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The relevance of using the renewable fuels for power grids
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Article history Abstract. The paper presents the analysis and efficiency of using the cogeneration
Received: May 17, 2022 power plants and alternative energy sources. The documents on the relevance of
Revised: September 5, 2022 introducing the energy-efficient measures in the economies of various countries
Accepted: September 10, 2022 are given. The prospects of using the alternative and renewable fuels considering

the effectiveness of their use in various power systems and grids are well substan-
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KiloueBble ciioBa:

KOT'€HEepaIlMOHHbIE SHEPrOyCTaHOBKH,
BO300HOBJISIEMbIC BU/IbI TOIUIMBA, JIPOBA,
XapaKTepPUCTHKH, SHEPrOTEXHOJIOT MYECKUI
KOMILJIEKC, MAapOBasi MOPIIHEBAs MallluHA

JluIst I THPOBAHUSA

HEPCIEeKTUBHOCTh IIPUMEHEHUs aJbTEPHATUBHBIX M BO30OHOBISEMBIX BUIOB
TOIUIMBA C y4eTOM 3()(EKTUBHOCTH MX IMPUMEHEHHS B Pa3iIMYHbIX dHEpre-
THUYECKUX CHCTEMaX M KOMIUIEKcax. Takue MeponpusTus CIOCOOCTBYIOT,
C OZHOW CTOPOHBI, 5)KOHOMUH IOOBIBAEMBIX B 3€MJIE YITIEBOJOPOAHBIX TOII-
JIUB U MPOJUICHUIO CPOKOB MX HCIOJIBb30BaHMSA, a C APYroi CTOPOHBI — pa3-
BUTUIO M IIPUMEHEHUIO aJbTCPHATHUBHBIX SHEPrOTEXHOJIOIMYECKUX KOM-
IUIEKCOB C UCIIOJIb30BAHMEM B HUX BO30OHOBJISIEMOT0 TOILTHBA. [10100HBIM
TOIIJIMBOM MOTYT CIIY>KHUTb JIpoBa. [IprBeneHbl XapaKTepUCTHKH JIPOB B CO-
OTBETCTBYIOIIMX Ta0IHMLAX, YTO JaeT BO3MOXXHOCTh yXKe Ha CTaauH Ipopa-
60TKU OLEHUTb 3((HEKTUBHOCTh IPUMEHEHHS YHEPIOKOMILIEKCA Ha IPOBAaX
B 3aBUCHMOCTH OT UX COpTa U TEPPUTOPHUM ero BospacTanus. Kpome toro,
XapaKTepUCTUKU JPOB MO3BOJIAT OLIEHUTh HEOOXOJMMOE MX KOJIMYECTBO U
TEPPUTOPUIO IS CKJIAJUPOBAHUS U 3arOTOBKU. Ha OCHOBaHMH IOIy4eHHBIX
JAaHHBIX C/ENAH BBIBOJ O HEOOXOIMMOCTH pa3pabOTKU M CO3IAaHHs SHEPro-
TEXHOJIOTMYECKHX KOMIUIEKCOB Ha 0a3e NMapoBbIX MOPIIHEBBIX MAIUH IS
Pa3IMYHbIX MaJbIX U CpeJHUX NpeanpuaTuil. [IpoexTHele mpeaioxkeHus no
9HEProTEXHOJOTHIECKOMY KOMILIEKCY Ha 0a3e MapoBBIX MOPIIHEBHIX Ma-
IIUH IPEJCTaBIEHbl KPATKO, OLIEHEH SKOHOMHUUECCKUH 3P (EKT Mo ero npu-
MEHEHHIO Ha MECTE 3KCIUTyaTaluu.

Pasysaesa A.B., Peovko UA., Kpacnonyockuii H.B., Kocmun J].A. AKTyalnbHOCTh IPUMEHEHUSI BO30OHOBIIIEMbBIX TOTLTHB
B DHEPreTHYeCcKUX KoMmIulekcax // BectHuk Poccuiickoro yHusepcutera apyx0bl Hapono. Cepusi: IHxeHepHbIe uccie-

noBarms. 2022. T. 23. Ne 3. C. 191-197. http://doi.org/10.22363/2312-8143-2022-23-3-191-197

Introduction

Nowadays the shortage of energy carriers in Euro-
pe indicates that studies in this regard are relevant.
On the one hand, the energy resources are saved,
on the other, various types of fuels instead of hy-
drocarbons extracted from the bowels of the earth,
are used. The problem of the fuel economy can be
solved on the basis of applying the cogeneration
system used at various facilities requiring the ener-
gy resources, such as electricity and heat.

The document,' which states that “the potential
of using cogeneration as an energy saving measure
is not fully used in the Commonwealth today, is
devoted to the issues of cogeneration and its effec-
tive application. The promotion of high-efficiency
cogeneration based on the demand for useful heat is
a priority for the Commonwealth, given the savings
of the primary energy sources, the prevention of
distribution losses and the reduction of harmful
emissions (greenhouse gases) into the atmosphere.”
Moreover, the efficient use of the energy produced
by cogeneration can also contribute to the continui-
ty of energy supply and has a positive impact on
the development of competition in the European
Union and member states. Therefore, it is necessary

! Directive 2004/8/EC of the European Parliament and
of the Council of 11 February 2004 on the promotion of co-
generation based on a useful heat demand in the internal ener-
gy market and amending Directive 92/42/EEC. Available from:
https://base.garant.ru
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to take measures to ensure the best use of the potential
within the domestic energy market. Besides, it seems
interesting, relevant, and appropriate to use the rel-
evant provisions contained in Directive 2003/54/EC
and Directive 2001/77/EC of the European Parlia-
ment and of the Council of 27 September 2001 on
the promotion of electricity generated from the re-
newable energy sources.

In this case, the issue of using the energy gene-
rated from the renewable energy sources is note-
worthy. This contributes to the development of
the general-purpose heat and power plants based on
the reciprocating steam engines [1].

The given plant is powered by steam generated
by using the renewable fuels which include fire-
wood from various types of trees, pellets, manure
and some other fuels, including gas generator gas.
Gas generator gas production technology is also
relevant since various types of fuels and materials
can be used to produce gas.

1. The relevance of using the renewable fuels

Russian Energy Strategy paper’ states that
“the growth rate of the global primary energy con-
sumption contained in ES-2035 is expected to be
1.2% per year” and further the paper states that
“the emergence of new producers, the growing im-
portance of unconventional hydrocarbon resources

2 Energy Strategy of Russia for the period till 2035, main
provisions (as amended on 07.02.2014).
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and the accelerated development of the renewable
energy sources lead to the tougher competition in
the global energy markets. When studying the pro-
spects for external demand for Russian energy re-
sources formulated in ES-2035, the analysis results
of energy strategies of the largest consumers and
producers of energy resources aimed at the energy
self-sufficiency are also taken into account.” This con-
firms the relevance of considering and applying un-
conventional energy resources and accelerated de-
velopment of renewable energy sources. Such fuels
include firewood of different types, pellets, and a num-
ber of others.

It is worth considering the parameters of such
fuels which include not only energy parameters,
e.g., the fuel calorific value, but also the weight and
size values. These data should facilitate their appli-
cation at the specific facilities of power plants.

Such power plants have been previously consi-
dered in paper, where the concept [2; 3] of their
development has been proposed. Paper describes
the energy complex calculated depending on its pur-
pose. Simultaneously, it is necessary to analyse its
parameters as the entire energy technology complex,
thereby defining its performance specifications. Further-
more, the parameters of the reciprocating steam en-
gine, such as the pressure and temperature of steam,
its flow rate and rotor speed are defined.

The horizontal arrangement of the machine,
namely double expansion compound steam engine
is the most appropriate. The estimating calculations
of the main values have been presented. The diame-
ter of the high-pressure cylinder is 310 mm, the di-
ameter of the low-pressure cylinder is 460 mm,
while the steam pressure required for the operation
is 1.2 MPa (12 kg/cm?) with a temperature of 573 K
(300 °C), its consumption is 1887 kg/hour, the num-
ber of revolutions is 2.66 s-1 (160 rpm) [3].

A steam engine rotates a generator through a ma-
nual transmission to generate the electric current.
The generator BG-160M-4 by the Baranchinsky Electro-
mechanical Plant was selected from a catalogue.
The specifications of the generator are as follows:
the rated power is 160 kW, the rated rotor speed is
25 s-1 (1500 rpm), the stator current is 289 A, the effi-
ciency is 91.6%, the transmission ratio is 9.4.

According to the preliminary design study of
the reciprocating steam engine, its dimensions are
4500x4200x1000 mm, and necessary auxiliary power
equipment and components are selected from the

commercially available ones. A typical scheme of
the power plant is shown in Figure 1.

Besides, the economic efficiency of its applica-
tion has been analysed and shown. When calculat-
ing the economic efficiency of the power plant
aimed at increasing the validity of the results ob-
tained, the most common option was adopted as
a fuel — maple firewood with a calorific value of
1600 kcal/dm?® and a specific gravity of 0.65 kg/dm’.

When determining the cost of the power plant,
we used the publicly available data, while the cost
of the reciprocating steam engine was defined based
on the expert knowledge by comparing it with
the cost of producing the equipment similar in de-
sign. Moreover, we took into consideration the cost
of the equipment installation and commissioning.
The total amount of capital expenditures was about
16 million rubles.

3

. Steam inlet

Fuel /

' Steam outlet
Condensate :

10

Figure 1. A typical scheme of a power plant:
1 - a steam boiler; 2 — a steam flow meter;
3 - a steam pressure regulator; 4 — a piston steam engine;
5 — a high-pressure cylinder; 6 — a receiver; 7 — a low pressure cylinder;
8 - a generator; 9 — an oil separator; 70 — a consumer heating system;
11 - acondenser; 12 - a condensate pump

The cost-effectiveness analysis was carried out
for a period of one month. From the condition of the
need to ensure the superheated steam consumption of
1600 kg/h at the boiler efficiency of 88%, the required
amount of heat was defined as the sum of the heat for
heating water to the boiling point, the heat required
for vaporization and the heat for overheating the steam
to the required temperature. The final value for ensuring
the piston steam engine operation under the design
parameters was 1.195 Gcal/hour or 860.4 Gcal/month,
which corresponds to the current district heating ta-
riff of 1.376.640 rubles per month.
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The current costs of obtaining the same amount
of thermal energy during the power plant operation
have been estimated by the object of expenditures:
the cost of firewood, the cost of the water system con-
densate flow, the stuffing costs, the maintenance costs,
the costs of electricity for own needs (for the water
circulation pump operation, for the power supply of
the control and lightning system). Besides, we took into
account the costs of maintenance consumables and
the costs of the required amount of fuel (firewood).

The total cost of operating expenditures was about
656 thousand rubles per month, which gives an eco-
nomic benefit of about 720 thousand rubles. The pay-
back period of the plant is approximately 1.9 years.

The proposed calculation is estimates, and the
economic benefit of the presented plant in every par-
ticular case will depend on the performance specifica-
tions [4; 5] of the facility and its configuration. More
detailed information about this is given in [6—8], while
in Russian scientific and technical literature [9].

2. Some types of alternative fuels
and their parameters

Some types of alternative fuels include fire-
wood and their wastes. These include twigs, bark,
off-cuts (wood processing wastes), as well as pellets
based on production wastes and sawdust. Pellet
fuels have quite good parameters, including trans-
portation and different types of packaging.

Firewood is one of the most traditional and an-
cient sources of thermal energy.’ According to their
characteristics, firewood is one of the most unstable
fuels, but it is a renewable source of thermal energy
which is the main advantage.

Firewood is recorded according to the following
parameters: on the one hand by weight (kilograms and
tons), and by volume (cubic meters) on the other [10].

A composition of wood fuel is almost the same
for any type and is as follows: up to 60% of cellulose,
from 7 to 8% of accompanying hydrocarbons, up to
30% lignin and the rest is from 1 to 3% of minerals.
The firewood quantity mass measuring is rarely used,
if it is convenient, e.g., when transporting firewood by
car. The weight of the car is calculated before and af-
ter the firewood delivery to the place of consumption.
This measuring also simplifies the calculation of the
calorific value of the supplied amount of firewood.

3 Wood heating. Available from:
http://tehnopost.kiev.ua/drova/13-teplotvornost-drevesiny.html
(accessed: 22.02.2022).
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However, the most common way of measuring
the amount of firewood is volumetric, which is sim-
ple and fast. The results of measurements by such
a parameter are easy to check and control. Besides,
there are appropriate methods for various types of
storage, size of logs, etc.

We should first consider the characteristics and
parameters of such type of alternative fuel as firewood.
It is necessary to point out their difference in one of
the main characteristics, namely the calorific value.
In this case, the volumetric and mass calorific va-
lues of various firewood are distinguished. Table 1
shows the examples of these values.

Table 1

The volumetric calorific value of firewood

No Wood Volumetric specific calorific value
species of firewood, kcal/dm?®

1 Birch 1389-2240

2 Beech 1258-2133

3 Ash 1403-2194

4 Hornbeam  1654-2148 The first group includes
5 Elm (analogue birch, beech, ash,

is field elm) hornbeam, elm, field elm,

6 Fieldelm  1282-2341 maple, oak, larch

7 Maple 1503-2277

8 Oak 1538-2429

9 Larch 1084-2207

10 Pine 1282-2130 The second group

11 Alder 1122-1744 includes pine and alder
12 Spruce 1068-1974

13 Cedar 1312-2237

14 Fir (analogue

is spruce) The third group includes
15  Aspen  1002-1729  SPruce, cedar, fir, aspen,
linden, poplar, willow

16 Linden 1046-1775

17 Poplar 839-1370

18 Willow 1128-1840

The presented characteristics’ make it possible
to calculate the required volume or weight of the
firewood for a certain time of operation or for the
processing period by the amount of heat received.

Table 2 provides the firewood characteristics of
different varieties of trees, which allow us to obtain the
necessary heat data from a specific volume of firewood.

The volumetric calorific value of firewood for
the same type of firewood may differ depending on

* Wood heating. Available from:
http://tehnopost.kiev.ua/drova/13-teplotvornost-drevesiny.html
(accessed: 22.02.2022).
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the region of growth. This is due to the soil water
saturation in the area. This factor must be taken into
account when harvesting the firewood, i.e., the drier
the firewood, the higher the reward, or if the fire-
wood harvesting is carried out in a more arid region,
the profit is also bigger. Although this difference is

not great, only 2-5%, but at larger volumes it can
affect the economic indicators in general in terms of
the harvest volume.’

On this basis and from Table 3, it is necessary
to take into account the specific weight of firewood
depending on moisture.

Table 2
The specific calorific value of wood fuel for different types of wood
Absolute (higher) Net (lower) mass Net (lower) volumetric Wood density Maximum
No Wood species calorific value of calorific value of calorific value of wood kg/dm’ > wood density,
wood fuel, kcal/kg wood fuel, kcal/kg fuel, kcal/dm?® kg/dm?®
1 Oak 4753 4000 3240 0.810 0.690-1.03
2 Ash —||-- —| |- 3000 0.750 0.520-0.95
3 Rowan —||-- —||-- 2920 0.730 0.690-0.89
4 Apple tree —||-- —||-- 2880 0.720 0.660-0.84
5 Beech —||-- —||-- 2720 0.680 0.620-0.82
6 Acacia —||-- —||-- 2680 0.670 0.580-0.85
7 Field elm —||-- —||-- 2640 0.660 0.560-0.82
8 Larch —||-- —||-- 2640 0.660 0.470-0.56
9 Maple —||-- —||-- 2600 0.650 0.470-0.56

10 Birch —||-- —||-- 2600 0.650 0.510-0.77
11 Pear —| |- —| |- 2600 0.650 0.610-0.73
12 Chestnut —||— e 2600 0.650 0.600-0.72
13 Cedar —||— —||— 2280 0.570 0.560-0.58
14 Pine —| |- —| |- 2080 0.520 0.310-0.76
15 Linden —| - —| |- 2040 0.510 0.440-0.80
16 Alder —| |- —| - 2000 0.500 0.470-0.58
17 Aspen —| |- — |- 1880 0.470 0.460-0.55
18 Willow —| |- —| |- 1840 0.460 0.490-0.59
19 Spruce e — |- 1800 0.450 0.370-0.75

20 Pussy willow e —| |- 1800 0.450 0.420-0.50

21 Hazelnut tree —| |- —| |- 1720 0.430 0.420-0.45

22 Fir —| |- —| |- 1640 0.410 0.350-0.60

23 Bamboo —| |- —||-- 1600 0.400 0.395-0.405

24 Poplar —| |- —| |- 1600 0.400 0.390-0.59

Table 3
The specific weight of firewood, kg/m®, depending on the tree species and moisture percentage
. Moisture percentage, %

No Woodspecies —¢ och 100 80 70 60 50 40 30 25 20 15
1 Larch 940 1100 990 930 880 820 770 710 700 690 670
2 Poplar 700 760 690 650 610 570 540 500 480 470 460
3 Beech 960 1110 1000 950 890 830 780 720 710 690 680
4 Field elm 940 1100 1100 930 880 820 770 710 690 680 660
5 Oak 990 1160 1160 990 930 870 820 760 740 720 700
6 Hornbeam 1060 1330 1330 1130 1000 990 930 860 840 830 810
7 European spruce 740 750 750 640 600 560 520 490 470 460 450
8 Walnut tree 910 1000 1000 850 800 750 700 650 630 610 600
9 Linden 760 830 830 710 660 620 580 540 540 530 500
10 Bustardacacia 1030 1330 1330 1190 1060 990 930 860 840 830 810

11 Alder 810 880 880 750 700 660 620 570 560 540 530

12 Maple 870 1160 1160 990 930 870 820 760 740 720 700

13  European ash 960 1150 1150 930 920 860 800 740 730 710 690

14 Siberian fir 680 630 630 540 510 470 440 410 400 390 380

15 Common pine 820 850 850 720 680 640 590 550 540 520 510

16  Caucasian fir 720 730 730 620 580 550 510 480 460 450 440

17  Siberian pine 760 730 730 620 580 550 510 480 460 450 440

18 Birch 870 1050 1050 890 840 790 730 680 670 650 640

19 Aspen 760 830 830 710 660 620 580 540 530 510 500

5 Wood heating. Available from: http://tehnopost.kiev.ua/drova/13-teplotvornost-drevesiny.html (accessed: 22.02.2022); In the field of

biomass processing. Available from: http://www.bm-biomass.com

195



Razuvaev A.V., Redko l.Ya., Krasnoludskiy N.V., Kostin D.A.

RUDN Journal of Engineering Research. 2022;23(3):191-197

Forked trees supporting the wood stack

Figure 2. Methods of stacking the firewood

In addition to these data, the ways of storing
the firewood for various places of consumption are
interesting and presented in Figure 2.

Sawdust as a waste product of woodworking
operations is also a fuel, but with worse combustion
and storage properties. Nevertheless, sawdust is a good
material for pellet production. Sawdust characteris-
tics are presented in Table 4.

Table 4

Weight of the landed dry sawdust
depending on the tree species

No qud Bulk density, Weight of 1 cube
species kg/m® of sawdust, kg
1 Acacia 215 182-225
2 Ash 210 146-266
3 Beech 190 174-230
4 Hornbeam 213 207-223
5 Oak 227 193-288
6 Larch 186 151-186
7 Birch 182 143-216
8 Pine 146 87-213
9 Chestnut 182 168-202
10 Pear 188 164-199

Pellets can be considered as a type of renewable
fuel. They are made from compacted sawdust, wastes
from wood products, as well as other types and va-
rieties of energy material (production wastes — seed
and nuts husk, buckwheat hulls, sunflower husk,
tree bark, some types of manure, etc.). The ad-
vantages of this type of fuel include the fact that
the basis for its production are various renewable
combustible materials.°

The production itself is uncomplicated and
therefore the cost is very competitive in this sector.

¢ Warmth in the house. Pellet Production. Available from:
https://vse-otoplenie.ru/proizvodstvo-pellet-svojstva-toplivnyh-
granul-osobennosti-processa-izgotovlenia-primenaemye-ustanovki
(accessed: 22.02.2022).
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The shape of the pellets is close to cylindrical with
the height of 5-15 mm and the diameter of 6—8 mm.
At the same time, the thermal energy during com-
bustion is about 17.216 kJ/kg and depends on the
feedstock used, the ash content is no more than 5%.
The density of pellets is 12001400 kg/m?, and the
bulk density of pellets for storage and transportation
is 650 kg/m*. We should mention one more signifi-
cant advantage, namely the transportation in pellet
bags of small weight from 10 to 15 kg and of large
weight from 500 to 1200 kg.

Besides, an auger feeds pellets for boiler equip-
ment, which makes it possible to automate the heat
production in the boiler, maintaining the necessary
parameters of water or steam.

3. Results and discussion

The presented materials provide a justification
for the effective and expedient application of the fuel in
the form of firewood. Moreover, this type of fuel is
renewable due to planting seedlings to compensate
felled trees.

The given parameters of different types of trees
make it possible to carry out calculations on their
application onsite and to evaluate the effectiveness
in specific conditions taking into consideration their
transportation and storage.

In addition, the main parameters and characte-
ristics of pellets deserving a special attention as a re-
newable and efficient fuel for the operation of co-
generation plants based on steam piston engines
have been presented [11].

Conclusion

It should be noted that it is necessary to deve-
lop and effectively use the general-purpose heat and
power plants based on the reciprocating steam en-
gines using the renewable fuels in the form of vari-
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ous types of firewood and pellets. It would save
the limited reserves of hydrocarbon fuel and extend
its use in the existing power plants, as well as estab-
lish the isolated power plants with low power sys-
tems and units.

Finally, further investigation is required regard-
ing the possibility of using other types of alternative
and renewable fuels considering the efficiency in
various power systems and plants.
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MuHUMaKCHbIA apanTUBHBLIA anroputm GunbTpauumn
HeJIMHeMuHbIX cucTem psaammu BonbTeppa BTOporo nopsaka

N.T'. CunopoB
MockoBckuii nonutexuudeckuii yausepeutet (Mockosckuit [lonutex), Mockea, Poccuiickaa Pedepayus
igor8i2016@yandex.ru
Hcropusi cratbn AnHoTanus. B ccnenoBanumn penieHa npodiema GribTpauy HETHHEHHBIX
Iloctynuna B penakuuio: 27 mas 2022 1. CHUCTEM Ha OCHOBE MHUHHMAKCHOTO aJalTUBHOIO aJrOpUTMa HEJIMHEHHBIX
Hopaborana: 22 aprycra 2022 r. cucteM psigmamu BombTeppa BTOpOro mopsiaKa IpH yCIOBHH, YTO aBTOKOP-
Ipunsita k myOmxarmy: 3 centsiopst 2022 1. pensuuoHHbIe (YHKIMY MOJIE3HOTO CUTHAJIA ¥ TIOMEXU M3BECTHBI C HEKOTOPBI-
MH TOTPEIIHOCTSIMH 10 KPUTEPUIO0 MAaKCUMAJIbHOM CpeIHEKBapaTHIECKON
Kirouesbie ciioBa: omuOKky QUIbTpanuy. AHAIU3UPYETCS CTAlMOHAPHAs IPOM3BOJUTEILHOCTh
MHHMMaKCHBIA, GUIbTpalus, THHERHBIH, MHUHHMAKCHOT'O aJIaTUBHOTO GuiibTpa Bonbreppa BTOporo mopsjaka ¢ Hau-
ABTOKOPPEJISLMOHHBIH, aa THBHBIH, MEHBIIUM CpesHuM KBaapaToM (LMS) ¢ MOCTOSHHBIM pasMepoM miara
HEJMHEWHBIH, psii BonbTeppa, noMexa, TIpH U3MEHSIONIEHCSl BO BPEMEHHU HACTPOIKe. Y CTaHOBJIEHA KOJMIECTBEHHAS
TpaJVeHTHBIH, HHTEHCUBHOCTD, OebIit OLIEHKA YCTAHOBMBILEHCS M30BITOYHOM cpeaHekBaaparnunoi ook (RMSE),
rym B KOTOpPOH XOPOIIO OXapaKTepPH30BaH BKJIAJl HENPAaBMWIIBHOW PETYIMPOBKU

rpafveHTa U OMMOKY CIIeKEHUs. 3aTeM 3aaeTCsl ONTUMATIBHBIA pa3Mep Imara
JUIE U3MEHSIIOLIETocs BO BPEMEHM MHHHMMAaKCHOro ¢uibTpa BombTeppsl
BTOPOTO mopsinka. TakuMm oOpa3oM, MOXKHO M3YUUTh KOPPEISALHIO MEXIY
n30pITouHBIM MSE M onTuManbHBIM pa3MepoM Iiara, ¢ OJHOW CTOpPOHBI,
U TTapaMeTpaMH W3MEHSIIONIEHCS BO BPEMEHU HEJTMHEWHON CHCTEMBI, C IPYroi
cropossl. [TomyueHo npocroe pelieHne ¢ MUHUMAaJIbHOM CpelHeKBaIpaTHIHON
ommOKo# 111 MUHMMaKcHOTO (GuiIbTpa BonbTeppa, ocHOBaHHOE Ha Hpen-
TIOJIOXKEHUH, YTO BXOIHOW CUrHaNI (IIbTpa sBJIseTcs: rayccoBbiM. Kpome Toro,
IIpeAaraeTcs MeTol MTEPAaTHBHON (haKTOpH3alMK ISl pa3paboTKu HOA-
KJIacca MUHUMAKCHBIX (DHIBTPOB BONBTEPpPhI, KOTOPHIH MOXKET 3HAYUTETHHO
YIPOCTUTH onepanuu GuabTpanun. M3ydaeTcs afanTUBHBIA anrOpUTM UL
¢wibTpa BosbTepphl, a Takke ero cpenHss CXOIUMOCTh M aCUMITOTHYE-
ckasi M30BITOYHAs CpeAHEKBajpaTH4yHas ommoOka. I[lone3HocTh ¢uiIbTpa
Bonbreppa 1eMOHCTpHpYETCsl €ro MCIOJIb30BAHUEM B HCCJIEJOBAaHUIX He-
JIMHEWHBIX Jpei(OBbIX KoJeOaHWH MPHUIIBAPTOBAHHBIX CYyJIOB, TOJIBEp-
JKCHHBIX C.]'ly‘laf/'IHblM MOPCKHUM BOJIHAM.
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Abstract. The study solves the problem of filtering nonlinear systems
based on the minimax adaptive algorithm of nonlinear systems by Volterra
series of the second order, provided that the autocorrelation functions of
the useful signal and interference are known with some errors according to
the criterion of the maximum standard error of filtering. The author ana-
lyses the stationary performance of a minimax adaptive Volterra filter of
the second order with the least mean square (LMS) with a constant step size
of pu with a time-varying setting. A quantitative assessment of the steady-
state excess root-mean-square error (RMSE) has been established, in which
the contribution of incorrect gradient adjustment and tracking error is well
characterized. Then the optimal step size is set for a time-varying second-
order minimax Volterra filter. Thus, we can study the correlation between
the excess MSE and the optimal step size, on the one hand, and the parame-
ters of a time-varying nonlinear system, on the other hand. A simple solu-
tion with minimal root-mean-square error for the minimax Volterra filter
is obtained, based on the assumption that the input signal of the filter
is Gaussian. In addition, we propose an iterative factorization method for
developing a subclass of minimax Volterra filters, which can greatly sim-
plify filtering operations. In addition, an adaptive algorithm for the Volterra
filter is investigated, as well as its average convergence and asymptotic
excess root-mean-square error. Finally, the usefulness of the Volterra filter
is demonstrated by its use in studies of nonlinear drift oscillations of moored
vessels exposed to random sea waves.

Keywords:

minimax, filtering, linear, autocorrelation,
adaptive, nonlinear, Volterra series,
interference, gradient, intensity, white
noise
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BeepeHue pble TpeOyIOT MUHHMMAJIBHOH ampHOpHOH HH(OpMa-

My 00 WIESHTHUPHUIMPYEMOH CHUCTeMe, HO CIIOKHBI

B Hacrosimeit paboTte uccnenoBaHa mpobiema
(GUIBTpaluK HEJMHEHHBIX CHCTEM Ha OCHOBE MUHH-
MaKCHOTO aJIalTUBHOTO aJITOPUTMA HEJMHEHHBIX CH-
cTeM psamu BonbTeppa 2-ro mopsaka mpH yCIOBHH,
YTO aBTOKOPPEISIIIMOHHBIC (DYHKIMH TOJIE3HOTO CHI-
Hajla U1 TIOMEXHU U3BECTHBI C HECKOTOPBIMU IMOTPEIIHO-
cTsimu. JInsl penieHus 3aqadu MaAeHTH(UKAIUKY He-
JIMHEWHBIX 00BEKTOB Pa3pabOTaHO JOBOJIBHO MHOTO
noxonoB U MetonoB [1-10]. Ha coBpemenHOM 3Tarme
BO3pOCIH TPEOOBaHUS K TOYHOCTHBIM XapaKTePUCTH-
KaM TPUMEHSEMBIX aJrOPUTMOB UICHTU(PHKAIHH.
B cBs3u ¢ 3THM MOAMGMUIMPYIOTCS KIIACCHUYECKUE
MOJIXO/bI K PEIICHUIO 3a7ayl MICHTU(HUKAIIMUA He-
JIMHEWHBIX CHUCTEM C IENbIO MOBBIIICHUS UX TOYHO-
CTH ¥ YMEHBIIICHUS OrpaHuIeHni npuMeHenns [11],
a TaK)KC YHHUBCPCAJIbHBIC ITOUCKOBBIE METOJbI, KOTO-

B peanu3anuy. CyuTaeM Takxke, 4TO B3aHMOKOppe-
JSIIMOHHAsE (GYHKIHS TOJIE3HOTO CHTHANA M TTOMEXU
paBHa HYJIIO, IpUYEM CilydaiiHble (yHKIMH MOJe3-
HOTO CUTHajJa U IIOMEXH CTalllOHAPHBI B Y3KOM
cmbiciie [12], craniMoHapHO CBA3aHBI U UMEIOT HyJle-
BbIE MaTeMaTHueckue oxunanus. Kpurepuem kaue-
CTBa CUMTAETCS MaKCHMaJlbHasl CpEAHEKBagpaTHye-
ckas ommbOka ¢(uibrpanuu. HeoOxoaumo pemurthb
3a7a4y MUHHMAaKCHOW (PUIBTpPYIOIIEH CTPYKTYpHI B
BUJIE IIOCJIE0BAaTENbHOCTH Bosbreppa, xorma ciy-
YallHBI CUTHAJ Ha BXOJE CUCTEMBI 3a/IaH C raycco-
BbIM OenbiM 1ryMoM. CrieKTpalibHbIe MHTEHCUBHOCTH
MOTPELIHOCTEH «IIYMOBBIX JOOABOK» CHUTHaja M MO-
MEXH IPONOPLUOHAIBHBl BEIMYMHAM IIOTPEIIHO-
CTeH, C KOTOPBIMH OMNpeAETIeHbl aBTOKOPPEAIHOH-
Hble (YHKIMM curHajga ¥ nomexu. [lokasbiBaerc,
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YTO MUHHMMaKCHBIH GunbTp BomsTeppa 2-ro mopsia-
ka (®B2) skBUBalIEeHTEH MapauIENbHON pean3aliu
MUHHMAaKCHOTO JIMHEWHOTO (PUIbTpa M KBajpaTH-
HOTO QWIbTpa. AHAIOTHYHAS peanu3anus (QribTpa
®B2 Oblna nokazana B padorax [1; 2] ans kpurepus
Ka4ecTBa M0 CPeTHEKBaAPaTHUECKON OMIMOKH (HIIb-
tpamuu (CKO®). B MUHIMAaKCHOH ITOCTAHOBKE IPO-
6nembl GpuIbTpaIy psnamu Boasreppa 2-ro mopsia-
Ka peIIaloTcs BIEPBhIC, Koria Ha0moaaercs s Qek-
TUBHOCTh 32 CUET YCTOMYMBOW (UIBTpAIMU C YBe-
JIMYeHNEeM MHTEHCHUBHOCTH «I00aBOK» OEJIoro myma,
MMOCKOJIEKY BEPXHUE OIICHKH B OTPAaHUUCHHSX JUIS
acumnroTudeckoro ocratka CKO® (AOCKO®) mis
JIUHEHHOTO W KBaAPaTHYHOTO (GIIBTPOB OOpPaTHO
MIPOTIOPIIMOHABHE MAaKCHMAILHOMY COOCTBEHHOMY
YHUCTY JJIS aBTOKOPPEIIIIUOHHON MaTPHUIIBI BXOIHO-
ro CHTHana ¢ OeNbIM IIyMOM IPH HAJIHYHH ITOMEXH
U €ro KBaJpaTy COOTBETCTBEHHO. llenbio naHHOM
paboThl SBISIETCS M3yYEHHUE CXOIUMOCTH (PUIbTpa
Bonbreppa BTOpOro mopsaka 1mo aganTuBHOMY Me-
Tomy HamMeHbIMX kBampatoB (LMS). Amamusupy-
ercsi GunbTp BosbTeppa ¢ MOCTOSIHHBIM pa3MepoM
mara | Ipu U3MEHSIFOIIEICS BO BpEMEHH HACTPOMKe
Y KOJMYECTBEHHASI OIIEHKA YCTaHOBHBIIETOCS M30bI-
TOYHOTO cpenHero keaapara omubku (RMSE), roe
BKJIQJI HEMPAaBHJIBHON PETyIMPOBKH TPaIUCHTa H
OIMOKN OTCIIEKUBAHHUS XOPOIIO OXapaKTEPH30BaHBI
B 3aBUCHMOCTH OT MaKCHMAaJbHOTO COOCTBEHHOTO
yrcna HanOosee HeOIaronpusITHON aBTOKOPPENSIHU-
OHHOW MAaTpHIlBl BXOAHOro curHama. Ha mepBom
JTare MBI MPEACTABISIEM KOJIWYECTBEHHYIO OLEHKY
M30BITOYHOTO CPEIHET0 KBajpara OINOKK (HIbTpa-
MM ¥ Ha BTOPOM 3Tare BBIBOJAUTCS ONTHMAIBHOE
3HaYeHHWE pa3Mepa Imara OOYYeHHsS CXOIUMOCTH
¢unpTpa. [logoOHBIE 3aMaunM YacTO BCTPEYAIOTCS B
PaIMOTEXHUYECKUX MPUIOKCHUAX MPH OICHKE aM-
IUTATYIB IETEPMUHUPOBAHHOTO CHUTHANA TPH KOJie-
OaHMsAX ero GOpMBI M HETOYHBIX KOPPEKIUAX ITyMa,
TO €CTb KOTIa KOPPESIHOHHYI0 (PYHKINIO, KOTOpast
JISKUT BHYTPHU 33JJaHHOTO BBIMYKJIO-OTPaHHYSHHOTO
CEeMENCTBA, OIPeNeNuTh €/1Ba JIU BO3MOKHO. Jpyroit
pUMep — 3TO OIICHMBaHWE PErPEeCCHOHHBIX Tapa-
METPOB JIETEPMUHUPOBAHHOTO CUTHAJIA IPH HETOYHO
M3BECTHON KOPPEISIUOHHON (DYHKIIUH, KaK OCHOB-
HOTO CUTHAJIa, TaK 1 IIyMa.

1. MocTaHoBKa 3aga4un

Bosemem ¢unstp BombTeppa 2-ro mopsaka,
KOTOPBIA COCTOWT W3 TMapauieIbHOW KOMOWHAITUH
JUHEHHOTO W KBaJpaTHYHOTO GuibTpoB [1; 2]:
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N -1
ymy=hy+ E a(iuin- )+
j=0
N-1N-1
X% bGRn- D=k, (1)
j=0k=0

rae {a( J)} u {b( Js k)} HA3bIBAIOTCS JIMHEHHBIM 1

KBaJPaTHYHBIM BECOM COOTBETCTBEHHO, a N yKa3bl-
BaeT JMHY (QWibTpa (IpeAroiaraeTcs CHMMET-
PUYHOCTH KBAJPAaTUYHBIX BECOB (MIBTPA, TO €CTh
b(j ,k) = b(k,j ) Bynem npenmnonarars, 4to city-

YalHBIA CHUTHAN X(71) TPEACTABISACT AITUTHBHYIO
CMeCh TTOJIE3HOTO CHTHAA §(71) ¥ TIOMeXH &(n).

x(n) =s(n)+&(n), (2)

npuueM s(n) u §(n) — 3TO CllydaiiHbIe CTAIIMOHAPHBIC B
y3KOM cMbIcie [12] U CTalMoOHapHO CBSI3aHHBIC MPO-
[IECCHl C HYJEBBIM MaTeMaTUYeCKUM OKHAAHHEM C
JUCKPETHBIM IapaMeTPOM 71, @ UX KOPPETALUOHHBIE
(YHKLIMH H3BECTHBI ¢ HEKOTOPBIMH MOTPEIIHOCTSI-
MU OR; 11 OR: COOTBETCTBEHHO

Rs(n,n )= Rs(n,n )+ BRS(n,n );
Ré (n,n)= R, (n,n)+ R, (n,n),

rae Ry(n, n') u R«(n, n') — npeanonaraemMple 3Hade-
HUS (HampuMep, HEKOTOPBIE OLIEHKU KOPPEISLHUOH-
HBIX (PYHKIIHHN).

Besne nanee cumraercs, 9TO B3aMMO KOPPEIALH-
OHHasl (PYHKIUS cUrHaina x(7) u nomexu &(n) ToxIe-
CTBEHHO paBHa HYJIIO, [IOJIaraeM TaKxe, 4To Ry(n, n'),
OR(n, n"), R(n, n'), 6R(n, n') ectb cUMMeTpHUECKIEC
¢yHKIMU (B KIacce 000OIIEHHBIX (PyHKIMIT) OT I1e-
PECTaHOBOK apryMEHTOB. DTH (YHKIMU MOXHO pac-
CMaTpHUBaTh Kak SAIpa CHUMMETPUYHBIX OIEpaTOpOB
Rs, R, OR,, Re, I?g, OR: B THILOEPTOBOM IMPOCTPaH-
crBe. [Ipeanonaraercs, uro &(n) Gemnblil rayccoBCKuit
mryM. CYUTaeTcs, YT0 OTHOCHTEIBHO MOTPEIIHOCTEH
OR\ u OR: W3BECTHO JIMIIb, YTO OHU OTPAHUYEHBI IO
ONEPATOPHON HOpME

18R, < ALl SR, |I< A,

rZe OmepaTopHas HOpMa MIOHUMAETCS Kak

.

MaKCHMaJbHOE COOCTBEHHOE YUCIO CUMMETPHYHO-
o oneparopa.
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HyxHo HaiiTu Beca gunbrpa 4 U B, KOTOpHIC
MUHHMHU3UPYIOT MaKCUMaJIbHYIO CPEIHIOI0 KBaJpa-
THuHYyI0 ommoOKy ¢unprpamuu (CKO®D) mexay s(n)
1 BBEIXOJ0M (pritbTpa y(71), TO €CTh

e(4,B,R_+3R_,R, +3R

g TR =

= E[| s(n) = y(n) [*; (3)

(4,B) =

eMaKC

= max
IBR,I<A, JBRe]|<A,

e(4,B,R +3R,R.+3R.), (4)

2. Aaropntm peanusauum
BonbTeppa 2-ro nopaaka

B onpenenenun muaumyma CKO® dunbrpa
Bonbreppa 2-ro mopsaka sBusercss TpeOoBaHUE
oe3npeiidoBoro ¢punprpa. C yuerom 6e3nperihoBo-
ro BbIXOJAa (QUIbTPA, APYTHMH CJIOBaMH, JOJKHO
obITh E[y(n)] = 0, Tak KaK OCHOBHOW CHTHAJl HMEET
HyJIeBO€ MaTeMaTh4eckoe okuaanue. Toraa momy-
gaeTcs clieayromiee cooTHomenue mist ®B2 [2]:

yn)= 2 a(j)ln=7)+

N=L

+3 3 bR )xn=k)—r, )] 5)

j=0k=0
rac
r.(J) = Elx(m)x(n = j)]

0003HaYaeT aBTOKOPPEIANUOHHYIO (YHKIHIO X(71),
E — cuMBOII MaTeMaTu4ecKoro OKUIaHMsl.

Bripaxxenue (5) anst ©B2 MoXHO TpeACTaBUTH
B SKBUBAJICHTHOM MAaTPUYHOM BHJE

vy = 4" X+ r(BIX ()X ()= R 1}, (6)

rae trA o0o3HauaeT ciaen KBaapaTHOM MAaTpPHUIIbI

A={a,}/%, TO €CTh CyMMy €€ THarOHambHbIX dITe-

MCHTOB:

N
rd= 2 ajpj
k=1
a R, obo3nauaer pazmepoM NXN aBTOKOppEISLU-
OHHYI0 MaTpully GyHKUuU x(n), yeud (j, k)-ii sue-
MEHT paBeH 7(j — k).

X(n)=[x(n),x(n=1),...x(n—=N+D]",
A=1[a(0),....,a(n=N+1)]",

5(0,0) b(0,N 1)

b(N-1,0) ... b(N-1,N-1)

C yuerom pasznoxenust Bceit CKOD e(4, B,
Ry + 3R, R: + 0R:) Ha muneiitnyro CKO®1 u xBaj-
patnunyo CKO®2, nmony4yaeM npeacraBieHue JH-
HEeIHOro M KBajpaTUyHOro omneparopoB ®B2 ¢ mu-
HuMmanbHOU CKO® B Bz [13]

1 - _
-~ Rr R 1, @)

BO 27x TsxTx

r7Ie KPOCCKOPPEISIIIMOHHBIE U OUKPOCCKOPPEIISIIH-
OHHBIC DJIEMEHTBHl MATPUUYHBIX (QYHKIUN Re U Ty
COOTBETCTBEHHO OMPE/IEIICHBI CIETYIOIINM 00pa3oM

1 () = Els(nx(n = ),

t (k) = E[s(n)x(n = )x(n—k)].  (8)

W3 (5) u (6) BuaHO, YTO TUHEHHEIN omepaTop
orrruManbHOro ®B2 — 3TO TO XK€ camoe, U4TO U OII-
TUMAaJIbHBI MUHUMAKCHBIN JMHEeHHbIH GuiibTp. Crie-
JIOBaTeNFHO, MOXKHO CKOHCTpyHpoBaTh ®B2 mpocto
MOCPEICTBOM J00aBIICHUS KBAIPATHYHOTO (PHIIBTpa
CO3IaHHOMY ONTHMAJIBHOMY MHHHUMAKCHOMY JIMHEH-
HOMY QUIBTPY O€3 ero M3MEeHEeHHUs1, TO ecTh B Kaye-
CTBE JIMHEHHOTO (QUIBTpPa B CMbICIE KpUTepus (4)
MOKHO HCIIOJIb30BaTh MHHHMAKCHBIH GuibTp A’
KOTOpBIH MUHUMH3UpPYET MakcumanbHyio CKO®
u3 (4) (B 3a7aHHOM KJacce JHMHEWHBIX (UIBTPOB)
M0 BCEM HaWMeHee ONarompusATHBIM 3HAYECHUSAM
KOPPEIISLMOHHBIX OIIEpaTOpoB R M Rg*

* .
e (A)=min max
e (4) A [8RISA[3R: <A

e(4, R+3R,R+06R )=
=minmaxe (4, R,, I?i) =
4 R.E

=1§i§n§ne (4, R, Rg):rrgne (A4R.R). (9)
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[Ipuuem HamMmeHee OJIarONMpHUATHBIE 3HAYCHHUS
KOPPEISIMOHHBIX ONepaTopoB OyIyT paBHBI

* *

R =R +A I,R. =R, +A.I, (10)
s s S

& ¢

rae / — emMHUYHBIA onepaTop; As U A HHTEHCHBHO-
CTH «J00aBOK» O€Noro myma.

[losicHUM CMBICT TEepMHHA UHTEHCUBHOCTD «JI0-
0aBok» Oemoro mryma. Ilockonmpky ommOka B 3Ha-
HUHM KOPPEISIIUOHHON (YHKIUHM (QIyKTyanud WiIu
CIly4aifHOr0 CHTHala KOMIIEHCHpYeTcsl mpuOaBie-
HUEM J00aBKH B BHIE O€JIO0T0 IIyMa CO CHEKTpaib-
HOI MHTEHCUBHOCTBKO COOTBETCTBEHHO Az MM Ay,
BO3PACTAIOLIEH MPH POCTE MOTPEIIHOCTH OR: WU
OR,, To cymma Rz + A:l wmu R, + Ay paBHOCHIIB-
Ha JO0aBICHUIO K (QUIYKTYaITUsIM A CIIyIaitHOMY
CUTHAITy JOIOJHUTEILHOro Oemoro mryma. Ormepa-
TopHas (opma mpencraBienus (10) aHamornvna
MaTpUYHOMY KOPPEIAINOHHOMY TIPEACTaBICHHUIO,
B KOTOPOM €AMHWYHAas MaTpuua / COOTBETCTBYET
B OINEPaTOpPHOM BHJIE E€IUHHUYHOMY OIEPaTOpPy B
Bune nenbra (yHKiuu Jupaka, a matpunsl Agl
U A SBIAIOTCA KOPPEISUMOHHBIMU MaTpULIAMHU
n00aBOK GeNoro myma COOTBETCTBEHHO CIIEKTpPab-
HOM MHTEHCUBHOCTH Az U Ay, a siipa CUMMETPHUU-
HBIX ONEpPaTOpOB R: U R; ¥ NPEICTaBISAIOT COOTBET-
CTBYIOIIME KOPpENALMOHHbIE MaTpuipl. Kak u3-
BeCTHO [14], MUHMMaKCHBIH (QUIBTP B 9TOM CiIydae
MIPUMET BUL

*

-1 11
é) , (1)

k * *
A4 =R (R_+R
S S

a ero makcuManbHass CKO® 3amnuceiBaeTcs B BUIE

*

_1*
g R

* % *
e (4 )=trRS(RS+R £

Makc

Takum 00pa3oM, MOXKHO CKOHCTpynpoBath B2
IIPOCTO HOCPEACTBOM I00aBIECHUS KBaApaTHYHOTO
¢unpTpa MmapayuIeTbHO CO3JaHHOMY MHUHUMAaKCHO-
My GunbTpy 0e3 ero W3MEHEHUs] M MOTepu Cylue-
CTBEHHON TOYHOCTH.

CrnenoBaTenbHO, 32 CUET BBEICHHUS «ITYMOBBIX
100aBOK» K OCHOBHOMY CHTHAITY M TIOMEXE MBI MOJKEM
JOCTHYb 3HAYMTENIBHOIO BBIMIPHILIA ATl ACHMIITO-
THYECKOI'O OCTaTKa CPEeJHEKBAJpaTUYECKON OLIMOKU
AOCKO®, BcneacTBre yBEeIMUYEHUS MaKCUMaJIbHO-
ro COOCTBEHHOI'0 YHCJIa aBTOKOPPEISHOHHON MaT-
PHIIBI, 9TO SKBHBAJICHTHO YMEHBIICHHIO KO3(duIm-
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eHTa ajanrtanuy Oy4eHHs B OOpaTHO MPOMOPLHO-
HaJIbHOM 3aBUCHMOCTH 3TOMY MaKCHUMaJbHOMY CO0-
CTBEHHOMY 4HCIIy, B CHJIy BblOOpa HauMeHee He-
OIaronpHsTHBIX 3alIyMJICHHBIX KOPPEISLIUOHHBIX
MaTpUIl CHUTHAJla W IIOMEXH COOTBETCTBEHHO s
MHUHHMMAaKCHOTO JUHeHHoro ¢uibtpa. IlycTs Benu-
YMHA AMCHEPCUM IO KPUTEPHUIO HAUXy.Ied cpen-
HEKBaJ[PaTUYECKON OIMMOKK s peanmzanuu DB2
orpaHuueHa BeMUIHHON Eqpt [ 13, hopmyma (12)]:

o =15 O~ RL (R,

. 11 %]
(RO R ~GR T (R) T ) (12)

TIe

* 2
Rx _Rx +Ax1; r (0) = E[s” (n)];

% %k %k
=R 4, T _=2R BR_,
sX X SX x X
rae Ay COOTBETCTBYET MHTEHCHBHOCTH CYMMAapHBIX
«11006aBOK» 0eoro IrymMa BO BXOAHOM CHTHAIE X(71).
MeTto1 HaMMEHBIINUX KBAJAPATOB JJIsI JIMHEHHBIX
Y KBQ/IPATUYHBIX BECOB aJaNTUBHOTO QuibTpa OB2
co0TBEeTCTBEHHO A(1) U B(n) MOXET OBITh TIPEICTaB-
JIeH KaK CTOXAaCTUYECKHH BapHWaHT METOAa HanCKo-
peitero crycka (LMS) B cneaytomem Buze [13]

A(n+1) = A(n) - 2pde(n) X (n);

B(n+1) = B(n) - 2uBe(m) X (m)X | (n). (13)

Koncrantel oOyuenns p4d u pB onpeaessioT
YCTOHYHMBOCTh U CXOJUMOCThH aJalTUBHOTO (DHIIh-
Tpa, e(n) = y(n) — s(n). 3ameTM, 4TO JTHHCHHBIC U
KBaJ[paTHYHBIE ONTUMAaJbHBIC BECOBBIC KOA(PHIIHU-
euTel ®B2 u3MeHSI0TCS B 3TOM Cllydae MO Cleay-
IOIIeH 3aBUCHMOCTH

AO (n+1) :AO (n)+8A0 (n);
BO (n+1) :BO (n)+5B0 (n), (14)

rae 0A4o(n) = Ao(n) — Ao 1 0Bo(n) = Bo(n) — Bo — cyTh
oTKJIOHeHHUS Ao(71) U Bo(7) OT MX ONTHMANbHBIX 3HA-
YEHUU.

Kaxk nokasano B [13; 15], B ananTuBHOH peanu-
3anuu ®B2 ¢uykTyanuu oneparopoB JUHEHHOTO U
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KBaJpaTUIHOTO (DUIBTPOB HOOABISIOT HEKOTOPYIO
nononauTenbHyto CKO® B BBIXOJHOE 3HAYCHUE
(bunpTpa naxe Mpu yCTOWYMBOM TIOJOXKCHHU afari-
TaIlMOHHOTO TIpoIlecca, TO €CTh ACHMIITOTHYECKas
CKO® apmantuaoro ®B2 B o0miem ciydae 607b-
me, yeM CKO® ontumansnoro ®B2. Jlns oneHKu
octatka CKO® samuimem CKO® amanrtusHoro ®B2
B BHJIE

§m) = S + G, (m)+ Ep(n),

ryie M30BITOYHBIC CPEIHEKBAIPATUYCCKUE OCTATKH
Ea(n) u Ep(n) B amanTuBHOU peanmzannu OB2 nme-
10T BUJT

& 5 (n) = E1r{8B" (R 3B(n)};

e (m) = E[r(d4] (R 8Am)}].

Acumnrornueckue oneHKkH CKO®D s nunei-
HOTO MHUHUMAKCHOT'O M KBaJPaTHYHOTO (hUIBTPOB
peamm3aniun @B2 MoOTyT OBITH OIICHEHBI CBEPXY
yepe3 OLEHKY BennduHbl 74(0) ciexyromum obpa-
3oMm [13; 15]

€ 4 S 4B Nr (0);

tp < 3uB2§0ptN2rS (0). (15)

llaru oby4uenus pd u uB A TUHEHHOTO MU-
HUMAaKCHOTO A W KBaIpaTHYHOTO (PHILTPOB B COOT-
BETCTBEHHO BHIOMPAIOTCA U3 yCIOBHMA

-1 -2
OSpd<h_ 5 0<pPB<A * |

TI€ Amax — MAKCHMaJIbHOE COOCTBEHHOE YHCIIO MAT-
pUIBl R*, KOTOpOe OOJIbIIe MakCUMalbHOTO COO-
X

CTBEHHOT'O YHUCJIA Amax MATPHULIBI Ry HAa BETUUUHY As
coryacHo Teopeme Beitns [16, Teopema (4.3.1)].

N3 ouenox mnpencraBienus st AOCKO®
B (12) BUAHO, YTO 3a CUET YBEIMUYEHHS] MaKCUMallb-
HOTO COOCTBEHHOTO YHWCIIA MaTPHUIIBI R: MO’KHO

IIOBBICUTH YCTOﬁQHBOCTL " CXOAUMOCTH aJIrOpUTMa
W TMOJYYUTH BBIUIPHIIT T IO CPpEAHCKBAApATUYC-
CKUM OIHI/IGKaM, KOTOpBIfI IIOKa3bIBACT HAJTMIHUC J10-

MOJTHUTENFHOW MH(pOPMAIIK O BO3MYIIEHUSIX B KOp-
PEIIALIMOHHON MaTpulle R, OCHOBHOTO CUTHaja H
KOPPETSIIMOHHOW MaTpuile Rz, B YaCTHOCTH JIJIs
ClIydasi COBMECTHO TayCCOBCKHX CIy4YaiHBIX MpO-
reccoB x(n) u s(n) [17] umeem

Tx=0

U BBIp@)KEHHE UIS BBIUTPHINIA 1| 0 MUHHUMAaKCHOM
CpeHEKBaIpaTHYECKON OMMOKE MO OTHOUICHUIO K
CpeAHeKBaJpaTHYecKOl ommuOKke as GuiIbTpa, mMo-
CTPOCHHOT'O IO TIpEUIaraeMbIM 3HAUCHHSAM Ry U R,
MPUHUMAET BUJl B MATPUIHOHN (hopMe aHAIOTHIHEII
BUAY B onepaTtopHoii ¢popme [14, popmyna (5)]

. tr(ASRS—AgRg)Z(Rs+R§)_2(RS+R§+AXI+A§I)_1 (16)

Ry AT YRy HRe HASTHAET) ™ (ReHAET)

Yem Oombiie A, uimu Az, TeM Oonblie 3¢dek-
TUBHOCTb MHHHMAKCHOTO (WIbTpa, a 3HAUYUT U
¢bunsTpa Bombreppa 2-ro mopsnka (PB2). B gacr-
HocTU TIpH A:l >> R:, A = 0 OLleHKa BBIMTpHIIIA 1)
OyJIeT JIMHEHHO 3aBUCHMON OT BEIMYUHBI IITyMOBOH
nmobaBku A: 11 OyieT paBHa

2 =2
trR: (Ry+
’”é( S R&) ‘ (17)
trRé

AHaJIOTHYHO 3TOMY CIy4al0 MOKHO pPacCMOT-
peTh Apyroi KpaitHuii cioyyait ipu Agd >> R, A: =0
Y TIOJTYYHTb OLIEHKY AJIS BBIMIPBIIIA 1) B BUIE

=1+ A
" 3

irRZ (Ry+Re ) ™2

18
trRg (1%)

n51+AS

Mo’kHO TOKa3aTh TaKXe, YTO MPHU MEJIEHHOM
W3MEHEHUH IapaMeTpOB MOJEIH aJanTanud o0y-
genus B2 onTtuMansHOE 3HAYEHHWE MmIara o0yde-
HUs OyJeT paBHO

Hopt:HA:PB:

2 2
_ N(oNsa+ONsB) (19
Jinin[4No2+2tr(R2)+N2 (62)?]
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rie
o> = E[x" (n)}
Jmin = COV(e(n)); e(n) = y(n)—s(n);
G?VSA = cov(A4,(n)) = ;/_E[t”(AAoAATo)];

Osy = COV(ABy(n)) = {E[tr(AB,AB; )],

TO ecTh Kak 310 cieayer u3 (18) addexruBHOCTH
MOJIyYEHHOTO ONTUMAIBHOTO (mibTpa Boabreppa
2-ro nopsanka (OB2) mo mary aganranuu 00ydeHHus
TaKke HaXOAWTCS B OOpaTHOW MpPOMOPITHOHAIEHOMH
3aBUCUMOCTH TMpPU 3HAYUTCIBHOM YBEIUYCHUU
YPOBHS IIIyMOBEIX JO0aBOK B BO3MYIIEHHUSIX B KOp-
pEeNALMOHHON MaTpuile Ry OCHOBHOTO CHUTHAaa.

3. Mpumep adpdekTBHOCTN
dunbTpa Bonbteppa 2-ro nopsgka
C OAHOBpPEMEHHOI peanusaunen
JIMHEMHOro MMHUMaKcHoro opunbTpa

UroOBI MpOMLTIOCTPHPOBATh 3(H(HEKTUBHOCTD ajl-
ropuT™Ma, OBLIO MPOBEAECHO KOMITBIOTEPHOE MOJIEIH-
poBanue. JIMHEHHBI MUHMMAaKCHBIH (QWIBTP Kak
SKBHBAJICHTHAS 3aMEHa JIMHEHHOMY (PHIIBTPY MCIIONb-
30BajJicd A7l OIEHKH CHUCTeMBbl BombTeppa BTOpOTO
MOpSAKa C TayCCOBBIM BXOJIOM X(71), TO €CThb BO BXOJ-
HOM CHTHaie x(#) IPUCYTCTBYET aJAUTHBHBINA rayc-
COBCKHI O€NBIN TIIyM W BBIXOJOM )(7) B HECTAIIHO-
HapHOW U NIyMHOM CpeJlle Ha MOJIEIIbHOM IIpUMEpE:

y(k) = x(k)=0,5x(k = 1)+ x> (k) +
+0,1x% (k=1)=0,4x(k)x(k =1)+ n(k).

B BeixogHOM curnane y(n) depes n(k) o6o3Ha-
yeH Oenblii IIyM W3BECTHONM WHTEHCHBHOCTH. Ha
PUCYHKE IMOKa3aH rpa)uK 3aBUCHMOCTH ONTHMAIIb-
HOTO pa3Mepa miara OOy4YeHHsS [opt OT BEITHYHHBI
Jmin OT Pa3IUYHBIX 3HAYCHUN HWHTEHCUBHOCTEU
«ITyMOBOU JOOaBKM» A, B TIOMEXE BXOJHOTO CHUT-
Hama x(7) TpU TOCTOSHHBIX KOBapHAIAIX G?vm u

va s ACBHALMIT MTapaMeTPOB BECOBBIX KOO uIm-

eHTOB A(n) u B(n) M MOCTOSHHOM OTHOIICHHH CHT-
Haja k mrymy SNR B Habmr0/1eHUH BBIXOTHOTO CHIT-
Hana y(n) paBHoM 25 1b.

204

Hop 0.5

‘7 — — 7‘ & Y min

0.02 0.04

paduk 3aBMCUMOCTN
OMTUManbHOro pasmepa Lwara 00y4eHus [,y OT BEANYUHDI Jp,
OT Pa3NNYHbIX 3HAYEHWIA UHTEHCUBHOCTEN «LLYMOBOM [0OaBKWN»:
nyHKMUPHbIU epacbuk — Ax = 10; crinowHol epagpuk — Ax=5 SNR = 25 gb;
UiISA = °/2\ISB =25.107°; 5:=0,0017
A graph of the dependence of the optimal size
of the learning step W, on the magnitude J,,, of the various
values of the intensities of the “noise additive:”
dotted graph — Ax= 10; solid graph — Ax=5 SNR = 25 dB;

2 2 6. _
OnsA = ONSB =25-10 7; 0x=0.0017

W3 mocrpoenus rpaduka 3aBUCHMOCTH OITH-
MaJPHOTO pa3Mepa Iiara O0yYeHHS Lop OT BEITUYH-
HBI Jmin OT Pa3IMYHBIX 3HAYEHUN MHTEHCHBHOCTEH
«IIyMOBOU 11006aBKM» A, B MOMEXE BXOJHOTO CHI-
Haia x(7) BUIHO, YTO C YBEIIMYCHHUEM YPOBHS HH-
TEHCUBHOCTEH A, BEIWYMHA ONTHMAJBHOTO Iara
00y4eHNST MOHOTOHHO YOBIBAC€T M JOCTUTAET OITH-
MaJbHOTO MOCTOSTHHOTO YPOBHSI Ha BTOPOH KPUBOI
00ydeHus1, 4TO COTIIACyeTCs C TEOPETUIECKUMHU BbI-
BOJAMH, CICIaHHBIMH BBIIIIEC B KOHTECKCTE CTATHH I10
ONTUMAJILHOMY TMOBEACHUIO IIara ajanTalud B 3a-
BHCHMOCTHU OT YPOBHS U3MEHEHUS] HHTCHCUBHOCTEH
IITyMOBEIX JTO0QBOK B JIOIOJIHUTEIHLHOM YBEJIHYE-
HUUW YPOBHS MTOMEXH BXOJHOTO CUTHAJIA.

3aknioyeHue

Takum 00Opa3oM, 3aada IO OIMPEEICHUIO JTU-
HEHHOTO W KBaJpaTHYHOTO ONepaTopoB (HIbTpa
BonbTreppa 2-ro mopsinka ¢ MUHUMAaKCHON cpenHen
KBaJpaTUYHON OIIMOKOW Ui MICHTH(QHUKAUU He-
JIMHEMHBIX CTAllMOHAPHBIX CUCTEM PELICHA U peau-
30BaHa B airopuTMudeckoMm Buze. IlokazaHa a¢-
(DEeKTUBHOCTH aIaNTHBHOTO YCTOWYMBOTO (DUIIBTpa
Bonbreppa 2-ro mopsizka Aiasi COBMECTHO TayCCOB-
CKUX CITyJaiHBIX MPOIECCOB MOJE3HOTO W HaOmo1a-
€MOI0 CHUTHAJOB B YCJOBHSAX HETOYHO H3BECTHOIO
CUTHaJa B IIyME€ U C HETOYHO U3BECTHBIMHU KOpPpPEIs-
IIMOHHBEIMH CBOMcTBaMH. [lanbHelniel 3amadeit Oy-
JIET ABJATHCS YCOBEPIIEHCTBOBAHKE 3TOTO METOAA
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1 npuMmeHenne ¢unbTpa Bompreppa ans uaeHtudu-
KallMd MHOTOMEPHBIX JAWHAMMYECKHX HEIMHEHHBIX
CHCTEM YNpPAaBJICHUSI C WHTEPBAIBHBIMU IapamMeTpa-
MH, B 33/1a4aX OLICHMBAaHHS PETPECCUOHHBIX HMHTEp-
BaJIbHBIX NTAPaMETPOB TMOJE3HOTO CUTHAIIA.

Cnucok nutepaTypbl

1. Ilynkoe K.A., Kanamun B.H., FOwenxo A.C.
OyHKIMOHAIBHEIE PSIbl B TCOPUH HEIUHEHHBIX CHCTEM.
M.: Hayka, 1976. 448 c.

2. Ilynkoe K.A., [quousosa T.FO. Peanuzauust Gpuiib-
Tpa BonbTepa BTOporo nopsaka A HASHTH(GHUKALMY He-
JMHEHHBIX cucTeM ynpasienus // Hayka u oOpazoBanue:
HayyHoe m3ganue MI'TY umenun H.O. baymana. 2006.
Ne 6. C. 3.

3. Boopewose A.M., Mvimpuxosa H.H. ITpoGnembl
QHAJIN3a CHJIbHO HEJIHMHEWHBIX PEKHUMOB DICKTPOHHBIX
YCTpOCTB Ha OCHOBE psiioB BombTepps! // Becthuk BI'Y.
Cepus: @m3uka. Marematnka. 2013. Ne 2. C. 1-25.

4. Bomvmeppa B. Teopust (pyHKIIIOHAIIOB, HHTETPAITh-
HBIX U HHTErpO-IH(QepeHIATFHEIX ypaBaeHri. M.: Hayka,
1982. 304 c.

5. Heiskanen A., Rahkonen T. 5th Order multi-tone
Volterra simulator with component level output // IEEE Inter-
national Symposium on Circuits and Systems. 2002. Vol. 3.
Pp. 591-594. https://doi.org/10.1109/ISCAS.2002.1010293

6. Kolding T.E., Larsen T. High order Volterra se-
ries analysis using parallel computing // International Jour-
nal of Circuit Theory and Applications. 1997. Vol. 25.
No. 2. Pp. 107-114.

7. Helie T., Laroche B. Computation of convergence
bounds for Volterra series of linear analytic single-input
systems // IEEE Transactions on Automatic Control.
2011. Vol. 56. No. 9. Pp. 2062-2072.

8. Peng Z.K., Lang Z.Q. On the convergence of the
Volterra series representation of the Duffing’s oscilators
subjected to harmonic excitations // Journal of Sound
and Vibration. 2007. Vol. 305. No. 1-2. Pp. 322-332.
https://doi.org/10.1016/j.jsv.2007.03.062

9. Wang T., Brazil T.J. Volterra-mapping-based be-
havioral modeling of nonlinear circuits and systems for
high frequencies // IEEE Transactions on Microwave Theo-
ry and Techniques. 2007. Vol. 51. No. 5. Pp. 1433-1440.
https://doi.org/10.1109/TMTT.2003.810151

10. Zhu Q., Dooley J., Brazil T.J. Simplified Volter-
ra series based behavioral modeling of RF power
amplifiers using deviation — reduction // International
Microwave Symposium Digest. 2006. Pp. 1113-1116.
https://doi.org/10.1109/MWSYM.2006.249958

11. Jlykesinoea H.B., Kysneyoe U.A. Unentudukanus
HEJMHEWHBIX THHAMHUYECKUX CHCTEM Ha OCHOBE Pa3jo-
*eHus QpyHKunoHaoB MetonoM Bunepa // YnpasneHue
B MOPCKHX M a3pokocMuueckux cucremax (YMAC-2014):
Matepuainsl kKoHpepernuu. CII16., 2014. C. 633—-636.

12. Ilyeaues B.C. Teopus ciydailHbIX (GYHKIHH.
Jlenunrpan: ®usmarrus, 1962. 883 c.

13. Koh T., Powers E.J. Second-order Volterra fil-
tering and its application to non- linear system identifica-
tion // IEEE Transaction on Acoustics, Speech, and Signal
Processing. 1985. Vol. ASSP-33. No. 6. Pp. 1445-1455.
https://doi.org/10.1109/TASSP.1985.1164730

14. Kysneyos B.I1. O6 ycroiunBoii JIMHEHHON (rITb-
TpaLMy CIy4YaiHbIX CUTHAIOB // PamuoTexHHKa W AJiek-
TpoHuKa. 1975. Ne 1. C. 2405-2408.

15. Sayadi M., Fnaiech F., Guillon S., Najim M.
Steady-state performance analysis of the LMS adaptive
time-varying second order Volterra filter // 1996 8th Euro-
pean Signal Processing Conference (EUSIPCO 1996).
Trieste; 1996. Pp. 1-5.

16. Xopu P., [{oconcon Y. Matpuunblii ananus. M.:
Mup, 1989.

17. Reed I.S. On a moment theorem for complex Gaussi-
an processes // Ire Transaction on Information. 1962. Vol. 8.
No. 3. Pp. 194-195. https:/doi.org/10.1109/TIT.1962.1057719

References

1. Pupkov KA, Kapalin VI, Yushchenko AS. Func-
tional series in the theory of nonlinear systems. Moscow:
Nauka Publ.;1976. (In Russ.)

2. Pupkov KA, Tsibizova TYu. Implementation of
the second-order Voltaire filter for identification of non-
linear control systems. Science and Education: Electronic
Scientific and Technical Publication. 2006;(6):3. (In Russ.)

3. Bobreshov AM, Mymrikova NN. The problems
of strongly nonlinear analysis for electron circuits based on
Volterra series. Proceedings of Voronezh State University.
Series: Physics. Mathematics. 2013;(2):15-25. (In Russ.)

4. Volterra V. Theory of functionals, integral and
integro-differential equations. Moscow: Nauka Publ.; 1982.
(In Russ.)

5. Heiskanen A, Rahkonen T. 5th Order multi-tone
Volterra simulator with component level output. 2002 I[EEE
International Symposium on Circuits and Systems. 2002;
3:591-594. https://doi.org/10.1109/ISCAS.2002.1010293

6. Kolding TE, Larsen T. High order Volterra series
analysis using parallel computing. International Journal
of Circuit Theory and Applications. 1997;25(2):107-114.

7. Helie T, Laroche B. Computation of convergence
bounds for Volterra series of linear analytic single-input
systems. IEEE Transactions on Automatic Control.
2011;56(9):2062-2072.

8. Peng ZK, Lang ZQ. On the convergence
of the Volterra series representation of the Duffing’s
oscilators subjected to harmonic excitations. Journal
of Sound and Vibration. 2007;305(1-2):322-332.
https://doi.org/10.1016/j.jsv.2007.03.062

9. Wang T, Brazil TJ. Volterra-mapping-based
behavioral modeling of nonlinear circuits and systems
for high frequencies. [EEE Transactions on Micro-

205



Sidorov I.G. RUDN Journal of Engineering Research. 2022;23(3):198-206

wave Theory and Techniques. 2007;51(5):1433—-1440.
https://doi.org/10.1109/TMTT.2003.810151

10. Zhu Q, Dooley J, Brazil TJ. Simplified
Volterra series based behavioral modeling of RF
power amplifiers using deviation — reduction. Interna-
tional Microwave Symposium Digest. 2006. p. 1113-1116.
https://doi.org/10.1109/MWSYM.2006.249958

11. Lukyanova NV, Kuznetsov IA. Identification of
nonlinear dynamic systems based on the decomposition
of functionals by the Wiener method. Management in
Marine and Aerospace Systems (UMAS-2014): Materials of
the Conference. St. Petersburg; 2014. p. 633—636. (In Russ.)

12. Pugachev VS. Theory of random functions. Le-
ningrad: Fizmatgiz Publ.; 1962. (In Russ.)

13.Koh T, Powers EJ. Second-order Volterra
filtering and its application to non- linear system

Caenenust 00 aBTope

identification. I[EEE Transaction on Acoustics, Speech,
and Signal Processing. 1985;ASSP-33(6):1445-1455.
https://doi.org/10.1109/TASSP.1985.1164730

14. Kuznetsov VP. On stable linear filtering of ran-
dom signals. Radio Engineering and Electronic Physics.
1975;(1):2405-2408. (In Russ.)

15. Sayadi M, Fnaiech F, Guillon S, Najim M. Steady-
state performance analysis of the LMS adaptive time vary-
ing second order Volterra filter. /1996 8th European Signal
Processing Conference (EUSIPCO 1996). Trieste; 1996. p.
1-5. https://doi.org/10.5281/ZENODOQO.36117

16. Horn R, Johnson Ch. Matrix analysis. Moscow:
Mir Publ.; 1989. (In Russ.)

17. Reed IS. On a moment theorem for complex Gaussian
processes. Ire Transaction on Information. 1962;8(3):194-195.
https://doi.org/10.1109/TIT.1962.1057719

Cuoopoe Hzopw I'ennadueeuu, xanauaaT TEXHUUECKUX HAyK, JOLEHT JelMapTaMeHTa MpUKIagHoi uHpopMaTuku, MoCKOB-
ckuil monurexandeckuii yauepcuter (MockoBckuii Ilomutex), Poccuiickas ®@eneparus, 107023, Mocksa, yn. bombmras
Cemenogckad, 1. 38; ORCID: 0000-0003-4691-4855, eLIBRARI SPIN-koxa: 1676-7269; igor8i2016@yandex.ru

About the author

Igor G. Sidorov, Candidate of Technical Sciences, Associate Professor of the Department of Applied Informatics, Moscow
Polytechnic University, 38 Bolshaya Semyonovskaya St, Moscow, 125993, Russian Federation; ORCID: 0000-0003-4691-4855,

eLIBRARI SPIN-code: 1676-7269; igor8i2016@yandex.ru

206



BecTHuk PYQH. Cepus: UHXeHepHble nccnenoBaHus
RUDN Journal of Engineering Research

2022;23(3):207-212

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online)
journals.rudn.ru/engineering-researches '_

DOI10.22363/2312-8143-2022-23-3-207-212
YK 629.5.083.5
Hay4yHas ctatbs / Research article

Anre6pauyeckue cyaoBbie NOBEPXHOCTU
C KapKacoM U3 TPeX MNJIOCKMUX KPUBbIX B KOOPAUHATHBIX MJIOCKOCTAX
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Hcropus ctatbn AnHoTanust. Bo16op paroHanbHON (GOpMbI TIOBEPXHOCTH IS CYIOBBIX KOPITY-
Tocrynuna B penakuuro: 25 uons 2022 1. COB — OJIHA U3 Ba)KHBIX 3371a4 KOPaOEIbHBIX apXUTEKTOPOB M POEKTUPOBLIKOB.
Hopaborana: 20 aBrycra 2022 r. Yacto BbIOOp (GOPMBI OCHOBBIBAETCS HA AMITUPHICCKUX (HOPMYJIaX MIIA WHTYH-
TpunsTa K myOmikatmu: S ceHtsiops 2022 1. [IMM TIPOEKTUPOBINHKA. B rcciemoBanni paccMaTpuBaeTcsi METOMKA OTpEzeIie-

HUS 00OOLICHHBIX SBHBIX areOpandyecKux ypaBHEHUH TeopeTUyecKoil (opMbl
KOpITyca CyJHa C HaIlepe[] 3aJaHHBIMH TPEeMsI IJIABHBIMH HOEPEIHBIMH CCICHH-
SIMH, COBITAIAIONINMH C BaTEpPIIMHUCH, TTIABHBIM OaTOKCOM (KHJIEBOH JIMHIEH) U
MHUJIENBIITTAHTOYTOM, KOTOpPBIE TIPHHUMAIOTCS B (hOpMe CYTIEpAJUIHIICOB UM B
(opme mo0o#t anredpanyeckoi kpuBoid. [IpuBeneHHas Tpoiika anreOpanyecKux
YpaBHEHHMI MOBEPXHOCTEH ¢ OJJMHAKOBBIM KapKacoM U3 TPEeX IUIOCKHMX KPHBBIX
OICHIBAaET OECKOHETHOE UHCIIO (HopM CymOBBIX MoBepxHOCTeH. [TokassiBaercs,
9TO, MesI OJIMHAKOBBIE TPH IUIOCKHE KPHBBIE TJIABHOTO KapKaca, MOXKHO ITOITy-
YUTH TPU AIreOpalyecKue IMOBEPXHOCTH PAsHBIX MOPSIKOB. BbiOpars onru-
MaJBHYI0 (pOpMy, B TOM YHCIE C LIUTMHIPIICCKON BCTABKOM MM HMPHUHHUMAs
(bopMy KopITyca, COCTOSIIIIYIO U3 ABYX PA3HBIX — KOPMOBOH M HOCOBOH — OKOHEY-
HOCTEH, CTBIKYFOIIMXCS TTIAAKO MO MUZEIBIIIAHTOYTY, BOSMOKHO C ITOMOIIBIO
METOJIOB KOMIIBIOTEPHOIO MOJEIMPOBAHUS C NPHBJIEYCHHEM HCKYCCTBEHHOIO
MHTEIUIEKTa, UCTIONE3YsS MaTepUalIbl UccieioBaHus. [IpuBe/ieHHBIE pe3ybTaThl
TIPUMEHUMBI [T TPOEKTHPOBAHILS TTOABOAHBIX alIapaToB HAa HAYAIBHOM 3Tarle.

KiroueBble ciioBa:

CYZIOBOI KOpITyC, CYyHepaILIHIIC,
KOMITBIOTEPHOE MOJIEIIHPOBaHHE,
BaTEPJIMHUS, MUAEIBIINAHTOYT,
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cal ship hull configuration with three main cross sections given in advance
and coinciding with waterline, main buttock (keel line), and midship sec-
tion that are taken in the form of superellipses or in the form of any alge-
braic curve. Presented three of algebraic equations of surfaces with the
same frame from three plane curves describes infinite number of ship hull
surfaces. Having the same three plane curves one can get three algebraic
surfaces of different order. The optimal shape, including cylindrical frag-
ment or the ship hull shape containing two different — stern and bow —
parts, joining along midship section, can be chosen with the help of meth-
ods of computer modelling with the application of artificial intellect using
the materials of the paper. One can apply given results for the design of

underwater apparatus on the early stage of the design.
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BBepeHune

E.fl. ABnonnes [1] mokasan, 4To UMest TPH IUIOC-
kue KpuBble (puc. 1), coBmajmarouie ¢ MHUACTb-
LIMaHTOyTOM (B CEYEHMH IUIOCKOCThIO y(Oz), TiaB-
HBIM 0aTOKCOM (B CEUEHUH OHaMETpPaILHOW ILIOC-
KocThio x(Oz) W BaTepivHHUEH (B CEYCHHH IUIOCKO-
¢TI0 X(Oy), MOXHO TIOCTPOUTH TPH alreOpamdecKue
MOBEPXHOCTH Pa3HbIX NOpsaKoB. OHY U3 HUX MOXHO
B35Th B MEPBOM NPUOIMKEHHUN 32 POPMY HMPOESKTH-
pyemoro cymoBoro kopmyca. [lamee mo Heobxonu-
MOCTH MOXKHO MPHUCTYIHUTH K (HOPMHUPOBAHUIO IIH-
JUHJIPUYECKON BCTABKH, WU MPUHATH (HOPMY KOp-
Iyca, COCTOSIIYI0 M3 ABYX pPa3HBIX MOBEPXHOCTEH
(HOCOBas 4acTh W KOPMOBAass OKOHEYHOCTH) U CTHI-
KYIOLIUXCS TJIAJKO MO MUJCNbIITaHroyTy. [TpuHsB
MOJTyYeHHYI0 0a30BYH0 ()OpMY Kak TEpBBIA IIar K
MTOJTyYEHUI0 HOBOHM ()OPMBI ITyTEM HUTEPAILlNU, MOXK-
HO TPHUCTYNUTH K ONTUMH3AIMU (OpMBI Kopiyca [2].
Hampumep, anmpokcumupoBath 6a30Byr0 Gpopmy Kyc-
KaMH Pa3BepPTHIBAIOIIEHCS IOBEPXHOCTH, YTO YIIPO-
cTuT [3] ¥ yaeueBuT [4] U3roTOBJICHUE OOLITUBKHY.

1. 0630p nccnepoBaHunii No GopMNPOBaAHUIO
pauuoHaNbHbIX CYyAOBbIX KOprycoB

[To-Buanmomy, E.A. ABronbeB [1] BriepBbIe Ipes-
JOXWI TPOCKTHPOBATh CYHOBBIE KOpIIyca, HMesi
B HAIMYMU 3aJjaHHBIE IUIOCKHE KPHBBIC, JICHKAIIUE
B TpeX TJaBHBIX KOOPAMHATHBIX IUIOCKOCTSX U COB-
najiaroliye ¢ BaTepiauHueil (kpuBas | B MIOCKOCTH
z = (), MEUIETBINITAHTOYTOM (KpHBas 2 B INIOCKOCTH
x = 0) u T1aBHBIM 6aTOKCOM (KpuBas 3 B INIOCKOCTH
y=0) (puc. 1).

Ucnonb3yss MeToguky, H3N0XKEeHHy©O B [1],
C.H. KpuBomanko [5] mosy4nsi ypaBHEHHUS TPOHKU
anre0pandecKux MOBEPXHOCTEH, COAepKaIIUX OTUH
U TOT ke KapKac MX IUIOCKHX KpHUBBIX. B mepBom
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MpUMepe 3a MJIOCKHE KpPHUBBIE B3STHl B KauecTBE
KpuBOii 1 KkBagpaTHast mapaboina

y=1W[1-(x/L)%], (1)
B KayecTBe KPUBOI1 2 B3AT 3IUIHIIC

y/W)? + (z/T)? =0, 2
a B KayecTBe KpHUBOM 3 B3ATa KBajApaTHas mapadosa

z=-T+T(x/L)>. 3)

Bareprunus (kpuBast 1)

Puc. 1. [1oBEPXHOCTb C KApPKaCOM 13 TPEX NIOCKUX KPMBbIX
Figure 1. A surface with frame from three plane curves

B utore nonydeHo anreOpanueckoe ypaBHEHHE
YETBEPTOr0 TOPSAKA MEPBON MOBEPXHOCTH, 00Opa-
30BaHHOW CEMENCTBOM MapaboINYecKnX JIMHUMH,
JIeXKAINX B TUIOCKOCTSAX z = const (puc. 1):

ty =W [1-% [1-—5 4
ty = Nl e “4)

ITomyueHo Takke anreOpandeckoe ypaBHEHUE
YETBEPTOr0 MOPSAKA BTOPOM THIPOIUHAMUYECKOM
MOBEPXHOCTH, OOpa30BaHHON CEMEWCTBOM JILIHII-
THYECKUX CCUCHHUM X = const:
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% + WP2* = W*T*(1 — x¥/L»*. (5)

W, nakoHel, TpeThsi TOBEPXHOCTh, 00pa30BaH-
Hasi CEMEHCTBOM MapabOoIMUYECKUX JIMHUIA y = const,
OyIIeT UMETh CIICTYIONTYI0 GopMy 3aTaHus:

_ ’ y? x2
z=-T 1—m(1—m> (6)

AunreOpandeckasi IOBEpXHOCTH (6) sIBISIETCS T10-
BEPXHOCTBIO MSATOTO MOPSAKA.

[oncrapmnsst z = 0 B ypaBHEHHUS TPEX MOBEPXHO-
cTeit (4)+(6), moimydaem ypaBHeHHe BatepimHHA (1).
[oxncrasnsst x = 0, nomyyaeM ypaBHEHUE KPUBOHU 2,
anpu y = 0 — ypaBHeHue KpuBoi 3. CrnenoBaTenbHO
TpH TOBEpXHOCTH (4)—(6) UMCIOT OJWMH W TOT JKe
KapKac U3 33JaHHbBIX TUIOCKUX KpUBEIX (1)—(3).

PaccMmoTpumM cedenust x = x. = const Ha mo-
BepxHOCTH (5):

72

Y =1. 7
T2(1_’L‘_§>2 + WZ(l_f_g)z (7

N3 dopmyner (7) BHAHO, YTO BCE CEUCHHS
X = X, = const Ha oBepxHOCTH (5) OyAyT IIUIUIITH-
YECKMMHU. A CEUEHHUS X = X, = L BBIPOKAAIOTCS
B Touku z = y = 0 (puc. 1).

[To aHamormu MOXHO MOKa3aTh, YTO CCUCHHMS
Y =y.=const U z = z. = const Ha MOBEPXHOCTH (5)
He OyayT mapaboInIeCcKIMH.

Puc. 2. [oBepxXHOCTN, NOCTPOEHHbIE NO PpOpMynam:
a-(8);6-(9);e8-(10)
Figure 2. Surfaces designed with the help of the formulae:
a-(8);6-(9);6-(10)

B [5] nan BTOpOI pUMEp C TIOCKUMHU KPUBBI-
MU KapKaca, IJie BaTepJIMHUSA JaHa B BUJE KBaapaT-
HOH mapaboiibl, a TJIABHBIA 0ATOKC W MUJICIBIIIIAH-
rOyT MpPEICTaBICHbl B BHIEC OWKBaJpaTHBIX Mapa-
0011. B aTOM Citydae TpoiiKy MOBEpXHOCTEH MOXKHO
3a7aTh aIreOpanuecKuMy ypaBHEHUSIMHU:

— MOBEPXHOCTH CEABMOTO TOpAaKa 0oOpa3oBaHa
OuKBagpaTHBIMH NapaboaMy B CEYCHHUSAX X = const:

——=y*; (8)
w

— MMOBEPXHOCTH BOCBMOT'O TIOpsiIKa 0Opa3oBaHa
OMKBaJpaTHHIMU MapabOIaMU B CEUCHUSAX Y = const:

4 4 1—i
z=T|5+ L——Elw)) ; )

w

— HOBCPXHOCTb OAWHHAAATOI'0 IOpsiaKa o6pa30—
BaHa KBaJApaTHbIMU napa6onaMI/I B CEYEHUAX Z = const:

L:J; . (10)

Ha puc. 2 nokazaHsl MOBEPXHOCTH, 3a/1aBacMble
¢dopmynamu (8)—(10). IIpeaBaputenbHO TOBEPXHO-
ctu (8)—(10) ObUHM TIepeBeaeHBI B MapaMeTPHIECKYIO
¢dopmy 3amanus [S].

Eme nBa npumepa npuBeneHs! B [6]. 3mech 3a-
JaH cICeIYIOUIMA KapKac M3 TPeX IUIOCKHX KPHBBIX
(puc. 1):

— BaTepiiHUA B (hopMe mapadoisl 4-ro mMopsI-
Ka B IIIOCKOCTH XxOy:

4|z
y—W ; 1-—

y =Wl —x*/LY); 11

— MHJIEIBIITAATOYT B popMe KPUBOU 6-TO TI0-
psaka B miaockocTH yOz:

(12)

— TJIaBHBINM 0aTOKC B popMe mapadosibl 4-10 1o-
psaKa B IIIOCKOCTH xOz:

z=T(x*/LY = 1). (13)

Tpu mOBepXHOCTH, COAepXkallue TPH IMIIOCKHE
kpuBble (11)—(13), MOKHO 3a1aTh B SIBHOM BHUJE:
— o0pa3yrolIye ceuyeHus x = const:
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— o0Opasyroliue ceueHus y = const:

- T3y, w 4_1].
z=T 1+\/; [WWH)x 1]; s

o0pa3zyrolue ceueHus z = const:

y=$K(ZZ—T2)3[1_ X*T ] (16)

L*(z+T)

Bo BTOpoM mpumepe B [6] Bce TpW KpHUBHIC
TJIaBHOT'O Kapkaca SBJIAIOTCA 6I/IKBaIIpaTHI>IMI/I a-
pabonamu. B 3TOM ciyyae Takke MOKHO TOJTYYHUTh
TPY TIOBEPXHOCTH:

— o0pasyrolime ceueHus x = const:

- O6p33}7IOH.[I/IC CEUeHHUs y = const:

z=—T(1—;—i)<1—#j_r%)>; (18)

— 00pasyromue cedenns z = const:
4 z x*
y=1w 1+;[1—m]. (19)

2. O600LUEeHHbI NoaXoA, K MOUCKY PaLOHasbHbIX
anreGpanyeckunx cyaoBbIX MOBEpPXHOCTEMN

[peamonoxum, 4To TIIOCKUE KPUBBIEC TIIaBHOTO
Kapkaca paccMaTpuBaeMBIX TOBepxHoOcTel (puc. 1)
3a/aHbl B BUe [7]:

— BatepnuHUA (KpuBas 1):

I =wr(1-25); (20)

Lt

— MUJIEBIINAHTOYT (KpHBad 2):

2t =7 (1- 220, 1)

Wm
— IIaBHBIN O0aToKC (KpuBas 3):

2l = 75 (1 - &1, (22)

Lk
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TJIe JJIS BBIMYKJIBIX KPUBHIX 7, t, n, m, s, k > 1;
JUTSL BOTHYTBIX KPUBBIX 7, t, 1, m, S, k< 1.
Hcnonb3ys MeTonUKY, U30XKEHHYO B [1; 58],
MOJKHO TIONTyYHTH SIBHBIE YPaBHEHUS TpeX anreOpan-
YEeCKHUX MOBEPXHOCTEH C OJHMM M TE€M K€ TJIaBHBIM
kapkacom (20)—(22):
— ¢ 00pa3yIOIIMM CEMEHCTBOM CEUEHHI X = const:

1
_ (4 EikaY
|z| = 3 X

x [1 = ly/wm/Q@ = |x/L|eym/ ],

(23)
— 00pa3yroIIM CeMEHCTBOM CeUCHHE Y = const:
|z| = T(1 = [y|™/wm™M" x
x [1= lx/LIE/ Q= [y/wIDM T 4)
— 00pa3yIoIIM CEMEHCTBOM CEUEHHH z = const:
Iyl = w(@ - |z|"/T™)Y™ x
x [1 = lx/LIE/ (1= |2/ es)

Gopmynst (20)—(22) u (23)—(25) umeroT oxu-
HAaKOBYIO CTPYKTYpy. Iloap3ysce TeH30pHBIMU 000-
3HaYeHUSIMH, UX MOKHO 3amucaTh B BHJE JBYX
bopmy.

Takolt MoaX0A K MPOEKTUPOBAHUIO CYIOBBIX KOP-
MyCOB JaeT BO3MOXHOCTh MOJYYHUTH SIBHBIE YpaB-
HEHHUsI TEOPETUYECKHX KOPITyCOB B HEOTPAHUYEH-
HOM KosimuecTBe. Ecnu mpuHATE ¥ =1, n =m, s =7,
TO TIockue Kpusbie (20)—~(22) OymayT MpencTaBisaTh
coboro cynepauuicel. Ecian 10moTHUTENTBHO B3SITH,
yto W = L = T, TO CyNepaJUTUIICHl CTAHOBSITCS KpHU-
BbIMU Jlame.

[Tonoxus B ypaBHeHUsIX (23)—(25) z = 0, momy-
yuM ypaBHeHHe Batepaunuu (20), npu x = 0 momy-
YaeM ypaBHEHHWE Mupeiblinanroyra (21), a mpwu
y = 0 — ypaBHeHHe TiIaBHOTO Oarokca (22). Ypas-
HeHus (23)—(25) ommchIBalOT BCe paHee MOJy4eH-
Hble B [1; 5—6] cya0BbIE TOBEPXHOCTH.

Hampumep, pacemarpusas dhopmyst (1)—-(3) u
cpaBHUBas ux ¢ Gopmynamu (20)—(22), HaxoIUM
MoKasaTeiu creneHe r= 1, =2, n=m=2,s=1,
k = 2. lloacraBisisi 5T 3HAYCHUS B YpaBHEHUS
(23)—(24), nomyyaem ypaBHEHHS pacCMaTPUBAEMBIX
noBepxHocTei (4)—(6).



Kpueowanko C.H. BectHuk PYH. Cepusi: iHxeHepHble nccneposanus. 2022. T. 23. Ne 3. C. 207-212

IToacraBiss moka3atenu cTerneHe r = 1, ¢t = 2,
n=1m=4,s=1, k=4 B ypaBaenus (23)—(24),
MOTy4aeM YpaBHEHUs TPEX THUAPOANHAMHUYECKHUX II0-
BepxHocte# (8)(10), KoTopsle M300paKeHEI Ha PHC. 2.

CpaBuuBas ypasuenus (11)-(13) u (20)+22),
ompenensieM r=1,t=4,n=2, m=1/3,s=1,k=4.
[Toncrapnsiem 31TH 3Ha4YeHUs B ypaBHeHUS (23)—(25),
MoJIydaeM YpaBHEHHUS TpeX THAPOIUMHAMHYECKHUX
noBepxHocteit (14)—(16), paccMoTpeHHBIX B [3].

JIis KpUBBIX TTIABHOTO Kapkaca 4-To mopsaka
nmeeMr=1,t=4,n=1m=4,s=1, k=4. Ilox-
CTaHOBKOH MOJIyYEHHBIX IOKAa3aTeJeld CTEIECHEW B
ypaBHeHUs (23)—(25), HaxomuM ypaBHEHHS Tpex
noBepxHocteit (17)—(19).

3. Pe3ynbTatbl

Takum 00pa3oM, HET HEOOXOAMMOCTH paccMar-
pPHUBATh KXY TPOWKY MOBEPXHOCTEH C OJMHAKO-
BBIM TJIaBHBIM KapKacoM, KakK 3TO JIeJaioch B CTa-
Teax [1; 5; 6]. ®opmynsr (23)—(25) omucsiBaoT
Bech HaboOp ajreOpanvecKux MOBEPXHOCTEH, 3ajaBae-
MBIX B SIBHOM BHje. B [8] MumenpmmanroyTt (kpu-
Bas 2) paccMaTpuBaeTcs yke Kak cyrnepaumic (21),
YTO pacIIMpsieT BO3MOHOCTH KOMIIBIOTEPHOIO MOJIe-
mupoBanus. B [7] ucnonsiyrores Gopmyist (20)22)
u (23)—(25) mpUMEHUTETBHO K CyIepiIJUTHIICaM
IUIST MOJICJTMPOBAHUS 3aMKHYTBIX COCTAaBHBIX IIO-
BEPXHOCTEH.

Onnako HEe Bce anreOpandecKue KPUBBHIE I103-
BOJIAIOT 3a7aTh ce0s B Buzae (20)—(22), u, cooTBeT-
CTBEHHO, HE Bcerja OyAeT BO3MOXHOCTb HCIOIb30-
Bath dopmynsl (23)—~(25). [IBa mpumMepa ¢ KpUBBIMHU
ATHe3H, BXOJSIIMMH B TJIaBHBIH KapKac THIPOJIH-
HaMHUYECKHX MTOBEPXHOCTEN paccMOTpeHHI B [9].

Kax ormeuaetcst B [6], BBIOOp (hopMBI KOpITY-
ca o0yCJIOBJIEH MHOTUMH (haKTOpaMH: Ha3zHAUCHHE
Cy[IHa, OdYepTaHWE BaTEPJIUHHM, COIPOTUBJICHUE
BOJBL, TPYyAOEMKOCTh u3roronnenus [10], paszaene-
HHE Ha KOHCTPYKTHBHBIC Momymu [11], ckopocTs
IBIDKEHUsT cynHa [12], apXuTeKTypHBIE TpeboBa-
Hus [13] u ap. [14]. Ot pakTOpsl BIAMUSIOT HA BhI-
00p MJIOCKUX KPHUBBIX OCHOBHOTO Kapkaca. Hamudane
dopmy (20)—(22) u (23)—(25) nmo3BoaUT 00IETIUTH
BBIOOP TIOBEPXHOCTH CYZIOBOTO KOPITyCa, UCTIONb3YsI
AHAIIMTUYECKHE 3aBUCUMOCTH, YTO MOXKET CHU3HUTH
MepBOHAYANIFHBIE 3aTPaThl HAa HAdYalIbHBIX 3Talax
MIPOEKTHPOBAHMS.

Nmes anamutryeckue moBepxHocTH (23)—(25),
JaJibllle MOYKHO PaccMaTpHBaTh BOIPOCH! (POPMOBKH
BHEIITHETO CYJIOBOTO KOPITyca U3 TOHKOTO JUCTA [4;
15], pemats npo6aEMBI MPOYHOCTH H T. 1.

3aknioyeHue

[IpencraBieHHble MaTepUalbl TO3BOJISIIOT II0-
CTaBHTh BHIOOP palMOHATBHOH (ONTHMAaILHON) CY-
JIOBOM MTOBEPXHOCTH B aBTOMATU3UPYEMOM PEKUME.

[Mocne Toro kak BeIOpaHa moaxonsmias Ghopma
CYJOBOH MOBEPXHOCTH, CYAOBBIE apXUTEKTOPHI Ha-
YHHAIOT paboTaTh Haj (HOpMOOOpPa3OBaHUEM CYIIO-
BOI0 KOpIIyca, II03TOMY 4acTo TpeOyeTcs ammpokx-
cUMalus TEOPETUYECKOM CyJOBOM IOBEPXHOCTH
TOpcoBOi. B 3ToM ciydae Hambosiee MOOXOIAIINM
BapUaHTOM OYIET MOBEPXHOCTH, CHOPMHpPOBAHHAS
CEMENCTBOM JIMHUMH, JISKAIIUX B TUIOCKOCTSX Z = const.
OTa MOBEpXHOCTh MOAJACTCS AMPOKCUMALUN TOP-
COBBIMH TIOJIOCAMU JIyYIlIe BCETO.
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JluIst I THPOBAHMUSA

AnHoTanus. VccnenoBaHue MOCBSIIEHO ONpeieIeHnI0 KO3(QGUIIMEHTOB CTe-
NIEHH CONIPUKOCHOBEHHUS MOBEPXHOCTEH KadeHHs C Yy4eTOM MO JOIycKa
TeJ KaueHUsl, a TAKoKe BIMSHUA KO3((QUIMEHTOB CTENEHHU CONPHUKOCHOBEHUS
Ha MaKCHMaJIbHble KOHTAKTHBIE HANPSDKCHUS B IIAPUKOBBIX PaJHATBHBIX
HOJIMIHUKAX. Pa3paboTaHa MeTOAMKA ONpENeNICHUS MAKCUMAalbHOU Be-
JIMYUHBI KO3 QUIMEHTa CTeeHN CONPHKOCHOBEHHS ITOBEPXHOCTEH Kaue-
HUSI [IAPUKOBBIX PaJUaNbHBIX MOAMIUIHUKOB C YYETOM IIOJIS JIOMYyCKa Tel
Ka4deHHs. YCTaHOBJIEHO, YTO KOX()(OHUIMEHT CTENeHH CONPHUKOCHOBEHHUS
MIOBEPXHOCTEH KaueHMs ISl KaXkKAOro THIIOpa3Mepa MOMIIUIHUKA C OIpe-
JeTICHHBIM PagiycoM JIOPOKEK KaueHHs pacriofiaraeTcsi B IHara3oHe, KOTOPhId
3aBHCHUT OT MpPENEeNbHBIX pa3MepoB Tei KaueHus. [lokazaHo, 4To K03 u-
LOUEHT CTETICHN CONPHKOCHOBEHHS TeJl KaYeHUs C JOPOKKaMH Hapy»KHOTO
KOJIbIIa TIPH OJJMHAKOBOW BCIIOMOTATEIbHON BEIWYMHE, YUUTHIBAIOIICH CyMMy
1 Pa3HOCTb KPHUBU3H IIOBEPXHOCTEHl KaueHUsl, OOJIbILE, YEM BHYTPEHHETO.
ITosToMy 11l CHM)KEHHSI KOHTAKTHBIX HaNpsHKEHHH Ha Hapy»XHOM KOJIbLIE
HOAIIUITHUKA PAJUyC €T0 JOPOXKKU KaueHHs: MOXKET ObITh BBIIOJIHEH MEHBIIIE,
4YeM Ha BHyTpeHHeM. PazpaboTaHa MeToAMKa pacyeTa MaKCUMaIbHBIX KOH-
TaKTHBIX HANpPsOKCHUH Ha JOPOXKaX KadeHHs MIAPUKOBBIX PaIHalbHBIX
MOJIIMITHUKOB ¢ y4eToM Kod(duimeHTa cTeneHn CONPUKOCHOBEHUS II0-
BEPXHOCTEH KaueHMs M IOJs JOIycKa Tell KaueHUs, KOTopas MO3BOJIIET
BBINIOJHATH PAacdyeT KOHTAKTHBIX HANpPsDKEHUH IS paIuajibHBIX IIapUKO-
BbIX MOJIIMIIHUKOB J000ro TUIOpasMepa IpH JOObIX Ko3dduunuenrax
CTEINEHHU COIIPUKOCHOBCHHUS TOBEPXHOCTEN KaueHNsI.
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Abstract. The study is devoted to the determination of the coefficients
of the degree of contact of rolling surfaces, considering the tolerance field
of rolling bodies, as well as the influence of the coefficients of the degree
of contact on the maximum contact stresses in ball radial bearings. A method
has been developed for determining the maximum value of the coefficient
of the degree of contact of rolling surfaces of ball radial bearings, taking
into account the tolerance field of rolling bodies. It is established that
the coefficient of the degree of contact of the rolling surfaces for each bearing
size with a certain radius of the raceways is located in a range that depends
on the limiting dimensions of the rolling elements. It is shown that the coef-
ficient of the degree of contact of the rolling elements with the tracks of
the outer ring, with the same auxiliary value, considering the sum and dif-
ference of the curvatures of the rolling surfaces, is greater than the inner
one. Therefore, in order to reduce contact stresses on the outer ring of
the bearing, the radius of its raceway can be made smaller than the inner
one. A method has been developed for calculating the maximum contact
stresses on the raceways of radial ball bearings, taking into account
the coefficient of the degree of contact of rolling surfaces and the tolerance
field of rolling bodies, which allows calculating contact stresses for radial
ball bearings of any size at any coefficients of the degree of contact of roll-
ing surfaces.

Belousov YuV, Kirilovskiy VV, Rekach FV. Investigation of the influence of the degree of contact of rolling surfaces
on contact stresses in ball radial bearings. RUDN Journal of Engineering Research. 2022;23(3):213-223. (In Russ.)
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BBeneHune

IIWITHUKOB MIAPUKOBLIC PAaAWAJIbHBIC MOAUIMITHUKN

[laprikoBbIe pajuaIbHBIE OTHOPSIHBIC TTOIIHII-
aukd o T'OCT 8338-75! smustoTcs omHUMH W3
CaMBIX PAaCIpPOCTPAHEHHBIX THIIOB IIOAIIAITHHKOB’.
bnaromapsi cBoell YHHUBEPCATLHOCTH OHH HMEIOT
MHOKECTBO 00JIACTEH MPUMEHEHUS U MTPOU3BOIATCS
B IIMPOKOM JHama3oHe pa3mepoB. WX oTimyaer
MPOCTOTa KOHCTPYKIMH, BBICOKAs HAJCKHOCTB.
Onu He TpeOyIOT 0c000T0 TEXHHYECKOTO OOCITYKH-
BaHus. [lo cpaBHEHHMIO C APYrUMH THIIAMU TIOJ-

I TOCT 8338-75. MexrocynapcTBenHblii cranaapt. [loa-
LIWITHUKK LIapUKOBBIE pajualIbHbIE OAHOpsiIHBIE. OCHOBHBIE
pasmepsl. U3nanne 01.09.2003 r. ¢ uzmenennem Ne 1, yTBep-
*KaeHHBIM B OkTsA0pe 1983 r. (MYC Ne 2-84). M.: Uznarens-
CTBO cTaHAapToB, 2003.

2 Hocos B.B., Kapnyxun UM., ®edomoe H.H. Tomumur-
HUKOBBIE y3JIbI COBPEMEHHBIX MAIlMH WM IPHOOPOB: SHIMKIIO-
neauueckuil cpaBouHuk. M.: MamuHoctpoenue, 1997. 640 c.
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paboTaroT ¢ MUHIMAaIFHBIMA TIOTEPSIMH Ha TPEHHE.
[MosroMy oHM CcHOCOOHBI pabOTaTh C BBICOKHMH
CKOPOCTSIMH BpaIllCHUSI.

[[lapukoBBIe paguiaTbHbIEC TOAITHITHUKA HMEIOT
riyOOKHe MOpPOKKHM KadeHHUs, paanyc KPHUBU3HBI
KOTOPBIX OJIU30K K pa3Mepy IIapHKOB. DTO MO3BO-
JSeT UM BOCIPHUHHMATH HE TOJIBKO paJualbHEIE,
HO M OCEBBIE HArPy3KHU.

IIpu KOHCTPYHPOBAHUU OMOP HA MOAUTUITHUKAX
Ka4yeHHs BO3HUKAET HEOOXOAWMOCTh B OIpPEICTICHUN
HaIpsDKCHUH U neopmariii B KOHTAKTe MapHKOB C
nopoxkkamu kadenus. [Ipu aTtom HeoOXoauMoO yuu-
THIBaTh, YTO MPUIIOKEHHAS K TIOJIIAITHUKY Harpys3-
Ka BOCIIPHHHMAETCS HEOOJBIINMHU yJaCTKaMHU J0-
POXKEK KauCHUA MOAIINITHUKA. HOSTOMY Harpsxe-
HUS B MECTaX KOHTaKTa C HUMH TEJ KAQUCHUS JTaxe
MpH CPaBHUTENHHO HEOOMNBININX HAarpy3KaxX OKa3bl-
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BalOTCSI BEChbMa 3HAYUTENbHBIMU. HopmanbHbIE
HamnpsOKEHUS B TIOJIIMITHUKAX KAa4YCHUS B MeECTaxX
TOYEYHOTO W JMHEWHOT0 KOHTaKTa PaBHBI COOTBET-
ctBeHHO 6 =5000 MIla u o = 3500 MIIa® [1-3].
IIpuyem BBICOKHEC HANPSHKEHUS CXKATHS CKOHIICH-
TPUPOBAHBI TOJBKO B 30HE KOHTakTa. [loaTOomMy
MIPOYHOCTHBIC CBOMCTBA TOIIIMITHUKOB KadCHUS
3aBUCSAT TJIABHBIM 00pa3oM OT HaIpPsHKCHUH, BO3HU-
KalIUX Ha MOBEPXHOCTU KOHTakTa. [ledopmariu
B KOHTAaKT€ MOBEPXHOCTEH KayeHHWsS BBHIY WX BEI-
COKOM TBEPJIOCTH CPAaBHUTEIIHHO HEBEITUKH.

KoHTakTHBIE HampspKeHUS W AeQopMaldéd B
MIOIIUITHAKAX KA4YeHUs 3aBUCAT OT HArpy3KH, yII-
PYTHX XapaKTEePHUCTHK, pa3MepoB U (GOPMBI KOHTAK-
TUpYyIOIKX Tel. Ho cTaHmapT HE periaMeHTHPYeT
BHYTPEHHIOIO KOHCTPYKIHUIO MOIIHITHAKOB". [Ipo-
OlleMe ONTUMH3AINK Pa3MEpPOB JOPOKEK U Tell Ka-
YEHUS IMAPUKOBBIX PAJUATBHBIX TOIITUITHUKOB TI0-
CBAILEH LIETBIA pAl TEXHUYECKUX PELICHUN U pa-
6or’ [4-6]. OmHako moapoOHOE MCCIeNOBaHUE TaH-
HOTO BOIIPOCA B JIATEPATypPE OTCYTCTBYET.

1. OnpepeneHne MmakCMMasnbHOro
Ko3dPuumeHTa cteneHn ConpuKkoCHOBEHUS
N KOHTaKTHbIX HaNpPs>XeHun

Ha A0POXKaX Ka4yeHUs NoALUNHUKOB

Teno xavuenws (MapuK) MOKET IMETh C JOPOK-
KOW KaueHHUs BHYTPEHHETO WM HApYKHOTO KOJIbIIA
HEHArpyKeHHOTO MOMAIIUIHUKA TOYCUHBIA WU JIU-
HEUHBIN KOHTaKT. TOUeYHBIH KOHTAKT — COIMPUKOC-
HOBEHHE B OJHOM TOouKe. JIMHEeHHBIH KOHTAaKT — CO-
NIPUKOCHOBEHUE BIOJIb M30THYTONH JUHUHU, UMEIO-
med HyJeByro mupuHy. IIpu TuHEHHOM KOHTakKTe

3 IHlepenv JIA., @uramos A.A. TlonMWIHUKKA KadueHHS:
pacuer, MPOEKTHUPOBAHHE W OOCIYKHBaHHUE OIOP: CIPABOYHUK.
2-e n3x., nepepab. u pon. M.: Mammnoctpoerue, 1992. 608 c.

4 Hocos B.B., Kapnyxun U.M., ®edomos H.H. Tloammun-
HUKOBBIC Y3Ibl...; [lepenv JIL.A., @uramos A.A. Ilommuunuuku
KaueHwus. ..

> Asropckoe cuzperenbcteo CCCP Ne 285419, MIIK
F16C 19/02. Illapukonoammmnuuk / C.B. [unerun, A.B. Op:os,
B.M. Martgees; 29.10.1970, Bron. Ne 33; ABtopckoe cBuue-
tenbetBo CCCP Ne 385101 MIIK F16C 33/30. Llapukomon-
mumHuK / A.B. Opnos, C.B. [Turerun, B.M. Marsees; 29.05.1973,
bron. Ne 25; Astopckoe cuzaerensctBo CCCP Ne 368424
MIIK F16C 33/58. Hlapukonoamumuauk / B.M. Kaneros,
B.I'. Ycrunos, H.A. Crnuueia u ap.; 26.01.1973, broa. Ne 9;
Asropckoe cBuzerensetBo CCCP Ne 1141237 MITK F16C 19/06.
Hoaumnuuk kadenus / A.B. Kopones; 23.02.1985, Bron. Ne 7;
ITatrear RU Ne 2157928 MIIK F16C 19/00, F16C 19/02,
F16C 33/38. 1llapuKONOAMMITHUK U CEemapaTopbl s HEro /
B.B. Cranosckoit; 20.10.2000, bromn. Ne 29; ITarear RU No 2571484
MIIK F16C 19/18, F16C 33/58. IllapukoBbIii NOAIMMITHUK /
A.B. Kopouses, A.A. Kopones; 20.12.2015, Bron. Ne 35.

paguycChbl JOPOXKEK Ka4eHUsI HAPYXKHOI'O U BHYTPEH-
HETO KOJICI| paBHBI PaJinyCy Telia KadeHus. B aTom
ClTy4ae MOBEPXHOCTh JOPOXKKW KaueHHs COBIIAacT
C TTOBEPXHOCTHIO JKenoba Hapy>KHOTO M BHYTPEHHE-
TO KOJIell, a KOHTaKT IIaphKa C JOPOKKOW KaueHHsI
MPOUCXOJHUT 10 BCEH JUTMHE ee oOpasyroreid [7-9].
DTO HEXeJIaTeIbHO BBUAY OOJBITOr0 MOMEHTA Tpe-
HUS B IIOAIIUITHHUKE. C YBCINYCHUEM MOMCEHTA TpEC-
HUS TIOBBIIIAETCS M3HOC JOPOXKEK U TEN KaYCHHS.
[Ipu »TOM mIMpWHA JOPOKKKA KadeHHS MEHBIIe
nuamertpa mapuka. [losToMy B MecTax ConmpsKeHHs
JIOPO’KEK KAYCHUs IMOALIUITHUKOB C TIOBEPXHOCTHIO
0OpTOB, T/Ie OOBIYHO WMEIOTCS YYaCTKU C MaJIbIMU
paanycaMu 3aKpyTieHus], OyIeT UMEeTb MECTO KOH-
neHTpamus Harpy3ku. Kpome Toro, u3-3a gedopma-
MU CaMHX [IAPUKOB B 3THUX MECTaX BO3HUKAIOT
BBICOKHE KOHTAaKTHBIE HaNpsDKEHHs. BBICOKME KOH-
TaKTHBIE HANpPsDKEHUS! CHIDKAIOT paboTOCIOCOOHOCTD
MONIIMITHUKOB, [lo3TOMy TeNO KadyeHHs IOJIKHO
UMETh C JIOPOKKOW KadeHHWs BHYTPEHHETO W Ha-
PYKHOTO KOJIbIIa HEHarpy>KeHHOTO MOJIIHITHAKA
TOYEYHBIN KOHTAKT.

B GonpmmHCTBE KOHCTPYKIWH MIAPUKOBBIX pa-
MUATBHBIX TTOAIIUITHIKOB JOPOXKH KadeHUsI 000mX
KOJIEI] JOBOJIbHO TUIOTHO MPWIIETaloT K IIapHKaM.
Koaddurmenr, xapakrepu3yonuil CTEIeHb COMPH-
KOCHOBEHHUSI TIOBEPXHOCTEH KadeHWUs B KOHTaK-
Te (puc. 1), 3aBUCUT OT TEOMETPUHU U COOTHOIIICHUS
pa3MepoB 3TUX MOBEpXHOCTeW. Jlnsg mapukonon-
[INITHAKOB KO3((QHUIIMEHTHI CTEIIEHU COMPHKOCHO-
Benns® [10; 11]

Dy _ 1 . _ Dy _ 1 .
B 2r, 2f, B on — 2f 1)
B B H H

L= =i @)

rae f, 4 f,, — BcroMorareabHble BETHIUHBI KO3 du-
[IUEHTA CTETCHH CONPHUKOCHOBEHHMS VIS BHYTpPEH-
HEro W Hapy>XHOTO KOJIEI[ COOTBETCTBEeHHO; D,, —
IUaMeTp IIapHKa; Ty U T; — PaJuyChl JOPOXKEK Ka-
YEeHUS] BHYTPCHHETO U HApPY>KHOTO KOJEI[ COOTBET-
CTBEHHO, PACHOJIOKCHHBIE B TNIOCKOCTH, HIEPIICH -
KYJISIPHOU HaIpaBIICHUIO BPAILCHHUSI.

Ilox mmamerpom mapuka D,, B dopmymnax (1)
U (2) moHMMAaeTcss ero HOMHHAIBHBIN JUaMeTp.
[Tome momycka mrapuka HE YYHTHIBaeTCA. JTO MO-
JKET MPHUBECTH K JIOCTATOYHO CEPbE3HBIM OIIHOKaM

¢ [epenv JI.A., Qunamos A.A. TIOMIMITHAKY KAYEHHUSL. ..

215



Belousov Yu.V., Kirilovskiy V.V., Rekach F.V. RUDN Journal of Engineering Research. 2022;23(3):213-223

IIpH OTpEAENCHUH pPa3MEepPOB JOPOKEK KadeHMH,
a TaK)Ke BETMYMHBI KOHTAKTHBIX HANPSKEHHUH.

Ty

7B

d

Puc. 1. OcHOBHble pa3mepbl NMOBEPXHOCTEN KayeHust
LLIAPMKOBOr0 paananbHOro NOALLUNMHUKA
Figure 1. The main dimensions of the rolling surfaces
of the radial ball bearing

[Ipy TOYEYHOM KOHTAaKTE CONPHUKOCHOBEHHE
TeJl MOJ] Harpy3KOoW MPOUCXOAUT IO IUTUNTHUECKON
ionaake. XapakTepUCTHKaMH (OPMBI B3aUMO-
JEHCTBYIOUINX TEN SBISIOTCS UX KPUBU3HBI B TOUKE
KOHTaKTa 10 MPUJIOKEHNS HAarpy3KH, U3MEPEHHEIE B
JBYX TJIABHBIX B3aHMMHO NEPHNEHANUKYISIPHBIX IUIOC-
KOCTSIX, B KOTOPBIX KPHUBU3HBI MPHUOOPETAIOT 3KC-
TpeMaJbHbIE 3HAUYCHUSI.

Ecnu 0603HaunTh uepes Ry u R'1 TJIaBHBIE pa-
JMyChbl KpUBU3HBI LIapUKa, 4yepe3 R, u R'2 IJIaBHBIE
paanychl KpHBH3HBI KOJbIA MOJIIAIIHUKA, & 4epe3
(p YroJa MeXAy HOPMalbHBIMU IUIOCKOCTSMH, CO-
JepXKalluMU paauychl KpUBU3HBI Ry U R,, To mo-
CTOssHHBIE A M B, 3aBUCSIINE OT BEJINYUH INIABHBIX
KPUBHU3H COIPUKACAIONINXCS IOBEPXHOCTEH, OIpe-
JEJSITCS U3 CIEMYIONNX ypaBHeHUH [12]:

A+B=1(i+i|+i+i,>; 3)
2\Ry R, "R, R}
2 2
1 1 1 1 1
p-a=3|(m-q) (- +
1 1 1 1 1/2
+2 (R_1 - R—|1) (E - E) cos 2¢ . 4)

KpuBuzna Tena cuuTaeTcs MOJIOKHUTEIBHOM,
€CIIM pajinyc KPUBU3HEI B pacCMaTpUBAEMON TOUKE
JIeKUT BHYTPH MarepHuaia. BcmomorartenmbHasi Be-
JWYUHA, YYUTHIBAIONIAsE CYMMY M Pa3HOCTh TJIaB-
HBIX KpuBu3H [13; 14]:

216

B-A
cosf =—. &)

B+A
MakcumanbHble KOHTAKTHBIE HANpsDKEHHs Ha
JOPOKKax KauCHU MOJUIUITHUKA OMPECACIIA0OTCA 11O

dopmyne’

o = 2 22 P, ©

rae Ny — TaOMWIHBIA KO3 DHUIIUEHT, COOTBETCTBY-
IOILIUI ONpeseIeHHOMY 3HaueHHUIo cos 0; p — cym-
Ma TJIaBHBIX KPUBU3H KOHTAKTUPYIOHIUX ITOBEPXHO-
cTeil; 1 — KO3 UIMEHT, YUYUTHIBAIOUINN yIIpyrue
XapaKTePUCTUKHA KOHTAKTUPYIOMINX Tell (IS CTalb-
HBIX JIeTajedl TMpU HOPMAJIBHOM TEeMIlepaType
n=287 -10"° MMZ/H)g; P — ycunue, BocCIpH-
HUMaeMoe HanOoJiee Harpy>KeHHBIM TEJIOM KadeHUsI.

Bripaxenue (6) MOXKXHO TIPEICTaBUTH CIICIYIO-
MM 00pa3oM

Oz = 861,391,/ (2p)2P . 7)

W3 dopmynsr (7) BUAHO, 4TO COS 6 OKa3pIBaeT
CYIIECTBEHHOE BJIVSHHE HA BEIIMYMHY KOHTAKTHBIX
HANPsDKEHWH, TaK KaK OMpenessseT 3HaueHne Kodd-
¢dunmenTta ng.

B 3TOil cBSI3M ONpEEeneHHbI MHTEpPEC MpEa-
CTaBJISIET OTPEICIICHHE MaKCUMaJIbHOTO K03 Ghu-
[UEHTAa CTENIeHH CONPHUKOCHOBEHHUS TeN KadeHUs
C JOpO’KKaMM KoJIell TOJIIMITHUKA, IIPH KOTOPOM
MaKCHMAaJbHbIE KOHTAKTHBIE HAIMpPSDKEHUS Ha JI0-
POXKKax KadeHWs TMOJIINITHAKA JOJDKHBI OBIThH
HauMeHbIUMHU. HamGonbillee 3HAYCHUE BEIHMYUHBI
€0s 0, 10 KOTOpOH eIe WMEeT MECTO HadaJbHBIHA
TOYEYHBIM KOHTAKT IIapUKa C JOPOXKKOM KaueHus,
cocrapiser 0,9923°. Mcmonksys 5TO 3HadyeHHe,
OTpeeIUM MaKCUMaJIbHBIH KO3()(UIMEHT CTeeHH!
COTPUKOCHOBEHUS TIOBEPXHOCTEH KaueHUs TPH TO-
YeyHOM KOHTaKTe, HampuMep, s MOJIIMITHUKA
Ne 216 mo I'OCT 8338-75, uMeroniero JO0CTaToyHO
OoJbIMe pa3Mephl KOJIeI U MIapuKoB. BHyTpeHHHI
nuametp nommmnauka d = 80 MM, €ro Hapy>KHBIH
nuamerp D = 140 mm. HomuHanbHBIM auamerp
mapukoB D, = 19,05 mm. [IpenensHble OTKIIOHE-

7 Hocoe B.F., Kapnyxun UM., ®eoomos H.H. Ilopmun-
HUKOBBIE Y31bl...; Ilepens JI.A., Quramos A.A. TloqmnnHuku
Ka4eHws. . .

8 Hocoe B.F., Kapnyxun UM., ®eoomoe H.H. Tlonmmn-
HUKOBBIE Y3JIBI. ..

9 Tam xe.



Benoycos 10.B., Kupunosckutli B.B., Pekay ®@.B. BectHuk PYJH. Cepusi: HxeHepHble nccneposanus. 2022. T. 23. Ne 3. C. 213-223

HUS TMaMeTpa IIapuKoB JUIS BCEX CTENeHeH TOYHO-
ctn cocrapmsmor 40,15 mm'’. JlmameTp okpyx-
HOCTH, TPOXOAALICH dYepe3 LEHTPHl Tell KaueHUs
dyn =05(d+D)=0,5(80+ 140) = 110 mm. [lpa-
METp JAOPOKKH KaueHHs BHYTPEHHETO KOJIblla MOAIIUII-
Huka d, =d, —D, =110—-19,05=9095 wmm.
JuameTp OOPOXXKKM KaueHHMsS HApY>KHOTO KOJbLA
D, =d, + D, =110+ 19,05 = 129,05 mMM.

PaccMmoTpumM cHauana Hamboliee HarpyXeHHOE
BHYTpEHHEE KOJIBIIO NOAMMUIHKKA. [y Hero Bcmo-
MorarejbHas BEIWYMHA, YUYUTHIBAIOLIAs CyMMY H
Pa3HOCTH TJIABHBIX KPHUBHU3H IIAPUKOB M JIOPOKKH
Ka4eHUs

2 1
24
d D
cos 0 = % ®)
Dw di fsDw

W3 Beipaxkenus (8) HaiiieM BCIIOMOTATEIbHYIO
BEIMYMHY KO3(QUIMEHTa CTENEHH COIPUKOCHOBE-
HUS Tell KAYCHUS ¢ BHYTPEHHUM KOJIBIIOM ITOAIINII-
HUKa

_ (1+cos 0)d4
fo = 2[2 cos 8d,—Dy,(1-cos0)] ° ©)
Joist mogmmmanka Ne 216 momydum
(14 0,9923)90,95
fo =0,5024.

- 2[2-0,9923-90,95 — 19,05(1 — 0,9923)]

[Ipu pacyere N0 HOMUHATBHOMY AUAMETPY LLIAPHKOB,
payc JOPOKKA KaueHusI BHYTPEHHETO KOJIblia JIAHHOTO
noAmIHuKa 7, = f,D,, = 0,5024 - 19,05 = 9,571 mm.
DTO 3HAaYeHWE MEHbIIE MAaKCHUMAaJIBHOTO paauyca
IapyuKa, KOTOPBIA paBeH

 19,05+0,15

D
Ymax =96 MM.

R =
Wmax 2 2

To ecTh mapuku JaHHOTO U OJM3KOTO K HEMY
paaMyca Ha BHYTPEHHEM JOpOXKKEe IOALIMITHUKA
pa3MecTuTbcs He cMOoryT. [lostoMmy mmst pasmerie-
HUSl TIOOBIX INIAPUKOB HAa AOPOKKE KAYCHHS IMOJ-
LIUITHUKA JAaHHOTO THIIOpa3Mepa ee pajnyc cienyer
ONpeseNsaTh M0 MaKCHMaJbHOMY 3HAUEHHUIO AHa-
MeTpa IIapuKa IpU YCIOBUH, YTO JIOIIyCK HA pa3Me-
PBI JOPOXKKHU KaueHUs: OyJeT pacroiaraTbCs B TENO
KOJIblIa TOAMUIHUKA. OZHAKO B MACCOBOM U KpyTI-
HOCEPUHHOM TPOU3BOJACTBE MPH KOMIUICKTALUU

19 Hocoe B.B., Kapnyxun U.M., @edomos H.H. Tlommun-
HUKOBBIE Y3JIBL. ..

MOJIIIIMITHUKOB pa3Mephl T0POKEK KaueHHs HE YUH-
TeIBatoTcsl. KombIia ¥ mapuKku KaXaoro Tunopasme-
pa nocie usmepenuit nuamerpos Dy, dq, D, coptu-
pyIOT 10 rpynnaM. B kaxmod rpyline HaxoasaTcs
JleTany, y KOTOPhIX 3TH pa3Mepbl 3aHUMAIOT OIpe-
JISJIEHHYI0 4acTh pasMepHoro mnois. OTKIOHEHHA
pasmepoB D; u d; B KaXKI0# rpyIie OOBIYHO MPH-
HUMAIOT paBHBIMHU 2 MKM, a D, 1 MkMm. HapyxHoe,
BHYTpPEHHEE KOJIBLIO U IIApUKH U3 3TUX TPYII MOA-
OHMparoT TakuM 00pa3oM, YTOOBI OOECTIEUUTH paTHaTb-
HbIE 3a30pbl B TONIMITHMKE B Hpefeiax + 6 mMkm'.
Panuanbnbiii 3a30p sBAsS€TCA OJHOM U3 OCHOBHBIX
9KCIUTyaTallMOHHBIX XapaKTEPUCTHK MOAIIUITHUKOB.
C yMeHbLICHHEM PaAHualbHOTO 3a30pa B CMOHTHPO-
BaHHOM MOJIIWITHUKE TPU YCTaHOBHUBIIeHcs pado-
4yell TeMmneparype, IyM 1 BUOpallMu B HEM CHHKa-
I0TCsI, a ero paboure CKOpPOCTH MHOBbImIaiTcs. Pa-
Oounii 3a30p yMEHBIIAIOT, YMCHBINAS HAaYaIbHBIH
3a30p B HECMOHTHPOBAHHOM MOJIIUITHUKE U TOBBI-
11asi KJIACC TOYHOCTH €ro M3roTOBJIeHUs. B kaxxaom
HNOJIIUITHAKE CYLIECTBYET I0JI€ JOIyCKOB pajnalb-
HBIX 3230poB [15; 16].

[lpu moncranoBke B ¢opmyny (9) BmecTo
cpedHero nuaMerpa mapuka D,, ero mMaxkcumalb-
Helii quamerp Dy, = 19,2 MM, BcriomorarenbHast
BEIMYMHA KOX(PPUIMEHTa CONPUKOCHOBEHUS f
MPaKTHUYECKH HE M3MEHUTCS, TIOCKOJIBKY OHA OYEHb
€11a00 3aBUCUT OT KOHKPETHOT'O 3HAUCHHS AUaMeTpa
HIapyKa B IPeAesax ero moJs A0IycKa.

BcemomorarenbHass BenuuuHBL KOd(GUIHEHTA
CTETNIEHH CONPUKOCHOBEHUS Tel KaueHHsS C BHYT-
PEHHUM KOJIBLIOM HOALIMITHUKA ITOTaJacT B Iuara-
30H: fu = fo in + fomax » TR€ fomin = 0,5024 coot-
BETCTBYET MAaKCHMaJlbHOMY JHAMeTpy IIapuKa
Dy, .., € YY4ETOM pa3MEIIEHUs BCEX IIAPUKOB Ha
JIOPOXKKE KayeHus, a fp — MUHUMAIBLHOMY JMa-
metpy mapuka Dy, . = 19,05 —0,15 = 18,9 mm,
TO €CTh

_ Dwmaxfomin _ 19.2:05024

Dw in 18,9

=0,5104. (10)

f;3 max

Torma f, = 0,5024 — 0,5104, a koadpPuuuent
CTETICHU CONPUKOCHOBEHHS TEJ KaYCHUS C BHYTpPCH-
HUM KoJjiblioM nogmunauka @, = 0,980 — 0,995.

Ji1s Hapy>KHOTO KOJIbITA TTIOAIITHITHAKA BCTIOMOTa-
TeJIbHAsL BEJIMUMHA, YUUTHIBAIOIIAS CYMMY M Pa3HOCTh
TJIABHBIX KPUBU3H MIAPUKOB U IOPOKKH KauSHUS

1 Hocoe B.b., Kapnyxun U.M., ®edomos H.H. Tloammun-
HHKOBBIE Y3JIB. ..

217



Belousov Yu.V., Kirilovskiy V.V., Rekach F.V. RUDN Journal of Engineering Research. 2022;23(3):213-223

1 2

cose=M. (11)

Dw Di fuDw

W3 Beipaxenwus (11) Halimem BcrioMoraTeabHYyO
BETMYMHY KOX((UIMEHTa CTCTICHH COTPHUKOCHOBE-
HUS [IAPUKOB C JOPOXKKAMH KadeHHsI HapyKHOTO
KOJIbLIA TTOIIIMITHIKA

_ (1+ cos0)Dy
fu= 2[2 cos 8D, +Dy,(1—cos 0)] (12)

Jnst cos® = 0,9923 BcnoMorarenbHas BeJIUYH-
Ha KOX(QQHLMEHTA CTENECHU COMPUKOCHOBEHUs OY-
IeT paBHA

(1+ 0,9923)129,05
2[2-0,9923 - 129,05 + 19,05(1 — 0,9923)]

fu= =0,5017.

[pu pacuere 10 HOMHHAITLHOMY JWAMETPY IIapH-
KOB, paJuyC JOPOXKH KAueHUS HAPYKHOIO KOJIBbIIA
1y = fuDy = 0,5017 - 19,05 = 9,56 Mm. Dt0 3Ha-
YeHHe TaKKe MEHBIIIE MAaKCHMAJIFHOTO pajiyca IIapH-
Ka, paBHOTO 9,6 MM. TO €CTh IIApUKN JAHHOTO U OJIH3-
KOT0 K HEMY pajiiyca Ha JJOPOXKKE KAUCHHUS HApy>KHOTO
KOJIbIIa Pa3MECTUThCS TakXKe He CMOryT. Bcmomora-
TeNbHAst BEIMYMHA KO3(D(hUIMEHTa CTEeneHH COMPHKOC-
HOBCHU IIAPUKOB C AJOPOKKAMH KadCHHUS HaApPYK-
HOTO KOJbIIa TOJIIIMITHUKA TIONAaJacT B JHAIa30H
Ju = fupin o fimax> TH€ fup, TAKKE COOTBETCTBYET
MaKCHMaITbHOMY JMaMeTpy mapuka Dy, . a f,  —

MHMHAMAILHOMY MAMETpy Iapuka Dy, ., TO ecTh
DWmafomin 19,2:0,5017
— = 2 = 10,5097 (13)

Wmin

OKOHYATENFHO TOJYYHM, YTO BCIIOMOTATENb-
Has BenMuMHa Kod(duIMeHTa cTeneHn CompuKoc-
HOBCHHMSI IIAPUKOB C JIOPOKKAMH KAYCHHS HAPYXK-
HOTrO Kojblia moammmauka f,;, = 0,5017 — 0,5097,
a caM Kod(h(HWIHMEHT CTENEeHH CONMPUKOCHOBECHHMS
@, =0,981 - 0,997.

KoaddunueHnt creneHn cONpUKOCHOBEHUS TE
KaueHUs C JTOPOKKaAMH Ka4eHUsI HapPYKHOTO KOJIbIa
MOJIIUITHUKA HEMHOTO OOJIbIlle, YeM BHYTPEHHErO
MpYU OJHOM M TOHM K€ BCIIOMOTaTEIbHOW BEIUMYMHE,
YYUTBIBAIONIECH CYMMY W Pa3HOCTH TJIABHBIX KPHUBH3H
KOHTaKTHPYIOMHUX Tel. Eciam cocTaBUTh cOOTHOIIIE-
HUE KOA(DQUIIMCHTOB CTCHCHH COMPHKOCHOBCHHS
HapY»KHOTO ¥ BHYTPEHHETO KOJIEI] MTOAITUITHHKA

& _fs _ 2cos 0d,D1+ d1Dy,(1—cos 0) (14)
®, fy, 2cos8diD;—D;Dy,(1—cos0)’
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TO JIETKO yOeIUThCS B TOM, YTO OHO OOJbINE eau-
HuIbL [loaTOMY paanyc MOpOKKH KauyeHHS HAPYK-
HOT'O KOJIbI[A MOIIUITHHKA MOXET ObITh BBIMOJHEH
HEMHOTO MEHBIIIE, YeM BHYTpEHHeEro. XoTs Ha Mpak-
THKE, B PsAJIE CIy4aeB, 10 JPYIMM COOOPaKEHHAM,
nocrynaroT Hao6opot'2 [17].

Haubonee 4acto pamuychl JOPOKEK KadeHHS
BHYTPEHHETO U HAPY)KHOI'O KOJIEL IIOAIIUITHUKA BbI-
TIOJIHAIOT OAWHAKOBBIMH. B 3TOM ciyudae s ompe-
JICTICHUS UX BETUYUHBI CIICYET OPUCHTHPOBATHCS Ha
HAaUMEHBINH U3 IBYX KOA(POHUITUCHTOB CTEIICHU CO-
MPUKOCHOBEHUS, TO €CTh Ha KO3((ULUEHT CTENEeHU
COTIPUKOCHOBCHUS IIAPUKOB C TOPOKKAMH KauCHUS
BHYTPEHHETO KOJIbIa MomumHuKa. [Ipu oauHako-
BbIX paguycCax OOPOKEK KauCHUA BHYTPCHHETO U Ha-
PYXKHOTO KOJICIl MOJIINITHAKA BCIIOMOTaTeIbHAsL Be-
JUYHUHA COS 0 IS Hapy’>KHOTO KOJIbIIa OYIeT MEHBIIIS,
4€M JId BHYTPCHHECTO. 9T0 MPUBCIACT K YBCIIMYCHUIO
K09(hGHIHCHTA N U, KAK CICICTBUE, K MOBBIIICHUIO
KOHTAKTHBIX HATPSDKCHUN MEXIy TellaMU KaueHHs U
HAPYKHBIM KOJIBI[OM ITOJIITUITHUKA.

OHpeIIeJ'H/IM TCICPb KOHTAKTHBIC HaNPAXKCHUA
Ha JIOPOXKKAX KaueHUs KOJICI[ MOJIIMITHUKA JUIS
NIApUKOB TIpe/IeTbHBIX pa3MepoB. B kauectBe mpu-
Mepa OyZieM HCIIONb30BaTh BCE TOT K€ MOJIINITHHK
Ne 216 mo T'OCT 8338-75. Paguyc nopoxku kaue-
HUSI BHYTPEHHETO U HAPY>KHOTO KOJIEIl MOIIINITHAKA

fy=1,=Dy far. =192-0,5024 = 9,646 mm. (15)

Wmax
P ACCMOTPUM CHa4dajla KOHTAKT HIApUKOB C BHYT-
PCHHHUM KOJIBIIOM TIOAUIMITHUKA. BcromorarensHas
BCJIIMYMHA, YYUTBIBAOMIasA CyMMY U Pa3HOCTD ITIaBHBIX
KPHUBU3H IHNAPUKOB MAKCUMAJIBHOI'O0 AWaMETpa MU 10-
POXKH Ka4CHHUA BHYTPCHHCTO KOJIbLId IMOANTAITHUKA:

2 1 2 1
g=— G 50,95 V5,646
COSU=—7"—> T 7 2 T

+
19,2 90,95 9,646

=0,9922. (16)

Dwmax 41 T8
Ota BenMYMHA MPAKTUYECKH COBMANAET C HaW-
OOoJIBIIM TAOMWYHBIM 3HaUYeHHEeM c0S 0 = 0,9923,
JI0 KOTOPOW eIlle UMEeeT MECTO HadajbHBIA TOYCY-
HBI KOHTAKT MIapUKa C TOPOKKON KaueHHUS.
st 3Havenus cos O = 0,9923, n; = 0,4267.
CyMMa ri1aBHBIX KPUBU3H KOHTAKTHPYOIIUX TEI
4 2 1 4 2 1

Sp = +E_r1_f —— =0,1267 1/mm. (17)

Dwmax 41 Ts 192 9095 9,646

12 Hocoe B.b., Kapnyxun U.M., ®edomos H.H. Tloammun-
HHKOBBIE Y3JIB. ..
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MakcumanbHbIe KOHTAKTHBIC HaIpsHKCHUA Ha
JOPOXKKE KayYCHUA BHYTPCHHCI'O KOJIbLa IMOAUIMII-
HUKa JUIA IIapuKOB MAKCUMAJIbHOTO JUaMeTpa

ol = 861,391,/ (Zp)2P =

22Xy )
=861,39 - 0,42673/0,12672P = 92,72 /P .

BcromorarenbHasi BeNWYHMHA, YYHTHIBAIOIIAS
CYMMY W Pa3HOCTb TJIaBHBIX KPUBHU3H MIAPUKOB MH-
HUMAaJFHOTO IHaMeTpa W JOPOKKU KAUCHHS BHYT-
PEHHETO0 KOJIbIIa MOIIIHITHAKA:

2 1 2

ot toui
cos@ =T =208 %80 — (9669, (18)

Dwpin @1 Ts 189 9095 9,646
B a3tom cinyuae uyto ng; = 0,5653. Cymma
TJIaBHBIX KPUBU3H KOHTaAKTHPYIOMIUX TEJI

p=— 2 Ity 2 1 013 1/mm (19)

Dy, 91 Tw 189 9095 9,646

MakcumanbHbIe KOHTAKTHBIC HaIlpsHKCHUA Ha
AOPOXKKE KA4YCHUA BHYTPCHHCI'O KOJIbLId IMOAUIMII-
HHUKa IJIA IHapUKOB MUHHUMAJIBHOI'O IraMeTpa

ogmx( = 861,391,/ (Zp)2P =
D

= 861,39 - 0,56533/0,132P = 124,96 VP .

[pu KOHTaKTe MIAPHKOB C HAPYIKHBIM KOJIBIIOM TOTO
ke noanmitHUKa Ne 216, paguyc TOpOXKKH KadeHUs! KO-
TOpPOT'O PaBeH PaJIyCy JOPOXKKH KaueHHs BHYTPEHHETO
KOJIbI[a MOAIIMITHIKA, BCTIOMOraTeIbHasl BEIMUNHA, YU~
THIBAIOIAS CyMMY W Pa3HOCTb TJIaBHBIX KPUBH3H IIApH-
KOB MaKCHMAITLHOTO JJUAMETPa 1 IOPO’KKU KAuCHUST:

1 2 1 2

Tu Dl _ 6% 1905 _ (9889, (20)

s D
19,2 129,05 9,646

cos0 =—; <
Dy mn

Dwmax

Hns wee n, = 0,455. Cymma TIaBHBIX KpH-
BU3H KOHTaKTHPYIOUIUX TE

=2 2 __1 -008921/mm. (21)

T 192 12905 9,646

MakcuMaltbHbIE KOHTAKTHBIC HaIlpsKCHUA Ha
JOPOKKC KaUCHHUA HAPYIKHOTO KOJIblla MOAIIMUITHUKA
AJI HIApUKOB MAKCUMAJIbBHOT'O AUaMETpa

oy = 861,39 - 0,4553/0,08922P = 78,24 VP .

¥4
max(DWmax

Bcnomorarensaas BCJIMYMHA, Y4YHWUTBIBArOMiasa
CYMMY U PAa3HOCTH T'JIaBHBIX KPHWBU3H HIAPUKOB MH-
HUMAJBHOTO AUaMETpa U JOPOKKHU KAUCHUA HAPYIK-
HOIr'o KOJIbIla IOAINUITHUKA:

1 2 1 2

Ty Dy ___ 9646 129,05

cosQ = —F1 345 =22 — =0,9535, (22)

18,9 129,05 9,646

DWmin D1 1y

rae ng = 0,6043.
CyMMa ITaBHBIX KPUBHU3H KOHTAKTHPYIOIINX Te

1
T 189 12905 9646 0,0925 1/mm. (23)

MaxkcuManbHbIe KOHTAKTHBIC HaIlpsKEHUS Ha
JOPOKKE KaUCHHUA HAPYIKHOT'O KOJIbIla MOAIINITHUKA
AJId HIApUKOB MUHUMAJIBHOTO JUaMETpa

o = 861,39 - 0,60433/0,09252P = 106,47 VP

Wmin

2. CpaBHUTEeNbHbIV aHaNU3
MaKCUMaJ1bHbIX KOHTAKTHbIX HANpPs)XeHn
Ha A0OpPOXKaX Ka4YeHus Kosney noALUNNHUKoOB

OOBIYHO pajIyChl JKEI000B HAPYKHOTO M BHYT-
PEHHEro KoJell MOJIMITHUKOB I IapuKOB CO Cpell-
HUM jguametpoMm D, > 4,763 MM BBITIOJHSIOTCS
omMHAKOBBIMH. [lpuuem r =1, =1, = 0,515D,, .
B sToM ciydae juia TOTO Ke TOIIIMITHUKA IOJTY-
YUM, YTO BCIIOMOTaTeNlbHas BelWyMHa K03(hdu-
IIEHTa CTCNEHU CONPHKOCHOBEHMS TEJl KaueHHs
¢ kombiiamu mnomgmunHuka f = 0,515 — 0,523,
a Kod(QQUUIHEHT CTeNmeHH CONMPUKOCHOBEHHUS
® = 0,956 — 0,971.

B cootBercTtBHM ¢ pexomenmanuer MCO mpu-
MEHSIOTCSl Takxke cootHomenus 1 = 0,52D,, wu
r = 0,54D,, 4 Torma mis TOro ke MOMMIMITHHKA
No 216 B mepBoM cilyyae BCIOMOTaTellbHAs BEINIU-

13 Hocoe B.b., Kapnyxun U.M., ®edomos H.H. Tloammun-
HHKOBBIE Y3JIB. ..
14 Tam xe.
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Tabnuua 2/ Table 2

CooTHOLIEeHNe MaKCMMabHbIX KOHTAKTHbIX HanpPskeHnn
Ha JOPOXKaX KayeHus Konew, noawmnnHuka Ne 216
no NOCT 8338-75
The ratio of maximum contact stresses on the raceways
of bearing rings No. 216 according to GOST 8338-75

yiuHa KOd(PUIMEeHTa CTENEHH COMPHUKOCHOBEHHUS
TeN KadeHUs C KOJbLIAaMU MOJMUIMIIHUKA 3/1eCh
f =0,520 — 0,528 (ko3 duIIueHT CTETIEHH COMPH-
kocHoBeHuss @ = 0,947 — 0,961), Bo BTOpOM Ciy-
yae f = 0,540 — 0,549 (ko3¢ duimeHT creneHu co-

npukocHoBeHHst @ = 0,911 — 0,926). ‘Timax(uw 9 Gimax(bw 3 i,m(”w ) 3max(

HWcnonb3ys pa3pabOTaHHYKO METOIMKY, OIpe- @ = = =

JIeTTMM KOHTAKTHBIC HAIPSDKCHUS Ha JOPOXKKax Ka-

Pwinin)

B H H H
o oy, 03
z, z
max(p, o) maxp ) A (D) maX(Dwmin)

yeHust moamumHuKa Ne 216 ¢ qaHHbIMEA KO3 GHIIHU- 0,980-0,995 1,348 1,361 1,185 1,174
€HTaMU CTEIEHU CONPUKOCHOBEHUS IS LIAPUKOB 0,956-0,971 1,102 1,107 1,175 1,170
MaKCUMaJIbHOTO MU MHUHHUMAaJIbHOTO JuaMmeTpa. Pe- 0,947-0,962 1,099 1,087 1,174 1,169
3yJbTaTbl PAaCUCTOB IIPECACTaBUM B BHIC Tabm1. 1, 0,911-0,926 1,050 1,059 1,168 1,164

B KOTOPYIO TaK)X€ 3aHECEM Pe3yJIbTaThl MpeNbINy-
LIUX PacyeTOoB.

CpaBHHM KOHTaKTHBIE HAIPSKEHUS HA JTOPOXK-
Kax KadeHHus MOJIIMIHHUKA MexKay coOoi. Pesyis-
TaThl PACUETOB TAKXE MPEICTaBUM B BHUIC TAOIULIBI

180

160

140

120

(tabm. 2). 3 0

Ha puc. 2 u 3 npuBenensl rpadudeckne 3aBu- O
CUMOCTH OTHOCHUTENBHOM BEIWYMHBI MaKCHMallb- §
HBIX KOHTAKTHBIX HAIPSDKEHUH Ha JOPOXKKax Kade- 40
Hus xoner mommumanka Ne 216 mo 'OCT 8338-75 20
OT MaKCHUMAaJbHOW (KOHTAaKT AOPOKEK KadeHHUs C 0

0,92 0,93 0,94 0,95 0,96 0,97 0,98 0,99 1
mrapyuKkaMmM MaKCUMaJIbHOTI'O ,I[I/IaMeTpa) n MHHHU-

MaJIbHOH (KOHTAaKT AOPOKEK KadeHUs C IIapUKaMU
MUHHMAIBHOTO JHaMeTpa) BEIMYMHBI KO3 HUIU-

®dmax

Puc. 2. 3aBUCNMOCTb OTHOCUTESIbHOW BENMYUNHbI

€HTa CTENeHH CONPUKOCHOBeHHWS. Ha 3Tmx pucyH-
Kax CIUIONIHAS JIMHHS COOTBETCTBYET KOHTAKTHBIM
HaMpPsOKEHUSIM Ha BHYTPSHHEM KOJIbIIEC MOIIIUITHH-
Ka, a MyHKTUPHAs — HA BHEIITHEM.

Ha puc. 4 u 5 npuBenensl rpadudecKkue 3aBu-
CUMOCTH COOTHOIIICHUS MaKCHUMAaJIbHBIX KOHTAKT-
HBIX HANPSHKCHHUI Ha JOPOXKKaX KA4YCeHUs BHYTPCH-
HEro ¥ Hapy>KHOTo koJjen mommunHuka Ne 216 ot
MaKCHMaJIbHON (KOHTAaKT JOPOXKEK KaueHHWs C Iia-
pUKaMU MaKCHMaJbHOTO TUaMETpa) ¥ MUHHMAIb-
HOH (KOHTaKT JOPOKEK KaueHWs C IMapUKaMH MHU-
HAMAJILHOTO AWAaMeTpa) BEIMYHHBI KO3 UIIMEeHTa
CTETICHU COITPUKOCHOBEHHMSI

Tabnuuya 1/ Table 1

MakcumarnbHble KOHTaKTHbIE€ HanpskeHus
Ha A0pPOXKax KayeHusa koney noawmnHuka Ne 216
no FOCT 8338-75
Maximum contact stresses on the raceways
of the bearing rings No. 216 according to GOST 8338-75

B H H

o} z o z
¢ zmax(DWmax) max(DWmin) zmax(DWmax) max(DWmin)

0,980-0,995 92,723P 124,96 YP 78243VP 106,47 VP
0,956-0,971 133,323P 146,91YP 113,423P 12554 P
0,947-0,961  141,33YP 152,98 VP 120,36 VP 130,81 VP
0,911-0926  162,603YP 170,78YP 139,183VP 146,723P
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MaKCHMasIbHbIX KOHTAKTHbIX HANPSXXEHNIA
Ha JopOXKax kKayeHns konew, noatmnHuka Ne 216
no FOCT 8338-75 oT MakCUManbHOWN BENNYUNHBI
KO3pdULMEHTA CTENEHN CONMPUKOCHOBEHUS
Figure 2. Dependence of the relative magnitude
of the maximum contact stresses on the raceways
of bearing rings No. 216 according to GOST 8338-75

on the maximum value of the coefficient of degree of contact

R
N OB O ®
o o o o

Gmax(P)M-1/3)
=
N B (<)) [o] o
o o o o o

o

09 091 09 09 09 09 09 097 09 099

®min

Puc. 3. 3aB1NCUMOCTb OTHOCUTENBHOW BENNYMHBI MaKCUMaSTbHbIX

KOHTaKTHbIX HANPSXEHUN Ha JOPOXKaxX KayeHuns konel,
noawmunHuka Ne 216 no FTOCT 8338-75 0T MUHUMATTbHOMN
BEJINYNHBI KO3 PULMEHTA CTEMEHN COMPUKOCHOBEHMSA

Figure 3. Dependence of the relative magnitude of the maximum

contact stresses on the raceways of bearing rings No. 216
according to GOST 8338-75 on the minimum value
of the coefficient of degree of contact
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1,186
1,184
1,182

1,18
1,178
1,176
1,174
1,172

1,17
1,168
1,166

6B,max /GH,max

®max

Puc. 4. 3aBMCMMOCTb COOTHOLLIEHUSI MAKCUMasTbHbIX KOHTaKTHbIX
HaNPS>XXEHMIN HA JOPOXKaX KayeHus Kosel, noawwmnHuka Ne 216
no FOCT 8338-75 0T MakCMabHOM BENMYUHBI KO3ddULIMEHTa
CTerneHn CONPUKOCHOBEHMS
Figure 4. Dependence of the ratio of maximum contact stresses
on the raceways of bearing rings No. 216 according to GOST 8338-75
on the maximum value of the coefficient of degree of contact

1,176
1,174
1,172

1,17

6B,max /GH,max

1,168
1,166
1,164

1,162
09 091 092 093 09 09 09 097 098 0,99

®min

Puc. 5. 3aB1NCUMOCTbL COOTHOLLEHNSI MaKCUMaJSTbHbIX KOHTAKTHBIX
HanNpPsKeHW Ha JopoXKax kadyeHus konew, nogwmnHmka Ne 216
no FOCT 8338-75 OT MUHMMaNbHOW BENNYMHBI KOS PUUMEHTA
CTeneHu CONpPUKOCHOBEHMS
Figure 5. Dependence of the ratio of maximum contact stresses
on the raceways of bearing rings No. 216 according to GOST 8338-75
on the minimum value of the coefficient of degree of contact

CornacHo BBINOJIHEHHOMY aHAJIU3Y, MOXHO yT-
BEpXKAaTh, YTO MpPH YMEHBIICHUH KO3(pPHUIIEHTa
CTCTICHU COIIPUKOCHOBCHUSA HOBerHOCTeﬁ Ka4ucCHUA
MOAIIMIHKKA, PAa3HUIA MEXIy MaKCHUMaJIbHBIMU
KOHTAKTHBIMH HANPSDKEHUSMH Ha KOJIBIIAX O IINTI-
HUKa 7S 9KCTPEMAIBHBIX II0 pa3MepaM IIaphuKOB
YMEHbIIACTCA. B T0 X)e BpeMs CaMa BCIMYMHA MakK-
CHMaJIbHBIX KOHTaKTHBIX HANpPSHKCHUN YyBeIM4YMBa-
erca. llpm asTom B mOOOM ciydyae KOHTaKTHBIC
HalpsDKEHUS Ha BHYTPEHHEM KOJIBIEC MNOAUIMITHHUKA
Oosbiie, yeM Ha HapyHOM. COOTHOIICHUS MEXITY
MaKCHUMAaJIbHBIMA KOHTAKTHBIMHA HANPSHKCHUSIMH Ha
BHYTPEHHEM M HAPYXHOM KOJBIaX MOIIIUITHAKA
JUTSL IAPUKOB OJHOTO pa3Mepa Ci1ado 3aBUCAT OT KO-
a¢¢uIeHTa CTeTIeHH CONPUKOCHOBEHUS M COCTaB-
JAI0T B cpeaneM 1,177 it mapukoB MakCUMaJIbHO-

ro auametpa (puc. 4, tabiu. 2, cronoen 4) u 1,17 mis
[IAPUKOB MUHUMAJILHOTO Auamerpa (puc. 5, Tadim. 2,
cronber; 5). To ecTh MaKCUMAaJbHBIC KOHTAKTHBIC
HaNpsHKCHUs] Ha BHYTPEHHEM KOJIBIE IOJIIUITHAKA
npumepHo Ha 17 % Goblie, 4eM Ha Hapy>KHOM.

Jnst mapukoB pazHoro pasmepa (tabi. 2, cronod-
eI 2 ¥ 3) Py MAaKCUMATBHOM KOA((HUITMEHTE CTele-
HU conpukocHoBeHUs (D 0,980-0,995) maxcu-
MaJIbHBIC KOHTAKTHBIC HANpsDKEHHS HA BHYTPCHHEM
KOJIbIIE TOIIMITHUKA 3HAYUTENLHO Ooblie (B cpea-
HeM Ha 35,5 %), yeM Ha HapyXHOM. [IpH ocTanbHBIX
k03(h(uIMeHTaX CTETICHH CONIPUKOCHOBEHHS Pa3HHUIIA
MEXy MAaKCUMAJIbHBIMH KOHTAKTHBIMH HATIPSDKCHH-
SIMH Ha BHYTPEHHEM U HAPY)KHOM KOJbLIAX ITOIIHII-
HHUKA HEBEJIMKA U C YMEHBIIICHHEM KO3 QHUIMEHTa CTe-
TIEHH CONPUKOCHOBEHHS N3MEHSAETCSI HE3HAYUTENBHO.

Ha puc. 2 a1 00enx KpHUBBIX 3aMeTHA TOYKA TIe-
peruda, HibKe KOTOpOi IpH pocte Koddduimenra cre-
MICHU CONPUKOCHOBEHUS MAaKCUMAJIbHBIE KOHTAKTHBIC
HaMNPSDKESHUS CHIDKAIOTCS ObICTpee. DTa TOUKa MpHMep-
HO COOTBETCTBYET 3HaueHuto P, = 0,97. Ha puc. 3
TakoW TOYKON mpumepHo sBisiercss Dpyin = 0,95.
O4eBUTHO, YTO JIAaHHBIC TOYKU OMPEICISIIOT KpaifHee
HIDKHEE 3HadeHHe Kod(pQHIMeHTa CTEeHH COIpH-
KocHOBeHHA. [lo3TOMy >KenmarenpHO, YTOOBI OH He
BBIXOAMJI 3a 3TU Tpenenbl. To eCcTh MUHUMAIbHOES
3HaUCHUE KO3(D(DUIMEHTA CTENEHH COMPUKOCHOBECHHUS
JIOJDKHO OBITH He Hibke 3HayeHns @ = 0,95-0,97.

OueBHIHO, YTO aHHAS TEHIICHIUSI CTIPaBEJTHBa
JUTS TIAPUKOBBIX PATUATBHBIX MOAIIMITHUKOB MPaK-
THYECKH JTIF0O0TO THHOpa3Mepa. PazpaboTanHas me-
TOJIMKA MO3BOJISECT BBIMOJIHITH pPAacuyeT KOHTAKTHBIX
HANPSOKEHUH U paJiialbHBIX IIAPUKOBBIX TIO-
HIMITHUKOB JTFOOOTO THUMOpa3Mepa MpH JIIOOBIX KO-
s punmeHTax CTENMeHn COMPUKOCHOBEHUS TMOBEPX-
HOCTEH Ka4yeHHs W MPOBOAMTH HA 3TOW OCHOBE OII-
TUMH3ALHUIO Pa3MEPOB JIOPOXKEK KAUCHUsI YKA3aHHBIX
TIOJIITUITHAKOB.

3aknioyeHue

Pa3zpaborana meronuka ONpeAeNCHUS MaKCH-
MaJIbHOH BEJIMUUHBI KO3 (uimeHTa cTeneHu conpu-
KOCHOBEHHUSI IOBEPXHOCTEH KadeHUS IIAPUKOBBIX
paauadbHBIX IMOJUIMIIHUKOB C YUCTOM IIOJIA JOITYC-
Ka TeJ KadeHusl. YCTaHOBJICHO, 4TO KO3((UIMEHT
CTENIEHH COIPHUKOCHOBEHUS MOBEPXHOCTEH KaueHUS
JUTSL KaXK/I0TO TUTIOpa3Mepa MOAMIUITHIKA C Onpee-
JICHHBIM PaJnuycoM JOPOXKEK KaueHHsl pacrojaraer-
Csl B IMana3oHe, KOTOPBIH 3aBHCHUT OT MpelesIbHBIX
pasmepoB Ten kadeHus. [lokazaHo, uTo K0dhduIm-
€HT CTENEHU CONPHUKOCHOBEHHs TeNl KadeHHs C JI0-
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POXKKaMU Hapy>XKHOTO KOJbIa, IPU OJUHAKOBOM
BCIIOMOTaTeIbHON BEJIUYHMHE, YYUTHIBAIOIIEH CyM-
My W Pa3HOCTh KPUBHU3H IOBEPXHOCTEH KadeHHS,
Oosbire, yeM BHyTpeHHero. [loaToMy it CHMKEeHHS
KOHTAKTHBIX HAINPSDKEHUH Ha HAPY)KHOM KOJIBIIC
MOAIIUITHAKA PaJUyC €ro TOPOXKKH KAaYCHUS MOXKET
OBITH BBHITTOJHEH MEHBIIIE, YeM BHYTPEHHETO.

Paspaborana mertomuka pacueTta MaKCHMAJIbHBIX
KOHTAKTHBIX HANpsSKCHUU Ha JOPOKKAX KadCHHS
[IAPUKOBBIX PAJHAIbHBIX MOJIIMITHUKOB C yUETOM
K03 (UIMEeHTa CTENEeHH CONPUKOCHOBEHHS II0-
BEPXHOCTEW Ka4eHUS U TOJIS JIOMYCKa TEll KaueHMUsI.
JlanHas MeToAuKa TMO3BOJISET BBINOIHITH pacyer
KOHTAKTHBIX HANPSHKEHWHA IS pajnaIbHBIX IIapH-
KOBBIX TOJIIUITHUKOB JIO00r0 THUIIOpa3Mepa pu
TMrOOBIX KO3(p(UIMEHTaX CTENCHN COMPHKOCHOBEHUS
MTOBEPXHOCTEW KadeHUs W MPOBOAWTH HAa 3TOU OC-
HOBE ONTHMH3ALMIO Pa3MEPOB JIOPOKEK KadCHHS
YKa3aHHBIX TOJIIUITHUKOB.

B kadectBe mpumepa omnpeeneHbl KOHTaKTHBIE
HampsoKeHUsl Ha JOPOXKKAaX KadeHHs MOJIIMITHUKA
Ne 216 mo I'OCT 8338-75, uMeIOIIEro 10CTaTOYHO
0oJpIIe pa3Mepsl KOJel M MIApUKOB, IS pa3iInd-
HBIX KOA()(PUIMEHTOB CTENEHHU COMPUKOCHOBEHUS
IIOBEPXHOCTEHN U pa3sMEPOB TeJl KaueHUs. BelosiHe-
HO CpaBHEHUE MaKCUMAJIbHBIX KOHTAKTHBIX HAITps-
JKEHHH U1 HApY>KHOTO M BHYTPEHHETO KOJell JaH-
HOTO MOJILIUITHHAKA.,
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BeposaTHOCTHasA OUEeHKa NPOHULAEMOCTU OTJIOXKEHUIN BepXHen 4actum
TiomeHckomn cBuTbl LLlanmckoro HedpTera3aoHOCHOro pamoHa

II.H. CtpaxoB"*, A.A. MapkeJioBa

Poccwuiickuii yauBepcuret apyx0Ob1 HapoaoB, Mockea, Poccuiickas @edepayus
markelova-aa@rudn.ru

Hcropus ctatbn AHHoTanus. PaboTa nocpsiena npobiemMe MOBBIEHUS HAJEKHOCTH pac-
Iloctynuna B penakumio: 17 mast 2022 1. yera Ky0a NMPOHHIIAEMOCTH MPH MOCTPOCHUH TPEXMEPHOW TI'€OJIOTHYECKOM
Jopaborana: 2 centsops 2022 r. Mozenu. O6LIepacnpoCTpaHeHHbIH CI0cO00 MEXaHUUECKOTO IIEPEHOCa 3aBUCHU-
TpunsTa K myOnmukatyu: S ceHtsiops 2022 T. MOCTEW MEX[Iy IMOPHUCTOCTHIO U MPOHHUIIAEMOCTHIO, MTOTyYEHHBIX Ha OCHOBaHUH

anMnpoOKCUMAllMK JaHHBIX HCCIENOBaHMA KEPHA, JAET CIMIIKOM pacIlUIbIB-
Kirrouesnie ciioBa: YaTBI Pe3yNbTaT, TAaK KaK HEe YUYUTHIBAIOTCS HU Pa3IMdusl pa3MEPOB SUEEK
MOPUCTOCTb, TPOHUIIACMOCTbD, KOJLIICKTOD, 1 00pa3uoB, HU OONBLION pa30pOC 3HAYEHUH aHAIM3HPYEMBIX 3aBUCHMO-
BEPOATHOCTB, TEHEPATOP CITy4aHHBIX cteil. Bmecto 3Toro mpeanaraercsi ¢ MOMOIIBI0 CTOXAaCTHUYECKUX METOJOB
qncel, GyHKLHUS, OTIOKCHHSL, TTOPOJIbI U Ka)KIOW DJIEMEHTApHOM SAYEMKH PAacCUUTBIBATH TMCTOTPaMMBbI IPOHU-

naeMocTH. BHavane aHaM3UpPYyHOTCS pe3yJbTaThl ONpPEIeIeHHUs NeTpou-
3MYECKHUX CBOWCTB, BHIIIOJIHEHHOTO B Ja0OpaToOpHBIX yCioBusX. s mopoa
¢ OJIM3KUMH 3HAYCHUSIMHU TTOPUCTOCTH PACCUMTHIBAIOTCS BEPOSITHOCTH BCTpEUac-
MOCTH ITOPOJ], TIPOHUIIAEMOCTh KOTOPBIX HPEBBINIACT PsAJl MOPOrOBBIX 3HA-
YeHUH. 3aTeM I KaXKJI0OW TTOPOTOBOM BETMYHUHBI IPOHUIIAEMOCTH OIIpeie-
JISIFOTCSL SMITUPUYECKUE 3aBUCHMOCTH BEPOSITHOCTU IMPEBBIIICHUE JAaHHOTO
3HAYEHHsI OT MOPHUCTOCTH. Ha ciemyroriem sTare OCyIecTBISIeTCS aaanTariys
IIOJYYEHHBIX PE3YyNbTaTOB Ul MacliTaba sdeiku. lcmonb3yeTcs MeTon
Momnre-Kapno. Kaxmas siaelika nmpeacTaBisieTcsi B Ka4eCTBE COBOKYITHOCTH
0OJIBIIOrO KOJIMYECTBA TOPOJ, Pa3Mepbl KOTOPBHIX OJIM3KHM aHAJIIOTHYHBIM
napamerpam o0pasioB. Kaxaoil BUpTyabHON OPO/IE ¢ TIOMOIIBIO TeHepa-
TOpa CIy4alHBIX YHCEN 33/1a€TCsl MOPUCTOCTh C TAKHM PacyeToM, 4YTO CO-
XpaHseTCsl cpeiHee 3HAUCHHE MOPUCTOCTH STIeHKH. J{JIs1 KakIIoi yCcIIOBHON
MOPOJIbl PACCUMTHIBAIOTCSI BEPOSITHOCTU IPEBBIIICHUS COOTBETCTBYHOIIUX
MMOPOTOBBIX 3HAUCHHU MpoHUIaeMocTH. Ha ocHoBaHMM Ky0a MOPUCTOCTH
JUIS KQXIOW SYCHKH aBTOMATHYECKH PACCYMTBIBAETCS BEPOSITHOCTDH CyIIe-
CTBOBAHHS BCEX IUANA30HOB MpoHUIaeMocTH. [IpuBoasTcss mpumeps! pea-
JIM3aLMHU TpeTaraéMoi METOIUKHI TPY W3YYE€HHH TePPUTEHHBIX OTJIOKEHHUH
TIOMEHCKOH cBUTHI [llanMckoro HedTera3oHOCHOTO paiioHa.
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Abstract. The work is devoted to the problem of increasing the reliability
of the calculation of the permeability cube in the construction of a three-
dimensional geological model. The common method of mechanically trans-
ferring the relationship between porosity and permeability, obtained on
the basis of the approximation of the results of the study of the core, gives
too vague result since neither the differences in the sizes of cells and sam-
ples, nor the large scatter of the values of the analyzed dependencies are
taken into account. Instead, it is proposed to use stochastic methods to cal-
culate permeability histograms for each elementary cell. First, the analysis
of the results of determining the petrophysical properties performed in
the laboratory is carried out. For rocks with similar porosity values, the prob-
ability of occurrence of rocks whose permeability exceeds a number of
threshold values is calculated. Then, for each threshold value of permeability,
empirical dependences of the probability of exceeding a given value on
porosity are determined. At the next stage, the obtained results are adapted
to the cell scale. The Monte Carlo method is used. Each cell is represented
as a set of a large number of rocks, the sizes of which are close to those
of the samples. Each virtual rock is assigned a porosity using a random
number generator in such a way that the average value of the cell porosity
is stored. For each conditional rock, the probabilities of exceeding the cor-
responding permeability thresholds are calculated. Based on the porosity
cube for each cell, the probability of existence of all permeability ranges
is automatically calculated for each cell. The authors provide examples of
the implementation of the proposed methodology in the study of terri-
genous deposits of the Tyumen suite of the Shaim oil and gas region.

Strakhov PN, Markelova AA. Probabilistic assessment of the permeability of the deposits of the upper part of
the Tyumen suite of the Shaim oil and gas region. RUDN Journal of Engineering Research. 2022;23(3):224-231.
(In Russ.) http://doi.org/10.22363/2312-8143-2022-23-3-224-231

BBeneHune

[TepcniexkTuBel HedTerazoHocHocTrn Illammckoro

€Tcs B OIpE/ICICHUH MPOHUIIAEMOCTH HCCIIEyeMBbIX
OTJIOKEHHH. 3HAYUMOCTh JAHHOMN MpOoOJIeMbl HanOo-

paiioHa B HAcToAIlEee BPEMS BO MHOIOM CBSA3aHBI C
OCBOCHUEM TEPPUTCHHBIX OTJIOXKCHUH THOMEHCKOU
cBuTH [1]. MccnenoBanme GpribTpariiOHHBIX CBOMCTB
mopoa MPOAYKTHUBHBIX TOPHU30HTOB OCTAC€TCA aKTy-
AITHGHBIM U TIPU TPOBEJCHUH TTOMCKOBO-Pa3BEI0YHBIX
paboT, u, Oe3yCIOBHO, PH MPOCKTUPOBAHUN CHUCTEM
pa3pabOTKH MECTOPOKICHUN YTIIEBOIOPOAOB. OTBET
Ha JaHHBIA BOMPOC BO MHOTOM OIPEACIACT OOBEMBI
(bMHAHCHPOBAHUS, 4 B PAJIC CIyYaeB, U CaMy BO3MOX-
HOCTh OCBOEHHS BEIOPAaHHOTO HEPTETa30HOCHOTO
00BEKTa, TaK KaK JITAaHHBIN TIApaMeTp ONpeeNsieT nep-
BOHAYalIbHbIC JIEOUTHI MCKOMOTO CBIPbsS U3 TPOIYK-
THBHBIX OTJIOKeHUH. OCHOBHAs MpoOieMa 3aKiroya-

Jiee SIPKO TIPOSIBIISICTCS TPH TIOCTPOCHUM HU(DPOBOI
reoJoruueckoi moaenu [2—4].

1.0ueHKa NnpoHULLAaeMOCTU
Ha OCHOBE uccneanoBaHU aHHbIX
no nabopaTopHbIM NCCIeA0BaHNAM KepHa

OcHoBHas mpoOsieMa 3aKIIO4acTcs B OMNpeseie-
HHU [IPOHULIAEMOCTH HCCIIEAyEMbIX OTIOXKEHHH. B Ha-
CTOSIIIEE BPEMS CYILECTBYIOT TOJIBKO 1IBa CPABHUTEIIBHO
HaJeKHBIX CII0c00a KOPPEKTHOIO M3YUECHHS JaHHOTO
mapameTpa: IO pe3yibTaTaM THIPOANHAMUYECKUX
UCCIICIOBAHUN CKB)XKMH W AHAIN3 KepHa B Jlabopa-
TOPHBIX ycloBHAX [5]. B mepBoM ciydae mpemycmar-

225


https://orcid.org/0000-0002-9990-4514
https://orcid.org/0000-0002-5437-3510

Strakhov P.N., Markelova A.A. RUDN Journal of Engineering Research. 2022;23(3):224-231

pHBaeTCsl OrPaHHYCHHOE KOJIIMYECTBO OOBEKTOB H3Y-
YeHHs B TIEPBYIO O4Yepepb 10 SKOHOMHYECKUM TIPUYH-
HaM. Bo-BTOpOM, BO3HHMKAIOT CIOXHOCTH OLICHKH
(bUTBTPAIMOHHBIX CBOWCTB IIacToB. Ilpm m3yde-
HUHM MECTOPOXKICHUH UMEETCs] BO3MOKHOCTbH ITONTY-
YUTH JAOCTATOYHO HAJEKHYIO WH(POPMALUIO TOJIBKO
C TIOMOIIBIO ONPENENICHNS TapaMeTpa IOPHUCTOCTH
CIIOCB B pE3yJbTaTe MHTEPIIPETAIMU MTPOMBICIOBO-
reopu3nuecKux MeToA0B. MHpopmarmio o hunstpa-
IIMOHHBIX CBOMCTBAaX CJIOEB B TIOJABILIOIIEM OOJb-
IIMHCTBE CITy9acB IOTyYar0T HA OCHOBAHWY yCTaHAaB-
JIMBAE€MbIX SMIIMPUUYECKUX CBS3ed MEXIy MOpUCTO-
CTBIO M TIPOHMIIAEMOCTBIO, U3MEPEHHBIX MO JaHHBIM

KepHa. B mocnenyromeM OCyIIECTBISETCS MPOCTON
MepecUYeT KPHUBBIX MOPUCTOCTH TIO JTAHHBIM ITPOMBIC-
JIOBOH TeO(M3WKHA C TIOMOMIBIO COOTBETCTBYOIIHX
¢dopmy. Ipu 3TOM clieyeT yIuThIBaTh, 4TO XapaKTep
COOTHOIIICHUN JTaHHBIX MapaMeTPOB MPEIOTPEICIIsICT
TOSIBJICHHE CYIIECTBEHHBIX OMMOOK. Kak mpaBwio,
(bukcupyeTcs 0obIIoN pa3dopoc 3HAUYSHHH, ITO TIPEI-
OTIPEJIEIISIET TOSIBJICHNE 3HAYUTEILHON MOTPEITHOCTH
B MCKOMOM pE3yJIbTaTe. ITO XOPOIIO WILTIOCTPUPYET
rpaduk, OTpakaromuii OCOOEHHOCTH CBS3U MEXIY
MOPUCTOCTRIO ¥ TIPOHHIIAEMOCTHIO O0pas3IoB KepHa
JlaHunoBckoro mectopoxacHust (puc. 1), KoTopbie
TIPE/ICTaBIIEHBI TEPPUTEHHBIMH ITOPOIAAMH.
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Figure 1. The ratio of porosity and permeability of rocks of the Tyumen formation of the Danilovsky deposit

dukcupyeTcss cIUIIKOM OobIIoi pa3dpoc 3Ha-
YeHHUH, YTOOBI MOKHO OBLIIO TOBOPHUTH O JJOCTOBEPHO-
CTH TIPOTHO3a (MIBTPAIMOHHBIX CBOMCTB MO 0OIIe-
MIPUHATON MeToauKe. OTKIOHEHHS OT AAHHOTO TpeHIa
MPaKTUYECKU COCTABIIIOT ILTIOC-MUHYC HOPSIIOK 3Ha-
YeHU MpoHULIaeMOoCcTH. TeM He MeHee XOpOIIo Mpo-
CIIeXKHMBACTCA OOIIas TEHACHLMS YIydllleHue (HIb-
TPaLMOHHBIX CBOMCTB 00PAa3LOB 110 MEpe YBEIMICHHS
nx nopucroctu. IlpuBeneHnas uHpopMaiys OJHO-
3HAYHO YKa3bIBaeT Ha HEOOXOIUMOCTh OCYIIECTBIISATH
KOMITJIEKCUPOBaHNE JIETEPMUHUCTUYECKUX U BEPOSIT-
HOCTHBIX METOJIOB [6; 7] ipr 00pabOTKe pe3yIbTaToB
J1a00paTOPHBIX UCCIIEIOBAHUH KEPHA.

2. OueHka NPoOHUL,AeMOCTU HA OCHOBE
KOMIMJIEKCUPOBaAHNS BEPOSATHOCTHbIX
M AeTepPMUHUPOBAHHbIX METOA0B

B xoze npoBeaeHys 11e/IEBbIX UCCIIEI0BAHMI 3a OC-
HOBY ObUTIa TPHUHATA KJIACCU(PUKAIMOHHAS CXeMa KOJI-
JIeKTOpOB, npeiokeHHast A.A. Xanuabm (1969) [8; 9].
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B mnpenenax IllanMckoro paiioHa 3amaaHo-
Cubupckoit HeTera30HOCHOCHOW TPOBHHITUN BBI-
NEJSI0Tes 4 Kilacca KoJuiekTopa: 3 (MMPOHUIIAeMOCTh
ot 100 10 500 107" M?), 4 (ot 10 10 100 107" M?),
5(rt1 1010 10" M?) 1 6 (o1 0,1 7o 1 107"° ).
BHauase paccunThIBaiIach BEPOSTHOCTh IPEBBILICHHS
ompeseneHHoro mnopora npouumaemocty (0,1-107° M2
JUISL TPYTIIBI KOIIEKTOpoB 1-6 Kmaccos; 1-107"° m* —
1-5 wmaccoB; 10-10"° m?> — mns 1-4 kmaccoB u
100-107"° m* — gus 1-3 Kk;maccoB), KOTopast ¢ KBajl-
patn4HbIM K03 duureHToM Koppensauuu 0,92-0,97
OIMCHIBAIACH SMIMPUUECKON HOPMYIIOH

PX =1 — exp[—exp(4 X KX — B)], (1

rae Py — BeposiTHOCTB OTHecCeHne o0pasiia K KOJLUICKTO-
pam, 1. ex1.; Ki — mopucrocTh, onpe/ieiieHHast 1o KepHy,
I en.; A, B — k03(h(HUIMEHTH TIPOTTOPITMOHATEHOCTH.
KoppektHoe wucnonb3oBanue hopmyisl (1) Bo3-
MOXKHO TOJIKO MpH aHaju3€ CBOWCTB 0Opa3loB.
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[Ipu w3ydeHWH CTpPOEHHs IUIACTOB 3Ty (QOpMyIy He
Lenecoo0pa3sHo PeKOMEHOBATh K MCIIONB30BAHMIO B
yrictoM Buze. OCHOBHAs NIPUYMHA — M3MEHEHHE Mac-
mraba WCcreoBaHui, YTO, KaK IMPaBIJIO, BJIEYET 3a
co0oit osiNeHKe psija mododHsIx A¢dexron [10; 11].
[TnacT mpakTuuecku Beeria UMeeT JOCTaTOuHO Ooliee
CIIOKHOE CTPOCHHE, YeM eIWHUYHBINA oOpaserl. B ero
COCTaBe OTMEYaeTcsl HM3MEHEHHUS (PHIBTPAMOHHO-
€MKOCTHBIX CBOMCTB KaK IO TUIONIAJN, TaK U TI0 pa3-
pe3y. Taxoke clenyer yuuThiBaTh, 4TO 110 MaTepHaiaM
MIPOMBICTIOBO-TEO(U3MUECKUX HCCIIeIOBAHUNA MBI MO-
KEM ONpeesIATh TOIBKO CpefHee 3HaYeHUE TIOPHCTO-
cti. COOTBETCTBEHHO (DMIIbTPALIMOHHEIE CBOWCTBA
OTJIOKCHUN TaKKe OCTAIOTCS HETTOCTOSHHBIMU [12]
ITosToMy mpennaraercst Ajsl ajanTaly MOJTYYEHHbIX
3aBUCHMOCTEH IPU W3YyYCHUHM MPOAYKTHBHBIX OTJIO-
JKEHUH 0oliee BBICOKOTO HEePapXHUeCcKOro YPOBHS HC-
noJsib3oBath Metoa Monte-Kapio.

B nanHOM cityuae mpejyiaraercs MpeACTaBUTH
IUTACT KaK COBOKYITHOCTh OECKOHEYHO OOIBIIIOro
KOJIMYECTBa 00pa3IoB, TOPUCTOCTh KOTOPBIX OyAeT
3a71aBaThCs C MOMOIIBIO TeHEepaTopa CIy4ailHbIX YH-
cen. Ilpu sToM Oyner cobmromaThes psifl YCIOBHIA.
Bo-niepBbIX, cpeaHssi MOPUCTOCTh BUPTYAIbHON BBI-
0opkH 00pa3IioB OyAET PaBHATHCS 3HAYCHHUIO JTAHHO-
ro mapaMmerpa, IPUHSITOTO JJIsi COOTBETCTBYIOIIECTO
CJIOSI WM TUTacTa. BO-BTOPBIX, TeHeparys BEIUYHH
€MKOCTHBIX CBOMCTB YCJOBHBIX MOpOA OyIeT ocy-
IIECTBIIATHCS B COOTBETCTBHU C BHIOPaHHBIM 3aKO-
HOM pacripe/iesieHrst (HOpMabHBIN, JIOTHOPMAaIbHBIH
U T. A.). B-TpeTpux, 3aaeTca WHTEpBAI N3MEHEHHS
HCKOMOTO TMapamMeTpa. B maHHoMm mpumepe ObLT BbI-
OpaH JOTHOPMAITHHBIN 3aKOH PaCTIpe/ICIICHUS U CPE/THE-
KBa/IpaTHYECKOE OTKIIOHEHHE COCTABUJIO IOJIOBUHY
3HAYCHUS] COOTBETCTBYIOLIETO 3HAYCHHS TIOPHCTOCTH.
3areM cieAyeT A KaxIoro BUPTyalIbHOTO 00pasiia
orpenenuTh o gopmye (1) BepoITHOCTH MPEoJIo-
JIEHHS KaXIoro n3 0003HAYeHHBIX MOPOTOBOTO Oa-
phepa TMPOHUIIAEMOCTH W PACCUUTATh €€ CpelHEee
3HAYECHUE U KaXKIIOW YCIOBHOW BBIOOPKH C COOT-
BETCTBYIOIIEW CpeaHel MOPUCTOCThIO, IOCHE arl-
MMPOKCUMHUPOBAThL CBA3b MCXKIAY JaHHBLIM IIOKa3aTe-
JIEM U TIOPUCTOCTHIO C ITOMOIIBIO (hOPMYITBI

PR =1 — exp [— exp(A1Kyop” + B1Kuop + €)1, (2)

rae P}I} — BEPOSTHOCTH CYII[ECTBOBAHUS MPOHHUIIAL-
MOCTH TUTaCTa HE MEHee IMOPOTOBOTO 3HAYCHHS IS
COOTBETCTBYIOIICH COBOKYITHOCTH KJIaccoB, 1. €. [11];
Knop — MOPUCTOCTH IIacTa, 1. en.; A1, Bi, C — Ko-
3¢ HUIUEHTHI TPONOPIUOHAILHOCTH

CrnemnyeT OTMETHUTh, YTO pacCMaTpHUBaeMble
¢ynkuun — ¢opmynsl (1) u (2) — xapakrepusyercs
XOpOLIO BBIPaKEHHOM aCUMIITOTHKON B 00JIACTH HU3-
KUX M BBICOKMX 3HaueHuil. |11 HauMeHbIIMX BeH-
YMH TOPUCTOCTH BO3MOXKHOCTH CYILIECTBOBAHMS KOJI-
JIEKTOpa MpakTH4YecKy mpubmmkena K 0, 1, HA000pOT,
IOpy O4YeHb OOJBIIMX 3HAUCHUSX IIOPUCTOCTH pac-
cMaTpuBacMasi BEpOSITHOCTb crpeMuTbes K 1. Kpome
3TOTO MPEACTABISETCS JIOTHYHBIM TO OOCTOSATENBCTBO,
9TO YeM OoJblIe TOpor (HIBTPALMOHHBIX CBOWCTB,
TeM MEHbIIE BEPOSTHOCTh CYIIECTBOBAHHUS COOTBET-
CTBYIOLIEH TpyIbl KojutekTopoB [11; 13; 14].

3. MeToao0/10rus BEepOATHOCTHOWM OLLEHKU
MPOHULLAEMOCTU TePPUreHHbIX Nopop,

Jns oTiOXEeHuN TIOMEHCKOM CBUTHI MO PSAY
MECTOPOKACHHUH, IO KOTOPBIM UMEJIOCh JOCTATOYHO
0O0JIBIIIOE KOJIMYECTBO OMNpEAeNeHUH M0 KepHY KO-
JIEKTOPCKUX CBOMCTB, OBUIM IOCTPOEHBI HCKOMBIE
3aBHCUMOCTH, aJalTHPOBAaHHBIE K MacITaly TiacTa
(dpopmymna (2), puc. 2). B mocnemyromem mosy4eH-
HBIC AMIIUPUYECKHE (YHKUUH OBUTH HCIIOJIb30BaHEI
UL OINpENeJICHUs] BEPOATHOCTEH CYIIECTBOBAHUS
KaXJI0ro Kjacca KOJUIEKTOpa AJIsl BCEX MECTOPOXK/e-
HUH HCCIenyeMON TEPPUTOPUU:

PNKJI

s 1-NKJI __ Pl_(N_l)Kﬂ (3)

Kmop; Knop; ’

rae Kmop; — BeposTHOCTE (OpMUPOBaHHS KOJUIEK-

TOpa OIpPEIeICHHOTO KiIacca,; P}?’n';”pi — BEPOSTHOCTb

CYLIECTBOBaHUS KoJUIEKTOpa N-ro kjacca B i-i

sYeHKe T'eOJIOTHYeCKON MOJCNH, 1. e1I.; Pé;é\]’)*lf“

BEpPOSATHOCTD CYIIIECTBOBAHMS KOJUIEKTOpoB 1 — NV Kitac-
COB B I-M sA4YEMKe T'eOJIOTHUECKOM MOACSIH, . €1I.;
1—(N-1)kn
Knop;
nextopoB 1 — (N — 1) kmaccoB B i-if siueiike reosio-
TUYECKOM MOJCIH, 1. €.

Jist ka)x#oro Kjacca KOJIeKTopa ObLIM ITOCTPO-
€HBI CXEMBbI BEPOSITHOCTH O0OHAPY>KEHUS OTIONKEHUN
C COOTBETCTBYIOIIMMH (HIBTPALIMOHHBIMU CBOM-
ctBamu (puc. 3). B menom ormedaercs TeHACHLMS
YXyIIIEHUs] KOJIJIEKTOPOB B BOCTOYHOM HaIpasiie-
HUU, COOTBETCTBYIOUIEM MOCIEIOBATEIBHOMY IIO-
TPY>KEHHUIO NPONYKTUBHBIX OTiOXeHui. Ilo Bceit
BUAMMOCTH, 3TO 00YCJIOBJIEHO U XapaKTepOM H3Me-
HEHHs YCIOBUH OCaJKOHAKOIUIEHUS, U OCOOEHHO-
CTSIMA Pa3BUTHS TOCTCEINMEHTAIIMOHHBIX MpeoO-
pasoBaHMii, KOTOPHIM Te0JioraM CIEAyeT YACIUTh
MOBEINIIEHHOE BHUMaHue [15; 16].

BCPOATHOCTL CYHICCTBOBAHUSA KOJI-
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Puc. 2. Mpumep rpadpukoB BEPOSTHOCTEN NPEBLILLEHUS PSAa NOPOroBbIX 3HAYEHWI NPOHNLLAEMOCTMN

NPOAYKTMBHbIX OTNOXEHWUI cpefHelopckoro otaena Lanmckoro parnoHa
Figure 2. Probabilities of exceeding a number of threshold values of permeability
of productive sediments of the Middle Jurassic department
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Puc. 3. MNpuHunnuanbHas cxembl BEPOSATHOCTU OOHAPYXEHUS KOMNIEKTOPOB Pa3iMyHbIX KIIaCCOB MPOHMULLAEMOCTU OT/IOXEHWN
TIOMEHCKOW CBUTbI CPEAHEIOPCKOro oTaena:

1 - WywmmHckoe; 2 — Coimopbsixckoe; 3 — TanbHukoBoe; 4 — [aHunosckoe; 5 — CpeaHekoHamHekoe; 6 — Xyntypckoe; 7 — MynbiIMbUHCKOE; 8 — Tpexo3epHOE;
9 - MopTbiMbsi-TeTepeBckoe; 10 — Y3bekckoe; 11 — AHgpeeBckoe; 12 — CnaBuHckoe; 13 — YouHckoe; 14 — CpegHeMynbiMbUHCKoe; 15 — MonbeMckoe;
16 — Tonymckoe; 17 — 3anagHo-Cemuengosckoe; 18 — KatomoBckoe; 19 — JlymyTuHckoe; 20 — MaHcuHrbsiHckoe; 21 — dununnosckoe; 22 — Ypaickoe;
23 - NNasapeBckoe; 24 — MoTtaHatrickoe (MoTtaHai-KapTonbuHckoe); 25 — MaliTbixckoe; 26 — JloBuHckoe; 27 — CeBepo-HaHunoBckoe; 28 — 3anagHo-TyrpoBCKoe;

29 - Ceepo-CemmBuaosckoe; 30 — Uycckoe; 31 — BepxHekoHamHckoe; 32 — CynpuHckoe; 33 — TaHruHekoe; 34 — OkyTtanbckoe; 35 — BoctouHo-Tonymckoe;

36 - AxnuHckoe; 37 — ManonoTtaHarickoe; 38 — OHToxckoe; 39 — ManowywmuHekoe; 40 - HoBomocToBckoe; 41 — 3anagHo-HOBOMOCTOBCKOE;
42 — ManokapTonbuHckoe; 43 — IOxHo-BanoBsoe; 44 — 3anagHo-CnaenHckoe
Figure 3. Schematic diagram of the probability of detection of reservoirs of various classes of permeability of deposits
of the Tyumen formation of the Middle Jurassic department:
1 - Shushminskoye; 2 — Symoryakhskoye; 3 — Talnikovoye; 4 — Danilovskoye; 5 — Srednekondinskoye; 6 — Khulturskoye; 7 — Mulymyinskoye;
8 - Trekhozernoye; 9 — Mortymya-Teterevskoye; 10 — Uzbek; 771 — Andreevskoye; 12 — Slavinskoye; 13 — Ubinskoye; 74 — Srednemulyminskoye;

15 — Polemskoye; 16 — Tolumskoye; 17 — Zapadno-Semividovskoye; 18 — Kayumovskoye; 19 — Lumutinskoye; 20 — Mansingyanskoye; 27 — Filippovskoye;
22 - Urayskoye; 23 — Lazarevskoye; 24 — Potanayskoye (Potanay-Kartopinskoye); 25 — Paytykhskoye; 26 — Lovinskoye; 27 — Severo-Danilovskoye;
28 — Zapadno-Tugrovskoye; 29 — Severo-Semividovskoye; 30 — lusskoye; 371 — Verkhnekondinskoye; 32 — Suprinskoye; 33 — Tanginskoye;

34 - Ekutalskoye; 35 - Vostochno-Tolumskoye; 36 — Yakhlinskoye; 37 — Malopotanayskoye; 38 — Ontokhskoye; 39 - Maloshushminskoye;

40 - Novomostovskoye; 41 — Zapadno-Novomostovskoye; 42 — Malokartopinskoye; 43 — Yuzhno-Valovoye; 44 — Zapadno-Slavinskoye
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3aknoueHne

[Toy4eHHble pe3ysibTaThl MPEICTABIAIOT HWHTE-
pec He TOJIBKO TS aHallu3a XapaKTepa paciupocTpa-
HEHHS KOJUIGKTOPOB PA3IUYHBIX KiaccoB. JlaHHBIE
CXEMbI BaXXHBI IIPU IHPOCKTUPOBAHUUN IMOWCKOBBIX
paboT C IENBI0 BBISABICHUS HECTPYKTYPHBIX 3alie-
KeH yrieBoJopoaoB. B wacTHOCTH, B ceBepo-
BOCTOYHOH U FOro-BocTOYHOM uactax Illammckoro
HeTera3oHOCHOTO palioHa OTMedaeTcsi aHOMAIIBHO-
BBICOKAsl BEPOSATHOCTh PACTIPOCTPAHCHUS OTIIOMKCHHH,
MPOHHUIIAEMOCTh KOTOPBIX U3MEHSICTCSl B WHTEpBAle
or 0,1 o 1 107" M* (mpm mojcueTe 3amacoB  co-
3aHUU TIPOEKTa Pa3pabOTKH 3alexel yriieBoJopo-
JIOB JIAHHBIC MOPOJIbI TIPAKTHYESCKH HE YIUTHIBAIOTCS ).
To ecTh 311ech CylIecTByeT 00CTaHOBKA, HETATHBHO
BIUSIONIasE HAa MUTpanuio (GuougaoB (B MEPBYIO
o4epesib 3TO KacaeTcsl yriIeBOIOPOJIOB), UTO B CBOKO
odepesb CO37aeT MPEINOChUIKA sl 00pa3oBaHUs
JINTOJIOTHYECKHUX 0aphepoB H, CIEOBATEIBHO, Hop-
MHPOBaHUsI JIOBYIICK HE(PTH U Ta3a JUTOJIOTHIECKOTO
WIH CTPYKTYPHO-JTUTOJIOTHYECKOTO THIOB. [Ipemia-
raeMblii TOAXOJ] MO3BOJISIET MOBBICUTH 3(PQEKTUB-
HOCTh KaK OCBOCHHUSI MECTOPOXKICHHUI YTJIEBOJOPO-
JIOB, TaK W TPOBEJCHUS IMOMCKOBO-PA3BEIOYHBIX
pabor.
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CpaBHEeHMEe MHHOBALUMOHHbIX TEXHONOIrU A00bI4M ra3oBbIX rMAPaTOB
B Kutae nu ilnoHun
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Poccwuiickuii yauBepcuret apyx0Ob1 HapoaoB, Mockea, Poccuiickas @edepayus
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Hcropus ctatbn AnHoTanus. B XX B. orpoMHOe BHUMaHKE B MUpE yJEIIOCh U3YUYEHHUIO,
IToctymmna B penakmmto: 23 mapra 2022 1. pa3BenKe, OCBOCHUIO MECTOPOXKICHUI MPUPOIHOTO Ta3a, MPeACTaBIISIONIINX
Hopaborana: 8 arycra 2022 r. co00ii 0ObIUHbIE (TPaAULMOHHBIE) ra30COAEPAKAIINE CKOIUIEHUS YIIEBOJO-
Tpunsita k myOnukanuu: 20 aBrycra 2022 r. ponoB. OrpaHU4EHHOCTh U HEBOCIIOJIHUMOCTh PECYPCOB CBOOOIHOIO TpH-

POIHOrO rasa, pacTyIUil CIPOC HA 3TOT SHEPrOHOCHUTENb HEU30EKHO 3a-
Kirrouesnie ciioBa: crapuin B XXI B. 00paTuTh BHUMAaHUE HA 3HAYUTEIbHBIC MOTCHIIMAIBHBIC
TUpaThl IPUPOAHOTO r'a3a, 30Ha peCypChl MPUPOJTHOrO ra3a, 3aKIOUYCHHBIC B HETPAAUIMOHHBIX MCTOYHUKAX.
CTaOMIILHOCTH, Ta30TMAPATHI, METOIbI K HMM OTHOCSTCS MeTaH YIJIEHOCHBIX TOJII, CJIAHIEBBIA Ia3, BOAOPACTBO-
pa3pabOTKH, TEXHOJOTHH J00bIYH, PEHHBIE Ta3bl MOJ3eMHON U HaJ3eMHOM runpocdepsl, IPUPOJHbIE ra30Bble
OKpYyKaromas cpesia ruapaTel. B mccrienoBaHny paccMaTpHBAIOTCS COBPEMEHHBIE TEXHOJIOTHUHU

pa3paboTKH NPUPOJHBIX I'a30BBIX MMIPATOB, B YACTHOCTH OIBITHO-IIPOMBIIII-
NeHHas pa3paboTka mectopoxiaeHns Hankaii Ha menbde Smonnu m psn
KPYIHBIX MECTOpOxIeHUH Ha menb(e Kutas. Onucansl pe3yabTaTel Hayd-
HBIX M3BICKAHWH, a TaKKe NMPAKTHYECKUH OMNBIT MPUMEHEHUS pPa3IHYHbIX
crnoco0OB BO3JEHCTBUS Ha MECTOPOXKICHUS HETPaJULUOHHBIX YIJIEBOJO-
ponoB. IlpuBeneH psia KIIOYEBBIX TEXHHYECKUX PELICHHH MO pa3paboTke
MECTOPOXKIECHUI Ia30BBIX TUIPATOB, TAKUX KaK KOHTPOJb HECKa IpH A00bI-
Yye, UCKYCCTBEHHBIH MOABEM, I€OJOTHYECKUH MOHUTOPUHT ¥ MOHUTOPUHT
okpyxatomieil cpensl. MHpopManonHas 1 HopMaTHBHas 0a3a HCCIEAOBAHUSA
OTpakaeT COBPEMEHHbIH ypOBEHb PAa3BUTHsI HAYKHU U TEXHUKHU B pa3paboTKe
MECTOPOXKIECHUIN MOJIE3HBIX UCKOMaeMbIX. OTpa)keH MHPOBOM U OTEUECTBEH-
HBII OMBIT pa3pabOTKU TEXHOJOTHH BO3JEHCTBHS HAa MECTOPOXKICHHUS He-
TPaJAUIMOHHBIX YIJIEBOAOPOJOB C LEIbI0 ONTUMU3ALUKN U UHTEHCH(DUKALN
mporecca JOObIIH.
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Abstract. In the 20th century, great attention in the world was paid to the study,
exploration, development of natural gas deposits, which are ordinary (tradi-
tional) gas-containing accumulations of hydrocarbons. The limited and irre-
placeable resources of free natural gas, the growing demand for this energy
carrier inevitably forced in the 21st century to pay attention to the signifi-
cant potential resources of natural gas contained in unconventional sources.
These include coal-bearing methane, shale gas, water-dissolved gases of
the underground and aboveground hydrosphere, natural gas hydrates. The authors
discuss modern technologies for the development of natural gas hydrates,
in particular the pilot development of the Nankai field on the shelf of Japan
and a number of large deposits on the shelf of China. The results of scien-
tific research are presented, as well as practical experience in the application of
various methods of influencing deposits of unconventional hydrocarbons.
The study introduces a number of key technical solutions for the develop-
ment of gas hydrate deposits, such as sand control during extraction, artifi-
cial lifting, geological monitoring and environmental monitoring. The in-
formation and regulatory framework of the study reflects the current level
of development of science and technology in the development of mineral
deposits. The world and domestic experience in the development of techno-
logies for the impact on unconventional hydrocarbon deposits in order to
optimize and intensify the production process is reflected.

Sun H, Huang Q, Vorobyev KA. Comparison of innovative gas hydrate extraction technologies in China and Japan. RUDN
Journal of Engineering Research. 2022;23(3):232-245. (In Russ.) http://doi.org/10.22363/2312-8143-2022-23-3-232-245

BBeneHue

JIMpOBATh 0OIIBIIOE KOJIIMYECTBO Ta3a B HE3HAYH-

[Ipuponnsie razoBbie THApPATH (BOJIHBIC Kia-
TpaThl) — KPUCTAUIMYECKHE COCAMHEHWsI, 00pazy-
IOIIMecsl TPU ONpeNeIeHHBIX TePMOOapUIECKUX
YCJIOBUAX U3 BOABI M raza. MiMs kiaTpartbl, OT Jia-
TuHCKOTO clathratus, 9To 3HaYUT «cakaTh B KIIET-
Ky», 0bu10 mano Iaysmiom B 1948 r.

l"a3oBBIC TUAPATHI CTAOMIBHBI TIPH OIPEACIICH-
HBIX TEPMOOAPUYECKUX YCIOBHAX, XapaKTEPHBIX KaK
JUISL OCaJ0UYHBIX TOJII B pailoHAX BEYHON MEp3JOTHI,
TaK ¥ 751 OCaJIKOB, 3aJIETAIOIMX MO THOM BOJIO€-
MOB ¢ TiyOuHoit 6onee 400-500 m. Kak mpaswuio,
ra3oruipaTel OOHAPYXKMBAIOTCA B OCaJKaX BHEI-
HUX KOHTUHCHTAJIbHBIX OKpaWH, a TaKXKE B 0CaJ04-
HBIX OacceliHaX, B KOTOPBIX JCHCTBYIOT HampsiKe-
HUSl CKATWSA, B YaCTHOCTH, W3-32 U3MEHEHUs IIpO-
CTHpAHUS CIIBUTOBBIX Pa3IOMOB.

Ou3NKO-XUMHUUYECKash crenuduka MPUPOIHBIX
ra3oryipaToB TaKOBa, YTO OHH CIIOCOOHBI aKKyMY-

TEIBHBIX 00BEMAX H, CIENI0BATENLHO, UMEIOT 3HAYM-
TETHHBIA PeCypCHBIN NoTeHIHar. OTHAKO BCE OIEHKH
PECYPCOB THAPATOB MPUPOIHBIX Ta30B OMPEICIICHBI
npuOmm3uTensHO. OHU BapbUPYIOT OT MAKCUMATBHBIX,
SIBHO 3aBBIIIEHHBIX, CICIAHHBIX 0€3 yd4eTa OYeBU/I-
HBIX I'€0JIOr0-T€OXUMUYECKUX OIpPaHUUEHHUH 0 MH-
HUMAJIBHBIX, MPOBEJCHHBIX C Y4YETOM OOJIBIIOTrO
KOJINYeCTBa (haKTOPOB, OTPAHUYMBAIOIIUX THIPATO-
obpazoBaHme.

KomroHneHTHI ra3a, KoTopble 00pa3yroT THAPATHIL,
BKJTIOYAIOT YIITICBOJIOPO/IHBIC Ta3bl, TAKHE KaK METaH,
3TaH, MpoMaH, OyTaH U UX T'OMOJIOTH, a TaKKe He-
CKOJIBKO HEYTJICBOJOPOIHBIX ra30B. DTU MOJICKYJIbI
ras3a CyHIECTBYIOT B CTPYKTYpE€ IOJIOCTH B (opMme
KJIETKH, COCTOSAIIEH M3 MOJNEKyN Boabl. ITockonbky
YIJIEBOJOPOIbI, OOpa3yroIiue THAPAThl HPUPOI-
HOTO ra3a, NpeCTaBISAIOT COO0M B OCHOBHOM METaH
(comepkanue > 99 %), UX OOBIYHO HA3BIBAIOT THII-
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paTaMu MeTaHa. ['opioumii Jel COAEepX HUT OrpoM-
HBle Pecypchl NPUPOJHOTO Ta3a. 1 M® TOPIOYEro
apaa SkBuBaienTed 160~180 M’ (cranmapT) mpu-
pomHoro Ta3a. Ha ocHOBe 3TOM OIEHKH TJIO0ATh-
HbIE 3aJIe)KH TOPIOYETro JIbJ]a COCTaBISAIOT OKOJIO
1,8x10"~ 2,1x10" M* pecypcos mpupozxHoro rasa,
o0I1ee KONMMYECTBO KOTOPBIX SKBUBAJIEHTHO YABOCH-
HOMY OOILEMY COJEPXaHHUIO YIiepoJa B TPajuIv-
OHHBIX UCKOIaeMbIX BUAAX TOIUINBA B MUDE.

Hekoroprie yueHble CUMTAIOT, YTO KOJIUYECTBO
yriepoja B IPUPOAHBIX THApaTax MeTaHa MpUMeEp-
HO BIBO€ OOJbIIE, YeM B KAMEHHOM YTJE, TO €CTh
THIpaThl METaHAa MOTYT OBITh OCHOBHBIM BMECTHU-
JIMILIEM YTJIEpOJia B 3eMHOM Kope.

Bricokue mpenmnonaraembele 3HA4YEHHUS IO3BO-
JSI0T paccMaTpUBaTh THApAaThl METaHa B IOJIOH-
HBIX OCaJKax B KaueCTBE MOTEHIMAIBHOTO U HKOJIO-
THYECKH YHCTOT0 UCTOYHUKA SHEPTUU OYAyIIEro.

JpyruM Ba)KHBIM apryMEHTOM B TOJb3Yy pa3-
BEIKH W pa3paboTku razoruaparHeix 3aiexeil (IT3)
SBJSIFOTCS. HE3HAUUTENbHbIE ITyOMHBI 3aJIeraHus
(o cpaBHEHHIO C TPAAULIIMOHHBIM ra3oM) M UX IIH-
POKOE pacipoCcTpaHEHHE B IIPUIIOBEPXHOCTHBIX CIIOSIX
JTIATOCQEPHL.

[Ipu 3TOM BO MHOTOM HEACHBI IO CHX IIOp
yCIIOBUS U MEXaHM3Mbl 00pa3oBaHMsI Ta30THAPAT-
HBIX 3aJIe)KeH B NPHUPOJE, a TaKKe MX IOBEACHHUE
B I'e0JIOTHYECKOM Maciutabe BpeMeHu. Cephe3HbIM
OTpPaHUYEHHEM JJISl UCCIIEIOBAaHUN SIBISIETCA OTCYT-
CTBHE IMpPSIMBIX METONOB IIOMCKAa Tra30THUAPATHBIX
3aJeKe 1 KapTUPOBAHUS IMIPATOCOAEPIKAIINX OT-
JIO’KEHUH 10 KOJIJIEKTOPCKUM cBoicTBaM. OTCYyTCTBY-
€T eIMHBIH MOAXOA K PaH)KMPOBAHHUIO T'a30THIpAT-
HBIX 3aJIeKel 10 MeToAaM HX pa3paboTKu.

XuMuueckuit MeTo /
Chemical method
Meroj 3aMeHbI /
Replacement method-—._

MeToj CHUKEHMSI JaBJIeHHsT /~
Pressure reduction method

OfHMM M3 BO3MOXHBIX MOJXOJOB K PEIICHUIO
MEPEYUCICHHBIX TPOOIEM SBISICTCS KIIACCHU(UIIH-
pOBaHHE Ta30THIPATHBIX 3ajJeXed IO MPHUHIUIIAM,
OTPaKAIOIINM TEOJIOTUIECKYIO CHEIU(HUKY TOTO HIIH
HWHOTO BHJA Tra30THAPATHBIX CKOIUICHUH, a TaKxke
ero 100bpYHON noTteHIman. Kpome Toro, B Kiaccu-
¢bukanuy NOoDKHA OBITH 3aj0’kKeHa WHQopMaIms,
MO3BOJISAIONIAs BHIOpATh TOT WJIM MHOH METOI pa3-
pabotku ['T'3 B 3aBUCMMOCTH OT €€ BUJIA.

l'unpatel MeTaHa MeTacTaOWIBHBI BOJH3H II0-
JOIIBBI 30HBI cTabuibHOCTH. [IpW mMOBBIIIEHUH
YPOBHSI MOpPSI M POCTE THAPOCTATHYECKOTO JaBlie-
HUS Ha €ro JHE WM MPH YMEHbIIEHUH TeMIepaTy-
pPBI OCaIKOB MPOMCXOIUT POCT MOIIHOCTH CIIOS,
B KOTOPOM MOTYT COAEPIKAThCSA Ta30THIPAThI, IPU
YCIIOBUH, YTO HIDKE TPAHUIIBI 30HBI CTaOWIBHOCTH
MPHUCYTCTBYET B HEOOXOAMMBIX KOIUYECTBaX pac-
TBOPEHHBINA B BOJE METaH.

[IpoBoasiTCS MHTEPECHBIE HAYYHBIC U 3KCIICPU-
MEHTaIIbHBIE UCCIIEIOBAHNS B O0JIACTH Pa3padOTKU
ra3oTUAPATHBIX MECTOPOXKIACHHA W 00pa3oBaHHA
ra3oBbIX ruapaToB [1-3].

1. MeToapb! no6LIYM rUapaTa
npupopgHoro ra3a B Kutae

B Hacrosiiee BpeMst cymecTByeT MHOKECTBO METO-
JIOB JOOBIYM Ta30THApaTa, W THITUYHBIC U3 HUX BKITIO-
YarOT METOJl CHIKCHHS JAaBJICHUS, TCINIOBOH METO/I
u xumudeckuit meron (puc. 1). M3-3a orpanndyennit
MPOU3BOACTBEHHBIX YCIIOBUI HCCIIEOBaHUS JTOOBI-
YW Ta3oruapaTa Mo-TpeKHEMY B OCHOBHOM COCpe-
JIOTOYCHBI Ha JBYX aCIMEKTax: SKCIEPUMEHTE B IIO-
MEUIEHUH U YUCICHHOM MOZAEIUPOBaHUH [4].

TerioBoi MeTox /
Thermal method

Merox TBepaOii 10o0bMH /
Solid extraction method

Puc. 1. Jong TexHonoruii 4o6blYm rmapaTtoB NPUPOAHOro rasa, ucnonb3dyemblx B Kutae
Figure 1. The share of natural gas hydrate extraction technologies used in China
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1.1. MemoO cHu)xeHus1 0aesnieHus

Meron CHIKEHUS JaBJICHUS CHIDKAeT JAaBIICHHUE
THAPATHOTO KOJUIEKTOPA 3a CUET U3BJICUCHUSI TPYHTO-
BBIX Boj wim raznudTa. Korma naenenue rumpara
IaJiaeT HIKE PaBHOBECHOT'O JABJICHHSA, OH CaMOIIPO-
U3BOJIBHO Pa3jiaracTcsl, TeM CaMbIM pealu3ys UCIIONb-
30BaHue ruapaTta. MeTon CHM)KEHMS JaBJIE€HUs MOKa-
3aH Ha puc. 2 [4]. Ilockomeky ero pabora OTHOCH-
TEJIBHO TIPOCTa, OH MOMKET CIIOCOOCTBOBAaTbH OTHOCH-

Bemoa raza/Gas is produced

Mopckoe quo/
TETYT LTI rY Seabed
HenporanaeMen ciof!
Non-permeable layer
Cnoii razoraapara/Hydrate layer
Paznoxenne/Decompose
- . - B Bie 2

I'my6una / Depth

TENBHO OBICTPOMY PAa3JIOKEHUIO OOJNBIIOTO KOJIWYe-
CTBa TUApaTa MPUPOIHOTO Ta3a, STOT METOJ CUHTACT-
csi HamOoyee PKOHOMUYECKH LEHHBIM IPH JOOBIUE
TOPIOYEro JibJa. B To ke BpeMs Clemyer OTMETHTS,
YTO BO BpeMsI Ipoliecca JOOBIMU ¢ pasrepMeTn3aueit
TIOHIKAETCSl TEMIIepaTypa IiacTa, YT0 MOXKET CTaTh
NPUYINHON 00pa30BaHUS JIbIa WM BTOPUYHOTO THJI-
para, 3a0JIOKMpOBaTh MyTh (DUIBTPAIMU U TOBJIHATH
Ha 3()(eKTUBHOCTD 100bIYH [4].

Tenmeparypa/Temperature

Tuapat/Hydrate ;
& I'as/Gas

Hcxoguas +
TeMIeparypa KpHBaa’

The original temperature curve

+C‘ra6m1{m

OrHDAKAL KpHBaL/

Ornbaroman KpHBas —>

nocIe CHHACHHA JABTCHHA

QINSSa1y / QMHOIEE)!

Stabilize the envelope after buck Stabilize the envelipe

Puc. 2. NMpuHumMnuanbHasa cxema AenpeccuoHHOro Metoaa
Figure 2. Schematic diagram of depression mining method

1.2. Tennoeoii Memod

TemmoBoit METOJ 3aKIIOYACTCS B IOBBIIICHUHN
TeMITepaTyphl pe3epByapa ruapara KakuM-udo odpa-
30M, 4TOOBI CAENaTh €€ BBIINIC, YeM TeMIleparypa
paBHOBecHs ruapaTa s pa3liokeHus ruapara. Jlo-
OBlua ¢ HarHEeTaHUEM TeIUTa TIoKa3aHa Ha puc. 3 [4],
MIEPEYUCIICHBI OOIIMEe METOJIbI HATHETAHUS TeIlla,
a TakKe WX MpeuMyIlecTBa M HeAocTaTtku. Termio,
oTpedIsIeMoe B TIPOIIECCe 3aKaYKH TEIIa, B OCHOB-
HOM HCIIOJIb3YETCS JUIsl TIOBBIIMICHUSI TEMIIEPATYPhI
MOPOJIBI-KOJUICKTOPA, IMOBBIIMICHUS TEMIIEPATyPhI
KUIKOCTH MEXIY ITOpaMHl THIpaTa, pa3IoKeHUS U
abcopOIMKy THapaTa W BHEIIHEH Teruionepeaayu;
B TOM TIpoIiecce, MOMUMO TOTJIOIIEHUS TeIlia MpH
Pa3IOXEeHUH TUApATa, CYIIECTBYIOT IpyTHe TEIuIo-
Bele moTepu. [IpobOiema OTXOHOB, a TaKkKe H3-3a
HaJIMYUs TOPHBIX TIOPOJ] B KOJUIGKTOPE M OTpaHUuYe-
HUSl TEIJIONPOBOJAHOCTH TIOPOBBIX (MIFOMIOB, pac-
MIPOCTpaHEHUE TeIIa OYCHb OTPAaHUYCHO, U TPYIHO
JIOCTUYb MECT, YJAJICHHBIX OT JOOBIBAIOIIEH CKBa-
KUHBI. Pa3nuyHple MPUYUHBI TPUBOAAT K HHU3KOM
3 PeKTUBHOCTH MOOBIYM C HarHETAaHHWEM Terrla.

B n3BecTHOM B HacTosimiee BpeMs MPOIEcce M00BI-
Yy Ha MECTe METOJ HarHeTaHUs Tella PEIKO KC-
MOJIB3YETCSI B OJJUHOYKY W OOBIYHO COYETaeTCs C
JIPYTHMHA METOJaMH TOOBIYM B KadeCTBE CpPEACTBa
JUTsE OBICTPOTO PA3JIOKEHHUsST PE3ePBYapOB TUAPATOB
Ha paHHEH CTa/uu.

1.3. Memo0 3ameHbI

B meronme 3aMeHBI BMECTO MeTaHa HCIOJB3Y-
ercs CO, win KXKUAKOCTh. IlpuHIMNI 100BIYM TTOKa-
3aH Ha puc. 4 [4]. Temno, BbAENsAIONIEECS BO BpeMs
BBITECHEHUS, MOYKET CIIOCOOCTBOBATh PA3JI0KEHUIO
THAPATOB U 3aCTABJISITh PACCESHHBIN ra3 3aoIHITh
nopsl 1iacta. Ilporecc 3amMeHBl HE MpenroiaracT
(hazoBoro Mepexozaa, MOATOMY OH Ooiiee Oe30maceH.
B 10 ke Bpemsi mapHUKOBBIE Ta3bl MOTYT XPAHHUTHCS
Ha MOPCKOM JHE, YTOObI YMEHBIIUTh MapHUKOBBIN
sddexr Ha cyme. [lodToMy 3TOT MeTOA BBI3BAI
OOJIBITION MHTEPEC Y MUCCIIe0BATEICH-CIICTIHATICTOB.
Opnako mocne HcciieaoBaHUN OBIJI0O 0OHapy’KEHO,
970 3(PPEKTUBHOCTh 3aMEHBI 3TOTO METO/Ia HEBBI-
COKa, a TpeOyemble YCIOBHA I 3aMEHBI OTHOCH-
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TeNbHO kecTkue. B To ke Bpems CO; jerko nmpoHu-
KaeT B TOPHYIO CKBaXKHHY, YTO CO3/]a€T HOBBIE TPO-
Onembl pasgeneHus. B HacTosimee Bpems cymiect-

Tops4as zuakocTs/Thermal fluid
Brixoxa rasa/Gas is produced

: N
. .
..
R 3 Mopcxoe aH0/
5 999NN IR ¢ Seabed LY
Henporunaems1i o/ : :
. .
Non-permeable layer P <
. .
.
..
.
..
..
Cro# razoruapara/ » S
P 3 Pasnoxenne/Decompose
Hydrate layer s I® e
- x| )
‘ > <
. .
' ‘ '
5 " 4
S e
}_-h — e — — - -

T'ny6una / Depth

BYET HECKOJIbKO KOMMEPYECKUX MPUMEHEHUU Me-
TOJa 3aMEHBI, HO OH BCerja ObLI ropsvell TeMoit
JUISL KcclieToBaHmi [5].

Teymepatypa/Temperature
Ta3/Gas
Tuapar/Hydrate
« L - p=|
TabubHAA OrHOaomaTl S
=
KpHBasg/Stabilize the 2
=
envel e
o ope =
® g
e @
- H

\} * Temmepatypras q

KpHBai nocie

Hcxomnas TemnepaTypHas +

xprBas/The original temperature curve 3aKavKH ropaeit
xmaxocts/The

temperatuer curve

after heating

Puc. 3. NpuHumnnansHasa cxema TenaoBoro Metona
Figure 3. Schematic diagram of thermal injection mining method

Bxox CO2/CO2 injection

Bsxox rasa/Gas is produced

f p ¢ Mopcxkoe aHO/
IR AR AR RRRAARARRARRIERI A R AR
Henponumnaemstit coit/ R 3 =
Non-permeable layer : ' , :
10i1 a/ ® 3
PR e g . . Pasnoxenne/Decompose
Hydrate layer <4 ° ~ -~ - x| -
ydrate layer y - -1 = { \ 2 W : :J( .
- TR \ - P
- - - -
- - o~ -

Puc. 4. NpuHumMnuanbHas cxema MeToaa 3aMeHbl
Figure 4. Schematic diagram of displacement mining method

1.4. Xumuyeckuli Memod

XUMHUYECKUH METOJ BBOAUT XUMHUYECKUM HH-
rHOUTOp B OTJIOXKEHHS THApaTa, YTOOBI pa3opBaTth
BOJIOPOJIHBIE CBSI3M MEXIY MOJIEKYJaMHu Tuapara u
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WU3MEHUTh YCJIOBUs (ha30BOTO PaBHOBECHS JUIS CY-
IIECTBOBAHUS THIPATOB, YTOOBI CIIOCOOCTBOBATH
pasoKeHUIO THApPATOB. [IpuHITMT 10OBYM TIOKa3aH
Ha puc. 5 [4]. Bpu1o NOATBEPKIIEHO, YTO 3TOT METOT
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MOJKET YBEJIIMYUTH JOOBIYY MPUPOJHOTO Ta3a, U MO-
KET Pealn30BaTh Pa3OKECHUE TUAPATOB € 3aKAUKOH
OUYeHb HHU3KOH SHEPruu Ha HAYaIIbHOW CTaJHH DKC-
mwryatarmi. OgHAKO WHTHOUTOPHI OYEHB JOPOTH.

HerutuTop/Inhibitors
Baixon raza/Gas is produced
..
. .
R & Mopckoe ar0/
' .
D E AV ZEIER ] 0:“ Seabed
M
HenpoHunaeMmpIi 108/ : -
..
Non-permeable -
: e
..
LR
.
.
.
Caoft razormapara/ : : Paznoxenne/Decompose
Hydrate layer ..
o % ™.
r .
, .
{ : < )
\ ’
-~ .
Sem -
o ——— —
r — — g—
- - - - p— . —

B 10 e Bpemst HHTUOHTOPBI OYAYT OKa3bIBaTh HE-
OnmaronpusaTHOE BO3/ACHCTBHE Ha TPYHTOBBIE BOABI U
MOPCKYIO 9KOJIOTHYECKYIO CpeLy, I03TOMY HCIIOJIb-
30BaHHUE 3TOTO METOIa OTPaHUICHO [5].

Temneparypa Temperature
v
Tuapar/Hydrate | Ta3/Gas

]

\
Hcxoanas —* ‘. )sg
ff; TeMIIEpaTypHAL KPHEAA L g
9 The original temperature curve ” (:1
g H

"

Orubaroman KpHBas m0c1e J00aBIeHHT ‘

HHrHOHTpa/After adding the inhibitor,

the envelope —>

Puc. 5. lNpuHumMnuansHaa cxema XMMmyeckoro metoaa

Figure 5. Schematic diagr:

Tasudukarya B Tpyde/
In-tube gasification

TTepekauxa ncesz0
Fluidized pumping

Mexanuueckoe pobIeHHe TBEPIOTO BEMECTBA BOTHOM cMecH/
Water compound Solid Mechanical crushing

am of inhibitor injection method

I'pasesan mosepxrocTs/Mud surface

Cu10¥ rps3H | mecka/
Mud and sand layer

OKHKEHHOT O ra3a/
TTepBoHAYATBHOE OTACICHHE H 0OpaTHAL
3achIIKa ocagka/

Puc. 6. MpuHUMNanbHas cxema meToga [o6bl4n B TBEPAOM NCeBOOOXMXKEHHOM CJloe

Figure 6. Schematic diagram

of solid fluidization mining method
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1.5. Memo0d do6bi4yu
8 meepdoM rceeAO0XKUXEHHOM cJl0e

TBepmorenpHast 100bYa B IICEBIO0KIKEHHOM
CIIO€ — 9TO HOBBIH METOJ| JOOBIYU TUIIPATOB, MPEIIO-
KEHHBI B MOCJIEJHUE TOIbI, KOTOPBIH oOecrieynBaeT
BBICOKYIO A((EKTUBHOCTh JOOBMH HeTUareHeTHIe-
CKOTO Toprodero Jjpma. [lpuHImm qo0bMu 3TOTO Me-
TOJIa: MCIIOJB3YiTe TOpHOE 000pYIOBAaHUE IS HETO-
CPE/ICTBEHHOM BBIEMKH TBEPIOTO TOPIOYETO JIhJa,
3aTeM M3MENTbUUTE 0CA/IOK THIpaTa Ha MEJIKHE YacTH-
Lbl, @ 3aT€M TPAHCIOPTUPYUTE €ET0 C MOPCKOW BOJIOU
Ha MOpPCKYIO IUIaTopMy uepe3 3aKphITHI CTOSK U
CpaBHHTE TIOJyYSHHBIN TBEP/BII THAPAT WU CYCIICH-
3110 Ha Mopcko# miardopme. [IpuHIMN NOOBMHK 1M0-
Ka3aH Ha puc. 6. [6]. DTOT MeTOn pealn3yeT TBepAo-
TENBHYIO Pa3pabO0TKy Ha MECTEe, CHM)KAET PUCK MHKe-
HEPHO-TEOJIOTHYECKUX KaTacTpod, BBHI3BAHHBIX pa3-
JIOKEHUEM TOPIOYETO JIbJIA, a TAKXKE B ONpeeIeHHOM
CTETICHH TT03BOIISIET M30eKaTh MapHUKOBOTO 3 deKTa.

I'umpater mpupoaHoTo rasa B KOxHo-Kuratickom
MOpPEe UMEIOT HEOOJIBIIYIO [IyOUHY 3aJleraHusl, CJa0yro
LEMEHTAlNI0 U JIETKO MOAJAr0TCsA (hparMeHTaluy,
YTO OYEHb IOAXOIUT JJISI WUCHOJH30BAHHUS METOJa
TBEpIOTO TceBnooxmxkeHus. [loaTomy mpemioxe-
HUE 3TOTO METOJa BBI3BAJO MCCIENOBATEIbCKUI
MHTEpeC MHOTHUX OTEUECTBEHHBIX YYEHBIX. B ampe-
ne 2015 r. FOro-3ananserit HEPTIHOW YHUBEPCHTET
OCHOBAJI NepBYI0 B Mupe «Mopckyro 1abopaTopuio
HEINareHeTUYeCKOH MOOBIYM Ta30BBIX THAPATOB C
MICEBIO0KIKEHHBIM CJIOEM, KOTOpas MOMET BBI-
MOJIHSITH TOATOTOBKY TBEPABIX THAPATOB OOJIBIIOTO
o0beMa, OLEHHMBATh Pa3pyLIAIOUIYI0 CHOCOOHOCTD
TOPHOTO O00OpYMOBaHUSI W MPOBOJAUTH IICEBIOOKH-
keHne TuaparoB. OmeHKa eMKOCTH TOPHBIX TTOPOJ,
MOJISIIMPOBAHNE MPOIIECCa TPAHCIIOPTHPOBKU THI-
paToB 1O TPyOOIPOBOAaM, Pa3I0KEeHNE THAPATOB H
peostormueckue uccienoBanus [6]. [To nmeromumces
naHebM, B Mae 2017 r. KuTail BnepBele MpUMEHWIT
TEXHOJIOTHIO TBEPIOTENBbHOTO TCEBIOOKIDKEHUS B
ceBepHoil yactu IOxxno-Kuraiickoro mopst st no-

CTUKEHHUS TIPOOHOM T06BIYH ¢ YMCTOTOM raza 81 M >,

OTta IIPOMBICJTIOBAs npo6Ha>1 Z[O6LI‘IEI JOKa3aJia BO3-
MOXXHOCTBh HCIIOJIB30BaHHsA MECTOJa TBCp,Z[O(l)EBHOFO
TNICEBAOOXKMKCHUA TP SKCINTyaTalluu HCFJ'IY6OKI/IX
HEANAr€cHECTUYCCKNX I'a30BbIX TUAPATOB.

2. [,o6blya ra3oBbiX rmgpaTos B ANoHun

B nacrosimee Bpems SnoHust sSBISETCS TPETher
[I0 BEJIMYMHE SKOHOMHMKOHW B MHpE, HOTPeOsii TeM
caMbIM OIpDOMHOE KOJIM4YecTBO 3Hepruu. Ee 3emens-
Hasl IJIOIIAb HEBEINKA, IIPY 3TOM B SINOHMM 3aMeTHA
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cepbe3Has HeXBaTKa He(TerasoBBIX PECYpCOB, KOTO-
pBIE CHIIBHO 3aBUCAT OT umriopta. CTpyKTypa 3Hepre-
TUYEeCKO# Oe3omacHocTH B SlnoHnn ouenp ciaba. [lo-
3TOMy SINOHWS TMOJIOKHUTENTHHO OTHOCHUTCS K OCBOE-
HUIO HOBBIX MCTOYHUKOB 3Heprun. CTpaHa yiKe JTaBHO
HavaJla UCCJICIOBAHUS Ta30BbIX TUAPATOB, BKIIA IbIBAS
B M3yYeHHE MHOTO JIHET ¥ TEXHWYIECKOTO MepcoHaa
Kb To1 [7]. MHOTONIETHHE T€0JIOrOpa3BeI0uHbIC
WCCIICIOBaHUS JI0Ka3aJd, 4To B SIOHCKOM MOpe MMe-
eTcst OOJBIIIOE KOJMMYECTBO TA30BBIX THPATOB, HO X
JOOBIYa TIPENCTABISIET COOOM MOPOTOCTOSIINN | TH-
JKeJTbIl Tporiecc. J[iist Toro 4To0bI Kak MOXKHO CKOpee
JIOOHUTBhCA Ppa3pabOTKU M JTOOBIMH MOPCKUX Ta30BBIX
THIPATOB, PEIINTh BHYTPEHHNE SHEPTETHIECKUE TIPO-
Omembl, SmoHus paspaboTana JOITOCPOUYHBINA IUTaH
pa3BUTHS Ta30BbIX rHapaToB [8—10].

B 2013 r. SlmoHus ocyuiecTBUia MEPBYI B
MUpE MPOOHYI0 JOOBIYY MOPCKOTO ra30BOro THApara,
npoOHas riryouHa no0brum coctaBuiaa 1006 m [11],
npoOHas moOblua TpoaoipKanack 6 JHeH, oOmmi
00BeM TPHPOMHOTO Ta3a cocTaBmim 12x10% w3,
CpeqHecyTouHas J06bYa ra3a cocraBmia 2x10% m°,
coBOKymHas 100s4a 1245 M°[12].

B 2017 1. SlnoHus mpoBeia BTOPYIO MPOOHYIO
JI0OBIYY Ta30BBIX THAPATOB MOCJIE MOJHOTO PE3IOME
nepBoi poOHOH 100buH. [lepBble UCTBITATENBLHBIC
TOPHBIE CKBXUHBI OBLIH 3aITylleHbl B Tiepuon ¢ 4
mo 15 mast, ucnpiTaTeNnbHas AOOBIYA B OOIIEH CIIOXK-
HoCcTH coctaBuna 12 mHeil. KymynstuBHas moObrua
rasa cocrasuna 3,5x10% M°, Ho u3-3a o0Opa3oBaHHUs
MecYaHbIX MpoOIeM ucHbITaTeNbHas 10o0ba Oblia
IIPUOCTAaHOBJIEHA. BTOpPOil yCThEBON TECT TOPHBIX
CKB)KUH OBLI MPOBEJIEH ¢ 5 1o 28 MIOHS, TECTOBas
oObIIa B 00MIEeH CIIOXKHOCTH 24 THS KyMYJISTHBHAS
N06bI¥a Ta3a cocTaBmia okono 20x10% v’

2.1. sinoHckul Memod npo6Holi 306bI4u
2a3oebix 2uépamoe

B Hacrosiiee Bpems ycrnemHasi TecToBast J0ObI-
Ya ra3oBOro rujapara Oblja OCYyIIECTBJIEHA MO Cpel-
CTBaM CJICAYIOIINX METOIOB JOOBIYH:

— MeToJ Oaka;

— TEPMAaJIbHBII METOJ BIIPBICKH;

— XUMHUYECKHI METOJI BIPHICKHY;

— METOJ 3aMEHBI YTIIEKUCIIOTO ra3a;

— MOJBOJHBIN TBEPIbIA METOJ MHUHUPOBAHUA
IICEBIOOKUKECHUS;

— HECKOJIbKO METOJOB MHTEIPHPOBAHHOIO HC-
I0JIB30BaHMUS.

TlomynspHbIil ¥ MKUPOKO HUCIOJIB3YEMBIA U3 BCEX
NIPUMEHSEMBIX METOMOB, siBIsieTcss MeTox Oaka. Ilo-
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HIDKAIOMIUKM METOJ, 3aKIIOYAIOIIUICI B CHIDKCHHU
IJIACTOBOTO JABJCHUS Ta30BbIX THIPATOB Ui pa3-
pyLIeHUs] CTAaOWIBHBIX YCIIOBUHM HaJIW4YWs THUIpAT-
HOTO JaBIIEHUS, CTIOCOOCTBYIONIUX MPOIOIIKUTEITh-
HOMY Pa3JIOKEHHUIO THJIPATOB, CUUTACTCS HanOoJjee
3¢ QeKTUBHBIM, HaN0OJIee YKOHOMUYHBIM U IPOCTHIM
METOAO0M TPOOHON TOOBIYM Ta30BBIX THAPATOB. OI-
HaKO J00bIYa YKOHOMHYECKH IIEJIECO00pa3Ha TOJIBKO
B TOM Ciyyae, eclii TUAPATHHIN pe3epByap pacro-
JIO’)KeH BOJM3W TPaHUIIBI PAaBHOBECHS TEMIIEPATyPhI
u naBieHus [13].

B 2013 r. B mo0bIue Ta3oBBIX THAPATOB HC-
IOJIE30BAJICSI METOJI CHIDKEHHS NABJICHHUS U METOJ
HarHeTaHUs TeIUla, WCIBITHIBas TOPHYIO KOJIOHHY,

KaK ToKazaHo Ha puc. 7 [14] HacocHOM arperare,
KOTOPBIH MCIOJIB3YETCS JUIsl CHUKCHHUS TUIACTOBOTO
JIABJICHUS W, KaK CIIEJICTBUE, IS JOCTIDKEHUS pa3-
JIOXKEHUSI Ta30BOTO THIpaTa. YCTaHOBKAa HarpeBa-
TEJIFHOTO y3JIa B MOJIOKEHUU pe3epByapa KOJOHHBI
UCIIONIB3YETCSl Ul HarpeBa Ta30BOrO THAPArTa,
VIIy4IICHHs TEMIIEPATYPhl THAPATHOTO pe3epByapa.
B pesynbrare HarpeBaHus IPOUCXOIUT IOBPEXKIE-
HUS TUAPATHBIX BOJAOPOIHBIX CBS3CH, U Jlajiee Tpo-
HUCXOAWT pa3liokeHue ra3zoBoro rwupara. l[locie
TOT0, KaK KOJIOHHA BOIIUIA B DKCILTYaTaIUIO, HArpe-
BaTeNb MOBPEIWICS W HE Wrpajl HarpeBaTelIbHOU
pONHM, TEM cambIM OBLI, AOCTHUTHYT CTYIIEHYATHIH
MeTOoJ1 MPOOHO# TOOBIYM Ta30BOTO THAPATA.

i Mezan Mechave gas

Byposoe cyxmo/Drilling ship o BenWue
Bypwninax 1py6a TpyOnpoROTE TIX e ] l
Gypesos cxsaxux Well drilling pipeline dnll pipq Jpoccemsunit Tpyonposoa(soTmmil kanat)/
rasosuii kamay/ Choke pipeline(water channel)
Methane gas channel

TMporusosrbpocosstit npescrTop/
Blowout preventer(BOP)

Mopcxoe xmo/Seabed

Cpezmxit 3aT30p JaxpuT
(HICTPYE Beprcars0 X KEAIOK Derax [15)

Byposoe cyamo’
DNtling 0
Crosx/Riser
TIpoTHBOBAIOPOCOBKI NIpeBenTOP/
Blowout preventer(BOP)
/’

e s 3, cS0pe Electric submersible pump unit assembly

Cocras

P arperay

Heater

Cocras ynioTHeREx X% NOSHINORHPOBAREX BCTaBKH/
Insert positioning seal composition

3achimxa ® yioTHeEHE rpasHen/

Puc. 7. VicnbiTaTtenbHas CTPyKTypa CTBOJIA CKBaXUHbI A5t A00bIYM ruapaToB B AnoHckom mope B 2013 1.
Figure 7. Hydrate production test wellbore structure in Japan Sea in 2013

B 2017 r. SlnoHust ocyuiecTBUia BTOPYIO U
TPETbI0 MPOOHYI0 NOOBIYY MOPCKHX Ta30BBIX TH-
paToB, UCIIOJIb3Yyd TOJBKO METOJ CHMIXCHUA JaBJIC-
HUSl, UCKIIFOUMB COBMECTHOE HCIIONb30BaHHE METO-
Ja HarHeTaHws Teruia. llocie HECKOIBKUX Ha3eM-
HBIX UCTIBITAHWHA W JAEMOHCTpAIMid OBIJIO yCTaHOB-
JIEHO, 4YTO 5HeprodpQeKTUBHOCTh WHKEKLMOHHOTO
TEIUIOBOTO METOJa HH3Ka, yBEIWYEeHHWE Harpena-
TENBHOTO YCTPOWCTBA TPUBEAECT K YBEITUYCHHUIO
CIIOKHOCTU CTPYHBL. Ilo cpaBHEHHMIO ¢ TIEPBOW OIBIT-

HOHM OOBIYeH MONIE3HBIX MCKOIMAEMBIX, I o0ecTe-
YeHHs] CTaOMIIFHOCTH KOHTPOJIS JAaBIIEHUS M CTBO-
Jla CKBAXUHBI TPUMEHSETCS METOJ IOMIaroBOTO
noHwkeHus. ['a3oBbiid ruapar fnoHckoro Mops B
TPH pasa MPEBOCXOTUT MPoIecC MPOOHON MOOBIYH,
W Pe3yJbTaThl MMOKA3BIBAIOT, YTO TEKYIINH YPOBEHBb
TEXHOJIOTUA TIPU HCIOJB30BAHUHU TMOHUKAIOLIETO
MeToJa Ui MPOOHON OOBIYU SIBIISIETCS TPOCTHIM,
HanbOosee d(PPEeKTUBHEIM M Hambosee PKOHOMHY-
HBIM METOJIOM MPOOHOM OOBIYM Ta30BOTO THAPATA.
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2.2. TexHOM02USs1 KOHMPOJIS 2UOPaMHO20 Nnecka

PesepByapsr ¢ razormmparamMu HaxOIATCS B
OCHOBHOM B CJ1a00 CIIEMEHTHPOBAaHHBIX IOPOJAAX.
[TockonbKy nuareHeTHdeckasi CTpyKTypa HE JOCTHTI-
HyTa, MPOYHOCTH moponabl Hu3kas. Korma razoBbrit
ruapar ctabuiieH, PhIXJIBIA TIACTOBOH Ta30BBIN TH-
pat noMmoraet 3akpenurth 1act. [locne pasnoxxeHus
ra3oBOro THApaTa MPOYHOCTH IUTacTa OyAeT 3Hadu-
TEJIFHO CHIDKEHA, YTO TIPUBENET K YXYAIICHHIO Telle-
00pa3oBaHMsl, 3HAUYUTEIFHOMY CHIDKEHUIO MEXaHU-
YeCKOH MPOYHOCTH TIacTa, 00pa30BaHUIO OOIBIIIOTO
KOJIMYECTBA TECKa, YTO B JAbHEWIIEM MpPHUBENET K
HEecTaOMIIBHOCTH CTBOJIA CKBaXKHHBI. [loaToMy mist
JOJNTOBPEMEHHOI OOBIYM Ta30BOrO rHapara Heoo-
XOIMMO PEIIUTh MpoOIIeMy TiecKa.

B 2013 r. SImonus nmpoBena paHHUH KOHTPOJIb
MecKa, Korga OCyIIeCTBHIIIA CBOIO NIEPBYIO MPOOHYIO
MOOBIMYy MOPCKHX Ta30BBIX THIApaToB. Jlms Toro
YTOOBI TOMYYUTH OOJNBIIYIO CTENeHb BBIXOZAA IjIa-
CTa, UCIOJB3YETCs MPOLIECC KOHTPOJS TpaBUNHON
3aCHINKU MECKOM, OCYIIECTBIIIEMBIA 1O MPHOIH3H-
TEBHBIM pacueTaMm.

OOmiasi Macca 3achIIAHHOTO TPaBHSl COCTABHIIA
okoio 2136 kr, a naBieHre HanonHeHus — 10 8,1 MIla.
[IpoOHas moOkrua Obiia 3aBepireHa 12 mapra 2013 T.
Ha mectoii neHs ucnbITaTensHON 100BMN ObLI 0OHA-
pYXeH CIoN TecKa, a JaTYUKU KOHTPONS JaBJICHUS
cTanu (GUKCHPOBATH PE3KOE YBENMUeHHe. Taioke mpH
HCTIIBITATEeIFHOW J00bIde 100BYa BOABI OBICTPO BO3-
pocna. M3-3a miaoXux MOTOAHBIX YCIOBHHA Ha MOpe
UCTIBITATENBbHBIN KOpalmb «3eMiish» He uMen OO0JIbIIo-
IO KOJMYECTBA BBIXOJIAIIETO ITeCKa, MOUTHOCTH IO

nepepaboTKe KHUIKOH cMecH. JJOHHOE MaBieHUE TO-
BBIIIAJIOCH, IOOBIYA Ta3a MpeKparatachk. YtTo0wr obec-
MEeYNTh 0E30MaCHOCTh MCIBITATEIHHOTO TOPHOTO CY/I-
Ha W TEepPCOHANa, TOCYJapCTBO OBUIO BBHIHYXKIEHO
OCTaHOBUTH UCIIBITATEILHYIO TOPHYIO OIIEPALIUIO.

AHanmi3 TOKa3bIBaeT, YTO OOpa30BaHUE TIECKa
MIPOUCXOJTUT ¥3-32 PA3JIOKEHUS TIACTOBOTO T'a30BOTO
rUpara, Tak Kak JBWXXCHHE TPaBHsl, BBI3BAHHOE 00-
Ha)KCHHEM TIECUYaHOTO PKpaHa, U 00pa30BaHUE IMOTOKA
BO3JlyXa, MPHBOIMMOTO B JBIKEHHE yJIapOM DKpaHa,
BBI3BAHHOE Pa3pylIEHHEM JKpaHa, a 3aTeM 00pa3oBa-
HUE TeCKa U 3aChIKa TeCKa B CTBOJI CKBYKUHEI, MTPU-
BOJISIT K BBIXO/Iy M3 CTPOS HACOCA, BEIHYK/Aasl TEM ca-
MBIM TIPEKPATUTh BECh MPOOHBIA TPOIECC TOOBIUH.
3a Bech MPOOHBIH Mpoliece ObIUM 00pa30BaHKE MecKa
coctauno 30 M [15]. Takum 06pazom, MpoOHBIL
Tporiecc AOOBIYM MOKAa3all, YTO 3aChIITKA TPaBUsl CIO-
COOCTBYET YBEJIMYCHHUIO JIOOBIYM, HO €ro CTEHOBas
HecyIast CriocoOHOCTh cnaba [16].

B 2017 r. SlnoHus ocyiuecTBUia CBOIO BTOPYIO
MOPCKYIO TIPOOHYIO OOBIIYy ITOJIE3HBIX HCKOIIa-
C€MBIX, OTKa3aBIIMChb OT CXCMbI 3aCBLIIIKK TI'paBUA,
U TIpUHSAJIA CUCTeMy KOHTpos necka Geoform, pas-
paborannyio kommanueir Baker Hughes. Onmnako,
IMpuHUMass BO BHHUMAHUE PHUCK TOIro, 4TO CHUCTEMaA
KOHTPOJII TeO(OPMHOTO IMECKa MOXKET HE PAaCIIH-
puThcst, SIMOHUS WCMONB30Baja IMPEABAPUTEIHHO
pacUIMpeHHYI0 CUCTEMY KOHTpOJIsi TeodopMHOro
MECKa B CKBAXHHE U CHUCTEMY KOHTPOJIS reo(opm-
HOTO TIeCKa B CKBKMHE PACHIMpPEHHS ABYX OIepa-
IMHOHHBIX TPOTPaMM BO BTOPOH MPOOHOH HOOBIUE,
Kak TIoKa3zaHo Ha puc. 8 [17].

Puc. 8. OkpaH pacwmpeHns GeoFORM nepepn, BXOAOM B CKBaXMHY 1 pacLUMPEHUS NOCIE BXOAA B CKBAXMHY
Figure 8. Geoform expandable screen pipe before and after running in the well
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[lepBast ucnbITaTeIbHAS CKBAXKUHA UCTIOIB3YET
TPYHTOBYIO TPEIBAPUTEIBHO PACIIUPEHHYI) TE€O-
(hopMHYIO CHCTEMY, a 3aTeM CITyCKaeTCs B CKBaXKH-
Hy. 3a 12 gmeit oOmrast 700BIYa Ta3a COCTaBMIIA OKO-
a0 3,5x10* m’. Tlocnme BeIGpoca Tecka, IEPBYIO
CKB2)XUHY BBIHYXJICHBI ObLTU OTKIIOYHTH. BTopas
CKBa)KMHA OBIJIa MCIIOIH30BaHa JI0 CaMOTo JHa pac-
IUPEHUs] T€O0()OPMHON CUCTEMBI KOHTPOJISI TIECKa.
JoObrua amuiack 24 s, oOmas moOblya rasa co-
craBmiaa okoso 20x10* . Jlo xoHIIa TOOBIUM BTO-
past CKBa)KMHA HE TIeCKOBaJa.

Takum 00pa3zom, MpenBapUTEIbHO PACIIMPESH-
Has TeoOpMHAs CUCTeMa KOHTPOJIIS TecKa IMO3BO-
JIseT N30eXKaTh PUCKA HE PACIIUPATHCS B CKBAXKHUHY,
HO €CTh HEIOCTATOK OIOPBI CTCHKH, W TOTNA €CTh
PUCK HEpacIIupeHUs: aKTHMBHOTO BellecTBa. Takas
orepanus OoJiee CI0XKHasI, HO OIIOpa CTEHKH W KOH-
TPOJIb [TECKA OKA3bIBAIOT 3HAYUTEILHBINA 3PQEKT.

Kak BHIHO M3 MPUMEHEHUs SITOHCKON TEXHO-
JIOTHH KOHTPOJIS Iecka mpoliecca MpoOHOM J0ObYH
ra3o0BOT0 TUAPATA, JOJITOCPOUHOE TTPOU3BOACTBO IIe-
MEHTAIlMA pe3epByapa pasjoXKeHHsl Ta30BOr0 THJ-
paTa YMEHBIIHMIIOCH, 3allOJIHEHHE I[TOTOKa IecKa
TIPUBEIET K OTKPHITOMY 3KpaHy, B TO BpeMs Kak
CTaOMIIBHOCTh CTEHBI CHM3WTCA. [lepen BXoIoM B
CKBXUHY pacCIHIMPEHHE TeO(OPMHOTO 3KpaHa TaK-
e He OJOKHMpyeT oOpa3oBaHHME BTOPXKEHUS IIEeCKa,
a TOCJe TOA3EMHOr0 PACHIUPEHUST Te0POPMHOIO
skpaHa 3(PQEeKT KOHTPOJIS MecKa XOPOIIHH, YTO
YKa3bIBaeT Ha TO, YTO TMojAepkanne 3h(eKTHBHOMI
OJIOKMPOBKH ITeCKa M CTAaOMILHOCTH CTCHOK SIBJISICT-
Cs1 KJTFOUOM K YCIIeXy KOHTPOJISI THAPATHOT'O TeCKa.

2.3. TexHOMO2UST UCKYCCMBEHHO20 JIUhMuH2a
2a3oebix 2udpamos

HckyccTBeHHOE TMOIHATHE SBISIETCA OCHOBOM
JUTS peanr3anuu Jo0srau. B mpoOHoit 1o6kIve ra3o-
BBIX THAPATOB B SIMOHCKOM MOPE HCIIOH30BAIHCH:

— TOTPYXKHBIE 3JICKTPOIICHTPOOCIKHBIC HACOCHI
(YOLH);

— CHCTeMa CHIKEHHS THIPOCTATHYECKOTO JIaB-
JICHHS CTOJI0A B CKBAKUHE;

— KOJIOHHAasl CTPYKTypa: 3JICKTPOMAarHUTHBIH
KOTENI + DJIEKTPUYECKHHA IOTPYKHOU IEHTPOOEK-
HBII HacOC + YIaKOBIIUK + TPYOOIIPOBOI.

C moMOIBI0 EKTPUIECKOTO TTOTPYKHOTO Ha-
coca JiIs M3BJICUCHHUS IUIACTOBOM YKHIKOCTH BPYYHYHO
CHIDKAIOT JOHHOE JaBJIEHHE, YTOOBI CIIOCOOCTBOBATH
CTaOUIBHOMY HPHUCYTCTBUIO Ta30BOTO THJpaTa;
HapyIIAITCS YCIOBUsSI JABJICHUS, YTOOBI JOOUTHCS
HEMpPEPBIBHOTO PA3NI0KEHUs, a 3aTeM IOJ3EMHOTO

ra30’KUAKOCTHOTO pa3zeneHus. 1'a3 BeIrpyxaercs
BJIOJIb LICHTPAJILHOH KOJOHHBI, BOJa, 00pa3yromasi-
s MOCJIE Pa3JIOKEHUS Yepe3 APOCCENUPYIOIMNA KO-
neKTop (yOOHHBIN KOJIJIEKTOP), ITOJHUMAETCS Ha TI0-
BEPXHOCTh MIaT@OpMbl B HAa3eMHBIH HCIIBITATEIb-
HBIH MTPOIIECC.

JU1d TOoCTIXKEHHs MOHMKAIOIETO METOHA HC-
MBITAHUN TOPHBIX PabOT MCKYCCTBEHHBIH MOIBEM-
HBIH JJIEKTPUYECKUN NTOIPYKHOU HACOC BKIIKOYAET B
ce0s1 1BE KITF0UEBbIE TEXHOJIOTHH:

— CKBaXMHHYIO Ta30KUIKOCTHYIO TEXHOJIOTHUIO;

— TEXHOJIOTHIO YaCTOTHOTO PETYJINPOBAHUS.

CKBa)XMHHBII Ta30BBI cemapaTop OOBIYHO HC-
MOJIB3YETCsl B KAUECTBE BCACBHIBAIOIIETO MOPTa JJIEK-
TPUYECKOTO MOTPYKHOTO Hacoca, 3aKperyIeHHOTo Ha
HIDKHEM KOHIIE Hacoca, pa3lIoyKeHUs Ta30BOro rujpa-
Ta TOCJIE TPaBUTALMOHHOIO Pa3elIeHUs] BTOPHYHOIO
pazneneHys. TexXHONOrua YaCTOTHOTO PETYINPOBAHUS
4yepe3 UHBEPTOP HCIOJB3YETCsl Ul JOCTHKEHHS W3-
MEHEHMsI Hallopa Hacoca, a TakkKe A CMEIIEHHS U
paciupenus oobeMa Hacoca, Ul JOCTKEHUS aBTO-
MaTU4YeCKONM CKOPOCTH YacTOTHOTO PETYIHPOBAHUSL.
Taroke TEXHOJNOTHsI YacTHOIO PpETYIMPOBAHUS HC-
HOJIB3YeTCs] Ul TOTo, 4TOOBI MOAHSTH Ta30BBIN 3a-
MOK, aBTOMAaTWYeCKHH JBHUTaTeNh 3alUTHl OT IOHH-
JKEHHOM 4YacTOTHI, CTOJKHYBIIMiCS ¢ OONbIION Ha-
IpY3KOH, TaK YTO 3JEKTPUUYECKUM MOrpY>KHOM HAacoc
MOXET aJalTUPOBaThCAd K BOAE W MECKY, MPOUIUTH
CPOK CITy>KOBI Hacoca, yBEJIMYUTH CKOPOCTb.

B 2013 r. B Slmonnu BriepBbIe ObLIA ITPOBECHA
poOHas T0ObIUa TIOJIE3HBIX HCKoTaeMbIX. [10CKOIbKY
CYWIECTBYET pAJ CKBRXUH C YMEHBIIEHHBIM IHa-
METPOM CTBOJIA, YTO MPHUBOAMUT K OoJiee ObICTpOMY
pacxody rasa M XHIKOCTH, HE yNaloch IOOUTHCS
3¢ (GEeKTUBHOM TPaBUTAIMOHHON Cemapaiyu, a KOH-
TpoJib 3a00MHOTO aBIEHUs TOKA3bIBaJl IUIOXUE TO-
Ka3aHHA. TeXHOJIOrMs YacTHOTO pEryJIHpOBaHHA,
UCIOIBb30BAHME IHAMETPA B COBOKYIHOCTH C CH-
CTEMOH pa3feNeHHus KOXKyXa, 3JIEeKTPUYECKOro Io-
IPY’KHOT'0 Hacoca B TO € BPEMsI MOKET MOBBIIIATh
3 (PEeKTUBHOCTH pa3eseHus ra3a U BOJIEL.

2.4. TexHoO102USs1 2€0/7102U4€CKO20
U 3KOJ102U4ECKO20 MOHUMOPUH2a

Vreuka mpH pa3paboOTKe TUAPATOB MOXKET
MPUBECTH K TIOABOAHBIM OTOJI3HAM, OOOCTPEHHIO
r1100aJIbHOTO TAapHUKOBOTO 3¢ ¢eKTa, YXyALICHUIO
MOPCKOM DKOJIOTHYECKOW OOCTAaHOBKH W JIPYTUM
KPYITHBIM JKOJIOTUYECKUM KatacTpodam [18-21].
[TosTOoMy B mporecce pa3pabOTKH T'a30BBIX THIpA-
TOB CTPaHBI MPOSIBIISTIOT OCTOPOKHOCTB.

241



Sun H., Huang Q., Vorobyev K.A. RUDN Journal of Engineering Research. 2022;23(3):232-245

SnoHusl TpoBella MOHUTOPHHI Ha MECTE BO
BpeMs CBOMX TEPBLIX MOPCKUX U TUIAPATHBIX UCIIBI-
TaHuit [22]. B To ke BpeMsi OCHOBHOE€ BHUMAaHUE
YAENSIOCh MOHUTOPHHTY JiehopMaIiiii MOPCKOTO THa,
YCTOMYMBOCTH PE3EpBYyapoOB, YTE€UKE METaHa, yCTOW-
YUBOCTH THJPATHBIX PE3EPBYapOB.

B 2013 1. Tpu KOHTPOJNBHBIE CKBAXUHBI OBLITH
poOypensl psimoM co ckBaxuHoi AT1-P, mepsoit
B SIMOHUM HCHBITATEIBHON OOBIBAIOIICH CKBaXH-
HO¥ Ta30BOTO rHpara. PacnpeneneHHbIe BOJOKOHHO-
ONITHYECKHE JTATINKHA TEMIIEPATyphl N PE3NCTHBHBIE
MaTpUIBl JaTYUKOB TEMIIEPATypPhl PaCIOIOKECHBI
B KOHTpOJdbHBIX ckBaxkuHax AT1-MT1 u ATI-MC
JUTSL OCYIIECTBJICHHUS KOHTPOJISI TOHHON TeMIlepary-
PBI ¥ panuyca pas3iiokeHus ruapaTos. [lo TexHuue-
CKUM IPUYMHAM 3TOT MOHUTOPUHT HE KOHTPOIUPO-
BaJl IOHHOE JIaBJICHHE.

Pe3ynbTaThl 3KOJIOTMYECKOTO MOHUTOPUHTA H
SKOJOTHYECKOTO UCCIEAOBAHUS MOPCKOTO JTHA TIep-
BOH MPOOHOH TOOBIYM THAPATHOTO MOPCKOTO ITecKa
ITOKa3BIBAIOT, YTO MAaCIITAOBI IMEPBOI MPOOHOM 10-
OBIYM MMEIOT MEHBIINHA PUCK BO3ACHCTBHUS HA OKpY-
JKAIOIIYF0 MOPCKYIO Cpey.

braronapst aHanm3zy, orieHKe u 000OIIECHHIO TIep-
BOTO TIPOOHOTO TOPHOTO MOHHMTOpHHTA, B 2017 1. ObLIa
OCYIIIECTBJICHA THIpPAaTHAs NMPOOHAs TOpHAs CXeMma,
COCTOSIIIast U3 OJHOW Pa3BEIOYHON CKBa)KUHEI, JBYX
KOHTPOJIBHBIX CKBKWH, JIBYX OKCIUTyaTaIlHOHHBIX
CKBa)XMH, U3 KOTOPBIX MEpBas KOHTPOJbHAS CKBAXKU-
Ha TIpoOypeHa yepe3 CIoi 000TaIleH st Ta30BbIX THI-
partoB, BTOpasi KOHTPOJIbHAS CKBOKMHA ITpOOypeHa /10
CII0s1 00OTAILIEHUSI IS OCTAHOBKU OYpEeHUSL.

Bropas mpoOHast m00bYa OCYIIECTBIICHA JUISI
JTOCTIDKEHHS BCETO TPOIECCa MOHUTOPWHTA H3MEHE-
HUSI KOHIIEHTPAITUM MOPCKOTO METaHA U W3MEHEHUS
MOPCKOTO JHA, MOHUTOPUHTA CKBaXUH B JIOTIOJHE-
HHUE K OpPTaHU3ald MOHHTOPHHTA TEMIIEPaTypPbl, HO
Y TIOBBIIIIEHHOTO KOHTPOJISl JTABJICHHS, a TaKOKe UL
JOCTH)KEHHS 3a TOJ IO MPOOHOM TOOBIYM 1 MPOOHOH
JOOBIYH TIOCIIE TIOJTYTOIOBOTO MOHUTOpHHTA [23].

B 2018 1. 6putH chOpMHUPOBAHEI TaHHBIE TEM-
nepaTypel ¥ JaBJICHHS, U3MEPEHHBIX HA JBYX Ha-
OJIFOIaTENFHBIX CKBaXKWH. BBUIH TOTyUYeHBI pe3yiib-
TaThl BJIMSIHUA TECT THAPATOB HAa OKPYKAIOIIYIO
Cpexy MOPCKOTO JIHA.

3. MocnepcTeusa nccnepoBaHnii n paspabdboTok
rasoBsoro rugpara B dnoHuun gna Kutasa

OCHOBBIBasICh Ha JJaHHBIC WCCIIEIOBAHUS pa3pa-
0OTKM THIpaTa MeTaHa B SIOHWM, BHEIIBUTAIOTCS CIIC-
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JYIOIIHE TIPEITIOKEHUs] OTHOCHTENIHHO OYAyIHMX HC-
CclieZIoBaHUi 1 pa3pabOTOK ra3oBoro runpara B Kurae:

1) yeTkWe menmu: Ta30BBIM THUApPAT U3-3a €ro
OTPOMHOTO PECypCHOTO TIOTEHIINala, pacCMaTpHUBa-
€MOro B KayecTBE Ba)XHOT'O MCTOYHHKA DHEPIHH B
Oyayiiem, MOKET OBITh UCIIONIB30BaH Ui OypeHus
ra3o0BOr0 THAPATa, & YKOHOMHUYECKHE NCCIIeOBAHUS
U pa3pabOTKHU TEXHOJOTHH NOOBIYH MOMOTYT obec-
MEYUTH JOJITOCPOUYHYIO CTaOMIBHOCTH dHEProcHao-
sxennsa Kuras;

2) yTOYHSIOIIHE LIEH: HalpUMep, orpenaese-
HUE TUTA U XaPAKTEPUCTHK 3aJICTAHUS THIPATa Me-
TaHa Ha menbde Kuras, oneHka konnyecTBa Mera-
Ha, oOpa3ymomerocsi B pecypcax TuapaTa MeTaHa,
CKPUHMHI TIEPCIIEKTUBHBIX PallOHOB pPECypCOB Ta-
30BOT0O THApaTa 1 OJaronpusATHBIX 30H pa3padoTKHy,
pa3paboTKa MCCIIeIOBATENhCKIX HCIIBITAHUN B BHI-
OpaHHOM paifoHe, JalbHEUIIIee COBEPIICHCTBOBA-
HHUE TEXHOJIOTUH MPOMBIIUIEHHOH A00bIUM U co3/a-
HUE CHCTEMBI pa3pabOTKH CUCTEMBI B COOTBETCTBUU
C KOHKPETHBIMH yCIIOBHSIMH Y4aCTKa, Ka)IbIi mar
JOJDKEH MMETh YETKUE M JIOCTH)KUMBIEC YHCICHHBIC
1A U MapIIpyTEHI;

3) pa3paboTKa JOPOKHOW KapThI: IeJIeHAIPaB-
JIEHHOE OTpe/iefieHne NMPHOPUTETOB TpedyeMoi pa-
0OTBI, IIarOB 0 €€ OCYLIECTBICHUIO U 0KUAAEMBIX
pe3yNbTaTOB;

4) co3maHre UMUTATOpa JOOBIYU Ta30BOTO TH]I-
paTa ¢ He3aBHCUMBIMH MPaBaMH MHTEIUICKTYaIbHOM
COOCTBEHHOCTH, Ha OCHOBE YIJIyOJICHHBIX U JIETalb-
HBIX Pa3BEOYHBIX Pa0OT W IOCTYyMa K OOJBIIIOMY
KOJMYECTBY XapaKTePUCTHK THUAPATHOTO ILIACTA,
Ui paiioHa oOoralieHusl Ta30BOTO TUApaTa A
MPOBEACHUS MOAEITUPOBAHUS AOOBIYH M IPOTHO3H-
pPOBaHUS HAy4HO-HCCIIENOBATEIBCKUX PaboT, C TEM
9TOOBI B COYETAHUHU C APYTMMH METOJAMH BCECTO-
POHHEH OIIEHKH W BHIOOpA YYaCTKOB MOXHO OBLIO
OBI OT/IATH MIPUOPUTET UCTIBITAHUSAM TOOBIUH;

5) pa3paborka razoBoro ruapara B Kwurae
JTOJHKHA MOOMIIM30BaTh DHTY3HA3M MIPEIIPUSTHH.

B HacTosimiee BpeMs MHOCTpaHHBIE MMHAJIOTHBIC
MPOEKTHI TIO JOOBIUE THApaTa OBLUTH OCYIIIECTBIICHEI
C ydYacTHEeM NPEANPUATHI U BEAYyIIMX KOMIIAHHIA,
takux kak ConocoPhillips u Chevron, smoHckoe
HanmonanbHOE areHTCTBO HE(TH M Ta3a METaJlIOB
1 MUHEpalbHBIX pecypcoB, BP u IOxHoKopelickas
HaIMOHANbHAs He(TAHAS KOMIIAaHUS, a TaKXKe Mpa-
BUTENBCTBEHHBIE BEJIOMCTBA, KOTOPBIE TOJKHBI TPH-
HUMATh y4yacTue B IUIaHe (MHAHCHUPOBAHUS, ITOJIU-
TUKH U YIIPABIEHUS MPOCSKTAMHU.
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3aknoueHne

Bce Bo3pacrarommii uHTEpeC K MpodiieMe Tazo-
BBIX TU/IPATOB CBs3aH C MPH3HAHHUEM TOTO (pakTa, 4To
B JIONTOCPOYHOI TEpCIIeKTHBE IMPUPOTHBIE Ta30BEIE
THIpaThl MOTYT CTaTh HOBBIM HMCTOYHHKOM ITPUPOJI-
HOTO raza Oyarojiapsi BeCbMa 3Ha4UTEIBHBIM pPEcyp-
caM, HETrJTyOOKOMY 3alleraHHI0 W KOHIICHTPHUpPOBAaH-
HOMY COCTOSIHMIO B HUX ra3a. Kpome Toro, Hakarm-
BAIOTCS TAaHHEBIC, CBUICTEILCTBYIOIINE O BAXKHOM pO-
JIM TIPOIIECCOB OOpa30BaHUS U PA3NIOKEHUS T'a30BBIX
THIPATOB B TIIO0ABHBIX MPUPOAHBIX TIPOIIECCax.

B Teuenue psaga JieT yxe JeMcTBYIOT HAIMOHANb-
Hble TazoruapatHeie nporpammbel B CHIA, SnoHun
u UHnuu. AKTUBU3UPYIOTCS uccnenoBanus B Kurtae
u KOxHoit Kopee.

B mocnemHure rogpl MO ra3oruapaTHoN mpooe-
MaTHKE €KETOJHO MPOBOAUTCA 3—4 perHoHaIbHBIX
1 MSXITyHApOIHBIX KOH(epeHIuH (TTOCIeIHIE TIPOo-
num B Smonuu, CIIA, Kanane, 'epmanuu, @pan-
[IMW), OPTaHU30BaH DAJl TIOCTOSTHHO JIEHCTBYIOIIUX
ko (HarpuMmep, HauuHas ¢ 1996 1. 2-3 pa3a B ron
paboraer MexmyHapoaHas 1ikona-cemunap Control-
ling Hydrates, Waxes and Asphaltenes). JJoknansrt
[0 Pa3NIUYHBIM acIeKTaM Ta30BBIX THIPATOB TpE-
CTaBIIAIOTCA HA MEXAyHapOJHbIe KOH(EpEeHIINH 110
CYNPaMOJICKYISIPHON XUMUU, COSAMHEHUSM BKITIO-
YeHHsI, TEPMOIMHAMUKE, TEIUIO(U3NKE, TEOKPHOIIO-
THH, a TaKKe Ha He(TAHBIX, TA30BBIX U T€OJIOTHYE-
CKHX CUMITO3WyMaX U KOHTpeccax.

AHanu3 JTUTEpaTYPHBIX HMCTOYHUKOB ITOKA3bI-
BaeT, YTO €XEroJHO MO Ta30THIPATHON TEMATHKE B
mupe nmyonukyercst He Mmeree 500—600 pabot (uro B
2-2,5 paza mpeBblaeT «poHoBoe» 3HadeHue 10—15-
neTHel maBHOCTH). C «IOIKITIOUCHHEM» K JTaHHOU
TeMaTHKe Bce 0oJiee HOBBIX CIIEMAIHCTOB CaMOTO
pa3Horo mpoduis pe3ko obocTpmiiack mpobiema
nHpopManuoHHOTO OoOecmeueHus. B Hacrosmee
BpeMS €BPOINEUCKHM COOOIIECTBOM IPHU aKTHBHOM
MIPUBJICUEHUH POCCUUCKUX CIEIIUAINCTOB PEIIaroT-
Csl BOIPOCHI CO3/1aHusT MH(OPMAIIMOHHBIX 0a3, BKIIIO-
YaroNIUX JaHHBIE 110 aCMeKTaM Ta30THIPaTHON Tpo-
OJIeMEL.

HccnenoBanus ra30BbIX TUAPATOB MOXKHO Pa3-
JIENIUTH Ha TPHU B3aMMOCBSI3aHHBIX HAIIPABJICHUS:

1) dyHmameHTanbHBIC HCCIEAOBAaHHS (CTpoOe-
HUe, (DU3MKO-XMMHYECKUE CBOMCTBA, TEPMOIMHA-
MHKa ¥ KHHETUKa O0pa30BaHUS U Pa3lIOKEHUS ra-
30BBIX THIPATOB);

2) TEXHOJOTHYECKUE WCCIEIOBAHHS Ta30BbIX
ruaparoB (IpeayNpexICHHE TUAPATOOOpa30BaAHHS

W JMKBUJALUS Ta30THIPATHBIX OTJIOXKEHH, ra30-
THIIpaTHBIE TEXHOJIOTHH);

3) wu3y4YeHHE NPHUPONHBIX Ta30BbIX IMAPATOB
(TIouck, pa3BenKa, aHAIN3 BO3MOMKHOCTEH OCBOCHUS
Fa30rMJPaTHBIX 3alEXKEW, MOAEIUPOBAHUE IPHUPOL-
HBIX TPOLECCOB T'MAPATOHAKOIUICHUS B Jaboparop-
HBIX YCJIOBUSX), BIMSIHUE Ia30BBIX I'MIPATOB HA IJIO-
OaJbHBIE TE0IOTHYECKUE U SKOJIOTUYECKHE TPOIIECCHI.

AHanu3 BCeX W3BECTHBIX Ta30THIPaTONpPOSIB-
JICHUH TOKa3aj, 4TO MUMEETCs /BAa THUIA CKOILIEHHUM
TUAPATOB: CKOIUICHWS, CBSI3aHHBIE C O4YaraMH pas-
rpy3Kd (QUIIOWIOB Ha JHE MOped, KoTopsle (hopMHu-
PYIOTCSl BOJIM3U [Ha ¥ KOHTPOJMPYIOTCS (Irouao-
IIPOBOJHUKAMU (TPA3EBbIE BYJIKaHbI, TUAMKPHI, pa3-
JIOMBI), U CKOIUIEHHUS, IPSIMO HE CBA3aHHBIE C OYa-
raMy pasrpy3kd (HaxoZsmuecs Ha 3HAYUTENBHON
MOJIOHHOM TJIyOHHE), HO TaKKe KOHTPOJIHPYEMBbIE
norokamu rronnos. Hanuume ckoruieHUi BTOPOTO
TUIA TOATBEP)KAAETCS Pe3ybTaTaMu TITyOOKOBOJ-
HOro OypeHus, BBIIBHBLIETO NPHYPOUYEHHOCTH Ta-
KHX CKOIUIEHWH K 30HAM OIPECHEHUS U K OTHOCH-
TEIbHO TPyOO3EpHUCTHIM OTNIOKEeHUsIM. Dopma u
pa3Mep CKOIUIEHHH, a TaKXKe pacrpeescHie ruapa-
TOCOAEpKAIMUX IUIACTOB B HX INpefesax, OIpene-
JISIFOTCSL IOTOKAMU Ta30BbIX (QIIFOMIOB (KOHIEHTPH-
POBAaHHBIMM M paccpeOTOUYEHHBIMHU) M MapameTpa-
MU (P PYy3UOHHOTO OpEoia pacCcesHUsL.

Junst pemieHust psjia CymiecTBYIOMMX MpodiaeM
TIOWCKA, KapTUpOBaHHSA M Pa3paboTKH cyOakBab-
HBIX Ta30TMIPATHBIX 3alekel, a Takke Uil mepe-
X0Jla B HCCIEIOBAHHH MOPCKHX Ta30THAPATOB OT
YPOBHSI «T€OJIOTHN» K YPOBHIO «pa3paboTKu», IO
MHEHHUIO HCClIeoBaTeNei, HEOOXOAUMBI CIEAYIO-
1Y MIary:

1. Tunmzarms ra3oruApaTHhIX 3aeXXel Mo MpuH-
[MIIaM, OTPaKAIOLMM BO3MOJKHBIE BapHaHTHI X
KapTUPOBAaHMSA, PECYPCHBIX OLEHOK M pa3pabOTKH.
Jlns cyOakBambHBIX Ta30THAPATHRIX 3aJIeKEH BhIIE-
JICHBI JIBA OCHOBHBIX T'€HETHUYECKUX BHJA 3aJICXKEH:
Cy0aKBaJIbHO-OMOXVMHYECKHE W CyOaKBaJbHO-KaTa-
TEHHBIE — W IOKAa3aHO, YTO MMEHHO C IOCIECTHUM
BHJIOM Ta30THJIPATHBIX CKOIJIEHUH B IEPBYIO OUYe-
pelb CBA3aHBI OCHOBHBIE TIEPCIIEKTUBBI pa3padOTKU
cy0aKBaJIbHBIX T'a30TUAPATOB;

2. AHaiu3 BO3MOXKHBIX MEXaHHU3MOB (OpPMH-
pPOBaHUSA XMMHUYECKOI'O COCTaBa TMAPATHOIO rasa B
TOM WJIM MHOM THIIE 3aleXeld. B pasnn4HbIX ycio-
BUSX BO3MOXKHO 0Opa3oBaHHE KaK «UUCTBIX» MeTa-
HOBBIX Ta30THUAPATHBIX 3aJIeXkeH, Tak U (HOpMHPO-
BaHUE THIPATHBIX 3aJIEKEH CO CI0KHBIM COCTaBOM
ra3argparooopasoBaTe’s;
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3. OrneHka BO3MOXKHOCTH HCTIONIB30BAaHUS CKOII-
JeHuH cyOaKBaJIbHBIX Ta30TUAPATOB KaK WHAWKATO-
poB Oonee riryOokux 3anexed Hedtu u raza. [lpm
MIPOTHO3UPOBAHUHN TIOATHAPATHBIX CKOIICHHHA YT-
JIEBOJIOPO/IOB HEOOXOAWMO YUYHUTHIBATH HE TOJIBKO
HaJIM4MEe KaHAJIOB UX MHIPALHU, HO M CYIIECTBOBA-
HHUE B pa3pese MOKPHIIIeK U JIOBYIIEK I IepexBa-
Ta M aKKyMYJISIIUH TTYOMHHBIX YTIICBOJOPOIOB;

4. AHanu3 MeToJ0B pa3paboTKU CyOaKBalIbHBIX
ra3oruIpaTHHIX 3alleXKei B 3aBUCUMOCTH OT TeHE3H-
ca M XMMHYECKOTO COCTaBa razaruaparoodOpasoBa-
TeNs, a TaKKe OT yNaJeHHOCTH Ta30THIPaTHBIX
CKOTUIEHUH OT OeperoBoil TINHUH.

CBoiicTBa MPUPOJHOTO Ta3a B OIpPEEICHHBIX
YCIOBUSIX O00pa30BHIBATH TBEPIbIC COCTUHEHUS aK-
THUBHO HCIOJIB3YIOTCS B c(hepe HOBBIX TEXHOJIOTHH.

[Ipemnaraercs Takke HCIIONB30BaTh Ta30BBIS
THIPAThl KaK XUMHYECKOE ChIphE ISl ONMpPECHEHUS
MOPCKOH BOJIBI M Pa3IeIIEHHSI Ta30BBIX CMECEH.

Takum 00pa3oM, MOXHO CIENaTh CIeIyIOIIIe
BBIBO/IBI:

— Ta30BbI€ TUAPATHI SIBISIOTCS €IUHCTBEHHBIM
He pa3pabaThiBaeéMbIM WCTOYHHUKOM MPHPOTHOTO
raza Ha 3emiie, KOTOPBIH MOYKET COCTaBHUTH peaib-
HYI0 KOHKYPEHILIHIO TPaJWUIMOHHBIM MECTOPOXKICHH-
sM. 3HauUTeIbHbIE MOTEHIMAJIbHBIE PECYpChl raza
B THAPATHBIX 3ajiekaX HaJoNTo oOecreyar 4Yelo-
BEYECTBO BBICOKOKAUYECTBEHHBIM OJHEPreTHYECKUM
CBIPbEM;

— OCBOEHHE Ta30THUAPATHBIX MECTOPOXKICHHM
TpebyeT pa3paboTKu HOBBIX, TOpa3no Ooiee 3pdek-
TUBHBIX, TI0 CPAaBHEHHUIO C CYIIECTBYIOIIUMH, TEX-
HOJIOTHH pa3BeAKH, AOOBIYM, TPAHCTIOPTHPOBKH M
XpaHEeHUs Ta3a, KOTOPBIE CMOTYT MMPUMEHSTHCA U Ha
TPaJMIUOHHBIX TA30BBIX MECTOPOXKICHHSAX, B TOM
4ucie Ha TeX, 0TpaboTKa KOTOPBIX ceiddac He peH-
TabenbHa;

— nmoOblya ra3a W3 TUAPATHBIX 3aJlieKed CIio-
coOHa O4YeHb OBICTPO M3MEHUTH CUTYalUIO Ha ra3o-
BOM pBIHKE, YTO MOXXET MOBIHUATh HA DKCIIOPTHEIE
BO3MOkHOCTU Kutas u Anonun.
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a new model of intensity, duration and frequency curves for the most im-
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were those provided by the National Institute of Meteorology and Hydrolo-
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THIPOJIOTHS, MAKCUMAIBHOE KOJIMYECTBO
0CaJIKOB, THAPABIINKA, BEPOSATHOCTHAS
MOJEJIb, Kpl/IBblC HUHTCHCUBHOCTH,
MPOAOJKUTEIBHOCTH, YaCTOTHI

,H.]'lil HUTHPOBAHUSA

AnHoTanus. DeHOMEHOJIOTHYECKUE MOJIEIH MTPEACTABIISIOT OBEJICHUE CITY-
YalHBIX SBJICHUH B PEAILHOCTH, MOJIENb M (DYHKIIHIO, KOTOPYIO OHA JOJDKHA BBI-
HOJIHATh. AHAJIOTMYHBIM 00pa30M HapaMeTpbl HACTPOWKH MO3BOJISIFOT OLCHHUTh
COOTBETCTBHE HAOJIONAEMBIX NaHHBIX IEPEMEHHONH KOHKPETHOW Marema-
TUYECKOW MOJEIH U MPOBEPUTH JOCTOBEPHOCTh MOJIENH ISl IPEACTABICHUS
peaNbHOTro COOBITHA. DTH MOJEH, NPUMEHsIeMble B TOUYHBIX HayKax U Hay-
Kax o 3emiie, aHATM3UPYIOT TMOBEACHUE CIIOKHBIX MEPEMEHHBIX, KOTOpBIS
M3MEHSIOTCSL B IPOCTPAHCTBE M BPEMEHH U SIBJIIFOTCS OOBEKTOM CIIEIUaIBHOTO
aHanu3a. Hacrosiimas paboTa coepKUT CTaTUCTHYECKHHA U BEPOSTHOCTHBIN
aHalM3 MoJeleld OCaaKoB, BHIMaBHIMX B OacceifHe peku I[lopToBBEXO
3a MOJIyBEKOBOH nepuoj. B pe3ynbraTte u B CBA3U C HOBU3HOM HCCIIE0BaHUs
II0Jly4yeHa HOBas MOJAETIb KPUBBIX HHTEHCHUBHOCTH, MNPOJODKUTEIBHOCTH
U 4acTOThl Ui HamboJiee BaKHBIX METEOPOJIOTMYECKUX CTaHLMN BhILIE-
yHnoMsiHyTOTO Oacceiina, Takux kak [loptoBeexo-YTM u Jlonana. J{ns pac-
YyeTa MCIOJIb30BAIKMCh JAaHHbIE, NMPeNoCTaBlIeHHbIe HallMoHaIbHBIM HHCTH-
TyTOM MeTeoponoruu U ruaponoruu JDxBanopa (INAMHI), rocymapcTBeHHBIM
areHTCTBOM CTPaHBbI 110 cOOpY M IUIAHUPOBAHUIO METCOPOJIOTHYECKHIX TAHHBIX.
Pacuers! MpOBOIMINCH OTAENBHO JUIS KaIO0H cTaHiuid. C MOMOIIBIO I10-
JIy4YEHHBIX YPaBHEHHMH BBINOJIHEH aHAJIU3 PE3YJIbTaTOB, MO3BOJMUBILUM BbI-
BECTH JPYrH€ YpaBHEHHS MHTCHCHUBHOCTH, UCIOJIb3YyeMbIE B JNallbHEHIIEM
IIpY aHalIM3€ CTOKA JJIS MIPOMEKYTOUHBIX 30H MEXAY IBYMS CTaHLUAMM,
pPacCMOTPEHHBIMH B UCCIIEIOBAHUU.

Mendoza Alava J.O., Zambrano Xavier Horacioa V., Mendoza Cederio J.J., Sinichenko E.K., Gritsuk 1.I. Phenomeno-
logical model of the intensity, duration and frequency of precipitation patterns for the Portoviejo river basin, Ecuador //
Bectauk Poccuiickoro yHuepcurera apy:x0bl Haponos. Cepust: MmxenepHsle ucciaenosanus. 2022. T. 23. Ne 3. C. 246-253.
http://doi.org/10.22363/2312-8143-2022-23-3-246-253

Introduction

Methods and models have been developed to
assess the parameters involved in the formation of
surface runoff.! In accordance with the generality of

the hydrological cycle, all moisture that reaches
the clouds and falls to the ground in the form of snow-
fall, rain, hail, thaw, etc., is involved in the for-
mation of runoff.

However, there is a hydrographic basin in Ecua-
dor, the Manabi Hydrographic Demarcation, which

! Ismaiylov GJ, Perminov AV. Balance hidrico mundial
y recursos hidricos de la tierra, catastro del agua y supervision
de los elementos hidricos. Moscow: FGBOU MGUP; 2013; Sistemas
de informacion geogrdfica para aplicaciones agropecuarias en
el ordenamiento de territorio y manejo integral de cuencas.
Ministerio de Agricultura y Ganaderia, IICA, CLIRSEN; 2015.
Available from http://www.uazuay.edu.ec/promsa/ecuador.htm
(accessed: 03.03.2015); USDA natural resources conservation

is distinguished from the others, because its fluvial
regime is formed exclusively by rainfall in the rainy
season, which generally begins in December and
ends in June [1; 2].

service soils. United States Department of Agriculture; 2015.
Available from http://www.nrcs.usda.gov/ (accessed: 03.03.2015).
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Considering these particularities, to improve,
with data updated to the year 2019?, the models of
Intensity-Duration-Frequency curves for the meteor-
ological stations located in the Portoviejo River ba-
sin, this research work has been developed. in which
new equations are provided for the estimation of rain
intensities of return periods and different durations.

The methods used in the analysis of the sto-
chastic variables of precipitation are based on statis-
tical and probabilistic methods developed through-
out the history of earth sciences [3], among which
the following stand out: methods of filling data
missing from averages, regression line and orthogo-
nal correlation accompanied by the respective data
consistency analysis. For the frequency analysis, the
data was subjected to the treatment with the Karl
Pearson Type III correlation [4-6], where with the
3 moments and with the help of the Foster — Rybkin
tables it was possible to estimate the extraordinary
events for probabilities between 0.01 to 99.99%.

To obtain the rainfall intensity equations, the me-
thod of least squares was used, where the intensities
for rainfall durations corresponding to 0, 15, 30, 45,
60, 90 and 120 minutes were processed.

1. Materials and methods

The basic information used for the analysis and
development of the research is composed of the pluvio-
metric records of maximum rainfall in 24 hours re-
corded at the Portoviejo-UTM meteorological sta-
tions (Portoviejo (M005) and Lodana (M298) for
the period 1964-2019. These Data were provided
by the National Institute of Meteorology and Hy-
drology (INAMHI) The total number of records
used amounts to 1104.

The meteorological stations of the study are in
the Portoviejo River basin, which correspond to the
Portoviejo-UTM stations, with code MOO005, loca-
ted in the vicinity of the Botanical Garden of
the Technical University of Manabi, at coordinates
559523.22 E, 9884982.27N; and the Lodana station,
with code MO298, located at coordinates 568606.76 E,
9871040.58N (Figure 1).

To carry out this research, the experience of-
fered by the National Institute of Meteorology and
Hydrology (INAMHI)® [7; 8], in the studies of in-

2 Anuarios meteoroldgicos. Instituto Nacional de Hidrologia
y Meteorologia; 2015. Vol. 2015.

3 Determinacion de ecuaciones para el calculo de inten-
sidades maximas de precipitacion. Quito: INAMHI; 2015. Avail-
able from https://www.gob.ec » inamhi (accessed: 25.02.2022).
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tense rains carried out in 1999 with its update in
2015 was taken as a starting point, and that, be-
tween others, presented a series of equations for
estimating rainfall intensities for the entire national
territory based on geographic location, duration of
storms and specific return periods.

The present work intends to be a complement
to the methods that are currently used for the esti-
mation of rainfall intensities, very useful when cal-
culating runoff, product of rainwater drainage [9;
10]. The records used are updated and consistent
and correspond to the period 1964-2019.

The most relevant methodological aspects are
inscribed in: a) selection of the meteorological sta-
tions;* b) collection of the required information;
¢) analysis of data consistency; d) filling in missing
data in the series [11]; e) variability analysis; f) pre-
paration of the probability curve’ [12]; g) estimation
of rainfall intensities [3]; and h) obtaining the inten-
sity — duration — frequency (IDF) curves.

Based on the values of maximum precipitation
in 24 hours, obtained with the Pearson Type III dis-
tribution analysis, the weighted values of precipita-
tion were obtained in accordance with the distribu-
tion of daily precipitation obtained in the hydrologi-
cal studies of the basins of the Chone and Portovie-
jo rivers. This served as the basis for obtaining rain-
fall intensities for specific return periods.

The functionality for estimating the events cor-
responding to various return periods contemplated
by the Pearson Type 3 methodology is indicated in
the formula:

x =%(1+TC,), (1)

were x — event (precipitation) for specific return
period, mm; X — arithmetic mean of records, mm;
T — Foster — Rybkin coefficient (probability theory);
C, — coefficient of variation.

The equations for estimating rainfall intensities
were obtained by analyzing the method of least
squares, whose mathematical expression is summa-
rized in the following expression:

4 Anuarios meteoroldgicos. Secretaria de Gestion de Riesgos;
2014. Available from http://186.42.174.231/index.php/clima/anuarios-
meteorologicos (accessed: 25.02.2022).

5 Rumyantsev VK. Hydrological calculations in hydro-
technical constructions. Moscow: RUDN University; 1992.
(In Russ.)
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were i — rain intensity, mm/h; ¢ — rain duration, min;
a and b — coefficients according to the return period.
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Figure 1. Location of the study area

2. Results and discussion

Based on the guidelines and methodological as-
pects displayed in the materials and methods section,
the rain intensity equations were obtained for the Por-
toviejo-UTM and Lodana stations, which became a fun-
damental input for the elaboration of the respective
rainfall curves. Intensity — duration — frequency (IDF).

Figure 2 shows the histograms of the variability
of the maximum annual rainfall observed in 24 hours
for both the Portoviejo-UTM and Lodana stations.
In general, it is observed that there is a great non-
uniformity in the analyzed values, which is quanti-
tatively evidenced with the calculation of the coef-
ficients of variation, which were obtained equal to
0.54 and 0.56 for the Portoviejo-UTM and Lodana
stations respectively. Despite being two geograph-
ically distant stations, separated from each other at
an approximate distance of 17 km, the climatic va-
riability conditions are similar, which allows statis-
tical inferences to be made on the physical variables
of the environment [2].

24 HOURS (mm)

MAXIMUM PRECIPITATION IN

=—&— PORTOVIEJO-UTM  ==f=- LODANA

Figure 2. Histograms of maximum precipitation in 24 hours

Tables 1 and 2 show the results of the coeffi-
cients of the rain intensity equations for the return
periods corresponding to 2, 3, 5, 10, 20, 25, 50, 100,
200, 500 and 1000 years for the stations under study.

In the case of the Portoviejo-UTM station, ap-
plying the equations obtained, various values of rain-
fall intensities ranging from 5 to 120 minutes, values
ranging from 22.17 to 249.88 mm/h, were estimated.
These detailed results are summarized in Table 3.

Table 1

Coefficients of the rain equations — Portoviejo-UTM station

Tr, years b
1000 44327.56 155.85
500 40184.24 155.85
200 35508.82 155.85
100 31393.40 155.85

50 27510.75 155.85
25 23183.22 155.85
20 22052.07 155.85
10 17936.65 155.85
5 13690.59 155.85
3 10324.26 155.85
2 7615.46 155.85
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Table 2
Coefficients of the rainfall equations — Lodana Station
Tr, years a b
1000 16626,45 155,85
500 15331,83 155,85
200 13487,90 155,85
100 12008,29 155,85
50 10509,73 155,85
25 9273,29 155,85
20 8712,82 155,85
10 7255,63 155,85
5 5776,03 155,85
3 4636,64 155,85
2 3691,13 155,85
Table 3
Rain intensity for the Portoviejo-UTM station, mm/h
¢ min Return period, years
’ 1000 500 200 100 50 25 20 10 5 3 2
0 284.42 257.83 227.83 201.43 176.52 148.75 141.49 115.09 87.84 66.24 48.86
5 275.58 249.82 220.75 195.17 171.03 144.13 137.09 111.51 85.11 64.18 47.34
10 267.27 242.29 214.10 189.28 165.87 139.78 132.96 108.15 82.55 62.25 4592
15 259.45 235.20 207.83 183.74 161.02 135.69 129.07 104.98 80.13 60.43 4457
30 238.51 216.21 191.06 168.91 148.02 124.74 118.65 96.51 73.66 55.55 40.98
45 220.69 200.07 176.79 156.30 136.97 115.42 109.79 89.30 68.16 51.40 37.92
60 205.36 186.16 164.50 145.44 127.45 107.40 102.16 83.10 63.43 47.83 35.28
120 160.69 145.67 128.72 113.80 99.73 84.04 79.94 65.02 49.63 37.43 27.61
Table 4
Rain intensity for Lodana station, mm/h
¢ min Return period, years
’ 1000 500 200 100 50 25 20 10 5 3 2
0 106.7 98.4 86.5 77.0 67.4 59.5 55.9 46.6 37.1 29.7 23.7
5 103.4 95.3 83.9 74.7 65.3 57.7 54.2 451 35.9 28.8 22.9
10 100.2 92.4 81.3 72.4 63.4 55.9 52.5 43.7 34.8 28.0 22.3
15 97.3 89.7 78.9 70.3 61.5 54.3 51.0 42.5 33.8 271 21.6
30 89.5 82.5 72.6 64.6 56.5 49.9 46.9 39.0 31.1 249 19.9
45 82.8 76.3 67.2 59.8 52.3 46.2 43.4 36.1 28.8 23.1 18.4
60 77.0 71.0 62.5 55.6 48.7 43.0 40.4 33.6 26.8 21.5 17.1
120 60.3 55.6 48.9 43.5 38.1 33.6 31.6 26.3 20.9 16.8 13.4
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Figure 3. Curves IDF - station Portoviejo
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Figure 4. Curves IDF - station Lodana

Similarly, in Table 4, the corresponding rain in-
tensity values for the Lodana station are broken
down. In this case, the amounts obtained are in
the range of 10.74 to 93.72 mm/h.

The graphic representation of the intensity —
duration — frequency (IDF) curves are contained in
Figures 3 and 4. Each of these graphs presents three
variables, which are important to consider when
planning, designing, and controlling water resources
that are the result of surface runoff, such as: the in-
tensity of rain, the duration of the storm with its
respective frequency of recurrence [2; 13; 14].

Conclusion

Regarding the study and development of in-
formation related to the determination of the curves
of intensity, duration, and frequency, for different
territories of Ecuador, the institution that has led
the execution of these projects has been the Na-
tional Institute of Meteorology and Hydrology,
with the support of related development institutions,
such as the Manabi Rehabilitation Center, the Manabi
Water Resources Corporation, the Water Resources
Board, among others. One of the products generated
in this context has been the so-called Study of In-
tense Rainfall, whose initial version came to light in
1999, with an update to the year 2015.

Comparing the values of maximum precipita-
tion in 24 hours obtained through the equations pro-
posed by the National Institute of Meteorology and
Hydrology in the study of intense rains with those
obtained from this study, it has been established that

the former exceeds to the seconds in average values
equivalent to 114.44%. This situation is since
the proposed model of this institution considers in
the same function the variables of duration of rain
and return periods, which could lead to obtaining
the results.

Intensity duration and frequency curves were
obtained for the Portoviejo-UTM and Lodana sta-
tions, located in the Portoviejo River basin. Each of
the graphs consists of 11 curves for the correspon-
ding return periods 2, 3, 5.10, 20, 25.50, 100, 200,
500 and 1000. These curves constitute updated in-
formation for the year 2019 and serve as support
within the field of management and optimization of
water resources within the territory within the basin
in question.

Once the rainfall intensity equations were ob-
tained, for their validation, rainfall durations ranging
from 5 to 120 minutes were considered for both
stations. For the case of the Portoviejo-UTM sta-
tion (MOO005), it was estimated that the intensities
for return periods between 2 and 1000 years are
in the range of 22.17 to 249.88 mm/h; while for
the Lodana station (MO298) between 10.74 and
93.72 mm/h. For the intermediate zones between
the stations, an inference was made by way of weighting,
which allowed, through specific regression analyses,
to obtain another 11 equations for the two stations.

According to the analysis of variability in the
series of maximum rainfall in 24 hours, it has his-
torically been determined that there is a great non-
uniformity in the distribution of rainfall with coeffi-
cients of variation greater than 0.5, which leads to
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the formation of peaks recurring, estimating in ac-
cordance with the trend, that in the future there will
be an increase in the values of maximum precipita-
tion in 24 hours above 89.9 mm.
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3aKOHOMEPHOCTU N FreouCToOpUYeCcKne Nnpeanocbiiku HedpTerasosom
cneumannsaunm pudToreHHbIX ocago4Hbix 6acceitHoB Appukn

B.M. YcoBa

Poccuiickuit yHuBepcuTeT npyx0b1 HaponoB, Mockea, Poccuiickas @edepayus
usova-vm@rudn.ru

Hcropus ctatbn AHHoTanus. B A¢ppuke 1 Ha ee NOABOIHBIX OKpaMHaX PaclOI0KEHbI 0ca-
Iloctynuna B penakuuto: 4 urons 2022 r. JOYHBIE OacCceWHBI MO3IHEro (haHepo30si PUPGTOBOrO MPOHCXOXKIEeHHs. [Ipu-
Jopaborana: 20 centadps 2022 r. 4pHBI He()TEra30Bol crienuanu3anuy 6acceiHOB AJaHHOTO KJIacca OCTAalOTCs
TpunsTa K myomukarwu: 22 ceHtsiops 2022 T. BO MHOTOM HESICHBIMHU. BBISBIIEHBI 3aKOHOMEPHOCTH, KOTOPBIE MOTJIH UMETh

B 3TOM OTHOILIEHUH OIpelesiollee 3HaueHne. BHYTpUKOHTUHEHTAIbHbIE
Kirrouesnbie cioBa: OacceifHbl XapaKTepU3YTCS MOYTH HCKIKOUYUTEIBHO MECTOPOXKICHUSIMHU
pudToreHHble 6acceiHpl, MO3AHMIH HedTH. B NMEPUKOHTHHEHTANBHBIX GacCEWHAX 3HAYEHUE MECTOPOXKICHHI rasa
(banepo30ii, HedhTerazopas CreNUaTI3aLII, YMEHBIIIATIO0Ch, @ HEYTH YBEIUYMBAJIOCH B COOTBETCTBHU C YMEHBIICHHUEM
pudTossle Oacceiinbl, Adpuka, opopHsie BpEMEHH MX PU(TOBOIO 3anoKeHus u nporubanus (ot C3, P-J1, K1 no J5-K12).
OacceliHbl, TpaHyJIMTOBBIE MO5Ca Hduddepenimanus 6acceiHOB HA TEKTOHOTHUIIBI «HE3aBEPILICHHOTO» H «3a-

BEPLICHHOT0» Pa3BHUTHSA, a TAK)KE ACHHXPOHHOCTH IPOTHOaHMsI BTOPBIX, OT-
pasuBIIKECs HAa UX He(TEra3oBOH CreLUaTU3alli, KOPPEIUPYIOTCS COOT-
BETCTBEHHO C pa3MepaMHd M BO3PacTOM HaHA(QPHKAHCKUX TPAHYJIHUTOBBIX
TI05ICOB, B KOTOPBIX OacceiHbl 3a10KIIHCh. [[0CKOJIBKY 3TH 1osica SBJISUIUCH
HanOosiee aKTHBHBIMH KOPOBBIMH CTPYKTYpaMH, JAAHHAs 3aKOHOMEPHOCThH
MOJKET pacCMaTpUBAThCS KaK CBUICTEILCTBO BIMSHUS UX YHACIEJOBAaHHBIX
MK BO3POXKICHHBIX TITyOMHHBIX «3HEProcHCTeM» Ha Mpouecchl pudroreHesa
U TeHepauuu yrieBonoponos. [IpuBneueHne NaHHbBIX ceiicMoToMorpaduu
1I0Ka3aj0, 4TO MPENMYIIECTBEHHO He(Te- U Ta30HOCHBIE PUTOrCHHBIE
OacceifHbl pacHoyokeHbl B 00JIacTAX MeHee U Oojiee pa3orpeTod MaHTUU
COOTBETCTBEHHO. [IpHBesieH mpuMep BEpOSTHOTO BIMSAHUS Ha HedTerazoBbie
CUCTEMBbI OacCefHOB LIEGHTPOB KaifHO30IICKOT0 OCTPOBHOr'O BYJIKaHHU3MA.
CpaBHHUTENBHBIA aHAIU3 Te0NOro-reopu3NIecKuX NaHHBIX, B TOM 4YHCIE
Y 1O TeIJIOBBIM MOTOKAaM, IPUBOJHUT K 3aKIIOYEHHUIO, YTO TeMIIepaTypHbIE
yCIIOBHsI 00pa30BaHUs YIIIEBOJOPOAOB B pUPTOreHHbIX OacceitHax AQpuku
OIPEEISUINCh COYETAHWEM TNIyOMHHBIX TEIUIOBBIX CHCTEM pPa3HbIX Mac-
ITa00B: PErHOHAILHBIX (KOHTHHEHT — OKeaH), CyOpernoHaaIbHbIX (KOPOBO-
CTPYKTYPHBIX) U JIOKAJIbHBIX (BYJIKAHHYECKUX ILICHTPOB).

Baaronapnocru
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Abstract. Sedimentary basins of Late Phanerozoic rift origin are located
in Africa and on its underwater margins. The reasons for the oil and gas
specialization of basins of this class remain largely unclear. Patterns have
been identified that could be of decisive importance in this regard.
The intracontinental basins are characterized almost exclusively by oil
deposits. In the pericontinental basins, the value of gas deposits decreased,
and oil increased in accordance with the decrease in the time of their reef
laying and deflection (from C3, P-J1, K1 to J5-K12). The differentiation of
basins into tectonotypes of “incomplete” and “completed” development,
as well as the asynchronous deflection of the latter reflected in their oil
and gas specialization, correlate accordingly with the size and age of
the Pan-African granulite belts in which the basins were laid. Since these
belts were the most active core structures, this pattern can be considered
as evidence of the influence of their inherited or reborn deep “energy sys-
tems” on the processes of rifting and generation of hydrocarbons. The use
of seismography data showed that mainly oil and gas-bearing rift basins are
located in areas of less and more heated mantle respectively. An example of
the probable influence of Cenozoic island volcanism centers on oil and gas
basin systems is given. A comparative analysis of geological and geophysi-
cal data, including heat flows, leads to the conclusion that the temperature
conditions of hydrocarbon formation in the rift basins of Africa were de-
termined by a combination of deep thermal systems of different scales:
regional (continent — ocean), subregional (cow-structural) and local (vol-
canic centers).
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BBepeHune

Bompoca. OH 0a3mpoBajcs Ha YKa3aHHBIX B TEKCTE
MyOJIMKAIHSIX TI0 TEOJIOTHU OACCEHHOB, HX KOPOBOIA

B Adpuke u Ha ee MOABOMHBIX OKpaWHaX pac-
MOJIOKEHBI OCaJOYHbIC OacceiHbI MO3AHEro Qaxe-
0305 pUPTOBOTO MPOUCXOXKICHHS (BHYTPHU- U TIEpe-
KOHTHHEHTAIbHBIE), OONBIIMHCTBO KOTOPHIX SIBIIS-
1oTcs HeTerasoHocHBIMH. [Ipu cpaBHHUTENHHO BHI-
COKOW CTENEeHHM HM3YYCHHOCTH OacCeHOB OcCTaeTcs
HEPACKPHITEIMU MPUYHHBI UX YTIIEBOJOPOIHON CIie-
nuann3anud. Leiapro mpoBeIeHHOTO UCCIIeIOBaHUA,
TJIaBHBIC PE3YJIbTAThl KOTOPOTO M3JIOKCHBI B HACTO-
SN CTaThe, SIBUIOCH BBISICHEHUE 3TOTO aKTyallb-
HOTO B PETHOHAIBFHOM W TEOPETHYECKHX IUIaHaX,

WHQPACTPYKTYPbl W PETHOHAIBHOW CEeHCMOTOMO-
rpaduu. ' maBHOE HAIpaBJIICHUE WCCICIOBAHUSI OBI-
JIO OPUEHTHPOBAHO HAa YCTAHOBJIEHHOE PaHEE COB-
najzeHne pUPTOreHHBIX OaccCeHOB C TpaHyJIUTO-
BEIMH TTOSICAaMH SBIISIBITMMIECS HAanOoOJIee BBIPaKEH-
HBIMU U JUIUTEIHHO Pa3BUBABIIMMHUCA (TO €CTh aK-
TUBHBIMM) CTPYKTypaMH caMOll MOJOJOH, Tak Ha-
3pIBaeMoii TaHappukanckoit kopsl [1]. UmeHHO 3TO
MIO3BOJWIO BBISIBUTH Psifi BaXKHBIX 3aKOHOMEPHO-
cTell pa3BUTHs pU(TOreHHBIX 0ACCEHHOB, MMEBIIUX
OTHOLICHHUE K UX HEe(PTEra30BOH CHenUATN3ALIH.
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B Adpuke ocanounbie 6acceiiHbI mo3aHero ¢a-
HEpOo30s1 pUPTOBOTO MPOUCXOXKACHUS (BHYTpU- U
MIEPEeKOHTUHEHTAJIbHBIE) XapaKTePU3YIOTCS Pa3HOM
HedTerazoBoi crienuaaTu3anuei, MPUINHBI Yero 0C-
TAalTCA HCACHBIMHU. HpOBeI[eHHLIe HCCICa0OBaHUA
MO3BOJIMJIM MOJOWTH K PELIEHUIO 3TOT0 BOIpOCaA.
BrisBiieHO BIMsSHHE Ha yCIOBUA HeTETa3000paszo-
BaHMs B OacceiHax JaHHOI'O THIIa TCIIJIOBBIX HC-
TOYHUKOB U3 TIIyOWHHBIX CUCTEM UX KOPOBBIX WH-
(hpacTpykTyp, a BIOJIb MMOABOJHBIX OKpanH AQpuku
«TETUJIOBBIX TOJIEH) OKEaHoB.

1. Pudptbl <HE3aBEPLUEHHOrO»
" «3aBepPLUEHHOro» Tuna

B «bonbmoii Adpuke», BKIOYaromed ee Ha-
3€MHYIO0 4acTh W IOJBOJHBIC OKPAWHBI B NO3JAHEM

(danepo3oe (GopMHUPOBATUCH PUPTOBBIC OACCEHHBI
HECKOJIBKHX TeHEepaluuil IBYX TIIaBHBIX TUIOB: CO-
XPaHUBIINE CBOE W3HAYAIBLHO MAaTEPUKOBOE ITOJIO-
KEHHE; OKa3aBIHECS II0J] BOJAMH POKICHHBIX B
HUX OKCaHOB M KOMILIEKCAMU MOPCKHX OTJIOKEHHH.
B nuteparype Takue OGacceiiHbl UIMEHYIOTCS pudTa-
MH «HE3aBEpIICHHOT0» M «3aBEPIICHHOTO» pPa3BH-
TUS (THIIOB) COOTBETCTBEHHO. [l yao6cTBa msio-
JKeHUs1 MaTepuaia OacceliHpl 0OOWX THIIOB pac-
CMaTpPUBAIOTCS MO OOIIMM TEPMHHOM «PUPTOTEH-
HBIE».

B pudroreHHsIx BHYTpH- U HEPUKOHTHHEH-
TaJbHBIX OacceiiHaxX BBISABICHBI MHOTOYHCIICHHBIC
MIPOMBITIUICHHBIE CKOIUICHHS YTIeponoB [2] ¢ pas-
JUYHBIM COOTHOILICHHEM MECTOPOXKACHUI HedTn
u rasa (puc. 1).

- =2

T3

M., 4

‘\l)/1 5

Puc. 1. PacnonoxeHne pudToreHHbix 6acceiiHoB C pasnnyHoii HedTera3oBoii cneuyanmsaumneii:
1 - pudTOBLIE BHYTPUKOHTUHEHTAsbHbIE GACCEVHbI — MOYTU UCKITIOYNTENIbHO HEDTEHOCHBIE; 2—5 — 3aNMPUPTOBbLIE NEPUKOHTUHEHTaSIbHLIE 6ACCeNHbI:
2 - NPenMMYLLLECTBEHHO HEPTEHOCHbIE, 3 — NPEeUMYLLEECTBEHHO ra30HOCHbLIE, 4 — MOYTU UCKITIOYUTESNIbHO FA30HOCHbIE,
5 - 6acceliHbl MopoHzaBa ¢ TepManbHO paspyLleHHbIMU MecTopoxaeHusamn Hedtu; C — CupT; T — TepmuTt; My — Myoxnap,
Figure 1. Location of rift basins with different oil and gas specialization:
1 - rift intracontinental basins — almost exclusively oil-bearing; 2—5 — epirift pericontinental basins: 2 — mainly oil-bearing, 3 — mainly gas-bearing,
4 — almost exclusively gas-bearing, 5 — Morondava basins with thermally destroyed oil fields; C — Sirte, T — Termite, My — Mujlad

B pudroBsix OacceifHax «3aBEpILICHHOIO» pas-
BUTHA, TIEpElIeINX B CTaJWUd CHHOKEaHHYECKOIrO
nporudanus UX OOJbILIAs YacTh COACPIKUTCS B BEpX-
HUX MOPCKHX KOMILJIEKCaX, COICpKAIluX IJaBHBIC
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HedTeMaTepuHCKHe oTnoxeHus [3]. O6a 3tux 00-
CTOSITEIILCTBA MOTYT SIBUTHCSI OCHOBOM LISl TIPEIO-
JIOKEHHS O HE3aBHCUMOCTH CHCTEM ITHUX TaK Hazbl-
BaeMbIX JPU(TOBBIX KOMIUIEKCOB M BBI3BIBATH CO-
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MHEHHE B KOPPEKTHOCTH COIOCTABJICHUS YTJICBOJO-
POIHON CIielMain3aluy BHYTPU- U ITEPUKOHTUHCH-
TaNBHBIX 0acCEHOB XOTS W MMEIOIINX olIee pud-
TOBOE MPOUCXOKAeHHUE. [IpuBeaeHHBIC HUXKE I'e0JI0-
FHYECKHE 3aKOHOMEPHOCTH Pa3MELICHUS MECTOPOXK-
JeHUH He(hTH M ra3a BHOCST SICHOCTH B 3TOT aKTy-
AJIbHBIN JIJIS HAILIErO aHAJIN3a BOITPOC.

2. Koppensuus HedTerasoeoi cneumannsaumm

YcTaHoBIeHa yeTKas Koppessnus HedTeraso-
BOH crienuanu3anuu puQTOreHHbIX 6acceiiHOB ¢ UX
pAacIoyIoKEeHNEeM, a IEPUKOHTUHEHTAIbHBIX Oaccei-
HOB — CO BpeMEeHeM HX pU(TOBOTO 3aJOKEHUS U
nporubanus. KpynHeimmne BHYTPUKOHTHHEHTAIb-
HbIe OacceilHbl «HE3aBEpLICHHOro» pa3BuTHs LleH-
tpaneHoii Adpukn Mymxknan (Cyman) u Tepmut
(Hurep), nauaBmue npornbanue B Hadane HEOKOMa
u nozgHemenoBoit Cupt (JIuBus) xapakrepu3yrorcs
[IOYTH MCKIIOYUTEIBHO MECTOPOXKIACHUSIMH HedTH
(puc. 1). B odmopHbx OacceiiHax mnepudepun
I'Buneiickoro 3anuBa, HCHOBITABIIUX PUPTOBOE MPO-
ru0aHue B pa3HbIE JMIOXH PAHHETO MeNa, YaCTUYHO
C TO37HEH IOpHI, TaK)Ke IJIaBHOE 3HAUEHUE HMEIOT
MECTOPOKACHUS HEPTH, OAHAKO MPU MOAYNHEHHON
PO MECTOPOKACHUH rasa.

Bacceitabl mogBoaabIx okpanH HOro-Bocrodnoit
u FOro-3amamHoit Adpuku, McHbITaBIINE PUPTOBOE
pa3BUTHE C TO3JHEr0 KapOOHa 0 paHHEH I0pbI U paH-
HETO MeJa COOTBETCTBEHHO XapaKTEPU3YIOTCS IOUYTH
UCKITIOYMTETIHHO MECTOPOXKICHUSAMH Ta3a, B TOM YHC-
Je ¥ O4YeHb KpYMHBIMH. ['a30Bble MeCTOPOKAEHUS
CBOWCTBEHHBI TakXke sl ormopHoro dacceiina Jlamy
(Kenwmst) u 6acceiina OrageHa D(HUONUH, TPOIIEIITNX
pudTOBOE pa3BUTHE B MEPMU — pPAaHHEM TpHUace.
B Maspurano-CeneransckoM 0Oacceiine Cesepo-
Samagaoit Adpukw, pudTOBOE IPOTrHOAHIE KOTOPOTO
MPOUCXOJUIIO B TpHUACe, BBIABIEHBI KPYITHBIE MECTO-
pOXIeHus Ta3a, B MeHbIeil mepe HedTH (puc. 1, 2).
OTH JaHHBIE CBUICTEILCTBYIOT O TOM, UTO Hedrera-
30Bas CHELUATIM3ANS CHHOKEAHUUECKUX KOMIIJIEKCOB
MEPUKOHTHHEHTAIBHBIX OaccelHOB ompeaensiach B
3HAYNTEJIBHON CTETNeH! (WM TJIaBHBIM 00pa3oM) CH-
CTeMaMH T'eHepal yIrieBOI0POI0B, BO3HUKIIUMHU BO
BpeMsl UX pUPTOBOrO pa3BUTHSL.

O BeposiTHOM TTpHUpoae 00enx 3aKOHOMEPHOCTE!
MO3BOJIIOT CYAMTH cienyrouue GakTbl U apryMeH-
Thl. XOpOIIIO W3BECTHO, YTO TE€HEPALUs KHUIKUX H
ra3oo0pa3HbIX yIJIEBOJOPOJOB TMPOUCXOIUT TPHU
Pa3IN4HbIX, COOTBETCTBEHHO MEHEE U 00jee BBICO-
KHUX TeMIIepaTypHbIX ycinoBusax. M3 atoro, ¢ yuetom
PaccMOTPEHHON BBILIE 3aKOHOMEPHOCTH pacIpesie-

JICHUs] MECTOPOXKIICHHH HeTH U Tasa clieryer, YTo
SMHUPU(TOBBIE TMEPUKOHTHHEHTANIbHbIE W BHYTpU-
KOHTUHEHTaJIbHBIE pU(TOBBIE OacceiiHbl pa3BHBa-
JMCh COOTBETCTBEHHO B YCJIOBHSX OTHOCUTEIHHO
0ojee HU3KUX U 00JIee BHICOKHX TEIUIOBBIX MOTOKOB
Y TPaJHECHTOB.

Taxoe 3aK/II0YEHNE XOPOLIO COTIACyeTCs C pas-
JUYUSIMH «OHEPTOPECYPCOB» TIYOHHHBIX pH(TO00-
pasylolMx CHUCTEM, OOECIEeUHBAIOUINX TJIABHBIM
00pa3oM JeHCUHUKALMIO U JIMIIb YaCTHYHOE MeXa-
HHYECKOE Pa3pylIeHHue MaTepUKOBOM KOpbl («HE3a-
BEPLICHHBII» pUPTOreHe3) WM MOJHOE paspylie-
HHE JpeBHEH JTUTOC(HEpPHl U POXKICHNUE OKEaHOB («3a-
BEpIICHHBIN» pudTOTCHE3).

WmeroTest OCHOBaHHS CUUTATh, YTO TITyOUHHEIE
«IHEPrOCHCTEMBD», 00YCIOBUBIINE TEKTOHUIECKYIO
nmuddepeHInanio pUPTOBEIX CTPYKTYP, BO3HUKIH
BO BpEeMsI CTPYKTYPHOTO O(QOPMIICHHSI CaMmOro Mo-
JIOZI0T0, TaK Ha3bIBAEMOro MaHappPUKAHCKOTO (yH-
JaMEHTa, KOHCOJIMIUPOBAHHOI'O B KOHILE MPOTEPO-
3051, MecTaMH BZOJIb OKpauH AQpuku B paHHEM-
cpemHeM maineosoe [4].

CBHUIETENBECTBOM 3TOMY SIBIISIETCS COBHAJCHHE
pu(BTOBBIX 0acCEHHOB «HE3aBEPIICHHOTO» M «3a-
BEPILICHHOTO» Pa3BUTHS C NMaHA(QPUKAHCKUMHU Tpa-
HYJHMTOBBIMH TOSCAMH Pa3HBIX pa3MepoB, oOpaso-
BAaHHBIX B ILI€JIOM Haubojiee aKTUBHBIMH, HO pa3-
JUYHBIMH TI0 UTHTEHCHBHOCTH IpoIleccaMH KOpooo-
pasoBaHMs. A UMEHHO, yCTAaHOBJIECHO, YTO BHYTpH-
KOHTUHEHTAJIbHbIE PU(TH COBHNAZAIOT C IpaHyNHU-
TOBBIMH II0SICAMU CPAaBHUTEIBHO HEOOJNIBIINX pa3-
MepoB [5; 6], a pudThl Ipyroro Tuma, npeaonpeae-
JMBILIME JAE3UHTErpauio [OHIBaHBI, 3aT0XKUINCH
[0 TPaHYJUTOBBIM METamosicaM, BbICOKOIUIOTHOCT-
HBIE M PE3KO «yTOHEHHBIE» KOMIUIEKCHI KOTOPBIX
00pa3yloT «TPaH3UTHYIO» KOpPY MOJ OQIIOPHBIMH
OacceifHaMH U 3aJeraloT B TEKTOHUYECKUX MOKPO-
BaxX Ha MaTE€pUKOBBIX OKkpamHax Tanzanuu, Mozam-
Ouka, Manarackapa, Hamuoun, JluGepuu, Creppa-
Jleone u MaBputanun. Unes o HUKHEKOPOU IpHU-
pone ¢yHIaMEHTOB O(DIIOPHBIX OacceitHOB ObLIa
BbICKa3aHa €lle B CEepeArHE IMPOLUIOTO CTOJETHS,
a 3aTeM MOATBEP)KIeHa MHOTHMH HCCIIeJ0BaATENSIMH
B TOM YHCJIE U TIOCJIeAHUX JieT [7].

3. MpuuuHbl HedpTEerazoeom cneumanmsauum

BropeiM H3 00CYXIacMbIX SBISIETCS BOIPOC
0 TpUYHMHAX He(Te- WIM Ta30BOW CICIUATA3AINN
MMePUKOHTHHEHTAIBHBIX AIUPHQPTOBBIX OacceHHOB
pasHoro Bo3pacta. [logoiiTu K ero pemeHuro yaa-
JIOCh C TIPUBJICYCHUEM JIAHHBIX O BO3PACTE KOPOBBIX
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KOMILJICKCOB I'PaHYJIMTOBBIX METaIl0sACOB, B KOTOPBIX
3aJI0KUITHCH PUPTOBBIC 0ACCEHHBI «3aBEPIICHHOT 0
pasButus [8; 9].

[IpoBenennoe wccnenoBaHUE IO3BOJIMIO BBI-
SIBUTh CMEIIEHHE PUPTOBBIX CTPYKTYp JAHHOTO TH-
na ot 0oJiee MOJIOJBIX (TO €CTh 0OJIee «AKTUBHBIX))
CETMEHTOB K OoJiee TpeBHUM (MCHEE «aKTHUBHBIMI)
CEerMEeHTaM METaIoscoB (puc. 2).

100-175 km

30°

30°

0 30°

—

o0 1300 1450 1600

Puc. 2. Temnepatypa BepxHeli MaHTUM Adpukn
Ha rny6buHe 180 km (o [10] ¢ ynpolieHusamm)
Figure 2. Temperature of the upper mantle of Africa
at a depth of 180 km (based on [10] with simplifications)

DTa 3aKOHOMEPHOCTh MOXKET WHTEPIPETUPOBA-
ThCA KaK CBUACTCIILCTBO BIIMAHHA OCTATOYHBIX WJIN
BO3POKACHHBIX SHEPTrOPECYPCOB ITyOUHHBIX CHCTEM
IPaHyJIUTOBBIX METaNosCOB HE TOJBKO Ha MOCIE0-
BaTeIbHOCTh PHUPTOO0OpPA30BAHUS M pPa3pyHICHHS
IpeBHel nuTochepsl, HO TaK)KE Ha TeMIlepaTypHbIe
YCIIOBHUS TCHEPAIMK B OCAJOYHBIX KOMITJIEKCAxX Tra-
3000pa3HBIX WIH KUJKUX YTIIEBOJOPOIOB.

IloBpImenHas TCKTOHO-TCpMaJIbHAsA aKTHBHOCTH
BOCTOYHOA()PUKAHCKOTO TPAaHYJIMTOBOIO Merarosca,
B KOTOPOM 3aJIOKMJIMCh PAHHHE W TJIABHBIC Ta30-
HOCHBIC 0acCeiHbI MPOSBUIIACH HE TOJBKO B €ro
3aTSHYBIIEMCS JI0 CEPEeIUHBI Maneo30s (HOpMUPO-
BaHUM. YCTAHOBIICHO, YTO TpaHyIUThl Majaracka-
pa, ABJISBINUECS YaCThIO 3TOTO Merarmosica, o0pa3o-
BaJIUCh IIPU HUCKIIFOYMTCIBHO BBICOKOM I'€OTCpMaAllb-
HOM Tpaauente B 2550 °C/xkm okomno 0,58-0,53 mupz
net Hazax [11].

B untepBane 500450 miH et Ha3ax Ha Manara-
ckape u B Bocrounoit Adpuke, B o0nacTsax pacnpo-
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CTPaHEHHUSI «MOJIOABIX» TPAHYJIHMTOB, TPOUCXOIIIN
[IMPOKOMACIITA0HBIE TMPOIECCHl THAPOTEPMATBHOM
JIeATENFHOCTY W CBA3aHHOE C Hell MaccoBoe o0pa3oBa-
HFE TIOCIIECKIIQ/TYaThIX TIETMAaTUTOB C AParoleHHBIMI 1
MOy IparoleHHbIMI KamHsiMu [1]. Pasmiunoit  pazo-
TPETOCTHIO HEJP «MAITbIX» U «OOJIBIIKX)» TPAHYIIUTO-
BBIX TIOSICOB ObLTa OOYCJIOBIICHA HEPaBHOMEPHOCTH B
pudTOTeHHBIX OacceilHaXx CHHCEAMMEHTAIIMOHHOTO
marmaruzma. OH B BHJIE U3JIUSHUS 0a3aJITOB MPO-
SIBUJICS JIVIIb B CAMBIX PAaHHUX MMEPHUKOHTHHEHTAb-
HBIX Oacceiinax IOro-Bocrounoii, FOro-3amamHoit
otuactu 3amagHold AQpUKH, 3I0KUBIIUXCS B Ca-
MBIX MOJIOJBIX CErMEHTaX TPaHYJIUTOBBIX METamnos-
coB. MaHTHUITHBIN MarMaTu3M 3aBepliai Nepexo] OT
pu(dTOBOrO K MOCIEPUPTOBOMY pa3BUTHIO OacceiiHOB
Hwxaero 3am0e3u B paHHeH tope (BYIKaHUTHI «MOHO-
knuHanmu Jlemom0o0»), OacceitHoB Opamx, Jlroze-
pen, BanBuc — B paHHeM Meny, MPOWCXOAHUI B
MO3THEMENIOBOE BpEeMS MPU CUHOKEAaHUYECKOM TIpo-
rubanum Oacceitna MopoHgaBa Magarackapa.

C 0a3anbTOMAHOTO MarMaru3Ma Ha4YHHAJIOCh
pudTOBOE pa3BUTHE B IOpe PUPTOBBIX, HBIHE ODIIOpP-
HBIX OacceiiHoB JInbOepun — I'Bunen. Ha ycnoBus re-
Hepanuu YTJIEBOJOPONOB B OCAIOYHBIX OacceifHax
paccMaTpUBACMBIX THUIIOB TIOMHMO TEIUIOBBIX HCTOY-
HUKOB W3 aBTOHOMHBIX TJTyOUHHBIX CHCTeM prdTo00-
pa3oBaHUs, BO3HUKIINX BO BpeMsi (OPMHUPOBAHHS
«MaJIbIX» U OOJIBIINX TPAHYJIUTOBBIX MOSCOB OKa3bl-
BaIM BIMSHUE W PETHOHAIBHBIC TEIUIOBBIE HEOIHO-
poaHocTH BepxHel MaHTHH. CBHIETEIHCTBOM 3TOMY
SIBTSIETCS PACTIONIOKEHNE MTPEUMYIIECTBEHHO WM HC-
KJIFOUUTENBHO HE(PTEHOCHBIX M Ta30HOCHBIX Oaccei-
HOB B «IIOJISIX» COOTBETCTBEHHO YMEPEHHO U MaKCH-
MaJIbHO Pa30rpeToil MaHTHH, YTO XOPOIIO BUIHO TIPH
coroctaBieHun puc. 1 u 2. OCOOEHHO TMOKa3aTeh-
HBIM B 3TOM OTHOIICHHWHU SIBJISIOTCS TEPUKOHTUHCH-
TanpHBle pU(TOTEHHBIE OAacCCeWHBI C Pa3TUIHON
HedTera3oBou creruanm3anuei. M3 Hux mpenmyte-
CTBEHHO He(TeHOCHBIe OacceiiHbl mepudepun ['Bu-
HEWMCKOTO 3aMBa HAXOAATCS B OOJIACTH pacIpocTpa-
HEHHUS B CTOPOHY ATJIAHTHYECKOTO OKeaHa YMEPEeHHO
pa3orpeToil «KOHTUHEHTAIBHOW» MAaHTHH, a T'a30HOC-
Hble 0acCeiHBI PACIIONIOKEHBI B paliOHAX TEMIIepa-
TYPHBIX «HHIPECCHID» Ha OKparHbI AQPHUKH HanOoIee
pa30rpeToil MAaHTHH O0OUX OKPY KAIOIINX €€ OKCAHOB.

Crnenyetr OTMETUTH XOPOIIO BRIPAXKEHHYIO KOP-
PEIHILUIO C TEIIOBBIMH HEOTHOPOJHOCTSIMA MaHTHUH
ATnaHTH4EeCKOro ¥ or4acT MHIMHCKOrO OKEaHOB
M3MEPEHHBIX MPHUIOHHBIX TEIUIOBBIX MOTOKOB [12],
YTO SBISIETCS TOTIOTHSIOIIAM apTyMEHTOM BIIHSHUS
TEIUIOBOTO COCTOSIHHSI OKEaHOB Ha OCa/I0YHbBIE KOM-



Ycoea B.M. BectHuk PYOH. Cepus: NHxeHepHble nccnegosanms. 2022. T. 23. Ne 3. C. 254-262

IJIEKCHI pU(TOTEHHBIX O0AaCCEHHOB U MX HedTeraso-
BBIC CUCTEMBI.

CoderaHne aBTOHOMHBIX TEIIOBBIX HCTOYHH-
KOB M3 TEOCHCTEM TPaHYJIUTOBBIX METAINoOsCOB H
BIIMSIHUS «TETUIOBBIX MOJIE» BEpXHEW MAaHTUH OKe-
AQHOB HAIIJIO OTPaXCHHE B HEPABHOMEPHOCTSX M3-
MEpEHHBIX TEIJIOBBIX IMOTOKOB B IEPHUKOHTHHEH-
TaJbHBIX MPEUMYINECTBEHHO ra30- U HEPTCHOCHBIX
OacceitHax [13]. Beicokre TerioBble aHOMAJIHH BbI-
SIBIICHBI B paHHUX OQIIOpHBIX OacceiiHax TaH3a-
mnn, Keann (80-85 MB/M%), aTnaHTHYecKoi OKpa-
unsl FOAP, Hamu6uu (66-72 MB/M%), Masputanuu
u Cenerana (61-150 mMB/m?). CymiecTBeHHO ycTy-
MaloT UM B 3TOM OTHOIIEHHH Ooiiee MoJojsie Oac-
ceifnbl iepudepun [ Buneiickoro 3amuBa. Bmecrte ¢
TEM Cpeld HUX €CTh OJHO HCKIIOYECHHE, MOATBEP-
JKTAIOIIUE, OJHAKO OOIIYI0 3aKOHOMEPHOCTh. OHO

., 650|

18 Kinc

19Kinc(140

Ti-Kia(12)

OTHOCHTCS K TIpHOpeskHOMY paiiony ['aboHa (puc. 3).
Ha pucynke crparurpadudecKuMHu HHIIEKCAMU I10-
Ka3aHbl BO3PACTHBIE MHTEPBAJIBI MPOTHOAHWHA «3a-
BEpIIICHHOT0» Pa3BUTHA (BIOJIb OKpawmH ApHKHN)
W BpeMsl 3aJI0KECHHUST 0acCeHOB «HE3aBEPIICHHOTO
passutus (B llentpanshoit u CeepHoii Adpuke).
Hudpamu (MITH J1€T) TTOKa3aHBL: B CKOOKaxX BpeMEH-
HBIC JMAINa30Hbl PU(TOBBIX MPOTHOAHUIN MEPEKOH-
TUHEHTAJIBHBIX 0acceiiHOB, B MPSIMOYTOJbHUKAX
BO3pacT HIDKHEKOPOBBIX KOMIUIEKCOB «TPaH3UT-
HOI» KOpBI, 3aJIeTAlOMUX Ha OKpamHax AdpUKA U
Maparackape. 31ech KpyIHas TEIUIOBas aHOMAaJIUs
B 100 MB/M? coBmazaer ¢ beperossiv (BocTounbIM)
OacceitHoM, puQTOBOE pa3BUTHE KOTOPOTO Hada-
JIOCh B TEPMH, OBLIO MPHOCTAHOBJICHO B TpHACE U
MIPOAOJIKUIIO B IOpe-paHHEM Meny [14].

asofi
{1 IPui(124)

7 Canlin(

e2)

Puc. 3. Hedprerasosble pudToreHHble 6acceliibl no3aHero dpaHepo3os APpurku:
anupughmossie nepukoHmuHemarnsHsie: 1 - Jaxna-flykkana, 2 — Cenerano-MaspuTaHckuid, 3 — I'BuHecko-JInbepuickuii, 4 — Kot-g’'Usyapa,
5 -TaHo, 6 — KeTa, 7 - ilyana-Puno-MyHu, 8 — FaboHckuii, 9 — KeaH3a-HuxHero Koxro, 10 — Bansuc-Jlioaepeu, 71 — OpaHx,
12 — penbTbl 3amMbe3n, 13 — MopoHaasa, 14 — Pyeyma, 15 — MNemb6a-Jlamy, 16 — Comanuinckuii (BO3MOXHO HEPUDTOrEHHBIN);
pugpmosbie 8HympukoHmMuHeHmarbHble: 17 — Cupt, 18 — Tepmur, 19 — Canamart, 20 — Mypxnat
Figure 3. Oil and gas rift basins of the Late Phanerozoic of Africa Epirift pericontinetal:
epirift pericontinetal: 1 — Dakhla-Dukkala, 2 — Senegalese-Moorish, 3 — Guinean-Liberian, 4 — Ivory Coast, 5 — Tano,
6 — Keta, 7 — Douala-Rio Muni, 8 - Gabonese, 9 - Kwanza-Lower Congo, 10 -Valvis-Luderec, 11 — Orange, 12 - Zambezi Delta,
13 — Morondawa, 74 — Ruwuma, 15 — Pemba Lamu, 16 — Somali (possibly non-diphthogenic);
rift intracontinental: 17 — Sirte, 18 — Termite, 19 — Salamat, 20 — Mujlat.

4. BnusisHne oCTPOBHOrO ByJIKaHU3Ma
Ha reHepaumiIo yriesoa0poaos

Cunraercs, 4TO KalHO30MCKUH «OCTPOBHOID
BYJIKAHU3M SIBIIICTCS OJHOW U3 IPUYUH IOBBIIICH-
HBIX TETJIOBBIX MIOTOKOB B CMEXHBIX SMUPUPTOBBIX

oduIOpHBIX OacceiiHaXx paHHero 3amokeHus [13].
Henp3s uckmouaTs, 9TO 3TOT (QAKTOp TAKXKE CKa-
3ajca Ha (QOPMHUPOBaHMM B 3THUX OacceifHax raso-
BBIX MECTOPOXIICHUH, B YACTHOCTHU 3a CUET KPEKHH-
TOBOTO MpeobpazoBanus 3aexeit Hedtu [15].
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C He3aBepILICHHOCTHIO TAKOH PEreHepariyl MOTIn
OBITH CBSI3aHBI pPa3pyLICHUE THTAaHCKUX MECTOPOXK-
JIeHUH He(TU U ee U3JIMAHUE Ha IOBEPXHOCTH ¢ 00-
pa3oBaHMEM OOIIMPHBIX MMOJeH achamsTuToB bemo-
nonra u Tcumopopo Ha 3amane Manarackapa. Takoe
MPEIIOIIOKEHHE XOPOIIO COrjlacyercsi ¢ JaHHBIMU
TPEKOBOI'O aHajJM3a IO amaTuTaM, COIJIACHO KOTO-
PBIM Ha 3aK/IIIOUYUTCIIBHBIX 3TallaX pa3BUTHUA Oac-
ceifHa MopoHaBa MPOH30LLIO MOBBIIICHUE TEMIIe-
patypsl 1o 90-100° B mepBylo o4yepenp BAOIbL pe-
aKTHBHPOBAaHHBIX pa3oMoOB (QyHmameHTa. ITO CO-
OBITHE COBIIANO TI0 BPEMEHH C pa3orpeBaHUEM Hellp
OCTOBa, CBSI3aHHBIM C YETBEPTUYHBIM BYJIKAaHU3-
MOM, LEHTPBl KOTOPOTO PACIOI0XKEHB!I BJIOJb €T0
oceBoi 30HEHI [16].

XopouM NprUMepoOM CBSI3U MPOLIECCOB MPe0O-
pa3oBaHusl HEPTIHBIX 3aleXKel B MECTOPOKACHHUIX
rasa siBsiercs 3amagHas oonacts CeBepo-AdpukaH-

CKOW TMPOBUHIMHU TUIAT(GOPMEHHBIX 0acCeHOB Ia-
11e03051-Me3030s1. JlaHHas MPOBUHIUS XapaKTePU3y-
eTcs MpeoldNaflaHueM MecTOpoXaeHnid HedTH. Mc-
KJIIOYEHUE MPEJCTABISIOT I0KHBIA U CEBEPHBIN
paioHbl ATIKUpPA, B KOTOPHIX HAXOASTCS MHOTOYHC-
JIEHHBIE B TOM YHUCJI€ U KPYIIHBIE Ta30BBIE MECTO-
poxnenus [17]. Ilocneanue pacmoioKeHbl BOIU3H
KallHO30MCKOro ILEHTpa BYyJKaHU3Ma Ha Haropbe
Xorrapa u Tenb-ATIacCHOTO albIMICKOTO MOsCa
CKJIaJ4aTOCTU COOTBETCTBEHHO, XapaKTepHU3ylo-
IIUXCS TIOBBIIEHHBIMHU TEIUIOBBIMH TIOTOKamHu [13].
BeccniopHoe BiUsHME STUX TEPMOAKTUBHBIX CTPYK-
Typ Ha TE€HEpalHi0 YTIEBOAOPOIOB OIU3PACIIONO-
KEHHBIX OaccelfHaX BBIPAKAeTCSA B COCPETOTOUCHUN
MECTOPOXKICHHUN raza B IMpeaesiax U30TepM TOBBI-
IICHHBIX 3HAYEHUM, HAXOISAIIMXCS B MPOCTpPaH-
CTBEHHOH accoluanyy ¢ MOJIOABIM BYJIKaHUUYECKUM
LHEHTPOM U anbiugamu (puc. 4).

Mediterranean Sea
Cpesiniemnoe mope

— 32

Libya
Nuann

— 28|

. " Hurep
m— "} -
L=7]1 [ |2 | @93 4 [+ |s [ ]s

Puc. 4. CooTHOLIEHME PACNONOXEHN MECTOPOXAEHNM HEeP TN 1 ra3a B AlxXnpe ¢ TenioBbiMu notokamu [17]:
1 — U30IMHUW TENNOBLIX NOTOKOB, MB/M; 2 — MecTopoxaeHus rasa; 3 — MecTopoxaeHuns HedTu; 4 — KaiHO30MCKUE BYIKaHWUTbI Haropbsa Xorrapa;
5 - BbIXOAbl NAaHadPUKAHCKOro hyHAAMEHTA; 6 — 10XXKHasa rpaHnLa anbnmMinckoro Tenb-ATnacckoro nosica cknag4aTtoctn
Figure 4. The ratio of the location of oil and gas fields in Algeria with heat flows [17]:
1 - isolines of heat flows, mV/m; 2 — gas fields; 3 - oil fields; 4 — Cenozoic volcanites of the Hoggar Highlands;
5 — outcrops of the Pan-African basement; 6 — the southern border of the Alpine Tel-Atlas folding belt

5. O6cyxpeHue

B mybmukanmsx, OTHOCSIIHXCA K PHUMTOBBEIM
OacceitHaM mo3nHero Qanepo3ost AQpHUKH, pa3Bu-
THE MX He(Tera3oBbIX CHCTEM paccMaTpUBAcTCs B
COOTBETCTBHHU C TPATUIIMOHHBIMH MOJACTSIMH, KOTO-
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pBle MpeayCcMaTpHUBaIOT IIyOMHY, BpeMs MOTpyke-
HUs HeTeMaTepHUHCKUX OTJIOXKECHUH M TemIepa-
TypHBIE YCIIOBHUS NMPeoOpa3oBaHus B HUX OpraHuye-
ckux BemiecTB. OJHAKO MPUYMHBI HEPABHOMEPHO-
CTH TEIIOBBIX IOTOKOB, UMEIOIINX KaK 3TO CUUTA-
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€TCsl UMEIONIHE TITYOUHHOE ITPOUCXOK/ICHHE B TAKUX
MOJIENISIX HEe pacCMaTPUBACTCS, YTO HE JACT MMOJTHON
KapTHHBI T'€OMCTOPHUYECKUX CBs3eil HedTerazoBoit
crienuanu3anuy 0acceHOB JAHHOIO THIA C MX WH-
(dpacTpykrypamu. BeirmonHeHHOE Hccie[0BaHUE BOC-
MOJHSIET 3TOT mpoben. OHO MoKa3ajo, 4To TeHepa-
U YTIACBOJOPOIOB B PHGPTOTEHHBIX OacceiHax
AdpHKH «HE3aBEPIICHHOT0» W OCOOCHHO «3aBepIICH-
HOTO» Pa3BUTHsI 3aBHCEJI0 BO MHOTOM OT TIyOWH-
HBIX TEIUIOBBIX ICTOYHUKOB PA3IMYHON IPUPOIBI.

3aknoueHne

[IpoBenenHoe ucciegoBaHME IMOKAa3ajlo, YTO
HedTerazoBas crienuanM3alys 0caJouHbIX OacceiHOB
pudToro npoucxoxxacHusi AQpUKU Koppenupyercs
C HUX PETHOHAJIBHBIM IOJOXKCHHUECM MW BO3pPaCTOM
(BpeMeHeM 3all0KEHHS), ONPeNeIIeMbIX 0COOEHHO-
CTSIMU NaHA(QPUKAHCKUX HHAPACTPYKTYP, a TeHepa-
IUs1 YIIIEBOAOPOAOB B OacceiiHax MPOUCXOIMIIa IIPU
BJIMSTHUU Pa3HbIX FJIy6I/IHHLIX HCTOYHHKOB. M3 mo-
CIIEAHUX OOLIMMU SIBISJIMCH PAa3IUYHbIC IO WHTEH-
CHBHOCTHU IIOTOKH TEIJIOMAacCOoIlepeHoca U3 IIyOuH-
HbIX CUCTEM I'PAHYJIUTOBBIX IMOACOB Pa3HbIX pa3sMe-
POB, B KOTOpBIX OacceiHbl popMupoBaINChH. B Gac-
ceifHaX «3aBEpIICHHOI0» pPAa3BUTHUS, MEpeLIeIIInX
B CTaJINIO IEPEKOHTHHEHTAIHHOTO ITPOTHOAHNS, 00JTh-
110 3HAYEHHE MMEJIO BIUSHHE «TEIUIOBBIX MOJIEi»
POXIEHHBIX B HUX OKEAaHOB, a TAK)KE ME3030HCKOTr0
CUHCEAUMEHTALIMOHHOTO U KalHO30MCKOI0 OCTPOB-
HOTO MarmMaTu3ma.

PesynbpTaThl nccienoBaHus MOTYT paccMaTpH-
BaThCs B Ka4eCTBE HAyYHOH 0a3bl MPH MPOTHO3HOMH
OLIeHKE PU(PTOTEHHBIX 0acCeiiHOB HA OOHapy)KEHHUE
MPOMBIIIJICHHBIX MECTOPOXKACHUI He(TH WK Ta3a.
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