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Abstract. It was analyzed the basic schematics implementing energy level of industrial hydraulic systems. It was considered the
structure and composition of the hardware system of fixed displacement pump and pressure relief valve with manual control. It was
carried out a study of the energy balance of the hydraulic system of fixed displacement pump and pressure relief valve at 5 possible
positions opening cross-section of adjustable throttle valve. For each of the provisions specified size and power consumption
efficiency, as well as the value of energy loss of the hydraulic system. It is established distribution of energy losses between the
actuator, pump, throttle valve and pressure relief valve under different operating conditions selected hydraulic system. The change in
energy efficiency and the efficiency of the hydraulic system was determined under different operating conditions. Graphs change
energy balance was built throughout the range of adjustment of the hydraulic system of fixed displacement pump and pressure relief
valve.
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Preface

Analyzing the hydraulic circuit of industrial systems should be noted that the main difference is their
implementation of the power supply system, i.e. pump station [1-5]. The executive part is the same and the choice of
actuators depends solely on operational and technological characteristics of each of the operations and in the design of
the hydraulic system can not be changed by the developer. In fact, chosen of designer working pressure of system
depends on selecting type and characteristics of the drive. Actually the choice of operating pressure depends on the
designer, as there are levels of working pressures that are recommended for specific systems according to their capacity
and that are reasonable in terms of economic and energetic feasibility and defined by size of hydraulic equipment. In
practice, there are three levels of hydraulic system operating pressure, hydraulic systems with low (working pressure up
to 15 MPa), medium (working pressure up to 25 MPa) and high pressure (working pressure above 25 MPa).

Baseline characteristics of pump station are the pressure and flow rate of fluid, which determine the useful power
of the pump. Actually circuit implementation can be divided into groups depending on the possibilities of regulating the
output characteristics of the pump. Thus, in general, all possible circuit implementation pumping stations can be divided
in 4 groups [6-8]:

1. Systems with constant pressure and constant flow rate;
2. Systems with variable pressure and constant flow rate;
3. Systems with constant pressure and variable flow rate;
4. Systems with variable pressure and variable flow rate.

Note that this dividing of system on consumption is legitimate, as the flow created by the pump depends
exclusively on the characteristics of the pump (working displacement of pump and velocity of the drive shaft) and
therefore it can really be fixed or variable, but situation with working pressure is not so straightforward. As is known,
the pressure in the system is not determined by the pump, but by the load, which creates a hydraulic resistance of
system, so to speak about pumping stations with constant or variable pressure, is wrong. Therefore by proposed
classification we are referring not to the current working pressure in the system, but to the maximum possible pressure.
So we get two types of systems with constant maximum pressure and possible maximum pressure that can vary during
the system operation automatically without human intervention. Although it is understood that in the system with a
constant maximum pressure, working pressure at a time of the system may differ from the maximum and even be
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almost zero (if the actuators don’t have load), i.e. not be constant. This fact obviously complicates the understanding of
energy processes that occur in the system and requires the previous simulation.

To the first group (of constant pressure and flow) we refer hydraulic systems with fixed displacement pump and
pressure relief valve.

To the second group (systems with variable pressure and constant flow rate) we refer systems with variable
displacement pump and: a) differential pressure valve and pressure relief valve; b) proportional pressure relief valve;

To the third group (systems with constant pressure and variable flow rate) we refer the systems with: a) pumps
with adjustable pressure regulator b) two- and many pumps system;

To the fourth group (systems with variable pressure and flow) we refer the systems with: a) variable displacement
pumps with LS (Load-Sensing) regulator; b) LUDV (High Performance Flow Sharing) control; c¢) hydraulic
accumulator.

Consideration of proposed systems will be produced with an emphasis on determining the level of efficiency,
consumed energy and sizes, locations and causes of energy losses.

Presentation of main material

In this article we will investigate the energy balance of hydraulic systems on the example of fixed displacement
pump and pressure relief valve.

This type of system is one of the easiest and cheapest by implementation, because the energy level is composed
of fixed displacement pump and pressure relief valve with manual setting of maximum pressure in the system (Fig. 1).

L]
Fig. 1. Hydraulic system with fixed displacement pump and pressure relief valve

For a better understanding of energy processes which occur in such system we will use output characteristics of
the system like nominal flow rate of pump — 60 1/ min, operating opening pressure of pressure relief valve is 130 bar,
the load on the shaft of the hydraulic motor corresponds to the pressure of 60 bar, full coefficient of efficiency of
hydraulic pumps and motors is 0.9.

We consider the energy balance of the system with 5 possible positions of throttle valve: 1 - completely open; 2 -
open 75%; 3 - open 50%; 4 - open 25%; 5 - completely closed.

1. In the first variant, when the adjustable throttle valve is fully opened, because we neglect hydraulic losses
along the length of pipelines and in local hydraulic resistances, this scheme can be compared to the same scheme
without throttle valve, i.e. hydraulic fluid enters the hydraulic motor directly from the pump.

The pressure in the system in this variant will be determined by load on the hydraulic motor shaft and will be
equal to 60 bars. Flow rate of the working fluid created by the pump is constant because the pump is with fixed
displacement and has constant rotational speed of the drive shaft, and completely fed to the hydraulic motor. In such
scheme useful power is spent actually identical except for losses, which arising in the pump, the motor and the throttle
valve, and will be determined by pressure of load and flow rate of pump.

Even at full opened throttle valve, it occur hydraulic losses of the working fluid. For example, make use of the
chart "Pressure drop — Flow rate" of industrial throttle valve FG16K70-2X / V from Bosch Rexroth (Fig. 2).
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Fig. 2. Characteristic Ap - qv (Pressure drop — Flow rate) of regulated throttle valve NG16 type

As is shown in this diagram, when throttle valve is fully opened (mark on the throttle valve handle and curve 10
in diagram) by passing through the throttle valve flow rate 60 I/min occurs the pressure drop at 8 bars. Thus, the
pressure before the throttle valve will consist in pressure of load on the drive and pressure drop on the throttle and
equals 68 bars. As this pressure is lower than the opening pressure of pressure relief valve, all flow rate will perform to
useful work of hydraulic motor (Fig. 3).

Nyse = Puor * Ouor *Thor = 6-10°-1,0-107-0,9 = 54000 = 5,4kW ;

6 -3
Ny, = Fro O 6810 LONOT _ 75565 7 o
Mrum 0,9
N, ps = Ngp — Nygr = 7556 —5400 = 21560 = 2,2kW .

Q, Mm3fsec

0.001
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-
Fig. 3. Useful and supplied power in the first variant: _ — useful power; /W// — supplied power
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pump

As is it seen from the calculation in this version, all the power consumed by the pump, excluding losses in the
and motor, is used to perform useful work. The efficiency of the system for this mode without losses is equal

100%, and the actual efficiency with taking into account losses in the pump, motor and throttle valve is equal:

N,
Mgy =2 =%-100%:71%.
sup

Energy losses arising in this mode of system will be distributed between the pump, motor and throttle valve.
P . .10°-1.0-1072
Nfgf =LQPW.(1_,7PUM )= w.o,l =756 =0,8kW ;
Mrum 0,9
N oo =Buor  Ovor (1= 107 ) = 6-10°-1,0-10™-0,1 = 6001 = 0, 6kW ;
N ove=(Pooss = Puor ) Quor = 0,8-10°1,0-107° = 800W = 0,8k .
The energy balance of the system will be as follows (Fig. 4).

@ Useful power
OLosses in pump

5400 BLosses in motor

71% m Losses in throttle valve

Fig. 4. Energy balance of power in first version of operation

2. The second variant considers the previous diagram (Fig. 1) with the opening of the throttle valve in cross-

section, which corresponds to 75% of the flow rate of the pump (corresponding regulator throttles to 2.6 according to
the throttle valve flow rate characteristic in Fig. 2). In this case, it means that 45 1 / min will pass through the throttle

valve

and served actuator, and 15 L / min will merge through the pressure relief valve with pressure according to flow

rate characteristics of pressure relief valve (Fig. 5), such as for example industrial pressure relief valve DB6DPW7-1X /

160V
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Fig. 5 Characteristic p - qv (Pressure — Flow rate) of pressure relief valve
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Thus, due to regulating the flow of the working fluid supplied to the actuator was a change of useful and supplied
power (Fig. 6).
Nyse = Puor *Ouor Mor = 6-10°-7,5-107-0,9 = 40500 = 4,1kW ;
6 -3
Ny, = Fro *Opuy 14210710107 50y, 15,8kW ;
Mrum 0,9
N,ps = Ngyp = Nyge =15778=4050 =11728W =11, 7TkW .

Q, Mm3fs

0.001
910°(-4)
810°(-4)
710°(-4)
6"107(-4)
5"10°(-4) (5.8 KW
#10°(-4)
310°(-4)
2"10°(-4)

1410°(-4)

er

1.8%10°6 3.6*10°6 5.4*1076 7.2*10°6 9*10°6 1.0810771.26*10°7 i

— useful power; W — supplied power

Accordingly, the efficiency of the same system in this version of the work will be reduced.

Fig. 6. Useful and supplied power in the second variant:

s = s 20501000, — 2604
Ngp 15778

In this case the energy losses that occur in this mode of system will be distributed not only between the pump,
motor and throttle valve, but also pressure relief valve.

P - 10°-1.0-10°
N yoe = Lo Q”UM-(1—77,,[,M)=14’2 107 L0107 1 _ 1578w = 1,6k
Mrum 0,9

Ni‘,/[(i?T = Pyor ' Ovor '(1_77M0T): 6-10° '7,5'1074 -0,1=450W =0,5kW
N = (Poss = Puor ) Ouor =8,2-10°-7,5-10 = 61500 = 6,2k ;

N oo =(Pogay = Poay ) Orgy =14,2-10°-2,5-10™ = 35500 = 3,6k .
The energy balance of the system for the second variant will be as follows (Fig. 7).

& Useful power
a5a0

3900 @ Losses in pump
B Losses inmotar
mLosses in throttle valve

OLosses in pressure relief
valve

Fig. 7. Energy balance of power in second version of operation
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3. In the third version we consider the previous diagram (Fig. 1) with the opening of the throttle valve in cross-
section, which corresponds to 50% of flow rate of the pump (corresponding regulator throttles to 2.5 according to the
throttle valve characteristic in Fig. 2). In this case, it means that 30 1/min will pass through the throttle valve and served
actuator, and 30 I/min will flow through the pressure relief valve under pressure according pressure relief valve
characteristics 145 bar (Fig. 5).

Thus, due to control the flow rate of the working fluid supplied to the actuator can be changed useful and
supplied power (Fig. 8).

Nyse = Puor * Ouor *Muor = 6-10°-5,0-107-0,9 = 2700 = 2,7kW
Povar - Opun 14,5-10°-1,0-107°
NSUP = =
77PUM 0,9
N,ps = Nyyp — Nyge =16111-2700 = 13411 =13, 4kW

=16111W =16,1kW .

F Y
0.001 Q, M3fs

F107(-4)
§107(-4)
7107(-4)

510°(-4)

510°(-4) /,:, KW
410°(-4) /

F107(-4)

2107(-4)

1410°(-4)

r

0 1.8*10"6 3.6*10°6 5.4*10°6 7.2*10°6 9*10°6 1.08*10°71.26*10°71.44*10°7

-
Fig. 8. Useful and supplied power in the third variant: _ — useful power; /7//////; — supplied power

Accordingly, the efficiency of the same system in this version of the work will be reduced.
N,

N = st 2790 46004 _ 179,
Ng,p 16111

In this case the energy losses that occur in this mode of system will be distributed as in previous variant between
the pump, motor, throttle valve and pressure relief valve.

_14,5-10°-1,0-10°°

- -0,1=1611W =1,6kW

TR
NLOS _ Trum “Zprum .(1_,7PUM) X

Npum
N oo = Buor - Ouor (1= 107 ) = 6-10°-5,0-10™ - 0,1 = 300W = 0,3kW
N ovi=(Pogss = Buor ) OQuor =8,5-10°-5,0-10™ = 42500 = 4,2kW

PRV

N LOS

(Poons = Pray ) Opay =14,5:10°-5,0-10™ = 72500 =7,2kW

The energy balance of the system for the third variant will be as follows (Fig. 9).
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O Useful power
OLaszes in purmp
HLaosses in motor
M Laosses in throttle

O Losses in pressure relief
valve

Fig. 9. Energy balance of power in third version of operation

4. In the fourth version we consider the previous diagram (Fig. 1) with the opening of the throttle valve in cross-
section, which corresponds to 25% of flow rate of the pump (corresponding regulator throttles to 1.8 according to the
characteristics of the throttle characteristic in Fig. 2). In this case, it means that 15 1/min will pass through the throttle
valve and served actuator, and 45 1/min will flow through the pressure relief valve under pressure according pressure
relief valve characteristics 148 bar (Fig. 5).

Thus, due to control the flow rate of the working fluid supplied to the actuator can be changed useful and
supplied power (Fig. 10).

Nyse = Pyor * Ovor *Mwor = 6-10°-2,5-10™-0,9 = 13500 =1,4kW ,
P . .10°.1.0-1073
up = ruw Qo =14’8 10°-1,0-10 =16444W =16,4kW ;
TIPUM 0’9

Nyps = Ngyp — Ny = 16444 —1350 = 150940 =15, 1kWV .

=

F 3
0,001 Q, m3fs

9*10"(-4)
8410"(-4)
740°(-4)

610°(-4)

B AN
510°(-4)
4410°(-4)
310°(-4)

2410"(-4)

1410"(-4)

e

1.810°6 8.6*10°6 54*1076 7.210°6 9*10°6 1.08*10°71.26*10°71.44*10°7

0

-
Fig. 10. Useful and supplied power in the fourth variant: _ — useful power; W — supplied power
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Accordingly, the efficiency of the same system in this version of the work will be reduced.

N,
USYS = USF = ﬂ . 100% = 8% .
Ny, 16444

In this case the energy losses that occur in this mode of system will be distributed as in previous variant between
the pump, motor, throttle valve and pressure relief valve.

Noos =M~(l—mw)= 14,8:10°:1,0-10° -0,1=1644W =1,6kW ;
Mouu 0,9

N =P Ouor -(1=yor ) = 6-10° 2,510 -0,1 = 1501 = 0,260 ;

N (P = Puor ) Opor =8,8-10°-2,5-10™* = 22000 = 2,2k ;

NS = (Pogss = Py ) Opay =14,8-10°-7,5-10™ = 11100W = 11,1607 .

The energy balance of the system for the fourth variant will be as follows (Fig. 11).

B Useful power

O Laosses in pump

B Losses in mator

M Losses in throttle valve

OLlosses in pressure relief
valve

Fig. 11. Energy balance of power in fourth version of operation

5. In the fifth version we consider the previous diagram (Fig. 1) with fully closed throttle valve or such situation,
when actuator reached end position or external load is higher than generated force. It means, that all flow rate of the
pump will pass through the pressure relief valve with pressure 150 bar according to pressure relief valve characteristics
(Fig. 5). All supply power will convert into losses in pump and pressure relief valve.

Hydraulic motor is stopped and useful power is zero, appropriately total efficiency will be zero also. Thus, due to
control the flow rate of the working fluid supplied to the actuator can be changed useful and supplied power.

Poys - Opyy  15:10°-1,0-107

Ny = — 16667 = 16,7k ;
Mpum 0,9
P, - .10° . 1073
N B ooy ISNOLOAOT oy y66p =g 700w
Mrum 0,9

N oo =(Pogss = Pogy ) Orayy =15-10°-1:107 = 150000 =15k .

The energy balance of the system for the fifth variant will be as follows (Fig. 12).
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1867
10%

O Losses in pump

O Losses in pressure relief
valve

15000
80%

Fig. 12. Energy balance of power in fifth version of operation

The real distribution of energy losses, for example, for the third variant of the system's operation, has the
following corelation (Fig. 13). At the same time, in order to simplify the calculations, we assume that the full efficiency
of the pump and the motor (77,,, =7,0r =0,9) is a product of two equal in size volumetric and hydromechanic

ffici . oL HYD_09 d vor HYD_09
efficiencies 7 =m, =095andpy ~=p ~ =095.

$Q, m3fs

5410°(-4) 98957 765"

0.001

910" (-4)

g8*107(-4)

7107(-4)

6*10°(-4)

4410°(-4)

310°(-4)

2410°(-4)

1*107(-4)

R RN RN RS

74P P2

0 31076 6*10°6 91076 1.2410°7 1.5410°7

I
Fig. 13. Supplied and useful power in the third variant of operation: W — supplied power (16 kW);
_ — useful power (2,7 kW); —losses in hydraulic motor (0,3 kW); _ — losses in

throttle valve (4,2 kW); — losses in pressure relief valve (7,2 kW); —losses in pump (1,6 kW)

Conducted studies have shown that even for such simple system with constant load on the actuator there is a
significant redistribution of energy balance. Actually, the graphic of useful power is obvious, since when opening or
closing the throttle valve defines a change in the flow of the working fluid, and as a consequence the change of speed.
This change of the actuator speed causes a change of useful power, which is directly proportional to the size of the
throttle valve opening.

Supplied power is also variable, but as can be seen from the study (Fig. 14), this change is also nonlinear.
Actually, the curve of supplied power consists of three parts, in the first (from 10 to 3.6) and the third (from 2.5 to 0) of
which there is a slow increase in power consumption, and in the second part (from 3.6 to 2.5) at the moment after the
opening of the pressure relief valve occurs rapid increase of supplied power. The first part determines the change of
power only by increasing the losses on the throttle valve when it is closing, and the second and third parts are
determined by the total losses on the throttle valve and the pressure relief valve after it is opened.
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Fig. 14. Diagram of energy balance by different opening degree of throttle valve

For our example, the transition point from the first linear power consumption curve to the second according to
the characteristics of the selected equipment (Fig. 2 and 5) is in the position 3.6 of the knob of the throttle valve
regulator. That is, during the closing of the throttle valve (from position 10 to position 3.6 of the throttle valve knob)
occurs an increase in power consumption by reducing the cross-section, but the overflow valve remains closed. This
section is a kind of "dead zone" of the throttle valve, because energy consumption is increasing, but the expected result,
the decrease of the speed of the actuator, doesn’t occur. The speed doesn’t increase because the pressure before throttle
valve doesn’t reach the pressure of opening the pressure relief valve 130 bar and the entire flow of the pump is fed
through a smaller section of the throttle valve, but with a large pressure difference to the actuator.

Summary

The research of the hydraulic system with constant pump and pressure relief valve for the purpose of changing
the level of energy consumption and, accordingly, the level of energy efficiency showed that the efficiency of such a
system is not constant and depends not only on the efficiency of the hydraulic equipment, that are part of the system,
but also on the operating modes of the system itself. Thus, the efficiency of the system is determined by two factors: the
efficiency of the used equipment and the operating modes of the system. The first factor depends on the accuracy and
quality of the manufacture of hydraulic devices and, during its operation, efficiency decreases as a result of wear and
clearance increase of friction pairs. As a result, this change in the efficiency of the apparatus is almost impossible
because it usually used standard industrial hydraulic equipment, where is very difficult to reduce wear. This wear is
largely dependent on the duration of the operation of the hydraulic equipment. The second factor, as the research
showed, varies depending on the circuit and operating modes of the system. Indeed, carrying out such studies with all
known systems of a volume hydraulic drive will determine the tasks and areas of use in which standard hydraulic
systems will be most effective.

Study of the energy balance of a system with fixed displacement pump and pressure relief valve was carried out
with a change of opening value the throttle valve, but with a fixed conditional load. Therefore, the next direction of
research will be systems with variable load on the actuator.

JlociiazKeHHs eHepreTUHYHOro 0aJaHcy riipaBJivYHOl CHCTEMH 3
HeperyJbOBAHHUM HACOCOM i IepeJIJMBHUM KJIANIAHOM

0.B. JIeBueHKO

Anomayin. [Ipoananizoeano oCHO8HI cxeMHI peanizayii eHepeemuyHo20 PiGHI NPOMUCTIO8UX 2iopaesiiuHux cucmem. byno posensinymo
CMpYKmMypy ma CKIa0 anapamuoi YacmuHu Cucmemu 3 HepecyIbO8aHUM HACOCOM mMa NepelusHUM KIANAHOM 3 DPYYHUM
pezcymiosannam. Ilpogedeno Oocniodcenns enepeemuunoco banancy 2iopasniunHoi cucmemu 3 HeEpe2yIbO8AHUM HACOCOM Ma
neperusHUM KIANaHoOM Npu 5-mu MOJNCIUBUX NONEPEYHUX nepepizax pe2yib0o8ano2o opocens. /s KOJCHO20 3 NON0JICeHb 6U3HAYEHO
BEUYUHY MA eQeKMUBHICMb CHONXCUBAHHS eHepeii, a MAKOXC eluduny empam eHepeii 2iopaeniynoi cucmemu. Bcmanoseneno
PO3N00in empam eHepeii Mix BUKOHABUUM NPUCMPOEM, HACOCOM, OpocenemM Ma NepeiusHuUM KIANaAHOM NPU PI3HUX DeNCUMAX
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pobomu 2iopasniunoi cucmemu. 3mina enepeoepexmuenocmi 2i0pasnivnol cucmemu UHAYALACS NPU PI3HUX YMOBAX eKCHILyamayii.
I'paiku sminu enepeemuuno2o barancy 6yau OmpuMani 6 mMexcax Oianasony peynroeants 2iopasiiuHoi cucmemu 3 Hepezylbo8aHum
Hacocom ma nepenueHuM Kianamom.

Kniouosi crnosa: ciopasniuna cucmema, enepeemuunuii 6ananc, Hepecyibo8anuil Hacoc, nepetusHuUll Kianan.

HccnenoBanue 3HepreTnyecKoro 0ajanca ruipaBaindeckoi CHCTEMbI €
HeperyJupyeMbIM HACOCOM H NMePeJMBHBIM KJIANAHOM

0.B. JIeBueHKko

Aunnomayus. [Ipoanarusuposano OCHOGHbIE CXEMHblE Peanu3ayuil HePeemuuecKo20 YPOSHS NPOMbBIULIEHHbIX SUOPABIUYECKUX
cucmem. bvina paccmompena cmpykmypa u cocmae annapamuoil acmu CUCeMbl ¢ HepeyliupyeMbiM HACOCOM U NepenusHbiM
KIanamom ¢ pyuHviM pezyruposanuem. IIposedeno uccie0oanus dHepeemuyecko2o 0aniauca 2uopaeiuteckoll cucmemvl c
HepezyiupyemMbiM HACOCOM U NEPETUSHbIM KIANAHOM NPU 5-MU 803MONMCHbIX NONEPEUHBIX CEUEHUAX peyaupyemozo opoccens. s
KAHCO020 U3 NONOACEHUN ONPeOeNeHo BelUUHY U IPHEKMUSHOCHb NOMPeDNeHUs IHEPSUU, d MAKHCe BETUYUHY NOmepPb dHepeull
eudpasnuveckoll cucmemvl. OnpedeneHo pacnpeoeneHue NOmMep SHepeUl MexHcoy UCHOTHUMENbHbIM YCHPOUCMBOM, HACOCOM,
opocceneM U NEPelUSHbIM  KIANAHOM — NPU  DA3HLIX — pedcumax — pabomvl — 2udpagiuyeckoi  cucmemvl.  Hzmenenue
9HepeoIPPermusHoCMU  2UOPABTUYECKOT CUCMeMbl ONpedesiacy Npu pasHelx ycaosusax skcnayamayuu. Ipaguxu usmenenus
9Hepeemuyecko20 6ananca Ol NOIYYeHbl 6 epaHuyax OUana3ona pe2yiupoeanis 2UOPAGIUYEecKOl CUCIEMbL C HePeyIUpyemMbiM
HACOCOM U NEPENUSHIM KIANAHOM.

Knrouesvle cnosa: zudpaeﬂuqea«m cucmema, anepeemuqecmni 6aﬂdHC,' HepeeyﬂupyeMbn? Hacoc, nepeﬂueHoﬁ KianaH.
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