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Kniouesvie cnosa:

MeXaHHu3M 00pa3oBaHus
ac(aapTeHOCMOI0napadHHOBIX
omioxxkenuit, ACIIO,
MoutekyJsapHas auddysus,
IPAJIUEHT TeMIIeparyp,
TUIPABIMYECKUI pacyer,
«XOJIO/IHBIi TOTOK», YpaBHEHHE
COCTOSIHUS (ITIOHAA,
peoJiornueckast KpuBasi,
KOMIIOHEHTHBIH COCTaB, BA3KOCTh,
TeMIIepaTypa MoTokKa.

Mechanisms of formation of deposition of asphaltenes, resins and paraffins (DARP) are considered. Molecular diffusion based on the
influence of the temperature gradient is the main mechanism for DARP formation. The analysis of existing methods against DARP is given.
Modermn methods of DARP prevention that affect the temperature gradient are aimed at maintaining the oil temperature above the
crystallization temperature of paraffin. The cold flow method is an alternative control method which involves cooling the oil to a surrounding
temperature. The purpose of the work is to assess the effectiveness of the cold flow method against DARP; its advantages and disadvantages
are revealed. In order to assess the effectiveness of the proposed method. The sample of oil and produced water was taken at the pumping
station. Using gas chromatography, the fractional composition of an oil sample was determined using the SimDis method. Using a calibration
table, a component composition of oil up to Cs, was calculated using values of boiling point and equations of fluid state were formed in
PVTsim software. Rheological studies of the transported oil are carried out. Based on results of laboratory studies in OLGA software package,
a hydraulic calculation of the pipeline was performed for various values of the flow temperature using the “Wax deposition” paraffin
deposition module on the Matzain model. Thus, having the flow with temperature equal to the ambient temperature, in 10 days 5.6 kg of
paraffin is formed on pipeline walls, whereas in the current conditions it is 100 kg.

As a result, it is established that the effectiveness of the application of the cold flow method against DARP is 94 %.
Proposed method can significantly reduce production costs associated with paraffin oil transportation.

PaccMOTpeHBI MexaHH3MBbI 00pa3oBanust acdasreHocMoronapauHOBbIX oriokeHHi (ACIIO). OCHOBHBIM MEXaHH3MOM (HOPMUPOBAHHS
ACTIO sBrsiercst MOJIeKyIsIpHast Juy3us, OCHOBaHHAs Ha BIMSHHUM TEMIIEPATypPHOTO rpapenta. [IpoBe/ieH aHamI3 CyILeCTBYIOIX
MetozioB 6opsObl ¢ ACIIO. CoBpemennble Metombl npenynpexaeHus ACIIO, BosneficTByrolMe Ha TeMIEpaTypHBIl TPAIVCHT,
HAMpaB/IeHbl Ha TOJJIEPKAaHNE TeMIIepaTypbl HehTH BbIIIE TEMIEpaTypbl KpUCTAUIM3AUMK HapaduHa. AJIBTEPHATHBHBIM CIOCOOOM
GOpBOBI SBISIETCST METOZI «XOJIOHBII TIOTOK, NMPEANONATAIOIIMI OXIKACHHE He(hTH 10 TeMIepaTypbl OKpyxarouieii cpenpl. Llenmbio
PpaboTHI sBIIsIeTCs OLeHKa A(HHEKTUBHOCTH MPHMEHEHHST METOJIA «XOJIOHBIH MOTOK» B 00pbde ¢ ACTIO, BBISBIICHBI €r0 MPEUMYILECTBa 1
HepocTatku. J{ist oneHkH d((hEeKTMBHOCTH MPEUIAraeMoro MeTozia MoCTPOSHa MOJIENb CYIIECTBYIOILETO TPyOOPOBOIA OT JOKUMHOK
HACOCHOI CTaHIMH JI0 YCTAHOBKM IPEIBAPHTEIIBHOTO cOpoca Boibl. Ha J0kMMHOM HacocHOH craHimH oToOpaH obpaser; HetH M
1w1acToBoii Bombl. C TOMOIIBIO Ta30Boi xpoMarorpapuu Meronom SimDis onpenerieH (pakiMOHHBIH cocTaB obpasua Hedrn. ITo
3HAYCHISIM TEMIICpaTypbl KHIICHHS C TOMOIIBIO KaIMOPOBOYHOM TAONMIIBI PAcCUMTaH KOMIIOHEHTHBIH cocraB Hedru 1o C52 n
c(hOpPMUPOBAHBI yPAaBHEHUSI COCTOSHUS (MIFOMIOB B mporpaMMHOM mpomykre PVTsim. ITpoBeneHbI peonornueckue HCCIeIOBAHS
TpaHcrioptupyeMoii Heu. Ha OCHOBe pesynbraroB 1aGOpaTOpHBIX HCCEIOBaHMI B HporpaMmHoM Komrviekce OLGA  BbINONHEH
TH/IPABIMYECKHI pacyer TPyOOrpoBO/A MPH PAIMUHBIX 3HAYCHUSIX TEMIIEPATyPhI TOTOKA C MCHIOB30BAHMEM MOJIYJISL OCKICHHS MapaiHa
Wax deposition Ha Moziern Matzain. Takum 00pa3oM, HIpy TeMIIepaType MOTOKa, PABHOI TeMIIepaType OKpyKaroliei cperpl, 3a 10 aHeit Ha
CTeHKax TpyOonpoBoza hopmupyercst 5,6 Kr napaduHa, Toryia Kak B TeKypx ycioBusix — 100 kr.

B pesynbrare paboThl YCTaHOBJICHO, YTO S(EKTHBHOCTb MPUMEHEHHsI METO/IA «XOJIOAHBIN NOTOK» B 6opbbe ¢ ACTIO coctasisier 94 %.
Ero ncnorb30BaHie MOXET 3HAYUTEITBHO YMEHBIIHTH H3ICPIKKH TIPOM3BOJICTBA, CBSI3AHHBIE C TPAHCIIOPTUPOBKOH rapadunucToi HedTh.

Pavel Yu. Ilyushin — PhD in Engineering, Associate Professor, Director of the Scientific and Educational Center “Geology and Development of Oil and Gas Fields”
(tel.: +007 342 239 10 70, e-mail: ilushin-pavel@yandex.ru).

Aleksandr V. Lekomtsev — PhD in Engineering, Associate Professor, Senior Research Fellow of the Scientific and Educational Center “Geology and Development of Oil and
Gas Fields” (tel.: +007 342 239 10 70, e-mail: alex.lekomtsev@mail.ru).

Tatyana S. Ladeyshchikova — MSc student of the Mining and Oil Faculty (tel.: +007 952 643 28 50, e-mail: ladeyshikowa.tanya@yandex.ru). The contact person or

correspondence.

Ruslan M. Rakhimzyanov — PhD student, Junior Research Fellow of the Scientific and Educational Center “Geology and Development of Oil and Gas Fields” (tel.: +007 342 239 10 70,

e-mail: rusenish@inbox.ru).

Wmommn Ilaen IOpreBHY — KaHAMAAT TEXHWYECKHX HAyK, JIOLCHT, NUPEKTOp HAay4HO-0Opa3oBaTelbHOro neHTpa «I'eonorus M pa3paboTka HedTAHBIX U Ta30BBIX
MecTopoxaeHuit» (ten.: +007 342 239 10 70, e-mail: ilushin-pavel@yandex.ru).

JlexomueB AsiekcaHAp BHKTOPOBHY — KaHIWIAT TEXHHYECKUX HAYK, JTOIEHT, CTAPIINI HAy4HBIH COTPYIHHMK Hay4qHO-00pa30BaTeIbHOIO IeHTpa «I'eoorus u pa3paborTka
He(TSIHBIX U ra30BbIX MECTOPOXKAeHHUI (Tem.: +007 342 239 10 70, e-mail: alex.lekomtsev@mail.ru).

JlageiimukoBa Tarbsina CepreeBHa — CTYJCHT MarucTparypsl ropHo-uedrsiHoro dakynsrera (tem.: +007 952 643 28 50, e-mail: ladeyshikowa.tanya@yandex.ru).

KonTakTHOG JIANO JUTS TIEPETIMCKH.

PaxumssaHoB Pycian MapaToBuY — acnupaHT, MJIAALIMM Hay4HBIH COTPYJHUK HayyHO-00pa3oBaTesbHOro LieHTpa «l'eosorust um pa3paboTka HE(TSHBIX M Ta30BbIX
MecTopoXxaeHui (Ten.: +007 342 239 10 70, e-mail: rusenish@inbox.ru).

Bectauk ITHUITY. 'eonorus. Hedreraszosoe u roproe nemo. 2018. T.18, Nel. C.53-62. DOI: 10.15593/2224-9923/2018.3.5



54 ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2018. Vol.18, no.1. P.53-62

Introduction

Pipeline transportation is the integral part of
the fuel and energy complex of Russia. Nowdays,
more than 95 % of oil is transported via pipelines.
However, this method of transportation has a
number of disadvantages such as deposition of
asphaltenes, resins and paraffins (DARP) during
the transportation of crude oil. Nearly every fifth
accident is caused by precipitation of DARP [1].
A decrease in pressure and temperature as well as
oil degassing create conditions required for
precipitation of DARP. If the temperature of oil is
higher than the crystallization temperature of
paraffin, then paraffin components are in the
dissolved as a liquid phase of the oil system.
A decrease in temperature forces the components
to crystallize out of the oil and form spatial
structures [2-6].

DARP decrease the capacity and can totally
plug and break the pipeline, which leads to
disastrous environmental consequences. Besides,
there is a decrease in effectivness of systems,
efficiency of operation of pumping facilities and
time between overhauls. All these consequences
entail significant economic costs to restore the
ecology and the performance of the oil gathering
system [7-8].

All the factors mentioned above make it clear
that environmental safety, smooth-running,
durability and economical operation of pipelines
directly depend on timely prevention of DARP
precipitation. Today, the greatest attention is paid
to the prevention and control of sediments. The
issue of reducing and eliminating paraffin deposits
remains unresolved [9].

In order to select the most effective method to
fight with DARP it is necessary to have an idea
about the mechanisms its formation. That will
allow to carry out the selection of the most
effective method of reducing the amount of
paraffin deposits.

Mechanisms of DARP development

The mechanism of development of paraffin
deposits consists in the release and growth of
paraffin crystals on the surface in contact with oil
and then on the resulting DARP layer. There are
various mechanisms for the precipitation of

paraffin  hydrocarbons, including molecular
diffusion, shear dispersion, Brownian diffusion,
and gravitational sedimentation [10].

The mechanism of molecular diffusion is based
on the transfer of dissolved paraffin components
from the volume of oil to the wall of the pipeline.
The remaining mechanisms consider the
movement of suspended paraffin particles released
in the volume of oil as a result of lowering the oil
temperature below the crystallization temperature
of paraffin [11]. However, paraffin crystals
developed in the volume of oil practically do not
participate in the process of DARP formation, but
are transferred in the oil flow in a suspended state.
Many results in the dynamics of dissolved particles
indicate that particles located in a viscous layer
near a wall are usually re-captured into a volume
flow under the action of a lifting force created
by a turbulent flow known as “Saffman lifting
force” [12, 13].

Based on extensive experimental observations
of the deposition of paraffin over the past few
decades, we note that molecular diffusion is the
main mechanism of DARP development [14-16].
The diffusion mechanism for DARP development
is considered next (Fig. 1). Oil, in contact with
the cooled wall of the pipeline, begins to cool.
A radial temperature gradient arises between the
inner wall of the pipeline and the boundary layer
of the flow (see Fig. 1a). When the temperature
drops below the saturation temperature of the oil
with paraffin, the process of crystallization of
paraffinic components (PC), which are in a
dissolved state, begins and the precipitation of
paraffin crystalson the internal surface of the
pipeline. As a result, the concentration of
dissolved PC at the pipe wall is reduced
compared with the concentration in the volume of
oil — a gradient of concentration of dissolved
paraffin appears. Under the action of the diffusion
process, the dissolved PCs move from a region
with a high concentration to a region with a low
concentration, i.e. from the volume of oil to the
wall, where the crystallization process continues
(see Fig. 1b). The diffusion coefficient of PC in
oil usually ranges from 107'° to 10 m%/s [17].

When the first layer of paraffin deposits on the
wall is finished, the process of deposition of
paraffin crystals continues, but now on the
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boundary surface of the oil region (see Fig. Ic).
Not all the PCs crystallize when they reach the
pipeline wall. Some of them continue to diffuse in
the layer of paraffin deposits. This phenomenon is
known as “sediment aging”. Internal diffusion of
dissolved PCs leads to an increase in the paraffin
fractioning the sediment layer (see Fig. 1d).
Consequently, a large part of PCs in the layer of
paraffin deposits with an increased solubility limit
may further crystallize, leading to an increase in
the hardness of the DARP layer.
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Fig. 1. Schematic representation of the diffusion
mechanism of DARP development

Thus, the main driving force during the DARP
development is the temperature gradient.

By affecting it, it is possible to change change
the amount of paraffin deposits that form on the
inner surface of the pipeline.

Cold flow

There are two directions where fight against
DARP is occur such as the prevention of the
formation of deposits and the removal of the formed
deposits. The most rational use of methods for
preventing the formation of DARP, as this
eliminates  pipeline downtime and, as a
consequence, significant economic losses to restore
the efficiency of the system for collecting and
transporting oil. Measures to prevent the formation
of paraffin deposits involve the use of chemical and
physical methods, as well as the use of protective
coatings [18]. A protective coating is expensive, and
the application process 1is time consuming.
Chemical methods are based on the addition of
chemical reagents to the pumped product that
prevent DARP development [19]. The main
disadvantages of chemical methods are the high cost
and difficulty of selecting an effective reagent.
Physical methods are based on the effects of

mechanical and ultrasonic vibrations on the products
being transported, as well as the effects of electric,
magnetic and electromagnetic fields. The disadvan-
tages of physical methods include their high cost and
complexity in technical performance [20-24].

The cold flow method is an alternative to
modern measures to prevent the formation of
DARP, which involves the transportation of oil
cooled to ambient temperature. This method is
more effective than other methods of preventing
DARP development, as it affects the cause of the
formation of paraffin deposits — temperature
gradient [25]. The cold flow method can find its
application in pipelines, where the use of
mechanical cleaning devices is not possible. These
include variable-diameter pipelines, as well as
pipelines with constrictions, sharp turns and other
local resistances.

The use of this method in underwater pipelines
and in permafrost areas should also be considered.
Underwater pipelines cleaning is a difficult
operation from a technical and organizational point
of view. In the event of an unplanned stop of the
in-line cleaning device, the fluid is cooled and
crosslinked gels are formed [26]. To restart the
pipeline, great pressure will be required to destroy
the formed gels. If the pressure required to restart
the pipeline exceeds the allowable one, then the
line must be left or completely replaced, which
entails significant economic losses. During the
operation of pipelines in permafrost zones,
dynamic  equilibrium  disturbances  occur,
accompanied by heaving and subsidence of
freezing, thawing soils. Intensive processes of
watering and bogging occur, which leads to the
destruction of the embankment and the emersion of
the pipeline [27-34].

All the cases given above can use the cold flow
method, which will reduce the risk of accidents
and prevent significant economic losses. However,
when considering this method, it is necessary to
consider the viscosity of the oil, which increases
when the flow is cooled and leads to an increase in
the pressure required to transport the fluid.

Modeling paraffin precipitation
in cold flow conditions

In order to evaluate the effectivenes of the cold
flow method for preventing the formation of paraffin
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oil hydraulic calculation conducted in the simulator
OLGA multiphase flow using paraffin deposition
module Wax Deposition in MATZAIN model.

The Wax Deposition module allows you to
simulate the process of separating paraffin from
oil and deposition on the inner surface of the
pipeline wall. The crystallization and melting of
paraffinic hydrocarbons are calculated depending
on pressure and temperature. The theory of
molecular diffusion of dissolved paraffin due to
heat transfer between the fluid and the wall, as
well as the transfer of precipitated paraffin as a
result of shear dispersion, is the basis of the
mechanism of paraffin hydrocarbon deposition in
the MATZAIN model [35].

The system of oil transportation from a
pumping station to a water separation unit was
selected as an object to study. The pipeline
considered is characterized by intense precipitation
of paraffin. Separated oil with a water content of
15 % is transported through a steel pipeline with a
diameter of 219 mm to a distance of 5,282 m with
a flow rate of 7,175 m’/day. The pressure at the
inlet of the PWH is 0.1 MPa.

A sample of oil and produced water was taken
at the pumping station to determine the parameters
required as input data when calculating in OLGA.
Using gas chromatography, the fractional
composition of an oil sample was determined using
the SimDis method. Then the component
composition of oil was calculated up to C52
(see Table) using the calibration table.

Using the PV Tsimfluid software phase diagram
was built (Fig. 2).

Transported water-oil emulsion was studied in
order to determine rheological parameters using
balance mixtures of oil and water at the temperature
of 5 °C. Density of oil is 835 kg/m’, density of water
is 1,087 kg/m’. As a result of research, a rheological
curve is obtained, shown in Fig. 3.

Hydraulic design was carried out for 10 days at
various values of the flow temperature. According
to the current state, the oil flow at the outlet from
the pumping station has a temperature of 14.44 °C.
The pipeline is laid underground. The ambient
temperature is 2.1 °C.

As a result of the design, graphs of the
distribution of the layer of paraffin deposits along
the pipeline, are presented in Fig. 4

Table
Oil composition
Component Component mass, g Content, mas. %
C5 2.533 2.58
C6 2.788 2.84
C7 4.001 4.08
C8 4.846 4.95
C9 4.849 4.95
C10 4.654 4.75
Cl1 4411 4.50
Cl12 3.805 3.88
Cl13 4.279 4.37
Cl4 4.136 4.22
Cl15 3.902 3.98
Cl6 3.716 3.79
C17 3.440 3.51
C18 3.132 3.20
C20 6.023 6.15
C24 10.180 10.39
C28 7.859 8.02
C32 6.207 6.33
C36 4.610 4.70
C40 3.367 3.44
C50 4.758 4.85
C52 0.504 0.51
Total 98 100
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Fig. 4. Graph of the DARP layer thickness distribution along the pipeline at the temperature of pumped liquid:
a—up to 20 °C; b — from 20 °C

At the flow temperature of 14.44 °C,
a paraffin layer 0.02 mm thick is deposited on
the inner surface of the pipe along the entire
length (Fig. 4a). The lower the temperature of
the oil the lower the thickness of the DARP
layer. At a temperature of 2.1 °C maximum
thickness of DARP layer is 7 times less than at
temperature of 14.44 °C.

As the temperature increases from 20 °C, the
geometry of the paraffin distribution layer varies
(see. Fig. 4b). At 30 °C the minimum amount of
paraffin is deposited along the entire length of the
pipeline, the main part falls at the end. This is
caused by the fact that paraffin approaches the
melting point of 31 °C. Fig. 5 shows a plot of
precipitated paraffin mass and pumping pressure
versus flow temperature.

k
=
S

120
100
80
60
40
20

Mass of precipitated paraffin, kg
Pressure at pumping station, MPa

12
Flow temperature, °C

1444 20 25

=== Mass of precipitated paraffin, kg —*— Pressure at pumping station, MPa

Fig. 5. Dependance of deposited mass of paraffin and
pumping pressure from the flow temperature

The graph (Fig. 5) shows a tendency to
decrease the mass of precipitated paraffin with
decreasing flow temperature. At the flow
temperature of 2.1 °C, 5.6 kg of paraffin is
precipitated on the pipeline wall in 10 days, while
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under current conditions (14.44 °C) the mass of
paraffin deposited is 100 kg.

Thus, in order to reduce the amount of DARP,
it is necessary to cool the oil to the temperature of
the pipeline wall, thereby eliminating the effect of
the temperature gradient. However, the lower the
oil temperature the higher its viscosity and as a
result, the higher the required pressure for
transporting the liquid to the water separation unit
[36]. Pumping station pressure reaches the highest
value (3.24 MPa) at a temperature of 2.1 °C,
which exceeds the current pressure by 0.32 MPa
(see Fig. 5). Such a slight change in pressure
will not affect the characteristics of the pump.
The research results show that the use of the cold
flow method will reduce the amount of DARP by
94 % and increase the time between overhauls
in 8 times.

Oil cooling equipment

Heat exchangers and refrigerators are
traditional equipment for oil cooling. However, in
case of cooling the oil to low temperatures and
paraffin precipitates intensively on the equipment
and can cause its subsequent failure [37]. At the
moment, the main challange with the use of the
cold flow method is the lack of suitable equipment
used in practice. Some inventions for cooling the
oil flow are considered next.

Kellogg, Brown and Root (Halliburton)
proposed apparatus “Paraffin absorber” for use in
underwater systems. The flow is cooled as follows:
the oil is passed through a loop-shaped tube, in
which the external temperature of the wall is below
the saturation temperature of the oil with paraffin,
as a result of which the flow is cooled and the
paraffin drops out. Developed DARP are removed
by periodic cleaning of the pipe with scrapers and
further transportation together with the stream in
the form of a suspension that is resistant to
sedimentation. The risk of gradual pipeline
plugging and blockage of the scraper is the main
disadvantage. In addition, the surface of the
pipeline wall is covered with scars under the
influence of a scraper, the number of places for
paraffin adhesion increases (Fig. 6) [38].

There is a method of Instantaneous cooling
proposed by Shell Western E&P Inc. (Houston,
Texas, USA) (Fig. 7). Oil mixes with gas and is

passed through a choke coil, which leads to a
sudden decrease in pressure and paraffin in the
stream. The idea of this work is to use the Joule-
Thomson effect to cool the flow [39].

Cold Hot
suspension oil

Dissolved paraffin

Gas
Precipitated paraffin

Fig. 7. Instantaneous Cooling Method scheme

According to the Injection of oil or solution
method (C-FER Technologies, Edmonton, Canada)
cooling is achieved by adding a cold oil or solvent
recycle stream. It is also proposed to introduce an
overcooled gas. To supercool the gas introduced
into the oil flow, the Joule-Thomson expansion is
used, which leads to the formation of a suspension
[40]. All of these apparatus for cooling oil are
patented, but not tested in real conditions.

Conclusion

The paper discusses the mechanisms of
DARP development. Molecular diffusion is the
main mechanism in the formation of paraffin
deposits on the inner surface of the pipeline.
Molecular diffusion is based on the transfer of
dissolved paraffin components from the volume
of oil to the wall of the pipeline. Paraffin
precipitation is the result of a temperature
gradient. Thus, an amount of DARP depends on
the value of the temperature gradient. Methods
based on the reduction of the temperature
gradient effect are the most effective. These
methods include cold flow.

The method involves transportation of oil
cooled to ambient temperature; can find its
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application in pipelines, where the use of
mechanical cleaning devices is not possible. These
include variable-diameter pipelines, as well as
pipelines that have constrictions, sharp turns, and
other local resistances.

The hydraulic disign of the pipeline was
carried out in the OLGA multiphase flow
simulator in order to assess the effectiveness of
the use of the cold flow method to prevent DARP
precipitation. Calculation results show that the

use of the cold flow method will reduce the
DARP amount by 94% and increase the time
between overhauls in 8 times.

Thus, cold flow method can significantly
reduce production costs associated with the
transportation of paraffin oil. However, there are
no examples of its application in practice. At the
moment, technological limitations associated
with cooling process are the main disadvantage
of the method proposed.
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