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A B S T R A C T  
 

 

The objective of this study is to investigate the nucleation timing of gas hydrate molecules in oil flows. 

This research focuses on examining how paraffin particles impact the formation timing of hydrate 
deposits during the mechanical production of oil. A thorough comprehension and control over the 

formation of organic deposits within the wellbore can substantially mitigate equipment maintenance 

expenses, enhance the safety and consistency of production, and bolster the economic viability of 
extracting hydrocarbons. The initial segment of the paper outlines a methodology for identifying the 

formation depths of gas hydrates and asphaltene-resin-paraffin deposits (ARPD) in operational oil wells 

through the resolution of thermobaric differential equation systems. Subsequent laboratory experiments 
were conducted to assess the nucleation timing of gas hydrates in the presence of paraffin. These tests 

were performed in a specialized high-pressure autoclave that enables the establishment of requisite 

thermobaric conditions. An internal agitator in the autoclave facilitates the needed dispersion within the 
system to emulate well flow conditions. Experimental findings revealed that paraffin particles impede 

the formation of gas hydrate deposits and decelerate their nucleation process. Notably, a 3% increase in 

paraffin concentration within the mixture was observed to prolong the nucleation timing of gas hydrates 
by a factor of nine. Based on the review of available literature, it is deduced that further comprehensive 

investigations are essential for the advancement of a temporal model governing the operational dynamics 

of production wells under the influence of gas hydrate and ARPD formation. 

doi: 10.5829/ije.2024.37.07a.13 
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1. INTRODUCTION 
 
Gas hydrates, also known as clathrates, are crystalline 

structures where water molecules form a lattice that 

encases gas molecules under specific temperature and 

pressure conditions. The thermodynamic prerequisites 

for gas hydrate formation vary according to gas type, 

temperature, pressure, gas saturation, and the salinity of 

water (1) as well as the compositional makeup of other 

phases present. Methane (CH4), ethane (C2H6), propane 

(C3H8), butane (C4H10), carbon dioxide (CO2), hydrogen 

sulfide (H2S), nitrogen (N2), and other gases in 

hydrocarbon production can form hydrates under suitable 

conditions (2). Methane-based natural gas hydrates are 

particularly notable for their energy potential, with one 

cubic meter of hydrate yielding approximately 165 

standard cubic meters of CH4. 

The formation of gas hydrates can be classified into 

anthropogenic and natural occurrences. Anthropogenic 

hydrates may develop in oil and natural gas production 

systems characterized by a high gas-to-oil ratio, 

including areas such as the bottom hole zone, wellbores, 

and field pipelines (3). In contrast, natural hydrates may 

aggregate into clusters or exist in a dispersed state (4). 

The genesis of anthropogenic natural gas hydrates poses 

considerable challenges to the operational efficiency of 

oil and gas production facilities by complicating 

technological processes, escalating energy demands, 

shortening equipment maintenance intervals, and 

amplifying risks in the exploration of new Arctic oil and 

gas ventures (5, 6). 

The formation of asphaltene-resin-paraffin deposits 

(ARPD) in oilfield equipment is a more prevalent issue 

than gas hydrate deposition. The development of 

numerous fields in the Volga-Ural and West Siberian oil 

and gas provinces is hindered by ARPD formation (7). 

The severe climatic conditions of the Far North, 

exacerbated by permafrost cooling of flows, coupled with 

the rigorous climate, amplify the challenges associated 

with gas hydrate and ARPD formation during oil and gas 

extraction (8, 9). The coalescence of gas hydrates and 

ARPD into a unified deposit further complicates the 

operation of production wells. Therefore, refining the 

theoretical understanding of gas hydrate and ARPD 

formation is crucial for the enhanced exploitation of 

Arctic territories within the Russian Federation (10, 11). 

For the most part, it is imperative to acknowledge that 

the thermobaric conditions prevailing within a well exert 

a profound influence on the process of hydrocarbon 

production process. The pressure and temperature 

parameters of the flow within the well are critical 

determinants in the formation of organic deposits (12). In 

this context, a methodology for assessing the flow 

temperature inside the borehole was introduced by 

researchers (13). This approach is grounded in 

differential equations of heat conduction, incorporating 

the heat transfer coefficient between the surrounding 

rock formations and the well's flow. The determination 

of this coefficient leverages field-derived data (14). The 

phenomenon of convective heat transfer in vertical gas-

liquid two-phase hydrocarbon flows has been examined 

(15, 16), with laboratory experiments revealing the 

relationship between the heat transfer and the velocity 

and structure of the mixture. The theoretical endeavors 

have culminated in the formulation of an elaborate 

mechanistic model for heat transfer. This model accounts 

for the flow's pattern, distinguishing among bubble, slug, 

and annular structures, and is adept at predicting the flow 

structure before calculating the flow's hydrodynamics 

and heat transfer characteristics based on the anticipated 

structure. The results of comparison between the model 

and real data showed that presented model calculates the 

heat transfer coefficient with an error margin of 20%, 

30%, and 25% for bubble, annular, and slug flows, 

respectively. Furthermore, the integration of permafrost 

attributes such as the latent heat of fusion (17), alongside 

considerations of permafrost thawing, the migration of 

water from proximal zones around the well to more 

remote areas, and the temperature gradient, has 

facilitated the introduction of a novel thermal model for 

a producing well by the authors (18). Field tests of the 

model showed high convergence of the calculation 

results with real data.  

Additionally, the impact of operating an electrical 

submersible pump (ESP) on the heat exchange dynamics 

between the pumped fluid and its surroundings warrants 

attention. Investigations (14, 19) have delved into the 

thermal interactions between an active ESP unit and its 

immediate environment, proposing a model that 

accurately predicts the temperature variations of both the 

unit itself and the fluid in transit through and around the 

pump. Moreover, the processes of well killing and the 

injection of specialized fluids can induce cooling in the 

bottom hole zone and wellbore, potentially leading to the 

augmented formation of ARPD and gas hydrates within 

the well space. This phenomenon poses challenges to the 

subsequent reactivation and operation of the well (20, 

21). 

Research documented in studies (22, 23) has 

highlighted the considerable impact of flow dynamics on 

hydrate formation, specifically through mechanisms such 

as destruction, coalescence, and deformation of gas 

bubbles, as well as their interactions with mixture flow 

vortices and collisions among themselves. Further 

investigation (24) elucidated the nuances of hydrate 

formation across varying levels of water content within 

the flow, yielding the following insights: 

1. High water content facilitates hydrate 

nucleation at the gas-water phase boundary, significantly 

accelerating the agglomeration process of gas hydrates. 

2. At medium water content, hydrate nucleation 

predominantly occurs at the oil-water interface, resulting 
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in fewer hydrate deposits and a reduced rate of hydrate 

formation. 

3. Systems with low water content exhibit 

decreased density and thickness in gas hydrate deposits. 

These findings underscore the critical importance of 

understanding hydrate formation dynamics under various 

well conditions. 

Hydrate deposit management commonly employs the 

use of hydrate formation inhibitors (25), which are 

categorized by most researchers based on literature (26): 

• Their mechanism of action, dividing them into 

thermodynamic, kinetic, and anti-agglomerant types. 

• Composition, distinguishing between single-

component and multi-component inhibitors. 

• The number and nature of functions they 

perform. 

• Physical and chemical properties, such as 

density, volatility, and freezing point. 

The accumulation of asphalt-resin-paraffin deposits 

(ARPD) on field equipment and pipeline surfaces poses 

significant challenges to oil production, transportation, 

and refining processes (27). Key factors contributing to 

ARPD formation in field equipment have been identified 

(28) as: 

• The presence of heavy oil components that 

agglomerate into large ARPD particles. 

• The release of oil-dissolved gases when flow 

pressure falls below the gas saturation pressure of oil. 

• Reduction of flow temperature beneath the 

paraffin saturation point of oil. 

• Situations where disruptive flow forces, 

dependent on velocity, regime, and structure, are 

outweighed by the cohesive forces within the deposits. 

The most effective technological approach for ARPD 

management involves the use of chemical inhibitors with 

a crucial focus on minimizing inhibitor loss (29) due to 

adsorption by the surrounding rock formations (30). A 

comprehensive methodology for mitigating ARPD 

formation in the wellbore area has been proposed (31), 

incorporating well washing with specialized solvents to 

dissolve existing deposits. Additionally, other strategies 

for combating ARPD formation in production wells have 

been explored (32). Investigations (33-35) have 

examined how the material composition of production 

pipes influences ARPD formation conditions. Another 

study (36) introduced a heating cable system as a method 

for controlling paraffin deposition in production wells, 

while research (37) presented a novel approach involving 

magnetic reagent treatment of oilfield equipment. 

As previously discussed, the concurrent formation of 

gas hydrates and asphalt-resin-paraffin deposits (ARPD) 

significantly complicates hydrocarbon productions via 

mechanized methods (38, 39). Research presented by 

Wang et al. (40) introduced an advanced model for 

hydrate nucleation in the presence of ARPD and 

surfactants, with asphaltenes potentially acting as such 

surfactants, as illustrated in Figure 1. The study yielded 

several key findings:  

1. The nucleation process of hydrate molecules is 

decelerated by the presence of ARPD or surfactants. 

2. ARPD molecules obstruct the mass and heat 

transfer process between hydrate molecules. 

3. The volume of hydrate deposits escalates in the 

absence of surfactants but in the presence of ARPD. This 

increase is attributed to the integration of ARPD 

molecules into the hydrate agglomerates, further 

complicating their disintegration. 

Therefore, the primary aim of this research is to delve 

into the dynamics of gas hydrate deposit formation within 

a producing well, particularly in scenarios where oil flow 

contains wax particles. Laboratory observations could 

facilitate the development of a temporal model for a 

producing well. This model enables the prediction of the 

time required for product removal and the formation of 

organic deposits. Under certain conditions, this model 

suggests that gas hydrates may not accumulate in bottom 

hole equipment to a significant extent. Consequently, this 

allows for a strategic adjustment in the delivery of 

hydrate formation inhibitors to surface equipment rather 

than directly to the bottom hole. Such a shift in the 

inhibitor delivery strategy is anticipated to streamline 

equipment maintenance and substantially reduce the 

financial burden associated with the injection of reagents 

into the wellbore. 
 
 

2. METHODOLOGY 
 

2. 1. Methodology for Determining Depth of Gas 
Hydrate and ARPD Formation in a Well            The 

methodology for identifying the initial depths of organic 

deposits formation is structured around a comprehensive 

algorithm that encompasses several critical steps: 

1. Initial Setup: Define the initial well configuration 

and production conditions based on field data to establish 

a baseline for further analysis. 

2. ESP Operating Parameters: Determine the 

operational parameters of the Electrical Submersible 

Pump (ESP) unit, incorporating adjustments for 

emulsions and free gas content to ensure accurate 

modeling of the pump's performance under field 

conditions. 
 

 

 
Figure 1. Disturbance of mass and heat exchange between 

hydrates due to wax particles 
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3. Temperature Distribution Evaluation: Assess the 

temperature distribution along the well's depth, taking 

into account the heat generated by the ESP unit (38). This 

step is crucial for understanding the thermal dynamics 

within the wellbore. 

4. Pressure Distribution Calculation: Utilize the 

updated Poetman-Carpenter method to calculate the 

pressure distribution at various depths within the well for 

both the production string and tubing. This method 

provides a refined approach to estimating pressure 

profiles. 

5. Linking Pressure to Temperature: Correlate the 

depth-specific pressure values with corresponding flow 

temperature readings. This correlation specifies the P(T) 

distribution within the well, offering a detailed view of 

the thermobaric conditions. 

6. Well Operation Modeling: Estimate the true 

operational parameters of the well under the specified 

conditions using a well operation model. This step 

involves specifying the flow rate, bottom hole pressure, 

and receiving pressure, thereby refining the operational 

parameters. 

7. Hydrate Formation Equilibrium: Compare the P(T) 

distribution against the equilibrium conditions for 

hydrate formation to identify the onset depth of hydrate 

formation (22). This comparison is vital for pinpointing 

where hydrates begin to form within the well. 

8. Thermogram and Wax Crystallization: Match 

the well's thermogram against the temperature profile for 

wax crystallization across the well's depth to determine 

the formation depth of paraffin.  

A block diagram illustrating this algorithm is depicted 

in Figure 2; providing a visual representation of the 

process flow.  

Upon implementing this algorithm, it is possible to 

achieve accurate determination of the initial depths for 

ARPD and crystalline hydrate formation. To further 

enhance this algorithm, incorporating a time variable into 

the calculations can account for the kinetics of gas 

hydrate formation in the presence of ARPD, making the 

model more dynamic and reflective of real-world 

conditions (41, 42). 

For the initial determination of organic deposits 

formation depths,  the pressure characteristic of the ESP  

 

 

 
Figure 2. Algorithm to determine the depth of organic sediment formation 
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in emulsion with gas presence is established. The pump's 

pressure output is derived from its passport 

characteristics, which are then recalibrated for a viscous 

liquid using  Lyapkov method (43). This recalibration 

involves determining the pump stage's coefficient of 

rapidity, denoted as 𝑛𝑠, as outlined in Equation 1: 

𝑛𝑠 = 193 ∙ 𝑛 ∙ (
𝑄𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚.

86400
)
0,5
∙ (𝑔 ∙

𝐻𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚.

𝑧
)
−0,75

  (1) 

where n is the number of pump revolutions, rpm; 

𝑄𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚., 𝐻𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚. - optimum flow rate (m3/day) and 

pump head on water (m); z - number of stages. 

Reynolds number of the flow in the channels of ESP, 

Equation 2: 

𝑅𝑒𝐻 =
4,3+0,816∙𝑛𝑠

0,274

𝑛𝑠
0,575 ∙

𝑄𝑙𝑖𝑞

(
𝜇𝑚𝑖𝑥
𝜌𝑚𝑖𝑥

)∙86400
∙ √

𝑛∙86400

𝑄𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚.

3
  (2) 

where 𝜇𝑚𝑖𝑥 , 𝜌𝑚𝑖𝑥 are mixture viscosity (𝑃𝑎 ∙ 𝑠) and 

density (kg/m3); 𝑄𝑙𝑖𝑞  - well flow rate, m3/day. 

Conversion factors for viscous fluid, Equations 3 and 

4: 

𝐾𝐻𝑄 = 1 − (3,585 − 0,821 ∙ 𝑙𝑔(𝑅𝑒𝐻)) ∙ (0,027 +

0,0485
𝑄𝑙𝑖𝑞.

𝑄𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚.
)  

(3) 

𝐾𝜂 =

{
0,485 ∙ 𝑙𝑔(𝑅𝑒𝐻) − 0,63 − 0,26

𝑄𝑙𝑖𝑞

𝑄𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚.
 𝑖𝑓 𝑅𝑒𝐻 < 2320

0,274 ∙ 𝑙𝑔(𝑅𝑒𝐻) − 0,06 − 0,14
𝑄𝑙𝑖𝑞

𝑄𝑙𝑖𝑞.𝑜𝑝𝑡𝑖𝑚.
 𝑖𝑓 𝑅𝑒𝐻 > 2320

  
(4) 

Coefficients for recalculation of the water-air mixture 

are now calculated using the corresponding nomogram in 

Figure 3 (44).  

The gas content is found by Equation 5: 

Г = 𝐺

(
𝜌𝑜𝑖𝑙.𝑑𝑒𝑔𝑎𝑠

𝜌𝑔𝑎𝑠
+ 𝐺)

⁄   
(5) 

where G - gas factor, m3 /m3; 𝜌𝑜𝑖𝑙.𝑑𝑒𝑔𝑎𝑠 - density of 

degassed oil at standard conditions, kg/m3; 𝜌𝑔𝑎𝑠 – density 

of gas at standard conditions, kg/m3. 

 

 

 
Figure 3. Nomogram for calculating pump performance 

parameters for water-air mixtures (44) 

To accurately calculate the pressure produced by the 

pump 𝑃𝑝𝑢𝑚𝑝 for any given well flow rate, the approach 

involves obtaining conversion factors for gas. These 

factors are then multiplied by the coefficients determined 

for viscous fluids, enabling the characterization of the 

pump's performance with the actual emulsion present in 

the well. This step is crucial for understanding the pump's 

ability to maintain optimal pressure levels under various 

operational conditions, thereby ensuring the efficient 

transport of the fluid mixture to the surface. 

The flow temperature in any section between the 

reservoir roof and the pump (temperature in the 

production string) is determined with Equation 6, the 

flow temperature in any section of the tubing is 

determined with Equation 7: 

𝑇𝑠𝑡𝑟 = 𝑇𝑟𝑒𝑠 − (𝐻𝑟𝑒𝑠 − 𝐻) ∙ 𝑐𝑜𝑠𝛼 ∙
0,0034+0,79∙𝐺𝑟𝑎𝑑∙𝑐𝑜𝑠𝛼

10
𝑄𝑙𝑖𝑞 86400∙20∙𝑑

𝑠𝑡𝑟.𝑖𝑛𝑛𝑒𝑟
2,67

⁄
  (6) 

𝑇𝑡𝑢𝑏 = 𝑇𝑟𝑒𝑠 − (𝐻𝑟𝑒𝑠 −𝐻𝑝) ∙ 𝑐𝑜𝑠𝛼 ∙
0,0034 + 0,79 ∙ 𝐺𝑟𝑎𝑑 ∙ 𝑐𝑜𝑠𝛼

10𝑄𝑙𝑖𝑞 86400∙20∙𝑑𝑠𝑡𝑟.𝑖𝑛𝑛𝑒𝑟
2,67⁄

−

−(𝐻𝑝 −𝐻) ∙ 𝑐𝑜𝑠𝛼 ∙
0,0034 + 0,79 ∙ Г ∙ 𝑐𝑜𝑠𝛼

10𝑄𝑙𝑖𝑞 86400∙20∙𝑑𝑡𝑢𝑏.𝑖𝑛𝑛𝑒𝑟
2,67⁄

+ ∆𝑡𝑝𝑢𝑚𝑝

 (7) 

where α is the average well inclination angle; Grad is the 

temperature gradient, grad/m; 𝐻𝑝 - vertical depth of 

pump suspension, m;  𝑇𝑟𝑒𝑠 - reservoir temperature, ℃; 

𝐻𝑟𝑒𝑠 - vertical depth of the reservoir roof, m; 𝑑𝑠𝑡𝑟.𝑖𝑛𝑛𝑒𝑟  - 

inner diameter of production string, m; 𝑑𝑡𝑢𝑏.𝑖𝑛𝑛𝑒𝑟  - inner 

diameter of tubing, m. The temperature distribution along 

the borehole is shown in Figure 4. 

Temperature rise at the pump outlet (45) is 

determined with Equation 8: 

∆𝑡𝑝𝑢𝑚𝑝 =
𝑔𝐻𝑝𝑢𝑚𝑝

𝑐
(

1

𝜂𝑝𝑢𝑚𝑝𝜂𝑚𝑜𝑡𝑜𝑟
−

0,5

𝜂𝑝𝑢𝑚𝑝
)  (8) 

where 𝐻𝑝𝑢𝑚𝑝 – is the head created by the pump, m; 

𝜂𝑝𝑢𝑚𝑝 - pump efficiency, shares; 𝜂𝑚𝑜𝑡𝑜𝑟  - motor 

efficiency equal to 0.9. 

A modernized Poetman-Carpenter methodology can 

be used to determine the pressure distribution in the well. 

Modernization includes modified equations to account 

 

 

 
Figure 4. Flow temperature distribution along the borehole 
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for separated and dissolved gas in the tubing string after 

the ESP unit. The separation factor of the pump, which is 

used for modernization, is determined with Equation 9: 

К𝑠𝑒𝑝 =  
1

(

 
 
1+0,75∙

𝑄𝑙𝑖𝑞

86400∙(0.02∙(𝜋∙
(𝑑𝑠𝑡𝑟.𝑖𝑛𝑛𝑒𝑟
2 −𝑑𝑝𝑢𝑚𝑝

2 )

4
)

)

 
 

  

(9) 

The Poetman-Carpenter methodology is used to find 

the pressure gradient in the well, Equation 10: 

𝑑𝑃

𝑑𝐻
= 𝜌𝑚𝑖𝑥 ∙ 9,81 ∙ 10

−6 ∗ 𝑐𝑜𝑠𝛼 +

[𝑓∙𝑄2∙(1−𝛽𝑤𝑎𝑡𝑒𝑟)
2∙𝑀𝑚𝑖𝑥

2]

(2,3∙1015∙𝜌𝑚𝑖𝑥∙𝑑𝑡𝑢𝑏.𝑖𝑛𝑛𝑒𝑟
5)

  
(10) 

where 𝜌𝑚𝑖𝑥 is mixture density, kg/m3; 𝛽𝑤𝑎𝑡𝑒𝑟  - water cut, 

shares; 𝑀𝑚𝑖𝑥  - specific density of the gas-liquid mixture, 

kg/m3. These parameters are found according to the 

Poetman-Carpenter methodology. 

Calculations are executed in a "top-down" manner 

within the tubing to the point of saturation pressure, and 

similarly, within the production string, extending from 

the pump inlet pressure to the bottomhole pressure (39). 

By employing the iterative method (46) key operational 

parameters of the well can be determined. Through 

numerical integration, we ascertain the pressure 

distribution along the tubing. Initially, pressures at 

designated depths are computed via a mathematical 

interpolation technique, subsequently linking these 

pressures with new temperature values. This process 

involves multiple iterations to accurately determine the 

pressure distribution throughout the depth of both the 

tubing and production string, culminating in the precise 

calculation of the true bottom hole pressure, 𝑃𝑏𝑜𝑡 . The 

derived pressure distribution along the wellbore is 

depicted in Figure 5. 

Then, through a well productivity coefficient 𝐾𝑝𝑟𝑜𝑑, 

the true flow rate of the well is found. Vogel correction 

(47), in Equation 11, is also introduced in the calculations 

which takes into account the movement of aerated liquid 

flow. 

𝑄 =

{
 
 

 
 

К𝑝𝑟𝑜𝑑 ∙ (𝑃𝑟𝑒𝑠 − 𝑃𝑏𝑜𝑡),  𝑖𝑓 𝑃𝑏𝑜𝑡 > 𝑃𝑠𝑎𝑡

К𝑝𝑟𝑜𝑑 ∙ (𝑃𝑟𝑒𝑠 − 𝑃𝑏𝑜𝑡) +
К𝑝𝑟𝑜𝑑∙𝑃𝑠𝑎𝑡

1,8
∙

∙ (1 − 0,2 ∙
𝑃𝑏𝑜𝑡

𝑃𝑠𝑎𝑡
− 0,8 ∙ (

𝑃𝑏𝑜𝑡

𝑃𝑠𝑎𝑡
)
2
) ,  𝑖𝑓 𝑃𝑏𝑜𝑡 ≤ 𝑃𝑠𝑎𝑡

  (11) 

The calculated flow rate value is reintegrated at the 

beginning of the calculation, and the entire algorithm is 

iterated until the desired precision is achieved. 

Subsequently, the equilibrium conditions for the 

formation of crystalline hydrates are established utilizing 

the calculation methodologies shown in the referenced 

monographs (48, 49). These methodologies are 

specifically tailored for application to both natural and 

associated petroleum gases. 

First, using Equation 12, the pressure of gas hydrate 

formation 𝑝𝑚
0  (in MPa) is calculated (𝑝𝑚

0  is determined 

for temperature T0 =273.15 K). Equation 12 is applicable 

for hydrates of cubic structure II, which, in turn, are 

typical for oil and gas condensate fields, which are 

considered in this paper. 

[1 + 𝑝𝑚
0 (2,5𝑦𝐶𝐻4 + 1,4𝑦𝐶𝑂2 + 0,67𝑦𝑁2 + 46,1𝑦𝐻2𝑆)]

2
=

=
1

𝑝𝑚
0 (

𝑦𝐶𝐻4
231

+
𝑦𝐶2𝐻6
2,3

+
𝑦𝐶3𝐻8
0,176

+
𝑦𝑖−𝐶4𝐻10
0,113

+
𝑦𝑛−𝐶4𝐻10

1,6
+
𝑦𝐶𝑂2
26,3

+
𝑦𝑁2
2323

+
𝑦𝐻2𝑆

10,47
)

  (12) 

where y is the mole fraction of each component of the gas 

mixture. The content of each component in the gas is also 

determined after field studies or according to field 

development guidelines. 

The desired pressure (𝑝𝑚) at temperatures higher than 

273.15 K is found using sets of reference curves of 

hydrate formation proposed by Semenov et al. (50) by the 

following Equation 13. 

𝑝𝑚 =
𝑝𝑚
0 𝑧0

𝑧
𝑒𝑥𝑝 (𝐴1 (

1

𝑇0
−

1

𝑇
))  (13) 

 

 

 
Figure 5. Pressure distribution along the wellbore obtained 

with modernized Poetman-Carpenter method 

 

 

 
Figure 6. Determination of hydrate formation interval in 

tubing 
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z0, z are gas compressibility coefficient for 𝑝𝑚
0  and T0 

conditions and calculated conditions, respectively; A1 - 

empirical coefficient (50). 

Employing this methodology yields an equilibrium 

condition curve for hydrate formation plotted in pressure-

temperature (P-T) coordinates, as illustrated in Figure 6. 

The point where this curve intersects with another 

indicates the initial depth at which gas hydrate begins to 

form within the tubing. 

To calculate the depth of ARPD formation in the well, 

it is necessary to find the wax crystallization temperature 

distribution (51). The values of pressure and volume gas 

content are taken from previously calculated Poetman-

Carpenter method. The dependence of paraffin 

crystallization temperature on depth is presented in 

Equation 14: 

𝑇𝑤𝑎𝑥(𝑃𝑖) = 𝑡0 + 0,2 𝑃𝑖 − 0,1 𝑉𝑔𝑎𝑠.𝑠𝑎𝑡,𝑖  (14) 

where 𝑡0 is found by Equation 15 (℃); Pi and 𝑉𝑔𝑎𝑠.𝑠𝑎𝑡,𝑖 - 

borehole section pressure (MPa) and residual gas 

saturation of oil (m3 /m3), determined with the Poetman-

Carpenter methodology. 

𝑡0 = 11,398 + 34,084 𝑙𝑔𝐶𝑤𝑎𝑥  (15) 

where 𝐶𝑤𝑎𝑥 - mass content of paraffin, %. 

The outcomes of this research are depicted in Figure 

7. The algorithm introduced is slated for enhancement 

through the incorporation of supplementary differential 

equations. These equations aim to ascertain the duration 

required for the formation of organic deposits within the 

borehole space, as well as the extraction time for the fluid 

lifted from the borehole to the wellhead.  

This advancement seeks to refine the predictive 

accuracy of the algorithm, providing a more 

comprehensive understanding of the dynamics involved 

in the deposition and extraction processes within the well 

operation. 

 

 

 
Figure 7. Determining the depth of ARPD formation in the 

well 

2. 2. Methodology for Determining Thermobaric 
Conditions of Gas Hydrates Formation in Presence 
of Paraffin          The concurrent formation of crystalline 

hydrates and waxes poses a substantial challenge to oil 

production infrastructure. The accumulation of gas 

hydrate and wax deposits within pipelines and wells can 

significantly diminish productivity and, in severe cases, 

entirely obstruct the flow of liquids (27, 41, 52). 

Therefore, investigating this phenomenon is crucial for 

devising effective strategies for the prevention of deposit 

formation and for the efficient removal of such deposits 

during the operational lifecycle of oil fields.  

In this section, we delve into the methodology 

employed in laboratory experiments designed to evaluate 

the impact of wax on gas hydrate formation conditions. 

By varying the mass content of dissolved paraffin, it is 

feasible to delineate the correlation between the 

conditions of gas hydrate formation and the quantity of 

paraffin present in the system. The experiments were 

conducted using the specialized reactor-autoclave Gas 

Hydrate Autoclave GHA 350 and a model gas 

preparation system, enabling the investigation of hydrate 

formation at temperatures ranging from -10°C to 60°C 

and pressures up to 35 MPa, as depicted in Figure 8. This 

research methodology was meticulously developed and 

validated by the personnel of the Scientific Center 

“Arctic” at the Empress Catherine II Saint Petersburg 

Mining University. 

The laboratory experiment methodology, inspired by 

the approach detailed by Semenov et al. (53), is outlined 

as follows: 

1. Preparation of Paraffin Solution in Kerosene: 

• Aviation kerosene TS-1 (GOST 10227-86) with 

paraffin P-2 (GOST 23683-89) dissolved in it serves as 

the simulated hydrocarbon medium. 

• Initially, 125 ml of the kerosene solution 

containing paraffin and 200 ml of water are utilized to 

 

 

 
Figure 8. Laboratory complex for gas hydrate research: А. 

Autoclave GHA-350; B. Top-driven stirrer; C. Huber 

Ministat 240 thermostat; D. Gas boosters with maximum 

pressures of 40.0 MPa (left) and 15.0 MPa (right); E. Model 

gas preparation system. 
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create a phase interface within the camera lens. The mass 

for 125 ml of kerosene is accurately measured, 

considering the container's mass, yielding 96.71 g of 

kerosene. Following the measurement of the requisite 

volume, the container is sealed to prevent the 

vaporization of kerosene. 

• The necessary quantity of paraffin is determined 

based on its desired mass content in the kerosene, ranging 

from 2-10% wt. The precise amount of paraffin wax is 

calculated using the appropriate proportion. 

• The paraffin is then integrated into the pre-

measured kerosene, followed by thorough mixing. To 

ensure containment, containers with screw-on lids, 

specifically designed for reagents, are employed to 

maintain airtight conditions upon heating. 

• To expedite the dissolution of paraffin wax in 

kerosene, the container is placed within an oven 

preheated to temperatures of 50-60°C. This heating 

facilitates the complete dissolution of paraffin into 

kerosene within 30 minutes. 

2. Autoclave Preparation for the Experiment: 

• The autoclave's internal cavity is meticulously 

cleaned of residues from prior experiments using a 

solvent followed by alcohol, ensuring a contaminant-free 

environment for the new experiment. 

• It is then loaded with 125 ml of kerosene 

solution and 200 ml of water. This specific ratio is crucial 

for visibly distinguishing phase separation in the first 

camera and gas-liquid interaction in the second camera.  

• The experiment's requisite pressure is 

established, initially set to 40 bar for the commencement 

of the experiment.  

• To generate the necessary emulsion, the 

solution is agitated at room temperature at a speed of 800 

rpm for a duration of 30 minutes, rendering the autoclave 

primed for experimentation. 

3. Conducting the Experiment to Identify the 

Equilibrium Point of Hydrate Formation:  

• The system is pressurized with methane to 

slightly above the required pressure to ensure that, 

following methane dissolution and system equilibration, 

the pressure remains at or above the experiment's 

threshold. In this instance, the system is pressurized to 45 

bar before stabilizing at 40 bar.  

• The agitator's speed is adjusted to a moderate 

100-200 rpm, facilitating the saturation of the liquid with 

methane. 

• The system is then cooled to a temperature 

below the anticipated hydrate formation threshold. 

Maintaining the system in a super cooled state for a 

period allows for equilibrium establishment without the 

risk of hydrate formation due to oversaturation, as the 

stirrer operates at low speeds.  

• To induce gas hydrate formation, the agitator 

speed is increased to 500 rpm, establishing a turbulent 

regime within the autoclave. In these oversaturated and 

super cooled conditions, hydrate crystals form abruptly 

throughout the autoclave volume, marked by a significant 

pressure drop and a minor temperature increase—

indicative of the exothermic nature of hydrate formation. 

Additionally, a noticeable increase in stirrer torque 

occurs as the forming hydrate crystals impede the 

agitation process. 

• Identifying the equilibrium point involves 

gradual heating of the system at a constant rate. The 

equilibrium conditions for hydrate formation and 

dissociation align, but the stochastic nature of hydrate 

formation complicates direct equilibrium point 

determination during cooling. During dissociation, the 

equilibrium point is discerned at the pressure curve's 

inflection point. As the system is slowly heated, hydrate 

crystals disintegrate, releasing gas and elevating 

autoclave pressure. Once hydrate decomposition is 

complete, the pressure curve stabilizes, rising more 

gradually as pressure increases are solely attributed to 

heating. The experiment maintains a heating rate of 1°C 

every two hours, facilitating precise equilibrium point 

determination. To chart the equilibrium curve for hydrate 

formation, equilibrium points across various thermobaric 

conditions are identified. 

 

2. 3. Methodology for Studying the Nucleation 
Time of Gas Hydrates in Presence of Paraffin   
During laboratory studies on hydrate formation in the 

presence of paraffin, it was discovered that under 

conditions of low system pressures and low temperatures, 

the hydrate nucleation time significantly increases. This 

observation led to the conclusion that paraffin particles 

play a role in affecting the kinetics of the gas hydrate 

crystal formation process. Specifically, due to the 

pronounced super cooling at the lower pressures where 

hydrate formation occurs, paraffin particles tend to 

precipitate first within the liquid's volume. These 

particles, therefore, interfere with mass and heat transfer 

processes during the nucleation of gas hydrates (54), 

subsequently delaying the formation of initial gas hydrate 

agglomerates. This delay is part of an accumulative 

process concerning the potential energy involved in the 

agglomeration of crystalline hydrates. Paraffin, by 

postponing the formation of hydrate crystals, contributes 

to the sudden formation of large agglomerates when its 

role as a kinetic inhibitor of hydrate formation becomes 

overwhelmed (55). 

The main factors that promote the formation of 

crystalline hydrates in the reactor are the super cooling of 

the system and the super saturation of the system with 

free gas. The super cooling aspect precisely defines the 

thermobaric conditions favorable for the nucleation 

process of gas hydrates. The kinetics of hydrate 

formation is greatly dependent on the level of super 

saturation. To accelerate the formation of gas hydrate 

deposits within the reactor, it is simply necessary to 

enhance the degree of gas super saturation in the system 
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by increasing the stirring speed. However, for the 

purpose of this experiment, the degree of super cooling 

and super saturation of the system is to be kept constant. 

Accordingly, to investigate the effect of paraffin on 

the nucleation rate and kinetic characteristics of gas 

hydrate formation, the following methodology was 

developed. The process of nucleation and formation of 

crystalline hydrates is recognized as a relatively 

stochastic process, which introduces additional 

challenges in the investigation of this phenomenon (56). 

The variability in the time intervals for the formation of 

hydrate agglomerates necessitates the identification of 

dissociation conditions when determining the 

equilibrium point. Hydrate dissociation consistently 

occurs at a uniform rate, reaching equilibrium conditions 

simultaneously. However, this approach does not 

specifically cater to the study of the nucleation rate of 

hydrate crystals. Thus, the methodology proposed herein 

aims to evaluate the impact of varying concentrations of 

paraffin in the system on the nucleation rate of gas 

hydrate crystals. 

The methodology for this laboratory experiment is 

outlined as follows: 

1. Preparation of Paraffin Solution in Kerosene: 

• The procedure for preparing the paraffin 

solution is identical to that described in section 2.2. 

2. Preparation of the Autoclave for the 

Experiment: 

• This step is conducted in the same manner as the 

autoclave preparation outlined in section 2.2. 

3. Experiment on Determining the Nucleation 

Time of Gas Hydrates: 

• To ensure the emulsion's stability and maintain 

a constant degree of system super saturation, the stirrer 

speed is set at 200 rpm. This speed is maintained 

uniformly throughout the experiment. 

• Utilizing previously identified equilibrium 

points of hydrate formation, the intervals for system 

cooling are determined. The reactor is set to the required 

system pressure. Subsequently, the liquids and gas within 

the reactor are cooled from a starting temperature of 22°C 

to a temperature that is 1°C higher than the hydrate 

formation temperature over a period of 1.5 hours. 

• The system is then further cooled to a 

temperature 2-3°C below the hydrate formation 

temperature, based on the specific conditions required. 

This cooling phase lasts for 30 minutes, after which the 

system is poised for the holding phase of the experiment. 

• The system is maintained under these conditions 

for 10 hours (although this duration may be adjusted 

based on empirical observations), during which the 

pressure and temperature within the system, as well as 

the torque exerted by the stirrer, are meticulously 

recorded. 

• Throughout the nucleation phase, the system's 

pressure and temperature are kept constant. Upon 

reaching the equilibrium conditions, the hydrate 

formation process initiates, characterized by a reduction 

in pressure as the gas transitions into the hydrate 

molecules, and a notable increase in temperature due to 

the exothermic nature of hydrate agglomerate formation. 

• The duration from the start of the experiment to 

the nucleation and formation of hydrates is accurately 

documented. Following this, the autoclave is reheated to 

room temperature, and the experiment is restarted. This 

repetition is crucial for reducing the stochastic variability 

inherent in the formation of gas hydrates. Initially, it is 

planned to conduct 10 experiments at a single paraffin 

mass content to calculate the average time required for 

the nucleation of crystalline hydrates. 

 
 
3. RESULTS AND DISCUSSION 

 
From these investigations, several key insights were 

uncovered. Primarily, a methodology for determining the 

depth of crystalline hydrates and Asphaltene Resin 

Paraffin Deposits (ARPD) formation within a producing 

well was introduced. This algorithm facilitates the 

precise identification of the depth at which organic 

deposits form, contingent on specific operational 

parameters of well equipment. Moreover, there exists 

potential to refine this method by integrating new 

relationships and differential equations. These equations 

would account for the gas hydrates' nucleation time in the 

presence of paraffin within the flow, deriving their 

foundation from the laboratory studies executed in this 

research. 

Secondly, the acquisition of the equilibrium hydrate 

formation curve, illustrated in Figure 9, was for a system 

containing a 5% paraffin content. Additionally, data 

points for a 2% paraffin content, with all other parameters 

of the gas-liquid system and the autoclave remaining 

constant, were also derived. It was determined that 

paraffin does not influence the thermobaric conditions 

necessary for the formation of crystalline hydrates. 

Thirdly, patterns regarding the nucleation time of 

hydrate crystals in systems containing paraffin were 

identified. The impact of paraffin on the nucleation time 

was specifically assessed for systems with 2 and 5% mass 

content of paraffin solution in kerosene, revealing 

nuanced insights into how paraffin presence affects the 

initial stages of hydrate crystal formation.  

Several hypotheses were corroborated through the 

study, leading to the identification of distinct patterns: 

• The nucleation process and the formation of 

crystalline hydrates exhibit a stochastic nature, with the 

time required ranging from 30 minutes to several hours, 

as illustrated in Figures 10 and 11. 

• The modeling compound demonstrates a 

memory effect (57), wherein successive experiments 

yield nearly identical nucleation times. This memory  
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Figure 9. Equilibrium curve of hydrate formation obtained 

during the experiment 

 

 

 
Figure 10. Equilibrium curve of hydrate formation obtained 

during the experiment 

 

 

 
Figure 11. Hydrate nucleation less than one hour 

 

 

 
Figure 12. Equilibrium curve of hydrate formation obtained 

during the experiment 

effect also facilitates the accelerated formation of gas 

hydrates in subsequent experiments, highlighting an 

intriguing aspect of the compound's behavior under 

experimental conditions. 

• The degree of super cooling has a significant 

impact on the nucleation time. Decreasing the super 

cooling temperature from 3 to 2°C led to a fivefold 

increase in nucleation time, as depicted in Figure 12. 

• The presence of wax in the mixture markedly 

prolongs the nucleation time of gas hydrates. With a 2% 

wax mass content, the average nucleation time was 

recorded at 94 minutes, whereas for a wax content of 5%, 

the nucleation time extended to 826 minutes. This 

represents a nine-fold increase in average nucleation 

time. Such variations underscore the role of increased 

wax content in impeding mass and heat transfer among 

hydrate molecules; thus inhibiting the formation of 

sizable gas hydrate agglomerates. This discovery 

underscores the importance of considering the inhibitory 

effects of wax on the formation of gas hydrate deposits 

during oil extraction processes. The outcomes of these 

investigations are summarized in Tables 1 and 2. 

The variability observed in Tables 1 and 2 may be 

attributed to both the stochastic nature of the nucleation 

process and the memory effect. Specifically, the water 

molecules' hydrogen bonds surrounding the guest gas 

molecule, following hydrate decomposition, are 

preserved. Upon subsequent cooling, these bonds more 

readily serve as crystallization nuclei, thereby shortening 

the induction period (58).  

To rigorously assess the impact of paraffin, a null 

hypothesis was posited prior to experimentation: "The 

hydrate nucleation time for a mixture with 2% wax mass 

content is equivalent to that for a mixture with 5% wax 

mass content," with a p-value threshold set at 0.05. This 

hypothesis was examined utilizing the SciPy library 

within the Python programming language. 

The null hypothesis was ultimately refuted, as the 

statistical analysis yielded a p-value of 0.035, against the 

preset threshold of 0.05. This outcome indicates a 

significant difference in the hydrate nucleation times 

between mixtures with 2 and 5% wax mass content. 

Consequently, it is inferred that paraffin acts as a natural 

kinetic inhibitor in the formation of gas hydrates, 

highlighting its potential utility in managing gas hydrate 

formation in oil production contexts.  

 
 

 

TABLE 1. Results of 10 experiments with 2% paraffin 

Hydrates nucleation time 
Experiment number 

1 2 3 4 5 6 7 8 9 10 

From equilibrium conditions of 

hydrate formation, min 
222 240 32 43 46 35 19 19 239 40 
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TABLE 2. Results of 10 experiments with 5% paraffin 

Hydrates nucleation time Experiment number 

1 2 3 4 5 6 7 8 9 10 

From equilibrium conditions of 

hydrate formation, min 
53 240 57 148 2645 1945 27 540 440 2160 

 

 

4. CONCLUSION 
 

The research delineated in this manuscript pertains to the 

elucidation of conditions conducive to the simultaneous 

formation of gas hydrates and asphaltene-resin-paraffin 

deposits (ARPD) within wellbores. The authors have 

developed a comprehensive methodology encompassing 

an extensive range of calculations. This methodology 

initiates with the determination of the thermobaric 

conditions prevailing inside the wellbore and culminates 

in the analysis of equilibrium conditions pertinent to 

hydrate formation alongside the crystallization 

temperature of paraffin. This study meticulously 

considers vital aspects of the reservoir fluid production 

process, including gas saturation, the distribution and 

dispersion of free gas within the flow, oil shrinkage, the 

presence of free water, and the impact of fluid viscosity 

on the operational parameters of Electric Submersible 

Pumps (ESP). This approach ensures a holistic 

understanding of the phenomena under study, integrating 

crucial factors that influence the formation of these 

deposits. 

The computational algorithm introduced in this 

article holds promise for enhancing hydrocarbon 

production methodologies. Additionally, there is scope 

for the refinement and modernization of this algorithm to 

better meet the evolving needs of the industry. 

During the course of laboratory experiments, it was 

ascertained that paraffin plays a significant role in 

influencing the kinetic conditions pertinent to the 

nucleation of gas hydrates. Notwithstanding, evidence 

suggests that paraffin embedded within kerosene does 

not alter the thermobaric conditions requisite for the 

formation of gas hydrates. Thus, paraffin emerges as a 

natural kinetic inhibitor, given that the nucleation rate of 

hydrates at a designated super cooling temperature 

escalates with an increase in its concentration within 

kerosene. Consequently, incorporating the nucleation 

timing in the context of wax presence facilitates the 

formulation of a temporal operational model for wells. 

This model, predicated on differential equations, 

juxtaposes the duration of fluid evacuation from the 

wellbore against the formation timeline of gas hydrate 

deposits. The implementation of this model is aimed at 

establishing operational conditions within the wellbore 

that preempt the formation of gas hydrates, particularly 

in regions where combating their accumulation proves 

most challenging. 

 

Future experimental endeavors aimed at pinpointing 

the most likely nucleation interval for hydrate formation 

necessitate a methodological recalibration to mitigate the 

'memory effect' observed during the reformation of gas 

hydrates. Within the ambit of this study, experiments 

demonstrated a prolongation in nucleation timing when 

the mixture was preheated to 35-40°C before subsequent 

re-cooling. It is noteworthy that the memory effect could 

be contingent upon the provenance of the water and its 

dwell time subsequent to hydrate dissociation. 

The insights garnered from this research elucidate the 

formation mechanisms of crystalline hydrates and 

paraffin deposits, paving the way for the innovation of 

more efficacious strategies to thwart their accumulation 

in oil wells. This advancement harbors the potential to 

improve efficiency, curtail maintenance and operational 

expenditures, and engender more consistent production 

outcomes for oil entities. 
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Persian Abstract 

 چکیده 
 در درات یه رسوبات  لی تشک زمان بر  نی پاراف ذرات  ری تأث ی بررس هدف با  قیتحق  نیا  .است نفت  انیجر  در گاز  درات یه یها مولکول یی زا هسته  زمان زی آنال کار نیا از هدف

 کاهش یتوجه قابل زانیم به را زات یتجه یارنگهد یها نهیهز تواند یم چاه یفضا در یآل رسوبات  لیتشک حیصح تیریمد و درک .است شده انجام نفت زهی مکان دیتول یط

 رسوبات  و  یگاز یها درات یه  لی تشک عمق  نیی تع  ی برا ی روش مقاله اول بخش .بخشد بهبود را دروکربنیه د یتول یاقتصاد بازده و  دهد شیافزا را دیتول ی داریپا و یمنیا دهد،

 لی تحل و هیتجز یبرا یشتریب یشگاهیآزما مطالعات  .کند یم ارائه کیترموبار لیفرانسید معادلات  یها ستمیس حل با نفت یها چاه دیتول در (ARPD) نیپاراف-نیرز-آسفالت

 وجود لازم کیترموبار ط یشرا جادیا امکان آن در که شد انجام ژهیو بالا فشار اتوکلاو کی در شیآزما ن یا .شد انجام ن یپاراف حضور در  یگاز یها درات یه ییزا هسته زمان

 رسوبات  لیتشک  از  مانع نیپاراف ذرات  که شد مشخص ها شیآزما جهینت  در  .کند یم جادیا چاه در  انیجر یساز هیشب  یبرا را ستمی س لازم ی پراکندگ اتوکلاو داخل همزن .دارد

 یگاز یها درات یه ییزا هسته زمان درصد، 3 زانیم به مخلوط در نیپاراف یمحتوا شیافزا که شد مشخص نیهمچن .کند یم کند را  آنها ییزا هسته روند و شده گاز درات یه

 و گاز درات یه طیشرا تحت یدیتول چاه ات یعمل یزمان مدل توسعه یبرا که شود ی م یریگ جهینت موجود،  یها داده لیتحل و ه یتجز اساس بر .دهد یم شیافزا برابر 9 را

 .است از ین یتر قیعم مطالعات  به ARPD لیتشک
 

 
 

 

 
 


