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Evaluation of the effectiveness of anti-turbulent
additives in the oil pipeline transportation
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Abstract. The authors of the article have developed the computer
application allows to determine the value of the friction coefficient A and
anti-turbulent additives efficiency with a high degree of accuracy. The
program can be used in the calculations and design of oil pipelines. The
paper presents experimental studies of the effect anti-turbulent additives on
the magnitude of pressure losses during fluid movement through pipes.
The data gained by the developed computer program has been proved by
the data of practical application of additives in the real oil pipeline
transportation system called Eastern Siberia-Pacific Ocean oil pipeline.

1 Introduction

The role of pipeline transportation for the modern economy is difficult to overestimate.
Modern pipelines are tens, hundreds and thousands of kilometres long, transporting huge
volumes of liquid. With the ever-increasing demand of the world economy for energy, an
important task is to increase the throughput of oil pipelines. Until today, this problem has
been solved by constructing larger pipelines, as well as by increasing the number and
capacity of pumps, and, consequently, increasing the pressure at the outlet of the oil
pumping stations. However, at the current stage of development of the oil pipeline
transportation industry, limitations arise for this method. This occurs due to the need to
ensure the safety in specific sections of the system, where restrictions on the pressure in the
pipeline create a limit on the throughput of the entire pipeline [1,2].

Thus, today, one of the main tasks in the field of pipeline transportation of oil is
increasing the throughput of the pipeline without increasing the pressure at the outlet of the
pumping station. The use of so-called anti-turbulent additives today is becoming a mean of
solving this problem. These additives are compounds of high molecular weight polymers,
which, when introduced into the oil flow, lead to a decrease in turbulent eddies in the near
wall layer of the flow. Due to this, the hydraulic resistance coefficient decreases and,
therefore, while maintaining the pressure at the outlet of the oil pumping station, the oil
throughput in the system increases [3,4].

However, the use of such substances entails a number of related tasks to determine the
optimal concentration of the additive, depending on the parameters of the system and anti-
turbulent agents. The nature of the effect of reducing the hydraulic resistance coefficient is
complex. Therefore, the equations describing the influence of the concentration and
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properties of polymer additives on the fluid flow are often empirical and their solution
requires the use of numerical calculation methods [5, 6].

In [7], the nature of the effect is considered, and various compounds are proposed as
possible anti-turbulent agents. Both natural and synthetic polymeric compounds such as
poly(ethylene oxide), poly(acrylic acid), polyacrylamide, poly(N-vinyl formamide) and
gums were considered. The work also proposed some promising areas for the use of such
substances.

In the study [8] the effect of degradation of molecule of polymer leading to a decrease
in the turbulence reduction properties of additive is considered. As an alternative to
polymeric agents, the use of surfactants that can act as anti-turbulent agents is proposed.
Combinations of surfactants with a polyolefin were investigated for sensitivity to
degradation when moving in a turbulent flow. It has been shown that such combinations
reduce the wear of anti-turbulent agents.

The Ph.D Thesis [9] comprehensively addresses the issue of the movement of both a
single-phase and a two-phase oil-water flow through tubes of various diameters. The main
application of this research is primarily the possibility of increasing the coefficient of oil
recovery from the field, since surfactants are currently actively used with this purpose in oil
production. From the point of view of pipeline transportation of oil, the presented
dependencies do not make it possible to carry out mathematical modeling of the process.

In [10], the effectiveness of the use of the modern anti-turbulent additive ‘“M-
FLOWTREAT?” brand C is considered. An experimental study of the effectiveness of the
additive was conducted, depending on the decrease in pressure at the pump outlet and on
the increase in fluid flow in the system. The experiment was carried out in four operating
modes with additive concentration of 0, 10, 20, 30 ppm. The results of studies have shown
the feasibility of using anti-turbulent agents. However, the problem of mathematical
modeling for calculating the most effective concentration of the additive depending on the
parameters of the system and the pipeline has not been solved.

The problem of mathematical modeling of the process of oil pipeline transportation with
use of anti-turbulent additives is considered in [11]. The effectiveness of modern additives
was studied depending on their concentration. As the mathematical model, the system of
nonlinear equations was proposed that were solved using the Newton-Raphson numerical
method. The dependences of the efficiency coefficient on the additive concentration were
derived. However, the presented equations are derived for the considered types of additives
and are not universal.

2 Theoretical basis

The effect originates in the layers of the fluid flow near the pipe wall, where the so-called
lamination of the fluid particles movement occurs, i.e., a decrease in the turbulence of the
wall layer. This leads to an increase in the throughput of the pipeline at a constant pumps
pressure or to a decrease in the power consumption of the pumps while maintaining the
initial pipeline performance. The mechanism of this effect is shown in Figure 1 [12].
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Fig. 1. Schematic representation of the effect of reducing flow turbulence with the introduction of
polymer additives [12].

There are various theories that explain the nature of the processes that occur when
polymer additives are introduced into a fluid stream:

- Orientation of liquid molecules around the macromolecules of polymers with the
formation of structures that reduce the hydraulic resistance inside the flow due to the
extinction of turbulent eddies.

- Adsorption of polymer molecules by the walls of the pipeline and smoothing of wall
roughness with the creation of a film.

- Giving the properties of non-Newtonian fluids to solutions of high molecular weight
polymers, such as pseudoplasticity. The effective viscosity of such fluids decreases with
increasing pumping volumes. In addition, the concentration of anti-turbulent polymeric
agents is millionths of the total volume of the solution. Therefore, interaction of polymer
macromolecules is not manifested. However, if concertation of active component is
increased sticking together can occur avoided leading to a reduction of the effectiveness of
such substances [13].

The effectiveness of the use of anti-turbulent additives is determined by the molecular
weight of the active polymer and the operating parameters of the pipeline (flow rate,
pipeline diameter, temperature, viscosity of the pumped oil, etc.). In the case of the use of
anti-turbulent additives in pipelines, the problem arises of determining its efficiency, which
is calculated by the formula (1)

_ APQ}
APyQF

=274 100% = (1
Ao

) +100% , (1)
where A, Ay are the coefficients of hydraulic resistance during oil flow with and without
additive, 4Py, APy — pressure loss during oil flow with and without additive, Oy, Oy — oil
consumption with and without additive [14].

Thus, the effectiveness of the anti-turbulent additive is determined after its application
in a certain section of the pipeline, depending on the increase in productivity and / or
decrease in pressure at the outlet of the pump station.

Modern polymer additives must primarily meet the requirements of economic
efficiency. Therefore, different anti-turbulent additives are used in different countries. But
in all cases, the leaders in this area are specialized solutions of macromolecular compounds
with a linear molecular structure. For example, brands FLO-XL, FLO-MXA, M-
FLOWTREAT, PT-Flyde, etc. In such additives, the content of the active polymer reaches
25% [15].

The effect of polymer additives on the decrease in the hydraulic resistance coefficient A
was investigated in [16, 17]. According to the data of experiments with the movement of
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water in pipelines with the addition of polymers, the hydraulic resistance coefficient A
under the turbulent regime of fluid motion can be calculated by the formula

o/
1 2.8V*2.\ /575 ( 2,51 Ae
7= e ( VI ) (Re\/T+ 3,701) ! 2
where V", is the threshold dynamic velocity (m / s) at which the decrease in pressure
loss begins, B is the coefficient depending on the type of polymer and its concentration.
For example, for polyacrylamide, it is recommended to take V*, = 0.05 m /s, and f at
(0.005% <C <0.012%) calculate by the empirical formula

B=1000C, 3)

where C is the volumetric concentration of the polymer (%).
When C = 0; B = 0, ie., in the absence of a polymer additive, equation (2) is
transformed into the well-known Kolbrook — White formula

1 2.51 Ae
e+ 35) @

i.e. one of the equations of hydraulics for determining A during fluid motion without
polymer additives.

Equation (2) makes it possible to include both the parameters of the pipeline system and
the polymer additive parameters in the calculation. Therefore, it is promising for calculating
the optimal concentration of the additive. However, the calculation according to this
equation is complicated by the fact that, due to its empirical nature, the solution of equation
(2) involves enumerating a large number of values.

3 Purpose and objects of research

It is suggested that the main solution to the mentioned problem is the creation of the
specialized computer program for calculating the effectiveness of polymer additives
depending on the parameters of the pipeline, the pumped oil and the parameters of the anti-
turbulent additive. Equation (2) was chosen as the mathematical dependence underlying the
developed program. It was decided that the most convenient program would be the program
in the form of an application that can be installed on any computer. The developed program
was created in the Python and is designed for all modern operating systems.

Input data:

- Equivalent roughness of a pipe (Ae [mm]);

- The inner diameter of the pipe (d [m]);

- The flow rate of the fluid in the pipe (Q [m3/s));

- Kinematic viscosity of the medium (V [m2/s]);

- Threshold speed (tabular value for the selected additive, (V_c [m/s]));

- Volumetric concentration of the polymer additive (C [%]).

The result is the calculated value of the friction coefficient A of the polymer additive
solution depending on the concentration of the polymer additive in solution.
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4 Development of application

Consider equation (2). It is required to find A for other known quantities. Note that the left-
hand side of the equation is a decreasing function of a positive sign. The right-hand side is
an increasing function. We will write it in more detail.

B
Right hand side = A = —2lg [(%)m (25 + 3.A7ed)]
281 % ) . .
( = ) — decreasing non negative function
2.51 ) , :

m — decreasing non negative function,

Ae
374 constant
Therefore ( 251 + A ) — decreasing and non negative

"\Reva 3.7

We can see that there is the product of non-negative decreasing functions under the
logarithm. Therefore, it is decreasing non-negative function. The logarithm of such a
function decrease. Note that the right-hand side has the negative sign. But there is the
decreasing function under the logarithm. Therefore, the right-hand side is an increasing
function. The left and right parts are also continuous functions on the considered half-
interval.

Figure 2 shows the left and right sides of the original equation (2) in the half-interval (0,
0.1) for a given
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Fig. 2. The left and right sides of the equation (2) in the half-interval (0, 0.1) for a given .

Define the function of discrepancy as the difference between the left and right sides.
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We get the following graph — Figure 3.
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Fig. 3. Discrepancy function.

We are looking for a solution on the half-interval (0, 1]. We see that on the left
boundary of the half-interval the function takes a positive value, while on the right
boundary it is negative. The desired point is the zero of the discrepancy function. To solve
this, we apply the Dichotomy method.

Thus, in spite of the fact that this problem is difficult to solve analytically, it can be
solved numerically with any predetermined accuracy.

Equations (2) and (3) are developed on the basis of experiments with polyacrylamide.
For this reason, it becomes necessary to supplement these equations to calculate the
effectiveness of other anti-turbulent additives. It was decided to introduce a new empirical
coefficient into the initial dependence. Thus, equation (2) takes the following form.

zc
1 2.8V72%,,, /575 2.51 Ae
o () (2 ) ©

where Z is the empirical coefficient of the influence of the concentration of the additive
on the viscosity of the solution. This parameter depends on the type of additive selected.

In equation (3), which was discussed above, this coefficient was equal to 1000. This
parameter was determined for polyacrylamide. For modern anti-turbulent additives, this
coefficient can be equal to 10,000. This indicates a more significant effect of polymers with
a higher molecular weight on the viscosity of the solution.

The program was written in the Python development environment. It includes a user
interface and allows user to calculate performance curves for various anti-turbulent
additives. In addition, the application displays the calculated points of the graph in a
separate file. Thanks to this, the user can process the data of a computer experiment. The
developed program in the form of an application for a personal computer received a
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certificate of registration of a computer program [18]. Figure 4 shows the interface of the
developed program and the main parameters of the pipeline and anti-turbulent additive.

o 28V,

)3/5.75( 2.5;_ i 3A7€d)]
Reyv 2

A- hydraulic friction coefficient

V. - critical value of flow speed

c
V - mean flow speed

Re - Reynolds number
d - pipeline diameter
A, - roughness of pipeline wall

B=2Z*C, where C - volumetric concentration of additive

Pipeline parameters

roughness of pipeline wall, mm 0.1

mean flowrate, m”"3/c 1.425

pipeline diameter, mm 1000

oil kinematic viscosity, ¢St 12.2
Additive parameters

additive kinematic viscosity, ¢St 1700

critical flow speed, m/s 0.04

Z koefficient 10000
Graph parameters

min. additive concentration, ppm o

max additive concentration, ppm 350

number of point in graph 30

( Create graph

Fig. 4. Interface of developed computer application.

5 Calculation of the effectiveness of modern anti-turbulent

additives

The calculations in the presented work were carried out both with the help of the developed
software, and with the help of existing methods for assessing the effectiveness of polymer
additives by known operational characteristics. To calculate effectiveness of an additive the
following data are required. Pressure reduction at the outlet of the oil pumping station and
growth of the throughput in the pipeline section.

Making changes to the program code allowed to expand the functionality of the project.
Figure 5 shows the calculation of the effectiveness of the FLO-MX anti-turbulent additive.
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Fig 5. Graph of FLO-MX efficiency versus concentration.

To compare the results obtained by the developed program the manufacturer data was
used. Figure 6 presents the data of Baker Hughes company on the effectiveness this type of
anti-turbulent additive [19].

Fig. 6. Graph of FLO-MX efficiency versus concentration shown by manufacturer [19].

As can be seen from the graphs, the results gained by the developed program confirm
the experimental values provided by the manufacturer company in the entire area of
effective concentration.

In the further work, the task was set to assess the decrease in the efficiency of additive
along the pipeline length with parameters corresponding to the Eastern Siberia - Pacific
Ocean oil pipeline system. The limiting section of the pipeline was considered in two
operating modes with the use of an anti-turbulent additive and without it [20]. Table 1
presents the operational parameters of the section with additive. Table 2 presents the similar
parameters of the section when it is operated without the use of anti-turbulent additive. As
can be seen from the data in tables 1 and 2, oil flowrate in the pipeline section from Station
1 to Station 2 increased by 2% with the introduction of additive. In addition, with constant
pressure at the end of the pipeline section, it was possible to reduce the pressure at the
outlet of pump station 1 by 3.2%. Therefore, the total effectiveness of additive in the
selected section was 7% according to the formula (1)
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Table 1. Typical data of Pressure and Flowrate of oil pipeline section using PT-Flyde anti-turbulent
additive with a flow rate of additive used as 12 liters per hour, which is equal to 2.1 ppm

Pressure, Length, km | Elevation, Oil Flowrate, Additive
MPa m m3/h concentration, ppm
Station-1 6.13 0 253.7
5211.19 2.1
Station-2 0.67 259.6 369.5

Table 2. Typical data of Pressure and Flowrate of oil pipeline section without using the anti-turbulent

additive
Pressure, MPa Length, km Elevation, m Oil Flowrate,
m3/h
Station-1 6.33 0 253.7
5116.69
Station-2 0.67 259.6 369.5

We will analyze the average efficiency of the PT-FFLYDE additive taking into account
the main parameters of the pipeline section using the developed program (Figure 7).
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Fig. 7. Calculation of the PT-FLYDE additive effectiveness for the selected section of the pipeline
using the developed computer application

When calculating the efficiency of the additive used for the oil pipeline section, the
average efficiency value of 6.8% was obtained, which meets the requirements of
calculation accuracy using analytical tools.

6 Conclusion

On the basis of practical experiments conducted in the laboratory, as well as studies of
theoretical aspects of effectiveness of anti-turbulent additives evaluation in the oil pipeline
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transport, the following main results were obtained that determine the practical value of the
work performed.

As a result of theoretical studies of the scientific literature on the use of polymer
additives, the main solutions to improve the energy efficiency of oil pipeline transport were
considered. A comparative analysis was carried out, on the basis of which the main limiting
factors were identified, as well as the most promising technologies for increasing the
capacity of main oil pipelines.

A new empirical coefficient is proposed for the dependency, which allows calculating
the hydraulic resistance coefficient depending on the parameters of the pipeline system and
the parameters of the polymer additive. This made it possible to refine the calculation of the
effectiveness of anti-turbulent additives over the entire area of effective concentration.

A software product has been developed. It allows with, a high degree of accuracy,
calculating the effectiveness of anti-turbulent depending on the parameters of the pipeline
and the parameters of the polymer additive.
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