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Abstract

Geological features are characterized by macro- and micro-heterogeneity, manifested by the spatial
variability of material composition and lithophysical properties of rocks. This, in turn, determines the
spatial and temporal variability of hydrocarbon (HC) fluid dynamics both during the reservoir formation
and during its development and, subsequent operation as an underground gas storage facility (UGSF).
The long-term operation of underground gas reservoirs at the Galmas and Garadagh areas in the South
Caspian Basin (SCB), serving as a reservoir of commercial gas accumulations, and subsequent underground
gas storage (UGSF) is characterized by significant peculiarities. Analysis of monitoring data on volumes
of gas injection and extraction at the Galmas/Garadagh UGSF in the period of 2020-2021 showed their
spatial variability, as well as the variability of wells deliverability during the gas reservoir development.
This suggests the inherited nature of UGSF operation mode in relation to the gas reservoir development
mode. The heterogeneous nature of spatial variability of these parameters is determined by the reservoir
rock poroperm properties. A formation pressure drop during reservoir development is accompanied by
decreasing rock permeability. When operating UGSF, the lithofacial properties of rocks determine the ratio
of volumes of injected and extracted gas. In this regard, a necessary condition for selecting the optimal
system of UGSF operation is to take into account the spatial heterogeneity of the underground reservoir.
The irregular nature of variation of rock poroperm properties, the origination of isolated zones in the
reservoir with considerable residual gas volumes, as well as unpredictable directions of fluid movement
are the main reasons for decreased efficiency of field development and underground gas storage facility
operation. In order to determine the optimal system of operation of UGSF in depleted underground oil and
gas reservoirs, the features of the spacial variations resulting from the rocks poroperm properties need to
be taken into account.

Keywords
underground gas storage facility, reservoir, rocks, reservoir poroperm properties, porosity, permeability,
spatial heterogeneity, gas-condensate reservoir, fluid dynamics, South Caspian Basin

Acknowledgements

This study was carried out with the financial support of the Fund of the State Oil Company of Azerbaijan
Republic (SOCAR) - Grant No. 06LR - AMEA.

For citation

Feyzullaev A.A., Godzhaev A.G., Mammadova I.M. Features of fluid dynamics in long-term heterogeneous
gas reservoirs. Mining Sciences and Technology (Russia). 2022;7(1):18-29. https://doi.org/10.17073/2500-0632-
2022-1-18-29

© Feyzullaev A. A., Godzhaev A. G, Mammadova |. M., 2022

18



MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(1):18-29 Feyzullaev A. A, Godzhaev A. G., Mammadova I. M. Features of fluid dynamics...

FEOJIOrUA MECTOPOXXAEHWIN NOJIE3HbIX UCKOMAEMbIX

Hay4Haa cTtaTbs

Ocob6eHHOCTH DNoMAOAUHAMUKIN
B JUIMTEJIbHO 9KCMNJTyaTUPYIOLLUXCS HEOQHOPOAHbIX ra30BbIX pe3epByapax

A A. ®eitzymnaeB’ 2550« A.T. Tomkaes3 s, U.M. MamegoBa*

! Uncmumym 2eonozuu u zeousuxu, HayuonaneHas Akademus Hayk A3epbatioxcana,
2. Baky, Pecnybnuka Asepoatioxncan

2 UHcmumym Heghmu u 2aza HayuoHanvHoti Akademuu Hayk Asepbatioxncana,
2. Baky, Pecnybnuka AsepOatioxcan

3 [TO «A3Hegpmo», TocydapcmeenHas HepmaHas Komnanus Azepoationcana,
2. Baky, Pecnybnuxa AsepbatioxcaH

4 HUIIN «Hegpmeza3s», [ocydapcmeeHHas HepmsaHas komnaHus Asepbatioxcana,
2. Baky, Pecnybnuka Asep0Oationcan

04 fakper@gmail.com

AHHOTauUuA

Teosornueckye OOBEKThI XapaKTEPU3YIOTCS MaKpO- ¥ MUKPOHEOAHOPOAHOCTHIO, UTO TPOSIBIISIETCS WU3-
MEeHYMBOCTBIO B IIPOCTPAHCTBE BEIIECTBEHHOTO COCTaBa U JTUTOMU3NYECKUX CBOICTB MOPOJI. ITO, B CBOIO
ouepellb, OIpeJessieT MPOCTPAaHCTBEHHO-BPEMEHHYI0 M3MEHUYMBOCTb OVMHAMMUKM YITEeBOLOPOLHbIX (VYB)
dbmonoB Kak mpu GOpPMUPOBAHUM 3aIEXKM, TAK U TIPU ee pa3paboTke, a B MOWIEAYIONEM Y SKCILTyaTal[K
B KauecTBe nopsemHoro xpanuiniia rasa (IIXT). InuTenbHas 9KCITyaTalus MOA3eMHbIX Ta30BbIX Pe3epBY-
apoB Ha iomaasax Fanmac u Tapagar B IOskHo-Kacruiickom 6acceiine (I0KB), cryskaiiyx BMeCTUIAIIEM
MIPOMBIIIJIEHHBIX CKOIJIEHUIA rasa, a B JgajabHelniem [Jis nos3emMHoro xpaHeHnusi rasa (IIXT) xapakrepusy-
eTCsl CYIeCTBeHHbIMU 0COOEHHOCTSIMMU. AHAIN3 TaHHBIX MOHUTOPUHTA 00b€MOB 3aKauyKKu-0TOOpa ra3a Ha
[IXT T'anmac u l'apapar B iepuog, 2020-2021 rT. mokasana M3MEeHUMBOCTb B IPOCTPAHCTBE UX 3HAUEHMI, TaK
K€, KaK ¥ MPOJYKTUBHOCTY CKBaXKMH IIPU pa3paboTke ra3oBOTO pe3epByapa. ITO MO3BOISIET MPENOI0KUTh
YHaAC/IeIOBAHHBIN C PEKMMOM pa3paboTKM Ta30BOTO pe3epByapa xapakTep pexkmma skcruryatanuu [TXT.
HeopgHoponHblii XapakTep M3MeHeHMsI B IIPOCTPAHCTBE 3TUX I[MapaMeTpPOB oIpenenseTcs: QuibTpaiuoH-
HO-eMKOCTHBIMM CBOJCTBaMM MopoJ. [lageHne maacToBOTO JaBieHus B Mpoljecce pa3paboTKM 3a/IeXKu CO-
TIPOBOXK/IAETCSI CHYDKEHVEM MTPOHUIIAEMOCTH TTOPOJ, a ipu aKkcruryatanuu [TXT mutodarmanbHbie CBOVCTBA
TIOPOJ, OTIPENENSIIOT COOTHOIIEH)Ee 06beMOB 3aKauMBAEMOTO ¥ OTOMPAEMOro rasa. B cBsi3u ¢ 3TUM He06X0-
IVMBIM yCJIOBMEM BbI6OpA OMITMMATbHONM CHCTeMbI aKcIuTyaTauyuu [IXT SBseTcsl yueT MpoCTPaHCTBEHHO
HEeOIHOPOIAHOCTU MOA3eMHOTO pe3epByapa. HepaBHOMepHBIii XapaKkTep M3MeHEeHMSsI 10 TIomaau Guibrpa-
IIMOHHO-€MKOCTHBIX CBOVCTB TOpHBIX Iopon (PEC), dopmMupoBaHMe M30IMPOBAHHBIX 30H B pe3epByape
CO 3HAUYUTETbHBIMM OCTATOYHBIMM OObEMaMU ra3a, a Tak’ke HeIpoTHO3MpyeMble HallpaBIeHUs IBUKEHUS
oM I0B ABISIOTCS OCHOBHBIMU MPUUMHAMMY CHVKeHUS 3((DEeKTUBHOCTY pa3paboTKy 3aIeku U IKCILTya-
tauuu [IXT. [I151 onipefiesieHMst ONITUMaJIbHOM cuCcTeMbl 3KcruryaTtauyy [1XT, cO3maHHBIX B UCTOLIEHHBIX MOJ, -
3eMHbIX He()TerasoBbIX pe3epByapax, HeOOXOAMMO YUYUTHIBATh OCOOEHHOCTU M3MEHEHUSI B MIPOCTPAHCTBE
OEC grararoumx ero mopoj.
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Introduction

There are no absolutely homogeneous geological
features in the natural environment. All are charac-
terized by macro- and micro-heterogeneity, manifes-
ted by spatial variability of the material composition
and lithophysical properties of rocks. This, in turn,
determines the spatial and temporal variability of hy-
drocarbon (HC) fluid dynamics both during reservoir
formation and during its development and, subse-
quent operation as an underground gas storage facil-
ity (UGSF).

Irreversible changes in the reservoir during the
long-term development of fields are caused by a con-
tinuous drop in formation (reservoir) pressure con-
nected with extraction of significant volumes of fluids
(oil, gas, water) from the underground reservoir [1, 2].
In comparison with the change in porosity of rocks, the
formation pressure drop leads to more significant irre-
versible changes in their permeability [3-6].

Compared with the mode of reservoir develop-
ment, changes in the reservoir during UGSF operation
are connected with repeated alternating stresses on
the formation (reservoir) (cyclic variations of the ef-
fective pressure), caused by seasonal injection and ex-
traction gas.

The study of the above processes by the example
of gas field development in Galmas and Garadagh areas
of SCB, as well as the long-term operation of UGSFs
created in them is the main objective of this paper.

Brief description of the assets to be investigated

Galmas field / UGSF

Galmas oil and gas field / UGSF (underground gas
storage facility) is located in the northern part of Nizh-
nekurinsky depression, 75 km from Baku (Fig. 1).

The depression is complicated by longitudinal and
transverse faults and, as a consequence, has a block
structure. The main fault within the fold is a longitudi-
nal disruption, upon which an extinct mud volcano of
the same name is located.

The Productive Strata consists of alternating clay-
ey and sandy-silty interlayers, the proportion of which
varies significantly depending on the depth and area of
spreading.

Commercial gas inflows were obtained from wells
which penetrate into the formations of the local Ab-
sheron sequence (Lower Anthropogen), Akchagyl (Up-
per Pliocene), and Productive Strata (PS, Lower Plio-
cene). The Galmas field was brought into commercial
development in 1956.

Since 1976 the previously commercially gas-bea-
ring I and II horizons of the PS have been used as Un-
derground Gas Storage Facilities (UGSF). Gas in small
volumes is also injected into the sand reservoir of the
Absheron formation (strata).
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Fig. 1. Location of the Galmas and Garadagh fields / UGSFs
and lithofacial types of the Productive Strata sediments:
1 - Pre-Caspian; 2 — Absheron; 3 — Gobustan; 4 — Geylar;

5 — Nizhnekurinsky

Garadagh field / UGSF

The Garadagh field/UGSF is located in the extreme
southwestern part of the Absheron Peninsula, 30 km
from Baku (see Fig. 1) and is confined to the southern
flank of the asymmetric anticline with block structure [7].

The main targets of the Garadagh oil and gas
field development are the I-VII horizons of the PS.
A gas-condensate reservoir was identified in the
VII-VIIa horizons of the PS (hereinafter the PS VII ho-
rizon). In the SE part of the southern limb they unite
and form a single thick sandstone layer. The effective
thickness of the VII horizon reaches 10-25 m in the
northwest and 55-75 m in the southeast.

Exploitation of the PS VII horizon as a UGSF
started in 1986.

Research techniques and factual material

Analysis of well productivity in the areas under
study was performed for about 110 wells. The poro-
perm properties of rocks were studied in more than
150 core samples.

Gas injection/withdrawal dynamics analysis for
Galmas and Garadagh UGSFs, covering the period of
2009-2011, was carried out based on the data of more
than 100 and 60 wells, respectively.

The monitoring of formation pressure in the wells
included more than 50 measurements.

The data processing and corresponding plotting
were carried out using standard computer programs.
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Findings and Discussion

About the conditions of the PS rocks formation

Galmas and Garadagh fields / UGSFs, confined to
the Lower Pliocene sediments, are located in different
oil-gas bearing districts of SCB, Nizhnekurinsky and
Absheron (see Fig. 1).

It is known that PS formation occurred within the
South Caspian Sea, which was isolated from the Eas-
tern Paratethys. PS formation covers the time interval
from 5.5 million years ago to 3.5 million years ago, i.e.
about 2 million years [8].

Sediments were accumulated under conditions
of significant fluctuations of the Paleo-Caspian le-
vel, resulting in the origination of different types of
paleo-conditions, from lacustrine to typically fluvial.
The PS sequence is represented by rhythmic alter-
nation of sand-silt-clay sediments, the thickness of
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which in the most submerged (buried) part of the basin
reaches 7 km.

In connection with the fact that the sediments
were brought to the basin simultaneously from several
surrounding mountain groups, five lithofacial types of
sediments were distinguished in the PS [8].

The Garadagh field / UGSF is located in the zone
of PS Absheron facies. This is composed mainly of sed-
iments brought by Paleo-Volga from the Russian plat-
form. Other sources of the material midgration are of
subordinate importance. The rocks of this facies are
mostly sandy. The number of productive horizons in
some fields reaches 40-50. The Absheron facies is the
thickest in the South Absheron basin (up to 5 km). The
mineralogical composition of the light fraction of the
rocks is characterized be predominance of quartz, 95 %.
Feldspars (up to 20 %) and rock fragments (up to 10 %)
are also present.
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Fig. 2. Spatial variation of porosity (a) and permeability (b) of the rocks of the PS I horizon at the Galmas field



R

The PS rocks within the Galmas field/UGSF refer to
the Nizhnekurinsky facies. During origination of this
lithofacial type of PT, clastic material was brought to
this part of the SCB mainly by the largest river. The
Paleo-Kura, and the Paleo-Arax transported products
of the erosion of the Kurinsky Lowland, the Great and
Minor Caucasus, and the Talysh.

The total thickness of the sediments is 3,500-
4,000 m. The sequence is represented by about 20 sand
members, up to 20 m thick. The highest level of sandi-
ness is observed in the upper 300-400 m, and the sand
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content decreases considerably down the sequence.
The rocks of the Nizhnekurinsky facies differ from
those of the Absheron facies by low quartz content and
high feldspar content.
On spatial heterogeneity of gas reservoirs

Analysis shows that the Galmas and Garadagh un-
derground gas reservoirs are characterized by geologi-
cal heterogeneity (block structure, spatial variation of
the material composition of rocks). This is also man-
ifested in spatial variation of poroperm properties of
the reservoir rocks (Fig. 2, 3).

19.5
17.5
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Fig. 3. Spatial variation of porosity (a) and permeability (b) of the rocks of the PS VII horizon at the Garadagh field
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Spatial heterogeneity is also manifested in the
productivity of wells at the Galmas and Garadagh
fields, Fig. 4.

The spatial irregularity of gas saturation of an un-
derground reservoir also defines spatial variability of
the subvertical gas dispersion intensity. This is clear-
ly seen by the example of the Galmas field. Here less
contrasting halos of HC gas dispersion were identified
in the north-north-western part of the reservoir with
relatively low gas saturation of rocks, in comparison
with its southern part (uplifted pool) with higher gas
saturation (Fig. 5).
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Peculiarities of fluid dynamics in the course
of the development of the fields

During the development of the Galmas gas con-
densate field (from 1958 to 1962) about 3.8 billion m?
of gas were extracted from the underground reservoir.
This led to 13.5 MPa (from 21.1 to 7.6 MPa) drop in the
reservoir pressure, averaging about 0.3 MPa per month
(Fig. 5, a).

The development of the Garadagh gas-conden-
sate field, which began in 1955, was carried out with-
out maintaining reservoir pressure. By the end of the
1980s it was depleted. About 21 billion m® of gas was

N !

A
L/

M 1:10 000

Fig. 4. Well productivity variation maps for the Galmas (a) and Garadagh (b) fields
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withdrawn in total, leading to reservoir pressure drop
from 39.8 to 3.6 MPa (Fig. 5, b)

The rate of reservoir pressure drop at the Gal-
mas field is about 1.8 times higher than that at the
Garadagh field. This is most likely due to the low-
er energy level of gas in the Galmas field due to its
relatively smaller reserves compared to the Ga-
radagh field.

The initial reservoir pressure in the wells within
the Garadagh area exceeds hydrostatic pressure by an
average of 1.2 times. Due to excess elastic energy of
gas in the first 2 years of the field development, a per-
manent increase in production was observed accom-
panied by an insignificant drop in reservoir pressure
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(within the interval of 40-38 MPa). The cause-and-ef-
fect relationship between the two parameters during
further reservoir development follows the exponential
law, characterized by a steady decline in gas produc-
tion and reservoir pressure drop (Fig. 7).

Based on the example of the Garadagh field, it was
found that the value of the reservoir pressure drop
change (from 2.4 to 11.7 MPa) was accompanied by de-
creased rock permeability (from 1.2 to 4.9 mD) (Fig. 8,
Table 1). The permeability decline rate due to the res-
ervoir pressure drop in the considered wells is equata-
ble, except for wells 124 and 132, located in the near-
fault zone. In these wells the permeability decline rate
is relatively higher.

) e—t 7,

Profile I

Proﬁle 11

Fig. 5. Galmas field/UGSF: a — spatial variability of gas saturation of the PS I horizon rocks and location of gas survey
profiles; b — distribution of HC gas concentrations in near-surface sediments (depth of about 1.2 m) along profiles I and II
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Fig. 6. Plots showing reservoir pressure drop rate during development
of the Galmas (a) and Garadagh (b) fields (1)
40+ 20—
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Average well flow rate, thous. m%/day . .
Fig. 8. Graphs of the PS rock permeability changes vs.
Fig. 7. Relationship between the reservoir pressure and the the reservoir pressure drop at the Garadagh field.
well flow rate at the Garadagh field Well 124 is located near a fault
Table 1
Graphs of the PS rock permeability changes vs. the reservoir pressure drop during
the Garadagh field development
o Measuring period, Pressure drop, Rock permeability
Hole ID Porosity, % months MPa decline, %
136 18.0 25 11 47
132 (close to fault) 18.5 15 3 56
218 17.4 14 1 44
170 16.7 13 5 41
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Features of UGSF operation

Analysis of the monitoring data on the volumes
of gas injected and extracted at the Galmas UGSF and
Garadagh UGSF in 2020-2021 showed a spatial varia-
bility in their values (Fig. 9 and Fig. 10). A similar var-
iability was demonstrated by productivity of the wells
during the corresponding gas reservoir development
(see Fig. 4). This suggests an inherited nature of UGSF
operation in relation to the gas reservoir development
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mode. This is also confirmed by the positive correla-
tion between the total volumes of gas extracted from
individual wells since the beginning of the Galmas field
development, and volumes extracted during operation
of the UGSF created in the same reservoir (Fig. 11).

It is important to note that operating wells at the
UGSF differ in terms of the ratio of injected and ex-
tracted gas volumes. This may be due to the influence
of both technical and geological factors.

mln m3
50

M 1:10 000 0

Z

30

20

¢ 10
M 1:10 000 0

Fig. 9. Maps of spatial variation of the volumes of injected (a) and withdrawn (b) gas at the Garadagh UGSF
for the period of 2020-2021
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Fig. 10. Maps of spatial variation of the volumes of injected (a) and withdrawn (b) gas at the Galmas UGSF
for the period of 2020-2021
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2 filtration properties and high adsorption properties of
gg 357 the rocks. Gas injection into relatively more perme-
Tés c able rocks with favorable fluid dynamics properties
?E £ 301 probably contributes to the dispersion (loss) in space
S g of the injected gas.
£.2
é § 25 Table 2
é & Galmas and Garadagh UGSFs. The ratio
= 2 20 of extracted and injected volumes of gas for the wells
% & A with different rock poroperm properties
=) vy =3889,41n(x) — 15326
%5 151 R? = 0.9983 Rock Rock Volumetric ratio
b g ’ Well ID | porosity, | permeability,| of extracted
&2 10- % pm? and injected gas
=
% é Galmas UGSF
g go 54 240 27.8 0.130 0.7
g b 252 29.2 0.145 0.7
=S 04 T T T T T T T 1
= 0 10 20 30 40 50 60 70 80 275 29.3 0.185 0.8
Total volumes of gas extracted from individual 624 27.5 0.198 0.9
wells since the beginning of field development 275% 24.8 0.065 1.3
Fig. 11. Galmas Field/UGSF. Relationship between the total 219 25.6 0.068 4.1
volumes of gas extracted from individual wells since the
beginning of field development and during one season of 606 24.7 0.084 1.3
UGSF operation 277 24.5 0.069 1.4

The analysis showed that in the wells with low Garadagh UGSF

rock poroperm properties the volumes of injected and 453 15 0.083 1.2
withdrawn gas are close to the optimum (Garadagh 458 8.8 0.026 1.2
UGSF), or the volumes of withdrawn gas exceed the 467 11.5 0.036 14

volumes of injected gas (Galmas UGSF) (Fig. 12). In

wells with relatively high rock poroperm properties, 471 13.8 0.073 1.2
as a rule, the volumes of injected gas are greater than 450 9.6 0.015 0.6
the volumes extracted (Table 2). A possible explana- 459 9.2 0.025 0.6
tlgn for this phenomenon may be ’Fhat rocks with rel- 464 3. 0.022 0.7
atively low rock poroperm properties are better at ac-
cumulating and retaining injected gas due to the low 465 8.4 0.008 0.8
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Fig. 12. Relationship between gas injection and extraction volumes at Garadagh (a) and Galmas (b) UGSFs:
1, 2 — wells with low and high rock poroperm properties, correspondingly;
3 - the line of equal values of gas injection and extraction volumes
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Conclusion

Based on the example of the Garadagh and Gal-
mas fields in the SCB, it was established that one of the
main geological factors determining the mode of well
operation both during the field development and in the
course of UGSF operation is reservoir heterogeneity, as
manifested in spatial variability of its geological struc-
ture and petrophysical properties of rocks.

The main reasons for decreased efficiency of
field development and underground gas storage fa-
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cility operation are: the irregular nature of variation
of rock poroperm properties; origination of isolated
zones in the reservoir with considerable residual gas
volumes; as well as unpredictable directions of fluid
movement.

In order to determine the optimal system of oper-
ation of UGSF in depleted underground oil and gas res-
ervoirs, the features of the spacial variations resulting
from the rocks poroperm properties need to be taken
into account.
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