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Abstract 

Gas supplying process for consumers needs sufficient share of energy for upstream, midstream and 
downstream purposes. In spite of a huge amount of great investments into the industry it is still 
available to improve the efficiency of energy usage inside the industry. The biggest share of energy 
consumption is within transportation sector. Optimization of operating conditions of gas pipeline is a 
one of the cheapest ways for reducing energy consumption. Optimization doesn’t need any investments 
into the industry. It works only within operating parameters. Adjustable operating parameters of a gas 
pipeline are operative pressure, rotation speed of compressors, amount of operating units, gas 
temperature after a compressor station and others. The energy consumption depends on the 
combination of the parameters which determine an appropriate operation mode to provide the 
particular gas flow through a pipeline, the maximum capacity, the minimum energy consumption and 
others. From energy saving point of view it is possible to reduce energy demand in the gas industry due 
to optimization of the operation mode. A few approaches to achieving energy reduction through 
optimization are investigated in this work and presented in this article, such as saving energy through 
changing of loading between compressor stations, varying  the depth of gas cooling and changing the 
loading of gas pumping units. The results of analyzing inside the study model reflect the possibility for 
improving efficiency of gas trunk pipelines. 

Key words: main trunk pipeline, optimization of gas pipeline, energy saving technologies for gas 
pipeline, optimization of operation mode of compressor station. 
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Introduction 

Nowadays the development of the humanity results in a huge growth of energy consumption. 
According to the available statistic data given by the International Energy Agency the value of world 
total primary energy supply has increased more than twice in the last 40 years (from 6107 to 12 717 
million tons of oil equivalent, see Figure 1).  

 
Figure 1 – World total primary energy supply1 

Reasons for this strong growth can be explained by two factors simultaneously: rising population on the 
planet and increasing the standards of living. To drive cars, to deliver goods, to heat and cool dwellings 
in any cases some energy is necessary. It doesn’t depend on the location of usage. It’s widely known that 
energy can’t be produced from nothing it can be only transformed from one form to another. Today 
hydrocarbons (coal, oil and natural gas) dominate in the energy balance of primary sources. Almost 80% 
of the total supply is provided by them (see Figure 1). In long-term outlook due to the limitation of 
hydrocarbons on the Earth it is possible to imagine that next generations will come across energy 
shortage or even lack of energy sources. Moreover, combustion of fossil fuels causes the increase of 
greenhouse gases in the atmosphere. That is why to develop the sustainable world the humanity should 
pay special attention whether to designing efficient technologies for energy production and utilization or 
whether to expanding the share of renewable energy sources. 

This paper is dedicated to the analysis of possibility to increase the efficiency of natural gas transmission 
system by the pattern of the Russian Federation network. The Russian Federation is the largest producer 
and exporter of natural gas. The International Energy Agency gives the value of natural gas production 
equal 677 billion cubic meters in 2011 (20% of world total). The distance between production area and 
zone of consumption is very extensive. It comes up to 3 500 km from the West Siberia to European 
countries. There are a few ways to deliver natural gas to consumers, but the most reliable and 

                                                      
1http://www.iea.org/publications/freepublications/publication/kwes.pdf 

http://www.iea.org/publications/freepublications/publication/kwes.pdf
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economical is transportation by pipelines. The total length of transmission pipelines inside the country is 
estimated as 168.3 thousand kilometers [21]. 

The main principle of pipeline transportation is to boost natural gas inside the pipe from the start point 
to the end. As the pressure of transported gas is reducing from point-to-point due to hydraulic 
resistance of tubes it is necessary to install compressor stations each 100 – 150 km. The purposes of a 
compressor station are compressing, purification, cooling and measuring of natural gas. Thereby the 
system of transmission pipelines is a complex object which needs energy for different technological 
processes. 

Basic sources of energy in the gas transmission system are natural gas which extracted from pipelines 
and electricity from the grid or produced by own generators on compressor stations. Natural gas is used 
as a fuel for gas turbine engines which drive compressors; electricity is commonly used by electric 
motors which rotate fans of air cooling system and are used as drivers of gas-pumping units. If it’s 
compared the share of gas consumption inside the gas transmission system and the total amount of 
transported gas the share can be estimated approximately 6% and equals to 40.9 billion cubic meters in 
2012 [22].  

The establishment of the gas transmission system began at the 60s of the 20 century. During the period 
more than 50-years the diversity of installed equipment has been expanding. To date there are different 
types of gas-turbine units operated in the system. So, it is possible to meet at the same compressor 
station which consists of a few shops (an example of a multiline gas pipeline) two types of drivers: 
electrical and gas-turbine having different values of operation periods, coefficients of efficiency and 
power capacity. Considering the whole system gas-pumping units with gas-turbine engines prevail in the 
share of installed units (Almost 80%). This fact is explained by the advantages of gas-turbine engines 
against electrical motors. They have a huge range of operation mode regulation; they can use natural gas 
as a fuel that is very significant in case of remoteness of the compressor station from the electricity grid; 
and finally, in Russia the cost of electricity is higher than the cost of natural gas Therefore, within the 
bounds of this article gas-pumping units driven by electrical units are not taken into consideration, the 
special attention is given to the units with gas-turbine engines as mainstream devices. 

The overall energy consumption of a gas trunk pipeline (a long-distance pipeline with diameter more 
than 1 m) depends of the modes of operation of each compressor station which are determined by the 
necessary gas flow through a pipeline. Other parameters except operative pressure and volumetric flow 
are chosen by the operators of a pipeline. Therefore, the particular combination of parameters 
corresponds to the particular energy consumption by a pipeline. So, to reduce energy consumption  the 
appropriate mode of operation should be chosen which is determined by an optimization process. 

In this article a few approaches of optimization of a pipeline are considered from energy saving point of 
view in the bounds of the research model. Modeling is carried out in the VESTA software, which allows 
calculating and simulating different modes of operation of pipelines and compressor stations 
simultaneously. 
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1 Background 

In this Chapter the basic principles of gas trunk pipelines are presented. A special attention is  to the 
concepts of gas-pumping units operation, to the factors which affecting to the performance of unit.  

1.1 General Idea of Trunk Pipelines 

Trunk pipelines (sometimes called also transmission pipelines) are the basic means for moving gas from 
deposits to consumers in case of long distances between them. Comparing with other ways of natural 
gas transportation this mean generally is the cheapest, especially on the onshore zone. A trunk pipeline 
is a complex object which consists of buried pipes made of steel connected by welding, compressor 
stations installed each 100-150 km, gas measuring stations, valves, corrosion protection systems and 
system for controlling and monitoring named SCADA. The basic scheme of a trunk pipeline is 
illustrated in Figure 1.1. 

 

Figure 1.1 – Basis trunk pipeline scheme. 

Natural gas is transported under pressure through a pipeline from the beginning point to the end. As 
natural gas moves into the pipes the pressure of gas is decreasing due to the friction losses. To keep the 
movement of natural gas pressure must be recovered. Compressor stations are installed along a pipeline 
for this purpose. Additional tasks solved by compressor stations are cooling, purification and deleting 
fractions which can condense during the transportation.  

Generally, a compressor station may be composed of several gas-pumping units connected consequently 
or in parallel. There are different types of gas-pumping units used at gas pipelines which are classified by 
types of compressors and engines: reciprocating or centrifugal and driven by electric motors or gas-
turbine engines. Historically, in trunk pipeline due to the advantages of centrifugal compressor in case of 
large volumetric flows they prevail over reciprocating compressors. Using gas-turbine engines is more 
economically reasonable than electric motors [7]. Therefore, a gas-pumping unit with a centrifugal 
compressor driven by a gas-turbine engine is the most popular unit in the gas transportation sector.  The 
basic scheme of a typical compressor station is shown in Figure 1.2. 
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Figure 1.2 – Typical scheme of Compressor Station 

Natural gas coming from the suction line (approximate pressure 5.0-5.5 MPa) (See Fig. 1.2) is prepared 
for compression in the gas purification system where solid particles, heavy hydrocarbons are deleted 
from the mixture. Then a very little part of gas is coming to preparation before combustion as a fuel gas 
(the orange line). The other part is coming in the compressors. The gas pressure increases in the 
compressors from 5.0 - 5.5 to 7.0 - 7.35 MPa (The pressure ratio equals to 1.3-1.5). During the 
compression according to the thermodynamics laws the temperature of compressed gas rises. The gas 
temperature is decreased in the aerial cooling system for preventing destruction of pipe covering. 
Finally, gas is moved to the discharge line and going inside the pipeline to the next compressor station 
or to the distribution system. 

To provide the reliability of gas delivery a few units are in standby mode and they begin operation in 
case of unexpected or planned shutdown of working units. For   example, on the above scheme the 
units 1,3 and 5 are operated, the unit 2 is in standby mode and the unit 4 is in a repair or maintenance. 
Therefore, reservation of units allows to achieve high availability (almost 100%) of compressor station. 

The necessary power for compression is determined by the values of gas flow through the pipeline and 
the pressure ratio. The overall gas flow through the compressor station is divided between working 
compressors 

�̇�𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = ��̇�𝑖

𝑛

𝑖=1

,                                                                             (1.1) 

where �̇�𝑖 − the gas flow through i-compressor, kg/s; n – the amount of working compressors.  
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The required power for each compressor can be determined according to the following equations[9]: 

𝑃𝑐𝑜𝑚𝑝,𝑖 = 𝐺𝚤̇ 𝑤1,2,𝑖,                                                                               (1.2) 

𝑤1,2,𝑖 =
𝑘

𝑘 − 1
𝑧𝑅𝑇𝑠 �1− 𝜀

𝑘−1
𝑘𝜂𝑝𝑜𝑙,𝑖� ,                                                           (1.3) 

where �̇�𝑖 −gas mass flow, kg/s; 𝑤1,2,𝑖 − potential work of compression, J/kg; 𝑘 −adiabatic factor; 
𝑧 −compressibility factor; 𝑅 − gas constant, J/(kg⋅K); 𝑇𝑠 −the suction gas temperature, K; 𝜀 −pressure 
ratio; 𝜂𝑝𝑜𝑙,𝑖 −the polytrophic efficiency of i-compressor. 

Schematically a gas-pumping unit is shown on Figure 1.3. 

 

Figure 1.3 – Scheme of a typical Gas-pumping unit 

The required power from the engine for rotating the centrifugal compressor considering mechanical 
losses is determined by the following: 

𝑃𝑒𝑛𝑔,𝑖 = 𝑃𝑐𝑜𝑚𝑝,𝑖 + 𝑃𝑚𝑒𝑐ℎ,𝑖.                                                      (1.4) 

The necessary amount of fuel gas for the unit to provide this power depends on the efficiency of the 
unit and lower heating value of natural gas: 

�̇�𝑓𝑢𝑒𝑙 𝑔𝑎𝑠,𝑖 =
𝑃𝑒𝑛𝑔,𝑖 

𝜂𝑖𝐿𝐻𝑉
,                                                                (1.5) 

where 𝜂𝑖 −the efficiency of a gas-turbine engine, LHV – lower heating value of natural gas. 

Summarizing written above the total cost of energy consumption by the compressor station is 
determined by the total cost of gas consumption and the cost of electricity used in the cooling system 
and can be written as: 

𝐶𝑐𝑠 = 𝐶𝑓𝑢𝑒𝑙 𝑔𝑎𝑠 ∙��̇�𝑓𝑢𝑒𝑙 𝑔𝑎𝑠,𝑖

𝑛

𝑖=1

+ 𝐶𝑒𝑙 ∙ 𝑃𝑒𝑙 ,                                      (1.6) 
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where 𝐶𝑓𝑢𝑒𝑙 𝑔𝑎𝑠,𝐶𝑒𝑙 −costs of fuel gas and electricity respectively, 𝑃𝑒𝑙 − cooling system power. 

If it is considered the scale of the whole pipeline the total cost of its operation can be imagined as a 
function of all above parameters: 

𝑃𝑖𝑝𝑒𝑙𝑖𝑛𝑒 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 = �𝐶𝑐𝑠,𝑗

𝑚

𝑗=1

= 𝑓�𝜀𝑗 , 𝜂𝑝𝑜𝑙,𝑖, 𝜂𝑖 ,𝐺𝚤̇ ,𝐶𝑓𝑢𝑒𝑙 𝑔𝑎𝑠,𝐶𝑒𝑙�.             (1.7) 

The certain combination of these parameters determined by the operation mode will match the certain 
pipeline operation cost. 

1.2 Significant Factors for Compressor Station Operation 

In this paragraph the main features of parameters will be defined which affect the compressor station 
operation. 

Firstly, special attention should be paid to the polytrophic efficiency of centrifugal compressor. The 
efficiency of compressor depends on the working point of operation (see Figure 1.4). To provide the 
maximum value the working point should be located near the area of maximum efficiency (The circle 
corresponding 75%). This task of changing of working point of each compressor should be solved by 
correct distribution of gas flow,𝐺𝚤̇ , between compressors in the compressor station, and choosing the 
appropriate pressure ratio for providing the necessary gas mass flow through the pipeline.  

 
Figure 1.4 – The typical compressor map [14] 

It should be noted that the adjustment process for a centrifugal compressor driven by a gas-turbine 
engine is organized by changing both the rotation speed of compressor and the inlet gas volumetric 
flow.  

Secondly, the overall efficiency of a gas-pumping unit should be considered into the entire package. It is 
important to distinguish the efficiency of compressor and gas turbine engine. The best efficiency of 
compressor doesn’t provide the maximum efficiency of the unit. The efficiency of the gas turbine 
engine depends on its loading and can be depicted as Figure 1.5.  
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Figure 1.5 – Typical change of efficiency with part load of compressor for different gas turbines[12]. 

The relative thermal efficiency and Load mathematically can be written as the relations 

𝑅𝑒𝑙. 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

∙ 100%, 

𝐿𝑜𝑎𝑑 =
𝑃𝑐𝑜𝑚𝑝

𝑃𝐺𝑡,𝑚𝑎𝑥
∙ 100%. 

Therefore, to provide the maximum efficiency of the gas-pumping unit or minimum energy 
consumption two factors should be taken into account: the efficiency of compressor and the efficiency 
of gas turbine. Generally, it is difficult to find the analytical decision which allows to set up the 
appropriate mode matching to the maximum overall efficiency. It is a task of optimization. 

Thirdly, another factor affected the total energy consumption is the gas temperature in a suction line. 
Looking at the equation (1.3) it is possible to understand that if the temperature is lower the required 
power for compression is also lower. Natural gas is cooling in two cases: firstly due to the cooling 
system and due to heat exchange between warn gas and soil. Energy is required for additional cooling. 
Therefore, it is also a task of optimization to determine the appropriate gas temperature. 

The other factors affects the operation mode of gas-pumping units are the surrounding conditions. 
Ambient air temperature and pressure exert influence on the thermal efficiency of a driver. As the 
temperature of ambient air is lower the thermal efficiency is higher. For example, the amount of energy 
consumed by a compressor station to provide the same capacity in winter is less than in summer time 
because according to the laws of thermodynamics (the Carnot cycle) the temperature of a cold reservoir 
is decreasing and the overall efficiency of a machine is growing.] 

And finally, the special factor which is taken into account in this article is the influence of technical 
condition of equipment [19]. The coefficient reflected the technical condition was introduced. It  shows 
the relation between actual efficiency of equipment and nominal efficiency (passport value) at the same 
operation mode. As an equation it can be written as following: 
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𝐾𝑇𝐶 = 𝜂
𝜂0� ,                                                                             (1.8) 

where 𝜂 −actual value of efficiency, 𝜂0 −nominal value of efficiency at the same mode (passport). 

For an example, the efficiency of the gas-pumping unit at the certain mode (the certain rotation speed, 
the certain load, the certain volumetric flow, the certain properties of gas) in new conditions (after 
assembly at the beginning stage of operation) has the certain value. After the particular period of 
operation due to wear of components, obstruction of air-gas channel, failure in packing system and 
others it is not possible to provide the same operation mode at the same performance. At the same 
operation mode (the same volumetric flow, the same rotation speed) the efficiency of the driver will be 
lower than the efficiency of the driver at the same mode in new conditions. This factor is named 
changing of the technical condition and the coefficient of technical condition reflects this changing. The 
coefficient of technical condition is reducing during the operation period. The technical condition of the 
unit is recovered by cleaning, maintenance and overhauls in different periods of time. 

2 Problem Description 

To supply natural gas to the end consumers it is necessary to realize a number of energy-related 
processes from gas production on fields to preparation for sales. Produced natural gas is used in the gas 
industry as a basic energy source. As it was mentioned above the most energy required process is gas 
transportation by pipelines where natural gas is used as fuel for gas turbine engines, rotation centrifugal 
compressors for increasing the gas pressure that falls due to hydraulic losses when moving through 
pipelines. Another source of energy consumed in the gas transportation sector is electricity; the biggest 
part of it is used in gas turbines with electric engines and in air cooling systems. 

Obviously the efficiency of usage of each type of source is directly depended on the efficiency of 
technology using to produce useful work. Generally, the efficiency of the basic equipment of a 
compressor station (gas-pumping units) depends on modes of operation, technical and surrounding 
conditions. The influences of operation modes are described in the previous chapter. 

Thereby, the overall efficiency of the main equipment of gas transportation sector (gas-pumping unit) 
can be imagined as a function of operation mode, surrounding and technical condition. A gas trunk 
pipeline consists of different types of equipment and in this case to provide the output parameters the 
optimization process is necessary. 

To improve the overall energy efficiency of the gas transport sector on the operation stage, the 
following basic energy-saving means are used [9]: 

1. Optimization of technological modes of a gas pipeline 

2. Technical maintenance and repair of equipment and gas pipelines in order to maintain 
technical conditions near to the nominal parameters. 

The basic energy saving measure with low-cost is to optimize the process conditions. The expected 
effect of the optimization depends on the operation of equipment, numbers of adjustable parameters, 
conditions and the depth of regulation. The effect of optimization is greatly increased if it is 
accompanied by the elimination of "energy bottleneck" which cause the growth of energy consumption 
in the gas transport sector. 

As mentioned before the main energy consumers in the transport of natural gas are the gas-compressor 
units. Therefore, the energy saving means should be directed to improving the efficiency of units. The 
efficiency of a compressor unit is determined by its technical condition and operation conditions. These 
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conditions are mainly determined by the efficiencies of pipeline sections, purification systems, gas 
cooling systems and modes of technological sections of pipelines. 

Based on the articles and works of other authors several key directions for optimization exist [7]: 

1. Optimize the operation mode of compressor stations due to changing the loading between units 
with different capacities and technical conditions. 

2. Optimization through controlling the operation mode of a compressor station with two types of 
engines: gas-turbine and electric. 

3. Optimize the operation mode of gas cooling system. 
4. Optimization by turning off/on compressor units in multi-line gas pipelines. 

After many years of gas pipelines operation the stable principles and the guidelines for choosing the 
technological modes of compressor stations are formed [16]: 

- The principle of the maximum discharge pressure; 
- The principle of the minimum number of operating units; 
- Optimal matching of hydraulic characteristics of pipeline sections and gas-dynamic 

characteristics of compressors; 
- Minimum bypass and gas throttling; 
- Minimal usage of gas-compressor units with electric engine. 

To date the questions of pipeline optimization are considered by using complex computer programs for 
calculation of operation modes and modeling of pipeline systems. The variety of programs is quiet 
widely. All of them are specified for particular purposes. In this study the main approaches of pipeline 
optimization from energy saving point of view are investigated in the VESTA program software by an 
example of a section of one-line gas pipeline. 

2.1 The Aim, the Hypothesis and Tasks of the Project 

The main aim of the thesis is to study different modes of gas trunk pipeline and to single out the best of 
them using VESTA software, which allows to model compressor stations and pipelines. Additional 
purpose is to assess suitability of software for this problem. At the study a few tasks are taken into 
consideration: 

- review the basic approaches for optimization of pumping units, compressor stations; 
- creation of the appropriate research model of the gas trunk pipeline in the computer system VESTA; 
- calculations of the operation modes in the research model in order to identify trends and tendencies 
corresponding to different criteria of optimization; 
- assessment of the impact of operating modes of gas cooling system to the total energy consumption; 
- development of research assumptions and guidelines based on the obtained results for choosing the 
optimal operating conditions of the pipeline according to the criterion of minimum energy 
consumption in the gas transportation sector. 

The hypothesis of the master's thesis is the statement: "The certain (optimal) combination of the 
operating modes of main gas pipeline systems (compression and cooling systems) may cause significant 
reduction of energy consumption and improving the overall efficiency of gas trunk pipeline."  

The main purpose is to reject or to confirm the hypothesis of the project. 



-15- 
  
 

3 Model of the Research 

3.1 Software for Modes Analyzing of Gas Transmission 
Pipelines 

In the seventies of the last century when the industry developed rapidly due to the increase in gas 
production, expansion and improvement of pipeline technologies the majority of articles were devoted 
to optimization questions. At the same time the constant improvement of computer technologies allows 
to apply computers widely for calculation process of complex gas transportation systems. A special 
attention to advancing in this direction was paid by scientists, such as Sukharev, Stavrovsky, Berman and 
Pankratov. 

However, in spite of the considerable experience of using computers for calculations of the main 
problems an official number of available high level software was low. For example, in the 1990s in the 
Russian Federation there were a few software systems (PC): 

- Dynamics (developed by the Institute of General Energy National Academy of Sciences, Kiev, 
Ukraine) - for the calculation of stationary and non-stationary modes of gas pipelines; 

- Optimum-PC (developed by NIPIASUtransgaz, Kharkov) - to perform calculations of stationary 
modes of gas pipelines; 

- North 2.5 (developed by LLC Tyumengazprom, Tyumen) - to perform calculations of stationary 
modes of gas pipelines. 

Software-computing system ASTRA, a North 2.5 successor, focused on the mathematical modeling of 
stationary and non-stationary processes of gas transport at the system level: a gas transportation system - 
a linear section –a compressor station. ASTRA does not provide accounting at the aggregate level the 
technical conditions of main equipment. The following complexes AMADEUS, SIMONE, VOLNA, 
AGAT and others also do not provide accounting at the aggregate level the technical condition of gas 
turbines and centrifugal compressors. These tasks for a centrifugal compressor and a gas-turbine unit 
were included in the multi-level interactive software package KASKAD. It was focused on the 
implementation of optimization calculations of actual and predicted modes.  

At this moment ASTRA is the most widely spread software in gas transportation companies compared 
with to other complexes. The program is generally focused on performance calculations of current and 
predicted modes of gas transportation through linear parts of the gas transportation system.  

To date the software system VESTA is very actively developed which allows to simulate stationary and 
non-stationary modes of a gas pipeline. The complex is oriented to the maximum approximation of the 
real mode. It gives an opportunity to model from a single pumping unit to the entire gas transportation 
system. 

The calculation process of an operation mode of a gas transportation system can be essentially divided 
into the calculation of compression modes for individual compressor stations and gas flow calculations 
for pipeline sections. The mode regulation of a gas trunk pipeline is realized due to changes in modes of 
individual equipment at compressor stations. Optimization of a gas trunk pipeline is provided by the 
implementation of the certain distribution of load between the compressor stations, shops and 
compressor gas compressor units in the workshops that would provide the optimum performance 
under any criteria. 
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3.2 The Main Criteria of Optimization 

To optimize an operation process it is necessary to select a criterion. There are a few measures which 
commonly are used in the gas transportation sector:  

- maximum gas flow - 𝑄𝑚𝑎𝑥; 

- maximum operative pressure - 𝑃2 𝑚𝑎𝑥; 

- minimum energy costs (fuel gas and electricity). 

The criterion 𝑄𝑚𝑎𝑥 is mainly relevant on the designing stage or on the stage of prediction dispatching 
when necessary to calculate and estimate the maximum amount of supplying gas with the required 
parameters for the given geometry and the available capacity of the equipment. 

𝑃2 𝑚𝑎𝑥criterion was described in the work of Leontiev[13]. This criterion in the past was nominated as 
the result of the research conducted by S. Sinitsyn and E. Leontiev. According to the suggestions given 
by them it is possible to save energy on compressor stations by increasing the operative pressure.  

The criterion for the minimum of energy consumption can be used for any operation mode. The 
criterion is most popular in optimization calculations, as well as assessing an impact of repair and 
modernization of gas-compressor units and its systems. 

From the above criteria the most universal in the management of pumping units on the scale of a 
compressor shop, a compressor station and the whole transmission system at any combinations of 
technological parameters is the criterion of the minimum energy cost. 

3.3 Designing parameters of the Research Model 

To make a research it is necessary to choose an appropriate model for carrying out calculations and 
analyzing. As a research model in this study the gas pipeline with following parameters is chosen: 

• Diameter of pipe 1420 mm 
• Operative pressure 7.35 MPa 
• Amount of lines 1 
• Gas composition Methane 93.5%, Ethane 2.65%, Propane 1.54%,  

Butane 0.21%, Pentane 0.26%, CO2 0.76%, N2 1.08% 
• Throughput capacity 90 million Nm3/day 
• Type of gas-turbine unit GPU-C-16 
• Power capacity of gas turbine unit 16 MW 

All other parameters of the gas pipeline are calculated from the data given above and the passport 
characteristics of chosen equipment.  

General equations and principles of calculations for model designing are based on the regulations of gas 
pipeline designing STO Gazprom 2-3.5-051-2006 [18].  

The general physical properties of natural gas components are presented in Table 3.1. 



-17- 
  
 

Table 3.1 - Physical properties of components of natural gas 

Component 
name 

% gravity, ρ, 
kg/m3 

Critical 
pressure, 𝑷𝒄, 

МPa 

Critical 
temperature, 𝑻𝒄, К 

Molecular 
weight, 

M, kg/kmol 
CH4 93.5 0.717 4.649 197 16.043 
C2H6 2.65 1.344 4.954 305.2 30.07 
C3H8 1.54 2.004 4.264 369.9 44.09 
C4H10 0.21 2.703 3.6 425.95 58.124 
C5H12 0.26 3.162 3.374 469.7 72.151 
CO2 0.76 1.872 7.369 304.2 44.011 
N2 1.08 1.185 3.394 420.2 28.016 

Determination of the molar mass of natural gas. 

The molar mass of natural gas M, kg/kmol, is determined by the equation based on the component 
composition 𝑀 = ∑ 𝑥𝑖𝑀𝑖

𝑛
𝑖=1 where хi - the concentration of the component in the mixture, 𝑀𝑖- the molar 

mass of the component of the mixture. 

𝑀 = �𝑥𝑖𝑀𝑖

𝑛

𝑖=1

= (93.5 ∙ 16.043 + 2.65 ∙ 30.07 + 1.54 ∙ 44.09 + 0.21 ∙ 58.124 + 

+0.26 ∙ 72.151 + 0.76 ∙ 44.011 + 1.08 ∙ 28.016)/100 = 17.422 (𝑘𝑔 / 𝑘𝑚𝑜𝑙). 

The gas constant of natural gas R, J/(kg∙K) is calculated by: 

𝑅 =
𝑅�
𝑀

=
8314,3
17.422

= 477.21 �
𝐽

𝑘𝑔 ∙ 𝐾
�, 

where 𝑅� = 8314.3  𝐽/(𝑘𝑚𝑜𝑙 ∙ 𝐾) - the universal gas constant. 

The critical pressure and temperature of natural gas are determined by the equations: 

𝑝𝑐 = �𝑥𝑖𝑝𝑐𝑖

𝑛

𝑖=1

= (93.5 ∙ 4.649 + 2.65 ∙ 4.954 + 1.54 ∙ 4.264 + 0.21 ∙ 3.6 + 

+0.26 ∙ 3.374 + 0.76 ∙ 7.369 + 1.08 ∙ 3.394)/100 = 4.65 (𝑀𝑃𝑎). 

𝑇𝑐 = �𝑥𝑖𝑇𝑐𝑖

𝑛

𝑖=1

= (93.5 ∙ 197 + 2.65 ∙ 305.2 + 1.54 ∙ 369.9 + 0.21 ∙ 425.95 + 

+0.26 ∙ 469.7 + 0.76 ∙ 304.2 + 1.08 ∙ 420.2)/100 = 206.94 (К). 

The density of natural gas is calculated according to theequation 𝜌 = 𝑝
𝑧𝑅𝑇

, where z–the gas 
compressibility factor. Under the standard conditions (𝑝𝑠𝑡 = 0.1013 МПа,𝑇𝑠𝑡 = 293.15 К) natural gas is 
close to the ideal gas, and in these circumstances the compressibility factor is assumed equal to 1. Then 
the density of natural gas at the standard conditions is defined by the relation: 

𝜌𝑠𝑡 =
𝑝𝑠𝑡
𝑅𝑇𝑠𝑡

=
0.1013 ∙ 106

477.21 ∙ 293.15
= 0.724 (kg/𝑚3). 
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The coefficient of compressibility of natural gas at pressures up to 25 MPa and temperatures of 250 - 
400 K is defined as: 

𝑍 = 1 + 𝐴1 ∙ 𝑃𝑟 + 𝐴2 ∙ Р𝑟2 ,                                                               (3.1) 

where 

А1 = −0.39 + 2.03
Тr

− 3.16
Тr2

+ 1.09
Тr3

, 

А2 = 0.0423 −
0.1812
Т𝑟

+
0.2124
Т𝑟2

, 

𝑃𝑟 = 𝑃
𝑃𝑐

, Т𝑟 = 𝑇
𝑇𝑐
− reduced pressure and temperature of natural gas. 

The relative density of natural gas by air,∆, is determined by the following equation: 

∆=
𝜌𝑠𝑡
𝜌𝑎𝑖𝑟

=
0.724
1.204

= 0.601, 

where 𝜌𝑎𝑖𝑟 = 1.204 kg/𝑚3– the density of air at the standard conditions. 

The dynamic viscosity of natural gas µ  (Pa⋅s)with pressure up to 25 MPa and temperatures range 250 –
400 Kis determined by theequation: 

µ = µ0(1 + B1pr + B2pr2 + B3pr3),                                                      (3.2)  

where 

µ0 = (1.81 + 5.95 ∙ Т𝑟) ∙ 10−6; 

В1 = −0.67 +
2.36
Т𝑟

−
1.93
Т𝑟2

; 

В2 = 0.8 −
2.89
Т𝑟

+
2.65
Т𝑟2

; 

В3 = −0.1 +
0.354
Т𝑟

−
0.314
Т𝑟2

. 

Gas pumping equipment of the compressor stations 

As the gas-pumping equipment in the research model GPU-C-16 gas-pumping unit is selected. The 
engine installed in this machine is NK-16ST turbine with 16 MW power capacity. 
The passport features of GPU-C-16 are presented in Table 3.2. 

Table 3.2- Passport features of GPA-C-16 

Feature Parameter 
Unit name GPU-C-16 

Engine type turbine, NК-16ST 
Compressor type Centrifugal НЦ-16/76-1.44 

Rated power 16 MW 
Pressure on an input and output 5.18/7.45 MPa 

Pressure ratio of the compressor 1.44 
Commercial productivity 33.0  million m3/days 

Polytropic efficiency of the compressor 0.83 
Nominal rate of rotation 4900 rpm 
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To provide the necessary capacity of the gas pipeline equals 90 million m3 per day it should be installed 
at least 3 gas-pumping units GPU-C-16 with capacity 33 million m3 per day of each. The compressor 
station in the research model consists of five units, three of them are in operation, and another two are 
as standby. The total installed power capacity of the compressor station equals 80 MW. The principle 
scheme of the compressor station is shown on Figure 3.1. 

 

Figure 3.1 – The principal scheme of the compressor station in the research model. 

In the model the external parameters (pressure and temperature of the ambient air) is taken equal to 
0.1013 MPa and +15 ℃.  

The average values of the pressure drops in the technological lines between CS inlet and inlets of the 
compressors and between outlets of the compressors and CS outlet are assumed equal 𝛿𝑖𝑛 = 0.12 𝑀𝑃𝑎 
(Scrubbers, filters and pipes) and 𝛿𝑜𝑢𝑡 = 0.07 𝑀𝑃𝑎 (pipes and gas cooling system), respectively. 
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The pressure in the discharge pipeline is taken as the design value and equals 7.35 MPa. Since the 
pressure drop in the gas cooling system the discharge pressure after the centrifugal compressor should 
be taken 𝑝2 = 𝑝𝑜𝑝 + 𝛿𝑜𝑢𝑡 = 7.35 + 0.07 = 7.42 (𝑀𝑃𝑎) 

The nominal pressure ratio of the gas compressor is 𝜀𝑛𝑜𝑚 = 1.44. Then, the suction pressure will be 
equal𝑝1 = 𝑝2/𝜀𝑛𝑜𝑚 = 7.42/1.44 = 5.15 (𝑀𝑃𝑎). Taking into consideration the pressure drop in the 
purification system the pressure at the CS inlet will be equal to 𝑝𝑖𝑛 = 𝑝1 + 𝛿𝑖𝑛 = 5.15 + 0.12 =
5.27 (𝑀𝑃𝑎). 

Determination of the thickness of the pipe wall 

The thickness calculation of the pipe wall is defined according to the recommendations of SNIP 
2.05.06-85 * Main pipelines. 

The pipe wall thickness is calculated by the following equation: 

𝛿 =
𝑛𝑝𝐷𝑜𝑢𝑡

2 (𝑅1 + 𝑛𝑝)
,                                                                                   (3.3) 

where 𝑛 − the safety factor, according to the recommendations of SNIP assumed equal to 1.1;𝑝 − the 
operative pressure, MPa; 𝐷𝑜𝑢𝑡-outer diameter of the pipe, mm; 

𝑅1-rated tensile strength, which is determined by the equation: 

𝑅1 =
𝑅1𝑛𝑚
𝑘1𝑘𝑛

, 

where the m-line service factor assumed equal to 0.9; 

𝑅1𝑛 −the normative tensile strength of the metal pipe is assumed to be the minimum value of tensile 
strength, in the research model is taken to be 590 MPa; 

𝑘1 −the safety factor for pipeline material, the pipeline made of normalized, heat-hardened steel with a 
100% weld inspection by non-destructive methods is assumed to be 1.4; 

𝑘𝑛 −the pipeline safety factor by appointment, for a nominal diameter pipelines 1400 mm and operative 
pressure equal to 7.35 MPa is assumed to be 1.1. 

Thus, the estimated tensile strength is set to: 

𝑅1 =
𝑅1𝑛𝑚
𝑘1𝑘𝑛

=
590 ∙ 0.9
1.4 ∙ 1.1

= 344.8 (𝑀𝑃𝑎). 

Calculation of the thickness of the pipe wall: 

𝛿 =
𝑛𝑝𝐷𝑖𝑛

2 (𝑅1 + 𝑛𝑝)
=

1.1 ∙ 7.35 ∙ 1420
2(344.8 + 1.1 ∙ 7.35)

= 16.3 (𝑚𝑚). 

After rounding the thickness of the pipe wall is assumed to be equal to 17 mm. 

Thus, the gas pipeline in the research model is assumed to be a steel pipeline with the outer diameter of 
pipes equal 1420 mm and the wall thickness of 17 mm. 
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Determination of the distance between compressor stations 

The length between the compressor stations in the research model is chosen based on the assumption 
that, the pressure losses in the transmission pipeline equal the pressure increase on the compressor 
station. Thus, at the design mode 3 GPU are operated on the nominal parameters and provide the 
throughput capacity of the compressor station 90 million m3 per day with CS output and CS input 
pressures 7.42 and 5.27 MPa respectively. The length between the compressor stations (changes of the 
route landscape are negligible) can be calculated from the equation, km: 

𝐿 =
11.02 ∙ 10−12𝑑𝑖𝑛(𝑝𝑜𝑝2 − 𝑝𝑖𝑛2 )

𝑄𝑑𝑒𝑠𝑖𝑔𝑛2 𝜆Δ𝑇𝑎𝑣𝑧𝑎𝑣
,                                                           (3.4) 

where 𝑑𝑖𝑛 −the internal diameter of the pipe, mm; 

𝑝𝑜𝑝,𝑝𝑖𝑛 −values of the operative pressure and CS inlet pressure respectively, MPa; 

𝑄𝑑𝑒𝑠𝑖𝑔𝑛-the throughput capacity of the main gas pipeline, mln.m3/day; 

𝜆 −the coefficient of hydraulic resistance of the section of the pipeline, is given by 𝜆 = 𝜆тр/𝐸2, where 

𝜆тр = 0,067(158
𝑅𝑒

+ 2𝑘
𝑑𝑖𝑛

)0,2; Re –the Reynolds number, k-the equivalent roughness of the pipe, mm (for 

pipes with no smooth coating is assumed to be 0.03 mm); E-ratio hydraulic efficiency is taken to be 
0.95; 

Δ − the relative density of natural gas by air; 

𝑇𝑎𝑣 −the average transporting gas temperature inside the gas pipeline, K; 

𝑧𝑎𝑣 −the average compressibility factor of natural gas. 

Calculations to determine the length of the linear portion between the compressor stations should be 
carried out in several stages (iterations). To carry out the thermal and hydraulic calculation, the boundary 
conditions and the following assumptions are taken into account: 

In the first approximation, the temperature at the CS inlet (at the end of the linear section, which is 
located in front of the compressor station) is taken equal to the soil temperature, which in the research 
model is assumed as 10 ℃. Thus𝑡𝑖𝑛 = 𝑡𝑔𝑟 = 10℃ (𝑇𝑖𝑛= 283 K); 

The temperature at the outlet of the compressor section (at the entrance to the linear region) is taken 
equal to 30 ℃. 𝑇out = 303 K 

The average temperature in the first approximation will be calculated as the average gas temperature at 
the inlet and outlet of the compressor station.  

In subsequent iterations, the average temperature is determined according to the following equation: 

𝑇𝑎𝑣 = 𝑇𝑔𝑟 +
�𝑇𝑖𝑛 − 𝑇𝑔𝑟�

𝑎𝐿
(1 − 𝑒−𝑎𝐿) −𝐷𝑖

𝑝𝑜𝑝2 − 𝑝𝑖𝑛2

2𝑎𝐿𝑝𝑎𝑣
(1 −

1
𝑎𝐿

(1 − 𝑒−𝑎𝐿)),                      (3.5) 

where 𝑎 = 225.5∙𝑘𝑎𝑣𝑑𝑜𝑢𝑡
𝑄𝑑𝑒𝑠𝑖𝑔𝑛∆𝐶𝑝∙106

; 
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𝐷𝑖 −the average value of the Joule-Thompson, K/MPa. The average value of the Joule-Thompson 
effect to natural gas with a methane content of more than 80% in the temperature range 250-400 K at 
pressures up to 15 MPa is calculated by the formula: 

𝐷𝑖 = 𝐻0 +𝐻1𝑝𝑟 + 𝐻2𝑝𝑟2 + 𝐻3𝑝𝑟3,                                                     (3.6) 

where 

𝐻0 = 24.96− 20.3𝑇𝑟 + 4.57𝑇𝑟2, 

Н1 = 5.66−
19.92
Т𝑟

+
16.89
Т𝑟2

, 

Н2 = −4.11 +
14.68
Т𝑟

−
13.39
Т𝑟2

, 

Н3 = 0.568−
2.0
Т𝑟

+
1.79
Т𝑟2

; 

𝑘𝑎𝑣  -the average overall heat transfer coefficient from gas to the environment, W/(m2∙K). In the model 
is assumed to be 1.5 W/(m2∙K); 

𝑝𝑎𝑣 − the average pressure of the natural gas pipeline in the area, MPa, determined by the equation 

𝑝𝑎𝑣 =
2
3
∙ �𝑝𝑜𝑝 +

𝑝𝑖𝑛2

𝑝𝑜𝑝 + 𝑝𝑖𝑛
� ;                                                     (3.7) 

𝐶𝑝 −the average isobaric specific heat of gas, J/(kg ∙ K). For natural gas in the temperature range 250-
400 K and at pressures up to 15 MPa is calculated by the equation: 

𝐶𝑝 = 𝑅(𝐸0 + 𝐸1𝑝𝑟 + 𝐸2𝑝𝑟2 + 𝐸3𝑝𝑟3);                                                      (3.8) 

𝐸0 = 4.437− 1.015𝑇𝑟 + 0.591𝑇𝑟2, 

𝐸1 = 3.29−
11.37
Т𝑟

+
10.9
Т𝑟2

, 

𝐸2 = 3.23−
16.27
Т𝑟

+
25.48
Т𝑟2

−
11.81
Т𝑟3

, 

𝐸3 = −0.214 +
0.908
Т𝑟

−
0.967
Т𝑟2

. 

To calculate the coefficient of hydraulic resistance is necessary to determine the Reynolds number 
corresponding to the gas flow. The Reynolds number can be calculated by the following equation: 

𝑅𝑒 = 17.75 ∙ 103
𝑄𝑑𝑒𝑠𝑖𝑔𝑛∆
𝑑𝑖𝑛𝜇

.                                                                       (3.9) 

The gas temperature at the end of the linear portion is determined by the equation: 

𝑇𝑒𝑛𝑑 = 𝑇𝑔𝑟 + �𝑇𝑖𝑛 − 𝑇𝑔𝑟�𝑒−𝑎𝐿 − 𝐷𝑖
𝑝𝑜𝑝2 − 𝑝𝑖𝑛2

2𝑎𝐿𝑝𝑎𝑣
(1 − 𝑒−𝑎𝐿).                                (3.10) 
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The above equations describe the relations between the unknown parameters and it is enough to 
determine the distance between the compressor stations that it is possible to push natural gas through a 
pipe with the diameter of 1420 mm with the wall thickness of 17 mm with three operating units GPU-
C-16 at the nominal operating conditions with the operative pressure of 7.35 MPa. The ambient 
temperature is 15 ℃, the soil temperature is 10 ℃ and heat transfers coefficient between the pipe and 
the ground is 1.5 W/(m2∙K). 

The algorithm for calculation of the length between the compressor stations: 

1. The pressure values of the inlet and outlet of the transmission pipeline is assumed equal to the 
pressure at the outlet and inlet of the compressor station, 𝑝𝑜𝑝 = 7.35 𝑀𝑃𝑎, 𝑝𝑖𝑛 = 5.27 𝑀𝑃𝑎. 

2. The average pressure is calculated according to the equation (2.7) 

𝑝𝑎𝑣 =
2
3
∙ �𝑝𝑜𝑝 +

𝑝𝑖𝑛2

𝑝𝑜𝑝 + 𝑝𝑖𝑛
� =

2
3
∙ �7.35 +

5.272

7.35 + 5.27�
= 6.37 (𝑀𝑃𝑎). 

3. The reduced pressure corresponding to the average pressure is defined by the equation 

𝑝𝑟 =
𝑝𝑎𝑣
𝑝𝑐

=
6.37
4.65

= 1.37. 

4. In the first approximation to determine the average temperature the arithmetic mean of 
temperatures at the beginning and the end of pipeline section 

𝑇𝑎𝑣(1) =
𝑇in(1) + 𝑇out(1)

2
=

303.3 + 283
2

= 293.15 (К) 

5. The value of the reduced temperature corresponding to the average temperature in a first 
approximation is calculated using the equation 

Т𝑟 =
𝑇𝑎𝑣(1)

Т𝑐
=

293.15
206.4

= 1.42. 

6. According to the obtained values of the reduced temperature and pressure the appropriate values 
of coefficients of compressibility, Joule-Thompson, isobaric heat capacity and the dynamic 
viscosity of the gas are determined, using the equations (3.1), (3.2), (3.8), (3.6) 

А1 = −0.39 + 2.03
Тr

− 3.16
Тr2

+ 1.09
Тr3

= −0.39 + 2.03
1.42

− 3.16
1.422

+ 1.09
1.423

= −0.147; 

А2 = 0.0423−
0.1812
Тr

+
0.2124
Тr2

= 0.0423−
0.1812

1.42
+

0.2124
1.422

= 0.02; 

zav(1) = 1 + A1 ∙ Pr + A2 ∙ Рr2 = 1 − 0.147 ∙ 1.37 + 0.02 ∙ 1.372 = 0.836. 
 
H0 = 24.96− 20.3Tr + 4.57Tr2 = 24.96− 20.3 ∙ 1.42 + 4.57 ∙ 1.422 = 5.34; 

Н1 = 5.66−
19.92
Тr

+
16.89
Тr2

= 5.66 −
19.92
1.42

+
16.89
1.422

= 0.008; 

Н2 = −4.11 +
14.68
Тr

−
13.39
Тr2

= −4.11 +
14.68
1.42

−
13.39
1.422

= −0.413; 

Н3 = 0.568−
2.0
Тr

+
1,79
Тr2

= 0.568−
2.0

1.42
+

1.79
1.422

= 0.047; 

𝐷𝑖(1) = 𝐻0 + 𝐻1𝑝𝑟 +𝐻2𝑝𝑟2 + 𝐻3𝑝𝑟3 = 
= 5.34 + 0.008 ∙ 1.37− 0.413 ∙ 1.37 2 + 0.047 ∙ 1.373 =  4.74 
 
E0 = 4.437− 1.015Tr + 0.591Tr2 = 4.437 − 1.015 ∙ 1.42 + 0.591 ∙ 1.422 = 
= 4.187; 
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E1 = 3.29−
11.37
Тr

+
10.9
Тr2

= 3.29 −
11.37
1.42

+
10.9

1.422
= 0.689; 

E2 = 3.23−
16.27
Тr

+
25.48
Тr2

−
11.81
Тr3

= 3.23 −
16.27
1.42

+
25.48
1.422

−
11.81
1.423

= 0.286; 

E3 = −0,214 +
0.908
Тr

−
0.967
Тr2

= −0.214 +
0.908
1.42

−
0.967
1.422

= −0.054. 

Cp(1) = R(E0 + E1pr + E2pr2 + E3pr3) = 

= 477.21(4.187 + 0.689 ∙ 1.37 − 3.908 ∙ 1.372 − 0.054 ∙ 1.373) = 2639.5 � J
kg∙K

�; 

В1 = −0.67 +
2.36
Тr

−
1.93
Тr2

= −0.67 +
2.36
1.42

−
1.93

1.422
= 0.034 

В2 = 0.8 −
2.89
Тr

+
2.65
Тr2

= 0.8 −
2.89
1.42

+
2.65

1.422
= 0.080; 

В3 = −0.1 +
0.354
Тr

−
0.314
Тr.
2 = −0.1 +

0.354
1.42

−
0.314
1.422

= −0.006; 

µ0 = (1.81 + 5.95 ∙ Тr) ∙ 10−6 = (1.81 + 5.95 ∙ 1.42) ∙ 10−6 = 1.024 ∙ 10−5; 
µ(1) = µ0(1 + B1pr + B2pr2 + B3pr3) = 1.024 ∙ 10−5 ∙ (1 + 0.034 ∙ 1.37 + 
+0.08 ∙ 1.372 − 0.006 ∙ 1.373) = 1.21 ∙ 10−5 (Pa ∙ s) 

7. The Reynolds number  

𝑅𝑒(1) = 17.75 ∙ 103
𝑄𝑝𝑟𝑜𝑗𝑒𝑐𝑡∆
𝑑𝑖𝑛𝜇(1) = 17.75 ∙ 103

90 ∙ 0.601
1386 ∙ 1.21 ∙ 10−5

= 5.73 ∙ 107. 

8. The coefficient of hydraulic resistance  

𝜆(1) =
0.067
𝐸2

(
158
𝑅𝑒(1) +

2𝑘
𝑑𝑖𝑛

)0.2 =
0.067
0.952

(
158

5.73 ∙ 106
+

2 ∙ 0.03
1386

)0.2 = 0.011. 

9. The length between the compressor stations in the first approximation 

𝐿(1) =
11.02 ∙ 10−12𝑑вн5 (𝑝𝑏2 − 𝑝𝑒2)

𝑄𝑝𝑟𝑜𝑗𝑒𝑐𝑡2 𝜆Δ𝑇𝑎𝑣𝑧𝑎𝑣
=

11.02 ∙ 10−12 ∙ 13865(7.352 − 5.272)
902 ∙ 0.011 ∙ 0.601 ∙ 293.15 ∙ 0.835

= 112.8 (𝑘𝑚) 

10. Knowing the length of the linear portion after the first iteration, the temperature of natural 
gas at the end of portion is calculated according to the equation (3.5) 

𝑎(1) =
225.5 ∙ 𝑘𝑎𝑣𝑑𝑜𝑢𝑡
𝑞∆𝐶𝑝(1) ∙ 106

=
225.5 ∙ 1.5 ∙ 1386

90 ∙ 0.601 ∙ 2.64 ∙ 106
= 3.28 ∙ 10−3; 

𝑇𝑒𝑛𝑑
(2) = 𝑇𝑔𝑟 + �𝑇𝑜𝑢𝑡

(1) − 𝑇𝑔𝑟�𝑒−𝑎
(1)𝐿(1)

− 𝐷𝑖
(1) 𝑝𝑜𝑝2 − 𝑝𝑒𝑖𝑛2

2𝑎(1)𝐿(1)𝑝𝑎𝑣(1) �1 − 𝑒−𝑎
(1)𝐿(1)

� = 

= 283 + (303 − 283)𝑒−3.28∙10−3∙112.8 − 4.72 7.352−5.272

2∙3.28∙10−3∙112.8∙6.37
= 289.2 (К). 

11. The length of the average temperature of natural gas equals to 

𝑇𝑎𝑣
(2) = 𝑇𝑔𝑟 +

�𝑇out
(2) − 𝑇𝑔𝑟�

𝑎(1)𝐿(1) �1 − 𝑒−𝑎
(1)𝐿(1)

� − 𝐷𝑖
(1) 𝑝𝑜𝑝2 − 𝑝𝑖𝑛2

2𝑎(1)𝐿(1)𝑝𝑎𝑣(1) ∙ �1 −
1

𝑎(1)𝐿(1) �1 − 𝑒−𝑎
(1)𝐿(1)

�� = 

= 283 +
(303 − 283)

3.28 ∙ 10−3 ∙ 112.8
∙ �1 − 𝑒−3.28∙10−3∙112.8� − 

−4.72
7.352 − 5.272

2 ∙ 3.28 ∙ 10−3 ∙ 112.8 ∙ 6.37
∙ �1 −

1
3.28 ∙ 10−3 ∙ 112.8

�1 − 𝑒−3.28∙10−3∙112.8�� = 295.38 (К) 

12. Spend a few subsequent iterations, repeating steps (6) - (13) 
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Table 3.3 - Results of iterative calculations 

№ iteration, 𝒊 2 3 4 

𝑻𝒆 303 303 303 

𝑻𝒆
(𝒊), К 289.2 288.8 288.8 

𝑻𝒂𝒗
(𝒊), К 295.38 295.5 295.5 

Т𝒓𝒆𝒅 1.427 1.48 1.48 

𝒛𝒂𝒗 0.840 0.840 0.840 

𝑫𝒊 4.66 4.66 4.66 

𝐂𝐩, 𝐤𝐉
𝐤𝐠∙𝐊

 2.62 2.62 2.62 

𝝁, 𝑷а ∙ 𝐬 1.21∙10-5 1.21∙10-5 1.21∙10-5 

𝑹𝒆 5.7∙107 5.7∙107 5.7∙107 

𝝀 0.11 0.11 0.11 

𝑳, km 111.5 111.4 111.4 

 
Thus, after processing several iteration steps length linear portion of the model equals 111.4 km. 

3.4 The Research Model in VESTA Software 

Based on the calculations made in the previous paragraph the research model of the gas transmission 
pipeline can be imagine as a single-line steel pipeline with diameter of 1420 mm and the thickness of 
wall 17 mm, the distance between the compressor stations equal 111.4 km, the operative pressure 7.35 
MPa and throughput capacity 90 million normal m3 of natural gas per day.  

To simulate and to analyze the research model of the gas trunk pipeline VESTA software is chosen as a 
platform for the investigation. The software is designed by the professors of Gubkin Russian State 
University of oil and gas for modeling of gas transportation sector. It allows to calculate and visualize 
the operation modes of pipelines and compressor stations simultaneously. To construct a computer 
model of the research gas pipeline schematically it would be looked as in Figure 2.2. 

 
Figure 3.2 – The scheme of the research model in VESTA software. 
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Table 3.4 –The basic design characteristics of the research model 

Parameter Value 
Type of the gas pumping unit GPU-C-16 
Type of the centrifugal compressor NC-16/76-1.44 
Power capacity of GPU, MW 16 
Rate of rotation, rpm 4900 
Operated GPU/Standby 3/2 
Outlet/Inlet pressure of Compressor station, MPa 7.36/5.27 
Distance between the compressor stations, km 111.4 km 
Size of pipe 1420x17 mm 

CS Outlet/CS Inlet temperature of natural gas, ℃ 30/12.8 

Ambient air temperature, ℃ 15 

Ambient air pressure, MPa 0,10135 

Soil temperature, ℃ 10 

 

4 Analyzing of Reducing Energy Consumption by 
Redistribution of the Load between Compressor 
Stations 

Gas demand has daily, weekly, monthly and seasonally fluctuations. The maximum value corresponds as 
a rule to winter time. Capacity of a pipeline is designed for the maximum value of demand. In the 
majority of operation time the loading of a pipeline is lower than designed capacity. When pipeline is 
operated on the maximum capacity it is not possible to change something inside the system because all 
the parameters of equipment are nominal and providing the maximum productivity. On the other hand 
when the capacity of pipeline is lower than the maximum value it is possible to change something to 
reduce energy consumption, in other words it is time for optimization 

This part of article is taken special attention to optimization and surveying the possibility to reduce 
energy when the loading of pipeline is lower than designed. 

The algorithm of investigation is based on a search by iterating through the various operation conditions 
such as rotation speeds of the compressors, pressure increase ratio, operative pressure and temperatures. 
Regulation process of the productivity of the compressor stations is provided by changing the ratio of 
compressor rotation. In this case within the bounds of the research model the respective rotation 
velocity of the compressors is being changed in the range 0.8 to 1.0 insteps of 0.05. Pumping units is 
operated in the same mode in one compressor station. The number of operated units is variable. In the 
first case on each compressor station two units are operated and in the second case three units are 
operated. 

The algorithm for modes calculation: 
1. At the compressor station 1 the relative rotation velocity is assumed to be 0.8; 
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2. At the next station the relative rotation velocity is changed in the range 0.8 to 1.0 in steps of 
0.05. For each mode, there is a calculation of temperature and pressure at each of the sections of 
the main gas pipeline and is determined by its performance.  
3. Calculation the power required to compress the natural gas and fuel gas consumption in the 
whole transmission pipeline. 
4. Determination of the unit cost of fuel gas as the ratio of fuel gas to the flow rate of the gas 
transported through the compressor station. 
5. Next, the mode is being changed. At the first station established momentum units from 0.85 to 
1.00, repeating the calculations from step 2. 
6. After going through all variants the final table is made up of options for evaluation of the 
results. 

Figure 3.1 depicts one mode of operation of the main pipeline at relative speeds blowers 0.9 and 0.95 on 
the first and second compression station, respectively.  

 

Figure 4.1 – Operation mode of the gas trunk pipeline 

The data obtained in the calculations of different combinations of the modes of the compressor stations 
are presented in Table A1 of Appendix A (calculation of 100 modes). 
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Figure 4.2 - The relation between the gas flow and the relative rotation velocities of compressors. 

 
Figure 4.3 - The relations between the specific consumption of fuel gas and the mode of compressor unit. 

Based on the analyzing of the obtained results, the following conclusions can be mentioned: 
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1. Dependence of the rotation speed of the compressors gas volumetric flow through the compressor 
stations is increased in case of constantly values of outlet and inlet pressure of gas. 

2. The specific values of fuel gas consumption are increased linearly. 

3. The minimum values of the specific consumption of fuel gas correspond to the regimes with small 
loads of the units. 

4. If it is compared two different modes with the same volumetric flow it is possible to note that lower 
specific value of fuel gas consumption matches the mode with higher loading of the first compressor 
station. See figure 4.4. 

 

Figure 4.4 - Comparison of the modes with the same volumetric flows through the pipeline 

5. The expected relation then it is possible to find the minimum value of fuel consumption is not 
obtained. Probably it is explained by the fact that the recommendations for calculation of fuel gas in 
Gazprom standard (STO Gazprom 2-3.5-051-2006) ignore the relation between fuel gas consumption 
and loading of a gas-turbine unit. Actually the tendency has the maximum value of GPU efficiency then 
the loading is the maximum. Approximate dependence is shown in Figure 4.5. 

 
Figure 4.5 – Approximate relation between the overall efficiency of unit and its loading.  

Thereby this fact will be recommended to the producers of software for taking into account and 
changing the mathematical algorithm for calculation.  
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5 Optimization of Operation Mode of the Cooling System 

5.1 Purpose and Basic Schemes of Gas Cooling System 

A cooling process of compressed gas is a technologically necessary part for the normal mode of 
operation of a gas pipeline. There are two general reasons for gas cooling. Firstly, according to the 
thermodynamic laws compression work depends on the inlet temperature of gas (the temperature of gas 
before a compressor), and to provide to the same pressure ratio in a compressor it is necessary more 
power for compression in case when the temperature of gas is higher. If a cooling system is not installed 
during the transportation from station to station the temperature of gas will be increased and it will 
cause high energy consumption for recovering gas pressure on stations located in the end of a pipeline. 
Consequently to cool gas is more reasonable from energy saving point of view. Secondly, high gas 
temperature can cause changing the properties of a pipeline coating and corrosion process can occur 
thereby providing the gas temperature inside the limits increases the reliability of pipeline. It should be 
noted that the minimum gas temperature in any location of pipeline is limited by the temperature of 
hydrate formation. The gas temperature should be higher than the dew point. 

The most commonly used cooling system on transmission pipelines is an aerial cooling system. It is a 
system of heat exchangers between warm gas after compression and ambient air. Generally air flows are 
created by fans, sometimes they are switched off and the heat flux is provided by free convection. The 
typical unit of an aerial cooling system is shown on Figure 5.1 

 

Figure 5.1 – An aerial cooling unit with two fans. 

Dependent on the throughput capacity of a compressor station the cooling system consist of a few 
numbers of units connected parallel. Basically the total amount of units is 16. The depth of gas cooling 
is regulated by switching on/off of fans. The driver of the fan is an electromotor without frequency 
regulator, so the rotation speed is constantly. 

As it’s mentioned above the gas temperature before compression exerts influence on the energy 
consumption of compressors. Reducing the inlet temperature decreases the compression work and 
power demand. However additional cooling needs extra energy for a technological chain. Theoretically it 
is possible to find an optimum between the depth of cooling and energy consumption of the whole 
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system. This part of the article envelopes questions about operation mode of the cooling system inside 
the research model. 

5.2 Mathematical Relations between Parameters of the 
Cooling System 

Required thermal capacity of an air cooling system is determined by the following equation: 
 

𝑄𝑐𝑜𝑜𝑙 = �̇� ∙ 𝑐𝑝𝑚 ∙ (𝑡1 − 𝑡2),                                                                 (4.1) 

where �̇�–the mass flow of natural gas through a cooling system,  kg/s; 𝑐𝑝𝑚 −the average isobaric 
specific heat of gas, J/(kg K), 𝑡1, 𝑡2 − the temperatures of natural gas before and after a cooling system, 
K (see Fig. 3.6). 

On the other hand the thermal capacity of cooling system can be founded according to: 

𝑄𝑐𝑜𝑜𝑙 = 𝑘 ∙ 𝐹 ∙ Θ𝑚 ,                                                                            (4.2) 

where k - heat transfer coefficient from gas to air W/(m2∙K) ; F – the surface of the heat exchange 
device, m2;Θ𝑚– the average logarithmic temperature difference between warm and cold fluid, K. 

The average logarithmic temperature cam be calculated according to the Grasgof's Equation 

Θ𝑚 =
Θ1 − Θ2

ln Θ1
Θ2

                                                                          (4.3) 

where Θ1,Θ2- temperature differences, 

Θ1 = 𝑡1 − 𝑡𝑎𝑖𝑟 2,Θ2 = 𝑡2 − 𝑡𝑎𝑖𝑟 1;  

𝑡1, 𝑡2 −the temperatures of natural gas on the entrance and the exit of a cooling unit; 

𝑡𝑎𝑖𝑟 1, 𝑡𝑎𝑖𝑟 2 −the inlet and outlet air temperatures respectively.  

Practically thermal capacity of cooling system is determined by using the graphs which show the 
dependencies between thermal capacity and temperature differences between fluids. Example is 
presented on Figure 5.2. 
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Figure 5.2–Typical passport heat technical characteristics of the cooling unit during 2 fans operation. 

According to (5.2) one of the main parameter that determines the value of heat flux is a temperature 
difference between natural gas and atmospheric air. In this regard, it is possible to estimate the heat flux 
as a function of temperature difference between natural gas and ambient air Δt:  

𝑄𝑐𝑜𝑜𝑙 = 𝑓(∆𝑡). 

Within the bounds of the research model 2AVG-75 units are chosen as basic cooling units on 
compressor stations. The dependencies between cooling capacity of unit and temperature difference 
between gas coming from compressors and ambient air can be described as: 

- in case of free convection        𝑄𝑐𝑜𝑜𝑙𝑓𝑟𝑒𝑒 = 7,7∆𝑡 + 0,24∆𝑡2; 
- one switched-n fan                  𝑄𝑐𝑜𝑜𝑙(1) = 35,7∆𝑡; 
- two switched-on fans𝑄𝑐𝑜𝑜𝑙(2) = 48,9∆𝑡. 

Graphically it can be shown as:  
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Figure 5.3 - Thermal capacities of 2AVG-75 DAC in different operating modes. 

Looking at the graphs above it is appreciable to understand that the growth of cooling capacity in case 
of switching the second fan is estimated near 30-40%, but electricity consumption increased twice. That 
is why it is not reasonable to install 3-4 or more fans in one chain. It is more efficient to build them in a 
parallel scheme. 

To provide the necessary depth of cooling some fans are operated and others are switched off and 
cooling occurs due to free convection. In case of low intensity of cooling the thermal capacity of the 

whole aerial cooling system, 𝑄𝑎𝑐𝑠, is determined by the relation 

𝑄𝑎𝑐𝑠 = (𝑚 − 𝑛(1))𝑄𝑐𝑜𝑜𝑙
𝑓𝑟𝑒𝑒 + 𝑛(1)𝑄𝑐𝑜𝑜𝑙

(1),                                                  (5.4) 

where 𝑚−the total amount of installed units, 𝑛(1) − number of switched-on units in 1-fan mode. 

In case of high intensity of cooling the thermal capacity will be assessed as 

𝑄𝑎𝑐𝑠 = �𝑚 − 𝑛(2)�𝑄𝑐𝑜𝑜𝑙
(1) + 𝑛(2)𝑄𝑐𝑜𝑜𝑙

(2),                                       (5.5) 

where 𝑛(1) −number of switched-on units in 2-fans mode. 
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5.3 Optimal Energy Saving Mode for the Cooling System 

One of the major problems being solved when using the aerial cooling system is to determine the 
optimal temperature at the outlet of air coolers. The optimum can be considered as a value of the outlet 
temperature of the cooling system, in which the subsequent inclusion of additional fans in the cooling 
system will not reduce the power of compression on the next compressor station that is equal to the 
amount of power for rotation one fan. Estimation can be down only on the basis of technical and 
economic calculation. In this calculation it is necessary to make comparison of size of additional power 
for cooling and reduction of energy demand for compression on the next station in terms of money. 

Energy cost of cooling per hour can be calculated by the multiplication of a price for electricity, a 
number of working fans and power consumption of one fan. As an equation it can be written by 
following:  

𝐶𝑐𝑜𝑜𝑙 = 𝑝𝑒𝑙 ∙ 𝑛 ∙ 𝑁𝑓𝑎𝑛,                                                               (5.6) 

where n - number of fans; 𝑝𝑒𝑙- the price of electricity, RUB/kWh;𝑁𝑓𝑎𝑛- the power of the electric fan, 
kW. 

The cost of energy for compression of natural gas per hour can be calculated by the equation: 

𝐶𝑐𝑜𝑚𝑝 =
3,6 𝑝𝑓𝑢𝑒𝑙
𝐿𝐻𝑉𝑓𝑢𝑒𝑙

∙��
𝑁𝑐𝑐

𝜂е 𝐺𝑇 ∙ 𝜂𝑚𝑒𝑐ℎ
�

𝑛

𝑖=1

,                                                      (5.7) 

where 𝑝𝑓𝑢𝑒𝑙 −the price of fuel natural gas, RUB/1000m3; 𝐿𝐻𝑉𝑓𝑢𝑒𝑙 −lower heating value of natural gas, 
MJ/m3; 𝑁𝑐𝑐 −potential work of gas compression, MW; 𝜂е 𝐺𝑇 − efficiency of gas turbine engine; 
𝜂𝑚𝑒𝑐ℎ −mechanical efficiency of gas-pumping unit; n – a number of working gas pumping units. 

Potential work of compression, W, can be founded from the following relation: 

𝑁𝑐𝑐 = �̇�
𝑘

𝑘 − 1
𝑧𝑅𝑇 �1− 𝜀

𝑘−1
𝜂𝑝𝑜𝑙𝑘�,                                                             

where �̇� −gas mass flow, kg/s; 𝑘 −adiabatic coefficient; 𝑧 −compressibility factor; 𝑅 − gas constant, 
J/(kg⋅K); 𝑇 − suction temperature of natural gas, K; 𝜀 −compressor pressure ratio; 𝜂𝑝𝑜𝑙 −polytrophic 
efficiency of compressor. 

The criterion for evaluating the effectiveness of the cooling system is based on the sum of the energy 
components of operating costs in the cooling system and the compression system: 

𝐶𝑠𝑢𝑚 = 𝐶𝑐𝑜𝑚𝑝 + 𝐶𝑐𝑜𝑜𝑙 .                                                                                 

The optimal mode of the cooling system should be considered as a mode in which the sum of the 
energy components has the minimum value 

𝐶𝑠𝑢𝑚 = 𝐶𝑐𝑜𝑚𝑝 + 𝐶𝑐𝑜𝑜𝑙 → 𝑚𝑖𝑛 

To analyze the tendencies of energy consumption in case of variable temperature after compressor 
station the following algorithm is used: 
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1. The capacity of pipeline described in the research model is still equal 90 mln m3 per day. Inside the 
model the temperature of gas in discharge pipeline will be changed by switching on fans in cooling 
system. 

2. Low temperature of gas on discharge pipeline will cause lower temperature on the inlet of next 
compressor station. Due to decrease of inlet temperature of compressor the potential work for 
compression will be reduced.  

3. Calculation of summary cost of energy for compression and cooling will be provided. Prices of fuel 
gas and electricity are assumed as 2500 RUB/1000 m3 and 3 RUB/kWh respectively.  

4. Calculation of 32 modes which correspond to the increase of amount of working fans. 
5. Identification trends and modes with minimal energy consumption. 

 
The detailed results obtained during calculation are presented in Appendix B. 
The curve of obtained modes is shown on Figure 5.4. 

 

Figure 5.4 – The trend of operation cost 

 
According to the results of the calculations, there is the regime where costs are taking the minimum value 
of energy 90.11 rubles/hour corresponding to the mode with 14 working fans. 



-36- 
  
 

6 Optimal Loading of Gas-pumping Units with Different 
Technical Conditions 

During the operation period of gas-pumping unit its conditions is being reduced. In recovering purposes 
of equipment overhauls and maintenance are conducted through the particular period of time. An 
example of dependence of operation condition and time can be imagined as on Figure 5.1. 
Commonly the coefficient of condition of gas-pumping unit reflects the changes of the efficiency of the 
unit due to the operation time. Mathematically it can be written as  

𝐾𝑜𝑐 = 𝜂
𝜂𝑛𝑜𝑚� ,                                                                   (6.1) 

where 𝜂 −current value of efficiency, 𝜂𝑛𝑜𝑚 −nominal efficiency in the same mode of unit (new unit). 

 

Figure 6.1 – Operation condition changes during the life time of equipment 

In the majority of time the coefficient of technical condition of unit is less than 1.0. Time periods between 
maintenance are not the same for units installed on a compressor station. So, it is almost all the time the 
units are operated in one scheme with different value of technical condition. For example, one unit (after 
maintenance or new) and other (operated long time without repair) have different efficiency and consume 
different amount of energy: obviously older unit needs more fuel than new for the same mode.  
In the research model it is taken into account that units will have different technical conditions. It’s 
suggested to investigate a situation when two units are working together in parallel and have different 
technical conditions from optimization of operation cost point of view. The criterion of optimization is a 
minimum of fuel consumption. 
It is assumed that two units are operated in the compressor station and the total gas flow from the station 
equals 65 million m3 per day. The suction and discharge pressure are the same as in the research model. 
The coefficients of technical conditions of units are taken equal to 0.91 and 0.96. 
The algorithm of analysis is following: 

1. Two units at the same mode and at the same rotation speeds of compressors provide gas flow 
equal to 65 million m3 per day and pressure increase from 5.2 to 7.3 MPa. The mode is presented 
on Figure 6.2. 
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Figure 6.2 – Operation mode of two units with different technical conditions. 

2. Load of one unit is changed by variation of relative rotation speed of compressors from 0.93 to 
0.98 with step of 0.05.The other unit is adjusted to provide the necessary gas flow and pressure 
ratio. 

3. For each mode power and energy consumption calculations are deduced. 
4. Based on the obtained date the mode with minimal fuel consumption will be chosen. 

The table of calculation results for 18 modes is shown below. 
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Table 5.1 – Operation modes at the same gas flow through compressor station and the same pressure 

ratio 

 

Based on 18 regimes with different distribution of loading between units the following graph is drawn. 

 

Figure 6.3 – Fuel gas changes depending on distribution of loading between units. 
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Analyzing the obtained results it is possible to conclude that in case of identical conditions of units the 
minimum of fuel consumption corresponds to the same loading of units. In case of increasing of 
difference of technical conditions the total fuel consumption is raised and the minimum is located near 
the zone of the same loading. Therefore to achieve an economy of fuel it is reasonable to maximize the 
loading of unit which has lower value of technical condition. 

7 Conclusion 

Having conducted the research, it is possible to note in conclusion that optimization process is very 
significant for complex gas pipeline systems from energy saving point of view. The paper has illustrated 
opportunities for decreasing energy consumption through optimization of operation modes of gas trunk 
pipelines. The main criterion for optimization is operation cost and amount of consumed energy. To 
achieve the minimum value of energy consumption it is necessary to choose the appropriate mode of 
pipeline operation based on the tendencies which have been discovered in this article. The following 
results and suggestions have been obtained carrying out the research: 

1. The operation mode of a trunk pipeline depends on a wide range of parameters: the operative 
pressure, intensity of the cooling system, hydraulic mode of pipeline section and others. The certain 
combination of these parameters determines the certain operation cost of the trunk pipeline and has 
an effect to fuel consumption and thereby amount of harmful emissions (carbon dioxide and oxides 
of nitrogen). So, it is a relevant area for applying to efficient energy saving technologies. 

2. The amount of saved energy due to optimization is quite low. Compared with the total energy 
consumption it is still near 1-2 percent. It has higher value in case of operation of units having 
different technical conditions. According to the data obtained in Chapter 5 it is possible to 
underline the tendency that in case of two units operation the distribution of loading has to be 
organized in this way that provides the closest values of volumetric flows from compressors. 
Sometimes the relation of equal flows from compressors is not achieved due to limitation of 
available power of the compressor having lower value of technical condition (see Figure 6.3), but 
the minimum value of gas consumption corresponds to the distribution of flows which equal as 
possible. Additionally the results of the analysis confirm that for quality optimization it is necessary 
to provide the precise value of coefficients of technical conditions and the optimization process is 
extremely dependent on these values. Therefore the relevance of development of means of technical 
diagnostics is increased. 

3. Chapter 4 reflects an influence of the depth of gas cooling to the total energy consumption of the 
gas trunk pipeline. The results of this part of the study show that it is not reasonable to increase the 
amount of working fans. The electricity component is increasing higher than the intensity of the 
cooling.  

4. Detailed analysis of the results from Chapter 3 shows that it is better to load more the first 
compressor station and the curves of dependencies from Figure 4.4 are almost linear. But these 
results are in a big doubt and can be challenged by the suggestion that gas-pumping unit has the 
optimum value of efficiency than the loading corresponds to the maximum value. According to the 
requirements of Gazprom standards (STO Gazprom 2-3.5-051-2006) which used in VESTA 
software fuel gas consumption depends on the loading of unit linear, so it should be recommended 
to change the mathematical model of calculation by the producers of the software.  

And finally the results and suggestions of this study should be used in improving of VESTA software 
and in further work dedicated to optimization processes of gas trunk pipelines. 
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Appendix A 

Table A1 – Gas pipeline modes in case of load changing of compressor stations 

M
od

e Compressor station 1 Compressor station 2 Pipeline overall value 

Unit 1 Unit 2 Unit 3 𝑃𝑑 𝑡𝑑 Fuel 𝑃𝑠 𝑡𝑠 Unit 1 Unit 2 Unit 3 𝑃𝑑 𝑡𝑑 Fuel Gas flow Total 
fuel 

Fuel/Gas 
flow 

1 0,80 0,80 standby 6,36 20,50 0,207 5,25 12,49 0,80 0,80 standby 6,33 21,28 0,207 65,320 0,414 0,0063 

2 0,80 0,80 standby 6,33 20,50 0,208 5,14 12,07 0,85 0,85 standby 6,39 23,44 0,229 67,000 0,437 0,0065 

3 0,80 0,80 standby 6,28 20,15 0,209 5,03 11,63 0,90 0,90 standby 6,45 25,74 0,253 68,650 0,462 0,0067 

4 0,80 0,80 standby 6,25 19,84 0,210 4,20 11,19 0,95 0,95 standby 6,51 28,09 0,279 70,160 0,489 0,0070 

5 0,80 0,80 standby 6,21 19,53 0,220 4,80 10,74 1,00 1,00 standby 6,57 30,60 0,298 71,670 0,518 0,0072 

6 0,85 0,85 standby 6,56 23,52 0,233 5,37 14,00 0,80 0,80 standby 6,42 22,35 0,210 68,410 0,443 0,0065 

7 0,85 0,85 standby 6,52 23,10 0,234 5,26 13,60 0,85 0,85 standby 6,59 24,50 0,232 69,900 0,466 0,0067 

8 0,85 0,85 standby 6,49 22,80 0,235 5,15 13,12 0,90 0,90 standby 6,54 25,70 0,257 71,630 0,492 0,0069 

9 0,85 0,85 standby 6,45 22,40 0,236 5,03 12,70 0,95 0,95 standby 6,61 29,10 0,284 73,160 0,520 0,0071 

10 0,85 0,85 standby - - - - - 1,00 1,00 standby Unavailable mode 

11 0,90 0,90 standby 6,78 26,30 0,262 5,50 15,65 0,80 0,80 standby 6,53 23,60 0,213 71,620 0,475 0,0066 

12 0,90 0,90 standby 6,74 25,90 0,263 5,39 15,21 0,85 0,85 standby 6,59 25,70 0,236 73,210 0,499 0,0068 

13 0,90 0,90 standby 6,70 25,50 0,264 5,27 14,70 0,90 0,90 standby 6,65 27,90 0,262 74,780 0,526 0,0070 

14 0,90 0,90 standby 6,66 25,17 0,265 5,15 14,30 0,95 0,95 standby 6,71 30,30 0,289 76,290 0,554 0,0073 

15 0,90 0,90 standby - - - - - 1,00 1,00 standby Unavailable mode 

16 0,95 0,95 standby 7,00 29,20 0,294 5,63 17,46 0,80 0,80 standby 6,64 25,05 0,216 74,960 0,510 0,0068 

17 0,95 0,95 standby 6,97 28,80 0,295 5,52 17,00 0,85 0,85 standby 6,70 27,10 0,240 76,510 0,535 0,0070 

18 0,95 0,95 standby 6,93 28,40 0,296 5,40 16,60 0,90 0,90 standby 6,77 29,30 0,266 78,050 0,562 0,0072 

19 0,95 0,95 standby 6,89 28,10 0,297 5,28 16,10 0,95 0,95 standby 6,83 31,63 0,294 79,530 0,591 0,0074 

20 0,95 0,95 standby - - - - - 1,00 1,00 standby Unavailable mode 

21 1,00 1,00 standby - - - - - 0,80 0,80 standby Unavailable mode 

22 1,00 1,00 standby - - - - - 0,85 0,85 standby Unavailable mode 

23 1,00 1,00 standby - - - - - 0,90 0,90 standby Unavailable mode 

24 1,00 1,00 standby - - - - - 0,95 0,95 standby Unavailable mode 

25 1,00 1,00 standby - - - - - 1,00 1,00 standby Unavailable mode 

26 0,80 0,80 standby 6,32 20,40 0,208 5,12 12,70 0,80 0,80 0,80 6,40 25,20 0,281 67,280 0,489 0,0073 

27 0,80 0,80 standby 6,28 20,10 0,209 5,01 11,50 0,85 0,85 0,85 6,45 27,90 0,309 68,880 0,518 0,0075 

28 0,80 0,80 standby 6,24 19,76 0,210 4,89 11,09 0,90 0,90 0,90 6,53 30,70 0,338 70,460 0,548 0,0078 

29 0,80 0,80 standby 6,20 19,50 0,210 4,77 10,60 0,95 0,95 0,95 6,59 33,60 0,370 72,000 0,580 0,0081 

30 0,80 0,80 standby 6,16 19,20 0,211 4,64 10,20 1,00 1,00 1,00 6,66 36,70 0,404 73,480 0,615 0,0084 

31 0,85 0,85 standby 6,51 23,00 0,234 5,21 13,40 0,80 0,80 0,80 6,51 26,20 0,286 70,540 0,520 0,0074 

32 0,85 0,85 standby 6,47 22,60 0,235 5,10 18,85 0,85 0,85 0,85 6,57 28,85 0,315 72,160 0,550 0,0076 

33 0,85 0,85 standby 6,43 22,30 0,236 4,99 12,50 0,90 0,90 0,90 6,64 31,60 0,345 73,700 0,581 0,0079 

34 0,85 0,85 standby 6,39 22,00 0,237 4,86 12,00 0,95 0,95 0,95 6,70 34,50 0,378 75,190 0,615 0,0082 

35 0,85 0,85 standby 6,35 21,70 0,237 4,74 11,50 1,00 1,00 1,00 6,77 37,60 0,413 76,640 0,650 0,0085 

36 0,90 0,90 standby 6,72 25,70 0,263 5,32 14,90 0,80 0,80 0,80 6,62 27,40 0,291 74,010 0,554 0,0075 

37 0,90 0,90 standby 6,68 25,30 0,264 5,21 14,50 0,85 0,85 0,85 6,69 30,00 0,320 75,550 0,584 0,0077 

38 0,90 0,90 standby 6,64 25,00 0,265 5,09 14,00 0,90 0,90 0,90 6,75 32,70 0,352 77,040 0,617 0,0080 

39 0,90 0,90 standby 6,60 24,60 0,266 4,96 13,60 0,95 0,95 0,95 6,82 35,60 0,385 78,490 0,651 0,0083 
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M
od

e Compressor station 1 Compressor station 2 Pipeline overall value 

Unit 1 Unit 2 Unit 3 𝑃𝑑 𝑡𝑑 Fuel 𝑃𝑠 𝑡𝑠 Unit 1 Unit 2 Unit 3 𝑃𝑑 𝑡𝑑 Fuel Gas flow Total 
fuel 

Fuel/Gas 
flow 

40 0,90 0,90 standby 6,56 24,30 0,267 4,84 13,10 1,00 1,00 1,00 6,89 38,60 0,421 79,920 0,688 0,0086 

41 0,95 0,95 standby 6,94 28,50 0,296 5,44 16,70 0,80 0,80 0,80 6,74 28,67 0,297 77,510 0,593 0,0077 

42 0,95 0,95 standby 6,90 28,20 0,297 5,32 16,20 0,85 0,85 0,85 6,81 31,25 0,326 79,060 0,623 0,0079 

43 0,95 0,95 standby 6,86 27,80 0,298 5,20 15,80 0,90 0,90 0,90 6,88 34,00 0,359 80,500 0,657 0,0082 

44 0,95 0,95 standby 6,82 27,40 0,299 5,07 15,27 0,95 0,95 0,95 6,94 36,80 0,393 81,940 0,692 0,0084 

45 0,95 0,95 standby 6,78 27,10 0,300 4,94 14,80 1,00 1,00 1,00 7,01 39,82 0,430 83,320 0,730 0,0088 

46 1,00 1,00 standby - - - - - 0,80 0,80 0,80 Unavailable mode 

47 1,00 1,00 standby - - - - - 0,85 0,85 0,85 Unavailable mode 

48 1,00 1,00 standby - - - - - 0,90 0,90 0,90 Unavailable mode 

49 1,00 1,00 standby - - - - - 0,95 0,95 0,95 Unavailable mode 

50 1,00 1,00 standby - - - - - 1,00 1,00 1,00 Unavailable mode 

51 0,80 0,80 0,80 6,60 25,40 0,286 5,40 15,15 0,80 0,80 standby 6,44 23,40 0,210 68,800 0,496 0,0072 

52 0,80 0,80 0,80 6,59 25,00 0,289 5,30 14,73 0,85 0,85 standby 6,51 25,48 0,233 70,860 0,522 0,0074 

53 0,80 0,80 0,80 6,56 24,70 0,291 5,20 14,30 0,90 0,90 standby 6,59 27,70 0,259 72,940 0,550 0,0075 

54 0,80 0,80 0,80 6,56 24,35 0,293 5,10 13,80 0,95 0,95 standby 6,67 29,97 0,286 74,960 0,579 0,0077 

55 0,80 0,80 0,80 - - - - - 1,00 1,00 standby Unavailable mode 

56 0,85 0,85 0,85 6,82 28,60 0,319 5,53 17,10 0,80 0,80 standby 6,55 24,90 0,213 71,980 0,532 0,0074 

57 0,85 0,85 0,85 6,82 28,20 0,322 5,43 16,70 0,85 0,85 standby 6,62 27,00 0,237 74,020 0,559 0,0076 

58 0,85 0,85 0,85 6,81 27,90 0,324 5,33 16,24 0,90 0,90 standby 6,70 29,20 0,263 76,070 0,587 0,0077 

59 0,85 0,85 0,85 6,80 27,50 0,327 5,23 15,80 0,95 0,95 standby 6,78 31,50 0,291 78,060 0,618 0,0079 

60 0,85 0,85 0,85 - - - - - 1,00 1,00 standby Unavailable mode 

61 0,90 0,90 0,90 7,06 32,00 0,356 5,67 15,15 0,80 0,80 standby 6,66 26,70 0,216 75,300 0,572 0,0076 

62 0,90 0,90 0,90 7,05 31,60 0,359 5,58 18,80 0,85 0,85 standby 6,74 28,70 0,241 77,330 0,600 0,0078 

63 0,90 0,90 0,90 7,04 31,23 0,362 5,20 18,40 0,90 0,90 standby 6,82 30,10 0,268 79,350 0,630 0,0079 

64 0,90 0,90 0,90 7,04 30,90 0,365 5,37 17,90 0,95 0,95 standby 6,90 33,20 0,297 81,330 0,662 0,0081 

65 0,90 0,90 0,90 - - - - - 1,00 1,00 standby Unavailable mode 

66 0,95 0,95 0,95 7,32 35,60 0,397 5,83 21,60 0,80 0,80 standby 6,79 28,65 0,220 78,820 0,617 0,0078 

67 0,95 0,95 0,95 7,31 35,20 0,400 5,73 21,20 0,85 0,85 standby 6,87 30,70 0,245 80,860 0,645 0,0080 

68 0,95 0,95 0,95 7,31 34,80 0,404 5,63 20,70 0,90 0,90 standby 6,95 32,80 0,272 82,850 0,676 0,0082 

69 0,95 0,95 0,95 7,29 34,40 0,407 5,52 20,20 0,95 0,95 standby 7,00 35,10 0,302 84,820 0,709 0,0084 

70 0,95 0,95 0,95 - - - - - 1,00 1,00 standby Unavailable mode 

71 1,00 1,00 1,00 7,60 - - - - 0,80 0,80 standby Operative pressure excess 

72 1,00 1,00 1,00 7,59 - - - - 0,85 0,85 standby Operative pressure excess 

73 1,00 1,00 1,00 7,58 - - - - 0,90 0,90 standby Operative pressure excess 

74 1,00 1,00 1,00 7,57 - - - - 0,95 0,95 standby Operative pressure excess 

75 1,00 1,00 1,00 7,56 - - - - 1,00 1,00 standby Operative pressure excess 

76 0,80 0,80 0,80 6,59 24,90 0,290 5,26 14,60 0,80 0,80 0,80 6,55 27,20 0,288 71,820 0,578 0,0080 

77 0,80 0,80 0,80 6,58 24,50 0,292 5,16 14,07 0,85 0,85 0,85 6,63 29,70 0,317 73,820 0,609 0,0082 

78 0,80 0,80 0,80 6,57 24,20 0,294 5,05 13,40 0,90 0,90 0,90 6,71 32,45 0,349 75,890 0,643 0,0085 

79 0,80 0,80 0,80 6,56 23,90 0,296 4,94 13,10 0,95 0,95 0,95 6,80 35,20 0,384 77,910 0,680 0,0087 

80 0,80 0,80 0,80 6,54 23,50 0,298 4,83 12,60 1,00 1,00 1,00 6,88 38,20 0,421 79,880 0,719 0,0090 

81 0,85 0,85 0,85 6,81 28,00 0,323 5,37 16,40 0,80 0,80 0,80 6,70 28,60 0,293 75,250 0,616 0,0082 

82 0,85 0,85 0,85 6,80 27,60 0,326 5,27 16,00 0,85 0,85 0,85 6,75 31,10 0,323 77,300 0,649 0,0084 

83 0,85 0,85 0,85 6,79 27,30 0,329 5,16 15,50 0,90 0,90 0,90 6,84 33,80 0,356 79,320 0,685 0,0086 
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M
od

e Compressor station 1 Compressor station 2 Pipeline overall value 

Unit 1 Unit 2 Unit 3 𝑃𝑑 𝑡𝑑 Fuel 𝑃𝑠 𝑡𝑠 Unit 1 Unit 2 Unit 3 𝑃𝑑 𝑡𝑑 Fuel Gas flow Total 
fuel 

Fuel/Gas 
flow 

84 0,85 0,85 0,85 6,78 26,90 0,331 5,05 14,95 0,95 0,95 0,95 6,92 36,60 0,391 81,310 0,722 0,0089 

85 0,85 0,85 0,85 6,76 26,60 0,333 4,94 14,42 1,00 1,00 1,00 7,01 39,50 0,429 83,240 0,762 0,0092 

86 0,90 0,90 0,90 7,05 31,40 0,360 5,52 18,60 0,80 0,80 0,80 6,84 30,53 0,298 78,350 0,658 0,0084 

87 0,90 0,90 0,90 7,04 31,00 0,363 5,42 18,10 0,85 0,85 0,85 6,93 33,10 0,329 80,350 0,692 0,0086 

88 0,90 0,90 0,90 7,03 30,60 0,366 5,31 17,70 0,90 0,90 0,90 7,02 35,70 0,363 82,350 0,729 0,0089 

89 0,90 0,90 0,90 7,02 30,30 0,369 5,20 17,14 0,95 0,95 0,95 7,11 38,50 0,399 84,320 0,768 0,0091 

90 0,90 0,90 0,90 7,00 29,90 0,372 5,09 16,60 1,00 1,00 1,00 7,20 41,40 0,439 86,250 0,811 0,0094 

91 0,95 0,95 0,95 7,30 34,90 0,403 5,66 20,90 0,80 0,80 0,80 6,99 32,40 0,304 82,140 0,707 0,0086 

92 0,95 0,95 0,95 7,29 34,50 0,406 5,56 20,40 0,85 0,85 0,85 7,07 34,90 0,336 84,110 0,742 0,0088 

93 0,95 0,95 0,95 7,29 34,10 0,409 5,45 19,90 0,90 0,90 0,90 7,17 37,50 0,370 86,080 0,779 0,0090 

94 0,95 0,95 0,95 7,27 33,70 0,412 5,34 19,40 0,95 0,95 0,95 7,26 40,30 0,408 88,020 0,820 0,0093 

95 0,95 0,95 0,95 7,26 33,30 0,415 5,22 18,90 1,00 1,00 1,00 7,35 43,17 0,448 89,900 0,863 0,0096 

96 1,00 1,00 1,00 7,58 - - - - 0,80 0,80 0,80 Operative pressure excess 

97 1,00 1,00 1,00 7,57 - - - - 0,85 0,85 0,85 Operative pressure excess 

98 1,00 1,00 1,00 7,56 - - - - 0,90 0,90 0,90 Operative pressure excess 

99 1,00 1,00 1,00 7,55 - - - - 0,95 0,95 0,95 Operative pressure excess 

100 1,00 1,00 1,00 7,54 - - - - 1,00 1,00 1,00 Operative pressure excess 

 
Comments:  

Units №4,5 in standby mode; 

The values in columns Unit 1, Unit 2, Unit3 are relative rotation speeds of compressors. 

𝑃𝑑 , 𝑡𝑑 −discharge pressure and temperature of gas in the pipeline, MPa, ℃; 

𝑃𝑠, 𝑡𝑠 −suction pressure and temperature of gas in the pipeline, MPa, ℃. 

𝐹𝑢𝑒𝑙 −fuel gas consumption of the respective compressor station, mln.m3/day; 

𝑇𝑜𝑡𝑎𝑙 𝑓𝑢𝑒𝑙 − fuel gas consumption of the whole pipeline, mln.m3/day; 

𝐺𝑎𝑠 𝑓𝑙𝑜𝑤 −mode capacity of the gas pipeline, mln.m3/day; 

𝐹𝑢𝑒𝑙/𝐺𝑎𝑠 𝑓𝑙𝑜𝑤 –specific value of fuel consumption, equals to 𝑇𝑜𝑡𝑎𝑙 𝑓𝑢𝑒𝑙/𝐺𝑎𝑠 𝑓𝑙𝑜𝑤. 
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Appendix B 

Table B1 – Modes of the pipeline in case of changes of the depth of gas cooling. 

Compressor station 1 Compressor station 2 Overall values of pipeline 

𝑃𝑑 𝑡1 n 𝑡2 𝑃𝑠 𝑡𝑠 
Rel 
rpm 𝑃𝑑 𝑡1 n 𝑡2 𝑁𝑐𝑜𝑚𝑝 𝑁𝑐𝑜𝑜𝑙  

Fuel 
gas 𝐶𝑓𝑔 𝐶𝑒𝑙  𝐶𝑡𝑜𝑡𝑎𝑙 

7,35 53,8 0 50,5 5,44 30,9 0,964 7,35 62,4 32 40,7 84,3 1,18 0,835 86,98 3,55 90,53 

7,35 53,8 2 49,4 5,44 30,1 0,96 7,29 61,4 32 40,6 84,1 1,26 0,835 86,98 3,77 90,75 

7,35 53,8 4 48,4 5,45 29,5 0,956 7,3 60,6 32 40,3 83,8 1,33 0,829 86,35 4,00 90,35 

7,35 53,8 6 47,3 5,46 28,8 0,952 7,33 59,6 32 40,0 83,5 1,41 0,827 86,15 4,22 90,36 

7,35 53,8 8 46,3 5,47 28,1 0,948 7,35 58,7 32 39,6 83,1 1,48 0,824 85,83 4,44 90,27 

7,35 53,8 10 45,2 5,48 27,4 0,942 7,34 57,7 32 39,2 82,7 1,55 0,821 85,52 4,66 90,18 

7,35 53,8 12 44,2 5,49 26,7 0,938 7,35 56,8 32 38,8 82,3 1,63 0,819 85,31 4,88 90,20 

7,35 53,8 14 43,1 5,5 26 0,933 7,35 55,9 32 38,5 82,0 1,70 0,816 85,00 5,11 90,11 

7,35 53,8 16 42,1 5,51 25,4 0,929 7,35 55 32 38,1 81,6 1,78 0,814 84,79 5,33 90,12 

7,35 53,8 18 41,5 5,52 25 0,927 7,35 54,6 32 38,0 81,5 1,85 0,813 84,69 5,55 90,24 

7,35 53,8 20 41,0 5,52 24,6 0,924 7,35 54 32 37,7 81,2 1,92 0,811 84,48 5,77 90,25 

7,35 53,8 22 40,4 5,53 24,3 0,922 7,35 54 32 37,6 81,1 2,00 0,810 84,38 5,99 90,37 

7,35 53,8 24 39,9 5,53 23,9 0,92 7,35 53,1 32 37,4 80,9 2,07 0,809 84,27 6,22 90,49 

7,35 53,8 26 39,4 5,54 23,6 0,918 7,35 52,7 32 37,3 80,8 2,15 0,808 84,17 6,44 90,60 

7,35 53,8 28 38,8 5,54 23,3 0,915 7,35 52,2 32 37,0 80,5 2,22 0,806 83,96 6,66 90,62 

7,35 53,8 30 38,3 5,54 22,9 0,913 7,35 51,7 32 36,9 80,4 2,29 0,805 83,85 6,88 90,74 

7,35 53,8 32 37,7 5,55 22,5 0,91 7,35 51,1 32 36,6 80,1 2,37 0,803 83,65 7,10 90,75 

 

Comments: 

𝑃𝑑 , 𝑃𝑠 −discharge and suction pressures of gas in the pipeline, respectively, MPa;  

𝑡𝑠 −suction (before compressor) pressure of gas, ℃; 

𝑡1, 𝑡2 −gas temperature before and after the cooling system,℃ 

n – quantity of switched-on fans; 

Rel rpm – relative rotation speed of compressors; 

𝑁𝑐𝑜𝑚𝑝 ,𝑁𝑐𝑜𝑜𝑙 −necessary power for compression and cooling, respectively, MW; 

Fuel gas – fuel gas consumption, mln.m3/day; 

𝐶𝑓𝑔,𝐶𝑒𝑙 ,𝐶𝑡𝑜𝑡𝑎𝑙 −costs of fuel gas, electricity and the total value of operation cost, thousand RUB per hour. 
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