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GENERAL DESCRIPTION OF WORK

Relevance of the work. Practice shows that oil and gas
extraction, gathering, and transportation processes, while occurring
under various relief and thermobaric conditions, are observed with
very diverse forms and structures of flow. In oilfield practice, single-
phase and multiphase flows are widespread flow forms in the well-
gathering system. Both single-phase and multiphase flows have
laminar and turbulent movement regimes. The hydrodynamics of both
flow forms has been a fairly broad subject of research and study.
Nevertheless, practice demonstrates that special flow conditions also
exist in single-phase and multiphase flows in oil and gas pipelines, to
which increasing attention is essential. Dynamic loads, flows
accompanied by hydraulic hammers, cavitating, obliterational laminar
flows, the initial section of laminar flows, and flows under high
pressure differentials belong to such flow conditions. It should be
noted that the formation of such special flow conditions is also
possible under certain operational cases in field technology pipelines.
The diagnostics, hydrodynamic investigation, and regulation issues of
the mentioned special flow conditions are highly relevant as they carry
significant scientific and practical importance. Investigating the
dynamics of such flow conditions and considering their hydraulic
characteristics are crucial for increasing the efficiency of technological
processes and solving problems related to equipment safety in oil and
gas production and hydrocarbon transportation.

Object and subject of research. The object of research
comprises special flow forms created during oil and gas gathering and
transportation, while its subject consists of the development of
methods for their diagnostics and regulation.

Objective of the research. To increase the operational
efficiency and reliability of oil and gas pipelines based on the
diagnostics and regulation of special flow conditions.

Main tasks of the research.

1. Analysis of flow forms and operational difficulties in oil and
gas pipelines;



2. Investigation of special flow conditions;

3. Diagnostics of velocity-flow rate characteristics in laminar
flows;

4. Dynamic loads in multiphase flows;

5. Investigation of the effect of condensate accumulation in the
pipe on transportation pressure;

6. Diagnostics of cavitating flows and structural changes;

7. Regulation of dynamic loads and cavitating flows;

8. Diagnostics and regulation of hydraulic hammers in pipelines;

9. Regulation of multiphase flow zones;

10. Hydraulic study of obliterational laminar flows;

11. Diagnostics of the stabilization zone of laminar flows.

Methods of research. The problems posed in the dissertation
were solved theoretically and experimentally through the
mathematical processing of actual operational data, operational
difficulties, and experimental indicators of oil and gas transportation
pipelines, using computer software and digital tools.

Scientific novelties.

1.A method for diagnosing structural changes and critical
parameters in cavitating flows has been developed,;

2.A method for evaluating dynamic loads in multiphase flows
considering a new physical flow model has been developed;

3.Methods for diagnosing and regulating the multiphase flow
zone based on transportation parameters have been developed;

4.A method for evaluating and regulating hydraulic hammers in
multiphase flows has been proposed.

Main propositions submitted for defense.

1.Method for diagnosing structural changes and critical
parameters in cavitating flows;

2.Methods for evaluating and distributing dynamic loads in
multiphase flows;

3.Methods for diagnosing and regulating multiphase flow zones;

4 Methods for diagnosing and regulating hydraulic hammers.

Theoretical and Practical Significance of the Study.
Diagnostic and control methods for dynamic loads are of critical
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importance, as dynamic loads occurring in multiphase flows can be
accompanied by significant hydraulic surge waves and exert
destructive impacts, depending on the flow regime structure and which
phase acts as the continuous medium (dispersion medium).

The developed method for the diagnostics and control of
cavitating flows-one of the key factors contributing to premature
failure in oil and gas gathering and field pipelines-holds substantial
scientific and practical significance.

The diagnostic technique developed to determine the location
and number of multiphase flow regimes generated in oil pipelines,
based on the control of transportation parameters, was validated using
a reference oil pipeline model, demonstrating the feasibility of
controlling multiphase flow regimes. Furthermore, any methodology
that enables the prevention of such flow regime formations carries
high practical value.

Author’s Personal Contribution. The practical results
presented in the dissertation were accomplished directly by the author.
The problem formulation, execution of tests, and the analysis,
systematization, and generalization of results were carried out with the
direct participation of the author.

Approbation and application. The principal statements and
findings of the dissertation work were presented, discussed, and
endorsed at the following international and national conferences and
seminars:

1.XVII Mexaynapoanas Hay9HO-IIPaKTHYSCKast KOHPEPEHIHS
«Tpy6onpoBoanslii Tpancnopt — 2023», Yda, 16—17 Hos16ps, 2023;

2. MexayHnapojanas — Hay4YHO-TCXHHYECKas  KOH(EpPCHIHS
«TpaHCTIOPT M XpaHEHHE YTIIEBOJAOPOIHOTO CHIPBA», MOCBALICHHAS
60-netuto TUY, Tiomenn, 4—5 wmions, 2024;

3.COP-29 Side Event — The Sixth Eurasian Conference RISK-
2024 «Innovations in Minimization of Natural and Technological
Risks of Climate Changes: Methodology and Practice», Baku, 27-29
November, 2024;

4. XVII MexnyHapoaHas KoH(pepeHLus «PaccoXUHCKUE YTeHUs
—2025», YxTa, 67 deppans, 2025;
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5.7th Eurasian Conference on «Risk-oriented Design and
Operation of Infrastructure Systems: Sustainability Paradigm», Baku,
21-23 October, 2025;

6.XI MexnyHapoaHas HayYHO-TEXHHUYECKas KOH(pepeHIHs,
nocesnieHHas namsatu npod. B.K. Jlunckoro, HoBomonork, 27-28
HOs0ps1, 2025.

Publication of the Work. The main content of the dissertation
has been published in 16 scientific articles and conference
proceedings.

Scope of the dissertation with an indication of the volume of
individual structural sections and the total volume of the work.
The structure of the dissertation consists of an introduction (14 485
characters), Chapter I (25 351 characters), Chapter II (22 300
characters), Chapter III (31 476 characters), Chapter 1V (84 104
characters), conclusions (1 723 characters), a list of references, and
appendices. The total volume of the dissertation comprises 152
computer-typed pages, including 13 figures, 27 graphs, 12 tables, and
a reference list of 152 titles, amounting to 179 439 characters
excluding figures, tables, graphs, and the reference list at 156 pages of
work.

The author considers it his duty to express his gratitude to the
staff of the "Transportation and Storage of Oil and Gas" Department
of Azerbaijan State Oil and Industry University PLE, where the
dissertation work was carried out, for their support, and to his
scientific supervisor, Doctor of Technical Sciences, Professor E.K.
Iskandarov, for his valuable recommendations.

The author also expresses his gratitude to Doctor of Technical
Sciences, Professor G.G. Ismayilov and PhD in Technical Sciences,
Associate Professor F.B. Ismayilova for the advice they gave during
the formulation, solution and discussion of the problems in the
dissertation.

THE MAIN CONTENT OF THE WORK

In the introduction, the relevance of the dissertation is justified,
the objective and main resolved tasks are presented, the scientific
novelty, practical significance, and primary statements submitted for
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defense are outlined, and a brief overview of the work's content is
provided.

The first chapter is devoted to investigating specific flow
regimes in oil and gas pipelines and analyzing the causes of their
occurrence. Thus, flows accompanied by cavitation, obliteration, and
hydraulic surge (water hammer), along with their formation
mechanisms, diagnostic techniques, and control methods, are
emphasized.

It is well known that during liquid transport in pipelines, changes
in physical state can occur under certain conditions; namely,
vaporization of the liquid as well as degassing (evolution of dissolved
gas) take place. For instance, when a flowing liquid passes through a
local constriction in a pipe, its velocity increases while the pressure
decreases. If the absolute pressure drops to the vapor pressure at the
given temperature or equals the gas evolution pressure (saturation
pressure), intensive vaporization (boiling) and gas liberation occur at
this localized point of the pipe (flow). Upon entering an expanding
section, the flow velocity decreases, pressure rises, and the vapor-gas
separation process ceases, with the liberated gas gradually
redissolving into the liquid. This local disruption of flow continuity,
characterized by the formation of gas and vapor bubbles (cavities) due
to a localized pressure drop, is called cavitation, and such a flow is
considered a cavitating flow. The inception and characteristics of
cavitating flows are detailed, and given their undesirable nature, the
necessity of preventing their occurrence in pipelines and other
hydraulic systems is demonstrated. The importance of diagnosing and
controlling cavitating flows is highlighted.

During fluid flow through capillaries and narrow clearances,
phenomena sometimes occur that cannot be explained by classical
hydraulic laws. Specifically, over time, the volumetric flow rate
decreases despite a constant pressure differential and unchanged
physical properties of the fluid. In extreme cases, fluid movement
ceases entirely. This phenomenon is termed obliteration, and the
corresponding flow condition is considered an obliterated flow.
Obliteration is currently attributed to a reduction in the effective cross-
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sectional area of the channel, explained by the surface adsorption
(deposition) of polar-active fluid molecules. Since the thickness of
such an adsorbed layer can reach several micrometers for oils, it can
significantly restrict or completely block the flow cross-section.

In oil and gas production and hydrocarbon transportation
practice, it is well established that sudden interruptions of single-phase
or multiphase flows or rapid changes in flow velocity induce sharp
pressure transients in pipelines. Such hydraulic surges (water
hammer), accompanied by the generation and propagation of pressure
waves in pipelines, cause compression of the transported medium
(however minor) and alterations in its properties. Accounting for these
effects is critical for technological processes, as well as for ensuring
the safe and efficient operation of equipment. Therefore, taking
scientifically and practically sound measures for the accurate
diagnosis, evaluation, and timely mitigation of dynamic processes like
hydraulic surges is of vital importance.

Numerous technological processes in oilfield operations
accompanied by hydraulic surges can be cited as examples. In general,
a body of literature exists describing the mechanics of surge processes
during the interaction of liquid, gas, or multiphase media with
hydraulic systems (including valves) and evaluating the resulting
transient overpressure. However, protection methods against these
surges remain insufficiently covered. It must be noted that any change
(increase or decrease) in pipeline transport parameters can be
considered a hydraulic surge, occurring either gradually or rapidly.
The causes of surges include rapid valve opening or closure, pump
startup or shutdown, and pipeline failures accompanied by medium
release to the environment. As a consequence of hydraulic surges,
pressure drops as well as pressure spikes can occur. In such cases,
system pressure changes correspond to the rate of disturbance applied
to the system. Specifically, a surge caused by instantancous valve
closure is positive, whereas instantaneous opening produces a manfi
(negative) surge. Positive surges are considered the most dangerous;
during a positive surge, even an incompressible fluid must be modeled
as a compressible medium. Hydraulic surge can induce longitudinal
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pipe cracking and damage other system components, including heat
exchangers, pumps, and other pressure vessels.

Field experience shows that the presence of air or gas pockets in
pipelines is a frequent major factor initiating hydraulic surges. In
multiphase flows, dynamic loads resulting from density differences
between phases and transitions between flow regimes-occurring most
prominently at pipe bends and direction changes-are accompanied by
hydraulic surges. Pressure and flow velocity fluctuations under these
conditions take a wave-like form, creating additional stresses. Pressure
head and velocity in the system can experience both sharp spikes and
sudden drops. Practice indicates that improper hydraulic regimes and
abrupt cross-sectional transitions in pipelines create conditions where
generated hydraulic surges are particularly hazardous, producing
severe shock waves. If the peak transient pressure exceeds the
maximum allowable operating pressure of the system, loss of pipeline
structural integrity can occur.

The magnitude of a hydraulic surge depends on the rate of
disturbance applied to the system and the distance from the point of
impact. Analyzing the distribution of surge pressure parameters along
the pipeline length enables the selection of appropriate system
protection tactics and methods.

Characteristic quantities and evaluation criteria for various flow
conditions have been investigated and systematized. For steady,
incompressible fluid flow, the primary governing variables are flow
velocity and pressure gradient. Considering equilibrium conditions for
compressible and incompressible fluids, the interplay among pressure,
inertial, and gravitational forces developed during flow has been
analyzed for distinct flow regimes. Dimensionless parameters widely
used in hydrodynamics have been systematized to study and evaluate
flow conditions for fluids (systems) exhibiting diverse rheological
properties. Additionally, accounting for interphase interactions and a
new physical flow model, the necessity of incorporating the Bernoulli
torce-which shapes the gradient-velocity field in multiphase flows-



into hydrodynamic investigations is noted’.

For steady viscous fluid flow in a pipeline, the distribution of
forces acting on the fluid along the pipe axis and the key criteria used
to evaluate these effects are emphasized. Friction, pressure, and
inertial forces are expressed through dimensionless quantities
characterizing the relative influence of viscosity, pressure gradient,
and fluid density, respectively. According to dimensional analysis,
considering that the number of variables governing fluid motion in a
pipe can be reduced based on the fundamental dimensions of mass,
length, and time, the complex impact of hydrodynamic similarity
criteria on cylindrical flows is discussed. Furthermore, it is described
that total pressure-the sum of static and dynamic (velocity) pressures-
remains constant across the flow cross-section rather than static
pressure alone. Consequently, in accordance with the new physical
flow model for the case under consideration, static pressure and the
pressure gradient vary across the cross-section.

In the second chapter, the hydraulic characteristics of laminar
flow of viscous and visco-plastic fluids in pipes, as well as the
transition process to a steady-state regime, are investigated. In oilfield
practice, the laminar flow regime of fluids with diverse rheological
properties is one of the most widespread motion patterns. On the other
hand, from the onset of fluid motion in a pipe, a certain duration is
required to establish flow steadiness-that is, the independence of its
parameters from time.

Diagnosing steady-state characteristics during the laminar flow
of both Newtonian and non-Newtonian fluids is of particular
relevance. Determining velocity-flow rate characteristics for such
flows, while taking into account the rheological properties of the fluid,
is vital for developing hydraulic criteria.

In oil and gas production, many aspects of controlling
technological processes and enhancing efficiency are closely tied to
the diverse patterns and hydraulic characteristics exhibited by

I Ismayilov, Q.Q. Nagl fenomeni: Darslik / Q.Q.Ismayilov, E.X.iskandarov,
F.B.Ismayilova. — Baki: ADNSU, — 2021. - 212s.
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homogeneous and heterogeneous fluids with varying rheological and
physicochemical properties during extraction, gathering, and
transportation in pipes. Hydraulic calculation of pipelines and accurate
forecasting of regime parameters, in turn, necessitate the diagnostics
of steady-state fluid characteristics based on their rheological
properties.

The multicomponent and multiphase nature of transported fluids
significantly complicates their hydraulic behavior compared to
homogeneous systems. During the transport of such systems, energy
consumption increases, and the presence of diverse flow regimes
substantially complicates hydrodynamic calculations.

Below, the governing laws controlling cross-sectional velocity
distribution and flow rate determination in laminar flows for
conventional and non-Newtonian fluids are investigated, accounting
for rheological factors. The determination of the time required to reach
a steady-state operating regime and the dependence of this duration on
governing parameters are analyzed.

To this end, the analytical expression derived for determining
flow rate in a pipeline was utilized, and the time-dependent variation
of the flow rate ratio for viscous and visco-plastic steady flows was
formulated respectively as follows:

é = (1 — e_%'t) | (1
0/Q =1—e 0T @)

Here: Qs 1is the steady-state flow rate determined according to
Poiseuille’s equation;

v 1s the kinematic viscosity; R is the pipe radius;

ro 18 the radius of the plug flow core (yield-stress core) in visco-
plastic flow.

As can be seen from equation (1), over time, the flow rate
approaches the steady-state flow rate determined according to
Poiseuille’s equation.
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Schiller's relationship (N= lex: / (D- Re) ) was applied, proving that the
flow resistance at the pipeline entrance is 9% higher. It was
demonstrated that in short pipelines, this discrepancy reaches even
higher values.

Based on the hydrodynamic analyses conducted, it was
substantiated that in the initial section of the pipeline (/<l..: ), the
resistance is higher compared to the fully developed section due to
near-wall viscous retardation. To accurately calculate the head loss in
the entrance section, a correction coefficient N=1.09 based on
Schiller's relationship (N= len: / (D- Re) ) was applied, proving that the
flow resistance at the pipeline entrance is 9% higher. It was
demonstrated that in short pipelines, this discrepancy reaches even
higher values.

In the research work, another specific case of laminar flow-the
phenomenon of obliteration in narrow clearances and capillaries,
characterized by a decrease or total cessation of flow flow rate over
time under a constant pressure differential-was analyzed from a
hydrodynamic perspective.

During the investigation of laminar flows occurring under high
pressure differentials, it was established that internal friction effects
generated by the pressure drop raise the fluid temperature and reduce
its viscosity. A dual variation mechanism for viscosity along the flow
path-influenced simultaneously by the pressure drop and the
temperature rise-was modeled. The opposing thermodynamic balance
between the pressure increases (which reduces flow rate) and the
temperature rise (which increases flow rate) was substantiated.

Based on expressions that account for the combined effect of
pressure and temperature on viscosity, the flow rate variation
mechanism was evaluated (graph 5).

As seen in graph 5, the variation in discharge is compared for
both the adiabatic case where no heat transfer occurs through the pipe
wall (k=0) and the isothermal case (k=1/), where k represents the
fraction of work done by viscous forces converted into fluid heating.
The research demonstrates that the heat generated by internal friction
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In the third chapter, specific flow phenomena in oil and gas
gathering and field pipelines-namely cavitation induced by local
resistances, structural regime transitions in the flow, and the
diagnostics of critical parameters-were comprehensively investigated
alongside the evaluation and control of hydraulic shock waves and
dynamic loads in multiphase media.

The analyses conducted demonstrate that during the gathering
and transportation of heterogeneous well fluids, cross-sectional
constrictions caused by internal deposits (paraffin, sand, asphaltenes)
or the partial closure of control valves (gate valves) increase local
resistance and lead to the formation of cavitation inception zones. To
diagnose cavitation regimes in gate valves, the valve cavitation index
(o) was utilized as the governing criterion:

o= Poye—Psar (3)
Pintet—Pout

In expression (3), the parameters denote the static pressures
upstream and downstream of the valve, respectively, as well as the
saturated vapor pressure of the transported crude oil. It was proven that
when the current index falls below the critical index determined under
laboratory conditions (o < gerir ), a latent and intensive erosion process
is initiated within the valve body.

The onset of cavitation within a constricted section of diameter
d in a crude oil pipeline of diameter D was modeled by incorporating
Bernoulli's equation alongside the local resistance coefficient ({=0.5).
From this formulation, the following analytical dependencies were
derived for the critical cavitation parameter (oeir ) and, via the
continuity equation, the critical cavitation velocity (veri ):

2-AP 5\2
e G I 0
s
Verig =V 5_1 ®)

In the latter expressions, S and S; represent the cross-sectional
area of the pipeline and the constricted section area, respectively. The
calculated values for the critical velocity (ves: ) and the critical
cavitation parameter (ocrir) as functions of the pipeline constriction
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ratio at various flow velocities (v = 0.5 m/s; 1.0 m/s and 2.0 m/s) based
on our study are presented in table 2. An analysis of table 2 and the
plotted relationship graphs (graphs 6 and 7) demonstrates that as the
flow velocity increases and the cross-sectional area decreases, both the
critical cavitation velocity and the critical cavitation number increase
along a non-linearly ascending curve.

Subsequently, the hydraulic discharge characteristics of the
pipeline were analyzed. By considering that the pressure loss AP varies
proportionally with the square of velocity (+°), a graph reflecting the
hydraulic indicators in cavitating flows was constructed (graph 8). In
the considered case, since the cavitation inception pressure is assumed
to be the critical cavitation pressure (P2=Pcir), the linear dependence
breaks down at the characteristic point a with the onset of cavitation.

Table 2
Calculated Values of the v.ir and o Parameters Depending
on the Pipeline Constriction Ratio.

Verit, M/S )
Flow velocity Komarin

d/D Si/S v ms Ocrit daralmasg,

G n 7 1-S1/S , %
1.00 1.00 0.5 1 2.00 | 0.50 0
0.98 0.96 0.52 | 1.04 | 2.08 | 0.59 4
0.96 0.92 0.54 1 1.09 | 2.18 | 0.68 8
0.94 0.88 0.57 | 1.14 | 2.28 | 0.80 12
0.92 0.85 0.59 | 1.18 | 2.36 | 0.89 15
0.90 0.81 0.62 | 1.24 1 248 | 1.02 19
0.85 0.72 0.69 | 1.38 1 2.76 | 1.42 28
0.80 0.64 0.78 | 1.56 | 3.12 | 1.94 36
0.70 0.49 1.02 | 2.04 | 4.08 | 3.67 51
0.60 0.36 1.39 1 278 | 5.56 | 7.19 64
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the pipe wall thickness; and Erand E,, are the elastic moduli of the fluid
and the pipe material, respectively.

Taking into account the elastic deformation of the pipe wall, the
shock wave propagation velocity ¢ was determined by incorporating
the continuity equation:

= <%>o,5 / (1 + %)O'S (8)

As noted, since the hydraulic shock occurs when the valve closes
instantaneously (#,), the duration of the fluid volume change is equal
to the duration of the shock phase, defined as #, < 2-L/c . Otherwise, it
is well known that the hydraulic shock is considered an indirect (non-
direct) shock, and its magnitude is determined by the following
expression:

Pps=2-v-p-Lft, )

As evident from the latter expression, to reduce the magnitude
of the pressure surge resulting from hydraulic shock in the pipeline,
the valve closure duration must be extended. It is therefore no
coincidence that slow-closing gate valves or dampening surge vessels
(air chambers) are widely deployed in pipeline operations.

This study further investigates the variation of hydraulic shock
pressure surges induced by dynamic loads in multiphase flows,
explicitly accounting for flow-regime structural patterns. To calculate
the total hydraulic pressure, equation (9) above can be formulated as a
function of the critical system transition across structural flow regimes
as follows:

Prs = Pmix * (Werit = Vave) - € (10)

Analytical expressions for the distribution of dynamic pressure
loads have been developed for homogeneous, gas-dominant, and
liquid-dominant flow regimes:
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2
Payn = 0.217.8r=Pd 4. p (11)

Pmix
_ (pr=pg)”
Pim = 0.217-Tg-g D (12)
o (pr=pg)’
P = 0.217-p—f‘g-g-D (13)

It was established that the capacity of entrained natural gas
bubbles to absorb cavitation impacts and provide hydraulic damping
directly depends on the phase velocity distribution within the pipeline.
When the velocity ratio ve /v > I, gas plugs form along the upper
crown of the pipe, causing the dampening effect to remain localized
strictly within the upper zone while leaving the lower invert of the pipe
vulnerable to cavitation and shock loads. Conversely, as phase
velocities equalize (vg / vi — I) in a dispersed bubble-mist flow
regime, the gas phase distributes homogeneously, expanding the
absorption zone of shock waves and minimizing the rate of mechanical
erosion on the pipe wall.

The results of the numerical calculations conducted for an oil
pipeline with L = 10 km, D = 0.7 m, 6 = 0.01 m, V = 3846 m? are
summarized in table 3.

Furthermore, to mitigate hydraulic shocks, a calculation
methodology was developed focusing on reducing flow velocity,
artificially extending valve closure duration (% > /5), and deploying
dampening surge vessels (air chambers) (figure 1).

Upon valve closure, a fraction of the fluid enters the air chamber;
due to air compression, the velocity deceleration occurs gradually
rather than instantaneously, thereby dampening the shock.

In the performed calculations for an oil pipeline with L = 5 km,
d=75mm,0=5mm(Q =9 -107m%s, v=2.04d m/s, c = 1170 m/s),
the direct shock pressure under instantaneous closure was determined
to be AP = 1.77 MPa. Given a shock phase duration of 7=2L /¢ =
8.55 s, adjusting the valve closure time to t; = 155 was substantiated
to suppress the surge pressure down to an allowable threshold of 7.0
MPa.
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Table 3

Numerical Calculation Results for Hydraulic Shock and

Multiphase Dynamic Loads.

Velocity decreases from

Shock Wave Velocity | 1181.25 | 1425 m/sto 1181.25 m/s due
(c) m/s to the elastic deformation of
the pipe wall.
Maximum shock pressure
Direct (Full) Shock 2.20 generated in the pipeline
Pressure (¢, = 0 s ) MPa during instantaneous valve
closure.
. . Extending closure duration
Indirect (Partial) 0.144 | to > 16.93 s attenuates
Shock Pressure
N MPa shock pressure by a factor of
(tv=265) 15
Volumetric change
Fluid Compression 0.332 resulting from the elastic
Volume (4V7) m? compression of crude oil at
shock initiation.
Pipe Expansion 0.222 . Volumet'rlc expansion Of.
pipe walls driven by the elastic
Volume (4V,) m’
response at peak pressure.
Homogeneous Regime Gas elasticity in dispersed
! 12.3
Dynamic Load Pa flow dampens shock energy
=09 (Pmix = 88.7 kg/m?).
Increased mixture density
Slug Regime Dynamic | 364.8 (Pmix = 517.2 kg/m?) elevates
Load (8 = 0.4) kPa dynamic load by

approximately 6-fold.

In another comparative calculation, the impact of pipe material
elasticity on the shock wave was evaluated (L = 20 m, d = 50 mm, 6

=3.5mm, v =194 m/s):

Steel Pipe (E =2 - 10'! Pa): ¢ = 1320 m/s, AP =2.56 MPa, radial
deformation stress o = 18.1 MPa;






pulsations, accelerated erosion-corrosion of pipeline components, and
even loss of mechanical integrity.

Multiphase gas-liquid flows fundamentally differ from single-
phase regimes. Depending on phase mass flow rates, densities,
viscosities, and surface tension, various flow structural patterns
emerge, including bubble, stratified (smooth and wavy), plug, slug,
annular, and dispersed-annular structures.

As gas velocity increases beyond the stratified regime, the flow
bifurcates into slug and plug structures. In the slug regime, liquid slugs
separated by large gas pockets generate severe hydraulic shocks,
creating hazardous operating conditions. Under the physical model of
the flow, dispersed phase particles (liquid droplets and solid
particulates) are directed toward the flow core due to Bernoulli lift
forces acting from the boundary layers toward the center. To mitigate
erosion-corrosion wear in complex and vertical subsea offshore
pipelines, hydrodynamic regulation of flowlines must be ensured
alongside the optimization of pipe diameters and inclination angles.

In long-distance trunk pipelines, hydraulic calculations for
multiphase mixtures differ radically from single-phase methodologies.
This discrepancy is primarily driven by the progressive release of
dissolved gas as pressure drops along the line, causing a non-linear
expansion in total volumetric flow rate.

For multiphase oil-gas mixtures, the pressure loss due to friction
within the pipeline is governed by the Darcy-Weisbach equation:

pmix'vrznix
APfT’lC = Amix E T (14)

Where pmix, Amix and vmix are the density, hydraulic resistance
coefficient, and flow velocity of the mixture, respectively. The
Reynolds number is defined as Re = pmix - D / vmix. For the kinematic
viscosity of the mixture, the following empirical relationship is
applied:

L _ B 1B

Vmix Vg Vo

(15)
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Where f = Qg / (O + Q) is the volumetric gas fraction (gas
void fraction). The total pressure drops along the pipeline is expressed
as the sum of friction (4P ) and gravitational (4Pgav ) losses:

3_i _ 16-v2-pg:-(1—a2) (16)

The distribution of dynamic and hydrodynamic loads induced
by multiphase flows in pipeline systems depends directly on the
structural flow regime. Particularly in the slug flow regime, the high-
velocity movement of large liquid masses followed by expanding gas
pockets causes periodic momentum variations along the pipe walls.

The distribution of the static pressure gradient across the flow
cross-section is expressed by the following equation’:

AP = APrric + APprgy (17)

Where: v is the average volumetric flow velocity (m/s ); pe 18
the gas density (kg/m?); D is the pipe diameter (m ); and oo =/ R 18
the relative coordinate with respect to the pipe radius.

Based on the critical condition where the static pressure
gradient equals the difference in phase specific weights g - (po — po),
the critical velocity (verir ) ensuring the transition of multiphase flow
to a homogeneous (dispersed) regime was analytically derived:

A

Vpsn = Tati-ad)

A=025- <p—m—1>-g-D
Pq

At a relative coordinate of a=r/R=0.577 , the critical velocity
reaches its minimum value, while the static pressure gradient attains
its maximum value (graph 9). This specific relative coordinate has
been substantiated as the critical zone inside the pipeline where the
flow structure undergoes spatial destruction and where the pipe wall
experiences the highest localized stresses.

(18)

} Curenxos, B.T. Teopus rpajuenTHO-cKopocTHOro 1015 / B.T.Curenkon. — M.:
OAO «BHUMOSHI », — 2004. — 308 c.
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Table 4
Diagnostic and control parameters of the multiphase zone in an

oil pipeline laid over complex terrain.
Calculated parameter | Calculated | Physical interpretation and
value control effect
Coordinate of the 75.00 km
summit point (L)

Geodetic summit on
complex terrain where the
multiphase zone begins
End intersection point
diagnosed on the basis of
the head balance

Gas-filled zone causing
imbalance and additional
resistance in the pipeline

Minimum oil flow rate
required to eliminate the

zone completely

Transport pressure that

eliminates the multiphase
zone at a hydraulic gradient
of i = 1.139 m/km

End coordinate of the | &84.89 km
multiphase zone (x)

Length of the 9.89 km
multiphase zone (1)

Minimum transport 511 m%h
flow rate (Qmin)

Required inlet 1.38 MPa
pressure (Pi)
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Conclusion

1. The problems of evaluating and distributing dynamic loads in
pipelines were considered for various structural regimes of multiphase
flows, taking the critical velocity into account. It was shown that the
dynamic pressure in separated slug flow patterns is several times
higher than in flows with a dispersed structure. It was established that
the dynamic loads arising when the gas phase is dominant (the
continuous medium) are greater than those arising when the liquid
phase is dominant, and that they increase with the ratio of the liquid
and gas phase densities [1, 3, 12].

2. A method for evaluating and controlling dynamic loads in
multiphase flows on the basis of a physical flow model has been
developed [2, 12].

3. Methods have been proposed for the analysis and evaluation
of hydraulic shocks arising in oil and oil product pipelines, and for the
control of flows accompanied by such shocks [2, 9].

4. A numerical example has shown how the volume of the
transported medium and of the pipeline changes during a hydraulic
shock, taking into account the density of the transported medium [3,
5.

5. It has been shown that one of the major causes of the
premature failure of field oil and gas pipelines is local structural
changes associated with the presence of cavitating flows [4].

6. A method has been developed for diagnosing the structural
changes and critical parameters in cavitating flows as functions of
pressure and velocity variations [7].

7. Taking into account the resources of condensable petroleum
gases, it has been established that in gas-condensate flows the
transport pressure increases linearly with the equilibrium condensate
fill fraction of the pipeline, regardless of the gas flow rate [11, 13].

8. On the basis of an analysis of the causes of multiphase flow
zone formation during the operation of oil and oil product pipelines, a
methodology has been developed for diagnosing the number and
location of these zones and for controlling them, including preventing
their formation, by means of the transport parameters [8, 15].
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