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KiioueBble ciioBa:

KOCMHYECKHE CHCTEMBI HOBOTO TIOKOJICHNS,
opbuTanbHOe 00CIyKMBaHUE, PEMOHT,
JI03aIlpaBKa, CIlyTHHUK Ha opOwuTe,
00cCITy’)KUBaHHE CITyTHUKOB, OJIOYHO-
MOJTyJIbHBIC, CTAaHAAPT, THOKOCTD,
SKOHOMHYECKAsI BHIT0J1a

AHHOTanus. 3a TOCIEIHUE TOAbl MHOTHE KOMIAaHWH W HalWOHAJbHBIC
areHTCTBa B Pa3HBIX CTpaHaX ObUIM BOBJICUCHBI B Pa3pabOTKy pa3iIMUHBIX
TEXHUYECKUX aCIeKTOB OpOHTAIBEHOrO 00Cy uBaHks1. ONHCaH OIBIT OpOUTATb-
Horo oOciyxuBanusi B CLA u Poccun. PaccmartpuBaercs npodiema opou-
TaJIBHOTO 00CITy)KMBaHHS B 1esoM. [1oka3aHo, YTO OpOHTATIBHOE 00CITYKH-
BaHHME OTHOCUTCS K PA3BUTHIO KOCMUYECKOH HH(PACTPYKTYPHI CIIEIYIOIIETO
MOKOJICHUS] U PELICHHE MPOOIeMbl OPOUTATIBHOTO OOCTYKMBAaHUS B 3HAYM-
TEIBHOM CTENEeHU NpeNonpeersieT XapaKTePUCTHKN KOCMUYIECKUX CHCTEM
CIIeIyIOIIETO TTOKOMeHHs. [t peamsaly OpOUTAIEHOTO 00CITy KIBAHIS BBIC-
JISIFOTCS JIBa OJIMHAKOBO Ba)XKHBIX HarpasiieHus: 1) obecrieyeHue paboTocmo-
COOHOCTH CITyTHHKOB; 2) CO3/IaHHE CHCTEM HETIOCPEICTBEHHOTO 00CITyKUBAHNSL.
Peanuzanust KaXJ0ro HarpaBJIeHHs BKITIOYACT B ce0sl IMPOKHUIA CIIEKTP paspa-
00TOK. B 1epBoM citydae Hy>KHO YUHTBIBATH BOSMOXXHOCTB CTBIKOBKHU C OOCITY KH-
BaeMbIM CITyTHHKOM, TapaHTUPOBAHHBIM JOCTYH K KOMIIOHEHTaM CITyTHHKA,
OJIOYHO-MOZYJIBHYIO CTPYKTYpPY OOCIYXHBA€MOIO CITyTHHKA, CTaHJapTH3a-
LU0 alIapaTHOro obeclieueHusl U pa3beMoB M T. A. Peanmzanus BTOporo
HaIpaBJIeHHs] BapbUPYETCsl OT Pa3pabOTKH METOAOB OOCITYKUBAHUS U CHCTEM
00CITyXUBaHMS 10 CIIyTHHKOBBIX OPOWT M ONTHMM3ALMK TPpynnmpoBku. IIpen-
CTABJICHBI CYIIECTBYIOIHME U IEPCHEKTHBHBIC KIIOYEBBIC TEXHOJOTUU JUIL UC-
IIPaBHOTO OOCITY>KHMBAIOLIETO CIyTHHKA. [I0Ka3aHo, YTO SKOHOMUYECKasl BHI'OAA
OpOUTANBHOTrO OOCITY)KUBAHUS JOJDKHA THIATEIILBHO OOOCHOBBIBATBHCS C TJIO-
0aJbHON TOYKH 3PEHHS C Y4eTOM OCOOCHHOCTEH OyyIeil KOCMHYECKON WH-
(pactpykrypbl. O0cCiIy)KMBaHHE TIO3BOJISET MPOJIUTH CPOK CITY>KOBI CITYTHUKOB,
CHHU3UB TakUM 00pa3oM CTOMMOCTB >KM3HEHHOT'O IIMKJIa, Oojiee TOro — co3za-
BaThb COBEPUIEHHO HOBBIE CUCTEMbI U MUCCUHM. DTH 3(HEKThl MOTYT OBITh
JOCTUTHYTBI HE TOJIBKO ITOCPEACTBOM JIO3aINPaBKU M PEMOHTA CITYyTHHKOB,
HO M 3a cYeT Koppekuuu ux opout. Ilpemnaraemoe opOUTaILHOE OOCITYKH-
BaHHE CO3JAaeT MEPCIEKTUBY CO3aHNs KOMMEPUYECKOH CETH OOCITYKHBAHHUS
U yJajeHust Mycopa, chopMUpOBaHHOI Ha TOM ke TEXHOJIOrM4eckoi 6ase,
4TO, OJIHAKO, NPEICTABISIET CO00I OTHENBHbIE TEXHOIOTHYECKHe Mpobie-
MbI, KOTOPBIC TECHO CBsA3aHbI C 0p6I/ITaﬂbeIM 06Cﬂy)KI/IBaHI/ICM.

* IlyOnukamus HOATOTOBIICHA MCCIIEA0BATeNbCKOM Ipymmoit 3.22 MexayHapoJHOU aKaJeMUH aCTPOHABTHKU M JaCTHYHO IIPEJCTaBIeHA Ha
68-M MexayHapoaHoM acTpoHaBTHueckoM KoHrpecce (IAC), Anenanna, ABctpamus, 25-29 centsadps 2017 r., IAC-17-41654 [1].
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Introduction

The general problem of the next-generation
space system development based on the on-orbit-
servicing (OOS) concept with a focus on its techno-
logical, theoretical, economic aspects is considered.

Over the last years many organizations in dif-
ferent countries have been involved in development
of various technical aspects of on-orbit satellite ser-
vicing, which to a great extent predetermines the
characteristics of next-generation space systems.
Such efforts are now carried out in the USA (DARPA,
Boeing Company, SSL, MDA), Russia (Roscos-
mos), Germany (German Aerospace Center DLR,
Airbus Defence and Space ADS, OHB Group with
formerly Kayser-Threde), Japan (JAXA, Tokyo In-
stitute of Technology, Astrocale), Sweden (Swedish
Space Corporation, Orbital Satellites Services AB),
Spain (Sener), as well as in other countries.

Even though many companies and national
agencies are currently conducting research in on-
orbit servicing, there is an organizational challenge,
as it is hard to tackle the big picture of the problem
of OOS due to its scope. This complex problem
demands a comprehensive top-down approach and
can only be addressed properly by a coordinated
group comprising specialists of different back-
grounds beyond space and technology. It is also
obvious that a successful study should incorporate
ideas and experiences that come from different sci-
entists and from different countries.

Moreover, we consider that the solution of
the OOS problem to a great extent predetermines
the characteristics of next-generation space sys-
tems. Whatever efforts have been made to this end
are either incomplete or too specific. The solutions
at hand deal with specific tasks and can only be re-
garded as a part of a bigger pattern that is yet to be
described. The study has never been undertaken at
such a scale, and it is a chance to generalize all
the existing experience and take a step further,
by improving particulars and integrating them into
a complex infrastructure.

Servicing infrastructure can only be regarded with-
in the context of advanced next-generation space sys-

tems the ones that are going to be economically feasible
and effectively serviced. This means that anyone who
commits to the study should possess knowledge not
only of the basic on-orbit servicing concepts, but also of
the future space systems themselves.

Researching a particular way of servicing could
be pointless, if this study doesn’t fit with the way the
future space systems are going to operate. At the same
time, a process of mutual adjustment and dialogue
between the two parties — those who develop special-
purpose space systems to be serviced, and those de-
sign servicing infrastructure — should be initiated as
soon as possible in the design process to find an opti-
mal solution that would make space systems servicea-
ble and at the same time allow them to perform their
main missions without loss in functionality.

The problem is still far from being solved — only
separate specific solutions exist [2]. Therefore, a new
comprehensive study must be initiated. Its distinc-
tive features from other research in the same field
are the following:

1) the generic challenges and opportunities of
a next generation space on-orbit servicing infra-
structure are investigated;

2) both study specific solutions for creation of
space on-orbit servicing system, and different as-
pects of servicing infrastructure are investigated;

3) by uniting different fields of research, the at-
tention is paid to details, as well as a guided, coordi-
nated effort is presented to achieve a common goal.

This creates balance between diversity and
purposefulness, leading to an all-encompassing and
non-redundant study.

The study is aimed at following purposes:

1) to evaluate experience and detect trends and
problems that matter today;

2) to set primary definitions and define the
concept of OOS, to single out components of ser-
vicing and serviced systems, and to point out the
stages of a servicing operation;

3) to identify the main technologies that must be en-
hanced with respect to servicing and serviced systems,
and to propose solutions for optimizing and adjusting
orbital formations of serviced and servicing satellites;
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4) to evaluate the problem within the context of
next-generation space systems by envisioning an out-
line of advanced servicing networks for the predic-
ted space population;

5) to estimate economic and jurisdictional as-
pects of OOS, considering the possibility of com-
plete interface standardization, calculating benefit,
and researching international space law;

6) to outline roadmaps and to research options
of international cooperation.

Thus, the study encompasses all sides of the
problem — purely technological and engineering,
mathematical and methodological, as well as eco-
nomic, organizational, and legal.

1. Lessons learned

To plan, we need to know how the problem origi-
nated, how it has been dealt with before and what
trends revelled themselves earlier that now still have
some impact. Lessons learned in the past at the stage
of creating the modern servicing space infrastructure
should be studied closely and open-mindedly.

The problem of OOS emerged together with the
problem of space exploration — as it happens, even
the most reliable technologies tend to malfunction
and even in the most successful missions there are
cases of minor emergencies.

1.1. US

Some of the most prominent pages of the
American space servicing chronicles relate to ser-
vicing the first US orbital station, Skylab. In 1973,
the onset of its mission was accompanied by some
major difficulties. Because of the damage that oc-
curred during its launch, solar arrays of Skylab
were not deployed properly; micrometeoroid shields,
which also served as thermal managing device,
failed, and the station could not be made sufficient-
ly habitable. However, a crew of astronauts arrived
at Skylab and saved the station, replacing thermal
shields and deploying the solar panels, thus per-
forming the first major on-orbit repair operation.

After the incident, many lessons were derived
from the experience. One of the major ones con-
cerned the approach to space systems development
and is still relevant today.

Designing and operating a space vehicle is
an interdisciplinary problem that requires good co-
ordination at all stages. Excessive paperwork should
be avoided when possible! Every stage of space-
flight relates to another and yet must be treated by
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a team of qualified specialists who know their trade.
Moreover, as during many other events of manned
space exploration era, OOS proved to be a dange-
rous and demanding enterprise — a field of many
outstanding deeds but also a field to be made safer.

Another important year is 1984. It was marked
by two landmark events, and the successful comple-
tion of the first one in a way inspired the courage
with which the other one was undertaken.

After the failure of attitude control system,
the Solar Maximum Mission (SMM) satellite had
been out-of-order for quite some time. However,
in 1984, a team of astronauts was sent to repair
the malfunctioning vehicle.

After successful rendezvous and capture ma-
noeuvres, the Challenger crew replaced the failed
parts by taking advantage of the satellite’s modular
structure.

Moreover, this repair mission was the first-time
that robotic tools were combined with human outer
space operations, setting one of the most important
ongoing trends.

Later in the year, Discovery’s mission substi-
tuted two new telecommunication satellites for two
damaged ones, returning the replaced spacecraft to
Earth for refurbishment after complex manned on-
orbit operations, thus saving great sums of money.
Both satellites were later resold and re-launched
into space.

The lessons learned from these operations
could be stated as follows: Design of serviced
spacecraft might tremendously facilitate servicing
operations; however, one should be ready to service
“unserviceable” satellite (like the Hubble space te-
lescope which has been successfully repaired on
several occasions). Moreover, on-orbit servicing
could lead to direct commercial benefit, for millions
of dollars spent could be salvaged in one operation.

1.2. Russia

Looking at the Russian OOS experience it is worth-
while mentioning a few selected seminal achievements.

In 1985 Russia restored Salut-7. After failure in
main command link equipment, the station entered
a stage of fully uncontrolled flight. Souyz-T13 crew
(with astronauts Janibekov and Savinykh) performed
an almost impossible operation and restored the sta-
tion after completing the exhausting manual docking.

After that, humanity learned that almost any
space object may be captured and restored with due
efforts from ground systems and manned spacecraft.
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However, we also understood that the less fre-
quent such situations occur, the better.

In 1986—-1996 Russia broadened its experience
of operating Salut stations by managing the Mir
Space Station. Countless docking and repairing op-
erations of all kinds were performed during this pe-
riod. Aside from purely technological and scientific
advances, humanity learned that every servicing
technology should be tested under operational con-
ditions. Only tested and space-qualified technolo-
gies represent a real proof of concept.

1.3. Russia and US

Numerous expeditions to the Mir Space Station
and later to the International Space Station have
demonstrated that the efficiency of on-orbit servicing is
dramatically enhanced by international cooperation —
each nation should concentrate on what it does best.

Figure 1. “Soyuz TMA-10M” manned spacecraft (Russia)
(photo by S.P. Korolev Rocket and Space Corporation Energia)

Figure 2. “Progress M-M” cargo spacecraft (Russia)
(photo by S.P. Korolev Rocket and Space Corporation Energia)

Figure 3. “SpaceX Dragon” unmanned spacecraft (US)
(photo by Space Exploration Technologies Corporation)

Figure 4. “Orbital ATK Cygnus” automated cargo spacecraft (US)
(photo by Orbital ATK Inc.)

During the Mir Station operation, the Russian
orbital facility received US Space Shuttles that
docked to the station using ports initially intended for
Russian Buran spacecraft. This signified how im-
portant unified and standard interface could be for
successful international programs and acted as a pre-
cursor of ISS. The mode of current ISS servicing
largely relies on Russian Soyuz (Figure 1) and Pro-
gress vehicles (Figure 2), that deliver astronaut crews
and additional equipment to the station as well as US
vehicles SpaceX Dragon (Figure 3) and Orbital ATK
Cygnus (Figure 4) that carry out resupplies and logis-
tics missions for ISS. Aside from the resupplying
function, Progress spacecraft are used to assist in
orbit correction of ISS, which is another promising
direction of on-orbit servicing in general.
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There is a significant backlog in the develop-
ment of methods for calculating the parameters of
optimal rendezvous maneuvers [3—5] performed by
high or low thrust engines.

The rendezvous problem is solved, among oth-
er things, when the orbits of the active spacecraft
and the target spacecraft have a significant difference
in the longitude of the ascending node [3].

1.4. Germany

Globally, OOS has been initially promoted by
the roboticists. Space automation and robotics have
a long history in Germany. Among many world-
recognized scientists, technologies, and projects
(i.e., ROTEX and German Japanese ETS-VII in the
1990ies or later ROKVISS aboard ISS, and more,
also related design and simulation tools), DLR and
industry initiated a focus on OOS from around
2000, and, together with CSA and JAXA gave the
topic OOS a boost last decade.

Since 2010, the German space program address-
es two programmatic lines in the context of OOS.
Taking into consideration that - besides i.e., life ex-
tension, re-orbiting or refuelling — any future OOS
will require cooperative targets, hence space infra-
structure elements designed to be serviced, DLR
nowadays distinguishes between “active” and “pas-
sive” O0S. Active OOS comprises robotic technolo-
gies and capabilities to conduct any of the various
“services” discussed, investigated and promoted by
the global space community. Whereas passive OOS
is geared around the necessary components enabling
OOS. In other words, the latter means standardized
functional building blocks and interfaces as pre-requisite
for OOS. A Prominent activity is iBOSS — intelligent
building blocks for on-orbit satellite servicing and
assembly — described in brief further below (under 4.4).
iBOSS is a collaborative research program funded by
DLR Space Administration. The project is Being
conducted by the iBOSS consortium comprising the
renown German institutions TU Berlin (system lead),
MMi and SLA of RWTH Aachen University, FZi,
RIF and JKIC.

1.5. Other actors and summary of lessons learned

There are also further activities and experiences
made in Europe, Japan, China, India, and others,
which cannot be covered in detail here.

Key take:

— principally every space object may be cap-
tured and restored with due efforts from ground sys-
tems and manned or un-manned spacecraft;
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— OOS technologies need to be tested under
operational condition (mandatory) parallel to system
studies;

— no routine OOS has been established due to
missing proof of concept both technically and com-
mercially.

2. Definitions and concepts

All the examples that we have considered so far
demonstrate considerable progress and outstanding
outlook. And yet they were all aimed at the solution
of specific tasks, most of which had to be dealt with
in the state of emergency. The problem in general is
a bit wider, and in this effort, we shall attempt to
cover it in its fullness and complexity.

Let us look at main definitions and concepts to
make sure that we operate within the same notional
reference system.

Satellite OOS relates to solutions for creating
next-generation space infrastructure that will allow
saving funds that are currently spent on replenishing
expensive orbital systems, which has to be done for
the lack of full-scale satellite on-orbit servicing.
It would imply the capability to correct orbits and to
visually examine, recover, repair and refuelling satel-
lites. This property of the next-generation space infra-
structure will revolutionize space industries worldwide.

OOS includes, but is not limited to:

— orbital corrections and modifications to failed
and out of control satellites;

— detailed visual inspection of satellite assets;

— spacecraft salvage options and debris clean up;

— rescuing mis-launched, stranded satellites and
delivering them to their intended orbits;

— on-orbit mobility to meet international and na-
tional mission needs;

— refuelling spent satellites in orbit to extend life;

— repairing and correcting malfunctioning satel-
lite in orbits;

— transportation and support for lunar and pla-
netary missions.

The servicing satellite is to provide the follow-
ing three typical operations:

— observation of the satellites with the purpose
of determination the nature of the issue;

— technical assistance — repairing, refuelling, etc.;

— graveyarding of the satellites (moving the sa-
tellites to graveyard orbits) is implemented in case
if the satellite damage is irreparable.

Two equally important directions (Figure 5)
could be revealed in the development of the next-
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generation space systems based on the on-orbit sat-
ellite servicing:

1) making satellites and satellite constellations
serviceable;

v

v

2) creating servicing satellites and designing

their constellations for the performance of the satel-

lite on-orbit servicing operations.

a capability of docking with the serviced satellite
a guaranteed access to the satellite components

> block-modular satellite structure

A4

Direction |

Making satellites and
satellite constellations

» detachable and installable blocks and modules

unified detachable blocks (modules)

» standardized hardware and connectors

» functional partitioning of the blocks (modules)

» maximal complexation of missions aboard a single satellite

> selection of the satellite’s period of use with regard to servicing

> satellites orbits and constellation optimization using the concept of

> development of servicing methods and servicing systems, including
those with the use of 1SS, using experimental automatic satellites
> creation of the space complex for transferring satellites, upper stages

On the 1st stage - complexes for refueling and replenishing

serviceable
L ) their on-orbit servicing
—~ ~
=
[ K
!
/
/ x and their fragments to the disposal orbits
4 = > creation of the space complexes:
Direction I

R expendables
Creating servicing
satellites and
constellations for solving
the tasks of satellite on-
orbitservicing

systems

new problems

On subsequent stages:
= complexes for the replacement of separate modules, devices and

« upgrade of the purpose-designed equipment for the solution of

= dismantling out-of-order satellites and utilizing their elements
« refueling upper-stages of the carrier rockets on the parking orbit so
that they could be used as boosters for the injection of satellites into
geostationary orbits and transfers to the Earth escape trajectories

> servicing satellites orbits and constellation optimization

A

Figure 5. Directions for the development of satellite on-orbit servicing

Implementation of the first direction includes
a wide range of developments, from providing
the docking with the serviced satellite, even a non-
cooperative one, to the serviced satellites orbits and
constellation optimization which allows fully taking
advantage of the benefits of OOS. The list of such
developments includes (but is not limited to): a ca-
pability of docking with the serviced satellite, a guar-
anteed access to the satellite components, block-
modular satellite structure, detachable and installable
modules, unified detachable modules, standardized
hardware and connectors, functional partitioning of
the modules, maximal complexation of missions on-
board a single satellite, selection of the satellite’s
period of use with regard to servicing, satellites or-
bits and constellation optimization using the con-
cept of their OOS.

Implementation of the second direction includes:

— development of servicing methods and ser-
vicing systems, including those with the use of ISS,
using experimental automatic satellites;

— creation of the space complex for transferring
satellites, upper stages, and their fragments to the
disposal orbits;

— optimization of satellite constellation on-orbit
infrastructure;

— creation of the on-orbit-servicing space com-
plexes in two sequential stages mentioned below.

The complexes for refuelling and replenishing
expendables are created on the 1st stage, as well as
on the subsequent stages : complexes for the re-
placement of separate modules, devices, and sys-
tems; upgrade of the purpose-designed equipment
for the solution of new problems; dismantling out-
of-order satellites and utilizing their elements; refu-
elling upper stages of the carrier rockets on the
parking orbit so that they could be used as boosters
for the injection of satellites into geostationary or-
bits and transfers to the Earth escape trajectories.

All the problems mentioned above for the de-
velopment of the next-generation space systems
require an extensive study.
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3. Key technologies

This section focuses on some of the key tech-
nologies that could render satellites more service-
able. These technologies will be reviewed in the cor-
responding sections of this paper.

3.1. Key technologies enabling easier service
(required functions for serviceable satellite)

Let us consider how to aid rendezvous and dock-
ing operations. Successful rendezvous is a problem
of accurate and optimal manoeuvring that transfers
a servicing satellite into the vicinity of a serviced
spacecraft. Some reciprocation on the part of the ser-
viced spacecraft should not be ruled out and could be
implemented according to the task. For example, ISS
sometimes implements short manoeuvres to facilitate
its rendezvous with other vehicles.

Docking and capturing implies a different pro-
cedure. It concerns operation in the direct proximity
of the serviced satellite. We could make the ser-
viced satellites more noticeable both by mechanical
and radio means, through equipping it with radio-
frequency transponders for information exchange,
as well as optical devices and surface features.
Docking aides could be installed and when possible,
standardized interface could be used; attitude con-
trol system could be enhanced to provide a desired
relative position for servicing.

Some spacecraft are meant to be serviced by
robotic means only, others are man-oriented. De-
pending on this the interfaces may also be adapted
to the provisioned servicing agent. Those nodes that
need to be serviced must be visible and accessible
without breaching security and protection rules,
which is a very complex engineering task.

Block-Modular Structure allows speeding up
servicing operation by substitution of malfunction-
ing modules and easier detection of failures. How-
ever, it is a complex technological task because
some systems are simply not meant to be modular
and because we must provide a certain degree of
redundancy that allows not affecting main opera-
tions while repairing of a certain sector is under-
way. The function of each module should be clear
and understandable.

Common international interfaces or compro-
mise solutions could make spacecraft more acces-
sible. This concerns not only docking operations,
but also all other kinds of electrical and data inter-
faces.
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3.2. Key technologies for servicing systems
(performing service menus with a focus on the robotic
approach and a brief mention of the human approach)

Servicing systems themselves should also be
upgraded and in some cases, developed with a clean
sheet.

This problem should, on all levels, be solved in
conjunction with the previous one of making the
satellites more serviceable. The technological and
data interface should be correlated, but also orbital
formations and constellations should be selected in
such a way as to make the servicing process optimal
and less costly.

We should mention that the importance of ro-
botic and automated operations will increase. Tech-
nologies of autonomous operations are currently the
least developed among servicing technologies and
are one of the most obvious candidates for extensive
research. Some amazing specimens of the coming
age, like the Canadian Special Purpose Dexterous
Manipulator (SPDM, Dextre) that operates on ISS,
are already functioning (Figure 6). However, there
is still a long way to go to adapt robotic technolo-
gies to an even less friendly environment and in-
crease its role in some daily operations.

Figure 6. Canadian special purpose dexterous manipulator (SPDM) —
robotic device for ISS repairs otherwise requiring spacewalks
(photo by MDA Space Missions, MDA Ltd.)

This paper will expound on specific servicing
systems that will have to be developed in the fol-
lowing categories:

— systems for satellite/debris transfer;

— systems for refuelling/replenishing expendables;

— systems for replacement of modules/devices;

— systems for dismantling old satellite and utili-
zing their elements;

— systems to refuel carrier rockets for higher
energy orbit injection.
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These are the concrete target-dependent tech-
nologies for capture/docking and carrying-out ser-
vicing operations that will engage whole teams of
researchers from technological and theoretical do-
mains.

On-orbit verification/demonstration/experiment
is another important aspect that is currently re-
searched by our study group. As was mentioned
earlier, no technology can be considered as ready-
to-use unless it has been successfully tested in its
future environment.

3.3. Key technologies for orbit and constellation design
for next-generation space infrastructure

Astrodynamics is as important a field as tech-
nological solutions. Without an expedient orbital
structure and optimal manoeuvring, it is pointless to
count on material profits. Multiple papers were de-
voted to the astrodynamical problems of on-orbit-
servicing' [6; 7].

There are two approaches to Orbital Design of
Next-Generation Space Infrastructures. The first
one considers placing serviced and servicing satel-
lites into the same or near-by orbits, which allows
making the servicing manoeuvres less costly by
means of avoiding expensive orbital plane change
manoeuvres. Such groups of active and passive sa-
tellites are called clusters, and the method itself is
referred to as clustering. However only historically
established clusters are feasible — those at geosta-
tionary and GLONASS/GPS medium Earth circular
orbits (MEO).

Creating low Earth orbits (LEO) clusters would
imply sacrificing mission goals in favour of more
convenient servicing or otherwise making an unrea-
sonably extended servicing infrastructure. That is
why we introduce a second approach for the most
densely populated LEO orbits. We state that we
shall have to design a general constellation of space
stations to service satellites within their correspond-
ing responsibility zones by optimal flybys.

Designing orbital formations of space stations
with detachable modules that perform optimal fly-
bys of designated satellites in a series of rational
rendezvous manoeuvres is a complex problem.

! Razoumny YuN, Baranov AA, Kozlov PG, Malyshev VV,
Makarov YuN, Moshnin AA, Razoumny VYu. Space servicing
system and method of its construction. RF Patent for Invention
No. 2535760. C1. Application 2013146588/11, 18.10.2013.
Date of publication 20.12.2014 (bulletin No. 35). Int. Cl. B64G
1/10, GO5D 1/00. (In Russ.)

The problem includes optimization of orbits and
orbital formations of the space stations. Moreover,
the research reveals that constellations of serviced
and servicing satellites should be considered as one
complex dynamic system.

A modern satellite formation structure is
marked by the presence of completed satellite clus-
ters in the regions of geostationary orbits (telecom-
munication satellites) and medium circular orbits
with altitudes about 20 000 km (navigation satel-
lites). To some extent it can be stated that elliptic
orbits of Molniya-type telecommunication satellites
also form a cluster, but on-orbit servicing of these
satellites is not considered now. Performing servic-
ing of the satellites of these clusters could provide
a high economic efficiency of on-orbit servicing.
At the same time, a modern structure of operating
constellations is also defined by a total absence of
any order in the region of low-Earth orbits (in par-
ticular, important sun-synchronous orbits) and in
the regions of Earth escape orbits or the orbits,
providing transfers to the geostationary orbits.
The absence of any order or, let’s say, “clustering”
in selection of these orbits is since the parameters of
such orbits and constellations are selected only
upon satisfying the mission objectives in a maxi-
mally efficient way.

Classification and feasibility estimation of
the service schemes in the region of LEO yield re-
sults given in the Table. Here the classification of
possible service plans is offered by the servicing
facilities location (on-orbit/on an orbital station/
on Earth), by their re-use ratio (single-use/reusable),
by the supply scheme of servicing facilities (from
the Earth/from orbital station/no supply), by pres-
ence of crew on-board (manned/automatic), by the
amount of satellites serviced per one voyage (one
satellite/several satellites), as well as by the type of
servicing operations performed (refuelling and/or
maintenance). For each obtained servicing variant,
an approximate estimation of required specific im-
pulse of a servicing satellite’s engine is given
(in assumption that a mean angle of an orbital plane
change required for a transfer to the serviced satel-
lite is equal to 90°). Besides, duration (in years)
of an actual implementation of such engine can also
be found in Table.

The schemes marked in the table with a darker
shade are realizable now (in 2018). The analysis
of the results allows coming to a conclusion that
in the short term it is possible to implement a ser-
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vicing system for LEO satellites only by the means
of servicing satellites located on the Earth. More-
over, it is only possible to provide servicing for

one satellite per voyage. From the economic effi-
ciency point of view such satellite should indeed be
unique.

Classification and feasibility estimation of the service schemes in the region of LEO

. . L, Years
Ser\_n_c_mg Reuse Supply Presence Nu_meer . Type of servicing Engun_e_ S| of possible
facilities N of crew of satellites serviced operations specific | .

N ratio scheme . implement-
location on-board per one voyage performed impulse, s tation
From . Refuelling + %
the Earth Automatic Several maintenance 2500 2040-2050
From Refuelling +
orbital Automatic Several maintenance 2500~ 2040-2050
On-orbit Reusable station
Refuelling + mainte- *
One nance 1000 2035-2040
No supply | Automatic P
efuelling + .
Several maintenance 2500 2040-2050
Refuelling + .
One maintenance 700 2035-2040
Single use | No supply | Automatic
Refuelling + "
On an orbital Several maintenance 2500 2040-2050
station
From Manned Several Maintenance 10000~ After 2050
Reusable orbital ;
' . Refuelling + «
station Automatic Several maintenance 2500 2040-2050
Refuelling + .
One e 310 Since 2018
Single-use | No supply | Automatic Refuall
efuelling +
Several maintenance 2500 2040-2050
Refuelling + .
One maintenance 310 Since 2018
Automatic Refuoll
On Earth efuelling + -
n Ear No supply Several maintenance 1000 2035-2040
One Maintenance 310 Since 2018
Reusable Manned
Several Maintenance 10000 After 2050
. Refuelling +
From Automatic Several maintenance 1000 2035-2040
the Earth
Manned Several Maintenance 1000 2040-2050

Notes: * mean angle of an orbital plane change required for a transfer to the serviced satellite is assumed equal to 90°;

- schemes, implementable in the short term.

We have reviewed above the first of the two
possible approaches to the selection of orbits and
formations of serviced and servicing satellites based
on “rigid clustering” of the serviced satellites. Even
though such way may lead to a considerable in-
crease in the efficiency of the usage of space sys-
tems, as it was shown before, still, this approach is
characterized by several disadvantages.

First, the greatest economic effect is attained in
case of servicing on the orbits of naturally (histori-
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cally) formed clusters (like geostationary orbits).
Another negative circumstance underlying “rigid
clustering” is that servicing of the existing for-
mation of LEO surveillance satellites is expedient
only for the unique spacecraft, while clustering
LEO formations leads to some loss in observation
performance, and especially so in the cases of mul-
ti-satellite operation missions.

Let us review the subject-matter of a new tech-
nical solution for the optimal selection of satellite
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orbits and constellations, which are to provide the
servicing of “non-clustered” satellite groups. It should
be mentioned that the catalogue of serviced satellites,
contained in such non-clustered structures, is always
altering with time due to various reasons — because
of the end of the satellite lifetime and injection of the
new satellites, because of the fact that the orbits of
serviced satellites constantly alter as being affected
by various perturbations, and because of the regres-
sion of the servicing satellites’ basing orbits relative
to the orbits of the serviced ones under the influence
of the same perturbing factors.

The orbital plane change cost amounts to the
greater part of the total servicing manoeuvre cost.
Therefore, to minimize this cost according to the
technical solution offered here, the servicing facili-
ties are distributed on basing orbits, with each orbit
assigned to its own servicing region. The nodal re-
gression rate is equal for all the basing orbits.
In general, these basing orbits are elliptical (being
circular case), with different values of semi-major
axis, eccentricity, and inclination (all three of these
parameters, or any pairwise combinations of them).
The planes of the basing orbits are distributed in
space by ascending node longitudes in accordance
with their servicing regions. The servicing satellites
can be of single use, as well as returnable to the or-
bital station for the repeated use.

The cost of changing the orbital plane accounts
for the majority of the total cost of a maintenance
maneuver. For low orbits, changing the inclination of
the orbit by one degree requires about 130 m/s. Thus,
the serviced object must be in an orbit which inclina-
tion differs by no more than a few degrees. On the
other hand, the longitude of the ascending node of
the target's orbit can differ by tens of degrees [3].
To minimize the cost of changing the orbit, accord-
ing to the technical solution proposed here, the facili-
ties are distributed over the base orbits, with each
orbit assigned to its own service area.

The fact, that all the basing orbits have equal
nodal regression rate, allows minimizing one-time
delta-V (fuel) cost of servicing satellites on arbi-
trary “non-clustered” orbits by limiting required
angle of the servicing satellite’s orbital plane
change (at most half an angle between the neigh-
bouring orbital planes).

It should be mentioned that implementation of
this method for the formation of servicing facilities
constellation is not multi-purpose. It could be expe-
diently used in cases when artificial “clustering” of
the satellite formation leads to the performance

losses in fulfilling the mission objectives of the sa-
tellites. Although in cases when we deal with the
satellite servicing within historically developed or-
bital clusters, it is reasonable to distribute the ser-
vicing facilities upon the orbits which would be
close to the ones of the serviced satellites, as it was
described above. This would minimize the cost re-
quired for the change of the orbital plane.

3.4. Standards, interfaces and building blocks

Modular approaches are most likely the holy
grail when talking “enabling” OOS? [8; 9]. Servic-
ing and serviceable space infrastructure all the way
to mega constellations would benefit from stand-
ards. Manifold efforts have been undertaken over
several decades aiming at introducing modular
spacecraft, standard interfaces, building blocks or
other plug and play elements. However, there are
still no such standards. This is for many reasons, but
in recent years some more generic propositions
have been made and investigated.

The above-mentioned iBOSS concept (Figure 7)
is worthwhile mentioning as it represents a novel
approach towards passive OOS and universal ap-
plicability (there are numerous papers other infor-
mation available).

Figure 7. iBOSS Concept

In brief: iBOSS foresees a catalogue of stand-
ard functional building blocks (iBLOKCs, Figure 8)
which are connected via an intelligent space system
interface iSSI (4-in-1 interface: mechanical, power,
data, thermal, Figure 9) and can be used in different
ways, as standalone, e.g. hosted payload, experi-
ment box or can be combined to an entire satellite
(iSAT, Figure 10).

iBOSS also involves end-to-end software tools
for fast-track design (iCASD — intelligent computer
aided satellite design) and a full simulation envi-
ronment (VTi — virtual testbed iBOSS).

2 iBOSS — On Orbit Servicing Concept Video. Available
from: https://www.youtube.com/watch?v=uvEoCO0ifz7Y (acces-
sed: 12.12.2022).
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Launch Configuration of Reference
sateiite (ADM-Aeolus)

Figure 9. iSSI

Figure 10. iSAT

Hence, iBOSS is a good example of a techno-
logy and plug and play approach supporting OOS
across the board once established and introduced.

There are also other projects addressing similar
features as i.e. Satlets and PACs (ref. Arkysis, Nova-
wurks, DARPA).

4. Economic and jurisdictional aspects

The economic benefit is obvious. Servicing al-
lows extending operational lifetime of satellites and
thus gaining more time for revenue generation and
reducing lifecycle cost. Salvaging systems that can
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still be repaired, up to their return to Earth, could be
another such benefit. These effects could be achieved
not only through refuelling and repairing but also
through orbit modification assistance.

Clearing operational space by removing out-
of-service satellites from highly populated areas
(for example in GEO) opens new opportunities for
satellite injection. Promoting space safety may one
day lead to the outburst of space tourism.

On orbit servicing creates a prospect of estab-
lishing a commercial servicing and debris-removing
network.

On the other hand, international space law needs
to be revised to allow all these promising opportuni-
ties. Current international space law is not exactly
favourable for some aspects of on-orbit servicing and
space debris removal. For example, owners of a sa-
tellite must authorize removal of all debris resulting
from the launch thereof. Other complications that
concern insurance policy and other aspects of law
hinder otherwise desirable operations making them
almost impossible even with all the required techno-
logy developed and approved.

Standardization could also meet with some ob-
vious difficulties. It is obvious that unified inter-
faces are not the best option for some of the space
market players.

5. International cooperation

After all those challenges have been stated and
reviewed, it is the more obvious that only an inter-
national alliance could endeavour to solve all the
problems that are sure to come our way.

International cooperation is necessary for creat-
ing a serviceable space infrastructure.

Cooperation is expected to happen on all the
levels. They include the following:

1) technological — which means a combination
of best technologies from countries that are the most
experienced in their specific fields;

2) experimental — that implies providing a training
ground to international partners. Conducting real
space experiments within the framework of global
projects;

3) scientific — that means bringing together in-
ternational research teams;

4) operational — data exchange and cooperative
measurements;

5) law-related activities — international com-
munity may have to unite in a joint effort to estab-
lish convenient laws and promote standardization.
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Conclusion

Both sides of the servicing process must be modi-
fied: both satellites must be made more serviceable,
and the servicing spacecraft must be upgraded.

Servicing formation for optimal rendezvous flyby
is one of the key elements of the future space sys-
tems and must be implemented regarding the ser-
viced constellations.

The most underdeveloped technologies required
for efficient on-orbit servicing are those connected
with automated robotic operations. However, their
role is ever increasing.

At this stage, international space laws do not
fully facilitate cooperation and standardization.

International cooperation is an indispensable
element of future and present space exploration.

On-orbit servicing leads to considerable econo-
mic benefits. Additional benefits of on-orbit-servi-
cing are:

— the creation of a new high-tech industrial and
manufacturing base with benefits today and far into
future;

— opportunities of training and advanced educa-
tion to the existing labour force and many new per-
manent employment positions.
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Abstract. The authors describe an algorithm that allows calculating the pa-
rameters of maneuvers performed on several turns by the low-thrust engine,
which ensure the flight of the active spacecraft to the specified vicinity of the
target space object. The movement takes place in the vicinity of a circular orbit.
Linearized equations of motion are used in solving the problem. The influence
of the non-centrality of the gravitational field and the atmosphere is not taken
into account. The determination of maneuver parameters takes place in three
stages. At the first and third stages, the parameters of the pulse transition and
the transition performed by the low-thrust engine, are determined analytically.
At the second stage, the distribution of maneuvering between turns, which pro-
vides a solution to the meeting problem, is carried out by iterating over one
variable. This method of solving the problem provides simplicity and high reli-
ability of determining the parameters of maneuvers, which allows it to be used
on board the spacecraft. The paper investigates the dependence of the total
characteristic speed of solving the meeting problem on the number of turns of
the flight and the magnitude of the engine thrust.
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KiroueBble ciioBa:

KOCMHYECKHH ammapar, pacuer mapaMeTpoB
MaHEBpOB, KOCMUYECKHUIT 00BEKT, Masias
TSIra, KPyroBasi OpoMTa, UMITYJIbC CKOPOCTH

JluIst I THPOBAHHUSA

OKPECTHOCTH KpyroBoi opOuThI. [Ipu pemeHny 3a1auu UCIIONIb3yIOTCS JIHHEa-
PU30BAHHBIC YpaBHCHHSA ABUKCHUS. Bausuue HCUCHTPAJIBHOCTU I'paBUTa-
OUOHHOTO TONsl M atMocepbl He yuuThiBaroTcs. OnpenesieHre mapamMmerpoB
MaHEBPOB MPOMCXOAUT B TpH 3Tana. Ha nepBom u TpeTbeM 3Tanax mapaMmeTpbl
HMITYJIbCHOTO TIEpPexo/ia U Mepexo/ia, BBINOIHIEMOrO JIBUraTelieM Majlof Tsry,
ompeesstoTcs aHaauTH4ecku. Ha BTopoMm srame paciipezenieHre MaHEBPHPO-
BaHUS MEXy BUTKaMH, 0OECTIEUMBAIOIIEE PEIICHHE 331a91 BCTPEUH, OCYIIECTB-
JIsieTcst epedopoM 10 OJJHOW TIepeMeHHOM. [IaHHBI METOJ peleHHs 33/1aunt
NIPOCT U FAPAHTUPYET BBICOKYIO HAIEKHOCTh OIPEEICHHS TapaMETPOB MaHEB-
POB, YTO MO3BOJIET HCIOIB30BATh €T0 Ha OOPTY KOCMHYECKOro ammapara. Hc-
CJIeAyeTCs 3aBUCUMOCTh CYMMApHOU XapaKTEPUCTHUECKOM CKOPOCTH PEILICHUS
3a7ja4y BCTPEUHU OT YMCJIa BUTKOB IIepelieTa U BEIMYMHBI TATU IBUTATEIs.
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Introduction

The problem of the meeting in a near-circular
orbit using a low-thrust engines is of great im-
portance in the practice of spacecraft (SC) flights.
This problem is solved during the rendezvous
and docking of spacecraft, the implementation of
a group flight of several spacecraft, the formation of
a given configuration of satellite systems, the removal
of space debris, and maintenance of the spacecraft.

Over the past sixty years, the problem of the meet-
ing has been considered in the papers of many authors.
Particular attention was paid to the problem of rendez-
vous in near-circular orbits, when maneuvers are per-
formed by high-thrust engines. A problem of this type
was encountered most often in practical paper.

As the first notable papers in this area, we can
note the papers of J.E. Prussing [1], who studied the
problem of a meeting with a duration of no more
than three turns for the case of two circular coplanar
orbits, and J.-P. Marec [2], who solved the classical
problem of a meeting of average duration in near-
circular orbits.

Currently, three main approaches to solving
complex multi-impulse problems of spacecraft ma-
neuvering are widely used. In the first case, the prob-
lem of maneuvering in the plane of the orbit and the
problem of turning the plane of the orbit are solved
independently of each other. A similar scheme was
used, in particular, to implement the Shuttle rendez-
vous with the orbital station', to control the move-

' Shuttle Press Kit: STS-92.  Available from:
https://historycollection.jsc.nasa.gov/JSCHistoryPortal/history/s
huttle pk/pk/Flight 100_STS-092 Press Kit.pdf  (accessed:
17.08.2022).
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ment of geostationary satellites [3], satellites inclu-
ded in satellite systems [4], etc. The advantage of
such a scheme is its simplicity and reliability, the dis-
advantage is the excessive costs of the total charac-
teristic speed for maneuvering.

In the second case, numerical methods are used
to find the optimal solution to the most complex
multi-impulse problems, taking into account a wide
range of restrictions [5; 6]. Most often, the simplex
method is used to calculate the parameters of ma-
neuvers [7; 8].

In the third method, at the first stage, using the
solution of the Lambert problem, the parameters of
the two-impulse solution of the meeting problem are
determined. Then the behavior of the hodograph of
the basis vector corresponding to the found solution
is analyzed, and, if necessary, additional velocity
impulses are added to obtain the optimal solution.
This approach was first applied in the papers of Lion
and Handelsman [9], Jezewski and Roosendaal [10].

There are also methods that are at the junction of
different approaches. For example, in papers [11; 12]
proposed numerical-analytical methods for solving
the multi-impulse meeting problem, combining the
advantages of the first and second of the previously
listed approaches. They allow using the results obtained
in the early papers of T. Edelbaum [13], J.-P. Marec [2],
when solving modern practical problems.

Since the 1960s, the process of using electric
rocket engines (ERE) on spacecraft has begun. Due
to the high specific impulse, EREs can significantly
reduce fuel costs for orbital maneuvering. However,
the small (compared to traditional liquid rocket en-
gines) thrust of the ERE leads to the need to take
into account their long-term operation.
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Problems of this type occupy a special place
among the problems of optimal spacecraft maneu-
vering. A significant number of papers have been
devoted to them, several very interesting monographs
have been published [14; 15]. Particularly noteworthy
are the papers of V.G. Petukhov [16], Petukhov and
Olivio [17] and [18; 19]. Due to the complexity of
the problems in which it is assumed that maneuvering
is carried out using low-thrust propulsion systems,
they have traditionally been solved by numerical
methods using the Pontryagin maximum principle or
the continuation method. In recent years, to solve prob-
lems with a large extent of maneuvers, Yu.P. Ulyby-
shev successfully uses the interior point method [20].

In the method considered in this paper, the meet-
ing problem is solved both in an impulse setting
and taking into account the long-term operation of
a low-thrust engine.

To analyze the relative motion of a spacecraft in
the vicinity of circular orbits, it is necessary to use
special mathematical models of motion. The most
popular mathematical model of the relative motion of
spacecraft in the vicinity of circular orbits is the Hill —
Clohessy — Wiltshire (HCW) model. Linearized dif-
ferential equations for the relative motion of a space-
craft in the vicinity of a circular orbit for the rendezvous
and docking problem were obtained by Clohessy —
Wiltshire in 1960 [21], but as early as the 19th centu-
1y, similar equations were used by Hill in his theory of
the motion of the Moon [22]. In this mathematical
model, to obtain the equations of relative motion,
a rotating (orbital) coordinate system and linearization
of differential equations of relative motion are used,
based on the assumption that the distance between the
considered spacecraft is small compared to the aver-
age radius of the orbit. In this paper, we use linearized
equations obtained by P.E. Elyasberg [23].

Due to the increase in the number of maneuvering
SC, the increase in the efficiency of solving problems,
at present there is a tendency to transfer the process
of calculating maneuvers on board the spacecraft.
This leads to the need to simplify the process of cal-
culating the parameters of maneuvers and increase.

1. Formulation of the meeting problem

The problem of calculating the parameters of flight
maneuvers between close near — circular orbits is
solved in an approximate impulse formulation, within
the framework of the unperturbed Keplerian motion.

The flight conditions using N velocity impulse
in a fixed time from the initial orbit to a given point

of the final orbit (meeting problem) in linear ap-
proximation can be written as [12]:

N
D (AV,sing,+2AV, cos@,)=Ae,; (1)

i=1

N
D (=AV, cosp,+2AV,sing,)=Ae,; ()

i=1

N
D 2AV,=Aa; 3)
i=1

N
D (2AV, (1-cos@,)+AV, x
i=1

x(=3¢,+4sing,))=At, “4)

where Ae, = ecoswr— eocosmo; Ae, = esinwy— epsino;
Aa = (ar—ao) | ro; At = ho(ty— 10); AVa = AV, | Vo

AV, =A V; / Vo; f, 0 — indices corresponding to

the final and initial orbits; e;, ey — eccentricities of
the orbits; a; ao — semi-major axes of the orbits;
wy, 0o — angles between the direction to the pericen-
ter of the corresponding orbit and the direction to
the point specified on the final orbit (the axis Ox is
directed to this point); # — the necessary arriving
time to this point; # — time at which, when moving
in the initial orbit, the projection of the radius-
vector in the plane of the final orbit falls on a beam
passing through a given meeting point; Vo, Ao — or-
bital and angular velocities along the reference cir-
cular orbit of radius ro (70 = ay); N — number of ve-
locity impulse; @; — angle of application of the i-th
velocity impulse, calculated from the direction to
the given meeting point towards the motion of the

SC; AV, , AV, — transversal and radial compo-

nents of the i-th velocity impulse respectively.

It must be taken into consideration that the
angles @; — are negative, i.e., because it was as-
sumed that @, = 0 at the given point.

The problem of finding the parameters of opti-
mal maneuvers can be formulated as follows: it's
necessary to determine AV, AVy, ¢; (i = 1, ..., N),
at which the total characteristic velocity of maneu-
vers AV is minimal
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AVE + AVE

N
=1

N
AV = Z AV, =
i=1

npu orpannyeHusx (1)—(4).

2. Algorithm for solving the transfer problem

When solving the problem of transfer between
coplanar orbits, the first three equations of system
(1)—(4) are used.

There are three types of solutions for which the
necessary optimality conditions are satisfied:

a) on the p, A plane, the hodograph of the basis
vector is an ellipse, the center of which is located on
the p axis, but is shifted from the origin of the coor-
dinate system; the ellipse is tangent to a circle of
unit radius at a point on the p axis;

b) the hodograph of the basis vector degene-
rates into a point coinciding with the point of inter-
section of a circle of unit radius with the p axis;

c¢) the hodograph of the basis vector — an ellipse
centered at the origin of the coordinate system,
touching the circle at two points on the p axis.

Since all possible optimal solutions have pe-
mennii A = 0, and p # 0, then the velocity impulses
of these solutions are purely transversal.

Assuming that the velocity impulses are ap-
plied at the optimal points for correcting the eccen-
tricity vector,

Ae
tgp, =—=; @1=@; @9, =@1+T,
Ae

X

we find the magnitude of the velocity impulses of
the optimal solution:

AV, :i(Aa +Ae). )

AV, = %(Aa —Ae). 6)

3. Algorithm for solving the meeting problem

When solving the meeting problem, the values
of the velocity impulses AVu, AVp, determined
when solving the transition problem, are distributed
among N turns allowed for maneuvering:
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AV, =Y AV, ™
i=l1
N

AV, =D AV, ®)

where N is the number of turns on which maneuver-
ing is allowed.

The further goal is to choose such a distribution
of the magnitudes of the velocity impulses over the
coils so that equation (4) is satisfied.

To significantly simplify the solution of the
problem, we assume that the magnitudes of the ve-
locity impulses along the turns change linearly:

AV, =AY, +

+HAV,y AV, )E-1)/(N=1); )
AV, =AV,, +

+(A Vth - AVZII)(i - 1) / (N - 1)» (10)

where AV, AViw and AVaa, AV are the value of
the velocity of impulses on the first and last allowed
turns of maneuvering, which is part of the first and
second velocity of solving the transfer problem.

Substituting the values of the velocity impul-
ses calculated by formulas (9), (10) into (7) and (8)
we get:

N
AV, =Y AV, =0.5N(AV,, +AV,,); (1D
i=1

1£1

N
AV, =) AV,,=0.5N(AV,, + AV,

2t1 2tN
i=1

). (12)

Using (11) and (12), we obtain formulas for
determining AV, AV

AV,

AVltN :ﬁ_AVm; (13)
AV.
AVoyey = 0_;;\,1 — AVy¢. (14)

Substituting the found values AViw, AV into
formulas (9) and (10), we obtain:
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2(i-1)
/NN = 1) + AV [1 - 222

(15)

AVyy; = 20V, (i — 1)/

/NN = 1) + AVye [1 - zl(vij)]. (16)

Thus, we found the values of all impulses of
velocity, expressed only through AViy and AVas,
Substituting them into equation (3), we obtain a linear
equation with two unknowns AVis, AVan. The coef-
ficients for velocity impulses are known, since their
application angles are known:

¢, =0, +21n(N, — N); (17)
¢,, =@, +m+2n(N, - N). (18)

Going through the value of the variable AVia,
within the given limits, for each value from equa-
tion (3) we find the value of the variable AV2.

Then, using (15) and (16), we find the values of
all velocity impulses. Adding the modules of all velo-
city impulses, we find the total characteristic velocity
of the next solution. The solution for which the total
characteristic velocity is minimal is taken as a solution
to the meeting problem. If the total characteristic ve-
locity of the found solution coincides with the total
characteristic velocity of the solution to the transition
problem, then a solution was found with the minimum
possible total characteristic velocity.

At the next stage, we estimate the duration of
each of the found maneuvers.

The duration of each of the maneuvers is esti-
mated using the ratio:

w

Ap, =

where w,. — the centripetal acceleration of the refer-
I/OZ

%

c

ence circular orbit [W — J; w — the acceleration

m
the mass of the active SC; P — thrust of its engine.
If the duration of the largest velocity impulse
doesn't exceed 20°, then the solution is close to the

created by the propulsion system (w — P j; m —

impulse one and we consider that the problem has
been solved. If the duration of the maneuvers is signif-
icant, then we proceed to the solution with low thrust.

4. Solving the problem with “low thrust”

For each turn, we find what changes in the ec-
centricity and the semi-major axis produce velocity
impulses determined on this turn

Ae=2AV, —2AV, (20)

>
Aa,=2AV, +2AV,,. @1)

Then we determine the required duration of
low-thrust maneuvers, which will produce the same
change in these elements:

. Ao, . Ao, Ae.
4sm—(p" —4sm—(p2’ _ B4 ;
w

2A0,, +2A0,, = wAg, : (22)
w

From system (22) one can find the quantities
AQii, Ao [24]:

w.Aa . w.Ae
Ap, = 2 + 2arcsin AL
wn 8wncos—
8wn
A . A
Ao, = it —2arcs1nWC—eA. (23)
4wn 8w cos et
8wn

Thus, turn by turn, we find the duration of all
maneuvers. The problem with low thrust is correctly
solved. If the argument of the arcsine is greater than
1, then there is no solution (with the available thrust
and mass of the spacecraft, it is impossible to solve
the rendezvous problem for a given number of turns).

The found solution with “low thrust” gives the
same change in the semi-major axis and the eccen-
tricity vector as the original impulse solution. Equa-
tion (4) is also quite accurate, since the middle of
long maneuvers coincides with the moments of ap-

287



Baranov A.A., Olivio A.P. RUDN Journal of Engineering Research. 2022;23(4):283-292

plication of velocity impulses, and the same change
in the major axis on the turn is made, therefore,
the required time of arrival at the meeting point is
provided.

5. lterative procedure

In the formulated meeting problem, linearized
equations of motion are used, the non-centrality of
the gravitational field, the influence of the atmos-
phere, etc. are not taken into account. This leads to
the fact that the actual accuracy of the fulfillment of
the terminal conditions in the system (1)—(6) will be
insufficient. To solve the problem with a given ac-
curacy, you can use the iterative scheme [5; 6],
which consists of the following steps:

1. At the beginning of the next iteration, the “ap-
proximate” problem is solved: under the previously
accepted simplifying assumptions, the parameters of
the maneuvers that ensure the formation of the “target”
orbit are determined (at the first iteration, the “target”
orbit coincides with the final orbit).

2. Then, taking into account the calculated ve-
locity impulses, using the models of all necessary
disturbances, an “accurate” prediction of the space-
craft motion is carried out and the parameters of
the formed orbit are found.

3. The deviations of the parameters of the for-
med orbit from the corresponding parameters of
the final orbit are calculated.

4. If the deviations exceed the allowable va-
lues, then the parameters of the “target” orbit are
changed by the value of the calculated deviations,
and the next iteration is carried out.

5. The procedure ends when the terminal condi-
tions are met with the specified accuracy.

6. For “accurate” forecasting, as a rule, numeri-
cal and/or high-precision numerical-analytical inte-
gration is used. It is possible to use different fore-
casting methods at different iterations, but the accu-
racy of the forecast should increase with the number
of the current iteration.

7. Numerical integration takes into account the
influence of non-centrality of the gravitational field,
atmosphere, light pressure, etc., the operation of the
spacecraft engines is accurately modeled, therefore,
in spite the fact that the maneuver parameters and
are found at each iteration using the simplest motion

model, but as a result of the iterative procedure,
they provide access to the final orbit with the re-
quired accuracy.

6. Problem solving examples

Considering the motion of a spacecraft (SC) re-
lative to the point O, moving along a non-perturbed
near-circular orbit with a radius of 6871 km. Let’s
take the gravitational parameter of the Earth equal
to 3.9860044-10' m*/s*>. Consider the problem of
a flight with the help of N impulses of velocity in
a fixed time from the initial orbit to a given point of
the final orbit from a point in phase space ro= (10,
100, —=5) km, vo= (1, —10, 3) m/s to the origin, i.e,
to the point = (0, 0, 0) km, with a velocity v,= (0,
0, 0) m/s. For the problem, we’ll take the initial
mass of the SC equal to 1000 kg, the specific im-
pulse of the SC propulsion system is 220 seconds
(2157.463 m/s), and the thrust (7)) will be varied in
the range from 0.362 to 100 N. The flight is carried
out in N =4 and 13 turns.

Double impulse transfer. In the Table 1 shows
the results of the calculation the parameters of a two-
impulse transfer between coplanar orbits, that is, the
magnitude of the transversal components of the ve-
locity impulses, the angles of application of the first
and second impulses, as can be seen, the minimum
value of the characteristic velocity that a SC must
have for the transfer maneuver, is 4.485 m/s.

Multi-impulse solution. The value of the first
velocity impulse is moved within the limits from
—2.785 to 0.5 m/s with a step of 0.024 m/s.

Parameters of the optimal solutions. In the
Tables 2—4 show the parameters of the optimal solu-
tion, that is, the values of the velocity impulses on
the turns for the cases when N =4 and 13.

Solution of the problem with low thrust. In the Tab-
les 5, 6 and 7 shown the results of calculating the prob-
lem with low thrusts “Thrust = 1 and Thrust = 0.362”,
that is, the values of the velocity impulses and the dura-
tion of maneuvers on turns for cases when N=4 and 13.
In some cases, there’re no solutions because the value of
the arcsine argument is out of range (—1; 1). With in-
creased thrust, the duration of the maneuvers is reduced,
and the costs of the total characteristic velocity (CXC)
of the low thrust solution during thrust increment, coin-
cides with costs of the CXC of the impulse solution.

Table 1
Results of the calculation the parameters of the coplanar transfer problem
AVy,m/s AV, m/s |AV], m/s P’ ®,° P2 °
-2.785 1.7 4.485 6.4 186.4 366.4
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Table 2
Parameters of the optimal solution for N=4
N AV4;, m/s AV,;, m/s |AV ;| + |AV |, m/s
1 -0.024 0.848 0.872
2 -0.472 0.566 1.038
3 -0.92 0.284 1.204
4 -1.369 0.002 1.371
Y -2.785 1.7 4.485
Table 3
Parameters of the optimal solution for N=13
N AVy;, m/s AV, m/s |AVy;| + |AVy;|,m/s
1 -0.001 0.199 0.2
2 -0.037 0.187 0.224
12 -0.392 0.074 0.466
13 -0.427 0.063 0.49
¥ -2.785 1.7 4.485
Table 4
Results of the calculation of the problem with low thrust, for N=4
TN 0.362 0.37 0.4 0.5 1 2 5 10 100
o There is There is Thereis There is
Ao not solution | not solution | not solution | not solution 300.137 144.139 57.082 28.499 2.849
There is There is There is There is
AV, m/s not solution | not solution | not solution | not solution 4.726 4.541 B 4.487 4.485
Table 5
Results of the calculation of the problem with low thrust “Thrust=1”, for N=4
N AV, m/s AV,;, m/s [AVy| + | AVy|, m/s A4¢,° A¢y° (A@yul +14@yl)°
1 -0.04 0.864 0.904 -2.561 54.87 57.431
2 -0.48 0.573 1.053 -30.473 36.424 66.897
3 -0.942 0.306 1.248 -59.841 19.434 79.275
4 -1.443 0.077 1.52 -91.65 4.884 96.534
Y -2.905 1.82 4,725 -184.525 115.612 300.137
Table 6
Results of the calculation of the problem with low thrust, for N=13
T,N 0.362 0.37 0.4 0.5 1 2 5 10 100
A@® 809.865 791.329 728.952 578.15 285.884 142.555 56.979 28.487 2.849
AV, m/s 4.616 4.61 4.591 4.551 4.501 4.489 4.486 4.485 4.485
Table 7
Results of the calculation of the problem with low thrust “Thrust = 0.362”, for N=13
N AVy;, m/s AVy;, m/s | AVy| + | AV, m/s A@q° Aq@,;° (1 A@yl + | A@yl)°
1 -0.003 0.2 0.203 -0.45 35.149 35.599
2 -0.038 0.189 0.227 -6.642 33.117 39.759
12 -0.405 0.087 0.492 -71.015 15.253 86.268
13 -0.444 0.08 0.524 -77.953 13.967 91.92
Y -2.85 1.765 4.615 -500.114 309. 751 809.865
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Conclusion

In the paper describes an algorithm for calculat-
ing the parameters of a multi-turn multi-impulse
encounter. The main advantage of the proposed
algorithm is its simplicity and reliability, which
makes it possible to use it not only in ground con-
trol centers, but also on board the spacecraft. Simul-
taneously, this algorithm makes it possible to obtain
the optimal solution of the problem in the case
when the initial phase belongs to the optimal phase
range and the total characteristic velocity of
the solution of the meeting problem coincides
with the total characteristic velocity of the optimal
solution of the transfer problem. The algorithm
makes it possible to obtain a solution even when
the maneuvers are performed by low thrust engines.
The examples given in the paper confirm the ope-
rability of this algorithm and the high quality of
the resulting solution.
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Abstract. For the selection of heating and refrigeration equipment, as well
as the optimization of the components of the production line intended for
the processing of meat semi-finished products, detailed information on
the dependencies of the main characteristics of the products is required.
Such characteristics include physico-mechanical, thermophysical, techno-
logical and many others. The authors present the methodological founda-
tions of measurements, approaches to sample preparation and the results of
an experimental study of the thermal conductivity and specific heat capaci-
ty of an organic emulsion. The analysis of methods and laboratory equip-
ment for measurements taking into account the object of research was car-
ried out. The peculiarity of the sample under study is the variable fractional
composition, as well as the presence of a liquid phase in the form of water.
This makes it impossible to use standard commercially available mandrels
for samples. To study the characteristics of the organic emulsion, the method
of stationary heat flow and the method of differential scanning calorimetry
were chosen. As a result of the research, the nature of the measurement of
specific heat capacity and thermal conductivity in the temperature range
from -5 to 90 °C. The specific heat capacity of the sample varies from 2800
to 4410 J/(kg'K), while a phase transition of crystallization/melting of
the water phase was observed. The approximation method was used to ex-
clude it. The values of thermal conductivity vary from 0,28 to 0,49 W/(m-K).

Barinov DYa, Shorstov SYu. Investigation of thermophysical characteristics of organic emulsion. RUDN Journal of Engi-
neering Research. 2022;23(4):293-301. (In Russ.) http://doi.org/10.22363/2312-8143-2022-23-4-293-301

BBepeHune

OnHolt M3 OCHOBHBIX MPOOJIEM MHINEBON Mpo-
MBIIUICHHOCTH SIBIISICTCS.  BBIOOp MAaTepHalioB IS
MIPOEKTHPOBAHUS CUCTEM MPOU3BOJCTBEHHON JIMHUH
1 IoA00p XapaKTEPUCTHK WX KOMIIOHEHTOB, 00ecIie-
YHBAIOIIUX HEOOXOIUMBIE TEMIIEPATYPHBIC YCIIOBUSI
IIPY TIPOU3BOCTBE MHUIIEBHIX MOy PaOpHUKaTOB.

CoBpeMeHHasi IPOU3BOJICTBEHHAS JIMHUS SIBIISI-

MOTYT HCIIOJB30BaThCA MPU U3TOTOBJIICHUH 3JIEMEH-
TOB TPOU3BOJICTBEHHBIX JUHUN. Ha MoBEpXHOCTH
METAJUIOB AJIsl MX 3alIUThl MOT'YT HAHOCHUTHCS Pas-
JINYHBIE TIOKPHITHUS, TAKUE KaK aHTUOKUCIUTEIbHBIE,
TEIJIO3AIIUTHBIE, U3HOCOCTOWKUE U MH. 1p. [1; 2].
[Ioka HE CyIIECTBYET €AWHOTO YHUBEPCAIBHOIO
MpaBuia, B COOTBETCTBUU C KOTOPBIM UMEETCS BO3-
MO>XHOCTB TIOJTIOOpaTh XapaKTePUCTHUKNA CHUCTEM IS
pelIeHs] KOHKPETHBIX MPaKTUYECKUX 3a7ad, TaKhX

€TCs CJIO0XHBIM TEXHHUYCCKHUM YCTPOfICTBOM, JJI U3-
TOTOBJICHUS JIETAJICH U y3JI0B KOTOPOW MPUMEHACTCS
MHOXECTBO MaTepHaioB. B Hacrosmiee BpeMs ore-
YCCTBCHHBIMU MNPCANPUATUAMU BBIITYCKAIOTCA pas-
JIMYHBIC BUIBI KOHCTPYKIIMOHHBIX CTajel U CIUIABOB
Ha OCHOBE THTaHA U amIOMHHHsA'. MHOTHE M3 HHX

1 PTM 27-72-15-82. Maumssl 1 060pyI0BaHKIE MPOIOBOIIb-
crBeHHble. IlopsAnok NpUMEHEHHs METaIOB, CHHTETUYECKUX U
JPYrUX MaTepuajoB, KOHTAKTHPYIOIUX C MHUIIEBBIMHU HPOIYK-
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Kak nepepaboTKa, u3MelbueHIe, CMELINBaHUE, IPU-
TOTOBJIEHUE, YIIAKOBKA U T. J. IIPU 33JaHHBIX TE€M-
[epaTypHO-BpEMEHHBIX ycloBUsAX. K TakuM Heus-
BECTHBIM I1apaMeTPaM KOMIIOHEHTOB CIIEyeT OTHECTU

Tamu # cpeaamu. Muanermaniemant, 1982; CIT 2.3.3.-001-98. Cann-
TapHbBIC MPaBHIIA [0 BBIYCKY, PEATH3ALNH, UCIIOIB30BAHUIO Ma-
TEPHAJIIOB, M3/ICIUN U3 TOJMMEPHBIX W JPYTHX CHHTCTUYECKHX
MaTepHaJioB, MpeIHa3HAYCHHBIX IS KOHTAKTa C IMUIIECBBIMH IIPO-
nykramu. CII6., 1998.
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MOIIIHOCTH HarpeBaTelieil W XOJOIMJIBHUKOB, TPO-
M3BOJUTEIHLHOCTh MMEPEKAYUBAIONIUX XJIAJIareHT Ha-
COCOB, pa3Mephl JICHT TPAHCIIOPTEPOB, YaCTOTHI Bpa-
IIEHUST PEAYKTOPOB M ITHEKOB, 00BEMBI OYHKEPOB
JUIS. XPaHCHUSI MCXOJTHOTO ChIPbS M TOTOBOH MPO-
IyKuuu u ap. [3; 4].

[lombop xapaKTepHCTHK KOMIIOHEHTOB CHCTEM
HEBO3MOXKEH 0e3 Halu4Ms KOMIUIEKCHOW HH(popMa-
LUK O Pa3IMYHBIX XapaKTEPUCTHKaxX Moiydadpuka-
TOB, C KOTOPBIMHU TIpearioniaraercss paborars. Cpenu
HUX CTOUT BBIACIHTH MEXaHHYECKHE, TETUIO(pH3IIe-
CKHE, BI3KOCTHBIC M TIPOYUE, IIPUUEM U B UCXOIHOM
cocTosiHMH Tomy(habpukara, u mocie nepepaboTKH.
CTOUT OTMETUTH, YTO OOJBITMHCTBO MPOIYKTOB ITH-
[IeBOW TMPOMBIIUICHHOCTH COJIEPXKHT B ceOc BOISIHYIO
(a3y B TOM WM MHOM BHJE, MOSTOMY XapaKTepH-
CTHKH HEOOXOJUMO M3y4aTh KaK MPU HOPMAJIbHBIX U
MOBBIIIICHHBIX TEMIIEpaTypax, Tak U B 3aMOPOXKEH-
HOM BHjie. B HacTosiee Bpems JUIs MPOU3BOJICTBA
KOPMOB U KHBOTHBIX TEPCIIEKTUBHBIM SBIISETCS
MPUMEHEHHUE MSCHON BMYJIbCUH, H3TOTOBICHHON
ITyTEeM H3MEJbUeHHs O MacTO00pa3HOrO COCTOSHHUS
pa3nuyHbIX BUIOB Msica. OT TOro, HACKOIBKO ONTHU-
MaJIBHO TIOJI00paHbI KOMITOHEHTHI TIPOM3BO/ICTBEHHOM
JIMHWUHY, 3aBUCST CTOMMOCTh U MPOJODKUTEIBLHOCTD
TEXHOJIOTMUECKOT0 TIpoLiecca MpH MIPOU3BOACTBE TOMy-
(habpukaroB, a TaKke CTOMMOCTh KOHEYHOTO TIPO-
IyKTa JUIs TOTPeOUTEIs.

B cnywae onTummu3anuu HarpeBaTEIBHOTO H
XOJIOJWIIBHOTO 000pynOoBaHMU Hauboyee BaKHBIMH
XapaKTepUCTUKaMU HCCIeNyeMOro OOBeKTa SBIIs-
[0TCS TETUIOpU3NYECKHe: TEIUIOEMKOCTh U TeTlIo-
MIPOBOAHOCTh. B [5] mpuBoAATCS pe3ysbTaThl H3ME-
PEeHHI pa3IIYHBIX BHIOB MSCHBIX MOy (}HhaOpHKaToB,
B TOM YHCII€ IIHPOKOTO aCCOPTHUMEHTa (apIieil.
OKCIepUMEHTANbHBIC JaHHbIC, KaK MPaBUJIO, MPH-
BoJsTCS B auanaszoHe Temneparyp ot 20 go 80 °C,
YTO 3a9aCTyI0 HE OXBAaTHIBAET BECh MHTEPEC TEXHO-
noroB. Tak, mog00p XONOAMIBLHOTO 00OPY/IOBaHHS
TpeOyeT Habopa 3HaHUI 0 Pa30BOM mepexonae KpH-
CTAJUTM3AINH KUAKOCTH, KOTOpasi BXOJUT B COCTaB
nonyhabprkara. Pe3ynbraTsl 3KCIIEpUMEHTAIBHBIX
WCCIIEIOBaHUH TEIIIO(PU3NUCCKUX XaPAKTEPUCTUK TIPH-
Bonsarcs B [6—10].

[Mon0op KOMIIOHEHTOB 00OPYAOBaHHUS POU3BO-
JIITCS HA OCHOBE 3HAHWI O XapaKTePUCTUKAX 0OBEK-
Ta TPOM3BOJCTBA, MAaTEPHAJIOB IPOW3BOJICTBEHHOM
JIUHUHM W BHEUTHUX ycioBui. Hepemko mis moabopa
MIPUBJICKAIOT PacueTHBHIE METOMBI, B TOM YHCIIE Me-
TOIbl MaTeMaTU4ecKoro MoxeiaupoBanus [11-14].
Taxwe moIxoabI TO3BOJISIOT CIIPOTHO3UPOBATH ITOBE-

JeHue HccieayeMoro o0bekTa 0e3 IMoCTpoeHHs
CJI0’)KHOTO, TPYAOEMKOTO U TOPOM JAOPOroCTOAIIETO
TEXHOJIOTHYECKOT0 Tipo1iecca. B pesynbrare onpene-
JSIFOTCS  pacTIpelieNieHus] MEeXaHWYEeCKHX Harpy3ok,
TEMIIEPATypHBIX TIOJICH, HA OCHOBE KOTOPBIX OIpe-
JIEJISAIOTCS MPOYHOCTHBIE XaPaKTEPUCTHUKU U MPOU3-
BOJICTBEHHBIE MOIITHOCTH JJIEMEHTOB 000pYyI0BaHUS,
mapaMeTpsl mexa (MOIIHOCTH JJIEKTPHYECKUX, TETl-
JIOBBIX W BOJOMPOBOAHBIX cerelt u T. A.) Tak, HUII
«KypuaroBckuii uncturyt» — BUUAM pacnonaraer
OOITUPHBIM J1a00PAaTOPHBIM KOMIUIEKCOM IS TIPO-
BEJICHUSI PACUE€THO-IKCIICPUMEHTAIIBHBIX UCCIIEA0Ba-
HUI XapaKTEePUCTHK IIUPOKOTO CIIEKTpa MaTepPHaJIoB
B 3HAYUTEITHLHOM TeMIIepaTypHOM auamna3one [15].

Leas uccienoBaHusi — MU3yueHHE TEIUIONPO-
BOJHOCTU U TEIUIOEMKOCTH OPraHUYECKON SMYJIbCUU
JUTSE TIO0OPa XapaKTepUCTHK KOMIIOHEHTOB Harpe-
BaTENFHOTO W XOJOAWIBHOTO OOOPYAOBAaHHUS IPO-
W3BOJICTBEHHOH JIMHUH.

1. MaTtepuanbl n MmeToAbI

OOBEKT HCCIEAOBAHMS — OpTaHUIECKas MY Ih-
CHSI, TIPEJICTABIISIONIAs COOON MENTKO U3MeTbUeHHOE
J0 TMAcTOOOpa3HOTO COCTOSHUS M IepeMelIaHHOe
MSICO CBUHHUHBI U TOBSAUHEL. C MOMOIIBIO SKCIIEPH-
MEHTAIFHBIX METOJIOB U3yYaJIHCh TEIUIONIPOBOIHOCTD
U TemI0eMKocTb. OOBEKT HCCIeNOBaHUI IMOCTaB-
JSUICA B BHUJZIE 3aMOPOXXEHHOTO OpHKeTa Heompee-
JIEHHOUW (POPMBI MacCcoOi ~5 KT.

g u3aMepeHns: TemIoNnpOBOAHOCTH OBUT MpO-
BEJICH aHAU3 JBYX METOJOB: HMITYJILCHOTO METOa
M METOJIa CTAallHOHAPHOTO TEIIOBOTO MOTOKa. MM-
MYJBbCHBIA METO/] TMO3BOJISIET HCCIIE0BATh 00pa3IIbl
MPaKTUIECKU JTIOOBIX MaTepHajoB B LIMPOKOM AHa-
naszoHe Temneparyp (cepuitHoe 00opyIOBaHHE TI03-
BOJISIET M3MEPATh MpHU Temieparypax oT —150 no
2800 °C) Ha cpaBHUTENBHO MajbIX oOpasmax (xa-
pakTepHbIii pasmep obOpasmna 10-15 mm), pu 3ToM
BpeMsI N3MEPEHHI OJJHOTO 00pasiia BO BCEM TeMIIe-
paTypHOM JUAIla30HE HE MPEBBIIAECT BOCBMUYACOBOU
pabounii nens’. CyTh MeTOJa COCTOUT B OOTyUeHHH
JUIIEBON TIOBEPXHOCTH 00pa3iia KpaTKOBPEMEHHBIM
UMITYJIbCOM Jla3epa W PErHCTPald W3MEHEHUS
TEeMIIepaTypsl Ha €ro ThUIbHOH ctopone. Ilpu mpo-
BEJICHHH W3MEPEHUHN JenaeTcss psja AOMYIIeHHIA,
a mpu oO0paboTKe MOTYyYEHHOH 3aBUCUMOCTH HC-

2 TOCT P 57943-2017. Ilnactmaccel. OnpesesieHue Temio-
MPOBOJJHOCTH U TeMriepaTypornpoBogHocTd. Y. 4. Merox nazepHoit
Berbimky. M.: Crangaptungopy, 2017. 11 c.; ASTM E 1461-01.
Standard test method for thermal diffusivity by the flash method.
ASTM committee E37, 2001. 13 p.
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MIOJIB3YIOTCSI HECKOJIBKO MaTeMaTHUYECKUX MOJEICH.
MsicHasi SMyNnbCUs TIPEACTABISET COOOM MENKO U3-
MEJIBYCHHYI0 KalluIeoOpa3Hyl MaccCy, HO3TOMY
HU3MEPHUTh 00pasell HAIpsSIMYyH HE IPEICTaBIAETCS
BO3MOXXHBIM. OJIHaKO CYIIECTBYET psA OIpPaBOK,
MPUCHIOCOONICHUH M METOZOB AJisl TPOBEACHUS HC-
CJIEIOBAaHMN JKUAKUX 0Opa3loB: pacijaBoOB, XHI-
Koctel, cmon. s 06paboTKu pe3yIbTaToB B 3TOM
ciydae HEoOXOAMMO IMpPUBIEKATh ClENUaIbHOE MpOo-
rpaMMHOE oOecIieueHHe, B KOTOPOM I10 M3BECTHBIM
XapakTepUCTUKaM MaTepHuaja OIpPaBKU BBIYMCIIIET-
Cs1 HEM3BECTHAs TEIUIONPOBOAHOCTh HMCCIETLyEMOIO
MaTepuaia. Takol MOAXOA YCHELIHO MPUMEHSETCS
IIPY MCCIIEJOBAaHUH TEIJIONPOBOAHOCTU U TeMIIepa-
TYpPOIPOBOJHOCTH 0O0pa3loB B KHUIKOW (aze, Ha-
puMep cMod U cBasyronux [16; 17]. Tem He meHee
CTOUT OTMETHUTH, YTO MSICHAs SMYJbCHUS HE SIBIACTCS
OJTHOPOJHOW XHUIKOW (a3oif, B HEH MPUCYTCTBYIOT
JIOCTaTOYHO KPYITHBIE BKJIIOUEHUS, OT COJAEpKaHUS
U pacupeaesieHus] KOTOPBIX OyIeT 3aBUCETh HM3yda-
eMasl XapakTepucTuka. J{ms permeHus 3toit mpoobie-
MBIl MOTYT OBITH HCIIOJIb30BaHbI HECTaHJAPTHBIE
OIIPaBKH, B KOTOPBIX TONIIMHA 00pa3ua OyIeT yBe-
JIM4eHa 710 5—7 MM, HO B 3TOM CJIy4ae MoTy4yaeMblid
CUTHAJ TIPH W3MEPEHHH OyAeT CHIBHO 3allyMIICH,
YTO 3HAYUTENBHO YBEIUYMBAET pa3Opoc 3HaYCHUH
1 TIOTPELIHOCTD U3MEPEHHH.

AJBTEpHATUBHBIM METOOM HM3MEPEHHUsS TEeIuIo-
MIPOBOJHOCTH SIBJIAETCSI METOJ CTAllMIOHApHOTO Tel-
noBoro notoka’. Ero cyTh B CO3aHUHU CTAIIHOHAPHO-
IO OJHOMEPHOTO TEIUIOBOIO IIOTOKa B 0OpasIie,
YCTAHOBJIEHHOM MEXIy HarpeBaTesieM M XOJOIMIIb-
HukoM. Ilo pe3ynbraTaM ompenesneHusl TEeIUIOBBIX
IIOTOKOB TIPH 33laHHOM Pa3HOCTH TeMIlepaTyphl Ha-
rpeBatens ¥ XOJOMUIBHUKA, a TAK)KE TOJIIUHBI 00-
pasia omnpezensercs TemIonpoBogHocTs. CepuitHoe
o0opynoBaHue oOecreunBacT TeMIepaTypHbIi Auana-
30H mmMeperuii ot —160 mo 600 °C, mpu 3TOM HCTIONh-
3YFOTCsl 00pa3ibl B BUE IUUT ToJmHOM 10-50 MM
U xapaktepHsiM pazmepoMm 150-300 mm. bonbmioit
pa3Mep 00pa3LoB YCpeAHSeT BIMSHHE HEOIHOPOA-
HOCTH BKJIIOYEHHH 1m0 00BeMy oOpasma, a OOBEeKT
HCcTeJOBaHUH He TpeOyeT N3MEPEHUI MpU TeMIepa-
Typax, BRIXOAALINX 38 PAMKU BO3MOXKHOCTEl 000py-
noBanus. K HemocTaTkaM MeToJla CTOUT OTHECTH
JUINTENTBHOCTh M3MepeHuil. Tak, B 3aBUCUMOCTH OT
OXHMIAEMBIX XapaKTEPUCTHK Marepuaia BpeMms H3-

3TOCT 7076-99. Matepualibl U H3IENHS CTPOUTENLHEIE.
Mertox onpezeneHus: TEIUIONPOBOIHOCTH M TEPMHUYECKOTO CO-
MIPOTHUBJICHUS IPU CTAlMOHAPHOM TEIUIOBOM pexkume. M.: U3-
JaTeNbCTBO cTannaptos, 2000. 22 c.
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MEPEHUsI TIPH OJTHOM TEMIIEPaType MOXKET JOCTHraTh
6—8 vacoB. Vcxons U3 BBIIECKa3aHHOTO JUIS TPOBE-
JICHHsT M3MEPEHUH TETUIONPOBOJHOCTH MSICHOH 3MYITh-
cur ObUT BRIOpAH METOX CTAIlMOHAPHOTO TEIJIOBOTO
MOTOKA.

[lepen mpoBeneHreM H3MEpeHUs] HEOOXOIUMO
MPOBECTH TMOATOTOBKY oOpasiia. B cBs3m ¢ TeM, uto
noiygadpuKaT B MCXOTHOM BHAE TPENCTABISII CO-
00l 3aMOpOKCHHBIH OPUKET HEOIPECIICHHON (op-
MBI, HAIPSMYIO TIPOBECTH €TO WUCCIIENOBAaHNE He TIpell-
CTaBIIsieTC BO3MOXKHBIM. 71l momydeHust obpasima ¢
TpeOyEeMbIMU T€OMETPUICCKUMHU XaPAKTEPUCTUKAMH
norypabprkar oTranBaics B TedeHHe 24 4acoB, Mocie
Yero ero 4acTh ObliIa MOMeEIIeHa B TOJMAITUIICHOBBIH
naker. B pe3ynbraTre MEXaHMYECKOTO BO3ICHCTBUS
IUT Tpubopa MPOU3OILIO TepepacrupeeicHue
MSICHOH B3MYJIBCHH, TIPH 3TOM OO0paselr] cTail Mpel-
CTaBJIATH COOO0H AUCK TOMIIMHOA ~20 MM U IHaMET-
poM ~200 MM.

W3mMepeHue TeMIONPOBOJHOCTA TPOBOJUIOCH
CTallMOHApPHBEIM MeTonoM Ha mpubope HFM436
¢upmbl Netzsch. DToT prOOp BBITYCKAETCs CepHii-
HO ¥ TI03BOJISIET TIPOBOANTEH U3MEPEHUs B UANa30HE
temmeparyp ot —20 mo 70 °C. Ilpubop BKIIOYaeT
yIpaBJIIEMbIC C MOMOIIBIO IEPCOHATBHOTO KOMIThIO-
Tepa HarpeBaTelib U XOJIOMIBHUK, 00CCIICUNBAIOIIUC
YCTaHOBJICHHE CTAIlHOHAPHOTO TEIIOBOTO MOTOKA
4yepe3 oOpasell, IPU 3TOM UCIBITaHUS MPOBOJATCS B
aBTOMATHYECKOM pekume. [IpuBOj] XONOAMIBHUKA C
BCTPOECHHBIM H3MEPUTEIIEM TOJIIUHBI 00eCIeunBaeT
ONTUMATFHOE TIO/KaTHe 00pasiia U N3MEpeHHe eIe
U ero TojimuHel. [lepes uCHbITAaHUAME HEOOXOIUMO
MPOBECTH MPOLEAYPY KaTHOPOBKHU TEILIOMEPOB (I1aT-
YUKOB TEIUIOBOTO IIOTOKA) HarpeBaTeNsl W XOJo-
MWIbHUKA TI0 Pe3yJibTaTaM H3MEPEHUS 3TAJIOHHOTO
oOpasna. TemmonpoBOIHOCTH HCCIELyeMOro oopas-
[[a pacCUUTHIBAETCS Ha OCHOBE 3akoHa Dypbe TO
3aBUCHMOCTH

AT

q= Ax

IJie ¢ — TemIoBOH MOTOK uepes obpasel, Br/m%; A —
TEIUIONPOBOIHOCTE 0bOpasma, Br/(Mm'K); AT — paz-
HOCTb TEMIIEpATyp MEXAY BEpXHEW W HUKHEU I0-
BepxHOCTsIMH 00pasna, K; Ax — Tommuaa 06pasima, M.
W3mMepeHue TEIIoeMKOCTH MaTepUalIOB B HKHI-
KOM COCTOSTHIH HE BCET/ia SBISIETCS TUITUYHON 3a/1a-

4 Hcauenxo B.I1., Ocunosa B.A., Cykomen A.C. Temnone-
penada: ydeOHUK mJIsI BYy30B. 4-e¢ u3x., mepepab. m mom. M.:
Dueprouszar, 1981. 416 c.
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4yeld W 4acto TpeOyeT JOMOIHHUTEIFHOTO METOInYe-
CKOTO aHalh3a W HECTaHIApTHOW MOATOTOBKH 00-
pasuos. [y npoBeneHUs U3MEPEHHI TeTUIOEMKOCTH
B HacTosIIeH paboTe ObLT BEIOpaH Metox muddepeH-
uManbHON ckaHupyromeit kanopumerpun (JICK)’.
JaHHBI METO[] MO3BOJISIET IPOU3BOJUTE U3MEPEHUS
TETTOEMKOCTH OOJIBIIIOTO CIIEKTPa MPHUHIHITAAIEHO
pPa3NUYHBIX MaTepUalioB B IIUPOKOM JHala3oHe
temmeparyp (ot —150 mo 1600 °C). B cpaBHeHun
C IPYTHUMH CIIOCOOaMU OTIPEIEIIEHHS TeTIIOEMKOCTH,
MIPEJCTaBICHHBIMU CEPUITHO BBHIITyCKaeMBbIM 000pY-
JOBaHWEM (METOZBI CMEIICHNS, JIa3ePHOH BCIBIILIKA
1 aanadaTH4ecKuii), MpeuMyIIecTBo MeToaa nudde-
PEHUMATBLHON CKaHUPYIOIIEeH KaJOPUMETPUH 3aKII0-
YaeTcss B BOBMOKHOCTH TIPOBE/ICHHST BBICOKOTOYHBIX
HU3MEPEHUH TEIIOEMKOCTH 00pa3loB B KHIKOM CO-
CTOSHHH C WCIIOJIb30BAaHUEM CIEIHATH3UPOBAHHBIX
TUTJIeH, MPENOTBPAIAIOIINX TPOIECChl HCHapeHHS
Marepuana BO BpeMsi HarpeBa. Takum o0pa3oM, 3TOT
CHoCcO0 M3MEpPEHHsI TIO3BOJISIET N30eKaTh CIIOKHON U
TPYIOEMKOI TOATOTOBKH OOPAa3IOB LTS MCCIIEAO0BA-
HUH W WCHOJNB30BaHUS JIOMOJHUTEIBHBIX TPHCIIO-
cobnenwii B mporecce m3meperus. [lomumo mpode-
ro, Ha UCCIIeyeMOM HHTepBaie TeMieparyp (ot —20
10 95 °C) meron [ICK, B cpaBHEHHH C BBIIIEYTIOMSI-
HYTBIMH CHOCOOaMH ONpENeNeHUs] TEIIOEMKOCTH,
MTO3BOJISIET TIPOM3BECTH IKCTIEPUMEHT C HANMEHBIIIEH
oIMOKOM U3MepeHus. DTO peau3yercs 3a cyeT KOH-
CTPYKLMHU TpHUOOpa, a Al paboThl IPH HU3KHUX TEM-
repaTypax HCIIONb3yeTCs JIOTOJHUTENbHBIN OJI0K
IUTSL aBTOMATHU3MPOBAHHOM TIOJJAYH JKUIKOTO a30Ta.

B ocnose meroma JICK nexut perucrpanus
Pa3HOCTH TEMIIepaTyp MEXAY UcciaelyeMbIM 00pas-
[IOM ¥ J3TAJIOHOM B TPOIECCE HarpeBa WIW OXJa-
XKACHUS U TIOCJENyIollee ONpeeieHne TEeIIOBOrO
MOTOKA — MIPOU3BOJHON TEIUIOTHI 1O BPEMEHH.

O(AT)=T(x,)-T(x,)=f(x),

rae @ — temnoBoi notok, Bt; AT — pa3HOCTh Temrie-
patyp uccienyemMoro obpasia u staioHa, K; xi, x» —
JIBE TOYKHA H3MEPHUTEIBHOM CUCTeMbI (KOHTaKTHBIC
TUTOIIAIKH JJ1s STallOHa B 00pasia); f(x) — HeKoTopas
(hyHKIIMOHAIbHAS 3aBICUMOCTh OT KOOPJIMHAT.

s mpoBeaeHns SKCIiepuMeHTa 00pasert u dTa-
JIOH TIOMCINAFOTCSI B THUIJIM, CUMMETPHYHO PaCIoJio-
JKEHHBIE B M3MEPUTEIILHON SYelKe, U MPOU3BOIUTCS
NporpaMMHUpPyEMbId HarpeB C 3aJaHHON CKOpocC-

S TOCT P 56754. Tlnactmaccel. Jubdepenuunansuas cka-
nupytomas kanopumerpus (JACK). U. 4. Onpenencaue ynenb-
Holi TeruioemkocTu. M.: Cranmaptuadopm, 2016. 14 c.

Th10 (pHcC. 1). Ilpu 3TOM B M3MEpUTENHHON sSUelike
00eCcreunBalOTC MaKCUMaJIbHO BO3MOKHBIC YCIOBHS
JUTSE pABHOMEPHOTO HarpeBa 00oux Turiei (oopasima
U 3TasioHa). Torna npu NpoTeKaHUM B UCCIEAYyEMOM
MarepHaie IMpoIecCOB C HM3MEHEHHEM DHTAIBITUH
(mpeBpallieHus C BBIJCICHHEM WM HOTJOLICHUEM
Teria) OyIeT 3aperuCTpUpOBaHa Pa3HUIIA TEMIIepa-
Typ MEXIy 00pa3oM U 3TaJOHOM.

[lews / Furnace

Odpazey /  Imanon /
7 — Sample Standart =
= 2
- =
T odpasua / T amanona [
7 sample T standart
ar

Puc. 1. Cxema nameputenbHoO s4elikm
andodepeHuUmnanbHOro CKaHMPYIOLWEro KanopumeTpa
Figure 1. The diagram of the measuring cell
of the differential scanning calorimeter

W3mepeHnne yaeapHON TEMI0EMKOCTH METOI0M
JICK BBINOJHSAETCS C UCITOIb30BAaHHEM STaJOHHOTO
oOpa3iia CpaBHEHHS C W3BECTHOW TEIIOEMKOCTBIO
1 OCYILECTBIISIETCS B HECKOJIBKO 3TAIOB:

— KaJIMOpPOBOUYHBIN HArpeB IYCTHIX THIVICH AT
peructparuu JICK curnama 6a3oBoit TnHAH;

— HarpeB o0Opaslia ¥ IyCTOTO THUIJISA AJISl peru-
crpauuu JJCK curnana ucciienyemMoro MaTepuana;

— HarpeB TAJIOHHOTO 00pa3lia CPaBHEHUS U IIyC-
toro turas ans perucrpauuu JICK curmama sra-
JIOHHOT'O MaTepHaa.

JanbHedmuid pacyeT yIeabHOM TEMIOEMKOCTH
u3 skcriepuMenTanpHoro currana JCK ompenens-
€TCsl CIEAYIOLUIMM COOTHOLIEHUEM:

_ Z[CKOGp _HCKﬁax i m3T C
®  ICK, -JCK., mg

6a3 06p

rae JICKosp — IKCIIEpHIMEHTANBHBI CHTHAI H3Me-
penust obpasma, MB1/mMr; JCKs; AKCIIEPUMEH-
TaJIBHBIA CUTHAJI M3MEPEHHUs 3TaJOHHOTro oOpasua
cpasaenus1, MBT/Mr; JICKgas — DKCTIEpUMEHTATBHBIN
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CUTHAll M3MEpeHHs IyCThIX TUTIeH (Oa3oBas Ju-
HUs), MBT/Mr; mos, — Macca obpasua, MT; My —
Macca 3TaJOHHOro oOpasma cpaBHeHHS, MT; C, —
yAenbHas TeIJI0EMKOCTh 3TATOHHOTO 00pasiia cpas-
uenus, Jx/(mr-K).

B nannoif pabore m3MepeHHs TEIUIOEMKOCTU
MSICHOW dMYJbCHH TPOBOIMINCH Ha muddepeHn-
anpHOM cKaHupytomieMm kainopumerpe DSC 204 F1
¢upmbr Netzsch. Harpes o0pasioB npousBoamics
€O CKOpocThlo 5 K/MUH B TUHAMHYECKOW Cpefie ap-
rOHA B IHaIta3oHe Temmeparyp ot —5 mo 95 °C. Uz-
MepeHHs MPOBOJMIINCH B AIIOMHHHUEBBIX TUTJISX C
HCTIONb30BaHNEM YIUIOTHEHHOTO KOPYHJIOBOTO ITO-
poOIIKa Ha JTHE IS YIIyqIIeHUs] KOHTaKTa ¥ HMpeaoT-
BpallleHMs 3arps3HeHuil. IIpum Bcex H3MepeHHusx
UCTIONB3YeTCs OJMHAKOBOE KOJIMYECTBO IMOPOILKA,
KOTOPOE YUUTHIBAIOCH KOPPEKIMEH 0a30BOM JTMHUM.
B kauectBe KamMOpOBOYHOrO OOpasma i Ompese-
JICHUSI TETUIOEMKOCTH UCIIOIb30BaJICS carup.

2. Pe3ynbTaTbl 1 06CcyXaeHue

TemmonpoBOAHOCTh MSICHOM 3MYJIbCHUM H3Me-
pdai1ach CTalMOHAPHBIM METOJOM B JUAla3oOHE TEM-
nepatyp ot —5 1o 95 °C. PesynbTaThl u3MepeHuit
MIpUBEICHBI Ha pUC. 2.

0,6

=
~

-20 0 20 40 60 80 100

TermnonpoBoaHocTs, Br/(M-K) /
Thermal conductivity, W/(m-K)
L
[}S)

Temmneparypa, °C / Temperature, °C

Puc. 2. 3aBUCUMOCTUN NU3MEHEHNS
TENI0NPOBOAHOCTY MSICHOM 3MyNbCUM OT TeMnepaTypbl
Figure 2. The temperature dependence
of the thermal conductivity of the meat emulsion

Kak BUAHO U3 pHC. 2, TEIUIONPOBOAHOCTH UMEET
MOHOTOHHO BO3PACTAIOIIHI XapaKTep. SHAYCHHUS TeILIO-
npoBoHOCTH M3MeHsttoTest ot 0,28 mo 0,49 Br/(m-K).
Pe3ynbTaThl U3BECTHBIX JIMTEPATYPHBIX JAHHBIX IO
TETUTIONPOBOHOCTH PA3NUYHBIX (apiiei mpeacras-
JieHBI Ha puc. 3. MOXXKHO OTMETUTh, YTO M3MEPECH-
HbIC 3HAUEHHUS TEIUIONPOBOJAHOCTH CXOXH C JIUTC-
patypHbIMU. HekoTOpble OTIMYHS CBA3aHBI KaK C
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pasMepoM (pakiuu Msica MPU U3MEIbUCHHUH, TaK U
C BUJIOM Msica (TEIIONPOBOJHOCTH (hapiieil ro.s-
JIUHBI 1 CBUHUHBI OTJINYaeTcs Ha ~5 %).
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Puc. 3. TennonpoBoaHOCTb pasnuyHbIX BUA0B dapLuel [5]:
1 — dapw ansa cocucok Ne 1; 2 — dap ans cocncok Ne 2;
3 — dapw roesaanHbl; 4 — dapLl CBUHNHBI
Figure 3. Thermal conductivity of various types of minced meat [5]:
1 - minced sausage No. 1; 2 — minced sausage No. 2;
3 — minced beef; 4 - minced pork

Ha xpuBpix JICK narpeBa o0pa3noB MsICHOM
smynbcun (puc. 4) HaOIIOAAIOTCS TTUKU C 3HIOTEP-
MHUYECKUMH TEIUIOBEIMU 3P (deKTaMH B JUaNa30HE
temnepatyp oT —20 g0 20 °C. OObsICHEHUE JaHHBIX
m3meHennii Ha kpubix JCK 3akmtouaercss B mo-
TJIOLIEHNH TeIlla o0pasliaMu MaTepuaja B Ipolec-
ce mepexojia U3 3aMOPOKEHHOTO TBEPAOTO COCTOS-
HU B )kuaKoe. COOTBETCTBEHHO, TAaHHBIH TETIIOBOH
3 dexT MOXKHO HaONIOATh W Ha TEMIIepaTypHOI
3aBUCUMOCTH TEIJIOEMKOCTH (pHC. 5).
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Puc. 4. JCK-kprBas namepeHust 06pa3LoB MACHOM 3MyNbCUN:
1 - o6pasew, Ne 1; 2 — o6pasel, Ne 2; 3 - ob6pasew, Ne 3

Figure 4. DSC curve of measurement of meat emulsion samples:
1 —sample No. 1; 2 - sample No. 2; 3 - sample No. 3

3HauYCHHsI TEIUIOEMKOCTA B WHTEPBAJIC TEMIIC-
patyp mepexoja 3aMOPOXKCHHOW MSCHON dMYIbCUU
B BsI3KOE cocTostHUE (Oe3 ydera TeruioBoro 3ddex-
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Ta) OyIyT OMHUCHIBATHCS MTOJIMHOMOM BTOPOH CTere-
HU. Torga 3HaYEHUs] HICTUHHOW yAEJIBHOM TEIJIOEM-
kocti oT —20 10 95 °C OyayT mpeacTaBisAThCS arl-
MPOKCUMHUPOBAHHON TeMIIEpaTypHON 3aBUCHUMOCTHIO,
n300pakeHHO Ha puc. 6.

o 20
o
§§ 18
sl \
-n'\'-‘ \d
£5 14 ™
o [
8% 10 1
=35} 1
CIa Ht
6 Il‘ !
4 y/AIIRY -
é’
) B2
0

-20 0 20 40 60 80 100

Temneparypa, °C / Temperature, °C

(R Y —

Puc. 5. TemnepartypHas 3aBUCUMOCTb
TEnnoemMKoCT! 06pa3LL0B MACHON 3MYJIbCUM:
1 - o6pasey, Ne 1; 2 — o6pasel, Ne 2; 3 - o6paszel, Ne 3
Figure 5. Temperature dependence
of the heat capacity of meat emulsion samples:
1 - sample No. 1; 2 - sample No. 2; 3 - sample No. 3

5000

4000

3000

2000

Temnoemkoctsb, Ix/(kr-K) /
Heat capacity, J/(kg-K)

1000

-20 20 60 100

Temneparypa, °C / Temperature, °C

e | o o) ]

Puc. 6. AnnpokcnmMmpoBaHHasa TemrnepaTypHasi 3aBUCUMOCTb
MCTUHHOWM TENI0EMKOCTN 006pa3L,0B MACHO 3MYNbCUN:
1 - o6pazey Ne 1; 2 — o6paseL, Ne 2; 3 - o6paszer, Ne 3
Figure 6. Approximated temperature dependence
of the true heat capacity of meat emulsion samples:
1 - sample No. 1; 2 - sample No. 2; 3 - sample No. 3

Ha ocHOBe mMoOdy4eHHBIX pe3yJbTATOB JKCIIE-
pUMEHTa YCTaHOBJIEHO, YTO 10 YCPEAHEHHBIM JIaH-
HBIM TEIUIOEMKOCTh OOpa3IoB MSCHOW 3MYIBCHH,

B HCCIIElyeMOM HMHTEpBaje TeMIIEpaTyp, COCTaBIIs-
et ot 2800 1o 4410 JIx/(xr-K).

MOo’KHO TIOKa3aTh, YTO PE3YNIETAThl HCCIIEI0BA-
HUI COTIIaCyIOTCS C JINTEPATYPHBIMU Pe3yJIbTaTaMH,
npuBeAeHHBIMUA B [5]. OTiuuus cBA3aHBI C Macco-
BBIM TIPUCYTCTBUEM OTACIBHBIX (pakiiuii B dapiie,
BHAJIOM MsiCa, M3 KOTOPOTO HM3TOTAaBIMBAIOT (api,
Y COJIep KaHIEeM B HEM BIIard.

3aknioyeHue

C MOMOILBIO CEPUIHO BBITYCKaeMOro o0opymo-
BaHMS IIPOBEICHO HCCIIEAOBAHHUE TEIUIONPOBOAHOCTH
W TEIUIOEMKOCTH MSICHOW 3MYIJILCHH B JHama3oHe
temrepaTyp oT —5 g0 90 °C. TemmonpoBOAHOCTH
nu3Mepsiack Ha rpubope HFM436 metomgom craru-
OHAPHOTO TEIUIOBOT'O TIOTOKA, TETNIOEMKOCTh — Ha MPH-
6ope DSC204F1 meronom muddepeHmanbHON CKa-
HUPYIOLIEH KaTOpUMETPHH.

Y CTaHOBIIEHO, YTO 3HAYCHHS TEIJIONPOBOIHO-
CTH, U3MEPEHHBIC METOZOM CTAI[HOHAPHOTO TEILIO-
BOT'0 IMOTOKa, u3MeHstorcs ot 0,28 mo 0,49 Bt/(m-K).
TemroeMKkocTh 00pasia, N3MEepeHHass METOAOM (-
(bepeHIHaNbHON CKaHUPYIOMEH KalOpUMETPHH,
n3mensiercs: ot 2800 mo 4410 JLx/(xr-K). Ilomy-
YCHHBIC 3HAUYCHHS TEIUIOPHU3MYECKHX XapaKTepu-
CTHK XOPOILO COIJIACYIOTCS C JMTEPaTYypHbIMH pe-
3yJIbTaTaMH.
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Article history Abstract. This study is devoted to the analysis of methods for optimizing
Received: August 11, 2022 the process of manufacturing turbine blades using additive technologies, taking
Revised: September 28, 2022 into account the factors of external and internal influence on the finished product,
Accepted: September 29, 2022 determining the parameters for manufacturing the part, as well as the technical

and technological aspects of additive manufacturing of the part. The validity of
Keywords: this integrated approach lies in the complexity of production and the extreme
gas turbine engine blade, design, nature of the operation of the part itself, which makes it impossible to accurately
modeling, 3D printing estimate the duration of the operation period. But the ability to additively manu-

facture turbine blades with precise final characteristics will allow the production
of a high-quality part with a predictable operational process. In view of these re-
quirements, the authors give recommendations on the criterial and algorithmic
support of the process of optimizing the manufacture of a gas turbine engine
blade. As a result of the research, it was concluded that the main criterion for op-
timizing the shape of a gas turbine engine blade is to maintain a constant distance
between the corresponding boundary points of the blade sections. There-
fore, it will be more efficient and expedient to optimize not the shape of
the blade, but the composite from which it is made.
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KiroueBble ciioBa:

JIonaTKa ra30TypOMHHOTO BUTATElIs,
KOHCTPYKI[Ms, ONTUMHU3ALINS, MOACIIN-
posanwue, 3D-neuats

,H.]'lil HUTHPOBAHUSA

YeCKHe aCIeKThl e¢ a[UINTHBHOrO M3roTtoBieHus. OOOCHOBAHHOCTh JaHHOTO
KOMIIJIEKCHOTO TTOJIX0/Ia 3aKJI0YAeTCsl B CIIOKHOCTH MPOU3BOACTBA M IKC-
TPEeMaJIbHOCTH 3KCIUTyaTallii CaMOi AETald, YTO HPUBOIUT K HEBO3MOX-
HOCTH TOYHO OIICHHUTH MPOJODKUTENHLHOCTh TePHOaa IKCILTyaTallud rOTo-
Boro m3zenust. Lens paboTel — ompeneseHne ONTHMAIbHBIX XapaKTePHCTUK
nporiecca a[UIMTUBHOTO TPOM3BO/ICTBA JIOMATKU Ta30TYPOUHHOTO BUTATEIS.
B03MOXXHOCTh aJIUTHBHOIO MPOW3BOJACTBA JIOMATOK TYPOMH C TOYHBIMH
KOHCYHBIMHU XapaKTCPUCTUKAMHU ITO3BOJIUT MPOU3BOAUTH JACTaJIb BBICOKOI'O
KauecTBa C MPOrHO3UPYEMBIM JKCILTyaTallMOHHBIM MpoLeccoM. PazpaboTaHsl
PEKOMEHIALMH 110 KPUTEPHUATBHOMY M QJITOPHTMHYECKOMY COTPOBOXKACHHIO
mpolecca ONTHMHU3ANUH U3TOTOBICHHS JIONATKU Ta30TypOUHHOTO JIBUTaTe-
mst. Tlo pesynbraraM NPOBEACHHBIX HMCCICAOBAHMII CHCTAaH BBIBOA O TOM,
YTO B KAaueCTBE OCHOBHOTO KPHTEPHs ONTUMHU3ALUH (HOPMBI JIOMATKH ra3o-
TYpOMHHOTO [IBHTaTeIs HEOOXOAMMO IPHHSITH COXPAHCHHE MOCTOSHHOTO
PACCTOSIHUSI MEXKIY COOTBETCTBYIOIIMMH TPAaHMYHBIMH TOYKAMHU CEUCHHI
nonatok. CnenoBarenbHo, 3G dexkTuBHEe U 1ieTIecoodpa3Hee ONTHMUZHPO-
BaTh HEe ()OPMY JIOTIATKH, & KOMIIO3HT, U3 KOTOPOIl OHA N3rOTOBIICHA.
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Introduction

Additive technologies are gaining more and
more popularity in the production of parts that are
subject to high quality control and durability require-
ments. The whole process of additive manufactur-
ing should be monitored at each stage of material-
production-post-processing-product to determine
the most optimal parameters.

Turbine blades have a complex geometric shape,
at the same time, high requirements are imposed on
the quality of their manufacture, since a violation of
the geometric shape can lead to a decrease in the
efficiency of the turbine. Quality control of blades
is a multi—stage process, which in the vast majority
of cases is carried out manually, whereas at present
methods of optimizing production processes and
quality control of machine-building parts by mathe-
matical modeling are becoming more and more re-
levant [1-4].

1. Statement of the research task

The purpose of the work is to determine the
optimal characteristics of the additive manufactur-
ing process of a gas turbine engine (GTE).

At the first stage of developing the technology
of additive manufacturing of blades, it is necessary
to develop criteria that must be met during the pro-
duction of the part to achieve the maximum degree of
quality. First, it is necessary to identify several con-
trol parameters of reliability. Since reliability is a time-

varying parameter, the group of control parameters
should be exclusively dynamic in nature and have
the ability to transform, which can be tracked and
recorded, while highlighting the influence of a spe-
cific factor on the product under study [5].

The first and most obvious control parameter is
temperature. It should be noted that temperature
parameters, in particular fluctuation fields, are quite
difficult to measure and track at high temperatures.
Therefore, one of the objectives of the study is
to assess changes in the nature of the propagation
of the temperature field during the life cycle of
the part.

The next equally important parameter is the re-
sponse to vibration — the vibration spectrum. Measu-
ring this parameter is also a technically difficult
operation, since this spectrum must be taken on
a moving apparatus, the mounting of sensors of
which does not meet the necessary reliability. Tech-
nically, the system includes a sensor equipped with
a microwave element. The response to the vibration
effect is formed inside the sensor itself, namely,
by converting mechanical vibrations into high-
frequency radio signals. This process consists of
the following steps [6]:

— excitation of the sensor receiver when the blade
moves;

— detection of mechanical vibration waves;

— translation of mechanical vibration into radio
frequency vibrations.
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As in the case of assessing the detail by tem-
perature fluctuations, in this situation it is also ne-
cessary to identify diagnostic signs. In this case,
it is recommended to consider by analogy not one
parameter, but a pair: a spectrum describing the
state of the blade under the influence of vibration
and anomalies in the structure of this spectrum,
which will indicate critical states of the blade that
can lead to breakage. Any software product can be
used for visualization and calculation, which will
make the following assumptions [7]:

— replacement of metal elements with equiva-
lent electric currents;

— excitation of the medium in the chamber vo-
lume by these currents;

— imposition of boundary conditions;

— splitting of conducting surfaces into elemen-
tary platforms, the length of which does not exceed
L = M8, where A is the wavelength of the electro-
magnetic field;

— compilation of systems of linear algebraic
equations for these currents;

— solution of the obtained equations.

Such a significant number of assumptions, at first
glance, complicates the calculation and modeling,
but these assumptions allow us to move away from
the practical development of the system, having a mini-
mal set of initial data; simulate the remaining pa-
rameters, or immediately obtain oscillatory charac-
teristics by setting only qualitative parameters of
the blade. The proposed method makes it possible
to simulate the oscillation spectrum fairly accurately
and without the use of additional means [8].

In contrast to the simulation of vibration spec-
tra, diagnostics using anomalies in the structure of
the spectrum is a more analytical issue, requiring
an understanding of the life cycle of the blade [9].
For the analytical evaluation of the data obtained,
it is necessary to identify criteria in accordance with
which anomalies should be compared and calculat-
ed. Due to the fact that we remove 2 wave charac-
teristics — working (vibration) and radio frequency
(converted by the sensor), then the criteria will be
set for these measured values. It is also necessary to
take into account that the operating characteristic
has such a property as the cyclicity of responses,
which must be taken into account when calculating
and modeling more than one cycle. Then, according
to [6], the frequency of the workflow is

_Emn

Fl/l__zFBn' (1)
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where F.— the number of revolutions (rpm) of the
rotor; Fg — the rotation frequency of the rotor, Hz;
n — the number of turbine rotor blades.

Let us consider the use of the spectrum of radio
response sequences. The workflow with this spec-
trum modulates the radio frequency oscillation in
the autodyne sensor (Figure 1). When studying
the figure, it becomes obvious that the processes of
vibration of the gas turbine engine during move-
ment and the flow of the medium passing through
the gas turbine engine contribute to each peak sec-
tion. The graph shows that two characteristics of
the read signals are displayed at once: the ampli-
tude for the vibration effect and the frequency for
the translated radio signal.

S

Si—=3Fu fi=2Fn fi~Fu fo JSotFu fot2Fu fo+3Fu

Figure 1. Radio frequency response spectrum, hHz

Since the spectral components in this case are
of interest not only as an amplitude characteristic,
but also as a true value modulo, it is necessary to
develop a mathematically sound calculation method,
according to which the main control parameters of
reliability for any given blade will be calculated
further. All calculations and algorithms will be further
carried out within the (-6, 0) half-wave segment
of the cosine, where [cos® — cos(wt)] = cosT,
w = 2m(Fy, t), T are dimensionless [9].

The approximation of the symmetric branch of
the cosine should be carried out taking into account
the slow: pt(p < 1) and fast oscillation phases:
gt < (g <1) having an amplitude of p <<'1.

Based on the above, we will make a system of
equations:

0,54(cost —cos0;), T € (—04,0);

(™) = {O,SA(cos 0, — cos(pt) + pcos(qr)), T € (0,6,). @)

Since there is a radio frequency characteristic
in the spectral characteristic under consideration,
the use of Fourier coefficients will be legitimate:

Yn(012,0.q.1) = if—oel a(t)cos(nt)dt. (3)
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A significant advantage of the chosen approxi-
mation method is the simplicity and possibility of
obtaining equations without composing systems
and matrices, which not only simplifies calculations,
but also reduces the probability of error. The main
components of the study and approximation are
the constant component (4) and the amplitude of
the first harmonic (5):

Yo(612,p,q. 1) =

1
= E(sin 0, — 0, cos0;) +

1
+—(sin 0, — 0, cos 8,) +
- (sin®, — 0, cos0,)
= —Ziq (sin 0, — 6, cos B,). 4)

v1(012.0.q, 1) =

1 1
= —sin(20,) + — (sin(26,)) +
s p

sin(0,(q+1) sin(0,(q—-1)

_l_%[ (q+1 )_ (q_l ) ) (5)

In the process of this study, the determination
of the parameters of the working spectrum will al-
low not only to evaluate the characteristic parame-
ters of the geometric and physico-chemical proper-
ties of the working blade, but also by the presence
of a discrete component of the spectrum to deter-
mine additional effects from the entire unit of
equipment on a single blade (Figure 2). This factor
is often not taken into account in the workflow,
while providing a huge impact on the durability of
the blades [10].

Su(F)

b o

0Fg Fu  2Fq 3F;

Figure 2. The working spectrum of the GTE blades, kHz

The main diagnostic parameter is the vibration
spectrum. Let us consider in more detail its graphi-

cal arrangement (Figure 3), in which the initial indi-
cations of the movements of control points on the
surface of the blade are translated into a spectrum
by differentiation. Usually, this spectrum has a non-
smooth envelope even in a safe situation, and never-
theless, it is it that is taken as a standard when
compared with any real spectrum when evaluating
performance characteristics.

Sw(F)

Fv/rl[)

Figure 3. Vibration response spectra, Hz:
1 -reference; 2 — abnormal; 3 - critical; 4 — emergency

Table 1 shows the parameters used to control
the reliability of blades, modeling, and calculations
in the manufacture of blades, including using addi-
tive technologies.

Diagnostic responses and their causes

No. Cause Response

1 Shaft speed
2 | Shaft beat

Change the workflow interval

Component F; on several of
the impellers

3 | Deformation
of the blades

Change in the value of y,,

4 | Vibration of
the blades

Blurring of spectral lines

5 | Bladebreakage | Failure of the blades of the F;
component, but of smaller am-
plitude and observed on one

of the impellers

The table shows the most significant criteria
that can be used for work on the development of
additive manufacturing technology parts. In practice,
the assessment of the node's condition is based on
a comparison of the readings of several sensors in
the corresponding measuring channels. However,
excessive complication by introducing additional
parameters can lead to an increase in operating
time, as well as to errors [7].
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2. Choosing an optimization method

When choosing an optimization method, first of
all, it is necessary to be guided by two important
factors. Firstly, work is carried out on a product of
a rather complex geometric shape, characterized by
a significant set of requirements for physical and
mechanical properties. Secondly, the optimization
of the part must be carried out in the context of
its manufacture using additive technology. Thus, re-

Dol
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strictions will be set not only taking into account
the operational properties of the part, but also the
method of its manufacture [11].

Since the task is multifaceted, it is possible
to use the Pareto principle or transform a multi-
criteria design problem into a single-criteria prob-
lem. At the first stage, a vector model is created that
will allow you to evaluate the shape of the part and
make possible adjustments [12] (Figure 4).

[Sem s

Comawtr  Look | MLA SohuOotere | SvnaVed
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Figure 4. Creation of a vector model of a GTE blade

After building the model, focusing on the final
goal, it is necessary to determine the optimization
method, which depends on the method of setting pa-
rameters, the dimension of the parametric space, the
smoothness of the goal functions and constraints, a con-
stant and variable set of restrictions on iterations, etc.
These operations are performed using various software
modules, since it is quite difficult to manually account
for all parameters, and, in addition, the software pack-
age allows you to save all iterations and results [13].

The choice of the software product is also deter-
mined by whether the optimization is local or global,
the choice of the method and the limits of approxi-
mation of constructions and transformations will de-
pend on this. Of course, software products that work
with local parameters solve problems more quickly,
but they are less loaded with source data [14].

Local approximation methods use current in-
formation about the point and, possibly, the results
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of previous iterations. Based on this information,
the transition to the next point is carried out.
If the problem has several local optima, then each
of them will have its own area of attraction, which
may be characterized by a complex structure. In this
case, global approximation methods have some ad-
vantage, especially if the found approximation cor-
responds to the true functions of the goal and con-
straints. Despite the fact that the construction of
a global approximation requires significantly more
calculations of goal functions and constraints, find-
ing several solutions or a Pareto set for a multi-
criteria task will be carried out without additional
calls to an external calculation program (Figure 5).

Methodically, the optimization of the blade de-
sign cannot be reduced to improving a specific pa-
rameter without studying the impact This parameter
is used in a real system both in a static and dynamic
state [15].
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Figure 5. Selection of areas for local approximations

3. Discussion

In general, it is possible to describe and justify
an algorithmic approach for the software optimization
of a structural element — the blades of a gas turbine
engine [16]. Like any modeling software package,
this product must have a block or modular structure
to divide the task into post-evaluated processes,
the results of which in the final module are reduced
to obtaining the desired characteristic. A special con-
trol program can be used to control the interaction
between modules (Figure 6). For simplification,
such software packages often use dialog boxes to-
gether with a graphical interface that reflects not only
the final, but also intermediate results.

The initial
parameterized model Geometric
parameters
New l Geometric
parameters modeling
Optimization \]/
Control program
procedure - Creating a CE
unctions,
restrictions ‘l’
3 © Mass, VAT calculation
Optimal design o - | |

;roltage
Analysis of
results

Figure 6. Structure of interaction
between modules in the optimization problem

The calculation process itself can take place using
the finite element method or the boundary element
method [17].

When executing this command file, the follow-
ing is produced [18]:

— building a geometric model;

— building a finite element grid;

— application loads;

— calculation of stress-strain states;

— output of results.

The algorithm of the program is always the same,
so even a single change in parameters triggers the same
data processing mechanism.

The study of practical data and equipment cata-
logs allowed us to conclude that the main approaches
to optimizing the blades of the gas turbine engine
are reduced to solving the problems of reducing the
mass of the entire structure (Figure 7) and obtaining
a stress-strain state in the blade and disk that meets
the requirements and limitations on manufacturabi-
lity and strength, which refers to the task of design-
ing the shape of the part [19].

When developing a method for optimizing
the blade design, it is necessary to solve not only
the problem of geometric characteristics, but also to
preserve or increase the reliability and wear re-
sistance of the blade [20]. One of the key points of
modeling is the evaluation of the aerodynamics of
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the part being developed. To conduct research, a part
in a computer model is placed in a stream and the

emerging pattern of vortex flows and flow around
the blade is evaluated (Figure 8).

Figure 8. Aerodynamic evaluation of the model

The ultimate goal is to obtain a blade shape that
will not overload the system with its mass but will
remain strong enough and resistant to vibration
loads, temperature fluctuations and will maintain
the trajectory of movement in the flow. To fulfill
these requirements, it is necessary to take as an op-
timization criterion the preservation of the constant
distance between the corresponding boundary
points of the blade sections, especially regarding
to the sections on the input and output edges of
the blade [21]. It means, it is necessary to optimize
the shape of the blade itself so that it remains for
a long period of operation [22]. Therefore, it will
be more efficient and expedient to optimize not
the shape of the blade, but the composite from which
it will be made. Additive technologies provide such
an opportunity. Taking into account the ability of
additive technologies to work with almost any metals
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and alloys, the proposed optimization direction is
extremely relevant [23].

Conclusion

Analysis of the effect of control parameters on
the reliability characteristics of the blade of a gas
turbine engine showed that as an optimization crite-
rion, it is necessary to take a constant distance be-
tween the corresponding boundary points of the
blade sections to preserve the shape of the blade
over a long period of operation. In the process of
the work, a conclusion was made about the effec-
tiveness and expediency of optimizing not the shape
of the blade, but the composition of the composite
from which it will be made. A method for optimiz-
ing the shape of a GTD blade manufactured using
additive technology is proposed.
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Jlns uMmTHpOBaHMUA

AnHoTanus. V3ydeHsl (U3HKO-XUMHUYECKUX CBOMCTBA TpaauuuonHoro (b),
naHoBaronHoro (BMH) u BricokokadectBenHoro G6ensuHa (BBK). Llenms
PpaboThI — MPOAHANTN3UPOBATH (PUZUKO-XUMHYECKHE CBOMCTBA MHHOBALIMOHHBIX,
BBICOKOKQYEeCTBEHHBIX COPTOB OCH3WHA, COTIOCTABHTH IIOKA3aTeN yKa3aH-
HBIX TOIUIMB C TOKa3aTeNIsIMH OOBIYHOTO TOPIOYEro, HE COJIEPXKALIErO Be-
[IECTB, YJIYYIIAIOIIMX OSKCIUTyaTallHOHHBIE M JKOJOTHYECKHE KadyecTBa.
HUccnenoBanue cBOWCTB OCH3MHOB MPOBEJCHO C MOMOIIBI0 aBTOMAaTHYECKO-
ro amnmapara ais pasroHku HedrenpoaykroB APHC-13, nnankatopa (ok-
taHometpa) OKTAH-UM, razoananuzaropa UTHOPAKAP SM3T, onHoru-
JIUHJIPOBOTO, YETBHIPEXTAKTHOI'O, BepXHEKJIanaHHoro asurarens (Biggs &
Stratton). YcTaHOBJIEHO, 4TO IUIOTHOCTH OCH3WHOB, TEMIIEpaTypa KOHIA
KHIIEHHS, OCTATOK B KOJIO€ U KHCIOTHOCTh cooTBeTcTBYIOT HopMaM ['OCT.
IMonyrogu4Hbli cpoK XpaHEeHHs: 0Opa3OB TOIUIMBA HUKAK HE CKa3bIBACTCS
Ha rapamMmeTpax roplodero, ero Gpu3n4eckoil 1 XMMUYECKOi CTaOMIBHOCTH.
INoka3zaHo, 4TO BellecTBa, yIydJarolye CBOMCTBA HHHOBAIMOHHBIX M BEICOKO-
Ka4eCTBEHHbBIX COPTOB TOIUIMBA, HE OKA3bIBAIOT BIMSHUS Ha pe3yJIbTaT H3-
MEpeHUsI OKTAHOBOTO 4ucia OeH3WHa. BBIABIEHO, 4TO XMMHYECKas CTa-
OMJILHOCTD YJYYIIEHHBIX COPTOB OEH3WMHA BBIIIE, YeM Y TPaAULHUOHHOTO
TormBa. [IokazaHo, 4TO IO MOJHOTE CrOpaHWs NHHOBALMOHHBIN M BHICOKO-
Ka4eCTBEHHbIH OCH3MH NMPEBOCXOMUT OEH3WHBI, HE COAEpIKallUil BEIECTB,
yIyqmaomux ropenne. I1ono0HbIH BEIBOI CAENAH M UL OKCHAOB a30Ta,
coJiep)kKaHue KOTOPBIX CBSI3aHO C NPHCYTCTBUEM B OCH3MHE KOMIIOHEHTOB,
MIOBBIIIAIOIIMX TEMIIEPATypy I'a30B, BO3HUKAIOIINX B KaMepe CTOPAHHUHU CH-
JIOBOTO arperara.
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Abstract. Studies of the physicochemical properties of traditional gasoline (G),
innovative gasoline (IG) and high-quality gasoline (HQG) have been carried
out. The purpose of this work was to analyze the physicochemical properties of
innovative, high-quality grades of gasoline, to compare the performance of
these fuels with those of conventional fuel that does not contain substances
that improve the operational and environmental qualities. The research of
the properties of gasolines was carried out using an automatic apparatus for
distillation of petroleum products ARNS-1E, indicator (octanometer) OKTAN-IM,
gas analyzer INFRACAR 5M3T, single-cylinder, 4-stroke, overhead valve
engine (Biggs & Stratton). It has been established that the density of gaso-
lines, the final boiling point, the residue in the flask and the acidity corre-
spond to the GOST standards. A six-month storage period for fuel samples
does not affect the parameters of the fuel, its physical and chemical stabi-
lity. It is shown that substances that improve the properties of innovative
and high-quality fuels do not affect the result of measuring the octane number
of gasoline. It has been established that the chemical stability of improved
grades of gasoline is higher than that of traditional fuel. It is shown that
innovative and high-quality gasoline is superior to gasolines that do not
contain combustion-improving substances in terms of combustion efficiency.
A similar conclusion was made for nitrogen oxides, the content of which is
associated with the presence in gasoline of components that increase the tem-
perature of gases that occur in the combustion chamber of the power unit.

Khodyakov AA, Khlopkov SV, Asoyan AR, Istomin DV, Alibekova DR, Narozhnyi AA. Physical and chemical proper-
ties of innovative and high-quality grades of gasoline. RUDN Journal of Engineering Research. 2022;23(4):311-321.
(In Russ.) http://doi.org/10.22363/2312-8143-2022-23-4-311-321

BBepeHune

IIpucanku, BBOOUMEIE, KaK TPaBUIO, B OCH3MU-

N3BecTHO, YTO KayecTBO OCH3MHA XapaKTepH-
3yeTcsl KaK OJKCIUTyaTallMOHHBIMH ITOKa3aTeIsIMH,
TaK ¥ 9KOJIOTUYECKUMH CBOWMCTBaMH TormBa. [Ipu
3TOM BBEJICHHE COBPEMEHHBIX HOPM M CTaHIapTOB,
KOTOPBIC CBSA3aHBI HE TOJIBKO ¢ MOIU(DUITUPOBAHUEM
KOMITOHEHTHOTO COCTaBa TOIJIMBA, HO U € HEOOXO-
JMMOCTBIO MPUMEHEHHST Pa3HOOOPa3HBIX MPUCATIOK
CTaBHT 3a71a4y KOHTPOJIs (PU3UKO-XMMHYECKHX CBOWCTB
6ensunoB' [1-5].

'TOCT 32513-2013. Tomusa MoTopHble. BeHsun HeTH-
nmupoBaHHbIi. Texanueckue ycnoBus. M.: CranmapTuHpOpM,
2013. 15 c.; Mazapun E.P., Mazapun P.3. MoTopHBIE TOILIUBA:
yuebHoe rocobue. 2-e m3n. M.: KT, 2015. 160 c.; Kupuuenxo H.F.
ABTOMOOHMJIbHBIE IKCIUTyaTAal[IOHHBIE MaTepPHAIIBl: y4eOHHK
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HBI, MOJYYMBIINE Ha3BaHUS (Y POCCHUICKHX IPOU3BO-
JuTeneil) MHHOBAIlMOHHBIX M BBICOKOKaUeCTBEHHBIX
MOTOPHBIX TOIUTUB, YJIYYIIAalOT 3KCIUTyaTallMOHHbIE
¥ SKONIOTUYECKHe CBOMcTBa roprouero” [6; 7]. Ilpu
3TOM BCeTJa BO3HHMKAIOT (TpeOyIolire CBOeBPEMEH-
HOT'O PEIICHUs) BOIIPOCHI, CBSI3aHHbIE C TIOIyYCHHEM

UL CTYAEHTOB YYPEXKICHUH CpeIHero IpogeCcCHOHAIBLHOTO
oOpa3zoBanus. 9-e u3a., crep. M.: Akanemus, 2014. 208 c.

2 Pocuedyth. MHHOBaIMOHHBIH Gen3un «EBpo 6» oTMedeH
HarpajaMm BCEPOCCHHCKOro KOHKypca. YmpaBieHue HH(Op-
MarmonHod monmutuku [TAO «HK «Pocuedtsy». 2019. URL:
https://www.rosneft.ru/press/news/item/198117/ (zata obparre-
Hus: 01.09.2022); TYKOWIL Munopamuonnoe Tommeo SKTO.
URL: https://lukoil.ru/Products/brands/ectofuel (mara oOparme-
Hust: 01.09.2022).


https://orcid.org/0000-0001-9391-2890
https://orcid.org/0000-0001-9536-7558
https://orcid.org/0000-0002-1976-9376
https://orcid.org/0000-0002-0232-2025
https://orcid.org/0000-0003-3541-9517
https://orcid.org/0000-0002-3395-2871

Xodsikos A.A. u dp. BectHuk PYIH. Cepusi: MHxeHepHble nccnepoBanus. 2022. T. 23. Ne 4. C. 311-321

3HAHUH O BJIMSHUM YJIyUIIAOUMX CBOMCTBA TOIJIMBA
BEIIIECTB Ha MIOKA3aTe OCH3HMHOB.

Henp wncciieqoBaHusi — MPOaHAIM3UPOBATH
(U3MKO-XUMHUYECKHE CBOMCTBA MHHOBAIIMOHHBIX,
BBICOKOKA4YE€CTBEHHBIX COPTOB OEH3MHA, COIOCTa-
BUTH ITOKA3aTeJIM YKa3aHHBIX COPTOB C MOKa3aTes-
MH OOBIYHOTO TOPIOYETro O€3 BEIIECTB, YIIydIIaro-
LIMX SKCIUTyaTallIOHHBIE M 3KOJIOTMUECKHE KadecTBa
TOIIJIUBA.

1. MaTepuanbi n meToAabl

OOBeKTaMU HCCIICAOBAaHMS OBLIN TPOOBI OCH-
3uHoB (b-1, BUH-2, BBK-3, b-4) mapku AN-95 co
CPOKOM XpaHeHusi ~6 mecsues. M3 deTsipex mpoo,
MTOABEPTHYTHIX HCIBITAHWUIO, OMUH 00pasel] OTHO-
CHUTCSl K TaK Ha3bIBAEMBIM MHHOBAIIMOHHBIM TOTLIU-
BaMm (BMH-2), apyroii — Kk BBICOKOKaUECTBEHHOMY
toruBy ctannapra EBPO-4 (bBK-3). Aranmsupo-
BalM TakKXe I[OKa3aTelid Npo0 HWHHOBAIIOHHOTO
torumBa BMH-95, tomus B-92 u B-100 ¢ Gomee
JUTATEBHBIM CPOKOM XPaHEHUSI.

OOBEMBI JKUIKOCTEH B 3aBHCHMOCTH OT BBIITOJI-
HSIEMBIX METOJIOB HCITBITAHHS BapbUpPOBalH OT 1 /10
100 mi. Maccy 00BEKTOB McCIeJOBaHUS U3MEPSIIH
Ha nopunoHHbIX Becax BJITD-150 (II xmacc TouHo-
ctu, 'OCT 24104-2001). HaumeHbIuid Tmpemen
B3BemuBanua BJITD-150 cocraBuser 0,02 r. Ilpe-
JIeNT TIOTPEITHOCTH BECOB NPU WHTEpBaje B3BEIIN-
Banus ot 0,02 no 50 r paBeH £3 Mr, cpeJlHeKBajipa-
THUYECKOE OTKJIOHEHHE TMOKa3aHWW BECOB He Ooiiee
1,5 mr.

OpaKkIMOHHBI cOoCcTaB MPoO OCH3WHOB OIpe-
JIeTISUT TI0 TEeMIIEpaTypaM MeperoHKH, N3MepEeHHBIM
PTYTHBIM TEPMOMETPOM, BXOJSAIIMM B KOMIUICKT
ABTOMAaTHUYECKOTO armapara Uil pa3rOHKH HedTe-
npoxykToB APHC-13, KHCIOTHOCTh — TUTPOBaHU-
em cnupToBbeiM pactBopoM KOH cwmeceit 6eH3una
80%-m stanomoMm. [lns wHIUIMpOBaHHUS H30BITKA
OH wucmonp30Bai KUCIOTHO-OCHOBHOW HMHIIWKa-
top ¢enondranens (pH = 8,0-9,6). [Ipucyrcrpue
B Mpo0ax TOIMJIMBA HEHACHIIEHHBIX YIIIEBOAOPOIOB
(oneduHBI) OIEHUBAIH, WCIIONB3Ysl BOMHBIN PacTBOp
KMnOs. M3BecTHO, 4TO B pe3ynbTaTe B3aUMOJECH-
CTBHS pEarcHTa C HEHACHIIICHHBIMU YTJIEBOJOPO-
Jamu oOpasyercsi OKcu Mapraia. JInmoBast okpacka
BOJHOTO pacTBOpa IepMaHraHaTa Kaius mpuobpe-
TaeT OypHhlIii IIBET.

[TnoTHOCTH 0OpA3LOB TOIUIMBA U3MEPSITH HedTe-
JIEHCUMETPaMH (apeoMeTpaMu), OKTAaHOBBIC UUCITA —
nHaukatopoMm (okranomerpom) OKTAH-UM. [na-
Ma30H U3MEPEHHs OKTAaHOBBIX 4Hced (OKTaHOBOE

YHCIO0 MO HccaenoBaTensckoMy merony — OUN,
OKTaHOBOE YMCJIO MO MOTOpHOMY Merony — OUM)
ot 67 mo 98. Ilpemen normyckaemMoi aOCOIIOTHOM
morpermrHocT m3Mepenuss OY cocraBisn +2 okTa-
HOBBIE enuHUIEB! (0. e.). M3mepenus OUYU mposo-
JIUITH, UCIIONIB3Ys 3aBOJICKYIO KaJHMOPOBKY OKTaHO-
MeTpa.

[lomHOTY cropaHust B3THIX Ha HUCIBITaHHE TPOO
OCH3MHOB OLICHUBAIH 110 COACPIKAHUIO B OTPadOTaB-
mux ra3ax (OI') Hecropesmux yraneBomopomoB CH.
Brusane ocobGeHHOCTE KOMIIOHEHTHOTO COCTaBa
TOIUIMBA HA yKa3aHHBIN MpoLecC MPOBOIIIH, H3Me-
psis u aHANMM3HUPYA coneprxkanue B Ol okcuaoB azo-
ta NOy. KoHTpONs comepxkaHus B OTpaOOTABIIHX
razax CH u NOy mpoBogwau ra3zoaHaan3aTOpoM
NHOPAKAP 5M3T (kmacc mpubopa 0). B tabmn. 1
MIPEJICTABIICH IHANa30H W3MEpsIeMbIX Tra30aHan3a-
TOPOM 3HAYCHHUI.

Tabnuya 1

Anana3oH namepsieMbiX ra30aHaIn3aTopoM 3HA4YEHUN
CO, CH, NO, n npepenbl AONyCKaeMoW NOrpeLuHocTu

Mpepensbi
WU3mepsiemas| [nana3oH | AOMNYCKAEMOW NOrpeLHocTy
BeJINYUHA | U3MEpPEHUn -
P AGconioTHOM OT"OCMM
TenbHOW
O6bemMHas
orto0
nons EH, 110 2000 *10 +5
MJTH
O6bemMHas
oT0
nonsa N1Ox 10 4000 +100 +10
MJTH
Table 1

Range of CO, CH, NO, values measured
by the gas analyzer and limits of permissible error

Measured | Measuring Limits of error
value range Absolute Relative
Volume
fraction of From 0 +10 +5
to 2000
CH, ppm
Volume From 0
fraction of t0 4000 =100 +10
NO,, ppm

IToaroToBky mpubdopa k padoTe u IpOBEIACHUE
koHTpoJs coaepxkanus B OI' CH u NOy ocymiecTs-
JISIMHA, PYKOBOACTBYSCH COOTBETCTBYIOLIEH TEXHU-
yeckol NMokyMmeHTarmei. Tak, ycTpoiicTBo 3abopa
mpoOBI (30HM) TazoaHaNIM3aTOpa YCTAaHABIWBAIH B
BBIXJIOTIHYIO TpyOy IBUTATeNs, COrJaCHO MHCTPYK-
uy, Ha rryouny He meHee 300 MM OoT cpe3a u (huK-
CHPOBAIIA YCTPOUCTBO 3a00pa MPOOKI CIICTHATEHBIM
3axkumoM. Kpome mamepennst CH u NOj, peructpu-
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pOBaJIi 00OPOTHI KOJIEHYATOrO Bajia (TaXOMETPOM).
ConocraBienue o0beMHBIX KoHIeHTpammii CH u
NOx B OI' mpoBoauJId O JAaHHBIM, TOJYYEHHBIM
mpu paboTe ABUraTelss B PEXHME XOJIOCTOTO XOAa
Ha yacToTax (n) 2200-2800 06-MuH .

[IpoOsr GeH3uHa 00beMoM He Bhime 150 mi 3a-
JIUBANH B TOIUIMBHBIN 0aK OJHOIMIMHIPOBOTO, He-
TBIPEXTAKTHOTO, BEpXHEKIaNaHHoro neurarens (Biggs
& Stratton) MommHOCTEIO 7,4 KBT (KpyTsumii MOMEHT
3600 06-MuH ). PaGounit 06Bem aeurarens 306 o,

HcnpiTanue mpo0 TOIDIMBA MPOBOIWIH TIOCHE
MIpeBapUTEIHHOM MPOIEAyphI MTPOTPEBA JIBUTATESL.
MoOMEHTOM OKOHYaHUS OTBITA CIYKUJIa IOJIHAs OC-
TAaHOBKa JIBUTATEIs, KOTOpasi ObLIa 00YCIIOBIICHA OT-
CYTCTBHEM T0Ja4n OEH3MHA B KaMepy CrOpaHus u3-
3a MaJOTO €ro CcojiepKaHWsd B TOIUTUBHOM Oake.
Bpewms, 3aTpaueHHOe Ha MPOBEIEHUE OTHOTO DKCIIEe-
puMeHTa, He npeBbimano 10 munyT. Paccuntanusiii
pacxoJ ToIIMBa cocTaBmi He 6onee 0,9 agac .

2. PesynbTaTtbl U 06CcyXaeHue

B pesynprate mpoBegaHHBIX UCCIIEOBAHUN yC-
TaHOBJICHO, YTO M3MepeHHble mHankatopom OKTAH-
MM okTaHOBBIE Ynciia OCH3UHOB COCTABIISIOT 95,1—
97,0 o. e. (Tabim. 2). C y4eToM NOTPEHIHOCTH U3Me-
penns (£2 o. e.) takue 3HaueHuss OYM BmomHe co-
OTBETCTBYIOT 3asBICHHBIM IPOU3BOJAMTEICM TOII-
JMBa BEIMYMHAM OKTAHOBOTO YHCIIA, pAaBHOTO 95.

Omnpenenenue unaukatopom OKTAH-UM ok-
TAHOBOTO YHCJIa OCHOBAaHO Ha W3MEPEHHH KOM-
IJICKCHON AMAIIEKTPUICCKON MPOHUIIAEMOCTH OeH-
3uHA (Exonm) [8—12].

OTOT MeTOon (IUIIBKOMETPUS) OTHOCHUTCS K
KOCBEHHOMY OJHO(MAKTOPHOMY CIIOCOOY OTpezelie-
Hus OY. Martemarudeckas MOJIEIb, OHCHIBAIOIIAS
CBSI3b OKTAHOBBIX YHUCEI C Eomn, HE TOIBKO HENH-
HelHasl, HO ¥ COJCPXKUT BHYTPCHHHUE TPOTHBOPCUUSL.
K HUM OTHOCST OONBIION BKIAT B Exomn TUIIICKTPH-
YeCKUX MPOHHIIAEMOCTEH apeHOB (MMErIuX Oosee
BBICOKOE, YeM Y MHBIX YTJIIEBOJOPOJIOB, 3HAUCHNUE €)
U CYIIECTBEHHYIO 3aBUCUMOCTE OUY 0T comepxaHus
B OensuHax 3tux BemectB [10]. YcranoBneHo, 4TO
TIRIIBKOMETPHSI IMEEeT MaKCUMAaIbHYIO0 UyBCTBHTENb-
HOCTb Jij1s1 OGH3MHOB C OKTaHOBBIMH umciiamu 88-93 o. e.
YyBCTBUTEIHLHOCTh METO/IA JIJISl TOTUINBA, UMEIOIIIC-
ro OY Breime 95, nanaer. 3aTpyAHEHUS B paclio3Ha-
BaHWHW YKa3HBIX MapOK CBSI3aHBI C MPUCYTCTBHEM B
BBICOKOOKTAHOBBIX OCH3MHAX U300KTaHA, H30TICHTA-
Ha ¥ OyTaHOB, KOTOPBIE NMPHU BHICOKOM OKTaHOBOM
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YKCJIe KOMITAyH/Ia UMEIOT HU3KYHO JAUICKTPHUYCCKYIO
MIPOHUIIAEMOCTH [9].

[IpuHKMas BO BHUMaHHE OCOOCHHOCTH JIUAITBKO-
METPHH, CJICAYET 3aKIFUNUTh, YTO BEIIECTBA, YIyda-
HOHme CBOMCTBA MHHOBAIIMOHHBIX U BBICOKOKAYECCT-
BEHHBIX COPTOB TOILIMBA HE OKA3bIBAIOT BIUSHUC HA
pe3yibTaT H3MEPEHMsI OKTAHOBOI'O YHCIa OCH3UHA.

Tabnuuya 2
OkTaHoBbIe Yncna 6eH3MHOB
BeH3uH
MokasaTenb
B-1 BWH-2 | BBK-3 B-4

OkTaHoBOE YnNCNo
no uccnegoBaTesb- 96,8 95,4 97,0 95,1
ckomy metogy — O4M

Table 2
Octane numbers of gasolines
Gasoline
Index
G-1 1G-2 HQG-3 G-4

Research octane

number — RON 96.8 95.4 97.0 95.1

B Tabn. 3 mpuBemeHBl MOKazaTeaw HCCIEHO-
BaHHBIX TPOO OEH3WHOB, a B TaOJ. 4 TaOIMIHEII
MIPOTOKOJ TIeperoHku mpoOwl OenszuHa b-4. Ilmot-
HOCTh OCH3MHOB, TEMIIepaTypa KOHIA KHUIICHUS,
OCTaTOK B KOJ0O€ W KHCIOTHOCTh COOTBETCTBYIOT
Hopmam I'OCT. AHaIOTHYHBIN BBIBOX CIEAYET U U3
COIOCTABIICHUS JaHHBIX (Ta0. 3) ¢ HOPMAaTUBHBIMU
3HaYEHUSAMH TeMIepaTyp U OOBEMHOM JOJM HcHa-
puBmierocss 6ensuaa. CieoBaTENbHO, TTOTYTOIMY-
HBIH CPOK XpaHEeHHs o0paslioB TOIUIMBA HUKAaK HE
CKa3bIBaeTCs Ha MapaMeTpax TOprodero, ero (pusu-
YECKOW M XUMUYECKOH CTaOMIIBHOCTH.

B wucnoelTaHMsIX ¢ HMCIONB30BAHUEM pacTBOpa
MepMaHTaHaTa KaJiis YCTAaHOBJIEHO, YTO MOCJC BBE-
JISHHsI PeakTHBa B TIPOOBI TOIUTMB CO BPEMEHEM Tpo-
WCXOMUT W3MEHEeHHe IBeTa BOJHOro pactBopa KMnOs.
JIunoBeIi OKpac TepMaHTaHaTa Kallus HCYE3aerT,
U B pacTBOpE, KOTOPBII mpruoOpeTaeT KOPHYHEBBIN
[IBET, TMOSABISAIOTCS Oypble Xjombs. Uepe3 CyTKu B
MIPUTOTOBJICHHBIX TaKUM 00pa3oM oOpasiax Oypbie
XJIOTIbSI HE UCUE3a0T, PACTBOP CTAHOBUTCS OCCIIBET-
HeIM. Halmoaemple B OMBITaX C MepMaHTaHATOM
Kayust 3Q(eKThI KI3MEHEHHS 1[BETa BOJAHOIO pacTBOpa U
oOpa3oBaHHe OYpBIX XJIONBEB CBHUIETEILCTBYIOT O
TOM, 4TO B OE€H3WHAX MPUCYTCTBYIOT YTIEBOOPOIBI
C JIBOMHOW XHMHUYECKOH CBS3bl0. TaKUMU YIJIEBO-
JIopoJiaMu B OEH3WHAX B TIEPBYIO OUEPE/Ib SBISIFOTCS
one()MHOBBIE YTIIEBOIOPOIBI.
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Tabnuua 3
MnoTHOCTb p, KNCNOTHOCTL K, TeMnepaTypa KoHUa kuneHus npo6 Tonnuea t, U 0CTaTOK B Konbe
BeH3uH p, kr-m~* npm 15 °C* OcTaTtok B konb6e, %** t,, °C*** K, mr KOH Ha 100 mn GeH3uHa™****
B-1 743 1,1 205 0,56
BWNH-2 750 1,2 205 1,68
BBK-3 737 1,1 196 0,56
B-4 750 1,0 194 1,68

lMpumeyvarue: * nnoTHOCTL Npu 15 °C no Hopmam MOCT 32513-2013 cocrtaenaeTt 720-780 kr-Mm% ** octatok B konbe, %
(no o6bemy) He 6onee 2 (FTOCT 32513-2013); *** koHeL, kuneHus , °C He Bbiwe 2150C (FTOCT 32513-2013); **** KMCNOTHOCTb, MI
KOH Ha 100 c™m®, He Gonee 3 (TY 38.001.165-87).

Table 3
Density p, acidity K), end boiling point of fuel samples t,. and flask residue
Gasoline p, kg-m—2at 15 °C* Residue in the flask, %** tenaorboiings CC*** K, mg KOH at 100 ml gasoline****
G-1 743 1.1 205 0.56
1G-2 750 1.2 205 1.68
HQG-3 737 1.1 196 0.56
G-4 750 1.0 194 1.68

Note: * density at 15 °C according to GOST 32513-2013 is 720-780 kg-m™; ** residue in the flask, % (by volume) no more
than 2 (GOST 32513-2013); *** end of boiling, °C not higher than 215 °C (GOST 32513-2013); **** acidity, mg KOH per 100 cm?®,
not more than 3 (TU 38.001.165-87).

Tabnuua 4
Tabnn4yHbIA NPOTOKON NeperoHkn Npobbl 6eH3nHa B-4 (V-o06beMHas fonga ncnapumeLuerocsa 6eHamHa)
Temnepartypa neperoHku, °C
NapameTtp
55 61 70 90 100 118 123 130 144 158 171 193
V, %* 10 20 30 40 45 60 65 70 75 80 85 95

lpumeyaHue: * o6beMHas oons ucnapuveLlerocs 6eH3vHa, %, npy Temneparype (FTOCT 32513-2013): 70 °C coctasnseTt 15-50;
100 °C cocTaenseT 40-70; 150 °C coctaBnseT He MeHee 75.

Table 4
Tabular protocol for the distillation of a sample of gasoline G-4 (Vis the volume fraction of evaporated gasoline)

Distillation temperature, °C
Parameter
55 61 70 90 100 118 123 130 144 158 171 193
V, %* 10 20 30 40 45 60 65 70 75 80 85 95

Note: * volume fraction of evaporated gasoline, %, at temperature (GOST 32513-2013): 70 °C is 15-50; 100 °C is 40-70;
150 °C is at least 75.

Tabnuya 5
KucnoTHocTb pa3numyHbix MapoK 6eH3nHa, CPOKU XpaHeHUs Npo6 Tonnuea t
n BeH3uH
okasaTtenb
B-1 BUH-2 BBK-3 B-4 BWNH-95 B-92 B-100
K, mr KOH Ha 100 mn 6eH3unHa 0,56 1,68 0,56 1,68 3,36 7,28 8,96
T, rof, 0,5 0,5 0,5 0,5 2,42 2,66 2,75
Table 5
Acidity of various grades of gasoline, shelf-life fuel samples 1t
Gasoline
Index
G-1 1G-2 HQG-3 G-4 1G-95 G-92 G-100
K, mg KOH per 100 ml of gasoline 0.56 1.68 0.56 1.68 3.36 7.28 8.96
T, year 0.5 0.5 0.5 0.5 2.42 2.66 2.75
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Puc. 1. IynarpaMmma paccesHns n nnHernHasa annpokcuMaums AaHHbIX NOCPeACTBOM NOCTPOEHUS IMHN TPpeHaa
Figure1. Scatterplot and linear approximation of data by plotting a trend line

Tabnuua 6
YpaBHeHue perpeccum, BeIM4nHa 40CTOBEPHOCTU annpokcumaumnmn R2 xapakTepucTuKu NnHeiHoi Moaenu
Perpeccus 1_4, %* R?Kopp** Fpacq*** FKpHT**** R
Y =2,6736x — 0,3145 50,7 0,7699 21,1 6,6 0,8083

lMpumeyaHue: * cpeaHsAs OTHOCUTENbHAA OLWMBKa annPOKCUMaLMK; ** CKOPPEKTUPOBAHHbIN KOIMDPULMEHT AETEPMUHALMN;
*** pacyeTHoe 3HaveHune Kputepua Puepa; ****kputnyieckoe 3HaveHne kputepus Guwepa.

Table 6
Regression equation, approximation confidence value R? of linear model characteristics
. - 2
Regressmn A, %* Radiusteclmk Fcalculated*** Fcritical**** R
y = 2.6736x — 0.3145 50.7 0.7699 211 6.6 0.8083

Note: * average relative approximation error; ** adjusted coefficient of determination; *** calculated value of the Fisher crite-

rion; **** critical value of the Fisher criterion.

3amMeueHo, 4yTo B OeH3uHe b-4 n3meHeHnue npeTa
BojiHOTO pactBopa KMnO4 1 mosiBIeHne XJIONBEB PO-
XOIUT HAMHOTO ObIcTpee, yeM B mpodax b-1, BUH-2
u BBK-3. [Ipuyem u ux KOIM4E€CTBO HAMHOI'O HUXKE
IIPUCYTCTBYIOIIMX B IPYTUX MPOOaX XJIONbEBUAHBIX
00pa3zoBaHUi. JTO OTJINYME, TaK e KaKk M pasHULa
TeMIlepaTyp KoHIla kuneHus, 6onee Beicokux (bBK-3,
b-1) o cpaBHeHHUIO ¢ b-4, CBUACTEIECTBYET O TOM,
YTO OKTAHOBBIE YHCIIA SIBIAIOTCA OTPAKEHHUEM OCO-
OEeHHOCTEH KOMIIOHEHTHOTO COCTaBa OCH3MHOB.

B Tabn. 5 mpuBeneHBl AaHHBIE KUCIOTHOCTH
Pa3NUYHBIX MApOK OEH3MHOB M CPOKH MX XpaHEHHS.

W3 comocraBneHust JaHHBIX (Tabin. 5) cienyer,
YTO B 3HAYEHUAX KHCIOTHOCTU M CPOKOB XpaHEHHS
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00pa3IoB TOIUIMBA IMPOCMATPHBACTCS OIPEIEIICH-
Has TeHAeHIus. KHCIOTHOCTh BO3pacTaeT ¢ yBelu-
YEHUEM CPOKa XpaHeHHs P00 OEH3UHOB.

CraTHcTHKO-MaTeMaTHIecKyto 00pabOTKy TaHHBIX
HPOBOJIMIIN € TIOMOIIBIO CTATUCTUYCCKUX (DyHKIIMIHA
u Hagctpoek «[laker ananmusa», «Ilouck pemeHus
tabauuHOro mporeccopa Microsoft Office Excel®
[13; 14].

3 Bockobotinuxos FO.E. Dxonomerpuka B EXCEL: B 2 u.
Y. 1. IapHblit 1 MHOXXECTBEHHBII PErPECCHOHHBIN aHAIN3: yueOHOe
nocobue. HoBocubupck: Msn-so HIC'ACY, 2005. 156 c.; Jlaxo-
seykuti A.M., Kpemanckaa E.B., Knumosa H.B. CratucTtHka:
yuaebnoe nocobue. M.: KHOPYC, 2016. 362 c.; Kaoounuxosa E.H.
DKOHOMeTpHKa: KOHCIeKT Jekunii. Kazanp: Kazanckuit dene-
panbHbIil yHUBepcuteT, 2013. 106 c.
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OIICHKY CBSI3U MEXJy KHUCIOTHOCThIO OCH3HMHA
U CPOKOM €r0 XPaHEHHUs MPOBOJIUIN KOPPEISIIUOH-
HBIM METOJIOM aHalln3a, pacueToM Kod(¢uiueHTa
koppermsinuna. KosddunueHT mapHOH KOppemsiuu
Thaca cocTaBui 0,899. Xapakrep cuibl cBsisu K ¢ 1,
MIPOBEICHHBIN C UCIIONb30BaHUEM IIKaNIbl Uenaoxa,
OIICHUBACTCS KaK CHIbHBIN. CTaTHCTHYECKYIO 3Ha-
YMMOCTb MTAPAMETPA Tyacq MPOBOMIINA MyTEM CPaBHE-
HHUsl a0CONIOTHOM BENMYMHBI Tpaey € KPUTHYECKOH
(TabMYHOM) BENUYUHOM Tipyr. Y CTAHOBIEHO, YTO
C 3aJaHHOW cTemeHp0 BepoaTtHoctd (95 %)
|rpacq > erHT|,erm = 0,754. CrnenoBaTenbHO, MOX-
HO YTBEpXkKAaTh, 4TO Mexay K u T cymecTByer 3Ha-
YuMasi JINHEHHas CBS3b, WM THIIOTE3a O 3HAYAMO-
CTH JIMHEWHOM CBSI3U HE OTBEPraercs.

Jnis mpoBepky Hanmnuwsi QYHKIUOHAIBLHOW JTH-
HelHol 3aBucumoctu K OT T, a Takke MpOTrHO3UPO-
BaHUS BEIMYWH KHUCIOTHOCTH OCH3MHA, 3aBHCSIIUX
OT CpOKa XpaHEHHUs TOIUINBA, HCIOIB30BAIH pe-
TPECCUOHHBIN aHalu3, OCHOBAHHBIM Ha JIMHEHHOMN
anMpOKCUMAIMKA JAaHHBIX (Ta0n. 4) MmocpeiacTBOM
TIOCTPOEHUS JIMHY TpeHaa (puc. 1).

B 1abn. 6 npezacraBneHsl ypaBHEHHE perpeccu,
BEJIMUMHA JOCTOBEPHOCTH ammpokcuManuu (R%) n
XapaKTepUCTUKU JTUHEUHOU MOJIeNH.

TouHOCTHF MaTeMaTHYECKON MOJCSIH OIlCHUBA-
0T 10 BEJUYMHE OINMOKHU anmpoKcuMaiuu. Beico-
Kasi TOYHOCTh MOJISNIA XapaKTePU3yeTCsl 3HAUCHHUSI-
mu A Hmke 10 %. TakuM 3HAYCHHEM IMHEHHAs
MOJENb He obnanaeT (Tadi. 6).

CpeqHIor0 OTHOCUTEIBHYIO OLIHOKY anmpoKCH-
MaIu¥ paccuuTHIBAIM 110 hopmyiie’

- 1
A :;Z?ﬂ

Yi—¥i
e | 100, (1)

IZie 7 — YUCII0 U3MEPEHHH; Vi — SKCIIEPUMEHTAIbHOE
3Ha4eHue; ¥; — TeopeTnieckoe (pacyeTHoe) 3HaYCHHUE.

[IpoBepky CTaTUCTUYECKOI 3HAYUMOCTH ypaB-
HEHMS Perpeccuy NPOBOAMIM 1O Kputepuio Duie-
pa Fyacy. Tabnnunoe 3nauenne kpurepus Ouinepa
(kpuTnyeckoe 3HayeHue Fp,p) ONMpenensim ¢ 1o-
Mompio BerpoeHHod (yHkumu Excel «FPACIIOBPy»
npu ypoBHe 3HaunMoctu 0,05.

Kputeprem cTaTucTHUECKO# 3HAYNMOCTH (aIeK-
BaTHOCTH) YPaBHEHUN DPErPEeCcCUH SBIAETCS YCIIO-

4 Bocko6otinuxos FO.E. dxonomerprka B EXCEL. ..

BHE, NIPU KOTOPOM Fpaca > Fipur. I JaHHBIX, TpU-
BEJIEHHBIX B Ta0M. 5, Fpacy > Fipur. Clle10BaTENBHO,
TUHEWHAas MOJENbh CTAaTUCTHYECKH 3HadynMa. boib-
masi BeMWYMHA CPEIHEW OTHOCUTEIBHON OITHOKHU
anMpoKCUMAINH, a TaKKe€ HU3KOE 3HaueHHe CKOp-
PEKTUPOBAHHOTO (HOPMHPOBaHHOTO) K03 PuineH-
Ta JeTepMUHAIMA HE TO3BOJSAIOT TPUMEHUTH
MOJTy4YeHHYI0 MOJENb Ui MPOrHO3WpoBaHHuA. Mo-
JIeNIb TIPUTOJIHA NI TIPUHSTHS TOJIEKO HEKOTOPBIX
pelIeHUH.

Pacyer xapakKTEepUCTHK JMHEHHOU MOJEIH
MOJKHO TPOBOJUTH HE TOJBKO HCHOIb3YsI COOTBET-
cTByromue hopMyIel, HO U (yHKIHEH «Perpeccus»
HancTpoiikn «llaker anammzay» (puc. 2).

U3 comocraBnenus naHHbIX (Tabn. 5) cienyer,
9TO s OCH3MHOB CO cpokoMm xpaHenus 0,5 roma
KHCIIOTHOCTh HHKaK HE CBS3aHA C MapKHPOBKOM,
Oyab TO MHHOBAIIMOHHBIH, BHICOKOKAYECTBEHHBIH HIIH
0o0bryHbIN OeH3uH. OmHako B psay K oT T Kucmor-
HocTh BUH-95 (MHHOBaIMOHHBINM OCH3WH) CO CPO-
KOM XpaHeHus 2,42 roja HUXe KUCIOTHOCTH b-92,
Bb-100 co cpokom xpaHeHHs, HE3HAUYUTEIBHO OTJIHU-
YarOIIUMCSl OT YKa3aHHOW BeNWYUHBI T (Tadi. 5).
OTO MOXXET CBHIETEIHCTBOBATH O TOM, YTO XUMH-
Yyeckash CTaOMIIBHOCTD YJIYUIIEHHBIX COPTOB OEH3U-
Ha BBIIIE, YeM y TPAJAUIIMOHHOTO TOTLTHBA.

[lomHOTY cCropaHusi B3ATBIX HAa HWCHBITAaHUE
npo0O OCH3MHOB OICHWBANHU, KaK 3TO OTMEUEHO pa-
Hee, TI0 COACPKaHHWI0O B OTPaDOTaBIIMX ra3ax He-
cropeBmux yrieBomoponaoB CH. Biusaue ocoben-
HOCTEHl KOMIIOHEHTHOTO COCTaBa TOIUIMBA Ha YKa-
3aHHBIN MPOLECC MPOBOAWIN, U3MEPAS U aHAIU3U-
pys coaepxkanue B OI' okcunoB azora NOx.

Ha puc. 3 npeacrasnen pparMeHT TaOJIMIHOTO
MIPOTOKOJIAa C PETHCTPUPYEMBIMH ra30aHAIN3aTOPOM
nagaeiMid CH u NOy.

M3 ananuza npuBeJEHHBIX 3HAYEHUN COepKa-
Hust B OI' okcuaoB azora cienyer, 4Tto oTpaboras-
e Tasbl, 00pa3yromuecs Mpu CrOpaHUuM TOIUTUBA
BUH-2, me comepkatr NOx (puc. 3). B orpaboras-
IIMX Tra3axX, BO3HUKAIOIIHUX TMPHU CTOPAaHUH APYTUX
O0ensnHOB, cogepkanue NOx m3mensiercs ot 0 1o
68 miH . AHanoruunble (IyKTyaluy BEIMYHH CO-
nepkanvst Habmromarorest w1 it CH. Hammprvep, B OT,
oOpaszyronmxcsa npu cropannu bUH-2, comepxanue
CH ¢ 173 mun! cravama mamaer mo 163 MJ'IH_I,
a moToM Bo3pactaer 10 191 mma ' (puc. 3). Wmmo-
CTpUpYET Takue KojieOaHHs MPHUBEICHHOE Ha pHc. 4
mmererne comepkaamsi CH (AC(CH)) B otpabo-
TaBIINX ra3ax, 00pa3yloUIMXcsi IPH CrOpPaHUH TOII-
nuBa BUH-2.
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BbIBO/, UTOTOB / RESULTS

PezpeccuorHaa cmamucmura / Regression statistics
MHosecTseHHbIA R / Multiple R 0,899065759
R-kBagpart / R-square 0,808319239
Ho| “ R-
pMMF.)UEaHHbIM keagpar / 0760083087
Normalized R-square
CraH, 6
napTHas owwbxa / 161465281
Standard error
Habnwogenus / Observations 7
JlucnepcnonHbiit aHanus [
Analysis of variance
3Ha4umocme F
df 55 MS F o /
Significance F
Perpeccua / Regression 1 54,97088152 54,97088152 21,08503839 0,005883741
Octatok / Remainder 5 13,03551848 2,607103696
Wroro [ Total 6 68,0064
CmardapmHas
Koaghpuyuernmei / ; / t-cmamucmuka / | P-3nauenue / | Huwrhue 95%/ | Bepxuue 95% / |HuHue 95%/ | BepxHue 95%/
owubka
Coefficients t-Statistic P-Value Lower 95% Upper 95%  |Lower95% Upper 95%
Standard Error
Y-nepeceuenue / Y-intersection -0,314465956 1,02028182 -0,308214798 0,770345928 -2,937183869 2,308251958 | -2,93718387 | 2,308251958
Nepemenxan X 1/ Variable X 1 2,673576978 0,582244634 4,59184477 0,005883741 1,176869498 4,170284457 | 1,176869498 | 4,170284457

Puc. 2. iHcTpyMeHT aHanusa «Perpeccusi» TabnndHoro npoueccopa Microsoft Office Excel
Figure 2. Analysis tool “Regression” spreadsheet Microsoft Office Excel

BHMH-2/ | BHH-2/ | BBK-3/ | BBK-3/
1G-2 16-2 HQG-3 HQG-3 51/6G-1|61/6G-16-4/G-4|64/G-4 B':_em,c/
CH, ppm [NOx, ppm| CH, ppm |[NOx, ppm| CH, ppm |[NOx, ppm| CH, ppm [NOx, ppm| me,s
173 0 232 17 312 o 487 0 1
173 0 230 o 301 1 487 30 2
173 0 229 0 294 1 487 23 3
173 0 228 18 292 34 487 34 4
173 0 228 o 292 ] 485 a2 5
173 0 226 0 291 51 485 68 6
173 0 226 10 288 40 470 31 7
173 0 226 0 283 64 470 34 8
173 0 226 21 278 15 461 38 9
173 0 226 33 274 70 454 1 10
173 0 226 o 274 20 445 0 11
173 0 226 25 271 36 449 0 12
170 0 226 0 266 o 446 0 13
170 0 226 o 258 6 444 0 14
167 0 226 0 252 0 4411 0 15
165 0 226 o 252 o 438 0 16
164 0 226 o 251 1 438 0 17
163 0 226 0 251 o 434 0 13
163 0 234 o 252 33 430 0 19
163 0 243 0 255 0 427 8 20
163 0 250 7 262 52 424 0 21
163 0 250 o 262 0 419 0 22
163 0 256 o 272 49 419 0 23
163 0 261 1 284 0 410 0 24
163 0 265 0 295 7 410 0 25
166 0 268 16 300 0 406 17 26
172 0 268 0 300 0 403 14 27
177 0 268 o 304 o 403 0 238
184 0 268 o 311 6 400 21 29
191 0 260 0 320 6 394 9 30
191 0 254 o 324 0 394 23 31

Puc. 3. ®parmeHT TabnM4YHOro NpoToKona AaHHbIX,
MOJTy4€HHbIX MPY UCTbITaHUN TOMNB
Figure 3. Fragment of the tabular protocol of data
obtained during fuel testing

@DIyKTyalluy, IpeJICTaBIeHHbIE Ha pucC. 4, HE TI0-
3BOJIAIOT TI0 CpelHeMy apu(MeTHUeCKOMY 3Hade-
HUIO TIPOBECTH KOPPEKTHO CPABHUTEIHHYIO OICHKY
conepxxaanst CH m NOyx B OI' mBurarens, paborta-
IOIIETO Ha MccleayeMbIx obpasax ToruBa. [loaro-
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My OBLIO NPHHSTO pEHICHHE PACCUUTATH METOIOM
Tpanenui IUIoa b MO MOJTYYCHHBIMH TPH HCIIbI-
TaHUHM OSH3WHOB KPUBBIMH:

§ = Jy Foodx ~ p [ LED £ ) +
FF() + o+ F (), @)

rone h — mar wuHTerpupoBaHus (h = b%a =1c);
f(x;) — 3HaueHUs MOABIHTETPAILHOU (YHKIMH B
TOYKAX Xg, X1, X2, X3, -+, Xn_1, Xn-

B Tabn. 7 mpuBemeHBI pe3yNbTaThl MPOBEACH-
HOTO C HOMOIIBIO (OPMYIIBI TPANCLUH HUHTETPUPO-
BaHMS.

W3 conocraBnenus naHHbIX (Tabn. 7) ciuemyer,
YTO TPH CTOPAHUM TPAAUIHMOHHBIX OCH3HHOB ILIO-
aab MO KPUBBIMU COZEPKaHHUA B OTPaOOTaBIINX
razax CH u NOy BbIllle aHATOTUYHOTO TapaMmeTpa,
MOJYYEHHOTO [l HHHOBAILIMOHHOTO M BBICOKOKaye-
CTBEHHOT'O COpTOB TommBa. CienoBaTenbHO, MO Ta-
KOMy TIOKa3aTelo, KaK IIOJHOTa CrOpaHus, HWH-
HOBAaIlMOHHBI M BBICOKOKAYECTBCHHBIN OCH3MHEI
NPEBOCXOAAT OCH3HMHBI, HE COJEpPIKAIINE BEIICCTB,
yIy4maromux roperne. [10M00HBIN BEIBOA MOYKHO
cenaTh W JJIS OKCHIIOB a30Ta, COJEpKaHUE KOTO-
PBIX CBS3aHO C NPHUCYTCTBUEM B OCH3WHE KOMIIO-
HEHTOB, TOBBIIIAIONINX TEMIIEPaTypy ra30B, BO3HH-
KalolIMX B KamMepe CropaHWH CHJIOBOTO arperara.
Heo0xoauMo 0OTMETHTB, 4TO TIOLIaAb C TaKOW pas-
MEPHOCTBIO (MJIH '-C) CIIelyeT OTHECTH K YCJIOBHO-
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My TIOKa3aTelllo COACp)KaHHUs B OTPabOTaBIIMX ra-
3ax CH u NOy. HecmoTps Ha ycIOBHOCTh IapameT-
pa S, BXOIsIIe B COOTHOLICHUE 2 3HaYeHUs (PyHK-
mun f(x;) pasnmuHbl. Tak, MakCHMaJlbHOE 3Haye-
Hue CH B orpaboraBmmx rasax, oOpa3yrOIIUXCS

npu cropaauu BUH-2, cocrasuno 248 mnn', a npu
cropanuu B-1 — 668 miiH . DTu OTJIMYMsA, OTpaska-
ACh B BEJMYMHE IUIOLIATH, CO3JAIOT OZHO3HAYHOE
COOTBETCTBHE TIapaMeTpa S COAep>KaHUI0 B 0Tpabo-
taBmnx razax CH u NO,.
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Puc. 4. iameHeHue copepxanuns CH AC(CH) oT BpemeHn npoBeaeHns onbiTa (MocekyHaHas 3anmcb nokasaHuii permctparopa)
B OTpaboTaBLUMX radax, 00pasyLLmMxcsl Npu cropaHmm Tonnmea BUH-2
Figure 4. Change in the content of CH AC(CH) from the time of the experiment (second-by-second recording of the recorder readings)
in the exhaust gases generated during the combustion of fuel IG-2

Tabnuua 7
PaccunTaHHble MeToA0M Tpaneuui naowaamn nog KpuebiMmm 3asucumoctein copgepxanmsa CH n NO,
OT BpeMeHU NPoBeAeHUs ONnbITa
BeH3nH
ras
B-1 BUH-2 BBK-3 B-4
S(CH), maH'-c 145 844 71861 101 461 286 171
S(NO,), MaH"-c 9282 0 924 5638
Table 7

Calculated by the trapezoidal method, the areas under the curves of dependences of the content of CH and NO,
on the time of the experiment

Gasoline
Gas
G-1 1G-2 HQG-3 G-4
S(CH), ppm-s 145 844 71 861 101 461 286 171
S(NO,), ppm-s 9282 0 924 5638
3aknioyeHue HOCTh YJIYYIIICHHBIX COPTOB OCH3HMHA BHIIIC, YEeM

[IpencraBneHHbIC B HCCIEIOBAaHUN PE3YIIbTATHI
[I0Ka3aly, 4TO IUIOTHOCTh OEH3MHOB, TeMIleparypa
KOHIIa KWIICHHS, OCTaTOK B KOJOE M KUCIOTHOCTH
cootBeTcTBYIOT HOpMaM ['OCT. Ilonyronuyusnsiii cpok
XpaHeHus: 00pa3loB TOIUIMBA HUKAK HE CKa3bIBaeT-
Csl Ha IapaMerpax TOproYero, ero (u3u4ecKon u
XMMUYecKor crabmnbHOCTH. [lokazaHo, 4To Bele-
CTBa, yJIy4yarolllie CBOIICTBa MHHOBAIMOHHBIX U BBI-
COKOKAaUeCTBEHHBIX COPTOB TOIUIHMBA, HE OKAa3BIBAIOT
BJIMSHUE HA PE3YNbTaT M3MEPEHUsI OKTAaHOBOIO YHCIIA
OeH3MHa. YCTaHOBIEHO, YTO XMMUYECKas CTaOMIIb-

y TpaJAWIIMOHHOTO ToIuhBa. Iloka3zaHo, UTO IO TTOJI-
HOTE CTrOpaHWs WHHOBAIMOHHBIA M BBICOKOKAUYECT-
BEHHBIN OCH3MHBI IPEBOCXOAT OCH3UHEI, HE COJIEP-
JKalllie BEIECTB, yiydlnarommx ropenue. [1ogo6-
HBIM BBIBOJ, MOJKHO CJ€JaTh M U1 OKCHIIOB a30Ta,
co/iepKaHUE KOTOPBIX CBSI3aHO C MPHUCYTCTBUEM B
OeH3MHEe KOMITOHEHTOB, TOBBIIIAIONINX TEMIIEPaTypy
ra3oB, BOZHUKAIOIINX B KaMePe CTOPAHUH CHIIOBOTO
arperata. [lokazaHo, YTO WHHOBAIMOHHBIA U BBICO-
KOKa4EeCTBCHHBI OCH3HMHBI YIIYy4IIAlOT JKCIUTyaTa-
LIMOHHBIE U DKOJIOTHYECKHE KauecTBa TOIIMBA.
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Conps)xeHns 3aKpy4eHHOro NoTokKa ¢ NPoAOoJIbHbIM TEYEHUEM
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HcTtopus cratbn AHHoOTanus. B npakTHke NpoeKTUPOBaHUS U SKCILTyaTallMl THIPOTEXHUYE-
Tlocrymuna B penakito: 29 centsiopst 2022 r. CKHX M BOJOXO3SHCTBEHHBIX OOBEKTOB BOIMPOCHI COMPSIKEHUS TIOTOKOB 3a4a-
Jopaborana: 12 Hos16psa 2022 . CTYIO NIPHOOPETaloT MEPBOCTENEHHBIN XapaKTep, MOCKOJIbKY TPeOyIOT BHHUMA-
IIpunsTa x mybmmkanmm: 15 HostOpst 2022 1. TEJILHOTO TMOJIX0/a K BO3/ICHCTBHIO Ha OeperoByr0 HH(PPACTPYKTYPy BOTHBIX

OOBEKTOB U UX COOPYXKEHHI CO CTOPOHBI PA3INYHOIO POJia TEUCHUH U CTPYH.
Kirrouesnbie ciioBa: H3yuyeHo COoKHOEe TEUCHHE B BHIC 3aTOIUICHHOW CTPYH, 0Opa30BaHHOW CO-
MOJCIIMPOBAHNEC, TUPKYIAIHOHHO- NPSDKCHUEM THMPKYJISIHHMOHHO-IIPOJO0JIbLHOTO (3aprquH0r0) MMOTOKa ¢ Mac-
OpOJ0JIbHOC TCHCHUE, 3aBUXPUTCIIb, CHBOM BOJbI, UMEIOIIUM OTHOCHUTEJIbHYIO IPOJOJIBHYI0 CKOPOCTH TEYECHHMS.
CKOpPOCTB ITIOTOKA, 3aTOIJICHHAA CTPYA, HccenenoBanusi NpoOBOAMIINCE MOCPECTBOM MaTEMaTHYECKOrO U (PU3HYECKOro
YUCTIEHHBIN DKCIIEPUMEHT MojenrpoBanus. JIJisl BHIMOJIHEHHS JJAOOPATOPHBIX AKCIICPUMEHTOB CO3JaH

WCTIBITATEIIbHBIA CTEHIT C MOZEIBIO Il MOMYYEeHHs [UPKYJISILUOHHO-TIPOIOb-
HOT'0 IIOTOKA M MOTOKA C MPOJIOJIBHON CKOPOCTBIO TeUeHHsI, KOTOPbIHA (OopMH-
poBajicsl B THIPABIMYECKOM JIOTKE. UMCIEHHBIN HKCIEPUMEHT IIPOBEAEH B
nporpammuoM komiuiekce ANSYS (Fluent). [omyuenst nonst u pacnpenesne-
HUSL CKOPOCTEH pe3yabTUpYyomero tedeHus. Caenan BIOOpP B O3y HaHOo-
Jiee OJIaronpusTHOrO B IUIaHE THAPOAMHAMHUYECKOTO BO3ACHCTBUS Ha Oepe-
roByI0 HH(QpacTpyKTypy. JlaHa oleHKa TOYHOCTH PacyeTOB YHCICHHBIM Me-
TOJIOM Ha OCHOBE CPAaBHEHHS C pe3yJbTaTaMH (PU3MYECKOro SKCIIEPHUMEHTA.
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in the form of a submerged jet, which is formed by the interference of
a circulating longitudinal (swirling) flow with a water body having a rela-
tive longitudinal flow velocity, was studied. The investigation was carried
out using mathematical and physical modeling. To perform laboratory ex-
periments, a test bench with a model for obtaining swirling flow and a lon-
gitudinal stream, which was formed in a hydraulic flume, was created.
The numerical experiment was carried out using ANSYS (Fluent) software.
The fields and velocity distributions of the resulting flow were obtained.
The most favourable one in terms of hydrodynamic impact on the coastal
infrastructure was chosen. The accuracy of numerical computation is evalu-
ated by comparing with the results of the physical experiment.
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BBepeHune

B mpakTuke TUAPOTEXHUYECKOT'O CTPOUTEIh-
CTBa, 00OCHOBAHUSI BO3BEICHHS PA3IMYHBIX BOJOXO-
3SIMCTBEHHBIX OOBEKTOB M NPOEKTOB Mpeobpa3zoBa-
HUSl BOJHBIX PECYPCOB, PAaCCMOTPEHHUS PYCIIOBBIX
PEXKUMOB PEK M HCKYCCTBEHHBIX BOJHBIX CHCTEM
BOIPOCHI COMPSDKEHUST TIOTOKOB 3aHUMAIOT BAXKHOE
mecto [1-6]. Ilocne co3manus TUAPOY3IOB HApyIIa-
IOTCSI €CTECTBCHHBIC YCIIOBUS MPOXOXIICHUS MABOJI-
KOB, OHH COpachIBaIOTCS 4Yepe3 BOJOMPOIYCKHBIE
COOPY)KCHHUS, TCOMETPUUYCCKUE pPa3MEpPhl KOTOPBIX
OOBIYHO MECHBIIIE MIUPUHBI TIOTOKA B PYCIIE PEKH,
CO CKOPOCTSIMH 3HAYUTEIBHO OOJBIINMH, YeM CKO-
POCTh TEUCHHS BOJbI B €CTECTBEHHBIX YCIOBHsX. [Ipn
COMPSDKEHUN Obe(POB THAPOTEXHUYECKUX COOPYKE-
HUI MOTYT cOpachIBaThCs OOJNBIINE PACXOMBI BOJIBI,
KOTOpBIE TIPH B3aMMOJICWCTBUU C BOJAHBIMU MaccaMu
OKa3bIBAIOT CUJIOBBIC BO3ICUCTBYS HA COOPYIKEHHS U
MIPUPOHYIO CUCTEMY PEKH B HIDKHEM Obede.

B ruapoTexHuKe TpU MPOEKTHPOBAHUH THIIPO-
Y3JIOB C BBICOKMMH HAallOpaMH BOJIOCOPOCHBIE CH-
CTEMBI BBITIOJHSIOT B BUJC HAIOPHBIX TPYOOIPOBO-
JI0B WK TyHHeeH. K OCHOBHBIM 0COOEHHOCTSIM CO-
TIPSOKEHUH TPyOYaThIX WM TYHHEILHBIX BOJIOCOPOCOB
MOKHO OTHECTH:

— MJABHOE COMpPSDKEHHE TPyOUaThIX BOAOCOPO-
COB C BOJIOOOMHBIM KOJIO/IEM C TIOMOIIBIO OTKPBITBIX
JIOTKOB, YCTpauBaeMbIX HEIOCPEICTBEHHO 3a BOJIO-
copocamu. Tedenue xapakrepusyercs unciamu Opyna
OOJIBIIIE eNHHUIIBI,

— IINIAaBHOE€ COYJICHCHHC KOHIICBBIX IOHHBIX
YYaCTKOB TPyOUaThIX M TYHHEIBHBIX BOJIOCOPOCOB,
Ha BBIXOJIC KOTOPBIX CIIOKOWHOE TEUCHHE C YCTPOU-
cTBaMH HIKHero Oneda. Takoe TedueHHWe XapakTe-
pusyercs unciiaMu Opya MEHbIIE €IUHULLBI;

— CONpsDKEHHE TPyOUyaThIX BOJOCOPOCOB C BO-
JIOOOMHBIM KOJIOAIIEM, HUMEIONINM CIelHaabHbIe Ta-
CUTEJH SHEPIHY;

— CONPSDKEHHE TIIYOMHHBIX BOJIOCOPOCOB C TI0-
MOIIBI0 0TOpOCa CTPYU B €CTECTBEHHOE WITH 3aKpeTl-
JICHHOE PYCJIO.

CucTeMbl CONPSHKEHUS Pa3IMYHBIX TOTOKOB TPH-
MEHAIOTCS HE TOJIBKO B THAPOTEXHUUYECKOM U BOJO-
XO03UCTBEHHOM CTPOMUTENbCTBE. Takue y3ibl conpsi-
KEHHH >KUAKOCTHBIX TIOTOKOB HAONIONAIOTCS U B
JNIPYTUX OTPaC/IIX MPOMBIIUICHHOCTH, TNIe MIHUPOKO
HCIIOJIb3YIOTCSl PA3jIMUHbIC >KUIKOCTH, KaK IpaBU-
JI0, B HAIIOPHOM PEXHUME TEUEHUSI.

PaccenBanue («ramieHue») M30BITOUHON KHHE-
TUYECKON SHEPrHMHM MOTOKa B OCHOBHOM ITPOUCXO-
JUT 32 CUET €ro TypOyJH3allu MpH 0Opa3OBaHUH
BHUXPEBBIX CTPYKTYpP, COYIapEeHUU CTPYH, MpU Tu-
HaMUYECKOM BO3JICHCTBUU HA MPEMSTCTBUSL U MPHU
MEPEMEIICHUH YacTUL TpyHTa pyclla PeKd MpHU
mporeccax dpo3uu (pasmeiBa) [7—10]. 3HaunTe H-
HBbIE TIOTEPU YHEPTHH COPOCHOTO MOTOKA IPOUCXO-
JIAT B BOJIOBOPOTHBIX 30HaX ¢ 00pa30BaHUEM BO3-
BPaTHO-TIOCTYMATENbHBIX TedeHuil. OgHuUMU u3
HauOosee 3(Q(PEKTUBHBIX M MIMPOKO MPUMEHIEMBIX
TacUTENeH SIBISIOTCA: YCTPOMCTBO T'MAPABINYECKO-
ro IpPbDKKA, FallleHHe KUHETUYECKON 3HEPIUU C MO-
MOIIBI0 OTOpOCa CTPYH W TPHU PACTEKaHWHU MOTOKA
B mane [11-13].

IIpu compsikeHHUM MOTOKOB MOTYT paccMaTpu-
BaThbCS pa3IMYHBIC PEXUMBI TedeHnid. Hamboiee
pacmpoCTpaHEHHBIA PEXUM CONPSDKEHUS — 0e3-
HamopHbeI. B psjge ciydaeB cOmpsbKeHHE MOKET
OBITH BBHITIOJIHEHO B BHJIE 3aTOIJIEHHON CTPYH, B3a-
HMMOJICUCTBYIOIIEN C HEMOJBHXXHBIM MAacCUBOM BO-
Ikl B HWXKHEM Obe)e WIM C MaCCHBOM, UMEIOIIHM
CKOpOCTb TeueHHUs. B3aumoaencTBre AByX MOTOKOB

323



Orekhov G.V., Shchesnyak L.E. RUDN Journal of Engineering Research. 2022;23(4):322-335

MOJKET MPOUCXOJMTH 10 HOPMAIU JIPYT K APYTY WU
moJ| yriioM. Pa3nuuHele ciiydan TakuX CONMPSKCHUH
MOTYT paccCMaTpPHUBAThCS TMPH TMPOCKTUPOBAHHUH
THIPOTEXHUYECKIX COOPYKEHHH B Ipollecce aHa-
JI32 BAPUAHTOB KOMIIOHOBOYHBIX CXEM THIPOY3JIOB
U BOJHBIX O0BEKTOB. B 3TuX ciiyyasx Ha HmpakTHKE
BO3HHKAIOT BOMPOCHI, CBSI3aHHBIE C THIPABINIECCKH-
MU pEKHMaMH W TapaMeTpamMH TEUCHHs B3aUMO-
JEHCTBYIOUINX COMPSTAIOMINXCS TOTOKOB.

B GompimHCTBE CiiydaeB BOIOCOPOCHBIE CHCTE-
MBI TIPH COTPSDKCHUN Obe()OB THAPOTECXHHUECKHUX
00BEKTOB (POPMHUPYIOT COPOCHBIC MTOTOKU B PEKUME
MIPOJIOJIBHOTO O0ceBOTo TeueHHUs. OHAKO B MOCIHE-
Hee BpeMs B psle CIIydaeB CTaJl HMPUMEHSTCS BO-
JIOCOpOCHI ¢ 3aKPYTKOW MOTOKA W CO3JaHHEM IpO-
JOJBHO-IUPKYJISIUOHHBIX PEXUMOB TEUEHUS BOABI
B NPOTOYHOM TpakTe KaHaia [14], yto mo3Boiser
IUTABHO TIO Bceil yMHE BojmocOpoca racuTh HU30bI-
TOYHYIO KHHETHUYECKYI0 JHEprui0 mnoroka. Takue
CUCTEMBI TaK)Ke HOCST Ha3BaHUE BHXPEBHIX. Pa3zHo-
BHIHOCTBIO BUXPEBBIX BOZOCOPOCOB SIBIIIOTCS KOHTP-
BUXPEBBIE CHCTEMBI C BpallleHHEM MTOTOKOB OTHOCH-
TEJNPHO PA3JIMYHBIX OCEH WM C COOCHBIM BpaIlleHUEM
ITIOTOKOB, KOTOpHIE ITOKAa3aldl BBICOKYIO 3(ddek-
TUBHOCTbH TalleHHS MOTOKAa BHYTPHU MPOTOYHOTO
Tpakta [15].

[IpumeHeHNe TakuX BOJOCOPOCHBIX CHCTEM
MOXET (OPMHPOBATH YCIOBHSA, NPU KOTOPHIX B
BOJHBIH MaccuB HIDKHETo Obeda, NOKOSIIUICS HITu
JBUTAMOIIUICS C KaKOH-TO CKOPOCTBIO, MOIMAajaeT
MOTOK C 3aKpyTKOM moToka. [Ipu 3ToMm rugpaBiuye-
CKHMI PEXUM B3aUMOJCHCTBYIOIIUX MOTOKOB OYIET
OTJIMYATHCS OT BBILIECYNIOMSHYTHIX PEXHMOB CO-
MIPSDKEHUS TIPOIOIBHO-OCEBBIX TIOTOKOB.

B HacrosiieM uccleJOBaHUH PacCMaTPUBAIOTCS
BOIPOCHI MOJEITUPOBAHUS CONPSDKEHUS IBYX IOTO-
KOoB: 1) B BH/E 3aTOIUIEHHOW CTPYH C 3aKpyTKOM
(mampumep, octaToYHas 3aKPYTKa ITOCIIE BUXPEBOTO
BojiocOpoca); 2) Ooyiee MacCHBHBIN, OE3HAIOPHBIA,
AMEIOIINA CKOPOCTh Te4eHus. PacueTHpIMU ciyda-
MU SIBISIETCSI BAPUAHTHI B3aWMOJICHCTBHS TIOTOKOB
OJT pa3HBIMH YTIIaMH.

1. Uenb

[ToToku BOABI, SIBISIONIUECS PE3yIBTATOM B3a-
HUMOJICUCTBUA TMPOAOJbHO-IIUPKYJISAIIMOHHON CTPYH
C MacCHBOM BOJIbI, 00JIAAIONTUM CKOPOCTHIO, TIPe/I-
CTaBJIAIOT COOOW CIIOKHBIC B CTPYKTYPHOM OTHO-
IIeHUHU TedeHus. TedeHus B 30He B3aUMOJEHCTBUS
HUMCHOT BBICOKHEC 3HAYCHHA Typ6y.HeHTHOCTI/I n Xa-
PaKTEepU3YIOTCS MPOCTPAHCTBEHHBIM IOJIEM CKOPOC-

324

teil. [loaToMy wHcciienoBaHUSI TaKMX TEUEHUW BbI-
TIOJHSAIOTCS. IByMs CHIOCO0aMHU: MaTeMaTH4eCKuM M
¢usnyeckum mozenupoBanueMm. O6a crocoba, Oy-
Iy OpUOIMKEHHBIMH METOJaMM pEIICHUs 3a1ad
THJIPOA’POAUHAMUKH, JOMOIHAIOT U KOPPEKTHPYIOT
ApyT Apyra.

Lenp uccnenoBaHus — U3yYUTh CIOXKHOE Teue-
HHUe, GOpMUpYyeMOe MBYMsI B3aUMOJACHCTBYIOIINMH
MOTOKAMH, OJUH M3 KOTOPBIX MHPEACTABISAET COOOi
3aTOIUIEHHYIO 3aKPYyUEHHYIO CTpYyI0, MeToaaMu (u-
3UYECKOr0 M MaTeMaTHYECKOTO (YUCICHHOTO) MO-
JIeNMpoBaHus. B xauecTBe OCHOBHOI'O M3MEPUTEIb-
HOT'0 MeToJa Ha (PU3MYEeCKON MOJENH HUCIONb30BaH
METO/ BU3YAJIN3aIIH II0TOKA C OINPENENIEHUEM CKO-
POCTHBIX XapaKTEPUCTHK COBPEMEHHOM N3MEPUTEINb-
HOH anmnapaTrypou, MO3BOJISIOLIEH TOTYYUTh OCHOB-
Hble KHUHEMaTHYECKHE XapaKTePUCTUKU U3y4aeMOro
TEYEHHSI.

Pemanuce 3agauu:

1) uccnenoBanus Ha GU3NUECKOW MOAEIH TUA-
POAMHAMHUYECKUX XapaKTEPUCTHK PacHpOCTPaHEHUS
3aTOIUICHHOW 3aKPY4YEHHOM CTPYH:

— B HENOJBI)KHOM MaCCHBE BOJIBI;

— B MaccuBe BOJABI C OTHOCHTEIBHOW CKOpPO-
CTBIO T€4EHHA (IIPH 3TOM OChb CTPYH PacIOIOKEeHa
M0 HOPMaJIH K BEKTOPY CKOPOCTH MacCuBa BOABI);

— B MacCUBE BOJBI CO CKOPOCTBIO TeUEeHHUs (TIpH
3TOM OCh CTPYH PacIoio’KeHa MO/ Pa3HbIMH YIJIaMH
K HalpaBJIEeHUIO BEKTOpPa CKOPOCTH MacCHBa BOJIBI);

2) uccnenoBaHHUS METOAOM MaTeMaTHYECKOro
MOJEIUPOBAHUS (BBIYUCINTENbHBIN 3KCIIEPUMEHT)
CIIOKHOTO TEYeHHs, 0Opa30BaHHOTO 3aTOIIEHHON
3aKpy4YeHHOH CcTpyeil, U MaccuBa BOABI HI)KHETO
Oneda rumpoysia.

2. MaTtepuanbi n MeToabl

Memod ¢husuyecko2o0 modenupoeaHusi
Ons peweHust nocmaeJsieHHbIx 3aday4

HccnenoBanusi B3aMMOJIEUCTBYIOIIUX MOTOKOB
B 00J1aCTH COMPSDKEHUS 3aTOIUICHHOW 3aKpyYeHHON
CTPYH ¥ MaccuBa BOJbI B HIDKHEM Obede MPOBOAH-
JIUCh C TIOMOIIBIO CHEIUATU3UPOBAHHOIO CTEH/IA,
OCHOBHBIM JJIEMEHTOM KOTOPOTO SIBIISIETCS OTKPHI-
TBII TUAPABIAYECKUNA JTOTOK, UMUTHPYIOLIUN YCIIO-
BHsI T€UCHUS B HIDKHEM Obede ruapoysma. Ha puc. 1
MOKa3aH dKCIEPUMEHTAIBHBIA TMIPABIMUECKU CTEH]T
JUTSL IPOBEJICHUS] CEPUU MOJCIBHBIX UCIIBITAaHUH.

HccnenoBanusi BEIIOMHSIUCH B OTKPBITOM THJI-
PaBIMYECKOM JIOTKE C pa3Mepamu MPOTOUYHON YacTu
18%1,37x0,8 M, 000pYJOBAaHHOM: TEXHOJOTHYECCKUM
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6aKOM IJId XpaHCHUA BOABI U CJIMBAa B HETO IMOTOKa
U3 J0TKa 06beMOM 30 M’; PEerylTHpOBOYHBIMU 3a-
IBIDKKaMH (BEpXHUI M HID)KHHUI 3aTBOP) Ha BXOIE
Y BBIXOJ/I€ BOAOCIHBA; HACOCOM, 00eCTIeYNBAIOIINM
moJiady BOABI M3 TEXHOJOTHYECKOro 0aka ¢ pacxo-
mom 0,0022 M’/c; yIbTPa3sByKOBBIM PacXoiOMEpOM
KAPAT-520 mns m3aMepeHUs pacxoma BOIBI depe3
BOIOCOpOC JIOTKAa. ['MapaBIuYecKuii JOTOK HUMeEeT
MpO3payHble CTEHKH Il HAOJIOACHHs 32 pe3yibTa-
TaMH OIIBITOB.

Ha BeprukanpHONW OOKOBOH TOBEPXHOCTH JIOTKA
CMOHTHPOBaH MNaTpyOOK, MMHUTHPYIOIIUH BBHIXOAHOH
Y4acTOK BOZOCOPOCHOM cucTeMsl ruapoysina. Ilarpy-

00K YKpeIUICH Ha CTCHKE JIOTKA Ha PACCTOSIHUM 9 M OT
BXOJIHOTO CEUCHHS, Yepe3 KOTOPOEe BOJA MOCTYIAeT B
JIOTOK Yepe3 CrelMaNbHbI MepHbIi Bogociaus. Has3Ha-
YeHHe TaKoW UTMHBI 00eCTieunBaeT CHIDKEHHE JI0 MU-
HUMyMa TypOYJICHTHBIX BO3MYIIICHHH B 30HE JKCIIC-
PUMEHTa, BO3HUKAIOIIUX BO BXOJHOM CEUCHUH JIOTKA.
Och IWIMHAPUYECKOTO TMaTpyOKa YCTaHOBIIEHA Ha
riy6uHe 270 MM OT JTHa JIOTKA.

Ha puc. 2 nmokasaH y3en KperieHus: matpyoka K
CTEHKE THAPABINYECKOrO0 JIOTKa oA yriioM 30°. Beero
B CEpHH HCCIEIOBaHWII pacCMOTPEHO TpW BapHaHTa
BBIXO/Ia 3aKPY4YCHHOT'O IMOTOKA M3 MarpyOka B TEKy-
IIHAH B JIOTKE NOTOK BoAsL: 30, 45 m 90°.

Puc. 1. M'vapaBnnyeckunii CTena, 4fa npoBeaeHNs MOAENbHbIX NCMAbITaHWI Ha GU3nyeckon moagenm
Figure 1. Hydraulic bench for conducting physical model tests

0

Puc. 2. MoHTax natpybka Kk CTEHKE rmapaBivyecKoro JoTka:
a — obwmin BUA, kpenneHust natpyobka K CTEHKE; 6 —0ANH U3 BAPUAHTOB COMPsiXeHUst naTpybka K CTEHKe noTka nog yrnom 30°
Figure 2. Nozzle to hydraulic tray wall mount:
a - general view of nozzle attachment; 6 — an option for nozzle to wall mount at 30° angle

B skcnepumeHTe 3akpydyeHHBIE MOTOKU CO37a-

BaJIMCh MIPU MOMOIIU NaTpyOKoB AnameTrpoM 50 MM

C IUIOTHO YCTAaHOBJICHHBIMU B HUX 3aBUXPUTEISIMHU
nuHoH 300 MM. 3aBUXPUTEIN U3TOTOBJIEHBI C HC-
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MOJIb30BAHUEM aJINTUBHBIX TEXHOJIOTHH Tpexmep-
HOI mevaty Ha ammapare ProdwaysX4500. [Tyrem
HKCTIEPUMEHTAIBHOTO TO0A00pa 3aBUXPHUTENEH Co-
3[aBajach 3aKpyTKa IOTOKA C PA3IMYHBIMH Iapa-
MeTpamu. [lapamerp 3aKpyTKH NpUHUMANCS B Tpe-
nenax 0,25-0,35, 4To COOTBETCTBYET UHCITy XHUrepa —
bapa, onpenenennomy 1o dpopmyie

R
v J.prueux2nrdr
Sn = e e
RJ.puf 2nrdr
0

rne M u I — MOMEHT KOJIMUeCTBa JBMI)KSHUS M KOJIH-
YECTBO JBIDKCHUSI LHUPKYJISIUOHHO-IIPOIOIBLHOTO
TEYEeHHUSI COOTBETCTBEHHO; P — TUIOTHOCTD YKHJIKOCTH;
7 — TeKymui paamyc marpyOka; R — BHYTpEHHUH
paaunyc natpyOKa, IPUHSATHINA B MPOBEICHHBIX OIIbI-
Tax 25 MM; up U U, — TAHTEHIHAJIbHBIE (OKPYIKHEIE)
U oceBble (MPOJOIbHBIC) CKOPOCTH TEUEHHUS COOT-
BETCTBEHHO.

MoMeHT KoIu4ecTBa ABMXKEHHUS M U KoJIdye-
CTBa MBIKEHUS [ COOTBETCTBEHHO OIPEACIIINCH
o ¢hopmMynam

a 6

R
M = Iprueux27trdr;
0

R
1= J.pui 2nrdr.
0

Ha puc. 3. mokazanbl MOJENH 3aBUXPUTENCH,
MPUMEHSBIINXCA B OIBITaX. 3aBUXPHUTEIN BBITIOJ-
HEHBl B BUJE YETHIPEX3aXOJHBIX ITHEKOBBIX CITH-
paieil ¢ HEHTPaIbHBIM IMIMHIPUYCCKUM TEJIOM
U pa3HbIM IIArOM 3aKPYTKH IIHEKOBBIX JICHT IS
M3MEHEHHS XapaKTEePUCTHK 3aKPyYEHHOTO TOTOKa
BOJIbI, BBIXOJAIIETO B THAPABIMYSCKUN JIOTOK M3
naTpyoka.

W3mepeHne cKOpocTell TMOTOKa BBITIOIHSIIOCH
PYYHBIM aKyCTHYECKHM [OTUIEPOBCKAM H3MEpHUTe-
nem ckopoctu teudeHuss 3D FlowTracker2 LAB,
MpeIHa3HAYeHHBIM ISl TaOOPaTOPHBIX HCCIE0BA-
Huit (puc. 4). st 06paboTKy cUTHANIA U TTOTYICHUS
HEOOXOMUMBIX NAaHHBIX MPHUOOP MOAKIIOYACTCS K
00pabaThIBalOIEMy KOMITBIOTEPY. TeXHUUECKHE Xa-
PaKTEpUCTUKHU TpUOOpa IIPUBEIEHBI B TaOIHIIE.

8

Puc. 3. Mogenu 3aBuxputenein ans co3gaHns 3akpy4eHHOro notoka B natpybke moaenv guameTtpom 50 Mm:
a — 6onbLoii war; 6 — cpeaHuii war; 8 — Masblit Lwar
Figure 3. Models of swirlers for creating swirling flow in 50 mm diameter nozzle:
a - large step; 6 — medium step; 8 — small step

[TpuHOMn AeHCTBHA yIABTPa3BYKOBOTO U3MEPH-
tens ckopoctu FlowTracker2 ocHOBaH Ha MCIONB-
3oBanmu 3ddekra Joruepa. Cxema uzmepeHus mo-
Ka3aHa Ha pHc. 5. Pe3ynbpTaTsel u3MepeHus CKOPOCTH
MPEICTABIAIOTCS. C MCHOIb30BAaHUEM MIPaBOCTOPOH-
HEW JEKApTOBOM CHCTEMBI KOOpPJAWHAT, IPUBSI3aH-
HOW K 30HAY. [pamynpoBaHHas HampaBIIArOILAS
pacronaraeTcs MepreHANKYISIPHO ITOTOKY, Haj ce-
YEHUEM, B TOUKaxX KOTOPOTO JOJDKHA OBITH Ompese-
JIEeHa CKOpOCTh MoToKa. KojuyecTBo ToUek m3mepe-
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HUSI 3aBUCHT OT INUPUHBI moToka. CpemHuid Bpe-
MEHHOHW HHTEPBaJl H3MEPEHUS CKOPOCTH B TOYKE
00b14HO cocTtaBisieT oT 10 1o 60 cekyHA U 3aBUCHUT
oT ocobeHHocTeil motoka. CIIOKOWHBIN, 0€3 0COOBIX
BO3MYIIICHHUI MOTOK TpeOyeT MEHBIIEr0 WHTepBaia
BPEMEHH U3MEPEHHsI CKOPOCTH B BRIOPAHHOM TOUKE.
HampoTus, OypHBI TOTOK C BO3MYIIICHUSIMU U BUX-
peBbIME 30HaAMH TpeOyeT Oounbitiero BpeMenu. [1pu-
0op mdenaeT 1Ba HM3MEPEHHS B CEKYHIY IO TPEM
KOMITOHEHTaM CKOPOCTH: Vy, Vy, V-.
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LCD-3kpan
LCD screen

AKKYMYJIITOPHBbIH

oTCeK

Battery compartment
ITepeHocHoit nmynbT
ynpaBjieHus
Remote control console

KnaBuarypa KaGenb 30112
Keyboard Probe cable
Pa3bem 3
- o OHJ1
COCIMHHUTECIIBHOIO
a Probe
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Puc. 4. AkycTrueckuii nameputens ckopocTu notoka FlowTracker2:

BHELUHWUI BUA,
Figure 4. Flow Tracker 2 acoustic flow meter: appearance

Marked guide
T'paayuposannas Hanpasisowas

Major flow Hanpagsnenne

Y el direction ocHoBHOTO TIOTOKA
X R g Obnacte
: H3MepeHHii
Cucrema P
) Measurement
Koop/JuliaT 30144 area
Probe LllTarra
coordinate system somja
Probe push rod

Puc. 5. lNpuHumnnansHasa cxema
N3MePEHNST CKOPOCTU XNOKOCTHOrO NOTOKa
Figure 5. Liquid flow rate measurement schematic

OcHOBHble xapakTepucTuku npuéopa FlowTracker2

XapaktepucTtuka

3HavyeHue napameTpoB

[unanasoH cKopocTu

OT+0,001 no 4,0 m/c

Pa3peLlueHne ckopocTn

0,0001 m/c

TOYHOCTb OMpeaeneHns CKOPoCTU

+ 1 % OT NBMEPEHHOI CKOPOCTU

AkycTnyeckas 4actoTa

10,0 MINy,

MonoxeHne o6bema BbIGOPKN

10 cM OT LeHTpa TpaHcablocepa

MwuHuManbHas rnybuHa norpyXxeHust 0,02 m
[nana3oH namepeHust rnyovHb ot0po10m
PaspeLueHne namepeHus rnyouHbl +0,001m

Main characteristics of FlowTracker2 device

Characteristic

Parameter values

Velocity range

From £0.001 to 4.0 m/s

Velocity resolution

0.0001 m/s

Velocity detection accuracy

+ 1 % of measured velocity

Acoustic frequency

10.0 MHz

Position of sample volume

10 cm from transducer center

Minimum immersion depth

0.02m

Depth measurement range

FromOmto 10 m

Depth measurement resolution

+0.001m

W3MepeHsi CKOPOCTHBIX XapaKTEPUCTHK CTPYH
B TEKYIIEM MOTOKE MPOU3BOJIMINCEH B TPEX CEUCHU-
SIX M TSITH TOYKAX B KKIOM CEYCHHHU. Y CTaHOBKA
HU3MEPUTEIHLHOIO MPUOOpPa B TUAPABIMYECKOM JIOT-
Ke ¥ pa3MeTKa Ha JIHE JIOTKa TOYeK U3MEepEeHHs T0-
Ka3aHbI Ha puc. 6.

[Momyuenue mHbOPMAIUM O XAPAKTEPUCTHKAX
TEUEHHs OCYIICCTBIIANIOCh HE TOJBKO C MOMOIIBIO
HU3MEPUTENHHOTO TPUOOpa, HO ¥ BU3YAIBHBIM CIIO-

cobom. Busyanmzamms BKiIrOYana OKpaliuBaHUE
3aKpyYeHHOW CTPYH BOJBI U OIpEEICHNEe TPaHHII
OKpAaIICHHON 30HBI B 00JIACTH B3aMMOICHCTBUS
JIByX MOTOKOB. PUKCUPOBAIUCH TPAHUIIBI TIPOHUK-
HOBEHMS 3aKpYUEHHON CTpyH, BBIXOJAIIEH U3 ma-
TpyOKa, B MPOTEKAIOIIEM MAacCUBE BOJBI B THAPAB-
nudyeckoM JoTke. Ha puc. 7 mokasaHa TeXHOJIOTHUA
BU3yalIM3ally TOTOKA TMPHMEHHUTENFHO K pPelIaeMOi
3amave.
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Puc. 6. YcTaHOBKa 30HAa 1 pa3mMeTka nossi UMepeHus:
a — pa3MeTKa aHa rmapaBanyeckoro JioTka asis yctaHOBKU U3SMEPUTESIbHOIO an60pa B TOYKY U3MEPEHNA;
6 - KpenneHune npmﬁopa K MOOBWXHOW LUTaHre, ocyu.LeCTBnmou.leﬁ nepemeLleHre no ropu3oHTann n septmukann
Figure 6. Probe setup and measurement field marking:
a — marking of hydraulic tray bottom for installing measuring device to point of measurement;
6 - device attachment to mobile rod that moves horizontally and vertically

~_ |

o

Puc. 7. TexHonorus sudyanusaumm notoka:
a — OKpaLLUMBaHWe 3aKPy4eHHOW CTpyu; 6 — pa3MeTka 0CEeBOW JIMHMMN 1 FPaHUL, PacCerBaHNs 3aKPy4EeHHOW CTPYM B MaCCUBE TeKyLLeln BOAb!
Figure 7. Flow visualization technique:
a - swirling jet coloring; 6 — marking of centerline and scattering boundaries of swirling jet in flowing water body

Memod mamemamu4eckoz20 (YucreHHoz20)
MoOdesiupoegaHusi 07151 peweHUs1 MocmaeJsieHHbIX 3aday

B 3amauax rugpoaMHaMUKU B KQUE€CTBE MOJACIH
UCTIONB3YIOTCSA KpaeBble 3aJaddl Uil YpaBHEHUH B
YaCTHBIX IIPOU3BOJHBIX. Takue 3a1a4u peiKo peliia-
IOTCSl QaHATTUTUYECKH, TOSTOMY OOBIYHO PUMEHSIOT
YHCJICHHBIE METOBI pemeHus AnddepeHInaIbHbIX
ypasuenuit Hasse — Ctokca [16-20].

[IpumeneHre MeTola CETOK MOAPa3yMeBaeT, uTo
MacIuTaOHbIA MOPSIOK IIara CyMMUPOBAHMS PEILCHHS
MOJKET OBITh XOpOIIO aIIPOKCHMHPOBAH JIMHEHHBIMU
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(GYHKITHSIME, HO B TYPOYJICHTHBIX 3a/1adax 3TO MPEIITo-
JIOKEHHE HE BBIONHSAETCS. MeTo/bl, OCHOBaHHBIE Ha
npsSIMOM  pellicHny ypaBHeHuii HaBre — CTOKCa, B WH-
JKEeHEPHBIX pacyuerax He MCHONB3YIoTCs. B Hacrosiee
BpeMsl TIOCTYHAlOT cliemyromuM obpazom. CHadama
BBOJIUTCS pa3jiokeHue PeiiHonmbaca MEXIy cpeaHein
u aykTyupyromiel (TypOyJeHTHOH) KOMIIOHCHTAMM,
KOTOpOe TIprMeHsieTcst K ypaBHeHsM Hare — CTokca,
B pe3yJbTaTe Yero MojydaroTcs TaK Ha3bIBacMbIC yC-
penHeHHsle 1o PeitHonbacy ypasHenus HaBbe — CTok-
ca [21-23]. Ilomy4aercss He3aMKHyTasi cuctema Jud-
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(hepeHIMATFHBIX HEMMHEHHBIX ypaBHEeHIA. Criocob ux
3aMBIKaHHS BBITIOHIETCS MO-Pa3HOMY, YTO MPUBOIUT
K pasHbIM MogelsM TypOysieHTHOro TeueHus. M3Bect-
HBIE METOJIBI 3aMBIKAHIS OCHOBAHBI Ha OMPEIEITEHHBIX
TPEIONIOKEHUSIX, 0OOCHOBAaHHE KOTOPBIX TPEACTaB-
JISieT 3HAYUTENBHBIC TPYJHOCTH U COMEPKUT MapameT-
PBI, OIpeeseMble SMITMPIYECKIM ITyTEM.

Jlns1 pacdeTroB MCIONB3yeTCs] CTaHIAPTHBIN MMaKeT
Fluent B ANSYS 19.0 st paGoThl ¢ MonesnsiMu TypOy-
JIEHTHBIX TEYeHUH. ODTOT NPOrpaMMHBIA TMPOIYKT
obecrieunBaeT JOCTYI KO MHOTHMM ITaKeTaM, OpHUEHTH-
POBaHHBIM Ha MOJICITMPOBAHUC SIBJIICHUH U3 Pa3IMUHBIX
obnacreit (hu3MKH, HO OOBEIMHEHHBIM OOITIeH HIecH —
JIUCKpETU3alliell ypaBHEHUN B YaCTHBIX MPOU3BOIHBIX
MeToJIOM KOHe4HBIX anemeHToB (MKD). Bribop atoi
pacyeTHO MporpaMMbl B TIEPBYIO 04epeih O0YCIIOB-
jieH TeM, yto komranug ANSYS Inc. Oblna co3gaHa B
1970 r. cnenmaneHO yIsl pa3paboOTKU MPOrPaMMHOTO
obecrniedenns st MKD u Hakonmia OONBILION OMBIT B
aToM Bompoce. B Hacrosmmiee Bpemst Fluent ANSYS
ABISETCST HamOoee W3BECTHHIM M YHHBEpPCATHHBIM
MIPOTPaMMHBIM PACUCTHBIM TPOIYKTOM JUISI MOJICITHU-
poBaHust TypOyJIEHTHBIX TEUCHHI.

HupkymsapHO-TIPOIONBHBEINA (3aKPyYeHHBIN) TTOTOK
OIMMCHIBACTCS KAaK TCUCHUE B KPYIIIOMMIMHIPUICCKON
TpyOe, IuaMeTp KOTOPOH paBeH BHYTPEHHEMY Jva-
MeTpy HaTpyOKa B pU3MYECKON MOJIENH, OIMCAaHHOM
Bbime. Ha BXoJe HMCXOAHOTO MPOAOIBHO-OCEBOTO
MOTOKA yCTaHABIUBAJIACH YHCICHHAS MOJICNb 3aBHX-
putenerr (puc. 2) mist GOPMHPOBaHUS MPOIOIHHO-
IUPKYJISITUOHHOTO (3aKpydeHHOT0) IOTOKA Ha BBI-
XO0JIe U3 KPYIJIOLMIMHIPUYECKON MPOTOYHON YacTH.
MaccuB BOJbI HXKHETO Obeha, UMEIOIIHI CKOPOCTh
JBIDKEHHSI, MOJIEIMPOBAJICS B BUE MPSIMOYTOJIBHOTO
napaJuleNienuIeia, ¥ ero pasMepsl MEHbIIe (pr3nde-
CKOIl MOJeNH B IENSX SKOHOMHUU BBIYMCIUTEIBHBIX
pecypcoB. Ha puc. 8 mokazaHa kapTHHA TE€YEHUS B
KPYTIIONWIMHAPHYECKOM KaHayle B 00JacTH pactio-
JIO’KEHUS 3aBUXPUTEICH.

Puc. 8. KapTvHa Te4eHuns B KpyrnoumaMHApUHeCckoM kaHane
B 061aCTV pacnonoxXeHusi 3aaBuxputenei
Figure 8. Flow pattern in circular cylindrical channel near swirlers

Pemenne 3amaun OCHOBAaHO Ha ypaBHEHHSX
JIBUKEHUS U HEPA3pPhIBHOCTH C YCPEAHEHHEM IIO
Pefinonbacy (ycpemuennele mo PeiiHombacy ypas-
Hennit HaBbe — CTokca, RANS)

U, _y,
OX;

oU, U 5 8

—t+pU, —-=——+——(2uS;; +p1;,), (1

"o P T axj(”s’fp’f)()

rie U — ocpeTHeHHbIE CKOPOCTH, &

L[ ov;  oY;

i axj Ox;

1

@)

B pacuerax HCHOJB30BANIKUCHL MOACTH TypOy-
JIEHTHOCTH k—€ W k—®. B mpomecce paboTHI ¢ mpo-
rpamMMoil BeIOMparachk Oosiee MOAXOsIas K JTaHHON
3agaue Monenb. Kunernueckas sHeprus TypOyJIeHT-
HBIX MyJIbCAIUI OMPEeNsnach Kak

1
K= Eul’u; 3)
¥ CKOPOCTh JMCCHUIIAIINN
= VS_”; 8_”; (4)
Ox; Ox;,

B pamkax Mozenu npeamnonaraercs, 9To TEH30p
HanpsbkeHui PeiiHonb/ca BeIpakaeTcs yepes QyHK-
UM CJICAYIOINM 00pa3oM:

2
Tij = 2vTSij _EkSij’ (5)

IJiec KHHeMaTH4YeCcKas BA3KOCTh V ONPEICIsAeTCs U3
CO00paXKeHUH pa3MEepHOCTH Kak

2
_GF

VT—

(6)

evy
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Koaddumuent C, B (6) npuHEMAaNCs paBHBIM
0,009.

Junamuka sHeprud K ONMCBHIBAaeTCS ypaBHe-
HUSIMH

ok ok dU, o v | Ok
—+U; =1, —-&+ V+—|—
ot 5xj 6xj 5xj ok 8xj
§+U~§+Cg Eri'%_
ot Jij kY 8xj
2
_C828_+i V+V_T 8_8 s (7)
k  ox; 0, )Ox;

rre € = 1,0, a koaddurments B (7) paBubl Cy1 = 1,44;
ng = 1,92; Oz — 1,3.

——x-velocty 1es06
y-velocity

——z-velocity
k

‘——epsilon

1e+04
1e+02 o
1400

1e-02 —\/\'\

1e-04 o ——

1e-06

Iterations

Puc. 9. CxoammocTb k—g mogenu
0151 NCeBAONEPEXOAHOrO peLuaTens
Figure 9. Convergence of k—¢ model for pseudo-transient solver

Paccmotpens! 1Be Mojenu TypOyJICHTHOCTH k—€
U k—». Moaens k—@ mokasana HeyAO0BJIECTBOPHTEIb-
HBIE PE3YNIBTATHI IO CXOUMOCTH. Mopens k—& ume-
eT JydYIlne pe3ybTaThl 10 CXOAMMOCTH PEIICHHH.
Ha puc. 9 npencrasnen rpaduk, WUTIOCTPUPYIOMINT
XapakTep CXOAWMOCTH HMTEPAMOHHBIX IPOIECCOB.
[IpuMeHeHre TICeBIONEPEXOIHOTO PelIaTels M03B0-
JISIeT JOCTHYh CXOJUMOCTH TIO BCEM HEBSI3KaM YiKe
3a 100 maros.

3. PeaynbTaThbl 1 06CcyXaeHue

Pe3ynpTaThl UNCIIEHHOTO HKCIIEPUMEHTA 10 UC-
CJIETOBAHUIO COTPSKEHUS JBYX IMOTOKOB MOKa3aHBI
Ha puc. 9-11. Ha stux agumarpamMmmax OpHUBEACHBI
pe3ybTaThl pacueTOB BBIXO/A 3aKPYyUYEHHOTO MOTO-
Ka B MacCHB BOJIbl, IMEIOIIUI CKOPOCTH MPOIOIh-
HOTO TEYEHHUS B IUIOCKOCTH X—Z, COBIAJAIOIEH c
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OCBI0 3aKpy4YEHHOro MOTOKa. MacmTad auarpamm
0TOOpakaeT MOJHYI0 CKOPOCTh TEUCHHUS, PABHYIO

_ 2 2.2
U=vy+v,+v;.

Ha puc. 10, a nokazana kapTuHa TE€YEHUS MPU
BXOJI€ 3aKPYYCHHOTO MOTOKAa B MacCHB JIBUXKYIICH-
Cs BOJBI MOJA TPSAMBIM yriioM. [[UpKyISmuoHHO-
MPOAOJIBHBIN (3aKPYUYECHHBIH) TTOTOK, CPOPMHUPOBAH-
HBIA 3aBUXpPUTENIEM B KPYTIIOIMINHAPUIECKOM Ka-
Haye (TpyOe), B3aUMOACHCTBYS C TEKYIIMM IIPO-
IOIPHBIM MacCUBOM B KaHaie, oOpa3yeT ¢aken
pacrpeneneHusl CKOPOCTeH, M3rHOafoImuiics B Ha-
MpaBJieHUH TeueHHUs B KaHane. BunHo, 4To cKopo-
CTH B (pakesie yMEHBIIIAIOTCS IO MEPEe yIAICHUS OT
YCIIOBHOM OCeBOM, mokazaHHO# Ha puc. 10, a kpac-
HOM nmHHEH. B HemocpeACTBEeHHOUW OMMU30CTH OT
BBIXOJ]a MPOJOJILHO-IIUPKYJISIIUOHHOTO TOTOKa W3
naTpyOka HaOIOfaeTcs TPOSIBICHUE 3aKPYTKU Ha
XapakTep pacrpenescHus CKopocTelt B (hakene cTpyi-
HOT'O T€4EHUSI.

[Ipy w3MeHeHHH yria B3aUMOJEHCTBHS JBYX
MMOTOKOB, KapTuHa MeHsercs. Ha puc. 10, 6 moka3za-
Ha JMarpamMma pacrpeieieHHs MOJIHBIX CKOpOCTen
U npu HaKIIOHE BBIXOJHOTO MaTpyOKa B IUIOCKOCTH
x—z mo 60°. U3 nuarpaMMmBbl clemyeT, 9To OOIui
BUJ CTpYHHOU OOJIACTH HE M3MEHMJICS 110 CpaBHe-
HUIO ¢ auarpammoii Ha puc. 10, ¢, HO oOnacTh Ha
BBIXOJIe M3 marpyOka mpuoOpena OONBIIYIO ATUHY
co ckopocTsamu nopsiaka 0,8 m/c.

Ha puc. 11 mokaszanel quarpaMMbl pacmpese-
JIEHWsI TIOJHBIX CKOpPOCTEH CTPYHHOTO TEYEHHS C
yTIIaMH B3auMOACHCTBHS MOTOKOB 45 1 30°. Obmas
CTPYKTypa CTPYHHOTO TEUEHHUsI OCTAeTC HEM3MEHHOM,
HO 00JIaCTH NMPOHUKHOBEHHS IPOJOIBHO-IIUPKYIIS-
[IMOHHOW CTPyW B MAaCCHB IBIKYIIEHCS BOIBI B
KaHaje yBeIWINUBAIOTCSA. DTO 0COOCHHO BHIHO Ha
puc. 11, a npu BXoJe 3aKpy4eHHOTO MOTOKAa B Ka-
Haji nof yrioMm 30°.

Ha pwuc. 12 mokaszaHbl muarpaMMbl pacrpee-
JIEHUsI KOMIIOHEHTHI MOJIHOM CKOPOCTH V, U JTUHHUH
Toka. Ha nmuarpaMme XOpoIo BHAHO pacmpeserne-
HHUE CKOPOCTEH Ha Yy4YacTKe TEYECHHUS «BBIXOIHOH
naTpyOOK — MAacCUB CHOCAIIETO TIOTOKa» B KaHaJje.
[TapameTpsl 3aKpyTKU IUPKYISILAOHHO-IIPOIOIBHOTO
TEYECHHS 32 CUET BSA3KOTO TPEHHSI JOBOIBHO OBICTPO
MOJTHOCTHIO BBIPOXKIIAIOTCS Ha JUTMHE CTPYH, paBHOU
3—4 nuamerpam maTpyoxa.

3aKkpy4yeHHBIM MOTOK, B3aUMOJEUCTBYS C Teye-
HUEM PEKH, (OPMHUPYET TPACKTOPHH, 3aBHUCSIIUE OT
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yIia CONpsDKeHHsT BOJOCOpOca ¢ MacCHBOM BOJIBI B
HUXXHEM Obede rupoysia.

[Ipn mpsMoM yrie conpshKeHHs 3aKpydYeHHBIN
IIOTOK COXpaHAET CBOE HAINIPABIICHHE HA PACCTOSHUH,
pPaBHOM IIPUMEPHO TpeM Juamerpam mnarpyoka. [a-
Jiee OH IOJTy4yaeT OTKJIOHEHHE B pe3ysbTaTe B3aUMO-
JEUCTBUS C TPONOJIBHBIM TEUECHHMEM M JTOCTHracT
MIPOTHUBOIIOIOXKHOW TpaHulpl KaHana. IIpu stom B

a

PCAIbHBIX YCIOBUAX MOXKCET MPOUCXOAUTH pPa3MbIB
OeperoBoil JTMHWH, 4TO MOTpeOyeT mpoBeaeHHs Oe-
PETOYKPENUTENBHBIX MeponpusaThid. B palioHe BbI-
XOJTHOTO CEYEHHMs TMaTpyOKa U BBIXOA 3aKPYUICHHOTO
MOTOKA B KaHAJ MOSBIISIOTCS JIBE XapaKTepHbIe 00-
7acTu: 00nacTh ¢ GOJNBIION 1O MOAYIIO CKOPOCTBIO
pacrioniaraeTcsi HaJl OCbIO IIOTOKa, a 00JIaCTh C OYTH
HYJICBOH CKOPOCTBIO — IO OCBIO.

[ 0080 0100 fm)
[ Ee— E—

0025 0o7s

Puc. 10. Iyarpammbl pacnpeneneHns nosiHbIXx CKOPOCTEN B FTOPU30HTaIbHOM MAOCKOCTU X—Z:
a — BbIXO/, 3aTOMIEHHOrO 3aKPYYEHHOMO NOTOKA B ABVXYLLMIACS MacCUB MoA NPsSiMbIM yrioM; 6 — BbIXOL, 3aTOMIEHHOr0 3aKPYYEHHOM0 NoToKa
B ABMXYLLMIACA MaccuB Boabl NoA yrnoM 60°; yron 06pa3oBaH CTEHKOM KaHana 1 0Cbio LIMPKYNSLMOHHO-MPOAONBHOrO (3aKpy4YeHHOro) noToka
Figure 10. Diagrams of total velocity distribution in horizontal x—z plane:
a—90° nozzle-stream angle flow; 6 — 60° nozzle-stream angle flow; angle is formed by channel wall and longitudinal axis of submerged swirling jet

ANSYS

R19.0

) 0.050 0.100 (m)
— — 1
0025 0078

Puc. 11. narpammel pacnpenesieHns NosHbIX CKOPOCTEN B FOPU30HTasIbHON MNOCKOCTU X—2Z:
a — BbIXOZA4, 3aTONJIEHHOro 3aKpy4eHHOro NnoToka B ﬂBMXymMﬁCﬂ MaccuB nog yriom 450; 6- BbIXOZ 3aTONJIEHHOI0 3aKpy4eHHOro noToka
B ABUXYLUMIACS MaccuB BoAbl o yriomM 30°; yron 06pa3oBaH CTEHKOW KaHasa 1 OCbio LMPKYNISLIMOHHO-MPOAOBHOMO (3aKpy4eHHOM0) NoToka
Figure 11. Diagrams of total velocity distribution in horizontal x—z plane:
a - 45° nozzle-stream angle flow; 6 — 30° nozzle-stream angle flow; angle is formed by channel wall and longitudinal axis of submerged swirling jet

[Ipu yrnax conpspkenus 60 u 45° 3aKpy4eHHBIH
MOTOK OTKJIOHSIETCS OT CBOEH MepBOHAaYaIbHOM Tpa-

CKTOPHUH U HE COIIPUKACACTCA C IpaHUIIaMU KaHaja.

Takoe pacrnpocTpaHeHHE OTOKA SBISETCS MPEIIIo-
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gyTuTenbHBIM. [lpu yriie compstxerus 30° 3akpy-
YEHHBII MOTOK CHJIBHO OTKJIOHSETCS OT IEepBOHA-
YallbHOW TPaeKTOPUW TaKMM 00pa3oM, 4TO ero rpa-
HHIIA COTIpUKacaeTcs ¢ OMMKHEH IpaHUIIeH KaHaa.

C TOUYKM 3pEHUS MUHUMU3AIUN BIUSHUS KIHE-
TUYECKON SHEPruu 3aKpy4eHHOW CTpyH Ha pycio
KaHaa yriiel conpspkeHns 60 1 45° mpencTaBisioTcs
MpeanouTuTeIbHbIMU. [loaToOMy 115t GoJiee moapo0-
HOTO paccMOTpeHHusi OblT BBIOpaH yrojl compsike-
Hug 45°, 1J11 KOTOPOTO MOCTPOEHBI CPABHUTEIIbHbBIE
rpadyKku pacmpeeeHns KOMIIOHEHT CKOPOCTei 1o
CEUYCHUSIM CTPYH (CM. pHucC. 5, a).

BrmonHeHo cpaBHeHHE pe3yNbTaTOB YHCIICH-
HOT'0 W HaTypHOro 3KcnepuMmeHToB. Ha puc. 12 u 13

CKopocTb Vy, yroa conpsixenns 45°

7,00E-01 Velocity Vy, 45° nozzle-stream angle
6,00E-01 | §
5,00E-01

4,00E-01
3,00E-01

2,00E-01

Ckopoctb (m/s)
Velocity (m/s)

\

1,00E-01

0,00E+00

0

-
~
w
~

5 6
TO4YKH / points

MOKa3aHbl 3HAYEHHUS KOMIIOHEHT Vi, V), V: MOJHOU
CKOPOCTU B MPHUHSITOM OPTOTOHAILHON KOOPAMHAT-
HOW CHUCTEME X — ) — Z, TIOJIy4eHHbIe Ha (PU3NIECKON
MOJIEH ¥ C TIOMOIIBIO0 YHCIEHHOTO AKCIEPUMEHTA.
Ha mpencraBneHHBIX Tpex rpadukax 3aBUCHMOCTH
3HAYCHHI KOMITOHEHT CKOPOCTU B BBEIOPAHHBIX TOY-
Kax CIUTONIHOM JMHUEN MOKa3aHbl pe3yJIbTaThl YUC-
JICHHOI'O 3KCIIEPUMCHTA, a ITYHKTUPHBIMU JIMHUAMU —
(u3MUECKOrO.

CpaBHeHHE DPe3yNbTaTOB (PU3UYECKOTO W Mare-
MaTHYeCKOTO JKCIIEPUMEHTOB TTOKa3ajH, YTO OHHU JIO-
CTaTOYHO XOpOUIO coBnafatoT. OTKIOHEHUS COCTaB-
TSFOT He Ooitee 7 %, 9TO COOTBETCTBYET TPEOOBAHUAM
K TIOTPETITHOCTH Pe3yIbTaTOB WH)KEHEPHBIX PACUETOB.

Ckopocts V, yroa 45°

Velocity Vy, 45° nozzle-stream angle
2,50E-01

2,00E-01
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ToukH/ points

=@— Yncnennoe Moaemapopanme, A
—0— Yncnennoe Moaemupopanue, C
JIabopaTopHBIil YKCIePAMERT, B
Numerical modelling, A
Numerical modelling, C
Lab experiment, B

a

Puc. 12. CoemelueHHble rpadurkm pacrnpeneneHns KOMMOHeHTbl CKOPOCTH

Yucnennoe Mogennpoanne, B
JIaGopaTopHBIil IKCOEPHEMENT, A
JIaGopaTopHBIil yKcnepaEMenT, C
Numerical modelling, B

Lab experiment, A

Lab experiment, C

—+— Yncaennoe MoIeTHPOBAHRE, A
Incaeanoe Moneanposanne, C
JladopaTopHEIi JKcIepEMenT, B
Numerical modelling, A
Numerical modelling, C
Lab experiment, B

6

Yucrennoe MoaeTapopanie, B
JIaGopaTopHbIil JKCIEPHEMEHT, A
JIaopaTopHEIi dKcmepaMent, C
Numerical modelling, B

Lab experiment, A

Lab experiment, C

no BbIOPaHHbIM Ha PU3NYECKOV MOAENM TOUYKAM MPU Yriie CONPsiXXeHNss MOTOKOB 45°:
a — KOMMNOHEHTa CKOPOCTU Vx, 6 — KOMMNOHEHTa CKOpPOCTHU Vy
Figure 12. Combined graphs of velocity distribution over selected points in physical model at 45° nozzle-stream angle:
a - velocity component vx; 6 — velocity component vy
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JIaB0pATOPRLI IKCTIEPHMERT, A
+« JIadoparopuslil yxcnepament, C
Numerical modelling, B
Lab experiment, A
Lab experiment, C

Puc. 13. CoBmelleHHble rpaduvkn pacrnpeneneHns KOMMNOHeHTbl CKOPOCTU Vz
no BbIOPaHHbIM Ha GUINYECKOM MOLAENN TOUKAM NPU yrie COnpsXeHns NoTokos 45°
Figure 13. Combined graphs of velocity component v; distribution over selected points
in physical model at 45° nozzle-stream angle
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3aknoueHne

B BBIMONHEHHOM HCCIENOBAaHUM pPeaTN30BaH
KOMITIEKCHBII TOAXOA K PELICHUIO THApaBIMUYECKOM
3aJauyl CONPSDKCHUS LUPKYIISIIUOHHO-IIPOIOIBHOTO
TEYEHHSI C MAaCCHBOM BO/JIbI, UIMEIOLIUM TPOIOJIEHOE
nepeMelieHne, KOTOpbIH 3aKI04aeTcsl B IOIYyYeHUH
9KCHEPUMEHTAIBHONH HMHGOPMAaLUN O TEYEHHH C
MOMOIIBI0 (PU3NUECKOT0 U MaTEMAaTH4YECKOro MOJE-
JIUPOBAHUS.

HccrenoBanuce pazauvHbIE PEXHUMBI CONpS-
XKEHUS JBYX IOTOKOB, OTJIMYAIOLINXCS IapaMerpa-
MU HUPKYJSIIIMOHHO-TIPOIOJIBHOTO TEUSHHSI, yTIaMH
B3aUMOJEHCTBUA M CKOPOCTSIMH TPOJOJIBHOTO Te-
YeHUsI.

CpaBHeHHE pe3yJbTaTOB PAcCYETOB TEUECHHS
YHCJIEHHBIM METOJIOM IOKa3aJl0 XOPOIIYI0 CXOIH-
MOCTh C pe3yJbTaTaMH, IPOBEIECHHBIMU Ha (U3UUe-
cKkoi Mozenu. HeBsi3ka nosry4eHHbIX TaHHBIX ABYMSI
CIOCO0aMHU JIGKHT B MpeleNiax JOMYCTHMBIX JUIS
HWH)XEHEPHBIX PACUETOB.

Bepudukaus pe3ynbTaToB MaTeMaTHUECKOTO
MOJICIIMPOBAHHUS C TOMOIINBI0 (PUIUUECKOT0 IKCIIe-
pUMEHTa J1aeT OCHOBAaHUE yTBEP)KJaTh, YTO pacue-
THI TI0 BBIOpaHHOU mporpamme Fluent ANSYS Ho-
csAT 000CHOBaHHBINA W JOCTOBEPHBIN XapaKTep.

BrIsiBIIEHBI OTIMYUS PacpoOCTPaHEHHsI KPUBO-
JMHEHHOHN CTPyH 3aKpY4YEHHOI'O MOTOKa B MAacCHUBE
BOJIbI C OTHOCHUTEJIbHOM MPOJOJIBLHON CKOPOCTHIO.
Ha ocHoBaHuM mosyuyeHHBIX JAHHBIX U XapakTepa
pacnpezeneHust CKopocTel Mo JUIMHE CTPyH ycTa-
HOBJICHO, YTO HAaUOOJBITHI 3P HEKT OT BO3ACHCTBUS
CTPYU Ha TPAaHUIIBI BOJAHOTO MacCHBa HaOIIOAaeTCs
IpU yIiax yCTaHOBKHM BBIXOJHOTO MaTpyOka, pas-
HeIX 90 m 30°. [lpu aTHx yriax cTpys HamOojee
HWHTEHCHBHO BO3/IEHCTBYET Ha OEpEroBble OTKOCHI U
THIPOTEXHUYECKHE COOpPYKEHHs HWXKHEro Obeda,
nepeaaBas UM CBOIO KHHETHYECKYIO SHEPIHIO.

C Touku 3peHHs MUHUMHU3ALUY BINUSHUS KUHE-
TUYECKON PHEPTHUU 3aKpyueHHOW CTPyH Ha pyclio-
BYI0 MH(PACTPYKTypy HIKHEro Owbeda yrisl co-
npsokernst 60 u 45° mpencramisoTcs Hambolee
MIPENOYTUTEIHHBIMHU.
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Oco06eHHOCTN 3aCONIOHEeHUS NPOAYKTUBHbIX OT/IOXKEHUI YreBoa0poaoB
tora BoctouHo-Cubupckoit nnatpopmbl

II.H. Ctpaxos"*, A.C. IloHoMapeHKO

Poccwuiickuii yauBepcuret apyx0Ob1 HapoaoB, Mockea, Poccuiickas @edepayus
anast.ponomarencko@gmail.com

Hcropus cratbn AHHOTaUus. AKTYaJIbHOCTh UCCJIEJOBAHUS 3aKJIFOYAECTCSI B HEOOXOJUMOCTH
Iloctymuna B penakuuro: 6 aBrycra 2022 . BOCIIOJIHEHHSI peCypCHOM 0a3bl yriieBoopoJoB Poccuu 3a cyer OcBOCHHUS
Jopaborana: 17 nost6pst 2022 r. MECTOpPOXKICHUH 10)KHOH yactu Bocrouno-Cubupckoro peruona. Ilpoayk-
TpunsTa k myomukatyu: 20 Hostopst 2022 T THUBHBIE TOPH30HTHI HA TEPPUTOPHH XapaKTEPHU3YIOTCS MOBBIIIIEHHON HEO-

HOPOJHOCTBIO, KOTOpasi BO MHOTOM OOYCJIOBIIEHA [IOCTCEAUMEHTALIUOHHBI-
Kirrouesnie ciioBa: My nporeccamu. Llens nccnenoBanus — U3y4eHNE PE3yNbTaTOB Pa3BUTHS
(uIBTPaLMOHHO-EMKOCTHBIC CBOMCTBA, IIPOLIECCOB raAUTU3ALUM (AMUTEHETUYECKOE 3all0JHEHUE TaIuTOM IIyCTOT-
yCTOTHOE MPOCTPAHCTBO, paspaboTka HOTO MPOCTPAHCTBA MOPOA). MarepualioM MOCIYXHIIH JaHHbBIC JINTOIOTO-
3aeKed YIIIeBOOPOIOB, MOCTCEAMMEH- neTpopu3nYecKUX UCCIEIOBAaHUN KEpPHA, HA OCHOBE KOTOPBIX IPOU3BEICH
TallMOHHBIC ITPOIECCHI CTAaTHCTUYECKHUI aHaJN3 3aCOJIOHEHHBIX MOPO M TIOCTPOEHBI COOTHOIICHHS

MEXAY (QHIbTPAIMOHHO-eMKOCTHBIMH CBOMCTBAMH M COJCPIKAHUEM rajluTa
B ITAJICOITYCTOTHOM IIPOCTPAHCTBE ISl IIPOJYKTHBHBIX TOPU30HTOB. 3aroi-
HEHHE MYCTOTHOTO MPOCTPAHCTBA BTOPUYHBIM T'aJIUTOM HMEET HE TOJBKO
OTpHLATEIBHOE BIIMSHHE Ha KOJUICKTOPCKHE CBOWCTBA IOPOJ, HO M Hera-
THBHO CKa3bIBaCTCS HAa CaMOM IIpoliecce pa3paboTKH 3ajexeil. 3akaunBa-
HHE B IUTACT IPECHOM BOJBI CIIPOBOLUPYET HAYAJIO PACTBOPEHHUS KPUCTAI-
JIOB [IOBapEHHOH COJIM, Pa3BUTHE KOTOPOIO COMPOBOXKIACTCS BBIICICHUEM
GOJIBLIOr0 KOJMYECTBa TEIUId, YTO B CBOK OYEpelb IMOBJIEYET 3a COOOM
MHTCHCUBHOE OCX/ICHHE B ITyCTOTHOM MPOCTPAHCTBE KPUCTAILIOB KAJBIUTA,
TaK Kak B IUIACTE [IMPOKO PACIIPOCTPaHEHbI KapOOHATHBIC BOABL B pesyib-
Tare yxXyamarcs (GHIbTPAHOHHO-EMKOCTHBIC CBOMCTBA MPOIYKTHBHBIX
OO/ BIUIOTH 10 M3OJBILMHU psifia He(Tera3oHACHIIICHHBIX TEI OT OCHOB-
HOW JAPEHUPYIOIIEH CHCTEMBI MPOAYKTUBHBIX TOPH30HTOB, YTO HETaTHBHO
MOBIUSICT HA KOA(PPHUIMEHT U3BICUCHHUS HEPTU U, CIeOBATEIbHO, HA 3(-
(hEeKTHBHOCTb OCBOCHUS 3aJIeXKEH YIIIEBOAOPOIOB.
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Abstract. The relevance of the research lies in the need to replenish the re-
source base of hydrocarbons in Russia through the development of deposits
in the southern part of the East Siberian. Productive horizons in the area are
characterized by increased non-uniformity, which is largely due to post-
sedimentation processes. The aim of the work is to study the results of
the development of halitization processes (epigenetic filling of the void
space of rocks with halite). The material for the study was the data of litho-
logical and petrophysical studies of the core, on the basis of which a statis-
tical analysis of saline rocks was performed and the relations between re-
servoir properties and halite content in the paleovoids for productive hori-
zons were constructed. Filling the void space with secondary halite has not
only a negative impact on the reservoir properties of rocks, but also nega-
tively affects the process of developing deposits. Injection of fresh water
into the reservoir will cause the beginning of dissolution of salt crystals,
the development of which is accompanied by the release of a large amount
of heat, which in turn will entail intensive deposition of calcite crystals
in the void space, since carbonate waters are widespread in the formation.
As a result, the reservoir properties of productive rocks will deteriorate up
to the isolation of a number of oil and gas-saturated bodies from the main
drainage system of productive horizons, which will negatively affect the oil
recovery coefficient and, consequently, the efficiency of the development
of hydrocarbon deposits.

Strakhov PN, Ponomarenko AS. Features of filling productive hydrocarbon deposits in the south of the East Siberian plat-
form. RUDN Journal of Engineering Research. 2022;23(4):336-342. (In Russ.) http://doi.org/10.22363/2312-8143-2022-

23-4-336-342

BBepeHune

Bonbmoe BnusiHue Ha 3G (GEKTUBHOCTH NOATOTOBKH
K pa3paboTke 3anexeld HeTH U ra3a OKaszaiH MOCT-

Bomnpoc ocBoeHUSI MECTOPOKIACHUH YTIEBOAO-
POIIOB, PAaCHOJIOXKEHHBIX Ha TeppuTopmu Bocrtou-
Hoit CubupH, yKe HECKOJBKO NMECATUIICTHH J0CTa-
TOYHO OCTPO CTOMT Tepea HedTerazoqo0bBaroeit
otpacneto. Hadano ¢yHKImoHupoBanusi Tpy0ormpo-
BogHOTO TpaHcmopTa Boctounas Cubups — Tuxuit
okean (BCTO) 3HauuTENHHO TOBHIIIAECT AKTyallh-
HOCTP peau3aIiy JaHHOTO Ipoliecca.

OOBEKTOM HCCTICIOBAHUS CTAIN FOPSXCKUM, 00Ty~
OOMHCKHH, XaMaKWHCKHH, TalaXCKUi, MpeoOpakeH-
CKUH M OCHUHCKHMI TEpPpPUIreHHbIC M KapOOHATHBIC
MIPOJYKTHBHEIE TOPU30HTHI Ha TeppuTopru Hemncko-
boryobuncko#t anTekmi3sl. OMHOW W3 TIIaBHBIX TPO-
0JIeM OCBOCHHUS MECTOPOXKICHUHN, MPUYPOUYCHHBIX K
JAHHBIM TOPH30HTaM, SBJISIFOTCS CII0KHO TTOCTPOEH-
HBIE KOJJIEKTOPHI TPOYKTUBHBIX OTIIOXKEeHMH [1; 2].

CeIMMEHTAIIIOHHOE TIPeoOpa3oBaHus ITOPOJ, BO3PACT
KOTOPBIX JaTUPYETCs KaK BEHIICKasl dpareMa — KeM-
Opwutickas cucrema [3; 4]. 3a BpeMs CBOEro CyIlie-
CTBOBaHUS Ha JaHHbIE OTJIOKEHUS OKa3alu BO3JCH-
CTBHE TaKWe TMPOILECCh, KaK TPaBUTALMOHHOE
VILUIOTHEHHE, BTOPHYHOE MHUHEPAIO00pa30BaHUE, BbI-
mieaurBaHue, TPEIIMHOOOpa3OBaHUE M 3arloJHe-
HUE NTOBAPEHHOU COJIBIO IIyCTOTHOI'O MPOCTPAHCTBA.
[Mocnennemy dakropy B mpemiaraeMoi pabote
yaensieTcst o0cCoOOeHHOe BHUMaHue [5—8].
3HaYNTENHHBIN BKJIAJ B UCCIEOBAHNE TIOCTCE-
JNIUMEHTAMOHHBIX npoueccoB BHecau ['.I. [llemuH,
H.B. MenbaukoB [5; 8]. YueHsiMu B pa3HbIE Bpe-
MEHHBIE OTPE3KH OBLTH PACCMOTPEHBI U H3yUYEHBI
CTPYKTYPHO-TEKTOHHUYECKOE, JIUTOJIOTNYECKOE CTpoe-
HUE, a TAK)KE BOMPOCHI TI0 TEOXHMMUU U HedTeraso-
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HOCHOCTH Tepputopuu. OJHaKO peaTn30BaHHBIE TPO-
eKTHI 10 U3YYECHHOCTU TEPPUTOPUH BBUIY CIOKHO-
CTH TOPHO-TEOJIOTMYECKOTO CTPOSHUS U HENOCTa-
TOYHOCTH TOJHBIX HCCIEIOBAHMI COBPEMEHHBIMH
METOAaMHM HOCAT NPECUMYIIECTBECHHO peFHOHaJILHBIﬁ
XapakTep, YTO JaeT TOJhKO 0OIee MpeCcTaBIcHIE
0 CTPOCHHH TEPPHUTOPUHU U TIEPCIIeKTHBaxX HedTera-
30HOCHOCTHU. Y IEJSNIOCh HEJOCTaTOYHOE BHUMAaHHE
M3YYCHUIO KOJUIGKTOPCKHX CBOWCTB M (PYHKIIHO-
HaJBHBIX HEOJHOPOMHOCTEH, PHU STOM IPOBECH-
HbIE€ TEO(PU3NYECKHNE HCCIECAOBAHUS CKBAXKHH H
KEpPHOBOTO MaTepuaia HOCAT JIOKAJbHBIM XapakTep
JUTS 3aJie)Kedl MCKITIOYUTEIbHO BHYTPH yYacTKOB
MECTOPOXKACHUH.

Hesn ucciienoBaHus — U3yYUTh PE3yIBTaTHl pas-
BUTHUSI TIPOLIECCOB SIMUTCHETUYECKOTO 3aCOJIOHCHUS
ITyCTOTHOTO TIPOCTPAHCTBA TOPO/I, KOTOPbIE HEOOXO-
JWIMBI IS TIPOBENICHUSI TIOMCKOBO-PA3BEIOUHBIX paboT
Y OIICHKH PECYPCOB MEPCIEKTUBHBIX 00beKTOB. [lJis
JOCTH)KEHUS LIENH PEIIajich CIeAyIONIne 3a[auu:
HCCIIeIOBAHWE COOTHOIICHWH (UIBTPAIIHOHHO-
€MKOCTHBIX CBONMCTB M MHTEHCHUBHOCTH JIIUT€HETH-
YECKOTO 3aCOJOHEHUS /ISl BBISIBICHUS (DMIBTpAIlH-
OHHBIX HEOIHOPOIHOCTE; Ope/ieJIeHIe NHTEHCHBHO-
CTH 3allOJIHEHMS TAIUTOM ITYCTOTHOTO IPOCTPaHCTBa
(4TO NMaeT MOHMMaHWE O MOTCHIMAIBHBIX Oapbepax
JUTST MATPAIiU (IIFOHJIOB); OIICHKA YXYIIICHUS eM-
KOCTHBIX CBOWCTB B PE3yJbTaTE OCAKICHUS TalluTa
IIpU ONPEJCIICHHBIX METOJaX pa3pabOTKH MPOyK-
THUBHBIX HHTEPBAJIOB.

1. MaTtepuansi u meToapl

B wuccnenoBaHuM NOpUMEHSJICA KOMIUIEKCHBIN
aHaJlN3 TeoJIOr0-re0(PU3NYECKUX AaHHBIX, KOTOPBIE
MOCITY>KHJIA OCHOBOH ISl TPIMEHEHUS CTAaTHCTHYE-
CKHUX MCETOIJOB C IICJIBIO BBISIBJICHHUA SABHBIX H
(YHKIMOHATIEHBIX HEOITHOPOIHOCTEH (PUITBTPAIIIOHHO-
E€MKOCTHBIX CBOWCTB MPOAYKTUBHBIX OTIIOKEHHI.
MarepuaioM Ui W3YYeHHUS TOCITYXHIN ITaHHBIC
JIUTOJIOTO-NIETPOPU3NUECKIX HCCISTOBAHUN KEpHa,
Ha OCHOBE KOTOPBIX OBLI MPOW3BEJIEH CTATHCTHYE-
CKUM aHaJIM3 3aCOJIOHEHHBIX mopoia. MeTroa uccie-
JIOBAHUSI HOCUT SMIIMPHUYECKUM XapakTep, MO3TOMY
MOCTPOEHBI COOTHOLICHUSI MEXIY (HDUIBTPalHOHHO-
€MKOCTHBIMH CBOHCTBaMHU M COJICP)KaHUEM TaJINTa B
MaJICOMyCTOTHOM MPOCTPAHCTBE I MPOAYKTHBHBIX
TOPU30HTOB. V3y4eHBI MIECTh MPOIYKTUBHBIX TOPU-
30HTOB Ha OCHOBE JINTOJIOTO-TIETPO(PU3MIECKUX PE3yJIb-
TaTOB WCCJIENOBAaHWN M PE3YNIbTATOB HHTEPIPETAINH
I'MC no 34 cxBaxunam. OOOOIIEHBI pe3yNbTaThl
ompeaeneHui (0 KEpHY) TMOPUCTOCTH M MPOHUIIA-
eMocTH — 496 u 387 00pa3moB COOTBECTBEHHO.

2. Pe3ynbTaTtbl 1 06CcyXXaeHue

PaccMaTpuBanace He 3BallOpUTOBasl TOJIA KEM-
OpHiicKOll cHCTEMBI, NMEPEKPHIBAIOIAS POIYKTHB-
HBI€ OTJIOXKEHUS U BBINOJIHSIOIIAS POJIb PETHOHAIIb-
HOW moKpeIkH [9-11], a xapakTep 3amoiHEHUS
BTOPUYHBIMH KPHUCTAJJIaMH TalIUTa MaleonyCTOTHO-
IO IPOCTPAHCTBA.
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Puc. 1. CooTHoweHne GunbTpaumoHHO-eMKOCTHbBIX CBOMCTB U MUHTEHCUBHOCTU
3MUreHeTUYECKOro 3aCONOHEHUS TEPPUTreHHbIX Nopod, Hencko-B0TyoBMHCKOM aHTeKNN3bI
Figure 1. Correlation of reservoir properties and intensity of epigenetic salinization
of terrigenous rocks of the Nepsko-Botuobinskaya anteclise
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Haunblii akT 00yclnaBIMBaeT HEOOXOAUMOCTD
yueta psizia (hakTopoB. Bo-TiepBbIX, IPOUCXO/HT JIOKAITh-
HOE YXY/IIIEHHE KOJUIEKTOPCKUX CBOMCTB MPOJYKTHB-
HBIX OTJIOXKEHUH, 9T0 (HOopMHpPYET (HILTPAITHOHHEIC
HEOJHOPOIHOCTH, CIIOCOOCTBYIOIINE OCIONKHEHHUIO
(bpoHTa BBITECHEHHMS YTICBOJOPOJIOB B XOJC pa3pa-
00TKM 3ajekei. B memom mpociexxuBaeTcs Cyie-
CTBEHHOE YXYIIICHHE KOJUICKTOPCKHX CBOWCTB B
pe3yibTaTe JaHHBIX peoOpa3zoBanuii (puc. 1).

Haubonee 4erko, 4To MpencTaBIseTCS JIOTHY-
HBIM, 3TO TPOCIIEKNBAETCS IPH COTIOCTABIICHUH MH-
TEHCUBHOCTH TPOSBIICHUS JTAHHBIX MPEOOPa30BaHUIA
U TIOPUCTOCTH TIPOAYKTUBHBIX OTIIOXKEHHHA. Y BEJH-
YeHHEe COMIEPKaHMUsI BTOPUYHOTO TAJIUTA B ITyCTOTHOM
TIAJICOTIPOCTPAHCTBE COMPOBOXKIACTCS YMEHBIIICHHEM
nopuctoctu [12—17]. Heckonbko cioskHee HaHHAs
3aBUCHMOCTH TIPOSIBIISIETCS TIPH PACCMOTPEHUH OCO-
OeHHOCTEH COOTHOIIEHNUI BTOPUYHOTO TAIUTA U TIPO-
HHUIIAEMOCTH. 3/1eCh 3HAYUTEILHOE BIMSIHUE OKa3allu
MIPOILIECCHl TPEMIMHOO0pa3oBaHus. IMEHHO 10 3TOi
TIpuurHe (QUKCHPYIOTCS XOpOoIHe (DHIBTPAIHOHHBIC
CBOICTBa TOPOJ, XapaKTEPU3YIOIIHECS CYIICCTBEH-
HBIM WX 32COJIOHEHHEM.

Bonee Toro, ”HTEHCHBHOCTH TAHHOTO TIpOIECcCca
MOJKET OBITh CYIIECTBEHHOW (puc. 2), 4TO B psije
CIIy4aeB OIpEIeNseT IMOJHOE 3aMOJIHEHHUE COJIBIO
ITyCTOTHOTO TPOCTPAHCTBA, CO3Jalollee OIarorpu-
SITHBIE YCJIOBHUS Ui 00pa30BaHUS JIOKAJIHHBIX JINTO-
JIOTUYECKUX 0aphepoB, a CIICAOBATEIbHO, H JIOBYIIIEK
HEaHTUKJIMHAIBHOTO THIA. B xadecTBe mpuMepa, wi-
JIOCTPUPYIOIIETO JAHHOE TIOJOXKEHHE, BBICTYIaeT
CeBepHasl TpaHUIla 3IeKU THIMITYYHKAHCKOTO Me-
CTOPOXJICHUS, IPUYPOUCHHON K TaTaXCKOMY TOPH-
30HTy. KepH u3 paccmarpmBaemMoro crtpaTurpadu-
YeCKOro Juara3oHa, IMOJHATOr0 B CKBaxkuHe 254-1
MIPE/ICTABICH IECYaHO-AJICBPOIUTOBBIMU OTIIOKCHH-
SIMH, TIOPBI KOTOPBIX TIOJTHOCTEIO 3aJIeueHbl KPHCTAall-
JIAMH TaJTUTa.

70
60
50
40
30
20
10

0

vacrora, % / frequency, %

10 20 30 40 50 60 70 80 90
01151 NAJIe0IyCTOT, 3aN0NHeHHBIX Colblo, % / percentage of
paleo-voids filled with halite, %

Puc. 2. T'nctorpamma 3aCOIOHEHHOCTM NManeonycToT
npoAayKTMBHbIX Nopof Hencko-BoTyoOnHCKOM aHTEKNN3bI
Figure 2. Histogram of salinity of productive rocks
paleovoids of the Nepsko-Botuobinskaya anteclise

IIpucyTcTBUEe B MPOIYKTUBHBIX MOPOJaX dIH-
TEHETUYECKOTO TalIuTa OKa3bIBAET OIPEAEIICHHOE
BIMSHHE HA XapaKTep pa3pabOTKH 3alie)kel yIrieBo-
JopoaoB. B ciydae 3akauku B IJIACT BOABI NpU
MOJIepKaHUK TUTACTOBOTO JABJICHUS, YTO JUISI JaH-
HOW TEPPUTOPHH SIBIISICTCS aKTyalIbHBIM, OyIeT Tpo-
HCXOJUTh PAaCTBOPEHHE KAaMEHHOH COJIM, KOTOpOeE,
B CBOIO OYepe/ib, ONPENEIUT yBETUYCHNUE TeMIIepa-
Typbl. C 0JTHOH CTOPOHBI, 3TO MPUBENAET K yIIydlle-
HUIO YNPYTHUX CBOWCTB IUIAacTa, ¢ Opyroil — Oyzaer
CrocoOCTBOBATh BHINIAICHUIO B 0CAZOK KPHUCTAIIIOB
KapOOHATHBIX MUHEPAIOB, KOTOPHIC XapaKTEepPHU3y-
IOTCS PETPOTrpajHON PaCTBOPUMOCTBIO (PacTBOPH-
MOCTb YMEHBIIIAETCS 110 Mepe MpoTpeBa pacTBOPA).
Jt10, 6€3yCIOBHO, HETATHUBHO MOBIHUSET HAa KOJIJIEK-
TOPCKHE CBOWCTBA HE(hTEra30HOCHBIX ILIACTOB. Takke
JIAaHHOE TIOJIOKEHUE CIEAYET YUYUTHIBATh MPU OCY-
IIECTBJICHUHU TPOLIECCOB THIPOPa3phIBa B KapOOHAT-
HBIX HE(TEra30HOCHBIX Topu3oHTax. [IpucyTcTBHe
BOJbI B 3aKaYUBAEMbIX PacTBOpax MPUBENET K pac-
TBOPEHUIO SIHUICHETUYECKOW COJMM U OCaXKACHUIO
KapOOHAaTHBIX MMHEpPAJOB Ha CTEHKax IIyCTOT.
Haubonee BeposiTHO, 4TO TOCIEICTBUEM ITOTO SB-
JIEHUE CTaHET YaCTU4Has WIM MOJHAs U30JISILUs OT
CHCTEMbI BHOBb 00pPa30BaHHBIX C TIOMOILBIO TaHHO-
ro croco0a BO3ACHCTBUS Ha IiacT TpeuuH [12; 15].

Takske BO3MOKHBI OCJIOKHEHUS CTPOEHUS KOJ-
JIEKTOPOB TPU MPOBEJACHUU COJITHO-KHCIOTHOM 00-
paboTku npu3aboitHoil 30HbI. [IpucyTcTBUE B TOpO-
BBIX BOJAX JOMOJHUTENBHOIO KOJIUYECTBA HOHOB
XJIOpa YBEJIMUUT MPOU3BEACHUE PACTBOPUMOCTH XJI0pa
W HaTpHs, ONPEAETUB TEM CaMbIM HapyIIeHHE PaB-
HOBECHs pacTBopa M TOCJIEIYyIoIlee TEXHOTEHHOE
OCaXJIEHUE KPUCTAJJIOB raluTa B IIYCTOTHOM IIPO-
CTpaHCTBE, YXyAlas (QUIbTPALMOHHO-EMKOCTHEIE
CBOICTBA LEJIEBBIX OTIOKEHUH.

AHanu3 MaTepuasnoB ucciaenoBaHul kepHa [12]
MO3BOJISIET MPOCTIENUTH OOIIYI0 TEHACHIMIO CHIKE-
HUS MHTCHCHBHOCTH Pa3BUTHUS JAaHHBIX MpeoOpa-
30BaHMI BHU3 MO paspesy (Tabimma). 9To MOXKHO
paccMaTpuBaTh B KA4€CTBE KOCBEHHOI'O MOIATBEP-
JKIEHUS CYIIECTBOBAHUS TEHICHIIUA TPOHUKHOBE-
HUSl PaccojiOB MOBApEHHOH CONM U3 BEPXHHUX CJO-
€B. Bo3MOHO, 3TO NPOUCXOIUIIO BO BpEMS HAKOII-
JIEHUS XEMOTEHHBIX OTJIOXKEHUN B KeMOpUUCKHIA
MEePHOJ, KOTJa CyIIEeCTBOBAN Haneo0acceiH, BOIBI
KOTOPOr0 UMEJIM aHOMAaJIbHO BBICOKYIO COJIEHOCTb.

B nanHoM ciyyae 3aciyXuBaeT BHUMAaHUS IpU-
YPOYEHHOCTb 30H C MOBBIIIEHHBIM COAEP>KaHUEM AU~
T€HETUYECKOr0 TalluTa K AU3BIOHKTHUBHBIM Hapy-
menusM [18-20]. ITo Bcelt BUIUMOCTH, B MECTaX UX
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pa3BUTHSA B pAae ciayyaeB (OPMHUPOBAIUCH CHCTEMBI
TPEILMH, 110 KOTOPBIM MOTJIHU MEPEMEIATHCS COOT-
BETCTBYIOIKE Paccoiibl. J[aHHOE MOJI0KEHUE MOXKET
OBITh MCIOJB30BAHO IIPU IPOBEIEHUH ITOUCKOBBIX
paboT ¢ LENbI0 BHISBICHHST HEAHTHUKIMHAIBHBIX JIOBY-

ek yriaeBoAoponoB. Takxke ero HeoOX0IUMO ydu-
THIBaTh MPU COCTABICHUU TMPOCKTHOM JOKYMEHTa-
U pa3paboTku 3anexeld HeTu U raza. B mepByro
oudepens MPU ONTHMHU3ALNHU MPOLECCOB MOAEpKa-
HUS TJIACTOBOTO JaBJICHUS.

OueHKa COKpaLLeH1s TOPUCTOCTU NOPOA, B pe3ysibTaTe 3aNUreHeTU4eCcKoro OCaXxaeHus ranuta
B NasieonycTOTHOM NPOCTPaHCTBE MecTopoXaeHuii Hencko-BoTyoGUHCKO aHTEeKIN3bI

AGCONIOTHOE YMEHbLUEHNE NMOPUCTOCTHU OTHOCUTENbHOE YMEeHbLUeHUe NOPUCTOCTU

Fopu3oHT 3a cyeT BTOPUYHOrO OCaXAEeHUs ranuTa, A. eA.| 3acuyeT BTOPUYHOIro OCaXaeHus ranurta, %

MuHumanbHoe [MakcumanbHoe| CpepgHee MuHumanbHoe [MakcumanbHoe CpepgHee
OcuHcKuiA 0,002 0,225 0,054 2,6 96,7 54,3
IOpsixckuii 0,004 0,267 0,08 9,9 99,3 68,7
MpeobpaxeHckuin 0,004 0,039 0,014 3,4 97,3 24,0
XamaknHCKMin 0,009 0,16 0,030 0,18 87,4 35.3
BoTtyobuHckuia 0,003 0,019 0,012 0,18 89,1 17,3
Tanaxckuii 0,001 0,174 0,011 0,3 67,1 14,4

Assessment of the reduction of rocks porosity as a result of epigenetic deposition of halite
in the paleovoid space of the deposits of the Nepsko-Botuobinskaya anteclise

Absolute reduction of porosity Relative reduction of porosity
Horizon due to secondary precipitation of halite, d. qg. due to secondary precipitation of halite, %
Min Max Median Min Max Median
Osinskii 0,002 0,225 0,054 2,6 96,7 54,3
Yuryakhskii 0,004 0,267 0,08 9,9 99,3 68,7
Preobrazhenskii 0,004 0,039 0,014 3,4 97,3 24,0
Khamakinskii 0,009 0,16 0,030 0,18 87,4 35.3
Botuobinskii 0,003 0,019 0,012 0,18 89,1 17,3
Talakhskii 0,001 0,174 0,011 0,3 67,1 14,4
3aknioyeHue Cnucok nuteparypbl

3aconoHeHHe TOPOA-KOJUIEKTOPOB UMEET SITH-
reHeruueckuit xapakrep. [lopojabl, UMerOIHE BHICO-
KHe QUIBTPAIMOHHO-EMKOCTHBIE CBOIMCTBA, HaHOoJee
3anonHeHbl NaCl; Takxke oTMeuaercss MPUYpOYEH-
HOCTH 30H TaJUTH3AIMH K BEPTUKAIBHBIM TPEIH-
HaM B TIOpOJax.

HabnronaeTcs TeHOeHLUSI CHUKEHUS COIEpKa-
HUS TaJuTa BHU3 IO pa3pe3y B CBA3H C MUTpAIUeH
W3 BBIIIE3AJICTAIONINX CYIb()aTHO-TAIOTEHHO-Kap0o-
HaATHBIX TOJIIII.

lamuTHU3aIys mycTOTHOTO MPOCTPAHCTBA UMEET
OTPHIIATEIHHOE BIHSHUE Ha KOJUIEKTOPCKHAE CBOW-
CTBa MOpoJa U MPpOAYKTUBHOCTb CKBAKHH.

BeposiTHBI OCIIOKHEHHS TIPU METOAaX pa3padoT-
KH: 3aKauMBaHUE B TUIACT BOJIBI, COJISTHO-KUCIIOTHAS
00paboTKka mpr3aboitHOM 30HEI.

340

1. Cmpaxos I1.H., @urunnose B.Il., Mazanosa A.B.,
Daoees U FO. TIpobneMbl OCBOCHHS 3aJISKEH YIIICBOI0-
POZOB, IPUYPOYECHHBIX K KOJJIEKTOPaM CJI0XKHOT'O CTpOe-
nus // Hedrsioe xo3stiicTBo. 2015. Ne 12. C. 98-101.

2. Jlobyces A.B., Cmpaxos IL.H., Jlo6yces M.A.,
Anmunosa FO.A., Ocun /].A. BO3MOXHOCTh UCIIOJIB30Ba-
HUS JAHHBIX CEWCMOpPAa3BEAKU YISl MPOrHO3MPOBAHUS KOJI-
JIEKTOPCKMX CBOMCTB MNPOAYKTUBHBIX OTJIOKEHUH ThIM-
MTyYUKaHCKOTO MecTopokaeHus // Teppuropus Hedreras.
2014. Ne 3. C. 18-23.

3. Kysueyos B.I"., HUnioxun JLH., Ilocmuuxosa O.B.,
bakxuna B.B., I'opuna A.b., Imumpuescxuii C.A., Cxobe-
neea HM., Tuxomuposa I'U., Cyxwr B., @ommuuesa JI.H.
JpeBuue xapboHaTHbie ToIM Bocrounoit Cubupu u ux
HedTerazoHocHOCTh. M.: Hayunsiit mup, 2000. 104 c.

4. Kywimap U A., pueopenxo FO.H., Ananveg B.B.,
benunkun B.A. Hedrtp u raz Boctounoit Cubupu. CIIG.:
Henpa, 2006. 102 c.



Cmpaxoe [1.H., NoHomapeHko A.C. BectHuk PYH. Cepusi: UHxeHepHble nccnepoBarus. 2022. T. 23. Ne 4. C. 336-342

5. Menvnuxos H.B. BeHI-KeMOpHUICKU COJICHOCHBII
6acceitn Cubupckoit mrardopmsel (cTpaTurpadusi, UCTO-
pus pazsutus). HoBocubupck: CO PAH, 2009. 148 c.

6. Hueamamos Il A., Hcmaeunosa JI.P., Bowenko
A.H. TIporHo3upoBaHue 30H 3aCOJIOHEHUS IECYAHHKOB
060TyOOMHOCKOTO TOPU30HTA Ha npumepe YastHIMHCKOTO
mectopoxaenusi (Bocrounas Cubups) / PROnedTs.
[Ipodeccronansho o Hedru. 2019. Ne 3 (13). C. 35-40.
https://doi.org/10.24887/2587-7399-2019-3-35-40

7. Povicos A.E., Ilepynosa T.A., Opnos .M.
CrpyKTypa mopoBOro NpOCTPaHCTBA MOPOA-KOJUIEKTOPOB
60Ty0oOHMHCKOTO TOpH30HTa YasHAMHCKOTO MECTOPOXKIe-
nust // Hay4Ho-TexHuueckuii cOopHuk Bectu rasosoit
Hayku. 2011. Ne 1 (6). C. 162-174.

8. Ulemun I'.I". T'eonorusi n nepcreKkTUBbl Hedrera-
30HOCHOCTH BC€HJa U HUHXXHCIO KeM6pl/Iﬂ HCHTPAJIbHBIX
paiionoB Cubupckoii margopmsl (Hercko-BoryobOuHckasi,
Baiikurckas anTexim3bl u Karanrckas cemmosuna). Ho-
Bocubupcek: CO PAH, 2007. 530 c.

9. Ilonomapenxo A.C. I'eonorus 3anexeil kapOoHaT-
HBIX KoJutekTopoB Hercko-boryobuHckoit aHTeKIH3HI //
Becrauk EBpaswmiickoit Hayku. 2020. Ne 6. C. 14.

10. IHonomapenko A.C. T'eonorus 3anexeil yriaeBo-
JIOPOZIOB, MPUYPOUEHHBIX K TEPPUTEHHBIM KOJUIEKTOPAM
Hencko-boryobunckoii HedrerazoHocHoii oonacru / Hayka
U TEeXHWKA B Ta30BOH mIpombinuieHHOCTH. 2021. No 1.
C. 3-10.

11. Honomapenxo A.C. OCOOEHHOCTH CTPOCHHUS ITy-
CTOTHOTO IIPOCTPAHCTBa OOTYOOMHCKOro TOpu3oHTa //
Becrnux Eppasuiickoit Hayku. 2021. Ne 5. C. 9.

12. Cmpaxos I1.H., Konockos B.H., Boeoanos O.A.,
Canoorcnurkos A.B., Maszanosea A.B. OcBoeHNE 3aeXKei
yrieBogoponoB Hericko-boryobmHckoi aHTekm3sl // Bect-
HUK Accoruanuu OypoBbIX moapsimankoB. 2017. Ne 3.
C.39-43.

13. Myxuounos III.B., Bopobves B.C. Meronuue-
CKHe OCOOEHHOCTH MNEeTPO(U3MYECKOro M3y4YeHHUs 3aco-
JIOHCHHBIX TEPPUTCHHBIX MOPOJ He(l)TeFa3OB])IX MECTO-
poxnennii Yonckoii rpynmnst / PROnedts. [Ipodeccro-
HaybHO 0 HedTH. 2017. Ne 1 (3). C. 32-37.

14. Bopoowes B.C., JKykosckas E.A., Myxuournos L1LB.
VYuer sddekra 3acosoOHEHHsT MTOPOA KOJUIEKTOPOB Ilja-
ctoB B10, B13 Herickoi#l cBUTHI [ NOBBIICHHUS 3P QeK-
THUBHOCTH ITIOMCKOBO-pa3BeOYHOr0 OypeHus Ha WrHs-
JIMHCKOM, THIMITYYMKaHCKOM U BakyHaliCKOM JIMLIEH3H-
oHHBIX ydacTkax (Bocrounas Cubups) // Teonorus
HedTH u raza. 2017. Ne 6. C. 49-57.

15. Bopoobwes B.C., Knunosas A.C. Tlpudaunbl 3aco-
JIOHEHUS! TEPPUI'CHHBIX MOPOJ B mpenenax BepxHeuon-
ckoro mecropoxxaenust (Bocrounass Cubups) // T'asoBas
npoMmbIuieHHOCTh. 2017. Ne 4 (751). C. 36-43.

16. Bopobwves B.C., Yexanos U.B., Knunosas A.C.
Mogenb pacrpocTpaHeHUs] TEPPUTCHHBIX KOJIJIEKTOPOB
1 3aCOJIOHEHHBIX MECYaHO-TPABEINTHCTHIX OTJIOKECHUH B
npeaenax MECTOPOKIACHUM HeHTpaibHOU yacTu Hemcko-
ro cBoza // 'eonorust medTr 1 raza. 2017. Ne 3. C. 47-60.

17. Cmpaxoe I1.H., Konockos B.H., bozoanos O.A.,
Canooicnuxos  A.b. WccnemoBanue HEOIHOPOIHOCTEH
He(TEra30HOCHBIX OTIOXeHHH, M.: M3natenbckuii EHTp
PI'Y nHedru u raza (HUY) umenn U. M. I'yOkuna, 2018.
189 c.

18. Panayxasa JI.A. O pony mapbsKHO-HAABUTOBOM
TEKTOHUKH B (POPMUPOBAHHUHM MECTOPOKACHHUH YTIJIEBO-
noposnoB Ha tore Cubupckoid mmardopmsl / BecTHuk
HpKyTCKOro rocyaapCTBEHHOTO TEXHHYECKOTO YHHBEp-
cureta. 2014. Ne 10. C. 102-109.

19. Panayxas JI.A. MHOTOMbaKTOpHAS W PA3HOIIOIAP-
Has poJib AW3BIOHKTHBHOW TEKTOHWKH B OHTOTCHE3E YTJIe-
Boz0poa0oB (Cubupckas miardopma) / M3sectuss Cubup-
ckoro otaenenuss Cekmum Hayk o 3emie Poccuiickoif
aAKaJICMUU €CTCCTBCHHBLIX HayK. FCOJ'IOFI/DI, IOUCKH U pas-
BelKa pyaHbIX Mectopokaenui. 2016. Ne 2 (55). C. 40-50.
https://doi.org/10.21285/0301-108X-2016-55-2-40-50

20. Ueuenko O.B., Ilonsxoe E.E., Heuenxko M.B.
BrwusiHre pa3pbIBHOW TEKTOHMKH Ha HE(TEra30HOCHOCTh
BEHJICKO-HIKHEKEMOPUICKUX OTJIOXKEHHH I0OXKHBIX paii-
oroB Cubupckoit miardpopmer (Hemncko-boTyoOuHcKast
aHTEeKJIN3a W compeaenbHble Tepputopuu // Haydro-
TexHUYecKknit cOopHUK Bectn rasoBoii Hayku. 2016. Ne 6.
C. 40-62.

References

1. Strakhov PN, Filippov VP, Mazanova AV, Fa-
deev IYu. Problems of development of hydrocarbon de-
posits confined to reservoirs of complex structure.
Neftyanoe Khozyaistvo. 2015;(12):98-101. (In Russ.)

2. Lobusev AV, Strakhov PN, Lobusev MA, An-
tipova YuA, Osin DA. Possible use seismic data for pre-
dicting reservoir properties deposits of Tympuchikansky
field. Territorija Neftegas. 2014;(3):18-23. (In Russ.)

3. Kuznetsov VG, Ilyukhin LN, Postnikova OV, Ba-
kina VV, Gorina AB, Dmitrievskii SA, Skobeleva NM,
Tikhomirova GI, Sukhy V, Fomicheva LN. Ancient car-
bonate series of eastern Siberia and their oil-and-gas-
bearing. Moscow: Nauchnyi Mir; 2000. (In Russ.)

4. Kushmar IA, Grigorenko YuN, Ananev VV, Be-
linkin VA. Oil and gas of Eastern Siberia. St. Peters-
burg: Nedra Publ.; 2006. (In Russ.)

5. Melnikov NV. The Vendian-Cambrian salt basin
of the Siberian platform (stratigraphy, history of deve-
lopment). Novosibirsk: SB RAS; 2009. (In Russ.)

6. Nigamatov ShA, Ismagilova LR, Boshchenko AN.
The prediction of salted zones of Botuobinskiy formation
sandstone on the example of Chayandinsky field (East
Siberia). PROneft. Professionally about Oil. 2019;(3):35-40.
(In Russ.)

7. Ryzhov AE, Perunova TA, Orlov DM. Structure
of the pore space of reservoir rocks of the Botuobinsky
horizon of the Chayandinsky deposit. Vesti Gazovoy
Nauki. 2011;(1):162—174. (In Russ.)

341



Strakhov P.N., Ponomarenko A.S. RUDN Journal of Engineering Research. 2022;23(4):336-342

8. Shemin GG. Geology and petroleum potential of
Vendian and Lower Cambrian deposits in central areas
of the Siberian platform. Novosibirsk: SB RAS; 2007.
(In Russ.)

9. Ponomarenko AS. Geology of deposits of car-
bonate reservoirs of the Nepsko-Botuobinskaya anteclise.
The Eurasian Scientific Journal. 2020;(6):14. (In Russ.)

10. Ponomarenko AS. Geology of hydrocarbon de-
posits confined to terrigenous reservoirs of the Nepsko-
Botuobinsk oil and gas region. Science and Technology
in the Gas Industry. 2021;(1):3—10. (In Russ.)

11. Ponomarenko AS. Structure features of the voids
of the Botuobin horizon. The Eurasian Scientific Journal.
2021;(5):9. (In Russ.)

12. Strakhov PN, Koloskov VN, Bogdanov OA,
Sapozhnikov AB, Mazanova AV. Development of hy-
drocarbon deposits of the Nepsko-Botuobinskaya ante-
clise. Bulletin of the Association of Drilling Contractors.
2017;(3):39-43. (In Russ.)

13. Mukhidinov SV, Vorobyev VS. Methodical fea-
tures of petrophysical study salinization clastic rocks of
oil and gas fields Chong Group. PROneft. Professionally
about Oil. 2017;(1):32-37. (In Russ.)

14. Vorobev VS, Zhukovskaya EA, Mukhidinov ShV.
Consideration of the salinization effect of reservoir rocks
layers B10, B13 of the Nepa formation in order to improve
the exploration drilling efficiently at the Ignyalinskiy, Tym-
puchikanskiy and Vakunayskiy license areas (Eastern Sibe-
ria). Oil and Gas Geology. 2017;(6):49—57. (In Russ.)

Caenenus 00 aBTopax

15. Vorobev VS, Klinovaya YaS. Causes of saliniza-
tion of terrigenous rock within the Verkhnechonskoe field
(Eastern Siberia). Gas Industry Journal. 2017;(4):36-43.
(In Russ.)

16. Vorobev VS, Chekanov 1V, Klinovaya YaS.
The distribution model of terrigenous reservoirs and
saline sand-gravelite deposits within the fields of
the central part of the Nepal arch. Oil and Gas Geology.
2017;3:47—60. (In Russ.)

17. Strakhov PN, Koloskov VN, Bogdanov OA,
Sapozhnikov AB. Research of Nonuniformity of Oil
and Gas Deposits. Moscow: Gubkin Russian State Uni-
versity of Oil and Gas Center; 2018. (In Russ.)

18. Rapatskaya LA. To the role of overthrust-fold
tectonics in hydrocarbon deposits formation on the south
of Siberian platform. Proceedings of Irkutsk State Tech-
nical University. 2014;(10):102—109. (In Russ.)

19. Rapatskaya LA. Multifactorial and bipolar role of
disjunctive tectonics in hydrocarbon ontogeny (Siberian
platform). Proceedings of Siberian Department of the Section
of Earth Sciences of Russian Academy of Natural Sciences.
2016;(2):40-50. (In Russ.) https://doi.org/10.21285/0301-
108X-2016-55-2-40-50

20. Ivchenko OV, Polyakov EE, Ivchenko MV. Influ-
ence of fault tectonics on the oil-and-gas-bearing capacity
of Vendian-Lower-Cambrian deposits at the southern
regions of the Siberian platform (Nepa-Botuoba anteclise
and contiguous territories). Vesti Gazovoy Nauki. 2016;
(6):40-62. (In Russ.)

Cmpaxoe Ilasen Hukonaeguu, JOKTOpP T'€0JIOTO-MHUHEPAJIOrHYECKUX HayK, Mpodeccop AenapTaMeHTa HEeAPOIOIb30BaHUS 1
HedTeraszoBoro aena, MukeHnepHas akagemusi, Poccuiickuii yHUBepcUuTeT Apy»KObl HapoaoB, Poccuiickas ®@eneparust, 117198,
Mockga, yin. Muxiyxo-Makias, 1. 6; ORCID: 0000-0002-9990-4514, eLIBRARY SPIN-kox: 4821-8375; pavel.n.strakhov@mail.ru

ITonomapenko Anacmacua Cepzeeséna, acIupaHT, JeMapTaMeHT HEAPOINOIB30BaHMS M HedTerasoBoro jena, MmkenepHas
akanemusi, Poccuiickuil yHuBepcuTeT ApykObl HapoJoB, Poccuiickas ®enepauus, 117198, Mocksa, yia. Mukiyxo-Makias,
1. 6; ORCID: 0000-0002-9641-8166; anast.ponomarencko@gmail.com

About the authors

Pavel N. Strakhov, Doctor of Geological and Mineralogical Sciences, Professor of the Department of Mineral Developing and
Oil & Gas, Academy of Engineering, Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St,
Moscow, 117198, Russian Federation; ORCID: 0000-0002-9990-4514, eLIBRARY SPIN-code: 4821-8375; pavel.n.strakhov(@mail.ru

Anastasia S. Ponomarenko, graduate student, Department of Mineral Developing and Oil & Gas, Academy of Engineering,
Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation;
ORCID: 0000-0002-9641-8166; anast.ponomarencko@gmail.com

342



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

2022;23(4):343-354

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

DOI 10.22363/2312-8143-2022-23-4-343-354

YIK 551.763.3

Hay4yHas ctatbs / Research article

N3yyeHune ByIKaHOreHHO-0CaA04HbIX MOPOA A3bIXPUHCKOW TONLLU
B npepenax abxasckow 30Hbl Farpcko->xaBCcKOro nogHATUSA
CeBepo-3anagHoro KaBkasa

E.B. Kapeaunna® , 1.C. Moty3oB*'~, B.E. Mapkos*'*,
10.H. Manacenxo® ™, H.B. Kop:x*'>', O.B. Hocaepa®

2PoccuiicKuii yHUBEPCHUTET ApY>KObl HapoaoB, Mockea, Poccuiickaa Pedepayus
PLleHTpanbHBIH HAy9HO-HCCIIEAOBATENBCKHIT T€0JIOrOpPa3BEI0YHBIN HHCTUTYT HBETHBIX M GJArOpOJHBIX METAILIOB,

Mockea, Poccuiickas @edepayus

karelina-ev@rudn.ru

HcTtopus cratbn

Tlocrynmma B penakmuro: 17 aBrycra 2022 1.
Jopabotana: 22 nos0pst 2022 r.

IIpunsTa x my6mmkammm: 27 HostiOpst 2022 1.

KiroueBble ciioBa:
BEpXHHH MeJl, XOCTUHCKHN PalioH, KaHHOH
Bbensie Cxansl, Tyancunckuil nporu6

BaaronapuocTn

AHHOTanus. PaccMOTpeHb! pe3yIbTaThl U3yYEHHUs BEILIECTBEHHOI'O COCTaBa
BYJIKAHOT'€HHO-0CA/I0YHBIX TIOPOJT A3BIXPHUHCKOM TOJIIIH, BBIXOAIINX HA JTHEB-
HYIO TOBEPXHOCTh B BepxXxHeM TeueHuu p. bonbmas Xocra (XocTHHCKHIA
pation, KpacHomapckuii xpaif). B mopomax mMemoBoro Bo3pacra axyHCKOU
CEepHH, CI0KEHHON U3BECTHAKAMH J3BIXPUHCKOI TOJIIM U Ka3aueOpoCKoil
CBUTBHI, OOHAPY>KEH BBIXOJ OOJIOMOYHBIX IOPOJ. JleTanbHO H3ydeHbl CTPOSHHE
1 MMHEPAJIbHbIA COCTaB MPOOBI TOMIIN, a TAKXKE €€ XUMUUECKUH COCTaB MO
JaHHBIM PEHTreHO(ITyOpPECEHTHOro aHa3a. B ToIIe BBIIENEHO /IBa CIOS:
HWKHHHA (3 M) KpeMOBO-KOpUYHEBOro 1iBeTa U BepxHuid (0,05 M) — 3eneHsblil.
MakpoCKOITMYECKH OHa MpEICTaBIseT COOOH MECYaHWKH JIMH30BUIHO-
CJIOUCTBIE, MEJIKO3EPHHUCTBIC, IMTOKPHCTAIUIOKIACTUYECKUE, TOJTUMHUKTOBLIE,
¢ KapOOHATHBIM LieMeHTOM. [oCTHIAIOT TOMIIY MepecIauBaroIIecs TEMHO-
cepble U3BECTHSKH U YEPHBIE aJIEBPOJIMTHI arypCKOW CBUTHI HUYKHETO Meia,
a MEePEKPHIBAIOT — KPEMOBBIE U3BECTHSKH C IIPOCIOSIMU KOPHUYHEBBIX KPEM-
Hell ka3a4ueOpOoJCKON CBUTHI BepXHEro mena. JlaHHbIE MHKPOCKOITMYECKUX
HCCIIEIOBAaHUH, a TaKKe PEHTTeHO(UIyOPECLUEHTHOr0 aHajlu3a IMO3BOJIMIN
YCTaHOBUTH B COCTaBE MECYAHUKOB CIIEIYIOIINE MUHEpabl: KBapll, Kajlue-
BO-II0JICBOM IINAT M IUIArHoKJa3, pexe amdudo, a Taxke 00JIbIIOE KOJIH-
4eCTBO KapOOHATHOTO BELIECTBA, W CIHENATh BBIBOJ, YTO II0 COCTaBy OHHU
COOTBETCTBYIOT Ty(paM CpeJIHEro cocraBa (aHAe3uaauTaMm).
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Article history Abstract. The authors discuss the results of studying the composition of
Received: August 17, 2022 the volcanogenic-sedimentary rocks of the Dzykhra sequence, which come
Revised: November 22, 2022 to the surface in the upper reaches of the river Bolshaya Khosta (Khostin-
Accepted: November 27, 2022 sky district, Krasnodar territory). In the rocks of the Cretaceous age of

the Akhun series, composed of limestones of the Dzykhra sequence and
Keywords: the Kazachy Brod suite, an outcrop of clastic rocks was found. The struc-
upper Cretaceous, Khosta district, White ture and mineral composition of the rock sample, as well as its chemical
Rocks Canyon, Tuapse trough composition according to X-ray fluorescence analysis, were studied in de-

tail. In the sequence, two layers are distinguished: the lower (3 m) cream-
brown and the upper (0.05 m) green. Macroscopically, it is a lenticular-
layered, fine-grained, lithocrystal-clastic, polymictic sandstone with carbonate
cement. The sequence is underlain by interbedded dark gray limestones and
black siltstones of the Lower Cretaceous Agur Formation, and overlain by
cream limestones with interlayers of brown cherts of the Upper Cretaceous
Kazachy Brod Formation. The data of microscopic studies, as well as X-ray
fluorescence analysis, made it possible to establish the following minerals
in the composition of sandstones: quartz, potassium-feldspar and plagio-
clase, less often amphibole, as well as a large amount of carbonate matter,
and to conclude that in composition they correspond to tuffs of medium
composition (andesite-dacite).
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BeeneHue aHTUKJIHHANEH (puc. 2). B ocHOBaHMH pazpesa mo-
ponbl, oTHOCsIIHeCs K axyHckor cepun (Kjoagt+dz),
O00BEIUHAIONUICH a2YPCKYI0 CBUTY U O3bIXPUHCKYIO
ToNmIy. Arypckas CBUTa IpEJCTaBICHA Iepeciiau-
BaHHWEM CEpBIX MHKPO3EPHHCTBIX W YEPHBIX IIEIH-
TOMOP(GHBIX HW3BECTHAKOB BUAWMON MOIIHOCTBIO
Oomnee 80 M. BeHuaeT pa3pes O3bIXpUHCKAs TOJIIA,
CIIOKEeHHas Ty(onecuaHMKaMu KOPUYHEBOTO W 3e-
JIEHOTO I[BETOB (MOIMHOCTBIO 1,5-50 M), Ha KOTO-
PBIX, B CBOIO OuYe€peib, COTJIACHO 3aJIEraloT MU3BECT-
HIKH Kazauebpoockoui ceuthl (Kokzb), crmowmcteie,
coJleprKaIine TOPU30HTHI ¢ KpeMHSIMH. M3BecTHSIKH
TPAHCTPECCUBHO TEPEKPHIBAIOTCS MEPreyisiMU Halieo-
TEeHOBOTO BO3pacTa.

Henun ucciienoBaHusi — yTOYHEHHE T€OIOTHYE-
CKOTO CTPOCHHUS A3BIXPUHCKOM TOJIM M aKTyaJlu-
3alus CTPaTUrpaduaeckoro paspesza PCKUX OTIIO-
xkeHuid. OOBEKT W3y4eHUs HaxomuTcss B XOCTHH-
ckoM paitone KpacHomapckoro kpas. B reomopdo-
JIOTUYECKOM ¥ TEKTOHHYECKOM OTHOIICHUU pPalioH
WCCIIEIOBAaHUN PACTIOJOXKEH B IMpelenax pa3MbITOM
gacTH sapa [amnmuHcKo# (AXIITHIPCKOW) aHTHKITH-
Hamu (puc. 1).

B reonormueckoM cTpoeHHr paiioHa MPUHIMAIOT
ydacTie KapOOHATHO-TEPPHUTEHHBIE MOPOMBI MO3He-
MEJIOBOTO U MAJIEOreHOBOro Bo3pacta. [lopoasr Me-
JIOBOTO BO3pAaCTa CIATral0T MPEHMYIIESCTBEHHO sapa
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HccnenyeMsblil paiiloH BBIXOJla Ha JHEBHYIO IIO-
BEPXHOCTh OTJIOXKCHHI BEPXHETO Meja yKe QUKCH-
poBajcs MpeAplAylIUMU HUccaenoBanusamu [1; 2],
OITHAKO B MaTepHaliaX JaHHBIX PabOT OTCYTCTBYET
€JMHOC MHEHHE [0 BOMPOCY O0OCOOJCHUS M3bI-
XPUHCKOM TOJIIIM OT BBIIIC- U HIDKEICKAIIUX I10-
poa. B Gomee pamHmx paboTtax oOHa 3aBepIaeT
pa3pe3 00bEeIMHEHHON aXyHCKOW cepud, MO3XKE €€
MIOMECTUITU B TIOJIONIBY. Tak, COrNIacCHO OOBSICHUTEIb-

4741/
I SP0.2009)

© 2007 EPBE

HOM 3ammcke K reojormdeckoit kapre Jluer K-37
(Coum), K-38 (Maxaukama), K-39 M 1:1 000 000
(Tpetse mokonenue, 2011 r.) [2], axyHckasa cepus
(Koah) oOpeamHAET N3BIXPUHCKYIO TOJIIY W Kasa-
4yeOpOJICKYI0 CBUTY. Bo3pact axyHCkoil cepum ce-
HOMAaH-MaaCTPUXTCKUMN, TOATBEPKICH HAXOJKAMH
¢daynsl. KazaueOpozackass CBUTa COTJIACHO 3ajieracT
Ha J3BIXpUHCKOW Tomme. OO0Ias MOIIHOCTh CEpUH
240-350 m.

2(".

Puc. 1. Cxema NanmumHckoro (AXWTLIPCKOro)  AXYHCKOIO @aHTUKIIMHANbHbIX XPebToB
B AZLnepckom MopdOCTPYKTYpPHOM nogparioHe [3] (rpacHbiM kBagpaTtoM 0603HaYEH PaioH UCCIeA0BaHNIA)
Figure 1. Scheme of the Galicinsky (Akhshtyrsky) and Akhunsky anticline ridges in the Adler morphostructural subarea [3]
(the area of study is marked with a red square)
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Puc. 2. l'eonornyeckas kapta M 1: 200 000 [4]:
Ki.ag+dz — Arypckasi cBMTa NecTpoLBeTHast KapOoHaTHas 1 A3bIXPUHCKas TOSLLA 06 beAVHEHHBIE: M3BECTHSKM, MEPrefin NecTpoLBETHbIE,
TydonecyaHukum (8o 230 m); Kkzb — Kazauebpoackas cButa: U3BBECTHUKM CIIOUCTbIE C BKITIIOYEHUSIMU KPEMHEN,
B MOAOLLIBE NECTPOLBETHbIE U3BECTHSIKM C NpocniosMu Mepreneii — 30-35 M, B KpOBie 3BECTHSKU CBETIbIE 6e3 kpemHen — 80-115 m (210-300 m)
Figure 2. Geological map M 1: 200,000 [4]:
Ki-.ag+dz — Agur suite is a variegated carbonate and the Dzykhra sequence combined: limestones, variegated marls, tuff sandstones (up to 230 m);
K:kzb — Kazachy Brod suite: layered limestone with chert inclusions, at the bottom, variegated limestones with interlayers of marls — 30-35 m,
at the top, light limestones without flints — 80-115 m (210-300 m)
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B 10 ke Bpemst 13 00BSICHUTEBHOH 3aIiCKHU K Teo-
norudeckoit kapre Jluct K-37 (Coun), K-38 (Maxauka-
ma), K-39 M 1: 200 000 (sropoe nokonerue, 2000 1.) [4]
CIIE/Ty€eT, YTO B aXyHCKYIO CEPHIO OOBCIMHEHBI arypcKast
cButa W 3bixpuHckas tommu (Kinag+dz), npuuem
arypckasi CBUTa HaxXOAMTCS B OCHOBaHUM pa3pesa,
a JI3BIXPUHCKAS TOJIIA BEHYACT OObEeMHEHHBIN pa3pes.
Bospact o0nemuHeHHOH TOMIN OappeM-CeHOMAHCKUIA
(Taxxe moaTBepxacH (ayHor). KasaueOpoyckas cButa
(Kokzb) cormacHo 3anmeraer Ha TyorecuaHHKax J3bl-
XPUHCKOW TOMIIM W TPAHCTPECCHBHO TEPEKPhIBACTCS
MEPTeIISIMU (XUIMbIPCKOL CBUTHI PAHHETO TTAJIC03051.

-
- ———

ASyHcKkas aHmuralvags
= ARNTnSKaya =anticline =,
-~

Kashtany.

1. MaTtepuansi u meToapbl

B xome mpoBelneHHS T'€OJIOTHYECKOW MPAKTH-
KA 11 cTyAeHToB Poccuiickoro yHUBEpCHTETa
Ipyxk0sl HapomoB seromM 2020 r. Ha OXHOM W3
MapIIpyToB, MPUMEPHO B 6 KM Ha CEBEPO-BOCTOK
or 1. Xocra (puc. 4), B pailoHe kaHboHa benble
Ckansl (XocTuHCKHi paiion, KpacHonapckuii kpaif)
CpeIu TOJIIHM MEJNOBBIX M3BECTHSKOB B TOYKE Ha-
osoneHus 35 oOHapy)KEeH BBIXOJ IOPOJ 3€JICHOBA-
TO-CEpOro IIBETa, IMPEACTABICHHBIX IECUYaHUKAMU
(puc. 3, 4).

A B o -

e xu:}?rhrpcjb_:?_awr}:uﬂ‘rpdﬂm— —_
Akh‘fbtﬁr‘skayu‘uaﬁc_ﬂiﬂg_ .

Yerkhnenikolagvskoe..

bubravn',r

Google

Puc. 3. Bua Ha AXyHCKyt0 1 MannumHCKyo (AXLUTBIPCKYO) aHTUKINHANN:
KpacHasi CTpesnka yka3biBaeT Ha MECTOMOJIOXEHME KaHboHa benbie Ckanbl
HemoyHuk: www.maps.google.com
Figure 3. View of the Akhunskaya and Golitsynskaya (Akhshtyrskaya) anticlines:
the red arrow indicates the location of the White Rocks Canyon
Source: www.maps.google.com
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Puc. 4. O630pHas kapTa MecTopacrofioXeHu1s palioHa UcciiefoBaHuiA:
KPacCHbIN KBagpaT — To4ka BbIXOAA MOPOA A3bIXPUHCKOW TOJLLM (OCHOBA — reonormnyeckas kapta Poccumn M 1: 200 000)
Figure 4. Overview map of the location of the study area: the red square is the outcrop point of the rocks of the Dzykhra sequence
(based on the geological map of Russia M 1: 200,000)
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Bospacr TNuronomma / MOWHOCTD, M Nutonormyeckwii cocrae /
Age Lithology Thickness, m Lithological composition
WNasecrHnku Genbie NNoTHbIE TONCTONNMTYaTLIE CO
w CTHNONMTOBLIMK Weamu [ White dense thick-
3 >15 layered limestone with stylolite seams
3
@
>
£
S
s
;&; 5 WzsecThakm Bensie c np "
~35 wepHeix kpemnen | White dense limestone with seams
g % and lenses of black flint
s x
v s i
=1
o5 § MaeecTuakn Genkle NNOTHLIE TONCTONNUTYATLIE CO
82 CTHNONMTOBLIMK WEaMK /
© g' 2 15 White dense thick-layered limestone with stylolite
B g seams
s E
o 2 ]
~{ & =
|
=P 5 W3BECTHAKH Kp 1e ¢ np "
£ z kopuuHeBsix kpemueit / White cream limestone
x 2 2
= o with seams and lenses of brown flint
E % Bssupancroa | T 0.05 Tiecuannx SeneRLi a @reen sandstone
A e MlecHatnK KpeuoBLIN CPEaHE WeNKOIEPHNCTLIR NonmuITOBLI / Medium-
% !‘::e.::eﬂml 3 fine- grained cream polymictic sandstone
o,
o|ly < -
| &3 Mepecr p 0B U
% S 5 20 EpHLIX aneBponuTos / ¥ dark grey
=X limestone and black siltstone
g3 s
Exo
SR
=2
=
3§
§ % 5 VI:s.ummm E.em.m. nnotHele /
Il< White dense limestone

Puc. 5. O6HaxeHVe NecyaHNKOB A3bIXPUHCKOM TOILLM (crresa) 1 cTpaTurpaduyeckas KoioHka
(coctaBneHo E.B. KapenuHoit, 2021)
Figure 5. Sandstone outcrop of the Dzykhra sequence (left) and stratigraphic column
(compiled by Elena V. Karelina, 2021)

MakpOCKOITMYECKH B COCTaBE TOJIIH MECYAHHUKOB
BBIZICIISIIOTCS 1B CJIOSI — KPEMOBO-KOPHYHEBBIH (MOIII-
HOCTBIO 3 M) U 3eJIeHbIH, MOIIHOCTBIO 5 cM (puc. 5).
[NecuaHVKN JTMH30BUIIHO-CIIONCTHIC, MEJIKO3EPHHUCTHIC,
MOJIMMHUKTOBEIE, PBIXJIbE, C KAPOOHATHBIM IIEMEHTOM.
ITo cBOMM XapaKTepHCTHKaM IMOPOIBI OTHOCSTCS K
JI3BIXPUHCKOW TOJIITH.

HOI[CTI/IJ'I&IOHH/IMI/I nmopogaMu ABJIAIOTCA IICPEC-
CIIaUBAIOIIMECs TEMHO-CEPbIE OPraHOreHHBIE M3BECT-
HSIKW U YepHBIE aJIeBPOJIUTHI arypCcKON CBUTHI HIK-
Hero Mena. [lepeKphIBalOT MECYaHHKH KPEMOBEIC
H3BECTHSAKH C TPOCIOSIMH KOPHYHEBBIX KpeMHeEH
Ka3a4eOpo/ICKOW CBUTHI BEPXHET0 Meia.

Jlns1 BBISICHEHHS 0cOOEHHOCTEH UX cocTaBa ObLIN
0TOOpaHbl ¥ M3YYECHBI 00pPa3Lbl MTOPOJI, U3 KOTOPBIX
M3TOTOBJICHO TIATH NUTH(OB JUII MUHEPATOTHYECKO-
IO H JIUTOJIOTO-TIETPOrpaueckoro aHaiu3a B Jia-
0opaTopHbIX yciaoBusx. Takke U3 oOpasia JaHHOU
TOPHOH MOpOABI OTOOPaHO MIECTh MPOO, MO KOTO-
PBIM BBITIOJIHEH PEHTTeHO(ITYOPHUCIIEHTHBIN aHAIH3.

Mukpockonudeckuii aHanus
mycgponecqyaHukoe 93bIXPUHCKOU monuyu

[Ipr m3ydeHnn MuTMGOB M3 OTOOPAHHBIX 00pa3-
OB BBISICHCHO, YTO IMOPOAbI BYJIKAHOI'CHHO-0Caa04-

HOM J3BIXPUHCKOM TONIIM MPEJICTaBISAIOT COOOH
JUTOKPUCTAIUIOKIACTUYCCKUI Ty cpeaHero cocra-
Ba (puc. 6-11).

Kak mokazanu wcciieioBaHHS, TOPOJBI Xapak-
TEPU3YIOTCS MUKPOCIOUCTHIMU TEKCTYPAMH U JTUTO-
KIIACTHYECKUMHU CTpyKTypamu. Pasmep 3epeH —
MeHee 0,3 MM, 9TO COOTBETCTBYET AJICBPHUT-TICAM-
MHUTOBOH pa3zmepHOCTH. OCHOBHBIMH MHUHEpaJIaMH B
00JIOMKax SIBIISIOTCS TUIArMOK/Ia3, MHOT/Ia KapOoHa-
TH3UpPOBaHHEIH (prc. 10), 1 OOBIKHOBEHHAS POTOBAs
oOMaHka. Takke BCTpEUaroTCsl JTUTOKIACTHI C TIHJIO-
takcutoBod (puc. 8) u ¢enp3uToBoit (puc. 11)
cTpykTypoi. Cpenu 00JIOMKOB OOHAPYKUBAKOTCS
chepomuter kapbonara (puc. 11). OcHOBHas
Macca (IIEMEHT) IOJBEPIyiaCh MHTCHCHUBHBIM BTO-
PUYHBIM M3MEHEHUSM (XJIOpHUTH3aIus, KapOOHATH-
3arus) (puc. 7, 9).

Ha puc. 6-11 npuBeneHsl CHUMKH M KpaTKOe
onucanue numdoB Oe3 aHaIU3aTopa W C aHAIM3a-
TOPOM.

Takum 00pa3oM, UCXOs U3 TIPUBEIACHHBIX JaH-
HBIX, TIOPOJIa OTpeeicHa Kak Ty CpeaHero cocra-
Ba (IAI[MaHJIE3UT) aJeBPUT-TICAMMHUTOBON pa3Mep-
HOCTH (Tydorecuanuk u Ty(hoaTeBpOIINT).
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Puc. 6. Lnnd C 04-4 (yB. x2.5).
JInToKpucTaNIoKNacTniecku Tyd
cpepHero coctasa (faunannesnT) aneBpuT-ncaMmmMmmnToBOmn
pa3mepHocTu (6e3 aHanuaartopa). NpepbIBUCTO-NoocyaTas
TeKCTypa INTOKPUCTAIOKNACTNYeCKOro Tyda.
HepaBHOMepPHO pacnpefenieHHble KpUCTaNNoKNaCTbI
30HAJILHOrO Marnoknasa 1 06bIKHOBEHHOM
poroBoii 06MaHkn Ha GOHE OCHOBHOM MacChl MOPOAbI.
LnpuHa nons 3peHnst 7 Mm
Figure 6. Thin section C 04-4 (magnification x2.5).
Lithocrystal-clastic tuff of medium composition (dacyandesite)
of silty-psammitic dimension (without analyzer).
Discontinuously banded texture of lithocrystal clastic tuff.
Unevenly distributed crystal clasts of zonal plagioclase

and common hornblende against the background of the rock mass.

The width of the field of view is 7 mm

Puc. 7. Wnnud C 04-4 (yBenuueHue x10).
JNntoknacTbl 9 dy3nBOB 1 KPUCTaANNOKNACTbI
nnarvoksasa n 06bLIKHOBEHHOM POroBoi 06MaHKM
B U3MEHEHHOI OCHOBHOW Macce (C aHanM3aTtopom).
LnpwuHa nonsa 3pexns 1,75 mm
Figure 7. Thin section C 04-4 (magnification x10).
Lithoclasts of effusives and crystal clasts
of plagioclase and common hornblende
in the altered groundmass (with analyzer).
Field of view width 1.75 mm

Puc. 8. LUnnd C 04-4 (yBennyeHune x50).
JlnToknact NnnaoTakCnTOBOM OCHOBHOM
mMaccbl addy3mBa (C aHanmM3aTopom).
LnpwnHa nona 3penHns 0,35 mm
Figure 8. Thin section C 04-4 (magnification x50).
Lithoclast of pilotaxitic effusive groundmass (with analyzer).
The width of the field of view is 0.35 mm
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Puc. 9. LLinud C 04-1 (ysenuyerune x20).
JlnTokpucTannoknacTnieckmi Tyd cpegHero
coCTaBa (paumMaHaesunT) aneBpuT-ncaMMUTOBOM Pa3MepHOCTU.
3ameLleHHas XxnopuToMm (truapocniogbl)

OCHOBHasi Macca Tyda (6e3 aHann3aTopa).

LnpwuHa nons 3peHuns 0,88 mm
Figure 9. Thin section C 04-1 (magnification x20).
Lithocrystal-clastic tuff of medium composition (dacyandesite)
of silty-psammitic dimension (without analyzer).

The groundmass of tuff replaced by chlorite (£ hydromica).
The width of the field of view is 0.88 mm
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Puc. 10. lWnnd C 04-2 (yBenuyeHue x20).
JInTOoKNacT NMNOTakCMTOBOWM OCHOBHOM Macchl adpdy3mea
1 KPUCTAINOKIIACTbI 0OLIKHOBEHHOM POroBoOin 06MaHKM
1 30HaJILHOr 0 Niarnoknasa (C aHann3aTopom).
MNMceBoomopd o3kl kapboHaTa No niarnoknasy.
LLinpuHa nonsa 3peHus 0,88 mm
Figure 10. Tin section C 04-2 (magnification x20).
Lithoclast of pilotaxitic effusive groundmass and crystal clasts
of common hornblende and zoned plagioclase (with analyzer).
Pseudomorphoses of carbonate after plagioclase.
The width of the field of view is 0.88 mm

U3ydyeHue xumuyeckoeo cocmasa
mygbonecyaHukoe G3bIXPUHCKOU mosiuu

Jns onpeneneHus XMMIYECKOTO COCTaBa, a TaK-
K€ YTOYHEHHUS MHUHEPAIbHOTO COCTaBa U3 HM3ydae-
MBIX NOpoA ObulM O0TOOpaHbl ABe HpoObl: mp-1 —

Puc. 11. Wnud C 04-2.1 (yBenuueHue x20).
JlnToknacTt ¢penb3MToOBOM OCHOBHOM MaccChl 3a¢ddy3nsa
1 KPUCTaIOKNIACTbl 0ObIKHOBEHHOI POroBOi 06MaHKm

1 30HaNIbHOr0 Nnarnoknasa.
CdepoobpasHblie BblaeneHns kapboHaTta.
LLnpuHa nonsa 3pexHns 0,88mm
Figure 11. Thin section C 04-2.1 (magnification x20).
Lithoclast of the felsic groundmass of the effusive and crystal clasts
of common hornblende and zoned plagioclase.
Spherical segregations of carbonate.
The width of the field of view is 0.88 mm

3ejieHbIe Ty(OomecHaHuKH; mp-2 — Ty(dornecuaHUKH
KpeMoBOTo I11BeTa (puc. 12).

Kak BumHO 13 puc. 12 u 13, B 000ux 00pa3nax mpu-
cyrcrByer kBapil, [1111 u mnarnokias, a Takke aMmpuoon
(poropast o6MaHKa) (reppast muHus ~8,4 A) (puc. 13).

Ti Fe Zn Rb Sr Y

0.55 3.45 0.0047 |0.0037 |0.108 0.0074

Ti Fe Zn Rb Sr Y
0.0030 |0.0024 |0.0559 |0.0029

Puc. 12. Xvmunyeckuii coctaB oTobpaHHbIX 06pa3LIoB (B BECOBbIX MPOLIEHTax) N0 AaHHbIM PeHTreHoha30BOro aHannaa
Figure 12. The chemical composition of the selected samples (in weight percent) according to X-ray phase analysis
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Mp-1. MecyaHuK 3eneHbivt (amdpubona Gonblue)

PR-1. Green sandstone (more amphibole)

Mp-2. MecyaHuK 6exkeBbin
¢ 60/1bLlLIMM KON-BOM KapbBOHATHOTO LeMeHTa
PR-2. Cream sandstone with high content of carbonate cement
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Puc. 13. Peaynbtathl peHreHodnyopucueHTHoro aHanmaa (PPA) npob np-1 n np-2
Figure 13. Results of X-ray fluorescence analysis (XRF) of pr-1 and pr-2 samples

[ecuannku U3 000MX CIIOEB, HECMOTPS Ha CXO-
HBIIi MUHEPAJIBHBII COCTAB, BCE K€ OTIUYAIOTCA APYT
OT JpyTa HE TOJIBKO IO IBETY, HO U M0 XUMUYECKOMY
coctaBy. Tak, 3elieHble NECYaHUKH XapaKTepU3yHOT-
Cs TIOBBILIEHHBIM cojepkaHueM Fe, Zn, a Ttakxe
penkux snemeHToB Rb, Sr 1 Y u 3HauMTENBHBIME
conepxkanusimu K. Opgnako, conepkanust Ca B HUX
B 3,5 pa3a HWXKe, 4YeM B KPEMOBBIX I€CUaHUKAX.
Bo3M0HO, 3TO TOBOPHT O TpeoOIIalaHuH B TOPOIC
K-moneBpIx mmaToB Haj IUIardokiazamu. Btopoit
oOpa3zer (KOpUIHEBBIE TICCUaHUKN) XapaKTePU3yeTCs
BEChMa 3HAYMTEJIBHBIM KOJUYECTBOM Kayblus. Be-
POSITHO, 3TO MOXHO OOBSCHHUTH HIMPOKUM MPOSBIIC-
HUEM BTOPUYHBIX W3MEHEHUH, TaKUX KakK IICEBIO-
MOp(03bl KaJblUTa MO IUIATMOKIA3y, a TAKXKe ero
MIPUCYTCTBUEM B KApOOHATHOM I[EMEHTE.

2. PesynbTaTtbl U 06CcyXaeHue

B npouecce comocraBieHus OTA0KEHUH N3bIX-
pUHCKOH ToJmu AOXa3CKol CTPYKTYpHO-(OpMaIioH-
Ho# 30HBI (CD3) yCTaHOBIEHO HE TOJNBKO €€ Belle-
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CTBEHHOE, HO W BO3PACTHOE CXOJCTBO C BYJKaHO-
T€HHO-0CaJIOYHBIMH TTOpPOJaMH CBUTHI [1ayk, oTHOCS-
miericst kK HoBopoccuiicko-Jlazapesckoit Cd3, a Taxke
BYJIKAHOTE€HHO-TEPPUTEHHOU ToNIM BocTouHoM yactu
Usexumuackoir CD3 [5]. U3 00BsSCHUTEIRHON 3armic-
ki K reosormyeckoii kapre Jluer K-37 (Coum), K-38
(Maxaukana), K-39 M 1: 200 000 (2-¢ mokosacHue,
2000 r.) [4] cnenyer, 4TO:

«Cutsl Ilayk, aHaHypcKas U KepKETCKasi 00b-
equaeHHble (Kopk+kk) pacmpoctpanenst B HoBo-
poccuiicko-JlazapeBckoit CD3, B Mexkmypeube Arire-
[Icesyance. ['panuna ¢ noCTUNAIOIIMMHI TOPOAAMU
HIKHEro Mena cornacHast. Ceuta [layk Haxomurtcs
B OCHOBaHWH U CJIOKeHA CyO(IHIIIEBBIM IepecianBa-
HIeM Tyonecuanukos (3,0-5,0 m; 40 %), KBapieBbIX
necyanukoB (0,1-0,4 m; 10 %), apruIuTOB YEpHBIX,
3enmeHoBartblx, OypoBateix (0,1-0,3 m; 20-25 %),
meprenerd raumaUCTHIX (0,05-0,15 M; 20 %), peaxo
KpemoBatbix u3BecTHAKOB (0,05-0,1 m). Bepxuss
yacTh paspesa (30 M) mpeacTaBieHa TOHKOPUTMUY-
HBIM uepenoBanneM (3—5 cM) KBapIIeBHIX IeCUaHU-
koB (10 %), kpemnueii (30 %) u aprumuutoB (60 %).
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MoraocTh ¢BUTHL — 80 M... CEHOMaHCKUI U paHHE-
TYPOHCKHI BO3pPacT 3THX CBUT 0OOCHOBaH MHUKPO-
¢baynoii: Gavelinella cenomanica Brotz., G. cuvillieri
Carb., Gaudryinella turonica Samysch., Arenobulimina
orbignyi Reuss u 1p.».

Kak rosopuiiochk panee, paiioH Hcciel0BaHUH
pacnionoxkeH B mpenenax ['arpcko-J[kaBckoro ckia-
YaTO-TIBI00BOTO MOTHSTHS, CI0KEHHOTO «...(Hhopma-
LOUSIMH OCTPOBHOHM JAYTH, €€ CKIOHOB (Ty(]Bbl, JIaBbl,
TEpPUrCHHBIEC IOPOABI CPEIHEH IOPBI) U OCTPOBHOTO
menbda (kapOOHATHO-TEPPUTCHHBIE OTIIOXKEHHUS BEPX-
HEW 1opel-301eHa)» [4]. B cTpykType mogHATHS BbI-
JETSIOT YEThIpe CTPYKTYPHO-(POPMAIIOHHBIX 30HbI:
KpacHomonsHckyro, AOxa3o-PaunmHckyro, AXIy u
Abxa3ckyto. B npenenax n3y4eHHOH IUIONMaIu 00b-
mas 4yacTb [arpcko-/[>kaBckoro mHOTHATHS TIEepe-
kpbiTa HoBopoccuiicko-JlazapeBckum 1 UBeKUIICHH-
CKUM aJIJIOXTOHAMH.

PaccmarpuBaeMsblil pailoH HCCIIENOBAHUM OTHO-
cuTcsT K AOXa3CKOW CTPYKTYpPHO-(OpMaIlOHHON
30HE B CTpyKType I'arpcko-JI)xaBCKOro ckjiaadaro-
TIIBI00BOTO TOMHSTHS. AGXa3ckas CD3 sBiseTcs mpo-
MEXKYTOYHOH CTYIIEHBIO MEXIY 30HOU AXIly U Adjep-
CKOH menpeccueit B Mexxaypedbe Coun 1 M3BIMTHI,
MPOTATHUBAACH B akBaTOpHIo UepHOro Mops 10 Tpa-
Bep3a r. Jlaromeica. CocTaB OKC(OPA-30IIEHOBOTO
KOMITIeKCa OTIIOKeHH B mpenenax Aoxasckoit CD3
COOTBETCTBYET «TEPPUTCHHO-KapOOHATHON MENKO-
BOJHOH (popmaimu octpoBHOro mienbda (IO J—P,)
MOIITHOCTRIO 2,5 KM, 3amedaTaHHOH IOYTH 3 KM
OJINTOLIEH-MUOLIEHOBOM MOJIACCOM OCTaTOYHOTO
Mmopckoro Oacceiitna (MO P3—Nj)» [4]. B TekroHu-
YeckoM OTHomeHHH B AOxasckoii CD3 pa3BUTHI
CUMMETPHUYHBIC CKIaJKU C YIJIaMH MaJCHUS] KPbUIb-
eB 20-30°. Hambonee KpyMHBIMH IJIMKATUBHBIMH
CTPYKTypaMH SIBIISIOTCS AXYHCKasi M AXIITBIPCKast
AHTHKJIMHANK, WX OCH TOTPY)KaloTCi Ha 3amaj B
cropony Tyancurckoro mporuba mo yriaamu 7—10°.
CeBepHas rpaHHIla 30HbI TPOBOIUTCS IO MOHACTBIp-
CKOMY pa3noMy ¥ BOpOHLOBCKOMY HaABHTY, FOXK-
Hasi — I10 IOJIOIIBE NAJICOLICH-YETBEPTHIHOM MOJIACCHL.

bimsnexamas  HoBopoccuiicko-JlazapeBckast
ckmagyaras 30Ha (CPD3) obpaszyeT monocy HIMPUHOM
Oonee 20 kM, KOTOpas MOCTENEHHO CYy>Kaercs M0
9 KM B IOT0-BOCTOYHOM HAIIPaBJIEHWH, & B BEPXHEM
TedeHnn p. CouM OHa yKe MOJIHOCTBIO 3POJUPOBaA-
Ha. Jlannas C®3 crmoxkeHa ocajgkaMu (IHIIEBOM
TEPPUTEHHOW W TeppHUreHHO-KapOOHATHOU (opMma-
LUH KeJJIOBEH-MaacTPUXTCKOTO BO3pacTa oOOIIei
MOIITHOCTBIO Oojee 5,5 kM. Ota (opmanusi MapKu-
pYeT yCIoBHsI 3alyroBOro OacceliHa, WK 3ayrOBO-

ro cupeaunra (3C J;—,) [6]. Bynkauwmdeckue ob6pa-
30BaHUSl B COCTaBE OCAIKOB IMPHUCYTCTBYIOT JIHIIb
cpenu oTiiokeHud cBUTHI [layk (ceHOMaH), B KOTO-
poil BcTpedeHB! Ty(BI OCHOBHOTO cocTaBa. OTiio-
skeHust HoBopoccwuiicko-Jlazapesckoit CP3 3anera-
I0T Ha BYJIKAHWTaX Oaiioca 3aKaBKAa3CKOW IUIUTHI,
KkoTopble B AOxa3ckoit CD3 HenmpepsIBHO MEPEKPHI-
BalOTCs KapOOHATHBIMHU 00pPa30BaHUSIMH OCTPOBHOTO
menbga. CornacHO BBIBOJIAM aBTOPOB [4], «B ayib-
MUHCKUI 3Tal OCaJKOHAKOIUIEHUSI OCTPOBHAs Jyra
W 3aayroBOM OaccelH pacrojarajvuch Ha 3HAYUTEIIh-
HOM pacCTOSHUH JIpYT OT ApYTa, a Clel0oBaTelbHO,
MX COBMEILCHHE B COBPEMEHHOU CTPYKType, ¢ 0O0Jb-
HI0OW J0JIeil BEPOSATHOCTH, SIBJISIETCS TEKTOHHYE-
CKUMY.

CornacHo [6], k Ha4any MO3AHET0 Mejia OTHO-
CAT 3HAYMTEIBHYIO aKTUBHU3AIHMI0O MarMaTH4ecKUX
MIPOIIECCOB B Mpe/eiax paccMaTpUBaeMoOro pailioHa,
a TAKKe B €T0 OKPECTHOCTSX: PasHO(aIAILHEIE TIOPO-
IIbl cyOrenoynoro radbopornaaoro komruiekca (evKo)
¢ukcupytorcss B Oacceitnax pek Ilcoy, M3biMmTa,
Coun, Jloo, Ilmexm, Tyamce. Ilo xapakrtepy
B3aMMOOTHOIIIEHUHM C BMEINAIONIMMH IOPCKUMH U
paHHEMENOBBIMU TIOpOIaMH (TIIMHUCTBIMH CITAHIIAMH
neifaca, ByJIKaHOT'€HHBIMH NOopojamu Oaifoca, craH-
aMH U [lecuaHuKaMmu 0ara u Oappema-anb0a) ycra-
HOBIICHO, YTO MEJKHe THrnaduccaibHble U CyOBYII-
KaHWYECKVE Tejla UMEIOT BO3PAacT «PaHHUIA CEHOMaH —
no3aHuit Typon» (Kos—t). Ilo cocraBy rabOpons!
CIIOKEHBI CPEIHHUM IUIaTHOKIIa30M, TUTaH-aBTUTOM
Y pyIHBIM MHHEpasioM (MarHeTut). [lo XuMudeckomMy
COCTaBY U CTPYKTYpE JIaHHBIC MOPOIBI IPUHSITO OT-
HOCHTH K TUTIAOUCCABHBIM U SKUJIBHBIM ISTIOYHBIM
MEJTaHOKPATOBBIM TOPOJaM THTA OE30JIMBHHOBBIX
TUIICHUTOB WJIM 3CCEKCUT-A1aba30B [6]. C maHHBIM
TUIOM TaOOPOUIIOB CBS3BIBAIOT SPYNTUBHBIC OPEKYUU
TUTA TPyOOK B3pHIBA U3 BEPXHHUX YacTel CyOBYyIKa-
HIYECKHX IITOKOB, & TAK)KE€ CEHOMAHCKHE BYJIKAHUTHI.
B Oonee MONOABIX ClOSX JAHHBIA THIT MMOpPOJ HE
BCTpeueH. PaHee HaMu yxe paccMaTpuBalICs O100-
HBIA THUI HHTPY3UBHBIX MTOPOJI OCHOBHOT'O COCTaBa B
cocenner Abxascko-Paunnckoit CO3 [7].

[MomBonms UTOr PabOTHI, MOXKHO OTMETHTH ClIe-
JIyIoIliee: B pe3yJIbTaTe MPOBEACHHBIX MCCIEOBAHUIMA
BBIXO/Ia J3BIXPUHCKOW BYJIKAHOT€HHO-0CAI0YHOMN
TOJIIM OKOJIO KaHhOHA benble CKalbl BIEpBBIC TO-
Ka3aH JIMTOJIOTO-TEOXMMHUYECKUI COCTaB JTAHHBIX OT-
JIO)KEHUW B yKazaHHOM paiione. [lomyueHHbIE JaH-
HBIE B TIOJIHOW Mepe coriacyrTcsi ¢ mHpopManuei
0 PETHOHAILHOM T€0JIOTHYECKOM CTpOCHHH AOXa3-
ckoit C®3 [3]. /I3prxpuHckas Tomma AOXa3CKou
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C®3 (aBTOXTOH) SIBISETCS OJHOBO3PACTHBHIM aHa-
norom cBuTHl Ilayk (cenoman) Hosopoccuiicko-
JlazapeBckoit n Usexunicuackoit CO3 (aJutOXTOHET).
[IpuaMMas BO BHIMaHUE TOT (DaKT, 9TO CTPYKTYPHI
Aobxasckoii (aBToxToHHON) CD3 HAXOAAT CBOE TPO-
JIOJDKEHUE M B aKBaTOpUaIbHOM yacTu UepHOMOp-
CKOTO OCaJ04YHOTO OacceiHa (10)KHAs MEepEKINHATH
Tyancunckoro mporu6a, Ban Llarckoro) [8], nerais-
HOE€ M3Yy4€HHE BEIIECTBEHHOIO0 COCTaBa CEHOMAHCKUX
BYJIKAHOT€HHO-0CAJIOUYHBIX 0TiIokeHui CeBepo-3anaj-
Horo KaBkasa (m3pIxpwHCKas Toxima, ceurta Ilayk)
MO3BOJISICT MOJYYHTh HEOOXOAMMYIO MH(OPMAIIUIO

JUISL MICTIONIb30BAHMS JJAHHOW TOJIIIM B KayecTBe Map-
KUPYIOILIET0 TOPH30HTA TIPH aHAIIN3€ KEPHOBOTO Mate-
pHana u cTpaTuUKaIy pa3pe3a MOPCKUX CKBaXKHH.

Hacrosmas pabota MOXeT OBITh UCITOJIB30BaHA
NIPY aHaJIH3€e Te0sIoro-reogpu3ndeckoil nHpopMaum
NpU U3YYEHUH TTTyOOKOTOTPYKEHHBIX YacTe HIK-
HEe- W BEPXHEMEIIOBBIX OTJIOKEHUH [9], Tak KaK BBI-
mreykazanapie CO3 HaxoAaT cBoe MpPOAOIKEHHUE
B aKBaTOpPHaJbHOM uacTh TyanCHHCKOTO IpOTHU-
6a (puc. 14), uTo, B CBOIO O4Yepeb, OTKPHIBAET IEpP-
CIIEKTHBBI JUIS TIPOJIOJDKEHUSI TIOMCKOBBIX paboT Ha
HedTh 1 ra3 [10].

43

Wi

20Km

Puc. 14. ®parmeHT KapTbl CTPYKTYPHO-TEKTOHNYECKOr0 paioHMpoBaHms BocTo4yHo-YepHOMOpCKOro pervoHa
(cocTtaBneHa c ncnonb3oBaHnem matepuanos [11; 12])
Figure 14. A fragment of a map of the structural-tectonic zonation of the East Black Sea region
(compiled using materials [11; 12])

3aknoueHne

BriepBbie JieTanbHO M3Y4EHBI OCOOSHHOCTH CTPO-
€HMsl, MUHEPAIbHBIA U XUMHYECKHI COCTaB MOPOL
J3BIXPUHCKOU TONIIM B KaHboHE p. bonbmas Xocra.
BrIsBIIEHO, 9TO OHM MMEIOT SIPKHE OTIIMYUTEIIbHBIC
YepThl OTHOCUTEIBHO BMEUIAIONINX HMX W3BECTHS-
KOB, 3aJIETal0T Ha TPaHUIIE IOPOJ arypcKou u Kasza-
4eOpOJCKOW CBHUT, WUMEIOT AHAJIOTH B COCEIHHX
CTPYKTYPHO-(OPMAITMOHHBIX 30HAX, a 3HAYUT, MO-
YT HCIOJNB30BAaThCS B KAueCTBE MAapKHUPYIOLIETO
TOPU30HTA TIPH NIETATBHBIX TEOJIOTO-KaPTHPOBOUHBIX
paboTtax wiM JOKyMEHTAINH KEPHA.
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KiroueBble ciioBa:
TpaBHpa3BeOYHBIC JaHHBIE, MATHUTO-
pa3BenoYHbIe TaHHBIE, IOKAIbHbBIE
aHOMaJIMH

,H.]'lil HUTHPOBAHUA

Ha kapre npeobnanatoT ceBepo-3amnagHble OPUEHTHUPOBKH, KOTOpPbIE, Cyas
110 BCEMY, SIBIISIIOTCSI PE3YJIbTATOM BIIMSHUS MaJ€030HCKON TEKTOHMYECKOU
rpaHuibl. BeiaBuraercs Bepcus, 4TO 3Ta IpaHMLA, IO KpailiHed Mmepe Jio-
KaJIbHO, KOHTPOJIUPOBaJIa MO3ULUI0 00JIee MOJIOABIX OOBEKTOB U TEM CaMbIM
MIOBJIMSUIA HA 3HAYUTEIBHOE YCJIOXKHEHHE CTPYKTYp B 9TOM paiioHe. AHJ-
CKasi TOpHasl LIeNb TSHETCS BJIOJb 3amajHoro nodepexns KOxHoamepukaH-
CKOT0 KOHTMHEHTa HapajuleNIbHO 30HE CYOIyKIIUH, I/Ie OKEaHMYeCKasl IUIUTa
Hacka norpy»aercsi moJ| 10KHOAMEPHKAHCKYH0 KOHTHUHEHTAJILHYIO ILIHTY.
Paiion npoBeneHus uCCleOBaHUN pacriojlarajics B CEBEpHOM 4acTH Ipo-
BUHIMHM XyaHYKO. Bbuln 00cieioBaHbl YeThIpe yyacTkKa. 3HAUYCHUs IPaBH-
TAIMOHHOTO IIOJII PACCUMUTAHbl MO HAOOpYy NAHHBIX C NPUMEHEHUEM IIO0-
npaBku byre. Ha ocHOBe 3THX maHHBIX cocTaBiieHa KapTa aHomanuii byre
teppuropun [lepy u xapTel aHomanuii byre Ha yyacTkax ucclieIoBaHU.

Abramov V.Yu., Vikentyev I.V. A regional and local geophysical study of the western overthrust belt in North-Western
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Introduction

Any study of the western overthrust belt in the
Northern Huanuco, and Northern Lliata is hindered
by the complex tectonic history of this region. At least
locally, events prior to the formation of the overthrust
belt have imparted structural features to the area
which probably influenced the formation of this
belt. Younger events (Basin and Range — Rio Ma-
ranion rift deformation) have left most of the region
buried by alluvium, and block faulting associated
with these events both follows and transects the
overthrust belt [1-3]. In addition to the overthrust
belt, Paleozoic and Mesozoic intrusive and sedimen-
tary rocks in the area are also important in terms of
gold and cooper potential [1; 3; 4]. The Andean
chain straddles the western coast of the South
American continent, parallel to a subduction zone
where the Nazca plate descends beneath the South
American continental plate. The area of our re-
search was located in the northern part of the prov-
ince of Huanuco. Four sites were surveyed [5].

The purpose of the study is to clarify the geo-
logical reasons for the zoning of mineral deposits on
the territory of Peru and Northern Huanuco.

1. Geologic and tectonic overview

Exposures of Paleozoic rocks in the study area (Fi-
gure 1) are somewhat limited. A. Pfiffer reports no sig-
nificant Paleozoic outcrops in Southeastern Llata west of
Huanuco [3]. In far Southwestern Huanuco, Precambrian
outcrops consist mainly of granite with locally abundant
metamorphic rocks [3]. The exposures are more signifi-
cant towards the east. In the Cordillera Huayhuash
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Mountains the well exposed Precambrian Thunderbird
Formation and its relation to the Precambrian Red Bluff
Granite has been described in detail [1]. Although radio-
metric ages are available for outcrops in the Cordillera
Huayhuash Mountains and farther east, the paucity of
age data in far Southwestern Huanuco from either out-
crop or deep exploration wells makes a regional interpre-
tation of Precambrian events very tentative [3].

The Andean chain straddles the western coast of
the South American continent, parallel to a subduction
zone where the Nazca plate descends beneath the South
American continental plate. During the Paleozoic,
the area was dominated by the formation of the Marani-
on and Ualiago basins. A. Pfiffner and L. Gonzalez [3; 6]
discuss in detail the development of these basins by
correlating their stratigraphic and depositional similari-
ties with the Permian Basin of West Huanuco and
Southeastern Ankash (Figure 2). The Paleozoic strata in
the study area are usually of shallow marine origin and
thin generally towards the north [3].

While there are no Triassic rocks in the Ma-
ranion and Ualiago basins area [1; 3], the Middle
Mesozoic was a time of major sedimentation in
the Chihuahua trough [1]. The northwest marine
transgression which followed during the Early Cre-
taceous [1; 7] resulted in a northward thinning
Lower Cretaceous section. Triassic and Jurassic pluto-
nism and volcanism in Southeastern Subandian zone
are described [1; 4]. However [1] report that igneous
activity of this age has not been recognized in South-
western Huanuco.

Late Cretaceous-Early Tertiary deformation in the
Eastern Cordillera Mountains of Huanuco was descri-
bed by Hermoza et al. [1]. Drewes presents evidence
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that the Cordilleran orogenic belt of South America is
continuous from Southern Huanuco beyond El Paso
and his analysis implies that extensive compressional
features are buried in the subsurface of the study area [1].
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The notion that the trend of the Huanuco uplift contin-
ues in the subsurface is verified by an exploration well
drilled to basement on the Ucayaly (Figure 3) basin
Uplift in Northeastern Huanuco [8].

Figure 1. Overview geological maps of the study area (the upper left is the exits of the foundation and magmatic arcs,
the upper right is the fault systems, the lower left is the map of location the work sites)
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Figure 2. Index map of basins and uplifts in the region [1]

Cenozoic volcanism and block faulting are
widespread in the study area. The dominant physio-
graphic features are highstanding fault blocks com-
posed of both sedimentary and volcanic rocks.
Hermoza et al. [1] discusses the Cenozoic evolution
of the Liata area, and describe the Cenozoic volca-
nic geology of this district and present a model for
the Cenozoic evolution of the Maranion Rift.

Although the Cenozoic deformation of the study
region is very pronounced, it is probably masking
older structural trends of equal importance. Hermoza
et al. [1] use the Quaternary fault trends, recent vol-
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canism, high heat flow, and deep basin development
as primary criteria for defining the southern portion
of the Maranion rift. Using these criteria, the south-
eastern Cordilleras may define the southern limit of
the rift. Their analysis of the shallow features which
delineate the rift indicate a district deflection from
north trending to northwest trending in the southern
Maranion Basin. This deflection lies on trend with
the older Burro-Florida structures and leads one to
question how extensively Cenozoic deformation has
altered older structures and how extensively older
structures have guided Cenozoic deformation.
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W AGUA CALIENTE-31D-NR-1X
(offset) AGUA CALIENTE-1

Figure 3. West-east section across the Agua Caliente structure
showing the deep structure and the untested sub-thrust play (see foldout) [8]

2. Gravity data and interpretation

In order to provide reference gravity values,
we utilized Japanese and Peruvian survey data col-
lected between 1980 and 1998 [9; 10], and conducted
more surveys in various parts of Peru in the 2020.
Using these references, the gravity values were cal-
culated dataset and Bouguer corrections were applied.
Finally, a Bouguer anomaly map of Peru and in the
studied areas was produced based on these data.

The gravity data of Figures 4, 5 represents comp-
lete Bouguer anomaly values computed for a sea
level datum and reduction density of 2.67 gm/cc.
These data were compiled from several sources [8; 9],
and have been adjusted to the IGSN/71 base station
network [11; 12]. Terrain corrections were computed
using the computer programs of GravModel 1.1.5 [13]
and should provide a significant improvement over
previous maps [13]. The contours were drawn from
grid values (2 km grid spacing) that were generated
by the minimum curvature technique [5] as pro-
grammed by Surfer 8.

The data are somewhat sparse in northern
Huanuco and the contours in that area show less de-
tail than other portions of the map. However, in spite
of this, a dominant northwest trend of anomalies is
evident in southwest Liata and northern Huanuco.
This northwest trend is generally parallel to the trend
of the overthrust belt [1], and the Shira uplift, and
the margin of the Ucayali Basin [1]. This northwest
trend is also evident southeast of Huanuco where the
strong north-south trend of the Shira is abruptly bent
to the southeast. The dominance of this trend is sur-
prising in light of the north-south trend of Basin and
Range/Maranion rift structures in the area. Subanden
Lineament [1] extends along roughly this same north-
west trend. Pfiffner O. Adrian [3] noticed that a se-
ries of uplifts (the Deming Axis) also occur along
this trend. This lineament is actuality several tens of
kilometers wide and its origin is poorly understood.
However, it seems to have served as a locus of de-
formation across eastern Cordillera, and western
Cordillera from the Triassic to the present [10]. Thus,
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this northwest trend probably is a result of the com-
bined effects of a Paleozoic tectonic zone, the margin
of a Mezozoic basin, the overthrust belt, and locally
normal faulting. The structural interrelations between
these features are complex but their correlations must
be more than coincidence. Presently, it is not possible
to separate the gravitational signatures of these fea-
tures. However, efforts to separate these signatures
via digital filtering are progress.

Several other relationships between structural fea-
tures and gravity anomalies are worthy of note be-
cause of their possible significance. Outcrops of Mezo-
zoic rocks in the Subanden zone in southeast Huanuco

also form a northwest trend. Gravity highs are associ-
ated with these outcrops and the apparent lack of
an anomaly associated with the Big Mountains is prob-
ably due to the absence of any gravity stations in these
mountains. This hole in the data coverage is a result of
the problems with access and inadequate topographic
mapping in this very remote area. Comparison of the
western portion of the map (Figure 4) with the physio-
graphic features (Figure 1) shows that topographic
basins are marked by gravity lows and mountain ranges
generally coincide with gravity highs. The Maranion
Valley and Huallaga Valley are especially well de-
fined by their gravity signature.

Figure 4. Complete Bouguer gravity map of Peru
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Figure 5. Complete Bouguer gravity map of the study area

The paleovolcanic fields in north Huanuco gener-
ally coincides with a gravity high. Directly northeast
of the Lliata the surface geology would not predict the
series of north-trending lows and highs seen on the
gravity map. These anomalies suggest a complicated
block-faulted subsurface structure in this area.

The Huallaga basin and Contaya arch trends
north-northwest and coincides with several strong
gravity lows. The faulting and subsurface structure of
this area has received various interpretations and the
pattern of gravity lows suggests that the structure is
more complicated than of a single downfaulted block.
There is a strong gravity high associated with the
Eastern Cordillera. Southeast of Lliata, this high ceas-
es to follow the topographic trend of the mountains.

The north-south trends north of Union have been as-
sociated with the Contaya Arch rift. However, the south-

east bend near Union and Lliata mentioned above rep-
resents an example of the overlapping of structures in
the subsurface [1]. The intense gravity low associated
with this portion of the bolson may be due to both Ce-
nozoic fill and the overthrust belt. In fact, pre-thrust,
normal faulting may also be present in the area [1].

3. Magnetic data and interpretation

In order to provide reference magnetic values,
we utilized Peruvian survey data collected between
1980 and 1998 [9; 10], and conducted more surveys
in various parts of Peru in the 2020. Using these
references, the magnetic values were calculated da-
taset and variation corrections were applied. Finally,
a magnetic anomaly map of Peru and in the studied
areas was produced based on these data.
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Figure 7. Map of magnetic anomalies of Huanuco (Peru)
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The magnetic data of Figures 6 and 7, repre-
sents complete magnetic anomaly values computed
for a sea level datum and total magnetic pole of
35 000 nT. These data were compiled from several
sources Geological Survey of Peru) and have been
adjusted to the IGRF-13 base station network [2; 14].
Terrain corrections were computed using the com-
puter programs of MagModel 1.1.3v [13; 15-17] and
should provide a significant improvement over pre-
vious maps. The normal magnetic field of the earth
at the work sites was calculated using the [ZMIRAN
calculator. The contours [3] as programmed by
Surfer 8.

Conclusion

The gravity and magnetic maps present here
(Figures 4-6) defines the regional structural grain of
the study area and delineates many local subsurface
features. A northwest trend is clearly dominant and
is probably the result of the superposition of several
features. The overthrust belt is one of these features
but existing geologic control and geophysical data
are too sparse for a detailed interpretation. In addi-
tion to seismic reflection profiling, detailed gravity
profiles could delineate some of the structural de-
tails of the thrusting with the aid of good geologic
control. The extent to which the Maranion Fold-Thrust
Belt Lineament, basement structures, and pre-existing
basin margins affect the location of the overthrust
belt seems to be a key question which further analy-
sis of these gravity data may partially answer.
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