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With the development of the network of main oil pipelines, there is a continuous increase in the level of technical support of pipe-
lines, improvement of technological processes of oil pumping. One of the methods of transporting highly viscous and congealing oil is
pumping with heating. Today, this is one of the most reliable and easy-to-maintain ways of transporting such oil. During the operation
of such pipelines, a significant temperature difference occurs at their initial section, which has a negative impact on the environment.
The impact of pipeline transport of oil and oil products on the environment is specific: in case of failure of the linear part of the pipeline,
almost all components of the environment are more or less exposed to harmful effects.

The aim of the work is to reduce the impact of non-isothermal oil pipelines on the environment by predicting the environmental risk.
The object of research is non-isothermal oil pipelines. To predict the environmental risk, a mathematical model of the movement of oil,
which takes into account the effect of temperature on the distribution of pressure in the pipeline, has been improved. To assess the impact
of non-isothermal oil pipelines on the environment, the amount of oil that will flow out of the defective hole in the event of an emergency
is determined. At the same time, the main factor is the pressure above the center of the defective hole, which is found taking into account
the oil temperature. The overall heat transfer coefficient is determined according to the dependence proposed by the author.

The influence of oil temperature on the environment during the operation of the oil pipeline was studied. It was established that
during the operation of non-isothermal oil pipelines, a significant temperature drop is observed in their initial section, which has
a negative impact on the environment. The methodical basis of predictive assessment of relative environmental risk is proposed, which
allows comparing the real value of the risk with its maximum permissible value. Key words: pressure, temperature, environmental risk,
mathematical model, pipeline.

Bruius Heizorepmiunux HadTonpoBoaiB Ha goBKiwIss. Kpusenko I'M.

3 PO3BHTKOM MepeXi MariCTpajbHUX Ha(TOIPOBOIB BifOyBacThCs Oe3nepepBHE IMiBUIICHHS PIiBHS TEXHIYHOTO 3a0e3NedeHHs
TpyOOIPOBOIB, YIO0CKOHAICHHS TEXHOJOTTYHHX MTPOIIECiB NiepekadyBaHHs HaQTH. OTHUM i3 CIIOCOOIB TPAHCTIOPTYBAHHS BHCOKOB 513~
Kol 1 3acTuraro4oi HahTH € nepexadyBaHHs 3 MiAirpiBoM. ChOroIHi 11 OAWH 3 HAWOUIBII HAIIHHKX 1 MPOCTHX B 0OCIYrOBYyBaHHI CIIO-
co0iB TpancnopryBaHHs Takoi HadTH. [Ipn excruryarauii Takux TPyOOIIPOBOIIB Ha X MMOYATKOBIH USIHII BUHUKAE 3HAYHHI TIepena;y
TeMIIepaTyp, 1[0 HETaTUBHO BIUIMBA€ Ha HABKOJIMIIHE cepeloBHIle. BB TpybonposigHoro Tpancnopty HagTH i HahTOIPORYKTIB
Ha HaBKOJIMIITHE CEPEIOBUINE € CIEU(IYHIM: y pa3i BUXOAY 3 JIaly JIHIKHHOT YaCTHHH TPYOOIPOBOMY MPAKTUYHO BCI KOMIIOHEHTH
HABKOJIMIITHBOTO CEPEIOBHIIA OUTBIIOI0 YM MEHIIOK MIpOIO MiIAI0ThC IIKIJJTUBOMY BILTHUBY.

Mertoto po0OTH € 3MEHIICHHs BIUIMBY HEI30TEPMIUYHHMX HA(TONPOBOAIB HAa HABKOJHIIHE CEPEIOBHUILE IIUIIXOM MPOTHO3YBaHHS
€KOJIOTTYHOro pu3HKy. O6’€KTOM JOCII/PKEHHS € Hei30TepMiuHi HadTonpoBoay. st IPOrHO3yBaHHS €KOJIOTIYHOTO PU3HKY YIIOCKO-
HaJICHO MaTeMaTHIHy MOJENb PyXy HaTH, sika BpaXxoBye BIUIUB TEMIICPATypH HA PO3IOALT THCKY B TpyOorpoBoi. s oriHIOBaHHS
BIUIMBY HE130TepMiYHUX HA()TONPOBOIIB Ha HABKOJIHUIIHE CEPEIOBHIIE BU3HAYCHO, KA KiINbKICTh HAaQTH Oyae BUTIKATH 3 1€(EKTHOTO
OTBOpY Yy pe3yJbTari BUHHKHEHHs aBapiiiHoi cutyauii. [Ipy 11bOMy OCHOBHHM YHHHUKOM € THUCK HaJ| LEHTPOM Je()eKTHOrO OTBOPY,
SIKMH 3HAWICHO 3 ypaxyBaHHIM TeMIlepaTypy HaQTu. 3arajabHUH Koe(ilieHT TeIuIoBia4i BU3HAYCHO 3a 3alPOIIOHOBAHOIO aBTOPOM
3aJIeXKHICTIO.

JlocmipkeHo BIUIMB TeMIIEpaTypd HAQTH Ha HABKOJMIIHE CEPEOBHUILE IiJ Yac eKciuryaTtanii HadTompoBoxy. Beranosieno, 1o
miJl yac eKcruryaraunii Hei30TepMiYHUX Ha(TONPOBOJIB HA MOYATKOBIM iX IUISHII CrioOCTepiraeThesi 3HAYHHUN Heperaj TeMIieparyp,
110 IIKOJUTH JOBKULIIO. 3alIPOIIOHOBAHO METOMYHI OCHOBH MPOTHO3HOI OLIHKH BiJHOCHOTO €KOJIOTIYHOTO PU3HKY, IO JO3BOJSIOTH
TIOPIBHATH pealibHE 3HAYEHHS PU3HKY 3 HOTO TPaHUYHO JOMYCTUMHM 3HAUCHHSIM. K7/0406i c106a: TACK, TEMIIepaTypa, eKOJIOTIHAI
PHU3HUK, MaTeMaTHYHa MOZIETb, TPYOOIPOBI.

Formulation of the problem. One of the methods
of transporting highly viscous and congealing oil is
pumping with heating. Today, it is considered the most
reliable and easy-to-maintain method of transporting
highly viscous and congealing oil. The viscous liquid
is heated in heat exchangers or heat furnaces before
being pumped into the pipeline. As it moves through the
pipeline, it cools down. It should be noted that during
the operation of isothermal pipelines, the oil temperature
will also change during operation. The impact of
pipeline transport of oil and petroleum products on the

environment is specific. After all, in case of failure of the
linear part of the pipeline, almost all components of the
environment are exposed to harmful effects to a greater
or lesser extent. Failures of main oil pipelines caused
by man-made, natural, and anthropogenic factors disrupt
the natural regime of soils and water bodies and pollute
the atmosphere, which often leads to environmental
disasters.

The relevance of the research and the connection
of the author’s work with important scientific and
practical tasks. The most dangerous environmental
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pollution occurs in accidents of main oil pipelines,
especially large diameters. Accidents pollute a large
area, and oil, seeping into the soil, affects its physical
and chemical properties. In some cases, in the event
of accidents, the oil directly enters the reservoirs.
Groundwater can also be polluted. When the spilled
oil evaporates, the atmosphere is polluted with volatile
hydrocarbons. Oil pipelines, as well as pressurized
facilities, are subject to increased reliability requirements,
as accidents, in addition to imminent danger to service
personnel, pose a risk of environmental pollution. In the
process of designing and operating the oil transportation
system, its impact on the environment is insufficiently
taken into account and the risk is not enough assessed
and analyzed. Ensuring safety is mainly limited to
maintaining certain distances between the route of the
main pipelines and infrastructure facilities. It should be
noted that pipeline transport is inextricably linked with
the implementation of a set of environmental measures
on a fundamentally new scientific and technical basis
for the design, construction, and operation of main oil
pipelines. Therefore, the problem of researching factors
influencing environmental risk during the operation of
non-isothermal pipelines is relevant. During the long-
term operation of such pipelines, emergencies occur,
which can lead to oil leakage from defective holes in the
body of the pipe and environmental pollution. Analysis
of the consequences of emergency situations during the
operation of non-isothermal oil pipelines will make it
possible to take the necessary measures to prevent the
occurrence of emergency situations in a timely manner.
This is the practical significance of the author’s work.

Analysis of recent research and publications. The
reasons for pipeline failures are covered in many works,
in particular, by [1, 2, 3]. Forecasting and assessment of
oil losses during the emergency situation are given in the
articles [4, 5]. The works of [6, 7] are devoted to research
in the field of oil pumping and the influence of various
factors on thermal and hydraulic regimes. However, the
relationship between thermal and hydraulic conditions
and its effect on the nature of the pressure distribution
along the pipeline were not taken into account when
forecasting oil losses due to damage to the linear part of
the pipeline. This is especially true for pumping high-
viscosity oil [8].

Highlighting previously unresolved parts of
the general problem, to which the specified article
is devoted. From the analysis of literature sources it
follows that when determining the pressure distribution
on a non-isothermal pipeline, it is necessary to consider
the thermal and hydraulic processes in the relationship,
which will more accurately predict possible oil leaks in
the event of an emergency during the operation.

The aim and objectives of the study. The aim
of the work is to reduce the impact of non-isothermal
oil pipelines on the environment by forecasting
environmental risk. To achieve this goal, the following
research objectives were formulated: consider the thermal

and hydraulic process in conjunction to predict possible
oil leaks in the event of an emergency; investigate the
impact of oil temperature on the environment during the
operation of the pipeline; carry out a forecast assessment
of environmental risk.

The subject of study: oil pipeline.

Research methods: mathematical modeling of the
studied processes was used during the research.

Novelty and general scientific significance. The
novelty of this study lies in the comprehensive analysis
of thermal and hydraulic processes during oil pumping
through a pipeline. The results, combined with other
research, will enable a more precise determination
of potential threats during emergency situations on
oil pipelines, which will make it possible to develop
measures to prevent the occurrence of harmful effects on
the environment.

Presentation of the main material. When
considering mathematical models of processes in a
pipeline system, it should be noted that the thermal
and hydraulic modes are interrelated. Building a
mathematical model of the motion of high-viscosity
oil in a pipeline means formulating a closed system of
equations that describes the laws of its dynamics. The
stationary non-isothermal flow of oil in the main oil
pipeline can be described using a system of equations
that includes the continuity equation, equation of motion,
and energy balance equation [9]. After performing some
mathematical transformations, we obtain a system of
differential Eqgs. (1, 2) that considers both thermal and
hydraulic calculations together

‘Lp (K7d (t - t))— 851: ’ )
dx 09D, 0D, 0D, 0D, ’
o dp —d+ Bp) ot
o 0D,
dt g ap
dr 00, 0D, 0, 2)
I+ dp = ot or dp
We introduce the following functions
D, = M? D, = A M +p0gsina, @, =MI | (3)
S2p° 7 2dpS?

where M — mass flow rate, kg/s; p — pressure, Pa; d —
internal diameter of the pipeline, m; S — cross-sectional
area, m* A —friction factor; p — the density of oil, kg/m?;
g — the gravitational acceleration, g = 9.81 m/s%
K — the total heat transfer coefficient from oil to the
environment, W/(m?-K); x — longitudinal coordinate, m;
— the specific enthalpy, m?/s?; ¢ — oil temperature, °C;
t, — ambient temperature, °C; A, — mean velocity, m/s;
A, — correction for non-isothermal flow, A, =1.05; o —
the angle of inclination of the pipeline to the horizontal.
The correction for non-isothermal flow takes into
account the dissipation of mechanical energy.
The novelty of the proposed mathematical model
is that the heat transfer coefficient from the oil moving
in the pipeline to the environment is proposed to be
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determined taking into account the difference in oil
temperatures according to the method described in [1].

“4)

K =6.315656— 33.7669 N
AT

where AT — temperature difference.

During the transportation of high-viscosity oil, a
laminar flow or turbulent flow in hydraulically smooth
pipes is observed. The friction factor does not depend
on the roughness. The friction factor in the laminar flow
is determined by the Stokes formula. The formula given
by Haaland [10] is used to determine the friction factor
in turbulent flow.

1 69 (eld)"
L =18lg 22+ ELE ),
Ji gL{e [3.7)

where Re — Reynolds number; d — internal diameter of
the pipeline, m; €/d — relative roughness.

The enthalpy of oil 7, viscosity vV and density p
depending on temperature and pressure are found by the
known equations given in [11].

Should be consider how the pressure and temper-
ature of the oil will change along the pipeline, using

®)

5

the Egs. (1, 2). Initial data: At the beginning of the
pipeline pressure P1= 3.9 MPa, pressure at the end of
the pipeline p, = 0.15 MPa, mean velocity 1.25 m/s,
t, = 50 °C — the temperature at the beginning of the
pipeline, the temperature at the end of the pipeline
t, =19 °C; t,=5 °C — ambient (soil) temperature, diam-
eter d = 0.250 m, pipeline length 50 km, oil density
py= 845 kg/m’, kinematic viscosity v,=18-10° m?s,
Vi =2.8:10° m?/s.

Based on the results of the calculations, we build
graphs of pressure and temperature distribution along
the length of the pipeline (Fig. 1, 2).

From the analysis of Fig. 1, which shows the nature
of the pressure distribution along the pipeline, it follows
that the pressures determined by the proposed Eq. (1)
and without taking into account the thermal regime and
dissipation of mechanical energy differ, which must
be taken into account when forecasting oil leakage
situations.

The movement of real fluid is always accompanied
by energy loss, even when flowing through a smooth-
walled pipeline. The main cause of such losses is the
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Fig. 1. Pressure distribution along the pipeline
60
50
. \‘L-\_‘q_h
© I
g ]
=
B 30
g p—
& —
20 —
10
0
0 10 20 30 40 50 60
Distance, km

Fig. 2. Temperature distribution along the pipeline
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internal friction of the fluid due to its viscosity. Therefore,
when pumping high-viscosity oil, the effect of viscosity
on the amount of head loss is quite significant. Thus,
the pressure loss will be greater and the pressure at the
end of the pipeline will be lower. To reduce the impact
of non-isothermal pipelines on the environment, it is
necessary to predict the amount of oil that may leak
from a defective hole during an emergency. The pressure
over the center of the defective hole, which is found
according to Fig. 1, is one of the main factors affecting
the amount of oil leakage. Given the nature of the oil
pressure distribution along the pipeline and the presence
of defects in the pipe body according to the diagnostic
results, it is possible to predict how much oil will flow
out of the defective hole as a result of an emergency.
Volume flow rate

0 = us /ZgAH = U5 2M; (6)
\ 0

where u — the discharge coefficient; s — the cross-
sectional area of the orifice, m?, g — the gravitational
acceleration, m/s%, 4H — the head difference, m; p,, — the
pressure inside of the pipe, Pa; p, , — the pressure out-
side, which depends on the environment where the oil
flows, Pa; p — the density of oil, kg/m?; u,— the discharge
coefficient, which takes into account the filtration prop-
erty of the soil.

Therefore, the amount of oil in units m?® that was
spilled from the emergency orifice over time 7, will
be V=0 Here 7 = 2.5 hours [1] (from the moment of
depressurization of the pipeline to the moment of iden-
tification of an emergency situation and shutdown of the
pump station). Heated oil poses a special danger to the
environment in the event of an accident at the beginning
of the pipeline, which must be taken into account when
operating a non-isothermal pipeline.

The nature of the temperature distribution, deter-
mined by Eq. (2), makes it possible to identify the most

2000

dangerous areas relative to the temperature difference.
For example, for the pipeline under study, the tempera-
ture difference at the depth of laying the pipeline varies
on average from 50 °C to 19 °C, a section up to 30 km
from the beginning of the pipeline is dangerous (Fig. 2).
Let’s calculate the heat release into the environment for
the investigated pipeline according to the method given
in [11], (Fig. 3). For underground oil pipelines, the envi-
ronment is the soil at the depth of pipeline laying. The
distribution of heat release in the environment corre-
sponds to the change in temperature in the dangerous
area up to 30 km from the beginning of the pipeline and
in the area from 30 km to 50 km. From the analysis of
Fig.3 it follows that there is a significant heat release
along the pipeline, which affects the environment, espe-
cially in the initial section of the pipeline. The total heat
release into the environment is 2563 kJ/s. As Ukraine
is permeated by a network of oil and gas pipelines with
a total length of up to 40 thousand km, during their
operation there is substantive thermal pollution of the
environment.

The higher the initial heating temperature of highly
viscous solidifying oil, the more damage is done to the
environment. For example, in the winter, a melting zone
will inevitably appear around the pipeline, resulting in
the formation of new drainage strips along the pipeline,
and the removal of soil. The use of thermal insulation
only slows down these processes. The thermal effect of
the pipeline on the environment lasts throughout the life
of the structure. It follows that the operation of main oil
pipelines is impossible without the requirements of envi-
ronmental protection.

Particular attention should be paid to the trouble-free
operation of non-isothermal oil pipelines. The magnitude
of the environmental risk in the operation of main oil
pipelines depends on the probability of an accident. Since
the quantitative assessment of the level of environmental
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Fig. 3. Distribution of heat to the environment along the pipeline
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risk does not allow us to resolve the question of its accept-
ability or unacceptability, the concept of relative environ-
mental risk R, is introduced, which allows comparing the
real value of the risk acceptable environmental risk R,,
with its maximum allowable value R, . The average
failure rate on main oil pipelines is taken for calculations.

The relative environmental risk is determined by the
following equation

R

en

" R

‘en.max

n Sl
D et
n ‘oS, cn

max

R
’ ZVM 7

where ¢— failure rate, 1/ (year- km); ¢, — the average
failure rate on main oil pipelines, which according
to [1], is 0.36 year' per 1000 km; n — the number of
defects in the body of the pipe (according to the results
of diagnosis); V; — the predicted volume of oil that may
leak from the defective orifice, m*; ¥, — the maximum
allowable volume of oil at the time of leakage; S, — the
area of pollution at the volume of V;; S, — the maximum
allowable area of contamination.

The area of the oil slick formed during this period of
time at the outflow increases both with the increase of the
outgoing oil temperature (at a constant soil temperature)
and the soil temperature (at a constant oil temperature)
and with the increase of the oil outflow value at a constant
oil temperature ). Dependence between spot area S (m?)
and leakage value V(m®) [12]:

§=5351"%. ®)
Calculations by formula (10) show that the environ-
mental risk for the pipeline section is R =0,052. If the

maximum relative environmental risk to take R =1,
then the investigated section of the pipeline can be
attributed to the environmentally friendly.

Conclusions. To predict environmental risk,
the mathematical model of oil movement has been
improved, which considers the influence of the thermal
regime on the pressure distribution in the pipeline.
The improvement of the method of thermohydraulic
calculation consists of the proposed mathematical
model for determining the full heat transfer coefficient
depending on the temperature difference of oil, taking
into account the dissipation of mechanical energy, as
well as the simplicity of its implementation.

During the operation of non-isothermal oil
pipelines in their initial section, there is a significant
temperature difference, which has a negative impact on
the environment. Heat release into the environment for
the investigated pipeline in the initial section with a
temperature difference of 30 °C is 2 times more than in
the area with a temperature difference of 11 °C.

Predictive assessment of relative environmental
risk allows comparing the real value of risk with its
maximum allowable value. The environmental risk for
the section of the investigated pipeline is R =0,052.

Prospects for the use of research results. The
results of scientific research presented in this article can
serve as a basis for forecasting the environmental risk
during the operation of non-isothermal oil pipelines.
Further research involves predicting hazard risks at oil
and gas industry facilities.
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