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Minor leaks occur in the case of pipeline operation — axis curvature, the effect of
force factors of various nature that affect the change in the stress-strain state up to the
emergence of zones potentially dangerous in terms of possible violation of material
integrity, the presence of surface defects that can cause liquid leakage. In this case, the
loss of the transportation product is relatively small — up to 0.1-0.5%. Defects of this
kind are determined by experimental methods, but the use of mathematical modeling
methods for phenomena of this nature is becoming increasingly important, in
particular, due to the complexity of hardware implementation due to the difficulty of
accessing surfaces for the implementation of contact research methods.

Problem statement. When studying the technical condition of complex
mechanical systems that have been in operation for a long time, in particular in the
tasks of their technical diagnostics, there are often cases when the occurrence of
emergency situations is due to the presence of small disturbances acting on the system.
In mathematical modeling of such phenomena, as a rule, there are problems in which
either systems of equations or boundary and initial conditions are subjected to certain
perturbations, the characteristics of which are small compared to the characteristic
values of the quantities under study, since large perturbations of the initial conditions
usually necessitate the choice of other models to describe the phenomena - a
commentary on this can be made by models for estimating flow parameters with small
leaks and models of flow at pipeline rupture [1].

It should be noted that the study of hydrodynamic stability in the zone of small
leaks is important from two aspects affecting energy efficiency: firstly, the amount of
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transported hydrocarbon loss is estimated, and secondly, the flow structure in the
presence of small leaks of varying intensity is studied in terms of the emergence of
turbulent flow zones, which can actually reduce the useful diameter of the pipeline.

It is proposed to consider approaches to the use of process stability parameters to
solve a specific technical problem of assessing the technical condition of pipeline
systems, taking into account the fact that numerical methods are used in the
implementation of these models. This raises questions about the possibility of
numerically identifying the critical parameters at which a certain physical process loses
stability if the characteristics of this process are not known and are actually a solution
to a certain boundary value problem.

Thus, the aim of the study is a mathematical modeling of process fluid flow in a
pipeline in the presence of leaks through the surface at different configurations, for
which the system of Navier-Stokes equations is numerically integrated, the stability
parameters of numerical schemes are investigated, informative parameters are selected
to determine the leakage zones of influence, and the limits of the model's use are set
before the flow transitions to the turbulent regime.

Mathematical modeling. In general, the flow of products in pipelines can be
described using the Navier-Stokes system of equations written in a cylindrical
coordinate system [2-3]. However, the peculiarities of pipeline systems in terms of
their geometry, as well as the symmetry of the flow, the local nature of the zone of
small leaks, allow us to reduce the dimensionality of the problem. Thus, it can be
assumed that we are considering a two-dimensional flow of a viscous fluid in a channel
with a wall in which there is a leakage of fluid through the surface, assuming that the
flow is considered stationary. This is true, in particular, for quasi-stationary processes,
when it is assumed that the characteristics of the modeled flow change little with time

(Fig. 1).

0 Yly=0
»

U‘x:O ==

—
v
V‘x:O
9 [ -
X1 X2
Vly=2r Uly-2r

4

Fig.1 Flow diagram in a two-dimensional channel with leaks

In this case, the system of Navier-Stokes equations is written in the two-
dimensional domain as follows:
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where U and V — components of the velocity vector in a rectangular Cartesian
coordinate system, p — density of the transported products, v — coefficient of kinematic
viscosity, p — fluid pressure.

The boundary conditions are given in the form:

"2 .
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where [x;; x, ] — leakage zone, u — dynamic viscosity of the transported products,
R — channel radius. For the velocity component U|x = 0 is believed to be calculated
as in the well-known Poiseuille model [2], which describes the stationary flow of a
viscous fluid in a pipe of circular cross-section. Vi, — fluid leakage rate through the
area.

Boundary conditions (2) may be different depending on how the fluid leakage
zones are located - if they are located on different channel boundaries, then for the
velocity component V, the velocity values at certain segments will be non-zero both at
y=0 and at y=2R. The methodology for solving this problem is known [4], and its
peculiarity is the presence of discontinuous boundary conditions (2) and the absence
of correct boundary conditions for pressure.

Differentiating the first of the equations of system (1) by the variable x, and the
second - by the variable y, and taking into account the third equation of system (1), the
Poisson's equation for determining the pressure is obtained:

92 92 v auU U a9V
a2 G T e ) ®

Further solution scheme is as follows:

1) some initial pressure approximation py(x,y) is set;

2) according to this distribution py(x, y) system (1) with boundary conditions (2)
shall be solved;

3) after finding the velocity components U 1 V' the right-hand sides of equation (3)
shall be calculated;

4) equation (3) shall be solved with boundary conditions:

P0G = po(x,y) (4)

5) after obtaining a new pressure distribution, the specified algorithm returns to
step 1.
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This procedure is repeated until the iterative process reaches convergence. System
(1) with boundary conditions (2) is solved using absolutely convergent implicit
schemes of the method of alternating directions, and equation (3) is solved by the
method of successive upper relaxation. The convergence and stability of this iterative
method were proved in [2].

The initial approximation of the pressure distribution was chosen under the
assumption that there is a linear pressure drop along the length of the channel used to
model the leaking pipe:

p=po—k-x (5)

Using dependence (5) to calculate the velocity field allows us to establish the
correlation between the leakage rate and the change in the flow configuration.

Flow modeling in a pipeline with defects that cause fluid outflow is performed for
the following flow parameters, pipe geometry, properties of liquids and gases, and
linear pressure drop along the length of the pipe:

1) the average velocity of the liquid in the pipeline is 2-8 m/s;

2) characteristic velocity of small leakage - up to 50 cm/s;

3) dynamic liquid viscosity - 0.001 kg/m/s;

4) kinematic viscosity - 0.000001 sq. m./sec;

5) characteristic of the pressure drop K= 0.064 - 0.096;

6) step in the longitudinal coordinate - 0.08 m;

7) step in the longitudinal coordinate - 0.025 m, which corresponds to a pipeline
with a diameter of 1.25 m with 50 control points in the transverse coordinate;

8) the number of steps in the longitudinal coordinate is 90000, which allows to
calculate the velocity field for a 7.2 km long pipe with a step of 8 cm.

Results. Based on the calculations, the following conclusions can be drawn: the
leakage rate significantly affects the flow configuration.

Analyzing the behavior of the longitudinal velocity component in the near-wall
zone, we can note a pattern that depends on the leakage rate: the higher the leakage
rate, the faster the monotonicity of the velocity field on the leakage side is broken (Fig.
2). In addition, the following regularity was found: a violation of monotonicity, which
can be defined as the difference in velocity at the two points of the grid closest to the
wall:

AV, =V(N)—-V(N—-1) (6)

where N + 1 - the number of points of the computational grid along the transverse

coordinate, follows the following pattern: initially, the first monotonicity violation

occurs, then monotonicity is restored, and its subsequent loss leads to a loss of stability
of the computational process, as shown schematically in Fig. 2.
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Fig.2 Dependence between AV, and distance from the defect at different model values of the
leakage rate, given in conventional units

Points L3 and L; can serve as the flow response to a small disturbance, they
correspond to the minimum distance at which the disturbance is already felt, and points
L, and L, are the points of loss of stability of the difference circuit. In this case, the
points L; and L, can serve as a diagnostic sign, but L, 1 L, — cannot. In this case, the
content of the processes occurring after these points may be as follows: either the
stability of the computational procedure is lost, or the physical picture of the flow
changes - from laminar to turbulent, and other models must be used to further describe
the flow. From a technical point of view, this behavior can be explained by the fact that
when a fluid is slowed down along the length of a pipe, it must be pumped to ensure a
certain pressure, flow rate, and, accordingly, the specified delivery volume. This leads
to a decrease in the energy efficiency of the pipeline system. It is not known which
content should be prioritized in each case, and further research into these flows is
needed. An important result shown in Figs. 2 and 3 is that at certain values of the
leakage velocity - in Fig. 2, this value is V = 0.05 - there is no loss of velocity
monotonicity at all, i.e. the flow remains stable to such a velocity perturbation.

Conclusions. Based on the results of numerical modeling of fluid flow through a
channel with leakage through the surface, a method for estimating the coordinate of the
leakage point and its dependence on the leakage rate is established. It has been
confirmed that the problems of technical diagnostics of systems for various purposes
are, from a mathematical point of view, problems of studying the stability of the
corresponding processes and numerical schemes for implementing models of such
processes.

The presence of small leaks on the energy efficiency of the system causes the
following negative aspects:

- loss of transported products;
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- loss of flow stability in the pipeline, emergence of turbulent (unstable) flow
zones, which actually reduces the actual useful diameter of the pipe and, accordingly,
its actual throughput.
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BJIOCKOHAJIEHHSI KOHCTPYKIIi YEPB'STYHOT' O
EKCTPYAEPA JUISI MIIBUIEHHS EOEKTUBHOCTI
BUPOBHULITBA MOJIMEPHUX JINCTIB

Mepmagka Birauiii OsiekcanapoBuy

MaricTp 2 poKy HaBYaHHs

AmHoBa AHTOHIHA BikTOpiBHA

K.T.H., JIOLEHT

Kadenpa inHoBaIiitHOi iHXKeHEepil

VYkpaiHCbKUH Jiep>KaBHUM YHIBEPCUTET HAYKU 1 TEXHOJIOT1i, Y KpaiHa

Exctpys3iiiHi  TexHONOTii BIMIrPAlOTh IEHTPAIBHY POJIb y Cy4aCHOMY
MPOMKCIIOBOMY BUPOOHUIITBI, 0COOIUBO Yy chepl nepepoOKU MOoTIMEPHUX MaTepiaiB.
Ix ocHoBHA ¢yHKIis monsrac B TOYHOMY Ta KOHTPOILOBAHOMY II€PETBOPEHHI
CUPOBHHM Y KIHIEBUA TPOJAYKT, WIO0 JOCATAETHCA IUIAXOM 3aCTOCYBaHHS
KOHTPOJIbOBAHOTO TEIJIa, THUCKY Ta MEXaHI4HOi eHeprii. Yeps'auHi eKCTpyIepH,
OyIy4d KJIIOYOBHM €JIEMEHTOM IMX TEXHOJOTIHA, € HE3aMIHHUMHU y BUPOOHUIITBI
HIMPOKOr0 CHEKTPY MPOAYKIli, BKIOYAOYM ModiMepHi JucTh. L1 aucTu 3HaxoasTh
CBO€E 3aCTOCYBaHHS B OyIBHUIITBI, TaKyBaHHI, CLITLChKOMY TOCIIOIAPCTBI, peKiaMi Ta
0araThboX 1HIIUX Taly35X, [0 MiJAKPECIIOE IXHIO YHIBEPCATBHICTh Ta BAKJIMBICTD IS
Cy4acHO1 EKOHOMIKH.
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