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ABSTRACT 

 

Synytsyna Yelyzaveta. Hydropneumatic system of a medium-sized greenhouse 

facility. - Qualifying scientific work in the form of a manuscript. Dissertation for the 

degree of Doctor of Philosophy in the specialty 131 Applied Mechanics - National 

Technical University of Ukraine <Igor Sikorsky Kyiv Polytechnic Institute=, Kyiv, 

2025.  

Our country has long been famous for its high-quality agricultural products around 

the world. The reason for this fame is fertile soil and hardworking people. The products 

we grow cover not only the needs of the country but are also exported abroad. 

Unfortunately, not every country today can boast of such opportunities. Because the 

climate conditions are different and not all products can grow there. Greenhouses use 

mechanical microclimate control, which takes a lot of time to maintain and is 

economically unprofitable in terms of paying staff. For large areas, automatic systems 

are used, which, in turn, do not always cover the entire amount of information (climate 

conditions). Such systems usually do not work efficiently and cannot predict the 

system's performance when various external and internal parameters change.  

Sudden changes in temperature and humidity have a negative impact on crop 

production. Modern methods of regulating the microclimate of greenhouse facilities 

are reduced to the simplest - controlling the flow rate, humidity and temperature of air 

masses. Therefore, the question arises of creating a universal system for growing 

agricultural products, namely, effective automation of engineering systems. 

This thesis develops an automated mechatronic greenhouse microclimate system. 

The thesis consists of five chapters, the main content and results of each chapter are 

presented below.  

The introduction substantiates the relevance of the thesis topic, defines the purpose 

and objectives of the study, presents the research methods, formulates the scientific 

novelty and practical value of the results, and presents data on the work's validation. 

 The first section provides an overview of the engineering systems of the 

greenhouse facility and their design features. A comparative analysis of greenhouses 



in terms of their overall dimensions, complexity of installation, availability of 

engineering systems and control systems is carried out. The direction of research, main 

functions and features of greenhouse microclimate control systems are determined. 

Their advantages and disadvantages are identified; based on this analysis, the purpose 

and objectives of the dissertation are formulated. 

In the second chapter, the basis for the development of the structure of the 

mechatronic system of a medium-sized greenhouse object is formed. The general 

functions of the microclimate system are considered and the requirements for the 

control system are determined. It is established that the air temperature inside the 

greenhouse should be in the range of 20-30 °C, the air humidity should be in the range 

of 60-90%, CO2 should be kept at least to the outside level, and the wind speed and 

direction determine which ventilation window to open and how much to open in the 

greenhouse. Due to the transient processes of changes in speed, pressure, humidity, and 

temperature; changes and loss of thermal power of the greenhouse; changes and loss 

of air humidity in the greenhouse, the structure of the mechatronic system with a 

greenhouse model was proposed. It is proposed to divide the structure of the 

mechatronic system into subsystems. A schematic diagram of the ventilation and 

recirculation system was developed, and a system of air ducts 10 meters long and 

360x360 mm in cross-section was designed and calculated. A fan with a maximum 

capacity of 1400 m3/h was selected. The torque was calculated and the force to be 

provided by the pneumatic actuator was determined to be 2360 N at 0.6 MPa when 

closing the damper and 2770 when opening it. The greenhouse heating system was 

calculated and a 5.0 kW heater was selected. A general scheme of actuators for the 

ventilation, curtaining, heating, and ventilation windows was developed. Calculated 

The paper analyzes the system of irrigation and humidification of the greenhouse, and 

establishes that the nozzle spray diameter is 2.5 meters, so to maintain a stable regime 

in the greenhouse, it is enough to use 3 nozzles during air recirculation. The general 

structure and computer model of the greenhouse facility are proposed. 

In the third section, the physics of heat and mass transfer processes inside the 

greenhouse is studied in order to determine the requirements for the model of the 



control object. The heat and mass transfer processes in a greenhouse based on the 

balance of air heat flows are theoretically substantiated. The heat losses through the 

polycarbonate greenhouse envelope are theoretically substantiated, taking into account 

its dimensions, and the overall heat transfer coefficient is determined. The equations 

of heat balance and aerodynamic processes were theoretically determined using the 

Navier-Stokes equation. For the numerical calculation of air movement according to 

the Navier-Stokes equation, the continuity equation for a compressible medium was 

added. The generalized process of water vapor transfer by air inside the greenhouse is 

theoretically considered. The tasks for the computer model are defined, namely: testing 

the model and determining changes in microclimate parameters; determining the fields 

of distribution of pressure, velocity, temperature, humidity over the greenhouse 

volume; obtaining predicted changes in parameters over a certain period of time. 

Chapter 4 presents the stages of studying heat and mass transfer processes in a 

medium-sized greenhouse. A 3-D computer model of a greenhouse with dimensions of 

7000×4000×1600 mm, air exchange rate of 1400 m3/h was created and the following 

variables were set for modeling the processes: pressure, temperature, air flow rate, air 

parameters, and time. The model describes the greenhouse as a given volume of air 

bounded by walls, roof, and floor. The biomass of the greenhouse object is not taken 

into account; it is a constant value. The temperature inside the closed greenhouse 

volume should be uniform and stable, independent of the influence of external factors. 

The greenhouse object was modeled in Ansys and SOLIDWORKS. To conduct the 

research, we determined the relationship between heat and mass transfer processes in 

the greenhouse and the modeling environment. For this purpose, the following were 

identified equations: aerodynamic processes, the equation of continuity of a 

compressible medium, and the equation of water vapor transfer. At the first stage of 

the study, a series of test experiments were conducted: the process of heat exchange in 

the greenhouse (temperature distribution), heat exchange rate and pressure changes, as 

well as the time for stabilization of temperature and air velocity. The second stage was 

to study the heat exchange between the greenhouse and the environment. For this 

purpose, according to a given weather forecast, the greenhouse model was simulated 



to be heated to 20 °C, after which the heating was turned off. Under the influence of 

the external environment, the greenhouse cools down, with the corresponding process 

of heat exchange between the greenhouse and the environment. The next step was to 

study the stabilization of the temperature inside the greenhouse under a given weather 

forecast. To do this, we took the previous study and determined the time of temperature 

stabilization at a particular moment, which gives an understanding of the loss of heat 

through the walls of the greenhouse. 

The next step was to study the heat transfer through the greenhouse envelope to the 

environment. To do this, the greenhouse model was simulated to be heated up to 20 

°C, after which the heating was turned off. The study was conducted in the range of 

ambient temperatures from -15 °C to +30 °C. The study found that the average value 

of the heat flux density when the greenhouse was cooled was 138 W/m2. 

The fifth stage of the study was the distribution of water vapor inside the closed 

volume of the greenhouse. For this purpose, the temperature of the incoming air and 

its humidity during the day were set according to the weather forecast. The study 

concluded that the maximum concentration of water vapor is achieved at an ambient 

temperature of 20.7 °C. For uniform humidification, the next stage of the study was to 

model a spray system through a nozzle.  

Section 5 presents the general algorithm of the heater control program, which 

includes switching on the system, updating the values of control variables, polling 

sensors and updating the system state, adjusting the constants and general control of 

actuators. An operating mode and a nozzle control program were developed. To 

determine the nozzle on/off modes, we calculated the added humidity consumption. 

According to the results of the calculation, it was proposed to use three nozzles with a 

capacity of 2 l/h to compensate for the loss of moisture in the greenhouse volume. The 

determined period of injector switching on is regulated by the accumulated water vapor 

deficit. The average value of water vapor consumption to compensate for air humidity 

is 2.62 l/h. The nozzle control algorithm provides for turning on the fogging system, 

updating the current values of variables, polling sensors, and updating a set of control 

commands. A comparative calculation of the efficiency of the mechatronic system with 



anticipatory control was performed. The basic variant with discrete control of heaters 

and the system with proactive control were chosen for comparison. It was determined 

that the daily total energy consumption for the baseline variant is 86.68 kW, and the 

daily total energy consumption for the anticipatory variant is 71.3 kW. Consequently, 

for the above example of predicting daily changes in ambient temperature, the energy 

consumption of the heating system is saved by 18%.  

Keywords: pneumatic-hydraulic mechatronic system; air and liquid medium; flow 

and pressure; transient process; structure; drive; devices and equipment; mathematical 

model; numerical calculation applications; control algorithms and modes; adaptation; 

efficiency diagrams. 
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A4CVDAV= ?VAVW, @3/7B8; 

Q=44E3 F9C?B6V A48IB8:9AAO 6V8 

E<EF9@< B5V7DV6G, >�F; V= 3 E9D98AO L6<8>VEFL CBFB>G DV8<A< 

A4 A4CVDAV= ?VAVW, @/E; 

Ninf - >V?L>VEFL ;@VA VAHV?LFDB64AB7B 

CB6VFDO ;4 7B8<AG; GB5?? 3 6<FD4F< F9C?BABEVO, >�F; F 3 C?BM4 B7BDB:V, @2; 

 T?>G, &>V= 3 F9@C9D4FGD4 F9C?BABEVO A4 

6IB8V V 6<IB8V F9C?BB5@VAA<>4, p!;  

k 3 >B9HVJVTAF F9C?BC9D984KV 

CB?V>4D5BA4FG, �:/@2;  

 %B5?? 3 C<FB@4 F9C?BT@AVEFL, 

�:/>7·�; 

QA6V63 6FD4F< F9C?BF< A4 B5V7DV6 

E6V:B7B CB6VFDO, >�F; 

hc-am 3 >B9HVJVTAF F9C?BC9D984KV @V: 

CB>D<FFO@ F9C?<JV F4 6AGFDVLAV@ 

CB6VFDO@ F9C?<JV; 

 hs-a 3 >B9HVJVTAF F9C?BC9D984KV @V: 

�DGAFB@ F4 6AGFDVLAV@ CB6VFDO@ 

F9C?<JV;  T6 3 F9@C9D4FGD4 CB6VFDO 6E9D98<AV 

F9C?<JV, p!; 

 &=3 F9@C9D4FGD4 CB6VFDO ;B6AVLAO, 

p!; 

"s 3 F9@C9D4FGD4 CB69DIAV �DGAFG, º!; Q6B@4B<3 6FD4F< F9C?BF<, >�F;  

cp - F9C?BT@AVEFL >D4C?V (�:/>7*�); !D -  CBCD46BKA<= >B9HVJVTAF;  



 k - E9D98AO L6<8>VEFL DGIG CB6VFDO 

6E9D98<AV F9C?<JV, @/E; 

hinf 3 >B9HVJVTAF F9C?BC9D984KV, 

�F/@2�; 

qc-sky - >B9HVJVTAF B7?O8G @V: 

CB>D<FFO@ V ;B6AVLAV@ E9D98B6<M9@; 

�E 3 C?BM4 CB69DIAV F9C?<KAB7B 

CB>D<FFO, @2; 

 r 3 F9D@VKA<= BCVD, @²·�/�F;  [E - CB69DIA969 6<CDB@VAN64AAO; GA6V6- 6<FD4F4 E6V:B7B CB6VFDO 8?O 

69AF<?OJVW F9C?<JV (>7/E); 

 Fc-sky 3 >B9HVJVTAF B7?O8G @V: 

CB>D<FFO@ F4 A95B@; 

Tp - F9@C9D4FGD4 >D4C?V, º!; Ã - CBEFV=A4 !F9H4A4-�B?LJ@4A4; ÿs - >B9HVJVTAF F9C?BCDB6V8ABEFV 

�DGAFG, @2*�/�F; 

hr 3 >B9HVJVTAF D48V4JV=ABW 

F9C?BC9D984KV, @2*�/�F; 

Qc-a 3 >BA69>F<6A<= F9C?B6<= CBFV> 

6V8 CB>D<FFO 8B 6AGFDVLALB7B 

CB6VFDO, �F; 

qv-c - K<EF<= B5@VA F9C?B6<@ 

6<CDB@VAN64AAO@ @V: 6B8OABN 

C4DBN F4 CB>D<FFO@, �F; 

Sn - K<EF<= CBFV> EBAOKABW D48V4JVW A4 

CB69DIAV �DGAFG, �F;  

T> - F9@C9D4FGD4 �DGAFG A4 C96AV= 

7?<5<AV H (@), º!; 

qn - K<EF<= CBFV> F9C?B6B7B 

6<CDB@VAN64AAO A4 CB69DIAV �DGAFG; 

"a 3 F9@C9D4FGD4 6AGFDVLALB7B 

CB6VFDO F9C?<JV, º!; 

X(t) 3 45EB?NFA4 6B?B7VEFL CB6VFDO 6 

4F@BEH9DV F9C?<JV, >76B8</>7CB6VFDO;   

D - EFDG@BCDB6V8A<= CBFV> 6 7?<5<AG 

�DGAFG;  

Sa - EBAOKA9 6<CDB@VAN64AAO, 

CB7?<A9A9 CB>D<FFO@, �F; 

h - >B9HVJVTAF >BA69>F<6AB7B 

F9C?BB5@VAG (�F/@2/K); 

N - @B?ODA<= CBFV> C4D<, @B?L@-2 E-1; T> - F9@C9D4FGD4 EGJV?LABW H4;<, º!; 

kc - >B9HVJVTAF @4EBC9D984KV, @ E-1 ;  hfg - CD<IB64A4 F9C?BF4, �: >721; 

Ci,s - >BAJ9AFD4JVO C4D< A4 CB69DIAV 

>D4C?V, @B?L@-3; 

dmp=dt - L6<8>VEFL 6<C4DB6G64AAO, 

>7/(E·@2); 

Ci,> - >BAJ9AFD4JVO C4D< 6 CB6VFDV, 

@B?L @-3; 

[p - 6<CDB@VAN64?LA4 ;84FAVEFL 

K4EF<AB> (59;DB;@VDA4); 

Sa - EBAOKA9 6<CDB@VAN64AAO, �4F/@2; Pop - DB5BK<= F<E>, �4;  %?>6 - C<FB@4 F9C?BT@AVEFL CB6VFDO, 

�:/>7·7D48; 

T6 3 F9@C9D4FGD4 CB6VFDO 6E9D98<AV 

F9C?<JV, º!; 



T> - @VEJ964 F9@C9D4FGD4 CB6VFDO, º!; ³ 3 >GF DB;C<?9AAO, p; &= 3 F9@C9D4FGD4 CB6VFDO ;B6AVLAO,  

º!; 

g3 CD<E>BD9AAO 6V?LAB7B C48VAAO, 

@/E2; 

gxò  3 7D46VF4JV=A<= K?9A; rk - D48VGE >D4C?V, @; ý3 8<A4@VKA4 69O;>VEFL E9D98B6<M4, 

�4·E;  

 WXWYWZ3 69>FBDA9 CB?9 

L6<8>BEF9=; WX 7 dTdx + WY 7 dTdy + WZ 7 dTdz -

>BA69>F<6A<= K?9A;  

d2WXdx2 + + d2WXdy2 + d2WXdz2  38<E<C4F<6A<= 
K?9A; 

P 3 F<E>, �4; t 3 K4E, 7B8; 

&Hplant - ;@VA4 6B?B7< ;4 D4IGAB> 

FD4AECVD4JVW DBE?<A, >7/@3; 

 &Hair - ;@VA4 C4D<, ECD<K<A9A4 

69AF<?OJVTN, >7/@3; 

 ea - F<E> C4D<, �4; RH - 6V8ABEA4 6B?B7VEFL, %; 

RHoutside 3 6V8ABEA4 6B?B7VEFL 

CD<C?<6AB7B CB6VFDO, %; 

Ãv - @4E4 C4D< A4 >G5VKA<= @9FD 

CB6VFDO (>7/@3); 

AHoutside - 45EB?NFA4 6B?B7VEFL 

CD<C?<6AB7B CB6VFDO; 

%6<B@3 45EB?NFA4 6B?B7VEFL CB6VFDO 

(>76B8</>7CB6VFDO ); 

AHinside - 45EB?NFA4 6B?B7VEFL 

CD<C?<6AB7B CB6VFDO 6 F9C?<JV, 

>76B8</>7CB6VFDO; 

Qs-a - >BA69>F<6A<= F9C?B6<= CBFV> 

6V8 CB69DIAV �DGAFG 8B 6AGFDVLALB7B 

CB6VFDO, �F; 

ew - F<E> A4E<K9ABW C4D<, �4; GA6V63 6<FD4F4 E6V:B7B CB6VFDO, >7/E; 

RHoutside 3 6V8ABEA4 6B?B7VEFL CB6VFDO 6 

F9C?<JV, %; 

%A6V63 45EB?NFA4 6B?B7VEFL E6V:B7B 

CB6VFDO, >76B8</>7CB6VFDO;  

Toutside 3 F9@C9D4FGD4 ;B6AVLALB7B 

CB6VFDO, º!; 

�t - FD<64?VEFL CBFBKAB7B 6@<>4AAO 

HBDEGAB>, I6; 

Tinside 3 F9@C9D4FGD4 CB6VFDO 6 F9C?<JV, 

º!;  

X(t) 3 45EB?NFA4 6B?B7VEFL CB6VFDO 6 

4F@BEH9DV F9C?<JV (>76B8</>7CB6VFDO);  

 mk3 @4E4 >D4C?V, >7;  PH,   3 C4DJV4?LA<= F<E> C4D<, �4; D(÷) 3 >B9HVJVTAF 8<HG;VW C4D< 

CB6VFDO; 

dpdx3 - ;@VA4 F<E>G 6 CBFBJV; 



 mw, 3 @B?9>G?ODA4 6474 6B8< G 

74;BCB8V5AB@G EF4AV, >7; 

tv 2 tp 3 F9@C9D4FGD4 6B8< F4 CB6VFDO 

F9C?<JV, º!; Fc 3 CB69DIAO ;4E>?9ABW F9C?<JV, @2; Ft 3 CB69DIAO F9C?BB5@VAG, @2; 

Kd - HGA>JVO 8B5B6<I 6<FD4F 

6B?B7BEFV 6V8CB6V8AB D9;G?LF4FV6 

@B89?N64AAO 

k1, k2 3 >B9HVJVTAF< F9C?BC9D984KV 

K9D9; EFVA>G F4 @4F9DV4?G CB69DIAV 

F9C?<JV; G?4@3 6<FD4F4 C4D4, >7/E; G6<B@3 6<FD4F4 CB6VFDO, >7/E. 
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 5B>N @>1>B8 T 70157?5G5==O @53;0<5=B>20=8E 7=0G5=L ?>:07=8:V2 ?>2VB@O 

2 B5?;8FV H;OE>< AB2>@5==O 02B><0B87>20=>W A8AB5<8 :5@C20==O 28B@0B>N V 

B8A:>< ?>2VB@O=8E ?>B>:V2, 2>;>3VABN, B5<?5@0BC@>N B0 B5?;>28<8 ?>B>:0<8 7 

28?5@546CNG8< 0;3>@8B<>< :5@C20==O<, I> 107CTBLAO =0 28:>@8AB0==V 

5B0;>==>W <>45;V B5?;>-<0A>>1<V==8E ?@>F5AV2 2 B5?;8FV. 

 



����'� �"%�����!!/ 

1. &5>@5B8G=5 >1�@C=BC20==O B5?;>-<0A>>1<V==8E ?@>F5AV2 2 B5?;8FV. 

2. $>7@>18B8 7030;L=C AB@C:BC@C >19T:BC 4>A;V465==O. 

3. $>7@>18B8 <0B5<0B8G=C B0 :><?9NB5@=C <>45;L B5?;8FV. 

4. #@>25AB8 <>45;L=V 4>A;V465==O @>7?>2AN465==O V AB01V;V70FVW ?0@0<5B@V2 

?> >19T<C. 

5. $>7@>18B8 7030;L=C AB@C:BC@C 3V4@>-?=52<0B8G=>W A8AB5<8 <V:@>:;V<0BC 

B0 WW @>7B0HC20==O 2 B5?;8FV. 

6. #V4V1@0B8 28:>=02GV ?@8AB@>W, 70A>18 :>=B@>;N V :5@C20==O. 

7. $>7@>18B8 ?@>3@0<C 4;O :5@C20==O 28:>=02G8<8 ?@8AB@>O<8. 
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$"���� 2. %&$'�&'$� &� ('!�*�� ��$'��!!/  �)�&$"!!"� 
%�%&� � &�#��+!"�" "�9��&� %�$��!,"�" "�9� ' 

 

2.1. �030;L=V DC=:FVW B0 AB@C:BC@0 <5E0B@>==>W A8AB5<8 <V:@>:;V<0BC 
B5?;8FV  

 

�;O ?V428I5==O 5=5@3>5D5:B82=>ABV B5?;8FV H;OE>< AB2>@5==O 

02B><0B87>20=>W <5E0B@>==>W A8AB5<8 7 C?5@546CNG8< 0;3>@8B<>< 

1030B>D0:B>@=>3> 040?B82=>3> :5@C20==O 70?@>?>=>20=> C7030;L=5=C AB@C:BC@C 

:5@C20==O B5?;8FV 7 B8?>28<8 ?V4A8AB5<8 B0 WE DC=:FVW (@8A.2.1) [7,17,81]: 

- !8AB5<0 25=B8;OFVW; 

- !8AB5<0 70HB>@N20==O; 

- !8AB5<0 >1V3@V2C; 

- !8AB5<0 @5F8@:C;OFVW ?>2VB@O; 

- !8AB5<0 ?>;82C; 

- !8AB5<0 72>;>65==O ?>2VB@O; 

- !8AB5<0 02B><0B87>20=>3> :5@C20==O. 

 

 

 8A.2.1. #7030;L=5=0 AB@C:BC@0 <5E0B@>==>W A8AB5<8  
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�@0E>2CNG8 B5, I> 2 A5@548=V B5?;8FV ?>ABV9=> 2V41C20NBLAO 

?5@5EV4=V ?@>F5A8 7<V=8 H284:>ABV, B8A:C, 2>;>3>ABV B0 B5<?5@0BC@8; 7<V= 

B0 2B@0B8 B5?;>2>W ?>BC6=>ABV B5?;8FV; 7<V=0 B0 2B@0B0 2>;>3>ABV ?>2VB@O 2 

B5?;8FV 1C;> 70?@>?>=>20=> AB@C:BC@C <5E0B@>==>W A8AB5<8 7 <>45;;N 

B5?;8FV (@8A.2.2). 

 

 
 8A.2.2.!B@C:BC@0 <5E0B@>==>W A8AB5<8 7 <>45;;N B5?;8FV 

 

�0ABC?=8< :@>:>< 70?@>?>=>20=> 2AB0=>28B8 ?0@0<5B@8, I> =040NBL 

2EV4=C V 28EV4=C V=D>@<0FVN I>4> DC=:FV>=C20==O V :5@C20==O A8AB5<>N [7,17].  

1. �A5@548=V B5?;8FV: 

- "5<?5@0BC@0 ?>2VB@O; 

- �V4=>A=0 2>;>3VABL ?>2VB@O; 

2. �0 <560<8 B5?;8FV: 

- "5<?5@0BC@0 B0 2V4=>A=0 2>;>3VABL ?>2VB@O; 

- (284:VABL B0 =0?@O<>: 2VB@C. 

3. �1;04=0==O: 
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- �>;>65==O 25=B8;OFV9=8E >B2>@V2; 

- �>40G0 2>4O=>W ?0@8. 

� >3;O4C =0 ?5@5;V: V=65=5@=8E A8AB5< B5?;8FV 1C;> 287=0G5=> 70A>18 

:5@C20==O B0 :>=B@>;N (B01;8FO 2.1). 

"01;8FO 2.1. �0A>18 :5@C20==O B0 :>=B@>;N <V:@>:;V<0BC B5?;8FV 
�=65=5@=0 
A8AB5<0 

�0@0<5B@8, O:V 
:>=B@>;. 

�8:>=02G0 
G0AB8=0 

�0A>18 
:5@C20==O 

�0A>18 :>=B@>;N 

!8AB5<0 
25=B8;OFVW 

"5<?5@0BC@0 
?>2VB@O 

�5=B8;OFV9=V 
>B2>@8 (?@8B>: 
?>2VB@O) 

�V4@>?@82V4 
(?=52<>?@82V4) 

�0BG8:8 
B5<?5@0BC@8 B0 
2>;>3>ABV, 
0=5<><5B@ B0 
D;N35@. (�0 
?@8B>: 70A>18 
:>=B@>;N 
2AB0=>2;NNBLAO =0 
2C;8FV, 0 =0 
28BO6:C 3 2 
B5?;8FV) 

�5=B8;OB>@ 
(28BO6:0 ?>2VB@O) 

 >1>G5 :>;5A> 

�>;>3VABL 
?>2VB@O 

�5=B8;OFV9=V 
>B2>@8 (?@8B>: 
?>2VB@O), =0A>A 

�V4@>?@82V4 
(?=52<>?@82V4), 
D>@AC=:8, 
:;0?0= 

�5=B8;OB>@ 
(28BO6:0 ?>2VB@O) 

 >1>G5 :>;5A> 

�0?@O<>: B0 
H284:VABL 
2VB@C 

�5=B8;OFV9=V 
>B2>@8 

�V4@>?@82V4 
(?=52<>?@82V4) 

!8AB5<0 
70HB>@N20==O  

 V25=L !�2 (B>@=89 5:@0= �V4@>?@82V4 
(?=52<>?@82V4) 

�?B8G=89 40BG8: 

!8AB5<0 >?0;5==O "5<?5@0BC@0 
?>2VB@O B0 
�@C=BC 

�<VHC20;L=V 
:;0?0=8, 
F8@:C;OFV9=V 
=0A>A8, 
B@C1>?@>2>48 01> 
=03@V20GV 

�;0?0=8 01> 
=03@V20;L=V 
5;5<5=B8  

�0BG8:8 
B5<?5@0BC@8 

!8AB5<0 
@5F8@:C;OFVW 
?>2VB@O 

"5<?5@0BC@0 
?>2VB@O 

�AL>289 
25=B8;OB>@ 

 >1>G5 :>;5A> �0BG8:8 
B5<?5@0BC@8 B0 
2>;>3>ABV, 
0=5<><5B@ B0 
D;N35@. 
(�AB0=>2;NNBLAO C 
A5@548=V B5?;8FV) 

�>;>3VABL 
?>2VB@O 

�AL>289 
25=B8;OB>@, =0A>A 

 >1>G5 :>;5A>, 
D>@AC=:8, 
:;0?0=  

�0?@O<>: 

 B0 H284:VABL 
@CEC 
?>2VB@O=8E 
<0A 

�AL>289 
25=B8;OB>@ 

 >1>G5 :>;5A> 

!8AB5<0 
2>4>?>AB0G0==O 
B0 :0=0;V70FVW 

�>;>3VABL 
�@C=BC 

�0A>A �;0?0=8 �>4><V@=89 2C7>;, 
40BG8: 2>;>3>ABV 

!8AB5<0 
28?0@=>3> 
>E>;>465==O B0 
4>72>;>65==O 
?>2VB@O 

�>;>3VABL B0 
B5<?5@0BC@0 
?>2VB@O 

T<=VABL, =0A>A8, 
<5E0=VG=89 
DV;LB@ 

 

�;0?0=8, 

D>@AC=:8 

�0BG8:8 
B5<?5@0BC@8 B0 
2>;>3>ABV 
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�0 @57C;LB0B0<8 0=0;V7C DC=:FV9 A8AB5<8 <V:@>:;V<0BC 1C;> 287=0G5=> 

28<>38 4> A8AB5<8 :5@C20==O <V:@>:;V<0B>< B5?;8G=>3> >19T:BC:  

1. "5<?5@0BC@0 T =09206;82VH>N 7<V==>N B5?;8G=>3> :;V<0BC, O:C <>6=0 V 

?>B@V1=> :>=B@>;N20B8.  �V;LHVABL @>A;8=, I> 28@>ICNBLAO 2 B5?;8FOE, @>ABCBL 

C B5?;89 A57>= V ?@8AB>A>20=V 4> A5@54=VE B5<?5@0BC@ 2 4V0?07>=V 20-30 °!, 7 

?@81;87=>N <565N =86=L>W B0 25@E=L>W B5<?5@0BC@8 10 °! B0 35 °! 2V4?>2V4=>.  

/:I> A5@54=O <V=V<0;L=0 7>2=VH=O B5<?5@0BC@0 =86G5 10 °!, B5?;8FO 28<030T 

>?0;5==O, >A>1;82> 2=>GV. �>;8 A5@54=O <0:A8<0;L=0 7>2=VH=O B5<?5@0BC@0 

<5=H5 27 °!, 25=B8;OFVO <0T 70?>1V30B8 =04<V@=V9 2=CB@VH=V9 B5<?5@0BC@V 

?@>BO3>< 4=O; >4=0:, O:I> A5@54=O <0:A8<0;L=0 B5<?5@0BC@0 ?5@528ICT 27-28 

°!, A8AB5<0 :5@C20==O <0T C2V<:=CB8 HBCG=5 >E>;>465==O. �0:A8<0;L=0 

B5<?5@0BC@0 B5?;8FV, I> ?5@528ICT 35 °! ?@>BO3>< B@820;>3> ?5@V>4C, H:V4;820 

4;O 1V;LH>ABV AV;LAL:>3>A?>40@AL:8E :C;LBC@ [31].  

2.  �;O @>ABC @>A;8= ?V4E>48BL 2V4=>A=0 2>;>3VABL ?>2VB@O 2 <560E 60-90%. 

�=0G5==O =86G5 60% <>6CBL <0B8 <VAF5 ?V4 G0A 25=B8;OFVW 2 ?>ACH;828E 

:;V<0B8G=8E 7>=0E 01> :>;8 @>A;8=8 <>;>4V 7 4@V1=8<8 ;8AB:0<8, V F5 <>65 

A?@8G8=8B8 2>4=89 AB@5A. !5@9>7=V ?@>1;5<8 <>6CBL 28=8:=CB8, O:I> 2V4=>A=0 

2>;>3VABL ?>2VB@O ?5@528ICT 95 % ?@>BO3>< B@820;8E ?5@V>4V2, >A>1;82> 2=>GV, 

>A:V;L:8 F5 A?@8OT H284:><C @>728B:C 3@81:>28E 70E2>@N20=L �45=L 2>;>3VABL 

?>2VB@O 70728G09 <>6=0 7<5=H8B8 70 4>?><>3>N 25=B8;OFVW. �4=0: 2=>GV, O:I> 

B5?;8FO =5 >?0;NTBLAO, 2=CB@VH=V B0 7>2=VH=V B5<?5@0BC@8 <>6CBL 1CB8 

?>4V1=8<8, V O:I> 7>2=VH=O 2>;>3VABL 28A>:0, 7<5=H8B8 2>;>3VABL B5?;8FV 

=5?@>AB>. 

3.  �1030G5==O CO2 <0T 206;825 7=0G5==O 4;O ?V428I5==O O:>ABV ?@>4C:FVW, 

0465 ?>ABV9=5 01> ?5@V>48G=5 71V;LH5==O CO2 2 B5?;8FV <>65 ?@8725AB8 4> 

71V;LH5==O 28@>1=8FB20 D@C:BV2 ?>=04 20 2V4A>B:V2. �>=F5=B@0FVW !�2 A;V4 

CB@8<C20B8 I>=09<5=H5 4> 7>2=VH=L>3> @V2=O. !�2 ?>3;8=0TBLAO G5@57 ?@>48E8 

2 @>A;8=V, 0 >B65, 5D5:B82=5 ?>3;8=0==O !�2 C B5?;8FV A8;L=> 70;568BL 2V4 

V=H8E :;V<0B8G=8E D0:B>@V2, I> 2?;820NBL =0 >B2>@8 ?@>48EV2 C @>A;8=V[31]. 
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4.  �;O @0FV>=0;L=>3> 28:>@8AB0==O 2>48 B0 4>1@82 =09:@0I5 

28:>@8AB>2C20B8 A8AB5<C D5@B830FVW (:@0?5;L=5 7@>H5==O), O:0 2:;NG0T =0A>A8, 

DV;LB@8, ?0=5;L C?@02;V==O, 40BG8: �! B0 @�.   

5. �@8 ?>=865=8E B5<?5@0BC@0E 7>2=VH=L>3> ?>2VB@O=>3> A5@54>28I0 

?>B@V1=> 1V;LH5 =03@V20B8 B5<?5@0BC@C 2A5@548=V B5?;8FV, 0 2 B5?;V 3 

>E>;>46C20B8 (70 @0EC=>: B5?;>2>3> >1<V=C). �V4 2V4=>A=>W 2>;>3>ABV 

=02:>;8H=L>3> @V48==>3> A5@54>28I0 70;568BL 2>;>3VABL ?>2VB@O 2A5@548=V 

B5?;8FV. /:I> 2>;>3VABL =87L:0 - 72>;>6C20G ?>2VB@O 28A>:>3> B8A:C, AB8A=5=5 

?>2VB@O 28:>@8AB>2CTBLAO 4;O @>7:>;N20==O 2>48 =0 :@8EVB=V :@0?5;L:8, 0 ?>BV< 

@CE0TBLAO G5@57 B5?;8FN ?>2VB@O=8< ?>B>:>< (A?@8=:;5@=0 A8AB5<0). �>;8 

2>;>3VABL 28A>:0 V =87L:0 B5<?5@0BC@0 <>6=0 A?>AB5@V30B8 CB2>@5==O 

:>=45=A0BC. �>=45=A0FVO <>65 1CB8 3>;>2=>N ?@>1;5<>N C ?52=89 G0A @>:C, 

O:>W =5<>6;82> C=8:=CB8 ?>2=VABN. �=B8 :@0?;O ?>:@82=V <0B5@V0;8 

28:>@8AB>2CNBLAO 4;O >ACH5==O B5?;8FL. �;V2:8 <?@>B8 :@0?5;L= <VABOBL 

A?5FV0;L=V 4>102:8, O:V CAC20NBL :@0?5;L:8 V CB2>@NNBL =0B><VABL ACFV;L=89 

B>=:89 H0@ 2>48, I> ABV:0T ?> 1>:0E. 

6.  �;>10;L=0 A>=OG=0 @04V0FVO, I> =04E>48BL C B5?;8FN, A:;040TBLAO 7 B@L>E 

284V2 28?@><V=N20==O, 0 A0<5 C;LB@0DV>;5B>2>3> 28?@><V=N20==O (#$), 

0:B82=>3> D>B>A8=B57CNG>3> 28?@><V=N20==O (PAR) B0 1;86=L>3> 

V=D@0G5@2>=>3> 28?@><V=N20==O (NIR). �V;LH0 G0AB8=0 #$-28?@><V=N20==O 

?>3;8=0TBLAO 0B<>AD5@>N �5<;V. �:AB@5<0;L=89 2?;82 @>A;8= =0 #$ <>65 

?@8725AB8 4> ?>3V@H5==O ?@>F5AC D>B>A8=B57C. PAR ?>3;8=0TBLAO @>A;8=>N V T 

206;828< 4;O D>B>A8=B57C B0 @>ABC @>A;8=. NIR <5=H5 ?>3;8=0TBLAO @>A;8=>N, 

0 1V;LH5 AB@C:BC@>N B0 >1;04=0==O< B5?;8FL, 28:;8:0NG8 ?V428I5==O 

B5<?5@0BC@8 =02:>;8H=L>3> A5@54>28I0 2 B5?;8FV. �E>;>465==O B5?;8FV 

74V9A=NTBLAO H;OE>< <>48DV:0FVW ?>:@82=8E <0B5@V0;V2. NIR-DV;LB@0FVO B0:>6 

?@>2>48BLAO 70 4>?><>3>N A?5FV0;L=8E ?;0AB8:>28E F5;>D0=V2, @CE><8E 5:@0=V2 

01> NIR-DV;LB@C20;L=>W D0@18 4;O 70BV=5==O [31]. 

7.  �V4 H284:>ABV B0 =0?@O<:C 2VB@C 70;568BL O:C D@0<C3C V =0 A:V;L:8 

2V4:@820B8 2 B5?;8FV. � F5 C A2>N G5@3C 2?;820T =0 25=B8;OFVN B5?;8FV. 
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8.  �V4 :V;L:>ABV >?04V2 70;568BL 2V4=>A=0 2>;>3VABL ?>2VB@O, 0 2V4?>2V4=> 

<V:@>:;V<0B B5?;8FV.  

9.  �5=B8;OFVO B5?;8FL =09206;82VH0 4;O :>=B@>;N B5<?5@0BC@8, 2V4=>A=>W 

2>;>3>ABV B0 @V2=O CO2. %>@>H>W 25=B8;OFVW 2 B5?;8FV <>6=0 4>AO3B8 70 

4>?><>3>N :><1V=0FVW 25=B8;OFV9=>3> >B2>@C, 2EV4=8E 425@59 B0 25=B8;OB>@V2.  

10. !8AB5<0 70BV=5==O 2AB0=>2;NTBLAO 7451V;LH>3> 4;O 70?>1V30==O ?5@540GV 

B5?;0 2V4 =04<V@=>3> A2VB;0 (1;>:C20==O ?@O<8E A>=OG=8E ?@><5=V2). "V=L>2V 

HB>@8 B0:>6 4>?><030NBL 7<5=H8B8 B5?;>2V 2B@0B8 2=>GV. /:I> <5B5>AB0=FVO 

28O2;OT 28A>:C A>=OG=C @04V0FVN, PLC 0:B82CT 5;5:B@>4283C=8 (A8AB5<0 

73>@B0==O), 0 HB>@8 @CE0NBLAO 3>@87>=B0;L=>. 

�B65 4;O 040?B82=>W A8AB5<8 <V:@>:;V<0BC B5?;8G=>3> >19T:BC ?@89=OB>:  

- �V4B@8<C20B8 @V25=L B5<?5@0BC@8 ?>2VB@O C 4V0?07>=V 20-30 °!. 

- �V4B@8<C20B8 @V25=L 2V4=>A=>W 2>;>3VABL ?>2VB@O 2 <560E 60-90%. 

- �0157?5GC20B8 4>AB0B=N :V;L:VABL CO2 4;O 28@>IC20==O 2V4?>2V4=8E 

:C;LBC@. 

- !8AB5<0 ?>;82C <0T 1CB8 @0FV>=0;L=>N B0 5D5:B82=>N. 

- �V4A;V4:>2C20B8 :;V<0B8G=V 7<V=8 C =02:>;8H=L><C ?>2VB@O=><C B0 

@V48==><C A5@54>28IV, O:V 2?;820NBL =0 ?@0F5740B=VABL A8AB5<8 

<V:@>:;V<0BC B5?;8FV. 

- �AB0=>28B8 A8AB5<C 70BV=5==O 4;O 7<5=H5==O 2?;82C A>=OG=>W @04V0FVW =0 

@>A;8=8. 

- �0157?5G8B8 @5F8@:C;OFVN ?>2VB@O=8E <0A C B5?;8G=><C >19T:BV.  

 

�@0E>2CNG8 2AV 28<>38 4> A8AB5<8 :5@C20==O B5?;8F5N 1C;> 287=0G5=> 

>A=>2=V ?0@0<5B@8 B0 AB@C:BC@0 B5?;8G=>3> >19T:BC: B5<?5@0BC@0 B0 2>;>3VABL 

?>2VB@O, A8AB5<0 25=B8;OFVW 7 2V:=0<8 ?@>2VB@N20==O, A8AB5<0 70BV=5==O, A8AB5<0 

?>;82C B0 >1V3@V2C B5?;8FV, A8AB5<0 BC<0=>CB2>@5==O. �:070=V A:;04>2V T 

>A=>2>N 4;O AB@C:BC@8 <5E0B@>==>W A8AB5<8 (@8A.2.3).  
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 8A.2.3. !B@C:BC@0 <5E0B@>==>W A8AB5<8 7 <>45;;N B5?;8FV B0 28:>=02G8<8 

5;5<5=B0<8  

 

2.2. #V4A8AB5<0 ?=52<>-3V4@02;VG=>W <5E0B@>==>W A8AB5<8 
<V:@>:;V<0BC 3 A8AB5<0 25=B8;OFVW B0 @5F8@:C;OFVW 
 

�0 5B0?V @>7@>1:8 A8AB5<8 :5@C20==O 1C;> >:@5<> @>73;O=CB> :>6=C 

?V4A8AB5<C <5E0B@>==>W A8AB5<8 B0 287=0G5=> WW >A>1;82>ABV B0 70A>18 

:5@C20==O.  

� >3;O4C =0 7030;L=C AB@C:BC@C 70?@>?>=>20=> >19T4=0B8 2 >4=C 

?V4A8AB5<C A8AB5<C >1V3@V2C B0 A8AB5<8 25=B8;OFVW, A8AB5<C :5@C20==O 2V:=0<8 

?@>2VB@N20==O, ?V4A8AB5<C @5F8@:C;OFVW (25=B8;OB>@ B0 @53C;NNGC 70A;V=:C). � 

@57C;LB0BV ?>1C4>20=> ?@8=F8?>2C AE5<C ?V4A8AB5<8 25=B8;OFVW B0 @5F8@:C;OFVW 

(@8A.2.4) [41,99]. 

�;O ?V4B@8<C20==O AB0;>3> >1<V=C ?>2VB@O=8E <0A 70?@>?>=>20=> 

2AB0=>28B8 25=B8;OB>@, O:89 G5@57 A8AB5<C ?>2VB@>?@>2>4V2 ?>40T ?>2VB@O=89 

?>BV: 2 A5@548=C B5?;8G=>3> >19T:BC. �>BV: @53C;NTBLAO ?>2>@>B=8<8 

70A;V=:0<8. �;O @5F8@:C;OFVW ?>2VB@O 01> 28BO6:8 70?@>?>=>20=> 2AB0=>28B8 

28BO6=89 25=B8;OB>@. # :0<5@V 7<VHC20==O 7<VHCTBLAO G0AB8=0 ?>2VB@O 7 

A5@548=8 B5?;8FV B0 G0AB8=0 7>2=V. �0=89 5;5<5=B 40ABL <>6;82VABL 7<5=H8B8 

2B@0B8 B5?;>2>W ?>BC6=>ABV B5?;8FV. 
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 8A.2.4. �030;L=0 ?@8=F8?>20 AE5<0 A8AB5<8 25=B8;OFVW B0 @5F8@:C;OFVW 

 

2.3. #V4A8AB5<0 ?=52<>-3V4@02;VG=>W <5E0B@>==>W A8AB5<8 
<V:@>:;V<0BC 3 A8AB5<0 ?@>2VB@N20==O 2V:>= B0 25=B8;OB>@ 

 

�0ABC?=8< 5B0?>< 1C;> @>73;O=CB> ?=52<0B8G=C A8AB5<C ?@>2VB@N20==O, 

:5@C20==O 2V:>= B0 25=B8;OB>@0.  

 

 8A.2.5. $@03<5=B A8AB5<8 ?>2VB@>?@>2>4C  
 

� >3;O4C =0 >19T< B5?;8FV, 28<>38 4> ?@>2VB@N20==O B0 >1<565==O I>4> 

H284:>ABV ?>2VB@O=8E ?>B>:V2 1C;> @>7@0E>20=> V ?V4V1@0=> 35><5B@8G=V 

?0@0<5B@8 ?>2VB@>?@>2>4V2 V 25=B8;OB>@ 7 @53C;NNG>N 70A;V=:>N (@8A.2.5). �;O 

@>7@0EC=:C ?@89=OB> B5?;8FN 7 3010@8B=8<8 @>7<V@0<8: 4>268=0 3 7 <, H8@8=0 

3 4 <, 28A>B0 3 1,6 <.  >7<V@8 2V:>= ?@>2VB@N20==O 3 600E150 <<, 4>268=0 
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?>2VB@>?@>2>4C A:;040T 10 <. �0 >A=>2V @5:><5=40FV9 ?@89=OB>, I> :@0B=VABL 

?>2VB@>>1<V=C 2 B5?;8G=><C >19T:BV C E>;>4=C ?>@C @>:C A:;040T 5-10, 2 B5?;C 3 

30-50. �;O @>7@0EC=:C B5?;8FV ?@89=OB> :@0B=VABL 30. �0 2:070=8<8 ?0@0<5B@0<8 

1C;> @>7@0E>20=> >19T< ?>2VB@O, O:89 ?>B@V1=> ?>40B8 2 B5?;8FN [34]: ý = ÿ 7 ý 7 3600 = 30 7 7 7 4 7 1,6 = 1344 <3/7>8 .  

�3V4=> 28B@0BV B0 =04;8H:>2><C B8A:C ?V4V1@0=> 25=B8;OB>@ �& 10-28 (�  

200-28) 74 7 5;. 4283C=>< �� 90L4 =0 2,2 :�B 1500 >1/E2 7 =0ABC?=8<8 

E0@0:B5@8AB8:0<8 (@8A.2. 6) [35]. 

 

 

 8A.2.6. �5@>48=0<VG=V E0@0:B5@8AB8:8 25=B8;OB>@0 �& 10-28, Q - 28B@0B0 
?>2VB@O, B8A.<3/3>4; Pv - ?>2=89 B8A:; ¸ - :>5DVFVT=B :>@8A=>W 4VW (���); N - 
A?>6820=0 ?>BC6=VABL 4283C=0, :�B; U - >:@C6=0 H284:VABL :>;5A0, </A; 

n - :V;L:VABL >15@BV2 =0 @>1>G><C :>;5AV, >1/E2. 

 

&5 4>72>;8;> @>7@0EC20B8 05@>48=0<VG=89 AC?@>B82 @53C;NNG>W 70A;V=:8 

B0 287=0G8B8 :5@CNG5 7CA8;;O V A8;>2C E0@0:B5@8AB8:C 28:>=02G>3> 

?=52<>?@82>4C ?=52<>-3V4@02;VG=>W <5E0B@>==0 A8AB5<0 (4>40B>: �).  

�0 28EV4=8<8 40=8<8 (B01;. 2.2) 28:>=0=> @>7@0EC=>: @53C;NNG>W 

E0@0:B5@8AB8:8 4@>A5;L=>W 70A;V=:8 [35]. 
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"01;8FO 2.2. �8EV4=V 40=V ?>2VB@>?@>2>4C 4;O @>7@0EC=:C 70A;V=:8 

 >1>G0 B>G:0 25=B8;OB>@0: �@>4C:B82=VABL, <³/G 1080-2340 

 >1>G0 B>G:0 25=B8;OB>@0: "8A:, �0 971-1096 

�>268=0 ?>2VB@>?@>2>4C, < 10 

�V0<5B@ ?>2VB@>?@>2>4C, < 0,2 

�>40B:>2V >?>@8 ý 4 

�CAB8=0 ?>2VB@O Ã, :3/<3 1,177 

�>5DVFVT=B 48=0<VG=>W 29O7:>ABV, <:�0 18,6 

 

�3V4=> ?0@0<5B@V2 ?>2VB@>?@>2>4C 1C;> 287=0G5=> 2B@0B0 B8A:C =0 B5@BO [�0] 

[36]: · ý = » Ld 7 v22 7 Ã, ,                                       (2-1) 

45: ÿ - :>5DVFVT=B B5@BO; 

L 3 4>268=0 ?>2VB@>?@>2>4C, <; 

d 3 4V0<5B@ ?>2VB@>?@>2>4C, <; 

v 3 H284:VABL ?>B>:C ?>2VB@O, </A; � 3 3CAB8=0 ?>2VB@O, >7/@3. 

�=0G5==O 3CAB8=8 ?>2VB@O ?@89<0T<> 1,185 >7/@3
. �=0G5==O :>5DVFVT=BC 

48=0<VG=>W 29O7:>ABV ?>2VB@O ?@89<0T<> 18,6 <:�0 A. �@0E>2CNG8 28I5 2:070=V 

40=V, :>5DVFVT=B :V=5<0B8G=>W 29O7:>ABV >B@8<CT<> 70 D>@<C;>N [10 - 6 < 2/c] [36]: � = �� = 18,6 7 10261,185 = 15,69 7 1026 

!B0;0 A5@54=O H284:VABL @CEC ?>2VB@O 287=0G5=0 70 287=0G5=>N :@0B=VABN 

?>2VB@>>1<V=C [</A]: 
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ÿ = ýÿ = 4ýÿþ2 = 4 7 4403.14 7 0.22 7 3600 = 3,894 

�;O 287=0G5==O @568<C @CEC 70AB>A>2CTBLAO D>@<C;0  59=>;L4A0 [36]: 

þÿ = ÿ 7 þ� = 3,894 7 0,215,69 7 1026 = 49636 

'8A;>  59=>;L4A0 1V;LH5 70 7=0G5==O 2320, B> B0:89 @568< ?>B>:C T 

BC@1C;5=B=8<. �;O ?5@H>W 4V;O=:8 G8A;>  59=>;L4A0 >1@0E>2CTBLAO 70 

D>@<C;>N �;07VCA0: ÿ = 0,316þÿ0,25 = 0,316496360,25 = 14,92 

�0 ?5@5EV4=V9 4V;O=FV :>5DVFVT=B B5@BO 1C45 70;568BL 2V4 H>@AB:>ABV 

?>2VB@>?@>2>4C B0 G8A;0  59=>;L4A0. �;O 40=>W >1;0ABV :>5DVFVT=B B5@BO 1C45 

287=0G0B8AO 70 D>@<C;>N �>;L1@C:0-#09B0 [37,38]: ÿ = 1[22lg ( 2,51þÿ:ÿ + ý9>63,7þ6)]2 = 1[22lg ( 2,5149636:14,92 + 0,153,7 7 0,2)]2
= 1[22lg 0,203]2 = 11,92 = 0,52 

�;O B@5BL>W 4V;O=:8 :>5DVFVT=B B5@BO 287=0G0TBLAO 70 D>@<C;>N �@0=4B;O-

�V:C@0475 [37,38]: ÿ = 1(1,14 + 2lg þ6ý9>6)2 = 1(1,14 + 2lg 0,20,15)2 = 1(1,388)2 = 11,926 = 0,52 

'8A;>  59=>;L4A0 2V4?>2V4=> 4> B@5BL>W 4V;O=:8 287=0G0NBL 70 D>@<C;>N: þÿ>D = 560 þ6ý9>6 = 560 0,20,15 = 746,66 

�87=0G0T<> 2B@0B8 B8A:C ?> 4>268=V ?>2VB@>?@>2>4C, �0: · ý = » Ld 7 v22 7 Ã = 0,52 100,2 7 3,89422 7 1,185 = 233,58 

�87=0G0T<> <VAF52V 2B@0B8 B8A:C, �0: · ý = ¿ v22 7 Ã = 4 7 3,89422 7 1,185 = 35,93 
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�0 @57C;LB0B0<8 @>7@0EC=:V2 287=0G5=> 7030;L=V 2B@0B8 B8A:C, �0: · ý = ý6 2 ý< 2 Dý = 281 2 233,58 2 35,93 = 269,51 

� 70;56=>ABV 2V4 28B@0B8 ?>2VB@O G5@57 70A;V=:C =0 =V9 1C45 =0ABC?=89 ?5@5?04 

B8A:C, �0 [37,38]: · ý = 8ý(ý)�ý2ÿ2ý4                                                                                (2-2) 

�@>182H8 <0B5<0B8G=V A?@>I5==O >B@8<0T<>, I> 70;56=VABL :>5DVFVT=BC >?>@C 

70A;V=:8 2V4 28B@0B8 <0B8<5 =0ABC?=89 283;O4: 

ý(ý) = ýýÿ2ý48�ý2 = 269,5173,14270,24871,1857474402 =0,00000058. 

�@>2V2H8 0=0;>3VG=V @>7@0EC=:8 4;O 4V0?07>=C 2V4:@8BBO 70A;V=:8 2V4 5° 4> 

80° >B@8<0=> 70;56=VABL :@CB=>3> <><5=BC 2V4 :CB0 2V4:@8BBO 70A;V=:8, ?5@5?04C 

B8A:C B0 28B@0B8 ?>B>:C ?>2VB@O (B01;.2.3).   

 

"01;8FO 2.3.  >7@0EC=>: 4V0?07>=C 2V4:@8BBO 70A;V=:8 2V4 5° 4> 80° 
7 Q ³ Ç &p �>D6  ýÿ ·(³) Ç(³) �>D7  

1 1622 80 90 30,09 0,098 1,37 0,99 14,34 0,032 

2 1612 75 74,6 63,16 0,4 5,61 2,11 14,26 0,13 

3 1595 70 61 118,9 1,12 15,55 4,05 14,11 0,37 

4 1578 65 48 174,05 2,23 30,97 6,07 13,96 0,74 

5 1560 60 34,4 231,8 3,66 50,95 8,27 13,8 1,22 

6 1545 55 22,4 279,42 5,25 73,11 10,16 13,66 1,75 

7 1530 50 17,4 326,58 7 97,42 12,11 13,53 2,33 

8 1453 45 13 561,42 13,52 188,04 23,09 12,85 4,5 

9 1440 40 9,8 599,88 15,79 219,75 25,12 12,73 5,26 

10 1295 35 6 1005,35 28,75 399,86 52,06 11,45 9,58 

11 1280 30 4,8 1044,84 32,26 448,37 55,38 11,32 10,75 

12 1000 25 3 1697,56 54,93 764,01 147,43 8,84 18,30 

13 750 20 2 2144,88 72,63 1010,23 331,17 6,63 24,21 

14 730 15 1,2 2175,14 76,85 1070,02 354,5 6,45 25,61 

15 420 10 0,8 2539,64 91,59 1275,91 1250,4 3,71 30,53 

16 395 5 0,6 2560,29 94,31 1313,18 1425,29 3,49 31,43 

 

 57C;LB0B8 @>7@0EC=:C :@CB=>3> <><5=BC ?>2>@>B=>W 70A;V=:8 =0 2V4:@8BBO 

B0 70:@8BBO 40;8 <>6;82VABL ?V4V1@0B8 28:>=02GV ?@8AB@>W 4;O ?=52<>-

3V4@02;VG=>W <5E0B@>==>W A8AB5<8, 0 A0<5 ?@82V4 70A;V=:8, @>7?>4V;LG89 :;0?0=, 

@5A825@. 
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 8A.2.7. �0;56=VABL :@CB=>3> <><5=BC ?=52<0B8G=>3> ?@82>4C 70A;V=:8 =0 

2V4:@8BBO B0 70:@8BBO 2V4 :CB0 2V4:@8BBO ?>2>@>B=>W 70A;V=:8 

 

�V4V1@0=> ?=52<0B8G=89 F8;V=4@ CRHD-32 7 H0@=V@=8< 79T4=0==O< V 

@>7?>4V;L=8< :;0?0=>< VUVS-25-S. �=52<0B8G=89 ?@82V4 70157?5GCT 7CA8;;O 

2360 � ?@8 B8A:C 0,6��� ?@8 70:@8BBV 70A;V=:8 V 2770 � ?@8 2V4:@8BBV 70A;V=:8. 

� C@0EC20==O< <0:A8<0;L=8E @>7@0EC=:>28E =020=B065=L 1300 � <0T<> 70?0A ?> 

7CA8;;N 1,82 & 2,13, I> 2V4?>2V40T 28<>30< I>4> 5:A?;C0B0FVW ?@82>4C 2 

C<>20E 2V4:@8B>3> ?@>AB>@C 7 @VG=8<8 V 4>1>28<8  :>;820==O<8 B5<?5@0BC@8 V 

2>;>3>ABV [39].     

 

2.4. #V4A8AB5<0 ?=52<>-3V4@02;VG=>W <5E0B@>==>W A8AB5<8 

<V:@>:;V<0BC 3 A8AB5<0 >1V3@V2C. $>7@0EC=>: B5?;>2>W ?>BC6=>ABV 
=03@V20GV2. %E5<0 28:>=02G8E ?@8AB@>W2 ?V4A8AB5<8. 

 

�V4A8AB5<0 >1V3@V2C. �;O >1V3@V2C B5?;8G=>3> >19T:BC A5@54=L>3> >19T<C 

70?@>?>=>20=> 28:>@8AB>2C20B8 5;5:B@8G=89 =03@V20G.  >7@>1;5=> ?@8=F8?>2C 

AE5<C @>7<VI5==O =03@V20GV2 C ?@8B>G=V9 A8AB5<V 25=B8;OFVW (@8A.2.8). 

�;O ?V41>@C =03@V20GV2 B@510 287=0G8B8 B5?;>2C ?>BC6=VABL 4;O 7040=>3> 

>19T<C B5?;8FV.  �@8 ?V43>B>2FV @>7@0EC=:V2 28B@0B8 ?>2VB@O 4;O ?@>2VB@N20==O 

B5?;8FV 1C;> 7=0945=> >?B8<0;L=5 7=0G5==O 28B@0B8 ?>2VB@O B0 B8A:C, O:V 

?@>2>48;8AO ?>?5@54=L>. �V4?>2V4=> 4> >B@8<0=8E 7=0G5=L 1C;> ?V4V1@0=> 

25=B8;OB>@. �>G0B:>2V 40=V 4;O @>7@0EC=:C =02545=V 2 B01;8FV 2.2 [37,38]. 

�D
GF

=8
9 

<
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5=
F,�
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�GF, °

<><5=F 74>D8FFO

<><5=F 6V4>D8FFO
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 8A.2.8. �@8=F8?>20 AE5<0 @>7<VI5==O =03@V20GV2 2 A8AB5<V ?>2VB@>?@>2>4C  

 

�>G0B:>20 B5<?5@0BC@0 7>2=VH=L>3> ?>2VB@O=>3> A5@54>28I0 A:;040T 10 

°!, 0 B5<?5@0BC@0 O:C ?>B@V1=> ?V4B@8<C20B8 2 B5?;8FV 18°!. !?>G0B:C 1C;> 

287=0G5=> B5?;>2C ?>BC6=VABL =03@V20G0: ý> = ý 7 ÿ(ýÿý 2 ý=), :�B, 
45: 

A 3 B5?;>T<=VABL ?>2VB@O, A=1,005 :�6/:3*p!; 

G- <0A>20 28B@0B0 ?>2VB@O, :3/A; ýÿý, ý= 3 B5<?5@0BC@0 ?>2VB@O =0 2E>4V B0 28E>4V 7 =03@V20G0. ý> = 1,005 7 0,47 7 (18 2 10)=3,78 :�B 

 

0 
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1 

 8A. 2.9. �030;L=C AE5<C 28:>=02G8E ?@8AB@>W2: 0 3 AE5<8 28:>=02G8E 
?@8AB@>W2(FluidSIM): 1 3 AE5<0 ?V4:;NG5==O 28:>=02G8E ?@8AB@>W2 (Y1-Y8 3 

C?@02;V==O ?@82>40<8 =86=VE 2V:>= ?@>2VB@N20==O; Y9, Y10 - C?@02;V==O 
?@82>40<8 25@E=VE 2V:>= ?@>2VB@N20==O; Y11 3 C?@02;V==O ?@82>4>< 

70HB>@N20==O; Y12, Y13 3 C?@02;V==O ?@82>4>< 70A;V=:8; �2 3 C?@02;V==O 
=03@V20G5<; �1 B0 �3 3 C?@02;V==O 25=B8;OB>@0<8). 

 

�B65, 4;O >1V3@V2C B5?;8G=>3> >19T:BC, ?@8 =5>1EV4=>ABV ?V4B@8<C20==O 

AB0;>W B5<?5@0BC@8 2 @>7<V@V 18°!, =5>1EV4=> =03@V20G 7 ?>BC6=VABN 4,0 :�B.   

�;O B5<?5@0BC@8 7>2=VH=L>3> ?>2VB@O=>3> A5@54>28I0 10 °!, 0 

B5<?5@0BC@0 O:C ?>B@V1=> ?V4B@8<C20B8 2 B5?;8FV 20°!. "5?;>20 ?>BC6=VABL 

=03@V20G0 1C45 A:;040B8: ý> = 1,005 7 0,47 7 (20 2 10)=4,7 :�B 
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�B65, 4;O >1V3@V2C B5?;8G=>3> >19T:BC, ?@8 =5>1EV4=>ABV ?V4B@8<C20==O 

AB0;>W B5<?5@0BC@8 2 @>7<V@V 20°!, =5>1EV4=> =03@V20G 7 ?>BC6=VABN 6,0 :�B. 

�0?@>?>=>20=> 2AB0=>28B8 =03@V20G �5=BA �� 400x200-6,0-3 [40].  

�B@8<0=V @>7@0EC=:8 40;8 <>6;82VABL @>7@>18B8 7030;L=C AE5<C 28:>=02G8E 

?@8AB@>W2 4;O A8AB5< 25=B8;OFVW, 70HB>@N20==O, >?0;5==O B0 2V:=0<8 

?@>2VB@N20==O (@8A.2.9) [32,33]. 

 

2.5. #V4A8AB5<0 ?=52<>-3V4@02;VG=>W <5E0B@>==>W A8AB5<8 <V:@>:;V<0BC 
3 A8AB5<0 72>;>65==O ?>2VB@O 2 B5?;8G=><C >19T:BV. $>7@0EC=>: 
?@>4C:B82=>ABV B0 :V;L:>ABV D>@AC=>: 

 

�V4A8AB5<0 70157?5G5==O 2>;>3>ABV. �;O AB2>@5==O ?=52<>-3V4@02;VG=>W 

<5E0B@>==>W A8AB5<8 :5@C20==O 2>;>3VABN =5>1EV4=> 2@0EC20B8 70;56=>ABV 7<V= 

28B@0B8 2>4O=>W ?0@8 4;O ?V4B@8<:8 10;0=AC 2>;>3>ABV B5?;8FV C G0AV ?V4 2?;82>< 

?@>3=>7>20=8E 7<V= ?0@0<5B@V2 >B>GCNG>3> ?>2VB@O=>3> B0 @V48==>3> 

A5@54>28I0. &5 4>72>;8BL 287=0G8B8 :V;L:VABL 2>4O=>W ?0@8, O:0 <0T 1CB8 4>40=0 

01> 28;CG5=0, 4;O :><?5=A0FVW C @07V 2V4E8;5==O @V2=O 2>;>3>ABV ?>2VB@O 2 

B5?;8FV. �B@8<0==O 2:070=8E 70;56=>AB59 <>65 1CB8 74V9A=5=> 70 4>?><>3>N 

<>45;N20==O DC=:FV>=C20==O B5?;8FV =0 ?@>BO7V 4>18.  

�;O 70157?5G5==O 10;0=AC 2>;>3>ABV 2 B5?;8G=><C >19T:BV <0;>3> >19T<C 1C;> 

2@0EC20=> 2>;>3VABL ?>2VB@O, O:0 7=0E>48BLAO 2A5@548=V B5?;8FV B0 2>;>3VABL 

?>2VB@O, O:5 ?>40TBLAO 2 B5?;8G=89 >19T:B. �;O FL>3> 70?@>?>=>20=> @V2=O==O 

10;0=AC 2>4O=>W ?0@8 2 A5@548=V 70<:=5=>3> >19T<C [32,33]: 

QD *T1*�t1=30*v*S*T2*Ç*�t2= ÇB,                                   (2-3) 

45: 

 QD- ?@>4C:B82=VABL D>@AC=>:, ;/3>4; 

 "1- B5<?5@0BC@0 2>4O=>W ?0@8, º!; 

 �t1 3 G0A @>1>B8 D>@AC=>:, 3>4; 

 30 3 :@0B=VABL ?>2VB@>>1<V=C 4;O B5?;8G=>3> >19T:BC; 

 v 3 H284:VABL ?>B>:C ?@8?;82=>3> ?>2VB@O; 
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 S 3 ?;>I0 ?>?5@5G=>3> ?5@5@V7C ?@8?;82=>3> ?>2VB@>?@>2>4C, <2; 

 "2- B5<?5@0BC@0 ?@8?;82=>3> ?>2VB@O, º!; 

 Ç 3 2>;>3VABL ?@8?;82=>3> ?>2VB@O, %; 

 �t2 - G0A @>1>B8 25=B8;OB>@0, 3>4; 

 ÇB 3 7040=5 ?>G0B:>25 AB0;5 7=0G5==O 2>;>3>ABV 2 A5@548=V B5?;8G=>3> >19T:BC 

(4;O 40=>3> 4>A;V465==O ÇB ?@89=OB> 70 %). 

�0?@>?>=>20=> 287=0G8B8 :V;L:>ABV D>@AC=>:, I> 107CTBLAO =0 

A?V22V4=>H5==V ?;>IV 72>;>65==O B5?;8FV V 4V0<5B@V @>7?8;5==O D>@AC=:8 [42]: ÿ = 2�ýý ý2,                                                 (2-4) 

45: 

 �- 28A>B0 @>7?8;5==O; 

 ³ 3 :CB @>7?8;5==O. 

�V4AB0=L <V6 D>@AC=:0<8, I> 70157?5GCT 4>AB0B=L> @V2=><V@=5 

72>;>65==O, 287=0G0TBLAO 7 4V0<5B@0 @>7?8;5==O [5]: � = :22 ÿ,                                                    (2-5) 

�@>2V2H8 @>7@0EC=:8 4;O 40=>3> B8?C B5?;8FV 7 C@0EC20==O< :CB0 

@>7?8;5==O (=0?@8:;04, 68° 7 E0@0:B5@8AB8: D>@AC=:8) 287=0G5=>, I> 4V0<5B@ 

@>7?8;5==O >4=>W D>@AC=:8 <>65 A:;040B8 2,5 <5B@8 [13].  

 

 8A.2.10. �@8=F8?>20 AE5<0 @>7<VI5==O D>@AC=>: 2 B5?;8G=><C >19T:BV 
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 ">1B> 4;O 72>;>65==O B5?;8FV 7 ?;>I5N 72>;>65==O 7E4 <5B@8 4;O 

?>2=>3> ?>:@8BBO ?>25@E=V 4>AB0B=L> 6 D>@AC=>:. )>1 70157?5G8B8 @V2=><V@=5 

@>7?>4V;5==O 2>4O=>W ?0@8 2 70<:=5=><C >19T<V 70?@>?>=>20=> 28:>@8AB>2C20B8 

<5=HC :V;L:VABL D>@AC=>: C :V;L:>ABV 3 @07>< 7 ?@8<CA>2>N @5F8@:C;OFVTN 

?>2VB@O (@8A.2.10). �;O 70157?5G5==O AB01V;L=>W 2>;>3>ABV 2 B5?;8FV 

70?@>?>=>20=0 <5E0B@>==0 3V4@02;VG=0 A8AB5<0 BC<0=>CB2>@5==O (@8A. 2.11). 

�5>1EV4=C ?@>4C:B82=VABL V B8A: 2>48 2 A8AB5<V 72>;>65==O 70157?5GCT =0A>A=89 

03@530B 7 0:C<C;OB>@><, 2 O:><C ?5@5410G5=> DV;LB@ 4;O >G8I5==O 2>48 V 

:;0?0=8 B8A:C, 4;O 70?>1V30==O ?5@5=020=B065==O V =0;0HBC20==O @>1>G>3> 

B8A:C.  

 

 8A.2.11. �V4@02;VG=0 AE5<0 A8AB5<8 BC<0=>CB2>@5==O 

 

�;O =0?>2=5==O <5@56V 72>;>65==O 2>4>N 01> 7;82C 2>48, 70 =5>1EV4=>ABV, 2 

A8AB5<V 70AB>A>20=> :;0?0=  1. �;O :5@C20==O 2<8:0==O< V 28<8:0==O< 

D>@AC=>: 2AB0=>2;5=V :;0?0=8  2,  3 V  4, O:V >74>1;5=V 72>@>B=8<8 :;0?0=0<8 

4;O 70?>1V30==O CB2>@5==O ?>2VB@O=8E ?@>1>:. �@0E>2CNGV @V7=V 2V4AB0=V 2V4 

=0A>A=>3> 03@530BC 4> D>@AC=>: 2 A8AB5<V ?5@5410G5=> >48= 01> 45:V;L:0 



69 

 

10;0=A=8E 4@>A5;V2, 70 4>?><>3>N O:8E 1C45 28@V2=O=> B8A: =0 2E>4V D>@AC=>:. 

 5;5 B8A:C  ", :>=B@>;NT @V25=L @>1>G>3> B8A:C @V48=8 2 A8AB5<V B0 ?>40T A83=0; 

4;O 2<8:0==O =0A>A=>3> 03@530BC C 28?04:C =54>AB0B=L>3> @V2=O B8A:C [32,33].  

�3V4=> @>7@0EC=:C 10;0=AC 2<VABC 2>;>38 4>AB0B=L> 704VOB8 B@8 D>@AC=:8 7 

?@>4C:B82=VABN 2 ;/3>4 B0 B8A:>< 3 10@8, =0?@8:;04 UM50M. �;O 287=0G5==O 

:>>@48=0B @>7<VI5==O D>@AC=>: @>74V;8<> B5?;8FN =0 G>B8@8 7>=8. �> ?5@H>W 

7>=8, =091;86G>W 4> ?5@5@V7C =03=VB0==O ?>2VB@O, 2V4=>A8BLAO D>@AC=:0 F1. 

�@81;87=> 1/2 ?@>4C:B82=>ABV F1 70;8H0TBLAO 2 7>=V 1, 0 @5HB0 ?@>4C:B82=>ABV 

F1 @>7?>4V;OTBLAO ?> V=H8E 7>=0E B5?;8FV (�>=0 1= 1/2 F1). # 4@C3V9 7>=V ?@0FNT 

D>@AC=:0 F2. �>=0 2 >B@8<CT 2>;>3C 2V4 ?5@H8E 42>E D>@AC=>:: 0,5F2 + 0,25F1. 

 5HB0 ?@>4C:B82=>ABV F2 @>7?>4V;OTBLAO ?> 7>=0E 3 V 4. # B@5BV9 7>=V ?@0FNT 

D>@AC=:0 F3. �>=0 3 >B@8<CT  0,5 2V4 F3, 0,25 2V4 F2 V 0,125 2V4 F1.  5HB0 

?@>4C:B82=>ABV F3 @>7?>4V;OTBLAO ?> 70;8H:>2><C >19T<C B5?;8FV. �> G5B25@B>W 

7>=8 =04E>48BL 0,5 2V4 F3, 0,25 2V4 F2 V 70;8H>: 2V4 F1. �0 3V?>B5B8G=>N AE5<>N 

@>7@0E>20=> B0:5 @>7<VI5==O D>@AC=>: 2 B5?;8G=><C >19T:BV, O:5 70157?5GCT 

@V2=><V@=5 ?>AB0G0==O 2>;>38 =0 >48=8FN 4>268=8 B5?;8FV (@8A.2.10).  

 

2.6. #V4A8AB5<0 ?=52<>-3V4@02;VG=>W <5E0B@>==>W A8AB5<8 

<V:@>:;V<0BC 3 A8AB5<0 ?>;82C 2 B5?;8G=><C >19T:BV. �V4@02;VG=89 
@>7@0EC=>: A8AB5<8 ?>;82C 

 

�V4A8AB5<0 70157?5G5==O ?>;82C. �>45;N20==O @>1>B8 A8AB5<8 ?>;82C 1C;> 

@50;V7>20=> 2 ?@>3@0<=><C 70157?5G5==V «Fluidsim». �0 @8AC=:C 2.12 ?>:070=0 

?@8=F8?>20 AE5<0, ?@8 2:;NG5==V =0A>A=>W AB0=FVW B0 @>7?>4V;L=8:V2  1,  2,  3, 

?@0FNT A8AB5<0 :@0?;8==>3> ?>;82C B0 A8AB5<0 72>;>65==O ?>2VB@O.  

�;O ?@8=F8?>2>W AE5<8 ?>;82C 1C;> ?@>2545=> 3V4@02;VG=V @>7@0EC=:8. �;O 

?>G0B:C 287=0G5=> <0:A8<0;L=C I>45==C ?>B@51C C 2>4V 7 <5B>N ?5@52V@:8 

<>6;82>AB59 2>4>465@5;0, 281>@C DV;LB@>AB0=FVW B0 @5HB8 28:>=02G8E 

?@8AB@>W2. �0 ?V24=V #:@0W=8 70 <0:A8<0;L=C I>45==C 7@>HC20;L=C =>@<C 

?@89<0NBL 60-70 <3/30 [43]. 
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�@89=OB>, I> ?>B@510 C 2>4V A:;040T 7 ;VB@V2 =0 <2 70 4>1C, B>1B> ?;>I8=8 

B5?;8G=>3> >19T:BC, 28 <2, <0:A8<0;L=5 7=0G5==O 28B@0B8 2 45=L 1C45 AO30B8: 

Q = 196 ;/4 = 0,216 ;/E2. 

 

 8A.2.12. �@8=F8?>20 AE5<0 A8AB5<8 ?>;82C [43] 

 

�81V@ @>7<V@V2 B@C1>?@>2>4C (@8A.2.13): 

�;O 2A<>:BC20;L=>3> B@C1>?@>2>4C: l0=0,15@; 

�;O =0?V@=>3> B@C1>?@>2>4C: l1=0,30@; l2 = 0,35@; l 3 = 3,1@; l4 = 0,20@; l 5 = 0,20@; 

l6 = 6,8@; l7 = 6,8@; 

 

 8A.2.13. !E5<0 @>7<VI5==O B@C1>?@>2>4C 2 B5?;8FV 
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$>@<C;0 4;O @>7@0EC=:C 2=CB@VH=L>3> 4V0<5B@C B@C1>?@>2>4C 2 B5?;8FV 

[36]: þ= = 4,6 ;  :ýmax = ý= ,                                                  (2-6) 

45: 

 ýmax =  3 <0:A8<0;L=0 28B@0B0 =0 =0?V@=V9 ;V=VW, <3/3>4; 

 ý= 3 A5@54=O H284:VABL ?>B>:C @V48=8 =0 =0?V@=V9 ;V=VW, </ A. 

!5@54=N H284:VABL @V48=8 281@0=> C 70;56=>ABV 2V4 ?@87=0G5==O 

B@C1>?@>2>4C [43]: 

4;O 2A<>:BC20;L=8E V=1,2 </ A; 

4;O 7;82=8E V= 2 </ A; 

4;O =0?V@=8E V= 3...4 </A.   

�=CB@VH=V9 4V0<5B@ B@C1>?@>2>4V2 4;O 2A<>:BC20;L=>W ;V=VW 287=0G0TBLAO 

70 D>@<C;>N [36]: 

þ= = 4,6 ;  :ýmax = ý= =  4,6 ;  :0,00000361,2 = 0,0079 (<). 
�3V4=> �� �!"���� "C 8732-78 ?@89<0T<> d= = 8 <<. 

�=CB@VH=V9 4V0<5B@ B@C1>?@>2>4V2 4;O =0?V@=>W ;V=VW 287=0G0TBLAO 70 

D>@<C;>N: 

þ= = 4,6 ;  :ýmax = ý= =  4,6 ;  :0,00000363,1 = 0,0049 (<). 
�3V4=> �� �!"���� "C 8732-78 ?@89<0T<> dA = 5 <<. 

�0 ?@89=OB8< 4V0<5B@>< 287=0G5=> 4V9A=C H284:VABL @CEC @V48=8 2 

B@C1>?@>2>4V [36]:  

�0 2A<>:BC20;L=V9 ;V=VW: ý6 = 4 ç ý/ÿ ç þþ2 = 4 ç 0,00000363.14 ç 0.0082 = 0,071 <E . 
�0 =0?V@=V9 ;V=VW:  
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ý= = 4 ç ý/ÿ ç þþ2 = 4 ç 0,00000363.14 ç 0.0052 = 0,183 <E . 
�87=0G5==O 2B@0B ?> 4>268=V B@C1>?@>2>4C. �B@0B8 B8A:C =0 B5@BO [36]: 

T
pô  = (0,5òLüV2)/dB,                                                  (2-7) 

45: 

 ò  - 3CAB8=0, :3/<3 ; 

ü - :>5DVFVT=B B5@BO; 

 L- 4>268=0 4V;O=:8, <; 

 dF - 4V0<5B@ B@C18 01> H;0=3C, <; 

 V- A5@54=O H284:VABL @V48=8 </ A. 

�>5DVFVT=B B5@BO ü  70;568BL 2V4 @568<C @CEC @V48=8 9 287=0G0TBLAO ?> 

G8A;C  59=>;L4A0 [36]: 

Re = Vd/þ ,                                                (2-8) 

45: 

 V 3 H284:VABL ?>B>:C @V48=8, </ A; 

 d 3 2=CB@VH=V9 4V0<5B@ B@C1>?@>2>4C, <; 

þ - :V=5<0B8G=0 29O7:VABL @V48=8, <²/A.  

�@8 ;0<V=0@=><C @CAV @V48=8 ( Re < 2320).� >3;O4C =0 <>6;82>ABV 72C65==O 9 

A:@82;5==O ?5@5B8=C B@C18 ?@8 ?@0:B8G=8E @>7@0EC=:0E ?@89=OB>:   

ü  = 75 / Re.                                                  (2-9) 

�@8 BC@1C;5=B=><C @CAV ( Reó  2320) :>5DVFVT=B B5@BO ü  70;568BL 2V4 G8A;0 

 59=>;L4A0 9 2V4 2V4=>A=>W H>@AB:>ABV ABV=>: :0=0;C. !B0;52V B@C18 <0NBL 

H>@AB:VABL ô = 0,03<< [36].   

"  �@0E>20=> 2B@0B8 =0 3V4@02;VG=5 B5@BO =0 2A<>:BC20;L=V9 ;V=VW (l=0,35<) ýýÿ = 0,5ç1000ç0,35ç0,13ç0.07120,008 = 14 �0, 

45 G8A;>  59=>;L40 þÿ = 0,071ç8ç10231,004ç1026 = 565ü2320 - ;0<V=0@=89 @568< @CEC.  

�>5DVFVT=B 3V4@02;VG=>3> B5@BO 7 C@0EC20==O< <VAF52>3> >?>@C [36]: 

ü=
75565 = 0,13. 



73 

 

" �8@0ECT<> 2B@0B8 =0 3V4@02;VG=5 B5@BO =0 =0?V@=V9 ;V=VW (l = 17,75<).  ýýÿ = 0,5ç1000ç17,75ç0,08ç0,18320,005 = 4755 �0, 

45 :>5DVFVT=B  59=>;L40 þÿ = 0,183ç5ç10231,004ç1026 = 911ü2320- ;0<V=0@=89 @568< 

�>5DVFVT=B 3V4@02;VG=>3> B5@BO 7 C@0EC20==O< <VAF52>3> >?>@C: 

ü=
75911 = 0,08. 

 57C;LB0B8 @>7@0EC=:V2 =02545=V 2  B01;8FV 2.4 

 

"01;8FO 2.4. �B@0B8 30 3V4@02;VG=5 B5@BO 

�><5@ 

4V;O=:8 

L, 

� 

d, 

@@ 

Q, 

?/E6. 

V, 

@/E 

Re » 
&pô ,�4 

1 0,35 8 0,129 0,071 565 0,13 14 

2 17,75 5 0,129 0,183 911 0,08 4475 

 

�030;L=V 2B@0B8 =0 :>6=V9 A5:FVW @>7@0ECT<>, O: AC<C >:@5<8E 2B@0B, �0 [36]: ýýÿ = 14 + 4475 = 4489. 

�B@0B8 =0 <VAF528E >?>@0E. �B@0B8 =0 <VAF528E >?>@0E 287=0G8<> 70 D>@<C;>N 

[36]: 

M
pô  = 0,5òø ,                                            (2-10) 

45: ø - :>5DVFVT=B <VAF52>3> >?>@C.  

�VAF528<8 2B@0B0<8 =0 ;V=VW 2A<>:BC20==O T: 

" �EV4 C DV;LB@ ø  = 0,9. 

" �8EV4 7 DV;LB@C ø = 0,7. 

�B65 <0T<>: ýýý = (0,5 ç 1000 ç 0,9 ç 0,00712)  + (0,5 ç 1000 ç 0,7 ç 0,00712)  = 1 �0. 
�VAF528<8 2B@0B0<8 =0 ;V=VW =03=VB0==O T: 

" �EV4 C @>7?>4V;L=8: ø = 0,9. 

" �8EV4 7 @>7?>4V;L=8:0 ø = 0,7. 
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" "@V9=8: ø = 2,5 (4 HBC:8). 

"  54C:FV9=89 :;0?0= ø  = 2,2. 

"  53C;OB>@ 28B@0B8 ø  = 2. 

" �EV4 C DV;LB@ ø  = 0,9. 

" �8EV4 7 DV;LB@C ø  = 0,7. 

" �>;V=> 70:@C3;5=5 ø  = 0,15 (4 HBC:8). 

" �@>A5;L ø  = 2 (8 HBC:). 

�B@0B8 =0 @>7?>4V;L=8:C [36]: 

M
pô  = (0,5 ç 1000 ç 0,9 ç 0,1832) + (0,5 ç 1000 ç 0,7 ç 0,1832) = 27 �4. 

    �B@0B8 =0 B@V9=8:0E: 

M
pô  = (0,5 ç 1000 ç (2,5 ; 10) ; 0,1832) = 418 �4. 

    �B@0B8 =0 @54C:FV9=><C :;0?0=V: 

M
pô  = (0,5 ç 1000 ç 2,2 ç 0,1832) = 37 �4. 

          �B@0B8 =0 @53C;OB>@V 28B@0B8: 

M
pô  = (0,5 ç 1000 ç 2 ç 0,1832) = 33 �4. 

          �B@0B8 =0 DV;LB@V: 

M
pô  = (0,5 ç 1000 ç 0,9 ç 0,1832) + (0,5 ç 1000 ç 0,7 ç 0,1832) = 27 �4. 

"0: O: 2 A8AB5<V 2AB0=>2;5=> 420 DV;LB@8 AC<0@=0 2B@0B0 M
pô  = 54 �0. 

          �B@0B8 =0 :>;V=> 70:@C3;5=5: 

M
pô  = (0,5 ç 1000 ç (0,15 ; 4) ; 0,1832) = 10 �4. 

          �B@0B8 =0 4@>A5;V: 

Mpô  = (0,5 ç 1000 ç (2 ; 8) ; 0,1832) = 268 �4. 

�030;L=V 2B@0B8 =0 :>6=V9 A5:FVW @>7@0ECT<>, O: AC<C >:@5<8E 2B@0B: ýý� = 1 + 27 + 418 + 37 + 33 + 54 + 10 + 268 = 848 �4. 

 57C;LB0B8 @>7@0EC=:V2 =02545=V 2 B01;8FV 2.5 [36]: 
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"01;8FO 2.5. �B@0B8 =0 <VAF528E >?>@0E 

�84 >?>@C �V;L:VABL ¿ &D<, �0 
 

"@V9=8: 10 2,5 418  

DV;LB@ 3 1,6 55 
 

 >7?>4V;L=8: 1 1,6 27 
 

 54C:FV9=89 :;0?0= 1 2,2 37 
 

 53C;OB>@ 28B@0B8 1 2 33 
 

�>;V=> 70:@C3;5=5 4 0,15 10 
 

�@>A5;V 8 2 268 
 

 

 >7@0EC=>: 2B@0B =0 3V4@>0?0@0B0E. �;O @>7@0EC=:C 2B@0B 1C;> ?V4V1@0=> 1V;LHC 

G0AB8=C >1;04=0==O 3V4@>A8AB5<8 B0 27OB> 7=0G5==O 2B@0B 7 :0B0;>3V2 [43].  

" �B@0B8 =0 @>7?>4V;L=8:C Hunter PGV-100G-B [44]: 

� E0@0:B5@8AB8:8 @>7?>4V;L=8:0  ýý8 = 0,009 ��0.  

" �B@0B8 =0 @53C;OB>@V 28B@0B8  ��-102 [45]: 

� E0@0:B5@8AB8:8 @53C;OB>@0 28B@0B8  ýý8 = 0,03 ��0. 

" �B@0B8 =0 DV;LB@V Saleplas 1 [46]: 

� E0@0:B5@8AB8:8 DV;LB@0  ýý8 = 0,001 ��0, B0: O: 2 A8AB5<V 2AB0=>2;5=> 420 

DV;LB@8 7030;L=89 ýý8 = 0,002 ��0. 

�030;L=V 2B@0B8 =0 3V4@>0?0@0B0E 2 A8AB5<V :@0?;8==>3> ?>;82C: ýý8 = 0,009 + 0,03 + 0,002 = 0,041 ��4. 

�030;L=V 2B@0B8 2AVTW 3V4@>A8AB5<8: ýD = 0,004489 + 0,000848 + 0,041 = 0,046 ��4. 

 

�V41V@ 3V4@02;VG=>3> >1;04=0==O  

" �V4V1@0=> =0A>A=89 03@530B  Comet MP30 ( 8A 2.14), B5E=VG=V 

E0@0:B5@8AB8:8 =02545=V 2 B01;8FV 2.6:  

 



76 

 

"01;8FO 2.6. %0@0:B5@8AB8:0 =0A>A0 

�15@B8 
5;5:B@>4283C=0 

>1/E2 

�8B@0B0 (Q 

;/E2) ?@8 
B8A:C p = 0 

10@ 

�8B@0B0 (Q 

;/E2) ?@8 
B8A:C p = 10 

10@ 

�8B@0B0 (Q 

;/E2) ?@8 
B8A:C p = 20 

10@ 

�8B@0B0 (Q 

;/E2) ?@8 
B8A:C p = 30 

10@ 

400 23,3 21,4 21,3 21,2 

450 26,3 24,2 24 23,8 

500 29,3 26,9 26,6 26,4 

550 32 29,4 29,2 29,2 

 

 8A.2.14. �0A>A=89 03@530B  Comet MP30 [47] 

"  54C:B>@ B8A:C goetze-481 ( 8A 2.15): 

 

 8A.2.15  54C:B>@ B8A:C goetze-481  [48] 

 

%0@0:B5@8AB8:0 @54C:B>@0 B8A:C ( 8A 2.16): 
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 8A.2.16 %0@0:B5@8AB8:0 @54C:B>@0 B8A:C goetze-481 

 54C:B>@ B8A:C «goetze-481» ?V4E>48BL 4;O A8AB5<8 72>;>65==O ?>2VB@O B0 

4;O :@0?;8==>3> ?>;82C [43]. 

"  53C;OB>@ 28B@0B8  ��-102 ( 8A 2.17): 

 

 

 8A.2.17  53C;OB>@ 28B@0B8  ��-102  [45] 

 

%0@0:B5@8AB8:0 @53C;OB>@0 28B@0B8: C<>2=89 ?@>EV4, <<: 10; <V=V<0;L=> 

4>?CAB8<0 @V7=8FO <V6 B8A:0<8 =0 2E>4V B0 28E>4V: 

1. ?@8 28B@0BV 0,1 ;/E2, ��0: 0,3. 

2. ?@8 28B@0BV 0,1 ;/E2 4> 20 ;/E2, ��0: 0,5. 

3. ?@8 28B@0BV 28I5 20 ;/E2, ��0: 1,0. 

�5@5?04 B8A:C ?@8 ?@>E>465==V =><V=0;L=>W 28B@0B8 G5@57 72>@>B=V9 :;0?0=, 

��0, =5 1V;LH5: 0,6. 

 53C;OB>@ 28B@0B8  ��-102 ?V4E>48BL 4;O A8AB5<8 72>;>65==O ?>2VB@O B0 

4;O :@0?;8==>3> ?>;82C [43]. 
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" $V;LB@ ?@><82=89 Resideo (Honeywell) FF06-1/2AA DN15 4;O A8AB5<8 

72>;>65==O ?>2VB@O ( 8A 2.18) 

 8A.2.18 $V;LB@ ?@><82=89 Resideo (Honeywell) FF06-1/2AA DN15 4;O A8AB5<8 

72>;>65==O ?>2VB@O [49] 

 

%0@0:B5@8AB8:0 DV;LB@0: 

"8? 7'T4=0=L: 7>2=VH=V @V7L1>2V. 

�>=B06=5 ?>;>65==O DV;LB@C: 2AB0=>2;NTBLAO =0 3>@87>=B0;L=><C 

B@C1>?@>2>4V G0H5N 2=87. 

 >7<V@ :><V@:8 DV;LB@C: 100 <:<. 

�@8T4=C20;L=89 @>7<V@: ½" (DN15). 

�@>4C:B82=VABL: 1,5 <3/3>4. 

 >1>G89 B8A:: 16 10@. 

�010@8B=V @>7<V@8 (�x�): 140E158 <<. 

�030: 0,7:3. 

" $V;LB@ 4;O :@0?;8==>3> ?>;82C Saleplas 1 ( 8A 2.19): 

 8A.2.19 $V;LB@ 4;O :@0?;8==>3> ?>;82C Saleplas 1  [46] 

%0@0:B5@8AB8:0 DV;LB@0: 



79 

 

�5@5?04 B8A:C =0 G8AB><C DV;LB@V, 10@ 0.1. 

�;>I0 DV;LB@CNG>W ?>25@E=V, A<2 180. 

�@>4C:B82=VABL, <3/3>4 4> 6. 

 5:><5=4>20=0 ?@><82:0 ?@8 ?5@5?04V, 10@ 0.7 - 0.8.  

!BC?V=L DV;LB@0FVW, <:< 130.  

"8A: 2EV4=>W 2>48, 10@ 4> 8.  

� A8AB5<V :@0?;8==>3> ?>;82C 70AB>A>2CTBLAO 420 B0:8E DV;LB@8.  

"  >7?>4V;L=8: 4;O A8AB5<8 :@0?;8==>3> ?>;82C Hunter PGV-100G-B ( 8A 

2.20)  

 8A.2.20  >7?>4V;L=8: 4;O A8AB5<8 :@0?;8==>3> ?>;82C Hunter PGV-100G-B 

[50] 

 

�V0<5B@: 1" �  E 1" � . 

�@>?CA:=0 740B=VABL: 0,05 - 9 <3/3>4 (0,7 - 150 ;/E2). 

 5:><5=4>20=89 B8A:: 1,5 - 10 10@. 

 

"  >7?>4V;L=8: 4;O A8AB5<8 72>;>65==O ?>2VB@O ODE 21W4ZV250 ( 8A 2.21) 
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 8A.2.21  >7?>4V;L=8: 4;O A8AB5<8 72>;>65==O ?>2VB@O ODE 21W4ZV250  [51] 

" �V4@02;VG=89 70<>: Runxin RX pl 4;O A8AB5<8 72>;>65==O ?>2VB@O ( 8A 

2.22) [15] 

 

 8A.2.22. �V4@02;VG=89 70<>: Runxin RX pl 4;O A8AB5<8 72>;>65==O 

?>2VB@O 

 

%0@0:B5@8AB8:0 3V4@02;VG=>3> 70<:0: 

�V0<5B@ :@0=0: ¾. 

�><V=0;L=89 B8A:: 10 10@. 

'0A A?@0FN20==O: 3 A5:. 

" $>@AC=:0 BC<0=>CB2>@5==O 

 �0 @8AC=:C 2.23 ?>:070=0 D>@AC=:0 UM50M. 
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 8A.2.23. $>@AC=:0 A8AB5<8 BC<0=>CB2>@5==O [52] 

%0@0:B5@8AB8:0 D>@AC=:8: 

�8B@0B0: 2-6 ;/E2. 

"8A:: 2V4 3 4> 80 10@. 

�CB @>7?8;5==O: 85 - 100°. 

�0B5@V0;: =5@602VNG0 AB0;L. 

�1C4>20=89 72>@>B=V9 :;0?0= 4;O 70?>1V30==O 28B>: @V48=8. 

 

2.7. �030;L=C AB@C:BC@0 B0 :><?9NB5@=0 <>45;L B5?;8G=>3> >19T:B0 
 

�@>0=0;V7C202H8 @>1>BC B0 AB@C:BC@C ?V4A8AB5< 040?B82=>W A8AB5<8 

<V:@>:;V<0BC B5?;8FV 1C;> @>7@>1;5=> 7030;L=C AB@C:BC@C >19T:B0 B0 3-D <>45;L 

B5?;8FV 7 >A=>2=8<8 V=65=5@=8<8 A8AB5<0<8 (@8A.2.24) [53]. 

 



82 

 

 8A.2.24. �030;L=0 AB@C:BC@0 B5?;8FV 

 

�8A=>2:8 ?> @>74V;C 

 

"  >73;O=CB> 7030;L=C AB@C:BC@C B5?;8FV. 
"  >7@>1;5=> ?V4AB@C:BC@8 ?=52<>-3V4@02;VG=>W <5E0B@>==>W A8AB5<8 (A8AB5<8 

25=B8;OFVW B0 @5F8@:C;OFVW, ?@>2VB@N20==O 2V:>=, >1V3@V2C, ?>;82C B0 
72>;>65==O).  

"  >7@0E>20=> A8AB5<8 25=B8;OFVW B0 ?@>2VB@N20==O 2V:>=. �V4V1@0=> 
25=B8;OB>@ =0 1400 <3/3>4, �& 10-28, B0 287=0G5=> <0:A8<0;L=89 :@CB=89 
<><5=B 4;O ?V41>@C ?@82>40 2V4:@8BBO 2V:>= ?@>2VB@N20==O. �V4V1@0=> 
?=52<0B8G=89 F8;V=4@ FESTO CRHD-32 B0 @>7?>4V;L=89 :;0?0= VUVS-25-

S. 

"  >7@0E>20=> =5>1EV4=C :V;L:VABL B5?;0 4;O >1V3@V2C B5?;8FV B0 ?V4V1@0=> 
>1;04=0==O: =03@V20G =0 6,0 :�B, �� 400x200-6,0-3. 

"  >7@0E>20=> B0 ?V4V1@0=> :V;L:VABL D>@AC=>: A8AB5<8 BC<0=>CB2>@8==O 4;O 
?V4B@8<0==O AB0;>3> @V2=O 2>;>3>ABV 2 A5@548=V B5?;8FV B0 3V4@>0?0@0BC@C 4;O 
A8AB5<8 ?>;82C. 

"  >7@>1;5=> 7030;L=C AB@C:BC@C >19T:BC 4>A;V465==O. 
 



$"���� 3. ����+� &� �� "�� �" #!�� "-���$����+!"� 
 �)�&$"!!"� %�%&� � ��$'��!!/  ��$"��� �&"  

&�#��*� 

 

3.1. (V78>0 F5C?B-@0EBB1@VAA8E CDBF5EV2 2 E5D548AV F5C?8GAB3B B19T>F0 

 

�A96@B-7V8D46?VKA4 @9I4FDBAA4 E<EF9@4 @4T ;459;C9KG64F< 54?4AE C96A<I 

C4D4@9FDV6 @V>DB>?V@4FG L?OIB@ >9DG64AAO CD<6B84@< 6V>BA CDB6VFDN64AAO F4 

;4LFBDN64AAO, CD<6B84@< ;4E?VAB> CB6VFDBCDB6B8V6, ;4EB54@< ;6B?B:9AAO, 

69AF<?OFBDB@ F4 A47DV64K4@< V CB6<AA4 CV8FD<@G64F< EF4?<= F9@C9D4FGDA<= 

D9:<@ 6 E9D98<AV F9C?<JV  A9;4?9:AB 6V8 6C?<6G ;B6AVLAVI H4>FBDV6.  

�?O DB;DB5>< E<EF9@< V 4?7BD<F@G >9DG64AAO A9B5IV8AB @4F< ;4?9:ABEFV 

;@VA F9C?B6B7B B5@VAG @V: F9C?<J9N F4 BFBKGNK<@ CB6VFDOA<@ F4 DV8<AA<@ 

E9D98B6<M9@, F4 VAL<I C4D4@9FDV6 G K4EV, F4 ; 6D4IG64AAO@ CDB7AB;B64A<I ;@VA 

C4D4@9FDV6 BFBKGNKB7B E9D98B6<M4. &9 8B;6B?<FL 6<;A4K<F< 8B84F>B6G F9C?B6G 

CBFG:AVEFL F4 A4CDO@ EF45V?V;4JV=AB7B F9C?B6B7B CBFB>G, F4 6V8I<?9AAO VAL<I 

C4D4@9FDV6 8?O ;59D9:9AAO @V>DB>?V@4FG 6 F9C?<JV. 

�4 C9DLB@G 9F4CV 5G?B CDB6989AB 4A4?V; HV;<KA<I CDBJ9EV6, MB 

6V85G64NFLEO 6 E9D98<AV F9C?<JV, ; @9FBN 6<;A4K9AAO 6<@B7 8B @4F9@4F<KABW  

@B89?V B59T>FG >9DG64AAO.  

"9BD9F<KA9 B5�DGAFG64AAO F9C?B-@4EBB5@VAA<I CDBJ9EV6 6 F9C?<JV 

54;GTFLEO A4 54?4AEV F9C?B6<I CBFB>V6 CB6VFDO ; 6D4IG64AAO@ >BA69>JV=A<I 

CBFB>V6 F4 6C?<6G E<EF9@< CB6VFDBCDB6B8V6.  V6AOAAO F9C?B6B7B 54?4AEG 9A9D7VW, 

MB 6C?<64T A4 ;@VAG F9@C9D4FGD< CB6VFDO 6E9D98<AV F9C?<JV @4T 6<7?O8 [32]: ý 7 ý 7 ÿB5?? 7 þÿ(ý)þý = �=44E 2 (�6B@4B< + �A6V6),                      (3-1) 

89: 

V 3 B59T@ CB6VFDO, @3;  

CF9C? 3 C<FB@4 F9C?BT@AVEFL CB6VFDO, >�:/>7*p!;  

T(t) 3 F9@C9D4FGD4 CB6VFDO 6E9D98<AV F9C?<JV, p!;  �=44E3 F9C?B6V A48IB8:9AAO 6V8 E<EF9@< B5V7DV6G >�F;  



�6B@4B<3 6FD4F< F9C?BF< >�F;  �A6V63 6FD4F< F9C?BF< A4 B5V7DV6 E6V:B7B CB6VFDO, >�F.  

"4> O> 6 DV6AOAAO F9C?B6B7B 54?4AEG 6IB8OFL F9C?B64 9A9D7VO E<EF9@< 

B5V7DV6G, 6FD4F< F9C?BF< K9D9; CB69DIAN F9C?<JV F4 6FD4F< F9C?BF< A4 B5V7DV6 

E6V:B7B CB6VFDO 5G?B DB;7?OAGFB >B:AG E>?48B6G B>D9@B.  

"9C?B64 9A9D7VO E<EF9@< B5V7DV6G BC<EGTFLEO:  

( * ( )?>AB B5?? B5?? ?>G >V=Q G % & &= 2 2                        (3-2) 

89: 

 þB5?? 3 6<FD4F< F9C?BABEVO, >�F; 

 ÿ?>G, &>V= 3 F9@C9D4FGD4 F9C?BABEVO A4 6IB8V V 6<IB8V F9C?BB5@VAA<>4, p!;  ÿ?>G 2 &>V=3 DV;A<JO F9@C9D4FGD A4 6IB8V V 6<IB8V ; F9C?BB5@VAA<>4, p!.  

 

"9C?B6V 6FD4F< K9D9; >BAEFDG>JVN F9C?<JV ; CB?V>4D5BA4FG ; 6D4IG64AAO@ 

DB;@VDV6 F9C?<JV 6<;A4K4T ;4?9:AVEFL [32,54,55]: 

* *( )>7>@ 6 =Q k F & &= 2õ   ,                                         (3-3) 

89: 

 k 3 >B9HVJVTAF F9C?BC9D984KV CB?V>4D5BA4FG, �:/@2;  

F 3 C?BM4 B7BDB:V, @2;  ÿ6 2 &=3 C9D9C48 F9@C9D4FGD< CB6VFDO, p!; &=3 F9@C9D4FGD4 CB6VFDO ;B6AVLAO, p!. 

 

 

 



 

 <E. 3.1. �B6AVLAV= 6<7?O8 @B89?V F9C?<KAB7B B59T>F4  

 

�<;A4K9AAO >B9HVJVTAFG F9C?BC9D984KV @V: A4>D<FFO@ V 6AGFDVLAV@ 

CB6VFDO@ F9C?<JV. !9D98AO L6<8>VEFL DGIG CB6VFDO, u, 6E9D98<AV F9C?<JV, O>4 

6<>BD<EFB6G64?4EO 6 JLB@G 4A4?V;V (D<E. 3.1), 5G?4 BJVA9A4 CD<5?<;AB A4 DV6AV 0,1 

@/E, MB 6V8CB6V84T 6<@B74@ 8B 6989AAO F9C?<KAB7B 7BECB84DEF64. "B@G 5G?B 

DB;7?OAGFB >D<F9DV= �BAF9=F4 [4,7], O><= C9D9854K4T, MB K<EF4 6V?LA4 >BA69>JVO 

@4T @VEJ9, O>MB Gr/Re2 > 16 (Gr - K<E?B �D4LBH4), K<EF4 6<@GL9A4 >BA69>JVO @4T 

@VEJ9, O>MB Gr/Re2 < 0.1 V ;@VL4A4 >BA69>JVO @4T @VEJ9, O>MB 0.1 <Gr/Re2 < 16. 

�4EFBEG64AAO J<I >D<F9DVW6 8B F9C?<JV (D<E. 3.1), 6<>BD<EFB6GNK< DV;AV ;A4K9AAO 

DV;A<JV (Tc -Ta) CD<;6B8<FL 8B FB7B, MB CD< (Tc - Ta) < 7 °C @4T @VEJ9 @9I4AV;@ 

;@VL4ABW >BA69>JVW 6E9D98<AV F9C?<JV. �V8CB6V8A9 ECV66V8ABL9AAO A46989A9 6 

DB5BFV [54,32] 8?O BJVA>< >B9HVJVTAFG F9C?BC9D984KV (A4 BEAB6V @9I4AV;@G 

;@VL4ABW >BA69>JVW) 6 89AA<= K4E @4T 6<7?O8: 
0.3

1,95*( ) ,

( ) 11,1

c am c am

c am

h T T

T T C

2 = 2

2 ó
                        

(3-4) 

 

89: 

 hc-am 3 >B9HVJVTAF F9C?BC9D984KV @V: CB>D<FFO@ F9C?<JV F4 6AGFDVLAV@ CB6VFDO@ 

F9C?<JV. 

 V6AOAAO (3-4) ECD4698?<69 8?O (Tc -Ta), CDBF9 A9 5G?B ;A4=89AB :B8AB7B 

ECV66V8ABL9AAO, O>9 5 6<D4:4?B J9= >B9HVJVTAF 6 89AA<= K4E 8?O DV;A<JV 

F9@C9D4FGD, MB C9D96<MGT 11,1 °C. 

�<;A4K9AAO >B9HVJVTAFG F9C?BC9D984KV @V: CV8?B7BN V 6AGFDVLAV@ 

CB6VFDO@ F9C?<JV. �?O BJVA>< >B9HVJVTAF4 F9C?BC9D984KV 5G?< 6<>BD<EF4AV DV;AV 



ECV66V8ABL9AAO [32, 54]. �EV JV ECV66V8ABL9AAO 54;GNFLEO A4 6V?LAB@G 45B 

6<@GL9AB@G >BA69>JV=AB@G @9I4AV;@V F9C?BB5@VAG @V: CV8?B7BN F9C?<JV V 

6AGFDVLAV@ CB6VFDO@.  B;7?OAGFB ;4?9:AVEFL, O>4 DB;7?O84T ;@VL4A<= 

>BA69>JV=A<= @9I4AV;@ F9C?BC9D984KV 8?O BJVA>< >B9HVJVTAFG A4EFGCA<@ K<AB@: 

0.33 0.5
1,52*( ) 5,2( )

s a s a

u
h T T

L

2

2 = 2 + , 
(3-5) 

 

89: 

 hs-a 3 >B9HVJVTAF F9C?BC9D984KV @V: �DGAFB@ F4 6AGFDVLAV@ CB6VFDO@ F9C?<JV;  

"s 3 F9@C9D4FGD4 CB69DIAV �DGAFG, °C; 

  k - E9D98AO L6<8>VEFL DGIG CB6VFDO 6E9D98<AV F9C?<JV, @/E; 

 L - I4D4>F9DA4 8B6:<A4 CV8?B7< F9C?<JV (L = 7 @). 

�BA69>F<6A<= F9C?BB5@VA @V: CB>D<FFO@ F9C?<JV V ;B6AVLAV@ CB6VFDOA<@ 

F4 DV8<AA<@ E9D98B6<M9@, (Qc-Qam), V @V: CB69DIA9N CV8?B7< V 6AGFDVLAV@ 

CB6VFDO@, (Qs-Qa) 6<;A4K4NFLEO 6V8CB6V8AB 8B DV;A<JV F9@C9D4FGD, C?BM 

CB69DIBAL F4 6V8CB6V8A<I >B9HVJVTAFV6 F9C?B6V884KV, DB;D4IB64A<I ;4 8BCB@B7BN 

DV6AOAL 1-3, 6V8CB6V8AB.  

"9C?B6V884K4, CB6'O;4A4 ; 6<FB>4@< VAHV?LFDB64AB7B CB6VFDO, Qinf, 

6<;A4K4TFLEO ;4 HBD@G?BN [54]: 

inf inf

( )
2 * ( )

3600

p a

g a am

C
Q V N T T

ò
= 2 ,   

     (3-6) 

 

89: 

 Vg 3 B59T@ F9C?<JV, @3; 

 Ninf - >V?L>VEFL ;@VA VAHV?LFDB64AB7B CB6VFDO ;4 7B8<AG; 

!D -  CBCD46BKA<= >B9HVJVTAF.  

�B9HVJVTAF 2 6>?NK9A<= FB@G, MB VAHV?LFDB64A9 CB6VFDO 6<IB8<FL ; F9C?<JV CD< 

E9D98AV= F9@C9D4FGDV (Ta + Tam)/2. "4><@ K<AB@, >B9HVJVTAF F9C?BC9D984KV, 

CB6'O;4A<= ; VAHV?LFD4JV=A<@ CB6VFDO@, hinf, 6<;A4K4TFLEO ;4 HBD@G?BN: 

inf

*( )

600

g p a

c

V C
h

A

ò
= , (3-7) 

 

89: 



 hinf 3 >B9HVJVTAF F9C?BC9D984KV, �F/@2�;  

�E 3 C?BM4 CB69DIAV F9C?<KAB7B CB>D<FFO, @2. 

�?4EF<6BEFV CB6VFDO F9C?<JV 664:4NFLEO 9>6V64?9AFA<@< 6?4EF<6BEFO@ 

EGIB7B CB6VFDO V 6B8OABW C4D<. '<EF<= B5@VA F9C?B6<@ 6<CDB@VAN64AAO@ @V: 

CB>D<FFO@ F9C?<JV ; 6<CDB@VAN64?LABN ;84FAVEFN "4m V F9@C9D4FGDBN Tc @B:9 

5GF< 6<D4:9A<= O> [54]: 

4 4
( )

( ),

c sky c c c sky c sky

c r c am

q A F T T

A h T T

õ ó2 2= 2 2 =

= 2
 

(3-8) 

 

89: 

 qc-sky - >B9HVJVTAF B7?O8G @V: CB>D<FFO@ V ;B6AVLAV@ CB6VFDOA<@ F4 DV8<AA<@ 

E9D98B6<M9@ (CD<CGE>4NK<, MB qc-sky=1 8?O B8ABCDB?VFABW F9C?<JV); 

 [E - CB69DIA969 6<CDB@VAN64AAO; 

 Fc-sky 3 >B9HVJVTAF B7?O8G @V: CB>D<FFO@ F4 A95B@; 

 Ã - CBEFV=A4 !F9H4A4-�B?LJ@4A4; 

 hr 3 >B9HVJVTAF D48V4JV=ABW F9C?BC9D984KV, @2*�/�F. 

�?O 6<C48>G, >B?< Tam 8BDV6ANT Tsky, >B9HVJVTAF D48V4JV=ABW F9C?B6V884KV 

hr 6<;A4K4TFLEO ;4 HBD@G?BN [54]: 

2 2
( )( ),

r c c sky c sky
h T T T Tõ ó= 2 +  (3-9) 

�<;A4K9AAO ;474?LAB7B >B9HVJVTAFG F9C?BC9D984KV. �CVD F9C?BC9D984KV @V: 

6AGFDVLALBN F4 ;B6AVLALBN EFBDBA4@< F9C?<JV (D<E. 3.2 4) 6>?NK4T 6 E959 C'OFL 

>B@CBA9AFV6 [54]: (1) BCVD F9C?B6B@G 6<CDB@VAN64AAN r1 (=1/7B8) @V: 

;B6AVLALBN CB69DIA9N CB>D<FFO V A95B@, (2) >BA69>F<6A<= BCVD r2 (=1/hc-am) @V: 

;B6AVLALBN CB69DIA9N CB>D<FFO V A46>B?<LAV@ CB6VFDO@, (3) >BA69>F<6A<= BCVD 

r3 (=1/hc-a) @V: 6AGFDVLALBN CB69DIA9N CB>D<FFO V CB6VFDO@ F9C?<JV, (4) BCVD 

VAHV?LFDB64AB7B CB6VFDO r4 (=1/hinf) @V: 6AGFDVLAV@ V ;B6AVLAV@ CB6VFDO@ V (5) 

CDB6V8A<= BCVD r5 (=dc/kc) K9D9; FB6M<AG CB>D<FFO. "9@C9D4FGD< 6AGFDVLALBW F4 

;B6AVLALBW CB69DIAV >D<L>< (Tci V Tco) @4=:9 B8A4>B6V, V 5G?B 6D4IB64AB 

9>6V64?9AFAG F9@C9D4FGDG >D<L>< Tc. "4><@ K<AB@, BCVD dc/kc (r5) @B:A4 

;A9IFG64F< (FB5FB A9IFG64F< 7D48VTAFB@ F9@C9D4FGD< CB FB6M<AV CB>D<FFO) 59; 

5G8L-O>BW ;A4KABW CBI<5>< G 6<;A4K9AAV U.  



�'T8A4AAO F9D@BBCBDV6 G 6<7?O8V ;VD><, CB>4;4A9 A4 D<E. 3.24, 5G?B 

C9D9F6BD9AB A4 ;'T8A4AAO FD<>GFA<>B@ ; 9>6V64?9AFA<@< FDLB@4 BCBD4@<, 

;'T8A4A<@< C4D4?9?LAB @V: 6AGFDVLAV@ V ;B6AVLAV@ F9@C9D4FGDA<@< 

CBF9AJV4?4@< (Ta V Tam), O> CB>4;4AB A4 D<E. 3.25 [54].  

�V8CB6V8AB 8B 9?9>FD<KABW 4A4?B7VW F9C?B6BW @9D9:V, D<E. 3.25, ;474?LA<= 

>B9HVJVTAF F9C?BC9D984KV ;484TFLEO HBD@G?BN: 

 

1 3 5 1 2
1 2 3 5

2 3 5

2 3 5 4
2 3 5

1

1

( )
(2

( )

1 1
,

( )
(

U
r r r r r

r r r r
r r r

r r r r
r r r

r

= +
+

+ + + + +
+

+ +
+

+ + +

 
(3-10) 

 

89: 

 U 3 ;474?LA<= >B9HVJVTAF F9C?BC9D984KV, �:/@2; 

 r 3 F9D@VKA<= BCVD, @²·�/�F. 

 

 

 <E. 3.2. �?9>FD<KA4 4A4?B7VO ; BCBD4@< F9C?B6BW @9D9:V 8?O C9D984KV 
F9C?4 @V: 6AGFDVLAV@ CB6VFDO@ F9C?<JV F4 ;B6AVLAV@ CB6VFDOA<@ F4 
DV8<AA<@ A46>B?<LAV@ E9D98B6<M9@. (a) - H4>F<KAV BCBD< @9D9:V, (5) 
- 9>6V64?9AFAV C9D9F6BD9AV BCBD<. [54] 

 



!F4JVBA4DA<= 9A9D79F<KA<= 54?4AE 5G6 ;4EFBEB64A<= 8B CB>D<FFO F9C?<JV 

F4 CB69DIAV @G?LKB64AB7B �DGAFG, 6V8CB6V8AB, A4EFGCA<@ K<AB@ [54]: 

4

0.0,

0.0,

a CE SE skyE c c c

c a

n n s a

S R R R q T

Q

S q Q D

þ õ ó2

2

2

+ + + + 2 2

2 =

+ 2 2 =

 (3-11) 

89: 

 Sa - EBAOKA9 6<CDB@VAN64AAO, CB7?<A9A9 CB>D<FFO@, �F; 

 R 3 6V85<FFO F9C?B6B7B 6<CDB@VAN64AAO; 

 qv-c - K<EF<= B5@VA F9C?B6<@ 6<CDB@VAN64AAO@ @V: 6B8OABN C4DBN F4 

CB>D<FFO@, �F; 

 Qc-a 3 >BA69>F<6A<= F9C?B6<= CBFV> 6V8 CB>D<FFO 8B 6AGFDVLALB7B CB6VFDO, �F; 

 Sn - K<EF<= CBFV> EBAOKABW D48V4JVW A4 CB69DIAV �DGAFG, �F; 

 qn - K<EF<= CBFV> F9C?B6B7B 6<CDB@VAN64AAO A4 CB69DIAV �DGAFG, �F; 

 Qs-a - >BA69>F<6A<= F9C?B6<= CBFV> 6V8 CB69DIAV �DGAFG 8B 6AGFDVLALB7B CB6VFDO, 

�F; 

 D - EFDG@BCDB6V8A<= CBFV> 6 7?<5<AG �DGAFG, MB 6<;A4K4TFLEO ;4 HBD@G?BN: 

,s
s s

T T
D A

H
ü õ2

=  
(3-12) 

 

89: 

 ÿs - >B9HVJVTAF F9C?BCDB6V8ABEFV �DGAFG, @2*�/�F; 

T> - F9@C9D4FGD4 �DGAFG A4 C96AV= 7?<5<AV H (@), A4 O>G A9 6C?<64T ;@VA4 G@B6 G 

F9C?<JV, °C.  

"4> O> @4=:9 6EO K4EF<A4 F9C?BB5@VAG ; A46>B?<LAV@ CB6VFDOA<@ F4 

DV8<AA<@ E9D98B6<M9@ 6V85G64TFLEO K9D9; EFVA>< B7BDB8:G64?LABW >BAEFDG>JVW 

A9B5IV8AB 6D4IB6G64F< 8B84F>B6<= F9C?BB5@VA @V: 6B8OABN C4DBN F4 CB>D<FFO@ 

F9C?<JV. �9F4?LAB DB;7?OAGFB B5@VA F9C?B6<@ 6<CDB@VAN64AAO@ @V: 6B8OABN 

C4DBN F4 CB>D<FFO@. "9@C9D4FGD4 >D4C?V BAB6?NTFLEO 6V8CB6V8AB 8B F9C?B6B7B 

54?4AEG, O><= CB6'O;GT 6V8KGFAG ;@VAG F9C?4 6 >D4C?V ; >BA69>F<6A<@ V 

CD<IB64A<@ F9C?BB5@VAB@ @V: >D4C?O@< V EGJV?LABN H4;BN [55,56]:  mpcp dTpdt = hAp(T> 2 Tp) + dmpdt hfg + Ap[pÃ(»R4 2 Tp4)                        (3-13) 



89: 

cp - F9C?BT@AVEFL >D4C?V, �:/>7*�; 

 Tp - F9@C9D4FGD4 >D4C?V, K; 

 h - >B9HVJVTAF >BA69>F<6AB7B F9C?BB5@VAG, �F/@2/K; 

 T> - F9@C9D4FGD4 EGJV?LABW H4;<, K; 

 dmp=dt - L6<8>VEFL 6<C4DB6G64AAO, >7/E·@2; 

 hfg - CD<IB64A4 F9C?BF4, �: >721; 

 [p - 6<CDB@VAN64?LA4 ;84FAVEFL K4EF<AB>, 59;DB;@VDA4. 

(6<8>VEFL 6<C4DB6G64AAO 6<;A4K4TFLEO 7D48VTAFABN 8<HG;VTN, CD<KB@G 

CBFV> >D4C?<AABW C4D< 6 74;B6G H4;G CB6'O;4A<= ; 7D48VTAFB@ >BAJ9AFD4JVW C4D< 

@V: CB69DIA9N >D4C?V F4 CB6VFDO@ [55,56]: Ni2 = kc(Ci2,s 2 Ci2,>)                                                    (3-14) 

89: 

N - @B?ODA<= CBFV> C4D<, @B?L@-2 E-1; 

 kc - >B9HVJVTAF @4EBC9D984KV, @ E-1 ;  

Ci,s - >BAJ9AFD4JVO C4D< A4 CB69DIAV >D4C?V, @B?L@-3; 

 Ci,> - >BAJ9AFD4JVO C4D< 6 CB6VFDV, @B?L @-3. 

�BAJ9AFD4JVN C4D< A4 CB69DIAV >D4C?V BJVANNFL, CD<CGE>4NK<, MB 

C4DJV4?LA<= F<E> C4D< A4 @9:V DB;8V?G H4; 8BDV6ANT F<E>G A4E<K9ABW C4D< Psat 

CD< F9@C9D4FGDV >D4C?V, T [55,56]: Ci2,s = Psat(T)RT                                                              (3-15)  

89: 

 R - GAV69DE4?LA4 74;B64 EF4?4.  

�BAJ9AFD4JVO C4D< 6 CB6VFDV 6V8B@4 ; DB;6'O;>G DV6AOAAO C9D9ABEG 8?O 6<8G 

i  DB;D4IGA>V6 @4EBC9D9ABEG [55,56]: Ci2,> = Xi2 PopRT>                                                           (3-16) 

89: 

X - @VEJ964 B5'T@A4 @B?LA4 K4EF>4 6<8G i; 

 Pop - DB5BK<= F<E>, �4;  



T> - @VEJ964 F9@C9D4FGD4 CB6VFDO, °C.  

�<;A4K9AAO F9C?B6<I 6<FD4F A4 B5V7DV6 CD<C?<6AB7B CB6VFDO 6<>BA4AB ;4 

;4?9:AVEFN: 

* ( )A6V6 A6V6 ?>6 6 =Q G % & &= 2  ,                                    (3-17) 

89: þA6V6- 6<FD4F4 E6V:B7B CB6VFDO 8?O 69AF<?OJVW F9C?<JV, >7/E; %?>6 - C<FB@4 F9C?BT@AVEFL CB6VFDO, �:/>7·7D48; 

�VE?O DB;7?O8G DV6AOAAO F9C?B6B7B 54?4AEG 5G?B DB;7?OAGFB 49DB8<A4@VKAV 

CDBJ9E< CB DV6AOAAO@ �469T-!FB>E4: 
2 2 2

2 2 2
*[ ] ( )x x x x x x x

t x y z x

dW dW dW dW d W d W d Wdp
gx

d d d d d dx dy dz
ò ò ý+ + + = 2 + + +

                              (3-18) 

2 2 2

2 2 2
*[ ] ( )

y y y y y y y

t x y z y

dW dW dW dW d W d W d Wdp
gy

d d d d d dx dy dz
ò ò ý+ + + = 2 + + +                               (3-19) 

2 2 2

2 2 2
*[ ] ( )z z z z z z z

t x y z z

dW dW dW dW d W d W d Wdp
gz

d d d d d dx dy dz
ò ò ý+ + + = 2 + + +                             (3-20) 

89: 

Ã( þÿÿþ� + þÿÿþ� + þÿÿþ� )3 >BA69>F<6A<= K?9A;  

gxò  3 7D46VF4JV=A<= K?9A; þýþ�3 - ;@VA4 F<E>G 6 CBFBJV; 

¿( þ2ÿÿþ�2 + + þ2ÿÿþ�2 + þ2ÿÿþ�2  )38<E<C4F<6A<= K?9A; 
g3 CD<E>BD9AAO 6V?LAB7B C48VAAO;  ý3 8<A4@VKA4 69O;>VEFL E9D98B6<M4;  

P 3 F<E>, �4; 

 þ�þ�þ�3 69>FBDA9 CB?9 L6<8>BEF9=; 

 t 3 K4E, 7B8. 

�?O K<E9?LAB7B DB;D4IGA>G DGIG CB6VFDO ;4 DV6AOAAO@ �469T-!FB>E4 5G?B 

8B84AB DV6AOAAO A9DB;D<6ABEFV 8?O EF<E?<6B7B E9D98B6<M4: 
( )( ) ( )

0
yx z

d Wd W d Wdp

dt dx dy dz

òò ò
+ + + = .                                 (3-21) 



�DBJ9E< ;@VA F9@C9D4FGDAB7B D9:<@G 6 F9C?<KAB@G B59T>FV BC<EGTFLEO 

;4?9:AVEFN: 

2 2 2

2 2 2
* * * *( )

*
x y z

p

dT dT dT dT d T d T d T
W W W

dt dx dy dz C dx dy dz

ü
ò

+ + + = + +        ,                      (3-22) 

89: þ� 7 þÿþ� + þ� 7 þÿþ� + þ� 7 þÿþ� - >BA69>F<6A<= K?9A;  

T 3 F9@C9D4FGD4, °C; þ�þ�þ�3 69>FBDA9 CB?9 L6<8>BEF9=; 

 t 3 K4E. 

�@VA4 6B?B7BEFV CB6VFDO 6 F9C?<JV 6 BEAB6AB@G ECD<K<A9A4 69AF<?OJVTN F4 

FD4AECVD4JVTN DBE?<A. �9?<K<A4 ;@VA< 6B?B7BEFV CB6VFDO CB6<AA4 6V8CB6V84F< 

A4EFGCAB@G DV6AOAAN [57]: ýÿ = ýÿ�ÿÿ 2 ýÿýþ�ÿý ,                                                (3-23) 

89: 

 &H - ;@VA4 C4D< 6E9D98<AV F9C?<JV, >7/@3; 

 &Hair - ;@VA4 C4D<, ECD<K<A9A4 69AF<?OJVTN, >7/@3; 

&Hplant - ;@VA4 6B?B7< ;4 D4IGAB> FD4AECVD4JVW DBE?<A, 6<C4DB6G64AAO �DGAFB6BW 

6B8< F4 VAL<I 8:9D9? 6B?B7<, >7/@3. 

 B;D4IGAB> 6V8ABEABW 6B?B7BEFV CB6VFDO ;4 8BCB@B7BN @V>DB-@9F9BDB?B7VKABW 

@B89?V ;459;C9K9AB DV6AOAAO@ [57]: �ÿ = ÿÿÿ� ,                                                      (3-24) 

89: 

 RH - 6V8ABEA4 6B?B7VEFL, %; 

 ea - F<E> C4D<, �4; 

 ew - F<E> A4E<K9ABW C4D< CD< FV= E4@V= F9@C9D4FGDV, �4.  

�<;A4K9AAO 45EB?NFABW 6B?B7BEFV A46989AB G DV6AOAAV (3-25), CD< JLB@G 

;A4K9AAO ea @B:9 5GF< CD98EF46?9AB G 6<7?O8V DV6AOAAO (3-26): ýý = ÿÿþýÿ,                                                 (3-25) ÿ� = ýý 2 �ý 2 ÿ,                                         (3-26) 

89: 



Ãv - @4E4 C4D< A4 >G5VKA<= @9FD CB6VFDO, >7/@3; 

Rv - C<FB@4 74;B64 EF4?4 8?O 6B8OABW C4D<, MB 8BDV6ANT 461,5. 

 "4><@ K<AB@, G;474?LA9A<= CDBJ9E C9D9ABEG 6B8OABW C4D< CB6VFDO@, @B:9 5GF< 

BC<E4A<= ;4 8BCB@B7BN DV6AOAL (25-26), V @4F<@9 6<7?O8 [57]: ÿ = þÿÿ�þÿÿ2ý,                                                 (3-27) 

89: 

 H - @4E4 6B8OABW C4D<, MB C9D9ABE<FLEO CB6VFDO@, >7/@3; 

 Q - B5'T@ CB6VFDO 6 F9C?<JV, @3.  

�F:9, 6 CDBJ9EV 69AF<?OJVW F9C?<JV ;@VA4 6@VEFG 6B8OABW C4D<, ECD<K<A9A4 

@4EBB5@VAB@ 6AGFDVLALB7B F4 ;B6AVLALB7B CB6VFDO, ;4?9:<FL 6V8 F9@C9D4FGD<, 

6V8ABEABW 6B?B7BEFV F4 69AF<?OJV=AB7B B5'T@G 6AGFDVLALB7B F4 ;B6AVLALB7B 

CB6VFDO[57]: 

&Hair = Qin × (AHoutside - AHinside) =  

=((ew Qin RHoutside)/ Rv Toutside  -(RH inside/ RvTinside ),    (3-28) 

89: 

AHoutside - 45EB?NFA4 6B?B7VEFL ;B6AVLALB7B CD<C?<6AB7B CB6VFDO, 

>76B8</>7CB6VFDO; 

AHinside - 45EB?NFA4 6B?B7VEFL CD<C?<6AB7B CB6VFDO 6 F9C?<JV, >76B8</>7CB6VFDO; 

RHinside 3 6V8ABEA4 6B?B7VEFL ;B6AVLALB7B CD<C?<6AB7B CB6VFDO, %; 

RHoutside 3 6V8ABEA4 6B?B7VEFL CB6VFDO 6 F9C?<JV, %; 

Toutside 3 F9@C9D4FGD4 ;B6AVLALB7B CB6VFDO, °C; 

Tinside 3 F9@C9D4FGD4 CB6VFDO 6 F9C?<JV, °C.  

 V6AOAAO @4EB6B7B 54?4AEG 6B8< G F9C?<JV:  
( )

* * * *A6V6 A6V6 6<B@ 6<B@4B ?4@
dT t

V G % G % G
dt

ò = 2 +     ,                      (3-29) 

89: %6<B@3 45EB?NFA4 6B?B7VEFL CB6VFDO, >76B8</>7CB6VFDO; 

X(t) 3 45EB?NFA4 6B?B7VEFL CB6VFDO 6 4F@BEH9DV F9C?<JV, >76B8</>7CB6VFDO; þ6<B@3 6<FD4F4 CB6VFDO, >7/E; %A6V63 45EB?NFA4 6B?B7VEFL E6V:B7B CB6VFDO, >76B8</>7CB6VFDO;  



þ?4@3 6<FD4F4 C4D4, >7/E.  

�4 HBD@G?BN �4>E69?4 9H9>F<6AVEFL ;6B?B:9AAO CB6VFDO: 
( ) 4* * ( )* ( )* [ ( ) ( )]

*

k k w H w
dm r D m P P d

d R T

ô ð ô ñ ñ
ô

2
= ,                           (3-30) 

89: 

 ÿý, ÿý 3 @4E4 V D48VGE >D4C?V >7, @; 

 �(ÿ) 3 >B9HVJVTAF 8<HG;VW C4D< CB6VFDO; 

 ÿ�, � 3 @B?9>G?ODA4 6474 6B8< G 74;BCB8V5AB@G EF4AV F4 74;B64 EF4?4 C4D<; 

 " 3 F9@C9D4FGD4 C4D<, �; 

 ÿÿ,   3 C4DJV4?LA<= F<E> C4D< A48 CB69DIA9N >D4C?V F4 6 BFBKGNKB@G 

E9D98B6<MV, �4. 

�4 D9;G?LF4F4@< 4A4?V;G CB5G8B64AB @4F9@4F<KAG @B89?L ;@VA< 

F9@C9D4FGD< F4 6B?B7BEFV 6 F9C?<KAB@G B59T>FV ;4@>AGFB7B B59T@G [55,56]: 

1
( )2

( )
t v pv n

g v

v v p p

k F t tdt G
t t

d V C Vô ò
2

= 2 2 ,                                 (3-31) 

1 2
( ) ( )p t v p c p z

v p p

dt k F t t k F t t

d C Vô ò
2 2 2

= ,                                 (3-32) 

3

1
* *10

pv
p w v

v

dMm
M G G d

G dô

+ = + ,                                 (3-33) 

89: ý1, ý2 3 >B9HVJVTAF< F9C?BC9D984KV K9D9; EFVA>G F4 @4F9DV4?G CB69DIAV F9C?<JV; ýÿ 2 ýý 3 F9@C9D4FGD4 6B8< F4 CB6VFDO F9C?<JV, º!; 

 ýý 3 CB69DIAO F9C?BB5@VAG, @2; 

 ýý 3 B59T@ F9C?<KAB7B B59T>FG, @3; ýý 3 CB69DIAO ;4E>?9ABW F9C?<JV, @2. 

 

3.2. �040GV 4?O >B@C9NF5DAB3B @B45?N20AAO F5C?8FV E5D54ALB3B B19T@G 

�9DLBN ;484K9N T F9EFG64AAO @B89?V V 6<;A4K9AAO ;@VA C4D4@9FDV6 

@V>DB>?V@4FG CV8 8VTN 9F4?BAAB7B ;B6AVLALB7B 6C?<6G: F9@C9D4FGDAB7B, CB6VFDO-

B5@VAAB7B, L6<8>VEAB7B, 6B?B7VEAB7B. �B89?L CV8 6C?<6B@ >B:AB7B ; C4D4@9FDV6 



@4T 6<;A4K4F< HGA>JVN EF45V?V;4JVW 45B ;@VA BEAB6A<I C4D4@9FDV6 @V>DB>?V@4FG 

6 K4EV ;4 B;A4K9A<= F9D@VA. �?O JLB7B ;4C?4AB64AB CDB69EF< 4A4?V; ;@VA CB?O 

C96AB7B C4D4@9FDG 6 B59T@V F9C?<JV, 6<;A4K<F< @4>E<@4?LAV F4 @VAV@4?LAV 

;A4K9AL, 6<;A4K9AAO >BBD8<A4F BEB5?<6<I ;BA, CB5G8B64 HGA>JV= ;@VA C4D4@9FDG 

6 K4EV.  

�DG7BN ;484K9N T 6<;A4K9AAO CB?V6 DB;CB8V?9AAO F<E>G, L6<8>BEFV, 

F9@C9D4FGD<, 6B?B7BEFV CB B59T@G F9C?<JV. �E>V?L>< 46FB@4F<;B64A4 E<EF9@4 

@V>DB>?V@4FG F9C?<JV @4T ;459;C9KG64F< C96AV 7D4A<KAV C4D4@9FD< G 6ELB@G 

B59T@V F9C?<JV, >BAFDB?L B;A4K9A<I C4D4@9FDV6 6V85G64F<@9FLEO ;4 8BCB@B7BN 

A9B5IV8ABW >V?L>VEFN 84FK<>V6, DB;F4LB64A<I 6V8CB6V8A<@ K<AB@. "B5FB, A4 

HGA>JVW ECDBM9AB7B @B89?N64AAO CD<C484T ;484K4 6<;A4K9AAO >V?L>BEFV V 

DB;F4LG64AAO 84FK<>V6 >BAFDB?N.  

"D9FO ;484K4 CB?O74T 6 BFD<@4AAV CDB7AB;B64A<I ;@VA C4D4@9FDV6 6CDB8B6: 

C96AB7B F9D@VAG. �E>V?L>< CA96@B-7V8D46?VKA4 @9I4FDBAA4 E<EF9@4 >9DG64AAO 

@V>DB>?V@4FB@ @4T ;459;C9KG64F< CBEFV=A9 ;A4K9AAO 6B?B7BEFV CB6VFDO G 6ELB@G 

B59T@V F9C?<JV, A9B5IV8AB ECDB7AB;G64F< BKV>G64AV ;@VA< 6B?B7BEFV CB6VFDO CD< 

;@VAV F9@C9D4FGD< ;B6AVLALB7B CB6VFDOAB7B F4 DV8<AAB7B E9D98B6<M4. �?O JLB7B 

6EF4AB6?9AB E<EF9@G FG@4ABGF6BD9AAO, O>4 5G89 CV8FD<@G64F< 6B?B7VEFL CB6VFDO 

A4 A9B5IV8AB@G DV6AV. "B5FB, A4 HGA>JVW 8BE?V8:9AAO CD<C484T ;484K4 6<;A4K9AAO 

A9B5IV8ABW FD<64?BEFV, >V?L>BEFV F4 CDB8G>F<6ABEFV HBDEGAB>. �?O JLB7B, L?OIB@ 

@B89?N64AAO, @4T 5GF< 6<;A4K9A4 ;@VA4 6B?B7BEFV CB6VFDO 6 F9C?<JV 6CDB8B6: 

8B5<. �4EFGCA<@ >DB>B@ @4T 5GF< CDB6989AB VAF97DG64AAO C?BMV CDB8G>F<6ABEFV 

HBDEGAB> 8B E9D98ALB7B ;A4K9AAO A9B5IV8ABW >V?L>BEFV 6B8OABW C4D< 6 

;4@>A9AB@G B59T@V F9C?<JV. &9 @4T 8B;6B?<F< DB;D4IG64F< 6FD4F< 6B8OABW C4D<  

6CDB8B6: 8B5<.  

 

3.3. �8@B38 4B @B45?N20AAO F0 >B@C9NF5DABW @B45?V F5C?8FV 
 

�B@C9NF9DA9 @B89?N64AAO @4T 8B;6B?<F< 6<;A4K<F< I4D4>F9D<EF<>< 

CDBJ9EV6 F9C?BB5@VAG, @4EBC9D9ABEG, DB;CB6EN8:9AAO 6B?B7<, EF45V?V;4JVW 



F9@C9D4FGD<, EF45V?V;4JVW CB?O L6<8>BEF9= F4 F<E>G ;48?O CB5G8B6< 4?7BD<F@G 

>9DG64AAO 6<>BA46K<@< CD<EFDBO@< CA96@B-7V8D46?VKABW @9I4FDBAABW E<EF9@<, 

MB ;459;C9K<FL ;A4IB8:9AAO C4D4@9FDV6 @V>DB>?V@4FG G 6<;A4K9A<I @9:4I.  

�B89?L F9C?<JV CB6<AA4 6D4IB6G64F< BEAB6AV CDBJ9E<, MB 6V85G64NFLEO CV8 

6C?<6B@ ;B6AVLAVI K<AA<>V6, 6C?<6 ;4EB5V6 >9DG64AAO, 79B@9FD<KAV F4 

CDBEFBDB6V I4D4>F9D<EF<>< B59T>FG F4 @4F9DV4? B7BDB8:G64?LABW >BAEFDG>JVW 

F9C?<JV. 

�AL<@< E?B64@<, D9;G?LF4F< @B89?N64AAO ;4 8BCB@B7BN CD<>?48A<I 

CDB7D4@ K<E9?LAB7B DB;D4IGA>G, @4NFL A484F< VAHBD@4JVN MB8B CDBJ9EV6 6 

F9C?<JV 8?O CB5G8B6< E<EF9@< >9DG64AAO HBDEGA>4@< E<EF9@< FG@4ABGF6BD9AAO, 

CD<6B84@< 6V>BA CDB6VFDN64AAO F4 ;4LFBDN64AAO, CD<6B84@< ;4E?VAB> >4A4?V6, 

69AF<?OFBD4@< F4 A47DV64K4@<, ;84FABW CV8FD<@G64F< EF4?G F9@C9D4FGDG F4 

6B?B7VEFL CB6VFDO 6 E9D98<AV F9C?<JV  A9;4?9:AB 6V8 6C?<6G ;B6AVLAVI H4>FBDV6.  

 9;G?LF4F< @B89?N64AAO CB6<AAV A484F< ;4?9:ABEFV K< I4D4>F9D<EF<><, MB 

8B;6B?OFL 6<;A4K4F<: 

- F9D@VA EF45V?V;4JVW CB?O L6<8>BEF9= 6E9D98<AV F9C?<JV CD< A48IB8:9AAV 

CBFB>G ;B6AVLALB7B CB6VFDO ;484ABW 6<FD4F<; 

- F9D@VA EF45V?V;4JVW F<E>G 6 F9C?<JV CD< A48IB8:9AAV CBFB>G ;B6AVLALB7B 

CB6VFDO ;484ABW 6<FD4F<; 

- 54?4AE CBFB>G F9C?B6BW 9A9D7VW @V: F9C?<J9N V ;B6AVLAV@ CB6VFDO@<A F4 

DV8<AA<@ E9D98B6<M9@; 

- DB;CB8V? F9@C9D4FGD< 6 CDBEFBDV F9C?<JV; 

- 54?4AE 6B?B7BEFV 6 F9C?<JV CD< A48IB8:9AAV CBFB>G ;B6AVLALB7B CB6VFDO 

;484ABW 6<FD4F< ; 6V8B@<@< ;A4K9AAO@< F9@C9D4FGD< V 6B?B7BEFV;  

- DB;CB8V? 6B?B7BEFV 6 CDBEFBDV F9C?<JV. 

 

�8EAB2>8 CB DB74V?G 
 

"  B;DB5?9AB @4F9@4F<KAG @B89?L DB5BK<I CDBJ9EV6 6 F9C?<JV, CD<84FAG 8?O 

@B89?N64AAO CDBJ9EG HGA>JVBAG64AAO F9C?<JV. 



" �<;A4K9AB ;484KV 8?O >B@C9NF9DAB7B @B89?N64AAO F9C?<JV E9D98ALB7B B59T@G, O>V 

848GFL @B:?<6VEFL 6V8E?V8>G64F< ;@VA< C4D4@9FDV6 @V>DB>?V@4FG CV8 8VTN 

9F4?BAAB7B ;B6AVLALB7B 6C?<6G: F9@C9D4FGDAB7B, CB6VFDO-B5@VAAB7B, 

L6<8>VEAB7B F4 6B?B7BEFV CB6VFDO. 

" �<;A4K9AB 6<@B7B 8B @4F9@4F<KAB7B @B89?N64AAO F4 >B@C9NF9DABW @B89?V 

F9C?<JV, O>V 8B;6B?OFL 6<;A4K<F< I4D4>F9D<EF<>< CDBJ9EV6 F9C?BB5@VAG, 

@4EBC9D9ABEG, DB;CB6EN8:9AAO 6B?B7<, EF45V?V;4JVW F9@C9D4FGD<, EF45V?V;4JVW 

CB?O L6<8>BEF9=  



$"���� 4 �"%�����!!/ &�#�"- �%""� �!!�% #$"&�%�� � 
&�#��&� %�$��!,"�" "�9� ' 

4.1. �B@C9NF5DA0 @B45?L F5C?8GAB3B B19T>F0 
 

#D< EF6BD9AAV @B89?V 5G?B 6D4IB64AB CDBJ9E<, MB 6V85G64NFLEO 6 B59T>FV 

>9DG64AAO, WI @4F9@4F<KAV BC<E< V @9:V ;4EFBEG64AAO, C4D4@9FD< F4 >B9HVJVTAF<, 

A9B5IV8AV 8?O DB;D4IGA>V6 [86]. 

�?O @B89?LAB7B BC<EG F9C?<JV CD<=AOFV A4EFGCAV ;@VAAV 69?<K<A<: F<E>, 

F9@C9D4FGD4, L6<8>VEFL CBFB>G CB6VFDO, C4D4@9FD< CB6VFDO F4 K4E [58, 59].  

 B89?L EF6BD9A4 A4 BEAB6V A4EFGCAB7B [31,32, 33]:  

1.  B89?L BC<EGT F9C?<KA<= B59T>F, O> ;484A<= B59T@ CB6VFDO, B5@9:9A<= 

EFVA4@<, 84IB@ F4 CV8?B7BN. #DBEFBDB6<= DB;CB8V? ;@VAA<I C4D4@9FDV6, MB 

BC<EGNFL @V>DB>?V@4F, A9 6D4IB6GNFLEO.  

2. �VB@4E4 F9C?<KAB7B B59T>F4 A9 6D4IB6GTFLEO, 6BA4 T EF4?<@ ;A4K9AAO@.  

3. 'CD46?VAAO DB;7?O84TFLEO O> >64;VEF4JVBA4DA<= CDBJ9E.  

&9@C9D4FGDA<= D9:<@ 6 E9D98<AV ;4@>A9AB7B F9C?<KAB7B B59T@G @4T 5GF< 

DV6AB@VDA<@ F4 EF4?<@, A9;4?9:A<@ 6V8 6C?<6G ;B6AVLAVI H4>FBDV6.  

�D4T6V G@B6<. #D<=AOFB, MB CD< CBK4F>G @B89?N64AAO F9@C9D4FGD4 6 

F9C?<KAB@G B59T>FV DB;CB8V?9A4 DV6AB@VDAB F4 @4T EF4?9 ;A4K9AAO. [31,32, 33]. 

�B@C9NF9DA4 @B89?L F9C?<JV E9D98ALB7B B59T@G.  

 B89?N64AAO F9C?<KAB7B B59T>F4 CDB6989AB 6 C4>9FV Ansys. !4 D<EGA>G 4.1 

;B5D4:9AB VAF9DH9=E C4>9FG Ansys F4 ;@VAAV C4D4@9FD< [58]. #D< @B89?N64AAV 

B59T>F4 5G?B CD<=AOFB A4EFGCAV HV;<KAV C4D4@9FD< F9C?<JV: 

- �454D<FAV DB;@VD< 3 7000I4000I1600 @@; 

- �V?L>VEFL 6V>BA CDB6VFDN64AAO 3 8 LF; 

- �454D<FAV DB;@VD 6V>A4 CDB6VFDN64AAO 3 600I150 @@; 

- �V>A4 DB;F4LB6GNFLEO CB 5B>B6<@ EFVA>4@ F9C?<JV; 

- �474?LA4 C?BM4 F9C?<JV 3 28 @2 ; 

- "59T@ F9C?<KAB7B B59T>F4 3 49 @3. 



�IV8AV ;A4K9AAO 8?O @B89?LAB7B 8BE?V8:9AAO: 

�1{ÿ1, ÿ1, ÿ1, } 3 ;A4K9AAO F<E>G, L6<8>BEFV F4 F9@C9D4FGD< CB6VFDO 6V8CB6V8AB. 
#DBJ9E @B89?N64AAO @V>DB>?V@4FG F9C?<KAB7B B59T>F4  6V85G64TFLEO 6 

59;C9D9D6AB@G K4EV. 

 

 

4  

5 

$<E. 4.1.   B89?L F9C?<KAB7B B59T>F4 G E9D98B6<MV Ansys: 4 3 DB;@VM9AAO 
6V>BA CDB6VFDN64AAO; 5 3 66989AAO CBK4F>B6<I 84A<I 8?O @B89?N64AAO 

 

$97G?N64AAO DB;CB6EN8:9AAO  F9C?B6<I @4E CB6VFDO ;459;C9KGTFLEO 6 

@B89?V F9C?<KAB7B B59T>F4  ;4 8BCB@B7BN ;4E?VA><, 6EF4AB6?9ABW G 

CB6VFDBCDB6B8V ; A47DV64K4@<. �4 8BE?V8:9AAO@<, O>V 6;OFB ;4 BEAB6G, 

D97G?N64AAO ;8V=EANTFLEO ;4 D4IGAB> ;@VA< >GF4 6V8>D<FFO ;4E?VA><. 

�A4K9AAO C4D4@9FDV6 �1{ÿ1, ÿ1, ÿ1} 6V8CB6V84NFL CBK4F>B6<@ ;A4K9AAO J<I 
C4D4@9FDV6 A4 D<EGA>G 4.15.  

�?O CDB6989AAO F9EFB6B7B @B89?LAB7B 9>EC9D<@9AFG 5G?B EHBD@B64AB @4E<6 

84A<I 6V8CB6V8AB 8B ;484KV F4 BEAB6A<I C4D4@9FDV6 B59T>F4 @B89?N64AAO:  

1 3 CBK4F>B69 ;A4K9AAO F9@C9D4FGD< CB6VFDO 6E9D98<AV ;4@>A9AB7B B59T@G 

B59T>F4 8BE?V8:9AAO; 

 2 3 CBK4F>B6V ;A4K9AAO F9@C9D4FGD< CB6VFDO F4 L6<8>BEFV A4 6IB8V G 

69AF<?OJV=AV 6V>A4; 

3 3 ;A4K9AAO F<E>G A4 6<IB8V ; 69AF<?OJV=AB7B 6V>A4. 



� CDB7D4@AB@G ;459;C9K9AAV Ansys 79A9DGTFLEO @B89?L ;@VA< C4D4@9FDV6 

@V>DB>?V@4FG (F9@C9D4FGD<, L6<8>BEFV F4 F<E>G CB6VFDO.  

�?O 6<;A4K9AAO HGA>JV= F9C?B-@4EBB5@VAG ; BFBKGNK<@ CB6VFDOA<@ F4 

DV8<AA<@ E9D98B6<M9@ 6 CDBJ9EV HGA>JVBAG64AAO F9C?<JV 5G?B CB5G8B64AB 

@4F9@4F<KAG @B89?L 6 E9D98B6<MV SOLIDWORKS (D<E. 4.2) [62,71]. 

�D4T6V G@B6<. #D<=AOFB, MB @B89?LA9 8BE?V8:9AAO BIBC?NT B8AG 8B5G. 

#B6VFDOA9 F4 DV8<AA9 E9D98B6<M9 F9C?<KAB7B B59T>F4 @4T CBK4F>B6G F9@C9D4FGDG 

20°%, 6B?B7VEFL 3 70%. #DBJ9E 8BE?V8:9AAO @V>DB>?V@4FG F9C?<KAB7B B59T>F4  

6V85G64TFLEO 6 59;C9D9D6AB@G K4EV. (D<E. 4.2).  

$B;DB5?9A4 V F9BD9F<KAB B5�DGAFB64A4 @4F9@4F<KA4 @B89?L ;@VA C4D4@9FDV6 

@V>DB>?V@4FG 6 F9C?<KAB@G B59T>FV, O>G D94?V;B64AB 6 C4>9FV Ansys DiscBverG F4 

SOLIDWORKS, 6<>BA4AV F9EFB6V 6<CDB5G64AAO @B89?V,  CB>4;4?< WW CD<84FAVEFL 

8B DB5BF< CD< CDBJ9E4I F9C?B-@4EBB5@VAG CV8 8VTN ;B6AVLAVI K<AA<>V6. 

 

4.2. &5EFB2V 28CDB1G20AAO 4?O CV4F25D465AAO 045>20FABEFV @B45?V 

 

�?O 8BE?V8:9AAO F9C?B-@4EBB5@VAA<I CDBJ9EV6 6 F9C?<JV E9D98ALB7B B59T@G 

5G?B DB;DB5?9AB F9EFB6G @B89?L B59T>F4 (D<E.4.2). !4 CBK4F>B6B@G 9F4CV 

8BE?V8:9AAO ;4CDBCBAB64AB 6EF4AB6<F< 36 FBKB> >BAFDB?N C4D4@9FDV6 CB 

6ELB@G B59T@G F9C?<JV. #BK4F>B6V 84AV ;484AV 8?O @B89?N64AAO: 

- CBK4F>B69 ;A4K9AAO F9@C9D4FGD< CB6VFDO 16 º%;  

- L6<8>VEFL CB6VFDO 6 ;4@>A9A<= B59T@ F9C?<JV - 0 @/E; 

- L6<8>VEFL CB6VFDO, O>9 CB84TFLEO K9D9; 6V>AB CDB6VFDN64AAO 3 1,1 @/E; 

- C?BM4 6V>A4 CDB6VFDN64AAO E>?484T 0,35 @2;  

- F<E> A4 6IB8V 6 6V>AB CDB6VFDN64AAO 300 #4;  

- F9@C9D4FGD4 CBFB>G CB6VFDO, MB A48IB8<FL 22,0 º%. 

!4 9F4CV F9EFB6<I 6<CDB5G64AL A9 5G?B C9D9854K9AB 6D4IG64AAO ;@VA 

;B6AVLAVI K<AA<>V6 6CDB8B6: >B:AB7B F9EFB6B7B 9>EC9D<@9AFG. �B:A<= 

F9EFB6<= 9>EC9D<@9AF C9D9854K4T 6<;A4K9AAO 6C?<6G FV?L>< B8AB7B C4D4@9FDG 

CD< HV>EB64A<I ;A4K9AAOI 6EVI VAL<I. �?O 4A4?V;G 6C?<6G ;B6AVLAVI C4D4@9FDV6 



A46>B?<LALB7B CB6VFDOAB7B V DV8<AAB7B E9D98B6<M4 A4 @V>DB>?V@4F 6 E9D98<AV 

F9C?<KAB7B B59T>F4 5G?B 6;OFB 864 BEAB6AV C4D4@9FD<: F9@C9D4FGDG F4 6B?B7VEFL 

CB6VFDO. 

 

 

$<E.4.2. &9EFB64 @B89?L F9C?<KAB7B B5'T>F4 

 

�?O JLB7B G CDB7D4@AB@G ;459;C9K9AAV SolidWorks 5G?B DB;DB5?9AB 3D-

@B89?L F9C?<KAB7B B59T>F4 ; 7454D<FA<@< DB;@VD4@< 7000I4000I1600 @@, 

CB6VFDBB5@VA E>?484T 1400 @3/7B8. 

 !4 C9DLB@G 9F4CV 8BE?V8:9AAO CDB6989AB E9DVN F9EFB6<I 9>EC9D<@9AFV6: 

CDBJ9E F9C?BB5@VAG 6 F9C?<JV (DB;CB8V? F9@C9D4FGD<), L6<8>VEFL F9C?BB5@VAG F4 

;@VA4 F<E>G, 4 F4>B: K4E EF45V?V;4JVW F9@C9D4FGD<, L6<8>BEFV, F<E>G. �?O JLB7B 

5G?B 6<;A4K9AB ;@VAG F9@C9D4FGD< CB6VFDO 6 E9D98<AV F9C?<JV, O>MB ;484AB 

CBK4F>B64 F9@C9D4FGD4 CB6VFDO F4 F9@C9D4FGD4 CBFB>G CB6VFDO, MB A48IB8<FL 8B 

B59T>F4, 4 F4>B: L6<8>VEFL CBFB>G. +4E EF45V?V;4JVW F9@C9D4FGD< 846 DB;G@VAAO, 

>B?< CBK<A4TFLEO CDBJ9E F9C?B6V884KV F9C?<JV G A46>B?<LAT CB6VFDOA9 

E9D98B6<M9. 

�DG7<@ 9F4CB@ 5G?B 8BE?V8:9AB F9C?BB5@VA F9C?<JV ; A46>B?<LAV@ 

CB6VFDOA<@ F4 DV8<AA<@ E9D98B6<M9@. �?O JLB7B CB ;484AB@G CDB7AB;G CB7B8< 

5G?B V@VFB64AB A47DV6 @B89?V F9C?<JV 8B 20 º% CVE?O KB7B A47DV6 5G?B 6<@>A9AB. 

!4EFGCA<@ 9F4CB@ 5G?B 8BE?V8:9AAO EF45V?V;4JVW F9@C9D4FGD< 6 E9D98<AV F9C?<JV 



CD< ;484AB@G CDB7AB;G CB7B8<. �?O JLB7B 5G?B 6;OFB CBC9D98AT 8BE?V8:9AAO F4 

6<;A4K9AB K4E EF45V?V;4JVW F9@C9D4FGD< 6 >BA>D9FA<= @B@9AF, MB 84T DB;G@VAAO 

CDB 6FD4FG F9C?B6BW CBFG:ABEFV K9D9; EFVA>< F9C?<JV. 

!4EFGCA<@ 9F4CB@ 5G?B 8BE?V8:9AAO F9C?BC9D984KV K9D9; B7BDB8:G64?LAG 

>BAEFDG>JVN F9C?<JV G A46>B?<LAT CB6VFDOA9 V DV8<AA9 E9D98B6<M9. �?O JLB7B 

5G?B V@VFB64AB  A47DV6 @B89?V F9C?<JV 8B 20 º% CVE?O KB7B A47DV6 5G?B 6<@>A9AB. 

�BE?V8:9AAO CDB6B8<?BEO 6V8CB6V8AB 8B ;@VA< F9@C9D4FGD< A46>B?<LALB7B 

CB6VFDOAB7B E9D98B6<M4. �<;A4K9AAO 6FD4F< F9C?B6BW CBFG:ABEFV F9C?<JV K9D9; 

B7BDB8:G64?LAV >BAEFDG>JVW F9C?<JV T CV8�DGAFO@ 8?O 6<;A4K9AAO CBFG:ABEFV 

A47DV64KV6 8?O CV8FD<@G64AAO EF4?B7B F9@C9D4FGDAB7B D9:<@G 6 E9D98<AV 

F9C?<KAB7B B59T>F4.  

#9OF<@ 9F4CB@ 8BE?V8:9AAO 5G?B DB;CB8V?9AAO 6B8OABW C4D< 6 E9D98<AV 

;4@>A9AB7B B59T@G F9C?<KAB7B B59T>F4. �?O JLB7B 5G?B ;484AB F9@C9D4FGDG 

6IV8AB7B CB6VFDO F4 =B7B 6B?B7VEFL 6CDB8B6: 8B5< 6V8CB6V8AB 8B CDB7AB;G 

CB7B8<. �?O DV6AB@VDAB7B ;6B?B:9AAO A4EFGCA<@ 9F4CB@ 8BE?V8:9AAO 5G?B 

CDB@B89?LB64A4 E<EF9@4 DB;C<?9AAO, 4 E4@9 HBDEGA>4. $9;G?LF4F< JLB7B 

8BE?V8:9AAO 84?< I4D4>F9D<EF<>< CB 6<FD4FV 6B8OABW C4D<, CB O><@ CV8V5D4AV 

6<>BA46KV CD<EFDBW.  

�4AV 9F4C< 8BE?V8:9AAO 8B;6B?<?< ;DB;G@VF< CDBJ9E F9C?BB5@VAG CB6VFDOA<I 

@4E F4 DB;CB8V?9AAO 6B?B7BEFV 6 E9D98<AV F9C?<JV, MB T BEAB6BN 8?O DB;DB5>< 

4?7BD<F@G >9DG64AAO CA96@B-7V8D46?VKABN @9I4FDBAABN E<EF9@BN [102]. 

�?O CDB6989AAO 8BE?V8:9AL 6<;A4K9AB ;69O;B> F9C?B@4EBB5VAA<I CDBJ9EV6 6 

F9C?<JV ; E9D98B6<M9@ @B89?N64AAO. �?O JLB7B 5G?B 6<O6?9AB BEAB6AV DV6AOAAO: 

49DB8<A4@VKA<I CDBJ9EV6, DV6AOAAO A9DB;D<6ABEFV EF<E?<6B7B E9D98B6<M4 F4 

DV6AOAAO C9D9ABEG 6B8OABW C4D<. �69O;B> @V: DV6AOAAO@< F4 C4D4@9FD4@<, O>V 

;48464?<EO 6 CDB7D4@AB@G E9D98B6<MV A46989AV A4 D<EGA>G 4.3 [75]. 

&5EFB20 @B45?L F5@C5D0FGDAB3B D568@G. #9DL<@ 8BE?V8:9AAO@ 5G?B 
;@VA4 F9@C9D4FGD< CB6VFDO @V>DB>?V@4FG 6 K4EV (D<E.4.4) [67,68,76,83]. 

�BBD8<A4F< FBKB> >BAFDB?N X,Y,Z: 1 FBK>4 >BAFDB?N 100@@, 750@@, 600@@; 2 

FBK>4 >BAFDB?N 100@@, 100@@, 600@@; 3 FBK>4 >BAFDB?N 2000@@, 800@@, 600@@; 



4 FBK>4 >BAFDB?N 3800@@, 800@@, 600@@; 5 FBK>4 >BAFDB?N 3800@@, 1300@@, 

600@@; 6 FBK>4 >BAFDB?N 100@@, 1200@@, 600@@. 

4 

5 



6 

7 

$<E.4.3. �69O;B> @V: DV6AOAAO@< F4 C4D4@9FD4@<, O>V ;48464?<EO 6 
CDB7D4@AB@G E9D98B6<MV: 4 - 49DB8<A4@VKAV CDBJ9E<, !46'T %FB>E4; 5 - 
DV6AOAAO A9DB;D<6ABEFV 8?O EF<E?<6B7B E9D98B6<M4; 6 3 DV6AOAAO 

F9C?BB5@VAG; 7 - C9D9A9E9AAO 6B8OABW C4D< 



 
4 

 
5 

6 3 

8 

 
T 

$<E. 4.4.  &9EFB64 @B89?L F9@C9D4FGDAB7B D9:<@G F9C?<KAB7B B59T>F4 G DV;A<= 
CDB@V:B> K4EG: 4 3 K9D9; 1 E9>GA8G; 5 3 K9D9; 3 E9>GA8<; 6 3 K9D9; 10 E9>GA8; 7 
3 K9D9; 20 E9>GA8; 8 3 K9D9; 30 E9>GA8; T - VA8<>4JVO ;@VA< F9@C9D4FGD< 

CB6VFDO, º%; 1,2,3,4,5,6 3 FBK>< >BAFDB?N C4D4@9FDG 
 

�9AF<?OFBD K9D9; 6V>AB CDB6VFDN64AAO CB84T G F9C?<JN CB6VFDO ; 

F9@C9D4FGDBN 22,0 º%, CD< CBK4F>B6V= F9@C9D4FGDV 6 F9C?<JV - 16 º% [97]. 

#DB4A4?V;G646L< BFD<@4AV 9CND< DB;CB8V?G F9@C9D4FGDAB7B C4D4@9FDG 

@B:A4 ;DB5<F< 6<EAB6B>, MB ;@VA4 F9@C9D4FGD< G ;4@>A9AB@G B59T@V 

6V85G64TFLEO 6 8V4C4;BAV 6V8 17,9 º% 8B 22 º%. �B>4?LAV HGA>JVW ;@VA< C4D4@9FD4 

ECBEF9DV74NFL G 6EVI FBK>4I B59T>F4 8BE?V8:9AAO A4 1-10 E9>GA84I. �AF97D4?LA4 

HGA>JVO ;@VA< C4D4@9FDG ;B5D4:9A4  A4 20-= F4 30-= E9>GA8V. !4 D<EGA>G 4.5.4 

A46989AB ;@VA< F9@C9D4FGD< F9C?<KAB7B B59T>F4 6 CDB@V:B> K4EG 6V8 0 8B 30 



E9>GA8 G FBK>4I >BAFDB?N. �?O 6V8E?V8>B6G64AAO F4 CDB7AB;G64AAO 

DB;CB6EN8:9AAO F9@C9D4FGD< 6 ;4@>A9AB@G F9C?<KAB@G B59T@V 6EF4AB6?NNFLEO 

84FK<>< F9@C9D4FGD<.  VEJO 6EF4AB6?9AAO 84FK<>V6 ;B5D4:9AB A4 D<EGA>G 4.4 G 

>V?L>BEFV 6. �4A4 >V?L>VEFL 84FK<>V6 84EFL @B:?<6VEFL >BAFDB?N64F< F9@C9D4FGDG 

CB 6ELB@G C9D<@9FDG F9C?<JV F4 ;@9AL<FL K4E A4 EF45V?V;4JVN C4D4@9FDG. 

#DB6989AB ;4@VD< F9@C9D4FGD< G FBK>4I 6<@VDN64AAO. $9;G?LF4F< A4 

6989AV G F45?<JV 4.1. 

 

&45?<JO 4.1. &9@C9D4FGD4 CB6VFDO 6 FBK>4I >BAFDB?N 

&BK>< 
;4@VDG �BE?V8 1 �BE?V8 2 �BE?V8 3 �BE?V8 4 �BE?V8 5 

1 22 22 22 22 22 

2 21,5 21,9 22 22 22 

3 21,9 21,9 22 22 22 

4 19,9 22 22 22 22 

5 19,1 22 22 22 22 

6 17,9 22 22 22 22 

#DB@V:B> 
K4EG, E9> K9D9; 1  K9D9; 3  K9D9; 10  K9D9; 20  K9D9; 30  

 

 

4 
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?5
D4

FG
D4
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%

&>G>8 >>=FD>?N

&5<?5D4FGD4 ?>6VFDO G DV7=8E F>G>4E F5??8FV

G5D57 1 E5> G5D57 3 E5> G5D57 10 E5> G5D57 20 E5> G5D57 30 E5>



 

5 

$<E. 4.5. (GA>JVO ;@VA< F9@C9D4FGD< CB6VFDO: 4 3 ;@VA4 F9@C9D4FGD< 
6V8ABEAB FBKB> ;4@VDG; 5 3 ;@VA4 F9@C9D4FGD< 6V8ABEAB K4EG @B89?N64AAO 

 

!4 D<EGA>G 4.6.5 ;B5D4:9AB K4E EF45V?V;4JVW DB;CB6EN8:9AAO F9@C9D4FGD< 

6 F9C?<KAB@G B59T>FV, O><= E>?484T 10,2 E9>GA8<.  

&5EFB20 @B45?L H284>VEAB3B D568@G. !4EFGCA<@ 8BE?V8:9AAO@ 5G?B 
;@VA4 L6<8>BEFV DGIG CB6VFDOA<I @4E @V>DB>?V@4FG ; K4EB@ (D<E.4.6) [70]. �?O 

JLB7B 5G?B 6;OFB @B89?L F9C?<JV ; CBC9D98ALB7B 8BE?V8:9AAO F4 ;484AB CBK4F>B6V 

C4D4@9FD<: L6<8>VEFL CB6VFDO 6 ;4@>A9A<= B59T@ F9C?<JV - 0 @/E, 4 L6<8>VEFL 

CB6VFDO, O>9 CB84TFLEO K9D9; 6V>AB CDB6VFDN64AAO 3 1,1 @/E.  
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$<E. 4.6. &9EFB64 @B89?L L6<8>VEAB7B D9:<@G F9C?<KAB7B B59T>F4 G DV;A<= 
CDB@V:B> K4EG: 4 3 K9D9; 1 E9>GA8G; 5 3 K9D9; 3 E9>GA8<; 6 3 K9D9; 10 E9>GA8; 7 3 
K9D9; 20 E9>GA8; 8 3 K9D9; 30 E9>GA8; T - VA8<>4JVO ;@VA< L6<8>BEFV CB6VFDO, 

@/E; 1,2,3,4,5,6 3 FBK>< >BAFDB?N C4D4@9FDG 
 

�9AF<?OFBD K9D9; 6V>AB CDB6VFDN64AAO CB84T G F9C?<JN  CB6VFDO ; 

F9@C9D4FGDBN  22,0 º%, CD< CBK4F>B6V= F9@C9D4FGDV 6 F9C?<JV - 16 º%. 

�BBD8<A4F< FBKB> >BAFDB?N X,Y,Z: 1 FBK>4 >BAFDB?N 100@@, 750@@, 

600@@; 2 FBK>4 >BAFDB?N 1600@@, 750@@, 600@@; 3 FBK>4 >BAFDB?N 2000@@, 

750@@, 600@@; 4 FBK>4 >BAFDB?N 2300@@, 750@@, 600@@; 5 FBK>4 >BAFDB?N 

3800@@, 750@@, 600@@; 6 FBK>4 >BAFDB?N 3800@@, 1300@@, 600@@. 

#DB6989AB ;4@VD< L6<8>BEFV DB;CB6EN8:9AAO CB6VFDO G FBK>4I 

6<@VDN64AAO. $9;G?LF4F< A4 6989AV G F45?<JV 4.2. 

 

&45?<JO 4.2. ,6<8>VEFL DB;CB6EN8:9AAO CB6VFDO 6 FBK>4I >BAFDB?N 

&BK>< �BE?V8 1 �BE?V8 2 �BE?V8 3 �BE?V8 4 �BE?V8 5 
1 1,01 1,06 1,02 0,992 0,993 

2 1,06 0,992 0,862 0,995 0,991 

3 0,869 1,01 0,365 0,939 0,971 

4 0,697 1,04 0,234 0,892 0,953 



5 0,535 0,985 0,143 0,788 0,915 

6 0,407 0,945 0,0842 0,732 0,898 

#DB@V:B> 
K4EG, E9> K9D9; 1  K9D9; 3  K9D9; 10  K9D9; 20  K9D9; 30  

 

!4 D<EGA>G 4.7. A46989AB HGA>JVN ;@VA< L6<8>BEFV CBFB>G CB6VFDO 6 F9C?<KAB@G 

B59T>FV 6 CDB@V:B> K4EG 6V8 0 8B 30 E9>GA8 [103].  
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$<E.4.7. (GA>JVO ;@VA< L6<8>BEFV CB6VFDO: 4 3 ;@VA4 L6<8>BEFV 6V8ABEAB 
FBKB> >BAFDB?N; 5 3 ;@VA4 L6<8>BEFV 6V8ABEAB K4EG @B89?N64AAO 

 

!4 D<EGA>G 4.7.4 A46989AB ;@VA< L6<8>BEFV CB6VFDO 6 ;4@>A9AB@G B59T@V 

F9C?<KAB7B B59T>F4 6 CDB@V:B> K4EG 6V8 0 8B 30 E9>GA8 G FBK>4I >BAFDB?N. �?O 

(
68

4>
VEF

L,
 <

E

&>G>8 >>=FD>?N

(684>VEFL DGEG ?>6VFDO G DV7=8E F>G>4E F5??8FV

G5D57 1 E5>

G5D57 3 E5>

G5D57 10 E5>

G5D57 20 E5>

G5D57 30 E5>

(
68

4>
VEF

L,
 <

/E

'4E <>45?N64==O, E5>



6V8E?V8>B6G64AAO F4 CDB7AB;G64AAO DB;CB6EN8:9AAO L6<8>BEFV 6 ;4@>A9AB@G 

F9C?<KAB@G B59T@V 6EF4AB6?NNFLEO 84FK<>< L6<8>BEFV.  VEJO 6EF4AB6?9AAO 

84FK<>V6 ;B5D4:9AB A4 D<EGA>G 4.6.4 G >V?L>BEFV 6. �B>4?LAV HGA>JVW ;@VA< 

C4D4@9FD4 ECBEF9DV74NFL G 6EVI FBK>4I B59T>F4 8BE?V8:9AAO, O>V ;A4IB8OFLEO 6 

B8AV= C?BM<AV ; 6IV8A<@< 6V>A4@< CDB6VFDN64AAO. �AF97D4?LA4 HGA>JVO ;@VA< 

C4D4@9FDG ;B5D4:9A4  ; 1 CB 10 E9>GA8G.  

�C?<6 L6<8>VEAB7B C4D4@9FDG: ;@VA4 L6<8>BEFV G ;4@>A9AB@G B59T@V 

6V85G64TFLEO 6 8V4C4;BAV 6V8 0,025  @/E 8B 1,06 @/E. +4E EF45V?V;4JVW L6<8>BEFV 3 

>B?<64?LA<= CDBJ9E 60 E9> A9 ;4F<I4T, 4@C?VFG84 0,05 @/E9>. 

!4 D<EGA>G 4.7.5 A46989AB ;@VA< L6<8>BEFV DGIG CB6VFDOA<I @4E 

F9C?<KAB7B B59T>F4 6 DV;A<= CDB@V:B> K4EG. %CBEF9DV74T@B >B?<64?LA<= CDBJ9E 

O><= 60 E9>GA8 A9 ;4F<I4T, 4@C?VFG84 0,05 @/E9>.  

&5EFB20 @B45?L 7@VA8 F8E>G. &D9FV@ F9EFB6<@ 6<CDB5G64AAO@ 5G?B 
8BE?V8:9AAO HGA>JVW ;@VA< F<E>G CB6VFDO 6V8ABEAB K4EG (D<E.4.8). �?O JLB7B 5G?B 

6;OFB @B89?L F9C?<JV ; CBC9D98ALB7B 8BE?V8:9AAO F4  ;484AB CBK4F>B6V 

C4D4@9FD<: L6<8>VEFL CB6VFDO 6 ;4@>A9A<= B59T@ F9C?<JV - 0 @/E, 4 L6<8>VEFL 

CB6VFDO, O>9 CB84TFLEO K9D9; 6V>AB CDB6VFDN64AAO 3 1,1 @/E. �9AF<?OFBD K9D9; 

6V>AB CDB6VFDN64AAO CB84T G F9C?<JN  CB6VFDO ; F9@C9D4FGDBN  22,0 º% F4 F<E>B@ 

300 #4, CD< CBK4F>B6V= F9@C9D4FGDV 6 F9C?<JV - 16 º%. 

�BBD8<A4F< FBKB> >BAFDB?N X,Y,Z: 1 FBK>4 >BAFDB?N 100@@, 750@@, 

600@@; 2 FBK>4 >BAFDB?N 1200@@, 750@@, 600@@; 3 FBK>4 >BAFDB?N 1600@@, 

750@@, 600@@; 4 FBK>4 >BAFDB?N 2000@@, 750@@, 600@@; 5 FBK>4 >BAFDB?N 

3800@@, 100@@, 600@@; 6 FBK>4 >BAFDB?N 3800@@, 1300@@, 600@@. 
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$<E. 4.8. &9EFB64 @B89?L ;@VA< F<E>G F9C?<KAB7B B59T>F4 G DV;A<= CDB@V:B> 
K4EG: 4 3 K9D9; 1 E9>GA8G; 5 3 K9D9; 3 E9>GA8<; 6 3 K9D9; 10 E9>GA8; 7 3 K9D9; 20 
E9>GA8; 8 3 K9D9; 30 E9>GA8; T - VA8<>4JVO ;@VA< F<E>G CB6VFDO, #4; 1,2,3,4,5,6 3 

FBK>< >BAFDB?N C4D4@9FDG 
 

#DB6989AB ;4@VD< F<E>G CB6VFDO G FBK>4I >BAFDB?N. $9;G?LF4F< A4 6989AV 

G F45?<JV 4.3. 

 

&45?<JO 4.3. &<E> CB6VFDO 6 FBK>4I >BAFDB?N 

&BK>< �BE?V8 1 �BE?V8 2 �BE?V8 3 �BE?V8 4 �BE?V8 5 
1 0,651 0,614 0,675 0,608 0,599 

2 0,548 0,609 0,307 0,568 0,577 

3 0,417 0,566 0,206 0,497 0,54 

4 0,321 0,393 0,147 0,49 0,504 

5 0,244 0,418 0,108 0,45 0,497 

6 0,0514 0,142 0,0369 0,186 0,294 

7 0,0465 0,108 0,0359 0,253 0,196 

#DB@V:B> 
K4EG K9D9; 1  K9D9; 3  K9D9; 10  K9D9; 20  K9D9; 30  

 

!4 D<EGA>G 4.9 A46989AB ;@VA< F<E>G CB6VFDO 6 ;4@>A9AB@G B59T@V 

F9C?<KAB7B B59T>F4 6 CDB@V:B> K4EG 6V8 0 8B 30 E9>GA8 G FBK>4I >BAFDB?N. +4E 

EF45V?V;4JVW F<E>G E>?484T 5V?LL9 50 E9>  [103]. 
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5 

$<E.4.9. (GA>JVO ;@VA< F<E>G CB6VFDO 6V8ABEAB K4EG @B89?N64AAO: 4 3 
;@VA4 F<E>G 6V8ABEAB FBKB> >BAFDB?N; 5 3 ;@VA4 F<E>G 6V8ABEAB K4EG 

@B89?N64AAO 
 

&4><@ K<AB@, CB5G8B64A4 F9EFB64 @B89?L CB>4;GT, MB CD<FB> CB6VFDO 6 

A<:AV= K4EF<AV B59T>F4 K9D9; 6IV8A9 6V>AB CB6VFDO 6E9D98<AG 6<>?<>4T 5V?LLG 

L6<8>VEFL DGIG CB6VFDOA<I @4E 6E9D98<AV F9C?<JV. �A4?V; L6<8>VEAB7B D9:<@G 

DB;CB8V?G @V>DB>?V@4FG CB>4;GT, MB 5V?LL9 6<IDB6V CBFB>< CB6VFDO 79A9DGTFLEO 

6E9D98<AV F9C?<JV, 6 BEAB6AB@G E>BAJ9AFDB64AV G 69DIAV= K4EF<AV B59T>F4, MB 

C9D9L>B8:4T J<D>G?OJVW CB6VFDOAB7B CBFB>G CB 6ELB@G ;4@>A9AB@G B59T@G.  

$B;CB8V? F9@C9D4FGDAB7B F4 L6<8>VEAB7B C4D4@9FDV6 CB>4;GT, MB 5V?LL9 

6<IDB6V CBFB>< CB6VFDO 79A9DGNFLEO 6E9D98<AV F9C?<JV, 6BA< ;4;6<K4= 

E>BAJ9AFDB64AV G 69DIAV= K4EF<AV B59T>F4, MB C9D9L>B8:4T J<D>G?OJVW 

CB6VFDOAB7B CBFB>G CB 6ELB@G ;4@>A9AB@G B59T@G. 

 

&8
E>

, �
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&>G>8 >>=FD>?N

&8E> G DV7=8E F>G>4E F5??8FV

G5D57 1 E5>

G5D57 3 E5>

G5D57 10 E5>

G5D57 20 E5>

G5D57 30 E5>

&8
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4

'4E <>45?N64==O, E5>



4.3. �BE?V465AAO F5C?B2BW CBFG6ABEFV F5C?8FV 

�?O B5V7DV6G F9C?<KAB7B B59T>F4 8BJV?LAB 6<>BD<EFB6G64F< 9?9>FD<KA<= 

A47DV64K. �?O =B7B CV85BDG 5G?B 6<;A4K9AB F9C?B6G CBFG:AVEFL 8?O ;484AB7B 

B59T@G F9C?<JV. &9C?B6G CBFG:AVEFL >4?BD<H9D4 6<;A4K4T@B ;4 HBD@G?BN: �> = %F5? 7 ÿ6<?(&>V= 2 &?>G), >�F                                   (4-1) ýÿý, ý= 3 F9@C9D4FGD4 CB6VFDO A4 6IB8V F4 6<IB8V ; >4?BD<H9D4.  �> = 1,005 7 2392,05 7 3600 7 (18 2 10)=5,367 >�F 
"F:9, ; DB;D4IGA>V6 54K<@B, MB 8?O FB7B MB5 A47DVF< F9C?<JN B59T@B@ 1400 @3 

; F9@C9D4FGDBN A46>B?<LALB7B CB6VFDOAB7B CBFV><M4 10 p% 8B 18 p% A9B5IV8AB 

6EF4AB6<F< >4?BD<H9D A4 5,5 >�F.  

 

 

$<E.4.10. #DB7AB; CB7B8< [72] 

 

�?O 59;C9D9D6ABW DB5BF< F9C?<JV G 5G8L-O>G CBDG DB>G DB;7?OA9@B ;@VAG 

F9@C9D4FGD< ;4 8B5G[58]. 

#DB4A4?V;G646L< CDB7AB; CB7B8< F4 CDB6V6L< DB;D4IGA>< A9B5IV8ABW 

CBFG:ABEFV 8?O >4?BD<H9D4 BFD<@4AV D9;G?LF4F< ;4A9E9AV 8B F45?<JV 4.4.   

 



&45?<JO 4.4. $9;G?LF4F< DB;D4IGA>G F9C?B6BW CBFG:ABEFV F9C?<JV 

6CDB8B6: 8B5< 

+4E, 7B8 
&9@C., 

º% 

&9C?BT@AVEFL 
CB6VFDO, 
>�:/>7*p% 

 4EB64 
6<FD4F4 
CB6VFDO, 
>7/E 

&9@C.  
CB6VFDO A4 
6IB8V, º% 

&9@C. 6 
E9D98<AV 
F9C?<JV, º% 

&9C?B6G 
CBFG:AVEFL, 
>�F 

03.00 15,6 1,005 2392,05 15,6 20 10,58 

06.00 14,2 1,005 2392,05 14,2 20 13,94 

09.00 16,9 1,005 2392,05 16,9 20 7,45 

12.00 20,3 1,005 2392,05 20,3 20 -0,72 

15.00 16,7 1,005 2392,05 16,7 20 7,93 

18.00 18,7 1,005 2392,05 18,7 20 3,13 

21.00 16,6 1,005 2392,05 16,6 20 8,17 

00.00 14,2 1,005 2392,05 14,2 20 13,94 

 

�?O C9D96VD>< CD46<?LABEFV DB;D4IGA>V6 F4 A47?O8ABEFV 5G?B CDB6989AB 

@B89?N64AAO CDBJ9EG F9C?BC9D984KV K9D9; EFVA>< F9C?<JV (D<E.4.11) 6V8CB6V8AB 

8B CDB7AB;G CB7B8< (D<E.4.10). !4 D<EGA>G 4.114 CB;A4K9AB ;BAG A47DVFB7B 

F9C?<KAB7B B59T>F4 (1), CDBJ9E F9C?BC9D984KV @V: A4>D<FFO@ V 6AGFDVLAV@ 

CB6VFDO@ F9C?<JV (2), >BA69>F<6A<= F9C?BB5@VA (3,4), HV;<>4 CDBJ9EG 

F9C?BB5@VAG 5G?B B5�DGAFB64AB 6 DB;8V?V 3 [65,69,80]. 
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$<E. 4.11. &9EFB64 @B89?L ;@VA< F9C?B6BW CBFG:ABEFV G F9C?<KAB@G B59T>FV 
6V8CB6V8AB 8B CDB7AB;G CB7B8<: 4 3 CD< «15,6°%»; 5 3 CD< «14,2°%»; 6 - CD< 
«16,9°%»; 7 3 CD< «20,3°%»; 8 3 CD< «16,7°%»; 9 - CD< «18,7°%»;  T - CD< 
«16,6°%»; : - CD< «14,2°%»; ; - VA8<>4JVO ;@VA< F9@C9D4FGD< ;B6AVLALB7B 

CB6VFDOAB7B E9D98B6<M4, °% 

 

� BFD<@4A<I 9CND 6<8V?9AAO F9C?4 6V8 F9C?<KAB7B B59T>F4 @B:A4 ;DB5<F< 

6<EAB6B>, MB 8B84F>B6<= B5V7DV6 F9C?<JV CBFDV59A CBEFV=AB, B>DV@ C9DVB8G j 12 

7B8<AV 8AO, F4> O> F9@C9D4FGD4 ;B6AVLALB7B CB6VFDO EO74T 20,3 °%, 6 J9= K4E 

6V85G64TFLEO 4>G@G?OJVO F9C?B6BW 9A9D7VW. #D< F4><I C4D4@9FD4I ;B6AVLALB7B 

CB6VFDOAB7B E9D98B6<M4 8?O CV8FD<@G64AAO EF4?B7B @V>DB>?V@4FG G F9C?<JV @4T 

6>?NK<F<EO D9:<@ CDB6VFDN64AAO [65].  

 



 

4 
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$<E.4.12. %F45V?V;4JVO F9@C9D4FGD< F9C?<JV CD< ;B6AVLAV= F9@C9D4FGDV "-
15°%": 4 3 9CND4 DB;CB8V?G F9C?B6BW CBFG:ABEFV F9C?<JV; 5 3 7D4HV> 
;4?9:ABEFV ;@VA< F9C?B6BW CBFG:ABEFV F9C?<JV CD< EF4?B@G ;A4K9AAV 

;B6AVLALBW F9@C9D4FGD< 6 K4EV 
 

$B;7?OA9@B F9C?<JN CD< G@B6V, MB ECBK4F>G CB6VFDO 6E9D98<AV 5G?B 

A47DVFB 8B 20 °%, 4 CBFV@ B5V7DV6 5G?B 6<@>A9AB. &4> CD< ;B6AVLAV= F9@C9D4FGDV 

CB6VFDO «-15°%» K4E EF45V?V;4JVW  F9@C9D4FGD< CD<5?<;AB EO74T 2 I6<?<A<, 4 CBFV@ 

F9@C9D4FGD4 CBEFGCB6B ;A<:GTFLEO. !4 9CNDV F9@C9D4FGD ECBEF9DV74T@B 

L6<8><= F9C?BB5@VA ; A46>B?<LAV@ CB6VFDOA<@ E9D98B6<M9@ (D<E.4.124). 

%9D98AT ;A4K9AAO F9@C9D4FGD< 6 E9D98<AV F9C?<JV CD< JLB@G E>?484T «2,5°%» 

(D<E.4.125). #D< ;B6AVLAV= F9@C9D4FGDV CB6VFDO 0°% K4E EF45V?V;4JVW CD<5?<;AB 

&5
<

?5
D4

FG
D4

, °
%



EO74T 1 I6<?<AG, 4 CBFV@ F9@C9D4FGD4 CBEFGCB6B ;A<:GTFLEO. !4 9CNDV 

F9@C9D4FGD ECBEF9DV74T@B CB@VDA<= F9C?BB5@VA ; A46>B?<LAV@ CB6VFDOA<@ 

E9D98B6<M9@ (D<E.4.134). %9D98AT ;A4K9AAO F9@C9D4FGD< 6 E9D98<AV F9C?<JV CD< 

JLB@G E>?484T 7°%.  

 

 

4 

 

5 

$<E.4.13. %F45V?V;4JVO F9@C9D4FGD< F9C?<JV CD< ;B6AVLAV= F9@C9D4FGDV "0 °%": 
4 3 9CND4 DB;CB8V?G F9C?B6BW CBFG:ABEFV; 5 3 7D4HV> ;4?9:ABEFV ;@VA< F9C?B6BW 
CBFG:ABEFV F9C?<JV CD< EF4?B@G ;A4K9AAV ;B6AVLALBW F9@C9D4FGD< 6 K4EV 

 

#D< ;B6AVLAV= F9@C9D4FGDV CB6VFDO 15°% K4E EF45V?V;4JVW CD<5?<;AB EO74T 

20 E9>GA8, 4 CBFV@ F9@C9D4FGD4 CBEFGCB6B ;A<:GTFLEO M9 80 E9>GA8 (D<E.4.145) V 

E9D98AT ;A4K9AAO F9@C9D4FGD< 6 E9D98<AV F9C?<JV CD< JLB@G E>?484T 18°%. !4 

9CNDV F9@C9D4FGD ECBEF9DV74T@B CB6V?LA<= F9C?BB5@VA ; A46>B?<LAV@ 

CB6VFDOA<@ E9D98B6<M9@ (D<E.4.144) [65].   
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$<E.4.14. %F45V?V;4JVO F9@C9D4FGD< F9C?<JV CD< ;B6AVLAV= F9@C9D4FGDV "15 
°%": 4 3 9CND4 DB;CB8V?G F9C?B6BW CBFG:ABEFV F9C?<JV; 5 3 7D4HV> ;4?9:ABEFV 
;@VA< F9C?B6BW CBFG:ABEFV F9C?<JV CD< EF4?B@G ;A4K9AAV ;B6AVLALBW 

F9@C9D4FGD< 6 K4EV 
 

�4 HBD@G?BN 3-3 5G?B 6<;A4K9AB F9C?B6V 6FD4F< F9C?<JV K9D9; 

B7BDB8:G64?LAG >BAEFDG>JVN ; CB?V>4D5BA4FG (F45?.4.5). &9C?<KA<= B59T>F 

A47DV?< 8B 20 p%, CVE?O KB7B B5V7DV6 5G?B 6<@>A9AB. �454D<FAV DB;@VD< CD<=AOFB 

7000I4000I1600 @@, >B9HVJVTAF F9C?BCDB6V8ABEFV CB?V>4D5BA4FG CD<=AOFB 3,6 

�F/@2*p%. 

 

&45?<JO 4.5. $9;G?LF4F< DB;D4IGA>G F9C?B6<I 6FD4F F9C?<JV K9D9; 

B7BDB8:G64?LAG >BAEFDG>JVN 

#4D4@9FD</7B8 03.00 06.00 09.00 12.00 15.00 18.00 21.00 00.00 

&5
<

?5
D4

FG
D4

, °
%



&9@C9D4FGD4 
;B6A.E9D98., p%  15,60 14,20 16,90 20,30 16,70 18,70 16,60 14,20 

&9@C9D4FGD4 6 
E9D98<AV F9C?<JV,p%  20,00 20,00 20,00 20,00 20,00 20,00 20,00 20,00 

$V;A<JO 
F9@C9D4FGD,p%  4,40 5,80 3,10 -0,30 3,30 1,30 3,40 5,80 

�B9H. 
F9C?BCDB6V8ABEFV, 

�F/@2*p%  
3,6 3,6 3,6 3,6 3,6 3,6 3,6 3,6 

�47.C?BM4 B7BD. 
�BAEFD., @2 45,5 45,5 45,5 45,5 45,5 45,5 45,5 45,5 

�FD4F4 F9C?4 K9D9; 
EFVA><, �F 720,7 950,04 507,78 -49,1 540,5 212,9 556,92 950,04 

 

� BFD<@4A<I 9CND 6<8V?9AAO F9C?4 6V8 F9C?<KAB7B B59T>F4 F4 K4EG 

EF45V?V;4JVW F9@C9D4FGD< CB6VFDO 6 E9D98<AV F9C?<JV CD< DV;A<I F9@C9D4FGD4I 

;B6AVLALB7B CB6VFDOAB7B E9D98B6<M4 @B:A4 ;DB5<F< 6<EAB6B>, MB K4E 

EF45V?V;4JVW F9@C9D4FGD< 6 E9D98<AV F9C?<JV ;@9ALGTFLEO CD< ;5V?LL9AV 

F9@C9D4FGD< CB6VFDO A46>B?<LALB7B CB6VFDOAB7B F4 DV8<AAB7B E9D98B6<M4. 

 4>E<@4?LAG >V?L>VEFL F9C?4 F9C?<JO 6FD4K4T B 6 7B8<AV D4A>G F4 B CV6ABKV V 

E>?484T 950 �F.  VAV@4?LAG >V?L>VEFL F9C?4 F9C?<JO 6FD4K4T B 12 7B8<AV 8AO, >B?< 

F9@C9D4FGD4 ;B6AVLALB7B CB6VFDO 8BEO74T CV>G 6V8CB6V8AB 8B CDB7AB;G CB7B8<. 

#DB6989AV DB;D4IGA>< E6V8K4FL CDB F9, MB G 12 7B8<AV 8?O F9C?<KA<= B59T>F 

A4>BC<KGT F9C?B6G CBFG:AVEFL K9D9; B7BDB8:G64?LAG >BAEFDG>JVN, 6 D9;G?LF4FV 

KB7B ;4>G@G?LB64AB 49 �F F9C?4. 

 

4.4. �BE?V465AAO 2FD0F8 F5C?B2BW CBFG6ABEFV F5C?8FV G5D57 
B3BDB46G20?LAG >BAEFDG>FVN 

 

�DB5<@B 4A4?V; ;@VA CB?O F9@C9D4FGD< 6 B59T@V F9C?<JV F4  6<;A4K<@B 6FD4F< 

F9C?B6BW CBFG:ABEFV 6 K4EV [65,79]. �?O JLB7B 5G?B 6;OFB @B89?L F9C?<JV ; 

CBC9D98ALB7B 8BE?V8:9AAO F4  ;484AB A4EFGCAV CBK4F>B6V 84AV:  

1 3 CBK4F>B69 ;A4K9AAO F9@C9D4FGD< CB6VFDO 6E9D98<AV ;4@>A9AB7B B59T@G 

B59T>F4 8BE?V8:9AAO; 

2 3 CBK4F>B6V ;A4K9AAO F9@C9D4FGD< ;B6AVLALB7B CB6VFDOAB7B E9D98B6<M4. 



#B6VFDBB5@VA F9C?<KAB7B B59T>F4 3 1400 @3/7B8; CBK4F>B69 ;A4K9AAO F9@C9D4FGD< 

CB6VFDO 6 E9D98<AV F9C?<JV 20 º%; F9@C9D4FGD4 CBFB>G CB6VFDO, MB B5FV>4T 

F9C?<JN EF4AB6<FL 6V8 «-15 º%» 8B «+15 º%» [104].  

 

4 5  

 
6 

 
7 

 
8  9  

 
T  

: 

$<E. 4.15. $9;G?LF4F< @B89?N64AAO ;@VA< 6FD4F< F9C?B6BW CBFG:ABEFV F9C?<JV 
CD< BIB?B8:9AAV: 4 3 CD< «-15°%»; 5 3 CD< «-10°%»; 6 - CD< «-5°%»; 7 3 CD< 
«0°%»; 8 3 CD< «5°%»; 9 - CD< «10°%»; T - CD< «15°%»; : 3 DB;@VDAVEFL 7GEF<A< 

F9C?B6B7B CBFB>G 
 

�4 D9;G?LF4F4@< 9>EC9D<@9AFG BFD<@4AB DB;CB8V? 7GEF<A< F9C?B6BW 

CBFG:ABEFV F9C?<JV CV8 K4E BIB?B8:9AAO CV8 6C?<6B@ EF4?<I ;A4K9AL 

F9@C9D4FGD< ;B6AVLALB7B CB6VFDOAB7B E9D98B6<M4 6V8 «-15°%» 8B «+15°%» (D<E. 

4.15). #BK4F>B64 6FD4F4 F9C?B6BW CBFG:ABEFV 6 B59T>FV CD<=AOF4 3 0 >�F, 

CBK4F>B64 F9@C9D4FGD4 6 E9D98<AV F9C?<JV «+20°%». #D<CGEF<@B, MB G 



F9C?<KAB@G B59T>FV CBC9D98AV@ A47DV6B@ EF6BD9AB F9@C9D4FGDA<= D9:<@ 

«+20°%», CVE?O KB7B A47DV64K 5G?B 6<@>A9AB. �4?V 5G?4 ;@B89?LB64A4 ;@VA4 

F9@C9D4FGD< CB6VFDO 6 A9BC4?N64?LAV= F9C?<JV V; DV;A<@< ;A4K9AAO@< 

F9@C9D4FGD< ;B6AVLALB7B CB6VFDO [84,89].  

"E>V?L>< F9C?BB5@VA ; A46>B?<LAV@ CB6VFDOA<@ F4 DV8<AA<@ E9D98B6<M9@ 

T A9EF45V?LA<@, 8?O 6<;A4K9AAO GE9D98A9AB7B ;A4K9AAO F9C?B6BW CBFG:ABEFV 

F9D@VA @B89?N64AAO E>?4846 6V8 20 I6<?<A 8B 3 7B8<A. �4 CBC9D98AV@< 

9>EC9D<@9AF4@< K4E EF45V?V;4JVW 9CND L6<8>BEF9= 6 F9C?<JV A9 C9D96<MGT 2& 5 

I6<?<A, FB5FB K4E @B89?N64AAO @4T ;459;C9KG64F< EF45V?V;4JVN F9C?BB5@VAA<I 

CDBJ9EV6 ;4 K4E 9>EC9D<@9AFG. #9DL<= 9>EC9D<@9AF ; DV;A<J9N F9@C9D4FGD 35°% 

CB>4;46 @4=:9 B8A4>B6G MV?LAVEFL F9C?B6B7B CBFB>G CB CB69DIAV F9C?<JV (D<E. 

4.154). %CBEF9DV74TFLEO @4>E<@4?LA9 F9C?B69 6<CDB@VAN64AAO CB C9D<@9FDG 

F9C?<JV (2) F4 5V?O 6V>A4 CDB6VFDN64AAO (1), @VAV@4?LA9 ;A4K9AAO MV?LABEFV 

F9C?B6B7B CBFB>G ECBEF9DV74T@B 6 A9;A4KAV= >V?L>BEFV 6 J9AFD4?LAV= K4EF<AV 

F9C?<JV (3).  'E9D98A9A4 MV?LAVEFL F9C?B6B7B CBFB>G EF4AB6<FL 138 �F/@2. 

-V?LAVEFL F9C?B6B7B 6<CDB@VAN64AAO CBEFGCB6B ;@9ALGTFLEO CD< CV86<M9AAV 

F9@C9D4FGD< CB6VFDOAB7B F4 DV8<AAB7B E9D98B6<M4 (D<E. 4.155 3 4.15T). *9 

;4E6V8KGNFL O> ;BA< @9ALBW 7GEF<A< F9C?B6B7B CBFB>G, F4> V ;474?LA9 ;A<:9AAO 

DB;D4IB64ABW CBFG:ABEFV. &4> CD< DV;A<JV F9@C9D4FGD 10°% A4=5V?LL4 

CBFG:AVEFL CD<C484T A4 A<:AN K4EF<AG CB69DIAV V 7GEF<A4 E>?484T  103 �F/@2. 

�?O 6EVI 9>EC9D<@9AFV6 A4=5V?LL4 7GEF<A4 CBFG:ABEFV F9C?B6B7B CBFB>G 

(E6VF?<= CDBL4DB>) @4T @VEJ9 A4 A<:ALB@G >D4W CB69DIAV EFVAB>, MB 6<>?<>4AB 

>BA69>F<6A<@< CBFB>4@< ;B6AVLALB7B CB6VFDO (D<E. 4.15). &B5FB @4>E<@4?LA4 

DV;A<JO F9@C9D4FGD CB B5<86V EFBDBA< F9C?<JV @4T @VEJ9 FV?L>< 5V?O �DGAFG. �4?V, 

CB 6<EBFV EFVAB>, CV8V=@4TFLEO CB6VFDO, MB CDB=L?B 6C?<6 F9C?B6B7B 

6<CDB@VAN64AAO F9C?<JV. $V;A<JO F9@C9D4FGD CB B5<86V 5B>< CB69DIAV 

;@9ALGTFLEO CB 69DF<>4?V 6;8B6: EFVAB>. �AGFDVLAV >BA69>F<6AV CBFB>< 

CD<;6B8OFL 8B ?B>4?LA<I ;BA ;@9AL9ABW DV;A<JV F9@C9D4FGD, MB 6V8B5D4:4NFL 

F9@AV ;BA< DB;CB8V?G 7GEF<A< F9C?B6B7B CBFB>G. �4 D9;G?LF4F4@< @B89?LA<I 

8BE?V8:9AL, CDB6989A<I 8?O 8B5B6<I ;@VA F9@C9D4FGD< BFBKGNKB7B CB6VFDOAB7B 



F4 DV8<AAB7B E9D98B6<M4 (D<E. 4.15), DB;D4IB64AB E9D98AT ;A4K9AAO 6FD4F< 

F9C?B6BW CBFG:ABEFV F9C?<JV 6CDB8B6: 8B5<, O>9 A46989AB 6 F45?<JV 4.6.  

 

&45?<JO 4.6. �FD4F4 F9C?B6BW CBFG:ABEFV F9C?<JV 6CDB8B6: 8B5< 

�B8<A< 
8B5< 3.00 6.00 9.00 12.00 15.00 18.00 21.00 00.00 

&9@C. ;B6A. 
E9D98. 15,6 14,2 16,9 20,3 16,7 18,7 16,6 14,2 

�FD4F4 F9C. 
CBFG:. 

0,41

6 

0,43

0 0,289 - 0,309 0,12 0,318 0,4303 

 

$B;D4IB64AB 89HVJ<FG F9C?B6BW CBFG:ABEFV 8?O 6ELB7B B59T@G F9C?<JV: 

Q=�t*N*V, 

89: 

�t 3 DV;A<JO F9@C9D4FGD< ;B6AVLALB7B F4 6AGFDVLALB7B CB6VFDO, °%; 

N - 6FD4F4 F9C?B6BW CBFG:ABEFV F9C?<JV 6CDB8B6: 8B5<, �F/@2. 

"F:9 @4>E<@4?LA<= 89HVJ<F F9C?B6BW CBFG:ABEFV 5G89 E>?484F<: 

Q=(20-14,2)*0,43*1400=3,5 >�F 

�4 BFD<@4A<@< ;A4K9AAO@< E9D98ALBW 6FD4F< F9C?B6BW CBFG:ABEFV F9C?<JV 

F4 B59T@ABN 6<FD4FBN 8?O 69AF<?OJVW F9C?<JV CB5G8B64A<= 7D4HV> ;@VA< F9C?B6BW 

CBFG:ABEFV 6CDB8B6: 8B5< (D<E. 4.16). 

 

$<E. 4.16. �@VA4 F9C?B6BW CBFG:ABEFV F9C?<JV 



�4A9 8BE?V8:9AAO 84?B @B:?<6VEFL 6V8E?V8>G64F< 6FD4FG F9C?B6BW CBFG:ABEFV 

F9C?<JV 6CDB8B6: 8B5<, MB 84?B CV8�DGAFO@ 8?O 6<;A4K9AAO CBFG:ABEFV 

>4?BD<H9DV6 F4 D9:<@G WI DB5BF<. 

 

4.5. �BE?V465AAO 2FD0F8 2B?B3BEFV CB2VFDO 2 E5D548AV F5C?8FV 
 

�?O @B89?LAB7B 8BE?V8:9AAO 6<DVL9AB CD<=AOF< 6IV8ABN ;@VAABN 6B?B7VEFL 

CB6VFDO ;B6AVLALB7B DV8<AAB7B E9D98B6<M4. � @B89?V F9C?<KAB7B B59T>F4 

;459;C9KGTFLEO D97G?N64AAO DV;A<JV 6B8OABW C4D< ;4 8BCB@B7BN HBDEGAB>. �?O 

JLB7B 9>EC9D<@9AFG 5G?B 6;OFB @B89?L F9C?<JV ; CBC9D98ALB7B 8BE?V8:9AAO F4  

;484AB A4EFGCAV CBK4F>B6V 84AV: CB6VFDBB5@VA F9C?<KAB7B B59T>F4 3 1400 @3/7B8; 

CBK4F>B69 ;A4K9AAO F9@C9D4FGD< CB6VFDO 6 E9D98<AV F9C?<JV 20 º%; CBK4F>B69 

;A4K9AAO 6B?B7BEFV CB6VFDO 6 E9D98<AV F9C?<JV 70 %; F9@C9D4FGD4 CBFB>G CB6VFDO, 

MB B5FV>4T F9C?<JN, EF4AB6<FL 6V8 13,9 º% 8B 26,2 º% 6V8CB6V8AB 8B CDB7AB;G. 

�>4;4AV CBK4F>B6V ;A4K9AAO F9@C9D4FGD< V 6B?B7BEFV 8BDV6ANNFL EF45V?V;B64A<@ 

;A4K9AAO@ J<I C4D4@9FDV6.  

�?O CDB6989AAO 6<CDB5G64AAO @B89?V 5G?B EHBD@B64AB @4E<6 84A<I 

6V8CB6V8AB 8B ;484KV F4 BEAB6A<I C4D4@9FDV6 B59T>F4 8BE?V8:9AAO. �6989AB 

A4EFGCAV CBK4F>B6V 84AV [64]:  

1 3 CBK4F>B69 ;A4K9AAO F9@C9D4FGD< CB6VFDO 6E9D98<AV ;4@>A9AB7B B59T@G 

F9C?<JV 20°%; 

 2 3 CBK4F>B69 ;A4K9AAO 6B?B7BEFV CB6VFDO 6E9D98<AV ;4@>A9AB7B B59T@G 

F9C?<JV 70 %; 

3 3 F9D@VA BKV>G64AAO EF45V?V;4JVW F9C?BB5@VAA<I CDBJ9EV6 6V8 20 I6<?<A 8B 3 

7B8<A. 

�4 D9;G?LF4F4@< 9>EC9D<@9AFG BFD<@4AB 9CND< DB;CB8V?G 6B8OABW C4D< 6 

B59T@V F9C?<JV CV8 6C?<6B@ ;@VA< F9@C9D4FGD< CD<C?<6AB7B CB6VFDO 6CDB8B6: 

8B5< 6V8 «+13,9°%» 8B «+26,2°%». $B;D4IB64A4 CBK4F>B64 MV?LAVEFL 6B8OABW C4D< 

6 B59T>FV 8BE?V8:9AAO EF4AB6<FL 12,11 7/@3, CBK4F>B64 F9@C9D4FGD4 6 E9D98<AV 

F9C?<JV «+20°%». #D<CGM9AB, MB G F9C?<KAB@G B59T>FV CBC9D98AV@ ;6B?B:9AAO@ 



6EF4AB6?9AB «70%» 6B?B7BEFV CB6VFDO, CVE?O KB7B E<EF9@G FG@4ABGF6BD9AAO 5G?B 

6<@>A9AB.   

�4?V 5G?4 ;@B89?LB64A4 ;@VA4 DB;CB8V?G 6B8OABW C4D< F9C?<JV CV8 8VT 

C9D9ABEG CB6VFDOA<I @4E 6 E9D98<AV B59T@G F9C?<JV V; DV;A<@< ;A4K9AAO@< 

F9@C9D4FGD< CD<C?<6AB7B CB6VFDO. �B:AV FD< 7B8<A< 6V85G64?BEL E>4AG64AAO 

9CND DB;CB8V?9AAO 6B?B7<  V CDB6B8<6EO 4A4?V; I4D4>F9DA<I ;@VA (D<E. 4.17) [76].  

#BK4F>B6<= EF4A DB;CB8V?G 6B8OABW C4D< B 00.00: 6B?B7VEFL 68% CD< 

F9@C9D4FGDV 6IV8AB7B CB6VFDO 15,6 º% ;4E6V8KGT @4=:9 B8A4>B6G MV?LAVEFL 

6B8OABW C4D< 6 B59T@V F9C?<JV (D<E. 4.174). %CBEF9DV74TFLEO A4>BC<K9AAO 6B8OABW 

C4D< 5V?O 6V>A4 CDB6VFDN64AAO (;BA4 1), MB E6V8K<FL CDB GF6BD9AAO FBK>< DBE< 

K9D9; ;A<:9AAO F9@C9D4FGD< A4 EFVA>4I F9C?<JV (D<E. 4.174).   

%F4A DB;CB8V?G 6B8OABW C4D< B 03.00:  6B?B7VEFL CB6VFDO 72 % CD< F9@C9D4FGDV 

6IV8AB7B CB6VFDO 15,7 º% 6>4;GT A4 A9;A4KA9 ;5V?LL9AAO >V?L>BEFV 6B?B7< A4 6IB8V 

6 F9C?<JN F4 A4>BC<K9AAO 6B8OABW C4D< 5V?O 6V>A4 CDB6VFDN64AAO (D<E. 4.175, 

;BA4 1). #?BM4 ;BA< A4>BC<K9AAO 6B8OABW C4D< @4=:9 A9 ;@VA<?4EL ;4 3 7B8<A<.  

%F4A DB;CB8V?G 6B8OABW C4D< B 06.00: 6 E9D98ALB@G @4T@B 82 % 6B?B7BEFV CD< 

F9@C9D4FGDV 6IV8AB7B CB6VFDO 13,9 º%. �CND4 6>4;GT A4 EGFFT69 ;5V?LL9AAO 

>V?L>BEFV 6B?B7< A4 6IB8V 6 F9C?<JN, MB ;4E6V8KGT 6<A<>A9AAO ;BA< 2. &4>B:  

 

 

4 (00.00-03.00) 

 

5 (03.00-06.00) 



 

6 (06.00-09.00) 

 

7 (09.00-12.00) 

 

8 (12.00-15.00) 

 

9 (15.00-18.00) 

 

T (18.00-21.00) 

 

: (21.00-00.00) 

 

$<E. 4.17. �CND4 ;@VA DB;CB8V?G 6B?B7BEFV CB6VFDO 6 C9D9DV;V F9C?<JV 
6CDB8B6: 8B5<: 4 3  68 % CD< F9@C9D4FGDV 6IV8AB7B CB6VFDO 15,6 º%; 5 3 72 % 

CD< F9@C9D4FGDV 6IV8AB7B CB6VFDO 15,7 º%; 6 - 82 % CD< F9@C9D4FGDV 6IV8AB7B 
CB6VFDO 13,9 º%; 7 3 62% CD< F9@C9D4FGDV 6IV8AB7B CB6VFDO 20,7 º%; 8 3 42% 

CD< F9@C9D4FGDV 6IV8AB7B CB6VFDO 25,4 º%; 9 3 41 % CD< F9@C9D4FGDV 6IV8AB7B 
CB6VFDO 26,2 º%;  T - 45% CD< F9@C9D4FGDV 6IV8AB7B CB6VFDO 23,9 º%; : 3 67% 

CD< F9@C9D4FGDV 6IV8AB7B CB6VFDO 16,1 º%; ; - VA8<>4JVO >V?L>BEFV 6B8OABW 
C4D< 6 1@3 



CDB8B6:GTFLEO A4>BC<K9AAO 6B8OABW C4D< 5V?O 6V>A4 CDB6VFDN64AAO V ;DBEF4AAO 

C?BMV ;BA< 1 @4=:9 6 3 D4;< (D<E. 4.176). 

&4><@ K<AB@, O>MB ;4 C9DLV 3 7B8<A< 6V85G?BEO CV86<M9AAO 6B?B7BEFV A4 4%, 

FB 8B8464AAO M9 3 7B8<A ;5V?LL<?B 6B?B7VEFL A4 10%.  B:A4 CD<CGEF<F<, MB 

;@VA4 6B?B7BEFV G K4EV @4T A4>BC<KG64?LA<= ;@VEF V 6V8CB6V8A4 ;4?9:AVEFL @4F<@9 

EGFFT6B A9?VAV=A<= I4D4>F9D. )BK4 G CBDV6AOAAV ; 86B@4 C9DL<@< VAF9D64?4@< 

6V85G?BEL ;A<:9AAO F9@C9D4FGD< 6IV8AB7B CB6VFDO @4=:9 A4 2 7D48GE<, MB F4>B: 

8B84?B ;5V?LL9AAO 6B?B7BEFV.  

%F4A DB;CB8V?G 6B8OABW C4D< B 09.00: GE9D98A9A4 6B?B7VEFL 62% CD< 

EGFFT6B@G CV86<M9AAO F9@C9D4FGD< 6IV8AB7B CB6VFDO 20,7 º%. �CND4 DB;CB8V?G 

;59DV74T @4>E<@4?LAG >BAJ9AFD4JVO 6B8OABW C4D< G 69DIAV= K4EF<AV F9C?<JV CD< 

K4EF>B6B@G DB;L<D9AAV ;BA< 1 (CD<5?<;AB A4 20%). #D< JLB@G J9AFD4?LA4 ;BA4 

(;BA4 2) ;5V?LL<?4EO 6 89>V?L>4 D4;V6 V 8BEO7?4 CDBF<?9:ABW EFVA>< F9C?<JV 

(D<E.4.177). 

%F4A DB;CB8V?G 6B8OABW C4D< B 12.00: 6 E9D98ALB@G @4T@B 42% 6B?B7BEFV CD< 

CV86<M9AAV F9@C9D4FGD< 6IV8AB7B CB6VFDO 8B 25,4 º%. $B;CB8V? 6>4;GT A4 EGFFT69 

(5V?LL9 ;4 20%) ;A<:9AAO >BAJ9AFD4JVW 6B8OABW C4D< G 69DIAV= K4EF<AV 

F9C?<KAB7B B59T>F4 F4 5V?O 6V>A4 CDB6VFDN64AAO G CBDV6AOAAV ; CBC9D98AV@ 

8BE?V8:9AAO@ (D<E. 4.178).  B:A4 CD<CGEF<F<, MB DV;>9 ;A<:9AAO CB>4;A<>4 

6<>?<>4AB O> F9@C9D4FGDA<@ H4>FBDB@, F4> V CBA<:9AAO@ 8B84ABW 6B?B7BEFV 

6IV8A<@ CBFB>B@ ;B6AVLALB7B CB6VFDO. �7V8AB ; CDB7AB;B@ CB7B8<, 6B?B7VEFL 

;B6AVLALB7B CB6VFDO 42% CD< CV86<M9AV=, CB 6V8ABL9AAN 8B F9C?<JV, 

F9@C9D4FGDV. 

%F4A DB;CB8V?G 6B8OABW C4D< B 15.00: 6 E9D98ALB@G @4T@B 41% 6B?B7BEFV CD< 

@4=:9 A9;@VAAV= F9@C9D4FGDV 6IV8AB7B CB6VFDO 8B 26,2 º%. "E>V?L>< E9D98AT 

;A4K9AAO 6B?B7BEFV @4=:9 A9;@VAA9, 4 C?BM4 ;BA CV86<M9ABW 6B?B7BEFV 1 V 2 

EGFFT6B ;@9AL9A4 FB @B:A4 CD<CGEF<F<, MB F9C?BB5@VAAV CDBJ9E< 6 F9C?<JV 

@4?< EF45V?V;4JV=A<= I4D4>F9D, 4 K4E EF45V?V;4JVW T ECV6DB;@VDA<@ ; VAF9D64?B@ 

8BE?V8:9AL, FB5FB ; 3 7B8<A4@< (D<E. 4.179).  



%F4A DB;CB8V?G 6B8OABW C4D< B 18.00: 6 E9D98ALB@G @4T@B CV86<M9AAO 

6B?B7BEFV 8B 45%, MB @B:A4 664:4F< A4E?V8>B@ ;A<:9AAO F9@C9D4FGD< 8B84AB7B 

CB6VFDO @4=:9 A4 2,5 7D48GE<. �BA4 2, O> V 6 CBC9D98ALB@G 8BE?V8:9AAV, 6V8EGFAO, 

4 ;BA4 1 6>4;GT A4 89MB @9ALG >BAJ9AFD4JVN 5V?O 6V>BA CDB6VFDN64AAO.  

%F4A DB;CB8V?G 6B8OABW C4D< B 21.00: 6 E9D98ALB@G @4T@B CB84?LL9 

CV86<M9AAO 6B?B7BEFV 8B 67%, MB @B:A4 664:4F< A4E?V8>B@ ;A<:9AAO 

F9@C9D4FGD< CD<C?<6AB7B CBFB>G 8B 16,1 7D48GE<. �BA4 2, O> V 6 CBC9D98ALB@G 

8BE?V8:9AAV, 6V8EGFAO, 4 ;BA4 1 A45?<:GTFLEO 8B 6<7?O8G, O><= 6BA4 @4?4 A4 

CBK4F>B6B@G EF4AV 9>EC9D<@9AFG (D<E. 4.174).  

"FD<@4AV ;A4K9AAO E9D98ALBW 6<FD4F< 8B;6B?<?B DB;D4IG64F< 6FD4FG 6B8OABW 

C4D< F9C?<JV A4 BEAB6V KB7B CB5G8B64AB ;4?9:AVEFL 8?O >B@C9AE4JVW 6B?B7BEFV 

CB6VFDO 6CDB8B6: 8B5< (D<E. 4.18). &4>B: 5G?B ;DB5?9AB 6<EAB6B>, VAF9D64? ;@VA 

D9:<@G ;6B?B:9AAO @4T A9 C9D96<MG64F< 3 7B8<A ;D4A>G V 669K9DV, V @B:9 @4F< 

5V?LL9 ;A4K9AAO 689AL V 6ABKV. 

 

$<E.4.18. (GA>JVW 89HVJ<FG 6B8OABW C4D< F9C?<JV 

 

"F:9, CDB4A4?V;G646L< BFD<@4AV D9;G?LF4F< 8BE?V8:9AAO @B:A4 ;DB5<F< 

6<EAB6B>, MB @4>E<@4?LA4 >BAJ9AFD4JVO 6B8OABW C4D< 8BEO74TFLEO CD< CB84AAV 

CD<C?<6AB7B CB6VFDO 6 F9C?<KA<= B59T>F ; F9@C9D4FGDBN 20,7 º% F4 6B?B7VEFN 

�5
DV

F8
F 6

>4
O=

>W
 ?

4D
8,

  ?
7>

4

'4E, 7>4



62%. �4 BFD<@4A<@< D9;G?LF4F4@< 8BE?V8:9AAO 5G?B DB;D4IB64AB A9B5IV8AG 

>V?L>VEFL 6B8OABW C4D< 8?O >B@C9AE4JVW 54?4AEG 6B?B7BEFV F9C?<JV.  

 

4.6. �BE?V465AAO C5D5FV>0AAO DV48A8 F0 DB7C8?5AAO HBDEGA>8 

 

�?O C9D96VD>< DV6AOAAO @4EBC9D9ABEG 5G?B  CB5G8B64AB 3D @B89?L 

HBDEGA><, F4 C9D96VD9AB WW CD4J9;84FAVEFL ;4 8BCB@B7BN CDB7D4@AB7B 

;459;C9K9AAO SolidWorks ; 89>V?L>B@4 7D4A<KA<@< G@B64@<. �<>BD<EF46L< 

VAEFDG@9AF Flow Simulation 5G?B ;@B89?LB64AB C9D9FV>4AAO DV8<A< F4 DB;C<?9AAO 

HBDEGA>< [91, 105]. #9DLV 7D4A<KAV G@B6< 8?O @B89?N64AAO DB;C<?9AAO 

HBDEGA>< (D<E.4.19): �<FD4F4, Q = 10 ?E6; &<E>, p = 10 54D. 
 

  

 

  

4 5 

$<E.4.19. �CND< DB;CB8V?G C4D4@9FDV6 DB5BKBW DV8<A< 6 HBDEGAJV: 4 - 
9CND4 DB;CB8V?G L6<8>BEF9=; 5 - 5CND4 DB;CB8V?G F<E>G 

 

 4>E<@4?LA4 L6<8>VEFL 8BEO74TFLEO CD< CDBIB8:9AAV DV8<A< @V: 

CVEFBAB@ F4 EBC?B@, A4 6<IB8V ; HBDEGA>< ;A4K9AAO L6<8>BEFV V = 2 @/E F4 F<E>< 

6V8 0,75 8B 1,67 54D [91]. �DG7V 7D4A<KAV G@B6< 8?O @B89?N64AAO DB;C<?9AAO 

HBDEGA>< (D<E.4.20): �<FD4F4, Q = 15 ?E6; &<E>, p = 15 54D. 
 



 

  

 

  

4 5 

$<E 4.20. �CND< DB;CB8V?G C4D4@9FDV6 DB5BKBW DV8<A< 6 HBDEGAJV: 4 - 
9CND4 DB;CB8V?G L6<8>BEF9=; 5 - 9CND4 DB;CB8V?G F<E>G 

 

#VE?O ;5V?LL9AAO 6<FD4F< F4 F<E>G ;A4KAB ;5V?LL<?4EL L6<8>VEFL CBFB>G 

DV8<A< @V: CVEFBAB@ F4 >BDCGEB@ HBDEGA><, 4?9 CD< JLB@G F<E>< A4 6<IB8V 

;4?<L<?<EL 6 F<I E4@<I 8V4C4;BA4I [91].   

&D9FV 7D4A<KAV G@B6< 8?O @B89?N64AAO DB;C<?9AAO HBDEGA>< (D<E. 4.21):  

�<FD4F4, Q = 15 ?E6; &<E>, p = 60 54D. 
 

   

4 5 

$<E 4.21. �CND< DB;CB8V?G C4D4@9FDV6 DB5BKBW DV8<A< 6 HBDEGAJV: 4 - 
9CND4 DB;CB8V?G L6<8>BEF9=; 5 - 9CND4 DB;CB8V?G F<E>G 

 

#D< @B89?N64AAV CDBJ9EG DB;C<?9AAO CD< CDBIB8:9AAV DV8<A< @V: 

CVEFBAB@ F4 EBC?B@, A4 6<IB8V ; HBDEGA>< 8BEO74TFLEO ;A4K9AAO L6<8>BEFV V = 



30 @/E F4 F<E> 8B 2 54D. #DB6V6L< DB;D4IGA>< 8?O 84AB7B CDBFBF<CG F9C?<JV ; 

GD4IG64AAO@ >GF4 DB;C<?9AAO 68° 6<;A4K9AB, MB 8V4@9FD DB;C<?9AAO B8ABW 

HBDEGA>< 5G89 E>?484F< 2,5 @9FD< (D<E.4.22) [105]. 

 

$<E4.22. �GF DB;C<?9AAO HBDEGA>< 
 

 

&B@G 8?O ;459;C9K9AAO DV6AB@VDAB7B ;6B?B:9AAO F9C?<JV ; 7454D<FA<@< 

DB;@VD4@< 7I4 @9FD< 8BEF4FALB 3 HBDEGA><. (BDEGA>< @4NFL CD4JN64F<  

B8ABK4EAB ; 6AGFDVLALBN J<D>G?OJVTN CB6VFDO. &4><@ K<AB@ 84A9 8BE?V8:9AAO 

T BEAB6BN 8?O @9I4FDBAABW E<EF9@< >9DG64AAO 6B?B7VEFN, O>4 5G89 CD4JN64F< 

G;7B8:9AB 8B VAF9AE<6ABEFV DB;C<?9AAO, K4EG DB5BF<, >V?L>BEFV 6@<>4AAO F4 

6CBDO8>B64ABEFV.  

 

�8EAB2>8 CB DB74V?G 
 

" !4 BEAB6V @B89?N64AAO F9C?B-@4EB-B5@VAA<I CDBJ9EV6 6 79B@9FD<KAV= 3-D 

@B89?V F9C?<JV BFD<@4AV HGA>JVW 6<FD4F< F9C?B6BW CBFG:ABEFV F4 8B5B6B7B 

89HVJ<FG 6B?B7BEFV F9C?<JV 6CDB8B6: 8B5<.  

" %F6BD9AB F4 C9D96VD9AB A4 CD468BCB8V5AVEFL @B89?L @V>DB>?V@4FG F9C?<JV, ;4 

8BCB@B7BN O>BW 5G?B 6<;A4K9AB FD<64?VEFL C9D9IV8A<I CDBJ9EV6 CV8 8VTN 

;5G8:GNK<I H4>FBDV6, O>4 E>?484T CB L6<8>BEFV 8B 60 E9>GA8 ; CB84?LL<@< 

>B?<64AAO@< 8B 5%, CB F<E>G 8B 3 & 5 E9>GA8 ; CB84?LLBN EF45V?V;4JVTN 

6CDB8B6: 50 E9>GA8.  



" ,?OIB@ @B89?N64AAO CDBJ9EV F9C?BB5@VAG 6<;A4K9AB 6C?<6 F9@C9D4FGDAB7B F4 

CB6VFDO-L6<8>VEAB7B C4D4@9FDV6 F9C?<KAB7B B59T>FG A4 ?B>4?LAV F4 VAF97D4?LAV 

HGA>JVW ;@VA< L6<8>BEFV, F9@C9D4FGD<, F<E>G V 6B?B7BEFV.  

" �<;A4K9AB A9B5IV8AG >V?L>VEFL V DB;F4LG64AAO 84FK<>V6 F9@C9D4FGD< F4 84FK<>V6 

L6<8>BEFV CB 69DF<>4?LAV= C?BM<AV ; C9D9DV;B@ 6IV8AB7B 6V>A4 CDB6VFDN64AAO.  

 



$"���� 5. $"�$"��� #$"�$� � &� ���"$�& � ��$'��!!/ 
���"!��'� � #$�%&$"/ � #!�� "-���$����'!"� 

 �%�&$"!!"� %�%&� �  ��$"��� �&' 

 

5.1. �030;L=89 0;3>@8B< ?@>3@0<8 :5@C20==O =03@V20G0<8  

 

�030;L=89 0;3>@8B< ?@>3@0<8 :5@C20==O =03@V20G0<8 ?5@5410G0T  

 

 

$8A. 5.1. �030;L=89 0;3>@8B< ?@>3@0<8 :5@C20==O 
=03@V20G0<8 



2<8:0==O A8AB5<8, >=>2;5==O 7=0G5=L :5@CNG8E 7<V==8E, >?8BC20==O 40BG8:V2 

B0 >=>2;5==O AB0=C A8AB5<8, :>@53C20==O :>=AB0=B B0 7030;L=5 :5@C20==O 

@>1>B>N 28:>=02G8E ?@8AB@>W2 (@8A.5.1).  

#@8 2<8:0==V A8AB5<8 :5@C20==O ?5@H>G5@3>2> 2V41C20TBLAO 71V@ 

?>B>G=8E 40=8E 7 CAVE 28:>=02G8E ?@8AB@>W2 B0 40BG8:V2. �0;V ?@>3@0<0 

?5@5E>48BL 2 ?>G0B:>289 AB0=, >=>2;NNBLAO 2E>48 B0 28E>48 :>=B@>;5@0 (70 

=5>1EV4=>ABV <>65 1CB8 281@0=> 02B><0B8G=89 01> @CG=89 @568<8 :5@C20==O). 

&0:>6, 70 ?>B@518, 2V41C20TBLAO :>@53C20==O 7=0G5=L :>=AB0=B (V=B5@20; G0AC, 

4V0?07>= ?>BC6=>ABV, ABC?V=L 2V4:@8BBO 01> 70:@8BBO :0=0;V2). #VA;O :>@53C20==O 

:>=AB0=B 2V41C20TBLAO ?5@5@0EC20==O ?>G0B:>28E 40=8E. #> 7025@H5==V 

V=B5@20;C G0AC &1 2V41C20TBLAO >?8BC20==O 40BG8:V2 AB0=C B5?;8G=>3> >19T:BC, 

>4=>G0A=> 715@V30NBLAO ?>?5@54=V ?>B>G=V 40=V. &0:>6 ?@8 281V3C G0AC &1 

?>G0B:>2V 40=V 70<V=NNBLAO =0 ?>B>G=V, 0 ?@8 28E>4V 70 <56V V=B5@20;C &2 

74V9A=NTBLAO ?5@5@0EC=>: :><?5=ACNG>W B5?;>2>W ?>BC6=>ABV [87,88]. 

�V4?>2V4=> 4> ?>B>G=8E 7<V= B5<?5@0BC@8 74V9A=NTBLAO ?5@5@0EC20==O 

V=B5@20;V2 AB0;>W ?>BC6=>ABV. /:I> @53C;N20==O B5<?5@0BC@8 =5 7=0E>48BLAO 2 

4>?CAB8<><C 4V0?07>=V 3 7<5=HCTBLAO 01> 71V;LHCTBLAO G0A @>1>B8 =03@V20GV2.  

 

5.2. $568< @>1>B8 =03@V20GV2 B0 ?@>3@0<0 :5@C20==O 
 

�;O @>7@0EC=:C @568<V2 @>1>B8 =03@V20GV2 1C;> 28:>@8AB0=>, 2 O:>ABV 

?@8:;04C, 7<V=8 B5<?5@0BC@8 ?>2VB@O 2V4?>2V4=> 4> ?@>3=>7C [66,87]. � 

2@0EC20==O< A5@54=L>3> 7=0G5==O B5?;>2>W ?>BC6=>ABV, 4;O :><?5=A0FVW 2B@0B8 

B5?;0 2 70<:=5=><C B5?;8G=><C >19T<V, 70?@>?>=>20=> 28:>@8AB0B8 420 

:0;>@8D5@8 ?>BC6=VABN 3 :�B B0 1 :�B.  VAFO 2AB0=>2;5==O =03@V20GV2 

7>1@065=> =0 @8AC=:C 2.8. 

�87=0G5==O B5@<V=C 2<8:0==O V-3> =03@V20G0 @53;0<5=BCTBLAO 

=0:>?8G5=8< 45DVF8B>< B5?;>2>W 5=5@3VW:  
0

0

t t

d Fi
t

Q (t)dt N t,
+ô

= úôò                       



45 t0 - ?>B>G=89 G0A, 

 Qd - DC=:FVO 4>1>28E 2B@0B ?>BC6=>ABV 2V4?>2V4=> @57C;LB0BV2 <>45;N20==O 

(@8A.4.18),  

NFi - ?>BC6=VABL =03@V20G0(V2), 

 �t - B@820;VABL ?>B>G=>3> 2<8:0==O :0;>@8D5@0.  

 

� 70;56=>ABV 2V4 ?>G0B:>2>3> 7=0G5==O 2B@0G5=>W B5?;>2>W ?>BC6=>ABV 

>18@0T<> 2<8:0==O >4=>3> 01> 42>E :0;>@8D5@V2 (@8A.5.2).  

� ?>1C4>20=>W F8:;>3@0<8 284=>, I> :0;>@8D5@ =0 3 :�B 1C45 ?@0FN20B8 7 22 

3>48=8 ?> 9 3>48=C @0=:C, :0;>@8D5@ =0 1 :�B 1C45 ?@0FN20B8 7 9 3>48=8 ?> 11 

3>48=C @0=:C, 7 13 3>48=8 ?> 17 3>48=C B0 7 19 3>48=8 ?> 22 3>48=C. � 11 3>48=8 

?> 13 3>48=C B0 7 17 3>48=8 ?> 19 3>48=C 3 =5 ?@0FN20B8<5 6>45= :0;>@8D5@. 

�V4?>2V4=> 4> >B@8<0=>3> @568<C @>1>B8 :0;>@8D5@V2 1C2 @>7@>1;5=89 

0;3>@8B< 4;O A8AB5<8 :5@C20==O. �;3>@8B< @50;V7>20=> 2 A5@54>28IV CoDeSys 

=0 <>2V ?@>3@0<C20==O ST. 

 

 

$8A. 5.2. #@>3=>7>20=0 7<V=0 2B@0B8 B5?;>2>W ?>BC6=>ABV 7 F8:;>3@0<>N 
2:;NG5==O B0 28<:=5==O :><?5=ACNG8E =03@V20GV2 

 

�V4?@0FN20==O :><0=4 :5@C20==O =03@V20G0<8 =02545=> 2 D@03<5=BV :>4C: 



#@>3@0<0: 

PROGRAM P_TERM_F1_F2 

VAR 

    F1_Status : BOOL;  (* %B0BCA :0;>@8D5@0 F1 *) 

    F2_Status : BOOL;  (* %B0BCA :0;>@8D5@0 F2 *) 

    T1, T2, T3, T4, T5, T6, T7 : INT;  (* '0A 4;O :0;>@8D5@V2 *) 

END_VAR 

(* "A=>2=89 0;3>@8B< *) 

IF T > 0 AND T <= T1 + T2 + T3 + T4 + T5 + T6 + T7 THEN 

    IF T <= T1 THEN 

        F1_Status := TRUE; 

        F2_Status := TRUE; 

    ELSIF T <= T1 + T2 THEN 

        F1_Status := FALSE; 

        F2_Status := TRUE; 

    ELSIF T <= T1 + T2 + T3 THEN 

        F2_Status := FALSE; 

    ELSIF T <= T1 + T2 + T3 + T4 THEN 

        F2_Status := TRUE; 

    ELSIF T <= T1 + T2 + T3 + T4 + T5 THEN 

        F2_Status := FALSE; 

    ELSIF T <= T1 + T2 + T3 + T4 + T5 + T6 THEN 

        F2_Status := TRUE; 

    ELSE 

        F1_Status := TRUE; 

        F2_Status := TRUE; 

    END_IF; 

ELSE 

    F1_Status := FALSE; 

    F2_Status := FALSE; 



END_IF; 

"B@8<0=0 2 @57C;LB0BV <>45;L=>3> 5:A?5@8<5=BC 70;56=VABL 7<V= 

?>BC6=>ABV =03@V20GV2 C G0AV ?>:07CT, I> 4;O B5?;8FV 4>AB0B=L> 28:>@8AB0==O 

42>E =03@V20GV2 ?>BC6=VABN 3 :�B V 1 :�B 7 2V4?>2V4=8< 3@0DV:>< WE ?V4:;NG5==O 

2?@>4>26 4>18. �V4?>2V4=> 4> >B@8<0=>W 4>1>2>W  F8:;>3@0<8 @>1>B8 =03@V20GV2 

1C2 @>7@>1;5=89 0;3>@8B< :5@C20==O 5;5<5=B0<8 ?=52<>-3V4@02;VG=>W 

<5E0B@>==>W A8AB5<8 (A5@54>28I5 CoDeSys, <>20 ?@>3@0<C20==O ST), O:89 

040?BCTBLAO ?V4 7<V=8 7>2=VH=L>3> A5@54>28I0. 

 

5.3. $568< @>1>B8 D>@AC=>:  

 

�;O 287=0G5==O @568<V2 2<8:0==O/28<8:0==O D>@AC=>: 1C;> 28:>=0=> 

@>7@0EC=>: 4>40=>W 28B@0B8 2>;>3>ABV =0 ?@8:;04V 7<V=8 ?0@0<5B@V2 ?>2VB@O 

2V4?>2V4=> 4> 4>1>2>3> ?@>3=>7C ?>3>48 [92,93], O:5 =02545=> 2 @>74V;V 

4>A;V465==O B5?;>-<0A>>1<V==8E ?@>F5AV2 2 B5?;8FV A5@54=L>3> >19T<C. �0 

@57C;LB0B0<8 @>7@0EC=:C, 4;O :><?5=A0FVW 2B@0B8 2>;>38 2 B5?;8G=><C >19T<V, 

70?@>?>=>20=> 28:>@8AB0B8 B@8 D>@AC=:8 ?@>4C:B82=VABN 2 ;/3>4.  VAFO 

2AB0=>2;5==O D>@AC=>: >1@0=> 70 E0@0:B5@8AB8:>N AB0;>W >A5@54=5=>W 28B@0B8 

?> ?;>IV 72>;>65==O (@8A. 2.10).  

 

$8A. 5.3. #@>3=>7>20=0 7<V=0 2B@0B8 2>;>3>ABV ?>2VB@O 7 F8:;>3@0<>N 

2:;NG5==O B0 28<:=5==O :><?5=ACNG8E D>@AC=>: 



!0ABC?=89 :@>: 3 287=0G5==O B5@<V=V2 B0 G5@3>2>ABV 2<8:0==O D>@AC=>: 

A8AB5<8 BC<0=>CB2>@5==O. �87=0G5==O B5@<V=C 2<8:0==O  D>@AC=>: 

@53;0<5=BCTBLAO =0:>?8G5=8< 45DVF8B>< 2>4O=>W ?0@8:  + ÿý(�)ý� = ýý 7 ý��0+ý�
�0 , 

45: t0 - ?>B>G=89 G0A; 

Kd - DC=:FVO 4>1>28E 28B@0B 2>;>3>ABV 2V4?>2V4=> @57C;LB0BV2 <>45;N20==O (@8A. 

4.18); 

 QN 3 ?@>4C:B82=VABL D>@AC=:8(>:); 

 �t - B@820;VABL ?>B>G=>3> 2<8:0==O D>@AC=>:.  

� 70;56=>ABV 2V4 ?>B>G=>3> V ?@>3=>7>20=>3> 7=0G5==O 2B@0G5=>W 2>;>3>ABV 

?>2VB@O >18@0T<> 2<8:0==O >4=>W, 42>E 01> B@L>E D>@AC=>: (@8A.5.3). � 

?>1C4>20=>W F8:;>3@0<8 284=>, I> 4;O 70157?5G5==O :><?5=A0FVW 2B@0B 2>4O=>W 

?0@8 =5>1EV4=> 2<8:0B8 42V D>@AC=:8 ?@>4C:B82=VABN 2 ;/3>4. $>7?>4V; B5@<V=C 

2<8:0==O <V6 B@L><0 D>@AC=:0<8 <0T 70157?5GC20B8 @V2=><V@=5 72>;>65==O 

B5?;8FV. �V4?>2V4=> 4> 70;56=>ABV ?@>3=>7>20=8E 7<V= 2>;>3>ABV 287=0G5=> 

=0ABC?=V @568<8 @>1>B8 :><?5=ACNG8E D>@AC=>:. 

- #5@H89 @568<: 42V D>@AC=:8 ?@0FNNBL 7 10.15 ?> 10.45, B@820;VABL 

@568<C A:;040T 30 E28;8=. %5@54=T 7=0G5==O 28B@0B8 2>4O=>W ?0@8 4;O 

:><?5=A0FVW 2>;>3>ABV ?>2VB@O A:;040T 2,35 ;/3>4. "B65, ?@8 AC<0@=V9 

?@>4C:B82=>ABV 42>E D>@AC=>:  4 ;/3>4, :>5DVFVT=B =0?>2=5=>ABV G0AC @>1>B8 

D>@AC=>: (V=B53@0;L=0 A:206=VABL) A:;040B8<5 0,58, 0 @50;L=89 G0A @>1>B8 

D>@AC=>: 3 17,4 E28;8= (B5@<V= 28<:=5=8E D>@AC=>: A:;040T 12,6 E28;8=); 

- �@C389 @568<: 42V D>@AC=:8 ?@0FNNBL 7 10.45 ?> 11.15, B@820;VABL 

@568<C A:;040T 30 E28;8=. %5@54=T 7=0G5==O 28B@0B8 2>4O=>W ?0@8 4;O 

:><?5=A0FVW 2>;>3>ABV ?>2VB@O A:;040T 3,0 ;/3>4. "B65, ?@8 ?@>4C:B82=>ABV 

D>@AC=>:  4 ;/3>4, :>5DVFVT=B =0?>2=5=>ABV G0AC @>1>B8 D>@AC=>: A:;040B8<5 

0,75, 0 G0A @>1>B8 D>@AC=>: 3 22,5 E28;8=8 (AB0= A?>:>N A:;040T 7,5 E28;8=); 

- &@5BV9 @568<: 42V D>@AC=:8 ?@0FNNBL 7 11.15 ?> 12.30, B@820;VABL @568<C 

A:;040T 75 E28;8=. %5@54=T 7=0G5==O 28B@0B8 2>4O=>W ?0@8 4;O :><?5=A0FVW 



2>;>3>ABV ?>2VB@O A:;040T 3,61 ;/3>4. &>1B>, ?@8 ?@>4C:B82=>ABV D>@AC=>:  4 

;/3>4, :>5DVFVT=B =0?>2=5=>ABV G0AC @>1>B8 D>@AC=>: A:;040B8<5  0,9, 0 G0A 

@>1>B8 D>@AC=>: 3 67,5 E28;8= (AB0= A?>:>N A:;040T 7,5 E28;8=); 

- '5B25@B89 @568<: 42V D>@AC=:8 ?@0FNNBL 7 12.30 ?> 13.15, B@820;VABL 

@568<C A:;040T 45 E28;8=. %5@54=T 7=0G5==O 28B@0B8 2>4O=>W ?0@8 4;O 

:><?5=A0FVW 2>;>3>ABV ?>2VB@O A:;040T 3,1 ;/3>4. "B65, ?@8 ?@>4C:B82=>ABV 

D>@AC=>:  4 ;/3>4, :>5DVFVT=B =0?>2=5=>ABV G0AC @>1>B8 D>@AC=:8 A:;040B8<5  

0,77, 0 G0A @>1>B8 D>@AC=>: 3 34,65 E28;8= (AB0= A?>:>N A:;040T 10,35 E28;8=); 

- #9OB89 @568<: 42V D>@AC=:8 ?@0FNNBL 7 13.15 ?> 13.45, B@820;VABL @568<C 

A:;040T 30 E28;8=. %5@54=T 7=0G5==O 28B@0B8 2>4O=>W ?0@8 4;O :><?5=A0FVW 

2>;>3>ABV ?>2VB@O A:;040T 2,62 ;/3>4. "B65, ?@8 ?@>4C:B82=>ABV D>@AC=>:  4 

;/3>4, :>5DVFVT=B =0?>2=5=>ABV G0AC @>1>B8 D>@AC=>: A:;040B8<5 0,65, 0 

@50;L=89 G0A @>1>B8 D>@AC=>: 3 19,65 E28;8= (AB0= A?>:>N A:;040T 10,35 

E28;8=8). 

5.4. �030;L=89 0;3>@8B< B0 ?@>3@0<0 :5@C20==O D>@AC=:0<8  

� 0;3>@8B<V ?5@5410G5=> 2<8:0==O A8AB5<8 BC<0=>CB2>@5==O, >=>2;5==O 

?>B>G=8E 7=0G5=L 7<V==8E, >?8BC20==O 40BG8:V2 B0 >=>2;5==O :><?;5:BC :><0=4 

:5@C20==O [94,95,96].  

� @568<V =0;03>46C20==O <>65 74V9A=N20B8AO :>@53C20==O :>=AB0=B 4;O 

28?04:C =5?5@5410G5=8E 7<V= ?0@0<5B@V2 7>2=VH=L>3> ?>2VB@O=>3> V @V48==>3> 

A5@54>28I0 B0 ?0@0<5B@V2 <V:@>:;V<0BC, =0?@8:;04, ?>:@8BBO ?>25@E=V :@83>N 

G8 28EV4 7 ;04C ?@82>4V2 2V:>=.  

#@8 2<8:0==V A8AB5<8 :5@C20==O ?5@H8< 5B0?>< 2V41C20TBLAO >=>2;5==O 

V=D>@<0FVW AB>A>2=> ?>;>65=L B0 AB0=C 28:>=02G8E ?@8AB@>W2 B0 >?8BC20==O 

40BG8:V2. !0 4@C3><C 5B0?V, 70 =5>1EV4=>ABV :>@53C20==O @>1>B8 A8AB5<8,  

?@>3@0<0 ?>25@B0TBLAO =0 ?>G0B:>289 5B0?. �V41C20TBLAO >=>2;5==O 2E>4V2 B0 

28E>4V2 :>=B@>;5@0 (<>6;8289 281V@ 02B><0B8G=>3> 01> @CG=>3> :5@C20==O).  



 

$8A. 5.4. �030;L=89 0;3>@8B< ?@>3@0<8 :5@C20==O D>@AC=:0<8 

 

�V41C20TBLAO :>@53C20==O 7=0G5=L :>=AB0=B (V=B5@20; G0AC @>1>B8 D>@AC=>:, 

:V;L:VABL D>@AC=>:). #VA;O :>@53C20==O :>=AB0=B 74V9A=NTBLAO ?5@5@0EC=>: 

?>G0B:>28E 40=8E V A8AB5<0 ?5@5E>48BL 4> 2V4?@0FN20==O @568<V2 @>1>B8 

A8AB5<8 BC<0=>CB2>@5==O. /:I> ?>B>G=5 7=0G5==O 2>;>3>ABV (�V) 1V;LH5 70 



=5>1EV4=5 (�B5>@) A8AB5<0 ?5@5E>48BL 2 @568< >ACH5==O. /:I> 6 7=0G5==O 

2>;>3>ABV ?>2VB@O =5 ?5@528ICT 70% ?@>3@0<0 :5@C20==O ?5@52V@OT C<>28 I>4> 

281>@C =0ABC?=>3> @568<C. �V41C20TBLAO >=>2;5==O A83=0;V2 40BG8:V2 AB0=C 

B5?;8G=>3> >19T:BC, >4=>G0A=> 715@V30NBLAO ?>?5@54=V ?>B>G=V 40=V, 

74V9A=NTBLAO ?>@V2=O==O 40=8E 4;O 287=0G5==O =0?@O<:C V V=B5=A82=>ABV 

?@>F5AC.#@8 ?>?040==V 2>;>3>ABV 2 V=B5@20; 2V4 �1 4> �2  0;3>@8B< :5@C20==O 

2<8:0T 28:>=02G89 >@30= (D>@AC=:C FOR1) =0 G0A &1. #@8 281V3C G0AC &1 

?>G0B:>2V 40=V 70<V=NNBLAO =0 ?>B>G=V, 0 ?>B>G=V 40=V >=>2;NNBLAO. #@8 

?>B@0?;O==V 7=0G5=L 2>;>3>ABV 2 V=B5@20; 2V4  �2  4> �3,  0;3>@8B< 2<8:0T 

28:>=02GV >@30=8 (D>@AC=:8 FOR1 B0 FOR2) =0 G0A &2. #@8 281V3C G0AC &2 

?>G0B:>2V 40=V 70<V=NNBLAO =0 ?>B>G=V. #@8 ?>40;LH><C 7=865==V 2>;>3>ABV 

=86G5 �3 0;3>@8B< 2<8:0T 28:>=02GV >@30=8 (D>@AC=:8 FOR1 B0 FOR2, B0 FOR3) 

=0 G0A &3. #@8 281V3C G0AC &3 ?>G0B:>2V 40=V 70<V=NNBLAO =0 ?>B>G=V, 0 ?>B>G=V 

40=V >=>2;NNBLAO. �V4?>2V4=> 4> ?>B>G=>W 7<V=8 2>;>3>ABV ?>2VB@O 2 B5?;8G=><C 

>19T:BV 74V9A=NTBLAO ?5@5@0EC=>: A?V22V4=>H5==O G0AC 2<8:0==O V 28<8:0==O 

D>@AC=>: B0 :V;L:>ABV 704VO=8E D>@AC=>:. �;3>@8B< :5@C20==O <>65 1CB8 

@50;V7>20=>, =0?@8:;04, 2 A5@54>28IV Zelio Soft G8  CoDeSys =0 <>2V FBD G8 ST 

01> LD, V A?@O<>20=5 =0 28:>@8AB0==O ;>3VG=>3> :>=B@>;5@0, =0?@8:;04, 

SIEMENS S7-1200, G8  Schneider TM241CE40U. 

�8EV4=V C<>28: (>@AC=:8: FOR1, FOR2, FOR3. �EV4=V 7<V==V: humidity: 

#>B>G=89 @V25=L 2>;>3>ABV 2 70%. �>3V:0 ?@>F5AC :5@C20==O 107CTBLAO =0 

287=0G5==V V 2V4?@0FN20==V @568<V2 2 B@L>E 4V0?07>=0E 2>;>3>ABV: 70-65 %: 

?@0FNT >4=0 D>@AC=:0; 65-60 %: ?@0FNNBL 42V D>@AC=:8; 60-50 %: ?@0FNNBL 

B@8 D>@AC=:8. %?V22V4=>H5==O B5@<V=V2 2<8:0==O V 28<8:0==O D>@AC=>: 

@>7@0E>20=> 2V4?>2V4=> 4> 45DVF8BC 2>;>3>ABV V :V;L:>ABV 704VO=8E D>@AC=>:. 

!0?@8:;04, C @568<V @>1>B8 73 @>7@0EC=>: 74V9A=NTBLAO 70 A5@54=V< 7=0G5==O< 

45DVF8BC 2>;>3>ABV, O:89 A:;040T 3,61 ;/3>4. �8:>@8AB>2CNG8 A?V22V4=>H5==O 

@>1>B8 D>@AC=>: B0 AB0=C A?>:>N, D>@AC=:8 <0NBL ?@0FN20B8 ?>:8 =5 1C45 

4>AO3=5=5 A5@54=T 7=0G5==O 2>;>3>ABV C 2V4?>2V4=><C @568<V. �>5DVFVT=B 

=0?>2=5=>ABV G0AC @>1>B8 D>@AC=>: A:;040B8<5  0,9. "B65, O:I> 7030;L=89 G0A 



@>1>B8 @568<C A:;040T 75 E28;8= (&0), 2V4?>2V4=> G0A @>1>B8 D>@AC=>: 

&1=0,9*&0 V A:;040T 67,5 E28;8=. &0:, O: &1+&2=&0, B> G0A A?>:>N D>@AC=>: &2=&0- 

&1 V 1C45 AB0=>28B8 7,5 E28;8=.  

&09<5@8: timerWork: ?@0FNT ?@>BO3>< 67,5 E28;8=, ?>BV< ?5@5E>48BL 4> @568<C 

?0C78. timerPause: ?@0FNT ?@>BO3>< 7,5 E28;8= ?0C78, ?>BV< ?>25@B0T  4> @568<C 

@>1>B8. 

�V4?@0FN20==O :><0=4 :5@C20==O D>@AC=:0<8 =02545=> 2 D@03<5=BV :>4C: 

#@>3@0<0: 

PROGRAM P_HUM_For1_For2_ For3 

    humidity: REAL:= 70; // #>B>G=0 2>;>3VABL C % 

    FOR1: BOOL:= FALSE;  // %B0BCA ?5@H>W D>@AC=:8 

    FOR2: BOOL:= FALSE;  // %B0BCA 4@C3>W D>@AC=:8 

    FOR3: BOOL:= FALSE;  // %B0BCA B@5BL>W D>@AC=:8 

    timerWork: TON;    // &09<5@ 4;O @>1>B8 D>@AC=>: 

    timerPause: TON;    // &09<5@ 4;O ?0C78 <V6 F8:;0<8 

    workState: BOOL:= TRUE; // %B0=: TRUE - ?@0FNT, FALSE - ?0C70 

END_VAR 

// !0;0HBC20==O B09<5@V2 

timerWork(IN := workState AND NOT timerWork.Q, PT := T#&1m); // '0A @>1>B8 

D>@AC=>: 

timerPause(IN := NOT workState AND NOT timerPause.Q, PT := T#&2m); // '0A 

?0C78 

// �>3V:0 C?@02;V==O D>@AC=:0<8 

IF workState THEN 

    // �87=0G5==O :V;L:>ABV 0:B82=8E D>@AC=>: 70;56=> 2V4 2>;>3>ABV 

    IF humidity >= 65 THEN 

        FOR1:= TRUE; 

        FOR2:= FALSE; 

        FOR 3:= FALSE; 

    ELSIF humidity >= 60 AND humidity < 65 THEN 



        FOR1:= TRUE; 

        FOR2:= TRUE; 

        FOR3:= FALSE; 

    ELSIF humidity >= 50 AND humidity < 60 THEN 

        FOR1:= TRUE; 

        FOR2:= TRUE; 

        FOR3:= TRUE; 

    ELSE 

        FOR1:= FALSE; 

        FOR2:= FALSE; 

        FOR3:= FALSE; 

    END_IF; 

ELSE 

    // #V4 G0A ?0C78 2AV D>@AC=:8 28<:=5=V 

    FOR1:= FALSE; 

    FOR2:= FALSE; 

    FOR3:= FALSE; 

END_IF; 

// #5@5EV4 <V6 AB0=0<8 (@>1>B0 µ ?0C70) 

IF timerWork.Q THEN 

    workState := FALSE; // �0:V=G5==O @>1>B8, ?5@5EV4 4> ?0C78 

    timerWork(IN := FALSE); // %:840==O B09<5@0 @>1>B8 

END_IF; 

IF timerPause.Q THEN 

    workState := TRUE; // �0:V=G5==O ?0C78, ?5@5EV4 4> @>1>B8 

    timerPause(IN := FALSE); // %:840==O B09<5@0 ?0C78 

END_IF; 

 

$57C;LB0B8 @>7@0EC=:V2 ?>:070;8, I> 4;O B5?;8FV 2:070=>3> >19T<C 

4>AB0B=L> 28:>@8AB0==O 42>E :><?5=ACNG8E D>@AC=>: ?@>4C:B82=VABN 2 ;/3>4 

:>6=0 7 2V4?>2V4=8< 3@0DV:>< WE ?V4:;NG5==O 2?@>4>26 4>18. �0?@>?>=>20=89 



G0A>289 @>7?>4V; @>1>B8 :><?5=ACNG8E D>@AC=>: 704>2V;L=8BL 28<>38 4> 

@568<C 2>;>3>ABV <V:@>:;V<0BC B5?;8FV. 

 

5.5.#>@V2=O;L=89 @>7@0EC=>: 4V03@0<8 5D5:B82=>ABV ?=52<>-
3V4@02;VG=>W <5E0B@>==>W A8AB5<8 7 C?5@546CNG8< :5@C20==O< 

 

�;O ?>@V2=O==O >1@0=> 107>289 20@V0=B 7 48A:@5B=8< :5@C20==O< 

=03@V20G0<8 V A8AB5<0 7 C?5@546CNG8< :5@C20==O< (@8A.5.5). !03@V20GV 107>2>3> 

20@V0=B0 A8AB5<8 <0NBL 2V4A;V4:>2C20B8 28EV4 B5<?5@0BC@8 2 B5?;8FV 70 

2AB0=>2;5=V <56V <V=V<0;L=>W B5<?5@0BC@8 V <0:A8<0;L=>W B5<?5@0BC@8. 

!03@V20GV 28?5@546CNG>3> :5@C20==O >B@8<CNBL A83=0; =0 C2V<:=5==O I5 4> 

7=865==O B5<?5@0BC@8 =86G5 @53;0<5=B>20=>3> @V2=O. &0:8< G8=>< A8AB5<0 

28:>@8AB>2CT B5?;8FN 2 O:>ABV 0:C<C;NNG>3> ?@8AB@>N, O:89 =0:>?8GCT 

4>AB0B=L> B5?;>2>W 5=5@3VW 4;O VA=C20==O :><D>@B=>3> @568<C 2?@>4>26 

B5@<V=C 710;0=A>20=8E 2V49T<=>3> V 4>40B=>3> B5?;>28E ?>B>:V2.  

 

$8A. 5.5. �V03@0<0 5D5:B82=>ABV =03@V20GV2 70 107>28< B0 C?5@5465=8< 

20@V0=B0<8 



�>1>25 A?>6820==O 5=5@3VW A8AB5<>N >1V3@V2C C 7030;L=><C 28?04:C 

287=0G0T<> =0ABC?=8< G8=><: 

ý24 = 3 + ýÿÿÿ(�)ý�,24
0

ý
ÿ=1  

45:  

Ni - ?>BC6=VABL V-3> =03@V20G0,  

Xi- A83=0; ?V4:;NG5==O V-3> =03@V20G0 2 DC=:FVW G0AC 73V4=> F8:;>3@0<8 

@>1>B8 =03@V20GV2, 

 k 3 :V;L:VABL =03@V20GV2. 

'<>2>N 2<8:0==O =03@V20GV2 70 107>28< 20@V0=B>< T >E>;>465==O ?>2VB@O 

=86G5 70 =86=N 4>?CAB8<C <56C: ÿÿ�ÿ�þ = 1 ñ ÿ f ÿÿÿ�. 
'<>2>N 28<8:0==O =03@V20GV2 70 107>28< 20@V0=B>< T 25@E=O <560 

B5<?5@0BC@8 ?>2VB@O 7 :>5DVFVT=B>< 70?0AC =0 =5@V2=><V@=VABL ?>;O B5<?5@0BC@ 

B0 B5@<V= ?5@5EV4=>3> ?@>F5AC AB01V;V70FVW B5<?5@0BC@8, O:89 ?@89=OB> 2 

@>7@0EC=:0E 1,15: ÿÿ�ÿ�þ = 0 ñ ÿ f ý��ÿ� 7 ÿÿÿý. 
�>1>20 AC<0@=0 28B@0B0 5=5@3VW 70 107>28< 20@V0=B>< 4;O ?@8:;04C 4>1>2>W 

70;56=>ABV 45DVF8BC B5?;>2>W ?>BC6=>ABV <0T 7=0G5==O (@8A. 5.5): 

4,5 * 7,35 3>4 + 3,0 * 2,0 3>4 + 1,0 * 2,75 3>4 + 3,0 * 1,4 3>4 + 4,5 * 1,2 3>4 + 3,0 * 

4,4 3>4 + 4,5 * 4,9 3>4 =  4,5 * 56% + 3,0 * 32,5% + 1,0 * 11,5%= 

= 60,525 + 23,4 + 2.75 = 86,68 :�B*3>4 

'<>2>N 2<8:0==O =03@V20GV2 7 A8AB5<>N :5@C20==O 70 C?5@5465=8< 

20@V0=B>< T 10;0=A B5?;>2>W 2B@0G5=>W V B5?;>2>W 4>40=>W 5=5@3VW 70 ?52=89 

?@><V6>: G0AC ?@8 DV:A>20=><C 7=0G5==V ?>BC6=>ABV =03@V20G0: ÿÿ�ÿ�þ = 1 ñ (��þ� f � f ÿþ�þ�)^ {+ (ýÿ�ÿþ�þ�
��þ� 2 + $ýÿÿ(�)ý�)ý� = 0�ÿþ�þ�

��þ� }, 
45:  

(dif - DC=:FVO 45DVF8BC B5?;>2>W ?>BC6=>ABV C G0AV.  



'<>2>N 28<8:0==O =03@V20GV2 70 C?5@5465=8< 20@V0=B>< T 28EV4 V7 V=B5@20;C 

7>=8 710;0=A>20=>W B5?;>2>W 2B@0G5=>W V 4>40=>W 5=5@3VW ?@8 DV:A>20=><C 

7=0G5==V ?>BC6=>ABV =03@V20G0: ÿÿ�ÿ�þ = 0 ñ (��þ� f � f ÿþ�þ�)^ {|+ (ýÿ�ÿþ�þ�
��þ� 2 + $ýÿÿ(�)ý�)ý��ÿþ�þ�

��þ� | > 0} 

' 28?04:C 2V49T<=>3> 10;0=AC 5=5@3VW <0T 1CB8 @>7@0E>20=8< 20@V0=B 

28:>@8AB0==O =03@V20G0 =0ABC?=>3> ABC?5=N ?>BC6=>ABV (C =0H><C 28?04:C F5 

3,0 :�B), 01> >4=>G0A=>3> 28:>@8AB0==O 42>E =03@V20GV2 (4 :�B).  

' 28?04:C 4>40B=>3> 10;0=AC 5=5@3VW <0T 1CB8 @>7@0E>20=8< 20@V0=B 

28:>@8AB0==O =03@V20G0 <5=H>W ?>BC6=>ABV (C =0H><C 28?04:C F5 3 :�B 01> 1 

:�B), 01> 2V4:;NG5==O >1>E =03@V20GV2 =0 ?52=89 G0A, 4> >B@8<0==O V=B5@20;C 7 

2V4T<=8< 10;0=A>< B5?;>2>W ?>BC6=>ABV ( 2 ?@8:;04V V=B5@20; 2 2,2 3>48=8).  

�>1>20 AC<0@=0 28B@0B0 5=5@3VW 70 C?5@5465=8< 20@V0=B>< 4;O ?@8:;04C 

4>1>2>W 70;56=>ABV 45DVF8BC B5?;>2>W ?>BC6=>ABV <0T 7=0G5==O : 

4,0 * 7,3 3>4 + 3,0 * 2,8 3>4 + 0,0 * 2,2 3>4 + 3,0 * 3,0 3>4 + 1,0 * 2,5 3>4 + 3,0 *  

*2,6 3>4 + 4,0 * 3,6 3>4 = 4,0 * 45,42% + 3,0 * 35% = 43,6 + 25,2 + +2,5 = 71,3 

:�B*3>4  

�0 @57C;LB0B0<8 ?>@V2=O;L=>3> @>7@0EC=:C @V7=8FO A?>68B>W 70 4>1C 5=5@3VW 

107>2>N A8AB5<>N V A8AB5<>N 7 C?5@5465=>N A8AB5<>N :5@C20==O A:;040T : &þ8>5 = 86,68 >�F 7 7>8 2 71,3 >�F 7 7>8 = 15,4 >�F 7 7>8. 
&0:8< G8=><, 4;O =02545=>3> ?@8:;04C ?@>3=>7C 4>1>28E 7<V= B5<?5@0BC@8 

>B>GCNG>3> ?>2VB@O=>3> B0 @V48==>3> A5@54>28I0 5:>=><VO A?>6820==O 5=5@3VW 

A8AB5<>N >1V3@V2C A:;040T 18%. �=0;>3VG=V @>7@0EC=:8 4;O V=H8E ?5@V>4V2 

5:A?;C0B0FVW (7 ?V428I5=8< 70E<0@5==O<, OA=>N ?>3>4>N, @V7=V ?>@8 @>:C) 

=040;8 2V4 12% 4> 26% 7<5=H5==O 5=5@3>28B@0B. &0:8< G8=><, O:I> ?@89=OB8 

70 A5@54=L>@VG=89 ?>:07=8: 20% V 22060B8, I> 5:A?;C0B0FV9=89 ?5@V>4 B@820T 7 

& 10 <VAOFV2 (70 28=OB:>< B5E=VG=>3> >1A;C3>2C20==O B0 @5:C;LB820FV9=8E 

@>1VB), B> ?>:07=8: 7<5=H5==O 5=5@3>28B@0B 4;O >4=VTW B5?;8FV A:;040B8<5: 

<V=V<0;L=5 ��@V: = 15,4 :�B*3>4 * 210 = 3234 :�B*3>4; 

<0:A8<0;L=5 ��@V: = 18,375 :�B*3>4 * 305 = 4697 :�B*3>4. 



�0 C<>2 20@B>ABV 5;5:B@>5=5@3VW 4 3@=/:�B*3>4 @VG=5 70AB>AC20==O 

C?5@5465=>3> :5@C20==O =040T C 20@BVA=><C 28@07V 2V4?>2V4=> 2V4 12936 3@= 4> 

18788 3@=. � 70 C<>2 =0O2=>ABV 7=0G=>W :V;L:>ABV B5?;8FL 2 5:A?;C0B0FVW >1V3@V2 

:>6=>W 5-W B5?;8FV 2V41C20B8<5BLAO :>HB>< 70>I0465=>W 5=5@3VW.  

�0?@>?>=>20=89 ?V4EV4 <>65 1CB8 70AB>A>20=> 4> VA=CNG8E A8AB5< 

<V:@>:;V<0BC H;OE>< <>45@=V70FVW A8AB5< :5@C20==O.  

 

�8A=>2:8 ?> @>74V;C 

" �0 @0EC=>: @>7@0E>20=8E @568<V2 @>1>B8 A8AB5<8 BC<0=>CB2>@5==O B0 

@57C;LB0BV2 <>45;N20==O 4>1>28E 7<V= 72>;>65==O ?>1C4>20=> 7030;L=89 

0;3>@8B< :5@C20==O D>@AC=:0<8.  

" �0 @0EC=>: @>7@0E>20=8E @568<V2 @>1>B8 A8AB5<8 >?0;5==O B0 @57C;LB0BV2 

<>45;N20==O 4>1>28E B5?;>2>W ?>BC6=>ABV B5?;8FV ?>1C4>20=> 7030;L=89 

0;3>@8B< :5@C20==O =03@V20G0<8.  

" �V4?>2V4=> 4> >B@8<0=8E F8:;>3@0< @>1>B8 D>@AC=>: B0 =03@V20GV2 1C;> 

@>7@>1;5=> 0;3>@8B<8 :5@C20==O 5;5<5=B0<8 <5E0B@>==>W A8AB5<8 

(A5@54>28I5 CoDeSys, <>20 ?@>3@0<C20==O ST). 

" � >3;O4C =0 B5, I> C?5@5465=0 A8AB5<0 :5@C20==O <0T <5=H5 A?>6820==O 

5=5@3VW, 0 VA=CNGV A8AB5<8 265 <0NBL :>=:@5B=C B5?;>2C ?>BC6=VABL 

=03@V20GV2, 282V;L=5=0 ?>BC6=VABL <>65 1CB8 28:>@8AB0=0 4;O @>7H8@5==O 

5:A?;C0B0FV9=>3> 4V0?07>=C B5<?5@0BC@ 7>2=VH=L>3> ?>2VB@O=>3> B0 

@V48==>3> A5@54>28I0 01> @>7H8@5==O ?5@5;V:C 28@>IC20=8E :C;LBC@ 2 1V: 

B5?;VH>3> :;V<0BC. 
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1. �4 D9;G?LF4F4@< 4A4?VF<KAB7B B7?O8G 6V8B@<I F9IAVKA<I DVL9AL E<EF9@ 

@V>DB>?V@4FG V WI BEB5?<6BEF9= 6EF4AB6?9AB V F9BD9F<KAB B5�DGAFB64AB 

@B:?<6VEFL EF6BD9AAO @9I4FDBAABW E<EF9@< @V>DB>?V@4FG F9C?<JV E9D98ALB7B 

B59T@G ; 6<C9D98:GNK<@ >9DG64AAO@, MB 54;GTFLEO A4 6D4IG64AAV CDB7AB;G 

;@VA F9@C9D4FGD< V 6B?B7BEFV BFBKGNKB7B CB6VFDOAB7B V DV8<AAB7B 

E9D98B6<M4. &9 8B;6B?OT 6<;A4K<F< D4JVBA4?LAG EFDG>FGDG @9I4FDBAABW 

E<EF9@<, GFD<@G64F< ;A4K9AAO F9@C9D4FGD< V 6B?B7BEFV A4 @9:4I 8BCGEF<@<I 

;A4K9AL, ;459;C9KGT DB;L<D9AAO 8V4C4;BAG 9>EC?G4F4JV=A<I ;@VA 

F9@C9D4FGD< V 6B?B7BEFV BFBKGNKB7B CB6VFDOAB7B V DV8<AAB7B E9D98B6<M4 59; 

;5V?LL9AAO CBFG:ABEFV E<EF9@ B5V7DV6G V ;6B?B:9AAO.  

2. $B;DB5?9A4, A4 BEAB6V D9;G?LF4FV6 4A4?V;G F9IAVKA<I DVL9AL V BEB5?<6BEF9= 

F9C?<JL E9D98ALB7B B59T@G, D4JVBA4?LA4 EFDG>FGD4 @9I4FDBAABW E<EF9@<, O>4 

CBT8AGT 7V8D46?VKAV CV8E<EF9@< CB?<6G V ;6B?B:9AAO, CA96@4F<KAV 

CV8E<EF9@< CB6VFDBB5@VAG V D9J<D>G?OJVW F4 >9DG64AAO 6<>BA46K<@< 

CD<6B84@<, 9?9>FD<KAG CV8E<EF9@G B5V7DV6G, O>V B59T8A4AV J9AFD4?V;B64A<@ 

PLC >9DG64AAO@ ; @BAVFBD<A7B@ C4D4@9FDV6 F9C?<JV V EF4AG 6<>BA46K<I 

CD<EFDBW6.  

3. �EF4AB6?9AB, MB A4 BEAB6V @B89?N64AAO F9C?B-@4EB-B5@VAA<I CDBJ9EV6 6 

79B@9FD<KAV= 3-D @B89?V F9C?<JV @B:GFL 5GF< BFD<@4AV HGA>JVW 6<FD4F< 

F9C?B6BW CBFG:ABEFV F9C?<JV 6CDB8B6: 8B5<, MB 8B;6B?OT 6<;A4K4F< 

;4?9:ABEFV 89HVJ<FG F9C?B6BW CBFG:ABEFV F9C?<JV ; 6D4IG64AAO@ CDB7AB;G 

MB8B 8B5B6<I ;@VA CB7B8A<I G@B6. 

4. �4CDBCBAB64AB, A4 BEAB6V 8B5B6BW ;4?9:ABEFV 89HVJ<FG F9C?B6BW 

CBFG:ABEFV F9C?<JV, ;4EFBEG64F< GC9D98:GNK<= 4?7BD<F@ >9DG64AAO, O><= 

;459;C9KGT 54?4AE 89HVJ<FG F9C?B6B7B CBFB>G V 8B84AB7B F9C?B6B7B CBFB>G 

6V8 B5V7DV64KV6 A4 B>D9@<I CDB7AB;B64A<I VAF9D64?4I K4EG, GF6BD9A<I A46>B?B 

FBKB>, 6 O><I 6V89T@A<= F9C?B6<= CBFV> 8BDV6ANT HV>EB64A<@ ;A4K9AAO@ 

CBFG:ABEFV A47DV64KV6, MB 8B;6B?OT CB5G8G64F< EFDG>FGDG CDBJ9EG DB5BF< 



>B@C9AEGNK<I B5V7DV64KV6 6CDB8B6: 8B5< ; 6D4IG64AAO@ CDB7AB;G MB8B 

8B5B6<I ;@VA CB7B8A<I G@B6.   

5. %F6BD9AB F4 C9D96VD9AB A4 CD468BCB8V5AVEFL @B89?L @V>DB>?V@4FG F9C?<JV 

E9D98ALB7B B59T@G, 6<>BD<EF4AAO O>BW 8B;6B?<?B 6<;A4K<F< FD<64?VEFL 

C9D9IV8A<I CDBJ9EV6 CV8 8VTN ;5G8:GNK<I H4>FBDV6, 4 E4@9 ;@VA F9@C9D4FGD< 

;B6AVLALB7B CB6VFDOAB7B V DV8<AAB7B E9D98B6<M4 F4 ;@VA 6<FD4F< 

CB6VFDBB5@VAG. 

6. ,?OIB@ @B89?LA<I 6<CDB5G64AL 6<;A4K9AB 6C?<6 F9@C9D4FGDAB7B F4 

CB6VFDO-L6<8>VEAB7B C4D4@9FDV6 F9C?<KAB7B B59T>FG A4 ?B>4?LAV F4 

VAF97D4?LAV HGA>JVW ;@VA< L6<8>BEFV, F9@C9D4FGD<, F<E>G V 6B?B7BEFV, MB 

ECBEF9DV74NFLEO G ;4@>A9AB@G B59T@V F9C?<JV, MB 8B;6B?<?B, A4 BEAB6V 

BFD<@4AB7B DB;CB8V?G F9@C9D4FGD< F4 L6<8>BEFV 6 B59T@V F9C?<JV F4 

D97?4@9AFB64A<I @4>E<@4?LA<I V @VAV@4?LA<I ;A4K9AL, 6<;A4K<F< 

D4JVBA4?LAV FBK>< >BAFDB?N 6V8CB6V8A<I C4D4@9FDV6 8?O 6EF4AB6?9AAO 

84FK<>V6.  

7. �4 D9;G?LF4F4@< @B89?LA<I 8BE?V8:9AL 6EF4AB6?9AB, MB ?B>4?LAV HGA>JVW 

>B?<64AL F9@C9D4FGD< ECBEF9DV74NFLEO G 6EVI FBK>4I B59T>FG 8BE?V8:9AAO 8B 

10 E9>GA8, 4  VAF97D4?LA4 HGA>JVO ;@VA< F9@C9D4FGD< EO74T EF4?B7B ;A4K9AAO 

5?<;L>B 30-W E9>GA8<, MB 8B;6B?OT 6<;A4K<F< F9D@VA C9D9IV8AB7B CDBJ9EG 8?O 

E<EF9@< B5V7DV6G. �B>4?LAV HGA>JVW ;@VA< L6<8>BEFV ECBEF9DV74NFL G 6EVI 

FBK>4I B59T>FG 8BE?V8:9AAO, O>V ;A4IB8OFLEO 6 B8AV= C?BM<AV ; 6IV8A<@< 

6V>A4@< CDB6VFDN64AAO, 8B 60 E9>GA8 CD< 30->D4FAB@G CB6VFDBB5@VAV, 4 

VAF97D4?LA4 HGA>JVO ;@VA< C4D4@9FDG EF45V?V;GTFLEO 10&15 E9>GA8, MB 

8B;6B?OT 6<;A4K<F< F9D@VA C9D9IV8AB7B CDBJ9EG 8?O E<EF9@< CDB6VFDN64AAO. 

8. �<;A4K9AB A9B5IV8AG >V?L>VEFL V DB;F4LG64AAO 84FK<>V6 F9@C9D4FGD< F4 

84FK<>V6 L6<8>BEFV CB 69DF<>4?LAV= C?BM<AV ; C9D9DV;B@ 6IV8AB7B 6V>A4 

CDB6VFDN64AAO, O>V 6D4IB6GNFL F9D@VA EF45V?V;4JVW F9@C9D4FGD< 6 F9C?<KAB@G 

B59T>FV, MB E>?484T 5?<;L>B 10 E9>GA8, F4 K4E EF45V?V;4JVW L6<8>BEFV ; 

6D4IG64AAO@ >B?<64?LAB7B CDBJ9EG ; 8BCGEF<@BN 4@C?VFG8BN 0,05 @/E9>, 

O><= A9 C9D96<MGT 60 & 90 E9>GA8. 



9. �FD<@4A4, ;4 D9;G?LF4F4@< @B89?LA<I 8BE?V8:9AL ; 6D4IG64AAO@ 8B5B6<I 

;@VA F9@C9D4FGD< BFBKGNKB7B CB6VFDOAB7B V DV8<AAB7B E9D98B6<M4, HGA>JVO 

;@VA 89HVJ<FG CBFG:ABEFV A47DV64KV6 G K4EV CB>4;4?4, MB 8?O F9C?<JV 

8BEF4FALB 6<>BD<EF4AAO 86BI A47DV64KV6 CBFG:AVEFN 3 >�F V 1 >�F ; 

6V8CB6V8A<@ 7D4HV>B@ WI 6<C9D98:GNKB7B CV8>?NK9AAO 6CDB8B6: 8B5<, MB 

8B;6B?OT B5V7DV64F< F9C?<JN CB 86B;BA4?LAB@G F4D<HG ;4 9?9>FDB9A9D7VN V T 

9>BAB@VKAB 6<7V8A<@ CV8 K4E 9>EC?G4F4JVW F9C?<KAB7B B59T>FG 6 IB?B8A<= 

C9DVB8 DB>G. 

10. �V8CB6V8AB 8B BFD<@4ABW 8B5B6BW J<>?B7D4@< DB5BF< A47DV64KV6 

DB;DB5?9A<= V C9D96VD9A<= A4 V@VF4JV=AV= @B89?V 4?7BD<F@ >9DG64AAO 

9?9@9AF4@< @9I4FDBAABW E<EF9@< (E9D98B6<M9 CoDeSys, @B64 CDB7D4@G64AAO 

ST) F4 E<EF9@4 >9DG64AAO 6<>BA46K<I CD<EFDBW6 (FluidSIM). 

11. �EF4AB6?9AB, MB ; 6D4IG64AAO@ F9C?B-@4EB-B5@VAA<I CDBJ9EV6 6 

79B@9FD<KAV= 3-D @B89?V F9C?<JV @B:GFL 5GF< ;@B89?LB64AV ;@VA< 6<FD4F< 

6B8OABW C4D<  F9C?<JV 6CDB8B6: 8B5<, 4 BFD<@4AV ;4?9:ABEFV ;A<:9AAO 

>BAJ9AFD4JVW 6B?B7BEFV 6 CB6VFDV 8B;6B?ONFL 6<;A4K<F< J<>?B7D4@G DB5BF< 

>B@C9AEGNK<I HBDEGAB> F4 CB5G8G64F< 4?7BD<F@ >9DG64AAO G K4EV.  

12. �FD<@4A4, 6 D9;G?LF4FV @B89?LA<I 8BE?V8:9AL, HGA>JVO 8B5B6B7B 

89HVJ<FG 6B?B7BEFV 6CDB8B6: 8B5< 8B;6B?<?4 DB;D4IG64F< HGA>JVN 

A9B5IV8ABW CDB8G>F<6ABEFV >B@C9AEGNK<I HBDEGAB> G K4EV, MB CV8F69D8<?B, 

MB 8?O F9C?<JV 6>4;4AB7B B59T@G 8BEF4FALB B8ABK4EAB7B 6<>BD<EF4AAO 86BI 

; FDLBI >B@C9AEGNK<I HBDEGAB> CDB8G>F<6AVEFN 2 ?/7B8 >B:A4 ; 

6V8CB6V8ABN J<>?B7D4@BN WI CV8>?NK9AAO. �V8CB6V8AB 8B BFD<@4A<I 

D9;G?LF4FV6 CB5G8B64AB EFDG>FGDG CDBJ9EG DB5BF< HBDEGAB> 5G?B 

DB;DB5?9AB 4?7BD<F@ >9DG64AAO 9?9@9AF4@< @9I4FDBAABW E<EF9@< 

(E9D98B6<M9 CoDeSys, @B64 CDB7D4@G64AAO ST). 

13. �4 D9;G?LF4F4@< CBDV6AO?LA<I DB;D4IGA>V6 8V474@< 9H9>F<6ABEFV 

CB>4;4AB, MB 6<>BD<EF4AAO GC9D98:GNKB7B 4?7BD<F@G >9DG64AAO, ; 

DB;CB8V?9AAO@ 8B5< A4 VAF9D64?< K4EG V; ;54?4AEB64A<@< CBFB>4@< 89HVJ<FG 

F9C?B6BW CBFG:ABEFV V DB5BFBN B5V7DV64KV6 ;459;C9KGT (12 & 26)% E>BDBK9AAO 



9A9D7BECB:<64AAO ;4 D4IGAB> 6<>BD<EF4AAO G;7B8:9AAO 8VW E<EF9@< 

>9DG64AAO ;  9A9D7B4>G@G?NNK<@< 6?4EF<6BEFO@< F9C?<JV. �4CDBCBAB64A<= 

CV8IV8 @B:9 5GF< ;4EFBEB64AB 8B VEAGNK<I E<EF9@ @V>DB>?V@4FG L?OIB@ 

@B89DAV;4JVW E<EF9@ >9DG64AAO ; 6D4IG64AAO@ CBFG:ABEFV VEAGNK<I 

A47DV64KV6, 4 6<6V?LA9A4 CBFG:AVEFL @B:9 5GF< 6<>BD<EF4A4 8?O DB;L<D9AAO 

9>EC?G4F4JV=AB7B 8V4C4;BAG F9@C9D4FGD ;B6AVLALB7B CB6VFDOAB7B V DV8<AAB7B 

E9D98B6<M4 45B DB;L<D9AAO C9D9?V>G 6<DBMG64A<I >G?LFGD 6 5V> F9C?VLB7B 

>?V@4FG.  
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