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Резюме:  В статията е представена методика за изследване на двупоточна обемна хидромеханична пре-

давка в лабораторни условия на стенд. Целта на изследването е да се определят в лабораторни условия силови-

ят и кинематичен диапазон на изменение на предавателното отношение на предавката, както и нейният КПД. 
 

Ключови думи: изследване, изпитване, двупоточна, хидромеханична, хидрообемна  предавка, КПД, 

силов, кинематичен диапазон на регулиране. 
 

 

Abstract: This paper presents a methodology for examination two-stream hydro-mechanical gear in the lab stand. The 

aim of this examination was to determine in the laboratory strength and kinematic variation range gear ratio of gear, as well as 

its efficiency. 

        Keywords: research, testing, two-stream, hydro-mechanical gear, hydrostatic transmission, efficiency, power, kinematic 

range of gear ratio. 

 
 

 

1. Introduction 

   In developing transmissions of any type greatest 

importance is given to their energy efficiency. The 

value of efficiency in gear is key to solving important 

global problems - environmental and energy. Besides 

efficiency is crucial also suitability for use of a 

particular type of gear that is defined by its parameters 

such as torque variation range and kinematic variation 

range on gear ratio. 

The tested hydrostatic-mechanical transmission 

(ОХМП) consists of two adjustable hydrostatic 

machines with axial movement of the piston and 

symmetrical conical planetary mechanism. The 

mechanical branch of the gear unit is characterized by 

relatively high efficiency and constant gear ratio. The 

hydrostatic drive has a large variation range on the 

gear ratio, especially if both hydrostatic machines are 

adjustable, as is the case, but efficiency is lower than 

that of mechanical gear.  

As can be expected qualitative and quantitative 

parameters of the combined gear (ОХМП) take place 

between these on a two of its constituent branches: 

mechanical and hydraulic. Interest is setting than by 

calculations and also a real experiment characteristic 

of strength, kinematic and energy parameters on 

ОХМП, order to assess the suitability of this type of 

gear for possible applications in transport and traction 

equipment. 

2. Scheme of test bed for hydrostatic-

mechanical transmission  

   Schematic structure of the stand shown in the figure. 

The controls for machines of different modules are 

shown in scheme: L1  a control lever of the adjustable 

hydrostatic machine - pump of the drive hydrostatic 

gear; L2  a control lever of the adjustable hydrostatic 

machine - pump of the research two-stream module, 

connected mechanically with the planetary gear of the 

distribution box; L3  a control lever of the adjustable 

hydrostatic machine - hydraulic motor of the research 

two-stream module, simultaneously connected to the 

planetary gear and the output shaft; L4  a control lever 

of the adjustable hydrostatic machine - pump on the 
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loading brake. L and F are the positions of the control 

lever on the included gear reducer of the distribution 

box. 

             3. Measured and calculated values. 
 

   PS - an electric power consumption of one phase of 

the drive motor. It is assumed that the load in the three 

windings of the motor is symmetric. Is measured by 

AC power meter. The total power consumption of the 

electric motor is: 

P = 3. PS   , W   
    

    ∆p – fluid pressure in the working pipework of 

hydrostatic transmissions, used in test bench. It is 

calculated as the difference between the pressure of 

the discharge and the connecting pipeline The 

pressures are measured by mechanical pressure gauges 

with the exception of penstock on the research two-

stream module that reports of electric transformer type 

PSPR with accuracy class 0.5%, supply voltage of 10 

to 30V DC. Оutput voltage is proportional to the 

measured pressure and changes in the range of 0 to 

10V. 

∆p1,2,3 = pA1,2,3   -  pB1,2,3      , Pa , 
 

 where pA is the pressure of the working fluid in the 

pressure pipe, pB is the pressure of the working fluid in 

the connecting pipe, which is considered by 

approximation that is equal to the supply pressure of 

the hydrostatic machines. The indices 1, 2 and 3 are 

for identification of belonging to a specific hydrostatic 

transmission as follows: adjustable drive module; two-

stream unit and loading unit.  

   The angular positions of the levers L2,3 and 4. were 

measured with an electric converter - potentiometer for 

rotation within a range of 0 to 270 degrees with a 

linear characteristic, to determine Kv 1,2,3,4 - relative 

working volumes on the adjustable hydrostatic 

machines used in the test bench: 

                        Kv1,2,3,4  =  ,
m axV

Vmek  

  where VTEK is the current value of the working 

volume, VMAX is the maximum volume of the 

hydrostatic machine,  10
-6
 , m

3
 . Indices 1,2,3 and 4 

set belonging respectively to: the hydraulic pump drive 

module; hydraulic machine of two-stream unit, 

connected with the planetary gear; hydraulic machine 

of two-stream unit, connected to the output shaft and 

the hydraulic pump to the loading unit. In determining 

assumed that the transfer function VТЕК = f(φ) is linear, 

where φ is the angle of rotation of the lever of the 

distributor, which manages slanted disk amending the 

VТЕК . 

   Т – torque acting on the stationary planetary wheel 

differential of hydromechanical gearbox. Taking into 

account the friction in the differential mechanism 

MТР,ДМ , calculate the torque of the input shaft in two-
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calculated values 
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stream unit – МВХ, ОХМП 
 

МВХ, ОХМП = T – MТР, ДМ , Nm 

MТР, ДМ  = f(T, MО, nВХ, ОХМП), Nm 
 

where МО is conditionally accepted permanent loss of 

torque in the differential mechanism on the two-stream 

unit, including disk losses, friction in bearings and 

seals The experiment was conducted at a constant 

rotational speed, torque and temperature of the 

working fluid. Measurement of T becomes with strain 

gauges included in the bridge circuit and a signal 

amplifier.  

    Q – the flow of oil in the working oil lines of 

hydrostatic machines from two-stream unit is read 

directly with the flowmeter installed on the pressure 

pipe in l / min.  

n1 is rotation speed of the output shaft of the drive 

hydrostatic transmission. The rotation speed of the 

input shaft of the two-stream unit – n1,ОХМП, is 

determined by calculation, because there is provided a 

rigid connection of the kinematic diagram of the 

hydromechanical transmission, by blocking the torque 

converter.  
 

n1,ОХМП = 
..

21

пiв

n 
 , min

-1 

 

where i ВП. is a gear ratio of the selected gear in 

hydrodynamic automatic planetary gearbox (ХМПК), 

2 is a gear ratio of the differential of hydrodynamic 

automatic planetary gearbox at blocked planetary 

wheel. The converters for rotating speed are 

constructed from optron elements operating with 

infrared rays. n2 – is rotation speed of the output shaft 

of the two-stream unit, which, according to the scheme 

of the test bench coincides with that of the loading 

hydrostatic brake. 

   All these electrical signals enter the interface 

connected to a PC where the readings are displayed 

and recorded in real time. The scheme not shown 

temperature transducers, with which is monitored the 

thermal state of the working machines. It should not 

change in the duration capture the data for a working 

point traction-speed characteristics, to ensure the 

established mode of the test bench. 

   To determine the efficiency of the research module 

uses the expression: η = iC*iK , where iC is a torque 

ratio, iK is a speed ratio.  

IС = ,
охмп

cп

Мвх

M
           iК  = ,

2

1охмпn

n
 

 
 

    MСП  is a torque, consumed by loading hydraulic 

pump, whose value is calculated from the input data: 

∆p3;Kv4, taking into account the power losses in the 

pump (hydromechanically efficiency – ηhm3 = f(n2, ∆p3 

, Kv4)   ), taken experimentally. 
 

MСП  = Nm,
V*Kv *p

hm3

443




 

    

    For calculation of volume efficiency of hydrostatic 

machines from two-stream unit are used dependencies: 

           ηVpv = ,
** 22 VKvn

Q

pv

 for hydrostatic 

machine associated with planetary mechanism,  which 

works only in pumping mode under all operating point 

of the traction-speed characteristics. The rotational 

speed of this hydraulic machine are calculated using 

the equation of the kinematics of conical symmetric 

differential: 

nPV = 2

cp

охмпвх 

i

2n
n ,    min

-1
 

where iСР  is a gear ratio of the selected gear in the 

distribution box. 
 

          ηV,MV = ,
** 332

Q

VKvn
 for hydraulic machine 

connected to the output shaft. The lowest value of 

volumetric efficiency of the hydraulic machine 

working in pumping mode - ηV,PV can be defined in 

characteristic point of the so-called "stop mode" when 

Δp2 takes its maximum value and n2 is still zero. The 

value of ηV,PV at this point is an indication of the 

technical condition of the hydraulic pump in terms of 

the tightness of couples piston-cylinder. To assess the 

wear of the hydraulic machines can be set ηV,PV and 

ηV,MV at acceleration in idling on the output shaft the 

two-stream unit - at uninstalled shaft on the loading 

unit in which the value of Δp2 depends proportion of 

the hydro-mechanical losses in the hydraulic stream of 

two-stream unit. Building a the two characteristic 

curves: a "stop mode" and "idle" - Δp2 = f (n2), carries 

important information about technical condition of the 
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hydraulic machines, which is especially important for 

analytical determination of losses. 

  The values of ηV,PV and ηV,MV as well ηH,PV and ηH,MV 

(hydro mechanical losses in hydro-machines) can be 

determined and with calculations, taking on the 

characteristics of losses, that are described by 

mathematical models and have type: 
 

ηV,PV; ηV,MV; ηM,PV; ηM,MV = f(Kv, Kp, Kn), - 

Kn = 
maxn

nтек  - relative rotational speed of the hydraulic 

machine. 

   Besides the calculation method for the value of ηV,PV 

and ηV,MV there is another option of testing, but not at a 

constant power supplied to the entrance of the two-

stream unit. This methodology aims to build 

relationships: ηV, PV; ηV, MV = f (M2, n2) at a constant 

value of n1,ОХМП and KV2,3 and changes in the resistance 

torque of the loading unit MСП. The increase in this 

torque causes the increase of the volumetric losses in 

the hydraulic stream of two-stream unit, which is 

accounted for as loss of speed. The study is done for 

all possible combinations of n1,ОХМП and KV2,3, the 

objective is to analyze the correlation between the 

actual values of volumetric losses in the hydraulic 

stream and those, obtained analytically. 

  The total hydromechanicall efficiency- ηhm on the 

hydraulic machinery from studies module can be 

specified easiest in the mode, when the angular 

velocities of planetary wheels and cassette on the 

differential mechanism of two-stream unit are 

identical. Then friction losses in the differential 

mechanism lacks and value on the efficiency of the 

mechanical part of the two-stream unit ηМЕХ has 

maximum.  This mode is characterized by n2 = 

cp

охмп1

i

n
, min

-1
 , and the value of ηm = f (M2, n2) at 

blocked differential is taken from another study. To 

determine his starting from theorem of separation of 

power flows : 

PЗАГ, ОХМП = PЗАГ,H + PЗАГ,М  , W 

where PЗАГ, ОХМП are a losses in the two-stream unit; 

PЗАГ,H  are a losses only in the hydraulic stream; PЗАГ,М  

are a losses only in the mechanical stream. According 

to the theorem of separation of power flows, overall 

efficiency of the two-stream unit takes a value between 

the values of the efficiency of the constituent drives, 

provided that there is no circulation of power. In 

general it can be argued that  

ηHM* ηV  < η < ηM 

Power losses can be represented as follows: 

PВХ,ОХМП*(1-η) = PH*(1- ηHM* ηV) + PM*(1- ηM), 

where PВХ,ОХМП = МВХ,ОѝМП*n1ОХМП*π/30, W is the 

input power in the two-stream unit; η is the total 

efficiency of the two-stream unit; PH is the power of 

the hydraulic stream  PH = МВХ,ОХМП* n1,ОХМП * ηМ/2 – 

this is the power that is fed to one planetary gearwheel 

of the differential  mechanism, which is connected 

only the hydraulic pump of two-stream unit; PM is the 

mechanical power stream; ηM is the efficiency of the 

mechanical stream; ηHM* ηV is the total efficiency of 

hydraulic stream. Because the differential mechanism 

is symmetrical and it is a point of separation of power 

flows of mechanical and hydraulic, the power flow is 

divided into two equal parts, if neglected friction 

losses. This neglect of friction losses in the differential 

is convenient to accept the setpoint of the study when 

the two planetary wheels rotate at the same angular 

speed, because at this point there is no power loss from 

friction in the differential. From both equality of 

torques acting on the two planetary cogwheels and 

their angular velocities, it follows that both power flow 

have the same value PH = PM , which affects the 

expression of the theorem of power flows and leads to 

simplification: 

ηHM  = 
V

m



 2
   

4. Methodology for the construction of a 

traction-speed characteristics of the two-

stream hydrostatic-mechanical transmission 

(ОХМП) at constant input power. 

   The method aims to define the parameters of power 

flows - angular velocity and torque for the most 

important two mechanical power flow (the input and 

output shaft) and the pressure and flow in the working 

pipework of the two hydraulic machines from the 

hydraulic branch of the hydrostatic-mechanical 

transmission.  The determination of the parameters of 

the hydraulic branch may be omitted if the goal is to 

determine only the total value of the efficiency of the 

gear unit as a whole, but it is necessary to determine 

and analyze the losses in the hydraulic equipment and 

connecting piping. 
At construction of the points of traction-speed 

characteristics in the laboratory are simulated the work 

of transport machine or traction machine in real modes 

of movement with different combinations of total 

resistance force and speed with maximum continuous 

power supplied from the engine to the transmission. 

Thus obtained traction-speed characteristic from the 

external characteristics of the engine (the point with a 

rated power) is the basis for calculating performance 

and fuel economy of the machine which would be 

used this two-stream unit as a gearbox. 

The methodology of the study includes the 

following steps: 1. Before starting the stand be 

checked the oil level of the driven hydrostatic 

transmission, in the crankcase of hydrodynamic 

gearbox complete with differential, as well as in the 
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distribution box and in the tank of two hydraulic 

machines from two-stream unit and of the hydrostatic 

pump from the loading unit. 2. Check the neutral 

position of control levers for all hydraulic machinery 

to the main engine to launch a no extra load. 3. Switch 

on the power supply of instrumentation and checked 

ranges testimony of position potentiometers on the 

control levers being moved to their final positions. 

Make a test of the battery that powers the flow meter 

installed in the working oil pipe of the hydraulic 

machines from the two-stream unit. 4. Initially run the 

motor of the three-section hydraulic pump and is 

monitored whether the pressure in all three hydraulic 

supply lines reaches the set value from the safety 

valves. The lookout for some leakage. 5. Start the the 

main engine, ensuring that the value of power 

consumption in order not to overload the engine. 6. 

Before the acceleration of the input shaft of the study 

two-stream unit, is switched in a stationary position 

the fast gear hydrodynamic gearbox via the 

appropriate combination of switches that controlled 

electro-hydraulic valves of automatics. 7. Via lever the 

hydrostatic pump from drive unit is achieved gradually 

the target speed of rotation of the input shaft of the 

two-stream unit. In this situation the output shaft of the 

two-stream unit accelerates to a speed determined by 

the gear ratio of the gear in distribution box, because 

hydrostatic machines from two-stream unit is in 

neutral. The aim is to accelerates the shaft of a loading 

hydraulic machine in order to heat the oil and in it. For 

more intensive increase in liquid temperature can be 

set to load via the lever of the hydrostatic brake - it is 

necessary to reach normal operating temperatures of 

nodes, in which dependencies are valid for 

determination of hydro-mechanical losses. 8. Before 

starting the actual measurement of the drive shaft of 

the two-stream module should be set at rest, by placing 

lever hydrostatic drive unit in neutral. The same 

applies for lever of hydraulic machine from loading 

brake for subsequent start without additional load. Аnd 

the controls of the hydraulic machines of two-stream 

module to align the position of acceleration from rest 

of the output shaft - so simulate departure from place 

to transport machine. In this case, the hydraulic 

machine mounted on the output shaft needs to be a 

position of the tilted disk of maximum displacement, a 

hydraulic machine connected with the planetary gear 

is in the neutral position of the inclined disc. 9. Set 

nominal speed of rotation of the input shaft of two-

stream module through the lever of the hydraulic 

pump drive unit. In this state simulate a stationary 

vehicle with the engine running, to measure the target 

rotational speed of the input shaft of two-stream 

module for determining the realized ratios of the test 

gear. 10. Bring in action lever of the hydraulic 

machine from two-stream module,  mounted just to the 

planetary mechanism from the neutral position to a 

maximum displacement. In this situation, the two 

planetary wheels rotate at the same speed if ignored 

volumetric losses of the hydraulic machine as lever of 

the hydraulic brake still non-activated. The aim is to 

develop the maximum speed of the output shaft and it 

begin consideration of the items of traction-speed 

characteristic of the two-stream module. 11. With the 

lever of the hydraulic machine of two-stream module 

mounted on the output shaft is reduced the working 

volume until develop the maximum speed of rotation. 

12. Moves lever the loading hydraulic machine with a 

certain step towards increasing the working volume 

until it reaches the target amount of power consumed 

by the drive motor. 13. All the measured values are 

account to calculate all possible parameters according 

to the equipment of the stand. 14. The lever of the 

hydraulic machine, mounted on the output shaft of 

two-stream module is moved in the direction of 

increasing working volume thereby reducing the 

rotational speed of the output of the test gearbox. 15. 

Point 12 and point 13 is repeated until it runs out the 

possibility of increasing the working volume of the 

adjustable hydrostatic machine from point 14. 16. 

Output shaft revolutions are reduced by reducing with 

certain step of the working volume of the hydrostatic 

machine, mounted on the planetary mechanism of two-

stream module. 17. Point 12 and 13 are repeated until 

it reaches the point of traction-speed characteristics at 

minimum speed and maximum torque, is limited by 

the value of oil pressure in the working line or the 

minimum displacement of hydrostatic machine from 

paragraph 16. 18. The experience is held in reverse 

order to establish the presence of hysteresis in traction-

speed characteristic towards increasing the speed of 

rotation of the output shaft of the two-stream module 

and reducing the torque of a loading device. The 

special feature of the algorithm is that the before you 

reach the next point with a higher value of the speed 

should be reduced in advance torque the loading 

hydraulic pump. 19. Lever of the hydrostatic brake  

moves with a certain step towards reducing its 

working volume. 20. The lever of the hydrostatic 

machine, associated with the planetary gear, moved in 

the direction of increasing working volume - output 

speed  increased while the power consumption of the 

drive motor reaches the target value. 21. Point 13 is 

repeated. 22. Items 19 and 20 are repeated until it 

reaches the maximum working volume of the 

hydrostatic machine, associated with the planetary 

gear. The next higher speeds are achieved with 

reducing the working volume of the hydrostatic 

machine of the two-stream module, mounted on the 

output shaft. 24. The last point from traction-speed 

characteristic is determined by any of the following 

restrictive conditions: the power consumption of the 
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drive motor, oil pressure in the working pipework of 

hydrostatic machines from two-stream module, the 

maximum speed of the output shaft or minimum 

allowable displacement of hydrostatic machine, 

mounted on the outlet on the two-stream module. 25. 

Lever of the loading hydraulic machine moved to a 

neutral position for unloading the stand. 26. The lever 

of the hydrostatic machine of the two-stream module, 

which is connected with the planetary gear, is moved 

to a neutral position, in order to establish the output 

shaft at rest. 27. The lever of the drive hydraulic pump 

is moved to the neutral position, in order to establish 

and the input shaft of the two-stream module at rest. 

28. Finally moved to the neutral position and the lever 

of the hydrostatic machine, connected to the output 

shaft of the two-stream module, so as not to consume 

extra energy in the subsequent start. 29. The power 

supply on the electric motor for oil supply system is 

turned off. 30. The drive motor is also turned off. 31. 

The supply of instrumentation and fans of the oil 

cooler is turned off. 
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������:  � �������� 	 ��	�����	�� �	������ �� ���
	����	 �� ���������� ��	��� ������	������� ��	-

����� � 
���������� ��
���� �� ��	��. �	
�� �� ���
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�� � 
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���� ��
���-
�� � ���	�����	� �������� �� ���	�	��	 �� ��	�����	
���� �����	��	 �� ��	�������, ����� � �	����� � !. 

 

������� � ��: ��������	�, ��
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�
�	�, ����
����	��	�, ����

���	�  
�������, ���, 

���
�, ��	�������	 ���
��
	 	� ��������	�. 
 

Abstract: This paper presents a methodology for examination two-stream hydro-mechanical gear in the lab stand. The 
aim of this examination was to determine in the laboratory strength and kinematic variation range gear ratio of gear, as well as 
its efficiency. 
        Keywords: research, testing, two-stream, hydro-mechanical gear, hydrostatic transmission, efficiency, power, kinematic 

range of gear ratio. 

 

1. �!����"�� 

    �� �����������	�� �� ��	�����	
�� �	������� 
�� �������� ��� ���-��
��� ����	��	 �	 ���	
� �� 
������� 	�	������ 	
	��������. ���������� �� 
� ! ��� ��	������	 	 �
"��� 
����� �� �	����-
�	�� �� ��#���	 �
���
�� ����
	�� - 	��
������-
�� � 	�	��������. $��	� 	
	����������, �	����%� 
����	��	 ��� � ������������ �� ����
����	 �� 
�����	�	� ��� ��	�����, ����� �	 ���	�	
� �� �	�-
���	 �����	��� ���� ��
�� � ���	�����	� �����-
��� �� ���	�	��	 �� ��	�����	
���� �����	��	. 
&���
	#������ ��	��� ������	������� ��	����� 
($'( ) �	 ������ �� ��	 �	��
���	�� ��	��� 
����������� � �����
�� ���#	��	 �� ����
��� � 
�����	� ���	����	� �
��	�	� �	�������. '����-
�	����� �� �	�������� �
�� �� ��	������� 	 ����-
���� �������� �� � ! � �	��������� �	 ��	����-
�	
���� �����	��	 	 � ��������� ��������. '��-
����	����� ��	����� ��� ��
�� �������� �� ���	-
�	��	 �� ��	�����	
���� �����	��	, ����	�� ��� 
� ��	�	 ����������� �� �	��
���	��, ����� 	 � 
����
	#������ ��	�����, �� �� � ! �	 	 �����-
�	���� �� ���� �� �	��������� ��	�����.  
����� ��#	 �� �	 ������ ���	���	���	 � ��
�-

�	���	�� �����	��� �� ������������� ��	����� 
$'(  ��	��� ����� �	#�� �	�� �� ������
���%�-
�	 � ��� �
��� : �	�����	� � ������
��	�. )��	�	� 
��	�����
��� ���	�	
��	�� ���	� �� �����
��	
	� 
���, ���� � � �	�
	� 	���	���	�� �� ������	����-
��%��	 ��
���, ���	������� � 	�	������ ����-
�	��� �� $'( , � ����� �� �	 ������� �*	��� �� 
������������ �� ���� ��� ��	����� �� �����#���	 
���
�#	��� � ������������� � �	�
��	
�� �	���-
��. 

2. 
#��$ "$ %&�"�$ �$ ��'�&�$"� "$ ����  

   ��	������� ������������ �� ��	��� 	 �������� 
�� 
�������. $������	 �� �����
	��	 �� �������	 
�� ���
�����	 ����
� �� �������� �� ��	����: L1  	 

��� �� �����
	��	 �� �	��
���	���� ���������-
�� - ����� �� �����#��%��� �������	��� ��	���-
��; L2  	 
��� �� �����
	��	 �� �	��
���	���� ���-
�������� - ����� �� ���
	������ ����������� 
����
, �������� �	������� � �
��	���� �	����-
��� �� �����	�	
��	
���� �����; L3  	 
��� �� ��-
���
	��	 �� �	��
���	���� ����������� - �����-
����� �� ����������� ����
, �������� 	�����	-
�	��� ��� �
��	���� �	������� � ������%�� ��
; 
L4  	 
��� �� �����
	��	 �� �	��
���	���� �����-� � �



������ - ����� �� ���������%��� ��������. L � F 
�� ��
�#	��� �� 
���� �� �����
	��	 �� ��
"�	��-
�� ��	����� � �	������� �� �����	�	
��	
���� ��-
���. 
        3.����(�$"� � ����%��"� ������"�. 
 

   Ps - ������������� ������� ��%���� �� 	����� 

��� �� �����#��%��    	
	����������	
. $�%� 

����	 �� ���, ���� �	 ���	�� �	 ������ � �������-
�	 �� 	
	����������	
� 	 ���	����	�. )��	��� �	 � 
����	���. $�%��� �� 	
	����������	
� ���������-
�� ��%���� 	 : 
 

P = 3. Ps   , W  
    

    +p – ��
�������� �� ��������� �	����� � �����-
���	 ��������
� �� �������	����	 ��	�����, ��-
��
����� � ��	���. )����
��� �	 ���� ���
����� �� 
��
����	�� �� �������� � �������%�� ��������-
���. )��	���� �	 � �	������� �����	��� � ���
"-
�	��	 �� ��������� ����������� �� ���
	������ 
��������	� ����
, ���	�� �	 ������ � 	
	�����	�-
�� ��	���������	
 ��� PSPR � �
�� �� ������� 
0.5%, ��������%� ����	#	��	 �� 10 �� 30V �����-
��	� ���, ��������� ����	#	��	 	 �����-
������*����
�� �� ���	������� ��
����	 � �	 
����	�� � �����*��	 �� 0 �� 10V. 
 

+p1,2,3 = pA1,2,3   -  pB1,2,3      , Pa 
 

 ���	�� pA 	 ��
����	 �� ��������� �	����� � ��-

������	 ������������, pB 	 ��
����	�� �� �����-
���� �	����� � �������%��	 ������������, ��	�� � 
����
�#	��	 �	 ����� �	 	 ����� �� ��������%��� 
��
����	 �� ������������	. )��	����	 1, 2 � 3 �� 
�� ��	���
�*����	 �� ������
	#������ ��� ����-
�	����� �������	��� ��	����� ����� �
	���: ���-
��#��% �	��
���	� ����
; ��������	� ����
 � 
���������%� ����������.  
   ,�
����	 ��
�#	��� �� 
�����	�	 L2,3 � 4 . �	 ��-
�	���� � 	
	�����	��� ��	���������	
 -  ���	�*�-
��	���  �� ��������	 � ������ �� 0 �� 270 ������� � 

��	��� ������	�������, �� �� �	 ���	�	
��  
Kv1,2,3,4 – �������	
��� �����	� ��	� �� �	��
���-
	���	 ����������� � ��	���. ���	�� V�	� 	 �	��-
%��� �������� �� �������� ��	�∗ 10-6 m3  ,  
 

                        Kv1,2,3,4  =  −,
maxV

Vmek  

 

  Vmax 	 �������
��� �����	� ��	� �� �����	����� 
�����������, ∗ 10-6 m3  . )��	����	 1,2,3 � 4 ��-
�	�	
�� ������
	#������ �����	��� ���: �����-
������� �� �����#��%�� ����
; ������������� 
�� ����������� ����
, �������� ���� � �
��	���� 
�	�������; ������������� �� ����������� ��-
��
, �������� � ������%�� ��
 � ������������ �� 
���������%��� ����������.  �� ���	�	
��	�� �	 
���	��, �	 ��	�����	
���� 
���*�� V�	� = f(-) 	 

��	���, ���	�� - 	 ���
�� �� ��������	 �� 
���� � � �



�� �����
	��	 �� �����	�	
��	
�, �����
���% ���-

��	��� ���� �� ���	�	��	 �� V�	� . 
   � – �����%�� ���	��, �	�����% �� �	�����#��-
�� �
��	��� ��
	
� �� ��
	�	�*��
� �� �����-
�	��������� ��	�����	
�� �����. � �������	 �� 
���	�	�� � ��
	�	�*��
��� �	������� M�� �� , �	 
�����
��� �����%�� ���	�� �� �����%�� ��
 � 
����������� ����
 - (�� ���� 
 

 

(�� ���� = T - M�� �� , Nm 
M�� ��  = f(T, Mo, n�� ����), Nm 
 
 

���	�� Mo 	 ���	�� �� ��
���� ���	�� ��������� 
������ (�	���� �	 ����	#�� ��� ��������� ��
��� 
�������, �����% ���	�� � �	��	������ �� ������-
���	 ��	��) �� �����% ���	�� � ��
	�	�*��
��� 
�	������� �� '( �, ��
"���% ��������	 ������, 
���	�	�� � 
��	���	 � ��
�����	
��	. )��	����	�� 
�� T ����� � �	����	����	� ���� � ���
���	
 �� 
�����
�.  
    Q – �	���� �� ��������� �	����� � ��������� ��-
������
� �� ������������	 �� ����������� ����
 
�	 ������ ���	���� �� �	�����	��, �������� �� 
�������� ����������� � l/ min .  
n1 	 �	������� �� ����	�	 �� ������%�� ��
 �� ���-
��#��%��� �������	��� ��	����� � �����
	��	 �	 
���	�	
� ��������� �� ����	�	 �� �����%�� ��
  �� 
����������� ����
 - n1����, ��� ���� 	 ������	�� 
������ ������ �� ���	��������� ��	�� �� �����-
�	��������� ��	�����	
�� �����, ��	� �
������	 
�� ����������
��������.  
 

n1���� = 
..

21


i�

n ∗
 , min-1 

 

���	�� i �. �. 	 ��	�����	
���� ���
� �� ��
"�	���� 
��	����� � '( �, 2 	 ��	�����	
���� �����	��	 
�� ��
	�	�*��
� �� '( � ��� �
������� �
�-
�	��� ��
	
�.  �	���������	
��	 �� ������� �� 
����	�	 �� ������	�� �� �������� 	
	�	���, ����-
�	%� � ��
���	��	�� 
���. n2 – ��������� �� ���-
�	�	 �� ������%�� ��
 �� ����������� ����
, ���-
�� ���
���� ��	���� �� ��	��� ������� � ���� �� 
���������%��� �������	��� ��������. 
   ������ �����	�� 	
	�����	��� �����
� ������-
��� � ���	�
	��, ������� � �	�����
	� ����"���, 
���	�� ����������� �	 �����
������ � �������� � 
�	�
�� ��	�	. .� ��	���� �	 �� �������� �	���-
�	�������	 ��	���������	
� � ����� �	 �
	�� ���-

������ ��������	 �� ��������	 ������, ��	�� �	 
������ �� �	 ����	�� � �����
#��	
������ �� 
��	���	 �� ������	 �� 	��� ������� ����� �� �	�-

��	
��-����������� ������	�������, �� �� �	 ��-
������� �������	���� �	#�� �� ������ �� ��	���. 
   /� ���	�	
��	 �� � ! �� ���
	������ ����
 �	 
��
��� ������: 0 = ic*ik , ���	�� ic 	 ��
��� ��	����-
�	
�� �����	��	, ik 	 ���	������� ��	�����	
�� 
�����	��	.  

ic = −,

��


c


���

M
           ik = −,

2

1
��
n

n
 

 

    M��  	 �����%��� ���	��, ����������� �� ����-
�����%��� ����������, ����� �������� �	 �����-

��� �� �������	 �����: +p3;Kv4, ���� �	 ���	��� � 
��
����	 ������ � ������� (������	�����	� � ! 
– 0hm3 = f(n2, +p3 , Kv4)   ), ��	�� 	���	���	���
��. 
 

M��  = Nm,
V*Kv *p

hm3

443

η

∆
 

    

    /� �����
	��	 �� ��	����	 � ! �� �����-
�������	 �� ����������� ����
 �	 ��
���� ����-
��������	: 

           0Vpv = −,
** 22 VKvn

Q

pv

 �� �������������, 

�������� ���� � �
��	���� �	�������, ����� ����-
�� ���� � ����	� �	#�� ��� ������ ������� ����� 
�� ��	���	 �� �	�
��	
��-����������� ������	���-
����. 1	������� �� ����	�	 �� ���������� �����-
������ �	 �����
��� �� ������������	 �� ��
���-
�	 �������� �� ��	���� �� �����	� ���	����	� ��-

	�	�*��
: 

nPV = 2
cp

������ 

i

2n
n− ,    min-1 

���	�� icp  	 ��	�����	
���� ���
� �� ��
"�	���� 
��	����� � &�. 

 

          0V�v = −,
** 332

Q

VKvn
 �� �������������, 

�������� � ������%�� ��
. .��-������� �������� 
�� ��	����� � ! �� �������������, �����	%� � 
����	� �	#�� -  0Vpv ��#	 �� ���	 ���	�	
	�� � 
������	����� ����� �� �. ���. “���� �	#��”, ������ 
+p2 ��	�� �������
���� �� �������� � n2 ��	 �%	 	 
��
�. )����
	��	�� �� ���������� �� 0Vpv ��� ���-
������� ����� 	 �������	
 �� �	����	����� ������-
��	 �� ������������ ����� �	��	��������� �� 
����	���	 � 	
	�	���. $������ ���	�	
��	�� �� 
�	��������� ��������	 �� ������������	 ����� 
�� ����� ���	�	
	�� 0Vpv � 0V�v ��� ���������	 �� 
������%�� ��
 �� ����������� ����
 �� ����	� 
���, ��� �	�������� ��
 �� �����#���	 �� ����-
�����%��� ����������, ��� ��	�� ���������� �� 
+p2 ������ �����������*����
�� �� ������	��-
������	 ������ � ������
����� �
�� �� ��������-
��� ����
.  ���������	�� �� ��	�	 ������	��� 
�����: �� “����-�	#��” � “���������	 �� ����	� 
���” - 
+p2 = f (n2) ,���� ��#�� ��
����*�� �� �	����	���-
�� ��������	 �� ������������	, ��	�� 	 �� ����	-
�� ����	��	 ��� ��	����	���	 �� ���
������ ��-
�	�	
��	 �� �������	, ��	���� �� ����������	 ���-
��, ���	�� �� ����������	
�. � � �



N
o
 �
�
�
��

 ���	
���
 �	�
�
�
 

Kv1 Kv2 Kv3 Kv4 p1 p2 p3 p �� p ���
1 p ���
2 p ���
 �� n1 n2 Q t1 t2 t3 Ps T 

[] *10^5 Pa min-1 

l 
/ 

m
in

 

deg C W �St 

                                        

N
o
 �
�
�
��

 

���
��	�
 �	�
�
�
 

Kv2 Kv3 Kv�� �p1 �p2 �p3 ��� ����  ��� �2 nPV  �Vpv �hm pv �V�v �hm�v ic ik � 

[] *10^5 Pa Nm min-1 [] 

                                    

  ����������	 �� 0Vpv � 0V�v , ����� � 0hmpv � 0hm�v 
(������	��������	 ������ � �����-�������	) ��-
��� �� ����� ���	�	
	�� � �� �����
��	
	� ���, 
���� �	 ��	��� �������� �� ������	��������	 �� 
�������	, ����� �� ���	����, ���� ���
���� ���	-
�����	��� ���	
� �� ������� �������	 � ���
���� 
����
�#	��	 � ���� ����: 

0Vpv, V�v; hmpv; hm�v = f(Kv, Kp, Kn), - 

Kn = 
maxn

n��� , - �����	���, ������% �	������� �� 

����	�	 �� ��
� �� �����	����� �����������. 
   $��	� �����
��	
��� �	��� �� ���������� �� 0Vpv 
� 0V�v ��%	������ �%	 	��� ������� �� ������ ��-
�	�	
��	, �� �	 ��� ��������� ��%����, �������� 
�� ����� �� ������������ ����
.  �-�����	��� 
���������� �	������ *	
� ����������	 �� ������-
������	: 0Vpv, V�v = f (M2, n2), ��	�� �	 ������� � ��-
���������	 �� ��������� �������� �� n1����  �  Kv2,3 
� ��	� ������� �� ����������	
��� ���	��, ����-
����� �� ���������%��� ���������� M�� �	 ������ 
���	��������� ������ �� �������, ����� �	 ��
#� 
�� ��	����	 ������ � ������
����� �
�� �� �����-
������ ����
 0V. )��
	����	�� �	 ����� �� ������ 
�����#�� �������*�� �� n1����  �  Kv2,3 ���� *	
�� 
	 �� �	 ���
����� �����	�����	�� �	#�� �	�
���	 
��������� �� ��	����	 ������ � ������
����� 
�
�� � ���
������ ��
��	���	. 
  $�%��� ������	�����	� � !- 0hm �� �����-
�������	 �� ���
	������ ����
 ��#	 �� ���	 ��-
�	�	
	� ���-
	��� � ��������� ����� ��� ����� 
��
	�	�*��
���� �	������� �� ������������ ��-
��
 �	 	 �������
 – ��� �	 � ��	����, ������ ��
�-
���	 �������� �� �
��	����	 ��
	
� � ���	���� �� 
�� 	������. ������ ������ �� ���	�	 � ��
	�	�*��-

� 
������ � ���������� �� � ! �� �	��������� 
���� �� ����������� ����
 0�	� 	 �������
��.  

���������� �	#�� �	 ������	������ � n2 = 
cp

����1

i

n
, 

min-1 , � ���������� �� 0m = f (M2, n2) ��� �
������ 
��
	�	�*��
 �	 ��	�� �� ����� ���
	����	. /� ��-
�	�	
��	�� �� �	 ����#�� �� �	��	���� �� ����	
�-
�	 �� ��%�������	 ����*� �� ������: 

P��� $'(  = P��� h + P��� m  , W 

���	�� P��� $'(  �� �������	 � ����������� ����
; 
P��� h �� �������	 ���� � ������
����� �
��; P��� m  �� 
�������	 � �	�������� �
��. ����	� �	��	���� �� 
����	
��	 �� ��%�������	 ����*� ���������� ��-
%��� � ! �� ������������ ��	����� (����
) ��	-
�� �������� �	#�� ����������	 �� � ! �� ������-

���%��	 � ��	�����, ��� ��
���	 , �	 ���� ��
�*	 
*����
�*�� �� ��%����. � ��%�� �
���� ��#	 �� 
�	 ������ �	  

0hm* 0V  < 0 < 0m 
)����� �� �������	 �� ��%���� ��#	 �� �	 ��	��-
���� � �� �
	���� �����: 

P�'$'( *(1-0) = Ph*(1- 0hm* 0V) + Pm*(1- 0m), 
���	�� P�'$'(  = (�� ����*n1����*2/30, W 	 �����%�-
�� ��%���� � ����������� ����
; 0 	 ��%�� � ! 
�� ����������� ����
; Ph 	 ��%������, ����� ��-
���� ��	� ������
����� �
�� �� ��	������� Ph = 
(�� ����* n1���� * 0m/2 – ���� 	 ��%������, ����� �	 
������ �� 	����� �
��	��� ��
	
� �� ��
	�	�*�-
�
��� �	�������, � ����� 	 �������� ���� �����-
������� �� ����������� ����
; Pm 	 ���������� �� 
��%������� �����, ��	������% ��	� �	�������� 
�
�� �� ����������� ����
; 0m 	 � ! �� �	��-
������ �
�� �� ���
	������ ����
; 0hm* 0V 	 ��-
%�� � ! �� ������
����� �
��.  ��	#	 ������-
��� ��
	�	�*��
	� �	������� 	 ���	����	� � �	 
����� ���� ����� �� ����	
��	 �� ��%�������	 ��-
��*� �� �	�����	� � ������
��	�, ��
���� ����� 
�	 ����	
� �� ��	 ����� �����, ��� �	 ��	�	��	���� 
�������	 �� ���	�	. ���� ��	�	��	����	 �� ������-
�	 �� ���	�	 � ��
	�	�*��
� 	 ������ �� �	 ���	�	 
�� ��������� ����� �� ���
	����	��, ������ ��	�	 
�
��	��� ��
	
� �	 ������ � 	������ ��
��� ���-
�����, ���	#	 � ���� ���	�� ���� ��
��� ������ 
�� ���	�	 � ��
	�	�*��
�. $� 	�����	�	����� ��-
�	����� �� �����%��	 ���	���, �	�����%� �� ��	-
�	 �
��	��� ��
	
� � ��
����	 � ��������, �
	��� 
�	 � ����� ��%������ ������ ���� 	������ ����-
���� Ph = Pm , ��	�� �	 �������� ��
��	���	�� �� 
������ �� �	��	���� �� ��%�������	 ����*� � ���� 
�� �	������ ����������	 � �
	� ��	������� �	 ��-

�����: 

0hm=
V

m

η

ηη −∗2
, - � � �



4. ��&���)$ �$ %"��$"� "$ &�*��&��"�-

%)�(�%&"$&$ #$($)&�(�%&�)$ "$ ����, 

'(� '�%&�+""$ ��,"�%& , '(���-�"$ "$ 

�#��+,�+& �$�. 

   (	���� *	
� �� �	 ���	�	
�� �����	����	 �� 
��%�������	 ����*� – ��
��� ������� � �����% 
���	�� �� ���-��%	���	���	, ���	�	
�%� ��%�� 
� ! �� ��	�������  ��� �	������� ��%������ 
������ - �	�� �� �����%�� � ������%�� ��
, � ��-

����	�� � �	���� � ��������	 ��������
� �� ��	�	 
�����������, ��	�����
���%� ������
����� 
�
�� �� $'( .  $��	�	
��	�� �� �����	����	 �� 
������
����� �
�� ��#	 �� ���	 ���������� ��� 
*	
�� 	 �� �	 ���	�	
� ���� ��%��� �������� �� 
� ! �� ��	������� ���� *�
�, �� �� ���	�	
��	 � 
���
������	 �� ���	�	��	�� �� �����	����	 ��
�-
�� � ���	������� ������ � ������������	 � ����-
���%��	 �� ������������ ���� 	 �	��������. 

 �� ����������	 �� ������	 �� �	�
��	
��-
����������� ������	������� �  
���������� ��
�-
��� �	 ����
��� �������� �� ������������� �
� 
�	�
��	
�� ������ � �	�
�� �	#��� �� ���#	��	 
� ���
���� �������*�� �� ��������� ���������-
�	
�� ��
� � ������� �� ���#	��	 ��� ��������� 
�������
�� ��%����, �������� �� ������	
� ��� 
������������. ���� ��
��	���� �	�
��	
��- ���-
������ ������	������� �� �������� �	������ ��-
����	������� �� ������	
� (������� � ������
�� 
��%����) 	 ������ �� �����
����	 �� ���������-
�	
������ � ��������� ������������ �� �������� 
� ����� ���������� �� �	 ����
���
� ���� ��	����� 
� ���	������ �� ��	�����	
�� �����. 

(	�������� 	 �
	�����:1.  �	�� ������	 �� 
��	��� �	 ����	����� ������ �� ���
��� ��� ����-
�� ������	 �� ������
�����	 �
����	 �� : �����#-
��%��� �������	��� ��	�����, ������ �� ���
��� 
� ����	�� �� ������	��������� ��	�����	
�� ��-
��� � ��
	�	�*��
, ����� � � �����	�	
��	
���� 
�����, �	�	������� �� ��	�	 �����������, ���-
��#��%� ������������ ��	����� � �� ���������-
%��� ��	��� �����������. 2.  ���	���� �	 �	��-
��
���� ��
�#	��	 �� �����
���%��	 
�����	 �� 
������ ����������� � *	
 ��������� ������	
 �� 
�	 ����	 � ��� �	� ����
���	
�� ����������	. 3. 
��
"��� �	 ���������	�� �� ���	����	
���� ���-
������ � �	 ����	����� ��������	 �� ����������� 
�� ���	�*���	�������	 �����*� �� ��
�#	��	 �� 
�����
���%��	 
�����	, ���� �	 ��	�	����� �� 
�������	 �� ��
�#	���.  ���� �	 �	�� �� ���	���-
��, ��������%� �	�����	��, �������� ���
	����-
�	
�� � ��������� ��������
� �� ������������	 
�� ����������� ����
. 4.  ��������
�� �	 ����� 
	
	����������	
� �� ����	�*������� ������
���� 
����� � �	 �
	�� ��
� ��������	�� �� ��������%�-
�� ��
����	 ��� ����	 ��������
� ������� �����	-

���� �� �� �	���*������	 �
����� ��������. $�-

	#�� �	 �� ��
���	 �� �	���	. 5.  ���� �	 �����-
���� ������	
, ���� �	 �
	�� ���������� �� �����-
�������� ��%���� � *	
 �� �	 �	 ��	������ �����-
�	
�. 6.  �	�� ���������	�� �� �����%�� ��
 �� 
���
	������� ��������	� ����
 �	 ��
"��� � ���-
*������� ��
�#	��	 ���-������������ ��	����� � 
������	��������� ��	�����	
�� �����, ��	� ����-
�	����� �������*�� �� ��
"�	���	 ��������%� 
��	�������, �����
���%� ��
	�������	 �
����� 
�� �����
	��	 �� �������. 7. )��	#�� �	 
���� �� 
�����
	��	 �� �����#��%��� �������	��� ��	���-
�� �� �	����
�� ��
�#	��	, ������ �	 �����	 *	
	-
���� ������� �� ����	�	 �� �����%�� ��
 �� �����-
������� ����
.  �� ���� ��
�#	��	 ������%�� 
��
 �� ����������� ����
 �	 �������� ��� ������� 
�� ����	�	, ���	�	
	�� �� ��	�����	
���� ����-
�	��	 �� �	������� � �����	�	
��	
���� �����, 
���	#	 ������������	 �� ������������ ��	����� 
�� � �	����
�� ��
�#	��	. �	
�� 	 �� �	 �������� 
��
� �� ���������%��� ����������� �� �� �	 ���-
���� ���
��� � � �	�. /� ��-���	������ ���������	 
�� �	��	�������� �� ��������� �	����� ��#	 �� �	 
�����	 ����������	, ��	� ���	#���	 �� 
���� �� 
�����
	��	 �� �	����
���� �� ��
�#	��	 �� ���-
����	����� �������� – ���� 	 �	�������� �� �� �	 
��������� �����
���	 ������� �	��	������ �� 
���
��	, ��� ����� �� ��
���� ������������	 �� 
���	�	
��	 �� ������	��������	 ������ � ���. 8. 
 �	�� �� ������	 ��%������� ���� �� ���	����	�� 
�����#��%�� ��
 �� ����������� ����
 ������ �� 
�	 �������� � �����, ��	� ��������	�� �� 
���� �� 
�����#��%�� �������	�	� ����
 � �	����
�� ��-

�#	��	, ��%� ���� � �� ���������%��� �������� � 
*	
 ���
	���%� ������	 �	� ����
���	
�� ����-
������	 � 
�����	�	 �� �����
	��	 �� ���������-
���	 �� ������������ ����
 �� �	 ����	��� � ��-

�#	��	 �� ���������	 �� ����� �� ������%�� ��
 
– ���� �	 ����
��� ���	�
��	 �� ����� �� �����-
�������� ������. � �����	���� �
���� �������-
������ ��������� �� ������%�� ��
 	 �	�������� 
�� 	 � ��
�#	��	 �� ���
��	��� ���� �� �������-

	� �����	� ��	�, ������������� , �������� � 
�
��	���� �	������� �� 	 � �	����
�� ��
�#	��	 
�� ���
��	��� ����. 9. /����� �	 ������
���� ���-
���� �� ����	�	 �� �����%�� ��
 �� ����������� 
����
 ��	� 
���� �� �����
	��	 �� ������������ 
�� �����#��%�� ����
. � ���� ��������	 �	 ����-

��� �	�����#�� ����������� ������ � �����	% 
������	
, ��� ��	�� �	 ���	��� *	
	���� ������� �� 
����	�	 �� �����%�� ��
 �� ����������� ����
 �� 
���	�	
��	 �� �	�
��������	 ��	�����	
�� ����-
�	��� �� ���
	������� ��	�����. 10.  ���	#�� �	 
� �	�����	 
���� �� �����
	��	 �� ������������� 
�� ����������� ����
, ��������� ���� ��� �
�-
�	���� �	������� �� �	����
�� �� ��
�#	��	 �� � � �



�������
	� �����	� ��	�.  �� ���� ��
�#	��	 
��	�	 �
��	��� ��
	
� �	 ������ � 	������ ������-
��, ��� �	 ��	�	��	���� ��	����	 ������ � �����-
�������	, ��� ���� 
���� �� �������	����� ���-
����� ��	 �%	 	 �	���	������. �	
�� 	 �� �	 �����	 
�������
���� ������� �� ����	�	 �� ������%�� 
��
 � �� �	� �� ������	 ��	���	�� �� ������	 �� 
�	�
��	
��-����������� ������	������� �� �����-
������� ����
. 11. � 
���� �� ������������� �� 
������������ ����
, ��������� �� ������%�� ��
 
�� �	 ����
��� �������� ��	�, ������ �	 �����	 
�������
���� ������� �� ����	�	. 12.  ���	#�� �	 

���� �� ���������%��� ����������� � ���	�	
	-
�� ������, � ������ ��	
������	 �� �������� ��	�, 
������ �	 �������	 *	
	���� �������� �� �������-
������ ��%���� �� �����#��%�� 	
	����������	
. 
13. ��	��� �	 ������ ���	����� �	
����� � *	
 
�����
����	 �� ������ �����#�� ����	� 	����-
������� �� ��	��� �����	���. 14. 3���� �� �����-
�������� , ��������� �� ������%�� ��
 �� �����-
������ ����
 �	 ��	�	���� � ������ �� ��	
�����-
�	 �� �������� ��	� � ��	�� �	 ����
��� ��������� 
�� ����	�	 �� ������ �� ���
	������� ��	�����. 15. 
 ������ �	 �. 12 � 13, ������ �	 ���	��� �����#-
������ �� ��	
������	 �� �������� ��	� �� �	��
�-
��	���� ����������� �� �.14. 16.  ����
#��� �	 � 
����
����	 �� ��������	 �� ������%�� ��
 ��	� 
����
����	 �� �������� ��	�, ��	� ���	�	
	�� 
������, �� �������������, ��������� ��� �
�-
�	���� �	������� �� ����������� ����
. 17.  ��-
����� �	 �. 12 � 13, ������ �	 �������	 ������� �� 
�	�
��	
��-����������� ������	������� � ����-
��
�� ������� � �������
	� �����% ���	��, ���-
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