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Research works of department of Hydraulic machines Peter the Great St. Petersburg 
Polytechnic University in volumetric hydraulic power drives 

 
Konstantin Lebedev 

 

This article is devoted to research and design works of Grope of Hydrostatic power drive in 
long time period ï 45 years. There are many unusual subjects of investigation what were needed 
that time. Order-makers were representatives of many branches of industries. 

 
Keywords: hydrostatic power drives, multiplier of pressure, hydraulic vibrator, hydraulic wave 

generator, winged propeller 

 
ʅʘʫʯʥʦ-ʠʟʩʣʝʜʦʚʘʪʝʣʩʢʘʪʘ ʨʘʙʦʪʘ ʚ ʢʘʪʝʜʨʘ Ăʍʠʜʨʘʚʣʠʯʥʠ ʤʘʰʠʥʠñ ʥʘ ʉʘʥʢʪ-
ʇʝʪʝʨʙʫʨʛʩʢʠʷ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ Ăʇʝʪʲʨ ʇʲʨʚʠñ ʚ ʦʙʣʘʩʪʪʘ ʥʘ 

ʭʠʜʨʦʟʘʜʚʠʞʚʘʥʠʷʪʘ 
 

ʂʦʥʩʪʘʥʪʠʥ ʃʝʙʝʜʝʚ 

 
ʊʘʟʠ ʩʪʘʪʠʷ ʨʘʟʛʣʝʞʜʘ ʠʟʩʣʝʜʦʚʘʪʝʣʩʢʠ ʠ ʧʨʦʝʢʪʘʥʪʩʢʠ ʟʘʜʘʯʠ, ʨʘʟʨʘʙʦʪʝʥʠ ʦʪ 

ʛʨʫʧʘʪʘ ʧʦ ʭʠʜʨʦʟʘʜʚʠʞʚʘʥʝ ʥʘ ʢʘʪʝʜʨʘ Ăʍʠʜʨʘʚʣʠʯʥʠ ʤʘʰʠʥʠñ ʚ ʜʲʣʛʦʛʦʜʠʰʝʥ ʧʝʨʠʦʜ - 
45 ʛʦʜʠʥʠ. ʈʘʟʛʣʝʜʘʥʠ ʩʘ ʥʷʢʦʠ ʚ ʠʟʚʝʩʪʥʘ ʩʪʝʧʝʥ ʥʝʦʙʠʯʘʡʥʠ ʠʟʩʣʝʜʦʚʘʪʝʣʩʢʠ ʟʘʜʘʯʠ. 
ʊʝ ʩʘ ʦʨʠʝʥʪʠʨʘʥʠ ʠ ʩʘ ʥʘʤʝʨʠʣʠ ʧʨʠʣʦʞʝʥʠʝ ʚ ʤʥʦʛʦ ʦʪʨʘʩʣʠ ʥʘ ʧʨʦʤʠʰʣʝʥʦʩʪʪʘ. 

 
ʂʣʶʯʦʚʠ ʜʫʤʠ: ʭʠʜʨʦʩʪʘʪʠʯʥʘ ʪʨʘʥʩʤʠʩʠʷ, ʫʩʠʣʚʘʪʝʣ ʥʘ ʥʘʣʷʛʘʥʝ, ʭʠʜʨʘʚʣʠʯʝʥ 

ʚʠʙʨʘʪʦʨ, ʭʠʜʨʘʚʣʠʯʝʥ ʚʲʣʥʦʚ ʛʝʥʝʨʘʪʦʨ, ʚʠʪʣʦ 
 

It is known that life of department is measured by stages of research and designer works. 
In this article are shortly described the works of Scientific group of the Hydrostatic power drives 

of department of Hydraulic machines, Peter the Great St. Petersburg  Polytechnic University (in the 
past ï the Leningrad Polytechnic Institute of M. I. Kalinin) for a long period ï about 45 years, since 
the beginning of my work as the junior researcher. 

All period Professor Isaev Yury Mitrofanovich is the research supervisor ï the scientist with 
considerable scientific talent and very wide scientific erudition. He and Associate Professor Filatov 
Ivan Nikolaevich had create in 1970 the Group of Hydrostatic powers drive at our department and 
now U. M. Isaev is the organizer of all research works. 

The first work in which I took part was creation of a hydraulic actuator of pistons of the air 
compressor. It had replace the compressor with the diesel engine which can't work with a 
considerable depth under water (a lot of air is necessary). The main tasks were ï design, 
production and testing for working ability check of hydraulic actuator. 

The following work was creation of the hydraulic multiplier of pressure for testing of safety 
valves of high pressure. They are applied in hydraulic standing up bar of the arch in coal mines. 
We did not find the ready-madden machine with needed parameters. Multiplier has been created 
according to the known scheme (Fig.1). 

Calculations had been made, the engineering design was executed and the hydraulic multiplier 
was made with maximal performance ï discharge 30 dm3 /min and pressure 40 MPa. Flow rate 
characteristics of the valve has been obtained for various pressure and discharge. 

The regime at which vibration of locking element of valve appeared was defined. 
The most significant research and design work was creation of the hydraulic power drive of the 

underwater-mechanized tools. 
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Fig. 1 Scheme of multiplier 

 
It includes: pump stations ï underwater and ship based, hydraulic tools: small and big drills, 

chain and abrasive saws, soil displacer, screw and nut twister, rope cutter and remover of rowing 
screws of the ship. All this equipment has been successfully tested on the Black Sea Base and 
gave back to the customer. My personal participation ï designing and maintenance of production 
of screw and nut twister, rope cutter and remover of rowing screws of the ship and the organization 
of their tests. 

The hydrostatic power drive was created according to the opened scheme of circulation of 
liquid with use of standard pumps and hydraulic engines. The situation of stability of the diver when 
he was forced by jet force from the tool was the main problem. Naturally, there were also other 
problems, which were successfully solved. 

The following research and design work has been devoted to the hydraulic vibration technics. 
There was created the small electric-hydraulic vibrator. His operability was checked when testing 
of vibration durability of large reinforced concrete design. 

The second, more powerful vibrator was intended for geophysical surveys. Geophysics could 
define availability of minerals at a depth underground with its helps. Earlier for this purpose applied 
an expensive and dangerous way of explosion. The electric-hydraulic machine, in comparison with 
an explosive way, allowed to regulate the frequency and amplitude of the created seismic signal 
and to receive more informative picture from seismic sensors of the reflected fluctuations. 

Work, which became a basis of my Master's Thesis ï creation and research of the hydraulic 
generator of waves of deformation of a flexible gear wheel of a wave reducer. It intended for turn in 
the horizontal plane of the large-size antenna of the radio telescope. The mechanical generators of 
waves of deformation used to this purpose have the considerable rotating masses that are the 
reason of strong vibration and distorts a picture of radio sounding of space.  

The scheme of the hydraulic generator is submitted on Figs. 2 - initiating block and 3 - 
executive block. The initiating block ï the fluctuating disk and hydraulic cylinders. The executive 
block ï hydraulic cylinders, which rods rest outside against a flexible cover with an internal gear 
wreath. 
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Fig. 2 Initiating block of the hydraulic generator 

 
Teeth of a flexible wheel have gearing in two diametrically located zones with teeth of rigid 

wheel which rotates an output shaft. When the initial shaft rotates, the disk makes oscillating 
motions and serially pushes rods of hydraulic cylinders. 

The liquid which is forced out from them moves on tubes to executive hydraulic cylinders. Their 
rods deform a flexible cover and give it the form of an ellipse. Rotating of axes of an ellipse 
changes the provision of zones of gearing of teeth. The difference of numbers of teeth provides 
turn of a rigid wheel and shaft. The main advantage of such generator ï a small lag effect and 
smaller probability of emergence of vibration. Special researches revealed the high kinematic 
precision of the drive. Mechanical parameters of the drive: transfer number 100, the maximum 
torque on output shaft - 4 kNm. A weak link of such generator is dominance submissiveness of 
change of temperature on quality of work and a pliability of hydraulic links, which create incorrect 
transmission of moving. Graphs show depending of incorrect transmission of moving on pressure 
and length of tube (Figs 4, 5). Photo of testing stand is on Figure 6. 

Frequency qualities of the drive had been investigated only theoretically. 
The main result of work ï confirmation of working ability and writing of a Method of calculation 

of the harmonic drive with the hydraulic generator of waves of elastic deformation. 
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Fig. 3 Initiating block of the hydraulic generator 
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Fig. 4 The dependence of the displacement error on the initial pressure 
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Fig. 5 The dependence of the displacement error on the length of the pipeline 

 

 
Fig. 6 Photo of testing stand 
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There is the formula for torque on initial shaft when the transmission is unloaded: 

ὓ ῳὓ̃ Ὧ̊ ὔὊὴ̇ ὃςϳ Ὢὢ Ⱦ“ ,       (1) 

ȹMʇ ï torque of friction in bearing of output shaft; 
kʅ ï coefficient which depend on loses in gearing, maximal radial deformation of 

flexible wheel, displacement of rod of initial cylinder and hydraulic loses; 
N ï number of cylinders in initial block; 
F ï piston aria of initial cylinder; 

pʞ ï part of pressure depending on rigidity of flexible wheel; 
A ï design parameter of initial block; 
f ï coefficient of friction of rod and directive rin; 

Xmax ï maximal stroke of rod of initial cylinder. 
The technical innovation applied in a design is protected in the USSR by the Copyright 

Certificate on the invention No. 377171 "Wave transmission". It was interesting work - designing 
and creation of the hydraulic-acoustic sound emitter, which produce noises of screws of the ships 
and boats. In that device the analog electric signal, which was written down in memory, operate the 
hydraulic booster of power which rules the movement of the rod of a differential hydraulic cylinder 
and membrane of radiator. 

The project of the winged propeller for an underwater object with low, in comparison with 
screw, noise during the work, became new for that time.         

Two pairs of horizontal wings perform the returnable-rotary movement relatively levers, and 
levers similarly moved in the vertical plane relatively the house. Thus the movement of a tail of fish 
is imitate. The movement was performed by not full-rotary plate hydraulic engines ï hydraulic 
quadrants. The autonomous pump station and hydraulic devices were located in a pipe with a 
diameter of 400 millimeters. 

One of the latest works ï a research of control systems of a ring lock of the gate apparatus of 
water turbine. There were test volumetric (hydrostatic) and throttle ways of synchronization of the 
movement of three hydraulic cylinders. Photo of testing machine is on Figure 7. 

Both types of synchronization showed not very different results. Application of such lock may 
excludes the accident on Sayano-Shushenskaya hydroelectric power station, Russian river Yenisei. 
The last project was development and testing of hydrostatic power drive for regulating of supply of fuel 
in gas-turbine installation. It provided various modes of return and rotary movement of a ring and 
blades connected to it. It performs like the blades of directing device of hydraulic turbine. 
 

 

Fig. 7 Testing machine for ring lock 
 

It is not the full list of research works of our scientific group. 
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ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʩʣʝʜʚʘʥʝ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʧʦʞʘʨ ʧʨʠ ʘʚʪʦʤʦʙʠʣʠ. ʄʝʪʦʜʠʢʘ 
ʥʘ ʠʟʩʣʝʜʚʘʥʝ ʠ ʠʟʤʝʨʚʘʪʝʣʥʘ ʘʧʘʨʘʪʫʨʘ 

 
ʂʘʤʝʥ ɻʨʦʟʜʘʥʦʚ, ʉʚʝʪʣʠʥ ɸʥʪʦʥʦʚ, ɸʥʛʝʣ ʊʝʨʟʠʝʚ, ɼʝʪʝʣʠʥ ʉʧʘʩʦʚ, 

ʉʪʘʥʠʤʠʨ ʂʘʨʘʧʝʪʢʦʚ, ʀʚʘʥ  ɸʥʪʦʥʦʚ  

 
ʆʧʠʩʘʥʘ ʝ ʤʝʪʦʜʠʢʘʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝ ʠ ʫʩʣʦʚʠʷʪʘ, ʧʨʠ ʢʦʠʪʦ ʩʘ ʧʨʦʚʝʜʝʥʠ 

ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ. ʀʟʤʝʨʚʘʪʝʣʥʘʪʘ ʪʝʭʥʠʢʘ ʝ ʜʘʜʝʥʘ ʧʦʜʨʦʙʥʦ ʩ ʨʘʙʦʪʥʠʪʝ ʩʠ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʙʭʚʘʪʠ. ʀʟʧʦʣʟʚʘʥʘ ʝ ʠʥʬʨʘʯʝʨʚʝʥʘ ʢʘʤʝʨʘ FLIRE40, ʂʚʘʜʨʦʢʦʧʪʝʨ 
ʜʨʦʥ, ʤʥʦʛʦʢʘʥʘʣʥʠ ʮʠʬʨʦʚ ʪʝʨʤʦʤʝʪʨʠ ʊʉʙ800, ʄʫʣʪʠʬʫʥʢʮʠʦʥʘʣʝʥ ʠʟʤʝʨʠʪʝʣ 
Testo435-4. 

 
ʂʣʶʯʦʚʠ ʜʫʤʠ: ʠʟʤʝʨʚʘʪʝʣʥʘ ʘʧʘʨʘʪʫʨʘ ʧʨʠ ʧʦʞʘʨ, ʪʝʨʤʦʚʠʟʠʦʥʥʘ ʢʘʤʝʨʘ, 

ʢʚʘʜʨʦʢʦʧʪʝʨ ʜʨʦʥ, ʤʥʦʛʦʢʘʥʘʣʥʠ ʮʠʬʨʦʚʠ ʪʝʨʤʦʤʝʪʨʠ ʊʉʙ800, ʤʫʣʪʠʬʫʥʢʮʠʦʥʘʣʝʥ 
ʠʟʤʝʨʠʪʝʣ Testo435-4 

 

Experimental study of ʘ car fire. Methodology of research and measuring equipment 
 

Kamen Grozdanov, Svetlin Antonov, Angel Terziev, Detelin Spasov, 
Stanimir Karapetkov, Ivan Antonov  

 
In this paper is briefly described the methodology of the study and initial conditions under 

which the experiments were carried out. The performance range and precision of the measuring 
equipment were provided in detail. During the experiment the following equipment is used: Infrared 
camera FLIRE40, Quadrocopter drones, Multi-channel digital thermometers TC6800, 
Multifunctional meter Testo 435-4.   

 

Keywords: measuring equipment in fire conditions, infrared camera, Quadrocopter drones, 
Multi-channel digital thermometers TC6800, Multifunctional meter Testo 435-4   

 
ʄʝʪʦʜʠʢʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝ ʠ ʠʟʤʝʨʚʘʪʝʣʥʘ ʘʧʘʨʘʪʫʨʘ 
ʅʝʦʙʭʦʜʠʤʦʩʪʪʘ ʦʪ ʧʨʦʚʝʞʜʘʥʝ ʥʘ ʥʘʪʫʨʝʥ ʝʢʩʧʝʨʠʤʝʥʪ ʝ ʜʘ ʩʝ ʧʨʦʚʝʨʠ ʜʦʢʦʣʢʦ 

ʨʘʟʚʠʪʠʝʪʦ ʠ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝʪʦ ʥʘ ʧʦʞʘʨ ʧʨʠ ʘʚʪʦʤʦʙʠʣʠ ʢʦʨʝʩʧʦʥʜʠʨʘ ʩ ʪʝʦʨʠʷʪʘ ʧʦ 
ʚʲʧʨʦʩʘ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ, ʢʦʠʪʦ ʩʝ ʨʝʛʠʩʪʨʠʨʘʪ ʧʦ ʚʨʝʤʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ ʩʘ ʥʘʧʨʘʚʝʥʠ 
ʥʘ ʦʪʢʨʠʪʦ ʧʨʠ ʘʪʤʦʩʬʝʨʥʠʪʝ ʫʩʣʦʚʠʷ (ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʦʢʦʣʥʘʪʘ ʩʨʝʜʘ, ʩʢʦʨʦʩʪ ʥʘ ʚʷʪʲʨʘ, 
ʦʪʥʦʩʠʪʝʣʥʘ ʚʣʘʞʥʦʩʪ ʥʘ ʚʲʟʜʫʭʘ ʠ ʜʨ.). ɺʩʠʯʢʠ ʥʘʙʣʶʜʝʥʠʷʪʘ ʦʪ ʟʘʧʘʣʚʘʥʝʪʦ ʜʦ ʧʲʣʥʦʪʦ 
ʨʘʟʚʠʪʠʝ ʥʘ ʧʦʞʘʨʘ ʩʘ ʟʘʧʠʩʘʥʠ ʦʪ ʮʠʬʨʦʚʠ ʬʦʪʦʘʧʘʨʘʪʠ, ʠʥʬʨʘʯʝʨʚʝʥʘ ʢʘʤʝʨʘ ʩ 
ʪʝʤʧʝʨʘʪʫʨʝʥ ʦʙʭʚʘʪ -20ÁC ʜʦ +650ÁC. ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʛʦʨʷʱʠʷʪ ʘʚʪʦʤʦʙʠʣ ʩʝ ʟʘʧʠʩʚʘ ʦʪ 
ʠʥʬʨʘʯʝʨʚʝʥʘ ʢʘʤʝʨʘ ʧʦʩʪʘʚʝʥʘ ʧʨʝʜ ʘʚʪʦʤʦʙʠʣʘ ʧʨʠ 2,5 m ʚʠʩʦʯʠʥʘ ʠ ʥʘ 15 m ʦʪ 
ʘʚʪʦʤʦʙʠʣʘ. 
ɺ ʣʠʪʝʨʘʪʫʨʘʪʘ ʩʘ ʠʟʚʝʩʪʥʠ ʤʘʣʢʦ ʥʘʧʨʘʚʝʥʠ ʧʦʜʦʙʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ. ʇʨʠʝʤʘʥʠʷʪʘ ʩʝ 

ʧʨʘʚʷʪ ʩʲʛʣʘʩʥʦ ʤʝʪʦʜʠʯʥʠ ʨʲʢʦʚʦʜʩʪʚʘ ʠ ʧʫʙʣʠʢʘʮʠʠ [1], [2] ʠ [3]. ʀʟʩʣʝʜʚʘʥʝ ʥʘ ʧʦʞʘʨ ʥʘ 
ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʠ ʩʨʝʜʩʪʚʘ ʝ ʥʘʧʨʘʚʝʥʦ [4] ʧʨʠ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʪʝʨʤʦʚʠʟʠʦʥʥʘ  ʢʘʤʝʨʘ ʠ ʩ 
ʥʠʩʲʢ ʪʝʤʧʝʨʘʪʫʨʝʥ ʦʙʭʚʘʪ. 
ɼʠʥʘʤʠʢʘʪʘ ʥʘ ʧʦʞʘʨ ʚ ʣʝʢ ʘʚʪʦʤʦʙʠʣ ʩʝ ʦʧʨʝʜʝʣʷ ʦʪ ʤʷʩʪʦʪʦ ʥʘ ʥʝʛʦʚʦʪʦ ʚʲʟʥʠʢʚʘʥʝ: 

ʦʪʩʝʢ ʟʘ ʜʚʠʛʘʪʝʣʷ, ʩʘʣʦʥ ʟʘ ʧʲʪʥʠʮʠ ʠ ʙʘʛʘʞʝʥ ʦʪʩʝʢ (ʌʠʛ. 1). 
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ʌʠʛ. 1 ʆʙʦʩʦʙʝʥʠ ʟʦʥʠ ʧʨʠ ʚʲʟʥʠʢʚʘʥʝʪʦ ʥʘ ʧʦʞʘʨ 
 

ʇʦʞʘʨʠʪʝ ʧʨʠ ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʨʘʟʜʝʣʝʥʠ ʥʘ ʜʚʝ ʛʨʫʧʠ: ʧʦʞʘʨʠ, 
ʩʚʲʨʟʘʥʠ ʩ ʪʝʭʥʠʯʝʩʢʠ ʥʝʠʟʧʨʘʚʥʦʩʪʠ ʠ ʘʚʘʨʠʠ, ʢʘʢʪʦ ʠ ʫʤʠʰʣʝʥʠ  ʧʦʞʘʨʠ (ʧʘʣʝʞ). 
ʆʩʥʦʚʥʘʪʘ ʮʝʣ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ ʝ ʜʘ ʩʝ ʧʦʣʫʯʠ ʠʥʬʦʨʤʘʮʠʷ ʟʘ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʧʦʞʘʨ ʚ 

ʧʲʪʥʦ ʪʨʘʥʩʧʦʨʪʥʦ ʩʨʝʜʩʪʚʦ, ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ ʧʦʚʝʜʝʥʠʝʪʦ ʥʘ ʣʝʩʥʦʟʘʧʘʣʠʤʠ ʤʘʪʝʨʠʘʣʠ ʚ 
ʥʝʛʦ ʜʦʧʨʠʥʘʩʷʱʠ ʟʘ ʨʘʟʚʠʪʠʝʪʦ ʤʫ. ʇʦʚʨʝʜʠʪʝ ʥʘ ʚʲʟʣʠʪʝ ʠ ʩʠʩʪʝʤʠʪʝ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʧʨʠ 
ʧʲʪʥʦ ʪʨʘʥʩʧʦʨʪʥʠ ʧʨʦʠʟʰʝʩʪʚʠʷ ʩʘ ʝʜʥʘ ʧʨʝʜʧʦʩʪʘʚʢʘ ʟʘ ʚʲʟʥʠʢʚʘʥʝʪʦ ʠ ʨʘʟʚʠʪʠʝʪʦ ʥʘ 
ʧʦʞʘʨʘ. 
ɺʘʞʝʥ ʚʲʧʨʦʩ ʝ  ʧʨʝʭʚʲʨʣʷʥʝʪʦ  (ʧʨʝʥʘʩʷʥʝʪʦ) ʥʘ ʦʛʲʥʷ ʦʪ ʝʜʥʦ ʧʨʝʚʦʟʥʦ ʩʨʝʜʩʪʚʦ ʢʲʤ 

ʥʘʤʠʨʘʱʠʷ ʩʝ ʚ ʩʲʩʝʜʩʪʚʦ ʩ ʜʨʫʛ ʘʚʪʦʤʦʙʠʣ, ʩʛʨʘʜʘ ʠ ʜʨ. 

ʄʝʪʦʜʠʢʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝʪʦ 
ɽʢʩʧʝʨʠʤʝʥʪʘ ʩʝ ʧʨʦʚʝʞʜʘ ʩ ʣʝʢ ʘʚʪʦʤʦʙʠʣ VW Golf, ʤʦʜʝʣ Passat ʚ ʥʘʧʲʣʥʦ ʠʟʧʨʘʚʥʦ 

ʩʲʩʪʦʷʥʠʝ, ʧʨʦʠʟʚʦʜʩʪʚʦ 2000 ʛ. ɸʚʪʦʤʦʙʠʣʘ ʝ ʜʦʩʪʘʚʝʥ ʥʘ ʩʘʤʦʭʦʜ (ʚ ʜʚʠʞʝʥʠʝ), 
ʧʦʟʠʮʠʦʥʠʨʘʥ (ʧʘʨʢʠʨʘʥ) ʚʲʨʭʫ ʙʝʪʦʥʥʘ ʧʦʚʲʨʭʥʦʩʪ ʥʘ ʧʦʣʠʛʦʥ ʥʘ ʆʪʜʝʣ ñʎʝʥʪʲʨ ʟʘ 
ʠʟʩʣʝʜʚʘʥʠʷ ʠ ʝʢʩʧʝʨʪʠʟʠñ ʧʨʠ ɻʣʘʚʥʘ ʜʠʨʝʢʮʠʷ Ăʇʦʞʘʨʥʘ ʙʝʟʦʧʘʩʥʦʩʪ ʠ ʟʘʱʠʪʘ ʥʘ 
ʥʘʩʝʣʝʥʠʝʪʦñ (ɻɼ ʇɹɿʅ), ʚ ʨʘʡʦʥʘ ʥʘ ʩ. ʃʦʟʝʥ. ʅʘ ʨʘʟʩʪʦʷʥʠʝ 0,8 m ʝ ʨʘʟʧʦʣʦʞʝʥ ʣʝʢ 
ʘʚʪʦʤʦʙʠʣ ñPeugeot ñ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʠ ʠʟʤʝʨʚʘʥʝ ʥʘ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝʪʦ ʥʘ ʧʦʞʘʨ ʢʲʤ 
ʩʲʩʝʜʝʥ ʘʚʪʦʤʦʙʠʣ (ʌʠʛ. 2). ɺʩʠʯʢʠ ʚʨʘʪʠ ʠ ʧʨʦʟʦʨʮʠ ʥʘ ʘʚʪʦʤʦʙʠʣʠʪʝ ʩʘ ʟʘʪʚʦʨʝʥʠ ʧʦ 
ʚʨʝʤʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ. ʊʘʙʣʦʪʦ ʚ ʢʫʧʝʪʦ ʝ ʩʲʩ ʩʪʘʥʜʘʨʪʥʦ ʦʙʦʨʫʜʚʘʥʝ, ʚʨʘʪʠʪʝ ʠ 
ʩʝʜʘʣʢʠʪʝ ʩʘ ʪʘʧʠʮʠʨʘʥʠ ʩ ʧʣʘʪ, ʪʘʚʘʥʘ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʝ ʦʪ ʧʣʘʩʪʤʘʩʦʚ ʤʘʪʝʨʠʘʣ. ɺʠʜ ʥʘ 
ʛʦʨʠʚʦʪʦ -  ʙʝʥʟʠʥ-ʛʘʟ, ʢʘʪʦ ʦʪ ʨʝʟʝʨʚʦʘʨʠʪʝ ʝ ʠʟʪʦʯʝʥʦ ʛʦʨʠʚʦ ʠ ʩʘ ʟʘʧʲʣʥʝʥʠ ʩ ʚʦʜʘ ʩ ʮʝʣ 
ʥʝʜʦʧʫʩʢʘʥʝ ʥʘ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝʪʦ ʠʤ ʠ ʩʲʟʜʘʚʘʥʝ ʥʘ ʚʟʨʠʚʦʦʧʘʩʥʠ ʩʤʝʩʠ.  

 

 

ʌʠʛ. 2 ʃʝʢ ʘʚʪʦʤʦʙʠʣ, ʧʦʜʛʦʪʚʝʥ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʧʦʣʠʛʦʥ 
ʥʘ ʦʪʜʝʣ ñʎʝʥʪʲʨ ʟʘ ʠʟʩʣʝʜʚʘʥʠʷ ʠ ʝʢʩʧʝʨʪʠʟʠñ ʧʨʠ ɻɼ Ăʇɹɿʅñ 

ʀʟʤʝʨʚʘʪʝʣʥʘ ʪʝʭʥʠʢʘ 
ʆʩʥʦʚʥʠ ʤʝʪʝʦʨʦʣʦʛʠʯʥʠ ʜʘʥʥʠ (ʚʲʥʰʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʩʢʦʨʦʩʪ ʥʘ ʚʷʪʲʨʘ, ʘʪʤʦʩʬʝʨʥʦ 

ʥʘʣʷʛʘʥʝ ʠ ʜʨʫʛʠ) ʩʘ ʟʘʧʠʩʚʘʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʦ ʧʨʝʜʠ ʠ ʧʦ ʚʨʝʤʝ ʥʘ ʥʘʪʫʨʥʠʷ ʝʢʩʧʝʨʠʤʝʥʪ 
ʩʲʩ ʩʣʝʜʥʘʪʘ ʪʝʭʥʠʢʘ ʠ ʘʧʘʨʘʪʫʨʘ. 



 
18  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

ʄʫʣʪʠʬʫʥʢʮʠʦʥʘʣʝʥ ʠʟʤʝʨʠʪʝʣ: Testo 435-4 ʩʲʩ ʩʦʥʜʠ ʟʘ ʠʟʤʝʨʚʘʥʝ ʠ ʟʘʧʠʩ ʥʘ 
ʧʘʨʘʤʝʪʨʠʪʝ, ʚʣʘʞʥʦʩʪ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʢʘʯʝʩʪʚʦ ʥʘ ʚʲʟʜʫʭʘ (IAQ) ʧʦʢʘʟʘʥʠʷ. ʉ ʚʢʣʶʯʝʥ 
ʩʦʬʪʫʝʨ ComSoft, ʪʝʟʠ ʜʘʥʥʠ ʤʦʛʘʪ ʩʘ ʦʨʛʘʥʠʟʠʨʘʥʠ ʧʦ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʠ ʘʥʘʣʠʟʠʨʘʪ. 
ʉʦʥʜʠʪʝ ʠʟʤʝʨʚʘʪ ʩʣʝʜʥʠʪʝ  ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: ʪʝʨʤʠʯʥʘ ʩʦʥʜʘ ʟʘ ʩʢʦʨʦʩʪ ʩ ʚʛʨʘʜʝʥ 
ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʚʣʘʞʥʦʩʪ ʠʟʤʝʨʚʘʥʝ: 0,5 ʠʥʯʘ ʩ ʪʝʣʝʩʢʦʧʠʯʥʘ ʜʨʲʞʢʘ ʩ  ʦʙʭʚʘʪ ʥʘ ʠʟʤʝʨʚʘʥʝ 
0-3937 FPM / 0 ʜʦ 20 m/s, , ʪʦʯʥʦʩʪ Ñ (5.90 FPM + 5% ʦʪ MV) / Ñ (0,03 ʤ / ʩ + 5% ʦʪ MV) ʠ  IAQ 
ʩʦʥʜʘ ʟʘ ʦʮʝʥʢʘ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʚʲʟʜʫʭʘ, CO2, ʚʣʘʞʥʦʩʪ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʠʟʤʝʨʚʘʥʝ ʥʘ 
ʘʙʩʦʣʶʪʥʦ ʥʘʣʷʛʘʥʝ ʠ ʦʙʭʚʘʪ ʥʘ ʠʟʤʝʨʚʘʥʝ 0 ʜʦ 984 FPM / 0 ʜʦ 5 m/s, ʪʦʯʥʦʩʪ Ñ (5.90 FPM + 
4% ʦʪ MV) / Ñ (0,03m / + 4% ʦʪ MV). 
ʇʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʪ ʠʟʤʝʨʚʘʥʠʷʪʘ  ʩʝ ʦʙʨʘʙʦʪʚʘʪ ʩ ʧʦʤʦʱʪʘ ʥʘ ʢʦʤʧʶʪʲʨʥʘʪʘ 

ʧʨʦʛʨʘʤʘ Microsoft Excel. 
ʀʥʬʨʘʯʝʨʚʝʥʘ ʢʘʤʝʨʘ FLIR E40. ʊʝʭʥʠʯʝʩʢʠ ʧʘʨʘʤʝʪʨʠ: 160 ʭ 120 IR ʨʝʟʦʣʶʮʠʷ. 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʘ ʨʝʟʦʣʶʮʠʷ: 2.72 mrad. ʊʝʨʤʦʯʫʚʩʪʚʠʪʝʣʥʦʩʪ: <0.07ÁC. ʊʝʤʧʝʨʘʪʫʨʝʥ ʦʙʭʚʘʪ 
-20ÁC ʜʦ +650ÁC. ʉʧʦʪʤʝʪʲʨ: 33 boxes with min./max./average. ʀʟʤʝʨʚʘʥʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘ 
ʨʘʟʣʠʢʘ -3.1 Mp ʮʠʬʨʦʚ ʬʦʪʦʘʧʘʨʘʪ ʠ ʝʜʥʘ LED ʩʚʝʪʣʠʥʘ. BluetoothÈ / WiFi-1-2x ʮʠʬʨʦʚʦ 
ʫʚʝʣʠʯʝʥʠʝ. IR ʦʙʣʘʩʪ ʚʲʨʭʫ ʨʝʘʣʥʦʪʦ ʠʟʦʙʨʘʞʝʥʠʝ. 
ʂʚʘʜʨʦʢʦʧʪʝʨ ʜʨʦʥ ʩ ʧʨʦʬʝʩʠʦʥʘʣʥʝʥ ʢʣʘʩ ʢʘʤʝʨʘ ʠ ʦʧʪʠʢʘ - ʚʠʩʦʢʦʢʘʯʝʩʪʚʝʥ ʦʙʝʢʪʠʚ 

ʠ ʦʧʪʠʯʝʥ ʩʝʥʟʦʨ ʢʦʠʪʦ ʧʦʟʚʦʣʷʚʘʪ 2.7K (ʜʦ 30 ʢ/ʩ) ʟʘʧʠʩ ʥʘ ʚʠʜʝʦ ʠ 12 Mpix ʩʥʠʤʢʠ.  
ʉʥʘʙʜʝʥ ʩ ʥʦʚʦ ʧʦʢʦʣʝʥʠʝ ʮʝʥʪʨʘʣʝʥ ʧʦʣʝʪʝʥ ʢʦʥʪʨʦʣʝʨ, ʢʦʡʪʦ ʩʣʝʜʠ, ʩʲʙʠʨʘ ʠ ʘʥʘʣʠʟʠʨʘ 
ʚ ʨʝʘʣʥʦ ʚʨʝʤʝ, ʧʦʩʪʲʧʚʘʱʘʪʘ ʠʥʬʦʨʤʘʮʠʷ ʦʪ ʚʩʠʯʢʠ ʜʘʪʯʠʮʠ ʠ ʩʠʩʪʝʤʠ (GPS, ʦʙʦʨʦʪʠ ʥʘ 
ʤʦʪʦʨʠʪʝ, ʥʘʧʨʝʞʝʥʠʷ ʠ ʜʨ.) ʠ ʢʦʥʪʨʦʣʠʨʘ ʘʜʝʢʚʘʪʥʦ ʜʨʦʥʘ ʩʧʨʷʤʦ ʧʨʦʤʝʥʷʱʠʪʝ ʩʝ ʫʩʣʦʚʠʷ 
ʧʨʠ ʧʦʣʝʪ. ʉʣʝʜʠ ʠ  ʟʘʧʠʩʚʘ ʥʘ ʚʠʜʝʦʪʦ ʚ ʨʝʘʣʥʦ ʚʨʝʤʝ ʩ ʚʛʨʘʜʝʥʘʪʘ FPV ʧʦʜʜʨʲʞʢʘ ʠ HD 
720p ʚʠʜʝʦ ʩʪʨʠʡʤʠʥʛ ʢʲʤ  ʪʘʙʣʝʪʘ. ʆʙʭʚʘʪʲʪ ʥʘ ʚʠʜʝʦ ʩʠʛʥʘʣʘ ʠ ʫʧʨʘʚʣʝʥʠʝʪʦ ʥʘ ʜʨʦʥʘ ʝ 
ʜʦ 2000m.  

 ʇʨʠ ʠʟʧʠʪʚʘʥʝʪʦ ʩʘ ʠʟʧʦʣʟʚʘʥʠ 16 ʙʨ. ʪʝʨʤʦʜʚʦʡʢʠ ʪʠʧ Ăʂò. ʊʝ ʩʘ ʩʚʲʨʟʘʥʠ ʢʲʤ 2 ʙʨʦʷ 
ʤʥʦʛʦʢʘʥʘʣʥʠ ʮʠʬʨʦʚ ʪʝʨʤʦʤʝʪʨʠ ʊʉʙ800, ʩʲʩ ʩʝʨʠʡʥʠ ʥʦʤʝʨʘ ʩʲʦʪʚʝʪʥʦ 01648 ʠ 01729 
(ʤʝʩʪʦʧʦʣʦʞʝʥʠʝʪʦ ʥʘ ʪʝʨʤʦʜʚʦʡʢʠʪʝ ʝ ʧʦʢʘʟʘʥʦ ʥʘ ʬʠʛ. 3). ʋʨʝʜʠʪʝ ʩʘ ʩ ʦʙʭʚʘʪ (0õ1200)Üʉ 
ʠ ʧʨʠʪʝʞʘʚʘʪ ʩʚʠʜʝʪʝʣʩʪʚʦ ʟʘ ʢʘʣʠʙʨʠʨʘʥʝ ʩʲʦʪʚʝʪʥʦ ˉ 18ɸ/12.01.2016 ʛ. ʠ ˉ 
19ɸ/12.01.2016 ʛ., ʠʟʜʘʜʝʥʠ ʦʪ ʬʠʨʤʘ "ʀʥʪʝʨʣʘʙ" ɸɼ.  ʋʨʝʜʠʪʝ ʩʘ ʩʚʲʨʟʘʥʠ ʩ ʧʨʝʥʦʩʠʤ 
ʢʦʤʧʶʪʲʨ Asus ʩ ʧʦʤʦʱʪʘ ʥʘ ʩʝʨʠʝʥ ʧʦʨʪ RS 486 .  

 

 
ʌʠʛ. 3 ʈʘʟʧʦʣʦʞʝʥʠʝ ʥʘ ʪʝʨʤʦʜʚʦʡʢʠ ʧʦʜʛʦʪʚʝʥʠ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘ 

1-ʜʚʠʛʘʪʝʣʝʥ ʦʪʩʝʢ, 2-ʢʫʧʝ ʚʲʪʨʝʰʝʥ ʧʦʢʨʠʚ, 3-ʧʨʝʜʥʦ ʩʪʲʢʣʦ, 4-ʛʦʨʠʚʥʠ ʤʘʨʢʫʯʠ, 5-ʪʘʙʣʦ ʙʫʰʦʥʠ, 7-
ʢʣʶʯʘʣʢʘ ʧʨʝʜʝʥ ʢʘʧʘʢ, 8-ʚʨʘʪʘ ʧʨʝʜʥʘ ʣʷʚʘ, 9-ʚʨʘʪʘ ʧʨʝʜʥʘ ʜʷʩʥʘ,10-ʟʘʜʥʦ ʩʪʲʢʣʦ, 11-ʢʫʧʝ ʧʦʜ, 12-
ʘʨʤʘʪʫʨʥʦ ʪʘʙʣʦ, 13- ʢʘʧʘʢ ʙʘʛʘʞʥʦ ʦʪʜʝʣʝʥʠʝ, 14-ʘʚʪʦʤʦʙʠʣʥʘ ʛʫʤʘ ʧʨʝʜʥʘ ʣʷʚʘ, 15- ʘʚʪʦʤʦʙʠʣʥʘ 

ʛʫʤʘ ʧʨʝʜʥʘ ʜʷʩʥʘ, 16-ʧʨʝʜʥʘ ʣʷʚʘ ʩʝʜʘʣʢʘ 

 
ɿʘ ʠʟʤʝʨʚʘʥʝʪʦ ʝ ʠʟʧʦʣʟʚʘʥ ʣʠʮʝʥʟʠʨʘʥ ʩʦʬʪʫʝʨ ĂPolyMonitorò ʟʘ ʚʠʟʫʘʣʠʟʠʨʘʥʝ ʠ 

ʘʨʭʠʚʠʨʘʥʝ ʥʘ ʜʘʥʥʠʪʝ ʦʪ ʠʟʤʝʨʚʘʥʝʪʦ. 



 

ȟȲȮȺȸȪȯȺȸȮȲȷȪȶȲȴȪ, ȿȲȮȺȸ- Ȳ ȹȷȯȬȶȸȼȯȿȷȲȴȪ   19 
 

 

 ʉ ʥʝʛʦʚʘ ʧʦʤʦʱ ʜʘʥʥʠʪʝ ʦʪ ʠʟʤʝʨʚʘʥʠʷʪʘ ʩʝ ʚʠʟʫʘʣʠʟʠʨʘʪ ʥʘ ʝʢʨʘʥʘ ʧʦ ʚʨʝʤʝ ʥʘ 
ʠʟʧʠʪʚʘʥʝʪʦ ʠ ʩʝ ʘʨʭʠʚʠʨʘʪ ʚʲʚ ʬʘʡʣ ʥʘ ʚʩʝʢʠ 30 s. ɸʚʪʦʤʦʙʠʣʠʪʝ ʧʦʜʛʦʪʚʝʥʠ ʟʘ 
ʝʢʩʧʝʨʠʤʝʥʪʘ ʩʘ ʨʘʟʧʦʣʦʞʝʥʠ ʧʦ ʩʨʝʜʘʪʘ ʥʘ ʧʦʣʠʛʦʥʘ ʩ ʮʝʣ ʦʪʩʪʦʷʚʘʥʝ ʦʪ ʛʦʨʠʤʠ 
ʤʘʪʝʨʠʘʣʠ ʥʘ ʜʦʩʪʘʪʲʯʥʦ ʙʝʟʦʧʘʩʥʦ ʨʘʟʩʪʦʷʥʠʝ.  ʊʝʭʥʠʢʘʪʘ ʠ ʘʧʘʨʘʪʫʨʘʪʘ, ʢʦʠʪʦ ʠʟʤʝʨʚʘʪ 
ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ ʝʢʩʧʝʨʠʤʝʥʪʘ ʩʘ ʨʘʟʧʦʣʦʞʝʥʘ ʥʘ 25 m ʦʪ ʛʦʨʷʱʠʪʝ ʣʝʢʠ ʘʚʪʦʤʦʙʠʣʠ. 
ʆʩʠʛʫʨʝʥ ʝ ʧʨʝʥʦʩʠʤ ʝʣʝʢʪʨʠʯʝʩʢʠ ʛʝʥʝʨʘʪʦʨ ʟʘʱʠʪʝʥ ʚ ʨʠʩʢʦʚʘʪʘ ʟʦʥʘ  ʦʪ ʦʪʢʨʠʪʠ ʧʣʘʤʲʮʠ 
ʠ ʠʟʪʦʯʥʠʮʠ ʥʘ ʠʩʢʨʘ. ʊʝʨʤʦʜʚʦʡʢʠʪʝ ʩʘ ʧʦʩʪʘʚʝʥʠ ʩʲʛʣʘʩʥʦ ʠʥʩʪʨʫʢʮʠʷʪʘ ʥʘ 
ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʠ ʧʨʠ ʩʧʘʟʚʘʥʝ ʠʟʠʩʢʚʘʥʠʷʪʘ ʥʘ ʥʝʟʘʚʠʩʠʤʘ ʯʘʩʪʥʘ ʣʘʙʦʨʘʪʦʨʠʷ ĂFPLUSñ, ʟʘ 
ʠʟʧʠʪʚʘʥʝ, ʠʟʩʣʝʜʚʘʥʝ ʠ ʩʝʨʪʠʬʠʢʘʮʠʷ ʧʦ ʢʨʠʪʝʨʠʡ "ʨʝʘʢʮʠʷ ʥʘ ʦʛʲʥ", Ăʫʩʪʦʡʯʠʚʦʩʪ ʥʘ 
ʦʛʲʥñ, "ʩʠʩʪʝʤʠ ʟʘ ʫʧʨʘʚʣʝʥʠʝ ʥʘ ʦʛʲʥ ʠ ʜʠʤ", ʠʟʤʝʨʚʘʥʝ ʥʘ ʜʝʙʝʣʠʥʘ ʥʘ ʦʛʥʝʟʘʱʠʪʥʠ 
ʧʦʢʨʠʪʠʷ. 
ɼʦʧʲʣʥʠʪʝʣʥʘ ʪʝʨʤʦʜʚʦʡʢʘ ʝ ʧʦʩʪʘʚʝʥʘ ʥʘ ʧʨʝʜʥʘʪʘ ʣʷʚʘ ʚʨʘʪʘ ʥʘ ʙʣʠʟʢʦ 

ʨʘʟʧʦʣʦʞʝʥʠʷ ʘʚʪʦʤʦʙʠʣ (ʌʠʛ. 4). 

 
ʌʠʛ. 4 ʈʘʟʧʦʣʦʞʝʥʠʝ ʥʘ ʪʝʨʤʦʜʚʦʡʢʘ ˉ 6 ʥʘ ʧʨʝʜʥʘ ʣʷʚʘ ʚʨʘʪʘ  

ʢʲʤ ʙʣʠʟʢʦ ʩʪʦʷʱ ʣʝʢ ʘʚʪʦʤʦʙʠʣ ʥʘ ʨʘʟʩʪʦʷʥʠʝ 0,8m 
 
ɹʝʟʦʧʘʩʥʦʩʪʪʘ ʧʨʠ ʦʩʲʱʝʩʪʚʷʚʘʥʝʪʦ ʥʘ ʥʘʪʫʨʥʠʷ ʝʢʩʧʝʨʠʤʝʥʪ ʩʝ ʦʩʠʛʫʨʷʚʘ ʦʪ 

ʧʨʦʪʠʚʦʧʦʞʘʨʝʥ ʝʢʠʧ  ʧʨʠ ʉʝʜʤʘ ʈʉʇɹɿʅ ʧʨʠ ɻɼʇɹɿʅ. 

ʇʘʨʘʤʝʪʨʠ ʥʘ ʦʢʦʣʥʘʪʘ ʩʨʝʜʘ 
ʇʦ ʚʨʝʤʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ ʩʝ ʠʟʤʝʨʚʘʪ ʦʩʥʦʚʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʦʢʦʣʥʘʪʘ ʩʨʝʜʘ-

ʘʪʤʦʩʬʝʨʥʦ ʥʘʣʷʛʘʥʝ, ʦʪʥʦʩʠʪʝʣʥʘ ʚʣʘʞʥʦʩʪ, ʩʢʦʨʦʩʪ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʲʟʜʫʭʘ. 
ʀʟʤʝʨʚʘʥʠʷʪʘ ʩʘ ʦʪʯʠʪʘʥʠ ʧʨʝʟ 30 s, ʟʘʧʦʯʚʘʡʢʠ ʦʪ ʚʨʝʤʝʪʦ ʥʘ ʧʲʣʥʦʪʦ ʨʘʟʚʠʪʠʝ ʥʘ 

ʧʦʞʘʨʘ 13:19Ñ13,26 ʯ. ɸʪʤʦʩʬʝʨʥʦʪʦ ʥʘʣʷʛʘʥʝ (ʌʠʛ. 5) ʩʝ ʟʘʧʘʟʚʘ ʧʦʯʪʠ ʧʦʩʪʦʷʥʥʦ ʧʦ ʚʨʝʤʝ 
ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ, ʢʘʪʦ ʩʝ ʤʝʥʠ ʥʝʟʥʘʯʠʪʝʣʥʦ ʩʲʩ ʩʣʘʙʦ ʠʟʨʘʟʝʥʘ ʪʝʥʜʝʥʮʠʷ ʢʲʤ 
ʥʘʤʘʣʷʚʘʥʝ ʦʪ 925 hPʘ ʜʦ 924 hPʘ. ʇʨʦʤʷʥʘʪʘ ʥʝ ʝ ʨʝʟʫʣʪʘʪ ʦʪ ʥʘʣʠʯʠʝ ʥʘ ʦʛʥʠʱʝ ʥʘ 
ʧʦʞʘʨ. 

 
ʌʠʛ. 5 ʀʟʤʝʥʝʥʠʝ ʥʘ ʘʪʤʦʩʬʝʨʥʦʪʦ ʥʘʣʷʛʘʥʝ ʧʦ ʚʨʝʤʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ 
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ʀʟʤʝʥʝʥʠʝʪʦ ʥʘ ʩʢʦʨʦʩʪʪʘ ʥʘ ʚʷʪʲʨʘ (ʌʠʛ. 6), ʢʘʢʪʦ ʠ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʤʫ ʠʤʘʪ ʩʠʣʥʦ 
ʠʟʨʘʟʝʥ ʪʫʨʙʫʣʝʥʪʝʥ ʭʘʨʘʢʪʝʨ. ʉʢʦʨʦʩʪʪʘ ʩʝ ʤʝʥʠ ʚ ʠʥʪʝʨʚʘʣʘ ʦʪ 0 ʜʦ 5 m/s ʧʨʠ ʦʪʯʝʪʝʥʘ 
ʩʨʝʜʥʘ ʩʢʦʨʦʩʪ ʦʢʦʣʦ 2,8 m/s. 
 

 
ʌʠʛ. 6 ʀʟʤʝʥʝʥʠʝ ʥʘ ʩʢʦʨʦʩʪʪʘ ʥʘ ʚʲʟʜʫʭʘ 

 
ʊʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʚʲʟʜʫʭʘ (ʌʠʛ. 7) ʩʝ ʤʝʥʠ ʥʝʨʝʛʫʣʠʨʫʝʤʦ ʧʨʝʟ ʚʨʝʤʝʪʨʘʝʥʝʪʦ ʥʘ  

ʝʢʩʧʝʨʠʤʝʥʪʘ ʚ ʛʨʘʥʠʮʠʪʝ 10ʦʉ ʜʦ 16ʦʉ. 
 

 
ʌʠʛ. 7 ʀʟʤʝʥʝʥʠʝ ʥʘ ʤʦʤʝʥʪʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʦʢʦʣʥʠʷ ʚʲʟʜʫʭ 
 
ʆʪ ʧʦʣʫʯʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʦʢʦʣʥʘʪʘ ʩʨʝʜʘ ʤʦʞʝ ʜʘ ʩʝ ʪʚʲʨʜʠ, ʯʝ ʠʟʤʝʥʝʥʠʝʪʦ ʩʝ 

ʜʲʣʞʠ ʤʥʦʛʦ ʩʣʘʙʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʧʦʞʘʨʘ. ʉʘʤʦ ʚ ʦʧʨʝʜʝʣʝʥʠ ʠʥʪʝʨʚʘʣʠ ʧʦ ʚʨʝʤʝ ʦʪ 
13:26 h ʜʦ 14:02 h, ʧʨʠʝʤʘ ʩʪʦʡʥʦʩʪʠ ʧʦ-ʛʦʣʝʤʠ ʦʪ 12ʦʉ ʠ ʝʜʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘ ʨʘʟʣʠʢʘ ʦʪ 
Ñ4ʦʉ. ʆʪʥʦʩʠʪʝʣʥʘʪʘ ʚʣʘʞʥʦʩʪ (ʌʠʛ. 8) ʧʦ ʚʨʝʤʝ ʥʘ ʠʥʪʝʥʟʠʚʥʦʪʦ ʛʦʨʝʥʝ (13:26h ʜʦ 14:02h), 
ʩʧʘʜʘ ʦʪ 60% ʜʦ 48%, ʩʣʝʜ ʢʦʝʪʦ ʩʝ ʧʦʚʠʰʘʚʘ ʦʪʥʦʚʦ ʜʦ ʥʘʯʘʣʥʘ ʩʪʦʡʥʦʩʪ. ʊʦʚʘ ʩʝ 
ʦʙʷʩʥʷʚʘ ʩ ʬʘʢʪʘ, ʯʝ ʦʩʥʦʚʥʘʪʘ ʧʦʩʦʢʘ ʥʘ ʚʷʪʲʨʘ (ʩʝʚʝʨʦʟʘʧʘʜ-ʶʛʦʠʟʪʦʢ) ñʧʨʝʤʠʥʘʚʘñ ʥʘʜ 
ʦʛʥʠʱʝʪʦ ʥʘ ʧʦʞʘʨʘ, ʢʘʪʦ ʧʦ ʪʦʟʠ ʥʘʯʠʥ ʚʲʟʜʫʭʘ ʩʝ ʠʟʩʫʰʘʚʘ ʟʘ ʫʧʦʤʝʥʘʪʠʷʪ ʠʥʪʝʨʚʘʣ ʦʪ 
ʚʨʝʤʝ. 

 
ʌʠʛ. 8 ʀʟʤʝʥʝʥʠʝ ʥʘ ʦʪʥʦʩʠʪʝʣʥʘʪʘ ʚʣʘʞʥʦʩʪ ʥʘ ʚʲʟʜʫʭʘ 
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ʂʦʣʝʢʪʠʚʲʪ ʥʘ ʩʪʘʪʠʷʪʘ ʠʟʢʘʟʚʘ ʩʚʦʷʪʘ ʙʣʘʛʦʜʘʨʥʦʩʪ ʥʘ ʩʣʝʜʥʠʪʝ ʬʠʨʤʠ ʠ 
ʢʦʣʝʛʠ: 

1. ɽʢʩʧʝʨʠʤʝʥʪʲʪ ʝ ʬʠʥʘʥʩʠʨʘʥ ʧʦ ʜʦʛʦʚʦʨ ˉ ɼʋʅʂ-01/3 ñʋʥʠʚʝʨʩʠʪʝʪʩʢʠ 
ʥʘʫʯʥʦʠʟʩʣʝʜʦʚʘʪʝʣʩʢʠ ʢʦʤʧʣʝʢʩ (ʋʅʀʂ) ʟʘ ʠʥʦʚʘʮʠʠ ʠ ʪʨʘʥʩʬʝʨ ʥʘ ʟʥʘʥʠʷ ʚ 
ʦʙʣʘʩʪʪʘ ʥʘ ʤʠʢʨʦ/ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ ʠ ʤʘʪʝʨʠʘʣʠ, ʝʥʝʨʛʠʡʥʘ ʝʬʝʢʪʠʚʥʦʩʪ ʠ 
ʚʠʨʪʫʘʣʥʦ ʠʥʞʝʥʝʨʩʪʚʦñ. 

2. ʇʨʦʬ. ʜ-ʨ ɸ. ɹʝʢʷʨʩʢʠ ʠ ʜʦʮ. ʜ-ʨ ʎ. ʄʠʮʝʚ ʟʘ ʧʨʝʜʦʩʪʘʚʝʥʠʪʝ ʪʝʨʤʦʚʠʟʠʦʥʥʠ ʢʘʤʝʨʠ. 
3. ʅʘ ʢʦʣʝʛʠʪʝ  ʜ-ʨ ʠʥʞ. ɼ. ʉʧʘʩʦʚ ï ʧʨʝʧʦʜʘʚʘʪʝʣ ʚ ɸʢʘʜʝʤʠʷ ʥʘ ʄɺʈ, ʠʥʞ. ʇ. ʋʟʫʥʦʚ  ʟʘ 
ʧʨʝʜʦʩʪʘʚʝʥʠʪʝ ʪʝʨʤʦʜʚʦʡʢʠ ʠ ʠʟʤʝʨʚʘʪʝʣʥʘ ʘʧʘʨʘʪʫʨʘ ʟʘ ʘʥʘʣʠʟ. 

4. ʅʝʟʘʚʠʩʠʤʘ ʯʘʩʪʥʘ ʣʘʙʦʨʘʪʦʨʠʷ Ă PLUSñ ʟʘ ʠʟʧʠʪʚʘʥʝ, ʠʟʩʣʝʜʚʘʥʝ ʠ ʩʝʨʪʠʬʠʢʘʮʠʷ 
ʧʦ ʢʨʠʪʝʨʠʡ "ʨʝʘʢʮʠʷ ʥʘ ʦʛʲʥ", Ăʫʩʪʦʡʯʠʚʦʩʪ ʥʘ ʦʛʲʥñ. 

5. ʆʪʜʝʣ ñʎʝʥʪʲʨ ʟʘ ʠʟʩʣʝʜʚʘʥʠʷ ʠ ʝʢʩʧʝʨʪʠʟʠñ ʧʨʠ ɻʣʘʚʥʘ ʜʠʨʝʢʮʠʷ Ăʇʦʞʘʨʥʘ 
ʙʝʟʦʧʘʩʥʦʩʪ ʠ ʟʘʱʠʪʘ ʥʘ ʥʘʩʝʣʝʥʠʝʪʦñ. 

6. ʅʘ ʅʘʯʘʣʥʠʢʘ ʥʘ ʉʝʜʤʘ ʈʉʇɹɿʅ - ʠʥʞ. ʀ. ʀʣʠʝʚ ʟʘ ʦʨʛʘʥʠʟʘʮʠʷʪʘ ʠ ʨʲʢʦʚʦʜʩʪʚʦʪʦ 
ʟʘ ʦʩʠʛʫʨʷʚʘʥʝ ʥʘ ʙʝʟʦʧʘʩʥʦʩʪʪʘ ʧʨʠ ʧʨʦʚʝʞʜʘʥʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘ. 
 
ʃʠʪʝʨʘʪʫʨʘ 

1. ʄʝʪʦʜʠʯʝʩʢʦ ʨʲʢʦʚʦʜʩʪʚʦ ʟʘ ʫʩʪʘʥʦʚʷʚʘʥʝ ʥʘ ʧʨʠʯʠʥʠʪʝ ʟʘ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʧʦʞʘʨʠ, 
ʅʇʀʇɹɿʅ-ʄɺʈ, ʉʦʬʠʷ, 2007. 

2. NEPA 921 Guide for fire explosion investigations, 2008. 
3. ʉʪʦʷʥʦʚ, ʇʦʞʘʨʦ-ʪʝʭʥʠʯʝʩʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʠ ʩʨʝʜʩʪʚʘ, ʉʦʬʠʷ, 
ʅʘʫʯʥʦ-ʧʨʠʣʦʞʝʥ ʠʥʩʪʠʪʫʪ ʇɹɿʅ, 1998. 

4. Computer Modelling of Automobile Fires. Chapter 9.2012. 
5. Johan Mangs, On the fire dynamics of vehicles and electrical equipment, VTT Publications 

521. 
 
 
ʤʘʛ. ʠʥʞ. ʂʘʤʝʥ ɻʨʦʟʜʘʥʦʚ, ʊʋ-ʉʦʬʠʷ, ʢʘʪʝʜʨʘ Ăʍʠʜʨʦʘʝʨʦʜʠʥʘʤʠʢʘ ʠ ʭʠʜʨʘʚʣʠʯʥʠ 

ʤʘʰʠʥʠñ, e-mail: kamen_65@abv.bg  
ʛʣ. ʘʩ. ʜ-ʨ ʉʚʝʪʣʠʥ ɸʥʪʦʥʦʚ, ʊʋïʉʦʬʠʷ, ʢʘʪʝʜʨʘ Ăʈʘʜʠʦʢʦʤʫʥʠʢʘʮʠʠ ʠ ʚʠʜʝʦ-

ʪʝʭʥʦʣʦʛʠʠò, e-mail: mfantonov@abv.bg   
ʜʦʮ. ʜ-ʨ ɸʥʛʝʣ ʊʝʨʟʠʝʚ, ʊʋïʉʦʬʠʷ, ʢʘʪʝʜʨʘ Ăʍʠʜʨʦʘʝʨʦʜʠʥʘʤʠʢʘ ʠ ʭʠʜʨʘʚʣʠʯʥʠ 

ʤʘʰʠʥʠñ, e-mail: aterziev@tu-sofia.bg   
ʜ-ʨ ʠʥʞ. ɼʝʪʝʣʠʥ ʉʧʘʩʦʚ, ɸʢʘʜʝʤʠʷ ʥʘ ʄɺʈ, e-mail: ssov@fplus-eu.com  
ʧʨʦʬ. ʜ.ʪ.ʥ. ʉʪʘʥʠʤʠʨ ʂʘʨʘʧʝʪʢʦʚ, ʀʇʌïʉʣʠʚʝʥ, ʢʘʪʝʜʨʘ Ăʄʝʭʘʥʠʢʘ, ʤʘʰʠʥʦʩʪʨʦʝʥʝ ʠ 

ʪʦʧʣʦʪʝʭʥʠʢʘò, skarapetkov@tu-sofia.bg  
ʧʨʦʬ. ʜ.ʪ.ʥ. ʀʚʘʥ ɸʥʪʦʥʦʚ, ʊʋïʉʦʬʠʷ, ʢʘʪʝʜʨʘ Ăʍʠʜʨʦʘʝʨʦʜʠʥʘʤʠʢʘ ʠ ʭʠʜʨʘʚʣʠʯʥʠ 

ʤʘʰʠʥʠñ, e-mail: mfantonov@abv.bg    

  

mailto:kamen_65@abv.bg
mailto:mfantonov@abv.bg
mailto:aterziev@tu-sofia.bg
mailto:ssov@fplus-eu.com
mailto:skarapetkov@tu-sofia.bg
mailto:mfantonov@abv.bg


 
22  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

 
 
 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʩʣʝʜʚʘʥʝ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʧʦʞʘʨ ʧʨʠ ʘʚʪʦʤʦʙʠʣʠ. ʈʝʟʫʣʪʘʪʠ 
ʠ ʘʥʘʣʠʟʠ 

 
ʂʘʤʝʥ ɻʨʦʟʜʘʥʦʚ, ʉʚʝʪʣʠʥ ɸʥʪʦʥʦʚ, ɸʥʛʝʣ ʊʝʨʟʠʝʚ, ɼʝʪʝʣʠʥ ʉʧʘʩʦʚ,  

ʉʪʘʥʠʤʠʨ ʂʘʨʘʧʝʪʢʦʚ, ʀʚʘʥ  ɸʥʪʦʥʦʚ  

 
ɺ ʨʘʙʦʪʘʪʘ ʝ ʦʧʠʩʘʥʘ ʤʝʪʦʜʠʢʘʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʧʦʞʘʨʠ ʠ ʠʟʤʝʨʚʘʪʝʣʥʘʪʘ 

ʪʝʭʥʠʢʘ. ʇʨʠʚʝʜʝʥʠ ʩʘ ʥʷʢʦʠ ʦʪ ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʪʥʦʩʥʦ ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦ ʧʦ 
ʚʨʝʤʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʧʨʠ ʧʦʞʘʨ ʚʲʚ ʚʲʟʣʦʚʠ ʪʦʯʢʠ ʦʪ ʢʦʨʧʫʩʘ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʧʨʠ 
ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʜʚʘ ʤʝʪʦʜʘ ʥʘ ʦʪʯʠʪʘʥʝʪʦ ḓ.  
ʀʟʩʣʝʜʚʘ ʩʝ ʚʲʟʤʦʞʥʦʩʪʪʘ ʢʘʪʦ ʚʨʝʤʝʚʠ ʠʥʪʝʨʚʘʣ ʟʘ ʧʨʝʥʘʩʷʥʝ ʥʘ ʦʛʲʥʷ ʢʲʤ 

ʩʲʩʝʜʥʠ ʘʚʪʦʤʦʙʠʣʠ, ʧʦʜʧʘʣʚʘʥʝʪʦ ʠ ʠʟʛʘʨʷʥʝʪʦ ʤʫ. 
ʇʨʠʚʝʜʝʥʠ ʩʘ ʠʟʚʦʜʠʪʝ ʟʘ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʧʦʞʘʨʘ ʩ ʝʚʝʥʪʫʘʣʥʦ ʧʨʠʣʦʞʝʥʠʝ ʥʘ 

ʨʝʟʫʣʪʘʪʠʪʝ. 
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Experimental study of ʘ car fire. Result and analysis 
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The work presents the on-site fire test methodology and the measuring technique. Some of the 

results obtained concerning the temperature distribution during a fire at a specific measuring points 
of the vehicle are presented using two different reporting methods.  

It is shown the way fire moves to adjacent car over time and when firing and burning of the 
vehicle starts.   

The conclusions about fire development are made as some practical applications are 
presented.  
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ʈʝʟʫʣʪʘʪʠ ʦʪ ʧʨʦʚʝʜʝʥʠʷ ʝʢʩʧʝʨʠʤʝʥʪ 
ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʠʟʩʣʝʜʚʘʥʠʷ ʩʚʲʨʟʘʥʠ ʩ ʛʦʨʝʥʝʪʦ ʥʘ ʘʚʪʦʤʦʙʠʣ ʩʝ ʧʨʦʚʝʜʦʭʘ ʥʘ 

06.04.2017 ʛ. ʚ 12,58 ʯʘʩʘ ʚ ʧʦʣʠʛʦʥʘ ʚ ʩ. ʃʦʟʝʥ, ʢʘʪʦ ʥʘʯʘʣʦʪʦ ʥʘ ʧʦʞʘʨʘ ʝ ʚ ʜʚʠʛʘʪʝʣʥʠʷʪ 
ʦʪʩʝʢ, ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʛʘʨʷʥʝʪʦ ʥʘ ʦʢʦʣʦ 0,2 ml ʙʝʥʟʠʥ ʩ ʦʛʣʝʜ ʩʠʤʫʣʠʨʘʥʝ ʥʘ ʨʘʟʢʲʩʘʥ 
ʛʦʨʠʚʝʥ ʤʘʨʢʫʯ. ʉʣʝʜ ʟʘʧʘʣʚʘʥʝ ʥʘ ʜʚʠʛʘʪʝʣʥʠʷʪ ʦʪʩʝʢ ʢʘʧʘʢʘ ʥʘ ʜʚʠʛʘʪʝʣʷ ʩʝ ʟʘʪʚʘʨʷ. ɼʚʝ 
ʤʠʥʫʪʠ ʦʪ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʧʦʞʘʨʘ ʩʝ ʥʘʙʣʶʜʘʚʘ ʟʘʜʠʤʷʚʘʥʝ ʦʪ ʢʘʧʘʢʘ ʥʘ ʜʚʠʛʘʪʝʣʷ. ʉʣʝʜ 
ʧʝʪʘʪʘ ʤʠʥʫʪʘ ʧʣʲʪʥʦʩʪʪʘ ʥʘ ʜʠʤʘ ʧʨʦʥʠʢʚʘʱ ʥʘʜ ʢʘʧʘʢʘ ʥʘ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ ʥʘʤʘʣʷʚʘ. 
ʆʧʠʪʘ ʧʦʢʘʟʚʘ, ʯʝ ʝ ʦʛʨʘʥʠʯʝʥʦʪʦ ʢʦʣʠʯʝʩʪʚʦ ʥʘ ʚʲʟʜʫʭ ʚ ʜʚʠʛʘʪʝʣʥʠʷʪ ʦʪʩʝʢ, ʢʦʝʪʦ ʥʝ 

ʩʧʦʤʘʛʘ ʟʘ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝʪʦ ʥʘ ʟʘʧʘʣʚʘʥʝʪʦ ʠ ʚʦʜʠ ʜʦ ʟʘʪʠʭʚʘʥʝʪʦ ʤʫ. ʀʟʤʝʨʝʥʠʪʝ 
ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʧʲʨʚʠʪʝ 40 min (ʌʠʛ. 1) ʜʘʚʘʪ ʦʩʥʦʚʘʥʠʝ ʜʘ ʩʝ ʧʨʝʜʧʦʣʦʞʠ, ʯʝ ʥʝ ʝ ʚʲʟʤʦʞʥʦ 
ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ ʥʘ  ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ ʚ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ ʢʘʢʪʦ ʠ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝ ʥʘ 
ʦʛʲʥʷ ʧʨʝʟ ʪʝʭʥʦʣʦʛʠʯʥʠʪʝ ʦʪʚʦʨʠ ʢʲʤ ʢʫʧʝʪʦ ʥʘ ʧʨʝʚʦʟʥʦʪʦ ʩʨʝʜʩʪʚʦ, ʢʦʛʘʪʦ ʥʝ ʝ ʚ 
ʜʚʠʞʝʥʠʝ. 
ɿʘ ʚʨʝʤʝʪʦ ʦʪ 10 ʜʦ 20 min, ʧʨʦʚʝʜʝʥʠʪʝ ʥʷʢʦʣʢʦ ʦʧʠʪʘ ʜʘ ʩʝ ʧʨʝʜʠʟʚʠʢʘ ʛʦʨʝʥʝ ʦʪ 

ʩʲʱʦʪʦ ʤʷʩʪʦ ʧʦʜ ʚʲʟʜʝʡʩʪʚʠʝʪʦ ʥʘ ʚʧʨʲʩʢʘʥʦ ʛʦʨʠʚʦ ʠʤʠʪʠʨʘʱ ʨʘʟʚʠʪʠʝ ʥʘ ʧʦʞʘʨ ʚ 
ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ ʧʨʠ ʟʘʪʚʦʨʝʥ ʢʘʧʘʢ ʥʝ ʜʘʚʘ ʨʝʟʫʣʪʘʪ. ʊʝʨʤʦʜʚʦʡʢʘ ˉ1 ʥʝ ʨʝʛʠʩʪʨʠʨʘ 
ʧʦʚʠʰʘʚʘʥʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʚ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ. 
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ʉʣʝʜ ʧʦʚʪʦʨʥʦ ʟʘʧʘʣʚʘʥʝ ʩʲʩ ʩʲʱʦʪʦ ʢʦʣʠʯʝʩʪʚʦ ʙʝʥʟʠʥ ʜʠʤʘ ʥʘʜ ʢʘʧʘʢʘ ʩʪʘʚʘ ʧʦ 
ʧʣʲʪʝʥ ʩʲʩ ʩʢʦʨʦʩʪ ʥʘ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʚʝʯʝ ʦʪ 5 m/s. 

 

 

ʌʠʛ. 1 ʀʟʤʝʨʝʥʠ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ ʚ ʥʘʯʘʣʦʪʦ ʥʘ ʪʝʩʪʘ 
 
ʈʘʟʧʦʣʦʞʝʥʠʝʪʦ ʥʘ ʪʝʨʤʦʜʚʦʡʢʠʪʝ ʝ ʩʲʛʣʘʩʥʦ ʜʘʜʝʥʦʪʦ ʚ [4]. ʊʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ 

ʛʘʟʦʚʝʪʝ  ʚ ʧʲʨʚʠʪʝ 5 min ʩʣʝʜ ʧʦʚʪʦʨʥʦʪʦ ʟʘʧʘʣʚʘʥʝ ʚ ʟʘʪʚʦʨʝʥʠʪʝ ʯʘʩʪʠ ʦʪ ʢʦʣʘʪʘ, ʢʘʢʪʦ ʠ 
ʥʘʜ ʢʘʧʘʢʘ, ʜʚʠʛʘʪʝʣʷ ʠʣʠ ʥʘ ʧʦʢʨʠʚʘ ʩʝ ʧʦʚʠʰʘʚʘʪ ʜʦ 155-480Áʉ (ʌʠʛ. 2). 
 

 

ʌʠʛ. 2  ʀʟʤʝʨʝʥʠ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ ʧʨʠ ʟʘʪʚʦʨʝʥ ʢʘʧʘʢ 
 
ʅʘʙʣʶʜʘʚʘʥʠ ʜʝʡʩʪʚʠʷ: ʜʷʩʥʘʪʘ ʩʪʨʘʥʘ ʥʘ ʣʝʢʠʷ ʘʚʪʦʤʦʙʠʣ ʝ ʩʲʩ ʩʪʦʧʝʥʘ ʧʣʘʩʪʤʘʩʘ 

ʥʘ ʤʠʛʘʯʠʪʝ. ʇʣʘʩʪʤʘʩʘʪʘ ʥʘ ʩʪʨʘʥʠʯʥʦʪʦ ʦʛʣʝʜʘʣʦ ʟʘ ʟʘʜʥʦ ʚʠʞʜʘʥʝ ʚ ʜʷʩʥʘʪʘ ʩʪʨʘʥʘ ʠ 
ʦʢʦʣʦ ʥʝʛʦ ʩʲʱʦ ʝ ʩʪʦʧʝʥʘ. ʉʪʦʧʝʥ ʝ ʜʝʩʥʠʷ ʬʘʨ ʠ ʙʨʦʥʷʪʘ ʧʦʜ ʥʝʛʦ. ʆʧʫʰʚʘʥʝ ʥʘ ʙʦʷʪʘ ʥʘ 
ʘʚʪʦʤʦʙʠʣʘ. ʇʨʠ ʩʢʦʨʦʩʪ ʥʘ ʚʷʪʲʨʘ 2,8 m/s ʧʦʜ ʲʛʲʣ ʢʲʤ ʦʩʪʘ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʩʝ ʥʘʤʘʣʷʚʘ 
ʚʨʝʤʝʪʦ ʥʘ ʟʘʜʲʨʞʘʥʝ ʥʘ ʥʘʯʘʣʥʠʷ ʩʪʘʜʠʡ ʥʘ ʧʦʞʘʨʘ ʢʲʤ ʩʲʩʝʜʥʠʷ ʘʚʪʦʤʦʙʠʣ, ʫʚʝʣʠʯʘʚʘ 
ʩʝ ʚʨʝʤʝʪʦ ʥʘ ʟʘʜʨʲʞʢʘ ʥʘ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʧʦʞʘʨʘ ʚʲʨʭʫ ʤʦʪʦʨʥʠʷ ʦʪʩʝʢ.  
ʉʣʝʜ ʧʦʷʚʘʪʘ ʥʘ ʦʛʲʥ ʚ ʟʘʪʚʦʨʝʥʦʪʦ ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʘ ʦʪʜʝʣʝʥʠʝʪʦ ʟʘ ʧʲʪʥʠʮʠʪʝ,  

ʤʘʪʝʨʠʘʣʠʪʝ (ʩʪʝʣʢʠ, ʩʝʜʘʣʢʘ ʠ ʜʨ.) ʚʦʜʷʪ ʜʦ ʙʲʨʟʦʪʦ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝ ʥʘ ʦʛʲʥʷ,  
ʧʦʩʪʲʧʚʘʱ ʧʨʝʟ ʪʝʭʥʦʣʦʛʠʯʥʠʪʝ ʦʪʚʦʨʠ ʥʘ ʢʦʨʧʫʩʲʪ, ʢʦʠʪʦ ʜʘʚʘʪ ʚʲʟʤʦʞʥʦʩʪ ʦʛʲʥʷ ʜʘ 
ʟʘʧʘʣʠ ʚʲʪʨʝʰʥʦʩʪʪʘ ʥʘ ʩʲʱʝʩʪʚʫʚʘʱʠʪʝ ʤʘʪʝʨʠʘʣʠ.  
ʇʠʢʲʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʚ ʢʫʧʝʪʘ ʟʘ ʧʲʪʥʠʮʠ ʠʜʚʘ ʧʦ-ʨʘʥʦ ʦʪ ʪʘʟʠ ʚ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ. 
ɺʲʥʰʥʘʪʘ ʧʦʚʲʨʭʥʦʩʪ ʥʘ ʢʘʧʘʢʘ  ʠʟʤʝʨʝʥʘ ʩ ʪʝʨʤʦʚʠʟʠʦʥʥʘʪʘ ʢʘʤʝʨʘ (ʌʠʛ. 3), ʚʭʦʜ 2 

ʦʪʯʠʪʘ ʩʨʝʜʥʘ ʪʝʤʧʝʨʘʪʫʨʘ 290Áʉ, ʚʭʦʜ 1- ʩʲʩʝʜʝʥ ʘʚʪʦʤʦʙʠʣ ʩʨʝʜʥʘ ʪʝʤʧʝʨʘʪʫʨʘ 28,8Áʉ, 
ʟʘ ʚʨʝʤʝʪʦ ʦʢʦʣʦ 15 min ʦʪ ʧʦʚʪʦʨʥʦʪʦ ʟʘʧʘʣʚʘʥʝ. 
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ʌʠʛ. 3 ʄʘʢʩʠʤʘʣʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʦʚʲʨʭʥʦʩʪʪʘ ʥʘ ʜʚʠʛʘʪʝʣʥʠʷ 
ʦʪʩʝʢ ʠʟʤʝʨʝʥʘ ʩ ʠʥʬʨʘʯʝʨʚʝʥʘ ʢʘʤʝʨʘ 

 
ɺ ʩʲʟʜʘʣʠʷ ʩʝ ʧʨʦʮʝʩ ʥʘ ʛʦʨʝʥʝ, ʠʟʪʦʯʥʠʢ ʥʘ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ ʝ ʪʦʧʣʠʥʘʪʘ, ʢʦʷʪʦ ʩʝ 

ʦʪʜʝʣʷ ʚ ʨʝʟʫʣʪʘʪ ʥʘ ʨʝʘʢʮʠʷʪʘ ʥʘ ʛʦʨʝʥʝʪʦ.  
ʄʝʭʘʥʠʟʤʲʪ ʟʘ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝʪʦ ʥʘ ʛʦʨʝʥʝʪʦ ʧʦ ʛʦʨʠʤʠʪʝ ʤʘʪʝʨʠʘʣʠ ʩʝ 

ʟʘʢʣʶʯʘʚʘ ʚ ʩʣʝʜʥʦʪʦ: ʧʦʜ ʚʲʟʜʝʡʩʪʚʠʝʪʦ ʥʘ ʠʟʪʦʯʥʠʢ ʥʘ ʛʦʨʝʥʝ ʩʝ ʥʘʛʨʷʚʘ ʧʦʚʲʨʭʥʦʩʪʥʠʷ 
ʩʣʦʡ ʥʘ ʤʘʪʝʨʠʘʣʠʪʝ ʠ ʚʝʱʝʩʪʚʘʪʘ, ʧʨʠ ʢʦʝʪʦ ʥʘʩʪʲʧʚʘ ʜʝʩʪʨʫʢʮʠʷ ʠ ʠʟʧʘʨʝʥʠʝ ʩ 
ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ ʘʝʨʦʟʦʣʥʠ ʩʤʝʩʠ, ʢʦʠʪʦ ʩʝ ʩʲʩʪʦʷʪ ʦʪ ʛʘʟʦʦʙʨʘʟʥʠ ʧʨʦʜʫʢʪʠ ʥʘ ʨʝʘʢʮʠʷʪʘ ʠ 
ʪʚʲʨʜʠʪʝ ʯʘʩʪʠʮʠ ʦʪ ʚʝʱʝʩʪʚʦʪʦ ʠ ʤʘʪʝʨʠʘʣʠʪʝ. ʊʚʲʨʜʠʪʝ ʚʝʱʝʩʪʚʘ ʠ ʪʝʯʥʦʩʪʠ ʦʙʨʘʟʫʚʘʪ 
ʛʦʨʠʤʠ ʩʤʝʩʠ ʩʘʤʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠ ʪʝʤʧʝʨʘʪʫʨʠ. 
ʇʨʠ ʩʲʧʦʩʪʘʚʷʥʝ ʥʘ ʧʦʣʫʯʝʥʘʪʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʦʪʯʝʪʝʥʘ ʧʦ ʪʝʨʤʦʜʚʦʡʢʠʪʝ 250Áʉ ʜʦ 

600Áʉ, ʧʦʩʪʘʚʝʥʘ ʚ ʩʘʣʦʥ ʧʲʪʥʠʮʠ (ʌʠʛ. 4), ʩʝ ʚʠʞʜʘ, ʯʝ ʚʨʝʤʝʪʦ ʦʪ 10-15 min ʜʦʩʪʠʛʘ 
ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ ʦʪ 180-240Áʉ ʥʘ ʩʪʝʣʢʠ, ʛʣʘʚʠ, ʩʝʜʘʣʢʘ ʠ ʜʨ. ʩ ʢʦʠʪʦ ʩʘ 
ʦʙʦʨʫʜʚʘʥʠ ʘʚʪʦʤʦʙʠʣʠʪʝ. 

 

 
ʌʠʛ. 4 ʊʝʤʧʝʨʘʪʫʨʘ ʦʪ ʝʢʩʧʝʨʠʤʝʥʪ ʥʘ ʪʝʨʤʦʜʚʦʡʢʘ 11 (ʧʦʞʘʨ) ʚ ʩʘʣʦʥ ʟʘ ʧʲʪʥʠʮʠ 

 
ʇʨʠ ʜʦʩʪʠʛʘʥʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ ʥʘ ʛʦʨʠʤʠʪʝ ʧʨʦʜʫʢʪʠ, ʢʦʠʪʦ ʩʝ 

ʥʘʤʠʨʘʪ ʚ ʦʪʩʝʢ ʟʘ ʜʚʠʛʘʪʝʣʷ ʠ ʩʘʣʦʥ ʟʘ ʧʲʪʥʠʮʠ ʟʘʧʦʯʚʘ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝ ʥʘ ʧʣʘʤʲʯʥʦ 
ʛʦʨʝʥʝ ʧʦ ʥʝʛʦʚʠʪʝ ʧʦʚʲʨʭʥʦʩʪʠ. ɻʦʨʠʤʦʪʦ ʥʘʪʦʚʘʨʚʘʥʝ ʚ ʢʫʧʝʪʦ ʚ ʥʘʯʘʣʥʠʪʝ ʤʠʥʫʪʠ ʥʘ 



 

ȟȲȮȺȸȪȯȺȸȮȲȷȪȶȲȴȪ, ȿȲȮȺȸ- Ȳ ȹȷȯȬȶȸȼȯȿȷȲȴȪ   25 
 

 

ʧʦʞʘʨʘ, ʢʘʢʪʦ ʠ ʢʦʣʠʯʝʩʪʚʦʪʦ ʚʲʟʜʫʭ ʩʘ ʝʜʥʘʢʚʠ. ɿʘ ʧʦ ï ʛʦʣʝʤʠʪʝ ʜʝʬʦʨʤʘʮʠʠ ʠ ʠʟʛʘʨʷʥʠʷ 
ʦʩʥʦʚʥʘ ʧʨʠʯʠʥʘ ʝ ʧʦïʧʨʦʜʲʣʞʠʪʝʣʥʦʪʦ ʚʨʝʤʝ ʟʘ ʛʦʨʝʥʝ ʠ ʚʲʟʜʝʡʩʪʚʠʝʪʦ ʥʘ ʚʠʩʦʢʘʪʘ 
ʪʝʤʧʝʨʘʪʫʨʘ (ʌʠʛ. 5 ʘ ʠ ʙ). 

 

  
 

ʘ)        ʙ) 
ʌʠʛ. 5 ʘ) ʊʝʤʧʝʨʘʪʫʨʘ ʦʪ ʝʢʩʧʝʨʠʤʝʥʪ ʥʘ ʪʝʨʤʦʜʚʦʡʢʘ 11 (ʧʦʞʘʨ) ʚ ʩʘʣʦʥ ʟʘ ʧʲʪʥʠʮʠ; 

ʙ) ʊʝʤʧʝʨʘʪʫʨʘ ʦʪ ʝʢʩʧʝʨʠʤʝʥʪ ʥʘ ʪʝʨʤʦʜʚʦʡʢʘ  ˉ 2 ʚʲʪʨʝʰʝʥ ʧʦʢʨʠʚ 

 
ʅʘʙʣʶʜʘʚʘʥʠ ʚʲʥʰʥʠ ʧʦʢʘʟʘʪʝʣʠ ʧʦ ʚʨʝʤʝ ʥʘ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʧʦʞʘʨ-ʝʢʩʧʝʨʠʤʝʥʪ: 

ʦʙʛʦʨʷʣ ʜʚʠʛʘʪʝʣʝʥ ʦʪʩʝʢ; ʦʙʛʦʨʷʣ ʧʨʝʜʝʥ ʢʘʧʘʢ; ʧʨʦʛʦʨʷʣʘ ʪʘʧʠʮʝʨʠʷ ʥʘ ʧʨʝʜʥʠʪʝ ʩʝʜʘʣʢʠ 
ʠ ʘʨʤʘʪʫʨʥʦʪʦ ʪʘʙʣʦ; ʦʙʛʘʨʷʥʝ ʥʘ ʙʦʷʪʘ ʥʘ ʧʨʝʜʥʘ ʣʷʚʘ ʚʨʘʪʘ; ʧʨʦʛʘʨʷʥʝ ʥʘ ʧʨʝʜʥʘ ʜʷʩʥʘ 
ʛʫʤʘ ʠ ʥʘʯʘʣʝʥ ʝʪʘʧ ʥʘ ʨʘʟʪʦʧʷʚʘʥʝ ʥʘ ʘʣʫʤʠʥʠʝʚʘʪʘ ʜʞʘʥʪʘ. 
ʇʨʠ ʩʧʨʷʣ ʘʚʪʦʤʦʙʠʣ, ʧʣʘʤʲʢʲʪ ʩʝ ʨʘʟʧʨʦʩʪʨʘʥʷʚʘ ʚ ʢʫʧʝʪʦ ʩʣʝʜ 8 ï 10 min. ɺʠʜʠʤʦʪʦ 

ʦʙʭʚʘʱʘʥʝ ʥʘ ʢʫʧʝʪʦ, ʜʚʠʛʘʪʝʣʷ ʠ ʙʘʛʘʞʥʠʢʘ ʦʪ ʧʣʘʤʲʢʘ ʟʘʚʲʨʰʚʘ ʩʣʝʜ 30 min. 
ʆʢʦʥʯʘʪʝʣʥʦʪʦ ʜʦʛʘʨʷʥʝ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʩʝ ʥʘʙʣʶʜʘʚʘ ʩʣʝʜ 40 ï 50 min. ʉʪʦʧʷʚʘʥʝʪʦ ʥʘ 
ʘʣʫʤʠʥʠʝʚʠʪʝ ʜʞʘʥʪʠ ʝ ʚʲʟʤʦʞʥʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʜ 650Áʉ. 

ɸʥʘʣʠʟ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʠʟʩʣʝʜʚʘʥʠʷ 
ʇʦ-ʜʦʣʫ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʦʩʥʦʚʥʠʪʝ ʠʟʚʦʜʠ ʦʪ ʧʨʦʚʝʞʜʘʥʝʪʦ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ 

ʠʟʩʣʝʜʚʘʥʠʷ: 
ü ɸʥʘʣʠʟʲʪ ʧʦʢʘʟʚʘ, ʯʝ ʦʩʥʦʚʥʠʷ ʛʦʨʠʤ ʤʘʪʝʨʠʘʣ ʝ ʘʨʤʘʪʫʨʥʦʪʦ ʪʘʙʣʦ (ʌʠʛ. 6ʘ) ʠ ʪʘʙʣʦ 
ʙʫʰʦʥʠ (ʌʠʛ. 6ʙ), ʪʘʧʠʮʝʨʠʷʪʘ ʥʘ ʩʝʜʘʣʢʠʪʝ ʠ ʚʨʘʪʠʪʝ, ʢʦʠʪʦ ʦʙʠʢʥʦʚʝʥʦ ʩʘ ʠʟʛʦʪʚʝʥʠ 
ʦʪ ʩʠʥʪʝʪʠʯʥʠ ʤʘʪʝʨʠʘʣʠ ʠ ʜʫʥʘʧʨʝʥ. ʊʝʟʠ ʠʟʜʝʣʠʷ ʩʝ ʦʪʥʘʩʷʪ ʢʲʤ ʛʨʫʧʘʪʘ ʥʘ ʪʚʲʨʜʠʪʝ 
ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ. 
 

  
ʘ)        ʙ) 
ʌʠʛ. 6 ʘ) ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʠʟʩʣʝʜʚʘʥʠʷ ʚ ʘʨʤʘʪʫʨʥʦ ʪʘʙʣʦ;  

ʙ) ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʠʟʩʣʝʜʚʘʥʠʷ ʚ ʪʘʙʣʦ ʙʫʰʦʥʠ 

 



 
26  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

ü ʇʣʲʪʥʦʩʪʪʘ ʥʘ ʟʘʜʠʤʷʚʘʥʝ ʝ ʚ ʨʝʟʫʣʪʘʪ ʦʪ ʚʠʜʘ ʥʘ ʛʦʨʠʤʦʪʦ ʥʘʪʦʚʘʨʚʘʥʝ ʠ 
ʠʥʪʝʥʟʠʚʥʦʩʪʪʘ ʥʘ ʛʘʟʦʦʙʤʝʥʘ. ʋʚʝʣʠʯʘʚʘʥʝ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʷʪʘ ʥʘ ʜʠʤʘ ʩʝ ʧʦʣʫʯʘʚʘ 
ʧʦʨʘʜʠ ʨʘʟʣʠʢʘʪʘ ʚ ʢʦʣʠʯʝʩʪʚʦʪʦ ʜʠʤ, ʢʦʡʪʦ ʩʝ ʦʙʨʘʟʫʚʘ ʚ ʟʦʥʘʪʘ ʥʘ ʛʦʨʝʥʝ ʠ ʜʠʤʘ, 
ʢʦʡʪʦ ʩʝ ʦʪʜʝʣʷ ʧʨʝʟ ʦʪʚʦʨʠʪʝ ʥʘ ʧʲʪʥʦʪʦ ʧʨʝʚʦʟʥʦ ʩʨʝʜʩʪʚʦ. 

ü ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʧʨʝʜʚʠʜʝʥʠʪʝ ʛʦʨʠʤʠ ʝʣʝʤʝʥʪʠ ʚ ʧʨʝʜʥʘʪʘ ʯʘʩʪ ʥʘ ʣʝʢʠʷ ʘʚʪʦʤʦʙʠʣ 
ʩʧʘʜʘʪ ʢʲʤ ʛʨʫʧʘʪʘ ʥʘ ʪʚʲʨʜʠʪʝ ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ, ʢʦʠʪʦ ʧʨʠ ʥʦʨʤʘʣʥʠ ʫʩʣʦʚʠʷ ʥʷʤʘʪ 
ʩʢʣʦʥʥʦʩʪ ʢʲʤ ʩʘʤʦʚʲʟʧʣʘʤʝʥʷʚʘʥʝ. ɺʲʟʧʣʘʤʝʥʷʚʘʥʝʪʦ ʠʤ ʚ ʦʙʠʢʥʦʚʝʥʠ ʫʩʣʦʚʠʷ ʝ 
ʚʲʟʤʦʞʥʦ ʝʜʠʥʩʪʚʝʥʦ ʧʦʜ ʚʲʟʜʝʡʩʪʚʠʝʪʦ ʥʘ ʠʟʪʦʯʥʠʢ ʩ ʦʧʨʝʜʝʣʝʥʘ  ʪʦʧʣʠʥʥʘ ʤʦʱʥʦʩʪ. 

ü ʆʪʯʝʪʝʥʠʪʝ  ʪʝʤʧʝʨʘʪʫʨʠ 350-400ÁC ʚʲʚ ʚʩʠʯʢʠ ʩʣʫʯʘʠ ʝ ʜʦʩʪʘ ʧʦʢʘʟʘʪʝʣʝʥ ʬʘʢʪʦʨ ʟʘ 
ʪʚʲʨʜʠʪʝ ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ ʚ ʧʨʝʚʦʟʥʠʪʝ ʩʨʝʜʩʪʚʘ.  ʇʨʠ ʪʘʟʠ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʦ-ʛʦʣʷʤʘʪʘ 
ʯʘʩʪ ʦʪ ʤʘʪʝʨʠʘʣʠ ʦʪ ʦʨʛʘʥʠʯʝʥ ʧʨʦʠʟʭʦʜ ʩʝ ʩʘʤʦʟʘʧʘʣʚʘʪ ʠ ʯʨʝʟ ʪʦʧʣʠʥʘʪʘ ʩʲʟʜʘʚʘʪ 
ʙʣʘʛʦʧʨʠʷʪʥʠ ʫʩʣʦʚʠʷ ʟʘ ʟʘʧʘʣʚʘʥʝ ʠ ʩʘʤʦʟʘʧʘʣʚʘʥʝ ʥʘ ʦʩʪʘʥʘʣʠʪʝ ʢʦʤʧʦʥʝʥʪʠ ʥʘ ʚʲʚ 
ʧʨʝʚʦʟʥʦʪʦ ʩʨʝʜʩʪʚʦ. 

ü ɺ ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ ʩʘ ʰʠʨʦʢʦ ʠʟʧʦʣʟʚʘʥʠ ʜʠʩʢʫʪʠʨʘʥʠʪʝ ʧʦ-ʛʦʨʝ ʤʘʪʝʨʠʘʣʠ. ʊʝ ʩʝ 
ʭʘʨʘʢʪʝʨʠʟʠʨʘʪ ʩ ʚʠʩʦʢʘ ʫʩʪʦʡʯʠʚʦʩʪ ʥʘ ʦʛʲʥ ʠ ʥʠʩʢʘ ʪʦʧʣʦʧʨʦʚʦʜʠʤʦʩʪ. ɺ 
ʘʚʪʦʤʦʙʠʣʥʘʪʘ ʠʥʜʫʩʪʨʠʷ ʚʩʝ ʧʦʚʝʯʝ ʩʝ ʠʟʧʦʣʟʚʘ ʜʠʟʘʡʥ ʦʪ ʥʝʤʝʪʘʣʥʠ ʤʘʪʝʨʠʘʣʠ. 
ɺʲʧʨʝʢʠ ʪʦʚʘ, ʚʩʠʯʢʠ ʪʝ ʠʤʘʪ ʥʠʩʢʦ ʩʲʧʨʦʪʠʚʣʝʥʠʝ ʧʨʠ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʦʛʲʥ. ʅʘʧʨʠʤʝʨ, 
ʢʨʠʪʠʯʥʘʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʩʪʲʢʣʝʥʠ ʚʣʘʢʥʘ ʝ 230ÁC. ʇʦʣʠʤʝʨʠ ʠ ʧʣʘʩʪʤʘʩʠ, 
ʠʟʧʦʣʟʚʘʥʠ ʚ ʘʚʪʦʤʦʙʠʣʠ ʢʘʪʦ ʠʟʦʣʘʮʠʷ ʩʲʱʦ ʠʤʘʪ ʥʠʩʢʘ ʦʛʥʝʫʩʪʦʡʯʠʚʦʩʪ. ɼʦʧʫʩʪʠʤʘ 
ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʷʥʘ ʠ ʜʫʥʘʧʨʝʥ ʝ 65-150ÁC. ʊʝʟʠ ʪʝʤʧʝʨʘʪʫʨʠ ʩʘ ʪʠʧʠʯʥʠ  ʧʦʯʪʠ ʟʘ 
ʚʩʷʢʘ ʟʦʥʘ ʥʘ ʪʝʨʤʠʯʥʦ ʚʣʠʷʥʠʝ ʧʨʠ ʧʦʞʘʨ ʚ ʧʲʪʥʦ ʧʨʝʚʦʟʥʦ ʩʨʝʜʩʪʚʦ. 
ʋʩʣʦʚʠʷ ʟʘ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʧʦʞʘʨ ʢʲʤ ʦʪʩʪʦʷʱʠʷ ʥʘ 0.8m ʘʚʪʦʤʦʙʠʣ ʥʘʩʪʲʧʚʘ (ʌʠʛ. 7), 

ʩʣʝʜ 6õ8 min. ɺʨʝʤʝʪʦ ʝ ʥʘʧʲʣʥʦ ʜʦʩʪʘʪʲʯʥʦ ʟʘ ʨʝʘʢʮʠʷ ʠ ʦʪʩʪʨʘʥʷʚʘʥʝʪʦ ʤʫ ʦʪ ʦʛʥʠʱʝʪʦ 
ʥʘ ʧʦʞʘʨʘ. 

 

 

ʌʠʛ. 7 ʀʟʤʝʥʝʥʠʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʩ ʪʝʨʤʦʜʚʦʡʢʘ, 
ʧʦʩʪʘʚʝʥʘ ʚ ʙʣʠʟʢʦʩʪʦʷʱ ʘʚʪʦʤʦʙʠʣ 

 
ʇʦʩʣʝʜʠʮʠ ʦʪ ʧʦʞʘʨʘ ʚʲʨʭʫ ʢʦʥʩʪʨʫʢʮʠʠʪʝ ʠ ʦʙʦʨʫʜʚʘʥʝʪʦ 
ʂʘʪʦ ʩʝ ʚʟʝʤʝ ʧʨʝʜʚʠʜ, ʯʝ ʛʦʨʠʤʦʪʦ ʥʘʪʦʚʘʨʚʘʥʝ ʚ ʢʫʧʝʪʦ ʠ ʜʚʠʛʘʪʝʣʷ ʠ ʧʨʠʪʦʢʘ ʥʘ 

ʢʠʩʣʦʨʦʜ ʚ ʥʘʯʘʣʥʠʷ ʩʪʘʜʠʡ ʥʘ ʧʦʞʘʨʘ ʩʘ ʝʜʥʘʢʚʠ, ʧʦ-ʛʦʣʝʤʠʪʝ  ʠʟʛʘʨʷʥʠʷ ʠ ʜʝʬʦʨʤʘʮʠʠ 
ʩʝ ʜʲʣʞʘʪ ʥʘ ʧʦ-ʧʨʦʜʲʣʞʠʪʝʣʥʦʪʦ ʚʲʟʜʝʡʩʪʚʠʝ ʥʘ ʦʛʲʥʷ ʠ ʚʠʩʦʢʘʪʘ ʪʝʤʧʝʨʘʪʫʨʘ.  
ʉʨʝʜʥʦ-ʦʙʝʤʥʘʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʣʘʤʲʢʘ ʜʦʩʪʠʛʘ 750 ï 800ÁC, ʢʦʷʪʦ ʚʲʟʧʣʘʤʝʥʷʚʘ 

ʥʘʤʠʨʘʱʠʪʝ ʩʝ ʚ ʜʚʠʛʘʪʝʣʷ ʠʟʦʣʘʮʠʠ ʠ ʜʨʫʛʠ ʧʣʘʩʪʤʘʩʦʚʠ ʤʘʪʝʨʠʘʣʠ ʤʥʦʛʦ ʙʲʨʟʦ. 
ʉʨʘʚʥʷʚʘʡʢʠ ʩ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ, ʛʫʤʝʥʠʪʝ ʪʨʲʙʠ ʠ ʤʘʨʢʫʯʠ, ʧʣʘʩʪʤʘʩʦʚʠ 
ʜʝʪʘʡʣʠ ʠ ʨʝʟʝʨʚʦʘʨʠ ʟʘ ʘʥʪʠʬʨʠʟ ʠ ʩʧʠʨʘʯʥʘ ʪʝʯʥʦʩʪ ʠ ʜʨ., ʥʘʡ ʟʘʧʘʣʠʤʠ ʯʘʩʪʠ ʦʪ 
ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ, ʩʘ ʠʟʮʷʣʦ ʠʣʠ ʧʦʯʪʠ ʠʟʮʷʣʦ ʠʟʛʦʨʝʥʠ ʧʦ ʚʨʝʤʝ ʥʘ ʧʲʨʚʠʪʝ 15 min ʦʪ 
ʝʢʩʧʝʨʠʤʝʥʪʘ. 



 

ȟȲȮȺȸȪȯȺȸȮȲȷȪȶȲȴȪ, ȿȲȮȺȸ- Ȳ ȹȷȯȬȶȸȼȯȿȷȲȴȪ   27 
 

 

 ɺ ʜʷʩʥʘʪʘ ʯʘʩʪ ʥʘ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢïʬʠʣʪʲʨ, ʢʘʢʪʦ ʠ ʜʨʫʛʠ ʢʦʤʧʦʥʝʥʪʠ ʩʘ ʥʘʧʲʣʥʦ 
ʠʟʛʦʨʝʣʠ. ʆʛʣʝʜʘ ʧʦʢʘʟʚʘ ʚʣʦʰʘʚʘʥʝ ʠ ʥʘʧʲʣʥʦ ʠʟʛʦʨʝʣʠ ʝʣʝʢʪʨʠʯʝʩʢʠ ʢʘʙʝʣʠ, ʯʘʩʪʠʯʥʦ 
ʨʘʟʪʦʧʝʥʠ ʯʘʩʪʠ ʥʘ ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ. 
ɺʲʪʨʝʰʥʦʪʦ ʛʦʨʠʤʦ ʦʙʦʨʫʜʚʘʥʝ ʥʘ ʢʫʧʝʪʦ ʝ ʫʥʠʱʦʞʝʥʦ, ʚ ʪʦʚʘ ʯʠʩʣʦ ʩʝʜʘʣʢʠ, ʚʦʣʘʥ,  

ʘʨʤʘʪʫʨʥʦ ʪʘʙʣʦ, ʪʘʧʠʮʝʨʠʷ ʠ ʪ.ʥ.  
ɺ ʙʘʛʘʞʥʦʪʦ ʦʪʜʝʣʝʥʠʝ ʩʲʱʦ ʩʘ ʠʟʛʦʨʝʣʠ ʚʩʠʯʢʠ ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ, ʣʠʧʩʚʘ ʧʦʜʦʚʘʪʘ ʤʫ 

ʯʘʩʪ ʠ ʥʷʤʘ ʥʠʢʘʢʚʠ ʩʣʝʜʠ ʦʪ ʦʙʦʨʫʜʚʘʥʝ. ɻʫʤʠʪʝ ʩʘ ʠʟʛʦʨʝʣʠ ʥʘʧʲʣʥʦ, ʢʘʪʦ ʟʘʜʥʘʪʘ ʜʷʩʥʘ 
ʜʞʘʥʪʘ ʝ ʨʘʟʪʦʧʝʥʘ. 
ʆʩʪʲʢʣʝʥʠʝʪʦ, ʢʘʢʪʦ ʠ ʫʧʣʲʪʥʝʥʠʷʪʘ ʧʦ ʥʝʛʦ ʥʘʧʲʣʥʦ ʣʠʧʩʚʘʪ. 
ʉʪʦʧʷʚʘʥʝʪʦ ʥʘ ʢʘʧʘʯʢʘʪʘ ʥʘ ʨʝʟʝʨʚʦʘʨʘ ʚʲʨʭʫ ʛʲʨʣʦʚʠʥʘʪʘ ʧʦʢʘʟʚʘ, ʯʝ ʧʦʞʘʨʲʪ ʚʲʨʭʫ 

ʪʘʟʠ ʟʦʥʘ ʩʝ ʝ ʨʘʟʚʠʣ ʧʨʠ ʟʘʪʚʦʨʝʥ ʨʝʟʝʨʚʦʘʨ, ʢʘʪʦ ʥʝ ʝ ʧʦʩʣʝʜʚʘʣʦ ʚʟʨʠʚʥʦ ʛʦʨʝʥʝ.  
ʀʟʛʘʨʷʥʝʪʦ ʥʘ ʧʨʝʜʥʠʪʝ ʛʫʤʠ ʦʪʛʦʨʝ ʥʘʜʦʣʫ ʠ ʦʪ ʚʲʪʨʝʰʥʘʪʘ ʩʪʨʘʥʘ ʢʲʤ ʜʚʠʛʘʪʝʣʷ ʥʘ 

ʣʝʢ ʘʚʪʦʤʦʙʠʣ Peugeot ʧʦʪʚʲʨʞʜʘʚʘ ʩʲʱʦ, ʯʝ ʧʦʞʘʨʲʪ ʝ ʚʲʟʥʠʢʥʘʣ ʚ ʧʨʝʜʥʘʪʘ ʯʘʩʪ ʥʘ 
ʘʚʪʦʤʦʙʠʣʘ. ʇʨʠ ʧʲʪʥʦ ʪʨʘʥʩʧʦʨʪʥʦ ʧʨʦʠʟʰʝʩʪʚʠʝ ʧʨʠ ʧʘʜʘʥʝ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʦʪ ʚʠʩʦʯʠʥʘ, 
ʧʦʚʨʝʜʠ ʢʘʪʦ ʩʧʫʢʚʘʥʝʪʦ ʥʘ ʨʝʟʝʨʚʦʘʨʘ, ʨʘʟʭʝʨʤʝʪʠʟʠʨʘʥʝ ʥʘ ʛʦʨʠʚʦʧʨʦʚʦʜʠʪʝ ʠ ʜʨ. ʚʦʜʷʪ 
ʜʦ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʧʦʞʘʨ. 
ʇʨʠ ʩʧʫʢʚʘʥʝʪʦ ʥʘ ʨʝʟʝʨʚʦʘʨ ʟʘ ʛʦʨʠʚʦ, ʛʦʨʠʚʦʪʦ ʧʦʧʘʜʘ ʚʲʨʭʫ ʥʘʛʦʨʝʱʝʥʠʪʝ ʯʘʩʪʠ ʥʘ 

ʜʚʠʛʘʪʝʣʷ ʠ ʩʝ ʚʲʟʧʣʘʤʝʥʷʚʘ. ʈʘʟʨʫʰʘʚʘʥʝʪʦ ʥʘ ʨʝʟʝʨʚʦʘʨʘ ʚʦʜʠ ʠ ʜʦ ʧʨʲʩʢʘʥʝ ʥʘ 
ʪʝʯʥʦʩʪʪʘ ʧʦ ʜʝʬʦʨʤʠʨʘʥʠʪʝ ʯʘʩʪʠ ʥʘ ʘʚʪʦʤʦʙʠʣʘ, ʢʦʠʪʦ ʤʥʦʛʦ ʙʲʨʟʦ ʩʝ ʦʙʭʚʘʱʘʪ ʦʪ 
ʧʣʘʤʲʢʘ. ʉʣʝʜ ʚʲʟʥʠʢʚʘʥʝʪʦ ʥʘ ʧʦʞʘʨ ʚ ʜʝʬʦʨʤʠʨʘʥʠʷ ʘʚʪʦʤʦʙʠʣ, ʛʦʨʝʥʝʪʦ ʩʝ 
ʨʘʟʧʨʦʩʪʨʘʥʷʚʘ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦ ʟʘ ʢʨʘʪʲʢ ʧʝʨʠʦʜ ʦʪ ʚʨʝʤʝ ʚ ʨʘʤʢʠʪʝ ʥʘ 10-15 min. 
ɸʣʫʤʠʥʠʝʚʠʪʝ ʯʘʩʪʠ ʧʦ ʘʚʪʦʤʦʙʠʣʘ, ʢʘʢʪʦ ʠ ʨʘʟʢʲʩʘʥʠʷ ʨʝʟʝʨʚʦʘʨ ʧʦʢʘʟʚʘʪ ʯʝ ʪʝʤʧʝʨʘʪʫʨʘ 
ʥʘ ʧʦʞʘʨʘ ʝ ʥʘʜ 850ÁC. ʊʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʩʪʦʧʷʚʘʥʝ ʥʘ ʘʣʫʤʠʥʠʷ ʝ 648ÁC. ɼʝʬʦʨʤʘʮʠʠʪʝ ʠ 
ʧʦʚʨʝʜʠʪʝ ʥʘ ʚʲʟʣʠʪʝ ʠ ʩʠʩʪʝʤʠʪʝ ʥʘ ʘʚʪʦʤʦʙʠʣʘ ʧʨʠ ʇʊʇ ʚʲʟʧʨʝʧʷʪʩʪʚʘʪ ʙʲʨʟʦʪʦ 
ʨʝʘʛʠʨʘʥʝ ʥʘ ʚʦʜʘʯʘ ʥʘ ʧʲʪʥʦʪʦ ʧʨʝʚʦʟʥʦ ʩʨʝʜʩʪʚʦ ʟʘ ʝʚʘʢʫʠʨʘʥʝ, ʘ ʧʨʠ ʥʘʣʠʯʠʝ ʥʘ 
ʧʘʩʘʞʝʨʠ ʝʚʘʢʫʠʨʘʥʝʪʦ ʝ ʥʝʚʲʟʤʦʞʥʦ ʙʝʟ ʥʘʤʝʩʘʪʘ ʥʘ ʩʧʘʩʠʪʝʣʥʠʪʝ ʝʢʠʧʠ.  
ʉʪʘʨʪʝʨʥʘʪʘ ʩʠʩʪʝʤʘ, ʢʦʷʪʦ ʝ ʧʦʜ ʧʦʩʪʦʷʥʥʦ ʥʘʧʨʝʞʝʥʠʝ, ʠʟʛʘʨʷʥʝʪʦ ʥʘ ʠʟʦʣʘʮʠʷʪʘ ʥʘ 

ʢʘʙʝʣʠʪʝ ʢʲʤ ʘʢʫʤʫʣʘʪʦʨʘ ʧʦʢʘʟʚʘ, ʯʝ ʝ ʥʘʩʪʲʧʠʣ ʝʜʠʥ ʦʪ ʛʦʨʝʧʦʩʦʯʝʥʠʪʝ ʧʨʦʮʝʩʠ ï ʩʠʣʥʦ 
ʥʘʛʨʷʚʘʥʝ ʥʘ ʧʨʦʚʦʜʥʠʮʠʪʝ ʠ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ ʥʘ ʠʟʦʣʘʮʠʷʪʘ ʠʤ. ɻʦʨʝʥʝʪʦ ʧʨʦʪʠʯʘ ʩ 
ʠʥʪʝʥʟʠʚʥʦ ʪʣʝʝʥʝ, ʯʠʷʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʝ ʚ ʠʥʪʝʨʚʘʣʘ ʤʝʞʜʫ 400 ï 600ÁC ʧʦ ʛʦʨʥʠʪʝ ʯʘʩʪʠ ʥʘ 
ʜʚʠʛʘʪʝʣʥʠʷ ʦʪʩʝʢ. 
ʇʦʚʝʯʝʪʦ ʦʪ ʬʫʥʢʮʠʦʥʠʨʘʱʠʪʝ ʩʠʩʪʝʤʠ ʚ ʘʚʪʦʤʦʙʠʣʘ ʩʲʜʲʨʞʘʪ ʝʣʝʢʪʨʠʬʠʮʠʨʘʥʠ 

ʧʨʠʙʦʨʠ ʠ ʘʧʘʨʘʪʠ, ʯʠʷʪʦ ʥʦʨʤʘʣʥʘ ʨʘʙʦʪʘ ʝ ʚʲʟʤʦʞʥʘ ʧʨʠ ʧʨʦʚʝʞʜʘʥʝ ʢʲʤ ʪʷʭ ʥʘ 
ʦʧʨʝʜʝʣʝʥʦ ʢʦʣʠʯʝʩʪʚʦ ʝʣʝʢʪʨʠʯʝʩʢʘ  ʝʥʝʨʛʠʷ.  ʇʨʦʚʦʜʥʠʮʠʪʝ ʥʘ ʝʣ. ʤʨʝʞʘʪʘ ʧʨʝʤʠʥʘʚʘʪ ʚ 
ʥʝʧʦʩʨʝʜʩʪʚʝʥʘ ʙʣʠʟʦʩʪ ʜʦ ʛʦʨʠʤʠʪʝ ʯʘʩʪʠ ʚ ʜʚʠʛʘʪʝʣʷ ʥʘ ʘʚʪʦʤʦʙʠʣʘ. ʇʨʠ ʧʨʝʤʠʥʘʚʘʥʝʪʦ 
ʥʘ ʝʣ. ʪʦʢ ʧʦ ʧʨʦʚʦʜʥʠʮʠʪʝ ʩʝ ʫʚʝʣʠʯʘʚʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʞʠʣʘʪʘ ʠ ʠʟʦʣʘʮʠʷʪʘ ʥʘ 
ʧʨʦʚʦʜʥʠʢʘ. ʇʨʠ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʧʲʪʥʦ ʪʨʘʥʩʧʦʨʪʥʦ ʧʨʦʠʟʰʝʩʪʚʠʝ ʦʙʠʯʘʡʥʦʪʦ ʧʲʨʚʦ, ʢʦʝʪʦ 
ʩʝ ʠʟʛʘʨʷ, ʝ ʟʘʧʘʣʠʪʝʣʥʘʪʘ ʪʝʯʥʦʩʪ, ʢʦʷʪʦ ʩʝ ʦʪʜʝʣʷ. ʀʟʪʦʯʥʠʮʠʪʝ ʚʢʣʶʯʚʘʪ: ʛʦʨʝʱʠ 
ʢʦʣʝʢʪʦʨʠ ʚ ʜʚʠʛʘʪʝʣʥʦʪʦ ʦʪʜʝʣʝʥʠʝ; ʝʣʝʢʪʨʠʯʝʩʢʠ ʜʲʛʠ ʠ ʢʲʩʠ ʩʲʝʜʠʥʝʥʠʷ ʚ ʝʣʝʢʪʨʠʯʝʩʢʘ 
ʩʠʩʪʝʤʘ. 
ʇʨʦʧʫʩʢʠʪʝ ʠ ʦʪʚʦʨʝʥʠʪʝ ʰʝʚʦʚʝ, ʧʦʣʫʯʝʥʠ ʧʨʠ ʢʘʪʘʩʪʨʦʬʘ, ʧʦʟʚʦʣʷʚʘʪ ʧʨʦʥʠʢʚʘʥʝ ʚ 

ʧʨʝʚʦʟʥʦʪʦ ʩʨʝʜʩʪʚʦ ʦʪ ʧʣʘʤʲʮʠʪʝ ʦʪ ʚʲʥʰʝʥ ʦʛʲʥ (ʦʙʠʢʥʦʚʝʥʦ ʧʣʘʤʲʮʠ ʚ ʰʘʩʠʪʦ). 
ʀʟʪʦʯʥʠʮʠ ʥʘ ʟʘʧʘʣʚʘʥʝ ʩʝ ʨʘʟʛʣʝʞʜʘʪ ʢʘʪʦ ʭʠʧʦʪʝʪʠʯʥʠ ʩʮʝʥʘʨʠʠ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ 
ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʚʘʪ, ʯʝ ʚʩʷʢʘ ʢʦʣʘ ʠʤʘ ʛʦʣʷʤʦ ʢʦʣʠʯʝʩʪʚʦ ʛʦʨʠʤʠ ʠ ʣʝʩʥʦʟʘʧʘʣʠʤʠ ʪʝʯʥʦʩʪʠ 
ʧʦʜ ʢʘʧʘʢʘ ʥʘ ʜʚʠʛʘʪʝʣʷ - ʙʝʥʟʠʥ ʠʣʠ ʜʠʟʝʣʦʚʦ ʛʦʨʠʚʦ, ʤʘʩʣʘ ʠ ʜʨʫʛʠ ʢʦʤʧʦʥʝʥʪʠ. ɺʩʠʯʢʠ ʦʪ 
ʪʷʭ ʩʘ ʙʘʟʠʨʘʥʠ ʥʘ ʤʠʥʝʨʘʣʥʦ ʤʘʩʣʦ ʠʣʠ ʨʘʟʣʠʯʝʥ ʚʠʜ ʧʨʦʤʠʰʣʝʥ ʘʣʢʦʭʦʣ, ʢʦʠʪʦ ʤʦʛʘʪ 
ʣʝʩʥʦ ʜʘ ʩʝ ʟʘʧʘʣʷʪ, ʘʢʦ ʤʘʨʢʫʯʠ ʠʣʠ ʩʲʜʦʚʝʪʝ ʟʘ ʩʲʭʨʘʥʝʥʠʝ, ʛʫʙʷʪ ʩʚʦʷʪʘ ʩʪʝʛʥʘʪʦʩʪ. 
ɼʚʠʛʘʪʝʣʷ ʥʘ ʢʦʣʘʪʘ ʥʝ ʟʘʛʨʷʚʘ ʥʘʜ ʩʚʦʷʪʘ ʨʘʙʦʪʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʘʢʦ ʚʩʠʯʢʠ ʩʠʩʪʝʤʠ 
ʨʘʙʦʪʷʪ ʧʨʘʚʠʣʥʦ. 
ʊʝʤʧʝʨʘʪʫʨʥʠʪʝ ʫʩʣʦʚʠʷ, ʩʲʟʜʘʜʝʥʠ ʚ ʦʙʣʘʩʪʪʘ ʥʘ ʠʟʧʫʩʢʘʪʝʣʥʘʪʘ ʪʨʲʙʘ ʦʪ ʢʦʣʝʢʪʦʨʘ 

ʥʘ ʚʭʦʜʷʱʠʷ ʪʨʲʙʦʧʨʦʚʦʜ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʦʪʨʘʙʦʪʝʥʠʪʝ ʛʘʟʦʚʝ ʚ ʥʘʯʘʣʦʪʦ ʥʘ 
ʠʟʧʫʩʢʘʪʝʣʥʘʪʘ ʪʨʘʢʪ ʝ ʦʢʦʣʦ 800-830ÁC. ʀʟʧʫʩʢʘʪʝʣʥʠʷ ʢʦʣʝʢʪʦʨ ʥʘ ʜʚʠʛʘʪʝʣʷ, ʚ 
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ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʨʝʞʠʤʘ ʥʘ ʨʘʙʦʪʘ ʩʝ ʥʘʛʨʷʚʘ ʜʦ 400-700ÁC, ʢʦʷʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʝ ʜʦʩʪʘʪʲʯʥʘ, 
ʟʘ ʜʘ ʚʲʟʧʣʘʤʝʥʠ ʥʘʡ ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ. 
ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʠ ʦʪ 100-200ÁC, ʧʦʣʫʯʝʥʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʷ ʝʢʩʧʝʨʠʤʝʥʪ ʠ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʠʪʝ ʥʘʙʣʶʜʝʥʠʷ ʧʦʢʘʟʚʘʪ, ʯʝ ʝ ʚʲʟʤʦʞʥʦ ʚʲʟʧʣʘʤʝʥʷʚʘʥʝ ʥʘ ʠʟʦʣʘʮʠʷʪʘ ʠ 
ʥʘʤʠʨʘʱʠʪʝ ʩʝ ʚ ʙʣʠʟʦʩʪ ʜʦ ʪʨʘʩʝʪʘ ʥʘ ʧʨʦʚʦʜʥʠʮʠʪʝ ʛʦʨʠʤʠ ʤʘʪʝʨʠʘʣʠ. ɸʢʦ 
ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʝ ʜʦʩʪʠʛʥʝ ʢʨʠʪʠʯʥʘ ʩʪʦʡʥʦʩʪ, ʥʦ ʝ ʜʦʩʪʘʪʲʯʥʦ ʚʠʩʦʢʘ, ʩʝ ʫʚʝʣʠʯʘʚʘ 
ʩʢʦʨʦʩʪʪʘ ʥʘ ʩʪʘʨʝʝʥʝ ʥʘ ʠʟʦʣʘʮʠʷʪʘ ʥʘ ʧʨʦʚʦʜʥʠʮʠʪʝ. 
ʇʨʦʚʝʜʝʥʠʪʝ ʠʟʩʣʝʜʚʘʥʠʷ ʠ ʥʘʧʨʘʚʝʥʠʷ ʘʥʘʣʠʟ, ʥʘʜʭʚʲʨʣʷʪ  ʜʘʜʝʥʦʪʦ ʚ ʣʠʪʝʨʘʪʫʨʘʪʘ 

[1] ʠ [3] ʧʦ ʩʚʦʷʪʘ ʪʦʯʥʦʩʪ ʠ ʚʩʝʦʙʭʚʘʪʥʦʩʪ. ʊʦʚʘ ʩʝ ʦʢʘʟʚʘ ʚʲʟʤʦʞʥʦ ʙʣʘʛʦʜʘʨʝʥʠʝ  ʥʘ 
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ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ 

 
ʗʩʝʥ ʎʚʝʪʘʥʦʚ, ɸʥʛʝʣ ʊʝʨʟʠʝʚ 

 
ɸʝʨʦʜʠʥʘʤʠʯʥʦʪʦ ʩʲʧʨʦʪʠʚʣʝʥʠʝ ʝ ʝʜʠʥ ʦʪ ʟʥʘʯʠʤʠʪʝ ʬʘʢʪʦʨʠ, ʦʢʘʟʚʘʱʠ ʚʣʠʷʥʠʝ 

ʚʲʨʭʫ ʧʦʚʝʜʝʥʠʝʪʦ ʧʨʠ ʜʚʠʞʝʥʠʝ ʥʘ ʧʨʝʚʦʟʥʠʪʝ ʩʨʝʜʩʪʚʘ. ʅʝʛʦʚʦʪʦ ʚʣʠʷʥʠʝ ʥʘʨʘʩʪʚʘ 
ʟʥʘʯʠʪʝʣʥʦ ʩ ʥʘʨʘʩʪʚʘʥʝ ʥʘ ʩʢʦʨʦʩʪʪʘ. ʇʦʚʝʯʝ ʦʪ ʚʝʢ ʠʥʞʝʥʝʨʠʪʝ ʩʝ ʦʧʠʪʚʘʪ ʜʘ 
ʥʘʤʘʣʷʪ ʚʣʠʷʥʠʝʪʦ ʥʘ ʚʲʟʜʫʰʥʦʪʦ ʩʲʧʨʦʪʠʚʣʝʥʠʝ, ʯʨʝʟ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʧʦ-ʦʙʪʝʢʘʝʤʠ 
ʬʦʨʤʠ. ɺʲʟʤʦʞʥʦ ʣʠ ʝ ʦʙʘʯʝ, ʩʘʤʠʷʪ ʩʠʣʘʪʘ ʥʘ ʩʘʤʦʪʦ ʚʲʟʜʫʰʥʦ ʪʝʯʝʥʠʝ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘ 
ʟʘ ʥʘʤʘʣʷʚʘʥʝ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʟʘʛʫʙʠ? ɺʲʟʤʦʞʥʦ ʣʠ ʝ ʜʘ ʩʝ ʨʘʟʨʘʙʦʪʠ 
ʘʝʨʦʜʠʥʘʤʠʯʥʘ ʢʦʤʧʝʥʩʘʮʠʷ ʥʘ ʚʩʠʯʢʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʠ ʩʠʣʠ ʧʨʠ ʜʚʠʞʝʥʠʝ? 
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Characterization of a wing profile for aerodynamic compensation of road vehicles 
 

Yasen Tsvetanov, Angel Terziev 

 
The aerodynamic drag is one of the significant factors influencing vehicle behavior. Its 

influence grew substantially, with an increase in the speed of movement. More than a century, 
engineers trying to reduce the impact of the air resistance, through the use of a more 
aerodynamics forms. Is it possible to use the air itself to reduce the aerodynamic losses? Is it 
possible to develop an aerodynamic compensation of the all resistance forces acting in motion? 

 

Keywords: Wind airfoil, aerodynamic drag, aerodynamic losses, aerodynamic compensation, 
aerodynamic forces  

 
ɺʲʚʝʜʝʥʠʝ 
ʀʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʢʨʠʣʥʠ ʧʨʦʬʠʣʠ ʚʲʚ ʚʲʟʜʫʭʦʧʣʘʚʘʥʝʪʦ ʝ ʚ ʦʩʥʦʚʘʪʘ ʥʘ ʪʦʟʠ ʪʨʘʥʩʧʦʨʪ. 

ɺ ʧʨʘʢʪʠʢʘʪʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʠʟʢʣʶʯʠʪʝʣʥʦ ʛʦʣʷʤ ʙʨʦʡ ʨʘʟʣʠʯʥʠ ʧʨʦʬʠʣʠ, ʚʩʝʢʠ ʦʪ ʢʦʠʪʦ ʠʤʘ 
ʩʚʦʠ ʩʦʙʩʪʚʝʥʠ ʧʨʝʜʠʤʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʲʮʠ. ɺʲʧʨʝʢʠ ʧʦʩʦʯʝʥʦʪʦ ʧʦ-ʛʦʨʝ ʚʩʠʯʢʠ ʪʝ ʠʤʘʪ 
ʦʙʱʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʦʷʪʦ ʛʠ ʦʙʝʜʠʥʷʚʘ ï ʛʝʥʝʨʠʨʘʥʝʪʦ ʥʘ ʧʦʜʝʤʥʘ ʩʠʣʘ. ʊʦʟʠ ʬʘʢʪ ʣʝʞʠ ʚ 
ʦʩʥʦʚʘʪʘ ʥʘ ʧʣʘʚʘʥʝʪʦ ʥʘ ʧʨʝʜʤʝʪʠ ʧʦ-ʪʝʞʢʠ ʦʪ ʚʲʟʜʫʭʘ, ʢʘʪʦ ʛʝʥʝʨʠʨʘʥʘʪʘ ʧʦʜʝʤʥʘ ʩʠʣʘ 
ʩʝ ʧʨʦʪʠʚʦʧʦʩʪʘʚʷ ʥʘ ʛʨʘʚʠʪʘʮʠʦʥʥʘʪʘ ʩʠʣʘ ʥʘ ʟʝʤʷʪʘ. ʊʦʚʘ ʩʚʦʡʩʪʚʦ ʥʘ ʢʨʠʣʥʠʪʝ ʧʨʦʬʠʣʠ 
ʩʝ ʠʟʧʦʣʟʚʘ ʫʩʧʝʰʥʦ ʧʨʠ ʧʲʪʥʠʪʝ ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ (ʇʇʉ), ʥʦ ʩ ʦʙʨʘʪʝʥ ʟʥʘʢ ï ʢʨʠʣʥʠʷʪ 
ʧʨʦʬʠʣ ʝ ʦʙʲʨʥʘʪ ʦʛʣʝʜʘʣʥʦ, ʘ ʧʦʜʝʤʥʘʪʘ ʩʠʣʘ ʝ ʥʘʩʦʯʝʥʘ ʢʲʤ ʟʝʤʷʪʘ, ʨʘʙʦʪʝʡʢʠ ʚ ʝʜʥʦ ʩ 
ʛʨʘʚʠʪʘʮʠʷʪʘ. ʊʫʢ ʮʝʣʪʘ ʝ ʩʘʤʦ ʝʜʥʘ ï ʧʦʚʠʰʘʚʘʥʝ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʪʘ/ʫʧʨʘʚʣʷʝʤʦʩʪʪʘ ʥʘ 
ʇʇʉ. ʉʲʱʝʩʪʚʫʚʘ ʠ ʦʱʝ ʝʜʠʥ ʥʘʯʠʥ, ʧʦ ʢʦʡʪʦ ʤʦʛʘʪ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʢʨʠʣʥʠʪʝ ʧʨʦʬʠʣʠ ï ʜʘ 
ʛʝʥʝʨʠʨʘʪ ʭʦʨʠʟʦʥʪʘʣʥʠ ʩʠʣʠ ʦʪ ʚʷʪʲʨʘ, ʢʦʠʪʦ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʟʘ ʟʘʜʚʠʞʚʘʥʝ - ʥʘʡ-ʚʝʯʝ ʚʲʚ 
ʚʦʜʥʠʪʝ ʩʧʦʨʪʦʚʝ. ʂʘʪʦ ʪʘʢʠʚʘ ʩʲʦʨʲʞʝʥʠʷ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʧʦʩʦʯʝʥʠ ʧʣʘʪʥʦʭʦʜʠʪʝ. ʊʝ 
ʦʪʜʘʚʥʘ, ʦʙʘʯʝ ʩʘ ʟʘʤʝʥʝʥʠ ʦʪ ʢʦʨʘʙʠʪʝ, ʟʘʜʚʠʞʚʘʥʠ ʩ ʜʚʠʛʘʪʝʣʠ, ʧʦʨʘʜʠ ʛʦʣʷʤʘʪʘ 
ʥʝʧʦʩʪʦʷʥʥʦʩʪ ʥʘ ʚʝʪʨʦʚʝʪʝ. 
ʆʩʥʦʚʥʠʪʝ ʥʘʯʠʥʠ ʟʘ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʚʷʪʲʨʘ ʟʘ ʧʨʠʜʚʠʞʚʘʥʝ ʩʝ ʩʚʝʞʜʘʪ ʜʦ 

ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʦʪʢʨʠʪʠ ʧʣʘʪʥʘ, ʧʦʩʪʘʚʝʥʠ ʧʦʜ ʦʧʨʝʜʝʣʝʥ ʲʛʲʣ ʩʧʨʷʤʦ ʚʷʪʲʨʘ. ʉʚʦʙʦʜʥʦ 
ʦʙʪʠʯʘʥʠʪʝ ʧʣʘʪʥʘ ʛʝʥʝʨʠʨʘʪ ʭʦʨʠʟʦʥʪʘʣʥʘ ʩʠʣʘ, ʢʦʷʪʦ ʧʨʠʜʚʠʞʚʘ ʜʘʜʝʥ ʧʣʘʚʘʪʝʣʝʥ ʩʲʜ, 
ʥʦ ʘʢʦ ʝʜʥʦ ʧʣʘʪʥʦ ʩʝ ʧʦʩʪʘʚʠ ʟʘʜ ʜʨʫʛʦ ʧʣʘʪʥʦ ʠʣʠ ʥʘ ʤʷʩʪʦ, ʢʲʜʝʪʦ ʪʦ ʥʝ ʤʦʞʝ ʜʘ ʩʝ 
ʦʙʪʠʯʘ ʩʚʦʙʦʜʥʦ, ʪʦ ʪʦʚʘ ʧʣʘʪʥʦ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʝʩʪʘʚʘ ʜʘ ʛʝʥʝʨʠʨʘ ʭʦʨʠʟʦʥʪʘʣʥʘ 
ʟʘʜʚʠʞʚʘʱʘ ʩʠʣʘ. 
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ɺʲʟʥʠʢʚʘ ʩʣʝʜʥʠʷ ʚʲʧʨʦʩ: ʤʦʞʝ  ʣʠ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʢʨʠʣʥʠ ʧʨʦʬʠʣʠ ʟʘ ʛʝʥʝʨʠʨʘʥʝ ʥʘ 
ʭʦʨʠʟʦʥʪʘʣʥʠ ʩʠʣʠ, ʢʦʛʘʪʦ ʪʝ ʥʝ ʩʘ ʩʚʦʙʦʜʥʦ ʦʙʪʠʯʘʥʠ ʦʪ ʚʷʪʲʨ ʢʘʢʪʦ ʧʣʘʪʥʘʪʘ ʠ ʟʘ ʢʘʢʚʦ 
ʙʠʭʘ ʩʝ ʠʟʧʦʣʟʚʘʣʠ ʪʝʟʠ ʧʨʦʬʠʣʠ ʘʢʦ ʪʦʚʘ ʤʦʞʝ ʜʘ ʩʝ ʦʩʲʱʝʩʪʚʠ?  

ʇʦʩʪʘʥʦʚʢʘ ʥʘ ʟʘʜʘʯʘʪʘ. ʆʭʘʨʘʢʪʝʨʠʟʠʨʘʥʝ ʥʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ GOE 428. 
ʇʨʠ ʫʩʣʦʚʠʝ, ʯʝ ʩʝ ʨʘʟʛʣʝʜʘʪ ʢʘʤʠʦʥʠʪʝ ʢʘʪʦ ʝʜʠʥ ʦʪ ʧʨʝʜʩʪʘʚʠʪʝʣʠʪʝ ʥʘ ʧʲʪʥʠʪʝ 

ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ (ʇʇʉ), ʤʦʛʘʪ ʜʘ ʩʝ ʢʦʥʩʪʘʪʠʨʘʪ ʩʣʝʜʥʠʪʝ ʦʩʥʦʚʥʠ ʬʘʢʪʠ: ʪʝ ʩʘ ʤʥʦʛʦ 
ʰʠʨʦʢʦ ʨʘʟʧʨʦʩʪʨʘʥʝʥʠ ʚ ʝʞʝʜʥʝʚʠʝʪʦ; ʧʨʝʚʦʟʚʘʪ ʛʦʣʝʤʠ ʢʦʣʠʯʝʩʪʚʘ ʪʦʚʘʨʠ; ʠʟʤʠʥʘʚʘʪ 
ʛʦʣʝʤʠ ʨʘʟʩʪʦʷʥʠʷ ʚ ʨʘʤʢʠʪʝ ʥʘ ʝʜʥʘ ʛʦʜʠʥʘ ʠ ʥʷʤʘʪ ʘʣʪʝʨʥʘʪʠʚʘ, ʢʦʷʪʦ ʜʘ ʤʦʞʝ ʜʘ ʛʠ 
ʟʘʤʝʩʪʠ. ʅʦ ʪʦʚʘ ʠʤʘ ʠ ʩʚʦʷʪʘ ʮʝʥʘ: ʢʘʤʠʦʥʠʪʝ ʥʝ ʩʘ ʩ ʤʥʦʛʦ ʘʝʨʦʜʠʥʘʤʠʯʥʠ ʬʦʨʤʠ ʠ 
ʠʟʨʘʟʭʦʜʚʘʪ ʛʦʣʝʤʠ ʢʦʣʠʯʝʩʪʚʘ ʛʦʨʠʚʘ, ʚʲʧʨʝʢʠ ʤʥʦʛʦ ʜʦʙʨʘʪʘ ʛʦʨʠʚʥʘ ʝʬʝʢʪʠʚʥʦʩʪ ʥʘ 
ʪʝʭʥʠʪʝ ʜʚʠʛʘʪʝʣʠ.  ʆʩʚʝʥ ʪʦʚʘ, ʪʝ ʠʤʘʪ ʠ ʜʨʫʛʠ ʛʦʣʝʤʠ ʟʘʛʫʙʠ ï ʦʪ ʪʨʠʝʥʝ, ʚ ʘʛʨʝʛʘʪʠʪʝ ʠ 
ʩʧʦʤʘʛʘʪʝʣʥʠʪʝ ʩʠʩʪʝʤʠ. 
ʇʨʠ ʜʚʠʞʝʥʠʝ ʚ ʛʨʘʜʩʢʠ ʫʩʣʦʚʠʷ, ʩʢʦʨʦʩʪʪʘ ʥʘ ʧʨʠʜʚʠʞʚʘʥʝ ʝ ʦʪʥʦʩʠʪʝʣʥʦ ʥʠʩʢʘ, 

ʧʦʨʘʜʠ ʢʦʝʪʦ ʠ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʟʘʛʫʙʠ ʥʘ ʢʘʤʠʦʥʠʪʝ ʩʘ ʤʘʣʢʠ ʠ ʜʦʨʠ ʧʨʝʥʝʙʨʝʞʠʤʠ. ʅʦ 
ʧʨʠ ʜʚʠʞʝʥʠʝ ʠʟʚʲʥ ʛʨʘʜʘ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʟʘʛʫʙʠ ʥʘʨʘʩʪʚʘʪ ʯʫʚʩʪʚʠʪʝʣʥʦ, ʟʘ ʜʘ ʜʦʩʪʠʛʥʘʪ 
22-25% ʦʪ ʦʙʱʠʪʝ ʟʘʛʫʙʠ ʥʘ ʝʥʝʨʛʠʷ [1, 2, 6]. ɺʲʟʥʠʢʚʘ ʚʲʧʨʦʩʲʪ: ʤʦʛʘʪ ʣʠ ʜʘ ʥʘʤʘʣʷʪ 
ʟʘʛʫʙʠʪʝ (ʨʘʟʭʦʜʲʪ ʥʘ ʝʥʝʨʛʠʷ) ʧʨʠ ʜʚʠʞʝʥʠʝ ʚ ʠʟʚʲʥʛʨʘʜʩʢʠ ʫʩʣʦʚʠʷ, ʠ ʘʢʦ ʪʦʚʘ ʝ 
ʚʲʟʤʦʞʥʦ, ʪʦ ʢʘʢʲʚ ʜʘ ʙʲʜʝ ʥʘʯʠʥʲʪ? ɹʝʟʩʧʦʨʥʦ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʬʦʨʤʠ ʨʝʜʫʮʠʨʘʪ 
ʢʦʥʩʫʤʘʮʠʷʪʘ ʥʘ ʛʦʨʠʚʦ, ʥʦ ʥʝ ʨʝʰʘʚʘʪ ʧʨʦʙʣʝʤʲʪ ʧʦ ʩʲʱʝʩʪʚʦ. ʅʝʦʙʭʦʜʠʤʦ ʝ ʜʘ ʩʝ ʪʲʨʩʠ 
ʜʨʫʛʘ ʘʣʪʝʨʥʘʪʠʚʘ, ʧʨʠ ʢʦʷʪʦ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ ʜʚʠʞʝʱʘ ʩʠʣʘ ʠ ʪʘʟʠ ʘʣʪʝʨʥʘʪʠʚʘ ʜʘ ʠʟʧʦʣʟʚʘ 
ʦʪʥʦʩʠʪʝʣʥʦ ʤʘʣʢʦ ʝʥʝʨʛʠʷ.  
ʇʨʠ ʩʘʤʦʣʝʪʠʪʝ, ʢʨʠʣʥʠʷʪ ʧʨʦʬʠʣ ʝ ʟʘʢʨʝʧʝʥ ʥʝʧʦʜʚʠʞʥʦ ʟʘ ʬʶʟʝʣʘʞʘ ʠ ʩʝ ʦʙʪʠʯʘ ʦʪ 

ʚʲʟʜʫʭʘ ʙʣʘʛʦʜʘʨʝʥʠʝ ʥʘ ʜʚʠʞʝʥʠʝʪʦ ʥʘ ʩʘʤʦʣʝʪʘ, ʛʝʥʝʨʠʨʘʡʢʠ ʧʦʜʝʤʥʘ ʩʠʣʘ. ɸʢʦ ʪʦʟʠ 
ʧʨʦʬʠʣ ʙʲʜʝ ʟʘʚʲʨʪʷʥ ʥʘ 90 ʛʨʘʜʫʩʘ (ʚʝʨʪʠʢʘʣʥʦ), ʪʦ ʪʦʛʘʚʘ ʥʝʛʦʚʘʪʘ ʚʝʨʪʠʢʘʣʥʘ ʧʦʜʝʤʥʘ 
ʩʠʣʘ ʱʝ ʩʝ ʪʨʘʥʩʬʦʨʤʠʨʘ ʚ ʭʦʨʠʟʦʥʪʘʣʥʘ ʜʚʠʞʝʱʘ ʩʠʣʘ. ɿʘ ʜʘ Ăʨʘʙʦʪʠñ ʪʦʟʠ ʧʨʦʬʠʣ, ʝ 
ʥʝʦʙʭʦʜʠʤʦ ʜʘ ʩʝ ʠʟʧʲʣʥʷʪ ʜʚʝ ʫʩʣʦʚʠʷ: ʜʘ ʙʲʜʝ ʟʘʢʨʝʧʝʥ ʥʝʧʦʜʚʠʞʥʦ ʟʘ ʢʘʤʠʦʥʘ ʥʘ 
ʧʦʜʭʦʜʷʱʦ ʤʷʩʪʦ ʠ ʜʘ ʙʲʜʘʪ ʦʩʠʛʫʨʝʥʠ ʫʩʣʦʚʠʷ ʟʘ ʥʝʛʦʚʦʪʦ ʦʙʪʠʯʘʥʝ ʦʪ ʫʩʧʦʨʝʜʥʦ 
ʚʲʟʜʫʰʥʦ ʪʝʯʝʥʠʝ. 
ɽʜʥʘ ʦʪ ʚʲʟʤʦʞʥʦʩʪʠʪʝ ʟʘ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʢʨʠʣʥʠ ʧʨʦʬʠʣʠ ʚ ʇʇʉ ʠ ʚ ʯʘʩʪʥʦʩʪ ʧʨʠ 

ʢʘʤʠʦʥʠʪʝ ʝ ʤʝʞʜʠʥʘʪʘ ʤʝʞʜʫ ʢʘʙʠʥʘʪʘ ʠ ʨʝʤʘʨʢʝʪʦ. ʇʦ ʪʦʟʠ ʥʘʯʠʥ ʱʝ ʩʝ ʠʟʧʦʣʟʚʘ 
ʩʲʱʝʩʪʚʫʚʘʱʦ ʧʨʘʟʥʦ ʤʷʩʪʦ, ʢʦʝʪʦ ʝ ʥʝʞʝʣʘʥʦ ʠ ʛʝʥʝʨʠʨʘ ʚʠʭʨʠ, ʢʦʠʪʦ ʜʦʧʲʣʥʠʪʝʣʥʦ 
ʫʚʝʣʠʯʘʚʘʪ ʘʝʨʦʜʠʥʘʤʠʯʥʦʪʦ ʩʲʧʨʦʪʠʚʣʝʥʠʝ.  
ʅʘ ʌʠʛ. 1 ʝ ʧʨʝʜʩʪʘʚʝʥʘ ʦʙʦʙʱʝʥʘ ʠʥʬʦʨʤʘʮʠʷ ʟʘ ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦ ʥʘ 

ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʟʘʛʫʙʠ ʧʨʠ ʢʘʤʠʦʥʠʪʝ.  
 
 

 
ʌʠʛ. 1 ʈʘʟʙʠʚʢʘ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʟʘʛʫʙʠ ʧʨʠ ʢʘʤʠʦʥʠʪʝ [3] 

 
ʅʘ ʌʠʛ. 1 ʩʝ ʚʠʞʜʘ ʷʩʥʦ, ʯʝ ʤʝʞʜʠʥʘʪʘ ʤʝʞʜʫ ʢʘʙʠʥʘʪʘ ʠ ʨʝʤʘʨʢʝʪʦ ʧʦʟʚʦʣʷʚʘ 

ʧʦʩʪʘʚʷʥʝʪʦ ʥʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ, ʢʘʪʦ ʧʦ ʪʦʟʠ ʥʘʯʠʥ ʩʝ ʩʲʟʜʘʚʘ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʛʝʥʝʨʠʨʘʥʝʪʦ 
ʥʘ ʜʚʠʞʝʱʘ ʠʣʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʘ. 
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ɽʜʥʘ ʦʪ ʦʩʥʦʚʥʠʪʝ ʮʝʣʠ ʥʘ ʥʘʩʪʦʷʱʘʪʘ ʨʘʙʦʪʘ ʝ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʚʲʟʤʦʞʥʦʩʪʪʘ ʟʘ 
ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ ʩ ʦʛʣʝʜ ʢʦʤʧʝʥʩʘʮʠʷ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʦʪʦ ʩʲʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ 
ʇʇʉ.  
ɽʜʥʦ ʦʪ ʧʨʝʜʣʦʞʝʥʠʷʪʘ ʝ ʢʨʠʣʝʥ ʧʨʦʬʠʣ ʩ ʦʧʨʝʜʝʣʝʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʘ ʙʲʜʝ 

ʤʦʥʪʠʨʘʥ ʚ ʤʝʞʜʠʥʘʪʘ ʤʝʞʜʫ ʢʘʙʠʥʘʪʘ ʠ ʨʝʤʘʨʢʝʪʦ, ʙʝʟ ʜʘ ʩʝ ʧʦʚʣʠʷʚʘ ʚʲʨʭʫ 
ʤʘʥʝʚʨʝʥʦʩʪʪʘ ʥʘ ʧʨʝʚʦʟʥʦʪʦ ʩʨʝʜʩʪʚʦ. ʅʘ ʌʠʛ. 2 ʝ ʠʟʦʙʨʘʟʝʥ ʢʨʠʣʝʥ ʧʨʦʬʠʣ GOE 428 [4], 
ʧʦʩʪʘʚʝʥ ʚ ʧʨʘʚʦʲʛʲʣʝʥ ʢʘʥʘʣ, ʤʦʥʪʠʨʘʥ ʥʘ ʯʝʣʥʘʪʘ ʩʪʨʘʥʘ ʥʘ ʨʝʤʘʨʢʝʪʦ ʟʘʜ ʢʘʙʠʥʘʪʘ. 
ɺʲʟʤʦʞʥʦ ʝ ʧʨʦʬʠʣʲʪ ʜʘ ʙʲʜʝ ʤʦʥʪʠʨʘʥ ʩʲʱʦ ʠ ʥʘ ʟʘʜʥʘʪʘ ʩʪʨʘʥʘ ʠʣʠ ʤʝʞʜʫ ʢʘʤʠʦʥʘ ʠ 
ʨʝʤʘʨʢʝʪʦ. 

 
 

ʌʠʛ. 2 ʂʨʠʣʝʥ ʧʨʦʬʠʣ GOE 428 [4], ʧʦʩʪʘʚʝʥ ʘ ʧʨʘʚʦʲʛʲʣʝʥ ʢʘʥʘʣ ʥʘ ʇʇʉ [5]  
 

ʅʘ ʌʠʛ. 3 ʩʘ ʠʟʦʙʨʘʟʝʥʠ ʛʨʘʬʠʯʥʦ ʧʦʜʝʤʥʘʪʘ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʠʪʝ ʩʠʣʠ ʟʘ  ʢʨʠʣʝʥ 
ʧʨʦʬʠʣ GOE 428, ʩ ʧʣʦʱ 4 m2, ʧʨʠ ʩʚʦʙʦʜʥʦ ʦʙʪʠʯʘʥʝ. 

 

 
ʌʠʛ. 3 ʇʦʜʝʤʥʘ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʠ ʟʘ ʧʨʦʬʠʣ GOE 428 
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ɺ ʊʘʙʣ. 1 ʩʘ ʠʟʦʙʨʘʟʝʥʠ ʧʦʜʝʤʥʘʪʘ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʠʪʝ ʩʠʣʠ ʟʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ GOE 
428 ʚ ʪʘʙʣʠʯʝʥ ʚʠʜ ʧʨʠ ʩʚʦʙʦʜʥʦ ʦʙʪʠʯʘʥʝ. ɺ ʊʘʙʣ. 2 ʧʨʝʜʩʪʘʚʝʥʘ ʠʥʬʦʨʤʘʮʠʷ ʟʘ 
ʩʪʦʡʥʦʩʪʪʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʧʦʜʝʤʥʘ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʘ ʟʘ ʠʟʙʨʘʥʠʷ ʢʨʠʣʝʥ 
ʧʨʦʬʠʣ ʧʨʠ ʨʘʟʣʠʯʝʥ ʲʛʲʣ ʥʘ ʘʪʘʢʘʪʘ ʩʧʨʷʤʦ ʦʩʥʦʚʥʦʪʦ ʪʝʯʝʥʠʝ.  

ʊʘʙʣʠʮʘ 1 
ʇʦʜʝʤʥʘ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʠ ʟʘ ʧʨʦʬʠʣ 

GOE 428, ʧʨʠ ʩʚʦʙʦʜʥʦ ʦʙʪʠʯʘʥʝ 

ˉ  
V Fy Fx 

km/h m/s N N 

1 10 2.78 14.17 0.01 

2 20 5.56 56.69 0.04 

3 30 8.33 127.55 0.10 

4 40 11.11 226.76 0.18 

5 50 13.89 354.31 0.27 

6 60 16.67 510.20 0.40 

7 70 19.44 694.44 0.54 

8 80 22.22 907.02 0.70 

9 90 25.00 1147.95 0.89 

10 100 27.78 1417.22 1.10 

11 110 30.56 1714.84 1.33 

12 120 33.33 2040.80 1.58 

13 130 36.11 2395.11 1.85 

14 140 38.89 2777.76 2.15 

15 150 41.67 3188.75 2.47 

16 160 44.44 3628.09 2.81 

17 170 47.22 4095.77 3.17 

18 180 50.00 4591.80 3.56 

19 190 52.78 5116.17 3.96 

20 200 55.56 5668.89 4.39 

Cy Cx Sy,m
2
 Sx,m

2
 kg/m

3
 

0.7653 0.0079 4 0.3 1.2 

 
ʊʘʙʣʠʮʘ 2 

ʆʩʥʦʚʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʢʨʠʣʥʠʷ ʧʨʦʬʠʣ GOE 428 

GOE 428 - Re = 400000 

Alfa Cl Cd Cl/Cd Cm 

-1 0.4463 0.0104 42.914 -0.111 

-0.5 0.4987 0.0098 50.888 -0.11 

0 0.551 0.0094 58.617 -0.109 

0.5 0.6038 0.0093 64.925 -0.108 

1 0.6535 0.0087 75.115 -0.107 

1.5 0.7147 0.0076 94.04 -0.108 

2 0.7653 0.0079 96.873 -0.107 

2.5 0.8146 0.0082 99.342 -0.106 

3.5 0.9116 0.0092 99.087 -0.103 

4 0.9609 0.0097 99.062 -0.102 
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ʅʘʨʝʜ ʩ ʪʦʚʘ ʝ ʧʨʝʜʩʪʘʚʝʥʦ ʦʪʥʦʰʝʥʠʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʧʦʜʝʤʥʘ ʢʲʤ 
ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʠ, ʢʘʢʪʦ ʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʤʦʤʝʥʪʘ. ɺʧʝʯʘʪʣʝʥʠʝ ʧʨʘʚʠ ʬʘʢʪʲʪ, ʯʝ 
ʤʘʢʩʠʤʘʣʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ ʦʪʥʦʰʝʥʠʝʪʦ ʤʝʞʜʫ ʜʚʘʪʘ ʢʦʝʬʠʮʠʝʥʪʘ ʝ ʧʨʠ ʲʛʲʣ ʥʘ ʘʪʘʢʘʪʘ 2ʦ. 
ʅʘ ʩʣʝʜʚʘʱʠʪʝ ʬʠʛʫʨʠ (ʌʠʛ. 4 õ ʌʠʛ. 10) ʩʘ ʠʟʦʙʨʘʟʝʥʠ ʨʘʟʣʠʯʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʢʨʠʣʥʠʷʪ ʧʨʦʬʠʣ GOE 428, ʧʨʠ ʩʚʦʙʦʜʥʦ ʦʙʪʠʯʘʥʝ (ʏʠʩʣʦ ʥʘ ʈʝʡʥʦʣʜʩ 100 000).  

 

ʌʠʛ. 4 ɻʨʘʬʠʯʥʦ ʨʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ ʥʘʣʷʛʘʥʝʪʦ ʧʦ ʢʨʠʣʥʠʷʪ ʧʨʦʬʠʣ GOE 428 
 

 
ʌʠʛ. 5 ʈʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ ʥʘʣʷʛʘʥʝʪʦ ʩʧʨʷʤʦ ʭʦʨʜʘʪʘ ʥʘ ʢʨʠʣʥʠʷʪ ʧʨʦʬʠʣ GOE 428 

 
ʅʘ ʌʠʛ. 6 ʝ ʧʨʝʜʩʪʘʚʝʥʦ ʦʪʥʦʰʝʥʠʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʧʦʜʝʤʥʘ ʢʲʤ 

ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʠ ʧʨʠ ʠʟʩʣʝʜʚʘʥʠʷ ʨʝʞʠʤ ʥʘ ʜʚʠʞʝʥʠʝ (Re=100000) ʟʘ ʨʘʟʣʠʯʥʠ ʢʨʠʣʥʠ 
ʧʨʦʬʠʣʠ. ɺʧʝʯʘʪʣʝʥʠʝ ʧʨʘʚʠ ʬʘʢʪʲʪ, ʯʝ ʩ ʥʘʡ-ʚʠʩʦʢʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ 
ʧʦʜʝʤʥʘ ʩʠʣʘ ʝ ʧʨʝʜʣʦʞʝʥʠʷ ʧʨʦʬʠʣ (GOE 428), ʪ.ʝ. ʧʨʠ ʥʠʩʢʠ ʩʢʦʨʦʩʪʠ ʥʘ ʜʚʠʞʝʥʠʝ ʝ ʩ 
ʥʘʡ-ʚʠʩʦʢʘ ʩʪʦʡʥʦʩʪ ʥʘ ʦʪʥʦʰʝʥʠʝʪʦ ʤʝʞʜʫ ʜʚʘʪʘ ʢʦʝʬʠʮʠʝʥʪʘ.   
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ʌʠʛ. 6 ʉʨʘʚʥʝʥʠʝ ʥʘ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʨʘʟʣʠʯʥʠ ʢʨʠʣʥʠ ʧʨʦʬʠʣʠ 

ʧʨʠ ʠʟʙʨʘʥ ʨʝʞʠʤ ʥʘ ʜʚʠʞʝʥʠʝ 
 
ʅʘ ʌʠʛ. 7 ʝ ʧʨʝʜʩʪʘʚʝʥʦ ʦʪʥʦʰʝʥʠʝʪʦ (Cl/Cd) ʧʨʠ ʨʘʟʣʠʯʥʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʯʠʩʣʦʪʦ Re. ʆʪ 

ʌʠʛʫʨʘʪʘ ʝ ʚʠʜʥʦ, ʯʝ ʧʨʠ ʧʦ-ʚʠʩʦʢʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʯʠʩʣʦʪʦ ʥʘ Re, ʩʪʦʡʥʦʩʪʪʘ ʥʘ ʯʝʣʥʦ 
ʩʲʧʨʦʪʠʚʣʝʥʠʝ ʥʘʤʘʣʷʚʘ ʟʘ ʧʦʩʦʯʝʥʠʷ ʢʨʠʣʝʥ ʧʨʦʬʠʣ.     

 

ʌʠʛ. 7 ɿʘʚʠʩʠʤʦʩʪ ʥʘ Cl/Cd ʦʪ Re ʥʘ ʢʨʠʣʥʠʷʪ ʧʨʦʬʠʣ GOE 428 
 

ʅʘ ʌʠʛ. 8 ʝ ʧʨʝʜʩʪʘʚʝʥʠʪʝ ʢʨʠʚʠʪʝ ʥʘ ʠʟʤʝʥʝʥʠʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʦ 
ʩʲʧʨʦʪʠʚʣʝʥʠʝ ʥʘ ʢʨʠʣʥʠʪʝ ʧʨʦʬʠʣʠ ʧʨʠ ʨʘʟʣʠʯʥʠ ʲʛʣʠ ʥʘ ʘʪʘʢʘʪʘ ʧʨʠ ʨʘʟʣʠʯʥʠ ʩʪʦʡʥʦʩʪʠ 
ʥʘ ʯʠʩʣʦʪʦ ʥʘ Re. ʀʟʚʦʜʲʪ, ʢʦʡʪʦ ʤʦʞʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʝ ʘʥʘʣʦʛʠʯʝʥ ʥʘ ʪʦʟʠ ʢʲʤ ʌʠʛ. 7. ʅʘ 
ʌʠʛ. 9 ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʢʨʠʚʠʪʝ ʥʘ ʠʟʤʝʥʝʥʠʝ ʥʘ Cl/Cd ʠ Cm ʢʘʪʦ ʬʫʥʢʮʠʷ ʥʘ ʲʛʲʣʘ ʥʘ 
ʘʪʘʢʘʪʘ.   
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ʌʠʛ. 8 ɿʘʚʠʩʠʤʦʩʪ ʥʘ Cl ʠ Cd ʦʪ ʘʣʬʘ ʟʘ ʢʨʠʣʥʠʷʪ ʧʨʦʬʠʣ GOE 428 

 
 

 
 

ʌʠʛ. 9 ʂʨʠʚʠ ʥʘ ʠʟʤʝʥʝʥʠʝ ʥʘ Cl/Cd ʠ Cm ʦʪ ʲʛʲʣ ʥʘ ʘʪʘʢʘʪʘ 
ʟʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ GOE 428 



 
36  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

 

ʌʠʛ. 10 ʇʨʦʤʷʥʘ ʥʘ Cl ʠ Cd ʦʪ Re ʟʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ GOE 428 

 
ʀʟʚʦʜʠ 
ɺ ʥʘʩʪʦʷʱʘʪʘ ʨʘʙʦʪʘ ʝ ʥʘʧʨʘʚʝʥʦ ʦʭʘʨʘʢʪʝʨʠʟʠʨʘʥʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʢʨʠʣʝʥ ʧʨʦʬʠʣ 

ʩ ʦʛʣʝʜ ʠʟʧʦʣʟʚʘʥʝʪʦ ʤʫ ʟʘ ʢʦʤʧʝʥʩʘʮʠʷ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʦ ʩʲʧʨʦʪʠʚʣʝʥʠʝ. ʆʩʥʦʚʥʘʪʘ ʮʝʣ 
ʝ ʜʘ ʩʝ ʜʘʜʝ ʧʨʝʜʩʪʘʚʘ ʟʘ ʠʜʝʷʪʘ ʟʘ ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʢʨʠʣʥʠ ʧʨʦʬʠʣʠ ʩ ʮʝʣ ʛʝʥʝʨʠʨʘʥʝ ʥʘ 
ʜʚʠʞʝʱʠ ʩʠʣʠ ʚ ʇʇʉ, ʘ ʥʝ ʜʘ ʩʝ ʨʘʟʛʣʝʞʜʘʪ ʤʥʦʞʝʩʪʚʦʪʦ ʚʲʟʤʦʞʥʠ ʢʦʥʩʪʨʫʢʪʠʚʥʠ ʨʝʰʝʥʠʷ. 
ʅʘʯʠʥʠʪʝ ʥʘ ʧʦʜʚʝʞʜʘʥʝ ʠ ʦʪʚʝʞʜʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʢʲʤ ʢʨʠʣʥʠʷ ʧʨʦʬʠʣ ʩʲʱʦ ʤʦʞʝ ʜʘ ʙʲʜʝ 
ʨʘʟʣʠʯʝʥ ʢʘʪʦ ʪʦʡ ʱʝ ʟʘʚʠʩʠ ʠʟʮʷʣʦ ʦʪ ʢʦʥʢʨʝʪʥʦ ʠʟʙʨʘʥʦʪʦ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʨʝʰʝʥʠʝ.  
ɺ ʤʘʪʝʨʠʘʣʲʪ ʝ ʧʨʝʜʩʪʘʚʝʥ ʩʪʘʥʜʘʨʪʝʥ ʧʨʦʬʠʣ ï GOE 428, ʯʠʡʪʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʘ 

ʠʟʚʝʩʪʥʠ. ʈʘʟʤʝʨʠʪʝ ʥʘ ʧʨʦʬʠʣʲʪ ʩʘ 2 000 ʭ 2 000 mm. ʇʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟ ʧʦʢʘʟʚʘ, ʯʝ ʧʨʠ 
ʲʛʲʣ ʥʘ ʘʪʘʢʘʪʘ 2Á ʠ ʩʢʦʨʦʩʪ ʥʘ ʚʲʟʜʫʭʘ ʦʢʦʣʦ ʢʨʠʣʦʪʦ ʦʪ ʧʦʨʷʜʲʢʘ ʥʘ 25 m/s (90 km/h), 
ʤʦʞʝ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ ʜʚʠʛʘʪʝʣʥʘ ʩʠʣʘ ʢʦʷʪʦ ʝ ʩʲʠʟʤʝʨʠʤʘ ʥʘ ʪʘʟʠ ʥʘ ʯʝʣʥʦʪʦ 
ʩʲʧʨʦʪʠʚʣʝʥʠʝ ʥʘ ʝʜʠʥ ʢʘʤʠʦʥ. ɸʢʦ ʩʢʦʨʦʩʪʪʘ ʥʘ ʦʙʪʠʯʘʥʝ ʩʝ ʫʚʝʣʠʯʠ ʝ ʚʲʟʤʦʞʥʦ ʜʘ ʩʝ 
ʢʦʤʧʝʥʩʠʨʘʪ ʠ ʟʘʛʫʙʠʪʝ ʚ ʟʘʜʥʠʷʪ ʢʨʘʡ ʥʘ ʢʘʤʠʦʥʘ. ɺʩʝ ʦʱʝ ʥʝ ʝ ʠʟʩʣʝʜʚʘʥʦ ʠ ʪʦʯʥʦʪʦ 
ʚʣʠʷʥʠʝ ʥʘ ʚʲʟʜʫʭʦʚʦʜʘ ʚʲʨʭʫ ʧʨʦʬʠʣʘ. ɼʦʙʘʚʷʥʝʪʦ ʥʘ ʧʦʚʝʯʝ ʦʪ ʝʜʥʦ ʢʨʠʣʦ ʠ/ʠʣʠ ʥʘ 
ʧʦʚʝʯʝ ʦʪ ʝʜʥʦ ʤʷʩʪʦ ʠʤʘʪ ʧʦʪʝʥʮʠʘʣʘ ʜʘ ʢʦʤʧʝʥʩʠʨʘʪ ʥʝ ʩʘʤʦ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ ʟʘʛʫʙʠ, ʥʦ 
ʜʦʨʠ ʠ ʜʨʫʛʠ ʟʘʛʫʙʠ ʚ ʢʘʤʠʦʥʠʪʝ, ʧʦʨʦʜʝʥʠ ʦʪ ʪʷʭʥʦʪʦ ʜʚʠʞʝʥʠʝ.  
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ʏʠʩʣʝʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʥʘ ʚʲʟʜʫʭa ʩ ʤʦʜʝʣ ʟʘ 
ʜʚʫʬʘʟʥʦ ʪʝʯʝʥʠʝ 

 
ɻʝʦʨʛʠ ʇʠʯʫʨʦʚ, ɽʣʝʥʘ ʉʨʝʙʨʠʯ, ʈʠʯʘʨʜ ɺʠʥʩʝʥʪ, ʉʪʠʚʲʥ ʈʫʜʥʠʢ 

 

ʇʨʦʚʝʜʝʥʦ ʝ ʯʠʩʣʝʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʚʲʚ 
ʚʝʥʪʠʣʠʨʘʥʦ ʧʦʤʝʱʝʥʠʝ ʩ ʦʙʱʦʦʙʤʝʥʥʘ ʚʝʥʪʠʣʘʮʠʷ. ɿʘ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʩʘ ʠʟʧʦʣʟʚʘʥʠ 
ʫʣʪʨʘʚʠʦʣʝʪʦʚʠ ʣʘʤʧʠ ʨʘʟʧʨʲʩʢʚʘʱʠ UV-C ʣʲʯʠ ʭʦʨʠʟʦʥʪʘʣʥʦ ʧʦʜ ʪʘʚʘʥʘ. ʊʝʯʝʥʠʝʪʦ ʩʝ 
ʧʨʝʩʤʷʪʘ ʢʘʪʦ ʥʝʧʨʝʢʲʩʥʘʪʘ ʩʨʝʜʘ ʩ ʤʦʜʝʣʠ ʟʘ ʚʠʭʨʦʚ ʚʠʩʢʦʟʠʪʝʪ, ʘ ʙʦʣʝʩʪʦʪʚʦʨʥʠʪʝ 
ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʩʘ ʤʦʜʝʣʠʨʘʥʠ ʢʘʪʦ ʪʚʲʨʜʠ ʯʘʩʪʠʮʠ ʧʦ ʤʝʪʦʜʘ ʥʘ ʃʘʛʨʘʥʞ. ʇʨʠ 
ʪʷʭʥʦʪʦ ʜʚʠʞʝʥʠʝ ʩʘ ʧʨʝʩʤʷʪʘ ʧʦʛʲʣʥʘʪʘʪʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ ʜʦʟʘ ʠ ʥʘ ʪʘʟʠ ʙʘʟʘ ʩʝ 
ʦʮʝʥʷʚʘ ʰʘʥʩʘ ʟʘ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ. ɿʘ ʨʘʟʤʝʩʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʩ ʮʝʣ ʧʦ-ʝʬʝʢʪʠʚʥʦ 
ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʧʦʤʝʱʝʥʠʝʪʦ ʝ ʦʙʦʨʫʜʚʘʥʦ ʩ 5-ʣʦʧʘʪʢʦʚ ʪʘʚʘʥʝʥ ʚʝʥʪʠʣʘʪʦʨ. 
ʇʨʝʩʤʷʪʘʥʠʷʪʘ ʩʘ ʠʟʚʲʨʰʝʥʠ ʚ ʨʘʟʣʠʯʥʠ ʨʝʞʠʤʠ ʥʘ ʨʘʙʦʪʘ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ ʠ ʩʘ 
ʩʨʘʚʥʝʥʠ ʩ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ ʦʪ ʢʣʠʤʘʪʠʯʥʘ ʢʘʤʝʨʘ. 
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ʪʝʯʝʥʠʝ 
 

Numerical simulation of ultraviolet germicidal irradiation using Lôagrangian 
approach 

 
George Pichurov, Jelena Srebric, Richard Vincent, Stephen Rudnick 

 
The efficiency of ultraviolet germicidal irradiation in a ventilated room is numerically simulated. 

Air disinfection is achieved by UV-C lamps that collimate UV-C radiation horizontally under the 
ceiling. The flow is modeled with eddy-viscosity models and the pathogenic microorganisms are 
modeled like solid particles using the Lôagrangian approach. An algorithm calculates the 
accumulated UV-dose and the probability of inactivation for each microorganism. To increase air 
mixing and help transport the microorganisms into the irradiated zone the room is equipped with a 
ceiling fan. The simulations and efficiency calculations are performed under different fan speeds 
and blow directions. The calculated efficiency is compared to experimental data from a climate 
chamber. 
 

Keywords: CFD, UVGI, Modelling, Lôagrangian method 
 
ɺʲʚʝʜʝʥʠʝ 
ʋʣʪʨʘʚʠʦʣʝʪʦʚʦʪʦ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ (ultraviolet germicidal irradiation ï UVGI) ʝ ʜʦʙʠʣʦ 

ʧʦʧʫʣʷʨʥʦʩʪ ʢʘʪʦ ʤʝʪʦʜ ʟʘ ʨʝʜʫʮʠʨʘʥʝ ʥʘ ʨʠʩʢʘ ʦʪ ʧʨʝʥʘʩʷʥʝ ʧʦ ʚʲʟʜʫʭʘ ʥʘ ʙʦʣʝʩʪʦʪʚʦʨʥʠ 
ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚ ʙʦʣʥʠʯʥʠ ʧʦʤʝʱʝʥʠʷ. ʋʣʪʨʘʚʠʦʣʝʪʦʚʘʪʘ ʨʘʜʠʘʮʠʷ UV-C ʚ ʜʠʘʧʘʟʦʥ ʥʘ 
ʚʲʣʥʘʪʘ 100-280 nm ʝ ʩʧʦʩʦʙʥʘ ʜʘ ʫʚʨʝʜʠ ɼʅʂ ʥʘ ʤʠʢʦʨʦʦʨʛʘʥʠʟʤʠʪʝ, ʢʦʤʧʨʦʤʝʪʠʨʘʡʢʠ 
ʨʘʟʤʥʦʞʠʪʝʣʥʠʪʝ ʠʤ ʬʫʥʢʮʠʠ ʠ ʠʥʬʝʢʮʠʦʟʥʘ ʩʧʦʩʦʙʥʦʩʪ 1. ɺʝʨʦʷʪʥʦʩʪʪʘ ʟʘ 
ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘ ʟʘʚʠʩʠ ʦʪ ʘʙʩʦʨʙʠʨʘʥʘʪʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ ʜʦʟʘ ʠ ʦʪ 
ʥʝʛʦʚʘʪʘ ʧʦʜʘʪʣʠʚʦʩʪ ʢʲʤ ʨʘʜʠʘʮʠʷ, ʢʦʷʪʦ ʩʝ ʦʧʠʩʚʘ ʢʦʣʠʯʝʩʪʚʝʥʦ ʦʪ ʢʦʥʩʪʘʥʪʘ ʥʘ 
ʧʦʜʘʪʣʠʚʦʩʪ. ʋʣʪʨʘʚʠʦʣʝʪʦʚʠʷʪ ʜʠʘʧʘʟʦʥ, ʢʦʡʪʦ ʫʚʨʝʞʜʘ ɼʅʂ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘ ʝ ʩʲʱʦ 
ʪʘʢʘ ʚʨʝʜʝʥ ʠ ʟʘ ʯʦʚʝʰʢʠʪʝ ʩʲʱʝʩʪʚʘ 2. ɿʘ ʜʘ ʧʨʝʜʧʘʟʷʪ ʦʙʠʪʘʪʝʣʠʪʝ ʦʪ ʚʨʝʜʥʦʪʦ 
ʚʲʟʜʝʡʩʪʚʠʝ ʥʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʠʪʝ ʣʲʯʠ, ʫʣʪʨʘʚʠʦʣʝʪʦʚʠʪʝ ʣʘʤʧʠ ʩʝ ʤʦʥʪʠʨʘʪ ʚ ʩʧʝʮʠʘʣʥʦ 
ʧʨʦʝʢʪʠʨʘʥʠ ʢʫʪʠʠ ʩ ʞʘʣʫʟʠ, ʢʦʠʪʦ ʨʘʟʧʨʦʩʪʨʘʥʷʚʘʪ ʭʦʨʠʟʦʥʪʘʣʥʦ ʣʲʯʠʪʝ ʧʦʜ ʪʘʚʘʥʘ ʥʘ 
ʧʦʤʝʱʝʥʠʝʪʦ. 



 
38  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

ʏʠʩʣʝʥʠ ʧʨʝʩʤʷʪʘʥʠʷ ʩ ʨʘʙʦʪʝʱ ʪʘʚʘʥʝʥ ʚʝʥʪʠʣʘʪʦʨ, ʧʨʦʚʝʜʝʥʠ ʦʪ 3 ʜʝʤʦʥʩʪʨʠʨʘʪ, ʯʝ 
UVGI ʩʠʩʪʝʤʘʪʘ ʜʝʟʠʥʬʝʢʮʠʨʘ ʚʲʟʜʫʭʘ ʧʦ-ʝʬʝʢʪʠʚʥʦ ʢʦʛʘʪʦ ʪʦʡ ʩʝ ʨʘʟʤʝʩʚʘ, ʟʘʱʦʪʦ ʧʦ 
ʪʦʟʠ ʥʘʯʠʥ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ ʩʝ ʦʪʚʝʞʜʘʪ ʚ ʛʦʨʥʘʪʘ ʯʘʩʪ ʥʘ ʧʦʤʝʱʝʥʠʝʪʦ, ʢʲʜʝʪʦ ʩʝ 
ʦʙʣʲʯʚʘʪ. ɺ ʥʘʩʪʦʷʱʦʪʦ ʠʟʩʣʝʜʚʘʥʝ ʝ ʠʟʧʦʣʟʚʘʥ ʃʘʛʨʘʥʞʝʚʠʷʪ ʤʝʪʦʜ, ʢʦʡʪʦ ʧʨʝʜʩʢʘʟʚʘ 
ʪʨʘʝʢʪʦʨʠʠʪʝ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ, ʘ ʩʧʝʮʠʘʣʥʘ ʧʨʦʮʝʜʫʨʘ ʧʨʝʩʤʷʪʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘʪʘ 
ʜʦʟʘ ʘʢʫʤʫʣʠʨʘʥʘ ʦʪ ʚʩʝʢʠ ʠʥʜʠʚʠʜʫʘʣʝʥ ʤʠʢʨʦʦʨʛʘʥʠʟʲʤ. ʅʘ ʪʘʟʠ ʙʘʟʘ ʩʝ ʦʮʝʥʷʚʘ 
ʚʝʨʦʷʪʥʦʩʪʪʘ ʟʘ ʦʮʝʣʷʚʘʥʝ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʲʤʘ ʠ ʜʷʣʲʪ ʦʮʝʣʝʣʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ. 
ʃʘʛʨʘʥʞʝʚʠʷʪ ʧʦʜʭʦʜ ʝ ʠʟʧʦʣʟʚʘʥ ʫʩʧʝʰʥʦ ʦʪ 5 ʠ 6 ʟʘ ʦʮʝʥʢʘ ʥʘ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʥʘ 
ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʚʲʚ ʚʝʥʪʠʣʠʨʘʥʠ ʧʦʤʝʱʝʥʠʷ ʙʝʟ ʚʝʥʪʠʣʘʪʦʨ. Ghia et al. 7 
ʧʨʠʣʘʛʘʪ ʤʦʜʝʣ ʥʘ ʜʚʫʬʘʟʥʦ ʪʝʯʝʥʠʝ ʚ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʘʝʨʦʟʦʣʥʘ ʜʠʩʧʝʨʩʠʷ ʚ ʨʘʟʣʠʯʥʠ 
ʨʝʞʠʤʠ ʥʘ ʚʝʥʪʠʣʘʮʠʷ. ɺ ʠʟʩʣʝʜʚʘʥʝʪʦ ʝ ʟʘʣʦʞʝʥʘ ʚʲʟʤʦʞʥʦʩʪʪʘ ʯʘʩʪʠʮʠʪʝ ʜʘ ʩʝ 
ʘʛʣʦʤʝʨʠʨʘʪ ʠ ʜʘ ʦʪʩʢʘʯʘʪ ʦʪ ʩʪʝʥʠ. ʀʟʧʘʨʝʥʠʝ ʥʘ ʢʘʧʢʠ ʥʝ ʝ ʤʦʜʝʣʠʨʘʥʦ, ʪʲʡ ʢʘʪʦ 
ʨʘʟʪʚʦʨʲʪ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʩʝ ʧʫʣʚʝʨʠʟʠʨʘ ʬʠʥʥʦ ʠ ʪʝʯʥʦʩʪʪʘ ʩʝ ʠʟʧʘʨʷʚʘ ʥʘ ʧʨʘʢʪʠʢʘ 
ʤʦʤʝʥʪʘʣʥʦ ʩʣʝʜ ʚʧʨʲʩʢʚʘʥʝ. ʇʨʝʜʠʰʥʠ ʠʟʩʣʝʜʚʘʥʠʷ 8 ʫʩʪʘʥʦʚʷʚʘʪ ʟʘ ʧʨʝʥʝʙʨʝʞʠʤʦ 
ʫʪʘʷʚʘʥʝ ʥʘ ʯʘʩʪʠʮʠʪʝ ʠ ʘʙʩʦʨʙʮʠʷ ʚ ʩʪʝʥʠʪʝ, ʪʘʢʘ ʯʝ ʪʝʟʠ ʷʚʣʝʥʠʷ ʥʝ ʩʘ ʤʦʜʝʣʠʨʘʥʠ ʚ 
ʜʚʫʬʘʟʥʠʷ ʤʦʜʝʣ. 

ʄʝʪʦʜʠʢʘ 
ɺ ʠʟʧʦʣʟʚʘʥʠʷ ʚ ʧʫʙʣʠʢʘʮʠʷʪʘ ʧʦʜʭʦʜ ʪʝʯʝʥʠʝʪʦ ʩʝ ʧʨʝʩʤʷʪʘ ʢʘʪʦ ʥʝʧʨʝʢʲʩʥʘʪʘ ʩʨʝʜʘ, 

ʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ ʩʘ ʤʦʜʝʣʠʨʘʥʠ ʢʘʪʦ ʯʘʩʪʠʮʠ ʩʲʩ ʩʣʝʜʥʦʪʦ ʧʨʝʥʦʩʥʦ ʫʨʘʚʥʝʥʠʝ: 
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ɼʦʣʝʥ ʠʥʜʝʢʩ P ʦʙʦʟʥʘʯʘʚʘ ʧʘʨʘʤʝʪʲʨ ʥʘ ʯʘʩʪʠʮʘʪʘ, FD ʝ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘ ʩʠʣʘ ʟʘ 
ʝʜʠʥʠʮʘ ʤʘʩʘ, ʦʩʪʘʥʘʣʠʪʝ ʩʠʣʠ ʩʘ ʧʦʜʝʤʥʘ ʠ ʜʦʧʲʣʥʠʪʝʣʥʠ, ʢʘʪʦ ʪʝʨʤʦʬʦʨʝʟʘ ʠ ʩʠʣʘ ʥʘ 
ʉʘʬʤʘʥ. ʇʦʨʘʜʠ ʠʟʢʣʶʯʠʪʝʣʥʦ ʥʠʩʢʠʷ ʩʠ ʠʤʧʫʣʩ ʠ ʥʠʱʦʞʥʘ ʤʘʩʘ, ʤʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ ʙʷʭʘ 
ʤʦʜʝʣʠʨʘʥʠ ʩ ʥʫʣʝʚʘ ʤʘʩʘ. ɽʬʝʢʪʲʪ ʚʲʨʭʫ ʫʨʘʚʥʝʥʠʝʪʦ ʝ ʚ ʪʦʚʘ, ʯʝ ʧʲʨʚʠʪʝ ʜʚʝ ʩʠʣʠ ʚ 
ʜʷʩʥʘʪʘ ʩʪʨʘʥʘ ʥʘ ʫʨʘʚʥʝʥʠʝʪʦ ʦʩʪʘʚʘʪ ʝʜʠʥʩʪʚʝʥʠ. 
ʄʘʪʝʤʘʪʠʯʝʩʢʠʷʪ ʤʦʜʝʣ ʟʘ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʝ ʙʘʟʠʨʘʥ ʥʘ ʨʝʜʫʢʮʠʷ ʦʪ ʧʲʨʚʠ ʨʝʜ, ʚ ʢʦʷʪʦ 

ʚʝʨʦʷʪʥʦʩʪʪʘ (P) ʟʘ ʦʮʝʣʷʚʘʥʝ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʲʤ ʧʨʠ ʦʙʣʲʯʚʘʥʝ ʩ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ 
ʨʘʜʠʘʮʠʷ ʩʝ ʧʦʥʠʞʘʚʘ ʝʢʩʧʦʥʝʥʮʠʘʣʥʦ ʩ ʧʦʛʲʣʥʘʪʘʪʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ ʜʦʟʘ D [J/m2] ʠ ʩ 
ʢʦʥʩʪʘʥʪʘʪʘ ʥʘ ʧʦʜʘʪʣʠʚʦʩʪ ʢʲʤ ʨʘʜʠʘʮʠʷ ʥʘ ʩʲʦʪʚʝʪʥʠʷ ʤʠʢʨʦʦʨʛʘʥʠʟʲʤ z [m2/J]: 

zDeP -= . (2) 

ʇʦʛʲʣʥʘʪʘʪʘ ʜʦʟʘ D ʩʝ ʧʨʝʩʤʷʪʘ ʢʘʪʦ ʠʥʪʝʛʨʘʣ ʧʦ ʚʨʝʤʝʪʦ ʦʪ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘ 
ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʣʲʯʝʥʠʝ ɽ [W/m2], ʛʝʥʝʨʠʨʘʥ ʦʪ ʫʣʪʨʘʚʠʦʣʝʪʦʚʠʪʝ ʣʘʤʧʠ:  

äñ Dº= tEEdtD . . (3) 

ʉʣʝʜ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʪʘʟʠ ʜʦʟʘ ʧʦ ʬʦʨʤʫʣʘ (2) ʩʝ ʧʨʝʩʤʷʪʘ ʚʝʨʦʷʪʥʦʩʪʪʘ ʟʘ ʦʮʝʣʷʚʘʥʝ 
ʥʘ ʚʩʝʢʠ ʩʠʤʫʣʠʨʘʥ ʤʠʢʨʦʦʨʛʘʥʠʟʲʤ. ɿʘ ʚʩʝʢʠ ʦʪʜʝʣʝʥ ʤʠʢʨʦʦʨʛʘʥʠʟʲʤ ʩʝ ʛʝʥʝʨʠʨʘ 
ʩʣʫʯʘʡʥʦ ʯʠʩʣʦ ʚ ʜʠʘʧʘʟʦʥʘ [0; 1], ʢʦʝʪʦ ʩʝ ʩʨʘʚʥʷʚʘ ʩ ʥʝʛʦʚʘʪʘ ʚʝʨʦʷʪʥʦʩʪ ʟʘ ʦʮʝʣʷʚʘʥʝ. 
ʊʘʢʘ ʩʝ ʧʨʝʙʨʦʷʚʘʪ ʦʮʝʣʝʣʠʪʝ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʠ ʩʝ ʩʨʘʚʥʷʚʘʪ ʩ ʦʙʱʠʷ ʙʨʦʡ, ʟʘ ʜʘ ʩʝ 
ʧʦʣʫʯʠ ʬʨʘʢʮʠʷʪʘ ʦʮʝʣʝʣʠ, ʥʘʨʝʯʝʥʘ ʦʱʝ ʦʩʪʘʪʲʯʝʥ ʜʷʣ, frm [-]: 

exhaust
rm

N

n
f =  , (4) 

ʢʲʜʝʪʦ n ʝ ʙʨʦʡ ʦʮʝʣʝʣʠ, ʘ N ʝ ʦʙʱ ʙʨʦʡ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚ ʠʟʭʦʜʘ ʥʘ ʧʦʤʝʱʝʥʠʝʪʦ. 
ʆʩʪʘʪʲʯʥʠʷʪ ʜʷʣ frm ʝ ʤʝʨʠʣʦ ʟʘ ʩʧʦʩʦʙʥʦʩʪʪʘ ʥʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘʪʘ ʩʠʩʪʝʤʘ ʜʘ ʜʝʟʘʢʪʠʚʠʨʘ 
ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʧʨʝʥʘʩʷʥʠ ʧʦ ʚʲʟʜʫʰʝʥ ʧʲʪ. ʊʦʟʠ ʧʘʨʘʤʝʪʲʨ ʩʣʫʞʠ ʟʘ ʢʦʣʠʯʝʩʪʚʝʥʘ ʦʮʝʥʢʘ 
ʥʘ ʝʬʠʢʘʩʥʦʩʪʪʘ ʥʘ ʩʠʩʪʝʤʘʪʘ ʚ ʨʘʟʣʠʯʥʠ ʫʩʣʦʚʠʷ ʥʘ ʚʲʟʜʫʭʦʧʦʜʘʚʘʥʝ. 
ʉ ʥʘʫʯʥʦ-ʧʨʠʣʦʞʥʘ ʮʝʣ ʚ ʠʟʩʣʝʜʚʘʥʝʪʦ ʝ ʠʟʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪ ʟʘ ʦʩʪʘʪʲʯʥʠʷ ʜʷʣ ʚʲʚ 

ʬʫʥʢʮʠʷ ʥʘ ʢʦʥʩʪʘʥʪʘʪʘ ʥʘ ʧʦʜʘʪʣʠʚʦʩʪ ʚ ʨʝʞʠʤ ʥʘ ʧʝʨʬʝʢʪʥʦ ʩʤʝʩʚʘʥʝ 4. ɺ ʪʦʟʠ ʨʝʞʠʤ 
ʜʠʬʫʟʠʷʪʘ ʝ ʙʝʟʢʨʘʡʥʘ ʠ ʨʝʩʧʝʢʪʠʚʥʦ ʧʦʣʝʪʦ ʥʘ ʚʝʱʝʩʪʚʦ ʭʦʤʦʛʝʥʥʦ, ʢʦʝʪʦ ʧʦʟʚʦʣʷʚʘ 
ʟʘʚʠʩʠʤʦʩʪʪʘ ʜʘ ʩʝ ʠʟʚʝʜʝ ʦʪ ʫʨʘʚʥʝʥʠʝ ʥʘ ʤʘʩʦʚʠʷ ʙʘʣʘʥʩ. ʊʘʟʠ ʟʘʚʠʩʠʤʦʩʪ ʝ ʧʨʠʣʦʞʝʥʘ 
ʢʘʪʦ ʩʨʘʚʥʝʥʠʝ ʚ ʛʨʘʬʠʯʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʟʘ ʦʪʜʝʣʥʠʪʝ ʠʟʩʣʝʜʚʘʥʠ ʨʝʞʠʤʠ. 
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ʄʘʪʝʤʘʪʠʯʝʩʢʠʷʪ ʤʦʜʝʣ ʥʘ ʪʝʯʝʥʠʝʪʦ ʠ ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ ʩʠʤʫʣʠʨʘʥʦʪʦ ʧʦʤʝʱʝʥʠʝ ʩʘ 
ʧʨʝʜʩʪʘʚʝʥʠ ʚ ʧʦ-ʨʘʥʥʠ ʧʫʙʣʠʢʘʮʠʠ 9 ʠ 10.  
ɺʝʥʪʠʣʘʮʠʦʥʥʘʪʘ ʩʠʩʪʝʤʘ ʧʦʜʩʠʛʫʨʷʚʘ 6-ʢʨʘʪʝʥ ʚʲʟʜʫʭʦʦʙʤʝʥ, ʚʝʥʪʠʣʘʪʦʨʲʪ ʝ 

ʤʦʜʝʣʠʨʘʥ ʚ 7 ʨʝʞʠʤʘ ʥʘ ʨʘʙʦʪʘ: ʠʟʢʣʶʯʝʥ ʠ ʨʘʙʦʪʝʱ ʧʨʠ 3 ʩʢʦʨʦʩʪʠ ʠ 2 ʧʦʩʦʢʠ ʥʘ 
ʚʲʨʪʝʥʝ, ʢʦʝʪʦ ʜʝʬʠʥʠʨʘ ʨʝʞʠʤʠʪʝ, ʧʦʤʝʩʪʝʥʠ ʚ ʊʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1 
ʀʟʩʣʝʜʚʘʥʠ ʨʝʞʠʤʠ ʩʧʦʨʝʜ ʨʘʙʦʪʘʪʘ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ 

ʇʦʩʦʢʘ ʥʘ 
ʚʲʨʪʝʥʝ 

ʅʷʤʘ ʅʘʛʦʨʝ ʅʘʜʦʣʫ 

ʉʢʦʨʦʩʪ ʥʘ 
ʚʲʨʪʝʥʝ 

0 rpm 
ʅʠʩʢʘ  
61 rpm 

ʉʨʝʜʥʘ  
107 rpm 

ɺʠʩʦʢʘ 
176 rpm 

ʅʠʩʢʘ  
61 rpm 

ʉʨʝʜʥʘ  
107 rpm 

ɺʠʩʦʢʘ 
176 rpm 

ʈʝʞʠʤ 1 2 3 4 5 6 7 

ʄʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ ʩʝ ʧʦʜʘʚʘʪ ʧʨʝʟ ʤʘʣʲʢ ʩʬʝʨʠʯʝʥ ʦʪʚʦʨ ʚ ʮʝʥʪʲʨʘ ʥʘ ʩʪʘʷʪʘ ʥʘ 
ʚʠʩʦʯʠʥʘ 1.5 m ʥʘʜ ʧʦʜʘ ʩ ʤʠʥʠʤʘʣʥʘ ʩʢʦʨʦʩʪ. ʋʣʪʨʘʚʠʦʣʝʪʦʚʦʪʦ ʣʲʯʝʥʠʝ E [W/m2] ʝ 
ʠʟʤʝʨʝʥʦ ʚ ʢʣʠʤʘʪʠʯʥʘʪʘ ʢʘʤʝʨʘ, ʩʣʝʜ ʢʦʝʪʦ ʝ ʠʤʧʦʨʪʠʨʘʥʦ ʚ ʩʦʬʪʫʝʨʥʠʷ ʧʘʢʝʪ Fluent.  
ɿʘ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʞʠʟʥʝʩʧʦʩʦʙʥʘʪʘ ʬʨʘʢʮʠʷ ʝ ʧʦʪʨʝʙʥʦ ʦʩʚʝʥ ʪʦʚʘ ʜʘ ʩʝ ʧʦʟʥʘʚʘ 

ʢʦʥʩʪʘʥʪʘʪʘ ʥʘ ʧʦʜʘʪʣʠʚʦʩʪ z (ʫʨ. 2). ʊʲʡ ʢʘʪʦ ʠʟʩʣʝʜʚʘʥʝʪʦ ʮʝʣʠ ʫʥʠʚʝʨʩʘʣʥʦʩʪ ʥʘ 
ʨʝʟʫʣʪʘʪʠʪʝ, ʠʟʩʣʝʜʚʘʥʠʷʪʘ ʩʘ ʧʨʦʚʝʜʝʥʠ ʟʘ ʜʠʘʧʘʟʦʥ ʦʪ 20 ʩʪʦʡʥʦʩʪʠ ʥʘ ʢʦʥʩʪʘʥʪʘʪʘ ʚ 
ʛʨʘʥʠʮʠʪʝ ʦʪ 1.10-4 ʜʦ 1.102 [m2/J]. ɺ ʪʦʟʠ ʜʠʘʧʘʟʦʥ ʧʦʧʘʜʘʪ ʚʩʠʯʢʠ ʚʲʟʤʦʞʥʠ ʧʘʪʦʛʝʥʥʠ 
ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚ ʩʚʝʪʘ. ʊʘʢʘ ʧʦʜʙʨʘʥʠ, ʢʦʥʩʪʘʥʪʠʪʝ ʧʦʟʚʦʣʷʚʘʪ ʩʨʘʚʥʝʥʠʝ ʩ 
ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ ʟʘ ʧʨʦʠʟʚʦʣʝʥ ʦʨʛʘʥʠʟʲʤ ʯʨʝʟ ʠʥʪʝʨʧʦʣʘʮʠʷ ʥʘ ʯʠʩʣʝʥʠʪʝ 
ʨʝʟʫʣʪʘʪʠ ʤʝʞʜʫ ʜʚʝ ʩʲʩʝʜʥʠ ʢʦʥʩʪʘʥʪʠ ʥʘ ʧʦʜʘʪʣʠʚʦʩʪ. 

ʏʠʩʣʝʥʠ ʨʝʟʫʣʪʘʪʠ 
ɿʘ ʚʩʝʢʠ ʠʟʩʣʝʜʚʘʥ ʨʝʞʠʤ ʝ ʧʨʝʩʤʝʪʥʘʪʦ ʧʦʣʝʪʦ ʥʘ ʥʝʠʟʦʪʝʨʤʠʯʥʦʪʦ ʪʝʯʝʥʠʝ ʠ 

ʪʫʨʙʫʣʝʥʪʥʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺʧʦʩʣʝʜʩʪʚʠʝ ʝ ʩʠʤʫʣʠʨʘʥʦ ʜʚʠʞʝʥʠʝʪʦ ʥʘ ʯʘʩʪʠʮʠʪʝ ʠ  
ʝʜʥʦʚʨʝʤʝʥʥʦ ʩ ʪʦʚʘ ʘʢʫʤʫʣʠʨʘʥʘʪʘ ʦʪ ʪʷʭ ʜʦʟʘ. ʇʨʠʤʝʨ ʟʘ ʘʢʫʤʫʣʘʮʠʷʪʘ ʥʘ 
ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʣʲʯʝʥʠʝ ʦʪ ʜʚʠʞʝʱʘ ʩʝ ʯʘʩʪʠʮʘ ʝ ʠʟʦʙʨʘʟʝʥ ʥʘ ʌʠʛ. 1.  
 
 

 

ʌʠʛ. 1 ʊʨʘʝʢʪʦʨʠʷ ʥʘ ʯʘʩʪʠʮʘ ʦʮʚʝʪʝʥʘ ʧʦ ʘʢʫʤʫʣʠʨʘʥʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ ʜʦʟʘ D [J/m2] 
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ʉʣʝʜ ʧʦʷʚʘʪʘ ʩʠ ʚ ʩʨʝʜʘʪʘ ʥʘ ʧʦʤʝʱʝʥʠʝʪʦ, ʪʷ ʘʢʫʤʫʣʠʨʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʣʲʯʝʥʠʝ ʧʦ 
ʚʨʝʤʝ ʥʘ ʜʚʠʞʝʥʠʝʪʦ ʩʠ ʧʨʝʟ ʦʙʣʲʯʝʥʘʪʘ ʟʦʥʘ, ʩʣʝʜ ʢʦʝʪʦ ʥʘʧʫʩʢʘ ʧʦʤʝʱʝʥʠʝʪʦ ʧʨʝʟ 
ʠʟʭʦʜʘ. ʇʦ-ʜʦʣʫ ʝ ʥʘʧʨʘʚʝʥ ʦʙʟʦʨ ʥʘ ʩʝʣʝʢʮʠʷ ʦʪ ʠʟʩʣʝʜʚʘʥʠʪʝ ʨʝʞʠʤʠ, ʢʦʠʪʦ ʠʣʶʩʪʨʠʨʘʪ 
ʚʣʠʷʥʠʝʪʦ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ ʠ ʚʝʥʪʠʣʘʮʠʷʪʘ ʚʲʨʭʫ ʦʙʝʟʟʘʨʘʟʷʚʘʱʘʪʘ ʩʧʦʩʦʙʥʦʩʪ ʥʘ 
ʫʣʪʨʘʚʠʦʣʝʪʦʚʘʪʘ ʩʠʩʪʝʤʘ. 
ʈʝʞʠʤ 1 (ʥʝʨʘʙʦʪʝʱ ʚʝʥʪʠʣʘʪʦʨ). ɺ ʨʝʞʠʤ ʥʘ ʥʝʨʘʙʦʪʝʱ ʚʝʥʪʠʣʘʪʦʨ ʩʢʦʨʦʩʪʥʦʪʦ 

ʧʦʣʝ ʩʝ ʦʧʨʝʜʝʣʷ ʠʟʮʷʣʦ ʦʪ ʠʤʧʫʣʩʘ ʥʘ ʚʲʟʜʫʥhʘʪʘ ʩʪʨʫʷ ʦʪ ʧʨʠʪʦʯʥʘʪʘ ʚʝʥʪʠʣʘʮʠʦʥʥʘ 
ʨʝʰʝʪʢʘ (ʌʠʛ. 2). ʀʟʚʲʥ ʩʪʨʫʷʪʘ ʪʝʯʝʥʠʝʪʦ ʝ ʩʨʘʚʥʠʪʝʣʥʦ ʩʣʘʙʦ ʠ ʤʦʞʝ ʣʝʩʥʦ ʜʘ ʩʝ 
ʜʦʤʠʥʠʨʘ ʦʪ ʥʘʣʠʯʠʝʪʦ ʥʘ ʨʘʙʦʪʝʱ ʚʝʥʪʠʣʘʪʦʨ. ʊʘʟʠ ʢʦʥʌʠʛʫʨʘʮʠʷ ʥʘ ʚʲʟʜʫʭʦʦʙʤʝʥʘ ʚ 
ʧʦʤʝʱʝʥʠʝʪʦ ʩʝ ʭʘʨʘʢʪʝʨʠʟʠʨʘ ʩ ʥʠʩʢʘ ʝʬʝʢʪʠʚʥʦʩʪ ʥʘ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ, ʢʘʢʪʦ ʱʝ ʩʪʘʥʝ 
ʷʩʥʦ ʦʪ ʧʦʩʣʝʜʚʘʱʘʪʘ ʜʠʩʢʫʩʠʷ. 

 

ʌʠʛ. 2 ɺʝʢʪʦʨʠ ʥʘ ʩʢʦʨʦʩʪʪʘ ʩ ʝʜʥʘʢʲʚ ʤʘʱʘʙ, ʦʮʚʝʪʝʥʠ ʧʦ ʛʦʣʝʤʠʥʘ ʥʘ ʩʢʦʨʦʩʪʪʘ 

 
ɿʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʝ ʢʘʣʢʫʣʠʨʘʥ ʦʩʪʘʪʲʯʥʠʷ ʜʷʣ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚ ʠʟʭʦʜʘ 

ʥʘ ʧʦʤʝʱʝʥʠʝʪʦ (ʫʨʘʚʥʝʥʠʝ 4) ʚʲʚ ʬʫʥʢʮʠʷ ʥʘ ʢʦʥʩʪʘʥʪʘʪʘ ʥʘ ʧʦʜʘʪʣʠʚʦʩʪ ʠ ʝ ʠʟʦʙʨʘʟʝʥ ʥʘ 
ʌʠʛ. 3. ʅʘ ʛʨʘʬʠʢʘʪʘ ʨʝʟʫʣʪʘʪʲʪ ʝ ʩʲʧʦʩʪʘʚʝʥ ʩ ʪʝʦʨʝʪʠʯʥʦ ʠʟʚʝʜʝʥʠʷ ʤʦʜʝʣ ʟʘ ʠʜʝʘʣʥʦ 
ʩʤʝʩʚʘʥʝ. ʄʦʛʘʪ ʜʘ ʩʝ ʥʘʧʨʘʚʷʪ ʜʚʝ ʢʦʥʩʪʘʪʘʮʠʠ. ʇʲʨʚʦ, ʚ ʨʝʞʠʤ ʥʘ ʥʝʨʘʙʦʪʝʱ ʚʝʥʪʠʣʘʪʦʨ 
ʜʷʣʲʪ ʞʠʟʥʝʩʧʦʩʦʙʥʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʝ ʧʦ-ʚʠʩʦʢ ʩʧʨʷʤʦ ʪʦʟʠ ʧʨʠ ʠʜʝʘʣʥʦ ʩʤʝʩʚʘʥʝ, ʠ 
ʚʪʦʨʦ, ʜʦʨʠ ʧʨʠ ʚʠʩʦʢʘ ʧʦʜʘʪʣʠʚʦʩʪ ʥʘ ʨʘʜʠʘʮʠʷ z ʥʝ ʝ ʚʲʟʤʦʞʥʦ ʜʘ ʩʝ ʦʙʝʟʟʘʨʘʟʷʪ ʚʩʠʯʢʠ 
ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ, ʪ.ʝ. ʦʩʪʘʪʲʯʥʠʷ ʠʤ ʜʷʣ ʦʩʪʘʚʘ ʥʝʥʫʣʝʚ. ʇʨʠʯʠʥʘʪʘ ʝ ʥʠʩʢʘʪʘ ʜʠʬʫʟʠʷ, 
ʢʦʷʪʦ ʚʲʟʧʨʝʧʷʪʩʪʚʘ ʧʨʝʥʦʩʘ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʢʲʤ ʠ ʦʪ ʦʙʣʲʯʚʘʥʘʪʘ ʟʦʥʘ, ʢʲʜʝʪʦ ʜʘ ʩʝ 
ʦʙʝʟʟʘʨʘʟʷʪ. ʇʦ ʪʘʟʠ ʧʨʠʯʠʥʘ ʚ ʧʨʘʢʪʠʢʘʪʘ ʚʲʟʜʫʭʲʪ ʩʝ ʨʘʟʤʝʩʚʘ ʩ ʚʝʥʪʠʣʘʪʦʨʠ, ʯʠʡʪʦ 
ʝʬʝʢʪ ʝ ʠʟʩʣʝʜʚʘʥ ʚ ʩʣʝʜʚʘʱʠʪʝ ʩʠʤʫʣʠʨʘʥʠ ʨʝʞʠʤʠ. 
ʈʝʞʠʤ 4 (ɺʠʩʦʢʘ ʚʲʟʭʦʜʷʱʘ ʩʢʦʨʦʩʪ ʥʘ ʚʲʨʪʝʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ) ɺ ʪʦʟʠ ʨʝʞʠʤ 

ʨʘʙʦʪʝʱʠʷʪ ʩ ʚʠʩʦʢʘ ʩʢʦʨʦʩʪ ʚʝʥʪʠʣʘʪʦʨ ʛʝʥʝʨʠʨʘ ʪʫʨʙʫʣʝʥʪʥʦʩʪ, ʢʦʷʪʦ ʨʘʟʤʝʩʚʘ ʚʲʟʜʫʭʘ ʚ 
ʧʦʤʝʱʝʥʠʝʪʦ ʠ ʧʦʚʠʰʘʚʘ ʚ ʧʦʨʷʜʲʢ ʜʠʬʫʟʠʷʪʘ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ. 
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ʌʠʛ. 3 ʆʩʪʘʪʲʯʝʥ ʜʷʣ ʞʠʟʥʝʩʧʦʩʦʙʥʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚ ʠʟʭʦʜʘ ʥʘ ʧʦʤʝʱʝʥʠʝʪʦ ʚʲʚ 
ʬʫʥʢʮʠʷ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʝʥʘʪʘ ʧʦʜʘʪʣʠʚʦʩʪ ʥʘ ʦʙʣʲʯʚʘʥʝ ʚ ʨʝʞʠʤ ʙʝʟ ʚʝʥʪʠʣʘʪʦʨ 

 
ʆʩʪʘʪʲʯʥʠʷʪ ʜʷʣ frm ʝ ʧʦʢʘʟʘʥ ʚʲʚ ʬʫʥʢʮʠʷ ʥʘ ʢʦʥʩʪʘʥʪʘʪʘ z ʥʘ ʌʠʛ. 4, ʢʲʜʝʪʦ ʝ 

ʚʘʣʠʜʠʨʘʥ ʩ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ ʩʥʝʪʠ ʟʘ ʜʚʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘ. ʇʨʝʜʩʢʘʟʘʥʘʪʘ ʚ ʪʦʟʠ 
ʨʝʞʠʤ ʝʬʝʢʪʠʚʥʦʩʪ ʝ ʧʨʘʢʪʠʯʝʩʢʠ  ʠʜʝʥʪʠʯʥʘ ʩ ʪʘʟʠ ʧʨʠ ʠʜʝʘʣʥʦ ʨʘʟʤʝʩʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ, 
ʧʦʨʘʜʠ ʢʦʝʪʦ ʧʦʩʣʝʜʥʘʪʘ ʥʝ ʝ ʚʢʣʶʯʝʥʘ ʚ ʛʨʘʬʠʢʘʪʘ.  

 

ʌʠʛ. 4 ʆʩʪʘʪʲʯʝʥ ʜʷʣ ʞʠʟʥʝʩʧʦʩʦʙʥʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚʲʚ ʬʫʥʢʮʠʷ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʝʥʘʪʘ 
ʧʦʜʘʪʣʠʚʦʩʪ ʥʘ ʦʙʣʲʯʚʘʥʝ ʚ ʨʝʞʠʤ ʥʘ ʚʠʩʦʢʘ ʚʲʟʭʦʜʷʱʘ ʩʢʦʨʦʩʪ ʥʘ ʚʲʨʪʝʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ 
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ʇʨʘʚʠ ʚʧʝʯʘʪʣʝʥʠʝ ʦʪ ʝʜʥʘ ʩʪʨʘʥʘ ʧʦ-ʥʠʩʢʠʷ ʦʩʪʘʪʲʯʝʥ ʜʷʣ ʩʧʨʷʤʦ ʨʝʞʠʤʘ ʙʝʟ 
ʚʝʥʪʠʣʘʪʦʨ , ʘ ʦʪ ʜʨʫʛʘ, ʯʝ ʪʦʟʠ ʜʷʣ ʢʣʦʥʠ ʢʲʤ ʥʫʣʘ, ʢʦʛʘʪʦ ʧʦʜʘʪʣʠʚʦʩʪʪʘ ʥʘʨʘʩʪʚʘ. ʊʦʚʘ ʝ 
ʢʣʶʯʦʚʘ ʨʘʟʣʠʢʘ ʠ ʜʝʤʦʥʩʪʨʘʮʠʷ ʥʘ ʧʨʝʚʲʟʭʦʜʩʪʚʦʪʦ ʥʘ ʪʘʟʠ ʢʦʥʌʠʛʫʨʘʮʠʷ ʩʧʨʷʤʦ ʪʘʢʘʚʘ 
ʙʝʟ ʚʝʥʪʠʣʘʪʦʨ. ʉʨʘʚʥʝʥʠʝʪʦ ʩ ʝʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʚʘ ʠʟʚʝʩʪʥʦ ʥʘʜʮʝʥʷʚʘʥʝ ʥʘ 
ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʥʘ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ, ʢʦʝʪʦ ʝ ʩʣʝʜʩʪʚʠʝ ʦʪ ʥʘʜʮʝʥʝʥʘ ʪʫʨʙʫʣʝʥʪʥʘ 
ʠʥʪʝʥʟʠʚʥʦʩʪ, ʨʝʩʧ. ʨʘʟʤʝʩʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʦʪ ʩʪʨʘʥʘ ʥʘ realizable ʤʦʜʠʬʠʢʘʮʠʷʪʘ ʥʘ 
ʪʫʨʙʫʣʝʥʪʥʠʷ ʤʦʜʝʣ ʢ-ʝ ʚ ʟʘʜʘʯʠ ʩ ʝʜʥʦʚʨʝʤʝʥʥʦ ʥʘʣʠʯʠʝ ʥʘ ʘʙʩʦʣʶʪʥʘ ʠ ʨʦʪʘʮʠʦʥʥʘ 
ʢʦʦʨʜʠʥʘʪʥʘ ʩʠʩʪʝʤʘ. 
ʈʝʞʠʤ 5 (ʅʠʩʢʘ ʥʠʟʭʦʜʷʱʘ ʩʢʦʨʦʩʪ ʥʘ ʚʲʨʪʝʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ) ɿʘ ʩʨʘʚʥʝʥʠʝ ʩ 

ʧʨʝʜʭʦʜʥʠʪʝ ʨʝʞʠʤʠ ʥʘ ʌʠʛ. 5 ʩʘ ʧʦʤʝʩʪʝʥʠ ʨʝʟʫʣʪʘʪʠ ʦʪ ʨʝʞʠʤ ʩ ʥʠʟʭʦʜʷʱʘ ʩʢʦʨʦʩʪ ʥʘ 
ʚʲʨʪʝʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ. ʇʨʘʚʠ ʚʧʝʯʘʪʣʝʥʠʝ ʧʦ-ʚʠʩʦʢʠʷ ʦʩʪʘʪʲʯʝʥ ʜʷʣ ʩʧʨʷʤʦ ʨʝʞʠʤ ʥʘ 
ʠʜʝʘʣʥʦ ʩʤʝʩʚʘʥʝ, ʢʦʝʪʦ ʧʨʝʜʧʦʣʘʛʘ, ʯʝ ʨʘʟʤʝʩʚʘʥʝʪʦ ʥʘ ʚʲʟʜʫʭʘ ʥʝ ʝ ʪʦʣʢʦʚʘ ʜʦʙʨʦ, 
ʢʦʣʢʦʪʦ ʚ ʨʝʞʠʤʠʪʝ ʩ ʚʲʟʭʦʜʷʱʘ ʩʢʦʨʦʩʪ ʥʘ ʚʲʨʪʝʥʝ. ʊʦʚʘ ʝ ʧʦʨʦʜʝʥʦ ʦʪ ʟʘʪʨʫʜʥʝʥʦʪʦ 
ʥʘʛʥʝʪʷʚʘʥʝ ʥʘ ʚʲʟʜʫʭ ʚ ʥʠʟʭʦʜʷʱʘ ʧʦʩʦʢʘ ʟʘʨʘʜʠ ʨʝʩʪʨʠʢʮʠʷʪʘ ʦʪ ʩʪʨʘʥʘ ʥʘ ʪʘʚʘʥʘ. ʆʩʚʝʥ 
ʪʦʚʘ, ʥʠʟʭʦʜʷʱʦ ʪʝʯʝʥʠʝ ʦʪ ʚʝʥʪʠʣʘʪʦʨʘ ʦʪʜʘʣʝʯʘʚʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ ʦʪ ʨʘʜʠʘʮʠʦʥʥʘʪʘ 
ʟʦʥʘ, ʚʤʝʩʪʦ ʜʘ ʛʠ ʟʘʩʤʫʢʚʘ ʚ ʥʝʷ, ʢʘʢʪʦ ʧʨʘʚʠ ʚʲʟʭʦʜʷʱʦʪʦ. ʏʠʩʣʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʩʘ ʧʦ-
ʙʣʠʟʢʠ ʜʦ ʨʝʞʠʤ ʥʘ ʠʜʝʘʣʥʦ ʩʤʝʩʚʘʥʝ ʦʪʢʦʣʢʦʪʦ ʧʨʝʜʧʦʣʘʛʘʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʜʘʥʥʠ ʟʘ 
ʤʠʢʨʦʦʨʛʘʥʠʟʤʘ B.atropheaus, ʢʦʝʪʦ ʦʪʥʦʚʦ ʤʘʨʢʠʨʘ ʥʘʜʮʝʥʷʚʘʥʝ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘʪʘ 
ʜʠʬʫʟʠʷ ʠ ʨʝʩʧ. ʩʤʝʩʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʦʪ ʩʪʨʘʥʘ ʥʘ ʠʟʧʦʣʟʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʝʥ ʤʦʜʝʣ. 

 

ʌʠʛ. 5 ʆʩʪʘʪʲʯʝʥ ʜʷʣ ʞʠʟʥʝʩʧʦʩʦʙʥʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚʲʚ ʬʫʥʢʮʠʷ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʝʥʘʪʘ 
ʧʦʜʘʪʣʠʚʦʩʪ ʥʘ ʦʙʣʲʯʚʘʥʝ ʚ ʨʝʞʠʤ ʥʘ ʥʠʩʢʘ ʥʠʟʭʦʜʷʱʘ ʩʢʦʨʦʩʪ ʥʘ ʚʲʨʪʝʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ 

 

ɿʘʢʣʶʯʝʥʠʝ 
ɺ ʠʟʩʣʝʜʚʘʥʝʪʦ ʝ ʧʨʝʜʩʢʘʟʘʥʘ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʥʘ ʫʣʪʨʘʚʠʦʣʝʪʦʚʦ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʯʨʝʟ 

ʤʦʜʝʣ ʥʘ ʜʚʫʬʘʟʥʦ ʪʝʯʝʥʠʝ, ʚ ʢʦʡʪʦ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠʪʝ ʩʘ ʤʦʜʝʣʠʨʘʥʠ ʢʘʪʦ ʪʚʲʨʜʠ ʯʘʩʪʠʮʠ. 
ʈʘʟʨʘʙʦʪʝʥ ʝ ʘʣʛʦʨʠʪʲʤ, ʢʦʡʪʦ ʧʨʝʜʩʢʘʟʚʘ ʚʝʨʦʷʪʥʦʩʪʪʘ ʟʘ ʦʮʝʣʷʚʘʥʝ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘ ʠ 
ʦʪʪʘʤ ʦʩʪʘʪʲʯʥʠʷ ʜʷʣ ʞʠʟʥʝʩʧʦʩʦʙʥʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ, ʢʦʝʪʦ ʜʝʬʠʥʠʨʘ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʥʘ 
ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ. ʋʩʪʘʥʦʚʝʥʦ ʝ, ʯʝ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʝ ʧʦ-ʚʠʩʦʢʘ ʧʨʠ ʫʧʦʪʨʝʙʘʪʘ ʥʘ ʪʘʚʘʥʝʥ 
ʚʝʥʪʠʣʘʪʦʨ, ʢʦʡʪʦ ʫʣʝʩʥʷʚʘ ʧʨʝʥʦʩʘ ʥʘ ʤʠʢʨʦʦʨʛʘʥʠʟʤʠ ʚ ʨʘʜʠʘʮʠʦʥʥʘʪʘ ʟʦʥʘ. ʅʘʡ-
ʝʬʝʢʪʠʚʥʦ ʝ ʚʲʟʭʦʜʷʱʦʪʦ ʜʚʠʞʝʥʠʝ ʥʘ ʪʝʯʝʥʠʝʪʦ ʦʪ ʚʝʥʪʠʣʘʪʦʨʘ, ʢʦʛʘʪʦ ʝʬʝʢʪʠʚʥʦʩʪʪʘ 
ʜʦʩʪʠʛʘ ʪʘʟʠ ʧʨʠ ʨʝʞʠʤ ʥʘ ʠʜʝʘʣʥʦ ʨʘʟʤʝʩʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ. ɺʘʣʠʜʠʨʘʥʝʪʦ ʩ 
ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ ʧʦʢʘʟʚʘ ʥʘʜʮʝʥʷʚʘʥʝ ʥʘ ʩʤʝʩʠʪʝʣʥʘʪʘ ʩʧʦʩʦʙʥʦʩʪ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ 
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ʦʪ ʩʪʨʘʥʘ ʥʘ ʠʟʧʦʣʟʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʝʥ ʤʦʜʝʣ, ʢʦʝʪʦ ʩʝ ʥʘʙʣʶʜʘʚʘ ʚ ʟʘʜʘʯʠ ʢʦʤʙʠʥʠʨʘʱʠ 
ʘʙʩʦʣʶʪʥʘ ʠ ʨʦʪʘʮʠʦʥʥʘ ʢʦʦʨʜʠʥʘʪʥʘ ʩʠʩʪʝʤʘ. ʇʨʠ ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʘʣʪʝʨʥʘʪʠʚʝʥ 
ʪʫʨʙʫʣʝʥʪʝʥ ʤʦʜʝʣ ʧʨʠʣʦʞʝʥʠʷʪ ʯʠʩʣʝʥ ʤʝʪʦʜ ʤʦʞʝ ʫʩʧʝʰʥʦ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘ ʧʨʠ 
ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʥʘ ʦʙʝʟʟʘʨʘʟʷʚʘʥʝ ʚ ʧʨʦʠʟʚʦʣʥʘ ʢʦʤʙʠʥʘʮʠʷ ʦʪ 
ʫʣʪʨʘʚʠʦʣʝʪʦʚʠ ʣʘʤʧʠ ʠ ʢʦʥʌʠʛʫʨʘʮʠʷ ʥʘ ʚʝʥʪʠʣʘʮʠʦʥʥʘʪʘ ʩʠʩʪʝʤʘ. 
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ʄʦʜʝʣʠʨʘʥʝ ʥʘ ʚʲʟʜʫʰʥʦ ʪʝʯʝʥʠʝ ʧʨʝʟ ʧʨʦʪʦʪʠʧʠʨʘʥ ʫʨʝʜ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ 
ʢʦʣʠʯʝʩʪʚʦʪʦ ʥʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʚ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ 

 
ʄʘʨʪʠʥ ʀʚʘʥʦʚ, ʉʝʨʛʝʡ ʄʠʞʦʨʩʢʠ  

 

ɼʦʢʫʤʝʥʪʠʨʘʥʦ ʝ, ʯʝ ʦʩʥʦʚʥʠʷʪ ʧʨʦʙʣʝʤ ʩ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ ʚ 
ɹʲʣʛʘʨʠʷ ʩʘ ʧʨʝʚʠʰʝʥʠʪʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ. ʀʤʝʥʥʦ ʟʘ ʪʦʚʘ, ʚ 
ʧʫʙʣʠʢʘʮʠʷʪʘ ʝ ʧʨʝʜʩʪʘʚʝʥʦ ʠʥʦʚʘʪʠʚʥʦ ʠʟʤʝʨʚʘʪʝʣʥʦ ʫʩʪʨʦʡʩʪʚʦ, ʠʤʘʱʦ ʟʘ ʮʝʣ ʜʘ 
ʧʦʚʠʰʠ ʠʥʬʦʨʤʠʨʘʥʦʩʪʪʘ ʥʘ ʥʘʩʝʣʝʥʠʝʪʦ ʦʪʥʦʩʥʦ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ 
ʚ ʛʨʘʜʩʢʘʪʘ ʩʨʝʜʘ. ʉʧʝʮʠʬʠʢʘʪʘ ʥʘ ʧʨʦʝʢʪʘ ʠʟʠʩʢʚʘ ʤʦʜʝʣʠʨʘʥʝ ʥʘ ʚʲʟʜʫʰʥʦʪʦ 
ʪʝʯʝʥʠʝ ʧʨʝʟ ʧʨʦʪʦʪʠʧʠʨʘʥʠʷ ʫʨʝʜ, ʩ ʮʝʣ ʧʦʜʦʙʨʷʚʘʥʝ ʥʘ ʨʘʙʦʪʘʪʘ ʤʫ. ɿʘ ʧʦʩʪʠʛʘʥʝ ʥʘ 
ʮʝʣʪʘ ʩʘ ʠʟʩʣʝʜʚʘʥʠ ʜʚʘ ʚʘʨʠʘʥʪʘ ʥʘ ʜʠʟʘʡʥ ʥʘ ʟʘʱʠʪʥʘʪʘ ʢʫʪʠʷ. ʇʨʠ ʧʲʨʚʠʷ ʚʘʨʠʘʥʪ, 
ʚ ʢʫʪʠʷʪʘ ʝ ʧʨʝʜʚʠʜʝʥʘ ʪ.ʥʘʨ. Ăʟʘʱʠʪʥʘ ʢʫʭʠʥʘñ ï ʩʚʦʙʦʜʝʥ ʦʙʝʤ ʚʲʟʜʫʭ ʧʨʝʜʠ 
ʧʦʟʠʮʠʦʥʠʨʘʥʝʪʦ ʥʘ ʦʩʥʦʚʥʠʷ ʩʝʥʟʦʨ. ʇʨʠ ʚʪʦʨʠʷ ʚʘʨʠʘʥʪ, ʪʘʟʠ ʢʫʭʠʥʘ ʥʝ ʩʲʱʝʩʪʚʫʚʘ ʠ 
ʩʝʥʟʦʨʲʪ ʢʦʥʪʘʢʪʫʚʘ ʜʠʨʝʢʪʥʦ ʩ ʚʲʥʰʥʘʪʘ ʩʨʝʜʘ. ʉʨʘʚʥʠʪʝʣʝʥ ʘʥʘʣʠʟ ʥʘ ʜʚʘʪʘ 
ʚʘʨʠʘʥʪʘ ʝ ʧʨʝʜʩʪʘʚʝʥ ʯʨʝʟ ʚʠʟʫʘʣʠʟʘʮʠʷ ʥʘ ʩʢʦʨʦʩʪʥʠ ʧʦʣʝʪʘ ʠ ʧʦʣʝʪʘ ʥʘ 
ʜʠʬʝʨʝʥʮʠʘʣʥʦ ʥʘʣʷʛʘʥʝ. 
 

ʂʣʶʯʦʚʠ ʜʫʤʠ: ʠʟʯʠʩʣʠʪʝʣʥʘ ʜʠʥʘʤʠʢʘ ʥʘ ʬʣʫʠʜʠʪʝ, ʢʘʯʝʩʪʚʦ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ, 
ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ, ʠʟʤʝʨʚʘʪʝʣʥʘ ʘʧʘʨʘʪʫʨʘ   

 
Air flow modelling through prototyped device for measurement of fine dust particles 

concentration in the atmosphere 
 

Martin Ivanov, Sergey Mijorski 
 

It has been documented that the main problem with the atmospheric air quality in Bulgaria, are 
the exceeded concentrations of fine particulate matter. That is why, this paper presents an 
innovative measuring device, designed to raise the awareness of the population about ambient air 
quality in the urban environment. The specifics of the project require modelling of the air flow 
through the prototyped device, in order to improve its performance. To achieve the goal, two 
design versions of the covering box were assessed. In the first one, there is a so-called ñprotective 
cavityò ï a free volume of air prior to the main sensor position. In the second design, this cavity 
does not exist and the sensor contacts directly with the outside environment. A comparative 
analysis of the two variants is represented by velocity and differential pressure fieldsô 
visualizations. 
 

Keywords: computational fluid mechanics, outdoor air quality, fine particulate matter, 
measurement devices 
 

ɺʲʚʝʜʝʥʠʝ 
ʉʧʦʨʝʜ ʩʢʦʨʦʰʝʥ ʜʦʢʣʘʜ ʥʘ ʉʚʝʪʦʚʥʘʪʘ ʟʜʨʘʚʥʘ ʦʨʛʘʥʠʟʘʮʠʷ (ʉɿʆ), ʚʩʷʢʘ ʛʦʜʠʥʘ ʚ 

ɹʲʣʛʘʨʠʷ ʫʤʠʨʘʪ ʧʨʝʞʜʝʚʨʝʤʝʥʥʦ ʥʘʜ 18 000 ʜʫʰʠ ʚ ʩʣʝʜʩʪʚʠʝ ʥʘ ʟʘʤʲʨʩʝʥʠʷ ʚʲʟʜʫʭ, 
ʢʦʡʪʦ ʜʠʰʘʪ ʧʨʝʟ ʞʠʚʦʪʘ ʩʠ [7]. ʂʘʯʝʩʪʚʦʪʦ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ ʚ ʈʝʧʫʙʣʠʢʘ ɹʲʣʛʘʨʠʷ 
ʩʝ ʩʣʝʜʠ ʦʪ ʄʠʥʠʩʪʝʨʩʪʚʦʪʦ ʥʘ ʦʢʦʣʥʘʪʘ ʩʨʝʜʘ ʠ ʚʦʜʠʪʝ, ʯʨʝʟ ʅʘʮʠʦʥʘʣʥʘʪʘ ʩʠʩʪʝʤʘ ʟʘ 
ʥʘʙʣʶʜʝʥʠʝ, ʢʦʥʪʨʦʣ ʠ ʠʥʬʦʨʤʘʮʠʷ. ʅʦ ʚʲʧʨʝʢʠ ʪʦʚʘ, ʚ ʩʪʨʘʥʘʪʘ ʥʷʤʘ ʦʬʠʮʠʘʣʥʠ ʜʘʥʥʠ ʟʘ 
ʚʨʲʟʢʘʪʘ ʤʝʞʜʫ ʟʘʤʲʨʩʷʚʘʥʝʪʦ ʥʘ ʚʲʟʜʫʭʘ ʠ ʟʜʨʘʚʝʪʦ ʥʘ ʭʦʨʘʪʘ [9].  
ɺ ʨʝʜʠʮʘ ʜʦʢʣʘʜʠ ʥʘ ʨʘʟʣʠʯʥʠ ʚʝʜʦʤʩʪʚʘ ʩʝ ʧʦʩʦʯʚʘ, ʯʝ ʦʩʥʦʚʥʠʷʪ ʧʨʦʙʣʝʤ ʩ 

ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ ʥʘ ʥʘʮʠʦʥʘʣʥʦ ʥʠʚʦ ʩʘ ʧʨʝʚʠʰʝʥʠʪʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ 
ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ (ʌʇʏ). ʉʧʦʨʝʜ ʝʚʨʦʧʝʡʩʢʘʪʘ ʩʪʘʪʠʩʪʠʢʘ, ʯʘʩʪ ʦʪ ʙʲʣʛʘʨʩʢʠʪʝ ʛʨʘʜʦʚʝ 
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ʟʘʝʤʘʪ ʧʲʨʚʠʪʝ ʤʝʩʪʘ ʚ ɽʚʨʦʧʘ ʧʦ ʚʠʩʦʢʘ ʩʪʝʧʝʥ ʥʘ ʟʘʧʨʘʰʝʥʦʩʪ. ʇʦʨʘʜʠ ʪʦʚʘ, ʢʲʤ ʜʥʝʰʥʘ 
ʜʘʪʘ ɽʚʨʦʧʝʡʩʢʘʪʘ ʢʦʤʠʩʠʷ ʚʦʜʠ ʠ ʥʘʢʘʟʘʪʝʣʥʘ ʧʨʦʮʝʜʫʨʘ ʩʨʝʱʫ ɹʲʣʛʘʨʠʷ, ʢʦʷʪʦ ʦʪ ʣʷʪʦʪʦ 
ʥʘ 2015 ʛ. ʝ ʚʝʯʝ ʚ ʩʲʜʝʙʥʘ ʬʘʟʘ [9]. 
ʌʇʏ ʩʘ ʦʧʘʩʥʠ ʟʘ ʟʜʨʘʚʝʪʦ ʥʘ ʭʦʨʘʪʘ ʠ ʥʘʡ-ʯʝʩʪʦ ʩʝ ʩʚʲʨʟʚʘʪ ʩ ʨʘʟʚʠʪʠʝ ʥʘ ʙʝʣʦʜʨʦʙʥʠ 

ʟʘʙʦʣʷʚʘʥʠʷ. ʉʧʦʨʝʜ ʜʘʥʥʠʪʝ ʥʘ ɽʚʨʦʧʝʡʩʢʘʪʘ ʙʝʣʦʜʨʦʙʥʘ ʬʦʥʜʘʮʠʷ (ELF), ʙʝʣʦʜʨʦʙʥʠʪʝ 
ʟʘʙʦʣʷʚʘʥʠʷ ʩʘ ʧʨʠʯʠʥʘ ʟʘ 1/6 ʦʪ ʦʙʱʘʪʘ ʩʤʲʨʪʥʦʩʪ ʚ ʩʚʝʪʘ ʠ ʩʘ ʝʜʥʠ ʦʪ ʥʘʡ-ʟʥʘʯʠʤʠʪʝ 
ʟʜʨʘʚʥʠ ʧʨʦʙʣʝʤʠ, ʢʘʢʪʦ ʚ ɽʚʨʦʧʘ, ʪʘʢʘ ʠ ʥʘ ʛʣʦʙʘʣʥʦ ʥʠʚʦ. ɼʦʢʫʤʝʥʪʠʨʘʥʦ ʝ, ʯʝ ʚ 
ʩʪʨʘʥʠʪʝ-ʯʣʝʥʢʠ ʥʘ ɽʚʨʦʧʝʡʩʢʠʷ ʩʲʶʟ ʫʤʠʨʘʪ ʥʘʜ 600 000 ʜʫʰʠ ʦʪ ʙʝʣʦʜʨʦʙʥʠ ʟʘʙʦʣʷʚʘʥʠʷ 
ʚʩʷʢʘ ʛʦʜʠʥʘ, ʥʦ ʩʲʱʦ ʠ, ʯʝ ʩʲʱʝʩʪʚʫʚʘ ʨʠʩʢ ʦʪ ʧʦʷʚʘ ʥʘ ʪʝʟʠ ʟʘʙʦʣʷʚʘʥʠʷ ʜʦʨʠ ʠ 30 ʛʦʜʠʥʠ 
ʩʣʝʜ ʠʟʣʘʛʘʥʝʪʦ ʥʘ ʚʠʩʦʢʠʪʝ ʥʠʚʘ ʥʘ ʟʘʤʲʨʩʷʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ [2]. 
ʅʝʦʙʭʦʜʠʤʦ ʝ ʠ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʚ ʩʚʝʪʦʚʝʥ ʤʘʱʘʙ ʥʘ ʛʦʜʠʰʥʘ ʙʘʟʘ ʩʘ ʨʝʛʠʩʪʨʠʨʘʥʠ 

ʤʝʞʜʫ 1.5 ʠ 2 ʤʣʥ. ʩʤʲʨʪʥʠ ʩʣʫʯʘʠ, ʜʲʣʞʘʱʠ ʩʝ ʥʘ ʟʘʤʲʨʩʝʥ ʚʲʟʜʫʭ ʠ ʚ ʟʘʪʚʦʨʝʥʠ 
ʧʦʤʝʱʝʥʠʷ. ʅʠʚʦʪʦ ʥʘ ʟʘʤʲʨʩʝʥʦʩʪ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ ʝ ʚ ʧʨʷʢʦ ʦʪʥʦʰʝʥʠʝ ʩ 
ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʚʜʠʰʚʘʥʠʷ ʚʲʟʜʫʭ ʦʪ ʦʙʠʪʘʪʝʣʠʪʝ ʥʘ ʟʘʪʚʦʨʝʥʠʪʝ ʧʦʤʝʱʝʥʠʷ. ɺ ʥʝ ʨʝʜʢʠ 
ʩʣʫʯʘʠ, ʚʲʚ ʚʲʟʜʫʭʘ ʚ ʟʘʪʚʦʨʝʥʘʪʘ ʩʨʝʜʘ ʧʨʠʩʲʩʪʚʘʪ ʥʘʜ 900 ʚʠʜʘ ʦʧʘʩʥʠ ʟʘ ʟʜʨʘʚʝʪʦ 
ʩʲʝʜʠʥʝʥʠʷ, ʨʘʟʛʣʝʞʜʘʥʠ ʢʘʪʦ ʟʘʤʲʨʩʠʪʝʣʠ ʦʪ ʨʘʟʣʠʯʥʠ ʠʟʪʦʯʥʠʮʠ. ʂʦʥʮʝʥʪʨʘʮʠʷʪʘ ʥʘ 
ʥʷʢʦʠ ʦʪ ʪʝʟʠ ʟʘʤʲʨʩʠʪʝʣʠ ʤʦʞʝ ʜʘ ʜʦʩʪʠʛʥʝ ʜʦ ʧʝʪ ʧʲʪʠ ʧʦ-ʚʠʩʦʢʠ ʩʪʦʡʥʦʩʪʠ, ʦʪʢʦʣʢʦʪʦ 
ʧʨʠ ʚʲʥʰʥʠʷ ʚʲʟʜʫʭ. ʉɿʆ, ʢʘʢʪʦ ʠ ELF ʩʘ ʢʘʪʝʛʦʨʠʯʥʠ, ʯʝ ʟʘʤʲʨʩʝʥʠʷʪ ʚʲʟʜʫʭ ʚ ʟʘʪʚʦʨʝʥʠʪʝ 
ʧʦʤʝʱʝʥʠʷ ʝ ʦʩʤʠ ʧʦ ʨʝʜ ʨʠʩʢʦʚ ʬʘʢʪʦʨ ʟʘ ʚʲʟʥʠʢʚʘʥʝ ʥʘ ʟʘʙʦʣʷʚʘʥʠʷ ʠ ʝ ʧʨʠʯʠʥʘ ʟʘ 2.7% 
ʦʪ ʚʩʠʯʢʠ ʟʘʙʦʣʷʚʘʥʠʷ ʧʦ ʩʚʝʪʘ [2,7]. 
ʀʟʣʦʞʝʥʦʪʦ ʜʦ ʪʫʢ ʧʦʢʘʟʚʘ ʥʝʧʨʝʢʲʩʥʘʪʘʪʘ ʥʫʞʜʘ ʦʪ ʨʘʟʨʘʙʦʪʚʘʥʝ ʥʘ ʨʘʟʣʠʯʥʠ 

ʠʥʞʝʥʝʨʥʠ ʨʝʰʝʥʠʷ ʟʘ ʧʦʜʧʦʤʘʛʘʥʝ ʨʝʰʘʚʘʥʝʪʦ ʥʘ ʧʦʩʦʯʝʥʠʪʝ ʧʨʦʙʣʝʤʠ. ʅʝʦʙʭʦʜʠʤʠ ʩʘ 
ʥʦʚʠ, ʰʠʨʦʢʦ ʜʦʩʪʲʧʥʠ ʧʦʜʭʦʜʠ ʟʘ ʧʦ-ʚʠʩʦʢʘ ʠʥʬʦʨʤʠʨʘʥʦʩʪ ʧʦ ʦʪʥʦʰʝʥʠʝ ʥʘ ʢʘʯʝʩʪʚʦʪʦ 
ʥʘ ʚʜʠʰʚʘʥʠʷ ʚʲʟʜʫʭ. ʀʤʝʥʥʦ ʪʦʚʘ ʝ ʠ ʮʝʣʪʘ ʥʘ ʧʨʝʜʩʪʘʚʝʥʘʪʘ ʧʫʙʣʠʢʘʮʠʷ ï ʜʘ 
ʜʝʤʦʥʩʪʨʠʨʘ ʠʥʦʚʘʪʠʚʥʦ ʨʝʰʝʥʠʝ ʟʘ ʧʦʚʠʰʝʥʘ ʠʥʬʦʨʤʠʨʘʥʦʩʪ, ʧʦʩʨʝʜʩʪʚʦʤ ʝʣʝʢʪʨʦʥʥʦ 
ʠʟʤʝʨʚʘʪʝʣʥʦ ʫʩʪʨʦʡʩʪʚʦ, ʢʘʢʪʦ ʠ ʧʨʠʣʘʛʘʥʝ ʥʘ ʩʲʚʨʝʤʝʥʥʠ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʦʮʝʥʢʘ ʥʘ 
ʦʧʪʠʤʘʣʥʘʪʘ ʨʘʙʦʪʘ ʥʘ ʫʩʪʨʦʡʩʪʚʦʪʦ. 

ʌʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʠ ʯʦʚʝʰʢʦʪʦ ʟʜʨʘʚʝ 
ʉʲʛʣʘʩʥʦ ʅʘʨʝʜʙʘ ˉ12 ʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦ ʥʘ ʦʢʦʣʥʘʪʘ ʩʨʝʜʘ ʠ ʚʦʜʠʪʝ ʠ ʄʠʥʠʩʪʝʨʩʪʚʦ 

ʥʘ ʟʜʨʘʚʝʦʧʘʟʚʘʥʝʪʦ, ʚ ʈʝʧʫʙʣʠʢʘ ɹʲʣʛʘʨʠʷ ʩʘ ʨʝʛʣʘʤʝʥʪʠʨʘʥʠ ʩʣʝʜʥʠʪʝ ʧʨʘʛʦʚʠ 
ʩʪʦʡʥʦʩʪʠ ʟʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ: 

ʊʘʙʣʠʮʘ 1 
ʇʨʘʛʦʚʠ ʩʪʦʡʥʦʩʪʠ ʟʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʚ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ 

ʌʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʩ ʨʘʟʤʝʨ ʜʦ 10 mm (ʌʇʏ10) 
ʇʨʘʛʦʚʘ ʩʪʦʡʥʦʩʪ: ɼʦʧʫʩʪʠʤ ʙʨʦʡ ʧʨʝʚʠʰʘʚʘʥʠʷ (ʧʨʝʟ ʛʦʜʠʥʘʪʘ) 

ʉɼʅ 50 mg/m
3
 35 

ʉɻʅ 40 mg/m
3
 ʅʝ ʩʝ ʜʦʧʫʩʢʘ! 

 

ʌʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʩ ʨʘʟʤʝʨ ʧʦʜ 2.5 mm (ʌʇʏ2.5) 
ɼʦʧʫʩʪʠʤʦ ʦʪʢʣʦʥʝʥʠʝ: ɼʦʧʫʩʪʠʤ ʙʨʦʡ ʧʨʝʚʠʰʘʚʘʥʠʷ (ʧʨʝʟ ʛʦʜʠʥʘʪʘ) 
ʉɻʅ 30 mg/m

3
 ʅʝ ʩʝ ʜʦʧʫʩʢʘ! *ʦʪ 2010ʛ. 

ʉɻʅ 25 mg/m
3
 ʅʝ ʩʝ ʜʦʧʫʩʢʘ! *ʦʪ 2015ʛ. 

ʉɻʅ 20 mg/m
3
 ʅʝ ʩʝ ʜʦʧʫʩʢʘ! *ʩʣʝʜ 2020ʛ.  

 

*ʉɼʅ ï ʩʨʝʜʥʦ-ʜʝʥʦʥʦʱʥʘ ʥʦʨʤʘ 
*ʉɻʅ ï ʩʨʝʜʥʦʛʦʜʠʰʥʘ ʥʦʨʤʘ 

*ʅʘʨʝʜʙʘ ˉ12 ʥʘ ʄʆʉɺ ʠ ʄɿ ʢʲʤ ɿʏɸɺ (ɼɺ, ʙʨ.58/2010 ʛ.) 
 

ʆʙʱʦ ʢʦʣʠʯʝʩʪʚʦ ʧʨʘʭ  
ʇʨʝʜʝʣʥʦ ʜʦʧʫʩʪʠʤʘ ʩʨʝʜʥʦ-ʜʝʥʦʥʦʱʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʷ 
0.25 mg/m

3 

ʇʨʝʜʝʣʥʦ ʜʦʧʫʩʪʠʤʘ ʩʨʝʜʥʦʛʦʜʠʰʥʘ 
ʢʦʥʮʝʥʪʨʘʮʠʷ 

0.15 mg/m
3 

   *ʅʘʨʝʜʙʘ ʟʘ ʠʟʤ. ʠ ʜʦʧ. ʥʘ ʅʘʨʝʜʙʘ ˉ14/(ɼɺ, ʙʨ.8/2002 ʛ.) 
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ʂʘʢʪʦ ʙʝ ʩʧʦʤʝʥʘʪʦ, ʌʇʏ ʩʘ ʦʩʥʦʚʝʥ ʟʘʤʲʨʩʠʪʝʣ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ. ʉʪʝʧʝʥʪʘ ʥʘ 
ʫʚʨʝʞʜʘʥʝ ʥʘ ʯʦʚʝʰʢʦʪʦ ʟʜʨʘʚʝ, ʧʨʠ ʠʟʣʘʛʘʥʝ ʥʘ ʌʇʏ, ʟʘʚʠʩʠ ʛʣʘʚʥʦ ʦʪ ʨʘʟʤʝʨʘ ʠ 
ʭʠʤʠʯʥʠʷ ʩʲʩʪʘʚ ʥʘ ʯʘʩʪʠʮʠʪʝ, ʢʘʢʪʦ ʠ ʥʘ ʘʜʩʦʨʙʠʨʘʥʠʪʝ ʥʘ ʧʦʚʲʨʭʥʦʩʪʪʘ ʠʤ ʜʨʫʛʠ ʭʠʤʠʯʥʠ 
ʩʲʝʜʠʥʝʥʠʷ, ʢʘʪʦ ʧʦʣʝʥʠ, ɼʅʂ - ʤʦʜʫʣʘʪʦʨʠ ʠ ʜʨʫʛʠ. ʆʪ ʟʥʘʯʝʥʠʝ ʝ ʠ ʫʯʘʩʪʲʢʲʪ ʦʪ 
ʨʝʩʧʠʨʘʪʦʨʥʘʪʘ ʩʠʩʪʝʤʘ, ʚʲʨʭʫ ʢʦʡʪʦ ʩʝ ʦʪʣʘʛʘʪ ʩʘʤʠʪʝ ʯʘʩʪʠʮʠ, ʧʦʩʪʲʧʚʘʱʠ ʚ ʦʨʛʘʥʠʟʤʘ. 
ʇʦ-ʝʜʨʠʪʝ ʯʘʩʪʠʮʠ ʩʝ ʟʘʜʲʨʞʘʪ ʚ ʛʦʨʥʠʪʝ ʜʠʭʘʪʝʣʥʠ ʧʲʪʠʱʘ, ʜʦʢʘʪʦ, ʧʦ-ʬʠʥʠʪʝ ʯʘʩʪʠʮʠ ʩ 

ʨʘʟʤʝʨʠ ʧʦʜ 10 mm (ʌʇʏ10) ʜʦʩʪʠʛʘʪ ʜʦ ʚʲʪʨʝʰʥʠʪʝ ʦʨʛʘʥʠ ʥʘ ʜʠʭʘʪʝʣʥʘʪʘ ʩʠʩʪʝʤʘ ʠ ʚʦʜʷʪ 
ʜʦ ʫʚʨʝʞʜʘʥʝ ʥʘ ʪʲʢʘʥʠʪʝ ʚ ʙʝʣʠʷ ʜʨʦʙ. ʅʘʡ-ʯʫʚʩʪʚʠʪʝʣʥʠ ʢʲʤ ʚʠʩʦʢʠ ʥʠʚʘ ʥʘ ʌʇʏ10 ʩʘ 
ʜʝʮʘʪʘ ʠ ʭʦʨʘʪʘ ʩ ʭʨʦʥʠʯʥʠ ʙʝʣʦʜʨʦʙʥʠ ʟʘʙʦʣʷʚʘʥʠʷ. 
ʋʩʪʘʥʦʚʝʥʦ ʝ, ʯʝ ʦʩʥʦʚʥʠʪʝ ʠʟʪʦʯʥʠʮʠ ʥʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ, ʟʘʤʲʨʩʷʚʘʱʠ 

ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ, ʩʘ ʧʨʦʤʠʰʣʝʥʦʩʪʪʘ, ʝʥʝʨʛʝʪʠʢʘʪʘ, ʪʨʘʥʩʧʦʨʪʲʪ ʠ ʙʠʪʦʚʦʪʦ ʦʪʦʧʣʝʥʠʝ 
ʥʘ ʪʚʲʨʜʠ ʛʦʨʠʚʘ. ɺ ʨʘʟʣʠʯʥʠʪʝ ʨʝʛʠʦʥʠ ʥʘ ɹʲʣʛʘʨʠʷ ʧʨʝʦʙʣʘʜʘʚʘʪ ʩʲʦʪʚʝʪʥʦ ʠ ʨʘʟʣʠʯʥʠ 
ʠʟʪʦʯʥʠʮʠ ʥʘ ʟʘʤʲʨʩʷʚʘʥʝ. ɺ ʉʦʬʠʷ ʥʘʧʨʠʤʝʨ, ʢʘʪʦ ʥʘʡ-ʛʦʣʷʤ ʛʨʘʜ ʚ ʩʪʨʘʥʘʪʘ, ʧʨʝʟ 
ʦʪʦʧʣʠʪʝʣʥʠʷ ʩʝʟʦʥ ʦʩʥʦʚʥʠ ʠʟʪʦʯʥʠʮʠ ʥʘ ʟʘʤʲʨʩʷʚʘʥʝ ʩ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʩʘ ʠʟʛʘʨʷʥʝʪʦ ʥʘ 
ʪʚʲʨʜʠ ʛʦʨʠʚʘ ʚ ʙʠʪʘ ʠ ʚ ʦʙʣʘʩʪʪʘ ʥʘ ʝʥʝʨʛʝʪʠʢʘʪʘ, ʢʘʢʪʦ ʠ ʠʥʪʝʥʟʠʚʥʠʷʪ ʘʚʪʦʤʦʙʠʣʝʥ 
ʪʨʘʬʠʢ. ʇʨʝʟ ʩʫʭʠʷ ʣʝʪʝʥ ʩʝʟʦʥ ʦʩʥʦʚʝʥ ʠʟʪʦʯʥʠʢ ʦʩʪʘʚʘ ʟʘʩʠʣʝʥʠʷʪ ʘʚʪʦʤʦʙʠʣʝʥ ʪʨʘʬʠʢ, 
ʥʦ ʝʬʝʢʪʲʪ ʩʝ ʧʦʜʩʠʣʚʘ ʦʪ ʣʦʰʘʪʘ ʧʲʪʥʘ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ, ʢʘʢʪʦ ʠ ʦʪ ʚʠʩʦʢʠʷ ʧʨʦʮʝʥʪ 
Ăʢʘʣʥʠñ, ʥʝʟʘʪʨʝʚʝʥʠ ʧʣʦʱʠ.  
ʇʨʦʫʯʚʘʥʝ ʥʘ ɼ. ʅʠʢʦʣʦʚʘ ʠ ʢʦʣʝʢʪʠʚ [10], ʥʘʧʨʘʚʝʥʦ ʧʨʝʟ 2014 ʛ. ʧʦʢʘʟʚʘ, ʯʝ ʧʦ-ʚʠʩʦʢʠ 

ʥʠʚʘ ʥʘ ʟʘʤʲʨʩʷʚʘʥʝ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ ʩʧʨʷʤʦ ʩʪʦʣʠʮʘʪʘ ʩʘ ʠʟʤʝʨʝʥʠ ʝʜʠʥʩʪʚʝʥʦ 
ʚʲʚ ɺʘʨʥʘ ʠ ʉʪʘʨʘ ɿʘʛʦʨʘ. ɻʝʦʛʨʘʬʩʢʦʪʦ ʨʘʟʧʦʣʦʞʝʥʠʝ ʥʘ ʉʦʬʠʷ ʟʘʪʨʫʜʥʷʚʘ ʝʩʪʝʩʪʚʝʥʦʪʦ 
ʨʘʟʩʝʡʚʘʥʝ ʥʘ ʟʘʤʲʨʩʠʪʝʣʠʪʝ, ʧʦʨʘʜʠ ʟʘʪʚʦʨʝʥʠʷ ʭʘʨʘʢʪʝʨ ʥʘ ʉʦʬʠʡʩʢʘʪʘ ʢʦʪʣʦʚʠʥʘ. ɺ 
ʩʲʱʦʪʦ ʧʨʦʫʯʚʘʥʝ ʝ ʜʦʢʫʤʝʥʪʠʨʘʥʦ, ʯʝ ʤʝʩʪʥʠʪʝ ʞʠʪʝʣʠ ʦʮʝʥʷʚʘʪ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʦʢʦʣʥʘʪʘ 
ʩʨʝʜʘ ʢʘʪʦ Ăʩʨʝʜʥʦñ (ʧʦʢʘʟʘʪʝʣ: 3,1 ʦʪ 5), ʢʘʪʦ ʟʘ ʙʝʟʩʧʦʨʥʦ ʧʨʝʜʠʤʩʪʚʦ ʩʝ ʩʯʠʪʘ ʚʠʩʦʢʘʪʘ 
ʩʪʝʧʝʥ ʥʘ ʩʚʲʨʟʘʥʦʩʪ ʥʘ ʥʘʩʝʣʝʥʠʝʪʦ ʩ ʦʙʱʝʩʪʚʝʥʘ ʢʘʥʘʣʠʟʘʮʠʷ (95.4%). ɺʩʠʯʢʠ ʦʪʧʘʜʥʠ 
ʚʦʜʠ ʚ ʩʪʦʣʠʮʘʪʘ ʩʝ ʦʪʚʝʞʜʘʪ ʚ ʧʨʝʯʠʩʪʚʘʪʝʣʥʠ ʩʪʘʥʮʠʠ, ʢʦʝʪʦ ʚʲʟʧʨʝʧʷʪʩʪʚʘ ʦʪʣʘʛʘʥʝʪʦ 
ʥʘ ʦʪʧʘʜʥʠ ʚʦʜʠ ʚʲʨʭʫ Ăʟʝʤʥʠñ ʠ ʥʝʟʘʪʨʝʚʝʥʠ ʧʣʦʱʠ. ʀ ʚʲʧʨʝʢʠ ʪʦʚʘ, ʢʘʢʪʦ ʙʝ ʩʧʦʤʝʥʘʪʦ,  ʚ 
ʩʪʨʘʥʘʪʘ ʥʷʤʘ ʦʬʠʮʠʘʣʥʠ ʜʘʥʥʠ ʟʘ ʢʦʣʠʯʝʩʪʚʘʪʘ ʝʤʠʩʠʠ ʥʘ ʦʧʘʩʥʠ ʌʇʏ, ʢʘʢʪʦ ʠ ʟʘ 
ʚʨʲʟʢʘʪʘ ʤʝʞʜʫ ʟʘʤʲʨʩʷʚʘʥʝʪʦ ʥʘ ʚʲʟʜʫʭʘ ʠ ʟʜʨʘʚʝʪʦ ʥʘ ʥʘʩʝʣʝʥʠʝʪʦ. ʆʪ ʦʨʛʘʥʠʟʘʮʠʷʪʘ 
ĂGreenpeace-ɹʲʣʛʘʨʠʷñ ʩʘ ʨʘʟʨʘʙʦʪʠʣʠ ʠʥʦʚʘʪʠʚʥʦ ʪʝʭʥʦʣʦʛʠʯʥʦ ʨʝʰʝʥʠʝ ʟʘ ʩʧʨʘʚʷʥʝ ʩ 
ʪʦʟʠ ʧʨʦʙʣʝʤ. 

ʇʨʦʝʢʪʲʪ Ăʇʨʘʭʦʙʨʦʷʯʠñ 
Ăʇʨʘʭʦʙʨʦʷʯʠñ ʝ ʠʥʦʚʘʪʠʚʝʥ ʧʨʦʝʢʪ, ʨʘʟʨʘʙʦʪʝʥ ʦʪ ĂGreenpeace-ɹʲʣʛʘʨʠʷñ 

(www.greenpeace.org/bulgaria/bg/), ʩʲʚʤʝʩʪʥʦ ʩʲʩ Ăɿʘ ɿʝʤʷʪʘñ(www.zazemiata.org) ʠ 
Ăʈʦʙʦʪʝʚñ (www.robotev.com),  ʢʦʡʪʦ ʠʤʘ ʟʘ ʮʝʣ ʜʘ ʧʦʚʠʰʠ ʠʥʬʦʨʤʠʨʘʥʦʩʪʪʘ ʥʘ 
ʥʘʩʝʣʝʥʠʝʪʦ ʦʪʥʦʩʥʦ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ ʚ ʛʨʘʜʩʢʘʪʘ ʩʨʝʜʘ. ʇʨʦʝʢʪʲʪ 
ʧʨʝʜʣʘʛʘ ʠʥʦʚʘʪʠʚʥʠ ʣʝʩʥʠ ʟʘ ʩʛʣʦʙʷʚʘʥʝ ʠ ʠʥʩʪʘʣʠʨʘʥʝ ʝʣʝʢʪʨʦʥʥʠ ʫʩʪʨʦʡʩʪʚʘ ʪʠʧ 
Ăʥʘʧʨʘʚʠ ʩʠ ʩʘʤñ, ʥʘʨʝʯʝʥʠ Ăʇʨʘʭʦʙʨʦʷʯʠñ [8]. ʊʝ ʧʦʟʚʦʣʷʚʘʪ ʥʘ ʚʩʝʢʠ ʧʦʪʨʝʙʠʪʝʣ ʜʘ 
ʠʟʤʝʨʚʘ ʠ ʩʧʦʜʝʣʷ ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʌʇʏ, ʚ ʙʣʠʟʦʩʪ ʜʦ ʥʝʛʦʚʦʪʦ ʞʠʣʠʱʝ. 
ʇʲʨʚʠʪʝ 25 ʧʠʣʦʪʥʠ Ăʧʨʘʭʦʙʨʦʷʯʘñ ʩʘ ʨʘʟʜʘʜʝʥʠ ʥʘ 25-ʠʤʘ ʜʦʙʨʦʚʦʣʮʠ ʚ ʛʨʘʜ ʉʪʘʨʘ 

ɿʘʛʦʨʘ ʠ ʨʝʛʠʦʥʘ ʧʨʝʟ ʤʝʩʝʮ ʦʢʪʦʤʚʨʠ 2016 ʛ. ʂʘʢʪʦ ʙʝʰʝ ʩʧʦʤʝʥʘʪʦ, ʠʤʝʥʥʦ ʪʘʤ ʩʘ 
ʠʟʤʝʨʝʥʠ ʧʦ-ʚʠʩʦʢʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʟʘʤʲʨʩʷʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʩ ʌʇʏ, ʩʧʨʷʤʦ ʚ ʧʲʪʠ ʧʦ-ʛʦʣʝʤʠʷ 
ʛʨʘʜ ʉʦʬʠʷ. ʉʣʝʜ ʢʨʘʪʢʦ ʦʙʫʯʝʥʠʝ, ʜʦʙʨʦʚʦʣʮʠʪʝ ʩʘʤʠ ʩʛʣʦʙʷʚʘʪ ʠ ʤʦʥʪʠʨʘʪ ʩʪʘʥʮʠʠʪʝ ʚ 
ʦʪʢʨʠʪʠʪʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʦʢʦʣʦ ʜʦʤʦʚʝʪʝ ʩʠ. ʀʥʩʪʘʣʠʨʘʥʠʪʝ ʫʩʪʨʦʡʩʪʚʘ ʩʝ ʨʝʛʠʩʪʨʠʨʘʪ ʢʲʤ 
ʙʝʟʞʠʯʥʘ ʠʥʪʝʨʥʝʪ ʤʨʝʞʘ ʠ ʥʘ ʚʩʝʢʠ ʢʨʲʛʲʣ ʯʘʩ ʧʨʝʜʘʚʘʪ ʜʘʥʥʠʪʝ, ʢʦʠʪʦ ʠʟʤʝʨʚʘʪ. 
ɽʞʝʜʥʝʚʥʦ, ʠʟʤʝʨʝʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʦʪ ʚʩʠʯʢʠ ʤʦʜʫʣʠ ʩʝ ʩʲʙʠʨʘʪ ʥʘ ʩʧʝʮʠʘʣʝʥ ʩʲʨʚʲʨ, 
ʢʲʜʝʪʦ ʩʝ ʩʲʭʨʘʥʷʚʘʪ, ʦʙʨʘʙʦʪʚʘʪ ʠ ʚʠʟʫʘʣʠʟʠʨʘʪ ʚ ʜʦʩʪʲʧʝʥ ʛʨʘʬʠʯʝʥ ʚʠʜ. 
ɻʣʦʙʘʣʥʘʪʘ ʮʝʣ ʥʘ ʫʩʪʨʦʡʩʪʚʘʪʘ ʝ ʜʘ ʩʠʛʥʘʣʠʟʠʨʘʪ ʧʦʪʨʝʙʠʪʝʣʠʪʝ ʟʘ ʥʘʣʠʯʠʝ ʥʘ 

ʟʘʤʲʨʩʷʚʘʥʝ ʥʘ ʚʲʟʜʫʭʘ ʩ ʌʇʏ ʥʘʜ ʦʧʨʝʜʝʣʝʥʠʪʝ ʜʦʧʫʩʪʠʤʠ ʩʪʦʡʥʦʩʪʠ. ʅʦ ʪʝʟʠ ʫʨʝʜʠ ʩʘ 
ʥʝʧʨʦʬʝʩʠʦʥʘʣʥʠ, ʠʟʛʨʘʜʝʥʠ ʩʘ ʚʲʨʭʫ ʦʪʚʦʨʝʥʘ ʧʣʘʪʬʦʨʤʘ (Arduino, https://www.arduino.cc/) ʠ 
ʩʘ ʠʟʮʷʣʦ ʦʨʠʝʥʪʠʨʘʥʠ ʢʲʤ ʛʨʘʞʜʘʥʠʪʝ, ʘ ʥʝ ʢʲʤ ʥʘʫʯʥʘʪʘ ʦʙʱʥʦʩʪ. ʆʩʥʦʚʥʠʷʪ ʩʝʥʟʦʨ ʟʘ 

ʦʪʯʠʪʘʥʝ ʥʘ ʌʇʏ ʩ ʨʘʟʤʝʨʠ ʤʝʞʜʫ 2.5mm ʠ 10mm - GP2Y1010AU0F (Sharp) ʝ ʢʦʤʧʘʢʪʝʥ ʠ 



 

ȟȲȮȺȸȪȯȺȸȮȲȷȪȶȲȴȪ, ȿȲȮȺȸ- Ȳ ȹȷȯȬȶȸȼȯȿȷȲȴȪ   47 
 

 

ʢʦʤʝʨʩʠʘʣʥʦ ʜʦʩʪʲʧʝʥ. ʅʘʧʨʘʚʝʥʠʪʝ ʪʝʩʪʦʚʝ ʩ ʣʘʙʦʨʘʪʦʨʥʦ ʢʘʣʠʙʨʠʨʘʥ ʧʨʦʬʝʩʠʦʥʘʣʝʥ 
ʠʟʤʝʨʚʘʪʝʣʝʥ ʫʨʝʜ MIE pDR-1500 (Thermo Scientific) ʧʦʢʘʟʚʘʪ ʩʭʦʜʩʪʚʦ ʚ ʨʝʘʢʮʠʷʪʘ ʥʘ ʧʨʦʤʝʥʠ 
ʚ ʩʪʝʧʝʥʪʘ ʥʘ ʟʘʧʨʘʰʝʥʦʩʪ ʥʘ ʩʨʝʜʘʪʘ. ɺʲʧʨʝʢʠ ʪʦʚʘ, ʧʦʨʘʜʠ ʩʧʝʮʠʬʠʢʘʪʘ ʥʘ ʧʨʦʝʢʪʘ ʠ 
ʫʩʪʨʦʡʩʪʚʘ ʪʠʧ Ăʥʘʧʨʘʚʠ ʩʠ ʩʘʤñ, ʠʟʤʝʨʝʥʠʪʝ ʜʘʥʥʠ ʥʝ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʩʯʠʪʘʥʠ ʟʘ ʥʘʫʯʥʦ 
ʜʦʩʪʦʚʝʨʥʠ ʠ ʜʠʨʝʢʪʥʦ ʩʨʘʚʥʷʚʘʥʠ ʩ ʣʘʙʦʨʘʪʦʨʥʠ ʠʣʠ ʧʨʦʬʝʩʠʦʥʘʣʥʠ ʢʘʣʠʙʨʠʨʘʥʠ ʫʨʝʜʠ. 
ʇʨʝʟ ʤʝʩʝʮ ʷʥʫʘʨʠ 2017 ʛ. ʩʘ ʤʦʥʪʠʨʘʥʠ ʠ ʥʷʢʦʣʢʦ ʧʠʣʦʪʥʠ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʪʝʨʠʪʦʨʠʷʪʘ 

ʥʘ ʉʦʬʠʷ, ʢʘʪʦ ʝʜʥʦ ʦʪ ʪʷʭ ʝ ʥʘ ʪʝʨʠʪʦʨʠʷʪʘ ʥʘ ʊʝʭʥʠʯʝʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ ï ʉʦʬʠʷ. ʋʨʝʜʲʪ ʝ 
ʩʛʣʦʙʝʥ ʠ ʠʥʩʪʘʣʠʨʘʥ ʦʪ ʝʢʠʧʘ ʥʘ Ăʃʘʙʦʨʘʪʦʨʠʷ ʧʦ ʀʥʞʝʥʝʨʝʥ ɼʠʟʘʡʥñ (http://design.tu-
sofia.bg/), ʩʲʚʤʝʩʪʥʦ ʩʲʩ ĂSmart Fab Labñ (http://www.smartfablab.org/), ʢʘʪʦ ʜʠʟʘʡʥʲʪ ʥʘ 
ʟʘʱʠʪʥʘʪʘ ʢʫʪʠʷ ʝ ʩʲʟʜʘʜʝʥ ʦʪ ʜʦʮ. ʜ-ʨ ɻʝʦʨʛʠ ʏʝʨʚʝʥʜʠʥʝʚ. ʀʤʝʥʥʦ ʟʘʱʠʪʥʘʪʘ ʢʫʪʠʷ ʥʘ 
ʫʩʪʨʦʡʩʪʚʦʪʦ ʝ ʦʙʝʢʪ ʥʘ ʠʟʩʣʝʜʚʘʥʝ ʚ ʧʨʝʜʩʪʘʚʝʥʘʪʘ ʧʫʙʣʠʢʘʮʠʷ. 
ʌʦʨʤʘʪʘ ʠ ʚʠʜʲʪ ʥʘ ʢʫʪʠʷʪʘ ʥʘ Ăʇʨʘʭʦʙʨʦʷʯʠʪʝñ ʩʘ ʥʘʧʲʣʥʦ ʦʪʚʦʨʝʥʠ ʟʘ ʩʚʦʙʦʜʥʘ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʦʪ ʩʪʨʘʥʘ ʥʘ ʧʦʪʨʝʙʠʪʝʣʠʪʝ, ʢʦʝʪʦ ʝ ʦʩʥʦʚʥʘ ʧʨʠʦʙʱʘʚʘʱʘ ʠʜʝʷ ʚ ʩʘʤʠʷ 
ʧʨʦʝʢʪ. ɻʣʘʚʥʠʪʝ ʝʣʝʤʝʥʪʠ ʥʘ ʫʩʪʨʦʡʩʪʚʦʪʦ, ʢʘʪʦ ʧʣʘʪʢʘʪʘ ʩ ʤʠʢʨʦʢʦʥʪʨʦʣʝʨ ʠ Wi-Fi ʤʦʜʫʣ, 
ʩʝʥʟʦʨʲʪ ʟʘ ʌʇʏ, ʚʝʥʪʠʣʘʪʦʨʲʪ, ʙʘʪʝʨʠʷʪʘ ʠ ʦʢʘʙʝʣʷʚʘʥʝʪʦ ʩʘ ʬʠʢʩʠʨʘʥʠ, ʥʦ ʢʫʪʠʠʪʝ ʥʝ ʩʘ. 
ɽʜʠʥʩʪʚʝʥʦʪʦ ʫʩʣʦʚʠʝ ʝ, ʩʝʥʟʦʨʲʪ ʟʘ ʌʇʏ ʠ ʚʝʥʪʠʣʘʪʦʨʲʪ ʜʘ ʢʦʥʪʘʢʪʫʚʘʪ ʩʚʦʙʦʜʥʦ ʩ 
ʚʲʥʰʥʘʪʘ ʩʨʝʜʘ. ʅʦ ʩʲʱʦ ʪʘʢʘ, ʩ ʮʝʣ ʧʨʝʮʠʟʠʨʘʥʝ ʥʘ ʨʘʙʦʪʘʪʘ ʥʘ ʦʩʥʦʚʥʠʷ ʩʝʥʟʦʨ, 
ʧʨʦʠʟʚʦʜʠʪʝʣʷʪ ʥʘʣʘʛʘ ʩʧʝʮʠʬʠʯʥʘ ʧʦʟʠʮʠʷ ʥʘ ʤʦʥʪʘʞ ʩʧʨʷʤʦ ʚʲʟʜʫʰʥʦʪʦ ʪʝʯʝʥʠʝ ʧʨʝʟ 
ʥʝʛʦ, ʢʦʷʪʦ ʩʲʱʦ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʩʲʦʙʨʘʟʝʥʘ. ʊʦʚʘ ʦʟʥʘʯʘʚʘ, ʯʝ ʧʨʘʚʠʣʥʠʷʪ ʜʠʟʘʡʥ ʥʘ 
ʢʫʪʠʷʪʘ ʥʘ Ăʇʨʘʭʦʙʨʦʷʯʘñ ʝ ʢʣʶʯʦʚ ʬʘʢʪʦʨ ʟʘ ʦʧʪʠʤʘʣʥʘʪʘ ʨʘʙʦʪʘ ʥʘ ʫʩʪʨʦʡʩʪʚʦʪʦ. ʊʦʚʘ 
ʦʙʫʩʣʘʚʷ ʮʝʣʪʘ ʠ ʟʘʜʘʯʠʪʝ ʥʘ ʧʨʝʜʩʪʘʚʝʥʦʪʦ ʯʠʩʣʝʥʦ ʠʟʩʣʝʜʚʘʥʝ. 

ʎʝʣ ʥʘ ʧʨʝʜʩʪʘʚʝʥʦʪʦ ʠʟʩʣʝʜʚʘʥʝ 
ʎʝʣʪʘ ʥʘ ʧʨʝʜʩʪʘʚʝʥʘʪʘ ʨʘʟʨʘʙʦʪʢʘ ʝ ʜʘ ʩʝ ʠʟʩʣʝʜʚʘ ʚʲʟʜʫʰʥʦʪʦ ʪʝʯʝʥʠʝ ʧʨʝʟ ʜʚʘ 

ʚʘʨʠʘʥʪʘ ʥʘ ʧʨʦʪʦʪʠʧʠʨʘʥ ʫʨʝʜ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦʪʦ ʥʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʚ 
ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ. ɿʘ ʧʦʩʪʠʛʘʥʝ ʥʘ ʮʝʣʪʘ e ʠʟʚʲʨʰʝʥ ʩʨʘʚʥʠʪʝʣʝʥ ʘʥʘʣʠʟ, ʙʘʟʠʨʘʥ ʥʘ 
ʤʝʪʦʜʠʪʝ ʥʘ ʠʟʯʠʩʣʠʪʝʣʥʘʪʘ ʤʝʭʘʥʠʢʘ ʥʘ ʬʣʫʠʜʠʪʝ.  
ʀʟʩʣʝʜʚʘʥʠ ʩʘ ʜʚʘ ʚʘʨʠʘʥʪʘ ʥʘ ʜʠʟʘʡʥ ʥʘ ʟʘʱʠʪʥʘʪʘ ʢʫʪʠʷ. ʇʨʠ ʧʲʨʚʠʷ ʚʘʨʠʘʥʪ, ʚ 

ʢʫʪʠʷʪʘ ʝ ʧʨʝʜʚʠʜʝʥʘ ʪ.ʥʘʨ Ăʟʘʱʠʪʥʘ ʢʫʭʠʥʘñ ï ʩʚʦʙʦʜʝʥ ʦʙʝʤ ʚʲʟʜʫʭ, ʧʨʝʜʠ 
ʧʦʟʠʮʠʦʥʠʨʘʥʝʪʦ ʥʘ ʦʩʥʦʚʥʠʷ ʩʝʥʟʦʨ. ʇʨʠ ʚʪʦʨʠʷ ʚʘʨʠʘʥʪ, ʪʘʟʠ ʢʫʭʠʥʘ ʥʝ ʩʲʱʝʩʪʚʫʚʘ ʠ 
ʩʝʥʟʦʨʲʪ ʢʦʥʪʘʢʪʫʚʘ ʜʠʨʝʢʪʥʦ ʩ ʚʲʥʰʥʘʪʘ ʩʨʝʜʘ. ʉʨʘʚʥʠʪʝʣʥʠʷʪ ʘʥʘʣʠʟ ʥʘ ʜʚʘʪʘ ʚʘʨʠʘʥʪʘ 
ʝ ʧʨʝʜʩʪʘʚʝʥ ʯʨʝʟ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʘ ʩʢʦʨʦʩʪʥʠ ʧʦʣʝʪʘ ʠ ʧʦʣʝʪʘ ʥʘ ʜʠʬʝʨʝʥʮʠʘʣʥʦ ʥʘʣʷʛʘʥʝ. 

ʄʝʪʦʜʠ 

ɿʘ ʮʝʣʠʪʝ ʥʘ ʯʠʩʣʝʥʦʪʦ ʠʟʩʣʝʜʚʘʥʝ ʝ ʠʟʧʦʣʟʚʘʥ ʤʝʪʦʜ, ʙʘʟʠʨʘʥ ʥʘ ʀʟʯʠʩʣʠʪʝʣʥʘʪʘ 
ʤʝʭʘʥʠʢʘ ʥʘ ʬʣʫʠʜʠʪʝ (CFD). ʇʨʦʚʝʜʝʥʠ ʩʘ ʜʚʝ ʩʪʘʮʠʦʥʘʨʥʠ ʩʠʤʫʣʘʮʠʠ ʩ ʮʝʣ ʧʨʦʚʝʞʜʘʥʝ 
ʥʘ ʩʨʘʚʥʠʪʝʣʝʥ ʘʥʘʣʠʟ ʤʝʞʜʫ ʜʚʘʪʘ ʚʘʨʠʘʥʪʘ ʥʘ ʧʨʦʪʦʪʠʧʠʨʘʥʠʷ ʫʨʝʜ. ʀ ʧʨʠ ʜʚʝʪʝ 
ʩʠʤʫʣʘʮʠʠ ʝ ʠʟʧʦʣʟʚʘʥʘ ʘʜʘʧʪʠʨʘʥʘ ʦʪ ENGYSÈ (www.engys.com) ʚʝʨʩʠʷ ʥʘ ʠʟʯʠʩʣʠʪʝʣʥʠʷ 
ʢʦʜ ʟʘ OpenFoamÈ (www.openfoam.com). ʏʠʩʣʝʥʠʷʪ ʤʦʜʝʣ, ʠʟʧʦʣʟʚʘʥ ʚ ʠʟʩʣʝʜʚʘʥʝʪʦ ʝ 

ʙʘʟʠʨʘʥ ʥʘ ʤʝʪʦʜʘ ʩ ʫʩʨʝʜʥʝʥʠ ʈʝʡʥʦʣʜʩʦʚʠ ʥʘʧʨʝʞʝʥʠʷ (RANS) ʚ ʢʦʤʙʠʥʘʮʠʷ ʩ k-w 
ʪʫʨʙʫʣʝʥʪʝʥ ʤʦʜʝʣ SST (Shear Stress Transport) [3].  
ɿʘ ʜʦʩʪʠʛʘʥʝ ʩʭʦʜʠʤʦʩʪ ʥʘ ʨʝʰʝʥʠʷʪʘ ʩʘ ʧʨʦʚʝʜʝʥʠ 4000 ʠʪʝʨʘʮʠʠ ʩ ʠʟʯʠʩʣʠʪʝʣʥʠʷ 

ʤʦʜʫʣ simpleFoam [5]. ʉʣʝʜ ʪʦʚʘ ʩʘ ʧʨʦʚʝʜʝʥʠ ʜʦʧʲʣʥʠʪʝʣʥʠ 1000 ʠʪʝʨʘʮʠʠ ʟʘ ʦʩʨʝʜʥʷʚʘʥʝ 
ʠ ʧʨʝʮʠʟʠʨʘʥʝ ʥʘ ʦʪʢʣʦʥʝʥʠʷʪʘ ʚ ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʩʠʤʫʣʠʨʘʥʠʪʝ ʧʦʣʝʪʘ ʥʘ ʪʝʯʝʥʠʝʪʦ. 
ʇʨʝʩʤʷʪʘʥʝʪʦ ʠ ʦʙʚʲʨʟʚʘʥʝʪʦ ʥʘ ʫʨʘʚʥʝʥʠʷʪʘ ʟʘ ʩʢʦʨʦʩʪ ʠ ʥʘʣʷʛʘʥʝ ʝ ʦʩʲʱʝʩʪʚʝʥʦ ʯʨʝʟ 
ʘʣʛʦʨʠʪʲʤʘ ĂSIMPLEñ. ʇʦʜʨʦʙʥʘ ʠʥʬʦʨʤʘʮʠʷ ʟʘ ʘʣʛʦʨʠʪʲʤʘ, ʢʘʢʪʦ ʠ ʢʦʝʬʠʮʠʝʥʪʠ ʟʘ 
ʨʝʣʘʢʩʘʮʠʷ ʥʘ ʨʝʰʝʥʠʝʪʦ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʚ [6]. 

ɻʝʦʤʝʪʨʠʯʝʥ ʤʦʜʝʣ ʠ ʯʠʩʣʝʥʘ ʜʠʩʢʨʝʪʠʟʘʮʠʷ 
ʀʟʯʠʩʣʠʪʝʣʥʘʪʘ ʦʙʣʘʩʪ ʝ ʜʝʬʠʥʠʨʘʥʘ ʚʲʚ ʚʲʪʨʝʰʥʦʩʪʪʘ ʥʘ ʧʨʦʪʦʪʠʧʠʨʘʥʠʷ ʫʨʝʜ ʟʘ 

ʠʟʤʝʨʚʘʥʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦʪʦ ʥʘ ʬʠʥʠ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ, ʢʘʪʦ ʝ ʦʛʨʘʥʠʯʝʥʘ ʜʦ ʥʘʯʘʣʦʪʦ ʥʘ 
ʪʷʣʦʪʦ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ ʠ ʝ ʫʜʲʣʞʝʥʘ ʠ ʨʘʟʰʠʨʝʥʘ ʦʪ ʩʪʨʘʥʘʪʘ ʥʘ ʚʭʦʜʷʱʠʷ ʦʪʚʦʨ (ʌʠʛ. 1 ʠ 
2). ʋʜʲʣʞʝʥʠʝʪʦ ʝ ʨʝʘʣʠʟʠʨʘʥʦ ʩ ʮʝʣ ʨʝʜʫʮʠʨʘʥʝ ʥʘ ʚʣʠʷʥʠʝʪʦ ʥʘ ʛʨʘʥʠʯʥʠʪʝ ʫʩʣʦʚʠʷ ʚ 
ʟʦʥʘʪʘ ʥʘ ʚʭʦʜʷʱʦʪʦ ʩʝʯʝʥʠʝ ʥʘ ʢʫʪʠʷʪʘ. 
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ʌʠʛ. 1 ɻʝʦʤʝʪʨʠʯʝʥ ʤʦʜʝʣ ʥʘ ʢʫʪʠʷʪʘ ʩ ʛʘʙʘʨʠʪʥʠ ʨʘʟʤʝʨʠ: 100ʭ100ʭ100 mm 
 
ʀʟʯʠʩʣʠʪʝʣʥʘʪʘ ʦʙʣʘʩʪ ʝ ʜʠʩʢʨʝʪʠʟʠʨʘʥʘ ʩ ʧʦʤʦʱʪʘ ʥʘ snappyHexMesh [4]. 

ʀʟʯʠʩʣʠʪʝʣʥʠʪʝ ʤʨʝʞʠ ʩʝ ʩʲʩʪʦʷʪ ʦʪ 1 730 000 ʢʦʥʪʨʦʣʥʠ ʦʙʝʤʘ ʟʘ ʧʨʦʪʦʪʠʧʘ ʩʲʩ ʟʘʱʠʪʥʘ 
ʢʫʭʠʥʘ ʠ 950 000 ʢʦʥʪʨʦʣʥʠ ʦʙʝʤʘ ʟʘ ʚʪʦʨʠʷ ʧʨʦʪʦʪʠʧ ʙʝʟ ʟʘʱʠʪʥʘ ʢʫʭʠʥʘ. ʀ ʜʚʝʪʝ ʤʨʝʞʠ ʩʘ 
ʙʘʟʠʨʘʥʠ ʥʘ ʢʣʝʪʢʠ ʩ ʨʘʟʣʠʯʥʘ ʬʦʨʤʘ (ʰʝʩʪʦʩʪʝʥʠ, ʤʥʦʛʦʩʪʝʥʥʠ, ʧʨʠʟʤʠ, ʢʣʠʥʦʚʝ, 
ʪʝʪʨʘʝʜʨʠ ʠ ʜʨʫʛʠ ʝʣʝʤʝʥʪʠ), ʢʘʪʦ ʧʨʝʦʙʣʘʜʘʚʘʱʠʪʝ ʩʘ ʰʝʩʪʦʩʪʝʥʥʠ ʢʣʝʪʢʠ (ʌʠʛ. 2). 
ʈʘʟʤʝʨʲʪ ʥʘ ʙʘʟʦʚʘʪʘ ʢʣʝʪʢʘ ʚ ʠʟʯʠʩʣʠʪʝʣʥʘʪʘ ʤʨʝʞʘ ʝ 5 mm, ʥʦ ʩ ʮʝʣ ʜʘ ʩʝ ʩʠʤʫʣʠʨʘʪ 
ʧʨʝʮʠʟʥʦ ʛʝʦʤʝʪʨʠʯʥʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʢʫʪʠʷʪʘ, ʨʘʟʤʝʨʲʪ ʥʘ ʢʣʝʪʢʠʪʝ ʚ ʪʘʟʠ ʦʙʣʘʩʪ ʝ 
ʥʘʤʘʣʝʥ ʜʦ 0,155 mm ʠ ʚ ʛʨʘʥʠʯʥʠʷ ʩʣʦʡ ʥʘ ʧʦʚʲʨʭʥʠʥʠʪʝ ʜʦ 0,0745 mm. 

 

ʌʠʛ. 2 ʀʟʯʠʩʣʠʪʝʣʥʠ ʤʨʝʞʠ 
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ʅʘʯʘʣʥʠ ʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠʷ 
ɼʝʬʠʥʠʨʘʥʠ ʩʘ ʪʨʠ ʨʘʟʣʠʯʥʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠʷ: 

¶ ɻʣʘʜʢʘ ʧʦʚʲʨʭʥʦʩʪ ʥʘ ʚʩʠʯʢʠ ʩʪʝʥʠ ʩ ʛʨʘʧʘʚʦʩʪ ʦʪ 0.001 (Sand Grain Roughness); 

¶ ʆʙʝʤʝʥ ʜʝʙʠʪ ʚ ʟʦʥʘʪʘ ʥʘ ʚʝʥʪʠʣʘʪʦʨ - 1.4 l/s; 

¶ ʉʚʦʙʦʜʥʦ ʚʭʦʜʥʦ/ʠʟʭʦʜʥʦ ʛʨʘʥʠʯʥʦ ʫʩʣʦʚʠʝ ʧʨʠ ʚʭʦʜʷʱʠʷ ʦʪʚʦʨ ʥʘ ʢʫʪʠʷʪʘ ʩ 
ʜʝʬʠʥʠʨʘʥʦ ʦʪʥʦʩʠʪʝʣʥʦ ʥʘʣʘʛʘʥʝ 0 Pa ʠ ʪʫʨʙʫʣʝʥʪʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʪʝʯʝʥʠʝʪʦ 
5.0%. 
ʏʠʩʣʝʥʠ ʨʝʟʫʣʪʘʪʠ 
ʈʝʟʫʣʪʘʪʠʪʝ ʦʪ ʧʨʦʚʝʜʝʥʠʪʝ ʯʠʩʣʝʥʠ ʩʠʤʫʣʘʮʠʠ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʥʘ ʌʠʛ. 3, 4 ʠ 5, 

ʧʦʩʨʝʜʩʪʚʦʤ ʚʠʟʫʘʣʠʟʠʨʘʥʠ ʩʢʦʨʦʩʪʥʠ ʧʦʣʝʪʘ, ʪʦʢʦʚʠ ʣʠʥʠʠ ʠ ʧʦʣʝʪʘ ʥʘ ʥʘʣʷʛʘʥʝʪʦ. 
ʉʨʘʚʥʠʪʝʣʥʠʷʪ ʘʥʘʣʠʟ ʤʝʞʜʫ ʜʚʘʪʘ ʚʘʨʠʘʥʪʘ ʥʘ ʧʨʦʪʦʪʠʧʠʨʘʥʠʷ ʫʨʝʜ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ 
ʢʦʣʠʯʝʩʪʚʦʪʦ ʥʘ ʌʇʏ ʜʝʤʦʥʩʪʨʠʨʘ ʥʘʣʠʯʠʝʪʦ ʥʘ ʥʠʩʢʦʩʢʦʨʦʩʪʥʦ ʪʝʯʝʥʠʝ ʚ ʢʫʪʠʷʪʘ ʠ 
ʨʝʮʠʨʢʫʣʘʮʠʦʥʥʘ ʟʦʥʘ ʚ Ăʟʘʱʠʪʥʘʪʘ ʢʫʭʠʥʘñ (ʌʠʛ. 3 ʠ 4). ʊʦʟʠ ʝʬʝʢʪ ʙʠ ʜʦʧʨʠʥʝʩʲʣ ʟʘ 
ʥʘʪʫʧʚʘʥʝ ʠ ʟʘʩʪʦʷʚʘʥʝ ʥʘ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʚ ʢʫʭʠʥʘʪʘ, ʢʦʝʪʦ ʦʪ ʩʚʦʷ ʩʪʨʘʥʘ ʙʠ ʙʠʣʦ 
ʧʨʝʜʧʦʩʪʘʚʢʘ ʟʘ ʥʝʧʨʘʚʠʣʥʦ ʬʫʥʢʮʠʦʥʠʨʘʥʝ ʥʘ ʩʝʥʟʦʨʘ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʌʇʏ. ʊʦʚʘ ʝ ʠ 
ʦʩʥʦʚʝʥ ʧʨʦʙʣʝʤ, ʢʦʡʪʦ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʦʪʯʝʪʝʥ ʧʨʠ ʜʠʟʘʡʥʘ ʠ ʨʘʟʨʘʙʦʪʢʘʪʘ ʥʘ ʢʫʪʠʠʪʝ ʥʘ 
ʧʨʝʜʩʪʘʚʝʥʦʪʦ ʫʩʪʨʦʡʩʪʚʦ.  

 
ʌʠʛ. 3 ʉʢʦʨʦʩʪʥʠ ʧʦʣʝʪʘ 

 
ʂʘʪʦ ʮʷʣʦ, ʯʠʩʣʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʥʝ ʧʦʢʘʟʚʘʪ ʟʥʘʯʠʪʝʣʥʠ ʨʘʟʣʠʢʠ ʚ ʪʝʯʝʥʠʝʪʦ ʚ ʛʦʨʥʘʪʘ 

ʢʫʭʠʥʘ ʥʘ ʢʫʪʠʷʪʘ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʦ ʧʨʝʜʠ ʚʝʥʪʠʣʘʪʦʨʘ. ʆʪʯʠʪʘʡʢʠ ʤʘʣʢʠʪʝ ʨʘʟʤʝʨʠ ʥʘ 
ʫʨʝʜʘ ʠ ʫʩʣʦʚʠʝʪʦ ʟʘ ʛʣʘʜʢʘ ʧʦʚʲʨʭʥʦʩʪ ʥʘ ʩʪʝʥʠʪʝ, ʥʝ ʩʝ ʥʘʙʣʶʜʘʚʘʪ ʟʥʘʯʠʪʝʣʥʠ ʨʘʟʣʠʢʠ ʚ 
ʧʦʣʝʪʦ ʥʘ ʥʘʣʷʛʘʥʝʪʦ (ʌʠʛ. 5). ʇʦʣʫʯʝʥʠʪʝ ʟʘʛʫʙʠ, ʚ ʨʝʟʫʣʪʘʪ ʥʘ ʪʝʯʝʥʠʝʪʦ ʧʨʝʟ ʜʚʘʪʘ 
ʚʘʨʠʘʥʪʘ, ʩʘ ʠʜʝʥʪʠʯʥʠ ʧʨʠ ʪʝʢʫʱʠʪʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʟʘ ʛʨʘʥʠʯʥʠʪʝ ʫʩʣʦʚʠʷ. ɼʦʧʲʣʥʠʪʝʣʥʠ 
ʠʟʩʣʝʜʚʘʥʠʷ, ʧʨʠ ʨʘʟʣʠʯʥʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠʷ, ʙʠʭʘ ʜʦʧʨʠʥʝʩʣʠ ʟʘ ʧʨʝʮʠʟʠʨʘʥʝ ʥʘ 
ʥʝʦʙʭʦʜʠʤʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ ʠ ʩʲʦʪʚʝʪʥʦʪʦ ʦʧʪʠʤʠʟʠʨʘʥʝ ʥʘ ʨʘʙʦʪʘʪʘ ʥʘ 
ʫʨʝʜʘ.  
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ʌʠʛ. 4 ʊʦʢʦʚʠ ʣʠʥʠʠ ʥʘ ʩʢʦʨʦʩʪʪʘ   

 
ʌʠʛ. 5 ʇʦʣʝʪʘ ʥʘ ʥʘʣʷʛʘʥʝʪʦ 

 
ɿʘ ʦʩʲʱʝʩʪʚʷʚʘʥʝ ʥʘ ʧʲʣʥʘ ʦʮʝʥʢʘ ʥʘ ʝʬʝʢʪʘ ʦʪ ʩʲʱʝʩʪʚʫʚʘʥʝ ʥʘ Ăʟʘʱʠʪʥʘʪʘ ʢʫʭʠʥʘñ ʝ 

ʥʝʦʙʭʦʜʠʤ ʠ ʜʦʧʲʣʥʠʪʝʣʝʥ ʘʥʘʣʠʟ, ʧʦʩʨʝʜʩʪʚʦʤ ʧʘʨʘʤʝʪʲʨʘ ĂAge of Airñ [1]. ʊʦʟʠ 
ʜʦʧʲʣʥʠʪʝʣʝʥ ʠʟʯʠʩʣʠʪʝʣʝʥ ʤʦʜʫʣ ʱʝ ʚʠʟʫʘʣʠʟʠʨʘ ʟʦʥʠʪʝ ʚ Ăʟʘʱʠʪʥʘʪʘ ʢʫʭʠʥʘñ, ʚ ʢʦʠʪʦ 
ʚʲʟʜʫʭʲʪ ʩʝ ʟʘʜʲʨʞʘ ʥʘʡ-ʜʲʣʛʦ ʚʨʝʤʝ. ʊʦʚʘ ʩʘ ʠ ʟʦʥʠʪʝ, ʢʲʜʝʪʦ ʙʠʭʘ ʩʝ ʫʪʘʠʣʠ ʠ ʥʘʪʨʫʧʘʣʠ 
ʌʇʏ. ʉʲʱʦ ʪʘʢʘ, ʟʘ ʧʲʣʥʘ ʦʮʝʥʢʘ ʥʘ ʨʘʙʦʪʘʪʘ ʥʘ ʧʨʝʜʩʪʘʚʝʥʠʷ ʫʨʝʜ ʝ ʧʨʝʧʦʨʲʯʠʪʝʣʥʦ ʠ 
ʠʟʩʣʝʜʚʘʥʝ ʩ ʥʘʣʠʯʠʝ ʥʘ ʪʨʘʩʠʨʘʱʠ ʯʘʩʪʠʮʠ ʚ ʦʩʥʦʚʥʦʪʦ ʪʝʯʝʥʠʝ, ʢʘʢʪʦ ʠ ʤʦʜʝʣʠʨʘʥʝ ʥʘ 
ʌʇʏ ʚʢʣʶʯʠʪʝʣʥʦ. 
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ɿʘʢʣʶʯʝʥʠʝ 
ʀʟʩʣʝʜʚʘʥʦ ʝ ʚʲʟʜʫʰʥʦʪʦ ʪʝʯʝʥʠʝ ʧʨʝʟ ʜʚʘ ʚʘʨʠʘʥʪʘ ʥʘ ʧʨʦʪʦʪʠʧʠʨʘʥ ʫʨʝʜ ʟʘ 

ʠʟʤʝʨʚʘʥʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦʪʦ ʥʘ ʌʇʏ ʚ ʘʪʤʦʩʬʝʨʥʠʷ ʚʲʟʜʫʭ, ʢʘʪʦ ʝ ʠʟʚʲʨʰʝʥ ʩʨʘʚʥʠʪʝʣʝʥ 
ʘʥʘʣʠʟ, ʙʘʟʠʨʘʥ ʥʘ ʤʝʪʦʜʠʪʝ ʥʘ ʠʟʯʠʩʣʠʪʝʣʥʘʪʘ ʤʝʭʘʥʠʢʘ ʥʘ ʬʣʫʠʜʠʪʝ. 
ʈʘʟʛʣʝʜʘʥʠ ʩʘ ʜʚʘ ʚʘʨʠʘʥʪʘ ʥʘ ʜʠʟʘʡʥ ʥʘ ʟʘʱʠʪʥʘʪʘ ʢʫʪʠʷ ï ʩʲʩ ʠ ʙʝʟ Ăʟʘʱʠʪʥʘ ʢʫʭʠʥʘñ, 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʦ ʧʨʝʜʠ ʧʦʟʠʮʠʦʥʠʨʘʥʝʪʦ ʥʘ ʦʩʥʦʚʥʠʷ ʩʝʥʟʦʨ. ʉʨʘʚʥʠʪʝʣʥʠʷʪ ʘʥʘʣʠʟ ʤʝʞʜʫ 
ʜʚʘʪʘ ʚʘʨʠʘʥʪʘ ʜʝʤʦʥʩʪʨʠʨʘ ʥʘʣʠʯʠʝʪʦ ʥʘ ʥʠʩʢʦʩʢʦʨʦʩʪʥʦ ʪʝʯʝʥʠʝ ʚ ʢʫʪʠʷʪʘ ʠ 
ʨʝʮʠʨʢʫʣʘʮʠʦʥʥʘ ʟʦʥʘ ʚ Ăʟʘʱʠʪʥʘʪʘ ʢʫʭʠʥʘñ. ʊʦʟʠ ʝʬʝʢʪ ʙʠ ʜʦʧʨʠʥʝʩʲʣ ʟʘ ʥʘʪʫʧʚʘʥʝ ʠ 
ʟʘʩʪʦʷʚʘʥʝ ʥʘ ʧʨʘʭʦʚʠ ʯʘʩʪʠʮʠ ʚ ʢʫʭʠʥʘʪʘ, ʢʦʝʪʦ ʦʪ ʩʚʦʷ ʩʪʨʘʥʘ ʙʠ ʙʠʣʦ ʧʨʝʜʧʦʩʪʘʚʢʘ ʟʘ 
ʥʝʧʨʘʚʠʣʥʦ ʬʫʥʢʮʠʦʥʠʨʘʥʝ ʥʘ ʩʝʥʟʦʨʘ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʌʇʏ. 
ʏʠʩʣʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʥʝ ʧʦʢʘʟʚʘʪ ʟʥʘʯʠʪʝʣʥʠ ʨʘʟʣʠʢʠ ʚ ʪʝʯʝʥʠʝʪʦ ʚ ʛʦʨʥʘʪʘ ʢʫʭʠʥʘ ʥʘ 

ʢʫʪʠʷʪʘ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʦ ʧʨʝʜʠ ʚʝʥʪʠʣʘʪʦʨʘ. ʆʪʯʠʪʘʡʢʠ ʤʘʣʢʠʪʝ ʨʘʟʤʝʨʠ ʥʘ ʫʨʝʜʘ ʠ 
ʫʩʣʦʚʠʝʪʦ ʟʘ ʛʣʘʜʢʘ ʧʦʚʲʨʭʥʦʩʪ ʥʘ ʩʪʝʥʠʪʝ, ʥʝ ʩʝ ʥʘʙʣʶʜʘʚʘʪ ʟʥʘʯʠʪʝʣʥʠ ʨʘʟʣʠʢʠ ʚ ʧʦʣʝʪʦ 
ʥʘ ʥʘʣʷʛʘʥʝʪʦ. ʇʦʣʫʯʝʥʠʪʝ ʟʘʛʫʙʠ, ʚ ʨʝʟʫʣʪʘʪ ʥʘ ʪʝʯʝʥʠʝʪʦ ʧʨʝʟ ʜʚʘʪʘ ʚʘʨʠʘʥʪʘ, ʩʘ 
ʠʜʝʥʪʠʯʥʠ ʧʨʠ ʪʝʢʫʱʠʪʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʟʘ ʛʨʘʥʠʯʥʠʪʝ ʫʩʣʦʚʠʷ.  
ʉʯʠʪʘ ʩʝ, ʯʝ ʠʟʚʲʨʰʝʥʠʪʝ ʠʟʩʣʝʜʚʘʥʠʷ ʱʝ ʧʦʜʧʦʤʦʛʥʘʪ ʠ ʫʣʝʩʥʷʪ ʙʲʜʝʱʠʪʝ ʨʘʟʨʘʙʦʪʢʠ 

ʥʘ ʢʫʪʠʠ ʟʘ ʧʨʝʜʩʪʘʚʝʥʠʪʝ ʫʨʝʜʠ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦʪʦ ʥʘ ʌʇʏ ʚ ʘʪʤʦʩʬʝʨʥʠʷ 
ʚʲʟʜʫʭ. 

 
ʃʠʪʝʨʘʪʫʨʘ 
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ʏʠʩʣʝʥʦ ʤʦʜʝʣʠʨʘʥʝ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʩʪʨʫʷ ʩʲʩ 
ʩʤʫʢʘʪʝʣʝʥ ʦʪʚʦʨ ʧʨʠ ʥʫʣʝʚ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʤʝʞʜʫ ʜʚʝʪʝ ʩʝʢʮʠʠ 

 
 ʀʚʘʥ ɼʝʥʝʚ 

 

ʆʪʜʝʣʷʥʝʪʦ ʥʘ ʚʨʝʜʥʠ ʧʨʘʭʦʚʠ ʠ ʛʘʟʦʚʠ ʯʘʩʪʠʮʠ ʦʪ ʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʯʥʠ 
ʧʨʦʮʝʩʠ ʥʘʣʘʛʘʪ ʚʥʝʜʨʷʚʘʥʝʪʦ ʥʘ ʢʦʨʝʢʪʥʦ ʧʨʝʩʤʝʪʥʘʪʘ ʠ ʦʨʘʟʤʝʨʝʥʘ ʚʝʥʪʠʣʘʮʠʦʥʥʘ 
ʠʥʩʪʘʣʘʮʠʷ ʟʘ ʦʪʚʝʞʜʘʥʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʦʪ ʨʘʙʦʪʥʘʪʘ ʩʨʝʜʘ. ɺ ʥʘʩʪʦʷʱʘʪʘ ʨʘʙʦʪʘ 
ʝ ʥʘʧʨʘʚʝʥʘ ʯʠʩʣʝʥʘ ʩʠʤʫʣʘʮʠʷ ʥʘ ʧʨʦʮʝʩ ʥʘ ʦʪʚʝʞʜʘʥʝ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʩʪʨʫʷ ʠ 
ʚʠʟʫʘʣʠʟʠʨʘʥʝ ʥʘ ʩʢʦʨʦʩʪʥʠʪʝ ʧʦʣʝʪʘ ʠ ʧʨʦʬʠʣʠ, ʧʦʣʫʯʝʥʠ ʚ ʭʘʨʘʢʪʝʨʥʠ ʩʝʯʝʥʠʷ. 
ʇʦʣʫʯʝʥʠʪʝ ʜʘʥʥʠ ʜʘʚʘʪ ʠʥʬʦʨʤʘʮʠʷ ʟʘ ʚʣʠʷʥʠʝʪʦ ʥʘ ʥʘʯʘʣʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʚʲʨʭʫ 
ʨʘʟʧʨʦʩʪʨʘʥʝʥʠʝʪʦ ʥʘ ʩʪʨʫʷʪʘ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ ʠ ʩʲʩ ʩʤʫʢʘʪʝʣʝʥ ʦʪʚʦʨ.  

ʂʣʶʯʦʚʠ ʜʫʤʠ: ʪʫʨʙʫʣʝʥʪʥʠ ʩʪʨʫʠ, ʯʠʩʣʝʥʦ ʤʦʜʝʣʠʨʘʥʝ, ʩʤʫʢʘʪʝʣʝʥ ʦʪʚʦʨ 
 

Numerical modeling the interaction of turbulent jet with suction opening without 
eccentricity between sections  

 
Ivan Denev 

 
Separation of harmful dust and gaseous particles from various technological processes impose 

correctly dimensioned ventilation to evacuate the pollutants out of the working zone.In this paper is 
presented numerical modeling of a process of leading off turbulent jet and visualization of velocity 
fields and profiles in some specific sections. The results gave information about the influence of 
inlet parameters to distribution of the jet and itôs interaction with suction opening.  

Keywords: turbulent jet, CFD modeling, suction opening 

ɺʲʚʝʜʝʥʠʝ 
ɻʦʣʷʤʘ ʯʘʩʪ ʦʪ ʧʨʦʮʝʩʠʪʝ ʚ ʧʨʦʤʠʰʣʝʥʠʪʝ ʧʨʝʜʧʨʠʷʪʠʷ ʩʘ ʩʲʧʨʦʚʦʜʝʥʠ ʩ ʦʪʜʝʣʷʥʝ ʥʘ 

ʚʨʝʜʥʦʩʪʠ ʚ ʨʘʙʦʪʥʘʪʘ ʟʦʥʘ. ʇʦʚʠʰʘʚʘʥʝʪʦ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʷʪʘ ʥʘ ʪʝʟʠ ʚʨʝʜʥʠ ʧʨʘʭʦʚʠ ʠ 
ʛʘʟʦʚʠ ʯʘʩʪʠʮʠ ʙʠ ʜʦʚʝʣʦ ʜʦ ʟʘʩʪʨʘʰʘʚʘʥʝ ʟʜʨʘʚʝʪʦ ʠ ʬʠʟʠʯʝʩʢʦʪʦ ʩʲʩʪʦʷʥʠʝ ʥʘ 
ʧʝʨʩʦʥʘʣʘ, ʦʙʩʣʫʞʚʘʱ ʧʨʠʣʝʞʘʱʦʪʦ ʦʙʦʨʫʜʚʘʥʝ.  
ʉ ʮʝʣ ʧʦʜʦʙʨʷʚʘʥʝ ʥʘ ʫʩʣʦʚʠʷʪʘ ʥʘ ʪʨʫʜ ʠ ʦʧʘʟʚʘʥʝ ʟʜʨʘʚʝʪʦ ʥʘ ʧʝʨʩʦʥʘʣʘ ʩʝ 

ʧʨʦʝʢʪʠʨʘʪ ʠ ʠʟʛʨʘʞʜʘʪ ʚʝʥʪʠʣʘʮʠʦʥʥʠ ʠʥʩʪʘʣʘʮʠʠ. ɺ ʨʝʜʠʮʘ ʣʠʪʝʨʘʪʫʨʥʠ ʠʟʪʦʯʥʠʮʠ [4], [5], 
[6], [7] ʩʘ ʨʘʟʛʣʝʜʘʥʠ ʚʠʜʦʚʝʪʝ ʚʝʥʪʠʣʘʮʠʠ, ʪʝʭʥʠʪʝ ʧʨʝʜʠʤʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʲʮʠ, ʢʘʪʦ ʚ 
ʩʣʫʯʘʠʪʝ ʥʘ ʦʪʜʝʣʷʥʝ ʥʘ ʚʨʝʜʥʦʩʪʠ ʚ ʨʘʙʦʪʥʘ ʟʦʥʘ ʥʘʡ-ʧʦʜʭʦʜʷʱʘ ʝ ʤʝʩʪʥʘʪʘ ʩʤʫʢʘʪʝʣʥʘ 
ʚʝʥʪʠʣʘʮʠʷ.  
ʂʦʥʚʝʥʮʠʦʥʘʣʥʠʪʝ ʤʝʪʦʜʠ ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ ʩʤʫʢʘʪʝʣʥʠ ʚʝʥʪʠʣʘʮʠʦʥʥʠ ʩʠʩʪʝʤʠ ʩʘ 

ʩʨʘʚʥʠʪʝʣʥʦ ʙʘʚʥʠ ʠ ʚʥʘʩʷʪ ʥʝʥʫʞʥʦ ʧʨʝʦʨʘʟʤʝʨʷʚʘʥʝ, ʩʲʧʨʦʚʦʜʝʥʦ ʩ ʧʦ-ʚʠʩʦʢʠ 
ʝʢʩʧʣʦʘʪʘʮʠʦʥʥʠ ʨʘʟʭʦʜʠ.  
ɹʲʨʟʦ ʨʘʟʚʠʚʘʱʠʪʝ ʩʝ ʩʦʬʪʫʝʨʥʠ ʧʨʦʜʫʢʪʠ ʩʚʲʨʟʘʥʠ ʩ ʠʟʯʠʩʣʠʪʝʣʥʘʪʘ ʤʝʭʘʥʠʢʘ ʥʘ 

ʬʣʫʠʜʠʪʝ ʜʘʚʘʪ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʙʲʨʟʦ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʢʦʥʢʨʝʪʝʥ ʩʣʫʯʘʡ ʠ ʦʨʘʟʤʝʨʷʚʘʥʝ ʥʘ 
ʠʥʩʪʘʣʘʮʠʷʪʘ, ʩʲʛʣʘʩʥʦ ʤʘʢʩʠʤʘʣʥʦʪʦ ʥʘʪʦʚʘʨʚʘʥʝ.  
ʆʩʥʦʚʥʘʪʘ ʮʝʣ ʥʘ ʥʘʩʪʦʷʱʘʪʘ ʨʘʙʦʪʘ ʝ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʯʠʩʣʝʥʦ ʤʦʜʝʣʠʨʘʥʝ ʠ 

ʩʠʤʫʣʠʨʘʥʝ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʩʪʨʫʷ ʩʲʩ ʩʤʫʢʘʪʝʣʝʥ ʦʪʚʦʨ, ʨʘʟʧʦʣʦʞʝʥʠ 
ʩʲʦʩʥʦ ʩ ʦʧʨʝʜʝʣʝʥʦ ʨʘʟʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʤʫʢʘʪʝʣʥʘʪʘ ʠ ʥʘʛʥʝʪʘʪʝʣʥʘʪʘ ʩʝʢʮʠʠ. ʀʟʩʣʝʜʚʘʥʦ 
ʝ ʚʣʠʷʥʠʝʪʦ ʥʘ ʦʩʥʦʚʥʠʪʝ ʠʟʭʦʜʥʠ ʧʘʨʘʤʝʪʨʠ (ʩʢʦʨʦʩʪʠ ʥʘ ʠʟʪʠʯʘʥʝ ʠ ʟʘʩʤʫʢʚʘʥʝ, 
ʨʘʟʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʤʫʢʘʪʝʣʷ ʠ ʥʘʛʥʝʪʘʪʝʣʷ) ʚʲʨʭʫ ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦ ʥʘ ʩʢʦʨʦʩʪʥʠʪʝ ʧʦʣʝʪʘ 
ʠ ʚʠʜʘ ʥʘ ʫʣʘʚʷʥʝ ʦʪ ʩʪʨʘʥʘ ʥʘ ʩʤʫʢʘʪʝʣʥʠʷ ʦʪʚʦʨ. 
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ʀʟʛʨʘʞʜʘʥʝ ʥʘ ʛʝʦʤʝʪʨʠʯʝʥ ʤʦʜʝʣ  
ʈʘʟʛʣʝʞʜʘ ʩʝ ʩʨʘʚʥʠʪʝʣʥʦ ʧʨʦʩʪʘ ʢʦʥʩʪʨʫʢʮʠʷ, ʧʨʝʜʩʪʘʚʝʥʘ ʥʘ ʌʠʛ. 1. ʂʘʪʦ ʧʦʜ ʥʦʤʝʨ 1 

ʝ ʦʟʥʘʯʝʥ ʥʘʛʥʝʪʘʪʝʣʥʠʷ ʪʨʲʙʦʧʨʦʚʦʜ, ʧʦʜʘʚʘʱ ʪʫʨʙʫʣʝʥʪʥʘʪʘ ʩʪʨʫʷ ʢʲʤ ʩʤʫʢʘʪʝʣʥʘ ʜʶʟʘ, 
ʦʟʥʘʯʝʥʘ ʩ ʥʦʤʝʨ 2. ʉʤʫʢʘʪʝʣʥʠʷ ʪʨʲʙʦʧʨʦʚʦʜ ʝ ʦʟʥʘʯʝʥ ʩ ʧʦʟʠʮʠʷ 3, ʘ ʟʘ ʜʘ ʩʝ ʠʟʙʝʛʥʝ 
ʧʦʚʠʰʘʚʘʥʝ ʠʣʠ ʥʘʤʘʣʷʚʘʥʝ ʥʘ ʥʘʣʷʛʘʥʝʪʦ ʚ ʤʦʜʝʣʘ, ʧʦʨʘʜʠ ʨʘʟʣʠʯʠʷʪʘ ʚ ʧʦʜʘʚʘʥʠʷ ʠ 
ʟʘʩʤʫʢʚʘʥ ʜʝʙʠʪʠ ʩʘ ʧʨʝʜʚʠʜʝʥʠ ʢʦʤʧʝʥʩʘʮʠʦʥʥʠ ʦʪʚʦʨʠ 4. ɿʘ ʠʟʛʨʘʞʜʘʥʝ ʥʘ ʛʝʦʤʝʪʨʠʷʪʘ 
ʥʘ ʤʦʜʝʣʘ ʝ ʠʟʧʦʣʟʚʘʥʘ ʢʦʤʝʨʩʠʘʣʥʘ ʧʨʦʛʨʘʤʘ ʟʘ 3D ʤʦʜʝʣʠʨʘʥʝ SolidWorks.  

 
ʌʠʛ. 1 ɻʝʦʤʝʪʨʠʯʝʥ ʤʦʜʝʣ ʟʘ ʠʟʩʣʝʜʚʘʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ 

ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʩʪʨʫʷ ʩʲʩ ʩʤʫʢʘʪʝʣʝʥ ʦʪʚʦʨ 
 

 ʉʣʝʜ ʧʦʩʪʨʦʷʚʘʥʝ ʥʘ ʤʦʜʝʣʘ ʠ ʜʝʬʠʥʠʨʘʥʝ ʥʘ ʛʨʘʥʠʯʥʠʪʝ ʫʩʣʦʚʠʷ ʟʘ ʟʘʜʘʯʘʪʘ ʩʝ 
ʧʨʠʩʪʲʧʚʘ ʢʲʤ ʯʠʩʣʝʥʘʪʘ ʩʠʤʫʣʘʮʠʷ. ʇʨʝʜʠ ʪʦʚʘ ʩʝ ʟʘʜʘʚʘʪ ʫʨʘʚʥʝʥʠʷʪʘ ʟʘ ʜʚʠʞʝʥʠʝ [3] 
ʢʦʠʪʦ ʱʝ ʩʝ ʨʝʰʘʚʘʪ ʩ ʮʝʣ ʜʘ ʩʝ ʧʦʣʫʯʠ ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦ ʥʘ ʠʩʢʘʥʠʪʝ ʦʪ ʥʘʩ ʚʝʣʠʯʠʥʠ. ɿʘ 
ʮʝʣʪʘ ʝ ʠʟʙʨʘʥ ʩʪʘʥʜʘʨʪʝʥ k-  ʁ ʤʦʜʝʣ ʥʘ ʪʫʨʙʫʣʝʥʪʥʦʩʪ [2], ʙʘʟʠʨʘʥ ʥʘ ʪʨʘʥʩʧʦʨʪʥʠʪʝ 

ʫʨʘʚʥʝʥʠʷ ʟʘ ʪʫʨʙʫʣʝʥʪʥʘʪʘ ʢʠʥʝʪʠʯʥʘ ʝʥʝʨʛʠʷ Ăkñ ʠ ʩʢʦʨʦʩʪʪʘ ʥʘ ʜʠʩʠʧʘʮʠʷ Ăñʁ.  

ʊʝ ʩʝ ʜʝʬʠʥʠʨʘʪ ʩʲʩ ʩʣʝʜʥʠʪʝ ʪʨʘʥʩʧʦʨʪʥʠ ʫʨʘʚʥʝʥʠʷ: 

”Ὧ ”Ὧό  ‘ Ὃ Ὃ ”‐ὣ Ὓ ,                   (1) 

”‐ ”‐ό  ‘ Ὃ Ὃ ὅ Ὃ Ὃ ” ὛȢ         (2)  

ʢʲʜʝʪʦ: Gk ï ʛʝʥʝʨʘʮʠʷ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʢʠʥʝʪʠʯʥʘ ʝʥʝʨʛʠʷ ʚ ʨʝʟʫʣʪʘʪ ʥʘ ʥʘʣʠʯʠʝʪʦ ʥʘ 
ʩʢʦʨʦʩʪʝʥ ʛʨʘʜʠʝʥʪ; Gb - ʛʝʥʝʨʘʮʠʷ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʢʠʥʝʪʠʯʥʘ ʝʥʝʨʛʠʷ ʚ ʨʝʟʫʣʪʘʪ ʥʘ 
ʧʦʜʝʤʥʘʪʘ ʩʠʣʘ; YM ï ʧʦʢʘʟʚʘ ʩʪʝʧʝʥʪʘ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘʪʘ ʢʠʥʝʪʠʯʥʘ ʝʥʝʨʛʠʷ 
ʩ ʮʝʣ ʢʦʤʧʝʥʩʠʨʘʥʝ ʥʘ ʟʘʪʠʭʚʘʥʝʪʦ ʥʘ ʩʢʦʨʦʩʪʪʘ ʥʘ ʜʠʩʠʧʘʮʠʷ. ʊʦʟʠ ʢʦʝʬʠʮʠʝʥʪ ʦʪʨʘʟʷʚʘ 
ʝʬʝʢʪʘ ʥʘ ʩʚʠʚʘʝʤʦʩʪ ʥʘ ʬʣʫʠʜʘ ʧʨʠ ʚʠʩʦʢʠ ʯʠʩʣʘ ʥʘ ʄʘʭ.  
ʉʠʤʫʣʘʮʠʷʪʘ ʥʘ ʧʨʦʮʝʩʠʪʝ ʝ ʧʨʦʚʝʜʝʥʘ ʚʲʚ Fluent ʤʦʜʫʣʘ ʥʘ ʩʦʬʪʫʝʨʥʠʷ ʧʨʦʜʫʢʪ Ansys 

[1]. ʈʝʰʝʥʠʝʪʦ ʝ ʧʦʩʪʠʛʥʘʪʦ ʩʣʝʜ ʧʨʠʙʣʠʟʠʪʝʣʥʦ 420 ʠʪʝʨʘʮʠʠ, ʩʲʛʣʘʩʥʦ ʧʨʝʜʚʘʨʠʪʝʣʥʦ 
ʟʘʜʘʜʝʥʠʪʝ ʢʨʠʪʝʨʠʠ. 

ʈʝʟʫʣʪʘʪʠ ʦʪ ʯʠʩʣʝʥʦʪʦ ʨʝʰʝʥʠʝ 
ʇʦʣʫʯʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠ ʟʘ ʪʨʠ ʚʘʨʠʘʥʪʘ ï ʩʚʨʲʭʧʲʣʥʦ, ʧʲʣʥʦ ʠ ʥʝʧʲʣʥʦ ʫʣʘʚʷʥʝ ʥʘ 

ʪʫʨʙʫʣʝʥʪʥʘʪʘ ʩʪʨʫʷ ʦʪ ʩʤʫʢʘʪʝʣʥʠʷ ʦʪʚʦʨ. ʀʟʭʦʜʥʠʪʝ ʜʘʥʥʠ ʟʘ ʪʨʠʪʝ ʨʘʟʛʣʝʞʜʘʥʠ ʚʘʨʠʘʥʪʘ 
ʩʘ ʧʦʢʘʟʘʥʠ ʚ ʪʘʙʣʠʯʝʥ ʚʠʜ (ʊʘʙʣ. 1).  
ɺʠʟʫʘʣʠʟʘʮʠʷ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʩʢʦʨʦʩʪʥʠ ʧʦʣʝʪʘ ʩʘ ʧʦʢʘʟʘʥʠ ʥʘ ʌʠʛ. 2-4, ʢʘʪʦ ʩʘ 

ʥʘʧʨʘʚʝʥʠ ʩʝʯʝʥʠʷ ʧʦ ʦʩʪʘ ʥʘ ʠʟʪʠʯʘʥʝ. ʊʦʢʦʚʠʪʝ ʣʠʥʠʠ ʷʩʥʦ ʧʦʢʘʟʚʘʪ ʪʫʨʙʫʣʝʥʪʥʠʷ 
ʭʘʨʘʢʪʝʨ ʥʘ ʪʝʯʝʥʠʝʪʦ.  
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ʊʘʙʣʠʮʘ 1 
ʈʝʟʫʣʪʘʪʠ ʦʪ ʯʠʩʣʝʥʦʪʦ ʨʝʰʝʥʠʝ 

 ʅʘʠʤʝʥʦʚʘʥʠʝ ʈʘʟʤʝʨʥʦʩʪ ʉʪʦʡʥʦʩʪ 

ʈʘʟʤʝʨʠ ʥʘ ʧʦʤʝʱʝʥʠʝʪʦ 

ʇʦ ʦʩ ʍ mm 2500 

ʇʦ ʦʩ Y mm 2500 

ʇʦ ʦʩ Z mm 2500 

ʅʘʛʥʝʪʘʪʝʣʥʘ ʩʝʢʮʠʷ 

ɼʠʘʤʝʪʲʨ Dʥ mm 100 

ɼʲʣʞʠʥʘ mm 300 

ʉʤʫʢʘʪʝʣʥʘ ʩʝʢʮʠʷ 

ɼʠʘʤʝʪʲʨ Dʩ mm 100 

ɼʲʣʞʠʥʘ mm 1200 

ʈʘʟʩʪʦʷʥʠʝ ʤʝʞʜʫ 
ʜʚʝʪʝ ʩʝʢʮʠʠ, L 

mm 
1000 

ʈʘʟʤʝʨʠ ʥʘ ʢʦʤʧʝʥʩʘʮʠʦʥʥʠ ʦʪʚʦʨʠ 2 ʙʨ. 

ɼʲʣʞʠʥʘ  ʧʦ ʦʩ Y mm 800 

ʐʠʨʦʯʠʥʘ ʧʦ ʦʩ Z mm 200 

ʇʘʨʘʤʝʪʨʠ ʥʘ ʩʪʨʫʠʪʝ 

ɺʘʨʠʘʥʪʠ 
1 ï ʩʚʨʲʭʧʲʣʥʦ 
ʫʣʘʚʷʥʝ 

2 ï ʧʲʣʥʦ 
ʫʣʘʚʷʥʝ 

3 ï ʥʝʧʲʣʥʦ 
ʫʣʘʚʷʥʝ 

ʅʘʛʥʝʪʝʥ ʜʝʙʠʪ, Qʥ kg/s 0.0354 0.06936 0.166404 

ɿʘʩʤʫʢʘʥ ʜʝʙʠʪ, Qʩ kg/s 0.137208 0.13728 0.136536 

ʆʪʥʦʰʝʥʠʝ ʥʘ 
ʜʝʙʠʪʠʪʝ: Qʩ/Qʥ 

 3,88 1,98 0.82 

ɽʢʩʮʝʥʪʨʠʮʠʪʝʪ mm 0 0 0 

 
ʅʘ ʌʠʛ. 2 ʝ ʧʦʢʘʟʘʥʦ ʧʦʣʫʯʝʥʦʪʦ ʩʢʦʨʦʩʪʥʦʪʦ ʧʦʣʝ, ʠʟʨʘʟʝʥʦ ʯʨʝʟ ʪʦʢʦʚʠ ʣʠʥʠʠ ʥʘ 

ʚʘʨʠʘʥʪ ʩʲʩ ʩʚʨʲʭʧʲʣʥʦ ʫʣʘʚʷʥʝ ʥʘ ʥʘʛʥʝʪʷʚʘʥʘʪʘ ʪʫʨʙʫʣʝʥʪʥʘ ʩʪʨʫʷ ʦʪ ʩʤʫʢʘʪʝʣʥʠʷ ʦʪʚʦʨ. 
ʉʣʝʜʚʘʱʠʷ ʚʘʨʠʘʥʪ ʥʘ ʧʲʣʥʦ ʫʣʘʚʷʥʝ ʝ ʧʦʢʘʟʘʥ ʥʘ ʌʠʛ. 3, ʘ ʚʘʨʠʘʥʪʲʪ ʥʘ ʥʝʧʲʣʥʦ ʫʣʘʚʷʥʝ 
ʝ ʧʦʢʘʟʘʥ ʥʘ ʌʠʛ. 4. 

 

 

ʌʠʛ. 2 ʊʦʢʦʚʠ ʣʠʥʠʠ ʥʘ ʩʪʨʫʷʪʘ ʧʨʠ 3,88 ʧʲʪʠ ʧʦʚʝʯʝ ʟʘʩʤʫʢʘʥ ʜʝʙʠʪ ï ʩʚʨʲʭʧʲʣʥʦ ʫʣʘʚʷʥʝ 
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ʌʠʛ. 3 ʊʦʢʦʚʠ ʣʠʥʠʠ ʥʘ ʩʪʨʫʷʪʘ ʧʨʠ 1,98 ʧʲʪʠ ʧʦʚʝʯʝ ʟʘʩʤʫʢʘʥ ʜʝʙʠʪ ï ʧʲʣʥʦ ʫʣʘʚʷʥʝ 
 

 

ʌʠʛ. 4 ʊʦʢʦʚʠ ʣʠʥʠʠ ʥʘ ʩʪʨʫʷʪʘ ʧʨʠ 1,22 ʧʲʪʠ ʧʦʚʝʯʝ ʥʘʛʥʝʪʝʥ ʜʝʙʠʪ ï ʥʝʧʲʣʥʦ ʫʣʘʚʷʥʝ 
 

ʈʘʟʛʣʝʜʘʥʠ ʩʘ ʠ ʩʢʦʨʦʩʪʥʠʪʝ ʧʨʦʬʠʣʠ ʚ ʭʘʨʘʢʪʝʨʥʠ ʩʝʯʝʥʠʷ, ʥʘʜʣʲʞʥʦ ʥʘ ʠʟʪʠʯʘʱʘʪʘ 
ʩʪʨʫʷ ʠ ʚʠʟʫʘʣʠʟʠʨʘʥʠ ʥʘ ʌʠʛ. 5-7. ʊʘʢʘ ʦʬʦʨʤʝʥʠ, ʪʝ ʤʦʛʘʪ ʜʘ ʧʦʩʣʫʞʘʪ ʟʘ ʩʨʘʚʥʝʥʠʝ ʥʘ 
ʧʦʣʫʯʝʥʠʪʝ ʜʘʥʥʠ ʦʪ ʯʠʩʣʝʥʘʪʘ ʩʠʤʫʣʘʮʠʷ ʩ ʪʘʢʠʚʘ ʦʪ ʥʘʪʫʨʝʥ ʝʢʩʧʝʨʠʤʝʥʪ, ʢʦʝʪʦ ʧʨʝʜʩʪʦʠ 
ʜʘ ʙʲʜʝ ʨʘʟʛʣʝʜʘʥʦ ʥʘ ʧʦ-ʢʲʩʝʥ ʝʪʘʧ.  

 

 

ʌʠʛ. 5 ʉʢʦʨʦʩʪʥʠ ʧʨʦʬʠʣʠ ʧʨʠ ʚʘʨʠʘʥʪ ʥʘ ʩʚʨʲʭʧʲʣʥʦ ʫʣʘʚʷʥʝ 
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ʌʠʛ. 6 ʉʢʦʨʦʩʪʥʠ ʧʨʦʬʠʣʠ ʧʨʠ ʚʘʨʠʘʥʪ ʥʘ ʧʲʣʥʦ ʫʣʘʚʷʥʝ 
 

 

ʌʠʛ. 7 ʉʢʦʨʦʩʪʥʠ ʧʨʦʬʠʣʠ ʧʨʠ ʚʘʨʠʘʥʪ ʩ ʥʝʧʲʣʥʦ ʫʣʘʚʷʥʝ 
 

ɿʘʢʣʶʯʝʥʠʝ 
ɺ ʨʘʙʦʪʘʪʘ ʝ ʥʘʧʨʘʚʝʥʦ ʯʠʩʣʝʥʦ ʨʝʰʝʥʠʝ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ ʥʘ ʪʫʨʙʫʣʝʥʪʥʘ ʩʪʨʫʷ 

ʩʲʩ ʩʤʫʢʘʪʝʣʝʥ ʦʪʚʦʨ ʧʨʠ ʥʘʣʠʯʠʝ ʥʘ ʩʲʦʩʥʦʩʪ ʤʝʞʜʫ ʥʘʛʥʝʪʘʪʝʣʥʠʷ ʠ ʩʤʫʢʘʪʝʣʥʠʷ 
ʪʨʲʙʦʧʨʦʚʦʜʠ. ʇʦʩʪʨʦʝʥ ʝ ʛʝʦʤʝʪʨʠʯʝʥ ʤʦʜʝʣ ʥʘ ʧʦʩʪʘʚʝʥʘʪʘ ʟʘʜʘʯʘ. ɼʘʜʝʥʠ ʩʘ ʥʘʯʘʣʥʠʪʝ 
ʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠʷ, ʢʘʪʦ ʟʘ ʨʝʰʘʚʘʥʝ ʥʘ ʪʘʢʘ ʬʦʨʤʫʣʠʨʘʥʘʪʘ ʟʘʜʘʯʘ ʝ ʧʨʠʣʦʞʝʥ 
ʩʪʘʥʜʘʨʪʝʥ k-  ʁ ʤʦʜʝʣ ʥʘ ʪʫʨʙʫʣʝʥʪʥʦʩʪ. ɺʠʟʫʘʣʠʟʠʨʘʥʠ ʩʘ ʥʘ ʙʘʟʘʪʘ ʥʘ ʯʠʩʣʝʥʘʪʘ 

ʩʠʤʫʣʘʮʠʷ ʩʢʦʨʦʩʪʥʠʪʝ ʧʦʣʝʪʘ ʠ ʩʢʦʨʦʩʪʥʠʪʝ ʧʨʦʬʠʣʠ ʚ ʭʘʨʘʢʪʝʨʥʠ ʩʝʯʝʥʠʷ.  
 

ʃʠʪʝʨʘʪʫʨʘ 
1. Ansys Fluent 12.0 Userôs guide, 2009. 
2. Wilcox D. Turbulence modeling for CFD, 2006. 
3. ɸʥʪʦʥʦʚ ʀ.ʉ., ʇʨʠʣʦʞʥʘ ʤʝʭʘʥʠʢʘ ʥʘ ʬʣʫʠʜʠʪʝ, ʉʦʬʠʷ, 2009. 
4. ɼʝʥʝʚ ʀʚ., ʅʷʢʦʠ ʘʩʧʝʢʪʠ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ ʩʪʨʫʷ, ʥʦʩʝʱʘ ʚʨʝʜʥʦʩʪʠ ʩʲʩ 
ʩʤʫʢʘʪʝʣʝʥ ʩʧʝʢʪʲʨ, ʅʘʫʯʥʘ ʢʦʥʬʝʨʝʥʮʠʷ ɽʄʌó2016, ʉʦʟʦʧʦʣ, ʊʦʤ II, ʩʪʨ. 18-24 ISNN 
1314-5371. 
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Application of CFD for energy efficient design of batch (discrete) dilute phase 
pneumatic conveying systems 

 
Ivan Dukov, Diana Taneva 

 
This study presents application of CFD tools and commercial code ANSYS Fluent for design of 

energy efficient dilute phase pneumatic conveying systems for batch conveying with given only 
overall mass and characteristics of the transported material, without restriction of delivery time. The 
main design parameters of the system with minimum consumption energy are determined and 
relatively simple methodology for optimal design is proposed. 

 
Keywords: pneumatic conveying, CFD, energy efficiency  

 

ʇʨʠʣʦʞʝʥʠʝ ʥʘ CFD ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ ʝʥʝʨʛʠʡʥʦ ʝʬʝʢʪʠʚʥʠ ʩʠʩʪʝʤʠ ʟʘ 
ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪ ʚ ʩʫʩʧʝʥʜʠʨʘʥʦ ʩʲʩʪʦʷʥʠʝ ʥʘ ʜʠʩʢʨʝʪʥʠ ʢʦʣʠʯʝʩʪʚʘ  

 
ʀʚʘʥ ɼʫʢʦʚ, ɼʠʘʥʘ ʊʘʥʝʚʘ 

 
ɺ ʧʨʝʜʣʘʛʘʥʘʪʘ ʨʘʙʦʪʘ ʩʝ ʨʘʟʛʣʝʞʜʘ ʧʨʠʣʦʞʝʥʠʝʪʦ ʥʘ CFD ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ 

ʝʥʝʨʛʠʡʥʦ ʝʬʝʢʪʠʚʥʠ ʩʠʩʪʝʤʠ ʟʘ ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪ ʚ ʩʫʩʧʝʥʜʠʨʘʥʦ ʩʲʩʪʦʷʥʠʝ ʥʘ 
ʬʠʢʩʠʨʘʥʠ ʢʦʣʠʯʝʩʪʚʘ. ɿʘʜʘʚʘ ʩʝ ʩʘʤʦ ʤʘʩʘʪʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ 
ʪʨʘʥʩʧʦʨʪʠʨʘʥʠʷ ʤʘʪʝʨʠʘʣ, ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʝ ʧʦ ʦʪʥʦʰʝʥʠʝ ʥʘ ʚʨʝʤʝʪʦ ʟʘ ʨʘʙʦʪʘ. 
ʆʧʨʝʜʝʣʷʪ ʩʝ ʦʩʥʦʚʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʩʠʩʪʝʤʘʪʘ ʧʨʠ ʢʨʠʪʝʨʠʡ ʤʠʥʠʤʘʣʥʘ 
ʢʦʥʩʫʤʠʨʘʥʘ ʝʥʝʨʛʠʷ. ʇʨʝʜʣʘʛʘ ʩʝ ʦʪʥʦʩʠʪʝʣʥʦ ʧʨʦʩʪʘ ʤʝʪʦʜʠʢʘ ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ. 
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Introduction 
Dilute phase pneumatic conveying systems are basically quite simple and eminently suitable 

for the transport of granular materials in factory, site and plant situations. A relatively high velocity 
is required and because of that reason an essential concern of dilute phase pneumatic conveying 
system designer relates to minimize the energy losses during transport, because of excessive 
power consumption. 

Usually in dilute phase pneumatic conveying systems, the materials can either be conveyed in 
batches through a pipeline, or they can be conveyed on a continuous basis, 24 hours a day if 
necessary. 

This study presents application of CFD for optimal design of dilute phase pneumatic system for 
batch conveying. The following initial data are given: 

¶ overall mass of the transported material ;pM  

¶ density 
p
ɟ  and geometrical characteristics of the particles; 

¶ start point and end point of delivery; 

¶ there is no restriction of delivery time of the particles. 

Energy efficiency criteria 
In the pneumatic conveying systems, the power consumption P  is 

,
gu

gm em gm em

p QP
P
h h h h

D Ö
= =

Ö Ö
                       (1) 
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where: 
uP  is the useful (fluid) power; 

gm
h  and 

emh  are efficiency of gas mover and electric motor; 

pD  is the total pressure (head) of the gas mover; 

g
Q  is the air volumetric flow rate. 

The head pD  of gas mover is consumed for acceleration of the solids in initial section of the 

pipeline from velocity 0 to average established velocity of the solids, to elevate of the eventually 
available geodetic height and to overcome the hydraulic resistance in flow through the pipeline 

system. Since 
gm
h  and 

emh  practically are constants, the main condition for the design of energy 

efficient continuous conveying systems, which will be satisfied, is a minimum useful power - 

minuP ­  [1]. 

For batch pneumatic conveying is necessary to provide minimum consumption energy :E  

,uE P t= Ö                         (2) 

where: t  is the transportation time of the particles with overall mass .pM  Therefore the criterion 

for the design of energy efficient batch conveying systems is min.E­   

The main purpose is to determine the optimal design parameters ensuring minimum 

consumption energy: diameter of the pipeline ,D  average gas velocity ,
g

U  mass flow rate 
pq  of 

the particles and possibly pipeline layout. With given mass of the transported material ,pM  
pq  

determine transportation time t  since 

.
p

p

M
q

t
=                          (3) 

CFD modeling and results 

As an example, CFD simulation of batch conveying was performed with 27360 kg.
p

M =  The 

solid phase is polypropylene with density 3876 kg m ,pr=  average particle diameter 3.6 mm
p

d =  

and particle sphericity 0.8. For given start point and endpoint of delivery, the influence of pipe 
layout on energy efficiency was investigated in [1]. In this study horizontal 40 m length pipeline was 
modeled by the means of ANSYS Fluent. Selected length corresponds to the actual length of 
pipelines, which are used in the industry. In this way is eliminated the influence of the length of 
initial section of acceleration on the obtained results. 

Unstructured mesh with 1 322 379 
elements was used as shown in Fig. 1 with 
the thickening of the mesh towards the 
wall. The effect of mesh refinement had 
previously been evaluated in the simulation 
process. 

RNG k-Ů model was used to describe 
the gas-solid flow. The particles were 
injected from each facet of the inlet surface 

with initial velocity 0. As the particles are relatively large, their motion is not influenced by the 
turbulent pulsations and because of that reason the turbulent dispersion was not modeled. 
Presence of the solid phase was modeled by means of the Euler-Lagrange method, which is 
implemented into the ANSYS Fluent software as a Discrete Phase Model (DPM). The 
computations take into account the shape factor (sphericity) of the particle [2] and the coefficient of 
restitution with the wall [4]. The calculated trajectories of several particles in a section of the 
pipeline are shown as example in Fig. 2. 

Numerical modeling was performed for different values of the solids mass flow rate 

1.26;1.6;3.8; 7.6;10.13 kg s.
p

q =  For each solid mass flow rate 
pq  were realized computational 

simulations with different diameters of the pipe 0.154;0.180;0.204;0.254;0.304 m.D=  

Fig. 1 Computational mesh 
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Fig. 2 Particle trajectories 
 

For each diameter of the pipeline was determined the critical gas velocity 
g cr

U  and the 

corresponding pressure losses pD  which in this case are losses mainly due to hydraulic friction 

and acceleration of the solid phase. The critical velocity is the velocity at which the particles start to 

fall to the bottom of the pipe. Obviously required gas velocity for successful conveying is .g g crU U²  

For exactness, it is accepted that .g g crU U=  

Large number of experimental data and correlations are available concerning determination of 
critical velocity. One method has been developed and validated from the authors by the means of 
CFD, which says that critical velocity is reached when only 30% from the particles are able to pass 

above the axis of the pipeline [3]. Furthermore was determined the optimal diameter optD  of the 

pipe for each solid mass flow rate 
pq  of the system. In batch dilute phase pneumatic conveying 

this diameter is defined as the condition for minimum consumption energy minE­  is satisfied. It 

was obtained for all solids mass flow rates that the optimal diameter is 0.204 m
opt

D =  and this is 

shown in Fig. 3 for significantly different solids mass flow rates 1.9
p

q =  and 7.6 kg s.  

It is known that with increasing of the solid 

mass flow rate 
pq  the pressure losses are 

increased and hence the useful power is 
increased. Also with increasing of the solids mass 
flow rate due to the decreasing of transportation 
time of the particles, as a result the consumption 
energy is decrease. Hence the two-way influence 
of the solid mass flow rate indicates that there is 
an optimal value of the particle mass flow rate 

poptq  at which the consumption energy is the 

lowest. After the determination of optimal diameter 

0.204 m,
opt

D =  the next step was to define an 

optimal particle mass flow rate .poptq   

 
 

 
The obtained results are shown in Table 1. 

As can be seen, the useful power uP  is 

increased with the increasing of the pq  due to 

the higher values of the pressure drop pD  and 

critical gas velocity .g crU  But the results also 

shown that the consumption energy has an 
absolute minimum value 3604 WhE=  at 

conveying regime of the system 1.9 kg s,
popt

q =  

as it can be seen from Fig. 4. 
 

Table 1 

Obtained results for 0.204 m
opt

D =  

, kg/spq  1.26 1.9 3.8 7.6 10.13 

, m s
g cr

U  16 15 17 19 21 

, PapD
 1459 1839 3566 7171 10100 

, WuP
 

763 901 1980 4451 6934 

, WhE
 4576 3604 3960 4451 5201 

Fig. 3 Optimal diameter 
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The optimal design parameters for energy efficient 
batch conveying pneumatic system with overall mass of 

the transported material 27360 kgpM =  and given 

properties of solid phase (polypropylene granules) are: 

- diameter of the pipeline 0.204 m,
opt

D =   

- gas velocity 15 m s,
g cr

U =  

- solid mass flow rate 1.9 kg s.
popt

q =  

Conclusion 
The results of the present study show that the 

commercial code ANSYS Fluent can be used 
successfully to energy efficient design approach to 
batch dilute phase pneumatic conveying systems. For 
this purpose a relatively simple methodology has been 
established based on the optimal design parameters of 
the system with minimum consumption energy.  

The following methodology for optimal design of dilute phase pneumatic system for batch 
conveying is: 

1. The two-phase flow in horizontal pipeline is modeled by the means of CFD and 
Euler/Lagrange method, which is implemented into the ANSYS Fluent software as a Discrete 
Phase Model (DPM). The characteristics of the solid phase and gas flow are entered into 
ANSYS Fluent. 

2. For several solid mass flow rates pq  computational simulations are performed with different 

standard diameters of the pipe 0.154;0.180;0.204;0.254;0.304 m.D=  For each diameter of the 

pipeline is determined the critical gas velocity 
g cr

U  and the corresponding pressure losses .pD  

3. The optimal diameter of the pipe optD  is determined for each solid mass flow rate pq  of the 

system, at which the consumption energy is the lowest min.E­  

4. All modes of batch conveying are compared and the optimal particles mass flow rate 
poptq  is 

selected, at which the value of the consumption energy E  is the lowest from all transportation 

regimes with a diameter .optD  
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ʎʝʥʪʨʦʙʝʞʥʠ ʚʝʥʪʠʣʘʪʦʨʠ ʩʲʩ ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ 
 

ɸʥʪʦʥ ʉʦʪʠʨʦʚ,  ʊʦʜʦʨ ʏʘʢʲʨʦʚ 

 
ʆʩʥʦʚʥʘʪʘ ʦʩʦʙʝʥʦʩʪ ʥʘ ʮʝʥʪʨʦʙʝʞʥʠʪʝ ʚʝʥʪʠʣʘʪʦʨʠ ʩʲʩ ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ ʝ 

ʣʠʧʩʘʪʘ ʥʘ ʩʧʠʨʘʣʥʘ ʢʘʤʝʨʘ. ʊʘʢʘ ʩʝ ʛʫʙʠ ʜʠʥʘʤʠʯʥʦʪʦ ʥʘʣʷʛʘʥʝ ʥʘ ʠʟʭʦʜʘ ʦʪ 
ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ, ʢʦʝʪʦ ʪʨʷʙʚʘ ʜʘ ʩʝ ʚʟʝʤʘ ʧʨʝʜʚʠʜ ʧʨʠ ʧʨʦʝʢʪʠʨʘʥʝʪʦ. ʆʪ ʜʨʫʛʘ 
ʩʪʨʘʥʘ ʩʝ ʧʦʷʚʷʚʘ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʧʨʠʙʣʠʟʠʪʝʣʥʦ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʠʪʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʉʲʟʜʘʜʝʥ ʝ ʩʦʬʪʫʝʨ ʟʘ ʧʨʦʝʢʪʠʨʘʥʝʪʦ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ ʠ 
ʧʨʝʩʤʷʪʘʥʝʪʦ ʥʘ ʪʝʟʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʀʟʛʨʘʜʝʥ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʝ ʠʟʩʣʝʜʚʘʥ 
ʦʧʠʪʝʥ ʦʙʨʘʟʝʮ. 
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Centrifugal Plug Fans 
 

Anton Sotirov, Todor Chakarov 

 
The main feature of the centrifugal plug fans is the absence of a spiral chamber. Thus, the 

dynamic pressure at the output of the impeller is lost, which must be taken into account when 
designing. On the other hand, it is possible to estimate the aerodynamic characteristics. Software 
has been developed for the design of the impeller and the calculation of these characteristics. 
There is an experimental model that has been developed and experimentally studied. 

 
Keywords: centrifugal fan, spiral chamber, aerodynamic characteristic, experimental 

specimen 
 
ɺʲʚʝʜʝʥʠʝ   
ʈʘʟʛʣʝʞʜʘ ʩʝ ʮʝʥʪʨʦʙʝʞʝʥ ʚʝʥʪʠʣʘʪʦʨ ʙʝʟ ʩʧʠʨʘʣʥʘ ʢʘʤʝʨʘ ï ʠʟʚʝʩʪʝʥ ʦʱʝ ʢʘʪʦ Plug 

Fan. ʊʦʟʠ ʚʠʜ ʚʝʥʪʠʣʘʪʦʨʠ ʩʘ ʧʨʝʜʥʘʟʥʘʯʝʥʠ ʜʘ ʨʘʙʦʪʷʪ ʛʣʘʚʥʦ ʥʘ "ʟʘʩʤʫʢʚʘʥʝ" -  ʟʘ ʢʣʠ-
ʤʘʪʠʯʥʠ ʢʘʤʝʨʠ, ʦʭʣʘʞʜʘʥʝ ʠ ʚʝʥʪʠʣʘʮʠʷ.   ʀʜʝʷʪʘ ʝ ʜʘ ʩʝ ʩʲʟʜʘʜʝ ʤʝʪʦʜʠʢʘ ʠ ʩʦʬʪʫʝʨ ʟʘ 
ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ ʪʘʢʠʚʘ  ʚʝʥʪʠʣʘʪʦʨʠ. ɿʘ ʮʝʣʪʘ ʝ ʧʨʝʨʘʙʦʪʝʥʘ ʠ ʨʘʟʰʠʨʝʥʘ ʧʨʦʛʨʘʤʘʪʘ 
FANR [1, 2],  ʩʝʛʘ  ʚ ʩʨʝʜʘʪʘ ʥʘ MATLAB 13.  ɻʣʘʚʥʘʪʘ ʧʨʦʛʨʘʤʘ, ʥʘʨʝʯʝʥʘ FANPLUG ʚʢʣʶʯ-
ʚʘ, ʢʘʢʪʦ ʚ ʧʨʝʜʠʰʥʘʪʘ, ʧʦʜʧʨʦʛʨʘʤʠʪʝ ADV (ʩʲʚʝʪʥʠʢ) ʠ STR (ʷʢʦʩʪʥʦ ʧʨʝʩʤʷʪʘʥʝ).  ʆʩʚʝʥ 
ʪʦʚʘ  ʩʘ ʩʲʟʜʘʜʝʥʠ ʠ ʥʦʚʠʪʝ ʧʦʜʧʨʦʛʨʘʤʠ:  PRPANOV - ʟʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʘʥʘʣʠʪʠʯʝʥ ʢʦʥʪʫʨ  
ʥʘ ʧʨʦʬʠʣʘ; FANSCHEME ï ʟʘ ʠʟʦʙʨʘʟʷʚʘʥʝ ʩʭʝʤʘʪʘ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ ʠ AERCHAR ï ʟʘ 
ʧʨʝʩʤʷʪʘʥʝ ʠ ʠʟʦʙʨʘʟʷʚʘʥʝ ʥʘ ʧʨʠʙʣʠʟʠʪʝʣʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʊʫʢ ʩʝ ʨʘʟ-
ʛʣʝʞʜʘ   ʩʘʤʦ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ  ʚ AERCHAR. 

ɸʝʨʦʜʠʥʘʤʠʯʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ   
ɿʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚ ʧʦʜʧʨʦʛʨʘʤʘ AERCHAR, ʢʘʪʦ ʙʘʟʘ 

ʩʝ ʠʟʣʠʟʘ ʦʪ ʪʝʦʨʝʪʠʯʥʘʪʘ ʟʘʚʠʩʠʤʦʩʪ  )Q(fp tv =¤ , ʢʲʜʝʪʦ ʦʪʜʘʜʝʥʘʪʘ  (ʟʘ ʙʝʟʢʨʘʝʥ ʙʨʦʡ 

ʣʦʧʘʪʢʠ) ʩʧʝʮʠʬʠʯʥʘ ʝʥʝʨʛʠʷ (ʧʲʣʥʦ ʥʘʣʷʛʘʥʝ)  ¤tvp  ʩʝ ʦʧʨʝʜʝʣʷ ʧʦ ʆʡʣʝʨʦʚʦʪʦ ʫʨʘʚʥʝ-

ʥʠʝ. ʂʦʨʝʢʮʠʷ ʟʘ ʢʨʘʡʥʠʷ ʙʨʦʡ ʣʦʧʘʪʢʠ ʠ ʜʨʫʛʠ ʛʝʦʤʝʪʨʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʧʨʘʚʠ ʩ ʢʦʝʬʠ-

ʮʠʝʥʪʘ ʥʘ ʮʠʨʢʫʣʘʮʠʷ  ¤=k tvtv pp . ʉʲʱʝʩʪʚʫʚʘʪ  ʤʥʦʛʦ ʧʦʣʫʝʤʧʠʨʠʯʥʠ ʠʟʨʘʟʠ ʟʘ ʪʦʟʠ 

ʢʦʝʬʠʮʠʝʥʪ. ɺ ʥʘʩʪʦʷʱʘʪʘ ʨʘʟʨʘʙʦʪʢʘ  ʝ ʧʨʠʝʪʘ ʬʦʨʤʫʣʘʪʘ ʥʘ ɹ.ɽʢʢ [4], ʥʦ ʢʦʨʠʛʠʨʘʥʘ ʩ 
ʦʛʣʝʜ ʥʘ ʧʨʦʚʝʜʝʥʠʪʝ ʘʝʨʦʜʠʥʘʤʠʯʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ: 
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ʇʲʣʥʦʪʦ ʥʘʣʷʛʘʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ vp ʩʝ ʧʦʣʫʯʘʚʘ ʯʨʝʟ ʠʟʚʘʞʜʘʥʝ ʦʪ ʪʝʦʨʝʪʠʯʥʦʪʦ 

ʥʘʣʷʛʘʥʝ ʥʘ ʟʘʛʫʙʠʪʝ:   

654321tvv pppppppp D+D+D+D+D+D-= ä   .                                                                (2) 

ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʚʘ, ʯʝ ʟʘ ʪʝʟʠ ʚʝʥʪʠʣʘʪʦʨʠ ʟʘʜʘʯʘʪʘ ʝ ʦʙʣʝʢʯʝʥʘ, ʧʦʨʘʜʠ ʣʠʧʩʘ ʥʘ ʩʧʠ-
ʨʘʣʥʘ ʢʘʤʝʨʘ, ʥʷʤʘ ʜʦʩʪʘʪʲʯʥʦ ʧʦʣʫʝʤʧʠʨʠʯʥʠ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘ ʟʘʛʫʙʠʪʝ. ɺ ʪʘʟʠ ʨʘʙʦʪʘ ʩʘ 
ʦʙʦʩʦʙʝʥʠ ʦʟʥʘʯʝʥʠʪʝ ʚ (2)  ʰʝʩʪ ʚʠʜʘ ʟʘʛʫʙʠ, ʟʘ ʩʲʦʪʚʝʪʥʠ ʫʯʘʩʪʲʮʠ ʧʦ ʌʠʛ. 1:   

 
 

0 

0 

1 1 

2 2 

3 3 

0 

0 

n 

n 

ʌʠʛ. 1 
 

ʌʠʛ. 1 
 

1pD  - ʟʘʛʫʙʘ ʚʲʚ ʚʭʦʜʥʘʪʘ ʪʨʲʙʘ.  ʇʨʝʩʤʷʪʘ ʩʝ ʩ ʢʦʝʬʠʮʠʝʥʪ ʟʘ ʢʦʥʬʫʟʦʨ - 08.01=z ; 

2pD  - ʟʘʛʫʙʘ ʦʪ ʩʝʯʝʥʠʝ 0-0 ʜʦ 1-1 . ʇʦ ʜʘʥʥʠ ʦʪ [4] -   1.005.02 ·=z . ʇʨʠʝʪʦ ʝ 05.02 =z , 

ʪʲʡ-ʢʘʪʦ ʩʲʯʝʪʘʥʠʝʪʦ ʦʪ 0-0 ʜʦ n-n  ʝ ʦʬʦʨʤʝʥʦ ʪʘʢʘ, ʯʝ ʜʘ ʩʲʟʜʘʚʘ ʫʩʢʦʨʠʪʝʣʥʦ ʪʝʯʝʥʠʝ. 
ʊʦ "ʧʨʦʜʫʭʚʘ" ʛʨʘʥʠʯʥʠʷ ʩʣʦʡ ʧʦ ʧʦʢʨʠʚʥʠʷ ʜʠʩʢ ʠ ʥʘʤʘʣʷʚʘ ʟʘʛʫʙʘʪʘ [3]. 

3pD  - ʟʘʛʫʙʘ ʦʪ 1-1 ʜʦ 2-2 ï ʚ ʤʝʞʜʫʣʦʧʘʪʲʯʥʠʪʝ ʢʘʥʘʣʠ.  ʆʮʝʥʷʚʘʥʝʪʦ ʥʘ ʪʘʟʠ ʟʘʛʫʙʘ  ʝ 

ʩʣʦʞʥʦ, ʪʲʡ ʢʘʪʦ ʟʘʚʠʩʠ ʦʪ ʤʥʦʛʦ ʚʝʣʠʯʠʥʠ.  ʊʫʢ ʝ ʧʨʠʝʪʦ, ʯʝ ʝ ʩʫʤʘ ʦʪ ʭʠʜʨʘʚʣʠʯʥʘ ʟʘʛʫʙʘ ʚ 

ʪ.ʥʘʨ. ʝʢʚʠʚʘʣʝʥʪʝʥ ʜʠʬʫʟʦʨ h3pD  ʠ ʟʘʛʫʙʘ ʦʪ ʜʠʩʢʦʚʦ ʪʨʠʝʥʝ f3pD .  

ɿʘ  h3pD  ʩʝ  ʠʟʧʦʣʟʚʘ  ʝʤʧʠʨʠʯʥʘ ʬʦʨʤʫʣʘ ʟʘ ʢʦʝʬʠʮʠʝʥʪʘ h3z   [4]: 

 ( )[ ]2
sh3 30101140 -+= gz .. ,                                                                                             (3)  
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ʢʲʜʝʪʦ sg  ʝ ̡ʛʲʣʲʪ ʥʘ ʨʘʟʢʨʠʪʠʝ ʥʘ ʝʢʚʠʚʘʣʝʥʪʥʠʷ ʜʠʬʫʟʦʨ.  ʀʟʩʣʝʜʚʘʥʠʷ ʥʘ ʎɸɻʀ 

ʧʦʢʘʟʚʘʪ, ʯʝ ʪʦʟʠ ʠʟʨʘʟ ʟʘ h3z  ʜʘʚʘ ʟʘʜʦʚʦʣʠʪʝʣʥʠ ʨʝʟʫʣʪʘʪʠ ʚ ʨʘʙʦʪʥʘʪʘ ʦʙʣʘʩʪ.            

ʇʨʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʜʠʩʢʦʚʦ ʪʨʠʝʥʝ 5 Re/0365.0Cf =   [6]  ʟʘʛʫʙʘʪʘ ʩʝ ʧʨʝʩʤʷʪʘ ʧʦ ʠʟʨʘʟʘ 

 ( )[ ]Q/rCfrCf2p 5
00

5
22

3
f3 -wr=D  .                                                                                      (4)        

ʊʫʢ  02 CfʠCf  ʩʝ ʦʧʨʝʜʝʣʷʪ ʩ Re  ʟʘ ʩʲʦʪʚʝʪʥʠʪʝ ʨʘʜʠʫʩʠ. 

4pD - ʦʪ 2-2 ʜʦ 3-3  -  ʟʘʛʫʙʘ ʚ ʙʝʟʣʦʧʘʪʲʯʥʠʷ ʜʠʬʫʟʦʨ.   ʊʘʟʠ ʟʘʛʫʙʘ ʝ ʩʲʱʦ ʩʫʤʘ ʦʪ ʭʠʜ-

ʨʘʚʣʠʯʥʘ ʟʘʛʫʙʘ ʚ ʝʢʚʠʚʘʣʝʥʪʝʥ ʜʠʬʫʟʦʨ  h4pD  -  ʧʨʝʩʤʝʪʥʘʪʘ ʩ ʥʝʛʦʚʠʷ ʲʛʲʣ  sg  ʠ ʦʪ 

ʜʠʩʢʦʚʦ ʪʨʠʝʥʝ  f4pD  -  ʧʨʝʩʤʝʪʥʘʪʘ ʩʲʩ ʩʲʦʪʚʝʪʥʠʪʝ fC  ʠ  Re . 

5pD  - ʟʘʛʫʙʘ ʦʪ ʠʟʪʠʯʘʥʝ  -  ʧʨʠʝʤʘ ʩʝ ʢʠʥʝʪʠʯʥʘʪʘ ʝʥʝʨʛʠʷ ʥʘ ʠʟʭʦʜʘ ʦʪ ʨʘʙʦʪʥʦʪʦ 

ʢʦʣʝʣʦ. 

6pD  - ʟʘʛʫʙʘ ʥʘ ɹʦʨʜʘ.  ʊʘʟʠ ʟʘʛʫʙʘ ʩʝ ʧʦʷʚʷʚʘ ʧʨʠ Ăʥʝʨʘʟʯʝʪʥʠʪʝò ʜʝʙʠʪʠ, ʧʦʨʘʜʠ 

ʦʙʨʘʟʫ-ʚʘʥʝ ʥʘ ʚʠʭʨʠ ʦʢʦʣʦ ʚʭʦʜʷʱʠʪʝ ʨʲʙʦʚʝ ʥʘ ʣʦʧʘʪʢʠʪʝ.  ʇʨʝʩʤʷʪʘ ʩʝ ʧʦ ʠʟʨʘʟʘ [7] 

 ( )2n
2
16 Q/Q1up -rt=D  ,                                                                                               (5) 

ʢʲʜʝʪʦ ʢʦʝʬʠʮʠʝʥʪʲʪ ʥʘ Ăʩʤʝʢʯʘʚʘʥʝò ʩʧʦʨʝʜ ʇʬʣʘʡʜʝʨʝʨ [7] ʝ 7.058.0 ·=t , ʥʦ ʚ 

ʨʝʟʫʣʪʘʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʪʦ ʠʟʩʣʝʜʚʘʥʝ ʪʫʢ ʝ ʧʨʠʝʪ 42.0=t . 

 
ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʩʣʝʜʚʘʥʝ 
ʉ ʧʨʦʛʨʘʤʘʪʘ FANPLUG  ʝ ʧʨʦʝʢʪʠʨʘʥ ʚʝʥʪʠʣʘʪʦʨ SPF-4-6var ʩ ʥʦʤʠʥʘʣʥʠ ʧʘʨʘʤʝʪʨʠ, 

ʢʦʠʪʦ ʯʘʩʪʠʯʥʦ ʩʘ ʟʘʠʤʩʪʚʘʥʠ ʦʪ ʧʦʜʦʙʝʥ ʚʝʥʪʠʣʘʪʦʨ ʥʘ ZIEHL-ABEGG [8]: 
o

2
o

1
1

2sv
3

n 24,24,min2950n,m4.0d,Pa1600p,h/m6250Q =b=b==== - . 

ɺʝʥʪʠʣʘʪʦʨʲʪ ʝ ʠʟʧʲʣʥʝʥ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʩʣʝʜʚʘʥ ʦʪ  Ăʉʧʘʨʪʘʢò ɸɼ .  
ʉʭʝʤʘ ʥʘ ʘʝʨʦʜʠʥʘʤʠʯʥʠʷ ʩʪʝʥʜ ʝ ʧʦʢʘʟʘʥʘ ʥʘ ʌʠʛ. 2.  ʊʦʡ ʝ ʠʟʛʨʘʜʝʥ ʚ ʩʲʦʪʚʝʪʩʪʚʠʝ ʩ 

ʥʝʦʙʭʦʜʠʤʠʪʝ ʠʟʠʩʢʚʘʥʠʷ.  
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ɺʝʥʪʠʣʘʪʦʨʲʪ 5 ʨʘʙʦʪʠ ʥʘ ʟʘʩʤʫʢʚʘʥʝ ʦʪ ʢʘʤʝʨʘʪʘ 4.  ɼʝʙʠʪʲʪ ʩʝ ʠʟʤʝʨʚʘ ʩ ʢʦʤʧʣʝʢʪʘ 
ʢʦʥʠʯʥʘ ʜʶʟʘ 1 ʠ ʤʘʥʦʤʝʪʲʨ 7 (ʧʦ BS 848), ʘ ʩʪʘʪʠʯʥʦʪʦ ʥʘʣʷʛʘʥʝ  - ʩ ʤʘʥʦʤʝʪʲʨ 8. ʈʝʛʫʣʠ-
ʨʘʥʝʪʦ ʩʝ ʠʟʚʲʨʰʚʘ ʩ ʥʘʙʦʨ ʦʪ ʤʨʝʞʠ 2.  

ʇʲʣʥʦʪʦ ʥʘʣʷʛʘʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ  ʝ  dvsvv ppp +=  , ʢʲʜʝʪʦ  dvp  ʝ ʨʘʟʣʠʢʘ ʤʝʞʜʫ  

ʜʠʥʘʤʠʯʥʠʪʝ ʥʘʣʷʛʘʥʠʷ ʥʘ ʠʟʭʦʜʘ ʦʪ ʚʝʥʪʠʣʘʪʦʨʘ ʠ ʚ ʢʘʤʝʨʘʪʘ.    
ʄʦʱʥʦʩʪʪʘ ʚʲʨʭʫ ʚʘʣʘ P  ʚ ʪʦʟʠ ʩʪʝʥʜ ʥʝ ʩʝ ʠʟʤʝʨʚʘ ʜʠʨʝʢʪʥʦ. ʊ  ̫ʩʝ ʦʧʨʝʜʝʣʷ ʧʨʠʙʣʠ-

ʟʠʪʝʣʥo ʦʪ ʝʣʝʢʪʨʠʯʝʩʢʘ ʤʦʱʥʦʩʪ elP , ʠʟʤʝʨʝʥʘ ʩ ʚʘʪʤʝʪʲʨ - elelPP hº  . ʇʲʣʥʠʷʪ ʂʇɼ ʥʘ 

ʚʝʥʪʠʣʘʪʦʨʘ ʩʝ ʜʘʚʘ ʦʪ  P/Qpv=h .  

 ʅʘ ʌʠʛ. 3 ʝ ʧʦʢʘʟʘʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ SPF-4-6var, ʘ ʥʘ ʌʠʛ. 4 - 
ʧʨʝʩʤʝʪʥʘʪʘʪʘ ʚ ʧʦʜʧʨʦʛʨʘʤʘʪʘ AERCHAR ʦʪ ʧʨʦʛʨʘʤʘ FANPLUG.    
ʉʨʘʚʥʝʥʠʝʪʦ ʥʘ ʜʚʝʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʢʘʟʚʘ, ʯʝ ʠʤʘ ʜʝʬʠʮʠʪ ʚ ʧʦʣʫʯʝʥʦʪʦ ʩʪʘʪʠʯʥʦ 

ʥʘʣʷʛʘʥʝ  %28pºD ʦʪ ʧʨʦʝʢʪʥʦʪʦ. ʊʦʚʘ ʩʝ ʜʲʣʞʠ ʦʩʥʦʚʥʦ ʥʘ ʣʠʧʩʘ ʥʘ ʩʧʠʨʘʣʥʘ ʢʘʤʝʨʘ. 

ɿʘʪʦʚʘ AERCHAR ʝ ʢʦʨʠʛʠʨʘʥʘ ʯʨʝʟ ʧʨʦʤʷʥʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʟʘ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʟʘʛʫʙʠʪʝ.  
 

 

ʌʠʛ. 3 
 

ʅʘ ʌʠʛ. 5 ʝ ʧʦʢʘʟʘʥʘ ʦʪʥʦʚʦ ʧʨʝʩʤʝʪʥʘʪʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩ ʦʙʥʦʚʝʥʘʪʘ ʧʦʜʧʨʦʛʨʘʤʘ 
AERCHAR. ɺʠʞʜʘ ʩʝ, ʯʝ ʠʟʯʠʩʣʝʥʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʪ ʌʠʛ. 5 ʩʲʚʧʘʜʘ ʧʨʠʙʣʠʟʠʪʝʣʥʦ ʩ 
ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘʪʘ ʦʪ ʌʠʛ. 3.  
ʊʦʚʘ ʝ ʦʩʥʦʚʘʥʠʝ ʜʘ ʩʝ ʧʨʠʝʤʝ, ʯʝ ʧʨʦʛʨʘʤʘʪʘ FANPLUG, ʩ ʦʙʥʦʚʝʥʘʪʘ ʧʦʜʧʨʦʛʨʘʤʘ  

AERCHAR , ʤʦʞʝ ʥʘʜʝʞʜʥʦ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘ ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʠ ʩʲʩ ʩʚʦʙʦʜʥʦ 
ʠʟʪʠʯʘʥʝ (FAN  PLUGS). 
ʇʨʝʩʤʝʪʥʘʪʠ ʩʘ ʧʦʨʝʜʠʮʘ ʦʪ ʚʝʥʪʠʣʘʪʦʨʠ ʦʪ ʩʝʨʠʷʪʘ SPF4  (SpartakPlug Fan-4), ʩ ʚʲʥ-

ʰʝʥ ʜʠʘʤʝʪʲʨ mm400d2 = , ʥʦʤʠʥʘʣʝʥ ʦʙʝʤʝʥ ʜʝʙʠʪ h/m6250Q 3
n = , ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ

1min2950n -=  ʠ ʨʘʟʣʠʯʥʠ ʩʪʘʪʠʯʥʠ ʥʘʣʷʛʘʥʠʷ.  ʀʟʩʣʝʜʚʘʥʠ ʩʘ ʟʘʛʫʙʠʪʝ ʠ ʝ ʘʥʘʣʠʟʠʨʘʥʘ 

ʚʲʟʤʦʞʥʦʩʪʪʘ ʟʘ ʧʦʩʪʠʛʘʥʝ ʥʘ ʚʠʩʦʢʦ ʩʪʘʪʠʯʥʦ ʥʘʣʷʛʘʥʝ. ʋʩʪʘʥʦʚʝʥʦ ʝ, ʯʝ ʥʘʡ-ʟʥʘʯʠʪʝʣʥʠʪʝ 

ʟʘʛʫʙʠ -   h3pD  ,  ʧʨʠ ʲʛʣʠ  o
2 40²b  ʩʪʘʚʘʪ ʪʦʣʢʦʚʘ ʛʦʣʝʤʠ, ʯʝ ʦʙʝʟʩʤʠʩʣʷʪ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ 

ʚʝʥʪʠʣʘʪʦʨ ʩ ʥʘʟʘʜ ʦʙʲʨʥʘʪʠ ʣʦʧʘʪʢʠ. 
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ʇʨʦʝʢʪʠʨʘʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨ ʩʲʩ ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ 
ɿʘ ʠʣʶʩʪʨʘʮʠʷ ʥʘ ʧʨʦʛʨʘʤʘʪʘ ʝ ʧʦʢʘʟʘʥʦ  ʧʨʝʩʤʷʪʘʥʝʪʦ  ʥʘ ʚʝʥʪʠʣʘʪʦʨ SPF4-35, ʢʘʪʦ ʟʘ 

ʠʢʦʥʦʤʠʷ ʝ ʠʟʧʫʩʥʘʪʘ ʪʘʙʣʠʮʘʪʘ ʩ ʢʦʦʨʜʠʥʘʪʠʪʝ ʥʘ ʣʦʧʘʪʢʘʪʘ ʠ ʥʷʢʦʡ ʜʨʫʛʠ ʜʘʥʥʠ.      

ʇʈɽʉʄʗʊɸʅɽ ʅɸ ʎɽʅʊʈʆɹɽɾɽʅ ɺɽʅʊʀʃɸʊʆʈ  -  SPF4-35  
Q= 6250.0 [kubm/h];  ps= 1250.0 [Pa];  sig=0.08;  D2=0.40 [m];  n=2950 [tr/min];  ISTR= 2  
U2=61.8 [m/s];  FIv=0.224;  PSIv=0.593;  PSIs=0.546;  ns=96.5;  
ɿʘ ʩʪʘʥʜʘʨʪʥʘ ʘʪʤʦʩʬʝʨʘ - ro=1.2 kg/kubm;  ni=15.11*1.0e-6 kwm/s  

ʈɸɹʆʊʅʆ ʂʆʃɽʃʆ  
D1=0.28 [m];  D2=0.4 [m];  D0=0.28 [m];  b1=0.16 [m];  b2=0.144 [m];  b0=20 [mm];  
gama=15.0 [gr];  tita= 8.0 [gr];  bet1=25.0 [gr];  bet2=35.0 [gr];  
bh=0.115 [m];  del=2.0 [mm];  NZ= 8;  RL=0.276 [m];  RC=0.160 [m] 
D4=0.48 [m];  b4=0.144 [m]  
ʇʨʝʩʤʝʪʥʘʪʦ ʥʦʤʠʥʘʣʥʦ ʥʘʣʷʛʘʥʝ pvn= 1362.64 [Pa]  
ʇʨʝʩʤʝʪʥʘʪ ʥʦʤʠʥʘʣʝʥ ʭʠʜʨʘʚʣʠʯʝʥ ʂʇɼ  Etahn= 0.599659  

ʂʆʅʊʈʆʃʅʆ ʇʈɽʉʄʗʊɸʅɽ ʅɸ:  
ʧʲʣʥʦ ʥʘʣʷʛʘʥʝ pv [Pa]; ʩʪʘʪʠʯʥʦ ʥʘʣʷʛʘʥʝ ps [Pa]; ʤʦʱʥʦʩʪ P [kW]  
pv= 1362.64 [Pa];  ps= 1253.63 [Pa];  P=  3.95 [kW]. 
 

 

ʌʠʛ. 6 
 

 



 
68  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

 

ʌʠʛ. 7 
       
ɿʘʢʣʶʯʝʥʠʝ 
ʉʲʟʜʘʜʝʥ ʝ ʥʘʜʝʞʜʝʥ ʩʦʬʪʫʝʨ FANPLUG ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʠ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʠ 

ʩʲʩ ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ. 
 
ʃʠʪʝʨʘʪʫʨʘ 

1. ʏʘʢʲʨʦʚ ʊ., ʇʨʦʝʢʪʠʨʘʥʝ ʥʘ ʮʝʥʪʨʦʙʝʞʥʠ ʚʝʥʪʠʣʘʪʦʨʠ, ʅʘʫʯʥʘ ʢʦʥʬʝʨʝʥʮʠʷ ɽʄʌ'99,    
ʉʙʦʨʥʠʢ ʜʦʢʣʘʜʠ, ʪ.3, ʊʋ-ʉʦʬʠʷ,1999. 

2. ʏʘʢʲʨʦʚ ʊ. ɸʝʨʦʜʠʥʘʤʠʯʥʦ ʦʨʘʟʤʝʨʷʚʘʥʝ ʥʘ ʮʝʥʪʨʦʙʝʞʥʠ ʚʝʥʪʠʣʘʪʦʨʠ. ʄʝʭʘʥʠʢʘ ʥʘ 
ʤʘʰʠʥʠʪʝ, 44, ʢʥʠʛʘ 6, 2002. 

3. ʏʘʢʲʨʦʚ ʊ., ɺ. ʆʙʨʝʪʝʥʦʚ, ʎ. ʎʘʣʦʚ, ʍʠʙʨʠʜʝʥ ʚʝʥʪʠʣʘʪʦʨ, ʅʘʫʯʥʘ ʢʦʥʬʝʨʝʥʮʠʷ ʩ 
ʤʝʞʜʫʥʘʨʦʜʥʦ ʫʯʘʩʪʠʝ ɽʄʌ 2015, ʉʙʦʨʥʠʢ ʜʦʢʣʘʜʠ, ʪ.2, ʉʦʟʦʧʦʣ, 2015. 

4. ʉʦʣʦʤʘʭʦʚʘ ʊ., ʂ.ʏʝʙʳʰʝʚʘ, ʎʝʥʪʨʦʙʝʞʥʳʝ ʚʝʥʪʠʣʷʪʦʨʳ, ʄʘʰʠʥʦʩʪʨʦʝʥʠʝ, ʄ., 1980. 
5. ɹʨʫʩʠʣʦʚʩʢʠʡ ʀ.ɺ., ɸʵʨʦʜʠʥʘʤʠʢʘ ʠ ʘʢʫʩʪʠʢʘ ʦʩʝʚʳʭ ʚʝʥʪʠʣʷʪʦʨʦʚ, ɺʳʧʫʩʢ 2650, ʎɸɻʀ, 
ʄ, 2004. 

6. ɻʫʪʦʚʩʢʠʡ ɽ. ɺ., ɸ. ʖ. ʂʦʣʪʦʥ, ʊʝʦʨʠʷ ʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʛʠʜʨʦʪʫʨʙʠʥ, 
ʄʘʰʠʥʦʩʪʨʦʝʥʠʝ, ʃ.,1974.  

7. ɹʘʢ ʆ., ʇʨʦʝʢʠʨʦʚʘʥʠʝ ʠ ʨʘʩʯʝʪ ʚʝʥʪʠʣʷʪʦʨʦʚ, ɻʦʩʛʦʨʪʝʭʠʟʜʘʪ, ʄ., 1961. 
8. www.ziehl-abegg.com 

 
 
ʤʘʛ. ʠʥʞ. ɸʥʪʦʥ ʉʦʪʠʨʦʚ,  ñʉʧʘʨʪʘʢò ɸɼ ï ɹʫʨʛʘʩ, ʝ-mail: sotirov@spartak.bg  
ʜʦʮ. ʜ-ʨ ʊʦʜʦʨ ʏʘʢʲʨʦʚ, ʊʋ-ʉʦʬʠ,̫ ʢʘʪʝʜʨʘ Ăʍʠʜʨʦʘʝʨʦʜʠʥʘʤʠʢʘ ʠ ʭʠʜʨʘʚʣʠʯʥʠ 

ʤʘʰʠʥʠñ, ʝ-mail: todorchakarov@abv.bg 
  

http://www.ziehl-abegg.com/
mailto:sotirov@spartak.bg
mailto:todorchakarov@abv.bg


 

ȟȲȮȺȸȪȯȺȸȮȲȷȪȶȲȴȪ, ȿȲȮȺȸ- Ȳ ȹȷȯȬȶȸȼȯȿȷȲȴȪ   69 
 

 

 
 
 

ʉʠʥʪʝʟ ʥʘ ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʘ ʪʫʨʙʠʥʘ ʩ ʚʝʨʪʠʢʘʣʥʘ ʦʩ 
 

ɺʘʣʝʥʪʠʥ ʆʙʨʝʪʝʥʦʚ, ʈʦʩʝʥ ʀʣʠʝʚ  

 
ɺ ʨʘʙʦʪʘʪʘ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʨʝʟʫʣʪʘʪʠ ʦʪ ʠʟʩʣʝʜʚʘʥʠʷ, ʥʘʩʦʯʝʥʠ ʢʲʤ ʩʲʟʜʘʚʘʥʝʪʦ 

ʥʘ ʝʬʝʢʪʠʚʥʦ ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʘ ʪʫʨʙʠʥʘ ʪʠʧ ɼʘʨʠʫʩ ʧʦʩʨʝʜʩʪʚʦʤ 
ʧʦʩʣʝʜʦʚʘʪʝʣʥʦʪʦ ʧʨʠʣʘʛʘʥʝ ʥʘ ʟʘʜʘʯʠʪʝ ʟʘ ʩʠʥʪʝʟ ʥʘ ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ ʣʦʧʘʪʲʯʥʘʪʘ 
ʩʠʩʪʝʤʘ ʠ ʘʥʘʣʠʟ ʪʝʯʝʥʠʝʪʦ ʧʨʝʟ ʥʝʷ. ʅʘ ʦʩʥʦʚʘʪʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ ʧʣʘʥʠʨʘʥ ʯʠʩʣʝʥ 
ʝʢʩʧʝʨʠʤʝʥʪ ʩʘ ʦʧʨʝʜʝʣʝʥʠ ʦʧʪʠʤʘʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʥʷʢʦʠ ʚʘʞʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ 
ʣʦʧʘʪʲʯʥʘʪʘ ʩʠʩʪʝʤʘ. ʇʨʝʜʩʪʘʚʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠ ʦʪ ʯʠʩʣʝʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ 
ʦʙʪʠʯʘʥʝʪʦ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ ʦʪ ʚʦʜʥʦʪʦ ʪʝʯʝʥʠʝ.  

 

ʂʣʶʯʦʚʠ ʜʫʤʠ: ʭʠʜʨʦʢʠʥʝʪʠʯʥʘ ʪʫʨʙʠʥʘ, ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ, ʣʦʧʘʪʲʯʥʘ ʩʠʩʪʝʤʘ, ʧʨʦʬʠʣ 
ʥʘ ʣʦʧʘʪʢʘ 
 

Synthesis of Runner of Vertical Hydrokinetic Turbine 
 

Valentin Obretenov, Rossen Iliev 
 

The paper presents the results of research aimed at creating an effective runner of a Darius 
hydrokinetic turbine through the consecutive implementation of the tasks of synthesis of the 
geometry of the blade system and analysis of the flow through it. On the basis of the results of a 
planned numerical experiment the optimal values of some important parameters of the blade  
system were determined. The results of a numerical study of the flow of the runner from the water 
flow are presented. 

 

Keywords: hydrokinetic turbine, runner, blade system, blade profile 
 
ɺʲʚʝʜʝʥʠʝ 
ɽʜʠʥ ʦʪ ʧʲʪʠʱʘʪʘ ʟʘ ʨʝʰʘʚʘʥʝ ʥʘ ʝʥʝʨʛʠʡʥʠʪʝ ʧʨʦʙʣʝʤʠ ʥʘ ʧʣʘʥʝʪʘʪʘ ʝ 

ʨʘʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ ʝʬʝʢʪʠʚʥʠ ʩʠʩʪʝʤʠ ʟʘ ʫʩʚʦʷʚʘʥʝ ʝʥʝʨʛʠʷʪʘ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʚʦʜʥʠ 
ʪʝʯʝʥʠʷ (ʚ ʨʝʢʠʪʝ, ʤʦʨʝʪʘʪʘ ʠ ʦʢʝʘʥʠʪʝ)  ʯʨʝʟ  ʪ.ʥʘʨ. ʭʠʜʨʦʢʠʥʝʪʠʯʥʠ ʪʫʨʙʠʥʠ. ʋʤʝʩʪʥʦ ʝ ʜʘ 
ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʜʝʣʲʪ ʥʘ ʪʘʟʠ ʭʠʜʨʦʝʥʝʨʛʠʡʥʘ ʪʝʭʥʦʣʦʛʠʷ ʚ ʦʙʱʠʷ ʝʥʝʨʛʠʝʥ ʙʘʣʘʥʩ ʚʩʝ 
ʦʱʝ ʝ ʪʚʲʨʜʝ ʤʘʣʲʢ. ʆʩʥʦʚʥʠʪʝ ʧʨʠʯʠʥʠ ʟʘ ʪʦʚʘ ʩʘ ʚʠʩʦʢʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʩʧʝʮʠʬʠʯʥʠʪe 
ʢʘʧʠʪʘʣʦʚʣʦʞʝʥʠʷ ʢʘʢʪʦ ʠ ʩʨʘʚʥʠʪʝʣʥʦ ʥʠʩʢʘʪʘ ʠʤ ʝʬʝʢʪʠʚʥʦʩʪ (ʚ ʩʨʘʚʥʝʥʠʝ ʩ 
ʢʦʥʚʝʥʮʠʦʥʘʣʥʘʪʘ ʭʠʜʨʦʝʥʝʨʛʝʪʠʢʘ).   
ɺ ʃʘʙʦʨʘʪʦʨʠʷʪʘ ʧʦ ʭʠʜʨʦʝʥʝʨʛʝʪʠʢʘ ʠ ʭʠʜʨʘʚʣʠʯʥʠ ʪʫʨʙʦʤʘʰʠʥʠ (ʣʘʙʦʨʘʪʦʨʠʷ ʍɽʍʊ) 

[7] ʥʘ ʊʋ ï ʉʦʬʠʷ ʦʪ 2010 ʛ. ʩʝ ʧʨʦʚʝʞʜʘʪ ʠʟʩʣʝʜʚʘʥʠʷ, ʥʘʩʦʯʝʥʠ ʢʲʤ ʨʘʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ 
ʝʬʝʢʪʠʚʥʠ ʣʦʧʘʪʲʯʥʠ ʩʠʩʪʝʤʠ ʟʘ ʪʦʟʠ ʚʠʜ ʪʫʨʙʠʥʠ, ʘ ʧʨʝʟ 2011 ʛ. ʙʝʰʝ ʧʫʩʥʘʪ ʚ 
ʝʢʩʧʣʦʘʪʘʮʠʷ ʩʪʝʥʜ ʟʘ ʠʟʧʠʪʚʘʥʝ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʠ ʪʫʨʙʠʥʠ (ʩʪʝʥʜ ˉ8) [7,8].    
ɺ ʪʘʟʠ ʨʘʙʦʪʘ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʨʝʟʫʣʪʘʪʠ ʦʪ ʠʟʩʣʝʜʚʘʥʠʷ, ʥʘʩʦʯʝʥʠ ʢʲʤ ʩʲʟʜʘʚʘʥʝʪʦ ʥʘ 

ʝʬʝʢʪʠʚʥʦ ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʘ ʪʫʨʙʠʥʘ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʥʦʪʦ 
ʧʨʠʣʘʛʘʥʝ ʥʘ ʟʘʜʘʯʠʪʝ ʟʘ ʩʠʥʪʝʟ ʥʘ ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ ʣʦʧʘʪʲʯʥʘʪʘ ʩʠʩʪʝʤʘ ʠ ʘʥʘʣʠʟ 
ʪʝʯʝʥʠʝʪʦ ʧʨʝʟ ʥʝʷ. ʀʟʩʣʝʜʚʘʥʠʷʪʘ ʩʘ ʯʘʩʪ ʦʪ ʥʘʫʯʥʘʪʘ ʧʨʦʛʨʘʤʘ ʧʦ ʧʨʦʝʢʪʘ ɼʋʅʂ-01/3. 

˿͙͔ͤͭ͘ ͤ͊ ͨͪͦͺ͙͡ ͤ͊ ͙͔ͦͨ͊ͭͭ͟͡ ͤ͊ ͻ͙͙͔͙͒ͪͦͤͭ͟;ͤ͊ͭ͊ ͙ͭͯͪ͋ͤ͊  
ʇʨʠ ʩʠʥʪʝʟʘ ʥʘ ʨʘʙʦʪʥʠʪʝ ʣʦʧʘʪʢʠ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʠ ʪʫʨʙʠʥʠ ʦʪ ʪʠʧʘ ɼʘʨʠʫʩ (Darrieus) 

ʦʙʠʢʥʦʚʝʥʦ ʩʝ ʠʟʧʦʣʟʚʘʪ ʢʘʪʘʣʦʞʥʠ ʧʨʦʬʠʣʠ (NACA, NASA, Goettingen ʠ ʜʨ. [5, 6, 9]). ʊʫʢ 
ʩʠʥʪʝʟʲʪ ʥʘ ʧʨʦʬʠʣʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʝ ʥʘʧʨʘʚʝʥ ʩ ʧʦʤʦʱʪʘ ʥʘ ʧʨʦʛʨʘʤʘʪʘ VABld,  
ʨʘʟʨʘʙʦʪʝʥʘ ʦʪ ʜʦʮ. ʊ. ʏʘʢʲʨʦʚ ʟʘ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʨʘʙʦʪʥʠ ʢʦʣʝʣʘ ʟʘ ʚʷʪʲʨʥʠ ʪʫʨʙʠʥʠ ʪʠʧ 
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ɼʘʨʠʫʩ [2]. ʋʤʝʩʪʥʦ ʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʫʪʦʯʥʝʥʠʝʪʦ, ʯʝ ʩʪʘʚʘ ʚʲʧʨʦʩ ʟʘ ʪʝʩʪʦʚʘ ʟʘʜʘʯʘ (ʤʘʢʘʨ 
ʠ ʟʘ ʢʦʥʢʨʝʪʝʥ ʦʙʝʢʪ), ʘ ʦʨʘʟʤʝʨʷʚʘʥʝʪʦ ʝ ʥʘʧʨʘʚʝʥʦ ʟʘ ʣʦʧʘʪʢʘ, ʢʦʷʪʦ ʝ ʨʘʟʧʦʣʦʞʝʥʘ 

ʬʨʦʥʪʘʣʥʦ ʥʘ ʚʦʜʥʦʪʦ ʪʝʯʝʥʠʝ, ʩ ʧʦʩʪʦʷʥʥʘ ʢʨʠʚʠʥʘ ʧʦ ʨʘʟʤʘʭʘ ʠ ʩ ʭʦʨʜʘ l=3m.  ʇʨʦʬʠʣʲʪ 
ʥʘ ʣʦʧʘʪʢʘʪʘ ʝ ʧʨʝʜʩʪʘʚʝʥ ʥʘ ʌʠʛ. 1, ʘ ʥʘ ʌʠʛ. 2 ï 3D ʤʦʜʝʣ ʥʘ ʣʦʧʘʪʢʘʪʘ. 
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ʌʠʛ. 1 ʇʨʦʬʠʣ ʥʘ ʣʦʧʘʪʢʘʪʘ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʘʪʘ ʪʫʨʙʠʥʘ 

ʇʨʝʩʤʷʪʘʥʝ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ 
ʢʨʠʣʦʪʦ  
ʀʟʩʣʝʜʚʘ ʩʝ ʦʙʪʠʯʘʥʝʪʦ ʥʘ ʠʟʦʣʠʨʘʥʦ 

ʢʨʠʣʦ ʩ ʧʦʩʪʦʷʥʝʥ ʧʦ ʚʠʩʦʯʠʥʘʪʘ ʤʫ ʧʨʦʬʠʣ, 
ʯʠʷʪʦ ʭʦʨʜʘ ʝ ʫʩʧʦʨʝʜʥʘ ʥʘ ʜʲʥʦʪʦ ʥʘ 
ʢʘʥʘʣʘ. ʇʦʩʪʘʥʦʚʢʘʪʘ ʥʘ ʟʘʜʘʯʘʪʘ ʤʦʞʝ ʜʘ 
ʩʝ ʬʦʨʤʫʣʠʨʘ ʧʦ ʩʣʝʜʥʠʷ ʥʘʯʠʥ: 

¶ ʂʨʠʣʦʪʦ ʝ ʨʘʟʧʦʣʦʞʝʥʦ ʚ ʢʘʥʘʣ, 
ʯʠʷʪʦ ʰʠʨʦʯʠʥʘ ʠ ʜʲʣʙʦʯʠʥʘ ʩʘ ʩʲʦʙʨʘʟʝʥʠ 
ʩʲʩ ʩʲʱʝʩʪʚʝʥʦʪʦ ʫʩʣʦʚʠʝ ʜʘ ʥʝ ʚʥʘʩʷ 
ʩʤʫʱʝʥʠʷ ʚ ʪʝʯʝʥʠʝʪʦ (ʦʩʠʛʫʨʝʥʦ ʝ 
ʨʘʟʩʪʦʷʥʠʝ, ʨʘʚʥʦ ʥʘ ʜʲʣʞʠʥʘʪʘ ʭʦʨʜʘʪʘ ʜʦ 
ʩʪʝʥʠʪʝ ʠ ʜʦ ʜʲʥʦʪʦ ʥʘ ʢʘʥʘʣʘ); 

¶ ʏʠʩʣʝʥʦʪʦ ʠʟʩʣʝʜʚʘʥʝ ʝ ʥʘʧʨʘʚʝʥʦ 
ʟʘ ʨʘʟʣʠʯʥʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʲʛʲʣʘ ʥʘ ʘʪʘʢʘ ʥʘ 

ʪʝʯʝʥʠʝʪʦ (a), ʜʲʣʞʠʥʘʪʘ ʥʘ ʭʦʨʜʘʪʘ (l) ʠ 

ʚʠʩʦʯʠʥʘʪʘ (ʨʘʟʤʘʭʘ) ʥʘ ʢʨʠʣʦʪʦ (h) ʩ ʮʝʣ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʦʧʪʠʤʘʣʥʠʪʝ ʠʤ ʩʪʦʡʥʦʩʪʠ; 

¶ ʀʟʩʣʝʜʚʘ ʩʝ ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦ ʥʘ ʩʢʦʨʦʩʪʠʪʝ ʠ ʥʘʣʷʛʘʥʝʪʦ ʧʦ ʧʦʚʲʨʭʥʦʩʪʪʘ ʥʘ 
ʢʨʠʣʦʪʦ ʠ ʥʘ ʪʘʟʠ ʙʘʟʘ ʩʝ ʦʧʨʝʜʝʣʷʪ ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʧʦʜʝʤʥʘʪʘ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘʪʘ ʩʠʣʠ 
(ʨʝʩʧ. ʧʦʜʝʤʥʠʷ ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʠʷ ʢʦʝʬʠʮʠʝʥʪʠ). 
ʀʟʩʣʝʜʚʘʥʝʪʦ ʝ ʥʘʧʨʘʚʝʥʦ ʩ ʧʦʤʦʱʪʘ ʥʘ ʧʨʦʛʨʘʤʥʘʪʘ ʩʠʩʪʝʤʘ ANSYS (ʨʝʰʘʚʘ ʩʝ ʪ.ʥʘʨ. 

ʧʨʘʚʘ ʭʠʜʨʦʜʠʥʘʤʠʯʥʘ ʟʘʜʘʯʘ).   
1. ʇʣʘʥʠʨʘʥ ʝʢʩʧʝʨʠʤʝʥʪ 
ʂʘʢʪʦ ʙʝ ʠʟʷʩʥʝʥʦ ʧʦ-ʛʦʨʝ, ʟʘʜʘʯʘʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝʪʦ ʝ ʜʘ ʙʲʜʘʪ ʦʧʨʝʜʝʣʝʥʠ 

ʦʧʪʠʤʘʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʜʲʣʞʠʥʘʪʘ ʥʘ ʭʦʨʜʘʪʘ ʥʘ ʧʨʦʬʠʣʘ (l=X1), ʲʛʲʣʘ ʥʘ ʘʪʘʢʘ (a=X2) 

ʠ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʢʨʠʣʦʪʦ (h=X3).  ɿʘ ʪʘʟʠ ʮʝʣ ʝ ʦʨʛʘʥʠʟʠʨʘʥ ʧʣʘʥʠʨʘʥ ʝʢʩʧʝʨʠʤʝʥʪ [1] (3 

ʬʘʢʪʦʨʘ, ʯʠʠʪʦ ʩʪʦʡʥʦʩʪʠ ʚʘʨʠʨʘʪ ʥʘ 3 ʥʠʚʘ).  ʉʪʦʡʥʦʩʪʠʪʝ ʥʘ ʦʩʥʦʚʥʠʪʝ ʥʠʚʘ  ʥʘ 
ʫʧʨʘʚʣʷʚʘʱʠʪʝ ʧʘʨʘʤʝʪʨʠ ʩʘ ʩʲʦʪʚʝʪʥʦ 11 m; 30 deg; 5 m. ʀʥʪʝʨʚʘʣʠʪʝ ʥʘ ʚʘʨʠʨʘʥʝ ʩʘ 9 m; 
20 deg; 3 m. ʉʪʦʡʥʦʩʪʠʪʝ ʥʘ ʜʲʣʞʠʥʘʪʘ ʥʘ ʭʦʨʜʘʪʘ ʠ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʢʨʠʣʦʪʦ ʩʘ ʩʲʦʙʨʘʟʝʥʠ ʩ 
ʜʘʥʥʠʪʝ ʟʘ ʨʝʘʣʝʥ ʦʙʝʢʪ (ʭʠʜʨʦʚʲʟʝʣ Ăʊʨʘʢʠʷñ), ʟʘ ʢʦʡʪʦ ʩʘ ʠʟʚʝʩʪʥʠ ʧʘʨʘʤʝʪʨʠʪʝ (ʦʪ 
ʧʨʝʜʠʥʚʝʩʪʠʮʠʦʥʥʦʪʦ ʧʨʦʫʯʚʘʥʝ). 

 

ʌʠʛ. 2  3-D ʤʦʜʝʣ ʥʘ ʣʦʧʘʪʢʘ ʥʘ 
ʭʠʜʨʦʢʠʥʝʪʠʯʥʘʪʘ ʪʫʨʙʠʥʘ 
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ɿʘ ʦʧʨʝʜʝʣʷʥʝʪʦ ʥʘ ʦʧʪʠʤʘʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʪʨʠʪʝ ʚʝʣʠʯʠʥʠ ʩʝ ʠʟʧʦʣʟʚʘ ʩʠʤʝʪʨʠʯʝʥ 
ʧʣʘʥ [1] ʩ ʙʨʦʡ ʥʘ ʪʦʯʢʠʪʝ ʥʘ ʥʦʩʠʪʝʣʷ N=14. ʆʧʪʠʤʠʟʘʮʠʦʥʥʘʪʘ ʟʘʜʘʯʘ ʩʝ ʨʝʰʘʚʘ ʯʨʝʟ 
ʢʦʤʧʣʝʢʩʥʠʷ ʤʝʪʦʜ ʥʘ M.Bʦʭ [4], ʢʦʡʪʦ ʝ ʧʦʜʭʦʜʷʱ ʧʦʨʘʜʠ ʥʝʣʠʥʝʡʥʦʩʪʪʘ ʥʘ ʤʦʜʝʣʘ ʠ 
ʥʘʣʠʯʠʝʪʦ ʥʘ ʦʛʨʘʥʠʯʝʥʠʷ ʚʲʚ ʬʘʢʪʦʨʥʦʪʦ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʊʦʪʘʣʥʠʷʪ ʝʢʩʪʨʝʤʫʤ ʥʘ ʮʝʣʝʚʘʪʘ 
ʬʫʥʢʮʠʷ ʩʝ ʥʘʤʠʨʘ ʩʣʝʜ ʤʥʦʛʦʢʨʘʪʥʦ ʠʟʯʠʩʣʷʚʘʥʝ ʧʨʠ ʨʘʟʣʠʯʥʠ ʥʘʯʘʣʥʠ ʪʦʯʢʠ ʠ 
ʩʨʘʚʥʷʚʘʥʝ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʩʪʦʡʥʦʩʪʠ. ɺ ʢʦʥʢʨʝʪʥʠʷ ʩʣʫʯʘʡ ʮʝʣʝʚʘ ʬʫʥʢʮʠʷ ʝ ʢʘʯʝʩʪʚʦʪʦ ʥʘ 
ʢʨʠʣʦʪʦ (K=Cy/Cx; Cx ï ʩʲʧʨʦʪʠʚʠʪʝʣʝʥ ʢʦʝʬʠʮʠʝʥʪʠ; Cy - ʧʦʜʝʤʝʥ ʢʦʝʬʠʮʠʝʥʪ). 

 ʀʟʧʦʣʟʚʘ ʩʝ  ʨʝʛʨʝʩʠʦʥʝʥ ʤʦʜʝʣ ʦʪ ʚʠʜʘ [1]: 
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+++=      .                                                                      (1) 

ʂʦʜʠʨʘʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʪʨʠʪʝ ʫʧʨʘʚʣʷʚʘʱʠ ʧʘʨʘʤʝʪʲʨʘ (ʤʘʪʨʠʮʘʪʘ ʥʘ ʧʣʘʥʘ ʥʘ 
ʝʢʩʧʝʨʠʤʝʥʪʘ), ʢʘʢʪʦ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ ʠʟʯʠʩʣʝʥʠʷʪʘ - ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʧʦʜʝʤʥʠʷ ʠ 
ʩʲʧʨʦʪʠʚʠʪʝʣʥʠʷ ʢʦʝʬʠʮʠʝʥʪʠ, ʧʦʜʝʤʥʘʪʘ (Fy) ʠ ʩʲʧʨʦʪʠʚʠʪʝʣʥʘʪʘ (Fx) ʩʠʣʠ, ʢʘʯʝʩʪʚʦʪʦ ʥʘ 
ʢʨʠʣʦʪʦ - ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʚ ʊʘʙʣ.1. 

ʊʘʙʣʠʮʘ 1 
ʄʘʪʨʠʮʘ ʥʘ ʧʣʘʥʘ ʠ ʨʝʟʫʣʪʘʪʠ ʦʪ ʠʟʯʠʩʣʝʥʠʷʪʘ 

ˉ 
X1 X2 X3 Fy Fx Cy Cx K 

- - - N N - - - 

1.  1 1 1 8000 12114 1,113 1,686 0,660 

2.  -1 1 1 385 923 0,536 1,284 0,417 

3.  1 -1 1 10390 1517 1,446 0,211 6,845 

4.  -1 -1 1 981 63 1,365 0,087 15,611 

5.  1 1 -1 3223 2939 1,794 1,636 1,097 

6.  -1 1 -1 174 193 0,966 1,074 0,899 

7.  1 -1 -1 1250 500 0,696 0,278 2,503 

8.  -1 -1 -1 245 18 1,365 0,098 13,948 

9.  1 0 0 7745 3017 1,724 0,672 2,567 

10.  -1 0 0 400 228 0,890 0,508 1,754 

11.  0 1 0 1860 4100 0,753 1,660 0,454 

12.  0 -1 0 3781 285 1,530 0,115 13,267 

13.  0 0 1 4367 2276 1,105 0,576 1,919 

14.  0 0 -1 1684 800 1,704 0,810 2,105 

 
ʇʦ-ʜʦʣʫ ʩʘ ʧʨʠʣʦʞʝʥʠ ʨʘʟʧʝʯʘʪʢʠ ʥʘ ʦʩʥʦʚʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʪ ʧʨʦʚʝʜʝʥʠʷ ʧʣʘʥʠʨʘʥ 

ʝʢʩʧʝʨʠʤʝʥʪ (ʟʘ ʦʙʨʘʙʦʪʚʘʥʝʪʦ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ ʯʠʩʣʝʥʠʷ ʝʢʩʧʝʨʠʤʝʥʪ ʝ ʠʟʧʦʣʟʚʘʥ ʝ 
ʩʧʝʮʠʘʣʥʦ ʨʘʟʨʘʙʦʪʝʥ ʟʘ ʮʝʣʪʘ ʩʦʬʪʫʝʨ): ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʨʝʛʨʝʩʠʦʥʥʠʪʝ ʢʦʝʬʠʮʠʝʥʪʠ ʠ 
ʦʧʪʠʤʘʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʫʧʨʘʚʣʷʚʘʱʠʪʝ ʧʘʨʘʤʝʪʨʠ. ʋʤʝʩʪʥʦ ʝ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ 
ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʨʝʛʨʝʩʠʦʥʥʠʪʝ ʢʦʝʬʠʮʠʝʥʪʠ ʩʘ ʦʧʨʝʜʝʣʝʥʠ ʟʘ ʨʝʮʠʧʨʦʯʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ 
ʮʝʣʝʚʘʪʘ ʬʫʥʢʮʠʷ (ʧʨʦʛʨʘʤʘʪʘ ʦʧʨʝʜʝʣʷ ʥʝʡʥʘʪʘ ʤʠʥʠʤʘʣʥʘ ʩʪʦʡʥʦʩʪ ʚ ʠʟʩʣʝʜʚʘʥʠʷ 
ʜʠʘʧʘʟʦʥ). 

 
*       REGRESS ION COEFFICIENT S:     *  

B0= 0.644807  

B1=- 0.085441  B2= 0.7383 07  B3=  0.167428  

B11=- 0.16496  B22=0.49419 7  B33= - 0.146727  

B12=- 0.18669  B13= - 0.115995 B23= 0.2687 95 

*    OPTIMUM VALUES OF PARAMETERS:  *   

 #  *  NORMALIZED    *      REAL    *  

 1   X OPTK= - 0.7589      X OPT=  4.1697  

 2   X OPTK= - 1.0000      X OPT= 10.0000  

 3   X OPTK= - 1.0000      X OPT=  2.0000  
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2. ʈʝʟʫʣʪʘʪʠ ʦʪ ʯʠʩʣʝʥʠ ʠʟʩʣʝʜʚʘʥʠʷ 
ʅʘ ʌʠʛ. 3 ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʚ ʛʨʘʬʠʯʝʥ ʚʠʜ ʨʝʟʫʣʪʘʪʠ, ʧʦʣʫʯʝʥʠ ʩʣʝʜ ʥʘʧʨʘʚʝʥʦʪʦ 

ʯʠʩʣʝʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʦʧʪʠʤʘʣʥʠʷ ʚʘʨʠʘʥʪ ʥʘ ʢʨʠʣʦʪʦ: ʪʦʢʦʚʠ ʢʘʨʪʠʥʠ ʠ ʨʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ 
ʩʢʦʨʦʩʪʠ ʠ ʥʘʣʷʛʘʥʝ ʧʨʠ ʦʙʪʠʯʘʥʝʪʦ ʤʫ ʦʪ ʪʝʯʝʥʠʝʪʦ ʚ ʪʨʠ ʨʘʚʥʠʥʠ ʧʦ ʚʠʩʦʯʠʥʘʪʘ ʤʫ 

(z*=z/h=0.999; 0.5 ʠ 0.001).  

  

   
ʊʦʢʦʚʠ ʢʘʨʪʠʥʠ 

   
ʅʘʣʷʛʘʥʝ 

   
ʉʢʦʨʦʩʪʠ 

z*=0.002 z*=0.500 z*=0.992 

ʌʠʛ. 3 ʊʦʢʦʚʠ ʢʘʨʪʠʥʠ, ʨʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ ʥʘʣʷʛʘʥʝ ʠ ʩʢʦʨʦʩʪʠ (ʦʧʪʠʤʘʣʝʥ ʚʘʨʠʘʥʪ) 

ʆʧʠʩʘʥʘʪʘ ʧʦ-ʛʦʨʝ ʠʟʯʠʩʣʠʪʝʣʥʘ ʧʨʦʮʝʜʫʨʘ, ʙʘʟʠʨʘʥʘ ʥʘ ʨʘʟʨʘʙʦʪʝʥ ʤʝʪʦʜ ʠ ʧʨʦʛʨʘʤʘ 
ʟʘ ʨʝʰʘʚʘʥʝ ʥʘ ʦʙʨʘʪʥʘʪʘ ʭʠʜʨʦʜʠʥʘʤʠʯʥʘ ʟʘʜʘʯʘ ʠ ʥʘ ʧʨʦʛʨʘʤʥʘʪʘ ʩʠʩʪʝʤʘ ɸNSYS 
ʩʣʝʜʚʘʪ ʩʲʚʨʝʤʝʥʥʠʷ ʧʦʜʭʦʜ ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ ʭʠʜʨʘʚʣʠʯʥʠ ʪʫʨʙʦʤʘʰʠʥʠ [3]: 
ʧʦʩʣʝʜʦʚʘʪʝʣʥʦ ʧʨʠʣʘʛʘʥʝ ʥʘ ʜʚʝʪʝ ʚʟʘʠʤʦʩʚʲʨʟʘʥʠ ʟʘʜʘʯʠ: ʩʠʥʪʝʟ ʥʘ ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ 
ʣʦʧʘʪʲʯʥʘʪʘ ʩʠʩʪʝʤʘ ʠ ʘʥʘʣʠʟ ʥʘ ʪʝʯʝʥʠʝʪʦ ʧʨʝʟ ʥʝʷ. ʊʘʟʠ ʤʝʪʦʜʠʢʘ, ʯʠʷʪʦ ʙʣʦʢ-ʩʭʝʤʘ ʝ 
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ʧʦʢʘʟʘʥʘ ʥʘ ʌʠʛ. 4, ʜʘʚʘ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʦʧʪʠʤʘʣʥʦ ʧʨʦʝʢʪʠʨʘʥʝ ʥʘ ʨʘʙʦʪʥʠʪʝ ʣʦʧʘʪʢʠ ʥʘ 
ʭʠʜʨʦʢʠʥʝʪʠʯʥʠ ʪʫʨʙʠʥʠ ʦʪ ʪʠʧʘ ɼʘʨʠʫʩ. ɿʘ ʜʘ ʩʝ ʚʘʣʠʜʠʨʘ ʪʘʟʠ ʤʝʪʦʜʠʢʘ ʝ ʥʝʦʙʭʦʜʠʤʦ 
ʧʨʦʚʝʞʜʘʥʝʪʦ ʥʘ ʣʘʙʦʨʘʪʦʨʥʠ ʤʦʜʝʣʥʠ ʠʟʩʣʝʜʚʘʥʠʷ (ʬʠʟʠʯʝʩʢʦ ʤʦʜʝʣʠʨʘʥʝ). ʊʘʢʠʚʘ 
ʠʟʩʣʝʜʚʘʥʠʷ ʩʘ ʧʣʘʥʠʨʘʥʠ ʜʘ ʙʲʜʘʪ ʧʨʦʚʝʜʝʥʠ ʥʘ ʩʪʝʥʜ ˉ8 ʚ ʣʘʙʦʨʘʪʦʨʠʷ ʍɽʍʊ [7]. 
. 

 

ʌʠʛ. 4 ɹʣʦʢ-ʩʭʝʤʘ ʥʘ ʠʟʧʦʣʟʚʘʥʘʪʘ ʤʝʪʦʜʠʢʘ 

 
ʋʤʝʩʪʥʦ ʝ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ ʧʨʠʣʘʛʘʥʝʪʦ ʥʘ ʦʧʠʩʘʥʘʪʘ ʧʦ-ʛʦʨʝ 

ʤʝʪʦʜʠʢʘ ʚʩʲʱʥʦʩʪ ʩʘ ʧʠʣʦʪʥʠ (ʤʦʜʫʣʠʪʝ ʠ ʩʭʝʤʘʪʘ ʧʦʜʣʝʞʘʪ ʥʘ ʨʘʟʚʠʪʠʝ), ʥʦ ʩʣʝʜʚʘ ʜʘ ʩʝ 
ʠʤʘ ʧʨʝʜʚʠʜ, ʯʝ ʘʥʘʣʦʛʠʯʥʠ ʤʝʪʦʜʠʢʠ ʩʘ ʠʟʧʦʣʟʚʘʥʠ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʠ ʩʲʟʜʘʚʘʥʝʪʦ ʥʘ 
ʣʦʧʘʪʲʯʥʠ ʩʠʩʪʝʤʠ ʟʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠ ʚʦʜʥʠ ʪʫʨʙʠʥʠ [3], ʜʦʢʘʟʘʣʠ ʩʚʦʷʪʘ ʝʬʝʢʪʠʚʥʦʩʪ ʚ 
ʨʝʘʣʥʠ (ʝʢʩʧʣʦʘʪʘʮʠʦʥʥʠ) ʫʩʣʦʚʠʷ. ʀʤʝʥʥʦ ʪʝʟʠ ʨʝʟʫʣʪʘʪʠ ʜʘʚʘʪ ʦʩʥʦʚʘʥʠʝ ʜʘ ʙʲʜʝ 
ʥʘʧʨʘʚʝʥʘ ʦʧʪʠʤʠʩʪʠʯʥʘ ʧʨʦʛʥʦʟʘ. ʈʘʟʨʘʙʦʪʚʘ ʩʝ ʠ ʤʦʜʫʣ ʟʘ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʚʲʥʰʥʠʪʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʪ.ʝ. ʠʟʩʣʝʜʚʘ ʩʝ ʨʘʙʦʪʘʪʘ ʥʘ ʣʦʧʘʪʲʯʥʘʪʘ 
ʩʠʩʪʝʤʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ. ʅʷʢʦʠ ʧʨʝʜʚʘʨʠʪʝʣʥʠ ʨʝʟʫʣʪʘʪʠ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʥʘ ʌʠʛ. 5 
(ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦ ʥʘ ʥʘʣʷʛʘʥʝʪʦ ʚ ʦʙʣʘʩʪʪʘ ʥʘ ʚʲʨʪʷʱʦ ʩʝ ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ ʥʘ ʤʦʜʝʣʥʘʪʘ 
ʭʠʜʨʦʢʠʥʝʪʠʯʥʘ ʪʫʨʙʠʥʘ ʪʠʧ ɼʘʨʠʫʩ ʩ 3 ʨʘʙʦʪʥʠ ʣʦʧʘʪʢʠ) ʠ ʥʘ ʌʠʛ. 6 (ʨʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ 
ʩʢʦʨʦʩʪʠʪʝ). 
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ʌʠʛ. 5 ʈʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ ʥʘʣʷʛʘʥʝʪʦ ʚ ʟʦʥʘʪʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ 

 

 

ʌʠʛ. 6 ʈʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ ʩʢʦʨʦʩʪʠʪʝ ʚ ʟʦʥʘʪʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ 
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ɿʘʢʣʶʯʝʥʠʝ  
ʆʩʥʦʚʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʪ ʥʘʧʨʘʚʝʥʦʪʦ ʠʟʩʣʝʜʚʘʥʝ ʩʝ ʩʲʩʪʦʷʪ ʚ ʩʣʝʜʥʦʪʦ: 

1. ʉʲʟʜʘʜʝʥʘ ʝ ʤʝʪʦʜʠʢʘ ʟʘ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʨʘʙʦʪʥʠ ʢʦʣʝʣʘ ʥʘ ʭʠʜʨʦʢʠʥʝʪʠʯʥʠ ʪʫʨʙʠʥʠ, 
ʙʘʟʠʨʘʥʘ ʥʘ ʨʘʟʨʘʙʦʪʝʥ ʚ ʊʋ ï ʉʦʬʠʷ ʩʦʬʪʫʝʨ ʠ ʥʘ ʧʨʦʛʨʘʤʥʘʪʘ ʩʠʩʪʝʤʘ ɸNSYS ʯʨʝʟ 
ʧʦʩʣʝʜʦʚʘʪʝʣʥʦ ʧʨʠʣʘʛʘʥʝ ʥʘ ʜʚʝʪʝ ʚʟʘʠʤʦʩʚʲʨʟʘʥʠ ʟʘʜʘʯʠ: ʩʠʥʪʝʟ ʥʘ ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ 
ʣʦʧʘʪʲʯʥʘʪʘ ʩʠʩʪʝʤʘ ʠ ʘʥʘʣʠʟ ʥʘ ʪʝʯʝʥʠʝʪʦ ʧʨʝʟ ʥʝʷ. 

2. ʈʝʟʫʣʪʘʪʠʪʝ ʦʪ ʥʘʧʨʘʚʝʥʠʪʝ ʯʠʩʣʝʥʠ ʠʟʩʣʝʜʚʘʥʠʷ ʧʦʢʘʟʚʘʪ, ʯʝ ʩ ʧʦʤʦʱʪʘ ʥʘ 
ʧʨʠʣʦʞʝʥʘʪʘ ʤʝʪʦʜʠʢʘ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʦʧʨʝʜʝʣʝʥʠ ʦʧʪʠʤʘʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʦʩʥʦʚʥʠʪʝ 
ʧʘʨʘʤʝʪʨʠ ʥʘ ʣʦʧʘʪʲʯʥʘʪʘ ʩʠʩʪʝʤʘ. 

3. ʄʝʪʦʜʠʢʘʪʘ ʤʦʞʝ ʜʘ ʙʲʜʝ ʠʟʧʦʣʟʚʘʥʘ ʠ ʟʘ ʧʨʝʩʤʷʪʘʥʝ ʥʘ ʨʘʙʦʪʥʠ ʢʦʣʝʣʘ ʥʘ ʚʷʪʲʨʥʠ 
ʪʫʨʙʠʥʠ ʦʪ ʩʲʱʠʷ ʪʠʧ. 
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ʆʧʨʝʜʝʣʷʥʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠ ʟʘ ʠʟʙʦʨ ʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ, ʨʘʙʦʪʝʱʘ ʚ 
ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ 

 
ɸʣʝʢʩʘʥʜʲʨ ʉʪʘʥʠʣʦʚ 

 

ɺ ʨʘʙʦʪʘʪʘ ʩʘ ʜʘʜʝʥʠ ʨʝʟʫʣʪʘʪʠ ʦʪ ʧʨʦʚʝʜʝʥʠ ʠʟʧʠʪʘʥʠʷ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ 
ʢʦʝʬʠʮʠʝʥʪʠ ʟʘ ʠʟʙʦʨ ʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ, ʢʦʷʪʦ ʜʘ ʨʘʙʦʪʠ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ. 
ʈʝʟʫʣʪʘʪʠʪʝ ʦʪ ʠʟʧʠʪʘʥʠʷʪʘ ʩʘ ʩʨʘʚʥʝʥʠ ʩ ʜʨʫʛʠ ʪʘʢʠʚʘ, ʧʦʣʫʯʝʥʠ ʧʦ ʦʧʠʪʝʥ ʧʲʪ. 

 
ʂʣʶʯʦʚʠ ʜʫʤʠ: ʧʦʤʧʘ, ʪʫʨʙʠʥʘ, ʧʦʤʧʘ, ʨʘʙʦʪʝʱʘ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ 

 

Determination of coefficients for selecting a centrifugal pump operating in turbine 
mode 

 
Aleksandar Stanilov 

 
The paper presents results from experiments performed to determine the coefficients for 

selection of a centrifugal pump, which works in turbine mode. The test results are compared with 
other ones obtained experimentally. 

 
Keywords: pump, turbine, pump as turbine 
 
ɺʲʚʝʜʝʥʠʝ 
ɺ ʥʷʢʦʠ ʩʣʫʯʘʠ ʚ ʧʨʘʢʪʠʢʘʪʘ ʟʘ ʦʧʦʣʟʦʪʚʦʨʷʚʘʥʝ ʥʘ ʨʘʟʧʦʣʘʛʘʝʤʘ ʭʠʜʨʘʚʣʠʯʥʘ ʝʥʝʨʛʠʷ 

ʚʤʝʩʪʦ ʢʣʘʩʠʯʝʩʢʠ ʚʦʜʥʠ ʪʫʨʙʠʥʠ ʩʝ ʠʟʧʦʣʟʚʘʪ ʧʦʤʧʠ, ʨʘʙʦʪʝʱʠ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ (ʈɸʊ). 
ʀʟʙʦʨʲʪ ʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ ʟʘ ʨʘʙʦʪʘ ʢʘʪʦ ʪʫʨʙʠʥʘ ʙʠ ʪʨʷʙʚʘʣʦ ʜʘ ʝ ʩʲʱʦ ʪʦʣʢʦʚʘ 
ʣʝʩʝʥ, ʢʦʣʢʦʪʦ ʠʟʙʦʨʘ ʥʘ ʝʜʥʘ ʩʝʨʠʡʥʦ ʧʨʦʠʟʚʝʞʜʘʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ, ʥʦ ʪʦʚʘ ʩʝ ʦʢʘʟʚʘ 
ʜʦʩʪʘ ʩʝʨʠʦʟʝʥ ʧʨʦʙʣʝʤ, ʪʲʡ ʢʘʪʦ ʧʨʦʠʟʚʦʜʠʪʝʣʠʪʝ ʥʘ ʧʦʤʧʠ ʥʝ ʜʘʚʘʪ ʠʥʬʦʨʤʘʮʠʷ ʟʘ 
ʧʦʚʝʜʝʥʠʝʪʦ ʥʘ ʝʜʥʘ ʩʝʨʠʡʥʦ ʧʨʦʠʟʚʝʞʜʘʥʘ ʧʦʤʧʘ ʢʘʪʦ ʪʫʨʙʠʥʘ, ʘ ʧʦʚʝʯʝʪʦ ʪʝʦʨʝʪʠʯʥʠ 
ʤʦʜʝʣʠ ʟʘ ʠʟʙʦʨʘ ʥʘ ʧʦʤʧʘ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ ʥʝ ʜʘʚʘʪ ʝʜʥʘʢʚʠ ʨʝʟʫʣʪʘʪʠ. ɽʪʦ ʟʘʱʦ ʝʜʥʘ ʦʪ 
ʦʩʥʦʚʥʠʪʝ ʟʘʜʘʯʠ ʝ ʜʘ ʩʝ ʠʟʛʨʘʜʠ ʨʘʙʦʪʝʱ ʤʦʜʝʣ ʟʘ ʠʟʙʦʨʘ ʥʘ ʧʦʤʧʘ ʟʘ ʨʘʙʦʪʘʪʘ Ⱬ ʢʘʪʦ 
ʪʫʨʙʠʥʘ ʥʘ ʙʘʟʘ ʥʘ ʤʥʦʞʝʩʪʚʦ ʧʨʦʚʝʜʝʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʥʘ ʧʦʤʧʠ ʩ ʨʘʟʣʠʯʥʠ ʩʧʝʮʠʬʠʯʥʠ 
ʯʝʩʪʦʪʠ ʥʘ ʚʲʨʪʝʥʝ. 
ʂʘʪʦ ʮʷʣʦ ʠʟʙʦʨʲʪ ʥʘ ʈɸʊ ʩʝ ʩʚʝʞʜʘ ʜʦ ʪʦʚʘ ʜʘ ʤʦʞʝ ʦʪ ʠʟʚʝʩʪʥʠ ʧʘʨʘʤʝʪʨʠ ʚ ʧʦʤʧʝʥ 

ʨʝʞʠʤ ʜʘ ʩʝ ʧʨʝʜʩʢʘʞʝ ʧʨʠ ʢʘʢʚʠ ʫʩʣʦʚʠʷ ʪʷ ʱʝ ʨʘʙʦʪʠ ʩ ʤʘʢʩʠʤʘʣʝʥ ʢ.ʧ.ʜ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ. 

 
ʌʠʛ. 1 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ, 

ʨʘʙʦʪʝʱʘ ʢʘʪʦ ʪʫʨʙʠʥʘ ʠ ʧʦʤʧʘ 



 

ȟȲȮȺȸȪȯȺȸȮȲȷȪȶȲȴȪ, ȿȲȮȺȸ- Ȳ ȹȷȯȬȶȸȼȯȿȷȲȴȪ   77 
 

 

ʅʘ ʌʠʛ. 1 ʩʘ ʧʦʢʘʟʘʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʝʜʥʘ ʠ ʩʲʱʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ, ʨʘʙʦʪʝʱʘ 
ʢʘʪʦ ʪʫʨʙʠʥʘ ʠ ʢʘʪʦ ʧʦʤʧʘ. ʆʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ ʝ ʚʠʜʥʦ, ʯʝ ʤʘʢʩʠʤʘʣʥʠʷʪ ʢ.ʧ.ʜ ʧʨʠ ʧʦʤʧʝʥ 
ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ ʩʝ ʧʦʣʫʯʘʚʘ ʧʨʠ ʨʘʟʣʠʯʥʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʥʘʧʦʨʘ ʠ ʜʝʙʠʪʘ ʥʘ ʤʘʰʠʥʘʪʘ 
ʠʣʠ: QTopt  > QPopt ʠ HTopt  > HPopt, 
ʢʲʜʝʪʦ: 
QPopt, QTopt ï ʜʝʙʠʪ ʥʘ ʧʦʤʧʘʪʘ ʩʲʦʪʚʝʪʥʦ ʚ ʧʦʤʧʝʥ ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ ʧʨʠ ʤʘʢʩʠʤʘʣʥʘ 

ʩʪʦʡʥʦʩʪ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʧʦʣʝʟʥʦ ʜʝʡʩʪʚʠʝ, m3/s 
ʅPopt, ʅTopt ï ʥʘʧʦʨ ʥʘ ʧʦʤʧʘʪʘ ʩʲʦʪʚʝʪʥʦ ʚ ʧʦʤʧʝʥ ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ ʧʨʠ ʤʘʢʩʠʤʘʣʥʘ 

ʩʪʦʡʥʦʩʪ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʧʦʣʝʟʥʦ ʜʝʡʩʪʚʠʝ, m 
ɺ ʊʘʙʣ. 1 ʩʘ ʧʦʩʦʯʝʥʠ ʧʦʣʫʯʝʥʠ ʨʝʟʫʣʪʘʪʠ, ʜʘʜʝʥʠ ʦʪ ʨʘʟʣʠʯʥʠ ʘʚʪʦʨʠ [1], [2], [3], [4], [5], 

ʟʘ ʦʪʥʦʰʝʥʠʷʪʘ ʥʘ ʜʝʙʠʪʠʪʝ ʠ ʥʘʧʦʨʠʪʝ ʚ ʪʫʨʙʠʥʝʥ ʠ ʧʦʤʧʝʥ ʨʝʞʠʤ ʥʘ ʮʝʥʪʨʦʙʝʞʥʠ ʧʦʤʧʠ 
ʩ ʨʘʟʣʠʯʥʠ ʩʧʝʮʠʬʠʯʥʠ ʯʝʩʪʦʪʠ ʥʘ ʚʲʨʪʝʥʝ ns. 

4

3

H

Qn
ns =  ,                                                                           (1) 

ʢʲʜʝʪʦ: 
H ï ʥʘʧʦʨ, mH2O; 
Q ï ʜʝʙʠʪ, m3/s; 
n ï ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ, min-1. 

           ʊʘʙʣʠʮʘ 1 

ns QTopt /QPopt ʅTopt / ʅPopt 

14,6 [4] 1,56 2,05 

14,7 [1] 1,63 2,87 

20,7 [2] 1,73 2,24 

23,0 [4] 1,59 1,95 

34,8 [3] 1,55 1,71 

36,4 [5] 1,54 1,72 

37,7 [4] 1,48 1,73 

39,7 [5] 1,35 1,4 

45,2 [5] 1,38 1,4 

46,1 [2] 1,34 1,52 

55,6 [4] 1,15 1,34 

 

ʎʝʣʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝʪʦ ʚ ʩʪʘʪʠʷʪʘ ʝ ʜʘ ʩʝ ʦʧʨʝʜʝʣʷʪ ʦʧʠʪʥʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʧʦʤʧʘ, 
ʨʘʙʦʪʝʱʘ ʚ ʧʦʤʧʝʥ ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ ʠ ʜʘ ʩʝ ʩʨʘʚʥʷʪ ʨʝʟʫʣʪʘʪʠʪʝ ʩ ʧʨʝʜʩʪʘʚʝʥʠʪʝ 
ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ 
ʇʨʦʚʝʜʝʥʠ ʩʘ ʠʟʧʠʪʘʥʠʷ ʥʘ ʜʚʝ ʧʦʤʧʠ ʩʲʩ ʩʣʝʜʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʨʘʙʦʪʥʠʪʝ ʢʦʣʝʣʘ, 

ʢʲʜʝʪʦ: 
D1 ï ʜʠʘʤʝʪʲʨ ʥʘ ʚʭʦʜʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ, m; 
D2 ï ʜʠʘʤʝʪʲʨ ʥʘ ʠʟʭʦʜʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ, m; 
b1 ï ʰʠʨʦʯʠʥʘ ʥʘ ʢʘʥʘʣʘ ʥʘ ʚʭʦʜʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ, m; 
b2 ï ʰʠʨʦʯʠʥʘ ʥʘ ʢʘʥʘʣʘ ʥʘ ʠʟʭʦʜʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ, m; 

z ï ʙʨʦʡ ʨʘʙʦʪʥʠ ʣʦʧʘʪʢʠ. 
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ʧʦʤʧʘ 1 ʧʦʤʧʘ 2 

ɻʝʦʤʝʪʨʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ 

ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ ʥʘ ʧʦʤʧʘ 1 

D1=0,085m 
D2=0,148m 
b1=0,030m 
b2=0,020m 

z=6 

ɻʝʦʤʝʪʨʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ 

ʨʘʙʦʪʥʦ ʢʦʣʝʣʦ ʥʘ ʧʦʤʧʘ 2 

D1=0,068m 
D2=0,159m 
b1=0,028m 
b2=0,020m 

z=8 

    

 

ʀʟʧʠʪʘʥʠʷʪʘ ʩʝ ʧʨʦʚʝʞʜʘʪ ʥʘ ʜʚʘ ʦʪʜʝʣʥʠ ʩʪʝʥʜʘ ʩʲʦʪʚʝʪʥʦ: 

ɿʘ ʧʦʤʧʝʥ ʨʝʞʠʤ 
ʅʘ ʌʠʛ. 2 ʝ ʜʘʜʝʥ ʩʪʝʥʜʲʪ, ʥʘ ʢʦʡʪʦ ʩʝ ʧʨʦʚʝʞʜʘʪ ʠʟʧʠʪʘʥʠʷʪʘ ʥʘ ʤʦʜʝʣʠʪʝ ʚ ʧʦʤʧʝʥ 

ʨʝʞʠʤ. ʊʦʡ ʩʝ ʩʲʩʪʦʠ ʦʪ: ʧʦʤʧʘ (ʠʟʧʠʪʚʘʥ ʤʦʜʝʣ) - 1, ʩʧʠʨʘʪʝʣʥʘ ʠ ʨʝʛʫʣʠʨʘʱʘ ʘʨʤʘʪʫʨʘ - 
2, 3. ɺ ʩʲʩʪʘʚʘ ʥʘ ʩʪʝʥʜʘ ʚʣʠʟʘʪ ʠ ʩʣʝʜʥʠʪʝ ʪʝʭʥʠʯʝʩʢʠ ʩʨʝʜʩʪʚʘ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʜʝʙʠʪ ï 
ʝʣʝʢʪʨʦʤʘʛʥʠʪʝʥ ʨʘʟʭʦʜʦʤʝʨ ʪʠʧ ɸɺɺ MAG ʍʄ - 4, ʥʘ ʥʘʣʷʛʘʥʝ ï ʦʙʨʘʟʮʦʚʠ ʤʘʥʦʤʝʪʨʠ - 5, 
ʥʘ ʝʣʝʢʪʨʠʯʝʩʢʘ ʤʦʱʥʦʩʪ - ʜʚʘ ʚʘʪʤʝʪʲʨʘ. ʄʦʱʥʦʩʪʪʘ ʥʘ ʚʘʣʘ ʥʘ ʝʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʩʝ 
ʦʧʨʝʜʝʣʷ ʦʪ ʪʘʨʠʨʦʚʲʯʥʘʪʘ ʤʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ. 

 

ʌʠʛ. 2 ʉʭʝʤʘ ʥʘ ʩʪʝʥʜ ʟʘ ʠʟʧʠʪʚʘʥʝ ʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ 

 

ɿʘ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ 
ʉʪʝʥʜʲʪ (ʌʠʛ. 3) ʩʝ ʩʲʩʪʦʠ ʦʪ ʩʣʝʜʥʠʪʝ ʝʣʝʤʝʥʪʠ: ʟʘʭʨʘʥʚʘʱ ʧʦʤʧʝʥ ʘʛʨʝʛʘʪ ï 1, ʧʦʤʧʘ, 

ʨʘʙʦʪʝʱʘ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ - 2, ʛʝʥʝʨʘʪʦʨ - 3, ʨʝʤʲʯʥʘ ʧʨʝʜʘʚʢʘ - 4, ʚʝʟʥʘ ï 7. 
ʊʝʭʥʠʯʝʩʢʠ ʩʨʝʜʩʪʚʘ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ: ʜʝʙʠʪ ï ʝʣʝʢʪʨʦʤʘʛʥʠʪʝʥ ʨʘʟʭʦʜʦʤʝʨ ʪʠʧ MAG 

FLOW 6000, DN 100 ʩ ʦʙʭʚʘʪ ʦʪ 11 ʜʦ 128 m3/h - 6, ʥʘʣʷʛʘʥʝ ï ʦʙʨʘʟʮʦʚʠ ʤʘʥʦʤʝʪʨʠ - 5, 
ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ ï ʩ ʧʦʤʦʱʪʘ ʥʘ ʦʧʪʠʯʝʥ ʪʘʭʦʤʝʪʲʨ MASTECH ʪʠʧ ʄ2234-ɸ ʩ ʦʙʭʚʘʪ ʦʪ 5 
ʜʦ 99999 ʦʙʦʨʦʪʘ. ɿʘʜʘʚʘʥʝʪʦ ʥʘ ʨʘʟʣʠʯʥʠ ʪʦʚʘʨʠ ʩʪʘʚʘ ʯʨʝʟ ʝʣ. ʪʦʚʘʨ ʩ ʦʙʱʘ ʤʦʱʥʦʩʪ 
1ʢW ʠ ʩʪʲʧʘʣʥʦ ʨʝʛʫʣʠʨʘʥʝ ʧʨʝʟ 100W. ʇʨʝʜʚʘʨʠʪʝʣʥʦ ʩʘ ʧʨʦʚʝʜʝʥʠ ʠʟʧʠʪʘʥʠʷ ʟʘ ʦʧʠʪʥʦʪʦ 
ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʧʦʣʝʟʥʦ ʜʝʡʩʪʚʠʝ ʥʘ ʨʝʤʲʯʥʘʪʘ ʧʨʝʜʘʚʢʘ. 
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ʌʠʛ. 3 ʉʭʝʤʘ ʥʘ ʩʪʝʥʜ ʟʘ ʠʟʧʠʪʚʘʥʝ ʥʘ ʮʝʥʪʨʦʙʝʞʥʘ ʧʦʤʧʘ ʚ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ 

 
ʄʝʪʦʜʠʢʘʪʘ ʟʘ ʠʟʚʲʨʰʚʘʥʝ ʥʘ ʠʟʧʠʪʘʥʠʷʪʘ ʝ ʩʲʦʙʨʘʟʝʥʘ ʩ ʠʟʠʩʢʚʘʥʠʷʪʘ ʥʘ ɹɼʉ EN ISO 

9906:2012. ʊʝʭʥʠʯʝʩʢʠʪʝ ʩʨʝʜʩʪʚʘ ʠʤʘʪ ʚʘʣʠʜʥʠ ʢʘʣʠʙʨʘʮʠʦʥʥʠ ʩʚʠʜʝʪʝʣʩʪʚʘ ʟʘ ʧʝʨʠʦʜʘ 
ʥʘ ʧʨʦʚʝʞʜʘʥʝ ʥʘ ʠʟʧʠʪʘʥʠʷʪʘ. 
ʅʘ ʌʠʛ. 4 ʠ 5 ʩʘ ʧʦʢʘʟʘʥʠ ʧʦʣʫʯʝʥʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʜʚʝʪʝ ʧʦʤʧʠ ʚ ʧʦʤʧʝʥ ʠ 

ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʩʘ ʜʘʜʝʥʠ ʟʘ ʙʝʟʨʘʟʤʝʨʥʠ ʢʦʝʬʠʮʠʝʥʪʠ ʥʘ ʜʝʙʠʪʘ ʠ 
ʥʘʧʦʨʘ (ű ï ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʜʝʙʠʪʘ ʠ ɣ ï ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʥʘʧʦʨʘ). 

3

2nD

Q
=j  ʠ 

2

2

2Dn

gH
=y  ,                                                                  (2) 

ʢʲʜʝʪʦ: 
g ï ʟʝʤʥʦʪʦ ʫʩʢʦʨʝʥʠʝ, m/s

2. 

 

ʌʠʛ. 4 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʧʦʤʧʘ 1 ʚ ʧʦʤʧʝʥ ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ 
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ʌʠʛ. 5 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʧʦʤʧʘ 2 ʚ ʧʦʤʧʝʥ ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ 
 

ʉʣʝʜ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʟʘ ʜʚʝʪʝ ʧʦʤʧʠ ʩʝ ʧʦʣʫʯʘʚʘʪ ʩʣʝʜʥʠʪʝ 
ʦʪʥʦʰʝʥʠʷ ʟʘ ʦʧʪʠʤʘʣʥʠʪʝ ʨʝʞʠʤʠ ʥʘ ʨʘʙʦʪʘ ʚ ʪʫʨʙʠʥʝʥ ʠ ʧʦʤʧʝʥ ʨʝʞʠʤ. ɿʘ ʧʦʤʧʘ 1 
ʩʧʝʮʠʬʠʯʥʘ ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ ns=33,9 ʠ űT/űp =1,23 ʠ ɣT/ɣp =1,78. ɿʘ ʧʦʤʧʘ 2 ʩʧʝʮʠʬʠʯʥʘ 
ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ ns=37,2 ʠ ʦʪʥʦʰʝʥʠʷ  űT/űp =1,29 ʠ 1 ɣT/ɣp =1,79. 

 
ʈʝʟʫʣʪʘʪʠʪʝ ʦʪ ʠʟʚʲʨʰʝʥʠʪʝ ʠʟʧʠʪʘʥʠʷ ʩʝ ʩʨʘʚʥʷʚʘʪ ʩ ʜʘʜʝʥʠʪʝ ʚʲʚ ʚʲʚʝʜʝʥʠʝʪʦ, ʢʘʪʦ 

ʩʝ ʧʦʩʪʨʦʷʚʘ ʛʨʘʬʠʯʥʦ ʦʪʥʦʰʝʥʠʝʪʦ ʤʝʞʜʫ ʩʧʝʮʠʬʠʯʥʘʪʘ ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ ʠ ʦʪʜʝʣʥʠʪʝ 
ʦʪʥʦʰʝʥʠʷ ʥʘ ʜʝʙʠʪʘ ʠ ʥʘʧʦʨʘ ʚ ʙʝʟʨʘʟʤʝʨʥʠ ʢʦʝʬʠʮʠʝʥʪʠ (ʌʠʛ. 6 ʠ 7). 

 

 

ʌʠʛ. 6 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʥʘʧʦʨʘ ʟʘ ʨʘʟʣʠʯʥʠ ʩʧʝʮʠʬʠʯʥʠ ʯʝʩʪʦʪʠ 
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ʌʠʛ. 7 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʜʝʙʠʪʘ ʟʘ ʨʘʟʣʠʯʥʠ ʩʧʝʮʠʬʠʯʥʠ ʯʝʩʪʦʪʠ 
 
ʆʪ ʌʠʛ. 6 ʩʝ ʚʠʞʜʘ, ʯʝ ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʟʘ ʦʪʥʦʰʝʥʠʷʪʘ ʥʘ ʥʘʧʦʨʠʪʝ ʩʲʚʧʘʜʘʪ ʩ 

ʢʨʠʚʘʪʘ, ʧʦʩʪʨʦʝʥʘ ʥʘ ʙʘʟʘ ʥʘ ʤʥʦʞʝʩʪʚʦ ʝʢʩʧʝʨʠʤʝʥʪʠ ʥʘ ʧʦʤʧʠ ʩ ʨʘʟʣʠʯʥʠ ʩʧʝʮʠʬʠʯʥʠ 
ʯʝʩʪʦʪʠ. ʇʨʠ ʌʠʛ. 7 ʨʘʟʤʠʥʘʚʘʥʝʪʦ ʚ ʨʝʟʫʣʪʘʪʠʪʝ ʩʝ ʜʲʣʞʠ ʥʘ ʬʘʢʪʘ, ʯʝ ʩʘ ʠʟʧʦʣʟʚʘʥʠ ʜʚʘ 
ʨʘʟʣʠʯʥʠ ʨʘʟʭʦʜʦʤʝʨʘ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʜʝʙʠʪʘ ʚ ʧʦʤʧʝʥ ʠ ʪʫʨʙʠʥʝʥ ʨʝʞʠʤ, ʥʦ ʪʦʚʘ 
ʨʘʟʤʠʥʘʚʘʥʝ ʝ ʚ ʜʦʧʫʩʪʠʤʘʪʘ ʛʨʘʥʠʮʘ ʦʪ Ñ5%. 

ɿʘʢʣʶʯʝʥʠʝ 
ʇʨʦʚʝʜʝʥʠ ʩʘ ʠʟʧʠʪʘʥʠʷ ʥʘ ʜʚʝ ʧʦʤʧʠ ʩ ʙʣʠʟʢʠ ʩʧʝʮʠʬʠʯʥʠ ʯʝʩʪʦʪʠ ʥʘ ʚʲʨʪʝʥʝ. 

ʇʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʟʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʧʦʤʧʠʪʝ ʚ ʪʫʨʙʠʥʝʥ ʠ ʧʦʤʧʝʥ ʨʝʞʠʤ ʩʝ 
ʜʦʙʣʠʞʘʚʘʪ ʜʦ ʩʨʘʚʥʷʚʘʥʠʪʝ ʤʦʜʝʣʠ. ʇʨʠ ʧʨʦʚʝʞʜʘʥʝ ʥʘ ʧʦʜʦʙʥʠ ʠʟʧʠʪʘʥʠʷ ʪʨʷʙʚʘ ʜʘ 
ʙʲʜʝ ʠʟʧʲʣʥʝʥʦ ʫʩʣʦʚʠʝʪʦ ʪʝ ʜʘ ʩʝ ʧʨʦʚʝʞʜʘʪ ʩ ʝʜʥʠ ʠ ʩʲʱʠ ʠʟʤʝʨʚʘʪʝʣʥʠ ʩʨʝʜʩʪʚʘ.  
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ʉʪʝʥʜ ʟʘ ʠʟʧʠʪʚʘʥʝ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠ ʟʘʪʚʦʨʠ 
 

ʎʚʝʪʘʥ ʎʘʣʦʚ 

 
ɺ ʨʘʙʦʪʘʪʘ ʝ ʧʨʝʜʩʪʘʚʝʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʥʘ ʥʦʚ ʤʦʜʝʣʝʥ ʮʠʣʠʥʜʨʠʯʝʥ ʟʘʪʚʦʨ ʟʘ 

ʩʪʝʥʜʘ ʟʘ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʟʘʪʚʦʨʥʠ ʩʲʦʨʲʞʝʥʠʷ ʚ ʣʘʙʦʨʘʪʦʨʠʷ ʍɽʍʊ ʥʘ ʊʋ-ʉʦʬʠʷ. 
ʆʧʠʩʘʥʘ ʝ ʣʘʙʦʨʘʪʦʨʥʘʪʘ ʫʨʝʜʙʘ ʟʘ ʥʝʛʦʚʦʪʦ ʠʟʩʣʝʜʚʘʥʝ. ʇʦʢʘʟʘʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠ ʦʪ 
ʧʨʦʚʝʜʝʥʠ ʠʟʩʣʝʜʚʘʥʠʷ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʜʝʙʠʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪ ʦʪ 
ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʦʪʚʘʨʷʥʝʪʦ ʥʘ ʟʘʪʚʦʨʘ. 

 
ʂʣʶʯʦʚʠ ʜʫʤʠ: ʮʠʣʠʥʜʨʠʯʝʥ ʟʘʪʚʦʨ, ʦʧʠʪʥʠ ʠʟʩʣʝʜʚʘʥʠʷ, ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʜʝʙʠʪʘ 
 

Fixed Cone Valve Test Rig 
 

Tsvetan Tsalov 

 
In this article is presented a new construction of a fixed cone valve (FCV), developed for the 

purpose of the test facility of gates at the HEHT laboratory in the Technical University of Sofia. It is 
presented as well the test rig and the experimentally obtained flow characteristics of the FCV. The 
results are presented in terms of FCV discharge coefficient as a function of the opening of the 
valve. 

 
Keywords: fixed cone valve, experimental study, discharge coefficient 
 
ɺʲʚʝʜʝʥʠʝ 
ʎʠʣʠʥʜʨʠʯʥʠʷʪ ʟʘʪʚʦʨ ʩʝ ʭʘʨʘʢʪʝʨʠʟʠʨʘ ʩ ʧʨʦʩʪʘ ʠ ʝʚʪʠʥʘ ʢʦʥʩʪʨʫʢʮʠʷ [2]. ʂʦʨʧʫʩʲʪ 

(ʌʠʛ. 1) ʧʨʝʜʩʪʘʚʣʷʚʘ ʪʨʲʙʘ, ʥʘ ʠʟʭʦʜʘ ʥʘ ʢʦʷʪʦ ʝ ʟʘʢʨʝʧʝʥ ʨʘʟʧʨʲʩʢʚʘʱʠʷʪ ʢʦʥʫʩ. 
ʈʝʙʨʘʪʘ, ʩʚʲʨʟʚʘʱʠ ʢʦʥʫʩʘ ʠ ʪʨʲʙʘʪʘ ʦʙʨʘʟʫʚʘʪ ʝʜʥʘʢʚʠ ʧʦ ʨʘʟʤʝʨ ʠʟʧʫʩʢʘʪʝʣʥʠ 
ʦʪʚʦʨʠ. ʇʦ ʪʷʣʦʪʦ ʥʘ ʢʦʨʧʫʩʘ ʩʝ ʧʣʲʟʛʘ ʚʪʫʣʢʘ (ʟʘʪʚʦʨ), ʩ ʢʦʷʪʦ ʤʦʞʝ ʜʘ ʩʝ ʧʨʦʤʝʥʷ 
ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʪʝʟʠ ʦʪʚʦʨʠ ʠ ʧʦ ʪʦʟʠ ʥʘʯʠʥ ʜʘ ʩʝ ʨʝʛʫʣʠʨʘʪ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʪʝʯʝʥʠʝʪʦ 
ʧʨʝʟ ʩʲʦʨʲʞʝʥʠʝʪʦ. ʇʨʠʥʮʠʧʲʪ ʤʫ ʥʘ ʨʘʙʦʪʘ ʩʝ ʨʘʟʣʠʯʘʚʘ ʦʪ ʪʦʟʠ ʥʘ ʜʨʫʛʠʪʝ ʟʘʪʚʦʨʥʠ 
ʩʲʦʨʲʞʝʥʠʷ. ʅʘ ʠʟʭʦʜʘ ʤʫ ʩʝ ʬʦʨʤʠʨʘ ʜʠʚʝʨʛʝʥʪʥʘ ʢʦʥʫʩʥʘ ʢʫʭʘ ʘʝʨʠʨʘʥʘ ʩʪʨʫʷ, ʚ ʢʦʷʪʦ 
ʢʠʥʝʪʠʯʥʘʪʘ ʝʥʝʨʛʠʷ ʩʝ ʨʘʟʩʝʡʚʘ [1]. ɺ ʥʷʢʦʠ 
ʢʦʥʩʪʨʫʢʮʠʠ, ʟʘ ʥʘʤʘʣʷʚʘʥʝʪʦ ʥʘ 
ʨʘʟʧʨʲʩʢʚʘʥʝʪʦ ʩʝ ʠʟʧʦʣʟʚʘ ʦʛʨʘʥʠʯʠʪʝʣ ʥʘ 
ʩʪʨʫʷʪʘ [7]. ɹʣʘʛʦʜʘʨʝʥʠʝ ʥʘ ʦʩʦʩʠʤʝʪʨʠʯʥʦʪʦ 
ʥʘʪʦʚʘʨʚʘʥʝ ʠ ʦʪʩʲʩʪʚʠʝʪʦ ʥʘ ʘʢʩʠʘʣʥʘ 
ʭʠʜʨʘʚʣʠʯʥʘ ʩʠʣʘ, ʨʝʛʫʣʠʨʘʱʦʪʦ ʫʩʠʣʠʝ ʝ 
ʤʘʣʢʦ. ʊʦʚʘ ʛʦ ʧʨʘʚʠ ʧʦʜʭʦʜʷʱ ʟʘ ʨʝʛʫʣʠʨʘʥʝ 
ʥʘ ʛʦʣʝʤʠ ʜʝʙʠʪʠ, ʪʲʡ ʢʘʪʦ ʩʪʦʡʥʦʩʪʪʘ ʥʘ 
ʥʝʛʦʚʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʜʝʙʠʪʘ ʝ ʛʦʣʷʤ. 
ʎʠʣʠʥʜʨʠʯʥʠʷʪ ʟʘʪʚʦʨ ʝ ʤʥʦʛʦ ʝʬʝʢʪʠʚʥʦ 

ʩʨʝʜʩʪʚʦ ʟʘ ʛʘʩʝʥʝ ʥʘ ʝʥʝʨʛʠʷ ʠ ʘʝʨʘʮʠʷ ʧʨʠ 
ʚʠʩʦʢʠ ʥʘʣʷʛʘʥʠʷ (ʜʦ 30 bar [7]) ʠ ʛʦʣʝʤʠ ʩʢʦʨʦʩʪʠ, 
ʢʘʪʦ ʧʦʟʚʦʣʷʚʘ ʧʨʝʮʠʟʥʦ ʨʝʛʫʣʠʨʘʥʝ ʚ ʮʝʣʠʷ 
ʜʠʘʧʘʟʦʥ ʥʘ ʦʪʚʘʨʷʥʠʷ [5, 6]. ʊʦʡ ʩʝ ʠʟʧʦʣʟʚʘ 
ʧʨʝʜʠʤʥʦ ʧʨʠ ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ, ʢʘʪʦ ʤʦʞʝ ʜʘ 
ʨʘʙʦʪʠ ʚ ʭʦʨʠʟʦʥʪʘʣʥʦ ʠ ʚʝʨʪʠʢʘʣʥʦ ʧʦʣʦʞʝʥʠʝ 
[8], ʥʦ ʧʦʥʷʢʦʛʘ ʩʝ ʤʦʥʪʠʨʘ ʠ ʩ ʥʘʢʣʦʥʝʥʘ ʦʩ. 
ʅʘʤʠʨʘ ʧʨʠʣʦʞʝʥʠʝ ʢʘʪʦ ʜʦʣʝʥ ʠʟʧʫʩʢʘʪʝʣ ʥʘ 

 
ʌʠʛ. 1 ʉʭʝʤʘ ʥʘ ʮʠʣʠʥʜʨʠʯʝʥ ʟʘʪʚʦʨ 
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ʷʟʦʚʠʨʠ, ʦʛʨʘʥʠʯʠʪʝʣ ʥʘ ʥʘʣʷʛʘʥʝ ʚʲʚ ɺɽʎ, ʥʘʧʦʠʪʝʣʥʠ 
ʩʠʩʪʝʤʠ, ʧʨʝʯʠʩʪʚʘʪʝʣʥʠ ʩʪʘʥʮʠʠ ʠ ʜʨ. [8]. 
ʈʘʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ ʥʦʚ ʮʠʣʠʥʜʨʠʯʝʥ ʟʘʪʚʦʨ ʝ 

ʩʚʲʨʟʘʥʦ ʩ ʨʘʟʚʠʪʠʝʪʦ ʥʘ ʣʘʙʦʨʘʪʦʨʠʷ ʍɽʍʊ ʧʨʠ 
ʊʝʭʥʠʯʝʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ ï ʉʦʬʠʷ. ʊʦʡ ʝ ʥʝʦʙʭʦʜʠʤ ʟʘ 
ʫʯʝʙʥʘʪʘ ʠ ʠʟʩʣʝʜʦʚʘʪʝʣʩʢʘʪʘ ʨʘʙʦʪʘ ʚ ʣʘʙʦʨʘʪʦʨʠʷʪʘ ʠ 
ʱʝ ʟʘʤʝʥʠ ʤʦʜʝʣʘ ʦʪ ʩʪʘʨʘʪʘ ʣʘʙʦʨʘʪʦʨʠʷ, ʢʘʪʦ ʱʝ ʜʘʜʝ 
ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʨʘʟʰʠʨʷʚʘʥʝ ʥʘ ʢʨʲʛʘ ʦʪ ʧʨʦʚʝʞʜʘʥʠʪʝ 
ʠʟʩʣʝʜʚʘʥʠʷ. 

ʄʦʜʝʣʝʥ ʟʘʪʚʦʨ 
ʄʦʜʝʣʥʠʷʪ ʮʠʣʠʥʜʨʠʯʝʥ ʟʘʪʚʦʨ ʝ ʧʨʝʜʥʘʟʥʘʯʝʥ ʟʘ 

ʠʟʩʣʝʜʚʘʥʝ ʧʨʠ ʨʘʙʦʪʘ ʩ ʚʲʟʜʫʭ, ʩʣʝʜʚʘʡʢʠ ʪʨʘʜʠʮʠʠʪʝ ʚ 
ʣʘʙʦʨʘʪʦʨʠʷʪʘ [8]. ʇʦ ʪʘʟʠ ʧʨʠʯʠʥʘ ʧʨʦʝʢʪʥʠʪʝ ʤʫ 
ʧʘʨʘʤʝʪʨʠ ʩʘ ʩʲʦʙʨʘʟʝʥʠ ʩ ʚʲʟʤʦʞʥʦʩʪʠʪʝ ʥʘ 
ʚʝʥʪʠʣʘʪʦʨʘ ʦʪ ʩʪʝʥʜ ˉ 6 ʚ ʣʘʙʦʨʘʪʦʨʠʷ ʍɽʍʊ [3]. 
ʋʩʣʦʚʥʠʷʪ ʜʠʘʤʝʪʲʨ ʥʘ ʟʘʪʚʦʨʘ ʝ 100 mm, ʢʦʝʪʦ 
ʧʦʟʚʦʣʷʚʘ ʠʟʩʣʝʜʚʘʥʠʷ ʧʨʠ ʩʢʦʨʦʩʪʠ ʥʘ ʠʟʪʠʯʘʥʝ ʜʦ 
40 m/s. ʀʟʧʲʣʥʝʥʠʝʪʦ ʝ ʟʘ ʚʝʨʪʠʢʘʣʝʥ ʤʦʥʪʘʞ, ʘ 
ʧʨʠʩʲʝʜʠʥʷʚʘʥʝʪʦ ʢʲʤ ʪʨʲʙʦʧʨʦʚʦʜʘ ʝ ʩ ʬʣʘʥʝʮ. 
ɽʜʠʥ ʦʪ ʦʩʥʦʚʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʚʣʠʷʝʱ ʚʲʨʭʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠʷ ʟʘʪʚʦʨ ʝ ʲʛʲʣʲʪ ʧʨʠ 
ʚʲʨʭʘ ʥʘ ʨʘʟʧʨʲʩʢʚʘʱʠʷ ʢʦʥʫʩ. ɿʘ ʦʩʠʛʫʨʷʚʘʥʝʪʦ ʥʘ 
ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʠʟʩʣʝʜʚʘʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʠ ʲʛʣʠ, 
ʢʦʥʩʪʨʫʢʮʠʷʪʘ ʥʘ ʟʘʪʚʦʨʘ ʝ ʨʘʟʨʘʙʦʪʝʥʘ ʩʲʩ ʩʤʝʥʷʝʤ 
ʨʘʟʧʨʲʩʢʚʘʱ ʢʦʥʫʩ. ʅʘ ʌʠʛ. 2 ʛʦʨʝ ʝ ʧʦʢʘʟʘʥ ʨʘʟʨʝʟ ʥʘ 
ʟʘʪʚʦʨʘ, ʘ ʜʦʣʫ ʬʦʪʦʛʨʘʬʠʷ ʥʘ ʢʦʨʧʫʩʘ ʥʘ ʟʘʪʚʦʨʘ ʧʨʝʜʠ 
ʦʙʨʘʙʦʪʚʘʥʝʪʦ ʥʘ ʥʘʧʨʘʚʣʷʚʘʱʠʪʝ ʟʘ ʟʘʪʚʘʨʷʱʘʪʘ 
ʚʪʫʣʢʘ. 
ʂʦʨʧʫʩʲʪ ʥʘ ʟʘʪʚʦʨʘ ʝ ʟʘʚʘʨʝʥʘ ʢʦʥʩʪʨʫʢʮʠʷ. ʊʦʡ ʝ 

ʠʟʨʘʙʦʪʝʥ ʦʪ ʩʪʦʤʘʥʝʥʘ ʪʨʲʙʘ, ʚʲʪʨʝ ʚ ʢʦʷʪʦ ʩ ʪʨʠ ʨʝʙʨʘ 
ʝ ʟʘʢʨʝʧʝʥʦ ʮʝʥʪʨʘʣʥʦ ʪʷʣʦ, ʚ ʢʨʘʷ ʥʘ ʢʦʝʪʦ ʠʤʘ ʦʪʚʦʨ 
ʟʘ ʬʠʢʩʠʨʘʥʝ ʥʘ ʨʘʟʧʨʲʩʢʚʘʱʠʷ ʢʦʥʫʩ. ʉʣʝʜ ʠʟʭʦʜʘ ʦʪ 
ʪʨʲʙʘʪʘ ʨʝʙʨʘʪʘ ʩʝ ʨʘʟʰʠʨʷʚʘʪ ʨʘʜʠʘʣʥʦ. ɺ ʪʘʟʠ ʯʘʩʪ ʪʝ 
ʩʘ ʦʙʨʘʙʦʪʝʥʠ ʩʲʚʤʝʩʪʥʦ ʩ ʥʘʧʨʘʚʣʷʚʘʱʘʪʘ ʧʦʚʲʨʭʥʠʥʘ 
ʟʘ ʚʦʜʝʥʝ ʥʘ ʟʘʪʚʘʨʷʱʘʪʘ ʚʪʫʣʢʘ. ʇʦ ʪʦʟʠ ʥʘʯʠʥ ʪʝ 
ʧʦʟʚʦʣʷʚʘʪ ʜʘ ʙʲʜʝ ʥʘʤʘʣʝʥʘ ʥʝʡʥʘʪʘ ʜʲʣʞʠʥʘ ʠ 
ʧʨʝʜʦʪʚʨʘʪʷʚʘʪ ʟʘʢʣʠʥʚʘʥʝ ʧʨʠ ʥʝʡʥʦʪʦ ʜʚʠʞʝʥʠʝ. 
ɺʭʦʜʷʱʠʪʝ ʯʘʩʪʠ ʥʘ ʨʝʙʨʘʪʘ ʩʘ ʧʨʦʬʠʣʠʨʘʥʠ ʟʘ 
ʥʘʤʘʣʷʚʘʥʝ ʥʘ ʭʠʜʨʘʚʣʠʯʥʠʪʝ ʟʘʛʫʙʠ. 
ʈʘʟʧʨʲʩʢʚʘʱʠʷʪ ʢʦʥʫʩ ʝ ʠʟʨʘʙʦʪʝʥ ʦʪ ʘʣʫʤʠʥʠʝʚʘ 

ʩʧʣʘʚ. ʊʦʡ ʝ ʢʫʭ, ʟʘ ʜʘ ʩʝ ʫʣʝʩʥʠ ʠʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ 
ʦʪʚʦʨʠ ʟʘ ʠʟʤʝʨʚʘʥʝ ʧʨʠ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʨʘʟʧʨʝʜʝ-
ʣʝʥʠʝʪʦ ʥʘ ʥʘʣʷʛʘʥʝʪʦ ʧʦ ʨʘʙʦʪʥʘʪʘ ʤʫ ʧʦʚʲʨʭʥʦʩʪ. ʇʦ 
ʚʲʥʰʥʘʪʘ ʤʫ ʧʦʚʲʨʭʥʦʩʪ ʩʘ ʬʨʝʟʦʚʘʥʠ ʢʘʥʘʣʠ, ʚ ʢʦʠʪʦ 
ʧʨʠ ʩʛʣʦʙʷʚʘʥʝ ʚʣʠʟʘʪ ʨʝʙʨʘʪʘ ʥʘ ʢʦʨʧʫʩʘ. ɿʘʢʨʝʧʚʘʥʝʪʦ 
ʢʲʤ ʢʦʨʧʫʩʘ ʩʪʘʚʘ ʧʦ ʦʩʪʘ ʩ ʚʠʥʪ ʧʨʝʟ ʮʝʥʪʨʘʣʝʥ ʦʪʚʦʨ. 

ʒʛʲʣʲʪ ʧʨʠ ʚʲʨʭʘ ʥʘ ʢʦʥʫʩʘ ʝ ɻ = 90Á. ʊʦʚʘ ʝ ʦʙʠʢʥʦʚʝʥʦ 

ʠʟʧʦʣʟʚʘʥʠʷ ʲʛʲʣ ʧʨʠ ʮʠʣʠʥʜʨʠʯʥʠ ʟʘʪʚʦʨʠ, ʪʲʡ ʢʘʪʦ ʧʨʠ 
ʤʘʣʢʠ ʲʛʣʠ ʩʝ ʧʦʣʫʯʘʚʘ ʚʘʢʫʫʤ ʧʨʠ ʦʩʥʦʚʘʪʘ ʥʘ ʢʦʥʫʩʘ, ʘ 
ʧʨʠ ʤʥʦʛʦ ʛʦʣʝʤʠ ï ʨʘʟʧʨʲʩʢʚʘʥʝʪʦ ʥʘ ʩʪʨʫʷʪʘ ʝ 
ʧʨʝʢʘʣʝʥʦ ʛʦʣʷʤʦ [4]. 

 

 
ʌʠʛ. 2 ʄʦʜʝʣʝʥ ʮʠʣʠʥʜʨʠʯʝʥ 

ʟʘʪʚʦʨ 
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ɿʘʪʚʦʨʲʪ (ʟʘʪʚʘʨʷʱʘʪʘ ʚʪʫʣʢʘ) ʝ ʠʟʨʘʙʦʪʝʥ ʦʪ ʩʪʦʤʘʥʝʥʘ ʪʨʲʙʘ. ɺ ʜʚʘʪʘ Ⱬ ʢʨʘʷ ʩʘ 
ʦʬʦʨʤʝʥʠ ʧʦʷʩʠ, ʚ ʢʦʠʪʦ ʩʘ ʠʟʨʘʙʦʪʝʥʠ ʧʦ ʯʝʪʠʨʠ ʨʘʜʠʘʣʥʠ ʦʪʚʦʨʘ ʟʘ ʩʚʲʨʟʚʘʥʝ ʥʘ 
ʟʘʜʚʠʞʚʘʥʝʪʦ ʠ ʩʠʩʪʝʤʘʪʘ ʟʘ ʫʧʨʘʚʣʝʥʠʝ. 

ʇʨʠ ʦʧʨʝʜʝʣʷʥʝʪʦ ʥʘ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʦʪʚʦʨʘ ʥʘ ʠʟʭʦʜʘ ʥʘ ʢʦʨʧʫʩʘ s
v
 (ʌʠʛ. 1), ʚʦʜʝʱʠʪʝ 

ʩʲʦʙʨʘʞʝʥʠʷ ʩʘ: 

ʆʩʠʛʫʨʷʚʘʥʝ ʥʘ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʦʪʚʘʨʷʥʝ s
m
, ʛʘʨʘʥʪʠʨʘʱʦ, ʯʝ ʧʣʦʱʪʘ ʥʘ ʠʟʭʦʜʷʱʦʪʦ 

ʩʝʯʝʥʠʝ ʱʝ ʝ ʧʦ-ʛʦʣʷʤʘ ʦʪ ʧʣʦʱʪʘ ʥʘ ʚʭʦʜʥʦʪʦ. 
ʀʟʙʷʛʚʘʥʝ ʚʣʠʷʥʠʝʪʦ ʥʘ ʜʝʙʝʣʠʥʘʪʘ ʥʘ ʢʦʨʧʫʩʘ ʚʲʨʭʫ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʪʝʯʝʥʠʝʪʦ ʚ ʟʦʥʘʪʘ 

ʥʘ ʠʟʭʦʜʘ [8] ʧʨʠ ʛʦʣʝʤʠʥʠ ʥʘ ʦʪʚʘʨʷʥʝʪʦ, ʧʦ-ʤʘʣʢʠ ʦʪ s
m
. 

ɻʦʣʝʤʠʥʘʪʘ ʥʘ ʦʪʚʘʨʷʥʝʪʦ s
m
, ʟʘʚʠʩʠ ʦʪ ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ ʟʘʪʚʦʨʘ ʠ ʤʦʞʝ ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ 

ʧʦ ʟʘʚʠʩʠʤʦʩʪʪʘ: 

 ί Ὀ Ὀ Ὠ Ὀ Ὠὧέί, (1)  

ʢʲʜʝʪʦ: 

ɻ ï ʲʛʲʣ ʧʨʠ ʚʲʨʭʘ ʥʘ ʨʘʟʧʨʲʩʢʚʘʱʠʷ ʢʦʥʫʩ; 

D
0
 = 104 mm ï ʜʠʘʤʝʪʲʨ ʥʘ ʚʭʦʜʘ; 

D
1
 = 112 mm ï ʜʠʘʤʝʪʲʨ ʥʘ ʟʘʪʚʘʨʷʱʘʪʘ ʚʪʫʣʢʘ; 

d = 12 mm ï ʜʠʘʤʝʪʲʨ ʥʘ ʮʝʥʪʨʘʣʥʦʪʦ ʪʷʣʦ ʥʘ ʢʦʨʧʫʩʘ; 

z = 3 ï ʙʨʦʡ ʥʘ ʨʝʙʨʘʪʘ; 

ɿ = 4 mm ï ʜʝʙʝʣʠʥʘ ʥʘ ʨʝʙʨʘʪʘ. 

ʀʥʪʝʨʝʩ ʟʘ ʠʟʩʣʝʜʚʘʥʝ ʧʨʝʜʩʪʘʚʣʷʚʘʪ ʟʘʪʚʦʨʠ ʩ ʲʛʲʣ ʥʘ ʢʦʥʫʩʘ ʦʪ 70 ʜʦ 120Á. ɺ ʪʦʟʠ 

ʜʠʘʧʘʟʦʥ, ʠʟʤʝʥʝʥʠʝʪʦ ʥʘ ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ s
m
, ʦʧʨʝʜʝʣʝʥʠ ʧʦ ʫʨʘʚʥ. (1), ʝ ʧʦʢʘʟʘʥʦ ʚ ʊʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1 

ʄʠʥʠʤʘʣʥʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʦʪʚʘʨʷʥʝ s
m
, ʧʨʠ ʨʘʟʣʠʯʥʠ ʲʛʣʠ ʥʘ ʨʘʟʧʨʲʩʢʚʘʱʠʷ ʢʦʥʫʩ 

ɻ, deg 70 80 90 100 110 120 

s
m, mm 48.8 42.6 37.9 34.2 31.3 28.9 

 

ɿʘ ʛʦʣʝʤʠʥʘ ʥʘ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʦʪʚʦʨʠʪʝ ʚ ʠʟʭʦʜʘ ʥʘ ʢʦʨʧʫʩʘ ʝ ʧʨʠʝʪʦ s
v
 = 50 mm. ʇʨʠ 

ʪʘʟʠ ʛʦʣʝʤʠʥʘ, ʚʣʠʷʥʠʝʪʦ ʥʘ ʜʝʙʝʣʠʥʘʪʘ ʥʘ ʩʪʝʥʘʪʘ ʥʘ ʢʦʨʧʫʩʘ ʱʝ ʦʢʘʟʚʘ ʚʣʠʷʥʠʝ ʧʨʠ 
ʤʘʢʩʠʤʘʣʥʦ ʦʪʚʘʨʷʥʝ ʩʘʤʦ ʧʨʠ ʨʘʟʧʨʲʩʢʚʘʱʠ ʢʦʥʫʩʠ ʩ ʲʛʲʣ ʧʦ-ʤʘʣʲʢ ʦʪ 80Á. 
ʂʦʝʬʠʮʠʝʥʪʲʪ ʥʘ ʩʪʝʩʥʝʥʠʝ ʥʘ ʩʝʯʝʥʠʝʪʦ ʚ ʢʦʨʧʫʩʘ, ʧʨʝʜʠʟʚʠʢʘʥʦ ʦʪ ʨʝʙʨʘʪʘ ʠ 

ʮʝʥʪʨʘʣʥʦʪʦ ʪʷʣʦ ʝ 0.922. 
ɿʘʜʚʠʞʚʘʥʝʪʦ ʥʘ ʟʘʪʚʦʨʘ ʝ ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʥʦ. ʆʩʲʱʝʩʪʚʝʥʦ ʝ ʩʲʩ ʩʝʨʚʦʤʦʪʦʨ ʪʠʧ 

ɽʆʈʂʄʆ41/4ɸ ʩ ʤʦʱʥʦʩʪ 40 W ʠ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʨʲʯʥʦ ʧʦʟʠʮʠʦʥʠʨʘʥʝ. ʄʘʢʩʠʤʘʣʥʘʪʘ 
ʩʪʦʡʥʦʩʪ ʥʘ ʨʘʙʦʪʥʠʷ ʤʫ ʭʦʜ ʝ 45 mm. ʉ ʮʝʣ ʤʘʢʩʠʤʘʣʥʦ ʨʘʟʰʠʨʷʚʘʥʝ ʥʘ ʦʙʭʚʘʪʘ ʥʘ 
ʠʟʩʣʝʜʚʘʥʠʷ, ʥʘ ʩʲʱʘʪʘ ʩʪʦʡʥʦʩʪ ʝ ʥʘʩʪʨʦʝʥʦ ʠ ʤʘʢʩʠʤʘʣʥʦʪʦ ʦʪʚʘʨʷʥʝ ʥʘ ʟʘʪʚʦʨʘ ï 

s
max

 = 45 mm. ʉʢʦʨʦʩʪʪʘ ʥʘ ʜʚʠʞʝʥʠʝ ʥʘ ʨʝʛʫʣʠʨʘʱʠʷ ʤʫ ʝʣʝʤʝʥʪ ʝ ʤʥʦʛʦ ʥʠʩʢʘ, ʢʦʝʪʦ 

ʥʘʣʦʞʠ ʤʦʜʠʬʠʮʠʨʘʥʝ ʥʘ ʪʨʘʥʩʤʠʩʠʷʪʘ. ʉʢʦʨʦʩʪʪʘ ʥʘ ʜʚʠʞʝʥʠʝ ʩʣʝʜ ʧʨʦʤʷʥʘʪʘ ʝ 
0.75 mm/s. 
ʊʲʡ ʢʘʪʦ ʛʘʙʘʨʠʪʠʪʝ ʥʘ ʟʘʜʚʠʞʚʘʥʝʪʦ ʩʘ ʛʦʣʝʤʠ, ʤʦʥʪʠʨʘʥʝʪʦ ʚʲʨʭʫ ʢʦʨʧʫʩʘ ʥʘ ʟʘʪʚʦʨʘ 

ʝ ʟʘʪʨʫʜʥʝʥʦ. ʇʦ ʪʘʟʠ ʧʨʠʯʠʥʘ ʟʘʪʚʦʨʲʪ, ʩʠʩʪʝʤʘʪʘ ʟʘ ʟʘʜʚʠʞʚʘʥʝ ʠ ʧʨʝʜʧʘʟʥʠʪʝ ʝʣʝʤʝʥʪʠ 
ʩʘ ʤʦʥʪʠʨʘʥʠ ʚʲʨʭʫ ʧʣʘʪʬʦʨʤʘ. ɿʘʪʚʘʨʷʱʘʪʘ ʚʪʫʣʢʘ ʥʘ ʟʘʪʚʦʨʘ ʝ ʩʚʲʨʟʘʥʘ ʩʲʩ ʩʠʩʪʝʤʘʪʘ 
ʟʘ ʟʘʜʚʠʞʚʘʥʝ ʩ ʝʣʝʤʝʥʪʠ, ʧʦʟʚʦʣʷʚʘʱʠ ʥʘʩʪʨʦʡʚʘʥʝ ʥʘ ʧʦʣʦʞʝʥʠʝʪʦ Ⱬ. ʅʘ ʧʣʘʪʬʦʨʤʘʪʘ ʝ 
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ʠʟʚʝʜʝʥ ʠ ʧʦʢʘʟʘʣʝʮ ʥʘ ʦʪʚʘʨʷʥʝʪʦ. ʅʘ 
ʌʠʛ. 3 ʠ ʌʠʛ. 4 ʩʘ ʧʦʢʘʟʘʥʠ ʬʦʪʦʛʨʘʬʠʠ ʥʘ 
ʤʦʜʝʣʥʠʷ ʙʣʦʢ. 

ʆʧʠʪʥʘ ʫʨʝʜʙʘ 

ʉʭʝʤʘ ʥʘ ʦʧʠʪʥʘʪʘ ʫʨʝʜʙʘ ʝ ʧʦʢʘʟʘʥʘ ʥʘ 
ʌʠʛ. 5. ʄʦʜʝʣʥʠʷʪ ʙʣʦʢ, ʩʲʩʪʦʷʱ ʩʝ ʦʪ 
ʟʘʪʚʦʨʘ ï ʧʦʟ. 8 ʠ ʩʠʩʪʝʤʘʪʘ ʟʘ ʟʘʜʚʠʞʚʘʥʝ 
ʠ ʫʧʨʘʚʣʝʥʠʝ ï ʧʦʟ. 10, ʝ ʩʚʲʨʟʘʥ ʚ 
ʦʪʢʣʦʥʝʥʠʝʪʦ ï ʧʦʟ. 9 ʢʲʤ ʛʦʨʥʘʪʘ ʥʘʧʦʨʥʘ ʪʨʲʙʘ ʥʘ ʩʪʝʥʜ ˉ 6 ï ʧʦʟ. 3, ʯʠʡʪʦ ʜʠʘʤʝʪʲʨ ʝ 

D
t
 = 190 mm [3]. ʇʘʨʘʤʝʪʨʠʪʝ ʥʘ ʪʝʯʝʥʠʝʪʦ ʥʘ ʚʭʦʜʘ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠʷ ʟʘʪʚʦʨ ʩʝ ʦʩʠʛʫʨʷʚʘʪ 

ʦʪ ʮʝʥʪʨʦʙʝʞʥʠʷ ʚʝʥʪʠʣʘʪʦʨ, ʤʦʜʝʣ ɺɺʅ-8 ï ʧʦʟ. 1. ʊʷʭʥʦʪʦ ʨʝʛʫʣʠʨʘʥʝ ʤʦʞʝ ʜʘ ʩʝ 
ʦʩʲʱʝʩʪʚʠ ʠʣʠ ʯʨʝʟ ʜʨʦʩʝʣʠʨʘʥʝ ʩ ʜʠʩʢʦʚʠʷ ʟʘʪʚʦʨ ï ʧʦʟ. 2 ʠʣʠ ʯʨʝʟ ʧʨʦʤʷʥʘ ʥʘ ʯʝʩʪʦʪʘʪʘ 
ʥʘ ʚʲʨʪʝʥʝ ʥʘ ʚʝʥʪʠʣʘʪʦʨʘ. ɿʘ ʥʦʨʤʘʣʥʦ ʧʨʦʚʝʞʜʘʥʝ ʥʘ ʠʟʩʣʝʜʚʘʥʝʪʦ ʝ ʥʝʦʙʭʦʜʠʤʦ ʢʨʘʷʪ 
ʥʘ ʥʘʧʦʨʥʠʷ ʪʨʲʙʦʧʨʦʚʦʜ ï ʧʦʟ. 3 ʜʘ ʙʲʜʝ ʭʝʨʤʝʪʠʯʥʦ ʟʘʪʚʦʨʝʥ ʩ ʪʘʧʘʪʘ ï ʧʦʟ. 7. 

 

ʌʠʛ. 3 ʄʦʜʝʣʝʥ ʟʘʪʚʦʨ 

 

ʌʠʛ. 4 ʄʦʜʝʣʝʥ ʙʣʦʢ 

 

ʌʠʛ. 5 ʉʭʝʤʘ ʥʘ ʦʧʠʪʥʘʪʘ ʫʨʝʜʙʘ 
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D
t
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ʆʧʨʝʜʝʣʷʥʝʪʦ ʥʘ ʜʝʙʠʪʘ ʧʨʝʟ ʟʘʪʚʦʨʘ ʩʝ ʧʨʘʚʠ ʧʦ ʤʝʪʦʜʘ ʩʢʦʨʦʩʪ ʧʦ ʧʣʦʱ, ʩʲʛʣʘʩʥʦ ISO 3966. 
ɿʘ ʮʝʣʪʘ ʩʝ ʠʟʧʦʣʟʚʘ ʩʢʦʨʦʩʪʦʤʝʨʥʘʪʘ ʪʨʲʙʘ ï ʧʦʟ. 5, ʧʦʩʪʘʚʝʥʘ ʚ ʥʘʧʦʨʥʠʷ ʪʨʲʙʦʧʨʦʚʦʜ. 

ɻʦʣʝʤʠʥʘʪʘ ʥʘ ʜʠʥʘʤʠʯʥʦʪʦ ʥʘʣʷʛʘʥʝ ɝh, ʩ ʢʦʝʪʦ ʩʝ ʦʧʨʝʜʝʣʷ ʩʨʝʜʥʘʪʘ ʩʢʦʨʦʩʪ ʚ 
ʪʨʲʙʦʧʨʦʚʦʜʘ ʩʝ ʠʟʤʝʨʚʘ ʩ ʜʠʬʝʨʝʥʮʠʘʣʥʠʷ ʤʠʢʨʦʤʘʥʦʤʝʪʲʨ ï ʧʦʟ. 4. ʉʪʘʪʠʯʥʦʪʦ ʥʘʣʷʛʘʥʝ ʥʘ 
ʚʭʦʜʘ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠʷ ʟʘʪʚʦʨ h

st
 ʩʝ ʠʟʤʝʨʚʘ ʩ ʤʠʢʨʦʤʘʥʦʤʝʪʲʨʘ ï ʧʦʟ. 6. ɻʦʣʝʤʠʥʘʪʘ ʥʘ 

ʦʪʚʘʨʷʥʝʪʦ ʥʘ ʟʘʪʚʦʨʘ s ʩʝ ʦʪʯʠʪʘ ʦʪ ʧʦʢʘʟʘʣʝʮʘ, ʤʦʥʪʠʨʘʥ ʢʲʤ ʟʘʪʚʘʨʷʱʘʪʘ ʚʪʫʣʢʘ. 

ʆʧʠʪʥʠ ʠʟʩʣʝʜʚʘʥʠʷ 
ʉ ʮʠʣʠʥʜʨʠʯʥʠʷ ʟʘʪʚʦʨ ʩʘ ʧʨʦʚʝʜʝʥʠ ʠʟʩʣʝʜʚʘʥʠʷ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ 

ʤʫ. ɿʘ ʤʥʦʞʝʩʪʚʦ ʦʪ ʦʪʥʦʩʠʪʝʣʥʠ ʦʪʚʘʨʷʥʠʷ s
0
 = s/ s

max
 ʩʝ ʟʘʜʘʚʘʪ ʨʘʟʣʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ 

ʚʭʦʜʘ ʤʫ. ɿʘ ʚʩʝʢʠ ʦʪ ʪʝʟʠ ʨʝʞʠʤʠ ʩʝ ʦʧʨʝʜʝʣʷʪ ʧʘʜʘ ʥʘ ʥʘʣʷʛʘʥʝ p ʠ ʜʝʙʠʪʘ Q ʧʨʝʟ ʥʝʛʦ. 
ʅʘ ʌʠʛ. 6 ʩʘ ʧʦʢʘʟʘʥʠ ʧʦʣʫʯʝʥʠʪʝ ʩʲʧʨʦʪʠʚʠʪʝʣʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʆʪ ʪʷʭ ʷʩʥʦ ʩʝ ʚʠʞʜʘ, ʯʝ 
ʩʲʧʨʦʪʠʚʣʝʥʠʝʪʦ ʥʘ ʟʘʪʚʦʨʘ ʥʘʤʘʣʷʚʘ ʩ ʫʚʝʣʠʯʘʚʘʥʝʪʦ ʥʘ ʦʪʥʦʩʠʪʝʣʥʦʪʦ ʦʪʚʘʨʷʥʝ. ʊʦ 
ʩʪʘʚʘ ʥʘʡ-ʤʘʣʢʦ ʧʨʠ s

0
 = 0.78, ʩʣʝʜ ʢʦʝʪʦ ʦʪʥʦʚʦ ʩʝ ʫʚʝʣʠʯʘʚʘ. ʇʨʠ ʥʘʡ-ʛʦʣʝʤʠʪʝ 

ʠʟʩʣʝʜʚʘʥʠ ʦʪʚʘʨʷʥʠʷ s
0
 = 0.89 ʠ s

0
 = 1 ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʩʲʚʧʘʜʘʪ. ʇʦʩʣʝʜʥʦʪʦ 

ʧʦʪʚʲʨʞʜʘʚʘ ʧʨʘʚʠʣʥʦʩʪʪʘ ʥʘ ʠʟʙʦʨʘ ʥʘ ʚʠʩʦʯʠʥʘʪʘ s
v
 ʥʘ ʠʟʭʦʜʘ ʥʘ ʢʦʨʧʫʩʘ ʥʘ ʟʘʪʚʦʨʘ ʠ 

ʤʘʢʩʠʤʘʣʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ ʦʪʚʘʨʷʥʝʪʦ ʤʫ s
max

. 

ɿʘ ʚʩʝʢʠ ʨʝʞʠʤ ʩʝ ʦʧʨʝʜʝʣʷ ʢʦʝʬʠʮʠʝʥʪʲʪ ʥʘ ʜʝʙʠʪʘ А
i
, ʧʦ ʟʘʚʠʩʠʤʦʩʪʪʘ [8]: 

 ‘     , 
(2) 

ʢʲʜʝʪʦ ʍ
a
 ʝ ʧʣʲʪʥʦʩʪʪʘ ʥʘ ʚʲʟʜʫʭʘ. 

ʇʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʚʘʪ, ʯʝ ʢʦʝʬʠʮʠʝʥʪʲʪ ʥʘ ʜʝʙʠʪʘ ʥʝ ʟʘʚʠʩʠ ʦʪ ʧʘʜʘ ʥʘ 
ʥʘʣʷʛʘʥʝ ʧʨʝʟ ʟʘʪʚʦʨʘ, ʘ ʩʘʤʦ ʦʪ ʥʝʛʦʚʦʪʦ ʦʪʚʘʨʷʥʝ. ʊʦʚʘ ʜʘʚʘ ʦʩʥʦʚʘʥʠʝ ʟʘ ʢʦʝʬʠʮʠʝʥʪ ʥʘ 
ʜʝʙʠʪʘ ʧʨʝʟ ʟʘʪʚʦʨʘ ʟʘ ʦʧʨʝʜʝʣʝʥʦ ʦʪʚʘʨʷʥʝ ʜʘ ʩʝ ʧʨʠʝʤʝ ʩʨʝʜʥʘʪʘ ʩʪʦʡʥʦʩʪ ʦʪ 
ʧʦʣʫʯʝʥʠʪʝ ʟʘ ʨʘʟʣʠʯʥʠʪʝ ʨʝʞʠʤʠ ʧʨʠ ʪʦʚʘ ʦʪʚʘʨʷʥʝ. ʅʘ ʌʠʛ. 7 ʩʘ ʧʦʢʘʟʘʥʠ ʧʦʣʫʯʝʥʠʪʝ 
ʨʝʟʫʣʪʘʪʠ ʟʘ ʠʟʤʝʥʝʥʠʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʜʝʙʠʪʘ А ʚ ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʦʪʥʦʩʠʪʝʣʥʦʪʦ 
ʦʪʚʘʨʷʥʝ ʥʘ ʟʘʪʚʦʨʘ s

0
 ʧʨʠ ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ. 

 
ʌʠʛ. 6 ʉʲʧʨʦʪʠʚʠʪʝʣʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠʷ ʟʘʪʚʦʨ 
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ɿʘʢʣʶʯʝʥʠʝ 
ʈʝʟʫʣʪʘʪʠʪʝ ʦʪ ʧʨʦʚʝʜʝʥʠʪʝ ʠʟʩʣʝʜʚʘʥʠʷ ʜʘʚʘʪ ʦʩʥʦʚʘʥʠʝ ʜʘ ʙʲʜʘʪ ʥʘʧʨʘʚʝʥʠ 

ʩʣʝʜʥʠʪʝ ʧʦ-ʚʘʞʥʠ ʠʟʚʦʜʠ: 
1. ʈʘʟʨʘʙʦʪʝʥʘ ʝ ʢʦʥʩʪʨʫʢʮʠʷ ʥʘ ʤʦʜʝʣʝʥ ʮʠʣʠʥʜʨʠʯʝʥ ʟʘʪʚʦʨ, ʢʦʷʪʦ ʧʦʟʚʦʣʷʚʘ ʜʘ ʙʲʜʘʪ 
ʤʦʥʪʠʨʘʥʠ ʨʘʟʧʨʲʩʢʚʘʱʠ ʢʦʥʫʩʠ ʩ ʨʘʟʣʠʯʥʠ ʲʛʣʠ. 

2. ʈʘʟʨʘʙʦʪʝʥʘ ʝ ʭʠʜʨʘʚʣʠʯʥʘ ʩʭʝʤʘ ʥʘ ʦʧʠʪʥʘ ʫʨʝʜʙʘ ʟʘ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠ 
ʟʘʪʚʦʨʠ. ʄʦʜʝʣʥʠʷ ʙʣʦʢ ʧʦʟʚʦʣʷʚʘ ʜʘ ʙʲʜʘʪ ʧʨʦʚʝʞʜʘʥʠ ʰʠʨʦʢ ʢʨʲʛ ʦʪ ʠʟʩʣʝʜʚʘʥʠʷ. 

3. ʇʨʦʚʝʜʝʥʠ ʩʘ ʦʧʠʪʥʠ ʠʟʩʣʝʜʚʘʥʠʷ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʜʝʙʠʪʘ ʧʨʠ 
ʩʚʦʙʦʜʥʦ ʠʟʪʠʯʘʥʝ ʚ ʘʪʤʦʩʬʝʨʘʪʘ. 

4. ʄʘʢʩʠʤʘʣʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʜʝʙʠʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʠʷ ʟʘʪʚʦʨ, ʩ ʲʛʲʣ ʥʘ 
ʨʘʟʧʨʲʩʢʚʘʱʠʷ ʢʦʥʫʩ 90Á, ʝ А = 0.8. ʊʷ ʝ ʧʦʣʫʯʝʥʘ ʧʨʠ ʦʪʥʦʩʠʪʝʣʥʦ ʦʪʚʘʨʷʥʝ ʥʘ ʟʘʪʚʦʨʘ 
s

0
 = 0.78. 

5. ʀʟʤʝʥʝʥʠʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʘ ʥʘ ʜʝʙʠʪʘ ʚ ʠʥʪʝʨʚʘʣʘ ʥʘ ʦʪʥʦʩʠʪʝʣʥʠ ʦʪʚʘʨʷʥʠʷ ʦʪ 0.1 
ʜʦ 0.75 ʝ ʙʣʠʟʢʦ ʜʦ ʣʠʥʝʡʥʦ. 
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Eʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʚʲʟʤʦʞʥʦʩʪʠʪʝ ʥʘ ʧʨʦʛʨʘʤʘʪʘ CFturbo ʜʘ 
ʧʨʦʛʥʦʟʠʨʘ ʧʘʨʘʤʝʪʨʠ ʥʘ ʦʩʦʚʘ ʧʦʤʧʘ 

 
ʆʛʥʷʥ ɹʝʢʨʠʝʚ, ʂʦʥʩʪʘʥʪʠʥ ʂʦʥʩʪʘʥʪʠʥʦʚ, ɸʣʝʢʩʘʥʜʲʨ ʉʪʘʥʠʣʦʚ 

 
ʀʟʚʲʨʰʝʥʦ ʝ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʚʲʟʤʦʞʥʦʩʪʠʪʝ ʟʘ ʘʥʘʣʠʟ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ ʥʘ ʦʩʦʚʘ 

ʧʦʤʧʘ ʩ ʧʨʦʛʨʘʤʘʪʘ CFturbo. ʀʟʩʣʝʜʚʘʥʘ ʝ ʦʩʦʚʘ ʧʦʤʧʘ ʩ ʦʙʝʤ ʨʘʟʭʦʜ ʥʘ ʚʦʜʘ ʦʪ 25 l/s, 
ʥʘʧʦʨ 2,5 m, ʧʨʠ ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ 3000 min-1. ʇʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʚʘʪ, ʯʝ 
ʧʨʦʛʨʘʤʘʪʘ ʜʘʚʘ ʙʣʠʟʢʠ ʩʪʦʡʥʦʩʪʠ ʩʘʤʦ ʚ ʦʧʪʠʤʘʣʥʠʷ ʨʝʞʠʤ ʥʘ ʨʘʙʦʪʘ. 

ʂʣʶʯʦʚʠ ʜʫʤʠ: ʦʩʦʚʘ ʧʦʤʧʘ, CFturbo 
 

Experimental study of CFturbo program to predict axis pump parameters 
 

Ognyan Bekriev, Konstantin Konstantinov, Aleksandar Stanilov 

 
A study was carried out on the possibilities of analysis of the impeller axial pump with the 

CFturbo program. An axial pump with a volume of water flow of 25 l/s, a head of 2.5 m, at a 
rotational speed of 3000 rpm was investigated. The results obtained show that the program gives 
close values only in the optimal operating mode. 

Keywords: axial pump, CFturbo 
 

ʋʚʦʜ 
ʇʨʦʛʨʘʤʘʪʘ CFturbo ʯʨʝʟ ʟʘʣʦʞʝʥʠʪʝ ʚ ʥʝʷ ʘʣʛʦʨʠʪʤʠ ʥʘ ʠʟʯʠʩʣʝʥʠʝ ʧʨʝʩʤʷʪʘ 

ʧʨʦʬʣʠʪʝ ʥʘ ʣʦʧʘʪʢʘʪʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ ʥʘ ʦʩʦʚʘ ʧʦʤʧʘ ʧʦ ʟʘʜʘʜʝʥʠ ʜʝʙʠʪ Q, ʥʘʧʦʨ ʅ 
ʠ ʯʝʩʪʦʪʘʪʘ ʥʘ ʚʲʨʪʝʥʝ ʥʘ ʢʦʣʝʣʦʪʦ n. ʇʨʦʛʨʘʤʘʪʘ ʜʘʚʘ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʧʨʝʩʤʷʪʘʥʝ ʧʦ ʜʚʘ 
ʘʣʪʝʨʥʘʪʠʚʥʠ ʤʝʪʦʜʘ.  
ʇʲʨʚʠʷʪ ʤʝʪʦʜ ʝ ʤʝʪʦʜʘ ʥʘ ʤʦʤʝʥʪʠʪʝ. ʇʨʠ ʥʝʛʦ ʤʦʛʘʪ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʧʨʦʬʠʣʠ NACA 

4 ʠʣʠ ʧʨʦʬʠʣʠ, ʟʘʜʘʜʝʥʠ ʧʦ ʦʧʨʝʜʝʣʝʥʠ ʪʦʯʢʠ. ʊʨʷʙʚʘ ʜʘ ʙʲʜʝ ʟʘʜʘʜʝʥ ʠ ʲʛʲʣʲʪ ʥʘ ʘʪʘʢʘ 
ʥʘ ʧʨʦʬʠʣʘ. ʊʦʟʠ ʤʝʪʦʜ ʥʘʤʠʨʘ ʧʨʠʣʦʞʝʥʠʝ ʩʘʤʦ ʧʨʠ ʚʝʥʪʠʣʘʪʦʨʠ, ʩ ʥʠʩʢʦ ʥʘʣʷʛʘʥʝ, ʪ.ʝ. 
ʪʘʢʠʚʘ ʩ ʚʠʩʦʢʘ ʩʧʝʮʠʬʠʯʥʘ ʯʝʩʪʦʪʘ ʥʘ ʚʲʨʪʝʥʝ ns. 

 

 

ʌʠʛ. 1 ʆʩʥʦʚʥʠ ʦʟʥʘʯʝʥʠʷ ʥʘ ʧʨʦʬʠʣʘ ʥʘ ʣʦʧʘʪʢʘ ʥʘ ʦʩʦʚʘ ʧʦʤʧʘ 
 



 
90  ȗȪȽɁȷȪ ȴȸȷȾȯȺȯȷɀȲɉ ȏȖȞ 2017 

 

 

ɺʪʦʨʠʷʪ ʤʝʪʦʜ ʝ ʤʝʪʦʜʘ ʥʘ ʃʠʙʣʝʡʥ. ʇʨʠ ʥʝʛʦ ʩʝ ʠʟʧʦʣʟʚʘʪ ʩʘʤʦ ʧʨʦʬʠʣʠ ʦʪ ʩʝʨʠʷʪʘ 
NACA 65. ʄʝʪʦʜʲʪ ʥʘ ʃʠʙʣʝʠʥ ʤʦʞʝ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘ ʢʘʢʪʦ ʟʘ ʧʦʤʧʠ, ʪʘʢʘ ʠ ʟʘ ʚʝʥʪʠʣʘʪʦʨʠ. 
ʇʨʠ ʥʝʛʦ ʤʘʰʠʥʠʪʝ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʩ ʚʠʩʦʢʦ ʥʘʣʷʛʘʥʝ, ʪ.ʝ. ʩ ʥʠʩʢʘ ʩʧʝʮʠʬʠʯʥʘ ʯʝʩʪʦʪʘ ʥʘ 
ʚʲʨʪʝʥʝ ns. ʊʦʟʠ ʤʝʪʦʜ ʝ ʠʟʧʦʣʟʚʘʥ ʟʘ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʛʝʦʤʝʪʨʠʯʥʠʪʝ ʨʘʟʤʝʨʠ ʠ 
ʭʠʜʨʘʚʣʠʯʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʤʦʜʝʣʥʘʪʘ ʦʩʦʚʘ ʧʦʤʧʘ.  
ʅʘ ʌʠʛ.1 ʩʘ ʧʦʢʘʟʘʥʠ ʦʩʥʦʚʥʠʪʝ ʦʟʥʘʯʝʥʠʷ ʥʘ ʧʨʦʬʠʣʘ ʥʘ ʣʦʧʘʪʢʘ, ʢʦʠʪʦ ʩʝ ʠʟʧʦʣʟʚʘʪ 

ʦʪ ʧʨʦʛʨʘʤʘʪʘ. ɺ ʊʘʙʣ.1 ʩʘ ʜʘʜʝʥʠ ʠʟʧʦʣʟʚʘʥʠʪʝ ʠʤʝʥʘ ʥʘ ʧʦʢʘʟʘʥʠʪʝ ʥʘ ʌʠʛ. 1 ʦʟʥʘʯʝʥʠʷ. 
 
ʊʘʙʣʠʮʘ 1 

ɔ ʒʛʲʣ ʥʘ ʠʟʪʣʘʩʢʚʘʥʝ  

l/t ɼʝʙʝʣʠʥʘ (ʜʲʣʞʠʥʘ/ʩʪʲʧʢʘ) 

ɓ ʒʛʲʣ ʥʘ ʧʨʝʥʦʩʥʦʪʦ ʪʝʯʝʥʠʝ 

ɓB ʒʛʲʣ ʥʘ ʣʦʧʘʪʢʘʪʘ 

u ʇʝʨʠʬʝʨʥʘ ʩʢʦʨʦʩʪ  

w ʇʨʝʥʦʩʥʘ ʩʢʦʨʦʩʪ     

i ʒʛʲʣ ʥʘ ʥʘʢʣʦʥʘ ʥʘ ʣʦʧʘʪʢʘʪʘ:      i = ɓ1B - ɓ1 

ŭ ʒʛʲʣ ʥʘ ʦʪʢʣʦʥʝʥʠʝ:                       ŭ = ɓ2B - ɓ2 

 
ʇʨʠ ʠʟʧʦʣʟʚʘʥʝ ʤʝʪʦʜʘ ʥʘ ʃʠʙʣʝʡʥ ʪʨʷʙʚʘ ʜʘ ʩʝ ʩʧʘʟʚʘʪ ʩʣʝʜʥʠʪʝ ʪʨʠ ʦʛʨʘʥʠʯʝʥʠʷ: 

¶ ʤʘʢʩʠʤʘʣʥʘʪʘ ʦʪʥʦʩʠʪʝʣʥʘ ʜʝʙʝʣʠʥʘ d / l ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʧʦ-ʤʘʣʢʘ ʦʪ 0,1; 

¶ ʯʠʩʣʦʪʦ ʥʘ ʈʝʡʥʦʣʜʩ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʧʦ-ʛʦʣʷʤʦ ʦʪ 2 ʭ 105; 

¶ ʜʝʙʝʣʠʥʘʪʘ ʥʘ ʧʨʦʬʠʣʘ l / t ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʚ ʛʨʘʥʠʮʠʪʝ ʦʪ 0.4 ʜʦ 2.0. 

ʄʝʪʦʜʲʪ ʥʘ ʃʠʙʣʝʠʥ ʚʲʚʝʞʜʘ ʜʚʘ ʧʘʨʘʤʝʪʲʨʘ ʟʘ ʢʦʥʩʪʨʫʢʮʠʷʪʘ ʥʘ ʧʨʦʬʠʣʘ: 

¶ ʲʛʲʣ ʥʘ ʘʪʘʢʘ i; 

¶ ʲʛʲʣ ʥʘ ʦʪʢʣʦʥʝʥʠʝ ŭ; 

ʆʩʥʦʚʥʠʷʪ ʧʦʜʭʦʜ ʝ ʩʣʝʜʥʠʷʪ, ʢʘʪʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʘʪʘ ʜʝʙʝʣʠʥʘ ʩʝ ʠʟʯʠʩʣʷʚʘ 

ʜʲʣʞʠʥʘʪʘ ʥʘ ʩʢʝʣʝʪʥʘʪʘ ʣʠʥʠʷ. ʉ ʲʛʲʣʘ ʥʘ ʦʪʥʦʩʠʪʝʣʥʦʪʦ ʪʝʯʝʥʠʝ b1 ʠ ʜʝʙʝʣʠʥʘʪʘ l/t ʩʝ 
ʦʧʨʝʜʝʣʷ ʯʝʩʪʦʪʘʪʘ. ʉʲʱʦʪʦ ʩʝ ʧʨʘʚʠ ʠ ʧʦ ʦʪʥʦʰʝʥʠʝ ʥʘ ʥʘʢʣʦʥʘ ʥʘ ʣʦʧʘʪʢʘʪʘ. ʊʘʢʘ ʲʛʣʠʪʝ 
ʥʘ ʚʭʦʜʘ ʠ ʠʟʭʦʜʘ ʩʘ ʠʟʚʝʩʪʥʠ. ʒʛʣʠʪʝ ʥʘ ʣʦʧʘʪʢʘʪʘ ʩʝ ʧʨʠʣʘʛʘʪ ʢʲʤ ʝʢʚʠʚʘʣʝʥʪʘ ʢʨʲʛʣʘ 
ʩʢʝʣʝʪʥʘ ʣʠʥʠʷ ʩ ʨʘʜʠʫʩ ʥʘ ʟʘʢʨʲʛʣʝʥʠʝ: 

ὶ     .                                                                                                                (1) 

ɺ ʦʙʦʙʱʝʥʠʝ ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ, ʯʝ ʪʦʚʘ ʝ ʤʝʪʦʜ ʦʩʥʦʚʘʚʘʱ ʩʝ ʥʘ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʧʨʦʬʠʣ NACA 65, ʢʘʪʦ ʙʘʟʦʚ ʫʥʠʚʝʨʩʘʣʝʥ ʤʦʜʝʣ ʠ ʪʝ ʙʠʚʘʪ ʧʨʦʤʝʥʷʥʠ 
(ʲʛʲʣ ʥʘ ʘʪʘʢʘ, ʜʝʙʝʣʠʥʘ, ʲʛʣʠ ʥʘ ʚʭʦʜʘ ʠ ʠʟʭʦʜʘ) ʚ ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʥʝʦʙʭʦʜʠʤʠʪʝ ʧʘʨʘʤʝʪʨʠ 
ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ. ʊʦʚʘ ʩʪʘʚʘ ʢʘʪʦ ʩʝ ʧʨʘʚʷʪ ʢʦʨʝʢʮʠʠ ʩʲʩ ʩʲʦʪʚʝʪʝʥ ʠʟʯʠʩʣʝʥ 
ʧʘʨʘʤʝʪʲʨ ʥʘ ʩʲʦʪʚʝʪʥʠʪʝ ʩʪʦʡʥʦʩʪʠ. 

 
ʌʠʛ. 2 ʇʨʦʬʠʣʠ ʥʘ ʣʦʧʘʪʢʘʪʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʢʦʣʝʣʦ ʥʘ ʤʦʜʝʣʥʘʪʘ ʦʩʦʚʘ ʧʦʤʧʘ 




















































































































