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Abstract. Modern pipeline systems,both main and industrial, allow transporting
a wide range of liquid and gaseous substances, including a variety of solid
bulk materials, minerals, building materials and mixtures. However, the
development of pipeline transport systems today is hindered by the lack of
theoretical developments in the implementation of practical engineering
projects for the creation of both main and industrial product pipelines for
various purposes. Therefore, the further development of the theory of flows
of various substances in pipelines and the creation of universal methods for
engineering calculations of design parameters of pipeline systems based on
this theory are priority tasks for the further development of product pipeline
transport. The studies were carried out in accordance with the condition of
stochastic transformation of the coagulation-thixotropic structure of the gel
flow into sol. Such a stochastic transformation of the coagulation-thixotropic
structure can be observed both when reaching the mode that determines the
turbulent motion of a viscous colloidal solution, and somewhat earlier - at
the stages of the laminar flow regime of the solution. Based on the formal
phenomenological analysis, it has been determined that during the transition
of the laminar mode of motion of the Newton fluid flow in a cylindrical tube
to the turbulent mode, the transported structured gel flow is guaranteed to
collapseinto a colloidal sol.Based on the example of a typical design calculation
of a technological (production) pipeline for the transportation of motor oils of
the SAE-10 and SAE-40 grades, the optimal conditional internal diameters of
the product pipeline were determined. The compliance of the design structural
parameters of the pipelines with the corresponding physical and mechanical
properties of the transported liquids was established.The proposed methods of
engineering calculations of design parameters for technical objects of pipeline
transport should expand and supplement the regulatory documentation for
the preparation of projects for the construction of both main product pipelines
and technological “interoperable” production pipelines
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INTRODUCTION
The accelerated development of pipeline transport
systems in the second half of the 20™ century is
conditioned by its technical efficiency and significant
operational advantages compared to other technologies
for transporting various materials [1-3]. In particular,
these are such advantages as: large capacity due to the
continuity of the transport process [2]; the absence of
intermediate operations that require the creation of
special equipment and training of qualified support
personnel [1; 3]; the absence of transport losses of
material [2]; transport and environmental safety for
the implementation of the transportation process and
minimisation of landscape and destruction violations [2];
independence from weather and climatic conditions [3].

At the same time, the improvement of the tech-
nical capabilities of pipeline transport, the appearance
and technical improvement of hydraulic transport sys-
tems [3] facilitated the significant expansion of the
range of transported substances and materials [4; 5].
Modern pipeline systems, both main and industrial,
allow transportating various solid bulk materials [2; 4],
minerals [6], building materials and mixtures [2], indus-
trial and household waste [3], chemical raw materials
and substances [2; 7; 8], etc. However, prolonged stay
in pipelines and changes in transportation modes lead
to changes in the properties and characteristics of the
transported substances and materials [7; 9; 10]. At the
same time, these changes can both worsen and improve
the quality of not only the materials transported by
pipelines, but also the liquid “technological carrier of
the transported material”[6; 11].It is stochastic changes
in the quality indicators of substances and materials
transported in pipelines that necessitate in-depth ex-
perimental studies aimed at developing theoretical
foundations and practical recommendations for the op-
timisation of the motion of pressure and gravity flows
of gels and sols in pipelines [6; 11; 12].

During the operation of main oil pipelines, de-
posits in the form of resinous-paraffin compounds
accumulate on the internal surfaces of pipes,and intense
corrosion and stratification of metal is observed [12].
This leads to a decrease in the working cross-section of
the pipeline, an increase in the absolute roughness of
the inner walls of pipes,and consequently,to an increase
in hydraulic resistance, a decrease in the service life of
pipelines, and a reduction in the volume of petroleum
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products pumped [2].To prevent these negative processes,
from the moment the pipeline is put into operation and
during the entire period of its service life, there is a need
for periodic cleaning of the internal surfaces of pipes of
main oil pipelines [1; 3; 13-15]. The use of so-called
‘gel pistons” has become widely used for cleaning the
internal surfaces of product pipes [13; 15]. The basis for
the manufacture of the gel piston is polyacrylamide (PAA),
which is able to form a branched spatial structure, which
gives viscoelastic properties to the “gel separator of
petroleum products” As a result, the so-called gel piston
creates a proppant effect and when it moves through
the pipeline, it completely covers the internal working
section of the pipe and all deposits of dirt and resinous-
paraffin compounds are collected in the tail part of the
piston in the course of its motion [12; 13; 15].

However, theoretical developments in the field
of hydrodynamics of complex colloidal flows today are
mostly semi-empirical [2; 12; 14] and are far from ex-
haustive and complete. It significantly complicates
the application of these theoretical developments in
the implementation of practical engineering projects
for the creation of both main and industrial product
pipelines for various purposes. As for experimental
studies of hydrodynamics of complex colloidal flows,
including methods of physical modeling of the dynamics
of these flows, and corresponding engineering and
technological equipment, such studies require signifi-
cant capital expenditures [4; 6; 11] and fail to provide
generalised universal results [2; 3].

Thus, the further development of the theory of
dispersed flows of gels and soles in pipelines and the
development of universal (generalised) methods of en-
gineering calculations of design parameters of systems
and individual technical objects of pipeline transport
based on the appropriate analytical studies are priority
tasks for the further development of product pipeline
transport.

The purpose of the study is to ensure stabilisation
of the quality indicators of substances and materials
transported by pipeline transport systems.

MATERIALS AND METHODS

The study considers the motion of a viscous fluid be-
tween two parallel layers, which is caused by some
infinitesimal shear stress (Fig. 1).
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Figure 1. Motion of a viscous structured liquid between two parallel layers
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Assume that the velocity of a liquid at a certain zdepth
is v, which means that the change in this velocity over
depth z (velocity gradient) will be dv/y,. In general (see
Fig. 1) the velocity gradient will be defined as [13; 14]:

dv v 1 du_d(%) 1)

dz h h dt  dt
In equation (1), the value u/, is the offset gradient,
which we will later denote as y. And then it follows
from equation (1) that the time derivative of the offset
gradient y is equal to the velocity gradient dv/;,:
=5 @
dz
Therefore, the tangential stress t that occurs be-
tween the liquid layers will be proportional to the ratio
of the velocity difference in the liquid layers to the
distance dz between these adjacent infinitely closely
located thin layers. Within each of these layers, it is as-
sumed that the velocity in the liquid layer is a steady-state
value and changes by a value dv only when crossing the
boundary between neighboring layers. Then:
dv
T=no ()
where: dv - velocity difference in adjacent liquid layers;
dz - distance between the midpoints of the adjacent
liquid layers under consideration (layer thickness);
n - dynamic viscosity, which is essentially a tangential
stress, which is necessary to cause the liquid layers to
move relative to each other at a speed equal to 1.
Given equations (3) and (1), the dynamic viscosity
has the dimension of the product of tangential stress
and time.Taking into account equation (2), the following
is obtained:

T=n"y (4)

The resulting equation (4) is essentially a for-
malised expression of Newton's law of viscosity, which
models (Fig. 2) phenomenological properties of a viscous
rheological body [5; 12] and determines the dynamics
of motion [5] of a viscous liquid in a cylindrical tube (Fig. 3).

Figure 2. Model of a Newtonian rheological body
(viscous fluid flow):
P - shear forces applied to the model; n — dynamic viscosity
of the liquid; T - tangential stresses between the liquid
layers; y - derivative of the displacement gradient
between the liquid layers
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Figure 3. The motion of a viscous Newton fluid in a
cylindrical tube

Consider a cylindrical liquid column with radius
r and length I The side surface of such a column will
be 2 - m-r -1 and the total resistance to fluid motion
will be 2 - - r- 1.7 (r- tangential stresses between
the liquid layers, see Fig. 2). If the specific pressure on
the considered column of liquid with a radius r is p and,
accordingly, the total pressure is equal to p - - 1%, then
the equilibrium condition for the considered column of
liquid will be:

prr?=2-mr-l-t=0 (5)

from where:
_pr 6
- ©)

In equation (1), the value z is substituted with
the radius r of the liquid column under consideration:

dv=y-dr (7)

From equation (3) and taking into account (6)
and (7), the following is defined:

p
_ o 8
dv—z_l_nrdr (8)

and after integrating expression (8), the following is
obtained:
v=4.7.n-r2+c 9)
An arbitrary constant C can be determined if the
boundary conditions for (9) assume that the liquid layer
that is directly in contact with the inner wall of the
pipe has a velocity v = 0. And then, if r = R (Fig. 3) the
following is obtained:

___p 2 (10)
and,as a consequence:
__ b (11)
v = Ry (R =1°)

The sign “~”in equation (11) means that the motion of
fluid occurs in the opposite direction to the increase
in pressure p. Therefore, it follows from equation (11)
that the distribution of the fluid velocity over the
longitudinal section of the cylindrical flow is delineated
by a parabola with an extremum (maximum) lying on the
longitudinal axis of the section.Assuming that r—0, then:
Vmax = 7 s (12)
v determines the flow rate of the fluid (pro-
ductivity of the product pipeline Q) by the formula for
the paraboloid of rotation (Poiseuil equation) [12]:

1 2
QZE'”'R * Umax

(13)
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From where, taking into account (12), the follow-
ing is obtained:
_T.P
Q=5 7,k (14)
Thus, the obtained equation allows analysing
the flow volumes in pipelines and the critical value of
the flow rate in terms of the transition of the laminar
flow regime to the turbulent one, determined by the
Reynolds number:

Re:p'U'DhZU'DhZQ'Dh (15)

n v v-A
where: p- density of the liquid (colloidal gel); v -
characteristic flow rate; D, - hydraulic diameter (inner
diameter of the product line); n — dynamic viscosity of
the fluid (colloidal gel); v - kinematic viscosity of the
fluid (colloidal gel); Q - flow rate (product pipeline
capacity Q); A — internal cross-sectional area of the pipe.

At the same time, the transition of the laminar
flow mode to the turbulent one is guaranteed to lead to
the destruction of the transported structured gel flow
into a colloidal sol.

RESULTS AND DISCUSSION

Admittedly, the main sign of the destruction of the
coagulation-thixotropic gel system is the destruction
of the spatial structure formed by the dispersed compo-
nent (phase) of the colloidal solution. And the nature and
moment of onset of such destruction are determined
mainly by the internal diameter 2R (or D, and A) of
the product pipeline, its productivity Q, flow rate v,
characteristics of the coagulation-thixotropic gel system
p, 1, v, specific pressure p in the product pipeline, tan-
gential stresses T and the velocity gradient dv/y,,.

The condition for stochastic transformation of the
geltransported by the pipeline (coagulation-thixotropic
structure) into sol is the destruction of its spatial structure,
which is formed by the dispersed phase of the colloidal
solution. Such a stochastic transformation of the coag-
ulation-thixotropic structure can be observed both
when reaching the mode that determines the turbulent
motion of a viscous colloidal solution, and somewhat
earlier — at the stages of the laminar flow regime of
the solution. In this case, the average movement speed
of the colloidal solution in the pipe according to the
Poiseuil equation in accordance with (13) and (14) will be:

_0 1,
Uavg—m—g'm'R (16)

Given that the values of the tangential stresses
can be determined from the dependence (6) and for r =R,
the following is obtained:

17
Uavg—z'E'R (17)
If the maximum tangential stress that causes
stochastic destruction of the spatial structure of the
dispersed phase of a colloidal solution is T, then,
consequently, (17), the following is obtained:
1) _ l X Tmax

Vo =7 — R
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where: Vc(sl)— critical velocity of the laminar mode of
movement of a gel colloidal solution at which the spatial
structure of its dispersed phase is destroyed in a pipeline
with an internal pipe radius R.

The critical rate of transition of the laminar mode
of motion of a gel colloidal solution to the turbulent mode
of motion, which leads to the destruction of its spatial
structure, according to the Reynolds criterion Re (15),
will be:

@ _ Re 17
Ves”™ = 7 ’ p—R
where: Vc(f) - critical rate of transition of the laminar
mode of motion of the gel colloidal solution to the
turbulent mode, at which the spatial structure of the
dispersed phase of the solution is guaranteed to be
destroyed in a pipeline with an internal pipe radius R.

Equation (18) shows that the critical velocity of the
motion of gel colloidal solution at which the spatial struc-
ture of the dispersed phase is destroyed under laminar
conditions in the pipeline increases with the internal
pipeline diameter. On the other hand, as follows from
equation (19), the rate at which the movement of the
viscous gel in the pipeline acquires signs of turbulence,
which is guaranteed to cause the destruction of the
coagulation-thixotropic structure of the colloidal
solution, is higher.

Upon equating (18) and (19), the following is
obtained:

(19)

1 Typax  Re 7
T R=T
Having defined the internal radius of the pipeline
at which both critical velocities are equal to each other
as the critical radius R, the following is obtained:

R =2 Re
e 7 2P Tiax

A graphical interpretation of dependencies (18),
(19), and (21) is shown in Figure 4.

(20)

(21)
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Figure 4. Critical flow rates of the
coagulation-thixotropic structure of a colloidal
solution in a product pipeline

Following from the analysis of Figure 4, at R<R
the coagulation-thixotropic structure of the colloidal
solution in the pipeline is destroyed, it occurs before the




movement of the liquid flow reaches the turbulent re-
gime. At the same time, at R>R , the turbulent regime,
the gel flow begins at a certain velocity value v_, which
is still safe to prevent stochastic destruction of the co-
agulation-thixotropic structure of the gel.

To prevent the stochastic destruction of coagula-
tion-thixotropic structures of gel flows in pipelines, it is
necessaryto distinguish several important characteristic
values of tangential stresses t:

- the elastic limit 7, which in this case coincides
with the yield strength and at 7<7 , the flow of a colloidal
solution with a coagulation-thixotropic structure is vis-
cous, cannot be observed;

- conditional limit T of the initial strength of the
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structure; up to this limit, the spatial coagulation-
thixotropic structure is preserved without destruction;

- conditional yield strength Ty (according to Bingham);
beyond this limit, uncontrolled avalanche-like stochastic
destruction of the coagulation-thixotropic structure
begins (Fig. 5);

- the limit 7, of structural viscosity, upon reaching
which there is a gradual transition to a viscous flow of
“Newtonian fluid”;

- the conditional limit T of ultimate destruction of
a coagulation-thixotropic structure (ultimate structural
strength); at >7_ , a dispersed system (solution), as a rule,
can only be in the form of sol and reveals only the prop-
erties of a rheological Newton body (viscous fluid flow).
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Figure 5. Movement of the Bingham rheological body in the cylindrical tube of the product pipeline

Consequently, the nature of deformation of the
structure of a gel-like coagulation-thixotropic colloidal
solution during transportation in the pipe of the
product pipeline continuously changes.The ‘rheological
models” (rheological characteristics) and corresponding
mechanical properties of such structures change.

Next,the study considers the possibility of practi-
cal application of the obtained analytical results at the
design stage of technological (production) pipelines for
transportation of SAE-10 and SAE-40 engine oils. The
main physical characteristics of these lubricants are as

follows: dynamic viscosity - n = 0.065 (Pa - c) for the
SAE-10 brand and i = 0.319 (Pa - c) for the SAE-40
brand; density - p = 800 (kg/m3) for both brands; destruc-
tion limit of the coagulation-thixotropic structure of the oil -
7= 0.02 (Pa) - pressure-free gravity flow and t__ = 20 (Pa)
flow movement created in the pipe by pumps SP1, SP2
and GP3; Reynolds criterion — Re = 2500.

The results of design calculations of technological
(production) pipelines for transportation of SAE-10 and
SAE-40 engine oils are presented in Table 1.

Table 1. Results of design calculations of optimal pipeline diameters for the transportation of
SAE-10 and SAE-40 engine oils

SAE-10 engine oil

SAE-40 engine oil

flow motion generated
by pumps SP1, SP2

Property indicator

gravity-fed flow

flow motion generated

by pumps SP1, SP2 gravity-fed flow

and GP3 motion and GP3 motion
Dynamic viscosity (Pa - c) 0.065 0.065 0.319 0.319
Density, k‘g/ms 800 800 800 800
Structure destruction limit, Pa 0.2 20 0.2 20
Reynolds criterion 2500 2500 2500 2500
Flow radius, m 0.5 0.05 1.2 0.13

Optimal product pipeline
diameters, mm:
- minimum
- maximum

100
not limited

250
not limited

Scientific Horizons, 2021, Vol. 24, No. 2
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The above example of design calculation shows
the possibility of further development and creation of
a universal regulatory framework that would be clearly
focused on the needs of designers of pipeline transport
systems for main product pipelines and for purely
technological “interoperable” production pipelines. At
the same time, such technological pipelines under
certain production conditions would not only maintain
the quality indicators of the transported materials,
but under certain transportation modes they could
perform specific production functions, such as certain
technological operations aimed at obtaining finished
products.

CONCLUSIONS

The proposed analytical method of engineering
optimisation of the design diameter of the transport
pipeline, based on the strength criterion of bound-
dispersed coagulation-thixotropic gel structures, al-
lows establishing optimal technical characteristics of
the pipeline at the design stage, in particular, the con-
ditional internal diameter of the pipe, steel (cast iron)

product pipelines. The basis for such optimisation
was the basic physical properties of the transported
material (density, kinematic and dynamic viscosity,
tangential shear stresses), as well as the structural and
technological parameters of the pipeline (productivity
or technological flow rates, speed of the transported
gel, specific pressure in the product pipeline). Op-
timised structural and technological parameters of
“interoperable” production pipelines provide not only
transport functions through technological transitions,
but can also be included in production processes as
direct technological operations.

Further studies of dispersed flows of gels and
solesinpipelinesshould beaimedatimprovinguniversal
(generalised) methods of engineering calculations of
design parameters of systems and individual technical
objects of pipeline transport and the development of
appropriate regulatory documentation. Such measures
would ensure the automation of design work at the
stage of preparation of projects for the construction
of both main product pipelines and technological
"interoperable” production pipelines.
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AHANITUYHUA KPUTEPIUA MILHOCTI 3B'A3AHO-ANCNEPCHUX FENEN
MPU TPAHCMNOPTYBAHHI IX Y TPYBOMNPOBOOAX

borpaH AHatoniitoBuu LWenynueHko, IpuHa MasnisHa CiocapeHko, Oner bopucoeuu MnyxHikoB,
Bnapucnas OnekcitoBuu Ly6eHko, Biktop PomaHoBuY bineubkuii,
Biktop MukonarioBuu bopoBcbKuit

MonicbKMii HaLioOHaNbHWI YHIBEPCUTET
10008, 6-p Crapu#, 7, M. Xutomup, YkpaiHa

AHortauis. CyyacHi TpybonpoBiaHi cucteMu, K MaricTpasnbHi, Tak i MPOMMUCIOBI, 403BOISKOTL TPAHCMOPTYBATH WMPOKY
HOMEHKIATypy He /ule piaKuX i ra3onofibHMX pevyoBuH, ane ¥ pi3HOMaHITHI TBepAi CUMKi MaTepianu, KOPUCHI
KonanuHu, bynisenbHi Matepianu Ta cymiwi Towo. OgHaK, po3BMTOK TPyOONPOBIAHMX TPAHCMOPTHMX CUCTEM B
Cy4aCHUX YMOBAX CTPUMYETbCS HELOCTATHICTIO TEOPETUYHUX HANpPaLoBaHb 3a peanizauii NPaKTUYHUX iHXEHEPHUX
NPOEKTIB CTBOPEHHA K MariCTpasbHUX, TaK i MPOMMUCNOBMX MNPOAYKTOMPOBOAIB Pi3HOrO MpusHayeHHs. OTxe,
noAanblinii pO3BUTOK TeOopii NOTOKIB Pi3HOMaHITHUX pe4yoBUH Yy TpybonpoBoaax i CTBOPEeHHS Ha NiACTaBi Li€i Teopii
YHiBEpCaNbHMUX METOLIB iHKEHEPHUX PO3PaXyHKiB MPOEKTHWUX NapameTpiB TpybONpoBiAHMX CUCTEM € NPIOPUTETHUMM
3aBAAHHAMM ANS NOAANBLIONO PO3BUTKY NPOAYKTONPOBIAHOrO TpaHcnopTy. locnigKeHH BUKOHYBANMUCh BiANOBIAHO
[0 YMOBM CTOXACTMYHOrO NEPETBOPEHHS KOarynsauiiHO-TMKCOTPOMHOI CTPYKTYpU reneBoro MoTOKY B 30/b. Take
CTOXaCTUYHE NepeTBOPEHHS KOArynsauifnHO-TUKCOTPOMHOT CTPYKTYPU MOXKE COCTEPIraTUCh K 33 AOCATHEHHS PEXUMY,
L0 BU3HaYaE TypOyNeHTHUI pyX BAI3KOr0 KOIOIAHOro PO34YMHY, Tak i AeLL0 paHille — Ha CTafisX 1aMiHAPHOTO pexXuMy
Teyii po3umnHy. Ha niacrasi popmanbHO-HEHOMEHONOTIYHOIO aHaNi3y BU3HAYEHO, WO Nif Yac nepexoay AaMiHapHoro
pexuMy pyxy MOTOKY pifuHKM HblOTOHa y UMNIHAPUYHIK Tpybi B TypOYyneHTHMI pexxMMm rapaHToBaHO BifOyBa€eThCS
pYyMHYBaHHS TPaHCMOPTOBAHOrO CTPYKTYPOBAHOrO reneBoro MOTOKY B KOMOiAHMM 30Ab. Ha niacrasi npuknagy
TMMNOBOrO MPOEKTHOIO PO3paxyHKy TEXHONOrIYHOro (BMpobHMYOro) TpybonpoBoay Ans TPAHCMOPTYBAaHHS MOTOPHUX
onuB Mapok SAE-10 T1a SAE-40 BM3HauyeHO OMTMMAanbHi YMOBHI BHYTPIlIHi AiaMeTpu Tpyd NpoayKTONpPOBOAY,
BCTAHOB/IEHO BIiAMOBIAHICTD MPOEKTHUX KOHCTPYKLIiMHMX napameTpiB TpybonpoBoAiB BiANOBiAHMM  (i3unKo-
MEXaHIYHUM BIACTUBOCTAM TPAHCMOPTYEMUX PiAMH. [IPOMNOHOBaHI MeTOAM iHXEHEPHWUX PO3PaxyHKiB MPOEKTHUX
napaMeTpiB TEXHIYHMX 0OEKTIB TPyOONPOBIAHOIO TPAHCMOPTY MAKOTb PO3LIMPUTH Ta LOMOBHUTU TUMOBY HOPMATUBHY
[OKYMEHTALi0 NiAroTOBKM MNPOEKTiB OymiBHMUTBA $SK MariCTpasbHUX MPOLYKTONPOBOAIB, TaK i TEXHOMOTIYHUX
«MiXomnepauiiHux» BUpobHUUMX TPyOONpPOBOAiB

KniouoBi cnosa: Tpybonposia, NOTiK, refb, NaMiHapHWUIA pexuM, TypOyneHTHUI pexuM, MPOEeKTHI napameTpu
Tpybonposoay
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