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 It is of current concern for the Permian-Carboniferous reservior of the Usinskoye field to develop low-permeable matrix blocks 
of carboniferous reservoirs, which contain major reserves of high-viscosity oil. To increase effectiveness of the currently used 
thermal oil recovery methods, the authors suggest using carbon dioxide as a reservoir stimulation agent. Due to a high mobility 
in its supercritical condition, СО2 is, theoretically, able to penetrate matrix blocks, dissolve in oil and, additionally, decrease its 
viscosity. Thus, СО2 applications together with a heat carrier could increase effectiveness of the high-viscosity oil recoveries and 
improve production parameters of the Permian-Carboniferous reservior of the Usinskoye field. 
During carbon dioxide injections, including combinations with various agents, some additional oil production is
possible due to certain factors. Determination of the influencing factors and detection of the most critical ones is
possible in laboratory tests. So, laboratory studies entail the key stage in justification of the technology effectiveness. 
The paper deals with describing the laboratory facilities and methodologies based on reviews of the best world practice
and previous laboratory researches. These aim at evaluating effectiveness of thermal, gas and combined oil recovery 
enhancement methods. In particular, the authors explore experimental facilities and propose methodology to perform
integrated researches of the combined heat carrier and carbon dioxide injection technology to justify the effective 
super-viscous oil recovery method.
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 Актуальной проблемой разработки пермокарбоновой залежи Усинского месторождения является вовлечение в
процесс разработки низкопроницаемых матричных блоков карбонатного коллектора, содержащих основные запасы
высоковязкой нефти. С целью повышения эффективности применяемых в настоящее время тепловых методов
увеличения нефтеотдачи авторами рассматривается вариант использования диоксида углерода в качестве агента
воздействия на залежь. За счет высокой подвижности в сверхкритическом состоянии СО2 теоретически способен 
проникать в матричные блоки, растворяться в нефти и дополнительно снижать ее вязкость. Таким образом,
применение СО2 совместно с теплоносителем потенциально может увеличить эффективность извлечения
высоковязкой нефти и повысить показатели разработки пермокарбоновой залежи Усинского месторождения. 
При реализации технологий закачки диоксида углерода, в том числе в комбинации с различными агентами,
дополнительная добыча нефти возможна за счет проявления различных факторов. Определение влияющих 
факторов и выявление наиболее критичных из них возможно путем выполнения лабораторных экспериментов.
Поэтому этап лабораторных исследований является ключевым при обосновании эффективности технологии. 
Исследование посвящено описанию лабораторно-методического комплекса, разработанного на основе обзора 
мирового опыта и выполненных ранее лабораторных работ. Комплекс позволяет проводить необходимые
исследования для оценки эффективности тепловых, газовых и комбинированных методов увеличения 
нефтеотдачи. В частности, авторами рассматривается экспериментальное оборудование и предлагается
методология выполнения комплексных исследований технологии комбинированной закачки теплоносителя и
диоксида углерода с целью обоснования эффективного метода извлечения сверхвязкой нефти. 
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Introduction 
 

It is of current concern for the Permian-
Carboniferous reservior of the Usinskoye field to 
develop low-permeable matrix blocks of 
carboniferous reservoirs, which contain major 
reserves of high-viscosity oil (HVO). As shown in 
earlier researches [1], heat carrier filtrations 
and heating of the matrix part of the reservoir 
take place mainly along high-conductive 
channels, which are vast fracture networks for 
the heat carrier. Steam reaching distant 
reservoir areas through fractures contacts the 
low-permeable matrix and gives up heat via 
thermoconductive heating. Due to heavy 
reservoir fracturing, low permeability of the 
matrix and low mobility of saturating pores of 
the high-viscous oil, it is almost impossible to 
achieve high heating rates of the matrix part of 
the reservior with a heat carrier.  

Carbon dioxide, due to high permeability 
(in the supercritical condition, СО2 has viscosity 
close to that of gases [2, 3]), is, theoretically, 
able to penetrate the matrix blocks, dissolve in 
oil and assist in additional oil recoveries. 
Therefoore, the injection of СО2 together with a 
heat carrier can increase effectiveness of the 
high-viscous oil recoveries from the Permian-
Carboniferous reservior. 

Based on literature reviews, the previous 
paper [4] by the authors hereof shows that the 
world practice has successful implementations of 
the carbon dioxide injection technology in 
complex carboniferous reservoirs saturated with 
high-viscous oil. At the same time, depending on 
particular geological and physical conditions, 
significant improvements of the technological 
parameters should be achieved. 

However, due to high dicontinuity of 
reservoirs under study and high mobility of 
carbon dioxide, there exists a problem of the 
carbon dioxide breakthrough into production 
wells, which brings the need to use substantial 
(on a field scale) volumes of СО2 –1.84 thou. m3 

of СО2 per ton of oil produced. In case of the 
Permian-Carboniferous reservior, where Usinsk 
power park is viewed to be the only nearby 
source of carbon dioxide, obtaining substantial 
quantities of СО2 from flue gases does not seem 
possible. In this respect, the authors consider an 

option to use carbon dioxide as an addition to a 
heat carrier to increase efficiency of the 
currently used thermal reservoir stimulation 
methods (the cyclic steam well treatment and 
thermal steam treatment). This combined 
technology is very promising and active 
investigations are underway [5–8]. 

Laboratory studies is one of the key stages in 
the technology justification, since they allow us 
to evaluate the technological effect under close-
to-reservoir conditions and obtain parameters 
necessary for further process scale ups. This 
article describes laboratory facilities and 
methodologies developed by the authors, which 
enable the research volume necessary for a 
comprehensive evaluation of effectiveness of the 
thermal, gas and combined oil recovery 
enhancement methods (EOR). In particular, the 
experimental equipment is considered, and 
methodology for performing integrated 
researches of the combined heat carrier and 
carbon dioxide injection technology to 
substantiate the effective super-viscous oil 
recovery method. 
 

Research Methodologies of Gas Agent 
Technologies (Using СО2 as an Example) 

 
If we implement gas and combined 

(together with heat carriers and various 
chemical agents) EOR under conditions of high-
viscosity oil reservoirs, additional oil production 
becomes possible due to some factors emerging 
when the reservoir oil contacts injected agents 
[9, 10]. During dissolution of carbon dioxide in 
reservoir oil the following can be considered as 
main factors: 

а) viscosity reduction. Dissolution of СО2 in 
oil leads to significant reductions of its viscosity 
(2–100 times and more), similar to applications of 
the heat stimulation methods. It should be noted 
that the higher the viscosity of the initial oil, the 
stronger the effect; 

b) the oil volume increase (oil ‘swelling’). 
This effect displays itself during dissolution of 
СО2 in oil and is important for oil recoveries due 
to two reasons: first, the volume of the 
displaced oil is directly proportional to its 
swelling degree; second, the oil phase in the 
reservoir becomes continuous (individual oil 
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droplets join the continuous phase), which 
increases the oil single phase flow; 

c) the dissolved gas manifestation. When 
the injection is over, СО2 starts releasing from 
oil, thus, driving oil to the well bottom. In case 
of the high-viscous oil recovery (HVO) during 
the carbon dioxide release, a stable gas-oil foam 
may be generated in the reservoir, able to limit 
continuous oil phase formations in the reservoir 
and its breakthrough to the production wells. 
This may promote an increase in the reservior 
encompassment with the displacement process. 

Except for the above, during СО2 dissolving 
in the high-viscous oil, such factors may 
manifest to various extents, as extraction of 
light, medium oil components and their 
transition to the light (carbonic acid) phase, and 
reduction of the surface tension at ‘reservoir 
oil – СО2’. In addition, an acid is formed when 
carbon dioxide contacts the reservoir water, 
thus, dissolving the carboniferous rock and 
increasing permeability and volume of pores. 

In general, the completeness of oil 
recoveries and effectiveness of carbon dioxide 
injections, except for reservoir conditions 
(temperature, pressure, permeability, presence 
of fractures, etc.) and reservoir oil parameters 
(composition, viscosity, presence of asphalt, 
resin and paraffin (ARP) reserviors, etc.), is also 
influenced by technological parameters of СО2 
injection process (for example injection rate and 
pressure, etc.). In addition, negative factors 
should be considered, which may include, for 
example, corrosion of oil field equipment, 
asphaltens settling to free phases and 
reservioring on pore walls, premature 
breakthroughs of carbon dioxide being injected, 
etc. Problems specific for the carbon dioxide 
injection technologies are described, for 
example, in [11–13]. 

As there exists practically no expertise in 
experimental studies of HVO recovery carbon 
dioxide injection-based technologies in Russia, 
an extensive survey and analysis of the world 
practice was performed. As result of a 
compilation of literature sources and own 
experience, with regard to opportunities offered 
by modern equipment, an integrated research 
methodology was developed, including the 

following stages: preparation of core reservoir 
models and reservoir fluids models, standard 
and special set of PVT studies of reservoir fluids 
and their mixtures with gas a agent, oil 
displacement evaluation, filtration tests on core 
models made of standard and full-scale samples 
(or sand-packed tube reservoir models), process 
scaling and further technology improvement 
within a pilot area using special software. 

Preparation of reservoir models and 
reservoir fluid models includes the following 
stages: 

а) core sampling, determination of their 
reservoir properties and structural and textural 
peculiarities; 

b) arrangement of reservoir models with 
parameters characterizing zones of the study 
object; 

c) building core reservoir models with 
parameters characteristic for the studied object, 
or with parameters necessary for the study 
objectives; 

d) preparation and determination of 
reservoir fluid parameters; 

e) preparation of the recombined reservoir 
oil model, the gas and reservoir water model 
with properties close to physical and chemical 
properties of reservoir fluids. 

It is necessary to note that depending on 
research objectives, for example, for parametric 
experiments where it is necessary to exclude the 
porous medium influence (rock composition 
variability, pore structure, etc.) on the results 
obtained, instead of core models samples are cut 
from uniform sandstone (Berea, etc.) or artificial 
porous media are made of quartz sand or glass 
microspheres may be used. This does not eliminate 
the need to use actual core samples, which make it 
possible to model close-to-reservoir conditions 
(which is of special importance, for example, 
during determination of oil displacement factors). 

Preparation of a reservoir oil model should 
be approached thoroughly, as its composition 
determines characteristics of physical and 
chemical processes during its contact with a 
gas agent. For laboratory researches, the 
recombined reservoir oil model should be used, 
made with a model gas or gas taken from a 
production separator. 
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Thorough preparations of porous media 
samples and reservoir fluid samples improve 
reliabiity of results of further laboratory 
experiments and numerical simulations. 

PVT studies of the oil model and its 
mixtures with the gas agent in various 
proportions are an important part of the 
laboratory stage behavior of the oil and carbon 
dioxide mixture formed under reservoir 
conditions. Many researchers consider them as 
the determining factor in evaluation of СО2 
injection technology effectiveness [7, 8]. 

The complex includes: 
а) standard PVT studies of the recombined 

oil model [13] (determination of density 
and viscosity, saturation pressure and 
volumetric factor at different thermobaric 
conditions); 

б) special PVT studies of mixtures of 
the recombined oil model and gas agent in 
various proportions [14–18] (determination 
of a dependency of the mixture properties 
on thermobaric conditions and a gas 
concentration, a study of a gas agent 
dissolvability in oil, determination of a degree 
of the oil volume change (swelling test) 
[17–19], determination of resins and asphaltens 
destabilization conditions [20], etc.). 

Studying the nature of interactions between 
the reservoir oil and gas agent includes 
determination of minimum miscibility pressure 
(MMP) and of oil displacement condition by a 
gas agent using various methods. So-called slim 
tubetest [21–23] is the most widely used 
method of the laboratory determination of 
MMP, as it helps to determine the oil 
displacement condition with a gas [24], and 
also perform proportioning of a dissolving agent 
composition. 

Also, the rising bubble method (RBM) [25] 
and vanishing interfacial tension (VIT) [26] are 
widely used now. 

The research results at this stage make it 
possible to understand physical and chemical 
processes during a dynamic contact of the 
injected gas with the reservoir oil. Apart from 
that, the obtained data are used later in 
development and adjustment of fluidal and 
compositional models. 

Filtration experiments include: 
а) special (parametric) filtration 

experiments using core or sand-packed tube 
reservoir models (artificial media) to study 
peculiarities of the displacement process at 
variations of parameters (influence of pressure 
and temperature, permeability and fracturing, 
determination of optimal stimulation 
parameters (for example, agent plug size or 
ratio of displacement agents injection 
volumes)) depending on a simulated injection 
scheme [27–30];  

b) core studies with the purpose to study 
the displacement ability of СО2 at different 
injection schemes (СО2 displacement [31, 32], 
cyclic action by СО2 [33, 34], alternating 
injection of СО2 and water [35], combined 
stimulation with heat carriers [36, 37], 
including different additives (hydrocarbon 
solvents [37], surfactants [38, 39], etc.)). 

It is possible to single out microsimulation 
using artificial porous media finding 
regularities and peculiarities of the oil 
displacement process at a level of separate 
pores and pore channel systems by visual 
observation [35]. 

Filtration experiments let us perform a 
preliminary evaluation of the technology 
effectiveness under different thermobaric 
conditions, study peculiarities of displacement 
at occurrence of various factors, evaluate 
effectiveness of different СО2, injection schemes, 
and also obtain information necessary for a 
further process scaling. 

Technology scaling and optimization are 
performed by numerical simulations using 
dedicated simulators (for example, simulator 
by Computer modeling group – CMG), 
including thermal and compositional modules. 
Meanwhile for development and adaptation 
of the pilot area (sector) results, laboratory 
studies are used [40, 41]. During express 
screening, various development scenarios are 
simulated, which differ in the agent injection 
schemes, sizes of injected agents plugs, 
well arrangement schemes, etc. As result 
of calculations, optimal technology 
implementations are obtained, which are further 
used to perform feasibility studies. 
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Fig. 1. Methodology of integrated studies of oil recovery enhancement 

methods based on carbon dioxide injection 
 

 
 

Fig. 2. Laboratory facilities to study heat and gas EOR: а) general view of the installation, 
b) piston flow meters, c) a visual three-phase separator, d) a block for measuring the superficial 

tension at reservoir conditions, e) a visual cell, f) a slim model in a thermal cabinet 
 
 
  

This stage implementation improves 
the research quality due to an increase 
of the technology evaluation scale and increase 
of informativeness of the results obtained, and 

also gives an opportunity to optimize the 
laboratory study scheme with regard to 
understanding the data volume necessary to 
create models. 
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The described research methodology is 
schematically presented in Fig. 1 showing 
separate research stages and their interrelations. 
 

Description of the Laboratory 
Equipment 

 
For the research, special laboratory facilities 

were created to perform filtration experiments on 
core and sand-packed reservoir models using 
various displacing agents (water, gas, steam, 
chemical compositions) in a wide range of 
temperatures and pressures (Fig. 2, а). The 
facilities are designed to perform experiments on 
two- and three-phase filtrations, and also a 
simultaneous performance of two independent 
experiments (fluids injection and withdrawal, 
pressure differential measurement, measuring 
quantity of oil, water and gas being withdrawn, 
dynamic analysis of a componential composition 
of fluids being withdrawn). 

The filtration installation includes a 
number of functional blocks (systems): a 
formationpressure block, a fluid supply block, 
a gas agent preparation and supply block, 
two core holder blocks, two slimtube model 
blocks, two pressure measurement blocks, two 
back pressure blocks, two fluid volume 
measurement blocks, steam generation block, 
hydraulic line cooling block, superficial tension 
measurement block, data collection block and 
chromatographic complex for EOR control and 
monitoring. 

Fluids supply, core holders, pressure 
differential measurements, back pressure and data 
collection blocks are of a classic design. Other 
blocks should be described separately: 

– the formation pressure block creates and 
maintains the independent overburden pressure in 
two core holders. The block consists of a piston 
pump, automatic valves providing for automatic 
pump operations on both core holders, and 
pressure sensors; 

– the gas agent preparation and supply 
block includes a booster pump to transfer gases 
from cylinders, a high pressure vessel for gas 
mixture accumulations, a double plunger pump 
and system of manometers and safety valves. 
The block pressurises and heats gases to 

necessary thermobaric conditions, and supply to 
core holder blocksor slimtube; 

– the slimtube block includes slimtube 
models themselves, a special piston vessel for a 
gas agent, a filter at the exit end of the model 
and a high pressure visual cell. The visual cell is 
design to perform photo- and videorecording of 
phase behaviors at different stages of an 
experiment on oil displacement by gas agents; 

– the fluids volume measurement block at 
the exit of the reservoir models includes a three-
phase visual separator, special piston 
flowmeters installed after the separator, and 
pressure sensor system. The separator, using 
digital cameras, controls levels of the phase 
separation ‘water – oil’ and ‘oil – gas’. During 
the movement of the phase separation levels, 
the piston flowmeters pump out corresponding 
phases, while the constant pressure is 
maintained in the system. During the 
experimentation, the block design directs the 
fluid stochromatographic complex with a given 
periodicity, and piston flowmeters could be 
correspondingly set to do it. Application of the 
piston flowmeters is determined by a possibility 
to perform measurements of wide range 
volumetric phase flows (Table);  

– the steam generation block is used in 
filtration experiments while simulating EOR 
using heat carriers and is a flow steam 
generator – over heater with thermocouples 
installed inside it for the heat carrier 
parameter monitoring. To control of steam 
parameters, a line with the back pressure 
valve maintaining the constant system pressure, 
and the capillary steel tube providing for 
pressure drops at the exit from the steam 
generator, due to which a degree of steam 
dryness can be controlled; 

– the hydraulic line cooling block, as 
a rule, is used together with the steam 
generation block to cool fluid at the exit from 
the reservoir model and to maintain necessary 
temperature in the heat carrier pressure 
maintenance line in the steam generation block, 
and there is a cryostat, providing for circulation 
of a cooling agent in tubes with installed tubes 
of the hydraulic line of the filtration 
installation; 
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Main technical parameters 
of the filtration installation 

 
Parameter Value 

General 
Maximal operating formation pressure, MPa 60.0
Maximal operating pore pressure, MPa 40.0
Maximal operating temperature, °С 200
Rangeofvolumetricflowof fluids, cm3/min 0.001–50
Core holder block 
Core holder type Hassler
Diameter, mm 30, 110
Maximal length of core column, mm 600
Slimtube block 
Tube length, m 12, 24, 40
Outer tube diameter, mm 6, 8, 12
Material Stainless steel
Packing Glass 

microspheres
Fraction, mesh 100
Porosity, % 38
Gas permeability,um2 33
Fluids volume measurement block 
Fluid flow range, cm3/min 0.1–200
Gas flow range, cm3/min 0.1–500
Accuracy, % 1
Maximal volume, cm3 

– oil 400
– gas Unlimited
– water Unlimited

Steam generation block 
Maximal operating pressure, MPa 25
Maximaloperatingtemperature, °С 360
 

– the superficial tension measurement 
block is for the superficial tension 
measurements in reservoir conditions using the 
hanging drop method and consisting of a high 
pressure cell with an observation window, 
spot light and high speed camera. Depending 
on the task, a visual cell is filled by a necessary 
transparent phase (water or gas), then oil 
is fed through a needle for further 
measurements of the superficial tension. The 
block determines the minimal miscibility 
pressure (MMP) using the VIT method. 

The block design of the installation configures 
еру hydraulic line for experiments on oil 
displacement on core reservoir models and slimtube 
models, and to use additional blocks if they are 
necessary (steam generation, superficial tension 
measurement,  hromatographic complex, etc.). 

For operations with liquefying gases (СО2or 
gas mixtures), sealing rings of contacting elements 
in the hydraulic line are made of materials 
resistant to gas decompression. 

Main technical parameters of the filtration 
installation are shown in Table, Fig. 3 presents the 
hydraulic circuit diagram of the filtration 
installation. 
 

Description of Experiments 
 

Preparatory works. To prepare the core 
models of the reservoir, a collection of standard-
sized cylindrical samples was pre-formed. Then 
to determine filtration and capacitance 
properties, the samples were taken with a 
regular shape, without chippings, fractures and 
large cavities on end planes and side surface. 
Porosity was determined by the fluid saturation 
method, gas permeability was determined with 
gas filtration using the sample method. Connate 
water saturation was created with the 
semipermeable membrane method in the group 
capillarimeter. 

Arrangements of composite core models were 
performed according to provisions of the industry 
standard [42], according to values of the open 
porosity factors and absolute gas permeability of 
separate cylindrical samples.  

Composite core models were arranged on 
condition of equality of their lengthily weighted 
porosity and gas permeability values, lengths and 
volumes of pores to exclude the influence of 
variations of these parameters on results of the 
experiments. 

The work [43] shows that the initial 
oil saturation may exert a significant influence 
on the oil displacement factor value and 
gas-oil ratio. The higher the oil viscosity, 
the stronger the influence of the initial oil 
saturation on these parameters. 

With regard to the above, the arrangement of 
the core models of the reservoir was performed so 
that values of the connate water saturation 
(and the initial oil saturation, as Soin. = 1 – Sw in.) 
of the models were equivalent. 

Preparation of the dissolved gas models was 
performed using the partial pressures static 
method.  The  method  is  to  set  the  gas  mixture  
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Fig. 3. Hydraulic circuit diagram of filtration installation: 1 – coreholder, 110 mm;2 – coreholder, 30 mm; 
3 – slimmodel;4 – oilvessel;5 – plunger pumps;6 – valves;7 – high pressure vessel with moving piston;8 – high 
pressure vessel;9 – manometer; 10 – differential manometer;11 – formation pressure piston pump;12 – back pressure 
valve;13 – three-phase separator;14 – piston flowmeters;15 – measurement burette;16 – pneumatic boosters; 
                                   17 – visual cell;18 – back valve;19 – gas cylinders;20 – needle valve 
 
composition (volumetric fractions of the 
components) according to partial pressures of 
separate components, on basis of equation (1): 
 
 ,

=
=

n
i

i
Р Рmx

1
 (1) 

 
whereРmx is the gas mixture pressure, Pi is the partial 
pressure of the gas component. 

To determine the partial pressure of each gas, 
when setting the mixture using volumetric (molar) 
fractions, the Boyle-Mariotte law can be used, from 
which it comes that at constant temperature: 
 

 = =ii i
VP P r PV ,  (2) 

 
where Vi is the partial volume of the component; 
V is the gas mixture volume; ri is the volumetric 
fraction of the mixture component. 

So, setting a composition of a gas mixture is 
possible by adding partial pressures of the 
components: 
 
 = + +i i nР r Р r Р r Рmx +1 ,  (3) 
 
where ri is the volumetric fraction of the gas 
component in the mixture. 

For preparation of the recombined oil model 
and its mixtures with carbon dioxide, we used a 
pre-degassed and cleaned (from mechanical 
impurities) wellhead oil sample taken from wells 
of the Permian-Carboniferous reservior of the 
Usinskoye field. 

For this purpose, the oil recombination cell 
was preliminarily pumped with the calculated 
amount of the reservoir gas model in the volume, 
corresponding to the necessary volume of the 
recombined oil model and average gas contents in 
oil at reservoir conditions.  

During preparation of the recombined oil 
model with carbon dioxide, after the dissolved 
gas model, we pumped clean carbon dioxide. 
The volume of СО2 was calculated with 
regard to the ‘dead volume’ of tubes from 
the СО2 vessel up to the valve at the 
recombination vessel. 

After pumping the gases into the 
recombination cell, the degassed oil was 
transferred using the high pressure vessel. Then 
pressure in the cell was raised up to the 
formation pressure, and temperature was set at 
the level above the formation temperature 
by 30–40 °С. 

Readiness of the recombined oil model was 
determined according to stabilization of gas 
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contents, which was obtained by the single 
separation method during mixing. 

The PVT properties of the recombined oil 
model were found according to [44]. At the 
stage of performing the PVT studies of the 
recombined oil model, a dependence of the 
volumetric ratio on pressure was additionally 
determined. This dependency was later used in 
calculations of the oil displacement factors at 
slim models and composite core models. 

Determination of the oil displacement 
condition. The task of the filtration 
studies at slimmodels was to evaluate conditions 
of high-viscous oil displacements by carbon 
dioxide at different thermobaric conditions 
corresponding to those characteristic for areas 
of the Permian-Carboniferous reservior of the 
Usinskoye field. 

Description of the experiment. The tube, 
preliminarily packed with quartzsand, was 
saturated with kerosene at pressure 7 MPa to 
dissolve and eliminate air present in voids of the 
sand packing.  

Kerosene was displaced by the 
recombinated oil model until stabilization of 
pressure differential at the experimental 
temperature and pressure, after which the slim 
model was hold at the fixed pressure and 
temperature for 24 h. 

Prepared СО2 (compressed and heated to 
the experimental conditions) was pumped 
to the slim model while maintaining the 
constant pressure differential at the level 
of 1.2 MPa. 

Fluid volumes at the exit from the slim 
model were measured using the visual separator 
and special piston flowmeters. 

Analysis of physical and chemical 
properties of the fluids being withdrawn was 
performed during the experiment. 

СО2 was pumped in the volume 
corresponding to 1.2 volume of the slim model 
voids (at reservoir conditions), after which the 
experiment was stopped. 

The oil displacement factor (Kdispl) was 
calculated according to equation (4): 
 

 
⋅ −

=
V b V

K V
vdo dv

displ
por

, (4) 

where Vvdo is the volume of the displaced oil, 
cm3,b is the volumetric oil factor, corresponding 
to a degree of pore pressure and formation 
temperature, units, Vdv is the dead volume of 
tubes at the input to the slim model (determined 
by the geometric method), cm3, Vpor is the 
volume of pores of the slim model, equal to the 
volume of the oil initially present in the slim 
model, cm3. 

After each experiment, the slim model 
was cleaned by pumping several pore 
volumes of the solvent until, its complete 
discoloration at the exit from the slim model 
at temperature 150 °С. 

The displacement condition was established 
according to the value of the oil displacement 
factor according to the established criteria: full 
miscibility is achieved on condition of 
displacement not less than 90 % of oil, if the oil 
displacement factor is not more than 50–60 %, 
then the displacement process is of the 
nonmiscible character, obtaining the 
intermediary value of the displacement factor of 
60–90 % corresponds to the partial mixing 
conditions. 

Filtration experiments on core reservoir 
models. According to the research objectives, 
experiments on the core models were performed 
at different isothermic conditions characterizing 
a warming degree of the reservoir of the 
Permian-Carboniferous reservior of the 
Usinskoye field. 

Justification of the filtration speed. An 
important condition in simulating the 
filtration processes is reproduction of the 
actual filtration speed. In order to simulate 
reservoir conditions, it is necessary to have 
information on the actual filtration speed 
in the simulated object, but the existing 
filtration evaluation methods produce data 
on speed, as a rule, for the whole interval 
studied, where major inputs to the measurement 
is that of a highly permeable zone. That is 
why the data obtained are to significantly 
excessive and could not be used in filtration 
experiments for simulation of low permeable 
zones of the reservoir. 

The character of displacement and phase 
movement in porous medium depends on a 
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correlation of viscous, gravitational and 
capillary forces. Correlation between the viscous 
and capillary forces is described by 
nondimensional number Nca (5): 
 
 μ

σ
=ca

v DN , (5) 
 
where v is the filtration speed; μD is viscosity of 
the displacing phase (water or СО2);σ is the 
superficial tension at the border of the phase 
being displaced and displacing phase. 

A correlation between gravitational and 
capillary forces is characterized by the 
nondimensional Bond number (Во) (6): 
 

 ρ
,

σ

Δ= gKBo  (6) 
 
where Δρ is the difference of densities in a 
phase being displaced and displacing phase; g is 
a free fall acceleration; K is permeability of the 
porous medium; σ is the superficial tension at 
the border of a phase being displaced and 
displacing phase. 

When simulating, the filtration capillary 
forces should prevail over other two forces, and, 
as it was said in [45], values of Nca and Bo should 
be less or equal to 10–5. During the experiments, 
parameters were selected on basis of this 
condition. 

Experimental procedure. A preliminarily 
prepared core reservoir model was placed into 
the core holder and was saturated by kerosene. 
After this kerosene was displaced by the 
recombinated oil model. Oil filtration continued 
until reaching the stable pressure differential 
between end planes of the composite core 
model. After pressure stabilization, the 
differential phase permeability of oil (Kppo) was 
determined at residual (connate) water 
saturation (Swst). 

After thermal stabilization of the reservoir 
model and hydraulic system, the displacing 
agent (water or СО2) was pumped into the core 
reservoir model. 

Measurement of the displaced volumes of 
fluids was performed with a certain periodicity in 
order to build  the displacement dynamics graph, 

meanwhile the pressure differential was recorded 
for each time interval. 

The displacement agent injection was 
performed until termination of the oil yield from 
reservoir model or after pumping of a volume 
equal to 2 Vpor of the core reservoir model.  

After the end of the experiment volume of oil 
extracted from the core oil model was calculated, 
accounting for the ‘dead volume’ of tubes at the 
exit from the core holder.  

Basing on the known volume of the oil 
initially present in pores of the core reservoir 
model, the calculation of the oil displacement 
factor (Kdispl) was performed according to 
Equation (7): 
 

 
−

=
−

⋅V b V
K V V

vdo dv
displ

por vcw
,  (7) 

 
where Vpor is the volume of pores in reservoir 
model, cm; Vсв вis the volume of connate water in 
the reservoir model, cm. 
 

Conclusions 
 

1. Advanced laboratory facilities are 
developed, which perform the whole range of 
researches necessary to study the thermal 
and gas EOR. 

2. A methodology is proposed for an 
integrated evaluation of effectiveness of the HVO 
recovery technology, using the experimental and 
numerical methods. 

3. Procedures are developed to research the 
combined technology for injecting heat carriers 
and carbon dioxide in order to increase the oil 
recovery factor at the Permian-Carboniferous 
reservior of the the Usinskoye field. 
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