase in pressure in the production well and can lead to emergency situations [30].

Currently, there are many methods for dealing with wax deposits. The increasing prevalence of this
problem has led to the emergence of many different methods to remove or reduce the accumulation rate
of the deposits in question in the production tubing. Many of the methods under consideration are
capable of showing high technological efficiency, however, the successful implementation of any
technology depends, first of all, on the physicochemical properties of the formation fluid and the
conditions for its production.

A promising method from the point of view of preventing the formation of wax deposits is the use of
smooth inner tubing coatings of oil producing wells [31]. The roughness of such coatings can be
5–15 µm, while this value on the inner surfaces of linear pipelines ranges from 35 to 85 µm [32]. The
technological efficiency of these coatings, in addition to low roughness, is also due to the low adhesion
of the surface of smooth coatings and their heat-insulating properties [33]. Today, smooth coatings
applied to oilfield tubular products can be divided into polymer coatings, glazed coatings, and alloyed
coatings [34]. The use of polymer coatings is due to the low free surface energy and are represented by
fluoroethylene polymers, silicone rubbers, acrylic copolymers, etc. [35,36]. The use of polymer coatings
can facilitate the process of hydrocarbon production; however, it has significant limitations on the
maximum operating temperature and creep strength [37]. The use of glazed coatings is due to their
hydrophilicity and, therefore, high efficiency at a high water cut in the produced fluid. However, glazed
coatings have a significant disadvantage–high fragility [38]. Alloying the inner surfaces of the production
tubing provides increased strength values for pipes, couplings, low roughness, and surface energy of the
surface. Alloying can take place with various rare earth metals, including zinc, tungsten, and others
[39–41]. However, alloying pipes is an expensive operation. plastic pipes are another type of smooth
coating. the use of such production tubing provides a decrease in the intensity of the formation of wax
deposits, however, these pipes have low strength characteristics and, when the primary layer of deposits
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is formed, the intensity of wax deposits formation will become similar to a steel pipe [42]. Within the
framework of this work, we will consider several polymer compositions applied to the inner surfaces of
production wells tubing.

The purpose of this work is to develop a methodology for assessing the technological efficiency of the
use of polymer (epoxy) coatings for production tubing. This technique consists of a number of laboratory
studies and modeling the process of introducing this coating to the target well.

2 Materials and Methods

Evaluation of the technological efficiency of the use of epoxy coatings was carried out using the
laboratory installation “Cold Finger” CF-4 (Fig. 1).

A distinctive feature of the installation under consideration is the method of fastening the “cold” rods to
the installation body, namely the threaded connection. Due to this feature, it became possible to manufacture
a “replaceable” rod with a smooth coating applied to its surface (Fig. 2). In this laboratory study, three
different epoxy coatings were compared. As a part of this work, these epoxy coatings will be designated
as coatings No. 1, No. 2 and No. 3, respectively. The production of these “replaceable” coatings was
carried out by cleaning the original surface, applying a silicate-enamel coating or a mixture of coatings to
the outer surface, then firing and drying the surface. The bases of the coatings considered in this work are
for coating No. 1–a mixture of silicate enamels EST-2 and EST-7, for coating No. 2–enamel without
primer 3ET-01-UT, for coating No. 3–silicate enamel MK-5. For each of the considered coatings, the
thermal insulation properties were assessed according to the method described in [43].

Laboratory research on the CF-4 “Cold Finger” installation was carried out according to the author’s
methodology described in the work. Within the framework of laboratory studies, the kinetic characteristic of
the formation of wax deposits was assessed–the intensity of the formation of wax deposits, determined by
expression (1). The effectiveness of the use of a smooth coating was estimated by expression (2).

I ¼ mdep

moil
� 100%; (1)

E ¼ I1 � I2
I1

(2)

Figure 1: Image of the used laboratory installation “Cold Finger” CF-4
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3 Modeling the Thermal Regime of the Target Well

To determine the temperature of conducting studies to assess the effectiveness of the application of the
considered smooth coatings on the target oil well, it is necessary to simulate the temperature regime of this
well. Also, this modeling is necessary to assess the effectiveness of the use of the considered coatings as a
heat-insulating material.

Modeling the temperature distribution over the inner surface of the tubing was carried out according to
the technique presented in [44]. The basis of this technique is the expression 3, the left-hand part of which
represents the amount of heat transferred from the fluid (during lift of the recovered products) in an
elementary section dh of the tubing string or of the hollow rod with its lateral surface area πD·dh and the
right-hand part of which represents the amount of heat required for the change in temperature of the fluid
during its l.

K tw � tr � x � hð Þ½ � � p � D � dh ¼ cf � qf � u � Fp � dtf (3)

The solution of Eq. (3) has the form of Eq. (4):

tw ¼ tr � x � hþ cf � x � qf � q
K � p � D � C1 � e

K � p � D � h
cf � qf � q (4)

where, C1 ¼ cf � x � qf � q
K � p � D is the integration constant.

The use of this formula allows obtaining reliable information about the temperature distribution along
the wellbore. The accuracy of the obtained temperature distribution is achieved through the use of correct
initial data, the application of the known laws of heat and mass transfer. The presented technique has

Figure 2: Image of a “cold” rod: a) Without a smooth coating; b) With a smooth coating No. 1; c) With a
smooth coating No. 2
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been tested in scientific work [45], where the comparison of model values and real thermogram of the well is
carried out.

The results of the simulation are presented in Fig. 3 also show the distribution of the thickness of wax
deposits in this well, taken on the basis of field data.

The technological properties of oil production by the target well and the physicochemical properties of
the formation fluid are presented in Table 1. These data are the basis for modeling the temperature
distribution along the wellbore.

Based on the temperature distribution along the wellbore, it can be concluded that the most intense
process of formation of wax deposits in this well occurs at temperatures below 17°C. Laboratory studies
to assess the intensity of the formation of wax deposits and the effectiveness of the use of smooth
coatings should be carried out at temperatures from 8 to 17°C, since at these temperatures the highest
intensity of the formation of wax deposition is observed.
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Figure 3: Temperature distribution along the target wellbore with indication of the thickness of the formed
wax deposits
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4 Results of Laboratory Studies

The results of laboratory studies to assess the effectiveness of the use of smooth coatings, determined by
expression (2), are shown in Fig. 4.

Based on the data of laboratory studies, it can be concluded that the most effective of the considered
smooth coatings is coating No. 1. Coating No. 3 also showed a relatively high technological efficiency. It
is worth noting the overall low efficiency of the considered smooth coatings, which does not exceed
27%. The reasons for this phenomenon may be different: low thickness of a smooth coating, the
peculiarity of applying an epoxy composition to a “cold” rod, general low efficiency of these smooth
coatings.

Separately, it should be clarified that the use of smooth coatings allows increasing the temperature of oil
production, changing the carbon number distribution due to changes in the thermal field of the well, which
will affect such properties of deposits as strength and aging rate [46–50]. However, the evaluation of these
parameters in the framework of laboratory studies is impossible, as a result of which they will not be
considered in this work. However, an assessment of the thermal insulation properties is possible and will
be carried out further.

Photos of “cold” rods with wax deposits formed on them are shown in Figs. 5a–5c.

Table 1: Technological parameters of fluid production at the target well

Parameter Value

Reservoir «Tl-Bb»

Reservoir temperature, °C 24,6

Reservoir pressure, MPa 9,36

Gas/oil ratio (GOR), m3/t 49,6

Well flow rate by liquid, m3/day 15

Water cut, % 22

Saturation pressure, MPa 9,2

Inter-treatment period, days 30
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Figure 4: Efficiency of using smooth coatings
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However, to assess the effectiveness of the application of the considered smooth coatings, it is also
necessary to evaluate the thermal conductivity of these smooth coatings. For this purpose, the thermal
conductivity coefficient will be determined for coating No. 1, which has shown the highest technological
efficiency. Fig. 6 shows a graph of temperature changes on the surface of “cold” rods without coating and
with coating No. 1.

Analyzing this figure, it can be noted that the thermal conductivity of a smooth coating changes slightly
with a change in the temperature of this coating. With a decrease in the surface temperature from 23°C to
8°C, a decrease in thermal conductivity by 6.49% is observed.

To assess the efficiency of using the considered smooth coating on the target well, a simulation of the
change in the thermal mode of operation was carried out in comparison with an uncoated tubing string
(Fig. 7). Within the framework of this simulation, the thermal conductivity of these deposits was
taken equal to 0.265 W/(m∙°C), and the thickness of the coating applied to the inner surface of the tubing
was 4 mm.

Analyzing the obtained curve, it can be noted that a slight increase in surface temperature is observed
along the entire length of the tubing. The maximum increase is achieved towards the wellhead and is 1.76°C.
In this case, in the interval of the most active paraffiogenesis (Fig. 3), the temperature increase is from 0.57 to
1.76°C. Thus, the introduction of this smooth coating contributes to an increase in the temperature of the
inner surface of the tubing, which in turn can lead to a decrease in the intensity of the formation of wax
deposits by reducing the temperature gradient between the cold surface of the production tubing and the
hot produced fluid.

Figure 5: Photos of “cold” coated rods No. 1 (a), No. 2 (b) and No. 3 (c) After the formation of wax deposits
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5 Conclusion

The formation of wax deposits on the inner surface of tubing strings is one of the most common
complications in hydrocarbon production. The use of smooth inner coatings of production tubing allows
to reduce the rate of formation of these deposits due to the low adhesion of the surface of smooth
coatings and their heat-insulating properties.

The novelty of this work is the manufacture of a “replaceable” rod for «Cold Finger» installation with
the application of a smooth coating on its surface. Currently, the study of these coatings is carried out on
small flat samples or in the field. In [51–53], the results of studies of smooth coatings when applied to
small plates and a study of the deposition of deposits on their surface are presented. The disadvantages of
such studies are the inability to reproduce the field conditions of sediment formation. The work [54]
presented the field results of the experience of using certain smooth coatings on real production wells.
The disadvantage of this method is the high cost of their implementation and costly approbation of the
quality of preventing the formation of deposits. The study of the paraffin formation process using a
replaceable core allows the most correct modeling of the result of the introduction of this smooth coating,
selection of various coatings and at the same time has a low production cost.

Analyzing the results of laboratory studies, it can be noted the low efficiency of the use of these coatings
in order to reduce the intensity of the formation of wax deposits (up to 27%). Moreover, the composition
showed the highest efficiency, the basis of which was a mixture of epoxy coatings est-2 and est-7. The
assessment of the thermal insulation properties showed that these deposits have a rather low coefficient of
thermal conductivity (0.259–0.279 w/(m∙°C), which allows them to be used as a thermal insulation
material. The wellbore increases by an average of 0.5°C. Moreover, in the zone of the most intense
formation of wax deposits, this increase is, on average, 0.92°C. These facts allow us to conclude that the
introduction of the considered coatings is an effective technology that can reduce the intensity of wax
deposits, reduce the roughness of the inner surface of the tubing and protect tubing from aggressive
environment.
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