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ABSTRACT KEYWORDS:
Based on mathematical modeling under the influence of capillary and gravitational forces of con-  gas-condensate
densate operating in depletion mode, settling in the gas-condensate layer, as a result of redistribu-  reservoir;

tion in height, the formation of a technogenic-condensate flow at the gas-water boundary and the = segregation process;
production of condensate by a horizontal well drilled into it were studied. Initially, when exploit-  technogenic

ing a gas condensate formation with a five-point production well, the nature of the distribution of =~ condensate fringe;

reservoir pressure and phases along the height, the time of formation of technogenic condensate  horizontal well;
and the interval of its location along the height of the gas field were determined. In the second  condensate recovery
case, the process of water exposure was realized by exploiting the formation with production  coefficient.
wells to remove condensate with a horizontal well drilled into a technogenic condensate deposit.
Mining wells reveal the productive height of the formation in two ways: in the first case from
the upper part, in the second case from the lower part, and after entering the condensate flow,
the horizontal well is introduced into operation. Exposure to water ends at 98% dilution of the
horizontal well product. The results of calcuiations show that the formation of technogenic con-
densate at the water-gas interface in the reservoir depletion mode is the result of the segregation
process. The greatest effect in increasing the condensate yield of a horizontal well drilled into a

technogenic condensate field is achieved by pumping water from the upper part of the formation.
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Introduction

Development of gas condensate fields in depletion
mode is the most frequently used method. This process
is accompanied by a decrease in reservoir pressure
and losses in the depths of the field of valuable hydro-
carbon raw materials, especially high-boiling hydro-
carbons. As a result, it is impossible to achieve high
recovery rates from the reservoir not only for liquid
hydrocarbons, but also for gas.

Conventional secondary methods for extracting
condensate deposited in the formation are character-
ized by low technological efficiency and low cost-effec-
tiveness [1-8].

A number of impact technologies have been devel-
oped to increase the component efficiency of gas con-
densate fields. These technologies are based on reduc-
ing retrograde condensate precipitation or removing
precipitated condensate from depleted or depleting
reservoirs by maintaining the reservoir pressure at the
initial condensation pressure or maximum condensa-
tion pressure level. Various working agents are used
for this purpose. Numerous studies [6, 7, 9-16] have

been conducted in this area, which can be roughly
divided into two groups. The first group focuses on
reducing retrograde condensate precipitation by main-
taining the reservoir pressure above the initial con-
densation pressure, while the second group addresses
retrograde condensate management in fully or partially
depleted reservoirs using various methods.

The cost of injecting gas or other fluids into the
reservoir to maintain the reservoir pressure increases,
and fluid losses in the reservoir reduce the economic
efficiency of condensate production. In the second
approach, the method involves using hydrocarbon
and non-hydrocarbon gases to vaporize the liquid
condensate accumulated in the reservoir and wellbore
zone by injecting gas, with part of it being forced into
production wells. However, this leads to certain prob-
lems, such as significant changes in the gas-condensate
system parameters due to the interaction with injected
non-hydrocarbon agents, the difficulty of separating
the produced products from the reservoir hydrocar-
bon system and the injected non-hydrocarbon gases,
etc., which reduce the efficiency of their application.
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Therefore, the proposal of more efficient development
methods is of particular relevance.

It was established in [1, 2, 17] that in the process of
depletion of gas condensate deposits under the action of
capillary and gravitational forces, redistribution of the
fallen condensate occurs in the productive strata, and
as a result, man-made condensate rims are formed near
the gas-water contact, and the use of horizontal wells is
recommended as a secondary method extraction of ret-
rograde condensate from a man-made condensate rim.

Mathematical modeling of this problem is partially
formulated and studied in [1, 2, 17, 18-21], and mode-
ling of the solution of this problem, taking into account
the use of horizontal wells, is not considered in these
works. Therefore, the development of the stated ideas
and the theoretical study of the process of segregation
separation of hydrocarbon phases in depletion mode
and the extraction of retrograde condensate from
depleted gas condensate deposits seem to be an impor-
tant and urgent task.

A rigorous solution to this problem requires the
study of the following two problems:

1. Statement of the problem of segregation sep-
aration of hydrocarbon phases in depletion mode

To study the segregation separation of hydrocarbon
phases during the depletion of gas condensate deposits
under the action of capillary and gravitational forces,
it is proposed to use a three-dimensional three-phase
filtration model, which is a special case of the filtra-
tion model of multicomponent mixtures. In this case,
the entire three-phase mixture is divided into three
conventional components - gas (Cy.4 ), condensate (Cs,)
and water (H,O ), all of which is in three phases under
reservoir conditions.

The isothermal flow of three-phase filtration in a
porous medium is described by the following system
of differential equations obtained by combining the
continuity equation for each three phases and the
generalized Darcy law, using the assumption of local
thermodynamic equilibrium of the phases [4]:
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where p,, p;, p, are the densities of the water, liquid
(condensate) and gas phases, respectively; ¢,, ¢i, ¢,
are the share of thei-th component in the water, lig-
uid (condensate) and gas phases, respectively; y.,, 7,
Y, - specific gravity of the water, liquid (condensate)
and gas phases, respectively; m - porosity; k - absolute
permeability; s,, s, s, - saturation with water, liquid
(condensate) and gas phases, respectively; f.(s.), fi(s),
12 (s;) - relative phase permeability of the water, liquid
(condensate) and gas phases, respectively; p, i, g
- viscosity of the water, liquid (condensate) and gas
phases, respectively; p.,, pi, p; - pressure in the water,
liquid (condensate) and gas phases, respectively; Q! (t)
- mass density of the i-th component; s - number of
wells; () - Dirac function; x,, v, z,, - well coordinates
along the axes, respectively; D - filtration area; H - hyp-
sometry; T - development time; t - time.

Capillary forces are taken into account, and the
relationship between the pressures in the phases is
expressed through the capillary pressures at the hydro-
carbon liquid-gas and water-gas interfaces:

pw:pg_pclg pw:pg_pcwgr

where pg, (Pewg) is the capillary pressure at the conden-
sate-gas (water-gas) contact.

The system of equations is closed by the initial and
boundary conditions:
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where s,,, is bound water; QQ - border of the filtration
area; n - exterior normal to the boundary.

The unknowns in the system of equations (1)-(4) are
gas and water saturation and p, pressure. Excluding
pressure in the water p,, and liquid p, phases from (1)-
(4), we obtain a problem for p,, S,, Su:
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When the condition for the existence of local ther-
modynamic equilibrium is closed, the system of equa-
tions (5) is closed by the following relations:

pu=pa(pT.c, ), p=p(pT,c,cc),
po=p(pT.c %), o=, (p,T,c 0 ),
m =,ul(p,T,c1,c2,c3), Hy = M, (p,T,cl,cz,c3),
)

The properties of the gaseous, liquid and water
phases (9), necessary when solving the system of equa-
tions (5)-(8), are determined from the following system
of equations:

fi-fi=0, i=13
fo—fu=0,i=1,

¢F +c,F, +c,F,—c'=0, i=1,3
F+F +F, =1

p:p(p,T,cl,cz,c3).

(10)

where F,, F,, F, are the molar fraction of water, gas
and liquid phases in the mixture; ¢’ - share of the i-th
component in the mixture.

In system (10), the first and second equations
describe the conditions of thermodynamic equilibrium
- the equality of the volatilities of the components in
the coexisting gas and liquid, water and gas phases,
respectively, and the third and fourth equations - the
distribution of mixture components between phases
and the material balance equation for phases of the
system, respectively.

Using the initial data of pressure p, temperature
T and _the component composition of the mixture
¢ (i=1,3) from the system of equations (11) it is
possible to determine the mole fractions F,, F,, F,, and
the compositions of the vapor liquid and water phases
into which the initial mixture is divided under given
thermobaric conditions [4, 7, 22]. In this case, the vol-
atility of components in the gas and liquid, water and
gas phases is calculated on the basis of known thermo-
dynamic relationships using equations of state of the
phases [23, 24].

Reservoir engineering

Based on the described algorithm, technological cal-
culations of the indicators of a specific gas condensate
deposit in the depletion mode are carried out (fig. 1).

The deposit area is approximately 6.25 km?® The
initial reservoir pressure is 45 MPa. The reservoir tem-
perature was 102 °C, the condensation pressure of the
reservoir hydrocarbon mixture was approximately 38.5
MPa. The density of the liquid phase of the deposit is
0.8 t/m3, molecular weight is 160, the condensate con-
tent of the gas phase is 362 g/m3. The reservoir porosity
is 16.9% and the permeability is 0.042 um. The thick-
ness of the formation is approximately 200 m.

The reservoir gas-condensate mixture was charac-
terized by the following initial average composition
(molar fraction, %): methane - 88.59; ethane - 4.11;
propane - 1.47; butane - 0.77; pentane plus high-boiling
hydrocarbons - 4.86; carbon dioxide - 0.2;

According to the results of mathematical modeling
of the process of differential condensation under given
thermo-baric conditions, the current values of the coef-
ficients of gas, condensate and water saturation are
respectively equal to 5,=0.84, 5.=0.04, 5,=0.12 and these
values of fluid saturation are taken as initial values
when carrying out calculations.

The deposit is discovered by five production wells,
in which parts were perforated, revealing the upper
half of the productive strata and the flow rate of pro-
duction wells is 5% of current reserves.

The necessary physical properties of fluids saturat-
ing the formation, including the density and viscosity
of gas, condensate and water, are obtained by calculat-
ing the vapor-liquid state from three-phase filtration
based on (10) and they are presented in figures 2 and 3.

The relative phase permeability of gas and conden-
sate are obtained during the adaptation of the hydro-

I

! |
/I" :,,f«-*“' i \\‘1

L
-

1 Gas condensate b
9

\ r
&

Fig. 1. The reservoir model
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dynamic model according to the development history
of this reservoir:

_0'1 35
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The capillary pressures at the hydrocarbon lig-
uid-gas and water-gas interfaces are taken as follows:

o _02(09-s)
pdg(sl)—n J(s); J(s)) (1‘2_51)2(251_512)/

(I=1Lw) I1=10°Pa

According to gas-hydrodynamic calculations, the
reservoir depletion regime will last for 20 years.

During this period, 84% of the initial gas reserves
and 27.2% of the initial condensate reserves were pro-
duced from the reservoir model. During the specified
development period, reservoir pressure decreased
from 45 MPa to 3.9 MPa (fig. 4). The process of grav-
itational separation begins quite quickly; already
7 years after the start of development, the vertical
distribution of condensate saturation increases notice-
ably with depth. In the bottom layer of the deposit it
is distributed evenly. At the end of the 20th year of
development, the thickness of the condensate rim of
retrograde condensate is approximately 24 m and it
constitutes 12% of the total gas content with an aver-
age condensate saturation of about 0.44 (fig. 5).

Thus, the studies carried out on mathematical
models have established that the possibility of segre-
gation processes occurring during the depletion of gas
condensate deposits, which lead to the formation of a
technogenic condensate rim near the gas-water contact.

Pressure, MPa
Gas and condensate
recovery factors

t, years

—&— Pressure
—— Gas recovery coefficient
—— Condensate recovery coefficient

Fig. 4. Dependence of gas and condensate
recovery coefficient and reservoir pressure
from development time

i Gas condensate

Fig. 5. Character of fluid saturation in the 20-th year
reservoir in depletion mode
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2. The statement of the problem of extracting
retrograde condensate from depleted gas
condensate deposits

According to the results of the segregation sepa-
ration of hydrocarbon phases in the depletion mode,
the assessment of the possibility of the formation of
technogenic rims of retrograde condensate with small
thicknesses of gas content suggests secondary conden-
sate production.

It is advisable to extract retrograde condensate
from a relatively thin condensate rim, as a secondary
method, using horizontal wells drilled in this rim
[3]. In this case, water exposure was chosen. Water
injection is done by wells, which were producing in
the depletion mode of the deposit. The volume of the
injection is such that the injection pressure does not
exceed hydrostatic pressure and the period of expo-
sure is determined by the water cut of the product,
which should be 98%.

To solve the formulated problem, the system of
equations (5)-(11) is also supplemented with a sys-
tem of equations that describes the flow of fluids in a
horizontal wellbore under the appropriate initial and
boundary conditions [10, 25]:

div(pmzfngm)+§(pmzfn) = O,kz:lzij,(x,y,z,t) =1,

(x,y,2)eD,t>T, (12)
CHERTER) REE (13)
27r, ZTX z0 8, (x, Y, z,t)|r:r dz =Q"(t),
0 v
pNAORIND (14)

where the index m corresponds to the well mixture;
zf, — mass fraction of the component k in the mixture;
Pm, pSw — density and flow rate of the mixture in the
barrel, respectively; r,, — radius of the horizontal well;
QX(t) — flow rates of mixture components; Q,(t) — flow
rate of a horizontal well; z,.x — length of the horizontal
part of the well.

Two injection options are considered and they differ
in the arrangement of the perforation intervals.

Option I: The wells penetrate the upper part of the
productive strata and condensate is not collected from
the rim for three years. A production delay is required
for the impact to reach the condensate rim.

Using the necessary initial data r,=0.1m,
z€[0.500m], Q,(+)=17-10°m?/day, z,, =0, z,, =1, z,, =0,
gas-hydrodynamic calculations were carried out.

Reservoir engineering

In the first option, during the process of flooding
and extraction of retrograde condensate, it was dis-
covered that with increasing pressure and dissolu-
tion of the light fraction in the hydrocarbon mixture,
condensate saturation relatively increases. Under the
influence of gravitational forces, a condensate pillar is
formed, i.e. the liquid hydrocarbon phase floats up. The
accumulated recovery of gas and condensate is respec-
tively — 25.7-10°m* and 29.5-10°M® tons, respective-
ly, additional production — 0.5-10°wm® and 10.6-10° m?
tons, gas recovery factor — 0.853, condensate recovery
factor — 0.42. During the considered period of reservoir
development, about 96.8 million m® of water will be
pumped into the reservoir.

In the second option, a significant amount of water
enters the overlying layers, and the rise of condensate
occurs more intensely. After analyzing the dynamics
of the main development indicators, the process effi-
ciency is low compared to the first option. To com-
plete development process, the accumulated gas and
condensate recovery is approximately 25.4-10° m® and
28.3-10° tons, additional production — 0.2-10°* and
9.4-10° tons, gas recovery rate — 0.846, condensate
recovery rate — 0.404. To implement this option, it will
be injected into the reservoir about $69.7 million m* of
water.

Comparison of additional condensate production
according to the options is presented in figure 6.

Thus, based on mathematical modeling, it is shown
that from the technogenic condensate rims formed in
the gas-water contact under the influence of gravita-
tional forces on depleted gas condensate deposits, It is
possible to extract retrograde condensate by horizontal
wells drilled in this rim using water injection into the
formation, which is a fairly effective way of developing
compared to traditional secondary methods for extract-
ing retrograde condensate [5].
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Fig. 6. Comparison of additional condensate production

according to options for vertical flooding
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Conclusions
1. Based on a three-phase three-component model of fluid filtration in a reservoir-well system,
the process of segregation separation of hydrocarbon phases in depletion mode and the
extraction of retrograde condensate from depleted gas condensate deposits were modeled.
2. It has been established that the manifestation of segregation processes during the depletion
of gas condensate deposits leads to the formation of a technogenic condensate rim near the
gas-water contact, and flooding is an effective way to develop technogenic condensate rims.
3. The greatest effect in terms of final condensate recovery during flooding is achieved when
water is injected at the crest of the reservoir.

References

1. Kashuba, A. V., Nazarov, A. V., Vokuev, V. S. (2011). Physical and mathematical modeling of segregation
processes on bulk models. Gas Industry, 3, 31-33.

2. Kashuba, A. V., Nazarov, A. V. (2011). Study of the features of the formation of technogenic condensate
rim. Oil Industry, 6, 108-110

3. Feyzullaev, Kh. A. (2018). Improving the modeling of hydrogasdynamic foundations: development of
deep-seated gas condensate fields. Beau Bassin: Palmarium Academic Publishing.

4. Feyzullaev, Kh. A., Kuliev, E. A. (2017). Modeling of water impact on a gas-condensate formation.
Automation, Telemechanization and Communications in the Oil Industry, 8, 31-37.

5. Feyzullaev, Kh. A., Khalilov, M. S, Kuliev, E. A., Magerramova, S. D. (2018). Modeling of gas impact on
a gas condensate formation at the final stage of development. Automation, Telemechanization and Communications
in the Oil Industry, 8, 48-52.

6. Basniev, K. S., Dmitriev, N. M., Chilingar, G. V., Gorfunkle, M. (2012). Mechanics of fluid flow. Scrivener
Publishing LLC., John Wiley & Sons, Inc.

7. Burachok, O., Kondrat, O., Matkivskyi, S., Pershyn, D. (2021). Comparative evaluation of gas-conden-
sate enhanced recovery methods for deep Ukrainian reservoirs: Synthetic case study. SPE-205149-MS. In: SPE
Europec Featured at 82nd EAGE Conference and Exhibition, Amsterdam, The Netherlands.

8. Vishnyakov, V., Suleimanov, B., Salmanov, A., Zeynalov, E. (2020). Oil recovery stages and methods.
Primer on enhanced oil recovery. Gulf Professional Publishing, Elsevier.

9. Haliulin, R. R,, Zakirov, S. N., Kha, A. H,, et al. (2020). Features of the Mongi oil-gas-condensate field
development (Sakhalin Island). Oil Industry, 09, 104-108.

10. Zakirov, S. N., Zakirov, L. S. (1996). New methods for improved oil recovery of thin oil rims. SPE-36845-
MS. In: European Petroleum Conference, Milan, Italy.

11. Belkina, N. A., Yagubov, M. S. (1984). On the possibility of removing condensate and dispersed oil from
a gas condensate field during formation flooding. Azerbaijan Oil Industry, 10, 50-52.

12. Ibragimov, L. I, Ermolaev, A. I. (2008). Modeling and optimization of oil rim development during water
and gas injection into the formation. Science and Technology in the Gas Industry, 2, 23-32.

13. Yakovlev, V. V., Kalugin, A. Yu. (2012). Increasing the condensate recovery factor at gas condensate
fields under various development modes based on mathematical modeling. Engineering and Technology, 1, 42-47.

14. Feyzullaev, Kh. A. (2007). Numerical modeling of processing bottomhole zones of gas condensate
wells with gases of different compositions. News of the National Academy of Sciences of Azerbaijan, Earth Sciences
Series, 4, 44-47.

15. Rivas-Gomez, S. (1983). Flooding of gas condensate formations. Oil, Gas and Petrochemistry Abroad, 4,
17-22.

16. Salavatov, T. Sh., Suleimanov, B. A., Nuryaev, A. S. (2000). Selective isolation of hard formation waters
influx in producing wells. Oil Industry, 12, 81-83. (Caaasatos, T. I1I., Cyaerimanos, b. A., Hypses, A. C. (2000).
CeaexTuBHas N30AALM IIPUTOKA JKECTKMX I11aCTOBBIX BOJ B A0OBIBAIOIINX CKBaXKMHaX. Hegmisitoe xossiicmeo,
12, C. 81-83)

17. Kashuba, A. V. (2011). Prerequisites for the secondary extraction of condensate from technogenic rims.
Science and Technology in the Gas Industry, 2, 56-61.

26

© 2024 «Scientific Petroleum». All rights reserved.



Kh. A. Feyzullayev et al. / Scientific Petroleum No.2 (2024) 021-027

Scientific Petroleum

Reservoir engineerin
journal home page: http://scientificpetroleum.com/ g g

18. Suleimanov, B. A., Feyzullayev, Kh. A. (2017). Modelling of water inflows isolation during development
of zonal heterogenous oil layers. ANAS Transactions. Earth Sciences, 1-2, 72-81.

19. Suleimanov, B. A., Feyzullayev, Kh. A. (2023). Modeling of water inflow isolation during development
of layered heterogeneous oil reservoirs. SOCAR Proceedings, 1, 43-50.

20. Suleimanov, B. A., Feyzullayev, Kh. A. (2024). Simulation study of water shut-off treatment for hetero-
geneous layered oil reservoirs. Journal of Dispersion Science and Technology, 2024, Published online: 16 Apr 2024.

21. Suleimanov, B. A., Feyzullayev, Kh. A., Abbasov, E. M. (2019). Numerical simulation of water shut-off
performance for heterogeneous composite oil reservoirs. Applied and Computational Mathematics, 18(3), 261-271.

22. Suleimanov, B. A. (1995). Filtration of disperse systems in a nonhomogeneous porous medium. Colloid
Journal, 57(5), 704-707. (Cyaerimanos, b. A. (1995). O ¢mabTpanym AMCIEPCHLIX CUCTEM B HEOAHOPOAHOI
nopuctoit cpeae. Koaroudnviii sxyprar, 57(5), 743-746)

23. Yushchenko, T. S. (2015). Mathematical modeling of PVT properties of gas condensate systems in con-
tact with residual water in a porous medium. News of Gas Science, 4(24), 38-45.

24. Abbasov, Z. Ya. (1993). Methods for calculating static dynamic bottomhole pressure in gas and gas
condensate wells. Baku: Elm.

25. Abbasov, E. M., Feyzullaev, Kh. A. (2016). Mathematical modeling of the processes of flow of a gas-lig-
uid mixture in the formation and in the pipe, taking into account the dynamic connection of the reservoir-well
system. JCM and MP, 56(1), 142-154.

© 2024 «Scientific Petroleum». All rights reserved.

27



