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Abstract

The article discusses rheological models of non-Newtonian oils, and also analyzes existing
theories on reducing hydraulic resistance when using anti-turbulence additives, the main
methods and approaches to transporting high-viscosity oil. High-viscosity oil from the North
Komsomolskoye field, as well as anti-turbulence additives from the Monomer company, were
used as the object of study. As a result of processing the results of experimental studies, the
rheological model of oil was determined, and the effectiveness of using anti-turbulence additives
from the Monomer company for this oil was established. The work also carried out a
comparative analysis of the existing dependencies of the hydraulic resistance coefficient,
compared the main dependencies and found that the most accurate models are those based on
the universal law of resistance and the Altschul logarithmic formula, taking into account the
Deborah number and the model for calculating efficiency through the value.

Keywords: highly viscous oil; heavy oil; additives; transport; coefficient of hydraulic
resistance; reserves of high-viscosity oil; Toms effect.

I. Introduction

Currently, reserves of light, low-viscosity oil are being depleted. This fact poses an urgent
task for companies in the fuel and energy complex involved in drilling wells, field development
and transportation, to study and resolve the issue of the economic feasibility of using heavy,
highly viscous oils. In practice, this issue is fraught with enormous technical difficulties, ranging
from the extraction of such oil to its refining [45].

Transportation of high-viscosity oil is one of the key challenges facing the modern oil
industry. Due to its special rheological properties, such oil creates serious difficulties for engineers
and technologists: its viscosity makes it difficult to move through pipelines, increases energy costs
for pumping and contributes to equipment wear [1-3].

Currently, there are several main methods of transporting non-Newtonian oils: “hot”
pumping, electric heating, hydropumping of high-viscosity oil, transporting oil with diluents,
adding depressants and anti-turbulence additives to oil. Currently, one of the developing methods
of oil transport is the transport of oil with anti-turbulence additives. This type of additives allows
you to reduce hydraulic resistance during fluid movement; they can significantly change the
physical and chemical properties of oil, improving its fluidity and reducing viscosity.

The principle of operation of anti-turbulence additives is based on the Toms effect. The Toms
effect was discovered in the 1940s and has since been widely used in the oil industry. The essence
of this phenomenon is that when a small amount of polymers is added to a liquid, its flow
becomes more orderly, which reduces friction and facilitates the movement of liquid through the
pipeline. This is especially true for highly viscous oil, which, without the use of additives, moves
with high energy consumption. Additives that cause the Toms effect facilitate its movement
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through pipelines by changing the flow structure. As a result, the speed of oil movement increases
and the energy consumption of the pumping process decreases.

The use of PTP also makes it possible to use the pipeline network more flexibly - to expand
bottlenecks, replenish the volume of supplies after forced downtime, respond to changes in the
viscosity of the pumped oil, to a shortage of electricity in a particular area, to changes in oil prices
on the market.

The presence of turbulent flow is one of the necessary conditions for the operation of the PTP.
Therefore, for heavy oils with high viscosity values, which are transported in laminar mode, the
use of PTP will not lead to an increase in productivity. However, for oils with a viscosity of the
order of several hundred centistokes, the use of PTP is possible; it is also possible to use PTP for
heated oils or when pumping with a diluent, when a turbulent regime is realized.

Anti-turbulence additives can be divided into 3 types: polymers, fibers and surfactants.

The shares of drug consumption by region are distributed as follows: North America — 54.2%,
Europe — 9.0%, Middle East — 13.1%, Southeast Asia — 4.4%, Africa — 11.7%, Countries CIS — 4.0%,
China - 3.7%.

For the first time on an industrial scale, PTPs were tested in 1979 on the Trans-Alaska main
oil pipeline with a diameter of 1219 mm by the company in order to increase the throughput of the
oil pipeline. In 1978, TAPS conducted a very thorough laboratory study of the process of
producing polymers in order to improve their characteristics. As a result, a polymer additive was
developed, which was named CDR-101 and began to be used in the company’s pipelines. In 1980,
a number of changes were made to the polymerization process, which led to the creation of a new
high-performance polymer additive CDR-102. Within two years of using CDR-102 additives from
Conoco Specialty Products Inc, the pipeline capacity was increased from 16 to 32 thousand m?/day
[4-5].

The world's leading manufacturers, as a rule, have a wide range of additive brands designed
for various types of pumped products. The main producers on the global DTP market (80-90%) are
foreign companies ConocoPhillips (USA) and Baker Hughes (USA).

Based on the results achieved, these companies have developed a line of PTP specifically for
heavy oil based on polar polymers that have the ability to dissolve in the presence of a high
content of asphaltenes.

There are also several small producers on the market, for example, FlowChem (USA),
Propipe (Spain, USA), Champion (UK, Netherlands) and the Chinese company China National
Petroleum Co., which, as a rule, have a local business.

II. Materials and Methods

2.1. Reological models

Rheological models are used to describe the behavior of non-Newtonian fluids, that is, fluids
whose dynamic (or effective) viscosity depends on shear stress and is not a constant value. Some
of the most common rheological models for non-Newtonian fluids are: The Shvedov-Bingham
model is used to describe liquids that have an initial yield strength 10, below which it does not
flow and has the properties of a solid.

The Shvedov-Bing equation has the form:

T=1+1n"y (1)
where 1 - shear stress, 1 - viscosity coefficient, y - shear rate.

The Ostwald-de Waele model is a generalization of Newton's law of viscosity and describes,
for example, the flow of polymer solutions. In this model, viscosity varies proportionally to the
degree of strain rate:

T=K-y" @
where K - model parameter, n is an index that determines the degree of nonlinearity.

The Herschel-Bulkley model is used to describe thixotropic liquids. In this model, shear stress
is represented by the equation:
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T=10+K-y" 3)
The Casson model is used to describe pseudoplastic fluids, in which the viscosity decreases

with increasing shear stress, and has the form:
1 1 1 1
T2 =T12+4+1n2"y2 (4)
1
where 7.2 is Casson yield stress, n, is Casson plastic viscosity.
The Prandtl model is used to describe the behavior of viscoelastic materials and has the

following form:

T = arscin <%> ®)
The Cisco model is used as a rheological model of pseudoplastic fluids and has the form:
T=MNe V+n-y" (6)

To take into account the nonlinearity of changes in shear stress with increasing shear rate in
non-Newtonian fluids, Williamson and Gillespie proposed introducing a special correction factor:
To 7
n=- + e ( )
Y+x
The Cross model is considered a transformation of the previous model and is quite universal

for describing the behavior of viscous liquids:
_ (o —1o) ©)
=2 2 .
(1+3)
b4

The Carreau model is used to describe the behavior of nonlinear viscous media in isothermal
and non-isothermal processes and takes into account the thixotropic properties of the liquid being
studied:

- N2 o 9)
=0 =N)1+@AP)) 2 +0e

There is also a modified Carreau-Yasuda model, which is used to describe dispersed and
polymer systems and has the form:

fo (10)
= s
TTamrom T
To describe a viscous liquid containing dispersed particles, the Ree-Eyring model is used:
arcsh(By) (11)
N = 010 = Ne) ==+ 11er

The Rayner-Rivlin model is used to describe a rheologically complex viscous fluid:

o . 2n+1
Y= Z Aon ~ T
n=0

There are a large number of rheological models that describe the behavior of non-Newtonian

(12)

fluids. By transforming some of them, it is possible to obtain others, but analysis shows that there
is no universal way to describe the behavior of a non-Newtonian fluid.

2.2. Hypotheses about the mechanism for reducing hydraulic resistance when using polymer
additives

Polymer additives are one of the most effective means of reducing hydraulic resistance when
transporting high-viscosity oil. Currently, there are several main hypotheses explaining the
mechanism of their action.

The first hypothesis suggests that the polymers form a thin layer on the inner walls of the
pipeline that acts as a kind of “lubricant” reducing friction between the pipe walls and the flow of
oil.

The second hypothesis is related to changes in the structure of oil flow under the influence of
polymers. It is assumed that polymers are able to “destroy” turbulence in a flow, turning it from
turbulent to laminar or transitional. This also leads to a reduction in friction and, accordingly,
hydraulic resistance.

The third hypothesis is the possibility of changing the physical and chemical properties of the
oil itself under the influence of polymers, which can lead to a change in its viscosity and density.
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These hypotheses are not mutually exclusive and may operate simultaneously. Table 1
summarizes the above, as well as other existing hypotheses about the nature of the reduction in
hydraulic resistance when using polymer additives. The hypotheses are grouped according to the
key features of the proposed mechanism of resistance reduction.

Table 1: Hypotheses about the mechanism for reducing hydraulic resistance when using polymer additives

Theory Brief description

Molecular stretch Turbulent flow, mixing with the polymer,
deforms it. The influence of polymers on
viscosity is significant, so the vortex is
damped. This leads to excess local viscosity
and energy dissipation [6-8]. These ideas
were developed in work, where the
stretching of macromolecules is
accompanied by an increase in rigidity in
the direction of stretching, which leads, in
turn, to a significant increase in longitudinal
viscosity. As the longitudinal viscosity
increases, the formation of large-scale
vortices and emissions in the near-wall
region is inhibited.

Reduced turbulence generation Some researchers [9-11] Dbelieve that
polymer additives prevent the onset of
turbulence and the effect of reducing drag is
associated not with the dissipation of vortex
energy, but with the suppression of their
generation. However, it is possible that both
mechanisms take place simultaneously.

Reduced turbulent dissipation Some researchers [12-15] believe that
polymer additives prevent the onset of
turbulence and the effect of reducing drag is
associated not with the dissipation of vortex
energy, but with the suppression of their
generation. However, it is possible that both
mechanisms take place simultaneously.

Vortex stretching It is postulated that the tensile resistance of
the vortices reduces mixing and energy loss.
Dilute polymer solutions can have
longitudinal viscosities that are up to a
thousand times higher than the steady-state
viscosities, which can influence the drag
reduction mechanism. The authors of the
work [16-18] believe that the destruction of
the vortex occurs as a result of the
destruction of macromolecules due to
energy absorption.

Anisotropic properties and turbulence In a turbulent flow regime, the additive
polymers are stretched in the direction of
the flow. Uneven absorption of flow energy
occurs and leads to anisotropy of turbulent
transfer. Viscosity increases as turbulent
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movement occurs along the normal to the
wall of the pipes, and as a result, the
intensity of velocity pulsations normal to
the wall decreases [19-21].

Laminarization of turbulent flow Turbulence involves the waste of energy
through the formation of tiny vortices,
which leads to increased drag. Therefore,
the reduction in resistance is a measure of
flow laminarization.

Pseudoplasticity It is assumed that the near-wall layer, due to
pseudoplasticity (a decrease in viscosity
under the influence of shear), may have a
lower friction coefficient than that of a pure
solvent. The theory was not developed,
since a decrease in viscosity under the
influence of shear, although it occurs, is by a
smaller amount than the decrease in
resistance [22-25].

Viscoelasticity and normal stresses Polymer solutions exhibit viscoelasticity
and normal stress differences, but at
concentrations much higher than those
required to reduce resistance. Very dilute
solutions have no measurable elasticity and
do not differ in viscosity from pure solvents.
On the other hand, viscoelastic solutions of
chemically cross-linked polyacrylic acid do
not exhibit a resistance-reducing effect,
although they exhibit pseudoplasticity.
Thus, viscoelasticity is not a necessary
condition for drag reduction.

Formation of supramolecular agglomerates This theory implies a decrease in resistance
when conditions are realized in a turbulent
flow for intermolecular interaction, while in
a static state, dilute mixtures of polymers
remain molecularly dispersed.

The presence of several theories indicates the absence of a single mechanism for reducing
hydraulic resistance using anti-turbulence additives.

The lack of a unified theory entails different approaches to applied calculations for
determining the Toms effect and calculating the efficiency of reducing hydraulic resistance
(calculating the coefficient of hydraulic resistance when using PTP) depending on different flow
conditions.

2.3 Analysis of dependencies to determine the coefficient of hydraulic resistance using
PTP
In world practice, there are many different models for calculating the coefficient of hydraulic
resistance in a mixture with additives and criteria describing the effectiveness of the additive.
However, most of them were derived from studying the Toms effect in aqueous solutions.
One of the main and classic universal models is the model proposed by A.D. Altshul [26-28]:

1 18-1 Re,
—=18"lg|———"—
VA Re, —O'1Dk3 +7
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where A — coefficient of hydraulic resistance for flow using an additive; Re, is the Reynolds
number without adding an additive.

Another model for calculating the hydraulic resistance coefficient using anti-turbulence
additives in an oil flow is a model that takes into account the Deborah number:

Ao (14)
(1+ De?)m
where m — the Leibenzone coefficient.

The Deborah number is determined by the following equation:
De = ay0*1Re,? (15)

1=

where 0 — additive concentration, g/t; a,, a1, a,— empirical coefficients.
The Reynolds number in this case is:
Re = Rey(1 + De?) (16)
In the work of the authors [29-32], based on experiments with additives, the following model
for calculating the hydraulic resistance coefficient is proposed:
Z+e+ x4\ a7
115X +Y + 1)

where ¢ — elative roughness of the inner surface of the pipe; Z = % — (Reynolds number used for

A= 0,11<

flow using additive).
Y=A-CP-¢&P
(18)
X =(28-2)1° (19)
A, p, b — constant coefficients for a certain additive.
The authors of works [33-37], based on the semi-empirical theory of turbulence by T. Karman,
derived a universal equation for hydraulic flow resistance together with the use of anti-turbulence additives:
1 k,(C)ReV2 (20)
— =0,88-In ln[ 1(OReVA — 3,745
Vi 14 0,35k,(C) - - RevA
The values of the coefficients k;(C) and k,(C) are determined during experiments with
additives. It is allowed to take k,(C) = 0.32.
In [38-41], a model based on the power formula of A.D. Altshul was proposed:

6 0,25
A = [0,11 : (ﬁ + s) ] (1 + )02

(21)

where € = g — roughness of the inner wall of the pipe surface; D - pipeline diameter, m; Re —
Reynolds number for liquid flow with anti-turbulence additives; C — concentration of antihypertensive
drugs

In [42-43], the theory of T. Karman was also taken as a basis and the following equation was
obtained for finding the value of the coefficient of hydraulic resistance in a flow using additives:

1
7= 088 InIn[A-Re- V2] — 3,745
where A is a coefficient that takes into account the interaction of turbulent flow with the pipe wall,
equal to A=A0=28 in the absence of additive.
One of the well-known models describing the coefficient of hydraulic resistance is the Colebrook-
White model based on pipe roughness:
1
7 2-log log<

where k - pipe roughness.

(22)

ko, 2,51) (23)
37D Re-vi

2.3. Experimental apparatus and procedure
When developing methods for studying high-viscosity oils and choosing instruments for
their implementation, it is necessary to take into account the features of the multicomponent systems under

consideration. Firstly, when they flow over smooth surfaces, the effect of wall sliding occurs due to a change
in their properties near the solid surface. Secondly, the presence of thixotropic properties complicates their
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experimental studies, since it is necessary to know and take into account the background of sample
processing and the fact that the orientational thixotropic effect affects the rheological characteristics.

The essence of this effect is that, depending on the velocity field, one or another dynamically
equilibrium state of the structure is created. The mutual orientation of particles ensures the
predominance of a certain type of contact and interaction between them, which leads to a
significant change in the properties of the original system. For experimental studies, oil from the
North Komsomolskoye field was used.

Experimental studies were carried out using a rotational rheometer "Rheotest RN 4.1", widely
used in the oil industry.

The general view of the rotational rheometer “Rheotest RN 4.1” is shown in Figure 1.

Figure 1. The general view of the rotational rheometer “Rheotest RN 4.1”.

The main technical characteristics of the rotary viscometer "Rheotest RN 4.1" are given in Table 2.

Table 2: The main technical characteristics of the rotary viscometer "Rheotest RN 4.1”

Characteristics Value
Dynamic viscosity measurement
range, mPa-s

from 1 to 3.0-109

Limits of permissible relative

. +3
error of the viscometer, %

Number of measuring pairs, pcs. 17

Shear stress range, Pa from 1.3 to 3.5.105
Il{ange of shear rate gradients, s- from 0.04 to 20000
Temperature reading range, C from -60 to +200

Smallest sample volume of the from 5 to 75 (depending on the
tested oil, ml measuring pair)

For experimental studies, oil from the Severo-Komsomolskoye oil field was used.
The physical and chemical properties of oil are presented in Table 3.

Table 3: The physical and chemical properties of oil

Characteristics 0il (20°C)
Density, kg/m3 945,5
Viscosity at 20°C, mm2/s 1216,2
Resin content, % 14,12
Paraffin content, % 0,62
Asphaltene content, % 1,02
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At the beginning of the experiment, the oil sample is heated to the required temperature in a
heating cabinet and then placed in a special cuvette of the device. After temperature control of the
oil and parts of the device, the rotor is started, which begins to rotate with increasing angular
velocity.

The friction force between the moving rotor and stationary oil causes the rotation of the rotor
to accelerate or decelerate, which is monitored by the device's sensors. This change in rotation
speed allows the dynamic viscosity of the sample to be determined.

It is important to note that measurements are carried out under strictly controlled conditions
of temperature and pressure, as these parameters can significantly affect the results.

II1. Results

During the experiment, graphs and values of shear stress and dynamic viscosity versus shear
rate were obtained.

In Fig. 2-6 shows a graph of dynamic viscosity versus shear rate for pure oil from the North
Komsomolskoye field.
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The graph shows that the oil begins to exhibit Newtonian properties in the temperature range
from 40 to 45 °C (change in English version). The static shear stress at a temperature of 10 °C is
3.15 Pa (Remove).

The experimental results were processed using the least squares method. The resulting curves
can be described by the nonlinear Bulkley-Herschel equation:

T=T1,+k'-y" (24)
where 17 is the initial shear stress, k' is a coefficient depending on the consistency (the higher the
viscosity, the greater k'), n is the index (depending on the shear rate).

Graphs describing the movement of liquid when adding an anti-turbulence additive at
different temperatures are presented in Figure 7-10.
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When transporting oil with an anti-turbulence additive, it is important to take into account
the value of coefficient A1(0), which when transporting pure oil is a constant value, but when
adding an additive changes its values and affects the value of the hydraulic resistance coefficient.

The results of determining the value of A1(C) in modes using PTP are shown in Figure 12.

During the experiment, graphs and values of shear stress and dynamic viscosity from shear
rate were obtained.

Figure 11 shows graph of the dependence of shear stress on shear rate.
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Figure 11: Coefficient A1(C) in modes using PTP

From Figure 11 it is clear that in modes with PTP the value of A1(C) varies in a wide range
from 1 to several 1000. Moreover, in contrast to the literature data from Figure 3.2 it is clear that
the construction of any analytical dependence of the value of A1(C) on concentration problematic.
This indicates that the value of Al is influenced not only by the concentration value, but also by a
number of other factors.

To increase the accuracy of the calculation, the value of A1 was in the form Al = f (C, Re, tw).
Based on the optimization results, a predictive calculation formula was constructed: A1 = f (C, Re,
w), which gives the smallest error in determining the efficiency value Q. The results of

comparison of actual efficiency values 1Q and calculated using the formula are presented:

L =0,782-In ((1 +A,(C,Re,1,)) - Wf) (25)

Iz

From Figure 4 it can be seen that when applying the resulting formula, the convergence of the
calculated data to the average efficiency values is quite good, however, some values related to
high efficiencies above 60%, or low values obtained at high concentrations, differ from the
calculated ones.

Based on the results of the analysis of actual and calculated values of efficiency Q when
using the model under study, it was established that the average error is 10%.

The efficiency of PTP increases with increasing concentration of PTP in the pumped liquid;
for the practical use of PTP on a specific pipeline, a curve of efficiency versus concentration \(C) is
constructed, which is called the PTP efficiency curve. An example of this curve is shown in Figure
12.
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Figure 12: DTP effectiveness curve
The dependence of the effectiveness on the concentration of antipsychotic drugs, which quite
accurately describes the behavior of antipsychotic drugs, can be presented in analytical form:

C. a+b-C
y (26)
Coefficients a, b are determined empirically, for example, as a result of pilot testing of PTP on
a pipeline.

Based on the results of the research, a combined Q-H characteristic of pumping equipment
and a section of the main pipeline with and without PTP was obtained, presented in Figure 13.
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Figure 13: Combined Q-H characteristics of pumping equipment and a section of the main pipeline

with and without PTP

In addition to the concentration of PRP, its effectiveness is influenced by a number of other
factors: characteristics of the pipeline (pipeline length, its diameter, pipe wall roughness), properties of the
pumped liquid (temperature, asphaltene content, solubility of PRP in the pumped liquid), flow regime
(Reynolds number, shear stress on the wall of the pipeline), etc. [2].

Determination of hydraulic resistance based on the Colebrook-White equation for rough

pipes:
1_ ., Re-V2
72 log( 25 T N) @7

On the measuring line of the stand with diameter d1 and Reynolds number Rel, the value of
Re2

+ N is determined.
2,51

Next, the equation is solved for 4, for a pipeline with diameter d2:

1 R61 Y /11 dz (28)
—=2-loglog|———+N; | -—

o °g< 251 1) d,
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The Reynolds number corresponding to the found value of 1, is determined:

A, d, (29)
R€2 = R61 /1_ . d_
2 1

This method, based on experimental studies on an installation with a Rel number, makes it

possible to predict the effectiveness of the ATA for a pipeline with a diameter of d2 and the Re2 number,
which depends on the ratio of diameters, the coefficient of hydraulic resistance and the Rel number.

Table 4: Calculation results using the Colebrook-White model

Consumption  Temperature, Deviation of hydraulic

D Negati h
, , m3/h oC CEANVE TOUINESS resistance, %
10 9,2
20 2,5
50 30 20 366,8 25
50 -1,9
3.2. Calculation of the hydraulic resistance coefficient based on the model with the Deborah number (14):
Ao
Mp = ——
P71+ pe?)m

Table 5: Results of calculations using the model with the Deborah number

Consumption = Temperature, Qo ay De Deviation of hydraulic
D, mm .
, m3/h oC resistance, %
10 1215 -0,5134 19 1,6
50 20 20 1215 -0,5134 1.2 -15
30 1215 -0,5134 0,9 15
50 1215 05134 0,7 -0,9

3.3. Calculation of the hydraulic resistance coefficient based on a model that takes into account
mixture formation (19):
1 ki(C)RevA
—_—088-nln 1(OReV2 3,745
Va 14 0,35k, (C) - € - ReV2

Results of calculation presented in Table 6.

Table 6: Calculation results using a model that takes into account mixture formation

Consumption  Temperature, 3 kq k, Deviation of hydraulic
D, mm .
, m3/h oC resistance, %
10 0,00184 56 0,31 6,1
50 20 20 0,00184 56 0,31 31
30 0,00184 56 0,31 -2,9
50 0,00184 56 0,31 -2,1

3.4. Calculation of the hydraulic resistance coefficient based on the T. Karman model using
the transcendental equation (21):

1
— =0,88:Inln|A-Re- VA| — 3,745
- A+ e V)

Results of calculation presented in table 7.
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Table 7: Results of calculations using the T. Karman model

Consumption  Temperature, A Deviation of hydraulic
D, mm .
, m3/h oC resistance, %
10 41,
2 9,9
20 4;, 10,1
50 30 20 41, 54
2 )
50 41,
5 -7,2

3.5. Calculation of the coefficient of hydraulic resistance based on the model of the universal
law of resistance and Altschul’s logarithmic formula:
L. 0,782 -In In[A, - W] (30)
N
where Ay — coefficient of hydraulic resistance using ATA; A,(C) - coefficient depending on the
concentration of the additive.
Rey (31)

0,1-k
2e 4 7
D

where k, — roughness, Re; — Reynolds number with ATA.

W, =
4 Ref

Table 8: Results of calculations using the model based on the universal law of resistance and
Altschul’s logarithmic formula

Consumption Temperatur Ay Wy Deviation of
D, mm , m3/h emperature, hydraulic
oC .

resistance, %
10 1,1 406,8 6,1
20 11 798,2 3,2
50 30 20 1,1 1410,2 -2,5
50 1,1 1850,2 -2,3

Models based on the universal law of resistance and the Altschul logarithmic formula, taking

into account the Deborah number, and a model for calculating efficiency through the value of Re on the
installation and the real pipeline turned out to be more accurate.

IV. Conclusions

As a result of the research, the following results were obtained:

1. Oil from the North Komsomolskoye field corresponds to the Bulkley-Herschel model and
exhibits non-Newtonian properties in the temperature range from 10 to 20 degrees

2. A comparison of models of the hydraulic resistance coefficient showed that for a given type
of oil the universal law of resistance and the Altschul logarithmic formula, taking into account the
Deborah number and a model for calculating efficiency through the value of Re on the installation
and the real pipeline.
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