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Abstract. Corrosion of oil and gas equipment remained a critical industry problem with annual losses of $1.372 billion.
High pressure high temperature (HPHT) conditions significantly complicated the development of effective corrosion in-
hibitors due to increased environmental aggressiveness and degradation of traditional protective compounds. The aim of
this study was to provide a theoretical analysis of the potential application of differential evolution method (DEoptim)
for multi-objective optimisation of corrosion inhibitor parameters under extreme HPHT conditions. The research meth-
odology comprised systematic literature review using Scopus, Web of Science, and Google Scholar databases (2019-2024),
comparative analysis of computational modelling methods, theoretical analysis of optimisation approaches, and informa-
tion synthesis for formulating recommendations. The work systematised modern approaches to computational modelling
of inhibitors, including quantum chemical calculations, molecular dynamics, and machine learning. An analysis of specific
challenges in HPHT environments, where temperatures exceeded 150°C and pressure exceeded 69 MPa, was conducted.
The advantages of evolutionary algorithms for navigating complex multidimensional parameter spaces of inhibitors were
considered. The theoretical foundations for using DEoptim for simultaneous optimisation of inhibition efficiency, ther-
mal stability, environmental acceptability, and economic feasibility were substantiated. The analysis demonstrated that
DEoptim offered superior robustness and multi-objective capabilities compared to traditional gradient-based and genetic
algorithms, particularly for HPHT applications. The study proposed a novel integration concept combining DEoptim with
quantum chemical calculations and machine learning to create hybrid optimisation frameworks, potentially reducing
computational costs by up to 60% while improving inhibitor discovery efficiency. The results showed that DEoptim appli-
cation could provide systematic search for optimal inhibitor formulations, reduce the number of required experiments,
and identify non-obvious synergistic component combinations for HPHT applications

Keywords: differential evolution; computational modelling; multi-criteria design; metaheuristic algorithms; petroleum
equipment

Introduction

Corrosion in the oil and gas industry is a complex techni-  often unable to function effectively in such extreme condi-
cal and economic problem that requires a comprehensive  tions. The development of new technologies, such as quan-
approach to solve. High pressure and temperature (HPHT)  tum chemistry, machine learning, and evolutionary algo-
conditions pose additional challenges for traditional cor-  rithms, opens up new opportunities for the development
rosion protection methods, as materials and inhibitors are  of effective “green” inhibitors that can provide reliable

Suggested Citation: Hrytsanchuk, A., & Hryhoryshyn, V. (2026). Application of DEoptim for corrosion inhibitor optimisation in HPHT
conditions: Theoretical review of modern approaches. Prospecting and Development of Oil and Gas Fields, 26(1), 8-15. doi: 10.63341/
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equipment protection, reduce environmental impact, and
optimise maintenance costs.

Corrosion of oil and gas equipment represent one of
the most critical technical and economic problems in the
modern energy industry. Global corrosion losses across all
industries amounted to $2.5 trillion annually, constituting
3.4% of global GDP. In the oil and gas sector, annual losses
reached $1.372 billion, including $463 million for down-
hole equipment and $320 million for corrosion-related
capital expenditures. The corrosion problem is particularly
acute under HPHT conditions, characterised by tempera-
tures exceeding 150°C and pressures above 69 MPa. Sta-
tistical analysis of failure causes showed that CO,-relat-
ed corrosion accounted for 28% of all corrosion failures,
HaS-related corrosion and weld joint corrosion each ac-
counted for 18%, and localised pitting corrosion accounted
for 12% (Association for Materials Protection and Perfor-
mance, n.d; King, 2010).

Research during 2011-2025 in corrosion inhibition was
characterised by active integration of experimental and
computational methods. C. Verma et al. (2021) examined
environmentally acceptable corrosion inhibitors through
a systematic review of sustainable formulations. Their in-
vestigation covered biodegradable inhibitors, green chem-
istry approaches, and eco-friendly alternatives to tradi-
tional toxic compounds. The study concluded that most
conventional compositions failed to meet OSPARCOM
environmental requirements, necessitating complete re-
formulation of existing products. The authors identified
significant gaps in developing high-performance green in-
hibitors suitable for extreme conditions. V.A. Solovyeva et
al. (2021) analysed downhole corrosion control solutions
across various operational scenarios in petroleum wells.
Their research evaluated existing protection methods, as-
sessed their effectiveness under different conditions, and
identified technological limitations. The study concluded
that innovative approaches were required for inhibitor de-
velopment in HPHT environments, but limited attention
was given to computational optimisation methodologies
for systematic inhibitor design.

E. Padmanabhan et al. (2023) examined digitalisation
in the oil and gas industry, highlighting computational
challenges and resource requirements for implementing
advanced optimisation algorithms in industrial environ-
ments. H. Song et al. (2023) conducted performance tests
of HPHT corrosion inhibitors at onshore downhole sour
conditions, demonstrating that corrosion inhibitor injec-
tion rates for carbon steel can reach up to 1,000 ppm under
high temperature, high pressure conditions, confirming
the practical implementation challenges in extreme op-
erational environments. Result interpretability remained
challenging due to evolutionary algorithm complexity,
potentially complicating mechanistic understanding es-
sential for regulatory approval processes. Computational
methods for inhibitor development gained prominence
during 2022-2024. S. Malinowski (2022) investigated
quantum chemical calculations for predicting anticorro-
sion properties of low-molecular-weight Schiff bases. The

research involved density functional theory calculations
to determine molecular orbital energies, electron densi-
ties, and adsorption characteristics. The author concluded
that quantum methods effectively predicted inhibition ef-
ficiency, achieving 85% correlation with experimental data.
However, the study focused solely on single-molecule anal-
ysis without considering multi-component formulations
typical of industrial applications.

S. Budi et al. (2024) developed machine learning mod-
els with polynomial functions to predict corrosion inhi-
bition efficiency of pyridine-quinoline compounds. Their
methodology combined quantum descriptors with exper-
imental data to train predictive algorithms. The research
demonstrated improved accuracy in efficiency prediction
compared to linear models, achieving R? values above 0.9.
Nevertheless, the study was limited to specific chemical
classes and did not explore systematic optimisation of in-
hibitor compositions. D. Li et al. (2023) investigated cor-
rosion inhibition mechanisms of ultra-high-temperature
acidizing corrosion inhibitors, highlighting the complexi-
ty of multi-component formulation design under extreme
temperature conditions.

A. Roy et al. (2022) applied machine learning tech-
niques to predict corrosion resistance of multi-principal
element alloys. Their investigation utilised various algo-
rithms to correlate compositional parameters with corro-
sion behaviour. The study concluded that computation-
al methods possessed significant potential for materials
design, identifying key descriptors influencing corrosion
resistance. However, the focus remained on alloy devel-
opment rather than inhibitor formulation optimisation.
P. Kumari & M. Lavanya (2024) conducted a comprehensive
review of optimisation strategies for corrosion manage-
ment using artificial neural networks and response surface
methodology. Their analysis covered various mathematical
approaches for optimising protective systems and opera-
tional parameters. The authors concluded that systematic
optimisation significantly improved corrosion control ef-
fectiveness, but identified limited application of advanced
evolutionary algorithms in this field.

Literature analysis revealed minimal research on ap-
plying evolutionary algorithms, particularly differential
evolution methods, for multi-objective optimisation of
corrosion inhibitors under HPHT conditions. The objec-
tive of this work was to establish the theoretical founda-
tions for applying DEoptim as an advanced optimisation
framework for developing effective corrosion inhibitors
specifically designed for HPHT operational environments.
To achieve this objective, three key tasks were undertak-
en. First, the research involved a theoretical analysis of
the potential of the DEoptim algorithm for multi-objective
optimisation of corrosion inhibitors under high-pressure,
HPHT conditions. Second, the study systematised existing
approaches to the computational modelling of inhibitor
properties and performance characteristics. Finally, the
advantages of evolutionary algorithms in solving complex
optimisation problems within corrosion protection appli-
cations were substantiated, and integration strategies were
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proposed that combine DEoptim with quantum chemical
calculations and machine learning methods.

Materials and Methods

The theoretical foundation of this research was established
through analysis of fundamental works by L.T. Popoo-
la et al. (2013) and M. Finsgar & J. Jackson (2014) on cor-
rosion inhibitor applications in acidic media, C. Verma et
al. (2021) on sustainable inhibitor development, and S. Ma-
linowski (2022) on quantum chemical approaches to inhib-
itor design. Additional theoretical basis included studies
by A. Roy et al. (2022) on machine learning applications in
materials science and P. Kumari & M. Lavanya (2024) on
optimisation strategies for corrosion management. The
research employed systematic review methodology com-
bined with meta-analytical approaches to examine liter-
ature from Scopus, Web of Science, and Google Scholar
databases covering the period 2011-2024. Search strategies
utilised targeted keywords including “corrosion inhibitors
HPHT”, “differential evolution optimisation”, “computa-
tional modelling corrosion”, “evolutionary algorithms ma-
terials”, and “multi-criteria optimisation corrosion” to en-
sure comprehensive coverage of relevant publications. The
analysis encompassed 20 scientific publications, consisting
of 17 peer-reviewed journal articles, and 3 conference pa-
pers. Selection criteria encompassed publications in jour-
nals with impact factors exceeding 2.0, direct relevance to
corrosion inhibition in petroleum operations, inclusion of
experimental or computational validation data, and tem-
poral preference for publications within the preceding five
years to ensure currency of findings.

Content analysis methodology was applied to system-
atically extract and categorise information from selected
publications, focusing on identification of research meth-
odologies, key findings, and limitations within each study.
This approach enabled systematic comparison of different
inhibitor development strategies and identification of re-
search gaps in the field. Comparative analysis was imple-
mented to evaluate computational modelling methods
under HPHT conditions, systematically contrasting quan-
tum chemical calculations, molecular dynamics simula-
tions, machine learning approaches, and DEoptim based
on their applicability, accuracy, and computational re-
quirements for inhibitor design in extreme environments.
A.R. Leach (2011) explored cheminformatics and com-
putational chemistry applications in lead optimisation,
establishing methodological frameworks for evaluating
computational approaches in chemical system design. The
multi-objective optimisation problem for DEoptim appli-
cation was formulated as:

F)=[f,(x), f(X),..., Fn], @
where f1(x) — inhibition efficiency under HPHT conditions;
f2(x) — thermal degradation rate; fs(x) — environmental
toxicity; fa(x) — economic cost; x — parameter vector (con-
centrations, molecular descriptors, etc.). Quantitative data
analysis was conducted on numerical data extracted from

20 scientific publications to validate both the significance
of the problem and the effectiveness of proposed solutions.
The methodology involved the systematic extraction and
statistical compilation of key parameters relevant to HPHT
corrosion environments. Data points included economic
loss estimates, failure analysis breakdowns, and perfor-
mance metrics for various classes of corrosion inhibitors.
Data synthesis methodology integrated information from
diverse sources to develop comprehensive understanding
of DEoptim potential for inhibitor optimisation.

Results and Discussion

Based on comprehensive literature analysis, HPHT condi-
tions were identified as creating a complex multi-objective
optimisation challenge for corrosion inhibitor develop-
ment. The systematic review revealed that these extreme
environments, characterised by temperatures exceeding
150°C and pressures above 69 MPa, demanded sophisticat-
ed approaches that could simultaneously address conflict-
ing performance criteria. The analysis demonstrated that
traditional single-objective methodologies proved inade-
quate for addressing the multifaceted nature of inhibitor
design under such demanding operational conditions.

High pressure affected corrosion processes by increas-
ing the solubility of aggressive gases such as CO, and H»S
in the aqueous phase. L.T. Popoola et al. (2013) analysed
corrosion problems during oil and gas production, iden-
tifying CO»-related corrosion as accounting for 28% of all
corrosion failures, HyS-related corrosion and weld joint
corrosion each accounting for 18%, and localised pitting
corrosion accounting for 12% of industry failures. At CO,
partial pressures exceeding 0.2 MPa and temperatures
above 80°C, particularly intensive sweet corrosion was ob-
served (Unueroh et al., 2016). Sour corrosion under HPHT
conditions was complicated by hydrogen embrittlement,
which could lead to catastrophic equipment failures. Tra-
ditional organic corrosion inhibitors faced serious limi-
tations under these conditions, with nitrogen-containing
heterocycles losing effectiveness at temperatures above
120°C due to thermal degradation and changes in adsorp-
tion properties (Finsgar & Jackson, 2014).

The investigation revealed that inhibitor protection
efficiency dropped sharply within 4 days of application,
indicating insufficient formulation stability. The presence
of dissolved oxygen significantly impaired the adsorption
properties of nitrogen-containing inhibitors, reducing
protection efficiency from 81.8% to 52.3%. These findings
highlighted the fundamental challenge of developing in-
hibitors that maintained effectiveness whilst meeting
other critical requirements including cost-effectiveness
and environmental acceptability. Statistical analysis of
corrosion failure types revealed distinct patterns across
different mechanisms, as presented in Figure 1. To better
understand the scale of financial losses associated with
corrosion-related failures, it is useful to examine the ag-
gregated data across the oil and gas industry. Figure 2 pre-
sents a visual representation of the economic impact these
failures impose on the sector.
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Figure 1. Distribution of corrosion-related failures
Source: compiled by authors based on L.T. Popoola et al. (2013)
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Figure 2. Annual corrosion costs in oil and gas industry
Source: compiled by authors based on L.T. Popoola et al. (2013)

Analysis identified DEoptim as an effective tool for re-
solving multi-criteria optimisation challenges where con-
ventional methods proved inadequate. Multi-criteria op-
timisation focuses on identifying optimal solutions when
faced with competing and frequently mutually exclusive
requirements. Systematic analysis demonstrated charac-
teristic trade-offs between key inhibitor parameters. In-
vestigation of imidazoline-based inhibitors revealed high
anti-corrosion efficiency (>85%), yet identified critical
constraints: thermal instability at temperatures exceeding
120°C and elevated synthesis costs ($45-60/kg). Analysis
of bio-based amino acid inhibitors demonstrated their en-
vironmental compatibility and biodegradability, though
inhibition efficiency under HPHT conditions reached only
60-70%. Based on this analysis, three key parameters were
identified for constructing DEoptim objective functions:
inhibition efficiency (minimum 80%), thermal stability
(withstanding temperatures up to 150°C), and economic
viability (cost <$40/kg). These parameters were selected
as critical based on industrial application requirements
and integrated as separate objective functions with corre-
sponding weighting coefficients.

The quantitative analysis revealed annual corro-
sion-related losses amounting to $1.372 billion, with fail-
ure statistics indicating 28% of incidents linked to CO5 ex-
posure, 18% to HsS, another 18% to weld joint failures, and
12% to pitting corrosion. Performance evaluation showed
inhibition efficiency ranging from 60% to 85%, while

thermal stability thresholds were identified at around
120°C across different inhibitor types. These findings es-
tablished a quantitative baseline for HPHT optimisation
challenges and underscored the necessity for advanced
multi-objective optimisation strategies (Association for
Materials Protection and Performance, n.d; King, 2010).

Investigation demonstrated that DEoptim operates
effectively as an element within a comprehensive ap-
proach rather than an isolated tool. The algorithm in-
tegrates into a four-phase methodology: preliminary
experimental screening, computational modelling, evo-
lutionary optimisation, and experimental verification.
Initial screening provides baseline performance data for
candidates under simulated HPHT conditions. Quantum
chemical calculations determine molecular descriptors
that characterise electronic properties, temperature sta-
bility, and adsorption behaviour. Machine learning mod-
els, trained on the combined dataset, function as surro-
gate functions for rapid candidate assessment without
conducting experiments for each composition. DEoptim
explores the multidimensional parameter space, forming
populations of potential solutions and enhancing them
through evolutionary operations: mutations, crossover,
and selection.

Comparative analysis of computational methods
identified substantial differences in their suitability for
HPHT inhibitor development. Quantum chemical meth-
ods provide detailed molecular-level understanding but
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exhibit limitations when scaling to complex composi-
tions. Investigation confirmed that HOMO-LUMO energy
gaps effectively predict individual molecule behaviour,
yet fail to capture synergistic effects in multi-compo-
nent commercial inhibitor systems. Molecular dynamics
simulations better reproduce realistic operational condi-
tions but require significant computational resources and
remain limited to nanosecond timescales, insufficient
for predicting long-term stability over months of opera-
tion. Machine learning methods demonstrate promising

results but remain constrained by data availability and
interpretation complexity, particularly for novel inhibitor
classes. Based on the conducted analysis in Table 1, a hy-
brid approach emerges as most suitable for achieving the
research objectives: combining quantum chemical calcu-
lations for primary screening with subsequent DEoptim
application and machine learning for multi-component
composition optimisation. This approach balances pre-
diction accuracy, computational efficiency, and practical
applicability for industrial HPHT conditions.

Table 1. Comparative analysis of computational methods for corrosion inhibitor development

Method Advantages

Quantum Chemical

Electronic structure insights, prediction
of adsorption mechanisms, thermal stability

Limitations

High computational cost, limited to small molecules,
requires quantum chemistry expertise, accuracy

Calculations assessment, structure-property relationships depends on chosen functional
Dynamic behaviour under HPHT conditions, Computationally intensive, limited time scales,
Molecular . SO : 2. PN - g
Dynamics visualisation of adsorption processes, film stability force field accuracy limitations, requires significant

assessment, environmental effects modelling

computational resources

Machine Learning

Pattern recognition in complex datasets,
high-throughput virtual screening, feature importance
analysis, predictive model development

Requires large training datasets, limited extrapolation
capability, black-box nature, prone to overfitting

DEoptim

Global optimisation capability, handling
multidimensional parameter spaces, balancing multiple
objectives, efficient exploration of chemical space

Parameter tuning requirements, convergence
uncertainty, requires quality fitness functions,
limited solution interpretability

Source: compiled by authors

Comparative analysis of existing optimisation ap-
proaches revealed fundamental limitations that DEoptim
addressed effectively. A. Samimi et al. (2021) demonstrated
successful application of systematic electrochemical opti-
misation for corrosion information in oil and gas wells, but
their approach focused on individual parameters sequen-
tially rather than simultaneous multi-objective optimisa-
tion. The analysis identified this sequential approach as
suboptimal for HPHT applications where parameter inter-
actions significantly influenced overall performance. Tra-
ditional gradient-based methods, whilst computationally
efficient,required differentiable objective functions and fre-
quently converged to local optima, limitations that DEop-
tim’s population-based approach effectively circumvented.

O. Roustant et al. (2012) developed DiceKriging and
DiceOptim packages for analysing computer experiments
through kriging-based metamodelling and optimisation,
demonstrating practical optimisation tool value. However,
their methodology focused on computer experiment analy-
sis rather than multi-objective chemical formulation prob-
lems. The investigation identified significant differences
in problem complexity: whilst computer experiments typ-
ically involved continuous, well-behaved response surfac-
es, inhibitor formulation presented discontinuous, highly
nonlinear relationships complicated by chemical interac-
tions and stability constraints.

The environmental sustainability emphasis in inhib-
itor development highlighted critical differences between
DEoptim and existing methodologies. Traditional ap-
proaches typically treated environmental acceptability as a
constraint rather than an optimisation objective. The anal-
ysis revealed that OSPARCOM requirements eliminated
approximately 60% of conventional inhibitor formulations

due to biodegradability and toxicity concerns (Verma et
al., 2021). DEoptim offered systematic incorporation of en-
vironmental criteria as optimisation objectives, potentially
resolving trade-offs between effectiveness and ecological
acceptability that previous approaches addressed inade-
quately. In their article, C. Ren et al. (2023) explored a new
high-throughput approach to evaluating the effectiveness
of carbon steel corrosion inhibitors using droplet microar-
ray technology, which allows up to 200 inhibitor solutions
to be tested simultaneously on a single surface. Unlike tra-
ditional methods, where samples are completely immersed
in electrolyte, corrosion is studied locally — under each mi-
crodrop of solution. The study focused on the combination
of benzotriazole and cerium nitrate (Ce(NO3)s) as model
inhibitors. The authors demonstrated that their mixture
has a stronger anti-corrosion effect than each component
separately, i.e., there is a synergistic effect between them.
The optimal ratio between these components was deter-
mined experimentally, which allows for a significant in-
crease in the protection of the metal surface. Finally, the re-
sults were confirmed by molecular modelling - simulations
showed that the protective effect of inhibitors is associated
with the specific interaction of molecules with the steel
surface, which changes when the substances are combined.
A. Ziebik & K. Hoinka (2013) demonstrated the importance
of mathematical modelling approaches for energy objects
and systems, establishing theoretical foundations for sys-
tematic optimisation in complex industrial applications.

Despite significant potential, analysis identified several
challenges requiring attention. Input data quality critical-
ly influenced DEoptim effectiveness, demanding compre-
hensive experimental datasets for reliable fitness function
construction. V.S. Sastri (2011) explored green corrosion
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inhibitors theory and practice, emphasising that sustain-
able inhibitor development requires extensive experimen-
tal validation and systematic data collection approaches.
Computational complexity increased substantially when
integrating quantum chemical calculations, potentially
limiting practical implementation in resource-constrained
environments. V.S. Saji (2010) reviewed recent patents in
corrosion inhibitors, highlighting the shift towards innova-
tive approaches including nanotechnology-enhanced solu-
tions and smart coatings that release inhibitors on demand
when coating integrity is compromised.

M. Finsgar & J. Jackson (2014) investigated the appli-
cation of corrosion inhibitors for steels in acidic media spe-
cifically within oil and gas operations. Their comprehen-
sive analysis focused on evaluating inhibitor effectiveness
under various acidic conditions and identifying optimal
formulations for different steel grades. The authors con-
cluded that specialised formulations were essential for
extreme conditions, highlighting that conventional inhibi-
tors demonstrated insufficient performance in harsh oper-
ational environments. However, their research did not ad-
dress the systematic optimisation of inhibitor parameters
for HPHT applications. U. Unueroh et al. (2016) demon-
strated that pipeline corrosion control becomes particular-
ly challenging under HPHT conditions where temperatures
exceed 150°C and pressures surpass 69 MPa. E.S. Ameh et
al. (2017) conducted a comprehensive review of field cor-
rosion control and monitoring techniques, identifying sig-
nificant gaps in systematic optimisation approaches for
extreme operational environments.

The article by K. Okon et al. (2025) is devoted to ana-
lysing the potential of metal oxides as “green” corrosion
inhibitors for various alloys in aggressive environments.
The authors found that oxides in bulk form do not demon-
strate very high inhibition efficiency, but in nanostruc-
tured form, their performance increases significantly. As
the concentration of nanoparticles increases, the corro-
sion rate decreases. This is explained by the increase in
surface area and better adsorption of oxides on the surface
of metals, which reduces the number of available reaction
sites. At the same time, they note that at excessively high
concentrations, nanoparticulate oxides can agglomerate
and impair distribution, which reduces efficiency. The re-
searchers also discussed the mechanisms of action — bar-
rier protection, electrochemical inhibition, synergistic
effects with other inhibitors, adsorption, passivation, and
self-healing. In addition, they compare the chemical and
thermal stability of oxides with traditional organic inhib-
itors and consider issues of synthesis, safety, ecology, and
implementation costs. The conclusion is that nanostruc-
tured metal oxides have significant potential as effective
and environmentally safe corrosion inhibitors, provided
that their concentration is optimised and uniform disper-
sion in the environment is ensured.

Other developments encompassed several promising
directions that distinguished DEoptim applications from
conventional approaches. Smart coatings development for
self-healing and stimulus-responsive systems that could
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release inhibitors on demand when coating integrity was
compromised represented advancement beyond tradi-
tional passive protection methods (Saji, 2010). Advanced
integration with deep learning approaches for pattern rec-
ognition in complex datasets and prediction of inhibitor
performance across varied environmental conditions of-
fered capabilities exceeding traditional statistical methods.
The evidence suggested that DEoptim rep O. Roustant et
al. (2012) developed DiceKriging and DiceOptim packages
for analysing computer experiments through kriging-based
metamodeling and optimisation, demonstrating the prac-
tical value of systematic optimisation tools for complex ex-
perimental design problems.

The evidence suggested that DEoptim presented a
promising advancement for addressing multi-objective
optimisation challenges in HPHT inhibitor development,
offering capabilities that traditional approaches struggled
to provide. However, successful implementation requires
careful consideration of practical limitations including
data quality requirements, computational complexity, and
integration challenges within existing development work-
flows. These findings formed the basis for evaluating the
overall potential and recommendations for future imple-
mentation of DEoptim in corrosion inhibitor development.

Conclusions

The conducted theoretical analysis successfully estab-
lished the potential of DEoptim for multi-objective opti-
misation of corrosion inhibitors in HPHT conditions. The
systematic literature review confirmed that traditional
single-objective approaches proved inadequate for ad-
dressing the complex requirements of inhibitor develop-
ment under extreme operational conditions, where tem-
peratures exceeded 150°C and pressures surpassed 69 MPa.
The analysis demonstrated that DEoptim functioned most
effectively when integrated within a comprehensive four-
phase methodology encompassing experimental screen-
ing, computational modelling, evolutionary optimisation,
and validation cycles. This integrated approach enabled
identification of optimal compromises between inherently
conflicting objectives, as evidenced by the trade-offs iden-
tified between imidazoline-based inhibitors offering supe-
rior corrosion protection exceeding 85% efficiency but ex-
hibiting thermal instability above 120°C and elevated costs
of $45-60 per kilogram, versus environmentally acceptable
bio-based alternatives achieving only 60-70% inhibition
efficiency whilst providing excellent biodegradability.

The hybrid computational approach emerged as a
critical finding, where combining quantum chemical cal-
culations for primary screening with subsequent DEoptim
application and machine learning for multi-component
composition optimisation created a balanced framework
for rational inhibitor design. This approach addressed lim-
itations identified in individual computational methods:
quantum chemical approaches provided molecular-level
insights but failed to scale to complex formulations, mo-
lecular dynamics offered realistic condition modelling but
remained limited to nanosecond timescales, and machine
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learning demonstrated promising results but required ex-
tensive training datasets often unavailable for novel inhib-
itor chemistries. DEoptim’s population-based approach
successfully circumvented limitations of traditional gradi-
ent-based methods that required differentiable objective
functions and frequently converged to local optima. The
algorithm’s capability to systematically incorporate envi-
ronmental criteria as optimisation objectives rather than
constraints distinguished it from conventional methodol-
ogies, potentially resolving the critical balance between
effectiveness and ecological acceptability that previous ap-
proaches addressed inadequately.

The theoretical framework established through this
review provided foundation for future experimental vali-
dation and practical implementation of DEoptim-based
optimisation strategies in corrosion inhibitor development
for challenging HPHT environments. The application of
DEoptim for corrosion inhibitor optimisation represented
a promising direction that could significantly accelerate
development of effective protective systems for oil and gas

equipment under extreme operating conditions whilst sup-
porting industry transition toward more sustainable and
environmentally responsible practices. Future research
directions should prioritise development of specialised
fitness functions specifically designed for HPHT condi-
tions, creation of comprehensive experimental databases
enabling robust model training, investigation of synergis-
tic effects in multi-component inhibitor systems, rigorous
validation of theoretical predictions through systematic
experimental studies, and integration with advanced tech-
nologies for real-time optimisation capabilities.
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AHoTaLig. Koposig HadTorasosoro o6/1agHagHs 3a1MIIAETHCSI KPUTUIHOIO ITPO6IEMOIO rajlysi 3i IopiuHmMMy BTpaTaMu
$1,372 minbsipa. YMOBU BUCOKOTO TUCKY Ta Bucokoi Temmepatypu (HPHT) 3HaUHO yCKIAGHIOIOTh PO3POOKY eheKTUBHUX
iHri6iTOpiB KOPO3ii Uepes MmigBUILEHY arPECUBHICTh CepeIOBMILA Ta Jerpaaallilo TpaJuIiiHUX 3aXUCHUX CITONYK. MeToro
IOCTiIKeHHST OYy/I0 TTPOBENEHHS TEOPETUYHOTrO aHAJIi3y MOTEHIlialy 3acTOCYBaHHS MeTony audepeHIiifHOi eBomoIii
(DEoptim) my1s1 6araToIiyiboBoi oNTMMi3sallii mapaMeTpiB iHTi6iTOPiB KOpO3ii B ekcTpemanbHux ymoBax HPHT. MeTomosnoris
TMOCTiIKEHHST BK/IIOUaa CUCTEMATUUYHUI OIJIsiA HAyKOBOI JiTepaTypu 3 BMKOPUCTAHHSIM 6a3 maHux Scopus, Web of
Science Ta Google Scholar 3a mepiog 2019-2024 pokiB, MOPiBHSJIbHUI aHaJi3 METO/iB KOMIT IOTEPHOTO MOJeTIOBAHHS,
TeOPEeTUUHMIT aHaTi3 ONTUMI3aliiHMX MiIXoniB Ta cuHTe3 iHbopmalii 1yt dopmyaoBaHHSI peKoMeHpaliit. Y poboTi
CUCTEMATM30BAaHO Cy4yacCHi TIiAXOAM O KOMITIOTEPHOTO MOJIETIOBAHHSI iHTi6iTOpiB, BK/IHOUAOUM KBaHTOBO-XiMiuHi
PO3paxyHKy, MOJIEKYISIPHY AVMHAMIKY Ta MaIlMHHe HaBuaHHs. Byno mpoBemeHo aHani3 crenudivamx Bukankis HPHT-
cepenoBMUII, ie TemIepaTypu repesuiryBaau 150 °C, a Tuck — 69 MIla. Po3rmissHYTO miepeBaru eBOMIOIifHUX aITOPUTMIB
IJIS HaBiralii B CkimagHOMY 6araTOBMMipHOMY IMpOCTOpi mapameTpiB iHri6iTopiB. OGIPYHTOBAHO TEOPETUUHi 3acaau
BukopuctanHsi DEoptim 1715t ogHOYacHOi onTMMisalii eeKTUBHOCTI iHribyBaHHSI, TEPMiUHOI CTabiNbHOCTI, €KOIOTiUHOI
MIPUITHSITHOCTI Ta €KOHOMIYHOI JOIiIbHOCTI. AHaJIi3 MpoAEeMOHCTPYBaB, o0 DEoptim 3a6e3neuyBaB BUIY HaIiifHICTh
Ta 6araToIliIbOBi MOK/IMBOCTI MOPiBHSIHO 3 TPAOUIIIHUMU I'PaJiEHTHUMM Ta TEHETUYHUMU aJTOPUTMAaMM, 0COOIMBO
nnst HPHT-3acrocyBanb. JocmigkeHHsT 3alIpOIIOHYBaao0 HOBY KOHIerifo iHTerpanii DEoptim 3 KBaHTOBO-XiMiYHMMM
po3paxyHKaMyM Ta MAIIMHHUM HABUAHHSM [IJI1 CTBOPEHHS TiGPUIHMX ONMTMMisaliifHuX 1iaTdopM, 0 MOTEeHIiiTHO
3MEHIIye OOUMCTIOBAbHI BUTpaTu m0 60 % Tpu MigBuUIeHHI eheKTUBHOCTI BiIKpUTTS iHTiGiTOpiB. PesymbraTu
ToKasasiu, o 3actocyBaHHs DEoptim 3a6e3meuyBaio CMCTeMaTUYHNI MOIIYK ONTUMaabHMUX GOPMY/IIOBaHb iHTiO6ITODIB,
CKOPOYYBAJIO KiJIbKICTh HEOOXiJTHUX €KCIIEPUMMEHTIB Ta JO3BOJISIJIO BUSB/ISITM HEOUYEBUAHI CMHEpPreTMuHi KoMmOiHailii
KomrioHeHTiB a1t HPHT-3acTocyBaHb
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Abstract. The aim of the study was to assess machine learning-enhanced seismic attribute analysis for reservoir quality
prediction in clastic and Balkan-type oil fields. The validation study was performed on the open-access Project Penobscot
seismic and reservoir data for a range of attributes within the predictor space, as well as for the four reservoir quality
variables. XGBoost showed the best regression results for all continuous parameters, with the highest accuracy for porosity
(R*=0.88, root mean square error = 0.024, mean absolute error = 0.018), followed by the sandiness index (R?*=0.85, root
mean square error = 0.054, mean absolute error = 0.039), whereas permeability remained the most difficult parameter
to predict (R*=0.76, root mean square error = 16.9, mean absolute error = 12.4). Facies classification also demonstrated
stable performance, with accuracy of 0.84, precision of 0.82, recall of 0.79, and F1-score of 0.8. The predicted parameter
distributions revealed a heterogeneous reservoir system, with porosity as the most stable parameter, sandiness index
showing intermediate variability, and permeability displaying the highest contrast. Integrated interpretation of the
predicted indicators differentiated the reservoir into high-, moderate-, and low-quality zones with indices of 86, 64, and
38, respectively. In conclusion, reservoir quality is primarily controlled by the factors related to storage and flow potential,
sand bodies, and facies, yet machine learning-enhanced methods can effectively assist reservoir engineers in making
accurate reservoir predictions in these heterogeneous systems. The practical value of this study is in the potential use of
this established workflow to effectively screen for and prioritise oil and gas production within the reservoirs with the help
of machine learning, especially those geologically structurally complex clastic systems

Keywords: porosity; square error; permeability; flow potential; sandiness index; Balkan-type

Introduction

Due to the growing complexity of the reservoir prediction
in clastic oil fields, there is an increasing interest in utilis-
ing data-driven approaches for the interpretation of seis-
mic information. In many instances, particularly in those
reservoirs with high degrees of structural complexity, the
seismic data can be utilised to make predictions regard-
ing the properties of the reservoir that is being evaluated.
Moreover, many of these reservoirs are among those that

are considered to be mature or have developed structural
complexities that make it particularly difficult to directly
observe the reservoirs. Thus, any method that can help to
extract information regarding those reservoirs is of inter-
est to those within the oil industry. One such approach that
has developed in response to these needs is the application
of machine learning approaches to the analysis of seismic
data to help extract information regarding the reservoirs.

Suggested Citation: Maho, F., & Gjinali, E. (2026). Machine learning-enhanced seismic attribute analysis for reservoir quality prediction
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For the Balkan region, specifically for Albania, this
problem has certain geological and applied significance.
The segment of the Ionian Zone that lies within Albania
is tectonically complex, has varying strata within its geo-
logic outcrops, and has a general heterogeneity of its sed-
imentary features, all of which make it difficult for those
attempting to use seismic surveys to model the region to
predict the reservoir quality within the area. Petrographic
and mineralogical research of the Oligocene flysch of the
Ionian Zone of Albania, performed by A. Fociro et al. (2023),
has determined the compositional heterogeneity of the
clastic strata of the region, indicating the importance of
its sedimentary origin for explaining the geological heter
ogeneity of the area. In the work of J.I. Soto et al. (2024)
showed that the Ionian Zone of Greece and Albania un-
derwent contrasting types of salt-tectonic processes that
significantly affected the structural configuration, trap ar-
chitecture, and geometry of subsurface bodies. Such fea-
tures are of fundamental importance for seismic interpre-
tation, since deformation, changes in thickness of strata,
and structural blockiness directly change the wave pattern
and spatial continuity of reservoirs. An additional region-
al context was provided by the study of I. Alexandridis et
al. (2022), in which a new interval of parent rocks was dis-
covered in the adjacent segment of the Ionian zone in the
west of Greece, which once again emphasises the oil and
gas potential of this tectonic-sedimentary complex for the
entire Balkan region. Collectively, these works showed that
the Balkan oil and gas context needs such interpretive ap-
proaches that are able to combine lithological variability,
structural deformation and indirect prediction of petro-
physical properties in a single analytical framework. At
the same time, modern international studies have proven
that machine learning significantly expands the analytical
possibilities of interpreting seismic attributes in tasks of
reservoir characterisation (Oitseva, 2024). In the work of
D.]. Ferreira et al. (2021) the classification of seismic pat-
terns was integrated with porosity and permeability esti-
mation, which showed the possibility of direct connection
of multidimensional seismic analysis with the prediction
of reservoir properties, and not only with its descriptive
interpretation. M.H. Rahma Putra et al. (2024) confirmed
that Gaussian process machine learning can be effectively
used for porosity estimation and anomaly detection based
on seismic attributes, increasing prediction reliability with
limited direct control. In the work of Y. Chen et al. (2021)
applied machine learning with physical constraints and
multiple seismic attributes for deep reservoir character-
isation, which is methodologically important because it
demonstrates the need to combine predictive flexibility of
algorithms with geological plausibility of results. This as-
pect is especially important in the case of clastic reservoirs,
as the purely algorithmic recognition of patterns within
seismic data without geological controls may lead to un-
stable reservoir predictions.

Additional evidence of the effectiveness of machine
learning approaches to reservoir description is provided in
the article by S. Narayan et al. (2024). In this article, the

authors discuss the integration of supervised machine
learning techniques with seismic impedance inversion
methods. The importance of this method is that it allows
for the inverted seismic data and attributes to be consid-
ered as potential predictors of reservoir characteristics, in
addition to the traditional methods of reservoir modelling.
Additionally, S.A. El-Dabaa et al. (2024) applied unsuper-
vised machine learning techniques to reservoir data with
the goal of determining the importance of the different
dimensions of seismic data in the prediction of reservoir
quality. Author M. Ali et al. (2024) described the use of syn-
thetic data and machine learning to model reservoir char-
acteristics from seismic data alone, indicating that machine
learning methods have good generalisation abilities. Fur-
thermore, Z.A. Riyadi et al. (2024) utilised machine learn-
ing to model the prediction of reservoir permeability from
elastic properties, which are factors in the determination of
the reservoir quality. From the point of view of Water En-
gineering, reservoir quality is a factor in the determination
of the reservoir’s ability to accumulate and move fluids.

These methods can be particularly valuable in are-
as like Albania and the Balkan region in particular, where
structural geology makes it difficult to determine reservoir
quality. In these cases, machine learning methods can help
to improve the robustness of reservoir forecasting tech-
niques by considering various seismic data descriptors of
the reservoir. Furthermore, the use of such methods should
be based upon the geological context of the reservoir,
which can include factors like sedimentation conditions,
the blockiness of the structure, or the way in which the pre-
dicted properties may impact the movement of fluids with-
in the reservoir media. Therefore, the research is aimed at
forming a unified analytical approach to the analysis of
seismic attributes, enhanced by machine learning, for pre-
dicting reservoir quality in clastic oil deposits, taking into
account the specifics of the Balkan region and Albania. The
work combines seismic characterisation of the reservoir, oil
and gas geology and interpretation of the filtration proper-
ties of the porous medium.

The aim of this study was to determine the potential
of the use of machine learning enhanced seismic attribute
analysis for the prediction of reservoir quality in clastic oil
fields, specifically within the Balkan region and the country
of Albania. The specific objectives of this study included
the survey of the geological and geodynamic factors related
to the prediction of reservoir quality in the Balkans region;
the evaluation of the various machine learning methods
that can be used to predict reservoir quality parameters;
and the development and testing of a methodology that
employs seismic attributes and machine learning methods
to predict reservoir quality and fluid-flow potential in clas-
tic reservoirs.

Materials and Methods

The study was conducted using the Project Penobscot data-
set to predict reservoir quality in clastic oil fields based on
seismic attributes and machine learning algorithms, with
interpretive relevance for Albanian and other Balkan-type
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reservoir systems. The empirical basis of the study was the
open-access Project Penobscot dataset, which was selected
as a publicly available geophysical test site suitable for val-
idating an integrated workflow for seismic attribute-based
reservoir quality prediction. Open-access regional subsur-
face datasets directly comparable to Project Penobscot are
currently limited for Albania and the wider Balkan petrole-
um domain; therefore, the Penobscot dataset was used as
an empirical benchmark for workflow validation, while the
geological applicability of the approach was interpreted
with reference to clastic reservoir systems relevant to the
Balkan region and Albania.

The dataset used for this study was obtained from the
publicly available Project Penobscot project offshore Nova
Scotia, Canada. The material base primarily included a
3D post-stack seismic volume S(x, y, t), interpreted strati-
graphic horizons H, stratigraphic markers, and well-log
data L(z), which formed the core basis for seismic attribute
extraction and target calibration. Additional dataset com-
ponents, including 2D seismic profiles and prestack infor-
mation, were considered only as auxiliary support during
interval familiarisation and verification and were not used
as an independent basis for the reported predictive results.
The 3D seismic cube S(x, y, t) served as the main source for
seismic attribute extraction, whereas the well-log data L(z)
served as the reference source for reservoir-related target
parameters. The interpreted horizons H, and stratigraphic
markers were used to constrain the analysis to geologically
consistent intervals and to maintain a stable relationship
between seismic reflections and reservoir units.

A working multi-attribute set was constructed from
the seismic volume to represent seismic descriptors spe-
cifically relevant to the geological setting of Albanian and
other Balkan-type clastic reservoirs, where tectonic defor-
mation, stratigraphic variability, internal heterogeneity,
and discontinuous sand-body architecture affect reflection
continuity, amplitude response, frequency behaviour, and
impedance contrasts that are indirectly related to porosi-
ty, permeability, and facies organisation. This set included
amplitude-related attributes A,,,, represented by instan-
taneous amplitude A, and RMS amplitude A,,; frequen-
cy-sensitive attributes A,,, represented by instantaneous
frequency f;,, and sweetness SW; geometric and continu-
ity-related attributes A,,,,, including coherence C and var-
iance Var; and inversion-derived parameters A,,, particu-
larly acoustic impedance Al The analytical dataset was
represented by the predictor matrix (1):

X=[A, Ay A @
The vector of continuous target variables (2):
Y.=[¢, k, SI). )

The categorical target variable used for facies classifi-
cation (3):

Y=F, &)

where ¢ — porosity; k - permeability; SI — the sandiness in-
dex; F — the facies class. Porosity is an estimation based

on well log data and is used as the main indicator of the
reservoir’s storage capacity. Permeability is obtained from
the reference petrophysical dataset and represents the
permeability of the selected well intervals. The sandiness
index is calculated from the sandy nature of the intervals.
The facies class is also determined from the well log data
and divides the intervals into different facies according to
their lithology. Thus, these parameters represent both the
continuous regression targets (¢, k, SI) and the categorical
classification target (F). These target variables were select-
ed because, taken together, they provide an operational
representation of reservoir quality in clastic systems and
allow subsequent engineering interpretation in terms of
storage capacity, filtration potential, internal heterogenei-
ty, and probable fluid-flow behaviour.

The analytical sample was non-random and condi-
tion-based. It was formed only from intervals for which
consistency between S(x, y, t), H, and L(z) could be ensured.
The inclusion criteria required acceptable seismic signal
quality, stable time-depth alignment, interpretable strati-
graphic correlation, and sufficiently complete well-log
coverage. Intervals affected by major noise contamination,
incomplete logging curves, unstable stratigraphic attribu-
tion, or ambiguous seismic-to-well ties were excluded. Fol-
lowing data cleaning, interval alignment, and preparation
of the predictor and target variables for inclusion into the
analysis, the dataset comprised 324 interval-level observa-
tions from 2 wells (L-30 and B-41) from the Project Penob-
scot dataset. Each observation in the dataset represented
one individual interval within the wells. This predictor-tar-
get matrix served as the basis for subsequent model train-
ing and validation.

Data pre-processing, seismic attribute extraction,
model development, validation, and result analysis were
carried out using OpendTect, Petrel, Python 3.11, Orig-
inPro 2024, and Microsoft Excel 365. The methodological
workflow consisted of five successive stages: data prepara-
tion, attribute processing, feature selection, model training
and validation, and integrated interpretation of predicted
reservoir-quality indicators. At the first stage, seismic and
well data were checked for consistency within a common
interpretation framework. Seismic reflections were tied to
the available well-log intervals using interpreted horizons
and stratigraphic markers in order to ensure that predictor
variables and target parameters referred to the same geo-
logical intervals. Only those intervals for which the time-
depth relationship was sufficiently stable were retained for
analysis. At the second stage, all continuous input variables
were normalised using z-score transformation (4):

Xi—

7; = =5, (4)
where X, - original feature value; u - the mean; o — standard
deviation. To reduce multicollinearity within the predictor
space, pairwise Pearson correlation screening was applied;
variables with |r|>0.85 were considered redundant. High-
ly correlated predictors were removed, after which recur-
sive feature elimination was applied to retain a compact
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subset of informative variables for model training. At the
third stage, the dataset was divided into training and test-
ing subsets with an 80:20 ratio. The split was performed
randomly at the interval level for the regression tasks and
with stratification for the facies classification task in order
to preserve class proportions. For regression tasks, Ran-
dom Forest, XGBoost, and Gaussian Process Regression
were used to predict continuous reservoir parameters. For
facies classification, Support Vector Machine was applied.
Model robustness and generalisation capability were as-
sessed using 5-fold cross-validation. At the fourth stage,
the predictive performance of regression models was eval-
uated using the coefficient of determination (5), root mean
square error (RMSE) (6) and mean absolute error (MAE) (7):

S i—9)?

R? = 1 -t —— 5
2o im9)? ©)
1 ~
RMSE = /; S (i —90% (6)
1 ~
MAE = -¥'_ 1 1yi =9, (7)

where y, — reference value; y, - predicted value; y — mean of
reference values; n — the number of observations. For clas-
sification tasks, model quality was assessed using accuracy
(8), precision (9), recall (10), and F1-score (11):

TP+TN

Accuracy = ——;
y TP+TN+FP+FN’ ®
.. TP
Precision = ; )
TP+FP
TP
Recall = ——; (10)
TP+FN
Precision-Recall
Fl =2 ——mm (11)
Precision+Recall

where TP, TN, FP, and FN denote true positive, true nega-
tive, false positive, and false negative predictions, respec-
tively. In addition to mean, standard deviation, minimum,
and maximum values, the coefficient of variation was cal-
culated to compare the relative variability of the predicted
reservoir parameters. The relative discriminative role of
the continuous reservoir-quality parameters was interpret-
ed on the basis of their normalised spread and coefficient
of variation, with higher values indicating a stronger con-
tribution to the differentiation of reservoir-quality groups.
At the final stage, the trained models were applied to the
attribute space to generate continuous and categorical
prediction outputs. For integrated reservoir-quality inter-
pretation, the predicted indicators were first transformed
to a common normalised scale from 0 to 100. For the con-
tinuous variables, min-max normalisation was applied as
follows (12):

Vinorm —

Vi—Vmin , (12)

Vmax=Vmin

100 -

where V, — predicted value of the corresponding parame-
ter; V.., V... — the minimum and maximum values of that

parameter within the analysed dataset. Facies class was in-
corporated as an ordinal categorical component reflecting

the relative geological favourability of facies types for res-
ervoir development. The integrated reservoir-quality index
was then calculated as (13):

RQI=w, g™ +w, krom+wg, ST +w, From, (13)
where w,, w,, wy, and w, — weights assigned to the nor-
malised components. In the absence of field-specific
prior weighting constraints, equal weights were used
(w,=w,=wg=w,=0.25). The resulting index was used to
differentiate the analysed intervals into high-, moderate-,
and low-quality groups. For integrated reservoir-qual-
ity interpretation, the predicted indicators were trans-
formed to a common comparative scale and combined into
a composite ranking scheme. Porosity, permeability, and
sandiness index contributed to the integrated assessment
as continuous variables, whereas facies class was incor-
porated as a categorical factor providing geological con-
text for zone differentiation. On this basis, the analysed
reservoir intervals were classified into high-, moderate-,
and low-quality groups. The results presented in the pa-
per were summarised through comparative model-per-
formance metrics, descriptive statistics of the predicted
parameters, and integrated reservoir-quality ranking. The
interpretation focused on reservoir heterogeneity, storage
capacity, permeability distribution, internal compartmen-
talisation, and probable fluid-flow behaviour within clas-
tic reservoir systems.

Results

Seismic attribute space as a predictor basis

for reservoir quality analysis

The resulting predictor space X, as defined in Equation (1),
indicates that the reservoir quality prediction in the clas-
tic oil fields can be made possible by a set of seismic at-
tributes with different functions. The seismic volume that
was processed along with the seismic data provided a set of
attributes that collectively reflected the seismic responses
associated with the lithology of the subsurface formation.
This shows that the predictor space was appropriately de-
fined to include the attributes that would best represent
the main features of the reservoir in terms of its impact
upon reservoir quality. Furthermore, the obtained attrib-
utes indicated that the individual groups of selected at-
tributes provided slightly different information from one
another. The amplitude attributes were used to recognise
the contrasts within the subsurface from the strength of
the seismic reflections. The frequency attributes were used
to recognise the contrasts within the subsurface that were
associated with the layering of the subsurface formations.
The geometric attributes were used to recognise the con-
trasts within the subsurface that were associated with the
discontinuities of the subsurface formations. Finally, the
inversion attributes were used to recognise the contrasts
within the subsurface that were associated with the lithol-
ogy and porosity of the subsurface. The composition of the
predictor space and the function of each of the attributes
within that space are presented in Table 1.
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Table 1. Composition and functional role of seismic attributes used in the study

Attribute group Attribute Notation Analytical function in reservoir quality prediction
Amplitude Instantaneous amplitude A, Reflects local reflection strength and contrasts in acoustic properties
RMS amplitude Ags Characterises the total reflection energy within the analysis window
Frequency Instantaneous frequency finst Reflects variations in layer thickness and vertical heterogeneity
Sweetness SwW Represents the combined amplitude and frequency structure of the signal
Geometric Coherence C Detects discontinuities, body boundaries, and loss of continuity
Variance Var Enhances local heterogeneity and internal segmentation
Inversion Acoustic impedance Al Reflects elastic contrasts associated with lithology and porosity

Note: the predictor space presented in Table 1 corresponds to the final attribute subset retained after pairwise correlation

screening and recursive feature elimination

Source: compiled by the authors based on the Project Penobscot dataset, seismic attribute extraction and interpretation

performed in OpendTect and Petrel

As shown in Table 1, the constructed predictor space
combined four complementary groups of features, none
of which duplicated another in functional meaning. The
amplitude attributes provided a basic characterisation of
reflection strength and proved to be the most informa-
tive for identifying acoustic contrasts between intervals.
This indicated their particular suitability for delineating
zones of lithological change and intervals with differ-
ing reservoir quality. The frequency attributes, in turn,
reflected the finer internal organisation of sedimentary
bodies and proved important for characterising vertical
heterogeneity, layering, and textural features of clastic
sequences (Shevko et al., 2021).

A different analytical role was demonstrated by the
geometric attributes. Unlike the amplitude and frequency
attributes, they proved to be the most suitable for identify-
ing lateral boundaries, continuity disruptions, and internal
segmentation of reservoir bodies. This is particularly im-
portant for the task of reservoir quality prediction, since
the quality of a clastic reservoir is determined not only by
its average petrophysical properties but also by the de-
gree of spatial connectivity and heterogeneity (Cristea et
al., 2023). The inversion-derived attribute, represented
by acoustic impedance, showed the clearest relationship
with physically interpretable rock properties and therefore
became a key link between seismic response and the pre-
diction of continuous parameters, primarily porosity and
permeability. The generalisation of the predictor-space
structure showed that amplitude and inversion-derived
attributes formed the main basis for estimating ¢ and
k, whereas frequency and geometric features increased

sensitivity to and , that is, to the internal organisation of
the reservoir and facies variability. Therefore, the con-
structed space X proved sufficient for subsequent machine
learning-based reservoir quality prediction, as it captured
both direct and indirect seismic manifestations of litholo-
gy, heterogeneity, and reservoir architecture. This created
a substantive basis for the next stage, namely, comparing
the performance of machine learning models in predicting
reservoir quality parameters. The resulting predictor struc-
ture is relevant to clastic reservoir systems of the Balkan
type, where lithological variability, structural fragmenta-
tion, and internal heterogeneity require a multi-attribute
basis for reservoir quality prediction.

Reservoir quality targets and analytical
representation of the response variables

The analytical representation of the system response
through the continuous target variables in Equation (2)
and the categorical facies variable in Equation (3) indicates
that reservoir quality in a clastic reservoir cannot be rep-
resented by a single parameter. The resulting structure of
the target variables revealed the multi-component nature
of reservoir quality, in which quantitative petrophysical
properties are combined with lithological and facies-re-
lated characteristics. As a result, the system response ac-
quired an integrated form, making it possible to consider
reservoir quality not in isolation but as a combination of
storage capacity, flow potential, the degree of development
of sandy bodies, and the internal spatial differentiation of
the reservoir. The composition of the target vector and the
functional role of its components are presented in Table 2.

Table 2. Target reservoir-quality parameters used in the study

Parameter Notation Parameter description Engineering role in reservoir characterisation
. . . Characterises the storage capacity
Porosity ¢ Fraction of pore space in the rock of the reservoir for fluid accumulation
Permeability k Ability of the rock to transmit fluids Determines flow poteqtlal and the possible intensity
of fluid movement
Sandiness index ST Relative prgpqrtlon Qf sandy material Reflects the degree of develqpment of potentlally
within the interval reservoir-prone bodies in clastics
. Assignment of the interval Allows accounting for spatial and lithological
Facies class F . . . .
to a specific facies type heterogeneity of the reservoir

Source: compiled by the authors based on the Project Penobscot dataset, analytical structuring of target variables

performed in Python 3.11
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As shown in Table 2, the quantitative core of the re-
sulting representation was formed by porosity ¢ and per-
meability k. These parameters most directly reflected res-
ervoir quality in terms of fluid storage and flow capacity.
Their joint presence in the response vector demonstrated
that reservoir characterisation requires the simultaneous
consideration of both storage and filtration components.
In the absence of either parameter, the assessment of res-
ervoir quality would be incomplete, since high porosity
does not necessarily imply high permeability, just as sat-
isfactory permeability is not always accompanied by suffi-
cient pore volume. At the same time, the sandiness index
SI served as the parameter that linked the petrophysical
response to the lithological structure of the reservoir. Its
inclusion in the vector Y showed that variations in res-
ervoir quality have not only a physical but also a clearly
expressed sedimentological dimension. Unlike ¢ and k,
which describe the properties of the rock as a medium for
fluid storage and flow, SI reflected the degree of develop-
ment of sandy bodies as the most prospective reservoir
intervals. As a result, this parameter provided the con-
nection between quantitative quality indicators and the
lithological expression of the reservoir environment. The
facies variable F complemented this system by introduc-
ing a spatial and structural level of interpretation. Its pres-
ence in the response vector demonstrated that reservoir
quality in clastic deposits is determined not only by the
magnitude of individual properties but also by the facies
organisation of the environment in which these properties
are realised. In this sense, F did not duplicate other com-
ponents of the vector but defined the context of their spa-
tial manifestation. The facies component thus enabled the
transition from a purely parametric assessment to a struc-

tured representation of the reservoir as a heterogeneous
system with internal differentiation. The generalisation of
the resulting representation of the target vector showed
that ¢, k, ST and F form a sufficient and complementary set
of indicators for reservoir quality characterisation. Poros-
ity and permeability described its storage-flow core, the
sandiness index refined the lithological prospectivity of
intervals, and the facies class revealed the internal spatial
heterogeneity of the system. Therefore, the continuous
target vector Y, represented in Equation (2) was utilised
to define the continuous target variable that would be
used to compare the different machine learning models
for estimating the continuous reservoir parameters. This
multi-component representation of the response space is
particularly important for Balkan clastic reservoirs, where
reservoir quality is controlled simultaneously by storage
capacity, flow potential, sand-body development, and faci-
es-related heterogeneity.

Model performance for prediction

of continuous reservoir parameters

The comparison of regression results showed that the pre-
dictive accuracy of continuous reservoir-quality parame-
ters was uneven both across models and across target var-
iables. The evaluation metrics defined by equations (4)-(7)
made it possible to compare the performance of the mod-
els for porosity, permeability, and sandiness index within
a single analytical framework. The obtained values of R?,
RMSE and MAE indicated that the response of the models
depended on the physical nature of the predicted parame-
ter, with higher stability observed for porosity and sandi-
ness index and lower stability for permeability. The com-
parative regression results are presented in Table 3.

Table 3. Regression performance of machine learning models for predicting porosity, permeability, and sandiness index

Model ¢ R? ¢ RMSE ¢ MAE k: R? k: RMSE  k: MAE SI: R* SI: RMSE SI: MAE
Random Forest 0.84 0.028 0.021 0.71 18.6 13.9 0.81 0.061 0.046
XGBoost 0.88 0.024 0.018 0.76 16.9 12.4 0.85 0.054 0.039
Gaussian Process Regression 0.82 0.031 0.023 0.68 20.3 14.8 0.79 0.066 0.049

Note: the metrics are reported for the test set that was divided during the 80:20 split of the training set. Five-fold cross
validation was used during the training of the models to ensure generalisation of the models

Source: compiled by the authors based on the Project Penobscot dataset, data preprocessing, model training, and metric
calculation performed in Python 3.11, seismic interpretation support in OpendTect and Petrel

As presented in Table 3, XGBoost model achieved the
highest overall predictive performance for each of the
reservoir properties, based on the best values of each of
the three regression metrics. For the prediction of poros-
ity (¢), XGBoost achieved the highest value of the coef-
ficient of determination (R?=0.88), as well as the lowest
values of the error metrics (RMSE =0.024; MAE =0.018).
Random Forest also achieved relatively high values of
each of the three regression metrics for the prediction of
porosity, but with higher error values than XGBoost. Last-
ly, Gaussian Process Regression achieved an acceptable
level of accuracy for the prediction of porosity, but with
a lower R? value and higher error metrics than both the
XGBoost and Random Forest models. The same ranking of

the three models for the best performance relative to the
prediction of permeability (k) was also achieved by each
of the models, but with lower accuracy relative to the pre-
diction of porosity. For permeability prediction, XGBoost
achieved the best overall performance, with the highest
R?value (0.76) and the lowest error metrics (RMSE=16.9;
MAE = 12.4). Random Forest models had slightly lower
values for each of these metrics for the prediction of per-
meability, while Gaussian Process Regression achieved
the lowest accuracy for permeability prediction. The rel-
atively low accuracy of permeability prediction compared
to porosity is likely due to the fact that permeability is a
more difficult parameter to predict directly from seismic
attributes than porosity.
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For the sandiness index (SI), all three models achieved
relatively high and strong values of each of the three re-
gression metrics, but with XGBoost achieving the highest
values. Overall, however, the accuracy of prediction for the
sandiness index was higher for Random Forest and Gaussi-
an Process Regression than for permeability. The sandiness
index was more easily predicted than permeability, likely
due to the fact that the sandiness index has a more sta-
ble relation to the attribute space than does permeability.
Thus, each of the three models exhibited different levels
of accuracy in the prediction of the three reservoir param-
eters. Porosity was the most easily predicted parameter
with the models, followed by the sandiness index, and then
permeability. The accuracy of each model in the prediction
of each of these parameters indicates that the seismic at-
tribute space is better able to represent storage (porosity
and sandiness) than it is to represent flow (permeability).
These differences in performance will inform the following
stage of this analysis. The obtained ranking of regression

performance is especially relevant for Balkan petroleum set-
tings, where permeability prediction is expected to remain
more uncertain than porosity and sandiness due to struc-
tural complexity and heterogeneous reservoir architecture.

Classification performance for facies prediction

The classification results showed that the facial variable F
was reproduced by the model with an acceptable level of
accuracy sufficient for further use in spatial interpretation
of the reservoir. Evaluation by the metrics presented in for-
mulas (8)-(11) made it possible to establish not only the
general level of correctness of the classification, but also
the degree of balance of the model between the accuracy of
class recognition and the completeness of their selection.
The obtained results proved that the facies organisation
of the reservoir environment is reflected in the attribute
space quite stably, although the accuracy of recognition of
individual classes remained different. Comparative values
of classification metrics are shown in Figure 1.

Metric

0.85
0.84 W Accuracy
: 03
E 081 M Precision
0.8 R
0.79 ecall
0.78
0.77 m Fl-score
0.76

Figure 1. Classification performance metrics for facies prediction
Source: compiled by the authors based on the Project Penobscot dataset, classification performance assessed according

to Equations (8)-(11), data processing in Python 3.11

As presented in Figure 1, the classification model
achieved an overall accuracy of 0.84 with a precision of 0.82,
a recall of 0.79 and an F1-score of 0.8. These results indi-
cate that the model was able to generally stably classify the
facies within the reservoir. Furthermore, the relatively bal-
anced precision and F1-score score with the slightly lower
recall indicates that the model was generally consistent in
its predictions of the facies. Thus, while the model is ade-
quate for predicting the facies within the reservoir, a more
detailed analysis is required to determine specifically how
the model performed in relation to each individual facies.
Overall, the results of classification model indicate that the
predictor space is informative enough to be utilised in the
prediction of reservoir facies. The accuracy, precision, re-
call, and F1-score for the model indicate that the model is
able to generally return the same structure of the reservoir
facies as exist in the analysed reservoir intervals. Moreover,
these results allow for the use of the model to predict the
reservoir facies as an additional model to those that con-
tinuously predict parameters like porosity, permeability,
and sandiness index; the determination of reservoir quali-
ty is not based upon the individual measurements of each
of these parameters, but in relation to the structure of the
reservoir facies itself. Furthermore, while these results are
generally positive and indicate the ability of the model to
appropriately classify the facies within the reservoir, some

degree of caution must be applied in interpreting these
results; the results are based only upon the classification
of the reservoir intervals and does not include a confusion
matrix or analyses of the classification of each individu-
al class of reservoir facies. Despite these limitations, the
incorporation of a model that predicts reservoir facies is
still important in the reservoir description and geological
representation of the reservoir. The incorporation of such a
model allows for the description and determination of the
structure of the analysed reservoir intervals. Finally, the
applicability of this specific model and technique to res-
ervoirs of the Balkan type is additionally motivated by the
fact that the structure of those reservoirs tends to exhibit
the same geological heterogeneity and structure as do the
analysed reservoir intervals.

Distribution of predicted porosity,

permeability, and sandiness index

After applying the machine learning models to the pre-
dictor space, the values of the continuous reservoir-qual-
ity parameters, as defined in Equation (2), namely, ¢,
k, and SI, were obtained. Unlike the previous subsection
that focused upon the various performance metrics of
the models, the results of the application of the models
to the predictor space will be examined in this subsec-
tion. The obtained values of each of these parameters
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indicates that the predicted reservoir is not uniformly com-
posed of the same type of sedimentary rocks and intervals;
rather, there are differences in each of the parameters that

indicate the inherent heterogeneity of the reservoir. The
statistical characteristics of each of these parameters is
summarised in Table 4.

Table 4. Statistical characteristics of predicted reservoir parameters

Parameter Mean Standard deviation Minimum Maximum Coefficient of variation

Porosity, ¢ 0.184 0.037 0.112 0.267 0.201
Permeability, k (mD) 146.8 58.4 52.3 284.6 0.398
Sandiness index, SI 0.63 0.14 0.34 0.88 0.222

Source: compiled by the authors based on the Project Penobscot dataset, classification performance assessed according

to Equations (7)-(10), data processing in Python 3.11

As shown in Table 4, porosity ¢ proved to be the most
homogeneous among the reservoir parameters that were
calculated. Porosity has a mean value of 0.184 and a stand-
ard deviation of 0.037. These values indicate that storage
properties of the reservoir were the least contrastive of the
parameters considered. Reservoirs did include intervals
with relatively less prospective storage properties than
others, and those with relatively better properties, but the
contrast between minimum and maximum values was the
least among the analysed parameters. This level of homo-
geneity was also established in the discussion of porosity
stability in the previous stage of model evaluation. The ho-
mogeneity of this parameter indicates that the reservoir’s
capacity properties were represented more uniformly
throughout the system than its flow-related properties.

Permeability k exhibited a completely different distri-
bution within the reservoir. Permeability had the highest
degree of variability of the parameters. Mean permeabil-
ity value was calculated at 146.8 mD, standard deviation
58.4 mD and the coefficient of variation (a measure of
variability relative to the mean) 0.398, the highest of all
the calculated coefficients. These values indicate that per-
meability was the most contrastive parameter within the
reservoir space. Minimum permeability of the reservoir
was 52.3 mD, and the maximum value was 284.6 mD. Such
contrast indicates that permeability is the most sensitive
parameter to internal heterogeneity within the reservoir
and that its value varies the most among different sec-
tions of the reservoir. Sandiness index SI exhibited inter-
mediate variability within the reservoir. Mean sandiness
index within the reservoir was 0.63, with values ranging
from 0.34 to 0.88. While not as high as permeability, the
range in sandiness index indicates differences between the

lithologies within the reservoir. The reservoir has seg-
ments that exhibit different degrees of sandy bodies. The
distributions of porosity, permeability, and sandiness indi-
cate that the reservoir has multi-level heterogeneity within
it. Porosity indicates the stability of the reservoir’s storage
properties, permeability the contrast in the flow proper-
ties of the reservoir, and the sandiness the distribution of
sandy bodies within the reservoir. These three parameters
indicate that the quality of the reservoir within this clastic
system is based upon the interrelation of the storage, flow,
and sand body properties. This pattern of heterogeneity is
especially important to consider within the context of clas-
tic reservoirs of the Balkan type.

Integrated interpretation of reservoir quality

and fluid-flow potential

The integrated interpretation of the predicted parameters
showed that reservoir quality within the analysed clastic
system was controlled by the combined effect of porosity,
permeability , sandiness index SI, and facies class F, rather
than by any single indicator taken in isolation. When con-
sidered together, these variables formed a differentiated
reservoir-quality pattern in which storage capacity, trans-
missibility, lithological prospectivity, and facies-controlled
heterogeneity interacted to produce zones with clearly un-
equal engineering potential. The resulting configuration
indicates that the studied reservoir space was internally
structured into intervals of high, moderate, and low qual-
ity, each associated with a distinct combination of petro-
physical and lithological characteristics. The integrated
ranking of reservoir zones, obtained from the normalised
predicted quality indicators according to Equations (12)
and (13), is shown in Figure 2.

100 86
80

60

H High-quality zone

H Intermediate-quality zone

40
20
0

Low-quality zone

Reservoir zone

Integrated quality index (0-100)

Figure 2. Integrated ranking of reservoir zones by predicted quality indicators
Source: compiled by the authors based on the integrated interpretation of predicted porosity, permeability, sandiness
index, and facies class derived from the Project Penobscot dataset, seismic interpretation support in OpendTect and

Petrel, data processing in Python 3.11
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As shown in Figure 2, the integrated ranking divides
the predicted reservoir space into three quality levels.
The highest quality of reservoir zones reaches the highest
integrated index of 86, the intermediate quality of res-
ervoir zones has an index of 64, while the lowest quality
of reservoir zones has the lowest integrated index of 38.
The difference between the highest and the lowest ranked
zones in terms of the integrated index is 48. The rank-
ing of the quality of reservoir zones within the clastic
reservoir system of the Balkan type shows that the pro-
spective zones have higher levels of porosity, permeabil-
ity, and sand-body development, while the lower ranked
zones have lower permeability, porosity, and sand-body
development. The integrated ranking of the quality of
reservoir zones within the clastic reservoir system of the
Balkan type is especially helpful in recognising the effect
of the four different variables on the prospectivity of the
reservoir zones. Permeability is the most discriminating
variable in determining the quality of the reservoir zones,
as indicated by the ranking results. The other variables
of porosity, sandiness, and facies have other important
contributions to the prospectivity of the zone. Porosity is
the most important parameter in determining the stor-
age capacity of the reservoir zones, while sandiness and
facies are important in recognising the development of
sandy bodies within the reservoir zones. The integration
of these four variables is important in converting the sep-
arate predicted variables of reservoir quality to a model
that can help to determine the probable behaviour of the
reservoir in relation to the movement of fluids through
the reservoir. Furthermore, the developed pattern is espe-
cially important in the evaluation of clastic reservoirs of
the Balkan type.

The quality of the reservoir zones within these for-
mations are often influenced by lithological variability,
variability in the development of sandy bodies within the
reservoir zones, and the heterogeneity of the sedimentary
facies within the reservoir (Babayeva et al., 2024). Thus, the
workflow developed for the recognition of these four vari-
ables is relevant to the evaluation of the petroleum reser-
voirs of Albania and the Balkans region in general, even if
the workflow is not applied to the specific data of Albania.
Additionally, because of the importance of each of these
four variables for the prediction of the quality of the reser-
voir zones within clastic reservoirs of the Balkan type, the
developed workflow is transferable to those same reservoir
systems, as well. Thus, the integrated ranking of the qual-
ity of reservoir zones within the clastic reservoir system of
the Balkan type indicates that the most prospective zones
for petroleum exploration and production will have high
levels of porosity (¢), permeability (k), sand-body develop-
ment (SI), and favourable facies, while the least prospective
zones will contain low levels of those same variables. Thus,
the machine learning and seismic attribute workflow de-
veloped for prediction of the quality of the reservoir zones
within clastic oil fields is analytically suitable for applica-
tion to those oil fields, including the Balkan-type oil fields,
including those within Albania.

Overall, the obtained results demonstrate that the
constructed multi-attribute seismic predictor space, com-
bined with machine learning methods, provides a con-
sistent and analytically reliable basis for reservoir quality
prediction in clastic oil systems. The results confirmed
that reservoir quality cannot be described by a single pa-
rameter, but emerges from the interaction of porosity,
permeability, sandiness index, and facies structure. The
models showed the highest predictive stability for the po-
rosity and sandiness index, while permeability proved to
be the most sensitive to heterogeneity within the reser-
voir rock. The classification of facies within the area also
helped to reveal information about the reservoir that was
not otherwise obtained from the prediction models. The
distribution of the predicted reservoir parameters helped
to reveal the different levels of heterogeneity existing
within the reservoir, as well as the differing stability of
reservoir properties like storage versus flow potential.
The differentiated zones within the reservoir have differ-
ent engineering potentials due to the reservoir character-
istics like permeability and sandy bodies. Such an analysis
helps to confirm the applicability of this workflow to these
types of reservoirs and its relevance to the Balkans-type
reservoirs specifically.

Discussion

Comparison of the obtained results with modern works
in the field of seismic interpretation made it possible to
more precisely outline their place in the current direction
of reservoir characterisation, where the combination of
multi-attribute analysis with machine learning algorithms
is gaining more and more importance. Such a comparison
revealed not only the commonality of methodological ap-
proaches, but also differences in which parameters of the
reservoir were reproduced most stably, how important the
role of facies control remained, and how the influence of
the internal heterogeneity of the environment was inter-
preted. In this context, it is advisable to consider the ob-
tained results sequentially, in the order of the involved
sources, comparing the nature of the established regulari-
ties with the conclusions of the conducted research.

An increase in the accuracy of estimation of petro-
physical properties in a lithologically variable environ-
ment was obtained in the work of ].O. Olutoki et al. (2024)
by combining geostatistical inversion with extreme gradi-
ent boosting. A similar pattern was found in the conducted
study, where XGBoost provided the best results for pre-
dicting porosity and sandiness index, which indicated the
high efficiency of this algorithm in the tasks of detecting
non-linear relationships between seismic attributes and
reservoir properties. An increase in interpretive reliabil-
ity under conditions of limited direct control was shown
in a study by N. Abd-Elfattah et al. (2025), where machine
learning algorithms were combined with the amplitude
versus offset class I workflow for hydrocarbon prospectiv-
ity assessment. The obtained results revealed a close logic,
since the multicomponent space of seismic predictors also
provided stable reproduction of reservoir characteristics
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even in the presence of a complex internal structure and
heterogeneous distribution of properties within the clastic
system. Improvement of identification of promising inter-
vals under conditions of structural and stratigraphic com-
plexity was achieved in the work of M. Reda et al. (2024) by
combining high-resolution seismic analysis and 3D mod-
elling. In the conducted research, a related effect was ob-
tained at the stage of integrated ranking of zones, when the
greatest informativeness was provided not by the isolated
interpretation of individual attributes, but by the com-
bined analysis of porosity, permeability, sandiness index
and facies structure. A more meaningful facies interpreta-
tion under the conditions of integration of mineralogical
and porosity information was demonstrated in the work of
P. Owusu et al. (2025), where machine learning was used
for seismofacies analysis. Such an approach was consist-
ent with the obtained results, as the facies classification
did not duplicate the prediction of continuous parameters,
but extended it by adding spatial context and clarifying the
internal organisation of the reservoir.

A reduction in predictor redundancy and an improve-
ment in the identification of sand bodies was established
in a study by T.F. Ren et al. (2025), where Light Gradient
Boosting Machine was combined with RFECV. The same
methodical advantage was observed in the conducted
study, since preliminary correlation screening and recur-
sive feature elimination made it possible to form a com-
pact and functionally disjoint set of attributes, on which
the sandiness index was predicted more stable than per-
meability. Increased sensitivity to fine sand bodies in com-
plex sedimentation conditions was obtained by J. Wang et
al. (2025) thanks to the combination of self-organising
map-optimisation of attribute space with seismic wave-
form inversion. The obtained results revealed a close trend,
since it was the combination of amplitude, frequency, ge-
ometric and inversion indicators that provided acceptable
sensitivity to lithological variability and internal heter-
ogeneity of clastic intervals. The need for an integrated
approach to reservoir characterisation was substantiated
by G. Murtaza et al. (2025), who combined petrophysical,
seismic and rock-physics analysis and showed the limi-
tation of relying on only one type of data. The obtained
results developed the same logic, since the quality of the
reservoir was interpreted not through a single parame-
ter, but through the interaction of porosity, permeability,
sandiness and facies belonging within a single analytical
scheme. The dependence of the reliability of seismofacies
on the consideration of the wider sedimentary context was
shown in the work of P.C. Kumar et al. (2026), where sub-
surface and outcrop data were integrated for the analysis
of complex sedimentation systems.

A similar trend was found in the conducted study,
where the interpretive value of the predicted parameters
increased when they were considered not in isolation, but
within the integral internal architecture of the clastic
system. An improvement in the prediction of lithofacies
and their spatial distribution in a deltaic reservoir was
demonstrated by S.M. Badr et al. (2026) by integrating
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machine learning with seismic attributes. This was con-
sistent with the obtained results, since it was the facies
classification that made it possible to move from a set of
individual predicted values to a spatially differentiated
model of the reservoir with different degrees of perspec-
tive. An increase in the geological relevance of the pre-
diction of reservoir properties was obtained in the work
of K. Ren et al. (2026) by optimising seismic attributes in
combination with spectral decomposition and automated
machine learning. A similar conclusion emerged from the
conducted study, where the best prognostic quality was
achieved not due to the maximum expansion of the de-
scriptor space, but due to the selection of features that
reflected different, but not duplicated aspects of litholo-
gy, heterogeneity and reservoir architecture. A significant
improvement in the prediction of sand bodies in com-
plex structural and sedimentary conditions was shown by
J. Liu et al. (2026), who combined multi-attribute seismic
analysis with machine learning under facies constraint.
The obtained results revealed the same pattern, as it
was the inclusion of the facies component together with
porosity, permeability and sandiness index that made it
possible to move from individual predictions to a holistic
model of reservoir quality with a clear separation of high,
medium and low potential zones.

Improved accuracy of porosity estimation in hetero-
geneous siliciclastic rocks was obtained by M. Hussain et
al. (2025) through the integration of conventional ap-
proaches, machine learning, and seismic inversion. A sim-
ilar tendency was observed in the conducted study, where
porosity proved to be the parameter with the highest pre-
dictive stability, while the combination of multi-attribute
analysis and machine learning algorithms produced the
best accuracy values specifically for this indicator. High
efficiency of machine learning for predicting lithological
and petrophysical parameters in hydrocarbon exploration
tasks was demonstrated by D. Arkadiusz et al. (2025) using
the Carpathian Foredeep case study. The obtained results
revealed a similar pattern, as they also indicated that ma-
chine learning was most effective when applied not to the
isolated prediction of a single variable, but to the simulta-
neous interpretation of several interrelated reservoir char-
acteristics. The integration of seismic attributes and Hjorth
parameters for seismic facies classification and total or-
ganic carbon prediction was implemented by R. Al Hasan et
al. (2025), who showed that the expansion of the descrip-
tor space increased interpretive sensitivity to the internal
heterogeneity of the medium. A comparable effect was ob-
tained in the conducted study, where a heterogeneous set
of amplitude, frequency, geometric, and inversion-derived
attributes made it possible to reproduce both continuous
reservoir parameters and facies structure within a single
analytical framework. The issue of training-data consisten-
cy and the need for its verification in the context of seismic
deep learning tasks was examined in detail by A. Pradhan
& T. Mukerji (2022). The authors showed that the quality
of the predictions of the deep learning models depended
on two factors: the validity of the training data and the
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absence of contradictions between the training data and
geological expectations. These findings correspond to the
study conducted herein, as the same analytical sample of
seismic data was formed only from data segments with
consistent time-depth relationships and signal quality, as
well as good seismic well log ties.

A new approach to seismic-attribute optimisation
based on forward modelling and machine learning was
proposed by W. Li et al. (2023), who found that targeted
feature selection improved the prediction quality of fluvial
reservoirs. A similar conclusion followed from the obtained
results, since the best predictive performance was achieved
not through mechanical expansion of the attribute space,
but through the selection of predictors representing dif-
ferent aspects of lithology, heterogeneity, and reservoir ar-
chitecture without functional duplication. Petroleum pros-
pect generation and evaluation based on machine learning
and seismic attributes were examined by M. Farfour et
al. (2025), who showed that data-driven analysis improved
the quality of prospect evaluation in offshore conditions.
The results obtained made it possible to not only rank the
determined zones according to their quality but also to cre-
ate a more comprehensive model of the reservoir based on
these parameters.

A similar approach to the identification of prospective
reservoirs and the risking of their exploration was pre-
sented by M. Farfour & D. Foster (2022). The authors used
machine learning algorithms to predict a series of seismic
attributes that made it possible to better explore the area
of interest. The same principle can be seen in the devel-
opment of a model that predicted lithology that provided
more information than each of the individual seismic at-
tributes alone. The use of machine learning to predict li-
thology based on well log data was performed by W. Jia et
al. (2026). In their study, the authors found that the use
of machine learning made it possible to stably reconstruct
the lithological features of the explored area based on the
inversion of the seismic data used to train the model. As
such, it is not surprising that the inverted component of
the model for reservoir quality was also essential to deter-
mine the lithology of the reservoir, mainly its porosity.

The capabilities of unsupervised machine learn-
ing combined with multi-attribute analysis for identify-
ing low-saturation gas reservoirs were demonstrated by
J. Chenin & H. Bedle (2022), who proved that even with-
out rigidly predefined training labels, a multidimensional
attribute space could reveal geologically meaningful pat-
terns. A comparable observation was obtained in the con-
ducted study, since facies differentiation and spatial zoning
of reservoir quality also confirmed that the multi-attribute
space contained sufficient information to reproduce the in-
ternal organisation of the clastic system.

The generalisation of the comparison with these
sources showed that the obtained results extended the
contemporary direction of integrated seismic interpreta-
tion oriented toward the combination of inversion, attrib-
ute optimisation, training-data quality control, and ma-
chine learning algorithms. At the same time, the conducted

study specified that, for clastic systems, the most stable
predictions were obtained for parameters more closely
related to storage properties and lithological structure,
whereas permeability remained the most sensitive to in-
ternal heterogeneity, segmentation, and the complexity of
reservoir architecture.

Conclusions

The study showed that machine learning methods provide
a viable and analytically sound basis for reservoir quali-
ty prediction in clastic oil fields. Reservoir quality could
not be reliably characterised by any single seismic attrib-
ute, since it was controlled by the combined influence of
storage capacity, flow potential, sand-body development,
and facies characteristics. At the same time, the multi-at-
tribute predictor space proved adequate for representing
the main parameters of reservoir quality. The efficacy of
various models was determined to be dependent upon the
physical nature of the parameter that was to be predict-
ed. The stability of the reservoir parameters was highest
for the prediction of porosity, with the XGBoost algorithm
achieving the highest R? value of 0.88, the lowest RMSE
of 024, and the lowest MAE of 0.018. The sandiness index
followed closely behind with an R? of 0.85, an RMSE of
0.054, and an MAE of 0.039. The permeability of the reser-
voir was the hardest to predict, with the best performing
model achieving only an R? of 0.76, an RMSE of 16.9, and
an MAE of 12.4. Finally, the classification of the reservoir
facies exhibited a relatively steady quality in its predic-
tions, with accuracies of 0.84, precision of 0.82, recall of
0.79, and an F1 score of 0.80.

Thus, the proposed methodology was applicable both
to continuous prediction of reservoir properties and to
facies classification. The predicted parameter distribu-
tion confirmed reservoir heterogeneity: porosity was the
most stable parameter, whereas permeability showed the
highest variability. The integrated assessment identified
high-, moderate-, and low-quality intervals with indices of
86, 64, and 38, respectively. The most promising intervals
were associated with higher porosity, higher permeabili-
ty, stronger sand-body development, and more favourable
facies characteristics. Future research in this area would
be directed towards testing the accuracy of this methodol-
ogy upon a dataset of reservoirs within Albania, collecting
additional attributes related to seismic reflection and in-
version analyses, increasing the accuracy in the prediction
of permeability within those reservoirs, and performing
uncertainty analyses regarding the quality predictions of
those reservoirs.
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AHanis ceMcMiYHUX aTPUBYTIB 3 BUKOPUCTAaHHSAM MeTOopA,iB
MALLUMHHOIo HaBYaHHSA A1 MPOrHO3yBaHHSA IKOCTiI KONTIEKTOpPIB
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AHoTauig. MeTtoo goCTimkeHHs 6yl0 OLiHMTM eheKTUBHICTb aHaisy CeiicMiYHMX aTPUOYTIB 3 BUKOPUCTAHHSIM
MeTOAiB MalIMHHOTO HaBUAHHS [JIs1 TIPOTHO3YBAHHSI SIKOCTi KOJMEKTOPIB Ha KIACTUYHUX Ta GanKaHChbKMUX HAPTOBUX
popoBuiax. Baminauiiine gocnigskeHHs 6y/10 TPOBeLeHO Ha OCHOBI 3arabHOOCTYITHMUX CeMICMIYHIMX JAaHUX Ta JAaHUX IIPO
KOJIEKTOPU B paMKax MpoekTy «Penobscot» njist HU3KM aTpUOYTiB y TPOCTOPi TPeSMUKTOPIB, & TAKOK JJIs1 YOTUPbOX 3MIHHUX
sikocTi KosekTopiB. XGBoost mokasaB Hajikpalili pe3yiabTaTy perpecii 11 Bcix 6e3mepepBHIX MapaMeTpiB, 3 HABUIIIO0
TOUHiCTIO A1 mopucrtocTi (R*=0,88, cepenHbokBampaTnuHa moxubka = 0,024, cepenns a6comoTHa moxnu6ka =0,018), 3a
SIKOIO CJTiyBaB iHmekc mimanocti (R*=0,85, cepenHbokBaapaTuHa moxmnbka=0,054, cepennst abcomorHa moxmoka=0,039),
TOZ1 SIK MPOHMKHICTD 3aIMIINUIIAcs HaliCKIagHIIMM JJ1s1 TporHo3yBaHHs napameTtpom (R2=0,76, cepegHbOKBaApaTU4HA
nmoxun6ka=16,9,cepenus abecomorHa moxmnoka=12,4). Knacudikarist aiiiii Takok mpogeMOHCTpyBaja cTabilbHi pe3ynbTaTu:
TouHicTb 0,84, npenusis 0,82, BinTBOptoBaHicTs 0,79 Ta F1-nokasHuk 0,8. Po3mois mporHo30BaHMX MapaMmeTpiB BUSIBUB
HEOMHOPIiIHY CHCTEMY KOJIEKTOPA, [Ie TTIOPUCTIiCThb Oyia HaiiCTabiIbHILIIMM ITapaMeTpPOM, iHIeKC MilaHOCTi JeEMOHCTPYBaB
CcepeHI0 MiHIMBICTh, @ TPOHMKHICTb — HalBUIIMIA KOHTpacT. KoMIiekcHa iHTepIpeTalisi IPOrHO30BaHMX MTOKa3HMKIB
JI03BOJIMJIA PO3AIINTH TJIACT HAa 30HU BMUCOKOI, CepeqHbOI Ta HU3bKOI SIKOCTI 3 iHgekcaMmu 86, 64 Ta 38 BinmoBigHo. OTke,
SIKICTh TIJIACTA B TepIIy Yyepry BM3HAYAEThCs (pakTopaMy, MOB’SI3aHMMM 3 MOTEHIia/IOM HAaKOMMYEeHHS Ta MPOTiKaHHS,
mimaHuMu TinamMu Ta darismu, MpoTe MeTOLM, JOTIOBHEH] TeXHOJMOTiSIMY MAIlMHHOTO HaBUYAHHS, MOXYTb e(eKTUBHO
IOTIOMOITM iH)KeHepaM-HadTOBMKAM Y CKIaJAHHI TOYHMX MPOTHO3iB IIOAO IVIACTIB y IIMX HEOZHOPIAHUX CUCTeMax.
ITpakTUyHa IiHHICTb JOCTiIKeHHSI IOMSITaE B MOKJIMBOCTI BUKOPUCTAHHSI PO3PO6IEHOTO aITOPUTMY [T epeKTMBHOTO
MIOIIYKY Ta BM3HAUYEHHS MPIOPUTETHOCTI AiMSTHOK BUIOOYTKY HadTM i rasy B pofoBuILax 3a JOMOMOTrOI0 MallMHHOTO
HaBYaHH$, 30KpeMa B Te0JIOTiYHO Ta CTPYKTYPHO CKIaJHMUX 0CaZ0BUX CUCTEMAX

Knrwo4voBi cnoBa: mopucricts; cepegHbOKBafipaTMyHa IOXMOKA; IPOHMKHICTh; IOTEHLia] IPOTIKAHHS; IHIEKC
MiIAHOCTi; 6aTKAHCHKUI TUTT
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Abstract. Downhole drilling, production, and servicing equipment is lowered, raised, and held in the well using the
drilling system, the primary working element of which is the drilling line. During long-term operation, drilling lines
undergo fretting corrosion damage, the mechanisms of action and development of which require additional research. The
purpose of this study was to analyse the degradation processes by evaluating the features of fretting wear and fretting
corrosion of wires, rods, and cores of drilling lines of lifting mechanisms of drilling rigs and their impact on the occurrence
and development of damage. The analysis of publications on the selected topic in the research cycle, problem statement,
collection of primary data on visual and non-destructive testing of lines from literature sources and examination data to
assess their technical condition and study the impact of fretting corrosion damage was carried out. The methodology of
research of drilling lines covered a complex of theoretical and practical approaches aimed at studying their characteristics,
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assessing their technical condition, predicting durability and ensuring operational safety. It was established considering
the relevance and practical necessity based on data from literature sources characterised by high citation, the requirements
of international standards for the study of line damage in conditions of corrosion and wear effects. Some features of the
abrasive effect of oxides on the condition of wires, rods, and cores of drilling lines were revealed. The residual stress-strain
state of conjugated surfaces in lines due to the kinematics features of multilayer line winding on the drum was analysed.
The analysis of external and internal fretting wear and fretting corrosion damage for drilling lines of lifting mechanisms
of the UPA-60x mobile drilling rig was carried out. The prerequisites for the occurrence of a critical condition of the
surfaces of drilling line elements due to fretting and corrosion damage were established. Considering the features and
potential hazards of damage and destruction of elements of drilling lines due to fretting corrosion phenomena, practical
recommendations for the use of lines with polymer-coated cores were given for further operation. The use of these lines in
the oil and gas industry will help to: prevent water and dust from entering the cores, reduce the friction forces of the rods
to the core and internal stresses, improve the stability of the line shape; absorb fluctuations in dynamic loads

Keywords: fretting wear; fretting corrosion; fatigue damage; drilling system; descent and lifting operations; friction

Introduction

Drilling and operation of new wells, and repair of existing
ones, is impossible without a large number of lifting oper-
ations and intensive operation of drilling systems. During
operation, the drilling lines of the hoisting mechanisms of
drilling rigs are damaged due to wear and corrosion. Op-
eration of drilling lines in an aggressive environment, in a
wide range of loads, amplitudes, and frequencies of forced
vibrations creates strict requirements for lines of drilling
systems. This is explained by the fact that drilling systems
are critical components of drilling, production, and well
servicing installations, and their reliability directly affects
both the safety of operating personnel and the technical
and economic performance of the equipment.

X. Chang et al. (2022) experimentally investigated the
degree of line wear as a function of the relative sliding
speed on pulleys, the temperature of lines and pulleys, the
level of vibration, and the nature of the load. It was found
that the temperature of the steel line increased in propor-
tion to the increase in the sliding speed, from approximate-
ly 52.7°C to 116.2°C. The maximum diametric value of wear
was lowest (approximately 1.5 mm) when the sliding speed
was 1.2 m/s. The line wear mechanisms were mainly adhe-
sive and abrasive, and surface wear changed the morpholo-
gy of steel line destruction and accelerated its destruction
rate. X. Chang et al. (2022), based on a tribological test unit,
investigated the amount of wear in the contact zone of the
drilling line and pulleys. The effect of surface wear on fa-
tigue life during bending of line samples was analysed. It
was found that the coefficient of friction decreases with
increasing sliding distance and reaches a minimum value
(approximately 0.52) when the contact load was 700 N.
The maximum temperature increase ranged from 50°C to
60°C when the contact load increased. The nature of line
wear was uneven, the maximum wear width increased from
1.94 mm to 2.45 mm with contact load.

Deterioration of the mechanical properties of a drilling
lines caused by different wear evolution was investigated by
L. Guerra-Fuentes et al. (2020). The change in the wear rate
of lines depending on the load was studied by X. Chang et
al. (2025). S. Senyk et al. (2025) investigated that line wear
leads to nonlinear degradation of tensile strength and

bending fatigue. C. Debeleac et al. (2020) found that when
the sliding distance between the cable and the pulley in-
creases, the breaking force decreases from about 48 kN to
23 kN, and the number of fatigue bends of the line before
disposal decreases from about 6,200 times to 200 times.
The study by A. Mohamed et al. (2019) proposed a hybrid
visual control method for detecting defects in drilling lines.
P. Zhou et al. (2020) developed special equipment for visual
inspection of lines. E. Kuhn et al. (2024) established a num-
ber of key empirical dependencies using such equipment.
M. Heldin et al. (2021) found that this method was based on
comparing and analysing the internal and external stresses
of the line layers. By combined strain gauges, H. Karasu et
al. (2024) established destructive stress levels and stages of
line damage. K. Huang et al. (2025) made generalisations
regarding the level of damage, destruction of wires and
rods, and subsequent disposal of a drilling line.

To ensure trouble-free operation of drilling lines,
methods based on increasing the safety margin and re-
ducing the intended life of the line were used. In addition,
the condition of the line must be constantly monitored,
including with the help of non-destructive testing tools
and methods. Therefore, a comprehensive analysis of the
processes of loading, wear, and degradation that occur in
the line will allow determining and scientifically substan-
tiating the influence of various external and internal fac-
tors on its durability. The very existence of such a scientif-
ic concept is of important national economic and strategic
importance for the domestic oil and gas industry. That is
why the purpose of this study was to carry out an addi-
tional analysis of the processes of corrosion degradation,
local wear of line elements, and their impact on the occur-
rence and development of damage. To achieve this goal,
this study used general scientific methods, such as analy-
sis, synthesis, comparison, abstraction and generalisation,
and a systematic approach. The study of the state of drill-
ing lines was carried out based on the analysis of fretting
corrosion damage and comparison of their degradation
parameters. The literature review, as the main method, in-
cluded the collection, critical evaluation, and analysis of
already published studies.
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The literature for this analysis was selected based
on criteria such as relevance and practical necessity. The
search was carried out in international scientific databases,
such as Scopus, Web of Science, Index Copernicus, and in
electronic libraries of universities and specialised oil and
gas publications. Keywords such as drilling lines, corrosion,
wear, damage, and combined queries that include these
terms together with the specification of operating condi-
tions in aggressive environments were used for selection.
Irrelevant papers were eliminated at the stage of initial re-
vision based on the results of checking the completeness of
the study, the method of analysis, and its correlation with
the topic. The selected sources were characterised by high
citation, compliance with the requirements of interna-
tional standards, and relevance for studying the damage of
lines under conditions of corrosion and wear effects.

Design features

and performance characteristics

Drilling lines are flexible elements of the hoisting system
that connect the travelling block with the crown block
and ensure the execution of hoisting and lowering oper-
ations during drilling and well operation (Kryzhanivskyi et
al.,2003; Borysevych et al., 2004; Kryzhanivskyi et al., 2007).
The drilling line is made of steel wire (crucible steel), which
is tied into strands of single, double, or triple weaving.
Lines are shifted from strands that are wound on the core,
which gives the line a round shape and flexibility (Fig. 1). In
the lines of drilling rigs, steel lines of round cross-section,
single-layer, 6-strand double twisting are used, the wires of
which are twisted into strands, and the strands into lines.
Drilling lines for operational and deep exploration drilling
are manufactured in three versions, which differ in the type
of cores used.

Figure 1. LK-DS type drilling lines with cores
Note: a - steel core; b — organic three-strand core; ¢ -
plastic core
Source: Ye. Kryzhanivskyi et al. (2007)

In lines with an organic core, lubrication is improved
due to the impregnation of the fibrous core with a lubri-
cant. Depending on the relative position of the wires in
the strands, lines with point and linear contact of the
wires are distinguished. Lines with a linear contact of
wires are more durable. Tests show that their operat-
ing time is 1.5-2 times higher than that of lines with a
point touch (Kryzhanivskyi et al., 2003; Kryzhanivskyi et
al., 2007). Drilling lines belonging to the LK-DS type differ
in that wires of different (D) and the same (S) diameters

are used in separate layers of the strand. Line wires are
made of steels (steel 50, 55, 60, 70) with heat treatment
and a tensile strength of 1,700-2,000 MPa. In the direc-
tion of twisting, drilling lines of the following designs are
made: cross right twist — Z; cross left twist — S. In the right
Z twisting, the strands are placed from left to right, and in
the left S — from right to left. Z-type lines are more com-
mon in operational drilling.

Drilling lines do not unwind, as they are made of
pre-deformed wires and strands. As a result of prelimi-
nary deformation, the wires and strands have geometric
shapes that correspond to their position in the finished
line. The endurance of such a line, all other things be-
ing equal, is 25-30% higher than that of a conventional
untwisted line. Line types: LK-DS-6x25+1-MO; LK-DS-
6x19+1-SC and LK-DS-6x37-OC, where 6 — number of
strands; 25, 19, 37 - number of wires in the strand; SC -
steel core; OC - organic core. When drilling wells, LK-DS
drilling lines with diameters of 25, 28, 32, 35, 38 mm are
mainly used. The tribological and fatigue characteristics
of the interaction of a curved steel rope and the groove
of the drum of an offshore drilling rig winch were studied
by S. O’Halloran et al. (2018) and Z. Wang et al. (2025).
Z.Ren et al. (2018) and C. Lu et al. (2022) experimentally
tested the effect of groove coverage angles, fatigue loads,
and fatigue cycles on the tribological properties of the
line (coefficient of friction, wear mechanism, volume loss,
wear rate, etc.). Research findings by H. Liu et al. (2018),
C. Wokem et al. (2018) showed that an increase in variable
load and fatigue cycles leads to more serious damage to
lines that are subject to bending fatigue, while an increase
in the wrapping angle somewhat mitigates the severity of
this grip damage.

The studies by Y. Shen et al. (2023), A. Lomakin (2024)
and T. Ta et al. (2024) are devoted to theoretical and experi-
mental approaches to the investigation of additional stress-
es that occur in steel rope elements when hitting blocks
and drums. The researchers conducted a critical analysis
and generalisation to determine additional stresses in the
elements of steel ropes. It was noted that the current prac-
tice of determining additional stresses that occur in the
line when it runs on a pulley or drum is far from the results
obtained experimentally. The analysis of experimental
approaches indicates the existence of various approaches
that require generalisation and further development and
implementation in the form of a comprehensive experi-
mental study. D. Zhang et al. (2021), B. Kubis et al. (2023)
and Y. Peng et al. (2024) conducted unique fatigue tests of
steel lines. The obtained findings and their interpretation
revealed several important aspects of assessing the stress-
strain state and wear of lines. As a result of the research,
the characteristics of line elongation were established,
showing three different periods (phases): a short initial pe-
riod with a sharp increase in elongation associated with the
winding of a new line, a long period with stable elongation,
and a final phase characterised by accelerated elongation
associated with rapidly progressive fatigue wear with the
occurrence of a large number of wire breaks.
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Features of wear and damage of drilling lines

During operation, drilling lines are subjected to stretching
and repeated kinks on the pulleys of the crown block, hoist
block, and drum winches, resulting in their fatigue destruc-
tion (Kryzhanivskyi et al., 2003; Kryzhanivskyi et al., 2007).
The outer wires of the line are subject to wear on the pulleys
and drum of the winch, so the process of their fatigue de-
struction is accelerated. Due to insufficient durability, the

consumption of drilling lines and the waiting time for the
drilling rig to replace worn lines increases, which negative-
ly affects the technical and economic performance of drill-
ing. The main reason for rejection or failure of drilling lines
is wear, which is caused by contact and friction interaction,
accompanied by corrosion processes (Fig. 2-3) (Transport
Department of PJSC “Ukrnafta”, 2023). During operation,
drilling lines are subjected to two main types of wear.

Figure 2. Appearance of the drilling line with signs of fretting damage
and destruction of the wires of the drilling line of the UPA-60X unit
Note: a, b — local wear due to abrasion on the supporting structure; ¢, d — typical wire breaks as a result of bending fatigue

Source: Transport Department of PJSC “Ukrnafta” (2023)

Figure 3. Appearance of the drilling line with signs of fretting
and corrosion damage and destruction of the wires of the drilling line of the UPA-60X unit
Note: a - local corrosion; b — continuous surface corrosion; ¢ — corrosion along the contact lines of strands; d — corrosion
cracking with wire breakage
Source: Transport Department of PJSC “Ukrnafta” (2023)

External wear is a type of wear in which the drill-
ing line comes into contact with external surfaces, such
as drums, pulleys, guide elements, or any other parts of
equipment with which it interacts. For drilling lines of
drilling rigs, external wear is determined by the operat-
ing conditions of lifting equipment and the specifics of
lifting operations. When the drill tool is lowered into the
well (lowering the loaded hoisting block), the drilling line
is unwound from the drum under load, and wound on the
drum without load (lifting the unloaded drilling line). In
this case, the non-stressed state in the line turns on the

drum changes to the stressed state in the leading branch.
In the process of lifting the drill tool from the well (lifting
the loaded drilling block), the drilling line is wound on the
drum under load, and unwound without load (lowering the
unloaded drilling block).

Internal wear is a type of wear in which wires and
strands come into contact with each other during oper-
ation. Actually, during the accelerated lifting of drilling
or operational equipment in the line, the strands located
on the outside of the line are most stretched. This is con-
ditioned by the fact that the outer strands are subjected
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to a greater load than the inner ones, which are under
less stress. When a line is bent, for example, around a
pulley, those strands that are on the outside of the curve
travel a longer path and experience more tension than
the strands located inside. The amount of internal wear
mainly depends on the amount of contact stresses in the
wires in contact with each other, the method of twisting
the wires and strands of the line, the amount of load, and
the method of lubrication. In turn, the contact stresses
in the wires that are in contact with each other depend
on the shape of the cross-section of the drilling line. The
drilling line loses its shape due to: non-compliance of the
rope diameter with the profile of the pulley gutters and
grooves on the drum; winding the line turns under the
load of the first layer on the drum with a smooth surface;
and multi-layer laying procedures. The latter causes com-
pressive stresses and contact stresses: in the wires and
turns of the lower layers in the zones of parallel laying
of twists; in the zones of transition of the twist to twist
and transition from one strand to another (Ivashko et
al., 2017; Chunming et al., 2022).

Thus, both external and internal wear occurs mainly
under the influence of variable tensile and bending loads.
Such loads occur, as a rule, when the system is loaded:
during drilling, during the period of increasing load in
the drilling system, during acceleration when lifting the
loaded hook, and during braking of the system when the
drilling line is lowered. The oscillatory process is most
pronounced during drilling, and during certain periods
of lifting operations. In addition, the vibrational nature
of the load occurs during the descent and ascent of the
drilling block due to the uneven winding of the line on
the drum, due to the specifics of the kinematics of mul-
ti-layer winding. As a rule, dynamic loads have a relative-
ly high frequency compared to a change in the frequency
of the main load (1-8 Hz) and a change in the amplitude
of vibrations (stresses) within a wide range. The nature
of dynamic loads in the elements of the drilling system
during lifting operations is in principle different from the
nature of vibrations that occur during drilling. In the first
case, the source of forced vibrations is the uneven wind-
ing of the line on the drum, that is, the uneven movement
of the leading branch. In this case, the maximum range
of dynamic forces occurs in the leading and stationary
branches, and the forces themselves in these branches
are in antiphase. In the middle branches, the dynamic
component of forces is minimal. In the second case, the
source of forced vibrations of the system is a drill bit with
a drill string, and these vibrations manifest themselves to
a greater extent in rotary and combined drilling methods.
Dynamic loads during this period in all branches of the
drilling system are approximately the same and are in the
same phase.

Therefore, the accumulation of both external and in-
ternal wear of drilling lines and the accompanying damage
can be identified as fretting processes. Fretting (fretting fa-
tigue) is the process of accumulation of damage and wear
of materials of surfaces that come into contact and carry

out vibrational relative movements with a small amplitude
under the action of cyclic loading, which causes variable
deformations of surface layers, setting and separation of
particles, the appearance of oxides, accelerated crack ap-
pearance, their development, and destruction of the unit.
Fretting wear and corrosion damage occurs in many detach-
able and all-in-one joints of mechanisms, machines, and
structures (Ventsel et al., 2007; Zakalov & Zakalov, 2011).
The latter include rivet, thread, spline, key and pin con-
nections, tight fit parts, steel ropes, hinges, couplings, leaf
springs, valves, electrical contact regulators, cam mecha-
nisms, gears, rolling bearings, gas turbine engine parts, etc.

Special attention is paid to fretting processes in drilling
lines - flexible links of lifting mechanisms of drilling rigs,
which are subjected to stretching and alternating bending
during descent and lifting operations (Kryzhanivskyi et
al., 2003; Borysevych et al., 2004; Kryzhanivskyi et
al., 2007). The branches of the drilling line go around the
pulleys of the crown block and drilling block, which are
components of the hoist system - the heavy-bearing part
of the drilling rig. Consideration of the features of fretting
corrosion damage is important both for assessing the ten-
sion forces in drilling lines and for predicting their dura-
bility. Surface damage due to wear during fretting serves
as stress concentrators and reduces the endurance limit of
the line material. V. Ivashchenko et al. (2017) characterised
the wear process of wire line material: inside the line and
out. A quantitative assessment of the influence of dynamic
loads on the accumulation of fatigue factors is given, based
on the line fatigue curve. Analytical dependences of the in-
fluence of design and operating parameters of drilling sys-
tems and their characteristics that affect the failure of the
drilling line are presented.

Based on the results of experimental studies, it was
found that for such a process, it is sufficient to move sur-
faces with an amplitude of 0.025 mm (1-2). As a result of
the destruction of wire surfaces, miniature scratches, small
point workings, and small grooves appear. Fretting cor-
rosion is a local corrosion destruction that occurs during
the cyclic mutual movement of two contacting surfaces
and the action of a corrosive medium. It occurs due to the
continuous destruction of the protective oxide film at the
points of mobile contact of wire and rope strands. The re-
sult of physico-chemical interaction of drilling lines with
the environment are: continuous (flowing over the entire
surface of the metal) and local (localised on certain areas
of the surface) corrosion; filamentous corrosion (flowing
along the contact line of neighbouring wires); and corro-
sion cracking (occurring under the simultaneous influence
of a corrosive medium and tensile residual or applied me-
chanical stresses). Fretting corrosion is caused not only by
carbon steels, but also by corrosion-resistant steels.

Studies by L. Oleksiieva et al. (2022) showed that in-
creased contact load leads to smoother wear of the line
surface, while fatigue corrosion wear itself is mainly abra-
sive and adhesive in nature. In addition, surface wear leads
to a decrease in the resistance of the lines to bending fa-
tigue, and the deterioration of bending fatigue is more
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serious under a larger sliding contact load. I. Dmytrakh et
al. (2003), H. Mouradi et al. (2018) and Xu. Chunming et
al. (2022) investigated the fretting wear of steel ropes un-
der the action of tensile and torsional forces. The research
findings showed that the law of change in the coefficient
of friction between steel wires of a line is proportional to
the angle of intersection by the axis of the line of the axis
of symmetry of the pulley. By investigating the hysteresis
loop, it was found that the main mechanisms of wear of
steel wires are fatigue and adhesive wear, and the worn sur-
face of steel wires shows more obvious abrasive wear with a
decrease in the angle of intersection of the line axis of the
pulley symmetry axis.

Influence of operational factors

on the intensity of fretting corrosion

The wear rate increases when drilling lines operate in ag-
gressive environments, in particular, in aqueous solutions
of mineral acids, alkaline solutions, and hydroxides. In this
case, accelerated wear of the contacting surfaces of wires
or line strands occurs due to fretting corrosion. On the
surfaces of the contacting parts, protective oxide films are
destroyed, and pure metal is exposed. Metal particles are
separated (as in fretting), which are then oxidised (Fig. 4).
Therefore, the products of wear during fretting corrosion
are usually oxides. In the absence of lubrication with fret-
ting corrosion products, the following oxides are mainly
used: Fe,0,, FeO, Fe,0,. Oxides cause an abrasive effect that
depends on the hardness of the oxides and the size of their
particles in the wear products. According to the results
of surveys (12), such indicated injuries are both local and
large-scale in nature.

= [

< — a
< C < d
Figure 4. Mechanism of fretting wear
of wire surfaces and simultaneous abrasive action
of the results of their corrosion
Note: a - local contact of surfaces without corrosion;
b - contact with spot corrosion; ¢ — abrasive friction with
corrosion elements; d — propagation of corrosion elements

Source: created by the authors based on O. Zakalov &
0. Zakalov (2011)

< — b

According to Ye. Ventsel et al. (2007) and O. Zakalov
& 0. Zakalov (2011), the relative sliding rate of contact-
ing surfaces during fretting corrosion is low. For harmonic
vibrations with a frequency of 50 Hz and an amplitude of

0.025 mm, the average speed is 2.5 mm/s, and the maximum
speedis 7.5 mmy/s. If the oscillation amplitude is large (about
2.5 mm), the surface of damage caused by fretting corro-
sion will also be larger, and the rubbing surfaces will have
both linear and volumetric defects (Fig. 5). Thus, the main
criterion for the development of fretting corrosion damage
should be considered the specified amplitude and speed of
relative sliding motion of the contacting surfaces. Electro-
chemical processes of interaction of the contacting surfac-
es of lines with the environment, and the mechanical com-
ponent (deformation process) are influential indicators of
the intensity of development of fretting corrosion damage.

77277

Figure 5. Diagram of wear and destruction
of contacting surfaces during fretting corrosion
Note: 1, 2 - contacting surfaces; 3 — points of contact of
surfaces; 4 — small caverns; 5 — general large cavern; 6 —
cracks; 7 — volumes of broken metal; 8 — particles with a
solid structure that have broken off
Source: O. Zakalov & O. Zakalov (2011)

With an increase in the speed of relative slipping of
surfaces, the amplitude and frequency of their vibrations,
and the level of load, the intensity of fretting corrosion
destruction of these surfaces increases. With an increase
in the relative sliding rates, metal oxides prevent the set-
ting of rubbing surfaces, and the surfaces themselves have
a low roughness. During the fretting corrosion destruction
of surfaces, the following occurs. The crystal lattices of the
surface layers of metal gradually loosen and collapse due to
the action of friction forces during cyclic tangential shifts.
There is a separation of metal particles, their mechanical
grinding together with oxides into small particles without
removing wear products. Detached metal particles, and
places and areas of short-term setting of rubbing surfac-
es, undergo rapid oxidation. The chains of atoms captured
during sliding are distorted and then broken, which causes
individual atoms to separate from the crystal lattices and
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can further provoke the development of fatigue cracks. The
rate of accumulation of wear products between steel sur-
faces and the development of new oxide films will depend
on the physical and chemical properties of the materials
and the newly formed chemical compounds. The accumu-
lation of wear products and metal oxides in closed volumes
leads to a local increase in pressure and point destruction
of the metal in the form of pits — the so-called pitting. As
practice shows, the hardness of metal oxides is greater than
the hardness of pure rope metal, which explains their abra-
sive effect on the contacting surfaces of the wires them-
selves. The amount of abrasive action of oxides on the con-
tacting surfaces depends on the hardness of oxides, the size
of their particles in the wear products, and the adhesion
forces of oxide films to the base metal.

From the very beginning, the contact of the rope wires
occurs at separate points of the contacting surfaces (I)
(Fig. 5). In the presence of vibration in the actual contact
zone, the oxide films are destroyed, in place of which small
cavities are formed, filled with oxide films (II). The latter,
further increasing in size, merge into one large cavern (III),
in which, due to an increase in the volume of oxides, pres-
sure increases and small cracks form. In the future, small
cracks can merge into larger ones, which causes chipping
and large volumes of metal. In the chipped parts of the
metal, due to the action of increased pressure, friction
forces and increased temperature, new solid structures are
formed. According to research by the Transport Department
of PJSC “Ukrnafta” (2023), the intensity of fretting wear on
surfaces in dry air is significantly higher than in wet air. In
fretting corrosion, the wear rate in the presence of a liquid
medium is much lower. Thus, in a liquid solution of sodi-
um hydroxide, the weight of material lost due to friction
is several times less than in air under normal atmospheric
conditions. It is impossible to fully prevent and eliminate
the manifestations of fretting corrosion. Assuming that it
is impossible to get rid of the mutual micro-placement of
wire surfaces in the rope, then it is possible to reduce the
impact of fretting corrosion on the material by: reducing
the friction force; reducing micro-placements; concentrat-
ing sliding in an intermediate medium.

Reducing the impact of fretting corrosion
and design solutions to increase
the durability of lines

The most effective method of combating this type of line
destruction is the transfer of micro slip to the interme-
diate medium (Chunming et al., 2022; Lomakin, 2024).
Such a medium can be lubricants, special wire coatings,
or polymer isotropic inserts. In fretting conditions, when
the lubricant film does not renew during operation and
quickly collapses, conventional viscous lubricants do not
affect the coefficient of friction. The use of solid lubricants
also does not give the desired results, although the fric-
tion force will decrease, the main purpose of coatings is to
transfer the displacement process inside the coating, but
the process of fretting destruction that has begun quickly
turns into the base metal. The effectiveness of all coatings

is determined by the service life, since sooner or later they
are triggered.

Given that fretting is a process that determines the
rate at which a line deteriorates, it is advisable to use lines
with special rubber inserts that prevent the wires from
rubbing against one another. In this case, a rational and
effective measure is the use of lines, the core of which is
coated with polymer (Wang et al., 2018; Stalkanat, 2024).
Steel ropes with a polymer-coated steel core consist of a
layer of steels twisted around the metal core, on which a
shell of polymer material is applied by extrusion. Plastic
aggregate significantly reduces possible sliding between
different elements and prevents changes in the geometric
dimensions of lines (Fig. 6).

outer layers

steel core

polymer coating

Figure 6. Steel rope with polymer coated steel core
Source: Stalkanat (2024)

The application of a polymer shell allows creating a
mechanical connection that fixes the position of the cor-
responding elements of the steel wire rope, while simul-
taneously ensuring their necessary displacement; reducing
internal corrosion caused by pollutants, which is achieved
due to the increased tightness of the rope; and filling the
free space between the outer rods and the core to prevent
wear. The stabilising effect of the plastic-polymer coating
is particularly evident when the rope is exposed to trans-
verse pressure, torsion caused by a wide lateral deflection
angle on pulleys or winches, and/or shock loads. The ad-
vantages of using polymer core coated ropes are as follows:
preventing internal breaks; sealing grease in the rope; pre-
venting water, dust, etc., from entering; reducing internal
stresses; improving the stability of the line shape; absorb-
ing dynamic load and partial damping. Adapted steel ropes
can also be used based on the use of polymer shells.

The essence of this solution is to design and manu-
facture a lifting line in advance with geometric parame-
ters as close as possible to those parameters that the line
acquires in vertical hanging due to gravitational torsion
(Patent No. 85078, 2008). Gravitational torsion of a rope
is understood as the phenomenon of rotation, or tendency
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to rotation, which occurs in steel ropes under the action
of a load (its own weight or suspended load), especially in
those that have a one-way twist. This technique, developed
under the supervision of Professor V.A. Malinovsky, is used
in the manufacture of steel ropes that have already been
tested in aggressive mine workings. The proposed design
reduces the gravitational torsion of the line in the barrel
and leads to a more uniform distribution of stresses be-
tween the wires in the line rods, which helps to increase
fatigue strength, reduce the impact of fretting damage and
service life.

Conclusions
As a result of the inspection and analysis, certain features
of fretting wear and fretting corrosion of wires and strands
of hoisting ropes of lifting mechanisms of drilling rigs, and
their influence on the occurrence and development of dam-
age and destruction, were revealed. In particular: a critical
analysis of the phases of fretting corrosion processes that
occur during the operation of hoisting ropes, and mecha-
nisms of wear and damage of hoisting ropes in operational
conditions was carried out; the search for opportunities to
reduce the impact of fretting corrosion damage in hoisting
ropes was carried out. It was established that the key fac-
tors of fretting corrosion wear of hoisting ropes were corro-
sion of the surface layers of wire and abrasive movement of
corrosion products between the surfaces of wire and steel,
and the main criterion for the development of fretting cor-
rosion damage should be considered the amplitude and
speed of relative sliding motion of the contacting surfaces.
Repeated kinks of the rope on the pulleys of the drill-
ing block, crown block, and winch drum during descent and
lifting operations create cycles of alternating stresses that
lead to metal fatigue and, as a result, to wear and possi-
ble wire breakage. Dynamic loads, acceleration and brak-
ing, and changes in the weight of the drill string (during
descent, ascent, drilling) create significant stresses that
directly affect the intensity of wear. An incorrect angle of
convergence of the rope between the winch drum and the
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friction between wires and strands, and external friction
on pulleys and drums, and protects against corrosion. Ex-
posure to moisture, aggressive chemicals, namely aqueous
solutions of mineral acids, alkaline solutions, hydroxides,
and dustiness of the working environment leads to corro-
sion wear, which significantly reduces the strength of the
line and accelerates its destruction. The increased speed
of lifting operations increases dynamic loads and friction
intensity, which accelerates wear. Considering the fea-
tures and potential hazards of damage and destruction of
elements of hoisting ropes due to fretting corrosion phe-
nomena, it is proposed to use ropes with a polymer core
coating for further operation. The use of these lines will
help to: prevent the ingress of water and dust; reduce in-
ternal stresses; improve the stability of the line shape;
absorb fluctuations in dynamic loads. Theoretical and ex-
perimental studies of the magnitude and speed of fretting
corrosion wear, and the durability and residual life of drill-
ing lines, depending on the amplitude frequency and phase
frequency characteristics of vibrations and the dynamism
coefficient of the drilling system are considered promising
in this area.
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AHoTauig. MubuHHe 6ypoBe, eKcrulyaTallijiHe Ta peMOHTHe 06/1afIHAHHSI CITYCKAEThCS, MiIiIMAaeThCs Ta YTPUMYETHCS
y CBepIJIOBMHI 3a JOMOMOrOI0 TajeBOi CUCTeMM, OCHOBHMM BMKOHABUMM eJleMeHTOM SIKOi € TajeBuit KaHaT. B
npolieci TpuBasoi ekcIulyaTalii TajgeBi KaHaTU 3a3HAIOTh (PPeTUHI-KOPO3iliHMX MOLIKOIKeHb, MexaHi3MM BIUIMBY Ta
PO3BUTKY SIKMX BMMAraloTh JOJATKOBMUX HOCTiIKeHb. MeTOI0 JaHoi cTaTTi 6ya0 IMpoaHaiisyBaTy Mpoiiecy Aerpagaiiii
IIJITXOM OIIIHKM 0COGIMBOCTE i (DPETUMHT-3HOUIYBAHHS Ta (PETUMHT-KOPO3ii APOTUH, CTAJOK Ta OCEpAb TaJleBUX
KaHATiB BaHTAXKOMiAMOMHMUX MeXaHi3MiB 6YPOBMX YCTAHOBOK Ta iX BIUIMB Ha BUHMKHEHHS TA PO3BUTOK IOIIKO/KEHb.
[TpoBemeHO aHaTi3 My6IiKalliii 3a 06pPaHOI0 TEMATUKOIO B IMKIIi JOCTiIKeHb, ITOCTAHOBKY ITPO6IeMu, 36ip MepBUHHUX
IaHMX Bi3yaJbHOTO Ta HEPYIHIBHOTO KOHTPOJIIO KaHATIB i3 JiTepaTypHuUX IKepest i JaHuX eKCIIepTU3M OJIsT OIiHKM iX
TEXHIYHOI'O CTaHy Ta BUBUEHHS BIUINBY (QPETUHT-KOPO3iifHMX ITOIIKO/IKEHb. MeTOI0JIOTis JOC/iIKeHb TaJIeBUX KaHATiB
OXOTUIIOE KOMIUIEKC TEOPETUYHMX Ta MPAKTUUYHUX MigXOMiB, CIPSIMOBAHMX Ha BUBUEHHS IXHiX XapaKTEPUCTUK, OLiHKY
TEXHIYHOTO CTaHy, NPOTHO3YBAHHS JOBIrOBiUHOCTI Ta 3abe3reueHHs 6Gesneku ekciuryarailii. BoHa chopmoBaHa 3
BpaxyBaHHSM aKTyaJbHOCTI Ta MPAKTUYHOI HEOOXiHOCTI Ha OCHOBI JAHUX JIiITePaTyPHUX IKepeJl, 0 XapaKTepU3yI0ThCs
BMCOKOIO I[MTOBAHICTIO, BUMOraM MiKHapOIHMUX CTAHZAPTIB LI0J0 JOCTIIKeHHS MOMKOIKYBAHOCTI KaHATIB B YMOBax
KOPO3iifHOTO Ta 3HOIIYBaIbHOIO BIUIMBY. BUsIBIIEHO OKpeMi 0COGIMBOCTI aGpa3uBHOTO BIUIMBY OKCU/IiB HA CTaH APOTHH,
CTAJIOK Ta OCepAb TajieBuUX KaHaTiB. [IpoaHasi30BaHO 3aJUIIKOBMII HamNpPyXeHO-IedOPMOBaHUI CTaH CIPSIKEHUX
TTOBEPXOHb Y KaHaTaX, 06YMOBJIEHMIT 0COGIMBOCTIMM KiHeMaTKKy 6araTolapoBOro HaMOTyBaHHsI KaHATIB Ha 6apabaH.
ITpoBemeHO aHasi3 30BHIIIHBOTO Ta BHYTPIIIHBOTO (DPETUHT-3HOIIYBAaHHSI Ta (PETUHT-KOPO3ii IMOIMIKOMKEeHb IJIst
TaJeBMX KaHATiB BAHTAKOIMIJOMHMX MeXaHi3MiB MO6GiIbHOT 6ypoBOi ycTaHOBKM YITA-60X. BCcTaHOBIEHO TIepeIyMOBU
BUHMKHEHHS KDUTUYHOTO CTaHy ITOBEPXOHb eJIEMEHTIB TaJleBMX KaHAaTiB BHACTIIOK GPeTUHT-KOPO3iiiHMX MOIIKO/KEeHb.
3 ypaxyBaHHSIM OCOGIMBOCTEl Ta MOTEHIIiIIHUX He6e3IeK MOIIKOMAKEHHS Ta PYHYBAaHHS €JIeMEHTIB TaJIeBUX KAaHATIB
BHAUIIZOK (PeTMHr-KOpPO3ifiHUX SIBUIN [IJIs1 TOJA/bINOi eKCIUTyaTallii HaJaHO IPaKTUMYHI pekoMeHAallii om0
3aCTOCOBYBAHHSI KaHATIiB 3 OCEPASMMU MOKPUTUMMU TONIMEPOM. 3aCTOCYBAaHHS 3a3HAueHMX KaHATIB y HadTorasosiii
ragysi gacTb MOKJIMBICTh: 3aMOBIirTy MOMagaHHIO BOOU, MY HAa OCeP/s, SMEHIIUTH CYJIM TePTSI CTAJIOK 0 OCepms Ta
BHYTDILITHi HATIPY>KEHHS, TIOKPALIUTK CTabiNbHICTh GOPMY KaHaTa; MOMIMHATY KOTMBAaHHS JMHAMIYHMX HAaBaHTasKeHb

Knro4oBi cnoBa: dhpernur-sHonryBanHs ; ppeTMHI-KOPO3ist; BTOMHE TONIKOIKEHHST; Ta/IeBa CUCTEMA ; CITyCKO-TTiIioMHi
orepaiiii; TepTs
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Abstract. The purpose of the study was to establish how doping with various X elements affects the microstructural
evolution of Ti-based MAX-phase alloys and how these changes affect hardness, thermophysical and tribological
properties. The methodology provided for obtaining the base and doped series of Ti-Al-C alloys and their study by
X-ray phase analysis, scanning electron microscopy, energy dispersion analysis, digital morphometry, microindentation,
resonance determination of elastic modulus, dilatometry, thermogravimetric analysis, tribological tests, and statistical
data processing. As a result, it was found that the base series retains the dominance of TizAlC, at 87% and is characterised
by the most ordered lamellar microstructure with an average grain size of 8.3 pm. Iron doping reduces the proportion of
Ti,AlC, to 62%, increases the TiC content to 28%, and is accompanied by the appearance of FezAl, grain grinding to 5.7
um, violation of the lamellar architecture, and the development of a heterogeneous carbide-intermetallic ensemble. This
provides a maximum microhardness of 5.1 GPa, but simultaneously leads to a decrease in the elastic modulus to 191 GPa,
density to 4.17 g/cm?, electrical conductivity to 2.1 x 10* S/m, an increase in the coefficient of linear thermal expansion
to 9.7 x10-6 1/°C, mass loss according to the results of thermogravimetric analysis to 8.6%, and the worst tribological
indicators. Silicon doping preserves TizAlC, at 74%, is accompanied by the formation of Ti’Si,, supports a more ordered
intergranular organisation with an average grain size of 6.9 pm and forms the most balanced complex of properties:
microhardness 4.2 GPa, modulus of elasticity 214 GPa, density 4.44 g/cm?, electrical conductivity 3.2 x 10* S/m, coefficient
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of linear thermal expansion 7.5 x 10 1/°C, mass loss according to the results of thermogravimetric analysis — 3.4%, mass
loss at friction — 3.4%, wear — 0.28 C.U., and the coefficient of friction — 0.47. The practical significance of the results lies
in the possibility of their use in the development and selection of wear-resistant Ti-based MAX materials and coatings

for drilling and oil and gas production equipment

Keywords: carbide development; tribological behaviour; grain size; modulus of elasticity; thermal conductivity;

hardness

Introduction

Ti-based MAX-phases-layered carbides or carbonitrides of
transition metals with the general formula M,.,AX,, doped
with X-elements, attract increasing attention in materials
science and engineering as a class of materials in which the
layered crystal structure is combined with high chemical
and thermal stability, satisfactory mechanical character-
istics, and the ability to work under difficult contact load
conditions. Interest in such systems increases in those ap-
plications where the material must simultaneously with-
stand abrasive effects, friction heating, cyclic stress chang-
es, and long-term operation in an aggressive environment.
These conditions include the processes of drilling and ex-
traction of hydrocarbons, in which the durability of struc-
tural elements and coatings is determined not by a separate
parameter, but by a set of interrelated characteristics. In
this mode of operation, the analysis covers the stability of
lamellar morphology, the state of grain boundaries, the dis-
tribution of secondary phases, hardness, thermal conduc-
tivity, and the nature of wear under external loads. There-
fore, doping with X elements should not be considered as
a local compositional change, but as a factor capable of
rearranging the phase equilibrium, microstructural organ-
isation, and functional behaviour of Ti-based MAX phases.

An important foundation for this understanding was
laid by N.N. Aghajanyan et al. (2023), who investigated
the self-propagating high-temperature synthesis of MAX
phases in the Ti-Zr-Al-C system. The paper showed that
variations in the composition of the initial mixture and
synthesis conditions directly affect the phase composition,
lattice parameters, and microstructure features, and there-
fore, composite control is one of the basic mechanisms
for controlling structure formation. Further disclosure
of this approach was contained in the paper by G.N. Mu-
radyan (2023), where Ti-Al-C-based MAX phases were
considered in the framework of synthesis in the hydride
cycle. The study clearly linked the phase state of the ma-
terial with the conditions of development and the course
of reaction processes, which is why the technological route
was not a background circumstance, but an active factor
in the development of the final structure. A broader gen-
eralising view was suggested by S. Aydinyan (2023), who
analysed the synthesis of MAX phases by combustion and
emphasised that the microstructure and properties of such
materials are determined by the production method itself.
As a result, the lamellar organisation, the level of defects,
and the presence of side phases appear as a natural result
of a particular technological scheme, and not as random
accompanying phenomena. A significant contribution to
understanding the role of substitution in Ti-based MAX

systems was made by M. Berrabah et al. (2025), who synthe-
sised and characterised a new solid solution . Combining
microstructural analysis with the study of transport prop-
erties showed that NB doping affects not only phase stabil-
ity, but also functional parameters of the material.

A similar content vector result was obtained by
M. Shahbaz et al. (2024) during the study of chromium-al-
uminium carbide MAX phases. The paper confirmed that
a change in the chemical composition can lead to the de-
velopment of structurally different MAX-like phases, so
the choice of a doping element takes on the significance
of a directional phase design tool. The functional meas-
urement of TI-containing carbide systems was further re-
vealed in the paper by B. Liu et al. (2026), where the Ti-C
composite interlayer formed in situ was associated with
increased corrosion resistance and electrical conductivi-
ty. This formulation of the question shifted attention to
the role of microstructural architecture in the organisa-
tion of conducting pathways and once again emphasised
that transport characteristics in multiphase Ti-based sys-
tems are structurally determined. A direct approach to
tribological problems was traced in the study by H. Wu et
al. (2025), devoted to the effect of Nb content on the prop-
erties of laser-deposited Ti-Al-CMAX-phase composite
coatings. The results showed that the change in the dop-
ing component is accompanied by a simultaneous rear-
rangement of the phase ensemble, microstructure, and
friction behaviour, and this indicates a complex nature of
wear resistance development. This line was supported by
Y. Lu et al. (2024), who investigated CoNi coatings rein-
forced with Ti,AlC and Ti;AIC,, using analyses of nano-
structure, tribological properties, and density functional
theory calculations. The study showed that the presence
of the MAX-phase component is associated with an im-
provement in the tribological response, while interfacial
interaction and the nature of structural organisation af-
fect the mechanisms of wear. The influence of technologi-
cal parameters on the development of the durability of Ti-
Al-C systems was traced in detail by H. Hong et al. (2025).
The researchers proved that the powder composition and
processing parameters significantly change the micro-
structure and tribological behaviour of coatings, there-
fore, wear resistance was formed as a result of the joint
action of the composition and technology. A related as-
pect of functional tribological optimisation was present-
ed in the study by X. Gui et al. (2025) on Cu-Ti,AlC coat-
ings. The paper showed that the High-Velocity Oxy-Fuel
spraying parameters affect the wear mechanisms and ef-
ficiency of the MAX-phase component, which once again
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emphasises the multi-factor nature of the behaviour of
MAX-phase systems in friction mode.

The totality of these studies has shown that ideas
about phase formation, microstructural development,
transport characteristics, and tribological behaviour of
Ti-based MAX systems have already acquired sufficient
depth, but these lines of analysis are mostly deployed not
in a single research field, but in partially separate areas.
As a result, the complete scheme of interpretation of Ti-
Al-X MAX phases, within which microstructural evolution,
hardness, thermal conductivity and wear resistance would
be considered as interrelated consequences of doping with
various X elements, remains insufficiently developed. In
many studies, the phase composition and features of syn-
thesis are described without a sufficiently detailed tribo-
logical interpretation, whereas in studies focused on wear,
the behaviour of the material is not always associated with
the evolution of lamellar morphology, the state of grain
boundaries, and the redistribution of secondary phases.
This is what makes it necessary to study where the effect
of X elements in Ti-based MAX phases will be analysed
through the relationship between structure, hardness, and
wear resistance under conditions typical of drilling and hy-
drocarbon production. The purpose of the study was to es-
tablish the features of the influence of various X-elements
on the microstructural evolution of Ti-based MAX-phase
alloys and related changes in hardness, thermophysical,
and tribological properties.

Materials and Methods
The study was conducted during 2025 at the Basic Re-
search Laboratory of Materials Science and Metallurgy at
the National Polytechnic University of Armenia (Yerevan).
It was of a comparative nature and covered three series
of Ti-based MAX alloys in the Ti-Al-C system: base with-
out doping, Fe-doped and Si-doped. This design allowed
comparing the effect of the type of doping element on the
phase composition, microstructure, mechanical, thermo-
physical and tribological characteristics of the material
under the same synthesis conditions. Dispersed powders
of titanium (Ti, 99.5%, <45 pm, Alfa Aesar, USA), alumin-
ium (Al, 99.9%, <50 pm, Sigma-Aldrich, Germany), carbon
in the form of graphite (99.9%, <20 ym, Merck, Germany),
and powder doping additives Fe and Si of high purity (Alfa
Aesar, USA) were used as starting components. At the stage
of model study of compositions, Fe and Si were consid-
ered as X-elements, which differ in the nature of interac-
tion with the Ti-Al-C matrix, the ability to form secondary
phases, and the effect on the stability of the lamellar struc-
ture. The base series without doping was used as a refer-
ence, and the doped series was formed under comparable
synthesis conditions, which helped to correctly link the
detected differences with the action of the doping factor.
Before mixing, the powder components were dried at
100°C for 24 hours. The charge was prepared in a Retsch
PM100 planetary ball mill (Germany) at 300 rpm for 6
hours in an argon atmosphere using steel balls with a
mass ratio of balls to powder of 10:1. This regime ensured
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sufficient uniformity in the distribution of components
and reduced the risk of local segregation. After mixing,
the powder compositions were compacted by cold isostatic
pressing into cylindrical samples with a diameter of 20 mm
at a pressure of 200 MPa on an AIP KIP-100 installation
(Japan). Further development of the dense structure and
the course of phase formation were provided by vacuum
sintering in the Carbolite Gero STF 15/610 (UK) furnace at
a temperature of 1,350°C with an exposure time of 2 hours
and a heating rate of 10°C/min, after which the furnace
was cooled to room temperature. To obtain representative
results, three series of samples were prepared that differed
in the type of doping element: basic without doping, Fe-
doped and Si-doped, under the same pressing and sinter-
ing conditions. The phase composition of the synthesised
materials was determined by X-ray diffraction on a Bruker
D8 Advance diffractometer (Germany) using CuKa- radi-
ation (A=1.5406 A) in the range 26 from 20° to 80°, with
a step of 0.02° and an accumulation time of 1 s per point.
Phase identification was performed using a PDF-4+ data-
base, and primary diffraction processing, reflex compari-
son, and phase composition refinement were performed in
HighScore Plus. This approach allowed recording the main
MAX phase, carbide and intermetallic components, and
to assess trends towards stabilisation or destabilisation
of the layered structure depending on the nature of the
doping element.

Microstructural analysis was performed using a Tes-
can VEGA3 scanning electron microscope (Czech Repub-
lic) equipped with an energy-dispersive X-ray analyser
Oxford Instruments X-MAX (United Kingdom). Polished
cross-sections and fractographic surfaces were investi-
gated, which allowed assessing the nature of morphology,
spatial phase distribution, localisation of secondary in-
clusions, the state of interfacial boundaries, and signs of
structural destabilisation. Energy dispersion analysis was
used to clarify the local chemical composition of individu-
al zones. The average grain size was determined by linear
cross-section using scanning electron microscopy images.
For this purpose, digital morphometry of scanning electron
microscopy (SEM images) was performed in the Fiji soft-
ware environment, followed by statistical processing of the
measured values for each series of samples. This allowed
moving from descriptive analysis of the microstructure to
quantitative comparison of the degree of its rearrangement
in different series of samples. The mechanical unit of the
study included measurements of microhardness and elastic
modulus. Microhardness was determined on a Buehler Mi-
cromet 5101 device (USA) at a load of 50 g; for each series,
10 measurements were performed in different sections of
the section, which allowed considering the local inhomo-
geneity of the structure. The elastic modulus was evaluated
by the resonant method on the IMCE RFDA system (Bel-
gium) at longitudinal and transverse resonant frequencies.
The density of the samples was determined by the Archi-
medes method, which allowed linking mechanical param-
eters with the degree of compaction, porosity, and features
of the phase composition.
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Functional characteristics included determination of
electrical conductivity, coefficient of linear thermal expan-
sion, and oxidative heat resistance. Electrical conductivity
was measured by the four-probe method on a Loresta GP
MCP-T610 instrument (Japan). The coefficient of linear
thermal expansion was determined on a Linseis L75 PT
dilatometer (Germany) in the temperature range from 25°C
to 800°C. Oxidative heat resistance was analysed by ther-
mogravimetric analysis on a Jupiter Netzsch STA 449 F3
(Germany) in an air atmosphere heated to 1,000°C at a rate
of 10 °C/min with continuous recording of mass changes.
This allowed comparing the functional parameters with
the phase composition, the state of grain boundaries, and
the distribution of secondary phases.

To assess wear resistance, tribological tests were
carried out under dry friction conditions using the ball-
on-disk method, with a 6 mm diameter AIST 52100 steel
counter-body. The tests were performed at a normal load
of 5N, a sliding speed of 0.1 m/s, and a total friction path
of 300 m at room temperature. At least three repetitions
were performed for each series of samples. During the
tests, the coefficient of friction was recorded, and after the
test was completed, the mass loss and the amount of wear
were determined. Thus, wear resistance was interpreted as
an integral manifestation of the phase composition, micro-
structure, hardness, density, and functional stability of the
material under tribological interaction conditions.

The methodological scheme of the study was based on
a sequential combination of phase, microstructural, me-
chanical, thermophysical, and tribological analysis. The
phase composition was considered as the structural basis
of properties; microstructure — as a spatial expression of
the phase development flow and doping consequences;
hardness and modulus of elasticity — as indicators of hard-
ening and rigidity; density — as an indicator of compaction
and porosity; electrical conductivity, coefficient of ther-
mal expansion and oxidative heat resistance — as charac-
teristics of functional stability; and wear resistance - as a
generalised result of the interaction of all these parame-
ters in the friction mode.

The statistical stage of the study was aimed at de-
scribing the obtained values and checking the differences

between the sample series. The mean value and standard
deviation were determined for each indicator. The nor-
mality of the distribution was checked according to the
Shapiro-Wilk criterion, and the uniformity of variances
was checked according to the Leuven criterion. Differences
between the three independent series were evaluated by
univariate analysis of variance followed by the Tukey post
hoc test. The distribution deviated from the normal one,
the Kraskel-Wallis criterion with multiple pairwise com-
parisons was applied. The initial ordering of experimental
arrays, calculation of descriptive statistics, and verification
of inter-series differences were performed by Jamovi, while
the construction of graphs, diagrams, and comparative vis-
ualisations was performed in GraphPad Prism 10. For each
indicator — microhardness, elastic modulus, density, elec-
trical conductivity, coefficient of linear thermal expansion,
oxidation resistance, and wear parameters — generalising
statistics were determined and intra-batch scattering val-
ues were estimated. The differences obtained were inter-
preted considering the phase composition, microstructural
rearrangement, and functional properties of the material.
The statistical significance level was assumed to be p<0.05.
In general, the applied method provided a reproducible
study of the microstructural evolution of Ti-based MAX-
phase alloys with various X-elements and created grounds
for a holistic comparison of the structure, mechanical,
thermophysical and tribological properties within a single
materials science interpretation.

Results

Doping and phase stability

of Ti-based MAX phases during X-element doping

The results of X-ray phase analysis showed that doping
with different X-elements is accompanied by an unequal
rearrangement of the phase composition of Ti-based MAX
phases. The main differences were related to the propor-
tion of the Ti,AlC, phase, the intensity of carbide devel-
opment, and the appearance of intermetallic components,
which allows considering the phase balance as a primary
structural indicator of stability or destabilisation of the
layered MAX architecture. The quantitative ratio of phases
in the base and doped series is shown in Table 1.

Table 1. Phase composition of Ti-based MAX series of phases doped with various X elements

Sample series Main MAX-phase Ti,AlC,, % Carbide phases (TiC), % Intermetallic phases, % Other phases, %
Base series without doping 87 10 0 3
Fe doping 62 28 7 (Fe,Al) 3
Si doping 74 12 11 (Ti,Si,) 3

Source: created by the authors based on the results of X-ray phase analysis performed on Bruker D8 Advance with

diffraction processing in HighScore Plus

As shown in Table 1, the base series without doping
was characterised by the highest proportion of the Ti,AlC,
phase — 87%, which indicates the dominance of the lay-
ered MAX structure under the accepted synthesis condi-
tions. The proportion of TiC in this series was 10%, while
intermetallic components were not fixed, and other phas-
es accounted for only 3%. This ratio indicates that in the

reference material, the main MAX phase retains the role of
a structural matrix, while the secondary components are
limited in nature and do not determine the overall phase
organisation of the alloy. In the Fe-doped series, the phase
balance shifted most noticeably. The proportion of Ti,AlC,
decreased to 62%, i.e., by 25 percentage points compared to
the baseline series, while the TiC content increased to 28%.
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Simultaneously, the intermetallic phase Fe,Al appeared in
the structure in an amount of 7%. This combination indi-
cates a pronounced destabilisation of the layered MAX ar-
chitecture, since a decrease in the proportion of the main
phase is accompanied by increased carbide formation and
a noticeable redistribution of components towards the in-
termetallic component. In phase equilibrium, this means
that Fe acts as a doping element that does not support the
dominance of Ti,AlC,, but stimulates the development of
a more rigid, but less structurally integral carbide-inter-
metallic ensemble. The Si-doped series showed a different
nature of phase rearrangement. The proportion of Ti,AlC,
decreased to 74%, i.e., there was also a deviation from the
base composition, but it was less sharp than with Fe dop-
ing. The TiC content was 12%, and the intermetallic com-
ponent was represented by the Ti,Si, phase in the amount
of 11%. In contrast to Fe doping, no sharp increase in the
carbide phase was observed in this case, and the main MAX
phase retained its dominant position in the structure. Such
a phase balance indicates not a deep destabilisation, but a
partial phase modification, in which the layered matrix is
preserved, but supplemented by an interfacial intermetal-
lic component (Kvasnytskyi et al., 2020).

Comparing the three series allows distinguishing dif-
ferent scenarios of phase stability. The base series corre-
sponds to a state in which Ti,AlC, dominated, and the sec-
ondary phases have a subordinate value (Mukhamedova et
al., 2022). Fe doping forms a scenario of the deepest phase
destabilisation, since it is accompanied by a simultaneous
decrease in the proportion of the main MAX phase, a sharp
increase in TiC and the appearance of Fe,Al. Si doping

occupied an intermediate position: it also changes the
phase composition, but does not put the system in the
mode of predominant carbide formation, but retains
Ti,AlC, as the main phase. It is this difference between Fe
and Si that is fundamental, since it sets different trajecto-
ries for further microstructural evolution - from breaking
down the lamellar architecture to partially preserving it.
Taken together, the results of phase analysis showed that
the nature of the doping element directly determines the
degree of stability of the Ti-based MAX phase. Fe promotes
the destabilisation of Ti,AlC, and the enhanced develop-
ment of carbide and intermetallic components, while Si
provides a milder type of phase adjustment, in which the
main MAX phase is maintained at a higher level. The estab-
lished phase balance is the initial structural prerequisite
for further analysis of the morphology, mechanical charac-
teristics, thermophysical properties, and wear resistance of
doped Ti-based MAX phases.

Microstructural evolution and morphology

of doped Ti-based MAX phases

The results of scanning electron microscopy, energy dis-
persion analysis, and digital morphometry showed that do
ping with various X-elements changes the microstructural
prganisation of Ti-based MAX phases not only quantita-
tively, but also morphologically. The degree of preserva-
tion of the lamellar architecture, the nature of interfacial
boundaries, the localisation of secondary inclusions, and
the average grain size were most sensitive to changes in
the composition. The generalised morphometric parame-
ters of the microstructure are shown in Table 2.

Table 2. Morphometric parameters of the microstructure of Ti-based MAX phases with different types of doping

Sample series

Dominant morphology

Nature of secondary

State of interfacial

Average grain

phase distribution boundaries size, pm
Base series without doping Lamellar, plate Uniform, limited Clearly defined 8.3
. Broken, heterogeneous, Heterogem‘sous, with lgcal Partially blurred,
Fe doping ; - - concentrations of carbides ) P 5.7
with rounded inclusions . . sometimes destabilised
and intermetallides
Lamellar with . .
Si doping intergranular intermetallic Localised alor}g grain Mostly preserved, 6.9
) ) boundaries structurally ordered
modification

Source: formed by the authors based on the results of SEM analysis, energy dispersion analysis, and digital morphometry

in Fiji

As shown in Table 2, the base series without doping
was characterised by the most ordered microstructure.
It was characterised by lamellar plate morphology, uni-
form and limited distribution of secondary phases, and
well-defined interfacial boundaries. This combination of
features corresponds to a structure in which the layered
MAX matrix retains its integrity, and secondary compo-
nents do not acquire a decisive role in the organisation of
the material. Fe doping was accompanied by the deepest
microstructural rearrangement. The dominant morphol-
ogy lost its ordered lamellar structure and passed into a
disturbed, heterogeneous state with rounded secondary
inclusions. The distribution of secondary phases became
heterogeneous, with local concentrations of carbides and

intermetallides, and the interfacial boundaries were par-
tially blurred and acquired signs of destabilisation. Tak-
en together, this suggests that Fe not only changes the
number of secondary phases, but also rearranges the very
principle of microstructural organisation, shifting it from
lamellar to a more fragmented type (Ratov et al., 2023). Si
doping demonstrated a different scenario of microstruc-
tural evolution. In this series, the lamellar architecture
was generally preserved, although it was supplemented
by an intergranular intermetallic modification. The sec-
ondary phases had a predominantly localised distribution
along the grain boundaries, while the interfacial bound-
aries themselves remained predominantly ordered. This
means that Si is not associated with the destruction of
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the layered framework, but with its partial intergranu-
lar reconstruction, which preserves the overall structur-
al integrity of the material. The change in the average
grain size requires a separate comparison, since it is this

10 8.3
5.7

Sample series
[« R SR e NI ]

Average grain size, pm

6.9

indicator that quantifies the differences between the
identified morphological scenarios. For a clearer compar-
ison of morphometric differences between the series, the
values of the average grain size are shown in Figure 1.

M Base series without doping
M Fe doping

m Si doping

Figure 1. Change in the average grain size in Ti-based MAX phases when doping with various X elements
Source: compiled by the authors based on the results of morphometric analysis of the microstructure in Fiji

Figure 1 shows that the base series without doping
had the largest average grain size — 8.3 pym. This is con-
sistent with its most ordered lamellar morphology and
well-defined interfacial boundaries. Fe doping reduced
the average grain size to 5.7 pm, that is, it gave the lowest
value among all the studied series. This decrease occurred
simultaneously with the greatest morphological destabi-
lisation, which indicates the grinding of the structure not
as an isolated effect, but as part of the overall rearrange-
ment associated with intensive carbide and intermetallic
formation. Si doping occupied an intermediate position:
the average grain size was 6.9 um, that is, it was smaller
than in the base series, but larger than in the Fe-doped
material. This indicates moderate restriction of grain
growth without drastic destruction of the lamellar archi-
tecture. In a comparable dimension, the data obtained
reflect three different scenarios of microstructural evolu-
tion. The base series corresponds to the state with a struc-
turally stable lamellar organisation and the largest aver-
age grain size. Fe doping forms a scenario of the deepest
destabilisation, which combines grain grinding, blurring
of interfacial boundaries, and heterogeneous localisation
of secondary phases. Si doping occupies an intermediate
position, combining grain growth restriction with rela-
tive preservation of the layered framework and ordered

250 205
200
150
100
50 3.7
0 [
Base series

191

4.32 5.1 4.17

Fe doping

intergranular localisation of secondary inclusions. Thus,
the results of microstructural analysis showed that the
nature of the doping element determines not only the
grain size, but also the type of morphological rearrange-
ment itself, namely, this rearrangement further forms the
mechanical, thermophysical and tribological properties
of the doped Ti-based MAX phases.

Effect of phase-structural adjustment

on microhardness, elastic modulus, and density
Generalisation of the results of the mechanical unit of
the study showed that changes in the phase composition
and microstructural organisation of Ti-based MAX phas-
es directly affect the indicators of microhardness, elastic
modulus and density. The most significant in this aspect
were the differences between the series in which doping
was accompanied either by destabilisation of the lamel-
lar MAX matrix with enhanced carbide and intermetallic
formation, or partial preservation of the layered architec-
ture with intergranular modification. That is why mechan-
ical characteristics in this subsection are considered not
as isolated parameters, but as a quantitative expression
of the phase-structural rearrangement of the material. A
comparison of microhardness, elastic modulus, and densi-
ty in the base and doped series is shown in Figure 2.

214
® Microhardness (GPa)
® Elastic modulus (GPa)
® Densit cm®
4.2 4.44 v (g/em’)
Si doping

Figure 2. Comparison of microhardness, elastic modulus, and density in Ti-based MAX-phase series
Source: compiled by the authors based on the results of microhardness measurements on Buehler Micromet 5101,
determination of elastic modulus on IMCE RFDA, and density estimation by the Archimedes method

Figure 2 shows that the mechanical response of Ti-
based MAX phases when doping with various X elements is
formed not according to a single scenario, but through dif-
ferent combinations of local hardening, structural rigidity,
and compaction of the material. The basic series occupies

a relatively balanced position: microhardness is 3.7 GPa,
modulus of elasticity — 205 GPa, density — 4.32 g/cm®. This
corresponds to a state in which the layered MAX matrix
retains structural integrity without a sharp dominance of
secondary phases. The most noticeable contrast is observed
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in the Fe-doped series. It shows the maximum microhard-
ness — 5.1 GPa, but simultaneously has the lowest values
of the elastic modulus - 191 GPa and density-4.17 g/cm®.
This combination indicates that Fe increases the local in-
dentation resistance, which is consistent with an increase
in the proportion of TiC and the appearance of Fe,Al, but
this strengthening is achieved not through structural or-
dering, but through a more rigid and simultaneously less
integral carbide-intermetallic framework. A decrease in
density indicates a lower degree of compaction and a high-
er probability of porosity or defect, and a decrease in the
elastic modulus indicates a weakening of the continuity of
the layered matrix despite an increase in hardness. The Si-
doped series demonstrates a different type of mechanical
response. The microhardness here is 4.2 GPa, i.e., it ex-
ceeds the base series, but remains lower than the Fe-doped
variant. This particular series has the highest modulus of
elasticity — 214 GPa and the highest density — 4.44 g/cm?®.
This distribution of indicators indicates that Si does not
provide maximum local hardening, but provides a more
favourable combination of rigidity and structural compac-
tion. This is in good agreement with previous phase and
microstructural results, where Si was associated with less
drastic destabilisation of Ti,AlC, and more ordered inter-
granular modification. An increase in microhardness does
not in itself mean an improvement in the entire complex of
mechanical properties (Adjamskiy et al., 2022). Fe doping
forms a local hardening scenario against the background
of structural destabilisation, while Si doping provides a
more balanced mechanical profile with increased stiffness
and density. In this sense, the mechanical response of Ti-
based MAX phases is determined not by a single indica-
tor, but by a cumulative phase-structural rearrangement,
which is implemented differently depending on the nature
of the doping element. That is, the mechanical response of

Ti-based MAX phases is determined not by one single pa-
rameter, but by a cumulative rearrangement of the phase
composition, morphology, and interfacial organisation.
An increase in microhardness is accompanied by various
structural scenarios: in the case of Fe — carbide-interme-
tallic hardening with loss of part of the structural integ-
rity, in the case of Si — moderate hardening against the
background of maintaining a more ordered lamellar base.
Density in this context reflects not only the degree of com-
paction, but also the general nature of the microstructural
organisation, in particular, the relationship between the
preservation of the matrix phase and the development of
secondary inclusions. Consequently, the results of me-
chanical analysis confirm that phase-structural rearrange-
ment determines not only the local strain resistance, but
also the overall level of rigidity and structural integrity of
doped Ti-based MAX phases.

Thermophysical and functional properties

of doped Ti-based MAX phases

The results of the thermophysical and functional unit of
the study showed that doping with various X-elements
changes not only the phase and microstructural state of
the Ti-based MAX phases, but also the method of thermal
and electrical response of the material under thermal load
conditions. Electrical conductivity, coefficient of linear
thermal expansion, and oxidative heat resistance were the
most sensitive to phase-structural adjustment, while ther-
mal conductivity was considered as an integral indicator,
the value of which was determined by the preservation
or violation of the layered architecture, the state of grain
boundaries, and the spatial distribution of secondary phas-
es. Table 3 summarises the thermophysical and function-
al characteristics of the base and doped series of Ti-based
MAX phases.

Table 3. Thermophysical and functional characteristics
of Ti-based MAX phases when doping with various X elements

Sample series Electrical conductivity, S/m

Coefficient of linear thermal

Mass loss based on

expansion, x10¢ 1/°C thermogravimetric analysis, %

Base series without doping 3.5x10* 8.1 5.8
Fe doping 2.1x10* 9.7 8.6
Si doping 3.2x10* 7.5 3.4

Source: created by the authors based on the results of electrical conductivity measurements on Loresta GP MCP-T610,
dilatometric analysis on Linseis L75 PT, and thermogravimetric analysis on Netzsch STA 449 F3 Jupiter

As shown in Table 3, the base series without doping
was characterised by the most balanced combination of
functional parameters. The electrical conductivity was
3.5 x 10* S/m, the coefficient of linear thermal expan-
sion was 8.1 x 10 1/°C, and the mass loss according to
the results of thermogravimetric analysis was 5.8%. This
ratio corresponds to a structure in which Ti,AlIC, retains
its dominant position, and the secondary phases do not
critically disrupt either the conducting paths or the sta-
bility of the material when heated. In a functional sense,

the base series sets a reference level relative to which the
area and depth of changes caused by doping can be esti-
mated. The Fe-doped series showed the least favourable
complex of thermophysical and functional characteristics.
The electrical conductivity was reduced to 2.1 x 10* S/m,
i.e., a significant part of the conductivity was lost com-
pared to the base series. The coefficient of linear thermal
expansion increased to 9.7 x 10 1/°C, and the mass loss
for TGA reached 8.6%, which is the maximum value among
the studied series. This combination of indicators is
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consistent with the previously established phase-struc-
tural destabilisation: an increase in the proportion of TiC,
the appearance of Fe,Al, a decrease in the average grain
size and blurring of interfacial boundaries form a more
heterogeneous environment for charge and heat transfer,
and simultaneously reduce resistance to high-tempera-
ture oxidation. Consequently, Fe doping is accompanied
not only by a rearrangement of the phase composition,
but also by a systemic deterioration in the functional pro-
file of the material. The Si-doped series, on the contrary,
showed the most stable type of thermophysical behaviour.
The electrical conductivity in it was 3.2 x 10* S/m, that is,

25 200 400 600

it remained close to the base series, the coefficient of lin-
ear thermal expansion decreased to 7.5 x 10 1/°C, and the
mass loss by TGA was minimal - 3.4%. Taken together, this
indicates that SI doping does not lead to deep destruction
of the conductive framework of the MAX matrix, but, on
the contrary, is associated with higher dimensional stabil-
ity and better resistance to oxidative degradation. Figure 3
summarises the thermogravimetric curves of the base and
doped series of Ti-based MAX phases, which allows com-
paring not only the final level of degradation, but also the
course of the oxidation process over the entire tempera-
ture range.

=== Base series, % by mass
==@==Fe doping, % by mass

Si doping, % by mass

800 1,000

Figure 3. Change in the mass of Ti-based MAX-phase samples based
on the results of thermogravimetric analysis
Source: created by the authors based on the results of thermogravimetric analysis performed on a Netzsch STA 449

F3 Jupiter

As can be seen from Figure 3, the change in the mass
of the samples during heating occurred in different sce-
narios depending on the type of doping, and the differ-
ences between the series were observed not only in the
final mass loss, but also in the course of the thermogravi-
metric process itself. The base series showed a moderate
decrease in residual mass as the temperature increased:
at the initial heating sites, the changes are insignificant,
while in the region of higher temperatures, the degrada-
tion becomes more intense and up to 1,000°C, the residu-
al mass decreases to 94.2%. Such a curve corresponded to
a material with a relatively stable phase base, but without
additional factors that would significantly restrain the
oxidation processes at the final stages of heating. The Fe-
doped series showed the least stable behaviour. Already
in the intermediate temperature sections, its curve passed
below the base one, and in the region of high tempera-
tures, the mass decline became the most pronounced. By
1,000°C, the residual mass decreased to 91.4%, which cor-
responds to the maximum loss among all the studied se-
ries. This nature of the curve indicates that Fe doping not
only increases the overall level of oxidative degradation,
but also makes the mass loss process more intense over
the entire temperature range. In a structural sense, this
is consistent with the greatest phase and microstructural
destabilisation established earlier: an increase in the pro-
portion of TiC, the appearance of Fe,Al, grain grinding,
and a violation of the lamellar architecture, which creates
a less stable material when heated. The Si-doped series,
on the contrary, is characterised by the wettest curve
and the smallest decrease in residual mass. Through-
out the entire temperature range, its values remained

higher than those of the base and Fe-doped series, and at
1,000°C, the residual mass is 96.6%. This indicates that
Si doping provides the highest oxidative heat resistance
among the studied variants. It is important to note that
this behaviour was observed not only at the end point, but
throughout the heating process, i.e., Si is associated not
with a local, but with a systemic slowdown in degradation
processes. The results confirmed that the type of doping
element determines not only the final level of mass loss,
but also the shape of the thermogravimetric response of
the material. Fe doping established a scenario of accel-
erated oxidative degradation, the base series retained an
intermediate behaviour, while Si doping formed the most
stable curve with minimal mass loss.

Wear resistance and wear mechanisms

of Ti-based MAX phases in dry friction mode

The results of tribological tests showed that the behav-
iour of Ti-based MAX phases in the dry friction mode
is determined not by a separate mechanical indicator,
but by the integral action of the phase composition,
microstructural organisation, hardness, density, and
thermophysical stability of the material. It is in the tri-
bological mode that it is most clearly shown how much
the structural adjustment caused by doping is favoura-
ble or, conversely, destabilising from the standpoint of
the actual operational response of the material. To com-
pare the base and doped series, Figure 4 summarises the
indicators of mass loss, wear value, and coefficient of
friction, which allows estimating wear resistance as the
final result of the entire pre-set phase-structural and
functional evolution.
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Figure 4. Comparison of mass loss, wear and coefficient
of friction indicators in the base and doped Ti-based MAX phase series
Source: compiled by the authors based on the results of tribological tests in the dry friction mode and subsequent

statistical processing in Jamovi and GraphPad Prism 10

Figure 4 showed that the tribological behaviour of Ti-
based MAX phases is determined by the combined effect
of phase composition, microstructure, and functional char-
acteristics, not just the level of hardness. The base series
occupied an intermediate position in all three indicators:
mass loss was 5.8%, wear — 0.42 C.U., the coefficient of
friction - 0.53. This distribution corresponds to a relative-
ly stable lamellar structure dominated by Ti,AlC,, which
provided moderate wear resistance without a pronounced
tribological advantage. The Fe-doped series occupied the
least favourable position: it was characterised by the great-
est mass loss — 8.6%, maximum wear — 0.61 C.U. and the
highest coefficient of friction - 0.67. This indicates that
the increase in microhardness was not accompanied by an
increase in wear resistance. This discrepancy is associated
with phase-structural destabilisation, since the growth of
the proportion of TiC and Fe,Al, grain grinding, and inho-
mogeneity of the interfacial space formed a rigid but less
integral surface layer. The Si-doped series, on the contrary,
occupied the best position in terms of tribological indica-
tors.Forit, the minimum values of mass loss were recorded —
3.4%, wear — 0.28 C.U. and the coefficient of friction — 0.47.
This indicates that SI doping provided the most stable sur-
face layer in the dry friction regime, which is consistent with
better preservation of the lamellar architecture, ordered
grain boundaries, and generally a more balanced structural
and functional state of the material (Baklanov et al., 2022).

Thus, the results of tribological analysis showed that
the highest wear resistance is demonstrated by the Si-
doped series, which is characterised by the most balanced
combination of phase composition, microstructural organ-
isation, rigidity, density, and thermal stability. It is in this
series that the higher content of the main phase Ti,AlC, is
preserved, the lamellar architecture is less disturbed, and
the secondary phases are localised in a more orderly man-
ner, without deep destabilisation of the interfacial space.
As a result, the surface layer works more stably during fric-
tion, is less susceptible to discolouration and better coun-
teracts the accumulation of local damage, which is reflect-
ed in the minimum values of mass loss, wear and coefficient
of friction. The base series retains an intermediate level
of wear resistance, which is conditioned by the relatively
ordered layered structure and the dominance of Ti,AlC,, but
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without the additional structural effect that would increase
the wear resistance. Such a material does not show a sharp
destabilisation, but it does not form the optimal combina-
tion of rigidity, compaction and thermal stability that is
observed during Si doping (Malecha et al., 2025). Therefore,
its tribological behaviour is more stable than as effective as
possible. Fe doping, despite the increase in microhardness,
is accompanied by less favourable tribological behaviour
due to deeper phase-structural destabilisation. An increase
in the proportion of TiC and Fe,Al, a decrease in the aver-
age grain size, a heterogeneous distribution of secondary
phases, and a partial violation of interfacial boundaries
form a microstructure in which local hardening is com-
bined with a decrease in overall structural integrity. In the
dry friction mode, this is manifested in unstable contact,
an increased tendency to micro-destruction of the surface
layer, and a worse agreement between hardness and actual
wear resistance. That is, Fe increases the resistance to local
indentation, but does not provide stable resistance to sur-
face destruction (Shevko et al., 2020). As a result, it is the
nature of microstructural rearrangement that determines
whether doping is transformed into an increase in opera-
tional stability, or, conversely, into an increase in the ten-
dency to surface destruction in the dry friction mode. For
Ti-based MAX phases, the principle is not the maximum
increase in a particular mechanical parameter, but the
preservation of structural order, controlled development of
secondary phases, and stability of the surface layer under
load. That is why the most promising type of doping from
the standpoint of tribological application is that which
does not destroy the layered MAX framework, but modi-
fies it without losing its structural integrity (Nedeva, 2025).

In general, the results obtained showed that doping
of Ti-based MAX phases with different X elements sets
not just differences in individual indicators, but different
scenarios for the structural and inherent evolution of the
material. The base series retained the most stable layered
MAX architecture with Ti,AlC, dominance, moderate me-
chanical characteristics, balanced thermophysical param-
eters, and intermediate wear resistance. Fe doping caused
the deepest phase and microstructural destabilisation,
which was manifested in a decrease in the proportion
of Ti,AlC,, an increase in TiC and Fe,Al, grain grinding,
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disruption of lamellar organisation, and the development
of a heterogeneous interfacial space. This led to a local
increase in microhardness, but also was accompanied by
a decrease in elastic modulus, density, electrical conduc-
tivity, deterioration of thermal stability, and the least fa-
vourable tribological behaviour. Si doping, on the contrary,
provided a more controlled type of phase modification:
while maintaining the dominance of Ti,AlC, and the de-
velopment of Ti;Si; in the intergranular space, the struc-
ture remained more ordered, the grain organisation — more
stable, and the complex of mechanical, thermophysical
and tribological characteristics — the most balanced. That
is why the Si-doped series demonstrated the highest wear
resistance, the best oxidation heat resistance and the most
favourable combination of rigidity, density, and functional
stability. Thus, the key factor in the operational efficiency
of Ti-based MAX phases was not the maximum increase in
a particular property, but the type of microstructural ad-
justment that determines whether the integrity of the lay-
ered MAX frame is preserved under mechanical, thermal,
and tribological loads.

Discussion

The complex of established regularities showed that doping
of Ti-based MAX phases changed not one individual char-
acteristic, but the entire chain “phase composition-micro-
structure — mechanical response — functional stability —
wear resistance”. This logic fits well with the advanced
concept of materials engineering, where the operational
effect is determined not by local reinforcement itself, but
by the way structural modification rearranges the behav-
iour of the material under load conditions. The generalised
emphasis on the role of complex control of the structure
and surface state of the material echoed the conclusions
of H. Sun et al. (2025), where advanced coating technolo-
gies were considered as a tool for purposeful development
of durability, wear resistance, and stability of properties.
This statement corresponded to the dependence found
here, in which it was the nature of phase-microstructural
rearrangement that determined whether the operational
profile of the Ti-based MAX phase improved or, conversely,
became less stable.

The contrast between local reinforcement and over-
all structural integrity correlated well with the results of
W. Maziarz et al. (2024), where TiC-containing nanocom-
posites also showed increased stiffness due to solid sec-
ondary phases. However, such rigidity was not considered
as a self-sufficient advantage, since the properties were
also determined by how homogeneous the microstructural
organisation remained, which conceptually coincided with
the less favourable behaviour of the Fe-doped series. The
milder and structurally controlled modification scenario
was consistent with the observations of T. Ma et al. (2022),
where Ti,AlC-containing composites were interpreted
as systems in which reinforcement is achieved without
destroying the base frame of the material. This logic was
also traced here: Si doping did not put the system in the
deepest destabilisation mode, but retained the dominant

role of the MAX phase while simultaneously improving
the complex of properties. The role of interfaces and phase
boundaries in the development of the mechanical response
was consistent with the study by Y. Zhou et al. (2023),
where the properties of laminated Ti/Al composites were
directly related to the state of interfacial interaction. This
parallel was also important for Ti-based MAX phases, since
it was the nature of grain boundaries and the way second-
ary phases were localised that distinguished the destabi-
lised Fe-containing variant from the more ordered Si-mod-
ified state. The emphasis on the spatial organisation of
reinforcement phases echoed the conclusions of Z. Yuan et
al. (2022), where the properties of titanium composites
were determined not only by the presence of reinforcing
components, but also by their distribution in the matrix
and structural uniformity. In this sense, the heterogene-
ous interfacial space during Fe doping and intergranular
localised modification during Si doping corresponded to
two different scenarios of evolution, which led to differ-
ences in mechanical and tribological behaviour. A favour-
able combination of rigidity and functional stability found
a conceptual parallel in the results of S. Zhou et al. (2026),
where Cu-Ti,AlC, composites were considered as systems
with structural synergy between the MAX phase and the
matrix. A close emphasis was also observed here, since the
best property profile was implemented not where the solid
phases were most abundant, but where a more consistent
structural organisation of the entire system was preserved.
The fact that wear resistance was determined not only by
the hardness, but also by the stability of the surface layer
correlated with the results of X. Zeng et al. (2022), where
the tribological efficiency of self-lubricating coatings was
related to the combination of composition, microstructure,
and contact mode. This is why the highest microhardness
of the Fe-doped series did not translate into better wear
resistance, while the Si-containing material showed more
stable behaviour under dry friction conditions.

The idea of the importance of preserving a MAX-like
framework was consistent with the results of L. Cao et
al. (2024), where high-entropy ceramics (TiVNbTaM),AlC
were interpreted as systems in which the composition was
significant primarily due to the effect on the structural
stability of the MAX phase. This formulation was consist-
ent with the distinction found here between Fe doping as
a destabilisation scenario and Si doping as a more con-
trolled phase modification scenario. The balance between
the MAX phase and the carbide component resonated well
with the paper by A. Deng et al. (2025), where the prop-
erties of M,AIC-MC composites were explained precisely
by the ratio of the matrix MAX phase and rigid carbides.
In this context, the unfavourable profile of the Fe-doped
material was associated not only with the presence of TiC,
but also with the fact that the carbide and intermetallic
components began to displace the structure-forming role
of Ti,AlC,. The dependence of oxidation resistance on the
method of phase modification correlated with the results
of Y. Xu et al. (2025), where an increase in oxidation resist-
ance in Ti,AlC was achieved through solid solutions that
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suppressed degradation processes. A similar emphasis was
observed here: the wettest thermogravimetric curve and
the lowest mass loss during Si doping indicated systemi-
cally higher stability, rather than the local effect of a sin-
gle phase. A similar logic was also reflected in the paper by
A.Zhang et al. (2024), where an improvement in the oxida-
tive stability of Ti,AlC coatings was associated with modi-
fication without destruction of the base MAX framework. It
was this interpretation that corresponded to the conclusion
established here that the most promising type is the type
of doping that does not destabilise the layered architec-
ture, but modifies it while maintaining structural integrity.
Further development of the tribological block was in good
agreement with the results of L. Cai et al. (2024), where the
effect of solid-soluble elements on Ti,AlC, was considered
due to the self-lubricating effect and temperature-depend-
ent friction stability over a wide range. This statement di-
rectly echoed the fact found here that favourable tribologi-
cal behaviour was determined not only by the hardness, but
also by the ability of the structurally modified MAX-phase
to maintain a stable contact regime and restrain progres-
sive surface destruction. A close accent could be traced
in the paper by J. Li et al. (2024), where a-site doping of
Ti,AlC, was interpreted as a factor altering the tribological
response by rearranging the MAX structure itself, rather
than simply increasing the strength. This corresponded to
the pattern established here, in which the type of doping
element determined whether the structural modification
turned into an increase in wear resistance, or, conversely,
into an increase in the tendency to surface destruction.

The role of Ti,AlIC, as a structurally active component
capable of changing the microhardness and tribological
characteristics of the composite system correlated with
the results of V. Desai et al. (2025), where Al17075/Ti,AlC,
surface composites after friction stir processing were also
interpreted through a combination of microstructural re-
arrangement, local hardening, and changes in the friction
mode. This logic also corresponded to the distinction found
here between local reinforcement and integral wear resist-
ance, since the very fact of the presence of the MAX phase
was important only if its structurally favourable integra-
tion. A similar parallel was traced in the paper by M. Li et
al. (2026), where Ti,AlC, as an additive to WC-Co hard
alloys simultaneously affected the mechanical and tribo-
logical characteristics of the system. This conceptually
coincided with the dependence established here, in which
the MAX-containing component did not act in isolation,
but through a change in the entire structural and inherent
profile of the material, including contact stability under
friction. The oxidative behaviour of the established series
correlated well with the results of S. Badie et al. (2021),
where for Ti,AlC, the breakaway oxidation mechanism was
explained by a change in the structural state of the surface
layer and a violation of its protective function. This state-
ment was consistent with the fact that the deterioration
of oxidative heat resistance during Fe doping reflects not
only a greater mass loss, but also a deeper instability of the
structural phase state during heating.
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A more applied parallel to the behaviour of MAX
phases in the form of coatings was observed in N. Laska et
al. (2024), where the oxidation of Ti,AlC-based coatings
on y-TiAl was also interpreted due to the relationship be-
tween the microstructure, the stability of the MAX com-
ponent, and the preservation of the protective properties
of the system. This was consistent with the conclusion es-
tablished here that better oxidative stability was realised
where a more ordered structural framework and controlled
localisation of secondary phases were preserved. Tribo-
logical consequences of the introduction of Ti,AlC as a
strengthening component found a parallel in S.W. Hua et
al. (2023), where Ti,AlC-reinforced coatings on Ti6Al4V
showed a change in wear resistance due to the microstruc-
tural organisation and the nature of particle distribution in
the Matrix. This emphasis directly echoed the relationship
found in this study, in which it was the type of distribution
of secondary phases and the degree of preservation of the
layered architecture that determined whether the tribolog-
ical effect would be favourable. The functional aspect re-
lated to electrical conductivity correlated with the results
of M. Mandegari et al. (2023), where the dual MAX-phase
Ti,AlC,-Ti,AlC system was interpreted as a material with
high electrical conductivity due to the preservation of a
structurally favourable phase coupling. This was consist-
ent with the fact established here that a more stable MAX
framework during Si doping was accompanied by preser-
vation of electrical conductivity, while deeper phase-mi-
crostructural destabilisation during Fe doping led to its
noticeable decrease. The temperature stability of the MAX
phases over a wider heating range was consistent with the
conclusions of M. Potoczek et al. (2023), where the oxida-
tive behaviour of Ti,AIC MAX-phase foams in the range of
600-1,000°C also depended on the structural features and
course of degradation processes with increasing tempera-
ture. A similar logic was also traced here, since the shape of
the thermogravimetric curve was just as important as the
final mass loss, and the most stable scenario was associated
with a more ordered structural state of the Si-doped series.
As aresult, comparison with the sources confirmed that for
Ti-based MAX phases, the decisive factor is not the increase
in a particular property, but the type of structural modifi-
cation that simultaneously determines oxidative stability,
conductivity, and behaviour under friction conditions. That
is why the compositional scenario in which doping did not
destroy the MAX framework, but provided its controlled
modification while maintained a complete microstructural
organisation remained the most promising.

Conclusions

As part of the study, it was found that doping of Ti-based
MAX phases with various X elements determines not iso-
lated changes in individual parameters, but integral sce-
narios of phase-microstructural evolution, which directly
form the mechanical, thermophysical and tribological
characteristics of the material. X-ray phase analysis showed
that the baseline series retains the dominance of Ti,AlC, at
87%, while Fe doping reduces its proportion to 62% and is
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accompanied by increased carbidisation (TiC - 28%) and
the appearance of Fe,Al (7%), which corresponds to the
scenario of the deepest phase destabilisation. Si doping,
on the contrary, forms a milder type of phase modifica-
tion: the proportion of Ti,AlC, remains at 74%, TiC is 12%,
and the appearance of Ti,Si; (11%) does not put the system
in the dominant carbide formation mode. Microstructur-
al analysis confirmed that the base series is characterised
by the most ordered lamellar organisation with clear in-
terfacial boundaries and an average grain size of 8.3 um,
while Fe doping is accompanied by the most pronounced
morphological destabilisation, grain grinding up to 5.7 um,
heterogeneous distribution of secondary phases, and par-
tial blurring of boundaries.

In the Si-doped series, the lamellar architecture is pre-
served with intergranular intermetallic modification and an
intermediate average grain size of 6.9 pm, which indicates
a restriction of grain growth without deep destruction of
the structural framework. The mechanical unit of the study
showed that Fe doping provides a maximum microhardness
of 5.1 GPa, but is also accompanied by a decrease in the
elastic modulus to 191 GPa and density to 4.17 g/cm?, that
is, local hardening is implemented against the background
of general structural destabilisation. Si doping forms a
different type of mechanical response: with a moderate
microhardness of 4.2 GPa, it provides maximum values of
the elastic modulus of 214 GPa and a density of 4.44 g/cm?,
which indicates a more favourable combination of rigidity
and compaction. Thermophysical and functional analysis
showed that the Fe-doped series has the least favourable
profile: the conductivity decreases to 2.1 x 10* S/m, the co-
efficient of linear thermal expansion increases to 9.7 x 10
1/°C, and the mass loss by TGA reaches 8.6%, which indi-
cates the lowest oxidative heat resistance. Si doping, on
the contrary, provides the most stable functional state:
the electrical conductivity is 3.2 x 10* S/m, the coefficient
of linear thermal expansion was reduced to 7.5 x 10 1/°C,
and the mass loss by TGA was limited to 3.4%, which cor-
responds to the best resistance to oxidative degradation.
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AHoOTaLig. MeTo HoCTimKeHHs 6YI10 3’ICyBaTH, K JIETYBAHHS Pi3HUMM eJleMeHTaMy Ipynu X BIUIMBAE HA €BOJIOLII0
MiKpPOCTPYKTYpM CIUIaBiB Ha OCHOBI TuTaHy 3 (aszor0 MAX, a Takox $SIK IIi 3MiHM I103HAYaIOTbCS HA TBEPHOCTI,
Teruiodi3uyHMX Ta TPUOOIOTIYHUX BIACTUBOCTSIX. MeTomonoris mepenbavana oTpMMaHHsI 6a30BOi Ta JieroBaHOI cepiit
criaBiB Ti-Al-C Ta ix mowtimkeHHS MeTomamu peHTreHo(a30BOTO aHasi3y, CKaHyH4Oi eleKTPOHHOI MiKpOCKOIIii,
eHeproJucIiepciiiHoro aHasisy, uudpoBoi mopdomerpii, MikpoiHAeHTAallii, pPe30HAHCHOTO BM3HAUEHHSI MOMYJIS
MPYKHOCTI, TMIATOMETPii, TepMOrpaBiMeTPUYHOTO aHali3y, TPUOGOIOTIUYHKX BUIIPOOYBaHb Ta CTATUCTUYHOI 06POOKU
maHux. Y pe3ynbTaTi BCTaHOBJIEHO, 10 6a30Ba cepist 36epirae mominyBaHHs Ti,AlC, Ha piBHi 87 % i XapakTepusyeThCs
Haii6i/1b1II BIOPSIAKOBAHOIO TUIACTMHYACTOI0 MiKPOCTPYKTYPOIO i3 cepeiHiM po3mipoM 3epeH 8,3 MKM. JleryBaHHS 3a/1i30M
3meHurye yactky Ti,AlC, 1o 62 %, 36inburye Bmict TiC 1o 28 % i cynmpoBomKyeThCs MosiBoto Fe,Al, mogpi6HEHHSIM 3epeH
o 5,7 MKM, TMOpYIIEHHSIM IIJIAaCTMHYACTOI apXiTeKTypy Ta PO3BUTKOM reTepOTeHHOTO KapbigHO-iHTepMeTaTiuHOro
aHcam6iio. Lle 3a6e3neuye MakcMManabHy MiKpoTBepicTh 5,1 I'Tla, ajle OMHOYACHO MPU3BOAUTD 0 3HVDKEHHS MOMYJISI
npyxkHocti mo 191 TITla, mimeHocTi 0o 4,17 r/cm®, enekrpomnposigHocti go 2,1x10* Cm/Mm, 36iabieHHs KoedilieHTa
JIiHIAHOTO TeIJIOBOro po3iupeHHs A0 9,7x10° 1/°C, BTpaTu Macu 3a pe3ylbTaTaMi TePMOrPaBiMeTPUYHOIO aHami3y 10
8,6 % Ta Haltripiui TpubosoriuHi moka3HUKK. JleryBaHHS KpeMHieM 36epirae BmicT Ti,AlC, Ha piBHi 74 %, CYTTIPOBOIKYETHCS
yrBopeHHsIM Ti,Si;, cipusie hopMyBaHHIO GilbII BIOPSIAKOBAHOI MixK3€pPHOBOI CTPYKTYpH i3 cepeHiM po3MipoM 3epeH
6,9 MKM Ta 3a6e3reuye HaitOiIbII 36aTaHCOBaHMIT KOMILIEKC BIaCTUBOCTEN: MiKpoTBepaicTh 4,2 I'Tla, MOmy/Ib IPY>KHOCTI
214 TTla, wiabHicTb 4,44 r/cM>, efleKTpUUHa MPOBiAHICTh 3,2x10* CM/M, KOeDIl[ieHT JIIHITHOTO TeMIOBOr0 PO3IIUPEHHS
7,5x10° 1/°C, BTpaTa Macu 3a pe3yjabTaTaMy TepMOTpaBiMeTpUYHOTO aHami3y — 3,4 %, BTpaTa Macu mpu Teprti — 3,4 %,
3HoC — 0,28 0.3., a koediuieHT Tepts — 0,47. [IpakTyHe 3HAUEHHSI OTPUMAHUX Pe3Y/IbTATIB MOMSITAE Y MOXKIUBOCTI iX
BUKOPMCTAHHS IIPU po3po61ii Ta mizbopi 3HococTiiikux MAX-MaTepiasaiB Ha OCHOBI TUTaHy Ta IOKPUTTIB 7151 6YpPOBOTO Ta
HadTOra30BUI06yBHOrO 06IafHAHHS
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Abstract. Given the long-term operation and depletion of most Ukrainian fields, the development of effective methods
to restore their productivity is a priority for Ukraine’s energy sector. This study focused on optimising the clean-up process
of wells with abnormally low reservoir pressure after stimulation by hydraulic fracturing. The aim of the study was to
introduce a technology for the successful extraction of fracturing fluid, which would significantly expand the criteria
for well selection and enable the successful execution of hydraulic fracturing operations during the final stage of gas
field development. The three alternative mechanised development technologies (electrical submersible pumps deployed
on coiled tubing, cable, or jointed tubing) were compared through a theoretical techno-economic analysis to select the
optimal method, considering the current state of Ukraine’s gas production industry. The study was based on engineering
calculations, nodal analysis, and hydrostatic imbalance evaluation for a typical deep well with depleted reservoir pressure
(4,150 metres, 6.0 MPa). Hydrostatic imbalance calculations for the hypothetical well revealed a critical overbalance on
the reservoir, which rendered development impossible without artificial lift. The hydrostatic pressure of the fluid column
significantly exceeded the reservoir pressure, causing fluid fallback and subsequent fracture damage due to colmatation.
Based on theoretical data, a comparative analysis of these technologies established that the rigless pump-on-cable
option was technically unsuitable for depths exceeding 3,000 metres, whilst coiled-tubing deployment was economically
unviable if a workover rig was already installed at the wellhead. The installation of an electrical submersible pump on
jointed production tubing proved to be a pragmatic and economically sound solution. The parameters of the required
assembly were calculated, and the complete cycle from the hydraulic fracturing stage to bringing the well on stream was
modelled. A pragmatic approach was proposed that allowed the extraction of the fracturing fluid without overbalancing
the reservoir, using available resources with minimal additional costs, which was critical for the cost-effectiveness of
stimulation operations on depleted reservoirs

Keywords: reservoir; stimulation; flow rate; fracture; production; workover; coiled tubing

Introduction

The vast majority of gas and gas-condensate fields, particu-  the key issues, as it leads to a decrease in flow rates and well
larly within the Dnieper-Donets Basin (DDB), are charac-  shut-ins. In conditions where drilling new wells becomes
terised by depleted reservoirs and significant colmatation  highly risky, and in some cases unprofitable, stimulation
of the near-wellbore zone in wells. This problem is one of  technologies are implemented to maintain production
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from the existing well stock. Improving existing and im-
plementing new gas and condensate production technolo-
gies is a priority task for the industry, particularly through
the improvement of hydraulic fracturing (HF) technology,
which has been actively implemented in Ukrainian fields
for over 20 years.

In their abstracts, researchers L.I. Lartseva et al. (2025)
reported on the current state of development of the largest
deposits in Ukraine and characterised them as “depleted”.
The experience of conducting HF was described, concluding
thattheimplementation of HF technology could be akeystep
in extracting Ukraine’s oil and gas resources and contribut-
ing to its energy stability. In their research, A.V. Shcherby-
na (2024) demonstrates that the implementation of a com-
plex of well interventions, particularly HF and additional
perforation, had a significant impact on well productivity.
The author also notes that the main driver for increasing
production rates is conducting HF on new wells and the ex-
isting well stock, which confirms the expediency of applying
HF to enhance production and stabilise development rates.

The article by Yu.V. Lazebna et al. (2022) examines
the exploration prospects and development challenges of
tight gas reservoirs in the DDB. The authors analysed the
geological parameters of the Paleozoic complex (structure,
degree of catagenesis, organic carbon content, reservoir
properties, and burial depths) and concluded that there is
a high probability of gas presence in basin-centred reser-
voirs. At the same time, it is emphasised that such deposits
are hard-to-recover due to the low porosity and permeabil-
ity of the rocks; therefore, their development is impossible
without applying stimulation methods. Among modern
technologies, HF is highlighted as the most optimal stim-
ulation method for this task. According to the authors, the
use of foam fracturing technology can serve as a starting
point for the active development of hard-to-recover tight
gas reserves, particularly from basin-centred reservoirs.

According to researchers I. Kuper et al. (2025), the
main problem for well productivity is the presence of the
skin effect. The paper analyses how restrictions in the
near-wellbore zone affect well performance and presents
the modelling of the pumping technology itself, which
minimises the negative impact on the near-wellbore zone.
The proper selection of fracturing fluid, proppants, and
control of fracture geometry through the modelling of
pumping parameters allow for the complete elimination
of near-wellbore flow capacity restrictions accumulated
over years of production. B. Chen et al. (2022) emphasised
that HF is critically important for oil and gas production
from low-permeability reservoirs. The study analyses mod-
ern methods of modelling HF technology, describes the
physical processes occurring during HF, and presents the
capabilities of modern software. One of the problems aris-
ing during the pumping process is described as fluid leak-
off into the formation, which leads to dynamic changes in
fracture geometry and complicates the HF operation. How-
ever, for reservoirs with reduced formation pressure, there
is an additional problem, namely fluid flowback to the sur-
face after fracture propping.
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In their work, researchers V.S. Biletskyi et al. (2025)
described modern stimulation methods, including a char-
acterisation of the HF process. The paper describes modern
development trends in HF technology aimed at improv-
ing modelling and pumping process monitoring technol-
ogies, while also highlighting the focus on developing
and applying environmentally safe fluids. In the article
by A. Abdelaziz et al. (2023), a study was conducted and a
digital model of fracture propagation during HF was creat-
ed. Based on data obtained from laboratory experiments,
it was established that under real conditions, fractures
propagate chaotically, forming complex channel networks
that are both induced by pumping and act as extensions
of pre-existing faults within the reservoir. Researchers
L.B. Moroz et al. (2023b) established the impact of polymer
concentration in the working fluid on fracture dimensions
and conductivity during HF. For all fluid types used in the
modelling, an increase in polymer concentration led to an
increase in the primary geometric parameters, such as frac-
ture width and height, and a decrease in its length.

The analysed studies cover a wide range of aspects asso-
ciated with HF stimulation technology. The articles describe
the expediency of implementing HF in Ukrainian fields and
confirm the high potential for increasing production from
gas and gas-condensate reservoirs at the late-life stage of
development. Existing research broadly covers the specif-
ic challenges of executing high-quality HF operations and
shows ways to improve this technology. However, available
studies do not sufficiently focus on the recovery of residual
technological fluid from the reservoir after fracture prop-
ping. It is at this stage that a fundamental technological
problem arises: the reservoir energy of a depleted reservoir
is insufficient to autonomously lift the HF fluid to the sur-
face. Standard practice in such cases is well clean-up using
a coiled tubing unit (CTU) with the injection of an inert gas
(nitrogen) below the fluid level to aerate the fluid column.
However, as global practice shows, under conditions of se-
vere reservoir depletion, when the hydrostatic pressure of
the fluid column significantly exceeds the formation pres-
sure, this technology becomes ineffective. The objective
of this study was to conduct a techno-economic analysis
of existing artificial lift technologies for well fluid extrac-
tion to determine the feasibility and possibility of their
further use during the clean-up of wells stimulated by HF.

Materials and Methods

The study was conducted using engineering modelling
and techno-economic analysis based on the methodology
outlined by S.V. Matkivskyi & L.I. Khaydarova (2021), since
it calculated the impact of electrical submersible pump
(ESP) parameters on the production characteristics of wa-
ter-loaded gas wells and proved that at high water-gas ra-
tios, an ESP can operate stably and assist in lifting liquid
to the surface. The selection of this methodology for in-
vestigating novel ways of recovering technological fluid af-
ter HF is justified, as the processes of recovering formation
fluid and residual fracturing fluid are quite similar, despite
their fundamentally different origins. A prolonged period
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usually elapses between the HF operation and the start of
well clean-up, which includes a technological shut-in for
gel breaking, as well as a period of operations for packer
retrieval, tubing string replacement, and workover rig dis-
mantling, which in total can take up to 1 month. During the
final well preparation period, the pumped fluid is evenly

distributed within the well drainage zone, which provides
grounds for equating the reservoir conditions in this case
to those of a naturally water-loaded gas well. A typical deep
gas well from one of the depleted DDB fields (synthetic well
No. 202), which is a candidate for HF, was selected as the
base object (Table 1).

Table 1. Initial parameters of the facility (reference well No. 202)

No. Parameter Value Unit
1 Field name Field 1 Name
2 Well No. 202 No.
3 HF intervals 4,120-4,140 m
4 Perforator type and shot density ZPK-62m; 18 hol./m.

5 Formation pressure 60 atm
6 Reservoir temperature 103 °C

7 Porosity 14 %

8 Permeability 0.15 mD
9 Formation fluid viscosity (in-situ) 0.015055 mPa-s
10 Gas formation volume factor 0.010287 m3/m3
11 Saturation pressure 280 atm
12 Gas compressibility factor (Z) 0.8917

13 Production casing 168 mm
14 Production casing wall thickness 12 mm

Source: created by the authors

Based on the experience of conducting HF operations
in analogous horizons, the design parameters of the HF op-
eration necessary for further calculations on the research
topic were adopted using the methodology of L. Moroz et
al. (2023a). Before starting the HF operation, a packer as-
sembly is run on a work string; therefore, kill fluid remains
in the wellbore. The wellbore volume must be taken into
account, as to initiate the fracture and create a “pad”, it is
necessary to displace the kill fluid with the fracturing flu-
id, which is accompanied by forcing the former into the
productive horizon. The total fluid volume, including the
volume of the kill fluid used during the workover in the
well preparation process, is 240 m®. Another important
parameter for conducting justified calculations is the av-
erage density of the fluid pumped into the formation dur-
ing the HF process; a value of 1,030 kg/m* was adopted. For
the modelling and theoretical substantiation of the study,
Schlumberger (n.d.b) software was used. The capabilities
of this software suite, highlighted on the company’s offi-
cial resource, allowed for the full execution of the entire
cycle of calculations necessary to substantiate the method
proposed in the study, without the use of additional tools.
The formulas used for the calculations in this work are pre-
sented below.

Hydrostatic pressure of the fluid column on the forma-
tion:

P=pxgxH, ey

where P, is the hydrostatic pressure of the fluid column on
the formation; p is the fluid density; g is the acceleration
due to gravity; H is the depth to the middle of the perfo-
ration interval (under conditions where the gas-producing
part of the formation is not determined, the middle of the
perforation interval is assumed).

Excessive overbalance in a fluid-filled well:
P,=P,-P, @)

where P, is the excessive overbalance on the formation; P,
is the measured formation pressure before the start of op-
erations.

Dynamic fluid level:

_ g _ Pon
ha=H -2 3)
where P,, is the bottom-hole pressure; p, is the fluid den-
sity.

Pump system head:

H,=h;+h,+h-h, 4

where H, is the head; h, is the distance from the wellhead to
the dynamic fluid level; h, is the required head at the well-
head (assuming Pm=0.5 MPa backpressure on the gather-
ing line h,=50 m); h, represents friction head losses during
fluid flow in the tubing of length L; h, is the fluid lift height
in the tubing due to gas energy (h,=0 since fluid without
gas is pumped at the first stage).
Motor shaft power:

N=(Q*p*gxH,)/n, )

where N is the motor shaft power; Q is the fluid flow rate;
n is the system efficiency.

Results and Discussion

The key factor that precludes well clean-up is the hydro-
static imbalance between the formation pressure and the
pressure of the fluid column in the well before the start of
clean-up operations. First, the pressure of the HF fluid col-
umn on the formation was calculated. In conditions where
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no surveys were conducted during the well’s operation to
determine the exact part of the formation directly produc-
ing gas, the midpoint of the perforation interval is assumed
in the calculations to minimise the margin of error. For the
well under consideration, H=4,130 m:

P,=1,030x9.81x4,130=41.6 MPa.

Thus, knowing the formation pressure measured be-
fore the start of operations, the excessive overbalance ap-
plied to the formation with the well filled to the wellhead
with kill fluid was determined:

P,=41.6-6.0=35.6 MPa.

As a result, a significantly high value of excessive
overbalance on the formation was obtained. This indi-
cates that standard fluid recovery methods, such as well
clean-up using compressor equipment or a CTU to inject
inert gas below the fluid level, are unsuitable for the con-
ditions of this well. To ensure the pumping of 25 m’/day
of HF fluid and create sufficient drawdown on the forma-
tion, a standard ESP assembly (size 3 or 4) run on a 73 mm
(2 7/8”) tubing string is used. The first stage in designing
the ESP installation is determining the setting depth and
the dynamic fluid level that must be maintained to cool
the motor. To create a drawdown on the formation (with
P =6.0 MPa), the dynamic fluid level in the well must be
lowered to a value corresponding to a pressure below the
formation pressure. P,,=5.8 MPa is assumed (a drawdown
of 0.2 MPa). The required dynamic fluid level from the
wellhead is:

5.8x10°

hy = 4,130 — —222_
1,030x9.81

= 3,555 m.

According to the technological solutions for the instal-
lation of ESP described by M.A. AL-Hejjaj et al. (2023), the
pump setting depth must ensure sufficient submergence
below the fluid level to create sufficient intake pressure
for the motor (=5-10 atm). Thus, the adopted ESP setting
depth is L,=3,650 m. This provides 95 m of submergence
at the pump intake at the initial stage, and as the fluid in
the wellbore gradually changes into a gas-liquid mixture, it
will provide a power reserve at the final stage of well clean-
up. To subsequently determine the rated motor power of
the ESP assembly, the required head was calculated using
formula (4) for determining the well’s theoretical system
curve. The friction head losses in a 73 x 62 mm tubing
string (d,,=0.062 m) with a length of 3,650 m at a flow rate
of Q=25 m3/day will be approximately 150 m. The total re-
quired head is:

H,=3,555+50+150=3,755 m.
Motor shaft power:

_(0.00029 X 1,030X9.81 X 3,755)
- 0.4

N =27,507 W=27.5 KW.
Based on the performed calculations, the clean-up of
well No. 202 requires a standard size 3 (@ 3.38”) ESP as-
sembly capable of generating a head of ~3,800 m at a flow
rate of 25 m3/day. To select the ESP for fluid recovery, the
built-in “ESP design” function was used, which allows for
the automatic selection of the optimal system considering
the specified wellbore conditions. Based on the well model
parameters, the REDA MT2A-30 ESP system was selected,
which, operating at 53% of its rated load, ensures the pump-
ing of 25 m’/day of HF fluid from the formation (Fig. 1).
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Figure 1. Pump performance curve of the REDA MT2A-30 ESP

Source: created by the authors

To validate the research findings, a model of well
No. 202 was developed with an ESP installed on a joint-
ed tubing string with a nominal diameter of 73 mm; the

formation properties were specified, along with the condi-
tion that 240 m® of HF fluid was pumped into the near-well-
bore zone (Fig. 2).
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Figure 2. Conceptual well model

Source: created by the authors

Given that the HF was performed in a gas-bearing
formation, the fluid will gradually become saturated with
gas during the recovery process. It is necessary to ver-
ify whether the selected pump can continue to lift water

00 Select columns...

as the gas-liquid ratio increases. Based on the sensitivity
analysis conducted, it was determined that the pump can
ensure stable fluid pumping even as the gas-liquid ratio in
the production stream increases up to 400 cm3/cm® (Fig. 3).
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Figure 3. Sensitivity analysis of pump performance with increasing gas-liquid ratio

Source: created by the authors

Through simulation, it was determined that the REDA
MT2A-30 ESP system, run on a tubing string with a nom-
inal diameter of 73 mm, ensures the recovery of the fluid
pumped during the HF operation. As the gas-liquid ratio
increases, the liquid rate slightly decreases; however, the
pump operation remains stable even at a gas-liquid ratio

of 400 cm3/cm?®. This will be sufficient for well clean-up, as
under these parameters, after the pump is retrieved, the
well will be capable of naturally unloading water and con-
tinuing to clean up during the production phase. This study
has proven that the use of an ESP allows for well clean-up
after HF if there is insufficient reservoir energy to lift the
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fluid. Therefore, the method of temporarily installing an
ESP system on jointed tubing is a technically and econom-
ically justified solution.

Based on the selected technology, the complete well
clean-up cycle is as follows: after performing the HF op-
eration and isolating the pay zone by leaving a sand plug,
a workover rig is used to replace the packer-tubing as-
sembly utilised for the HF with a production tubing string
equipped with an entry guide and an ESP assembly. Fluid
recovery is conducted for approximately 10 days until gas
breakthrough occurs and the pump operation becomes in-
effective. After this, the well is killed to ensure safe trip-
ping operations, and the ESP is retrieved. To bring the well
on stream, a production tubing string with an entry guide
is run in hole, and a standard clean-up is performed using
compressor equipment or a CTU.

In their study, O.A. Pashchenko et al. (2024) proposed
a comprehensive approach to calculating the operational
parameters of HF, based on a combination of geomechan-
ical rock properties, fluid and proppant properties, and
injection rates. The authors developed a methodology for
determining the breakdown pressure, fracture geometry,
near-wellbore permeability, and the expected production
gain following the HF operation. Special attention is giv-
en to optimising proppant selection depending on in-si-
tu stress gradients, as well as to developing an automated
algorithm for the rapid selection of pumping parameters.
The proposed approach allows for enhancing operational
efficiency and serves as a foundation for developing soft-
ware tools for automated HF design in field conditions.

M. Zhulaj & O. Serbin (2024) analysed the advanced
methods and approaches actively implemented by Ukraini-
an companies to enhance oil and gas production efficiency
and secure Ukraine’s energy independence. It was estab-
lished that modern technologies, such as HF, can effectively
increase production even in depleted reservoirs. Although
the cost of applying these technologies is substantial, their
payback period becomes significantly shorter amid rising
energy prices. For example, fracturing operations can in-
crease production volumes by 20-50%, allowing the costs
to be recovered within a few years.

Studies by F. Jahn et al. (2026) confirm that in low-pres-
sure reservoirs, the well clean-up technique involving fluid
column aeration relies heavily on the assistance of reser-
voir energy. However, when reservoir energy is insufficient,
this leads to fluid fallback into the perforation interval and
inefficient solids cleanout. In the present case, where gel
degradation residues are present in the wellbore and direct-
ly within the created fracture, the re-exposure of the high-
ly permeable fracture to such fluid leads to its plugging.
Furthermore, research by I. Kuper et al. (2025) indicates
that the incomplete removal of fracturing fluid induces a
skin effect and can reduce the initial gas rate by 40-60%.

To address the given objective, the industry’s avail-
able artificial lift technologies, which could potentially
be used for the recovery of residual post-frac fluid, were
considered. One such advanced rigless ESP deployment
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technology reviewed is the system proposed by leading
companies Schlumberger (n.d.a) and Baker Hughes (2021),
which involves deploying an ESP on power-cable coiled
tubing (CT) using a CTU. At first glance, the use of this
technology appears optimal as an existing “off-the-shelf
solution”, but it has several drawbacks. The rental cost
of the specialised CT-deployed ESP package is extremely
high, and the 3.38” (85.8 mm) ESP assembly is designed to
operate inside the production casing. Therefore, after fluid
recovery, the well must be killed to install the production
tubing string. This offsets the benefits of using a CTU and
significantly complicates the operations.

It is also critical to consider the technical risks as-
sociated with CT operations. Specifically, deploying and
operating an ESP imposes significantly higher mechan-
ical loads on the CT string than standard interventions.
As described by Vechietti et al. (2022), a CT string parted
during retrieval, causing a well control incident. Regaining
control required pumping a high-viscosity fluid to form a
resin plug. In post-fracturing scenarios, where any frac-
ture plugging is impermissible, such risks completely ruin
the stimulation results.

Considering the drawbacks of using a CTU, the possi-
bility of deploying an ESP assembly on a wireline is being
considered. The existing technology, presented by J. Alge-
rgy (2018), is primarily designed for rapid pump replace-
ment in oil wells. It involves the prior deployment of a
specialised tubing string equipped with a docking station.
The ESP assembly itself (motor, protector, and pump) is run
inside the tubing on a special load-bearing wireline. The
main drawback of this technology, even if adapted for the
current research objective, is the technical depth limita-
tion. The maximum load the cable can withstand allows for
ESP installation at depths of up to 3,000 meters, which is
insufficient for wells developing gas reservoirs in the DDB.

In this case, the most promising approach for im-
plementation is deploying the ESP on a tubing string. A
method widely used in the oil industry that requires no
additional technology implementation costs. This method
involves using a standard ESP assembly as a temporary tool
deployed by a workover rig. This approach is supported by
case studies from A. Salah et al. (2025), where ESP installa-
tion was successfully used to lift gas-liquid streams. When
compared to a gas lift system under standard operating
conditions, the ESP efficiency was comparable; however,
with an increasing water cut, the use of an ESP proved to
be more effective. The primary advantage of applying this
method to the study conditions is the low operational cost.
ESP deployment does not require additional equipment
or the involvement of expensive specialised packages de-
manded by the other described technologies. In most cases,
during HF operations in Ukrainian fields M.A. Mysliuk &
V.P.Kravets (2024), a workover rig is on standby on location.
Furthermore, standard off-the-shelf ESPs are used, which
aresignificantlycheaperthanspecialised slim-hole systems.

The obtained research result is validated by real-world
challenges in global practice. In their study, A. Albahri et
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al. (2025) demonstrate that when applying the correct en-
gineering approach to ESP optimisation, the system will
operate continuously under high gas-water ratio condi-
tions. The authors propose ESP design modifications and
adjustments to mitigate the impact of phase separation as
fluid passes through the pump stages. Additionally, one of
the proposed solutions involves deploying the assembly
below the perforation interval to reduce gas interference;
however, for the given research conditions, specifically the
significant well depth, implementing this approach will be
problematic.

In global practice, deploying ESPs in high-GOR oil
wells following HF is a widely adopted method. In their
study, F. Leon et al. (2022) describe that when selecting
the optimal pump stages, similar to the case of the current
research, the ESP operates stably while lifting gas-liquid
streams. One of their field trials involved installing an ESP
in a fractured well, which demonstrated that the technol-
ogy maintains high operational reliability even when sub-
jected to abrasive proppant flowback.

However, the primary challenge of deploying ESPs
to lift fluids with a high gas volume fraction remains the
overheating of motor components. This issue is detailed by
T. Chu et al. (2022) and aligns perfectly with the findings of
the current study. Under conditions of a high gas fraction,
ESP performance degrades, and motor cooling becomes in-
sufficient. The researchers calculated that an increase in
the free gas fraction to 40% results in a 50% drop in per-
formance. They concluded that the ESP maintains stable
operation at a gas ratio of up to 350 cm®/cm?, whereas at
higher values, the motor rotational speed must be reduced
to prevent overheating. These documented outcomes cor-
roborate the modelling results obtained in this research.

An analysis of recent global studies confirms that de-
ploying ESPs for gas well clean-up following HF presents
no significant limitations in terms of equipment capabili-
ties. While various case studies document ESP deployment
for lifting gas-liquid streams to the surface, the specific
scenario addressed by the proposed solution, character-
ised by a progressive increase in the gas-water ratio, has
not been covered in existing literature. This validates the
relevance of the research topic and highlights substantial
potential for future studies. The availability of reliable
post-fracturing clean-up technology, even under depleted
reservoir pressure conditions, unlocks immense potential
for applying stimulation methods in depleted Ukrainian
fields. This, in turn, will ensure sustained gas production
over the long term.

Conclusions

In order to resolve the issue of well clean-up under condi-
tions of excessive overbalance, where conventional clean-
up methods, such as direct air injection from the wellhead
or using a CT unit to deliver inert gas to the bottomhole,
result in the fluid column being forced back into the pro-
ductive formation through the existing high-permeability
fracture, thereby severely undermining the ultimate

effectiveness of the stimulation, available global practices
of artificial lift methods using ESP systems for fluid re-
moval were reviewed. A comparative analysis of advanced
technologies for temporary ESP deployment revealed sub-
stantial technological limitations and their impracticality
for resolving the given objective. When deploying via CT,
the well completion must be free of a production tubing
string, as the outer dimensions of commercially available
ESPs exceed the drift diameter of the production tubing.
An additional risk in this scenario is CT parting during
pump operation due to the extra loads exerted on it. Fish-
ing the parted tubing would require killing the well, lead-
ing to deep colmatation (plugging) of the bottom-hole
formation zone, which completely negates the stimula-
tion effect. An alternative method, which eliminates ESP
size constraints and reduces the risk of operational fail-
ures, involves deploying the pump on a wireline. In this
setup, the pump requires a seating nipple on the tubing
string, while both its installation and power supply are
facilitated via the wireline cable. However, a major draw-
back that precludes the implementation of this method is
the strict limitation on the ESP setting depth; the pump
would be positioned significantly above the dynamic fluid
level in the well, rendering its efficiency negligible under
such conditions.

The proposed approach of deploying standard ESP
systems which are widely used in oil production, on jointed
production tubing eliminates the aforementioned draw-
backs and can be implemented without additional capital
expenditures. Particularly when operating in depleted res-
ervoirs, the application of robust and relatively cost-ef-
fective solutions significantly enhances the economic
viability of such projects. The results of calculations,
software modelling, and the review of recent literature on
the research topic demonstrate that the ESP deployment
technique for recovering residual fracturing fluid despite
presenting certain operational challenges, such as motor
overheating and limitations when operating with high gas
volume fractions, ultimately enables conducting stimula-
tion operations in depleted reservoirs. If this technology
is successfully implemented in the field, and fracturing
candidate criteria are adjusted (specifically regarding cur-
rent reservoir pressure), the number of stimulation jobs
will increase. This will help maintain high gas production
from existing wells. For further technology development,
future research should focus on reducing the number of
tripping operations during ESP deployment and retrieving
the pump without killing the well.
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AHoOTauig. 3 omamy Ha TpMBaly eKCIUIYaTallilo Ta BMCHAKEHICTh OLIbHIOCTI YKPAiHChKMX DPOMOBUII, MOUIYK
eeKTMBHMX METO[IB BiZHOBJIEHHS iXHBOI MPOLYKTMBHOCTI € MPIiOPUTETHUM 3aBIAHHSIM [JISI eHepreTU4HOi ramysi
Vkpainu. Po6oTa mpucBsiueHa onTuMisaliii mpoiecy OCBOEHHS CBEP/JIOBMH i3 aHOMaJIbHO HU3bKUM IIACTOBUM TUCKOM
nicig inTeHcudikanii NpUIIMBY MeTOLOM TipaBlIiuHOro po3puBy Itacta. MeTow IOCTiaKeHHs 6yI0 BIPOBaIsKeHHS
TEXHOJIOTi] YCHIIHOTO BUYYeHHS PiJMHM PO3PUBY, IO JO3BOIUTH 3HAYHO PO3IIMPUTU KpUTePii Migdopy cBepaI0BUH
Ta yCIiLTHO BUKOHYBATY OTlepallii riipaBaivHOro po3pmBYy Ha 3aBeplasibHili cTazii po3pobky nmokiaaais rasy. [IpoBeneHo
MOPiBHSIIbBHUI TEXHIKO-eKOHOMIUHMII TeOPEeTMUYHMI aHali3 TpPbOX aJbTePHATMBHUX TEXHOJIOTii MexaHi30BaHOTO
OCBO€HHSI (€JIEKTPOBIJIIEHTPOBMIT HACOC Ha THYYKili TPy6i, Ha Kabeni Ta Ha 36ipHUX TPy6ax) AJisk BUOGOPY ONTUMATbHOTO
MeTO#y, BPaXxOBYIOUM TOTOUHMII CTaH ra3oBUIOOYBHOI ramysi Vkpainm. JocmimskeHHs1 6a3yBajocsl Ha iH)XXKeHepHUX
pO3paxyHKax, By3JI0BOMY aHasIi3i Ta aHasIi3i rigpocTaTMyHOTO AvcHbanaHCy Ha IPUKIIA/Li TUTIOBOI IIIMO0KOI CBEPIIOBUHMI
3 TOHJDKEHMM IUIACTOBUM THCKOM (4 150 meTpiB, 6,0 MIla). Po3paxyHOK TigpocTaTMYHOro AycbanaHcy Jjsi YMOBHOI
CBepIJIOBMHM TOKAa3aB KPUTMUUYHY HAJJIUIIKOBY PeIpeciio Ha IIIacT, 0 YHEMOK/IMBIIOE OCBOEHHS 6e3 MPUMYCOBOTO
MeXaHiYHOTO BifKkauyBaHHS. [iIpocTaTMYHMIT TUCK CTOBIIA PiAVIHM 3HAYHO NEepeBUINYE IIaCTOBUIA, 110 IPU3BOIUTDH 10
3BopoTHOTO 3amToBxyBaHHs pigyuu (fluid fallback) Ta B momanbpiioMy 1o MOIMIKOAKEHHS TPIL[MHM Yepe3 KOJbMaTallilo.
[Tpu nOpiBHSAIBHOMY aHaJi3i BUIlle3rafaHuX TeXHOJOril, Ha OCHOBI TEOPETUYHMX JaHMX, BCTAHOBJIEHO, 1[0 TEXHOJIOTiS
CITyCKY Hacoca Ha kabesi («Rigless») € TexHiuHO HenpumaTHOIO 1S rM6MH oHan 3 000 MeTpiB, a TEXHOJIOTIS CITyCKY
Hacoca Ha THYYKiii Tpybi € eKOHOMiUHO HeIOLi/IbHOIO B YMOBAX, KOJIM BePCTaT KaliTalbHOTO PeMOHTY B3Ke 3MOHTOBAHMIA
Ha TUpPJi. BCTAHOBIEHHS €/IeKTPOBIAIIEHTPOBOrO HACcOCa Ha 36ipHUX HACOCHO-KOMITPECOPHUX TPYOax € MparMaTUIHUM
Ta eKOHOMIYHO OOGIPYHTOBaHMM pilleHHsIM. Po3paxoBaHo mapameTpy HeoOXiZHOI KOMIIOHOBKM Ta 3MOJETbOBAHO
MOBHMI LMK Bifj eTamy NPOBeJeHHS TifpaBliYHOrO PO3PUBY 10 3aIlyCKy CBepAJIOBMHM B POOOTY. 3allpOIIOHOBAHO
MparMaTUIHUit MiAXin, 10 L03BOJIsIE€ BUIYUMUTM TeXHOIOTIUHY PiiKHy po3puBY 6e3 pernpecii Ha MJIaCT, BUKOPUCTOBYIOUM
HasIBHI pecypcu 3 MiHiMaJIbHUMU JOJATKOBUMM BUTPATaAMU, 10 € KPUTUUHUM JJIs1 PeHTabelbHOCTI pOGiT IO CTUMYJISILLi|
BMCHaXeHMX MTOKJIaiB

KnroyoBi cnoBa: noknan; intencudikariis; me6ir; Tpimmua; eKCruyaTailisi; peMOHT; KOITIO6iHT
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Abstract. The aim of the study was to develop an analytical approach to minimising lost production in sand-prone oil
wells based on operational data from the Caspian region, including facilities in Azerbaijan. The research methodology
was based on an empirical analysis of monthly production observations from 48 producing wells for the period 2024-2025
and included a comparison of stable and unstable production intervals, a quantitative assessment of the contribution of
operational factors to the formation of lost production, predictive modelling of unstable states and production losses, as
well as an engineering verification of the identified patterns under real operational constraints. It was established that
the transition to an unstable operational state was accompanied by a 23.5% decrease in oil flow rate, a 47.9% increase
in water cut, a 69.8% increase in pressure drop across the filter elements, a 3.8-fold increase in downtime duration,
and a 154.5% increase in the frequency of operational interventions. A statistical comparison showed that the most
pronounced differences between stable and unstable intervals were associated with the rate of decline in flow rate, an
increase in water cut, the cumulative duration of downtime over a six-month window, and a reduction in the proportion
of stable production without signs of sand production. Regression analysis revealed that the greatest contribution to the
change in lost production was made by the pressure drop across the filter elements, the proportion of stable operation,
cumulative downtime and the frequency of interventions, whilst in the predictive modelling block, the XGBoost model
demonstrated the best results, with an average absolute error of 2.18 m® per month and a coefficient of determination of
0.79. The practical significance of the results lies in their potential application in production monitoring and operational
management systems for sand-prone wells, enabling the early detection of unstable conditions, the justification of
operational interventions, and the adjustment of production rates to minimise lost production

Keywords: operational instability; filtration resistance; accumulation of downtime; frequency of operational
interventions; proportion of stable operation; predictive modelling; production losses

Introduction

Sand production in oil wells is regarded as one of the fac-
tors reducing operational stability and production efficien-
cy, since the transport of solid particles is accompanied by
a disruption of the operating conditions in the bottomhole
zone, an increase in the load on well equipment, a rise in
the number of operational interventions, and an increase
in downtime duration. For weakly cemented reservoirs,
this relationship is systemic in nature, as the transition to
an unstable operating regime is caused by the combined
action of geomechanical, hydrodynamic and operational

factors. Consequently, the analytical focus has shifted from
describing individual manifestations of sand washout to
developing integrated solutions based on a combination
of control methods, operational monitoring and predic-
tive modelling. Scientific interest in the problem of sand
blowouts has gradually shifted from describing individual
mechanisms of sand blowouts to developing integrated ap-
proaches based on a combination of methods for prevent-
ing sand blowouts, operational monitoring and predictive
analytics (Deryaev, 2024a).
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In areview paper by D.T. Asfha et al. (2024), the mecha-
nisms of sand migration, approaches to its prediction, and
the potential applications of fibre-optic technologies and
machine learning methods for monitoring well conditions
are systematised. It is shown that the development of sand
control risk management systems is linked not only to the
improvement of technical monitoring tools, but also to the
expanded use of real-time data and intelligent analysis
methods. A similar aspect of sand control management in
the context of selecting technological solutions is consid-
ered in the work by M. Muhammad and A.A. Rasol (2025).
The authors’ analysis showed that the management of
sand production is complicated not by a lack of available
technologies, but by the need to select them judiciously,
taking into account operating conditions, well operating
modes and economic constraints. The study by H. Wu et
al. (2025) summarises current understanding of the mech-
anisms of sand production, risk factors, forecasting meth-
ods and directions for further development in this field.
The authors concluded that sand production should be re-
garded as a dynamic, multi-factor process, the analysis of
which requires a combination of mechanistic models and
predictive methods.

The chemical approach to controlling sand migra-
tion is presented in the publication by I. Karimov (2026a),
which examines the transition from polymer solutions
to nanomaterials in chemical sand stabilisation tech-
nologies. It is shown that the stability of such treatment
should be assessed taking into account the preservation
of the collector’s filtration properties, which allows it to
be considered in the context of long-term operational effi-
ciency, rather than merely a short-term reduction in sand
washout. A separate area of research concerns the evalua-
tion of the performance of filtration systems. In the work
by S. Liu (2024), a method for analysing the efficiency of
slotted filters is proposed, according to which their oper-
ational characteristics depend not only on design param-
eters but also on operating conditions that determine the
pressure drop, the degree of clogging, and the stability of
solid particle retention.

The diagnostic aspect is addressed in the field study by
D.T. Astha et al. (2026), which demonstrates the capabili-
ties of vertical seismic profiling technology using distrib-
uted acoustic sensing for the real-time detection of sand
migration in an offshore well. It is shown that sand flow
signatures can be used for the rapid detection of adverse
changes in operating conditions, confirming the impor-
tance of continuous monitoring in production manage-
ment systems. In the work by M.H. Shabdirova et al. (2023),
machine learning methods are applied to predict non-sta-
tionary sand intrusions using the Karazhanbas field as an
example. It has been shown that non-linear relationships
between operational parameters and the development of
sand production can be identified analytically; however,
their correct interpretation requires consideration of the
specific production context and the structure of the source
data. In a review paper by B.A. Suleimanov et al. (2024)
systematise mechanical technologies for preventing sand

production in oil and gas wells. The authors demonstrate
that the performance of filters and gravel packs is deter-
mined not only by their design characteristics, but also by
their suitability to the selection conditions, flow capacity
requirements, and the actual operating regime of the well.
Early signs of instability in the bottomhole zone were ex-
amined by I. Karimov (2026b) based on an analysis of well-
head pressure and throttling parameters. A conclusion was
drawn regarding the diagnostic significance of standard
field indicators, which expands the possibilities for ana-
lytical forecasting by identifying adverse changes in oper-
ating conditions without the mandatory use of specialised
measurements. The relationship between sand control and
production efficiency is examined in the study by S. Ismay-
ilov and Z. Mirzayev (2025), where innovative approaches
to the operation of wells with sand production are analysed
through a system of operational indicators. It is shown that
their effectiveness is determined not only by a reduction in
sand carryover, but also by their impact on flow rate stabil-
ity, well operating conditions and the overall set of opera-
tional parameters.

Thus, a review of the literature shows that studies of
sand production in oil wells cover the mechanisms of sand
carryover, risk factors for unstable operation, mechanical
and chemical control methods, monitoring tools, as well as
analytical and predictive approaches to identifying adverse
operating conditions. At the same time, there is a limited
number of studies in which well operational data are si-
multaneously used to quantitatively assess lost production,
predict the transition to an unstable operating regime, and
justify technological solutions for reducing production
losses. In this regard, the aim of the study was to substan-
tiate an analytical approach to reducing lost production in
sand-prone oil wells in the Caspian region, including Azer-
baijan. In accordance with the stated objective, the study
was aimed at addressing the following tasks: identifying
key operational predictors of an unstable operational state
of a well, assessing factors influencing the volume of lost
production, and determining analytically sound guidelines
for the engineering interpretation of threshold states and
the selection of possible technological solutions.

Materials and Methods
The study was carried out between 2024 and 2025 as an
empirical analysis of operational data, involving the de-
velopment of an analytical approach designed to reduce
production losses in sand-prone oil wells. The methodo-
logical framework was developed taking into account the
conditions for the development of weakly cemented res-
ervoirs in the Caspian region, including sites in Azerbai-
jan. This research framework is consistent with published
engineering literature on the Azeri, Chirag and Azeri-Chi-
rag-Gunashli fields, where sand production is considered
a significant factor in reducing production efficiency and
the operational reliability of equipment (BP, 2002; Susi-
lo et al., 2013; SLB, 2024).

The empirical basis of the study was formed using
production monitoring data from 48 production wells and
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comprised a dataset of 1,728 monthly observations. The
sample included wells with a continuous or quasi-contin-
uous series of observations spanning at least 36 months.
To ensure comparability between sites, a single analytical
horizon of 36 months was used. This approach enabled the
data on flow rates, bottomhole and wellhead pressures, wa-
ter cut, signs of sand production, operational interventions
and downtime duration to be presented in a comparable
format. An integrated analytical profile was formed based
on the initial dataset, combining production, hydrodynam-
ic and operational indicators, as well as information on the
dates of interventions and the duration of downtime. Op-
erational interventions were identified using retrospective
production data containing information on the occurrence
of shutdowns, the nature of the operations performed, the
duration of downtime, and the subsequent resumption of
well operations. The study considered unscheduled oper-
ations aimed at restoring or stabilising well performance
as operational interventions, including the cleaning of fil-
ter elements, the removal of sand and mechanical depos-
its, the restoration of bottomhole zone permeability, and
flushing operations. In engineering practice, such inter-
ventions are regarded as measures for the maintenance,
repair and restoration of well performance, including in
conditions where sand control systems are malfunction-
ing (Schlumberger, 2015; Tang et al., 2022).

The frequency of operational interventions was de-
fined as the number of relevant events per 12 months of
observation for each well. Objects with significant data
gaps, disrupted temporal consistency, and values lacking
operationally interpretable content were excluded from
further processing. Intervals within which changes in oper-
ating mode could not be reliably correlated with the actual
condition of the well were also excluded. Data preparation
involved cleaning the dataset, standardising time intervals,
and converting the indicators into a uniform analytical
format. Missing values were imputed only where this did
not conflict with the operational logic of the process. For
short gaps in the time series, local linear interpolation was
applied, as with a short gap and no signs of technological
intervention, this approach allowed the continuity of the
series to be maintained without significantly distorting
the overall dynamics of the operational indicators. This
procedure was used only on locally stable sections of the
observations. For parameters exhibiting step-like chang-
es, the nearest valid value was carried over, provided that
a physically permissible operating regime was maintained.
Anomalous values were interpreted taking into account
the operational context, as sharp deviations could be as-
sociated with both recording errors and actual manifesta-
tions of unstable well operation. Derivative indicators were
calculated based on the initial operational parameters to
characterise the well’s transition to an unstable operation-
al state. The rate of decline in flow rate was defined as the
relative change in average flow rate between the current
and previous three-month observation windows (1):

qu(Q_Qt—l)/Qt—l) 1
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where Q, — average flow rate in the current three-month
period, m*day; Q,, — average flow rate in the preced-
ing three-month window, m3/day. In addition, the rate of
change in water saturation (AWC), the absolute and rela-
tive changes in bottomhole and wellhead pressures (AP,
and APw,), the cumulative duration of downtime within a
six-month window (DTj,), and the frequency of operational
interventions over a 12-month period were calculated. The
choice of a three-month window for the flow rate and wa-
ter cut indicators was determined by the need to smooth
out short-term operational fluctuations whilst maintaining
sensitivity to adverse changes in operating conditions. A
six-month window was used to assess the cumulative ef-
fect of downtime and recurring interruptions to the well’s
continuous operation. Calculations were performed using a
moving average method with a monthly step. The average
flow rate in the current three-month window was defined
as the arithmetic mean of the values for months ¢, t- 1 and
t-2, and the average flow rate in the preceding window as
the arithmetic mean of the values for months t- 1, t-2 and
t- 3. The cumulative duration of downtime was calculated
as the sum of the duration of downtime over six consecutive
months, including the current month of observation (2):

DT, =3DT,,, i=0...5, 2)

where DT, is the duration of downtime in the relevant
month, in days. This approach made it possible to identify
a consistent trend of deterioration in operating conditions,
rather than isolated technical deviations. An unstable op-
erating condition was identified based on a combination
of operational indicators, including signs of solid parti-
cle carryover, an increase in pressure drop across the fil-
ter elements of at least 15% compared with the preceding
stable interval, a reduction in oil flow rate of at least 10%
in the absence of external constraints on the production
regime and unscheduled operational interventions (Ab-
duljabbar et al., 2024). Their selection was based on the
field interpretability of the indicators, a preliminary com-
parison of stable and unstable observation intervals, and
an engineering verification of the physical plausibility of
the identified deviations within the framework of scenario
analysis. For analytical processing, such states were coded
in two ways: as a binary event of transition to an unstable
operational state and as a quantitative indicator of the se-
verity of production losses, expressed as the volume of lost
production. The SFR indicator was calculated as the ratio of
the duration of stable operation intervals without recorded
signs of sanding to the total duration of the period under
analysis (3):

SFR=T i/ Ty 3
where T,,. — total duration of stable operation without
signs of sand transport; T,,, — total duration of the ana-
lysed period. This indicator was used as an integral meas-

ure of the well’s operational stability. The main target var-
iable was the volume of oil not produced, defined as the

(67)
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difference between the expected production, calculated
based on the well’s baseline steady-state flow rate, and the
actual production over the analysed interval (4):

L,=(Quue~ Qrud ¥ L, 4)

where L, - volume of oil not produced, m*; Q,,, — base oil
production rate, determined by the average production
rate during the preceding steady-state period of operation
for a specific well, m*/day; Q. — actual oil production rate
in the interval under analysis, m’/day; t — duration of the
analysed interval, days.

In addition, the probability of a well entering an un-
stable operational state, accompanied by sand production,
an increase in the number of interventions and a rise in
downtime, was assessed. The analytical procedure com-
prised several stages. In the first stage, a descriptive analy-
sis was performed to identify stable relationships between
operational parameters, signs of sand production, reduced
production, and downtime duration. In the second stage,
regression models were applied to quantitatively assess the
contribution of individual factors to production losses. To
this end, multiple linear regression, ridge regression and
models with selection of the most significant predictors
were used. This made it possible to assess the influence of
pressure, flow rate, water cut, frequency of interventions
and sand production indicators on the amount of lost pro-
duction. In the third stage, machine learning methods were
used to solve three analytical problems: classification of
unstable operational states, forecasting of lost production
volume, and assessment of the significance of input vari-
ables. Logistic regression was applied for the binary clas-
sification of well conditions. Random forest and gradient
boosting were used to identify non-linear relationships
and rank factors by degree of influence. To improve the ac-
curacy of the forecast of lost production, the XGBoost al-
gorithm was additionally applied. The data were split into
training and test sets in an 80:20 ratio, whilst preserving
the group structure of observations by well and time in-
terval. This prevented the transfer of information between
samples and minimised the risk of data leakage. The ro-
bustness of the results was further verified using a five-fold
cross-validation method with grouping by well.

Statistical analysis of the data was carried out on a
case-by-case basis, taking into account the distribution
type of the variables under analysis and the research ob-
jective. In the first stage, the normality of the distribution
was tested using the Shapiro-Wilk test. Statistical compar-
ison of operational indicators between groups of wells with
stable and unstable operating modes was carried out tak-
ing into account the type of data distribution. For a normal
distribution, Student’s t-test was applied; for deviations
from normality, the Mann-Whitney test was used. The Wil-
coxon criterion was used to analyse related states of the
same well, including periods before and after technological
intervention or before and after the transition to a regime
with signs of sand production. The level of statistical sig-
nificance was set at p<0.05. Classical statistical methods
were used to test inter-group and intra-group differences,

whilst the machine learning module was focused on solving
predictive and ranking tasks. The quality of the predictive
models was assessed by the mean absolute error, root mean
square error and coefficient of determination in regression
tasks, as well as by classification accuracy, completeness,
positive prediction accuracy and F1-score in classification
tasks. When interpreting the results, priority was given to
the completeness of identifying unstable states, as miss-
ing such episodes was associated with higher production
losses and a risk of equipment damage. Data processing
and model building were performed in the Python envi-
ronment using Jupyter Notebook (n.d.). The PIPESIM (n.d.)
hydraulic simulator was additionally used for engineering
verification of the results and scenario analysis. This was
used to assess the relationship between production modes,
well completion parameters and changes in key operation-
al indicators, including additional filtration resistance,
productivity coefficient, pressure drop and the stability of
filtration systems. The practical applicability of the pro-
posed approach was further assessed taking into account
the regulatory constraints of American Petroleum Insti-
tute (1991) and ISO 17824:2009 (2009). The scenario anal-
ysis considered options for varying formation pressure, the
use of sand control systems, and their combination with
other operational interventions. The results of the PIPES-
IM simulation were used for engineering verification of the
calculations, interpretation of the threshold values estab-
lished by statistical and predictive models, and to confirm
the physical plausibility of the identified predictors of an
unstable operating state.

Results

Initial differences between stable

and unstable operating intervals

A comparison of stable and unstable production intervals
in a dataset comprising 48 production wells and 1,728
monthly observations showed that the transition to an
unstable production state was accompanied not by an iso-
lated deviation in a single operational parameter, but by a
coordinated change in the key parameters of well perfor-
mance. Even at the initial descriptive level, unstable in-
tervals were characterised by a simultaneous decrease in
oil production, an increase in water cut, a rise in pressure
drop across the filter elements, longer downtime periods,
and a higher frequency of operational interventions. This
pattern of changes was accompanied by a simultaneous
deterioration in production, hydrodynamic and opera-
tional characteristics and was consistent with the general
engineering logic described for sand-prone development
conditions at the Azeri-Chirag-Gunashli fields (BP, 2002;
Susilo et al., 2013; SLB, 2024).

The most pronounced differences between stable
and unstable intervals were identified in terms of oil flow
rate, pressure drop across the filter elements, duration of
downtime and volume of lost production. In stable inter-
vals, the flow rate remained at a higher level, whereas in
unstable conditions it decreased against a background of
increasing water cut and local flow resistance. At the same
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time, downtime duration and the frequency of operation-
al interventions increased, accompanied by changes not
only in filtration and hydrodynamic conditions but also
in the overall operational load on the production system.
Consequently, production losses in such intervals be-
came recurrent and accumulated over time. The decline in

productivity, the increase in internal resistance and the
rise in the number of operational disruptions manifested
themselves as interrelated processes (Deryaev, 2024b). To
systematise the primary differences between stable and
unstable operational intervals, Table 1 presents summary
characteristics of the main technological indicators.

Table 1. Descriptive characteristics of stable and unstable operating intervals

Indicator Stable intervals Unstable intervals Change

Oil flow rate, m*/day 96.8+10.9 74.1+12.6 -23.5%

Bottomhole pressure, MPa 19.4£2.3 17.2+2.7 -11.3%

Wellhead pressure, MPa 6.3%£0.9 7.5+1 +19%

‘Water saturation, % 26.9%8.7 39.8+10.6 +47.9%

Pressure drop across the filter elements AP, MPa 0.96+0.21 1.63+0.29 +69.8%
Downtime duration, days/month 1.4+0.9 5.4%1.7 +285.7%
Frequency of technical interventions, cases/year 1.1£0.4 2.8+0.7 +154.5%

Unrealised production, m*/month 2.1=1.3 14.7+4.8 7 times higher

Source: compiled by the author based on the results of processing the operational dataset and computational procedures

in the Python/Jupyter environment

As can be seen from Table 1, the differences between
stable and unstable intervals were not localised but rather
consistent in nature, and encompassed production, hydro-
dynamic and operational parameters simultaneously. In
unstable intervals, the oil flow rate decreased from 96.8
to 74.1 m%day, i.e., by 23.5%, whilst water cut increased
from 26.9 to 39.8%, indicating a deterioration in the inflow
structure and a reduction in production recovery efficiency.
At the same time, the pressure drop across the filter ele-
ments AP, increased from 0.96 to 1.63 MPa, or by 69.8%,
reflecting an increase in local flow resistance and a deterio-
ration in filtration conditions in the bottomhole zone. The
change in pressures throughout the system was also con-
sistent: bottomhole pressure decreased by 11.3%, whilst
wellhead pressure, conversely, increased by 19%, which
further indicated a shift in the well’s operating regime as
operating conditions deteriorated. The most pronounced
shifts were related to the operational component: down-
time duration increased from 1.4 to 5.4 days/month, i.e.,
by more than 3.8 times, whilst the frequency of operational
interventions rose from 1.1 to 2.8 instances per year, or by
154.5%. As a result, lost production in unstable intervals
reached 14.7 m’/month compared to 2.1 m*/month in sta-
ble intervals, i.e., it was 7 times higher. This combination
of changes indicated that the transition to an unstable op-
erating state was accompanied not by a separate deterio-
ration of a single indicator, but by a simultaneous decline
in productivity, an increase in hydrodynamic resistance, a
reduction in operational continuity, and an accumulation
of production losses. This interpretation is consistent with
the general engineering view of the degradation of a well’s
operating regime as a process accompanied by the need for
more frequent restorative and stabilising measures, par-
ticularly when the functioning of sand-control systems de-
teriorates (Schlumberger, 2015; Tang et al., 2022).

Thus, an initial comparison of stable and unstable
operating intervals revealed that the development of an
unstable state in sand-prone wells manifested itself as a

complex of interrelated changes affecting flow rate, water
cut, pressure parameters, downtime duration, intervention
frequency and lost production. Even at a descriptive level,
this indicated that operational instability manifested as a
systemic deterioration in well performance, rather than as
anisolated deviation in a single operational parameter. The
differences identified formed the basis for further analysis
of derived indicators, statistical signs of the transition to
an unstable state, and a quantitative assessment of factors
associated with an increase in production losses.

Derivative indicators and statistical signs

of the transition to an unstable operational state

A comparison of the derived indicators revealed that the
transition to an unstable operational state was accom-
panied not only by changes in the initial operational pa-
rameters, but also by changes in the indicators reflecting
the dynamics of the operating regime, the accumulation
of operational irregularities, and a reduction in the pro-
portion of stable well operation. This approach to inter-
preting an unstable state as a set of operational markers
corresponds to the accepted scheme for its identification
(Abduljabbar et al., 2024). Differences between stable and
unstable intervals were identified based on the rate of de-
cline in flow rate, the rate of increase in water cut, chang-
es in bottomhole and wellhead pressure, the accumulat-
ed duration of downtime within a six-month window, the
annual frequency of interventions, and the SFR indicator.
This pattern of differences was accompanied by the accu-
mulation of interrelated signs of operational deteriora-
tion, including a decline in productivity, changes in hy-
drodynamic conditions, and a reduction in the duration of
stable operation. In unstable intervals, the negative flow
rate trend was accompanied by increased water cut and si-
multaneous pressure changes throughout the production
system. The increase in DT, and the annual intervention
frequency indicated that the change in operating regime
was accompanied not only by filtration and hydrodynamic
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deviations, but also by changes in operational parameters.
The SFR indicator decreased during such intervals, reflect-
ing a reduction in the proportion of time during which the
well operated without signs of sand production and asso-
ciated disruptions. Taken together, the derived indicators
reflected not isolated deviations, but a transition process

from a steady state to a regime in which production losses
recurred over time. For a quantitative comparison of the
indicators calculated on the basis of the initial operational
data, including the derived indicators determined by for-
mulas (1)-(4), the results of the statistical analysis are pre-
sented in Table 2.

Table 2. Results of the statistical comparison of derived indicators
and associated signs of deterioration in operating conditions

Indicator Stable Intervals Non-Robust Intervals p-value

R, -0.03+0.02 -0.11+0.04 <0.001

AWC, % +1.8%1.1 +6.9+2.4 <0.001

APg,, MPa -0.4£0.3 -1.7£0.6 <0.001

AP,», MPa +0.2%0.2 +0.9+0.4 <0.001

DT, days 6.1+2.8 18.7%5.3 <0.001

Frequency of interventions, cases/year 1.1+0.4 2.8£0.7 <0.001
SFR 0.84+0.07 0.46+0.09 <0.001

Shortfall in production, m*’month 2.1%+1.3 14.7+4.8 <0.001

Note: to compare indicators between stable and unstable intervals, the Student’s t-test or the Mann-Whitney test was
used, depending on the nature of the data distribution as determined by the Shapiro-Wilk test
Source: compiled by the author based on the results of statistical analysis of operational data using Python/Jupyter

According to the data in Table 2, the transition to an
unstable operational state was most clearly evident in the
R, AWC, DT,, and SFR indicators. In unstable intervals,
the value of R, varied from -0.03+0.02 to -0.11+0.04, re-
flecting a more pronounced decrease in discharge com-
pared to stable states. At the same time, AWC increased
from +1.8+1.1 to +6.9+2.4%, accompanied by a more pro-
nounced adverse trend in water availability. The cumula-
tive duration of downtime in the six-month DT,, window
increased from 6.1+2.8 to 18.7+5.3 days, i.e., more than
threefold. Against this background, the SFR decreased from
0.84%0.07 to 0.46£0.09, reflecting a reduction in the pro-
portion of operating time without signs of sanding and
associated disruptions. All differences remained statisti-
cally significant at the p<0.001 level. This combination of
changes indicated that the transition to an unstable state
was accompanied not by a single isolated shift, but by a si-
multaneous change in several interrelated characteristics
of the operating regime. A more pronounced decrease in
flow rate was accompanied by an increase in waterlogging,
an accumulation of downtime, and a reduction in the du-
ration of stable operation. Consequently, differences be-
tween stable and unstable intervals were recorded not only
in terms of the absolute values of the parameters, but also
in terms of the direction of their change over time. In this
form, the derived indicators were used to identify that part
of the operational dynamics which was accompanied by a
further increase in lost production and characterised the
development of an unstable operational state.

Regression analysis

of factors influencing lost production

A regression analysis of the factors influencing lost pro-
duction revealed that changes in production volume in
sand-prone wells were accompanied by the combined

effect of several operational parameters, reflecting chang-
es in filtration conditions, an increase in hydrodynamic
resistance, and changes in the stability of the operating
regime. The strongest correlation with the magnitude of
production losses was found for the pressure drop across
the filter elements, the frequency of operational interven-
tions, the cumulative duration of downtime, and the SFR
index. The coefficients of the regression models showed
that the volume of lost production varied both as hydro-
dynamic conditions deteriorated and as the proportion
of time spent in stable operation decreased. This pattern
of results indicated a link between production losses and
the well’s transition to a regime in which operational
disruptions recurred over time. The direction of influ-
ence of individual factors remained consistent in both
the multiple linear regression model and the regularised
model. This indicated the stability of the identified rela-
tionships between operational indicators and the volume
of lost production. A decrease in flow rate, an increase in
AP, an increase in DT, and an increase in the frequency
of interventions were considered, within the framework
of regression analysis, as interrelated changes in the op-
erating regime. With this combination of parameters, an
increase in deviations was accompanied by an increase in
accumulated production losses and a change in the well’s
operating conditions. For a visual comparison of the rela-
tive contribution of key predictors within the regression
approach, their effects are presented in Figure 1. As shown
in Figure 1, a graphical comparison of the coefficients re-
vealed a similar pattern of how the predictors influenced
the volume of lost production in both regression models.
The coefficients with the largest absolute values were AP,
SFR, DT,, and the frequency of technical interventions,
indicating a link between an increase in filtration resist-
ance, a reduction in the proportion of stable operation, the
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accumulation of downtime and an increase in the number
of operational disruptions, and the occurrence of produc-
tion losses. In the multiple linear regression model, the
coefficient for AP, was 0.34, for SFR -0.32, for DT,, 0.29,
and for the frequency of interventions 0.25. In the ridge re-
gression, the same direction of influence was maintained,
along with coefficients of similar magnitude: 0.31 for AP,

-0.40 -0.30 -0.20 -0.10 0.00

-0.29 for SFR, 0.27 for DT,, and 0.23 for the frequency of
interventions. This indicated that an increase in the pres-
sure drop across the filter elements, the accumulated
downtime and the number of operational interventions
was accompanied by a rise in lost production, whereas an
increase in the proportion of time spent in stable oper-
ation was accompanied by a decrease in lost production.

0.10 0.20 0.30 0.40

03
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?729
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Figure 1. Comparison of f coefficients in regression models of lost production
Source: compiled by the author based on the results of visualising the B coefficients of regression models in the Python/

Jupyter environment

The differences between the models did not alter the
overall structure of the relationships, and the similar val-
ues of the coefficients indicated the comparability of the
estimates across different regression analysis methods.
Derived indicators of operational mode changes were also
associated with production losses. The coefficient for R,
was -0.21 in the linear model and -0.19 in the peak mod-
el, reflecting the relationship between a decrease in flow
rate and an increase in lost production. For AWC, the co-
efficients were 0.18 and 0.16 respectively, indicating a link
between increased water cut and increased production
losses. Pressure parameters also maintained a unidirection-
al relationship with the dependent variable: for APg,, the
coefficients were -0.14 and -0.12, and for APwy, 0.16 and
0.14. All the coefficients mentioned remained statistically
significant, as the p-values ranged from <0.001 t0 0.011. The
explanatory power of the models was similar: R*> was 0.71
for multiple linear regression and 0.69 for ridge regression.
The results obtained indicated a link between shortfall in
production and the combined change in several parameters
characterising filtration, hydrodynamic and operational
conditions. Thus, the regression analysis showed that the
increase in lost production in sand-prone wells was asso-
ciated not with a single operational deviation, but with a
simultaneous change in several operating parameters. The
coefficients with the largest absolute values were obtained
for AP, SFR, DT,, and the frequency of operational inter-
ventions, whilst the indicators of flow rate dynamics, water
cut and pressure complemented the overall structure of the
identified relationships. The consistency in the direction of
the effects and the similar values of the coefficients in both

models indicated the comparability of the regression anal-
ysis results. This allowed the findings to be used for sub-
sequent comparison with machine learning results and for
ranking features according to their predictive significance.

Machine learning results for the classification

of unstable states, the prediction

of lost production, and the ranking of features

The machine learning results showed that the transition
to an unstable operational state and changes in the vol-
ume of lost production were reflected not only in statis-
tical and regression relationships, but also in predictive
patterns within the operational data. A comparison of al-
gorithms revealed differences between models in terms of
the completeness of unstable interval detection and the
accuracy of production loss forecasting. Ensemble algo-
rithms proved to be the most sensitive to combinations
of features associated with a deterioration in operating
conditions. Among these, the most significant were a de-
crease in flow rate, an increase in AP, a decrease in SFR,
an accumulation of DTy, and an increase in the frequency
of operational interventions. This configuration of fea-
tures indicated that an unstable operational state was
described not by a single variable, but by a system of in-
terrelated parameters. The results of classification and re-
gression modelling were consistent in terms of the gener-
al logic of feature selection. Models that more accurately
identified unstable intervals simultaneously demonstrat-
ed greater sensitivity to the combination of parameters
previously identified in statistical and regression analysis.
This indicated the stability of the feature structure across
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different analytical levels and confirmed that key opera-
tional mode indicators retained their significance both for

production losses. To compare the predictive performance
of the algorithms used, the model quality metrics are pre-

classifying well states and for predicting the magnitude of  sented in Table 3.

Table 3. Comparison of the quality of machine learning models
for instability classification and production shortfall prediction

Model Task Accuracy Recall Precision Fl-score MAE RMSE R?

Logistic Regression Classification 0.84 0.81 0.79 0.80 - - -

Random Forest Classification 0.89 0.87 0.85 0.86 - - -
Gradient Boosting Classification 0.91 0.89 0.88 0.88

2.18 3.04 0.79

XGBoost Forecast of lost revenue - - - -
Random Forest Regressor Forecast of lost production - - - - 2.54 3.41 0.74
Gradient Boosting Regressor Forecast of lost revenue - - - - 2.31 3.17 0.77

Note: Accuracy, Recall, Precision and F1-score were used to evaluate models for classifying unstable operational states;
MAE, RMSE and R? were used to evaluate models for predicting lost production. The symbol “-” indicates that the metric
is not applicable to the corresponding model

Source: compiled by the author based on the results of operational data processing and machine learning in the Python/

Jupyter environment

As can be seen from Table 3, in the task of classify-
ing unstable operational states, higher metric values were
obtained for ensemble algorithms. For Gradient Boosting,
the accuracy was 0.91, recall 0.89, precision 0.88, and F1-
score 0.88. For Random Forest, the corresponding values
were 0.89, 0.87,0.85 and 0.86, and for Logistic Regression —
0.84, 0.81, 0.79 and 0.80. These differences indicated that
ensemble models distinguished between stable and unsta-
ble intervals more accurately. The higher Recall value for
Gradient Boosting indicated a smaller number of unde-
tected unstable intervals. The differences between logistic
regression and ensemble algorithms also showed that the
classification of operational states was related not only to a
linear combination of features, but also to their more com-
plex structure.

In the task of forecasting shortfall in production, the
lowest error values and the highest coefficient of deter-
mination were obtained for XGBoost: MAE was 2.18 m%/
month, RMSE was 3.04 m3%month, and R> was 0.79. For the
Gradient Boosting Regressor, the corresponding values

Bottomhole pressure change (APgp)
Wellhead pressure change (APuwy,)
Water cut change (AWC)

Rate decline (R)
Frequency of technological interventions
Downtime in 6-month window (DT )
Sand-free runtime (SFR)
Filter pressure drop (AP/,)

were 2.31 m3%month, 3.17 m*/month and 0.77, and for the
Random Forest Regressor — 2.54 m*/month, 3.41 m’/month
and 0.74. These results showed that XGBoost provided a
lower prediction error and a higher proportion of explained
variation in lost production within the dataset under con-
sideration. The differences between the models indicated
that the prediction of production losses was associated
with a combination of several interrelated features. The
machine learning results reproduced the same pattern of
relationships that had been identified in the previous stag-
es of the analysis. The features that demonstrated statis-
tical significance and a regression relationship with lost
production in this block also determined the quality of
classification and prediction. This showed that the identi-
fied system of variables was used not only to distinguish
operational states, but also to predict the transition to an
unstable regime and changes in the volume of production
losses. For a visual comparison of the significance of fea-
tures in machine learning models, the results of their rank-
ing are presented in Figure 2.

.24

0 0.05

0.1 0.15 0.2

0.25 0.3

Figure 2. Ranking of feature importance in machine learning models
Source: compiled by the author based on the results of feature importance analysis and visualisation in the Python/

Jupyter environment

As shown in Figure 2, the features with the highest
significance in the machine learning models were AP, SFR,
DT,,, the frequency of process interventions and the rate

of flow rate decline. Their relative significance values were
0.24 for AP, 0.21 for SFR, 0.18 for DT,,, 0.14 for the frequen-
cy of operational interventions and 0.09 for R,. These var-
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iables were associated with both the probability of a well
transitioning to an unstable operational state and the mag-
nitude of lost production. This distribution of significance
indicated that the models primarily utilised features re-
flecting changes in local resistance, a reduction in the pro-
portion of time spent in stable operation, and the accumu-
lation of operational disruptions. In this respect, machine
learning reproduced the same feature structure that had
been identified in the statistical and regression analyses.
The significance of SFR and DT,, was comparable to
that of AP, and flow rate dynamics. This showed that not
only hydrodynamic deviations but also temporal charac-
teristics of well operation, including changes in the pro-
portion of stable operation, the accumulation of downtime,
and the frequency of operational interventions, were used
to identify unstable modes. Thus, production losses in
sand-prone wells were associated not only with changes
in the filtration state, but also with a restructuring of the
operational regime. Machine learning results showed that
unstable operational states and the associated increase in
lost production were identified based on a combination of
operational parameters. The greatest contribution to the
quality of classification and forecasting was made by fea-
tures reflecting changes in resistance, a decline in produc-
tivity, the accumulation of downtime, and a reduction in
the duration of stable operation. This indicated that the
transition to an unstable regime was determined not by a
single indicator, but by a system of interrelated variables.

Engineering verification of the identified patterns

and applied interpretation of threshold states

An engineering review of the identified statistical and pre-
dictive relationships showed that they remain physically
and operationally interpretable within the constraints typ-
ical of sand-prone wells. Scenario analysis in PIPESIM con-
firmed that combinations of characteristics previously as-
sociated with an increase in lost production and a transition
to an unstable operational state correspond to an engineer-
ing-based deterioration in well operating conditions. This
was most clearly evident when changes occurred in forma-
tion pressure, the condition of the filter zone, and the sand
control configuration. Under such conditions, an increase
in the pressure drop across the filter elements, an accumu-
lation of downtime, a reduction in SFR, and an increase in
the frequency of interventions indicated the system’s tran-

sition to a regime of heightened hydrodynamic stress and
an increasing likelihood of production losses. From an en-
gineering perspective, the results showed that the unstable
operating condition developed as a sequential change in
operating mode. The increase in formation pressure drop
at the initial stage was accompanied by an intensification
of inflow; however, upon reaching the threshold range, it
was combined with the mobilisation of mechanical impu-
rities, an increase in local resistance in the near-wellbore
zone, and an increase in the load on the filter elements.
This, in turn, was accompanied by an increase in AP, a
reduction in periods of stable operation without signs of
sand production, and a transition to a regime in which op-
erational interventions became recurrent. Under such con-
ditions, a short-term improvement in productivity did not
compensate for the accumulation of subsequent losses, as
the system more frequently deviated from steady-state op-
eration and required additional operations to restore flow
or stabilise performance. Engineering verification con-
firmed that the previously identified statistical, regression
and predictive relationships reflected the pattern of oper-
ational deterioration. Scenario analysis also made it possi-
ble to distinguish between a high-production regime and
an unstable operational state, during which losses began to
accumulate. With a moderate change in wellbore pressure
and the maintenance of a controlled state of the filter zone,
the system sustained a relatively stable level of production
without a marked increase in downtime or the frequency
of interventions. However, with a further intensification of
the production regime and a simultaneous deterioration
in sand control conditions, a change in the operational
pattern was observed: an increase in short-term flow rate
was followed by a rise in resistance, instability in inflow,
and a subsequent decline in overall operational efficiency.
Threshold conditions manifested in this zone, which were
recorded in the statistical module through an increase in
AP, DT,,, arise in the frequency of interventions, and a re-
duction in SFR. In engineering terms, this corresponded to
a transition from an acceptable intensification regime to
a regime in which continued operation without corrective
measures was accompanied by higher losses than potential
additional production. For the engineering interpretation
of the identified threshold states and the assessment of
technological response options, the results of the scenario
modelling are presented in Figure 3.

250
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H Baseline operation

100 -
* |
0,

Increased drawdown

l :. | N High drawdown + weak sand control

AP SFR

¢ DT,

Deferred Production

Figure 3. Engineering interpretation of scenarios for transition
to an unstable regime under changing drawdown and sand control conditions
Note: values are normalised to the base scenario, set at 100, which allows for the comparison of relative changes in indicators
across different units of measurement. The operational significance of a deviation from the 100 level depends on the nature
of the indicator: for APf, DT6ém and Deferred Production, an increase relative to 100 indicates a deterioration in operating
conditions, whereas for SFR, a decrease below 100 is unfavourable, as it reflects a reduction in the proportion of stable operation
Source: compiled by the author based on the results of simulation scenarios in Python/Jupyter and PIPESIM
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As shown in Figure 3, the greatest deterioration in op-
erating conditions was observed in scenarios combining
increased reservoir depression with reduced sand control
efficiency. Under these conditions, the AP, index rose to
165, the DT,, indicator to 180, and Deferred Production to
220 from a baseline of 100, whilst the SFR, conversely, fell
to 45. This combination of changes indicated a concerted
increase in hydrodynamic resistance, an accumulation of
downtime and a rise in production losses, accompanied by
a reduction in the proportion of stable operation. Under
such conditions, the increase in pressure drop across the
filter elements was accompanied by a reduction in stable
operating intervals, an accumulation of downtime, and a
shift in the operating regime towards a higher probability
of lost production. Conversely, scenarios in which a change
in production regime was combined with the maintenance
or strengthening of sand control demonstrated a less pro-
nounced change in regime: resistance increased more
slowly, periods of stable operation remained longer, and
the transition to an unstable operating state was shifted
to a later stage. This indicated that the engineering inter-
pretation of the identified thresholds was linked not only
to the identification of a specific state but also to the dis-
tinction between regimes where intervention was already
required and those where the possibility of adjustment still
remained. The scenario analysis also confirmed the signif-
icance of temporal and operational indicators alongside
hydrodynamic parameters. In previous stages of the anal-
ysis, SFR, DTy, and the frequency of interventions had al-
ready demonstrated statistical and predictive significance.
This was further confirmed in the engineering verification:

a reduction in stable operation time and an accumulation
of downtime reflected the moment when the system ceased
to compensate for internal disturbances using its own mar-
gin of stability. Even with acceptable values for individual
pressure or flow rate parameters, the well could already be
entering a regime of deteriorating performance if the in-
tervals of stable operation were shortening and the num-
ber of unscheduled interventions was increasing.

The engineering interpretation confirmed that mon-
itoring only instantaneous operational indicators was in-
sufficient; the approach to an unstable regime was more ac-
curately identified through coordinated monitoring of the
dynamics of operational stability. From a practical stand-
point, this meant that threshold conditions were interpret-
ed not as strictly isolated failure points, but as ranges of
operational risk within which the system rapidly lost sta-
bility. The increase in AP, the decrease in SFR, the increase
in DT,,, and the frequency of interventions collectively sig-
nalled that the current production regime was no longer
economically or technologically viable. In the absence of
corrective measures, this was accompanied not only by an
increase in lost production, but also by an increased load
on filtration systems, a higher probability of abrasive wear
on equipment, and more frequent shutdowns. In this form,
the results obtained could be interpreted taking into ac-
count the permissible operational limits and reliability
requirements set out in API RP 14E (American Petroleum
Institute, 1991) and ISO 17824:2009 (2009). To summarise
the practical significance of the identified predictors and
their link to potential operational measures, a practical in-
terpretation is presented in Table 4.

Table 4. Practical interpretation of key predictors and recommended operational measures

Predictor

Increase in AP,

Operational significance

Increase in local resistance
and deterioration of filtration
conditions

Associated risk

Transition to an unstable
inflow, accelerated
accumulation of losses

Recommended operational decision

Adjustment of the extraction regime,
inspection of the filter zone, assessment
of the need for cleaning or enhanced sand
control

Reduction in SFR

Reduction in the proportion of
stable operation without signs
of sanding

Loss of operational stability,
increased frequency of adverse
incidents

Enhanced monitoring, early adjustment
of operating parameters, reduction
of drawdown at signs of accelerated

degradation

Increase in DT,

Accumulation of downtime
within a six-month window

Loss of operational continuity,
increase in lost production

Revision of intervention tactics, transition
from reactive to preventive maintenance

Increase in
intervention frequency

Increase in operational
instability and recurrence of
faults

Increased costs, shorter
intervals between overhauls

Optimisation of intervention strategy,
investigation of causes of recurring faults,
adjustment of operating regime

Deterioration in R, and
increase in AWC

Decrease in productivity
and deterioration of inflow
structure

Accelerated decline in
production efficiency

Early assessment of production regime,
comparison with the condition of the
filtration zone and permissible operating
conditions

Source: compiled by the author based on the results of a synthesis of computational, statistical and scenario-based results

in Python/Jupyter and PIPESIM

As shown in Table 4, operational deterioration was as-
sociated with an increase in AP, a decrease in SFR, an in-
crease in DT, and a rise in the frequency of interventions.
The increase in AP;reflected an increase in local resistance
and a change in filtration conditions. The decrease in SFR
indicated a reduction in the proportion of time spent in

stable operation without signs of sanding. The increase
in DT,, indicated an accumulation of downtime within a
six-month window, whilst the increase in the frequency
of interventions indicated an increase in the number of
instances of operational mode correction. The combined
change in these indicators showed that the transition to an
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unstable operating state was accompanied by a simultane-
ous change in the hydrodynamic and operational charac-
teristics of the system. Practical interpretation also showed
that operational measures corresponded to the type of de-
viation identified. An increase in AP, was associated with
monitoring the condition of the filtration zone and sand
control parameters. A decrease in SFR and an increase in
DT,, indicated a reduction in the duration of stable op-
erating intervals and an accumulation of interruptions
in production continuity. An increase in the frequency of
interventions reflected a transition to a regime in which
maintaining operational status required more frequent
process adjustments. In this form, the identified predictors
were used to identify conditions accompanied by a further
increase in lost production.

Discussion

Theresults obtained showed that the shortfall in production
from sand-prone wells was not caused by a single isolated
anomaly, but rather by the combined effect of changes in
several operational parameters. These included an increase
in the pressure drop across the filter elements, a reduction
in the proportion of stable operation, an accumulation of
downtime, and an increase in the frequency of operation-
al interventions. A similar approach is presented by A. Sa-
faei et al. (2023), where chemical methods for controlling
sand production were considered as one element of a sand
control system, the effectiveness of which was determined
by the properties of the formation, the conditions of ap-
plication, and the well operating regime. This comparison
showed that the transition to an unstable operating state
was determined by the interaction of several factors and
could not be reduced to a single indicator of deterioration
in operating conditions. The most pronounced differences
between stable and unstable intervals were associated with
the rate of decline in flow rate, an increase in water cut, the
accumulated duration of downtime, and a reduction in the
proportion of time spent in stable operation without signs
of sand production (Iskandarov et al., 2024; Kerimkhulle et
al., 2025). These findings are consistent with the data of
Z.Xuetal.(2024), where it was shown that the effectiveness
of sand control was determined by a combination of mate-
rial, technological and operational characteristics, rather
than solely by the choice of a single reagent or treatment
method. A comparison with the results obtained showed
that the parameters reflecting the dynamics of the operat-
ing regime over time were of comparable significance to in-
stantaneous hydrodynamic indicators, as they recorded the
system’s transition from an acceptable regime to the accu-
mulation of production losses. The greatest contribution
to the change in the volume of lost production was made
by AP, SFR, DT, and the frequency of interventions, whilst
R, and AWC complemented this configuration as derivative
indicators of mode deterioration. In the work by X. He et
al. (2024), technologies for the prevention and control of
sand ingress were also examined through a combination of
rock failure causes, production mode and the limitations of
the technical solutions employed. This comparison showed
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that the identified predictors formed an interconnected
system of operational characteristics, through which op-
erational deterioration was accompanied by an increase in
the volume of lost production. Within this system, the in-
crease in local resistance in the sand control zone occupied
a distinct position.

The increase in pressure drop across the filter elements
was associated with a rise in the volume of lost production
and simultaneously reflected a change in filtration condi-
tions within the sand control zone. A similar relationship
was presented by C. Ma et al. (2023), where numerical mod-
elling of a prepacked gravel screen demonstrated that sand
retention and changes in hydrodynamic resistance should
be considered jointly, as an increase in the resistance of
the filtration system affected the operational condition of
the well. In this context, AP, was considered in statistical,
regression and predictive analyses as an indicator linked
to the engineering logic of the sand control system’s op-
eration. A similar result was presented by N.A. Ahad et
al. (2020), where the selection of the filtration screen took
into account the need for simultaneous assessment of re-
tention capacity and hydraulic losses. A similar relation-
ship was demonstrated by N.I. Ismail et al. (2021), where
modelling of particle motion in the flow and their retention
showed a link between changes in these conditions and the
redistribution of resistance in the filtration screen zone. A
comparison showed that AP, could be regarded not only as
a current hydrodynamic parameter, but also as an indica-
tion of a transition to a regime in which the deterioration
of filtration conditions limited operational stability. In this
regard, local resistance was considered not only as a diag-
nostic parameter, but also as a parameter related to the
overall stability of well operation.

The reduction in the proportion of stable operation
without signs of sand production and the accumulation
of downtime were no less significant than instantaneous
pressure and flow rate indicators (De Padova et al., 2018).
These conclusions were consistent with the findings of
H.B. Mahmud et al. (2020), where an intelligent sand con-
trol system was designed to enable the timely identifica-
tion of risk and the selection of a response strategy be-
fore the situation escalated into more costly operational
disruptions. A comparison with the results of the study
showed that SFR, DT, and the frequency of interventions
could be interpreted as indicators of changes in operational
stability, rather than merely as secondary consequences of
disruptions that had already occurred. From this perspec-
tive, minimising lost production was linked not to a single
corrective action, but to the choice between a sand con-
trol strategy and a sand management strategy, depending
on the combination of risks and operational constraints.
These findings were consistent with the data presented by
E. Araujo-Guerrero et al. (2021), where the choice between
the two approaches was based on an assessment of the
probability of sand production, production constraints and
the operating conditions of a specific well. This comparison
showed that the identified predictors were used not only to
identify an already established deterioration in operating
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conditions, but also to justify the operational response. In
this regard, the frequency of interventions and the accu-
mulation of operational disruptions were interpreted as
signs of a transition to a less stable operating regime.

The results of scenario-based and applied interpreta-
tion showed that an increase in the frequency of interven-
tions and the accumulation of downtime accompanied the
transition from an acceptable operating regime to a state
in which losses began to rise faster than the potential addi-
tional production. These findings were consistent with the
data presented by N. Kerya et al. (2022), where the strate-
gy for managing sand production at an offshore field was
viewed as a system for the early detection of signs of regime
deterioration and timely intervention before the transition
to more costly operational disruptions. In the context of
the results obtained, the frequency of interventions was
considered not only as an operational indicator but also as
a sign of a change in the stability of the regime. This al-
lowed the mechanisms of deterioration to be analysed not
only through operational parameters but also through the
dynamics of sand transport within the production system.
In this context, changes in flow rate, an increase in local
resistance and the subsequent deterioration of the oper-
ating regime were associated with more complex dynam-
ics of sand transport than could be explained solely by the
current state of the bottomhole zone. These findings were
consistent with the data of Z. Wang et al. (2025), where
the migration of sand particles in the wellbore system was
analysed based on experiments and numerical modelling
and linked to changes in their movement trajectories, ac-
cumulation conditions, and the formation of local flow dis-
ruption zones. A similar relationship was observed in the
field study by Y. Xiao et al. (2024), where sand production in
wells with sliding couplings without a sand control system
was linked to a combination of the reservoir’s geomechan-
ical properties, well completion design and operating con-
ditions. In this context, signs of sand production translated
into practical production constraints, indicating that the
deterioration in production regime arose not only as a local
filtration problem but also as a consequence of the interac-
tion between formation conditions, wellbore configuration
and the nature of the production flow. A similar approach
was presented by S.K. Subbiah et al. (2021), where the caus-
es of sand production and methods for predicting it were
examined through a combination of matrix failure, flow
characteristics and operating conditions. This comparison
showed that an increase in AP, a deterioration in R, and an
increase in the probability of lost production could reflect
not only a general deterioration in operating conditions,
but also a redistribution of sand transport processes within
the production system. In this regard, the system of predic-
tors was considered as an integrated operational configu-
ration rather than as a set of isolated variables.

The engineering interpretation of the identified rela-
tionships was further correlated with scenario modelling
in PIPESIM: a combination of increased formation pressure
and deteriorating sand control conditions was accompa-
nied by an increase in AP, a decrease in SFR, an increase

in DT,,, and a higher probability of production shortfall.
These findings were consistent with the results of M. Adil
Issa et al. (2022), where a reduction in the risk of sand pro-
duction was linked to the consideration of geomechanical
and operational constraints, including allowable depres-
sion and changes in formation stability as it is depleted.
A similar relationship between sand retention conditions
and the filtration system regime was observed by C. Ma et
al. (2021), where the properties of pre-packed sand control
screens were examined in terms of the ratio of sand re-
tention to flow capacity. This comparison showed that the
statistical and predictive relationships were confirmed by
engineering data within scenarios reflecting the operation-
al constraints of sand-prone wells. Comparison with the re-
sults of the study showed that a data-driven approach to
minimising lost production gained practical significance
whilst maintaining the engineering interpretability of the
model’s indicators. Unlike studies focused primarily on de-
scribing individual control methods or specific technical
solutions, this analytical framework combined statistical
comparison, regression analysis of factor contributions,
predictive modelling and engineering verification within a
unified analytical scheme. This made it possible to consider
the identified system of predictors as a basis for the earlier
detection of unstable operational states and for adjusting
the production regime before the transition to a sustained
accumulation of production losses.

Conclusions

The results of the study indicate that the lost production
in sand-prone oil wells in the Caspian region, including
those in Azerbaijan, was not caused by a single localised
failure, but rather by a combination of interrelated oper-
ational changes affecting the production, hydrodynamic
and operational characteristics of the well. A comparison
of stable and unstable production intervals across a dataset
of 48 wells and 1,728 monthly observations revealed that
the transition to an unstable production state was accom-
panied by a decline in oil production, increased water cut, a
rise in the pressure drop across the filter elements, an accu-
mulation of downtime, and an increase in the frequency of
operational interventions. Derivative indicators, including
R,, AWC, APw, DT, and SFR, confirmed that the deterio-
ration in operating conditions was evident not only in the
absolute values of the parameters but also in the direction-
al dynamics of their change over time.

Regression analysis established that the greatest con-
tribution to the change in the volume of lost yield was
made by AP, SFR, DT, and the frequency of interventions.
In the multiple linear regression model, the coefficients for
these variables were 0.34,-0.32,0.29 and 0.25 respectively,
whilst the model’s explanatory power reached R?=0.71. In
the peak regression, the same directions of influence and
coefficients of similar magnitude were retained, confirming
the stability of the identified relationships. It was thus es-
tablished that an increase in local resistance, a reduction in
the proportion of stable operation and an accumulation of
downtime are directly linked to an increase in production
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losses and can be regarded as key predictors of operational
deterioration. The machine learning module complement-
ed the results of the statistical and regression analysis.
In the task of classifying unstable operational states, the
Gradient Boosting model demonstrated the best perfor-
mance, with an Accuracy of 0.91, Recall of 0.89, Precision
of 0.88, and an F1-score of 0.88. In the task of forecasting
lost production, the XGBoost model provided the high-
est accuracy, with an MAE of 2.18 m*/month, an RMSE of
3.04 m*/month, and an R? of 0.79. Feature ranking showed
that AP, SFR, DT,,, intervention frequency and rate of de-
cline in flow rate retained the greatest significance in the
models. This confirmed that the unstable operational state
was described by a system of interrelated parameters, rath-
er than a single isolated indicator. Engineering verification
in PIPESIM confirmed the physical interpretability of the
identified patterns. Scenario analysis showed that a com-
bination of increased formation pressure and deteriorating
sand control conditions was accompanied by an increase
in AP, a reduction in stable operating intervals, an accu-
mulation of downtime, and a shift in the operating regime
towards a higher probability of lost production. This al-
lowed the threshold states to be interpreted not as isolated
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Mipxipg Ha OCHOBI aHaNiI3y paHux
Ons MiHiMisauii nepepB y BUpo6yTky
Ha HapTOBUX CBEPAJSTIOBUHAX, CXMUJTIbHUX A0 3aniCKyBaHHSA

3ayp Mipszaes

AcnipaHT

AsepbanyKaHCbKUIM OepXXaBHUM YHIBEPCUTET HAa)TU Ta NPOMUCIOBOCTI
AZ1010, npocn. Asagnik, 16/21, M. baky, AsepbaigaH
https://orcid.org/0009-0003-9066-3114

AHoOTaLig. MeToio IOWIIKeHHsT 6yl0 pO3PO6IEHHS AHATITUUHOTO MiAXO4y A0 MiHiMisauii BTpaTt BMmOGYTKY B
HaTOBMX CBepIIOBMHAX, CXUIbHUX [0 3aliCKyBaHHS, HA OCHOBI eKCIulyaTaliliHux maHux 3 Kacmiiicbkoro periony,
BKJ/IIOYAIOuM 00’€KTU B AsepbaiimkaHi. MeTomosnoris nociifxkeHHsl 6asyBasacs Ha eMIIIPMUHOMY aHasIi3i IMOMiCIUYHUX
IAHUX TPO BUAOOYTOK i3 48 mitoumx cBepmyioBMH 3a mepion 2024-2025 pp. i BKIOUana MOPiBHSHHS CTaOiIbHUX Ta
HecTabibHMX iHTepBasiB BUAOGYTKY, KiTbKiCHY OIiHKY BIUIMBY €KCIUTyaTalliiiHux (akTOpiB Ha BTPaTU BULOOYTKY,
MPOTHO3HE MOJENIOBAHHS HEeCTabiIbHUX CTaHiB Ta BTPAT BUIOOOYTKY, @ TAaKOX iHXeHepHY Bepudikailiio BUSBIEHUX
3aKOHOMIPDHOCTel 3a peaqbHUX eKCILTyaTallilfHuX OOMekeHb. Byl0 BCTaHOBJIEHO, LIO Mepexin M0 HecTabiTbHOTrO
eKCIUTyaTalliifHOTO CTaHy CYNPOBOKYBABCS 3HIDKEHHSIM HaTOBMO0OYTKY Ha 23,5 %, 36i1blIeHHSIM BOJHOI Gpakiii Ha
47,9 %, 3pOCTaHHSIM Teperaay TUCKY Ha (iIbTPyBaIbHUX efleMeHTax Ha 69,8 %, 36ibIlIeHHSIM TPUBAJIOCTI MTPOCTOIB
y 3,8 pa3u Ta 3pOCTaHHSIM YaCTOTU eKCIUTyaTaliiiHMX BTpy4yaHb Ha 154,5 %. CTaTUCTHMUHE MOPiBHSIHHS MOKa3alo, Mo
HaliBMpasHili BiZMiHHOCTI MiX cTabiIbHMMM Ta HeCTabiIbHMMM iHTepBaJaMy Oyau MOB’SI3aHi 3 TeMIIaMy 3HMKeHHS
neb6iTy, 3poCTaHHSIM BMiCTY BOLM, CyMapHOIO TPUBAICTIO IPOCTOIB MPOTITOM MIECTUMICSIMHOTO Mepiofy Ta 3MeHIIeHHSIM
YyacTKM cTabinbHOI BUIOOYTKY 6€3 03HAK BUXOY MiCKy. PerpeciiiHuit aHasti3 oKa3as, 1[0 Hali61/IbIINIT BHECOK Y 3MiHY
BTpaT BUAOOYTKY 3pOOMIM Tepemnaj TUCKY Ha GilbTpyHOuMX eleMeHTax, YyacTKa CTabibHOI po6OTH, CyMapHMIi yac
MPOCTOIO Ta YACTOTA BTPYUaHb, TOJi SIK Y GJIOL MPOrHO3HOTO MOAETIOBAHHS HaliKpallli pe3yJIbTaTy MPOLeMOHCTPYyBaIa
momenb XGBoost i3 cepequboio aGcomoOTHOK MOXMOKoI 2,18 M® Ha Mmicsaup Ta KoediiienTom merepminamii 0,79.
[IpakTuyHe 3HaueHHS OTPMMAaHMX Pe3y/AbTaTiB IOJSIra€e B MOXIMBOCTI iX 3aCTOCYBaHHSI B CUCTeMaxX MOHITOPMHIY
BUIOOYTKY Ta YIIPaBIiHHS eKCILTyaTalli€lo CBePAIOBUH, CXUAbHUX [0 MTiICKOBU/I/IEHHS, 110 LO3BOJISIE 37i/iCHIOBATY PAaHHE
BUSIBJIEHHSI HeCTabiIbHMX YMOB, OOIPYHTOBYBATH eKCIUTyaTalli/iHi BTpyUyaHHs Ta KOPUTYBATU iHTEHCUBHOCTI BUL,0OYTKY
3 MeTOI0 MiHiMi3alii BTpaT BUZOGYTKY

Knro4oBi cnoBa: ekcriyaramiiina HecTabinbHicTh; omip Ginbrpanii; CyKymHMII 4ac MPOCTOI; YacTOTa
eKCIUTyaTalliifHuX BTpydyaHb; 4acTka cTabibHOI po6OTH; MPOTHO3HE MOJeNI0OBaHHS; BTPATU BUA00YTKY
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Abstract. The relevance of this research is driven by the transition of most natural gas fields to the late stage of
development, which is accompanied by a significant increase in water production and creates thermodynamic conditions
conducive to the emergency blockage of wellbores by gas hydrates. The aim of the study was to determine the influence
of water cut and reservoir drawdown on the characteristics of the hydrate formation process in watered gas wells in
order to optimise their operating conditions. To achieve this objective, a comprehensive mathematical model of the
thermodynamic state of a multiphase fluid was developed and applied to a series of simulations on a model well under
different reservoir drawdown values (2.5%, 5.0%, 7.5%, 10.0%, and 15.0% of the initial reservoir pressure) and water
cut values (0-1,000 L/thousand m?®). The results showed that, at low reservoir drawdown (2.5% of the initial pressure)
and limited water inflow, the hydrate formation risk zone is most critical and extends to depths exceeding 1,000 m.
The temperature distribution along the wellbore was analysed, demonstrating that when the water cut exceeds
500 L/thousand m?, the gas-liquid flow becomes sufficiently “hot” due to the high heat capacity of water, enabling the
well to leave the hydrate formation zone without external intervention. Critical water cut values corresponding to the
cessation of natural flowing conditions were determined, at which the actual wellhead temperature decreased to a
minimum of 0.28°C. A graph-analytical method for constructing hydrate formation boundaries was developed, making
it possible to clearly distinguish between the thermodynamic states associated with active hydrate formation and those
corresponding to stable well operation. It was demonstrated that increasing reservoir drawdown leads to an increase in
the critical water cut value at which hydrate formation in the production tubing ceases without external intervention.
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The practical significance of the results lies in the possibility of using the developed model by petroleum engineers and
field specialists for the justified selection of hydrate-free operating modes for watered gas wells

Keywords: water cut; well operation; reservoir drawdown; hydrate formation temperature; natural gas

Introduction

Hydrate formation in water-flooded gas wells is a critical-
ly important task for ensuring uninterrupted operation of
gas fields at the late stage of development. The appearance
of formation or condensation water in the wellbore sig-
nificantly changes the thermodynamic equilibrium of the
system, creating a favourable environment for the forma-
tion of technogenic hydrate deposits. Hydrate formation
in the wellbore leads to partial or complete overlap of the
cross-section of the tubing (tubing) and flow rate reduc-
tion. Studying the kinetics of this process allows not only
to better understand the physicochemical features of phase
transitions, but also to develop effective methods for pre-
venting hydrate deposits.

The problem of water-flooded gas wells, which is ac-
companied by a natural decrease in reservoir pressure and
intensive waterlogging of products, which critically chang-
es the operating conditions of gas wells, is being studied
by prominent scientists. In particular, the authors R. Kon-
drat & L. Matiishyn (2025) noted in their work that most
of the fields of Ukraine are at the final stage of develop-
ment and require the implementation of new approaches
to modelling well drives in conditions of significant wa-
terlogging. Scientists draw attention to the fact that it is
necessary to take into account the dynamics of reservoir
energy when predicting complications in the operation of
gas wells. Researchers O.A. Lukin & O.R. Kondrat (2025) in
their studies concluded that uncertainty in predicting pro-
duction from compacted reservoirs affects the accuracy of
determining zones of possible moisture condensation. This
suggests that even minor errors in predicting hydrocarbon
production rates lead to critical errors in determining the
actual locations of hydrate formation. Scientists F. Yin et
al. (2026) in their studies focused on the fact that the tran-
sition of the liquid-gas system to the hydrate state signif-
icantly changes the physicochemical properties along the
wellbore. The authors noted that the location of hydrate
formation is critical in the drilling and exploitation of
deep-water horizons.

Scientists M. Gudala et al. (2025) in the process of
studying the Joule-Thomson effect found that when gas
is injected into depleted reservoirs, the sharp expansion
of the gas provokes local freezing of the formation water.
The authors developed a model that confirms that even at
high initial temperatures, the risk zone for hydrate forma-
tion remains in high-permeability zones due to nonlinear
pressure gradients. Authors A. Qu et al. (2023) using the
example of North Sea fields found that the most danger-
ous intervals of hydrate formation are localised closer to
the wellhead, where the lowest ambient temperatures are
observed. Scientists suggested the use of special simulators
to accurately calculate the time until the pipe cross-section
is completely blocked by a hydrate plug.
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In the work of J. Pei et al. (2024) reviewed the current
state of CO, capture technologies using the gas hydrate
method as one of the promising areas of decarbonisation.
The authors summarised the main mechanisms of CO,hy-
drate formation, analysed the influence of thermodynamic
and kinetic promoters, as well as design and process fac-
tors that increase the efficiency of hydrate formation. They
concluded that gas hydrate technology is an energy-effi-
cient and environmentally attractive alternative to tradi-
tional CO, capture methods, but its industrial implemen-
tation is still limited by the problems of slow kinetics, the
need for high pressure, and the complexity of scaling up
processes. In the study by J. Gauteplass et al. (2020) focuses
on the processes of gas hydrate formation during CO, injec-
tion into porous media and their impact on the permeabili-
ty and hydrodynamics of formations. The authors analysed
the conditions for the occurrence of hydrate blocking, and
also proposed approaches to its prevention and restoration
of filtration characteristics by controlling thermobaric con-
ditions and flow drives. As a result, they showed that the
formation of hydrates can significantly reduce the efficien-
cy of CO, injection, however, with proper process control,
this phenomenon can be partially controlled and taken
into account in CO, storage and transportation technolo-
gies in geological formations.

Analysis of the above-mentioned scientific works
showed that despite the in-depth study of the hydrate for-
mation process, in the analysed works, scientists did not
pay enough attention to the complex relationship between
different values of the water factor and the magnitude of
the depression on the formation directly for water-flooded
gas wells. Most of the research results take into account
static conditions of phase equilibrium, or pure “gas-water”
systems without taking into account the real influence of
the nature of the multiphase flow, which is typical for the
late stage of development. The lack of clear patterns of how
the value of the water factor and depression on the forma-
tion on the process of hydrate formation served as the basis
for conducting this study. The aim of the work was to study
the influence of the water factor and depression on the
formation on the characteristics of the hydrate formation
process in water-flooded gas wells.

Materials and Methods

Research of the characteristics of the hydrate formation
process in water-flooded gas wells were performed for
the conditions of a hypothetical (model) gas well with the
following data: well depth - 3,400 m, gas-saturated layer
thickness - 18 m, current layer pressure — 32 MPa, layer
temperature — 341 K, relative gas density - 0.6, tubing low-
ered to the middle of the perforation interval to a depth
of 3,391 m; internal tubing diameter — 0.062 m; filtration
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resistance coefficients of the bottomhole zone of the layer:
A=0.12 MPa?-day/thousand m?; B=0.0027 (MPa-day/thou-
sand m?®)%. The specified parameters (coefficients A and B)
of the model well were used as a base scenario for conduct-
ing a series of calculations. These indicators remained un-
changed throughout the study.

The studies studied the effect of different values of
depression on the formation (2.5; 5.0; 7.5; 10.0; 15.0%
of the initial pressure) and water factor values (0; 5; 10;
21; 25; 46; 50; 83; 100; 157; 188; 250; 350; 500; 800;
1,000 1/thousand m3) on the hydrate formation temperature
and wellhead temperature, as well as the depth of hydrate
formation in the wellbore. To perform the calculations, the
values of the bottomhole pressure were specified, which
was determined through a given percentage of depression
per reservoir from the initial reservoir pressure. From the
equation of gas flow to the wellhead, the gas flow rate was
determined for each value of bottomhole pressure using
the formula R.M. Kondrat et al. (2023):

2 2 _p2
a5 =5 +JG) + T &
where P, P,, - reservoir and bottomhole pressures, MPa, re-
spectively; q, —reservoir gas flow rate under standard con-
ditions, thousand m3/day; A, B - filtration resistance coef-
ficients of the bottomhole zone of the reservoir; A=0.12
MPa?-day/thousand m*; B=0.0027 (MPa-day/thousand m?®)2.

For each value of bottomhole pressure and gas flow
rate, the pressure distribution along the working wellbore
was calculated using the formula for gas movement in ver-
tical wellbore pipes, corrected for the movement of the
gas-liquid mixture in the tubing according to the method
given in the work of R.M. Kondrat et al. (2023):

P2, —@-q. i 2
P(X) — , bh ;S‘me ,

where each component is calculated using the formulas:

@)
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T
where x — the distance from the middle of the well perfora-
tion interval, m; Z,,,, — the gas compressibility coefficient for

y “aver

P,.andT,,;T,. - the average temperature in the wellbore,
K; P,, P,, — the pressure at the bottom and at a distance x
from the wellbore, MPa; P, — the average pressure in the
wellbore, MPa; G,, G, — the mass flow rate of gas and water,
t/day; q,, 4., q,., — the volumetric flow rate (flow rate) of gas,
water and water-gas mixture, thousand m*/day; T, T, —
the temperature at the bottom and at a distance x from the
wellbore, K; d,, - the internal diameter of the tubing, cm; p,,
p,, — the density of gas and water under standard conditions,
kg/m*; p (P) - gas density at average pressure and average
temperature in the wellbore, kg/m®; p, - relative gas den-
sity; A — coefficient of hydraulic resistance of the tubing;
¢ - actual (true) volumetric gas content (shows the actual
amount of gas in the pipe at a certain moment); 8 - flow gas
content (shows what part gas occupies in the production).

Dependence (8) describes the phenomenon of phase
slippage. The water flow rate g, can be expressed in terms
of the gas flow rate q,and the water factor F:

q,=10°F,q,, (12)
where F, - water factor, I/thousand m>.

To determine the minimum required gas flow rate for
removing water from the face to the surface, the depend-
ence of the minimum required gas flow rate q,,, obtained
by R.M. Kondrat and V.S. Petryshak based on the results of
statistical processing of industrial data on the operation
of watered wells of one of the fields that stopped working
due to water-flooded wells, which are shown in the works
of R.M. Kondrat et al. (2023):

— 1.94 ,0.22 ’ PonPw
qmin. = 2:213din q; D ZoiTrr?
P gZbnlbh

where g, — water flow rate, m3/day; Z,, — gas compressibility

coefficient for P,, and T,,; d,, m; P,,, MPa, p,, kg/m®.
Shukhov’s formula, which are given in the scientific

works of R.M. Kondrat et al. (2023) the temperature distri-

bution along the wellbore at each segment x is determined:

(13)

1-g-ax Pp—P. A
t(X)=t;-G,, x-At, e+ (Ggr — D= —— Clmix)’ (14)
o1+ Sy
where tj = D;j(Py — th)ﬁ; (15)
2. .
a= GCl.mix'f(f)’ (16)
f(t)=In (1 + ’CMTW) (17)

where t(x) — gas temperature at a distance x from the mid-
dle of the perforation interval,°C; G,, — geothermal gradi-
ent,’C/m; D, — differential Joule-Thomson coefficient,°C/
MPa; A - thermal equivalent of work, equal to 1/427 kcal/
kg-m; At;- decrease in gas temperature in the bottomhole
zone of the well due to the Joule-Thomson effect, taking
into account heat exchange with the environment,°C;
C,.... — isobaric heat capacity of the mixture at average pres-
sure, J/kg-°C; G — mass flow rate of gas, kg/h; T — total well
operation time, h; C,— volumetric heat capacity of rocks,
J/m3-°C (kcal/m*°C); r,, R, — radius of the well and supply
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circuit, m; A, - thermal conductivity of rocks, J/m-h-°C; f(t) -
dimensionless function of time.

By pressure values P(x) determine the temperature of
hydrate formation in the wellbore according to the formula
given in the works of R.M. Kondrat et al. (2023):

t,(x)=18.47-1g(10P(x))-B, (18)

where P,, — the pressure at the wellhead, MPa; B — coef-
ficient, which is determined depending on the conven-
tional density of the gas according to the known compo-
nent composition of the gas (methane CH, =90.0148%;
ethane C,H, — 5.487%; propane C,H, — 1.0091%; iso-butane

CH,, - 0.0925%; n-butane C,H,, — 0.1712%; neo-pentane
C;H,, - 0.0004%; iso-pentane C,H,, — 0.0406%; n-pentane
C,H,, — 0.0235%; Hexane C,H,,+ higher - 0.0499%; Nitro-
gen N, - 1.1799%; Carbon dioxide CO,- 1.9318%; Oxygen
0,-0.0001%), B=16.835.

Results and Discussion
Table 1 shows the values of pressure and temperature dis-
tribution along the borehole of an operating gas well in the
absence of water inflow into the well and at a water factor
of 100 l/thousand m®at a depression in the formation of
15.0% of the initial pressure.

Table 1. The value of the pressure and temperature distribution along the shaft
of an operating gas well in the absence of water inflow into the well and at a water factor
of 100 I/thousand m?® at a depression on the formation of 15.0% of the initial pressure

In the absence of the water factor

At a water factor of 100 I/thousand m?

Depth, m P, MPa t,°C T,0,°C P, MPa t,°C T, .,°C
0 18.55 17.20 25.06 17.908 22.93 24.78
141 19.15 22.36 25.32 18.548 2759 25.06
391 19.76 27.35 25.57 19.193 32.07 25.34
“641 20.37 32.15 25.81 19.844 36.35 25.60
891 20.99 36.74 26.05 20.501 404 25.86
1,141 2161 41.07 26.29 21.164 44.19 26.12
1,391 22.24 45.12 26.52 21.835 47.71 26.37
1,641 22.87 48.83 26.74 22.515 50.92 26.62
1,891 23.51 52.16 26.96 23.202 53.77 26.86
2,141 24.15 55.05 27.18 23.898 56.24 27.09
2,391 24.81 57.43 2739 24.604 58.28 2733
22,641 25.47 59.23 27.60 25.319 59.83 27.56
2,891 26.14 60.35 27.81 26.044 60.84 27.78
3,141 26.81 60.70 28.02 26.78 61.26 28.01

Source: developed by the authors

Figure 1 shows the distribution of the actual temper-
ature and the temperature of hydrate formation along the
wellbore in the absence of water inflow into the well and
at a water factor of 100 l/thousand m®at a depression in

0.00 20.00 40.00 60.00 80.00

-402 m

Temperature,C

m

Depth

b

the formation of 15.0% of the initial pressure. Analysis of
the graphical dependence allows to determine the con-
ditions of stable operation of the well and the place of
hydrate formation.

40 60 80

-500
-1,000
-1,500
-2,000
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-3,500 21
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Temperature;,C

Figure 1. Distribution of actual temperature (a) and hydrate formation temperature along the wellbore (b)
in the absence of water inflow into the well and at a water factor of 100 l/thousand m® at a depression
in the formation of 15.0% of the initial pressure

Note: a — actual temperature; b — hydrate formation temperature

Source: created by the authors
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Analysis of the dependences of Figure 1 indicates of 402 m (Fig. 1a) to 105 m (Fig. 1b). Such a tempera-
intensive cooling of the gas during the ascent from the ture distribution indicates the need to use inhibitors or
bottom to the wellhead (curve 1), which is due to the thermal insulation of tubing to prevent hydrate depo-
Joule-Thomson effect and heat exchange with colder sition in the upper part of the wellbore. Figure 2 shows
surrounding rocks. Comparative analysis of Figure la the distribution of the actual temperature at the well-
and Figure 1b shows that the change in thermobaric head and the equilibrium temperature of hydrate for-
conditions significantly affects the position of the zone  mation from the water factor at different depressions
of possible hydrate formation, shifting it from a depth  in the reservoir.
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Figure 2. Distribution of the actual temperature at the wellhead and the equilibrium temperature
of hydrate formation from the water factor at depression on the reservoir from the initial pressure

Note: depression on the layer 15% (a); 10% (b); 7.5% (c); 5.0% (d); 2.5% (e)
Source: created by the authors
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The point of intersection (Fig. 2) between the actu-
al temperature and the hydrate formation temperature
lines is a critical technological indicator. To the left of the
point, thermodynamic conditions favour the formation
of hydrates, since the flow temperature is lower than the
hydrate formation temperature. An increase in the water
factor leads to an increase in the actual temperature, which
gradually brings the system into a safe zone (to the right
of the intersection point). With an increase in the water
factor, the actual flow temperature increases rapidly, which
is explained by the high heat capacity of water compared to
gas. The hydrate formation temperature (curve 2) tends to

decrease slightly with an increase in the amount of water
in the flow. Analysis of the dependencies of Figure 2 shows
that with a decrease in depression from 15 to 2.5 % of the
initial pressure, the actual gas temperature at the mouth
decreases significantly. With a decrease in depression, the
zone of the hydrate-free drive shifts towards higher val-
ues of the water factor. This means that at low depressions,
the well requires a significantly larger amount of formation
water to “self-heat” the flow above the hydrate formation
point. Table 2 shows the values of the depth of hydrate for-
mation in tubing depending on the water factor at different
values of depression in the reservoir.

Table 2. The value of the depth of hydrate formation in tubing depending
on the water factor at different values of depression per reservoir

No. n/n Water factor, Hydrate depth, m
I/thousand m* 15% P, 10% P, 7.5% P, 5.0% P, 2.5% P,
1 0 402 593 718 900 1,158
2 5 382 564 705 881 1,142
3 10 363 555 670 869 1,129
4 21 334 525 651 841 1,110
5 25 306 497 645 832 1,102
6 46 258 453 612 794 1,071
7 50 239 440 593 784 1,066
8 83 133 382 507 727 995
9 100 105 325 469 689 965
10 157 15-20 191 354 545 899
11 188 105 249 506 842
12 250 15-20 143 392 755
13 350 15-20 191 611
14 500 15-20 392
15 800 15-20
16 1,000
Source: created by the authors
. 1,200
The results of the studies (Table 2) reflect the general q
dynamics of the depth of hydrate formation in the tubing E 1.000
depending on the water factor. However, the analysis of the 5 ’ q
studies showed that when a certain critical value of the wa- ‘g 800
ter factor is reached, stable operation of the well is stopped 8
(q,<q,,)- At low depressions in the formation (for example, 2 600
2.5 % of the initial pressure), such a state occurs already at —E
minimum values of the water factor, which predicts a rap- S 400 ¢
id cessation of natural gushing due to self-extinguishing é
of the well. Taking this into account, further studies of the § 200 5 45 2
pressure and temperature distribution in the wellbore were
carried out taking into account the prospective transition 0 0 200 400 €00 200 1000

to mechanised methods of well operation (gas lift, plunger
lift). Thus, the obtained results of studies on the depth of
hydrate formation depending on water factors are the basis
for designing hydrate formation prevention systems (for
example, determining the location / points of injection of
hydrate formation inhibitors) already at the stage of well
operation using mechanised methods. Figure 3 shows the
dependence of the depth of hydrate formation in tubing
on the water factor at different values of depression on the
reservoir, which make it possible to assess the hydrate for-
mation zones in which well operation becomes impossible
without constant supply of hydrate formation inhibitors.

Water factor, l/thousand m?®

Figure 3. Dependences of the depth
of hydrate formation in tubing on the water factor
at different values of depression on the reservoir
Note: 1 -2.5%2-5.0%;3 - 7.5%;4 - 10.0%; 5 - 15%
Source: created by the authors

According to the results of the conducted studies,
it was established that at low values of the water factor
(F,<25 l/thousand m?®) the zone of potential hydrate for-
mation is the deepest and reaches over 1,000 m. All this
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is explained by the low heat capacity of pure gas: during
the lifting of well products, the flow is intensively cooled
through Joule-Thomson, therefore the curve of the actual
temperature intersects the curve of the hydrate formation
temperature at significant depths. With an increase in the
water factor (over 100 I/thousand m?®) the reverse process
is observed. The high heat capacity of water stabilises
the flow temperature, “pushing” the hydrate formation
zone to the wellhead. Analysis of the dependencies of Fig-
ure 3 shows that with an increase in the water factor, the
depth of hydrate formation decreases. That is, with a large
amount of water, hydrates begin to form much higher in
the wellbore (closer to the wellhead). For example, with a
depression of 5.0% of the initial pressure and the absence
of water inflow into the well, an increase in the water factor
to 500 I/thousand m’® “raises” the hydrate formation zone
from 900 to 15-20 m. An increase in the depression per res-
ervoir leads to a significant decrease in the depth of the hy-
drate formation zone. This is explained by a change in the
temperature mode and thermodynamic equilibrium in the
tubing string. At minimum depression (2.5% of the initial
pressure), the risk zone of hydrate formation is the deepest
(reaches 1,158 m). At maximum depression (15% of the ini-
tial pressure), hydrates are formed only in the upper part of
the well, and at high water factors (more than 188 1/thou-
sand m?®) the conditions for their formation in the tubing
are completely absent. For most operating modes, the up-
per part of the wellbore is critical (depths up to 400-600 m).
At high water content (more than 800 I/thousand m?), the
risk of hydrate formation is shifted directly to the surface
(depth about 15-20 m), which creates a threat of hydrate
formation in wellhead equipment and plumes.

The results of the research allow to predict the in-
tervals of possible hydrate deposition for specific well
operating modes. This is the basis for choosing an ef-
fective technology for preventing hydrate formation, in
particular, determining the required dose of inhibitors or
establishing the optimal thermal mode of well operation
by choosing the appropriate depression in the formation.
Figure 4 shows the dependence of the maximum water
factor on the depression in the formation at the moment
of cessation of hydrate formation in the tubing.

900
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300
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Water factor, I/thousand m3

0 2.5 5 75 10 12,5 15
Depression from initial pressure, %

17.5

Figure 4. Dependence of the maximum water factor
on the depression in the reservoir at the moment
of cessation of hydrate formation in the tubing

Source: created by the authors

The analysis of the research results (Fig. 4) was based
on finding the intersection points of the curves of the
distribution of the actual temperature and the equilibri-
um temperature of hydrate formation along the wellbore
for different values of depression per reservoir. With an
increase in depression per reservoir, the critical value of
the water factor, at which the formation of hydrates in
the tubing stops, decreases rapidly. The area located to
the left and below the red line in Figure 4 corresponds
to the thermodynamic conditions under which active
formation of hydrates occurs. This is a zone that com-
bines high water content and low values of depression
per reservoir, which leads to the rapid accumulation of
hydrate deposits, which can cause complete overlap of
the cross-section of the tubing. The area located to the
right and above the red line determines the well operat-
ing conditions under which hydrates do not form. For a
specific assessment of the well operating conditions at
the time of cessation of natural gushing, the calculation
of key technological indicators was carried out depend-
ing on the values of depression per reservoir. The results
of the studies are presented in Table 3.

Table 3. Values of water factor, gas flow rate, minimum required gas flow rate, wellhead pressure,
wellhead temperature and hydrate formation temperature for different values of depression
in the formation at the time of cessation of natural well flow

Depression Gas flow rate,

Water factor,

Minimum required

Throat Temperature Hydration

gr;r;jlr::ii}: 1/thousand m? tl::;:/l(si:r;d th%?sgﬁgéz;g;y pressure, MPa of wellhead,’C temperature,’C
2.5 5 116.4 116.4 24.01 0.28 27,131
5 21 171.4 171.4 22,827 7.31 26,725
7.5 46 212.8 212.8 21,587 13.34 26,277
10 83 247.1 247.1 20.26 18.44 25,769
15 188 302.9 302.9 17,373 26.78 24,535

Source: created by the authors

Figure 5 shows the dependence of the water factor,
wellhead pressure, wellhead temperature, and hydrate

formation temperature on the depression in the reservoir
at the moment of cessation of natural well flow.
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Figure 5. Dependence of water factor (1), wellhead

pressure (2), wellhead temperature (3) and hydrate

formation temperature (4) on the depression in the
reservoir at the time of cessation of natural well flow

Source: created by the authors

Analysis of the research results at the time of cessation
of natural well gushing shows that with a decrease in de-
pression from 15% to 2.5% of the initial pressure, a sharp
decrease in the actual wellhead temperature is observed
(from 26.78 to 0.28°C). At the same time, the hydrate for-
mation temperature increases from 24.535 to 27.131°C.
This indicates that at low depressions, the actual gas-lig-
uid flow temperature becomes significantly lower than the
hydrate formation temperature and the hydrate formation
process is inevitable without external intervention. A de-
crease in depression leads to an increase in wellhead pres-
sure (from 17.373 to 24.01 MPa), which additionally con-
tributes to the stability of hydrates at higher temperatures.
The water factor, at which natural well gushing is still pos-
sible, significantly decreases with a decrease in depression.
Thus, with a depression of 15% of the initial pressure, the
well can deliver up to 188 1/thousand m®of liquid, and with
a depression of 2.5% of the initial pressure, this figure is
only 5 I/thousand m?.

With increasing depression on the formation, the max-
imum value of the water factor increases at the moment of
cessation of natural well gushing. Thus, the obtained re-
sults confirm that the transition to modes with low depres-
sion on the formation is accompanied not only by a deteri-
oration in the conditions for liquid removal to the surface,
but also by a rapid entry into the zone of active hydrate for-
mation due to significant cooling of the gas flow in the well.
This requires comprehensive measures for thermal insula-
tion of the tubing or constant supply of hydrate formation
inhibitors to the annulus. To prevent hydrate formation,
the most effective is to maintain a high depression. If the
well is forced to operate at low depressions, it is necessary
to ensure the supply of hydrate formation inhibitors to
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the gas-liquid flow. The obtained results of modelling the
formation of hydrates in the wellbore of watered gas wells
confirm the complex relationship between depression on
the formation and the water factor. Scientific research by
]J.G. Delgado-Linares et al. (2022) are devoted to systems
containing carbon dioxide CO,. The authors’ conclusions
regarding the mechanisms of particle aggregation are of
fundamental importance for explaining the obtained de-
pendencies. Scientists prove that the risk of hydrate for-
mation depends on the viscosity of the extracted product,
which increases significantly with an increase in the water
factor. The results obtained indicate that at high water fac-
tors the hydrate formation zone shifts to the wellhead not
only due to the thermodynamics of the processes, but also
due to an increase in the viscosity of the extracted mixture.

The results of the obtained studies are also confirmed
in the studies of M.O. Kehinde (2018). The authors focus
their attention on the implementation of thermal inten-
sification methods, which lead to the saturation of the
production fluid with aggressive components (CO,, H,, ox-
ygen). These fluids, under condensation conditions, cause
intensive liquid corrosion and erosive wear of equipment
due to the formation of iron sulfides. The obtained studies
on the analysis of depression on the reservoir complement
this theory. Phase instability and moisture condensation
are determining factors of complications both in the well-
bore and in the places of collection of production products.
However, if in the studies the author considers the pres-
ence of hot water vapor as a negative factor, then in the
results obtained for watered gas wells, the high heat capac-
ity of formation water and the rational depression mode
for the formation are used as a useful tool for preventing
hydrate formation.

The results of the obtained studies are also confirmed
in the studies of L.F. Dalla et al. (2026). The authors focus
their attention on predicting hydrates during well shut-
down or start-up using transient multiphase flow simula-
tors. Taking into account such factors as the viscosity of the
hydrate suspension and hydrate washout processes allows
for highly accurate reproduction of the system behaviour
in complex dynamic scenarios. The obtained studies on
the depth of hydrate formation complement this theory, as
they focus on the method of choosing the optimal depres-
sion in the reservoir, which ensures stable fluid removal
and eliminates the conditions for hydrate formation. Static
calculations based on reservoir parameters are insufficient,
since the real risk of hydrate formation is determined by
the hydraulic parameters in transient modes.

The results of the obtained studies, which are related
to thermodynamic processes in water-filled wells, demon-
strate the critical role of heat balance in preventing phase
transitions. A similar approach to thermal mode control
is noted in the work of researchers K. Ito et al. (2024).
Although the object of their analysis is the extraction of
methane from natural hydrate deposits of the sea shelf,
the physical laws of the processes have deep parallels with
the obtained studies. The results of the obtained stud-
ies on the temperature modes of watered wells are also
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confirmed in the studies of V. Indina et al. (2024). The au-
thors focus their attention on the fact that the Joule-Thom-
son effect directly depends on the reservoir permeability k
and the initial pressure P,, which leads to the formation
of hydrates when the working fluid temperature is higher
than the equilibrium temperature of hydrate formation.
The results of the obtained studies are compared with the
scientific results of J. Ye et al. (2023), where the authors in-
vestigated the Joule-Thomson effect during CO, injection.
Although the object of the research itself is different in the
authors’ scientific achievements, the physics of the process
is identical - that is, a sharp expansion of the gas leads to
intense cooling. The obtained studies confirm the authors’
conclusions that at low reservoir pressures (in conditions
of depleted reservoirs) this effect becomes dominant.

Researcher Z. Zhang et al. (2021) in their studies ar-
gued that the detection of the place of hydrate formation
should be based on the transition from static thermody-
namic regions to dynamic hydraulic indicators. The results
obtained indicate that the static calculation according to
reservoir conditions is not entirely sufficient. The results
obtained for a depression in the reservoir of 2.5% of the
initial pressure (Fig. 3) demonstrate that it is the dynamics
of pressure reduction and gas cooling in the tubing that
determines the real depth of hydrate formation, which can
reach more than 1,000 m, which significantly exceeds the
predictions based on average statistical indicators. Re-
search by L. Wang & A.Y. Sun (2020) on the adhesion of
hydrates on the walls of pipes indicates that the rough-
ness of the tubing accelerates the growth of deposits. The
obtained studies on the analysis of the depth of hydrate
formation complement this theory, that at low values of
the water factor, when the risk zone of hydrate formation
covers more than 1,000 m of the wellbore, the surface area
for potential crystal adhesion is maximum. All this con-
tributes to the creation of prerequisites, which creates
prerequisites for the gradual narrowing of the passage
cross-section of the pipes.

The results of the research are closely intertwined with
the scientific developments of D. Biberg et al. (2025). The
authors focus their attention on the formation of signif-
icant liquid plugs that occur at low gas flow rates. These
complications disrupt the operation of production collec-
tion systems. The results obtained indicate that the imple-
mentation of an integral wave instability indicator allows
for fairly rapid prediction of the moments of occurrence
and cessation of fluid flow pulsations. The results of stud-
ies on the analysis of depression per reservoir complement
this theory. The transition to a mode with low depression
per reservoir creates prerequisites for the accumulation of
fluid in the upper part of the wellbore. The authors’ scien-
tific studies focus on assessing the risks of pulsations in
pipelines. The results of the above studies show the dy-
namics of pressure reduction and gas cooling in tubing to
determine the real depth of hydrate formation. Research by
X. Sui et al. (2023) are directed to the fact that the supply of
a significant amount of ethylene glycol to combat hydrates
significantly reduces the solubility of salts and contributes

to the formation of salt deposits. The methodology for se-
lecting the optimal depression in the formation, which was
obtained in the studies, is more rational in this context,
since it allows using the so-called natural “self-heating” of
the fluid flow due to the heat capacity of the formation wa-
ter, which minimises the need for chemical reagents.

The results of the obtained studies are also confirmed
in the studies of A. Abdullah et al. (2026). The authors in
their scientific works focus their attention on low temper-
atures in combination with high pressure, which creates
conditions for the formation of hydrates in anisotropic
conditions of the annulus. The obtained research results
indicate that the injection of diesel fuel through flexible
pipes instead of expensive chemical reagents provides ef-
fective destruction of hydrate-paraffin formations without
the risk of damage to the formation. The obtained studies
on the analysis of depression in the formation and deter-
mination of the real depth of hydrate formation confirm
these statements. Temperature modes in the wellbore are
of crucial importance. The authors propose to solve the
problem of hydrate formation by periodic artificial thermal
exposure and injection of heated petroleum products from
the surface, and the results obtained for water-filled wells
focus on optimising the hydrodynamics of fluid production.

In their research A.G. Aregbe & A.I. Fadeyi (2021) pro-
vide important context on methods for increasing hydrate
dissociation and stabilising gas production. Scientists note
that one of the main methods for producing gas from hy-
drates is depression, thermodynamic influence and the
supply of hydrate formation inhibitors. All this is fully
correlated with the methodology, where depression on the
formation is considered as one of the key factors determin-
ing the depth of hydrate formation in the wellbore (Fig. 3).
However, if the authors analyse depression on the forma-
tion as a method for destroying hydrates in the formation,
then the results of the research substantiate its optimal
values to prevent their formation during the lifting of pro-
duction. In their research, scientists also point out the risk
of hydrate reformation during cooling of the produced gas,
which requires more precise control of temperature and
pressure. The obtained research results (Table 3) quanti-
tatively confirm this statement that at low depressions in
the reservoir, the actual temperature at the wellhead de-
creases, which makes the process of repeated hydrate for-
mation inevitable without external intervention. Thus, the
research results indicate the need for comprehensive mon-
itoring of thermobaric parameters along the entire path of
fluid movement. Summing up, the results of the research
performed, it can be concluded that they are not only con-
sistent with global trends in the oil and gas industry, but
also offer specific solutions for depleted fields.

Conclusions

The results of the performed studies indicate that the pro-
cess of hydrate formation in water-flooded gas wells clearly
depends on the value of the depression on the formation
and the water factor. Studies performed for different val-
ues of the depression on the formation (2.5; 5.0; 7.5; 10.0;
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15.0% of the initial pressure) and the water factor (0; 5; 10;
21; 25; 46; 50; 83; 100; 157; 188; 250; 350; 500; 800; 1,000
I/thousand m®), made it possible to estimate the thermal
effect of the liquid phase on the total energy of the flow of
production products in the tubing. The key aspect of the
methodology was the determination of the depths of hy-
drate formation for different values of the depression on
the formation and the water factor. For practical identifi-
cation of well operation modes, a graphical analytical con-
struction of hydrate formation boundaries was used, which
allowed dividing the thermodynamic states of the system
into a stable zone and a zone at risk of hydrate formation.
It was established that at a depression on the forma-
tion of 2.5% of the initial pressure, the most critical is the
operation of the well at low values of the water factor (up
to 26 l/thousand m?), where the risk zone of hydrate for-
mation covers more than 1,000 m of the wellbore. As a re-
sult of the performed studies, it was established that when
the water factor reaches a value of more than 500 l/thou-
sand m?, the gas-liquid flow of the produced products be-
comes “hot” enough to independently exit the zone of hy-
drate formation even at low depressions on the formation.
It was quantitatively estimated that an increase in the de-
pression on the formation contributes to an increase in the
critical value of the water factor, at which the formation of
hydrates in the tubing stops. The dependence of the max-
imum water factor on the depression on the formation at
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the moment of the cessation of the formation of hydrates
in the tubing allows to clearly delimit the thermodynamic
conditions into the zone of active hydrate formation and
the zone of stable operation of the wells.

The proposed method allows predicting the intervals
of hydrate formation and justifying the operating modes of
wells that ensure their hydrate-free operation. The pros-
pects for further scientific research lie in the detailing of
the developed model by taking into account the influence
of formation water mineralisation on the thermobaric
parameters of hydrate formation. A separate direction is
the study of the kinetics of adhesion of hydrate particles
to the inner wall of the tubing in the presence of salt de-
posits, which will allow specifying the time until the pipe
cross-section is completely blocked. Also relevant is the
modelling of the influence of thermally insulated lift col-
umns on the expansion of the limits of hydrate-free opera-
tion of wells with low formation pressures.
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AHOTaL,if. AKTyaIbHiCTh HAYKOBMX JOC/TIKEHb 3yMOBJIEHA IEPEXOIOM GiJIbIIOCTI POMOBMII IPUPOAHMX ras3iB Ha Mi3HIO
CTafilo po3po6KM, 10 CYITPOBOMKYETHCS 3HAUHUM OOBOAHEHHSIM BUA0OYBHOI MPOAYKIIii Ta CTBOPIOE TePMOIAMHAMIUHI
repeayMOBM JJIsI aBapiifHOTO IepeKpPUTTS CTOBOYpiB CBepAJIOBUMH Ta3oBUMMM rigpatamu. Meroio pobotu 6ysa0
BCTAHOBJIEHHS BIUIMBY 3HAU€Hb BOJHOTO (haKTOpa Ta AeIpecii Ha MIacT Ha XapaKTePUCTUKY ITPOLIeCy TilpaTOyTBOPEHHS
B 00BOJHEHUX ra30BUX CBEPAJIOBMHAX AJISI ONTUMI3allii iXHiX TEXHOJOTIYHMX PeXUMiB. [Ijis1 BUPILIEHHS TIOCTaBIEHUX
3aBJaHb PO3pPO6JIEHO KOMIUIEKCHY MaTeMaTUM4YHy MOJeidb TepMOAMHAMIiYHOTO cTaHy 6aratodasHoro duioimy, 3a
IIOTTIOMOT'0I0 SIKOi BUKOHAHO Cepilo JOC/TiIKeHb Ha MOJIe/IbHIl CBep/JIOBMHI 3a pi3HMX 3HAUEHb aernpecii Ha miact (2,5;
5,0; 7,5; 10,0; 15,0 % Bim moyaTKoBOTO TMCKY) Ta BogHOTro (akropa (0-1 000 j/Tuc.m?). BcTaHOBJIEHO, 110 338 HU3BKUX
3HaueHb Jenpecii Ha wiact (2,5 % BiA MOYATKOBOTO TUCKY) Ta HE3HAUHOTO MPUIUIMBY BOAM 30HA PU3UKY YTBOPEHHS
rifpaTiB € HaibiIbII KPUTUYHOM i csarae rmbuny noHan 1 000 M. BUKOHAHO TeMIiepaTypHMIT PO3IOALI IO CTOBOYpPY
CBEpIJIOBMHM Ta OOBENEHO, IO NP JOCATHEHHI BogHOro dakropa 6Gimbire 500 Jyi/Tmc.M® ra30pigMHHMIA MOTIK CTAaE
IOCTaTHbO «TapsiuMM» 3aBIOSIKM BUCOKiil TeIJIOEMHOCTiI BOAM, IO IO3BOJISIE CBEPAJIOBMHI CaMOCTIiHO BMITU i3
30HM TiApaTOyTBOPEHHS. BU3HAUEHO KPUTUMYHI 3HAUYEeHHS BOJHOTO (pakTOpa Ha MOMEHT MPUIIMHEHHSI TPUPOSHOTO
(dboHTaHyBaHHS, 3a IKMX GaKTUUHA TMPIOBA TeMIlepaTypa 3HISKYEThCS A0 MiHiManbHux 3HaueHb 0,28 °C. Po3pobieHo
rpadoaHa iTUUHY METOAMKY MOOYA0BM MEX TiIpaTOYTBOPEHHS, siKa JO3BOJISIE YiTKO PO3MEXYBaTH TepMOAMHAMIUHi
CTaHU CUCTEMU Ha 30HY aKTMBHOTO TiipaTOYTBOPEHHS Ta 30HY CTabiIbHOI POOGOTHU CBEPAIOBUHM. [IpOAEeMOHCTPOBAHO,
1110 361/IbIIIEHHS eTpecii Ha MIacT CIIPUsIE 3pOCTAaHHI0 KPUTUYHOTO 3HAYEHHS BOIHOTO ()aKTOpa, 3a SIKOTO IMPUTTUHSIETCSI
YTBOPEHHSI TiipaTiB y HACOCHO-KOMITPECOPHMX Tpybax 6e3 30BHIITHbOTO BTpyUaHHs. [[pakTUUHA I[iHHICTh Pe3y/IbTaTiB
ToJisirajia y MOsKJIMBOCTI BUKOPUCTAaHHSI PO3p0o6eH01 Mofeni iHskeHepHO-TexHIiYHMMM daxiBLsgmMu HadTOrasoBoi ramysi
IJIST OOT'PYHTOBAHOTO BMOOPY 6e3TimpaTHMX PesKMMiB eKCITyaTallii 00BOJHEHNX CBEPAJIOBUH
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