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Abstract 

The most industrially developed methods of enhanced oil recovery of the production of high-viscosity oils and 

natural bitumen are thermal methods of influencing the reservoir: steam cyclic stimulation of production wells, 
steam assisted gravity drainage, and areal steam injection. The thermal methods also include the thermomine 

method, which involves the construction of underground mine working with galleries of producing wells and a 

thermally enhanced oil recovery. An example of using the thermomine method – the Yarega area of the Yarega 

field. The technology of the thermomine method are continuously being improved during the development of 

Yarega area. The most common the underground-surface method: the steam is injected from the surface through 

vertical steam injection wells, and oil is extracted in the underground mine through gently sloping production 

wells. The practice of areal steam injection and the results of geophysical studies of steam injection wells have 

shown that when using the underground-surface method of production the Yarega area, the steam mainly enters 

the upper part of the reservoir, which implies uneven production of reserves in thickness. There is a need to 

increase the pressure of steam injection in order to involve reserves of extra-viscous oil in the process of the heat 

carrier treatment. However, an increase in the injection pressure of the steam is problematic in some cases due 

to the presence of heterogeneities in the formation (disjunctive seismic faults every 20-25 m, as well as numerous 

microfractures with fissure opening). The paper presents the results of an experimental study of the use of sedi-

mentation compounds during steam injection under different thermobaric conditions. The scientific novelty is to 

evaluate the effectiveness of the use of sedimentation compounds when injecting steam into zonally heterogeneous 

sand packed tubes. Solutions of iron sulfate, sodium carbonate, and calcium chloride were selected as sedimen-

tation compounds. The average permeability of the heterogeneous sand packed tube was reduced by 55 % when 

steam was injected with a temperature of more than 170 °C as a result of performing three treatments with sedi-

mentation compounds. The effective pore volume during steam injection has been increased by 70.6  %, which, 

during well tests affects an increase in the surface efficiency of steam treatment, and as a result, an increase in 

oil recovery. 
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Introduction 

Thermal methods of enhanced oil recovery (EOR) are mainly used in the production of deposits 

of high-viscosity oils and natural bitumen [1, 2]. Global experience in the production of hard- 

to-recover heavy oil reserves has shown that the share of thermal EOR used reaches 67 % of all 

technologies used at these production targets [3]. In addition to thermal EOR, chemical methods, 

injection of hydrocarbon or carbon dioxide gas, and other less common methods of exposure are 

used [4-6]. 

Thermal EOR include such technologies as areal steam injection (areal steam treatment) [7], 

cyclic steam simulated [8], steam assisted gravity drainage [9], in situ combustion [10], thermomine 

method [11] et al. A key factor in any steam treatment is a decrease in oil viscosity and an increase 
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in its mobility [12]. Despite the high efficiency of thermal EOR, there is a constant improvement 

in impact technologies in order to reduce the costs of hydrocarbon production. 

An example of the use of thermal EOR in the Komi Republic is the Yarega oil and titanium field. 
The oil reservoir is confined to the deposits of the Upper and Middle Devonian, it lies at a shallow 
depth – the roof is marked in the depth range of 140-210 m. The initial geological reserves amount 

to more than 200 million tons of oil with abnormal viscosity (12-14 Pas in reservoir conditions). The 
thermomine methods are used within the Yarega area of the Yarega field [13], and steam assisted 
gravity drainage of the reservoir is used on the Lyaelskaya area [14]. 

At the initial stage, since 1932, the Yarega area of the Yarega field was produced using the “clas-
sical” method – penetration the deposit from the surface with vertical wells and extracting oil from the 
gas dissolved in it. 38.5 thousand tons of extra-viscous oil were produced during the blowout of pro-
duction wells at pilot industrial sites in 1935-1945, which corresponded to an oil recovery ratio of less 
than 2 %. To increase the efficiency of oil extraction, a project for the construction of three oil mines 

was developed in 1939. The mining of mine fields was carried out in a depletion in 1939-1972, as a 
result of which it was possible to increase the oil recovery ratio (ORR) to 6 %. The reservoir pressure 
was reduced from 1.4 MPa to atmospheric pressure as a result of the depletion of the productive deposit, 
which in turn contributed to the introduction of thermal EOR [15]. 

The oil recovery ratio has been increased to 53 % with a steam oil ratio (SOR) of 2.7 t/t since the 
beginning of the introduction of the thermomine method in 1972-2002. The main problems of produc-
tion using the heat carrier treatment on the deposit of extra-viscous oil were the heterogeneity in sand-
stones of the reservoir (the presence of seismic faults every 20-25 m); the presence of numerous wells 
drilled during depletion; high temperature in oil mine; steam break-throughs into producing wells and 
minе workings. It was decided to inject the steam from the surface due to the high cost of building and 
equipping oil mines with a steam injection system. The underground-surface method of thermomine of 
production involves only the drainage of oil in the oil mine through a system of gently sloping wells. 
Steam injection is carried out by vertical wells from the surface along the contour of the oil gallery, 
which implies a decrease in temperature in the mine workings and an increase in the injection pressure 
of the steam to 1.6 MPa and, as a result, an increase in the steam treatment zone. Its temperature also 
increases as the steam injection pressure increases, which has a beneficial effect on oil recovery [16]. 

75 dip-working blocks with geological reserves of 105 million tons of oil have been put into de-
velopment since the beginning of the thermomine method. A dip-working block is understood as a 
separate oil gallery with a certain type of steam injection, depending on the thermomine development 
system. The main thermomine method is currently the underground-surface method, which has mas-
tered seven dip-working blocks with initial geological reserves of 4.2 million tons of oil. The average 
ORR for decommissioned blocks was 62.2 %, and the average SOR was 2.6 t/t (2.6 t of steam per 1 t 
of oil produced). 

Problem statement 

There are a number of factors that have been identified during the development of dip-working 

blocks despite the high efficiency of the underground-surface thermomine development system. The 

steam is mainly concentrated near the roof of the oil reservoir during the heat carrier treatment from the 

surface, which leads to a number of complications during development: uneven reserve recovery along 

the thickness of the reservoir [17]; breakthrough of the heat carrier to gently sloping production wells 

and mine workings [18]; the inability to increase the injection pressure of the heat carrier to 1.6 MPa 

in steam injection wells. 
Geophysical studies of steam injection wells are performed as a method of monitoring the heat 

carrier intake by the reservoir thickness [19]. According to the results of spinner survey of these studies, 
preroofed part heating of the reservoir is confirmed in most steam injection wells. The low vertical sweep 
efficiency of the heat carrier of the bottomhole zone of steam injection wells is due to both low injec-
tion pressure and the predominance of gravitational forces.  

Another problem of the heat carrier treatment in the underground-surface thermomine develop-
ment system is the hydrodynamic connectivity between steam injection wells. Channels with low 
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flow coefficient are formed at high steam injection rates due to the weak consolidation of the  
terrigenous reservoir [20], which mainly spread near the roof of the reservoir. There is also a de-
crease in the rock strength parameters of the reservoir, accompanied by sand problem under such 
conditions [21], which can occur both in gently sloping production wells and in neighboring steam 
injection wells. The presence of the heat carrier inflow intervals in the bottomhole zone of stopped 
steam injection wells in some cases exceeds 50 % of the penetrated thickness of the reservoir, which 
significantly reduces the effectiveness of the heat carrier treatment deep into the reservoir in the di-
rection of the oil gallery of the dip-working block. 

Reservoir zones with disjunctive seismic faults and wells drilled in the Ukhta system prevent the 
spread of the steam treatment zone. The expansion of the heat front occurs mainly due to thermal 
conductivity at the initial stage of the steam treatment. In this case oil recovery is mainly due to 
thermal expansion, and without creating a proper pressure gradient from the roof to the bottom of the 
reservoir, development is carried out in a gravity drive. 

It is proposed to consider a number of technological solutions aimed at conformance control of 

steam and involving uninvaded zones of the reservoir in the recovery process to isolate highly per-

meable zones of the reservoir. There are several technologies aimed at isolating highly permeable 

reservoir intervals. These methods can be both selective and non-selective [22]. When developing 

deposits of extra-viscous oil by thermal EOR, non-selective technologies for isolating reservoir in-

tervals are impractical. Isolation of the exposed reservoir interval can significantly affect the intake 

capacity of the heat carrier, which directly influences on the ORR. Therefore, it is worth considering 

exclusively selective isolation methods, their use will reduce permeability only in water-saturated 

zones of the reservoir. 

The limitation of water inflow to producers from injection wells is achieved using various  

methods [23], such as injection of gelling compounds [24-26], polymer-dispersed systems [27-29], 

emulsion compositions [30, 31], silicate solutions [32], sedimentation compounds [33] et al. Table 1 

provides a brief comparative description of the chemical compounds used to conformance control 

(CC) of injection wells.  

 
Table 1 

 

Comparison of chemical compounds for conformance control 
 

Types compounds Advantage Disadvantage 

Polymer-dispersed 

systems and 

 gel-forming  

compounds 

The different viscosity of the composition depends on 

the concentration of the polymer (gel-forming com-

pound) and dispersed particles, as well as the possibility 

of regulating the formation time of the gel-forming sys-

tem due to temperature or cross linker. 

High efficiency of CC due to the creation of a hydrody-

namic barrier by a polymer or gel-forming system in the 

bottomhole zone of the formation 

High cost of reagents. 

Mechanical and chemical degradation of polymer 

molecules depending on the nature of the polymer 

and the type of reservoir. 

Relatively low thermal stability (stability of solu-

tions rarely reaches 120-130 C). 

Gradual loss of viscosity of the formed gel-struc-
ture due to the diffusion process 

Silicate  

compounds 

Low cost. 

Gel or sediment formation, depending on the reagent 

used. 

Mobility in the pore volume 

Inability to use in conditions over temperature  

95 С. 

Low efficiency of CC in highly permeable reser-

voirs 

Sedimentation 

compounds 

Low cost. 

High thermal stability. 

Mobility in the pore volume 

Low efficiency of CC compared to polymer or gel-

forming compounds. 

The duration effect of СС depends on the proper-

ties of the reservoir and reservoir water 

Metal oxides 

(nanoparticles) 

They are mainly used in the composition of other types 

of chemical compounds for CC. 
High thermal stability 

High cost. 

Low efficiency of CC and pore volume clogging 

 

CC technologies are constantly being improved in order to increase efficiency and reduce the cost of 

well interventions. Various surface acting agents (SAA) are used as a method to increase the efficiency 

of polymer systems, contributing to an increase in the mobility of the system for deeper treatment of the 
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reservoir [34]. The combined compositions of polymer-dispersed and silicate systems also make it possi-

ble to influence the bottomhole and uninvaded zones of the reservoir, thereby changing the filtration flow 

of the injected water [35]. Nanoparticles, on the other hand, are most often used as EOR reagent due to 

their oil-displacing ability and reduced wettability of polymer-dispersed systems [36, 37]. 

When using gas EOR, gas breakthroughs to producing wells are possible, which significantly 

reduces the efficiency of the oil production process, therefore, viscous foaming compounds based on 

various surfactants are being developed to facilitate the redistribution of gas into less permeable areas of 

the fractured-porous reservoir [38].  

The listed methods have their advantages and disadvantages, but there is one similarity – the use 

of aqueous solutions in certain temperature conditions. For high-temperature conditions, heat-re-

sistant gel-forming systems are being developed and constantly improved [39-41], aimed at blocking 

the filtration flow of the heat carrier. Unfortunately, the use of foaming systems in conditions of steam 

injection is unlikely due to low thermal stability, as well as filtration of two phases – steam and hot 

water. 

In practice technologies already exist to water shut-off to producing wells and conformance con-

trol the heat carrier in the conditions of the permo-carbon deposit of the Usinsk field. The use of gel-

forming (thermotropic) [42] and oil-displacing compositions [43] made it possible to increase the ef-

ficiency of oil production during steam cyclic treatments of producing wells. To increase efficiency, 

the addition of surface acting agents and solvents is provided [44, 45]. The use of these technologies 

in thermomine conditions is problematic due to the possibility of gaseous products of chemical reac-

tions entering the mine atmosphere. 

As a method of limiting the flow of the heat carrier in the form of steam or hot water, it is 

proposed to consider sedimentation compounds, which, when mixed in water, form fine sediments 

with a high depth of penetration into the pore structure of the formation, causing a flow-deflecting 

effect [46]. 

 Ion exchange reactions using sedimentation compounds form water-soluble salts and non-soluble 

precipitates that cause the pore volume clogging. A striking example of the use of sedimentation solu-

tions are solutions of sodium carbonate and calcium chloride, which, when mixed, form non-soluble 

calcium carbonate and water-soluble sodium chloride. An additional effect of using sedimentation com-

pounds is an increase in reservoir cementation due to an increase in carbonate content [47], which in 

the future may reduce sand problem occurrence in wells using thermal EOR.  

Purpose and objectives of the work 

To prevent possible complications during the development of the Yarega area by the underground-

surface method and to increase the efficiency of steam treatment, there is a need to carry out well inter-

ventions aimed at conformance control of the heat carrier. Not all current technologies for conformance 

control are suitable for use in thermomine conditions, for example, due to the presence of gaseous  

products of chemical reactions or lack of thermal stability. Therefore, the selection of effective sedimen-

tation compounds (SC) to increase the surface efficiency of heat treatment is relevant.  

The purpose of the study – to evaluate the effectiveness of the use of sedimentation compounds 

during the heat carrier injection. To achieve this purpose, a number of objectives are being solved: 

• Formation of a zonally heterogeneous sand packed tube model of the Yarega area of the Yarega 

field. 

• Determination of the pore volume of the model and the factor of open porosity when saturated 

with distilled water. 

• Injecting of sedimentation compounds during filtration of the heat carrier with different injec-

tion rates and thermobaric conditions. 

• Assessment of changes in controlled parameters after injection of sedimentation compounds 

with a steam-water mixture. 

• Determination of the change in the effective pore volume at a certain filtration rate after injec-

tion of SC. 
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The scientific novelty of the work – the use of SC in rock when injection a steam-water mixture 

with a temperature of up to 200 С. In the framework of determining the efficiency of using sedimen-

tation compounds in the pore volume, a method was used to evaluate the measurement of effective 

pore volume due to the redistribution of the filtration flow. 

Methodology of study 

The study was performed using the main components of the PIK-OFP/EP-K-T filtration unit, a flow-

through superheater steam generator, a two-plunger pump LN-800-100 and a PetroOm immitance meter 

with a cuvette to determine the electrical resistance of a liquid. To create heterogeneous sand packed, 

natural reservoir core grinding is used in the ratio of the most common fractions of the formation of the 

Yarega field with a particle diameter of 0.1-0.25 mm – 45 % and a particle diameter of 0.25-0.5 mm –  

55 %, as well as extracted core reservoir models with a diameter of 30 mm sawn along their axis. 

The overall dimensions of the steel pipe with internal thread are as follows: length – 500 mm; 

diameter – 30 mm; volume – 353.25 ml. The formation of a heterogeneous sand packed consists of 

the following steps: 

• immersion of the filter paper strip into the steel pipe of the sand packed tube and closing of the 

outlet end of the model; 

• immersion of semi-cylindrical core reservoir models at an angle of inclination of a steel pipe 

of about 10; 

• filling of sand into the second half of the sand packed tube in an upright position and its further 

shrinkage due to its own weight by hitting the power elements of the steel pipe with a rubber mallet. 

For the first half (lower part) of the sand packed tube, reservoir core models with absolute gas 

(helium) permeability before longitudinal sawing were selected: N 13 – 9913.3 mD; N 45 – 5262.4 mD; 

N 33 – 2320.0 mD; N 101 – 1078.0 mD. The average permeability of reservoir core models along the 

length of the model reservoir is about 5500 mD. Semi-cylindrical reservoir core models are positioned 

with an increase in permeability to the outlet of the sand packed tube, i.e., with the creation of a maxi-

mum difference in permeability at the inlet between the submerged “core” part and the filled sand.  

The total mass of the rock of the sand packed tube was 655.88 g (407.75 g of naturally ground 

core and 248.13 g – the total mass of core samples). The prepared reservoir model in an upright 

position was connected to the pump LN-800-100 from below using a connecting tube of the inlet end 

for saturation with distilled water with the volume flow rate of 0.2 ml/min. The outlet tube from the 

reservoir model is immersed in a measuring cylinder to assess the volume of water that has passed 

through the sand packed tube. The saturation process can be considered completed when the volume 

of injected water, according to telemetry data, is equal to the collected volume at the outlet in the 

measuring cylinder. At the end of saturation, the output end of the sand packed tube is closed and the 

reservoir model is crimped to 2 MPa in order to determine the tightness of all connections, pressure 

is maintained for 4 h, the sand packed tube is gradually vented from above into the measuring cylin-

der, water is injected until the cumulative flow at the inlet and outlet of the reservoir model is stabi-

lized. As a result of saturation with distilled water, the pore volume (Vpor) was 93.4 ml (the factor of 

open porosity of the sand packed tube was 26.4 %). 

After determining the pore volume of the reservoir model, it is transferred to a horizontal position 

and connected to a filtration unit according to the hydraulic scheme (Fig.1). A differential pressure 

gauge is used to assess the change in permeability, and thermocouples at the input and output of the 

reservoir model are used to change the temperature. Constant monitoring of the electrical resistance 

of the liquid in the measuring cell of the PetroOm device is provided to control the output of the 

products of chemical reactions of SC. The presence of non-soluble particles in the outgoing conden-

sate was determined by passing the entire volume of steam condensate from the tank through a paper 

filter, followed by drying and mass determination. For the steam-condensate phase transition, a flexible 

polyurethane tube with a length of about 4 m and a volume of 12 ml was connected to the sand packed 

tube in a refrigerant tank. 
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Solutions of iron sulfate, sodium carbonate, and calcium chloride with concentrations of  
0.45 g/ml (the maximum concentration of reagents) are used as SC. The volumes of solutions of 
inorganic salts are 3, 6 and 3 ml. The algorithm for processing the model of SC:  

• stop steam injection, injection of an iron sulfate solution followed by steam injection for 2 min 
with 50 % of the steady rate of injection before the start of treatment; 

• stopping steam injection, injecting an identical volume of process water to flush the discharge 
line while continuing to supply 50 % of the volume flow rate of the heat carrier; 

• similarly, a sodium carbonate solution is injected, with 75 % of the volume flow rate set before 
treatment with sedimentation compounds; 

• injection of the last solution, a calcium chloride solution, followed by steam injection with the 
volume flow rate before performing SC treatment. 

After processing the rock with SC, pressure changes are monitored under different modes of the 
heat carrier injection (volume flow rates of distilled water into the steam generator). A total of six 
heat carrier filtration modes are provided with volume flow rates of 3; 5; 8; 10; 13, and 15 ml/min. 

The measurement of the effective pore volume of the rock at a certain flow velocity of the heat 
carrier is performed as follows: 

• injection with a constant volume flow of a steam-water mixture until the electrical resistance 
of the steam condensate at the outlet is stabilized; 

• steam injection stop, injection of a solution of sodium chloride with a concentration of  
0.01 g/ml with a volume of 2 ml according to the hydraulic scheme (Fig.1); 

• continuation of steam injection with monitoring of changes in the electrical resistance of the 
steam condensate as cumulative flows of the steam are injected in water equivalent; 

• injecting of SC, steam injection until the products of chemical reactions are completely released 

and the electrical resistance of the steam condensate at the outlet is stabilized; 

Fig.1. Hydraulic scheme of an experiment on injecting sedimentary compounds 

into a heterogeneous sand packed tube 
 

1 – pipe with an internal thread for flow coefficient; 2 – natural reservoir core grinding; 3 – semi-cylindrical reservoir core models;  

4 – refrigerant tank for the phase transition of the heat carrier; 5 – cuvette of an immitance meter (IM);  

V1 – tank with distilled water; P1 – two-plunger pump for supplying distilled water with a sensor S pressure and volume flow rate;  

SG – flow steam generator-superheater; P2 – pump for injection sedimentary compounds and sodium chloride solution; M1 – pressure  

of the steam injection; DP – differential pressure; Т1, Т2 – temperature at the inlet and outlet the sand packed tube; Т3 – temperature  

of steel pipe of the sand packed tube near the outlet; HV1, HV2, HV3, HV4 – hydraulic valve; V2 – tank collection steam condensate 
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• injection of a solution of sodium chloride with a concentration of 0.01 g/ml volume 2 ml and 

tracking the dynamics of electrical resistance at the same volume flow rate of the heat carrier; 

• comparison of the dynamics of the fixed yield of sodium chloride ions at a constant volume 

flow rate of the heat carrier before and after injection of SC with an assessment of the change in the 

effective pore volume in the water equivalent. 

The effective pore volume is understood as the pore volume through which the injected sodium 

chloride solution moves with the heat carrier. When using SC, the pore volume should be reduced 

due to the non-soluble particles formed in the communicating pores involved in filtration. 

Discussion of results 

At the concentration of solutions of SC with volumes of 3; 6; 3 ml, as a result of chemical reac-

tions, it is possible to obtain 2.7 g of precipitation – iron carbonate, calcium carbonate with possible 

inclusions of iron hydroxide and low-soluble calcium sulfate.  

Figure 2 shows the dynamics of the main indicators before and after the injection of SC. A volume 

flow rate of 10 ml/min was before processing SC, since with flow rates below, the temperature at the 

outlet of the sand packed tube was close to 100 °C due to high heat loss. The temperature of the heat 

carrier was 173.4 °C at the inlet to the sand packed tube at the volume flow rate of 10 ml/min, and 

temperature was 106.7 °C at the outlet. 

A short-term release of insoluble iron carbonate precipitates was observed after injection of SC. 

The mass of precipitation released from the model was 0.21 g after filtering the condensed steam 

through a paper filter (white tape). The heat carrier supply was stopped until the model was com-

pletely cooled after injecting SC, then the model was warmed up with the heat carrier, followed by 

the determination of the differential pressure from the volume flow of water into the steam generator 

from the moment SC were treated (Fig.3). An assessment of the resistance to “outwashing” of the 

formed precipitation under non-stationary thermobaric conditions was performed, depending on the 

number of cumulative flows of the heat carrier. 
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Fig.2. The results of the created differential pressure at different volume flow rates of the heat carrier and injection of SC 
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A change in the dependence of the differential pressure with an increase in the cumulative flow 

of the heat carrier injecting was recorded as a result of the injection of the heat carrier at various 

volume rates of distilled water into a flow steam generator-superheater (Fig.3). There is a change in 

the dynamics of the differential pressure with the same volume flow rates of the heat carrier, caused 

mainly by the number of cumulative flows of the steam after the model cools completely. Thus, when 

injecting 25Vpor of steam in the water equivalent, the differential pressure in all modes is 19.1 % 

higher on average compared to the dynamics before treatment with SC. The differential pressure on 

average exceeds only 4.9 % with the cumulative flow of the steam of 90Vpor. The maximum increase 

in differential pressure is observed at high filtration rates. 

After the first treatment of SC according to the results obtained, repeated injections of reagents were 

performed in order to assess the increase in differential pressure at each injection mode of the steam. 

After the second treatment with SC, beige precipitation (calcium carbonate) with a total mass of  

0.17 g is observed in the released steam condensate. Similarly to the first treatment with SC, precipita-

tion is observed within 4-8 min after injection of the last solution, calcium chloride. The presence of 

insoluble calcium carbonate in the steam condensate is observed through 5-7 min after the start of 

steam injection with the volume flow rate of 10 ml/min as a result of the third treatment with SC. 

90Vpor of the steam was injected in water equivalent if after the first treatment with SC, 163Vpor was 

injected then after the second, and 185Vpor – after the third (Fig.4). 

The increase in the amount of steam after injection with SC is explained by the probability of 

precipitation release after previous treatment with SC. Since no non-soluble particles are detected in 

the outgoing steam condensate as a result of injecting the steam at various filtration rates, the stability 

of precipitation in the pores of the sand packed tube is confirmed. The short-term precipitation output 

after the application of SC can be explained by the breakthrough of sedimentation solutions to the 

exit of the sand packed tube and their formation when mixed in the outgoing steam condensate.  
A similar situation is observed as when injecting a steam after the first injection of SC – a change in 

the average differential pressure in terms of the differential pressure from treatment to treatment with SC 
(Fig.4). The effectiveness of each treatment is poorly discernible in a comparative analysis of the 
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results obtained, since the differential pressure is the pressure difference at the inlet and outlet of the 
sand packed tube, which can increase simultaneously in the case of sedimentation along the entire 
length of the reservoir model. 

After stopping the injection of the steam during visual inspection of the ends of the sand packed 
tube, the process of sedimentation at the outlet is detected (Fig.5). In parallel, an assessment of the 
pressure of the injected steam was performed (Fig.6), as well as a study of the effective pore volume 
of the heat carrier after injecting SC with injecting of the steam. 

  

1 2 3 

1' 2' 3' 

4 

Fig.5. Ends of the sand packed tube after injection of SC:  
1 and 1' – inlet and outlet of the sand packed tube after the 1st injection of SC; 2 and 2' – inlet and outlet  

of the sand packed tube after the 2nd injection of SC; 3 and 3' – inlet and outlet of the model after the 3rd injection of SC;  
4 – a strip of filter paper in contact with sand 
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Fig.4. Dependence of the volume flow rate of distilled water on the differential pressure before  

and after treatment of SC with cumulative flows of the steam 
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The calculated outlet pressures of the sand packed tube indicate a significant increase to the initial 

values with steam flow rates of less than 8 ml/min. A phase transition of the injected steam into hot water 

is observed closer to the outlet of the sand packed tube at these volume rates due to heat loss, in all modes 

of steam injection – an increase in outlet pressure with each injection of SC. Filter paper (see Fig.5) after 

analyzing the sand packed tube, confirms sedimentation along almost the entire length of the sand packed 

tube (more than 90 % of the entire length of the filter paper from the side of contact with sand). 

There is a gradual decrease in steam injection pressure and differential pressure when injecting 

cumulative flows of the steam of after each treatment with SC. This process is caused by the com-

paction of fine sediments at the entrance to the sand packed tube, which leads to a gradual break-

through of steam through zones with artificially created flow coefficient. 

When studying the effective pore volume after treatment of SC and injecting of the steam,  

a change in the dynamics of the electrical resistance of the outgoing steam condensate is noted (Fig.7). 

The structure of the pore volume changes significantly after the first treatment of SC, the effective 

pore volume is increased by 70.6 % compared to the initial one. 

Fig.6. Steam injection pressures at the inlet and calculated outlet pressures  

of the sand packed tube at volumetric steam injection rates 
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Fig.7. Change in the electrical resistance of the outgoing steam condensate  

after injection of a sodium chloride solution from the cumulative flow of the steam  

at a constant volume flow rate of 10 ml/min 
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All the results of the experimental study on the injection of SC are summarized in Table 2. The 

effectiveness of using SC during injection of the steam is traced when performing a study of the filtration 

flow (determining the effective pore volume of the reservoir model). It can be seen that after all injections 

of SC, despite the ongoing geomechanical processes, the stability of the effective pore volume is observed 

after the third injection of SC and the cumulative flow of the steam with a volume of 185Vpor. 

 
Table 2 

 

The results of the study of the effectiveness of the use of SC  

with the volume flow rate of 10 ml/min of the heat carrier 
 

Parameter 

Value 

Before 
SC 

Injection of SC 

1 2 3 

The mass of formed sediments in the reservoir model, g – 2.49 2.53 2.55 

The number of cumulative flows of the steam after injection of SC, units – 90 163 185 

Steam injection pressure, kPa 240 254 265 268 

Differential pressure, kPa 197.9 205.5 201.6 207.7 

Design pressure at the outlet of the sand packed tube, kPa 42.1 48.5 58.4 60.3 

Steam injection temperature, С 173.4 173.5 174.8 174.3 

Temperature of the steel pipe of the sand packed tube near the outlet, С 116.9 118.4 117.8 118.8 

Temperature of the heat carrier at the outlet of the sand packed tube, С 106.8 107.7 107.8 108.6 

The minimum electrical resistance of steam condensate, kOhm 28.7 113.6 35.3 44.4 

The beginning of a decrease in steam condensate resistance in the cumulative flow  

(effective pore volume), f.u. 
0.35 1.41 0.59 0.59 

The minimum electrical resistance of steam condensate, recorded in the cumulative flow, 

f.u. 
1.96 3.57 2.49 2.59 

The maximum concentration of NaCl in steam condensate, g/l 0.14 0.04 0.12 0.11 

 
Concentrations of SC were maximal due to the solubility of sodium carbonate in process or fresh 

water. Obviously, the concentrations of reagents of SC can be adjusted downwards, but their volume 
ratio should remain unchanged at 1:2:1 in order to fully react with each other and form non-soluble 
precipitation. The injection of buffer liquid (process water) leads to ion diffusion and a decrease in 
concentration at the inlet of the reservoir model. By changing the filtration rate (the rate of injection 
of the steam), the first solution of SC reacts with the second in the pore volume, and after injecting 
the third solution, the final ion exchange with the remaining carbonate ions occurs, formation of pre-
cipitation and their sedimentation inside the pores. Thus, due to changes in the filtration rate and ion 
diffusion, precipitation colmatates along the entire length of the sand packed tube. 

Conclusion 
Results of the study of the use of sedimentation compounds when injecting steam at various 

filtration rates and thermobaric conditions showed the following: 
• Reduction of average permeability of the sand packed tube by 21.1 % after the first treatment of 

SC. The effective pore volume has changed by 303 % (by 1.06Vpor), due to the creation of flow coeffi-
cient in the pore space in the path of the heat carrier. 

• After treatments of SC a change in the effective pore volume and average permeability along 
the length of the sand packed tube was recorded due to injection of the heat carrier during the redis-
tribution of sediment in the pores. After the second treatment of SC the permeability decreased by 
47.1 %, after the third – by 55.0 %. The final effective pore volume was increased by 70.6 % as a 
result of treatments of SC. 

It can be concluded that the use of SC in the conditions of steam injection wells of the Yarega 
area can contribute to the redistribution of the steam by creating additional filtration resistances in the 
bottomhole and uninvaded zones of the formation. Thermal stability and low cost of sedimentation 
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reagents suggest high profitability when used in steam injection wells. However, it is necessary to 
conduct pilot work on the joint injection of steam and SC in the conditions of the development of the 
fractured-pore formation of the Yarega field in order to calculate the commercial effectiveness of the 
use of SC. 

The effectiveness of SC will depend on the mineral composition of the rock, which may be a 

limiting factor in the implementation of the technology. Conducting additional experimental studies 

aimed at determining the strength properties after the application of SC, as well as changing the wet-

tability of rock, will expand the advantages of the proposed technology of CC in terrigenous reser-

voirs using steam-thermal EOR. 
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