

  applsci-11-06678




applsci-11-06678







Appl. Sci. 2021, 11(15), 6678; doi:10.3390/app11156678




Article



Influences of the Water Cut of Pumping Oil and the Mineralization of the Associated Water on the Rate of Sludging



Kirill Vyatkin *[image: Orcid], Victor Mordvinov, Pavel Ilushin and Anton Kozlov





Scientific and Educational Center of Geology and Development of Oil and Gas Fields, Perm National Research Polytechnic University, 614990 Perm, Russia









*



Correspondence: kirill.vyatkin@girngm.ru; Tel.: +7-(982)-2533069







Academic Editor: Kun Sang Lee



Received: 16 June 2021 / Accepted: 19 July 2021 / Published: 21 July 2021



Abstract

:

The problem of the formation of organic deposits on the inside surfaces of borehole equipment and oilfield pipelines, which is urgent for all active oil fields, was considered in the study. The formation of these deposits leads to decreased lifespans for oilfield equipment and accidents involving oil pipelines and wells. The aim of our work was to estimate the dependencies of the organic deposition’s formation-rate factor on the water cut of the investigated water–oil emulsion and the mineralization of the water phase. Examination via generation of asphaltene–resin–paraffin deposits on the surfaces of cold rods was carried out with a “Cold Finger” CF-4 unit. Coefficients of specific oil sludging, fluid sludging and rate sludging have been determined. It has been defined that in the definite oilfields, the rate of sludging does not increase as the water content in the emulsion increases. As water-phase mineralization increases, this value remains practically constant.
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1. Introduction


The formation of asphaltene–resin–paraffin deposits (ARPD) on the wetted surfaces of downhole equipment and field oil pipelines is a frequent complication in the process of oil extraction [1,2]. The worldwide and Russian experiences of oil field development and exploitation provide evidence for the urgency of this problem [3,4,5]. In Russian deposits, the problem of ARPD formation is representative, the number of oil-producing wells is abnormal, due to ARPD amounting to 70% of their total [6,7].



The new and improved methods and technology for preventing deposit formation and deposit removal have identified the necessity for the examination and acquisition of new data about the mechanism of ARPD formation. Likewise, one requires correct estimations of the influences of different factors on the rate of deposit formation along the path of well-product motion—from the bed to the vessels of the depot [8,9].



Factors which affect the process of ARPD formation and its rate include the presence of asphaltenes, resins and hard paraffins in oil; pressure; temperature; oil current; evidence of an independent gas phase; water; and roughness of wetted surfaces [10,11]. Pressure reduction via the associated petroleum gas below the saturation pressure of the oil unbalances the system pathologically. As a result, asphaltene–resin agents (ARA) dissolved in oil begin to separate, forming primary substrate on the wetted surfaces of the downhole equipment. When the current’s temperature decreases to the temperature at which the oil can be saturated by paraffin (the temperature of paraffin crystallization), solid paraffinic hydrocarbons are also isolated from the oil and form particles of different sizes in the process of crystallization [12]. The larger particles are removed by the current, and the smaller ones in the process of mixing the fluid stick to the wetted surfaces under the influence of the adhesive strength and form the ARPD layer. The rate of the layer formation is substantially affected by the presence of the temperature gradient between the wetted surface and the current. As the temperature gradient rises, the intermolecular bonds between the microcrystals of paraffin and the surfaces are strengthened [13]. If the flow rate increases, shear stress affecting the ARPD layer can exceed the pressure defined by the adhesive strength [14]. In this case the particles of crystal paraffin are broken off the surface and removed by the flow [15].



Asphaltene–resin agents, through the process of deposition on metal surfaces, including those which are covered with paraffin deposits, promote the surfaces’ rugosity and make them hydrophobic [16,17]. Along with the minute rock particles and corrosion products, they promote hardening of the deposits formed. It has been determined that ARA influences the temperature of oil saturation with paraffin as well [18].



The presence of water in crude oil makes an impact on the character and the rate of ARPD [19,20]. Water increases the specific heat of the fluid and increases the hydrophilicity of the wetted surfaces, weakening the effects of adhesive forces [21,22]. In the process of water and oil emulsion (WOE) generation, minute globules armored by the crystals of paraffin, asphaltene and resin are involved in the process of ARPD initiation [23,24]. Small particles of free water in WOE can be also involved in the process of ARPD initiation.



The results of laboratory research concerning ARPD initiation, taking into consideration the water cut of crude oil and the degree of associated water mineralization, are presented in this work.




2. Materials and Methods


Analysis of the influences of the crude oil water cut and the degree of associated water mineralization on the rate of ARPD formation in the system of gathering production fluid was performed by the “Cold Finger” CF-4 unit. The diagram of this installation is presented below (Figure 1a) and includes: special containers for fluid (4), «cold» rods (3), the inner surface of which is cooled using a circulation thermostat (1) and a pump (2) to create a significant temperature gradient. This installation works according to the reverse piping principle (Figure 1b): inside the «coldrods» there is a cavity, at the bottom of which coolant flows. The «cold rod» is lowered into a special flask with the investigated fluid heated to the required temperature. At the bottom of flask is a magnetic stirring device. This setup allows one to simulate the movement of a unit volume of fluid in an oil pipeline.



Asphaltene–resin oils of oil fields «X» and «Y» (Perm krai) were used for preparing water–oil mixtures. Characteristics of the oils are given in Table 1.



Reservoir waters of oil fields in the territory of Perm Krai are calcium-chloride-rich (classification of V.A.Sulin). The produced reservoir waters (according to classification of V.S. Gurevich and N.I.Tolstikhin) are related to strongly brackish (3.5–10 g/L), low-concentration solutions (50–100 g/L), are high in salt (100–270 g/L) and have densities of up to 1180 kg/m3.



Associated water taken at the field pumping stations was used for preparing water–oil mixtures in the form of emulsions. The water samples had different densities and mineralization levels (Table 2).



Dynamic viscosity of WOE was determined via rotary viscosimeter: Rheotest RN 4.1. Maximum viscosity of WOE at the point of inversion for the oil of «X» oil field was derived at    n v    = 78% (1480 mPa∙c); for the oil of «Y» oil field—at    n v    = 63% (1830 mPa∙c) (Figure 2).




3. Results and Discussion


Samples of WOE were prepared by mixing in the required ratios the samples of oil and associated water for 5 min (700 rpm).



The resulting oil–water emulsions were characterized by high aggregate stability, which was explained by the high content of natural surfactants therein. No stratification of the emulsion was observed during the studies. In this work, two types of emulsions were investigated—water in oil and oil in water. The first type of emulsion takes place when its water cut is 60–80% and is characterized by significant viscosity, which increases with an increase in the proportion of water. When a certain water cut called the inversion point is exceeded, the phases are reversed, forming an oil-in-water emulsion. This emulsion is characterized by the dispersion medium being of low viscosity, which explains its lower aggregate stability.



The resulting samples heated in the water bath cup at 45 °C were examined with respect to sludging with constant agitation by the magnetic device at a rate of 500 rpm and a temperature of 5 °C for the cooling agent in the unit CF-4, for 2 h.



Each oil or water–oil emulsion’s ability to sludge ARPD on the fingers during the investigation was estimated by the coefficient of specific sludging for the oil (SSO) or for the fluid (SSF) according to expressions (1) and (2), respectively:


  S S F =    M 2  −  M 1     M n      · 100 %  



(1)






  S S O =    M 2  −  M 1     M zh      · 100 %  



(2)




where    M 1    and    M 2    masses of the rod before sedimentation and after the experiment, respectively, g;    M n    —mass of oil in the test sample, g;    M  zh     —mass of liquid, g.



For the samples of the dry crude oil, the following values of SSO were derived: «X» oil—0.36%; «Y» oil—0.33%.



As can be seen from the graphs obtained, the change in the LOL index with an increase in the water cut of the emulsion was small. For fluid “Y” we can say that there was a minimal decrease in this indicator. In the figures, trend lines are point-by-point averages using theoretical values of the coefficient. For the SSF coefficient, these values were determined via expression 3. When forcing them, all the results of laboratory studies were taken into account. Considering these graphs, it can be noted that the nature of the change in the SSF value for some water samples deviates from this trend line, which is explained by the presence of errors in the operation of this laboratory setup.



In the figures, trend lines are point-by-point averages using theoretical values of the coefficient, which is calculated as such:


  S S F =    m  ARPD   ·  [   ρ v  ·  (  1 −  n v   )  +  ρ n  ·  n v   ]     ρ n  ·  ρ v  ·  V  z h       · 100 %  



(3)




where    m  ARPD   =  M 2  −  M 1   .



The results of the experimental determination of sludging coefficients are given in Table 3.



At the maximum water cut, the coefficient of SSF for oil «X» is 0.28% (Figure 3a); for oil «Y»—0.24% (Figure 3b).



The SSO coefficient for oil «X», as the WOE water cut increases, grows from 0.36 to 1.37–1.77% (Figure 4a); for oil «Y»—from 0.33 to 1.49–2.19% (Figure 4b). Theoretical values of SSO were derived from expression 4:


  S S O =    m  A R P D   ·  [   ρ v  ·  (  1 −  n v   )  +  ρ n  ·  n v   ]     ρ n  ·  ρ v  ·  (  1 −  n v   )  ·  V  z h       · 100 %    



(4)







The trend lines shown in these charts were obtained from the analysis of all laboratory test results. In the case of the SSO value, the dynamics of its changes for all oil and water samples correlate with the direction of the trend line. Moreover, it is worth noting a significant increase in the value under consideration that appears, most likely, during the formation of an oil-in-water emulsion. Such a significant increase in the value of oil dehydration for the studied oils must be associated firstly with the inclusion of the aqueous phase in the sediments. That process, combined with a decrease in the proportion of the oil phase, caused a significant increase in the indicator under consideration.



The figures of sludging remain practically the same until the water cut reaches 60%, at which point the mineralization of the associated water included in WOE increased (Figure 5a,b).These figures also show trend lines, which are averaged values for water samples of a certain salinity. These trend lines slightly deviate from horizontal linearity, which confirms the lack of correlation between the parameters of sedimentation and salinity of the water phase.



Noticeable or even significant variations of sludging values resulting from changes in the water cut are most probably connected with the technological error of tests (incomplete high-viscous emulsion running off the fingers before weighting).



The rates of sludging in our investigation were evaluated by oil (RSO) and fluid (RSF) coefficients:


  RSF =    m  A R P D     2 ·  V  z h     =   5 ·   10   − 3   ·  ρ n  ·  ρ v  · S S F    ρ в  ·  (  1 −  n v   )  +  ρ n  ·  n v       



(5)






  RSO =    m  A R P D     2 ·  V n    =    m  A R P D   ·  [   ρ v  ·  (  1 −  n v   )  +  ρ n  ·  n v   ]    2 ·  ρ v  ·  (  1 −  n v   )  ·  V  z h     = 5 ·   10   − 3   ·  ρ n  · S S O  



(6)







As seen in Table 4, the rate of sludging for fluid reduced by about 7% upon every 20% increase in the water cut. In other words, the reduction in the rate was not proportional to the increase in the water cut. Thus, the rate of sludging for oil increased with increasing water cut in WOE (Table 5). This effect obviously happened due to the intensive “capturing” of globules from the water–oil emulsion by the forming deposits.



The sludging rate coefficients are given in Table 4 and Table 5 for the example of water sample No. 1. The values of SSO and SSF coefficients were obtained using expressions (3) and (4). For the specified conditions, the ratio of SSO and SSF is equal to   1 /  (  1 −  n v   )   ; the ratio of RSO and RSF is equal to    [   ρ v  ·  (  1 −  n v   )  +  ρ n  ·  n v   ]  / [  ρ v  ·  (  1 −  n v   )  ]  .




4. Conclusions


From the results of our research, the following conclusions can be drawn:



1. The rate of sludging (using the volume of fluid being pumped) did not rise as «X» or «Y» oil water cuts increased. This can be confirmed by an analysis of the well-cleaning interval (WCI) data of Lukoil–Perm limited company (Figure 6). In this figure, the numbers indicate various oil production workshops located throughout Perm Krai, which exploit many different hydrocarbon deposits. The MOP value reflects the time interval between treatment activities, and as can be seen from the figure, it does not depend on the water cut of the product produced.



2. As the associated water mineralization increases, the rate of sludging is not considerably changed.
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Figure 1. Laboratoryunit “ColdFinger” CF-4: (a) installation diagram; (b) inverted pipeline principle. 
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Figure 2. Rheological characteristics of crude oil. 
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Figure 3. Changes in the SSF coefficient: (a) «X» oil; (b) «Y» oil. 
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Figure 4. Changes in the SSO coefficient: (a) «X» oil; (b) «Y» il. 
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Figure 5. Changes in SSF (a) and RSF (b) in relation to the associated water mineralization. 
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Figure 6. Changes in the WCI coefficient depending on the well water cutting (number in the key are IDs for the oil and gas production workshops). 
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Table 1. Physical and chemical characteristics of the oils.






Table 1. Physical and chemical characteristics of the oils.





	
Oil Field, Object

	
«X», V3 − V4 + Bsh

	
«Y», T






	
Volume factor, unit fraction

	
1.092

	
1.016




	
Content%

	
paraffin

	
1.92

	
3.72




	
Resin and asphaltene

	
11.4

	
26.9




	
Density    ρ H   , kg/m3

	
sheeted

	
818

	
917




	
gas-free

	
871

	
918




	
Viscosity, mPa · c

	
sheeted

	
9.0

	
-




	
gas-free

	

	
81.9
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Table 2. Physical and chemical properties of associated waters.
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	Water Sample
	Density    ρ B   , kg/m3
	Mineralization M, g/L





	1
	1023
	33.8



	2
	1069
	103.0



	3
	1080
	117.6



	4
	1115
	169.1
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Table 3. Results of laboratory research.
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Sequence Number

	
    Water   Cut    n v  ,   %      

	
Mineralization M, g/L

	
SSF, %

	
SSO, %






	
«X» Oil




	
1

	
23

	
34

	
0.36

	
0.46




	
2

	
43

	
34

	
0.31

	
0.54




	
3

	
66

	
34

	
0.30

	
0.89




	
4

	
83

	
34

	
0.24

	
1.37




	
5

	
23

	
103

	
0.37

	
0.48




	
6

	
66

	
103

	
0.31

	
0.91




	
7

	
66

	
103

	
0.36

	
1.07




	
8

	
84

	
103

	
0.33

	
2.10




	
9

	
46

	
118

	
0.37

	
0.68




	
10

	
24

	
118

	
0.29

	
0.38




	
11

	
25

	
169

	
0.33

	
0.44




	
12

	
66

	
169

	
0.37

	
1.11




	
13

	
84

	
169

	
0.28

	
1.77




	
«Y» Oil




	
1

	
23

	
34

	
30

	
0.38




	
2

	
23

	
34

	
0.32

	
0.42




	
3

	
23

	
34

	
0.27

	
0.35




	
4

	
44

	
34

	
0.29

	
0.53




	
5

	
57

	
34

	
0.26

	
0.62




	
6

	
57

	
34

	
0.25

	
0.58




	
7

	
46

	
103

	
0.37

	
0.69




	
8

	
84

	
103

	
0.37

	
2.33




	
9

	
50

	
118

	
0.37

	
0.73




	
10

	
84

	
118

	
0.24

	
1.49




	
11

	
24

	
169

	
0.26

	
0.34




	
12

	
46

	
169

	
0.32

	
0.60




	
13

	
68

	
169

	
0.23

	
0.73




	
14

	
85

	
169

	
0.33

	
2.19
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Table 4. RSF results of the laboratory investigation.
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Oil

	
    RSF   Coefficient ,    k g  /  (    m  3  ·  h   )             at   Water   Cut    n  v     ,   %    




	
0

	
20

	
40

	
60

	
80






	
«X»

	
1.841

	
1.720

	
1.606

	
1.500

	
1.400




	
«Y»

	
1.688

	
1.582

	
1.482

	
1.389

	
1.302
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Table 5. RSO results of laboratory investigation.
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Oil

	
    RSO   Coefficient ,    k g  /  (    m  3  ·  h   )           at   Water   Cut    n  v   ,   %    




	
0

	
20

	
40

	
60

	
80






	
«X»

	
1.568

	
1.977

	
2.387

	
2.796

	
3.205




	
«Y»

	
1.437

	
1.899

	
2.360

	
2.822

	
3.284
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