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MODERNIZATION  OF COKE PRODUCTION PLANT WITH  

DEVELOPMENT  OF DRUM DRYER 

student Tsyupa N.V., Ph.D., Assoc. Prof. Stepaniuk A.R. 

National Technical University of Ukraine 

"Igor  Sikorsky Kyiv  Polytechnic Institute"  

 

Annotation:The purpose and scope of petroleum coke are given. The 

technological scheme of the delayed coking unit is described. The need for 

modernization by developing a drum dryer to reduce the residual moisture of the final 

product and improve its marketable quality is substantiated. 

Keywords: COKE, OIL, MODERNIZATION, DRUM DRYER 

 

ʄʆɼɽʈʅɯɿɸʎɯʗ ʋʉʊɸʅʆɺʂʀ ɺʀʈʆɹʅʀʎʊɺɸ ʂʆʂʉʋ ɿ 

ʈʆɿʈʆɹʂʆʖ ɹɸʈɸɹɸʅʅʆɰ ʉʋʐɸʈʂʀ 

ʩʪʫʜʝʥʪʢʘ ʎʶʧʠ ʅ.ɺ., ʢ.ʪ.ʥ., ʜʦʮ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 

 

ɸʥʦʪʘʮʽʷ: ʅʘʚʝʜʝʥʦ ʧʨʠʟʥʘʯʝʥʥʷ ʪʘ ʦʙʣʘʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʬʪʦʚʦʛʦ 

ʢʦʢʩʫ. ʆʧʠʩʘʥʦ ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʭʝʤʫ ʫʩʪʘʥʦʚʢʠ ʩʧʦʚʽʣʴʥʝʥʦʛʦ ʢʦʢʩʫʚʘʥʥʷ. 

ʆʙˇʨʫʥʪʦʚʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʤʦʜʝʨʥʽʟʘʮʽʾ ʰʣʷʭʦʤ ʨʦʟʨʦʙʢʠ ʙʘʨʘʙʘʥʥʦʾ 

ʩʫʰʘʨʢʠ ʜʣʷ ʟʥʠʞʝʥʥʷ ʟʘʣʠʰʢʦʚʦʾ ʚʦʣʦʛʦʩʪʽ ʢʽʥʮʝʚʦʛʦ ʧʨʦʜʫʢʪʫ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 

ʡʦʛʦ ʪʦʚʘʨʥʦʾ ʷʢʦʩʪʽ  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʂʆʂʉ, ʅɸʌʊʊɸ, ʄʆɼɽʈʅɯɿɸʎɯʗ, ɹɸʈɸɹɸʅʅɸ 

ʉʋʐɸʈʂɸ 

 

The final product of the technological process is petroleum coke - a solid, high-

ash, carbonaceous residue formed during the thermal decomposition of heavy 
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petroleum residues, such as tar, cracking residue or asphalt. Depending on the quality 

of the feedstock and process conditions, petroleum coke is divided into several types: 

needle (high crystal orientation), granular, spongy and dust. The main properties of 

coke that determine its consumer value include: sulfur content, metal content 

(vanadium, nickel), volatile matter content and, especially important for this 

modernization, residual moisture [1]. 

High quality coke, achieved in particular by controlling the moisture content, is 

necessary for its further use. For example, anode coke should have an extremely low 

sulfur and metal content, as well as low moisture (up to 0.5-1.5%), since it is a raw 

material for the production of pre-burnt anodes used in electrolyzers for primary 

aluminum production. Fuel coke, which has a higher sulfur and metal content, is used 

as a high-calorie fuel (the heat of combustion can reach 30-35 MJ/kg), where low 

moisture ensures maximum combustion efficiency and reduced transportation costs. 

Thus, reducing the moisture content of coke after hydrocutting is the main goal of the 

proposed modernization [2]. 

The technological scheme of coke production is shown in Figure 1 [3]. 

The raw material is fed in two parallel streams by pumps 33 into the 

recuperative heat exchangers 4, where it is heated to a temperature of 425 C, enters the 

right pair of furnaces 31, where it is heated to a temperature of 515-520 C. After that, 

the raw material enters the rectification column 6. From the lower part of the column 

6, the bottom residues are fed by pumps 30 into the furnace 32, where they are heated 

again to a temperature of 520 C and through the distribution valves 2 are fed in pairs 

into the column 1 (coke column). While one pair of columns 1 is being filled, the 

second pair is undergoing the process of coke formation, cooling with water, cutting 

the coke with a water cutter, and unloading the coke through the lower hatches. Water 

vapor is taken from the upper part of the coke chambers and fed into the scrubber 37, 

where it is separated into water and oil products. Antifoam additives are also supplied 

to the coke chamber. From the middle part of the distillation column 6, petroleum 
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products are supplied torectification column 10. From the lower part of column 10, 

raw material is also fed by pump 16 through furnaces 31 into coke chambers 1. 

 

1- coke column, 2-distribution valve; 3, 7, 23, 26, 28, 35-condenser; 4, 17, 29-

heat exchanger; 6, 10-rectification column; 19, 18, 22-refrigerator; 8-water cooler; 9, 

20-separator; 12, 34-collector; 24, 25-boiler; 5, 11, 13-16, 21, 30, 33-pump; 36-filter; 

31, 32-furnace; 37-scrubber; 

38 ï centrifuge;39 ï drum dryer 

Figure 1 ï Technological scheme of coke production   

 

From the upper part of column 6, gasoline vapors and gas are fed into air 

condenser 7, water cooler 8 and separator 9 at a temperature of 40 C.  Gas is taken 

from the upper part of the separator, gasoline and water from the lower part. Gasoline 

is fed to the rectification column 18 through the heat exchanger 17. Water from the 

separator 9 through the collector 12, pump 14 is fed to the heat exchanger 29, to the 

furnace 31 and to the column 1. Heavy gas oil from the third plate of the column 6 is 

fed to the bottom of the column 10. Light gas oil from the fourteenth plate is fed to the 

top of the column 10. From the lower part of the column 10, pump 15 through heat 
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exchangers 17, 24, 25, heavy gas oil is fed to the warehouse. From the upper part of 

the column 10, part of the vapors is fed to the column 6, and part of the light gas oil is 

fed to the warehouse through the heat exchanger 29, refrigerators 28, 27. Excess heat 

from the column 6 is taken by pump 5 toheat exchanger 4, refrigerator 3, and back to 

column 6. From the top of the eighteenth column, gas is taken through the refrigerator 

19, separator 20 and pump 21. The part that has not condensed goes back to irrigation. 

From the bottom of the column 18, through the boiler 24, part of the vapors is fed into 

the column 18, and part through the refrigerator 23, 22 is fed to the gasoline 

warehouse. Boiler 25 is used as a steam generator for the needs of the plant. The coke 

chamber has the shape of a cylinder with a diameter of up to 5 m. and a height of 30-

35 m [4]. 

The purpose of the work is to modernize the drum dryer.   

A drum dryer is a device designed for thermal drying of wet petroleum coke, 

which is formed after hydrocutting and contains a significant amount of water [5]. 

Figure 2- Diagram of a drum dryer [6] 

 

Principle of operation: Wet coke is loaded into one end of a horizontal, slightly 

inclined, slowly rotating cylindrical drum. Blades (tipping devices) are attached inside 
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the drum. The rotation and blades ensure intensive mixing of the material and its 

advancement to the discharge end, simultaneously scattering the coke in a "curtain". A 

hot coolant (for example, flue gases from the furnace or hot inert gas) is supplied 

towards the coke (counter-current scheme) or in one direction (direct-current scheme) 

[7]. Due to convective heat exchange between the hot gas and the large surface of the 

coke particles, moisture evaporates rapidly. Dry coke is unloaded, and the spent, 

moisture-saturated coolant, before being released into the atmosphere, is cleaned in 

cyclones or filters (18) to trap coke dust [8]. 

The advantages are continuous operation and high productivity. Efficiency, 

which is well suited for granular, non-sticky materials (coke). The design itself is 

relatively simple and reliable, also durable. Ease of operation, the possibility of using 

various coolants [9]. 

Disadvantages - high dust generation, low efficiency with large heat losses with 

exhaust gases. The design has large dimensions and high metal content of the device. 

Operation has significant energy consumption for rotation [10]. 
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ʄʆɼɽʈʅɯɿɸʎɯʗ ʋʉʊɸʅʆɺʂʀ ɺʀʈʆɹʅʀʎʊɺɸ ʄɸʉʊʀʃɸ ɿ 

ʈʆɿʈʆɹʂʆʖ ɺɯɼʇɸʈʅʆɰ ʂʆʃʆʅʀ ʊɸ ʇɸʈʆɻɽʅɽʈɸʊʆʈɸ 

ʉʪʫʜʝʥʪ ʇʦʥʦʤʘʨʴʦʚ ʆ.ʆ., ʜʦʮ., ʢ.ʪ.ʥ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʥʦʪʘʮʽʷ: ʆʧʠʩʘʥʦ ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʭʝʤʫ ʽ ʧʨʠʥʮʠʧʠ ʨʦʙʦʪʠ ʘʧʘʨʘʪʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʈɽʂʊʀʌɯʂɸʎɯʗ, ʄɸʉʊʀʃʆ, ɺɯɼʇɸʈʅɸ ʂʆʃʆʅɸ, 

ʇɸʈʆɻɽʅɽʈɸʊʆʈ, ʄɸʉʆʆɹʄɯʅ, ʊɽʇʃʆʆɹʄɯʅ. 

 

Lubricants are a class of refined petroleum products used to reduce friction and 

wear of mechanical parts, protect against corrosion, and ensure reliable operation of 

machines, increasing their durability and efficiency. They can be divided by 

consistency: more liquid (oils) and more plastic and thick (greases), which are better 

retained in the friction zone and can perform a sealing function. Compared to most 

fractions of crude oil (except fuel oil and asphaltenes), they have a high boiling point 

(350-575°C). [1] 
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Plastic lubricants are a dispersed system consisting of a base oil and a thickener 

(soap or non-soap type), and technologically their production comes down to 

dispersing the thickener in oil and subsequent homogenization to achieve a given 

consistency. 

For soap oils, the production cycle usually includes the following stages: raw 

material loading Ÿ saponification Ÿ dehydration Ÿ finishing (adding the remaining 

oil and additives) Ÿ deaeration/degassing Ÿ homogenization Ÿ cooling and 

packaging. [1] 

Description of the technological scheme of the lubricant production process 

The technological scheme of lubricant production is shown in Figure 1. 

Through the heat exchanger 1, the initial mixture enters the absorber 4, where 

the initial raw material comes into contact with the vapors of a mixture of water with 

phenol and cresol solution, which enter the absorption column 4 from the column 

dryer 16, excess vapors are released into the atmosphere. In due time, the phenol-

cresol mixture enters the upper part of the column apparatus, and phenol-cresol water 

is supplied through the tank 20 to the lower part of the column apparatus. The mode of 

the apparatus 6 is limited by the temperatures of the phenol-cresol mixture and the 

primary raw material. The mixture of oil, phenol and cresol is finally supplied to the 

stripping columns 25 and 28, after separation, the oil is discharged into the bunkers. 

[1]. 

Selection of type and description of device design 

The modernization of the installation is aimed at increasing energy efficiency 

and stability of lubrication performance by: 

¶ Intensification of dehydration and removal of volatile components in the 

stripping column to achieve the required concentrations of phenol and cresol in 

lubricant production; 

¶ Ensuring stable and controlled heat supply to the process through a steam 

generator (steam for apparatus jackets, heaters, bubbling/evaporation, auxiliary needs). 
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1, 2, 5, 8, 9, 13, 15, 17, 19, 22, 26, 29 ï heat exchangers in the diagram; 3 ï 

tanks for cresol and phenol; 4 ï absorption column type apparatus; 6 ï extraction 

device; 7 ï extraction pump; 10 ï raffinate tank; 11, 12, 16, 21, 24 ï phenol and cresol 

regenerators, respectively from mixtures of raffinate and extract; 14, 18 ï tubular 

furnaces; 20, 23 ï phenol-cresol and water tanks; 25, 28 ï columns for evaporation of 

phenol and cresol from the mixture; 27, 30 ï reflux condensers; I ï initial raw 

material; II ï phenol-cresol mixture; IIIï raffinate; IV ï extraction mixture; V ï 

mixture of water with phenol and cresol; VI ï vapor-liquid mixture. 

Figure 1 ï Technological scheme of lubricant production 

The stripping column diagram shown in Figure 2.1 is designed to evaporate the 

solvent solution from the raffinate using steam. 
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The initial mixture (phenol, cresol and lubricant) is loaded through nozzle 5. 

Water is supplied through nozzle 7, which rises. The evaporation process occurs 

directly on the plates, which are fixed in the frames 3. The substance enters the plate, 

where it contacts water vapor through holes in the caps. The purified oil is taken 

through 6, and a fitting 7 is provided to remove vapors of the mixture of phenol, cresol 

and water [6]. 

The diagram of the steam generator is shown in Figure 2.2. 

 

 

1 - elliptical cover; 2 - cylindrical shell; 3 - tsarga with plates; 

4 - cube; 5 - fitting for the inlet of the refined product; 6 - fitting for the outlet of 

the refined product; 7 - fitting for water vapor; 8 - fitting for releasing vapors of the 

azeotropic mixture. 

Figure 2.1 ï Stripping column diagram 

 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

14 
 

The steam generator is a single-shell heat exchanger of the horizontal type and 

consists of the following components, shown in Figure 2.2. The casing determines the 

main dimensions of the steam generator, it has inlet and outlet ports, a heat exchange 

surface in the form of a bundle of heat exchange tubes.  

 

 

1-housing; 2-cover; 3-moving tube; 4-pipes; 5-fixed tube grid; 6-distribution 

chamber; 7-distribution chamber cover; 8-supports. 

Figure 2.2. ï Steam generator design diagram 

 

The casing has the form of a welded cylindrical vessel of elongated shape, at the 

ends of which on one side there is a hatch - a manhole for access to the volume of the 

secondary circuit. The casing also has nozzles for the supply and discharge of the 

coolant of the primary circuit, steam discharge nozzles, a flue gas supply nozzle, as 

well as other nozzles and hatches for technological purposes [4] 
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ABSTRACT: The influence of porous mesh inserts installed in the conical 

part of a cyclone on the structure of a swirling gas flow is investigated. The vortex 

structure is described using the combined Rankine model. The effect of the inserts is 

taken into account by introducing an additional resistance term according to the 

DarcyïForchheimer model. The influence of insert permeability on the tangential 

velocity distribution and the hydraulic resistance of the apparatus is analyzed. 

KEY  WORDS: CYCLONE, SWIRLING FLOW, RANKINE MODEL, 

HYDRAULIC RESISTANCE. 

 

ɺʇʃʀɺ ʉɯʊʏɸʉʊʀʍ ɺʉʊɸɺʆʂ ʅɸ ʉʊʈʋʂʊʋʈʋ ɿɸʂʈʋʏɽʅʆɻʆ 

ɻɸɿʆɺʆɻʆ ʇʆʊʆʂʋ ɺ ʎʀʂʃʆʅɯ  

ʘʩʧʽʨʘʥʪ ɼʠʰʢʘʥʪ ʄ.ɺ., ʢ.ʪ.ʥ., ʜʦʮ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʅʆʊɸʎɯʗ: ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʧʦʨʠʩʪʠʭ ʩʽʪʯʘʩʪʠʭ ʚʩʪʘʚʦʢ, 

ʚʩʪʘʥʦʚʣʝʥʠʭ ʫ ʢʦʥʽʯʥʽʡ ʯʘʩʪʠʥʽ ʮʠʢʣʦʥʘ, ʥʘ ʩʪʨʫʢʪʫʨʫ ʟʘʢʨʫʯʝʥʦʛʦ ʛʘʟʦʚʦʛʦ 

ʧʦʪʦʢʫ. ɺʩʪʘʚʢʠ ʟʤʦʜʝʣʴʦʚʘʥʦ ʷʢ ʧʦʨʠʩʪʝ ʩʝʨʝʜʦʚʠʱʝ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʫ 

ɼʘʨʩʽïʌʦʨʭʛʝʡʤʝʨʘ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʚʝʜʝʥʥʷ ʧʦʨʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ ʩʪʘʙʽʣʽʟʫʻ 
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ʚʠʭʨʦʚʝ ʷʜʨʦ, ʟʤʝʥʰʫʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʪʦʨʠʥʥʠʭ ʪʝʯʽʡ ʪʘ ʚʧʣʠʚʘʻ ʥʘ ʨʦʟʧʦʜʽʣ 

ʪʘʥʛʝʥʮʽʘʣʴʥʦʾ ʰʚʠʜʢʦʩʪʽ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ ʧʨʦʥʠʢʥʦʩʪʽ ʚʩʪʘʚʦʢ ʥʘ 

ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʘʧʘʨʘʪʘ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʎʀʂʃʆʅ, ɿɸʂʈʋʏɽʅʀʁ ʇʆʊɯʂ, ʇʆʈʀʉʊɽ 

ʉɽʈʀɼʆɺʀʑɽ, ʉɯʊʏɸʉʊɯ ɺʉʊɸɺʂʀ. 

 

The efficiency of gasïsolid separation in cyclones is determined by the structure 

of the swirling flow and the parameters of vortex motion [1ï4]. In a reverse-flow 

cyclone, a double-vortex structure is formed: an outer downward vortex and an inner 

upward vortex [4]. Instability of the vortex core and the development of secondary 

flows may lead to particle re-entrainment and reduced separation efficiency [3]. 

To describe the tangential velocity distribution, the combined Rankine vortex 

model is used [4] 

 

ʜʝ ɤ is the angular velocity in the core region, 

r  is the vortex core radius, 

C is the circulation constant, 

n is the vortex exponent. 

In order to control the flow structure, porous mesh inserts are installed in the 

conical section of the cyclone. Their influence can be taken into account by 

introducing an additional resistance term into the momentum equation according to the 

DarcyïForchheimer model [5]: 

 
where S is the volumetric resistance force (source term in the momentum 

equation),  

v  is the iii-th velocity component, 
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ɛ is the dynamic viscosity of the gas,  

ɟ is the gas density, 

Ŭ is the permeability of the porous medium, 

C  is the inertial resistance coefficient. 

The permeability of the mesh structure can be estimated using a Kozenyï

Carman-type relation for packed beds [5]: 

 

where Ů is the porosity of the structure,  

 is the characteristic structural element size. 

The introduction of porous inserts leads to a redistribution of tangential velocity, 

a reduction in its peak values near the wall, and partial stabilization of the vortex core. 

However, a decrease in permeability is accompanied by an increase in the hydraulic 

resistance of the apparatus, which requires optimization of insert parameters. 

Conclusion. Thus, porous mesh inserts can be considered as a means of 

aerodynamic stabilization of the swirling flow, enabling control of the balance 

between separation efficiency and energy consumption. 
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ɸɺʊʆʄɸʊʀɿɸʎɯʗ ʇʈʆɽʂʊʋɺɸʅʅʗ ʋʇʆʈʅʆɻʆ ʈʆʃʀʂɸ ɼʃʗ 

ɹɸʈɸɹɸʅʅʆɰ ʉʋʐɸʈʂʀ 

ʉʪʝʧʫʨʘ ɻ.ɸ., ʤʘʛʽʩʪʨ; ʑʝʨʙʠʥʘ ɺ.ʖ., ʜ.ʪ.ʥ., ʧʨʦʬ., 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ̔ ʥʩʪʠʪʫʪ ̔ ʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

 

ɺʠʢʦʥʘʥʘ ʨʦʟʨʦʙʢʘ ʧʨʦʛʨʘʤʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʫʧʦʨʥʦʛʦ 

ʨʦʣʠʢʘ, ʱʦ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʘʚʪʦʤʘʪʠʯʥʝ ʚʠʢʦʥʘʥʥʷ 2D-ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ ʪʘ 

ʧʦʙʫʜʦʚʠ 3D-ʤʦʜʝʣʽ ʟ ʤʦʞʣʠʚʽʩʪʶ ʥʘʣʘʰʪʫʚʘʥʥʷ ʨʦʟʤʽʨʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʜ̔ ʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ. ʇʨʦʛʨʘʤʫ ʤʦʞʥʘ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʷʢ ʩʢʣʘʜʦʚʫ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ  ̔

ʧʨʦʝʢʪʥʠʭ ʨʦʙʽʪ, ʟʦʢʨʝʤʘ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʥʦʚʠʭ ʪʘ ʤʦʜʝʨʥʽʟʘʮʽʾ ʽʩʥʫʶʯʠʭ 

ʨʦʟʨʦʙʣʝʥʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ. 

ɺʩʪʫʧ. ɹʘʨʘʙʘʥʥʘ ʩʫʰʘʨʢʘ ð ʮʝ ʪʝʧʣʦʪʝʭʥʽʯʥʠʡ ʘʧʘʨʘʪ ʙʝʟʧʝʨʝʨʚʥʦʾ 

ʜʽʾ, ʧʨʠʟʥʘʯʝʥʠʡ ʜʣʷ ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ ʟ ʩʠʧʢʠʭ, ʢʫʩʢʦʚʠʭ ʘʙʦ ʧʘʩʪʦʧʦʜʽʙʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʰʣʷʭʦʤ ʾʭ ʢʦʥʪʘʢʪʫ ʟ ʛʘʨʷʯʠʤ ʩʫʰʠʣʴʥʠʤ ʘʛʝʥʪʦʤ (ʧʦʚʽʪʨʷʤ ʘʙʦ 

ʜʠʤʦʚʠʤʠ ʛʘʟʘʤʠ). ɺʦʥʘ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʭʽʤʽʯʥʽʡ, ʙʫʜʽʚʝʣʴʥʽʡ, 

ʭʘʨʯʦʚʽʡ, ʛʽʨʥʠʯʦ-ʤʝʪʘʣʫʨʛʽʡʥʽʡ ʪʘ ʽʥʰʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ʆʩʥʦʚʥʠʤ ʝʣʝʤʝʥʪʦʤ ʙʘʨʘʙʘʥʥʦʾ ʩʫʰʘʨʢʠ ʻ ʮʠʣʽʥʜʨʠʯʥʠʡ ʤʝʪʘʣʝʚʠʡ 

ʙʘʨʘʙʘʥ, ʫʩʪʘʥʦʚʣʝʥʠʡ ʟ ʥʝʚʝʣʠʢʠʤ ʥʘʭʠʣʦʤ ʜʦ ʛʦʨʠʟʦʥʪʫ ʪʘ ʟʤʦʥʪʦʚʘʥʠʡ ʥʘ 

ʫʧʦʨʥʠʭ ʨʦʣʠʢʘʭ. ɹʘʨʘʙʘʥ ʦʙʝʨʪʘʻʪʴʩʷ ʥʘʚʢʦʣʦ ʩʚʦʻʾ ʦʩʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʠʚʦʜʫ. ʋʩʝʨʝʜʠʥʽ ʙʘʨʘʙʘʥʘ ʨʦʟʤʽʱʝʥʽ ʣʦʧʘʪʽ ʘʙʦ ʧʽʜʡʦʤʥʽ ʧʦʣʠʮʽ, ʷʢʽ 

ʟʘʭʦʧʣʶʶʪʴ ʤʘʪʝʨʽʘʣ, ʧʽʜʥʽʤʘʶʪʴ ʡʦʛʦ ʪʘ ʧʝʨʝʩʠʧʘʶʪʴ ʢʨʽʟʴ ʧʦʪʽʢ ʛʘʨʷʯʦʛʦ 

ʛʘʟʫ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʽʥʪʝʥʩʠʚʥʠʡ ʪʝʧʣʦ ʪʘ ʤʘʩʦʦʙʤʽʥ. 
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ɺ ʜʘʥʥʦʤʫ ʘʧʘʨʘʪʽ ʫʧʦʨʥʽ ʨʦʣʠʢʠ ʛʨʘʶʪʴ ʜʫʞʝ ʚʘʛʦʤʫ ʨʦʣʴ ʚ ʡʦʛʦ 

ʨʦʙʦʪʽ ʪʘʢ ʷʢ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʢʦʥʪʘʢʪʫʶʪʴ ʽ ʧʨʘʮʶʶʪʴ ʧʽʜ ʯʘʩ ʦʙʝʨʪʘʥʥʷ 

ʢʦʨʧʫʩʫ ʩʫʰʘʨʢʠ, ʇʽʜ ʯʘʩ ʧʣʘʥʦʚʦʛʦ ʘʙʦ ʢʘʧʽʪʘʣʴʥʦʛʦ ʨʝʤʦʥʪʫ ʯʘʩʪʦ ʚʠʥʠʢʘʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʯʘʩʪʢʦʚʦʛʦ ʘʙʦ ʧʦʚʥʦʛʦ ʜʝʤʦʥʪʘʞʫ ʟ ʟʘʤʽʥʦʶ ʨʫʭʦʤʠʭ ʜʝʪʘʣʝʡ 

ʫʧʦʨʥʦʛʦ ʚʫʟʣʘ. ʇʽʜ ʯʘʩ ʨʝʤʦʥʪʫ ʤʦʞʝ ʚʠʥʠʢʥʫʪʠ ʧʨʦʙʣʝʤʘ ʟ ʧʽʜʙʦʨʦʤ 

ʫʧʦʨʥʠʭ ʨʦʣʠʢʽʚ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʧʦʩʪʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʟʘʭʦʜʽʚ, ʷʢʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʰʚʠʜʢʝ ʪʘ ʪʦʯʥʝ ʚʠʢʦʥʘʥʥʷ ʢʨʝʩʣʝʥʴ ʫʧʦʨʥʠʭ ʨʦʣʠʢʽʚ ʥʘ 

ʦʩʥʦʚʽ ʟʘʜʘʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʝʪʘʣʽ. ʆʜʥʦʯʘʩʥʦ ʘʢʪʫʘʣʴʥʠʤ ʻ 

ʟʘʚʜʘʥʥʷ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʡ ʤʦʜʝʨʥʽʟʘʮʽʾ ʢʦʥʩʪʨʫʢʮʽʾ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ ʰʣʷʭʦʤ 

ʚʘʨʽʶʚʘʥʥʷ ʡʦʛʦ ʦʩʥʦʚʥʠʭ ʨʦʟʤʽʨʽʚ, ʦʩʢʽʣʴʢʠ ʥʘʜʽʡʥʽʩʪʴ ʨʦʙʦʪʠ ʦʙʝʨʪʦʚʦʛʦ 

ʘʛʨʝʛʘʪʫ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʪʘ ʨʝʩʫʨʩʫ ʢʦʨʧʫʩʫ 

ʨʦʣʠʢʘ [1]. 

ʄʝʪʘ ʨʦʙʦʪʠ: ʻ ʩʪʚʦʨʝʥʥʷ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʝ ʙ ʟʥʘʯʥʦʶ 

ʤʽʨʦʶ ʧʨʠʩʢʦʨʠʣʦ ʩʪʚʦʨʝʥʥʷ 2D-ʢʨʝʩʣʝʥʴ ʪʘ 3D-ʤʦʜʝʣʝʡ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ, 

ʱʦ ʜʦʟʚʦʣʠʪʴ ʩʫʪʪʻʚʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʧʨʦʝʢʪʫʚʘʥʥʷ ʧʨʠ ʨʦʟʨʦʙʮʽ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ 

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ. ʇʨʠ ʨʦʟʨʦʙʮʽ ʧʨʦʛʨʘʤ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʬʦʨʤ, ʷʢ ʙʘʟʦʚʘ, ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʩʠʩʪʝʤʘ AutoCAD, ʷʢʘ ʻ 

ʥʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʦʶ ʽʥʞʝʥʝʨʥʦʶ ʩʠʩʪʝʤʦʶ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ. ʈʦʟʨʦʙʣʝʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʤʦʚʠ AutoLISP ʪʘ ʤʦʚʠ ʫʧʨʘʚʣʽʥʥʷ ʜʽʘʣʦʛʦʚʠʤʠ ʚʽʢʥʘʤʠ 

DCL, ʮʝ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʪʝʨʘʢʪʠʚʥʦʛʦ ʚʚʝʜʝʥʥʷ 

ʚʠʭʽʜʥʠʭ ʜʘʥʠʭ, ʱʦ ʽʩʪʦʪʥʦ ʩʢʦʨʦʯʫʻ ʯʘʩ ʧʽʜʛʦʪʦʚʢʠ ʧʨʦʻʢʪʥʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ, 

ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʜʦʩʪʫʧ ʜʦ ʛʨʘʬʽʯʥʦʾ ʙʘʟʠ ʜʘʥʠʭ ʽʟ ʧʨʦʛʨʘʤʥʦʶ 

ʦʙʨʦʙʢʦʶ ʪʝʢʩʪʦʚʦʾ ʡ ʯʠʩʣʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ. [2]. 

ʈʦʟʨʦʙʣʝʥʘ ʩʠʩʪʝʤʘ ʷʚʣʷʻ ʩʦʙʦʶ ʙʘʛʘʪʦʨʽʚʥʝʚʫ ʚʽʢʦʥʥʫ ʩʪʨʫʢʪʫʨʫ, 

ʧʨʠʟʥʘʯʝʥʫ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ ʚʚʝʜʝʥʥʷ ʘʙʦ ʢʦʨʝʛʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʽ 

ʚʠʢʦʥʘʥʥʷ ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ ʚ 2D ʪʘ 3D ʬʦʨʤʘʪʽ. ɺʚʝʜʝʥʥʷ ʽ ʢʦʨʝʛʫʚʘʥʥʷ 
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ʽʥʬʦʨʤʘʮʽʾ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚ ʽʥʪʝʨʘʢʪʠʚʥʦʤʫ ʨʝʞʠʤʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʥʘʚʝʜʝʥʦʛʦ ʥʘ ʨʠʩ. 1. 

 

ʈʠʩʫʥʦʢ 1 ï ɼʽʘʣʦʛʦʚʝ ʚʽʢʥʦ ʫʚʝʜʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʫʧʦʨʥʦʛʦ 

ʨʦʣʠʢʘ 

ɿ ʨʠʩʫʥʢʫ ʚʠʜʥʦ, ʱʦ ʜʽʘʣʦʛʦʚʝ ʚʽʢʥʦ ʨʦʟʜʽʣʝʥʝ ʥʘ 2 ʚʝʨʪʠʢʘʣʴʥʠʭ 

ʩʝʢʮʽʡ, ʮʝ ʨʠʩʫʥʦʢ ʢʨʝʩʣʝʥʥʷ ʪʘ ʡʦʛʦ ʦʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ, ʪʘʢʦʞ ʤʘʻ ʦʜʥʝ 

ʛʦʨʠʟʦʥʪʘʣʴʥʝ ʤʝʥʶ ʟʥʠʟʫ. 

ʇʝʨʰʘ ʯʘʩʪʠʥʘ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʟʣʽʚʘ, ʤʽʩʪʠʪʴ ʫ ʩʦʙʽ 

ʩʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʢʨʝʩʣʝʥʥʷ. ɼʨʫʛʘ ʯʘʩʪʠʥʘ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʤʘʻ 

ʩʧʠʩʢʠ ʮʝ ñɼʽʘʤʝʪʨʠò ʪʘ ñɼʦʚʞʠʥʘò, ʜʣʷ ʟʨʫʯʥʦʩʪʽ, ʟʘʤʽʩʪʴ ʢʦʥʢʨʝʪʥʠʭ 

ʟʥʘʯʝʥ ɹʢʦʞʥʦʛʦ ʨʦʟʤʽʨʫ ʚʠʢʦʨʠʩʪʘʥʽ ʢʦʨʦʪʢʽ ʘʙʨʝʚʽʘʪʫʨʠ, ʷʢʽ ʩʧʽʚʧʘʜʘʶʪʴ ʟ 
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ʥʘʟʚʘʤʠ. ʅʘʩʪʫʧʥʘ ʯʘʩʪʠʥʘ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʫʚʝʜʝʥʥʷ ʨʦʟʤʽʨʽʚ ʜʝʪʘʣʽ ʟ 

ʚʽʜʧʦʚʽʜʥʠʤʠ ʢʦʤʽʨʢʘʤʠ. 

ʆʩʪʘʥʥʷ ʯʘʩʪʠʥʘ ʂʆʄɸʅɼʀ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʜʦʟʚʦʣʷʻ ʦʙʨʘʪʠ: 

¶ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʜʝʪʘʣʽ (ʧʨʠʩʫʪʥʽ ʤʘʩʰʪʘʙʠ ʟʙʽʣʴʰʝʥʥʷ ʪʘ 

ʟʤʝʥʰʝʥʥʷ); 

¶ ʢʥʦʧʢʫ ñʊʝʩʪò, ʷʢʘ ʚʠʩʪʘʚʣʷʻ ʚʩʽ ʨʦʟʤʽʨʠ ʟʘ ʟʘʟʜʘʣʝʛʽʜʴ ʦʙʨʘʥʠʤʠ 

ʟʥʘʯʝʥʥʷʤʠ (ñɿʘ ʟʘʤʦʚʯʫʚʘʥʥʷʤò); 

¶ ñʇʝʨʝʚʽʨʢʘò. ʂʥʦʧʢʘ ʚʠʢʦʥʫʻ ʧʝʨʝʚʽʨʢʫ ʜʘʥʠʭ ʚʚʝʜʝʥʠʭ ʚ ʘʢʪʠʚʥʽ 

ʧʦʣʷ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ. ʋ ʨʘʟʽ ʧʦʤʠʣʢʠ ʟôʷʚʣʷʻʪʴʩʷ ʩʠʩʪʝʤʥʝ ʚʽʢʥʦ, ʚ ʷʢʦʤʫ 

ʚʢʘʟʫʶʪʴʩʷ ʢʦʥʢʨʝʪʥʽ ʧʦʤʠʣʢʦʚʽ ʟʥʘʯʝʥʥʷ. ʋ ʚʠʧʘʜʢʫ ʚʽʨʥʦʛʦ ʫʚʝʜʝʥʥʷ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʽʜʦʤʣʝʥʥʷ, ʱʦ ʧʦʤʠʣʦʢ ʥʝ ʟʥʘʡʜʝʥʦ. ɹʝʟ ʥʘʪʠʩʥʝʥʥʷ 

ñʇʝʨʝʚʽʨʢʠò ʢʥʦʧʢʠ ñ2Dò ʪʘ ñ3Dò ʥʝ ʘʢʪʠʚʫʶʪʴʩʷ. 

¶ ñ2Dò. ɺʠʢʦʥʫʻ 2D-ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ ʟʘ ʟʘʜʘʥʠʤʠ ʨʦʟʤʽʨʘʤʠ; 

¶ ñ3Dò. ʉʪʚʦʨʶʻ 3D-ʤʦʜʝʣʴ ʜʝʪʘʣʽ ʟʘ ʟʘʜʘʥʠʤʠ ʨʦʟʤʽʨʘʤʠ. 

¶ ñCancelò. ɺʠʭʽʜ ʟ ʤʝʥʶ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʪʘ ʚʽʜʤʽʥʘ ʚʠʢʦʥʘʥʥʷ 

ʧʨʦʛʨʘʤʠ. 

ʅʘ ʨʠʩ.2 ʧʨʠʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʢʦʥʘʥʥʷ ʢʨʝʩʣʝʥʥʷ ʪʘ 3D 

ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠ ʫʚʝʜʝʥʥʽ ʙʘʟʦʚʠʭ ʜʘʥʠʭ ʜʣʷ ʰʝʩʪʝʨʥʽ ʧʨʠʚʦʜʫ. 

 

 

ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2 ï ʇʦʙʫʜʦʚʘ ʪʠʧʦʚʦʛʦ ʢʨʝʩʣʝʥʥʷ 
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ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ 

ʘ) ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ; ʙ) ʪʚʝʨʜʦʪʽʣʴʥʘ ʤʦʜʝʣʴ 

ɼʣʷ ʢʨʝʩʣʝʥʥʷ ʧʦʢʘʟʘʥʦʛʦ ʥʘ ʨʠʩʫʥʢʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚʠʭʽʜʥʽ ʜʘʥʽ 

ʦʪʨʠʤʘʥʽ ʟ ʨʦʟʨʘʭʫʥʢʫ ʙʘʟʦʚʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʝʪʘʣʽ. ʇʽʩʣʷ 

ʫʚʝʜʝʥʥʷ ʚʢʘʟʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚ ʜʽʘʣʦʛʦʚʝ ʚʽʢʥʦ ʚʠʢʦʥʫʻʪʴʩʷ ʨʦʟʨʘʭʫʥʦʢ 

ʥʝʦʙʭʽʜʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʩʪʨʫʢʮʽʾ, ʙʫʜʫʻʪʴʩʷ 3D ʤʦʜʝʣʴ 

ʪʠʧʫ SOLID (ʨʠʩ. 2ʙ) ʪʘ ʚʠʢʦʥʫʻʪʴʩʷ ʢʨʝʩʣʝʥʥʷ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ (ʨʠʩ.2ʘ). 

ʇʦ 3D ʤʦʜʝʣʽ, ʟ ʜʦʧʦʤʦʛʦʶ ʚʽʟʫʘʣʴʥʦʛʦ ʢʦʥʪʨʦʣʶ ʨʦʟʨʦʙʥʠʢ ʘʥʘʣʽʟʫʻ 

ʦʪʨʠʤʘʥʫ ʜʝʪʘʣʴ ʽ ʧʨʠ ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʥʦʩʠʪʴ ʥʝʦʙʭʽʜʥʽ ʟʤʽʥʠ ʚ ʢʦʥʩʪʨʫʢʮʽʶ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʨʦʟʨʦʙʣʝʥʘ ʧʨʦʛʨʘʤʘ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʷʢ 

ʩʢʣʘʜʦʚʠʡ ʝʣʝʤʝʥʪ ʜʣʷ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʝʪʦʜʽʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʪʘ ʧʨʦʝʢʪʥʠʭ ʨʦʙʽʪ ʚ 

ʨʦʟʨʦʙʮ ̔ʥʦʚʠʭ ʪʘ ʤʦʜʝʨʥʽʟʘʮʽʾ ʜʽʶʯʠʭ ʤʝʭʘʥʽʟʤʽʚ ʧʨʠʚʦʜʫ. ʑʦ ʟʥʘʯʥʦʶ 

ʤʽʨʦʶ ʧʨʠʩʢʦʨʶʻ ʨʦʟʨʦʙʢʫ ʪʘ ʧʝʨʝʚʽʨʢʫ ʜʝʪʘʣʽ, ʱʦ ʝʢʦʥʦʤʠʪʴ ʯʘʩ ʪʘ ʟʘʪʨʘʪʠ 

ʥʘ ʧʦʜʘʣʴʰʽ ʨʝʤʦʥʪʥʽ ʨʦʙʦʪʠ, ʪʘ ʧʽʜ ʯʘʩ ʘʥʘʣʽʟʫ ʨʦʟʨʦʙʣʝʥʦʾ ʜʝʪʘʣʽ ʤʦʞʥʘ 

ʚʞʝ ʧʝʨʝʡʪʠ ʜʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʘʙʦ ʟʘʢʫʧʽʚʣʷ ʘʥʘʣʦʛʽʚ. 

ɺʠʩʥʦʚʢʠ. ʈʦʟʨʦʙʣʝʥʘ ʧʨʦʛʨʘʤʘ ʜʣʷ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʝʪʦʜʽʚ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʫ ʪʘ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ 

2D-ʢʨʝʩʣʝʥʥʷ ʪʘ 3D-ʤʦʜʝʣʴ ʪʠʧʫ SOLID. ɺ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ 

ʚʠʢʦʨʠʩʪʘʥʽ ʬʫʥʢʮʽʦʥʘʣʴʥʘ ʤʦʚʘ AutoLISP ʪʘ ʤʦʚʘ ʫʧʨʘʚʣʽʥʥʷ ʜʽʘʣʦʛʦʚʠʤʠ 

ʚʽʢʥʘʤʠ DCL, ʱʦ ʜʘʻ ʟʤʦʛʫ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʽʥʪʝʨʘʢʪʠʚʥʠʡ ʨʝʞʠʤ ʫʚʝʜʝʥʥʷ 

ʜʘʥʠʭ ʪʘ ʢʦʥʪʨʦʣʶʚʘʪʠ ʾʭ ʟʥʘʯʝʥʥʷ, ʱʦ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʰʚʠʜʢʽʩʪʴ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ ʽ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ 

ʦʧʝʨʘʪʠʚʥʦʾ ʟʤʽʥʠ ʨʦʟʤʽʨʥʠʭ ʜʘʥʠʭ ʪʘ ʢʦʨʝʛʫʚʘʥʥʷ ʟʥʘʯʝʥʴ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ 

ʨʦʟʤʽʨʠ ʜʝʪʘʣʽ ʚ ʧʨʦʮʝʩʽ ʧʨʦʝʢʪʫʚʘʥʥʷ. 

ʊʘʢʦʞ ʙʫʣʦ ʙ ʥʝ ʧʦʛʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʘʥʫ ʧʨʦʛʨʘʤʫ ʚ ʪʘʥʜʝʤʽ ʟ 

ʧʨʦʛʨʘʤʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ VESNA, ʱʦ ʜʘʩʪʴ ʟʤʦʛʫ ʟʨʘʟʫ ʧʝʨʝʚʽʨʠʪʠ ʯʠ 

ʜʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʟʘʜʦʚʽʣʴʥʷʻ ʫʤʦʚʠ ʤʽʮʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ ʽ ʚʨʘʟʽ ʥʝʛʘʪʠʚʥʦʛʦ 
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ʨʝʟʫʣʴʪʘʪʫ ʟʤʽʥʠʪʠ ʧʘʨʘʤʝʪʨʠ ʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʽʡ ʧʨʦʝʢʪʥʽʡ ʩʠʩʪʝʤʽ ʷʢʘ 

ʥʘʚʝʜʝʥʘ ʚʠʱʝ. 
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ʋ ʪʝʭʥʦʣʦʛʽʯʥʽʡ ʩʭʝʤʽ ʚʠʨʦʙʥʠʮʪʚʘ ʬʦʨʤʘʣʽʥʫ, ʷʢʠʡ ʟʜʽʡʩʥʶʻʪʴʩʷ ʰʣʷʭʦʤ 

ʢʘʪʘʣʽʟʦʚʘʥʦʛʦ ʦʢʠʩʥʝʥʥʷ ʤʝʪʠʣʦʚʦʛʦ ʩʧʠʨʪʫ, ʟʥʘʯʥʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ 

ʪʝʧʣʦʦʙʤʽʥʥʽ ʘʧʘʨʘʪʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʧʪʠʤʘʣʴʥʠʡ ʪʝʧʣʦʚʠʡ ʙʘʣʘʥʩ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʦʪʦʢʽʚ. ʌʦʨʤʘʣʽʥ ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʝʢʟʦʪʝʨʤʽʯʥʽʡ ʨʝʘʢʮʽʾ, ʷʢʘ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤ ʚʠʜʽʣʝʥʥʷʤ ʪʝʧʣʘ; ʪʦʤʫ ʜʣʷ ʧʽʜʪʨʠʤʘʥʥʷ ʥʝʦʙʭʽʜʥʦʾ 
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ʪʝʤʧʝʨʘʪʫʨʠ ʨʝʘʢʪʦʨʘ, ʧʽʜʛʦʪʦʚʢʠ ʚʠʭʽʜʥʦʾ ʩʠʨʦʚʠʥʠ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʦʜʫʢʪʽʚ 

ʨʝʘʢʮʽʾ ʥʘ ʨʽʟʥʠʭ ʩʪʘʜʽʷʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʽʜʽʛʨʽʚʘʯʽ ʡ ʦʭʦʣʦʜʞʫʚʘʯʽ. 

ʆʩʥʦʚʥʠʤ ʘʧʘʨʘʪʦʤ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʮʠʭ ʬʫʥʢʮʽʡ ʻ ʛʦʨʠʟʦʥʪʘʣʴʥʠʡ 

ʢʦʞʫʭʦʪʨʫʙʥʠʡ ʪʝʧʣʦʦʙʤʽʥʥʠʢ. 

ɻʦʨʠʟʦʥʪʘʣʴʥʠʡ ʢʦʞʫʭʦʪʨʫʙʥʠʡ ʪʝʧʣʦʦʙʤʽʥʥʠʢ ʫ ʩʭʝʤʽ ʦʢʠʩʥʝʥʥʷ 

ʤʝʪʠʣʦʚʦʛʦ ʩʧʠʨʪʫ ʚʠʢʦʥʫʻ ʢʽʣʴʢʘ ʢʣʶʯʦʚʠʭ ʬʫʥʢʮʽʡ. ʇʦ ʧʝʨʰʝ, ʚʽʥ ʜʦʟʚʦʣʷʻ 

ʧʦʧʝʨʝʜʥʴʦ ʧʽʜʽʛʨʽʪʠ ʧʦʪʽʢ ʤʝʪʠʣʦʚʦʛʦ ʩʧʠʨʪʫ ʘʙʦ ʨʝʘʢʮʽʡʥʦʾ ʩʫʤʽʰʽ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʙʣʠʟʴʢʦʾ ʜʦ ʦʧʪʠʤʘʣʴʥʦʾ ʜʣʷ ʨʝʘʢʪʦʨʘ, ʱʦ ʧʽʜʚʠʱʫʻ ʢʽʥʝʪʠʯʥʫ 

ʰʚʠʜʢʽʩʪʴ ʧʨʦʮʝʩʫ ʡ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʝʘʢʮʽʾ. ʇʦ ʜʨʫʛʝ, ʪʝʧʣʦʦʙʤʽʥʥʠʢ ʟʜʘʪʥʠʡ 

ʚʽʜʙʠʨʘʪʠ ʥʘʜʣʠʰʢʦʚʫ ʪʝʧʣʦʪʫ ʟ ʨʝʘʢʮʽʡʥʦʾ ʟʦʥʠ ʧʽʩʣʷ ʦʢʠʩʥʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʧʽʜʪʨʠʤʫʚʘʪʠ ʚʩʪʘʥʦʚʣʝʥʽ ʪʝʤʧʝʨʘʪʫʨʥʽ ʨʝʞʠʤʠ ʡ ʟʘʧʦʙʽʛʘʪʠ ʧʝʨʝʛʨʽʚʫ ʩʠʩʪʝʤʠ. 

ʇʦ ʪʨʝʪʻ, ʫ ʩʢʣʘʜʥʠʭ ʩʭʝʤʘʭ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʝʢʫʧʝʨʘʮʽʾ ʝʥʝʨʛʽʾ ʪʘʢʽ 

ʪʝʧʣʦʦʙʤʽʥʥʠʢʠ ʚʭʦʜʷʪʴ ʜʦ ʢʦʥʪʫʨʽʚ, ʜʝ ʛʘʨʷʯʽ ʧʦʪʦʢʠ ʧʝʨʝʜʘʶʪʴ ʪʝʧʣʦ 

ʭʦʣʦʜʥʽʰʠʤ, ʟʤʝʥʰʫʶʯʠ ʟʘʛʘʣʴʥʝ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʧʽʜʧʨʠʻʤʩʪʚʘ [1,2]. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʤʦʜʝʨʥʽʟʘʮʽʾ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʧʨʦʬʽʣʶ ʨʝʙʝʨ ʚʥʫʪʨʽʰʥʴʦʾ ʘʙʦ ʟʦʚʥʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ ʪʨʫʙ, ʧʨʠ 

ʷʢʦʤʫ ʚʠʩʦʪʘ ʪʘ/ʘʙʦ ʢʨʦʢ ʨʝʙʝʨ ʟʤʽʥʶʶʪʴʩʷ ʫʟʜʦʚʞ ʜʦʚʞʠʥʠ ʪʨʫʙʠ ʜʣʷ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʫ (ʨʠʩʫʥʦʢ 1). ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ 

ʘʜʘʧʪʫʚʘʪʠ ʛʝʦʤʝʪʨʽʶ ʧʦʚʝʨʭʥʽ ʜʦ ʟʤʽʥ ʪʝʧʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʫʟʜʦʚʞ ʘʧʘʨʘʪʘ, 

ʧʽʜʚʠʱʠʪʠ ʣʦʢʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ ʪʘ ʟʤʝʥʰʠʪʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ 

ʚʪʨʘʪʠ [3]. 

 

ʈʠʩʫʥʦʢ 1 ï ɿʦʙʨʘʞʝʥʥʷ ʨʝʙʝʨ ʥʘ ʟʦʚʥʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ ʪʨʫʙ 
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ʅʝʨʽʚʥʦʤʽʨʥʠʡ ʧʨʦʬʽʣʴ ʨʝʙʝʨ ʧʝʨʝʜʙʘʯʘʻ, ʱʦ ʧʦ ʜʦʚʞʠʥʽ ʪʨʫʙʠ ʧʘʨʘʤʝʪʨʠ 

ʨʝʙʝʨ ʥʝ ʻ ʧʦʩʪʽʡʥʠʤʠ, ʘ ʟʤʽʥʶʶʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʣʦʢʘʣʴʥʠʭ ʚʠʤʦʛ ʜʦ 

ʪʝʧʣʦʧʝʨʝʜʘʯʽ. ʆʩʥʦʚʥʽ ʚʘʨʽʘʥʪʠ ʨʝʘʣʽʟʘʮʽʾ: 

ɿʤʽʥʥʘ ʚʠʩʦʪʘ ʨʝʙʝʨ: ʫ ʧʝʨʰʽʡ ʯʘʩʪʠʥʽ ʪʝʧʣʦʦʙʤʽʥʥʦʾ ʪʨʫʙʠ (ʜʝ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʘ ʢʦʥʜʝʥʩʘʮʽʷ ʘʙʦ ʥʘʛʨʽʚ) ʨʝʙʨʘ ʤʦʞʫʪʴ ʤʘʪʠ 

ʚʝʣʠʢʫ ʚʠʩʦʪʫ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʫ ʟ ʪʝʧʣʦʥʦʩʽʻʤ ʪʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʫ. ʋ ʥʠʞʯʠʭ ʪʝʧʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʥʷʭ ʚʠʩʦʪʘ ʨʝʙʝʨ ʤʦʞʝ 

ʟʤʝʥʰʫʚʘʪʠʩʷ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ. 

ɿʤʽʥʥʠʡ ʢʨʦʢ ʨʝʙʝʨ: ʧʦʯʘʪʢʦʚʽ ʜʽʣʷʥʢʠ ʪʨʫʙʠ ʤʦʞʫʪʴ ʤʘʪʠ ʤʝʥʰʠʡ 

ʤʽʞʨʝʙʝʨʥʠʡ ʢʨʦʢ, ʱʦ ʧʽʜʩʠʣʶʻ ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ ʧʦʪʦʢʫ ʪʘ ʟʙʽʣʴʰʫʻ ʣʦʢʘʣʴʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ. ʋ ʜʽʣʷʥʢʘʭ ʟʽ ʩʣʘʙʰʦʶ ʪʝʧʣʦʚʦʶ ʧʦʪʨʝʙʦʶ ʢʨʦʢ ʨʝʙʝʨ 

ʤʦʞʝ ʟʙʽʣʴʰʫʚʘʪʠʩʷ, ʟʤʝʥʰʫʶʯʠ ʚʪʨʘʪʠ ʪʠʩʢʫ. 

ʊʘʢʘ ʢʦʥʩʪʨʫʢʮʽʷ ʤʦʞʝ ʙʫʪʠ ʨʝʘʣʽʟʦʚʘʥʘ ʰʣʷʭʦʤ ʤʝʭʘʥʽʯʥʦʛʦ 

ʧʨʦʬʽʣʶʚʘʥʥʷ ʪʨʫʙ, ʩʧʝʮʽʘʣʴʥʦʛʦ ʚʘʣʴʮʶʚʘʥʥʷ, ʣʘʟʝʨʥʦʛʦ ʪʨʘʚʣʝʥʥʷ, ʘʙʦ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʚʠʩʦʢʦʪʦʯʥʠʭ ʤʝʪʦʜʽʚ ʣʠʪʪʷ/ʝʢʩʪʨʫʟʽʾ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʦʜʝʨʞʫʚʘʪʠ 

ʨʝʙʨʠʩʪʽ ʧʨʦʬʽʣʽ ʟ ʤʽʥʣʠʚʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 

ɿʤʽʥʥʘ ʛʝʦʤʝʪʨʽʷ ʨʝʙʝʨ ʩʪʚʦʨʶʻ ʜʠʬʝʨʝʥʮʽʡʦʚʘʥʽ ʫʤʦʚʠ ʪʝʯʽʾ ʧʦʪʦʢʫ ʚ 

ʨʽʟʥʠʭ ʜʽʣʷʥʢʘʭ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ. ʋ ʟʦʥʽ ʟ ʚʠʩʦʢʦʶ ʪʝʧʣʦʚʦʶ ʧʦʪʨʝʙʦʶ (ʟʦʥʘ 

ʢʦʥʜʝʥʩʘʮʽʾ ʧʘʨʽʚ ʘʙʦ ʟʦʥʘ ʧʽʜʽʛʨʽʚʫ) ʫʱʽʣʴʥʝʥʽ ʨʝʙʨʘ ʩʪʠʤʫʣʶʶʪʴ 

ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ, ʧʨʠʩʢʦʨʶʶʪʴ ʨʫʡʥʫʚʘʥʥʷ ʧʨʠʢʦʨʜʦʥʥʦʛʦ ʰʘʨʫ ʪʘ ʧʽʜʚʠʱʫʶʪʴ 

ʤʽʩʮʝʚʠʡ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ. ʋ ʜʽʣʷʥʢʘʭ ʽʟ ʥʠʞʯʠʤʠ ʪʝʧʣʦʚʠʤʠ 

ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ ʟʙʽʣʴʰʝʥʠʡ ʤʽʞʨʝʙʝʨʥʠʡ ʢʨʦʢ ʪʘ ʤʝʥʰʘ ʚʠʩʦʪʘ ʨʝʙʝʨ 

ʟʤʝʥʰʫʶʪʴ ʦʧʽʨ ʧʦʪʦʢʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʫʥʠʢʘʪʠ ʥʘʜʤʽʨʥʦʛʦ ʧʽʜʚʠʱʝʥʥʷ ʚʪʨʘʪ 

ʪʠʩʢʫ. ʊʘʢʠʡ ʘʜʘʧʪʠʚʥʠʡ ʧʨʦʬʽʣʴ ʜʦʟʚʦʣʷʻ ʚʠʨʽʚʥʶʚʘʪʠ ʪʝʧʣʦʚʽ ʧʦʣʷ ʚʟʜʦʚʞ 

ʪʨʫʙʥʦʛʦ ʧʫʯʢʘ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʨʦʟʧʦʜʽʣ ʝʥʝʨʛʽʾ [4]. 

ʇʝʨʝʚʘʛʠ 

- ʇʦʢʨʘʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʟʘʚʜʷʢʠ ʧʽʜʚʠʱʝʥʥʶ 

ʣʦʢʘʣʴʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʧʣʦʚʽʜʜʘʯʽ ʫ ʢʨʠʪʠʯʥʠʭ ʟʦʥʘʭ. 
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- ɿʥʠʞʝʥʥʷ çʤʝʨʪʚʠʭ ʟʦʥè ʪʘ ʟʘʩʪʽʡʥʠʭ ʜʽʣʷʥʦʢ ʟʘʚʜʷʢʠ ʘʜʘʧʪʠʚʥʽʡ 

ʛʝʦʤʝʪʨʽʾ ʨʝʙʝʨ. 

- ʆʧʪʠʤʽʟʘʮʽʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʨʝʞʠʤʫ ʟʘ ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ 

ʛʽʜʨʘʚʣʽʯʥʠʭ ʚʪʨʘʪ ʫ ʜʽʣʷʥʢʘʭ ʟ ʤʝʥʰʦʶ ʧʦʪʨʝʙʦʶ ʫ ʪʫʨʙʫʣʽʟʘʮʽʾ. 

- ʇʽʜʚʠʱʝʥʥʷ ʩʫʤʘʨʥʦʾ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʘʧʘʨʘʪʘ ʙʝʟ ʟʥʘʯʥʦʛʦ 

ʟʙʽʣʴʰʝʥʥʷ ʛʘʙʘʨʠʪʽʚ. 

ʅʝʜʦʣʽʢʠ 

- ʋʩʢʣʘʜʥʝʥʥʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʨʫʙʥʦʛʦ ʧʫʯʢʘ ʟ ʥʝʨʽʚʥʦʤʽʨʥʠʤ 

ʧʨʦʬʽʣʝʤ ʨʝʙʝʨ, ʱʦ ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦʪʦʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʡ 

ʪʝʭʥʦʣʦʛʽʡ. 

- ʇʽʜʚʠʱʝʥʘ ʩʦʙʽʚʘʨʪʽʩʪʴ ʪʝʧʣʦʦʙʤʽʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

- ʇʦʪʨʝʙʘ ʚ ʜʝʪʘʣʴʥʦʤʫ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʤʫ ʪʘ ʪʝʧʣʦʪʝʭʥʽʯʥʦʤʫ 

ʧʨʦʻʢʪʫʚʘʥʥʽ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʥʝʙʘʞʘʥʠʭ ʛʽʜʨʘʚʣʽʯʥʠʭ ʦʧʦʨʽʚ ʪʘ 

ʣʦʢʘʣʴʥʠʭ ʧʝʨʝʛʨʽʚʽʚ. 

- ʉʢʣʘʜʥʽʩʪʴ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʦʯʠʱʝʥʥʷ, ʦʩʢʽʣʴʢʠ 

ʥʝʨʽʚʥʦʤʽʨʥʽ ʨʝʙʨʘ ʤʦʞʫʪʴ ʫʪʨʠʤʫʚʘʪʠ ʚʽʜʢʣʘʜʝʥʥʷ [3,4]. 
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ʋɼʂ 66.045.1 

 

ɼʆʉʃɯɼɾɽʅʅʗ ʂʆʅʉʊʈʋʂʎɯɰ ʊɸ ɽʌɽʂʊʀɺʅʆʉʊɯ 

ɼɺʆʉɽʂʎɯʁʅʆɻʆ ʄɯʂʈʆʂɸʅɸʃʔʅʆɻʆ ʊɽʇʃʆʆɹʄɯʅʅʀʂɸ  

ʩʪʫʜʝʥʪʢʘ ʇʘʰʝʥʴʢʦ ɺ.ʄ., ʜʦʮ., ʢ.ʪ.ʥ. ɻʫʣʽʻʥʢʦ ʉ.ɺ., 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʧʘʪʝʥʪ, ʚ ʷʢʦʤʫ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʪʘ 

ʧʨʠʥʮʠʧ ʨʦʙʦʪʠ ʜʚʦʩʝʢʮʽʡʥʦʛʦ ʤʽʢʨʦʢʘʥʘʣʴʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ, ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʡʦʛʦ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʊɽʇʃʆʆɹʄɯʅʅʀʂ; ʄɯʂʈʆʂɸʅɸʃʔʅʀʁ 

ʊɽʇʃʆʆɹʄɯʅʅʀʂ; ʊɽʇʃʆʆɹʄɯʅ; ʊɽʇʃʆɺɯ ʉʀʉʊɽʄʀ. 

Abstract: The patent is considered, in which the design and operating principle 

of a two-section microchannel heat exchanger are analyzed, along with iôts 

ADVANTAGES AND DISADVANTAGES. 

KEYWORDS:  HEAT EXCHANGER; MICROCHANNEL HEAT 

EXCHANGER; HEAT TRANSFER; THERMAL SYSTEMS. 

ʈʦʟʛʣʷʥʫʣʠ ʧʘʪʝʥʪ US20260098687A1 [1], ʷʢʠʡ ʦʧʠʩʫʻ ʢʦʤʧʘʢʪʥʠʡ 

ʜʚʦʩʝʢʮʽʡʥʠʡ ʤʽʢʨʦʢʘʥʘʣʴʥʠʡ ʪʝʧʣʦʦʙʤʽʥʥʠʢ ʽʟ ʧʦʯʝʨʛʦʚʠʤ ʨʦʟʪʘʰʫʚʘʥʥʥʷʤ 

ʪʨʫʙʦʢ ʪʘ ʟʚʦʨʦʪʥʠʤ ʨʫʭʦʤ ʪʝʧʣʦʥʦʩʽʷ,  ʷʢʠʡ ʟʦʙʨʘʞʝʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 1. 

ɼʚʘ ʪʝʧʣʦʥʦʩʽʾ ʮʠʨʢʫʣʶʶʪʴ ʫ ʪʨʫʙʢʘʭ ʜʚʦʭ ʥʝʟʘʣʝʞʥʠʭ ʢʦʥʪʫʨʽʚ. ɺʭʽʜ ʽ 

ʚʠʭʽʜ ʢʦʞʥʦʛʦ ʢʦʥʪʫʨʫ ʨʦʟʪʘʰʦʚʘʥʽ ʟ ʦʜʥʦʛʦ ʙʦʢʫ ʯʝʨʝʟ ʢʦʣʝʢʪʦʨʠ, ʘ ʪʝʧʣʦʦʙʤʽʥ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʤʽʞ ʪʨʫʙʢʘʤʠ ʯʝʨʝʟ ʩʪʽʥʢʠ ʪʘ ʨʝʙʨʘ ʦʨʝʙʨʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ 

ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ, ʷʢʠʡ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʪʝʧʣʦʦʙʤʽʥʥʠʢ. 
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100 ï ʪʝʧʣʦʦʙʤʽʥʥʽ ʧʣʦʩʢʽ ʪʨʫʙʢʠ, 200 ï ʢʦʣʝʢʪʦʨʠ,                          230 ï 

ʟ'ʻʜʥʫʚʘʣʴʥʽ ʪʨʫʙʢʠ, 340 ï ʩʝʢʮʽʡʥʽ ʪʨʫʙʢʠ ʢʦʣʝʢʪʦʨʽʚ, 300 ïʨʝʙʨʘ; 

ʈʠʩʫʥʦʢ 1 ï ɿʘʛʘʣʴʥʠʡ ʚʠʜ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ. 

 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʦʜʥʦʯʘʩʥʦʤʫ ʧʨʦʭʦʜʞʝʥʥʽ 

ʜʚʦʭ ʪʝʧʣʦʥʦʩʽʾʚ ʯʝʨʝʟ ʜʚʽ ʥʝʟʘʣʝʞʥʽ ʪʝʧʣʦʦʙʤʽʥʥʽ ʩʝʢʮʽʾ. ʂʦʞʝʥ ʪʝʧʣʦʥʦʩʽʡ 

ʧʦʜʘʻʪʴʩʷ ʯʝʨʝʟ ʚʭʽʜʥʠʡ ʢʦʣʝʢʪʦʨ ʫ ʧʣʦʩʢʽ ʪʨʫʙʢʠ ʩʚʦʻʾ ʩʝʢʮʽʾ. ɼʘʣʽ ʚʽʥ ʨʫʭʘʻʪʴʩʷ 

ʧʦ ʚʥʫʪʨʽʰʥʴʦʤʫ ʢʘʥʘʣʫ ʪʨʫʙʢʠ, ʷʢʠʡ ʤʘʻ ʟʚʦʨʦʪʥʫ (U-ʧʦʜʽʙʥʫ) ʢʦʥʬʽʛʫʨʘʮʽʶ, 

ʱʦ ʧʦʜʦʚʞʫʻ ʰʣʷʭ ʨʫʭʫ ʽ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʠʡ ʪʝʧʣʦʦʙʤʽʥ.ʇʽʩʣʷ 

ʧʨʦʭʦʜʞʝʥʥʷ ʧʦ ʢʘʥʘʣʫ ʪʝʧʣʦʥʦʩʽʡ ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦ ʪʦʛʦ ʞ ʙʦʢʫ ʪʨʫʙʢʠ ʽ 

ʚʠʭʦʜʠʪʴ ʯʝʨʝʟ ʚʠʭʽʜʥʠʡ ʢʦʣʝʢʪʦʨ. ʆʩʢʽʣʴʢʠ ʪʨʫʙʢʠ ʜʚʦʭ ʩʝʢʮʽʡ ʨʦʟʪʘʰʦʚʘʥʽ 

ʧʦʯʝʨʛʦʚʦ ʽ ʢʦʥʪʘʢʪʫʶʪʴ ʤʽʞ ʩʦʙʦʶ ʯʝʨʝʟ ʩʪʽʥʢʠ ʪʘ ʨʝʙʨʘ, ʤʽʞ ʧʦʪʦʢʘʤʠ ʨʽʟʥʠʭ 

ʪʝʧʣʦʥʦʩʽʾʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʜʘʯʘ ʪʝʧʣʘ. 

ɼʦʜʘʪʢʦʚʦ ʪʝʧʣʦʦʙʤʽʥ ʤʦʞʝ ʧʦʩʠʣʶʚʘʪʠʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ, 

ʷʢʠʡ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʦʨʝʙʨʝʥʥʷ ʤʽʞ ʪʨʫʙʢʘʤʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ 
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ʪʨʠʢʦʥʪʫʨʥʠʡ ʪʝʧʣʦʦʙʤʽʥ. ɿʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ ʨʦʙʦʪʠ, ʦʜʠʥ ʢʦʥʪʫʨ ʤʦʞʝ 

ʚʠʢʦʥʫʚʘʪʠ ʬʫʥʢʮʽʶ ʚʠʧʘʨʥʠʢʘ, ʘ ʽʥʰʠʡ ð ʢʦʥʜʝʥʩʘʪʦʨʘ. 

ʋ ʩʢʣʘʜʽ ʩʠʩʪʝʤʠ ʪʝʧʣʦʦʙʤʽʥʫ ʮʠʨʢʫʣʷʮʽʷ ʭʦʣʦʜʦʘʛʝʥʪʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʢʦʤʧʨʝʩʦʨʦʤ ʽ ʜʨʦʩʝʣʴʥʠʤ ʝʣʝʤʝʥʪʦʤ. ʇʨʠ ʮʴʦʤʫ ʜʚʽ ʩʝʢʮʽʾ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ 

ʤʦʞʫʪʴ ʧʨʘʮʶʚʘʪʠ ʥʝʟʘʣʝʞʥʦ ʘʙʦ ʦʜʥʦʯʘʩʥʦ, ʱʦ ʜʦʟʚʦʣʷʻ ʨʝʛʫʣʶʚʘʪʠ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤʠ.  

ʆʩʥʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʥʝʦʙʭʽʜʥʦʩʪʽ ʟʛʠʥʘʥʥʷ ʪʨʫʙʦʢ, ʱʦ 

ʧʨʷʤʦ ʚʠʨʽʰʫʻ ʧʨʦʙʣʝʤʫ ʚʽʜʦʤʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʽ ʩʧʨʦʱʫʻ ʚʠʨʦʙʥʠʮʪʚʦ. 

ʂʦʥʩʪʨʫʢʮʽʷ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʻ ʙʽʣʴʰ ʢʦʤʧʘʢʪʥʦʶ ʟʘʚʜʷʢʠ ʦʧʪʠʤʘʣʴʥʦʤʫ 

ʨʦʟʪʘʰʫʚʘʥʥʶ ʢʦʣʝʢʪʦʨʽʚ ʽ ʧʽʜʢʣʶʯʝʥʴ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʤʽʞʥʠʭ ʪʨʫʙʦʢ 

ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʽ ʟʤʝʥʰʠʪʠ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ. 

ʊʘʢʦʞ ʧʽʜʚʠʱʫʻʪʴʩʷ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʦʙʤʽʥʫ ʟʘʚʜʷʢʠ ʟʙʽʣʴʰʝʥʥʶ ʜʦʚʞʠʥʠ 

ʰʣʷʭʫ ʧʦʪʦʢʫ ʪʘ ʤʦʞʣʠʚʦʩʪʽ ʩʪʚʦʨʝʥʥʷ ʪʫʨʙʫʣʽʟʘʮʽʾ ʚ ʢʘʥʘʣʘʭ. ʂʦʥʩʪʨʫʢʮʽʷ ʻ 

ʛʥʫʯʢʦʶ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ, ʦʩʢʽʣʴʢʠ ʤʦʞʝ ʧʨʘʮʶʚʘʪʠ ʷʢ ʚʠʧʘʨʥʠʢ ʘʙʦ ʢʦʥʜʝʥʩʘʪʦʨ 

ʽ ʧʽʜʪʨʠʤʫʻ ʨʽʟʥʽ ʪʝʧʣʦʥʦʩʽʾ. ɼʦʜʘʪʢʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʤʦʞʣʠʚʽʩʪʴ ʨʦʙʦʪʠ 

ʩʠʩʪʝʤʠ ʥʘ ʯʘʩʪʢʦʚʦʤʫ ʘʙʦ ʧʦʚʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ. 

 ʆʩʥʦʚʥʠʤʠ ʥʝʜʦʣʽʢʦʤʠ ʻ: ʢʦʥʩʪʨʫʢʮʽʷ ʚʠʤʘʛʘʻ ʪʦʯʥʦʛʦ ʜʦʪʨʠʤʘʥʥʷ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʦʩʢʽʣʴʢʠ ʟʘʜʘʥʦ ʙʘʛʘʪʦ ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʤʽʞ ʨʦʟʤʽʨʘʤʠ 

ʝʣʝʤʝʥʪʽʚ, ʱʦ ʧʽʜʚʠʱʫʻ ʚʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ; ʥʘʷʚʥʽʩʪʴ ʚʝʣʠʢʦʾ 

ʢʽʣʴʢʦʩʪʽ ʩʢʣʘʜʦʚʠʭ ʯʘʩʪʠʥ, ʪʘʢʠʭ ʷʢ ʩʝʢʮʽʡʥʽ ʪʘ ʧʨʦʤʽʞʥʽ ʪʨʫʙʢʠ, ʫʩʢʣʘʜʥʶʻ 

ʧʨʦʮʝʩ ʩʢʣʘʜʘʥʥʷ; ʥʘʜʪʦ ʚʝʣʠʢʽ ʨʦʟʤʽʨʠ ʫʩʢʣʘʜʥʶʶʪʴ ʟʚʘʨʶʚʘʥʥʷ, ʘ ʥʘʜʪʦ ʤʘʣʽ 

ʟʙʽʣʴʰʫʶʪʴ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ. 

ɺʠʩʥʦʚʦʢ: ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʟʘʙʝʟʧʝʯʫʻ 

ʝʬʝʢʪʠʚʥʫ ʪʝʧʣʦʧʝʨʝʜʘʯʫ ʟʘ ʨʘʭʫʥʦʢ ʧʦʜʦʚʞʝʥʦʛʦ ʰʣʷʭʫ ʨʫʭʫ ʪʝʧʣʦʥʦʩʽʾʚ, 

ʧʦʯʝʨʛʦʚʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʪʨʫʙʦʢ ʪʘ ʤʦʞʣʠʚʦʩʪʽ ʜʦʜʘʪʢʦʚʦʛʦ ʧʦʚʽʪʨʷʥʦʛʦ 

ʪʝʧʣʦʦʙʤʽʥʫ. ʎʝ ʧʽʜʚʠʱʫʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʨʦʙʦʪʠ ʧʨʠʩʪʨʦʶ. ɼʦ ʥʝʜʦʣʽʢʽʚ ʥʘʣʝʞʘʪʴ ʧʽʜʚʠʱʝʥʽ ʚʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʩʢʣʘʜʥʽʩʪʴ ʩʢʣʘʜʘʥʥʷ ʯʝʨʝʟ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʝʣʝʤʝʥʪʽʚ. ʇʦʧʨʠ 
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ʮʝ, ʢʦʥʩʪʨʫʢʮʽʷ ʻ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʟʘʚʜʷʢʠ ʧʦʻʜʥʘʥʥʶ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʛʥʫʯʢʦʩʪʽ. 

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ: 
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KINETIC FEATURES OF BISCHOFITE DEHYDRATION UNDER 

THERMORADIATIVE HEATING  

PhD student Filipov V.V., PhD, Associate Professor Novokhat O.A. 

National Technical University of Ukraine 

ñIgor Sikorsky Kyiv Polytechnic Instituteò 

Abstract:  Generalized results of an experimental study on the dehydration of 

natural crushed bischofite in its initial hexahydrate form under thermoradiative heat 

supply are presented. It is shown that as the surface temperature of the material 

increases from 70 to 110 °C, the degree of dehydration rises and the transition to 

lower hydrate forms accelerates. Based on the linearization of experimental data by 

the Avrami-Erofeev equation, a two-stage character of the process was established. 

The first stage is characterized by a higher rate and is governed mainly by thermal 

action, whereas at the second stage the internal diffusion resistance becomes 

significant. The obtained results can be used to select temperature-time modes for 

partial dehydration of bischofite. 

KEYWORDS: BISCHOFITE, MAGNESIUM CHLORIDE, DEHYDRATION, 

KINETICS, INFRARED HEATING. 

 

ʂɯʅɽʊʀʏʅɯ ʆʉʆɹʃʀɺʆʉʊɯ ɼɽɻɯɼʈɸʊɸʎɯɰ ɹɯʐʆʌɯʊʋ ɿɸ 

ʊɽʈʄʆʈɸɼɯɸʎɯʁʅʆɻʆ ʅɸɻʈɯɺɸʅʅʗ 

ɸʩʧʽʨʘʥʪ ʌʽʣʽʧʦʚ ɺ.ɺ., ʢ.ʪ.ʥ., ʜʦʮʝʥʪ ʅʦʚʦʭʘʪ ʆ.ɸ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʥʦʪʘʮʽʷ: ʅʘʚʝʜʝʥʦ ʫʟʘʛʘʣʴʥʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʛʽʜʨʘʪʘʮʽʾ ʧʨʠʨʦʜʥʦʛʦ ʧʦʜʨʽʙʥʝʥʦʛʦ ʙʽʰʦʬʽʪʫ ʫ ʧʦʯʘʪʢʦʚʽʡ 

ʛʝʢʩʘʛʽʜʨʘʪʥʽʡ ʬʦʨʤʽ ʟʘ ʪʝʨʤʦʨʘʜʽʘʮʽʡʥʦʛʦ ʧʽʜʚʝʜʝʥʥʷ ʪʝʧʣʦʪʠ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʚʽʜ 70 ʜʦ 110 ÁC ʟʨʦʩʪʘʻ 
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ʩʪʫʧʽʥʴ ʜʝʛʽʜʨʘʪʘʮʽʾ ʪʘ ʧʨʠʰʚʠʜʰʫʻʪʴʩʷ ʧʝʨʝʭʽʜ ʜʦ ʥʠʞʯʠʭ ʛʽʜʨʘʪʥʠʭ ʬʦʨʤ. 

ʅʘ ʧʽʜʩʪʘʚʽ ʣʽʥʝʘʨʠʟʘʮʽʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʨʽʚʥʷʥʥʷʤ ɸʚʨʘʤʽ-ɭʨʦʬʻʻʚʘ 

ʚʩʪʘʥʦʚʣʝʥʦ ʜʚʦʩʪʘʜʽʡʥʠʡ ʭʘʨʘʢʪʝʨ ʧʨʦʮʝʩʫ. ʇʝʨʰʘ ʩʪʘʜʽʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʚʠʱʦʶ ʰʚʠʜʢʽʩʪʶ ʪʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʪʝʧʣʦʚʠʤ ʚʧʣʠʚʦʤ, ʪʦʜʽ ʷʢ ʥʘ 

ʜʨʫʛʽʡ ʩʪʘʜʽʾ ʽʩʪʦʪʥʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʚʥʫʪʨʽʰʥʽʡ ʜʠʬʫʟʽʡʥʠʡ ʦʧʽʨ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʚʠʙʦʨʫ ʪʝʤʧʝʨʘʪʫʨʥʦ-

ʯʘʩʦʚʠʭ ʨʝʞʠʤʽʚ ʯʘʩʪʢʦʚʦʾ ʜʝʛʽʜʨʘʪʘʮʽʾ ʙʽʰʦʬʽʪʫ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɹɯʐʆʌɯʊ, ʍʃʆʈʀɼ ʄɸɻʅɯʖ, ɼɽɻɯɼʈɸʊɸʎɯʗ, 

ʂɯʅɽʊʀʂɸ, ɯʅʌʈɸʏɽʈɺʆʅɽ ʅɸɻʈɯɺɸʅʅʗ. 

 

Bischofite dehydration is an important technological operation in the preparation 

of magnesium-containing raw material for storage, transportation, and further use. 

Partial removal of crystallization water makes it possible to reduce caking of the 

material, improve the stability of its properties, and purposefully obtain lower 

hydrates. For practical implementation of such a process, it is necessary to know the 

regularities of the dehydration rate as a function of temperature. 

In the study, the heat flux was generated by a ceramic infrared emitter, while the 

course of the process was monitored by continuous thermogravimetric analysis. The 

experiments were carried out at steady bischofite surface temperatures of 70, 90, 100, 

and 110 ÁC. From the change in sample mass over time, the dehydration degree Ŭ was 

determined, which characterizes the fraction of removed crystallization water relative 

to its total content in MgCl Ŀ6H O. 

Analysis of the experimental curves showed that dehydration proceeds most 

intensively at the beginning of the process, whereas later the rate gradually decreases. 

This behavior is associated with heating of the material, removal of residual adsorbed 

moisture, and subsequent formation of a partially dehydrated layer on the crystal 

surface, which hinders the movement of water molecules from the internal zones to the 
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surface. For the same process time, the final dehydration degree increases from 14% at 

70 °C to 39% at 110 °C. 

For quantitative description of the process, the Avrami-Erofeev equation was 

used. Linearization of the experimental data confirmed the presence of two kinetic 

stages. The first stage is more sensitive to temperature and is characterized by higher 

rate constants than the second one. It was established that the ratio k /k  decreases 

from 2.5 to 1.9 with increasing temperature, which indicates weakening of diffusion 

limitations under more intensive heat supply. 

 

 

Figure 1. Generalized curves of changes in the degree of bischofite dehydration 

at different surface temperatures 

The presented dependences confirm that the thermoradiative heating method 

ensures a controllable course of dehydration and makes it possible to predict 

attainment of the required dehydration degree (fig. 1). In practice, this is important for 

choosing conditions under which the process can be limited to the tetrahydrate level 

without excessive transition to less stable or undesirable forms. Thus, the kinetic 
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parameters of the process may serve as a basis for calculating rational modes of 

bischofite thermal treatment. 
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ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʥʦʪʘʮʽʷ: ʨʦʟʛʣʷʥʫʪʦ ʪʝʭʥʦʣʦʛʽʾ ʩʠʥʪʝʟʫ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ, ʪʘʢʽ ʷʢ 

ʨʽʜʠʥʥʦʬʘʟʥʝ ʦʢʠʩʥʝʥʥʷ, ʧʨʷʤʝ ʦʢʠʩʥʝʥʥʷ ʥʠʞʯʠʭ ʦʨʛʘʥʽʯʥʠʭ ʩʧʦʣʫʢ ʪʘ 

ʢʘʨʙʦʥʽʣʶʚʘʥʥʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʭʝʤʫ ʩʠʥʪʝʟʫ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ 

ʤʝʪʦʜʦʤ ʨʽʜʠʥʥʦʬʘʟʥʦʛʦ ʦʢʠʩʥʝʥʥʷ. ʇʨʠʜʽʣʝʥʦ ʫʚʘʛʫ ʜʦʮʽʣʴʥʦʩʪʽ ʫʜʦʩʢʦʥʘʣʝʥʥʷ 

ʨʝʘʢʪʦʨʘ ʧʝʨʝʤʽʰʫʚʘʥʥʷ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʆʎʊʆɺɸ ʂʀʉʃʆʊɸ, ʈɯɼʀʅʅʆʌɸɿʅɽ 

ʆʂʀʉʅɽʅʅʗ, ʈɽɸʂʊʆʈ, ʉʀʅʊɽɿ, ʊɽʍʅʆʃʆɻɯʗ. 

Abstract:  This work examines the main industrial technologies for the synthesis 

of acetic acid, including liquid-phase oxidation, direct oxidation of lower organic 

compounds, and carbonylation. The technological scheme of acetic acid synthesis by 

the liquid-phase oxidation method is analyzed. Special attention is given to the 

feasibility of improving the mixing reactor to enhance process efficiency and 

operational reliability. 

KEYWORDS:  ACETIC ACID, LIQUID-PHASE OXIDATION, REACTOR, 

SYNTHESIS, TECHNOLOGY. 

 ʆʮʪʦʚʘ ʢʠʩʣʦʪʘ (CH3COOH) ʻ ʧʨʝʜʩʪʘʚʥʠʢʦʤ ʢʘʨʙʦʥʦʚʠʭ ʢʠʩʣʦʪ ʙʝʟ 

ʢʦʣʴʦʨʫ, ʟ ʨʽʟʢʠʤ ʟʘʧʘʭʦʤ ʪʘ ʢʠʩʣʠʤ ʩʤʘʢʦʤ. ɺʦʥʘ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ 

ʭʘʨʯʦʚʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʜʝ ʚʭʦʜʠʪʴ ʜʦ ʩʢʣʘʜʫ ʦʮʪʫ (ʟʘʟʚʠʯʘʡ 6% ʘʙʦ 9% 

ʨʦʟʯʠʥ), ʪʘ ʫ ʭʽʤʽʯʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʫ ʷʢʦʩʪʽ ʦʨʛʘʥʽʯʥʦʛʦ ʨʝʘʛʝʥʪʫ. ɿʘʚʜʷʢʠ 

ʩʚʦʾʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʚʦʥʘ ʨʦʟʧʦʚʩʶʜʞʝʥʘ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʧʦʣʽʤʝʨʽʚ, 

ʨʦʟʯʠʥʥʠʢʽʚ, ʢʣʝʶ, ʘʮʝʪʘʪʥʠʭ ʚʦʣʦʢʦʥ, ʬʘʨʙ ʪʦʱʦ [1]. 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

40 
 

 ɯʩʥʫʻ ʜʚʘ ʦʩʥʦʚʥʽ ʩʧʦʩʦʙʠ ʦʪʨʠʤʘʥʥʷ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ: ʭʽʤʽʯʥʠʡ ʩʠʥʪʝʟ ʪʘ 

ʬʝʨʤʝʥʪʘʮʽʷ. ʂʦʞʝʥ ʟ ʮʠʭ ʩʧʦʩʦʙʽʚ ʤʘʻ ʜʝʢʽʣʴʢʘ ʤʦʞʣʠʚʠʭ ʧʽʜʭʦʜʽʚ. ʍʽʤʽʯʥʠʡ 

ʩʠʥʪʝʟ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʫ ʯʠʩʪʦʪʫ ʢʽʥʮʝʚʦʛʦ ʧʨʦʜʫʢʪʫ (99-100%) ʟʽ 

ʟʥʘʯʥʠʤʠ ʚʽʜʭʦʜʘʤʠ ʫ ʚʠʛʣʷʜʽ ʧʦʙʽʯʥʠʭ ʦʨʛʘʥʽʯʥʠʭ ʧʨʦʜʫʢʪʽʚ, ʥʝʚʽʜʨʝʘʛʦʚʘʥʦʾ 

ʩʠʨʦʚʠʥʠ, ʢʘʪʘʣʽʪʠʯʥʠʭ ʟʘʣʠʰʢʽʚ ʪʘ ʟʘʙʨʫʜʥʝʥʠʭ ʩʪʽʯʥʠʭ ʚʦʜ. ʌʝʨʤʝʥʪʘʮʽʡʥʠʡ 

ʩʧʦʩʽʙ ʙʘʟʫʻʪʴʩʷ ʥʘ ʙʽʦʣʦʛʽʯʥʦʤʫ ʦʢʠʩʥʝʥʥʽ ʝʪʘʥʦʣʫ ʦʮʪʦʚʦʢʠʩʣʠʤʠ ʙʘʢʪʝʨʽʷʤʠ, 

ʪʘʢʠʤʠ ʷʢ Acetobacter ʪʘ Gluconacetobacter [2]. 

 ɯʩʥʫʻ ʪʨʠ ʥʘʡʧʦʰʠʨʝʥʽʰʽ ʤʝʪʦʜʠ ʩʠʥʪʝʟʫ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ. 

ʇʝʨʰʠʡ ʤʝʪʦʜ ʮʝ ʢʘʨʙʦʥʽʣʶʚʘʥʥʷ ʤʝʪʘʥʦʣʫ. ʋ ʨʝʘʢʪʦʨʽ ʤʝʪʘʥʦʣ ʚʟʘʻʤʦʜʽʻ ʟ 

ʦʢʩʠʜʦʤ ʚʫʛʣʝʮʶ ʫ ʧʨʠʩʫʪʥʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʘ ï ʽʨʠʜʽʶ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ 

ʫʪʚʦʨʶʻʪʴʩʷ ʦʮʪʦʚʘ ʢʠʩʣʦʪʘ. ʇʨʦʮʝʩ ʤʦʞʥʘ ʦʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ ʚʠʩʦʢʦʶ 

ʩʝʣʝʢʪʠʚʥʽʩʪʶ, ʚʝʣʠʢʠʤʠ ʤʘʩʰʪʘʙʘʤʠ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʤʽʥʽʤʘʣʴʥʦʶ ʢʽʣʴʢʽʩʪʶ 

ʧʦʙʽʯʥʠʭ ʧʨʦʜʫʢʪʽʚ. ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʚʽʥ ʥʘʡʧʦʰʠʨʝʥʽʰʠʡ ʫ ʩʚʽʪʽ. [3] 

 ɼʨʫʛʠʡ ʤʝʪʦʜ  ï ʦʢʠʩʥʝʥʥʷ ʘʮʝʪʘʣʴʜʝʛʽʜʫ. ɺʽʥ ʨʦʟʨʦʙʣʝʥʠʡ ʱʝ ʥʘ ʧʦʯʘʪʢʫ 

ʍʍ ʩʪʦʣʽʪʪʷ ʪʘ ʙʫʚ ʦʩʥʦʚʥʠʤ ʧʨʦʤʠʩʣʦʚʠʤ ʩʧʦʩʦʙʦʤ ʚʠʛʦʪʦʚʣʝʥʥʷ ʦʮʪʦʚʦʾ 

ʢʠʩʣʦʪʠ ʜʦ ʨʦʟʚʠʪʢʫ ʢʘʨʙʦʥʽʣʶʚʘʥʥʷ ʤʝʪʘʥʦʣʫ. ɸʮʝʪʘʣʴʜʝʛʽʜ ʦʢʠʩʣʶʻʪʴʩʷ 

ʢʠʩʥʝʤ ʫ ʨʽʜʢʽʡ ʬʘʟʽ ʟʘ ʥʘʷʚʥʦʩʪʽ ʩʦʣʝʡ ʤʘʨʛʘʥʮʶ, ʢʦʙʘʣʴʪʫ ʯʠ ʥʽʢʝʣʶ, ʱʦ ʜʘʞ 

ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʪʠ ʢʠʩʣʦʪʫ ʟ ʯʠʩʪʦʪʦʶ 88ï95%. ʅʦʚʽʪʥʽ ʩʭʝʤʠ ʨʝʘʣʽʟʫʶʪʴ 

ʙʝʟʧʝʨʝʨʚʥʝ ʦʢʠʩʥʝʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ.[3] 

 ʊʨʝʪʽʡ ʤʝʪʦʜ - ʦʢʠʩʥʝʥʥʷ ʚʫʛʣʝʚʦʜʥʽʚ. ʆʮʪʦʚʘ ʢʠʩʣʦʪʘ ʟʜʘʪʥʘ 

ʫʪʚʦʨʶʚʘʪʠʩʷ ʧʽʜ ʯʘʩ ʦʢʠʩʥʝʥʥʷ ʣʝʛʢʠʭ ʘʣʢʽʥʽʚ ʪʘ ʥʘʬʪʝʥʦʚʠʭ ʬʨʘʢʮʽʡ, ʪʘʢʠʭ ʷʢ 

ʙʫʪʘʥ ʘʙʦ ʣʝʛʢʠʡ ʙʝʥʟʦʣ. ʎʝʡ ʧʨʦʮʝʩ ʧʨʦʭʦʜʠʪʴ ʫ ʨʽʜʢʽʡ ʬʘʟʽ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ 

105-200 ʦʉ ʫ ʧʨʠʩʫʪʥʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ. ʇʨʦʪʝ ʪʘʢʠʡ ʧʨʦʮʝʩ ʤʝʥʰ ʩʝʣʝʢʪʠʚʥʠʡ ʽ 

ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʦʛʦ ʦʯʠʱʝʥʥʷ ʚʽʜ ʧʦʙʽʯʥʠʭ ʧʨʦʜʫʢʪʽʚ ʫ ʚʠʛʣʷʜʽ ʤʫʰʘʨʠʥʦʾ 

ʢʠʩʣʦʪʠ, ʢʝʪʦʥʽʚ, ʝʩʪʝʨʽʚ. [3] 

 ʌʝʨʤʝʥʪʘʮʽʥʠʡ ʩʧʦʩʽʙ ʪʘʢʦʞ ʦʧʠʩʫʻʪʴʩʷ ʪʨʴʦʤʘ ʦʩʥʦʚʥʠʤʠ ʤʝʪʦʜʘʤʠ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ. ɺʽʥ ʧʦʰʠʨʝʥʠʡ ʫ ʭʘʨʯʦʚʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʜʣʷ 
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ʚʠʨʦʙʥʠʮʪʚʫ ʩʪʦʣʦʚʦʛʦ, ʚʠʥʥʦʛʦ, ʷʙʣʫʯʥʦʛʦ ʦʮʪʫ. ʂʦʥʮʝʥʪʨʘʮʽʷ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ 

ʫ ʜʘʥʠʭ ʨʦʟʯʠʥʘʭ ʥʝ ʧʝʨʝʚʠʱʫʻ 5-10%[4].  

 ʇʝʨʰʠʡ ʤʝʪʦʜ ʥʘʟʠʚʘʻʪʴʩʷ ʤʝʪʦʜʦʤ ʆʨʣʝʘʥʘ ʽ ʚʽʥ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʩʪʘʨʽʰʠʭ 

ʪʨʘʜʠʮʽʡʥʠʡ ʩʧʦʩʦʙʽʚ ʦʪʨʠʤʘʥʥʷ ʦʮʪʫ. ʌʝʨʤʝʥʪʘʮʽʷ ʟʜʽʡʩʥʶʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦ ʚ 

ʜʝʨʝʚôʷʥʠʭ ʜʽʞʢʘʭ. ɽʪʘʥʦʣʦʚʠʤ ʨʦʟʯʠʥʦʤ ʯʘʩʪʢʦʚʦ ʟʘʧʦʚʥʶʶʪʴ ʻʤʥʽʩʪʴ, ʜʝ ʥʘ 

ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʶʻʪʴʩʷ ʙʘʢʪʝʨʽʘʣʴʥʘ ʧʣʽʚʢʘ ʥʘ ʷʢʽʡ ʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʢʠʩʥʝʥʥʷ. 

ʄʝʪʦʜ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʦʮʝʪ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ, ʘʣʝ ʧʨʦʮʝʩ ʬʝʨʤʝʥʪʘʮʽʾ ʟʘʡʤʘʻ ʚʽʜ 

ʜʝʢʽʣʴʢʦʭ ʪʠʞʥʽʚ ʜʦ ʜʝʢʽʣʴʢʦʭ ʤʽʩʷʮʽʚ. [4] 

 ɼʨʫʛʠʡ ʤʝʪʦʜ ʥʘʟʠʚʘʻʪʴʩʷ ʢʨʘʧʝʣʴʥʠʤ ʧʨʦʮʝʩʦʤ. ɺʽʥ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʜʣʷ 

ʧʨʠʩʢʦʨʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʬʝʨʤʝʥʪʘʮʽʾ ʤʝʪʦʜʦʤ ʆʨʣʝʘʥʘ. ʉʫʙʩʪʨʘʪ ʨʽʚʥʦʤʽʨʥʦ 

ʨʦʟʙʨʠʟʢʫʻʪʴʩʷ ʯʝʨʝʟ ʥʘʩʘʜʢʫ, ʱʦ ʩʫʪʪʻʚʦ ʟʙʽʣʴʰʫʻ ʧʣʦʱʫ ʢʦʥʪʘʢʪʫ ʟ ʢʫʣʴʪʫʨʦʶ 

ʙʘʢʪʝʨʽʡ. ɯʥʪʝʥʩʠʚʥʘ ʧʦʜʘʯʘ ʧʦʚʽʪʨʷ ʧʨʠʩʢʦʨʶʻ ʦʮʝʪʠʬʽʢʘʮʽʶ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʜʦʩʷʛʪʠ ʟʥʘʯʥʦ ʚʠʱʠʭ ʰʚʠʜʢʦʩʪʝʡ ʬʝʨʤʝʥʪʘʮʽʾ. ʅʝʜʦʣʽʢ ʤʝʪʦʜʫ ʧʦʣʷʛʘʻ ʫ 

ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʠʭ ʙʘʢʪʝʨʽʘʣʴʥʠʭ ʧʣʽʚʦʢ ʽ ʤʝʥʰʽʡ ʧʨʠʜʘʪʥʦʩʪʽ ʜʦ 

ʧʨʦʤʠʩʣʦʚʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ. [4] 

 ʊʨʝʪʽʡ ʤʝʪʦʜ - ʙʝʟʧʝʨʝʨʚʥʠʡ ʛʣʠʙʠʥʥʠʡ ʧʨʦʮʝʩ, ʷʢʠʡ ʻ ʥʘʡʝʬʝʢʪʠʚʥʽʰʠʤ 

ʤʝʪʦʜʦʤ ʚʠʨʦʙʥʠʮʪʚʘ ʭʘʨʯʦʚʦʛʦ ʦʮʪʫ ʫ ʧʨʦʤʠʩʣʦʚʠʭ ʤʘʩʰʪʘʙʘʭ. ɹʘʢʪʝʨʽʾ 

ʧʝʨʝʙʫʚʘʶʪʴ ʫ ʟʚʘʞʝʥʦʤʫ ʩʪʘʥʽ ʚ ʧʦʚʥʽʩʪʶ ʟʘʧʦʚʥʝʥʦʤʫ ʨʝʘʢʪʦʨʽ ʽ ʟʘʚʜʷʢʠ 

ʽʥʪʝʥʩʠʚʥʦʤʫ ʧʝʨʝʤʽʰʫʚʘʥʥʶ ʪʘ ʘʝʨʘʮʽʾ ʜʦʩʷʛʘʻʪʴʩʷ ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ 

ʦʢʠʩʥʝʥʥʷ. ʎʝʡ ʤʝʪʦʜ ʫ 30 ʨʘʟʽʚ ʰʚʠʜʰʠʡ ʟʘ ʤʝʪʦʜ ʆʨʣʝʘʥʘ ʪʘ ʚʽʜʥʦʩʥʦ ʣʝʛʢʦ 

ʧʽʜʜʘʻʪʴʩʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ ʜʣʷ ʨʦʙʦʪʠ ʥʝʦʙʭʽʜʥʘ ʯʠʩʪʘ ʩʠʨʦʚʠʥʘ ʪʘ 

ʜʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʠʭ ʩʘʥʽʪʘʨʥʠʭ ʚʠʤʦʛ ʯʝʨʝʟ ʨʠʟʠʢ ʢʦʥʪʘʤʽʥʘʮʽʾ. [4] 

 ʆʧʠʩ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʭʝʤʠ ʩʠʥʪʝʟʫ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ 

ʊʝʭʥʦʣʦʛʽʯʥʘ ʩʭʝʤʘ ʦʧʠʩʫʻ ʦʢʠʩʥʝʥʥʷ ʘʮʝʪʘʣʴʜʝʛʽʜʫ ʜʦ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ ʚ 

ʨʽʜʢʽʡ ʬʘʟʽ ʫ ʧʨʠʩʫʪʥʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʘ ʥʘ ʦʩʥʦʚʽ ʩʦʣʝʡ ʢʦʙʘʣʴʪʫ ʯʠ ʤʘʨʛʘʥʮʶ 

(ʨʠʩʫʥʦʢ 1) [5].  
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1 ï ʧʦʚʽʪʨʷʥʠʡ ʢʦʤʧʨʝʩʦʨ ʧʝʨʰʦʛʦ ʩʪʫʧʝʥʷ, 2 ï ʧʦʚʽʪʨʷʥʠʡ ʢʦʤʧʨʝʩʦʨ ʜʨʫʛʦʛʦ 

ʩʪʫʧʝʥʷ, 3 ï ʩʭʦʚʠʱʝ ʘʮʝʪʘʣʴʜʝʛʽʜʫ, 4 ï ʢʦʣʦʥʘ ʦʯʠʱʝʥʥʷ ʧʦʚʽʪʨʷ, 5 ï 

ʦʢʠʩʣʶʚʘʣʴʥʠʡ ʨʝʘʢʪʦʨ, 6 ï ʩʢʨʫʙʝʨ, 7 ï ʢʘʪʘʣʽʟʘʪʦʨ, 8 ï ʢʦʣʦʥʘ ʚʠʣʫʯʝʥʥʷ 

ʘʮʝʪʘʣʴʜʝʛʽʜʫ, 9 ï ʙʫʬʝʨʥʠʡ ʙʘʢ, 10 ï ʙʫʬʝʨʥʠʡ ʙʘʢ ʢʠʩʣʦʪʠ, 11 ï ʢʦʣʦʥʘ 

ʤʝʪʠʣʘʮʝʪʘʪʫ, 12 ï ʩʭʦʚʠʱʝ ʤʝʪʠʣʘʮʝʪʘʪʫ, 13 ï ʢʦʣʦʥʘ ʬʽʥʽʰʥʦʛʦ ʦʯʠʱʝʥʥʷ 

ʫʢʩʫʩʥʦʾ ʢʠʩʣʦʪʠ, 14 ï ʩʝʧʘʨʘʪʦʨ, 15 ï ʨʝʟʝʨʚʫʘʨ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ, 16 ï ʢʦʣʦʥʘ 

ʚʠʣʫʯʝʥʥʷ ʝʪʠʣʘʮʝʪʘʪʫ 

ʈʠʩʫʥʦʢ 1 ï ʊʝʭʥʦʣʦʛʽʯʥʘ ʩʭʝʤʘ ʩʠʥʪʝʟʫ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ 

ɺʦʥʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʢʦʥʚʝʨʩʽʻʶ ʪʘ ʩʝʣʝʢʪʠʚʥʽʩʪʶ, ʘʣʝ 

ʚʦʜʥʦʯʘʩ ʻ ʝʥʝʨʛʦʻʤʥʦʶ, ʙʘʛʘʪʦʩʪʘʜʽʡʥʦʶ ʽ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʦʛʦ ʘʧʘʨʘʪʫʨʥʦʛʦ 

ʦʬʦʨʤʣʝʥʥʷ, ʩʠʩʪʝʤ ʦʯʠʱʝʥʥʷ ʛʘʟʽʚ, ʨʝʢʪʠʬʽʢʘʮʽʾ, ʭʽʤʽʯʥʦʛʦ ʜʦʦʯʠʱʝʥʥʷ ʪʘ 

ʨʦʙʦʪʠ ʟ ʪʦʢʩʠʯʥʠʤʠ ʨʝʘʛʝʥʪʘʤʠ ʽ ʢʦʨʦʟʽʡʥʦ-ʥʝʙʝʟʧʝʯʥʠʤʠ ʩʝʨʝʜʦʚʠʱʘʤʠ. 

ɿʘʟʥʘʯʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʧʝʨʝʜʙʘʯʘʶʪʴ ʟʥʘʯʥʽ ʚʠʪʨʘʪʠ ʽ ʨʦʙʣʷʪʴ ʮʝʡ ʧʨʦʮʝʩ 

ʜʦʮʽʣʴʥʠʤ ʧʝʨʝʚʘʞʥʦ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʪʝʭʥʽʯʥʦʾ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ. ɼʣʷ 

ʚʠʨʦʙʥʠʮʪʚʘ ʭʘʨʯʦʚʦʛʦ ʦʮʪʫ ʝʢʦʥʦʤʽʯʥʦ ʙʽʣʴʰ ʚʠʛʽʜʥʠʤ ʻ ʬʝʨʤʝʥʪʘʪʠʚʥʠʡ 

ʤʝʪʦʜ, ʷʢʠʡ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʤôʷʢʠʭ ʫʤʦʚ, ʚʠʢʦʨʠʩʪʦʚʫʻ ʜʝʰʝʚʰʫ ʽ ʙʝʟʧʝʯʥʽʰʫ 

ʩʠʨʦʚʠʥʫ, ʥʝ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʠʭ ʩʪʘʜʽʡ ʦʯʠʱʝʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʦʜʝʨʞʘʥʥʷ 

ʧʨʦʜʫʢʪʫ, ʱʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʽʜʧʦʚʽʜʘʻ ʚʠʤʦʛʘʤ ʭʘʨʯʦʚʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʟʽ 

ʟʥʘʯʥʦ ʤʝʥʰʠʤʠ ʝʢʦʥʦʤʽʯʥʠʤʠ ʚʠʪʨʘʪʘʤʠ. 
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 ʈʝʘʢʪʦʨ ʷʚʣʷʻ ʩʦʙʦʶ ʚʝʨʪʠʢʘʣʴʥʠʡ ʘʧʘʨʘʪ, ʦʩʥʘʱʝʥʠʡ ʚʽʜʙʠʚʘʯʘʤʠ, ʷʢʽ 

ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʷʶʪʴ ʽ ʧʝʨʝʥʘʧʨʘʚʣʷʶʪʴ ʧʦʚʽʪʨʷʥʽ ʙʫʣʴʙʘʰʢʠ. ʂʠʩʝʥʴ 

ʧʦʚʥʽʩʪʶ ʩʧʦʞʠʚʘʻʪʴʩʷ ʜʦ ʪʦʛʦ ʤʦʤʝʥʪʫ, ʢʦʣʠ ʙʫʣʴʙʘʰʢʘ ʜʦʩʷʛʘʻ ʧʝʨʰʦʛʦ 

ʚʽʜʙʠʚʘʯʘ; ʙʫʣʴʙʘʰʢʠ, ʱʦ ʧʽʜʥʽʤʘʶʪʴʩʷ ʚʠʱʝ ʧʝʨʰʦʛʦ ʚʽʜʙʠʚʘʯʘ, ʚʠʢʦʥʫʶʪʴ 

ʧʝʨʝʚʘʞʥʦ ʬʫʥʢʮʽʶ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʨʽʜʢʦʾ ʬʘʟʠ. ʊʘʢʝ ʤʝʭʘʥʽʯʥʝ ʧʝʨʝʤʽʰʫʚʘʥʥʷ 

ʨʫʡʥʫʻ ʧʨʦʤʽʞʥʽ ʥʝʩʪʽʡʢʽ ʧʨʦʜʫʢʪʠ ʪʘ ʩʪʘʙʽʣʽʟʫʻ ʨʦʟʯʠʥ ʫ ʨʝʘʢʪʦʨʽ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʨʝʘʢʪʦʨ ʧʨʘʮʶʻ ʟʘ ʧʦʤʽʨʥʦʛʦ ʪʠʩʢʫ, ʯʘʩʪʠʥʘ 

ʘʮʝʪʘʣʴʜʝʛʽʜʫ ʚʠʧʘʨʦʚʫʻʪʴʩʷ, ʪʦʤʫ ʥʝʦʙʭʽʜʥʠʡ ʩʢʨʫʙʝʨ ʜʣʷ ʦʯʠʱʝʥʥʷ ʛʘʟʽʚ. 

ʆʢʠʩʥʝʥʘ ʩʫʤʽʰ ʧʦʜʘʻʪʴʩʷ ʜʦ ʢʦʣʦʥʠ, ʷʢʘ ʧʨʘʮʶʻ ʧʽʜ ʥʘʜʣʠʰʢʦʚʠʤ ʪʠʩʢʦʤ 

ʘʟʦʪʫ, ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜʜʽʣʝʥʥʷ ʥʝʚʽʜʨʝʘʛʦʚʘʥʦʛʦ ʘʮʝʪʘʣʴʜʝʛʽʜʫ, ʱʦ 

ʧʦʚʝʨʪʘʻʪʴʩʷ ʚ ʧʨʦʮʝʩ. ɺʘʞʣʠʚʦ ʪʘʢʦʞ ʪʝ, ʱʦ ʚ ʮʽʡ ʢʦʣʦʥʽ ʨʦʟʢʣʘʜʘʻʪʴʩʷ ʟʥʘʯʥʘ 

ʢʽʣʴʢʽʩʪʴ ʥʝʙʝʟʧʝʯʥʠʭ ʧʝʨʦʢʩʠʜʽʚ, ʯʘʩʪʠʥʘ ʷʢʠʭ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʦʮʪʦʚʫ 

ʢʠʩʣʦʪʫ, ʘ ʩʣʽʜʠ ʝʪʘʥʦʣʫ ʝʩʪʝʨʠʬʽʢʫʶʪʴʩʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʝʪʠʣʘʮʝʪʘʪʫ. 

ʉʠʨʘ ʦʮʪʦʚʘ ʢʠʩʣʦʪʘ ʚʽʜʚʦʜʠʪʴʩʷ ʟ ʥʠʞʥʴʦʾ ʯʘʩʪʠʥʠ ʢʦʣʦʥʠ ʪʘ 

ʩʧʨʷʤʦʚʫʻʪʴʩʷ ʥʘ ʧʦʜʘʣʴʰʫ ʧʝʨʝʛʦʥʢʫ ʜʣʷ ʚʠʜʘʣʝʥʥʷ ʣʝʛʢʦʣʝʪʢʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, 

ʦʢʨʽʤ ʘʮʝʪʘʣʴʜʝʛʽʜʫ.  

ʉʠʨʫ ʦʢʠʩʥʝʥʫ ʩʫʤʽʰ ʧʦʜʘʶʪʴ ʫ ʚʠʧʘʨʥʫ ʢʦʣʦʥʫ, ʜʝ ʚʠʜʘʣʷʶʪʴ 

ʥʝʚʽʜʨʝʘʛʦʚʘʥʠʡ ʘʮʝʪʘʣʴʜʝʛʽʜ ʽ ʥʠʟʴʢʦʢʠʧʣʷʯʽ ʧʦʙʽʯʥʽ ʧʨʦʜʫʢʪʠ (ʤʝʪʠʣʘʮʝʪʘʪ, 

ʘʮʝʪʦʥ, CO, CO2, N2). ʆʪʨʠʤʫʶʪʴ ʚʠʩʦʢʦʢʦʥʮʝʥʪʨʦʚʘʥʫ ʚʦʜʥʫ ʦʮʪʦʚʫ ʢʠʩʣʦʪʫ. 

ʆʩʥʦʚʥʽ ʜʦʤʽʰʢʠ ï ʝʪʠʣʘʮʝʪʘʪ, ʬʦʨʤʘʣʴʜʝʛʽʜ ʽ ʤʫʨʘʰʠʥʘ ʢʠʩʣʦʪʘ, ʘ ʽʥʦʜʽ 

ʧʨʠʩʫʪʥʽ ʩʣʽʜʠ ʩʠʣʴʥʠʭ ʦʢʠʩʥʠʢʽʚ. ʗʢʱʦ ʘʮʝʪʘʣʴʜʝʛʽʜ ʤʽʩʪʠʚ ʝʪʠʣʝʥʦʢʩʠʜ, 

ʤʦʞʣʠʚʝ ʫʪʚʦʨʝʥʥʷ ʜʽʘʮʝʪʘʪʫ ʝʪʠʣʝʥʛʣʽʢʦʣʶ. ʄʫʨʘʰʠʥʘ ʢʠʩʣʦʪʘ ʤʦʞʝ 

ʧʦʪʨʘʧʣʷʪʠ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʘʟʝʦʪʨʦʧʥʠʭ ʘʛʝʥʪʽʚ. ɼʦʤʽʰʢʠ ʟʘʟʚʠʯʘʡ ʥʠʟʴʢʽ ʪʘ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʜʘʣʝʥʽ ʭʽʤʽʯʥʠʤ ʦʢʠʩʥʝʥʥʷʤ. ʆʢʠʩʥʠʢ (ʥʘʧʨʠʢʣʘʜ, ʜʠʭʨʦʤʘʪ 

ʥʘʪʨʽʶ) ʧʦʜʘʶʪʴ ʫ ʢʦʣʦʥʫ ʦʯʠʱʝʥʥʷ. ʈʦʟʯʠʥ ʧʝʨʤʘʥʛʘʥʘʪʫ ʢʘʣʽʶ ʪʘʢʦʞ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ, ʘʣʝ ʚʽʥ ʟʘʙʨʫʜʥʶʻ ʪʘʨʽʣʢʠ. 

ʆʩʪʘʪʦʯʥʝ ʦʯʠʱʝʥʥʷ ʟʜʽʡʩʥʶʻʪʴʩʷ ʜʠʩʪʠʣʷʮʽʻʶ. ɻʦʪʦʚʫ ʢʠʩʣʦʪʫ 

ʚʽʜʙʠʨʘʶʪʴ ʙʽʯʥʠʤ ʧʦʪʦʢʦʤ. ʇʝʨʤʘʥʛʘʥʘʪ ʟʘʩʪʦʩʦʚʫʶʪʴ ʪʘʢʦʞ ʜʣʷ ʦʢʠʩʥʝʥʥʷ 
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ʬʦʨʤʘʣʴʜʝʛʽʜʫ ʪʘ ʤʫʨʘʰʠʥʦʾ ʢʠʩʣʦʪʠ. ɺʤʽʩʪ ʚʦʜʠ ʚ ʦʢʠʩʥʠʢʫ ʨʝʛʫʣʶʻ ʢʦʨʦʟʽʶ: 

ʢʠʩʣʦʪʘ ʯʠʩʪʦʪʦʶ 99,9-100% ʻ ʢʦʨʦʟʽʡʥʦʶ ʜʣʷ ʩʪʘʣʽ SS-316/SS-320, ʘ ʟʥʠʞʝʥʥʷ 

ʯʠʩʪʦʪʠ ʜʦ 99,75-99,8% ʫʧʦʚʽʣʴʥʶʻ ʢʦʨʦʟʽʶ. 

ɿʘʣʠʰʢʠ, ʱʦ ʤʽʩʪʷʪʴ ʘʮʝʪʘʪʠ ʤʘʨʛʘʥʮʶ ʘʙʦ ʭʨʦʤʫ ʧʨʦʤʠʚʘʶʪʴ ʜʚʦʬʘʟʥʦʶ 

ʩʠʩʪʝʤʦʶ çʚʦʜʘ ï ʙʫʪʠʣʘʮʝʪʘʪè ʘʙʦ çʚʦʜʘ ï ʪʦʣʫʦʣè. ʆʨʛʘʥʽʯʥʘ ʬʘʟʘ ʚʠʜʘʣʷʻ 

ʩʤʦʣʠʩʪʽ ʪʘ ʚʠʩʦʢʦʤʦʣʝʢʫʣʷʨʥʽ ʜʦʤʽʰʢʠ, ʤʝʪʘʣʝʚʽ ʘʮʝʪʘʪʠ ʟʘʣʠʰʘʶʪʴʩʷ ʫ ʚʦʜʽ 

ʂʦʥʚʝʨʩʽʷ ʘʮʝʪʘʣʴʜʝʛʽʜʫ ʟʘʟʚʠʯʘʡ ʧʝʨʝʚʠʱʫʻ 90%, ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʜʦ 

ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ ï ʧʦʥʘʜ 95%. ʋʩʪʘʪʢʫʚʘʥʥʷ ʚʠʛʦʪʦʚʣʷʶʪʴ ʟ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ. 

ʇʨʦʮʝʩ ʜʦʙʨʝ ʚʠʚʯʝʥʠʡ ʽ ʷʚʣʷʻ ʩʦʙʦʶ ʥʘʡʥʘʜʽʡʥʽʰʠʡ ʩʧʦʩʽʙ ʚʠʨʦʙʥʠʮʪʚʘ 

ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ. 

ɺʠʩʥʦʚʦʢ 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʦʩʥʦʚʥʠʭ ʤʝʪʦʜʽʚ 

ʦʪʨʠʤʘʥʥʷ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ, ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʾʭʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ, 

ʧʝʨʝʚʘʛʠ ʪʘ ʦʙʤʝʞʝʥʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʙʫʣʦ ʦʙʨʘʥʦ ʬʝʨʤʝʥʪʘʪʠʚʥʠʡ ʩʠʥʪʝʟ 

ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ, ʷʢ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʡ ʜʣʷ ʭʘʨʯʦʚʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, 

ʧʨʦʩʪʽʰʠʡ ʪʘ ʝʢʦʥʦʤʽʯʥʦ ʚʠʛʽʜʥʽʰʠʡ.  

ʇʽʜ ʯʘʩ ʨʦʟʛʣʷʜʫ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʭʝʤʠ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʢʣʶʯʦʚʫ ʨʦʣʴ 

ʨʝʘʢʪʦʨʘ ʦʢʠʩʥʝʥʥʷ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʨʦʟʯʠʥʫ ʪʘ ʙʽʣʴʰ ʧʦʚʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ 

ʢʠʩʥʶ. ʋʜʦʩʢʦʥʘʣʝʥʥʷ ʨʝʘʢʪʦʨʫ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʤʦʜʝʨʥʽʟʘʮʽʾ ʽ ʤʦʞʝ 

ˇʨʫʥʪʫʚʘʪʠʩʷ ʥʘ ʧʦʢʨʘʱʝʥʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʷʢ ʧʝʨʝʤʽʰʫʶʯʦʛʦ ʧʨʠʩʪʨʦʶ, ʪʘʢ ʽ 

ʢʦʨʧʫʩʫ ʨʝʘʢʪʦʨʘ. 

ʉʧʠʩʦʢ ʣʽʪʝʨʘʪʫʨʠ: 

1. ʃʘʩʪʫʭʽʥ, ʖ.ʆ., ɺʦʨʦʥʦʚ, ʉ.ɸ. ʆʨʛʘʥʽʯʥʘ ʭʽʤʽʷ. ɺʠʜ. 3-ʪʻ, ʩʪʝʨʝʦʪʠʧ. 

ʃʴʚʽʚ : ʎʝʥʪʨ ɭʚʨʦʧʠ, 2006. 832 ʩ. 

2. Acetic acid and its derivatives / eds. V.H. Agreda, J.R. Zoeller. New York : 

Marcel Dekker, Inc., 1993. ð (Chemical industries ; vol. 49). ð ISBN 0-

8247-8792-7. 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

45 
 

3. Acetic acid and its derivatives / V.H. Agreda, J.R. Zoeller. New York : 

Marcel Dekker, Inc., 1993. ð (Chemical industries ; vol. 49). ð ISBN 0-

8247-8792-7. 

4. Deshmukh, G., Manyar, H. Production pathways of acetic acid and versatile 

applications in food industry. In: Basso, T. P., Basso, T. O., Basso, L. C. 

(eds.). Biotechnological applications of biomass. InTechOpen, 2021. 

5. Encyclopedia of Chemical Technology / edited by Kirk-Othmer. ð 4th ed. 

ð New York : John Wiley & Sons, 2004. ð Vol. 13 : Helium Group to 

Hypnotics, Sedatives, Anticonvulsants, and Anxiolytics. ð 1000 p. 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

46 
 

UDC 66.02:532.5 

HYDRODYNAMICS AND MASS TRANSFER INTENSIFICATION IN GAS ï

LIQUID CONTACT DEVICES FOR CHEMICAL ENGINEERING 

APPLICATIONS  

assistant Byshko ʄykyta. 

National Technical University of Ukraine  

"Igor Sikorsky Kyiv Polytechnic Institute" 

ABSTRACT: The paper addresses hydrodynamic behavior and mass transfer 

phenomena in gasïliquid contact devices widely used in chemical and petroleum 

industries. Key limitations of conventional equipment, including phase maldistribution, 

hydrodynamic instability, and insufficient interfacial area development, are analyzed. 

It is shown that the efficiency of absorption, stripping, and gas purification processes 

is strongly governed by flow structure and turbulence intensity. 
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ɻɯɼʈʆɼʀʅɸʄɯʂɸ ʊɸ ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʄɸʉʆʆɹʄɯʅʋ ɺ 

ʇʈʀʉʊʈʆʗʍ ɻɸɿ-ʈɯɼʀʅɸ ʂʆʅʊɸʂʊʋ ɼʃʗ ɿɸʉʊʆʉʋɺɸʅʅʗ ɺ 

ʍɯʄɯʏʅɯʁ ɯʅɾɽʅɽʈɯɰ 

ʘʩʠʩʪʝʥʪ ɹʠʰʢʦ ʄ.ɸ, 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʅʆʊɸʎɯʗ: ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʪʘ ʤʘʩʦʧʝʨʝʥʝʩʝʥʥʷ 

ʚ ʛʘʟïʨʽʜʠʥʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʧʨʠʩʪʨʦʷʭ, ʱʦ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʭʽʤʽʯʥʽʡ 

ʪʘ ʥʘʬʪʦʧʝʨʝʨʦʙʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʦʩʥʦʚʥʽ ʦʙʤʝʞʝʥʥʷ 

ʪʨʘʜʠʮʽʡʥʠʭ ʘʧʘʨʘʪʽʚ, ʧʦʚôʷʟʘʥʽ ʟ ʥʝʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʬʘʟ, 
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ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʶ ʥʝʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ ʥʝʜʦʩʪʘʪʥʽʤ ʨʦʟʚʠʪʢʦʤ ʤʽʞʬʘʟʥʦʾ 

ʧʦʚʝʨʭʥʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʽʚ ʘʙʩʦʨʙʮʽʾ, ʜʝʩʦʨʙʮʽʾ ʪʘ ʦʯʠʱʝʥʥʷ 

ʛʘʟʽʚ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʩʪʨʫʢʪʫʨʦʶ ʧʦʪʦʢʽʚ ʪʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ 

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʤʽʰʫʚʘʥʥʷ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɻɸɿïʈɯɼʀʅʅɯ ʉʀʉʊɽʄʀ; ʄɸʉʆʇɽʈɽʅɽʉɽʅʅʗ; 

ɻɯɼʈʆɼʀʅɸʄɯʂɸ; ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʇʈʆʎɽʉɯɺ; ʉʊʈʋʂʊʋʈʆɺɸʅɯ 

ʅɸʉɸɼʂʀ; CFD ʄʆɼɽʃʖɺɸʅʅʗ; ʏʀʉʃʆ ʐɽʈɺʋɼɸ; ɸɹʉʆʈɹʎɯʗ ɻɸɿɯɺ; 

ɹɸɻɸʊʆʌɸɿʅɯ ʇʆʊʆʂʀ 

 

Gasïliquid contact processes are fundamental to a wide range of chemical and 

petrochemical technologies, including absorption, stripping, gas purification, catalytic 

oxidation, and reactive mass transfer systems. The performance of such processes is 

governed by a complex interplay between hydrodynamics, interfacial phenomena, and 

transport resistances in both phases. In modern process engineering, increasing 

attention is given to process intensification strategies aimed at reducing equipment size 

while simultaneously improving mass transfer efficiency and lowering energy 

consumption. 

Despite the maturity of classical equipment design, conventional gasïliquid 

contactors such as packed columns, tray columns, and bubble columns still suffer from 

inherent inefficiencies. These include maldistribution of phases, incomplete wetting of 

structured or random packings, channeling, backmixing, and non-uniform residence 

time distributions. Such non-idealities result in reduced effective interfacial area and 

lower mass transfer coefficients compared to theoretical predictions. Consequently, 

real industrial performance often deviates significantly from ideal design calculations. 

Hydrodynamics in gasïliquid systems is characterized by strongly coupled 

multiphase flow phenomena. The system behavior depends on the interaction between 

inertial, viscous, and gravitational forces, which can be described using dimensionless 

numbers such as Reynolds, Weber, Froude, and Eötvös numbers. These parameters 
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determine flow regime transitions, bubble stability, and dispersion quality. In particular, 

the Weber number governs bubble breakup, while the Eötvös number reflects the 

balance between buoyancy and surface tension forces, directly influencing bubble shape 

and rise velocity. 

The interfacial area between phases is a key parameter controlling mass transfer 

rates. It is strongly influenced by bubble size distribution, liquid turbulence intensity, 

and coalescenceïbreakup dynamics. In real systems, the interfacial area is not constant 

but dynamically evolves due to population balance mechanisms. Therefore, modern 

modeling approaches often employ population balance equations (PBE) coupled with 

computational fluid dynamics (CFD) to describe bubble size distribution and 

interfacial area evolution more accurately. 

Mass transfer in gasïliquid systems is commonly described by the two-film 

theory, where resistance is assumed to be concentrated in thin boundary layers on both 

sides of the interface. The overall volumetric mass transfer coefficient (kLa) depends 

on both the interfacial area (a) and the liquid-side mass transfer coefficient (kL), which 

is often the controlling resistance in liquid-phase limited systems. However, in 

turbulent flows, surface renewal mechanisms and eddy diffusion significantly enhance 

transport beyond classical diffusion-based assumptions, requiring more advanced 

models such as penetration theory and surface renewal theory. 

In packed columns, hydrodynamic performance is strongly influenced by 

packing geometry, surface roughness, and liquid distribution quality. Structured 

packings provide ordered flow channels that reduce pressure drop and improve wetting 

efficiency. However, even in structured systems, maldistribution phenomena may 

occur at large scales due to improper liquid redistribution, which leads to local dry 

zones and reduced mass transfer efficiency. Therefore, scale-up remains one of the 

most challenging aspects of packed column design. 

Tray columns, on the other hand, operate based on staged contact between 

phases. Their performance is governed by weeping, entrainment, and flooding limits. 
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Tray efficiency depends on vaporïliquid contact time, froth height, and turbulence 

intensity on the tray surface. While tray systems are mechanically robust, they 

typically exhibit higher pressure drops compared to packed systems, making them less 

suitable for vacuum or energy-sensitive applications. 

Bubble column reactors represent another important class of gasïliquid 

contactors, especially in biochemical and catalytic processes. In these systems, gas 

holdup, bubble size distribution, and circulation patterns determine overall reactor 

performance. Flow structure is typically divided into homogeneous bubbly flow and 

heterogeneous churn-turbulent regimes. Transition between these regimes significantly 

affects mixing intensity and mass transfer rates. 

Advanced numerical modeling techniques have become essential tools for 

analyzing such complex systems. CFD simulations combined with turbulence models 

(e.g., kïŮ, LES) and population balance models enable prediction of local velocity 

fields, gas holdup, interfacial area density, and reaction rates. These methods provide 

detailed insight into flow non-uniformities that cannot be captured by empirical 

correlations alone. However, model validation remains a critical issue due to the 

complexity of multiphase interactions. 

From a process intensification perspective, several strategies are applied to 

enhance gasïliquid mass transfer. These include reduction of characteristic diffusion 

lengths, increase of interfacial renewal frequency, and improvement of phase 

dispersion quality. Practical implementation involves the use of structured packings, 

rotating packed beds, microchannel contactors, and static mixers. Rotating packed bed 

systems generate high centrifugal forces that significantly intensify mass transfer by 

increasing effective gravitational acceleration and reducing boundary layer thickness. 

Environmental applications of gasïliquid systems are becoming increasingly 

important due to tightening emission regulations. Technologies such as carbon dioxide 

absorption using amine solutions, hydrogen sulfide removal, and volatile organic 

compound scrubbing rely heavily on efficient mass transfer. In these systems, even 
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small improvements in kLa or interfacial areas can lead to significant reductions in 

solvent circulation rates and energy demand. 

In addition, exergy considerations are increasingly integrated into the design of 

gasïliquid contact systems. Irreversibilities arising from finite-rate mass transfer, 

pressure losses, and mixing contribute to exergy destruction. Minimization of these 

losses is essential for improving overall process sustainability and reducing lifecycle 

environmental impact. 

In conclusion, gasïliquid contact devices represent a highly complex class of 

process equipment where hydrodynamics and mass transfer are strongly coupled. 

Modern approaches combining experimental studies, dimensionless analysis, and 

advanced numerical modeling provide a robust framework for understanding and 

optimizing these systems. Continued development of intensification techniques and 

predictive models is essential for achieving next-generation high-efficiency chemical 

and petrochemical processes. 
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ʋɼʂ 66.047.57 

ʇʈʆɽʂʊʋɺɸʅʅʗ ʋʇʆʈʅʆɻʆ ʈʆʃʀʂɸ ɹɸʈɸɹɸʅʅʆɰ ʉʋʐɸʈʂʀ  

ɻʥʽʜʝʥʢʦ ʉ.ɺ., ʤʘʛʽʩʪʨ; ʑʝʨʙʠʥʘ ɺ.ʖ., ʜ.ʪ.ʥ., ʧʨʦʬ., 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

 

ɸʅʆʊɸʎɯʗ. ɺʠʢʦʥʘʥʘ ʨʦʟʨʦʙʢʘ ʧʨʦʛʨʘʤʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʯʘʩʪʠʥʠ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ ʙʘʨʘʙʘʥʥʦʾ ʩʫʰʘʨʢʠ, ʱʦ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ 

ʘʚʪʦʤʘʪʠʯʥʝ ʚʠʢʦʥʘʥʥʷ 2D-ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ ʪʘ ʧʦʙʫʜʦʚʠ 3D-ʤʦʜʝʣʽ ʟ ʤʦʞʣʠʚʽʩʪʶ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʨʦʟʤʽʨʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ. ʇʨʦʛʨʘʤʘ ʤʦʞʝ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʷʢ ʝʣʝʤʝʥʪ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʧʨʠ ʚʠʢʦʥʘʥʥʽ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʪʘ ʧʨʦʝʢʪʥʠʭ ʨʦʙʽʪ ʧʨʠ ʨʦʟʨʦʙʮʽ ʥʦʚʠʭ ʪʘ ʤʦʜʝʨʥʽʟʘʮʽʾ ʜʽʶʯʠʭ 

ʤʝʭʘʥʽʟʤʽʚ ʧʨʠʚʦʜʫ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɹɸʈɸɹɸʅʅɸ ʉʋʐɸʈʂɸ, ʈʆʃʀʂ, ʋʇʆʈʅʀʁ 

ʈʆʃʀʂ. 

 

ɺʩʪʫʧ. ʋ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʙʘʨʘʙʘʥʥʠʭ ʩʫʰʘʨʦʢ ʚʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ ʻ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʦʣʦʞʝʥʥʷ ʙʘʨʘʙʘʥʘ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ ʡʦʛʦ ʦʩʴʦʚʦʤʫ 

ʟʤʽʱʝʥʥʶ. ɼʣʷ ʮʴʦʛʦ ʚ ʢʦʥʩʪʨʫʢʮʽʾ ʩʫʰʠʣʴʥʠʭ ʘʛʨʝʛʘʪʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫʧʦʨʥʽ 

ʨʦʣʠʢʠ, ʷʢʽ ʩʧʨʠʡʤʘʶʪʴ ʦʩʴʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʫʪʨʠʤʫʶʪʴ ʙʘʨʘʙʘʥ ʫ ʚʠʟʥʘʯʝʥʦʤʫ 

ʨʦʙʦʯʦʤʫ ʧʦʣʦʞʝʥʥʽ. ʈʦʙʦʪʘ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʥʘʜʽʡʥʽʩʪʴ, 

ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʫʰʠʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ, ʦʩʢʽʣʴʢʠ ʧʦʨʫʰʝʥʥʷ ʦʩʴʦʚʦʾ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʙʘʨʘʙʘʥʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʦʛʦ ʟʥʦʩʫ ʦʧʦʨʥʠʭ ʚʫʟʣʽʚ, ʧʦʛʽʨʰʝʥʥʷ 

ʫʤʦʚ ʪʝʨʪʷ ʪʘ ʤʦʞʣʠʚʠʭ ʘʚʘʨʽʡʥʠʭ ʩʠʪʫʘʮʽʡ [1, 2]. ʊʦʤʫ ʟʘʚʜʘʥʥʷʤ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ 

ʩʪʚʦʨʝʥʥʷ ʧʨʦʛʨʘʤʠ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʜʝʪʘʣʝʡ 

ʧʨʠʚʦʜʫ, ʟʦʢʨʝʤʘ ʨʦʣʠʢʘ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʟʥʘʯʥʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʥʘ ʨʦʟʨʦʙʢʫ 

ʜʦʢʫʤʝʥʪʘʮʽʾ ʪʘ ʩʧʝʮʠʬʽʢʘʮʽʡ. 
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ʄʝʪʘ ʨʦʙʦʪʠ: ʨʦʟʨʦʙʢʘ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ 2D-ʢʨʝʩʣʝʥʴ ʪʘ 3D-ʤʦʜʝʣʝʡ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ ʙʘʨʘʙʘʥʥʦʾ ʩʫʰʘʨʢʠ ʥʘ 

ʦʩʥʦʚʽ ʚʚʝʜʝʥʥʷ ʧʘʨʘʤʝʪʨʠʯʥʠʭ ʟʤʽʥʥʠʭ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʩʫʪʪʻʚʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʧʨʠ ʨʦʟʨʦʙʮʽ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ.. 

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ. ʇʨʠ ʨʦʟʨʦʙʮʽ ʧʨʦʛʨʘʤ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ 

ʬʦʨʤ, ʷʢ ʙʘʟʦʚʘ, ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʩʠʩʪʝʤʘ AutoCAD, ʷʢʘ ʥʘ ʩʴʦʛʦʜʥʽʰʥ̔ʡ ʜʝʥʴ ʻ 

ʥʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʦʶ ʚ ʋʢʨʘʾʥʽ ʽ ʩʚʽʪʽ ʽʥʞʝʥʝʨʥʦʶ ʩʠʩʪʝʤʦʶ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

ʧʨʦʝʢʪʫʚʘʥʥʷ. ʈʦʟʨʦʙʣʝʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʤʦʚʠ AutoLISP ʪʘ ʤʦʚʠ ʫʧʨʘʚʣʽʥʥʷ ʜʽʘʣʦʛʦʚʠʤʠ ʚʽʢʥʘʤʠ DCL [3], ʱʦ 

ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʽʥʪʝʨʘʢʪʠʚʥʠʡ ʨʝʞʠʤ ʫʚʝʜʝʥʥʷ ʜʘʥʠʭ, ʟʥʘʯʥʦ 

ʧʨʠʩʢʦʨʠʚʰʠ ʧʨʦʮʝʩ ʨʦʟʨʦʙʢʠ ʧʨʦʝʢʪʥʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ, ʪʘ ʟʜʽʡʩʥʶʚʘʪʠ ʜʦʩʪʫʧ ʜʦ 

ʛʨʘʬʽʯʥʦʾ ʙʘʟʠ ʜʘʥʠʭ ʟ ʧʨʦʛʨʘʤʥʦʶ ʦʙʨʦʙʢʦʶ ʪʝʢʩʪʦʚʦʾ ʪʘ ʯʠʩʣʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ [4]. 

ʈʦʟʨʦʙʣʝʥʘ ʩʠʩʪʝʤʘ ʷʚʣʷʻ ʩʦʙʦʶ ʙʘʛʘʪʦʨʽʚʥʝʚʫ ʚʽʢʦʥʥʫ ʩʪʨʫʢʪʫʨʫ, ʧʨʠʟʥʘʯʝʥʫ 

ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ ʚʚʝʜʝʥʥʷ ʘʙʦ ʢʦʨʝʛʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʽ ʚʠʢʦʥʘʥʥʷ ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ ʚ 

2D ʪʘ 3D ʬʦʨʤʘʪʽ. ɺʚʝʜʝʥʥʷ ʽ ʢʦʨʝʛʫʚʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚ ʽʥʪʝʨʘʢʪʠʚʥʦʤʫ 

ʨʝʞʠʤʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʥʘʚʝʜʝʥʦʛʦ ʥʘ ʨʠʩʫʥʢʫ 1. 
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ʈʠʩʫʥʦʢ 1 ï ɼʽʘʣʦʛʦʚʝ ʚʽʢʥʦ ʫʚʝʜʝʥʥʷ ʜʘʥʠʭ ʜʣʷ ʨʦʣʠʢʘ 

ɿ ʨʠʩʫʥʢʫ ʚʠʜʥʦ, ʱʦ ʜʽʘʣʦʛʦʚʝ ʚʽʢʥʦ ʨʦʟʜʽʣʝʥʝ ʥʘ 4 ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʝʢʮʽʡ, 

ʢʦʞʥʘ ʟ ʷʢʠʭ ʤʘʻ ʩʚʦʶ ʥʘʟʚʫ ʜʣʷ ʽʥʪʝʨʘʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

ʇʝʨʰʘ ʯʘʩʪʠʥʘ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʟʣʽʚʘ, ʤʽʩʪʠʪʴ ʫ ʩʦʙʽ 

ʩʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʢʨʝʩʣʝʥʥʷ. ɼʣʷ ʟʨʫʯʥʦʩʪʽ, ʟʘʤʽʩʪʴ ʢʦʥʢʨʝʪʥʠʭ ʟʥʘʯʝʥʴ 

ʢʦʞʥʦʛʦ ʨʦʟʤʽʨʫ ʚʠʢʦʨʠʩʪʘʥʽ ʢʦʨʦʪʢʽ ʘʙʨʝʚʽʘʪʫʨʠ, ʷʢʽ ʩʧʽʚʧʘʜʘʶʪʴ ʟ ʥʘʟʚʘʤʠ, ʱʦ 

ʟʥʘʭʦʜʷʪʴʩʷ ʧʨʘʚʽʰʝ. 

ʅʘʩʪʫʧʥʽ ʯʘʩʪʠʥʠ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʫʚʝʜʝʥʥʷ ʨʦʟʤʽʨʽʚ ʜʝʪʘʣʽ. ʆʢʨʝʤʦ ʚʠʜʽʣʝʥʽ 

ʙʣʦʢʠ ʜʣʷ ʫʚʝʜʝʥʥʷ ʟʥʘʯʝʥʴ ʜʽʘʤʝʪʨʽʚ, ʜʦʚʞʠʥʠ ʪʘ ʛʝʦʤʝʪʨʽʾ ʧʘʟʫ ʰʧʦʥʢʠ.   

ʆʩʪʘʥʥʷ ʯʘʩʪʠʥʘ ʂʆʄɸʅɼʀ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʜʦʟʚʦʣʷʻ ʦʙʨʘʪʠ: 

¶ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʜʝʪʘʣʽ (ʧʨʠʩʫʪʥʽ ʤʘʩʰʪʘʙʠ ʟʙʽʣʴʰʝʥʥʷ ʪʘ 

ʟʤʝʥʰʝʥʥʷ); 
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¶ ʢʥʦʧʢʫ ñʊʝʩʪò, ̫ʢʘ ʚʠʩʪʘʚʣʷʻ ʚʩʽ ʨʦʟʤʽʨʠ ʟʘ ʟʘʟʜʘʣʝʛʽʜʴ ʦʙʨʘʥʠʤʠ 

ʟʥʘʯʝʥʥʷʤʠ (ñɿʘ ʟʘʤʦʚʯʫʚʘʥʥʷʤò); 

¶ ñʇʝʨʝʚʽʨʢʘò. ʂʥʦʧʢʘ ʚʠʢʦʥʫʻ ʧʝʨʝʚʽʨʢʫ ʜʘʥʠʭ ʚʚʝʜʝʥʠʭ ʚ ʘʢʪʠʚʥʽ 

ʧʦʣʷ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ. ʋ ʨʘʟʽ ʧʦʤʠʣʢʠ ʟôʷʚʣʷʻʪʴʩʷ ʩʠʩʪʝʤʥʝ ʚʽʢʥʦ, ʚ ʷʢʦʤʫ 

ʚʢʘʟʫʶʪʴʩʷ ʢʦʥʢʨʝʪʥʽ ʧʦʤʠʣʢʦʚʽ ʟʥʘʯʝʥʥʷ. ʋ ʚʠʧʘʜʢʫ ʚʽʨʥʦʛʦ ʫʚʝʜʝʥʥʷ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʽʜʦʤʣʝʥʥʷ, ʱʦ ʧʦʤʠʣʦʢ ʟʥʘʡʜʝʥʦ. ɹʝʟ ʥʘʪʠʩʥʝʥʥʷ ñʇʝʨʝʚʽʨʢʠò 

ʢʥʦʧʢʠ ñ2Dò ʪʘ ñ3Dò ʥʝ ʘʢʪʠʚʫʶʪʴʩʷ.  

¶ ñ2Dò. ɺʠʢʦʥʫʻ 2D-ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ ʟʘ ʟʘʜʘʥʠʤʠ ʨʦʟʤʽʨʘʤʠ; 

¶ ñ3Dò. ʉʪʚʦʨʶʻ 3D-ʤʦʜʝʣʴ ʜʝʪʘʣʽ ʟʘ ʟʘʜʘʥʠʤʠ ʨʦʟʤʽʨʘʤʠ.  

¶ ñCancelò. ɺʠʭʽʜ ʟ ʤʝʥʶ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ ʪʘ ʚʽʜʤʽʥʘ ʚʠʢʦʥʘʥʥʷ 

ʧʨʦʛʨʘʤʠ. 

ʅʘ ʨʠʩʫʥʢʫ 2 ʧʨʠʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʢʦʥʘʥʥʷ ʢʨʝʩʣʝʥʥʷ ʪʘ 3D ʢʦʥʩʪʨʫʢʮʽʾ 

ʧʨʠ ʫʚʝʜʝʥʥʽ ʙʘʟʦʚʠʭ ʜʘʥʠʭ ʜʣʷ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ. 

  

 

ʘ)  ʙ)  

ʈʠʩʫʥʦʢ 2 ï ʇʦʙʫʜʦʚʘ ʪʠʧʦʚʦʛʦ ʢʨʝʩʣʝʥʥʷ ʨʦʣʠʢʘ 

ʘ) ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʽ; ʙ) 3-D ʤʦʜʝʣʴ ʜʝʪʘʣʽ 

ɼʣʷ ʢʨʝʩʣʝʥʥʷ ʧʦʢʘʟʘʥʦʛʦ ʥʘ ʨʠʩʫʥʢʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚʠʭʽʜʥʽ ʜʘʥʽ ʦʪʨʠʤʘʥʽ 

ʟ ʨʦʟʨʘʭʫʥʢʫ ʙʘʟʦʚʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʝʪʘʣʽ. ʇʽʩʣʷ ʫʚʝʜʝʥʥʷ ʚʢʘʟʘʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʚ ʜʽʘʣʦʛʦʚʝ ʚʽʢʥʦ ʚʠʢʦʥʫʻʪʴʩʷ ʨʦʟʨʘʭʫʥʦʢ ʥʝʦʙʭʽʜʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʩʪʨʫʢʮʽʾ, ʙʫʜʫʻʪʴʩʷ 3D ʤʦʜʝʣʴ ʪʠʧʫ SOLID (ʨʠʩʫʥʦʢ 2ʙ) ʪʘ ʚʠʢʦʥʫʻʪʴʩʷ 

ʢʨʝʩʣʝʥʥʷ ʨʦʣʠʢʘ (ʨʠʩʫʥʦʢ 2ʘ). ʇʦ 3D ʤʦʜʝʣʽ, ʟ ʜʦʧʦʤʦʛʦʶ ʚʽʟʫʘʣʴʥʦʛʦ ʢʦʥʪʨʦʣʶ 
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ʢʦʨʠʩʪʫʚʘʯ-ʧʨʦʝʢʪʫʚʘʣʴʥʠʢ ʘʥʘʣʽʟʫʻ ʦʪʨʠʤʘʥʫ ʜʝʪʘʣʴ ʽ ʧʨʠ ʥʝʦʙʭʽʜʥʦʩʪʽ  ʚʥʦʩʠʪʴ 

ʥʝʦʙʭʽʜʥʽ ʟʤʽʥʠ ʚ ʢʦʥʩʪʨʫʢʮʽʶ. 

ɺ ʧʨʦʛʨʘʤʽ ʧʝʨʝʜʙʘʯʝʥʘ ʟʤʽʥʘ ʤʘʩʰʪʘʙʫ ʟ ʜʦʧʦʤʦʛʦʶ ʜʽʘʣʦʛʦʚʦʛʦ ʚʽʢʥʘ. ʅʘ 

ʨʠʩʫʥʦʢ 3 ʧʨʠʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʢʦʥʘʥʥʷ ʢʨʝʩʣʝʥʥʷ ʧʨʠ ʟʤʽʥʽ ʦʩʥʦʚʥʦʛʦ ʤʘʩʰʪʘʙʫ 

ʙʘʟʦʚʦʾ ʜʝʪʘʣʽ. 

 
ʈʠʩʫʥʦʢ 3 ï ʇʦʙʫʜʦʚʘ 2-D ʢʨʝʩʣʝʥʥʷ ʟʽ ʟʤʽʥʦʶ ʤʘʩʰʪʘʙʫ 

ɺʠʩʥʦʚʢʠ. ʈʦʟʨʦʙʣʝʥʘ ʧʨʦʛʨʘʤʘ ʜʣʷ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʝʪʦʜʽʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʫʧʦʨʥʦʛʦ ʨʦʣʠʢʘ, ʷʢʘ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ 2D-ʢʨʝʩʣʝʥʥʷ ʪʘ 3D-ʤʦʜʝʣʴ 

ʪʠʧʫ SOLID. ʋ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ ʚʠʢʦʨʠʩʪʘʥʽ ʬʫʥʢʮʽʦʥʘʣʴʥʘ ʤʦʚʘ AutoLISP 

ʪʘ ʤʦʚʘ ʫʧʨʘʚʣʽʥʥʷ ʜʽʘʣʦʛʦʚʠʤʠ ʚʽʢʥʘʤʠ DCL, ʱʦ ʜʘʻ ʟʤʦʛʫ ʟʘʩʪʦʩʦʚʫʚʘʪʠ 

ʽʥʪʝʨʘʢʪʠʚʥʠʡ ʨʝʞʠʤ ʫʚʝʜʝʥʥʷ ʜʘʥʠʭ ʪʘ ʢʦʥʪʨʦʣʶʚʘʪʠ ʾʭ ʟʥʘʯʝʥʥʷ.  

ɿʘʩʪʦʩʫʚʘʥʥʷ ʧʨʦʛʨʘʤʠ ʟʥʘʯʥʦ ʧʨʠʩʢʦʨʶʻ ʚʠʢʦʥʘʥʥʷ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ 

ʜʦʢʫʤʝʥʪʘʮʽʾ ʪʘ ʧʽʜʚʠʱʫʻ ʾʾ ʷʢʽʩʪʴ ʫ ʧʨʦʮʝʩʽ ʨʦʟʨʦʙʣʝʥʥʷ ʥʦʚʠʭ ʽ ʤʦʜʝʨʥʽʟʘʮʽʾ ʜʽʶʯʠʭ 

ʤʝʭʘʥʽʟʤʽʚ ʧʨʠʚʦʜʫ. ʋ ʧʝʨʩʧʝʢʪʠʚʽ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʦʞʝ ʙʫʪʠ ʜʦʦʧʨʘʮʴʦʚʘʥʝ 

ʪʘ ʜʦʧʦʚʥʝʥʝ ʥʦʚʠʤʠ ʬʫʥʢʮʽʷʤʠ ʟʘʣʝʞʥʦ ʚʽʜ ʚʠʨʦʙʥʠʯʠʭ ʧʦʪʨʝʙ, ʟʦʢʨʝʤʘ ʜʣʷ 
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Abstract:  The main approaches to the industrial production of acetylene are 

considered, and the features of the most common production methods are presented.  
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ɸʮʝʪʠʣʝʥ ʚʽʜʽʛʨʘʻ ʟʥʘʯʫʱʫ ʨʦʣʴ ʫ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʜʝ ʡʦʛʦ ʟʘʩʪʦʩʦʚʫʶʪʴ: 

1. ʗʢ ʩʠʨʦʚʠʥʫ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʭʽʤʽʯʥʠʭ ʨʝʯʦʚʠʥ (ʩʧʠʨʪ, ʘʮʝʪʦʥ, ʚʽʥʽʣʘʮʝʪʠʣʝʥ, 

ʧʦʣʽʘʢʨʠʣʦʥʽʪʨʠʣ, ʚʽʥʽʣʘʮʝʪʘʪ ʪʦʱʦ). ɸʮʝʪʠʣʝʥ ʟʤʽʰʫʶʪʴ ʟ ʭʣʦʨʦʚʦʜʥʝʤ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʧʦʣʽʚʽʥʽʣʭʣʦʨʠʜʫ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʫ ʙʫʜʽʚʥʠʮʪʚʽ ʪʘ 

ʚʠʨʦʙʥʠʮʪʚʽ ʪʢʘʥʠʥ. 

2. ʋ ʛʘʟʦʚʦʤʫ ʟʚʘʨʶʚʘʥʥʽ, ʷʢ ʦʩʥʦʚʥʠʡ ʪʘ ʥʘʡʝʬʝʢʪʠʚʥʽʰʠʡ ʧʘʣʴʥʠʡ ʛʘʟ, 

ʦʩʢʽʣʴʢʠ ʚ ʩʫʤʽʰʽ ʟ ʢʠʩʥʝʤ ʩʪʚʦʨʶʻ ʥʘʡʚʠʱʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʣʫʤôʷ ʜʦ 

3150 ÁC, ʟʘʙʝʟʧʝʯʫʻ ʢʦʥʮʝʥʪʨʦʚʘʥʠʡ ʥʘʛʨʽʚ, ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʰʚʘ. [1] 

ɸʮʝʪʠʣʝʥ ʥʝ ʧʦʰʠʨʝʥʠʡ ʫ ʧʨʠʨʦʜʽ. ʁʦʛʦ ʤʦʞʥʘ ʦʜʝʨʞʘʪʠ ʣʠʰʝ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʠʥʪʝʟʫ. ʅʘʨʘʟʽ ʧʦʰʠʨʝʥʽ 2 ʤʝʪʦʜʠ ʦʜʝʨʞʘʥʥʷ ʘʮʝʪʠʣʝʥʫ: 
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1. ʇʽʨʦʣʽʟ ʚʫʛʣʝʚʦʜʥʽʚ [2]. ʅʘʡʯʘʩʪʽʰʝ ʜʣʷ ʮʴʦʛʦ ʧʨʦʮʝʩʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʧʨʠʨʦʜʥʠʡ ʛʘʟ. ʇʽʜ ʯʘʩ ʥʘʛʨʽʚʘʥʥʷ ʛʘʟʽʚ, ʱʦ ʤʽʩʷʪʴ ʤʝʪʘʥ ʽ ʡʦʛʦ ʛʦʤʦʣʦʛʠ, ʟʘ 

ʧʝʚʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘʩʪʘʻ ʩʪʫʧʽʥʯʘʩʪʝ ʨʦʟʢʣʘʜʘʥʥʷ ʚʫʛʣʝʚʦʜʥʽʚ ʟ ʫʪʚʦʨʝʥʥʷʤ 

ʥʝʩʪʘʙʽʣʴʥʠʭ ʨʘʜʠʢʘʣʽʚ, ʪʘʢʠʭ ʷʢ çCH3ï», «CH2=è ʽ çCHſè. ʏʘʩ ʽʩʥʫʚʘʥʥʷ ʮʠʭ 

ʨʘʜʠʢʘʣʽʚ ʜʫʞʝ ʢʦʨʦʪʢʠʡ ï ʯʘʩʪʢʠ ʩʝʢʫʥʜʠ. ʗʢʱʦ ʪʝʤʧʝʨʘʪʫʨʫ ʪʘʢʦʾ ʛʘʟʦʚʦʾ 

ʩʫʤʽʰʽ ʰʚʠʜʢʦ ʟʥʠʟʠʪʠ, ʨʘʜʠʢʘʣʠ ʟôʻʜʥʫʶʪʴʩʷ ʤʽʞ ʩʦʙʦʶ, ʫʪʚʦʨʶʶʯʠ 

ʨʽʟʥʦʤʘʥʽʪʥʽ ʚʫʛʣʝʚʦʜʥʽ. ʉʧʦʩʪʝʨʽʛʘʪʠ ʮʝ ʤʦʞʥʘ ʥʘʛʨʽʚʰʠ ʧʨʠʨʦʜʥʽʡ ʛʘʟ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ 1600 Áʉ ʽ ʰʚʠʜʢʦ ʦʭʦʣʦʜʠʚʰʠ ʡʦʛʦ ʜʦ 150 Áʉ. ʋʪʚʦʨʝʥʘ ʩʫʤʽʰ 

ʩʢʣʘʜʘʪʠʤʝʪʴʩʷ ʟ: ʘʮʝʪʠʣʝʥʫ ʪʘ ʡʦʛʦ ʛʦʤʦʣʦʛʽʚ (13é14 %), ʚʦʜʥʶ (45 %), 

ʤʝʪʘʥʫ (30é35 %), ʝʪʠʥ (1 %), ʩʘʞʽ (1 %) ʪʘ ʽʥʰʠʭ ʜʦʤʽʰʦʢ. ʎʝʡ ʩʧʦʩʽʙ 

ʟʜʽʡʩʥʶʶʪʴ ʦʜʥʠʤ ʟ ʜʚʦʭ ʤʝʪʦʜʽʚ: ʝʣʝʢʪʨʦ- ʘʙʦ ʪʝʨʤʦʦʢʠʩʣʶʚʘʣʴʥʠʤ 

ʢʨʝʢʽʥʛʦʤ. 

ɽʣʝʢʪʨʦʢʨʝʢʽʥʛ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʝʣʝʢʪʨʦʜʫʛʦʚʽʡ ʧʝʯʽ. ʇʽʜ 

ʪʠʩʢʦʤ 1,4é1,5Ŀ105 ʇʘ ʧʨʠʨʦʜʥʠʡ ʛʘʟ, ʨʫʭʘʶʯʠʩʴ ʽʟ ʰʚʠʜʢʽʩʪʶ ʧʦʥʘʜ 100 ʤ/ʩ, 

ʧʦʜʘʻʪʴʩʷ ʚ ʨʝʘʢʮʽʡʥʫ ʢʘʤʝʨʫ ʷʢʘ ʷʚʣʷʻ ʩʦʙʦʶ ʧʦʨʦʞʥʽʡ ʩʪʘʣʴʥʠʡ ʮʠʣʽʥʜʨ. 

ɻʘʟ, ʱʦ ʥʘʜʭʦʜʠʪʴ ʫ ʧʽʯ, ʥʘʛʨʽʚʘʻʪʴʩʷ ʜʦ 1600 Áʉ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʜʫʛʠ, 

ʷʢʘ ʩʪʚʦʨʶʻʪʴʩʷ ʧʦʩʪʽʡʥʠʤ ʩʪʨʫʤʦʤ ʧʨʠ ʥʘʧʨʫʟʽ 8000 ɺ. ɻʘʟʠ ʟ ʚʠʩʦʢʦʶ 

ʰʚʠʜʢʽʩʪʶ ʚʠʚʦʜʷʪʴʩʷ ʟ ʧʝʯʽ ʧʦ ʚʫʟʴʢʽʡ ʪʨʫʙʮʽ, ʷʢʘ ʦʭʦʣʦʜʞʫʻʪʴʩʷ ʚʦʜʦʶ ʽ 

ʟʥʠʞʫʻ ʪʝʤʧʝʨʘʪʫʨ ʜʦ 600 Áʉ , ʪʘ ʙʝʟʧʦʩʝʨʝʜʥʽʤ ʚʧʨʠʩʢʫʚʘʥʥʷʤ, ʰʚʠʜʢʦ 

ʦʭʦʣʦʜʞʫʻʪʴʩʷ ʜʦ 150 Áʉ . ʊʝʨʤʽʯʥʠʡ ʢʨʝʢʽʥʛ ʧʨʦʚʦʜʠʪʴʩʷ ʚ ʨʝʛʝʥʝʨʘʪʠʚʥʠʭ 

ʧʝʯʘʭ, ʜʝ ʧʨʠʨʦʜʥʠʡ ʛʘʟ ʢʦʥʪʘʢʪʫʻ ʟ ʥʘʛʨʽʪʦʶ ʥʘʩʘʜʢʦʶ. ʅʘʩʘʜʢʘ ʷʚʣʷʻ ʩʦʙʦʶ 

ʧʣʘʩʪʠʥʫ ʟ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ ʟ ʮʠʣʽʥʜʨʠʯʥʠʤʠ ʧʨʦʭʦʜʘʤʠ. ɼʣʷ ʧʦʯʘʪʢʫ 

ʢʨʝʢʽʥʛʫ ʧʽʯ ʨʦʟʽʛʨʽʚʘʶʪʴ ʜʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʚʽʜ 1450 ÁC ʜʦ 1600 ÁC). ʋ 

ʧʨʦʮʝʩʽ ʨʝʘʢʮʽʾ ʥʘʩʘʜʢʘ ʧʦʩʪʫʧʦʚʦ ʦʭʦʣʦʜʞʫʻʪʴʩʷ ʽ ʧʽʯ ʧʦʚʪʦʨʥʦ ʥʘʛʨʽʚʘʶʪʴ. 

ɿʘ ʥʘʷʚʥʦʩʪʽ ʜʚʦʭ ʧʝʯʝʡ, ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʝʧʝʨʝʨʚʥʠʡ ʧʨʦʮʝʩ, ʧʨʠ ʷʢʦʤʫ 

ʥʘʩʘʜʢʘ ʦʜʥʽʻʾ ʧʝʯʽ ʥʘʛʨʽʚʘʻʪʴʩʷ ʫ ʪʦʡ ʯʘʩ ʷʢ ʥʘ ʽʥʰʽʡ ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʨʝʢʽʥʛ, 

ʧʦʪʽʤ ʡʜʝ ʟʤʽʥʘ ʧʦʪʦʢʫ ʛʘʟʽʚ. ʇʨʦʜʫʢʪ ʪʝʨʤʽʯʥʦʛʦ ʢʨʝʢʽʥʛʫ ʤʽʩʪʠʪʴ 7é10 % 

ʘʮʝʪʠʣʝʥʫ [2]. 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

60 
 

2. ʂʘʨʙʽʜʥʠʡ ʤʝʪʦʜ [2]. ɼʘʥʠʡ ʤʝʪʦʜ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʟʘʻʤʦʜʽʾ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ ʪʘ 

ʚʦʜʠ, ʧʨʠ ʷʢʽʡ ʫʪʚʦʨʶʻʪʴʩʷ ʘʮʝʪʠʣʝʥ ʪʘ ʛʽʜʨʦʢʩʠʜ ʢʘʣʴʮʽʶ (ʛʘʰʝʥʝ ʚʘʧʥʦ). 

ʊʝʦʨʝʪʠʯʥʦ, ʧʨʠ ʧʦʚʥʦʤʫ ʨʦʟʢʣʘʜʘʥʥʽ 1 ʢʛ ʯʠʩʪʦʛʦ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ ʧʨʠ 20 Áʉ 

ʪʘ 760 ʤʤ. ʨʪ. ʩʪ., ʫʪʚʦʨʶʻʪʴʩʷ 347 ʣʽʪʨʘ ʩʫʭʦʛʦ ʘʮʝʪʠʣʝʥʫ ʘʙʦ 380,9 ʣʽʪʨʘ 

ʘʮʝʪʠʣʝʥʫ, ʥʘʩʠʯʝʥʦʛʦ ʧʘʨʘʤʠ ʚʦʜʠ. ʆʜʥʘʢ ʧʨʘʢʪʠʯʥʠʡ ʚʠʭʽʜ ʘʮʝʪʠʣʝʥʫ 

ʟʘʚʞʜʠ ʥʠʞʯʠʡ ʪʝʦʨʝʪʠʯʥʦʛʦ, ʦʩʢʽʣʴʢʠ ʚ ʪʝʭʥʽʯʥʦʤʫ ʢʘʨʙʽʜʽ ʢʘʣʴʮʽʶ 

ʤʽʩʪʠʪʴʩʷ ʚ ʩʝʨʝʜʥʴʦʤʫ ʣʠʰʝ 70% ʉʘʉ2, ʨʝʰʪʘ ʮʝ ʜʦʤʽʰʢʠ ʪʘ ʧʦʙʽʯʥʽ 

ʢʦʤʧʦʥʝʥʪʠ. ʂʽʣʴʢʽʩʪʴ ʘʮʝʪʠʣʝʥʫ, ʫʪʚʦʨʝʥʦʛʦ ʧʨʠ ʧʦʚʥʦʤʫ ʨʦʟʢʣʘʜʘʥʥʽ 

ʚʦʜʦʶ 1 ʢʛ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ, ʥʘʟʠʚʘʶʪʴ ʣʽʪʨʘʞʦʤ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ ʜʘʥʦʛʦ 

ʩʦʨʪʫ. ʅʘ ʧʨʘʢʪʠʮʽ ʣʽʪʨʘʞ ʪʝʭʥʽʯʥʦʛʦ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ ʢʦʣʠʚʘʻʪʴʩʷ ʚ ʤʝʞʘʭ 

230-300 ʣ/ʢʛ.  

ɸʧʘʨʘʪʠ, ʚ ʷʢʠʭ ʧʨʦʚʦʜʠʪʴʩʷ ʨʦʟʢʣʘʜʘʥʥʷ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ ʚʦʜʦʶ, ʥʘʟʠʚʘʶʪʴ 

ʘʮʝʪʠʣʝʥʦʚʠʤʠ ʛʝʥʝʨʘʪʦʨʘʤʠ. ɿʘ ʧʨʠʥʮʠʧʦʤ ʜʽʾ ʪʘ ʩʧʦʩʦʙʦʤ ʨʝʛʫʣʶʚʘʥʥʷ 

ʢʽʣʴʢʦʩʪʽ ʘʮʝʪʠʣʝʥʫ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʨʦʟʨʽʟʥʷʶʪʴ ʛʝʥʝʨʘʪʦʨʠ ʩʠʩʪʝʤ çɺʦʜʘ-

ʢʘʨʙʽʜè, çʂʘʨʙʽʜ-ʚʦʜʫè çʩʫʭʽè ʘʙʦ çʙʝʟʰʣʘʤʦʚʽè ʛʝʥʝʨʘʪʦʨʠ. 

ɺ ʛʝʥʝʨʘʪʦʨʘʭ ʩʠʩʪʝʤʠ çɺʦʜʘ-ʢʘʨʙʽʜè ʰʤʘʪʢʠ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ 

ʟʘʚʘʥʪʘʞʫʶʪʴ ʚ ʩʧʝʮʽʘʣʴʥʽ ʻʤʥʦʩʪʽ ʽ ʧʨʦʮʝʩ ʨʦʟʢʣʘʜʘʥʥʷ ʨʝʛʫʣʶʶʪʴ, ʟʤʽʥʶʶʯʠ 

ʢʽʣʴʢʽʩʪʴ ʚʦʜʠ, ʱʦ ʜʦʜʘʻʪʴʩʷ ʜʦ ʢʘʨʙʽʜʫ. ʇʝʨʝʚʘʛʘʤʠ ʪʘʢʠʭ ʛʝʥʝʨʘʪʦʨʽʚ ʻ ʣʝʛʢʝ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʽ ʥʝʚʝʣʠʢʽ ʨʦʟʤʽʨʠ, ʧʦʨʽʚʥʷʥʦ ʟ ʛʝʥʝʨʘʪʦʨʦʤ ʟʘ ʧʨʠʥʮʠʧʦʤ ʜʽʾ 

çʂʘʨʙʽʜ ʫ ʚʦʜʫè. ʅʝʜʦʣʽʢʘʤʠ ʻ ʥʝʚʝʣʠʢʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʯʝʨʝʟ ʱʦ ʾʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘ ʚʠʨʦʙʥʠʮʪʚʽ ʥʝ ʜʦʮʽʣʴʥʝ. 

ɻʝʥʝʨʘʪʦʨʠ ʩʠʩʪʝʤʠ çʂʘʨʙʽʜ-ʚʦʜʫè ʟʘʧʦʚʥʶʶʪʴ ʚʦʜʦʶ ʜʦ ʟʘʜʘʥʦʛʦ ʨʽʚʥʷ, 

ʧʽʩʣʷ ʯʦʛʦ ʞʠʚʠʣʴʥʠʢʦʤ ʟʘʚʘʥʪʘʞʫʶʪʴ ʫ ʚʦʜʫ ʛʨʘʥʫʣʴʦʚʘʥʠʡ ʢʘʨʙʽʜ ʢʘʣʴʮʽʶ. 

ʇʦʜʘʯʫ ʢʘʨʙʽʜʫ ʚʠʟʥʘʯʘʻ ʪʠʩʢ ʫ ʨʦʙʦʯʽʡ ʢʘʤʝʨʽ ʛʝʥʝʨʘʪʦʨʘ: ʷʢʱʦ ʪʠʩʢ ʤʝʥʰʝ ʟʘ 

ʥʝʦʙʭʽʜʥʠʡ ï ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʜʘʯʘ ʥʘʩʪʫʧʥʦʾ ʧʦʨʮʽʾ. ʇʝʨʝʚʘʛʘʤʠ ʪʘʢʦʛʦ ʘʧʘʨʘʪʫ ʻ 

ʣʝʛʢʽʩʪʴ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʽ ʚʠʩʦʢʠʡ ʚʠʭʽʜ ʘʮʝʪʠʣʝʥʫ (ʦʪʨʠʤʘʥʥʷ 95é97 %). 

ʅʝʜʦʣʽʢʠ ʧʦʣʷʛʘʶʪʴ ʫ ʧʽʜʚʠʱʝʥʽʡ ʚʠʪʨʘʪʽ ʚʦʜʠ ʪʘ ʛʘʙʘʨʠʪʥʦʩʪʽ.\ 
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çʉʫʭʠʡ ʩʧʦʩʽʙè ʙʘʟʫʻʪʴʩʷ ʥʘ ʤʝʪʦʜʽ çɺʦʜʘ-ʢʘʨʙʽʜè. ɿʘ ʮʠʤ ʤʝʪʦʜʦʤ ʜʦ 

ʨʝʘʢʪʦʨʘ ʩʧʦʯʘʪʢʫ ʜʘʶʪʴ ʢʘʨʙʽʜ ʚ ʧʝʚʥʽʡ ʢʽʣʴʢʦʩʪʽ, ʘ ʜʦ ʥʴʦʛʦ ʜʦʜʘʶʪʴ ʚʦʜʫ ʚ 

ʢʽʣʴʢʦʩʪʽ ʥʝʦʙʭʽʜʥʽʡ ʜʣʷ ʧʦʚʥʦʛʦ ʧʨʦʪʽʢʘʥʥʷ ʨʝʘʢʮʽʾ ʛʽʜʨʘʪʘʮʽʾ. ʅʝʜʦʣʽʢʘʤʠ ʻ 

ʧʽʜʚʠʱʝʥʽ ʚʠʤʦʛʠ ʜʦ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʧʦʜʘʯʽ ʪʘ ʩʢʣʘʜʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʜʦʟʫʶʯʠʭ 

ʧʨʠʩʪʨʦʾʚ. [3] 

ʂʘʨʙʽʜʥʠʡ ʤʝʪʦʜ ʚʠʨʦʙʥʠʮʪʚʘ ʘʮʝʪʠʣʝʥʫ ʤʘʻ ʢʽʣʴʢʘ ʢʣʶʯʦʚʠʭ ʧʝʨʝʚʘʛ: ʚʽʥ 

ʟʘʙʝʟʧʝʯʫʻ ʦʪʨʠʤʘʥʥʷ ʘʮʝʪʠʣʝʥʫ ʚʠʩʦʢʦʾ ʯʠʩʪʦʪʠ ʟʘʚʜʷʢʠ ʚʠʙʽʨʢʦʚʽʡ ʨʝʘʢʮʽʾ 

ʛʽʜʨʘʪʘʮʽʾ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ, ʥʝ ʧʦʪʨʝʙʫʻ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʯʠ ʥʘʬʪʦʧʨʦʜʫʢʪʽʚ 

(ʣʠʰʝ ʟʥʘʯʥʦ ʜʦʩʪʫʧʥʽʰʽ CaC2 ʪʘ ʚʦʜʫ), ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʽʜʥʦʩʥʦ 

ʧʨʦʩʪʝ ʪʘ ʥʝʜʦʨʦʛʝ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʣʝʛʢʦ ʨʝʛʫʣʶʚʘʪʠ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʘʮʝʪʠʣʝʥʫ ʰʣʷʭʦʤ ʟʤʽʥʠ ʧʦʜʘʯʽ ʚʦʜʠ, ʱʦ ʨʦʙʠʪʴ ʧʨʦʮʝʩ 

ʛʥʫʯʢʠʤ ʽ ʟʨʫʯʥʠʤ ʜʣʷ ʨʽʟʥʠʭ ʫʤʦʚ ʚʠʨʦʙʥʠʮʪʚʘ. 
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presented. The functions of grates in the combustion process and air supply are 
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ʊʀʇʀ ʊɸ ʂʆʅʉʊʈʋʂʎɯʗ ʊʆʇʂʆɺʀʍ ʂʆʃʆʉʅʀʂʆɺʀʍ 

ʈɽʐɯʊʆʂ 

ʉʪʫʜʝʥʪ ɯʛʦʨ ʂʦʚʪʫʥ, ʢ.ʪ.ʥ., ʜʦʮ. ɸʥʜʨʽʡ ʉʪʝʧʘʥʶʢ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

ɸʥʦʪʘʮʽʷ: ʇʨʝʜʩʪʘʚʣʝʥʦ ʢʦʥʩʪʨʫʢʮʽʶ, ʪʠʧʠ ʪʘ ʧʨʠʥʮʠʧʠ ʨʦʙʦʪʠ 

ʪʦʧʢʦʚʠʭ ʢʦʣʦʩʥʠʢʦʚʠʭ ʨʝʰʽʪʦʢ. ʆʧʠʩʘʥʦ ʬʫʥʢʮʽʾ ʨʝʰʽʪʦʢ ʫ ʧʨʦʮʝʩʽ ʛʦʨʽʥʥʷ ʪʘ 

ʧʦʜʘʯʽ ʧʦʚʽʪʨʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ ʨʽʟʥʠʭ ʪʠʧʽʚ ʨʝʰʽʪʦʢ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʂʆʃʆʉʅʀʂʀ, ʌʋʅʂʎɯʗ, ʂʆʅʉʊʈʋʂʎɯʗ ʈɽʐɯʊʂʀ, 

ʊʀʇʀ ʈɽʐɯʊʆʂ 

 

The grate bar grate is a special separating structure in the form of a grate of the 

heating part of a furnace or boiler that supports a layer of solid fuel. At the same time, 

burnt fuel in the form of ash freely passes through the gaps and openings between the 

grate bars, which thereby does not block the free passage of air masses. The grate is 

located between the fuel combustion chamber and the ash compartment. Grate bars are 

a separate cast-iron or steel element of grate bars, intended mainly for installation in 

large furnaces.[1]  

https://pic-distribution.ua/kolosniki-chavunni-dlya-pechey-i-kazaniv/
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Why grate bars are needed 

- for maintaining the combustion of solid fuel by creating natural air 

convection coming through the ash pan; 

- for removing ash from the furnace, which interferes with the passage of 

air. 

Grate bars are divided into two types: 

- Movable; 

- Fixed. 

Movable grate bars for fireplaces and furnaces consist of several sections and a 

common shaft. They allow saving effort during cleaning and maintenance. The main 

feature is the presence of a horizontal or vertical axis of rotation, which facilitates ash 

removal and improves the fuel combustion process. Depending on the angle of 

rotation, such furnace grate bars can be full-turn or rocking. When tilted by 30°, the 

slag loosens, allowing the burnt mass to crumble into the ash pan. A special type is 

represented by movable vibrating grate bars of two plate grates rotating by 180°. The 

installation provides additional cutouts in the brick, which caused the limited use of 

such structures and their high cost.[2] 

Advantages of the movable grate bar: 

- Combustion efficiency: Allows maintaining optimal conditions for 

combustion, ensuring complete fuel combustion and reducing emissions. 

- Ease of operation: Facilitates ash removal and prevents its accumulation, 

which reduces the need for frequent maintenance. 

- Durability: Helps prevent overheating and damage to the boiler, extending 

its service life. 

Disadvantages: 

- Need for maintenance: Even with a movable grate bar, regular 

maintenance is required to ensure its normal operation. 

https://remontu.com.ua/kolosniki-dlya-opalyuvalnix-pechej
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- Complexity of construction: Mechanisms of adjustment and movement of 

the grate bar may increase the cost and complexity of the boiler.[3] 

 

Fig.1 ï Movable grate bar grate 

              1 ï rod; 2 ï axis; 3 ï grate 

Fixed grate bars for furnaces mainly have the shape of a rectangle with closely 

spaced ribs and are produced in various sizes and thicknesses. There are basket grates 

used in open-type furnaces. They are not particularly popular, therefore it is quite 

difficult to buy such a model. 

Advantages of the fixed grate bar: 

- resistant to prolonged heating; 

- cheapness relative to water-filled ones (shaft-type boilers with cast-iron 

grate bars are cheaper); 

- easily replaceable in case of malfunction. 

 

Disadvantages: 

- cast iron is a brittle metal. During installation of the grate bar, this must 

be done carefully. 

- when using coal as fuel, it may coke, forming lumps. Air will not pass in 

sufficient quantity and the combustion process will stop.[4] 

https://firebox.com.ua/uk/podvizhnyj-kolosnik/
https://teplofocus.com.ua/kakoy-kolosnik-dlya-tverdotoplivnogo-kotla-luchshe-chugunnyy-ili-vodonapolnennyy
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Fig.2 ï Fixed grate bar grate 

a ï flat tile; b ï box tile; c ï beam grate bar 
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ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʊɽʇʃʆʆɹʄɯʅʋ ɺ ʂʆɾʋʍʆʊʈʋɹʅʆʄʋ 

ʊɽʇʃʆʆɹʄɯʅʅʀʂʋ  

ʉʪʫʜʝʥʪ ɿʠʢʽʥ ɯ. ʉ., ʜʦʮ., ʢ.ʪ.ʥ. ʅʦʚʦʭʘʪ ʆ. ɸ.  

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

«ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ» 

ɸʥʦʪʘʮʽʷ. ʅʘʚʝʜʝʥʦ ʚʘʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʬʪʦʨʠʩʪʦʛʦ ʚʦʜʥʶ, ʟʦʢʨʝʤʘ 

ʩʽʨʯʘʥʦʢʠʩʣʠʤ ʨʦʟʢʣʘʜʘʥʥʷʤ ʬʣʶʦʨʠʪʫ. ɺʠʟʥʘʯʝʥʽ ʥʝʛʘʪʠʚʥʽ ʘʩʧʝʢʪʠ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʥʠʢʽʚ. ɿʘʧʨʦʧʦʥʦʚʘʥʽ ʨʽʰʝʥʥʷ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ ʪʝʧʣʦʦʙʤʽʥʥʠʢʽʚ ʪʘ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʊɽʇʃʆʆɹʄɯʅʅʀʂ, ʉɯʈʏɸʅɸ ʂʀʉʃʆʊɸ, 

ʌʊʆʈʀʉʊʀʁ ɺʆɼɽʅʔ, ʅɸɻʈɯɺɸʅʅʗ. 

 

Hydrogen fluoride is an important chemical used in various industries, including 

the chemical industry, metallurgy, electronics, and pharmaceuticals. One method of 

producing anhydrous hydrogen fluoride is by decomposing fluorite with sulfuric acid 
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(H SO ), which is cost-effective but requires high temperatures. For efficient 

decomposition of fluorite, it is necessary to maintain a high temperature of the sulfuric 

acid, which is usually heated to 200ï300°C. 

To heat sulfuric acid, saturated water vapor is usually used, which condenses 

during heat exchange to form condensate and uncondensed inert gases. 

The developed heat exchanger will allow for more intensive heat exchange 

between the two environments, in particular when a gas coolant is used. 

The essence of the heat exchanger modernization is to add grooves in the side 

parts of the partitions (Fig. 1). During operation, it was observed that when supplying a 

gaseous coolant to the intertube space, it, alternately passing in a wave-like manner 

through the existing partitions, has the lowest resistance in the center. Because of this, 

along the sides near the inner surface of the shell, the amount of coolant can decrease 

and heat exchange can deteriorate. 

 

Fig. 1 ï Grooves in the upper intertube partitions 

Additional grooves in the partitions near the sides of the shell will increase the 

amount of coolant flow and equalize its flow across the entire cross-section of the 

shell. This will ensure more uniform heating of the pipes near the walls of the casing 

during heating. 

The slots in the top of the intertube walls facilitate the passage of both the 

gaseous coolant and some of the non-condensable inert gases released during the 

condensation of water vapor. These gases can pass through the top of the intertube in a 

straight line to the non-condensable gases outlet. 
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In addition, the grooves in the lower part of the partitions will improve the 

movement of the condensed coolant to the outlet fitting (Fig. 2). The condensate 

present in the middle of the heat exchanger when covering the lower pipes is an 

additional thermal resistance and contributes to the acceleration of metal corrosion. 

 

Fig. 2 ï Groove for condensate flow in the lower pipe partitions 

Thus, adding appropriate grooves to the intertube partitions will improve heat 

transfer between the two media when using water vapor as the heat carrier. 
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ʄʆɼɽʈʅɯɿɸʎɯʗ ɺʀʇɸʈʅʀʂɸ ɼɯʃʗʅʂʀ ʈɽʂʋʇɽʈɸʎɯɰ ʇɸʈɯɺ 

ɸʎɽʊʆʅʋ 

ʩʪʫʜʝʥʪ ɹʻʣʴʯʝʥʢʦ ʆ.ʄ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

ɸʅʆʊɸʎɯʗ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʪʝʭʥʽʯʥʽ ʘʩʧʝʢʪʠ ʤʦʜʝʨʥʽʟʘʮʽʾ 

ʚʠʧʘʨʥʠʢʘ ʜʽʣʷʥʢʠ ʨʝʢʫʧʝʨʘʮʽʾ ʧʘʨʽʚ ʘʮʝʪʦʥʫ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʩʪʘʙʽʣʴʥʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʩʠʩʪʝʤʠ ʤʝʭʘʥʽʯʥʦʛʦ ʦʯʠʱʝʥʥʷ ʪʨʫʙ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʯʠʩʥʠʭ ʢʫʣʴ ʪʘ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʠʟʴʢʦʨʝʙʨʠʩʪʠʭ ʪʨʫʙ ʷʢ ʽʥʩʪʨʫʤʝʥʪʽʚ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ 

ʢʠʧʽʥʥʷ ʡ ʟʤʝʥʰʝʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʪʝʧʣʦʦʙʤʽʥʥʦʾ ʧʦʚʝʨʭʥʽ. ʆʙˇʨʫʥʪʦʚʘʥʦ 

ʪʝʭʥʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʟʘʭʦʜʽʚ ʪʘ ʾʭ ʚʧʣʠʚ ʥʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ 

ʧʦʢʘʟʥʠʢʠ ʫʩʪʘʥʦʚʢʠ. 
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ʂʆɾʋʍʆʊʈʋɹʅʀʁ ʊɽʇʃʆʆɹʄɯʅʅʀʂ, ʅʀɿʔʂʆʈɽɹʈʀʉʊɯ ʊʈʋɹʀ, 

ʄɽʍɸʅɯʏʅɽ ʆʏʀʑɽʅʅʗ, ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʊɽʇʃʆʆɹʄɯʅʋ, 

ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ. 

ɺʠʧʘʨʥʠʢ ʫ ʩʠʩʪʝʤʽ ʨʝʢʫʧʝʨʘʮʽʾ ʧʘʨʽʚ ʘʮʝʪʦʥʫ ʚʠʢʦʥʫʻ ʢʣʶʯʦʚʫ 

ʪʝʭʥʦʣʦʛʽʯʥʫ ʬʫʥʢʮʽʶ - ʟʘʙʝʟʧʝʯʫʻ ʧʦʚʪʦʨʥʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʘʙʦ ʧʽʜʽʛʨʽʚ 

ʢʦʥʜʝʥʩʘʪʫ ʘʮʝʪʦʥʫ ʟ ʤʝʪʦʶ ʡʦʛʦ ʧʦʚʝʨʥʝʥʥʷ ʚ ʚʠʨʦʙʥʠʯʠʡ ʮʠʢʣ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʘʧʘʨʘʪ ʧʽʜʚʠʱʫʻ ʩʪʫʧʽʥʴ ʫʪʠʣʽʟʘʮʽʾ ʨʦʟʯʠʥʥʠʢʘ, ʟʥʠʞʫʻ ʚʪʨʘʪʠ ʣʝʪʢʠʭ 

ʦʨʛʘʥʽʯʥʠʭ ʩʧʦʣʫʢ (ʃʆʉ), ʤʽʥʽʤʽʟʫʻ ʚʠʢʠʜʠ ʚ ʘʪʤʦʩʬʝʨʫ ʪʘ ʟʤʝʥʰʫʻ 

ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʧʽʜʧʨʠʻʤʩʪʚʘ. ʉʪʘʙʽʣʴʥʘ ʨʦʙʦʪʘ ʚʠʧʘʨʥʠʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚʧʣʠʚʘʻ ʥʘ ʤʘʪʝʨʽʘʣʴʥʠʡ ʙʘʣʘʥʩ ʪʘ ʝʢʦʣʦʛʽʯʥʽ ʧʦʢʘʟʥʠʢʠ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʚʠʧʘʨʥʠʢ ʜʽʣʷʥʢʠ ʨʝʢʫʧʝʨʘʮʽʾ ʧʘʨʽʚ ʘʮʝʪʦʥʫ ʤʘʶʪʴ 

ʪʨʫʙʥʠʡ ʧʫʯʦʢ, ʷʢʠʡ ʨʦʟʤʽʱʫʻʪʴʩʷ ʚʩʝʨʝʜʠʥʽ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʢʦʨʧʫʩʫ; ʥʘʛʨʽʚ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘʩʠʯʝʥʦʶ ʚʦʜʷʥʦʶ ʧʘʨʦʶ, ʷʢʘ ʧʦʜʘʻʪʴʩʷ ʫ ʪʨʫʙʥʠʡ ʧʨʦʩʪʽʨ, ʪʦʜʽ 

ʷʢ ʘʮʝʪʦʥ ʘʙʦ ʘʮʝʪʦʥʚʤʽʩʥʘ ʩʫʤʽʰ ʨʫʭʘʻʪʴʩʷ ʧʦ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ. ɼʣʷ 
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ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʫ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʩʝʛʤʝʥʪʥʽ ʧʝʨʝʛʦʨʦʜʢʠ, ʱʦ 

ʬʦʨʤʫʶʪʴ ʧʦʧʝʨʝʯʥʠʡ ʧʦʪʽʢ ʪʝʧʣʦʥʦʩʽʷ [1]. 

 

ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʚʠʧʘʨʥʠʢʘ 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʤʦʜʝʨʥʽʟʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʘʧʘʨʘʪʽʚ ʻ 

ʦʨʝʙʨʝʥʥʷ ʪʨʫʙ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʜʥʦʯʘʩʥʦ ʟʙʽʣʴʰʠʪʠ ʧʣʦʱʫ ʢʦʥʪʘʢʪʥʦʾ ʧʦʚʝʨʭʥʽ, 

ʽʥʪʝʥʩʠʬʽʢʫʚʘʪʠ ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ ʧʦʪʦʢʫ ʪʝʧʣʦʥʦʩʽʷ ʪʘ ʧʦʢʨʘʱʠʪʠ ʚʽʜʪʽʢ 

ʢʦʥʜʝʥʩʘʪʫ. 

ʎʝ ʦʨʝʙʨʝʥʥʷ, ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʦʧʪʠʤʽʟʦʚʘʥʦʶ ʬʦʨʤʦʶ ʨʝʙʝʨ, ʟʘʙʝʟʧʝʯʫʻ 

ʧʨʠʩʢʦʨʝʥʠʡ ʚʽʜʪʽʢ ʢʦʥʜʝʥʩʘʪʫ, ʟʤʝʥʰʫʻ ʥʝʙʘʞʘʥʝ ʥʘʢʦʧʠʯʝʥʥʷ ʨʽʜʠʥʠ ʪʘ 

ʟʥʠʞʫʻ ʛʽʜʨʘʚʣʽʯʥʽ ʚʪʨʘʪʠ ʫ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ. ʇʽʜ ʯʘʩ ʢʠʧʽʥʥʷ ʘʮʝʪʦʥʫ ʥʘ 

ʦʨʝʙʨʝʥʽʡ ʧʦʚʝʨʭʥʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʘʢʪʠʚʥʽʰʝ ʟʘʨʦʜʞʝʥʥʷ ʙʫʣʴʙʘʰʦʢ, ʱʦ ʧʽʜʚʠʱʫʻ 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ [2].  

ɿʦʢʨʝʤʘ, ʢʦʤʙʽʥʦʚʘʥʝ ʦʨʝʙʨʝʥʥʷ ʪʨʫʙ ʫ ʜʝʬʣʝʛʤʘʪʦʨʽ ʚʠʢʦʥʫʻ ʪʘʢʽ ʬʫʥʢʮʽʾ: 

1) ɿʙʽʣʴʰʝʥʥʷ ʧʣʦʱʽ ʪʝʧʣʦʚʦʛʦ ʢʦʥʪʘʢʪʫ ʙʝʟ ʟʥʘʯʥʦʛʦ ʫʩʢʣʘʜʥʝʥʥʷ 

ʢʦʥʩʪʨʫʢʮʽʾ, ʱʦ ʧʨʷʤʦ ʧʽʜʚʠʱʫʻ ʪʝʧʣʦʚʫ ʧʦʪʫʞʥʽʩʪʴ ʘʧʘʨʘʪʘ. 

2) ʇʦʢʨʘʱʝʥʥʷ ʬʽʣʴʪʨʘʮʽʾ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ (ʢʦʥʜʝʥʩʘʮʽʾ ʧʘʨʽʚ), 

ʟʤʝʥʰʝʥʥʷ ʟʦʥ ʟʘʩʪʦʶ ʪʘ ʣʦʢʘʣʴʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ. 

3) ɿʥʠʞʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʩʫʪʦ ʛʣʘʜʢʠʤʠ ʘʙʦ 

ʦʜʥʦʨʽʜʥʦ ʨʝʙʨʠʩʪʘʥʠʤʠ ʪʨʫʙʘʤʠ, ʟʘʚʜʷʢʠ ʘʜʘʧʪʠʚʥʽʡ ʛʝʦʤʝʪʨʽʾ 

ʨʝʙʝʨ ʫ ʨʽʟʥʠʭ ʟʦʥʘʭ ʘʧʘʨʘʪʘ. 
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4) ɯʥʪʝʥʩʠʬʽʢʘʮʽʷ ʪʝʧʣʦʥʦʩʽʾʚʦʛʦ ʧʦʪʦʢʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʜʝʬʣʝʛʤʘʪʦʨʠ ʚ ʫʤʦʚʘʭ ʟʤʽʥʥʠʭ ʪʝʧʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʙʝʟ ʟʥʘʯʥʠʭ 

ʢʦʣʠʚʘʥʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ. 

 

1 ï ʩʧʽʨʘʣʴʥʝ ʦʨʝʙʨʝʥʥʷ; 2 ï ʪʝʧʣʦʦʙʤʽʥʥʘ ʪʨʫʙʘ 

ʈʠʩʫʥʦʢ 2 ï ʆʨʝʙʨʝʥʥʷ ʪʨʫʙʠ 

ʆʩʥʦʚʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʧʘʨʘʤʝʪʨʠ ʦʨʝʙʨʦʚʘʥʠʭ ʪʨʫʙ: 

Å ʟʦʚʥʽʰʥʽʡ ʜʽʘʤʝʪʨ ʨʝʙʨʘ (D): ʜʦ ʪʨʴʦʭ ʜʽʘʤʝʪʨʽʚ ʙʘʟʦʚʦʾ ʪʨʫʙʠ (d) 

Å ʢʨʦʢ ʨʝʙʨʘ (t): ʚʽʜ 2,5 ʜʦ 10 ʤʤ; 

Å ʤʘʪʝʨʽʘʣ ʨʝʙʨʘ: ʘʣʶʤʽʥʽʡ ʘʙʦ ʤʽʜʴ; 

ʆʪʞʝ, ʤʦʜʝʨʥʽʟʘʮʽʷ ʚʠʧʘʨʥʠʢʘ ʜʽʣʷʥʢʠ ʨʝʢʫʧʝʨʘʮʽʾ ʧʘʨʽʚ ʘʮʝʪʦʥʫ ʰʣʷʭʦʤ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʠʟʴʢʦʨʝʙʨʠʩʪʠʭ ʪʨʫʙ ʟ ʩʧʽʨʘʣʴʥʦʶ ʬʦʨʤʦʶ ʻ ʪʝʭʥʽʯʥʦ ʜʦʮʽʣʴʥʦʶ 

ʪʘ ʝʢʦʥʦʤʽʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʦʶ. ɿʘʧʨʦʧʦʥʦʚʘʥʝ ʨʽʰʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʫ, ʱʦ ʧʽʜʚʠʱʫʻ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ. 
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ABSTRACT. The paper is devoted to the organization of long-term sustainable 

interaction of forest farms and enterprises close to them with mandatory technical and 

organizational re-equipment of their fixed assets. 

KEYWORDS: FORESTRY ENTERPRISE, WOOD FUEL COD, 

ILLIQUIDWOOD WASTE. 

  

ɺɿɸɭʄʅʀʁ ʈʆɿɺʀʊʆʂ ʃɯʉʆɻʆʉʇʆɼɸʈʉʔʂʀʍ ʇɯɼʇʈʀɭʄʉʊɺ ʊɸ 

ʊɽʇʃʆɻɽʅɽʈʋʖʏʀʍ ʆɹôɭʂʊɯɺ ʇʈʀ ʉʊɸʃɯʁ ɺɿɸɭʄʆɼɯɰ 

ʂʨʝʤʥʴʦʚ ɺ.ʆ., ɹʻʣʷʻʚ ɻ.ɺ., ɹʻʣʷʻʚʘ ɯ.ʇ., ɾʫʢʦʚ ʂ.ʃ.,  

ʂʦʨʙʫʪ ʅ.ʉ., ʉʪʝʮʶʢ ɺ.ɻ., ʊʠʤʦʱʝʥʢʦ ɸ.ɺ. 

ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ 

 

ɸʅʆʊɸʎɯʗ. ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʦʨʛʘʥʽʟʘʮʽʾ ʜʦʚʛʦʩʪʨʦʢʦʚʦʾ ʩʪʘʣʦʾ 

ʚʟʘʻʤʦʜʽʾ ʣʽʩʛʦʩʧʽʚ ʪʘ ʥʘʙʣʠʞʝʥʠʭ ʜʦ ʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʟ ʦʙʦʚôʷʟʢʦʚʠʤ ʪʝʭʥʽʢʦ-

ʦʨʛʘʥʽʟʘʮʽʡʥʠʤ ʧʝʨʝʦʩʥʘʱʝʥʥʷʤ ʾʭ ʦʩʥʦʚʥʠʭ ʬʦʥʜʽʚ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɼɽʈɽɺʅɸ ʇɸʃʀɺʅɸ ʊʈɯʉʂɸ, ʃɯʉʆɻʆʉʇʆɼɸʈʉʔʂɽ 

ʇɯɼʇʈʀɭʄʉʊɺʆ, ʅɽʃɯʂɺɯɼʅɯ ɺɯɼʍʆɼʀ ɼɽʈɽɺʀʅʀ. 

 

The purpose of the work. Development of technical requirements and design 

solutions for the organization of the system of sustainable energy use of renewable 

wood resources. 
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Results.The report belongs to one of the traditional activities of the laboratory of 

heat and mass transfer processes and equipment - a drastic reduction in unit costs for 

fuel and energy component in heating and production processes through systematic 

intensification of thermal technologies and extensive involvement of secondary energy 

and material resources [1]. 

The work is based on the following conceptual provisions. 

1. Transfer of heat-generating objects territorially close to the forestry enterprise 

into fuel in the form of pre-dried to moisture W Ò 20% of wood chips or firewood 

necessarily requires a number of organizational and technical measures, both at heat-

generating objects and in forestry enterprises that are accompanied by significant 

capital investments. 

2. Measures in accordance with paragraph 1 shall be carried out simultaneously. 

3. The relationship between heat generating and forestry enterprises must be 

legally binding and long-term. 

4. In addition to the current legislation, the guarantor of compliance with mutual 

obligations under the contract must also be local governments on the one hand, and on 

the other - the regional forestry department, which is subordinated to the forestry 

enterprise-supplier of wood fuel. 

5. In addition to the measures under item 1 at the forestry enterprise-supplier it is 

necessary to make certain changes in the nomenclature of marketable products. 

6. Ensuring the measures provided for in paragraphs 1-5 necessarily requires the 

development and approval of a targeted scientific and technical program aimed at 

integrating local forestry enterprises into the energy use of by-products of forestry 

activities. 

Conclusions.Technical requirements, design solutions and a "road map" for the 

gradual involvement of forestry enterprises in sustainable interaction with energy 

facilities have been developed [2, 3]. 

References. 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

74 
 

1. ɼʦʩʣʽʜʞʝʥʥʷ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʽʚ ʽ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ ʙʽʦʧʘʣʠʚʘ 

ʟ ʣʽʩʦʨʦʩʣʠʥʥʠʮʴʢʠʭ ʚʽʜʭʦʜʽʚ: ʟʚʽʪ ʧʨʦ ʅɼʈ (ʟʘʢʣʶʯʥʠʡ) ɯʊʊʌ ʅɸʅ ʋʢʨʘʾʥʠ. ˉ 

ɼʈ 0115U002667; ʢʝʨ. ɺ.ʆ.ʂʨʝʤʥʴʦʚ, ɸ.ɺ.ʊʠʤʦʱʝʥʢʦ. ʂʠʾʚ, 2019, 390 ʩ. 

2. ɹʻʣʷʻʚ ɻ.ɺ., ɹʻʣʷʻʚʘ ɯ.ʇ., ɾʫʢʦʚ ʂ.ʃ. ʉʢʦʦʨʜʠʥʦʚʘʥʽ ʦʨʛʘʥʽʟʘʮʽʡʥʦ-

ʪʝʭʥʽʯʥʽ ʟʘʭʦʜʠ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʣʽʩʦʚʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ ï ʧʦʩʪʘʯʘʣʴʥʠʢʘʭ ʽ 

ʪʝʧʣʦʛʝʥʝʨʫʶʯʠʭ ʦʙôʻʢʪʘʭ-ʢʦʨʠʩʪʫʚʘʯʘʭ ʜʝʨʝʚʥʦʛʦ ʧʘʣʠʚʘ. / ʄʘʪʝʨʽʘʣʠ Xɯɯ 

ʄʽʞʥʘʨʦʜʥʦʾ ʦʥʣʘʡʥ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʆɹʃɽʄʀ ʊɽʇʃʆʌɯɿʀʂʀ ʊɸ 

ʊɽʇʃʆɽʅɽʈɻɽʊʀʂʀè, 26 ï 27 ʞʦʚʪʥʷ 2021 ʨʦʢʫ, ʤ. ʂʠʾʚ. ʉ. 48. 

3. ʂʨʝʤʥʴʦʚ ɺ.ʆ., ʊʠʤʦʱʝʥʢʦ ɸ.ɺ., ɹʻʣʷʻʚ ɻ.ɺ., ɹʻʣʷʻʚʘ ɯ.ʇ., ɾʫʢʦʚ ʂ.ʃ., 

ʂʦʨʙʫʪ ʅ.ʉ., ʉʪʝʮʶʢ ɺ.ɻ. ʉʠʩʪʝʤʥʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʷ ʪʝʧʣʦ- ʽ ʙʽʦʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ ʧʨʠ ʫʪʠʣʽʟʘʮʽʾ ʨʝʩʫʨʩʦʮʽʥʥʠʭ ʚʽʜʭʦʜʽʚ ʙʽʦʣʦʛʽʯʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ ʥʘ 

ʪʝʨʠʪʦʨʽʾ ʦʙôʻʜʥʘʥʠʭ ʪʝʨʠʪʦʨʽʘʣʴʥʠʭ ʛʨʦʤʘʜ/ ʇʦʜʦʣʘʥʥʷ ʝʢʦʣʦʛʽʯʥʠʭ ʨʠʟʠʢʽʚ ʪʘ 

ʟʘʛʨʦʟ ʜʣʷ ʜʦʚʢʽʣʣʷ ʚ ʫʤʦʚʘʭ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʡï 2022: ʢʦʣʝʢʪʠʚʥʘ 

ʤʦʥʦʛʨʘʬʽʷ ʇʦʣʪʘʚʘ ï ʃʴʚʽʚ: ʅʋʇʇ ʽʤʝʥʽ ʖʨʽʷ ʂʦʥʜʨʘʪʶʢʘ, ʅʋ çʃʴʚʽʚʩʴʢʘ 

ʧʦʣʽʪʝʭʥʽʢʘè ð ɼʥʽʧʨʦ: ʉʝʨʝʜʥʷʢ ʊ. ʂ., 2022, ʉ. 326-

339.https://nupp.edu.ua/page/opis-kolektivnoi-monografii.html 

https://nupp.edu.ua/page/opis-kolektivnoi-monografii.html


ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

75 
 

ʄʆɼɽʈʅɯɿɸʎɯʗ ɼɽʌʃɽɻʄɸʊʆʈɸ ʋʉʊɸʅʆɺʂʀ ɸʃʂɯʃʋɺɸʅʅʗ 

ɹɽʅɿʆʃʋ 

ʩʪʫʜʝʥʪ ɸʥʪʦʥʯʠʢ ɭ. ɭ., ʩʪʘʨʰʠʡ ʚʠʢʣʘʜʘʯ, ʜ.ʪ.ʥ., ʩ.ʥ.ʩ. ʂʦʥʠʢ ɸ.ɺ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

 

ɸʅʆʊɸʎɯʗ: ʋ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʦʜʝʨʥʽʟʘʮʽʶ ʜʝʬʣʝʛʤʘʪʦʨʘ 

ʫʩʪʘʥʦʚʢʠ ʘʣʢʽʣʫʚʘʥʥʷ ʙʝʥʟʦʣʫ ʰʣʷʭʦʤ ʦʩʥʘʱʝʥʥʷ ʚʥʫʪʨʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ 

ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʪʨʫʙ ʤʽʢʨʦʨʝʙʨʘʤʠ, ʱʦ ʬʦʨʤʫʶʪʴ ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ ʧʦʪʦʢʫ 

ʦʭʦʣʦʜʞʫʶʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʊʘʢʘ ʤʦʜʠʬʽʢʘʮʽʷ ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ ʛʘʙʘʨʠʪʽʚ 

ʘʧʘʨʘʪʘ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʡʦʛʦ ʪʝʧʣʦʚʦʾ ʧʦʪʫʞʥʦʩʪʽ ʟʘ ʨʘʭʫʥʦʢ ʥʦʨʤʘʣʽʟʘʮʽʾ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ ʢʦʥʜʝʥʩʘʮʽʾ ʪʘ ʟʤʝʥʰʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʧʝʨʝʛʨʽʚʽʚ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɼɽʌʃɽɻʄɸʊʆʈ, ɸʃʂɯʃʋɺɸʅʅʗ ɹɽʅɿʆʃʋ, 

ʊɽʇʃʆʆɹʄɯʅʅʀʁ ʂʆɾʋʍʆʊʈʋɹʅʀʁ ɸʇɸʈɸʊ, ʄɯʂʈʆʈɽɹʈɸ, 

ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʊɽʇʃʆʆɹʄɯʅʋ. 

ʇʨʦʮʝʩ ʘʣʢʽʣʫʚʘʥʥʷ ʙʝʥʟʦʣʫ ʚʠʤʘʛʘʻ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʧʽʜʪʨʠʤʢʠ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ ʚ ʜʝʬʣʝʛʤʘʪʦʨʽ, ʦʩʢʽʣʴʢʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʽʜʜʽʣʝʥʥʷ 

ʘʣʢʽʣʙʝʥʟʦʣʽʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʢʦʥʜʝʥʩʘʮʽʾ ʪʘ ʢʦʥʪʨʦʣʶ 

ʬʨʘʢʮʽʡʥʦʛʦ ʩʢʣʘʜʫ. ʊʨʘʜʠʮʽʡʥʽ ʢʦʞʫʭʦʪʨʫʙʥʽ ʪʝʧʣʦʦʙʤʽʥʥʠʢʠ (ʜʝʬʣʝʛʤʘʪʦʨʠ), 

ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʧʨʦʤʠʩʣʦʚʠʭ ʫʩʪʘʥʦʚʢʘʭ, ʤʘʶʪʴ ʦʙʤʝʞʝʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʯʝʨʝʟ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʧʘʨʠ ʪʘ ʪʝʧʣʦʥʦʩʽʾʚ, 

ʣʦʢʘʣʴʥʽ ʟʘʩʪʦʾ ʪʘ ʥʝʜʦʩʪʘʪʥʶ ʧʣʦʱʫ ʢʦʥʪʘʢʪʥʦʾ ʧʦʚʝʨʭʥʽ. 

ʆʜʥʠʤ ʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʢʽʚ ʤʦʜʝʨʥʽʟʘʮʽʾ ʜʝʬʣʝʛʤʘʪʦʨʘ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʨʝʙʨʝʥʥʷ ʥʘ ʚʥʫʪʨʽʰʥʽʡ ʧʦʚʝʨʭʥʽ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʪʨʫʙ (ʨʠʩʫʥʦʢ 

1). ʊʘʢʘ ʢʦʥʩʪʨʫʢʪʠʚʥʘ ʟʤʽʥʘ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ 

ʪʝʧʣʦʦʙʤʽʥʫ ʙʝʟ ʽʩʪʦʪʥʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʛʘʙʘʨʠʪʽʚ ʘʧʘʨʘʪʘ ʯʠ ʜʦʜʘʪʢʦʚʠʭ ʚʠʪʨʘʪ 

ʝʥʝʨʛʽʾ [1, 2]. 
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ʈʠʩʫʥʦʢ 1 ï ɿʦʙʨʘʞʝʥʥʷ ʤʽʢʨʦʨʝʙʝʨ ʥʘ ʚʥʫʪʨʽʰʥʽʡ ʧʦʚʝʨʭʥʽ 

ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʪʨʫʙ 

 

ɯʜʝʷ ʦʨʝʙʨʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʩʪʚʦʨʝʥʥʽ ʥʘ ʚʥʫʪʨʽʰʥʽʡ ʧʦʚʝʨʭʥʽ ʪʝʧʣʦʦʙʤʽʥʥʠʭ 

ʪʨʫʙ ʥʝʚʝʣʠʢʠʭ ʩʧʽʨʘʣʴʥʠʭ ʘʙʦ ʧʦʟʜʦʚʞʥʽʭ ʚʠʩʪʫʧʽʚ, ʷʢʽ ʬʦʨʤʫʶʪʴ 

ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ ʧʦʪʦʢʫ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʊʫʨʙʫʣʝʥʪʥʠʡ ʨʫʭ ʩʧʨʠʷʻ 

ʧʽʜʚʠʱʝʥʥʶ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʚʽʜ ʩʪʽʥʢʠ ʪʨʫʙʠ ʜʦ ʧʦʪʦʢʫ ʦʭʦʣʦʜʞʫʶʯʦʾ ʨʽʜʠʥʠ, 

ʟʤʝʥʰʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʪʦʚʱʠʥʫ ʪʝʧʣʦʚʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʰʘʨʫ, ʚʽʜʧʦʚʽʜʥʦ, 

ʧʽʜʚʠʱʫʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʝʨʝʜʘʯʽ. ʋ ʜʝʬʣʝʛʤʘʪʦʨʘʭ ʜʣʷ ʘʣʢʽʣʫʚʘʥʥʷ 

ʙʝʥʟʦʣʫ ʮʝ ʜʦʟʚʦʣʠʪʴ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦ ʚʽʜʚʦʜʠʪʠ ʪʝʧʣʦʚʫ ʝʥʝʨʛʽʶ ʚʽʜ 

ʢʦʥʜʝʥʩʦʚʘʥʠʭ ʧʘʨʽʚ ʘʣʢʽʣʙʝʥʟʦʣʫ, ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ ʪʘ 

ʟʘʙʝʟʧʝʯʠʪʠ ʨʽʚʥʦʤʽʨʥʫ ʢʦʥʜʝʥʩʘʮʽʶ ʧʦ ʚʩʽʡ ʜʦʚʞʠʥʽ ʘʧʘʨʘʪʘ [2]. 

ʄʝʪʦʜʠ ʨʝʘʣʽʟʘʮʽʾ ʚʥʫʪʨʽʰʥʴʦʛʦ ʦʨʝʙʨʝʥʥʷ ʫ ʪʨʫʙʘʭ ʜʝʬʣʝʛʤʘʪʦʨʘ: 

1) ʤʝʭʘʥʽʯʥʝ ʧʨʦʬʽʣʶʚʘʥʥʷ ʚʥʫʪʨʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ ʪʨʫʙ ï ʚʢʣʶʯʘʻ 

ʛʚʠʥʪʦʚʝ ʘʙʦ ʩʧʽʨʘʣʴʥʝ ʧʨʦʪʦʯʫʚʘʥʥʷ ʤʝʪʘʣʫ, ʭʦʣʦʜʥʝ ʜʝʬʦʨʤʫʚʘʥʥʷ ʘʙʦ 

ʦʙʨʦʙʢʫ ʤʝʪʘʣʝʚʠʤʠ ʨʦʣʠʢʘʤʠ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ ʘʙʦ ʩʧʽʨʘʣʴʥʠʭ 

ʚʠʩʪʫʧʽʚ. ʎʝʡ ʤʝʪʦʜ ʟʘʙʝʟʧʝʯʫʻ ʪʦʯʥʝ ʚʠʟʥʘʯʝʥʥʷ ʚʠʩʦʪʠ ʪʘ ʢʨʦʢʫ ʨʝʙʝʨ ʜʣʷ 

ʦʧʪʠʤʘʣʴʥʦʾ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʫ [3,4]. 

2) ʣʠʪʪʷ ʘʙʦ ʝʢʩʪʨʫʟʽʷ ʪʨʫʙ ʽʟ ʽʥʪʝʛʨʦʚʘʥʦʶ ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʶ ï ʪʨʫʙʠ 

ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʨʝʙʨʠʩʪʦʶ ʚʥʫʪʨʽʰʥʴʦʶ ʧʦʚʝʨʭʥʝʶ ʚʽʜʨʘʟʫ ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ 

ʤʝʪʘʣʫ ʘʙʦ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʎʝ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʪʦʯʥʽ ʧʨʦʬʽʣʽ ʨʝʙʝʨ 

ʪʘ ʫʥʠʢʥʫʪʠ ʜʦʜʘʪʢʦʚʦʾ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ. 
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3) ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʩʪʘʚʥʠʭ ʨʝʙʨʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ ï ʫ ʛʣʘʜʢʽ ʪʨʫʙʠ 

ʥ̔ʪʝʛʨʫʶʪʴʩʷ ʚʥʫʪʨʽʰʥʽ ʚʩʪʘʚʢʠ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʘʙʦ ʩʧʽʨʘʣʴʥʠʤʠ ʢʘʥʘʚʢʘʤʠ. 

ʊʘʢʠʡ ʤʝʪʦʜ ʟʘʙʝʟʧʝʯʫʻ ʣʝʛʢʫ ʤʦʜʠʬʽʢʘʮʽʶ ʽʩʥʫʶʯʠʭ ʪʨʫʙ ʙʝʟ ʾʭ ʧʦʚʥʦʾ ʟʘʤʽʥʠ ʽ 

ʜʦʟʚʦʣʷʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʙʠʨʘʪʠ ʦʧʪʠʤʘʣʴʥʠʡ ʧʨʦʬʽʣʴ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ 

ʧʦʪʦʢʫ [4]. 

ʂʦʞʝʥ ʽʟ ʮʠʭ ʤʝʪʦʜʽʚ ʨʝʘʣʽʟʫʻ ʧʨʦʛʥʦʟʦʚʘʥʫ  ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ ʧʦʪʦʢʫ ʽ 

ʧʽʜʚʠʱʫʻ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʝʨʝʜʘʯʽ, ʚʦʜʥʦʯʘʩ ʟʙʝʨʽʛʘʶʯʠ ʜʦʧʫʩʪʠʤʽ ʛʽʜʨʘʚʣʽʯʥʽ 

ʚʪʨʘʪʠ. ʇʦʻʜʥʘʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʤʽʢʨʦʨʝʙʝʨ ʽʟ ʟʦʚʥʽʰʥʽʤ ʦʨʝʙʨʝʥʥʷʤ ʪʨʫʙ ʪʘ 

ʦʧʪʠʤʽʟʘʮʽʻʶ ʢʦʤʧʦʥʫʚʘʥʥʷ ʧʫʯʢʘ ʪʨʫʙ ʟʘʙʝʟʧʝʯʫʻ ʢʦʤʧʣʝʢʩʥʫ ʽʥʪʝʥʩʠʬʽʢʘʮʽʶ 

ʪʝʧʣʦʦʙʤʽʥʫ, ʱʦ ʧʽʜʚʠʱʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʜʝʬʣʝʛʤʘʪʦʨʘ. 

ʇʝʨʝʚʘʛʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʤʽʢʨʦʨʝʙʝʨ ʚʢʣʶʯʘʶʪʴ: 

¶ ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʚ ʤʝʞʘʭ 10÷25 % ʟʘʣʝʞʥʦ ʚʽʜ 

ʛʝʦʤʝʪʨʽʾ ʨʝʙʝʨ ʽ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ; 

¶ ʟʤʝʥʰʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʟʦʥ ʧʝʨʝʛʨʽʚʫ ʪʘ ʟʘʩʪʦʶ ʦʭʦʣʦʜʞʫʶʯʦʾ ʨʽʜʠʥʠ; 

¶ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʨʫʙ ʤʝʥʰʦʛʦ ʜʽʘʤʝʪʨʘ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ 

ʪʝʧʣʦʚʦʾ ʧʦʪʫʞʥʦʩʪʽ ʘʧʘʨʘʪʘ; 

¶ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʫʩʪʘʥʦʚʢʠ ʪʘ ʟʥʠʞʝʥʥʷ ʚʠʪʨʘʪ 

ʦʭʦʣʦʜʞʫʶʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 

ʉʝʨʝʜ ʥʝʜʦʣʽʢʽʚ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ: 

¶ ʢʦʰʪʦʚʥʝ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦ ʫʩʢʣʘʜʥʝʥʝ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʨʫʙ; 

¶ ʥʝʦʙʭʽʜʥʽʩʪʴ ʪʦʯʥʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ; 

¶ ʩʢʣʘʜʥʽʩʪʴ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʧʨʠ ʦʯʠʱʝʥʥʽ ʚʥʫʪʨʽʰʥʽʭ ʢʘʥʘʣʽʚ ʪʨʫʙ 

[2]. 
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Abstract: The paper considers the drying of carotene-containing plant 

materials and the challenges of preserving carotenoids during thermal processing. It 

is shown that ultrasound application enhances the drying process by increasing the 

effective diffusion coefficient, reducing processing time, and lowering energy 

consumption. The use of combined drying methods is substantiated as a promising 

approach for improving product quality preservation. 
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ʋʃʔʊʈɸɿɺʋʂʆɺɸ ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʇʈʆʎɽʉʋ ʉʋʐɯʅʅʗ 

ʂɸʈʆʊʀʅʆɺʄɯʉʅʆɰ ʉʀʈʆɺʀʅʀ 

 ʂ.ʪ.ʥ., ʜʦʮʝʥʪ ʅʦʚʦʭʘʪ ʆ.ɸ., ʘʩʧʽʨʘʥʪʢʘ ɿʣʦʙʘ ʖ.ɸ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʩʫʰʽʥʥʷ ʢʘʨʦʪʠʥʦʚʤʽʩʥʦʾ 

ʨʦʩʣʠʥʥʦʾ ʩʠʨʦʚʠʥʠ ʪʘ ʧʨʦʙʣʝʤʠ ʟʙʝʨʝʞʝʥʥʷ ʢʘʨʦʪʠʥʦʾʜʽʚ ʧʽʜ ʯʘʩ ʪʝʨʤʽʯʥʦʾ 

ʦʙʨʦʙʢʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫʣʴʪʨʘʟʚʫʢʫ ʜʦʟʚʦʣʷʻ ʽʥʪʝʥʩʠʬʽʢʫʚʘʪʠ 

ʧʨʦʮʝʩ ʩʫʰʽʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʜʠʬʫʟʽʾ, 

ʩʢʦʨʦʯʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʧʨʦʮʝʩʫ ʪʘ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʚʠʪʨʘʪ. ʆʙˇʨʫʥʪʦʚʘʥʦ 

ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʙʽʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʩʫʰʽʥʥʷ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʟʙʝʨʝʞʝʥʥʷ ʷʢʦʩʪʽ ʧʨʦʜʫʢʪʫ. 
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ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʂɸʈʆʊʀʅʆɰɼʀ; ȸ-ʂɸʈʆʊʀʅ; ʋʃʔʊʈɸɿɺʋʂ; 

ʉʋʐɯʅʅʗ; ʄɸʉʆʇɽʈɽʅʆʉ; ɼʀʌʋɿɯʗ; ɽʅɽʈɻʆɺʀʊʈɸʊʀ; 

ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʇʈʆʎɽʉʋ; ʂɸʈʆʊʀʅʆɺʄɯʉʅɸ ʉʀʈʆɺʀʅɸ. 

 

Carotene-containing plant raw materials (carrots, pumpkins, tomatoes, apricots, 

etc.) are an important source of carotenoids, in particular ɓ-carotene, a provitamin A 

and a powerful antioxidant [1; 2]. High humidity and limited shelf life of such raw 

materials necessitate its preservation, among which drying occupies a leading place 

[3ï5] . 

However, carotenoids are thermolabile compounds that are sensitive to 

temperature, oxygen, and light, leading to their degradation during drying [9; 10; 13]. 

Traditional convective drying is characterized by a significant duration of the process 

and high energy costs, which negatively affects the quality of the product [3; 4; 15]. 

Therefore, it is relevant to search for ways to intensify drying without increasing the 

temperature load. 

A promising direction is the use of ultrasound as a tool for intensifying mass 

transfer [11 ï 14]. 

Analysis of modern research. Modern studies of drying carotene-containing raw 

materials are aimed at solving two key problems: reducing the duration of the process 

and preserving biologically active substances [9; 10]. 

Comparative analysis shows that vacuum and microwave methods provide 

better product quality, but are complex and energy-intensive [9; 16]. Convective 

drying remains the most common, but is accompanied by significant losses of 

carotenoids due to prolonged heat exposure [3; 4; 15]. 

Ultrasound is considered as an effective means of intensification, the action of 

which is associated with cavitation, microjets and the "spongy effect", which 

contributes to the opening of the cellular structure and acceleration of moisture 

transport [11ï14]. 
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Studies show that the use of ultrasound can increase the drying rate in general up 

to140% and improve the preservation of color and carotenoids [11; 12; 16]. 

The drying process is described by the heat and mass transfer equations. Taking 

into account the ultrasonic effect, the heat balance equation has the form: 

 

where  is an additional source of heat from ultrasound [11; 14]. 

Mass transfer is described by the diffusion equation: 

 

Effective diffusion coefficient taking into account ultrasound: 

 

The growth  indicates the intensification of internal mass transfer [11; 13; 14]. 

For a thin layer, the change in humidity is described: 

 

The intensity of the process is characterized by the Fourier number: 

 

An increase  means an acceleration of drying [2; 10; 11]. 

Drying kinetics are often described by Page's model: 

 

where the  coefficient increases with the use of ultrasound [11; 14; 16]. 

Reducing the drying time leads to a decrease in heat load, which contributes to 

the preservation of ɓ-carotene. According to experimental data, its preservation can 

reach 96ï98 % [13]. 

Energy consumption is an important indicator of drying efficiency. It was found 

that freeze-drying: 7ï10 kWh/kg [9; 16], vacuum: 3ï5 kWh/kg [9; 11], convective: 2ï

3 kWh/kg [3; 4], ultrasonic: 1.8ï2.5 kWh/kg [11; 13; 16]. 
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Total energy expenditure: 

 

 

 

Reducing the  drying time ensures a reduction in energy consumption [11; 14; 16]. 

Ultrasound causes cavitation phenomena that lead to the destruction of cell 

walls; formation of microchannels;  increased membrane permeability; reduction of 

diffusion resistance [11; 14]. 

This forms a "spongy effect" that intensifies mass transfer. At the same time, 

excessive intensity can cause degradation of carotenoids, so optimization of regimens 

is necessary [11; 14; 16]. 

 

Conclusions 

Traditional drying methods do not ensure proper preservation of carotenoids, so 

they need to be improved. The use of ultrasound is an effective approach to 

intensifying the drying process, as it allows you to accelerate the removal of moisture 

without a significant increase in temperature. This is achieved by increasing the 

effective diffusion coefficient in the material. As a result of the use of ultrasound, the 

duration of the process is reduced and energy costs are reduced. The most promising 

direction is the use of combined drying methods, which provide better preservation of 

the quality of carotene-containing raw materials. 
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Abstract: The main design features of tubular heaters are considered. The 
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ʂʆʅʉʊʈʋʂʊʀɺʅɯ ʆʉʆɹʃʀɺʆʉʊɯ ʊʈʋɹʏɸʉʊʀʍ ʇɽʏɽʁ ɼʃʗ 

ʍɯʄɯʏʅʀʍ ʊɸ ʅɸʌʊʆʍɯʄɯʏʅʀʍ ʇʈʆʎɽʉɯɺ 

ʉʪʫʜʝʥʪ ɸʥʜʨʽʡ ʂʦʨʩʘʢ, ʢ.ʪ.ʥ., ʜʦʮ. ɸʥʜʨʽʡ ʉʪʝʧʘʥʶʢ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʪʨʫʙʯʘʩʪʠʭ 

ʦʙʽʛʨʽʚʘʯʽʚ. ʆʧʠʩʘʥʦ ʧʨʠʥʮʠʧ ʨʦʙʦʪʠ ʨʘʜʽʘʮʽʡʥʦʾ ʪʘ ʢʦʥʚʝʢʮʽʡʥʦʾ ʩʝʢʮʽʡ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ ʮʴʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʊʈʋɹʏɸʉʊɯ ʇɽʏɯ; ʊʈʋɹʏɸʉʊɯ ʅɸɻʈɯɺɸʏɯ; 

ʂʆʅʉʊʈʋʂʎɯʗ ʇɽʏɽʁ; ʈɸɼɯɸʎɯʁʅɸ ʉɽʂʎɯʗ; ʂʆʅɺɽʂʎɯʁʅɸ ʉɽʂʎɯʗ; 

ʊɽʇʃʆʆɹʄɯʅ. 

Tubular fired heaters are widely used in oil refining, petrochemical, and 

chemical production for heating liquid or gaseous process streams to high 

temperatures. In such units, the product flows through a tubular coil, while heat is 

supplied externally by fuel combustion. The general requirements for fired heaters, air 

preheaters, fans, and burners used in refinery service are specified in API STD 560 [1]. 

The heated medium enters the furnace coil and passes first through the 

convection section and then through the radiation section, or through the sections 
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according to the selected process arrangement. In the radiant chamber, the main share 

of heat is transferred by radiation from the flame and hot refractory surfaces. In the 

convection section, the heat of the flue gases is additionally utilized before they leave 

through the stack. This combination makes it possible to provide intensive and 

controlled heat transfer without direct contact between the product and the combustion 

gases. 

 

Type A 

box heater arbor coil 

Type B 

cylindrical helical coil 

Type C 

  cabin heater horizontal 

coil 

 

Type E 

ylindrical vertical coil 

Type F 

box heater horizontal coil 

Type D 

box heater vertical coil 

Figure 1 - Main layouts of tube furnaces 

 

Tube furnaces do not have a single universal design, because their configuration 

depends on capacity, temperature conditions, fuel type, coil arrangement, and the 
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method of flue-gas discharge. To compare the main layout options, typical design 

schemes of tube furnaces are shown below in Figure 1. 

Type A is a box heater with an arbor coil. Types B and E are cylindrical designs, 

with a helical coil and a vertical coil, respectively. Type C is a cabin heater with 

horizontal tubes. Types D and F are box-type arrangements with vertical or horizontal 

tube placement. Horizontal coils are more convenient for draining and cleaning; 

cylindrical designs are more compact; and vertical tubes provide a denser arrangement 

of the heating surface. Such designs are considered through a set of features: furnace 

shape, arrangement of tubes in the radiant and convection sections, location of the 

convection chamber, fuel-firing method, number of radiant chambers, tube length, type 

of refractory lining, and burner type [1é5]. 

The main structural elements of a tubular fired heater are the combustion 

chamber, burners, radiant coil, convection coil, refractory lining, casing, stack, 

supports, access doors, measuring instruments, and automatic control system. The 

tubular coil is the key working element because it separates the process medium from 

the flame and transfers heat through the tube wall. 

Advantages: 

- Continuous heating of the process stream, which is important for high-capacity 

chemical and oil-refining units; 

- The ability to achieve high product temperatures with precise control of the 

combustion mode; 

- No direct contact between the heated product and combustion gases, which 

reduces the risk of product contamination; 

- A large heat-transfer surface due to the developed tubular coil; 

- Combination of radiant and convective heat transfer within one unit; 

- Compatibility with automation systems for controlling fuel flow, air supply, 

temperature, and pressure. 

Disadvantages: 
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- High fuel consumption, especially when the heat of outgoing flue gases is 

insufficiently recovered; 

- Risk of local tube overheating due to non-uniform heat flux in the radiant 

chamber; 

- Formation of coke deposits or scale on the inner tube surface, which worsens 

heat transfer and increases hydraulic resistance; 

- High cost of heat-resistant steels, refractory lining, and inspection systems; 

- The need for thorough cleaning, maintenance, and monitoring of tube-wall 

temperature; 

- Emissions of nitrogen oxides and carbon dioxide during fuel combustion. 
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ANNOTATION : This study addresses the imperative of developing energy-

efficient drying technologies within Ukraineôs sustainable development framework, 

focusing on hot-air drying as a critical stage in plant raw material processing. 

Recognizing the high energy consumption associated with drying processes ï

accounting for up to 20% of total industrial energy use ï research endeavors aimed at 

optimizing drying regimes for thermolabile materials such as apples and peppermint. 

The findings demonstrate the feasibility of utilizing low-grade waste heat via heat 

pump technology for sustainable, energy-saving drying solutions, contributing to 

Ukraineôs broader goals of food preservation, energy security, and technological 

innovation in food processing. 

KEYWORDS: DRYING, HEAT PUMP, ENERGY EFFICIENCY, 

THERMOLABILE RAW MATERIALS, APPLES, PEPPERMINT. 

 

ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʂʆʅɺɽʂʊʀɺʅʆɻʆ ʉʋʐɯʅʅʗ ʃɯʂɸʈʉʔʂʀʍ 

ɽʌɯʈʆʆʃɯʁʅʀʍ ʈʆʉʃʀʅ ʐʃʗʍʆʄ ɿɸʉʊʆʉʋɺɸʅʅʗ 

ʊɽʇʃʆʅɸʉʆʉʅʀʍ ʎʀʂʃɯɺ 

ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ ɼʘʙʽʞʘ ʅ.ʆ. 1, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ ɻʫʩʘʨʦʚʘ ʆ.ɺ. 1, 2,  

PhD ʄʘʣʘʱʫʢ ʅ.ʉ. 1 

1 ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ 

2 ʅʊʋʋ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 
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ɸʅʆʊɸʎɯʗ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʢʠ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʩʫʰʽʥʥʷ ʚ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʽʾ ʩʪʘʣʦʛʦ ʨʦʟʚʠʪʢʫ 

ʋʢʨʘʾʥʠ, ʧʨʠ ʮʴʦʤʫ ʦʩʥʦʚʥʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʩʫʰʽʥʥʶ ʥʘʛʨʽʪʠʤ ʧʦʚʽʪʨʷʤ ʷʢ 

ʢʣʯʁʦʚʦʤʫ ʝʪʘʧʫ ʧʝʨʝʨʦʙʢʠ ʨʦʩʣʠʥʥʦʾ ʩʠʨʦʚʠʥʠ. ɿ ʦʛʣʷʜʫ ʥʘ ʚʠʩʦʢʝ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, ʧʦʚôʷʟʘʥʝ ʟ ʧʨʦʮʝʩʘʤʠ ʩʫʰʽʥʥʷ, ʷʢʝ ʩʪʘʥʦʚʠʪʴ ʜʦ 20 % ʚʽʜ 

ʟʘʛʘʣʴʥʦʛʦ ʦʙʩʷʛʫ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ 

ʜʦʩʣʽʜʞʝʥʥʷ, ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʦʧʪʠʤʽʟʘʮʽʶ ʨʝʞʠʤʽʚ ʩʫʰʽʥʥʷ ʪʝʨʤʦʣʘʙʽʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ ʷʙʣʫʢʘ ʪʘ ʤôʷʪʘ ʧʝʨʮʝʚʘ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʪʝʧʣʘ 

ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʪʝʧʣʦʥʦʩʽʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʭʥʦʣʦʛʽʾ ʪʝʧʣʦʚʠʭ ʥʘʩʦʩʽʚ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʩʪʽʡʢʠʭ ʝʥʝʨʛʦʟʙʝʨʽʛʘʶʯʠʭ ʨʽʰʝʥʴ ʫ ʩʬʝʨʽ ʩʫʰʽʥʥʷ, ʱʦ ʩʧʨʠʷʻ 

ʜʦʩʷʛʥʝʥʥʶ ʙʽʣʴʰ ʰʠʨʦʢʠʭ ʮʽʣʝʡ ʋʢʨʘʾʥʠ ʱʦʜʦ ʟʙʝʨʝʞʝʥʥʷ ʧʨʦʜʫʢʪʽʚ 

ʭʘʨʯʫʚʘʥʥʷ, ʝʥʝʨʛʝʪʠʯʥʦʾ ʙʝʟʧʝʢʠ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʽʥʥʦʚʘʮʽʡ ʫ ʭʘʨʯʦʚʽʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʉʋʐɯʅʅʗ, ʊɽʇʃʆɺʀʁ ʅɸʉʆʉ, 

ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ, ʊɽʈʄʆʃɸɹɯʃʔʅɸ ʉʀʈʆɺʀʅɸ, ʗɹʃʋʂɸ, ʄôʗʊɸ 

ʇɽʈʎɽɺɸ. 

 

Ukraine, as a member of the UN, has joined the global process of ensuring 

sustainable development by defining national the Sustainable Development Goals 

(SDGs), which serve as a basis for integrating efforts aimed at ensuring economic 

growth, social justice, and rational use of natural resources. One of the SDGs targets is 

to ensure the creation of resilient food production systems, primarily through the use of 

innovative production technologies developed on the basis of increasing their energy 

efficiency. Under current conditions, ensuring the availability of balanced nutrition for 

the population of Ukraine at the level of scientifically substantiated norms is a priority 

of state policy [1].  
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One of the main technological processes in the food and processing industry is 

hot-air drying, during which excess moisture is removed from the material to a level 

safe for storage. In the dried product, microbial spoilage is stopped and enzymatic 

activity is minimized, which prolongs shelf life. However, drying is an energy-

intensive industrial process, accounting for 12 to 20% of total industrial energy 

consumption in developed countries. To achieve the SDGs, it is important to build the 

countryôs energy security, which in particular involves the implementation of 

programs and measures to improve energy saving and energy efficiency in economic 

sectors. 

Considering that hot-air drying is an important stage from the standpoint of 

preserving the properties and chemical composition of raw materials and energy 

consumption, for the development of sustainable technologies of plant raw material 

processing, studies of raw material dehydration aimed at increasing the energy 

efficiency of the process and ensuring the production of high-quality products 

constitute a relevant scientific and technical task. 

To determine the regularities of the drying process of thermolabile materials and 

to develop energy-efficient dehydration regimes, fruits (apples) and aromatic herbs 

(peppermint) were chosen as research objects. Since prolonged thermal exposure has a 

negative effect on the quality of the final product, when developing dehydration regimes 

for fruits and aromatic herbs, the main emphasis should be placed on using low 

temperatures and reducing process duration. To preserve valuable biologically active 

substances, drying must be carried out at temperatures not exceeding 40 °C for aromatic 

herbs and 60 °C for fruits. 

When studying the technological properties of materials, an important role is 

played by the analysis of adsorption isotherms, which represent a functional relationship 

between the relative humidity of air and the equilibrium moisture content of the material 

at constant temperature and pressure. Based on experimentally obtained water vapor 

adsorption isotherms for the materials under study, equilibrium moisture content values 
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were determined in the temperature range of 30é60 ÁC. This made it possible to 

establish the relationship between the heat-moisture parameters of the drying agent and 

the material being dried in the course of drying, as well as to obtain the dependence of 

the partial water vapor pressure at the material surface on moisture content and 

temperature pʤ = f(u, t) in the range u = 0,04»0,9 kg/kg dry matter and t = 30»60 ̄ C. 

The most noticeable influence of the moisture content of the drying agent on the 

process duration is observed during low-temperature drying: low dehydration intensity 

and dependence of dryer performance on the heat-moisture parameters of atmospheric 

air. Analysis of the dependences of the partial water vapor pressure at the material 

surface pʤ for the studied materials showed that as the surface moisture content 

decreases, the driving force of mass transfer ï the mass transfer driving potential Dp = 

pʤ ï pʩ.ʘ..  

The only way to intensify the low-temperature drying process is to increase the 

mass transfer driving potential ȹʨ by forced dehumidification of the drying agent. To 

maintain the required value of the mass transfer driving potential, it is advisable to carry 

out drying under regimes with a variable degree of drying agent dehumidification. At 

the first stage of drying, a relatively low degree of dehumidification is sufficient. At the 

second stage, as the partial pressure of water vapor above the material decreases, the 

degree of dehumidification is correspondingly increased. At the final drying stage, the 

main factor determining energy consumption is process duration, therefore, to increase 

the drying rate, it is necessary to maximize the degree of drying agent dehumidification. 

In study, to determine energy-optimal indicators of the drying process using a heat 

pump cycle, an algorithm was developed for calculating the dehydration process of the 

heat carrier in the hʩd diagram [2]. Based on the calculated specific energy consumption 

at different drying temperatures and degrees of heat carrier dehumidification (Fig. 1), the 

optimal heat-moisture parameters of the heat carrier were determined and regimes were 

developed that ensure intensification of mass transfer and minimal energy consumption 

throughout the entire drying process (Table 1). 
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Exhaust moist air leaving the dryer is an ideal source of low-grade energy for 

the heat pump of a condensation dryer. Integration of the heat pump into the dryer 

cycle makes it possible to implement the developed drying regimes for apples and 

peppermint. 

 

 

Fig. 1. Effect of drying temperature on the energy consumption  

of the moisture removal process [2] 

 

Table 1  

Drying regimes for apples and peppermint at drying agent temperatures  

of 50 °C and 40 °C, respectively 

Stage 
Degree of drying agent 

dehumidification  

d, g/kg dry 

air  

Dp, mm Hg (apple 

/ mint) 
q, kWh/kg 

I Low degree of dehumidification  20é25 58é63 / 25é30 0,4é0,6 

II  
Increased degree of 

dehumidification 
15é20 45é54 / 20é25 0,6é1,0 

III  
Maximum possible degree of 

dehumidification 
< 15 33é42 / 12 ʜʦ 1,5 

 

The possibility of forced air dehumidification in the evaporator of the heat pump 

makes it possible to create the required heat-moisture parameters of the drying agent 

regardless of ambient conditions. This ability of the heat pump to reduce the moisture 
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content of the drying agent during low-temperature drying promotes the intensification 

of moisture removal by increasing the mass transfer driving force between the heat 

carrier and the material. The moisture removed from the material is not discharged into 

the environment with the drying agent but condenses on the cold surface of the heat 

pump evaporator, with the condensation heat being recovered and returned to the 

process at a higher temperature level. This makes it possible to reduce the specific 

energy consumption for dehydration by a factor of 2é3 compared with conventional 

convective drying, thereby increasing its energy efficiency. 
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ANNOTATION:  To substantiate the selection of a fermenter design for the 

cultivation of bakerôs yeast and its modernization, scientific and technical sources and 

patents from various countries over the past year were reviewed and analyzed. The 

operating principles of the equipment were examined, along with their advantages and 

disadvantages. Based on the analysis of the reviewed literature, ideas for fermenter 

modernization were proposed. 

KEYWORDS: FERMENTER, AGITATION DEVICE, MODERNIZATION, 

BREAD YEAST. 

 

ɸʅɸʃɯɿ ɯʅʅʆɺɸʎɯʁʅʀʍ ʂʆʅʉʊʈʋʂʎɯʁ ʌɽʈʄɽʅʊɽʈɯɺ ɼʃʗ 

ʄɯʂʈʆɹɯʆʃʆɻɯʏʅʆɻʆ ʉʀʅʊɽɿʋ 

ʢ.ʪ.ʥ. ɻʫʩʘʨʦʚʘ ʆ.ɺ. 1, 2, ʩʪ. ʂʦʥʦʥʝʥʢʦ ʄ.ʉ. 1, ʢ.ʪ.ʥ. ɼʘʭʥʝʥʢʦ ɺ.ʃ. 2 

1 ʅʊʋʋ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

2 ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ 

 

ɸʅʆʊɸʎɯʗ: ʟ ʤʝʪʦʶ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʢʦʥʩʪʨʫʢʮʽʾ ʬʝʨʤʝʥʪʝʨʘ ʜʣʷ 

ʢʫʣʴʪʠʚʫʚʘʥʥʷ ʭʣʽʙʦʧʝʢʘʨʩʴʢʠʭ ʜʨʽʞʜʞʽʚ ʪʘ ʡʦʛʦ ʤʦʜʝʨʥʽʟʘʮʽʾ ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ 

ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽ ʜʞʝʨʝʣʘ ʪʘ ʧʘʪʝʥʪʠ ʨʽʟʥʠʭ ʢʨʘʾʥ ʟʘ 

ʦʩʪʘʥʥʽʡ ʨʽʢ. ɹʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʨʠʥʮʠʧ ʜʽʾ ʘʧʘʨʘʪʽʚ, ʥʘʚʝʜʝʥʦ ʾʭ ʧʝʨʝʚʘʛʠ ʪʘ 

ʥʝʜʦʣʽʢʠ. ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʨʦʟʛʣʷʜʫʚʘʥʦʾ ʣʽʪʝʨʘʪʫʨʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʽʜʝʾ 

ʤʦʜʝʨʥʽʟʘʮʽʾ ʬʝʨʤʝʥʪʝʨʘ. 
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ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʌɽʈʄɽʅʊɽʈ, ʇɽʈɽʄɯʐʋʖʏʀʁ ʇʈʀʉʊʈɯʁ, 

ʄʆɼɽʈʅɯɿɸʎɯʗ, ʍʃɯɹʆʇɽʂɸʈʉʔʂɯ ɼʈɯɾɼɾɯ. 

Introduction:  Bakerôs yeast represents specially selected and purified cultures 

of microorganisms, predominantly Saccharomyces cerevisiae, capable of carrying out 

alcoholic fermentation. In the course of their metabolic processes, they convert sugars 

into carbon dioxide and ethanol, which ensures dough leavening, the formation of its 

porous structure, and the development of characteristic flavor and aroma properties. 

One of the key units in bakerôs yeast production is the fermenter. It is designed 

for intensive cultivation of microorganisms and biomass accumulation under strict 

control of technological parameters. Within this apparatus, continuous mixing and 

deep aeration of the nutrient medium are performed, supplying yeast cells with oxygen 

required for respiration and active reproduction. In addition, the fermenter design 

enables efficient removal of metabolic heat, maintenance of a stable temperature and 

the required pH, and uniform distribution of nutrients (molasses, salts), which is 

critical for achieving maximum yield and high product quality. 

Description of the fermenter design and its operating principle 

The fermenter is intended for first-stage yeast cultivation. Figure 1 shows a 

schematic diagram of the apparatus. 

The unit consists of a cylindrical shell (1), to which the top cover (2) and bottom 

(3) are welded. The cover is equipped with an agitator drive (5), a nozzle for molasses 

supply (10), and a manhole (9) for cleaning. A paddle agitator (4), which mixes the 

vessel contents, is located in the lower part of the apparatus; a sparger (8) is also 

installed there. To maintain a constant temperature, an external jacket (6) filled with 

water is provided. Nozzles (11) and (12) are welded to the jacket for water inlet and 

outlet, respectively. The fermenter is mounted on a cylindrical support skirt (13). A 

nozzle (14) is provided for discharge of the medium [1]. 
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For the purpose of apparatus modernization, patents related to the improvement 

of internal fermenter components - particularly mixing devices and heat exchange 

systems - are considered. 

   

1 ï shell; 2 ï cover; 3 ï bottom; 4 ï paddle agitator; 5 ï drive; 6 ï jacket; 7 ï air inlet 

nozzle; 8 ï sparger; 9 ï cleaning manhole; 10 ï molasses inlet nozzle; 11 ï water inlet 

nozzle; 12 ï water outlet nozzle; 13 ï support; 14 ï discharge nozzle. 

Figure 1 ï Fermenter schematic 

 

Analysis of these technical solutions makes it possible to identify the most 

efficient designs for intensifying mass transfer, improving aeration conditions of the 
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nutrient medium, and ensuring stable removal of biological heat, which forms the basis 

for proposing further modernization concepts. 

Patent analysis. Patent [2] describes a cultivation vessel for the expanded 

growth of microorganisms, used at the culture scale-up stage prior to industrial 

fermentation (Figure 2). The main objective of the design is to ensure uniform mixing 

of the culture liquid and nutrient medium while reducing shear stresses that may 

damage cells or mycelium. 

 

1 ï vessel; 2 ï sealed cover; 3 ï first mixing rods; 4 ï second mixing rods; 5 ï 

drive shaft. 

Figure 2 ï Cultivation vessel for microorganism growth 

 

The main advantages of the apparatus include uniform distribution of nutrients 

throughout the culture volume due to a multi-tier mixing system; prevention of biofilm 

formation and biomass adhesion; and reduction of foaming without the use of 

additional reagents. However, the apparatus also has certain drawbacks. A large 

number of gear transmissions increases design complexity, complicates maintenance, 

raises manufacturing cost, and makes sterilization more difficult. 

Patent [3] describes a fermentation apparatus intended for the treatment of 

tobacco raw material using an enzyme solution (Figure 3). The design includes a 
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fermentation vessel consisting of inner and outer shells. The unit is also equipped with 

a mixing mechanism to ensure uniform contact between the enzyme solution and the 

tobacco material, as well as a discharge channel for removing liquid after fermentation. 

The aim of the invention is to increase the efficiency of the fermentation treatment by 

ensuring uniform contact with the enzyme solution and improving liquid removal. 

 

1 ï fermentation vessel; 105 ï control panel; 106 ï discharge pipe;  

107 ï drain valve; 108 ï support leg; 2 ï top cover; 3 ï lifting mechanism; 302 ï 

lifting groove; 303 ï lifting motor; 306 ï ring frame; 308 ï threaded ring; 501 ï 

mixing motor 

Figure 3 ï Fermentation apparatus for tobacco processing 

 

The advantages of this design include maintaining a uniform temperature regime 

during fermentation, improved processing of tobacco raw material, and a simplified 

loading and unloading process. The disadvantages include an increased number of 

mechanical components, which complicates the design, manufacturing, and operation 

of the apparatus. In addition, continuous monitoring of the tightness of the heating 

system is required. 

Authors [4] propose a fermentation unit with a circulation filtration system 

(Figure 4), consisting of a fermenter, a mixing unit, and a filtration module. The 

fermenter is equipped with pipelines for withdrawing the medium and returning it after 
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purification. The purpose of the invention is to improve the efficiency of the 

fermentation process by providing continuous circulation filtration of the medium with 

simultaneous cleaning and its return to the fermenter. 

The advantages of the system include automatic cleaning of the filtration 

element without operator involvement, compact design due to the integration of 

mixing, gas regime control, and circulation, as well as improved filtration quality. 

 

 

100 ï fermentation vessel; 200 ï mixing unit; 300 ï filtration unit 

Figure 4 ï Fermentation unit with circulation filtration system  

 

However, a large number of moving elements increases manufacturing cost, 

operational and maintenance complexity, while the increased number of pumps and 

drives leads to higher energy consumption. Additionally, increased wear of scrapers in 

the casing may occur. 

Based on the patent analysis, a modernization of the fermenter is proposed, 

which involves combining two devices - the paddle agitator and the sparger - into a 

single unit, thereby simplifying the design, installation, and maintenance (Figure 5). 
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Air is supplied into the hollow shaft (1). During rotation of the shaft, the air 

exiting through the openings of the sparger (4) immediately enters the mixing zone 

created by the blade edges (3). This results in intensive dispersion of the gas phase into 

fine bubbles, increasing the interfacial contact area and the rate of oxygen mass 

transfer into the culture liquid. 

 

 

1 ï hollow shaft; 2 ï hub; 3 ï two-blade agitator; 4 ï sparger. 

Figure 5 ï Modernization scheme 

 

Conclusions. The patent review has shown that the main direction of 

improvement of modern fermentation equipment is the intensification of mass transfer, 

enhancement of mixing and filtration quality. At the same time, proposed designs tend 

to integrate multiple functions within a single apparatus, which increases structural 

complexity, cost, and operational difficulty. 

The proposed modernization is a justified and promising engineering solution. 

Integration of the sparger directly into the agitator structure intensifies mass transfer 

processes and increases oxygen utilization efficiency, which reduces specific energy 

consumption and makes such an apparatus economically and technologically feasible 

for industrial cultivation of bakerôs yeast. 
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ʋɼʂ 66.048.3 

ʄʆɼɽʈʅɯɿɸʎɯʗ ʈɽʂʊʀʌɯʂɸʎɯʁʅʆɰ ʂʆʃʆʅʀ ʋʉʊɸʅʆɺʂʀ 

ɺʀʈʆɹʅʀʎʊɺɸ ʍɸʈʏʆɺʆɻʆ ʉʇʀʈʊʋ 

ʩʪʫʜʝʥʪ ɺʝʣʠʯʢʦ ʊ. ɼ., ʘʩʠʩʪʝʥʪ ʂʦʩʝʥʢʦ ɺ.ɺ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

ɸʅʆʊɸʎɯʗ: ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʘʪʝʥʪ ʱʦ 

ʤʦʜʝʨʥʽʟʫʻ ʢʦʚʧʘʯʦʢ ʘ ʪʘʢʦʞ ʚʠʷʚʣʝʥʦ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʣʘʩʥʠʡ ʚʘʨʽʘʥʪ ʱʦ ʯʘʩʪʢʦʚʦ ʥʽʚʝʣʶʻ ʥʝʜʦʣʽʢʠ ʧʦʧʝʨʝʜʥʴʦʛʦ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʂʆɺʇɸʏʆʂ, ʊɸʈɯʃʂɸ, ʈɽʂʊʀʌɯʂɸʎɯʁʅɸ 

ʂʆʃʆʅɸ, ʄɸʉʆʆɹʄɯʅ, ʊɽʇʃʆʆɹʄɯʅ. 

ʋ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥʘʭ ʧʘʨ ʧʨʦʭʦʜʷʯʠ ʚʛʦʨʫ ʙʘʨʙʦʪʫʻ ʯʝʨʝʟ ʰʘʨ 

ʨʽʜʠʥʠ ʟʜʽʡʩʥʶʶʯʠ ʪʝʧʣʦ ʪʘ ʤʘʩʦʦʙʤʽʥ. ʋ ʢʦʚʧʘʯʢʦʚʠʭ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥʘʭ 

ʮʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ ʢʦʚʧʘʯʢʠ, ʚʽʜ ʥʠʭ ʟʘʣʝʞʠʪʴ ʪʝ ʥʘʩʢʽʣʴʢʠ ʨʽʚʥʦʤʽʨʥʦ ʛʘʟ 

ʙʫʜʝ ʧʦʪʨʘʧʣʷʪʠ ʪʘ ʷʢ ʙʫʜʝ ʚʟʘʻʤʦʜʽʷʪʠ ʟ ʨʽʜʢʦʶ ʬʘʟʦʶ. ʊʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ 

ʬʦʨʤʠ ʪʘ ʨʦʟʤʽʨʽʚ ʢʦʚʧʘʯʢʘ ʻ ʘʢʪʫʘʣʴʥʠʤʠ, ʘʜʞʝ ʚʦʥʠ ʩʠʣʴʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʧʨʦʮʝʩ ʨʦʟʜʽʣʝʥʥʷ ʩʫʤʽʰʝʡ ʫ ʨʝʢʪʠʬʽʢʘʮʽʡʥʽʡ ʢʦʣʦʥʽ. 

 

ʈʠʩʫʥʦʢ 1 ð ʂʦʥʩʪʨʫʢʮʽʷ ʢʦʚʧʘʯʢʦʚʦʾ ʪʘʨʽʣʢʠ ʟʘ ʧʘʪʝʥʪʦʤ US3794305 [1] 
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ʋ ʟʘʧʨʦʧʦʥʦʚʘʥʽʡ ʢʦʥʩʪʨʫʢʮʽʾ (ʨʠʩ. 1) ʦʪʚʽʨ ʫ ʪʘʨʽʣʮʽ ʤʘʻ ʩʧʝʮʽʘʣʴʥʦ 

ʚʽʜʽʛʥʫʪʫ ʜʦʛʦʨʠ ʧʝʨʠʬʝʨʽʡʥʫ ʢʨʘʡʢʫ, ʷʢʘ ʫʪʚʦʨʶʻ ʥʘʧʨʷʤʥʠʡ ʢʘʥʘʣ ʤʽʞ 

ʧʦʣʦʪʥʦʤ ʪʘʨʽʣʢʠ ʪʘ ʥʠʞʥʴʦʶ ʯʘʩʪʠʥʦʶ ʢʦʚʧʘʯʢʘ. ʆʩʥʦʚʥʘ ʽʜʝʷ ʤʦʜʝʨʥʽʟʘʮʽʾ 

ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʟʤʽʥʘ ʬʦʨʤʠ ʧʦʩʘʜʦʯʥʦʛʦ ʦʪʚʦʨʫ ʜʦʟʚʦʣʷʻ ʫʩʫʥʫʪʠ ʣʦʢʘʣʴʥʽ 

ʟʦʥʠ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʧʨʦʭʦʜʞʝʥʥʷ ʧʘʨʠ ʪʘ ʟʤʝʥʰʠʪʠ ʚʪʨʘʪʠ ʪʠʩʢʫ ʥʘ ʪʘʨʽʣʮʽ. ʋ 

ʨʝʟʫʣʴʪʘʪʽ ʟʥʠʞʫʻʪʴʩʷ ʡʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʟʘʩʪʽʡʥʠʭ ʜʽʣʷʥʦʢ ʨʽʜʠʥʠ, 

ʟʤʝʥʰʫʻʪʴʩʷ ʙʨʠʟʢʦʚʠʥʦʩ ʽ ʧʽʜʚʠʱʫʻʪʴʩʷ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʙʦʪʠ ʢʦʣʦʥʠ ʧʨʠ 

ʟʤʽʥʥʠʭ ʨʝʞʠʤʘʭ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʩʦʙʣʠʚʽʩʪʶ ʮʴʦʛʦ ʨʽʰʝʥʥʷ ʻ ʪʝ, ʱʦ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʜʦʩʷʛʘʻʪʴʩʷ ʙʝʟ ʩʫʪʪʻʚʦʾ ʟʤʽʥʠ ʚʩʽʻʾ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘʨʽʣʢʠ, ʦʩʢʽʣʴʢʠ 

ʟʤʽʥʶʻʪʴʩʷ ʣʠʰʝ ʬʦʨʤʘ ʦʪʚʦʨʫ ʪʘ ʩʧʦʩʽʙ ʧʦʩʘʜʢʠ ʢʦʚʧʘʯʢʘ. [1] 

ʇʝʨʝʚʘʛʠ ʢʦʥʩʪʨʫʢʮʽʾ: 

¶ ʟʤʝʥʰʝʥʥʷ ʙʨʠʟʢʦʚʠʥʦʩʫ ʨʽʜʠʥʠ ʥʘ ʚʝʨʭʥʽ ʪʘʨʽʣʢʠ; 

¶ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʘʩʦʦʙʤʽʥʫ; 

¶ ʟʥʠʞʝʥʥʷ ʣʦʢʘʣʴʥʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ; 

ʅʝʜʦʣʽʢʠ ʢʦʥʩʪʨʫʢʮʽʾ: 

¶ ʩʢʣʘʜʥʽʰʝ ʚʠʛʦʪʦʚʣʝʥʥʷ ʯʝʨʝʟ ʥʝʦʙʭʽʜʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʚʽʜʽʛʥʫʪʦʾ 

ʢʨʘʡʢʠ; 

¶ ʧʽʜʚʠʱʝʥʥʷ ʚʘʨʪʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ; 

ʄʦʜʝʨʥʽʟʘʮʽʷ: 

ʌʦʨʤʫʚʘʥʥʷ ʚʽʜʽʛʥʫʪʦʾ ʢʨʘʡʢʠ ʥʘ ʪʘʨʽʣʮʽ ʭʦʯ ʽ ʜʘʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʠʡ ʧʦʪʽʢ 

ʛʘʟʫ ʧʨʦʪʝ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʠʭ ʦʧʝʨʘʮʽʡ ʪʘ ʧʽʜʚʠʱʫʻ ʚʘʨʪʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ. 

ʇʨʦʪʝ ʢʦʚʧʘʯʦʢ ʪʘʨʽʣʢʠ ʤʘʻ ʩʚʦʾ ʧʝʚʥʽ ʧʝʨʝʚʘʛʠ ʱʦ ʽ ʧʦʩʣʫʛʫʚʘʣʠ ʽʜʝʻʶ 

ʤʦʜʝʨʥʽʟʘʮʽʾ.  
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ʢʨʘʡʢʦʶ 
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ʦʟʥʘʯʘʻ ʱʦ ʛʘʟ ʷʢʠʡ ʚʠʭʦʜʠʪʠʤʝ ʟ ʧʽʜ ʢʦʚʧʘʯʢʘ ʙʫʜʝ ʤʝʥʰʝ ʪʝʨʪʠʩʷ ʦʙ ʢʦʚʧʘʯʦʢ 
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ʫ ʩʚʦʶ ʯʝʨʛʫ ʧʦʢʨʘʱʠʪʴ ʪʝʧʣʦ ʪʘ ʤʘʩʦʦʙʤʽʥ. 
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ANNOTATION:  This paper describes the advantages and disadvantages of 

a drum dryer and the directions for improving the performance of the drum dryer. 

The proposed modernization of the drum dryer is described. 
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ʄʆɼɽʈʅɯɿɸʎɯʗ ɹɸʈɸɹɸʅʅʆɰ ʉʋʐɸʈʂʀ ɼʃʗ ʋʉʊɸʅʆɺʂʀ 

ɺʀʈʆɹʅʀʎʊɺɸ ʂʆʂʉʋ 

ʩʪʫʜʝʥʪ ʉʪʝʧʫʨʘ ɻ.ɸ, ʜʦʮ., ʢ.ʪ.ʥ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ̔ ʥʩʪʠʪʫʪ ̔ ʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʅʆʊɸʎɯʗ: ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʥʘʚʝʜʝʥʦ ʦʧʠʩ ʧʝʨʝʚʘʛ ʽ ʥʝʜʦʣʽʢʽʚ 

ʙʘʨʘʙʘʥʥʦʾ ʩʫʰʘʨʢʠ ʥʘ ʥʘʧʨʷʤʠ ʧʦʢʨʘʱʝʥʥʷ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʙʘʨʘʙʘʥʥʦʾ 

ʩʫʰʘʨʢʠ. ʆʧʠʩʘʥʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ  ʤʦʜʝʨʥʽʟʘʮʽʾ ʙʘʨʘʙʘʥʥʦʾ ʩʫʰʘʨʢʠ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʍɯʄɯʏʅɸ ʇʈʆʄʀʉʃʆɺɯʉʊʔ, ɹɸʈɸɹɸʅʅɸ 

ʉʋʐɸʈʂɸ, ʉʋʐɯʅʅʗ, ʃʆʇɸʊʂɸ, ɽʃɯʇʊʀʏʅɯ ʆʊɺʆʈʀ 

 

Petroleum coke (English refinery coke) is a solid porous substance from dark 

gray to black in color, which is a product ofcoking (calcination) of heavy residuesoil. It 

https://old-zdia.znu.edu.ua/gazeta/konffacuv16_125.pdf
https://uk.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D1%96%D0%B9%D1%81%D1%8C%D0%BA%D0%B0_%D0%BC%D0%BE%D0%B2%D0%B0
https://uk.wikipedia.org/wiki/%D0%9A%D0%BE%D0%BA%D1%81%D1%83%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F
https://uk.wikipedia.org/wiki/%D0%9D%D0%B0%D1%84%D1%82%D0%B0
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is used: in the production of anodes for aluminum smelting, special graphitized 

electrodes for electrolytic steel production, etc. [1]. 

The raw material is fed into recuperative heat exchangers, and then enters the 

rectification column [1]. From the bottom of the column, the bottom residues are 

pumped into the furnace, heated and fed in pairs through distribution valves into the 

columns (coke columns). While one pair of columns is being loaded, the process of 

coke formation is underway in the second pair. Before unloading the coke, the 

chambers are gradually cooled to the temperature, and the steam is returned back to the 

rectification column. Then the coke is cut from the coke columns with water cutters 

and sent to a centrifuge for initial degreasing. At the exit of the centrifuge, the coke 

enters the drum dryer where the drying process takes place by countercurrent, a hot 

heat agent is supplied to the drum dryer. 

The principle of operation of the drum dryer is as follows: a cylindrical drum 1 

is supported by means of bands 2 on rollers 3. The drum is driven into rotation by 

means of an electric motor, its position in the axial direction is fixed by thrust rollers 5. 

The material is fed into the drum by a feeder 6, pre-dried, mixed by blades 7 of the 

receiving screw nozzle, and then fed to the internal nozzle located along almost the 

entire length of the drum. The nozzle ensures uniform distribution and good mixing of 

the material along the cross section of the drum, as well as its close contact when 

pouring with the heat agent. The dried material is removed from the chamber 10 

through the unloading device 11, with the help of which the chamber 10 is sealed and 

air from the outside is prevented from entering it [2]. 

The design diagram of the drum dryer is shown in Figure 1 [1]. 
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1 ï drum; 2 ï bands; 3 ï support rollers; 4 ï gears; 5 ï support-thrust 

rollers; 6 ï feeder; 7 ï blades; 8 ï fan; 9 ï cyclone; 10 ï unloading chamber; 11 

ï unloading device. 

Figure 1 ï Design diagram of a drum dryer 

 

The aim of the work is to modernize the drum dryer, which consists in making 

elliptical holes on the blades for mixing the substance (Figure 2). The modernization is 

aimed at increasing the drying efficiency by better mixing the starting substance. 

The modernization is schematically depicted in Figure 3. 
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Figure 2 ï Blade with elliptical holes. 

 

 

Figure 3 ï Schematic representation of blade installation 

 

This diagram shows how the blades are installed in a drum dryer. To improve 

the drying process in a drum dryer, it was proposed to make elliptical holes in the 

mixing blades. Since the starting material is coke, for more efficient drying, elliptical 

holes were made on the blades so that during the rotation of the drum the particles 
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were additionally crushed and poured out through these holes, also in section A-A it is 

shown that the blades are installed at a small angle so that the drying process proceeds 

evenly and qualitatively. Due to this improvement, the efficiency of the drying process 

will increase. 
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ʋɼʂ 628.16.08 

ʄʆɼɽʈʅɯɿɸʎɯʗ ʋʉʊɸʅʆɺʂʀ ʆʏʀʑɽʅʅʗ ʇʈʀʈʆɼʅʀʍ ɺʆɼ ɿ 

ʈʆɿʈʆɹʂʆʖ ʄɽʄɹʈɸʅʅʆɻʆ ɸʇɸʈɸʊɸ ʊɸ ʆʉɺɯʊʃʖɺɸʏɸ 

ʩʪʫʜʝʥʪʢʘ ʇʨʦʮʶʢ ʄ.ʆ., ʜʦʮ., ʢ.ʪ.ʥ. ɻʫʣʽʻʥʢʦ ʉ.ɺ.,  

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʤʝʪʦʜʠ ʦʯʠʱʝʥʥʷ ʧʨʠʨʦʜʥʠʭ ʚʦʜ ʪʘ ʚʘʞʣʠʚʽʩʪʴ 

ʤʦʜʝʨʥʽʟʘʮʽʾ ʘʧʘʨʘʪʫ ʟʚʦʨʦʪʥʦʛʦ ʦʩʤʦʩʫ, ʥʘʚʝʜʝʥʦ ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʭʝʤʫ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʆʏʀʑɽʅʅʗ ɺʆɼʀ, ɺʆɼɸ, ɸʇɸʈɸʊ 

ɿɺʆʈʆʊʅʆɻʆ ʆʉʄʆʉʋ, ʆʉɺɯʊʃʖɺɸʏ. 

Abstract:  Methods of purifying natural waters and the importance of 

modernizing the reverse osmosis apparatus are considered, and a technological 

scheme is provided. 

KEYWORDS:  WATER TREATMENT, WATER, REVERSE OSMOSIS 

APPARATUS, CLARIFIER. 

 

ʋʩʪʘʥʦʚʢʘ ʦʯʠʱʝʥʥʷ ʧʨʠʨʦʜʥʠʭ ʚʦʜ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʨʽʩʥʦʾ 

ʚʦʜʠ ʟ ʧʨʠʨʦʜʥʠʭ ʜʞʝʨʝʣ, ʰʣʷʭʦʤ ʚʠʜʘʣʝʥʥʷ ʩʦʣʝʡ, ʦʨʛʘʥʽʯʥʠʭ ʩʧʦʣʫʢ ʪʘ ʽʥʰʠʭ 

ʜʦʤʽʰʦʢ [1]. 

ʉʴʦʛʦʜʥʽ, ʚ ʫʤʦʚʘʭ ʧʦʩʪʽʡʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʧʦʧʫʣʷʮʽʾ ʪʘ ʜʝʬʽʮʠʪʫ ʚʦʜʥʠʭ 

ʨʝʩʫʨʩʽʚ, ʧʦʧʠʪ ʥʘ ʯʠʩʪʫ ʚʦʜʫ ʩʪʘʻ ʢʨʠʪʠʯʥʠʤ. ʇʨʦʪʝ ʷʢʽʩʪʴ ʚʦʜʠ ʫ ʧʨʠʨʦʜʥʠʭ 

ʜʞʝʨʝʣʘʭ (ʧʦʚʝʨʭʥʝʚʠʭ ʪʘ ʧʽʜʟʝʤʥʠʭ ʚʦʜʘʭ) ʧʦʩʪʽʡʥʦ ʧʦʛʽʨʰʫʻʪʴʩʷ, ʪʘʢ ʷʢ 

ʚʽʜʭʦʜʠ ʧʽʩʣʷ ʣʶʜʩʴʢʦʾ ʜʽʷʣʴʥʦʩʪʽ ʯʘʩʪʦ ʩʢʠʜʘʶʪʴʩʷ ʥʘʟʘʜ ʫ ʨʽʯʢʠ, ʦʟʝʨʘ ʽ ʪʜ. ʎʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʩʠʯʝʥʥʷ ʧʨʠʨʦʜʥʠʭ ʜʞʝʨʝʣ ʥʝ ʣʠʰʝ ʤʝʭʘʥʽʯʥʠʤʠ ʜʦʤʽʰʢʘʤʠ, ʘ 

ʡ ʩʢʣʘʜʥʠʤʠ ʨʦʟʯʠʥʝʥʠʤʠ ʩʧʦʣʫʢʘʤʠ ʪʘ ʩʦʣʷʤʠ [1].  

ʆʯʠʱʝʥʥʷ ʚʦʜʠ/ʩʪʽʯʥʠʭ ʚʦʜ ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ ʬʽʟʠʯʥʽ (ʩʝʜʠʤʝʥʪʘʮʽʷ, 

ʜʝʛʘʟʘʮʽʷ, ʬʽʣʴʪʨʘʮʽʷ), ʭʽʤʽʯʥʽ (ʬʣʦʢʫʣʷʮʽʷ, ʜʝʟʽʥʬʝʢʮʽʷ, ʦʩʘʜʞʝʥʥʷ, ʽʦʥʥʠʡ 
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ʦʙʤʽʥ) ʪʘ ʙʽʦʣʦʛʽʯʥʽ ʤʝʪʦʜʠ (ʤʝʤʙʨʘʥʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʘʝʨʦʙʥʝ ʪʘ ʘʥʘʝʨʦʙʥʝ 

ʦʯʠʱʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʘʢʪʠʚʥʦʛʦ ʤʫʣʫ) [1]. ʆʜʠʥ ʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʤʝʪʦʜʽʚ 

ʤʝʤʙʨʘʥʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ï ʟʚʦʨʦʪʥʠʡ ʦʩʤʦʩ. ɿʚʦʨʦʪʥʠʡ ʦʩʤʦʩ ï ʮʝ ʧʨʦʮʝʩ, ʫ 

ʷʢʦʤʫ ʚʦʜʘ ʪʘ ʟʘʙʨʫʜʥʝʥʥʷ ʨʦʟʜʽʣʷʶʪʴʩʷ ʰʣʷʭʦʤ ʧʨʦʭʦʜʞʝʥʥʷ ʯʝʨʝʟ ʪʦʥʢʫ 

ʥʘʧʽʚʧʨʦʥʠʢʥʫ ʤʝʤʙʨʘʥʫ. ʄʝʤʙʨʘʥʘ ʩʪʚʦʨʶʻ ʙʘʨ'ʻʨ ʤʽʞ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʠ ʪʘ 

ʭʽʤʽʯʥʠʤʠ ʘʙʦ ʤʽʢʨʦʙʥʠʤʠ ʟʘʙʨʫʜʥʝʥʥʷʤʠ, ʦʩʢʽʣʴʢʠ ʚʠʩʦʢʠʡ ʪʠʩʢ ʧʨʦʰʪʦʚʭʫʻ 

ʚʦʜʫ ʯʝʨʝʟ ʤʝʤʙʨʘʥʫ, ʟʘʣʠʰʘʶʯʠ ʟʘʙʨʫʜʥʝʥʥʷ [2]. ʆʩʢʽʣʴʢʠ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʤʝʤʙʨʘʥʥʦʛʦ ʨʦʟʜʽʣʝʥʥʷ ʢʨʠʪʠʯʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʠʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʧʦʪʦʢʫ, 

ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʩʚʽʪʣʶʚʘʯʘ ʷʢ ʚʫʟʣʘ ʧʦʧʝʨʝʜʥʴʦʾ ʧʽʜʛʦʪʦʚʢʠ. ʎʝ 

ʜʦʟʚʦʣʷʻ ʧʦʻʜʥʘʪʠ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʧʝʨʝʚʘʛʠ ʦʩʚʽʪʣʝʥʥʷ (ʚʠʜʘʣʝʥʥʷ ʢʘʣʘʤʫʪʥʦʩʪʽ 

ʪʘ ʟʚʘʞʝʥʠʭ ʯʘʩʪʦʢ) ʽʟ ʚʠʩʦʢʦʶ ʩʝʣʝʢʪʠʚʥʽʩʪʶ ʤʝʤʙʨʘʥʥʦʛʦ ʘʧʘʨʘʪʘ, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʩʪʘʙʽʣʴʥʝ ʦʧʨʽʩʥʝʥʥʷ ʧʨʠʨʦʜʥʠʭ ʚʦʜ, ʱʦ ʟʘʟʥʘʣʠ ʘʥʪʨʦʧʦʛʝʥʥʦʛʦ 

ʚʧʣʠʚʫ. 

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʪʝʭʥʦʣʦʛʽʯʥʘ ʩʭʝʤʘ ʦʯʠʱʝʥʥʷ ʚʦʜʠ, ʱʦ 

ʚʢʣʶʯʘʻ ʟʚʦʨʦʪʥʠʡ ʦʩʤʦʩ ʪʘ ʦʩʚʽʪʣʶʚʘʯ. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʩʪʽʯʥʽ ʚʦʜʠ 

ʧʨʦʭʦʜʷʪʴ ʤʝʭʘʥʽʯʥʫ ʦʯʠʩʪʢʫ (Grid/sand trap) ʜʣʷ ʚʠʜʘʣʝʥʥʷ ʪʚʝʨʜʠʭ ʯʘʩʪʦʢ, 

ʧʽʩʣʷ ʯʦʛʦ ʩʧʨʷʤʦʚʫʶʪʴʩʷ ʥʘ ʙʽʦʣʦʛʽʯʥʫ ʩʪʘʜʽʶ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʢʪʠʚʥʦʛʦ ʤʫʣʫ 

(Conventional activated sludge process), ʜʝ ʤʽʢʨʦʦʨʛʘʥʽʟʤʠ ʨʦʟʱʝʧʣʶʶʪʴ ʦʨʛʘʥʽʯʥʽ 

ʨʝʯʦʚʠʥʠ. ʇʨʦʮʝʩ ʟʘʚʝʨʰʫʻʪʴʩʷ ʫ ʚʪʦʨʠʥʥʦʤʫ ʦʩʚʽʪʣʶʚʘʯʽ (Secondary clarifier), 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʜʽʣʝʥʥʷ ʦʯʠʱʝʥʦʾ ʚʦʜʠ ʪʘ ʤʫʣʫ. ʇʦʧʝʨʝʜʥʴʦ ʦʯʠʱʝʥʘ ʚʦʜʘ ʡʜʝ ʫ 

ʜʚʦʰʘʨʦʚʠʡ ʬʽʣʴʪʨ (Dual media filter). ʎʝ ʜʦʟʚʦʣʷʻ ʧʽʜʛʦʪʫʚʘʪʠ ʚʦʜʫ ʜʦ 

ʥʘʩʪʫʧʥʠʭ ʩʪʘʜʽʡ, ʜʝ ʤʦʞʫʪʴ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʤʝʪʦʜʠ ʥʘʥʦʬʽʣʴʪʨʘʮʽʾ (NF) ʘʙʦ 

ʫʣʴʪʨʘʬʽʣʴʪʨʘʮʽʾ (UF) ʜʣʷ ʚʠʜʘʣʝʥʥʷ ʜʨʽʙʥʠʭ ʦʨʛʘʥʽʯʥʠʭ ʜʦʤʽʰʦʢ. ʌʽʥʘʣʴʥʠʤ 

ʝʪʘʧʦʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʚʦʨʦʪʥʦʛʦ ʦʩʤʦʩʫ (RO), ʜʝ ʧʽʜ ʪʠʩʢʦʤ ʤʝʤʙʨʘʥʘ 

ʟʘʪʨʠʤʫʻ ʩʦʣʽ ʪʘ ʤʽʢʨʦʟʘʙʨʫʜʥʶʚʘʯʽ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʦʪʨʠʤʘʥʥʷ ʯʠʩʪʦʾ ʧʨʽʩʥʦʾ 

ʚʦʜʠ. 
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ʈʠʩʫʥʦʢ 1. ï ʊʝʭʥʦʣʦʛʽʯʥʘ ʩʭʝʤʘ ʧʨʦʮʝʩʫ ʦʯʠʱʝʥʥʷ ʚʦʜʠ.[3] 

ɸʧʘʨʘʪ ʟʚʦʨʦʪʥʦʛʦ ʦʩʤʦʩʫ ʻ ʢʣʶʯʦʚʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʫ ʧʨʦʮʝʩʽ  ʦʯʠʱʝʥʥʷ 

ʚʦʜʠ. ʁʦʛʦ ʟʘʚʜʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʛʣʠʙʦʢʦʤʫ ʟʥʝʩʦʣʝʥʥʽ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʥʘʧʽʚʧʨʦʥʠʢʥʦʾ ʤʝʤʙʨʘʥʠ, ʷʢʘ ʧʨʦʧʫʩʢʘʻ ʤʦʣʝʢʫʣʠ ʚʦʜʠ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʮʝʩʫ 

ʦʪʨʠʤʫʶʪʴ ʧʨʽʩʥʫ ʚʦʜʫ ʪʘ ʢʦʥʮʝʥʪʨʘʪ, ʷʢʠʡ ʫʪʠʣʽʟʫʻʪʴʩʷ. 

ʄʦʜʝʨʥʽʟʘʮʽʷ ʘʧʘʨʘʪʘ ʟʚʦʨʦʪʥʦʛʦ ʦʩʤʦʩʫ ʤʦʞʝ ʚʢʣʶʯʘʪʠ ʧʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ, ʟʙʽʣʴʰʝʥʥʷ ʚʠʭʦʜʫ ʧʨʽʩʥʦʾ ʚʦʜʠ ʪʘ ʟʤʝʥʰʝʥʥʷ ʦʙʩʷʛʫ 

ʟʘʙʨʫʜʥʝʥʥʷ ʤʝʤʙʨʘʥ (ʬʦʫʣʽʥʛʫ). ʎʝ ʜʦʟʚʦʣʠʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʝ 

ʚʦʜʦʧʦʩʪʘʯʘʥʥʷ ʚ ʫʤʦʚʘʭ ʞʦʨʩʪʢʠʭ ʝʢʦʣʦʛʽʯʥʠʭ ʚʠʤʦʛ. 
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ABSTRACT : The paper examines directions for modernization of the 

dephlegmator used in phenol and acetone production as a key apparatus of the 

rectification unit. The constructive features of the shell-and-tube heat exchanger are 

analyzed, along with its advantages and disadvantages. Improvements are proposed 

through the use of segmented baffles that create a quasi-spiral flow, thereby 

intensifying heat and mass transfer processes. 
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ɺʠʨʦʙʥʠʮʪʚʦ ʬʝʥʦʣʫ ʪʘ ʘʮʝʪʦʥʫ ʢʫʤʦʣʴʥʠʤ ʤʝʪʦʜʦʤ ʻ ʦʜʥʠʤ ʽʟ 

ʩʪʨʘʪʝʛʽʯʥʦ ʚʘʞʣʠʚʠʭ ʥʘʧʨʷʤʽʚ ʦʨʛʘʥʽʯʥʦʛʦ ʩʠʥʪʝʟʫ. ʅʘ ʩʪʘʜʽʾ ʨʝʢʪʠʬʽʢʘʮʽʾ 

ʧʨʦʜʫʢʪʽʚ ʦʢʠʩʥʝʥʥʷ ʽʟʦʧʨʦʧʽʣʙʝʥʟʝʥʫ (ʢʫʤʦʣʫ) ʢʣʶʯʦʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ 

ʜʝʬʣʝʛʤʘʪʦʨ ð ʘʧʘʨʘʪ ʯʘʩʪʢʦʚʦʾ ʢʦʥʜʝʥʩʘʮʽʾ ʧʘʨʦʚʦʾ ʬʘʟʠ ʟ ʧʦʚʝʨʥʝʥʥʷʤ 

ʬʣʝʛʤʠ ʫ ʚʝʨʭʥʶ ʯʘʩʪʠʥʫ ʢʦʣʦʥʠ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʡʦʛʦ ʨʦʙʦʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚʧʣʠʚʘʻ ʥʘ ʯʠʩʪʦʪʫ ʪʦʚʘʨʥʠʭ ʬʨʘʢʮʽʡ, ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʫʩʪʘʥʦʚʢʠ ʪʘ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʨʝʞʠʤʫ. 

ɼʝʬʣʝʛʤʘʪʦʨ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʬʝʥʦʣʫ ʪʘ ʘʮʝʪʦʥʫ, ʷʢ ʧʨʘʚʠʣʦ, ʚʠʢʦʥʫʶʪʴ ʫ 

ʚʠʛʣʷʜʽ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʘʙʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʢʦʞʫʭʦʪʨʫʙʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ. 

ʇʘʨʦʚʘ ʩʫʤʽʰ ʥʘʜʭʦʜʠʪʴ ʫ ʤʽʞʪʨʫʙʥʠʡ ʧʨʦʩʪʽʨ, ʜʝ ʯʘʩʪʢʦʚʦ ʢʦʥʜʝʥʩʫʻʪʴʩʷ ʥʘ 

ʟʦʚʥʽʰʥʽʡ ʧʦʚʝʨʭʥʽ ʪʨʫʙ, ʦʭʦʣʦʜʞʫʚʘʥʠʭ ʚʦʜʦʶ ʘʙʦ ʽʥʰʠʤ ʪʝʧʣʦʥʦʩʽʻʤ. 

ʋʪʚʦʨʝʥʘ ʬʣʝʛʤʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦ ʨʝʢʪʠʬʽʢʘʮʽʡʥʦʾ ʢʦʣʦʥʠ, ʪʦʜʽ ʷʢ 

ʥʝʢʦʥʜʝʥʩʦʚʘʥʽ ʧʘʨʠ ʚʽʜʚʦʜʷʪʴʩʷ ʥʘ ʧʦʜʘʣʴʰʫ ʧʝʨʝʨʦʙʢʫ ʘʙʦ ʢʦʥʜʝʥʩʘʮʽʶ [1]. 

ʇʝʨʝʚʘʛʘʤʠ ʢʦʞʫʭʦʪʨʫʙʥʠʭ ʜʝʬʣʝʛʤʘʪʦʨʽʚ ʻ: 

¶ ʢʦʥʩʪʨʫʢʪʠʚʥʘ ʥʘʜʽʡʥʽʩʪʴ ʽ ʤʝʭʘʥʽʯʥʘ ʤʽʮʥʽʩʪʴ; 

¶ ʤʦʞʣʠʚʽʩʪʴ ʨʦʙʦʪʠ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʠʩʢʘʭ ʽ ʪʝʤʧʝʨʘʪʫʨʘʭ; 

¶ ʨʝʤʦʥʪʦʧʨʠʜʘʪʥʽʩʪʴ ʪʘ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʽʩʪʴ ʝʣʝʤʝʥʪʽʚ; 

¶ ʛʥʫʯʢʽʩʪʴ ʫ ʚʠʙʦʨʽ ʤʘʪʝʨʽʘʣʽʚ (ʩʪʘʣʽ, ʢʦʨʦʟʽʡʥʦʩʪʽʡʢʽ ʩʧʣʘʚʠ). 

ʈʘʟʦʤ ʟ ʪʠʤ, ʾʤ ʧʨʠʪʘʤʘʥʥʽ ʩʫʪʪʻʚʽ ʥʝʜʦʣʽʢʠ: 

¶ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʧʦʪʦʢʽʚ ʫ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ; 

¶ ʫʪʚʦʨʝʥʥʷ ʟʘʩʪʽʡʥʠʭ ʟʦʥ; 

¶ ʟʥʠʞʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʚʽʜʜʘʯʽ ʧʨʠ ʣʘʤʽʥʘʨʠʟʘʮʽʾ ʧʦʪʦʢʫ; 

¶ ʧʽʜʚʠʱʝʥʠʡ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʧʨʠ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ. 
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ʉʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʤʦʜʝʨʥʽʟʘʮʽʾ ʢʦʞʫʭʦʪʨʫʙʥʠʭ ʜʝʬʣʝʛʤʘʪʦʨʽʚ ʙʘʟʫʶʪʴʩʷ 

ʥʘ: 

¶ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʽʾ ʪʨʫʙʥʦʛʦ ʧʫʯʢʘ (ʟʤʽʥʘ ʢʨʦʢʫ ʨʦʟʪʘʰʫʚʘʥʥʷ 

ʪʨʫʙ); 

¶ ʚʠʢʦʨʠʩʪʘʥʥʽ ʦʨʝʙʨʝʥʠʭ ʘʙʦ ʧʨʦʬʽʣʴʦʚʘʥʠʭ ʪʨʫʙ; 

¶ ʚʧʨʦʚʘʜʞʝʥʥʽ ʪʫʨʙʫʣʽʟʘʪʦʨʽʚ ʫ ʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ; 

¶ ʤʦʜʠʬʽʢʘʮʽʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʧʝʨʝʛʦʨʦʜʦʢ ʫ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ [2]. 

ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʟʤʽʥʘ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʤʽʞʪʨʫʙʥʦʛʦ 

ʧʨʦʩʪʦʨʫ ʙʝʟ ʽʩʪʦʪʥʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ (ʨʠʩʫʥʦʢ 1). 

ʇʨʦʧʦʥʫʻʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʩʝʛʤʝʥʪʦʚʘʥʠʭ ʧʝʨʝʛʦʨʦʜʦʢ 

ʩʧʝʮʽʘʣʴʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʽʜ ʢʫʪʦʤ 15ï25Áʜʦ ʦʩʽ ʘʧʘʨʘʪʘ ʟ 

ʯʝʨʛʫʚʘʥʥʷʤ ʥʘʧʨʷʤʢʫ ʩʝʛʤʝʥʪʘʮʽʾ. ʊʘʢʘ ʢʦʤʧʦʥʦʚʢʘ ʬʦʨʤʫʻ ʢʚʘʟʽʩʧʽʨʘʣʴʥʠʡ 

(ʥʘʙʣʠʞʝʥʠʡ ʜʦ ʛʚʠʥʪʦʚʦʛʦ) ʨʫʭ ʧʘʨʦʚʦʛʦ ʧʦʪʦʢʫ ʚ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ. 

 

 

ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʧʝʨʝʛʦʨʦʜʦʢ ʧʽʜ ʢʫʪʦʤ 15-25ʦ [3] 
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ʉʫʪʴ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʥʘʩʪʫʧʥʦʤʫ: 

1. ɯʥʪʝʥʩʠʬʽʢʘʮʽʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ. ʂʚʘʟʽʩʧʽʨʘʣʴʥʠʡ ʨʫʭ ʟʘʧʦʙʽʛʘʻ 

ʫʪʚʦʨʝʥʥʶ ʟʘʩʪʽʡʥʠʭ ʟʦʥ ʽ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʝ ʦʤʠʚʘʥʥʷ ʪʨʫʙʥʦʛʦ ʧʫʯʢʘ. 

2. ʇʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʚʽʜʜʘʯʽ. ɿʘʚʜʷʢʠ ʟʨʦʩʪʘʥʥʶ ʣʦʢʘʣʴʥʦʾ 

ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ ʟʤʝʥʰʫʻʪʴʩʷ ʪʦʚʱʠʥʘ ʧʨʠʢʦʨʜʦʥʥʦʛʦ ʰʘʨʫ, ʱʦ ʧʽʜʚʠʱʫʻ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʢʦʥʜʝʥʩʘʮʽʾ. 

3. ʈʽʚʥʦʤʽʨʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ. ʇʦʣʽʧʰʫʻʪʴʩʷ ʨʦʟʧʦʜʽʣ 

ʪʝʤʧʝʨʘʪʫʨ ʫ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ, ʟʤʝʥʰʫʻʪʴʩʷ ʨʠʟʠʢ ʣʦʢʘʣʴʥʦʛʦ ʧʝʨʝʛʨʽʚʫ 

ʯʠ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ. 

4. ʆʧʪʠʤʽʟʘʮʽʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ. ʇʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʧʦʧʝʨʝʯʥʠʤʠ ʧʝʨʝʛʦʨʦʜʢʘʤʠ, ʩʝʛʤʝʥʪʦʚʘʥʘ ʩʠʩʪʝʤʘ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʙʽʣʴʰʦʛʦ 

ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʧʨʠ ʧʦʤʽʨʥʦʤʫ ʧʨʠʨʦʩʪʽ ʚʪʨʘʪ ʪʠʩʢʫ. 

ɼʣʷ ʧʨʦʮʝʩʫ ʯʘʩʪʢʦʚʦʾ ʢʦʥʜʝʥʩʘʮʽʾ ʬʝʥʦʣʫ ʪʘ ʘʮʝʪʦʥʫ ʮʝ ʦʟʥʘʯʘʻ 

ʧʽʜʚʠʱʝʥʥʷ ʩʪʫʧʝʥʷ ʩʝʣʝʢʪʠʚʥʦʾ ʢʦʥʜʝʥʩʘʮʽʾ ʚʘʞʯʦʾ ʬʨʘʢʮʽʾ, ʩʪʘʙʽʣʽʟʘʮʽʶ 

ʬʣʝʛʤʦʚʦʛʦ ʯʠʩʣʘ ʪʘ ʟʤʝʥʰʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʠʪʨʘʪ ʥʘ ʦʭʦʣʦʜʞʝʥʥʷ. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʩʝʛʤʝʥʪʦʚʘʥʠʭ ʧʝʨʝʛʦʨʦʜʦʢ ʽʟ ʬʦʨʤʫʚʘʥʥʷʤ 

ʢʚʘʟʽʩʧʽʨʘʣʴʥʦʛʦ ʧʦʪʦʢʫ ʟʘʙʝʟʧʝʯʫʻ: 

¶ ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʥʘ 10ï20 %; 

¶ ʟʤʝʥʰʝʥʥʷ ʤʝʪʘʣʦʤʽʩʪʢʦʩʪʽ ʘʧʘʨʘʪʘ ʟʘ ʨʘʭʫʥʦʢ ʩʢʦʨʦʯʝʥʥʷ ʜʦʚʞʠʥʠ 

ʪʝʧʣʦʦʙʤʽʥʥʦʾ ʧʦʚʝʨʭʥʽ ʧʨʠ ʪʽʡ ʩʘʤʽʡ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ; 

¶ ʟʥʠʞʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʪʨʘʪ; 

¶ ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʨʦʙʦʪʠ ʨʝʢʪʠʬʽʢʘʮʽʡʥʦʾ ʢʦʣʦʥʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʜʝʨʥʽʟʘʮʽʷ ʜʝʬʣʝʛʤʘʪʦʨʘ ʻ ʥʝ ʣʠʰʝ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤ 

ʫʜʦʩʢʦʥʘʣʝʥʥʷʤ, ʘ ʡ ʽʥʩʪʨʫʤʝʥʪʦʤ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʚʩʴʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʬʝʥʦʣʫ ʪʘ ʘʮʝʪʦʥʫ [4]. 

ʆʪʞʝ, ʜʝʬʣʝʛʤʘʪʦʨ ʻ ʢʣʶʯʦʚʠʤ ʝʣʝʤʝʥʪʦʤ ʩʠʩʪʝʤʠ ʨʝʢʪʠʬʽʢʘʮʽʾ ʫ 

ʚʠʨʦʙʥʠʮʪʚʽ ʬʝʥʦʣʫ ʪʘ ʘʮʝʪʦʥʫ, ʱʦ ʚʠʟʥʘʯʘʻ ʷʢʽʩʪʴ ʨʦʟʜʽʣʝʥʥʷ ʪʘ ʝʥʝʨʛʝʪʠʯʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ. 
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ʊʨʘʜʠʮʽʡʥʽ ʢʦʞʫʭʦʪʨʫʙʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ 

ʥʘʜʽʡʥʽʩʪʶ, ʧʨʦʪʝ ʤʘʶʪʴ ʦʙʤʝʞʝʥʥʷ, ʧʦʚôʷʟʘʥʽ ʟ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʶ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʨʝʞʠʤʫ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʨʥʽʟʘʮʽʷ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʝʛʤʝʥʪʦʚʘʥʠʭ 

ʧʝʨʝʛʦʨʦʜʦʢ ʽʟ ʬʦʨʤʫʚʘʥʥʷʤ ʢʚʘʟʽʩʧʽʨʘʣʴʥʦʛʦ ʨʫʭʫ ʧʦʪʦʢʫ ʜʦʟʚʦʣʷʻ 

ʽʥʪʝʥʩʠʬʽʢʫʚʘʪʠ ʢʦʥʜʝʥʩʘʮʽʶ ʪʘ ʧʽʜʚʠʱʠʪʠ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʙʝʟ 

ʩʫʪʪʻʚʦʛʦ ʟʨʦʩʪʘʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ. 

ʈʝʘʣʽʟʘʮʽʷ ʜʘʥʦʛʦ ʨʽʰʝʥʥʷ ʩʧʨʠʷʪʠʤʝ ʟʥʠʞʝʥʥʶ ʝʥʝʨʛʦʚʠʪʨʘʪ ʽ 

ʧʽʜʚʠʱʝʥʥʶ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ. 
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ABSTRACT. The paper is devoted to the creation of a unified complex for the 

production of generator gas and its use for the organization of the drying process of 

solid dispersed materials (both fuel chips and target products). 

KEYWORDS: WOOD FUEL CHIPS, BIOFERTILIZERS, GENERATOR 

GAS, SOLID DISPERSED MATERIALS, DRYER 

  

ʉʊɺʆʈɽʅʅʗ ʅʆɺʆɻʆ ɽʅɽʈɻʆ-ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʂʆʄʇʃɽʂʉʋ 

ʉʋʐɯʅʅʗ ʈɯɿʅʆʄɸʅɯʊʅʀʍ ʊɺɽʈɼʀʍ ɼʀʉʇɽʈʉʅʀʍ ʄɸʊɽʈɯɸʃɯɺ 

ʂʨʝʤʥʴʦʚ ɺ.ʆ., ɹʻʣʷʻʚ ɻ.ɺ., ɹʻʣʷʻʚʘ ɯ.ʇ., ɾʫʢʦʚ ʂ.ʃ.,  

ʂʦʨʙʫʪ ʅ.ʉ., ʉʪʝʮʶʢ ɺ.ɻ., ʊʠʤʦʱʝʥʢʦ ɸ.ɺ. 

ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ 

 

ɸʅʆʊɸʎɯʗ. ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʩʪʚʦʨʝʥʥʶ ʫʥʽʬʽʢʦʚʘʥʦʛʦ ʢʦʤʧʣʝʢʩʫ 

ʦʜʝʨʞʘʥʥʷ ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ ʽ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʦʨʛʘʥʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʩʫʰʽʥʥʷ ʪʚʝʨʜʠʭ ʜʠʩʧʝʨʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʷʢ ʧʘʣʠʚʥʦʾ ʪʨʽʩʢʠ ʪʘʢ ʽ ʮʽʣʴʦʚʦʾ 

ʧʨʦʜʫʢʮʽʾ).  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɼɽʈɽɺʅɸ ʇɸʃʀɺʅɸ ʊʈɯʉʂɸ, 

ɹɯʆɼʆɹʈʀɺɸ,ɻɽʅɽʈɸʊʆʈʅʀʁ ɻɸɿ,ʊɺɽʈɼɯ ɼʀʉʇɽʈʉʅɯ ʄɸʊɽʈɯɸʃʀ, 

ʉʋʐɸʈʂɸ 
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The purpose of the work. 

Create a unified complex with high factory readiness for obtaining generator gas 

from pre-dried wood fuel chips. And its application in the organization of drying 

processes of both fuel chips and other solid dispersed materials. 

Results. The development was carried out as a result of the joint activity of the 

participants of the ITT consortium (intensification of thermal technologies) and is 

intended for equipping the production of wood fuel chips, biofertilizers and other 

technologies for dewatering solid dispersed materials that allow direct contact. with 

generator gas combustion products [1]. 

When developing the complex, innovative technical solutions were applied 

regarding: 

- production of generator gas from wood fuel, pre-dried chips, with an increase 

in the oxygen content of the oxide with the help of a membrane; 

- method and device of wet cleaning of generator gas; 

- utilization of the cooling heat of the working chamber of the gas generator; 

- drying of solid dispersed materials in rotary-vortex dryers by means of 

transformation of the flow part to optimize the technological process (rotor speed, 

variable partitions, bypass windows, etc.); 

- a system of automatic control of the combined operation of the gas generator 

and the dryer. 

The technical and economic advantages of the complex include: 

- high factory readiness; 

- autonomy; 

- compactness; 

- energy efficiency. 

Conclusions. 

The developed complex makes it possible to compose the application of the 

modular principle of energy-efficient enterprises of any required productivity on the 
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basis of unified equipment with high factory readiness. In addition, the developed 

complexes can be used in combined technological drying systems [2]. 
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ʢʝʨ. ɺ.ʆ.ʂʨʝʤʥʴʦʚ, ɸ.ɺ.ʊʠʤʦʱʝʥʢʦ. ʂʠʚʾ, 2019, 390 ʩ. ˉ ɼʈ 0115U002667. 

https://nupp.edu.ua/page/opis-kolektivnoi-monografii.html
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ʋɼʂ 66.062.53 

ɻɯɼʈʆɼʀʅɸʄɯʏʅɸ ʂɸɺɯʊɸʎɯʗ ɺ ʊɽʍʅʆʃʆɻɯʗʍ ɼɽɻɸɿɸʎɯɰ ɺʆɼʀ: 

ʇɽʈʉʇɽʂʊʀɺʀ ɺʀʂʆʈʀʉʊɸʅʅʗ ɺ ʈɯɿʅʀʍ ɻɸʃʋɿʗʍ 

ʇʈʆʄʀʉʃʆɺʆʉʊɯ 

ʜ.ʪ.ʥ. ɹ. ʎʝʣʝʥʴ, ʢ.ʪ.ʥ. ɸ. ʅʝʜʙʘʡʣʦ, ʢ.ʪ.ʥ. ʃ. ɻʦʞʝʥʢʦ, ʢ.ʪ.ʥ. ʅ. ʈʘʜʯʝʥʢʦ, 

ʛʦʣ. ʤʝʭ. ɺ ʐʫʣʷʢ, ʛʦʣ. ʪʝʭʥʦʣʦʛ ɺ. ʑʝʧʢʽʥ 

ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ 

ɸʅʆʊɸʎɯʗ: ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʝʨʩʧʝʢʪʠʚʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ 

ʢʘʚʽʪʘʮʽʾ ʜʣʷ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʽʚ ʜʝʛʘʟʘʮʽʾ ʨʽʜʠʥ. ʈʦʟʛʣʷʥʫʪʦ ʩʫʯʘʩʥʽ 

ʥʘʧʨʷʤʢʠ ʜʦʩʣʽʜʞʝʥʴ ʫ ʮʽʡ ʛʘʣʫʟʽ, ʚʠʟʥʘʯʝʥʦ ʢʨʘʾʥʠ-ʣʽʜʝʨʠ ʫ ʚʧʨʦʚʘʜʞʝʥʥʽ 

ʢʘʚʽʪʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʝʛʘʟʘʮʽʾ, ʘ ʪʘʢʦʞ ʚʠʩʚʽʪʣʝʥʦ ʚʥʝʩʦʢ ʫʢʨʘʾʥʩʴʢʠʭ 

ʚʯʝʥʠʭ, ʟʦʢʨʝʤʘ ʜʦʩʷʛʥʝʥʥʷ ɯʥʩʪʠʪʫʪʫ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅɸʅʋ. 

ABSTRACT: The prospects for using hydrodynamic cavitation to intensify 

liquid degassing processes were analyzed. Modern research trends in this area were 

reviewed, leading countries in the implementation of cavitation-based degassing 

technologies were identified, and the contribution of Ukrainian researchers ð 

especially the achievements of the Institute of Engineering Thermophysics of NAS of 

Ukraine ð was highlighted. 

 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɼɽɻɸɿɸʎɯʗ, ɺʆɼʆʇɯɼɻʆʊʆɺʂɸ, 

ɻɯɼʈʆɼʀʅɸʄɯʏʅɸ ʂɸɺɯʊɸʎɯʗ. 

KEYWORDS: DEGASSING, WATER TREATMENT, HYDRODYNAMIC 

CAVITATION.  

 

ɺʩʪʫʧ. ʇʨʦʮʝʩ ʜʝʛʘʟʘʮʽʾ ʨʽʜʠʥ ʻ ʚʘʞʣʠʚʦʶ ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʦʧʝʨʘʮʽʻʶ ʧʨʠ 

ʚʠʨʦʙʥʠʮʪʚʽ ʥʘʧʦʾʚ, ʩʦʢʽʚ, ʧʠʚʘ, ʤʦʣʦʯʥʠʭ ʧʨʦʜʫʢʪʽʚ ʪʦʱʦ. ʊʨʘʜʠʮʽʡʥʽ 

ʪʝʭʥʦʣʦʛʽʾ ʯʘʩʪʦ ʧʦʚôʷʟʘʥʽ ʟ ʚʪʨʘʪʘʤʠ ʧʨʦʜʫʢʪʫ ʘʙʦ ʞ ʚʪʦʨʠʥʥʠʤ ʟʘʙʨʫʜʥʝʥʥʷʤ, 

ʦʢʨʽʤ ʮʴʦʛʦ, ʚʚʘʞʘʶʪʴʩʷ ʝʥʝʨʛʦʚʠʪʨʘʪʥʠʤʠ, ʘ ʦʙʣʘʜʥʘʥʥʷ ʚʠʤʘʛʘʻ ʟʥʘʯʥʠʭ 
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ʚʠʨʦʙʥʠʯʠʭ ʧʣʦʱ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʢʘʚʽʪʘʮʽʾ ʚ ʢʦʤʧʣʝʢʩʽ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʜʝʛʘʟʘʮʽʾ ʤʦʞʝ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʾʾ ʝʬʝʢʪʠʚʥʽʩʪʴ. 

ʈʝʟʫʣʴʪʘʪ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʦʻʜʥʘʥʥʷ ʜʝʛʘʟʘʮʽʾ, ʜʝʟʽʥʬʝʢʮʽʾ, ʛʦʤʦʛʝʥʽʟʘʮʽʾ 

ʪʘ ʘʢʪʠʚʘʮʽʾ. ɹʝʟʫʤʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʢʘʚʽʪʘʮʽʾ ʻ ʾʾ ʝʢʦʣʦʛʽʯʥʽʩʪʴ, 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʤʦʞʣʠʚʽʩʪʴ ʰʚʠʜʢʦʛʦ ʤʘʩʰʪʘʙʫʻʪʴʩʷ ʜʣʷ ʧʨʦʤʠʩʣʦʚʠʭ 

ʧʦʪʨʝʙ. ɿʘ ʜʘʥʠʤʠ ʜʦʩʣʽʜʞʝʥʴ 2020ï2025 ʨʦʢʽʚ ʢʘʚʽʪʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚʞʝ 

ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ. ʅʘʧʨʠʢʣʘʜ, ʢʘʚʽʪʘʮʽʷ ʽ 

ʚʘʢʫʫʤ, ʢʘʚʽʪʘʮʽʷ ʽ ʧʣʘʟʤʘ ʘʙʦ ʨʽʟʥʽ ʦʢʠʩʥʶʚʘʯʽ ʜʣʷ ʩʠʥʝʨʛʝʪʠʯʥʦʛʦ ʝʬʝʢʪʫ ʪʦʱʦ. 

ɺʯʝʥʽ ʨʽʟʥʠʭ ʢʨʘʾʥ ʘʢʪʠʚʥʦ ʚʜʦʩʢʦʥʘʣʶʶʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʨʝʘʢʪʦʨʽʚ ʟ ʦʧʪʠʤʽʟʘʮʽʻʶ 

ʛʝʦʤʝʪʨʽʾ ʟʘ ʜʦʧʦʤʦʛʦʶ CFD-ʤʦʜʝʣʶʚʘʥʥʷ.  

ʅʘʡʙʽʣʴʰ ʟʘʪʨʝʙʫʚʘʥʘ ʚʦʥʘ ʫ ʢʨʘʾʥʘʭ ʟ ʧʦʪʫʞʥʦʶ ʭʘʨʯʦʚʦʶ, 

ʥʘʬʪʦʧʝʨʝʨʦʙʥʦʶ ʪʘ ʚʦʜʦʦʯʠʩʥʦʶ ʧʨʦʤʠʩʣʦʚʽʩʪʶ, ʜʝ ʧʨʽʦʨʠʪʝʪʦʤ ʻ 

ʝʥʝʨʛʦʟʙʝʨʝʞʝʥʥʷ ʪʘ ʝʢʦʣʦʛʽʷ. ʃʽʜʝʨʘʤʠ ʟʘ ʢʽʣʴʢʽʩʪʶ ʚʧʨʦʚʘʜʞʝʥʴ ʻ ʢʨʘʾʥʠ ɸʟʽʾ 

(ʂʠʪʘʡ, ɯʥʜʽʷ, ʗʧʦʥʽʷ), ʜʝ ʢʘʚʽʪʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʤʘʩʰʪʘʙʫʶʪʴ ʜʣʷ ʦʯʠʩʪʢʠ 

ʩʪʽʯʥʠʭ ʚʦʜ ʪʘ ʙʽʦʧʘʣʠʚʘ ʽ ʮʴʦʤʫ ʘʢʪʠʚʥʦ ʩʧʨʠʷʶʪʴ ʜʝʨʞʘʚʥʽ ʧʨʦʛʨʘʤʠ. ʋ ʉʐɸ 

ʘʢʮʝʥʪ ʥʘ ʩʪʘʣʦʤʫ ʚʦʜʦʢʦʨʠʩʪʫʚʘʥʥʽ ʪʘ ʙʽʦʧʘʣʠʚʽ ʜʣʷ ʥʘʬʪʦʧʝʨʝʨʦʙʢʠ ʪʘ 

ʭʘʨʯʦʚʦʾ ʛʘʣʫʟʽ. ɺ ʜʦʩʣʽʜʞʝʥʥʷʭ ʽ ʧʽʣʦʪʥʠʭ ʧʨʦʝʢʪʘʭ ʣʽʜʠʨʫʻ ɭʚʨʦʧʘ (ʅʽʤʝʯʯʠʥʘ, 

ɺʝʣʠʢʘ ɹʨʠʪʘʥʽʷ, ʅʽʜʝʨʣʘʥʜʠ, ɯʪʘʣʽʷ, ʉʣʦʚʝʥʽʷ), ʟʦʢʨʝʤʘ, ʚ ʨʦʟʨʦʙʢʘʭ ʨʦʪʦʨʥʦ-

ʩʪʘʪʦʨʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ.  

ɺ ʋʢʨʘʾʥʽ ʟʥʘʯʥʠʡ ʪʝʦʨʝʪʠʯʥʠʡ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʜʦʩʚʽʜ ʫ ʜʘʥʦʤʫ 

ʥʘʧʨʷʤʢʫ ʥʘʢʦʧʠʯʝʥʦ ʚ ɯʊʊʌ ʅɸʅʋ, ʟʦʢʨʝʤʘ, ʫ ʚʦʜʦʧʽʜʛʦʪʦʚʮʽ, ʦʯʠʩʪʮʽ ʩʪʽʯʥʠʭ 

ʚʦʜ, ʜʣʷ ʜʝʛʘʟʘʮʽʾ ʪʝʭʥʽʯʥʦʾ ʪʘ ʢʦʪʣʦʚʦʾ ʚʦʜʠ. ʊʘʢʦʞ ʫ ʩʬʝʨʽ ʚʦʜʦʧʽʜʛʦʪʦʚʢʠ ʜʣʷ 

ʧʦʪʨʝʙ ʭʘʨʯʦʚʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ ʩʦʢʽʚ ʟ ʢʦʥʮʝʥʪʨʘʪʽʚ [1]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʘ ʩʦʧʣʘʭ ɺʝʥʪʫʨʽ ʪʘ ʈʇɸ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʽʜʢʨʠʚʘʻ ʰʣʷʭ ʜʦ ʽʤʧʦʨʪʦʟʘʤʽʱʝʥʥʷ ʚ 

ʭʘʨʯʦʚʽʡ ʽ ʚʦʜʦʧʽʜʛʦʪʦʚʯʽʡ ʛʘʣʫʟʷʭ, ʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʜʦʟʚʦʣʠʪʴ ʦʜʥʦʯʘʩʥʦ 

ʧʽʜʚʠʱʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʟʥʠʞʫʚʘʪʠ ʚʠʪʨʘʪʠ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ ʝʢʦʣʦʛʽʯʥʠʡ ʩʣʽʜ, 

ʱʦ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʋʢʨʘʾʥʠ ʪʘ ʢʨʘʾʥ ʟ ʽʥʪʝʥʩʠʚʥʠʤ ʧʨʦʤʠʩʣʦʚʠʤ 
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ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

125 
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ABSTRACT: This work describes a promotion passive radiative cooling technology 

that emits heat to deep space without energy consumption and new methods of passive 

cooling of vertical surfaces  
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ʇɸʉʀɺʅɽ ʇʈʆʄɽʅɽɺɽ ʆʍʆʃʆɼɾɽʅʅʗ ɺɽʈʊʀʂɸʃʔʅʀʍ 

ʇʆɺɽʈʍʆʅʔ  

ʜʦʮʝʥʪ, ʢ.ʪ.ʥ. ɼʋɼɸ ɹʦʛʜʘʥ, ʩʪʫʜʝʥʪ ɹɯʃʔʏʋʂ ɺʘʩʠʣʴ  

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

ɸʅʆʊɸʎɯʗ: ʋ ʮʽʡ ʨʦʙʦʪʽ ʦʧʠʩʘʥʦ ʪʝʭʥʦʣʦʛʽʶ ʧʘʩʠʚʥʦʛʦ ʧʨʦʤʝʥʝʚʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ, ʷʢʘ ʚʠʧʨʦʤʽʥʶʻ ʪʝʧʣʦ ʚ ʛʣʠʙʦʢʠʡ ʢʦʩʤʦʩ ʙʝʟ ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ, ʘ 

ʪʘʢʦʞ ʥʦʚʽ ʤʝʪʦʜʠ ʧʘʩʠʚʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʚʝʨʪʠʢʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʊɽʇʃʆɺɽ ɺʀʇʈʆʄɯʅʖɺɸʅʅʗ, ʇɸʉʀɺʅɽ 

ʇʈʆʄɽʅɽɺɽ ʆʍʆʃʆɼɾɽʅʅʗ, ʊɽʄʇɽʈɸʊʋʈʆ-ɸɼɸʇʊʀɺʅɸ ʇʆɺɽʈʍʅʗ, 

ʄɯʉʔʂɯ ʊɽʇʃʆɺɯ ʆʉʊʈʆɺʀ. 

ʇʘʩʠʚʥʝ ʧʨʦʤʝʥʝʚʝ ʦʭʦʣʦʜʞʝʥʥʷ (PRC) ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʨʽʟʥʠʭ 

ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʥʷʭ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʪʘ ʟʤʝʥʰʝʥʥʷ ʧʨʠʨʦʩʪʫ ʪʝʧʣʘ, ʘ ʪʘʢʦʞ, ʜʣʷ 

ʟʙʽʣʴʰʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʨʦʟʩʽʶʚʘʥʥʷ ʪʝʧʣʘ. ʊʝʭʥʦʣʦʛʽʷ ʨʦʟʩʽʶʚʘʥʥʷ ʪʝʧʣʘ 
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ʩʧʨʷʤʦʚʘʥʘ ʥʘ ʦʙʤʽʥ ʥʘʜʣʠʰʢʦʚʠʤ ʪʝʧʣʦʤ ʤʽʞ ʙʫʜʽʚʣʝʶ ʯʠ ʧʨʠʣʘʜʦʤ ʪʘ 

ʧʦʛʣʠʥʘʯʝʤ ʟ ʙʽʣʴʰ ʥʠʟʴʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ, ʷʢ-ʦʪ ʥʝʙʦ, ʟʝʤʣʷ, ʚʦʜʘ ʘʙʦ 

ʥʘʚʢʦʣʠʰʥʻ ʧʦʚʽʪʨʷ. 

ʊʝʭʥʦʣʦʛʽʾ ʧʘʩʠʚʥʦʛʦ ʧʨʦʤʝʥʝʚʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʤʦʞʫʪʴ ʟʥʘʯʥʦ ʟʤʝʥʰʠʪʠ 

ʧʦʪʨʝʙʫ ʚ ʝʥʝʨʛʽʾ ʜʣʷ ʢʦʥʜʠʮʽʦʥʫʚʘʥʥʷ ʧʦʚʽʪʨʷ. ʇʦʪʝʥʮʽʡʥʽ ʧʝʨʝʚʘʛʠ ʮʴʦʛʦ 

ʤʝʪʦʜʫ ʪʽʩʥʦ ʧʦʚôʷʟʘʥʽ ʟ ʤʽʩʮʝʚʠʤʠ ʫʤʦʚʘʤʠ, ʷʢʽ ʢʦʥʩʪʨʫʢʪʦʨʠ ʤʘʶʪʴ ʨʝʪʝʣʴʥʦ 

ʧʨʦʜʫʤʘʪʠ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ˇʨʫʥʪʫ, ʥʘʷʚʥʽʩʪʴ ʚʦʜʦʥʦʩʥʠʭ ʛʦʨʠʟʦʥʪʽʚ, ʜʦʙʦʚʽ 

ʢʦʣʠʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʨʦʢʫ ʪʘ 

ʨʽʚʝʥʴ ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ, ʷʢʽ ʥʝʦʙʭʽʜʥʦ ʦʮʽʥʠʪʠ ʧʽʩʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʟʘʭʦʜʽʚ 

ʱʦʜʦ ʟʘʧʦʙʽʛʘʥʥʷ ʥʘʜʣʠʰʢʦʚʦʛʦ ʥʘʜʭʦʜʞʝʥʥʷ ʪʝʧʣʘ ʪʘ ʟʤʝʥʰʝʥʥʷ 

ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ.  

ʆʭʦʣʦʜʞʝʥʥʷ ʚʝʨʪʠʢʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ (ʥʘʧʨʠʢʣʘʜ, ʩʪʽʥ ʙʫʜʽʚʝʣʴ) ʻ 

ʩʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʤʘʶʪʴ ʦʙʤʝʞʝʥʠʡ çʦʛʣʷʜè ʭʦʣʦʜʥʦʛʦ ʥʝʙʘ ʽ 

ʚʦʜʥʦʯʘʩ ʧʦʛʣʠʥʘʶʪʴ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʪʝʧʣʘ ʚʽʜ ʥʘʛʨʽʪʦʾ ʟʝʤʣʽ ʪʘ ʥʘʚʢʦʣʠʰʥʽʭ 

ʦʙôʻʢʪʽʚ. ʅʝʱʦʜʘʚʥʽʡ ʧʨʦʨʠʚ ʫ ʛʘʣʫʟʽ ʪʝʨʤʦʬʦʪʦʥʽʢʠ ʜʦʟʚʦʣʠʚ ʚʠʨʽʰʠʪʠ ʮʶ 

ʧʨʦʙʣʝʤʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʫʪʦʚʦ-ʘʩʠʤʝʪʨʠʯʥʠʭ ʚʠʧʨʦʤʽʥʶʚʘʯʽʚ (AS-

ʚʠʧʨʦʤʽʥʶʚʘʯʽʚ) ʽʟ ʟʫʙʯʘʩʪʦʶ ʩʪʨʫʢʪʫʨʦʶ [1-4].  

ʂʣʶʯʦʚʠʤʠ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʮʽʻʾ ʪʝʭʥʦʣʦʛʽʾ :̒ 

¶ ʟʫʙʯʘʩʪʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʣʷ ʩʧʨʷʤʦʚʘʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ɺ ʦʩʥʦʚʽ 

ʧʨʠʩʪʨʦʶ ʣʝʞʠʪʴ ʟʫʙʯʘʩʪʘ ʨʝʰʽʪʢʘ (sawtooth grating), ʷʢʘ ʧʦʨʫʰʫʻ ʩʠʤʝʪʨʽʶ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʝʧʣʘ. ɿʘʚʜʷʢʠ ʪʘʢʽʡ ʬʦʨʤʽ ʚʠʧʨʦʤʽʥʶʚʘʯ ʤʦʞʝ ʙʫʪʠ 

ʩʧʨʦʻʢʪʦʚʘʥʠʡ ʪʘʢ, ʱʦʙ ʩʧʨʷʤʦʚʫʚʘʪʠ ʪʝʧʣʦʚʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʝʨʝʚʘʞʥʦ ʫ 

ʙʽʢ ʭʦʣʦʜʥʦʛʦ ʟʝʥʽʪʫ ʥʝʙʘ, ʽʛʥʦʨʫʶʯʠ çʛʘʨʷʯʽè ʧʦʪʦʢʠ ʧʦʚʽʪʨʷ ʚʽʜ ʟʝʤʣʽ. 

¶ ʙʘʛʘʪʦʰʘʨʦʚʘ ʩʪʨʫʢʪʫʨʘ:  

- ʩʨʽʙʥʽ (Ag) ʰʘʨʠ ʪʘ ʥʘʥʦʧʦʨʠʩʪʘ ʧʦʣʽʝʪʠʣʝʥʦʚʘ (nanoPE) ʧʣʽʚʢʘ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʝ ʚʽʜʙʠʪʪʷ ʩʦʥʷʯʥʦʛʦ ʩʚʽʪʣʘ ʚ ʫʩʴʦʤʫ ʩʧʝʢʪʨʽ, 

ʟʘʧʦʙʽʛʘʶʯʠ ʥʘʛʨʽʚʘʥʥʶ ʩʪʽʥʠ ʧʨʷʤʠʤʠ ʧʨʦʤʝʥʷʤʠ;  
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- ʰʘʨʠ ʥʽʪʨʠʜʫ ʢʨʝʤʥʽʶ (SiN) ʚ̔ ʜʧʦʚʽʜʘʶʪʴ ʟʘ ʚʠʙʽʨʢʦʚʝ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʝʧʣʘ ʚ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟʘʚʜʷʢʠ ʧʦʚʝʨʭʥʝʚʦʤʫ 

ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʥʦʤʫ ʨʝʟʦʥʘʥʩʫ (ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʠ ï ʛʽʙʨʠʜʥʽ ʢʚʘʟʽʯʘʩʪʠʥʢʠ, 

ʱʦ ʚʠʥʠʢʘʶʪʴ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʩʚʽʪʣʘ ʽ ʦʧʪʠʯʥʦ ʘʢʪʠʚʥʠʭ 

ʢʦʣʠʚʘʥʴ ʘʪʦʤʽʚ (ʬʦʥʦʥʽʚ) [3]; 

- ʟʦʚʥʽʰʥʽʡ ʰʘʨ ʩʨʽʙʣʘ - ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʠʡ ʜʣʷ ʚʽʜʙʠʚʘʥʥʷ  

ʪʝʧʣʦʚʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚʽʜ ʟʝʤʣʽ, ʥʝ ʜʘʶʯʠ ʩʪʽʥʽ ʧʦʛʣʠʥʘʪʠ ʪʝʧʣʦ ʟʥʠʟʫ. 

ɺʠʧʨʦʙʫʚʘʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʪʘʢʽ AS-ʚʠʧʨʦʤʽʥʶʚʘʯʽ ʟʜʘʪʥʽ ʧʽʜʪʨʠʤʫʚʘʪʠ 

ʪʝʤʧʝʨʘʪʫʨʫ ʥʘ 2.5 ÁC ʥʠʞʯʝ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʥʘʚʽʪʴ ʧʽʜ 

ʧʨʷʤʠʤʠ ʧʽʢʦʚʠʤʠ ʩʦʥʷʯʥʠʤʠ ʧʨʦʤʝʥʷʤʠ. ʎʝ ʥʘ 8.9 ÁC ʝʬʝʢʪʠʚʥʽʰʝ, ʥʽʞ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʚʠʯʘʡʥʦʾ ʢʦʤʝʨʮʽʡʥʦʾ ʙʽʣʦʾ ʬʘʨʙʠ [1-2]. ɿʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ 

ʟʤʽʥʶʚʘʪʠ ʛʝʦʤʝʪʨʽʶ çʟʫʙʮʽʚè, ʨʦʟʨʦʙʥʠʢʠ ʤʦʞʫʪʴ ʘʜʘʧʪʫʚʘʪʠ ʚʠʧʨʦʤʽʥʶʚʘʯ ʧʽʜ 

ʢʦʥʢʨʝʪʥʽ ʫʤʦʚʠ: ʥʘʚʽʪʴ ʷʢʱʦ ʩʪʽʥʘ ʨʦʟʪʘʰʦʚʘʥʘ ʥʘʚʧʨʦʪʠ ʽʥʰʦʾ ʛʘʨʷʯʦʾ ʙʫʜʽʚʣʽ, 

ʘʩʠʤʝʪʨʠʯʥʘ ʩʪʨʫʢʪʫʨʘ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʩʢʠʜʘʪʠ ʪʝʧʣʦ ʧʦʚʟ ʧʝʨʝʰʢʦʜʫ ʫ 

ʢʦʩʤʽʯʥʠʡ ʧʨʦʩʪʽʨ ʯʝʨʝʟ çʘʪʤʦʩʬʝʨʥʝ ʚʽʢʥʦ ʧʨʦʟʦʨʦʩʪʽè (8ï13 ʤʢʤ). 

ʎʷ ʪʝʭʥʦʣʦʛʽʷ ʟʜʽʡʩʥʶʻ çʚʠʤʽʨʥʠʡ ʩʪʨʠʙʦʢè ʚʽʜ ʦʭʦʣʦʜʞʝʥʥʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʜʘʭʽʚ ʜʦ ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘ ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʪʽʥʘʭ, ʦʜʷʟʽ 

ʪʘ ʙʦʢʦʚʠʭ ʧʘʥʝʣʷʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ, ʱʦ ʤʦʞʝ ʨʘʜʠʢʘʣʴʥʦ ʟʤʽʥʠʪʠ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʤʽʩʪ. 

ɿʘ ʥʘʡʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʠʭ ʫʤʦʚ ʧʘʩʠʚʥʝ ʦʭʦʣʦʜʞʝʥʥʷ ʤʦʞʝ ʧʦʚʥʽʩʪʶ 

ʟʘʜʦʚʦʣʴʥʠʪʠ ʧʦʪʨʝʙʠ ʚ ʦʭʦʣʦʜʞʝʥʥʽ ʙʫʜʽʚʣʽ ʽ ʡʦʛʦ ʤʦʞʣʠʚʦ ʚʪʽʣʠʪʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʚʽʜʧʦʚʽʜʥʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʭʦʣʦʜʫ ʪʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʦʯʘʩʥʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʽʣʴʢʦʭ ʪʝʭʥʦʣʦʛʽʡ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʩʪʘʻ ʤʦʞʣʠʚʠʤ ʟʘʚʜʷʢʠ 

ʢʦʤʧʣʝʢʩʥʦʤʫ ʧʨʦʢ̒ʪʫʚʘʥʥʽ ʙʫʜʽʚʣʽ.  

ɺʠʢʦʨʠʩʪʘʥʽ ʜʞʝʨʝʣʘ:  

1.Temperature-adaptive metasurface radiative cooling device with excellent 

emittance and low solar absorptance for dynamic thermal regulation and low solar 

absrptance for dynamic thermal regulation.  



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

129 
 

Temperature-adaptive metasurface radiative cooling device with excellent emittance 

and low solar absorptance for dynamic thermal regulation  

2. Metasurfaces for Future Applications to Passive Radiative Cooling. 

Metasurfaces for Future Applications to Passive Radiative Cooling  

3. Phase-transition metamaterial smart window for radiative cooling and privacy 

protection.  

Phase-transition metamaterial smart window for radiative cooling and privacy 

protection 

4. ɻʝʨʘʩʠʤʦʚ ʆʣʝʛ ɯʚʘʥʦʚʠʯ. ʊʝʦʨʝʪʠʯʥʽ ʦʩʥʦʚʠ ʪʝʭʥʦʣʦʛʽʡ ʟʘʭʠʩʪʫ 

ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ: ʥʘʚʯʘʣʴʥʠʡ ʧʦʩʽʙ. / ʆʜʝʩʴʢ. ʜʝʨʞ. ʝʢʦʣ. yʥ-ʪ. Oʜeca: 

TEC, 2018. 228 
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INFLUENCE OF TEMPERATURE ON THE TRANSITION OF BISCHOFITE 

HYDRATE FORMS UNDER TH ERMORADIATIVE HEATING  

PhD student Filipov V.V., PhD, Associate Professor Novokhat O.A. 

National Technical University of Ukraine 

ñIgor Sikorsky Kyiv Polytechnic Instituteò 

Abstract:  The influence of temperature on the change in the hydrate form of 

bischofite during dehydration under infrared heating is considered. Based on the 

experimentally determined dehydration degree, the current number of crystallization 

water molecules in the salt was calculated and the sequential transition from 

hexahydrate to lower hydrates was traced. It is shown that at 70 °C the process is 

limited mainly to the hexahydrate-pentahydrate range, at 90-100 °C tetrahydrate 

becomes attainable, and at 110 °C the composition of the material approaches a 

mixture of tetrahydrate and trihydrate. The obtained results substantiate the 

expediency of stepwise temperature control for obtaining the required hydrate form of 

magnesium chloride. 

Keywords: bischofite, magnesium chloride hydrates, temperature, dehydration 

degree, infrared heating. 

 

ɺʇʃʀɺ ʊɽʄʇɽʈɸʊʋʈʀ ʅɸ ʇɽʈɽʍɯɼ ɻɯɼʈɸʊʅʀʍ ʌʆʈʄ ɹɯʐʆʌɯʊʋ 

ʇʈʀ ʊɽʈʄʆʈɸɼɯɸʎɯʁʅʆʄʋ ʅɸɻʈɯɺɸʅʅɯ 

ɸʩʧʽʨʘʥʪ ʌʽʣʽʧʦʚ ɺ.ɺ., ʢ.ʪ.ʥ., ʜʦʮʝʥʪ ʅʦʚʦʭʘʪ ʆ.ɸ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʚʧʣʠʚ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʟʤʽʥʫ ʛʽʜʨʘʪʥʦʾ ʬʦʨʤʠ 

ʙʽʰʦʬʽʪʫ ʧʽʜ ʯʘʩ ʡʦʛʦ ʜʝʛʽʜʨʘʪʘʮʽʾ ʟʘ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ. ʅʘ ʦʩʥʦʚʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʦʛʦ ʩʪʫʧʝʥʷ ʜʝʛʽʜʨʘʪʘʮʽʾ ʨʦʟʨʘʭʦʚʘʥʦ ʧʦʪʦʯʥʫ 

ʢʽʣʴʢʽʩʪʴ ʤʦʣʝʢʫʣ ʢʨʠʩʪʘʣʽʟʘʮʽʡʥʦʾ ʚʦʜʠ ʫ ʩʦʣʽ ʪʘ ʧʨʦʩʪʝʞʝʥʦ ʧʦʩʣʽʜʦʚʥʠʡ 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

131 
 

ʧʝʨʝʭʽʜ ʚʽʜ ʛʝʢʩʘʛʽʜʨʘʪʫ ʜʦ ʥʠʞʯʠʭ ʛʽʜʨʘʪʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘ 70 ÁC ʧʨʦʮʝʩ 

ʦʙʤʝʞʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʦʙʣʘʩʪʶ ʛʝʢʩʘʛʽʜʨʘʪʫ-ʧʝʥʪʘʛʽʜʨʘʪʫ, ʟʘ 90-100 °C 

ʩʪʘʻ ʜʦʩʷʞʥʠʤ ʪʝʪʨʘʛʽʜʨʘʪ, ʘ ʟʘ 110 ÁC ʩʢʣʘʜ ʤʘʪʝʨʽʘʣʫ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ 

ʩʫʤʽʰʽ ʪʝʪʨʘʛʽʜʨʘʪʫ ʽ ʪʨʠʛʽʜʨʘʪʫ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʦʙˇʨʫʥʪʦʚʫʶʪʴ 

ʜʦʮʽʣʴʥʽʩʪʴ ʩʪʫʧʽʥʯʘʩʪʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʠʤ ʨʝʞʠʤʦʤ ʜʣʷ ʦʜʝʨʞʘʥʥʷ 

ʟʘʜʘʥʦʾ ʛʽʜʨʘʪʥʦʾ ʬʦʨʤʠ ʭʣʦʨʠʜʫ ʤʘʛʥʽʶ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʙʽʰʦʬʽʪ, ʛʽʜʨʘʪʠ ʭʣʦʨʠʜʫ ʤʘʛʥʽʶ, ʪʝʤʧʝʨʘʪʫʨʘ, ʩʪʫʧʽʥʴ 

ʜʝʛʽʜʨʘʪʘʮʽʾ, ʽʥʬʨʘʯʝʨʚʦʥʝ ʥʘʛʨʽʚʘʥʥʷ. 

 

One of the most important practical tasks in thermal treatment of bischofite is 

not only the overall reduction of moisture content but also control of the current 

chemical form of the magnesium chloride hydrate. This is due to the fact that different 

hydrate forms are characterized by different stability, bulk density, tendency to cake, 

and technological suitability for further processing. Therefore, during dehydration it is 

important to control not only the rate of the process but also the boundaries of 

transition between individual hydrates. 

In this study, the current number of crystallization water molecules n was 

determined on the basis of the experimental dehydration degree. This approach made it 

possible to directly relate mass losses to the transition from MgCl Ŀ6H O to lower 

hydrates. Under insufficient thermal action, the dehydration rate decreases before the 

next lower hydrate is reached, whereas with increasing temperature the transition zone 

shifts toward tetrahydrate and then toward trihydrate. 

It was established that at 70 °C the final composition of bischofite corresponds 

predominantly to a mixture of MgCl Ŀ6H O and MgCl Ŀ5H O. At 90 and 100 ÁC the 

material enters the pentahydrate-tetrahydrate range, while at 110 °C the average 

composition approaches a mixture of MgCl Ŀ4H O and MgCl Ŀ3H O. Such results 

indicate that increasing temperature not only accelerates the process but also changes 

the attainable final hydrate state within the same treatment time. 
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The obtained results are of practical importance for developing stepwise heating 

modes. At the initial stage, more intensive heat supply may be advisable to ensure 

rapid passage through the region of higher hydrates. After the required hydrate 

structure has been reached, the temperature can be lowered in order to reduce the risk 

of further transition to less stable forms and to obtain a more uniform composition 

throughout the bulk of the material. 

 

 

Figure 1. Generalized curves of changes in the number of crystallization water 

molecules in bischofite at different temperatures 

It should also be taken into account that excessive deepening of dehydration at 

high temperatures may be accompanied by undesirable side effects, in particular 

hydrolysis of magnesium chloride at lower stages of hydration. Therefore, control of 

temperature and process duration is a determining factor in obtaining the target hydrate 

form with minimal quality losses. Hence, analysis of transitions between hydrates 

makes it possible to reasonably select conditions for bischofite dehydration in 

technological practice. 
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ʋɼʂ 66.063 

ʈʆɿʈʆɹʂɸ ʊɽʍʅʆʃʆɻɯɰ ɺʀʈʆɹʅʀʎʊɺɸ ʉʆʅʎɽɿɸʍʀʉʅʆɻʆ 

ʂʈɽʄʋ ɿ ʈʆɿʈʆɹʂʆʖ ʇɽʈɽʄɯʐʋɺɸʏɸ  

ʩʪʫʜʝʥʪ ʍʫʢʘʣʝʥʢʦ ɯ. ʆ., ʘʩʠʩʪʝʥʪ ʂʦʩʝʥʢʦ ɺ.ɺ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

ɸʅʆʊɸʎɯʗ: ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʦʥʩʪʨʫʢʮʽʶ 

ʨʝʘʢʪʦʨʘ-ʟʤʽʰʫʚʘʯʘ ʟʘ ʧʘʪʝʥʪʦʤ CN 121695757 A, ʚʠʷʚʣʝʥʦ ʧʝʨʝʚʘʛʠ ʪʘ 

ʥʝʜʦʣʽʢʠ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʣʘʩʥʠʡ ʚʘʨʽʘʥʪ ʤʦʜʝʨʥʽʟʘʮʽʾ, ʱʦ ʫʩʫʚʘʻ 

ʢʣʶʯʦʚʠʡ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʡ ʥʝʜʦʣʽʢ ʙʘʟʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʈɽɸʂʊʆʈ-ɿʄɯʐʋɺɸʏ, ɺɯɼɹʀɺɸʃʔʅɯ 

ʇɽʈɽɻʆʈʆɼʂʀ, ɽʄʋʃʔʉɯʗ W/O, ʇɽʈɽʄɯʐʋɺɸʅʅʗ, ʎɽʅʊʈɸʃʔʅʀʁ 

ɺʀʍʆʈ, ɸɽʈɸʎɯʗ, ɼʀʉʇɽʈɻʋɺɸʅʅʗ. 

ʋ ʨʝʘʢʪʦʨʘʭ-ʟʤʽʰʫʚʘʯʘʭ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʢʦʩʤʝʪʠʯʥʠʭ ʝʤʫʣʴʩʽʡ ʤʽʰʘʣʢʘ 

ʟʘʙʝʟʧʝʯʫʻ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʬʘʟ ʪʘ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʘʢʪʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ɺʽʜ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʫʤʦʚ ʚ ʘʧʘʨʘʪʽ ʢʨʠʪʠʯʥʦ ʟʘʣʝʞʠʪʴ ʩʪʘʙʽʣʴʥʽʩʪʴ ʝʤʫʣʴʩʽʾ 

W/O ʪʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʤʽʥʝʨʘʣʴʥʠʭ ʋʌ-ʬʽʣʴʪʨʽʚ ZnO ʪʘ TiO . ʊʦʞ 

ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ ʧʝʨʝʤʽʰʫʶʯʦʛʦ ʧʨʠʩʪʨʦʶ ʻ ʘʢʪʫʘʣʴʥʠʤ. 

 

ʈʠʩʫʥʦʢ 1 - ʂʦʥʩʪʨʫʢʮʽʷ ʧʝʨʝʤʽʰʫʚʘʯʘ ʟʘ ʧʘʪʝʥʪʦʤ CN121695757A[1] 
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ʋ ʟʘʧʨʦʧʦʥʦʚʘʥʽʡ ʢʦʥʩʪʨʫʢʮʽʾ (ʨʠʩ. 1) ʘʧʘʨʘʪ ʷʚʣʷʻ ʩʦʙʦʶ ʚʝʨʪʠʢʘʣʴʥʠʡ 

ʮʠʣʽʥʜʨʠʯʥʠʡ ʢʦʨʧʫʩ ʽʟ ʢʦʥʽʯʥʠʤ ʜʥʠʱʝʤ ʪʘ ʜʚʦʷʨʫʩʥʦʶ ʤʽʰʘʣʢʦʶ. ɺʝʨʭʥʷ 

ʣʦʧʘʪʴ ʦʩʴʦʚʦʛʦ ʪʠʧʫ ʟʘʙʝʟʧʝʯʫʻ ʟʘʛʘʣʴʥʫ ʮʠʨʢʫʣʷʮʽʶ ʚʤʽʩʪʫ, ʥʠʞʥʷ ʣʦʧʘʪʴ 

ʨʘʜʽʘʣʴʥʦʛʦ ʪʠʧʫ ʨʦʟʪʘʰʦʚʘʥʘ ʫ ʢʦʥʽʯʥʽʡ ʟʦʥʽ ʪʘ ʧʽʜʽʡʤʘʻ ʦʩʘʜ ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ 

ʜʦ ʰʪʫʮʝʨʘ ʟʦʚʥʽʰʥʴʦʛʦ ʮʠʨʢʫʣʷʮʽʡʥʦʛʦ ʥʘʩʦʩʘ, ʷʢʠʡ ʟʜʽʡʩʥʶʻ ʽʥʪʝʥʩʠʚʥʝ 

ʨʫʡʥʫʚʘʥʥʷ ʘʛʣʦʤʝʨʘʪʽʚ ʫ ʟʘʤʢʥʫʪʦʤʫ ʮʠʢʣʽ. 

ʇʝʨʝʚʘʛʠ ʢʦʥʩʪʨʫʢʮʽʾ: 

¶ ʝʬʝʢʪʠʚʥʝ ʧʦʜʨʽʙʥʝʥʥʷ ʘʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʟʘʚʜʷʢʠ ʟʦʚʥʽʰʥʴʦʤʫ 

ʟʩʫʚʥʦʤʫ ʥʘʩʦʩʫ; 

¶ ʧʽʜʥʷʪʪʷ ʦʩʘʜʫ ʟ ʢʦʥʽʯʥʦʛʦ ʜʥʘ ʥʠʞʥʴʦʶ ʨʘʜʽʘʣʴʥʦʶ ʣʦʧʘʪʪʶ ʙʝʟ 

ʟʘʩʪʽʡʥʠʭ ʟʦʥ ʫ ʢʦʥʽʯʥʽʡ ʯʘʩʪʠʥʽ; 

¶ ʩʢʦʨʦʯʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʣʘʥʮʶʛʘ ð ʚʽʜʩʫʪʥʽʩʪʴ ʩʪʘʜʽʾ ʚʦʣʦʛʦʛʦ 

ʢʫʣʴʦʚʦʛʦ ʧʦʤʝʣʫ. 

ʅʝʜʦʣʽʢʠ ʢʦʥʩʪʨʫʢʮʽʾ: 

¶ ʚʽʜʩʫʪʥʽʩʪʴ ʚʽʜʙʠʚʘʣʴʥʠʭ ʧʝʨʝʛʦʨʦʜʦʢ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʨʽʜʠʥʘ 

ʦʙʝʨʪʘʻʪʴʩʷ ʨʘʟʦʤ ʽʟ ʤʽʰʘʣʢʦʶ ʷʢ ʻʜʠʥʝ ʮʽʣʝ, ʘ ʢʦʨʠʩʥʘ ʧʦʪʫʞʥʽʩʪʴ 

ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʨʽʟʢʦ ʟʥʠʞʫʻʪʴʩʷ; 

¶ ʫʪʚʦʨʶʻʪʴʩʷ ʩʪʽʡʢʠʡ ʮʝʥʪʨʘʣʴʥʠʡ ʚʠʭʦʨ, ʯʝʨʝʟ ʷʢʠʡ ʚ ʘʧʘʨʘʪ 

ʟʘʭʦʧʣʶʻʪʴʩʷ ʧʦʚʽʪʨʷ ð ʤʽʢʨʦʧʫʭʠʨʮʽ ʘʜʩʦʨʙʫʶʪʴʩʷ ʥʘ ʯʘʩʪʠʥʢʘʭ ZnO ʪʘ TiO  ʽ 

ʩʧʨʠʯʠʥʷʶʪʴ ʨʦʟʰʘʨʫʚʘʥʥʷ ʝʤʫʣʴʩʽʾ; 

¶ ʥʘʷʚʥʽʩʪʴ ʟʘʩʪʽʡʥʠʭ ʟʦʥ ʧʦʙʣʠʟʫ ʩʪʽʥʢʠ ʢʦʨʧʫʩʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʋʌ-ʬʽʣʴʪʨʽʚ ʫ ʛʦʪʦʚʦʤʫ ʧʨʦʜʫʢʪʽ. 

ʄʦʜʝʨʥʽʟʘʮʽʷ: 

ɺʽʜʩʫʪʥʽʩʪʴ ʧʝʨʝʛʦʨʦʜʦʢ ʫ ʮʠʣʽʥʜʨʠʯʥʽʡ ʯʘʩʪʠʥʽ ʻ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʤ 

ʥʝʜʦʣʽʢʦʤ.  
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1 ð ʇʝʨʝʛʦʨʦʜʢʠ; 2 ð ʂʦʨʧʫʩ; 3 ð ʇʝʨʝʤʽʰʫʚʘʯ  

ʈʠʩʫʥʦʢ 2 ð ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʚʘʨʽʘʥʪ ʤʦʜʝʨʥʽʟʘʮʽʾ ʨʝʘʢʪʦʨʘ ʟ ʜʦʜʘʚʘʥʥʷʤ 

ʧʝʨʝʛʦʨʦʜʦʢ 

ʇʨʦʧʦʥʫʻʪʴʩʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʯʦʪʠʨʴʦʭ ʩʪʘʮʽʦʥʘʨʥʠʭ ʚʝʨʪʠʢʘʣʴʥʠʭ 

ʚʽʜʙʠʚʘʣʴʥʠʭ ʧʝʨʝʛʦʨʦʜʦʢ ʥʘ ʚʥʫʪʨʽʰʥʽʡ ʧʦʚʝʨʭʥʽ ʮʠʣʽʥʜʨʠʯʥʦʾ ʦʙʠʯʘʡʢʠ 

ʨʝʘʢʪʦʨʘ. ʇʝʨʝʛʦʨʦʜʢʠ ʨʦʟʤʽʱʫʶʪʴʩʷ ʨʽʚʥʦʤʽʨʥʦ ʯʝʨʝʟ 90Á ʪʘ ʧʨʠʚʘʨʶʶʪʴʩʷ ʜʦ 

ʮʠʣʽʥʜʨʠʯʥʦʾ ʩʝʢʮʽʾ, ʥʝ ʟʘʭʦʜʷʯʠ ʫ ʢʦʥʽʯʥʝ ʜʥʠʱʝ. ʊʘʥʛʝʥʮʽʘʣʴʥʠʡ ʧʦʪʽʢ, 

ʥʘʰʪʦʚʭʫʶʯʠʩʴ ʥʘ ʧʝʨʝʛʦʨʦʜʢʠ, ʪʨʘʥʩʬʦʨʤʫʻʪʴʩʷ ʚ ʪʫʨʙʫʣʝʥʪʥʠʡ ʨʘʜʽʘʣʴʥʦ-

ʦʩʴʦʚʠʡ ʨʫʭ, ʱʦ ʫʩʫʚʘʻ ʚʠʭʦʨ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʝ ʜʠʩʧʝʨʛʫʚʘʥʥʷ. ʂʦʥʽʯʥʝ 

ʜʥʠʱʝ ʟʘʣʠʰʘʻʪʴʩʷ ʙʝʟ ʧʝʨʝʛʦʨʦʜʦ, ʱʦ ʟʙʝʨʽʛʘʻ ʬʫʥʢʮʽʶ ʥʠʞʥʴʦʾ ʣʦʧʘʪʽ ʪʘ 

ʰʪʫʮʝʨʘ ʥʘʩʦʩʘ. 

ʇʝʨʝʚʘʛʠ ʢʦʥʩʪʨʫʢʮʽʾ: 

¶ ʫʩʫʥʝʥʥʷ ʮʝʥʪʨʘʣʴʥʦʛʦ ʚʠʭʦʨʫ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ ʟʘʭʦʧʣʝʥʥʶ ʧʦʚʽʪʨʷ, 

ʱʦ ʩʪʘʙʽʣʽʟʫʻ ʝʤʫʣʴʩʽʶ W/O; 

¶ ʨʽʚʥʦʤʽʨʥʝ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ZnO ʪʘ TiO  ʧʦ ʚʩʴʦʤʫ ʦʙ'ʻʤʫ ʙʝʟ ʟʦʥ 

ʩʝʜʠʤʝʥʪʘʮʽʾ; 

ʅʝʜʦʣʽʢʠ ʢʦʥʩʪʨʫʢʮʽʾ: 

¶ ʥʝʚʝʣʠʢʝ ʫʩʢʣʘʜʥʝʥʥʷ ʧʨʦʤʠʚʘʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʧʦʚʝʨʭʦʥʴ ʘʧʘʨʘʪʘ; 
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¶ ʥʝʟʥʘʯʥʝ ʟʨʦʩʪʘʥʥʷ ʩʧʦʞʠʚʘʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʧʨʠʚʦʜʥʦʛʦ ʜʚʠʛʫʥʘ. 

ɺʠʢʦʨʠʩʪʘʥʽ ʜʞʝʨʝʣʘ: 

1. PatentCN121695757A. URL: 

https://worldwide.espacenet.com/patent/search/family/099075109/publication/CN1216

95757A?q=CN121695757A 
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ʄʆɼɽʈʅɯɿɸʎɯʗ ʋʉʊɸɺʅʆʂʀ ɺʀʈʆɹʅʀʎʊɺɸ ɽʊʀʃɹɽʅɿʆʃʋ ɿ 

ʈʆɿʈʆɹʂʆʖ ɼɽʌʃɽɻʄɸʊʆʈɸ 

ʩʪʫʜʝʥʪ ʇʝʨʛʘʪ ʄ.ʉ., ʜʦʮʝʥʪ, ʢ.ʪ.ʥ. ɻʫʣʽʻʥʢʦ ʉ. ɺ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

ɸʅʆʊɸʎɯʗ: ʈʦʟʛʣʷʥʫʪʦ ʤʦʜʝʨʥʽʟʘʮʽʶ ʜʝʬʣʝʛʤʘʪʦʨʘ ʫʩʪʘʥʦʚʢʠ 

ʚʠʨʦʙʥʠʮʪʚʘ ʝʪʠʣʙʝʥʟʦʣʫ ʟ ʤʝʪʦʶ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʫʧʽʥʯʘʩʪʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ, ʩʪʨʫʢʪʫʨʦʚʘʥʦʾ ʜʨʝʥʘʞʥʦʾ ʧʦʚʝʨʭʥʽ 

ʪʘ ʝʣʝʤʝʥʪʽʚ ʪʫʨʙʫʣʽʟʘʮʽʾ ʧʦʪʦʢʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʧʣʽʚʢʠ 

ʢʦʥʜʝʥʩʘʪʫ, ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ 

ʧʨʦʮʝʩʫ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɼɽʌʃɽɻʄɸʊʆʈ, ɽʊʀʃɹɽʅɿʆʃ, ʊɽʇʃʆʆɹʄɯʅ, 

ʂʆʅɼɽʅʉɸʎɯʗ, ʉʊʋʇɯʅʏɸʉʊɽ ʆʍʆʃʆɼɾɽʅʅʗ, ɼʈɽʅɸɾʅɸ ʇʆɺɽʈʍʅʗ, 

ʄɯʂʈʆʂɸʅɸʃʀ, ʊʋʈɹʋʃɯɿɸʎɯʗ ʇʆʊʆʂʋ, ʂʆɽʌɯʎɯɭʅʊ ʊɽʇʃʆʇɽʈɽɼɸʏɯ, 

ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʜʝʬʣʝʛʤʘʪʦʨʽʚ ʪʘ 

ʨʦʟʨʦʙʢʘ ʝʬʝʢʪʠʚʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʘʧʘʨʘʪʘ ʜʣʷ ʫʩʪʘʥʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ 

ʝʪʠʣʙʝʥʟʦʣʫ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʚʠʥʘʭʽʜ [1] ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʩʠʩʪʝʤ ʢʦʥʜʝʥʩʘʮʽʾ ʧʘʨʠ ʟ 

ʽʥʪʝʥʩʠʬʽʢʘʮʽʻʶ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʢʝʨʦʚʘʥʠʤ ʚʽʜʚʝʜʝʥʥʷʤ ʢʦʥʜʝʥʩʘʪʫ. ɺʽʥ ʷʚʣʷʻ 

ʩʦʙʦʶ ʪʝʧʣʦʦʙʤʽʥʥʫ ʩʠʩʪʝʤʫ, ʜʦ ʩʢʣʘʜʫ ʷʢʦʾ ʚʭʦʜʠʪʴ ʢʦʥʜʝʥʩʘʪʦʨ (100) ʪʘ ʢʽʣʴʢʘ 

ʥʝʟʘʣʝʞʥʠʭ ʢʦʥʪʫʨʽʚ ʦʭʦʣʦʜʞʝʥʥʷ (200), ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʦʝʪʘʧʥʝ ʟʥʠʞʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʚʟʜʦʚʞ ʢʘʥʘʣʫ ʢʦʥʜʝʥʩʘʮʽʾ.  

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʧʘʨʘ ʥʘʜʭʦʜʠʪʴ ʫ ʚʝʨʭʥʶ 

ʯʘʩʪʠʥʫ ʢʘʥʘʣʫ ʢʦʥʜʝʥʩʘʮʽʾ (120), ʜʝ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʦʭʦʣʦʜʞʝʥʦʶ ʧʦʚʝʨʭʥʝʶ 

ʧʦʯʠʥʘʻʪʴʩʷ ʧʨʦʮʝʩ ʢʦʥʜʝʥʩʘʮʽʾ ʟ ʫʪʚʦʨʝʥʥʷʤ ʪʦʥʢʦʾ ʨʽʜʠʥʥʦʾ ʧʣʽʚʢʠ. ʋ ʤʽʨʫ 

ʨʫʭʫ ʧʘʨʦʨʽʜʠʥʥʦʛʦ ʧʦʪʦʢʫ ʚʟʜʦʚʞ ʢʘʥʘʣʫ (120) ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʩʪʫʧʦʚʦ 

ʟʥʠʞʫʻʪʴʩʷ ʟʘʚʜʷʢʠ ʨʦʙʦʪʽ ʧʦʩʣʽʜʦʚʥʠʭ ʟʦʥ ʦʭʦʣʦʜʞʝʥʥʷ (121), ʱʦ ʬʦʨʤʫʶʪʴ 



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 
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ʩʪʫʧʽʥʯʘʩʪʠʡ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʧʨʦʬʽʣʴ. ʇʨʠ ʮʴʦʤʫ ʢʦʞʥʘ ʥʘʩʪʫʧʥʘ ʟʦʥʘ ʤʘʻ 

ʥʠʞʯʫ ʪʝʤʧʝʨʘʪʫʨʫ, ʥʽʞ ʧʦʧʝʨʝʜʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʨʽʟʢʠʭ ʪʝʨʤʽʯʥʠʭ 

ʧʝʨʝʧʘʜʽʚ ʽ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʪʝʧʣʦʦʙʤʽʥʫ. 

 

100 ï ʢʦʥʜʝʥʩʘʪʦʨ, 120 ï ʢʘʥʘʣ ʢʦʥʜʝʥʩʘʮʽʾ, 121 ï ʟʦʥʘ ʦʭʦʣʦʜʞʝʥʥʷ, 122 ï 

ʜʨʝʥʘʞʥʘ ʩʪʨʫʢʪʫʨʘ, 200 ï ʢʦʥʪʫʨ ʦʭʦʣʦʜʞʝʥʥʷ, 230 ï ʚʭʽʜʥʘ ʪʨʫʙʘ, 240 ï 

ʟʚʦʨʦʪʥʘ ʪʨʫʙʘ, 250 ï ʟʚʦʨʦʪʥʠʡ ʢʣʘʧʘʥ, 260 ï ʚʦʜʷʥʠʡ ʥʘʩʦʩ, 270 ï ʭʦʣʦʜʠʣʴʥʠʡ 

ʘʛʨʝʛʘʪ, 231 ï ʚʭʽʜʥʠʡ ʨʝʛʫʣʶʚʘʣʴʥʠʡ ʢʣʘʧʘʥ, 241 ï ʧʝʨʰʠʡ ʪʝʨʤʦʤʝʪʨ, 280 ï 

ʨʝʟʝʨʚʫʘʨ ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʚʦʜʠ, 281 ï ʭʦʣʦʜʥʘ ʟʦʥʘ ʨʝʟʝʨʚʫʘʨʘ, 282 ï ʛʘʨʷʯʘ ʟʦʥʘ 

ʨʝʟʝʨʚʫʘʨʘ, 290 ï ʪʨʫʙʦʧʨʦʚʽʜ ʧʦʜʘʯʽ ʚʦʜʠ, 300 ï ʪʨʫʙʦʧʨʦʚʽʜ ʚʽʜʚʝʜʝʥʥʷ ʚʦʜʠ 

ʈʠʩʫʥʦʢ 1 ï ʉʠʩʪʝʤʘ ʢʦʥʜʝʥʩʘʮʽʾ ʧʘʨʠ 

 

ʂʦʥʜʝʥʩʘʪ, ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʥʘ ʚʥʫʪʨʽʰʥʽʡ ʧʦʚʝʨʭʥʽ, ʧʽʜ ʜʽʻʶ ʩʠʣ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʧʝʨʝʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʫ ʜʨʝʥʘʞʥʫ ʩʪʨʫʢʪʫʨʫ (122), ʜʝ 

ʬʦʨʤʫʶʪʴʩʷ ʣʦʢʘʣʽʟʦʚʘʥʽ ʧʦʪʦʢʠ ʨʽʜʠʥʠ. ʎʽ ʧʦʪʦʢʠ ʨʫʭʘʶʪʴʩʷ ʚʥʠʟ ʧʽʜ ʜʽʻʶ 

ʩʠʣʠ ʪʷʞʽʥʥʷ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʨʽʜʠʥʥʦʾ ʧʣʽʚʢʠ ʥʘ 

ʦʩʥʦʚʥʽʡ ʪʝʧʣʦʧʝʨʝʜʘʚʘʣʴʥʽʡ ʧʦʚʝʨʭʥʽ ʪʘ ʟʥʠʞʝʥʥʷ ʪʝʨʤʽʯʥʦʛʦ ʦʧʦʨʫ. ʊʘʢʠʤ 

ʯʠʥʦʤ ʫ ʩʠʩʪʝʤʽ ʦʜʥʦʯʘʩʥʦ ʨʝʘʣʽʟʫʻʪʴʩʷ ʽʥʪʝʥʩʠʬʽʢʦʚʘʥʘ ʢʦʥʜʝʥʩʘʮʽʷ ʪʘ 

ʝʬʝʢʪʠʚʥʝ ʚʽʜʚʝʜʝʥʥʷ ʢʦʥʜʝʥʩʘʪʫ. 
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ʄʦʜʝʨʥʽʟʘʮʽʷ ʧʦʣʷʛʘʻ ʫ ʜʚʦʭ ʢʣʶʯʦʚʠʭ ʨʽʰʝʥʥʷʭ: 

- ʉʪʫʧʽʥʯʘʩʪʝ ʦʭʦʣʦʜʞʝʥʥʷ ʧʦ ʟʦʥʘʭ (121). ɿʘʤʽʩʪʴ ʨʽʚʥʦʤʽʨʥʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʨʝʘʣʽʟʦʚʘʥʦ ʧʦʩʣʽʜʦʚʥʝ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚʟʜʦʚʞ ʢʘʥʘʣʫ 

(120), ʱʦ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʨʽʟʢʠʭ ʪʝʨʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʽ ʧʽʜʚʠʱʠʪʠ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʢʦʥʜʝʥʩʘʮʽʾ. 

- ʉʪʨʫʢʪʫʨʦʚʘʥʘ ʜʨʝʥʘʞʥʘ ʧʦʚʝʨʭʥʷ (122). ɺʥʫʪʨʽʰʥʷ ʧʦʚʝʨʭʥʷ ʢʘʥʘʣʫ 

ʚʠʢʦʥʘʥʘ ʟ ʤʽʢʨʦʢʘʥʘʣʘʤʠ, ʷʢʽ ʦʨʛʘʥʽʟʦʚʫʶʪʴ ʨʫʭ ʢʦʥʜʝʥʩʘʪʫ ʪʘ ʨʫʡʥʫʶʪʴ 

ʩʫʮʽʣʴʥʫ ʧʣʽʚʢʫ, ʟʤʝʥʰʫʶʯʠ ʪʝʨʤʽʯʥʠʡ ʦʧʽʨ. 

ʋ ʩʫʢʫʧʥʦʩʪʽ ʮʝ ʟʘʙʝʟʧʝʯʫʻ ʢʝʨʦʚʘʥʫ ʜʚʦʬʘʟʥʫ ʛʽʜʨʦʜʠʥʘʤʽʢʫ (ʧʘʨʘï

ʨʽʜʠʥʘ) ʪʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʶ ʪʝʧʣʦʦʙʤʽʥʫ. 

ɺʠʥʘʭʽʜ [2] ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʘʧʘʨʘʪʽʚ ʟ ʫʜʦʩʢʦʥʘʣʝʥʦʶ 

ʚʥʫʪʨʽʰʥʴʦʶ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʪʘ ʤʦʜʫʣʴʥʦʶ ʦʨʛʘʥʽʟʘʮʽʻʶ ʢʦʨʧʫʩʫ. 

ʆʩʥʦʚʥʘ ʤʝʪʘ ʧʦʣʷʛʘʻ ʫ ʧʽʜʚʠʱʝʥʥʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʝʧʣʦʧʝʨʝʜʘʯʽ, ʚʠʨʽʚʥʶʚʘʥʥʽ 

ʨʦʟʧʦʜʽʣʫ ʧʦʪʦʢʽʚ ʪʘ ʟʤʝʥʰʝʥʥʽ ʛʽʜʨʘʚʣʽʯʥʠʭ ʚʪʨʘʪ ʟʘ ʨʘʭʫʥʦʢ ʚʥʫʪʨʽʰʥʴʦʾ 

ʦʨʛʘʥʽʟʘʮʽʾ ʨʫʭʫ ʪʝʧʣʦʥʦʩʽʾʚ ʽ ʙʘʛʘʪʦʩʝʢʮʽʡʥʦʛʦ ʚʠʢʦʥʘʥʥʷ ʢʦʨʧʫʩʫ. 

ʋʩʝʨʝʜʠʥʽ ʢʦʨʧʫʩʫ (10) ʨʦʟʪʘʰʦʚʘʥʦ ʨʦʟʧʦʜʽʣʴʥʠʡ ʚʫʟʦʣ (11), ʷʢʠʡ 

ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʶ ʨʽʚʥʦʤʽʨʥʦʛʦ ʧʦʜʽʣʫ ʧʦʪʦʢʫ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʡʦʛʦ 

ʥʘʧʨʘʚʣʝʥʥʷ ʫ ʚʽʜʧʦʚʽʜʥʽ ʢʘʥʘʣʠ ʪʝʧʣʦʦʙʤʽʥʫ. ɼʘʣʽ ʩʝʨʝʜʦʚʠʱʝ ʥʘʜʭʦʜʠʪʴ ʫ 

ʩʠʩʪʝʤʫ ʚʥʫʪʨʽʰʥʽʭ ʢʘʥʘʣʽʚ (12), ʜʝ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʨʝʘʣʽʟʫʻʪʴʩʷ ʦʩʥʦʚʥʠʡ ʧʨʦʮʝʩ 

ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʤʽʞ ʜʚʦʤʘ ʨʦʙʦʯʠʤʠ ʩʝʨʝʜʦʚʠʱʘʤʠ. 

ʇʦʜʘʯʘ ʦʜʥʦʛʦ ʟ ʪʝʧʣʦʥʦʩʽʾʚ ʟʜʽʡʩʥʶʻʪʴʩʷ ʯʝʨʝʟ ʚʭʽʜʥʠʡ ʢʦʣʝʢʪʦʨ (13), 

ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦʪʦʢʫ ʧʦ ʨʦʙʦʯʠʭ ʢʘʥʘʣʘʭ (12) ʪʘ 

ʟʤʝʥʰʫʻ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ʋ ʩʪʨʫʢʪʫʨʽ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʧʝʨʝʜʙʘʯʝʥʦ ʚʥʫʪʨʽʰʥʽʡ ʥʘʧʨʘʚʣʷʶʯʠʡ ʘʙʦ 

ʨʦʟʧʦʜʽʣʴʥʠʡ ʝʣʝʤʝʥʪ (111), ʷʢʠʡ ʬʦʨʤʫʻ ʣʦʢʘʣʴʥʽ ʟʦʥʠ ʨʫʭʫ ʧʦʪʦʢʫ, ʧʽʜʚʠʱʫʻ 

ʡʦʛʦ ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ ʪʘ ʩʧʨʠʷʻ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʟʘ ʨʘʭʫʥʦʢ 

ʨʫʡʥʫʚʘʥʥʷ ʣʘʤʽʥʘʨʥʠʭ ʰʘʨʽʚ. 
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ʊʘʢʦʞ ʫ ʢʦʥʩʪʨʫʢʮʽʾ ʧʝʨʝʜʙʘʯʝʥʦ ʝʣʝʤʝʥʪ (212), ʷʢʠʡ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʶ 

ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʘʙʦ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʦʪʦʢʫ ʥʘ ʚʠʭʽʜʥʠʭ ʜʽʣʷʥʢʘʭ ʩʠʩʪʝʤʠ. ɺʽʥ 

ʟʘʙʝʟʧʝʯʫʻ ʚʠʨʽʚʥʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʨʫʭʫ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʟʤʝʥʰʫʻ ʣʦʢʘʣʴʥʽ 

ʛʽʜʨʘʚʣʽʯʥʽ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ. 

 

10 ï ʢʦʨʧʫʩ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ, 10A ï ʧʝʨʰʘ ʩʝʢʮʽʷ ʢʦʨʧʫʩʫ, 10B ï ʜʨʫʛʘ 

ʩʝʢʮʽʷ ʢʦʨʧʫʩʫ, 10C ï ʪʨʝʪʷ ʩʝʢʮʽʷ ʢʦʨʧʫʩʫ, 11 ï ʨʦʟʧʦʜʽʣʴʥʠʡ ʚʫʟʦʣ, 12 ï 

ʩʠʩʪʝʤʘ ʚʥʫʪʨʽʰʥʽʭ ʢʘʥʘʣʽʚ ʪʝʧʣʦʦʙʤʽʥʫ, 13 ï ʚʭʽʜʥʠʡ ʢʦʣʝʢʪʦʨ, 111 ï 

ʚʥʫʪʨʽʰʥʽʡ ʥʘʧʨʘʚʣʷʶʯʠʡ (ʪʫʨʙʫʣʽʟʫʶʯʠʡ) ʝʣʝʤʝʥʪ, 212 ï ʝʣʝʤʝʥʪ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʪʘ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʧʦʪʦʢʫ 

ʈʠʩʫʥʦʢ 2 - ʊʝʧʣʦʦʙʤʽʥʥʠʡ ʘʧʘʨʘʪ ʟ ʫʜʦʩʢʦʥʘʣʝʥʦʶ ʚʥʫʪʨʽʰʥʴʦʶ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʪʘ ʤʦʜʫʣʴʥʦʶ ʦʨʛʘʥʽʟʘʮʽʻʶ ʢʦʨʧʫʩʫ 

 

ʇʽʜ ʯʘʩ ʨʦʙʦʪʠ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʨʦʙʦʯʽ ʩʝʨʝʜʦʚʠʱʘ ʨʫʭʘʶʪʴʩʷ ʯʝʨʝʟ 

ʩʠʩʪʝʤʫ ʢʘʥʘʣʽʚ (12), ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʽʥʪʝʥʩʠʚʥʠʡ ʪʝʧʣʦʦʙʤʽʥ ʯʝʨʝʟ ʨʦʟʚʠʥʝʥʫ 

ʧʦʚʝʨʭʥʶ. ɿʘʚʜʷʢʠ ʥʘʧʨʘʚʣʷʶʯʠʤ ʝʣʝʤʝʥʪʘʤ (111) ʧʦʪʽʢ ʥʘʙʫʚʘʻ ʩʢʣʘʜʥʽʰʦʾ 

ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ, ʱʦ ʟʙʽʣʴʰʫʻ ʯʘʩ ʢʦʥʪʘʢʪʫ ʤʽʞ ʩʝʨʝʜʦʚʠʱʘʤʠ ʪʘ ʧʽʜʚʠʱʫʻ 
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ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʧʝʨʝʜʘʯʽ. ʇʽʩʣʷ ʧʨʦʭʦʜʞʝʥʥʷ ʟʦʥʠ ʪʝʧʣʦʦʙʤʽʥʫ ʧʦʪʦʢʠ 

ʩʪʘʙʽʣʽʟʫʶʪʴʩʷ ʝʣʝʤʝʥʪʦʤ (212) ʽ ʚʽʜʚʦʜʷʪʴʩʷ ʟ ʘʧʘʨʘʪʘ. 

ʄʦʜʝʨʥʽʟʘʮʽʷ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʧʦʣʷʛʘʻ ʫ ʧʝʨʝʭʦʜʽ ʚʽʜ ʪʨʘʜʠʮʽʡʥʦʾ 

ʦʜʥʦʢʦʥʪʫʨʥʦʾ ʘʙʦ ʩʣʘʙʢʦ ʩʪʨʫʢʪʫʨʦʚʘʥʦʾ ʩʭʝʤʠ ʨʫʭʫ ʪʝʧʣʦʥʦʩʽʷ ʜʦ ʤʦʜʫʣʴʥʦʾ 

ʙʘʛʘʪʦʩʝʢʮʽʡʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʟ ʢʝʨʦʚʘʥʦʶ ʚʥʫʪʨʽʰʥʴʦʶ ʛʽʜʨʦʜʠʥʘʤʽʢʦʶ. 

ʄʦʜʝʨʥʽʟʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ 

ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʟʘ ʨʘʭʫʥʦʢ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʢʦʥʚʝʢʪʠʚʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʚʥʫʪʨʽʰʥʽʭ 

ʢʘʥʘʣʘʭ. ɿʘʚʜʷʢʠ ʤʦʜʫʣʴʥʦʤʫ ʚʠʢʦʥʘʥʥʶ ʢʦʨʧʫʩʫ ʧʦʢʨʘʱʫʻʪʴʩʷ ʨʽʚʥʦʤʽʨʥʽʩʪʴ 

ʨʦʟʧʦʜʽʣʫ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʟʤʝʥʰʫʻʪʴʩʷ ʨʠʟʠʢ ʣʦʢʘʣʴʥʠʭ ʧʝʨʝʛʨʽʚʽʚ ʘʙʦ 

ʥʝʜʦʦʭʦʣʦʜʞʝʥʥʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʫʨʙʫʣʽʟʫʶʯʦʛʦ ʝʣʝʤʝʥʪʘ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʪʝʧʣʦʦʙʤʽʥʫ ʙʝʟ ʩʫʪʪʻʚʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʛʘʙʘʨʠʪʽʚ ʘʧʘʨʘʪʘ. 

ʉʪʘʙʽʣʽʟʘʪʦʨ ʧʦʪʦʢʫ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʨʽʚʥʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʫʤʦʚʠ ʥʘ ʚʠʭʦʜʽ, ʱʦ 

ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʨʦʙʦʪʫ ʥʘʩʪʫʧʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʠʩʪʝʤʠ. ʊʘʢʦʞ 

ʢʦʥʩʪʨʫʢʮʽʷ ʤʘʻ ʤʦʞʣʠʚʽʩʪʴ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʜʦʜʘʚʘʥʥʷ ʘʙʦ 

ʩʢʦʨʦʯʝʥʥʷ ʩʝʢʮʽʡ, ʱʦ ʧʽʜʚʠʱʫʻ ʫʥʽʚʝʨʩʘʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ɺʠʥʘʭʽʜ [3] ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʘʧʘʨʘʪʽʚ ʟ ʚʠʧʘʨʥʠʤ (vapor 

cooling) ʧʨʠʥʮʠʧʦʤ ʦʭʦʣʦʜʞʝʥʥʷ, ʫ ʷʢʠʭ ʧʽʜʚʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʦʻʜʥʘʥʥʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ ʨʦʙʦʯʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʢʝʨʦʚʘʥʦʾ ʦʨʛʘʥʽʟʘʮʽʾ ʧʦʪʦʢʽʚ ʫ ʚʥʫʪʨʽʰʥʽʡ ʩʪʨʫʢʪʫʨʽ 

ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ. ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ ʻ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ, 

ʩʪʘʙʽʣʽʟʘʮʽʷ ʚʠʧʘʨʥʦʛʦ ʧʨʦʮʝʩʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʪʝʧʣʦʚʠʭ ʚʪʨʘʪ ʫ ʤʝʞʘʭ ʨʦʙʦʯʦʛʦ 

ʦʙô̒ʤʫ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʪʝʧʣʦʦʙʤʽʥʥʠʢ ʤʽʩʪʠʪʴ ʢʦʨʧʫʩ (100), ʷʢʠʡ ʬʦʨʤʫʻ 

ʟʦʚʥʽʰʥʽʡ ʧʨʦʩʪʽʨ ʘʧʘʨʘʪʘ ʪʘ ʩʣʫʛʫʻ ʦʩʥʦʚʦʶ ʜʣʷ ʨʦʟʤʽʱʝʥʥʷ ʚʩʽʭ ʚʥʫʪʨʽʰʥʽʭ 

ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʋ ʚʝʨʭʥʽʡ ʘʙʦ ʚʭʽʜʥʽʡ ʯʘʩʪʠʥʽ ʩʠʩʪʝʤʠ ʨʦʟʪʘʰʦʚʘʥʦ 

ʚʭʽʜʥʠʡ ʨʦʟʧʦʜʽʣʴʥʠʡ ʚʫʟʦʣ (101), ʯʝʨʝʟ ʷʢʠʡ ʨʦʙʦʯʝ ʩʝʨʝʜʦʚʠʱʝ ʧʦʜʘʻʪʴʩʷ ʫ 

ʪʝʧʣʦʦʙʤʽʥʥʠʢ ʽ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʧʦ ʚʥʫʪʨʽʰʥʽʭ ʢʘʥʘʣʘʭ. ɼʘʣʽ ʧʦʪʽʢ 

ʥʘʜʭʦʜʠʪʴ ʫ ʚʠʧʘʨʥʫ ʪʝʧʣʦʦʙʤʽʥʥʫ ʟʦʥʫ (102), ʷʢʘ ʻ ʦʩʥʦʚʥʦʶ ʘʢʪʠʚʥʦʶ 
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ʜʽʣʷʥʢʦʶ, ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʽʥʪʝʥʩʠʚʥʝ ʧʦʛʣʠʥʘʥʥʷ ʪʝʧʣʦʪʠ ʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 

 

 

100 ï ʢʦʨʧʫʩ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ, 101 ï ʚʭʽʜʥʠʡ ʨʦʟʧʦʜʽʣʴʥʠʡ ʚʫʟʦʣ, 102 ï 

ʚʠʧʘʨʥʘ (ʪʝʧʣʦʦʙʤʽʥʥʘ) ʟʦʥʘ, 103 ï ʚʥʫʪʨʽʰʥʽ ʢʘʥʘʣʠ ʨʫʭʫ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, 

104 ï ʟʦʥʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʫ, 105 ï ʝʣʝʤʝʥʪ ʢʝʨʫʚʘʥʥʷ ʪʘ ʚʠʨʽʚʥʶʚʘʥʥʷ 

ʧʦʪʦʢʫ, 106 ï ʚʠʭʽʜʥʘ ʟʙʽʨʥʘ ʟʦʥʘ, 107 ï ʚʠʭʽʜʥʠʡ ʢʦʣʝʢʪʦʨ, 110 ï ʦʩʥʦʚʥʠʡ 

ʪʝʧʣʦʦʙʤʽʥʥʠʡ ʤʦʜʫʣʴ, 150 ï ʟʦʚʥʽʰʥʽʡ ʦʭʦʣʦʜʞʫʚʘʣʴʥʠʡ ʢʦʥʪʫʨ 

ʈʠʩʫʥʦʢ 3 ï ʉʭʝʤʘ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʟ ʚʠʧʘʨʥʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ ʽ 

ʙʘʛʘʪʦʟʦʥʥʦʶ ʦʨʛʘʥʽʟʘʮʽʻʶ ʧʦʪʦʢʽʚ 

 

ʈʫʭ ʩʝʨʝʜʦʚʠʱʘ ʫ ʤʝʞʘʭ ʧʨʠʩʪʨʦʶ ʦʨʛʘʥʽʟʦʚʘʥʦ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʚʥʫʪʨʽʰʥʽʭ 

ʢʘʥʘʣʽʚ (103), ʷʢʽ ʩʧʨʷʤʦʚʫʶʪʴ ʧʦʪʽʢ ʫʟʜʦʚʞ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʧʦʚʝʨʭʦʥʴ ʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʠʡ ʯʘʩ ʢʦʥʪʘʢʪʫ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ. ʋ ʟʦʥʽ 

ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ (104) ʩʪʚʦʨʶʶʪʴʩʷ ʫʤʦʚʠ ʧʽʜʚʠʱʝʥʦʾ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ ʧʦʪʦʢʫ, ʱʦ 

ʩʧʨʠʷʻ ʨʫʡʥʫʚʘʥʥʶ ʣʘʤʽʥʘʨʥʦʛʦ ʰʘʨʫ ʪʘ ʧʽʜʚʠʱʫʻ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʝʨʝʜʘʯʽ. 

ʇʽʩʣʷ ʮʴʦʛʦ ʧʦʪʽʢ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʝʣʝʤʝʥʪ ʢʝʨʫʚʘʥʥʷ ʪʘ ʚʠʨʽʚʥʶʚʘʥʥʷ (105), 

ʷʢʠʡ ʩʪʘʙʽʣʽʟʫʻ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʟʤʝʥʰʫʶʯʠ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ 

ʰʚʠʜʢʦʩʪʽ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ. 

ɼʘʣʽ ʩʝʨʝʜʦʚʠʱʝ ʥʘʜʭʦʜʠʪʴ ʫ ʚʠʭʽʜʥʫ ʟʙʽʨʥʫ ʟʦʥʫ (106), ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʡʦʛʦ ʘʢʫʤʫʣʶʚʘʥʥʷ ʧʝʨʝʜ ʚʽʜʚʝʜʝʥʥʷʤ ʽʟ ʩʠʩʪʝʤʠ ʯʝʨʝʟ ʚʠʭʽʜʥʠʡ ʢʦʣʝʢʪʦʨ (107). 
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ɿʘʛʘʣʴʥʠʡ ʪʝʧʣʦʦʙʤʽʥʥʠʡ ʧʨʦʮʝʩ ʨʝʘʣʽʟʫʻʪʴʩʷ ʚ ʤʝʞʘʭ ʦʩʥʦʚʥʦʛʦ ʤʦʜʫʣʷ (110), 

ʷʢʠʡ ʦʙôʻʜʥʫʻ ʚʩʽ ʢʣʶʯʦʚʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʟʦʥʠ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʙʝʟʧʝʨʝʨʚʥʽʩʪʴ 

ʪʝʧʣʦʧʝʨʝʜʘʯʽ. ɼʦʜʘʪʢʦʚʦ ʚ ʩʠʩʪʝʤʽ ʧʝʨʝʜʙʘʯʝʥʦ ʟʦʚʥʽʰʥʽʡ ʪʝʧʣʦʦʙʤʽʥʥʠʡ ʘʙʦ 

ʜʦʧʦʤʽʞʥʠʡ ʦʭʦʣʦʜʞʫʚʘʣʴʥʠʡ ʢʦʥʪʫʨ (150), ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʪʨʠʤʘʥʥʷ 

ʥʝʦʙʭʽʜʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ ʪʘ ʧʽʜʚʠʱʫʻ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʙʦʪʠ ʧʨʠʩʪʨʦʶ. 

ʉʫʪʴ ʤʦʜʝʨʥʽʟʘʮʽʾ ʧʦʣʷʛʘʻ ʫ ʩʪʚʦʨʝʥʥʽ ʙʘʛʘʪʦʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ, ʚ ʷʢʽʡ ʧʦʩʣʽʜʦʚʥʦ ʨʝʘʣʽʟʫʶʪʴʩʷ ʝʪʘʧʠ ʨʦʟʧʦʜʽʣʫ ʧʦʪʦʢʫ, 
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ʪʝʧʣʦʧʦʛʣʠʥʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ, ʪʦʜʽ ʷʢ ʝʣʝʤʝʥʪʠ (104) ʪʘ (105) 
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ʄʆɼɽʈʅɯɿɸʎɯʗ ʋʉʊɸʅʆɺʂʀ ɺʀʈʆɹʅʀʎʊɺɸ ʄɸʉʊʀʃɸ ɿ 

ʈʆɿʈʆɹʂʆʖ ɺɯɼʇɸʈʅʆɰ ʂʆʃʆʅʀ ʊɸ ʇɸʈʆɻɽʅɽʈɸʊʆʈɸ 

 

ʉʪʫʜʝʥʪ ʇʦʥʦʤʘʨʴʦʚ ʆ.ʆ., ʜʦʮ., ʢ.ʪ.ʥ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 
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ʚʠʨʦʙʥʠʮʪʚʘ ʤʘʩʪʠʣʘ, ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʦʜʝʨʥʽʟʘʮʽʶ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ  ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʚʦʜʷʥʦʾ ʧʘʨʠ ʜʣʷ ʚʽʜʧʘʨʥʦʾ ʢʦʣʦʥʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʈɽʂʊʀʌɯʂɸʎɯʗ, ʄɸʉʊʀʃʆ, ɺɯɼʇɸʈʅɸ ʂʆʃʆʅɸ, 

ʇɸʈʆɻɽʅɽʈɸʊʆʈ, ʄɸʉʆʆɹʄɯʅ, ʊɽʇʃʆʆɹʄɯʅ. 
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Lubricants are a class of refined petroleum products used to reduce friction and 

wear of mechanical parts, protect against corrosion, and ensure reliable operation of 

machines, increasing their durability and efficiency. They can be divided by 

consistency: more liquid (oils) and more plastic and thick (greases), which are better 

retained in the friction zone and can perform a sealing function. Compared to most 

fractions of crude oil (except fuel oil and asphaltenes), they have a high boiling point 

(350-575°C). [1] 

After the stage of removing phenol and cresol from the oil in the stripping 

column, the product, along with a small amount of water, is fed into a centrifuge, 

where phase separation occurs. The separated water is then directed to a steam 

generator, where it is converted into steam by the application of heat and recirculated 

back to the stripping column. 

Water enters the tube space of the steam generator at a pressure of 

approximately 0.3 MPa and a temperature of 130ï140 °C. The water flow moves 

inside the tubes of the tube bundle and transfers heat to the water in the intertube 

space, causing it to evaporate. However, at relatively low flow rates of the heat transfer 

fluid inside the tubes, laminar flow may develop. 

In laminar flow, the fluid moves in ordered layers without significant cross-flow 

mixing. At the same time, a thin hydrodynamic and thermal boundary layer forms 

directly adjacent to the pipe wall, within which the flow velocity drops sharply to 

practically zero. Since the thermal conductivity of water is relatively low, heat transfer 

through this layer occurs primarily due to molecular heat conduction, which 

significantly limits the intensity of heat exchange. As a result, the heat transfer 

coefficient decreases, and the efficiency of the steam generator deteriorates. 

In the masterôs thesis titled ñModernization of a Lubricant Production Plant with 

the Development of an Evaporation Column and a Steam Generator,ò an improvement 

to the steam generatorôs tube bundle is proposed by installing a metal helical spring 

inside each tube, as shown in Figure 1.1. 
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Figure 1.1 ï Spring in a steam generator tube bundle 

 

The proposed improvement increases the heat transfer coefficient by disrupting 

the steady laminar layer. A simplified two-dimensional diagram of the spring, shown 

in Figure 1.2, is presented below. 

 

Figure 1.2 ï Simplified 2D diagram of the springôs arrangement 

 

The spring installed inside the pipe, as shown in the diagram, acts as a flow 

turbulator. As water flows through the pipe, the coils of the spring create local 

obstacles that disrupt the orderly flow of the fluid. The flow begins to change 

direction, swirl, and mix in the transverse direction. As a result, local vortices and 
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secondary flows arise, which destroy or significantly reduce the thickness of the 

laminar boundary layer near the pipe surface.  In other words, the presence of the 

spring increases hydrodynamic disturbances and effectively transforms the flow from 

laminar to more turbulent, even at relatively low fluid velocities. This allows for a 

significant increase in the heat transfer coefficient without a substantial increase in the 

unitôs dimensions. 
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ABSTRACT: The results of a patent search for equipment and methods for the 

granulation of organo-mineral fertilizers are presented. Various types of apparatus, 

such as fluidized bed granulators, roller extruders, are considered. 
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ʆɻʃʗɼ ʆɹʃɸɼʅɸʅʅʗ ɼʃʗ ɻʈɸʅʋʃʖɺɸʅʅʗ  

ʆʈɻɸʅʆ-ʄɯʅɽʈɸʃʔʅʀʍ ɼʆɹʈʀɺ 

ʂʘʧʫʢʘ ʆ. ɼ., ɻʘʡʜʘʡ ʉ. ʉ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʅʆʊɸʎɯʗ: ʇʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʧʘʪʝʥʪʥʦʛʦ ʧʦʰʫʢʫ ʘʧʘʨʘʪʽʚ ʪʘ 

ʩʧʦʩʦʙʽʚ ʛʨʘʥʫʣʶʚʘʥʥʷ ʦʨʛʘʥʦ-ʤʽʥʝʨʘʣʴʥʠʭ ʜʦʙʨʠʚ. ʈʦʟʛʣʷʥʫʪʦ ʨʽʟʥʽ ʪʠʧʠ 

ʘʧʘʨʘʪʽʚ: ʚʽʜ ʩʠʩʪʝʤ ʧʩʝʚʜʦʟʨʽʜʞʝʥʦʛʦ ʰʘʨʫ ʜʦ ʚʘʣʢʦʚʠʭ ʝʢʩʪʨʫʜʝʨʽʚ. 

ʂʖʏʆɺɯ ʉʃʆɺɸ: ɻʈɸʅʋʃʖɺɸʅʅʗ, ʆʈɻɸʅʆ-ʄɯʅɽʈɸʃʔʅɯ 

ɼʆɹʈʀɺɸ, ʇʉɽɺɼʆɿʈɯɼɾɽʅʀʁ ʐɸʈ. 

 

Currently, there are many devices and methods for granulating organo-mineral 

fertilizers. A patent search has identified several types of devices that can be used to 

facilitate the granulation process and produce a finished product of a specified shape. 

A design for a fluidized-bed apparatus for producing fertilizer granules is 

proposed in Patent [1] and shown in Figure 1.  
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1 ï granulation chamber; 2 ï liquid-phase pipeline; 3 ï pump; 4 ï spray nozzles; 5 ï 

fluidized bed; 6 ï air supply line; 7 ï overflow partition; 8 ï discharge pipe; 9 ï 

exhaust air outlet; 10 ï cyclone; 11 ï dust return line; 12 ï exhaust fan; 13 ï heater; 14 

ï blower; 15 ï slurry tank; 16 ï dosing unit; 17 ï belt conveyor; 18 ï elevator; 19 ï 

return feeder; 20 ï seed hopper; 21 ï vibrating screen; 22 ï product fraction outlet; 23 

ï crusher; 24 ï coarse fraction return line; 25 ï finished product hopper; 26 ï cooler; 

27 ï cooler fan; 28 ï gate valve; 29 ï flow meter; 30 ï temperature sensor; 31 ï heat 

exchanger; 32 ï control system. 

Figure 1. Schematic of a fluidized bed granulation unit [1]. 

The apparatus is a complex system consisting of a granulation chamber 1, into 

which air is supplied via a feed line 6 to create a fluidized bed 5. The liquid phase is 

fed through pipeline 2 to a system of spray nozzles 4, which uniformly spray the solid 

seed particles (return material) suspended in the fluidized bed. Exhaust air, together 

with fine dust, exits through the upper pipe 9 and enters the cyclone 10, where the dust 

settles and is returned to the process via the return line 11. The purified air is extracted 

by fan 12. To maintain the temperature regime, the air is heated in the heater 13. The 
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finished product is discharged through pipe 8, passes through screen 21, where it is 

separated into the marketable fraction (sent to warehouse 25) and large agglomerates, 

which are directed to crusher 23 and returned to the granulator. 

The advantage of this apparatus is the high intensity of heat and mass transfer, 

which allows for the combination of granulation and drying. However, when working 

with viscous organo-mineral mixtures, there is a significant risk of clogging in the 

working zone and the formation of agglomerates. 

The design of the dry roller granulator according to Patent [2] is shown in 

Figure 2.  

 

1 ï main housing; 10 ï front base; 11 ï support frame; 12 ï bearing assembly;  

13 ï drive shaft; 14 ï driven shaft; 20 ï rear base; 21 ï rear support; 22 ï support 

plate; 30 ï pressure wheel adjuster; 31 ï hydraulic cylinder; 32 ï spring assembly;  

40 ï feed mechanism; 41 ï hopper; 50 ï granulation mechanism; 51 ï press roller;  

60 ï grinding mechanism; 61 ï grinder blades; 62 ï screen; 70 ï transmission;  

71 ï gear wheel; 72 ï coupling; 80 ï discharge chute; 81 ï outlet; 90 ï motor;  

330 ï cooling channel. 

Figure 2. Dry roller granulator [2]. 
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The apparatus is based on a robust frame 1, which comprises a front base 10 and 

a rear base 20. The material is fed through a feeding device (feeder) 40 with a hopper 

41, where the raw material is pre-compacted. The granulation process takes place in 

device 50 between the press rollers 51. Mechanism 30, which contains a hydraulic 

cylinder 31 and a spring assembly 32, is used to regulate the compression force. After 

pressing, the compressed slab enters the crushing device 60 with blades 61, where it is 

broken into granules that pass through a screen 62 and are discharged through a chute 

80. The movement of the working parts is provided by motor 90 via transmission 70. 

The advantage of the apparatus lies in the absence of a need for moistening and 

subsequent drying of the material. The main drawback is the rapid wear of the rollers 

51 and high energy consumption. 

The biomass pelletizer with a ring die, as described in Patent [3], is shown in 

Figure 3.  

 

5 ï feed opening; 6 ï discharge port; 16 ï main shaft;  

a1 ï ring die opening; b1 ï roller bearing. 

Figure 3. Biomass pelletizer with a ring die [3]. 
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The machine contains a rotating main shaft 16, which drives the working 

components. The raw material is fed through the feed opening 5 and forced through 

the special openings a1 of the ring die by rollers with bearings b1. The finished 

granules (pellets) are cut off and discharged through the discharge port 6. 

The machine is ideal for fibrous organic materials, but has the drawback of 

significant material heating due to friction in the a1 openings. 

The roller granulation device for complex fertilizers, as described in Patent [4], 

is shown in Figure 4. The apparatus consists of a housing 1, on which a hopper 2 with 

a mixer 3 is mounted. The feed of raw materials is regulated by a pneumatic cylinder 

4, whose rod 5 moves an L-shaped gate 6, opening the opening 7. Pellet formation 

occurs between the extrusion rollers 8 in hemispherical chambers 9. The apparatus is 

equipped with a protective screen 15. The finished product is classified on a vibrating 

screen 17: qualified granules exit through pipe 18, while fine dust is discharged 

through pipe 19. Brushes 21 are mounted on shafts 20 to clean the rollers. 

The advantage is the production of spherical granules. The disadvantage is the 

possibility of material sticking in the cells 9, despite the presence of brushes 21. 

 

1 ï housing; 2 ï hopper; 3 ï agitator; 4 ï pneumatic cylinder; 5 ï piston rod;  

6 ï L-shaped valve; 7 ï feed opening; 8 ï extrusion roller; 9 ï hemispherical cell;  

15 ï protective screen; 16 ï support frame; 17 ï vibrating screen; 18 ï product 

discharge pipe; 19 ï dust extraction pipe; 20 ï round shaft; 21 ï cleaning brush;  

22 ï rotating shaft; 27 ï motor; 28 ï gear; 29 ï spring. 

Figure 4. Roller device for extrusion granulation of fertilizers [4]. 
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The extrusion granulator for recycled materials, as described in Patent [5], is 

shown in Figure 5. The apparatus comprises a granulation chamber 1 with a feed 

opening 2, mounted on supports 3. The material is conveyed through the extrusion 

cylinder 4 by a shaft 7. The drive is provided by a motor 5 via a gearbox 6 and a gear 

system 8, 9. To heat the raw material, the cylinder is equipped with a heating jacket 

20. After passing through the die 14, the pellets are cut off by a knife 15, cooled in a 

bath 17 (water circulation is provided by pump 18), and discharged through opening 

19. The apparatus also has a built-in pre-grinding unit, where a rotating shaft 804 with 

a connecting rod 803 and bevel gears 801, 802 drives knives 805 and 806. 

The advantage is the effective combination of the grinding and granulation 

processes. The disadvantage is the high energy consumption required to operate the 

heaing jacket 20. 

 

1 ï granulation chamber; 2 ï feed opening; 3 ï support; 4 ï extrusion cylinder;  

5 ï motor; 6 ï gearbox; 7 ï shaft; 8 ï first gear; 9 ï second gear; 10 ï rotating rod;  

11 ï blade; 12 ï bearing; 13 ï heater; 14 ï die; 15 ï cutting blade; 16 ï fan;  

17 ï cooling bath; 18 ï water pump; 19 ï discharge port; 20 ï heating jacket;  

21 ï control panel; 801 ï first bevel gear; 802 ï second bevel gear; 803 ï connecting 

rod; 804 ï rotating shaft; 805 ï first grinding blade; 806 ï second grinding blade. 

Figure 5. Extrusion granulator for recycled materials [5]. 
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CONCLUSIONS: 

Based on the results of the patent analysis, it has been determined that a 

fluidized-bed apparatus design is the most promising for the granulation of organo-

mineral fertilizers. This type of equipment provides the best conditions for the 

simultaneous formation and drying of the product. 
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ABSTRACT: The paper considers the modernization of a biogas purification 

unit through the improvement of a shell-and-tube heat exchanger. The proposed 

method of flow intensification using guide baffles allows to increase thermal 

efficiency, reduce energy consumption and improve the stability of the temperature 

regime. The results of the modernization provide increased productivity and reliability 

of the unit. 

KEYWORDS: BIOGAS, HEAT EXCHANGER, SHELL ANDTUBE, 

INTENSIFICATION, GUIDE BALLS, HEAT EXCHANGE EFFICIENCY. 

 

ʆɻʃʗɼ ʂʆʅʉʊʈʋʂʎɯʁ ʊɽʇʃʆʆɹʄɯʅʅʀʂɯɺ ɼʃʗ ʋʉʊɸʅʆɺʂʀ 

ʆʏʀʑɽʅʅʗ ɹɯʆɻɸɿʋ 

ʂʦʨʝʥʴ ɼ. ʆ., ɻʘʡʜʘʡ ʉ. ʉ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

 

ɸʅʆʊɸʎɯʗ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʦʜʝʨʥʽʟʘʮʽʶ ʫʩʪʘʥʦʚʢʠ ʦʯʠʱʝʥʥʷ 

ʙʽʦʛʘʟʫ ʯʝʨʝʟ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʢʦʞʫʭʦʪʨʫʙʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ 

ʤʝʪʦʜ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʦʪʦʢʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʧʨʘʚʣʷʶʯʠʭ ʧʝʨʝʛʦʨʦʜʦʢ ʜʦʟʚʦʣʷʻ 

ʧʽʜʚʠʱʠʪʠ ʪʝʧʣʦʚʫ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʟʥʠʟʠʪʠ ʝʥʝʨʛʝʪʠʯʥʽ ʚʠʪʨʘʪʠ ʪʘ 
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ʧʦʢʨʘʱʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʨʥʽʟʘʮʽʾ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʽʜʚʠʱʝʥʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʘ ʥʘʜʽʡʥʽʩʪʴ ʨʦʙʦʪʠ ʫʩʪʘʥʦʚʢʠ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɹɯʆɻɸɿ, ʊɽʇʃʆʆɹʄɯʅʅʀʂ, ʂʆɾʋʍʆʊʈʋɹʅʀʁ, 

ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ, ʅɸʇʈɸɺʃʗʖʏɯ ʇɽʈɽɻʆʈʆɼʂʀ, ɽʌɽʂʊʀɺʅɯʉʊʔ 

ʊɽʇʃʆʆɹʄɯʅʋ. 

In modern technologies for processing organic waste, biogas is considered an 

important renewable energy source suitable for use in cogeneration plants, internal 

combustion engines and for the production of heat and electricity. Biogas contains a 

significant amount of impurities (primarily CO , H S and water vapor), which must be 

removed to ensure stable operation of the equipment and minimize corrosion 

processes. The efficiency of the processes of drying, cooling and purification of biogas 

depends significantly on the quality of heat exchange that occurs in special devices - 

heat exchangers. 

Biogas purification plants must maintain optimal temperature conditions for 

adsorption processes and moisture condensation. Accordingly, the heat exchanger is a 

key element of the plant; its efficiency directly affects energy consumption, operating 

costs and technical reliability of the entire system. Traditional shell-and-tube heat 

exchangers often have insufficient thermal performance due to a low heat transfer 

coefficient, which limits the plant's productivity and increases energy costs. 

An implementation option for an improved shell-and-tube heat exchanger was 

proposed by the authors of the patent [1] and is shown in Figure 1. 

The apparatus is a tube bundle 30, consisting of separate tubes 32 fixed in the 

lower plate 41. In the upper part of the structure there is a distribution element 42, 

through which the medium is supplied or processed. The space of the apparatus is 

conventionally divided into a lower zone 51 and an upper zone 52, which differ in the 

conditions of the process. A working tool or device 62 may be placed above the tube 

bundle, which performs a technological function, for example, supply, processing or 
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flow formation. The level of the working medium in the apparatus is indicated by the 

line 76. 

A tube bundle 30 with vertically oriented tubes 32, which pass through the plate 

41 and interact with the distribution zone 42. The upper zone 52 shows the nature of 

the movement and distribution of the medium in the form of turbulent flows, which are 

formed due to the design features of the element 42. The lower zone 51 performs the 

function of stabilizing the flow before entering the tube bundle. 

 

30 ï tube bundle, 32 ï tubes, 41 ï support (tube) plate, 42 ï distribution (guide) 

element, 51 ï lower zone of the apparatus, 52 ï upper zone of the apparatus 

(turbulization zone), 62 ï feeding device, 76 ï working medium level 

Figure 1. Shell and tube heat exchanger [1] 

The advantages of the proposed technical solution include an increase in the 

intensity of heat exchange due to the turbulence of the flow in the upper zone 52, a 

more uniform distribution of the medium between the pipes 32, which reduces local 

overloads of the tube bundle 30, as well as a reduction in stagnant zones that 

negatively affect heat transfer. The design contributes to increasing the efficiency of 

the use of the heat exchange surface and can provide more stable hydrodynamic 

operating conditions. In addition, the possibility of using an additional element 62 

expands the functional capabilities of the device. 
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However, the design has certain disadvantages. Complicating the geometry of 

the distribution element 42 can lead to an increase in the complexity of manufacturing 

and an increase in the cost of the device. The turbulent mode in the zone 52 may be 

accompanied by an increase in hydraulic resistance, which requires additional energy 

costs. The presence of additional elements in the upper part of the device can 

complicate the cleaning and maintenance process, especially when working with 

contaminated media. Increased wear of elements in the zone of intensive flow is also 

possible. 

The principle of operation is that the working medium is fed into the upper part 

of the apparatus and through the distribution element 42 is evenly directed to the pipes 

32. Due to the special design of the zone 52, the flow acquires a turbulent character, 

which contributes to the intensification of heat or mass transfer. Next, the medium 

passes through the tube bundle 30, where the main heat transfer process occurs, after 

which it stabilizes in the lower zone 51. The level of the liquid or medium is controlled 

by the line 76. 

The essence of the modernization is to improve the upper distribution element 

42, which provides a more uniform flow distribution between the pipes 32 and creates 

turbulent zones in the upper part 52. This allows you to avoid uneven loading on the 

tube bundle 30, reduce stagnant areas and increase the efficiency of the process. 

Additionally, the use of the working element 62 allows you to influence the flow 

structure or carry out technological processing directly in the distribution zone. 

An implementation option for a heat exchange element for chemical production 

was proposed by the authors of the patent [2] and is shown in Figure 2. 
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1 ï heat exchange surface, 2 ï profiled (wavy) wall, 3 ï inlet section, 4 ï initial 

curvilinear zone, 5 ï depression zone (depression), 6 ï rising section of the profile, 7 ï 

wave crest, 8 ï falling section, 9 ï characteristic width of the depression, 10 ï zone of 

intensive heat exchange, 11 ï geometric parameter of the profile, 12 ï direction of 

flow, 15 ï turbulating element, 16 ï zone of interaction of flows, 17 ï zone of 

intensive turbulization 

Figure 2. Scheme of the heat exchange element [2] 

The proposed design is a profiled heat exchange surface 1, which is formed by a 

wavy wall 2, which forms a sequence of depressions and protrusions to intensify the 

heat exchange process. The left part of the profile contains the inlet section 3, which 

passes into the curvilinear zone 4, where the primary flow distribution is formed. Next 

is the depression zone 5, which provides accumulation and direction of the medium. 

The central part of the structure includes the rising section 6 and the crest of the wave 

7, which is the key zone of flow turbulence. After that, the flow passes into the falling 

section 8 and again into zone 5. 

In the upper part of the profile, a conditional area 10 is allocated, which 

characterizes the zone of active heat exchange. Within this area, characteristic 

geometric parameters are marked, in particular sections 9 and 11, which determine the 

width and shape of the depression. The flow movement in the system is shown by the 

arrow 12, which reflects the direction of movement of the medium along the heat 

exchange surface. 
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A feature of the structure is the presence of a vertical element 15, located in the 

zone of maximum profile rise. In its lower part, a zone of interaction of flows 16 is 

formed, which is limited by the area 17. It is in this zone that intensive mixing of the 

medium and destruction of the laminar sublayer occur. 

The principle of operation is that the working medium moves along the profiled 

surface 2 in the direction indicated by the arrow 12. Due to the wavy shape of the 

surface, periodic acceleration and deceleration of the flow occurs in zones 5, 6 and 8, 

which leads to the appearance of local vortices. In the area of the apex 7 and near the 

element 15, intense turbulence is formed, which increases the heat transfer coefficient. 

Area 16 is the zone of the most active mixing, where the destruction of the boundary 

layer occurs and heat transfer is improved. 

The essence of the technical solution lies in the special profiling of the heat 

exchange surface 2 and the introduction of an additional element 15, which allows you 

to control the flow structure. This ensures more efficient use of the heat exchange 

surface 1, reduction of stagnant zones and increased heat transfer intensity. Such 

solutions are especially relevant for chemical production, where heat exchangers are 

widely used for heating, cooling and condensation of media. 

The advantages of the proposed design include an increase in the heat transfer 

coefficient due to flow turbulence in zones 7 and 16, a more uniform distribution of 

the medium over the surface 1, a reduction in the thickness of the boundary layer and 

intensification of heat exchange without a significant increase in the dimensions of the 

device. The design also allows you to increase the efficiency of the equipment in 

chemical production processes, where precise temperature control is important. 

Disadvantages may include the complexity of manufacturing the profiled 

surface 2 and element 15, an increase in hydraulic resistance due to the intensification 

of turbulence, as well as the possible accumulation of deposits in zones 5 and 17, 

which complicates cleaning of the device during operation. 
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The implementation of a shell-and-tube heat exchanger for chemical production 

was proposed by the authors of the patent [3] and is shown in the figure. 

 

1 ï heat exchanger casing, 4 ï coolant supply/return pipes, 6 ï flange 

connection, 12 ï drain pipe, 16 ï outlet pipeline, 17 ï lower connection flange 

Figure 3. Horizontal heat exchanger [3] 

The device is made in the form of a horizontal cylindrical casing 1, inside which 

a tube bundle is placed (not shown in section in the figure). Casing 1 is mounted on 

supporting elements and equipped with mounting lugs for installation. On the upper 

part of the device, there are pipes 4 for supplying and removing one of the coolants. 

On the left side of the device there is a detachable cover 3, which is attached using a 

flange connection 6 and provides access to the internal tube bundle for maintenance 

and cleaning. 

In the lower right part of the casing, a medium removal unit is provided, which 

includes a drain pipe 12, a connecting pipeline 16 and a lower flange 17 for connection 

to the system. This design allows for effective removal of condensate or working fluid 

from the apparatus during operation. 

The principle of operation of the heat exchanger is based on the classical scheme 

of a shell-and-tube apparatus, where one coolant moves inside the tubes, and the other 

in the intertube space of the casing 1. Heat transfer occurs through the tube walls due 

to convection and thermal conductivity. Such heat exchangers are widely used in the 
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chemical industry due to their ability to operate at high temperatures and pressures and 

to provide effective heat exchange without mixing of media. 

The essence of this technical solution is to improve the design of the housing 

and auxiliary units of the heat exchanger. In particular, an optimized arrangement of 

the nozzles 4 is provided to improve flow distribution, as well as a special medium 

removal unit (12, 16, 17), which allows for effective removal of condensate or liquid 

residues from the lower part of the apparatus. This helps prevent liquid accumulation, 

reduce corrosion processes and increase the efficiency of the heat exchanger. The 

detachable cover 3 with a flange connection 6 provides convenience for maintenance 

and repair. 

The advantages of the proposed design include increased reliability of operation 

due to effective removal of the medium from the lower part of the apparatus, 

convenience of maintenance due to the presence of a detachable cover 3, as well as the 

possibility of operation in conditions of high temperatures and pressures. The design 

helps reduce stagnant zones and improve hydrodynamic conditions in the casing 1. 

The disadvantages may be the relatively large dimensions of the apparatus, the 

complexity of manufacturing flange connections 6 and additional units 12, 16, 17, and 

also a possible increase in hydraulic resistance due to the presence of additional 

elements. In addition, during operation, deposits may form in the tube bundle, which 

requires periodic cleaning. 

The heat exchange element proposed in the patent [4] belongs to the class of 

intensified heat exchange surfaces and is a finned tubular system designed to increase 

the efficiency of heat transfer between two media. 

According to Figure 4, the design includes three main elements: tube 1, fins 2 

and outer shell. The central element is the heat exchange tube 1, which performs the 

function of an internal channel for the movement of one of the coolants. It has a 

cylindrical shape and is made of a material with high thermal conductivity. It is 
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through the wall of the tube 1 that the primary heat transfer from the internal medium 

to the external structural elements occurs. 

 

1 ï heat exchange tube (main carrier tube), 2 ï fins (heat transfer fins) 

Figure 4. Finned heat exchange tube [4] 

On the outer surface of tube 1 there is fin 2, which is a system of longitudinal 

metal fins of complex geometry. Fin 2 is tightly connected to tube 1 and performs 

several functions at once: it significantly increases the heat exchange area and 

simultaneously affects the nature of the coolant movement in the inter-fin space. Due 

to the presence of internal channels in fins 2, the flow becomes more turbulent, which 

contributes to the intensification of heat transfer and a decrease in the thickness of the 

thermal boundary layer. 

The outer element of the structure is the shell, which is placed over fins 2 and 

forms closed or partially limited channels for the movement of the second coolant. The 

shell performs the function of organizing the flow, ensuring its directional movement 

along the axis of the tube 1, as well as its uniform distribution over the surface of the 

fins 2. This allows you to avoid stagnant zones and improve the overall efficiency of 

heat exchange. 

The principle of operation of this heat exchange element is based on the transfer 

of heat between two flows that are separated by the wall of the tube 1. One coolant 

moves inside the tube 1, while the second passes in the inter-rib space formed by the 

fins 2 and limited by the shell. The heat transfer process occurs sequentially: first, heat 
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is transferred from the internal medium to the wall of the tube 1, then through the tube 

material to the base of the fins 2, after which it spreads over the surface of the fins and 

is transferred to the external flow that moves in the channels formed by the shell. 

Due to the complex geometry of the fins 2, local vortices arise in the flow, 

which enhance the mixing of the medium and intensify heat transfer. At the same time, 

the shell stabilizes the movement of the coolant and ensures its uniformity, which 

allows maintaining a stable thermal regime along the entire length of the structure. 

The main advantages of such a design include high heat transfer intensity, which 

is achieved due to the simultaneous increase in surface area (due to fins 2) and flow 

turbulence. Another important advantage is the compactness of the design, since the 

tube 1 with fins 2 allows for high thermal performance with relatively small 

dimensions. The shell additionally improves the hydrodynamic operating conditions, 

reducing the uneven distribution of the flow. 

However, the design also has certain disadvantages. The complexity of 

manufacturing fins 2 with internal channels complicates the technological process and 

increases the cost. The presence of narrow channels in the fin zone 2 can lead to their 

contamination and the formation of deposits, which reduces the efficiency of 

operation. which increases energy costs for pumping media. 

The design from the patent [5] refers to a heat exchange element with an 

intensified heat exchange surface, designed to increase the efficiency of heat transfer 

between two working media by organizing a controlled flow and increasing the heat 

exchange area. 

The main element of the design (Figure 5) is a heat exchange tube (20), which 

performs the function of an internal channel for the movement of one of the coolants. 

The tube (20) provides the transfer of heat flow through its wall and is the supporting 

base for all elements of heat exchange intensification. In separate zones of the design, 

it may have extensions or technological sections, designated as (20a), which are used 

to connect or transition between the structural elements of the heat exchange module. 
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20 ï heat exchange tube; 20a ï transition section of the tube; 27 ï fixing 

element; 28 ï guide element; 30 ï outer casing (casing); 31 ï connecting node;  

40 ï intensifying heat exchange element; 50 ï inlet pipe; 51 ï outlet pipe 

Figure 5. Heat exchange element with heat exchange intensification [5] 

On the outer surface of the tube (20) are fixed profiled heat exchange elements 

in the form of intensifying inserts or ribs that form a complex heat exchange surface. 

These elements contribute to the development of flow turbulence and an increase in 

the effective heat transfer area. 

A casing or guide element (30) is located around the heat exchange zone, which 

forms the external channel for the movement of the second coolant. The element (30) 

provides geometric restriction of the flow and its direction along the working surface 

of the tube (20), which allows achieving uniform velocity distribution and reducing 

stagnant zones. 

The design also provides elements for fixing and directing the flow, in particular 

components (27) and (28), which perform the auxiliary function of holding the heat 

exchange insert in a given position and ensuring the correct organization of the flow in 

the heat exchange zone. These elements can be structurally connected to the housing 

(30) and the inner tube (20), ensuring the rigidity and stability of the entire system. 
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Additionally, the design uses an element (31), which performs the function of a 

final or connecting node, ensuring sealing, fixing or transition of the flow between 

individual sections of the heat exchange apparatus. Element (31) can also affect the 

flow distribution at the outlet of the heat exchange zone, stabilizing the hydrodynamic 

operating conditions. 

The principle of operation of the design is based on heat transfer between the 

internal flow moving in the tube (20) and the external flow passing in the channel 

formed by the housing (30). Heat is transferred through the tube wall (20), then 

spreads through the intensifying elements and passes to the external coolant. Due to 

the geometry of the internal elements and the presence of profiled surfaces, flow 

turbulence occurs, which significantly reduces thermal resistance. Elements (27) and 

(28) contribute to the correct organization of the movement of the medium, while the 

housing (30) ensures its stable direction, and the node (31) maintains the 

hydrodynamic integrity of the system. 

The advantages of this design include increased heat transfer intensity due to the 

developed heat exchange surface and artificial flow turbulence. Another important 

advantage is the possibility of compact layout of the heat exchange module with high 

thermal efficiency. The use of the guide housing (30) and auxiliary elements (27), (28) 

and (31) allows you to stabilize the flow and reduce the unevenness of heat exchange 

along the length of the structure. 

The disadvantages are the complexity of the design of the internal elements and 

the need for high precision manufacturing of the tube (20) and auxiliary components 

(27, 28, 31). Also, the complex geometry of the flow channels can lead to increased 

hydraulic resistance, which increases the energy costs for pumping media. In addition, 

the design is potentially sensitive to contamination of the internal channels and 

requires complex maintenance. 
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CONCLUSIONS: 

The analyzed methods of heat exchange intensification (turbulization, profiling, 

and finning) allow for a significant increase in the efficiency of biogas purification, but 

require a compromise in terms of increasing hydraulic resistance and the complexity of 

equipment manufacturing. 
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ʆɻʃʗɼ ʂʆʅʉʊʈʋʂʎɯʁ ɼɽʌʃɽɻʄɸʊʆʈɯɺ ɼʃʗ ʋʉʊɸʅʆɺʂʀ 

ɺʀʈʆɹʅʀʎʊɺɸ ɽʊɸʅʆʃʋ 

ɹʦʛʜʘʥʝʮʴ ʄ. ɻ., ɻʘʡʜʘʡ ʉ. ʉ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʅʆʊɸʎɯʗ: ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʪʝʧʣʦʦʙʤʽʥʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʷʢʦʩʪʽ ʜʝʬʣʝʛʤʘʪʦʨʘ ʫʩʪʘʥʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ 

ʝʪʘʥʦʣʫ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɼɽʌʃɽɻʄɸʊʆʈ, ɽʊɸʅʆʃ, ʂʆʅɼɽʅʉɸʎɯʗ, 

ʂʆɾʋʍʆʊʈʋɹʅʀʁ ʊɽʇʃʆʆɹʄɯʅʅʀʂ, ʈɽʂʊʀʌɯʂɸʎɯʗ. 

 

The efficiency of a rectification columnôs dephlegmator directly determines the 

quality of the separation of alcohol mixtures and the energy efficiency of the process, 
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which necessitates an analysis of existing design solutions and the selection of the 

optimal option for modernization. 

The most common design of heat exchangers is the shell-and-tube deflagrator, 

the principle of operation and structure of which are shown in [1], Figure 1. 

Structurally, the apparatus consists of a shell, a tube bundle, baffles and headers, which 

ensure the movement of heat transfer fluids in counter-current or co-current modes. 

 

Figure 1. Diagram of a shell-and-tube heat exchanger [1] 

This design of a shell-and-tube heat exchanger is characterized by a high level 

of reliability, due to its structural simplicity, the absence of complex moving parts, and 

its ability to operate continuously under varying temperature and hydrodynamic 

conditions. Ease of manufacture is achieved through the use of standardized 

components, such as tube bundles, shells and tube grids, which allows this type of unit 

to be widely used in industry, particularly in alcohol production. Furthermore, the 

design facilitates maintenance, as access to the main elements of the heat transfer 

surface can be provided by removing covers or individual sections of the apparatus, 

which simplifies preventive maintenance and the cleaning of internal surfaces from 

deposits.  

At the same time, a significant drawback of such units is the relatively low heat 

transfer intensity, which is due to the laminar or weakly turbulent flow regime of the 

heat transfer fluids within the tube space, as well as the limited heat transfer surface 
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area when using smooth tubes. This, in turn, necessitates an increase in the length of 

the tubes or the number of tubes in the bundle, which directly affects the overall 

dimensions of the apparatus, its weight and manufacturing cost, and also complicates 

the integration of such equipment into existing process flows. 

In order to improve the efficiency of heat transfer processes and eliminate the 

aforementioned shortcomings, the authors [2] have proposed the use of heat exchange 

tubes with an enhanced surface area, in particular finned tubes, which provide a 

significant increase in the specific heat exchange area.  

Structurally, such tubes have additional fins, as shown in Figure 2, located on 

the outer or inner surface, which helps to intensify heat transfer by increasing the 

contact area between the heat transfer fluids. The use of finned tubes allows the heat 

transfer coefficient to be increased without a significant increase in the dimensions of 

the apparatus, which is an important advantage in conditions of limited production 

space. 

 

Figure 2. Design of a finned heat exchange tube [2] 

Furthermore, the presence of fins promotes partial flow turbulence, which 

further improves the heat transfer characteristics of the unit. At the same time, the use 

of finned tubes is associated with a number of technical and operational limitations. In 

particular, the manufacturing process is more complex and requires the use of 

specialised equipment, which increases the unitôs production cost. During operation, 

the space between the fins is prone to the accumulation of contaminants, deposits and 
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corrosion products, which leads to a reduction in heat transfer efficiency over time and 

requires regular cleaning.  

Cleaning such surfaces is complicated by their complex geometry, which may 

require the equipment to be shut down and the use of special flushing methods or 

mechanical cleaning. Thus, despite their high heat transfer characteristics, finned tubes 

are not always the optimal solution for conditions where ease of maintenance, 

reliability and long-term operational stability of the unit are important. 

The advantage of using finned tubes in heat exchanger designs is a significant 

increase in heat transfer intensity, achieved by substantially increasing the heat transfer 

surface area without a corresponding increase in the equipmentôs dimensions. The fins 

located on the surface of the tubes provide additional contact area between the heat 

transfer fluids, which helps to improve heat transfer efficiency, particularly in cases 

where one of the heat transfer fluids has a low thermal conductivity or is in a gaseous 

state. Furthermore, the presence of fins contributes to a certain intensification of 

hydrodynamic processes, as the nature of the flow around the surface changes, which 

may be accompanied by local disruption of the laminar boundary layer. At the same 

time, the use of finned tubes is accompanied by a number of significant drawbacks that 

limit their widespread application in conditions of long-term industrial operation. First 

and foremost, it is worth noting the complexity of the manufacturing technology for 

such tubes, which requires the use of specialized equipment and high precision in fin 

forming, which, in turn, leads to an increase in the cost of the finished product. A 

significant operational drawback is the tendency of the inter-fin space to accumulate 

contaminants, in particular corrosion products, mechanical impurities and deposits 

formed during operation. This leads to a reduction in the effective heat exchange area 

and a gradual decrease in the heat transfer coefficient. Cleaning such surfaces is a 

technically challenging process, as the complex geometry of the fins makes it difficult 

to access soiled areas, often requiring the use of specialized cleaning methods or a 

complete shutdown of the equipment. Thus, despite their high heat transfer 
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characteristics, finned tubes have limitations regarding their use in conditions where 

operational stability and ease of maintenance are important. 

Another effective approach to enhancing heat transfer is to increase the 

turbulence of the coolant flow, which allows for a significant increase in the heat 

transfer coefficient without a substantial increase in the heat transfer surface area. The 

authors [2] have proposed a design for a heat exchanger utilizing baffles and special 

turbulation elements that alter the flow path and ensure repeated mixing. The baffles, 

shown in Figure 3 and located in the inter-tube space, force the coolant to move along 

a complex trajectory, accompanied by alternating zones of flow acceleration and 

deceleration, as well as the disruption of the boundary layer on the heat exchange 

surface. This contributes to the intensification of the heat transfer process and an 

increase in the overall efficiency of the unit. Additionally, internal turbulators installed 

directly within the tubes may be used; these create vortex flows and ensure a more 

uniform distribution of the temperature field.  

However, despite a significant increase in heat transfer intensity, the use of such 

design solutions also has certain drawbacks.  

The main one is a substantial increase in hydraulic resistance, which necessitates 

an increase in the capacity of the pumping or compressor equipment to ensure the 

required coolant flow rates.  
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1, 4 ï bottom; 2, 5 ï tube grids; 3 ï tubes; 6 ï inter-tube space; 7 ï partition 

Figure 3 ï Heat exchanger with partitions [2] 

This, in turn, leads to increased energy consumption and a reduction in the 

overall economic efficiency of the process. Furthermore, the increased complexity of 

the apparatusôs design may adversely affect its reliability and maintainability, as the 

presence of additional components increases the likelihood of wear or damage during 

operation. Thus, the use of baffles and turbulators is effective in terms of intensifying 

heat transfer, but requires careful justification, taking into account the trade-off 

between increased thermal efficiency and rising energy and operating costs. 

The use of heat exchangers with baffles and turbulence-inducing elements 

makes it possible to significantly increase the heat transfer coefficient by intensifying 

the hydrodynamic processes within the coolant flow. Changing the flow path, 

repeatedly mixing the flow and disrupting the boundary layer on the heat transfer 

surface help to improve heat transfer conditions and make more efficient use of the 

heat transfer surface. However, achieving this effect is accompanied by a number of 

negative factors, the most significant of which is an increase in the systemôs hydraulic 

resistance. The increase in the resistance to coolant flow necessitates the use of more 

powerful pumping or compressor equipment to ensure the required flow rates, which, 
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in turn, leads to increased energy consumption. Furthermore, the increased complexity 

of the apparatusôs design due to the introduction of additional elements reduces its 

operational reliability, increases the likelihood of wear on individual components, and 

complicates maintenance and repair. In some cases, this may necessitate frequent 

equipment shutdowns, which negatively impacts the continuity of the technological 

process. 

In this regard, a promising avenue for improving heat exchangers is the use of 

profiled tubes, the design features of which are described in [4]. A characteristic 

feature of such tubes is the presence of a specially shaped geometry of the inner or 

outer surface in the form of helical grooves, as shown in Figure 4, protrusions or wave-

like elements, which ensure the formation of local turbulent zones in the coolant flow. 

Unlike the use of separate turbulators, profiling the surface of the pipes allows for the 

intensification of heat transfer without the introduction of additional structural 

elements, which simplifies the overall design of the apparatus. As the coolant flows 

through such tubes, the laminar boundary layer is disrupted, giving rise to secondary 

flows and vortex structures, which contribute to a more uniform temperature 

distribution across the flow cross-section and an increase in the heat transfer 

coefficient. An important advantage of profiled tubes is that the intensification of heat 

transfer is achieved with a relatively minor increase in hydraulic resistance compared 

to designs using baffles or turbulators. Furthermore, the absence of complex internal 

components reduces the likelihood of contamination build-up and simplifies the 

process of cleaning surfaces during operation. Thus, the use of profiled tubes ensures 

an optimal combination of high heat transfer intensity, moderate energy consumption 

and a sufficiently simple and reliable design, making them suitable for use in the 

modernizations of dephlegmators in rectification plants. 
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Figure 4 ï Profiled heat exchange tube [3] 

The use of profiled tubes in heat exchanger designs is an effective way of 

enhancing heat transfer processes without the need for additional structural elements, 

such as turbulators or complex baffle systems. A distinctive feature of such tubes is 

their specially shaped surface geometry, which alters the hydrodynamic structure of 

the coolant flow without significantly complicating the apparatus design. As the 

coolant flows over the profiled surface, the laminar boundary layer is disrupted, local 

vortex zones are formed and secondary flows arise, which promotes more intensive 

mixing of the flow and equalization of the temperature field. This, in turn, leads to an 

increase in the heat transfer coefficient and more efficient utilization of the heat 

exchange surface. 

A key advantage of using profiled pipes is that enhanced heat transfer is 

achieved without a significant increase in the systemôs hydraulic resistance. Unlike 

designs with internal turbulent elements or complex baffles, which significantly 

impede the flow of the heat transfer fluid, the profiled surface of the pipes ensures a 

smoother change in flow structure, allowing pressure losses to be kept at an acceptable 

level. This is an important factor in terms of energy efficiency, as it does not require a 

significant increase in the capacity of pumping or compressor equipment to ensure the 

necessary coolant flow rates. Thus, the use of profiled pipes allows an optimal balance 

to be achieved between increasing heat transfer intensity and the energy costs of 

transporting coolants. 

Furthermore, profiled pipes do not create distinct areas of stagnation or 

accumulation of contaminants, which is a common drawback of finned surfaces or 

structures with complex internal geometries. The absence of narrow inter-fin channels 
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and hard-to-reach areas helps to reduce the accumulation of impurities, corrosion 

products and other contaminants on the heat exchange surface. This ensures more 

stable heat exchange characteristics of the unit over a long period of operation and 

reduces the need for frequent maintenance and cleaning. It should also be noted that 

the simplified design and the absence of separate turbulence-inducing elements 

increase the reliability of the equipment, reduce the likelihood of mechanical damage 

and facilitate repair work. Taken together, these factors determine the suitability of 

using profiled tubes in the modernization of dephlegmators, as they ensure improved 

heat transfer efficiency, reduced operating costs and better overall technical and 

economic performance of the unit. 

CONCLUSIONS: 

The analysis has shown that shell-and-tube heat exchangers are characterized by 

high reliability and ease of operation, but have a low heat transfer rate; The use of 

finned tubes increases the heat transfer area, but complicates the design and makes 

cleaning more difficult; the use of turbulators and baffles increases the heat transfer 

coefficient, but is accompanied by a significant increase in hydraulic resistance. 
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DESTRUCTIVE CHANGES IN PAPER UNDER THERMORADIATIVE 
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Abstract: The experimental change in the mass of a paper sample with a 

dryness of 94% under infrared radiation was considered. Based on the results of 

continuous mass recording over 816 s, a mass decrease from 0.743 to 0.611 g was 

established, which corresponds to a total loss of 0.132 g or 17.77%. It was shown that 

the kinetic curve has a descending character with a transition from a faster initial 

stage to a slower final stage. The obtained dependences can be used to estimate the 

rational duration of infrared treatment of paper materials. 

KEYWORDS: PAPER, INFRARED RADIATION, MASS CHANGE, 

DRYING, KINETICS, HEAT TREATMENT. 

 

ɼɽʉʊʈʋʂʊʀɺʅɯ ɿʄɯʅʀ ʇɸʇɽʈʋ ɿɸ ʊɽʈʄʆʈɸɼɯɸʎɯʁʅʆɻʆ 

ɺʇʃʀɺʋ 

ʂ.ʪ.ʥ., ʜʦʮʝʥʪ ʅʦʚʦʭʘʪ ʆ.ɸ. 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʟʤʽʥʫ ʤʘʩʠ ʟʨʘʟʢʘ ʧʘʧʝʨʫ ʧʽʜ 

ʜʽʻʶ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʙʝʟʧʝʨʝʨʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 

ʤʘʩʠ ʫʧʨʦʜʦʚʞ 816 ʩ ʚʩʪʘʥʦʚʣʝʥʦ ʾʾ ʩʧʘʜ ʚʽʜ 0.743 ʜʦ 0.611 ʛ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʩʫʤʘʨʥʽʡ ʚʪʨʘʪʽ 0.132 ʛ ʘʙʦ 17.77 %. ʇʦʢʘʟʘʥʦ, ʱʦ ʢʽʥʝʪʠʯʥʘ ʢʨʠʚʘ ʤʘʻ 

ʚʠʨʘʞʝʥʠʡ ʩʧʘʜʥʠʡ ʭʘʨʘʢʪʝʨ ʽʟ ʧʦʩʪʫʧʦʚʠʤ ʟʤʝʥʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʧʨʦʮʝʩʫ ʪʘ 

ʦʟʥʘʢʘʤʠ ʧʝʨʝʭʦʜʫ ʚʽʜ ʰʚʠʜʰʦʾ ʧʦʯʘʪʢʦʚʦʾ ʩʪʘʜʽʾ ʜʦ ʧʦʚʽʣʴʥʽʰʦʾ ʟʘʚʝʨʰʘʣʴʥʦʾ. 

ʆʪʨʠʤʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ ʨʘʮʽʦʥʘʣʴʥʦʾ 

ʪʨʠʚʘʣʦʩʪʽ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʦʙʨʦʙʣʝʥʥʷ ʧʘʧʝʨʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
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ɿʄɯʅɸ ʄɸʉʀ, ʉʋʐɯʅʅʗ, ʂɯʅɽʊʀʂɸ, ʊɽʈʄʆʆɹʈʆɹʂɸ. 

 

Infrared radiation is one of the promising methods of heat supply to thin sheet 

materials, since it provides rapid surface heating and makes it possible to intensify 

drying and heat-treatment processes. For paper, it is important to determine the nature 

of mass change over time under such exposure, since this makes it possible to assess 

the intensity of moisture removal, identify the characteristic stages of the process, and 

substantiate the rational treatment duration. 

The aim of this study was to analyze the experimental dependence of paper mass 

on time under the action of infrared radiation. 

The experimental dataset contained 817 successive measurements; time was 

given in seconds and mass in grams. Based on the primary data, the dependences m = 

f(Ű), ȹm = f(Ű), and m/m  = f(Ű) were constructed. The initial mass of the sample was 

0.743 g, and by the end of the observation period of 816 s it had decreased to 0.611 g. 

The absolute mass loss was 0.132 g, which corresponds to 17.77% of the initial value. 

According to the experimental data, graphical dependences were constructed 

(Figs. 1-3). 

 

Figure 1 - Dependence of paper mass on time under infrared radiation 
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Figure 2 - Dependence of paper mass loss on time under infrared radiation 

 

Figure 3 - Dependence of relative paper mass on time under infrared radiation 

The experimental points demonstrate a generally monotonic decreasing 

character of mass change, although slight local fluctuations typical of continuous 

weighing are observed. To interpret the process kinetics, the experimental data were 

approximated by two straight lines corresponding to two stages of the process. 

An approximate inflection point is observed near 411 s, indicating a transition 

from a faster initial stage to a slower final stage. This behavior may be associated with 

more intensive removal of freer or weakly bound moisture at the initial stage and a 

subsequent increase in the internal resistance to mass transfer. 
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The average rate of mass change in the first section was about 1.87 Ĭ 10  g/s, 

whereas after the transition it was 1.11 Ĭ 10  g/s; thus, at the beginning the process 

proceeded approximately 1.68 times more intensively. Such behavior may be 

associated with faster removal of freer or weakly bound moisture at the initial stage 

and with a gradual increase in the internal resistance to mass transfer thereafter. 

The constructed graphical dependences make it possible to clearly trace the 

kinetics of mass change and determine the moment after which a further increase in 

treatment time is accompanied by a significantly smaller gain in effect. 

Thus, under infrared radiation the mass of paper decreases regularly over time, 

and the kinetics of the process show signs of two-stage behavior, which should be 

taken into account when selecting IR-treatment conditions. The obtained results can be 

used to substantiate the rational duration of drying or thermal treatment of paper, as 

well as an experimental basis for further mathematical modeling of the mass-transfer 

process. 
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ANNOTATION . The main design approaches to heat transfer intensification in 

heat storage equipment based on phase change materials are considered. It is shown 

that the low thermal conductivity of PCM is one of the main factors limiting the 

efficiency of charging and discharging heat storage devices. The use of ribs, metal 

foams, fillers, modified surfaces and rational arrangement of heat exchange elements 

is analyzed. It is substantiated that the most promising practical direction is geometric 

intensification of heat exchange, aimed at increasing the area of the heat exchange 

surface and reducing the characteristic heat transfer path in the volume of PCM. 

KEYWORDS : HEAT STORAGE, PHASE CHANGE MATERIAL, PCM, 

HEAT TRANSFER, HEAT TRANSFER INTENSIFICATION, EXCESS HEAT. 

 

ʂʆʅʉʊʈʋʂʊʀɺʅɯ ʐʃʗʍʀ ɯʅʊɽʅʉʀʌɯʂɸʎɯɰ ʊɽʇʃʆʆɹʄɯʅʋ ɺ 

ʊɽʇʃʆɸʂʋʄʋʃʖʖʏʆʄʋ ʆɹʃɸɼʅɸʅʅɯ ɿ PCM 

ɸʩʧʽʨʘʥʪ ɸ.ɺ. ʊʘʨʘʩʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮʝʥʪ ɸ. ʈ. ʉʪʝʧʘʥʶʢ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʅʆʊɸʎɯʗ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʧʽʜʭʦʜʠ ʜʦ 

ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʫ ʚ ʪʝʧʣʦʘʢʫʤʫʣʶʶʯʦʤʫ ʦʙʣʘʜʥʘʥʥʽ ʥʘ ʦʩʥʦʚʽ 

ʬʘʟʦʟʤʽʥʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʥʠʟʴʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ PCM ʻ ʦʜʥʠʤ ʽʟ 

ʛʦʣʦʚʥʠʭ ʬʘʢʪʦʨʽʚ, ʷʢʽ ʦʙʤʝʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʨʷʜʞʘʥʥʷ ʪʘ ʨʦʟʨʷʜʞʘʥʥʷ 

ʪʝʧʣʦʘʢʫʤʫʣʷʪʦʨʽʚ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʝʙʝʨ, ʤʝʪʘʣʝʚʠʭ 
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ʧʽʥʦʤʘʪʝʨʽʘʣʽʚ, ʥʘʧʦʚʥʶʚʘʯʽʚ, ʤʦʜʠʬʽʢʦʚʘʥʠʭ ʧʦʚʝʨʭʦʥʴ ʽ ʨʘʮʽʦʥʘʣʴʥʦʛʦ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʆʙˇʨʫʥʪʦʚʘʥʦ, ʱʦ 

ʥʘʡʧʝʨʩʧʝʢʪʠʚʥʽʰʠʤ ʧʨʘʢʪʠʯʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʛʝʦʤʝʪʨʠʯʥʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʷ 

ʪʝʧʣʦʦʙʤʽʥʫ, ʩʧʨʷʤʦʚʘʥʘ ʥʘ ʟʙʽʣʴʰʝʥʥʷ ʧʣʦʱʽ ʪʝʧʣʦʦʙʤʽʥʥʦʾ ʧʦʚʝʨʭʥʽ ʪʘ 

ʟʤʝʥʰʝʥʥʷ ʭʘʨʘʢʪʝʨʥʦʛʦ ʰʣʷʭʫ ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʚ ʦʙôʻʤʽ PCM. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʊɽʇʃʆɸʂʋʄʋʃʖɺɸʅʅʗ, ʌɸɿʆɿʄɯʅʅʀʁ 

ʄɸʊɽʈɯɸʃ, PCM, ʊɽʇʃʆʆɹʄɯʅ, ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʊɽʇʃʆʆɹʄɯʅʋ, 

ʅɸɼʃʀʐʂʆɺɽ ʊɽʇʃʆ. 

 

Increasing the efficiency of energy resources is one of the key tasks of modern 

heating engineering. Significant amounts of thermal energy are lost in boiler rooms, 

ventilation systems, compressor units and other industrial facilities without further 

useful use. One of the promising ways to solve this problem is the utilization of excess 

heat with its subsequent accumulation in heat storage systems. 

Of particular interest are thermal accumulators based on phase change materials, 

which are capable of storing significant amounts of energy due to the latent heat of 

phase transition. Such systems have advantages over traditional sensible batteries, as 

they allow operation in a relatively narrow temperature range and provide a higher 

specific capacity [1]. At the same time, their practical use is limited by the low thermal 

conductivity of most PCMs, which slows down the charging and discharging processes 

[2]. 

The aim of the work is to analyze the constructive ways of intensifying heat 

exchange in heat-accumulating equipment with PCM and to determine the most 

promising approaches to increasing the efficiency of its operation  [3]. 

The physical essence of the problem is that when charging the heat accumulator, 

the PCM layers closest to the heat exchange surface heat up and change their phase 

state faster than the distant areas of the material. As a result, an uneven temperature 

field is formed in the volume of the PCM, and the main thermal resistance occurs 
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precisely in the thickness of the heat-accumulating material. Thus, one of the main 

limiting factors in systems of this type is the low thermal conductivity of the PCM, 

which in a generalized form can be characterized by the coefficient ɚ (Figure 1) [4]: 

 

Figure 1 ï Local physical model of the heat exchange process in a heat storage device 

with PCM: Ŭ ï convective heat exchange in the coolant; ɚ ï thermal conductivity in 

the phase change material; dx ï characteristic thickness of the PCM layer; F ï area of 

the heat exchange surface; Q ï direction of heat flow. 

 

 

 

This relationship shows that, for a given thermal conductivity of the material, 

the intensification of heat transfer is structurally related to a decrease in the 

characteristic thickness of the PCM layer dx and an increase in the area of the heat 

transfer surface. 
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From an engineering point of view, this means that the efficiency of the heat 

accumulator is largely determined not only by the properties of the material, but also 

by the characteristic thickness of the PCM layer through which the heat passes, as well 

as the area of the heat exchange surface [1, 2]. Therefore, it is advisable to direct the 

constructive improvement of the system to reduce the heat transfer path in the PCM 

volume and increase the contact area between the coolant and the heat-accumulating 

material. 

Among the modern ways of intensifying heat exchange in PCM heat 

accumulators, both methods of modifying the material itself and constructive solutions 

are considered. The first group includes the introduction of graphite, carbon or metal 

fillers that increase the effective thermal conductivity of the composite PCM [5]. 

However, such approaches may be accompanied by a decrease in the latent heat of 

phase transition, a complication of the material preparation technology and an increase 

in the cost of the system. 

More practical from the point of view of engineering design is the constructive 

way of intensifying heat exchange. It includes the use of heat conduction ribs, metal 

foam materials, modified surfaces, corrugated or multi-channel heat exchange 

elements, as well as the rational arrangement of tubes and channels in the volume of 

the PCM [1, 4]. The scheme of heating the device from thermal power is shown in 

Figure 2. 
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Accumulator heating mode: 1 ï heating medium input, 2 ï heating medium 

output. 

Accumulator cooling mode (heat transfer to the room): 1 ï cold air inlet, 2 ï 

warm air outlet 

Figure 2 ï Scheme of heating the device from thermal power 

The common idea of these solutions is to increase the heat exchange area and 

reduce the characteristic thickness of the PCM layer through which heat must pass 

deep into the material. 

Of particular interest are ribbed structures, since they are technologically 

relatively simple and can significantly reduce the melting and crystallization time of 

PCM. However, the results of various studies show that an excessive increase in the 

number of ribs is not always effective (Figure 3) [6]. Under certain conditions, dense 

finning can suppress natural convection in the liquid phase of PCM, which leads to a 

decrease in the overall intensity of heat transfer. This means that for a specific type of 

device and the selected material, it is advisable to talk not about the maximum increase 

in the surface, but about the search for a rational geometry of the heat transfer system 

[6, 7]. 
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Figure 3. Schematic representation of a heat storage device with finned heat 

exchange elements to intensify heat exchange. 

 

Another direction is the use of metal foams, which dramatically increase the 

effective thermal conductivity of the system. However, such solutions are 

accompanied by a complication of the design and an increase in its cost. In addition, in 

some cases, an overly developed porous structure can suppress the convective 

component of heat transfer in the molten PCM. 

Another direction is the use of metal foams, which dramatically increase the 

effective thermal conductivity of the system. However, such solutions are 

accompanied by a complication of the design and an increase in its cost. In addition, in 

some cases, an overly developed porous structure can suppress the convective 

component of heat transfer in the molten PCM. 

Thus, the analysis of modern approaches shows that there is no universal 

method of heat exchange intensification for all types of PCM heat accumulators. The 
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most promising direction is a comprehensive approach, which takes into account the 

properties of the phase-change material, the temperature range of the heat source, the 

geometry of the device and the conditions of charging and discharging. For low- and 

medium-temperature systems, the constructive improvement of heat exchange 

elements aimed at reducing the thermal resistance in the volume of the PCM is 

especially appropriate [6, 8]. 

Conclusions: 

1. Modern design approaches to intensification of heat exchange in heat-

accumulating equipment with PCM are analyzed. 

2. It has been determined that the low thermal conductivity of PCM is one of 

the main factors limiting the efficiency of charging and discharging heat accumulators. 

3. The feasibility of constructive intensification of heat exchange by increasing 

the area of the heat exchange surface and reducing the heat transfer path in the PCM 

volume is substantiated. 

4. It is shown that the use of ribs, modified surfaces, and rational arrangement 

of heat exchange elements is a promising direction for improving heat storage systems. 

5. A direction for further research is formulated, related to the choice of a 

rational geometry of the heat exchange system for specific PCM properties and 

conditions for using excess heat. 
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Abstract: The paper considers the modernization of a vertical shell-and-tube 

unit with a lens compensator by using disk-ring partitions in the intertube space. It is 

shown that such a design provides a more uniform distribution of coolant flows, 

increases the intensity of heat exchange and reduces the hydraulic resistance of the 

unit. The proposed solution contributes to increasing the energy efficiency and 

reliability of the heat exchange equipment. 

KEYWORDS: SHELL-TUBE HEAT EXCHANGER, LENS, DISC-RING 

BUFFER, HEAT EXCHANGE INTENSIFICATION, FLOW HYDRODYNAMICS, 

EQUIPMENT MODERNIZATION. 

 

ʄʆɼɽʈʅɯɿɸʎɯʗ ʇɯɼɯɻʈɯɺɸʏɸ ʉɯʈʏɸʅʆɰ ʂʀʉʃʆʊʀ 

ʉʪʫʜʝʥʪ ʇʘʭʦʣʴʯʝʥʢʦ ʊ. ʆ., ʢ. ʪ. ʥ., ʜʦʮʝʥʪ ʅʦʚʦʭʘʪ ʆ. ɸ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ò 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʦʜʝʨʥʽʟʘʮʽʶ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʢʦʞʫʭʦʪʨʫʙʥʦʛʦ ʘʧʘʨʘʪʫ ʟ ʣʽʥʟʦʚʠʤ ʢʦʤʧʝʥʩʘʪʦʨʦʤ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʜʠʩʢʦ-ʢʽʣʴʮʝʚʠʭ ʧʝʨʝʛʦʨʦʜʦʢ ʫ ʤʽʞʪʨʫʙʥʦʤʫ ʧʨʦʩʪʦʨʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʪʘʢʘ 

ʢʦʥʩʪʨʫʢʮʽʷ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦʪʦʢʽʚ ʪʝʧʣʦʥʦʩʽʷ, 

ʧʽʜʚʠʱʫʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʟʤʝʥʰʫʻ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʘʧʘʨʘʪʘ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʝ ʨʽʰʝʥʥʷ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ 

ʨʦʙʦʪʠ ʪʝʧʣʦʦʙʤʽʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 
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ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʂʆɾʋʍʆʊʈʋɹʅʀʁ ʊɽʇʃʆʆɹʄɯʅʅʀʂ, ʃɯʅɿɸ, 

ɼʀʉʂʆ-ʂɯʃʔʎɽɺɯ ʇɽʈɽɻʆʈʆɼʂʀ, ɯʅʊɽʅʉʀʌɯʂɸʎɯʗ ʊɽʇʃʆʆɹʄɯʅʋ, 

ɻɯɼʈʆɼʀʅɸʄɯʂɸ ʇʆʊʆʂʋ, ʄʆɼɽʈʅɯɿɸʎɯʗ ʆɹʃɸɼʅɸʅʅʗ. 

Shell-and-tube heat exchangers are among the most common apparatuses in the 

chemical, petrochemical, power engineering, and food industries. They are utilized for 

heating, cooling, condensation, and evaporation of working media across a variety of 

technological processes. Their widespread use in industrial facilities is due to their 

reliability, structural simplicity, and capability to operate under significant 

temperatures and pressures  

One of the most effective designs of such apparatuses for significant coolant 

temperature differences is a shell-and-tube heat exchanger with a lens compensator 

(Figure 1). The main structural element of the apparatus is a cylindrical shell; inside 

the shell is a tube bundle consisting of a large number of small-diameter heat exchange 

tubes fixed in tube sheets. The tube bundle is the primary working heat exchange 

surface through which heat is transferred from one medium to another. Fixing the 

tubes is carried out by expansion or welding in tube sheets, which provide hermetic 

separation of the tube and intertube spaces.  

 

1 ï shell; 2 ï lens compensator; 3 ï fairing  

Figure 1 ï Shell-and-tube heat exchanger with a lens compensator  
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Covers (medium distribution chambers) are installed on both sides of the heat 

exchanger, forming the inlet and outlet for the coolant in the tube side. In the case of a 

multi-pass scheme, partitions are provided in the covers to ensure a change in the 

direction of the medium's movement and increase heat exchange efficiency. 

Baffles are located in the intertube space, performing a dual function: directing 

the coolant flow across the tube bundle and preventing tube vibration. This contributes 

to increasing the heat transfer coefficient and the stability of the unit's operation [1]. 

A feature of this type of heat exchanger is the presence of a lens compensator 

built into the shell body. It is a thin-walled corrugated element (lens) capable of axial 

deformation. The lens compensator is designed to absorb the thermal expansion of the 

shell that occurs when the unit is heated. This reduces thermal stresses in welded joints 

and tube sheets, significantly increasing the reliability and durability of the equipment. 

Despite structural advantages, traditional shell-and-tube heat exchangers have 

several operational drawbacks. These include limited heat transfer intensity, the 

formation of stagnant zones in the intertube space, uneven distribution of flow 

velocities, and the potential accumulation of deposits on the heat exchange surface. 

This leads to a decrease in the heat transfer coefficient, an increase in hydraulic 

resistance, and higher energy costs [3]. 

 One of the effective ways to increase the intensity of heat exchange in shell-and-

tube units is the modernization of the baffle system in the shell side. Instead of 

traditional segmental baffles, it is advisable to use modernized disk-ring baffles 

(Figure 2), which provide a more rational distribution of coolant flows and improve 

the hydrodynamic operating conditions of the unit. 
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Figure 2 ï Diagram of disk-and-ring baffles in a heat exchanger  

The disk-ring baffle system consists of two types of elements that alternate 

along the length of the tube bundle:  

- disk baffles - solid circular plates with holes for the tubes that create a gap with 

the inner surface of the shell.  

- Ring baffles - ring-shaped baffles that block the peripheral part of the intertube 

space. 

Such an alternating arrangement of disk and ring elements forms a combined 

radial-axial motion of the coolant. The flow in the intertube space is forced to 

sequentially change direction: first moving toward the periphery of the tube bundle, 

then toward its center. As a result, a more uniform velocity distribution is created, and 

the washing of the tube surfaces is improved.  

When the coolant passes between the tubes, the disk baffle blocks the central 

part of the flow, directing it toward the shell walls. The subsequent ring baffle, 

conversely, blocks the periphery and directs the flow into the central zone of the tube 

bundle. Due to this alternation, an oscillating radial movement of the coolant is 

formed, which significantly increases flow turbulence and heat transfer efficiency.  

The use of disk-ring baffles significantly intensifies heat exchange in the shell 

side. By changing the direction of the coolant flow and increasing turbulence, the heat 
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transfer coefficient from the coolant to the outer surface of the tubes is increased. 

Furthermore, this design ensures a smoother movement of the coolant, which helps 

reduce pressure losses compared to traditional segmental baffles. 

An additional advantage is the more uniform distribution of hydrodynamic loads 

on the tube bundle. This reduces tube vibration, enhances the mechanical stability of 

the structure, and extends the service life of the heat exchanger. The likelihood of local 

fouling zones forming on the heat exchange surfaces is also reduced. 

Thus, the flow constantly changes direction, creating vortices. These vortices 

mix the steam and prevent stagnant zones from forming. This results in a more 

uniform velocity distribution and increased flow turbulence. Additionally, when using 

holes in the disks, uniform drainage of condensate occurs along the body of the 

apparatus, minimizing contact between the condensate and the steam, which reduces 

heat loss. Moreover, the condensate film on the inner surface of the shell acts as a 

thermal resistance, reducing heat loss from the body to the environment. 

Consequently, the application of disk-ring baffles in a vertical shell-and-tube 

heat exchanger is an effective modernization that increases heat exchange intensity, 

reduces energy consumption for pumping, and improves the operational reliability of 

the heat exchange equipment. 
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ʋɼʂ 66.047: 631.563 

ɿɸʉɸɼʀ ɯʅʅʆɺɸʎɯʁʅʆɰ ʊɽʍʅʆʃʆɻɯɰ ʇɽʈɽɼʇʆʉɯɺʅʆɰ ʆɹʈʆɹʂʀ 

ʅɸʉɯʅʅʗ 
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ɸʅʆʊɸʎɯʗ. ʇʽʜʪʚʝʨʜʞʝʥʦ ʬʽʟʠʯʥʫ ʤʦʜʝʣʴ ʚʟʘʻʤʦʜʽʾ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ ʟ 

ʥʝʩʬʝʨʠʯʥʠʤʠ ʯʘʩʪʠʥʢʘʤʠ ʟʝʨʥʘ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʣʽʧʩʦʾʜʘʣʴʥʝ ʥʘʩʽʥʥʷ 

ʧʰʝʥʠʮʽ ʦʨʽʻʥʪʫʻʪʴʩʷ ʥʘʡʤʝʥʰʠʤ ʧʝʨʝʨʽʟʦʤ ʫʟʜʦʚʞ ʧʦʪʦʢʫ, ʱʦ ʟʤʝʥʰʫʻ 

ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʽ ʧʽʜʚʠʱʫʻ ʧʦʨʦʟʥʽʩʪʴ ʰʘʨʫ ʜʦ 0,5 Ò Ů Ò 0,9. ʅʝʦʜʥʦʨʽʜʥʝ 

ʩʪʨʫʤʝʥʝʚʦ-ʧʫʣʴʩʘʮʽʡʥʝ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʘʢʪʠʚʥʝ ʧʝʨʝʤʽʰʫʚʘʥʥʷ 

ʤʘʪʝʨʽʘʣʫ: ʧʦʥʘʜ 40% ʤʘʩʠ ʰʘʨʫ ʚʠʥʦʩʠʪʴʩʷ ʚ ʥʘʜʰʘʨʦʚʠʡ ʧʨʦʩʪʽʨ ʽʟ 

ʯʘʩʪʦʪʦʶ 1,5ï2,0 ɻʮ. ʎʝ ʽʥʪʝʥʩʠʬʽʢʫʻ ʪʝʧʣʦ- ʽ ʤʘʩʦʦʙʤʽʥ ʪʘ ʜʦʟʚʦʣʷʻ 

ʝʬʝʢʪʠʚʥʦ ʩʫʰʠʪʠ ʡ ʢʘʧʩʫʣʶʚʘʪʠ ʥʘʩʽʥʥʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 40 °C ʙʝʟ 

ʧʦʰʢʦʜʞʝʥʥʷ ʪʘ ʫʪʚʦʨʝʥʥʷ ʘʛʣʦʤʝʨʘʪʽʚ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʇɽʈɽɼʇʆʉɯɺʅɸ ʆɹʈʆɹʂɸ ʅɸʉɯʅʅʗ, 

ɽʃɯʇʉʆɰɼ, ʉʊʈʋʄɽʅɽɺʆ-ʇʋʃʔʉɸʎɯʁʅɽ ʇʉɽɺɼʆɿʈɯɼɾɽʅʅʗ, 

ʊɽʇʃʆʄɸʉʆʆɹʄɯʅ.  

PRINCIPLES OF INNOVA TIVE TECHNOLOGY FOR PRESOWING SEED 

TREATMENT  

Professor Kornienko Y.M., Associate Professor Haidai S.S., Graduate Student 

Semenenko D.S. 

National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute» 

ABSTRACT . A physical model of the interaction between a gas flow and non-

spherical grain particles has been validated. It has been established that ellipsoidal 

wheat seeds orient themselves with their smallest cross-section along the flow, which 

reduces hydraulic resistance and increases the porosity of the layer to 0,5 Ò Ů Ò 0,9. 

Heterogeneous jet-pulsation fluidisation ensures active mixing of the material: over 

40% of the bed mass is carried into the space above the bed at a frequency of 1.5ï2.0 
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Hz. This intensifies heat and mass transfer and allows seeds to be effectively dried and 

encapsulated at temperatures up to 40 °C without damage or the formation of 

agglomerates. 

KEY WORDS : PRE-SOWING SEED TREATMENT, ELLIPSOID, JET-

PULSATION FLUIDIZAʊION, HEAT AND MASS TRANSFER.. 

ʇʝʨʝʜʧʦʩʽʚʥʘ ʦʙʨʦʙʢʘ ʥʘʩʽʥʥʷ ʚʢʣʶʯʘʻ ʢʘʣʽʙʨʫʚʘʥʥʷ, ʧʨʦʩʫʰʫʚʘʥʥʷ ʪʘ 

ʥʘʥʝʩʝʥʥʷ ʨʽʜʢʦʾ ʬʘʟʠ ʟ ʬʫʥʛʽʮʠʜʘʤʠ, ʧʦʞʠʚʥʠʤʠ ʨʝʯʦʚʠʥʘʤʠ ʯʠ ʩʪʠʤʫʣʷʪʦʨʘʤʠ 

ʨʦʩʪʫ, ʧʽʩʣʷ ʯʦʛʦ ʥʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʘ ʬʦʨʤʫʻʪʴʩʷ ʪʚʝʨʜʘ ʢʦʤʧʦʟʠʪʥʘ ʤʽʢʨʦʰʘʨʦʚʘ 

ʩʪʨʫʢʪʫʨʘ. ɼʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʦʮʝʩʫ ʥʝʦʙʭʽʜʥʽ ʽʥʪʝʥʩʠʚʥʝ ʧʝʨʝʤʽʰʫʚʘʥʥʷ, 

ʮʠʨʢʫʣʷʮʽʷ ʤʘʪʝʨʽʘʣʫ ʤʽʞ ʟʦʥʘʤʠ ʟʨʦʰʝʥʥʷ ʽ ʩʫʰʽʥʥʷ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʩʫʰʽʥʥʷ ʟʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʥʝ ʚʠʱʝ 40 ÁC ʙʝʟ ʤʝʭʘʥʽʯʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ ʥʘʩʽʥʥʷ. 

ʎʠʤ ʚʠʤʦʛʘʤ ʚʽʜʧʦʚʽʜʘʻ ʘʧʘʨʘʪ ʽʟ ʧʩʝʚʜʦʟʨʽʜʞʝʥʠʤ ʰʘʨʦʤ, ʫ ʷʢʦʤʫ ʛʘʟ 

ʦʜʥʦʯʘʩʥʦ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʾ ʟʨʽʜʞʫʶʯʦʛʦ ʘʛʝʥʪʫ, ʪʝʧʣʦʥʦʩʽʷ ʪʘ ʥʦʩʽʷ ʚʦʣʦʛʠ. 

ʂʦʝʬʽʮʽʻʥʪ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʧʣʦʪʠ ʤʦʞʝ ʧʝʨʝʚʠʱʫʚʘʪʠ 50%, ʘ ʧʨʠ 

ʥʝʦʜʥʦʨʽʜʥʦʤʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʪʝʧʣʦ- ʽ ʤʘʩʦʧʝʨʝʥʝʩʝʥʥʷ ʟʨʦʩʪʘʶʪʴ 

ʫ 1,5ï2 ʨʘʟʠ [1ï4]. 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʩʪʨʫʤʝʥʝʚʦ-ʧʫʣʴʩʘʮʽʡʥʠʤ ʨʝʞʠʤʦʤ 

ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ. ɿʘ ʪʘʢʦʛʦ ʨʝʞʠʤʫ ʧʦʥʘʜ 40% ʤʘʪʝʨʽʘʣʫ ʧʦʯʘʪʢʦʚʦʛʦ ʰʘʨʫ 

ʚʠʥʦʩʠʪʴʩʷ ʟʘ ʡʦʛʦ ʤʝʞʽ ʟ ʯʘʩʪʦʪʦʶ ʜʦ 2 ɻʮ, ʱʦ ʟʥʘʯʥʦ ʽʥʪʝʥʩʠʬʽʢʫʻ 

ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʪʘ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥ [1, 4]. 

ʆʩʦʙʣʠʚʽʩʪʶ ʩʪʨʫʤʝʥʝʚʦ-ʧʫʣʴʩʘʮʽʡʥʦʛʦ ʨʝʞʠʤʫ (ʨʠʩʫʥʦʢ 1) ʻ ʫʪʚʦʨʝʥʥʷ 

ʛʘʟʦʚʦʾ ʙʫʣʴʙʘʰʢʠ, ʷʢʘ ʚʠʪʽʩʥʷʻ ʪʚʝʨʜʽ ʯʘʩʪʠʥʢʠ ʟʘ ʤʝʞʽ ʧʦʯʘʪʢʦʚʦʛʦ ʰʘʨʫ. 

ʇʽʩʣʷ ʚʽʜʨʠʚʫ ʙʫʣʴʙʘʰʢʠ ʤʘʪʝʨʽʘʣ ʚʠʥʦʩʠʪʴʩʷ ʚ ʥʘʜʰʘʨʦʚʠʡ ʧʨʦʩʪʽʨ, ʢʦʥʪʘʢʪʫʻ ʟ 

ʥʘʧʨʘʚʣʷʶʯʦʶ ʚʩʪʘʚʢʦʶ ʪʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʫ ʨʦʙʦʯʫ ʟʦʥʫ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ 

ʽʥʪʝʥʩʠʚʥʫ ʮʠʨʢʫʣʷʮʽʶ ʽ ʟʙʽʣʴʰʝʥʥʷ ʘʢʪʠʚʥʦʾ ʧʦʚʝʨʭʥʽ ʤʽʞʬʘʟʦʚʦʛʦ ʢʦʥʪʘʢʪʫ. 

ʇʨʠ ʜʘʥʦʤʫ ʨʝʞʠʤʽ ʨʝʘʣʽʟʫʻʪʴʩʷ ʧʫʣʴʩʫʶʯʘ ʧʦʜʘʯʘ ʪʝʧʣʦʥʦʩʽʷ ʚ 

ʘʚʪʦʢʦʣʠʚʘʣʴʥʦʤʫ ʨʝʞʠʤʽ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʥʠʭ 
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ʧʨʦʮʝʩʽʚ. ʎʷ ʬʽʟʠʯʥʘ ʤʦʜʝʣʴ ʜʣʷ ʩʬʝʨʠʯʥʠʭ ʯʘʩʪʠʥʦʢ ʙʫʣʘ ʧʝʨʝʚʽʨʝʥʘ ʧʽʜ ʯʘʩ 

ʛʨʘʥʫʣʷʮʽʾ ʦʨʛʘʥʦʤʽʥʝʨʘʣʴʥʠʭ ʜʦʙʨʠʚ [5]. 

 

ʈʠʩʫʥʦʢ 1 ï ʉʧʦʩʽʙ ʚʟʘʻʤʦʜʽʾ ʛʘʟʦʚʦʾ ʪʘ ʪʚʝʨʜʦʾ ʬʘʟ ʫ ʢʘʤʝʨʽ ʛʨʘʥʫʣʷʪʦʨʘ 

ʧʨʠ ʥʝʦʜʥʦʨʽʜʥʦʤʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʽ ʚ ʘʚʪʦʢʦʣʠʚʘʣʴʥʦʤʫ ʨʝʞʠʤʽ (ʦʜʠʥ ʮʠʢʣ) [4] 

ʋ ʨʘʟʽ ʥʝʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ ʚʟʘʻʤʦʜʽʷ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ ʟ 

ʤʘʪʝʨʽʘʣʦʤ ʤʘʻ ʩʫʪʪʻʚʽ ʦʩʦʙʣʠʚʦʩʪʽ. ʗʢ ʤʦʜʝʣʴʥʠʡ ʤʘʪʝʨʽʘʣ ʦʙʨʘʥʦ ʟʝʨʥʘ 

ʧʰʝʥʠʮʽ, ʬʦʨʤʘ ʷʢʠʭ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʝʣʽʧʩʦʾʜʘ.  

 

ʘ) ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʝʨʝʥ 

ʧʰʝʥʠʮʽ ʚ ʩʪʘʥʽ ʩʧʦʢʦʶ 

(Ů = 0,4) 

ʙ) ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʝʨʝʥ 

ʧʰʝʥʠʮʽ ʚ ʨʝʞʠʤʽ 

çʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʫè 

(Ů = 0,8ï0,9) 

ʚ) ʚʟʘʻʤʦʜʽʷ 

ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ ʽʟ 

ʦʢʨʝʤʦʶ ʟʝʨʥʠʥʦʶ 

ʈʠʩʫʥʦʢ 2 ï ʌʽʟʠʯʥʘ ʤʦʜʝʣʴ ʚʟʘʻʤʦʜʽʾ ʛʘʟʦʚʦʛʦ ʟʨʽʜʞʫʶʯʦʛʦ ʘʛʝʥʪʘ ʟ ʝʣʽʧʩʦʾʜʘʤʠ 

ʋ ʛʘʟʦʚʦʤʫ ʧʦʪʦʮʽ ʟʝʨʥʦ ʦʨʽʻʥʪʫʻʪʴʩʷ ʤʽʥʽʤʘʣʴʥʦʶ ʧʨʦʻʢʮʽʻʶ ʚʟʜʦʚʞ 

ʥʘʧʨʷʤʢʫ ʨʫʭʫ, ʱʦ ʟʤʝʥʰʫʻ ʣʦʙʦʚʠʡ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʡ ʦʧʽʨ. ʊʘʢʘ ʟʤʽʥʘ 
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ʧʦʣʦʞʝʥʥʷ ʯʘʩʪʠʥʦʢ ʩʧʨʠʷʻ ʣʦʢʘʣʴʥʦʤʫ ʟʙʽʣʴʰʝʥʥʶ ʧʦʨʦʟʥʦʩʪʽ ʰʘʨʫ ʤʘʡʞʝ 

ʚʜʚʽʯʽ, ʨʠʩʫʥʦʢ 2ʘ, ʙ ʽ ʚ. 

ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʜʦʩʣʽʜʞʝʥʴ ʚʠʟʥʘʯʘʣʠ ʢʨʠʚʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ, ʢʨʠʪʠʯʥʫ 

ʰʚʠʜʢʽʩʪʴ wʢʨ ʪʘ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʰʘʨʫ ȹPh. ʗʢ ʟʝʨʥʠʩʪʠʡ ʤʘʪʝʨʽʘʣ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʟʝʨʥʘ ʧʰʝʥʠʮʽ ʝʣʽʧʩʦʾʜʥʦʾ ʬʦʨʤʠ ʽʟ ʩʝʨʝʜʥʽʤʠ ʨʦʟʤʽʨʘʤʠ 

6,4Ĭ2,8Ĭ2,65 ʤʤ ʪʘ ʝʢʚʽʚʘʣʝʥʪʥʠʤ ʜʽʘʤʝʪʨʦʤ de = 3,621 ʤʤ. ɻʫʩʪʠʥʘ ʯʘʩʪʠʥʦʢ 

ʩʪʘʥʦʚʠʣʘ 1270 ʢʛ/ʤį, ʥʘʩʠʧʥʘ ʛʫʩʪʠʥʘ ð 762 ʢʛ/ʤį, ʘ ʧʦʨʦʟʥʽʩʪʴ ʥʝʨʫʭʦʤʦʛʦ 

ʰʘʨʫ ð Ů = 0,4. 

ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʜʦʩʣʽʜʞʫʚʘʣʠ ʛʽʜʨʦʜʠʥʘʤʽʢʫ ʥʝʦʜʥʦʨʽʜʥʦʛʦ ʩʪʨʫʤʝʥʝʚʦ-

ʧʫʣʴʩʘʮʽʡʥʦʛʦ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ ʤʝʪʦʜʦʤ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ ʚʽʜʝʦʟʡʦʤʢʠ. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠ ʟʘ ʧʦʯʘʪʢʦʚʦʾ ʚʠʩʦʪʠ ʰʘʨʫ H0 = 0,32 ʤ ʪʘ H0 = 0,52 ʤ 

ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʙôʻʤʥʦʛʦ ʧʝʨʝʤʽʰʫʚʘʥʥʷ. ɺʽʜʝʦʬʽʢʩʘʮʽʶ 

ʟʜʽʡʩʥʶʚʘʣʠ ʟ ʽʥʪʝʨʚʘʣʦʤ ȹŰ = 0,033 ʩ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ 

ʘʚʪʦʢʦʣʠʚʘʣʴʥʠʡ ʮʠʢʣ ʽ ʚʠʟʥʘʯʠʪʠ ʦʙôʻʤ ʚʠʥʝʩʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

ʂʨʠʚʘ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ, ʨʠʩʫʥʦʢ 3, ʧʦʢʘʟʫʻ ʥʘʷʚʥʽʩʪʴ ʟʙʽʣʴʰʝʥʥʷ 

ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ ʧʨʠ ʢʨʠʪʠʯʥʽʡ ʰʚʠʜʢʦʩʪʽ ʥʘ ʚʝʣʠʯʠʥʫ ȹ  ́= 850 ʇʘ. 

 

ʈʠʩʫʥʦʢ 3 ï ʂʨʠʚʘ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ: 1 - ʧʨʷʤʠʡ ʽ  2 - ʟʚʦʨʦʪʥʽʡ ʭʽʜ ʧʨʠ 

H0 = 0,32 ʤ (wʢʨ = 0,78 ʤ/ʩ) 

ʊʦʙʪʦ, ʱʦ ʧʨʠ ʢʨʠʪʠʯʥʽʡ ʰʚʠʜʢʦʩʪʽ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ wʢʨ= 0,78 ʤ/ʩ ʪʠʩʢ, 

ʱʦ ʚʠʪʨʘʯʘʻʪʴʩʷ ʥʘ ʧʦʜʦʣʘʥʥʷ ʩʠʣ ʪʝʨʪʷ ȹ  ́ʩʢʣʘʜʘʻ ʤʘʡʞʝ 800 ʇʘ, ʱʦ ʩʪʘʥʦʚʠʪʴ 
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ʧʨʘʢʪʠʯʥʦ 50% ʚʽʜ ʥʦʤʽʥʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ. ɼʨʫʛʦʶ 

ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʟʥʘʯʥʝ ʟʤʝʥʰʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ ʥʘ ʢʨʠʚʽʡ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ 

ʥʘ ʟʚʦʨʦʪʥʦʤʫ ʭʦʜʽ, ʨʠʩʫʥʦʢ 5. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʧʨʠ ʮʽʡ ʚʠʩʦʪʽ ʥʝʨʫʭʦʤʦʛʦ 

ʰʘʨʫ ʜʣʷ ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ ʝʣʽʧʩʦʾʜʥʦʾ ʬʦʨʤʠ ʨʝʘʣʽʟʫʻʪʴʩʷ ʬʦʥʪʘʥʫʶʯʠʡ ʨʝʞʠʤ 

ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ. 

ʅʘʚʝʜʝʥʽ ʥʠʞʯʝ ʬʦʪʦʟʥʽʤʢʠ ʟʤʽʥʠ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʥʝʦʜʥʦʨʽʜʥʦʛʦ 

ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ ʽʟ ʯʘʩʦʚʠʤ ʽʥʪʝʨʚʘʣʦʤ 0,033 ʩ ʤʽʞ ʢʘʜʨʘʤʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ 

ʥʘʷʚʥʽʩʪʴ ʪʽʣʴʢʠ ʬʦʥʪʘʥʫʶʯʦʛʦ ʨʝʞʠʤʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ. 

ɼʦʩʣʽʜʠ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʫʤʦʚʘʭ ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʫʩʫʥʝʥʥʷ ʟʘʩʪʽʡʥʠʭ ʟʦʥ 

ʥʘ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʥʷʭ ɻʈʇ: Kw = 2,12; wg(ʧʨʠʚ) = 1,65 ʤ/ʩ; w  ɦ= 38,9 ʤ/ʩ. 

ʅʘ ʧʝʨʰʽʡ ʩʪʘʜʽʾ ʧʫʣʴʩʘʮʽʾ 0 Ò Ű Ò 0,132 ʩ, ʨʠʩʫʥʦʢ 4, ʬʦʨʤʫʻʪʴʩʷ 

ʣʦʢʘʣʽʟʦʚʘʥʘ ʘʢʪʠʚʥʘ ʟʦʥʘ ʚ ʧʨʘʚʽʡ ʯʘʩʪʠʥʽ ʢʘʤʝʨʠ, ʫ ʟʦʥʽ III. ʏʘʩʪʠʥʢʠ 

ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʟʘʭʦʧʣʶʶʪʴʩʷ ʧʦʪʦʢʦʤ ʽ ʚʠʥʦʩʷʪʴʩʷ ʚʛʦʨʫ, ʫʪʚʦʨʶʶʯʠ 

çʬʘʢʝʣʴʥʠʡ ʚʠʢʠʜè. ʃʽʚʘ ʯʘʩʪʠʥʘ ʰʘʨʫ ʚ ʟʦʥʘʭ IïII  ʟʘʣʠʰʘʻʪʴʩʷ ʙʽʣʴʰ ʱʽʣʴʥʦʶ. 

ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʩʪʨʫʤʝʥʝʚʠʡ ʭʘʨʘʢʪʝʨ ʧʨʦʮʝʩʫ: ʚʝʣʠʢʘ ʛʘʟʦʚʘ ʙʫʣʴʙʘʰʢʘ ʥʝ 

ʬʦʨʤʫʻʪʴʩʷ, ʘ ʚʠʥʝʩʝʥʥʷ ʯʘʩʪʠʥʦʢ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫ ʚʫʟʴʢʽʡ ʘʢʪʠʚʥʽʡ ʟʦʥʽ. 

 

  ʘ) Ű = 0,00 ʩ    ʙ) Ű = 0,033 ʩ ʚ) Ű = 0,066 ʩ   ʛ) Ű = 0,099 ʩ   ʜ) Ű = 0,132 ʩ 

ʈʠʩʫʥʦʢ 4 ï ʌʦʪʦʬʽʢʩʘʮʽʾ ʩʪʘʥʫ ʰʘʨʫ ʟʝʨʥʠʩʪʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʢʘʤʝʨʽ 

ʛʨʘʥʫʣʷʪʦʨʘ ʥʘ ʧʝʨʰʽʡ ʩʪʘʜʽʾ ʧʫʣʴʩʘʮʽʾ 0 Ò Ű Ò 0,132 s (H0 = 0,32 s; dʝ = 3,621 ʤʤ; 

Kw = 2,12; wg(ʧʨʠʚ) = 1,65 ʤ/ʩ; w  ɦ= 38,9 ʤ/ʩ; ɔ = 29,67) 

ʅʘ ʜʨʫʛʽʡ ʩʪʘʜʽʾ ʧʫʣʴʩʘʮʽʾ 0.165 Ò Ű Ò 0.297 s, ʨʠʩʫʥʦʢ 5, ʽʥʪʝʥʩʠʚʥʽʩʪʴ 

ʚʠʥʝʩʝʥʥʷ ʯʘʩʪʠʥʦʢ ʫ ʟʦʥʽ III  ʟʨʦʩʪʘʻ ʪʘ ʧʝʨʝʭʦʜʠʪʴ ʫ ʩʪʽʡʢʠʡ ʣʦʢʘʣʴʥʠʡ ʧʦʪʽʢ, 
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ʧʦʜʽʙʥʠʡ ʜʦ çʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʫè. ʄʘʪʝʨʽʘʣ ʧʽʜʭʦʧʣʶʻʪʴʩʷ, ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʽ 

ʚʠʥʦʩʠʪʴʩʷ ʚʛʦʨʫ, ʬʦʨʤʫʶʯʠ ʮʠʨʢʫʣʷʮʽʶ ʚ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʢʘʤʝʨʠ. ʇʨʦʮʝʩ ʤʘʻ 

ʘʩʠʤʝʪʨʠʯʥʠʡ ʭʘʨʘʢʪʝʨ: ʫ ʟʦʥʽ III  ʚʽʜʙʫʚʘʻʪʴʩʷ ʘʢʪʠʚʥʝ ʨʦʟʨʽʜʞʝʥʥʷ ʡ ʚʠʥʝʩʝʥʥʷ 

ʯʘʩʪʠʥʦʢ, ʪʦʜʽ ʷʢ ʟʦʥʠ IïII  ʟʘʣʠʰʘʶʪʴʩʷ ʱʽʣʴʥʽʰʠʤʠ. ʇʦʧʝʨʝʯʥʝ ʧʝʨʝʤʽʰʫʚʘʥʥʷ 

ʦʙʤʝʞʝʥʝ, ʪʦʤʫ ʧʝʨʝʚʘʞʘʻ ʮʠʨʢʫʣʷʮʽʷ ʚʟʜʦʚʞ ʪʨʘʻʢʪʦʨʽʾ ʧʦʪʦʢʫ. 

ʇʨʦʚʝʜʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʚʽʜʯʘʪʴ ʧʨʦ ʪʝ, ʱʦ ʧʦ ʰʠʨʠʥʽ 

ʘʧʘʨʘʪʫ ʥʝʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʧʦʨʦʟʥʽʩʪʴ Ů. ʗʢʱʦ ʚ ʟʦʥʽ I ʪʘ II  ʧʦʨʦʟʥʽʩʪʴ 

ʩʪʘʥʦʚʠʪʴ Ů = 0,4ï0,5, ʪʦ ʫ ʬʘʢʝʣʽ, ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʟʦʥʽ III , ʡʜʝ ʟʤʽʥʘ ʧʦʨʦʟʥʦʩʪʽ 

Ů = 0,5ï0,9, ʨʠʩʫʥʦʢ 4-5, ʪʦʤʫ ʱʦ ʟʝʨʥʠʩʪʠʡ ʤʘʪʝʨʽʘʣ (ʧʰʝʥʠʮʷ) ʦʨʽʻʥʪʫʻʪʴʩʷ 

ʤʽʥʽʤʘʣʴʥʦʶ ʧʨʦʝʢʮʽʻʶ ʚʟʜʦʚʞ ʥʘʧʨʷʤʫ ʨʫʭʫ ʯʘʩʪʠʥʦʢ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ 

ʧʦʣʦʞʝʥʥʷ ʬʽʟʠʯʥʦʾ ʤʦʜʝʣʽ, ʩʬʦʨʤʫʣʴʦʚʘʥʦʾ ʚʠʱʝ. 

 

ʘ) Ű = 0,165 ʩ    ʙ) Ű = 0,198 ʩ  ʚ) Ű = 0,231 ʩ   ʛ) Ű = 0,264 ʩ  ʜ) Ű = 0,297 ʩ 

ʈʠʩʫʥʦʢ 5 ï ʌʦʪʦʬʽʢʩʘʮʽʾ ʩʪʘʥʫ ʰʘʨʫ ʟʝʨʥʠʩʪʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʢʘʤʝʨʽ 

ʛʨʘʥʫʣʷʪʦʨʘ ʥʘ ʜʨʫʛʽʡ ʩʪʘʜʽʾ ʧʫʣʴʩʘʮʽʾ 0,165 Ò Ű Ò 0,297 s (H0 = 0,32 m; 

dʝ = 3,621 ʤʤ; Kw = 2,12; wg(ʧʨʠʚ) = 1.65 ʤ/ʩ; w  ɦ= 38,9 ʤ/ʩ; ɔ = 29,67) 

ʋʧʨʦʜʦʚʞ ʫʩʽʭ ʩʪʘʜʽʡ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʻʜʠʥʦʾ ʙʫʣʴʙʘʰʢʠ 

ʧʨʠ zf = 280 ʤʤ, ʪʦʙʪʦ ʜʽʘʤʝʪʨ ʙʫʣʴʙʘʰʢʠ ʛʘʟʫ, ʤ: 

db = 4 (H0 ï zf ï æ) / (4 + )́ Ÿ 0. 

ɸʢʪʠʚʥʘ ʟʦʥʘ ʬʦʨʤʫʚʘʣʘʩʷ ʣʠʰʝ ʟ ʧʨʘʚʦʛʦ ʙʦʢʫ, ʪʦʜʽ ʷʢ ʣʽʚʘ ʯʘʩʪʠʥʘ 

ʟʙʝʨʽʛʘʣʘ ʧʽʜʚʠʱʝʥʫ ʱʽʣʴʥʽʩʪʴ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʨʝʘʣʽʟʫʻʪʴʩʷ ʘʩʠʤʝʪʨʠʯʥʠʡ 

ʬʦʥʪʘʥʫʶʯʠʡ ʮʠʨʢʫʣʷʮʽʡʥʠʡ ʨʝʞʠʤ ʟ ʥʝʜʦʩʪʘʪʥʽʤ ʦʙôʻʤʥʠʤ ʧʝʨʝʤʽʰʫʚʘʥʥʷʤ, 
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ʱʦ ʪʝʞ ʧʽʜʪʚʝʨʜʞʫʻ, ʱʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʙʽʣʴʰʝʥʥʷ ʚʠʩʦʪʠ ʧʦʯʘʪʢʦʚʦʛʦ 

ʥʝʨʫʭʦʤʦʛʦ ʰʘʨʫ. 

ʈʝʟʫʣʴʪʘʪʠ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʧʨʠ ʚʠʩʦʪʽ ʅ0 = 520 ʤʤ ʥʘʚʝʜʝʥʽ ʫ ʚʠʛʣʷʜʽ 

ʬʦʪʦʛʨʘʬʽʡ, ʨʠʩʫʥʦʢ 6. 

 

          ʘ)                ʙ)               ʚ)         ʛ)                  ʜ)               ʝ)           ̒ ) 

ʈʠʩʫʥʦʢ 6 ï ɽʚʦʣʶʮʽʷ ʛʘʟʦʚʦʾ ʙʫʣʴʙʘʰʢʠ ʧʨʠ H0 = 0,52 ʤ; (dʝ = 3,621 ʤʤ; 

Kw = 2,268; wg(ʧʨʠʚ) = 1,55 ʤ/ʩ; w  ɦ= 36,48 ʤ/ʤ; ɔ = 27,86) 

ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʠʩʦʪʠ ʰʘʨʫ ʻ ʜʦʚʽʣʴʥʘ ʬʦʨʤʘ 

ʙʫʣʴʙʘʰʢʠ, ʨʠʩʫʥʦʢ 6, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʨʽʟʢʠʤ ʣʦʢʘʣʴʥʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʨʦʟʥʦʩʪʽ 

ʧʦ ʧʝʨʠʤʝʪʨʫ ʙʫʣʴʙʘʰʢʠ ʚ ʽʥʜʫʢʮʽʡʥʠʡ ʧʝʨʽʦʜ. ʇʨʠ ʯʦʤʫ ʥʘ ʯʘʩʪʠʥʽ ʧʝʨʠʤʝʪʨʫ 

ʟʦʨʽʻʥʪʦʚʘʥʦʛʦ ʜʦ ʚʝʨʪʠʢʘʣʴʥʦʾ ʦʩʽ ʘʧʘʨʘʪʫ ʟʝʨʥʠʩʪʠʡ ʤʘʪʝʨʽʘʣ ʨʦʟʚʝʨʪʘʻʪʴʩʷ, 

ʱʦʙ ʤʽʥʽʤʽʟʫʚʘʪʠ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟʽ ʟʨʽʜʞʫʶʯʠʤ ʘʛʝʥʪʦʤ ʽ 

ʧʝʨʝʙʫʚʘʻ ʚ ʨʫʩʽ. ɺʽʜʥʦʰʝʥʥʷ ʦʙôʻʤʫ ʛʘʟʦʚʦʾ ʙʫʣʴʙʘʰʢʠ ʜʦ ʧʦʯʘʪʢʦʚʦʛʦ ʦʙôʻʤʫ 

ʰʘʨʫ ʚ ʽʥʪʝʨʚʘʣʽ ʯʘʩʫ 0 Ò Ű Ò 0,132 ʩ ʟʨʦʩʪʘʻ ʚʽʜ 10 % ʜʦ 37 %, ʨʠʩʫʥʦʢ 6. ʅʘ ʪʘʢʫ 

ʞ ʚʝʣʠʯʠʥʫ ʟʨʦʩʪʘʻ ʽ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ, ʱʦ ʧʨʠʟʚʝʜʝ ʜʦ ʘʜʝʢʚʘʪʥʦʛʦ ʟʤʝʥʰʝʥʥʷ 

ʚʠʪʨʘʪ ʟʨʽʜʞʫʶʯʦʛʦ ʘʛʝʥʪʫ, ʷʢʽ ʚʽʜʥʦʚʣʷʪʴʩʷ ʚ ʢʽʥʮʽ ʮʠʢʣʫ. ʊʘʢʠʡ ʧʫʣʴʩʫʶʯʠʡ 

ʨʝʞʠʤ ʧʦʜʘʯʽ ʪʝʧʣʦʥʦʩʽʷ ʨʘʟʦʤ ʟ ʽʥʪʝʥʩʠʚʥʠʤ ʦʙôʻʤʥʠʤ ʧʝʨʝʤʽʰʫʚʘʥʥʷʤ 

ʟʝʨʥʠʩʪʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʰʘʨʽ ʩʧʨʠʷʪʠʤʝ ʧʽʜʚʠʱʝʥʥʶ ʧʨʦʮʝʩʽʚ ʧʝʨʝʥʝʩʝʥʥʷ. 

ʆʢʨʽʤ ʪʦʛʦ ʟʥʘʯʥʝ ʟʙʽʣʴʰʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʘʢʪʠʚʥʦʾ ʧʦʚʝʨʭʥʽ ʤʽʞʬʘʟʦʚʦʛʦ ʢʦʥʪʘʢʪʫ 
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ʜʦʟʚʦʣʠʪʴ ʧʨʠ ʟʤʝʥʰʝʥʽʡ ʨʫʰʽʡʥʽʡ ʩʠʣʽ ʧʦ ʪʝʧʣʦʦʙʤʽʥʫ ʜʦʩʷʛʪʠ ʙʘʞʘʥʦʛʦ 

ʨʝʟʫʣʴʪʘʪʫ. ʊʘʢʠʡ ʨʝʟʫʣʴʪʘʪ ʜʦʩʷʛʥʫʪʦ ʧʨʠ ʚʽʜʥʦʰʝʥʥʽ zf/H0=0,538. 

ʇʨʦʚʝʜʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʠʣʠ ʚʠʷʚʠʪʠ ʫʤʦʚʠ 

ʝʬʝʢʪʠʚʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʽʚ ʧʝʨʝʥʝʩʝʥʥʷ ʫ 

ʰʘʨʽ ʟʝʨʥʠʩʪʦʛʦ ʤʘʪʝʨʽʘʣʫ ʝʣʽʧʩʦʾʜʥʦʾ ʬʦʨʤʠ. 

ʆʪʞʝ, ʧʽʜʪʚʝʨʜʞʝʥʦ ʬʽʟʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ ʥʝʩʬʝʨʠʯʥʠʭ ʯʘʩʪʠʥʦʢ ʟʝʨʥʘ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚ ʛʘʟʦʚʦʤʫ ʧʦʪʦʮʽ ʝʣʽʧʩʦʾʜʘʣʴʥʝ ʥʘʩʽʥʥʷ ʧʰʝʥʠʮʽ ʦʨʽʻʥʪʫʻʪʴʩʷ 

ʥʘʡʤʝʥʰʠʤ ʧʝʨʝʨʽʟʦʤ ʫʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʧʦʪʦʢʫ, ʱʦ ʟʤʝʥʰʫʻ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʽ 

ʟʙʽʣʴʰʫʻ ʧʦʨʦʟʥʽʩʪʴ ʰʘʨʫ ʜʦ 0,5 Ò Ů Ò 0,9. ʎʝ ʩʧʨʠʷʻ ʬʦʨʤʫʚʘʥʥʶ ʘʩʠʤʝʪʨʠʯʥʦʛʦ 

ʬʦʥʪʘʥʫʶʯʦʛʦ ʧʦʪʦʢʫ, ʫ ʷʢʦʤʫ ʦʙôʻʤ ʛʘʟʦʚʦʾ ʙʫʣʴʙʘʰʢʠ ʟʨʦʩʪʘʻ ʜʦ 37% ʚʽʜ 

ʧʦʯʘʪʢʦʚʦʛʦ ʦʙôʻʤʫ ʰʘʨʫ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʥʝʦʜʥʦʨʽʜʥʦʛʦ ʩʪʨʫʤʝʥʝʚʦ-ʧʫʣʴʩʘʮʽʡʥʦʛʦ ʧʩʝʚʜʦʟʨʽʜʞʝʥʥʷ 

ʟʘʙʝʟʧʝʯʫʻ ʘʢʪʠʚʥʝ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʪʘ ʮʠʨʢʫʣʷʮʽʶ ʥʘʩʽʥʥʻʚʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʇʦʥʘʜ 

40% ʤʘʩʠ ʰʘʨʫ ʧʫʣʴʩʘʮʽʡʥʦ ʚʠʥʦʩʠʪʴʩʷ ʚ ʥʘʜʰʘʨʦʚʠʡ ʧʨʦʩʪʽʨ ʽʟ ʯʘʩʪʦʪʦʶ 1,5ï

2,0 ɻʮ, ʱʦ ʟʙʽʣʴʰʫʻ ʧʦʚʝʨʭʥʶ ʢʦʥʪʘʢʪʫ ʬʘʟ ʪʘ ʽʥʪʝʥʩʠʬʽʢʫʻ ʪʝʧʣʦ- ʽ ʤʘʩʦʦʙʤʽʥ. 

ʎʝ ʜʘʻ ʟʤʦʛʫ ʝʬʝʢʪʠʚʥʦ ʟʜʽʡʩʥʶʚʘʪʠ ʩʫʰʽʥʥʷ ʡ ʢʘʧʩʫʣʶʚʘʥʥʷ ʥʘʩʽʥʥʷ ʟʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 40 °C, ʙʝʟ ʤʝʭʘʥʽʯʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ ʪʘ ʫʪʚʦʨʝʥʥʷ ʘʛʣʦʤʝʨʘʪʽʚ. 
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ʄɸʊɽʄɸʊʀʏʅɸ ʄʆɼɽʃʔ ʈʋʍʋ ʈɯɼʂʆɰ ʌɸɿʀ ɺ ʏɸʐʆɺʆʄʋ 

ʈʆʊɸʎɯʁʅʆʄʋ ɼʀʉʇɽʈɻɸʊʆʈɯ ɿ ʋʈɸʍʋɺɸʅʅʗʄ ʈɽʆʃʆɻɯɰ 

ʉʋʉʇɽʅɿɯɰ 

ʜ.ʪ.ʥ., ʧʨʦʬ. ʗ.ʄ. ʂʦʨʥʽʻʥʢʦ, ʘʩʧʽʨʘʥʪ ɼ.ɺ. ʉʪʴʦʧʦʯʢʽʥ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

 

ɸʅʆʊɸʎɯʗ: ʋ ʨʦʙʦʪʽ ʦʙˇʨʫʥʪʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʨʫʭʫ ʨʽʜʢʦʾ 

ʬʘʟʠ ʚ ʯʘʰʦʚʦʤʫ ʨʦʪʘʮʽʡʥʦʤʫ ʜʠʩʧʝʨʛʘʪʦʨʽ, ʱʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ 

ʧʝʨʝʜʧʦʩʽʚʥʦʛʦ ʦʙʨʦʙʣʝʥʥʷ ʥʘʩʽʥʥʷ ʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʦʤʫ ʰʘʨʽ. ʄʦʜʝʣʴ ʚʨʘʭʦʚʫʻ 

ʢʦʥʽʯʥʫ ʛʝʦʤʝʪʨʽʶ ʨʦʙʦʯʦʛʦ ʦʨʛʘʥʘ, ʬʦʨʤʫʚʘʥʥʷ ʪʦʥʢʦʾ ʧʣʽʚʢʠ, ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʫ 

ʨʝʦʣʦʛʽʶ ʩʫʩʧʝʥʟʽʾ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʡ ʢʨʠʪʝʨʽʡ Hg ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʦʜʥʦʰʘʨʦʚʦʛʦ ʨʝʞʠʤʫ ʪʝʯʽʾ. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʟʘ 

ʚʠʙʨʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦʩʷʛʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʢʨʘʧʝʣʴ ʜʽʘʤʝʪʨʦʤ ʜʦ 50 ʤʢʤ, ʘ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʘ ʥʝ ʧʝʨʝʚʠʱʫʻ ʜʦʧʫʩʪʠʤʝ ʟʥʘʯʝʥʥʷ, ʱʦ ʟʥʠʞʫʻ 

ʨʠʟʠʢ ʘʛʣʦʤʝʨʘʮʽʾ ʪʘ ʩʧʨʠʷʻ ʟʙʝʨʝʞʝʥʥʶ ʩʭʦʞʦʩʪʽ ʥʘʩʽʥʥʷ.  

ABSTRACT: The paper substantiates a mathematical model of liquid-phase 

motion in a rotary cup atomizer used for pre-sowing seed treatment in a fluidized bed. 

The model accounts for the conical geometry of the working element, thin-film 

formation, pseudoplastic suspension rheology, and the Hg hydrodynamic criterion 

required to maintain stable single-layer flow. The calculation results show that the 

selected operating parameters provide droplets below 50 ɛm while keeping the seed 

surface temperature within the allowable range, thereby reducing agglomeration risk 

and preserving seed viability. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʏɸʐʆɺʀʁ ʈʆʊɸʎɯʁʅʀʁ ɼʀʉʇɽʈɻɸʊʆʈ, 

ʇʉɽɺɼʆɿʈɯɼɾɽʅʀʁ ʐɸʈ, ʇɽʈɽɼʇʆʉɯɺʅɽ ʆɹʈʆɹʃɽʅʅʗ ʅɸʉɯʅʅʗ, 
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ʈɯɼʂɸ ʌɸɿɸ, ʇʃɯɺʂɸ ʈɯɼʀʅʀ, ʇʉɽɺɼʆʇʃɸʉʊʀʏʅɸ ʉʋʉʇɽʅɿɯʗ, 

ʂʈʀʊɽʈɯʁ HG, ʈʆɿʇʀʃɽʅʅʗ, ɼɯɸʄɽʊʈ ʂʈɸʇɽʃʔ, ʊɽʇʃʆɺɸ ʄʆɼɽʃʔ; 

KEY WORDS: ROTARY CUP ATOMIZER, FLUIDIZED BED, PRE-

SOWING SEED TREATMENT, LIQUID PHASE, LIQUID FILM, 

PSEUDOPLASTIC SUSPENSION, HG CRITERION, ATOMIZATION, DROPLET 

DIAMETER, THERMAL MODEL. 

ʊʝʭʥʦʣʦʛʽʷ ʧʝʨʝʜʧʦʩʽʚʥʦʛʦ ʦʙʨʦʙʣʝʥʥʷ ʥʘʩʽʥʥʻʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʫ 

ʧʩʝʚʜʦʟʨʽʜʞʝʥʦʤʫ ʰʘʨʽ ʧʝʨʝʜʙʘʯʘʻ ʥʘʥʝʩʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʶ ʟʝʨʥʘ ʨʽʜʢʦʾ ʬʘʟʠ ʟ 

ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʩʫʭʦʾ ʨʝʯʦʚʠʥʠ ʪʘ ʧʦʜʘʣʴʰʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʨʦʟʯʠʥʥʠʢʘ [5; 10; 

11]. ʆʩʥʦʚʥʦʶ ʫʤʦʚʦʶ ʬʦʨʤʫʚʘʥʥʷ ʨʽʚʥʦʤʽʨʥʦʾ ʟʘʭʠʩʥʦʾ ʦʙʦʣʦʥʢʠ ʻ ʦʜʝʨʞʘʥʥʷ 

ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʛʦ ʬʘʢʝʣʘ ʟ ʜʽʘʤʝʪʨʦʤ ʢʨʘʧʝʣʴ ʥʝ ʙʽʣʴʰʝ 50 ʤʢʤ [3; 4]. ɿʘ 

ʙʽʣʴʰʠʭ ʨʦʟʤʽʨʽʚ ʢʨʘʧʝʣʴ ʚʠʥʠʢʘʻ ʨʠʟʠʢ ʫʪʚʦʨʝʥʥʷ ʨʽʜʠʥʥʠʭ ʤʽʩʪʢʽʚ ʤʽʞ 

ʟʝʨʥʘʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʘʛʣʦʤʝʨʘʮʽʾ ʪʘ ʧʦʛʽʨʰʝʥʥʷ ʷʢʦʩʪʽ ʧʦʢʨʠʪʪʷ [5; 7]. 

ɺʽʜʦʤʽ ʧʨʠʩʪʨʦʾ ʚʚʝʜʝʥʥʷ ʨʽʜʢʦʾ ʬʘʟʠ ð ʚʝʨʭʥʻ ʨʦʟʧʠʣʝʥʥʷ, ʘʧʘʨʘʪ 

ɺʫʨʩʪʝʨʘ, ProCell ʪʘ ʜʠʩʢʦʚʽ ʨʦʟʧʠʣʶʚʘʯʽ ð ʤʘʶʪʴ ʦʙʤʝʞʝʥʠʡ ʦʙôʻʤ ʟʦʥʠ 

ʟʨʦʰʝʥʥʷ ʽ ʥʝ ʟʘʚʞʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʨʽʚʥʦʤʽʨʥʝ ʟʚʦʣʦʞʝʥʥʷ ʟʝʨʝʥ ʧʨʠ ʨʦʙʦʪʽ ʟ 

ʛʝʪʝʨʦʛʝʥʥʠʤʠ ʩʫʩʧʝʥʟʽʷʤʠ [5; 6]. ʅʘʷʚʥʽ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʧʝʨʝʚʘʞʥʦ 

ʦʨʽʻʥʪʦʚʘʥʽ ʥʘ ʥʴʶʪʦʥʽʚʩʴʢʽ ʨʽʜʠʥʠ, ʧʣʦʩʢʽ ʜʠʩʢʠ ʘʙʦ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʽ ʨʦʟʯʠʥʠ ʽ 

ʥʝʜʦʩʪʘʪʥʴʦ ʚʨʘʭʦʚʫʶʪʴ ʢʦʥʽʯʥʫ ʛʝʦʤʝʪʨʽʶ ʨʦʙʦʯʦʛʦ ʦʨʛʘʥʘ, ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʫ 

ʨʝʦʣʦʛʽʶ ʩʫʩʧʝʥʟʽʡ ʪʘ ʪʝʤʧʝʨʘʪʫʨʥʝ ʦʙʤʝʞʝʥʥʷ ʜʣʷ ʥʘʩʽʥʥʷ [1; 2]. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʨʫʭʫ ʨʽʜʢʦʾ ʬʘʟʠ ʚ 

ʯʘʰʽ ʨʦʪʘʮʽʡʥʦʛʦ ʜʠʩʧʝʨʛʘʪʦʨʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʝʦʣʦʛʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʠʥʠ, 

ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ ʦʜʥʦʰʘʨʦʚʦʾ ʧʣʽʚʢʠ ʪʘ ʥʝʦʙʭʽʜʥʦʩʪʽ ʦʪʨʠʤʘʥʥʷ ʢʨʘʧʝʣʴ 

ʟʘʜʘʥʦʛʦ ʨʦʟʤʽʨʫ ʜʣʷ ʧʝʨʝʜʧʦʩʽʚʥʦʛʦ ʦʙʨʦʙʣʝʥʥʷ ʟʝʨʥʘ ʧʰʝʥʠʮʽ. 

ʈʦʟʛʣʷʥʫʪʦ ʨʦʪʘʮʽʡʥʠʡ ʯʘʰʦʚʠʡ ʜʠʩʧʝʨʛʘʪʦʨ ʫ ʚʠʛʣʷʜʽ ʟʨʽʟʘʥʦʛʦ ʢʦʥʫʩʘ ʟ 

ʧʝʨʬʦʨʦʚʘʥʦʶ ʙʽʯʥʦʶ ʧʦʚʝʨʭʥʝʶ [3]. ʇʦʪʦʯʥʠʡ ʨʘʜʽʫʩ ʢʦʥʫʩʘ ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 

ʤʥ̔ʽʤʘʣʴʥʦʛʦ ʨʘʜʽʫʩʘ R  ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʨʘʜʽʫʩʘ R  ʚʟʜʦʚʞ ʪʚʽʨʥʦʾ L. ɹʽʯʥʘ 
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ʧʦʚʝʨʭʥʷ ʫʤʦʚʥʦ ʧʦʜʽʣʝʥʘ ʥʘ ʟʦʥʫ ʬʦʨʤʫʚʘʥʥʷ ʧʣʽʚʢʠ ʙʝʟ ʧʝʨʬʦʨʘʮʽʾ ʪʘ ʟʦʥʫ 

ʜʠʩʧʝʨʛʫʚʘʥʥʷ, ʜʝ ʨʽʜʠʥʘ ʚʽʜʚʦʜʠʪʴʩʷ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʦʪʚʦʨʽʚ ʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʠʡ 

ʰʘʨ. 

ʋ ʤʦʜʝʣʽ ʧʨʠʡʥʷʪʦ, ʱʦ ʪʦʚʱʠʥʘ ʧʣʽʚʢʠ ŭ ʟʥʘʯʥʦ ʤʝʥʰʘ ʟʘ ʧʦʪʦʯʥʠʡ 

ʨʘʜʽʫʩ, ʪʝʯʽʷ ʻ ʫʩʪʘʣʝʥʦʶ ʪʘ ʦʩʝʩʠʤʝʪʨʠʯʥʦʶ, ʘ ʨʽʜʠʥʘ ʤʦʞʝ ʦʧʠʩʫʚʘʪʠʩʷ 

ʩʪʝʧʝʥʝʚʠʤ ʟʘʢʦʥʦʤ ʆʩʪʚʘʣʴʜʘïʜʝ ɺʘʘʣʝ: Ű = Kɔ→Ŵ [8; 9]. ʇʨʠ n = 1 ʤʦʜʝʣʴ 

ʧʝʨʝʭʦʜʠʪʴ ʫ ʚʠʧʘʜʦʢ ʥʴʶʪʦʥʽʚʩʴʢʦʾ ʨʽʜʠʥʠ, ʘ ʧʨʠ n < 1 ʦʧʠʩʫʻ ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʽ 

ʩʫʩʧʝʥʟʽʾ, ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʩʠʩʪʝʤ çʪʦʨʬ ð ʤʽʢʨʦʦʨʛʘʥʽʟʤʠ ð ʧʦʣʽʤʝʨʥʽ 

ʟʚôʷʟʫʶʯʽè. 

ʈʽʚʥʷʥʥʷ ʨʫʭʫ ʧʣʽʚʢʠ ʧʦʙʫʜʦʚʘʥʦ ʟ ʙʘʣʘʥʩʫ ʚʽʜʮʝʥʪʨʦʚʠʭ ʽ ʚôʷʟʢʠʭ ʩʠʣ ʫ 

ʧʨʦʝʢʮʽʾ ʥʘ ʪʚʽʨʥʫ ʢʦʥʽʯʥʦʾ ʧʦʚʝʨʭʥʽ [3; 9]. ɼʣʷ ʥʴʶʪʦʥʽʚʩʴʢʦʾ ʨʽʜʠʥʠ ʦʜʝʨʞʘʥʦ 

ʟʘʣʝʞʥʽʩʪʴ ʪʦʚʱʠʥʠ ʧʣʽʚʢʠ ʚʽʜ ʚʠʪʨʘʪʠ, ʚôʷʟʢʦʩʪʽ, ʛʫʩʪʠʥʠ, ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʪʘ 

ʨʘʜʽʫʩʘ: ŭ(r) = [3ɛQ/(2ˊɟɤ²r³sin(Ŭ/2))]¹Ʊį. ɼʣʷ ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʦʾ ʨʽʜʠʥʠ ʘʥʘʣʦʛʽʯʥʝ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʫʟʘʛʘʣʴʥʝʥʦ ʯʝʨʝʟ ʧʦʢʘʟʥʠʢ ʪʝʯʽʾ n ʪʘ ʢʦʝʬʽʮʽʻʥʪ 

ʢʦʥʩʠʩʪʝʥʪʥʦʩʪʽ K. 

ɼʣʷ ʦʮʽʥʶʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʨʝʞʠʤʫ ʚʚʝʜʝʥʦ ʙʝʟʨʦʟʤʽʨʥʠʡ ʢʨʠʪʝʨʽʡ 

Hg = Re·Fr, ʜʝ Re = q/ɜ ð ʧʣʽʚʢʦʚʠʡ ʢʨʠʪʝʨʽʡ ʈʝʡʥʦʣʴʜʩʘ, Fr = ɤ²R /g ð 

ʚʽʜʮʝʥʪʨʦʚʠʡ ʢʨʠʪʝʨʽʡ ʌʨʫʜʘ [3]. ʂʨʠʪʝʨʽʡ Hg ʭʘʨʘʢʪʝʨʠʟʫʻ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʽʥʝʨʮʽʡʥʠʭ ʚʽʜʮʝʥʪʨʦʚʠʭ ʝʬʝʢʪʽʚ ʽ ʚôʷʟʢʠʭ ʩʠʣ. ʈʘʮʽʦʥʘʣʴʥʠʤ ʚʚʘʞʘʻʪʴʩʷ 

ʦʜʥʦʰʘʨʦʚʠʡ ʨʝʞʠʤ ʧʣʽʚʢʠ, ʜʣʷ ʷʢʦʛʦ Hg Ò 4,0Ŀ10 ; ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʽʘʤʝʪʨʘ 

ʢʨʘʧʝʣʴ ʜʦ 50 ʤʢʤ ʜʦʮʽʣʴʥʠʤ ʻ ʞʦʨʩʪʢʽʰʝ ʦʙʤʝʞʝʥʥʷ Hg Ò (3,0ï3,5)Ŀ10  [3]. 

ʈʦʟʤʽʨ ʢʨʘʧʝʣʴ ʚʠʟʥʘʯʘʣʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʚʱʠʥʠ ʧʣʽʚʢʠ, ʯʠʩʣʘ ɺʝʙʝʨʘ ʪʘ 

ʥʘʧʽʚʝʤʧʽʨʠʯʥʦʛʦ ʟʚôʷʟʢʫ ʤʽʞ ʪʦʚʱʠʥʦʶ ʧʣʽʚʢʠ ʽ ʜʽʘʤʝʪʨʦʤ ʢʨʘʧʣʽ [1; 3; 4]. ɼʣʷ 

ʧʝʨʬʦʨʦʚʘʥʦʾ ʯʘʰʽ ʚʠʢʦʨʠʩʪʘʥʦ ʦʮʽʥʢʫ d  å 4ŭ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʨʘʮʽʦʥʘʣʴʥʦʤʫ 

ʣʽʛʘʤʝʥʪʥʦʤʫ ʨʝʞʠʤʫ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʪʘ ʜʘʻ ʟʤʦʛʫ ʧʦʚôʷʟʘʪʠ ʚʠʪʨʘʪʫ ʨʽʜʠʥʠ, 

ʯʘʩʪʦʪʫ ʦʙʝʨʪʘʥʥʷ ʽ ʨʦʟʤʽʨ ʢʨʘʧʝʣʴ [3; 4]. 

ʆʢʨʝʤʦ ʚʨʘʭʦʚʘʥʦ ʪʝʧʣʦʚʠʡ ʨʝʞʠʤ ʧʨʦʮʝʩʫ, ʦʩʢʽʣʴʢʠ ʥʘʩʽʥʥʷ ʻ 

ʪʝʨʤʦʣʘʙʽʣʴʥʠʤ ʤʘʪʝʨʽʘʣʦʤ [11]. ʊʝʧʣʦʚʠʡ ʙʘʣʘʥʩ ʦʜʥʦʛʦ ʟʝʨʥʘ ʟʘʧʠʩʘʥʦ ʟ 
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ʫʨʘʭʫʚʘʥʥʷʤ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʟ ʛʘʟʦʚʦʶ ʬʘʟʦʶ ʪʘ ʚʠʪʨʘʪ ʪʝʧʣʦʪʠ ʥʘ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʨʦʟʯʠʥʥʠʢʘ [9; 10]: mc(dT/dt) = hS(Tʛ ī Tʟ) ī r L . 

ʆʙʤʝʞʫʚʘʣʴʥʦʶ ʫʤʦʚʦʶ ʻ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʘ Tʟ Ò 40 ÁC. 

ʏʠʩʣʦʚʽ ʨʦʟʨʘʭʫʥʢʠ ʚʠʢʦʥʘʥʦ ʜʣʷ ʯʘʰʦʚʦʛʦ ʜʠʩʧʝʨʛʘʪʦʨʘ ʟ ʧʘʨʘʤʝʪʨʘʤʠ: 

R  = 0,020 ʤ, R  = 0,040 ʤ, Ŭ = 50Á, ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ N = 4200 ʦʙ/ʭʚ, ʢʫʪʦʚʘ 

ʰʚʠʜʢʽʩʪʴ ɤ = 439,8 ʨʘʜ/ʩ, ʣʽʥʽʡʥʘ ʰʚʠʜʢʽʩʪʴ ʢʨʘʡʢʠ 17,6 ʤ/ʩ, ʦʙôʻʤʥʘ ʚʠʪʨʘʪʘ 

ʨʽʜʢʦʾ ʬʘʟʠ Q = 3,5Ŀ10  ʤį/ʩ. ɼʣʷ ʩʫʩʧʝʥʟʽʾ ʧʨʠʡʥʷʪʦ ɟ = 1220 ʢʛ/ʤį, ɛ = 0,015 

ʇʘĿʩ, ů = 0,058 ʅ/ʤ; ʜʣʷ ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʦʾ ʤʦʜʝʣʽ n = 0,72, K = 0,045 ʇʘĿʩŴ. 

ɼʣʷ ʥʴʶʪʦʥʽʚʩʴʢʦʾ ʤʦʜʝʣʽ ʦʪʨʠʤʘʥʦ Re = 2,26, Fr = 3868 ʪʘ Hg = 8,74·10³. 

ʆʪʞʝ, ʟʥʘʯʝʥʥʷ Hg ʻ ʩʫʪʪʻʚʦ ʥʠʞʯʠʤ ʟʘ ʢʨʠʪʠʯʥʝ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʽʩʥʫʚʘʥʥʷ 

ʩʪʘʙʽʣʴʥʦʛʦ ʦʜʥʦʰʘʨʦʚʦʛʦ ʨʝʞʠʤʫ ʨʫʭʫ ʧʣʽʚʢʠ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʟʘʧʘʩʫ ʙʣʠʟʴʢʦ 

4,6. ʈʦʟʨʘʭʫʥʢʦʚʘ ʪʦʚʱʠʥʘ ʧʣʽʚʢʠ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 22,7 ʤʢʤ ʥʘ 

ʤʽʥʽʤʘʣʴʥʦʤʫ ʨʘʜʽʫʩʽ ʪʘ 18,0 ʤʢʤ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʨʘʜʽʫʩʽ. 

ɿʘ ʥʘʚʝʜʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʯʠʩʣʦ ɺʝʙʝʨʘ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 115, ʘ ʩʝʨʝʜʥʽʡ 

ʜʽʘʤʝʪʨ ʢʨʘʧʝʣʴ ʜʣʷ ʥʴʶʪʦʥʽʚʩʴʢʦʛʦ ʥʘʙʣʠʞʝʥʥʷ ʦʮʽʥʶʻʪʴʩʷ ʥʘ ʨʽʚʥʽ 32 ʤʢʤ. ɿ 

ʫʨʘʭʫʚʘʥʥʷʤ ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʦʾ ʧʦʚʝʜʽʥʢʠ ʩʫʩʧʝʥʟʽʾ ʪʦʚʱʠʥʘ ʧʣʽʚʢʠ ʟʙʽʣʴʰʫʻʪʴʩʷ 

ʧʨʠʙʣʠʟʥʦ ʥʘ 25 %, ʘ ʧʨʦʛʥʦʟʦʚʘʥʠʡ ʜʽʘʤʝʪʨ ʢʨʘʧʝʣʴ ʟʨʦʩʪʘʻ ʜʦ 40 ʤʢʤ. ʆʙʠʜʚʘ 

ʟʥʘʯʝʥʥʷ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ ʛʨʘʥʠʯʥʦ ʜʦʧʫʩʪʠʤʦʛʦ ʨʽʚʥʷ 50 ʤʢʤ, ʪʦʙʪʦ ʫʤʦʚʘ 

ʟʘʧʦʙʽʛʘʥʥʷ ʘʛʣʦʤʝʨʘʮʽʾ ʥʘʩʽʥʥʻʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚʠʢʦʥʫʻʪʴʩʷ. 

ʊʝʧʣʦʚʠʡ ʨʦʟʨʘʭʫʥʦʢ ʜʣʷ ʟʝʨʥʘ ʧʰʝʥʠʮʽ ʽʟ ʧʣʦʱʝʶ ʧʦʚʝʨʭʥʽ ʙʣʠʟʴʢʦ 

4,59Ŀ10  ʤĮ, ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ 100 ɺʪ/(ʤĮĿʂ) ʪʘ ʪʝʤʧʝʨʘʪʫʨʦʶ 

ʪʝʧʣʦʥʦʩʽʷ 55 ÁC ʧʦʢʘʟʘʚ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʘ ʜʦʧʫʩʪʠʤʘ ʚʠʪʨʘʪʘ ʨʽʜʢʦʾ ʬʘʟʠ 

ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 1,15Ŀ10  ʤį/ʩ. ʇʨʠʡʥʷʪʘ ʚʠʪʨʘʪʘ Q = 3,5Ŀ10  ʤį/ʩ ʥʝ 

ʧʝʨʝʚʠʱʫʻ ʮʴʦʛʦ ʟʥʘʯʝʥʥʷ, ʘ ʦʯʽʢʫʚʘʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʘ ʟʘʣʠʰʘʻʪʴʩʷ 

ʥʠʞʯʦʶ ʟʘ 35 ÁC. ʊʘʢʠʤ ʯʠʥʦʤ, ʫʤʦʚʘ ʟʙʝʨʝʞʝʥʥʷ ʩʭʦʞʦʩʪʽ ʥʘʩʽʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ 

ʟ ʜʦʩʪʘʪʥʽʤ ʟʘʧʘʩʦʤ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʧʦʣʷʛʘʻ ʫ ʤʦʞʣʠʚʦʩʪʽ 

ʚʠʟʥʘʯʝʥʥʷ ʨʘʮʽʦʥʘʣʴʥʦʾ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ, ʚʠʪʨʘʪʠ ʨʽʜʠʥʠ ʽ ʧʘʨʘʤʝʪʨʽʚ 
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ʧʝʨʬʦʨʘʮʽʾ ʯʘʰʦʚʦʛʦ ʜʠʩʧʝʨʛʘʪʦʨʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʛʦ ʬʘʢʝʣʘ 

ʙʝʟ ʧʝʨʝʛʨʽʚʘʥʥʷ ʥʘʩʽʥʥʷ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʦ ʧʽʜ ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ 

ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʽʥʢʨʫʩʪʘʮʽʾ ʪʘ ʜʨʘʞʫʚʘʥʥʷ ʟʝʨʥʘ ʫ ʧʩʝʚʜʦʟʨʽʜʞʝʥʦʤʫ ʰʘʨʽ. 

ɺʠʩʥʦʚʢʠ 

ʇʦʙʫʜʦʚʘʥʦ ʤʦʜʝʣʽ ʨʫʭʫ ʨʽʜʢʦʾ ʬʘʟʠ ʧʦ ʢʦʥʽʯʥʽʡ ʧʦʚʝʨʭʥʽ ʯʘʰʦʚʦʛʦ 

ʨʦʪʘʮʽʡʥʦʛʦ ʜʠʩʧʝʨʛʘʪʦʨʘ, ʷʢʘ ʚʨʘʭʦʚʫʻ ʙʘʣʘʥʩ ʚʽʜʮʝʥʪʨʦʚʠʭ ʽ ʚôʷʟʢʠʭ ʩʠʣ ʪʘ 

ʨʝʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʫʩʧʝʥʟʽʾ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʢʨʠʪʝʨʽʡ Hg = 

Re·Fr ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʫʤʦʚ ʦʜʥʦʰʘʨʦʚʦʛʦ ʨʫʭʫ ʧʣʽʚʢʠ. ɼʣʷ ʜʦʩʣʽʜʞʝʥʦʛʦ 

ʨʝʞʠʤʫ Hg = 8,74Ŀ10į, ʱʦ ʟʥʘʯʥʦ ʤʝʥʰʝ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ 4,0Ŀ10 . 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ 4200 ʦʙ/ʭʚ ʪʘ ʚʠʪʨʘʪʠ 3,5Ŀ10  ʤį/ʩ 

ʧʨʦʛʥʦʟʦʚʘʥʠʡ ʜʽʘʤʝʪʨ ʢʨʘʧʝʣʴ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 32 ʤʢʤ ʜʣʷ ʥʴʶʪʦʥʽʚʩʴʢʦʾ 

ʤʦʜʝʣʽ ʪʘ ʙʣʠʟʴʢʦ 40 ʤʢʤ ʜʣʷ ʧʩʝʚʜʦʧʣʘʩʪʠʯʥʦʾ ʩʫʩʧʝʥʟʽʾ, ʪʦʙʪʦ ʥʝ ʧʝʨʝʚʠʱʫʻ 

ʜʦʧʫʩʪʠʤʽ 50 ʤʢʤ. ʊʝʧʣʦʚʘ ʤʦʜʝʣʴ ʧʦʢʘʟʘʣʘ, ʱʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʘ ʟʘ 

ʧʨʠʡʥʷʪʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʝ ʧʝʨʝʚʠʱʫʻ 35 ÁC, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʚʠʤʦʛʘʤ ʟʙʝʨʝʞʝʥʥʷ 

ʩʭʦʞʦʩʪʽ ʥʘʩʽʥʥʻʚʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʮʽʣʴʥʦ ʩʧʨʷʤʫʚʘʪʠ ʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʧʝʨʝʚʽʨʢʫ ʩʧʝʢʪʨʘ ʢʨʘʧʝʣʴ, ʫʪʦʯʥʝʥʥʷ ʝʤʧʽʨʠʯʥʦʾ ʩʪʘʣʦʾ ʜʣʷ 

ʧʝʨʬʦʨʦʚʘʥʦʾ ʯʘʰʽ ʪʘ ʦʧʪʠʤʽʟʘʮʽʶ ʛʝʦʤʝʪʨʽʾ ʧʝʨʬʦʨʘʮʽʾ. 
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ABSTRACT: The influence of operating and design parameters on the 

efficiency of gas-dust flow cleaning in a cyclone apparatus equipped with mesh inserts 

and a water injection system is considered. The effect of gas inlet velocity, porosity of 

mesh elements, irrigation liquid flow rate, and particle size on the cut-off diameter, 

fractional collection efficiency, and hydraulic resistance of the apparatus is analyzed. 

It is established that an increase in gas velocity and a decrease in mesh porosity 

improve particle separation but lead to higher pressure losses. The most significant 

reduction in the cut-off diameter is achieved by water injection due to the 

condensation growth of particles. The proposed approach can be used for a 

preliminary assessment of rational operating conditions for modified cyclone 

apparatuses. 

KEY  WORDS: CYCLONE APPARATUS, WATER INJECTION, 

PARAMETRIC ANALYSIS, FRACTIONAL EFFICIENCY, HYDRAULIC 

RESISTANCE, DUST COLLECTION. 

ʇɸʈɸʄɽʊʈʀʏʅʀʁ ɸʅɸʃɯɿ ɺʇʃʀɺʋ ʈɽɾʀʄʅʀʍ ʊɸ 

ʂʆʅʉʊʈʋʂʊʀɺʅʀʍ ʇɸʈɸʄɽʊʈɯɺ ʅɸ ɽʌɽʂʊʀɺʅɯʉʊʔ ʆʏʀʑɽʅʅʗ 

ɻɸɿʆʇʀʃʆɺʆɻʆ ʇʆʊʆʂʋ ɺ ʎʀʂʃʆʅɯ ɿ ʉɯʊʏɸʉʊʀʄʀ ɺʉʊɸɺʂɸʄʀ 

ʊɸ ɺʇʈʀʉʂʆʄ ɺʆɼʀ 

ʘʩʧʽʨʘʥʪ ɼʠʰʢʘʥʪ ʄ.ɺ., ʢ.ʪ.ʥ., ʜʦʮ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 
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ɸʅʆʊɸʎɯʗ: ʈʦʟʛʣʷʥʫʪʦ ʚʧʣʠʚ ʨʝʞʠʤʥʠʭ ʪʘ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʯʠʱʝʥʥʷ ʛʘʟʦʧʠʣʦʚʦʛʦ ʧʦʪʦʢʫ ʚ ʮʠʢʣʦʥʥʦʤʫ 

ʘʧʘʨʘʪʽ ʟ ʩʽʪʯʘʩʪʠʤʠ ʚʩʪʘʚʢʘʤʠ ʪʘ ʚʧʨʠʩʢʦʤ ʚʦʜʠ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ 

ʚʭʽʜʥʦʾ ʰʚʠʜʢʦʩʪʽ ʛʘʟʫ, ʧʦʨʠʩʪʦʩʪʽ ʩʽʪʯʘʩʪʠʭ ʝʣʝʤʝʥʪʽʚ, ʚʠʪʨʘʪʠ 

ʟʨʦʰʫʚʘʣʴʥʦʾ ʨʽʜʠʥʠ ʪʘ ʨʦʟʤʽʨʫ ʯʘʩʪʠʥʦʢ ʧʠʣʫ ʥʘ ʢʨʠʪʠʯʥʠʡ ʜʽʘʤʝʪʨ 

ʫʣʦʚʣʶʚʘʥʥʷ, ʬʨʘʢʮʽʡʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʘʧʘʨʘʪʫ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʘʟʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʩʽʪʢʠ 

ʧʦʢʨʘʱʫʶʪʴ ʩʝʧʘʨʘʮʽʶ, ʘʣʝ ʟʙʽʣʴʰʫʶʪʴ ʚʪʨʘʪʠ ʪʠʩʢʫ. ʅʘʡʙʽʣʴʰ ʩʫʪʪʻʚʝ 

ʟʤʝʥʰʝʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʜʽʘʤʝʪʨʘ ʫʣʦʚʣʶʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʧʨʠʩʢ ʚʦʜʠ ʟʘ ʨʘʭʫʥʦʢ 

ʢʦʥʜʝʥʩʘʮʽʡʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʯʘʩʪʠʥʦʢ. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʎʀʂʃʆʅʅʀʁ ɸʇɸʈɸʊ, ʉɯʊʏɸʉʊɯ ɺʉʊɸɺʂʀ, 

ɺʇʈʀʉʂ ɺʆɼʀ, ʇɸʈɸʄɽʊʈʀʏʅʀʁ ɸʅɸʃɯɿ, ʌʈɸʂʎɯʁʅɸ 

ɽʌɽʂʊʀɺʅɯʉʊʔ, ɻɯɼʈɸɺʃɯʏʅʀʁ ʆʇɯʈ, ʇʀʃʆɺʃʆɺʃɽʅʅʗ. 

The Cyclone apparatuses are widely used for cleaning gas flows from solid 

particles due to their simple design, absence of moving elements, and ability to operate 

under conditions of elevated temperature and dust concentration [1]. However, 

conventional cyclones have limited efficiency in capturing fine particles, especially 

fractions smaller than 5ï10 ɛm [2]. 

To increase the cleaning efficiency, a modified cyclone apparatus with mesh 

inserts in the conical part and a water injection system is considered. The mesh inserts 

stabilize the swirling flow, reduce turbulent pulsations, and prevent the secondary 

entrainment of particles. Water injection promotes the condensation growth of 

particles, which increases their effective aerodynamic diameter and improves the 

conditions for inertial separation [3, 4]. 

The parametric analysis was carried out for the following parameters: gas inlet 

velocity, porosity of mesh inserts, irrigation liquid flow rate, and particle size. The cut-
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off diameter d , the collection efficiency of 5 ɛm particles, and the hydraulic 

resistance of the apparatus were selected as the main evaluation criteria. 

The variation ranges of the main operating and design parameters and the 

corresponding calculated results are presented in Table 1. 

Table 1 - Influence of operating and design parameters on the 

characteristics of the apparatus 

Parameter Range of variation d , ɛm ɖ (5 ɛm), % ȹp, Pa 

Gas inlet velocity, 

m/s 
12ï22 3,5ï7,0 55ï92 400ï1400 

Mesh porosity 0,60ï0,85 3,0ï5,5 65ï88 600ï1100 

Water injection flow 

rate, L/(min·m³/s) 
0,5ï2,0 1,5ï5,0 72ï95 650ï1050 

Particle diameter, 

ɛm 
1ï20 ð 30ï99 ð 

 

An increase in the gas inlet velocity from 12 to 22 m/s leads to a decrease in the 

cut-off diameter from approximately 7.0 to 3.5 ɛm. At the same time, the collection 

efficiency of 5 ɛm particles increases from 55 to 92 %. However, the hydraulic 

resistance also increases from 400 to 1400 Pa. Therefore, an increase in gas velocity 

improves separation but requires higher energy consumption [1, 2]. 

A decrease in mesh porosity from 0.85 to 0.60 also improves the cleaning 

efficiency. The collection efficiency of 5 ɛm particles increases from 65 to 88 %, 

while the cut-off diameter decreases from 5.5 to 3.0 ɛm. This is explained by the fact 

that a less porous mesh has a stronger effect on the flow structure and reduces the 

secondary entrainment of particles. At the same time, an excessive decrease in porosity 

leads to an increase in pressure losses [3]. 

The irrigation liquid flow rate has the most significant influence. When it 

increases from 0.5 to 2.0 L/(min·m³/s), the cut-off diameter decreases from 5.0 to 1.5 

ɛm, while the collection efficiency of 5 ɛm particles increases from 72 to 95 %. This is 
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associated with heterogeneous condensation of water vapor on the surface of particles 

and droplets, which increases the effective particle size and enhances the action of 

centrifugal forces [4, 5]. 

The comparison of fractional efficiency for the conventional and modified 

cyclone is shown in Fig. 1. 

 

Fig. 1 - Fractional collection efficiency curves: 1 - conventional cyclone; 2 - 

cyclone with mesh inserts; 3 - cyclone with mesh inserts and water injection. 

 

The comparison of fractional efficiency curves shows that the cyclone with 

mesh inserts provides higher efficiency in capturing fine particles compared with the 

conventional design. The additional use of water injection shifts the efficiency curve 

toward smaller particle diameters, which indicates an expansion of the operating range 

of the apparatus for fine dust collection. 

Thus, the combined use of mesh inserts and water injection provides a dual 

effect: stabilization of the swirling flow and an increase in the effective particle size. 

At the same time, optimization of the apparatus parameters should consider not only 

the maximum cleaning efficiency but also the permissible level of hydraulic resistance. 

Conclusion. The parametric analysis showed that the efficiency of gas-dust flow 

cleaning in a cyclone with mesh inserts and water injection significantly depends on 

gas velocity, porosity of mesh elements, and irrigation liquid flow rate. An increase in 
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gas velocity and a decrease in mesh porosity improve separation efficiency but 

increase hydraulic resistance. Water injection is the most effective factor in reducing 

the cut-off diameter. The combined application of mesh inserts and irrigation is a 

promising direction for improving cyclone apparatuses used for cleaning gas-dust 

flows from fine particles. 
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ʉɽʂʎɯʗ 2 

çɽʂʆʃʆɻɯʗ ʊɸ ʊɽʍʅʆʃʆɻɯʗ ʈʆʉʃʀʅʅʀʍ ʇʆʃɯʄɽʈɯɺè 
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ABSTRACT: The paper presents the results of an experimental study of the 

biodegradation process of starch-based films under controlled soil conditions. Changes 

in the appearance and mechanical properties of the samples were monitored over a 

period of 30 days. It was found that exposure to soil leads to the loss of plasticizer, a 

decrease in material elasticity, and gradual biological degradation of the film structure. 
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ɼʆʉʃɯɼɾɽʅʅʗ ɹɯʆʈʆɿʂʃɸɼɸʅʅʗ ʇʃɯɺʆʂ ʅɸ ʆʉʅʆɺɯ ʂʈʆʍʄɸʃʖ 

ɺ ˆʈʋʅʊʆɺʆʄʋ ʉɽʈɽɼʆɺʀʑɯ 

ʘʩʠʩʪʝʥʪ ɹʠʰʢʦ ʄ.ɸ, 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʅʆʊɸʎɯʗ: ʅʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʨʦʮʝʩʫ ʙʽʦʨʦʟʢʣʘʜʘʥʥʷ ʧʣʽʚʦʢ ʥʘ ʦʩʥʦʚʽ ʢʨʦʭʤʘʣʶ ʚ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ˇʨʫʥʪʦʚʠʭ 

ʫʤʦʚʘʭ. ʇʨʦʚʝʜʝʥʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʟʘ ʟʤʽʥʦʶ ʟʦʚʥʽʰʥʴʦʛʦ ʚʠʛʣʷʜʫ ʪʘ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʽʚ ʧʨʦʪʷʛʦʤ 30 ʜʽʙ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʝʨʝʙʫʚʘʥʥʷ ʧʣʽʚʦʢ ʫ 

ˇʨʫʥʪʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʪʨʘʪʠ ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ, ʟʥʠʞʝʥʥʷ ʝʣʘʩʪʠʯʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʪʘ 

ʧʦʩʪʫʧʦʚʦʛʦ ʙʽʦʣʦʛʽʯʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɹɯʆʈʆɿʂʃɸɼʅɯ ʇʃɯɺʂʀ, ʂʈʆʍʄɸʃʔ, 

ɹɯʆɼɽʉʊʈʋʂʎɯʗ, ˆʈʋʅʊʆɺɽ ʉɽʈɽɼʆɺʀʑɽ, ʇʃɸʉʊʀʌɯʂɸʊʆʈ, 

ɻʃɯʎɽʈʀʅ 
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The increasing accumulation of polymer-based waste and its negative 

environmental impact has intensified research into materials capable of natural 

degradation after use. In this context, starch-based polymer films are considered a 

promising alternative to conventional petroleum-derived plastics due to their 

renewable origin and biodegradability [1; 2]. Starch, being a widely available 

biopolymer, can be efficiently decomposed by soil microorganisms under appropriate 

environmental conditions [2; 3]. Furthermore, its properties can be modified through 

additives such as plasticizers, enabling the adjustment of flexibility and mechanical 

strength, which makes it suitable for packaging applications [1; 4].  

To assess the real-world applicability of such materials, it is essential to examine 

their degradation behavior under conditions resembling natural disposal environments. 

For this purpose, an experimental study was conducted to evaluate the degradation of 

starch-based films in soil. 

The experimental setup involved placing film samples in a soil-filled container 

designed to simulate natural biodegradation conditions. The specimens were buried at 

an approximate depth of 10 cm, which corresponds to the biologically active upper soil 

layer where organic matter decomposition typically occurs [4; 5]. Throughout the 

experimental period, samples were periodically extracted and analyzed to observe 

changes in their physical state and surface characteristics. 

Figure 1 illustrates the condition of the samples prior to burial and after different 

exposure intervals. Progressive alterations in texture and structural integrity were 

visually evident. It was also observed that while remaining in soil, the films retained 

high moisture content; however, after removal and drying, they quickly became rigid 

and fragile. 
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Figure 1. Starch-based film samples before and after soil exposure 

Such behavior is likely associated with the gradual leaching of plasticizing 

agents, which are essential for maintaining flexibility in starch-based polymer 

matrices. Plasticizers such as glycerol are known to migrate under humid conditions, 

resulting in increased stiffness and reduced mechanical performance [2; 6]. The sharp 

decline in elasticity after drying corresponds well with previously reported data on 

starch-based biopolymer systems exposed to moisture-rich environments [2; 4]. 

Alongside mechanical degradation, partial surface erosion and localized 

structural damage were detected after 30 days of soil exposure. These observations 

suggest the initiation of microbial degradation processes, where soil microorganisms 

utilize starch as an energy and carbon source [4; 5]. This biological activity leads to 

gradual depolymerization of the material and its transformation into simpler 

compounds, ultimately contributing to full decomposition. 

To quantify the observed changes, a time-dependent degradation curve was 

constructed (Figure 2). The obtained results demonstrate a consistent trend of 

progressive deterioration, confirming the susceptibility of starch-based films to 

biodegradation in soil environments.  



ɿʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍʍʍVIII  ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ òʆʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʙʫʜʽʚʝʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚò 

 

223 
 

 

Figure 2. Kinetics of biodegradation of starch-based films during soil exposure 

The conducted study demonstrates that starch-based films undergo significant 

physical and structural changes during soil exposure within a 30-day period. The 

reduction in elasticity is primarily attributed to plasticizer migration and restructuring 

of the polymer network, while observed surface degradation indicates active microbial 

involvement. These findings may contribute to the optimization of biodegradable film 

formulations and improve predictions of their behavior in natural environmental 

conditions. 
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ʉɽʂʎɯʗ 3 

çɽʂʆʃʆɻɯʏʅʆ ɹɽɿʇɽʏʅɯ ʊɽʍʅʆʃʆɻɯɰè 
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ʋɼʂ 66.062.53 

ʇʆʉʀʃɽʅʅʗ ɽʌɽʂʊʀɺʅʆʉʊɯ ʊʈɸɼʀʎɯʁʅʆɰ ɼɽɻɸɿɸʎɯɰ ɺʆɼʀ 

ʐʃʗʍʆʄ ɿɸʉʊʆʉʋɺɸʅʅʗ ɻɯɼʈʆɼʀʅɸʄɯʏʅʆɰ ʂɸɺɯʊɸʎɯɰ 

ʜ.ʪ.ʥ. ɹ. ʎʝʣʝʥʴ, ɻ. ʜ.ʪ.ʥ. ɯʚʘʥʠʮʴʢʠʡ,  ʢ.ʪ.ʥ. ɸ. ʅʝʜʙʘʡʣʦ, 

ʢ.ʪ.ʥ. ʃ. ɻʦʞʝʥʢʦ, ʢ.ʪ.ʥ. ʅ. ʈʘʜʯʝʥʢʦ 

ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ 

ɸʅʆʊɸʎɯʗ: ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʝʨʩʧʝʢʪʠʚʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ 

ʢʘʚʽʪʘʮʽʾ ʚ ʪʝʭʥʦʣʦʛʽʷʭ ʜʝʛʘʟʘʮʽʾ ʨʽʜʠʥ ʟ ʤʝʪʦʶ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʥʘʧʨʷʤʢʠ ʜʦʩʣʽʜʞʝʥʴ ʫ ʮʽʡ ʩʬʝʨʽ, ʚʠʜʽʣʝʥʦ-ʢʨʘʾʥʠ ʣʽʜʝʨʠ, ʷʢʽ 

ʫʩʧʽʰʥʦ ʚʧʨʦʚʘʜʞʫʶʪʴ ʢʘʚʽʪʘʮʽʡʥʫ ʦʙʨʦʙʢʫ ʚ ʪʝʭʥʦʣʦʛʽʷʭ ʜʝʛʘʟʘʮʽʾ ʪʘ ʚʢʣʘʜ 

ʫʢʨʘʾʥʩʴʢʠʭ ʚʯʝʥʠʭ, ʟʦʢʨʝʤʘ, ʥʘʚʝʜʝʥʦ ʜʦʩʷʛʥʝʥʥʷ ɯʊʊʌ ʅɸʅʋ. 

ABSTRACT: The prospects of applying hydrodynamic cavitation in liquid 

degassing technologies for the purpose of process intensification have been analyzed. 

The main research directions in this field were examined, the leading countries 

successfully implementing cavitation treatment in degassing technologies were 

identified, and the contribution of ukrainian scientists was highlighted, particularly the 

achievements of the Institute of Engineering Thermophysics of NAS of Ukraine. 

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɻɯɼʈʆɼʀʅɸʄɯʏʅɸ ʂɸɺɯʊɸʎɯʗ, ɼɽɻɸɿɸʎɯʗ, 

ɺʆɼʆʇɯɼɻʆʊʆɺʂɸ 

KEYWORDS: HYDRODYNAMIC CAVITATION, DEGASSING, WATER 

TREATMENT 

ɺʩʪʫʧ. ʇʨʦʮʝʩ ʜʝʛʘʟʘʮʽʾ ʨʽʜʠʥ ʻ ʚʘʞʣʠʚʦʶ ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʦʧʝʨʘʮʽʻʶ ʚ 

ʭʘʨʯʦʚʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʚʦʜʦʦʯʠʩʥʽʡ, ʥʘʬʪʦʧʝʨʝʨʦʙʥʽʡ. ʊʨʘʜʠʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʯʘʩʪʦ ʧʦʚôʷʟʘʥʽ ʟ ʚʪʨʘʪʘʤʠ ʧʨʦʜʫʢʪʫ ʘʙʦ ʞ ʚʪʦʨʠʥʥʠʤ ʟʘʙʨʫʜʥʝʥʥʷʤ, ʦʢʨʽʤ 

ʮʴʦʛʦ, ʚʚʘʞʘʶʪʴʩʷ ʝʥʝʨʛʦʚʠʪʨʘʪʥʠʤʠ, ʘ ʦʙʣʘʜʥʘʥʥʷ ʚʠʤʘʛʘʻ ʟʥʘʯʥʠʭ 

ʚʠʨʦʙʥʠʯʠʭ ʧʣʦʱ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʢʘʚʽʪʘʮʽʾ ʚ ʢʦʤʧʣʝʢʩʽ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʜʝʛʘʟʘʮʽʾ ʤʦʞʝ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʾʾ ʝʬʝʢʪʠʚʥʽʩʪʴ. 

ʈʝʟʫʣʴʪʘʪ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʦʻʜʥʘʥʥʷ ʜʝʛʘʟʘʮʽʾ, ʜʝʟʽʥʬʝʢʮʽʾ, ʛʦʤʦʛʝʥʽʟʘʮʽʾ. 
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ɹʝʟʫʤʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʢʘʚʽʪʘʮʽʾ ʻ ʾʾ ʝʢʦʣʦʛʽʯʥʽʩʪʴ, ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʽ 

ʤʦʞʣʠʚʽʩʪʴ ʰʚʠʜʢʦʛʦ ʤʘʩʰʪʘʙʫʻʪʴʩʷ ʜʣʷ ʧʨʦʤʠʩʣʦʚʠʭ ʧʦʪʨʝʙ. ɿʘ ʜʘʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʴ ʦʩʪʘʥʥʭ̔ ʨʦʢʽʚ ʢʘʚʽʪʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚʞʝ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ 

ʚʠʛʣʷʜʽ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ. ʅʘʧʨʠʢʣʘʜ, ʢʘʚʽʪʘʮʽʷ ʽ ʚʘʢʫʫʤ, ʢʘʚʽʪʘʮʽʷ ʽ ʧʣʘʟʤʘ ʘʙʦ 

ʨʽʟʥʽ ʦʢʠʩʥʶʚʘʯʽ ʜʣʷ ʩʠʥʝʨʛʝʪʠʯʥʦʛʦ ʝʬʝʢʪʫ ʪʦʱʦ. ɺʯʝʥʽ ʨʽʟʥʠʭ ʢʨʘʾʥ ʘʢʪʠʚʥʦ 

ʚʜʦʩʢʦʥʘʣʶʶʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʨʝʘʢʪʦʨʽʚ ʟ ʦʧʪʠʤʽʟʘʮʽʻʶ ʛʝʦʤʝʪʨʽʾ ʟʘ ʜʦʧʦʤʦʛʦʶ 

CFD-ʤʦʜʝʣʶʚʘʥʥʷ. ʅʘʡʙʽʣʴʰ ʟʘʪʨʝʙʫʚʘʥʘ ʚʦʥʘ ʫ ʢʨʘʾʥʘʭ ʟ ʧʦʪʫʞʥʦʶ ʭʘʨʯʦʚʦʶ, 

ʥʘʬʪʦʧʝʨʝʨʦʙʥʦʶ ʪʘ ʚʦʜʦʦʯʠʩʥʦʶ ʧʨʦʤʠʩʣʦʚʽʩʪʶ, ʜʝ ʧʨʽʦʨʠʪʝʪʦʤ ʻ 

ʝʥʝʨʛʦʟʙʝʨʝʞʝʥʥʷ ʪʘ ʝʢʦʣʦʛʽʷ. ʃʽʜʝʨʘʤʠ ʟʘ ʢʽʣʴʢʽʩʪʶ ʚʧʨʦʚʘʜʞʝʥʴ ʻ ʢʨʘʾʥʠ ɸʟʽʾ 

(ʂʠʪʘʡ, ɯʥʜʽʷ, ʗʧʦʥʽʷ), ʜʝ ʢʘʚʽʪʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʤʘʩʰʪʘʙʫʶʪʴ ʜʣʷ ʦʯʠʩʪʢʠ 

ʩʪʽʯʥʠʭ ʚʦʜ ʪʘ ʙʽʦʧʘʣʠʚʘ ʽ ʮʴʦʤʫ ʘʢʪʠʚʥʦ ʩʧʨʠʷʶʪʴ ʜʝʨʞʘʚʥʽ ʧʨʦʛʨʘʤʠ. ʋ ʉʐɸ 

ʘʢʮʝʥʪ ʥʘ ʩʪʘʣʦʤʫ ʚʦʜʦʢʦʨʠʩʪʫʚʘʥʥʽ ʪʘ ʙʽʦʧʘʣʠʚʽ ʜʣʷ ʥʘʬʪʦʧʝʨʝʨʦʙʢʠ ʪʘ 

ʭʘʨʯʦʚʦʾ ʛʘʣʫʟʽ. ɺ ʜʦʩʣʽʜʞʝʥʥʷʭ ʽ ʧʽʣʦʪʥʠʭ ʧʨʦʝʢʪʘʭ ʣʽʜʠʨʫʻ ɭʚʨʦʧʘ (ʅʽʤʝʯʯʠʥʘ, 

ɺʝʣʠʢʘ ɹʨʠʪʘʥʽʷ, ʅʽʜʝʨʣʘʥʜʠ, ɯʪʘʣʽʷ, ʉʣʦʚʝʥʽʷ), ʟʦʢʨʝʤʘ, ʚ ʨʦʟʨʦʙʢʘʭ ʨʦʪʦʨʥʦ-

ʩʪʘʪʦʨʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ɺ ʋʢʨʘʾʥʽ ʟʥʘʯʥʠʡ ʪʝʦʨʝʪʠʯʥʠʡ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ 

ʜʦʩʚʽʜ ʫ ʜʘʥʦʤʫ ʥʘʧʨʷʤʢʫ ʥʘʢʦʧʠʯʝʥʦ ʚ ɯʊʊʌ ʅɸʅʋ, ʟʦʢʨʝʤʘ, ʫ ʚʦʜʦʧʽʜʛʦʪʦʚʮʽ, 

ʦʯʠʩʪʮʽ ʩʪʽʯʥʠʭ ʚʦʜ, ʜʣʷ ʜʝʛʘʟʘʮʽʾ ʪʝʭʥʽʯʥʦʾ ʪʘ ʢʦʪʣʦʚʦʾ ʚʦʜʠ. ʊʘʢʦʞ ʫ ʩʬʝʨʽ 

ʚʦʜʦʧʽʜʛʦʪʦʚʢʠ ʜʣʷ ʧʦʪʨʝʙ ʭʘʨʯʦʚʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ ʩʦʢʽʚ ʟ 

ʢʦʥʮʝʥʪʨʘʪʽʚ [1, 2]. ɼʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʘ ʩʦʧʣʘʭ 

ɺʝʥʪʫʨʽ ʪʘ ʈʇɸ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʽʜʢʨʠʚʘʻ ʰʣʷʭ ʜʦ 

ʽʤʧʦʨʪʦʟʘʤʽʱʝʥʥʷ ʚ ʭʘʨʯʦʚʽʡ ʽ ʚʦʜʦʧʽʜʛʦʪʦʚʯʽʡ ʛʘʣʫʟʷʭ, ʘ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʜʦʟʚʦʣʠʪʴ ʦʜʥʦʯʘʩʥʦ ʧʽʜʚʠʱʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʟʥʠʞʫʚʘʪʠ ʚʠʪʨʘʪʠ ʪʘ 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʝʢʦʣʦʛʽʯʥʠʡ ʩʣʽʜ, ʱʦ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʋʢʨʘʾʥʠ.  

ʃʽʪʝʨʘʪʫʨʘ. 
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Abstract: The technology of coke production is presented. The scheme of the 

drum dryer is described. The necessity for modernisation is substantiated by the 

installation of internal toothed elements in the design of the drum dryer. 
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ELEMENTS, HEAT EXCHANGE, MOISTURE 

 

ʄʆɼɽʈʅɯɿɸʎɯʗ ʋʉʊɸʅʆɺʂʀ ɺʀʈʆɹʅʀʎʊɺɸ ʂʆʂʉʋ ɿ 

ʈʆɿʈʆɹʂʆʖ ɹɸʈɸɹɸʅʅʆɰ ʉʋʐɸʈʂʀ  

ʩʪʫʜʝʥʪʢʘ ʎʶʧʘ ʅ.ɺ.,  ʢ.ʪ.ʥ., ʜʦʮ. ʉʪʝʧʘʥʶʢ ɸ.ʈ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ» 

ɸʥʦʪʘʮʽʷ: ʅʘʚʝʜʝʥʘ ʪʝʭʥʦʣʦʛʽʷ ʚʠʨʦʙʥʠʮʪʚʘ ʢʦʢʩʫ. ʆʧʠʩʘʥʦ 

ʩʭʝʤʫ ʙʘʨʘʙʘʥʥʦʾ ʩʫʰʘʨʢʠ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʤʦʜʝʨʥʽʟʘʮʽʾ ʰʣʷʭʦʤ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʟʫʙʯʘʩʪʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʢʦʥʩʪʨʫʢʮʽʶ ʙʘʨʘʙʘʥʥʦʾ 

ʩʫʰʘʨʢʠ.   

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʂʆʂʉ, ʄʆɼɽʈʅɯɿɸʎɯʗ, ɹɸʈɸɹɸʅʅɸ ʉʋʐɸʈʂɸ, 

ɿʋɹʏɸʉʊɯ ɽʃɽʄɽʅʊʀ, ʊɽʇʃʆʆɹʄɯʅ, ɺʆʃʆɻɯʉʊʔ  

 

The raw material is heated in two streams through heat exchangers and furnaces 

to 520 °C and fed into a rectification column for primary separation. Heavy residues 

from the bottom of the column are reheated in furnaces and sent to coke chambers, 

where cyclic coke formation, cooling and unloading by hydraulic cutting take place.[1] 

Gases and petroleum vapours from the top of the chambers enter a scrubber for 
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separation into water and distillates. Medium fractions from column 6 are directed to a 

column, from which, after further purification, light and heavy gas oils are shipped to 

storage. The overhead products of the main column pass through condensers and a 

separator to obtain gas and petrol, which is subsequently brought to specification in the 

column. The system operates on the principle of complete heat recovery, whereby the 

excess energy of the streams is used for steam generation and heating of the incoming 

feedstock. 

The aim of the work is the modernisation of the drum dryer shown in Figure 1. 

 

1 ï furnace; 2 ï feed chute; 3 ï drum; 4 ï rollers; 5 ï discharge chamber; 

Figure 1 ï Drum dryer scheme [2] 

 

Wet material enters the drum 3 through the feed chute 2, where, during rotation, 

it is picked up by internal blades. These blades lift the raw material to a certain height 

and evenly drop it down, creating a dense curtain of material across the entire cross-

section of the unit. Simultaneously, flue gases from chamber 1 enter the drum and pass 

through the curtain of material, intensively evaporating moisture due to the large 

contact area provided by the blades. Thanks to the inclination of the body, mounted on 

rollers 4, and constant mixing, the dried coke gradually moves to the discharge 

chamber 5, where it is separated from the exhaust gases and removed from the unit [3]. 
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Advantages: 

- High productivity, allowing the processing of large amounts of wet material in 

a continuous mode; 

- Versatility of use, enabling the drying of feedstock with different physical 

properties and initial moisture content; 

- Reliability and simplicity of the design, due to the use of a robust metal drum 

body 3 and stable supporting rollers 4; 

- Process automation, as the continuous movement of material from feed chute 2 

to discharge chamber 5 is easily controlled; 

- The possibility of using different heat carriers, including direct heating with a 

mixture of air and fuel supplied to furnace 1; 

- Effective mixing ensured by constant rotation of the cylindrical body around 

its axis. 

Disadvantages: 

- Mechanical abrasion of the final product when it falls from the blades during 

the rotation of working part 3; 

- The need to clean gases from fine dust at the exit from discharge chamber 5; 

- Complexity of sealing the joints between the rotating drum and the stationary 

furnace 1 and discharge chamber; 

- Significant energy consumption in heating the drying agent. 

Disadvantages which I intend to eliminate with the proposed solution for drum 

dryer modernisation: 

- Uneven drying of material ð thanks to the toothed shape of the blades, the 

feedstock flow is crushed into smaller parts, allowing hot gases to evenly heat each 

unit of raw material; 

- Formation of lumps and sticking of wet feedstock ð sharp teeth on the blades 

act as crushers, mechanically breaking up stuck masses during lifting and pouring 

inside the drum; 
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- Low heat exchange intensity ð the toothed structure greatly increases the total 

contact area between coke and drying agent, as it creates a more branched and dense 

curtain of material in the working space. 

Description of the modernisation of the drum dryer (Figure 2). 

The modernisation involves changing the internal structure of the working drum 

by installing special toothed blades instead of standard smooth partitions. 

 

Figure 2 ï Scheme of drum dryer modernisation with implementation of toothed 

blades 

 

The toothed parts are arranged along the entire length of the inner surface of the 

drum and have uniform cut-outs resembling a comb. During drum rotation, these teeth 

pick up the wet coal feedstock or coke, lift the raw material to a certain height and 

periodically drop it down. This geometry allows not only to pour the material in a solid 

layer, but also to disperse it, creating the densest and most uniform curtain inside the 

unit. 

Specific advantages of my modernisation: 

- Intensification of heat and mass transfer ð due to better fragmentation of the 

material flow by the teeth, the contact area between the raw material and the hot heat 

carrier increases several times; 
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- Effective loosening ð sharp toothed edges mechanically break up stuck lumps 

of moist feedstock, preventing the formation of large agglomerates; 

- Uniform residual moisture ð the cascading effect ensures equal heating of 

both small and large coke fractions throughout the volume; 

- Improvement of the final product quality ð stable moisture indicators of the 

feedstock after drying contribute to optimal progression of the subsequent coking 

process in the chambers; 

- Reduction of processing time ð accelerated moisture removal allows 

increased speed of material passage through the drum without loss of drying quality. 
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ABSTRACT: This paper considers the application of the exergy approach for 

evaluating the performance of heat exchangers in industrial energy systems. It is 

shown that conventional energy analysis is insufficient for identifying the quality of 

energy losses, whereas exergy analysis allows quantification of irreversibilities and 

inefficiencies. The main governing equations are presented, and the influence of 

design, hydrodynamic, and operational factors on exergy efficiency and environmental 

impact is discussed. 
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ɽʂʉɽʈɻɽʊʀʏʅʀʁ ɸʅɸʃɯɿ ʊɽʇʃʆʆɹʄɯʅʅʀʍ ɸʇɸʈɸʊɯɺ ʗʂ 

ʆʉʅʆɺɸ ʇɯɼɺʀʑɽʅʅʗ ɽʅɽʈɻʆɽʌɽʂʊʀɺʅʆʉʊɯ ʊɸ ɿʄɽʅʐɽʅʅʗ 

ɽʂʆʃʆɻɯʏʅʆɻʆ ʅɸɺɸʅʊɸɾɽʅʅʗ 

ʘʩʠʩʪʝʥʪ ɹʠʰʢʦ ʄ.ɸ, 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

ɸʅʆʊɸʎɯʗ: ʨʦʟʛʣʷʥʫʪʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʢʩʝʨʛʝʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʣʷ 

ʦʮʽʥʶʚʘʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʘʧʘʨʘʪʽʚ ʫ ʧʨʦʤʠʩʣʦʚʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ 

ʩʠʩʪʝʤʘʭ. ʇʦʢʘʟʘʥʦ, ʱʦ ʪʨʘʜʠʮʽʡʥʠʡ ʝʥʝʨʛʝʪʠʯʥʠʡ ʘʥʘʣʽʟ ʥʝ ʜʦʟʚʦʣʷʻ ʧʦʚʥʦʶ 
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ʟʘʙʝʟʧʝʯʫʻ ʦʮʽʥʢʫ ʥʝʦʙʦʨʦʪʥʦʩʪʝʡ ʪʘ ʜʞʝʨʝʣ ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ. ʅʘʚʝʜʝʥʦ 

ʦʩʥʦʚʥʽ ʨʽʚʥʷʥʥʷ ʝʢʩʝʨʛʽʾ ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ, 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʬʘʢʪʦʨʽʚ ʥʘ ʝʢʩʝʨʛʝʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʘʧʘʨʘʪʽʚ ʽ ʧʦʚôʷʟʘʥʽ ʝʢʦʣʦʛʽʯʥʽ ʥʘʩʣʽʜʢʠ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɽʂʉɽʈɻɯʗ, ʊɽʇʃʆʆɹʄɯʅʅɯ ɸʇɸʈɸʊʀ, 

ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ, ʅɽʆɹʆʈʆʊʅʆʉʊɯ, ʊɽʇʃʆʇɽʈɽɼɸʏɸ, ʌʋʃɯʅɻ, 

ɽʂʆʃʆɻɯʏʅɸ ɹɽɿʇɽʂɸ 

 

Modern industrial energy systems are characterized by significant energy losses 

that cannot be fully identified using classical energy analysis based on the first law of 

thermodynamics. While the first law ensures energy conservation, it does not provide 

information about energy degradation or the actual ability of energy to perform useful 

work. In contrast, exergy analysis, based on the second law of thermodynamics, 

enables a more comprehensive evaluation of thermodynamic efficiency by considering 

both the quantity and quality of energy and its deviation from environmental 

equilibrium [1,2]. This makes exergy a powerful tool for identifying true inefficiencies 

in complex thermal systems, particularly in energy-intensive industrial processes. 

Heat exchangers are among the most important components of thermal systems, 

widely used in power engineering, chemical processing, refrigeration, and process 

industries. A considerable part of system inefficiency is associated with 

irreversibilities occurring during heat transfer processes, fluid friction, and mixing 

effects. Even in well-designed equipment, thermodynamic losses arise due to finite 

temperature gradients and non-ideal flow conditions. Therefore, exergy-based methods 

are widely used for performance assessment, diagnosis, and optimization of such 

equipment, allowing engineers to quantify not only energy losses but also their 

thermodynamic significance [3]. 

Theoretical Foundations of Exergy 
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The concept of exergy represents the maximum useful work that can be 

extracted from a system as it comes into equilibrium with a defined reference 

environment. The specific exergy of a flowing stream is defined as: 

 

where h is enthalpy, s is entropy, and subscript 0 denotes the reference 

environmental state [1]. 

This formulation highlights that exergy is not conserved like energy but is 

continuously destroyed in real processes due to irreversibilities. 

The exergy of heat transfer is given by: 

 

This expression demonstrates that the thermodynamic value of heat strongly 

depends on its temperature level relative to the environment. As the temperature of the 

heat source approaches ambient conditions, the ability of heat to produce useful work 

decreases rapidly, eventually tending to zero when T = T  [2]. This concept is 

fundamental for evaluating low-grade heat utilization and waste heat recovery systems. 

Exergy Balance of a Heat Exchanger 

For steady-state operation, the exergy balance of a control volume such as a heat 

exchanger can be expressed as: 

 

where represents exergy destruction due to irreversibilities [1]. 

This term is always positive and quantifies the thermodynamic penalty 

associated with non-ideal processes. 

Exergy efficiency is defined as: 

 

Unlike energy efficiency, exergy efficiency reflects how effectively the input 

exergy is converted into useful output, making it a more stringent and realistic 

performance indicator for thermal systems. 
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Sources of Exergy Destruction 

The main sources of exergy destruction in heat exchangers include: 

- heat transfer across finite temperature differences between hot and cold 

streams;  

- pressure drops in flow channels due to frictional resistance;  

- viscous dissipation and turbulence effects in fluid flow;  

- fouling, scaling, and surface contamination reducing heat transfer 

performance [3,4].  

Among these mechanisms, heat transfer with a finite temperature difference is 

typically the dominant source of irreversibility. It leads to continuous entropy 

generation throughout the heat exchange surface, resulting in unavoidable degradation 

of energy quality. In many practical designs, this contribution significantly exceeds 

losses caused by hydraulic resistance. 

Environmental Aspect 

Exergy destruction is directly linked to increased consumption of primary 

energy resources, since irreversibilities reduce the effective utilization of supplied fuel 

or electricity. Higher exergy losses require additional energy input to maintain the 

same thermal performance, which consequently increases operational costs and fuel 

consumption. 

From an environmental perspective, this directly translates into increased CO  

emissions and a larger ecological footprint. Therefore, improving exergy efficiency is 

not only a technical optimization problem but also a key strategy for sustainable 

industrial development and decarbonization of energy systems [2]. In modern 

engineering practice, exergy analysis is increasingly integrated into life-cycle 

assessment and environmental impact evaluation frameworks. 

Methods for Improving Efficiency 

Improvement of exergy performance in heat exchangers can be achieved 

through multiple complementary strategies: 
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- implementation of counter-current flow arrangements to minimize 

temperature differences along the heat transfer path;  

- optimization of flow velocity and turbulence regimes to balance heat 

transfer enhancement and pressure losses;  

- application of advanced heat transfer intensification techniques such as 

finned surfaces, twisted tapes, or micro-structured channels;  

- reduction of hydraulic losses through improved channel geometry and 

smoother flow paths;  

- mitigation of fouling through material selection, surface treatment, and 

operational control strategies [3,4].  

In practice, the optimal design always involves a trade-off between enhanced 

heat transfer and increased pressure drop, which must be evaluated using exergy-based 

criteria rather than purely energetic ones. 

Conclusion 

Exergy analysis provides a more complete and physically meaningful 

understanding of heat exchanger performance compared to classical energy methods. 

By explicitly accounting for irreversibilities, it enables identification and 

quantification of the main sources of thermodynamic losses and supports the 

development of more efficient thermal systems. 

The application of exergy-based optimization contributes to reduced energy 

consumption, improved system performance, and lower greenhouse gas emissions. As 

industrial systems become increasingly complex and energy efficiency requirements 

more stringent, exergy analysis is expected to play an even more important role in the 

design and optimization of sustainable energy technologies. 
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ʇɯɼɹɯʈ ʄɯʐɸʃʂʀ ɼʃʗ ʈɽɸʂʊʆʈɸ ʋ ʃɯʅɯɰ ɺʀʈʆɹʅʀʎʊɺɸ ʆʎʊʆɺʆɰ 

ʂʀʉʃʆʊʀ 

ʩʪʫʜʝʥʪ ʂʨʫʪʦʛʦʣʦʚ ʆ.ʉ., ʢʝʨʽʚʥʠʢ ʉʝʤʽʥʩʴʢʠʡ ʆ.ʆ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʧʽʜʭʽʜ ʜʦ ʚʠʙʦʨʫ ʤʝʭʘʥʽʯʥʦʾ ʤʽʰʘʣʢʠ ʜʣʷ ʨʝʘʢʪʦʨʘ ʫ 

ʣʽʥʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʩʠʩʪʝʤ ʛʘʟïʨʽʜʠʥʘ ʟ 

ʛʦʤʦʛʝʥʥʠʤ ʢʘʪʘʣʽʟʦʤ ʜʦʮʽʣʴʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʫʨʙʽʥʥʠʭ ʤʽʰʘʣʦʢ. ʆʩʦʙʣʠʚʫ 

ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʩʧʽʨʘʣʴʥʦʛʦ 

ʙʘʨʙʦʪʝʨʘ, ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʟ ʨʦʙʦʯʦʶ ʟʦʥʦʶ ʤʽʰʘʣʢʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʦʜʘʯʫ ʛʘʟʫ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʦʙʣʘʩʪʴ ʚʠʩʦʢʠʭ ʛʨʘʜʽʻʥʪʽʚ ʰʚʠʜʢʦʩʪʽ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʪʘ ʤʦʜʝʨʥʽʟʘʮʽʾ ʨʝʘʢʪʦʨʽʚ ʩʠʥʪʝʟʫ 

ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ʂʀʉʃʆʊɸ ʆʎʊʆɺɸ, ʄɯʐɸʃʂɸ, 

ʇɽʈɽʄɯʐʋɺɸʅʅʗ, ʈɽɸʂʊʆʈ. 

 

ʆʮʪʦʚʘ ʢʠʩʣʦʪʘ ʮʝ ʦʜʠʥ ʽʟ ʙʘʟʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʭʽʤʽʯʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʱʦ 

ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʧʦʣʽʤʝʨʽʚ, ʨʦʟʯʠʥʥʠʢʽʚ, ʘʮʝʪʘʪʽʚ ʪʘ 

ʽʥʰʠʭ ʦʨʛʘʥʽʯʥʠʭ ʩʧʦʣʫʢ. ʋ ʧʨʦʤʠʩʣʦʚʠʭ ʫʤʦʚʘʭ ʾʾ ʦʪʨʠʤʫʶʪʴ ʭʽʤʽʯʥʠʤʠ 

ʤʝʪʦʜʘʤʠ, ʷʢʽ ʨʝʘʣʽʟʫʶʪʴʩʷ ʚ ʨʝʘʢʪʦʨʘʭ ʟ ʧʝʨʝʤʽʰʫʚʘʥʥʷʤ. ɽʬʝʢʪʠʚʥʽʩʪʴ 

ʧʝʨʝʙʽʛʫ ʨʝʘʢʮʽʾ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʫʤʦʚ ʫ ʘʧʘʨʘʪʽ, 

ʟʦʢʨʝʤʘ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʨʝʘʛʝʥʪʽʚ, ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ 

ʚʽʜʩʫʪʥʦʩʪʽ ʣʦʢʘʣʴʥʠʭ ʧʝʨʝʛʨʽʚʽʚ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʝʪʘʧʽʚ 

ʧʨʦʻʢʪʫʚʘʥʥʷ ʨʝʘʢʪʦʨʘ ʻ ʚʠʙʽʨ ʤʽʰʘʣʢʠ, ʷʢʘ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʝʦʙʭʽʜʥʠʡ 
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ʨʽʚʝʥʴ ʧʝʨʝʤʽʰʫʚʘʥʥʷ, ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʨʘʮʽʦʥʘʣʴʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʚʠʪʨʘʪʠ. 

[1], [2]. 

ʑʦʙ ʧʨʘʚʠʣʴʥʦ ʦʙʨʘʪʠ ʤʽʰʘʣʢʫ ʚʘʞʣʠʚʦ ʨʦʟʫʤʽʪʠ ʾʾ ʚʟʘʻʤʦʜʽʶ ʟ ʨʽʜʠʥʦʶ. 

ʇʽʜ ʯʘʩ ʚʠʙʦʨʫ ʩʣʽʜ ʦʙʦʚ'ʷʟʢʦʚʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʩʝʨʝʜʦʚʠʱʘ, ʪʘʢʽ ʷʢ 

ʚ'ʷʟʢʽʩʪʴ ʪʘ ʭʘʨʘʢʪʝʨ ʧʦʪʦʢʽʚ, ʚʠʤʦʛʠ ʜʦ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʙʤʽʥʫ ʪʝʧʣʦʤ ʽ 

ʨʝʯʦʚʠʥʘʤʠ, ʘ ʪʘʢʦʞ ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʽʚʥʦʤʽʨʥʦʩʪʽ 

ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʪʘ ʝʥʝʨʛʦʚʠʪʨʘʪ. ʆʩʢʽʣʴʢʠ ʨʽʟʥʽ ʪʠʧʠ ʤʽʰʘʣʦʢ ʩʪʚʦʨʶʶʪʴ 

ʧʨʠʥʮʠʧʦʚʦ ʚʽʜʤʽʥʥʽ ʩʪʨʫʢʪʫʨʠ ʧʦʪʦʢsd, ʢʦʞʥʘ ʟ ʥʠʭ ʤʘʻ ʩʚʦʶ ʩʧʝʮʠʬʽʯʥʫ ʩʬʝʨʫ 

ʟʘʩʪʦʩʫʚʘʥʥʷ. [3], [4]  

ʋ ʨʦʟʛʣʷʥʫʪʽʡ ʪʝʭʥʦʣʦʛʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʦʮʪʦʚʦʾ ʢʠʩʣʦʪʠ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʨʽʜʢʦʬʘʟʥʝ ʢʘʨʙʦʥʽʣʫʚʘʥʥʷ ʤʝʪʘʥʦʣʫ ʤʦʥʦʦʢʩʠʜʦʤ ʚʫʛʣʝʮʶ ʚ ʧʨʠʩʫʪʥʦʩʪʽ 

ʛʦʤʦʛʝʥʥʦʾ ʢʘʪʘʣʽʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʥʘ ʦʩʥʦʚʽ ʢʦʦʨʜʠʥʘʮʽʡʥʠʭ ʩʧʦʣʫʢ ʨʦʜʽʶ ʪʘ 

ʛʘʣʦʛʝʥʥʦʛʦ ʧʨʦʤʦʪʦʨʘ. ʇʨʦʮʝʩ ʧʨʦʚʦʜʠʪʴʩʷ ʚ ʨʽʜʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʟʘ 

ʪʝʤʧʝʨʘʪʫʨ 100é240 ÁC ʽ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʙʝʟʧʝʨʝʨʚʥʠʤ ʙʘʨʙʦʪʫʚʘʥʥʷʤ 

ʛʘʟʦʧʦʜʽʙʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʯʝʨʝʟ ʨʝʘʢʮʽʡʥʫ ʩʫʤʽʰ, ʜʝ ʨʦʟʯʠʥʝʥʠʡ ʘʢʪʠʚʥʠʡ 

ʨʦʜʽʻʚʠʡ ʢʦʤʧʣʝʢʩ ʪʘ ʡʦʜʠʩʪʠʡ ʤʝʪʠʣ. ɿʘ ʮʠʭ ʫʤʦʚ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʻ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʜʣʷ ʪʦʯʥʦʛʦ ʧʽʜʪʨʠʤʘʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ, ʘ ʪʘʢʦʞ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʦʛʦ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʜʣʷ 

ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʨʽʜʢʠʭ ʨʝʘʛʝʥʪʽʚ, ʨʦʟʯʠʥʝʥʦʛʦ ʢʘʪʘʣʽʟʘʪʦʨʘ ʪʘ 

ʜʠʩʧʝʨʛʦʚʘʥʠʭ ʙʫʣʴʙʘʰʦʢ ʛʘʟʫ ʧʦ ʚʩʴʦʤʫ ʦʙôʻʤʫ ʨʝʘʢʪʦʨʘ, ʱʦ ʛʘʨʘʥʪʫʻ ʚʠʩʦʢʫ 

ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʽ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʫ ʢʦʥʚʝʨʩʽʶ ʩʠʨʦʚʠʥʠ. 

ɺʨʘʭʦʚʫʶʯʠ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʩʪʽʡʥʦʛʦ ʧʨʦʧʫʩʢʘʥʥʷ ʛʘʟʫ ʯʝʨʝʟ ʨʽʜʠʥʫ, 

ʥʘʡʜʦʮʽʣʴʥʽʰʝ ʚʠʢʦʨʠʩʪʘʪʠ ʪʫʨʙʽʥʥʫ ʤʽʰʘʣʢʫ. ɺʦʥʘ ʩʪʚʦʨʶʻ ʽʥʪʝʥʩʠʚʥʫ 

ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ, ʜʦʙʨʝ ʜʠʩʧʝʨʛʫʻ ʙʫʣʴʙʘʰʢʠ ʤʦʥʦʦʢʩʠʜʫ ʚʫʛʣʝʮʶ ʪʘ ʨʽʚʥʦʤʽʨʥʦ 

ʨʦʟʧʦʜʽʣʷʻ ʾʭ ʫ ʨʽʜʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ʑʦʙ ʨʽʜʠʥʘ ʧʨʦʩʪʦ ʥʝ ʦʙʝʨʪʘʣʘʩʷ ʧʦ ʢʦʣʫ 

ʨʘʟʦʤ ʽʟ ʤʽʰʘʣʢʦʶ ʽ ʥʝ ʫʪʚʦʨʶʚʘʣʘ ʛʣʠʙʦʢʫ ʚʦʨʦʥʢʫ, ʥʘ ʩʪʽʥʢʘʭ ʘʧʘʨʘʪʘ 

ʚʩʪʘʥʦʚʣʶʶʪʴ ʚʽʜʙʠʚʥʽ ʧʝʨʝʛʦʨʦʜʢʠ. ʈʦʟʨʘʭʫʥʢʠ ʩʚʽʜʯʘʪʴ, ʱʦ ʜʣʷ ʟʘʜʘʥʦʛʦ 

ʘʧʘʨʘʪʫ ʚʩʪʘʥʦʚʣʝʥʥʷ ʣʠʰʝ ʦʜʥʽʻʾ ʪʫʨʙʽʥʠ ʮʽʣʢʦʤ ʜʦʩʪʘʪʥʻ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ 
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ʩʪʚʦʨʠʪʠ ʜʦʩʪʘʪʥʴʦ ʧʦʪʫʞʥʫ ʮʠʨʢʫʣʷʮʽʶ, ʷʢʘ ʧʦʚʥʦʮʽʥʥʦ ʦʭʦʧʣʶʻ ʚʝʩʴ ʨʦʙʦʯʠʡ 

ʦʙ'ʻʤ ʘʧʘʨʘʪʘ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʠʡ ʧʝʨʝʙʽʛ ʩʠʥʪʝʟʫ. 

ɯʜʝʷ ʤʦʜʝʨʥʽʟʘʮʽʾ ʨʝʘʢʪʦʨʘ ʧʦʣʷʛʘʻ ʫ ʚʩʪʘʥʦʚʣʝʥʥʽ ʩʧʽʨʘʣʴʥʦʛʦ ʙʘʨʙʦʪʝʨʘ 

(ʨʠʩ. 1) ʜʣʷ ʧʦʜʘʯʽ ʛʘʟʦʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʥʘʛʥʽʪʘʥʥʷ ʪʠʩʢʫ, 

ʨʽʚʥʦʤʽʨʥʝ ʚʚʝʜʝʥʥʷ ʛʘʟʫ ʚ ʨʝʘʢʮʽʡʥʫ ʩʫʤʽʰ ʪʘ ʝʬʝʢʪʠʚʥʠʡ ʨʦʟʧʦʜʽʣ ʛʘʟʦʚʠʭ 

ʙʫʣʴʙʘʰʦʢ ʫ ʩʝʨʝʜʦʚʠʱʽ ʧʽʜ ʯʘʩ ʧʝʨʝʤʽʰʫʚʘʥʥʷ. ʇʨʦʧʦʥʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ, ʷʢʘ 

ʧʨʦʩʪʦʨʦʚʦ ʩʫʤʽʱʘʻ ʟʦʥʫ ʚʚʝʜʝʥʥʷ ʛʘʟʫ ʽʟ ʟʦʥʦʶ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʧʝʨʝʨʦʟʧʦʜʽʣʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʧʦʪʦʢʽʚ ʨʽʜʠʥʠ, ʻ ʦʜʥʠʤ ʽʟ ʚʠʟʥʘʯʘʣʴʥʠʭ ʬʘʢʪʦʨʽʚ 

ʜʣʷ ʟʥʘʯʥʦʾ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʽʚ ʚ ʨʝʘʢʪʦʨʽ. 

 

ʈʠʩʫʥʦʢ 1 ï ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʽʜʝʷ ʤʦʜʝʨʥʽʟʘʮʽʾ 

 

ʉʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʦʾ ʣʽʪʝʨʘʪʫʨʠ: 

1. Chiti F. Lagrangian studies of turbulent mixing in a vessel agitated by a 

Rushton turbine: positron emission particle tracking (PEPT) and computational fluid 

dynamics (CFD): thesis for the degree of Doctor of Philosophy. ï Birmingham: 

University of Birmingham, 2007. 
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MATERIALS ENTERPRISES  
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Abstract:  The main types of equipment used in chemical production and at 

construction materials enterprises are considered. The purpose, principles of 

operation and features of operation of technological devices and machines are 

described. The evolution of industrial equipment, its advantages compared to 

installations of previous generations, as well as the main disadvantages and prospects 

for further development are analyzed. 

Keywords: AUTOMATION, EQUIPMENT, ENERGY EFFICIENCY, 

DEVICES, HEAT EXCHANGE, CALCULATIONS 

 

ʆɹʃɸɼʅɸʅʅʗ ɼʃʗ ʍɯʄɯʏʅʆɻʆ ɺʀʈʆɹʅʀʎʊɺɸ ʊɸ 

ʇɯɼʇʈʀɭʄʉʊɺ ɹʋɼɯɺɽʃʔʅʀʍ ʄɸʊɽʈɯɸʃɯɺ 

ʉʪʫʜʝʥʪ ɯʛʦʨ ʂʦʚʪʫʥ, ʢ.ʪ.ʥ., ʜʦʮ. ɯʛʦʨ ɸʥʜʨʻʻʚ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

ñʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦò 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʚʠʜʠ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ 

ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚʘʭ ʪʘ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʙʫʜʽʚʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʆʧʠʩʘʥʦ 

ʧʨʠʟʥʘʯʝʥʥʷ, ʧʨʠʥʮʠʧʠ ʨʦʙʦʪʠ ʪʘ ʦʩʦʙʣʠʚʦʩʪʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʘʧʘʨʘʪʽʚ ʽ ʤʘʰʠʥ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʝʚʦʣʶʮʽʶ ʧʨʦʤʠʩʣʦʚʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʡʦʛʦ 

ʧʝʨʝʚʘʛʠ ʧʦʨʽʚʥʷʥʦ ʟ ʫʩʪʘʥʦʚʢʘʤʠ ʧʦʧʝʨʝʜʥʽʭ ʧʦʢʦʣʽʥʴ, ʘ ʪʘʢʦʞ ʦʩʥʦʚʥʽ 

ʥʝʜʦʣʽʢʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ.  

 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ɸɺʊʆʄɸʊʀɿɸʎɯʗ, ʆɹʃɸɼʅɸʅʅʗ, ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ, 

ʇʈʀʉʊʈʆɰ, ʊɽʇʃʆʆɹʄɯʅ, ʈʆɿʈɸʍʋʅʂʀ 
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ʍʽʤʽʯʥʘ ʧʨʦʤʠʩʣʦʚʽʩʪʴ ʽ ʧʨʦʤʠʩʣʦʚʽʩʪʴ ʙʫʜʽʚʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘʣʝʞʘʪʴ 

ʜʦ ʧʨʦʚʽʜʥʠʭ ʛʘʣʫʟʝʡ ʩʫʯʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ɰʭ ʨʦʟʚʠʪʦʢ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʽʚʥʷ ʪʝʭʥʽʯʥʦʛʦ ʦʩʥʘʱʝʥʥʷ ʧʽʜʧʨʠʻʤʩʪʚ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʦʙʣʘʜʥʘʥʥʷ 

ʟʘʙʝʟʧʝʯʫʻ ʚʠʢʦʥʘʥʥʷ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ: ʧʽʜʛʦʪʦʚʢʫ ʩʠʨʦʚʠʥʠ, ʾʾ 

ʧʝʨʝʨʦʙʢʫ, ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʪʘ ʦʪʨʠʤʘʥʥʷ ʛʦʪʦʚʦʾ ʧʨʦʜʫʢʮʽʾ. ɼʦ ʥʘʡʙʽʣʴʰ 

ʧʦʰʠʨʝʥʠʭ ʚʠʜʽʚ ʦʙʣʘʜʥʘʥʥʷ ʥʘʣʝʞʘʪʴ ʨʝʘʢʪʦʨʠ, ʪʝʧʣʦʦʙʤʽʥʥʠʢʠ, ʬʽʣʴʪʨʠ, 

ʩʫʰʘʨʢʠ, ʜʨʦʙʘʨʢʠ, ʤʣʠʥʠ, ʟʤʽʰʫʚʘʯʽ, ʢʦʥʚʝʻʨʠ ʪʘ ʚʠʧʘʣʶʚʘʣʴʥʽ ʧʝʯʽ. 

ʇʝʨʰʽ ʧʨʦʤʠʩʣʦʚʽ ʫʩʪʘʥʦʚʢʠ ʚʽʜʟʥʘʯʘʣʠʩʷ ʥʝʚʝʣʠʢʦʶ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ, 

ʟʥʘʯʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʝʥʝʨʛʽʾ ʪʘ ʚʠʩʦʢʦʶ ʯʘʩʪʢʦʶ ʨʫʯʥʦʾ ʧʨʘʮʽ. ɹʽʣʴʰʽʩʪʴ 

ʦʧʝʨʘʮʽʡ ʢʦʥʪʨʦʣʶʚʘʣʘʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʨʘʮʽʚʥʠʢʘʤʠ, ʱʦ ʟʙʽʣʴʰʫʚʘʣʦ 

ʡʤʦʚʽʨʥʽʩʪʴ ʧʦʤʠʣʦʢ ʪʘ ʘʚʘʨʽʡʥʠʭ ʩʠʪʫʘʮʽʡ. ɿ ʨʦʟʚʠʪʢʦʤ ʥʘʫʢʠ ʽ ʪʝʭʥʽʢʠ 

ʦʙʣʘʜʥʘʥʥʷ ʧʦʩʪʫʧʦʚʦ ʚʜʦʩʢʦʥʘʣʶʚʘʣʦʩʷ: ʟʙʽʣʴʰʫʚʘʣʘʩʷ ʡʦʛʦ ʧʦʪʫʞʥʽʩʪʴ, 

ʧʦʢʨʘʱʫʚʘʣʠʩʷ ʢʦʥʩʪʨʫʢʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʚʧʨʦʚʘʜʞʫʚʘʣʠʩʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ 

ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʪʘ ʢʦʥʪʨʦʣʶ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. 

ʋʧʨʦʚʘʜʞʝʥʥʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʫ ʭʽʤʽʯʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʫʯʘʩʥʠʭ ʨʽʰʝʥʴ, ʷʢʽ ʧʽʜʚʠʱʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʙʝʟʧʝʯʥʽʩʪʴ 

ʧʨʦʮʝʩʽʚ. ʆʩʥʦʚʥʽ ʽʥʩʪʨʫʤʝʥʪʠ ʚʢʣʶʯʘʶʪʴ: 

ï SCADA (Supervisory Control and Data Acquisition). ʊʘʢʽ ʪʝʭʥʦʣʦʛʽʾ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʦʥʽʪʦʨʠʥʛ ʽ ʢʦʥʪʨʦʣʴ ʚʠʨʦʙʥʠʯʠʭ ʧʘʨʘʤʝʪʨʽʚ ʫ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ 

ʯʘʩʫ, ʟʦʢʨʝʤʘ ʩʪʘʙʽʣʽʟʘʮʽʶ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʪʠʩʢʫ. 

ï DCS (Distributed Control Systems). ɺʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʩʢʣʘʜʥʠʭ 

ʙʝʟʧʝʨʝʨʚʥʠʭ ʧʨʦʮʝʩʽʚ, ʥʘʧʨʠʢʣʘʜ, ʫ ʥʘʬʪʦʭʽʤʽʯʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʽ ʪʦʯʥʽʩʪʴ. 

ï PLC (Programmable Logic Controllers). ʇʨʦʛʨʘʤʦʚʘʥʽ ʣʦʛʽʯʥʽ ʢʦʥʪʨʦʣʝʨʠ 

ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʦʢʨʝʤʠʭ ʚʫʟʣʽʚ ʦʙʣʘʜʥʘʥʥʷ ð ʚʽʜ ʥʘʩʦʩʽʚ ʜʦ 

ʢʣʘʧʘʥʽʚ, ʱʦ ʨʝʛʫʣʶʶʪʴ ʨʫʭ ʨʝʘʛʝʥʪʽʚ. 
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ï IoT ʽ ʨʦʟʫʤʥʽ ʜʘʪʯʠʢʠ. ɼʦʟʚʦʣʷʶʪʴ ʚʽʜʩʪʝʞʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʚʠʨʦʙʥʠʮʪʚʘ 

ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʧʨʦʛʥʦʟʫʶʯʠ ʟʥʦʩ ʦʙʣʘʜʥʘʥʥʷ. 

ʇʦʻʜʥʘʥʥʷ ʜʘʪʯʠʢʽʚ IoT ʟ ʽʥʩʪʨʫʤʝʥʪʘʤʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʜʘʻ ʟʤʦʛʫ 

ʧʝʨʝʜʙʘʯʘʪʠ ʧʦʣʦʤʢʠ ʪʘ ʩʢʦʨʦʯʫʚʘʪʠ ʧʨʦʩʪʦʾ ʦʙʣʘʜʥʘʥʥʷ ʥʘ 10ï15%. 

ɼʣʷ ʬʘʨʤʘʮʝʚʪʠʯʥʠʭ ʟʘʚʦʜʽʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ ʩʠʩʪʝʤʠ ʜʦʟʫʚʘʥʥʷ ʧʽʜʚʠʱʫʶʪʴ 

ʪʦʯʥʽʩʪʴ ʜʦ 99%, ʟʥʠʞʫʶʯʠ ʚʽʜʭʦʜʠ. 

 

ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʜʘʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʧʦʪʨʽʙʥʦ ʚʨʘʭʦʚʫʚʘʪʠ: 

ï ʩʪʽʡʢʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ ʜʦ ʘʛʨʝʩʠʚʥʠʭ ʩʝʨʝʜʦʚʠʱ; 

ï ʤʦʞʣʠʚʽʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʟ ʽʩʥʫʶʯʠʤʠ ʩʠʩʪʝʤʘʤʠ; 

ï ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞʥʘʨʦʜʥʠʤ ʩʪʘʥʜʘʨʪʘʤ ʙʝʟʧʝʢʠ (ISO, ATEX ʪʦʱʦ); 

ï ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ ʧʨʦʩʪʦʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

 

ʋ 2026 ʨʦʮʽ ʭʽʤʽʯʥʘ ʧʨʦʤʠʩʣʦʚʽʩʪʴ ʧʝʨʝʭʦʜʠʪʴ ʜʦ ɯʥʜʫʩʪʨʽʾ 4.0, ʜʝ 

ʢʣʶʯʦʚʽ ʪʨʝʥʜʠ ʚʢʣʶʯʘʶʪʴ: 

- ʈʦʙʦʪʠʟʘʮʽʷ. ʈʦʙʦʪʠ ʜʣʷ ʧʘʢʫʚʘʥʥʷ, ʟʤʽʰʫʚʘʥʥʷ ʯʠ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ 

ʥʝʙʝʟʧʝʯʥʠʭ ʨʝʯʦʚʠʥ ʟʥʠʞʫʶʪʴ ʨʠʟʠʢ ʘʚʘʨʽʡ. 

- ʐʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ (AI). ʄʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʧʦʧʠʪʫ, ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʘʢʮʽʡ ʽ ʟʤʝʥʰʝʥʥʷ ʚʽʜʭʦʜʽʚ. ɯʥʪʝʣʝʢʪʫʘʣʴʥʽ ʘʣʛʦʨʠʪʤʠ 

ʜʘʶʪʴ ʟʤʦʛʫ ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʩʠʨʦʚʠʥʠ ʥʘ 5ï10% ʙʝʟ ʟʥʠʞʝʥʥʷ ʷʢʦʩʪʽ 

ʧʨʦʜʫʢʮʽʾ. 

- ʎʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ. ɼʦʟʚʦʣʷʶʪʴ ʤʦʜʝʣʶʚʘʪʠ ʪʘ ʪʝʩʪʫʚʘʪʠ ʧʨʦʮʝʩʠ ʙʝʟ 

ʬʘʢʪʠʯʥʦʾ ʟʫʧʠʥʢʠ ʧʽʜʧʨʠʻʤʩʪʚʘ. 

- ɽʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ. ʉʠʩʪʝʤʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʝʥʝʨʛʦʤʝʥʝʜʞʤʝʥʪʫ 

ʜʘʶʪʴ ʟʤʦʛʫ ʟʥʠʟʠʪʠ ʚʠʪʨʘʪʠ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ 20ï30%, ʥʘʧʨʠʢʣʘʜ, ʫ ʩʫʰʠʣʴʥʠʭ 

ʫʩʪʘʥʦʚʢʘʭ ʽʟ ʪʝʭʥʦʣʦʛʽʻʶ ʢʦʥʪʨʧʦʪʦʢʫ. 

ʎʽ ʽʥʥʦʚʘʮʽʾ ʜʦʧʦʤʘʛʘʶʪʴ ʧʽʜʧʨʠʻʤʩʪʚʘʤ ʚʽʜʧʦʚʽʜʘʪʠ ʝʢʦʣʦʛʽʯʥʠʤ 

ʩʪʘʥʜʘʨʪʘʤ ʽ ʟʘʣʠʰʘʪʠʩʷ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʠʤʠ ʥʘ ʛʣʦʙʘʣʴʥʦʤʫ ʨʠʥʢʫ. 
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ʇʨʦʪʝ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʨʷʜ ʦʯʝʚʠʜʥʠʭ ʧʦʟʠʪʠʚʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʮʠʬʨʦʚʦʾ 

ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʥʘ ʭʽʤʽʯʥʫ ʧʨʦʤʠʩʣʦʚʽʩʪʴ, ʽʩʥʫʶʪʴ ʧʝʚʥʽ ʚʠʢʣʠʢʠ ʾʾ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʚ ʧʨʘʢʪʠʯʥʫ ʜʽʷʣʴʥʽʩʪʴ ʭʽʤʽʯʥʠʭ ʢʦʤʧʘʥʽʡ, ʩʝʨʝʜ ʷʢʠʭ: 

 ï ʥʝʜʦʩʢʦʥʘʣʽʩʪʴ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʜʣʷ ʧʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ ʮʠʬʨʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʫ ʤʘʨʢʝʪʠʥʛʦʚʽ ʩʪʨʘʪʝʛʽʾ. ʃʠʰʝ 47% ʭʽʤʽʯʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʤʘʶʪʴ 

ʜʦʩʪʘʪʥʴʦ ʨʦʟʚʠʥʝʥʽ ʮʠʬʨʦʚʽ ʽʥʩʪʨʫʤʝʥʪʠ ʜʣʷ ʧʦʚʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

ʙʽʟʥʝʩʧʨʦʮʝʩʽʚ;  

ï ʥʝʩʪʘʯʘ ʢʚʘʣʽʬʽʢʦʚʘʥʠʭ ʢʘʜʨʽʚ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʮʠʬʨʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ. ɹʣʠʟʴʢʦ 53% ʢʦʤʧʘʥʽʡ ʟʽʰʪʦʚʭʫʶʪʴʩʷ ʟ ʙʨʘʢʦʤ ʬʘʭʽʚʮʽʚ, ʟʜʘʪʥʠʭ 

ʧʨʘʮʶʚʘʪʠ ʟ ʩʫʯʘʩʥʠʤʠ ʘʥʘʣʽʪʠʯʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʪʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʤʠ 

ʧʣʘʪʬʦʨʤʘʤʠ;  

ï ʚʠʩʦʢʽ ʬʽʥʘʥʩʦʚʽ ʚʠʪʨʘʪʠ ʥʘ ʮʠʬʨʦʚʫ ʪʨʘʥʩʬʦʨʤʘʮʽʶ. ʇʦʥʘʜ 60% 

ʢʦʤʧʘʥʽʡ ʚʚʘʞʘʶʪʴ ʚʠʪʨʘʪʠ ʥʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʮʠʬʨʦʚʠʭ ʨʽʰʝʥʴ ʥʘʜʪʦ ʚʠʩʦʢʠʤʠ, 

ʱʦ ʫʩʢʣʘʜʥʶʻ ʾʭʥʻ ʤʘʩʰʪʘʙʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ;  

ï ʧʨʦʙʣʝʤʠ ʟ ʢʽʙʝʨʙʝʟʧʝʢʦʶ ʪʘ ʟʘʭʠʩʪʦʤ ʢʦʤʝʨʮʽʡʥʠʭ ʜʘʥʠʭ. ɹʣʠʟʴʢʦ 42% 

ʭʽʤʽʯʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʚʽʜʟʥʘʯʘʶʪʴ ʟʨʦʩʪʘʥʥʷ ʨʠʟʠʢʽʚ ʢʽʙʝʨʘʪʘʢ ʧʽʩʣʷ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʮʠʬʨʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ;  

ï ʥʠʟʴʢʠʡ ʨʽʚʝʥʴ ʽʥʪʝʛʨʘʮʽʾ ʮʠʬʨʦʚʠʭ ʧʣʘʪʬʦʨʤ ʫ ʙʽʟʥʝʩ-ʤʦʜʝʣʽ. ʃʠʰʝ 35% 

ʢʦʤʧʘʥʽʡ ʘʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʘʥʘʣʽʪʠʢʫ ʚʝʣʠʢʠʭ ʜʘʥʠʭ ʪʘ CRM-ʩʠʩʪʝʤʠ ʜʣʷ 

ʫʧʨʘʚʣʽʥʥʷ ʤʘʨʢʝʪʠʥʛʦʤ ʽ ʧʨʦʜʘʞʘʤʠ. 
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ʋɼʆʉʂʆʅɸʃɽʅʅʗ ɺʋɿʃɸ ɺɺɽɼɽʅʅʗ ɻɸɿʆɺʆɻʆ ʇʆʊʆʂʋ ɺ 

ʅɸʉɸɼʂʆɺʆʄʋ ɸɹʉʆʈɹɽʈɯ ʃɯʅɯɰ ɺʀʈʆɹʅʀʎʊɺɸ ɸʎɽʊʀʃɽʅʋ 

ʩʪʫʜʝʥʪ ʂʘʣʽʥʦʚʩʴʢʠʡ ʆ.ɸ., ʢʝʨʽʚʥʠʢ ʉʝʤʽʥʩʴʢʠʡ ʆ.ʆ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè 

 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʦʜʝʨʥʽʟʘʮʽʶ ʚʫʟʣʘ ʚʚʝʜʝʥʥʷ ʛʘʟʫ ʚ 

ʥʘʩʘʜʢʦʚʦʤʫ ʘʙʩʦʨʙʝʨʽ ʣʽʥʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʘʮʝʪʠʣʝʥʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʫ 

ʢʦʥʩʪʨʫʢʮʽʶ ʛʘʟʦʨʦʟʧʦʜʽʣʴʥʦʛʦ ʢʦʣʝʢʪʦʨʘ ʪʘ ʚʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʨʦʟʧʦʜʽʣʫ ʛʘʟʦʚʦʛʦ 

ʧʦʪʦʢʫ ʚ ʘʧʘʨʘʪʽ.  

ʂʃʖʏʆɺɯ ʉʃʆɺɸ: ɸʎɽʊʀʃɽʅ, ʅɸʉɸɼʂʆɺʀʁ ɸɹʉʆʈɹɽʈ, 

ʊʈʋɹʏɸʉʊʀʁ ʂʆʃɽʂʊʆʈ, ɻɸɿʆʈʆɿʇʆɼɯʃʔʅʀʁ ʇʈʀʉʊʈɯʁ, ʄɸʉʆʆɹʄɯʅ. 

Abstract: The paper considers modernization of the gas inlet unit in a packed 

absorber used in an acetylene production line. A new gas distribution collector design 

is proposed and gas flow distribution within the apparatus is analyzed. 

KEYWORDS: ACETYLENE, PACKED ABSORBER, TUBULAR 

COLLECTOR, GAS DISTRIBUTOR, MASS TRANSFER. 

 

ʋ ʩʫʯʘʩʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʘʮʝʪʠʣʝʥʫ ʚʘʞʣʠʚʠʤ ʝʪʘʧʦʤ ʻ ʦʯʠʱʝʥʥʷ ʛʘʟʫ ʚʽʜ 

ʜʦʤʽʰʦʢ, ʷʢʽ ʫʪʚʦʨʶʶʪʴʩʷ ʧʽʜ ʯʘʩ ʚʟʘʻʤʦʜʽʾ ʢʘʨʙʽʜʫ ʢʘʣʴʮʽʶ ʟ ʚʦʜʦʶ. ɼʣʷ 

ʟʜʽʡʩʥʝʥʥʷ ʮʴʦʛʦ ʧʨʦʮʝʩʫ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘʩʘʜʢʦʚʽ ʘʙʩʦʨʙʝʨʠ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʽʥʪʝʥʩʠʚʥʠʡ ʤʘʩʦʦʙʤʽʥ ʤʽʞ ʛʘʟʦʚʦʶ ʪʘ ʨʽʜʢʦʶ ʬʘʟʘʤʠ. 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʪʘʢʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ ʧʦ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʫ ʘʧʘʨʘʪʘ [1]. 

ʋ ʪʠʧʦʚʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʥʘʩʘʜʢʦʚʦʛʦ ʘʙʩʦʨʙʝʨʘ ʧʦʜʘʯʘ ʛʘʟʫ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʯʝʨʝʟ ʰʪʫʮʝʨ, ʦʙʣʘʜʥʘʥʠʡ ʚʽʜʙʠʚʥʠʤ  ʢʦʚʧʘʢʦʤ, ʨʠʩʫʥʦʢ 1. ʆʩʥʦʚʥʠʤ 
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ʧʨʠʟʥʘʯʝʥʥʷʤ ʢʦʚʧʘʢʘ ʻ ʟʘʭʠʩʪ ʚʭʽʜʥʦʛʦ ʧʘʪʨʫʙʢʘ ʚʽʜ ʧʦʪʨʘʧʣʷʥʥʷ ʨʽʜʠʥʠ ʪʘ 

ʯʘʩʪʢʦʚʝ ʧʝʨʝʥʘʧʨʘʚʣʝʥʥʷ ʧʦʪʦʢʫ ʚ ʦʙôʻʤ ʘʧʘʨʘʪʘ. ʇʨʦʪʝ ʪʘʢʘ ʢʦʥʩʪʨʫʢʮʽʷ ʥʝ 

ʟʘʚʞʜʠ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ ʧʦ ʧʦʧʝʨʝʯʥʦʤʫ 

ʧʝʨʝʨʽʟʫ ʢʦʣʦʥʠ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʤʦʞʫʪʴ ʚʠʥʠʢʘʪʠ ʣʦʢʘʣʴʥʽ ʟʦʥʠ ʧʽʜʚʠʱʝʥʠʭ 

ʰʚʠʜʢʦʩʪʝʡ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʩʘʜʢʠ ʪʘ 

ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʘʩʦʦʙʤʽʥʥʦʛʦ ʧʨʦʮʝʩʫ. 

 

ʈʠʩʫʥʦʢ 1 ï ʂʦʥʩʪʨʫʢʮʽʷ ʪʠʧʦʚʦʛʦ ʚʫʟʣʘ ʚʚʝʜʝʥʥʷ ʛʘʟʫ ʟʽ ʰʪʫʮʝʨʦʤ ʪʘ 

ʚʽʜʙʠʚʥʠʤ ʢʦʚʧʘʢʦʤ. 

ɿ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʙʦʪʠ ʘʙʩʦʨʙʝʨʘ ʟʘʧʨʦʧʦʥʦʚʘʥʦ 

ʤʦʜʝʨʥʽʟʘʮʽʶ ʚʫʟʣʘ ʚʚʝʜʝʥʥʷ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ. ʉʫʪʴ ʤʦʜʝʨʥʽʟʘʮʽʾ ʧʦʣʷʛʘʻ ʫ ʟʘʤʽʥʽ 

ʪʨʘʜʠʮʽʡʥʦʛʦ ʰʪʫʮʝʨʘ ʟ ʚʽʜʙʠʚʥʠʤ ʢʦʚʧʘʢʦʤ ʥʘ ʪʨʫʙʯʘʩʪʠʡ ʢʦʣʝʢʪʦʨ ʽʟ 

ʩʠʩʪʝʤʦʶ ʦʪʚʦʨʽʚ, ʨʠʩʫʥʦʢ 2. ʈʦʟʤʽʱʝʥʥʷ ʦʪʚʦʨʽʚ ʥʘ ʥʠʞʥʽʡ ʧʦʚʝʨʭʥʽ ʢʦʣʝʢʪʦʨʘ 

ʜʦʟʚʦʣʷʻ ʧʦʢʨʘʱʠʪʠ ʨʦʟʧʦʜʽʣ ʛʘʟʫ ʧʦ ʦʙôʻʤʫ ʢʦʣʦʥʠ ʪʘ ʟʘʧʦʙʽʛʪʠ ʧʦʪʨʘʧʣʷʥʥʶ 

ʨʽʜʠʥʠ ʚʩʝʨʝʜʠʥʫ ʨʦʟʧʦʜʽʣʴʯʦʛʦ ʧʨʠʩʪʨʦʶ.  
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ʈʠʩʫʥʦʢ 2 ï  ʊʨʫʙʯʘʩʪʠʡ ʢʦʣʝʢʪʦʨ ʟ ʦʪʚʦʨʘʤʠ, ʩʧʨʷʤʦʚʘʥʠʤʠ ʚʥʠʟ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʢʦʣʝʢʪʦʨ ʧʨʘʮʶʻ ʟʘ ʧʨʠʥʮʠʧʦʤ ʨʦʟʧʦʜʽʣʴʥʠʢʘ ʧʦʪʦʢʫ. ɻʘʟ, 

ʥʘʜʭʦʜʷʯʠ ʜʦ ʢʦʣʝʢʪʦʨʘ, ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʤʽʞ ʦʪʚʦʨʘʤʠ ʪʘ ʚʠʭʦʜʠʪʴ 

ʦʢʨʝʤʠʤʠ ʩʪʨʫʤʝʥʷʤʠ ʧʦ ʚʩʽʡ ʨʦʙʦʯʽʡ ʜʦʚʞʠʥʽ ʢʦʣʝʢʪʦʨʘ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ 

ʜʦʩʷʛʘʻʪʴʩʷ ʧʦʢʨʘʱʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʦʙʦʯʦʛʦ ʦʙôʻʤʫ ʘʧʘʨʘʪʘ. ʂʨʽʤ ʪʦʛʦ 

ʟʥʠʞʫʻʪʴʩʷ ʡʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʟʘʩʪʽʡʥʠʭ ʟʦʥ ʽ ʢʘʥʘʣʽʚ ʧʝʨʝʚʘʞʥʦʛʦ 

ʧʨʦʭʦʜʞʝʥʥʷ ʛʘʟʫ ʯʝʨʝʟ ʰʘʨ ʥʘʩʘʜʢʠ. 

ʈʦʟʨʘʭʫʥʦʢ ʢʦʣʝʢʪʦʨʘ ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠʩʷ ʥʘ ʦʩʥʦʚʽ ʫʤʦʚʠ ʟʙʝʨʝʞʝʥʥʷ 

ʤʘʩʦʚʦʾ ʚʠʪʨʘʪʠ ʛʘʟʫ. ʉʫʤʘʨʥʘ ʧʣʦʱʘ ʚʩʽʭ ʦʪʚʦʨʽʚ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʧʨʦʧʫʩʢʘʥʥʷ ʟʘʜʘʥʦʾ ʚʠʪʨʘʪʠ ʛʘʟʫ ʟʘ ʜʦʧʫʩʪʠʤʠʭ ʰʚʠʜʢʦʩʪʝʡ ʚʠʪʽʢʘʥʥʷ. ʇʽʜ ʯʘʩ 

ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʪʨʘʪʠ ʪʠʩʢʫ ʚ ʢʦʣʝʢʪʦʨʽ ʪʘ 

ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʚʠʪʨʘʪʠ ʯʝʨʝʟ ʦʢʨʝʤʽ ʦʪʚʦʨʠ. ʆʜʥʠʤ ʽʟ ʢʨʠʪʝʨʽʾʚ ʚʠʙʦʨʫ 

ʧʘʨʘʤʝʪʨʽʚ ʢʦʣʝʢʪʦʨʘ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ ʧʦʜʘʯʽ ʛʘʟʫ ʧʦ ʚʩʽʡ ʡʦʛʦ 

ʜʦʚʞʠʥʽ.  
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                                   ʘ                                                               ʙ 

ʈʠʩʫʥʦʢ 3 ï ʇʦʨʽʚʥʷʥʥʷ ʨʦʟʧʦʜʽʣʝʥʥʷ ʛʘʟʫ:  

ʘ ï ʰʪʫʮʝʨ ʟ ʚʽʜʙʠʚʥʠʤ ʢʦʚʧʘʢʦʤ;   ʙ ï ʪʨʫʙʯʘʩʪʠʡ ʢʦʣʝʢʪʦʨ ʟ ʦʪʚʦʨʘʤʠ . 

 

ɼʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʦʜʝʨʥʽʟʘʮʽʾ ʚʠʢʦʥʘʥʦ 

ʢʦʤʧôʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʧʦʜʽʣʫ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ ʚ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ 

ʘʙʩʦʨʙʝʨʘ. ʇʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 3. ʆʙʠʜʚʘ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʟʘ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ: ʟʘ ʘʪʤʦʩʬʝʨʥʦʛʦ ʪʠʩʢʫ, 

ʪʝʤʧʝʨʘʪʫʨʠ ʛʘʟʫ 20 Áʉ ʪʘ ʤʘʩʦʚʦʾ ʚʠʪʨʘʪʠ ʘʮʝʪʠʣʝʥʫ 0,428 ʢʛ/ʩ. ɸʥʘʣʽʟ 

ʪʨʘʻʢʪʦʨʽʡ ʨʫʭʫ ʛʘʟʫ ʧʦʢʘʟʘʚ, ʱʦ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʪʘʥʜʘʨʪʥʦʛʦ ʰʪʫʮʝʨʘ ʟ 

ʚʽʜʙʠʚʥʠʤ ʢʦʚʧʘʢʦʤ ʦʩʥʦʚʥʘ ʯʘʩʪʠʥʘ ʧʦʪʦʢʫ ʢʦʥʮʝʥʪʨʫʻʪʴʩʷ ʚ ʦʢʨʝʤʠʭ ʟʦʥʘʭ 

ʘʧʘʨʘʪʘ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʩʘʜʢʠ. ʋ ʚʠʧʘʜʢʫ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʨʫʙʯʘʩʪʦʛʦ ʢʦʣʝʢʪʦʨʘ ʛʘʟ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʧʦ 

ʧʝʨʝʨʽʟʫ ʢʦʣʦʥʠ ʪʘ ʥʘʜʭʦʜʠʪʴ ʫ ʨʦʙʦʯʠʡ ʦʙ'ʻʤ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʦʪʚʦʨʽʚ, 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʦ ʜʦʚʞʠʥʽ ʢʦʣʝʢʪʦʨʘ. ʎʝ ʩʧʨʠʷʻ ʟʤʝʥʰʝʥʥʶ ʟʘʩʪʽʡʥʠʭ ʟʦʥ ʪʘ 

ʧʦʢʨʘʱʝʥʥʶ ʫʤʦʚ ʤʘʩʦʦʙʤʽʥʫ ʤʽʞ ʛʘʟʦʚʦʶ ʪʘ ʨʽʜʢʦʶ ʬʘʟʘʤʠ ʚ ʨʦʙʦʯʦʤʫ ʦʙôʻʤʽ 

ʘʙʩʦʨʙʝʨʘ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʪʨʫʙʯʘʩʪʦʛʦ ʢʦʣʝʢʪʦʨʘ ʻ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʨʽʰʝʥʥʷʤ ʜʣʷ ʤʦʜʝʨʥʽʟʘʮʽʾ ʥʘʩʘʜʢʦʚʠʭ ʘʙʩʦʨʙʝʨʽʚ ʣʽʥʽʡ 


