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 Various enhanced oil recovery technologies based on the injection of various gases into the reservoir have been successfully used
abroad, especially in the United States, since the middle of the 20th century. Carbon dioxide has received the greatest application as 
a reservoir influencing agent, since it can dissolve in large amounts in oil under reservoir conditions, and also demonstrates a phase
behavior that is convenient from a process-oriented point of view. However, in Russia the technology of CO2 injection in order to 
increase oil recovery has not become widespread due to the absence of large natural sources of CO2. Nevertheless, due to the need to 
comply with the terms of the Paris Agreement on reducing greenhouse gas emissions, LUKOIL has been paying more and more 
attention to the development of technologies for utilisation of technogenic greenhouse gas, including associated petroleum gas. 
This paper presents the results of laboratory investigations to assess the prospects for the application of an enhanced oil recovery 
technology at the Tolumskoye field by injecting the high CO2 associated petroleum gas, the source of which is the 
Semividovskaya group of fields. The effect of concentration of associated petroleum gas on reservoir oil properties was studied, 
the mode of oil displacement by associated petroleum gas was assessed, ratios of oil displacement by water and the model of
associated petroleum gas and relative phase permeabilities on core models of the Tolumskoye field were determined. The results 
of laboratory investigations were used for the further stage of hydrodynamic modeling, which was carried out to select the most 
optimal associated gas injection technology and to perform a technical and economic assessment of associated gas injection 
technology to enhance oil recovery from hard-to-recover reserves of the Tolumskoye field. 

Ключевые слова: 
закачка газа, утилизация 
попутного нефтяного газа, 
фильтрационные эксперименты, 
лабораторные исследования, 
коэффициент вытеснения, 
смешивающееся вытеснение, 
относительные фазовые 
проницаемости. 

 Различные технологии повышения нефтеотдачи, основанные на закачке в пласт различных газов, успешно используются за
рубежом, особенно в США, начиная с середины XX в. Наибольшее применение в качестве агента воздействия на залежь 
получил диоксид углерода, поскольку способен в большом количестве растворяться в нефти при пластовых условиях, а
также обладает удобным с технологической точки зрения фазовым поведением. Однако в России технология закачки СО2 с целью увеличения нефтеотдачи не получила широкого распространения по причине отсутствия крупных естественных
источников СО2. Тем не менее в последнее время в связи с необходимостью соблюдения условий Парижского соглашения по
снижению выбросов парниковых газов компанией «ЛУКОЙЛ» все больше внимания уделяется развитию технологий
утилизации техногенных парниковых газов, в том числе попутного нефтяного газа. 
Представлены результаты лабораторных исследований по оценке перспектив применения технологии повышения 
нефтеотдачи Толумского месторождения путем закачки попутного нефтяного газа с высоким содержанием СО2, источником 
которого служит Семивидовская группа месторождений. Изучено влияние концентрации попутного нефтяного газа на 
свойства пластовой нефти, выполнена оценка режима вытеснения нефти попутным нефтяным газом, определены
коэффициенты вытеснения нефти водой и моделью попутного нефтяного газа и относительные фазовые проницаемости на
керновых моделях пласта Толумского месторождения. Результаты лабораторных исследований использовались для 
дальнейшего этапа гидродинамического моделирования, выполняемого для выбора наиболее оптимальной технологии
закачки попутного нефтяного газа и выполнения технико-экономической оценки применения технологии закачки попутного
нефтяного газа для повышения нефтеотдачи трудноизвлекаемых запасов Толумского месторождения. 
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Introduction 
 

Various enhanced oil recovery technologies based on 
the injection of various gases into the reservoir have been 
successfully used abroad, especially in the United States, 
since the middle of the 20th century. [1] Carbon dioxide 
has received the greatest application as a reservoir 
influencing agent, since it can dissolve in large amounts in 
oil under reservoir conditions, and also demonstrates a 
phase behavior that is convenient from a process-oriented 
point of view. However, in Russia the technology of CO2 injection in order to increase oil recovery has not become 
widespread due to the absence of large natural sources of 
CO2. Nevertheless, due to the need to comply with the 
terms of the Paris Agreement on reducing greenhouse gas 
emissions, LUKOIL has been paying more and more 
attention to the development of technologies for utilization 
of technogenic greenhouse gas, including associated 
petroleum gas (APG) [2, 3]. 

APG mining rate is constantly growing in Russia due to 
bringing new fields into development and the growth of 
the gas factor in the products mined from ultra-mature 
fields [4]. According to [5], 78.6 m3 of APG was mined in 
Russia in 2015, and the flared volume constituted 
10 billion m3, which is comparable to the annual gas 
consumption of some European countries [6]. APG flaring 
is a reason of the high carbon dioxide and other 
greenhouse gas emission, which has a negative impact on 
the environment. The introduction of a border tax for the 
greenhouse gas emissions with the state's APG flaring fines 
will induce an additional load on the oil mining companies 
[7, 8]. Therefore, finding the optimal option for APG 
utilization to reduce the environmental impact and to 
minimize the financial expenses of the company is an 
important task today. 

There are different common way of reducing the APG 
emissions [9, 10]. Keeping in mind the composition of APG 
from the Semividovskaya group of fields where carbon 
dioxide is the main component, and considering the 
geographical proximity of the development site, APG injection 
into the reservoirs to boost oil recovery appears the most 
reasonable way of APG utilization.  

Depending on the pressure, temperature, oil and gas 
agent composition, both miscible and immiscible oil 
displacement may develop [11–13]. The gas agent 
composition makes a significant impact on the minimal 
miscibility pressure rate, and, therefore, on the possibility 
of using the miscible oil displacement. This way, keeping 
in mind that the oil composition, temperature and pressure 
conditions of the fields are unique, the determination of 
the proper method and completeness of oil displacement 
with a gas agent appears as a purely experimental task that 
requires a series of laboratory surveys.  

Previously, the authors published the results of laboratory 
tests [14] for the determination of the minimum miscibility 
pressure of the reservoir oil from the Tolumskoye field. This 
 

paper presents the results of the filtration experiments carried 
out on the core reservoir models for the evaluation of the 
possibility of APG utilization to enhance oil recovery from 
hard-to-recover reserves of the Eastern formation of the 
Tolumskoye field located in Western Siberia. 
 

General Information of the Tolumskoye Field 
 

The Tolumskoye oil and gas field is located in the 
Kodinsk District of the Khanty-Mansi Autonomous Okrug of 
the Tyumen Region, 50 km northeast from Uray town. 
The industrial oil and gas potential of the field is 
associated with the Jurassic coastal Abalakskaya suite 
formations (J3 reservoir P), continental Tyumenskaya suite 
deposits (J2 reservoir T) and the Palaeozoic weathering 
crust deposits (DUK). The geological profile of the field is 
presented in Fig. 1. 

In the field, there is one development object P+T+KV, 
productive reservoir depth of 1788–1954 m, current net-
weighed reservoir pressure is 14 MPa, current AB1 category 
oil recovery factor is 0.390, recovery from the initial 
recoverable reserves (IRR) is 93.8 %, IRR production rate – 
0.5% with the water cut of 97.8 %. The mean net oil 
thickness value is 6 m, net-to-gross sand ratio – 0.62 unit 
fractions, number of permeable intervals – 4.8 units, 
porosity factor – 0.207, permeability factor varied from 1.5 
to 603 mD with the mean value of 118 mD [15]. The oil 
deposits of the high-permeable reservoirs are almost 
completely exhausted, and the currently mined oil is 
provided by the medium-permeable reservoirs. 

For the further successful development of the immovable 
oil reserves from the low productive reservoirs, the 
employment of the following main geological and technical 
operations (GTO): hydraulic fracturing (HF), bottomhole zone 
treatment (BZT), re-perforation and application of diverter 
technologies. Due to the high production rate, the field 
requires new approaches to the formation pressure 
maintenance and the use of displacement agents.  

One of the priority trends in raising the final oil 
recovery rate is the injection of APG from the 
Semividovskaya field group. 
 

Associated Petroleum Gas Source 
 

The oil recovered from the nearby North-
Semividovskoye and Western-Semividovskoye fields has a 
high CO2 content in APG constituting 73.4 % vol. Detailed 
composition of APG from the Semividovskaya field group is 
presented in the table below. 

The well product mined at these fields is transported 
with the existing gas and oil transportation system to BPS-
4 located  in the nearest proximity to the well clusters of 
the Tolumskoye field. The maximum distance from the 
APG source to the perspective sites is 7 km. The system of 
APG transportation from the Semividovskoe field group to 
the BPS-4 of the Tolumskoye field is presented in Fig. 2. 

 

 
 

Fig. 1. Geological profile on the well line 38Р–1500–3944–35Р–1502–1504–21Р–3955–1509–1513–1520– 
34Р–1536–1545–1556–3975–1574–1575–1961–1964–1974–1967–1983–1970–1991–42Р–1973–1178Р. Reservoirs P, T, KV 
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Selection of Sites for Associated 
Petroleum Gas Injection 

 
Due to the sufficient amount of the APG with the high CO2 content to BPS-4, the application of the gas stimulation (GS) 

or water-gas stimulation (WGS) on the Eastern formation of 
the Tolumskoye field for the following reasons: 

− the formation has the largest area and the volume of 
reserves among the sites nearest to the APG source; 

− maximum annual oil recovery from the formation 
constitute over 200 thousand tons, which matches a significant 
share of the recovered APG; 

− the formation has a better developed infrastructure 
compared to other formations in the nearest proximity to 
the APG source. 

The reservoir top in the formation area is opened with the 
wells at the depths with the absolute elevation varying from 
–1690.7 to –1791.7 m, the difference between the reservoir 
top elevations is 101 m. Generally, the reservoir top appears 
to dip from the Pre-Jurassic base noses towards the downfold. 
The total and net pay thickness of the reservoir varies along 
the formation in a large diapason, from 0 on the pinch-out 
line to 34.8 and 21.0 m, respectively. The net pay oil 
saturated thicknesses vary in different wells from 0.6 to 19.0 
m, constituting 8.9 m on average. The water-oil contact 
(WOC) is opened with four wells at the absolute elevations 
from –1796 to –1800.8 m, and considered to be located at the 
absolute elevation of –1796 m. 

At the present moment, all reservoirs, P, T, and KV, are 
under development according to the current system. The 
reservoir deposits within the given formation are opened with 
175 wells; 179 of them open the net oil pay zone (NOPZ), 
and seven open the water-oil zone (WOZ). The WOZ occupies 
15 % of the total formation area. 

Considering the current Eastern formation development 
system, there are four options of pilot project (PP) sites with 
the transformation of three water injection wells (three 
options) and one production well into gas injection wells. For 
every site, the "reacting network" of production wells was 
determined as 5-, 6-, and 7-point development systems. 

The PP site selection depends on the system of managing 
every formation and the deposit as a whole, the net pay 
thickness, the opening of oil-saturated thicknesses with wells, 
unevenness of the site's area, section, and remaining oil-in-place. 
Based on the mentioned geological, physical criteria and the 
peculiarities of the well arrangement in the structure of reservoir 
P of the Tolumskoye field, four sites of the Eastern formation 
were selected for test injections: block 2, block 3, and block 4 
of the eastern part and block 4 of the western part (Fig. 3). 

The work included a thorough analysis of the project 
documentation on the development of the North-Semividovskoye 
and Tolumskoye deposits for the PP site selection and feasibility 
study of the candidate wells for the possible implementation of 
the GS/WGS of the reservoirs with a high CO2 content in the 
associated petroleum gas. 

To increase the oil recovery rate of the reservoirs not 
covered by the active injection in the current development 
system, for the implementation of the GS/WGS technologies at 
the aforementioned fields, it appears relevant to consider: 

− running a set of operations (laboratory core tests) for the 
justification of the increase in the oil displacement factor with 
GS/WGS with APG injection in the conditions of formation P of 
the Tolumskoye field; 

− specification of the geological and recoverable (drainable) 
oil reserves of formations P, T, KV in the formations of the North-
Semividovskoye and Tolumskoye fields. This criterion helps to 
correctly assess the operating costs and the economic benchmarks 
of the APG injection pilot project for further scaling; 

− running pilot projects on APG injection at one of the sites 
in the Eastern formation of the Tolumskoye field. In case of 
successful completion of the pilot projects for the implementation 
of the GS/WGS technologies in the Eastern formation for APG 
injection at the industrial scale; PP sites in the Southern and 
Lesser formations of the Tolumskoye field.  

Composition of the associated petroleum gas 
of the Semividovskaya field group 

 

Component Content Regulatory 
document

% vol. % weight 

[16] 

Methane (CH4) 17.250 7.01 
Ethane (C2H4) 1.99 1.53 
Propane (C3H8) 2.72 3.09 
Isobutane (iС4Нi6) 0.46 0.70 
N-butane (nС4Нi6) 1.25 1.90 
Isopentane (iС5Н12) 0.28 0.54 
N-pentane (С5Н12) 0.41 0.79 
Hexanes (С6Н14) 0.33 0.79 
Carbon dioxide (СО2) 73.40 82.30 
Nitrogen (N2) 1.89 1.34 
Helium (He) 0.021 0.0021 
Hydrogen (H2) 0.0026 0.00013 
 

 
 

Fig. 2. APG transportation from the Semividovskaya field 
group to BTS-4 of the Tolumskoye field 

 

 
 

Fig. 3. Potential sites for APG injection at the Eastern formation 
of the Tolumskoye field 

 
Ways of Associated Petroleum Gas Use 

 
Among the ways of APG use, one of the common ones is the 

APG injection into the reservoir for the formation pressure 
maintenance. Thus, in Gazprom Neft, the development of oil 
fields with oil rims and a gas cap, the technology of reverse APG 
injection into the reservoir gas cap is used [17, 18]. The essence 
of the technology is that the APG is separated from crude 
oil, treated with a required method and injected into the reservoir 
gas cap to maintain the formation pressure. The first APG 
injection project was carried out at the Novoportovskoye field. 
A compressor station with an integrated gas treatment 
unit, as well as ten horizontal gas injection wells at two well 
clusters were installed at the field. The oil injection began 
at the end of October 2017. The project capacity of the station is 
19–20 million m3 of gas per day. 
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The oil recovery can be also increased by means of miscible 
oil displacement with APG injection. The miscible oil 
displacement planned to be introduced at the Tolumskoye field is 
potentially possible due to the high CO2 content in the chemical 
composition of the APG found at the Semividovskaya field group. 
The previous laboratory tests [14] proved that the miscible oil 
displacement is achieved at 14.8 MPa. 

There are different variations of gas injection for the 
implementation of the miscible oil displacement method. One of 
the options of APG use for the oil recovery stimulation is using 
the gas as an injection agent in the water-gas stimulation 
technology (WGS). The essence of the technology is the injection 
of water and gas rims of a certain size into the oil-saturated 
reservoir to unify the oil displacement front and, depending on 
the geological and physical conditions of the site and the 
composition of the injected gas and the formation oil, to achieve 
the miscible oil displacement.  

Depending on the technology type, water and gas can be 
injected in different ways: simultaneously [19], gradually (WAG) 
[20], as water and gas rims [21] and as water and gas mist 
(WGM) [22]. There are different WGS variations that appeared as 
a result of developing the idea on the alternate water and gas 
injection, as, for example, alternate WGM injection with a 
periodic variation of the gas phase particle size [23]. There is also 
a WGS technology suggested by A.H. Mirzadzhanzade and 
I.M. Ametov, later developed by the representatives of the 
A.H. Mirzadzhanzde school, where the mist phase (gas) in the 
water and gas mix is present as microbubbles of gas [24, 25]. 

The first WGS project in Russia was implemented at the Bori-
Su field in the Republic of Chechnya, from 1945 to 1955 
[26, 27]. The dry hydrocarbon gas and water were 
simultaneously injected into the reservoir border zone in the area 
drilled under the 7-point well distribution scheme in the period 
from 1945 to 1954. From 1954 to 1955, only water injection was 
carried out. Simultaneous water and gas injection stimulated 
extra oil recovery rates. 

The largest WGS project in Russia is the industrial experiment 
at the Samotlorskoye field [28]. In the 1980–1990's, the classical 
WGS option, i.e. the gradual APG and water rim injection was 
implemented at the field. Due to the need for reducing the high 
capital costs  of the alternate injection, in 2006–2008, the option 
of injecting water and gas mist (WGM) created with special 
ejection-dispersion units was considered. The WGM injection 
effect continued till the end of 2010. In total, the additionally 
mined volume constituted 24.2 thousand tons of oil, i.e. 11.2 % 
of the total oil recovery in the experimental site. 

The paper [29] describes the water and gas injection into the 
reservoir for APG utilisation based on the project of the Sredne-
Khulymskoye field (RITEK, OJSC). The suggested technical 
solution is based on using massively produced equipment. The 
developed process flow did not only increase the oil recovery 
factor and helped utilizing the associated petroleum gas, but also 
contributed flexibility to the changing water/gas ratio in the 
water and gas mix injected into the reservoir.  

There are also some examples of using greenhouse gases, and, 
particularly, CO2, for the oil recovery stimulation and possible gas 
utilization in cyclic gas injection (Huff'n'Puff) [30–32я This 
technology requires the gas agent to be injected into the reservoir 
in cycles consisting of three stages: 1) gas injection until a certain 
pressure is reached; 2) well closure for the injected gas to dissolve 
in the reservoir oil; 3) oil recovery with the injected gas.  

Cyclic gas injection can be used in both high-gravity [33–35] 
and low-gravity high-viscosity oil fields [36–38]. The greatest 
effect is reached at the high-gravity oil when the minimum 
miscibility pressure is reached at the gas injection stage [39]. 

The first [40] successful pilot project for the CO2 injection 
for oil recovery stimulation in Russia was carried out by 
RITEK, OJSC, at the Maryinskoye high-viscosity oil field in the 
Samara Region [41]. According to the PP results, the CO2 injection increased the well production rate and aided the 
commissioning of the previously idle wells. The PP results' 
analysis showed that the effect was caused by the reduction of 
the oil viscosity and swelling due to the CO2 injection, as well 
as the bottomhole zone cleaning.  

Laboratory Test Method 
 

The laboratory tests were based on the recombined reservoir 
oil model of the Tolumskoye field. The recombined oil model was 
prepared by mixing the previously degassed wellhead oil sample 
with the model of the dissolved oil gas of the Tolumskoye field in 
a certain proportion. See more detailed description of the 
recombined oil model preparation in [14]. 

The displacement agent in the experiments was the APG 
model of the Semividovskaya field group. This APG is peculiar for 
the high carbon dioxide content reaching 70 % vol. The APG 
model was prepared by mixing the pure gases contained in the 
actual APG. See more details about the method and the gas model 
preparation procedure in [42]. The APG  model adequacy was 
verified by means of comparing the APG model composition 
chromatography results with the actual composition of the APG 
from the Semividovskaya field group. The results are presented in 
the previously published paper [14]. 

For the determination of the physical and chemical 
properties of the recombined oil model (saturation pressure, 
viscosity, density, volume factor), the standard set of PVT tests 
based on the [43] data was carried out. 

After the preparation procedures, the recombined oil 
model and the APG model were transferred to the experimental 
filtration unit. 

The core models of the Tolumskoye field reservoir were 
compiled of the reference core standards selected from the 
productive field intervals. The core sample preparation 
included the following operations: the samples were dried in a 
thermal cabinet to a fixed mess, the gas permeability of the 
core samples, the vacuum saturation of the samples with the 
reservoir water model were determined; the sample porosity 
was measured with the fluid saturation method and the 
residual water content of the samples was created with the 
semipermeable membrane method. Based on the filtration-
volumetric properties (FVP) of the samples, the reservoir core 
models were formed in accordance with the [44] data with 
similar characteristics for further comparison of the results.  

The oil displacement experiments were carried out on the 
complex core models of four gas permeability groups (17, 85, 
150 and 260·10–3 μm2) using different displacement agents 
and injection methods, such as oil displacement with water, 
APG, displacement with water followed by APG and water 
rims, and oil recovery under cyclic APG injection.  

In all of these cases, the oil was displaced with a 
constant volumetric flow rate of the displacement agent of 
0.12 cm3/min until the termination of oil release from the 
reservoir core models. The oil displacement factor was 
calculated as a ratio of the measured displaced oil volume to 
the volume of oil initially contained in the reservoir model 
with due consideration of its volume factor. 

Oil displacement by the alternate gas and water injection 
was carried out in two stages: at the first stage, the oil was 
displaced by water to the complete waterflooding of the fluid 
flow released from the reservoir core models; at the second 
stage, the displacement was achieved by means of alternate 
injection of APG and water rims equal in volume (0.25Vpore model). The gas and water rims were injected to the total 
waterflooding of the fluid flow released from the model.  

The experiments for modelling the oil recovery in the cyclic 
APG injection (Huff'n'Puff) were performed in two variants. In the 
first variant, the cyclic APG injection was done on the reservoir 
model with residual oil saturation after preliminary displacement 
of oil with water. In the second, the cyclic gas injection was done 
on a model with initial oil saturation  (and bound water). In each 
experiment, five "injection – saturation – recovery" cycles were 
done. At the APG injection stage, the pressure in the reservoir 
model was raised from 10 to 14.8 MPa, and at the same moment 
the injected gas volume was recorded. After that, the model was 
closed for saturation for 12 hours. After the saturation stage, the 
input flange of the model was opened for fluid recovery, and the 
pressure was reduced step by step by manipulating the 
backpressure valve. The fluids were recovered to the moment of 
pressure reduction to the initial pore value (10 MPa) in the 
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reservoir model. At the recovery stage, the pressure reduction 
rate was the same in both experiments. 

As a rule, the miscible displacement is modelled in a 
hydrodynamic simulator based on the Todd – Longstaff filtration 
model [45], which is a three-component system of the reservoir 
oil, injected gas and water. The miscibility of the oil phase and 
the solvent phase is set with the miscibility factor ω which, 
depending on the phase miscibility degree, can be set from 0 
(oil and solvent are totally immiscible phases) to 1 (oil and 
solvent are totally miscible phases). In this situation, the injected 
gas and reservoir oil are supposed to be miscible in any 
proportion, and there is only one hydrocarbon phase in the 
reservoir at a time. This way, the experiments for the relative 
phase permeability determination in the “oil + APG – water” 
system were carried out at the formation temperature and the 
pressure rate at which the APG was completely dissolved in oil. 
The relative permeability values were determined for three APG 
concentrations in oil: 0, 10, and 20 %. The relative permeability 
measurement experiments were based on the stationary filtration 
method in accordance with paper [46]. 
 

Oil Displacement with Water and APG Model 
 

The results of the experiments on the determination of the 
factors of oil displacement with water and the APG model on 
the reservoir core models with different gas permeability 
under the current reservoir conditions (10 MPa and 91 ºС) are 
presented in Fig. 4 and 5. 

Based on the Fig. 4 data, we see that under the low 
permeability (around 17·10–3 μm2), both in the displacement of 
oil with water and gas, the greatest oil displacement factor is 
achieved. As the permeability value increases from 85 to 
260·10–3 μm2 (mD), the displacement factor tends to grow: from 
0.481 to 0.615 unit fractions for displacement with water and 
from 0.476 to 0.570 unit fractions for displacement with gas. At 
the same time, for the displacment with gas, under the higher 
permeability values lower displacement factors are typical; it is 
explained by the greater mobility of gas compared with water 
and faster gas breakthrough into the reservoir model.  

The reservoirs with the permeability value of 85·10–3 μm2 
(mD) were used for the experiments on the displacement of oil 
with the APG model under the pressures of 10 MPa (current 
average weighed reservoir pressure) and 14.8 MPa (minimum 
miscibility pressure, MMP [14]). According to the experiment 
results, under otherwise equal conditions, in the oil displacement 
with APG under the pore pressure equal to MMP, the oil 
displacement factor is 0.651 unit fractions, which is 0.175 unit 
fractions higher compared to the oil displacement with APG 
under 10 MPa. This result witnesses that the conditions of the 
Tolumskoye field allow to increase the oil recovery value with 
APG injection provided that the MPP is achieved.  

Fig. 5 demonstrates the dependences of the extreme 
pressure difference values between the ends of the core 
models on their permeability values. 

As a rule, the displacement of oil with gas in the low-
permeability reservoir models causes much lower pressure 
differences, compared to the displacement with water 
(see Fig. 5), which indicates the potential for the development 
of the low-permeability reservoir zones that cannot be 
involved into water injection development due to the high 
hydrodynamic resistance values. 
 

Oil Displacement with Alternate Water 
and Gas Injection 

 
The results of calculation of the factor of oil displacement 

with water followed by the model APG rim and water 
displacement are presented in Fig. 6. 

As can be concluded from the Fig. 6 data, after pumping 
of 2.6 Vpore of the model with water, in both experiments the 
oil displacement factor was practically the same: 0.592 unit 
fractions at 14.8 MPa and 0.583 unit fractions at 10 MPa. 
Further oil displacement with the APG model and water rims 
caused the increase of the oil displacement factor to 0.734 and 

 
 

Fig. 4. Comparison of factors of oil displacement with water 
and gas (APG) under different core model permeability values 

 

           
 

Fig. 5. Dependence of the maximum pressure difference 
on the gas permeability of the reservoir models 

 
0.724 unit fractions, or by 0.142 and 0.141 unit fractions, 
respectively. The increase of the oil displacement factor after 
the gas and water rim injection is caused by the smoothening 
the oil displacement front and increase of the reservoir model 
coverage factor by the displacement process. 

Fig. 7 presents the comparison of the factors of oil 
displacement with water, APG model and water followed by 
APG model and water rim injection. The experiments were 
carried out on the reservoir models with the equal gas 
permeability values. In the basic oil displacement variant 
(displacement with water), the displacement factor 
constituted 0.615 unit fractures. At the displacement of oil 
with the APG model, the achieved Kdispl happened to be lower, 
equalling to 0.570 unit fractures. Compared to the listed 
variants, the variant of oil displacement with water followed 
by oil displacement with APG and water rims ("Water+APG") 
showed a significant growth of the oil displacement factor. 
Compared with the basic variant ("Water"), the oil 
displacement factor increased by 0.11 unit fractions (11.0 %). 
Compared to the oil displacement with the APG model, the 
increment constituted 0.154 unit fractions (15.4 %). 
 

Oil Recovery with Cyclic Gas Injection 
with the Huff'n'Puff Method 

 
The results of the experiments on the cyclic oil 

recovery in the reservoir models with the residual and 
initial oil saturation are presented in Fig. 8 that shows the 
trends of the accumulated displacement factor and the oil 
displacement factor increment after the displacement of oil 
with water and after five APG injection cycles with the 
Huff'n'Puff method (H'n'P). 

As we can see from Fig. 8, a, after the displacement of oil 
with water in five APG injection cycles, the final oil 
displacement factor increased by 0.061 unit fractions 
(by 6.1 %) – from 0.684 to 0.745 unit fractions. In five cycles, 
the amount of APG injected into the reservoir model 
corresponded to 0.345 Vpore of the reservoir model. At that, 
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Fig. 6. Dynamics of the factors of oil displacement with water 
and gas (APG) rim injection at different pore pressure values 

 

           
 

Fig. 7. Dynamics of the factors of oil displacement with water 
and gas (APG) rim injection at different pore pressure values 

 

 
a 

 
b 

           
c 

 
Fig. 8. Results of the experiment on oil recovery with the cyclic APG 

model injection into the reservoir model after: a displacement 
of oil with water; b with initial oil saturation; c with initial 

and residual oil saturation 

 
 

Fig. 9. Relative phase permeability curves 
in the "oil+APG–water" system for different concentrations 

of APG model in the oil model of the Tolumskoye field 
 
the greatest increment of the oil displacement factor was 
achieved after the first H'n'P cycle – 0.024 unit fractions 
(2.4 %). Then, from one cycle to another, the increment of 
the oil displacement factor was gradually decreasing, 
reaching zero at the fifth oil injection cycle. Looking at the 
experiment results, we may remark that the most efficient 
cycles are the three first APG injection cycles that make it 
possible to additionally recover 6 % more oil from the 
reservoir model. 

The results of the experiment on modelling the oil 
recovery with the cyclic APG model injection into the 
reservoir core model with the initial oil saturation are 
presented in Fig. 8, b. 

We see that the maximum oil displacement increment is 
also achieved in the first APG injection cycle, constituting 
0.073 fraction units (7.3 %). Then, with each cycle, 
the displacement factor increment value would decrease, 
reaching 0 after the fifth cycle. After which, the cyclic APG 
injection was terminated. In total, during the five cycles 
22.5 cm3 APG, or 0.562 Vpore of the complex reservoir model 
was injected, and 0.131 unit fractions (13.07 %) of the initial 
oil content of the reservoir model was recovered.  

The efficiency of the cyclic APG model injection into 
the reservoir models with different oil saturation values 
was assessed by means of comparison values of the oil 
recovery factors of every cycle and gas-oil ratio (volume of 
gas required for the displacement of one unit of the oil 
volume). As in the fifth cycle the volume of oil recovered 
in both experiments equals to 0, then the gas-oil ratio 
value was not calculated. Four cycles were subject to 
comparison. The comparison of the oil recovery factors and 
the gas-oil ratio values by cycles for the cyclic APG 
injection for the reservoir models with the initial and 
residual oil saturation is presented in Fig. 8, c. 

For the cyclic APG injection into the reservoir model 
with Soil initial, in the first cycle the amount of oil recovered 
is almost three times more compared to the first cycle 
in the reservoir model with Soil residual. At that, the gas-oil 
ratio value in the first cycle of the model with Soil initial is 
almost twice lower  (for the recovery of 1 cm3 of oil 
required 2.4 cm3 of gas) compared to the same cycle 
carried out on the model with Soil residual (4.6 cm3 of gas per 
1 cm3 of recovered oil). In the second cycle, the cyclic 
injection efficiency (gas-oil ratio value) and the Kdispl in the 
model with Soil initial was also higher compared to the cyclic 
injection in the model with Soil residual. Then, in every next 
cycle, the oil recovery increment was lowering in both 
experiments, but in the experiment on the model with 
Soil initial, the oil recovery increment was falling faster than 
in the model with Soil residual. The third and the fourth 
APG injection cycles showed almost the same results in 
both cases. In the model with Soil initial, the increment of 
Kdispl turned out to be higher to a certain extent, but 
the greatest displacement effect was observed in the 
experiment on the model with Soil residual. 
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Determination of the Relative Phase 
Permeability Values 

 
The results of the relative phase permeability value 

determination in the "oil+APG–water" system in different 
concentrations of the APG model in the re-combined oil model 
under the pore pressure 14.8 MPa and formation temperature 
91 °С are presented in Fig. 9. 

With the increase of the APG concentration in the 
recombined model of the Tolumskoye field oil to 20 %, we 
notice that the end points of the relative phase permeability 
for water and oil shift to the right. We also observe an 
increase in the relative phase permeability of the oil base 
throughout the core model water saturation change diapason 
in the two-phase filtration. 
 

Conclusion 
 

The completed filtration tests yield the following conclusions: 
1. Under otherwise equal conditions, oil displacement with 

water is to a certain extent more efficient compared with the oil 
displacement with APG, which is related to the more 
advantageous ratio between the oil and water viscosities. 

2. Much lower pressure differences that occur in the oil 
displacement with APG in the laboratory conditions prove the 
potential possibility of involving new reservoir zones into the 
development provided that the APG injection is applied. 

3. The displacement of oil with the APG model under 
the pore pressure equal to MPP (14.8 MPa) causes a 
significant rise in the oil displacement factor, which means 
the effect of the miscible oil displacement with the 
associated petroleum gas. 

4. The alternate injection of APG and water rims after the 
displacement of oil with water causes the increase in the oil 
recovery factor by 11-14% compared with the oil displacement 
only with APG or water, which is caused by smoothening of the 
displacement front as the water and gas rims are injected. 

5. In the experimental conditions, the cyclic APG model 
injection after the stage of oil displacement with water makes it 
possible to increase the oil recovery factor by 6.1%. Cyclic APG 
model injection in the initial oil saturation conditions allow to 
recover twice more oil – 13.07%. 

6. Under otherwise equal conditions, the increase of the APG 
concentration in oil causes the growth of the relative phase 
permeability values for oil and water and the two-phase filtration 
zone (shifting the end points to the right). 
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