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ENSURING THE ENVIRONMENTAL FRIENDLINESS OF MA-
RINE DIESEL ENGINES OF SPECIALIZED SHIPS

Statement of the problem in general. Marine diesel engines (as the
main component of a marine power plant) are sources of environmental
pollution with exhaust gases, which include toxic components: carbon
dioxide CO, hydrocarbons CyHn, soot C, sulfur oxides SOx, nitrogen ox-
ides NOx [1-3].

Nitrogen oxides NOx occupy the first place among harmful emissions
in almost all operating modes of diesel engines, regardless of their type,
size and design features.

Emission of nitrogen oxides with exhaust gases marine diesel engines
is regulated by the requirements of Annex VI MARPOL. In accordance
with the Tier-1, Tier-1I, Tier-111 standards (which apply to diesel engines
of ships built after 2000, 2011 and 2016), the maximum amount of NOx in
exhaust gases should not exceed the values determined by special expres-
sions [4, 5].

When operating the power plants of marine transport ships, engineers
are faced with various dilemmas, one of which links the environmental
and economic performance of heat engines. Stabilization within the re-
quired limits or a decrease in the values of almost all environmental indi-
cators of marine diesel engines (emissions of carbon oxides CO, sulfur
SOx and nitrogen NOx) is due to:

e or with changes in the design of engines and systems that ensure

their functioning [6];

e 0r using more expensive (currently) energy sources (for example,
hydrogen, natural gas, low-sulphur fuels) [7];

e or the use of solar and wind energy technologies [8].

These methods require not only preliminary development and
experimental determination of optimal modes, but also additional
financial investments for their implementation, operation and
maintenance.
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Analysis of recent researches and publications.Methods for reduc-
ing the concentration of nitrogen oxides in the exhaust gases of marine
diesel engines are divided into primary and secondary. Primary methods
affect the working process in the diesel cylinder (including the fuel injec-
tion process). The main ones are charge air humidification, water injection
into the diesel cylinder, the use of water-fuel emulsions, exhaust gas con-
trol (due to their recirculation or bypass). According to the theory of com-
bustion, the formation of nitrogen oxides occurs at temperatures above
1500 K. The methods listed above provide a reduction in temperature
peaks (which are characteristic of the combustion process), which reduces
the intensity of formation and the amount of nitrogen oxides [9-11].

Secondary NOx reduction methods work directly on the exhaust gases
that are already moving in the exhaust line. The most common of the sec-
ondary methods is Selective catalytic reduction (SCR). In this case, the
exhaust gases enter a special reactor, into which a special reagent (ammo-
nia, ammonium nitrate or urea) is injected [12-14]. As a result of chemical
reactions, nitrogen oxides (NO and NO;) are converted into molecular
nitrogen N2 and water vapor H,O. The efficiency of the SCR method
reaches 95 %. However, SCR reactors are large and heavy. This prevents
their placement in the engine room, and (since the SCR reactor is installed
above the diesel engine) changes the ship's metacentric height. In addition,
the use of ammonia and ammonium nitrate is unsafe for the ship and the
ship's crew [15-17].

One of the methods that reduce the emission of nitrogen oxides of
marine diesel engines is exhaust gas recirculation (EGR) [4, 5, 18].

One of the features of the operation of sea vessels is their accounta-
bility to international classification societies (for example, Lloyd's Regis-
ter of Shipping — England, Bureau Veritas — France, Det Norske Veritas &
Germanischer Lloyd — Germany, The American Bureau of Shipping —
USA). Moreover, one sea vessel may be under the supervision of several
companies at once. These organizations, based on empirical experience,
statistical records, and scientific research, develop their own Rules for the
Classification of Sea Vessels, and maintain a system of continuous moni-
toring of compliance with these rules on classified ships. This limits the
possibility of making structural changes in the structure of ship power
equipment (both thermal and mechanical engines, and systems that ensure
their operation) without appropriate approval from these supervisory au-
thorities. The ship's crew, in the performance of their functional duties, is
deprived of the possibility of independent re-equipment of both the power
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plant itself and the systems that serve it. Therefore, the task of both ship
mechanics and representatives of research organizations is to determine
the optimal operating conditions for a ship power plant without making
any improvements and upgrades to its design.

Formulation of the problem. The studies were carried out on a
Drillships class vessel with the following main characteristics: Length —
228.1 m, Breadth — 41.8 m, Draft (Operating / Transit) — 11.8/8.5m,
Deadweight — 60,086 ton, Drilling Depth — 3660 m.

The ship power plant consisted of six 16V32 STX-MAN diesel en-
gines of the same type with the following main characteristics: bore —
320 mm; stroke — 420 mm; speed — 720 rev/min; output rank — 7000 kW;
specific fuel oil consumption — 192 g/(kwWh). Diesels served as both main
and auxiliary engines.

The objective of the study was to determine the optimal degree of
EGR, which ensures the maximum reduction in nitrogen oxide emissions
while minimizing changes in the energy and economic performance of the
diesel engine.

Presentation of the main research material. A feature of the opera-
tion of diesel engines 16V32 STX-MAN as part of the ship power plant
Drillships is a long operational period of operation in partial modes — in
the power range Nework=(0.25...0.95)Nerom. These diesels were equipped
with a standard low pressure gas recirculation system (LP-EGR), in which
gases after the gas turbine of the turbocharger are returned to the diesel
purge receiver through the charge air cooler. A diagram of the gas-air
system of a 1632 STX-MAN diesel engine with a low-pressure gas re-
circulation system is shown in Fig. 1.

LOOO KKOOOI
, JQQQ?\ QQQ| o

T4

Fig. 1. Scheme of the gas-air system of the 1632 STX-MAN diesel engine:
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1, 4 —turbocharger ; 2 — valve of the recirculation system; 3 — charge air cooler;
5, 9 — exhaust manifold; 6, 8 — working cylinders; 7 — purge air

The design of the diesel engine provides for a two-way arrangement
of rows of cylinders 6 and 8. Scavenging air to the cylinders comes from a
common receiver 7. Air is injected by gas turbocharger compressors 1 and
4, and it is cooled in a common cooler 3. Exhaust gases from diesel cylin-
ders 6 and 8 enter the manifolds 5 and 9 and further to the gas turbine of
the gas turbocharger 1 and 4 (respectively). Exhaust gas recirculation on a
diesel engine is provided for one row of cylinders 8 and is carried out
using valve 2 controlled by a microcontroller. At the same time, part of
the gases (up to 25 %) can return to the purge receiver 7 through the cool-
er 3. STX-MAN marine diesel engines are characterized by a high degree
of boost (with a degree of air pressure increase after the gas turbocharger
— up to 3.5...4.5), this ensures a uniform distribution of gases, entering the
recirculation, by the volume of the purge receiver and by the working
cylinders. During the experiment, the temperature of the air entering after
cooler 3 into the purge receiver and further into the diesel cylinders is
maintained in the range of 40...45°C with an accuracy of £1°C by chang-
ing the amount of outboard water supplied to cooler 3. Gas flows after gas
turbochargers 1 and 4 were combined in one gas outlet pipe with the sub-
sequent use of the energy of the exhaust gases in a waste heat boiler. This
contributed to levelling the occurrence of possible deviations in aerody-
namic resistance between individual rows of cylinders (for a row of cylin-
ders with gas recirculation and a row without recirculation) and contribut-
ed to the same cyclic fuel supply to each row of cylinders [18, 19].

During the research, the following were determined: the degree of re-
circulation of exhaust gases — decr; concentration of nitrogen oxides in
exhaust gases — NOx; specific effective fuel consumption — b, effective
diesel power — Ne, exhaust gas temperature — t. In addition, according to
the operating instructions, all the necessary parameters of the diesel en-
gine were controlled and maintained within the required range.

Gas analysis was performed using a Testo350XL gas analyzer. At the
same time, the concentrations in the exhaust gases of the following sub-
stances were determined: nitrogen oxides NOx, oxygen Ozcas and nitrogen
N2.cas. Gas analysis of the exhaust gases was carried out in the gas exhaust
line at a distance of 10 m from the place where gases exited the gas turbo-
charger, which complied with the requirements of the Technical Code for
NOx [18, 20, 21].
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Exhaust gas recirculation degree Secr during the experiments was
calculated by the expression

Secr = % .100%.

where a — current value of excess air coefficient depending on diesel load;
oEcr — excess air coefficient when using the exhaust gas recirculation
system.

Excess air ratio o was determined taking into account volume con-
centrations Ozcas and Nzgas in exhaust gases (measured using the Tes-
to350XL gas analyzer) according to the expression

1

1-3,76—02‘3“

2,Gas

By adjusting the flow area of the exhaust gas recirculation valve (item
2 in Fig. 1), a change in the degree of recirculation of the EGR system
was provided in the range 8ecr=0...21 %.

Unitor's ProPower automatic regulation and control system, installed
on a diesel engine, made it possible to record the following diesel perfor-
mance indicators for each of the diesel cylinders: t — exhaust gas tempera-
ture, °C; N' — effective power of the cylinder, kW; N_ — effective die-

sel power, KW.

The measurements were carried out at a fixed fuel supply and stabili-
zation of the heat fluxes of the cooling media (circulating oil, fresh and
sea water).

Throughout the experiment, the engine operated on the same grade of
heavy fuel class RMG 380 according to ISO 8217-2020 with the follow-
ing structural composition: carbon — 86.12 %, hydrogen — 13.42 %, sulfur
—0.32 %, oxygen — 0.06 %, nitrogen — 0.08 %.

High-pressure fuel equipment made it possible to set the cyclic fuel
supply beye, kg/cycle, with an accuracy of 0.5 %, (the same for each of the
diesel cylinders), which made it possible to determine the specific effec-
tive fuel consumption b, from known dependencies

60nzb
b — cyc
€ Ncyl

e

o=

where n — engine speed, rpm;
z — tact factor [22, 23].
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The value of the specific effective fuel consumption obtained in this
way for each of the cylinders was averaged and additionally controlled
using measuring equipment installed in the booster module of the con-
sumption system, which provides fuel supply to the diesel high-pressure
fuel equipment [24].

The studies were carried out at various operating modes of the 16V32
STX-MAN diesel engine — 35...95 % of the load and various degrees of
recirculation — 0...21 %. The results of measurements and calculations,
which made it possible to determine the values of NOx emissions in the
exhaust gases and the specific effective fuel consumption b., are shown in
Tables 1 and 2.

Table 1. Emission NOx, g/(kwWh) marine diesel 16V32 STX-MAN under various
loads and degrees recirculation decr

Diesel Degree of gas recirculation dgcr, %

load, % 0 3 6 9 12 15 18 21
35 8.32 7.68 7.27 6.96 6.65 6.49 6.42 6.35
55 8.49 8.17 7.39 7.07 6.71 6.63 6.51 6.41
75 8.83 8.19 7.49 7.18 6.73 6.51 6.31 6.16
95 8.92 8.27 7.63 7.29 7.07 6.31 6.22 5.92

Table 2. Specific effective fuel consumption b,, g/(kWh) marine diesel 16V32
STX-MAN under various loads and degrees recirculation 6gcr

Diesel Degree of gas recirculation degr, %

load, % 0 3 6 9 12 15 18 21

35 193.9 | 1955 | 196.7 | 197.8 | 198.6 | 199.1 | 199.8 | 200.7

55 1915 | 1924 | 1942 | 1948 | 195.2 | 196.6 | 197.2 | 197.7

75 189.9 | 190.2 | 191.3 | 192.1 | 1925 | 1929 | 1934 | 194.3

95 189.1 | 189.9 | 190.6 | 1909 | 1914 | 192.2 | 192.8 | 193.3

According to the results of the experiments given in Tables 1 and 2,
dependences of the emission of nitrogen oxides NOx=f(decr) and specific
effective fuel consumption b.=f(3ecr) — Fig. 2. When building a complex
of dependencies NOx=f(6ecr) and b.=f(6ecr) corresponding to the same
load, the dependence NOx=f(Secr). After that, its lower limit was taken as
the "base" line to build the dependence b.=f(8ecr). The efficiency and
economy of using the exhaust gas recirculation system in various modes
of its operation can be assessed by determining the area under the depend-
encies S(;\,‘??sx = f(aEGR)’ So’\,jsosx = f(SEGR)’ St;\,l?sx = f(aEGR)’ Sor\,‘g; = f(SEGR)
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Ta Sgﬁss =f (SEGR ) ! Sg,ess =f (SEGR) | 83?75 =f (SEGR ) J Sg,egs =f (SEGR) » where
indices 0.35...0.95 correspond to the diesel load.

—1 bw
g
kW-h b,
T I— 200 -1 %
S,¢,=58.95 T
NO,, 199 505=55.95
g
kW-h
9 198
S0 =12.95

b)
b,
g
NO,, _ — kW
g Sogr=25.86 193
KWh ;
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8
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;
|
|| 190
([ R 1A |
61 L
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d)

Fig. 2. Emission of nitrogen oxides NOx and specific effective fuel consumption
of a diesel 1632 STX-MAN under various conditions of the experiment:
a — load 35 %; b — load 55 %; ¢ — load 75 %; d — load 95 %

The environmental efficiency of a diesel engine in various modes is
estimated by the value of the area SN°x, economic — according to the val-

ue of the area s™. Area under dependence $"% = f (5, ) directly propor-
tional to the decrease in the environmental friendliness of the diesel en-
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gine. The greater the value SN°x the more effectively the EGR system

provides a reduction in concentration NOx in diesel exhaust gases. Area

under dependence s" = f (5., ) inversely proportional to the efficiency of a

diesel engine. Increasing value S™ leads to an increase in the specific

effective fuel consumption be in the mode under consideration.
EGR System Efficiency ANO, , %, at different degrees of recircula-

tion degr can be evaluated by the expression

0 EGR
ANO, = NOx =NOXT 1509,
NO%
where NOJ, NOER — respectively, the concentration of NOx in the ex-
haust gases without and when using the EGR system.

Value ANO,, also characterizes the environmental friendliness of the
operation of maritime transport vessels in various operating conditions. Its
increase indicates a decrease in the emission of nitrogen oxides [25].

The decrease in the efficiency of a diesel engine when using the EGR
system can be estimated by a relative increase in the specific effective fuel
consumption Ab, , %, which is defined as

bEGR _ bO

o 100%

where b?, bFe® — respectively, the specific effective fuel consumption

without and with the use of the EGR system.
Values ANO, and Ab, for different conditions of the experiment is

given in Table 3. and shown in Fig. 3 (a, b).

ANO,, Ab,

Ab

e

a) b)

Fig. 3. Relative decrease in NOx concentration (a) and relative increase in the
specific fuel consumption (b) at different loads of a 1632 STX-MAN marine
diesel engine when using the EGR system:

1 — Oecr=3 %; 2 — Oecr=9 %; 3 — 8ecr=15 %; 4 — Secr=21 %
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Table 3. Environmental efficiency and fuel efficiency
marine diesel 1632 STX-MAN when using the EGR system

Degree of recir- Diesel load, %
gree 35 | 55 | 75 | 95
culation, % - —— - —
relative reduction in nitrogen oxide emissions
3 7.7 3.8 7.2 7.3
9 16.3 16.7 18.7 18.3
15 22.0 21.9 26.3 29.3
21 23.7 24.5 30.2 33.6
relative increase in specific effective fuel consumption
3 0.83 0.47 0.16 0.42
9 2.01 1.72 1.16 0.95
15 2.68 2.66 1.58 1.64
21 3.51 3.24 2.32 2.22

The data presented confirm the thesis about the need for a compre-
hensive assessment of the environmental and economic performance of a
diesel engine.

Conclusions and prospects for further researches. Studies that are
performed on diesel 16V32 STX-MAN marine class vessel Drillships
with deadweights 60,086 ton showed the following.

The use of the exhaust gas recirculation system in the diesel load
range of 35...95 % of the rated power and the range of 3...21 % of the
degree of exhaust gas recirculation leads to a decrease in nitrogen oxide
emissions by 7.7...33.6 %, while increasing the specific effective fuel
consumption by 0.2...3.5 % . The deterioration of the combustion process
(caused by the intake of not only air, but also exhaust gases into the diesel
cylinder) leads to an increase in the temperature of the exhaust gases and
increases the temperature tension of the diesel engine. It has been experi-
mentally established that the use of the EGR system in the range of values
decr=18...21 % at operating conditions corresponding to 35...55 % load,
leads to a critical increase in exhaust gas temperature. In connection, the
operation of marine diesel engines in such conditions is possible only in
emergency situations, and only for a short period of time.

Recirculation of exhaust gases, as a way to ensure the environmental
performance of marine diesel engines, it is advisable to use in the range of
values 0ecr=9...15 %. At the same time, in all operating modes of the
diesel engine (at loads of 0.35...0.95 % of the rated power), a decrease in
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nitrogen oxide emissions by 16.3...29.3 % and an increase in specific fuel
consumption by 1.6...2.0 % are provided.

The choice of the optimal operating modes of the EGR system and
the control of the EGR system can be performed by the ship's crew ac-
cording to the developed recommendations of research organizations.

REFERENCE

1. Kuropyatnyk O.A., Sagin S.V. Exhaust Gas Recirculation as a Ma-
jor Technique Designed to Reduce NOx Emissions from Marine Diesel
Engines // Nase more : International Journal of Maritime Science & Tech-
nology.— 2019. — Vol. 66(1). P. 1-9. doi.org/10.17818/ NM/2019/1.1.

2. Sagin S.V., Kuropyatnyk O.A., Zablotskyi Yu.V., Gaichenia O.V.
Supplying of Marine Diesel Engine Ecological Parameters // NaSe more :
International Journal of Maritime Science & Technology. — 2022. —
Vol. 69(1). — P. 53-61. DOI 10.17818/NM/2022/1.7.

3. Sagin S.V., Solodovnikov V.G. Cavitation Treatment of High-
Viscosity Marine Fuels for Medium-Speed Diesel Engines // Modern Ap-
plied  Science. - 2015, - Vol.9(5). -  P.269-278.
DOI:10.5539/mas.vOn5p269.

4. Sagin S.V.; Kuropyatnyk O.A. The Use of Exhaust Gas Recircula-
tion for Ensuring the Environmental Performance of Marine Diesel En-
gines // Nase more : International Journal of Maritime Science & Tech-
nology. — 2018. — VVol. 65(2). — P. 78-86. DOI 10.17818/NM/2018/2.3.

5. Kuropyatnyk O.A., Sagin S.V. Ensuring efficiency and environ-
mental of marine diesel engines which using exhaust gas bypass system //
CyIHOBI eHepreTHyYHi YCTaHOBKH: HAYKOBO-TEXHIYHMH 30ipHHK. Bum. 43.
—  Opeca : HY«OMA». - 2021. - C.25-40. doi:
10.31653/smf343.2021.25-40

6. Carin C.B. 3HmKeHHsT MEXaHIYHUX BTPAT Y CYJHOBUX CEPEIHBOO-
0epTOBUX JW3ENAX 332 PaXyHOK ONTHMi3alii poOOTH IUPKYISIIIHHUX CHC-
TeM MarnieHHs // BicHuk OmechKoro HallioHaIbHOTO MOPCHKOTO YHIBEpPCH-
tery : 30. Hayk. mpamnp. — 2020. — Bum. 1(61). — C. 87-96. doi.org
10.47049/2226-1893-2020-1-87-96.

7. Mapuenko O.0., Carin C.B. BaockoHaneHHs npouecy OYHIICHHS
CYAHOBUX BaXKuX manuB // CyIHOBI €HEpreTH4Hi YCTaHOBKH: HAyKOBO-
TexHiuHui 30ipHuk. Bum. 41, — Ogeca: HY«OMA». — 2020. — C. 10-14.
DOI : 10.31653/smf341.2020.10-14.



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 15

8. Carun C.B., 3a6moukwuii l0.B., Ilepynor P.B. TexHomorus wuc-
[IOJIb30BAHUS M PE3yJbTaThl UCIIBITAHUN IMPUCAIOK K TOIUIMBAM ISl CyZIO-
BeIX auseneit // [IpobiaemMu TexHiku: HayK.-BHpOOH. XypHan. — 2012 . —
Ne 3. — Ognecca : OHMY. — C. 84-103.

9. Maeii B.B. BukopucTtanHsi B CyTHOBUX JU3EISAX MATUBHUX CyMi-
IIeH 10 CKIIaay SKUX BXOJUTh NAJIMBO OiojoriyHoro noxoxenns // Cyn-
HOB1 €HEPreTUYHi YCTAaHOBKM : HayKOBO-TeXHI4HWH 30ipHmMK. — 2022, —
Bun. 44. — Oneca : HY«OMA». — C. 93-110. doi: 10.31653/smf44.2022.
93-110.

10. Carin C.B., Ilo6epexuuit P.B. AHani3 OCHOBHHX CIIOCOOIB 3HU-
JKEHHSI eMicCii OKCH[IIB a30Ty JHU3ENIB CylI€H MOPCHKOTO Ta BHYTPIITHHOTO
BogHOTrO TpaHcmopty // CymHOBI €HEpreTHYHi YCTAaHOBKH : HAayKOBO-
TexHiuHuk 30ipHUK. — 2022. — Bum. 44. — Oneca : HY«OMAy. — C. 132-
141. doi: 10.31653/smf44.2022.132-141.

11. lo6epexnuuii P.B., Caria C.B. 3a0e3nedeHHs eKOIOTIYHUX TOKa-
3HUKIB JIM3EJTIB CyJeH PIYKOBOrO0 Ta MOPCBKOro TpaHcmopty // CymHoOBi
CHEepTreTHYHI yCTAaHOBKU: HAyKOBO-TexHIUHUM 30ipHUK. — 2020. —Bum. 41.
—Opneca : HY«OMA».— C. 5-9. DOI : 10.31653/smf340.2020.5-9.

12. Sagin S.V., Stoliaryk T.O. Comparative assessment of marine
diesel engine oils // Austrian Journal of Technical and Natural Sciences.
Scientific journal. — 2021. — Ne 7-8 (July — August). — P.29-35.
https://doi.org/10.29013/AJT-21-7.8-29-35.

13. Madey V.V. Usage of biodiesel in marine diesel engines // Aus-
trian Journal of Technical and Natural Sciences. — 2021. — Vol. 7-8. —
P. 18-21. https://doi.org/10.29013/AJT-21-7.8-18-21.

14. Zablotsky Yu.V., Sagin S.V. Enhancing Fuel Efficiency and En-
vironmental Specifications of a Marine Diesel When using Fuel Additives
/I Indian Journal of Science and Technology. — 2016. — Vol. 9(46). —
P. 353-362. DOI: 10.17485/ijst/2016/v9i46/107516.

15. Zablotsky Yu.V., Sagin S.V. Maintaining Boundary and Hydro-
dynamic Lubrication Modes in Operating High-pressure Fuel Injection
Pumps of Marine Diesel Engines // Indian Journal of Science and Tech-
nology. - 2016. - Vol.9(20). - P.208-216. DOLI:
10.17485/ijst/2016/v9i20/94490.

16. Sagin S.V., Semenov O.V. Motor Oil Viscosity Stratification in
Friction Units of Marine Diesel Motors // American Journal of Applied
Sciences. - 2016. - Vol.13(2). - P.200-208. DOIL:
10.3844/ajassp.2016.200.208



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 16

17. Sagin S.V., Semenov O.V. Marine Slow-Speed Diesel Engine Di-
agnosis with View to Cylinder Oil Specification // American Journal of
Applied Sciences. — 2016. — Vol.13(5). — P.618-627. DOI:
10.3844/ajassp.2016.618.627.

18. Kyponsitauk A.A. KomriekcHOe yrpaBleHHUE BBIMTYCKHBIME Ta-
3aMU CYAOBBIX JAW3elel Kak crnoco0 oOecredeHus] MX HKOJOTMYECKHX
nokazareneil pabotel // BicHuk OpechbKoro HaliOHAIBHOTO MOPCHKOTO
yuiBepcurety : 30. Hayk. mpamb. — 2020. — Ne 2(62). — C. 142-159.
DOI 10.47049/2226-1893-2020-1-142-159.

19. Sagin S., Kuropyatnyk O., Sagin A., Tkachenko I., Fomin O.,
Pisték V., Kucera P. Ensuring the Environmental Friendliness of Drill-
ships during Their Operation in Special Ecological Regions of Northern
Europe // Journal of Marine Science and Engineering. — 2022. —
Vol. 10(9). — P. 1331. https://doi.org/10.3390/jmse10091331.

20. Carun C.B., Kypomsatauk A.A. OntuMu3anus peKxuMoB paboThI
CHUCTCMbI NEPCIIYyCKa BBIITYCKHBIX I'a30B CyAOBBIX CpeZ[HeO60pOTHLIX AU~
3enelt // ABTOMAaTHU3aIUsl CyJIOBBIX TEXHMYECKUX CPEICTB : HAy4. -TCXH.
c6. — 2019. — Bemm. 25. — Onecca : HY «OMA». — C. 79-89.

21. Sagin S.V., Kuropyatnik A.A. Application of the system of recir-
culation of exhaust gases for the reduction of the concentration of nitric
oxides in the exhaust gases of the ship diesels // American Scientific Jour-
nal. —2017. — Ne 15. — Iss. 2. — P. 67 - 71.

22. 3BeppkoB J1.0., Carin C.B. 3HWKeHHS MEXaHIUHUX BTpaT y CyI-
HoBHX nu3ensix // CynHOBI €HepreTH4YHi yCTAaHOBKH : HayK.-TeXH. 30. —
2020. — Bum. 40. — Opeca : HY «OMA». — C. 20-25. DOI :
10.31653/smf341.2020.20-25.

23. Zablotskyi Yu.V., Sagin A.S. Applying of fuel additives in ma-
rine diesel engines // CyaHOBI eHepreTMuHi YCTAHOBKH :@ HAyKOBO-
TexHiuHu# 30ipHUK. — Oneca : HY «OMA». — 2021. — Bun. 43. — C. 5-17.
doi: 10.31653/smf343.2021. 5-17.

24. 3a6noupknii 10.B., Carig A.C. BusnaueHnns IUHAMIYHUX HaBaH-
TaXEHb MiJ 4Yac 3MiHM PEKUMIB MaleHHS MPEUU3idHUX Hap NaJUBHOI
amaparypu cyaHoBux jnuzeniB // CyJHOBI €HEpreTH4Hi yCTaHOBKHU : Hay-
KOBO-TexHIuHMI 30ipHUK. — 2022. — Bum. 44. — Ogneca : HY «OMA». —
C. 121-131. doi: 10.31653/smf44.2022.121-131.

25. Pycnak J1.YO., Carin C.B. 3a0Ge3neueHHs €KOJIOTiYHUX BUMOT IIpU
YIILTPa3BYKOBiH Jecynbdypizanii ByriieBoqHux nanus // CyTHOBI eHepre-
TUYHI YCTAHOBKU : HAyKOBO-TexHiuyHMH 30ipHMK. — 2020. — Bum. 40. —
Opneca : HY «OMAy».— C. 49-54. DOI : 10.31653/smf340.2020.49-54.



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 17

10.31653/smf45.2022. 17-30
Cariu A.C., 3a6noupkuii 10.B.
Hamionansauii yHiBepcuteT Oiechbka MOPChKa akaaeMist

PEI'EHEPALIA 3MAIIIYBAJIBHUX BJIACTI/IBOCTEI?'I'_MO-
TOPHUX ITAJIMB I MACTHUJI IIIJT YAC EKCILVIYATALILL CY -
HOBUX JU3EJIIB

IlocTanoBka nmpodJjieMu B 3arajabHoMy BUrisai. EQextuBHa, exo-
HOMIiYHA Ta Oe3MedHa eKCIUTyaTalis Cy0BUX ANU3eNiB (SK TOJIOBHUX, TaK 1
JOTIOMDKHHX ) HEMOXKITMBA 03 MATPUMKY B HEOOXiTHUX MeXax iX MoKas-
HHKIB: CHEPreTHYHHX (CepeIHbOTO 1HIUKATOPHOTO / €)EKTHBHOTO THCKY
Ta e()eKTUBHOI MOTY)KHOCTI), TMHAMIYHHAX (4aCTOTH OOepTaHHS KOJIiHYa-
TOTO Bajly), TETJIOBHUX (TEMIIEpaTypH BUITYCKHUX Ta3iB, TeMIeparypa mac-
Triaa ta Boau) [ 1, 2]. Kpim Toro, HamiifHa eKCIuTyaTallis CyTHOBHX JIU3€JIiB
BHMAarae 3[iHCHEHHS KOHTPOIO SKOCTI Ta MIATPUMKH €KCILTyaTalliifHuX
XapaKTePUCTUK MOTOPHUX MajuB 1 Maces. IIpu boMy peraaMeHTYIOThCS
3HAYCHHS TIOKAa3HUKIB, SKi B HAHOUIBIINIM Mipi MiATBEPKEHI 3MiHAM ITiJ
4yac TpaHCIIOPTYBaHHs, OyHKEpOBII Ta 30epiranHs, a Takox Oe3rmocepen-
HBO IIiJT 9aC POOOTH CYTHOBUX JU3EIIB:

Ml yac HarHiTaHHA MaJlWBa IMaJHMBHUM HAaCOCOM BHCOKOTO THCKY
(ITHBT) [3, 4];

11 Yac BOOPCKYBaHHS TajMBa 4epe3 posmniioBay hopcynku [5, 6];

i yac pyxy MacTuia B napax tepts [7, 8].

Takumu OKa3HUKaMHU, TIEPII 32 BCE, € BMICT y MAJIMBI Ta MACTHJII BOAH Ta
MEXaHIYHUX JOMIIIOK. Boma Ta MexaHiuHI JOMIIIKH, SKi MOTPAILIIIOTH B
naJnBo ab0 MacTHIIO, HAIAIOTh JECTPYKTUBHY Jil0 HAa TOHKHMH ILIap IUTiB-
KH, 1[0 PO3/isie KOHTaKTHI TOBepXHi: TyHxkep — Brynaka [IHBT i ronka
— posnuioBad (OPCYHKH (IJIs TANIKUBa); BKJIAJUII IMiIIIMITHAKA — KOJIiH-
YaTHii BaJ i MOPIIHEBE KiJbIle — BTYJKa muitiHapa (s mactuna). Heon-
HOPa30BO BKa3yBaJOCs, IO BYTJIEBOJHI PiJJUHHU (SIK MAIHUBO, TAKOXK 1 Mac-
THJIO) BOJIOJIIOTH aHI30TPOITHUMH BIIACTHBOCTSIMH, SIKi HalOLIbII Xapak-
TEPHO BUSBIAKOTLCA B 00J1aCTi HEBEIUKOI TOBLIMHM. IX BeJIMYMHA Bimo-
BiJa€ TPAHWYHOMY 3MallyBaJIbHOMY IIapy (SIK MacTWja B CHOJy4YEHHI
BaJI-BKJIQJIMIII, TAKOX 1 TajWBa B CIIONYYCHHI TUTYHXKep-BTynKa). [lpu
LBOMY 3MIiHIOIOTbCS TaKi XapaKTEePUCTHKH, SIK B'A3KICTh, NMPYKHICTb, HE-
Cylla 34aTHICTb, MpoTHIis pyxoBuM 3ycuuisaM [9, 10]. Came mi xapakre-
PUCTHUKH BH3HAYAIOTH 3MAIlyBallbHI BIACTUBOCTI BYTJICBOAHUX PiIUH (SIK
MaJIMBa, TAKOXK i MacTuia). HaliMeHnni 3Ha4eHHs1 MAaCTHIILHOI Ta TaTMBHOT
IUTIBKM XapaKTepHi U1l map TepTsl BaJI-BKIAJUII 1 TUTyH)Kep-BTyjka. Ha-
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IifiHa eKCIUTyaTallis MUX TpUOOCHoayuYeHb 3a0e3leuye TpUBally Ta 0e3a-
BapiitHy poOOTy CyTHOBHX JH3EIIiB.

AHaji3 ocTaHHiX xocaimkeHb i myOmikamiii. J[ns minBumeHHS
3MallyBaJbHUX BJIACTMBOCTEH MajnMBa Ta MacTWiIa 3alpONOHOBaHI Pi3Hi
TEXHOJIOTil. YMOBHO BOHH MOJUIAIOTECS HA JIBl TPYIN: TEPIIi BIUTUBAIOThH
Ha CTaH Ta XapaKTePHCTHKH METaJIeBOi MMOBEPXHIi, APYTi — Oe3mocepeHbO
Ha MMOKa3HUKH PiJIWHY, IO MOAUISE 11i moBepxHi. J[o mepinoi BiHOCATHCS
HaHECeHHS PETyJISIPHOTO MiKpopensedy, IIa3MOBE HAHECEHHS Ha MeTa-
JIeBi TIOBEPXHI TOIATKOBOTO IIIapy 3 CIIEIialbHUX XIMIYHUX €JIeMEHTIB Ta
3’€IHaHb, BUKOPUCTaHHS (TopopraHiyHux mokputh [11, 12]. HaiibGinbm
MIOIINPEHI TEXHOJIOTIT IPyroil TPy — JoJaBaHHs MPHUCAIOK, 3MaIlyBaIb-
HHX Ta OXOJOKYIOYHX PiIUH Ta MOBEPXHEBO-aKTUBHUX pedyoBUH [13,
14]. O6uaBI TEXHOJOTIT CIIPSMOBaHI Ha MiJIBUIICHHS BHYTPIIIHBOT CAMOO-
praizamii MoJieKyJ 3MallyBaJbHOTO HIapy maimBa abo mactuma. lle
CIpUsI€ TABUIIEHHIO TOBIIWHHU 3MallyBalIbHOTO IIapy, 30UTBIIEHHIO HOTO
MPYKHOCTI Ta Hecy4oi 3aaTHocTi [15, 16]. Haxanp 3 nmepebirom vacy Bci
BKa3aHi TEXHOJIOTII MOCTYOBO BTPAa4Yal0Th €(hEKTUBHICTh, TOMY €KCILTya-
TaIiiiHI XapaKTepUCTHKHU MajuBa ab0 MacTHWia BHUMAaralOTh MOHOBJIECHHS
abo perenepaii [17, 18].

IocTranoBka 3aBaanHs. 3aBIaHHSIM JOCTI[HKEHHS OylO0 BHBYECHHS
MOJKITUBOCTI pereHepariii 3MallyBalbHAX BIACTHBOCTEH IMajaiBa Ta Mac-
THJIA, TII0 BUKOPUCTOBYIOTHCSI ITiJT 9aC €KCILTyaTallii CyTHOBHX JH3EIIiB.

Buknan ocHoBHOro marepiaiay. CynoBi MOTOpHI MajivBa i MacThia
(y 3B'sI3Ky 31 CBOIM €JI€MEHTApHHM CKJIAJIOM) € BYIJICBOAHUMU PiAUHAMU
(BBP). Byrmens i BomeHb (BMICT SKMX B TMaJHMBI 1 MAacTWII JOCSTae
80...85 % 1 10...15 % BigmoBigHO), aacOpOYIOTHCS HA METAJIEBil TTOBEP-
XHi, YTBOPIOIOTh IPaHUYHUN 3MallyBaJbHU 1map 1 3a0€3MeUyr0Th 3Malily-
BanbHy 37aTHicTh BBP. IloTpamisHHS 4acTHHOK BOIM Ta MEXaHIYHHX
JOMIIIIOK B TAJMBO 200 MAacTWUJIO 3HIKYE iX 3MallyBaJbHY 3IaTHICTH 1
MPU3BOJIUTH JI0 MIJBUIIEHOTO 3HOCY MaJMBHOI amaparypy Ta BKIIQJIWIIB
MiAMUITHAKIB KoJliHYaTtoro Bana. Taky noseainky BBP moxHa nosicHuTn
PYWHYBaHHSIM HOTO TPaHMYHHUX 3MallyBaJLHUX IIAPIB, 10 MTPUMUKAIOTH
70 poOOYMX IOBEPXOHb Mapu TepTsS. AKTUBHI 4acTHHU Moiekyn BBP
(sixm MaroTh JaHIoroBy mobynoBy [19, 20]), 3aXOIIIIOIOTECS YacTKaMH
MEXaHIYHUX JOMIIIOK 1 BOAM, BUKIMKAIOYM YaCTKOBY 200 TIOBHY JIECTPY-
KIIi10 TPaHUYHOTO 1apy (puc. 1).
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Puc. 1. JlecTpykuis rpaHUYHUX LIapiB BYTJIEBOJHUX PiJHH IIiJ] Yac MOMaIaHHI 10
HHX BOJIM 200 MEXaHIUYHHUX JOMIIIOK

Bupanenns moxiOHUX TOMIIIOK B CyJHOBUX MAJIMBHUX CHCTEMax Ta
crcTeMax MallleHHS MMPOBOIUTHCS 3a JIOTIOMOTOI0 CenapaTopiB i QiabTpiB.
[Ipu mpoMy maHi MeTonM 3a0e3MeuyroTh HEOOXiJHY SKICTh ManmBa abo
MacTWia JIMIIEe Ha MEBHHUX MAUISHKAX, a MEepPeHAaCHYCHHS HiMi CYIHOBHX
CHCTEM TPHU3BOJUTH A0 MiJBUILEHHS BUTPAT €HEprii. Y 3B'S3KYy 3 UM,
e(eKTUBHUM € CIOCi0, 110 JO3BOJISIE pETeHEePYBaTH 3MaIyBalbHi BIACTH-
BOCTi manuBa abo MacTHIa B TiIpoAMHAMidHOMY akTuBaTtopi. ['impoguHa-
MIYHUH aKTHBATOp (pHC. 2) CKIIAAaeThes 3 Tpynu coren JlaBans 1, mpoxo-
nsan gepes sk BBP (mamuBo abo mactuio) 30ibIIye CBOIO KiHETHYHY
eHeprito. OAHOYACHO 3 MM 30UTBIIYETHCS] KiHETHYHA €HEpPris YaCTHHOK
MEXaHIYHUX JIOMIIIIOK 1 BOIH, 1110 3HaxoasThes y BBP. Ha Buxoni 3 kame-
pu notik BBP ynapsietbcst 0 MetaneBy nmMiiHIpUYHY oBepxHIO 2. EHep-
ris yaapy 4acTKOBO HJie Ha PO3PUB CIAOKUX 3B'SA3KiB MiXK MOJIEKYJIaMU
BBP i nomimikaMu, a Takox Ha pyHHYBaHHS CaMHX TBEPJIUX YaCTHHOK i
YaCTKOBO PO3CIFOETHCS B AKTHBATOPI.

| N L
S I § -l

)\

Puc. 2. Crpoena cxema riipoMHaMi4HOrO aKTHBATOPa

i

TakuM YUHOM, BCTAHOBHUBIIIM €HEPIil0 yJaapy BHIIE SHEprii 3B'3KY,
MO>KJIMBO 3BUIBHUTH MOJIEKYJIH HajuBa a0o MacTHia BiJi CTOPOHHIX ajire-
3iifHUX 3B'13KiB. Lle cpustumMe pereHepaliii CTpyKTYpOBaHUX TPAaHUIHUX
mapie BBP na moBepxHi nmapu Tepts mnymkep-BTynka [IHBT abo Bai-
BKJIQJIMII MiAIIMITHUKA. 3 METOI0 3HW)KEHHsS E€HEpreTHYHUX BHUTpaT Ha
po0OTY TiZPOJAUHAMIYHOIO aKTHBATOPA Ta IIABHUILICHHS HOro e()eKTHBHO-
CcTi mpoliec yaapy moroky BBP o BHyTpilIHIO MeTaneBy MOBEPXHIO 3Jilic-
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HIOETBCS MiJ KyTOM, piBHUM 45°. Bubip 1poro 3HaueHHsS BU3HAYAETHCS
Teopiero npyxHocri. [lig yac ynapy TBepoi 4acTHHKU abo 1100y BOAH,
mo 3HaxoauThess B BBP 0 po0ouy moBepxHIO akTMBaTOpa, JaHa YacTKa
BiUyBa€ CKIAJAHWUU TpuBicHHN abo 00'eMHHMI HampyxkeHWil crtaH. Ha
puc. 3 300pakeHO eNeMEHT YacTUHKH, SKa 3HaXOAUTbcI B 00'€eMHOMY
HAIpy>KEHOMY CTaHi Ta rpaHi KOl € TOJIOBHUMH MaiilaHIMKaMHU.

AN

o; \i i

Puc. 3. Enemenrapauii 06'eM TBepI0i YaCTKH JOMIIIKH, IO 3HAXOTUTHCS B
nororii BBP

PosrisiHeMo MaiimaHumKku, mapajieibHi ONHIM 3 TOJOBHHX HAaIpyT,
HaIPUKIIAJ, JOBUIBHHUI MalaHUuK [, mapajiejbHUN TOJIOBHIM Hampys3i o1.
Hampyxennii cTaH Ha TakuX MaiTaHYMKaxX MOXke OyTH BU3HAYCHHWU aHa-
JIITUYHO:

6, =0, C0S’ a, +G, COS’ a, + G, COS” 0L, (1)

1, =+/o? c0s? 0, +62 €S’ a, + 62 COS’ ay, 2

1€ Ga, To — BIATIOBITHO HOPMaJIbHA Ta JOTHYHA HANPYra Ha MaiilaHIMKaXx;

o, Ol2, 0.3 — KYTH, SIKI YTBOPIOE HOPMaJjb J0 aHAJII30BAaHOTO MaiiaH-
YHKa 3 HAPYrol G1, G2, G3 BIAMOBITHO.

JIerko BCTaHOBUTH, Ha SIKMX MalJaH4YMKaxX JIisTHME HalOLibIIe 1O-
TUYHE HANPYXXEHHS MPH TPUBICHOMY HAINpPy>KEHOMY CTaHi, i 3HaWTH HOTO
BeNMYKMHY. 3a OyJb-IKOTO 00'€eMHOTO HANpPYKEHOTO CTaHy HaNOibII
JNOTUYHI Hanpyru OyayTh:

1 =%17%s 3)

max
2
Bonu nitoTh Ha MalaHYMKY, MapaieIbHOMY TOJIOBHOMY Hampy3i Ta
HaXWJIEHOMY MiJ KyToM 45° 10 ToJIOBHOI Halpyru o1 Ta o3. Jami, sKmo
pPO3B’sI3yBaTH 3aBAAHHA YIapy YacTKH Ta BU3HAYHUTH BEJIMYUHY TMEPETasy
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THCKIB y TIIPOJUHAMIYHOMY aKTHBATOPi, MPH SKiM CTaHEThCS PyWHYBaH-
Hsl, TO BUifjie BUpa3

AP = Vzminy
29°g’
ne P — mepemnaj TUCKIB PiAMHH Ha T1APOJMHAMIYHOMY aKTUBAaTOPI;

Vmin — MIHIMaJTbHA IIBUKICTh CTPYMEHS, 32 SKOIO B PE3YIbTATI yAAPY
BiOyeThCs pyHHYBaHHS TBEPAOI YACTUHKH B MAJINBI;

Y — MATOMA Maca MaJnBa;

¢=0,92...0,94 — xoedimieHT TIBUAKOCTI, IO 3aJICKUTH BiJ BIACTHUBO-
cri comua [21, 22].

MiHiManpHA MBUAKICT YACTUHKH, IO 3HAXOIUTHCS B CTPYMEHI, 3a
SIKOYO T[T 9ac ynmapy BinOymeTscs il pyiiHyBaHHS, MOXXe OyTH BH3HA4YeHa
3TiAHO 3 PiBHSHHAM ['eplia 1l KOHTaKTHOTO 3aBJIaHHA 32 YMOBOIO TIPYK-
Hill B3a€MOIiT TUT IPH MIPY>KHO-TiAPOINHAMIYHOMY MallleHH1

2,2210°° ((1-p ), + (-2 )E, )
min DElEZ '
Ie Wi, U2 — koedirientu [lyaHcoHa BiAMOBIAHO 10 MaTepialy YacTKH JI0-
MIIIKHU Ta JETaIl;

E1, E; — Moaymi mpy>KHOCTI BIATIOBIIHO MaTepially 4acTKU JTOMIIIKH
Ta JeTa;

D — miamMeTp 4acTKH JOMIIIIKY;

Gy — JIONYCTUMa HAMpyra y MaTepiaii yacTku qomimiku [23, 24].

PyiiHyBaHHSI YacTKH JOMIIIKH OOYMOBIJIEHO JOTHYHOIO HAIPYTOIO.
Po3mip moruuHoi Hampyru 3anexuTh BiJ KyTa yaapy dactku. Haiibinbiie
JOTHUYHE HAINPY>KEHHS B YaCTHHII, SIK BUIHO 3 PiBHAHB 1-3, BUHUKAE 3a
YMOBOIO yJapy mijg KyTom 45°.

JocmimkeHHsT BUKOHYBAJIUCh y HAYKOBil JTaboparopii Ta Ha MOPCh-
koMy cynHi kiacy General Cargo neaseiirom 19700 TonH. JlocimimkeHHs
MIPOBOJIMITUCS JUTS PI3HUX COPTIB CYJJHOBOTO MAMBa: MaJloB'si3koro DMA,
cepenuboB'sizskoro RMB30, Baxxkoro RMG380; ta mactun Castrol TLX
XTRA204, Castrol Cyltex40SX. ITanuBa DMA ta RMG380, a Takox
mupkysiiiine Mactuio Castrol TLX XTRA204 BukopucTOBYBaluCs B
cynHoBomy nuseni 6SS0MC-C MAN-Diesel. [Tanuea DMA ta RMB30, a
TakoX Uupkysidiiine mactuio Castrol Cyltex40SX BukopucToByBanucs
B cyaHoBoMy au3eni 51.23/30 MAN-Diesel.
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YV HaykoBi J1abopaTopii BU3HAYATUC:

3a JOTIOMOTO0 MAIIMHU TEPTS — 3HAUCHHS CHJIM TePTS B CIOJIyUCHH,
110 IMITy€E TTapH TepTs Baj-BKJIa I Ta uryHxep-Brynka [IHBT [25, 26];

3a JOMOMOTOI0 POTALIHOIO BICKO3MMETpa — 3HAYCHHS B'SI3KOCTI B
rpanndHomy mapi BBP [27, 28];

3a JONOMOTOIO ONTHYHOI YCTaHOBKH, IO peaji3ye MPUHLUI MOBiH-
HOT'O MPOMEHE3aJIOMIICHHS, — 3HAYCHHS TOBLUIMHH I'PaHUYHOTO mapy [29].

Ha mopcpkoMy cynaHi BH3HAa4YaBCs TEXHIYHMI CTaH Tap TepTS Ball-
BKuTau, Toryrkep-Brynka [IHBT, romka-posmmmoBad popcyHku, a Ta-
KOX BMICT MEXaHIYHHUX JIOMIIIOK Y MOTOPHOMY MacCTHJIi JJis JBOX YMOB
eKCIDTyaTalii MaTuBHOI CHCTEMH Ta CHCTEMH MAIICHHS: 0€3 BUKOPHUCTaH-
HS Ta 3 BUKOPHUCTAHHSAM TifpoauHamigHoro aktuBaropa [30, 31]. Cxema
MIJKIFOYCHHS TiAPOJMHAMIYHOTO aKTUBaTOpa JO MaJUBHOI CHUCTEMHU Ta
CHCTEMH MalleHHs BiAmoBifaiga gparMeHTaMm, mokazaHuMm Ha puc. 4. Pe-
3yJBTaTH JIOCIHIHPKEHb HAaBEICHO Y Ta0mmiIi 1.

| 4 1 4 6

Puc. 4. Cxema miAKITIOYECHHS TipOANHAMIYHOTO aKTHBATOPA B
MAJIMBHY CUCTEMY (a) Ta cucTeMy MatleHHs (6) CyaHOBOTO au3eis (hparMeHr):
1 — ocHOBHHMI Hacoc, IO MiIKaYy€e NajalBo; 2 — pe3epBHUN HACOC, IO ITiIKaYye

MaJIMBO; 3 — TiAPOANHAMIYHHI aKTHBATOP MaJKBa; 4 — ceraparop najiuea,
5 —IIHBT; 6 — dopcynka

Tabmuns 1. Pe3yapTaTti 10CHiIKEHb

ToBmuHa B's3kicTh Cuna TepTs B CIIONyYeHHI Baj-
Mapka MOTOPHOTO TPaHUYHOIO | IPaHMYHOTO BKJIQJIUII (111 MOTOPHHX Ma-
TajauBa / MOTOPHOTO mapy, uiapy, v, cen) abo TyHXKep-BTyIKa (JuIst
MacTHIIa ds, MKkM MM%/c MOTOPHUX nanuB), Frp, H
1 2 1 2 1 2
DMA 9,2 9,7 6,1 6,4 1,18 0,88
RMB30 7,8 82 | 303|318 1,34 1,12
RMG380 7,3 7,7 | 382 | 394 1,71 1,42
Castrol TLX XTRA204 | 104 | 11,2 | 127 | 139 0,72 0,62
Castrol Cyltex40SX 11,8 | 12,7 | 142 | 156 0,56 0,46

IIpumimxa: 1 — 6e3 0OpoOKHU B TiAPOAMHAMIYHOMY aKTHBATOPi; 2 — 3 10JaTKOBOIO 00p0O0-
KOIO B I'iIpOJMHAMIYHOMY aKTHBATOPI
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Jnis kpamoi Bi3yauizallii pe3yJibTariB, HaBeIeHUX y Tadnui 1, mody-
JIOBaHI HOMOTpaMu — puc. 5, 6.

d

s

MKM
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i
6)
Puc. 5. 3miHa TOBIIMHYN I'PaHUYHOTO APy (a), B'I3KOCTI paHUYHOro mwapy (6),
CHJIa TepPTs B CHIOTy4YeHHI Iymkep-BTyinka [IHBT (g):
1 — 6e3 0OpOOKH B TiAPOANHAMIYHOMY aKTHBATOPI; 2 — 3 JOAATKOBOIO 0OPOOKOIO
B rimpoauHamigHoMy aktuBatopi; | — DMA; Il — RMB30; Il - RMG380

Ha puc. 7. moka3zani ricrorpamu cui tepts F., y cromydeHHs Baj-
BKJI/IMII, OTPUMaHi B pe3yJbTaTi JaOOPaTOPHUX JOCIIIKEHb I MOTOP-
Horo Mactuia Castrol Cyltex40SX (sike BUKOPHCTOBYBAJIOCS B LIUPKYJISi-
HilHIA cucremi cyaHoBux nuseniB 5L.23/30 MAN-Diesel 6e3 ta 3 nonat-
KOBOIO 00pOOKOI0 B TiipoauHaMiuHOMy akTHBatopi. HaBeneHi pe3ysbra-
TH CBiYaTh Mpo Te, 10 J0JATKOBAa 00OpOoOKa MOTOPHOTO MacTHJiIa B TiApo-
JMHAMIYHOMY aKTHBAaTOPi CHPHsIE 3HWKEHHIO CHIIN TEPTS y 3a3HAYCHOMY
CIOJIYyYCHHI, 3MEHIICHHIO JECTPYKTYIOUOl il BOAU Ta MEXaHIYHUX JOMi-
IIOK TiCIsl TiPOAMHAMIYHOI aKTHBAIlii, MiABUINEHHIO pPEereHepaTHBHUX
XapaKTEePUCTUK MOTOPHOTO MAaCTHIIA.
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Puc. 6. 3MiHa TOBIIMHYN IPaHUYHOTO HIapy (a), B'I3KOCTI paHUYHOro mwapy (6),
CHJIa TepPTs B CHIOTy4YCHHI BaJl-BKIAUI (8):
1 — 6e3 0OpOOKH B TiAPOANHAMIYHOMY aKTHBATOPI; 2 — 3 JOAATKOBOIO 0OPOOKOIO
B TIIPOJJMHAMIYHOMY aKTHBATOPi;
| — Castrol TLX XTRA204; Il — Castrol Cyltex40SX
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Puc. 7. T'icrorpama cr TepTs B Iapi Baja-BKJIIUII 11 MOTOPHOTO MacTHIa

Castrol Cyltex40SX:

1 — 6e3 00poOKH B TiAPOAMHAMIYHOMY aKTHBATOPI; 2 — 3 JOAATKOBOIO 0OPOOKOI0
B TJIpOJJMHAMIYHOMY aKTHUBATOP1
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Jlis BU3HAYCHHS TUHAMIKYA 3MIHH TOBIIMHH TPAaHUYHOTO APy MO-
TOPHOTO MacTWia, HOTo BeMW4YMHa BW3Hadamacs B imTepBam 0, 50, 100,
150 rogun excrutyaranii mactuna Castrol Cyltex40SX B uupKymsmiiHii
cuctemi quseniB 5L.23/30 MAN-Diesel (B nUpKyJIAIiiHIN cUCTEMI OHOTO
3 AM3eliB BiAMOBITHO IO CXEMH, IO HaJaHa Ha puC. 4, a BUKOHYBaJlacs
JI0JTATKOBa 00pOOKa MOTOPHOTO MAaCTHJIa 3a JIOTIOMOTOKO TiJpOJMHAMIY-
HOTO akTuBaTopa). Ha mpoTs3i mboro mepiojy MOMOBHEHHS MacTHIa B
OUPKYJAMIHINA crcTeMi HE MPOBOAMIIOCA, TOMY pereHeparis Horo exc-
IUTyaTallifHAX XapaKTePUCTUK Oyila MOMIJIMBA TLUTBKH 32 PaXyHOK BHKO-
PUCTaHHA B CHCTEMI TipOJAMHAMIYHOTO aKTHBAaTropa. Pe3ympTaTm Jocii-
JUKEHBb HaBEACHO Ha pHC. 8.
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Puc. 8. 3MiHa TOBIIMHU IPAHUYHOTO Iapy MoTOpHOro mactuia Castrol
Cyltex40SX:

1 — 6e3 00pOOKH B TiAPOTUHAMIYHOMY aKTHBATOPI; 2 — 3 TOJATKOBOIO 00pOOKOIO
B T1IpOAMHAMIYHOMY aKTHBaTOP1

3 METO BUBYCHHS BIUIMBY TiIPOJMHAMIYHOI aKTHBAIlii Ha MPOIEC
MAIIlEHHsI CY/JIHOBHX JIU3€JiB BUKOHYBABCS CIEKTPAILHHUN aHAli3 MOTOp-
Horo Mactuia Castrol Cyltex40SX, sike BUKOPHCTOBYBaJOCh B CHCTEMI
MUPKYIAIIAHOTO MamieHHst cyaHoBux amseniB 51.23/30 MAN-Diesel.
MotopHe MacThiIa OJHOTO 3 MU3ENIB IMiJIaBajioCh TiIpOJAMHAMIYHOI 00-
poOI1i BiIMOBITHO /IO CXEMH, [0 HaBeZleHa Ha puc. 4, a. Pesynbraru crnek-
TporpadiyHOro aHaii3y, 3a JOIMOMOIO0 SIKOTO BU3HABCS BMICT METaJICBUX
JOMIIIIOK B MACTHUJIi, HABEICHI B TaONMII 2.

3a pesynbpraramu Tabmuni 2 moOymoBaHi Jiarpamu, Mo HauaHi Ha
puc. 9.
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Tabmurs 2. Pesynbpratu cniektporpadiqaoro anaimizy Mmoropaoro mactuia Castrol

Cyltex40SX
50 roguH 100 roguna 150 rognua
KommnoHeHT, Mr/Kr 1 > 1 > 1 >
Al 2 1 4 25 6 3
Cr 1 1 1 1 15 15
Cu 1 1 15 15 2 2
Fe 4 3 7 45 9 5
Sn 0,5 0,5 1 1 15 1
Pb 0,5 0,5 0,5 0,5 1 0,5
3arajbHa KiUIbKICTh, Xy 9 7 15 11 21 13

Ipumimka: 1 — 6e3 00poOKH B TiAPOJMHAMIYHOMY aKTHBATOPI; 2 — 3 TOJIATKOBOIO
00pOOKOIO B TiIPOANHAMIYHOMY aKTHBATOP1

b
MTI/KT
20 ]

15} —

10 1 -

1 | 1 (2 1 ]2
50 100 150 ¢, Ton
Puc. 9. KitbKiCTh MEXaHIYHUX TOMIIIOK X\, MI/KT, 1110 BXOJSTH JI0 MOTOPHOT'O
Mactmia Castrol Cyltex40SX:
1 — 6e3 00pOOKH B TiAPOTUHAMIYHOMY aKTHBATOPI; 2 — 3 TOJATKOBOIO 00pOOKOIO
B T1IpOAMHAMIYHOMY aKTHBATOP1

3

InsxoM Bi3yanbHOT0 0OCTEXeHHs OyJIO BCTaHOBIEHO, IO IiJ| 4ac
BUKOPHCTaHHI MAJIMBA, IO IPOHIIIIO0 00pOOKY B TiIpOAMHAMIYHOMY aKTH-
BaTOPi, 3MEHIIIMBCS 3HOCS Y CHOJMy4YeHHX IuryHxkep-BTyika [THBT i ron-
Ka-po3nuioBad OpCyHKH. 3araibHe 30UIBIIEHHS pecypcy poOOTH elre-
MEHTIB HaJUBHOI anapaTypyu BHCOKOTO THCKY OyJIO OLIHEHO TaKUMH 3Ha-
yenusmu: [THBT 20...22 %, posmuiroBau ¢opeynku 10...12 %. Takox
BUSIBJICHO, IIO TiJ[pOJMHAMIYHA aKTHUBAIlil MOTOPHOTO MAaCTHJIa 3MEHIIIYE
YTBOPEHHS Harapy Ha MOBEPXHi BKJIaIUILIB MiIIINITHUKIB

BucHOBKY i mepcneKTHBH MOAATBINNX JOCTi/IKEHb.

1. ByrneBoaneBi pifuHH (MaTHBO Ta MAaCTHIIO), IO BUKOPHCTOBY-
IOTHCSl B CY/IHOBHX €HEPTeTHYHHUX yCTAaHOBKAX, MAalOTh aHi30TPOITHI Biac-
TUBOCTI, sSIKI HAaHOIJIbII BUPAKEHO BUSBIIIOTHCS Y BY3bKHX 3a30pax IMo0-
T3y METAJIEBUX MTOBEPXOHb.
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2. Boma Ta MexaHiuHI JOMIIIKH, 110 MOTPAIUISIFOTH 0 CKJIaay SK Ia-
JMBa, TaKOX 1 MAaCTWIA, BUKINKAIOTh JECTPYKIII0O MOJIEKYJ B iX IpaHnd-
HUX IIapax, IO MOTIpUIy€ 3MallyBajbHI BIACTHBOCTI BYIJICBOJHEBHX
piAMH Ta NPU3BOAWTH O 3HWKEHHs PiBHS HAAIHHOCTI CyITHOBUX €Hepre-
TAYHUX YCTAaHOBOK (30KpeMa CYJHOBHX JIBHTYHIB BHYTPIIIHBOTO 3rOpPSH-
HS Ta OOCITYTOBYIOUHUX iX CHCTEM).

3. OnHUM 3 METOIB pereHeparii 3MallyBajJbHUX BIACTUBOCTEH CYA-
HOBUX ITaJTUB Ta MAacCTHJI € BUKOPUCTAHHS TiAPOIUHAMIYHIX aKTHBATOPIB,
10 3IACHIOIOTH CHJIOBE HABAaHTAKEHHS HA MEXaHIYHI TOMIIIKHA Ta BOIY,
3MEHIIYIOYH 1X aare3iifHi 3B S3KU 3 BYTJIELEM Ta BOJHEM Ta MOHOBIIOIOUYH
JAHIIOTOBY MOOYIOBY T'PaHWYHOTO 3MAIlyBaJbHOTO IIAapy MannuBa ado
MacTuia.

4. PereHepallis 3MallyBajibHUX BIACTHBOCTEH MOTOPHHX MAJIUB i Ma-
CTHJI CIpHsI€ 3MEHIICHHIO BTpAaT €HEprii Ha MpoJaBaHHS CHI TEpTS Ta
MiBUIICHHIO B’S3KOCTI 3MAaI[yBaJIbHOTO MIApy MalrBa ab0 MacTWIIa, IO
BUSIBIIIETHCS B 3HW)KEHHI 3HOCY B TPHUOOCIIONYYECHHSX Bal-BKIAAWII Mij-
HIMITHUKA Ta TTYHKEP-BTYJIKa MaTUBHOTO HACOCY BUCOKOT'O THCKY.
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AHAJII3 ECEKTUBHOCTI BUKOPUCTAHHA B CYTHOBUX
JU3EJIAX ITAJIMB PI3HOI'O ®PAKINIMHOI'O TA CTPYKTYP-
HOI'O CRUIAY

IlocTanoBka npodjeMu B 3arajabHomy Buriasaai. CymnHoBi nuzeni
BITHOCSTBCA /10 HAUOIMIMUPEHIMIOr0 THITY €HEePreTHYHUX yCTAHOBOK, SIKI
BUKOPUCTOBYIOTBCSI Ha CyJHAaX MOPCBKOTO Ta BHYTPILIHBOTO BOIHOTO
TpaHCHOPTy. Y MOPIBHSHHI 3 MapoTypOIHHUMH Ta ra3oTypOiHHHMHU yCTa-
HOBKaMHU CYJHOBI TU3E€JTl XapaKTepU3yIOThCS MiHIMATbHHUMH BHTpAaTaMu
MajrBa HE JUIIEe Ha OJUWHUIO MOTYXHOCTI (Kr/kBTt-ronm), ame i Ha omm-
HUITIO TIPOHICHOTO CYAHOM IIISXY (KT/Muds). Lle € ronmoBHOIO MPHYUHORO,
Mo K BOHM B HaiOnbmIiN KinbkocTi (10 95...97 % y nopiBHsIHHI 3 iH-
IIMMHU THIIAMH TETUIOBHX JIBUTYHIB) BCTaHOBIIOIOTBCS SIK TOJIOBHI Ta J0-
MMOMDKHI JBUTYHH Ha CyIHaX MOPCHKOTO Ta BHYTPIIIHBOTO BOJHOTO
Tpancmopty [1-3].

JBUryHU BHYTpIIIHBOTO 3ropsiHHs ([IB3) cyneH Mopcekoro ta BHYT-
PIITHBOTO BOJHOTO TPAHCIOPTY € HAWOLMBIIUME CITOKMBAaYaMH PiIKOTO
nayuBa. [oTyXHiCTh TOJIOBHUX Ta JONOMDKHHUX ABUTYHIB CyTHOBUX €HE-
preruunmnx ycraHoBoK (CEY) sexwuts y Aiana3oHi BiJl KUTbKOX COTEHb JI0
necatkiB THcad kinosat. CydacHi cynHa kinacy Container Ship komIuiek-
TylOThcst ~ ronmoBHUME  nuryHamu  (I'J[) 3 moTyxHIicTIO 10
90000...95000 kBT Ta gonomixxuumu nuryHamu (J{/1) 3 moTyxHicTIO 10
4000...4500 xBt. 3a cepennboi mUTOMOI e(hEeKTHBHOI BHUTPATOI MallMBA
180...185 r/(kBt-ron) mobGoa Butpara mnanuBa [J| Moke CTaHOBUTH
400...420 tonn/mo0y, a I/, KinbKICTh SIKUX HA CY4acHUX CYAHAaX N0 4-X, a
KIJIBKICTh MapasiesibHO MpaIfodnx 10 3-x, 40...50 Tonn/no0y [4-6].

B 3B’s3ky 3 1um mif yac excrutyaTarii JIB3 mocTiiHO CTaBUThCS 3a-
BJIaHHSI 3MEHINIEHHS BHTPAT Ha IMaJMBO, OJHWAM 31 NUISXiB PO3B’s3aHHSI
sskoro € BukopuctanHs B CEY mamuB moripmenoro crany. [Ipu npomy
HEOOX1IHO 3a0e3MeunTH HaAiIiHY poOOTY IU3eiB Mijg Yac OyAb-IKUX Ha-
BaHTAXKCHb.

AHaJi3 ocTaHHiX qocaimkeHns i myoaikaniil. BinnosigHo 1o cras-
napty Ha manuso DIS DP-8217, po3poOneHoro Mi>XKHapoIHOK OpraHiza-
niero mo cranpaprusamii ISO, B cyaHoBux [/IB3 BUKOPHCTOBYIOTHCS J1Ba
COPTH AUCTHJISITHOTO NajMBa — YUCTEe au3enbHe nanuBo DMB i 3mimane
nanuBo DMC, a Takox ouninene nmanueo RM [7, 8]. liana3oH B’s3KOCTi



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 32

manuB kiacy DMB 1 DMC npu 100°C nexuts B mexax 5...10 cCr, a ix
rycruna 3a 15°C cranosuts 820...850 kr/m°. B 3B'13Ky 3 UM gaHi copta
najuBa Ha3uBaloTh Jerkumu. [lammea kmacy RM (RMG, RMH, RMK)
MatoTh B'a3kicTs 32 100°C 35...55 ¢Cr i ryctuny 3a 15°C 990...1010 xr/m®
1 HA3WBAIOTHCS BAXKUMH. BaXKki cOpTH MarOTh OiTBIIT HU3BKY BapTICTh B
MOPIBHSHHI 3 JISTKMMH, 10 BU3HAYA€E X BUKOPUCTAHHS B Cy[THOBUX JIH3€-
JSIX JJIs1 CKOpPOYCHHS (piHAHCOBMX BHUTpAT Ha mpumdaHHs mamusa [9-11].
Takox He0OXiTHO BiAZHAYWTH, IO ISl CYYaCHUX CYAHOBUX IU3ETIB (SIK
TOJIOBHHUX, TaKOX i JOTIOMIXHHX) BaXKKi COPTH TAJHB 3aCTOCOBYIOTHCS
U151 3a0€3MevYeHHs BCiX peKUMiB poOOTH, B TOMY YHCII PEXHUMIB IIYCKY Ta
peBepcyBanus [12, 13].

IlocTaHoBKka 3aBAaHHsA. 3aBIaHHAM AOCIIIKCHHS OyJIO BU3HAYECHHS
e(eKTHBHOCTI BUKOPUCTAHHS B CYJHOBUX AM3EISAX MaJMB Pi3HOTO (pak-
LIAHOTO Ta CTPYKTYPHOTO CKIIamy.

Bukiaax ocHOBHOro MaTepiany aociain:kenHs. J{u3ensHa eHepreTh-
4yHa ycraHoBKa cydacHUX CEY KOMITIEKTYETBCSI MaJIo- Ta cepeaHboo0ep-
toumH au3essimu (MOJ] ta COJI). MO/I, siki mpaiforoTh 3a TBOTAKTHUM
LUKJIOM, BUKOPHUCTOBYIOThCS sIK I'J] 1 mepenaroTh MOTYKHICTh HA T'BHHT.
Lo x ¢yHKIF0 MOXYTh BukoHYBaTi COJl, Ki TIpaIfoloTh 32 YOTHPHUTAK-
THUM 1HKJIoM. OfHaK HalOibIe 3aCTOCYBaHHS BOHHM OTpuManu sik BJ]
IUTS TIPUBOJY eJeKTporeHepatopiB cyneH [14, 15]. TpagumiitHo excrurya-
tauiss cyaqHoBux MO/l Ha pexumax poOOTH, 110 BCTAaHOBHIIUCS, HMPOBO-
JUTHCS HA BOKKUX COpTax nainuBa. Temmeparypa MOBITPSHOTO 3apsijay B
HWIIHAPL AM3eisi B MOMEHT BIOPCKYBaHHS IAMBa, a TAKOX TPUBAIUMN
nepion 4acy, IO MPUIIAAaE Ha HOro 3aiiMaHHs, JO3BOJIIE HAIIIHO BHKO-
PHUCTOBYBAaTH B IIUX TUIAX IU3€JIiB NAJUBO HOTIPIIEHOT0 CTPYKTYPHOTO Ta
(pakuiiiHoro ckiany. Yac excrutyaramii MOJl Ha jierkoMy HajidBi, a Ta-
KOXX Ha CyMiIlli JIETKOTO Ta Ba)KKOTO NajlMBa BU3HAYAETHCS iXHBOIO POOO-
TOIO Ha IIyCKOBUX PEXMMax Ta 3aJeKHUTb BiJl IPU3HAYEHHS CyAHa. Y pasi
po0oTH B NPUOEPEKHUX paiioHAX Ta YaCTHUX IMOpPTaX 3aXOJy, KOJU €KC-
tryaranist ['J] BigOyBaeThbest Ha pexuMax IycKy Ta peBepcy, 4ac poOOTH
IU3eNsl Ha JIETKOMY MaJIMBi MiABHUILIYETHCS, IPU LOMY TaKOX IiABHIILY-
eTbest Horo Butparta. [lif wac TpuBanux nepexonax excruryararist ['J] Bif-
OyBa€eThCs JHUINE HAa BAXKKUX COPTaX MaJiBa, MPUYIOMY 4Yac Takoi poOOTH
MOJKE JIOCATaTH KINBKOX JECATKIB 10, M0 CYyTTEBO 3HIKYE 3arajbHi BHU-
Tpatu Jerkoro maiausa. ExcrmyaTtauiiini pexxumu podotu cyaaoBux CO/J
3a0€3MeUyI0ThCS BAKKAMH Ta JITKUMH COPTaMHU TaliBa. BUKOpUCTaHHS
MAaJIOB'SI3KOT0 TajuBa OOYMOBJIEHO HEOOXiIHICTIO 3a0e3medyeHHsl Horo
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HaJIHHOTO caMoO3aliMaHHS TPOTATOM OIIBII KOPOTKOTO (TIOPIBHSHO 3
MOJ) nepiony BIOPCKYBaHHS, TPUBATICTD SKOTO OIIHIOETHCS 32 BUPA30OM

P,
T=—2,CeK,

6n
Je N — yactoTa 00epTaHHs KOJIIHYaCcTOro Bally Au3els, 00/XB;

¢,=15...35°kB — gilficHa TpUBAJICTh MOJAYI MMajMBa IO IMIIHApPA B
rpajgycax MOBOPOTY KOJIHYATOTO Bajy (IIKB).

YactoTa obepTaHHS KOJIHYATOTO Bally cydacHuX cymHoBux MO/ i3
MiIBUIICHUM BiTHOIIEHHSM XOJTy TIOPIIHA /0 JiaMeTpa HWIIHIpa 3HIKe-
HO 110 70...75 00/xB. MiHimManibHe 3Ha4eHHS bOro mapamerpa aias COJl —
450...500 06/MuH. e mpu3BOAUTH 0 TOTO, IO HABITH 32 YMOBOKO Iij-
BumeHoi ass COJl mopisastHO 3 MO/] TpuBamicTiO mogadi manvuBa B IH-
JIHAP, Yac BIOPCKYBAaHHS MalMBa i, BIAMOBIAHO, 4ac WOTO OKHCICHHSI,
3aliMaHHs Ta 3rOPSIHHSA CKOPO4yeThes B 3...4 pasu. llle onHier0 NpUIHHOIO
BukopuctanHs B CO/] nerkux copTiB manuBa € ixHs 9acta poOoTa Ha pe-
XKHUMax IIyCKy Ta 4aCTKOBOTO HaBaHTakeHHA. [Ipu npoMy yacTuHa Temyo-
BOI €HEprii, MiBEACHOI B MPOIIECI CTUCHEHHS, BTPAYa€ThCS Yepe3 MOraHo
MPOTPIiTi TOBEPXHI AeTajell MIITIHAPOBOI IPYIH, IO CYTTEBO 3HIKYE Te-
MIepaTypy B LUMIIHIPI B MOMEHT BIOPCKYBaHHS NajluBa Ta 3MYILY€E BU-
KOPHCTOBYBATH MaJIKMBa 3 MEHIIOK TEMIIEpaTypor0 caMo3aiiMaHHSI.

OpakiiiftHul CKJIaJ] MaJlkBa BU3HAYAETHCS KUIBKICTIO THX YW 1HIIUX
Ha(TOBUX (pakuili, 10 BUKUANAIOTH 33 MEBHUX TEMIEPATYpPHUX MEXkKax.
OpakuiiHui CKJIaa MajavB € OAHUM 3 HaHBaKJIUBIIIMX MOKA3HUKIB HOTO
SIKOCTI1, SIKWM Ja€ MOXKJIMBICTH OIIHIOBATH BHIIAPOBYBaHHS HOTo mapiB i
BHpaXKae 3aJIeKHICTh MIXK TEMIIEPATYPOIO Ta KiIBKICTIO MAJNBa, IO Tepe-
TBOPIOIOTHCS 3 OJTHOT'O CTaHy B 1HIIMHU 3a L€t TeMnepatyporo. Opaxmiii-
HUH cKJaj (BiJ] SIKOTO 3aJISKUTh 3aiMUCTICTh MaJIMBa Ha MyCKOBUX PEXKU-
Max. 0COOJIMBO B yMOBaX €KCTPEHOTO MyCKY) BaXJIMBHUH IMiJ 4ac BUKOPHC-
TaHHI nanuBa B cyqHoBUX COJl, B SIKMX 3rOpsiHHS BiIOYBA€ThCS 3a MEH-
i mpoMixok yacy [16, 17].

[NManuBa mjIst CyTHOBUX JM3ENIB € CKJIAIHUMHU CIIOJYKaMH TOPHOYUX
€JIEMEHTIB, MiHEPaJIbHUX JIOMILIOK i BOJIOTH, MOJIEKYJIsipHa Oy/I0Ba SKHX
MOCTIHHO BHBYAEThCs. EjeMeHTapHUN XIMIYHMN aHali3 LUX IaJIWB HE
PO3KpHUBAE XIMIYHOI NMPUPOJAU CIONYK, IO BXOJAATH JIO HHUX, 1 TOMY HE
MOJKE JIaTH JOCTaTHBO ITOBHOTO YSIBJICHHS MPO iX BIACTUBOCTI, ajie 103BO-
Jsi€ po3paxyBaTH TEIUIOBHH 1 MarepianbHUil OasaHC Mpolecy TOpiHHA
nanvBa. EneMeHTapHUil XIMIYHHMIA CKJIaJ] Cy/THOBUX MOTOPHHX ITajJHB BH-
PaXkaeThCs 3AJICIKHICTIO
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1 CKJTafaeThes 3 roprounx pedoBuH: Byriero C, Boanto H, cipku S, a Ta-
ko kucHiO O Ta a3oTy N, 110 3HAXOAATHCS B CKIaJHUX BHCOKOMOJIEKY-
JSpHUX crhoiykax. KpiM TOro, majawBO MiCTHUTh HErOpIOYi MiHepaibHi
JOMIIITKH, IO TIEPETBOPIOIOTHCS MPH CHATIOBAHHI NalWBa Ha 3010y A Ta
BoJiory W.

OCHOBHOIO TOPIOYOIO CKJIAJIOBOIO MAJMBa € BYTJIELb, TOPIHHS SIKOTO
3YMOBITIOE BH/IIJICHHS OCHOBHOT KUTBKOCTI Teria. BMicT Byriemro y masu-
Bi craHOBHUTH 85...88 %. [Ipyrum 3a 3Ha4YeHHSIM €JIEMEHTOM B TOPIOYOi
Maci nmanuBa € BOJCHb, HOTO BMICT Yy PiIKHX NaJuBaxX KOJIHMBAETHCS B Jia-
na3oHi 10...13 %. Kucens 1 a30T y nanusi € opraHiuium 06anacTom, TOMY
0 iX HAsBHICTh 3MEHIIYE BMICT TOPIOYMX €IIEMEHTIB y MalnBi. A30T Iz
Yac CHalOBaHHsI MaluBa B aTMOC(Epi MOBITPsI HE OKUCIIOETHCS Ta TEPeT-
BOPIOETHCS HA MPOAYKTH 3TOpSAHHS y BiTbHOMY Burisiai. Cipka y mamnmsi
nepeOyBa€e y CKJIaJli HEOPraHIYHUX CIONYK. BMICT Cipku B mamuBi MOXe
nocsirata 3,5 %, pu IbOMY BUKOPHCTAHHS TMajuBa 3 BMiCTOM Cipku Oi-
aeire 0,5 % nomyckaeThes JMIIE 32 YMOBH JOAATKOBOTO OYMIIEHHS BH-
IMyCKHUX Ta3iB y cKkpyOepax Ta MiATpUMaHHS HEOOXITHOTO BiTHOIICHHS
SO,/CO; [18]. CipuwmcTi CrIOMYKH, 1110 BXOISATH 10 CKIaIy MalnBa, TMPHid-
HSTO TOAISATA HAa aKTHBHI T4 HEAKTUBHI. AKTHBHI CIpYMCTi CHONYKH (Bi-
JIbHA CipKa, CipKOBOJIEeHb, MEPKANTAHN) TIiJl YaC KOHTAKTy 3 METaJIOM BH-
KIIMKaITh KOpo3ito. HeakTusHi cipuucti conyku (Cynbdiau, qucynbdiam
Ta iH.) 32 3BUYAalHUX YMOB HE BHUKIIMKAIOTh KOPO3ii MetaniB. OmHak, mis
aKTHBHHX, 8 TAKOXX HEAaKTUBHHX CIPUHCTHX 3'€lHAHb B YMOBaX IMepeodiry
pobodoro mporecy B kamepi 3ropsiHas B3 3MiHoeTbesa. OOuaBi karero-
pii TOMIIIIOK TIepeXOsATh 0 pO3psAAYy aKTUBHUX KOMIIOHEeHTiB. Lle BifOy-
Ba€THCS BHACIIIOK TOTO, IO Iifl YaC 3rOPSHHSI CIPKU YTBOPIOETHCS Cipyu-
ctuii ra3z SOz i cipuanuii anrigpug SOs, sKi, BCTYal0ud B PEaKiiio 3 BO-
JIOF0, 10 CKOHJEHCYBaJlacs, yTBOPIOIOTH cipuucty HoSOsz Ta cipuany
H>SO4 xucnory. Li KHCIIOTH BUKIMKAIOTH CHIIBHY KOPO3ito JIeTalei muii-
HPOBOT TPYIH JTU3EJIsl Ta Ta30BHITYCKHOTO TpakTy. KpiMm 1poro, BHACIHI-
JOK HU3BKOI TEMJIOTH 3TOPSHHS NMPHCYTHICTH CIPKH 3MEHILIYE TEIUIOTY
3TOpSIHHS ManuBa. ToMy cipka € IIKIJUIMBOIO Ta HEOaKaHOK JIOMIIIKOO
nanmBa. KpiM TOro, BAKOPHCTaHHS CIPYHCTHX MaJHB OE3IOCEepeHbO 10~
B'si3aHE 3 BUKOHAHHSIM €KOJIOTIYHHUX BHMOT, III0 BHCYBAIOTBCS IO CYIHO-
Bux JIB3. Bignosinuo no Jonmatky IV mixkuaapoaHoi konsentiii MAPIIOJI
BHU3HAYCHI CIEIiajibHI PaliOHH, 1€ MOXKJIMBE BUKOPUCTAHHS JIMIIIC [1AJINBA,
mo mictuth He Oinbie 0,1 % cipku. Excrmyatanis cyanosux B3 (sx
TOJIOBHUX, 1 TOTIOMDKHHX) Y TaKUX palOHaX MOXKJIMBA JIMLIE 3 JTUCTUIIAT-
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HUX nanuBax, Hanpukiaag DMX, DMA, DMB [19-21]. Kpim cipku B ma-
JMUBaX HAWOIIBII MOMIMPEH]I BYTJIEBOIHEBI JOMIIIKH, BOJA T4 MEXaHIdHI
JnoMiliky. ByrneBonHeBi TOMILIKH — 1€ IEPEBaKHO TeTepOOpraHivHi Cro-
JYKH, 10 BXOJATH IO CKJIaay BUXigHOI cupoBUHU. Lle HaiiOinbIn xapakTe-
pHO IJi OU3EILHOTO TaJIMBa, BHACIIMOK X BHCOKOI MOJISIPHOI MacH Ta
BHCOKHX TeMIlepaTyp KumiHHs. Hacammepen 1ie cipuucTi crioiyku, Byriie-
BOJIHEBI KHCJIOTH Ta CMOJIUCTO-ac(albTOBI peuoBHHU. Boaa moTpamsie B
MAJIMBO IIiJ] Yac TPAHCIIOPTYBaHHsI, 30€piraHHs Ta IMepeKadyBaHHs MaliBa
Ta MPUCKOPIOE KOPO3i0 METaNeBUX JeTalel NBUryHa. MexaHiuHi JOMII-
KM TIOTIpIIYIOTH IPOKAYyBaHHs MajiBa [0 CUCTEMi MaJMBONOAaYi, € mijc-
TaBOIO JUII YTBOPEHHS CMOJUCTHX BIIKIaJAeHb, 30UIBIIYIOTh MEXaHIqHE
3HOIIYBaHHS Ta KOpo3ito mertany [22-24]. OcobauBO BEIHKY MIKOAY Me-
XaHIYHI IOMIIIKH 3aBAAI0Th CUCTEMI BUCOKOTO THUCKY JM3EIIs, BUKJIUKAO-
YM MiABHMIIECHUH 3HOC MpelM3iiHuX aetanei. OCHOBHUM JKEPEIOM Mexa-
HIYHUX TOMIMOK € atMochepHuil mmin. CTpYKTYpHUH CKIaJ TalliBa BH-
3Ha4a€ OJIHY 3 OCHOBHUX XapaKTEPUCTHK — HIDKIY TEIJIOTY 3ropsHHS Qy,
YrceNbHE 3HAUCHHS K0T MOYKe OYTH BU3HAYEHO 33 BUPA30M

Q, =339,15C° +1256H" —108,86(0° —S°)—2512(9H° + W? )

Bin mk4oi Temnotu 3ropsHHS nanuBa QH 3a7eXHTh HOro muToMa
e eKTHBHA BUTpaTa

3600
b,=—F—
.- Q,
ne ne — edexruBHuii Koedimient kopucHoi aii (KKI) nusens.
3a ymoBoro (hikcoBanoro 3HaueHHs eextuBHOro KK/ ne—=0,45 3mina

CTPYKTYpPHOTO CKJIQJy IajHBa MPU3BOIUTH JO HACTYIHUX 3MiH HHKYOI
TEIIOTH 3TOPSIHHS Ta MUTOMOI e(eKTUBHOI BUTpaTH nayinea (tadsuis 1).

Tabnuus 1. BiuuB CTpyKTYpHOTO CKJIaly MaJnuBa Ha HOro HIDKYY TEIJIOTY 3r0-
PSHHS Ta MMUTOMA e(eKTUBHA BUTpaTa

Cp3M1Ha c;];;yKTypHg;o CKnazloyp HaJTI/IthN g Q. KIL/kr be, kr/(<B-roz)
87,0 11,3 1,0 0,4 0,3 41203 0,194
87,5 11,1 1,0 0,4 0,3 41870 0,191
87,2 12,6 0,1 0,05 0,05 42556 0,188

BapTicTs manuBa KOJIMBAETHCS B 3AJIEKHOCTI Bijl 3a3HAYCHUX Xapak-
tepuctuk. CranoM Ha 01.12.2022 p. 1LiHM Ha MANMBO Y Pi3HUX CBITOBUX
noprax (3a ganumiu Internet pecypcy Ship & Bunker — Shipping News and
Bunker Price Indications [25]) naBeaeno y Tabmwuiii 2.




2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 36

Tabnuus 2. Bapricts Mopcbkoro nanuso, SUSA/Tonna

IopT OyHKEpPOBKH Tun nanusa
MGO VLSFO IFO380
Cinranyp 948 685 425
Pottepmam 935 596 407
XbIOCTOH 1015 633 421
Dymxeiipa 1185 670 406
I'orKOHT 1006 669 461

BpaxoByroun 3a3HaucHi BHIE BUTPATH Ha 3a0€3MCYEHHs eKCIUTyaTa-
iHHOT TOTYXXHOCTI AM3eliB, BUTPaTH Ha mamuBo Uil motyxHux CEY
nocsiratore 250...300 trc. $USA/no6a, a CEY cepeanHpoi MOTYKHOCTI
50...70 tuc. $USA/n06a. HaBesieHi 1aHi MOSCHIOIOTH MParHEHHS CyJHOB-
JIACHUKIB JI0 3MCHIICHHS BHUTpAaT Ha MAJIMBO 4epe3 MpUAOaHHS MauBa
MOTIPIIEHOTO (PPaKMiHHOTO Ta CTPYKTYPHOTO CKJIATy, & TAaKOXX BHKOPHC-
TaHHS MOMIOHUX IMaJWB Mij] 9ac eKCIUTyaTallii CyJHOBUX JHU3EIiB (JBOX Ta
YOTUPUTAKTHHX) Ha OyIb SIKUX HABaHTXKEHHsX [26].

JocnimkeHHs: BUKOHYBaiuch Ha cynaHi kiacy General Cargo,
0 3AIHCHIOBAJIO IIOCTIHI MOPCBHKI IEPEBE3CHHS TPHUBAJICTIO
7...10 guiB Mix nBoMa nopramu. Sk I'Jl Ha CyaHI BUKOPHCTOBYBaB-
cst MOJI MAN-Diesel&Turbo 5560 MEC8.1-Tier Il. [lo ckmaxy
JIOTIOM1KHOI YCTaHOBKM cyaHa BXxoawiu Tpu cyaHosux COJl MAN-
Diesel&Turbo 5L23/30H 3 HOMiHaNIBHOK MOTYXHICTIO 565 KBT.
11 yac excruryaTanii AU3e1iB BUKOPUCTOBYBAJIMCh MOTOPHI NAIMBa
DMA, RME180, RMG380, ocHOBHI XapakTEepUCTUKHU SIKUX HaBe/e-
Hi B Tabmui 3.

Tabmuns 3. XapakTepuCTHKH MOTOPHUX TAJIMB

XapaKkTepHuCcTHKa Mapa nanusa
DMA RME180 | RMG380
T'yctuna npu 20°C, kr/m3 892 924 942
B’si3kicts npu 40°C, mm?/c 6,3 182 376
Bwicr cipku, % 0,067 0,26 0,4
Hwk4a TeroTBOpHA 3/1aTHICTh, KJK/Kr 43280 40630 39070

B umpkynsmiiiHoi cucteMi MaleHHS BCIX JIM3€JiB BUKOPUCTO-
ByBajioch Motopue mactiio Shell Melina S30, mo BigHOCHTBCS 10
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kinacy mactun SAE30, mae ocraroune syxHe uucio (Total Base
Number — TBN) 30 MmrKOH/r Ta pekOMEHIOBaHO ITij 4aC BUKOPHUC-
TaHHS BKa3aHHUX TAJIUB.

HocnipkenHs BUKOHyBanuch Ha cymHoBux JIJI MAN-
Diesel&Turbo 5L23/30H, skuii 10 moyarky BUIPOOYBaHb MajH
OJIHAKOBUH TexHIYHUH craH. [Iporpama mociimkers Oyna po3po0-
JIeHA TAKUM YHHOM, III0 KCIUTyaTaI[ifHUI Mepio/ Ta HaBaHTAKCHHS
Ha JW3eNl miJg 4ac BUIpoOyBaHb Oyiu ogHakoBHMH. J[m3emi exc-
TUTyaTyBaJIMCS BUKJIIOYHO Ha OJHOMY COPTI maimBa (110 0yao Mox-
JIMBO 33 PaxXyHOK X IiJKTFOUEHHS 10 MMaJMBHUX TAHKIB, B SKHX 30e-
pirajoce pi3He MajvBo): Hepmuid — Ha MOTOpHOMY manuBi DMA,
npyruii — nHa RME180, tpetiit — na RMG380. Ilpunuumnosa
o0’eHaHa cXeMa CHCTEM IUPKYJSIIHHOrO MAaIICHHS, cemapartii
MacTHJIa Ta MMo/ayi majuBa JU3eliB HaBeIeHa Ha puc. 1.
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Puc. 1. Ilpuniunosa 00’ eHaHa cXeMa CHCTEM UPKYJISIIHOTO MaIlleHHs, cera-
paii MmacTriIa Ta nogaui nanusa ausenis MAN-Diesel&Turbo 5L.23/30H:
1,2,3— O Ne 1, JIJT Ne 2, JT/T Ne 3; 4 — BuTpaTHa UCTEPHA, 5 — HACOC, 10
migKadye naauBo; 6, 7, 8 — tanku 3 moTopauM maausom DMA, RME180,

RMG380; 9 — cenaparop mactmia; 10 — IUPKYJISIHHAI MacTHIILHUN HACOC;
11 — macTuibHHHI GIIBTP

3 ypaxyBaHHSM 3aBJIaHHS JOCTIPKEHHS JUIS KOKHOTO JIOTIOMi-
xuoro nuzens (JJ Ne 1, JIJ] Ne 2, JIJI Ne 3) Bu3Ha4anmuch Temmepa-
Typa BHITYCKHHX ra3iB (Ipu IIbOMY B Il 4acOBWii Tepiof Au3eni
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eKCIUTyaTyBaJICh Ha PIBHOMY HaBaHTA)KEHH1) Ta BUKOHYBAaBCSl aHa-
JI13 MUPKYJSAIIHHOTO MacTHIIa Ha BMICT MEXaHIYHUX JOMIIIIOK.

Pesynbpratu BunpoOyBaHbs HaBe/IeHI B TaOMuUIsX 4, 5.
Tabnuus 4. Pe3ynpTaTti TOCTiIKCHD

Yac, t, IToTyxHICTb, Temmeparypa BHITyCKHHX Tas3iB, ty, °C
TOJIMHU kBT % B Nenon IO Ne 1 JJI Ne 2 JUJI Ne 3
50 350 62 272 283 288
100 420 74 288 303 309
150 385 68 277 292 296
200 460 81 293 308 312
250 340 60 272 281 285
300 410 73 284 301 307

Tabmums 5. Pe3ynpTaTi aHamizy MOTOPHOTO MacTHIIA Ha BMICT MEXaHITHHX 10-

mimox Shell Melina S30

Kommo- 100 rogmnn 200 roana 300 roguu

HCHT, pavi| pavI| pavI| pAvI DAV pavi| pAvI| pAvI| pavI|
MTI/KT Nel | Ne2 | Ne3 | Nel | Ne2 | Ne3 | Nel | Ne2 | Ne3
Al 0,5 1 1 1 1,5 15 1 15 2
Cr - 0,5 1 0,5 1 15 1 1 15
Cu 0,5 1 1 1 2 2,5 15 3 3,5
Fe 2 3 4 3 5 7 4 6,5 9
Sn 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
Pb 0,5 0,5 0,5 1 1 1 1 1,5 15
Cyma, Xm 5 6,5 8 7 11 14 9 14 18

3a pesynbpTaTamu, 110 HaBeACHI B Ta0. 4, 5 moOyaoBaHi HOMO-
rpaMu 3MIHU €KCIUTyaTalllfHMX MOKa3HUKIB CYJHOBOIO AM3EN —

puc. 2, 3.

[Tix yac mpoBeneHHs JOCTIKEHb KOHTPOJIIOBAINCH Ta MiATPU-
MYBQJIUCh B HEOOXITHMX 3HAYEHHSX BCl MOKAa3HMKH, 110 3abe3Ie-
4yI0Th HaJiliHy Ta Oe3aBapiiiHy poboty auzeniB Ta CEY. Bci noc-
TKeHHsT OyJIM TTOTODKEH1 3 JIeNapTaMeHTOM, 1[0 BUKOHYE TeXHIY-
HUI MEHEKMEHT CY/IHA.
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Puc. 2. 3miHa TemnepaTypy BUITyCKHUX ra3iB IiJ] 4ac eKCIUTyaTallii CyAHOBUX
mmeniB MAN-Diesel&Turbo 5L23/30H Ha pi3Hux nanusax:
1 - DMA,; 2 - RME180; 3 - RMG380
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Puc. 3. Bmict mexaniunnx momimmok B MotopHomy mactmii Shell Melina S30 mig
yac ekciutyararii cyanoBux auseniB MAN-Diesel&Turbo 5L23/30H ua pi3aux
nanuBax: | — DMA; I - RME180; III - RMG380

BucHOBKM Ta nmepcneKTHBM NOJAIBIINX AOCHiIxeHb. Excrepu-
MEHTAJIbHUMU JIOCIIDKEHHIMH, siKi Oyiu mpoBeneHi Ha cynHoBux COJ]
MAN-Diesel&Turbo 5L23/30H, BcraHOBIIEHO, 110 VIS CYTHOBHX MOTOP-
nux nanus DMA, RME180, RMG380 (sixi BkazaHi B MOpsAKY NOTipIIeH-
Hsl CTPYKTYPHOTO Ta (QPaKIiifHOro CKJIay) XapakTepHO:

o 4...8 % miIBUIIEHHS TEMIIEPATypH BHITYCKHUX ra3iB (Juist Jiama-
30HY HaBaHTaXeHb B Mexkax 60...80 % Bix HOMIHATBLHOTO 3HAYCHHS);

e 1,6...2-x kpaTHe 301NbIIEHHS TPOIYKTiB 3HOCY B MOTOPHOMY Ma-
CTHJIi, IKE BAKOPHCTOBYETHCS B CUCTEMI LIMPKYJISIIIHHOTO MAIEHHSI.

MoTopHi nanuBa NOTipIIEHOr0 CTPYKTYPHOTO Ta (pakuUifHOrO CKiia-
Ny (4depe3 iX MEHIY BapTiCTh) CHPHUSIOTh 3HW)KEHHIO eKCIUTyaTal[iiHuX
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BUTpPAT Ha CYJAHOBY €HEPTeTHYHY YCTAHOBKY, aje MpH bOMY 301JIbIIYETh-
CsI TeMIIepaTypHe HaBaHTaKCHHS Ta ITiIBUIIYIOTh KOHTAKTHI HAIPYKEHHS
B Mapax TepTs CyTHOBUX Au3eniB. Tomy mig yac po3poOui pekoMeHAalii
M0 BUKOPUCTAHHIO MOJIOHUX MajvB HEOOXiAHO BUKOHYBATH KOMILIEKCY
OIIIHKY: €KOHOMIUHY — fIKa CIIPHSTHME BH3HAYEHHIO (DiHAHCOBHUX BUTPAT
Ta eKCIUTyaTalilo AWU3ETiB CyJeH MOPCBHKOTO Ta BHYTPIIIHBOTO BOJHOTO
TPaHCHOPTY, Ta TEIUNIOCHEPTeTUYHY — 3a JOTIOMOTOI0 SIKOT BU3HAYAETHCS
3MiHa TEXHIYHOTO CTaHy Ta IOIEPEDKAETHCS KPUTUYHA Ta HAJAKPHUTHIHA
eKCIDTyaTallisl TU3emiB.
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Mapeii B.B., Boiakos O.M.
Harionansauii yHiBepcuTeT «Oiechka MOPChKa aKajeMis»

OIITUMIBALIA TPOLECY ITAJIUBONIOJAYI IU3EJIIB CY-
JEH MOPCBKOI'O TPAHCHIOPTY I YAC BUKOPUCTAHHA
MAJUBHUAX CYMIIIEH JIO CKJIALY AKUX BXOJUTH BIO-
JU3EJIBHE ITAJIMBO

IlocTranoBka mpoOJjieMu B 3arajbHoMy BuUriasgi. Ereprerwnusni
KOMIUIEKCH MOPCHKHX 3acO0iB TpPaHCHOPTY 3a0e3MedyroTh BHUKOHAHHS
KOMEpLIMHNX 3aBAaHb 3 MEPEBE3CHHS BAHTAXIB Ta MAaCAXKUPIB, a TaKOXK
TEXHOJIOTIYHI MPOIIECH, IO BiI0YBalOTHCA HA MOPCHKHX CyIHAaX, a00 BH-
KOHYIOThCs cynmHamu. JDxepermom iX (pyHKIIFOBaHS € piAKe MaauBO, SKE
BUKOPUCTOBYETHCS Y BCiX 0€3 BHHATKY TEIJIOBUX JBHUTYHAX, IO BXOISThH
JI0 CKJIaJy CYIHOBOI €HEPreTHYHOI ycTaHOBKH. COHSYHI Ta €JICKTPUYHI
Oarapei, TOBITPsHI TeHEPaTOPH (B TOMY YHCII «OKOPCTKI» Ta «M’sIKi» BiT-
puiia) 3A4aTHI JIMIIe KOMICHCYBAaTH YacTHHY CHEprii, 0 BUTPAYAEThCS HA
pPYX cyaHa abo poOOTy JOMOMIXHOTO oOnaaHaHHs. Halibinbim posmnoBcio-
JDKEHUM THIIOM PIiIKOTO HajKBa € MaluBO HA(QTOBOrO MOXOKEHHS, Mif
Yac 3rOPSIHHSA SIKOTO Pa30M 3 BUITyCKHUMH ra3aMH 1O AOBKIJUIS HOTpAIUIse
BEJIMKA KUTBKICTh MIKIJJIMBUX PEYOBHH, YACTHHA SIKHX € TOKCUYHUMU. [0
HECTIPUSITIAMBUX XapaKTEPUCTHK IAIMBAa TAKOXK BIITHOCHTHCS IOCTiliHE
KOJIMBAaHHS LiH HA PUHKY iX BUPOOHMIITBA Ta ITOCTAYaHHS, CYyBOPi BUMOTH
70 TX SKOCTi Ta CKJIajy, a TaKOX MOCTYIOBE 3HIKEHHS X 3amaciB B IpH-
pOIHHUX pojoBHIAX. BuknaneHi oOCTaBHHU € MiACTAaBOIO ISl BIPOBa-
JDKEHHSI € CyITHOBY €HEPreTHKY aJlbTepHATUBHOIO MAJIMBA, OJHUM 3 SIKOTO
€ manuBO Gi0JIOTriYHOrO MoXoKeHHs (Oioau3enbHe maauso) [1-3].

Ha BimMiHy Bij majivBa HaTOBOI'O IMOXO/KEHHS, 0101M3€/IbHE aJIH-
BO BUPOOISETHCA 3 BiIHOBIIOBAHUX OPTaHIYHHUX J[Keper, HOro OCHOBHI
eKCIUTyaTalliifHi XapakTepUCTUKHU (TYCTHHA, B'I3KiCTh, TEMIEpaTypa cla-
Naxy, HUKYa TEIIOTBOPHA 3/IaTHICTh) CYTTEBO HE BiAPI3HAIOTHCS BiJ| aHa-
JIOTIYHMX MMOKA3HUKIB HA)TOBOI'O MajMBa — 1€ JI03BOJIIE BUKOPHUCTOBYBA-
TH HOTO B CyMillax 3 HAQTOBUM MaJIMBOM B OUIBIIOCTI Cy4aCHHUX AWU3EIb-
HUX JBHTYHIB [4-6]. [Ipu nboMy HayKOBi pO3pOOKH, IO IMiATBEPIKYIOThH
e(eKTUBHICTh BUKOPHUCTAHHS 010M3CJIbHOTO MauBa JJis CyJIHOBUX JTU3E-
JiB, MalOTh MOOJMHOKMI XapakTep; PEKOMEHJALii 1100 BHUKOPHUCTaHHS
CyMilllell Iu3eNbHOro Ta 010AM3ETIBHOrO MajliBa HE MAalOTh CHCTEMHOTO
migxoy. BukopucranHs ajqbTepHATHBHOTO MajuBa (30Kkpema OiomnannBa)
B €HEPreTHYHHUX YCTAaHOBKAaX MOPCHKHX CYJEH PErilaMeHTYEThCS pEeKOMe-
HAALiIMH BUPOOHMKIB manuBa. [Ipy nboMy BKa3yrOThCS JIMIIE MiHIMaJIbHI
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Ta MaKCUMaJIbHI KOHIIEHTpAIii 6iomaanBa y MaJIMBHIN CyMIilli, IPH SKAX
3a0e3nedyeThes 3ropsiHAsL. Bu3HavueHHs OoNTHMaibHOI KOHIEHTpalii 0io-
naJnuBa B HOTO CyMmilli 3 AU3ETbHUM, a TaKOXK ONTHMANbHI (pa3u maauBo-
MoJia4i BUKOHYETHCSI €KCIIEPHUMEHTAIbHUM HIISIXOM Ta 3aJIeXHTh Bif Oa-
raTbOX XapaKTEepUCTHK, HacaMIIepe ]l BIaCTUBOCTEN AN3EIbHOIO ajJuBa Ta
pexumiB podotu nusens [7-10]. EQexkTuBHICTh BUKOPUCTAHHS MTaTUBHUX
CyMillIeH, J0 CKany SIKUX BXOISATH AM3ETbHE MaIUBO Ta MATUBO 010JIOTi-
YHOTO IIOXOKEHHS, Oe3N0CepeqHbO 3aJICKUTh BiJ KOMIIETEHTHOCTEH
CYyTHOBHX IH)KEHEpIB Ta HASBHOCTI PEKOMEHAI MI0OJ0 TEXHOJOTIi 3a-
CTOCYBaHHS IIMX CyMIIlleil Ha Pi3HUX eKCIUTyaTaliifHUX peKuMax poOoTH
I3es.

AHaJji3 ocTaHHIX HocaikeHb i myOJikamiii. biogusensHe mamuBo
(Fatty Acid Methyl Ester, FAME) — cknaanuii MetiioBuii edip 3 xapak-
TEPUCTHKAMH JU3EIBHOTO MAJINBA, 0 BUTOTOBIISIETHCS 3 OJIi1 POCITMHHOTO
a00 TBapMHHOTO MMOXO/KEHHA. biomu3ens BUITYCKAaOTh TIEPEBaXKHO 3 O
CLIBCBKOTOCTIONAPCHKUX KYJBTYP, SIKUMH € PiMakoBa, COHSIIHHK, Mallb-
MOBa, CO€Ba Ta iHmi omii. OcTaHHIMH poKamM# PO3pOOKH BeAyThest y chepi
CTBOpEHHS 010IM3eIHHOTrO MajuBa 3 BOJOpOCTEH (OiOMaInmBO «TPETHOTO
nokouiausy) [11-13]. ExcrutyaramiiiHi XapaKTEpUCTHKH Ta BJIIACTHBOCTI
0ioAM3eTbHOTO ManKBa (K Oy[Ib-SIKOTO IHIIOTO MajiiBa, 10 BUKOPUCTO-
BYETHCA I poOOTH 3ac00iB TPAHCIIOPTY) IOBUHHI BiIIOBITATH BUMOTaM,
1110 BU3HAYAIOTKCS CElia/ibHUM cTanaptom [14, 15].

Sk okpeme jKepesno eHeprii Oioau3enbHEe MaMBO HE BUKOPHUCTOBY-
eTbest. [lepin 3a Bce 11e MoB’si3aHe 3 HOro OiIbIl BUCOKOKO (B MTOPIBHSHHI 3
IU3EbHUM ITAJIMBOM) TYCTHHOIO Ta B’SI3KIiCTIO. Lle HeraTuBHO BIJIMBa€ Ha
napameTpy Mpolecy HaJuBONOJayi, BIIOPCKYBAaHHS Ta PO3MUIIOBAHHS
MaJuBa, IO TMOTIPIIye SKICTh TMepediry IuX MpoleciB. 3HWKEHHS
B’S3KOCTI 010JIM3€THHOTO MalHMBa IIJIIXOM HOTO JTOJATKOBOTO HATPIBY
MPU3BOAUTH 10 MiABHUIICHOTO yTBOPEHHA NapadiHy Ta HOAabIIOro KOK-
CYBaHHsI MAJIMBHOI amapatypd BHCOKOTO THCKY. Y 3B’s3Ky 3 IIUM, 0ioju-
3eJIbHE TaJIMBO MOETHYETHCS B PI3HUX MPOTOPIISIX 3 MOTOPHUM (JIN3EITh-
HUM / terkuM ab0 BakKMM) manuBoM. JonaBaHHs GiomanvBa 10 Tpaau-
MIHHUX BHJIB MOTOPHOTO MAJIMBA IiJ[BUIYE €KOJOTIYHI XapaKTePHCTHKH
nuzensi. BukopucrtaHHs OlomanvBa JO3BOJISIE KpaiHaMm 13 HE3HAYHUMU
3aracaMy BJIACHUX E€HEPropecypciB 3HU3UTH €KOHOMIYHY Ta MONITHYHY
3aJIe)KHICTh BiJ] IMIIOPTHUX MTOCTABOK MAJINBA.

BukopucTanHst 610IM3€NbHOTO MAIMBA B OCTaHHI POKU 3HAKMIUIO 3a-
CTOCYBaHHsS B 3QJIi3HUYHOMY Ta aBTOMOOIIBHOMY TPaHCHOPTi (B TOMY
YHCIl Ha aBTOTPAKTOPHHUX AM3ETIX), a TAKOK B IPOMHUCIOBUX €HEPreTHY-
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HHUX YCTaHOBKAaX (B SIKMX AM3€Ji BUKOPHUCTOBYIOTHCS JUIS MIPUBOJY €JIEKT-
poreneparopiB). [Ipu mpoMy Oioan3enbHE MATHBO BXOAWTH JO CKIIATY
CyMillli 3 JU3EIBHUMU (JIETKUMH) TAJTUBAMH, TYCTHHA SIKUX HE TIEPEBHIIYE
830...850 kr/m°. BukopucTanHs 6ioAM3eNbHOTO MalkBa B €HEPreTHYHUX
YCTaHOBKaX MOPCBHKMX 3acO0iB TPAaHCIOPTY Ha TEMEpilIHiil Jac He Mae
LIMPOKOTO PO3MOBCIO/IKEHHS. [CHYIOTh JIHIIE MOOAMHOKI JAOCITIIKEHHS 3
BU3HAYEHHsI €()EeKTUBHOCTI BUKOPUCTAaHHS 0i0M3ENBbHOTO MalKuBa B IU3e-
JSIX CYJICH MOPCHKOTO Ta BHYTPIIIHBOTO BOIHOTO TpaHcmopty [16-18].

He icHye Tako 3aradpbHOBH3HAYEHO! KOHIEHTparii 0i0AM3eIbHOTO
najyuBa B HOro cymimi 3 MOTOPHHMM (AM3EeIbHUM a00 BaKkuM). Hampu-
KJIaJ TpaHCHaIioHanbHaA HadTorazoBa KoMmais British Petroleum mocra-
yae Ha MOPCBKi cyaHa manuBHy cymim Marine B30, sika ckiagaerbes 3
30 % Oiomm3enbHOro manvBa Tta 70 % Ba)KKOro majvBa 3 HaIHU3LKUM
Bmictom cipku (Very Low Sulphur Fuel Oil — VLSFO); nadrosa koprmo-
pauist Exxon Mobil — moxi6uy cymim, sika Mictite 25 % 6ioan3enbHOro
MaJInBa.

CobiBapTicTh BUpOOHHUIITBA 010M3ETHHOTO MaMBa B OUTBIIOCTI Kpa-
{H CBiTy BHWIIA, HDK COOIBapTiCTh HAPTONPOAYKTIB (B TOMY YHCIi iMIIOp-
TOBaHHX ), @ PEHTA0ENbHICTh O10MaIMBHOTO Oi3HECY MOCTYMAETHCS PEHTA-
OenbHOCTI TIepepoOku HadTu. OgHAK BUKOPUCTAHHS 010 U3ENBHOTO Ia-
JIMBa CYTTEBO MOKPAIIY€E SKOJOTIYHI XapaKTEPUCTUKH CYJHOBUX JU3EIIB,
30KpeMa eMiCif0 OKCHJIIB a30Ty, OKCHIIB BYTJIEIIFO Ta OKCH/IIB a30TYy.

BigMiHHOIO OCOONHMBICTIO TaJIMB OCHOBY SIKUX CKJIQJIAIOTh POCIHHHI
oJiii € MiHIMaJBHUH piBeHb BMICTY cipku. Lle 103BoIIsiE BUKOPHCTOBYBATH
iX y cnemiabHUX €KOJIOTIYHHMX pallOHaxX — 30HaX KOHTPOIIO eMicii OKCH-
aiB cipku (Sulphur emission control areas — SECAS) [19-22].

ExonoriuHa eQeKTUBHICTh BUKOPHUCTAHHS Ol0MaliiBa TAKOX XapaKTe-
PH3YETHCS MEHILOKO KUTBKICTIO BYTJIEKHUCIIOTO a3y, M0 YTBOPIOETHCS i
qac ¥oro 3ropsHHs. [1ig yac cramroBaHHS TPaJULiHHOTO MAJMBA YTBOPIO-
€THCSl BEJIMKA KUTBKICTh BYTJICKHCIIOTO Ta3y, SIKMi BBaXKAE€THCS TTAPHUKO-
BHM Tra3oM Ta MPUYUHOIO YTPHUMAaHHS COHSYHOrO TerJia Ha ruiaHeri. Cra-
JIOBaHHA MaNrBa HA(QTOBOrO MOXO/KEHHS MiJBUIIYE TEMIIEpaTypy Ta
BUKJIMKA€E TIoOalbHE MOTEIUTiHHS. BHkopucTaHHS OlomayMBa 3MEHIIYE
BIUIMB TIAPHUKOBHX T'a3iB Ha TOBKiILIA [23-26].

VY pi3HUX HAYKOBHUX JOCHIDKEHHIX MICTATHCS CyIEpPEewINBi JIaHi 110-
JI0 KUTBKOCT1 BHKHJIIB OKCHAIB a30Ty NOx il yaC BUKOPUCTAHHS 010711~
3€JIbHOTO MajiuBa. L[ HEeBIAMOBIAHICTh MOB'I3aHa 3 BAPIaTUBHICTIO SKCIIe-
PUMEHTY, TUIIOM Ha()TOBOTO NajiuBa, a TAKOK YMOBaMH IPOBEJCHHS EKC-
nepuMeHTy (KOHLEHTpauielo OionajivBa B HaJUBHIM CyMilll 3 MalWBOM
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Ha(TOBOTO MOXOPKEHHS, PEXKHUMAMK POOOTH JTU3ENsl, OCOOIUBOCTSMHE Ta
XapaKTepUCTUKAMK HOTO CHCTEM OXOJIO/PKECHHSI Ta BHITYCKY Ta3iB).

IocTanoBka 3aBaaHHA. 3aBIaHHSAM JOCHTIDKCHHS OyJ0 BUBYCHHS
BILTUBY 010/IM3€IHHOTO MAJIMBa O10JOTTYHOTO MOXOKEHHS Ha €KOHOMIUHI
Ta EKOJIOTIYHI MOKa3HUKH CYJIHOBOTO JM3ENs, Ta MOJANbIIC BH3HAYCHHS
3a IIUMU MMOKa3HUKAMH ONTUMAIBHOT KOHIICHTpAIlii 010/{M3eIbHOTO MajTH-
Ba B CyMillli 3 MOTOPHHM TaJIMBOM Ta ONTUMANbHUX (ha3 MaIMBOMNOIAY]
e CyMiIi 10 DMITHIPIB AU3eIs.

Buknan ocHoBHoro martepiaiy. JlociiJUkeHHS BUKOHYBajWCs Ha
CYIHOBHX cepenHbooOepToBux nu3ensx OH17/28 Hyundai Heavy
Industries 3 HACTYITHUMEI OCHOBHUMH XapaKTEPUCTHKAMH: TiaMeTp IHJiH-
npa — 0,17 m; xig mopmas — 0,28 m; wactora obepranns — 900 xBL; HOMi-
HajbHa MOTYXHiCTh — 690 kBT; kinbkicte muiniHapie — 6. Tpu momiOHI
JU3eNl BXOJIWIM 10 CKJIaly €HEpPreTHYHOI YCTAaHOBKHM MOPCBHKOTO CyJHA
nenseiitom 14745 touH. llpuHIMIoBa cxema MaaMBHOI CHCTEMH JTU3ETIB
MokKaszaHa Ha puc. 1.
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Puc. 1. TIpuHIMIIOBa CXeMa MAJIMBHOI CHCTEMH CYIHOBHX TU3CITIB
6H17/28 Hyundai Heavy Industries:
1 — manmBHUIA Hacoc; 2, 5 — manmuBHUA QUIBTP; 3 — BUTpaATOMIip; 4 — 103aTOD;
6 — mayBHA MaricTpalib; 7 — BUTPaTHA MMAJIMBHA ICTEpHA

[onmava manuBa 10 HOPCYHOK AW3ENS 3IMCHIOETHCS 32 JOMOMOTOI0
MMaJTUBHOTO Hacoca 1, sKuit 3a0upae MmajauBO 3 BUTPATHOI IUCTEpHU 7 Ue-
pe3 ¢inbTp 2. IlonoBHEHHS HIUCTEPHHU 7 MPOBOIUTHCS 3 NATMBHHUX TaHKIB
no Marictpaini 6. [lonepeane ounieHHs naaruBa BUKOHY€EThCS y PinbTpi 5.
INepen movyaTkoM MPOBEJCHHS €KCIIEPUMEHTY BCi JIM3eNi MajH TOpiBHS-
HUI MOTOpecypc MajJuBHOI amapaTypH, AeTajeld LWIIHAPOBOI IPyIH, ITi-
JIIUIHMKIB PyXy, @ TaKOK OIHAKoBHUH TexHiuHWi ctaH. lllnsxom mepe-
MUKaHHS TPYII CIIOKUBAUIB E€KCIUTyaTallisl Ju3eliB BUKOHYBajacs Ha O/-
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HaKOBOMY HaBaHTa)KCHHI, MIATPUMKA SKOTO BHMaramach ITiJ] Jac MpoBe-
JICHHSI eKcriepuMenTy. [1iJ1 yac mpoBeeHHsT eKCIIEPUMEHTY Ha BCIiX JIn3e-
nsX 3a0e3nevyBaniacs MiATPUMKA MOCTIMHUX MapaMeTpiB y cCUCTeMax Ma-
IICHHS 1 0XOJIoKeHHs. PoOoTa aM3erniB Ha KOXKHOMY 3 JOCHIIKYyBaHHX
PEXKUMIB MPOBOJMIACS HE MEHIIe 1,5 ... 2 TOAWH, TPOTATOM SKUX BUKO-
HYBaJOCh BUMIpPIOBaHHSI OCHOBHHUX IapaMeTpiB Ta yCepeAHEHHsS OTpHMa-
HUX 3HaueHb. Lle 3a0e3meuyBano KOPEKTHICTh MPOBEACHHS JOCHTIHKEHb 1
MOXIMBICTE 31CTaBJICHHS BUMipiB, BAKOHAHHUX Ha PI3HUX TU3CIIAX.

Ilim wac mpoBeneHHS MOCTiIKEHbh BHUKOPHCTOBYBAIWCH Ol0IIOTiUHE
nanuBo FAME ta motopae nanuBo RMAL0, xapakTepucTHKu SKUX HaBe-
neni B Tabmuni 1.

Tabmmms 1.OCHOBHI XapaKTEPUCTHUKHU CYTHOBHX ITaJIHB

XapakTepucTHKa FAME nmanuBo IMammBo RMA10
B’si3kicts npu 40 °C, Mm%/c 45...5 6,5...6,7
Temmneparypa cnanaxy, °C 120 135
Bwmicr cipku, r/kr 0,01 0,35
Tyctuna npu 15 °C, m%/kr 900 920
Hmxga TerroTBopHa 31aTHICT, KJK/KT 37650 41910

Kontyp momaui manuBa mo amsens Ne 1 He 3MiHIOBaBCS Ta AH3EINb
exciutyaTyBaBes Ha nanmuei RMAL0 (3 B’s3kicTio 6,5...6,7 cCT 1 BMiCTOM
cipku 0,35 %). B’s3kicTh manuBa q03BOJISE JOAABATH B HHOTO 010/M3€Ib-
He manuBo (3 B s3KicTio 4,5...5 cCt 1 BMicToM cipku 0,01 %). Bmict Gio-
IM3EPHOTO MajiBa B TANWBHIA CyMiln 3MiHIOBaBCS B 1HTEpBai
5...20 %. IManuBHa cymimn nogaBanacs o ausemiB Ne 2 i Ne 3. Jlns 3a-
Oe3rnedeHHs] J03yBaHHS Oi0JM3ENLHOTO IMajvBa B TANWBHIA CyMimm, B
KOHTYp au3eniB Ne 2 1 Ne 3 101aTKOBO BCTaHOBIIOBAJIMCS BUTpATOMIp i
no3arop (mo3utiii 3 i 4 Ha puc. 1).

EdexTuBHICT, BUKOPUCTaHHS O10AM3ENBHOTO TMalMBa OI[IHIOBAIACH
32 €KOHOMIYHIM Ta €KOJIOTIYHUM KputepismMu. Kputepiem eKOHOMiIYHOCTI
pobotu au3ens Oyia oOpaHa nmuToma eeKTHBHA BUTpaTa manusa be [27].
Sk exonoriuHui KpuTepiii poOOTH CyTHOBUX JIU3ENIB MPUHMAINCH KOH-
LIEHTpAIlisl OKCHUIIIB 30Ty Cro, T2 00’€eMHUN BMICT OKCUIY BYTJICITIO Ceo,

B BHITYCKHHX razax [28, 29].

[Tin yac mpoBeIeHHs! eKCIIEPUMEHTIB MUTOMA e)eKTHBHA BUTpATa Ma-
nuBa De BM3HAYaNach 3a JIOMOMOTOI0 CYJHOBHX BUMIPIOBAJIbHUX 3ac00iB,
KOHIIEHTpaIlisi okcuiB a3oty NOx, a Takoxk 00’ emauii BMicT CO2 B BHUITy-

CKHHX razax KOHTPOJIFOBAJIUCH 3a  AO0IIOMOI'OIO T a30aHani3aTopa
Testo350XL [30].
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AHami3 CKIaay BHITYCKHHMX Ta3iB BUKOHYBABCS B Ta30BHITYCKHiN Ma-
ricTpam Ha Bifcrani 10 M Bix Micus BUXoay rasiB 3 ra3oTypOOHarseradva,
0 BiJNOBiIaI0 BUMOraMm TexHiyHoro Kojaekcy 3a NOx.

ITix yac mpoBeneHHS EKCIIEPUMEHTY (32 JOMOMOIOI0 CyTHOBOI CHC-
TeMH JiarHoctyBaHHs DOCtOr) Takok BH3HAYaIHCh MaKCHUMaJIbHHH THCK
3TOPSIHHA P, Ta TeMIlepaTypa BHUIyCKHHX ra3iB ly. IloxuOka B BuUMIpIO-
BaHHI X TTOKAa3HUKIB He nepesuinysana 0,5 %.

INoxu6Oxka B BuMiproBauHs emicii NOx Ta CO2 y BUITyCKHUX ra3ax, 1o
BHUKOHYBaJIach Tra3oaHamizaropoM Testo350XL cranosmna 1,0 %; noxu-
OKa y BU3HA4YEHHI MUTOMOI e)eKTHBHOI BUTPATH MAIMBa HE MEPEBHIYBa-
ma £2,5 %.

Ilin gac mpoBemeHHS NOCTIMKEHHS ISl 3a0€3MeYeHHsT CII0KMBAUiB
CHEPTi€I0 eKCIUTyaTyBaBCsl «KOHTPOJIBHUI» An3enb (IO BUKOPHUCTOBYBAB
nanuBo RMAL0) ta onun, abo aBa iHIIKX (B SKUX BUKOPHCTOBYBAJIACh
cymim nanuBa RMAL0 Ta Gionanuea FAME). [lu3zeni, Ha SKUX BUKOHY-
BaJIMCs EKCIEPUMEHTANbHI JIOCHIHKeHHS, 3a0e3NedyBalid MOTYKHICTIO
MIOCTIiiHI TPYIU CIOKWBAYiB Ta EKCIDTyaTyBalNCh Ha OJHAKOBUX HAaBaH-
TaXCHHIX Ta OJHAKOBUH Yac. JIOCHIKCHHS BUKOHYBAJIHCh B Jiama3oHi
HaBaHTaXeHb Ha Au3enb (0,3...0,8)Neuou.

[lepen mouaTkoM MpOBeNEHHS €KCIIEPUMEHTY BCi TU3€Ji MaJH MOPiB-
HSHUH MOTOpecypc MaJMBHOI amapaTypH, AeTallell IMIiHIPOBOI IpyIH,
MiAMUITHAKIB PyXy, a TaKOXX OJHAKOBUH TEXHIUYHMHA CTaH. Y BHIIQJIKY
3MiHI KUJTBKOCTI CITOKWBAYiB €HEPrii Ta iX MOTYKHOCTI HEOOXi/IHE HaBaH-
TaXCHHsI MEPEPO3NOIIIIIOCS Ha JTU3Ei, [0 HE 3aJisHI B €KCICPUMEHTI,
MIPU [BOMY JIM3€ITb, Ha IKOMY TPOBOJIMIIHCS JOCIiPKEHHS, CKCILTyaTyBaB-
Csl HA TIOCTIHHOMY HaBaHTakeHHi. KpiMm Toro, 1 yac mpoBeeHHS eKcIie-
PUMEHTY Ha JW3eNi IMiJTPUMYBAIUCS IOCTIHHI TEeMIIEPaTypHI PEKUMHU B
crcTeMax 3MallyBaHHS Ta OXoJokeHHs. [1i yac mpoBeneHHs eKcIiepu-
MeHTy au3elns npotsrom 1,0...1,5 ronuH mpairoBaB Ha MOCTIHHOMY HaBa-
HTa)KEHHI MPOTIrOM SIKMX BUKOHYBaJIOCH BUMIPIOBaHHS OCHOBHHUX Mapa-
METpIB 1 yCcepeaHeHHS OTpUMaHMX 3HaueHb. lle 3a0e3meuyBago KOPEKT-
HICTb MTPOBEJCHHS JOCIIPKEHb 1 MOXKIIMBICTD 31CTaBJICHHS BUMIPIiB, BUKO-
HAaHMX Ha PI3HUX AM3EAX. 3a TAKHX YMOB TaKOX IMOCTIHHOIO MOKJIHBO
BBakaTu koHueHTpallii CO; Ta NOx B BunyckHux rasax. [loxubka B Ha-
BaHTXKEHHI MiJI 9ac Mepexoy JAU3els 3 OJHOTO CTAJIIOTO PEeXUMY JIO 1H-
moro He nepesuiysaia +1,5 % [31].

Pe3ysbraTu gociipkeHHs HaBeaeHi B Ta01. 2-6.
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Tabmuus 2. [InToma eekTuBHa BUTpaTa nanusa, r/(kBt-rox), mix yac BUKopuc-
TaHHS MTATMBHOI CYMIIIli pi3HOTO CKIIaILy

Pexum RMA+5% | RMA+10 % | RMA+15 % | RMA+20 %
RMA . . . )

pobotu OiomanmmBa OiomanmBa OiomanmBa OiomanmBa
0,3Neion 208 212 217 222 225
0,4Neuon 203 208 212 216 218
0,5Neion 197 203 209 211 213
0,6Neuon 193 197 203 204 205
0,7Neuow 192 193 195 197 199
0,8Neuon 193 194 197 199 201

Tabnuus 3. KoHueHTparlist OKCHIIB @30Ty Y BUIYCKHUX Ta3ax, r/(kBt-rox), min

yac BUKOPUCTAHHS ITaJMBHOI CyMimIi p

13HOTO CKJIaIy

Pexum RMA+5% | RMA+10 % | RMA+15 % | RMA+20 %
RMA . ) . )

pobotu OiomanmBa OiomanmBa OiomanmBa OiomanmBa
0,3Neuon 7,42 7,32 6,62 6,19 6,77
0,4Neuon 7,56 7,41 6,68 6,29 6,85
0,5Neuon 7,72 7,49 6,78 6,41 6,94
0,6Neuon 7,88 7,63 6,82 6,52 6,97
0,7Neuow 8,02 7,74 6,88 6,54 7,01
0,8Neuon 8,12 7,86 7,12 6,65 7,14

Tabnus 4. O6’eMHMIT BMIiCT OKCHIY BYTJICITIO B BUITYCKHHX ra3ax, %o, IMif gac
HO1 CyMIITi Pi3HOTO CKIIaTy

BUKOPUCTAHHS 1TAJINB

Pexum RMA+5% | RMA+10 % | RMA+15 % | RMA+20 %
RMA . ) ) )

pobotu OiomayimBa OiomaimBa OiomanmBa OiomanmBa
0,3Neuon 6,67 6,52 6,35 5,98 5,41
0,4Neuon 6,81 6,62 6,48 6,14 5,47
0,5Neuon 7,14 6,93 6,57 6,31 5,63
0,6Neuon 7,31 7,08 6,75 6,36 5,78
0,7Neuou 7,56 7,17 7,07 6,57 5,88
0,8Neuon 7,96 7,37 7,14 6,77 5,99

Tabmmms 5. MakcumansHU# THCK 3ropsHHs, MlIla,
BUKOPHUCTAHHS MaJNB

B OWUTIHAPI AU3ETS L] Yac
HO{ CyMIIITi pi3HOTO CKIIay

Pexum RMA+5% | RMA+10 % | RMA+15 % | RMA+20 %
RMA . . ) )

poboTu Giomanuea Giomanuea Oiomanusa OiomanuBa
0,3Neuon 9,5 9,4 9,3 91 8,8
0,4Nesou 10,3 10,2 10,0 9,9 9,6
0,5Neuon 11,3 11,2 11 10,8 10,6
0,6Neuon 12,8 12,6 12,5 12,3 12,1
0,7Nexow 14,3 14,1 14,0 13,8 13,6
0,8Neuon 16,1 16,0 15,8 15,6 15,4
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Tabmuus 6. Temneparypa BUITyCKHUX ra3iB, °C, miJl 4ac BUKOPUCTaHHS MAJINBHOT
CyMIIIi pi3HOTO CKIIay

Pexum RMA+5% | RMA+10 % | RMA+15 % | RMA+20 %
RMA . . . )

pobotu OiomanmmBa OiomanmBa OiomanmBa OiomanmBa
0,3Neion 265 265 269 273 275
0,4Neuon 275 275 278 283 285
0,5Neion 285 285 287 291 295
0,6Neuon 300 300 302 306 309
0,7Neuow 295 295 298 299 302
0,8Neuon 290 290 293 296 298

Hani, mo HaBeneHi B Tabmn. 2-6, cBiT4aTh Mpo 3MiHY EKCIUTyaTalliid-
HHUX TOKa3HHUKIB poboTu cymHoBoro amsemo 6H17/28 Hyundai Heavy
Industries mix 4ac BHKOPUCTAHHS MAJMBHUX CYMIIICH MO CKJIAAY SIKHX
BXOJIUTh MAJUBO O10JIOTTYHOIO MOXO/PKECHHS. [Ipy IbOMY 10 MTO3UTHBHUX
3MiH BIJIHOCHTHCS 3MEHIIICHHS eMicii okcuaiB a30ty NOx ta Byriemo CO;
(BimmoBigHO B miamazoHi 1,35...18,45 % Tta 2,25...24,75 % B 3ae:KHOCTI
BiJl HABaHTKCHHS Ha JW3€Jb), O HETaTUBHUX: 30UIBIICHHS MHUTOMOI
BuTpaTH mainuea be — Ha 0,52...8,17 %, 3MEHIIIEHHS MAaKCUMAJIBHOTO THC-
Ky 3ropsiHHs Pz — Ha 0,62...7,37 %, 301bIIeHHS TeMIepaTypy BUITyCKHUX
rasiB ty — Ha 11...15 °C. HeraruBHi 3MiHu (30U1bIIeHHS De Ta tsr, @ TAKOK
3MEHIIIEHHS [)z) OB’ s13aH1 3 301IBIIEHHSIM KyTa caMo3aiiMaHHSI ITajquBa TIiJ1
Yac BUKOPHUCTAHHS MAIMBHOI CYMIIlli JI0 CKJIay sIKOi BXOJHUThH 010 13€Ib-
He nanuBo. [Ipu 1bOMY TpOIIEC 3TOPSIHHS 3CYBAE€THCS HA JIHIIO PO3MIU-
PEHHS, PO IIe CBITYUTH CaMe IMiJBUINCHHS TEMIEPATYPH BUITYCKHUX ra-
3iB.

[MomepepKkeHHS BOTO SIBUINA MOXKITUBO 338 PaXyHOK €KCIepUMEHTa-
JIBHOTO BU3HAUCHHS ONTUMAIBHUX (a3 MaTUBOIOJAUi, a caMe — 3MIHH
KyTa BUIEPEIKCHHS! BIIOPCKYBAHHS gz MAIMBHOI CyMillli, IO MICTITh
MOTOpPHE MAIMBO Ta OionanuBo. ToMy HACTYIHI JOCHTIKEHHS BUKOHYBa-
JUCHh JUIA TAaIWBHUX CyMillel, J0 CKJIaay SKAX BXOJIATh: IajH-
Bo RMA+10 % 0OionanuBa ta maaueo RMA+15 % GionanuBa, BHKOPHC-
TaHHSAX SKUX (BIJMOBIIHO JIO MOMEPEIHIX JOCIIKEHb, PE3yIbTaTH STKUX
HaBeJIeH1 B Tabi. 2-6) 3a0e3neuye MakcUMalbHe 3HWKeHHs eMicii NOx Ta
CO2 Ta MiHIMaJIbHE MIIBUILICHHS MTUTOMOT BUTpaTH nanusa be. Ha mpots3i
el yacTuHU ekcrepuMeHTy nu3esb Ne2 (puc. 1) ekcrutyaTyBaBcsi Ha
cymimi  RMA+10 % 6iomanmuBa,  mu3enb Ne3 —  Ha  cymimn
RMA+15 % GionanuBa. Jluzeni 3abe3neuyBany IMOTYKHICTIO TOCTiHHI
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TPYIH CIIOKMBAYIB Ta CKCIUTyaTyBaJINCh HAa OJHAKOBUX HABAHTAKEHHAX
Ta OTHAKOBUH 4ac.

3MiHa KyTa BHIIEpEIKEHHS BIIOPCKYBAaHHS (g 320€31euyBaach ene-
KTPOHHOIO CHCTEMOIO YIPaBIiHHs (KO oONamHaHwii nusens 6H17/28
Hyundai Heavy Industries) B miama3zoi @g=-20...-10°oBopoTy KoJiHYa-
toro Bany (mkB). Ile#t miamason pexomengoBanuii (ipmoro Hyundai
Heavy Industries ta Bu3HauHWiA B IHCTPYKUIl 3 eKCIUTyartalii Iu3eins
6H17/28. TlonepenHiit UK TOCTKYBaHHS (PE3yJIbTaTH SIKOTO HaBeJIeHi
B TaONHIAX 2-6) BUKOHYBABCS JIJIsl KyTa BHIICPE/KEHHS TaliBa -14°mks.
I[Tix gac mpoBeIeHHS IOCHIIKEHb KOHTPOJIIOBAJIOCH 3HAYEHHS MaKCHMa-
JBHOTO TUCKY 3TOpPSIHHS P; Ta TEMIIEpaTypa BUIYCKHUX rasiB ty.. 3miHa
[UX MOKA3HUKIB B 3aJIC)KHOCTI Bi/I KyTa BUTIEPEIYKEHHS BIIOPCKYBAHHS (rg
MaJMBHOI CyMilll HajaHa B Tabi. 7, 8.

Tabmmms 7. MakcumanbHU THCK 3ropsHHs, MIla, B uutiHApi au3ens mix 9ac
BUKOPHCTAHHSI [TAJIMBHOT CyMillli Pi3HOTO CKJIay Ta Pi3HUX KYTiB BUIIEPEKECHHS

BIIOPCKYBaHHS
Pescnt KyT BumnepemxeHHs BIOPCKYBaHHS
poGoTH 20 [ 17 -14 A1 [ -9
RMA+10 % 6ionanusa FAME
0,3Neuon 94 9,5 9,3 9,2 9,2
0,4Neuon 10,1 10,2 10,0 9,9 9,8
0,5Nenom 11,1 11,2 11,0 10,8 10,7
0,6Nenonm 12,4 12,7 12,5 12,4 12,2
0,7Neuon 14,0 14,2 14,0 13,8 13,6
0,8Neuon 15,9 16,1 15,8 15,6 15,5
RMA+15 % 6Giomanusa FAME
0,3Nenonm 9,4 9,2 9,1 8,9 8,7
0,4Nexom 10,2 10,0 9,9 9,7 9,6
0,5Neson 11,3 11,0 10,8 10,6 10,4
0,6Neuon 12,4 12,3 12,3 12,1 13,8
0,7Nenowm 14,3 14,0 13,8 13,6 13,4
0,8Nenom 16,0 15,8 15,6 15,5 15,3
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Tabmuus 8. Temnepartypa BUITyCKHUX ra3iB, °C, miJ{ 4ac BUKOPHCTaHHS MAJIMBHOT
CyMIIIi pi3HOTO CKJIay Ta Pi3HUX KYTiB BUIEPEIKCHHS BIIOPCKYBAHHS

Kyt BUnepeKeHHs BIIOPCKYBaHHS
Perim po- 20 | a7 | 14 | a1 |

ot RMA+10 % Gionannsa FAME
0,3Neron 265 267 269 269 272
0,4Neson 273 275 278 281 284
0,5Neon 285 285 287 291 295
0,6Neon 297 300 302 303 307
0, 7Neson 292 295 298 302 307
0,8Neron 288 290 293 296 301

RMA+15 % o6ionanmnsa FAME
0,3Nenon 270 272 273 275 279
0,4Neon 277 281 283 286 291
0,5Neon 284 288 201 295 299
0,6Neon 299 303 306 308 309
0,7Neson 293 296 299 302 304
0,8Neon 288 292 296 296 299

BucHoBKH i mepcmeKTHBH MOAAJBIIMX AocHim:keHb. [IpoBeneni
JOCTIKEHHS TO3BOJISIOTH 3pOOUTH HACTYITHI BUCHOBKH.

1. BuxkopucTaHHsl B CyJTHOBUX JIM3€JSIX MaJMBHUX CyMillIed 10 CKJia-
Iy SIKUX BXOIMTH O10M3eJIbHE MAIHBO CIPUSE MiABUIIEHHIO €KOJIOTTYHO-
cTi X poboTn. ExcriepuMeHTanbHO BCTAaHOBIICHO, IO JUIS CYJHOBOTO JTH-
senst 6H17/28 Hyundai Heavy Industries mig yac BUKOpHUCTaHHS TaJTHBHOT
cymimi, sika ckinagaerses 3 80...95 % nanmuea RMAI10 Ta 20...5 % Giomna-
nmuBa FAME, 3a6e3neuyerbes 25 % 3HMKEHHs eMicii okcuaiB a3oty NOx
ta ~20 % 3HmwKeHHs eMicii okcuaiB Byriemo CO,. OIHOYACHO 3 UM JI0
8,2 % 301bIIyeThCs MMTOMA BUTpaTa NayivmBa. HalOuIbIl onTHMAIEHOO
cyMimmiro € Taka, mo wmictite 10...15 % OiomuzenpHoro manuBa. llpwm
IbOMY 320€3MeUy€ThCSl MAKCUMAJIBHE ITiIBHIICHHS €KOJIOTIYHHX XapaKTe-
PUCTHK JTU3EIIsl MPH OJHOYACHOMY MIHIMAIFHOMY 3HHXKEHHIO €KOHOMid-
HOCTi 0r0 poOOTH.

2. BukopucTaHHA NAJMBHUX CyMilllel, 1O CKIany SIKMX BXOAWUTH Ma-
JUBO Oi0JIOTIYHOTO MMOXOHKEHHS, TIPU3BOJIUTH JI0 3CYBY IPOIECY 3TOPSIH-
Hsl Ha JIiHII0 posummpenHs. [Ipu npomy 10 7,4 % 3HUKYEThCSI MAKCHMAITb-
HUI TUCK 3rOpsIHHS Ta criocTepiraeThes 3poctanns Ha 15 °C temneparypu
BUNycKHUX rasiB. lllnsxom onTuMizauii mporecy majauBonogadi (a came
Yyepe3 3MiHy KyTa BHIIEPEKEHHsSI BIIOPCKYBAaHHS) MOXIIMBO 3MIIIEHHS
mpoliecy 3ropsiHHS B OIK BEPXHBHOT MEPTBOI TOUIl Ta MiJTPUMAaHHS MakK-
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CUMaJBLHOTO THCKY 3TOPSIHHS Ha PiBHI, IO BIAMOBIAA€ BHUKOPHUCTAHHIO
nanuBa HaToBOrO MOXOMKEHHs (06e3 yTBOpeHHs Horo cymimmu 3 6ioanse-
JBbHUM TaJuBOM). EKCIIepMMEHTalIbHO BCTAHOBICHO, IO JUII HaBaHTa-
xeHb B niana3oHi 30...80 % cnocTepiraerbcsi HasBHICTh ONTUMAaJILHOTO
KyTa BHIIEpEKEHHS BIOPCKYBaHHS TalNBa, SIKUI 3a0e3meuye 301IbIIeH-
HSl MAKCHMAaJIbHOTO THUCKY 3TOPSHHS Ta 3MCHIIEHHS TeMIIepaTypH BUITYC-
KHHX Ta3iB.
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10.31653/smf45.2022. 57-69
Cronspuk T.O.
Harionansauit yHiBepeutetr Ofiechbka MOpChKa akaieMis

BJIOCKOHAJIEHHA ITPOLECIB MAILEHHSA JU3EJIB CYJIEH
MOPCBKOI'O TA BHYTPIHIIHBOI'O BOAHOI'O TPAHCIIOPTY

IlocTanoBka npodJieMu B 3arajbHOMY BHIJIAAI. OCHOBHUMHU I'eHe-
paTtopamu eHeprii Ha cyTHaX MOPCHKOT'O Ta BHYTPILIHHOTO BOJHOTO TPaH-
CHOPTY € ABUTYHI BHYTPIOTHROTO 3ropsHHs (nu3eni). OxHiel 3 cucreM, o
3a0e3MeuyloTh iX (QYHKLIOHYBaHHS, € CHCTeMa MalleHHs. J|BOTakTHi cy-
HOBI JTU3€Ji BUKOPHCTOBYIOTH JIBI CUCTEMH MaIllleHHS — TyOpikaTopHY (3a
JOTIOMOTOI0 SIKOi MacTHJIO TIOJAEThCSA Ha CTIHKU IFJIIHAPOBOI BTYJKH) Ta
TUPKYJSIIHHY (MACTHIIO B SIKOT CHIIPSIMOBYETHCS 1O MiAIIUITHUAKIB KOJiH-
yaroro Bany). YHoTHpUTaKTHI (CEpeAHbOOOEPTOBI) IN3eNi KOMIUIEKTYIOTh-
Csl JIUILE LUPKYJIIHHOI CUCTEMOIO MAIIEHHS, B SKOI MAacTHJIO MOTpaIl-
JISi€ 10 BCIX KOHTaKTHUX BY3JIiB JH3€Is, OCHOBHUMM 3 SKHX € MApU TEPTS
MOPITHEBE KUIbIE — BTYJIKA I[HMJIIHApPAa Ta BKIQAWIN MiAIIAITHUAKA —
KoJiHuyaruii Bain [1-3].

Bucoki Temrieparypu, BiOpaitlis, MiHIMi3alis IPOMIKKIB y mapax Tep-
TS Ta iHII (aKTOpH MPU3BOIATH JO TOTO, IO TEPEBAKHHUM PEKUMOM
MaIlleHHsI CYZAHOBHX CEPEAHbOOOEPTOBUX TU3EIIB CTAE PEKUM IPaHUYHO-
ro Teprsa. Came B 1IbOMY PeXHMi BiOyBaeTbCcs OCHOBHHUH 3HOC IOBEp-
XOHb, L0 TPYTHCS, MPUUOMY 3HOC NETajel 3aJeKUThb BiJ] MOBEPXHEBOI
AKTUBHOCTI MOTOPHOTO MacTHiia (HOro 3aTHOCTI CTBOPIOBATH TPAHUYHUI
MacTWIBHUH 1ap). Y IbOMY MPOSBISETHCS 3MalllyBajibHa 34aTHICTH (Ma-
CIISTHACTICTh) MOTOPHOTO MacTwia [4-6]. AKTUBAIlS Ta MiBHUINEHHS 3Ma-
IIyBaJILHOI 3/1aTHOCTI MOTOPHOT'O MAaCTHJIa CIIPHSE 3MEHIIEHHIO 3HOCY B
napax TepTs Ta MPU3BOJUTH 10 MiHIMI3allii BTpaT MexaHI4HOI eHepril
JM3erts i gac 11 TpaHcdopmariii B koprcHy po6oty [7-9].

AHai3 ocTa”HiX gocaiTKeHb i myOJikanii. 3MeHIIEHHS KOHTAKT-
HUX HampyKeHb B Mapax TepTs MiJABHINYE EKCIUTyaTamiiHy HaJiiHICTb
IU3€elliB CYIeH MOPCHKOTO Ta BHYTPIIIHHOIO BOJHOTO TPAHCIOPTY, TOMY
BU3HAYEHHIO CHOCOO0IB MiABUIIEHHS 3MallyBaJbHOI 31aTHOCTI MOTOPHOTO
MacCTHJIa MPUCBAYCHA BEJIMKA KIJIBKICTh HAYKOBHUX JIOCIIDKeHb. [IpH 1160-
My HayKOBLSIMU ITPOIOHYBAJIHCh Pi3Hi, IHOJI B3a€EMOBHKIIIOYHI, TEXHOJIO-
rii 3a JONOMOTOI0 SIKMX MOKJIMBO PO3B’sI3aHHS BKa3aHOTo 3aBIaHHA. [le-
SIKi pIlIeHHS, HAIIPHUKIIAJl BUKOPUCTAHHS e(EeKTIB Paji0aKTUBHOTO OIpPO-
MIiHIOBaHHS, HEOE3IEUHO /ISl SKIMaXiB CyJIeH MOPCHKOTO Ta BHYTPILIHLO-
ro BOJHOIO TpaHCcHopTy. Jleski iHI, Taki SIK BUKOPUCTAHHS MarHiTHUX,
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CICKTPUYHHAX Ta aKyCTUYHHX IIOJIB, BTPAYalOTh €EKTUBHICTH B YMOBaX
CYIHOBUX €HEPIeTHYHUX YCTAaHOBKAaX, B SKHMX MAarHiTHI, €JEKTPUYHI Ta
aKyCTHYHI XBUJIi T€HEPYIOTHCSI MEMOBIUTFHO, TOMY yYTBOPIOIOTH BUIIAKOBI
MEPEHIKOAH.

Jlns yMOB eKcIuTyaTallii CHCTeM MAIeHHS CyIHOBHX CepeaHboolep-
TOBHX HaWOUIBII AOLINIEHO BUKOPUCTAHHS YIBTPa3ByKOBOI 0OpOOKH, N10-
JaBaHHS O MAacTHJa MOBEPXHEBO-aKTHBHUX PEUOBHH, MOIUGiKaIlis Mo-
BEPXOHb TEPTS CTPYKTYPOBAHUMH MOKPUTTSAMHU. Bkazani criocodu cripus-
I0Th 3MIHEHHIO CTPYKTYPHHX CKJIaJOBUX MOTOPHHX MAacTHJI — IIiJIBHILY-
I0Th IOBXXHHY MOJICKYJISIPHOTO JIAHIIIOTa, 3a0€3Me4YyI0Th OIHOCIPSIMOBAHY
OpIEHTAIII0 MOJIEKYJI B TPAaHUYHOMY MACTHIBHOMY Iapi, ITiIBHIIYIOTH
fioro agcopOiitny Tosimuny [10-13].

IMocTanoBka 3aBaanHs. 3aBIaHHSIM JOCIIHKCHHS OYyJI0 BU3HAUCHHS
BIUIMBY CTPYKTYPHHX XapaKTEPHCTHK aICcOpOILiHHOTO Imapy MOTOPHOTO
MacTiia (KpalloBUX KyTiB 3MOUYYBAaHHS Ta TOBIIWHHW) Ha €KCILTyaTalliiHi
MOKAa3HUKH CYIAHOBOTO JHW3ENs, B CHUCTEMi MMPKYJIALIHHOTO MalleHHS
SIKOTO BOHO BUKOPHCTOBYETHCSI.

BuxkJiag ocHOBHOro mMarepiaiy. ExcriepuMeHTanbHO mMiATBEPKEHO,
[0 3MallyBajbHa 3[AaTHICTh OE3MOCepeqHhO 3aJEKUTH BiJ KoedirieHTa
MOBEPXHEBOTO HATATY PiKUX MacTuil. [loKa3HMK MOBEPXHEBOT'O HATATY
HEPO3PUBHO TOB'SI3aHUI 3 SIBUIEM ajare3ii Ta 3 KpaliOBUM KyTOM 3MOYY-
BaHHs MOBEepXHi MacTuiioMm [14-16].

[ BU3HAYCHHS BIUIMBY KpailOBUX KyTiB 3MOYYBaHHS Ha SIKICTh Tie-
pebiry mporiecy MalleHHsS BUKOHYBAJIUCh KOMIUICKCHI JOCIIKEHHS, SKi
MOJIATAIM B BU3HAYEHHI CTPYKTYPHHX XapaKTEPHCTHK MOTOPHUX MAaCTHII
(KpaifoBOTO KyTa 3MOYyBaHHS Ta TOBIIMHH a/I'€31HHOTO MIapy MacTuia), a
TaKOX EKCIUTyaTallifHuX MOKa3HUKIB MOTOPHOTO MacThiia (JIy>)KHOTO YHC-
Jla Ta BMICTy MEXaHIYHUX JIOMIIIOK) Ta EKCILTyaTal[ifHMX TMOKa3HUKiB
CYIHOBOTO Ju3elsl (MEXaHivHOTO KOedillieHTy KOPUCHOI Mii, THCKY CTHC-
HEHHS Ta TeMIIEPaTypPH BUIMTYCKHUX Ta3iB), MaIlEHHs SKOTO 3a0e3Meuy€eTh-
csl UMM MacTuiamu. JloClipkeHHsT BUKOHYBAJIMCh HA CYJHOBUX cepe/l-
Hh00OepTOBUX ausensx 6L16/24 MAN Diesel, sxi Bxomwin A0 CKIay
JOTTOMDKHOI eHepreTnyHoi ycraHoBkM cymHa tumy General Cargo men-
BeritoM 15600 TOHH. B 1UpKyIsIIiifHOT CUCTEMI MAIlCHHS JU3E/IIB BHKO-
puctoByBasiock Motopae Mactuiio Mobilgard ADL30 ¢ipmu Mobil, oc-
HOBHI XapaKTEPUCTHKH SIKOT0 HajaHi B Tabm. 1.
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Ta6mumg 1. OCHOBHI XapaKTepUCTHKHA MOTOPHOTO MacTHIIa
Mobilgard ADL30 ¢ipmu Mobil

[oxa3Hmk 3Ha4YeHHS
Kmac SAE 30
T'yctuna npu 15°C, kr/m® 894
B’s3xicte kinemarnyaa npu 100 °C, cCt 521
B’s3xicts kinemarnuna npu 40 °C, cCr 143
3araneHe myxHe yrcio (TBN) 14,4
Temneparypa cnanaxy, °C 255

[TpuHIMIIOBa cXeMa CHCTeMa HMUPKYJISIIHHOTO MalleHHs AU3eTiB Ha-
naHa Ha puc. 1.

5)

Puc. 1. Cxema Cy/1HOBOI CHCTEMHU HUPKYIIIHHOTO MAIIEHHS 1]l Yac IPOBE/ICH-
HS €KCHIEPUMEHTAIBHUX JTOCIIIPKeHB:
1 — nucrepHa MUPKYIAiHOTO MacTuna; 2 — nu3ens Ne 1; 3 — muzens Ne 2;
4 — muzenpb Ne 3; 5 — cemaparop MacTuia; 6 — MUPKYIALIHHIA MaCTAIBHAN
Hacoc; 7 — MacTuiIbHUH (inbTp; 8 — m03epHMi MpUCTpiii

[Togaya macTuia 10 MamleHHS KOJIHYATOro Bajy Ta IiANIMITHUKIB
nu3eniB 2, 3, 4 3a0e3neuyBaiach HUPKYJIALIHHAM HACOCOM 6 (OKpEeMO st
KOXKHOTO 3 jau3eniB). OUMIIeHHS MacTHlIa BUKOHYBAJIOCh 33 JIOITIOMOTOIO
¢inpTpa 7 (TaKoX OKpEeMO U KOKHOTO TU3EI0) Ta cermaparopa S5 (SKui
MOCHIIOBHO MiJKITIOYABCS A0 CUCTEM MAIeHHS KOXHOTO 3 au3eniB). Ilo-
MMOBHEHHS 00CSTYy MacTHjIa B KapTepi JTU3eiB 31HCHIOBAIOCH 3 [IUCTEPHU
1.

JocnipkeHHs: BAKOHYBAINCh HAa JABOX OU3EIISX, IO HA MOYAaTOK BH-
npoOyBaHb Malli OJHaKOBHU pecypc (mosumii 2, 3 Ha puc. 1). Ilix gac
BUTIPOOYBaHb JTU3EIi eKCILTyaTyBaUCh HAa PIBHUX MK COOO0 HaBaHTa-
XKEHHAX. Y BHUINAAKY, KOJIU MOTYKHOCTI JBOX AHM3ENiB (Ha SKUX MPOBOAU-
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JINCh NOCIIKEHHS) OyJI0 HEOCTATHRO IS 3a0€31eUCHHS CYTHOBUX TIOT-
pebd B eNeKTpUYHOI eHeprii, BHKOPUCTOBYBABCS TPETIH AM3enb (mo3utis 4
Ha puc. 1). Takox nuine nei qu3esb BUKOPUCTOBYBABCS Y BHIIAJIKY, KOJH
IS 3a0e3MedYeHHs] OTPiOHOCTI Cy/THA B €JIEKTPUYHOI €Heprii BHCTadasio
MOTY>KHOCTI OZJHOTO JU3EITIO.

Sk crnoci0, mo 3abe3nedye MiIBUIICHHS CTPYKTYPHHX XapaKTepuc-
TUK MOTOPHOTO MacTwia (a came KpallOoBHX KYTiB 3MOYYBaHHsS), OYJIO
o0paHO MonaBaHHS MOBepxHEeBo-akTHBHUX pedoBuH (IIAP). B HaykoBo-
JIOCTiTHATIEKOT JabopaTopii Oys0 BH3HaU€Ha ONTHMAalbHA KOHIIEHTPAIlis
ITAP B 00’eMi MOTOpHOT'O MacTHja, PH K0T 3a0€3MEUYIOThCSI MaKCHUMa-
JbHI KyTH 3MouyBanHs [17, 18].

o cucremu marieHHs oHOTO 3 Au3eniB (rmo3utlist 1 Ha puc. 1) 3a go-
ITOMOT'O0 JI03epHOTO MpHcTporo (mo3wmilis 8 Ha puc. 1) noxasamacek [TAP.
Yac BBenenns I1AP go 3arampHOro obcsiry skwii 3a0e3nedyBaB MiATpHU-
MaHHS ii ONTUMaFHOI KOHIIEHTpalii OyB BU3HAYSHHN B TIOTIEPEIHIN T0C-
JDKEHHSX Ta KOHTPOIIOBABCS NIISIXOM BHUMIPIOBaHHSI OCTATOYHOTO JIYK-
moro uncia (Total Base Number — TBN) motopHoro mactuna.

JocmimkeHHsT BUKOHYBAJIKCS IMiJI YaC OKEaHCHKHUX TIepeXOiB CyIHa,
TPHUBAJICTh AKUX cTaHoBWia 12...18 mHiB. [Ipu mboMy (y 3B'SI3KY 3 BiACyT-
HICTIO MAHEBPOBHX Ta IIBAPTOBUX PEKHUMIB, a TAKOK BaHTAKHUX OIEpa-
i) eKCIuTyaTallis JU3eNdiB BimOyBanacs 0e3 cTpHOKOMOAiOHOT 3MiHU Ha-
BaHTaxkeHHA [19, 20]. Ctan nanuBHOI anapaTypu (MaIMBHUX HACOCIB BU-
COKOTO THCKY Ta ()OPCYHOK), a TaKOoX II perynmroBaJIbHI napaMeTpH (THCK
HaTHITaHHS, KyT TMOYaTKy MOjayi MajvBa) BCIX OU3eNiB OyJiH iIeHTHYHI
[21, 22]. ¥V cucTemax MallleHHS Ta OXOJIO/PKEHHS JTU3ENiB MiATPUMYBaIH-
csl OJJHAKOBI 3HA4YEHHS TeMIepaTypHu Ta TUCKy. Ilepex mowaTtkom excrie-
PUMEHTIB Y IUPKYJALIHHAX CHCTEMaX MAIeHHs JU3eNiB OYyJI0 MOBHICTIO
3aMiHeHO MacTwi10. KomneHcanist BUTpaTH MacTHiIa Ha BUTap AJIsl KOKHO-
ro 3 au3eniB BUKOHyBanacs B o0cs3i 100 mitpiB uepe3 100 roguH excrury-
arartii [23-25].

Jise BUKOHAHHS 3aBIaHHs JTOCIIJKCHHS ITiJ] Yac MPOBEICHHS eKCIle-
PUMEHTY BH3Ha4yaBcs MexaHiuHUM koediuieHT KopucHoi nii (KK/) nuse-
71 — Nm, TUCK CTUCHEHH — Pc, TEMIIEPATYPa BUITYCKHUX Ta3iB s, 8 TAKOXK
¢ikcyBanucsa 3HaueHHss TBN macTuna y BiAMoBimHI yacoBi iHTepBaiu
roro poboru. BusHauenns Mmexaniunoro KKJI 3miiicHioBaiocs METOOM
MOCTiHOT BUTpATH MalKuBa, BU3HAUYEHHSA THCKY CTHCHEHHS Ta TeMIlepaTy-
PH BUITYCKHHX Ta3iB — 3a JOIIOMOTOI0 CUCTEMH AiarHOCTYBaHHS [TOKa3HH-
KiB po0040ro MUKy cyaHoBoro ausens Doctor, BuzHaueHHs TBN macna
BUKOHYBAJIOCS B CYJIHOBIM TexHiuHid Jsaboparopii ¢ipmu Cylinder
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Scrape-Down Oil Analysis BiAIOBIIHO 10 PEKOMEHIOBAHUX TEXHOJOTIH
Ta IOCIiZoBHOCTI [26-29].

3MiHa CTPYKTYPHHUX XapaKTEPUCTHUKA MOTOPHOTO MacTHia KOHTPO-
JIOBAJIACH NUISXOM BU3HAYCHHS KPAHOBHX KYTIB 3MOYYBaHHS O Ta TOB-
IIMHU foro amcopOIiitHoro mapy Oy MUIIXOM BHMIPIOBAHHS IMX TTOKa3-
HUKIB B TIPOMDKKH Yacy, IO BiAMOBIAIOTh BU3HAYECHHIO ITOKA3HUKIB PO-
00TH nn3emiB.

Pe3ynbpraT BUMIipIOBaHHS WX NOKa3HUKIB st qu3esns Ne 1 (mo mac-
TWIBHIN cucTemu sikoro nomaBanack 11IAP) Ta mra nuzens Ne 2 (ekcrurya-
Tallis SKOTO BUKOHYBasach 0e3 momaBanHA [IAP mo macTuia) HaBeneHi B
TaoI. 2.

Tabnuus 2. Pe3ynbTaTi eKCIepuMeHTy

IToka3Huk

Yac,
TOIMHHA
%

MNm1, Nm2, Dcly Pc2, tert, ter2,
TBNL | TBNz | o % | MIla | MITa | °C | °C

HaBanTaxkeHHs,

1 70 14,4 144 | 883 | 883 10,2 10,2 | 281 | 281

100 75 143 | 142 | 884 | 883 | 103 | 10,2 | 283 | 285

200 70 143 | 141 | 881 | 878 10,1 | 10,0 | 283 | 288

300 45 14,1 | 13,7 | 84,2 | 837 9,4 9,2 253 | 259

400 50 14,1 | 134 | 852 | 84,2 9,6 9,4 259 | 268

500 55 140 | 13,0 | 855 | 847 9,7 9,4 266 | 276

600 70 138 | 12,1 | 87,7 | 86,3 9,9 9,5 278 | 288

700 65 136 | 116 | 853 | 841 9,8 9,4 273 | 283

800 40 135 | 114 | 837 | 821 9,4 9,0 255 | 265

900 45 135 | 11,2 | 846 | 83,0 9,5 9,0 259 | 272

1000 50 134 | 10,9 | 851 | 832 9,7 9,1 262 | 276

Mprmitka: TBN1, Nmt, pei, et — st gusesst Ne 1; TBN2, Nm2, pe2, tero — 1
nuzens Ne 2

B 1abn. 3 HaBegeHi CTPYKTYpHI MOKa3HUKH MOTOpHHX MacTui (Ne 1
JI0 CKiIaay sikoro nojaBanack [TAP Ta Ne 2) 3ajexHo Bif 4ac iX eKcCIuTya-
Tamii B 1u3ei.

3a pesynbTaTamu, O HagaHi B Tabauusax 2, 3 moOyaoBaHi HOMOTpa-
MU (puc. 2, 3), gki BimoOpaxaroTh 3MiHY €KCIUTyaTal[lHHUX MOKa3HHKIB
musenst 6L16/24 MAN Diesel Ta cTpyKTypHHX XapaKTepUCTHK MOTOPHOTO
mactuna Mobilgard ADL30 ¢ipmu Mobil.
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Tabmmns 3. PesynpTaTi eKCriepuMeHTy
Yac, roquHu HokasiK
e 01, rpazn 0y, rpazn Ouw1, MM w2, MM
1 18,3 18,3 3,8 3,8
100 18,3 18,0 3,7 3,5
200 18,2 17,6 3,6 3,2
300 18,2 15,3 3,6 2,8
400 18,0 13,6 3,5 2,6
500 17,8 12,3 3,5 2,4
600 17,8 11,2 3,3 2,3
700 17,9 10,2 3.4 2,0
800 17,7 9,5 3,3 1,9
900 17,6 9,3 3.4 1,9
1000 17,5 9,1 3,3 1,7
Ipumitka: 01, Ay — aust qusesst Ne 1; 0, A — st auzenst Ne 2
BN
14— I n,
13+ 88
121 ! 86
1"n— 84 [ ]
|_ 1
¢ 1 200 400 600 800 1000 ¢, rojt 82 1 200 400 600 800 1000 ¢, rojt
Q) 9)
Pes s
Mpa oC
10,0 280
9,5 270
9,0 4 260
82 1 200 400 600 800 1000 1, rox a0 1 200 400 600 800 1000 7, ron
6) 2)

Puc. 2. 3miHa excruTyaTalifiHUX MOKa3HUKIB CyHOBOrO nu3ens 6L.16/24
MAN Diesel Ta motoproro mactuina Mobilgard ADL30 ¢ipmu Mobil:
a — 3arajibHe JIy)He uncio; 6 — mexaniuanid KKJI; 6 — THCK CTHCHEHHS;
2 — TeMIepaTypa BUIIYCKHUX Ta3iB; 1 — am3ens Ne 1; 2 — nuzens Ne 2
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Puc. 3. 3miHa cTpYKTYpHHX TIOKa3HUKIB MoTOpHOTO MacTiia Mobilgard ADL30
dbipmu Mobil:
@ — KparoBHi KyT 3MOUYyBaHHs;, 6 — TOBIIMHA aCOPOLIHOTO mIapy;
1 — mqusens Ne 1; 2 — nqusenpb Ne 2

BigmocHa 3MiHa IMOKa3HUKIB, 10 BU3HAYAIKMCE MM Yac JOCITIIKEHHS,
PO3paxoByBaslach 3a BUPa3aMHu:
BiJIHOCHE 30ibIIeHHS TUCKY cTHCHEHHS [30]

_ Pe — Peo -100%; (1)

pcl

Ap

C
BigHOCHE 30inbmenns Mexaniunoro KK [31]

Anm — Nmt ~ Mz -100%; (2)
T‘|m1

BiJIHOCHE 3MEHIIIEHHSI TEMIIEPAaTyPH BHITyCKHUX ra3is [32]

BI'

at, =52 7ha 10006, ©)

Br2
BiJTHOCHE 301JTBIIIEHHS 3araJIbHOTO JIY)KHOT0 urcia [33, 34]

TBN, - TBN

ATBN= 2..100%. (4)

Pesynpratn po3paxyHkiB 3a Bupazamu (1)-(4) 3 ypaxyBaHHAM 4acy
BHUMIpIOBaHb HaBeJ/IeHI B TaOnwili 4.

3a pe3yabTaramu Tab1. 4 moOymoBaHa KOMIUIEKCHA jiarpaMa, 1o Bi-
noOpaxkae 3MiHy IMOKa3HHUKIB B 3aJI€KHOCTI Bl yacy eKcIutyaTauii au3ens
— puc. 4.
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Tabnmns 4. Pe3ynpTaTti po3paxyHKy BiTHOCHHX BiIXHJICHD ITOKa3HHUKIB

Yac, roguHu Hoxasamk
’ Ape, % Anm, % Ater, % ATBN, %
100 0,97 0,11 0,7 0,69
200 0,99 0,34 1,77 1,39
300 2,13 0,59 2,37 2,84
400 2,08 1,17 3,47 4,96
500 3,09 0,94 3,76 7,14
600 4,04 1,60 2,92 12,32
700 4,08 1,41 3,66 14,71
800 4,26 191 3,92 15,56
900 5,26 1,89 5,02 17,04
1000 6,19 2,23 5,34 18,66
ATBN,% 20 15 10 S 0
' I ' ' e Ap.,
= %
= 1 |6
-5
-4
-3

2
=
& -1
0[ roa1000 800 600 400 200 0

200 400 600 800 1000t rojx
H <
21 g
5 I
4 ES |
5 g |
At,, >
% 3

0 05 10 15 20 25An.%
Puc. 4. KomniekcHa fiarpama 3MiHH KOHTPOJIbOBaHUX ITapaMeTpiB:
Apc — BitHOCHE 301TBIICHHS TUCKY CTHCHEHHS; ANm — BiTHOCHE 301JIbIIEHHS
MmexaHigaoro KK/I; Aty — BiTHOCHE 3MEHIIIEHHS TeMIIEpPaTypH BUITyCKHHX Tra3iB;
ATBN — BigHOCHE 301JIBIIIEHHS 3araJIbHOTO JTY>KHOTO YUCITa
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BucHOBKH i mepcneKTHBY NOAANBIIUX J0CTiTKeHb. [IpoBeneHIMU
JTOCTIDKEHHSIMI BCTAHOBIIEHO B3a€MO3B 530K CTPYKTYPHHX TOKAa3HHKIB
MOTOpPHHMX MacTull (30KpeMa KpaioBOro KyTa 3MOYYyBaHHSA Ta TOBILIWHH
aJIcOpOLIHHOro Imapy) Ta eKCIUTyaTaliiiHuX MOKAa3HUKIB CyTHOBUX JTU3e-
7B (30KpemMa THCKY cThCcHeHH:, MexaHiuyHoro KKJI, remmeparypu Buiryc-
KHUX Ta3iB). 30iJbIICHHSA 3HAYCHb BKa3aHUX CTPYKTYPHHUX MOKAa3HHKIB
MOTOPHOT'O MacTuia (SIKe TOCATAETHCS LUIIXOM TOJaBaHHS 0 MOTOPHOTO
MacTHJIa TIOBEPXHEBO aKTUBHUX PEUOBHH) 3a0e3redye 3MEHIICHHS MeXa-
HIYHUX BTpaT i 9ac OTPUMaHHS KOPHCHOI poOoTH. BeranoBnenuit pakt
MOSICHIOETHCS MIABUINEHHAM TiJpaBIivHOI IIIJTBHOCTI B Mapax TePTS CY-
HOBOTO [u3eNsl Ta 30UTBIICHHSIM TNPYKHOAEMI(YIOUNX BIACTUBOCTEH
MOTOPHOTO MacTHJIA.

s motoproro mactuina Mobilgard ADL30 ¢ipmu Mobil Bctanos-
JIEHO, 1110 J0/IaBaHHS B HOTo 00’€M MOBEPXHEBO aKTHBHUX PEUOBHH 3 OII-
TUMAJIBHOIO KOHIICHTPAIIEI0 (3HAUYEHHS SIKO1 BU3HAYAETHCS AOAATKOBHMU
JOCTIDKEHHSIMH) Ta MiITPUMAaHHS I[i€1 KOHIEHTpAIIil ImiJl 4ac eKcIuTyaTa-
1ii CyIHOBOTO AM3ENs 3a0e3nedye CTalicTh B 3HAUEHHAX KpaHoBOro KyTa
3MOYYBaHHS Ta TOBIIWHA aJICOPOIIIHOTO MACTHIIHHOTO MIAPY.

[lopiBHAHHS eKCIUTyaTallifHUX XapaKTEPHCTUK CYAHOBOTO JH3EII0
6L16/24 MAN Diesel cBigunth, 1110 BAKOPUCTaHHS MOTOPHOTO MacTHJIA 3
OUTBII  BUPaXEHHUMH CTPYKTYpHUMH  TIOKa3HHKaMH Ha  TIPOTs3i
1000 roxuuHOI pobOTH 320€31euye:

® BigHOCHE 30LJIbIIEHHS THUCKY CTHCHEHHS B  Jliama3oHi
0,97...6,19 %;

e BigHocHe 30impmienHs Mexaniunoro KK/ B miamasoni
0,11...2,23 %;

® BiJHOCHE 3MEHIIEHHS TEMIepaTypH BUITYCKHHUX Tra3iB B Jliala3oHi
0,7...5,34 %;

® BIJHOCHE 30UIBIICHHS 3arajlbHOTO JIY)KHOT'O YHKCJIa B Jliana3oHi
0,69...18,66 %.

BukaneHe miarBepkye MOXKIMBICTh BIIOCKOHAJICHHS IPOLIECIB Ma-
LICHHS JU3€JiB CyJeH MOPCHKOr0 Ta BHYTPIIIHBOI'O BOJHOTO TPAHCIOPTY
LIISIXOM KEPOBAHOTO BIUIMBY Ha CTPYKTYPHI XapaKTEPUCTHKH MOTOPHOTO
MacTHJIa, SIKe€ BUKOPHUCTOBYEThCS HOTO B CHCTEMI IHUPKYJISIIIHHOTO Ma-
LICHHS.
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ECO-ENERGY ANALYSIS OF THE EXPEDIENCY OF
NANOADDITIVE Cs FULLERENE TO THE COMPRESSOR
OILS FOR SMALL REFRIGERATING APPLIANCES

Introduction

Currently, there are two trends in the development of vapor-
compression refrigeration systems (VCRSs). First, the use of "natural"
refrigerants (propane R290, isobutane R600a), which contributes both to
an increase in the cooling coefficient of vapor compression refrigeration
equipment and to a decrease in greenhouse gas (GHG) emission [1].
However, the list of refrigerants for marine refrigeration is limited there-
fore this task is complex [2, 3]. The prospect “natural” R600a and R290
are forbidden to be used in the vessel’s refrigeration equipment (except
the cases when the mass of the refrigerant charge is less than 150 g), as
they are class A3 hazard refrigerants (fire hazardous) [4]. The second is
the use of nano additives to the working fluids of vapor compression re-
frigeration systems to increase their efficiency without modernization.

In the author's opinion, the fullerene Ceo can be considered the most
appropriate and promising nano-additive to the compressor oil of the
VCRS [5-9]. Fullerene Cegp has a high solubility in non-polar liguids (such
as compressor oils), and it can be considered both a large molecule and a
small nanoparticle in liquid [10]. These facts will contribute to the high
stability for clusterization and precipitation of the compressor oils con-
taining Cgo. Excellent sedimentation stability of Cgo in lubricants without
surfactants was confirmed experimentally in works [5] for HM32 basic
lubricating fluid, [6] for engine lubricant, [7, 8] for compressor oils for
VCRS.

Probably, the first results of studying the energy efficiency of the do-
mestic refrigerator that operated with R600a with fullerene Ceo additives
were reported in [9]. The authors of [9] reported an increase of the coeffi-
cient of performance (COP) up to 5.3...5.6 % using compressor oil con-
taining 0.003 g-cm™ of fullerene Cqo. In the study [7], it was found that the
COP of the experimental VCRS operating with the working fluid of
R600a/mineral compressor oil (containing 0.0050 g-g* fullerene Cgo) in-
creases up to 4 % compared to the pure oil. The expediency of adding the
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fullerene Cgo into compressor oils to increase the energy efficiency of the
vapor compression refrigeration system operated with R290 (propane)
without its modernization has been confirmed experimentally in the own
study [8].

In addition, recently there have been many works investigating the
addition of small amounts of Ceo fullerene to lubricants (not only for re-
frigeration compressors) and indicating its prospects. [6, 11, 12]. Ceo full-
erene used as an additive in engine lubricant has decreased the friction
coefficient by 4-7% [6]. Ceo is believed to have a layer forming, surface-
modifying effect and act as a rolling element. The optimal Ceo concentra-
tion from friction coefficient consideration proved to be around 0.17 wt%
for these experiments [6]. The four-ball friction experiment method was
used in the study [11] to investigate the extreme pressure and tribological
properties of 7 kinds of lubricating fluids with fullerene Cs concentra-
tions ranging from 100 ppm to 1000 ppm. The maximum nonsintering
load increases by 36.01% and the sintering load increases by 100.81%
when the Cgo concentration reaches 200 ppm in HM32 base fluid. It was
shown that Ce has significant antiwear properties. The friction coefficient
decreases by 41.28% and the steel ball wear scar diameter decreases by
10.40% when the fullerene concentration reaches 200 ppm. However, an
excessively high concentration of Cso will increase friction and wear.
However, in [12] it was shown, that the addition of a finely dispersed full-
erene powder in a liquid lubricant does not improve anti-bully properties,
but is only an anti-wear additive. It is shown that the improvement of the
wear index for all oils begins with the concentration of 0.2 % masses,
fullerenes in the lubricant and does not exceed the values 11.1...15 %.
Tribological characteristics were evaluated on a four-ball friction ma-
chine.

The performed review shows the perspective of using Cg nanoaddi-
tive to compressor lubricants but does not allow to make a final assess-
ment of the impact of this lubricant modification on the environmental
and energy characteristics of VCRS as a whole. The purpose of this work
is the environmental and energy analysis of two small refrigerating devic-
es when they work with the use of compressor lubricants both with Ceo
fullerene additives and without additives. The analysis is based on exper-
imental data obtained by the authors earlier [8].

Method of analysis
Today, the main energy characteristic of small refrigerators is their dai-
ly energy consumption. Using this value, the Energy Efficiency Index
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(EEI) [13] is estimated, the numerical value of which determines the ener-
gy efficiency class of refrigerating appliances:

EEI zloo.M, (1)

annual

where E,,.., is the annual energy consumption of the household re-
frigerating appliance, kW-h; SE,, .., is the standard annual energy con-
sumption of the household refrigerating appliance, which is determined
according to the method [13] and takes into account the category of the

refrigerator or freezer, kW-h.
The equivalent volume of a household refrigerating appliance:

C=n _
Vo= SV 2l pr oo, @
= 20

where n is the number of compartments; V.. is the storage volume of
the compartment(s), m*; T, is the nominal temperature of the compart-
ment(s), °C; FF., CC and BI are the volume correction factors [13].

It should be noted that Regulation (EU) No. 1060/2010 [13] is re-
pealed since April 1, 2021 [14], but based on the draft of the new regula-
tion given in [14], there will be no significant changes in the approach to
the EEI value calculation.

In work [15, 16], an indicator of the eco-energy efficiency of refriger-
ation devices is proposed, which is advisable to use for analysis in con-
junction with the value of EEI. This indicator characterizes the equivalent
emission of greenhouse gases per unit of produced cooling (kg CO; per
kWh).

_ TEGHGE 1 (3)

Qo T

where TEGHGE is the total equivalent emission of greenhouse gases
during the life cycle of the refrigerating appliance, kg COz; Q, is cooling

capacity, KW; t is operating period of the refrigerating device, hours.

The approach for calculating the total equivalent greenhouse gas
emission (TEGHGE) is described in detail in [15 - 17]. This method takes
into account greenhouse gas emissions from the production and disposal
of equipment, during the operation of the equipment. For the analysis of
refrigeration appliances of small capacity, the equation for TEGHGE can
be written as:

E
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TEGHGE = Zemi . micomp + Zem o™ ﬁ E

i annua

T

. (4)

util i

+(mR . Lannual T+ Mg YRyl ) GWPR
where em, is the emission of greenhouse gases during the production

of the i-th material used during the manufacturing of the refrigerator, kg
CO2 (kg of material)™*; m®™ is mass of the i-th material used during the

manufacturing of the refrigerator, kg; €My ; is GHG emission during

utilization and processing of the i-th material used during the manufactur-
ing of the refrigerator, kg CO>-(kg of material) *; 7 is the average life of
the refrigerator, years; £ is the greenhouse gas emission factor per unit of
electricity produced for a specific country, kg COz- (kWh); E,, .. IS an-

nual electricity consumption, kW-h; m, is mass of refrigerant charge, kg;
GWP, is global warming potential of the refrigerant, kg CO.- (kg refrig-
erant)®; L is annual refrigerant leakage (from the share of refrigerant

annual

charge); 7w is refrigerant leakage at the end of the service life (from the

proportion of refrigerant charge).
Equation (5) is recommended to calculate the value of em, -m®™ in

case the equipment requires human labor and energy resources for its
manufacture which are significantly larger than material resources (high-
tech elements of automation, electronics, etc.). The appropriateness of this
approach is confirmed in [18] where it was shown that the carbon dioxide
intensity of material production is dominated by the energy intensity of
production and the implied fuel usage, with a very strong correlation be-
tween them.
em=emgpp -C, (5)

where c is the cost of equipment components, $; em,,, - carbon inten-
sity of the country’s GDP, CO,- $.

Input data

The input data for eco-energy analysis are considered below.

The values of specific energy intensity at the manufacturing of some
materials used in VCRS are presented in Table 1.

The value of carbon intensity of GDP (Gross Domestic Product) for
different countries can be found in https://world-statistics.org/ and for
Ukraine em,,, = 1.69 (kg CO; per $ of GDP).
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The values of GWP for refrigerants can be found in [19]. R290 GWP
was 20 kg CO,-kg™.

Table 1. GHG emissions during the manufacturing and recycling of some materi-

als [20]
Mixed manufacturing | 100 % recycled material man-
Material GHG emissions*, (kg | ufacturing emissions, (kg
COy)kg? CO) kg
Steel 1.43 0.54
Aluminum 4.50 0.63
Copper 2.78 2.46
Plastics 2.61 0.12

* The materials were obtained from both raw materials and recycled material

Annual refrigerant leakage L and end-of-life refrigerant leakage

annual

Yrui for different equipment types can be taken from [21]. It should be

recommended L, ., =5 % from part of the refrigerant charge and 7z =0

for small refrigerators. The mass charge of R290 was 130 g.

National indirect emission factor or carbon intensity per 1 kW-h elec-
tricity consumed g can be found in [22] and for Ukraine f = 0.70784
kgCO, (kW-h)™.

The service life of refrigeration appliances was assumed to be 15
years.

The information on materials composition and various components
content for refrigerators and air conditioning systems is not often availa-
ble. Available data on the structure of material and monetary expenses on
household refrigerating appliances produced in Ukraine (according to the
Ukrainian manufacturer information) was used as a base for the analysis.
The mass percentage composition of the four main materials used during
household refrigerator manufacturing is presented in Table 2. From the
manufacturer information, the structure of the monetary expenses on ma-
terials (Table 2) and components (automatic devices and electricals) of
household refrigerating appliances was 70 % and 30 %, respectively. The
indirect GHG emission during the manufacturing of the refrigerator com-
ponents and materials was calculated by Eqg. (5) and the first term of Eqg.
(4), respectively.

Results and discussion

A refrigerator and freezer for commercial use of the same series with

an equal internal volume manufactured by Liebherr were taken as an ob-
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ject of the study. The information about the objects of study is given in
Table 3 (Catalogue “Refrigerators and freezers for commercial applica-
tion”, 2020 Liebherr.).

Table 2. Mass percentage composition of main materials for household
refrigerating appliances

Material Household_ refrigerating
appliance *

Steel 65.4 %

Aluminum 0.6 %

Copper 29.0 %

Plastics 5.09 %

* refrigerator prototype for analysis: volume of the cooling chamber was 285 |
(temperature +4 °C); the volume of the freezing chamber was 65 I; overall dimen-
sions are 180.5 cm x58 cm x61 cm.

Table 3. Information about the objects of study

Cooling chamber
GN 2/1 GKPv 6573

Freezing chamber
GN 2/1 GGPv 6570

General/useful volume

597 / 465 liters

597 / 465 liters

Outside dimensions, mm

(W/D/H) 700/830/2120 700/830/2120
Inside dimensions, mm

(W/D/H) 510/650 /1500 510/650 /1550
Energy consumption per 577 KW-h 1874 KW-h
year

Climatic class 5 5
Refrigerant R290 R290
Rated capacity 20A /180 W 4.0A/300W
The temperature range in +1°C . 415 °C 110°C . 26 °C
the chamber
Insulation 83-60 mm 83-60 mm
Weight net 123 kg 119 kg
Range of boiling tempera- 9°C 15 °C 20°C . -36°C

tures

The following objects were taken as working fluids for the considered
refrigeration devices, for which the experimental data about the cooling
capacity and power consumption were obtained in an experimental instal-
lation based on an Embraco Aspera EMT 6152 U compressor [8]:

—R290 / RENISO SP46 compressor oil (shown as ROSL1 in the fig-
ures and text);
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—R290 / ProEco® RF22S compressor oil (shown as ROS2 in the fig-
ures and text);

—R290 / RENISO SP46 oil containing 0.223-10* kg-kg™* Cgo (shown
as ROS1+Cg in the figures and text);

—~R290 / ProEco® RF22S oil containing 6.837-10* kg-kg! Ceo
(shown as ROS2+Cg in the figures and text).

The data obtained in the experiment [8] could be adapted and used for
further analysis of specific refrigeration appliances due to the following
circumstances:

— the condensing temperature of 318.5 = 1.0 K was assumed for the
experiment [8], which corresponds to the unfavorable operating condi-
tions of the considered refrigeration devices in the summer period (for the
temperature of air 32...35 °C); at the same time, to calculate the heat in-
flows into the refrigerator and freezer, the ambient temperature of 32 °C
was assumed;

— the range of boiling temperatures of 252...271 K was assumed for
the experiment [8], which corresponds to the operating conditions of the
refrigerator GN 2/1 GKPv 6573 and the freezer GN 2/1 GGPv 6570 (the
temperature difference between the refrigerant boiling temperature and
temperature of the and air in the chamber is 10 °C);

— compressor Embraco Aspera EMT 6152 U, on which the experi-
ment in [8] was based, is widely used in small refrigerating devices;

— for each compared variant of operation of refrigeration appliances,
the dependence of the working time coefficient on the temperature in the
chamber was calculated; for this purpose, the experimental dependence of
the cooling capacity on the boiling point was used, and the heat inflows
into the refrigeration (freezing) chamber was calculated at an ambient
temperature of 32 °C for the dimensions of the device given in the catalog,
as well as the thickness of the thermal insulation.

According to the above-described methodology and data on energy
consumption and cooling capacity of the experimental VCRS (Fig. 1), the
annual energy consumption of the considered research objects was calcu-
lated.

Figures 2 and 3 show the main dependences of the value of the energy
efficiency index EEI and the environmental-energy efficiency coefficient
E on the temperature in the chambers of two small refrigeration devices.

As can be seen from Fig. 2 and 3, Ceo fullerene admixtures lead to an
increase in the specific eco-energy efficiency indicator by an amount from
6.2% to almost 25%, depending on the selected compressor lubricant and
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the mode of operation of the refrigeration device. Moreover, using ProE-
co® RF22S lubricant (as part of ROS2), the effect of the presence of full-
erene on the eco-energy efficiency indicator is larger (13.5...25%) than
when using RENISO SP46 lubricant (6.2...11.1%). This effect may be
related to the different effects of the presence of Ceo 0n the viscosity of the
lubricant and requires further experimental study.

330 & ROSE ®{ 400f 2 ROSI
4 ROSI+C, 4 ROSI+C,
<3200 ° ROS2 - _350F 1 o ROS2
< * ROS2+C Z g0l | ® ROSZIC,
g 310 =
2 2 250
g 3004, %‘
g .- s 200
£ 290} © =
g 8‘ 150
Q0
280 ool
5
27’0 1 1 1 - 1 50 1 1 1 1
255 260 265 270 255 260 265 270
Evaporating temperature (K) Evaporating temperature (K)
a b

Fig. 1. Dependence of the compressor power consumption (a) and cooling capaci-
ty (b) on the refrigerant evaporating temperature in the experimental VCRS [8]

Analysis of the results shown in Fig. 2 and 3 allows us to draw the
same conclusions about the expediency of using certain working bodies in
refrigerating appliances, both using the traditional energy efficiency index
and using the environmental-energy efficiency coefficient. This can be
explained by the almost equal contribution to the value of TEGHGE of
indirect emissions from the manufacturing of refrigeration equipment
(taking into account the presence of Cgo in the compressor oil barely in-
creases the indirect contribution of the VCRS manufacturing). Despite
this, the value of the ecological and energy efficiency coefficient allows
for a quantitative assessment of the carbon footprint during the production
of a unit of cooling. As can be seen from Fig. 3, GHG emissions during
the production of refrigeration for a low-temperature chamber are signifi-
cantly lower than those of a freezer. Therefore, the analysis of the value of
the eco-energy efficiency indicator will make it possible to estimate the
possible reduction of GHG emissions during the modernization of refrig-
eration equipment in absolute terms (in contrast to the analysis of the val-
ue of the energy efficiency index).
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Fig. 2. Dependence of the value of the energy efficiency index EEI on the tem-
perature in the chamber of the freezer GN 2/1 GGPv 6570 (curves in the region of
negative temperatures) and the refrigerator GN 2/1 GKPv 6573 (curves in the
region of positive temperatures)
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Fig. 3. Dependence of the value of the coefficient of environmental and energy
efficiency E on the temperature in the chamber of the freezer GN 2/1 GGPv 6570
(curves in the area of negative temperatures) and the refrigerator GN 2/1 GKPv
6573 (curves in the area of positive temperatures)
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Conclusion

In this paper, it is suggested to use a specific eco-energy efficiency
indicator together with the traditional energy efficiency index to evaluate
the ecological and energy efficiency of small refrigeration appliances. The
proposed indicator characterizes the equivalent emission of greenhouse
gases per unit of produced refrigeration (kg CO, per kWh).

The results of the analysis of two indicators for the GN 2/1 GGPv
6570 freezer and the GN 2/1 GKPv 6573 refrigerator when propane
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(R290) and two different compressor oils with and without Ceo fullerene
admixtures were used as the working fluids showed the expediency of
using a nano-additive in all modes of operation of refrigeration devices. It
is shown that Ceo fullerene admixtures lead to an increase in the specific
eco-energy efficiency indicator by an amount from 6.2% to almost 25%,
depending on the selected compressor lubricant and the mode of operation
of the refrigeration device.

Application of the proposed specific eco-energy efficiency indicator
during the design or upgrading of marine refrigeration equipment of vari-
ous capacities will allow us to choose an engineering solution with the
least environmental hazard. For instance, the authors plan to perform the
justification of the eco-energy feasibility of the operation of the compres-
sor-ejector refrigeration machine in marine applications [23].
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PECULIARITIES OF WEAR OF THE WORKING SURFACES OF
PARTS OF SHIP'S TECHNICAL EQUIPMENT (STE)

Statement of the problem in general.The energy load of the contact-
ing surfaces plays a significant role in the working units of parts of the
STE. It largely depends on the speed of its movement and mass during
long-term or cyclic loading of the working steam. At a high level of
energy consumption, a decrease in the braking torque of sliding bearings
is observed due to a drop in the dynamic coefficient of friction due to an
increase in temperature on the working surfaces of the contacting
elements. If the temperature of the friction surfaces exceeds the allowable
one for the materials of the working pair, a decrease in braking efficiency
is observed, and intensive wear of the working surfaces and their
destruction occurs. At the same time, due to high temperature gradients on
the surface of the metal friction element, high temperature stresses
develop, which contribute to the initiation and development of
microcracks, which leads to its destruction.

Analysis of recent researches and publications. Loading on the
couplings of STE parts, in particular, on the crankshaft of a piston engine
under operating conditions is random, since most of the time the engines
are operated in unstable modes. In addition, the fatigue resistance
characteristics of the materials from which the crankshafts are made are
also random values. Therefore, the interpretation of strength conditions
should be based on probabilistic concepts [1].

Most of the structural elements of the ship work under conditions of
cyclic loading, which creates favorable conditions for the development of
fatigue cracks.

The analysis of the results of the destruction of STE parts using the
example of crankshafts in operating conditions indicates that the largest
number of them occurs on the cheek with the initiation of a fatigue crack
in the connecting rod of the connecting rod neck and the cheek in the
plane of the crank. The main cause of such breakdowns is a high stress
concentration in the bars.

Formulation of the problem. Is to improve the performance of the
operating parameters of the contacting nodes of the STE parts with the
application at the stage of their design of the results of a system approach
to research on changes in the operating characteristics of the tribosystem.
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Presentation of the main research material. A large number of
factors affecting the onset of local destruction of the materials of the
contact spots of the microprotrusions of the friction pairs due to thermal
fatigue does not allow the development of a universal experimental
technique, the results of which would be adequate to the phenomena that
take place in real conditions. When analyzing the load conditions of the
contacting steam, the thermal conditions of its operation should be
subjected to a careful assessment. the nature of the change in the
temperature gradient along the surface and in the cross-section of the
near-surface layer, the intensity of heat transfer, the amount of thermal
eXpansion, as well as the duration of thermal loads and their cyclicity.

Currently, thermal fatigue is described as a process of deformation
and formation and increase of structural damage of microprotrusions of
contact spots of friction surfaces under the influence of multiple changes
of pulsed thermal currents. At the same time, they mean that thermal
fatigue affects all load processes (mechanical, electrical, electromagnetic,
and chemical), during which cyclical changes in pulsed electric currents
should occur.

In real conditions, the microprotrusions of the working surfaces of
pairs of joints during electrothermomechanical friction can be subjected to
the following thermal loads: shock pulse heating and slow forced cooling;
heating and forced cooling at high rates; slow heating and intense forced
cooling; heating and cooling at low rates. In the conditions of cyclic
heating and forced cooling, the multiphase structure and thermal
properties of individual phases have a significant impact on the nucleation
and development of cracks. A certain role is played by non-metallic
inclusions (wear products of friction materials), which, accumulating in
the cracks formed on the surface of the counterbody, work as a wedge
(Fig. 1). A network of microcracks appears on the friction surface. During
braking of the coupling parts, the sharp edges of some microcracks have a
cutting effect, other microcracks are filled with wear products of the
friction material and oxides formed as a result of gas corrosion of the
friction surface. These inclusions can be one of the main reasons for the
development of cracks if they have a striated arrangement.
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Figure 1 - The nature of the initiation and development of cracks along the
width of the joint

When considering the Kinetics of fatigue crack growth according to
V.S. lvanova, it is important to identify areas of change in crack length,
within which the same micromechanism (normal separation, transverse or
longitudinal microshear) controlling the crack growth rate is preserved.

The entire process of fatigue failure of carbon steels can be divided
into several stages:

Np = N;+ Nj; + Njjj + Njy,

where NP - overall durability of the structural element; Nj - the
number of cycles corresponding to the initiation of microcracks and their
growth within one grain of the microstructure; Njj - umcmo cycles
corresponding to the development of a crack from the size corresponding
to the grain diameter to the appearance of a macrocrack; Njjj - the number
of cycles corresponding to the development of a macrocrack; Njy - the
number of cycles corresponding to the doloma process.

The areas of self-similar crack growth correspond to certain critical
crack lengths, within which the activation energy of the process
controlling the crack growth rate does not depend on the crack length, i.e.,
the same mechanism of destruction is preserved. In general, the fatigue
process according to the fatigue failure diagram has several stages (Fig.
2).

Based on the analysis of experimental fatigue kinetic diagrams of
structural materials, it is shown that the following growth rates are
realized for different stages of fatigue microcrack development: I - the
stage of slow crack growth, the growth rate does not exceed 10-5...5-10-6
mm/cycle; 1l - the stage of stable growth of cracks at velocities varying in
the range of 10-5..5-10-6< and <10-3 mm/cycle; Ill - the stage of
unstable growth of cracks at velocities and >10-3 mm/cycle.
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Figure 2 - Fatigue failure diagram according to V. S. Ivanova;
ow - the limit of fatigue; ox - critical fatigue stress; o, - cyclic limit of
elasticity.

The nature of the thermal load distribution is influenced by the state
of the surface layer, its microstructure, change in hardness, roughness,
waviness of the surface, etc. Attention should be paid to the appearance of
wrinkles on the surface of the metal element and a network of cracks on
the surface of the contacting materials after cyclic heating and forced
cooling. As V. S. lvanova's research showed, heating and forced cooling
at high rates lead to a change in volume and are accompanied by a
martensitic transformation of the steel structure of the counterbody.

The 1l stage of established destruction is characteristic of the above-
mentioned process, here there is a transverse microdisplacement of the
microprotrusions of the contacting surfaces.

The results of studies of the process of wear and damage of working
pairs during electrothermomechanical friction made it possible to establish
that the type of destruction of contact surfaces is determined by the level
of thermal load, external mechanical, electrical, electromagnetic and
chemical influences on the surface of the contact spots of
microprotrusions, high-speed flows of the components of the washing
medium and the properties of the surface layers of materials that rub.

The main part of the thermal stresses arising during friction is
concentrated in the subsurface layers of the metal friction elements, which
is confirmed by the known analytical relationship between the braking

time n and the effective depth of heat penetration b=173Vat (where
a is the coefficient of thermal conductivity of the material of the periphery
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of the connection). On the spots of actual contact, as shown by A. Kh.
Dzhanakhmedov, G. A. Fazekas, A. V. Chichinadze, V. Cherpel, F.
Piggel, etc., these stresses become proportional to the flash temperature,
this is accompanied by strong heating of the near-surface layers, which
leads to the formation of burns, thermal spots and nucleation centers and
the development of microcracks.

Therefore, it can be assumed that during the braking process, it is
precisely in the near-surface layer of the friction elements that, under the
action of an electric discharge and a thermal flash, cracks appear due to
thermal fatigue of the material. These cracks develop as a result of the
cooling of the surface layer and the emergence of a temperature gradient
v, thermal stresses in the near-surface layer reach the highest values.
When the temperature rises, the nature of movement of the structural
component materials that rub changes, the strength of the grain boundaries
decreases and the rate of oxidation increases.

The analysis of the mechanism of wear of contacting pairs showed
that in the conditions of aperiodic cyclic heating and forced cooling, the
multiphase structure and thermal properties of individual phases have a
great influence on the nucleation and development of microcracks. A
certain role in the destruction of the material is played by the nature of the
distribution of the network of microcracks on the surface.

Since flash temperatures can quickly reach several hundreds of
degrees, such a jump in them contributes to the transition of the material
to a state of plasticity, when frictional resistance is sharply reduced. Due
to the fact that the duration of the interaction on the spots of actual contact
of the microprotrusions is 10-3...10-6 s, it is not the property of the static
strength of the surface layer of the materials of the friction pair that
becomes important, but the occurrence of fatigue strength, since the
crystal lattice of a solid reacts to actions after 10-5...10-8 s. Therefore, the
restructuring of the structure of the surface layer under the action of
external electric and thermal currents occurs precisely when the
temperature field prevails, and by the time a constant temperature is
reached, the surface layer of the periphery of the connection is already
under the influence of certain residual thermal stresses.

The conducted studies showed that the speed of the thermal process
has a significant influence on the main quality indicators of the surface
layer of the connection periphery.

The high speed of electrothermomechanical processes causes
significant structural transformations in the surface and near-surface
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layers, as well as a change in the physical and mechanical properties of
the material at the periphery of the joint. In the process of friction, the
zone of plastic deformation is not limited to the volume of micro-
uniformities, but extends deep into the materials. At the same time, the
materials of the surface and near-surface layers have a low density of
dislocations. During sliding, dislocations accumulate at some distance
from the surface, their density increases, which leads to the formation of
microcavities in the near-surface layer of the periphery of the joint.

Analysis of the stress state of the surface periphery of the coupling
during braking showed that the frictional forces contribute to its
strengthening and the emergence of compressive residual stresses.
Temperature deformations lead, as a rule, to the appearance of a
strengthening effect in the surface layer, associated with the appearance of
tensile residual stresses.

The intensity of forced cooling, which is determined taking into
account the Bio criterion, has a significant impact on the depth of heating
of the periphery of the connection. The intensity of
electrothermomechanical friction affects the nature of the change in
heating and cooling rates, as well as the distribution of temperatures along
the thickness of the periphery of the joint. At the same time, it is advisable
to investigate the influence of forced cooling conditions on the kinetics of
the thermal process.

The proposed theoretical model of the mechanism of destruction as a
result of electrothermomechanical load during friction confirms the
assumption of the formation of a surface layer on the periphery of the
joint with a low density of dislocations and intensive crack formation in
the near-surface layers, which is in good agreement with the results of
experimental research by Ts. Su.

Also worthy of attention are the works of L.M. Rybakova and L.I.
Kukseneva, dedicated to the method of radiographic research of structural
changes in the thin surface layer of metal during friction.

It is known that electrothermal and external loads applied to a solid
cause strengthening of interatomic bonds, which, due to the heterogeneity
of the structure of most solids, can have a local character. It is at the actual
spots of contact of microprotrusions that local overvoltages occur, the
most intense is the thermofluctuation process of breaking interatomic
bonds, which leads to the destruction of the solid body. According to the
kinetic concept of strength, the electrothermal movement of atoms,
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characterized by temperature, plays a significant role in the destruction of
a solid body.

In fig. 3 the effect of temperature on the relative deformations o/E of
the periphery of the connection (where om - strength limit; os - stress
caused by electrothermal impulses) is shown. This influence must be
taken into account when creating various schemes for calculating residual
microstresses, without knowing the values of which it is impossible to
assess the physical condition of the surface layer of materials operating
under repeated short-term load conditions.

The development of plastic deformations at the tip of a crack in a
plate element of structures under the action of a local heat source is
considered in [1]. A homogeneous isotropic plate with a crack of normal
discontinuity was studied. The material of the plate was in an elastic-ideal
plastic state and met the condition of plasticity of Saint-Venant. The end
of the crack in the calculation scheme is represented in the form of a thin
string with the distribution of deformations and stresses. It was assumed
that the plastic deformations are concentrated along some slip lines
emanating from the top of the crack. First, the problem of plane elasticity
theory was sSolved, and then the boundary value problem of heat
conduction theory was solved to estimate the temperature distribution on
the surface of a solid plate. This made it possible to further determine its
thermoelastic displacement potential. The local temperature change of the
plate can be predicted by calculation. However, unfortunately, the
proposed  approach  cannot be used in the study of
electrothermomechanical friction of the considered combinations of
nodes, since it is of a local nature.

The process of destruction during the interaction of microprotrusions
of working friction pairs was studied in [1]. According to the
thermomechanical theory of wear proposed by A. Kh. Dzhanakhmedov,
the thermal stresses that exist in the surface and near-surface layers of
contacting pairs are the result of a pulsed thermal impact on the friction
surface [2]. The rapid increase in temperature at the contact spots of the
microprotrusions of the contacting pairs is associated with thermal shock
and is accompanied by the occurrence of significant thermal stresses os
and structural changes in the materials of the surface layers of the pair.
The nature of the change in thermal stresses in the material of the
periphery of the connection caused by surface flashes, which are pulses of
heat flows [5], is illustrated by curves 1 and 2 in Fig. 4.
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However, these studies did not establish the influence of design and
operational parameters during the frictional interaction of contacting
couples on the magnitude of thermal stresses occurring in the periphery of
the connection.
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Figure 3 - The influence of surface temperature on the relative deformations
of the material of the periphery of the connection: the curve 1 - oy/E; the curve 2 -
Os /E

The process of merging microcracks is presented in the form of a
hierarchical-subordinate system of ensembles of carriers of the destruction
of the metal friction surface as a fractal set of points in the ultrametric
space of states. The fractal dimension of the formed multifractal structure
was determined using the procedure of the transition to chaos by
sequentially dividing the set into fragments (a procedure inverse to
Feigenbaum's scenario), which made it possible to assess the degree of
destruction of the material. However, in the research, it was necessary to
take into account the geometric interpretation of hierarchical trees, which
are a network of microcracks limited by banks. By dividing them into
triangles of different areas and configurations with three stress
concentrators at their vertices, you can give a qualitative answer: "Will
microcracks coalesce due to the action of hierarchical connection forces."
The magnitudes of these forces in trees of different structures are
determined by the number of triangles in them. The fewer triangles in the
tree, the greater the strength of the hierarchical connection and the less
likely the microcracks of the material will merge.
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Figure 4 - Change of surface (curve 1) and radial (curve 2) thermal
stresses in the material of the periphery of the connection depending on time.

The phenomenon of thermal destruction of materials during braking is
a mechanism by influencing which the processes of friction and wear can
be controlled. Knowing the main internal parameters of thermal
destruction and the influence on them of the structure, materials, mode
parameters, intensity of forced cooling, etc., it is possible to reasonably
manage this phenomenon.

Thus, it can be noted that for a number of critical parts and structural
elements (such as crankshafts) of marine vessels, the operation of which
with the presence of cracks is prohibited according to the requirements of
the maritime register of shipping, the most relevant issue is to determine
the duration of the first and second stages, and not the question predicting
the overall durability of the element. Therefore, for the issue of ensuring
the safety of the operation of sea vessels, it is especially important to
study the process of nucleation and growth of precisely small cracks [4].
The presence of a macrocrack in the crankshaft, the growth of which is
described by linear fracture mechanics, allows us to conclude that such a
shaft needs to be urgently replaced.

The relationship between the level of the maximum bending moment
Mmaxi and the number of loading cycles Ni before failure, even with the
strictest adherence to the identity of the tests of crankshafts for fatigue
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strength, due to the inhomogeneity of the material itself, has a pronounced
random character. To take this circumstance into account, it must be
assumed that the parameters of the fatigue curve are random variables
subject to certain statistical distributions. In this regard, the durability of
the crankshaft will be determined by the expression

T=T," @)

where T - average life of the crankshaft, calculated by the formula
(1); x - a random parameter whose distribution density has the form:

1
1 (y—-¢) }(—8)
f(y)= exp| — )
(%) v(l—g)(l—g) P (1—6‘
where v - the coefficient of variation; € = 0,6 - fraction of mean
fatigue limit Mmax0, below which fatigue damage does not accumulate.
Taking into account these factors, the probability of failure of the

crankshaft due to fatigue failure during operation T is determined from the
expression

< |k

(T/f)—g

F(T)=1-exps- .
—-&

(3)

Directions for predicting the durability of the crankshaft involves the
following stages of work: the endurance limit of the crankshaft is
experimentally determined Mmax(0, and according to the processing of
the loading conditions of the crankshaft in operation - the values Mmaxi
and number of loading blocks; formula (1) calculates the average

durability T, according to formula (2) for a given resource T, the
probability of failure of the crankshaft due to fatigue failure is found (3).

Consideration of the theoretical model of the wear process
(destruction) as a result of electrothermomechanical loading shows that
the density of dislocations is low on the surface layers of the metal friction
element, which leads to the appearance of cracks in its near-surface layers.

This model can serve as a basis for the constructive development of a
metal friction element at the stage of its design, which was successfully
implemented in [3].

From the above, it follows that during electrothermomechanical
friction of microprotrusions of working pairs of part connections, the main
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factor contributing to the appearance and development of microcracks on
the working surfaces of metal friction elements is the triboeffect, which
under the influence of a mechanical field generates electric and thermal
fields.

Conclusions and prospects for further researches.

1. A structural and parametric analysis of "shaft-sliding bearing"
couplings was implemented to assess the energy levels of the surface and
near-surface layers of their contacting pairs in order to rationally select
coupling materials with high permissible levels of thermal and stress-
strain states.

2. An attempt was also made to systematize the operational
parameters and establish the regularities of their influence on the
performance of combinations of parts of the STE with further
generalization of the parameters on the basis of a stochastic approach to
assess the regularities of the distribution of probabilities of the generalized
parameters.

3. Taking into account the significant complexity of performing the
specified calculations, it is suggested to use modern engineering tools
when solving the problems of forecasting and reliability in the Mathcad
environment.

4. Based on the analysis and classification of the main mated ship
parts, characterize the main physical methods of mating parts "shaft-
sliding bearing"
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AHAJII3 CYYACHUX CUCTEM IIOJJAYI I'A3Y HU3BKOI'O TA
BUCOKOI'O TUCKY HA CYJHOBUX MAJIOOBEPTOBHUX
JABUI'YHAX

IMocranoBka mpodjeMu B 3arajabHOMYy Buriasai. [locuneHHs Bu-
MOT, TOB'S3aHHX 3 CEKOJOTIYHUMHU TIOKa3HUKaMH CYJHOBUX JBUTYHIB,
3MYIIYIOTh CYAHOOYAIBHUKIB IIYKAaTH aTbTepHATHBHI PIillIEHHs, ITOB'sI3aH]
SIK 3 TIONIIYKOM HOBHX TaJIUB, TaK 1 CIIOCO0IB iX BUKOPUCTAHHS B CYTHOBHX
TIA3EIISX.

Haii6inpIn nmepcreKTHBHUMYI TAlTMBaMU, IO JO3BOJISIOTH OAHOYAC-
HO 3HHM3WTH 1 BapTICTh MEPEBE3CHb 1 KIIBKICTh MIKIUIMBUX BUKHIIIB, € Ta-
30Bi nanuea (I'T]) pi3HOro MOXOMKEHHS.

3acTocyBaHHS TPUPOIAHOTO Ta3y JO3BOJSE ICTOTHO CKOPOTHTH Ki-
JBKICTh IIKIJIMBUX BUKUAIB B TIOPIBHAHHI 3 MAMUBaMUd HAQTOBOTO MOXO-
JOKCHHS - TIOBHICTIO BUKJIFOUMTH BUKHIU CIpKH, KapauHaibHO (Ha 90%)
3HM3UTH BUKHIU okcuIiB a3oTy (NOy) 1 icrotHo (Ha 30%) 3HM3UTH BUKU-
IV TBEPAMX YaCTUHOK i giokcuay Byriemto (CO; ). BimcyTHicTs 30bHOCTI
MPU3BOJIUThL JIO TOJIMIICHHS yYMOB 3MAIlCHHS 1 IIJBHIICHHIO TEPMiHY
CITy>KOM LMPKYIALIAHOTO Macia. B pe3ynbraTi pecypc JBUTYHIB, IO Tpa-
IIOIOTH HAa ra3i, Moxe Oyt 30imbmennit B 1,3...1,5 pasu, Ta y CTUIBKH K
pa3iB 3HIKEHI BUTPATH HA OOCIIyTOBYBAaHHS 1 PEMOHT.

OcHOBHa Maca CyJHOBHX JBHUTYHIB CTBOPIOETHCS ChOI'OJHI JBOIIA-
muHuUME (dual-fuel (DF)), To0TO 3maTHUMH TpamfoBaTH Ha Ta30BOMY,
piakomy manuBi a00 Ha 000X MaNMBaXx Bifpa3y B Pi3HUX MPOMOPILILX.

AHaJi3 ocTaHHiX Joc/iaKens i nydaikaniii. B cygacHux nBoTak-
THUX JBUT'YHaX BUKOPHUCTOBYETHCS BHYTPIIIHE CYMIIIOYTBOPEHHS, IPH
SIKOMY Ta30BE IMAaJMBO TOJAETHCA B pOOOYMH IFUIIHAP INCTS 3aKPHUTTS
ra3opo3noaiibHUX opraHis [1].

Jlo BHYTPIIIHBOTO CYMIIIOYTBOPEHHSI iCHYIOTh JIB& OCHOBHHX TiJI-
XOJIH:

— Ta3 MOAAEThes B poOOUMI HWITIHAP BiApa3y Micis 3aKpUTTS BHITY-
CKHOTO KJIalaHa B MMOYaTKOBIHM CTaii TaKTy CTUCHEHHS ITiJT BiIHO-
CHO HEBEJIMKHUM THCKOM, 3aBJISKH YOMY TaKi CHCTEMH OTPHUMAaJIH

Ha3By CUCTEM HU3BKOI'O TUCKY,
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— Ta3 MOJIAEThCS B KaMepy 3TOPSIHHS Pa3oM 3 3arajibHUM TaJHBOM B
KIHIIl TAKTY CTUCHEHHS i BUCOKIUM THCKOM, TOMY TaKi CHUCTEMH
OTPUMAJIN Ha3BY CHUCTEM BHCOKOTO THCKY 200 MPSIMOTO BIIOPCKY-
BaHHs a3y (Direct Injected Gas (GD)).

B nanwuii yac, 10 A0CiIHOT €KCIUTyaTallii JBOTAKTHUX MaJIo00EepTO-
BUX JBUTYHIB 3 CUCTEMaMHU HU3BKOTO THCKY mpuctymnmia gipma Wartsila,
sIKa CTBOpPWJIA IIJISl MPOCYBAaHHS NAaHWUX TEXHOJOTIH AOYipHIO KOMIIaHIiO
Winterthur Gas and Diesel Ltd.

CucteMamM# BHCOKOTO THCKY OOJIAHYIOTBCS MAIOOOEPTOBI Ta30au-
3enpHI ABUTYHH (pipMu MAN, sIKi BUKOPHUCTOBYIOTECS B SIKOCTi TOJIOBHUX,
HE TITBPKW Ha ra30BO3aX, aje 1 Ha IHIHUX TUMaX CYAiB. Y I[bOMY XK HamIps-
MKY BeJle po3po0KH smoHckka ¢dipma Mitsubishi, sika Ha 0a3i qu3enis cepil
UEC ctBOptoe BiacHuii BapianT ManoobeproBoro DF-aBuryna 3 iHmex-
com UEC-LSGi.

IMocTanoBka 3aBaaHHA. 3aBJaHHIM JOCIIKEHHS OyJ0 BUBUYCHHS
KOHCTPYKTUBHUX OCOOJIMBOCTEH, BU3HAYCHHS e()EKTHBHOCTI BUKOPHUC-
TaHHSI CUCTEM MOJadi Ta3y HU3BKOTO Ta BUCOKOTO THUCKY Ha CYIHOBHX
Mano00epPTOBUX JIBUTYHAX.

Bukiaax ocHoBHOro martepianay aociaimkenHsi. Po3poOiiena ¢ip-
moro Wartsild [2,3 Jmis aeomanusaoro MOJI TexHOJIOTiS mogadi ra3y Imif
HU3BKUM THCKOM PO3paxOBaHa Ha CIHATIOBaHHs 301HEHOT MaJIMBOIOBIT-
psHOL cyMirmi. ['a3 mogaeTsest B MUAITIHAP MICHs TOTO SIK BCi OpraHu Ta300-
OMiHY BUSIBIISIIOTHCS 3aKPUTHMHU ajl€ THUCK 3aJMINAETHCS Ie MOPIBHIHO
HU3bKUM. Ha mpakTuil kmamaHa jjis mojadi ra3y BCTaHOBJIIOIOTHCS Ha
JesIKi BHCOTI BiJl MPOIYBHHUX BIKOH, 100 3a0e3rmeynT HeoOXiMHUH dac
HAa 3aMOBHEHHS [ATIH/PA Ta30M.

HanxopkeHHs Ta30BOr0 MaivBa Ha TaKTi CTHCHEHHS JIO3BOJISE TIO-
JaBaTH MOro B IWIIHAPHU i BiZHOCHO HM3bKUM THCKOM 1,0...1,6 MIIa.
BenuumHa 3ananpHOi MOPIT MajguBa y BCbOMY Jiana30oHi HAaBAaHTAXKEHb HE
nepepuitye 1% Bij HUKIOBOT oAyl Ha HOMiIHAJIBHOMY pexuMi. Bukopu-
CTaHHS JaHOI TeXHOJIOrl 103Bossie 3Hu3uTH yTBOpeHHs NOy Ha 90%, 1110
MOSICHIOETBCSL OUTBII PIBHOMIPHMM PO3IMOALTIOM TEeMIIEpaTyp MO Kamepi
sropsiaHs. Lle, B cBOIO yepry, 103BOJIsi€ BUKOHYBAaTH BUMOTH MixxHapoI-
HOi Mopcbkoi opranizamii (International Maritime Organization) IMO
Tier-II momo BukuaiB NOy 6e3 Oyab-sIK0i MOAaNbInoi 00poOKy Bimmpa-
[IOBaHUX T'a3iB.
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Jia momavi pe3epBHOTO PiKOTO TMajiBa BUKOPUCTOBYETHCS IITAT-
Ha MaJMBHA CHCTEMa aKyMYJIITOPHOTO THITY, XapaKTepHa ISl BCIX JABUTY-
HiB cepii RT-flex [4,5]. [Tomaya 3ananpHOro manuBa 3IIHCHIOETHCS OKpe-
MOi aKyMyJSITOpHOI cucTeMOr Manoi npoaykTuBHOCTI (puc. 1). Ilpm
IbOMY JIBUTYH 30epirae 31aTHICTh IPAIFOBATH HAa BAKKUX COPTaX IaluBa
B YChbOMY Jliania30Hi HAaBaHTAXKCHO-IIIBUIKICHUX PEKHUMIB.

st moKparieHHs: yMOB 3aiiMaHHA 3011HEHOT Ta30MOoBITPSIHOT CyMi-
Il Ha KOYKHOMY IFIJTIHAPI BCTAHOBIIOIOTHCS JBa 3aMabHUX MOMYIA, IO
CKJIQIal0THCS 3 BUXOPEKaMepH 3 BCTAHOBIIEHOIO B Hill (POPCYHKOIO mmoadi
3amanbHOrO NanuBa (puc. 2).

Puc. 1 Cxema akyMmyJsITOPHOI CUCTEMH 3alalIbHOTO 3aTAIFOBAaHHS
razoausensHoro asuryHa RT-Flex DF
1 - nucTepHa 3anaibHOIO MalKBa; 2 - MiKadyBadbHi HACOCH; 3 - meperyc-
KHUI KJ1anaH JiHil HU3bKOTO TUCKY; 4 - (GOPCYHKH; 5 - (DLIBTPU TOHKOTO OYH-
LICHHS; 6 - EJICKTPOHHHI OJIOK YIpPaBIiHHS; 7 - MaIMBHUN HACOC BUCOKOT'O TUC-
Ky; 8 - mepenycKHui KiianaH JiiHii BACOKOTO TUCKY; - - T1ipaBivHi JIiHil; - - - -
JiHIT yHIpaBTiHHSA
B sKOCTI 3armanbHOTO BHKOPHCTOBYETHCS JIETKE JHM3EIbHE MAINBO,
aJie po3riIsLAaeThCs MOXIIMBICTh 3aCTOCYBaHHS Baxkoro nanusa [SO 8217
Ha SIKOMY JBUTYH TIPAIIOE SIK HA Pe3EPBHOMY.
[omaya T'Tl B mumiHApy ABUTYyHA 3IIACHIOETHCS 32 JOTIOMOTOHO
JIBOX Ta30BUX KJIAIAHIB, Ki BCTAHOBIIOIOTHCS HABIIPOTH OJIMH OJHOTO HA
BUCOTI npuOim3Ho 1/3 Xomy mopmHs. Kpimiarecs kinamaHa 10 COpOYKH
OJIOKY IIMJIIHAPIB 1 yepe3 OTBOPHU Y BTYIILI HOJAIOTh a3 B POOOUMIA I[HITi-
Hap (puc.3).
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3empHOTO MBUTYHa RT-FlexDF i #ioro ycraHOBKa Ha KPHIIII [MITIHAPA
1 - xpumka nwitiHApa; 2 - Bixpekamepa; 3 - popcynka noxadi 3I1; 4 - no-
BITpSIHUU KJ1amaH; 5 - popcyHKa 1o1adui pe3epBHOTO PiKoro najiuea; 6 - 3anaib-
HHUH MOJYJIb; 7 - KOPITyC BHITyCKHOI'O KJIallaHa; § - KOJEKTOP IiABEACHHS 3anallb-
HOT'O MaJIuBa

Puc. 3 YcranoBka ra3oBoro Kianada Ha BTy mtiaapa asuryHa RT-Flex50DF

1 - ra3oBa maricTpains; 2 - 30BHINIHA 000JIOHKA; 3 - 30BHINIHIN i BHYTpIII-

Hill cnib(oH; 4 - eNeKTpOMarHiTHUN KJIallaH YIPaBIiHHS; 5 - TiApaBIiYHINA TOP-

IIeHb NPUBOY KJIalaHa; 6 - Mpy)KWHa 3aKpUTTS KJIanaHa; 7 - ra30BUH Kianas; § -
TiJpaBiiyHa MaricTpajb IPUBOAY KianaHa; 9 - BTynka muwiiaapa; 10 - kopmyc
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ra3oBoro kiuamnana; 11 - kanan miasenenus ['T1 B poGounii mumiHap; 12 - kaHaT
nigsenersas ['T1 go razoBoro KiamnaHy

Po6orta aBuryna Ha ra3si J03BOJISIE OTPUMATH HA BUXITHOMY (hraHIIi
MOTYKHICTh Ha piBHI 80% BiJ HOMIHaIBHOI MOTYXHOCTiI 0230BOTO AU3EIS

(puc.4).
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Puc. 4 O6macTi pekOMEHIOBaHUX PEKUMIB pOOOTH IBUTYHIB

RT-Flex50B na pigkomy nmanusi (1) i RT-flexS0DF na razosomy (2)

[Tepexin 3 omHOrO BHAY NMaJMBa Ha IHIIMHA MOXXE 3IIHCHIOBATUCS
0e3 3yNUHKH JBUTYHA HA TOTYKHOCTAX 110 80% BiJl HOMIHAIBHOI.

dipma Wirtsild Hamaronuia BHITyCK HOBOTO TIOKOJIIHHS JIBOTIANTUB-
HUX MalloO0epTOBHX JIBOTAKTHHUX ABUTYHIB Ha 0a3i mausemiB cepii X. o
TaKuX ABUTYHIB BigHOCATECS W-X62DF, W-X72DF, W-X82 i W-X92 [6].
B ninomy po3po0iieHa TEXHOJOTISl OPiIEHTOBaHA SIK HA CTBOPEHHSI HOBHX
JIBUTYHIB, TaK 1 Ha MOJIEPHI3aIlif0 BXKE THX, [0 3HAXOJATHCS B €KCILTyaTa-
mii. 3a ominkamu ipmMu BapTicTh mepeoOnagHanHsa ckiane 20...25% Bin
MOYaTKOBOI BapTOCTI IBUT'YHA.

B sxocTti 6a30BuX Mozeneil Ui ra30u3eIbHUX IBUTYHIB BUKOPHC-
TOBYIOTBCSI IBOTAaKTHI Manioo0eptosi nuseni cepii MC i ME. MoaepHizo-
BaHI IIiJ| ra30AM3eJbHUI mpoiiec, ABUryHH orpumanu iHmekc GI (Gas
Injector). Tlpu mpomMy Ha ABHTYHH 3 MeXaHIYHMM ymnpabiiaasM (MC)
BCTaHOBIIIOETHCA JOAATKOBO €JEKTPOHHA CUCTEMA YIPABIiHHS MPOLECOM
nojayi rasy, a Ha JIBUTYHax 3 eJIeKTpoHHUM ynpasiminHaM (ME) ¢ynkmii
peryoBaHHS MOKJIAJIAI0THCS Ha ITATHY CUCTEMY YIIPaBIiHHSL.

st poGOTH Ha PiIKOMY MANKBI Ta sl 3aAIbHOTO BIIOPCKYBAaHHS
BUKOPUCTOBYETHCS IITATHA TaJMBHA CHCTEMA.
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st manoro Turry razonusenbHuX JIB3 po3rismaeThes IBa PeKH-

MH:

- TIpY MOCTIiHINM Noa4vi 3aNaJIbHOTO MAJIMBA, KOJH HAa PEKUMI ITyC-
Ky 1 MaluX HaBaHTaXEHb JBUTYH Mpalioe Ha piakomy manusi ISO 8217.
[ounnaroun 3 25%-ro HaBaHTa>KEHHS BCTAHOBJIIOETHCS TIOCTIHHA 3aIlalib-
Ha 1mojava, a HeoOXiHa MOTYKHICTh PErYIOETHCS LUITXOM 3MiHHU KibKO-
CTi rasy, 0 OAA€THCA B LUIIIHID;

- IpY BUKOPUCTAHHI BCHOTO HASBHOTO Ia3y, KOJIM Ha MaJHX 1 cepe-
THIX HaBaHTOKEHHSIX ABUTYH MpaIioe€ Ha piakomy manmBi. Ha Bucokmx
HABaHTAXCHHSIX BECh ra3 HAAXOIUTh B IWIIHAPH, a HEOOXigHa MOTYXK-
HICTB PETYIIOETHCA MUITXOM 3MIHHU IUKIJIOBOI MOIavi PiAKOTO MAaHBA.

[lepexin 3 omHOTO BHIy MANKBa Ha IHIIUH, SK 1 IEpexig 3 peKUMY
Ha PEXHM, 3IIMCHIOETHCS aBTOMATHYHO O€3 3HWKEHHS IMOTYXKHOCTI Y
BChOMY Jliaria30Hi HaBaHTaKEHb JBHUTYHA. Y CTaTKyBaHHs Juist moaayi ['T1
ITi]] BUCOKMM THCKOM BKIJIFOUA€ B cebe KOMIPECOPH, TeII000OMiHHI amapa-
TH, cuctemy miaseaeHns [Tl 1o pobounx muiiHApax, MOAYIi YIpaBIiHHS
MO/Ia4eto ra3y i ra3oBi GOpCcyHKH.

[lomaua razy B kamepy 3ropsiHHS 3[IIHCHIOETHCS Bipa3y MiCisl TOTO,
SIK B IAJTIHAP TIOfaHa i 3amanana 3anainbHa mopiis 311

Bci enemeHTH ynpaBiiHHS OAa4Y€l0 Ta3y CKOMIIOHOBAHI B OJHOMY
MO/, KW BKIIIOYAE: TA30BUI aKyMYIIATOp, TOJOBHUI BiJCIYHUN Kia-
MaH 3 TiJpaBIiYHUM PHBOJIOM, KIIAllaHa MPOJYBKH CHCTEMH IHEPTHUM
ra3oM, KilarnaHa yIpaBiIiHHS TiApONpHUBOIOM (GOPCYHOK (puc. 5).

Py

Puc. 5. Moayns ynpasiiHHs nogadeto razy apurysa cepii ME-GI
1 - By3on BBezmeHHs ['T; 2 - 3BopoTHUI KianaH; 3 - MOPOKHUHA aKyMYJIs-
TOpa THCKY; 4 - TOJIOBHUH BiJICIYHOT KJIalaH; 5 - MOpIIEHb NPUBOY FOJIOBHOTO
BIZICIYHOTO KJ1anaHa; 6 - KianaH IPOAyBKH IHEPTHUM ra3oM; 7 - OJIO0K yIpaBJIiHHA
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TOJIOBHUM BiICIYHUM KJIaIaHOM; 8 - OJIOK YIpaBIiHHs KJIAIAHOM TPOTYBKH iHEP-
THHUM Ta30M

3araipHa KOHCTPYKINS Ta30BO1 (POPCYHKH IMpeNCTaBIeHa Ha pucC.6.
BcranoBmoroTeest Ta30Bi POpCyHKH MO JBi Ha LWIIHAP B CHELiabHUX
KOJIOJS3X B KPUIIII IIJIIHIPa, PO3TAIOBAHUX B Oe3mocepeiHiid 0Jin3b-
KOCTI Bi (hOPCYHOK PiAKOTO MainBa.

Puc. 6 T'a3oBa ¢opcynka neurynis ME-GlI:
1 - xkaHaN miABECHASA KEPYIOYOT0 Macia; 2 - BeHTWIAMIHHUH KaHaw;, 3 -
MOPO’KHMHA TiAPAaBIIYHOTO YIIPABJIiHHS rOJIYacTHM KianaHoM; 4 - roin4acTHii
KJIanaH; 5 - ra3oBa MOPOXKHUHA; 6 - KPUIIIKa [HITIHApA

VY Tabnuui 1 mopiBHIHI OCHOBHI OCOOIUBOCTI, MOB'SI3aHi 3 KOHCTPY-
KIIi€10, OpraHi3alfiero pob0odoro MpoIecy i eKCIuTyaTami€eo ra3ou3eIbHIX

ILBI/II‘yHiB, 06J'Ia,Z[HaHPIX CHCTEMaMHU HHU3LKOT'O 1 BUCOKOT'O TUCKY.

Tabmurs 1. [TopiBHSIHHS CHCTEM HU3BKOIO 1 BUCOKOTO THCKY

Oco0nmBOCTI KOHCTPYKIIT 1 OpraHi-
Barii po6odoro nporecy
[MoryxHicTh Ha razoBomy nanuBi  [80% ot N 100% ot N
UyTIuBICTH 10 AKOCTI ra3y (MeTa-
HOBE YHCJI0)

UyTIUBICTH O TEMIIEPATypH MOBIT- e
[pst Ha BXOA1
YacTka 3anajpHOrO ManuBa = 1% 3...5%
HasBHICT OKpeMoOi cHCTEMH 3ara-
FIbHOT'O BIIPHUCKYBAaHHS

Husbkoro tucky Bucokoro Tucky

He Hrkae 80 H1

H1

Tax H1
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MosknuBicTh Bukopuctants HFO sk

Bax OJTHOYACHO (KPiM 3aI1aJbHOTO)

THBI

'Y mepcrekTuBi Tak
BanmagbHOTO
MosxnuBicTs Bukopuctanas HFO sk

Tak Tak
[PE3EpBHOTO
Mo>kuBiCTh pOOOTH Ha IBOX manu- [Hemae B mepcrmek- Tax

THUCK MABOAUTHECS Ta30BOT0 ITaJBa

3 mepeMinryBaHHAM

bes mepemimnry-
BaHHS

311

MaxcuMaIbHHN THCK ITUKITY 1,6 mIla 30.0 mI1a
BUHMKHEHHS IeTOHALT Y 3MiH1 .
A i np 3pocTae be3 3miH
HABaHTAXKCHHS
IMOBIpHICTb ITPOITyCKY 3aliMaHHsi  |MOXIIMBO Hi
[MOBipHiCTH BUOYXY B MiJIIOpLIHE- c i
BOMY ITpOCTOpi
[MOBipHICTh BUOYXY B BHUITyCKHOMY c i
peciBepi
[MOBIpHICTh BUTOKIB ra3y B MaIlnH- c i
HE BIIIIJICHHS
Edextusauii KK/ Ha razoBom
b . y Huzka Bucoka
IaauBi
Edextusanii KKJ Ha pigxomy ma- .
¢ . prKomy be3 3MiH 3pocrae
MBI
BinmoBigHICTE HOpMaM BUKHIIB .
SHHKYETHCS be3 3MiH
IMO 1o NO, Y
Buxuau CO2: 3 Bianpans0BaHUMA . .
A Fuipatt Tier 111 Tier 11
razamM, I/KBTT
BUKuIM MeTaHy 3 BiAIIpanbOBaHUMU
A Y 3 BlATpan 485,7 452,4
razamM, I/KBTT
GWP (moTeHmian riao6aibHOTO
moTeruTiHHs B ekBiBasieHTi CO?) Bix [3...6 =0.5

IMOJIMBICTD MEPEXO/Y 3 OJHOTO
TMaJrBa HA 1HIIE 111 HaBaHTaXXEH-
HSM

He Hxde 10%

He Hk4de 23%

IPeakirist nBUTYHA Ha 3MiHY HaBaH-
TaXKEHHS

JTo 80% ot N**

be3 oOMeXeHb

[THCK migBOIy Ta30BOTO MAIKBA

3MEHIIEHUIT

be3 3Min
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BucHoBku Ta MNEePCNEKTUBA MNMOAAIBIINX JOCJTiIKEHD. I[Ba

MIPUHITUTIOBO PI3HUX MiAXomu Mo opraxizaiii poootu MO/ mHa I'Tl mMaroTh
CBOI IepeBary i HeoJiKku [7].

llepesacu cucmem HU3bKO20 MUCKY:
no0pe TepeMilTyBaHHA Ta30MOBITPSHOI CyMilli B XOJi IMPOIECy
CTUCHEHHS;
BUKOPHUCTAHHS MiHIMaJbHOI MOPIii 3aMalbHOTO MajuBa JJIS Mij-
MaTy ra30MoBITPSIHOT CyMilli;
mojiavya ra3y B poOOYMi MWIIHAP IiJ] BiIHOCHO HU3BKHM THCKOM,
IO JIO3BOJISIE€ 3HU3UTH MMOBIPHICTh BUTOKIB, CIIPOCTHTH MAJIUBHY
CUCTEMY, MIABUIINTH Oe31eKy ii BUKOPHUCTaHHS,
qutst mopadi ['TI Mo)kHa BUKOPHCTOBYBATH JCTIEBII 1 HaMiiHI TBH-
HTOBI 200 BiIIIEHTPOBI KOMITPECOPH.

Heooniku cucmem Hu36K020 MUCKY:
MO>KJIMBICT, BUHMKHEHHS JE€TOHALI 1, IK HACIIAOK, OUIBII BUCOKI
BuMoru 110 saxocti 'TI;
HEMUHYYe TIPOCOYYBaHHS Ta30MOBITPSHOI CYMIIIi 4epe3 MopIIHe-
Bi KIJIBIA B MiAMOPITHEBHH MPOCTIp HAa TaKTi CTHCHEHHS, a Tak
caMmo iMOBIpHICTh TOMAJaHHS a3y B MiAMOPLIHEBUI MPOCTIp B
pasi MOIIKO/KEHHS Ta30BOT0 KJIATaHa;
0oOMeXeHHS 10 TIOTYKHOCTI JBUTYHa 1ipu poOoti Ha ['Tl Ha piBHI
80% Bin HOMiHaTy, YIOBUIbHEHA peakwis Ha 3MiHY HaBaHTa)KEH-
HSL.

Ilepesaza cucmem npsamMo20 6NOPCKYGAHHA:
npu nogaui I'Tl Oe3nocepeaHbo B KaMepy 3ropsHHS MOKHA ITOB-
HICTIO BUKIIOYNTH BUHUKHEHHS JIETOHAIlli, TOMY, BiJICYyTHI Oy/ab-
SIKi OOMEXEeHHSI TT0 TIOTY>KHOCTI IBUT'YHA 1ipu pooOoti Ha ['Tl, Ta i
BUMOTH 710 sikocTi ['T] MeHIII )OopCTKi;
BuKItoueHo nonaganns [ 11 B mignmopmHeBuii mpocTip.
Heoonixu cucmem npsimo2o 6nopckysanisi:
BUKOPUCTAHHS Ta3y MiJl BUCOKUM THCKOM YCKJIAJIHIOE TMAIUBHY
CUCTEMY, ITiJIBUIIYE BUMOTH JIO ii O€3MeKH;
BEJIMKA BUTPATA PIJIKOTO IMAJMBa HA 3aITaJIOBAHHS T'a30TOBITPSHOT
CyMIiTIIi;
JUIsl CTUCHEHHS IIPUPOHOTO ra3y HeoOXiJJHO BUKOPUCTaHHs Oara-
TOCTYIIEHEBUX KOMIIPECOPIB, IO IMiJBUIIYE CHEPreTUYHI BUTPATH
YCTaHOBKH.
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OdeBuaHO, 0 00WIBA MIAXOAM 0 OpraHizamii pooodoro mporecy
B ra30JIM3eNbHUX JIBUTYHAX MAIOTh CBOT IEPEBary, sIKi JUIsl ICBHOTO THITY
YCTaHOBOK MOXYTh BUSIBUTHCS BHPIIIAIbHUMH, & PO3BUTOK KOHCTPYKIIiH
JIO3BOJIUTH TI030YTHCS Bijl OUTBIIOCTI MPUTAMaHHHUX iM Ha CHOTO/HI HEJO-
JTIKIB.
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PO3POBKA IHTETPOBAHOI KOHCTPYKIII CKPYBEPA JIJIS1
CYJHOBUX EHEPTETUYHUX YCTAHOBOK

IHocTanoBka nmpo0semMH i ii 3B'A130K i3 BAKJIMBUMH HAYKOBUMH
Ta NPAKTUYHMMU 3aBJAHHSIMU.

Bumorn eKoJOoTi4HOCTI Ta €KOHOMIYHOCTI CTOCYIOTBCS SIK OKPEMHX
CJIEMEHTIB CYJHOBMX CHCTEM TaK 1 BCbOTO cynHa y minomy. Ha mimcrasi
IBOTO MOYKHA BBaXKaTH, IO po3poOKa OiNbII JOCKOHANHUX CYJHOBUX CHC-
TEM 3HEIIKOPKEHHS Ta3iB € aKTyaJbHUM 3aBJaHHAM [1].

AHajni3 gocaimxedb i myOuikamiii. AHaji3 ICHYIOUHX YCTaHOBOK
3HEHIKOPKEHHS Ta3iB MOKa3ye, IO Y MOPCHKIii Tany3i BAKOPHCTOBYETHCS
JIeKiJIbKa THIIB CXeMHHUX pinieHb [2, 3]. OCHOBHUMH 3a0pyIHIOIOYUMH
pPEYOBHHAMH € XiMIiYHI CIIONYKH, IO YTBOPIOIOTHCS TPU TOPiHHI (OKCHAH
a30TY, CIPKHU Ta iH.) Ta TBEPIU YaCTHHKH (caxa) [4].

OCHOBHMM €JIEMEHTOM B YCTaHOBHI € cKkpyOep. KoHCTpykTHBHO
CKpyOep Moke BUKOHYBATHUCS OTHOCTYIIEHEBUM a00 0araToCcTyIeHEBHM.

AHali3 JOoCBifly eKCIuTyaTamii TaKuX amapariB CBiT4WTh, HIO OUIBII
JOUTBHUM € BHUKOpUCTaHHs OaraTocTyneHeBux ckpyOepiB (puc. 1). Lli
arnapary BUKOPHUCTOBYIOTh JIEKiJIbKa CIIOCO0IB OYMIIECHHS rasy, 1o 3a0e3-
nedye OiNbII BUCOKY CTYHiHb OYMCTKH. Tak B HaBeJeHOMY Ha puc. |
cKpyOepi ra3 cnovaTky MpoXoauTh Kpi3b TpyOy BeHTtypi, B sikuii BinOyBa-
€THCSl PO3MOPOLICHHS PIAMHU Ta BUJAJICHHS TBEPAUX 4acTHHOK. Jlami ras
MOBEPTAEThCS HA KyT 180° Ta MPOXOIUTH KPi3h HACAJKY, IO 3POIIYETHCS.
TobOTo B 11bOMy amapati (aKTHYHO BUKOPHCTAHO TPU CIIOCOOM OYHCTKH
iHepuiliHui, rpaBiTaniiHuii Ta QigpTpamiinmii [5].

Juis migBuieHHs eeKTUBHOCTI eKcIuTyartalii Ta pecypcy ckpyOepis,
10 BUKOPUCTOBYIOTh Y CYJHOBHX CHUCTEMaXx 3HEIIKOKEHHS Ia3iB HE0O-
XiZTHO PO3pOOUTH MOJENI TiAPOJUHAMIYHOTO PEXKUMY, SKi TO3BOJISIOTH
aHaJi3yBaTH BIUIUB 3MiH B KOHCTPYKIIiT Ta BU3HAYMTH HAHOINbII parjioHa-
JIbHE PIIICHHS.

CyuacHi MOKJIMBOCTI KOMIT FOTEPHOI TEXHIKH JI03BOJISIOTh BUKOHYBa-
TH MOJEJIOBAaHHS CKJIQJHUX TEXHIYHHMX arapaTiB 3a JOIOMOTOM0 cCIellia-
JLHOTO MPOrPaMHOTr0 3a0e3MeYeHHs, IO IMITY€ Teuil pijauH.

Lle nae MoxmuBiCTD KOMOIHYBAaTH B OAHOMY arapari HOBi pillleHHS Ta
aHaJIi3yBaTH JOIIBHICTh X BIIPOBAPKECHHSI.
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Puc. 1. BararopiBHeBwuii ckpy0Oep [5]

MeTo10 po60TH € PO3pOOKa IHTEIPOBAHUX PIIICHD 00 KOHCTPYKITIT
ckpyOepa skuii 3abe3meuye OUYMIIEHHS Ta3y Bl JEKITBKOX JDKEpel, Ha
Mi/ICTaBI KOMIT FOTEPHOTO MOJICIIIOBAHHS TiPOAMHAMIYHOTO PEXHMY pO-
ooru.

BukianeHHss 0CHOBHOTO MaTepiaiy gociigxkeHns. Sk Oyio ckasa-
HO BHIIE JJIs 320€3MEeUSHHS] BUCOKOTO CTYIEHIO OYHCTKH B CKpyOepi 1o-
LIJbHO BUKOPHUCTATH JIEKIJIbKa CIIOCOOIB OYHIIEHHS T'a3y Ta MiTPUMYyBaTH
CTaJMii TiAPOJUHAMIYHMHN pyX ra3dy B anmapati. [HTerpoBaHe pilieHHs 1Io-
0 KOHCTPYKIIii CKpyOepa MOJIMBO BUKOHATH Ha TIACTaBi 00’ €IHAHHS
BKE€ TIEPEeBIPEHNX Ha MOJIEISIX TOAATKOBUX PHCTPOIB.

Jns 3abe3nedyeHHss poOOTH cKpyOepa, NpU TpPUETHAHHI JEKUTBKOX
JDKepesl BUKUAIB, arnapar MOBHHEH MaTH BXOAM IO 3a0e3Me4yIOTh PiBHO-
MipHUH PO3MO/ALT ra3y, IO NOAAETHCA HA OUUCTKY.

Take KOHCTPYKTHBHE BHKOHAHHSI BXOJIB JIOCHI/PKEHO HA MOJENI B
pobGorti [6]. Ha mifgcraBi MoemoBaHHs TOBEACHO, 1110 HAHOIIBIN palioHa-
JBHUM PO3TAIlyBaHHSIM BXiJHHUX NMaTpPyOKiB € PO3MIIIEHHS iX MiJg KyTOM
120° (puc. 2). Lle TexHiuHe pimeHHs HO3BOJIAE 3a0€3MEUUTH PIBHOMIpHY
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oia4yy 3a0pyAHEHOTrO ra3y y IeHTp amapaTy Ipu Oyab-sIKUX KOMOIHAIisIX
B poOOTI JKEpENT BUKUIB.

Puc. 2. MopemoBaHHS Tedii IpU pO3TaNTyBaHHI BXiTHHUX MaTPyOKiB B
ckpyOepi mig kyrom 120° [6]

AHai3 Tewiil B mepepisi MoKa3ye HasBHICTh 30H ITiJBHUIICHOI IIBUJ-
KOCTI 015 CTIHOK Mi maTpyOkamu (CHHIHN Kouip). B mux 30HaxX MOKIHBO
MPOCKaKyBaHHS 3a0pyAHEHOTO Ta3y 0e3 HaJICKHOTO OuuIIeHHs. Tomy s
BHUPIBHIOBAHHS TOJIIB IIBUAKOCTI JOIIIBHO PO3TalllyBaTH MK MaTpyOKa-
MU CIIeHiaTbHAN JTOMaTKOBUH MICIEBUH OMIp Y BUIJISI HAIBIHIIHAPY,
MPUYOMY I1iif ortip moBMHEH OyTH IBOXpsiaHUM (puc. 3) [7].

3 ormsimy Tedild B mepepi3i BUIHO IO BCTAHOBJICHHS JIBOXPSIHOTO
oropy 3a0e3neuye raibMyBaHHs MTOTOKY, TOOTO BHUPIBHIOE 3arajibHE pO3-
MTOTIJICHHSI IBUAKOCTEHN B CKpyOepi.

Jns BUKOpUCTaHHS B CKpyOepi Ie OJHOTO CIOCO0y OYHCTKH Tazy
(«MOKpOi (inbTpalii») TOUITHHO YCTAHOBUTH B anapari MiHHY TapijKy.

st 36inpmieHHs e)eKTUBHOCTI armapary 3a paxyHOK TOJIMIIEHHS Ta-
30HACUYEHOCTI MHHOTO TPOMAPKY, 301IbIIEHHS BUCOTH AMHAMIYHOI ITiHA
Ha TapuIIli Ta 3MEHIIICHHs 3a0MBaHHS OTBOPIB, TAPLIKY JOIIIFHO BUKOHA-
TH y BUIJIZ1I OTBOPIB OCHAILIEHUX METIOCTKaMH (puc. 4), BIiIrHyTUMH Tix
KyTOM [0 IUIOLMHM JHCKa, II0 YTBOPIOIOThH ILIJIMHHI OTBOPH B (opmi
XpecTa i3 3arHyTHMH MiJI MPsIMAM KyTOM KiHisiMu. Lle no3Bosse 3011b-
IIyBaTH 3aKPY4yBaHHS IMOTOKY 1 3a0e3Me4nTH OUIbII TTOBHE BUKOPUCTAH-
Hsl poO6oYoro o0'emy amapara.
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Puc. 3. MopenoBaHHsI Tedill TIPU BCTAHOBJICHHI B CKpyOepi J0JaTKOBOTO
JIBOXPSITHOTO MiclieBOro omnopy [7]

Puc. 4. 3aranpHuil BUTISII eJIeMEHTa Tapiiku [5]

MogenoBaHHs pyXy ra3y y BUXpPOBOMY €JIEMEHTI IOKa3aio, o Haii-
OUTBIN palrlioHaIFHOIO MIBUJKICTIO ra3y B ejxeMeHTi € 10 M/c. 3aBuxpyBau
(puc. 5) B minomy 3a6e3reuye BUCOKHI CTYIIHb 3aKpYIyBaHHS IMOTOKY Ta
y LIEHTPi €JIeMEHTa CIIOCTEPIraeThCs 30Ha 3HIDKEHHUX IIBUAKOCTEH rasy Ta
«TOPHU30HTAIBHOTY MUPKYIIALIT, IO CIPUsE YTBOPEHHIO MIHHOTO Mapy Ha
MOBEPXHI TApUIKU MpHU MMojgadyi Ha Hei piAMHMU, TOOTO BMHUKAE CTIHKUN
NiHHUKA TpOoLIapoK SKUHM 3abe3neuye eheKTUBHY aOCOPOLiI0 LIKiATMBHX
KOMIIOHEHTIB 13 ra30MOBITPSHOT CyMimIi .
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Puc. 5. MonemntoBaHHS pyXy HOTOKY TOBITPS
IIpu OYaTKOBi# mBuakocTi 10 M/c [8]

[TpuHnumoBa cxema po3po0JICHOr0 IHTErPOBAHOIO CKPyOepa HaBeje-
Ha Ha puc. 6.

Puc. 6. IIpuHIIMIIOBA CXeMa IHTETPOBAHOTO CKpyOepa AJis CYJAHOBHX CHEp-
reTHYHHMX YCTAHOBOK | — BUXpOBA Tapisika; 2 — JBOLIAPOBUI MiCLEBH orip; 3 —
BXOJH PO3TAIIOBaHi mig kKyroM 120°

BucHosku

B pesynbTati ananizy komn’rorepaux CFD-mopeneii Bu3HaueHi pari-
OHAJIbHI TEXHIYHI PillIeHHs, SKi IHTErpoBaHi B KOHCTPYKILii cKpyOepa st
CYAHOBHUX CHCTEM 3HEIIKOKEHHS Ta3iB.

Jlo 1IuX TeXHIYHUX PillleHb BiIHECEHI:

- BCTAHOBJICHHSI TIIHHOT TapiJIKK 3 3aBIXpyBauamH;

- MATpUMKa IBUAKOCTI B 3aBiXpyBadi Ha piBHi 10 m/c.

- obOnamHaHHS CKpyOepa J0JaTKOBUM JIBOXIIIAPOBHM MICIICBHM OIIO-
pom;
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- pO3TaNIyBaHHs BXiIHHUX NaTPyOKiB mix kyrom 120°;

Jns moganemoro IOCTiPKEHHS TeYil JOIUIBHO PO3poOUTH 30ipHY
TBEPAOTUIbHY MOJEIb IHTETPOBAHOTO CKpyOepa Ta MPOBECTH ONTHMIi3a-
Iif0 TEYill ra3y B amapari 3a JTOTIOMOTOK) KOMIT IOTEPHOTO MOJICITIOBAHHS
notokiB — CFD MonenmoBaHHs.
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Beperennik O. M., Kapnames /1. JI. , A6onemkin C. €.
Harmionansauii yHiBepeuTet «O1echka MOPChKa aKaaeMish»

HATYPHI BUITPOBYBAHHSA BUMIPIOBAJIBHOI'O I1PU-
CTPOIO KPYTHJIBHUX KOJIMBAHBb CYJHOBOT' O BAJIO-
ImPOBOAY

IMocranoBka mpoOjemu B 3arajibHoMmy Buriasigi. [lounnaroum 3
2001 poky Bci cymHa, SIKi 3HAXOAATHCSA B €KCIUTyaTalii, ImiIsraloTh BH-
MpoOyBaHHSM Ha KPYTHJIbHI KOJHMBAHHSA BAJOTIPOBOJIB Ta POTOPIB TeHe-
paropis 3rigHo cranmapty 1SO 3046-5 [1]. 11i BunpoOyBaHHS CKIaaI0Th-
Cs 3 JBOX YAacTUH: PO3PAaXyHKOBOI, IO Ja€ MOIMBICTH OTPUMATH
BITHOCHI aMIUTITyIl KPYTHIBHUX KOJHMBAaHb 1HEPTHUX Mac Ta HATypHHUX
BUMIpPIOBaHb, IO JO3BOJSIE OTPUMAaTH (DAaKTUUHY aMILUIITYAy KOJIHBaHb
iHEpTHOI MacH Ha KWW BCTAHOBJICEHO BHMIipIOBalbHHUN mpwiafd. st Ho-
BUX CYIEH pPO3PaxyHKOBY YacTHHY, SIK IPAaBUJIO, BUKOHYIOTH CYJHO-
Oy/iBHI KOMIaHii, a Ipyry 4YacTUHY - Ha XOJOBUX BUIPOOYBaHHSIX.

AHaJji3 ocraHHix gocaimkens i myoJikaniii. Ha ceoromni icHytoTh
Ta PO3pOOIAIOTECS CcHocoOM Ta MPHUCTPOi BHUMIPIOBAHHSA JTOTHYHOTO
HaNpy>XEeHHS, KyTiB 3aKpy4yBaHHs, KyTOBOI HIBUIKOCTI Ta KyTOBOTO MpHU-
CKOPEHHS 13 MEepPETBOPEHHSM BHMIPIOBAHOI BEIMYMHU B CIEKTPUYHUIM
aHAJIOTOBUH uM 1udpoBuil iHGopmaniiHuil curaan, Hanpukiaxg [2-5]. Ha
CBITOBOMY pHHKY IPOIIOHYIOTHCS JUIl  BUKOPUCTAHHS ONTHYHI
BUMIPIOBaJIbHI CHUCTEMH, ajie IMPOJOBKYIOTHCS POOOTH IO CTBOPEHHIO
BUMIPIOBAJIbHHUX JIIalrHOCTUYHUX KOMIUIEKCIB B SIKMX JATYMKH (CEHCOpPH)
NpaIoOTh Ha iHIKX ¢izuunux npuHimnax. [{ikaBoro € po6ora [3] B
SIKUH CTIOCTEpIraeThCs 32 3MIHOKO IMITeJJaHCy BUXPOBHUX TOKiB, IO HABO-
JSTBCS B METaJli BAJIONMPOBOJLY MPH MOTO 00EpPTaHHI pa3oM i3 KOIUBAIIb-
HUMH IPOLIECaMH.

ITocranoBka 3aBaaHHsa. Ha migcraBi BHUIEO3HAYEHOro, HAsBHOCTI
BJIACHOTO PO3PaxXyHKOBOI'O KOMILIEKCY, 3allaTeHTOBAHOTO CIIOCO0Y
BuMipy [6] Ta po3pobieHoi MeTomukk BuMiproBaHb [7,8] € momibHUM
MPOBEIEHHs CYJHOBUX HaTypHHUX BHIIPOOYBaHb BUMIpPIOBAJIBHOTO MpHUIIa-
ay.

Bukaan ocHoBHoro marepiaay pociaimxenHs. Cymno 1981 poky
noOynoBu (PiHNAHAIS) TpU3HAUYEHE JUIS [IEPEBE3EHHs TeHEePaJbHUX BaH-
TaxiB (puc.l a).

CunoBa ycraHoBka (puc. 1 0) nBoxBanbHa. KoxHa JiHisl Baly ckia-
JIA€THCSI 3 TOJIOBHOTO JIBUTYHA, €1aCTHYHOI My(QTH, MIPOMIKHUX 1 TpeGHO-
r'o BaJliB, a TAKOX I'PeOHOro rBUHTA (PIKCOBAHOTO KPOKY.
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Tonoumii neuryn 6UPH 36/45, worupuTakTHWH, psSIHUN, TPOHKO-
BUH, MPOCTOi [ii, 3 Ta30TypOIHHUM HAQ/IyBaHHSIM Ta MPOMIKHHAM OXO-
JIOJPKEHHSIM.

Puc. 1. 3oBHimHIM BUTIIAL a) CyIHA Ta 0) CHIOBOI YCTAHOBKH

Totyxkuicth HOMiHAMBHA Ne, KBT (J1.C.).............. 662 (900)
Yacrora 06epTaHHs HOMiHAIBHA N, 00/XB  ........... 375
Hacrota 00epTaHHSI MAKCUMATIBHA Nimaxy. .« vevenee.n. 386
YacroTa obepTaHHS MiHIMaJIbHO-CTilKa, 00/XB ......115
UHCITO THATHAPIB Zc. . v oveeiieieeieeieeieeeeaeeans 6
Hiametp mumiaapa Dy, Moo 0,36

XiZ MOPIIHSA S, M ooeeiiiiie i 0,45
ITopsaok cmamaxiB:  ..ovivviviiiiinieninnnnnn 1-5-3-6-2-4
Pamiyc kpuBommma R, M ... 0,225
JiameTp paMOBOT MIAHKH d1,M.......oovevvininnnnnnnn 0,300
JiameTp maTyHHOT INUHKA d2,M  ....ooovvieeninn... 0,250
Cepenniii edextuBHUM THCK P, MlIla.................. 0,77
MakcumanbamiA TUCK 3ropsiHAS Py, MIa............... 7,36
CTETIHD CTHCHEHHS €. .. v 'eeueneeneenaneeeneaneneaanennns 12

Hemnghep kpymunvHux KoIuBaHb CUNIKOHOBUIL.
Edextusunii Moment inepuii nemndepa 0q, krm? .....62,0409
Enacruuna mydra EZS 195-1501 « VULKANY®.

MoMeHT iHepii Bey4oi yacTuHu 01,KIM? ............. 14,96
MowmeHT iHepii BigoMoi yacTunu 0, KtM? .............. 4,25
I'pebnuii 26unm gixcosanoeo kpoxy (I' PK).

JlaMeTp Do, M. 1,55
KinmbKicTh JOMATENZ:  ooeeiiiiiiiiiieeeee e 4
Kpok Hy Mao e 1,55
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3 BHKOpPHCTaHHSAM BJIACHOTO PO3PAXYHKOBOTO KOMIUIEKCY Ha OCHOBI
JMaHUX CYAHOBOI JOKyMeHTamii OyJiM po3paxoBaHi MOMEHTH iHEpIIii Juc-
KPETHUX Mac, MOAATIMBOCTI TUISHOK BaJoONpOBOAY, MOOyAOBaHa Teope-
TUYHA iHAMKATOpHA Aiarpama Ta OOYMCIIeHI TapMOHIiiHI Koe(illieHTH A
BH3HAYEHHS TAPMOHIKH 30y/[KyI0UOTO MOMEHTY BiATIOBITHOTO TOPSIKY.
JluHaMiuHi XapaKTepUCTUKH KOJIMBAJIbHOI CXEMHU HaBeACHI B TaOmwmii 1.
BrnacHi yacToTH Ta BEKTOpH KOJUBAJIBHUX CTaHIB CUCTEMH BHU3HAYAIUCDH
SIK pIIIEHHA 3ajadi Ha BIAcHI (yHKIT Ta BIAcHI 3HAYEHHS AMHAMITHOL
MaTpPHII.

Tabmums 1. JlnHaMidHI XapaKTEPUCTUKH KOJUBAJBEHOT CXEMHU

Moment [TogaTnuBicTh Hiametp
Ne HaiimenyBanHas imepmii 1, ei, pan/ Hm IUISTHKA
Kr*m? 108 BaJl, M
1 Jemndep 14,96/4,25 0,94 0,25
2-7 | Huninapu Ne 1-6 39,044 1,47 0,25
8 Mectepus 10,8 1,2 0,25
9 MaxoBuk 140,6 0,4 0,31
10 [IpomixkHU Ban 2,51 110,43 0,19
11 I'peOHuit Ban 0,12 44,9 0,19
12 I'oK 3,15 - -

B pesynbrari po3paxyHkiB Oyio moOymoBaHo rpadik po3BUTKY Kpy-
THJIBHUX KOJIMBaHb Ta BHSABJICHO PE30HAHC 12-TO MOPSAKY TPHOXBY3JIOBOI
«MOTOpHOI» hopmu KoMBaHb 3 yacToToro N3= 61,6 I'tr (2= 308 xon/xB).
By3on 3naxomuthest Ha AisHII KomiHdatoro Baiy (KB) mixk werBepTuM
Ta I’ ATAM IHITiHApaMu (puc.2 a).

a) BexTop KO/IABATHHEX CTAHIE, 3-X ByL10Ba dhopna b} Hanpyoxenra Ha Hebesmeusitt gimanni KB
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Puc. 2. PesynbraTi po3paxyHKiB: @) BEKTOpa KOJIUBaJIbHUX CTaHIB; 0) 0~
THUYHOT'O HaNpPYKEHHs
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Ha pucynky 2 0 HaBemeHO pe3yJIbTaTH PO3PAaxXyHKY IOTHIHOTO
Hampy>KeHHS Ha Mii MifsgHIi. MokHa 0aunTH, 110 BeTMYMHA HATPY>KEHHS
B PE30HAHCHINM 00JacTi 3HAYHO MEHIIE IOMYCTUMOI, SKa 3a BHUMOTaMH
Perictpy He nmoBunHi nepesuiryBatu 22,65 MIla. Tomy 3a60poHEHUX 30H
HEMae.

HatypHi BunpoOyBaHHSI BUMipIOBaJILHOTO MPUIAAy MPOBOIAMINCH il
Yac 3aKiHYCHHS! pEMOHTHHX POOIT Ha Cy/HI Ha MIBapTOBUX. B mux ymoBax
BHanocs nocsATHyTH Tinbku 200 00/xB yacToT obeprants KB 6e3 3arpo-
3W PO3MHTTS IPYHTY Oinst mprdany. KpiM Toro, €IMHIM BUTBHHUM MicCIleM
JUISE BCTAHOBJICHHS BHMIPIOBaJIbHOI YacTWHU Tpwiany (puc. 3a) Oys
npoMibkHUA Ban (puc 30). 3amuic JaHWX MPOBOJUBCS MUCTAHIIIHO Ha
YOTHPHhOXKaHATEHOMY IH(ppoBOMy octmiiorpadi 3 0JHOYACHOIO peecTpa-
LI€I0 PiBHS IIyMY TI0 OJJHOMY 3 KaHaJiB.

Puc. 3. 3oBHiNHIA BUMIAA: a) BUMIPIOBAJBHOTO MPHUCTPOO; 0) Micus
YCTaHOBKHM BUMIpPIOBAILHOT YaCTHHU MPHUJIALy Ha BaJIOMPOBOII.

[linkoHTpONBHOIO PericTpy XapakTepHCTHKOIO € JOTHYHE HaIpy-

YKCHHS SIKE MO’KHA OTPUMATH 32 (OPMYIIOI0
O

W

Jie T- JIOTHYHE HATPY)XEHHS CKpydyBaHHs AUSHKH i; W-  monspHuit
MOMEHT OIIOpY MOINEPEYHOro NMEePeTHHY AUISHKH, - MOMEHT iHepuii; &i-
KYTOBE ITPUCKOPESHHS BiJIIOBIIHOT 30CEPEKEHOT MaCH.

Jlns BU3HAYEHHS 3aJI€KHOCTI HAIPYTH CKPYYyBAaHHS BiJl 9acy BUKO-
pHUcTOBYyBasIach poboya hopmyna

T

_0:9-U0-u, )

1
A-R-K; W W)

ne 0=13,53 xr-mM? — MOMEHT iHepLii Macu Ha sKiii BCTAHOBJICHUI
BUMIPIOBATIbHHUN TIPUIIA,
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g = 9,81, M/c’>~ IPUCKOPEHHS BIILHOTO Na (iHHS;

U(t) — Buxiguuii curaan ocumiaorpada, MB;

Um(t), MB — curnan mrymy npuiimMansHO-TIepeJaBalIbHOTO TPAKTY;

R=0,265 m — BificTaHb aKcenepoMeTpa BiJi 0Ci 00epTaHHS;

Ki=0.7 - xoedinient nemuiinocti AYX npuiiManbpHO - MmepeaaBajib-
HOTO TPakKTy,

A= 6,5MB/g — 4yTauBicTh akceaepoMeTpa;

W=1,35-10"3, M® -mossipHuUii MOMEHT ONOpPY NMEPETUHY iISTHKH.

Ha puc. 4.a moka3aHo TEOPETHYHO PO3PAXOBAHUNA PO3BUTOK JOTUYHO-
ro Hampy>XCHHS B MICTi BUMiprOBaHHs, Ha pHuc. 4.0 — parMeHT pe3yib-
TaTiB BUMIPIOBaHb, SIKi TiepepaxoBadi 3a popmynoro (1) Ha gacToTi 06ep-
taHHsA KB 150 006/xB. Pi3ku iMITynECH BENHKOI aMILTiTyau copMoBaHi
JaT4ukoM QikcyrounM oauH ooepT KB.

Pozeumox domuunozo Hanpy wenns 6) Howmiune nanpysHcenns

03 a 12

0.2 623

Mila
=2
L
L
T Ma

! (W ”
0.15 / —323

—
o0 200 300 400 -u P P 5 2
Yacmoma obepmanns KB, 06/xs Yac, ¢

Puc. 4. loTnuHe Hampy»XeHHS Ha AUISHII MPOMDKHOMY Bally: a) TEOPETUIHUH
pO3paxyHOK; ©)  pe3yJbTaTd BHUMIPIOBaHb HANPYXKEHHS HAa MPU YACTOTI
obepranns KB 150 06/xB

MoskHa 6a4nTH, M0 TEOPETHYHI Ta eKCIIEPUMEHTAJIbHI JaHHI € Kope-
JIbOBAaHMMH, aJI¢ METOZMKA BUMIPIOBaHb II€ MIOTPEOYE yIOCKOHAJICHHS 110
YCYHEHHIO BIUIMBY BHUIAJKOBHX (DaKTOPIiB (€JEKTPOMArHiTHOrO WLIyMy,
BiOpauii Koprycy cyaHa, Api0’s3Ky HE3aTSATHYTHX KpiIUleHb, Ta 1HIL) 3
METOI0 BiIQiIbTPYBAaHHS KOPUCHOTO CUTHAIY. AJle 6€3yMOBHOIO IepeBa-
TOI0 JIaHOT METOJIMKU € MOOUIBHICTh, MOXJIMBICTh BCTAHOBIICHHS arapa-
TypH y OyIb-sIKOMY JTOCTYITHOMY JUIsl BUMipIoBaHb MicTi. Kpim Toro BoHa
He MoTpedye TPUBAITUX XOJIOBHX CYTHOBHUX BUTIPOOYBAHb.

BucHOBKH Ta TepCHeKTHBH MOAAJIBIINX AOCTiTKeHb. J[o-
CTOBIPHICTb pe3yJIbTaTiB 00UMCIIEHb BIACHOIO PO3PAaXyHKOBOTO KOMILIEK-
Cy TepeBipeHa INOINepeaHiM MOPIBHAHHAM BJIACHUX PO3PaxyHKIB 3 po-
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3paxyHKaMH KpPYTWJIBHHX KOJIMBaHb IIPOBEACHUMH CyTHOOYIIBHUMH
kommanismu HUNDAY, STX, MAN B&W BukoHanumu Aiisi CydacHHX
CYZCH.

HatypHi BunpoOyBaHHs npuiaay € oOHaIiIMBUMH Ta MPH JTOAATKO-
BHX BHIIPOOYBAaHHSAX Ta IMPOBEAEHHI TApMOHIMHOTO aHami3y IX pe3yib-
TaTiB MOXHA JOCATHYTH JOCTaTHBOI i motped Oprany Harisgy
(Mopcsekoro Perictpy Ykpainu) cTyneHi J0CTOBIpHOCTI.
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BILJINB HABAHTAKEHHS HA HAJIMHICTh CYJTHOBUX
MEXAHI3MIB I ATPEI'ATIB

IMocTtanoBka mpodiemMu B 3arajbHoMy BUIIsIi. OcobnuBocTi Oy-
JIOBH CYJHOBHX MaTepialliB 1 sIBHO BUpaXXCHA XiMiuHa, CTPYKTypHa Ta
MeXaHiuHa iX HEOJHOPIAHICTH MOBUHHI BPaxoBYBaTHUCS MPH BUOOPi MaTe-
Ma€ BU3HAYCHHSI PiBHSI HAIIPYKEHOCTI KOHCTPYKIII.

[Ipu BUTOTOBIIEHHI KOMOIHOBaHUX KOHCTPYKIIIH 3 PI3HOPITHUX MaTe-
piaJliB MOXKE BHKOPHCTOBYBATHCS OUIBINICTh METOMIB iX 3emHaHHs( Ha-
MpUKIaa 3BaproBaHHsAM). [lomryk HaWOUTBII paliOHAILHOTO METONY BU-
3HAYEHHS HANPYXEHOCTI KOHCTPYKIIi BUKOHYETHCS 32 YMOB OTPHUMAaHHS
3BapHOi KOHCTPYKIIi BHCOKOI sKOCTi. OcoOnmBe Micie 3aiiMaloTh METO-
JMKH, SIKi MOXKYTh BHU3HAYUTH PiBEHb HANPYKEHOCTI KOHCTPYKIIi i3 3a-
CTOCYBaHHSIM pylHYyBaHHS, a0 0e3 pyiHYBaHHS 3arajlbHOTO CyIHOBOTO
By31a. llpu mpoMy HEoOXiTHO BpaxOBYBaTH MiHIMi3allif0 BUTPAT Ta OII-
TUMI3aLil0 TUITY 3'€JHAHHS, KJIaC JIETYBaHH MapoOK 3BapIOBaJIbHUX CTaleH
Ta CyMapHy COOIBapTiCTh BUTOTOBJICHHS KOHCTPYKIIi.

AHaJi3 ocTaHHIX AocaixkeHb i nmyOJaikaniil. 3 MpakTUKKU mpane3aa-
THOCTI BY3JIiB CYJHOBHX METAJOKOHCTPYKIIN BiZIOMO, IO PO3MOJLI 3y-
CWLIs (Hampy»KeHb), a TAKOXK PO3MOJT MIIIHOCTI BCi€l KOHCTPYKIIIT Imiji-
MOPSIKOBYIOTHCSI HOPMAJIbHOMY 3aKOHY PO3IOJLUTY 3 BiIMOBITHIUMHU 1MO-
BipHOCTsIMHU [1,2].

TakoX IUPOKO BiJOMO 110 METOAMKH BU3HAYEHHS PiBHS HAIPYXKEHb,
SIKI TIPOBOZSTHCS BiJMOBIIHO /IO METH 1 3aBJiaHb poOOTH, CHOPMYJIHLOBA-
HUMH B pe3yJIbTaTi BUBUEHHS CTaHy MHUTAHHA 1 MPOBEACHUX MOIEPEIHIX
eKCIIepUMEHTABHUX JociimkeHb [3,4]. Kinbka MEeTomauK MOCTiKEHb 13
3arajbHOI0 METOK POOOTH CKJIaJal0Th METOAMYHHUM IMiAXIJ 10 BUSHAYCH-
Hsl PIBHS HampyXeHHS CYJHOBOI KOHCTPYKINi Ha 0a3i 3amporoHOBaHOI
MOJIeJIi YTBOPEHHS 3'€qHaHHA [5,6].

IMocTanoBka 3aBaaHHs. MeTa JOCTIDKEHHS — BU3HAYCHHS KPUTHY-
HOTO HAINPYXXEHHS, IPY IKOMY 3aI1ac MIITHOCTi BUSIBIISIEThCS HAMEHBIIUM
Ta piBHS HAIPY>KEHOrO CTaHy KOHCTPYKLIi MicCIsl SKOTO MOYUHAETHCA il
pyHHYBaHHsL.

BukaanenHss matepianay mociimxkennsi. [Ipu po3poOii TeMu a0ci-
JOKEHHSI MOYKHO BB)KATH, IO PO3IOILT 3yCHIUIS HiIHOPSIIKOBYETHCS HO-
pPMaJbHOMY 3aKOHY i3 HIUIBHICTIO iMOBipHOCTI fi(X), MaTremMaTHyHUM O4i-
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KYBaHHIM M 3yCWUIA (HaIpy>KeHHS) Ta CEPEeIHIM KBaAPATHIHUM BiIXHU-
JICHHSM 0. Po3moain MiHOCTI MiAMOPSAKOBYETHCS HOPMATLHOMY 3aKOHY
i3 mITBHICTIO HiMOBIpHOCTI f2(X), MaTeMaTHYHUM OYIKYBaHHSIM MIIIHOCTI
My Ta cepelHiM KBaApaTUYHUM BiAXWIEHHSIM o». ['padiuHo posmonin
IIITFHOCTEH IMOBIpHOCTEH TOKa3aHi Ha puc.l.

&g e

Ve fo(x)
x\

6, 6

T
o >

A

h 4

b

m; > “m

Puc.1. Posmonin minpHOCTEH i iIMOBIpHOCTEH HAIIPY)KEHB Ta 3YCHIIb Y BY3IIi.

OyHKIIis HAAIHHOCTI TAKOT CUCTEMH BU3HAYAETHCSI BUPA30M BHLY:

p=g| MM
Jor -o;

ne — @(2) HopmoBaHa HOpMabHa QYHKIIiST PO3IOILTY.

[MpaktuuHO (HYHKIiS HAAIHHOCTI Y MPOEKTHHX pO3paxyHKax BH3HA-
YaeThCsl 3 BEJNMYMHH 3amacy MinHocti, To6to P=@(n) , ae n -
Koe(illi€HT 3armacy MiIHOCTI.

Po3paxyHok HamidHHOCTI BY3IiB TPOBOAUTHCS JUIsI KPUTHYHHUX II€pe-
pi3iB, nie 3amac MiHOCTI MiHIMaJIbHUH, a MOTIM HAJIMHICTH By3Ja 3HAXO-
OUTBCS AK JOOYTOK HAgifHOCTI KPUTHYHHUX Tepepi3iB, TOOTO fK
MOCHIIOBHA cXeMa 3'€JHaHb. 3 MPaKTUKU BiZIOMO, IO MPH KOeQiIieHTI
3amacy MinmHocTi N > 1,4 HaxiiHicTh By3/a OJiM3bKa 1O OIMHHIIL
P=®(1,4)~10.
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[Mpu3HavyeHHsT HOPMATHUBHOTO Koe(ilieHTa Kiopy 3alacy MIIHOCTI €
Ty’Ke CKJIAQJHUM 3aBJaHHSIM, BUPIIIEHHS SKOTO B JIAHWH Yac € MOKINBUM
JIUILIE B OKPEMUX BUIMAJKaX HABAHTaKCHHS.

JomyctuMo 110 BuOipka 3 JOCTIIHUX 3pa3KiB JETaJliel CyJHa CIO-
cTepiranacsi B eKCIUTyaTallii JOCUTh TpUBaiuil dac 7, SKWii BU3HAYAETHCS
SK (DYHKIISI TOYHOCTI Ta AOCTOBIPHOCTI pe3yJbTaTiB eKcrepuMeHTy. [lpu
oMy Brasiocsi BCTaHOBUTH: M(Rmin)n - 3HaUCHHST HUKHBOI MEXI1 JOBIpYO-
ro iHTEepBaly MiHIMAJBHOTO Mapamerpa MIIHOCTI, M(Omax)s - 3HAYCHHS
BEPXHBOT MEXi JIOBIPUOTO iIHTEPBATY MAaKCHMAaJIbHOTO HABAHTAXKEHHS.

3a 1i 3Ha4YCHHS MOKHA MPUHHATH, HANPUKIAl, MEXKY MIIHOCTI abo
MeXY TUTMHHOCTI MaTepiaiy, 0 OOMPaIoThCS 3 HOPMATUBHUX JIOKYMEHTIB
mpu moOyAoBi cyfHa abo 3 BHUKOpUCTaHHSIM puc.2. Toxi HopMaTHBHHI
KOeDIIEHT Kyopy 3a11aCY HAOIMKEHO PO3PAXOBYETHCS 32 POPMYIIOHO;

~ M (Rmin)n

HOpM — M (gmax )B

K

e

Q\l"

G,

e 8
- -~

Puc.2. ®ynkuis po3noniry MexaHiYHUX NOKA3HHUKIB CYyJJHOBHX MaTepialiB.

SIKIIO yMOBHM HAaBaHTa)KEHHSI Ta BHYTPINIHBOTO CTaHy KOHCTPYKIIT
J03BOJISIIOTH NPUHHSATH BUX1AHI TIIOTE3H, TO PilICHHS BAAETHCS MPUBECTH
710 BUIJISIY, 3PYUHIIIOrO JIsl MPaKTHYHOT'O BUKOPHUCTAHHSI:
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1 b 2,,2 2,,2
K, =——5[1+y1-1-xv Vv
HOpM 1_ ,Uzvé \/ ( H VR )(/J 0')

2,2 .. C . .
ne Vg,V - KoedimienT Bapiamii mapaMeTpa MIlHOCTi Ta HaBaHTa-

JKEHHS, BIINOBIAHO; i - Koediuient [ayca [7].
B okpeMoMy BHIIaIKy TaKOr0 HaBaHTXEHHs, KOIH 0=(g) - Je-
TepMiHOBaHAa BEJTHIMHA:

_
1-pvy

Tomy imoBipHicTF Q BiMOBH MOpIBHIOBAaTHME IMOBIpHOCTI MOl
MPOTHIICIKHOI, TOOTO:

0
Q=P(—0o<y<0) =I<0(t//)8t//

K

HopM

a00 3 ypaxyBaHHSM IEPILO] TiMOTe3! (PO HOPMAILHUIA PO3MOIi):

Qzl 1—- <l//7>
2| . )]

polli_of W
2| S,

BinmoBigHO 10 IHINOI BUXIJHOI TIMOTE3W Ta TEOPil IMOBIpHOCTEH
3HAXOAATHLCS MapaMeTPH PO3MOJIITY:

Ww)=(R)~{o)
S, =/Sa+S5

e (R),(c)- cepe/iHi 3HaYeHHS MapaMeTpiB MILIHOCTI Ta HaBaHTaKEH-
S 2 S 2 . . .
Hi, OR, O, - AMCIEPCii MapaMeTpiB MIHOCTI Ta HABAHTAKEHHS.

Benuuuna <l//> = 44 HA3MBACTHCA XAPAKTEPUCTHKOIO Oesmekn un [ayc-

S

y
CIBCHKHM piBHEM HaaildHOCTI. Lle MOHATTS BHSABISETHCS IIykKe 3PydHHM
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IIpyU KOPUCTYBaHHI Tabnwiero 3HadeHb ¢yHKIi Jlammaca ¢, Tak Be-
POriaHiCTh P=¢2(1t) 3HAXOAUTCS Yy pasi 6e3mocepeanno mo tabmuii [8].

Ha mepmiii crazii BromiiecTHOr0 pyHHYBaHHS 30UTbIIEHHS PO3MIipiB
MaKpPOHECYIUILHOCTI Y BEPIIUHI KOHIIEHTpATOpa 31 30IbIICHHSIM YHCIIa
IUKJTIB HABAHTKEHHS OyJe BU3HAYATHCS KOOPAWHATAMH TOYOK, B SKHX
MOCITIZIOBHO BUKOHYETHCS KPUTEPi pPyHHYBaHHsS 1 XapaKTepU3yBaTHUCh
MIBUAKICTIO. 31 3pOCTaHHSAM MaKpOHECYIIUIBHOCTI B 11 BepIiuHi (hopMyBa-
THMETBCS, XapaKTEepHE JUISI MAKPOTPIIIMHN Ta BH3HAYAIBHE 1i IIBUAKICTH
3pocTanHs. EkcriepyMeHTanbHE IOCTIIKCHHS 3apOJPKEHHS TPIIMUHA B
KOHIICHTPATOPl HANpPYXCHHS B YyMOBaX MaJIOIUKIOBOI BTOMH BUKOHAHO
Ha MPSMOKYTHHUX 3pas3kax 3i ctami Cm3, Mo MaroTh y BEPIIUHI HAApi3y
KpPYTOB1 OTBOPH 3 TIPOTOYKOIO [9].

ANCE P,

5 P=EC

> >
C
POFT??’! P
Puc.3. Cucrema oOrpyHTYBaHHS Puc.4. I'padix Bubopy HalOLIBIT
MOKA3HUKIB HAIIHOCTI HaJIIHHOTO CYJHOBOTO BY3JIa

Iopsin 3 iIMOBIpHICHUM Ta SIKICHUM aHAaJli30M OIiHIOBaJach 1 Haik-
HICTh aHAaJOTiB Ta KOHCTPYKTMBHHX BHMKOHaHb BHPOOY. SIKiIo BoHa
HEBIJINOBIJIa€ PErIaMEHTOBAHUM BHMOTaM, TO BCTAHOBIOIOTH NMPUYHHU
HEJ0CTaTHhOI HANIWHOCTI Ta PO3TJSLAAI0Th MOXJIIHMBI 3aX0oaW MIOAO il
migeumenss [10]. Jis soro BU3HAYAOTH JOCATHYTHI PiBEHD HAXIHHOCTI
P, a takox Butpatn C Ta KOpucHHUH edekt E y BapTicHOMy BHpaKeHHI.
Hatikpamum € take pitieHHs Poum, SIKE BIINOBIa€ MAKCHMAaIbHOMY 3Ha-
YEHHIO pisHuIi Mik E i 3 (puc.3), To6to P, — max E—-C). A6o xomm
BEJIMYMHA JIOCATAE TPAHUYHO JIOIMYCTUMOTO 3Ha4YeHHs [11] .

Konu € Benuka KinbkicTs BapiaHTiB BUpPOOY, TO KOXKEH BapiaHT BHUPO-
Oy 300paxyeTbcst Ha rpadiky (puc. 4) y BUTIIsIII TOYOK 3 KOOpAuHaTamu P
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1 C. JliHis, 10 OTWHAE MHOXWHH 3JTiBa 1 3BEpXy, IPOXOIUTEL Yepe3 Kparli
BapiaHTH, IO BIiAMOBIMAIOTH Kpalliii HamiitHOCTI. [HII BapiaHTH CBiIOMO
ripiri Ta iX po3risa HeAOUTbHUN.

BucHoBKY i mepcrneKTHBH MOAAJBINMX A0CTiAKeHb., HaBenena me-
TOJMKA HAIPYXCHb CYIHOBHX KOHCTPYKIIM 32 paxyHOK OI[IHKH piBHS
KPUTHYHUX TIepepi3iB, BU3HAYAE MiHIMaJIbHHUH 3amac MIIIHOCTI 00J1aTHaH-
HS

3anpornoHOBaHi MiJXOU 3 BUBUEHHS HAIMPYXKCHb, MICTITH CKCIIEPHU-
MEHTAJIbHI CITOCTEPEIKCHHS Ta TEOPETUYHI 3aKOHOMIPHOCTI IO JI03BOJIAThH
BU3HAYUTH HAJIIHICTD CYyTHOBHX BY3IIiB.

CIINCOK BUKOPUCTAHUX /[DKEPEJI

1. ®oxa A.A. CynoBoit mexanuk. T. 1. / A.A. ®oka — Opecca:
®ennkce, 2010. — 103 c.

2. ITlanactokx B.B. 3acTocyBaHHs METOAIB MEXaHIKH pyHHYBaHHs
MaTepialiB s OLiHyBaHHS
MiIIHOCTI 3BapHuX 3’enHanb / B.B. Ilanacrok // ABTomaTtmueckas
cBapka. — 2008. - Nel1. - C.151-156 c.

3. Maxuenko B.U1. Pecypc OezomacHoil sKcmiIyaTaliMu CBapHbBIX
COEIMHEHUI U Y3JI0B  COBpPEMEHHbIX KOHCTpykuuii / B.M. Max-
HeHKo. — Kues: HaykoBa nymka, 2006. — 618c.

4. Chigarev V.V. Flux-cored strips for surfacing / V.V. Chigarev,
A.G. Belik // Welding International . - 2012 . — V. 26.- P. 975-979.

5. ®oxka A.A. Cynosoit mexanuk. T. 1. / A.A. ®oka — Opecca:
®ennkc, 2010. -1030 c.

6. Kovalenko I. Operation reliability evolution of the ship power
pipelines with application of mathematical modeling and ultrasonic
testing methods / I. Kovalenko, V. Spiridonov // The scientific her-
itage. - 2016. - Ne6 — C. 88-91.

7. Chigarev V.V. Optimization of the fractional composition and
performance melting powder tapes with exothermic mixture in the
filler / V.V.Chigarev, A.G. Belik, D.A. Zarechenskii // Welding
International. - 2016. - V.30.- No.7. —P. 557-559.



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 122

8. UYwurapes B.B. Cnioco0 yBennueHus cpoka Ci1ykObl MeXaHu4e-
ckoro obopynoBanusi / B. B. Uurapes, 1. B. Koaneaxko U.B //
Bectauk I[II'TY. — 2010. - Ne 20. — C. 231-236.

9. UYurapes B.B. HccrnenoBanue sKCIUTyaTallMOHHBIX CBOWCTB
OMMeTaJUTMYEeCKNX CBapHbIX coeaunenuii / B. B. Ywurapes, U. B.
Kosanenko N.B // Bectnuk [II'TY. — 2011. - Ne 22. — C. 161-165

10. Yuraper B.B. VYcoBepiieHcTBOBaHHE METOJMKU HCIBITAHUS
CBapHBIX COEIUHEHUN U3 OMMeTasula Mpyu OJHOCTOPOHHEM U3THbe /
B. B. Yurapes, 1. B. KoBanenko W.B // 3axuct meramypriiHux
mamuH Bixg noiiomok.— 2010. -Ne 14. — C. 99-102

11. Toranbckuit FO.H. CBapHubie coearHEHUs] pa3HOPOJHBIX CTa-
neti / FO. H. INotanbcpkuii. — M.: Texauka , 1981. — 185 c.



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 123

10.31653/smf45.2022. 123-133
Kosumpkwii C. B., Kipisa C. B.*
Harmionansauii yHiBepcutet “Ojiecbka MOpChKa akajieMis’”
*TexHonoriyauit iHcTuTyT Bpurancekoi Komym6ii, Kanaga

BJIACTUBOCTI HAHOCTPYKTYPOBAHUX MATEPIAJIIB

IMocTtanoBka 3amavi. YIOCKOHANEHHsS TEXHOJIOTIH OTPUMAaHHSI BHCO-
KOSIKICHMX MaTepiaiiB 3aBkAd Oylo aKkTyalbHUM 3aBIaHHSIM. Po3BHTOK
MaTepiaJo3HaBCTBA B JABA/IIATH MEPIIOMY CTONITTI CIIPSMOBAHO Ha OTPH-
MaHHS MartepiajgiB 3 OCOONMBUMH BJIACTHUBOCTSMH, SKI BHUBYAIOTHCS Ha
MOJIEKYJISIPHOMY PiBHI NMPH AOCIHiIKEHHI XapaKTEPUCTHK MaKpOOO'e€KTiB.
st 00macTh HAyKH 1 TEXHIKH Ma€ Ha3By HAaHOTEXHOIIOTiA [1].

AHaJji3 nocaimkens imyoJikaniii. [IpuifHATO BBaskaTH 3aCHOBHHKOM
HaHoTexHoJorii P. @. deitamana, skuit y 1959 porii BucTynarwouu nepen
4yiieHaMd AMEPUKaHCHKOTrO (Di3MYHOTO TOBAapUCTBa 3a3HauuB [2]: “S Bre-
BHEHUI, [0 HABYMBIINCH PETyJIOBATH 1 KOHTPOJIOBATH CTPYKTYpH Ha
ATOMHOMY PiBHI, MM OTPHUMAaEMO MaTepiajii 3 a0COIIOTHO HECIOIiIBAHUMU
BJIACTHBOCTSIMH 1 BUSIBUMO a0COJIIOTHO He3BU4YaliHI eektr”. Bxe y 1974
pomi smoHchkuid ¢izuk H. Tarirydi BBiB TepMiH «HaHOTEXHOJOTIsN», 3a-
MIPOTIOHYBABIIH OMICYBATH MEXaHI3MH PO3MIpOM MEHIIUM OJHOTO MiK-
pona. Y miama3oHi po3mipiB 1 - 100 HaHOMETPIB 3MIHIOIOTHCA (Hi3UUHI 1
XiMi4HI BJaCTHBOCTI pe4OBHH. YaCTHHKH TaKUX PO3MIPiB HAAIOTh 3p00-
JICHUM 3 HUX MaTepiasam abCOIIOTHO HOBI BIIACTUBOCTI 1 MOBeIiHKY [3].

OcoO6IMBOCTI MOBEIHKM HAHOYACTHHOK OOYMOBJIEHI PSZIOM MPUYHUH:

1. VYci Meroau oTpuMaHHS HaHOMATEpialliB MOXKHA YMOBHO PO3/LTH-
TH Ha J1Bi BeauKi rpymnu [4]. JIo mepiioi rpynu BiHOCSTh TPaJUIliiHI TeX-
HOJIOTi, SIKi TIFOTh 32 CXEMOIO «3BEpPXY-BHHU3», BIJICIKAIOUM 3aiBHII MaTe-
pian Bim MacwBHOI 3aroToBKH. [lofpiOHEHHS HOCATAETHCS MUISIXOM PO3-
moiy [5], 3acrocyBaHHSM KaBiTalliftHO-TiApOAMHAMIYHOrO Metoma [6],
JIeTOHaIlier0 BUOYXOBHX pedoBHH [6], BUOyxom mpoBigHuka [7] mpu mpo-
XOJPKEHHI TOTYKHOTO IMITyJIbCY CTPYMY Ta 0araropa3oBoOl0 TUIACTUYHOO
nedopmartiero [8]. Jlo apyroi rpymu BigHOCATHCA (i3uuHi Ta XiMiuHi Me-
TOJIM, KOJIM HaBMAKH 3 OKPEMHX aTOMIB YTBOPIOIOTh HaHOMATEpiald 9d
HaHOBUPOOW. B OCHOBI IMX METOHIB JISKUTh OTPUMAHHSI KPUTHYHOTO
3aponky [9] Ta cTBOpeHHS yMOB, 1110 MEPEIIKOPKAIOTH HOTO TOAAIBIIOMY
pocty. HarpiB marepiany 3yMOBIIO€ JOCSTHEHHS BUCOKOT TeMIepaTypH Ta
3a0e3rnevye mepexiJ MPakTUYHO BCiX BHUXIJHUX PEYOBUH B ra3omnomiOHUIN
CTaH 1 TOJAJIBIIOK KOHJEHCAIEI0 MPOAYKTiB. BHUIlapoByBaHHS MOXKHA
MPOBOJIUTH 3 BUKOPUCTAaHHSAM TropiHHs [10], BHCOKOTEMIIEpaTypHOTO CHH-
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te3y [11], mmasmoBoro uu nazepHoro 30ymkeHHs [7], Tomo. CHHTE30BaHI
HaHOMAaTepialli MAlOTh BEJMKY KIIbKICTh Pi3HUX A€(EKTiB.

2. Y HaHOYACTHHOK BeJHKa OIS TIOBEPXHEBHX aTOMIB (MOJEKYM).
Tak, y wactunku 10 HM yacTka MOBEpXHEBUX aToMiB ckiagae 30% [12],
IO MOSICHIOE aKTHBHY B3a€MOJIII0 YACTUHOK i3 30BHILIIHIM CEPEIOBHILEM.

3. 3MeHmeHHs po3Mipy YaCTUHKH MPUBOIUTH 0 30UTBIIEHHS Cymap-
HOI MMOBEPXHEBOI €HEPTii, a TOMy JO HEPIBHOBaXHOTO CTaHy HaHOYACTHU-
HOK; TIOBEPXHEBA EHEPris 3p0CTa€e y cTulbku pasziB [13] y ckijabku 3MeH-
IIYETHCS PO3MIpP YaCTUHKH.

4. TlapameTpn HaHOYACTMHOK 3HAXOIATHCA HA MEXI KIACHYHUX Ta
KBaHTOBUX siBUI [14] 1 UMM MeHINIA YaCTUHKA, THM CHJIBHIIIE BHSBIIS-
I0ThCSI 11 KBAHTOBI BIaCTHBOCTI.

Tomy mosicHUTH OCOOIMBICTH MOBEAIHKH HAHOYACTHHOK B paMKax Kila-
CHYHOI (DI3MKH Ta TEPMOAMHAMIKH PIBHOBAXHHX IMPOIECIB HEMOMIIUBO 1
HeoOXxinHO 3actocoByBatd [14] HepiBHOBakHYy TepMoauHamiky [15] Ta
KBaHTOBY MeXaHiky [16].

Merta poboTu: Y MOPCHKOMY TPaHCHOPTI BEJIMKA KUIBKICTH MPoOIIeM
BUMarae e(peKTHBHOTO BUpIMIeHHS. [0 OCHOBHHMX MpoOJieM BiHOCSATHCS
TaKi K e(eKTUBHICTh CYJTHOBUX CHCTEM, 301IIBIIICHHS PECypCy CYTHOBHX
MeXaHi3MiB Ta Kopmycy, 30inpmenas KK/ Mexani3miB i 3aXHCT TOBKIIISA
Big BukuaiB. L{i mpo0ieMn MOXHA BUPINTYBaTH IIUISIXOM BUBYEHHS YHiKa-
JTBHHUX BIACTUBOCTEH HaHOMAaTEpialiB Ta MOKIIMBICTIO X 3aCTOCYBaHHSI.

VY naniit poboTi 3a3HAYMMO JIMIIE OCHOBHI YHIKaJIbHI BIACTUBOCTI Ha-
HOYACTHUHOK Ta HAHOMATEPiasiB, SKi MalOTh BEIMYC3HUM MOTEHIAN s
BUKOPHUCTAHHS 3 METOIO 30UIBIICHHS PECypCy Ta HAIAIMHOCTI SIK CyJIHA TaK
1 10ro yCTaHOBOK Ta CHCTEM.

BuxiageHHst 0CHOBHOrO MaTepiaJsy.

3HM:KeHHsI TeMIepaTypH IJIaBJIeHHA HaHoMmaTepianiB. KapnnHanb-
Ha 3MiHa BJIACTHBOCTEH y HaHOMaTepiajllaX pPO3IOYMHAETHCA 3 HEBHOTO
nopora, mermoro 3a 100 um [1]. CyTTeBili 3MiHI MOXYTb MiJJIAraTH Ha-
BiTh TakKi XapaKTEpPUCTHKH MaTepiajliB, SKI BBKAIOTHCS HE3MIHHUMH i
MOCTIHUMU, HATIPUKITA]], TEMIIEPaTypa TUIaBJICHHSI.

[Ipu 3MeHIIeHH] po3Mipy YaCTHHOK 3pOCTa€ iX MoBepxHeBa eHepris. B
pe3ysbTaTi 3MEHIIYETLCS TEMIIEpaTypa IUIaBJICHHS YaCTHHKH.

Bupas s remneparypu IuiaBleHHs cpepruyHOi YacTHHKHU pajiyca I
mae Bursia [17]

Ta(r)=T

nu

(1-—2 (o, -0, )LL),
Logr o
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ne Tn, ta T,,(r) — TeMmeparypu IJIaBIeHHS MacHBHOIO MaTepiany Ta Ha-
HOYAaCTHHKH pajiyca I JaHOTrO Marepiany, P, Pp 1 Oy, Op — IYCTHHA 1 I0-
BEPXHEBUH HATAT TBEPAOTO Ta PIOKOro craHy, L — muToma miaBieHHS
Matepiany.

Hampuxitag, Temmneparypa mnaBneHds kpucrtanry CdS craHoButs 6mn-
3pKk0 1600 °C, a manoyactuaku CdS po3mipom 2 HM mmaBisaTbes mpu 400
°C; mist KpuctaniB Mifi Temneparypa mnasienss 1073 °C, a st naHo4ac-
THHOK po3mipoM 20 HM — 490 °C. AHanoriyae cyTTeBe 3HIKCHHS TEMIIe-
paTypu IUIaBIICHHS 31 3MEHIIIEHHSM pO3MipiB HAHOEJIEMEHTIB XapaKTepHe
JUISL BCiX HaHoMatepiaiiB [18], ski yTBOpeHI 3 HaHAYACTHHOK PO3MipOM
menie 100 HM.

36inbIIeHHsT MIIHOCTI Ta TJIACTHYHOCTI MaTepiajiiB, YyTBOpeHHX
HAHOPO3MIPHUMH eJieMeHTaMH. JI7 MeETamiyHUX MarepialliB BILTHUB
po3Mipy 3epHa 0 Ha TBEPIICTh 1 MEXKY TEKY4OCTi ONMUCYETHCS CITiBBiIHO-
meHHIM Xoa-Ilerda [19]

H=Hy+kd™"?;
o, =0 +kd™?,

ne Ho, 0y, — TBEPIICTH Ta BHYTPIIHSA HATIPYTA (KA MEPEIIKOPKAE PO3IIO-
BCIO/DKEHHIO THIACTUYHOTO 3CYBY B TiJli 3€pHA) MPH BEJIMKOMY PO3MIpi
3epHa, K — koeilieHT MpomopIiiHOCTI 715t KOKHOTO MaTtepiaiy.

3akon Xomna-Ilerua (puc. 1) BUKOHYeThCS Ul HaHOMaTepialliB MpHU
po3mipi 10 < L <200 aM.
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Puc.1. 3anexHicts TBepIOCTI 32 Bikkepcom
HAHOKPHCTAIIYHOTO HiKeN0 B po3mipy 3epHa [19]
IMapaxokc MIHOCTI i MJIACTHYHOCTI B HAHOCTPYKTYPOBaHUX Ma-
Tepiagax. Bigomo, mo a1 3BUYAHMX MaTepialiB 4MM BiH MIIHIIINAN
THM MeHIIle pecypc horo mactuyHocti. OnHave, Oyno eKcrepuMeHTab-
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HO JIOBEJICHO, 1[0 B OTPUMAHUX HAHOCTPYKTYPHUX 3pa3kax MOXYTh CIOC-
TepiraTucs: OHOYACHO JTy’K€ BHCOKI MIIIHICHI BIACTHBOCTI Ta HAAIUIACTH-
YHICTh SIK MPH BIJHOCHO HU3BKHUX TaK 1 BUCOKHX Temreparypax [8]. 3poc-
TaHHS SIK MIITHOCTI TaK i TUNIACTUYHOCTI TPOSBIISIOTh METAJH ITICHsl IHTCH-
CHUBHHUX IUTACTHYHUX nedopmMarriii.

500 L S .
400y Zas > -
300f/ N\ N

200} \ \

0 . alassal
0 0.1 0.2 03 04 0.5 06 0.7

Puc.2. KpuBi 3a11eXHOCTI HANPYTH, 0 TPUBOJUTH IO TEUil
HAaHOCTPYKTYpHHUX MaTepianiB Cu, BiJ BETUYWHH BiTHOCHOI Aedopmartii [8]

Pesynpratn MexaHIYHHX BUTIPOOyBaHB Ha po3Tsar mis Cu-maTepiamy
MOKa3aHi Ha pHUC. 2, e HaBeJeHI KpUBI «HAIpyra-aehopMariis s Ipy-
0o3epuucroro ta HanoposmipHoro Cu (kpuBa 1 — rpy6o3epuucti Cu-
MaTepiaiu 3 po3mipoM 3epeH 0mu3bko 30 MKM, 2 — MaTepiall Mmicist X0J0-
JHOT MPOKaTKH, 3 — MaTepial MiJaHui TBOM IIPOX0JiaM IpecyBaHHs Ta 4
— Marepiai, MiJIaHui iHTEeHCHBHINA JedopMarlii 3 4UCIOM IpecyBaHHS,
piBHEM 16). Marepian 4 neMOHCTpPYyE HE TIIbKM TOAAJbIIE 3POCTAHHS
MIIIHOCTI, IO JTOCSTae peKopaHuX 3HaveHb it Cu, ane i 3HayHe 30111b-
IIeHHS IJIAaCTHYHOCTI. AHAJOTriYHa 3aKOHOMIpHICTh Oyna BusiBieHa B Ti-
Matepiaii, mijJlaHOMy 1HTEHCHBHIN MiacTUYHIN qedopMarii ta Juis iHTe-
pmetaninis Niz Al [8].

di3nvHa mpupoa HOBOTO SBUINA MOB'S3aHa 3 (OPMYBAHHIM HaHOC-
TPYKTYp B YMOBaxX BEJIHMKHX IUIaCTHYHHX nedopmariii. HaHocTpykTypH,
10 GOPMYIOTBCS B Pe3y/IbTaTi IHTEHCUBHOI IIACTUYHOI JedopMaliii, sAKi-
CHO BiZIPi3HSIOTHCS BiJl MIKPOCTPYKTYP, 11O YTBOPIOIOTHCS MICIIsl 3BUYAM-
Hux aedopmaiii [20]. IIpu inTeHCHBHIN macTHuHil nedopmanii BinOy-
Ba€ThCS MepeXij TUCIIOKaIii 3 00’eMy KpucTajia Ha Horo rpanuiii. B pe-
3yJIBTaTi 3pOCTa€ KiIbKICTh Ae()EKTiB CTPYKTYPH, 110 IPUBOAUTH 10 3MiHU
TakuxX (yHIaMEHTaJbHUX BJIACTUBOCTEH, SIK MILHICTH Ta MJIACTUYHICTb.
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Kopo3iiina criiikicTb. Po3Mip 3epHa B MeTajax BINIUBAE HE JUIIC Ha
MIIIHICTB, aJie 1 Ha KOpo3iiHi BracTuBoCTi Marepiany. Excriepumentu [21]
JIeMOHCTPYIOTb, 1110 3BHYAaiHi BYTJIEIEBl CTalli Yy HAHOCTPYKTYPHOMY CTaHi
JEeMOHCTPYIOTh BHCOKI KOpO3iifHI BJIACTHUBOCTI, Kpallli HiX cCIeiajibHi
HepKaBitoUl CcTai.

HanoctpykTypoBaHa cTanb — 11 CTallb, BIACTUBOCTI SIKOT 3HAYHOIO Mi-
POIO 3aNeKaTh Bii HAABHOCTI B CTPYKTYpi HAHOPO3MIPHUX KOMIIOHEHTIB
OJIOKOBOI TIONITOHI30BaHOI CTPYKTYpH, SKa TPHU3BOIAUTH A0 CYTTEBOTO
MIBHUINECHHS MIMHOCTI 0€3 MOMITHOI BTpaTH IUTACTHYIHOCTI 1 B'SI3KOCTI
MeTany. HaHocTpykTypoBaHi cTami BOJOAIIOTH MiJBHIIEHUMH (Di3HKO-
MEXaHIYHUMH BIACTHUBOCTSIMH. MIIHICTh TaKoi cTaji 3pocTae B 3 - 4 pasu,
a TBEpPAICTh — Ha TOPSIOK, KPiM TOTO 0araTopa3zoBo 301IBIIYETHCS KOPO-
3iiiHa CTIHKICTh [22].

HigmuxToBKa. Po3BUTOK MOPOMIKOBOI METaNyprii 3 BUKOPUCTAHHSIM
HaHOMATepialliB AO3BOJISIE OTPUMYBATH MaTepialid Ta BUPOOW TPAKTHIHO
3 IIUPOKUM CIIEKTPOM BIIACTHBOCTEH, a TaKOX BUPILIYBaTH OE3BiAXOJHI
YM MaJIOBIIXOJIHI TEXHOJIOTIYHI MPOILIECH OTPUMAHHS ACTalCH CKIAIHOT
dhopmmu.

LlikaBUM 1 TIEPCIIEKTUBHAM HAMPSMKOM Yy TOPOIIKOBIM MeTamyprii €
MiAMIXTOBKAa HAHOTIOPOIIKIB JI0 3BUYaiHIX TTOPOILKIB MU iX MpecyBaHHi
i cmikanHi [18]. [Ipu migmmxTosii 0,1 - 0,5% HaHOIMCIIEPCHOTO HIKEIIO
JI0 3BUYAHUX TOPOIIKIB 3aJi3a 1 HIKEII0 MOPUCTICTh MOPOIIKOBHX BHPO-
0iB 3HIKYETBhCS Ha 4 - 7% TpPU OJHOYACHOMY 3HIDKEHHI TEMIIepaTypH
crikanns Ha 150 - 200°C.

[IposiB edexTy 3MIITHEHHS Ta HAJIUIACTUYHOCTI B CIUIABaX ATFOMIHIIO
Ta TUTaHy 3 MiJIIMXTOBKOIO HAaHONOPOLIKIB POOMTH MEPCIEKTUBHUM iX
3aCTOCYBaHHS JUIsi BUTOTOBJICHHsI JieTaneld Ta BHUPOOiB ckiamHoi (Gopmu
[22].

[Ipu oTprMaHHI TOPOIIKOBOI HiKeIh-MONIOAEHOBOI CTaji 3aMiHa Kap-
OOHIJIBHOTO HIKEJI0 Ha HAHOOKCAIAT HIKEJIIO MiJBHIIMIA MIIHICTh BUPO-
0iB B 1,5 pa3m, a ix macTuuHi BIacTUBOCTI — B 4 pasu [21]. [Ipu migmumx-
ToBIi 3-5% HaHOMopowKy Al 10 mopomkiB Al MiIKpOHHHX pO3MipiB Micis
MpecyBaHHs OTPUMYIOTh Marepiaji, SKWUi TUIACTHYHHN Ta MIIHICTIO He
nocrymnaerscs Fe.

Cyneprinpodooni martepiamm. OcoONMBICTIO TakKMX MaTepialiB €
BKpail HU3bKHUI MOKa3HUK 3MOYYBAaHHS BOJIOI0, BUCOKHI KpaloBHil KyT (>
150°) Ta mManmii KyT HaAXWIy MOBEPXHI O TOPU3OHTY (<5°), IpU SIKOMY
Kparuisi BOAU CKOYYeThCs 3 MoBepxHi [23, 24]. Kyt 3MouyBaHHsS BOJOIO
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BU3HAYAETHCSA BIACTHBOCTSAMH 1 CTPYKTYPOIO IIPUIIOBEPXHEBOTO IIApy
3aBTOBIIIKY B JICKiJIbKa HAHOMETPiB, HAHECEHOTO Ha MaTepiall.

Hnst otpumanHs cynepriipohoOHOTro cTaHy MOBEpXHi aBTOPU pOOOTH
[23] 3acTocoByBaiM 4acTKU OKCUAY KPEMHIIO 3 IEPBUHHUM AiaMEeTPOM
16 am. Ilpn HaHEeCEeHHI TaKWX YACTOK B T€KCaHI y MPHUCYTHOCTI THMeE-
TUIAUXJIOPCUIIaHY Ha TMOBEPXHIO CKJISHOI MiAKIaAKH BimOyBanacs iX
arperaisi. Tak BOaBajnocs AOCATTH CynepriapogoOHOro craHy migKia-
IKH 3 KpaiioBuM KyTom 170°.

ABtopu pobotu [24] misi CTBOPEHHS MOBEPXHEBHX CyHepriapodoo-
HUX TEKCTYP BHKOPUCTAJIH METO] HAaHECEHHS Ha MiAKJIAAKY KaTamizaropa
OCTPIBIIIB HIKEIO MUISIXOM PO3IIIABJICHHS TOHKO{ HIKEJIEBOI IUIiBKH 1 BH-
POIIyBaHHS Ha OCTPIBISAX BYIJICIIEBUX HAHOTPYOOK Y IJIa3MOBOMY PO3psi-
ni. Ha oTpuMmaHy NOBEpXHIO XiMIYHMM OCaPKEHHSIM HAHOCSATh TOHKHH
map noxiteTpapTopeTHieHy. B pesymbrari KpalioBi KyTH YTBOpEHOL
CTPYKTYpPH IOCSTat0Th 3HaueHHs 170°.

Taki MaTepiany BOJOIIIOTH PSIIOM YHIKaIbHUX (PYHKIIOHATBHUX BJIAC-
TUBOCTEH — BOJIOHCTIPOHUKHICTIO, CTIHKICTIO JIO KOPO3ii, CTIMKICTIO 10
OpPTraHiYHOTO Ta HEOPTaHIYHOTO OOPOCTaHHA [25], MO CyTTEBO 30iMBIIyE
pecypc kopmycy cynHa. [lo6musy rigpodoOHOT MOBEpXHI TakKuX Martepia-
JB TOJIETIIEHO KOB3aHHA PiAKOTO MOTOKY. Lle mpu3BoAnTH 10 TOTO, 10
YACTHHKH MUY 1 Opy/ 1y 3MHBAIOTHCS ITiJl CHJIOK0 TsOKiHHS Bou [26].

Hanonpucaaku A0 MacTWIbHUX MaTepiajiB. OTHOPIIHICTE Ta CTa-
OUIBHICTh MACTHJIBHOI PEUOBHHHM, B SKili HAaHOYACTHMHKH OYJIM BIIPOBa-
JOKCHI, BU3HA4Ya€ ii 3aTHICTh MpaIoBaTu HajiiHo. lIIBUAKICTE, 3 SKOIO
HAHOYACTHHKHU OCIJJal0Th, € BAYKIIMBHM MTApaMETPOM, 110 BU3HAYAE KOJIOi-
JHY CTiHKICTb, 1 MOXKE OyTH 0OumnCIIeHa 3a 10oMOorolo 3akoHy CTokca

L Ap=p, )gr?
gu

Jie V — yCTajleHa UIBUKICTh OCIJIAHHsA, Py — TYCTUHA HAHOYACTUHKH, Pp—
TYCTHHA PiIUHM, § — IPUCKOPEHHS BUTBHOTO MaaiHH, I' — pajiyc HaHOYa-
CTHHKH, a |l - IMHAMIYHa B'I3KICTh PIIUHHU.

Lle piBHsHHS BKa3ye, 110 Y JTaHOMY MACTHIII, KOJIM pO3Mip 100aBOK 10
HAaHOYAaCTHHOK 3MeHIyeTbes B 10 pasiB, yac ocinanns 36inpmmrecs B 100
paziB. OTxxe, MOMIMIIEHHS CTa0lILHOCTI AMCHEPryBaHHS HAHOYACTHHOK
MOJKJIMBE 32 JIOTIOMOTO0 3MEHIIIEHHSI iX PO3Mipy.

3a pe3ynabTaraMy MPOBENECHUX EKCHEPUMEHTAIBLHUX JOCHTIHKEHb [27]
MOKa3aHo, 10 CTBOPUTU CTaOUIbHI PO3YMHHU 3 HAHOYACTHHKAMHU OKCHUIB
metaniB TiO2 ta Al,O3 Ha OCHOBI KOMIIPECOPHUX MACTHIJI MOXKITUBO JIHIIIE
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3 BHUKOPUCTAHHSIM IIOBEPXHEBO AKTUBHMX pE4OBHH. JloBelneHa HOIIb-
HICTh 3aCTOCYBaHHs Uil TAaKUX LJIEH MOBEPXHEBO AKTHUBHHUX PEUYOBHUH
Takux sK oyneiHoBa kucioTa Tta Span 80. [Tokaszano [28], mo ontuManabHa
KOHIICHTPALisl TOBEPXHEBO aKTUBHHUX PEUOBHH 11 CTBOPEHHS CTAOUIbHO-
ro pO34MHY 3 HAHOYACTMHKAaMH 3aJI€KUTh BiJl iX KOHIEHTpaLil Ta cepen-
HBOTO PO3MIpY.

Hocnimkenns [29] moka3anu, 110 MPUCAIKA HAHOYACTUHOK JI0 0a30BO-
r0 MacTHJIBHOTO MaTepialy CyTTEBO BILTUBAIOTH HA TPUOOJIOTIYHI BIACTH-
BOCTI TaKMX MacTHIBHHX cucTteM. Jucympdin momiOaeny ta aucymnbdin
BOJIb()paMy YTBOPIOIOTH (YJIEPEHONOAIOHI CTPYKTYPH SIKi BUBYAIHCH SK
MacTtiibHI 106aBku [30]. Li crmomykn 7eMOHCTPYIOTh 9yI0BE 3MEHIIICHHS
tepta qo 0,05. [lpucagku OKCHIIB MeTaliB /0 MACTHJIBHUX MaTepialiB
[31] cyTTeBO 301MBIIYIOTH Pecypc Mmap TEPTS MUIIXOM YTBOPEHHS ILUIaKy-
BaJIbHOT IUTiBKH.

KoHueHTpanis HAHOYACTHMHOK, BIPOBAIKCHUX Y MAacTHIO, 3HAYHO
BILIMBA€E HA TPUOOJIOTIUHI BJIACTUBOCTI MaCTHJIBHUX CHCTEM Ha X OCHOBI
[32]. Icaye onTrMabHA KOHLIEHTpALiS, IPU AKii KOSIiIEHT TepTs 10Cs-
ra€e MiHIMyMY 1 BBQXXa€ThCS, IO 1€ BUHUKAE KON HAHOYACTUHKHU TTOKPH-
BalOTh KOHTAKTYIOUi moBepxHi. Komm KOHIEHTpamis HaHOYACTHHOK 3a-
HA/ITO HU3bKa, TIOKPUTTS HAHOYACTWHKAMH MOXKe OyTH HEOCTaTHIM JJIs
3armo6iraHHs 3a4erieHHs] TIOBEPXOHb Y MICIIX KOHTakTy. OJHaK, KON
KOHIIEHTpALlisl HAHOYaCTUHOK 3aHAATO BHCOKA, TOJI MOJIJIMBA iX arpera-
Iisl, IPU SIKMH yTBOPIOIOTHCS BEJHMKI CKYMUEHHS, SIKI MOXYTh JISITH SK
aOpa3uBHI TiNa, 1110 BeJIE A0 Pi3KOro 301IbIIeHHs iX 3HOCY [33].

Ockinbky TUIONIA TIOBEPXHI OJHOTO IpaMy YacTHHOK po3mipom 10-15
HM ckiagae BennmuumHy 100-200 kBagpaTHHX METPIB B 3aJIe)KHOCTI Bif
MaTepiaay HaHO4YacTHHKH [31], cTae 3po3yMiiuM, 4OMY MPHUCAJIKH HAHO-
YaCTHHOK Ha 1-2 MOpSIKW MEHII, HiX MPHCAIKA MIKPOHHUX MaTepiaiB,
II0 BUKOPHCTOBYIOTBbCSA AJISl aHAIOTIYHMHN wLijied. 3ayBaXWMO, IO PsiA
IHIIMX JOCJIAHUKIB BBAXKAIOTh, 110 MMPH MEBHIN KOHIEHTpAIlil TPHUOOJIOTi-
YHi BJACTHBOCTI pi3ko 3MiHIO0THCS [33].

Bniue HaHompuHcanok Ha eeKTHBHICTH CyIHOBHMX najuB. HaHo-
MPUCAJIKH JI0 TIAJTUB 30UTBIIYIOTh TIOBHOTY 3rOpPSIHHS BYTJIEBOJHIB 1 3a110-
0iraroTh OKHCJIEHHIO CIpKH Ta a3ory [34]. 3aBmsku Takii aii manvBHI
KOMIIOHEHTH MalOTh BUPaKEHHI €KOJOTiYHHMI Ta pecypco- i eHepro 30e-
piratounii eexTH, poOIITIM HAHOIIPUCAAKH BKpail aKTyaJIbHUMH B Cydac-
HIH TEXHOJIOTIT CIIAJIIOBAHHS TPAAMIIIMHUX MTaJIHB.

Bynu npoBeneHi excriepuMeHTaNbHI BUMIpIOBaHHS Ta aHaJIi3 BUKHIIB
BUXJIOITHUX Ta3iB Ta XapaKTEPUCTHK TOPiHHS AWU3EIBHOrO MajJbHOTO MPHU
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BHUKOPHCTaHHI J00aBKHM HAHOIOPONIKOBOTO amroMinito [35]. Jlomasanus 5
rpaM HAHOPIIWHW aJFOMIHIIO Ha JITP MHU3EIBHOTO MAJbHOTO HE TLIBKH
3MEHIIIy€ BUTPATH MaluBa 332 PaxyHOK 30UIbIIEHHS TEIUIOTH 3TOPSIHHS,
aJle TaKoXK 3HWKYE KOHLEHTPAILiIO MIKiAJIMBHX PEUOBHH Y BHKHIAX BU-
XJIOTTHHX Ta3iB Y IU3€TFHOMY BUTYHI.

3a3HayeHi YHIKaJbHI BIaCTHBOCTI HAHOCTPYKTYPOBaHHMX MartepiajiB
CYTTEBO 3MIHIOIOTh X (YHKIIOHAJIbHI BIACTHBOCTI [36], a iX mpakTHYHE
BUKOPHUCTaHHS TMPUBOJUTH A0 ITIBUIICHHS €(EKTUBHOCTI CyIHOBHX Me-
xaHi3MmiB [37].
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Hamionaneuuii yHiBepcuteT «Onecbka MOPChKa aKaaeMis

BUKOPUCTAHHSA HAHOYACTHHOK OKCHUAY TUTAHY (1V)
TIO, IJIs1 HOKPAIMEHHSI TPUBOJOTTYHUX BJIACTHBO-
CTEHU 3SMAIYBAJIBHOI'O MACTUJIA

IlocranoBka 3anayi i i 3B'f30K i3 BaKIMBUMH HAYKOBHMH Ta
NPAKTUYHUMM 3aBJAHHSAMM. 3MCHIICHHS TEPTS Ta 3HOCY MAa€ BaXKJIUBE
3HAYCHHSI JUIS TiABUINECHHS eHEeProe(eKTHBHOCTI Ta HAaIIHHOCTI MEXaHI4-
HUX CHUCTEM. 3a3BHYall 1€ JTOCATAETHCS MUITXOM BHUKOPHCTAHHS PiIKHUX
3MalyBaJlbHUX MaTepialliB Ta MAaCTHII, SIKi YTBOPIOIOTh TOHKY TLTIBKY MiXK
MTOBEPXHIMH, 100 HECTH HABaHTA)KEHHS 1 3aMO0IrTH TPSIMOMY KOHTaKTY
MiX TBEPIMMH MOBEPXHSAMH TepTs. Pifki MacTuipHI Martepiand, sk mpa-
BUJIO, CKJIQIAIOThHCS 3 0a30BOro MacTWia Ta MPHUCAIOK, A€ MPUCAAKH J0-
MTOBHIOIOTH YH PO3MIUPIOIOTH (DYHKI[IOHATHHICTE 0a30BOTO MacTHIIA.

AHaJji3 mocaimkens i myOmikamii. Panime akTHBHO BHBUaNMCS Ta
BUKOPUCTOBYBAIMCS caMe MpUCaIKd i 100aBKH JO MaCTHJ Ta MaJMB Ha
OCHOBI YaCTHHOK MiKpOHHHX po3MmipiB [1-3]. ¥V skocti mpucamox s
3HIDKEHHS TePTS 1 3HONIYBAHOCTI BHBUAIHCS I XKUPHI KUCIOTH Ta IXHI
edipu, opraHiuHi CHoNyKku Cipkd W iHmMX eneMeHTiB VI rpynu pizHOTO
XapaxTepy, Taki sk anidaTHIHi Ta apOMaTU4HI CyIb(iIu, TUCYTbQiH.

3 TOSIBOIO HOBUX TEXHOJIOTIH Ta METO/IB JOCIIPKEHHS 0YJI0 oBEIe-
HO 1 MPaKTHUYHO NMPOAEMOHCTPOBAHO, 110 HAHOPO3MIpHI YaCTUHKH MalOTh
CYTTEBY TlepeBary Haja MIKpOHHMMH dacTuHKamu [2,3]. JdocmigHuku Ta
aBTopu mpanp [4,5] cTBepmKyrOTh, Mo HaHodacTHHKU (HY) y mactwmi
TiI0TH SIK MOAN(IKATOPH TEPTS, CIPHUAIOTH NPOTU3HOLIYBAIEHOMY e(heKTy
1 TO3UTHBHO BIUIMBAIOThH HA TEIUIOBI TTOKA3HUKH.

MexaHi3M 3MalllyBaHHS 3aCHOBaHMI Ha () i3MKO-XIMIYHUX B3a€EMOJIISX
MK MOJIEKYJIaMH 3MallyBaJIbHUX MarepianiB, MOBEPXHAMH, IO 3Mally-
FOThCSI, 1 HABKOJIMIIIHIM CepeJIOBUIIEM. Y 00JIacTi TPaHMYHOIO 3MalllyBaH-
us qomasanus HY (mampuxmax, MoS;, Al,O; ta CuQO) Moke 3HHU3UTH KO-
edinient tepta (KOT) xo 70%, a 06'em 310CY — 10 75% [4,5].

Ilepesaru, sxi neMoHcTpyroTh npucanku HY 3ymoBneHi ocobnuBoc-
TSMU 1X BIACTUBOCTEH Ta BILTMBOM Ha MACTIJIFHHI MaTepial Ta MOBEpXHi
TepTH, K 300paskeHo Ha puc. 1.

OcHoBHI MexaHi3mu 1ii HY monsratots y HaCTymHOMY:
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— HY chepuunoi dbopMu Aif0Th SK KPUXITHI KyJbKH MK TOBEpPX-
HSMH TEPTS, a 1e, y CBOKO Yepry, 3MIHIOE KOB3aHHS HA KOYEHHS 1
MIPHU3BOANTE 10 3MEHIIEHHs KoedimienTa TepTs [7,9-11];

— HY yTBOpIoroTs 3aXucHUH map Ha OBEPXHIi Aeranei [12];

— HY 3anoBHIOIOTH 3a30pH 1 TPIIIMHY BiJ TEPTsl, yTBOPIOIOYH OiNIbII
TJIaJIKi TIOBEPXHI, 1110 HA3UBAETHCS e(heKTOM BHITpaBJIicHHS [13];

— IIOPCTKICTh MOBEPXHI 3MEHIIYEThCs 3aBAskH abpasuBHid nii HY,
10 Ha3UBa€eThCs ehekToM momipysanns [14,15].

I. e 060 o0 | I.:.no.u.u.finil

EderT rouenna Jaxurcunit map

| | | |
@ I .xh}.'\;f}]

Edexr sanoenenms Edexr nonipysanus

Puc. 1 — MexaHi3mu A1ii HAHOYACTHHOK MPU BUKOPUCTaHHI
y MacTHJIbHOMY MaTepiaii [8]

MosximBocti ponaBanHs HY meraniB y mMacTuia Ta 3MallyBajlbHI
Marepiaii aKTHBHO BUBYAIIUCS 1 IOCHIDKYBaUCs y podoTax [4,15].

TakuM 4MHOM, TaKi MacCTHJIbHI MaTepiaiy, 1O CKIaJalThes 3 0a30-
BOI0 MacTWja Ta JUCIIEPCHUX HAHOPO3MIPHUX YAaCTHHOK, 3'SIBHJIHMCS Ta
BiJIOKPEMMUJTHCS SIK HOBUH KJIac y Tally3i MaCTHIBHUX MaTepialiB

MeTo10 po60TH € 3araibHUil aHalli3 TEPCIEKTUBHOCTI BUKOPUCTAHHS
HaHOo4YacTHHOK T1021 OMUCAaHHS MOMIIMBOCTI HOTO MOAAIBIIOTO e(heKTHB-
HOTO BUKOPHCTAaHHS JUIS IIOKpAIIeHHS TPUOOJIOTIYHMX BIACTHBOCTEH
3MallyBaJIbHOTO MaCTHJIA 1 MOAIOHUX PiIKH.

BukiaieHHss 0CHOBHOr0o MaTtepiajy. 3HauHa KUIbKICTh JTOCIIKEHb
CTOoCyBaJacsi OKCHIY 4OTUphOX BasieHTHOro tutany (IV) — TiO; [16-19],
Jie BiH BUKOPHCTOBYETHCS Y SIKOCTI MAacTHJILHOT MPHCAAKK HA BOAHIN OC-
HOBI, MacTHJILHOI TIPUCAJIKK Y BHUIIISI HAHOCYMilri, Tomo. HaHnouacTuH-
ku TiO2 marote cepenHi po3mipu Big 18 mo 21 HM, mo pobuts mi HY
Iy’Ke JIEBUMH 3 TOUKH 30pYy MOKPALICHHS 3MalllyBaJbHUX Ta aHTU(PPUK-
IAHUX BIACTUBOCTEN MacTHIIA.



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 136

ABTtopu pobotu [20] omiHOBaIM aHTH(OPHUKITIHAHI Ta IPOTH3HOIIYBa-
JbHI BIACTUBOCTI cycriensiil i cymimeir TiO2 3a momoMoror Tpubomerpa
3 4oTHpMa Kyjibkamu (puc. 2). CTaHaapTHa MeTajeBa Kyjibka Oyia BHKO-
HaHa 3 JIeroBaHoi XpoMucToi cTaii Mapku 52100, mana giametp 12,7 Mm 3
mopcTKicTio moBepxHi Ra = 0,1 MkM; crynenem noxipyBanas EP = 25 ta
TBepaicTio 32 PokBemiom y 54~58 BinmogimHO.

Bepxna kyneka, AKa
CraraH TpuoMeTpa 00epTAETHCH MPHEOTOM
I8 po3MileHHA B
HbOMY KY.Ib0K

KyIeKoEe cTOMOpHE
™ " kimbue
Bamine kpyTHOTO
MOMEHTY

T
HopMmaabie Inmmmmm ephonapa
—

—y

/C'—
Hizgna kyieka, mo
sadikcoBaHa CTONMOPHEM
KiTbIEM

Joma Harpieaua

Puc. 2 — CxemaTtruHe 300pakeHHs TprOOMeTpa 3 4-Ma Kynbkamu [20]

EdexTuBHICTb 11iT pHCaIKki BU3HAYANIACH T10 CXEMI, sIKa MPeJCTaBIIe-
Ha Ha puc. 3. IloTiM mMoCHimKyBai TOMIKOKEHHS ITOBEPXHI KYIHOK
[UIIXOM aHATi3y TOJAPSITAH Ta CIi/TiB BiJl 3HOITYBaHHS.

3a J0MoOMOro 1BOro METOoAy OyJo JOCHIPKEHO Pi3Hi 3pa3ku Mo-
TOPHOTO MacTHia 3 pisHuM BimcoTkoBuM BMicToM TiO2 (0,01%, 0,025%,
0,05% i 0,075% 3a macoro) npu kiMHaTHIK (t = 234+2°C) Ta migBUIICHIN
(t = 75+2°C) temneparypax Ha mBuaKocTi 1200+60 06/XB 3 HaBaHTaKEH-
HsaM 396+4 H no 30 XBWiInMH Ha KOXKHUH 3pa3ok. Pe3ynbraTi 10CiipKeHb
TIpeJICTaBJIeHI Ha HACTYITHUX CTOpIHKAax Ha puc. 4 Ta 5.

Ha puc. 4 mpuBeneHi excreprMEHTalIbHI JaHi [0 3HOIIYBAaHHIO Ta
BUTJIST TOBEPXOHB KYJILOK IICHSI MTPOBE/ICHHS BUMIPOOYBaHHS TPHOOMET-
POM TIpu KiMHATHIH TemmepaTypi, e 3pa3ok LS — ne uncre 6a3zoBe mac-
Tiio 6e3 npucanaky, a 3pasku LO, L1, L2 ta L3 — ne mactuiio 3i BMicTOM
0,01%, 0,025%, 0,05% i 0,075% 3a macoro HanogacTuHOK 1102 BiAIOBI-
HO.

[loBepxHs 3HOIIYBaHHS KYJbOK, 1m0 3MamryeTbess HU TiO., nomanu-
MU JI0 MacTwia, € OubIn riaakoro [20], HiX Ta, M0 3MaIYEThCS YHCTUM
MaciioM (puc. 4-5). [Ipuuomy 3i 30UIbIIEHHAM KOHIIGHTPALil HAHOYACTH-
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HOK TiO; TmmboKi OOpPO3HM HA TMOBEPXHSIX IMOAPSIHUH BiJ] 3HOCY CTAIOTh
nenani me MeHmWMHU 1 ApiOHimuMu. He Oyno BHABIEHO HISKMX O3HAK
toro, o HY ocinu Ha moBepxHi KOB3aHHS.

AHaNOri4Hi MPOILIeCH CIIOCTEPIraroThes 1 MPH MiABULICHIH TeMIiepa-

HagpanTa:xenns y 40 xr

H N
o SR 1200 06/xs

CJig BiX 3HOCY \/

Puc. 3 — TpubosoriuHa cuctemMa 3 Y0THPHOX KYJIbOK
IIpu BUKOpHUCTaHHI Tprdometpa [20]

Typi (puc. 5) e mIsAMH BiJ 3HOITYBAHHS CTaJH JIEII0 MEHIINMH, a 60pO3-
HU Ta NOJPSMUHA — MEHII TTHUOOKUMH Ta IMIUPOKUMH HIXK MPH KiMHATHIiH
TemImeparypi.

Honasanas HYU TiO; g0 mMacTuiia moka3ano cTaOlIbHE 3HMKEHHS Te-
PTS 32 paxyHOK YTBOPEHHS 3aXHCHUX IUTIBOK Ha 3HOIICHUX IMOBEPXHSIX
(puc.6) [6,20].

Omxe, npucaaku TiOz 10 MacTHUIBHOIO MaTepiany CIPHUSIOTH 3Ma-
IIyBaHHIO 1 3a100iraloTh iIHTEHCUBHOMY 3HOIIIYBaHHIO Y MPOIEC] MPOKAT-
KM METaJIYHUX JCTAJCH Ta 3MEHIIYIOTh KOS(DILIEHT TEPTH.

[lincymoBytoUM pe3ynbTaTH, KOHCTATYEMO, IO TPH TeMIEpaTypi
23°C 1 npu 30inpmeHHi koHuenrtpauii TiO2 3MeHIIyeTbCs KoedimieHT
tepta. Cepenne 3nadenns KOT 3amumnocs 3 0,15 mo 0,05 B qiana3oHi Bix
0,01% mo 0,075% 3a macoro mobasku HU TiO; [20].

Hocnimkenns, nposeaeHi npu 75°C, mokasanu 1mie OUTbIe 3HIKESHHS
K®T. Tak, cepenniit koedirient tepts, 3uususcs 3 0,095 no 0,015 B gia-
nasoni Big 0,01% mo 0,075% Bmicty TiO; 3a mMacor. OTxe, J101aBaHHS
HY no mactuna nounHae eeKTUBHO JiSATH TPH KiJTbKOCTSIX HAHOIPUCAI-
k1 TiO2 nounnarouu Bxe 3 0,025% 3a Macoro.

Takox HaviHWkuni nokasHUK KOT OyB oTpumaHmMil s 3paska 3
0,075% Bmictrom HY TiOy, sikuit 3yMOBUB HOT0 3HIKEHHST IPUOIM3HO HA
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60% y MOpiBHSAHHI 3 YUCTUM 0A30BUM MACTWJIOM NPH KIMHATHIH Temrie-
patypi (23°C) i mpubmusno Ha 80% mpu Temmneparypi 75°C. 60% y mopi-
BHSIHHI 3 YMCTUM 0a30BUM MAacTHIIOM TIpH KiMHaTHi# Temmeparypi (23°C)
i mpubnm3Ho Ha 80% mpu Temneparypi 75°C.

3pasox L2 - Tiamerp mpamy sHoCY 319 Mun

3pasok L3 - miamerp mpawy srocy 313 Mz

Puc. 4 — 3HIMKH KyJIbOK, OTPHMaHI CKaHYIOUUM EJIEKTPOHHUM MIKPOCKOIIOM
micyist BUNpoOyBaHHsI TPHOOMETPOM IpU KiMHATHIN TemmniepaTypi [20]
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3pasox LS - Tiamerp mpamy sHocy 350 Mxu 3pasox L0 - Jiamerp mpawy sHocy 336 mxu

3pasox L1 - Tianetp mpany sHocy 330 am 3pasox L2 - Jiaverp mpany sHocy 317 M

3pasox L3 - Tiamerp mpamy sHocy 269 MM

Puc. 5 — 3HIMKH KyJbOK, OTPHMaHI CKaHYIOUHM €JIEKTPOHHHM MIKPOCKOIIOM
miciist BUnpoOyBaHHs TpHOOMETpoM ripu Temmneparypi +75°C [20]

ExcnepumenT, mposeneHi y po6oti [21] 3 cepennim niamerpom HY TiO»
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50 HM mpu BUCOKiM KOHIIEHTpaIlii YacTHHOK y 5% Bix Macu 3 BUKOpPHC-
TaHHSIM aJTbTEPHATHBHOIO TECTEPa KOB3aHHS Ul aHANII3y TEPTS 1 3HOCY,
MoKa3aiy, 0 CepeAHs IOPCTKICTh MOBepXHi 3MeHmmnacs Ha 80-84%, a
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Puc. 6 — Cepenniit koediient teprst (KOT) st pizHol KitbKOCTI
npucaaku HY TiO, npu temmeparypax 23°C ta 75°C i KOT
y CTalliOHApHOMY CTaHi miciist edekty nputupanss [20]
K®T Ta mpamu 3HOCY 3MeHIIWIMCH Npubau3Ho Ha 15,2% ta 11% Bin-
MOBI/IHO.

Maiixe imeHTHYHI pe3yiabTaTH Oyau oTpumani B poboti [22], me
koHueHTpauist y 0,3% TiO2 B MOTOpHOMY Maciti, a€ aHaJIOTiYHE 3HIKEH-
Hs1 KOT Ha 86%. AHaii3 Takox Mmokasye, mo cermMeHT po3mipiB HY <30
HM TTOKa3ye OUIBIN Kpalli pe3yibTaTH, HiXK yci iHII Tpynu. 3HOBY XK TakH,
cerMeHT po3MipiB <30 HM NOKa3ye HaWKpalli pe3ylbTaTd 3 TOUYKH 30pY
MakcuMaabHOTo 3HIKeHH KOT. Takox oTpumani pe3yibTaTH 3 IpUca-
koto TiOz 10 MAacTHIBHOTO Marepiany MoKa3an OibIl BHCOKY HECydy
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3MaTHICTh pUONIM3HO Ha 35% y MOpIBHSIHHI 3 BUKOPHUCTAHHSM MacTHIIa
6e3 nomaBanus HY.

BuchHosku

Takum unHOM, HaHOYacTHHKH 110> BiAIrparoTh BHPIMIAIBHY POJIH Y
MOKpAIIeHHI TPHUOOJOTIUYHUX XapaKTePUCTHK MACTHIBHHX MarepiatiB
LUISIXOM PI3HMX MEXaHi3MiB JIii Ha JeTajii map TepTs: MOoJipyBaHHs, 3aro-
BHEHHS IIOPOXOBATOCTI, 3aMiHy KOB3aHHS Ha KOYEHHS Ta (OpPMyBaHHS
3aXUCHOI TUTIBKU MPOTATOM TPHUBAJIOTO MMPOMIKKY Hacy.

HY okcuay tutany (TiO2) MOXYTh yCHIIIHO BUKOPUCTOBYBATUCS Y
BHTJIA/II IPUCAZOK, OCKLIBKH MTOKPAIYIOTh TPHOOJIOTIYHI BIACTHBOCTI Hap
TEPTA, CYyTTEBO 3MEHIIYIOTh MMOKA3HWKH 3HOMIYBaHHS, 3HIKYIOTh KOT i,
OTXe, 3HAaYHO MOKPAIIYIOTh BIACTUBOCTI MACTHIBLHOTO MaTepiay.
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Mamnaxos O.B., Kipic O.B., Macnos 1.3., HaitnboroB A.IL., I'enueB B.B.
Harmionansauii yHiBepcutet “Ojiecbka MOpPChbKa akajieMis”

EKCILTYATAIISI THYYKHX TPYBOIIPOBOIB I YAC
CYMICHOI POBOTH JBOX CYJEH

1. [TocTanoBKAa NpoodIeMM.

I'ayuki TpyOONpOBOAM Ty’KE YaCTO BUKOPUCTOBYIOTHCS MiJl Yac CyMi-
cHOi poOotu GaraTopyHKIIOHATFHUX CyIEH MIATPUMKHA B KOMOiHamii 3
Mpamvoo HapTo-a060 ra30q00yBHOIO MIaTdopmoro. Ha pucynkax 1-a
Ta 1-0 moKa3aHi OKpeMi eIeMEeHTH Cy/IHa, a Ha pucyHKa 1-B i 1-T mokaszaHa
HadToBHIOOYBHA IIaTdopma, SIKy BOHO 0OCITYTOBYE.

Puc.1 BaratodyHKIIOHAIBHE CYIHO MIATPUMKH Y KOMOIHAIT 3 HAGTOBHUI00Y-
BHOIO IJ1aTHOPMOI0
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a — migifoMHe o6yagHaHHS CyaHA y KOMOIHAI] 3 eJIeMEHTaMHU CHCTE-
MH XIMI9HOTO TIPOMHBAHHS TiAPaBIiYHHUX JiHIA Ha()TOBHIOOYBHOI IJIaT-
¢dopmu; 6 — manyOHuUl TaHK 300py XIMIYHUX peareHTiB MicJis NPOMUBAHHS
rizpaBniyHuX NiHiM HagTOBHAOOYBHOI TMaTPopmu; B — HaQTOBHI00YBHA
miatdopma; T - JTiHiA BiABEACHHS Ta CIIAJIOBAHHS ra3y 31 CBepUIOBUHH.

3aranpHa TEXHOJIOTIYHA CXEMa CIIIBHOI pOOOTH JABOX MOPCBHKHX CY-
JeH (00cmyroByro4uoro cyaHa Ta HadTo-a00 ra3om00yBHOI MIaTGOpPMH)
HACTyITHA: TPH TMPOBEIEHHI CYTHOBHX PETIIAMEHTHHUX TEXHIYHHX POOIT
HarHiTajgbHE TiIpaBiuHe Ta MHEBMAaTUYHE O0JIaJHAHHA Ta KOMIUIEKC I1a-
NyOHMX TaHKIB Ha CYyJHi, M0 OOCIYrOBY€ MiJKIIOYAIOThCs 10 HadTOBOT
m1aT(GopMu 3a JOMTOMOTOI0 BEIHKOI KUTBKOCTI THYYKHX TPYOOITPOBOIIB.

OCHOBHI eJleMeHTH OOJNIaJHaHHA Ta THYYKI TPyOOIIPOBOAW TOKa3aHi
Ha pucyHKax 2-3. JIo perinaMeHTHUX TEXHIYHUX POOIT 37e0iIbIIoro Bij-
HOCSITB:

- 3aKa4yBaHHA poOOYO0i PiAMHU B CBEPJIOBHHY TIPH 11 pO3KOHCEpBaIlii
a00 3aKymnopii AJis MOAANBIIOr0 BUIOOYTKY HAPTH;

- CTBOPEHHS BUCOKOT'O THCKY B THEBMAaTHYHHX JIHISIX TIATQOPMHU

- IPOMHUBAHHS CHEI[iAIbHUMHU PIAKUME XIMI9YHUMHU peareéHTaMH BCiX
TUISTHOK TiABOAHUX HA(TOMPOBOIIB Ta TiApaBIIYHUX JiHIH HadTOBHUIO-
OyBHOI TIaTGOPMH 3 METOIO TX OYMIICHHS BiJl 3AJTUILKIB HAQ)TOMPOIYKTIB
Ta BIHOBJICHHS [TOYAaTKOBOTO JliaMEeTpa YMOBHOTO IIPOXO.TY.

Jlo ocHOBHOTO 00JaJHAHHS, [0 BUKOPUCTOBYETHCS MPU MPOBEICHHI
pEeriIaMeHTHHUX TEXHIYHUX POOIT, HANEKATh:

- baraTocTymiHYacTi BiALIGHTPOBI HACOCH BHUCOKOTO THUCKY (Bix 6 110 9
0ap) 3 OU3ENBHUM TPUBOJIOM, IO 3abe3reuye IXHIO aBTOHOMHY pOOOTY
(muB. puc. 1-6);

- IUCTEPHH TS MoJiadi Ta 300py PiAKMX MPOMUBHUX XiMIYHHX peare-
HTIB 13 3aMUIIKaM# HAPTOPOAYKTIB (IUB. pUCYHKH 1-0 i 3);

- THY4YKi TpyOONpOBOAM, IO € apPMOBAHUMH MIIAHTAMHM, JUIS MOAAdi
CTHCHEHOTO TIOBITps (THUCK Bif 3 g0 7 Gap) uis poOOTH IMHEBMATUYHOTO
THCTpYMEHTY (auB. puc. 2);
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Thopmy

Puc. 3. THyuki TpyOONpOBOAM [UIsl TO/1a4i XIMIYHHX MPOMHUBHUX PEAreHTIB 3
cyaHa Ha arhopmy

- BOJ0JIa3He 00JagHaHHS ISl MiABOAHOTO PEMOHTY CYAHOBOIO YH IIi-
JIBOJTHOTO 00JIaJIHAHHS Ta TiAPOJIIHIH.

Jlo ckiamy BOMONA3HOTO OOJaJHAHHS, TOKAa3aHOTO HA PHCYHKY 4,
BXOAWTh KOMOiHaWisg MiAHIMAIBHO-TPAHCIIOPTHOI Nebinku Ta pododoi
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KaMepH BOJAOJA3y, a TAKOXK CyJI0OBa CHCTEMa JJIsI BUPOOHUIITBA, 30epiraH-
HS Ta T10J1a4i CTUCHEHOTO TTOBITPSI.

Y WD AR

Puc. 4. OcHOBHI eTeMEeHTH BOO0JIA3HOTO O0JIaHAHHS
a — ImiTHIMaTbHO-TpaHCTIOpTHA JIebinKka; 6 — KOMIIPECOpHi OaJIOHU

VY cyqHOBUX BOJIONIA3HUX CHCTEMax B SIKOCTI THYYKHX TPYOOMPOBOIIB
BUKOPUCTOBYEThCS IIJIAHT JUIA MoJadi AuxaibpHoi cyminni. Pobounii THCk
CYMIIIli B TAKOMY IIIAHTY € BEIMYMHOIO 3MIHHOIO, OCKUTBEKH 3aJIS)KHUTh Bifl
[IMOMHM 3aHYpPEHHS 1 Moxe noxoauTu 10 10 6ap.

Poboua kamepa Bojonasza mija yac ekcruryaTamnii (ikcyeTbcs Ha TiH-
OWHI 3aHYpEeHHS TPOCOBHM YTpUMaHHsAM. BoHa 3a3Buyail BUKOHYETHCS Y
JIBOX BapiaHTax — KJIITHHA JUIS MIIKOBOJHOT poboTH (10 50 M) Ta miaBoa-
HUH I3BIH IS ITMOOKOBOAHUX poOiT (moHam S0 m).

Ilim gac cymicHOi poOOTH OaratoyHKIIIOHANBHUX CYAEH MiATPUMKH
B KoMOiHaIi 3 Mpamordor HadTo-ad0 ra3og00yBHOIO IMIAT(HOPMOIO
Iy’Ke BaXXJIMBOIO MPOOJIEMOI0 € 3HAXOPKEHHS OCHOBHUX e(DEeKTiB Ta xapa-
KTEPUCTHK TIPOLIECY BIUIMBY BiJJpUBY TOTOKY Ha OOTIKaHHS THYYKOTO
TpyOompoBoay. Taki ekcruryaTalliiiHi MOKa3HUKH HEOOXiTHO OTPUMYBATH
B 3aJICKHOCTI BiJ] BiJICTaHI THYYKOr0 TPyOOITPOBOIY 10 dKOPCTKOTO eKpa-
HY SIKHM MOKe OyTH SIK KOPITYC CyJTHA TaK 1 MOPChKeE JTHO.

2. PesynbTaTu AoCTiAKeHb.

BesnocepenHiii BIUIMB MJIOCKOTO €KpaHa MOXKE OYTH JKEpenoM st
BUHUKHEHHS PEXKHUMY TAJTONYIOYHX KOJIHMBaHb IIIHIPUIHOTO TPyOOIpo-
Boxy. [l wac mociiikeHb OyJI0 BCTAHOBIICHO, IO TaKa MOBEJIHKA MOTO-
Ky B OCHOBHOMY BHKJIMKAJIacsl BiIPMBHUMH NEPEXiTHUMHU NpoLecaMH Ha
MOBEPXHI NWIIiHApa Ta ekpany. OTpuMaHi pe3yibTaTH NOKa3aHi Ha pUCY-
HKYy 5. Ha HpOMY BifoOpakeHa 3alieKHICTh 0€3pO3MipHOT aMILTITY U KO-
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JUBaHb h THyYKOrOo TpyOOIpOBOIY B 3ajJEKHOCTI Bill HOTO BiACTaHI 10
TUTOIIMHY EKPaHy.

3 B o e

0,05 -

Puc. 5. BB BifcTaHi 10 €KpaHyIO40i HOBEPXHI Ha aMILTITYAY KOJIH-
BaHb THYYKOTO TPYOOIIPOBOIY

Ha rpadiky BuaHO, 110 HAWOIIBII BIAXWIEHHS TPYOOIIPOBOAY BiX
CBOI'O PiBHOB2)KHOTO CTAHOBHWINA BUSBILIINCA Y pa3i MalliX MPOMiXKKIB.
[Ipu 3a30pi OUTBIIE OMHOTO JiaMeTpa TPyOONPOBOAY KOJIMBAaHHS CTa0iIi-
3yBalHCs 1 TPyOOINPOBi/I MOYMHAB MPAIIOBATH B PEXHMIi, IO BiAMIOBiTaE
Horo 0OTiKaHHIO HEOOMEKEHUM TIOTOKOM. Y IIbOMY BHMAJKY BiJIXWICHHS
cranouiu Bif 11,2 no 0,4% niamerpis Tpyou. [Ipu 3a30pi MeHIIe OHOTO
JIiaMeTpa KOJNMBAHHS Maju HECTaOUIbHHMI XapakTep i3 CIaOKOK BiJITBO-
PIOBaHICTIO MaKCUMaJbHHUX BiAXWIEHb TPYOOIIPOBOAY BiJl PIBHOBAXKHOTO
CTaHy.

VY xoji 10ciipKeHb 0YJI0 TAKOX BCTAHOBJICHO, SKMM YHHOM BiJICTaHb
BiJI IOBEPXHi, 110 €KpPaHYye, BILTUBAE HAa XapakTep 3MiHHA Koe(ilieHTa mija-
HWOMHOI CHJIH.

Ha rpadiky BumHO, 1110 HaWOUIBIIN BiIXHJICHHS TPYyOOIPOBOIY Bif
CBOI'O PiBHOB2)XHOTO CTAHOBHILA BUSBILIIMCA Y pa3i MajlMX MPOMiXKKIB.
[Ipu 3a30pi Oinplie oHOTO HiamMeTpa TPyOONpOBOIy KOJUBaHHS CTa01i-
3yBaJIUCS 1 TPYOONPOBI/I MOYMHAB MPAIIOBATH B PEXKUMI, IO BiAMOBIIAE
Horo 0OTiKaHHIO HEOOMEXEHUM MOTOKOM. Y IIbOMY BHUIAJKY BiIXWUICHHS
cranouiu Bix 11,2 no 0,4% niamerpis Tpyou. IIpu 3a30pi MeHIIE OAHOTO
JiaMeTpa KOJMBaHHS MajM HECTaOlIbHHMH XapakTep i3 claOKOK BiJITBO-
PIOBAHICTIO MaKCUMAJIbHHUX BiJIXUJIEHb TPYOOIPOBOJY BiJl PiBHOBXKHOTO
crany. KoxxHa ekcriepuMeHTalbHa TOYKa MoKa3aHa Ha rpadiky € cepeqHiM
pe3ynbraToM 20 iIGHTUYHUX BUMIpIB.
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VY XoJi eKCHepruMEHTATbHUX JIOCIIKEHb OyJ0 TaKOK BCTAHOBJICHO,
SIKUM YMHOM BiJICTaHb BiJ IMOBEPXHi, IO €KpaHy€, BIUTMBAE HA XapakTep
3MiHU KoedilieHTa miaioMHol cuny. BumiproBaHHs MiAHOMHOT CHIIH TPO-
BOJMJIUCS 33 JIONIOMOTOI0 €JCKTpPOHHOro nuHamoMeTrpa Sundoo SP-10,
TOYHICTH BUMIpIB sikoro ctaHoBmia 0,005H, 3a abcomoTHOT MOXHOKH, 110
nopisatoe 0,5%. IlepepaxyHOK HOro MOKa3aHb MPOBOAUBCS 32 BiJOMUM
BHUPa30M JUIS MiTHOMHOT CHITH

c-_H
y ,OV 2 S
2
)
ne Fy — migifomHa cuna, H; p — MiBHICTH BOJH, ke/m%: V — MBUIKICTH
HOTOKY, M/c; S — ILIOIMHA NEPETHHY TPyOONPOBOIY, M2,

Pe3ynpTaTi BUKOHaHUX BUMIpIB MOKa3aHO Ha pUCYHKY 6. Ha rpadiky
BUJHO, 110 PO3JIIOBANBHOI0 MEXKEI0 IMEepUIOro Ta APYroro iHTEpBaiB
TEMep € BEIMYMHA 3a30py MiX TPyOOIPOBOJOM Ta TUIOCKHM €KPAHOM He

D D

—=0.09 ,a E =0.11, Takosx, HaBeneHi Ha TpadiKy eKCIIepUMEH-

TaJNbHI KPUBI XapaKTEePU3YIOThCS BIJICYTHICTIO SICKPaBO BHPAKEHOTO TIKO-
BOTO 3HAYECHHS, I SIKOMY 31 3pOCTaHHSIM BEJIMYHHHU 33a30py MiX TpyOOTII-
POBOJIOM 1 JKOPCTKUM €KpPaHOM CIIOCTEpIra€ThCsl 3HAYHE 3MEHIICHHS Be-
TUIrHU KoedimieHTa migioMHoi cru. O6IacTh MaKCHMAIBHOTO 3HAYEH-

D

HS € JOCUTD IIUPOKOIO 1 JISKUTH B iHTEPBaITL E =0.09+012.



2022 — Ne 45 CyOHosi enepeemuyni ycCmaHo8Ku 151

G,

—_——

D

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 09 =

H

Puc. 6. 3amexHicTh KoedimienTa migiiomHoi cumu Cy BiA BiICTaHI Mix TpyOOoTpo-
BOJIOM 1 IOBEPXHEIO, 1110 EKPAHYE

B xoxai nocnimxens Oya0 BCTAaHOBICHO, IO MPU MAJIUX 3a30pax Mik
OWTHIPUYHUM TPYOOIPOBOAOM 1 TUIOCKMM €KpaHOM, SIKi BiJIIOBiNalOTh

—< 0,7 KOe(ILIEHT MAHOMHOI CHJIM TTOYMHAE 3MIHIOBATUCS B PEXKHU-

Mi, SIKUH MOBHICTIO BiJIPi3HSAETHCS Bijl BUMAAKY OOTIKaHHS TPYOOIPOBOAY
HEOOMEXKEHUM MOTOKOM. [liJ1 4ac MbOTro pexuMy depe3 IHTEHCHBHI MpO-
[IECH BUXOPOYTBOPEHHS 1 CHJIBHY TypOymi3allit0 MOTOKY B HIIIMHHOMY
MIPOCTOPI CIIOCTEPiraBcs PO3KH MOKa3aHb 1 3MIIIEHHS Y BEJTUKY CTOPOHY
4acTOT KOJIMBaHb TpyOomnpoBoay. Lli pe3yabTaTu moka3aHo Ha PUCYHKY 7
Jie BUJIHO, SIK 3MIHIOE€TBCSI YaCTOTa KOJHMBaHb TPYOH 3aJIeKHO BiJl BEJINYH-
HU 3a30py. Bci HaBeneHi Ha rpagiky eKcrepruMeHTa bHI 3HaYeHHs BiJIIO-
BimaroTe uncny Pelinonbaca motoky, mo gopisHioe Re=0,238-10°8, Benu-
YMHA BXIHOT IIIBUIKOCTI MOTOKY cTaHoBMia 1,1 M/c.
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Puc. 7 BmiuB BeIM4YMHM 3230py MK €KPaHOM Ta THYYKHM TpyOoIpo-
BOJIOM Ha 10ro 4acToTy KOJIMBaHb

AHauni3 rpadika 103BOsIE 3pOOUTH BHCHOBOK, 1[0 4aCTOTa KOJWBaHb
THYYKOTO TPYOOTIPOBOJY 3pOCTa€ y pa3i 3MEHIICHHS BEIMYMHH LIITHHHO-
ro 3asopy. Ii MakcuMajibHe 3HaueHHs OyJlO OTPUMAHO Ha Bi[ACTaHi Bif
eKpaHa, 10 JopiBHIOE 9% miamerpa TpyOu. Ciia 3a3HAYUTH, IO 3MIIICH-
HSl BHM3 YaCTOTH KOJIMBAHb 31 3pOCTAHHSM BHCOTH IMUIMHHOTO 3330py B
OCHOBHOMY BHKJIMKAJIUCS 3MIHOIO EMIOPH THCKY Ha TpPyOONpOBOJI, IO
OOTIKA€THCS, 1| BAHUKAIOYMM TPA/IIEHTOM THCKY Ha €KpaHyIOUill MOBEPXHi.
VY upoMy BUNAAKy BiJIOBIJHO 10 PE3yJIbTaTiB BUMIpIOBaHb poboTH [1]
BiI0OYBa€ThCH 3MIIMIEHHS TOYKW BIiIPUBY BiJl HIKHBOI MOBEpPXHI TPyOW y
01K IOHHOT YacTUHH TPYOOIPOBOJY Ta BCTAHOBIIOETHCS MMPAKTUYHO CHME-
TPUYHE TIOJI0KEHHs BEPXHBOI Ta HWXKHBOI TOYOK BiapuBy. Lle Bigmosinae
TOMY BUIAJKy KOJIM XapakTep Tedii moOnu3y HuIiHApa NPUHIMIIOBO 3Mi-
HIOETBCS. BiH 3MIHIOETBCS BiJl Pi3KOi acuMeTpii y OiK MPaKTUYHO TOBHOTO
CUMETPUYHOTO OOTIKaHHS.

[lig yac mpoBeneHHs NOCHIKeHb Oyjia BUMipiOBaHA 4acTOTa KOJH-
BaHb THYYKOI'O TPYOOIpPOBOJY TpPH NWHAMIYHHMX (BUHHKAIOTH TUTBKU 32
PaxyHOK BIJIpHBY BHUXPOBOI IEJIEHH BiJ| MOBEPXHI TPyOW) 1 BUMYIIEHHX
KOJIMBaHHSIX.
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Ha pucynky 8 mokazaHo SKUM YMHOM IIPH BiIPUBI TIOTOKY BiJl CTIHOK
TpyOH i3 30BHIMIHIM HiamMeTpoM 50 MM 3MiHIOETHCS YacTOTa ii MPUPOTHUX
KOJNUBaHb f.
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Puc. 8. BrumB mBHUAKOCTI MOTOKY HA YaCTOTY KOJUBAHHS THYY-
KOTO TpyOomnpoBomy

3anekHICTh O0Y/I0BaHA TI0 BIAHOIICHHIO J0 IIBUIKOCTI MOTOKY, IO
HaOirae V. BigxmaneHi B310BX BEPTHKAIBHOI OCi YKMCETbHI 3HAUCHHS BH-
MIpSTHUX 4acTOT BiJINIOBiJIAIOTh IHTEPBANTy Yacy BHUMipIOBaHHS piBHOMY 10
cexkyn. Ha rpadimi BuIHO, 3pOCTaHHS MIBUAKOCTI 3aBXKIH MPU3BOIUTH JI0
HeCTiliKkol po0oTi TPyOONpPOBOAY — YACTOTa KOJIMBAHb 301UIBINYETHCS, a
aMILTITY/1a BIIXUJICHHS HOTO CepPeIHhO1 TOYKH MOCTIHHO 3pOCTAE.

3. BucHoBku.

[lig yac cymicHoi poboTH OaraTopyHKIIOHAIBHUX CYAEH HiITPUMKH
B KoMOiHaIii 3 Mpamodor HadTo-a00 ra3oA00yBHOI IMIAT(HOPMOIO
Nly’Ke BaXXIJIUBOIO MPOOJIEMOI0 € 3HAXOPKEHHS OCHOBHUX e(DEeKTiB Ta xapa-
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KTEPHUCTUK TIPOIECy BIUIMBY BIIPHBY TOTOKY Ha OOTIKAHHA THYYKOTO
TpyOOIIpOBOAY

YacroTa KOJIIMBaHb THYYKOTO TPYOOIIPOBOMY 3aBXKIH 3pOCTaEe y pasi
3MEHIIEHHSI BETMYMHH IIUIMHHOTO 3a30py MiX TpyOOIPOBOJOM i MOBEPX-
HEIo, 0 eKpaHye. B sikocTi Takol MOBEpXHI MOXKE BHCTYIIATH SIK KOPITYC
CyJlHa, TaK i MOPCBKE JTHO.

[Tpu mManux 3a3opax MK HUIIHIPHYHUM TPYOOIPOBOAOM i MIOCKUM

€KpaHOM, SKi BiIIOBITAIOTh _H <0,7 KoeiIieHT miaHoOMHOI CHIH T10-

YUHAE 3MIHIOBATHCS B PEKHMI, KU ITOBHICTIO BiAPI3HIETHCS BiJl BUTIA-
Ky OOTiKaHHS TPyOOIPOBOAY HEOOMEKEHUM TIOTOKOM.

30inbIIeHHS JiaMeTpa TpyOW MpHW IHMIMX 1IEHTHYHHUX YMOBax MpHU3-
BOJIUTS JI0 OiJIBII PAHHBOTO HACTYITY aBTOMO/ICIEHIX KOJIUBAHb.
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'Onecrkuit HaiOHATEHUI MOPCHKHI YHIBEPCHTET
?Hauionanbuuii yHisepcutet "Opecbka MOpchka akaneMis”
3BiiicpkoBa akanemis (M. Oneca)

OCOBJHUBOCTI MATEMATUYHUX MOJIEJIEM CYTHO-
BUX EJEKTPOIIPUBOIIB, HOBYTOBAHUX HA OCHOBI
BE3IITKOBUX ABUI'YHIB IIOCTIMHOI'O CTPYMY

IlocTanoBka mpodJjemMu B 3arajabHomy Buriasai. Ha cygacHomy
MOPCBKOMY CYyIHI BUKOPHCTOBYETHCSI BEJIMKA KIJBKICTb EIEKTPHUYHHX
JBUTYHIB PI3HUX BHJIIB: IITKOBHX IMOCTIHHOTO CTPyMYy, OJIHO- Ta Oararo-
($a3HUX AaCHHXPOHHMX, CHHXPOHHHX pI3HOTO THUIY, BEHTHJIBHO-
innykropaux (Switched Reluctance Motor — SRM), niHiiHUX TOIIIO, SIKi
BUKOHYIOTh Pi3HOMaHITHI TeXHOJOT1UHI (YHKIIT 1 3aBaanHs. Bece wacTime
CJIEKTPUYHUHN JIBUTYH € e(h)eKTUBHOIO 3aMIHOIO TEILUIOBOTO JIBUTYHA Y Y-
mriitHoMy KomIuiekci cyaeH. Hampukmas, ams aBTOHOMHUX (0€3MiIOTHUX)
MOPCBHKHX CyJI€H Pi3HOTO THITY i IpU3HAYeHHA Ha0arato mpocTimre 3a6e3-
MEYNUTH eHeproeeKTUBHE KEPYyBaHHS CIEKTPUYHUM ABHTYHOM [1, 2], y
TIOPIBHSAHHI 13 KEPYBaHHSM TEIUIOBUM JBUTYHOM.

HenocratHicth ampoOoBaHMX METOJIB KepyBaHHS O€3MIiITKOBUMHU
JBUTYHAMHU, HEJIOCKOHAJIICTh ICHYFOUHMX METOJIB CHHTE3Y, 10 3a0e3meuy-
I0Th BUCOKY €()EKTHBHICTh CHHTE30BAHUX CHCTEM KEpYBaHHSI IPOYKTHB-
HICTIO (Haii4acTilie — NIBUAKICTIO i MOMEHTOM) CYZIHOBUX MAIllMH i MeXa-
HI3MIB, HE JIO3BOJISIOTHh OC3IITKOBUM JBUT'YHAM MOBHICTIO 3aMIHUTH IIIIT-
KOBI Ta aCHHXPOHHI €JIeKTPUYHI JIBUTYHU JJIsi OUTBIIOCTI CYJHOBHX TEX-
HIYHHX CHCTEM i KOMIUICKCIB, Isi CHCTEM €JIEKTPOPYXY CyieH [2-4].

AHaJji3 ocTaHHixX gocaimkens i mydaikamiii. OgHUM 13 HalTIepCIIeK-
TUBHIIINX THUMIB €JIEKTPUYHHUX JBHTYHIB JJISI BHUKOPHCTaHHS y PI3HUX
OeperoBux MexaHi3Max 1 MeXaHi3MaX MOPCBHKUX CYACH € Oe3IiTKOBUI
JBHUTYH IOCTIHHOTO cTpyMmy [2-4]. Y aHTJIOMOBHIN TeXHIYHIW JiTepaTypi
takuii 1BUTYH 3BeThest Brushless Direct Current Electric Motor — BLDC
[5, 6]. TlepeBaramMu Oe3NIITKOBOTO JBHUTYHA (Iepeia NIITKOBUMH, acHHX-
ponHuMHu Ta SRM aBUryHamu) € Ay>ke BHCOKE CIIBBIIHOILICHHS MEXaHiu-
HO{ MOTY>KHOCTI 10 Barv, BUCOKUH Jiana3oH PeryJtoBaHHs IIBUIKOCTEH,
Maibke MHUTTEBHH KOHTPOJIb WIBUIKOCTI 1 KPyTHOTO MOMEHTY, BHCOKa
eHepreTuyHa eQEeKTHBHICTb 1 HEBEJHMKI BHUTPAaTH Ha OOCIYrOBYBaHHS.
besmitkoBuit enexrpoaBuryH nocriitnoro crpymy (BLDC Electric Motor
abo BL Electric Motor), Takox BioOMuii, SIK ISKTPUIHUI TBUTYH 3 SJICK-
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TponHor0 KomyTamieto (ECM nBuryn, EC aBuryH) — 1ie 0€3KOJICKTOPHHI
(6e3xoHTaKTHU, OE3MIITKOBHIT) CHHXPOHHUH JBUTYH i3 BOY/IOBaHHUM elie-
KTPOHHMM KepyBaHHAM, ab0o0, KOpOTIIe, eJIeKTPOHHO-KOMYTOBaHUHN
(Electronically Commutated — EC) nBuryH. 3arajiom, 1e CHHXPOHHHIA
IBUTYH, IO BHUKOPHCTOBYE JDKEPENO >XHMBJICHHS IIOCTIIHOTO CTpyMy
(Direct Current — DC).

VY GaraTbOX Cy4acHUX OE3MPOBIAHUX PYYHHUX EIEKTPOIHCTPYMEHTax
BUKOPHCTOBYIOTh OE3IIITKOBI €IIEKTPHYHI JBUTYHHU: Y TOBITPOAYBKAX, Y
NWIKaX (IMCKOBUX, IMPKYJISPHOTO THILYy, IOPIIHEBHX), y JpH-
nsX/mypymnoBeprax toio. [lepeBara Baru Ta epeKTHBHOCTI O€3IIITKOBUX
IBUTYHIB HaJ IIITKOBIMH i ACHHXPOHHUMH IBUTYHAMH O1JTBIII Ba)KJIMBIIIA
JUTSL PYYHHX €IEKTPOIHCTPYMEHTIB, IO KUBJIATHCS Bl aKyMYJISTOPIB, HIXK
JUISL CTalliOHAPHUX IHCTPYMEHTIB, MiAKIIOYEHHUX JO MOTYKHOT'O JDKepelia
3MIHHOT'O 200 MMOCTIHHOTO CTPyMY.

VY cyaHOBUX cUCTeMax OXOIokeHHs (pedhKoHTeiHepax, KOHIHIO-
BaHHI MOBITPSI TOILO), Y TAIy35X OMAJICHHS, BEHTHUIALIT Ta KOHIUIIIFOBaH-
Hs noBitpst (Heating, Ventilation and Air Conditioning — HVAC), y xoi0-
TWITBHIA 00poOIli 1 MPOMECIOBOCTI, iCHYE TEHACHINS 0 BHKOPUCTAHHS
0E3IIITKOBUX eNEKTPOABUTYHIB 3aMICTh PI3HUX THUMIB €ICKTPUIHUX JIBH-
T'YHIB 3MIHHOTO cTpyMy. HailiBaromimoro npu4nHOIO Mepexoay Ha Oe3mi-
TKOBWUH ABUTYH € 3MEHIICHHS IOTYXHOCTI, HEOOXIAHOI I iX poOoTH,
MOPIBHSAHO 31 3BHYallHMM JIBUTYHOM 3MiHHOTO cTpymy. Ha nomaTtok 10
BUIIOTI €PEKTUBHOCTI Oe3IIiTkoBoro asuryHa, y cucremax HVAC (oco0-
JIUBO TaKWX, 10 MalOTh 3MIHHY IIBUIKICT 200 MOIYJIAIII0 HABAHTAXKCH-
Hs1), BUKopucToBytoTh BLDC nBuryHu mist Toro, mo0 HamaTé BOyIOBa-
HOMY MIKpOIPOLECOPY MOCTIHHUI KOHTPOJIb HAJl OXOJOIKEHHSIM 1 MOTO-
KOM TOBITpsI, HaJl KOHTPOJIEM CIOKMBaHOI MOTY>KHOCTI 1 3araibHiil eHep-
TreTHYHIN eEeKTUBHOCTI.

Crin BinzHaunTH, mo BLDC auryHu 3apa3 BUKOPUCTOBYIOTBCS Y Pi-
3HUX ENEKTPUYHUX TPAHCHOPTHUX 3ac00aX, y TiOpHIHHX TPaHCIIOPTHHX
3acobax (cucTeMH "TEIUIOBH JBHUTYH-CJICKTPHUYHHNA JBHUTYH'"), y TIepco-
HaJIBHUX 1 0E3MUJIOTHUX TPaHCIOPTHUX 3acobax. Hanpukiaz, y OinbmocTi
CYYacHUX EJIEKTPUYHUX Benocurienax (y TOMY YHCIi — MOPCBKUX TPOTy-
JISTHKOBHX ), BUKOPUCTOBYIOThCs BLDC enextponsurynu. s Ha3eMHUX
TPaHCHOPTHHUX 3aC001B (HAPHUKIIaJ], aBTOHOMHUX TPaHCIIOPTHUX pOOOTIB)
BiJOMa KOHCTPYKLis, sika BOy/IOBaHa y camy BTYJIKY IIPHBOJHOTO KOJeca,
MPU [[BOMY CTaTOp MIITHO 3aKpIIICHUI Ha BICi, a MATHITH MPUKPIIUIEH J10
Kosieca Ta 00epTaloThes pa3oM 3 HUM. Toil e NPUHIMI 3aCTOCOBaHUHN Y
caMo0aIaHCYIOUHX KoJiecax CKyTepiB. Y OUIBIIOCTI PyJbOBUX MEXaHI3MiB
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pamioOKepOBaHNX MOPCHKUX OE3MUIOTHUKIB, ¥ 0araTomiibOBHX aBTOHOM-
HUX IUJIAaBAJIbHUX anapaTax TaKOK BUKOPUCTOBYIOTHCS OE3ILITKOBI €JIEKT-
POIOBUTYHH — dYepe3 iX BHUCOKY €HEepreTHuHy e(eKTHUBHICTh i BiAMiHHY
kepoBaHicTh [7-10].

Ha Mopchkux cyqHax Oe3MIiTKOBI IBUTYHH 3HAXOMISTH 3aCTOCYBaHHS
HE TUIBKK y CyITHOBUX JOTMIOMIKHMX MEXaHi3Max, a TaKOX 1 y cHCTeMax
CIIEKTPOPYXY, HAIIPHUKIIAJ, y aBTOHOMHHUX OaratoniiboBux cyaHax [1, 10],
Yy TBUHTO-PYJIOBUX KOJOHKaX CyIEH TOMIO. Y Cy4aCHHX 3aCTOCYBaHHSIX
BLDC nsurynu [3-7, 11-13] 103BOJIHWIN 3aMiHUTH PEIYKTOPHU JTyKE TPOC-
TOIO KOHCTPYKLIEIO 3 MPsIMUM (Oe3mocepeiHiM) IPUBOIOM.

IlimcymoByroun, ciif BiA3HAYWTH, 10 HA CyIHI OE3MIiITKOBI ABUTYHU
e(eKTUBHO BUKOHYIOTH 0araTo QyHKIIiH, paHille BUKOHYBAaHUX IIITKOBH-
MU JBUTYHAMH TTOCTIHHOTO CTPYMY i aCHHXPOHHHUMH €JIEKTPOJBUTYHAMHU.
Hatiuacrime Bucokoe)eKTHBHI OS3IIITKOBI ABUTYHU OYIyFOThCSI HA OCHO-
Bi BHCOKOKOEPIIETHBHHUX MArHITIB, SIKi € JOBOJI JOPOTHMH, MPOTE Bap-
TiCTh OE3IITKOBUX JBUTYHIB MOCTYINOBO 3MEHIIYETHCS, OCOONMBO MpPHU
cepiitHOMY BUpOOHHIITBI [5, 6].

IlocranoBka 3aBaaHHsA. BpaxoByroun cydacHUI CTaH PO3BUTKY TEO-
pii eNeKTpUYHNX MAIlWH Ta Teopil MAIIMH i MEXaHI3MiB, CUCTEM YIIPaB-
JIHHS €JICKTPONPUBOJAMHU 1 CEPEHOBUIN IMITAI[IHHOIO MOJCIIOBAHHS,
HaHTPOCTIIUM CITOCOOOM TMiABUIIEHHS €()EeKTHBHOCTI HAYKOBUX JOCIHi-
JDKEHb y HAlpsIMKY IiABUIIEHHS Pe3YJIbTyI0u0i €eKTUBHOCTI €JIEKTPOII-
PHUBOIB 3 OE3NIITKOBUMH JIBUTYHAMH € BUKOPUCTAHHS BIJIOMHX 3arajibHO-
TeopeTYHUX ((PI3MYHMX) MPUHIHITIB QYHKI[IOHYBaHHS JIBUTYHIB OJJHOYA-
CHO 3 MaTeMaTW4YHUM MozetoBaHHAM. Came TOMY IOCHIDKEHHS, SKi
CIpSMOBaHI Ha MiABUINEHHS Pe3yIbTYI0UY0i eeKTUBHOCTI (€HEPTeTHYHOI,
SIKOCTI TIPOIIECIB KEPYBaHHS TOIIO) CYJHOBHUX CHUCTEM, MEXaHI3MIB 1 KOM-
IUIEKCIB, M0 (YHKLUIOHYIOTH Ha OCHOBI OE3LIITKOBUX E€JIEKTPOJABUTYHIB, €
aKTyaJIbHUMH 1 BiATIOB1IAIOTH HalPSMKaM PO3BHTKY CyYacHOTO ¢noty.

MerToro CTaTTi € YTOYHEHHS iCHYI04O1 TepMIHOJIOTIi IPH MOJIEITIOBaH-
Hi OE3IIITKOBUX EJIEKTPUYHUX JIBUI'YHIB TOCTIHHOIO CTPyMy 1 aHaji3
MPUHIMIIIB TOOYOBU X MaTeMaTHYHHUX MOJIEIEeH Ha OCHOBI CTPYKTYPHHUX
CXEM.

Bukaan ocHoBHOro Marepiany. /[ist po6oTH 0€3IIITKOBOrO IBUTYHA
BUKOPHUCTOBYETHCS €NIEKTPOHHUI KOHTpOJIEp (KOMYTaTOp) — sl IEpEMH-
KaHHS MOCTIHHUX CTpyMiB Ha oomoTkax BLDC JIBUTYHA. Came 3a nomno-
MOT0IO KOHTponepy CTBOPIOIOTHCSI MarHiTHI TOJIsI, SIKi epeKTHBHO "00ep-
TAIOThCS" y MPOCTOPI 1 3a SKUMH CHigy€e POTOP ABUTYHA 3 MOCTIHHUMU
MmarHitamu. KoHtponep perymoe ¢asy Ta ammiiTyay iMIynbCiB MOCTil-
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HOTO CTPYMY — JJIsl KepyBaHHS IIBH/KICTIO Ta KDyTHUM MOMEHTOM. Taka
CHCTeMa KEepPYBaHHS € albTEPHATUBOI MEXaHIYHOMY KOMyTaTopy (IIiT-
KaM), SIKHi BUKOPUCTOBYETbCA y 0araThOX 3BUYAHHHX ENEKTPOIBUTYHAX
nocriifHoro cTpymy. Haitbinbiioro nepesaroro BLDC nBuryHiB € Haii0i-
JBIIANA, cepen BiIoMuX, Koe]imieHT 3B’ 53Ky (KOHCTPYKTHBHHN Koedimi-
€HT ¢P) 3araJbHOrO CTPYMY 10 €JIEKTPOMAarHiTHOro MoMeHTy. KoHcTpyk-
ist cucTeMH Oe3IIITKOBOIO ABUTYHA, 3a3BHUAil, MOIi0OHA O CHHXPOHHOTO
JIBUTYHa 3 TocTiiHuMEu MarHitTamu (Permanent Magnet Synchronous
Motor — PMSM), ane Takoxk Moxke OyTu moaiOHa peakTuBHUM SRM a6o
acuHxpoHHUM fBurynam. CydacHi BLDC aBuryHu BUKOPHCTOBYIOTH He-
oauMoBi MarHiTH (pizkosemensHi, Nd-Fe-B, HeoquM-3ai30-00p),) Ta MO-
KYTh OyTH KOHCTPYKTHBHO ayTpaHHepaMH (CTaTop OTOYCHHU POTOPOM),
iHpaHHepaMu (POTOp OTOYEHHUH cTaropom) abo akcialbHUMHU (poTOp i
CTaTOP IUIOCKI Ta MapaJiesibHi).

BusHaunMocs i3 3arajJbHOI0 TEPMIHOJIOTIEI0, TKa BUKOPUCTOBYETHCS Y
OIMCI PUHIHUIIB Aii OE3MIITKOBUX €JIEKTPOABUTYHIB 1 IX MaTeMaTHYHOMY
omuci. Y pi3HOMaHITHUX Cy4aCHUX CyTHOBUX TEXHIYHHUX CHCTEMaX i KOM-
TUIEKCaX 3aCTOCOBYIOTh, Y OCHOBHOMY, JIBA CIIOCOOM PeTyIIOBaHHS IIBHUI-
KOCTi CHHXPOHHOT'O €JIeKTPOIBUTYHA:

— IIUIIXOM 3MiHM YacTOTH HANpyTH XHUBICHHA (CTpyMY), SIKHH Moja-
€THCS HA CTATOPHI OOMOTK;

— IIIIXOM 3MiHU aMIUTITYId HalpyTH MPH KOMYTaIlii cTaTOpHUX 00-
MOTOK 32 CHTHAJIaMH JaTYHMKa IOJIOKEHHS POTOpa (PEeXKMM BEHTHIHHOTO
CJIEKTPOIBUTYHA 200 OE3KOJIEKTOPHOI0 (OE3IIITKOBOr0, 0€3KOHTAKTHOIO)
esiekTpoaBuryHa nocriiHoro ctpymy (BAIIC — BLDC). V icnyrouiit mite-
patypi [5, 6] TepMiHH «BEHTHIBHHUI IBUTYH» Ta «0e3KONeKTOpHHU (0e3-
KOHTAaKTHUH, OE3NIITKOBUIl) JABHI'YH TMOCTIHHOTO CTPyMY» MAarOTh pi3Hi
3HaueHHs. [ly)ke 4acTo BEHTWJILHHMHU JBUTYH Ta OC3KOJIEKTOPHUH IBHTYH
MOCTIHHOTO CTPYMY OTOTOXHIOIOTh MK CO0O0F0. 3a3BHYall PO3IIISIAETHCS
YIPaBIiHHS CHHXPOHHOIO MAIIMHOIO y PEKUMI BEHTHIBHOTO JBHIYHA
(BM), K110 Tpy I[bOMY BUKOPHCTOBYETHCS Iy>K€ MPOCTHH JAaTUUK MOJIO-
KEHHSI POTOPY 3 MajoK PO3JAUILHOI 3MaTHICTIO (OJHM3BKO 6 iMITYNIBCIB
(muckpet) Ha ofMH 00epT) mpH Yucii nap nomocis Z, = 1. [ig pexumom
0€3K0JIEKTOpHOTO (OE3IIITKOBOr0) JBUTYHA IOCTIHHOTO CTPyMY pO3yMi-
€THCSl YIPABIIHHS TaKOI0 CHHXPOHHOIO MAIIMHOIO, SIKa OCHAILlEHA JaTdu-
KOM TIOJIOKEHHST POTOPY 3 BUCOKOIO PO3AiabHOIO 3aaTHicTIO (Shaft Posi-
tion Sensor, Shaft Encoder — enxozep, 1024 nuckperu Ha OuH 00EpT Ta
oinbine) [10-13].
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[cHYIOTB pi3HI MPUHOMH MaTEeMaTHYHOTO OITUCY CHHXPOHHHX €JIEKT-
POIBUTYHIB 3 TIOCTIHHUMH MarHiTamMu Ha potopi. Haimpocrimmii miaxin
IPYHTY€EThCSI Ha TOMY, 10 y pexkuMi B/l Ta BLDC cunaxpoHna MamunHa 3a
CBOIMH XapaKTepHCTHKAMH Ta TMPHHIMIIAMU YIPABIIHHS JyKe CX0Xa Ha
TpaAWuLiHHUN JABUTYH MOCTIHHOTO CTPyMY, a ii MaTeMaTHudHa MOJEIb, 3a
AHAJIOTI€I0, TIPEACTABISETHCS BiIOMOIO TIEPEAaTOYHOI0 QYHKIIi€E [5, 6]:

_a(p) _ Ky 1
Wa (P =5 (o) “TT. 7+ Topet @

e ' m

Jie p — KOMIUIEKCHA 3MiHHa, orepatop Jlammaca; @(p) — 300paxkeHHs
MIBUAKOCTI poropa asuryna 3a Jlammacom; U(p) — 300paskeHHS HAmpyTH,
II0 TIOAETHCSI Ha CTATOPHI OOMOTKH JIBUTYHA; Koy, — KoedillieHT nepeaadi
JBUTYHA 3a KaHaJoM ymnpaBiiHHs ("Hampyra - mBUAKICTE"); Te — eneKT-
POMArHiTHa cTajia 4acy JIaHIfora CTaTopa JABUTYHA; 1, — €JIeKTpOMeXaHi-
YHa cTaia 9acy (OIBUTYH + MeXaHi3M).

3riiHoO A0 APYyroro MpUioMy MaTeMaTHYHOTO ONHCY TWHAMIYHHX pe-
KUMIB pOOOTH CHHXPOHHOTO €JIEKTPOJBHUTYHA 3 MOCTIHHUMH MarHiTaMu
Ha poTOopi, Mpu OyIb-IKOMY CIIOCO01 YIPaBIiHAS HOTO MIBUAKICTIO, BUKO-
PHUCTOBYIOTh MOJIEIb y3araibHeHO1 [BO(a3HO MalllMHN 3MIHHOTO CTPyMY
(puc. 1).

Y pi3HOMaHITHAX CYJHOBHX €JIEKTPOIIPUBOJIAX, /1€ HEOOXiMHUN BeH-
KW Jliana30H peryoBaHHs MBUAKOCTI (Oimbire 10) 3aCTOCOBYIOTH CITO-
ci0 ympaBiiHHS O€3UIITKOBUM CHHXPOHHHUM €JICKTPOJBUTYHOM 3a CHUTHAa-
JIaMU JaTYHKA TTOJIOKEHHS POTOPY (€HKOZEp), MPUB’SI3aHOTO 10 MArHITHOT
cucremu Mamunu [1, 5-6, 10, 12-13].

VY 1upoMy BHUNAAKY YIPaBIiHHS MIBHIKICTIO CHHXPOHHOTO E€JIEKTPOJI-
BUTYHa BHUPOOJSIOTH MUISXOM 3MIHH JIFOUOTO 3HAYEHHs aMIUTITyId Ha-
NpYTH, PHKIAICHOT 10 0OMOTOK cTaTopa.

JJis TaKOTO pEXUMY Y CHHXPOHHOMY O€3IIITKOBOMY JBHUTYHI IiJIT-
PUMYIOTh IIPOCTOPOBUIT KyT @ MK BEKTOpAaMH MOTOKO3YEIIEHHS pOTOpa
Ta craropa Om3bKuM 710 90°, a MBUAKICTH MAarHITHOTO TOJISL (@ TIPAKTHY-
HO CITiBITAJIA€ 31 MIBUAKICTIO @ 00EpTaHHS pOTOPA.
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Im ﬂ _________________________
Vir|1s i
g g
q —© i
d 1
N @
6 rzé Re

5 b

S

Puc. 1. BLDC nBuryH 3 mOCTiIHHUMH MarHiTaMH Ha pOTOpI, SK y3arajJbHeHa
nBodaszHa eNeKTpUYHA MallluHa

BekropHe piBHAHHS IJii OOMOTKH CTaTropa CHHXPOHHOI MAIlMHH,
npairrorouoi y pexxumi BLDC, y cucremi koopaunar 0dq, mo obepraersest
Pa3oM 3 pOTOPOM, MIPEICTABIAETHCS HaCTyrIHPIM YHHOM:

U Rll +—+ja)t//1, (2

fe R, — akTHBHMH oOmip 0OMOTKM crtaropa; U,, 1, Ta ¥, — BEKTOpH

HaIpPyTd, CTPYMY Ta TMOTOKO3YEIUICHHS CTATOpa BiJIOBIIHO; ® — IIBUJ-
KiCTh 00epTaHHsI pOTOpPa CHHXPOHHOTO JIBUTYHA; | — ysSIBHA OTHHHIIS.
PiBusiHH# (2) 3anmuineMo y npoekitisx Ha oci d i Q:

dy
Uy =Rl + dtld — oY,
3)

dy.
Uy, =Rl +?1q+a)l//1d

[Ipu upomy ams (3) BpaxoByeMO, 110
{l//ld =Ll +y,
YVig = Llllq
ne L1 — BmacHa iHAYKTHUBHICTh €KBIBAJIEHTHOI OOMOTKH CTAaTOpa; s —
MOTOKO3YETICHHS 30YA>KeHHS Bil MOCTIIHUX MarHuTiB poTopa.

Ilepexonsiun y piBHsHHAX (3) i (4) 1O OMHOPITHUX 3MIHHUX Ta
BPaxOBYIOUM OCHOBHE PIBHSHHS PYyXy €IEKTPOIPHBOIY, OTPHUMAEMO

: (4)
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CHUCTEMY HEJIIHIMHUX PiBHSHB, KA Ja€ MMOBHUH OIMC CHHXPOHHOT MaITiHI
3 MOCTIHHUMU MarHiTaMu Ha poTopi nmpu poodoTi y pexxumi BLDC:

dy. R
dtld =Uy _Ell/lld +%‘//e + oy,
dy, 5
Tq =U1q _El'/ﬁq — Yy ! (®)
do mZy,
_:1_‘/’% -M,
dt 2L,

e Mp — guciao a3 oOMOTKH cratopa; Zn — YUCIO Tap MOJOCiB; J —
MIpUBENCHUI 10 Bajly €IEKTPOJBUTYHAa MOMEHT iHepuii; Mc — MomeHT
Omopy.

Sxmo mepetitn Bim (5) mo omeparoproi Qopmu 3amucy (i3
MIPOMIKHUMH OYEBUTHIMH anreOpaiyHIMH MIEPETBOPEHHSMHN),
OTPUMAEMO TaKy CUCTEMY PiBHSHB (6):

(Tn p+ 1)‘//1d =T, +ty, +Tho Vi

(Tn p+ l)‘//lq = T11U 19 Tlla) Vid ! (6)
mZ.y,
Jpa) - 12 Ll y/lq - c

sKa JI03BOJSIE JyK€ TIPOCTO TOOYIyBaTh CTPYKTYPHY CXeMy
CHUHXPOHHO{ MAIlIMHH 3 TMOCTIHHUMH MarHiTaMHu Ha POTOPi, MPAIFOrUoi y
pexxumi BLDC (puc. 2). Tyt mo3nadeno: T11 = L1/R; — enmexrpomaruitha
cTaJsia yacy JIaHI[fora CTaTopa.

Jlineapizanus cuctemu piBHSHB (6) B OKOII Jesikoi poOodol TOUKH 3
KOOPJMHATAMH Yido TA Wi

(Tup+Dyyy =T Uy +v, + Tllw‘//lqo

(TP +1)V/1q =T,U 1q - Thow, , (7)
m an//g
‘]pw = 12—L1l//1q - Mc

Ja€  MOXJIHMBICTb OTpPHMATH JIiHEApU30BaHY CTPYKTYPHY CXEeMy
CHHXPOHHOTO €JICKTPOJBUIYHA 3 MOCTIMHMMM MarHiTaMd Ha POTOpI, II0
HaBeJleHa Ha puc. 3.
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Puc. 2. CtpykrypHa cxema BLDC nBuryHa 3 mocTitHUMH MarHiTaMH

Ha poTopi
Usi 1 Wiy
— 7, L
Ip+1 v
1 Z .
T 0| > N m s W, 4%_’ 1|
T,p+l 2L Jp

k4

IIU"' 1400

U, i ¥y,
— T, b

Puc. 3. JlineapnzoBana ctpykrypna cxema BLDC nBuryna

3a JONMOMOrol0 OTPUMAHOI JIIHEApU30BaHOI CTPYKTYpHOI CXEMH
BU3HA4aloThCs nepeaarouti Gyskuii (I1P) cHHXpOHHOTO e1eKTPOABUIYHA
3 MOCTIHHMMHU MarHiTaMu Ha POTOPI BIZTHOCHO JI0 Kepyrodoro BuiuBy Ulq
Ta JIO BIUIMBY CTATHYHOTO HaBaHTaxeHHs Mc:



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 163

o(p) _ 1
dv2 - 2 y 8
( p) Ulq ( p) l//ld 0 ( elTMl p + T.wl p + 1) ( )
dez(p): a)(p) —_ wl( elp+l) ( 9)

Mc(p) J( el .ulp +T.wlp+l).

VY dopmynax (8) ta (9) yBeneHi mozHa4eHHS:

T,=T, T, 2
MZWiao¥ T

Crig 3a3Ha4nTH, 0 Tiepenaroyna (yHKI (8) 3 BEIHKOIO TOYHICTIO
moBTOprO€E Bupa3s (1).

Jemo iHIMIA MAXiJ A0 OMKUCY CHHXPOHHOI MAIIMHH, TPAIIOIUo0i y
pexumi BJI, monsrae B ypaxyBanHi kyTa komyTarii @ [5, 6, 12, 13].

Y 1upoMy BUNAIKy pIiBHSHHS pPyXy CHHXPOHHOTO O€3IIITKOBOIO
eNeKTPOABUTYHA BHUTIISIAE TAK:

yUsind=R1, + lel—ld—coLil1q
: (10)
yU cosd = R1I1q+L1 +aoL1Ild +E

Jie ¥ — IIapyBaTICTh IMITyJIbCIB meOTHO-iMHyJ]LCHo'f moryssiii (LM,
Pulse Width Modulation — PWM); U — onopra nanpyra momyssiii; E —
EPC obepTanHs, 1110 HABOAUTHCS y CTATOPHIN OOMOTIII.

Cucrema piBasiHb (10) n03BoJIsIE OTpUMAaTH TepenarouHi QyHKii Ta
MeXaHI4Hi XapaKTepPUCTHKH CHHXPOHHOI MAIlIMHH, MPAIFOI0U0i ¥ peKuMi
BJ.

IcHye Takok mWiAXig A0 MaTeMaTHYHOTO OMHCY OE3MIITKOBOTO
CHUHXPOHHOTO JIBUTYHA 3 MOCTIHHUMH MarHiTaMH y BUIJISII HENiHUIMHUX
PIBHSHBb Ta CTPYKTYPHHX CXEM, aHaJOTiuyHHX cHucTemi (6) Ta cxewmi,
300pakeHi Ha pHc. 2, 3 JNesIKUMH MoAudikamisMud 3 BHOOPY CHCTEM
KOOPJIMHAT Ta KePYIOUHX BILJIMBIB.

Hanpukman, y [1, 10] mokasano, 1m0 3a HaBEeICHWMH BHIIE
MPUHLHUIIAME MOXIIMBa MOOYA0Ba BUCOKOE(EKTUBHUX CUCTEM KEpPYBaHHS
EJIEKTPOPYLIiSIMHA 0araTolijIbOBUX aBTOHOMHHUX IJIaBaJIbHUX arapaTis.

[Mpuanmn TOOYAOBH eNEKTPOpYIIisi Ha OCHOBI 3aCHOBaHWH Ha
CHpOILIEeHIH MOJIeNli BEHTHJILHOTO elieKTponpuBoay Ha ocHoBi BLDC i3
MiHIMQJIBHOIO alapaTHOI HAAMIPHICTIO cXeMH. EnekTponpuBoa Ha
OCHOBI BLDC JIBUTYHA € CHHEPTeTHIHUM 00'eTHaHHAM
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€JIEKTPOMEXAHIYHOI CHUCTEMU CHHXPOHHOIO €JIEKTPHUYHOIO JBUTYHA 13
30yKEHHSIM BiJ TOCTIMHMX MAarHiTiB Ta EJIEKTPOHHOTO KOMYTaTopa.
Ockinbky KepyBaHHS KIIOYaMH MOCTOBOI'O iHBEPTOpa 3AiHCHIOETHCA 3a
KOMaHJaMH €HKOoJiepa, TO TaKUM YHHOM peajli3yeTbcs IKOPCTKUHU
3BOPOTHUH 3B'S30K 33 MPOCTOPOBUM IIOJIOKEHHSIM POTOpPA, L0 BU3HAYAE
anroput™M migkiroueHHs oomorok BLDC  ngBuryma gmo  mpkepena
noctiiiHoro crpymy. L[iTKOBO-KOJEKTOpPHUI NpHUCTpiid, MO CYyTi, €
MEXaHIYHUM KOMYTaTOpPOM, a HOro aHajor — EeJIeKTPOHHUN KOMYTaTop
BLDC nuryna. Came Il BIACTUBICTH JIO3BOJISIE TIPOBECTH AHATOTII0 MK
MOJICJIUTI0 BEHTUJIBHOTO eJleKTponpuBoay Ha ocHoBi BLDC nBuryna Tta
MOJIEJIUIF0 KJIACHYHOIO ILIITKOBOTO €NEKTPOIBUIYHA IOCTIHHOTO CTPyMy
(1), y sxoro cekiii OOMOTKH SKOpS 3a JIONMOMOTOKO IIITKOBO-
KOJIGKTOPHOTO TPHUCTPOIO TMIAKIIOYAIOTBCSL [0 MOCTIMHOTO JHKepena
HaTpyTH.

CrpyKTypHa cXeMa, 3 eJIeMEHTaMH IPUHIUIIOBOI CXEMH, CHCTEMH KEpy-
BaHHS IIBUJIKICTIO eJIeKTpornpuBoaa Ha ocHoBi BLDC neuryHa enekTpopy-
111 HaBe/IeHa Ha puc. 4.

BigzHaunMo, 1110 HaJaITYBaHHS TaKOi CHCTEMHU MOYMHAETHCS 3 BHYTPI-
ITHHOTO KOHTYPY, BUXiTHA KOOPAMUHATA IKOTO (CTpyM) 3MIHIOETBCS HabaraTo
HIBU/IIIE BUXIJHOI KOOPAWHATH 30BHIITHBOTO KOHTYPY — KOHTYpPY IIBHIKOC-
Ti. [Ipn HamamTyBaHHI €NEKTPOPYILIiS € BAMOTH /IO CTATHYHAX 1 AMHAMIYHUX
BJIACTHBOCTEH KOHTYDIB 1 BCi€l CHCTEMH: BIJICYTHICTh CTATHYHOI ITOMWIIKA
MpU CTPUOKOIIOAIOHOMY Bi/ITIpAIFOBaHHI HaBAaHTAKEHHSI, 320€3MIEUCHHS 3MiH
PEeXHUMIB IIBUAKOCTI (CTPUOKOM 3a/IaF0UOTO CUTHATY) 3 TIepeperyIIoBaHHSIM,
sIKe He ITOBUHHO TIepeBUIyBaTr S5 %. € i iHIII crieianbHi BUMOTH 10 PEXH-
MiB pOOOTH €JIEeKTPOPYIiB (HAPHUKIIA, aBTOHOMHHX TJIABANGHUX arapatiB),
SIKi 3aJ1€KaTh BiJ| THITY 1 IPU3HAYECHHS CY/HA.

Kontyp ctpymy enextpornpuBozaa (puc. 4) cradimizye cTpyMm Ha 3aja-
HOMY PEryJISITOPOM LIBUKOCTI PiBHI, IPU LEOMY KOHTYP CTPYMY € IPaKTH4-
HO Oe3iHepIiifHAM 3 HACTYITHUX [IPUYHH:

— Hanpyra Jokepena xupieHHss Uy 3amxam HaGarato mepesuinye EPC
CaMOIHIYKIii BUKOPHCTAHOTO JIBUTYHA, IO J03BOJISIE (hOPCYBATH HPOLIECH
HapocTaHHs 1 criany ctpyMy |y miamasoni #ioro oomexxeHHs (Bif] +lmax 110 -
Inax) 32 4ac, sikMi Habararo MEHIIMH CyMapHOI eeKTPOMAarHiTHOI crajoi
yacy. Came TOMy eJIeKTpOMarHiTHa craja 4acy i 3BOpPOTHHH 3B's130k 3a EPC
BLDC enexrponBuryHa Maiixe He BIUIMBAIOTh HA AWHAMIYHI XapaKTEPUCTH-
KU EJIEKTPOPYIIIis;
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— Ha CyYacHIf eJeMeHTHIH 0a3i peryyisrop CTpyMy, HaT9dK CTPyMy 1
OJIOK CUJIOBHX TPAH3UCTOPHUX KITFOUIB KOHCTPYKTHBHO HECKJIJHO BUKOHATH

MPaKTUYHO Oe3iHepLiHUMHU.
Kounmyp pecvirosanna cimpyuy (3KPC)
I pezyaamop — — — — — — — — _——— — — — —
usUOKOCIm

rb

Puc. 4. CtpykrypHa cxema, 3 eIleMeHTaMH IPHHIIIIOBOI (), CIIPOIIEHOT
CHCTEMH KepyBaHHS IIBUJIKICTIO (0) €IEKTPOIPUBO/A PYILIs

[Tpu MojenoBaHHi, 3aMKHYTHI KOHTYp perymoBaHHs ctpymy 3KPC
MO’KHa HaONIKEHO TPEACTABUTH aIllepPioJUIHOI0 JIAHKOKO 31 CTAJIO Yacy
=1 mc i cratnunuM KoedirieaTom mepenayi taHku K. = 1/K.

OnTuMmizallisi KOHTYpY HIBHUAKOCTI 3IIACHIOEThCS HAa «TEXHIYHHUHA OII-
TAMYyM», Uit skoro [1d  po3iMKHYTOro KOHTYpPY MIBHIKOCTI HaOWpae
BUIJISLILY

1

WpKLLI ( p) = A
2tp-(tp+1)
i wHa wacrori 3pidy (0,5t) sorapudmivyHa aMIUTITYHO-4AaCTOTHA
XapaKTepUCTHKA 3a0e3meuye 3amac 3a ¢Gazor y 63,5°.
BHCHOBKH i NmepCcrneKTHBU MOJAIbIINX AOCTIIKeHb. 3 HaBEJICHUX
PIBHSIHB 1 CTPYKTYPHHUX CXEM, 3 ypaxyBaHHSM BHKOPHCTaHOI TEPMiHOJIO-

rii, MoxHa TO0a4YuTH, IO JesKi (pParMeHTH MaTEeMAaTUYHUX MOJENeH
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MIPEACTABISIIOTh  B3AEMOJIIIO  MIEPETBOPIOBAYIB  CHEPTii Ta Kepyrouoi
inpopmarii. Came Tomy:

—30yIKeHHS Bil TOCTIHHUX MAarHiTiB J03BOJSE CYTTEBO CIHPOCTUTH
MoOJIeJb eKBiBasleHTHOT 00MOTKH 30ymxenHss BLDC naBuryHa y mopiBHsSHHI
3 MOJEIUTI0 CHHXPOHHOI €JEeKTPUYHOI MAIIMHU 3 EJIEeKTPOMAarHiTHUM
30y/DKeHHSIM (€ JAOCTaTHIM ySABUTH OOMOTKY 30y/KEHHS, sSIK He3aJe)KHE
mkepeno EPC i3 BmachuM BHyTpimHiM omopoMm). Tomi EPC, mio
HaBOJAThCs y (azax BLDC nBuryHa, He MICTUTUMYTh CKIIQJIOBHX,
MPOTOPIIIHHUX MOXITHIN CTPyMy 32 9acoM, IO MPOTIKa€e B €KBiBaJCHTHIN
00MOTIII 30y IKCHHS;

— Yy MOJIeNi BEHTHJIBHOTO eNeKTponpHBoay Ha ocHoBi BLDC nBuryna
JIETKO TIepeA0aYnTH MOXKIIMBICTH 3MIHM YaCTOTH OOEPTaHHS y IIUPOKUX
Mexax. ToMy 0OOB'S3KOBHM € BKIIFOUSHHS JIO0 CKJIay MOJICNI MEXaHIqHOT
MiCUCTEMH, IO JO3BOJIIE BU3HAYATH MUTTEBY 4YacTOTy oOOepTaHHS
potopa asuryHa. [lepenaua yactoti 0OepTaHHS y TOTMOMIXKHY CXEMY, III0
3MIHCHIOE 1HTETPYBaHHSA, YMOXIIMBIIOE OTpuUMaHHs iH(opMmamii mpo
CTaHOBHIIEC pOTOpa y OyIb-SKHA MOMEHT 4acy (MOJEIIOBaHHS POOOTH
SHKOJIepa € OKPEMUM 3aBJIAHHSIM);

— cuHepreTnyHe OO0'€IHAHHSA Yy CKJIali €JIeKTPONPHUBOIY HAaBEICHHX
KOMIIOHEHTIB (puc. 4, a) He BIUIMBAE Ha 1X cyMmicHy poboty. OmHak s
NOOYIOBH 3aMKHYTOT CHCTEMH YIIPaBIiHHS MOJEINb, 10 HAaBEeICHA Ha PHC.
2 MOXe BHSBHUTHCA HAaIMIPHOK, OCKUIbKH, TpW i PO3BHHEHHI, 3/1aTHa
BpPaxoBYBaTH BCi €JIEKTPOMArHiTHI MPOIECH Ta MPOLECH NEepEeMHUKAHHS
(enkomepa, KJIHOUIB, JIOTTYHUX E€JIEMEHTIB), IO Pi3KO OOMEXKYE HMIBHIKICTh
PO3paxyHKIB 1 YCKIQJHIOE CHHTE3 KOHTpoiepiB. Tomy Haimpocrima
QHAJIOTISl MK EJISKTPOMEXaHIYHUM MEPETBOPIOBaYEM Ta KEPOBAHOTO
IHBEPTOPOM MOJXKE CTAHOBUTH OCHOBHY OCOOJIMBICTH 1 mpoOiemy
MaTeMaTHYHOTO MOJEIOBaHHs enekTpornpuBoxy 3 BLDC neuryHoM, 1o
noTpedye MoJaIbIIOr0 PO3BUHEHHS;

— CTPYKTYpHE YsIBIIEHHS eJeKTporpuBoay Ha ocHoBi BLDC neuryna
(puc. 4), 3 ypaxyBaHHSIM NPUHHATHX MPHUITYIIEHb Ta CIIPOLIEHb, 103BOJISIE
peanizyBarty, Hanpukiaz, 3acooamu MatLab/Simulink, iioro matematnuny
MOJIEJTb 1 MTOIANBIINN CHHTE3 KOHTPOJIEPIB CTPYMY Ta HIBHJIKOCTI.
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PE®EPATH

Sagin S., Kuropyatnyk O., Tkachenko I. Ensuring the environmental
friendliness of marine diesel engines of specialized ships

The features of ensuring the environmental friendliness of marine die-
sel engines of specialized ships are considered. The requirements of the
International Maritime Organization for the emission of nitrogen oxides
from the exhaust gases of marine diesel engines are given. Determined
that, emission of nitrogen oxides with exhaust gases marine diesel engines
is regulated by the requirements of Annex VI MARPOL. In accordance
with the Tier-1, Tier-Il, Tier-lll standards the maximum amount of nitro-
gen oxides in exhaust gases should not exceed the values determined by
special expressions. The studies were carried out on a Drillships class
vessel with Deadweight 60,086 ton. The exhaust gas recirculation system,
which is installed on a 16V32 STX-MAN diesel engine, is considered. It
is shown that a feature of the operation of exhaust gas recirculation sys-
tems is the determination of the optimal degree of recirculation. The aim
of the study is to determine the optimal degree of recirculation of exhaust
gases of a 16V32 STX-MAN marine diesel. During the research, the op-
timal degree of exhaust gas recirculation varied in the range of 3...21 %,
the load on the diesel — in the range of 35...95 % of the rated power. It
was established that in this case, the emission of nitrogen oxides decreases
up to 7.7...33.6 %, the specific fuel consumption increases up to
0.2...3.5%. The deterioration of the combustion process (caused by the
intake of not only air, but also exhaust gases into the diesel cylinder) leads
to an increase in the temperature of the exhaust gases and increases the
temperature tension of the diesel engine. It has been experimentally estab-
lished that the use of the exhaust gas recirculation system in the range of
values 18...21 % at operating conditions corresponding to 35...55 % load,
leads to a critical increase in exhaust gas temperature. Recirculation of
exhaust gases, as a way to ensure the environmental performance of ma-
rine diesel engines, it is advisable to use in the range of values 9...15 %.
At the same time, in all operating modes of the diesel engine (at loads of
0.35...0.95 % of the rated power), a decrease in nitrogen oxide emissions
by 16.3..29.3% and an increase in specific fuel consumption by
1.6...2.0 % are provided. Future studies should be directed at the devel-
opment of the criteria for the environmental stability of sea vessels.

Keywords: maritime transport; marine diesel engine; emission of ni-
trogen oxides; exhaust gas recirculation; optimal degree of recirculation,
specific fuel consumption
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Caein C.B, Kyponamuux O.A., Txauenxo I.B. 3abe3nedeHHss eKOJIOTi-
YHOCTI CYJHOBUX JTU3EJIB CIIEIiaTi30BaHUX CYACH

PosrnsiHyTO 0COONMMBOCTI 3a0€3MEUeHHST €KOJIOTTYHOCTI CYJHOBUX M-
3eJiB crenianizoBaHux cyneH. HaBeaeno Bumorn MixkHapoJHOT MOPCBKOT
oprasizamii 70 ewmicii OKCHIIB a30Ty 3 BHITYCKHUMH Ta3aMH CyTHOBHX
nu3eniB. BuzHaueHo, 1m0 eMicisi OKCHIIB a30Ty 3 BHIyCKHUMH Ta3aMu
CyIHOBHX nu3eniB perymtoerscs Bumoramu Jonarky VI MARPOL. Bin-
moBigHo mo crammapris Tier-l, Tier-1l, Tier-IIl makcuMmanbHa KilbKiCTh
OKCH[IB a30Ty B BHMIIyCKHMX ra3ax HE IIOBUHHA II€PEBUILYBATH 3HAYECHb,
BU3HAYEHHUX CHEliaJbHUMHU BHUpazaMH. JlocmikeHHs NpPOBOAWINCH Ha
cymai kmacy Drillships nensetitom 60086 ToHH. Po3risHyTO CHcTeMy
PEIUPKYIISIIii BUIIYCKHHX Ta3iB, Ka BCTaHOBJIeHa Ha nu3eni 16V32 STX-
MAN. [Toka3aHo, 1110 0COOJIUBICTIO POOOTH CHCTEM PELUPKYJIALIT BUITYC-
KHUX Ta3iB € BU3HAYCHHSI ONTHMAIBHOTO CTYICHS peHUpKysinii. MeToro
JOCHIDKEHHSI € BU3HAUYEHHS ONTHMAaJIbHOTO CTYIEHS PELMPKYJISLii BUILY-
ckHUX ra3iB cyaHoBoro auszens 16V32 STX-MAN. Ilig gac mociipkeHb
CTYHiHb PEUUPKYJISLIl BUITYCKHUX Ta3iB 3MiHIOBaJach B Mexax 3...21 %,
HaBaHTAXXEHHS Ha Au3elb — y Mexax 35...95 % Big HOMiHaJIBHOI MOTYX-
HOCTi. BcTaHOBIIEHO, 110 32 IMX YMOB 3HMKYIOTHCS €MICisl OKCHIIB a30Ty
Ha 7,7...33,6 %, 3poctae nmuToMa Butpara nanusa Ha 0,2...3,5 %. Ilorip-
LICHHS MPOLECY 3TOPsHH (3yMOBIICHE HAAXOIKEHHAM HE TUIBKU TOBITPA,
a TaKOXX BUILYCKHHX Ta3iB y LWIIHAP AW3ENS) IPU3BOJUTH A0 MiIBUILIECHHS
TEMIepaTypyd BUIYCKHUX Ta3iB i MiJBUIIEHHS TEMIEPATypHOi HANpyrd
nuzensi. ExcriepiMeHTanbHO BCTAHOBJICHO, 10 BUKOPUCTAHHS CHUCTEMHU
PEIMPKYIISIIii BUITYCKHUX Ta3iB B fAiama3oHi 3Ha4eHb 18...21 % Ha pexu-
Max poOoTH, IO BiAMOBiAaTH 35...55 % HaBaHTaXEHHIO, PU3BOJAUTH JI0
KPUTHYHOTO MiIBUIIEHHS TEMIIEPATypH BUITYCKHUX ra3iB. Penupkyisiito
BUITYCKHHX Ta3iB, K CIOCiO 3a0e3neueHHs] eKOIOTIYHOCTI CYTHOBHX M-
3eJiB, AOLJIFHO BUKOPUCTOBYBATH B Jialla30Hi 3HAUYCHb CTYIECHIO PELUp-
kymsinii 9...15 %. [pu upomy Ha Beix pexumMax poOoTu au3ens (npu Ha-
BaHTaxeHHax 0,35...0,95 % Bix HOMIHAJIBHOI MOTYXKHOCTI) CIIOCTEpira-
€TbCSl 3HIKEHHA eMmicii okcuay a3oty Ha 16,3...29,3 % 1 36inbLIeHHs nu-
ToMOi BUTpaTH nanuBa Ha 1,6...2,0 %. [lomasbii J0CiPKEHHS TOBHHHI
OyTH CIpSMOBaHI Ha PO3pOOKY KPUTEPIiB €KOJOTiYHOI CTIHKOCTI MOpPCh-
KHX CyJIeH.

Kio4oBi cjioBa: MOPCHKHI TpaHCIOPT; CyIHOBHUH IU3€Ib; €MicCis
OKCHJIIB a30Ty; PEHUPKYJIALisS BUIYCKHHX Ta3iB;, ONTUMAILHUHA CTYIiHb
PEeUMPKYJIsILii, TUTOMA BUTPATa MajJ1Ba
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Caein A.C., 3abroyvxuii FO.B. Pereneparisi 3ManryBaTbHUX BJIACTH-
BOCTE MOTOPHHUX MaJIWB i MAaCTWI Iij] Yac eKCIUTyaTalii CyTHOBHUX IH3€-
JIiB

3amponoHOBaHi TEXHOJOTIYHI PIillIeHHS, M0 CIPHAIOTH pereHepaii
3MallyBaJIbHUX BIaCTHBOCTEH MOTOPHHX IMajHB i MACTHJI IiJ] 4ac eKCILTY-
aTarii cyJHOBUX nu3eniB. Bu3HaueHo, 1110 HaJiiHA €KCIUTyaTallis CyTHO-
BUX JIM3ENiB BUMArae 31iHCHEHHS KOHTPOJIO SIKOCTI Ta MiATPUMAaHHS eKc-
IUTyaTalifHAX XapaKTepHUCTUK MOTOPHMX HajuB i Maced. BuBuanace mo-
XIJIUBICTh pereHepanii 3MallyBajbHIX BIACTUBOCTEH MajluBa Ta MacTUIIA,
[0 BUKOPUCTOBYIOTHCS ITiJ] YaC eKCILTyaTallii CyJqHOBHX au3einiB. [locii-
JDKEHHS BUKOHYBAIIMCh y HAYKOBIiH J1abopaTopii Ta Ha MOPCHKOMY CY/HI
knacy General Cargo nemseiitom 19700 TOHH Ha CYAHOBUX JHU3EISIX
6S50MC-C MAN-Diesel ta 51.23/30 MAN-Diesel. lociimkeHHsT TpoBo-
JWITHCS JUTS PI3HUX COPTiB CYAHOBOTO NaiMBa: MajoB's3koro DMA, cepe-
nHpoB'13k0oro  RMB30, Baxkkoro RMG380; ta mactun Castrol TLX
XTRAZ204, Castrol Cyltex40SX. V naykoBiit naboparopii BH3HAYAIHCS:
3HAYEHHsI CHIIM TEPTA B CIOIYYEHHI, IO IMITY€ TTapy TEPTS BaJI-BKIIAIHIII
Ta IUTyHXXEP-BTYJIKa NaJUBHOIO HACOCY BHCOKOTO TUCKY; 3HAYCHHS B'SI3-
KOCTI B TPaHUYHOMY IIapi MOTOPHOIrO majuBa ab0 MacTWia, 3HAYCHHS
TOBIIUHM TpaHW4HOro mapy. Ha MopchbkoMy CynHiI BU3HAuYaBCS TEXHid-
HUI CTaH map TepTs Baj-BKIAJAWII, IUIYHXKEP-BTYJKa MaJHMBHOTO HAacocy
BHCOKOTO THUCKY, FOJIKa-pO3MUIIIOBady (POPCYHKH, a TAKOXK BMICT MEXaHiu-
HUX JIOMIIIOK Y MOTOPHOMY MAacCTHJII JJIsi IBOX YMOB eKcCILTyatalii naim-
BHO{ CHCTEMH Ta CUCTEMH MalleHHs: 03 BUKOPUCTAHHS Ta 3 BUKOPUCTaH-
HSIM JI0ZaTKOBOI TiIpOJAMHAMIYHOI aKTHBAIIl majuBa abo MacTuia. Bera-
HOBJICHO, LII0 OJHHUM 3 METO/IB pereHepanii 3MalyBaJbHIX BIACTHBOCTEH
CYIHOBHX MAJIUB Ta MACTHJI € BUKOPUCTAHHS TIIPOJIMHAMIYHAX aKTHBATO-
piB, SIKi 3MIHCHIOIOTH CHIJIOBE HABaHTA)KCHHS HA MEXaHIYHI JAOMIIIKH Ta
BOJy, 3MEHIIYIOUH iX aiare3iiHi 3B’513KM 3 BYIJIELEM Ta BOAHEM Ta IIOHOB-
JIIOI0YH JIAHIIOTOBY HOOYZOBY I'PaHMYHOTO 3MAalllyBajbHOTO MIapy MaJnuBa
abo mactwia. EkcriepuMeHTanbHO TOBEIECHO, IO pereHepais 3MairyBa-
JBHUX BJIACTMBOCTEH MOTOPHUX MAJMB i MAacTWI CHpPUSE 3MEHIICHHIO
BTpAaT €Heprii Ha MPOJaBaHHS CHJI TEPTS Ta IiJIBUIIECHHIO B’S3KOCTi 3Ma-
IIyBaJbHOTO Iapy HajuBa ab0 MacTHia, IO BUSBISETHCS B 3HM)KECHHI
3HOCY B TPHOOCIIONYYCHHSX BaJl-BKJIAJWIN MMiAMUITHAKA Ta TUTYHXKEp-
BTYJIKA MMAJIMBHOTO HACOCY BHCOKOT'O THCKY.

Kuaio4oBi cjioBa: MOPCHKHI TpaHCTIOPT, CYIHOBHI THU3€IIb, MOTOPHE
MaJIMBO, MOTOPHE MacTWIIO, B’S3KiCTh, 3MalllyBajlbHa BIACTUBICTh, MACTHU-
JBHUH 1Iap, TIAPOJUHAMIYHA aKTHBALlisl, TEXHIYHUI CTaH
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Sagin A.S., Zablotskyi Yu.V. Regeneration of lubricating properties of
motor fuels and lubricating oils during the operation of marine diesel en-
gines

Technological solutions are proposed that contribute to the regenera-
tion of the lubricating properties of motor fuels and lubricating oils during
the operation of marine diesel engines. It is determined that the reliable
operation of marine diesel engines requires quality control and mainte-
nance of the operational characteristics of motor fuels and oils. The possi-
bility of regeneration of the lubricating properties of fuel and oil used in
the operation of marine diesel engines was studied. The research was car-
ried out in a scientific laboratory and on a General Cargo class marine
vessel with a deadweight of 19,700 tons using marine diesel engines
6S50MC-C MAN-Diesel and 5L23/30 MAN-Diesel. Research was con-
ducted for different grades of marine motor fuel: low-viscosity DMA,
medium-viscosity RMB30, heavy RMG380; and Castrol TLX XTRA204,
Castrol Cyltex40SX engine oil. In the scientific laboratory, the following
were determined: the value of the friction force in the coupling, which
simulates the friction pairs of the shaft-insert and the plunger-sleeve of a
high-pressure fuel pump; viscosity value in the boundary layer of motor
fuel or motor oil; boundary layer thickness value. On the sea vessel, the
technical condition of the shaft-liner friction pairs, the plunger-sleeve of
the high-pressure fuel pump, the needle-sprayer of the nozzle, as well as
the content of mechanical impurities in the engine oil were determined for
two operating conditions of the fuel system and the circulation lubrication
system: without use and with the use of additional hydrodynamic activa-
tion of fuel or oil. It has been established that one of the methods of re-
generating the lubricating properties of marine fuels and lubricating oils is
the use of hydrodynamic activators, which exert force on mechanical im-
purities and water, reducing their adhesive bonds with carbon and hydro-
gen and restoring the chain structure of the boundary lubricating layer of
fuel or mass. It has been experimentally proven that the regeneration of
the lubricating properties of motor fuels and lubricating oils contributes to
the reduction of energy losses to overcome frictional forces and the in-
crease of the viscosity of the lubricating layer of fuel or oil, which is man-
ifested in the reduction of wear in the tribocouplings of the shaft-liner of
the bearing and the plunger-sleeve of the high-pressure fuel pump.

Key words: marine transport, marine diesel, motor fuel, motor oil,
viscosity, lubricating properties, lubricating layer, hydrodynamic activa-
tion, technical condition
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Cacein C.B., Ilobepexcuuii P.B. AHani3 eQeKTHBHOCTI BUKOPUCTAHHS B
CYIHOBUX JW3EISX MMAIKB PI3HOTO (DPAKIIIfHOTO Ta CTPYKTYPHOTO CKIIAIy

Bukonana omiHka eeKTUBHOCTI BUKOPUCTAHHSA B CYyTHOBHX AW3EIISX
MaauB Pi3HOTO (PAKLIHHOTO Ta CTPYKTYPHOTO CKiIady. 3aBIaHHAM AOCIi-
JDKEHHsI OyJ10 BU3HA4YeHHS €()eKTMBHOCTI BUKOPHCTaHHS B CYIHOBHX IU-
3eJsIX ManMB Pi3HOTO (pakUiiiHOro Ta CTPYKTYpHOTO ckiany. [ocmi-
JDKSHHST BUKOHYBaJIMCh Ha cyaHi kinacy General Cargo Ha cyqHOBHX cepe-
napo00epToBuX ausensx MAN-Diesel&Turbo 5L23/30H sxi BukopucTo-
BYBJIHCH K TOTOMDXKHI ABUTYHH. [1i7 yac excruryaTamii 1n3eiiB BUKOPH-
croByBaiuchk MotopHi nmamuea DMA, RME180, RMG380. [uzeni ekc-
IDTyaTyBaJMCs BUKIFOYHO HAa OJHOMY COPTI majiuBa (1o OyIio MOXIIHBO 32
PaxyHOK iX MiAKIIOYEHHS 10 MATUBHUAX TaHKIB, B SIKUX 30epiranock pizHe
MaJNBO): Mepmuid — Ha MoTopHOoMy nanuBi DMA, npyruii — na RME180,
tpetiii — Ha RMG380. B mupkysisimiiftHOT crucTeMi MallleHHsS BCiX JHM3eNiB
BUKOpHCTOBYBasioch Motophe mactiwio Shell Melina S30. Iy koskHOTO
Q3elis BU3HAYaINCh TeMIlepaTypa BUIYCKHHX ras3iB (IIpH IbOMY B LEi
YacOBHH MEPioJ ANU3eNl eKCIUTyaTyBajiCh Ha PIBHOMY HaBaHTa)XCHHi) Ta
BUKOHYBABCSl aHANi3 MHUPKYJISAIIHHOTO MacTWja Ha BMICT MeEXaHIYHHX
IOMImoK. ExcrepuMeHTaabHUMH JOCIHIDKSHHSIMU BCTaHOBJIECHO, IO JUIS
cynHoBux MoTopHux naiaue DMA, RME180, RMG380 (ski Bka3zaHi B
MOPSIKY TIOTIPIIEHHS CTPYKTYpHOTO Ta (hPaKIiifHOrO CKJamy) XapakTep-
HO: 4...8 % MigBUILEHHS TEeMIIEPaTypH BUIYCKHUX Ta3iB (Ui Aiana3zoHy
HaBaHTaXXeHb B Mexkax 60...80 % Bijg HOMiIHAILHOTO 3HAaYeHH); 1,6...2-x
KpaTHe 30UTBIICHHS! MPOAYKTIB 3HOCY B MOTOPHOMY MAacTHIIi, SIK€ BHKO-
PHCTOBYETBCSI B CHCTEMi HUPKYJSAMIHHOTO MamieHHs. MOTOpHI manuBa
MOTIPIIEHOTO CTPYKTYPHOTO Ta (hpakiifHOro ckiamy (depe3 ix MeHIry
BapTiCTh) CHPUSIOTh 3HWKEHHIO EKCIUTyaTallifHUX BUTpPAT Ha CyTHOBY
SHEPreTUYHY YCTaHOBKY, ajie NPH LbOMY 30ULIBIIYEThCS TEMIIEpaTypHe
HAaBaHTAXXCHHS Ta IIBHIIYIOTh KOHTAKTHI HAINPy>KEHHS B IMapax TepTs
CYIHOBHUX Ju3elniB. ToMy miJ 4ac po3poOll peKoMeHAaliil Mo BHKOpPHC-
TaHHIO MOIOHMX MaJIMB HEOOXITHO BUKOHYBATH KOMIUIEKCY OIIHKY: €KO-
HOMIYHY — sIKa CIIPHUATUME BU3HAYCHHIO (hiHAHCOBUX BUTpAT Ta EKCILTya-
TaIiIo JIM3EIiB CyJIeH MOPCHKOTO Ta BHYTPILTHBOTO BOJHOTO TPAHCIIOPTY,
Ta TETUIOCHEPTeTUYHY — 32 JIOTIOMOTOI0 SIKO1 BU3HAYAETHCS 3MiHA TEXHIY-
HOTO CTaHy Ta MONepeKAEThCA KPUTHYHA Ta HAJAKPUTUYHA EKCILTyaTalis
JIN3EIIIB.

KarouoBi cjioBa: MOpChKHI TPaHCTIOPT, CYJHOBUN IH3€Tb, MOTOPHE
NaJINBO, CTPYKTYPHUH cKial, GpakuiiHUi CKJIaJg MOTOPHE MAaCTHIIO, TeX-
HIYHUH CTaH, eKCIUTyaTallis AU3€JiB MOPChKUX CYACH
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Sagin S.V., Poberezhnyi R.V. Analysis of the effectiveness of using
fuels of different fractional and structural composition in marine diesel
engines

An evaluation of the effectiveness of the use of fuels of different frac-
tional and structural composition in marine diesel engines has been carried
out. The task of the research was to determine the effectiveness of using
fuels of different fractional and structural composition in marine diesel
engines. The studies were carried out on General Cargo class vessels us-
ing MAN-Diesel&Turbo 5L23/30H medium-speed marine diesel engines,
which were used as auxiliary engines. When operating diesel engines,
DMA, RME180, RMG380 motor fuels were used. Diesels were operated
exclusively on one type of fuel (which was possible due to their connec-
tion to fuel tanks in which different fuels were stored): the first - on DMA
motor fuel, the second - on RME180, the third - on RMG380. Shell Me-
lina S30 engine oil was used in the circulating lubrication system of all
diesel engines. For each diesel engine, the temperature of the exhaust gas-
es was determined (at the same time, during this period, the diesel engines
were operated at the same load) and the circulation oil was analyzed for
the content of mechanical impurities. Experimental studies have estab-
lished that for marine motor fuels DMA, RME180, RMG380 (indicated in
the order of structural and fractional composition deterioration) the fol-
lowing is characteristic: 4...8% increase in exhaust gas temperature (for a
range of loads within 60...80% of the nominal value); 1.6...2-fold increase
in wear products in motor oil used in the circulation lubrication system.
Motor fuels with a reduced structural and fractional composition (due to
their lower cost) contribute to the reduction of operating costs for the
ship's power plant, but at the same time increase the temperature load and
increase the contact stresses in the friction pairs of ship's diesel engines.
Therefore, when developing recommendations for the use of such fuels, it
is necessary to carry out a comprehensive assessment: economic - which
will contribute to the determination of financial costs and the operation of
diesel engines of marine and inland water transport vessels, and thermal
energy - which will help determine the change in the technical condition
and prevent critical and supercritical operation of diesel engines.

Key words: marine transport, marine diesel, motor fuel, structural
composition, fractional composition of motor oil, technical condition,
operation of marine diesels
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Maoeii B.B., Boakos O.M. OntuMmizalisi TIporecy MaaIuBONomadi Tn-
3€NiB CyIeH MOPCHKOTO TPAHCIIOPTY IiJl 9ac BHUKOPUCTAHHS MAIMBHUX
CyMillIeHt 10 CKIaay KX BXOAUTH 010IM3eNIbHE ManuBO

Hanani pexoMenaarii 111010 onTUMi3ailisi IpoIecy MajiuBonoadi au-
3€NiB CyIeH MOPCHKOTO TPAHCIIOPTY IiJl 9ac BHUKOPUCTAHHS MAIMBHUX
cyMillel 1o CKIaay SKUX BXOJUTH Oionu3enbHe manuBo. Posrmsnyra ma-
JIMBHA CUCTEMa CY/IHOBUX CepeHbooOepToBUX nu3ensx 6H17/28 Hyundai
Heavy Industries, siki B KiJTbKOCTI TPhOX BXOHJIH JO CKJIaAy €HEPreTHY-
HOI YCTaHOBKHM MOpPCBKOTo cymHa aenseidtom 14745 tonn. Ilim wac Bu-
npoOyBaHb KOHTYp MOAAadi anyBa J0 OJAHOTO 3 JU3eJIiB HE 3MIHIOBABCS Ta
BiH ekcrutyatyBaBcs Ha manuBi RMAL0 (3 B’si3kicTio 6,5...6,7 cCT 1 BMic-
toM cipku 0,35 %). B’s3kicTh manuBa 103BOJISE AOAABAaTH B HHOTO Oioau-
3eJbHE ManuBo (3 B s3kicTio 4,5...5 cCt 1 BMicTom cipku 0,01 %). Bmict
010AM3eTbHOTO MaNMBa B MaJWBHIA CyMilli 3MIiHIOBAaBCS B IHTEpBai
5... 20 %. IlanuBHa cymim mopaBanacs 10 ABOX IHIIKMX Au3eliB. Bumpo-
OyBaHHSIMU JOBEACHO, 0 BUKOPUCTAHHS B CYJHOBUX TU3EIISIX MaTHBHUX
CyMIIllel IO CKJIaay SKUX BXOAMTH O10JM3CJIbHE MAJUBO CIPHUSE ITiJIBH-
IIEHHIO eKOJIOTIYHOCTI X poOoTH. EKCiepuMEHTaIbHO BCTAHOBIIEHO, IO
st cynHoBoro ausens 6H17/28 Hyundai Heavy Industries mix wac Buko-
pUCTaHHsSI TNanuBHOI cymimm, ska ckinamaerbess 3 80...95 % mnanusa
RMA10 ta 20...5 % GionanuBa FAME, 3a6e3neuyetscs =25 % 3HMKEHHS
emicii okcuniB azoty NOx ta =20 % 3HIDKEHHS eMicil OKCHIIIB BYTJIEIO
COz. OnHouacHo 3 1uM 10 8,2 % 30UIBIIYETHCS MUTOMA BUTpaTa NaJliBa.
Haii6inpm onTuMaibHOO CYMIMIIIO € Taka, Mo MicTiTh 10...15 % 6ioau-
3€JIBHOTO TajuBa. TakoXk JOBEIEHO, 10 BUKOPHUCTAHHS MATMBHUX CyMi-
e, 10 CKJIaay SAKUX BXOJUTh MAJIMBO OI0JIOTIYHOTO ITOXOKEHHS, TPU3-
BOJUTH JI0 3CYBY TpOIIECY 3TOpsSHHS Ha JiHil0 po3mupeHHs. lnsxom
ONTHMI3allii TpoIlecy MaauBoIoAayi (a caMme depe3 3MiHy KyTa BHUIEepe-
JOKEHHS BIIOPCKYBAaHHS) MOJIIMBO 3MIIIEHHS TPOIECYy 3TOpsIHHA B OiK
BEPXHbOI MEPTBOT TOUI Ta MiATPUMAHHS MaKCUMAaJbHOTO TUCKY 3TrOpsiH-
HSl Ha PIBHI, 110 BiANOBiZa€ BUKOPHCTAHHIO NajiBa HAa(TOBOrO MOXO-
moxeHHs (0e3 yTBopeHHs Horo cymimni 3 6ioan3enbHUM nanuBoM). Excre-
PUMEHTAJILHO BCTAHOBJICHO, 1110 JUIs HaBaHTaKeHb B Aiamazoni 30...80 %
CIIOCTEPIra€ThCsl HASIBHICTH ONTUMAIBHOTO KyTa BUIEPEIKEHHS BIIOPCKY-
BaHHs NaUBa, KUK 3a0e3neuye 30UIbIIEeHHS] MAKCUMAIBHOTO THUCKY 3rO0-
PSHHS Ta 3MEHIIEHHSI TEMIIEPATypPH BUMTYCKHUX Ta3iB.

KawuoBi cioBa: MOPCHKHI TpaHCIIOPT; Cy[THOBUHU JH3€Ib; €MicCis
OKCHJIB a30Ty; PEUUPKYJALisS BUIYCKHHX T'a3iB; ONTUMAJIBHUH CTYIiHb
PEeLMPKYJISLii, TUTOMA BUTPATa MajuBa, IPOLEC 3rOPSHHS HajliuBa
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Madey V.V., Volkov O.M. Optimization of the fuel supply process for
diesel engines of marine transport using fuel mixtures that include bio-
diesel fuel

Recommendations are provided for optimizing the process of fueling
diesel engines of marine transport vessels when using fuel mixtures that
include biodiesel fuel. The fuel system of marine medium-speed diesel
engines 6H17/28 Hyundai Heavy Industries, which in the amount of three
were part of the power plant of a marine vessel with a deadweight of
14745 tons, is considered. During the tests, the fuel supply circuit to one
of the diesel engines was not changed and the diesel was operated on
RMAZ10 fuel (with a viscosity of 6.5...6.7 ¢St and a sulfur content of
0.35 %). The viscosity of the fuel allows adding biodiesel fuel to it (with a
viscosity of 4.5...5cSt and a sulfur content of 0.01 %). The content of
biodiesel fuel in the fuel mixture varied in the range of 5...20 %. The fuel
mixture was supplied to two second diesel engines. Tests have proven that
the use of fuel mixtures in marine diesel engines, which include biodiesel
fuel, contributes to the improvement of the environmental friendliness of
their operation. It was experimentally established that for the marine die-
sel engine 6H17/28 Hyundai Heavy Industries when using a fuel mixture
consisting of 80...95 % RMA10 fuel and 20...5 % FAME biofuel, a 25 %
reduction in NOx emissions and ~20 % CQO; emissions is provided. With
this, the specific fuel consumption increases to 8.2 %. The most optimal
mixture is a mixture that contains 10...15 % of biodiesel fuel. It is also
proven that the use of fuel mixtures that contain biodiesel fuel leads to a
shift in the combustion process to the expansion line. By optimizing the
fuel supply process (by changing the injection advance angle), it is possi-
ble to shift the combustion process towards the top dead center and main-
tain the maximum combustion pressure at a level that corresponds to the
use of petroleum fuel (without creating a mixture with biodiesel fuel). It
was experimentally established that for loads in the range of 30...80 %,
there is an optimal fuel injection advance angle, which provides an in-
crease in the maximum combustion pressure and a decrease in the temper-
ature of the exhaust gases.

Keywords: sea transport; marine diesel; emission of nitrogen oxides;
recirculation of exhaust gases; optimal degree of recirculation, specific
fuel consumption, fuel combustion process
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Cmonsapux T.0. BaockoHaJeHHS MPOIECIB MAICHHS IU3CTIB CYyACH
MOPCBKOTO Ta BHYTPILITHEOTO BOJHOTO TPAHCIIOPTY

3anponoHoBaHa TEXHOJIOTIYHI PillIeHHS, [0 CIPHSIIOTH BAOCKOHAJICH-
HIO TPOLIECIB MAleHHs JU3eIliB CyIeH MOPCHKOTO Ta BHYTPILIHBOTO BO/I-
HOTO TPAHCIIOPTY. 3aBHaHHIM JOCTI/HKEHHS OyJ0 BHU3HAYECHHS BIUIMBY
CTPYKTYPHHX XapaKTEPHCTUK aJCOPOLIIHOrO mapy MOTOPHOTO MacTHia
(xpalioBUX KyTiB 3MOUYYBaHHs Ta TOBLIMHHW) Ha EKCIUTyaTalliiiHi TIOKa3HU-
KH CyTHOBOTO JH3€Js, B CHCTEMI IUPKYIALIIHOTO MAaIIeHHS SIKOTO BOHO
BUKOPHCTOBYETHCS. [lOCIiKEHHSI BUKOHYBAJIHNCh HAa CYJIHOBHX CEPEIHBO-
obeproBux ausensx 6L.16/24 MAN Diesel, ski BXoAuIH 10 CKJIaAy JOMO-
MiKHOT eHepreTH4HOi ycTaHoBKU cyqHa tumy General Cargo measeiitom
15600 TonH. fx cmocib, mo 3abe3nedye MiABUINEHHS CTPYKTYPHUX Xapa-
KTEPUCTHUK MOTOPHOTO MacTwia Oyno oOpaHO JOoAaBaHHS MOBEPXHEBO-
aKTHUBHHUX Pe4OBUH. Lli PEeHOBHMHM TIOCIIJOBHO J0JABAUCH B 3aralbHUM
00’eM IHUPKYIALMIHHOTO MacThja, M0 3HAXOAWJIOCh B CHCTEMi MAIlCHHS.
Jnist BUKOHAHHS 3aBIaHHs JOCHIPKEHHs 1] Yac MPOBEJICHHS eKCIiepruMe-
HTY BH3Ha4YaBci MEXaHIUYHMN Koe(illieHT KOPUCHOI Aii AU3emsl, TUCK CTHU-
CHEHHsI, TeMIlepaTypa BUIYCKHHX Ta3iB, a TaKoX (PIKCyBaucCs 3HAYCHHS
3arajbHOTO JI’)KHOTO YHCJIa MacTWJIa Y BiIOBIIHI YacOBi iHTEpPBAIN HOTO
pobotu. IIpoBeneHUMH JOCHIIKCHHSIMH BCTAaHOBJICHO B3a€MO3B’ 30K
CTPYKTYPHHX ITOKa3HHKIB MOTOPHHX MAacTWI (30KpeMa KpaioBOTO KyTa
3MOYYBaHHS Ta TOBIIMHU aJCOPOIMIHHOTO MIapy) Ta eKCILTyaTaIliitHhX
MOKa3HHUKIB CyTHOBUX JM3EIiB (30KpeMa THCKY CTHCHEHHS, MEXaHIYHOTO
Koe(DillieHTy KOPUCHOT [Iil, TeMIlepaTypy BUIIYCKHHX ra3iB). 301IbIICHHS
3HAUCHb BKA3aHUX CTPYKTYPHUX ITOKa3HUKIB MOTOPHOTO MacTwia (sKe
JOCSTAEThCS IUIIXOM JIO/IaBaHHS 10 MOTOPHOTO MacTWJIa TIOBEPXHEBO
aKTUBHHUX PEYOBWH) 3a0e3ledye 3MCHIICHHS MEXaHIYHUX BTpaT MiJ 4ac
OTpUMaHHs KOpUCHOI poOoTH. [TopiBHSHHS eKCIUTyaTalliiHUX XapaKTepu-
cruk cyaHoBoro jusento 6L.16/24 MAN Diesel cBiquuth, 1110 BUKOpHC-
TaHHSI MOTOPHOTO MAacTWia 3 OUIBII BHPaKEHHMH CTPYKTYPHHMH TOKa3-
Hukamu Ha npoTsa3i 1000 roguHHOT poOOTH 3a0e3meuye: BiIHOCHE 301i1b-
IIEHHS TUCKY CTHCHEHHS B aiama3oHi 0,97...6,19 %; BiiHOCHE 301JIbIICH-
Hsl MexaHiyHOro koegirieHTy KopucHoi nii B miamasoni 0,11...2,23 %;
BiTHOCHE 3MEHIIICHHS TEMIlepaTypu BHITYCKHHUX Tra3iB B Jliama3oHi
0,7...5,34 %; BigHOCHE 30ULIBIIEHHS 3araJbHOTO JY)KHOTO YHCIa B Jiara-
30mH1 0,69...18,66 %.

Kao4oBi cioBa: MOpChKHI TPAHCIIOPT; CYAHOBUHN JU3EIb; ITUPKYIIA-
LiliHa cucTeMa MalleHHS, MOTOPHE MAacTHJIO, CTPYKTYpi NMOKa3HUKH MO-
TOPHOTO MacTHJIa, EKCIUTyaTalliiHi HOKa3HUKHU CyIHOBOTO JU3EIIs
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Stoliaryk T.O. Improving the processes of lubrication of diesel en-
gines of ships of sea and inland water transport

Technological solutions are proposed that contribute to the improve-
ment of the processes of lubrication of diesel engines of ships of sea and
inland water transport. The task of the study was to determine the influ-
ence of the structural characteristics of the adsorption layer of engine oil
(wetting angles and thickness) on the performance of a marine diesel en-
gine, in the circulating lubrication system of which it is used. The studies
were carried out on marine medium-speed diesel engines 6L16/24 MAN-
Diesel, which were part of the auxiliary power plant of a General Cargo
vessel with a deadweight of 15,600 tons. The addition of surfactants has
been chosen as a method that improves the structural characteristics of the
engine oil. These substances were sequentially added to the total volume
of circulating oil, which was in the lubrication system. To fulfill the re-
search task, during the experiment, the mechanical efficiency of the diesel
engine, compression pressure, exhaust gas temperature were determined,
and the values of the total base number of the oil were recorded in the
corresponding time intervals of its operation. The conducted studies estab-
lished the relationship between the structural parameters of motor oils (in
particular, the contact angle and the thickness of the adsorption layer) and
the performance of marine diesel engines (including compression pres-
sure, mechanical efficiency, exhaust gas temperature). An increase in the
values of these structural parameters of engine oil (which is achieved by
adding surfactants to the engine oil) provides a decrease in mechanical
losses when obtaining useful work. Comparison of performance character-
istics of marine diesel engine 6L16/24 MAN-Diesel shows that the use of
engine oil with more pronounced structural parameters during 1000 hours
of operation provides: a relative increase in compression pressure in the
range of 0.97...6.19 %; relative increase in mechanical efficiency in the
range of 0.11...2.23 %); relative decrease in exhaust gas temperature in the
range of 0.7..5.34 %; relative increase in the total base number in the
range of 0.69...18.66 %.

Key words: maritime transport; marine diesel; oil circulation system,
motor oil, structural parameters of motor oil, marine diesel performance

Korniievych S., Borisov V., Shestopalov K., Khliyeva O., Zhelezny V.
Eco-energy analysis of the expediency of nanoadditive C60 fullerene to
the compressor oils for small refrigerating appliances
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The paper analyzes the expediency of using fullerene Cego
nanoadditives to compressor oil of small vapor-compression refrigerator
appliances in order to increase their environmental and energy efficiency.
For analysis, it is suggested to use specific eco-energy efficiency indicator
together with traditional energy efficiency index. The proposed indicator
characterizes the appliance life cycle equivalent emission of greenhouse
gases (direct and indirect) per unit of produced refrigeration (kg CO.
/KW-h). The specific eco-energy efficiency indicator was evaluated for the
GN 2/1 GGPv 6570 freezer and the GN 2/1 GKPv 6573 refrigerator when
propane (R290) and two different compressor oils with Ceo fullerene
admixtures were used as the working fluid, as well without them.
Promising "natural” refrigerant R290 is forbidden to be used in marine
refrigeration due to flammability, exept of small onboard refrigeration
equipment with a mass charge up to 150 g, which has been considered in
study.

Experimental data on cooling capacity and power consumption
obtained previously on set-up with an Embraco Aspera EMT 6152 U
compressor in the boiling temperature range of 252...271 K and at a
condensing temperature of 318.5 + 1.0 K were used for the analysis.
Fullerene Ceo content in oils were following: 0.223-10* g-g? Cg in
RENISO SP46 oil and 6.837-10* kg kg™ Cg in ProEco® RF22S oil.

It was shown that Ceo fullerene admixtures lead to an increase in the
specific eco-energy efficiency indicator by an amount from 6.2% to
almost 25%, depending on the selected compressor lubricant and the
mode of operation of the refrigeration device.

It was shown the prospects of proposed approach to the analysis of
ship refrigerating equipment of various capasity.

Keywords: Small refrigeration device, Compressor oil, nano-
admixture of fullerene Cgo, Greenhouse gases, Energy efficiency index,
Eco-energy efficiency indicator

Kopuiesuu C. I'., bopicos B.O., lllecmonanog K.O., Xniesa O.A., Ke-
aesnutl B.I1. Exonoro-eHepreTHUHUN aHasi3 JOIIBHOCTI BUKOPUCTAHHS
HaHono0aBku (ynepeH Ceo 10 KOMIIPECOPHHUX MACTHJ Y MajHX XOJIO-
JUITBHUX TIPHIIaax

Y po0oTi aHaNIi3y€eTHCS AOLUIBHICTE BUKOPUCTAHHS HAHOJ00aBKHU (Y-
neper Ceo 10 KOMIIPECOPHUX MACTHII MalIUX MapOKOMIIPECIHHUX XOJI0 M-
JBHUX TPWIAAIB 3 METOIO MiIBUIIEHHS IX €KOJIOT0-€HEPTeTHYHOI e()eKTH-
BHOCTI. J{J1s1 aHai3y 3alpONOHOBAaHO BUKOPUCTOBYBATH MUTOMUHN 1HANKA-
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TOP €KOJIOr0-€HEPreTHYHOI €()EKTUBHOCTI CYMICHO 3 iHIEKCOM CHEPreTH-
9HOi e(heKTHBHOCTI. 3alpONOHOBAHMN 1HIWKATOpP XapaKTepH3ye eKBiBa-
JICHTHY €MICil0 MMapHUKOBUX ra3iB (IpsMy Ta HEMpsSMYy), IO BUPOOIETHCS
MpUIagoM 3a HOTO KUTTEBHH IIMKII, BiJHECEHY IO OJMHULI BUPOOIECHOTO
xonoxy (kr CO2 /kBt:ron). byna BukoHaHa oIiHKa MUTOMOTO 1HAMKATOPA
€KOJIOT0-CHEPreTUYHOT e(eKTHUBHOCTI Al Mopo3wibHOl madu GN 2/1
GGPv 6570 ta xonoaunbroi madu GN 2/1 GKPv 6573 npu BukopucTas-
HI Y HUX B SIKOCTI po0Oodoro Tina mpomnany (R290) ta n1Box pi3HHUX KOMII-
pecopHUX MacThi sK 3 goMimkamu Qymypeny Ceo, Tak i 0e3 HuX. Ilepc-
MEKTUBHUN «HATypalbHHID» XononoareHT R290 3a6opoHeHo 3acToCcyBaTH
y CYAHOBOMY XOJOAWIBHOMY YCTaTKyBaHHI 4epe3 HOro roprodicTs, 3a
BHHSATKOM PO3TJISIHYTOTO B JTOCIIIPKEHHI MaJOTro XOJOAMIBLHOTO O0Naj-
HaHHS 3 Macoo 3ampaBku 10 150 1.

Jnst aHanizy BUKOPUCTOBYBAJMCS OTPMMAaHi paHillleé HA YCTAHOBII 3
kommpecopom Embraco Aspera EMT 6152 U ekcniepMmeHTanbHI JaHHI 3
XOJIOJIOTIPOYKTHBHOCTI Ta CIOYKUBAHOI IMOTYXKHOCTI B iHTEpBajl TeMIIe-
paryp KumiHHS xojomoareHty 252 ... 271 K Ta npu Temneparpi KOHIeH-
camii 318.5 + 1.0 K. 3mict ¢ynepena Cgo y MacTunax 0ys: 0.223-10% rrt
Ceo B MacTuii RENISO SP46 u 6.837-10* r'r! Cgo B MacTuni ProEco®
RF22S.

byno moxazano, mo momimku ¢ynepeny Ceo TPU3BOISATH IO ITiIBH-
IIEHHS 1HJUKATOpa EKOJIOrO-eHePreTHYHOi e(PEeKTHBHOCTI Ha BEIUYUHY
Bix 6.2 % 5o maibke 25 % B 3aJIe)KHOCTI BiJf 0OPaHOTO KOMIIPECOPHOTO
MaCTHJIa ¥ PEKUMY pOOOTH XOJIOJUIBFHOTO MPHIIALY.

[Toka3zaHO NEpCIEKTHBHICTh 3aIPONOHOBAHOTO IAXOAY A0 aHATI3y
CY/IHOBOTO XOJIOAMJIEHOTO 00JIaIHAHHS PI3HOT MOTYKHOCTI.

Kuarouosi cioBa: Manuii xomoaunsHuid mpuian, KommnpecopHe mac-
THJIO, HaHO-fHoMimKa ¢yrnepeH Ceo, [lapHuKOBI Ta3m, [HAEKC eHEpreTHYHOT
edextuBHOCTI, [loKa3HUK eKOIOTO-eHepreTHYHOI e()eKTUBHOCTI

Zhuravlov Yu.l., Obertiur K.L., Kostyuchenko Ye.F., Yelinskyi I.E.

Peculiarities of wear of the working surfaces of parts of ship's tech-
nical equipment (STE)

The energy load of the contacting surfaces plays a significant role in
the working units of parts of the STE. It largely depends on the speed of
its movement and mass during long-term or cyclic loading of the working
steam. At a high level of energy consumption, a decrease in the braking
torque of sliding bearings is observed due to a drop in the dynamic coeffi-
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cient of friction due to an increase in temperature on the working surfaces
of the contacting elements. If the temperature of the friction surfaces ex-
ceeds the allowable one for the materials of the working pair, a decrease
in braking efficiency is observed, and intensive wear of the working sur-
faces and their destruction occurs. At the same time, due to high tempera-
ture gradients on the surface of the metal friction element, high tempera-
ture stresses develop, which contribute to the initiation and development
of microcracks, which leads to its destruction.

Loading on the couplings of STE parts, in particular, on the crankshaft
of a piston engine under operating conditions is random, since most of the
time the engines are operated in unstable modes. In addition, the fatigue
resistance characteristics of the materials from which the crankshafts are
made are also random values. Therefore, the interpretation of strength
conditions should be based on probabilistic concepts [1].

Most of the structural elements of the ship work under conditions of
cyclic loading, which creates favorable conditions for the development of
fatigue cracks.

The analysis of the results of the destruction of STE parts using the
example of crankshafts in operating conditions indicates that the largest
number of them occurs on the cheek with the initiation of a fatigue crack
in the connecting rod of the connecting rod neck and the cheek in the
plane of the crank. The main cause of such breakdowns is a high stress
concentration in the bars.

The purpose of this study is to improve the performance of the
operating parameters of the contacting nodes of the STE parts with the
application at the stage of their design of the results of a system approach
to research on changes in the operating characteristics of the tribosystem.

Key words: ship technical equipment, fatigue failure, "shaft-sliding
bearing" combination, wear, cyclic loading.

Kypasnvos F0.1., Obepmiop K.JI., Kocmwouenxo €.@., €nunceokuil 1.E.
Ocob6nuBOCTI 3HOLIYBaHHS pOOOYMX MOBEPXHEH JHeTaliel CyAHOBHX TeX-
HigHuX 3aco0iB (CT3)

B pobGoumx By3max geraneit CT3 cyTreBy posib Bimirpae eHepro-
HABaHTaXXEHICTh IXHIX KOHTaKTYIOYHX MOBEPXOHb. BoHa B 3Ha4HIN Mipi
IpU JOBrOTPHUBAIOMY a00 LUKIIYHOMY HaBaHTAXXEHHI MpaIfOl0voi Hapu
3aJIeKUTh BiJl MBHUIKOCTI 11 pyxy 1 Maci. [Ipu BUCOKOMY piBHI eHepro-
HABaTaXXEHOCTI CIIOCTEPITa€TbCs 3HMIKEHHS TalbMOBOTO  MOMEHTY
MiAMUITHAKIB KOB3aHHA Yepe3 MaJiHHA JUHAMIYHOrO KoedillieHTa TepTs B
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3B’SI3KY 3 MIABUINCHHAM TEMIIEpaTypy Ha poOOYHX MOBEPXHIX KOHTAKTY-
IOUYMX €JIEMEHTIB. SIKIO TeMIepaTrypa HOBEPXOHb TEPTs IEPEBU3YE AOILY-
CTHMY U MaTepialiB Mpalioloyoi Mapu, TO CIOCTEPIracThCsl 3HIKECHHS
e(eKTHBHOCTI TalbMyBaHHsI, IPH IIbOMY BiJOyBa€ThCS IHTEHCUBHHUI 3HOC
po0oUnX TMOBEPXOHb Ta iXHE PyHHYBaHHSA. Y TOM XK€ dac depe3 BENHKi
TEMIIepaTypy TpalicHTH Ha MOBEPXHI METAJICBOTO eIEMEHTa TePTS PO3BH-
BalOTHCSI BUCOKI TEMITEpaTYpHi HAIMPY>KEHHsI, SIKi CIIPUSIOTH 3apOPKEHHIO
1 PO3BUTKY MIKPOTPIIIIUH, [0 IPU3BOJUTH 10 HOTO PyHHYBaHHSI.

Haanrtaxxenns na mapy neraneit CTC, 30xkpeMa, Ha KOJTIHYACTHHA Ball
MOPIIHEBOTO ABHTYHA B YMOBAax €KCIUTyaTalii HOCUTh BHIAAKOBUHN Xa-
pakTep, Tak sK OUIbIIy YacTUHY Yacy ABHUIYHHM EKCIUIyaTyIOThCSI Ha
HEBCTAHOBJICHUX pexHuMax. KpiM TOro, XapakTepUCTHKH OIOPY BTOMH
MaTepiajiB, 3 SKUX BUTOTOBJISIOTHCS KOJIHYACTI BaJid, TAKOXK € BHUIAIKO-
BUMH BenUUMHAMU. TOMy TpakTyBaHHS YMOB MIITHOCTI Ma€ IPyHTYBaTHUCS
Ha IMOBIpHICHUX ysBIeHH:X [1].

BibIIicTh KOHCTPYKTHBHHMX €JIEMEHTIB CyJqHA TPAIlOE Y yMOBax
IUKITIYHOTO HaBaHTAXXCHHS, 1[0 CTBOPIOE CIIPHATIMBI YMOBH y PO3BUTOK
BTOMHHX TPIIIHH.

AmHauni3 pe3ynbTariB pyiiHyBanHs netaneil CTC Ha mpuknafi KoiiHYa-
CTHX BaJliB B yMOBax €KCIUTyaTallii CBIYUTh, 110 HAHOUIbINA X KUIBKICTh
BiI0OYBa€THCH IO MIOI 13 3apOHKEHHAM BTOMHOI TPIII[UHY B TAITEN CITO-
JY4EeHHS IIaTyHHOI MIMHKK 1 IIOKM B IUIOMIMHI KpuBoluna. OCHOBHOIO
MPUYMHOIO TAKUX TIOJOMOK € BUCOKa KOHIIGHTPAIIisl HAIPYTH B TaITENSIX.

MerToro AaHOTO TOCHTIKCHHS € TIOKpAIleHHS POOOTH EKCIUTyaTalliii-
HUX MapaMeTpiB KOHTaKTyluux By3lniB netaneit CT3 i3 3acTocyBaHHSIM
Ha crafii iIX NPOEKTYBaHHS pPE3YJIbTaTiB CHCTEMHOrO MiAXOLy 1O JO-
CJIiJPKEHb 3MiHH pOOOYH3 3apaKTEPUCTUK TPUOOCHCTEMHU.

Kitro4oBi cnoBa: cyTHOBiI TeXHIYHI 3aCO0H, YCTaIOCTHOE pa3pylIeHNE,
CTIOJIyY€HHS «BaJ-MiAMUITHUK KOB3aHH», IUKINIECKOE Harpy>KeHHeE.

Aborcwxin C.€., Kapoawes /].JI. AHani3 cydyacHHX CHCTEM IOJayi
ra3y HM3bKOTO Ta BHCOKOTO THCKY Ha CyJHOBUX MaJlO0OOEpPTOBHX IBHUTY-
Hax

ITocraBneHo 3aBmaHHs IMIJABHMIICHHS €KOJOITYHHMX IMOKa3HHMKIB CYIHO-
BUX ManoobOeproBux am3eniB. [lokazaHo, 1m0 HAHOUIBII MEPCIIEKTUBHUM
METOZIOM 3HMYKEHHS BMICTY IIKIUIMBUX JOMIIIOK Y BiAMPAaIllbOBaHUX ra3ax
CY/IHOBUX MaJIoOOEPTOBUX JM3ENiB € BHKOPUCTAHHS Ta3y PI3HOTO IOXO-
JIKCHHS SIK OCHOBHE ITAJTUBO.
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BukopuctaHHs Ta30BOro ManmBa J03BOJSE 3HAYHO 3HU3UTH BMICT
IIKIUTMBUX JIOMIIIIOK, TOPIBHSHO 3 IMaJuBaMH HA(PTOBOTO ITOXOMKCHHS.
BincyTHicTh 30JIbHOCTI MOKpAIIy€ SKICTh MAacTHIIA, MiABUIILYE pecypc ABU-
T'YHA, 3HWKY€ BUTPATH HAa PEMOHT Ta 00CIyrOByBaHHSI.

AHami3 mocmipkeHs 1 myOmikariii mokasas, III0 CyMilll YTBOPEHHS Bi-
n0yBaeThCSl B LMIIHAPI JIBOTAKTHOTO JBHUIYHA INPH 3aKPUTHX OpraHax
ra3opo3MoJily, i3 3aCTOCYBaHHIM CHCTEM IOfadi ra3y HU3BKOTO i BHCO-
KOTO THUCKY. JlOCITIUKEHHSAMH Ta 3aCTOCYBAaHHSM CHCTEM HHU3BKOTO THCKY
3aiiMaeThes Gipma Wirtsild, Bucokoro tucky — hipma MAN.

3aBiaHHsAM JOCIIDKEHHS OyJI0 BUBUCHHSI KOHCTPYKTHBHUX 0CO0-
JINBOCTEM, BU3HAYCHHS €()EKTUBHOCTI BUKOPUCTAHHS CUCTEM MOJa4i ra3y
HU3BKOT'O Ta BUCOKOI'O TUCKY Ha CYITHOBUX MaHOOGCpTOBI/IX JABUT'YHax.

Y cucTteMi HU3BKOTO THCKY TepeAdaveHo moaady ras3y Micis 3aKpUTTS
OpraHiB ra3000MiHy 4Yepe3 CIeliaibHi KJIanaHu. 3anajbHe MaluBO Tofa-
€THCSI 3 BUKOPHCTAHHSM CIICIiabHUX (POPCYHOK Ta aKyMYJSITOPHOI CHCTe-
MH MaJloi TPOAYKTHBHOCTi. PiBHOMipHE CyMIIIOyTBOPEHHSI Ta PO3MOILIT
TeMIlepaTyp y Kamepi 3ropsiHHs A03Boisie 3HM3UTH BMicT NOx Ha 90%.
3acToCyBaHHS CHCTEMH HU3BKOTO THUCKY J03BOJIIE€ 3HU3UTH BapTiCTh
Ta MiABUIIATH O0€3MEeKy BUKOPUCTAHHS

VY cuctemi BUCOKOTO THUCKY Ta3 MOJAE€ThCA B MUIIHADP JBUTYHA
MICIIsl TOTO, SIK B IIWJIIHJP TOIAHO 3alalibHY MOPIIIIO MajiBa 3 BUKO-
PHUCTaHHSM CIIELiabHUX Ia30BUX (POPCYHOK 1 MOAYIIIB YIPABITIHHS.
[Topsn 13 miIBUILIEHHSAM €KOJIOTTYHUX XapaKTEPUCTUK 3aCTOCYBAHHS
JAHOTO METOJy MiJIBUILYE €(eKTUBHI MOKA3HUKU poOOYOro Mpolie-
Cy B IIMPOKOMY Jlania30H1 HaBaHTaXEHb JIU3elisl. Bukopucranus rasy
Hi]l BUCOKHUM TUCKOM YCKIIAAHIOE MAJIMBHY CUCTEMY, Hi}lBHIlIye BUMOTI' 10
i1 Oe3meKu.

Pi3Hi cuctemu mopadi razy B HWJIIHAP JBUTYHA JO3BOJISIFOTH IiIBH-
IIMTH €KOJIOT1YHY Oe3neKy poOOTH Maroo0epTOBOrO CYIHOBOTO JTU3EII,
MaloTh CBOI MepeBaru Ta HEJOJIKH. PO3BUTOK KOHCTPYKTHUBHHX pillleHb
JI03BOJIMTH IIUPOKO BUKOPUCTOBYBATH T'a3 SIK OCHOBHE MaJHMBO JUIS CY[I-
HOBHX Malo00EepTOBUX AMU3ENIB.

KuirouoBi cji0Ba: MOPCHKHMI TpaHCIOPT, CYJHOBUM JHU3ENb,
€KOJIOT1YHI MOKAa3HUKH, Ta30B€ MaJMBO, CUCTEMU IOJadi Ia30BOTO
MaJINBa.
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Aboleshkin S.E., Kardashev D.L. Analysis of modern low- and high-
pressure gas supply systems on ship's low-speed engines

The task of increasing the ecology performance of marine low-speed
diesel engines has been set. It is shown that the most promising method of
reducing the content of harmful impurities in the exhaust gases of marine
low-speed diesel engines is the use of gas of various origins as the main
fuel.

The use of gas fuel allows you to significantly reduce the
content of harmful impurities, compared to petroleum-based fuels.
The absence of ash improves the quality of the lubricant, increases
the life of the engine, and reduces repair and maintenance costs.

The analysis of research and publications showed that the formation
of the mixture occurs in the cylinder of a two-stroke engine with closed
gas distribution bodies, using low and high pressure gas supply systems.
Research and application of low pressure systems is carried out by
Wartsila, high pressure by MAN.

The task of the research was to study the design features, to determine
the effectiveness of using low- and high-pressure gas supply systems on
ship's low-speed engines.

In the low-pressure system, gas supply is provided after closing the
gas exchange organs through special valves. Incendiary fuel is supplied
using special nozzles and a battery system of low performance. Uniform
mixture formation and temperature distribution in the combustion
chamber allows to reduce the NOx content by 90%. The use of a low-
pressure system allows to reduce the cost and increase the safety of use.

In the high-pressure system, gas is supplied to the engine cylinder
after an ignition portion of fuel is supplied to the cylinder using special
gas nozzles and control modules. Along with the improvement of
environmental characteristics, the use of this method increases the
effective indicators of the work process in a wide range of diesel loads.
The use of gas under high pressure complicates the fuel system and
increases the requirements for its safety.

Different systems of gas supply to the engine cylinder allow to
increase the ecology safety of the operation of a low-speed marine diesel,
have their advantages and disadvantages. The development of
constructive solutions will make it possible to widely use gas as the main
fuel for ship's low-speed diesel engines.
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Key words: marine transport, marine diesel, environmental
indicators, gas fuel, gas fuel supply systems.

Agmanrok B.B., Kipic O.B., {anunenxo /.B., Apmaniox A.B. Po3pobka
1HTErpOoBaHOI KOHCTPYKILII cKkpyOepa i CyJHOBUX €HEPreTHYHHX yCTa-
HOBOK

VY craTTi mpencTaBlieHi pe3yNbTaTH y3araJbHEHHS MOJEIIOBAHHS OK-
pEMUX eleMEeHTIB JUId CyJHOBUX CKpyOepiB, o 00’ €1HaHI B HOBiil KOHC-
TPYKLIi amapary.

KoHCTpYKTHBHO CKpyOep MOXe BHKOHYBATHCS OJHOCTYIIEHEBHM a0o
OaraTocTyreHeBUM. AHaJi3 IOCBiAy EKCIUTyarTallii TaKuX amapaTiB CBij-
YUTh, 110 OLIBII AOIIBHUM € BUKOPUCTAHHS 0araTOCTYNEHEBUX CKpyOe-
piB. Lli anapaTi BUKOPHUCTOBYIOTH JACKUIbKA CIIOCOOIB OUMIIIEHHS ra3y, 110
3a0e3rnedye OiNbII BUCOKY CTYITIHb OYUCTKH.

VY cyaHOBHX yMOBax poOOTH CYJHOBHX YCTaHOBOK IT0 3HEIIKOKEHHIO
ra3iB BUHUKAE psiJ eKCIUTyaTaliiHUX IpooIieM:

- HEOOXIiTHICTh MiIKIIOYEHHS NEKITBKOX PKEepeNl BUKHUIIB A0 OIHOI

YCTaHOBKH OYHIICHHS T'a3iB;
- 30ajaHCyBaHHS TiJpaBIiYHOTO PEKUMY POOOTH amapary npH 3MiHi
PiBHS HaBaHTAXKEHHS,

- 3a0esneveHHs e(eKTHBHOI 0OaraTOpiBHEBOI OYHCTKH B OJHOMY

amnapari.

Jist po3poOku iHTErpoBaHOI KOHCTPYKIIIi cCKpyOepa mpoBesieHO BUOIp
TEXHIYHUX pillleHb, Mo OyJHM OCIHiPKeHI paHilie, Ta oOpaHi HalOibII
HeOoOXiIHI.

JI)is BUPIBHIOBAHHSI TIOJIIB MIBUAKOCTI JOLJILHO PO3TAIyBaTH MIX Ia-
TpyOKaMH CHeIiaIbHUIl JOAaTKOBUN MICIEBUH OIip y BUTISAL HariBIH-
THAPY, TPUYOMY Iii OTip OBUHEH OYTH JBOXPSITHUM.

st 301nmbIIeHHsT e(DeKTUBHOCTI anapaTy 3a paXyHOK MOJIMIICHHS Ta-
30HACHYEHOCTI IIHHOTO MPONIAPKY, 301IbIICHHS] BUCOTH AMHAMIYHOI MiHU
Ha Tapiili Ta 3MEHILICHHs 3a0MBaHHs OTBOPIB, TAPUIKY AOLIIFHO BUKOHA-
TH Y BUIJISAJII OTBOPIB OCHAIIEHUX TIEIFOCTKAMHU.

B pesynbrarti ananizy koM totepaux CFD-mofenelt Bu3HaueH1 TEXHi-
YHi pIlIeHHS, SKI 1HTETpOBaHI B KOHCTPYKLIi ckpyOepa Ui CyIHOBUX
CHCTEM 3HEUIKOPKEHHsI I'a3iB.

B koHCTpyKIIiT ckpyOepa 00’ €THaHI HACTYITHI TEXHIUHI PillIEHHS:

- BCTAHOBJICHHSI [IIHHO1 TapiJIKy;

- MiATPUMKA MIBUAKOCTI B 3aBixpyBayi Ha piBHi 10 M/c;
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- obnagHaHHS CKpyOepa JOMAaTKOBHM JBOXIIIAPOBAM MiCIICBHM OIIO-
pom;

- po3TalryBaHHs BXiAHUX MaTpyOKiB mix Kkyrom 120°.

Jns momanbioro AOCHIIKEHHS Tedild AOLUIBHO po3poOuTH 30ipHY
TBEPAOTLUIEHY MOZENb IHTETPOBAaHOTO CKpyOepa Ta MpPOBECTH ONTHMi3a-
[ito Tewiil razy B amaparti 3a JOTOMOTOI0 KOMIT FOTEPHOTO MOJICIIOBAHHS
notokiB — CFD mozgenroBanHs.

KittouoBi ciioBa: cyHOBI CKpyOepH, BUKHIIN CyTHOBHUX JIBUTYHIB, CyIl-
HOBI cucteMu ouniieHHs ra3iB, CFD- MosenroBaHHs CYTHOBHX CHCTEM.

Aftaniuk V., Kiris O., Danylenko D., Aftaniuk A. Analysis of operation
and modernization of gas injection valves of dual-fuel marine engines

The article presents the results of the generalization of the modeling of
individual elements for ship scrubbers, which are combined in a new de-
sign of the device.

Structurally, the scrubber can be single-stage or multi-stage. Analysis
of the experience of operating such devices shows that it is more appro-
priate to use multi-stage scrubbers. These devices use several methods of
gas purification, which provides a higher degree of purification.

A number of operational problems arise in shipboard gas decontamina-
tion installations:

- the need to connect several emission sources to one gas treatment
plant;

- balancing the hydraulic mode of operation of the device when the
load level changes;

- ensuring effective multi-level cleaning in one device;

For the development of an integrated design of the scrubber, a selec-
tion of technical solutions that were previously researched and the most
necessary were selected.

To equalize the velocity fields, it is advisable to place a special addi-
tional local resistance in the form of a half-cylinder between the nozzles,
and this resistance should be two-row.

To increase the efficiency of the device by improving the gas satura-
tion of the foam layer, increasing the height of the dynamic foam on the
plate and reducing the clogging of the holes, it is advisable to make the
plate in the form of holes equipped with petals.

As a result of the analysis of computer CFD models, technical solu-
tions were determined, which are integrated into the scrubber designs for
shipboard gas decontamination systems.
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The following technical solutions are combined in the design of the
scrubber:

- installation of a foam plate;

- maintaining the speed in the swirler at the level of 10 m/s.

- equipping the scrubber with an additional two-layer local resistance;

- location of inlet nozzles at an angle of 120°.

For further study of flows, it is advisable to develop a prefabricated
solid-state model of an integrated scrubber and to optimize gas flows in
the device using computer simulation of flows - CFD modeling.

Key words: ship scrubbers, ship engine emissions, ship gas cleaning
systems, CFD modeling of ship systems.

Ha croromHimmHiii gac BCi CyaHa, sIKi 3HAXOISATHCS B EKCILTyaTailii,
MiASTal0Th BUIPOOYBAHHSIM HA KPYTHJIbHI KOJHMBAaHHS BaJIOTIPOBOJIIB Ta
portopie rerepatopiB. Lli BUMpoOyBaHHS CKIAAAOTHCA 3 JBOX YAaCTHH:
PO3PaxyHKOBOI, IO A€ MOXKJIMBICTb OTPHMATH BiHOCHI aMILTITyIH KpY-
TUJIBHUX KOJMBaHb IHEPTHUX Mac Ta HATYPHUX BHMIPIOBaHb, IO J103BO-
nsie OTpUMaTH (PaKTUYHY aMIUTITYJQy KOJWBAaHb iHEPTHOI Mach Ha SKHH
BCTaHOBIICHO BUMIiproBaNbHIH npra. [licns mpoBeneHHs mabopaTopHIX
ICTIUTIB BUMIPIOBAJIbHOTO MPUCTPOIO JOUIJILHUM OYJI0 MPOBEIEHHS HOTO
HaTypHUX BUNpoOyBaHb. B po0oTi HaBeleHI TEXHIYHI XapaKTEPHUCTUKU
CyIHa Ta HOro €HepreTHYHOi YCTAaHOBKHM, PO3paxoBaHa Ta CKJIAJCHA -
HaMiuHa MOJIENb KOJIMBAIBHOI CHCTEMH CYyIHOBOTO BaJloNpoBoja. Pe3yib-
TaTaMd TEOPETHYHUX PO3PaxyHKIB € BH3HAYEHHS BIACHHX YacTOT, SIK
3ajaua Ha BJIACHI 3HA4YCHHS, MOOY0Ba BEKTOPa KOJUBAIBHUX CTaHIB CH-
CTEeMHU Ta 3aJIKHOCTI JOTMYHOI'O HANpPYXXEHHS BiJl YaCTOTH OOEpTaHHS
KOJIIHYacTOro Bajia (PO3BUTOK KPYTHIBHHMX KOJHMBaHb) Ha HeOe3neuHii
JUTSIHIN MK 9€TBEPTHM Ta ITSITUM IHJIIHAPAMH 1 JIJIsl IPOMDKHOIO Baja
Ha KoMy OyB BCTAaHOBJICHMII BUMIpIOBaIbHUI npwiaa. BusineHo peso-
HaHc 12-To MOpsIIKY TPHOXBY3JIOBOI «MOTOpPHOI» (opMu KoiuBaHb. Ha
HAaTYpHUX LIBApTOBUX CYIHOBHUX BHIPOOYBAaHHAX BUKOPHCTOBYBAJIACS
3allaTeHTOBaHUH BHMIpIOBaJbHUN NPHIAA 3 TPbOX-OCBOBUMH aKCEIepo-
MeTpaMH B SKOCTI AaT4MkiB. IlokazaHO Miclle yCTaHOBKM NpHiIaay Ha
npoMi>xkHOMY Bairy. HaslaHi XxapakTepuCTUKH IUISSHKA BaJIONIPOBOJY, YyT-
JUBICTh aKceJIepOMETPIB BpaXxOBaHO KoeillieHT HEeNiHIHHOCTI MpUHOMO-
nepeaaBaIbHOro Tpakty. /i BU3HaUYeHHs 3MiHM JOTHYHOTO HANpY KEHHS
B peaJbHOMY Yaci BUKOPHCTOBYBaJlach poOoda ¢opmylia B sIKiii Bpaxo-
ByBaJlacsi CUTHAJ NIyMY, IO 3alUCYBaJIacs 10 OKpeMoMy KaHaiy. JlaHHi
TEOPETUYHUX PO3PAXyHKIB Ta HAaTYpHUX BHMIPIOBaHb KOPEIbOBaHI aie
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JUTSL TOCSITHEHHS TOCTATHROI CTYTEHI TOCTOBIPHOCTI HEOOXITHI TOAATKOBI
mabopaTopHi Ta HaTypHI BUIPOOYBaHHS.

KiouoBi cioBa: KPYTWJIBHI KOJIMBAHHS, KOJIIHYATUM
BAJI, BAJIOITPOBI, MEXAHIYHE JOTHUYHE HAIIPY>XXEHHA.

Bepemennix O. M., Kapoawes J[. JI., Aboncwxin C. €. HatypHi BUnipo0y-
BaHHA BI/IMipIOBaJ'H)HOFO MNPpUCTPOIO KPYTWJIBHUX KOJHMBaHb CYJIHOBOI'O
BaJIOIIPOBOLY

To date, all ships in operation are subject to tests for torsional vibra-
tions of shaft lines and generator rotors. These tests consist of two parts:
calculation, which makes it possible to obtain the relative amplitudes of
torsional vibrations of inert masses, and live measurements, which allows
to obtain the real amplitude of vibrations of the inert mass on which the
measuring device is installed. After carrying out laboratory tests of the
measuring device, it was advisable to carry out its tests on real inert mass.
The technical characteristics of the ship and its power plant are given in
the work, the dynamic model of the oscillating system of the ship shaft is
calculated and compiled. The results of theoretical calculations are the
determination of eigenfrequencies as an eigenvalue problem, the construc-
tion of a vector of oscillatory states of the system and the dependence of
the tangential stress on the frequency of rotation of the crankshaft (the
development of torsional oscillations) in the dangerous area between the
fourth and fifth cylinders and for the intermediate shaft on which there
was installed measuring device. The resonance of the 12th order of the
three-node "motor" form of oscillations was detected. A patented measur-
ing device with three-axis accelerometers as sensors was used in full-scale
mooring ship tests. The place of installation of the device on the interme-
diate shaft is shown. The characteristics of the section of the shaft pipeline
are given, the sensitivity of the accelerometers is taken into account, and
the coefficient of nonlinearity of the receiving-transmission path is taken
into account. To determine the change in tangential stress in real time, a
working formula was used, which took into account the noise signal rec-
orded on a separate channel. The data of theoretical calculations and field
measurements are correlated, but additional laboratory and tests on inert
mass are needed to achieve a sufficient degree of reliability.

Key words: TORSIONAL OSCILLATIONS, CRANK SHAFT,
SHAFT, MECHANICAL TANGENTIAL STRESS.
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Kosanenxo 1.B., boeau B.M., Menvnux O.A., Jlebeoes b.B. Bruus
HaBaHTKCHHS Ha HAIIMHICTh CyJTHOBUX MEXaHI3MIB 1 arperaris

Y craTTi IpeAcTaBIeHo OMKMC NO0YJ0BH MOEIi BTOMHOTO pPyHHYBaH-
HS, IO TMO€IHYE CTaii yTBOPEHHS Ta 3pOCTAHHS TPILIMHU B €IIEMEHTAX
CYAHOBHUX KOHCTPYKIIiii 3 KOHLIEHTPATOpaMH HAMpPYT.

OTpuMaHi pe3ynbTaTH MiATBEPKYIOTh BUCIIOBICHI MiIpKyBaHHS PO
Te, 10 MPHU 3HAKO3MIHHOMY TMPYXHO-TUTACTUYHOMY JeQOopMyBaHHI BHUKO-
pHUCTaHHS B SIKOCTI MaTepially AJisl BUTOTOBJICHHS OONaJHHAHHS MEHBII
MIITHOTO MeTally, HE MOXX€ MiJBHIIUTH ONOPY MAaJOLHKIOBOI BTOMH.
binpre Toro, BAKOPUCTAHHS METAy 3 Ty)Ke HU3BKOI0 MEKEIO TUTHHHOCTI
MOXK€ TMPU3BECTH JO ICTOTHOTO 3HWKCHHS JIOBIOBIYHOCTI KOMIIO3HIIIi.
ExcrniepuMeHTH Tako)K IOKa3yloTh, 110 3apOPKCHHsI PYHHYBaHHSA B Me-
Talli, SKOIO CYAWTH HPO HHOTO 3 MOMEHTY IOSIBU TPIIIMHM JOBKUHOIO
1...2 MM, HaCTa€ 3HAYHO paHilIe, HiXK CIi OyII0 OYiKyBaTH BiJIITOBITHO JI0
teopii Mencona-Koddina.

Takoxx y cTarTi MoOKa3aHO IO TPH BIAMOBITHOMY MigOOpPI KOMIIO-
3UIIHHAX Tap MOXKHA YHUKHYTH 3HAKO3MIHHOTO IUTACTUYHOTO Jedop-
MyBaHHS B 3pa3kax Juisi BUNpoOyBaHHA.[Ipy 11boMy, OfHaK, METall IbOTO
miapy MOXKE BiAYYBaTH MpPYKHE MOBTOPHO-CTATHYHE Ae(OpPMYBaHHS 3
JESKOI0 ACHMETPI€I0 IUKITY.

JocmipkeHHsT BILIMBY acUMETpil UKy Ha OMip 3apO/DKEHHS pyid-
HYBaHHS ITPOBOJIMIIN Ha 3pa3kax ['pocca-Crayra.

VY craTTi NOKa3aHO 10 NPY BU3HAYEHHI 3HAueHHS Hapamerpa 3i 30i-
JBIICHHSIM TOBIIMHHM 3pa3ka Ta 3pOCTaHHSIM YHCIIA IUKITIB 10 PyHHYBaHHS
MOSICHIOETBCSL TIEPEXOJ0OM BUJY HANpyKEeHO-Ie(POpMOBAHOTO CTaHY B
3pa3kax y BEpIIMHI KOHIIEHTPATOpa BiJl TNIOCKOTO HAIPY>KEHOTO CTaHy JI0
II0CKO1 Aedopmartii.

VY moBHOMY 00CS31 PO3KPUTO TOPIBHSHHS PO3PaxXyHKOBHX 3HA4Y€Hb
e(peKTHBHOTO KoedillieHTa KOHICHTpaIlil HAMpYTrHu 3 eKCIepUMEHTaIbHU-
MU JaHUMH, HABEJCHUMH B JIiTEpaTypi, BAKOHAHO IX 3pIBHSIHHS Ta MOKa-
3aHO 1X AOCHUTbH rapHy 3roAy AJIsl CTajed Pi3HUX KiIaciB. A TakoX Npea-
CTaBJICHO TMOPIBHIHHS EKCIEPUMEHTAILHUX JAHHX 3 PO3PaXyHKOBOIO
KPHUBOIO Ha MEXi BTOMH 3aJIEKHO BiJ pajiyca KpyroBoro oTBOpy B IJIOC-
KHX 3pa3kax i3 cranmi 10X13.

KarouoBi ciioBa: KoMm'roTepHe MOJETIOBAHHS, PYHHYBaHHS BTOMH,
MIKpO Ta MakpoIUIaCTW4HI Jieopmallii, 3BapHHUN 1IOB, AedekTH, Tpimu-
HOCTIHKICTb.
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The article presents a description of the construction of a fatigue
failure model that combines the stages of crack formation and growth in
the elements of ship structures with stress concentrators.

The obtained results confirm the expressed reasoning that, with sign-
changing elastic-plastic deformation, the use of a less durable metal as a
material for the manufacture of equipment cannot increase the resistance
to low-cycle fatigue. Moreover, the use of a metal with a very low yield
strength can lead to a significant decrease in the durability of the
composition. Experiments also show that the nucleation of destruction in
metal, judging from the moment of the appearance of a crack 1...2 mm
long, occurs much earlier than expected according to the Manson-Coffin
theory.

The article also shows that with the appropriate selection of composite
pairs, it is possible to avoid plastic deformation in the test samples. At the
same time, however, the metal of this layer can experience elastic
repeated-static deformation with some asymmetry of the cycle.

The study of the effect of cycle asymmetry on the resistance to
fracture initiation was carried out on Gross-Stout samples.

The article shows that when determining the value of the parameter
with an increase in the thickness of the sample and an increase in the
number of cycles to failure, it is explained by the transition of the type of
stress-strain state in the subsurface layers at the top of the concentrator
from a plane stress state to a plane strain.

A comparison of the calculated values of the effective stress
concentration coefficient with experimental data given in the literature is
fully disclosed, their comparison is made and their fairly good agreement
is shown for steels of different classes. A comparison of experimental data
with the calculated curve at the fatigue limit depending on the radius of
the circular hole in flat samples made of 10X 13 steel is also presented.

Key words: computer modeling, fatigue failure, micro and
macroplastic deformations, weld, defects, crack resistance.

Kosuyvxuti C. B., Kipian C. B. BnacTuBocTi HAaHOCTPYKTYPOBaHHX
MaTepialiB

VY craTTi po3rISgarThCS YHIKaIbHI BJIACTHMBOCTI HaHOMATepiaiiB Ta
HAHOYACTHHOK, SIKi BUSIBJISIOTHCS TIPU po3Mipax ocTaHHiX MeHine 100 HM.
[okazano, 1110 Tpy 3MEHILIEHHI PO3Mipy Ta 3pOCTaHHI IOBEPXHEBOI eHep-
ril HAHOYaCTHHOK CYTTEBO 3HMXKYETHCS IX TemIeparypa IuiaBieHHs. Ha-
BEJICHI Pe3yJIbTaTh MEXaHIYHUX BHIIPOOYBaHb Ha IJIACTHYHY Je(opMariiro
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MiJli CBiMYaTh MPO OHOYACHE IIIBUIICHHS SK TBEPAOCTI, TaK 1 IIACTHY-
HOCTI MaTepiairy BHAcIHiOK (OpMyBaHHS HAHOCTPYKTYP 3a paxyHOK iHTe-
HcuBHOI miactuuHoi Aedopmanii. HanocTpykrypoBaHi Byrienesi craii,
MOPsI 3 BUCOKOK MIIHICTIO 1 IJIACTUYHICTIO, MAIOTh I1I¢ ¥ BUCOKI aHTH-
KOpO3iliHI BIIACTUBOCTI. Y CTaTTi 3a3HAYEHO, IO BUKOPHUCTAHHS TOOABOK
HAHOTIOPOIIIKIB 3ai1i3a, HIKEII0 Ta ATIOMIHIF0 CYTTEBO BIUIMBA€E HA IiJBH-
LICHHS 3MIiIJHEHHS Ta HAAIUTACTHYHOCTI B OCTaHHIX Ta pOOUTH MEPCIEKTH-
BHHM iX 3aCTOCYBaHHS Ul BUTOTOBJIICHHS AeTanell. [lo0aBKku HaHOYACTH-
HOK JT0 MaCTHJIFHUX MaTepialliB MOKPAILYIOTh iX TPHOOJIOTIHYHI BIaCTUBO-
CTi 3a paXyHOK YTBOPCHHS IJIaKyBaJIbHUX IUTIBOK HA MOBEPXHSAX TEPTS.
3scoBaHa 3aJCKHICTH KOedillieHTa TEpTS BiJA KOHICHTpAIli MPHUCAIKH.
IcHye onmTMManbpHa KOHIIEHTpAIlis, MPH KA KOe(IieHT TepTsS AocsATae
MiHIMYMY 1 BBO)XXa€ThCs, MO 116 BUHUKAE KOJNM HAHOYACTHHKH TOKPHBa-
I0Th KOHTAKTYIOUi MOBEpXHi. Big3HaueHO poib TMOBEPXHEBO-aKTUBHHX
T00aBOK JI0 MAaCTHII SIK CTa0iTi3aTOPiB HAHOYACTHHOK, SKi 3aMo0iraroTh iX
arjomepariii, B pe3yJabTari Kol MOKYTh YTBOPIOBATHUCS BEJIHKI CKYITUEHHS
HaHOYACTHHOK, SIKi, JIFOYX MOJII0OHO 10 a0pa3uBHUX Ti, 301IbIIYIOTH 3HOC
MTOBEPXOHbB, IO TPYThCA. B poOOTI TakoX po3rIsHYTO e(eKT BIUIMBY Ha-
HONPHUCAIOK J0 AU3EIHHOTO MankHOro. Tak jo1aBaHHs 5 rpaM HaHOPIAU-
HU aJIIOMiHIIO Ha JITP AU3EIBHOTO MaJbHOTO HE TLIBKU 3MEHIIY€E BUTPATH
MaJgMBa 32 PaXyHOK 30UIBLICHHS TEIUIOTH 3TOPSHHS, ale TaKOX 3HIDKYE
KOHLICHTPALO IIKIJJIMBUX PEYOBUH Y BUKU/IAX BUXJIONHUX ra3iB y Ju3e-
JLHOMY JIBUTYHI.

Kniouosi crnosa: nanomamepianu, memnepamypa niagienus, meepoicmo,
NAACMUYHICMb, NIAKYB8ANbHA NAIBKA, HAHOOU3EbHE NATUBO.

Kozytskyi S.V., Kiriian S.V. Properties of nanostructed materials

The unique properties of nanomaterials and nanoparticles, arising
when the latter are less than 100 nm in size have been considered in the
paper. The methods of obtaining nanomaterials have been described, and
it has been stated that for obtaining the nanoparticles the critical nucleus is
required along with the creation of the conditions that prevent its growth.
The large surface energy of the nano-sized particles, due to the great por-
tion of surface atoms, leads to the active interaction of the latter with the
environment. As the parameters of the nanoparticles are at the border of
the quantum and classical states, non-equilibrium thermodynamics and
guantum mechanics have to be applied to explain the features of the nano-
particles’ behavior. In the paper, it has been shown that with a decrease in
the size and an increase in the surface energy of nanoparticles their melt-
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ing point decreases. The presented results of mechanical tensile tests of
copper indicate a simultaneous increase in the strength and ductility of the
material due to the formation of nanostructures during severe deformation.
Nanostructured carbon steels, along with high strength and ductility, also
have high anti-corrosion properties. The article notes that the use of addi-
tives of iron, nickel and aluminum nanopowders has a significant effect on
increasing the strength and superplasticity in the latter and makes their use
promising for the manufacture of parts. Additives of nanoparticles to lub-
ricants improve their tribological properties due to the formation of clad-
ding films on friction surfaces. The role of surface-active additives in
lubricating oils as stabilizers of nanoparticles, that prevent their agglomer-
ation, has been considered. It has been explained that the tribological
characteristics of the friction pairs depend on the concentration of the
nanoparticles: both low and high concentrations negatively influence the
performance either due to the insufficient thickness of the protective lay-
ers on the rubbing surfaces or as a result of the formation of large abrasive
solids from the nanoparticles. The effect of adding nanoparticles to diesel
oil has been highlighted and it has been shown that the addition of the
nanoparticles in small concentrations increases the efficiency of the com-
bustion and decreases the number of harmful substances in the exhaust
gases of diesel engines.

Keywords: nanomaterials, melting temperature, hardness, ductility, clad-
ding layer, nanodiesel fuel.

Kosuywvxuii C.B., /lem anenko I.A. BukopucTaHHs HAHOYaCTHHOK OKCH-
ay Tutany (1V) TiO; s nokparieHHs TpUOOIOriYHIX BIACTUBOCTEH 3Ma-
IIyBaJIbHOTO MacTHIa

3MEHIIEHHS TEPTS Ta 3HOCY € BAXKJIMBHUM JUIS MiJBUILECHHS €HEPIro-
e(EeKTHBHOCTI, 3araJIbHOi BUTPUBAIIOCTI 1 HAIIHHOCTI MEXaHIYHUX CHCTEM.
Tomy y ctarTi mpeacTaBiIeHO 3arajbHUN aHali3 IEPCIEKTUB 3aCTOCYBaH-
Hsl HaHOYacTHHOK Ti02 y AKOCTI MPHUCAAOK A0 MACTHJI Ta OMKCAHI MOMKIIH-
BOCTI 1X MOJANBIIOro eEeKTUBHOTO BUKOPUCTAHHS JIJIsl TIOKPAICHHS TPHU-
OOJIOTIYHHX XapaKTEPUCTHUK 1 BIACTUBOCTEH MAaCTHIIBHUX PiJIUH Ta OJIUB.

VY wmiii poGoTi 3a JOMOMOro0 TPUOOMETpa 3 YOTHPMa CTaJIeBUMHU
KyJIb-KaMH OLIIHIOBaJIM aHTH(PUKIIHHI Ta TPOTU3HOLIYBaHH] BIaCTUBOCTI
cyc-nieH3iit HaHoyacTHHOK Ti02 B MoTopHii onuBi 10W-30 3 pizauM Bij-
cotkoBuM BMmicToM (0,010, 0,025, 0,050 i 0,075 [mac.%/00’eM]). Pe3yinb-
TaTH MOKa3yl0Th BIUIMB BiJICOTKOBOI'O BMICTY HAHOYAaCTHHOK Ha TpHOOJI0-
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TIYHY MOBEIIHKY 3MIIIaHOTO MacTwia. bynma mpoBeneHa OmiHKa CTPYKTY-
pH 3HOIIEHWX MOBEPXOHb 32 PI3HMX YMOB EKCIUTyaTamii 3a JOMOMOTOO
ckaHyr4oi enekTponHoi Mmikpockomii (CEM), a Ttakoxk riuOuHy cCrifiB
3HOCY Ha CTaJleBUX KyJibKax OyJi0 BUMIPSHO 3a JOTIOMOTOI0 MiKpOCKOIa
Alicona Inginite Focus G5 Microscope.

Y oMy JOCHIKEHHI BUKOPUCTOBYBAaBCS 4-KYJIbKOBUH TPHOOMETP,
st sikoro cuina Teptd (koediuient Tepts - CFT) mix 3pazkamu Oe3nepep-
BHO peecTpyBajacs BiIIOBIIHO IO HOPMAJFHOTO HABaHTAXXEHHS 1 dYacy,
mo MuHYB. OKpiM TOTO, OyJIO MIATOTOBIEHO YOTHPHU 3pa3kd HAHOMACTH-
nma, siki Oynu TOBTOPHO BHNPOOYBaHI 3 pI3HUMH 3pa3kamMu Ha 4-
KYJIbKOBOMY TPHOOMETpI IS OLIHKH IPSIMOTO BILTUBY Ta €(eKTy MoKpa-
LICHHS MOBEPXHI HAHOYACTHHKAMH B MAaCTUJIbHUX PIMHAX 1 OJMBAX.

Takum 4yuHOM, OyJIO BCTAaHOBJICHO 1 JIOBEJCHO, 1[0 HAHOYACTUHKH
tutan (IV) okenay (TiO2) MOXyYTh BifirpaBaTd BHpIMIAIBHY POJb Y MOK-
palieHHi TPUOOJOTIYHUX XapaKTePUCTHK MACTHIBHHX MaTepiamiB i Mo-
XKyTh OyTH YCHIIIHO BHKOPHCTaHI B SIKOCTi mpucanok. KpiMm Toro, BoHH
TaKOXX MOKPAIIYIOTh TPHUOOJIOTIUHI BIACTUBOCTI Map TepTsl, 3HAYHO 3MEH-
IIYIOTH 3HOC, & TAKOXK KOE(IIieHT TepTs.

OTxe, y cTaTTi 3a3Ha4CHO, 110 HAHOMACTWJIbHI PEYOBHHHU, OCOOIHMBO
3 TiO2 y AKOCTi IPUCAAKH, MOXKYTb CIYI'YBaT NOTEHIIHHIM i1H)KEHEPHUM
3aCTOCYBaHHSM 1 CIIPUATH JOCATHEHHIO IIIEH €KOJIOTIYHOTO PO3BHUTKY.

Karouosi cioBa: manouactunku, TiOz, MacTuio, npucanka, koedi-
LIEHT TEPTs, MPOTH3HOIIYBAHHS, TPHOOJIOTIisA, TPUOOIOTIUHI XapaKTepuc-
THUKHW/BIACTUBOCTI, 4-KyJIbKOBHI TPHOOMETp, TAPH/TIOBEPXHi TEPTH.

Kozytskyi S.V., Demianenko I.A. Using of titan (iv) oxide nanoparti-
cles tioz to improve the tribological properties of lubricating oil

Reducing of friction and wear is essential for improving the energy
efficiency, general endurance and reliability of mechanical systems.
Therefore, the article presents a general analysis of the prospects for the
use of TiO, nanoparticles as additives to lubricating oil and describes the
possibility of its further effective use to improve the tribological charac-
teristics and properties of lubricating fluids, oils and greases.

In this paper, the antifriction and antiwear behavior of TiO, nanopar-
ticle (NP) suspensions in 10W-30 motor engine oil with different percent-
ages of weight by volume (0,010, 0,025, 0,050 and 0,075 [wt.%/v]) were
evaluated using a tribometer with four steel balls. The results present the
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influence of the nanoparticle percentage on the tribological behavior of
the mixed oil, the evaluation of worm surface structure through the vari-
ous operating conditions tested by scanning electron microscopy (SEM),
and the depth of wear marks on the steel spheres measured using the Ali-
cona Inginite Focus G5 Microscope.

The 4-ball tribometer was used in this study, for which the friction
force (the coefficient of friction — CFT) between the samples was being
continuously recorded according to the normal load and the elapsed time
during the test. Moreover, four nano-oil samples were prepared and tested
repeatedly with various specimens from 4-ball tribometer to evaluate the
direct effect and the surface-enhancing effect of nanoparticles in the lubri-
cating fluids and oils.

So, it was established and proven that titanium (1V) oxide (TiO2) na-
noparticles can play a decisive role in the improvement of the tribological
performance of lubricants, and can be successfully used as additives.
Moreover, they also improve tribological properties of friction pairs, sig-
nificantly reduce the wear, as well as CFT.

Finally, the article states that lubricating nano-fluids, especially with
the TiO as an additive, can serve potential engineering applications and
help achieve the goals of sustainable development.

Keywords: nanoparticles, TiO2, lubricating oil, additive, coefficient
of friction, antiwear, tribology, tribological characteristics/properties, 4-
ball tribometer, friction pares/surfaces.

Manaxoe O.B., Kipic O.B., Macnos 1.3., Hatiovonog A.1., I'enues B.B.
Excrinyarartist rHydkux TpyOOIIPOBO/IB ITiJT 4ac CyMiCHOT poOOTH ABOX
CyIeH

B po0orti po3risiHyTa mIpobiieMa eKcIuryarailii THyYKuX TpyOompoBo-
JiB TiJx 9ac cyMicHOI po6oTH 6araToyHKIIOHATBHUX CYJeH MiJTPUMKH B
KoMOiHamii 3 npantowyoro HadTo- a60 ra3on00yBHOIO Mmiatdopmoro. Bu-
KOHAHUH aHalli3 3aralbHUX CYyIHOBHX TiJIpaBIiYHUX CUCTEM, IO BUKOpPU-
CTOBYIOTHCSI Ha 0araTo()yHKIIOHATBHOMY CyJIHI 0OCITyrOBYBaHHS TIiJI Yac
noJiaHHs Ha HadTo- 200 ra3oBUA00YBHY IIaTGopMy pi3HHX TEXHOJOTIY-
Hux piguH. [lokazaHo, 1m0 3arajqbHa TEXHOJIOTIYHA CXeMa CIiJIbHOT pobo-
TH TaKUX ABOX MOPCHKUX CYACH 3aBKAM IiAYMOBIIIOE BUKOPUCTAHHS THY-
ykux TpyOomnposomiB. [lig 4ac cymicHOi ekcrutyaTamii JIBOX CyJeH BCi
TUIH THYYKUX TPYOOIIPOBOIB 3HAXOATHCSA HA ab0 MiJl MOBEPXHEI0 MOP-
CbKOI BOAM Ta IMOCTIHHO MiAJAIOTHCS KOJNMBAIBHOMY PyXy 32 PaxyHOK
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B3a€EMOJIIT 3 MOTOKOM, IO O0TiKae TpyOOIpoBiA. 3 METOI 3HAXOKEHHS
OCHOBHUX €()eKTiB Ta XapaKTEPUCTHK IPOIIECy BIUIMBY BiIPHUBY Ta YTBO-
PEHHSI BHXOpPIB B IOTOKY Ha OOTIKaHHS THYYKOTO TpyOompoBony Oyii
OTPUMaHI 3arajibHi €KCIUTyaTalliiiHi MOKa3HUKW Ta BHKOHAHA OIIHKA YH-
CEJIbHUX JTlana30HiB 1X 3MiHU. Takox B poOOTi PO3TIISIHYTO BUTIAIOK, KON
THYYKHH TpyOOMpoOBiJ Mpalioe Ha HE BEIHMKIM BiICTaHi 10 JKOPCTKOTO
EKpaHy B SIKOCTi SIKOTO MOXKE PO3TIISAATUC, SIK KOPIYC CyIHa, TaK i MOp-
ChKe JHO. Y XOJi JAOCHIKeHb OYyJI0 BCTAHOBJICHO, IKMM YHHOM BiJICTaHBb
BiJI IOBEPXHI, III0 €KpaHye, BILTUBAE HAa XapakTep 3MiHHA Koe(imieHTa mija-
HomHoi cuin. Byno Bu3HaueHo, M0 4acTOTa KOJIMBAaHb FHYYKOTO TPYyOOII-
POBOIY 3pOCTa€ y pa3i 3MEHIICHHS BEIWYHHU IIIJITMHHOTO 3a30py MiX
THYYKHM TPyOOIIPOBOIOM Ta JKOPCTKUM €KpaHOM. TakoX ITOKa3aHo, IO
3pOCTaHHS HIBUJKOCTI IOTOKY, IO O0TiKae THYYKHI TPyOOIIpOBi Iij] Jac
HOT0 KOJMBAJILHUX PYXIB 3aBXKIU Oyae MPHU3BOIUTH JO0 HOTO HECTIMKOI
pobotu. I3 3pocTaHHAM MIBUAKOCTI MOTOKY YacTOTa KOJMBAHb THYYKOTO
TpyOonpoBoay Oyzae 3aBkau 30UIbLIYBATHCS, a aMIUTITYAa BiAXWICHHS
CepeHBOI TOYKHM HOTO 30BHINIHBOT MOBEPXHI MOCTIHHO 3pOCTAE.

KarouoBi ciioBa: THy4Kuil TpyOOnpoBia, cymicHa poboTa CyneH, Ko-
JMUBANBHAN PyX, OOTIKaHHS Ta yTBOPEHHS BUXOPIB

Malakhov O.V., Kiris O.V., Maslov I.Z., Naidyonov A.l., Genchev V.V.
Operation of flexible pipelines during simultaneous operation of two ves-
sels

The paper is dedicated to solve the problem of operation of flexible
pipelines during the simultaneous operation of multifunctional support
vessel in combination with a working oil or gas production platform. An
analysis of general ship hydraulic systems used on a multipurpose service
vessel during the supply of various process fluids to an oil or gas produc-
tion platform was performed. It is shown that the general technological
scheme of the simultaneous operation of these two sea vessels always
presupposes the use of flexible pipelines. During the joint operation of
two vessels, all types of flexible pipelines are on or below the seawater
surface and are constantly subject to oscillating motion due to interaction
with the outflowing motion around the pipeline. In order to find the main
effects and characteristics of the process of influence of detachment and
formation of vortices in the flow onto the flow around the flexible pipe-
line, the general operational indicators were obtained and the numerical
ranges of their changes were evaluated. The paper also considers the case
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when a flexible pipeline works at a short distance to a hard screen, which
can be considered both the ship's hull and the seabed. In the course of
research, it was determined how the distance from the shielding surface
affects the change in the lift coefficient. It was determined that the fre-
guency of oscillations of the flexible pipeline increases as the gap between
the flexible pipeline and the rigid screen decreases. It is also shown that
the increase in the speed of the flow flowing around the flexible pipeline
during its oscillating movements will always lead to its unstable opera-
tion. As the flow rate increases, the frequency of oscillations of the flexi-
ble pipeline will always increase, and the amplitude of the deviation of the
midpoint of its outer surface will always increase.

Key words: flexible pipeline, simultaneous operation of vessels, os-
cillatory motion, outflowing and formation of vortices

Menvnux O. M., Hanesa I'. B., Obnsisko T. C., Onuwenxo O. A.
Oco0MHMBOCTI MaTeMaTHYHUX MOJEJe CYTHOBUX EIEeKTPOIPHUBOIIB, TO-
OynoBanux Ha ocHOBI BLDC-nBuryHis.

Ha ocHoOBI JiTepaTypHOTo aHami3y Cy4acHOTO CTaHy PO3BHUTKY 1 Ipak-
TUYHAX PO3POOOK EJEeKTPONPUBOMIB 3 OE3MIITKOBUMH EICKTPUIHUMHU
nBuryHamu moctiiHoro crpymy (BLDC nBuryHamu) AOBOAWTHCS, IO
HaHUIPOCTIIIUM CIIOCOOOM MiZABHINEHHS €EeKTUBHOCTI JIOCIIPKEHb y Ha-
NOpSMKY TiJIBUIIECHHS pe3yibTyr0uoi e(peKTHBHOCTI €JIEKTPOIPHBOIB 3
BLDC nBuryHamMu € BUKOPUCTaHHS 3arajlbHO-TEOPETUYHHUX TMPUHIIHITIB
(yHKITIOHYBaHHS JBUTYHIB OJHOYACHO i3 MaTEeMAaTHYHUM MOJIEIIOBAH-
HsM. [lokaszaHo, 10 JOCHIKEHHS, SKi CIIPSIMOBaHI Ha IiJIBUIICHHS pe-
3yNBTYI040i €(PEeKTHBHOCTI CYyJTHOBHX CHCTEM, MEXaHi3MiB i KOMILIEKCIB,
o (yHKIIOHYIOTh Ha 0cHOBI BLDC enexkTpoiBuryHis, € akTyaabHUMH i
BiJINIOBIZIAI0OTh CYYaCHHM HAaIlpsIMKaM pPO3BUTKY (ioTy. MeTor cTarTi €
YTOYHEHHsI TEPMIiHOJIOTi], [0 BUKOPUCTAEThCS MpH MojemoanHi BLDC
JBUTYHIB Pi3HOTO TUIY i NPU3HAYEHHS 13 MOJANBLIMM aHAJIi30M MOXKIIU-
BUX TPHHIUITB MOOYJOBU IX MaTeMaTWYHHX MOJIENIEH 3a JIOMOMOTO0
CTPYKTYpPHOTO IPECTABICHHS THUIIOBUMHU OJIOKAMH, Y TOMY YHUCIi — HEli-
HiHUMHU.

[okazaHo, 110 enexTponpuBoA, modyaoBanuii Ha ocHoBi BLDC nsury-
HIB, SIBJIIE COOOKO CHHEPreTHYHE O0'€lHAHHS y CKIIA/l eJICKTPOMEXaHIuHOT
CHCTEMH CHHXPOHHOI'O €JIEKTPUYHOTO JBUTYHA 31 30yI>KEHHAM BiJl MOCTIM-
HUX MarHiTiB, MEXaHIYHOTO HABAHTAXXEHHS, €JIEKTPOHHOI'O KOMYTaTropa 3



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 197

CHCTEMOIO JKUBJICHHS 1 JjaBaya (€HKO/epa) MPOCTOPOBOTO TOJIOKEHHS POTO-
pa. BuznaueHo, o edeKkTuBHE KEpYBaHHS KIFOYaMH EIEKTPOHHOIO KOMYTa-
Topa (iHBepTOpa), SIKE 3MIMCHIOETHCSI KOMaHIaMH Bill €HKOJepa 1 BUKOPHUC-
TaHHS JDKEpeNna HaMpyrH, sika CYTTEBO IEPEBUIILYE HOMIHAIBHY HAIPyry
JBUTYHA, JO3BOJISIE peai3yBaTh KOPCTKUH 3BOPOTHUM 3B'A30K 3a MIPOCTOPO-
BUM MOJIOKEHHAM POTOpa 1 BU3HAYAE AJITOPUTM T IKITIOUEHHS OOMOTOK JIBH-
T'YHA JI0 JKepera MOCTIHHOTO CTPyMY.

HaBeneHo yTouHeHHS iCHYIOYOI TEPMIHOJNOTII, IO BHUKOPHUCTAETHCS
MIpH MOMEINIOBaHHI OE3IIITKOBUX ENeKTPUYHUX ABUTYHIB ITOCTIHHOTO
cTpyMy. Iloka3aHi OCHOBHI MPUHIMNU MOOYJOBU Pi3HOTO THUIYy MaTeMa-
TAYHUX MOJeNiell Oe3NIITKOBUX eNeKTPUYHNX JBUTYHIB TIOCTIHHOTO CTpY-
My Ha OCHOBI CTPYKTYpHHX cxeM. HaBezieHi mepeBaru i MOXIIMBOCTI 00-
paHHS BEHTHJILHUX OE3IIITKOBUX JBUTYHIB MOCTIHHOTO cTpyMmy 3i 30y-
JOKCHHSIM BiJI BUCOKOCHEPTEeTHUHUX PiJIKO3EMEIbHUX MOCTIMHUX MarHiTiB
IUISl 3aCTOCYBaHHS y MEXaHI3Max 1 CHCTeMax eleKTPONPUBOLY MOPCHKHX
CYJIeH 1, 30KpeMa, y eJICKTPOPYLIisiX aBTOHOMHHUX IUIABaJIbHUX araparis.
[IponoHy€eTbCsl CTBOPEHHSI MaTEMATUYHUX MOJENEH 3a MPUHIUIIOM MiHi-
MaJbHOI armapaTHOl Ha UIWIIKOBOCTI KiHIEBUX pimieHb. HaBemeHi cTpyk-
TypHI CXeMH OE3IIITKOBUX IBUTYHIB, SIKi I03BOIISIOTH €(PEKTUBHO MPOBO-
IUTH TOJAIBIINKA CHUHTE3 KOHTPOJIEPIB CTPYMYy 1 LIBHIKOCTI CyIHOBHX
€JIEKTPOTIPUBO/IIB.

KarouoBi cjioBa: 0e3KOHTaKTHUM €NEKTPUYHUN JIBUTYH TOCTIHHOTO
CTpYMy, aBTOHOMHWUIA TuTaBainbHui anapat, BLDC auryH, eaekTpopy1ii,
€JIEKTPOTIPUBO/I.

Melnyk O. M., Naleva G. V., Obnyavko T. S., Onishchenko O. A.
Peculiarities of mathematical models of marine electric drives, built on the
basis of brushless DC motors.

A literary analysis of the current state of development and practical
development of electric drives with brushless DC motors (BLDC motors)
is carried out. It is proven that the simplest way to increase the efficiency
of research in the direction of increasing the resulting efficiency of elec-
tric drives with BLDC motors is the use of general physics and mathemat-
ical modeling. It is shown that research aimed at increasing the resulting
efficiency of ship systems, mechanisms and complexes operating on the
basis of BLDC electric motors is relevant and corresponds to modern
trends in the development of the fleet. The purpose of the article is to clar-
ify the terminology used in the modeling of BLDC motors of various
types and purposes with further analysis of the possible principles of
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building their mathematical models using a structural representation of
typical blocks.

It is shown that the electric drive built on the basis BLDC engines, is a
synergistic combination as part of the electromechanical system of a synchro-
nous electric motor with excitation from permanent magnets, a mechanical
load, an electronic inverter, with a power supply system and a sensor (encod-
er) of the spatial position of the rotor. It was determined that the effective
control of the keys of the electronic inverter, which is carried out by com-
mands from the encoder and the use of a voltage source that significantly
exceeds the rated voltage of the motor, allows you to implement rigid feed-
back on the spatial position of the rotor and determines the algorithm for con-
necting the motor windings to a source of direct current.

Clarification of the existing terminology used in the modeling of non-
contact electric DC motors is given. The basic principles of building vari-
ous types of mathematical models of non-contact electric motors based on
structural diagrams are shown. The advantages and possibilities of choos-
ing non-contact direct current valve motors with excitation from high-
energy rare-earth permanent magnets for use in the mechanisms and sys-
tems of the electric drive of marine vessels and, in particular, in the elec-
tric motors of autonomous floating devices are presented. It is proposed to
create mathematical models based on the principle of minimal hardware
redundancy of final solutions. The structural diagrams of non-contact
motors are presented, which allow to effectively carry out further synthe-
sis of current and speed controllers of ship electric drives.

Key words: contactless direct current electric motor, autonomous
swimming device, BLDC motor, electric motor, electric drive.
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MHNPABUJIA OPOPMJIEHHA I HIOJAHHSA PYKOIINCIB AJISA
3BIPHUKA «CYJHOBI EHEPTETUYHI YCTAHOBKW»

HaykoBo-TexHiuHMit 30ipHUK HalliOHAJIBHOTO YHiBepcuTeTy «Omecbka
MoOpchKa akanieMisn» «CymHOBI €eHepreTHdHiI YCTAaHOBKW» € HAyKOBHM BH-
JaHHSM, B SIKOMY MOXYTbh IyOJIIKyBaTHCh OCHOBHI Pe3yJIbTaTH AHMCEpTa-
UiHHUX POOIT 3 MPOQIIIO CYyAHOBOT CHEPTETHUKH.

CratTs MOBMHHA BiANOBIATH MpaBUiaM 0GOPMIICHHS HAYKOBHX CTa-
Tel 1 MICTUTH TIOCTAHOBKY MPOOJIEMH B 3araIbHOMY BHTJISAL Ta 11 3B'SI30K
3 BXXJIUBUMH HAYKOBHMH 200 MPAaKTUUYHUMH 3aBJAHHSAMH, aHaJli3 OCTaH-
HIX JOCHTI[KeHb 1 MyOIiKamiid 3a TeMOI CTaTTi, POPMYIIOBaHHS I
cTarTi (TIOCTAaHOBKY 3aBIaHHS), BHKJIAJ OCHOBHOTO Marepiamy 3 Heo0-
XiIHUMH OOTPYHTYBaHHSIMH, BUCHOBKH Ta MEPCIEKTHBH MOAATBIINX JO-
CITi/KEHb.

Pykomnuc nmogaetbcst Ha elekTpoHHOMY Hocii y dopmarti *.doc 3 marme-
POBOIO Komi€ero 1 pedepaTamMul Ha YKpPaiHCHKiH, pOCIMCBKil Ta aHTIHCHKIN
MOBaX, po3MipoM He Ouibine 2 MB, mianucaHo BciMa aBTOpamu, 3 KOH-
TakTHOIO iH(opmamieto: anapecwu, Tenedorn. OOcar craTTi — 10
0,5 aBTOpCHKOTO apKylia 3 ypaxyBaHHSIM LUTIOCTpPAIiid, ITiIMaTIOHKOBHX
MIIUCIB 1 pedepary.

®dopmat manepy AS (148%210) Vei mons — 16 mm. Teker - yepes 1
inTepBain, Times New Roman, 11 rt; Tabmuiii, 3arooBKHA TaOJIUIb, MijI-
MaTrOHKOBI mignucu — 10 .

Ha mepmiii cTopiHIi pykomucy MOBWHHI OyTH BKa3aHi HACTYIHI eje-
meHtu: iHgexc YJK; @IO aBropiB; HallMeHyBaHHS 3aKiiagy, B SIKOMY
BUKOHYBaJlacsi po00OTa; Ha3Ba CTATTi, aJjpeca eIeKTPOHHOI OIITH aBTOPIB.
3aronoBok ctarTi odopmisiTH 3a cTrieM 3aronoBok 1, kernb 11 oT, 6e3
MIEPEHOCY, YCi IPONHCHI, iHTepBa: mepex — 8 0T, micis — 2 1T.

Hanpukinoi pykomucy HaBOIUTBCS pedepar Ha TpPbOX MOBax —
YKpaiHCBKil, pociichKill, aHrmichkii, mo mictute IO aBTOpiB, Ha3BY
CTaTTi, CKOPOUCHHH 3MICT Ta KIIFOUOBI CJIOBA.

SIK11o pykonuc He € MOBHICTIO aHTJIOMOBHHM, BiH CYHPOBOIXKY€ETHCS
aHOTAIlI€I0 Ha aHIMIHCEKIA MOB1 oOcsiroMm He Mmentie 1800 3HaKiB, BKIIIO-
Yarouu KIIFOYOBI CIIOBA.

3MiHHi, QyHKUii, BEKTOpH, MaTpULi i T.M. OGOPMIISIOTHCS JTaTHHCH-
KM mpu@TOoM. 3MiHHI BUKOHYIOTHCS MOXHMJIMM LIPUPTOM, BEKTOPH —
HAMIBXUPHUM, 0e3 Haxmily; TpelbKi CHMBOIM — Y BCiX BUNaJKkax 0e3
HaXWily; iHAEKCH: JIATUHCHKI — 3 HaXWJIOM, KUPWINYHI — O0e3 Haxuiy.
Po3mipu B Mathtype: ocaoBamit — 11 nr, 30insmenuii — 16,5 nr, innexc
— 7 1T, cybingekc — 6 nr. Y BCiX BHIIQJKax po3MiTka (GopMyn y Kormii



2022 — Ne 45 Cyonosi enepeemuyti yCmanosxu 200

pykomnucy 000B's13k0Ba. HyMepyroThCs TilbKY Ti (pOpMyITH, Ha SKi € TIOCH-
nmaHHSA B TekcTi. DopMynn BiIAINSIOTECS BiA TEKCTY PSIAKAMH BHCOTOIO
2 uT. Yci popmynu noBunHi OyTn HaOpaHi B Mathtype. Oaununi ¢izuu-
HUX BedaudnH moBuHHI Biamosigatu JACTY 3651.0-97, ACTY 3651.1-97,
ACTY 3651.2-97 "Metposnoris. Onuaumi ¢Gi3MYHAX BEMHYUH" 1 MaTH
3arajbHONPUHHSTI TO3HAYCHHS.

Tabmutli cijg po3TanioByBaTH Ha OHIM CTOPIHIN KpiM BUNAJKIB, KO-
Ju Tabmuis 3aiimae Oinbiie 1 cropinku. 3aronoBok — 10 oT, 6e3 mepeHo-
cy, iHTepBal mepes — 8 0T, micis — 2 NT, OCHOBHHUN MPUQPT TaOIUI —
10 nT. MantoHKH BiAIUISIFOTBCS Bil TEKCTY 3BEpXy IHTEpBAIOM & MT, BiA
Ha3Bu — 2 nT. Ha3a mamonka — kernb 10 nt, 6e3 mepeHocy, iHTepBan
miciast — 8 or. Ha Bci Tabmuiii 1 MadroHKHM TOBWHHI OyTW TOCWIIAHHS B
TEKCTI CTaTTi y CKOPOUCHOMY BUTJISAII (Ta0JI.).

ImocTparii, siki TArOTOBIEHI B rpadivyHUX pelakTopax, J0AalThCS B
SIKOCTI OKpeMuX (aifitiB y BuxigHoMy ¢opmati. Po3mip HanmciB moBHHEH
3abe3neuyBaTH ixHi0 unTaHicTh (8-10 mr). [{ns ckaHOBaHMX MAaJIOHKIB
JIOJTAETHCS OPUTIHAM Y TYIII Ha OUTOMY Mamnepi T0CTaTHROI IiibHOCTI. Ha
3BOPOTI BKa3y€ETHCS HOMED 1 MPUHANEKHICTD IO CTaTTi.

bibmiorpacdiyni onvicu MOBHWHHI BiAMOBigaTH AirounM BuMoram. llo-
CUJIAaHHA Ha JIITepaTypHi JxKepena y TeKCTi 0pOpMITIOIOTECS Y KBaAPaTHUX
JyKKax 3 BKa3aHHSIM HOMepa JpKeperna.

KonTaktHa indopmartis - e-mail: ivanovichlzh@gmail.com
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