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ON TWO WAYS TO IMPROVE THE RHEOLOGY OF
HIGH VISCOUS OIL IN AN OIL PIPELINE

Abstract. Transportation of highly viscous and high-curing oils through main pipelines requires
significant energy costs. Thus, the task of choosing the cheapest pumping modes is very relevant. The
article describes and proposes a solution to the oil flow problem in a pipeline using two methods: with
preheating and using a Laval nozzle at the inlet of the pipeline. Mathematical models of the flow of high-
viscosity oil in the main oil pipeline for the two named pumping methods have been compiled. An
algorithm has been developed for calculating temperature, viscosity and pressure along the length of the
Uzen-Atyrau pipeline at various oil flow rates. The results of temperature and pressure distribution are
analyzed and compared at different oil flow rates along the length of the pipeline for two pumping
methods. It is shown that the use of cavitation improves the rheological properties of oil and can
significantly reduce the cost of pumping. The research results can be used to predict the operation of main
oil pipelines pumping oil both in a heated state and in isothermal mode with a Laval nozzle.
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operation costs.

Introduction

Kazakhstan has the largest deposits of liquid
hydrocarbons. In terms of oil reserves, our country
is one of the 15 leading countries in the world, and
has 3.3% of the world's carbon reserves [1].

The bulk of the oil produced in our country is
highly viscous, because it contains a large number
of paraffin fractions, resins, asphaltenes and other
components. Pipeline transport of such oils require
significant energy costs [2].To reduce them, special
methods are used to improve the rheological
properties of the transported product [2,3]. For
example, in the practice of transporting highly
viscous high-hardening oils and petroleum products,
methods such as pumping in a carrier stream have
found application (in this method, oil is cooled to a
level where it will be a solid granular body and
transferred in a stream of liquefied gas); pipeline
transport with continuous heating (using various
coolants or electric heating of the pipeline);
pumping with diluents (with dilution of oil with
external low-viscosity oils, liquefied gas, etc.);
hydro-transport (pumping oil with a near-wall water
layer); pumping heat-treated oils with improving
their rheological properties; preheating pumping and
so on [3].
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Material and methods

Among the existing methods, the pre-heated
pumping method has gained the greatest popularity,
which can significantly reduce the viscosity of the
transported product [3,4]. In this method of
transportation, oil (usually 45 — 65 °C) heated to the
optimum temperature is pumped into the main line
by pumps. Through certain distances, intermediate
heat and pumping stations are established along the
pipeline route, where the oil that cools down along
the way is heated and pumped to the next station.
The distance between pumping stations and thermal
stations is determined by the rate of temperature
decrease and pressure depression.

The operation of wunderground heated oil
pipelines has a number of related features. first of
all, with the influence of the conditions of their heat
exchange with the environment. In many cases,
there are reasons that adversely affect the
temperature regime of the pipeline (annual changes
in soil temperature; shutdowns and shutdowns of
pumping and heating units, both planned and due to
equipment failures, triggering of the automatic
protection system; change in the thermal
conductivity of the soil due to strong rains, intense
melting of snow, floods, etc.). This creates a danger
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of emergency situations and requires additional
capital investments.

Due to the fact that pipelines are being built in
regions with different climatic and environmental
conditions, problems arise in the selection and
justification of laying methods and operation modes
of pipelines. When designing them, the selection of
the main technological and structural parameters
and construction solutions is carried out mainly on
the basis of the conditions of stationary operation of
the pipeline. This necessitates further improvement
of the methods for studying the transport of oil and
oil products. In this regard, the issue of using non-
standard methods for changing the rheological
properties of oils and petroleum products becomes
relevant.

One of promising methods for changing the
viscosity of oil is cavitation [5,6]. For cavitation to
occur, a hollow cylindrical pipe of variable section
(tapering, and then expanding part in a certain way)
is placed in the pipeline. The fact is that when oil
passes through this pipe, called the Laval nozzle,
due to cavitation, as a result of a decrease in
pressure in the expanding part of the nozzle, a sharp
change in its rheological properties occurs. At the
outlet of the Laval nozzle, oil has a lower viscosity,
higher fluidity, and lower tensile stress [7].

This paper explores the possibility of using a
Laval nozzle at the inlet of the pipeline to create
cavitation effects of the transported liquid, which
can reduce the viscosity of oil by comparing the
calculations of the flow of oil through a pre-heated
oil pipeline and through a pipeline with a Laval
nozzle.

Results and discussion

In a preheated oil pipeline, a steady non-
isothermal oil flow in linear sections between
intermediate stations is described by a system of
differential equations of motion, continuity and
energy [3,4].

When constructing a mathematical model of the
steady non-isothermal flow of highly viscous fluid
in an underground pipeline laid over rough terrain,
the following assumptions were made:

e due to the large length of the main pipelines,
we use a one-dimensional mathematical model of
the flow, the X axis is compatible with the axis of
the pipe, and all process parameters are averaged
over the pipe section;
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e thermal and pumping stations located along
the route are considered point-like because of their
small size compared to the length of the pipeline;

o the pipeline is divided into sections between
thermal and pumping stations (so called “linear
sections” in this work);

e along the length of the pipeline there are no
intermediate sources of mass;

e oil is considered as a single-phase viscoplastic
incompressible fluid;

e heat transfer between the pipeline and the
surrounding soil obeys the Newton-Richmann law;

o the coefficients of density p, specific heat of
oil ¢ and soil thermal conductivity 4 are independent
of temperature.

Under the assumptions made, the steady non-
isothermal flow of oil in the linear sections between
intermediate stations will have [3,4]:

D g (L4 L)
dx Py (dx + dx 1
aw _ @)
dx
ar 4k
o= reow Lo =T) @
with boundary conditions
P(0) = pn; T(0) = Ty;; w(0) = wy 3)

and interfacing conditions at intermediate stations:

Pl =pj +8p; T =T + AT @
j=1,N.

where p — pressure in the pipeline, w; T — respectively,
the flow velocity and oil temperature; D — internal
diameter of the pipeline, z — geodetic height of the
pipeline; T, — temperature of the soil surrounding the
pipeline; k = 21 / (D - In (4h / D )) — heat transfer
coefficient from the oil pipeline to the surrounding
soil; h — laying depth to the pipe axles, AT;, Ap;; —
changes in temperature and pressure at the j"station,
the j index indicates the station number; the indices
“+” and “-“indicate the values of the values on the
right and left border of the section; N — number of
stations and linear sections between stations.

To determine the frictional pressure loss of
viscoplastic oil h,,, will use the Darcy — Leibenzon
expression [3,8]:
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dh,, T WH\2-™m
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where m and P are coefficients depending on the
flow regime [3].

The kinematic viscosity coefficient v and the
ultimate shear stress 7, are largely dependent on
temperature. For an analytical description of these
dependencies, we use the expressions [3]:

v =v(Ty) -exp[—a, - (T —T)];
7o = 7o(T1) - exp[—a, - (T — Ty)] (6)

where oy, 0, are empirical constants, T, is a fixed
temperature.

The cost of operating the pipeline is mainly
determined by fuel consumption level at thermal
stations and electricity consumption at pumping
stations. For a stationary flow regime, these costs
are determined by the expression [4]:

S=S,+S; =

=t (S dpy + Thod0T)) ()

where t — operating time of the pipeline;;, &; are,
respectively, values proportional to the cost of a unit
of fuel and electricity of the j" station. If the price of
fuel and electricity at all stations is the same, the
cost functional (7) taking into account (4) will be
minimal under the following conditions [4]:

Tj_ = Tmins Pj = Pmins j=LN+1 (8)

where  Tiuin,  Pmin the minimum allowable
temperature and pressure in the pipe.

From the continuity equation from system (1)
we have:w(x) = const = w,,.

The energy equation (2) on the linear sections of
the pipeline has an analytical solution:

4-k-x
p-c:Dw

T() = Top + (T} = To) - exp (— =) (9)

The equation of motion from system (1), taking
into account (5), (6), contains large nonlinearities,
therefore, the pressure distribution along the
pipeline route will be calculated numerically using
finite-difference schemes. Having divided each
linear section j into segments of length Ax;, and
taking into account the boundary conditions, we find
the temperature from (9) at each node and then the
pressure from (1), (3), (4):

4-k-Ax;
I _ 1-1 : L —"
Tj = Toxp + (T} 7" = Toxp) eXP< p-c-D-w)
T - Wh2—m
pj =p§‘1—p-g-(Z}—Z}‘1)+{p-g-ﬁ-(T) :
(10)
/1] akeAx; ™
. v(T;) - exp [—al : (TOKp + ( T TOKp) * exp (— p_C_D_W) - Tl)] N

Dm+1

16 T/ + T/ 4kAx; '
o T exp|—az | Towp + {5 —Top | - €xP T ocDw —T1_

}- ij;

0 _ . .70 _p .. 0 _ _ .
p1 =pn; T1 =Ty, wy = w, = const;

Mij_ Mij_
P = oyl by 17 = T 4 0

i=0,M;,j=0N+1,
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where M; is the number of partitions on the I
segment.

The algorithm for solving the thermo hydraulic
fuel and energy problem (10) taking into account the
cost of costs (7) is implemented as aapplication
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P (atm)
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software. The calculation results for the Uzen-
Atyrau trunk pipeline are shown in Figures 1,2.

In an oil pipeline with a Laval nozzle at the
inlet, the mathematical model will be slightly
different from model (1) — (10).
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Figure 1 —Pressure distribution along the Uzen-Atyrau oil pipeline
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Figure 2 — Temperature distribution along the Uzen-Atyrau oil pipeline

Firstly, oil heating at intermediate stations is not
required, because its viscosity decreases as it passes
through the Laval nozzle. The decrease in viscosity
depends on the nozzle entry angle a and the initial
temperature T,. The empirical formula has the form:

v=(fa’+y-a + n) -exp(u-T,)
where f, y, n, u — are empirical constants.
Note that the viscosity in this case is constant,

and oil is a viscoplasticfluid for which dhyz,/dx are
described by expression (5).
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Secondly, the effect of cavitation and a change

in the cross section of the pipe leads to:

19 =0,v=const 1D

and pressure losses, which can be calculated by the
formulas [6, 9,10]:

dplzyl.L.p.(M)z;

Dmin 2

_ _ . P~ Pxas ,
dpz - deaB =72 pw2, ’
Kp

2

(12)
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where vy, v, are empirical constants; Wi, Pras are the
critical values of pressure and velocity at which
cavitation occurs; Dy, 1s the minimum diameter in
the Laval nozzle.

Thirdly, as the experiment [7] showed, the
decrease in viscosity is so significant, that for
sufficiently long pipelines intermediate pumping
stations can be abandoned using only the head one.

Thus, the stationary process of oil transportation
in this case will be described by the system of
equations (1), (2), (5), (11), (12), and the linear
section is the entire pipeline and N = 1. The
boundary conditions taking into account (12) are
given in the form:

p1+(0)=Ap0—dp1—dp2;}
TiH (0)=Ty; w(0)=wy,.

(13)

Since in this case there are no nonlinearities in
the model, problem (1), (2), (5), (11) — (13) is
solved analytically:

gB (W 2=
P=ps r(BY) v x-pg(2(0)~20);
w=const; (14)
4-k-x
T(x)=T+(T6"—T)-exp(—p.C_Dlw).

The cost of the pipeline operation (7) in this case
will be:

S=S,=w-t- (D" Apy)

and the minimum cost will be achieved with p; =
Pmin-

The results of calculations of the oil flow in the
pipeline using a Laval nozzle are shown in figures
1,2.

Comparison of the results of calculations of the
oil pipeline with preheating and using cavitation at
the inlet of the pipeline showed (see Figures 1-3)
that its application allows to operate without
intermediate heating stations and with much lower
energy costs, which is economically very profitable.
So, in the case shown in the graphs, the use of a
nozzle allows reducing the cost of transporting high-
viscosity oil by 3 times.

However, it should be noted that when using a
Laval nozzle, high-viscosity oil recovers its original
structure over time [5], which can somewhat reduce
the positive effect of cavitation.
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Figure 3 —Comparison of operationcost
of the Uzen-Atyrau oil pipeline

Conclusions

Mathematical models of the flow of high-
viscosity oil in the main oil pipeline for two
pumping methods have been compiled: with
preheating and using a Laval nozzle at the pipeline
inlet.

An algorithm has been compiled to calculate the
temperature, viscosity and pressure along the length
of the Uzen-Atyrau pipeline at different oil flow
rates.

The paper analyzes and compares the results of
the distribution of temperature and pressure at
different speeds of oil flow along the length of the
pipeline for two pumping methods.

It was found that the viscosity of cavitation-
treated oil is four times less than the initial value,
which can significantly reduce the cost of pumping.
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