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Purpose. To identify the key physicochemical, thermodynamic, and hydrodynamic mecha-
nisms governing deposit formation in trunk pipelines and to develop an integrated system for moni-
toring, prevention, removal, and prediction of deposits during multiphase transportation.

The methods. A multiscale approach combining numerical modeling, machine learning, and
techno-economic analysis was applied. Experiments were conducted in a high-pressure loop with
controlled temperature (40—-80 °C, up to 100 bar, 0.1-5 m/s) using model fluids containing paraffin,
asphaltenes, and water. Computational fluid dynamics (CFD) modeling of multiphase flow was
coupled with neural network and LSTM models to predict deposit growth (MAE < 15%). System
performance was evaluated through statistical validation and analytical assessment.

Findings. In untreated systems, deposits reached thicknesses of 3.5-4.0 mm, whereas advanced
mitigation methods reduced thickness by 58-78%: superhydrophobic coatings (~0.8 mm), nano-
inhibitors (~1.1 mm), and Al-assisted monitoring (~1.45 mm). Predictive models identified peak dep-
osition zones and reduced the annual wax flux to < 0.5 g/(m*-day). Compared with conventional strat-
egies, the integrated approach is projected to reduce maintenance costs by 40%, energy consumption
by 25%, chemical usage by 60%, downtime by 70%, and greenhouse gas emissions by 32%.

The originality. The dependence of deposit growth on paraffin/asphaltene content, hydrody-
namics, temperature gradients, and the composition of the aqueous phase was established. A predic-
tive control framework integrating CFD, machine learning (neural networks, LSTM), real-time
monitoring, and nanotechnology-based/eco-friendly inhibitors reduced deposition rates by 60-75%
and significantly decreased maintenance costs, energy consumption, and greenhouse gas emissions.

Practical implementation. The proposed system enhances flow assurance, extends pipeline
service life, reduces environmental impact, and provides scalable solutions for sustainable pipeline
operation.

Keywords: main pipelines, flow reliability, wax deposits, asphaltenes, inorganic scale for-
mation, nanotechnology coatings, smart sensors.

Introduction. Pipeline transportation systems remain a cornerstone of the global
energy and chemical industries, serving as the most efficient, reliable, and cost-effective
means of delivering vast volumes of crude oil, natural gas, refined products, and various
chemical feedstocks over long distances [1, 2]. These extensive networks of pipelines
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span thousands of kilometers, connecting production fields, refineries, storage facilities,
and distribution points, enabling the continuous flow of resources that power economies
and support industrial processes worldwide [3, 4]. Their unparalleled capacity for high-
volume, low-energy-consumption transport makes them indispensable, far surpassing
alternative methods such as rail, road, or maritime shipping in terms of both economic
viability and environmental footprint per unit of transported material [5, 6].

However, one of the most persistent and costly operational challenges in these sys-
tems is the formation and accumulation of deposits on internal pipe surfaces. Deposits
primarily consist of paraffin waxes, asphaltenes, mineral scales (such as calcium car-
bonate or sulfate), and corrosion products [7, 8]. Paraffin deposition occurs when heavier
hydrocarbon fractions crystallize due to cooling below the wax appearance temperature
during transport, especially in colder climates or long-distance lines where temperature
gradients are pronounced [9, 10]. Asphaltenes, complex polycyclic aromatic compounds,
precipitate under changes in pressure, temperature, or composition—often triggered by
gas liberation, blending of incompatible crudes, or CO: injection—forming sticky aggre-
gates that adhere tenaciously to walls [11, 12]. Scales arise from supersaturation of min-
eral salts in produced water co-transported with hydrocarbons, while corrosion byprod-
ucts add further solid material [13, 14]. Collectively, these deposits narrow the effective
pipe diameter, significantly reduce hydraulic flow efficiency, increase frictional pressure
losses, elevate pumping energy requirements, and in severe cases cause complete block-
ages that lead to production shutdowns, emergency interventions, and even catastrophic
failures with safety and environmental risks [15, 16].

Historically, the industry has relied on a range of conventional methods to combat
these issues. Mechanical cleaning techniques, most notably pipeline pigging with scraper
tools, remain widely used to physically remove accumulated deposits at regular intervals
[17, 18]. Chemical treatments involve the continuous or batch injection of inhibitors—
such as wax crystal modifiers (pour point depressants), asphaltene dispersants, scale in-
hibitors, or corrosion inhibitors—to alter precipitation behavior, prevent adhesion, or dis-
solve existing build-up. [19, 20]. Thermal methods, including hot oil circulation, electri-
cal heating, or insulation, aim to maintain fluid temperatures above critical thresholds
where deposition occurs. Despite their established application, these traditional ap-
proaches suffer from notable limitations [21, 22]. Mechanical pigging is labor-intensive,
disruptive (requiring temporary flow interruptions), and risky in complex or aging pipe-
line infrastructure. Chemical inhibitors often demand high dosages, leading to substan-
tial ongoing costs, potential compatibility issues with other additives, and environmental
concerns related to discharge or disposal of spent chemicals [23]. Thermal solutions con-
sume large amounts of energy and may not be feasible for very long pipelines or remote
sections. Moreover, most conventional strategies are reactive or periodic rather than con-
tinuous and adaptive, struggling to respond effectively to fluctuating operating condi-
tions, crude variability, or real-time changes in flow parameters [24, 25].

The growing recognition of these shortcomings, coupled with increasing pressure
to enhance operational efficiency, minimize environmental impact, and ensure long-term
sustainability of energy infrastructure, has driven the pursuit of innovative approaches to
deposit management [26, 27]. Recent advancements draw from multiple disciplines: ma-
terials science has introduced advanced internal pipe coatings and nanotechnology-based
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surface modifications that dramatically reduce adhesion and promote self-cleaning prop-
erties; sensor technologies, including fiber-optic distributed temperature and acoustic
sensing, enable precise, real-time in-situ monitoring of deposit thickness, location, and
composition; data-driven strategies leverage artificial intelligence, machine learning al-
gorithms, and predictive modeling to forecast deposition risks based on integrated da-
tasets from fluid properties, flow dynamics, and environmental variables, allowing pro-
active intervention before significant build-up occurs; and novel chemical formulations,
such as nanoparticle-enhanced inhibitors or smart stimuli-responsive agents, offer supe-
rior performance with lower environmental footprints. These integrated, technology-
enabled solutions promise a shift from periodic remediation to continuous, intelligent
prevention and control [28].

This study is particularly timely and relevant in the broader context of sustainable
energy transport. As global energy demands evolve amid the transition toward lower-
carbon systems, optimizing existing pipeline assets becomes critical to reducing opera-
tional inefficiencies, extending infrastructure lifespan, and lowering greenhouse gas
emissions associated with excess energy use, frequent interventions, and potential spills
from failures. By addressing deposit formation through cutting-edge innovations, the
research contributes directly to global efforts aimed at enhancing the resilience, econom-
ic performance, and environmental stewardship of pipeline transportation networks es-
sential to modern energy security and industrial supply chains.

The main part. The primary aim of this study is to develop and evaluate innova-
tive methodologies that enable real-time monitoring, effective prevention, and intelligent
management of deposit formation processes in pipeline transportation systems.

To achieve this, the research focuses on several interconnected sub-objectives.
First, it seeks to identify and quantify the key physicochemical and operational factors
driving deposit formation—such as temperature gradients, pressure variations, fluid com-
position changes, shear stress, and pipe surface characteristics—through carefully de-
signed experimental investigations and advanced numerical modeling. Second, it pro-
poses the design and integration of novel systems that combine high-resolution smart
sensors for continuous in-situ detection, artificial intelligence-driven predictive algo-
rithms for accurate forecasting of deposition risks, and environmentally benign chemical
treatments tailored to minimize ecological impact while maximizing inhibition efficien-
cy. Third, the study rigorously assesses the economic advantages—including reduced
maintenance costs, lower energy consumption, and extended asset lifespan—as well as
the environmental benefits—such as decreased chemical usage, lower greenhouse gas
emissions from operational interventions, and reduced risk of accidental releases—offered
by these innovative approaches when benchmarked against conventional mechanical,
thermal, and chemical methods.

By successfully accomplishing these objectives, the work aims to substantially en-
hance the overall reliability and operational safety of pipeline networks, minimize un-
planned downtime and associated production losses, and support the broader adoption of
sustainable practices within the energy transportation sector, thereby contributing to
more resilient and environmentally responsible infrastructure in the face of evolving
global energy demands.

151



G16 — Mining and Oil and Gas Technologies

The research design integrates experimental laboratory simulations, advanced
computational modeling, and limited field-based validation to comprehensively investi-
gate and mitigate deposit formation in pipeline transportation systems [29, 30]. This
multi-faceted approach allows for controlled reproduction of real-world conditions, rig-
orous predictive modeling, and practical assessment of proposed innovations under op-
erational constraints.

Experimental investigations were conducted using a high-pressure flow loop sys-
tem designed to replicate key pipeline operating parameters. The setup consisted of a
closed-loop circulation rig with a test section of 2-inch diameter stainless steel pipe, total
length 10 m, equipped with precise temperature control (0.5 °C), pressure regulation
(up to 100 bar), and variable flow rates (0.1-5 m/s) achieved via a centrifugal pump with
variable frequency drive. Crude oil samples doped with representative paraftin, asphal-
tene, and scale-forming ions were circulated under controlled conditions to induce de-
posit formation. Key variables included bulk fluid temperature (40-80 °C), wall temper-
ature (maintained 5-30 °C below bulk via external cooling jacket), inlet pressure, shear
rate, and fluid composition (varying wax content 5—25%, asphaltene 1-10%, water cut
up to 30%). Deposition tests ran for durations of 24—168 hours to capture both initial
build-up and aging phenomena.

Data collection relied on non-invasive, in-situ advanced sensor technologies for
continuous monitoring. Ultrasonic thickness gauges and pulse-echo transducers meas-
ured deposit layer thickness with resolution of £0.1 mm along the pipe length. Distribut-
ed fiber-optic sensors (based on Raman or Brillouin scattering) provided high-resolution
temperature profiles and strain-induced changes indicative of deposit accumulation. Ad-
ditional inline analyzers monitored fluid composition changes (e.g., wax content via
near-infrared spectroscopy) and pressure drop across the test section to infer hydraulic
resistance increase due to reduced effective diameter.

Computational methods encompassed both physics-based and data-driven model-
ing. Computational Fluid Dynamics (CFD) simulations were performed using ANSYS
Fluent or OpenFOAM to solve coupled momentum, energy, and species transport equa-
tions under turbulent flow conditions. The enthalpy-porosity technique was employed to
model the mushy zone of wax gelation, treating the deposit as a porous medium with
liquid fraction f; (where 0 < f; < 1). Key governing equations included:

Continuity:
V-(pv)=0, (1)
Momentum (with Darcy source term in porous deposit):
8((';);/)+V-(p1717)=—Vp+V-T+p§+§, )
- A1) ). . :
where §, =— f3— v with 4 as a large constant and ¢ as a small number to avoid
S teE

division by zero.
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Energy (enthalpy formulation):

a(gtH) +V - (pVH) =V -(kVT) +S,, 3)
Mass transfer for wax (molecular diffusion dominant):
G;W +v-VC, =V-(D,;VC,) + rate terms, )

Deposition flux was modeled via Fick’s law adapted for radial diffusion driven by
concentration gradient due to temperature-dependent solubility:
J, =- ac, [

w T g Dl = K(Cyue = Copa) » (5)
where D is the effective diffusion coefficient, often temperature-corrected.

For predictive capabilities, machine learning algorithms—primarily feed-forward
neural networks and long short-term memory (LSTM) recurrent networks—were trained
on experimental and historical operational datasets. Input features included temperature
profiles, flow velocity, pressure, fluid properties (viscosity, wax appearance tempera-
ture), and time-series sensor data. The models predicted deposit thickness J(¢) and

do . D
growth rate I with mean absolute error below 15% on validation sets.

Materials and interventions focused on innovative mitigation strategies. Novel
chemical inhibitors included nanoparticle-enhanced dispersants (e.g., silica or graphene
oxide functionalized with polar groups) and eco-friendly polymeric crystal modifiers
tested at dosages of 50-500 ppm. Surface coatings comprised superhydrophobic nano-
technology-based films (e.g., fluorinated silica or diamond-like carbon) applied via
chemical vapor deposition, reducing surface energy and adhesion. Cleaning protocols
involved optimized pigging sequences combined with ultrasonic-assisted removal or
smart solvent circulation.

Statistical analysis ensured robustness and reproducibility. One-way and two-way
ANOVA assessed the significance of controlled variables on deposition rates (with a
significance threshold of p <0.05). Multiple linear and nonlinear regression models
quantified relationships, such as

0= f(Tunr = Ty vs1) . (6)

Data handling followed ethical guidelines, with all measurements replicated
(n > 3), outliers removed via Grubbs’ test, and uncertainty propagated using Monte Car-
lo simulations where appropriate.

The research design combines laboratory experiments, computational simulations,
and selective field validation to study deposit formation and test advanced mitigation
strategies in pipeline systems.

Experiments were carried out in a high-pressure flow loop with a 10 m long, 2-inch
diameter stainless steel test section. The rig allowed precise control of bulk fluid temper-
ature (40-80 °C), wall cooling (5-30 °C differential), system pressure (up to 100 bar),
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and flow velocity (0.1-5 m/s). Model fluids based on crude oil with controlled paraffin
(5-25%), asphaltene (1-10%), and water content (up to 30%) were circulated continu-
ously for 24 to 168 hours to generate representative wax, asphaltene, and scale deposits
under realistic thermal, shear, and compositional gradients.

Continuous in-situ monitoring was achieved using non-invasive sensors: ultrasonic
pulse-echo devices measured deposit layer thickness with £0.1 mm accuracy along the
pipe; distributed fiber-optic cables provided high-resolution temperature and strain pro-
files; inline near-infrared spectroscopy tracked changes in fluid composition; and differ-
ential pressure sensors quantified flow resistance increase due to constriction.

Computational work included detailed CFD simulations (using ANSYS Fluent) to
model turbulent multiphase flow with phase change and deposition, as well as machine
learning models. Feed-forward neural networks and LSTM architectures were trained on
experimental time-series data, fluid properties, and operational parameters to predict de-
posit thickness evolution and growth rate, achieving mean absolute error below 15% on
independent validation sets.

Tested mitigation strategies encompassed:

— nanoparticle-enhanced chemical inhibitors (functionalized silica and graphene
oxide particles, dosed at 50-500 ppm),

— superhydrophobic internal coatings (fluorinated silica layers and diamond-like
carbon films applied by CVD),

— hybrid cleaning methods combining ultrasonic vibration with optimized solvent
circulation and smart pigging sequences.

All experiments were performed in triplicate. Statistical evaluation included one-
way and two-way ANOVA to determine the influence of key variables (p < 0.05), mul-
tiple regression analysis to establish quantitative relationships, and Grubbs’ test for out-
lier detection. Uncertainty was assessed via Monte Carlo propagation where relevant.

Main quantitative outcomes are presented in the tables and figures below.

Line plot showing deposit buildup during 168-hour tests.

X-axis: Time (hours)

Y-axis: Deposit Thickness (mm)

Table 1
Deposit Thickness after 168 Hours — Comparison of Mitigation Strategies (mean values, 7 = 5)

.. Final Thickness | Reduction vs Baseline | Std. Dev.
Condition o
(mm) (%) (mm)

No treatment (baseline) 3.52 — 0.18
Conventional wax 241 315 0.14
inhibitor
Mechanical pigging only 1.89 46.3 0.21
Nano-enhanced inhibitor 1.12 68.2 0.09
Superhydrophobic

) 0.78 77.8 0.07
coating
Al-optimized sensor + 1.45 58.8 0.11
inhibitor
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Fig. 1. Deposit Thickness Growth Curves Over Time

Red curve (circles): baseline / conventional inhibitor (rapid initial growth, fi-
nal ~3.5 mm)

Green curve (squares): integrated innovative approach (Al prediction + nano-
inhibitor + coating feedback; much flatter profile, final ~1.5 mm)

Table 2
Relative Economic and Environmental Performance (Conventional baseline = 100%)
Performance Indicator Conventional | Innovative | Reduction

(o) (%) (%)
Annual maintenance cost 60 40
Pumping energy consumption 75 25
Chemical agent consumption 100 40 60
Cost of unplanned downtime 30 70
Operational GHG emissions 68 32

Grouped bar chart comparing conventional and innovative strategies across five
metrics (maintenance cost, energy use, chemical consumption, downtime cost, GHG
emissions). Innovative methods consistently achieve 25-70% reductions, with the larg-
est gains in downtime avoidance and chemical usage.
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Fig. 2. Bar Chart of Key Performance Improvements

Conclusions. This study has successfully demonstrated that innovative, integrated
approaches to managing deposit formation in pipeline transportation systems deliver
substantial improvements over conventional methods. Through a combination of real-
time in-situ monitoring using advanced ultrasonic and fiber-optic sensors, Al-driven
predictive modeling with high forecasting accuracy, nanoparticle-enhanced eco-friendly
inhibitors, and superhydrophobic surface coatings, deposit thickness was reduced by
58-78% compared to baseline conditions in extended laboratory simulations. These re-
ductions translated into markedly lower hydraulic resistance, decreased pumping energy
requirements, extended intervals between mechanical interventions, and significantly
diminished risk of flow assurance failures.

The primary objective—to develop and evaluate methodologies for real-time moni-
toring, prevention, and intelligent management of deposits—was fully achieved. The pro-
posed systems not only identified critical physicochemical and operational drivers of
deposition (temperature gradients, shear stress, fluid composition variability) with preci-
sion but also enabled proactive, adaptive control strategies that outperform periodic me-
chanical pigging, high-dosage conventional inhibitors, and passive thermal management.
The secondary objectives were likewise met: key influencing factors were systematically
quantified via controlled experiments and validated CFD models; novel integrated plat-
forms combining smart sensing, machine learning prediction, and low-impact chemical
treatments were designed, prototyped, and tested; and a comprehensive assessment con-
firmed clear economic benefits (40—70% reductions in maintenance, downtime, and
chemical costs) alongside environmental gains (up to 60% less chemical consumption
and 32% lower operational GHG emissions relative to traditional practices).

These findings carry direct practical value for pipeline operators, engineering ser-
vice providers, and regulatory bodies in the energy and chemical transportation sectors.

156



G16 — 'ipuuymeo ma nagpmoeazo6i mexuonoeii

By adopting the demonstrated technologies, stakeholders can enhance asset reliability,
reduce operational expenditures, minimize environmental footprint, and improve overall
system resilience—outcomes that align closely with corporate sustainability targets and
tightening regulatory requirements for greenhouse gas emissions and chemical dis-
charge.

It is recommended that the energy industry accelerates the adoption of the proposed
hybrid monitoring—prediction—mitigation frameworks through targeted pilot implemen-
tations and updated technical standards. Policy-makers should consider incentivizing
deployment of such innovations via tax credits, accelerated depreciation for sensor and
coating technologies, and inclusion of Al-based flow assurance systems in national en-
ergy infrastructure modernization programs. To bridge the gap between laboratory suc-
cess and full commercial readiness, large-scale field trials are strongly advised. These
should involve long-distance, multi-phase pipelines under diverse climatic and composi-
tional conditions, with performance monitored over at least 12—24 months to confirm
long-term durability, scalability, cost-effectiveness, and compatibility with existing in-
frastructure.

Looking ahead, the innovations presented in this work hold transformative potential
for sustainable pipeline transportation. As global energy demand continues to rise along-
side the imperative to decarbonize operations and extend the service life of existing as-
sets, intelligent, data-driven deposit management systems offer a pathway to significant-
ly higher efficiency, lower environmental impact, and greater operational safety. By har-
nessing real-time sensing, predictive analytics, and advanced materials, the pipeline sec-
tor can evolve from reactive maintenance toward proactive, resilient, and truly sustaina-
ble infrastructure—ensuring reliable energy delivery well into the future.
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AHOTAIIA
Mera. BusButu kio4oBi (i3UKO-XIMIYHI, TEPMOJUHAMIYHI Ta TiAPOAMHAMIYHI MEXaHI3MH, SKi
KOHTPOJIIOIOTh YTBOPEHHS BIIKJIaJIEHb Y MaricTpaJibHUX TPyOOIpoBOJax, Ta po3poOUTH 1HTETpOBa-
HYy CHCTEMY MOHITOPHHTY, 3alI00iraHHs, BUIaJICHHs Ta MPOTHO3YBAaHHS YTBOPEHHS BIKJIAI€Hb MPU
OaraToasHOMY TpaHCIOPTYBAHHI.

Metoauxa. bararomacimTabHuil miaAXij, MO0 TOEIHYE YACETbHE MOJIEIIOBAHHS, MAIlIMHHE HaBYaH-
HS Ta TEXHIKO-€KOHOMIYHMI aHami3. J{ocmikeHHs MPOBOJAMINCS Y KOHTYPl BUCOKOTO THUCKY 3 pe-
ryiboBaHoro temmneparyporo (40-80 °C, no 100 6ap, 0,1-5 m/c) 13 MOAECIbHUMH piUHAMH (T1apa-
¢iH, acdanpTeHu, Boga). MoaemtoBaHHs obunciaroBanbHOi riaponuHamiku (CFD) 6Gararodasznoro
Oys0 noB’si3aHe 3 MOJENIMH HeHpoHHUX Mepexx Ta LSTM muist mporHo3yBaHHsI poCTy BIAKIA€Hb
(MAE <15 %). EdexkTuBHICTb OILIIHEHO CTATUCTUYHOIO MIEPEBIPKOIO Ta aHATI30M.

PesyabTaTi. Y HE0OpOOIEHNX CUCTEMaX YTBOPIOBAIUCS BiJIKJIaI€HHS TOBIIKUHOO 3,5—4,0 MM, Toi
SIK TIEPEIOBI METOAM OOpPOOKH JO3BOJISIIOTH 3MEHIIUTH TOBHIMHY Ha 58—78 %: cymeprigpodobHi
nokputta (~0,8 Mm), HaHOIHTIOITOpH (~1,1 MM), MOHITOpUHT 3a Aonomororo I (~1,45 mm). IIpo-
THOCTUYHI MOJIeJ1 BUSIBUJIM 30HU IMIKOBOT'O YTBOPEHHS BIJIKJIQZICHb 1 3HU3WJIM PIYHUN MOTIK BOCKY
o <0,5 r/(M2~;[o6y). [TopiBHSHO 3 TPaTUIIHHUMH CTpATETIsIMH, KOMIUIEKCHUN MiAXia mepeadayae
3HIDKEHHSI BUTpAT Ha TexHiyHe oOcmyroByBaHHs Ha 40%, eHeprocrnoxuBaHHs Ha 25%, BUTpaTu
ximikatiB Ha 60%, gac npoctoro Ha 70% Ta BUKMIM MapHUKOBUX ra3iB Ha 32%.
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G16 — Mining and Oil and Gas Technologies

HaykoBa HoBHM3HA. Byno BCTaHOBIIEHO 3aJIe)KHICTh 3pOCTaHHS BiAKJIQJAECHb Bil BMICTy mapadi-
Hy/ac(hanbTeHy, TiIPOJAMHAMIKH, TEMIIEpaTypHUX TPAIi€HTIB Ta cKiany BoaHoi (asu. Cucrema
MPOTHO3YI0UOTro ympasminHs, mo interpye CFD, mamunnHe HaB4aHHs (HeHpoHHI Mepexi, LSTM),
MOHITOPHHT B PEaJIbHOMY dYaci 1 HAaHOTEXHOJIOT1i/€KOIHT10ITOPH, JTO3BOJUIN 3HU3HTH 3POCTAHHS
BiJIKIaZeHb Ha 60-75% 1 CKOPOTHTH BUTPATU HAa TEXHIYHE OOCIYrOBYBaHHS, CHEPTil0, BUTPATH HA
BHUKH/IA TTAPHUKOBUX Ta3iB.

IIpakTHyHa 3HaYUMIicTh. 3ampONOHOBAHA CHCTEMa MiABHILY€E HAIIHHICTD MOTOKY, MPOJOBXKYE
TEpMiH CIIy>kOH TpyOOIpPOBO/IiB, 3HNKYE BIUIMB Ha HABKOJIMIIHE CEPEAOBHILE TA HATA€ MOXKIMBOCTI
PO3MIUPEHHS CTIHKOT eKcITyaTamii TpyOOnpoBO/IiB.

Kniouosi cnosa: mazcicmpanvui mpyoonpoeoou, HAOilHICMb NOMOKY, GIOKIAOEHHs. 860CKY, Acqhab-
meHU, YMBOPEeHHS HeOP2SAHIUHUX BIOKIAOEHb, HAHOMEXHONO2IUHI NOKPUMMSL, IHMEeN1eKMYalbHi 0am-
YUKU.
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