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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. 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. 

Keywords: high viscosity oil, pressure and temperature along the pipeline, cavitation, oil pipelines 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]. 

 

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 underground 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 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 
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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: 

 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; 

 thermal and pumping stations located along the route are considered point-like because of their 

small size compared to the length of the pipeline; 

 the pipeline is divided into sections between thermal and pumping stations (so called “linear 

sections” in this work); 

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

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

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

 the coefficients of density ρ, specific heat of oil c and soil thermal conductivity λ 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]: 

𝑑𝑝

𝑑𝑥
= −𝜌 ∙ 𝑔 ∙ (
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𝑑𝑥
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with boundary conditions 

 

р(0)= рn; Т(0)=Тn; w(0) =wn      (3) 

 

and interfacing conditions at intermediate stations: 



 

𝑝𝑗
+ = 𝑝𝑗

− + ∆𝑝𝑗;   𝑇𝑗
+ = 𝑇𝑗

− + ∆𝑇𝑗     (4) 

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; Toкр - temperature of the soil 

surrounding the pipeline; k = 2λ / (D ∙ ln (4h / D )) - heat transfer coefficient from the oil pipeline to the 

surrounding soil; h - laying depth to the pipe axles, ∆Тj, ∆рj; - changes in temperature and pressure at 

the jth 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 hтp, will use the Darcy – Leibenzon 

expression [3,8]: 
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where m and β are coefficients depending on the flow regime [3]. 

The kinematic viscosity coefficient v and the ultimate shear stress τ0 are largely dependent on 

temperature. For an analytical description of these dependencies, we use the expressions [3]: 

 

𝜈 = 𝜈(𝑇1) ∙ exp[−𝑎1 ∙ (𝑇 − 𝑇1)] ;   𝜏0 = 𝜏0(𝑇1) ∙ exp[−𝑎2 ∙ (𝑇 − 𝑇1)]        (6) 

 

where α1, α2 are empirical constants, T1 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 = 𝑆𝑛 + 𝑆𝑇 = 𝑤 ∙ 𝑡 ∙ (∑ φ𝑗
𝑁
𝑗=0 ∙ ∆𝑝𝑗 + ∑ ξ𝑗

𝑁
𝑗=0 ∙ ∆𝑇𝑗)    (7) 

 

where t - operating time of the pipeline; φj, ξj are, respectively, values proportional to the cost of a 

unit of fuel and electricity of the jth 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
− = 𝑇𝑚𝑖𝑛;    𝑝𝑗

− = 𝑝𝑚𝑖𝑛;      𝑗 = 1,𝑁 + 1̅̅ ̅̅ ̅̅ ̅̅ ̅̅      (8) 

 

where Tmin, pmin - the minimum allowable temperature and pressure in the pipe. 

From the continuity equation from system (1) we have: 𝑤(𝑥) = 𝑐𝑜𝑛𝑠𝑡 =  𝑤𝑛. 
The energy equation (2) on the linear sections of the pipeline has an analytical solution: 

  

𝑇(𝑥) = 𝑇окр + (𝑇𝑗
+ − 𝑇окр) ∙ exp (−

4∙𝑘∙𝑥
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)     (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 Δхj, and taking into 

account the boundary conditions, we find the temperature from (9) at each node and then the pressure 

from (1), (3), (4): 
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where Mj is the number of partitions on the jth segment. 

The algorithm for solving the thermohydraulic fuel and energy problem (10) taking into account the 

cost of costs (7) is implemented as a application 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). 

 
Figure 1 - Pressure distribution along the Uzen-Atyrau oil pipeline 

 



 
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 α and the initial 

temperature Tn. The empirical formula has the form: 

 

𝜈 =( f · a2+y · α + n) · ехр( и · Тn) 

 

where f, y, n, u - are empirical constants. 

Note that the viscosity in this case is constant, and oil is a viscoplastic fluid for which dhТp/dx are 

described by expression (5). 

Secondly, the effect of cavitation and a change in the cross section of the pipe leads to: 

 

     τ0 = 0,   𝜈 = соnst          (11) 

 

and pressure losses, which can be calculated by the formulas [6, 9,10]: 
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}         (12) 

 

where γ1, γ2 are empirical constants; wкp, pкав are the critical values of pressure and velocity at which 

cavitation occurs; Dmin is 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)=∆𝑝0−𝑑𝑝1−𝑑𝑝2;

𝑇1
+(0)=𝑇𝑛;  𝑤(0)=𝑤𝑛.

}        (13) 

 



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

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

 

𝑆 = 𝑆𝑛 = 𝑤 ∙ 𝑡 ∙ (∅0 ∙ ∆𝑝0) 
 

and the minimum cost will be achieved with p1 = 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. 

 

 
Figure 3 –  Comparison of operation cost 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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О двух способах улучшения реологии 

 высоковязкой нефти в нефтепроводе 
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Аннотация. Транспортировка высоковязких и высокозастывающих нефтей по магистральным нефтепроводам 

требует значительных энергетических затрат. Таким образом, задача выбора наиболее дешевых режимов перекачки 

является весьма актуальной. В работе поставлена и решена задача течения нефти для двух способов: с 

предварительным подогревом и с использованием сопла Лаваля на входе трубопровода. Показано, что применение 

кавитации улучшает реологические свойства нефти и позволяет существенно снизить затраты на перекачку. 

Результаты исследований могут быть использованы для прогнозов работы магистральных нефтепроводов, 

перекачивающих нефть как в подогретом состоянии, так и в изотермическом режиме с соплом Лаваля. 

 

Ключевые слова: высоковязкая нефть, давление и температура вдоль нефтепровода, кавитация, стоимость 

перекачки. 

 

Мұнай құбырындағы жоғары тұтқырлықтағы 

майдың реологиясын жақсартудың екі әдісі туралы 

1Нестеренкова Л.А., 2Нестеренков П.А., 3Спабекова Ж.Х. 
1nesnerenkova@gmail.com, 2stolkner@gmail.com, 3zhanaraspabekova@gmail.com  

1,2,3әл-Фараби атындағы Қазақ Ұлттық университеті, Қазақстан Республикасы, Алматы 

 

Аңдатпа. Магистральдық құбырлар арқылы жоғары тұтқыр және жоғары тазартылған майды тасымалдау үлкен 

энергия шығындарын талап етеді. Осылайша, ең арзан сору режимдерін таңдау міндеті өте өзекті. Жұмыс, мұнай 

ағындарын екі әдіспен шешті: алдын ала қыздырумен және құбырдың кіреберісінде Лаваль қондырғысын қолдана 

отырып. Кавитацияны қолдану мұнайдың реологиялық қасиеттерін жақсартып, сорып алу құнын едәуір 

төмендететіні көрсетілген. 

Зерттеу нәтижелерін Лаваль саптамасымен изотермиялық режимде қыздырылған күйде де айдайтын 

магистральды мұнай құбырларының жұмысын болжауға болады. 

 

Түйінді сөздер: жоғары тұтқырлық майы, құбыр бойындағы қысым және температура, кавитациялар, айдау 

құны. 
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