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K. Bissembayeva1*, A. Khadiyeva1, E. Mamalov2, G. Sabyrbayeva1, 
B. Nuranbayeva3

1Caspian State University of Technologies and Engineering named after Sh. Esenova, 
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RESEARCH OF THE PROCESS OF OIL DISPLACEMENT BY POLYMER 
SOLUTION IN COMPLICATED GEOLOGICAL CONDITIONS

Abstract. The development of oil fields in the world is carried out using various 
methods of stimulating the layer. In newly discovered fields, development work is 
performed on behalf of the natural regime of the layer. The oil recovery factor (ORF) 
is small.   To increase the oil recovery factor, in most cases, they switch to the process 
of oil displacement by water. Water injection leads to depletion of the field, early water 
cut of production wells and a decrease in oil production in them.  To further increase 
of the recovery factor, it is necessary to switch to secondary and tertiary methods or 
their combinations. These technologies should be energy efficient and inexpensive.  
This article examines the displacement of oil from a depleted formation by a polymer 
rim (polyacrylamide), which is pushed by a water-air mixture. The experiments were 
carried out on a homogeneous formation model. Quartz sand was used as a porous 
medium. The viscosity of oil at 20°C is 205 mPa.C, the density is 922 kg / m3. For 
comparison, pure experiments were carried out, i.e. oil displacement only by polymer 
rim of different concentration. Then experiments with the advancement of the polymer 
rim with a water-air mixture.

Key words: Polymer, polyacrylamide, viscosity, mixture, water-gas, water-air 
ratio, permeability, oil recovery, saturation, rim, lithological heterogeneity, geological 
structure.
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КҮРДЕЛІ ГЕОЛОГИЯЛЫҚ ЖАҒДАЙДА ПОЛИМЕРЛІК ЕРІТІНДІМЕН 
МҰНАЙДЫ ЫҒЫСТЫРУ ҮДЕРІСІНІҢ ЗЕРТТЕЛУІ

Аннотация: Әлемдегі мұнай кен орындарын игеру, резервуарға әсер етудің 
бірнеше әдістерін қолдану арқылы жүзеге асырылады. Жаңадан ашылған кен 
орындарынының қабаттарын  игеру табиғи режимге байланысты. Мұнайды алу 
коэффициенті (КИН) осы процеске қатысты аз болады. Себебі, мұнайды алу 
коэффициентің арттыру үшін, көп жағдайда  мұнайды сумен ығыстыру процесіне 
көшеді. Суды айдау технологиясының әсерінен, кен орнынында сарқылу, өндіруші 
ұңғымалардың мерзімінен бұрын сулануына және  мұнай өндірісінің жұмысының 
төмендеуіне әкеледі. Мұнайды алу коэффициенттін  одан әрі арттыру үшін екінші 
және үшінші әдістерге немесе олардың комбинацияларына көшу қажет. Бұл 
технологиялар энергияны үнемдейтін және арзан болуы керек. Бұл жұмысымызда  
мұнайдың таусылған қабатынан полимерді (полиакриламид) су-ауа қоспасымен 
айдау арқылы жиегімен ығысуы қарастырылады. Тәжірибелер біртекті қабат 
моделінде жүргізілді. Кеуекті орта ретінде кварц құмы пайдаланылды. Мұнайдың 
тұтқырлығы 20оС-та 205 мПа-ға тең. Ал, тығыздығы 922 кг/м3. Салыстыру 
мақсатында біртекті тәжіриебе жүргізілді, яғни мұнайды әртүрлі концентрациядағы 
полимер жиегімен ғана ығыстыру. Содан кейін ғана полимердің жиегін су-ауа 
қоспасымен жылжыту тәжірибелері жүргізілді.

Түйін сөздер: Полимер, полиакриламид, тұтқырлығы, қоспасы, су-газ, су-ауа 
қатынасы, өткізгіштігі, мұнай беруі көрсеткіші, қанықтылығы, жиегі, литоло-
гиялық гетерогенділік, геологиялық құрылым.
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ИССЛЕДОВАНИЕ ПРОЦЕССА ВЫТЕСНЕНИЯ НЕФТИ 
ПОЛИМЕРНЫМИ РАСТВОРАМИ В СЛОЖНЫХ ГЕОЛОГИЧЕСКИХ 

УСЛОВИЯХ

Аннотация: Разработка нефтяных месторождений в мире осуществляется 
с применением различных методов воздействия на пласт. На вновь открытых 
месторождениях разработка осуществляется за счет естественного режима пласта. 
Коэффициент извлечения нефти (КИН) при этом небольшой. Для повышения КИН 
в большинстве случаев переходят на процесс вытеснения нефти водой. Закачка 
воды приводит к истощению месторождения, преждевременной обводненности 
добывающих скважин и снижению добычи нефти в них. Для дальнейшего 
повышения КИН необходимо переходит на вторичные и третичные методы или их 
комбинации. Эти технологии должны быть энергосберегающими и недорогими. 
В данной статье рассматривается вытеснение нефти из истощенного пласта 
оторочкой полимера (полиакриламид), которая проталкивается водовоздушной 
смесью. Опыты проводились на однородной модели пласта. В качестве пористой 
среды использовался кварцевый песок. Вязкость нефти при 20оС равна 205 мПа.С, 
плотность 922 кг/м3. Для сравнения были проведены чистые эксперименты, т.е. 
вытеснение нефти только оторочкой полимера разной концентрацией. Затем 
опыты с продвижением оторочки полимера водовоздушной смесью.

Ключевые слова: полимер, полиакриламид, вязкость, смесь, водогазовый, 
водовоздушное отношение, проницаемость, нефтеотдача, насыщенность, ото-
рочка, литологическая неоднородность, геологическая структура.

Introduction. The practice of developing oil fields shows that the efficiency of the 
development process is particularly affected by the complex geological structure of the 
reservoirs and their lithological heterogeneity. Currently, the development of oil fields 
with a complex geological structure and physic - chemical properties of fluids saturated 
in productive reservoirs is carried out using active stimulation methods.

Timely identified causes of complications, which manifest themselves in various 
geological and field operating conditions in a field with high-viscosity oil, are topical 
problems. This is due to the fact that each working oil deposit of different fields differs 
significantly from each other both in terms of the volumetric nature of the change in 
the structural space of reservoirs, and technological and technological parameters. One 
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of the most effective and promising methods for assessing the high viscosity of oil is 
physical and chemical technologies based on the injection of polymer compositions.

The large-scale application of innovative technologies to enhance oil recovery, based 
on the effective reduction of residual oil saturation while displacing oil with viscous 
fluids, will provide long-term support for stable production from most oil fields at a 
later stage of development. It is well known that the control of the viscosity of liquids is 
achieved by using polymers. For these purposes, various grades of polymers are used. 
Polymers are able to affect the rheological properties of water systems and form gels of 
various densities (Kukin et al., 1982, Shevtsov et al., 2001, Polymers for oil extraction 
et al.). The analysis of numerous works showed that the injection of polymers was 
carried out both to increase production due to flow diverting actions, and as a water-
insulating material in production wells (Babaev et al., 2016, Manzhai et al., 2017, Toma 
et al., 2017, Fedorova et al., 2012, Veliev et al., 2020). 

Research Materials and methods. The use of polymer solutions allows the use 
of various mechanisms for blocking or reducing the permeability of a water-saturated 
porous medium. The limitation of water inflows in an oil well is explained by the 
property of polyacrylamide (PAA) to adsorb on the surface of the pores or to form 
crosslinked polymers that can clog the pores. A decrease in the mobility of the solution 
was found with an increase in the concentration of the polymer (Sparlin et al., 1976, 
Smith et al., 1970). Among the numerous works showing the effectiveness of polymer 
flooding, there are works that deal with the low efficiency of polymer flooding at a later 
stage of development (Aleazar-Vara et al., 2016). In the literature, there are a large 
number of works devoted to the use of a water-gas mixture to increase oil production 
from depleted formations (Drozdov et al., 2007, Mullaev et al., 2016). This article 
discusses a technology based on the use of the above two technologies for stimulating 
oil formations.

Research results. The studies were carried out on a model of a formation 0.84 m 
long and 0.025 m diameter. Quartz sand with a fraction of less than 0.2 mm was used 
as a porous medium. The initial data and the results of the experiments are shown in 
Table 1. It can be seen from the table that the permeability of the porous medium in all 
experiments was approximately the same. The initial oil saturation varied from 79.9% 
to 85%. Initially, two experiments were carried out to displace oil from a depleted 
formation with a polyacrylamide (PAA) rim. The experiments were carried out in the 
following sequence. First, a depleted formation was created (stage I). For this purpose, 
the displacement of oil from the formation was carried out by injection of distilled 
water. Distilled water was used to eliminate the influence of salts in other waters on the 
displacement process. After pumping 3-4 pore volumes of water and almost stopping 
the presence of oil in the product coming out of the formation model, the displacement 
process was completed. At the same time, there was still a sufficient amount of oil in the 
formation. Table I shows the values of the oil recovery factor from the formation and the 
residual oil saturation after   experiments No. 1 and 2.
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Table 1 - Initial data and experimental results
PARAMETERS EXPERIMENTS

1 2 3 4 5
1 Permeability:

by air, μm2 2,6 2,67 2,65 2,62 2,57
by water, μm2 1,8 1,88 1,79 1,8 1,82

2 Oil viscosity at 20оС, mPa.С 205 205 205 205 205
3 Oil saturation,% 85 81,8 81,5 79,9 81,8
4 Water saturation,% 15 18,2 18,5 20,1 18,2
5 The volume of the rim of the PAA solution,% of the pore volume 43,8 42,4 41,2 41,4 42,4
6 Concentration of PAA solution in the rim,% 0,5 0,25 0,5 0,25 0,1
7 Viscosity of PAA slug solution at 22оС, mPa.s 188 38 188 38 12
8 Oil recovery factor (ORF) for stage I,% 53 43,7 42 42 47
9 Final recovery factor,% 78 50 74,5 67 60,7
10 Oil recovery factor,% 23 6,3 32,5 25 13,7
11 Residual oil saturation after stage I,% 41,2 51,5 47,7 46,7 44,8
12 The amount of water released during stage I (V1), porous volume 4 3,08 4,35 5,65 3,55
13 The amount of water released during stage II (V2), porous volume 1,9 2,39 1,86 2,96 2,92
14 Water-air ratio, 10-3m3 / nm3 - - 7,9 8,5 13,5
15 Decrease in water cut, V1 / V2 1,89 1,29 2,34 1,91 1,22
16 Residual resistance factor, R 2,6 1,3 6,7 3,8 2,4

The volume of water taken for the stage was, respectively, in experiment No. 1 - 4 
pore volumes, and in experiment No. 2 - 3.1 pores. volume. After that, we pump a slug 
of polyacrylamide solution into the formation with a concentration of 0.5% (experiment 
No. 1) and 0.25% (experiment No. 2). The fringe is pushed along the layer with distilled 
water. The fringe of the polyacrylamide solution, depending on the concentration, has 
a high viscosity (table 1, item 8), which is higher than the viscosity of water. This 
contributes to a decrease in the mobility of the injected water, partial adsorption of 
the polymer on the grains of quartz sand. All this leads to an increase in the residual 
resistance factor and a decrease in water inflow at the exit from the formation model. 
The residual resistance factor is determined by the formula:  

                                           
                                      R=np

.nq                                  (1)

                                     np=ΔРп / ΔРо ,  nq=qo/qп         (2)    

where ΔРп and qп  - are the pressure drop and liquid flow rate after injection of 
polyacrylamide; ΔРо and qo - pressure drop and fluid flow rate before polyacrylamide 
injection.The residual resistance factor was 2.6 in experiment No. 1, and 1.3 in 
experiment No. 2. As can be seen from Table 1 and Fig. 1 (graphs 1 and 2), the amount 
of water discharged from the formation model decreased by 1.89 times in experiment 
No. 1 and 1.29 times in experiment No. 2. It should be noted that as the polyacrylamide 
ridge advances, the polymer is adsorbed in the porous medium and diluted, which 
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leads to a decrease in the viscosity of the solution. Partial water breakthrough occurs 
towards the outlet end. This leads to an increase in the amount of withdrawn water and 
a decrease in the volume of withdrawn oil. The final oil displacement ratio in tests No. 1 
and 2 was 51 and 37%, respectively (Fig. 1, graphs 1 and 2). We see that the higher the 
concentration of polyacrylamide, i.e. the more thickened the water on which the rim is 
prepared, the higher the process indicators. 

Figure.1. The dependence of the oil recovery factor from the volume of pumped water
1- experiment №1 slug injection in water volume interval 4,4-4,8 m3/m3

2- experiment №2 slug injection in water volume interval 3,4-3,8 м3/м3,
3- experiment №3 slug injection in water volume interval 4,3-4,5 m3/m3,
4- experiment №4  slug injection in water volume interval 6,5-6,9 м3/м3,

5- experiment №5  slug injection in water volume interval 3,9-4,4 m3/m3 .

              

Figure 2. The dynamics of the sampled water in the experiments
1-experiment No. 1, 2-experiment No. 2, 3-experiment No. 3,

4-experiment No. 4, 5-experiment No. 5
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Despite this, there is still a fairly decent amount of oil in the formations: the residual 
oil saturation was 30.6% in test No. 1 and 41.2% in test No. 2.

The results of these experiments show that for additional oil recovery from the 
formation it is necessary to use new technology. One of these possible technologies is 
discussed in this article.    

The purpose of the experiments is to determine the efficiency of oil displacement 
from a homogeneous formation by injection of a polymer rim and a water-air mixture.

Experimental studies were carried out in two stages. At the first stage, oil was 
displaced with distilled water. The end of the first stage was determined by pumping 
4-6 pore volumes of water through the formation or in the absence of oil in the product 
taken at the outlet of the formation model, as in experiments 1 and 2. 

Discussion. Thus, we get a depleted formation. Residual oil saturation in all 
experiments was high, and oil recovery factor was not high (Table 1, items 8 and 11 
and Fig. 1). Therefore, to ensure additional growth of oil from the depleted formation, it 
was decided to switch to the injection into the formation of a rim of the polyacrylamide 
solution, the movement of which is carried out by the injection of a water-air mixture.  
The transition to the second stage was carried out by injecting a rim of a polyacrylamide 
solution with a concentration of 0.1 into the formation; 0.25 and 0.5% and in the amount 
of 41.2-43.8% of the pore volume (Table 1). Pushing the polymer through the formation 
is carried out with a water-air mixture. The use of a water-air mixture as a propelling 
agent is caused by the ability of air (gas) and water to form an emulsion in the formation. 
The viscosity of this emulsion differs from the viscosity of the injected water and, in 
particular, from the viscosity of air (gas). The viscosity of the mixture in formation 
conditions can be determined using the modified Einstein formula (Mullaev et al., 2016, 
Voyutsky et al., 1976, Moldabayeva et al., 2021):

 μсм=μо(1+2,4Rс) mPa.s            (3)

where μо  - is the viscosity of water, mPa.s; Rс - volume fraction of air (gas) in the 
water-gas mixture in formation conditions.       

                            

   

formation conditions.                                    
      Rc =

Vгпл
Vгпл+Vзак.в.

                                                                                                    (4)

where Vгпл  - is the volume of injected gas (air) in formation conditions, m3; Vзак.в.- 
volume of injected water, м3.

The increased viscosity of the water-air mixture should better push the polyacrylamide 
solution into the formation and, therefore, more fully displace oil from the formation. 
At the same time, the amount of withdrawn water decreases. Figure 2 shows this well, 
and Table 1 (column 15) shows the degree of this decrease. Figure 3 shows the change 
in the viscosity of the water-air mixture from the water-air ratio. We see that up to a 
certain value of the water-air ratio, the viscosity of the mixture increases. Then they 
stabilize. As we see, the beginning of the stabilization of viscosity values depends on 
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the concentration of the polyacrylamide solution. The lower the concentration of the 
solution, the faster the maximum value is reached, and in the future, with an increase in 
the water-air ratio, it remains practically constant. This is most likely due to the different 
values of the residual resistance factor in the experiments (table 1).

          
Fig. 3. The dependence of the viscosity of the mixture on the water-air ratio

1-experiment No. 3, 2-experiment No. 5, 3-experiment No. 4

The lower the concentration and, accordingly, the residual resistance factor, the faster 
the high-viscosity emulsion is formed in the formation. The high-viscosity emulsion is 
less prone to thinning the rim, retaining its properties for a long time and therefore 
better displaces oil at a low water inflow. There is an increase in the oil displacement 
coefficient and a decrease in the amount of withdrawn water (Table 1 and Fig. 1.2).

Conclusion: Thus, we see that the use of a polymer solution slug and a water-air 
mixture is an effective technology. It improves both the efficiency of oil displacement 
from the formation and the reduction in water flow. This technology should show itself 
well in layered heterogeneous formations.                               
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