ISSN 2712-83808

Velume,/ Tov 25 Ne1 2025
Journal Hemepage: httpi//vestnikpsturu/geo/
=4

UDC 622.276
Article / Ctatpsa
© PNRPU / [THHUITY, 2025

Perm Journal of Petroleum and Mining Engineering. 2025. Vol.25, no.1. P.47-51. DOI: 10.15593/2712-8008/2025.1.6

Perm .Jou_['nngf; Petroleum

.~ and Mining Engineering

Determination of the Optimal Injection Ratio of Fluids in Water-Gas Influence

Nikolai V. Leushin, Alexander P. Shevelev, Alexander Y. Gilmanov

Tyumen State University (6 Volodarskogo st., Tyumen, 625003, Russian)

Onpep.eneHMe ONTUMaNbHOro COOTHOLWIEeHUA 3aKaukm (*)J'IIOVI,EI,OB npu BoaorasoBom BO3OENCTBUMU

H.B. Jleynms, A.I1. ITlleBesnies, A.f. MimeMaHOB

TIOMeHCKUI1 rocyAapcTBeHHbIN yHuBepcuTeT (Poccuiickan ®enepanus, 625003, r. TioMmeHs, yi1. Bosiogapckoro, 6)

Received / Mony4

Keywords:

Water-gas stimulation, water-gas
mixture, gas-oil contact, horizontal
well, gas factor, associated
petroleum gas, reservoir pressure
maintenance, near-wellbore zone,
enhanced oil recovery, oil recovery
coefficient, hydrocarbons,
compositional model, pilot
industrial operations, modeling,
correlation.

Kmrogesrre ci1oBa:

BOJIOra30BO€E BO3JEHCTBYE,
BOJIOrazoBasi CMech, ra30HedTAHON
KOHTaKT, FOPU30HTAJIbHAA
CKBaXXMHa, ra30BLIi PakTop,

TIONy THBII HeTAHOM ras,
noAJiep>KaHue IIacTOBOTO
JaBJieHus, npu3aboiiHas 30Ha
mJiacTa, HoBhleHre HebTeoTAAYN
macTa, K03 UINeHT U3BJIeYeHNA
HedTH, yIIeBOAOPOL,
KOMIIO3UIIIOHHAA MOJIeJIb, OIBITHO-
TIPOMBIIUTEHHBIE PabOTHI,
MOJIeTUPOBAaHNE, KOPPEJIALVA.

a: 01.12.2024. Accepted / NMpuHaATa: 05.12.2024. Published / Ony6nukoBaHa: 24.02.2025

Hard-to-recover reserves are icreasing in size every year, and the classical development of fields with such reserves is not so
effective, therefore the application of enhanced oil recovery methods is relevant. Such method of enhanced oil recovery as
water-gas stimulation will be presented in this paper.

There are two types of water-gas simulation: alternating water and gas injection and simultaneous injection. Alternating water
and gas injection is focused in this work. The process involves the sequential injection of gas followed by water.

This method is widely implemented, and experience in conducting such operations has already been accumulated. The goal was
to identify scenarios that could cover the realistically possible conditions for the application of water-gas stimulation and to find
the optimally effective ratio of water and gas injection. The parameters for ranking included reservoir permeability, reservoir
compartmentalization, the development system with various well designs and spacing between wells, as well as various volumes
of injected agents (water, gas).

Multivariate calculations were carried out on a sectoral hydrodynamic model (E300). Since experiments on miscibility conditions were
not conducted, it was assumed that oil displacement during water-gas influence occurred without gas mixing with oil.

Based on the processing of the entire dataset (more than 10,000 calculations), a database of development systems with various
input geological and physical characteristics was formed and dependencies for cumulative oil production at different volumes of
water and gas injection were obtained.

The effect of water-gas stimulation is noticeable with reservoir permeability greater than 20 mD. The effective water and gas
injection ratio should ensure that the liquid withdrawal compensation is above 100%, both for water and gas injection.

TpyAHOU3BJIEKaeMble 3amachl PACTyT € KaXbIM I'0JIOM, U Kjlaccudeckas pa3paboTka MeCTOPOXAeHUI ¢ TAKUMHU 3aracaMu He Tak
a¢deKkTUBHA, MMOITOMY IpHUMEHEHHe METOJ[0B yBeJHYeHNs He(dTeoTHauu akTyasibHO. B pabGore OyneT mpefcTaBiieH METOXR
yBeJInueHus HepTeoTJaul KaK BOAOra3oBoe BO3ZeiCcTBHIe.

Kiaccnuuupyor Ba BUa BOAOra3oBOro BO3JeHCTBUA: MOIepeMeHHas 3aKauka BOJbl U rasa U cOBMecTHasA. B mccienosaHuu
paccMmaTpuBaeTcsA NonepeMeHHas 3akauka BOZbl UM rasza. CaMm mpolecc npejcTapiisgeT co00i NOPIUOHHYI0 3aKauKy CHadaja
rasa, 3aTeM BOJbL.

,I[aHHHﬁ MeTo[ 06IHI/IPHO BHEJIPsAETCA U yX€ HaKOIJIEH ONBIT IPOBEACHUA TaKUX MepOHpP[HTPIﬁ, LeJIblo OBLIO C(I)Ole/IpOBaTb
Takue creHapuu, yTOOB B HaWOOJIbIIE CTENeHU OXBaTUTh peaslbHO BO3MOXHbBIE YCJIOBHUA IIPUMEHEHUA BOAOra3oBOro
BO3ﬂeﬁCTBHﬂ U HalTH IIpY 5TOM OIITUMaJIbHOE COOTHOIIEHHE 3aKayKU BOABI U rasa. HO}:[ napaMeTphl paHXUPOBaHUA OBLIIU B3SITHI
IIPOHUILIAEMOCTh KOJUJIEKTOpPa, PacwIeHEHHOCTh IUIacTa, CrcTeMa pa3pa60'r1<n C PpasJINYHBIMH KOHCTPYKUWAMH CKBaXWH U
paccTosHMeM MeXJy CKBaXHUHaMU, a TaKXe pPa3JInuHble 06beMbl 3aKauMBaeMoro areHTa (Bosa, ras).

MHoroBapHaHTHbIe pacueThbl MPOBOAWJINCH Ha CEKTOPHOM rujjpouHamudeckoil Mogeu (E300). Tak Kak OMBITH HA YCJIOBHE CMECUMOCTHU
He MPOBOJWINCh, CYUTAJIOCh, YTO BBITECHEHNE He(TH IIPU BOJOra30BOM BO3/IEHCTBIN IPOUCKOAIIIO Oe3 cMellleHHs raza 1 HepTu.

Mo pesysipTaTam 06pabOTKU Bcero MaccruBa AaHHBIX (6osiee 10 000 pacueToB) Gbuia chopMupoBaHa 6asa cucTeM pa3paboOTOK C
PasIMYHBIMUA BXOAHBIMU Ie0JIoro-pu3n4eckuM XapakTepUCTHKaMH, TAe IOJIy4eHbl 3aBUCHUMOCTH HaKOIUIEHHON A00bYM HedTu
MPY Pa3JINYHBIX 06beMax 3aKayKy BOAbI U rasa.

DddexT mpUMeHeHHs BOAOTa30BOTO BO3JEMCTBUA 3aMeTeH IpU NPOHHUIIAeMOCTU KoJulekTopa Oosiee 20 m/[l. DddexTrBHOE
COOTHOIIEHHEe 3aKauKy BOJBI M raza — 5TO KOMIIeHcalus OTOOpOB XKMAKOCTH, KOTOpas AoJDkHA ObITh Bhimle 100 % kak mpu
3aKayke BOABI, TAK U 3aKauKe rasa.
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Introduction

The relevance of this topic is due to the growing share
of hard-to-recover reserves, which makes water-gas
stimulation of formations (WGS) a promising tool for
achieving economic benefits through enhanced oil
recovery.

The technology of water-gas stimulation is becoming
attractive for implementation, and the number of measures
taken is growing. The greatest application of this
technology was found at the Samotlor field. The effect
obtained from this measure is unique: the amount of
additional oil produced at this field was greater than oil
production at other fields [1-8].

This type of geological and technical intervention -
water-gas stimulation - was carried out at such fields as
Samotlor, Bitkovskoye, Ilishevskoye, Alekseevskoye and
had positive results [9-18].

At the Samotlorskoye field WGI made it possible to
increase oil production and reduce water cut at the pilot
development area. As a result of these measures the oil
recovery factor was increased by more than 5 %.

At the Bitkovskoye field this technology increased the
oil recovery factor by 16 %. This result was achieved by
increasing reservoir pressure (the decline trend changed),
thereby increasing the oil flow rate and stabilising the gas
factor. Additional production from water-gas stimulation
amounted to 750 thousand tonnes of oil.

The application of WGI at the Ileshevskoye field (1999)
gave a positive result. The effect of the measures was
recorded in the form of increased oil production, reduced
water and associated gas production.

At the Alekseevskoye field WGI has been carried out
since 2005. By mixing produced water and associated gas
the mixture was injected into the well. The effect of this
measure made it possible to increase the oil recovery
factor by 40 % (from 0.170 fractions of unit to 0.240
fractions of unit).

The effect of this technology was also obtained at other
fields. For example, at the Vakhovskoye field about 5
thousand tonnes of additional produced oil were obtained
due to water-gas simulation.

How much to pump? What is the volume of gas and
water injection? And under what geological conditions
water-gas injection will show itself better? And what is the
injection mode? These questions will be answered in the
course of this work.

Criteria and Approaches

Water-gas stimulation is the economically expensive
activity. It requires specialists with extensive experience
and equipment to ensure reliability and safety of such
hydrodynamic modelling (HDM).

To select the conditions for performing WGS the
analysis of A.I. Vashurkin and M.S. Svishchev study was
used. The criteria are presented in Fig. 1.

The generated variants were calculated on a
hydrodynamic model. The model of E300 type [19-37]
satisfies all the conditions for taking into account the
movement of three phases (Fig. 2). With its help it is
possible to consider how a hydrocarbon fluid displaces gas
of different component composition.

Obtaining plausible calculations is achieved by using a
sector model which satisfies the applicability criteria for
conducting WGS (Table).

Different degrees of uncertainty are found in all areas.
Hydrocarbon extraction is no exception, and uncertainties
can be found in both surface and subsurface infrastructure
(Fig. 3).

Technological and techno-economic criteria
oil reserves

development system

development stages

availability of a gas sources for injection

field equipment

Geological and physical criteria
reservoir condition

depth of occurrence

oil composition and properties

oil saturated thickness

reservoir heterogeneity
permeability

Fig. 1. WGS site selection criteria

Fig. 2. Sectoral WGS for carrying out multivariate calculations

Parameters of the sector hydrodynamic model

Parameter Value
Initial oil saturation, % 85
Initial water saturation, % 15
Dinres MP2 13.1
P, MPa 13.1
Koorosinn %o 15
K‘comgressibi/z’tw Mpail 104
K;Jenuibzlit;w mD 355
Gas content, m°/t 75

Geological uncertainties

Optimization Geo-modeling

[ARRRRRAN]

Simulation

Fig. 3. Methodology for systematic uncertainties analysis

reservoir thickness
collector heterogeneity
collector permeability

development system
displacement agent injection mode

Geological and physical parameters Technological parameters
E E water to gas Injection ratio

Fig. 4. Parameters for variations

5-point 7-point 9-point inline

300x300 metres; 300300 metres; 300x300 metres; TC 500 300 metres between the rows;
500%500 metres; 500x500 metres; 500500 metres; TC 500 500 metres between the rows;
TC500 metres; ['C500 metres; 500 300x300 metres; TC700 300 metres between the rows;
TCT00 metres; T'C700 metres; TCS00 500x500 metres; TCT700 300 metres between the rows.

TCT00 300x300 metres;
TCT00 500x500 metres;

Injection modes

water injection only;

gas injection only;

1 month water injection / 1 month of gas injection;
1.5 months water injection/1.5 months gas injection;
1 month water injection/1.5 months gas injection;
1,5 month water injection/1 months gas injection

Fig. 5. List of well grids and injection modes
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on the ratio of injection volumes of agents (water and gas)

For risk mitigation the solution which covers most of the
possible combinations of the criteria enumeration is used. The
main geological-physical and technological parameters
[38-45], affecting the conditions of applicability of the
technology, will be varied in the work (Fig. 4).

The variation of parameters using arithmetic was set in
a hydrodynamic simulator. To change the thickness of the
formation and pore volume, the change in active cells due
to the introduction of a non-reservoir was used. Reservoir
heterogeneity and permeability were selected by the
analysis of the actual experience of the technology (values
for reservoir heterogeneity — 1, 4, 8, for permeability — 5,
10, 20, 40, 80 mD).

The approach to field development is individual, so
creating scenarios with technological parameters was time-
consuming.

Different well designs, their location in relation to each
other and so on do not give a clear understanding of the
impact of gas and water injection. Therefore, in order to cover
a large volume, the most common models of well spacing
(18 variants) were formed to make calculations on
hydrodynamic simulator. Six injection modes were also
considered (Fig. 5).

The total generated data set is more than 10.000
calculations (Fig. 6).

Each calculation took different time: from 3 min to 1 h.
The duration of the calculation depended on the number and
design of wells and injection mode (Fig. 7).

Results

The results were analysed on the example of a five-
point development system with 500 m long horizontal
wells under different water and gas injection modes,
permeability of the reservoir and its compartmentalization.
To assess the effect of water-gas influence, the indicator of
cumulative oil production over time was taken. The gas
factor (GF > 2500 m?/t) is the criterion affecting the
success of the variant. Due to high GF values, there are
complications in the operation of downhole pumping
equipment, as well as infrastructure limitations.

The results of the calculations are presented in Fig. 8.

Discussion

The analyses of all varying parameters show that at
reservoir permeability less than 10 mD the effect of WGS is
insignificant and not very sensitive to different variations
of gas and water injection modes, while the displacing
agent of gas injection is more effective, both at 80 % and
100 % compensation of withdrawals. This is associated
with the fact that gas (CO,) has greater mobility. When
mixed with the oil phase it reduces its viscosity and
capillary forces holding back residual oil.

However, with increasing permeability (>20 mD) the
gas factor becomes a limiting factor in the efficiency of
the measure. At the same time the gas factor correlates
with the injected volume of gas and water. The more gas
is injected into the reservoir the earlier the gas factor
limit values are reached. Further efficiency of the WGS
technology depends on the economic component.

Conclusion

The effect of water-gas stimulation is noticeable at
permeability of the reservoir more than 20 mD. The
effective ratio of water injection to gas injection is the
compensation of fluid withdrawals and should be higher
than 100 % for both water and gas injection.

HEAPOMOJIb3OBAHUE
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Based on the results of processing the entire data
set (more than 10,000 calculations) it has been
formed a database of development systems with
different input geological and physical characteristics.
According to this database applicability criteria at
which the water-gas impact is successful have been
determined.

A correlation between the achievement of ultimate gas factor
(GF > 2500 m?®/t), the ratio of injected fluid and geological
and physical characteristics of reservoir has been found.

By studying all scenarios, the optimum fluid injection
ratio was identified depending on different well designs,
development systems, and geological and physical
characteristics.
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