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PRINCIPLES OF FORMATION OF ARCHITECTURE OF ENERGY EFFICIENT RESIDENTIAL
BUILDINGS OF AVERAGE HEIGHT

Summary. The principles of formation of energy-efficient systems of heating, ventilation and air
conditioning of residential buildings of medium height are considered. The analysis of basic requirements to
modern systems of climate control of premises is carried out, technical means of their organization and
management are defined. The model of control of parameters of heating, ventilation and air conditioning system
which includes the analysis of temperature, level of humidity and level of air pollution in a premise is offered. The
mathematical apparatus is developed and the basic scheme of cooling and heating of air in the building, which is
based on the ideal Carnot cycle, is constructed. The basic approaches of development and adaptation of the model

for solving actual problems are indicated.

Keywords: energy efficiency, residential building, heating, ventilation, air-conditioning, mathematical

model, Carnot cycle.

1. Introduction

The formation of energy-efficient heating,
ventilation and air conditioning systems of buildings,
which allow to maintain optimal conditions of
microclimate in the room, necessary for the stay of
people, placement of technological equipment and
storage of products is based on the classification of the
type of building and external climatic conditions. The
analysis of the literature sources devoted to this topic
showed that within the framework of the standard
methodology, heating, ventilation and air conditioning
systems can be divided into complexes intended for
residential premises [1-3], public buildings [4, 5],
industrial premises [6, 7] and medical institutions [8,
9.

To date, there is an increase in requirements for
maintaining climate control in the premises when
designing heating, ventilation and air conditioning
systems. First of all, this is a tightening of safety
standards, comfortable organization of work and rest,
storage conditions of food products, maintenance of the
so-called "clean room" and keeping animals. This is
partially offset by the growth of opportunities for the
organization of heating, ventilation and air
conditioning systems, both heating, air conditioning
and ventilation, and automatic control systems in the
"smart house" mode [10-12]. However, it should be
noted that the problem of optimization of heating,
ventilation and air conditioning from the point of view
of the need to build energy-efficient systems is a
complex and non-trivial task.

Also, important factors influencing the choice of
the optimal organization of the heating, ventilation and
air conditioning system are the height of the floor and
the total number of storeys of the building [13-15]. In
the case of heating systems, the highest energy
consumption, which can be calculated by determining
the specific consumption of thermal energy, it is
associated with the height of the floor of the building.
The number of storeys of the building is important in

establishing the ventilation system, which is based on
the construction of common sectional exhaust shafts —
this approach allows to reduce heat loss through the
ceiling of the upper floor, as well as to reduce the
resistance to heat transfer of the attic coating. It is
characteristic that in general, these factors have mutual
influence, which further complicates the task.
Accordingly, when building the basic model of heating,
ventilation and air conditioning, it becomes necessary
to choose typical options, leaving the possibility of
expanding the mathematical apparatus for a wider class
of problems.

Thus, in this work it is proposed to confine the
study to the construction of the methodological
framework that includes the development of principles
of formation of architecture and organization in
heating, ventilation and air conditioning systems of
energy-efficient residential mid-rise buildings, which
can be represented as the objective of the work.

2. Basic approaches to energy efficiency of the
heating, ventilation and air conditioning system

Assessment of energy efficiency of heating,
ventilation and air conditioning systems involves the
construction of the mathematical model and the
introduction of the following indicators:

o the acceptable temperature range of indoor air;

o the temperature of the air outside ;

e permissible air flow rate in the room ;

o the allowable humidity level for indoor air,
according to the air temperature;

o the level of indoor air pollution, which can be
expressed in terms of volume fraction, according to
typical chemical pollution agent s .

In addition, the temperature level in the premises
of the residential complex is correlated with climatic
conditions, a significant difference between the indoor
temperature and outdoor temperature does not meet
both medical standards and energy-efficient approach
to heating, ventilation and air conditioning. Thus, an
additional standard can be introduced for, which
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corresponds to the permissible temperature range of the
indoor air .

Ventilation: air flow rate

Passive scheme

S

[(Vgn — AVgn); (Ve + AVgp)]

1
]
1
1
i
Active scheme | !
1
1
1
1
1
1

Air humidity level

[(Hgn (Tgn) — Hn (Tgn)); (Hen (Ten) + Hen(Ten))]

--------------

Indoor air temperature

Heating

Conditioning

W

T € [(Tgy — ATgn); (Tgn + ATgp)]

. Regimes correlation

ATgn/ge= |Tem — Tgsl

Outdoor air temperature

-t T € [(Tpg — ATpp); (Tpp + ATgp)]

Fig. 1. The basic model of control of heating, ventilation and air conditioning system parameters.

At the level of construction of the mathematical
apparatus, the definition of energy efficiency of
residential premises can base the concept of heat load
for the ideal process of heating and air conditioning. At
the same time, in the framework of this study, in order
to build a basic model, it is proposed to consider the
processes of air conditioning and heating of premises
with the possibility of further supplementing the
mathematical apparatus with algorithms for controlling
humidity and the presence of typical air pollution
agents.

3. Modeling of the heating, ventilation and air
conditioning system of the premise

The simplified mathematical model of the system
maintaining the set temperature mode in premises,
which are using the processing mechanisms of ambient
air at the level of the Carnot cycle, but does not take
into account the energy consumption during
transportation and distribution of the coolant and the
heat transfer area in the model is considered
unbounded, is based on analysis of heat sources
(appliances, building residents, etc.), their parameters
and the mutual arrangement (Fig. 2).
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Fig. 2. The basic scheme of cooling and heating of air in the premises.

Under the present scheme it is necessary to
introduce variables for temperature heat sources that
are present in the premises as a one-dimensional matrix
Calculating the difference of and allows selecting the
operating mode of the heating, ventilation and air
conditioning system in which the external environment
can be used to cool the heat source or the heat source
be taken into account when heating the premise. For the
temperature difference the air conditioning system is
activated, which can be described on the basis of the
Carnot engine model. Its description considers the
absorption of heat load for temperature through power
consumption .

Heat load absorption [15-17] is calculated through
the total heat dissipation from all sources according to
the temperature difference:

moreover, it should be noted that in this case the
Signum function should be defined as follows:

To calculate the power consumed by the heating,
ventilation and air conditioning system in relation to a

single heat source it is necessary to enter the efficiency
factor :

and total power consumption calculated for all
heat sources:

where

Calculation  of  energy-efficient  heating,
ventilation and air conditioning system can be based on
obtaining the maximum efficiency in the framework of
the developed mathematical model. At the
mathematical level this can be formulated as follows:

Substituting in equation (6) the value for the total
heat output from (1) and the total power consumption
from (4) , the following expression can be obtained:

The development of the model implies its
adaptation to solve a wide range of urgent problems.
Therefore, in the future it is proposed to carry out the
stages of the study presented in Fig. 3, with correlation
of modeling results [18].
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STAGE 4 -

STAGE 3

1STAGE 2 #

STAGE 1

|

Carnot cycle basic model

Cooling and dehumidification interference

—

Cooling cycle / Carnot cycle

Electric energy input distribution

1* Thermal transmission limitations

Fig. 3. Stages of development of the mathematical model of heating, ventilation and air conditioning.

This approach to the development and adaptation
of the proposed mathematical apparatus allows
developing a holistic methodology for the construction
of a mathematical model used in the calculation of
energy-efficient  heating, ventilation and air
conditioning systems.

4. Summary

In the course of the study, the principles of
formation of energy-efficient heating, ventilation and
air conditioning systems were considered and the
classification of requirements for these systems was
carried out. The model of control of parameters of
heating, ventilation and air conditioning system which
includes the analysis of temperature, level of humidity
and level of air pollution in a premise is offered. The
mathematical apparatus is developed and the basic
scheme of cooling and heating of air in the building,
which is based on the ideal Carnot cycle, is constructed.
It is shown that the calculation of energy-efficient
heating, ventilation and air conditioning system can be
based on obtaining the maximum efficiency, taking into
account the consideration of all heat sources located in

the premise. The basic approaches of development and
adaptation of the model for solving actual problems are
indicated.
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Kauoga I.b., ManeesaH.Il., /Imumpuesa M.K., Ilonosa JI.B.

OCOBEHHOCTH MEJUIIMHCKOTO OBCJIYKUBAHUS YYAIMXCS KOJIEUKA-
WHTEPHATA JUISI THBAJIAIOB U JIIOJAEN C OTPAHMYEHHBIMHA BO3MOKHOCTSIMU
3/I0POBbS

Katsova G. B., Maleyeva N.P., Dmitriyeva M. K., Popova L. V.

FEATURES OF MEDICAL CARE FOR STUDENTS OF A BOARDING COLLEGE FOR THE
DISABLED AND PEOPLE WITH DISABILITIES

AnHoranusi. OOpa3oBarensHoe yupexkaeHue «OpeHOyprckuii TrocyAapcTBEHHBIH AIKOHOMHYECCKHN
KOJUIeIDK-WHTEPHAT OCYIIECTBIIET OO0pa3oBaTeNbHYI0, peabWINTAIIOHHYIO, JIe4eOHO-TIPOPHUIAKTHIECKYIO,
BOCHUTATCIIbBHYIO ACATCIBHOCTHL B C(bepe HpO(I)eCCI/IOHaJ'ILHOFO O6paBOBaHI/I$[. Oco0EeHHOCTHIO JACATCIIPHOCTH
MCIUIUMHCKHUX pa6OTHI/II(OB KOJUIC/PKa SABJIACTCA INTAaTHOC pacliMCaHue MCEAUIHMHCKOI'O IIYHKTa H 00BeEM
ACATCIBHOCTH €TI0 COTPYAHHKOB, HaHpaBJ’IeHHBIfI Ha YJIy4YlICHUC COCTOSHUA 340POBbsA CTYACHTOB JJIsd
obecreueHns MOJHOIIEHHON 00pa30oBaTeNbHOM e TeILHOCTH.

Annotation. Educational institution “Orenburg State Economic Boarding College " carries out educational,
rehabilitation, medical and preventive, educational activities in the field of professional education. A special
feature of the College's medical staff is the staff schedule of the medical center and the volume of activities of its
employees aimed at improving the health of students to ensuring complete educational activities.

Kmiouesvie cnosa: uHGaﬂuObl,’ a00U ¢ OCPAHUHYECHHBIMU  BO3MONCHOCMAMU 300p06b}1, MeduuuHCKO@
obcnyscusanue.

Keywords: the disabled, people with disabilities, medical care.

denepanbHOoe  Ka3eHHOE  NPO(ECCHOHANBHOE — pealiM3aldi  MPOTrpaMMbl  OOIIEr0  MEIMIHHCKOTO
obpasoBarenbHOe  yupexaeHue — «OpeHOyprckuii  CTpaxoBaHMsl KOJUIGIK HE Y4YacTBYeT, ILJIaTHbBIC
rocyAapCTBEHHBIN SKOHOMHYECKUN KOJUISJDK-  MEIUIIMHCKHUE YCIYTH He MPEN0CTaBIsAIoT [3].
HHTEpPHAT» (Hajiee KOJUIC/DK-UHTEPHAT) SBJISICTCS MenuiuHcKas MOMOIIb CTYyCHTaM OKa3bIBaeTCs

YUPESKICHUEM, OCYIIECTBIIAIONIMM 00pa30BaTeIbHYIO,
peabUIUTAIIMOHHYI0, BOCIHUTATENbHYIO, KYyJIbTYpHO-
MPOCBETUTENBCKYIO M HMHYIO JeSITeNLHOCTh B cdepe
cpenrero mpodeccuoHanbHOro obpazoBanus. CBOO
UCTOPUIO KOJUiemk BemeT ¢ 1951 roma, xorma OBLIO
CO3/1aHO TIepBOE 00pa30BaTENbHOE YUPESKICHHE IS
J0JeH ¢ OrpaHMYEHHBIMHM BO3MOXHOCTsIMU [ 1, 2].
duHAHCHPOBaHUE KOJUIeIKa-HHTepHATa

B MCIUIMHCKOM MYHKTC KOJUICHKa-UHTCpHATA. B
COOTBETCTBUM CO INTATHBIM paCIMCaHUEM 3A€CHh

yTBepkaeHo 13  mratHeIx exmHHMI  (Tabm.  1).
OCOOEHHOCTBIO IITATHOTO PACIUCaHHUA  SIBIAETCA
o0s3aTeNpHOe HaJM4We B IOTaTe  NPO(UIBHBIX

CICIIHANNCTOB, CIOCOOHBIX OCYIIECTBIATE HE TOJBKO
MPOQUIAKTHICCKAE MEPOIPHATHS, HO W JedeOHO-
peadMIUTAIIMOHAYIO TIOMOITH 00yJarormuMcs [5].

npousBogutcs u3  (emepanbHoro Oromkera. B
Tab6muma 1
IITaTHBIA COCTAB METHIHHCKOr0 MYHKTA
JIo/DKHOCTB (CIIEIHATBHOCTS, Ipogeccrst), pa3psii, Komuecto Uucno SAHATBIX | p o ecKue f—
Kiacc (KaTeropust) KBanpuKaim IITATHBIX EAUHUILL JIOJDKHOCTEHN

Bpau-HeBpoJior 0,75 - -

Bpau-niequatp 1,00 1,00 1

Bpau-teparnest 1,00 - -

3aBeyronuii MeTMIMHCKUM ITyHKTOM 0,25 0,25 1
Cromarosior 1,00 0,50 1

MeMIMHCKas CecTpa 2,00 - -
MeIUIMHCKAs CECTPa USTHICCKAsS 1,00 1,00 1
MeuiHCKast cectpa 1o (hu3HOTEepaIii 1,00 0,50 1
MenuiHCKas cecTpa MpoLeaypHast 1,00 1,00 1
Crapiiasi MeIMIMHCKAs cecTpa 1,00 1,00 1
Depamep 3,00 3,00 3
Uroro: 13,00 8,25 10

Kak BHIHO W3 TaOJMIBI, YKOMIUIEKTOBAHHOCTH
BpadeOHBIMU KagpaMu — 46%, CpeTHUM METUITTHCKUM

niepconanoM — 70%. 3a mocneanue 3 roga OTMEJaeTCs
IIOJIOKUTECJIbHAS JUHaAMHKa YKOMIUIEKTOBaAHHOCTHU
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BpadeOHbIMH KagpaMu. OTHAKO OHA OCTAETCS HU3KOM,
B CBI3M C 4YEeM BO3HUKAET HEOOXOIUMOCTH
MPUBJICYCHHUS BHEIIHUX COBMECTHTEIICH.
KoadduireHT COBMECTUTENILCTBA Bpayeil paBHICTCS
1, cpemHero MeauWIMHCKOrO mepconama — 1,1
KomnekTB CpelHUX MEIUIIMHCKUX pPabOTHUKOB
OoTHOcHTeNbHO crabmwieH. Bcee ¢Qempamepa u
MEIUIINHCKUE CECTPHI IMEIOT OOJBIION OIBIT pabOTHI
0 MaHHOM crnenmaiabHOoCcTH — Oosiee 10 mer. Tak kak
KOJUTE/DK-UHTEPHAT MMEET CTaTyC 00pa30BaTeibHOro
YUPEXKICHHUS, OTCYTCTBYeT (HUHAHCUPOBAHUE CTAThU

pacxoloB Ha OOYYCHHE MEIHUIIMHCKOTO MEPCOHANA,
KOTOPOE HEBO3MOXXHO OCYIICCTBUTH IO MECTY
HAXOXKJCHHUSA KOJUICDKA. OTO CO3JIaeT MpodiiemMy
MOy YCHHS KaTeropui ISt COTPYIHHKOB
MEMIIUHCKOTO TyHKTA.

KonmmyectBo ~ oOywaromuxcs B KOJUICIKE
cocraBiasieT 486 yenoBeK, M3 HUX Ha OIOIKETHOM
ocHOBe — 269 uemomek: 139 (51,7 %) sBistorcs
naBamaamu, 108 (40,1 %) — metm cupoTsl u 22
yenoeka (8,2 %) umerot cratyc OB3 (puc. 1).

B VHBannabl - 51,7 %
= et cnpoTsl - 40,1 %

mOB3-8,2%

Puc. 1. Kamezopuu cmydenmos, obyuarowuxcsa Ha 610024CcemHol 0CHOge

KonTHHTEHT oOyJaromuxcs KOJUTe KA~
WHTEpHaTa  cTabwieH.  JIBIDKeHHMe  ydJaImxcs
MPOUCXOJHUT IO OOBEKTUBHBIM IPUYMHAM U HE BHOCUT
JecTabUiIu3aluy B IPOLECC Pa3BUTHS YUPEIKICHHUS.

Pacnpenenenue  oOydamoluxcsi 1O  TEHOCPHOMY
MpU3HAaKy B aOCONMIOTHBIX Imdpax oToOpakeH Ha
pHUCYHKe 2.

B deBywku - 55,3 %
@ Howwu - 44,7 %

Puc. 2. I'endeprvlii cocmag 0byuarouuxcs 8 Kouneodice-uHmepHame

AHanu3  BO3pacTHOIo
MpecTaBjeH B Tabuuie 2.

cocTaBa CTYJICHTOB

Tabmuma 2

Bo3pacTHoii cocTaB yyauuxcst Ha 04Hoii ocHoBe OI'9KMU B 2019r.

Bospact Jo 14 ner Ot 15 1o 17 ner Crapmie 18 et
YHCIEHHOCTD, Yell. 0 194 228
% - 45,97 54,03

Bcero B komnemxe-uHTepHaTe oOydaercs 132
YyeJ0BEKa, MMEIONMX HWHBAJIMUIHOCTb, W3 HHUX II0J
KaTeropuio peOCHOK-MHBAH] ITONaJal0T 56 YeIoBEeK
(42,4%).

CryneHTsl, nMeromue HHBATHIHOCTS |1 rpymmer
cocraBisiior 47.7% (63 udenoseka), Il rpymnmsr — 9,8%
(13 yenosexk) (puc. 3).
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PebeHoK-nHBaNMA, Uusanug, Il rpynnel

UHBanug, Il rpynnel

Puc. 3. Kamezopuu uneanrudHocmu cmyoeHmos

B xomremke-uaTepHaTE 00yUaroTcs 23 denoBeka
C OTPaHUYCHHBIMH BO3MOXKHOCTSIMHU 3/10POBBSI.

MenunuHcKass  JIESATENBHOCTh B MEIITyHKTE
OCYWIECTBIISICTCS. HA  OCHOBAHUHM  JIMLCH3MH  C
HOMEHKJIaTypOi paboT 1 yCIIyT:

1. Oka3aHnu NMEpBUYHON TOBpaueOHOW MEIUKO-
CaHWUTAPHOW MOMOIIM B aMOYJIaTOPHBIX YCJIOBHSIX IO
CECTPUHCKOMY JIeJTy, CTOMATOJIOTHH, JIe4eOHOMY ey,
¢usnoTepanuu.

2. Oka3zaHMM NEPBUYHOI BpaueOHOW MEIUKO-
CaHWUTAPHOW MOMOIIM B aMOYJIaTOPHBIX YCJIOBHSIX IIO
MeINaTPpUH, TEPAINi, OPTaHN3AIMN 3PAaBOOXPAHCHUS
1 O0IIECTBEHHOMY 3/I0POBBIO.

3. Oxa3zaHny NEpBUYHON CHENHATN3HPOBAHHON
MEIUKO-CAHUTApHOH IOMOIIM B  aMOyJIaTOPHBIX
YCIOBUSIX MO OpPraHW3allMHM  3/1pPABOOXPAHEHUS U
00IIIECTBEHHOMY 3/J0POBBIO.

4. TIpoBeieHNN MEAUIIMHCKUX OCMOTPOB.

Pabora MeaMIMHCKOTO TyHKTa BeaeTcs 1Mo 6
HalpaBJICHUAM:

1. OpraHu3annoHHO-METOANYEeCKast pabora.

2. JleueOHO-npoduakTHyecKas pabdora.

3. Menuko-peaOMIINTaIIMOHHBIE MEPOIPHUATHSA,
BKJIFOYAIOIIHE.

4. CaHNTapHO-TUTHEHUYECKHE MEPOTIPHATHS.

5. CaHUTapHO-TIPOCBETHTENbCKAS padoTa.

6. TloBeimeHne KBanu(UKANIUK TEPCOHANA,
HampaBJICHHOE  Ha  IPOXOXKICHHE  KypCOBOH
MIOJITOTOBKH C LEJIbIO MOBBILICHUsI MPO(ecCHOHANIBLHON
KOMITETEHTHOCTH.

JearenbHOCTh MEIUIIMHCKOTO MTyHKTa
MoJipa3yMeBaeT CHCTEMHYIO pabOTy HECKOJBKHX
cneuuanicToB. Pabora Bpada-meanaTpa 3aKi04aeTcs
B COCTaBJICHWU IUTaHA HAa TEKYyIIHHA y4YeOHBIA TOJ
(momMecssYHO) ©W B TPOBEJCHHH  METUIIHHCKOTO
OCBHICTEIILCTBOBAHNS a0OUTYypPHUEHTOB, MOCTYHAIOIINX
B KOJUICDK-UHTEPHAT.

Ipodunakruueckuit 0CMOTp yUaIuxcst
MeuaTpoM MpoXoJAT B TIepBOM cemectpe. Ha
OCHOBaHHMHM JIaHHBIX OCMOTpa (OPMHUPYIOTCS IUIaH
paboTsl. 3anonHseTcs KypHaI ydeTa
JIMCTIaHCepU3aLInT CTY/ICHTOB. Bcero Ha
nucnancepHom ydere B 2018-2019 yuyeGHOM romy
cocrosio 314 genosek. Pacnpenenenue mo rpymnmnam
3JI0POBBSI IPEACTABIICHO B TabuIe 3.

Tabmuma 3
Pacnipenesienne no rpynnam 310poBbs
I'pynna 310poBbs UNCIEHHOCTS, Yell. %
| R
1l 108 25,59
11 97 22,99
v 78 18,48
\Y 139 32,94
Hroro: 422

Cpenu 3aboyieBaHMII NEpBOE MECTO 3aHUMAIOT
6osie3Hu HepBHOM cucTeMsl (24,2%), Bropoe — 00J1e3H1
KOCTHO-MBIIIIEYHOH CHUCTEMBl M COEAMHHUTEIHHON
TkaHu (8,92%), Tperbe — OONE3HHM SHAOKPUHHOU
cucteMsl ® KpoBooOpamenus (7,96% wu 6,69%
cooTBeTCTBeHHO). Ha nmucmaHcepHOoM ydere ¢

COLMAJIbHO-3HAYUMbIMH 3a00JIeBaHUSMHU COCTOUT 29
yenoBek, u3 HUX 15 (51,72%) crpagaror caxapHbIM
maberom, 14 (48,28%) — 310KauecTBEHHBIMHU
HOBOOOPa30BaAHUSMH.

Jlokanuzanms 3JI0Ka4eCTBEHHBIX 00pa30BaHUMN
npejcTaBieHa B Tabuuie 4.
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Tabnuna 4.
Jlokanmu3anus 3JI0Ka4eCTBEHHBIX HOBOOOpa30BaHMIA
Jlokammzanus Kommuectso, yer. %
3a0oJieBaHMs! KPOBH U KPOBETBOPHBIX 8 5714
OpraHoB '
3110KayecTBEHHbIE HOBOOOPA30BaHUsI 5 1429
IJIa3a ¥ er0 NPUAATOYHOIO anmapara '
3110KayecTBEHHbIE HOBOOOPA30BaHMUsI 5 1429
TOJIOBHOTO MO3ra '
3110KayecTBEHHbIE HOBOOOPa30BaHHUsI 1 714
IIMTOBHIHOM JKeJIe3bl ‘
3110KayecTBEHHbIE HOBOOOPA30BaHMsI 1 714
KOCTHO-CYCTaBHOW CHCTEMBI '
Hroro: 14
IIpueM cCTymeHTOB C OCTpOH IIaTOJNOTHEW  HEOOXOMMMOCTH  BBI3BIBAE€TCS  OpHraga  CKOpoit
MPOBOTUTCS  TEAWATPOM  KPYIJIOCYTO4HO. [IpM  MEIMIIMHCKOW TIOMOIITH.
0 N I
// - T
25 _— —_
- I
20 %T// e T o
-~ e —
o j; T o 201
10 P //, / - m 2018 rog
. L,//// /2019 ron 2019 roa
0 J/\ /
\\\ / 2018 rop,
T ——
nnaHosas T/
rocnuTannsauma rocnutanaunsayma no
3KCTPEHHbIM
NMoKasaHMAM
Puc. 4. Iloxazamenu cocnumanuzayuu
BaxkHpiMu  pazgenamMum  pa®OThl  MEJNYHKTa  BONPOCaM  JHETOJOTMH. B koiutemke paboTaer
SIBIISIFOTCA TIJIaHUPOBAHUE n TIPOBECIACHUC KOMUCCHA 110 MUTAHUIO, OCHOBHBIM HaIllpaBJICHUEM
(hrooporpaduu CTyACHTOB, IPUBUBOYHAS paboTa. paboThI KOTOPO, siBisieTcst HOPMUPOBAHKE CITHCKA HA
ExeromqHo  COOTBETCTBEHHO  COCTaBICHHOMY  IHMTaHMe O0ydarolmuxcs. B cocraB KOMHCCHU BXOIST
rpaduKy NpPOBOAUTCS NEPEOCBHJCTEIILCTBOBAHUE HA  JAMPEKTOP, 3aMECTHTENb AMPEKTOpa, MEIUIMHCKUE
MCD. paboTHHKH  (Bpad W CTapmias  MeEJICecTpa).
WuBanuapl, He MOATBEPIUBIINE HWHBAIHIHOCTh,  EjkeKBapTaibHO TIPOBOTUTCS MOHHTOPHHT
nony4art cratyc OB3 (orpanndeHHbIC BOSMOKHOCTH  VAOBJICTBOPEHHOCTH KAadeCTBOM IMUTAHUSA  CPEId

SI[OpOBLﬂ). OT0 JAa€T UM BO3MOKHOCTBH IPOAOJKUTH

oOpa3oBaHue Ha OIOKETHOH OCHOBE.

C Havama  yueOHOro  roja
pacmpenensioTcss 10 TpymmaMm Uit
¢u3KkynpTypoi.  3aHATHUS ~ TPOBOIAT

rpynmnamMu. B Tedenmne y4eGHOTO rojja HEOIHOKPATHO
Ha 0a3e KoJJIe)ka OpraHn3yr0TCsl COPEBHOBAHUS CPEIU
ydammxcs. Ha coOpeBHOBaHMSAX MPHUCYTCTBYIOT Bpad U

MeIHITUHCKAsT CeCTpa.
Jdnus  opraHuzalii  MUTAHUSA
CryzaeHTbl

6IOL[)KCTHBIX aCCUTHOBaHHMI us3

oOyJaromuxcs
(hyHKIHOHHUPYET cTojoBas Hal20 MOoCcaJoOYHBIX MECT.
00eCIIeUnBarOTCS  MMATAaHHEM
(beneparbHOTO
Oromxera. JlaHHBIA pa3men paboThl KOHTPOJIHPYETCS
MEIUIIMHCKONW CEeCTpOM, Mpolieaned oOydeHue 1o

CTYJIEHTOB KOJUIE)Ka-UHTEPHATA.

BaxapIM HampaBieHHEM PaOOTBI MEIUIIMHCKOTO
KOJUICKTHBA KOJUIEI KA SBIISCTCS MEIUKO-COIMaIbHas
peabunuTanys, KoTopas BKIIOYAET OPTaHW3AIUI0 H
MPOBEJIEHUE TPOTPaMM pPeabHIUTAIIIN COBMECTHO C
peabuInuTONIOTOM,  TICHXOJIOTOM,  TIpernojaBaTeieM
JIOK, opranuzanuio © MPOBEIEHHUE €XKETrOAHOTO
0CMOTpa Bpayamu Y3KHX CHEIHMaIbHOCTEH,
oOcrenoBaHue yyaumxcst JISE OpraHu3anuu
peaOMIUTAIIMOHHBIX MEIUITMHCKHX MeponpusaTHii. B
KOJUIe)Ke-UHTEpHATE JEHUCTBYET COBET o
peaOwnuTanuu, B OOS3aHHOCTH KOTOPOTO BXOIHT
KOOpIMHALMS JESATENIbHOCTH BCEX MOJpa3fesieHuil u
CIIy’)K0 1O CO3IAHHUIO CIICHHUANBHBIX YCIOBHSAX IS
TOJTyY€HHUS CpEeAHETO npodeccrnoHaIbHOTO

yyaruecs
3aHATHI
MaJIBIMU

3a CUCT
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o0pa3zoBaHus OOy4YarOIIMMUCS C OrPaHUYCHHBIMHU
BO3MOXKHOCTSIMHU 3JI0pPOBbS, OIIpeAEIICHUS
ONTHMAJIBLHON  TpPaeKTOpHM  peabWiauTanum |
abunmranun odyyatomuxcs. CoBeT 10 peaduiIuTanuu
YTBEPXKIACTCSl JIOKAJIBHBIM IPHKAa30M JUPEKTOpa
cpokoM Ha oauH rojn. Ilman paboTel coBera 1O
peabmnTanyu pa3pabaTeiBacTCs Ha KaXIbI yaeOHBIH
o ¥ IIOCIEe PACCMOTPEHUS €ro Ha 3aceJaHHH
NEJarOrMYeCKOr0 COBETA YTBEPIKAACTCS IHPEKTOPOM
KOJUIe[Ka-HHTEepHATa. [Tpu HEO00XOJUMOCTH
3aceljaHus COBETa MOTYT IIPOBOIHUTHCSA BHE IUIaHA.
VYuureiBass ~ KOHTHHICHT  CTYJCHTOB  KOJUICIDKa-
MHTEpHATA, MIOJTHOLIEHHOE MEIUIHCKOEe
o0ciyXMBaHHE HE BO3MOXHO 0€3 OCYIIEeCTBICHUS
TECHOM CBSI3M C COTPYIHHKAMH COLMAIIBHOM CITyKOBI.
Takum o00pa3om, opraHu3anus MeIUIHHCKOTO
o0ciyXMBaHMsl KOJUIeJKa-MHTEpHAaTa IO3BOJISIET B
HOJIHOH Mepe OCYIIECTBIIATD ne4eOHo-
NpOPHIAKTHYESCKYI0 U PeabMIMTAlMOHHYI0 MOMOIIb
CTyJCHTaM-HHBaJIUIaM u CTyICHTaM c
OrpaHUYCHHBIMH BO3MOXKHOCTSMH 310POBBSL.

CHnHCOK HCIO0JIb30BAHHOM JINTEPaTypBhI

OpeHOyprekuin rocyaapCTBEHHBIN
SKOHOMHMYEeCKHH  Komtemk-untepHat  (OI'OKUN):
[DnexrponnbIii pecypc] http://www.ogek-i.ru.

Oenepanbuplii  3akoH  «O6  oOpa3zoBaHuM B
Poccuiickoii deaepanun» Ne 273-03 0129.12.2012 15

locymapctBennass  mporpamma  «JlocTymHas
cpena» Ha 2011-2020 roxpl,  yTBep:KIEHHas
noctanoBieHueM [lpasutensctea PO ot 01.12.2015 1.
Ne 1297,

IIpuka3 MuHuctepcTBa TpyJa U COLMAIbHOU
3amuthl Poccuiickort @enepammu ot 30.07.2015 1. Ne
5270 «0O6 ytBepxnaenun [lopsaka obecneueHus
JOCTYIHOCTH  JUIS  HMHBalIUIOB  OOBEKTOB U
MIPEOCTaBIISIEMbIX YCIyT B cepe Tpyna, 3aHATOCTH U
COLIMAJIbHOM 3alIUThI HACETICHNUS, a TAK)KE OKa3aHUS UM
IIPU 5TOM HEOOXOJUMOU TIOMOILIN»;

IlocranoBnenue  IlpaButensctBa P®  or
10.07.2013 No 582 «O6 yrBepxkneHun IlpaBun
pasMenIeHus Ha ounmansHOM caiite

00pa3oBaTeIbHON OpraHu3alud B HHPOPMALUOHHO-
TeJIeKOMMyHHUKalMOHHOW — cetn  «MHTepHeT» H
oOHOBICHUs wWHpopManmuu 00 00pa3oBaTEIBHON
OpraHM3aIIny.

’E. Kostenko, 2L. Petrova, ?A. Rylsky, M. Eneeva , 2 A. Ivanov

Pirogov Russian National Research Medical University

2Moscow Centre for Research and Practice in Medical Rehabilitation,
Restorative and Sports Medicine of Moscow Healthcare Department

MODERN REHABILITATION STRATEGIES OF POST-STROKE MOTOR DISFUNCTIONS:
FUNCTIONAL ELECTRICAL STIMULATION AND BIOFEEDBACK-STABILOMETRIC
POSTURAL TRAINING.

More than 80% of patients after a stroke have
limited daily activity due to a complex polymorphic
motor deficiency of various nature and severity, which
leads to postural disorders (PD) [1]. Because of paresis
develop different changes in the musculoskeletal
system (MSS) such as PD, restrictions of movements in
the joints, impaired relationships of links and levers of
the motor-biomechanical system of the human body,
balance disorders [2], that increase the risk of falls, lead
to a low level of activity and participation, reduce the
quality of life of patients with stroke [3-8].

In case of dysfunction of the lower extremities, the
locomotor process splits, which normally provides
simultaneous performance of the main functions:
movement and balance (postural control - PC). Human
supportability is determined by two components: the
state of the MSS and balance through the friendly
activity of proprioceptive, visual, vestibular analyzers
with the coordinating role of the cerebellum. The
balance function is directly related to the ability to
move and is a predictor of achieving the ability to walk
[8-10], and is also among the factors potentially
modified by physical activity [11].

The after stroke patient’s gait acquires a peculiar
pattern, is characterized by a decrease in speed,
violation of kinetic and kinematic profiles, pathological
asymmetry, mediolateral deviation towards the
unaffected lower limb, a greater instability of the center

of pressure (COP) and an increase in the energy
consumption of the motor act [12-14]. The asymmetry
of the step parameters depends on the formed
differences in  spatio-temporal and kinematic
characteristics between the affected and healthy side;
muscle strength and support stability of the paretic limb
[15]. The Cochrane review data on monitoring of the
objective activity demonstrated the passivity of the
lifestyle of post-stroke patients compared to age-
comparable healthy individuals [16]. These patients
spend more than 80% of the time on a sedentary
lifestyle [17], which leads to a further decrease in
cardiorespiratory reserves and overall endurance.

Thus, it is important to include in the program of
rehabilitation of patients with stroke different physical
factors, which, acting directly on the central nervous
system (CNS), and on the segmental and peripheral
structures of the neuromuscular apparatus, contribute to
the restoration of motor functions.

Despite significant advances in the treatment of
acute stroke, to date, evidence-based studies in the field
of rehabilitation have not yet been conducted. Leading
experts still recommend the available rehabilitation
measures (physiotherapy, ergotherapy, kinesiotherapy,
acupuncture, etc.), though the low class of
recommendations [18]. There is no single methodology
for the use of physiotherapeutic methods with proven
effectiveness (functional electromyostimulation (FES),
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electrostimulation (ES), kinesiotherapy, etc.). Their
effectiveness is not clear depending on the period of the
stroke, the characteristics of the defeat of the dominant
and subdominant hemispheres. There are open
questions about the duration and frequency of
procedures, the duration of therapy, periodicity and the
combination of techniques.

In 2019, a group of scientists from different
countries conducted a systematic review and meta-
analysis of the effectiveness of various types of
physical therapy (PT) on balance function and PC in
patients with stroke [19].

In the described meta-analysis, both balance and
PC were studied. Based on the International
Classification of Functioning, Disability and Health
(ICF), balance considered as a level of activity
reflecting functional abilities, and postural control as a
body structure function reflecting both orientation and
stabilization body. Therefore, the primary outcomes
were: balance measured by the Berg Balance Scale
(BBS) or the Postural Assessment Scale for Stroke
(PASS); postural deviation measured by the weight
bearing asymmetry (WBA) on lower limbs or the
mediolateral and anteroposterior position of the center
of pressure (COP); and postural stability measured by
all COP sway or limit of stability (LOS) parameters.
The secondary result was an indicator of independence
according to the scales: Barthel, functional
independence, daily activity scale.

Of the 13,123 identified studies, 145 studies were
selected with a total of 5912 patients; 18 had a
crossover design and 127 parallel groups. The number
of patients included in the study is from 7 to 408 people
aged 46.9-78.5. A total of 91 studies with PT versus 76
studies without PT (NT) were analyzed; and 81 studies
with PT compared with 70 studies that conducted
standard therapy (ST). Meta-analyzes were performed
with subgroups: PT categories, time after a stroke and
localization of the lesion; and meta-regression
(duration of PT).

The efficacy of PT immediately after the course of
treatment has been proved compared to NT in relation
to balance, mediolateral postural disturbances in EO
and postural stability (PS); and compared with ST
groups - the benefits for balance and PS (with EO and
EC) after a stroke. Functional task-training,
musculoskeletal  interventions  (MSI)  and/or
cardiopulmonary intervention, MSI using ES were
more effective than NT in improving balance
immediately after the procedure (). It is confirmed that
only functional task-training had a beneficial effect on
improving the balance compared to NT.

Significant positive results were obtained for
constraint-induced therapy; of functional task-training,
of musculoskeletal intervention with body awareness
therapy and of musculoskeletal intervention by active
strengthening. There were no significant improvements
for acupuncture, sensory and other interventions
(p=0.29). There was a significant positive results for the
subgroup of chronic stroke patients and a non-
significant results for the subgroup of acute-subacute
stroke patients, without significant difference between

subgroups (p = 0.64). In a subgroup of studies that
included only patients with supratentorial stroke, a
significant positive result was found.

It is interesting, that there was no statistically
significant long-term effect of PT on the balance
compared to ST in patients with stroke. Assistive
devices were found to be more effective than NT
relation to PS in EC; and functional training tasks and
sensory interventions were more effective than NT and
ST in improving orthostatic stability.

Thus, it is shown that the functional task-training
associated with MMS and / or cardiopulmonary
training and sensory interventions, affects the
improvement of balance and PS. However, these results
should be interpreted with caution due to the small
number of studies, participants, or heterogeneity within
subgroups.

Disturbances of sensory input and afferentation
from a paretic limb both to the side of insufficiency and
to the side of redundancy (spasticity) alter the activity
of the motor centers and deform the static and dynamic
motor program in patients with stroke. Obtaining
information about the position of the COP, the
inclusion of visual and auditory analyzers in training
using biological feedback methods (BFB), along with
the active effect on muscle conditions and impaired
motor act, contribute to the accelerated formation of
new functional connections at the CNS level, the
development of a new functionally adapted stereotype
movements, movement control and balance.

The comprehensive use of the FES and BFB-
stabilometric training methods [20], which have a high
safety profile, including in old age and high
comorbidity, makes it possible to implement such a
program.

A recently published randomized comparative
study [20] involved 67 patients (mean age 58.4 + 6.4
years) in the late recovery period of stroke who
received a course of comprehensive rehabilitation for 5
weeks. By the end of the observation in the main group
of patients (FES+BFB) statistically significantly
increased walking speed (from 73,6+5,7 sec in the
usual pace to 56.2+6,7 sec); COP leveled in both groups
(significantly along the X-axis; p <0.05), decreased
length of statokinesigram by an average of 27.4% at EO
and 30% to the EC (596,77+89,6); the deviation of total
COP in the sagittal plane decreased, that can be
considered as an objective increase in patient
resistance.

The Romberg coefficient improved (from 55.8 +
6.81 to 95.2 + 6.47; p <0.05), which indicated the
restoration of deep proprioceptive sensitivity and an
increase in its share of information in standing control.
In patients with paresis of the limbs, the index of the
position of total COP in the frontal plane (p <0.05)
improved when performing functional tests (regression
of paresis and posture asymmetry). There was a
tendency towards a decrease in the rate of movement of
the central nervous system (an indicator of overall
stability). As a result, the patient has an earlier motor
and social adaptation (changes on the Barthel scale
from 58.2 + 2.8 to 75.5 £ 3.7 points; p <0.001),
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restoration of impaired balance function, and
improvement of quality of life (46.3 + 2.3 versus 61.2
+ 3.0 at the end of the study; p <0.05).

It is necessary to emphasize the importance of a
positive emotional reaction to physical activity during
biofeedback training on the platform (impact on the
mental component of motor deficiency; increased
sensory input). The restructuring of the stabilogram
coincided with clinical regression of statolocomotor
disturbances. Thus, the inclusion in the rehabilitation
process of a combination of methods of FES and
biofeedback stabilometric training, makes a beneficial
contribution to motor training and neuroplastic changes
in the CNS. It provides long-term improvement of
motor control, balance of muscle activation, quality,
efficiency and ergonomics of walking [20].

Our center continues the development and
scientific substantiation of individual comprehensive
rehabilitation strategies to improve motor functions and
balance, taking into account the neuropsychological
and chronobiological status of post-stroke patients.
This will allow to fully realize the patient’s functional
reserve and achieve maximum effectiveness of the
activities.
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HYDROGEOLOGICAL DIRECTIONS OF "APPLIED HYDROGEOLOGY™"

/ybeii Hamania Bonooumupiena

KAHOUOAm 2e071020-MIHEPANo2iYHUX HAYK,

doyenm kageopu 2eono2ii ma po3eioKu HAQYMOBUX i 2a306UX POOOSULY,
leano-Ppanxiecokuil HAYIOHATLHUL MEXHIYHUL YHIgepcUmem

Hagmu i eazy

T'IZIPOTEOJIOTTYHI HAITPSIMKH «ITPUKJIAJTHOI I'TJIPOTEQJIOT Ti»

Annotation. The article describes various hydrogeological directions, which are designed to solve a number
of practical problems in different sectors of the economy. They can be combined into a single cycle of Applied
Hydrogeology. The role and significance of theoretical and practical bases of hydrogeochemistry, groundwater
filtration, hydrogeological modeling, methods of pilot-filtration tests and processing of their results, hydrogeology
of mineral deposits, medical, reclamation, regional and ecological hydrogeology are revealed.

AHoTanis. B crarti onmcaHi pi3HOMaHITHI TiIpOreosIOriYHI HANPSMKH, SIKI MOKIMKaHI BHUPILIyBaTH psij
NPaKTHYHUX 3aBJaHb B PI3HUX Taly3sX HapoJHOrO TOCIONapCTBa. Ix MoxHa 06’€fHATH B €AMHUH MUK
«[Ipuknanna rigporeosoris». Po3kpuri ponb 1 3HaYeHHS TEOPETHMYHMX 1 NPAKTHMYHUX OCHOB TiIporeoximii,
GdinpTparii mia3eMHUX BOJI, TIAPOreOIOTIYHOTO MOICITIOBAHHS, METOAMKH ITPOBEACHHS JOCIHO- (LI TPAIi HHIX
BUIPOOYBaHb 1 00POOKH IX Pe3yJIbTaTiB, I'iJPOTeoIIOTil POJOBHI KOPUCHUX KOMAINH, MEIUYHOI, MEJIiOPaTUBHOT,
peTioOHaIBHOI Ta €KOJIOTIYHOT T1IPOTE0IOTi] .

Keywords: applied hydrogeology, groundwater, hydrogeochemistry, hydrogeological modeling, filtration,
research.

Krouosi crnosa: npuxiadna 2iopoceonocis, niozemui 800u, 2iopoceoximis, 2i0poceonoziune MoOent08aHHs.,

Qinompayis, 0o0caioxicenHs.

IlocTanoBka mnpodaemMu. 3 KOXHHUM POKOM
3HAQUYEHHS MiJ3€MHUX BOJA 1 TiIPOreoNOTiYHUX
JOCTIKEeHb 3pocTae. TIpicHI Mmi3eMHI BOIU HIMPOKO
BUKOPUCTOBYIOTBCS 3  METOK  BOJOIOCTaYaHHS
OIIBIIOCTI HACEJIEHUX IIyHKTIB, HPOMHUCIOBOCTI 1
CUTBCHKOTO TOCIIOAAapCTBA; MiHEpaldbHI BOOH - 3
JMKYBaJbHAMH LIJSIMA; BHCOKOMIHEpaTi30BaHI BOIU
TIHOOKHX TOPU3OHTIB - ISl BUAOOYBaHHS PIAKICHUX 1
po3cistHuX eneMeHTiB (Oopy, oy, JiTito, pamio Ta
in.). TepManpHI TiI3eMHI BOAM BHKOPHCTOBYIOTHCS
JUTS OATbHEOJIOTIYHIX IUIEH Ta 3 METOI0 Teruiogikarii
JKUTIOBUX OYAMHKIB, MPOMHCIIOBUX MiJNPUEMCTB 1
CUIBCHKOTOCIIOAPCHKUX 00 €KTIB, MEperpiTi BOAM -
JUTSE BUPOOJICHHS €JIEKTPOCHEPT i,

T'igporeosorivHi OCIIKEHHSI BUKOHYIOTHCS [IPH
OyIiBHHUIITBI 3aBOJIB, MICT, TIAPOTEXHIYHUX CIIOPY/I,
PyIHUKIB, 3ami3HUIb. OCOOIMBOrO 3HAYEHHS BOHU

HaOyaM y 3B’A3Ky 3 THMTaHHAMH OXOPOHH Ta
pamioHaJIbHOTO 1  KOMIUIEKCHOTO  BHKOPHCTaHHS
BOJIHMX, 3EMEIbHHUX, MIHEpPaJIbHO-CUPOBUHHUX Ta

IHIINX TPUPOJHUX PECYPCIB.

Ha cydacHomy erami y 3B’S3Ky i3 IIMPOKHM
BUKOPUCTAHHSAM MIiJ3€MHUX BOJ y PI3HUX Taly3ax
HapOJJHOTO TrOCI0/IapcTBa Ta HEOOXiTHICTIO
BpPaxyBaHHS iX IMO3UTHBHOTO Ta HETaTHBHOTO BILIMBY
chopMyBaBcs LUK PAA TiAPOTEOTOTIYHUX HAIPSIMIB
31 CBOIMU KOHKPETHUMH NPAKTUYHUMH 3aBJIaHHIMH Ta
METOJIUYHUMH MTPUHOMAMU 1X BHUPILICHHS, SIKI MOXXHA
o0’eqHaTn B onmHYy OKpemy Hayky «lIpuxiagna

rigporeosnoris». [yt BUPIMIEHHS MPAKTUYHUX NMUTaHb
cepell HAyK MpO TMiA3eMHI BOMU BaroMe 3HAYCHHS
MaTh: TiJpOreoXiMmiss, JUHaMIKa MiI3€MHUX BOJ,
METOJINKa T1iIPOreoIOTIYHUX JTOCTIKCHB,
MOJIeIOBaHHs (inbTpaliiiHuX mporeciB Ta Oararo
THIINX.

Meroro  jmaHoi  poOOTH €  PO3IIUPEHHS
KOMIIETEHI[IH I[0JI0 CYy4YaCHHUX METO/IB BHBUYCHHS
MPUKIAJHAX  acleKTiB TiAPOTeoyorii 3 UL
MPaKTHYHOTO TX 3aCTOCYBaHHS B PI3HUX Taly3sx
HApOJHOTO TOCTIOAAapPCTBA, 30KpeMa B Oy IiBHUIITBI.

AHaJi3 JNOCTiTKeHb Ta nmyOaikaniii.
Igporeosorist sik HayKka BUHHUKJIA TIOPIBHSIHO HEIABHO.
[Muranus BOJIOTIOCTaYaHHs, 3pOLIyBaHHS,

BUKOPHUCTAHHSI MIHEPAJIBbHUX Ta IMPOMHUCIOBHX BOJ
3MIACHIOBAIOCS HA OCHOBI JOCBiAy, IHTYiTHBHO.
Benunka 3acnyra y BUBUEHHI NPHUPOAHUX BOJA 3€MHOI
KOpH HaJeXKHuTh akaaeMiky B.l. BepHaacekomy, skuit
3BEpHYB YBary Ha 3Ha4€HHs MEepPeXoy BOIU 3 OJHOTO
¢i3uuHOrO CTaHy B iHIIMH 1 OOTPYHTYBaB BIUIUB IMX
MepexoiB Ha XIMIYHHN cKIaa miazeMHux Boa. B. L.
BepHanceknit  — OAMH 3 OCHOBOIIOJIOKHHKIB
rifgporeoximii - HAyKH MPO XIMIYHUN CKIIAJ MiJ3eMHHIX
BOJI 1 TiAporeoxiMiuHi mporecH, siKi BiOyBalOThCSA B
Hajapax 3eMii.

[IpoBimHy pomb B oprasizamii ¥ NOpoBEeACHHI
rigporeonorivaux gocmimkens 3irpanu O.K. Jlarre, B.
C. Inpin, @. I1. CaBapencwkuii, O. M. Mazaposuy, b.
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JI. Jliukog, O. C. ®enoposcrkuii, I'. M. KameHnchkuid,
®. A. Pynenko.

[ToyaTok BUBUCHHIO 3aKOHIB PyXy MiI3EMHUX BOJ
OyB MOKJIafeHui npausimMu (GpaHIly3bKOro TrifpaBiika
I'. Hapci y 1856 porii, skuii BCTAHOBUB OCHOBHUI
JMiHIAHMKA  3akoH  ¢inprpanii.  Po3Butky  Teopil
¢dinpTpamii 1 AWHAMIKE TII3€MHUX BOJ TIPHCBSYCHI
pobdorn B.l.ApaBina, ®. M. bouepera, M. K.
INpuncekoro, B. 1. babGymkina, B. H. Illenkauesa, B.
M. IllecrakoBa Ta iH. IluTaHHS MeITIOpPaTUBHOI
rigporeosnorii po3BuHyTI B podorax [I. M. Kama, 1. €
Iuporosa, M. M. Kpunosa.

VY 3B’513KYy 3 INUPOKUM BUKOPUCTAHHSM IT1I3EMHHUX
BOJ Ha Tepuropii  YKpaiHM IS ITUTHOTO,
TOCIO/IaPCHKOTr0 , OANBHEOJIOTIYHOTO, TIPOMHUCIOBOTO
Ta IHIIUX BHAIB BOJONOCTaYaHHS B Cy4acHUX yMOBax
JIy’K€ aKTyalbHOI0 CTae TpoOJieMa OIIHKM IXHIX
eKCIUTyaTallifiHuX 3amaciB i, AK TIOKa3y€e JIOCBifg
OCTaHHIX pOKiB, BOHa Ma€ BKJIIOYATH HE TUIBKH
TiAPOTEONOTIYHI JOCHIMHKEHHS 1 TeXHIKO-eKOHOMIUHi
3iCTaBJCHHS, aje ©W eKOJOTiYHe OOIPYHTYBAaHHS
MOJKJIMBOCTI # TOIIBHOCTI 3aITydeHHSI MMiI3eMHHUX BOJ
y cdepy TOCHOHAPCHKOI MiSUTBHOCTI  JIIOIMHHU.
Exosoriune o0rpyHTYBaHHS! BUKOPHCTAHHS IT1I36MHHX
BOJl BKJIIOYAE OI[IHKY HETraTHMBHOTO 1 IIO3UTHBHOTO
BIUIUBY eKcIutyaramii  ix Ha KOMITOHEHTH
HaBKOJIMIIHBOTO CEPEIOBHUIIIA.

CyuyacHi ysBJIEHHs Npo MiA3eMHy rixpocdepy,
KOHIETLT HOBITHIX METO/IiB BUPIIICHHS
TiIPOTECONIOTIYHUX MUTaHb PO3POOIICHI 1 BUKIAACHI Y
HaykoBux mparx M.B. Cenenxo, XK.C. Kawmsicta, O.
JI. llleBuenko, B. M. Illecronanosa, H. M. ®poosa,
A. M. Cemuyka, B. B. Konozis, H.B. [dy6eii, N.E.
XKepnona, O.€. Kouwsikosa, I'.I. Pyapko [1-5].

Buxnanenns OCHOBHOT'O Marepiaiy.
Iigporeosiorist — 1ie Hayka Ipo Mia3eMHi Boau. BoHa
BUBYAE MpoOlecH (OPMyBaHHsS, YMOBH 3aJIsITaHHS,
PyXy, hi3u4Hi Ta XiMiuHI BIACTUBOCTI IMiI3EMHHX BOJI.
I'igporeosiorisi € OJHI€I0 13 OCHOBHUX T'aly3ei reoorii
i BIHOCHTBCS [0 IHKIY NPUPOJHAYO-ICTOPHIHHUX
HayK.

lnpporeomorist Bupimye myke OOMHMpHE KOJIO
PI3HUX MUTAaHb, TOMY TOAUISETHECA HA PSI PO3LLITIB.
SAnpom i 1 TEOPETHYHOIO OCHOBOIO € 3arajbHa
TiIPOTEOIIOTIs.

Ha cywyacHomy ertami y 3B’S3Ky i3 ITMPOKHM
BUKOPDHCTAHHSIM MiJ3EMHHMX BOJl Y PI3HUX Tally3six
HapOJIHOTO TrocrojapcTBa copMyBaBcst LUHH psj
TiJPOre0IOTIUHIX HANpPSIMIB 31 CBOIMH KOHKPETHHMH
NPaKTHYHAMHM ~ 3aBJAHHSAMH Ta  METOJUYHHMHU
npuifoMamMu X BUpIIIEHHS, SIKI MOXXHAa 00 €IHATH B
omuH 1wka  «llpuxmagHa rigporeonorisy.  Jls
BUpIIIEHHS NPaKTHYHUX NHUTaHb Cepell HayK Ipo
MiJ3eMHI  BOAM  BaroMe  3HAYEHHS  MaloTh:
TiIpOreoXiMis, TWHAMIKA MiA3EMHHUX BOJ, METOJUKA
T1IPOTCONIOTIYHIX JIOCITiIKEHbD, TiApOTeoIoris
pPOMOBHII  KOPDUCHHX  KONAIWH,  perioHajbHa
rifgporeonoris, MelTiopaTHBHA rigporeosoris,
panmiorigporeosoris, MOJCIIOBaHHSA (UIBTpaIlifHIX
MPOIIECiB, OIiHKa 3alaciB MiA3€MHHUX BOJ, MEIMYHA
TiAPOTe0IIoris, eKOJIOTiYHA TiIPOTe0IoTis.

«[inporeoximisi» BHUBYa€ pPEYOBHMHHUN CKIIAJ
MiI3EMHUX BOJ, IpoluecH ix ¢opmyBaHHs, iCTODIIO 1
Mirpamiro  XiMiYHHX  CIIEMEHTIB y  MiJ3eMHIil
rigpocdepi.

Ponpb rimporeoxiMii mpu BHpILIEHHI HAyKOBHX i
HapOJHOTOCHOAAPCHKUX 3a/1a4:

- Iae 00'eKTMBHY OIIIHKY XIMIYHOTO CKJIany Ta
SIKOCTI Tig3eMHHX BOZ 3 TMODNALY iX LUTBOBOTO
BUKOPHCTaHHS - JUI1 BOJOINOCTaYaHHS HACEICHUX
ITyHKTIB, CLIIBCHKOTO TOCMIOJAPCTBA, IPOMUCIOBOCTI;

- BIBYA€ MiHEepaNbHi JIiIKyBaJIbHI BOIH;

- TeoxXiMigHI acmekTH BHUIOOYTKY IiHHUX
KOMITOHEHTIB 3 TiJ3€MHUX BOJ PO3MISAAIOTHCA B
reoXiMil MPOMHUCIIOBUX MiI3EMHUX BOJ;

- BHMBYA€ MiJ3MHI BOJAM SIK KPHUTEPIH MOLIYKY
POJIOBUII Pi3HUX KOPUCHUX KOMAIWH — KOJbOPOBHUX 1
piAKicHUX MeTaniB, HadTH, ra3y TOIIO, a TAKOXK IX
(opMyBaHHS Ta pyHHYBaHHS; HAIlPSIM Y TiIporeoximii,
OI0 CTOCYETHCS TiAPOTCOXIMIYHMX METOIIB ITOIIYKiB
KOPUCHUX KONAJIMH, OJICp)KaB HA3BY DPYIOIOUIYKOBOI
Ta Ha()TOra30IMONIYKOBOI T'iAPOreoXiMmii.

- € (Qakropom, IO BHU3HAYAE IHXKEHEPHO-
TEOJIOTIYHI BIIACTHBOCTI TIPCHKHX TIOPIJ i cCepeIoBHIIE
nepeOyBaHHs iH)KEHEPHUX CIIOPY/I.

- Biflirpae BaXJIMBY pOJIb Y PO3B'A3aHHI IPOOIIeM
eKoJIoTii THpW  OIHLI  CTymeHs  3a0pyIHEHHs
TeOJIOTIYHOr0 CepeIOBHIIA Ta Horo oxopouu [4].

Hayka «/luHamika mig3eMHHUX BOJI» BHBYAE
OCHOBHI MaTeMaTH4HI MOJIelNi pPyXy BOJHM IO IMopax Ta
TpIIMHAX TIpCBPKAX TMOpiA, 3aKOHW (QiIbTpaIlii,
kiacu(ikamio Ta CTPYKTYpy IMOTOKIB MiI3eMHUX BOJI,
0a3oBi piBHAHHA TreodimpTpamii Ta MeTomMm iX
pO3B’s3aHHSA, OCHOBHI aHAJITHYHI  PO3PaxXyHKH
MIPUPOJHUX Ta IITyYHHX TIIOTOKIB IiJ3€MHUX BOJ,
OCHOBH BHU3HAUCHHS TiIPOrCOJIOTIYHMAX MapaMeTpiB 3a
JaHUMH  JOCHIHO-(QINbTpAliiHUX  JIOCHIKEHb,
MIrpaliio y miI3eMHHUX BO/IaX Ta MEPEHECEHHs BOJIOTH
B 30HI aeparrii [2].

«Jocaigno-ginbTpaniiini podoTu» K
BOKIMBUI po3fin  «/lMHAMIKM MiA3EMHHX  BOJ»
3acIyroBye Ha OKpeMe BHIUIEHHsA. Moro BHBUeHHs
JI03BOJISIE  O3HAWOMHUTHCH 3 BHAAMH W IIBOBHM

TIPU3HAYCHHSM BHTIPOOYBaHb (mepemycim
BiJIKauyBaHb); OIAHYBaTH METOJUKY IPOBEACHHS
JOCHiTHO-QUIBTpalifHUX  poOIT 1  00poOKy ix

pe3ynpTariB; Ha 0a3l MaHWX HATYpHHUX MOJBOBUX
JOCHIKeHb (BUIPOOYBaHHS BOJAOHOCHHX TOPH30HTIB
Ta KOMIUIEKCIB) BUKOHYBATH PO3PaxyHKH OCHOBHHX
reoiIbTpaliiHUX MapameTpiB, BHKOPHUCTOBYIOUH
0a30Bi TeopeTH4Hi pIBHSHHA TeodinbTpamii Ta
METOJIMKY 1X OOpOOKHM i3 3acTOCYBaHHSM CYy4acHHX
KOMII FOTePHUX TE€XHOJIOTIH.

«Oninka 3anaciB i pecypciB migzeMHHuX BOI»
Jla€  MOXJIMBICTH 3acBOITH HEOOXiIHI 3HAaHHI 3
KOHLIENTYaJbHUX TIOJIOKEHB, TPUHIIMIIB, METOINIHIX

MAXOMIB BHUBYEHHS BUKOHAHHS OLIHKM 3allaciB
MiA3€MHUX BOJ; OIIHIOBaTH JHHAMIYHI pecypcu
MiI36MHUX BOJ| PI3HUMH METOJIaMH; OIIIHIOBATH

eKCIUTyaTalliiHi 3amacu  MiJI3eMHHX BOJ PI3HUMHU

METOJlaMU; OIIHIOBATH  BIUIMB  BHIOOYTKY
MiA3eMHUX  BOA HAa  OTOYyIOYE  HABKOJIUIIIHE
CEpeNIOBUINE; MPOBOJUTH  KOMIUIEKC  pobiT 3
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MiHiMi3aIlil aHTPONOICHHOTO BIUIMBY Ha MiJ3eMHI
BOJIHL.

«Meau4yHa riaporeosoris»» nae 3HaHHS IIOAO
BIUIUBY XIMIYHHX, (DI3UYHHUX Ta O10JIOTIYHMX YMHHHKIB
(opmyBaHHS CKJIa[y MiJ3€MHUX BOJ Ha 3/10pOB’S
JIOMVHU 1 TBapWUH Ta NPAKTUYHI HABMYKH 3 OLIHKH
PU3HUKIB XIMIYHOTO 3a0pyAHEHHS BOAW Ha 30POB’S
HACEJICHHS.

Hanpsmox «Minepaibni Boguw» Hamae 0a30Bi
3HAHHS IIOJO 3aKOHOMIpHOCTeH Ta ocoOnmBoCTeH
(opMyBaHHS PpI3HOMAHITHUX BHIIB MiHEPAIbHHUX,
TepMaJbHAX 1 TIPOMHUCIIOBHX BOX Ha YKpaiHi;
O3HaHOMIIIOE 13 MeToJaMHu MOLIyKy, KOHCepBaulil,
OLIIHKH ix SKICHOTO CKIany, pecypciB,
eKCIUTyaTallifHuX 3amaciB, MOUIMPEHHS B Teocdepi,
CTYNEHIO 3aXUILIEHOCTI, BHCHAXXCHHS, E€KOHOMIYHOI
JOLTBHOCTI BUIOOYTKY Ta BUKOPUCTAHHS, BUXOJSYU
i3 cygacamx BuMmor IIKY Ta iHCTpYKTHBHO-
3aKOHO/IaBYOI Oa3H.

«Perionassna rigporeoJsoris» o3HaoOMITIOE i3
3aKOHOMIPHOCTSIMH HaKOIMYCHHS TIPUPOTHUX
pecypciB MiA3eMHUX BOJ B THITOBHX TiJpOTEOJIOTIIHUX
CTPYKTYpax Ta B PEriOHaJIbHUX CTPYKTypax YKpaiHwu,
i3 TPUHUUIAMH pailOHyBaHHS, ICTOPIEI0 DPO3BUTKY
TiPOreoJIOrYHIX CTPYKTYD; 0COOJIMBOCTSIMU
30HAJBHOCTI, BOJOOOMiHY, (OpMYyBaHHS SIKICHOT'O
CKJIay Mi3€MHUX BOI.

«I'igporeosorist po0OBHII KOPUCHUX KOMAJIHH
BUBYAE TiJPOTEONIOTiUHI KpUTEpii MOMIyKYy, YMOBH
(opmyBaHHS, pyHHYBaHHS Ta 30€pEXKCHHS POIOBHI]
PYAHUX, HEpYIHUX KOPHUCHUX KOMAJIHMH, HAQTH i razy.

«MeJiiopaTMBHA rigporeosoris»» - NnpukiaaHa
ramys3b TiAPOTEOJNOTii, IO BHBYAE TigPOTEOJIOTIUHI
YMOBH CTOCOBHO /0 BOAHHX MeJiopalii, a came:
MUTAHHS JIOIJIBHOCTI TIONOBHEHHS HECTaTKy abo
BUJIAJICHHSI HAJMIpy BOJIOTUM B TpyHTaX, NPOMHBAHHS]
3aCOJICHUX 3eMejib, O0O0BOIHIOBaHHs macoBuml. Mo ii
3aBJlaHb BXOJAWUTH TaKOX CKJIAJaHHS IPOTHO3IB 3MiHU
yMOB (hopMyBaHHS 1 peXKHUMY MiJ3eMHUX (IPYHTOBHX)
BOJI; epei0aueHHsl 3aX0/[iB 10 PEryJIIOBaHHIO BOJIHO-
CONBOBOTO OayaHCy TPYHTIB 1 (i3UKO-XiMIgHIX
MIPOIIECIB y HUX.

«ExoJioriyHa rigporeoJorisi» po3risijae BILIUB

HPUPOTHHUX Ta TEXHOTCHHO 3MiHEHHX
TiIporeoNIoTiYHIX YMOB Ha Oiocdepy Ta mepmr 3a Bce
Ha IIIOJUHY, TiAPOTEOJOTiYHI  aCIeKTH 3MiHU

BJIACTHBOCTEH I'€0JIOTIYHOT0 CEPEIOBHIIA ITi]] BILTHBOM
JIFOJICHKOT JIISTIBHOCTI, TPUHIMIIA HPOTHO3YBaHHS Ta
npodiIakTHYHI 3aXO0AX BIUIMBY Ha IMIA3EMHI BOIH,
NPUHIUIIA OXOPOHH Ta PalliOHAILHOI'O BUKOPHCTAHHS
migzeMHOl  rigpocdepu, CTparerilo  reoJoriyHoOro
BUBUECHHS Ta BMKOPHCTaHHS NHUTHHUX MiJ3€MHUX BOJ
JUISL BOZOTIOCTAUaHHs HACEJICHHS TOLIO.
Mopae10BaHHS B TiIpOreoJiorii 10CUTh IIUPOKO
BUKOPHCTOBYETHCSI TIPH PO3B’SI3KYy KOHKPETHHUX 3a/1a4
IH)KEHEPHOTO Ta MOIIYKOBO-PO3BiAyBaJIbHOTO 3MICTY.
Kpim Toro, MmopemoBaHHS BHKOPHCTOBYIOTH IIpH
BUDIIICHHI 3arajlbHOTEOPETHYHNX Ta PEriOHaJbHUX
3a1a4. MeTo0MIoTis Ta METOJMKA T1IPOTeoIOoTiTHOTO
MO/IEJTIOBaHHS HAWOUTBIIT TIOBHO pO3pO0IIEeHi CTOCOBHO
mporieciB (GibTpallii, ane 3acTOCOBYIOTBCS TAaKOX IS
PO3B’A3Ky 3amad  Mirpamii miA3eMHHX BOA Ta

BoJIOrOnepeHocy. ['iporeonoriyne MOJICITIOBaHHS 1Ie
BiITBOPCHHS Ha CHCIiaTbHIX MOJICIISIX
TiIPOTCONIOTIYHUX 00 €KTIB 3 METOK 1X BHUBYCHHS.
Take BUBYCHHS MOXXHA 3IIHCHHATH 3a JOIMOMOTOIO
MOJIeNeH, SIKi CTBOPIOIOTHCS B JTAOOPATOPHUX YMOBAX,
a TaKoX MoJieJie, siki BUOpaHi y IPUPOJHUX YMOBAX
(rak 3BaHi Mopxemi-aHamoru). Ilpm MoznemOBaHHI
TIpoIIeCiB ¢inpTpamnii TOJIOBHUM YUHOM
3aCTOCOBYIOTHCSI MaTeMaTH4YHI MoJieli. 3acTOCYBaHHS
MaTeMaTHYHUX MOJeNed B Tigporeojorii Beme a0
IIHPOKOTO BUKOPUCTAHHS 00YHCITIOBAIIEHOL
MaTeMaTHKH, Teopii iHpopmarii, Teopii ymnpasmiHHS i
Take iH. Peamnizaliis MaTeMaTHYHUX MOJEJICH OTpeOye
BiJl T1[pOreoJiora KOMIUICKCHUX 3HaHb, B TOMY YHCII 1
yMiHHS mpamoBath Ha EOM. TakuM 4uHOM,
TiIPOTEeOJIOTIYHE MOJICITFOBAHHS Ma€ TICHUM 3B 530K 3
PI3HUME HAyKOBHMH Ta TEXHIYHUMU JUCIUILTIHAMU 1
SIBIISIE COOOIO TIEPCTIEKTUBHUIN METOJ JOCIiIKCHb B
Tiporeoorii.

lomoBHiI Timporeomoriuni 3amavi, sKi 3apa3
BHPIIIYIOTHCS 32 TOTIOMOTOI0 MOJICITIOBAHHS, TaKi:

1) omiHKa pecypciB i eKCIDTyaTamiiHUX 3amaciB
MiA3eMHUX BOI;

2) [pOrHO3  TiAPOTEOJOTIYHUX
3pOLIYBaJIbHUX TEPUTOPISIX;

3) owiHKa NPUILIMBIB 10 Kap €PiB 1 MIaXT;

4) BMBYEHHS TiPOTEOJIOTIYHHUX IPOLECIB B 30HI
aepariii;

5) BHBYEHHs NpOLECIB 3a0pYAHEHHS IiJ3€MHUX

YMOB  Ha

BOZ;

6) omTHMi3alis YMOB eKCIUTyararii Bomo3abopiB
Ta JPEHaXHUX CIIOPYI;

7) BU3HAYCHHS MapaMeTpiB QimpTpariii Ta Mirpamii
MiA3eMHUX BOI;

8) moOy0Ba MOCTIMHO AIFOYMX TiAPOTEOTOTTYHUX
MoJieNieii  KPYITHUX PErioHIB 3 METOK YIPaBIIiHHS
BOJIHUMH PECYypPCaMH.

I'onosHOIO METOI0 TiIPOreoNIorivyHOro
MOJICTIOBaHHsI € pO3po0Ka IPOTrHO3Y TOBEIIHKH
CiIPpOreoyioriyHoT ~ CHUCTEMH Yy MalOyTHBOMY.
[IporHo3yBaHHS  MOXE  BHUKOHyBaTHCs  abo

peamsHOMY 4aci (BJacHe MpPOTHO3yBaHHS), abo 0e3
KOHKPETHOI PUB’SI3KH J0 Yacy (Tepen0adcHHs).

[MpuknamgHa Tigporeoyoris TiCHO IOB’s3aHA 3
OaratbMa HayKaMW T'EOJIOTIYHOTO Ta HEreoJIOrigyHOTO
IUKJIIB 1 MIMPOKO BHUKOPHUCTOBYE iX METOIH
JOCI/DKeHb. 3 TEOJIOTIYHUX HayK [e: 3arajbHa
r'e0JIoTisl, ICTOpHYHA TeOJIOTisl, CTPYKTypHa Te0JIoris,
TeOTEeKTOHIKa, MiHepajoris, mnerporpadis, reoximis,
IH)KEHEpHa TeoJIOTisl, TiAPOJIOTisi, MEeTeopoJIoris,
reodi3uka, ripHuYa crpapa. 3 HEreoJOTriYHUX HayK Lie:
MaTeMaTHKa. (hizuka, Ximis, rigpaBiika,
TiIpoJMHAMIKA, TIAPOTEXHIKA.

BucnHoBok. B crarri ommcani pi3HOMaHITHI
rizporeonorivxi HaIpsIMKH, K1 TOKJIMKaH1
BUpINIyBaTH psiJl NPaKTUYHUX 3aBJaHb B PI3HUX
rajgy3sXx HapoJHOTO TOCIOJAapcTBa 1 SKI MOXHA
00 enHaTH B €JIUHUN IUKII «[Ipuknagna
TiApOTeoIorisn.

Poskputi ponb 1 3HAUEHHS TEOPETHUYHUX 1
MPaKTHYHUX  OCHOB  Tigporeoximii,  ¢imbTparmii

MiI3eMHUX BOJ, TiPOT€OJOTIYHOTO MOJEIIOBAHHS,
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rpado-aHaITHYHUX 1  PO3PAXyHKOBUX  METOJIB
BU3HAYCHHS TIPOTEOJIOTIYHNX apaMeTpiB, METOANKH
MPOBEICHHS AOCIIIHO-(BIIbTpaliiHUX BUNPOOYBaHb i
00poOKHM 1X pe3yJsbTaTiB, MEAWYHOI, MeliopaTUBHOI
rizporeosorii Ta iH. 3aCTOCYBaHHS Cy4acHHX METOJIB
BUBUCHHS MMiZ36MHUX BOJ € HaJI3BUYAlHO Ba)KIMBUM
IUIL  BONOIIOCTAYaHHS HACENICHHA Ta BHPILICHHS
MPaKTUYHUX 337129 B Pi3HUX TaTy3sSX MPOMHUCIOBOCTI 1
CLITBCHKOTO TOCIIOJAPCTBA.
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ANALYSIS OF THE SPATIAL STRUCTURE OF THE FLOW IN
HIGH PRESSURE HYDRAULIC TURBINES

Summary. The article discusses the study of the velocity field and pressure conducting on the hydraulic
turbine type RO500 (Francis turbine radial-axial 500 pressure) and the basic hydrodynamic equations used in the
process of mathematical modeling of turbulent flow are based on the fundamental laws of conservation: mass,
momentum, energy. This paper presents the distribution of flow rates before and after the impeller of high-pressure
RO500, as well as the loss of flow energy in the spiral chamber and guide vanes.

Key words: HPP, hydraulic turbine, spiral chamber, impeller, Francis turbine, energy.

Introduction

In the 1950s and 1960s of the last century, in
connection with the widespread development of
Siberian rivers, as well as the construction of a cascade
of hydro power stations in Ukraine, Central Asia, the
Caucasus and the Baltic states, the development of
experimental and computational-theoretical works in
the development of flowing parts and impellers
received a great impetus hydraulic turbines of various
speeds.

During these years, the domestic nomenclature
(industry standard) was developed. The efficiency level
of the developed model hydraulic turbines reached 87—
89% at the optimum.

With the development of two-dimensional and
three-dimensional methods for calculating blade
systems in the years 70-80, it was possible to increase
the efficiency to 91-92%.

But still, as in the 5060 years, for example, when
developing the impellers of the Krasnoyarsk or Sayano-
Shushenskaya hydro power plants, up to 20 impellers
and their modifications were tested on a model
installation, the experimental refinement of the flow
parts and impellers was the main and most laborious
part of the job [9-11].

With the widespread introduction of mathematical
modeling based on computer technologies into the
process, which made it possible to increase the level of
optimal efficiency to 93 + 94% (with D1mod = 0.5 m),
doubts arose about the importance and need for further
experimental studies of the flow structure [2,7].

The paper substantiates the feasibility of
experimental studies and their importance for
improving the mathematical models used in computer
technology.

The relevance of the study

The basic equations of hydrodynamics used in the
process of mathematical modeling are based on the
fundamental laws of conservation: mass, momentum,
angular momentum, energy.

In the process of developing methods for
mathematical modeling of turbulent  flows,
simplifications are introduced into the process which is
under consideration.

First, diffusion and convective transport is carried
out as the simultaneous transfer of mass, energy,
momentum and angular momentum.

Naturally, the desire to take into account in the
process of mathematical modeling this complex
transfer process. However, it is known that the Navier-
Stokes equation is a differential analog of the
momentum conservation law, and the continuity
equation is a differential analog of the mass
conservation law. The law of conservation and transfer
of angular momentum are not directly applied in
mathematical modeling.

Secondly, a system of time-averaged Reynolds
and continuity equations is used to describe the
behavior of a turbulent flow.

Averaging the flow over a selected cross section
or over a time interval can be carried out in various
ways:
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For example, when determining the average
speed, you can set the task a) average speed should
provide the same flow rate that occurs in a real stream,
or b) same amount of movement (momentum), or c)
same moment of momentum (angular momentum), or
d) the same kinetic energy.

Of course, these will be different values of the
averaged speeds.

Averaging the Navier-Stokes equations (equations
of momenta), we obtain an adequate model of force
interaction on an elementary liquid volume with a
violation of the energy balance and the balance of the
angular momentum as applied to this liquid volume.

An attempt to clarify the problem is to use the
mathematical modeling of the equations of balance and
dissipation of turbulent kinetic energy (the x—& model
of turbulence).

As known, writing the Navier-Stokes equations in
a conservative (energy) form by multiplying term by
term (the tensor form of each term) is averaged over
energy.

Furthermore, the equation of balance of the total
kinetic energy is obtained, and the equation of balance
of the averaged Kinetic energy is subtracted from this
equation.

The influence of the angular momentum on the
process, as a rule, is not taken into account.

Subsequent, in the process of implementing the
calculation on a computer, the simplifications of the
mathematical model are not amenable to complete
analysis from the point of view of the introduced errors
and the accuracy of the results obtained.

Thirdly, the influence of the boundary conditions
is so significant on the results obtained, both in terms
of the accuracy of the averaged flow parameters
specified in the input section and in terms of such
turbulence characteristics as scale, intensity, and other
parameters [1].

As a result of the above mentioned, the
experimental verification of the flow parameters
obtained as a result of mathematical modeling, as well
as the verification of the accuracy of setting the
boundary conditions, is the main criterion for the
accuracy of the calculated results.

Flow structure analysis

In the case of solving the direct problem of the
flow around the impeller blades, the actual flow form
at the entrance to the blade system, and for some
(channel) methods and at the exit from it, it is necessary
to know in order to set the boundary conditions. With
the known of the distribution of velocities and pressures
in the characteristic sections of the turbine cavity, one
can find the corresponding averaged characteristics,
which is primarily necessary for determining the
energy balance of the hydraulic turbine.

The analysis of the energy balance thus compiled
allows us to study a number of important issues in the
theory of the working process: the degree of influence
of individual elements of the flow part and the
establishment of the most effective ways to increase
speed, energy and cavitation indicators.

The study of the velocity and pressure fields was
carried out on a hydraulic turbine bench in the flow part
of the radial-axial turbine model with impellers Francis
turbine RO500 I-2b and RO500/683 (Russian standard
PO500 I-26 u PO500/683) [3-6]. The main elements of
a hydraulic turbine model are characterized by the
following parameters:

1) Circular spiral camera with a coverage angle in
plan ¢=345° and the radius of the input section

p=133mm (X ated % = 0.6), right rotation calculated

JHp
by law v, r = const;
2) Stator with 13 profiled columns (including
spiral tooth);
3) Profile of guide vanes normalized, asymmetric,
positive curvature, z—: =1.2; Z—‘i = 0.08; z, = 24;

4) Impellers (D1=400 mm): RO500 I-2b (Francis

turbine), z =17, 2% = 0.686; RO500/683, z = 19,
1

% — 0.686;

Dy

5) Suction pipe (draft tube) - straight conical with
a taper angle 5°, height » = 3.18D,.

The velocity and pressure field in the turbine
cavity was measured in two sections: before of the
impeller (section I-1) (fig.1) and after it (section I1-11).
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From the input section of the spiral

Figure 1. The location of the dimensional sections in the turbine cavity and
the decomposition scheme of the absolute velocity vector

In the plan, the cylindrical section I-1 is located to
the output section of the spiral (in the direction of
rotation of the impeller) at an angle
9=142°30'+160°30" (4¢ = 18°) at the impeller
RO500 I-2b and at an angle ¢=142°30'+162°(4¢ =
19°30") at the impeller RO500/683. Section I1-11 in plan
is at an angle p=276° to the output section of the spiral.

When assessing the influence of the shape of the
flow in a spiral on its structure in front of the impeller,
it became necessary to additionally study the flow in
section I11-111, which is located at an angle ¢=112°30’
to the input section of the spiral and passes through the
center of the circle of the section. The flow was studied
using probes in the cavity of a hydraulic turbine with an
impeller PO5001-2b in 22 heads of pressure, and with
the impeller RO500/683 (Francis turbine) —in six heads
of pressure H = 4.5 + 5.5m.

The following can be cited as the main regularities
of the structure of the averaged flow (Fig. 2 - 6):

1. The energy loss of the flow in the spiral
chamber and the guiding vanes for the studied zone of
regimes does not significantly depend on the regime of
operation of the turbine and amount to about 2 + 3.5%.
At the upper and lower rings of the guide vane, the total
energy is 1 + 2% less than in the central part.

2. The nature of the unevenness in height of the
guide vane averaged in the circumferential direction of
the flow velocity is determined primarily by the value
of ap and does not depend on the number of rotations of
the impeller. This is indicated by dependency matching
Yug. ).

o e’
the circumferential direction) at ao =17 mm and
differences nj (n; = 80; 75; 65; 55 and 46,5 min™).

By comparing these graphs with similar ones in
the case of a cavity without an impeller or with other
impellers, it was established that the pattern of change
in speed before of the impeller along the height of the

Vz . .
(’;,‘” (given to 1 m head and averaged in
1
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guide vanes is specific for hydraulic turblnes of this
Vugy. ricey.

T T T

speed With increase ao, uneven values 2 2
1 1

g"’) the height of the guide vane is leveled.

3. When n; changes over a wide range (from
values nj = 80mint untill n; = 46.5min) the angle
change graph @4, ( between the direction of absolute
speed and its peripheral component) the height of the
guide vane practically does not change and only at
changing ao angle g4, is changing, increase with
increasing ao.

If we compare the nature of the change in the angle
o with the same openings ao for the case with an
impeller of RO500 n; = 65mint and without an
impeller, we find that in the absence of an impeller, the
angle o is less in 2°+4°.

Thus, the influence of the lattice of the impeller
blades on the flow behind the guide vanes is
established. This influence consists in some
equalization of the flow unevenness in the
circumferential direction and in the height of the guide
vanes and in an increase (by 2°+4°) of the angle.

It was found that uneven flow patterns

r1(¢)
(I/u[(d,)/Qla

Qr
averaged over the entlre cylindrical surface and the
dependence is obtained @ from opening the guide vane.
Thus, in advance, when profiling a new impeller,
it is possible to take into account the uneven flow along
the height of the guide vane.

Z’("’)) is a function of the angle & flow

4. As a result of the analysis of graphs of changes
in the angle B(¢) flow (between relative and peripheral
speed) height of the guide vane for various ao and n;
we can conclude that when changing n; ranging from
nj = 80 min? until n; = 46.5 min? angle B varies
accordingly from the values 22° at the bottom ring of
the guide vane, 20° in the central part and 27° at the
upper ring when n; = 80 min! until 112° at the lower
ring, 133° in the central part and 122° at the upper ring
when n; = 46.5 min™.,

Thus, at turbine operating conditions other than
optimal, the flow can flow onto the impeller blade
system at angles of attack varying from -50° + -60° no
50° + 60°. In all likelihood, this is one of the main
reasons for the sharp change in efficiency when
changing n; at ap=const. Such unfavorable conditions
of flow inflow limit the possibility of installing high-
pressure hydraulic turbines at hydro power plants with
significant pressure fluctuations, as well as their
operation at starting (low) pressures.

Atn; = const (n; = 65 mint) when it changes ao
(from ao=9 mm until @=29 mm) angle B from
59° + 78° until 43° =+ 47°. Smaller values 8 occur at the
lower ring of the guide vane, and larger values at the
upper.

5. Vortex flow structure determined by f)r(d,),
Qy(g): 254), does not change significantly when
changing the opening of the guide vane (n; = const)
and almost does not change at ap=const and variable

n;.

“‘l’ m/sec V, m/sec %, m/sec
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Figure 2. The distribution of flow rates in front of the impeller Francis turbine

RO5001-2b (D1 = 400mm, n;=

65min-1)
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Figure 3. The distribution of flow rates in front of the impeller Francis turbine
(Russian standard RO5001-2b) (D1 = 400mm, ay,= 17mm)

As a result of the analysis of the parameters of the
stream averaged over the cylindrical surface in front of
the impeller, the following regularities were
established.

1) Lines & = const coincide with the lines
ap=const and the difference between & flow and «,,,
(angle of the midline of the profile of the blade on the
output edge), almost equal to zero (0° + 0.5°).

2) In the studied area of the turbine, the angle

ﬁ: varies within 30° + 120°.

3) The energy loss in the spiral chamber and guide
vane varies slightly (from 2% to 3.5%) when changing
the turbine operating regime from ao=9 mm to a;=29
mm and from n; = 46.5 min to n; = 80min* and are
less important at large values n;.

4) For small values n) (nj = 46.5 + 55min™?)
E~E.~50%, for large values njand Q; E~30% and
E.~70% from full energy.
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Figure 4. Flow characteristic in section I-1 before the impeller Francis turbine
(Russian standard RO5001-2b) (D1 = 400mm)

5) Quantities (v,7); decrease with increasing study area of the turbine (9mm < ap < 29mm;
njand Q; from (v,7r); = 1.6 to (¥,7); = 1.05 in the  46.5 min™ < n, <80 minY).
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Figure 5. Average flow parameters in front of the impeller Francis turbine
(Russian standard RO5001-2b)
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Figure 6. Flow parameters behind the impeller Francis turbine

(Russian standard RO5001-2b)

In the optimal regime, there is a minimum value
of the kinetic energy of the flow in the suction pipe of
the order of 3-4%. At the ao=9 mm and ao=25 mm,
n; =65 min?t, Ex=7%, and at the =29 mm,
n; = 65 min’, the kinetic energy of the flow reaches
10-12% of the energy of the input streamflow.

The potential energy of the flow in the suction pipe
changes insignificantly when the turbine operating
regime changes (njandQy), as a rule, it has a negative

value (pressure is less than atmospheric) and in the
optimal regime En} is about 1-2%.

Thus, the energy loss of the flow in the suction
pipe at the optimum regime is equal to 1+2% and
increase to 4% at ap=25 mm and n; = 65 min, and to
~ 8+9% at the ap=29 mm, n; = 65min’; also to
~ 9+10% at ao=17 mm and n; = 80min’. Basically,
these losses are associated with the energy of the
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circulation component of the velocity: , Which at

the optimum regime is close to zero.

The optimum universal characteristics of the best
impellers are achieved with a positive, close to zero,
value of the averaged circulation at the exit of the
impeller.

The presented on figures 2-4 graphs of the
distribution of flow parameters in a cylindrical section
R=212 mm (for D;=400 mm) impeller Francis turbine
RO5001-2b (modification PO400I-2b — stock number

3515) can be used in the development of new blade
systems for pressure 400500 m, as well as for
mathematical modeling of the flow as boundary
conditions.

It should be noted that the use of modern three-
dimensional methods of mathematical modeling of the
flow, based on rather complex and rigorous turbulence
models, requires the same high degree of accuracy of
the task, as the averaged flow parameters, and the
characteristics of the flowing turbulence as boundary
conditions. in the input section.

1 — spiral chamber; 2 — guiding vanes; 3 — impeller; 4 — shaft; 5 — draft tube
Figure 7. General view of a section along a radial-axial hydraulic turbine

Conclusions

This article was concluded by the process of
developing methods for mathematical modeling of
turbulent flows. Firstly, diffusion and convective
transport as the transfer of mass, energy, momentum
and angular momentum. In the process of mathematical
modeling is this complex transfer process. However, it
is known that the Navier-Stokes equation is a
differential analog of the momentum conservation law,
and the continuity equation is a differential analog of
the mass conservation law. The law of conservation and
transfer of angular momentum are not directly applied
in mathematical modeling. Also in the optimal regime,
the minimum Kinetic energy of the flow in the draft tube
and the flow behind the impeller in the spiral chamber
and the guide vanes changes slightly (from 2% to 3.5%)
with a change in the turbine operating regime.
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Mapwiak Onena Inniena

3a8i0ysay 8i00iNeHHs IHQYOPMAYITIHUX MEXHONO2I
Koneoarcy kopabenie

Hayionanvroeo ynisepcumemy xopabnedyoyeanns
imeni aomipana Makaposa

CUCTEMHE JOCJIIKEHHS NIIBUIEHHA KOHKYPEHTOCITPOMOKHOCTI KOJIEJKY
KOPABEJIIB Y ITIPOCTOPI ®AXOBOI NEPEJIBUIIOI OCBITH

Summary. This work is dedicated to solving an important scientific and practical task of analytical
forecasting of processes of professional pre-higher education development. For this matter a system-analytical
research has been made. This research includes formulation of criteria for improving efficiency of innovational
and research activities of Information technology department of Shipbuilders Collage of National university of
shipbuilding and building cause and effect diagrams for the matter of situation forecast.

AHoTtanis. Po0ora mnpucBsiueHa BHUPIIIEHHIO BaXJIMBOI HAayKOBO-NPUKJIQJHOI 3a/1adi aHAJIITHYHOTO
MIPOTHO3YBaHHS TIPOLECIB PO3BUTKY (axoBOi IMEPEIBUINO] OCBITH, IJIS YOTO BUKOHAHO CHCTEMHO-aHATITUYHE
JIOCTIJKEHHS, AKe BKIIOYaTUMe y cebe (hopMyITIOBaHHSA KPUTEPiiB MiABHUINCHHS €(EeKTUBHOCTI iIHHOBAIIIITHOI Ta
JOCTITHUIBKOI MisIIBHOCTI BimmiieHHs iHpopMmamiiHux TexHojioriii Kosemxy kopabeniBe HamionamsHOTO
yHiBepcHuTeTy Kopabiely1yBaHHS iMeHi anMipana Makaposa (M. MuKo1aiB) 3 HoOyZ0BOIO 11l TPOTHO3Y CHTYAIlii
MPUIMHHO-HACIIIKOBHX Jliarpam.
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CUCMEeMHULL AHANI3, NPUYUHHO-HACTIOKOSE Olazpamu.

IMocranoBka npo6Jemu.

€auanM B YKpaiHi 3aKiaioM BHUIIOI OCBITH, IIO
3IIHCHIOE TTOTOBKY iIHKCHEPHHX 1 HAYKOBUX KaJpiB
BHUCOKOI  KBamiikamii (MONOANIMX  CIICIaJiCTIB,
GakanmaBpiB, marictpiB, PhD, kammumatis i JOKTOpiB
HayK) U1 cyaHOOynmiBHOTO, KOpabneOyIiBHOTO,
MaIPHOOYIiBHOTO, €HEepPreTUIHOTO,
MOPETOCIIOIaPCHKOr0 KOMIUIEKCIB YKpaiHU Ta 1HIIHX
KpaiH CBiTYy 32 MD>XKHapPOJHHNMHU HOPMaMH 1 BUMOTaMH €
HanionaneHuil  yHiBepcuTeT  KopaOieOymyBaHHS
(HYK) imeni agmipana Makaposa (M. Mukonais) [1].
Konemk kopabeniB crtBopeHo Hakazom No 157 Bin
05.02.2013 p. MOH VYxkpaian sK OKpeMuil Miapo3aii
HVYK, skuit Bkmogatume y cede BiIiieHHs MOPCBKOT
TEXHIKH, EHEPreTUKH 1 EJIEKTPUYHUX CHCTEM,
iH(pOpMaLiHHIX TEXHOJIOTIH, E€KOHOMIKH i
MEHEIDKMEHTY, eKoJioriuHoi Oe3meku [2]. BimmimeHHs
iHpOpMAIHHUX TEXHOJNOTIH 3IIMCHIOE MiATOTOBKY
MOJIO/IIIMX CIELiajJicTiB 3a crheriajipHicTIO 122 —
Komm’rotepHi Hayku, sKi MOpaliolOTh Ha T0cajgax
TeXHiKa-nporpamicra, TeXHIKa iHpopMariiHO-
00YHCITIOBAIEHOTO LIEHTpa, orepaTopiB
KOMIT'FOTEpHOTO ~ Ha0opy Ta  BepcTaHHA  Ta
MPOJIOBXKYIOTh HABYAaHHS 3a KBali(hiKalliiiHUM piBHEM
OakanmaBp Ha Kadenpi iHPOPMALIHHUX YIIPaBISIOTHX
CHUCTEM i TeXHOJIOTid. J[MTHAMi4HI IepeTBOPEHHS BUIIOT
IIKOJIM B YMOBax INBUIKOMIHJINBUX EKOHOMIYHHX
YMOB, TIJBHIICHHS BHUMOT JI0 SIKOCTI (axoBoi
MIepEIBUIOT OCBITH, MOCHJICHHS KOHKYPEHIIIT Ha pUHKY
OCBITHIX TOCIYT CTAaBIIATH MPOOJIEMHU MOMIYKY DKEPET
CTaJIOr0 PO3BUTKY JJIs 3a0€3MEYCHHS )KUTTECTIHKOCTI.

[MinBuiieHHs KOHKYPEHTOCIPOMOKHOCTI
3aKiaaiB (paxoBoi MEPEIBHUINOI OCBITH € BaXKIUBUM
aCMeKTOM  COILIJbHOIO Ta  HAYKOBO-TEXHIYHOTO
po3BUTKY YKpainu. 3rimHo 3 3akoHOM YKpaiHu Ipo
(daxoBy mepemBumry ocBiTy [3] HeBix eMHOIO
CKJIA/I0BOIO BBAXKAIOTHCS JIOCJTITHUIIbKA Ta
IHHOBAI[if{HA MisTIBHICTE 3aKJIAJIB, IO OE3MOCepeIHbO
MOB’S3aHO 3 MPOBEIECHHSIM HAyKOBHX JOCIIi/IKCHB,
pe3ysnbTaToM SIKOi € OTPHUMAaHHS Ta BHUKOPHCTaHHS
3HaHb Ta 3AIMCHEHHS TEXHIYHUX 1 HAYKOBO-TEXHIYHUX
po3pobok.  IuHoBamiiiHa  gisuteHICTE — Komemxy
KopabeniB noB’si3aHa  3i CTBOPEHHAM Ta
YAOCKOHAJICHHSIM iHpOpMaIIHHIX TEXHOJIOTIH,
CIPSIMOBaHUX Ha 1 IBUILIEHHS
KOHKYPEHTOCIIPOMOXKHOCTI, 3 X  HacTyIHOIO
ajlanTailiero 10 moTped pUHKY Mparli Ta CyCHiJIbCTBA.
AnekBaTHE IIPOBEJCHHS AHAJIITUYHUX IPOTHO3IB €
HEOOXiTHOI0 HAayKOBOIO CKJIQJIOBOIO MNpU MOOYHOBI
MOJIEeJi HaBYaJIBHOTO MPOIECY HAa HUIAXY MiBHILIEHHS
KOHKYPEHTOCIPOMO>KHOCTI 3aKJIaLy.

AHaJi3 octa”Hix nmyOJikauiii mocjaigxeHb Ta
BU/iTeHHS] HeBUPillleHUX PaHill YacTHH 3arajibHOI
npooéJiemMu.

[IpobnemaTtuky TiABUINEHHS SKOCTI OCBITHIX
MOCTYTr Yy 3aKjajaXx BHUINOI OCBITH BHCBITIEHO Y
po6otax II. I. Cikopcrkoro, O. B. CriBakoBchkoro, B.

B. frynosa Ta inmmx BucHux [4-6]. B po6otax I. IO.
Moraii [7], O. C. PmxkoBa [8] 11i muTaHHS PO3TISHYTI
camMe s OCBITHROrO Tmporecy HarioHansHOTO
yHiBepcUTeTy KOopaOieOyayBaHHA iMeHI amMipana
MaxkapoBa, y TOMY YHCIIi JJISI TIPOEKTIB YKpPaiHCHKO-
KHTaiicbkoro criBpoOiTHHNTBA. [IpoTe mimBHIIEHHS
KOHKypeHTocnpoMoxkHocTi Komemxky kopabenmiB y
BceykpaiHCbKOMY OCBITHBOMY TIPOCTOpI  3aKiajiB
nepenBuIOi (axoBoi OCBITH MOTPEeOyE CTAHOBICHHS
Ta PO3BHUTKY JOCHITHHIBKOI Ta IHHOBAIIIHOT
CKJIQIOBHX, JUISl CTPATETiYHOTO OLIHIOBAHHS SIKHX
HEOOXiHO BBeIEHHs, (QopMallizalis Ta YTOYHEHHS
KpHUTEpiiB.

Jnst  CHCTEMHO-aHANIITUYHOTO  JOCIIiJDKCHHS
HAaBYAIBHHUX 3aKJIaiB, SIK MPABHJIO, 3aCTOCOBYIOTHCS

iHpopManiiHO-aHATI THIHI CHUCTEMHU (IAC),
TEXHOJOTiYHa  IUIaThopMa  SKHX  JA€  3MOTY
HaBYAJIBHUM  3aKJafiaM  KOODAMHYBAaTH IPOLIECH

yIpaBiiHHS, e(pEeKTHBHO 30epiratu, oOpoONATH Ta
aHami3yBaTH JdaHi. 3a OyMKOK aBTopa poboTu [9]
OCHOBHHMMHU HeJonikamu icHyrounx IAC € HeZJ0CTaTHBO
e(eKTUBHE BHKOPUCTaHHS y3arajibHeHOl iH(popmarlii
Ipyu  MAroTOBIl  (axiBUiB Ta NpU  yNpaBIiHHI
HaBYAJIbHO-BUXOBHMM  MPOLIECOM,  HEIOCKOHAe
aaMiHiCTpaTHBHE  (DYHKIIIOHYBAaHHS, HEJOCTATHBO
PO3KPHTI MOXKJIMBOCTI OTIEPATHBHOTO aHANII3Y JaHUX, a
TOJIOBHE — MIO TpH MiArOTOBHI (haxXiBIiB WacTo HE
BpaxOBYEThCA crienn(ika ramysi.

[MigroroBka (axiBIiB y BITYM3HIHHUX 3aKIagax
¢daxoBoi mepenpuioi ocpit (3PIIO) 3ymoBicHa
CYCHUJIBHUMH 3aIIUTaMHU 10J0 NPOpEeCiiHMX HABUUOK
MoJiofi. [IpoTe BiAMOBIIHICTH BUMOTaM 4acy oTpedye
Bii (axiBUiB 3 KOMI'IOTEPHMX HAyK HaOyTTs
AQHAITUYHO-OCTITHUI[PKMX ~ HAaBHYOK B  00JacTi
IHHOBAI[ITHUX KOMIT’FOTEPHUX TE€XHOJIOTIH.

Metra  po6oTH —  CHCTEMHO-aHAJITHYHE
JOCIIKSHHS TiIBUIICHHS KOHKYPEHTOCIIPOMOXHOCTI
Komemxy xopabeniB HarioHamsHOTO yHIBEPCHTETY
KopaOyeOynyBaHHS iMeHiI anMipama MakapoBa sk
MpoIlecy PO3BHUTKY IHHOBAIIHOI Ta JOCIITHHIBKOT
CKJIaJIOBOT IEePEIBUIOT TEXHIYHOT OCBITH.

Jlist OCSATHEHHST TOCTaBJIeHOT MeTH B PoOOTI
HEOoOXiJHO BUPILIUTH HACTYTIHI 3aBlaHHA:

1) amami3 cy4acHHX MiAXOAiB i iH(hopMariitHo-
AQHAJITUYHUX CHCTEM IIPU TOCTAHOBII 1 pO3B’s3aHHI
3aaq I IBUIIIEHHS KOHKYPEHTOCIIPOMOKHOCTI
HaBYaJIbHUX 3aKJIaJIiB;

2) BUOip MeTOAOJIOTT CHCTEMHO-aHAJiTHYHOTO
nociipkenHs Konemky kopabeniB HamionansHoro

YHIBEPCUTETY KOpabneOyayBaHHS IMEHI ajaMmipana
Maxkapoga (mani Koxemx kopabenis);

3) oOrpyHTyBaHHS Ta BUOIp KpHTEpiiB
MABUIEHHS KOHKYypeHTocTpoMokHOcTi  Komemxy

KopabeniB;
4) CHCTEeMHO-aHANITHIHNIM TMPOTHO3 JAWHAMIKH
po3Butky Kosempky KopabeniB sIK CKIaTHOT CHCTEMU;
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O0’eKT AOCHiTKeHb — TIPOLECH YIPaBIiHHA
MiJBUILEHHS ~KOHKypeHTocrnpomoxHocTi  Konemxky
KopabeliB HanionanbHoro YHIBEPCUTETY
KopabneOymyBaHHS iMeHI agmipana Makaposa.

IIpeamer fociaimkeHb — Mojeni MeTOAU
CHCTEMHOI'0 aHajl3y Ta iH(pOpMaIiifHO-aHaTITHYHOTO
3a0e3medeHHs MporecaMy YIpaBIiHHS iHHOBAIIHHOI
Ta JocmigHUNbKoi mismbHOCTI Komemky kopabemni
HamionansHoro  yHiBepcuTery KopabieOyTyBaHHS
iMeHi agmipana MakapoBa.

Buxkiang ocHoBHOro MaTtepiany.

Ipoyec niosuwyents KOHKYPEHMOCHPOMONHCHOCTIE
Koneooicy kopabenig B cTaTTi po3risHYTO Ha TIPUKJIAII
poboTH BimguleHHS 1HQOPMAIIMHUX TEXHOJIOTIH,
KUTTEMISIIBHICT  SIKOTO ~ SIBJSIE  COOOK0  CKITATHY
CHCTEMY, [0 XapaKTEepHHX O3HAK SIKOI BiJHOCSTBHCS
BiJIKPHTICTb, 3JATHICTD 1o caMmooprasizariii,
i€papXidHICTh Ta TIOJIICTPYKTYPHICTh [10].
[HHOBaMifHY Ta MOCTITHUIBKY CKIAIOBI MisTIBHOCTI
BiJUTIJICHHST MOJKHA PO3TIIAAATH SK MiJCUCTEMH, SKi HE
MOJXYTb ICHyBaTH OKpeMO OfHa Bix iHmoi. Ha mixcTasi
3akony [3] iHHOBaNiffHA NiSTIBHICTH — 1€ MiSIIHHICTB,
II0 «CTIPSIMOBaHA Ha BUKOPUCTAHHS 1 KOMEpIiai3allifo
pe3yJbTaTIB HAYKOBUX JOCITIIKCHb Ta PO3POOOK 1
3YMOBJIIOE BUITYCK Ha PHHOK HOBHUX
KOHKYPEHTO3/IaTHUX TOBapiB i mociyr». JlociigHuIbKa
nisutbHicTh Konemky kopabeiB HosisraTiMe B y4dacTi
3100yBaduiB  pa3oM i3 BHKIaJa4aMd B IpoIeci
pO3pOOKHM  HOBHX  NPOTPaMHUX  IPOAYKTIB 3
BUKOPUCTAHHSIM Cy4acHUX iHpOpMaLiHHIX
TEXHOJIOTiM, aHami3i oOJepKaHUX pe3yibTaTiB Ta
CKJIaJaHHI  MOJAJbIINX  PEKOMEHAALid  II0J0
JMOLUTBHOCTI 1X 3aCTOCYBaHHA Yy MPOMHUCIOBOCTI.
TakuM 4YMHOM, KOXHY 3 LHMX CKJIQJOBUX MOXHA
PO3IIISAAaTH SIK CKIIaAHy qUHaMiuHy cuctemy [11, 12].

IMonsarrss  «CxilagHa ~ cHCTEMay»  IIMPOKO
BUKOPHCTOBYETHCS; Y CHCTEMOTEXHIIl, CHCTEMHOMY
aHami3i, MpU JOCHI/DKEHHI omepauiid i CUCTEeMHOMY
MiAX0AI B PI3HUX Taly3siX HAyKH, TEXHIKH Ta
HapoaHoro rocromgapctBa [12]. JIunamiuHi cuctemu
SIBIISIFOTH COOOI0 CHCTEMH, B IKUX BiOYBArOThCS OYIb-
SIKI 3MIHH 3 9acOM, TIPH IBOMY BiJOKPEMITIOIOTH JIBa
TAMN ~ OWHAMIKA  CHCTeM: (YHKIIOHyBaHHA Ta
po3BuTOK. Y Garatsox myOumikaiisx, 3okpema [12-14],
(YHKIIOHYBaHHS ~ CHUCTEMH  PO3TJLNAIOTBCS K
MpOIleCH, IO BinOyBarOThCA SIK y CaMili CHCTEeMi Ta
HABKOJIMITHEOMY CEPEIOBHII, CTA0IEHO peai3yroun
¢ikcoBani mimi. Po3BHTOK cucTeMu BiIOYBa€Thcs B
cucTeMi INpH 3MiHI I LiNei: icCHyroua CTpPyKTypa
nepecrae  BianoBimath HOBiIH Meti. [IpoBimHOIO
Ollepalil0 NP LBOMY € MPUHHATTS pILICHHS —
(dopmanizoBanuii Ta HedopmaiizoBaHUN BHOIp, KU
JIa€ 3MOTY JIOCSTTH (hiKCOBaHOT METH ab0 MPOCYHYTHUCS
y 11 HanpsAMKy.

ITpouec minBUIIEHHS KOHKYPEHTOCIIPOMOXKHOCTI
Komemxy kopabemiB B poOOTI pO3TISIIAETBCSA SIK
PO3BHTOK CKJIAJIHOI INHAMIYHOI CHCTEMHU.

Bubip memoodonocii  cucmemmno-ananimuunoco
docnidocenns Koneodoicy xopabenis. B cucreMHOMY
aHami3i icHye Oe3nmiu meroxis [12-16], 3a momomororo
SIKUX MOXHa €(QEKTHBHO MOOYIyBaTH Ta IOCHITUTH
MOJIeNb CKJIaIHOI cucteMu. Haitoinbin edexTrBHI st
o0y 10BH CHCTEMHO-aHATITHYHOTO MIPOTHO3Y
I IBUILCHHS KOHKYPEHTOCIIPOMO>KHOCTI
mpoaHamizoBano y tabmumi 1. ExcriepuMmeHTanbpHOIO
0a30l0 JOCTDKEHh € IHHOBANIHI TPOEKTH Ta
HaBYaJbHI  IPOTpaMHM  MIATOTOBKM  MOJIOAIINX
cnenianicTiB 3i cremiansHOcTi 122 — Kowmm’rotepHi
Haykw, skui 3pidicHioeTbess 'y Komemxki KopaGemnis
HamionaneHoro yHiBepcuTeTy KopabieOyayBaHHS
iMeHi agmipana Makapoga.

Tabmmus 1.

AHaJni3 nepesar i He10J1iKiB MeTOiB, sIKi MOKHA 3aCTOCOBYBATH /ISl NO0OY10BH
CHCTEMHO-aHAJITUYHOI 0 MPOTHO3Y
[ckmaneno aBTopom]

Tun npuunHHO-
HACITIAKOBOI JliarpamMu

IlepeBaru

Heponiku

Swot-anamni3

Cucrtemarusaliisi 3HaHb PO BHYTPIIITHI ©
30BHIIIHI (paKTOpH, IMO BIDIMBAIOTH Ha
Opolec  CTPATerivHoro  IUIAHYBaHHS.
BusHaueHHS KOHKYPEHTHHX IIepeBar Ta
(hOopMyBaHHS CTpPATETiYHUX MPIOPUTETIB.
3acTOCOBY€ETBCS Y  NPaKTHLI  aHANI3Y
cuTyalil po3BUTKY MDKHAPOJHUX OCBITHIX
HPOEKTIB.

Kpurepii Swot-aHamizy noBHHHI
MaTH CHHEPreTUYHHMI ePeKT.

He nmae pgumHamike pO3BHTKY
cuTyarii

Hiarpama IcikaBu

JiarpamMa Hajgae HAOYHE YSBICHHS HE
TIMBKH TIPO (HaKTOpH, SKi BIUIMBAIOTH Ha

Jiarpama He nae BiINOBiAI Ha
NWTaHHS TPO CTYIiHb BIUTUBY

BHHUKAIOYHX NPOOJIEM 1 BHUSIBHTU TOJIOBHI
MIPUYHHH, 3 SKUX TpeOa MOYMHATH JIisATH

, . 00’eKkT, SKHH BHBYAIOTH, ajl€ 1 TpPO | PI3HUX NPHYNH HAa BHHUKHEHHS
(pn6’s19a KicTKa) . . ,

MIPUYHHHO-HACIII IKOBI 3B’ SI3KU mux | nmpobnemu. Ilpwaman mpobiem
¢axropiB HE HOCSITh KIJIbKICHUH XapakTep

JiarpaMa na€ MOXIIMBOCTI IpPALIOBATH 3
Bumarae 3HaHb OCHOB

. YlCEIbHUMU JAaHUMU, JI03BOJISIE
MHiarpama ITapeto . . CTaTUCTHKY, 3pocTaTuMe

. PO3NOAUIUTH 3yCHJUIS JUIsl BHpIMIEHHS | . . .

(croBmmuMKOBa Aiarpama) HMOBIPHICTb ~ HOMWIOK  NpHU

30MpaHHI CTATHCTUYHUX JaHUX

Hiarpama crparucikarii

BukopuctanHs =~ miarpamm  3a0e3medye
OUThIly  TOYHICT  TIPH  JIOCIIDKCHHI

[MoOymoBa miarpamMu BHMarae
3HAYHHX 3yCWJIb JUIS BHIUICHHS 1
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Tun npuarHHO-
HACIIIIKOBOT Jliarpamu

IlepeBaru

Henomikn

MEHIIIOT BUOIPKH.

BUOIPKH, O3BOJISIE 3a0IIAJAUTH TPYAOBI Ta
IPOLIOBI BHUTPAaTH B CHJIy JOCIIJDKEHHS

aHali3y HEJOJIKIB, MOMJIUBUI
HEBipHE BUWAUICHHSA CTpar, IO
TATHE 3a CO0OK  MOJANBIIY
MOMMUJIKY B JIOCIDKCHHI

HiarpaMa po3citoBaHHS

Hiarpama 103BOJISIE BHM3HAUUTH BUA 1
TICHOTY 3B’SI3Ky MDXK IapamH BiAIIOBITHHX
3MmiHHUX. [lepeBarn: HaOYHICTH 1 MPOCTOTA
OLIHKH 3B’ SI3KIB MK IBOMAa 3MIHHUMH

IIpu moOymoBI nmiarpamu CIif
3aqy4aTd THX, XTO BOIIOJIE
iH(pOpMAIli€I0 PO MPOAYKIIIO,
100 BUKIIOYHUTH HENPaBHIbHE
BUKOPHUCTAHHS OO
THCTPYMEHTY.

3a pe3ynbTaTaMy aHaNi3y B POOOTI UL aHANI3y
MPOTHO3Y PpO3BUTKY CHTyalii MO0 ITiIBUIICHHS
KOHKypeHTocrpoMoxkHocTi  Konemky — kopabenin
00paHo MeTo] o0y IoBH AiarpaMu Icikasu.

Ob6rpynmyeantss ma 6ubip Kpumepiie nioguweHHs.
Konkypenmocnpomodichocmi  Konedoicy  xopabenis.
EdekTuBHICTh IHHOBAlIMHUX NPOEKTIB SBJISIE COOOO
CKJIaJHy CHCTEMY, JUIsl OIIIHKH KOMEpIHHOI Ta
OIO/KETHOI CKJIaMOBOI SIKOi TOPSIT 3 TPaTUIliifHUMHU
MOKAa3HUKAMHU (PIYHIMH BUTPATaMU, PEHTAOCIBHICTIO
IHBECTHIH, TEPMiHOM OKYITHOCTI TOIIIO)
3aCTOCOBYIOTBCS  OWCKOHTOBaHI Ta  iHTErpaybHI
MOKAa3HUKH e(PEKTUBHOCTI, a TaKOX OLIHIOBAaHHI
JMKBIZHOCTI 1  (iHaHCOBOi  CTIHKOCTi, JLITOBOI
AKTHBHOCTI, €(pEKTUBHOCTI JIsUTbHOCTI, BUKOPHCTAHHS

pe3yibTatid pyHIaMEHTAIbHUX HAYKOBUX JAOCIIIKEHb
HaOyBarOTh EKOHOMIYHOI YHHHOCTI, IO BiIKPHUBaE
LIUIAXH 3aHECCHHsI 1HTEJCKTYAIbHUX PO3pOOOK 10
CTaTyCHOTO KalliTaly, SKUH CIpHUSE CTBOPCHHIO
MO3UTHUBHOTO IMIJIXKY Ta MUIOBOI pemyTaliii. Y 3B’s3Ky
3 UM HAyKOBI pe3yapTaTh poOIT Ta 0COOMCTI
ABTOPCHKI PO3POOKH MAOTh HE TUIBKU TEOPETUYHE, a i
TNIeBHE NMPUKJIaJHE 3Ha4eHHs. Pe3ynbTaTi npoBeaeHoro
aHaJi3y HAayKOBHX JDKEpeNl IoKa3alu HEOOXiTHICTh
3aCTOCYBaHHS OJHOYACHO JICKIIBKOX METOMIB st
BM3HAYEHHSI MOJAIBIIMX NUIAXIB 1HHOBAIIMHOIO
po3Butky Komemky kopabeniB. [ns oIiHFOBaHHS
MOCIITHANBKOI MiSIIBHOCTI SIK CKJIAIHOI CHCTEMH B
CTaTTi BBEIEHO KPUTEpil, CYTHICTh SKUX HABEICHO K
Tabnuui 2.

pecypciB, pusukiB [14]. VYV  CBITOBii  mpakTuUIl
Tabmums 2.
Kpurepii ouinioBaHHs J0CHiIHUIBKOIL AiAIbHOCTI
Koaemxky kopabeli

IToxa3Huku Kpurepii oriHtoBaHHs Hpnnymegﬁﬂ ra

00MEXKEHOCTI MOIeIi
7. =5 Tepmin BITPOBAXKCHHS
TepMin okymHOCTI N 0 aZ - HAYKOBO-JIOCITi THIX i
HAYKOBO-JOCIIiTHUX 1 Iie B — 3arajibHl IHHOBALI{H] BUTPATH; METOJMYHUX pO3po0OK  He

JI — 3araJibHHUH

METOIUYHHUX PO3pOOOK

pe3yabTar
JUSIIBHOCTI (INCKOHTOBAHI JIOXOIH)

IHHOBAIIMHOL | joppHeH mepeBunlyBaTa 10

POKIB.

H=B-a,+C,
3BejieHa BapTicTh a;

MOTOYHI BUTPATH

Jie B — 3araiibHi IHHOBAIii{HI BUTpATH;
— KoeQIIieHT TUCKOHTYBAaHHS, SKUH Y
po3paxyHkax Oeperbes sk a; = 0,15...0,2; C —

3arasnbHi IHHOBaliHHI
BUTPATH BU3HAYAKOTHCS Yepes3
IHTENEKTYaTbHUH KalliTat

. ZtT:oﬂt "t Qg

Iunexc pentabenbHOCTI Ip e i —

BIPOBAJKEHHS HAYKOBO- Y=o Br - ar

IOCIIAHAX 1 METOAMYHUX
po3pobox

Jie By — 3arajibHi iHHOBAIlIMiHI BUTPATH 32 IEBHUI
TepMiH 4acy t; a, — koeilmieHT TUCKOHTYBaHHS,
/It — pe3ynbTaT BIPOBAKEHHST PO3POOKH.

TepMiH OKyIHOCTI po3poOoK
JIOPIBHIOETHCS
CIIBBIJITHOCHUTECS 3
KoeimieHToM
PEeHTa0eTBHOCTI

[MoOymoBa Mojeni IPYHTYETbCS Ha BBEACHUX Y
poOOTI KpHTEpisiX IHTEICKTYyalbHOTO KamiTaly Ta

comiampHoro  edekry. Came 1  TOKa3HUKH
XapakTepu3yloTh  PO3BHTOK  IHHOBAIiiHOT  Ta
JociimHunbKoi  misuteHOcTi  Komemky — kopaleris.

TToHATTS «iHTEIEKTyaabHUH KamiTam OyJI0 BBEIECHO y
MDKHapOAHY TPaKTHKy IIe Ha modatky 90-x pokiB
MHHYJIOTO CTOJITTS SIK CyMa 3HaHb BCIX NpaliBHHUKIB
MiANPUEMCTBA Ta € 4YacoM HaOyJo HOBHX 3HA4YEHb.

Tenep 11e € HAYKOEMHUM IOHATTSM, SIK€ BKIIIOYAE Yy
cebe mareHTHO-iH(opMariiiHy 06a3y; TeXHIUHY
JOKYMEHTAIliI0; MaTepiaJbHO-TEXHIYHY HPOIYKIHIO Y
BHTJIAAI TPOTPaMHHUX MPOAYKTIB, iH(popMariitaux
cucreM Tomo. Kpurepii iHTeIeKTyaIbHOTO KamiTary Ta
comiampHOTO  eexTy s oOpaHOi  cHCTEMH
OILIIHIOBaHHS KOHKYPEHTOCIIPOMOXHOCTI ~ HayKOBO-
JOCIITHUX 1 METOIMYHHUX PO3pOOOK, 3IiMCHEHMX Ha
6a3i Konemxy kopabeniB, HaBesieHO y Tabmumi 3.
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Tabmur 3.
Kpurepii iHTes1ekTyaIbHOr0 KamiTally Ta coniaabHOro egexry
HAYKOBO-/I0CJIIHUX i METOJUYHUX PO3POOOK KOJIEAKY
IIpunynienns ra

Kpurepiii Innexc . .
pHTep 00MEeXeHOCTI MoJei
Innekc BHpoOBajKeHHS po3pobieHux | Po3poOku BIpoOBaKYHOTHCS BUKIIOYHO
iHpopMaIiiHUX cucTeM y Oi3Hec-chepy | y Oi3Hec-chepy
M. MukosaeBa M. MukosiaeBa
Innekc BHpoOBajKeHHS po3pobieHux | Po3poOku BIpoBaKYHOTHCS BUKIIOYHO
iHpOpMaiHHUX CHCTEM Yy TPOMHCIIOBI | Y IPOMHMCIIOBI I IIPUEMCTBA M.
mianpueMcTBa M. MUKOJIa€Ba MuxkoJsaeBa
. [Hmexkc BHpPOBAaIKEHHS PO3POOICHUX
[HTENneKTYyaEHMIA . . . Po3po0Kxu BIIpOBaKYIOTECS BUKITIOUHO
; iHpopManiiHUX cucTeM y Oi3Hec-chepy . N .. .
KartiTain y 6i3Hec-cepy MukomaiBcekoi obmacTi

MukomnaiBcbKoi 00acTi

[HOexc BHPOBAIKEHHS PO3POOICHHX
iHpopMamiiHUX cucTeM y Oi3Hec-chepn
Ykpainu

[HOekc BHPOBAKEHHS  PO3POOIEHUX
iHpOpMaliHHUX CHCTEM y TPOMHCIOBI

Po3poOku BIpOBaIDKYIOTHCS BUKIIIOUHO
y Oi3Hec-cepy YipaiHu 3a BHHATKOM
MukosaiBcbKoi 001acTi

P03po0KH BIIPOBAKYIOTHCS BUKITIOYHO
y MIPOMHMCIIOBI MiANPUEMCTBA Y KpaiHu

nixnpueMcTBa Y Kpainu

3a BUHATKOM MHUKOIAIBChbKOI 0011acTi

BripoBakeHHS HOBHX MEXaHi3MiB
YIPaBJIiHHS IPOEKTAMH y TIPOLIEC
PO3BUTKY (paxoBOi EepeBHIIO0I OCBITH

BnipoBapkeHHs1 1BOpiBHEBOT Mozedi

CouianbHuii edext

PiBenn ocBiTH

PosrisgaeTbest BUKIIOYHO OCBITHS
wiatdopma haxoBoi nepeaABUILOT
MiTOTOBKH 1H)KCHEPHUX KaJpiB

CucmemHo-ananimuyHuii  NPocHO3  OUHAMIKU
poszsumky Konedacy xopabenie sx ckiadHoi cucmemu

BHKOHAHO 3a JOTIOMOTOI0 OOY0BH Jiarpamu IcikaBu
(puc.1).

[ocnigHnubka AisnbHICTb

IHHOBaUiHa OiAnNbHICTb

Puc. 1. Jliaepama Icikasu npoecno3ysanHs niosuujents Konkypenmocnpomoxcnocmi Koneoxcy kopabenie

JocnigaunbKka 1 iHHOBAIliiHA BHMIM [iSTIBHOCTI
Komemky kopaOemiB  00’€QHAHO  CKIAJaTHMYTh
OUTBOBY (DYHKIIIFO, SIKY MOYKHA TIOJUTATH Ha HACTYIIHI
rpymu:

®  COWIANBHO-TIONITHYHA TpPYyNa: BH3HAYAETHCS
COIIATBHOIO TOJIITHKOIO JIepKaBH, PErioHy, 00IacTi Ta
MicTa;

e (dakropu npyroi rpynu TOB’s3aHI 3
JUHAMIKOIO POCTY OCHOBHHMX €KOHOMIYHHX KPHUTEpPiiB
Ta BU3HAYAIOTh 3B'S30K 3 IPOMHUCIIOBICTIO Ta Oi3HECOM;

® TpeTs rpyna ¢axTopi CTOCYETBCSI
BHYTpPIIHBOI cTpyKTypH podotn Komemxy xopaberis:
e KaapoBe 3abe3ledeHHs Ta MaTepialbHO-TeXHIUHa
Oasa;

e uyerBepra — (YHKUOIT 1 I ABIAIOTH cO0OIO
KOMIUIEKC BiJIOCOOJICHHX 1 BOAHOYAC IIOB’SI3aHUX MIXK
c000F0 BHIIB AisIBHOCTI, IIe: TUIAHYBAaHHS, MOTHUBAILIS,
KOHTPOJb, & TAKOX DS JAOIOMIXHHAX UYHUHHHKIB, SKi

3a0e3Meuyr0Th [MiSUIbHICTh 1 BHUKOHAHHS OCHOBHHX
GyHKIH.

® OKpeMy TpyIlmy CKJIaJaTUMyTh
VIpaBIiHHS Ta iIHPOPMaLiHI pecypcH.

CTHCIIO 0XapaKTepH3yeEMO KOXKHY 3 «pHO’STIUX
KicTok» miarpamu Icikasu.

«Liniy. g cxmagoBa pO3BUTKY BKIIOYATHME Y
cebe: MeTy QyHKIIOHYBaHHS CHCTEMH Y MacIITAOHOMY
MPOCTOpPi, LTl Ta iHTepecH OO0 €KTy YHpaBIiHHSA,
HACTaHOBH 3arajbHOi AisutbHOCTI Konemky xopabetis.

«DyHukyiiy — sBIAEe CcOOOK IHCTpyMEHTapii
«METO/IIB YIPABIIHHD), SKUH NPEANUCYE KOXKHOMY
aKTOpy CIIEHApPiI0 PO3BUTKY MOJil TOBHOBAXCHHSI Ta
¢yHKIIOHATIEHI 000B’SI3KN.

«Kaopu» — TIOTyXHa CKJIaJoBa CHCTEMH,
BH3HAYaTUME OJHY 3 TOJIOBHHX pOJCH, sKi
BIUIMBATUMYTh Ha IHHOBAaIliiHYy Ta JOCIHIiTHHUIBKY
nisuteHiCTh Kosemky kopabeinis.

METOIU
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«Mamepianono-mexnivna  6aza» Konemxy
KopabeiiB Oe3nocepeHBO IPYHTYETHCS Ha
Ja0OpaTOPHOMY  OCHAIIEHHI Ta  MarepialbHO-
TEXHIYHOMY 3abe3neueHH1 HanionansHoro

VHIBEpPCUTETY KOpabneOyayBaHHs IMeHI aamipana
MakapoBa, Bitouaroun 6azy kagenp [HpopmauniiHux
YVOPaBIAIOYUX CHCTEM Ta TexHoiorii, [IporpamHoro
3a0e3neueHHs] aBTOMaTH30BAaHUX CHUCTEM, YTIPaBITiHHS
MpoeKTaMu Ta iHmuX Kadenp HaBuaapHO-HAyKOBOTO
[HCTUTYTY KOMITIOTEpHHX HAyK 1 YIpaBIiHHA
MPOEKTaMH.

«Ingpopmayiuni  pecypcu» — XapakTepU3yIOTh
iHpopManiiHui mpoctip K camoro HamioHansHOTO
VHIBEpPCUTETY KOpabneOyayBaHHs IMeHI aamipana
MakapoBa, tak i Konemxy xopabenis HYK, 3okpema
BiJIIJICHHsT 1H(GOpPMAIIHHUX TeXHOJOTiH. Brioyae y
cebe  CyKyNHICTh  TEXHIYHMX  3aco0iB, IO
BHUKOPHUCTOBYIOTHCS IUIS 3B’ SI3KY, 00poOKH iH(popMmarrii,
oprasizaiii yrpaBIiHCHKOT0 nporecy. BusHauatumyTh
XapakTep 3aB’s3KiB 00’€kTa i3 eJeMeHTaMu
30BHINIHBOTO CEPEOBHUINA.

«Memoou ynpaeninnsy — BKIIOYAIOTh y ceOe IMii,
(GYHKIIT 1 CTPYKTYpY CHUCTEMH YIIPaBIiHHSI, a TaKOX
METO/IM B3aEMO/IiT 00’ €KTa 3 €JIEMEHTaMH 30BHIIIHBOTO
CepelIOBUINA,  TEXHOJNOTIi  MISUIBHOCTI 00 €KTa
YIPaBJIiHHS, CTWJIb Ta METOIU KEpyBaHHS SIK 3ac00HM
BIUIMBY Ha MIJCHCTEMY a MiIJIEeruX y Kepyrodi
MiACUCTEM] y aIMiHICTPaTHUBHOMY, OpTaHi3aIiifHOMY,
IIPaBOBOMY, E€KOHOMIYHOMY, COIiaNbHO-
MICUXOJIOTIYHOMY ~ acmekTax. € XapaKTepUCTHUKOIO
opraHizamniiinoi kymeTypu Komemxy KopabeniB sk
CKJIQIHOT CUCTEMHU.

«I'pomaoceki micyesi 36’asku», «I pomadcwki
PpecioHanbHi  36’A3KU», «38’A3KU 3 NPOMUCIOBUMU
nionpuemcmeamuy, «36 s3xu 3 6izHec-chepory — came
ui  QyHKuii BU3HAYATUMYTh COLHANBHUH TPOCTIP
iHHOBaIIiitHOT nisuTbHOCTI Konemky kopaberis.

PesynbraTom MIPOBEECHOTO CHCTEMHO-
QHAIITHYHOTO IIPOTHO3Y € CKIAaJaHHS KOMIUICKCY
3aXO[IiB MO0 IMMOKPAIICHHS SKOCTI OCBITHIX MOCIYT Ta
T ABUICHHS KOHKYPEHTOCIIPOMOXKHOCTI (pHC. 2).

OHOBJICHHS Ta

Po3zBuTOK mpodecionanizmy
HayKOBO-TIearoriYHIX
MpaIliBHUKIB

[TokpalmeHHs SIKOCTI
iH(pOopMamiHHOT
TIPOAYKIIiT

L

L

MOJIEpHI3allisl MaTepiaabHO-
TEXHIYHOI 0a3u

L

CTBOpEHHS IMi/I)Ky HaJiHHOCTI, 3aJTy4eHHS TaJaHOBUTOI Ta IPOrPECUBHOT MOJIOI Ta
po3uupeHHs chepy MpareBIaIITyBaHHS BUITYCKHUKIB

ITokpaienus
MOOYTOBHX YMOB

OnepaTuBHE i 1ifioBe
CTaBJICHHS JI0 CKapr i
TPOTIO3HITiif

HaykoBo-nocniana
ISUIBHICTB 3T1HO 3
LJIBOBUMU
mporpamMaMu

Puc. 2. Komnnexc 3ax00i8 yj000 nOKpaweHus AKOCHI 0CEIMHIX NOCAY2 Ma Ni0GUUeHHS
KonKypenmocnpomodichocmi Koneooicy kopabenis

HaykoBa HOBM3HA [OCIHIUDKEHHS IOJISATaE y
TOMYy, IO 3a JIOTIOMOTOI0 BHepIIe c(hopMyIbOBaHUX
UL 3aKkiaay ($paxoBOi MEpeABHINOI OCBITH KPHUTEPiiB
IHTENEKTYaIbHOTO KalliTally Ta COI[albHOTO edeKTy
OJIep>)KaHO TPOTHO3 AMHAMIKH po3BHTKY Komemxky
KopaOeJiB sIK ckJIafHOi cucteMu. HaykoBo-ipakTHiHe
3HaYCHHS POOOTH IOJIATAE Y TOMY, IO 3aII04YaTKOBAHO
HOBHH HampsM YIpPaBIiHHA TPOEKTaMH y haxoBiil
nepeABHIIiii ocBiTi B Tamy3i 12— Iudopmaniiini
TEXHOJIOT1I.

BucHoBkHM i mpono3uii

1. IMpomec TTiIBUATIICHHSI
KOHKypeHTocnpoMokHocTi  Konemky — xopabenis
PO3IIISTHYTO HA NPHUKJIAAL BiJIUIEHHS iHPOpMaiHHIX
TEXHOJIOTIH SIK CKJIaJIHy CUCTEMY, y sIKill iIHHOBawiifHa 1
JIOCJITHUIBKA CKJIA/IOBI AiSUTBHOCTI MPE/ICTABIEHI SIK

B3a€MOIIOY] IMICUCTEMH, IS JOCTIIHKEHHS SKHX
00paHO METO/ CHCTEMHO-ITMHAMIYHOTO MO/ICJIIOBaHHSI.

2. JInsd OmUiHIOBaHHS KOHKYPEHTOCIIPOMOXKHOCTI
HAYKOBO-JOCTITHUIBKAX 1 METOIUYHUX PO3POOOK
c(opMyIILOBaHO i YTOYHEHO KpuTepii
IHTEJIEKTYaJIFHOTO KaliTaly i COliaJIbHOTO eeKTy, sIKi
BU3HAYaTUMYTh  CTyNiHb  BIPOBADKEHHS  Ta
peHTabenbHICTh pO3pPOOOK Y ColliaNbHil, MTPOMHUCITOBIH
1 6i3HEC-Ccepi.

3. CucTeMHO-aHANITHYHUN TIPOTHO3  JTUHAMIKH
po3sutky Konemxy kopaberniB HaBeACHO y BHIJISIII
1moOy0BaHO1 MPUYUHHO-HACTIIKOBOT JiarpaMu
IcikaBu, sika y rpagiuHOMY BUIJIAII IOKa3ye BIUIUB
COLliaJIbHUX, €KOHOMIYHHUX, CTPYKTYPHHUX i
(YHKIIOHAJIBHUX YHWHHMKIB, METOZIB YNpPAaBIiHHA 1
iHpopManiiHUX  pecypciB Ha  IHHOBaWidHYy 1
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JOCIHIHUIBKY BHAM [IISUIBHOCTI. 3a pe3yibTaTaMu
JOCHI/DKEHb ~ BHCYHYTI  HPOIIO3MIUII  CKJIaJaHHS
KOMIUIEKCY  TOKpAIleHHS  OCBITHIX MOCHYr Ta
MIiBUILEHHS ~KOHKYypeHTocrnpoMmoxHocTi  Konemky
KopabeJtiB.
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HOBBIH B3I'JISAA M TOJIXO/] HA ®U3HYECKHWE U KBAHTOBBIE CBOMCTBA ®OTOHA
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(Nizhny Novgorod research radiophysical institute

at the Nizhny Novgorod state university named after Nikolai lvanovich Lobachevsky,
Nizhny Novgorod-city)

NEW LOOK AND APPROACH TO PHYSICAL AND QUANTUM PROPERTIES OF PHOTON

AHHOTanus. BrisBieHs! HOBBIE (pr3mdeckue cBoiicTBa (OTOHA, KaK KBa3MHEUTPAIbHOHN 3IIEMEHTapHOM
JacCTUIlbl, HA AaTOMHO-MOJICKYJISIDPHOM YPOBHC BSaHMOHeﬁCTBHﬂ H3JIYUYCHHA U NOTTIOIICHUA (I)OTOHOB IIpu nepexoac
3JIEKTPOHOB C BHEIIHUX, YJAIEHHBIX OPOUT aTOMOB BelllecTBa Ha 0oJiee HU3KYIO0 OpOUTY BpallleHHUs BOKPYT siipa
aToMOB. ONBITHBIM TyTéM OOHAapy»eH OBICTPOMEHSIOIIUICS BO BPEMEHH M B MPOCTPAHCTBE, COOCTBEHHBIH
OpOUTANBHBIA OTPULATEIBHBIH M TIOJIOKHUTENbHBIN 3apsiasl (GoToHa. PaccMoTpeHO UCIONb30BaHHE HICH
POCCHHCKHMX YYEHBIX O HAJIMYUE IMTOCTOSHHO HM3MEHSIOLIErOCs BO BPEMEHH M B MPOCTPAHCTBE COOCTBEHHOTO
opOHTANLHOTO 3apsiia OTOHA MPHU CO3IAHUU CBEPXMOIIHOTO U TAILHOICHCTBYOIIET0 00CBOTO Jla3epa.

Abstarct. New physical properties of photon as quasineutral elementary particle were revealed at the atomic-
molecular level of interaction of radiation and photon absorption during the transition of electrons from external,
remote orbits atoms of matter to lower orbit of rotation around the nucleus of atoms. Empirically discovered rapidly
changing in time and space, its own orbital negative and positive charges of photon. The use of the idea of Russian
scientists about the presence of photon its own orbital charge constantly changing in time and space when creating
super-powerful and long-range combat laser is considered.

KaioueBble ciioBa: (OTOH, 3JEKTPOH; MO3UTPOH; KAIMOPOBOYHBIA 0030H; (epMHOH; CHHXPO(}HA30TPOH;
aJIPOHOBCKHI KOJUIaiziep; Jiazep; CnH; COOCTBEHHBIH OpOUTaNbHBIH MOMEHT (DOTOHA; MHEPLHS OPOUTAIBHOTO
BpaiieHus (OTOHA; COOCTBEHHBI OpOWTANBHBIN 3apsn (OTOHA; MOIYJIMPOBAHHBIN JIA3epHBIA Jy4;
QJICKTPOMAarHuTHas BOJIHA; JIa3€PHOC U3TYUCHUC, MJIMHA BOJHBI; YaCTOTAa CUI'HAJIa; KBAHT, KOTCPEHTHOCTh, Macca
¢doroHa; ckopocth (OTOHA; MEPHO; UMITYJIbC (OTOHA; dHeprus (oroHa; oneparop ['amMHUIbTOHA; ornepaTop
BO3MyIIeHus; Teopema Y. @appu; npuHiuna nomnoaHutensHocTd H. bopa; Heonpenenénnocts Ieisenbepra.

Keywords: photon, electron; positron; calibration boson; fermion; synchrophasotron; hadron collider; laser;
spin; intrinsic orbital moment of photon; inertia orbital rotation of photon; intrinsic orbital charge of photon;
modulated laser beam; electromagnetic wave; laser radiation; wavelength; signal frequency; quantum; coherence
mass of photon; photon speed; period; photon momentum; photon energy; Hamilton operator; disturbance
operator; theorem of Wendell Farry; principle complementarity of Niels Bohr's; Heisenberg uncertainty.

Beenenne. OcHOBHBIM IpoOneMaM KBaHTOBOM
MEXaHHKH ¥  DJEMEHTapHbIM  dYacTHUIlaM B
oTedecTBEeHHOH nuTeparype [1-13] u B MHOCTpaHHBIX
m3nanusax [14—17] mocBAmEH 10CTaTOUHO OOIMIMPHBIN
MaTtepuai. B 3Toi CBS3M HEOOXOAMMO OTMETUTH, YTO
BCE IpEeABIAYIINE UCCIEeIOBAHNS OCHOBBIBAINCH JIMIIIb
Ha KIIACCHYECKOM, aKaJIeMHUYECKOM ypPOBHE Pa3BUTHS

COBpeMCHHOfI KBaHTOBOM TCOpUU H3JIy4YCHUs,
IIOTJIOIICHHUA, OTpaKCHUA n pacnpoCcTpaHCHUA
(I)OTOHOB, B INPEACTaBJICHUU yCTapeBmeﬁ TOYKH

3peHus, 4To (OTOH MPEACTaBISET M3 ceds JIUIIb
IUTOCKYIO, TIONIEPEYHYIO AJIEKTPOMArHUTHYIO BOJHY, B
ONTHYECKOM [Hala30He, pPacIpOCTPAHSIOMEHCS B
OTKPBITOM TIPOCTPAHCTBE CO CKOpPOCTHIO cBeTa. [lpm
3TOM Y OTE€YECTBEHHBIX U 3apyOeKHBIX YUEHBIX B 3TOI
o0acT 3HaHUS, HAKOMHMJIACh OOIMMpHAs HH(pOpMAIs
Ha OCHOBE 12a60PaTOPHO-IKCIIEPUMEHTATBHBIX
UccleI0BaHni 00 XapakTepe 1 MEXaHU3Me IOBEJCHUS

U3BECTHBIX HayKe 3JIEMEHTapHBIX YaCTHUI] B OTKPHITOM
HNPOCTPAHCTBE U MPHU B3aMMOAECHCTBHH C (PU3MUECKUM
BEIIIECTBOM, c yuéToM pacnpeneneHus
9IEKTPOMArHUTHOTO M TPaBUTALMOHHOTO TMOJIeH, B
YaCTHOCTH JKE€ BBISIBIICHBI 0o0Jiee HOBbIE (hU3MUYECKUE
CBOMCTBa (pOTOHA, HA ATOMHO-MOJIEKYJIIPHOM YPOBHE
B3aUMOJAEHCTBUS M3Iy4YEHHs U IOTIIOMEHUS! (POTOHOB
IIpU TEPeXojie IIEKTPOHOB C BHEUIHEH, yIaNéHHON
OpOUTHI aTOMOB BEILIECTBAa Ha OoJyiee HU3KYIO OpOUTY
BpalleHHs BOKPYT si7ipa aTOMOB.

B cBere  nmocnenyommx — TEOPETHUECKUX
HCCIIeTOBAaHUN " 1754 IKCTIEPUMEHTATBHBIX
MTOJITBEPKICHUH Ha SKCIIEPUMEHTAIbHOM IIOJIUTOHE, B
aJJPOHHOBCKOM KoJutaiiiepe Jloc-Anamockoii
HallMOHAJILHOM nabopaTopumn MHHHCTEPCTBA
suepretukn CIIA (Los-Alamos National Laboratory
USA), B wuHTepBajie BpEMEHH, JOCTYITHOM JUIs
oOHapyxeHMs, (QUKcAMM W M3Y4YeHHS camoi
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KBaHTOBOM TIPUPOJIBI CYIIIECTBOBaHUS,
OBICTPOMEHSIOLIETOCS] BO BPEMEHHU U B ITPOCTPAHCTBE,
COOCTBEHHOI'O  OpOWTAJIBHOTO OTPHULATENBHOTO U
TIOJIOKUTEJIBHOTO 3apsna (OTOHA, Kak Haroxodue y
9JIEKTPOHA M €T0 aHTHYAaCTHUIIbI — MTO3UTPOHA.

Ecnu Ha Ooyiee paHHUX JTamax HCCIIEIOBAHUS
(otoH m3ydancs B kamepe Bumscona-CkoOenblbiHa,
cuéruuke [elirepa-Mrosnepa, My3bIpbKOBOW Kamepe
I'neiizepa, cuétunke YepeHkoBa, B BHUAE TPEKOBBIX
TPaeKTOpuil NBIKEHUS W (DUKCALUHM BCETO 3TOTO Ha
(h0oTOIMYIECHOHHON IJIEHKE, Korza BpeMs
HaOMIOICHUS 3a CaMUMH 9KCTIEPUMEHTaMHU
ompezenanock B uHTepBane Tt = 1-(10712...101) c.
Torma kak, mpu B3aUMOJAEHCTBUM JIBYX BCTPEUHBIX
MOTOKOB (DOTOHOB, B aJPOHHOBCKOM KoJulaiinepe
BpeMsi HaOMOJeHUs (U3UYECKHX MPOLECCOB  ellé
OoJee yMeHbIIaeTcs 10 uHTepBana t = 1-(1078...10%0)
c. B srom cmyuae Hammume OBICTPOMEHSIOLIETOCS
COOCTBEHHOTO OpOWTANLHOTO 3apsiia y (OTOHOB
cietyeT 00ObSICHUTH HE TOJIBKO BIMSHHEM NEPEMEHHBIX
3JIEKTPOMArHUTHBIX MOJIEH, B YACTHOCTH K€ CHIBHOTO
3JIEKTPUYECKOTO TIOJIS, HO M BO3PACTAIOIINM BINSHHEM
o0Iero  rpaBUTAIIOHHOTO MOJA B  TEPUOJ
B3aUMoJIeHcTBUA (bu3rYecKoro BellecTBa ¢
M3JTyYarolINM, Y3KOKOTEPEHTHBIM ITyYKOM (DOTOHOB,
€ro YacTUYHBIM IOTJIOUICHUEM M OTPaXKEHHEM, MpH
KBaHTOBOM IIEpEX0/i€ AJIEKTPOHA C OJHOTO YpPOBHS Ha
JpYToii BOKpYT simpa atoma [4-9, 11-17].

Ecnu ke B yckopuTese dJeMEHTapHBIX YacTHI] B
MOAMOCKOBHOM T. CepIryxoBe W B CHHXPO(a30TpOHE
Ha 3KCIICpUMEHTAIbHOM Ionaurone B OO0beInHEHHOM
MHCTHUTYTE SICPHBIX MCCIECAOBAaHMI B ITOJMOCKOBHOM
r. JlyOHe, NCTIONIB30BaNICS MPHUHIMI B3aUMOACHCTBUS
MIOTOKA 3JIEMEHTapHBIX YacTHIl, KaK JJIEKTPOH,
MO3UTPOH, TPOTOH, HEWTpOH, (OTOH u Jp. B
YCKOPSIIOIIEM 3JIEKTPOMArHUTHOM I10JIE C MaTepuaioM
(u3nyeckoro BeUIeCTBa, TO B  aMEPHKaHCKOM
aJJpOHHOBCKOM KoJutaiinepe Jloc-Anamocckoi
HallMOHAJILHO# J1TA00PaTOPHH UCIIONIB30BAJICS MPUHIIAI
B3aUMOJICHCTBUSI JIByX BCTPEUHBIX YCKOPSIOLINXCS
MIOTOKOB 3JIEMEHTapHBIX YacTHll, HAlpUMep, ITyYKOB
(OTOHOB JIpYr C APYroM, TaKkXKe B YCKOPSIOIIEM
3JIEKTPOMAarHUTHOM TOJIe, HO TPH 3TOM MOIIHOCTh
(usmyecKoro B3aUMO/ICHCTBUA BCTPEYHBIX
YCKOPEHHBIX TOTOKOB dYacTul ((OTOHOB) Oyzder
npubiau3nTenbHO B 2,5 pasa  Oosble, YeM MO
CPaBHEHHMIO C CEpPIYXOBCKOW WM JyOHEHCKOH
POCCHHCKMMH KOHCTPYKIHMSMH YCKOPUTEJISI BHIKEHUS
DJIEMEHTAPHBIX YaCTUI, KaK OCHOBBl OCHACTKH U
o0IIeil TEeXHOJOTMHM B COBPEMEHHBIX  SIIEPHBIX
UCCJIEJIOBAaHUAX 1O  MHPHOMY  HCIOJIb30BaHHUIO
BBIICIIIEMOM OTPOMHOM SHEPrUM IPU IPOXOXKIAECHUU
yIpaBIsieMOl TEPMOSIIEPHOI peakly pacIlerIeHNs
uszotorop ypana U33° u U338, B o6oramenusx
M30TOMNOB TUIYTOHUS Pu33’ B COBpEMEHHBIX s/EPHBIX
peakTopax.

Teopernyeckne OCHOBBI Ha KJIACCHYECKHI
B3I IpUpoabl YacTuubl ¢potoH. B konne 2019 r.
yuénsle  u3  Jloc-Anmamocckol  HaIMOHaJBHOU

naboparopun — Tomac u Dasapa Jlu Sur (Thomas
and Advard Lee Yung) Ha OmHOM M3 COBPEMEHHBIX
UCTIBITATEIbHBIX MOJUIOHAaX C CHHXPO(A30TPOHOM M
YCKOpUTENEM  OJJeMEHTapHBIX  4YacTHL,  THIA
aJIpOHHOBCKOT'O KOJUIaliiepa, IPOBENN P[] ONBITOB U
HarJSIHBIX (PU3NYECKUX SKCIEPHUMEHTOB B 00JIacTH
oOHapyXeHHS U (PUKCAUU COOCTBEHHOTO, TOCTOSTHHO
N3MCHSIOMIEToCs BO BPEMEHH U B IIPOCTPAHCTBE,
opbuTampHOTO  3apsiga Yy KBa3sHHEHUTpPAIbHOU
3JIEMEHTApHOU YacTUIBI (POTOHA.

DOTOHBI pa3TOHSIOTCS, BO BHYTPEHHEN CTPYKTYype
MHBEPTUPYIOLIETO KPUCTANIA, 10 OONBIINX 3HAYCHUH
UX KUHETHYECKOH ODHEPrHH, COTJIACHO KBaHTOBOM
teopuu u popmyie (1):

Eg = myc?, 1)

rae Mg — pENMTHBHUCTCKAs Macca (OTOHA; C =
3-108 Mm/cek — cKOpOCTh CBeTa B CBOOOIHOM
(BO3IyLIIHOM) IPOCTPAHCTBE MU B BaKyyMe.

YacTo mpuMeHsieTcsl BeIW4YMHA — MpPUBEAEHHAs
IIOCTOsIHHAS M. [lnanka, omnuchIBacMas
BIpakeHueM (2):

h
h= - = const. 2)

C npyroil CTOpOHBI, JIEKTPOH, NEPEXOAALUINI U3
BEPXHEro, yNAJIEHHOTO YPOBHSI CBOEH OpOHWTHI, Ha

Oomee Hu3Kyr0, wu3my4aer QoTtoH. Ilpm 3TOM
MPOUCXOOUT  JUCKPETHOE  M3IIydeHHEe  HJHEPrHU
y3KOHAIIPABJICHHBIM MyYKOM (oTOHOB, Tak

Ha3bIBAEMBIMHU TOPIUAMH KBaHTa, COTJIAaCHO (opmyie
M. Ilnanka (3):

Ecb =hv = hw, (3)

roe h 6,626070040(81)-10% Ix-c (h =
1,054571800(13)-103%* JIx-c) — mnocrosHHas M.
[Tmanka; w MI'm — nuknmyeckas (yriioBas) 4acToTa
BXOJIHOTO CHUTHalNa; T, ¢ — mepuoj KojaeOaHus BOJIHBI,
v, MI'm1 — yacToTa BXOJIHOTO CHUTHAJIA.

[TpupaBHUBast oba 3HAYCHUS 9HEPIUH
m3Myvaromero GortoHa momydaem (4):

Ey = myc® = hv = hw. (4)

OTkyna, TOYHOE PpENSITUBHCTCKOE 3HA4YCHHE

Macchl (OTOHA, NPH €ro JBHXKEHHE B OTKPHITOM

BO3IYIIHOM HPOCTPAaHCTBE WITH BaKyyMe

orpezaenseTcs U3 BelpakeHus (4), coryacHo dopmyiie

(5):

hv hw
mey =5 =" ®)
W3 xypca KIACCHYECKOH 3ICKTPOIUHAMUKU
M3BECTHO, 4TO (ha30Basi CKOPOCTh BOJIHBI CHUTHAaNa B
OOBIYHON  ONTHYECKH Ooyiee  IUIOTHOW  cpene

ompenenserca 4epes
BbIpaxkeHus (6):

CKOpPOCTbL CBE€Ta, COIJIaCHO


https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D1%81%D1%82%D0%BE%D1%8F%D0%BD%D0%BD%D0%B0%D1%8F_%D0%94%D0%B8%D1%80%D0%B0%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D1%81%D1%82%D0%BE%D1%8F%D0%BD%D0%BD%D0%B0%D1%8F_%D0%94%D0%B8%D1%80%D0%B0%D0%BA%D0%B0
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rone p = f(ga!/vla)

c— (dazoBas

{83280:1§ S
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CKOPOCTh IUIOCKOM, MOHOXpPOMAaTHYECKOM, 3JEKTPO-
MarHMTHOI BOJIHBI B ONTUYECKH IUIOTHOH cpene (Tassl,
KHUJIKOCTH, TBEPABIE TENA); g, > g, =1 U =, ~1

— OTHOCUTCJIbHBIC COOTBETCTBCHHO JUIJICKTPUYCCKAs
U MarduTHas IMpOHUIACMOCTU ONTHYCCKHU MJIOTHOM
Cpelpl; g, = 1u M= 1— OTHOCUTCIIbHBIC

COOTBETCTBEHHO JMAJICKTpUYECKass W  MarHuTHas
NPOHHIIAEMOCTH CBOOOJHOTO BO3IYLIHOTO
MPOCTpPaHCTBA (BaKyyMa).

OTkyna  mojydaeM — CKOpPOCTb  IUIOCKOW,

MOHOXpOMaTH‘IeCKOﬁ, 3HeKTpOMaFHHTHOI>'I BOJIHBI B
OITHYCCKH IIOTHOM Cpeac, COriIaCHO BbIPpAKCHUA (7)

CTOVER M 0

OKOH‘IaTeHLHO, TOYHOC PEIATUBUCTCKOC
3HAUYeHHe Macchl (POTOHA, HPU €ro JBIDKCHHUE B
ONTHYECKH TUIOTHOW Cpele  Ompenessercs U3
BeIpakeHust (7), cornacHo dhopmyie (8):

ho
m, =——.

o.
Uz Eally (8)

Cremyer 3aMETHTB, 9TO Macca CaMoro 3JIeKTPOHa
— €CTh BeJINYMHA KBa3UCTATUUYECKAsI, HE 3aBUCSINAS OT
4acTOThHI CUTHAJIa Ha BXOJIe, TOT/1a Kak y (hoTOHa Macca
MOJIHOCTBIO 3aBUCHT OT YACTOTHI BXOJJHOTO CUTHANA, TO
ectb Macca (oroHa Oyner sl KaKAOH YacToThl,
CBOETO UAaINa3oHa, OTJeNIbHAs, OTINYAIONIAsICS IPYT OT
npyra. CienoBaTelibHO, MHTEHCUBHOCTh, HHBEPCHOCTb,
MOITHOCTh W CHJIA JIA3EPHOTO W3IIyYCHHsS] CHIIBHO

\/50 " Hy \/Ea'ﬂa B \/ga'ﬂa

Véa'ta (6)

3aBUCAT OT JMama3oHa pabOdYMX YacTOT BXOJHOTO
CHUTHaJA.

Heo0xoauMo TNOMHHTB, 4YTO JeHCTBUTENbHAS
(peanbHas) Macca (GOTOHA, B COCTOSHUU IOKOS PaBHA
HyJI0 Myo = 0, TO €CTh y (POTOHA CYLIECTBYET TOJIBKO
TaK Ha3bIBaeMas PEJIITUBHUCTCKas Macca, OTJIMYHAs OT
Hyna. Takum »xe oOpazoM 0OCTOMT Jelo U Co
CKOPOCTBIO ()OTOHA, KOTOpask B COCTOSHHUHU IIOKOS
OTCYTCTBYET Vo = 0 ¥ CyIIIECTBYET JIMIIb TOTa, KOTAa
(hOTOH IBMKETCS CO CKOPOCTHIO CBETA KaK MOTIEpedHast
3JIEKTPOMAarHuTHas BOJIHA, B ONIPEAEIEHHON cpelie.

Taxke cienyeTr y4ecTb, YTO COOCTBEHHBIH CITUH
¢orona paseH: Sy = 1h. CrmpansHoCcTh POTOHA paBHA
Hy = +1. KonuuecTBO CIIUHOBBIX COCTOSHUM (hOTOHA
paBuo Qsy = 2. 3apsmoBas u€rHocTh (DOTOHA
otpuratensaas — Chig = -1.

OO01mmui, cymMmapHsbIi 3aps (OTOHA BCeraa paBeH
HYJIIO 3a TIOJIHBII [epuon BPEMEHHU
T = 21 YgpQzr = Qp+ + Qo+ + Q3- + Qu- = 1+
0t+1"4+0" =+1le+0—1e—0=0. Cornacuo

puc. 1, 3a TmTEpBYH YETBEPTh CBOCTO IMEPHOAA
Vs

0<T,<- COOCTBEHHO TrOBODS 3aps
1=>

KBa3WHEUTPAIbHOMN YaCTHULIBI HAaYMHAET o

9KCIIOHEHIIMAILHOMY 3aKOHY orubaromei (yHKunm
(onmchIBarOme BEKTOPHBIM IMOTCHIMAN (OTOHA:

A0 = Ag(F) - e 700 . gin (? : ?), e
pajmMyc-BeKTOp ompezenseTcs kak 1 = r(x,Y,z))
yBenmuuuBatbes Q+ > 01 = +0e. Ilpu stom cam
3apsiy  (oToHA  MMeeT  CBOE  MaKCHMaJIbHOE
TIOJIOKUTEIBHOE 3HAUEHHE, PAaBHOE 3apsay MO3UTPOHA

1
(aHTHYACTHULBI DJIEKTPOHA, CO CIIMHOM S+ =5h):

v T
Q.+ =1 = +1e, B cBoell Touke TpU Typmax = >
TOUKE

HeoOxomuMo  3aMeTWTh, 4YTO B  3TOHU

COOCTBEHHBIH OpOUTANILHBI MOMEHT
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|/
EEST

+0,5¢e |

Q" = +0,25e"

’

Q4 = -(!),25,6 0

i X+\
Lo =Ly =005-10%c 1-10%¢  1,10%¢c
Qo =Qo =+0e

Puc. 1. Cnunno-opoumanvhas mooensb cywecmseosanus homoHa u usmMeHeHue e2o coOCmMEeHHO20
opbumanvro2o 3apsoa 3a epemst Habodenus T = 2-10-18 c.

BpamieHust (OTOHa BOKPYT CBOCH OCH paBeH:

L = +1. 3a cnenyolyto, BTOPYIO Y4ETBEPTh CBOETO
VA

nepuoa, npu — < T, < 1 , 3HauCHNE 3aps/a ¢otona

HAYMHAET YMEHBIIATHCS IO OSKCIIOHEHTE CO CBOETO
MaKCUMAalIbHOIO 3HAYeHHs Q.+ = 1t =+1le, 10
uyias Q,+ = 0Y =+4+0e, TO ecTb  momepeuHasd,
MOHOXpOMaTHUYECKasi,  JJIEKTPOMArHUTHAs  BOJIHA
MPOXOJUT Yepe3 CBOE TMepBOE HYJIEBOE 3HAuUCHUE,
Korja caM (OTOH MPAKTHUUECKH TEPSIET CBOIO CKOPOCTb,
OCTaHAaBIIMBAETCS, IMEET MPAKTHUECKU CBOIO HYJIEBYIO
Maccy MOKOsI, pU 3TOM y (pOTOHA, B 3TOT MOMEHT
BPEMEHH, TAaK)Ke OTCYTCTBYIOT SHEPTHS WM HMITYJIBC
nemxkenus. CormacHo puc. 1, B 9TOM TOuKe
COOCTBEHHBI ~ OpOWTANBHBIH MOMEHT BpAIICHUS
(hoToHa OTHOCHUTENBHO CBOEH ocH paBeH: Lo = Lo = 0.
IIpockakuBasi yepe3 HyJIEBYIO TOYKY, 3apsn (OTOHA
HAYMHACT 110 MOJYJTI0 CHOBA YBEIMIUBATHCS, TAKKE IT0
AKCIIOHEHIIMATTLHOMY 3aKOHY oT HYJIS
Q;- =07 =—-0e g0 Q3- =17 = —1le, 3a mepuop
n<T, < 3771 . ITpu aTOM cam 3apsi GOTOHA UMEET CBOE

MAaKCUMAJIBHOEC OTpUOATCIBHOC 3HAYCHHUE, PABHOC

1

3apay  OJEeKTpoHa  (CO  CHMHOM — Se- = Eh):

Q;- = 17 = —1e, 3a MOCIEQYIONIYIO TPETHIO YETBEPTh
31

nepuoja 3JAEKTPOMAarHUTHON BOJHBL, NPU Tapmin = >
CTOUT OTMETUTH, YTO B 3TOM TOUYKE COOCTBEHHBII
OpOHTANBEHBIA MOMEHT BpalieHUs (OTOHA BOKPYT

cBoed ocm paseH: L, = -1. Ilocme »storo, 3a

CIICIYIONIYI0, YETBEPTYIO YETBEPTh CBOETO IMEPUOAA,
3m
npu —- < T, < 2m , 3HayeHWe 3apsAna (QOTOHA IO

MOJYyJII0 HAYMHAET YMEHBIIATHCS MO SKCIHOHEHTE CO
CBOEr0 MAaKCHMAJIBHOTO OTPHULATENLHOIO 3HAYEHHS
Q@3- =17 = —1e, no nynsa Q,- = 0~ = —0e, TO ecTb
HOIIEpEYHAs, MOHOXPOMAaTHYECKasl, JJEKTPO-
MarHuTHasi BOJIHA IPOXOJUT 4Yepe3 CBOE BTOPOE
HyJIeBOE 3HaueHHe, Koraa (pOTOH TakK >ke CHOBa TepsieT
CBOIO CKOPOCTb, OCTaHABJIUBAETCS, nMeeT
MIPAKTUYECKH CBOIO HYJIEBYIO MAcCy MOKOs, IPHU 3TOM Y
(oToHa TaKxe, B ’TOT MOMEHT BPEMEHH, OTCYTCTBYIOT
SHEPIUs U UMITYJIbC JBU)KCHUS.

BcenenctBue 3akoHa coxpaHeHHs — 3apsA0BOI
4yéTHOCTH M €€  MyJbTUIUIMKATUBHOCTH, B
JJIEKTPOMArHUTHBIX SIBIICHHSIX HEBO3MOXHO
npeBpalieHne Y€THOro yucia (OTOHOB B HEYETHOE U
HA000poT, Mcxonasd u3 TeopeMbl Y. dappm, Tak Kak
(hOTOH OTHOCHTCS K TaK Ha3bIBaEMbIM KaJIMOPOBOYHBIM
0030HaM, TIe OH YYacTBYeT B 3JEKTPOMArHHTHOM H
IrPaBUTALIMOHHOM B3aUMO-JECHCTBUM C BEIIECTBOM B
npupoae. IIpuuém JacTe CBOEro akTMBHOI'O BPEMEHU
(hOTOH IPOBOJUT B KaU€CTBE BUPTYAILHOM YaCTUIIBI —
BEKTOPHOI'0 ME30HA MJIX K€ KaK BUPTyalbHOM Mapbl —
aZipoH-aHTUAAPOH. Bece aToMBI B IpUpPOE COCTOAT U3
IIPOTOHOB u HEHTPOHOB, KOTOpBIE
Ha3bIBAIOTCS aiPOHAMH.

Heo6xonnmo 0co60 moguepkHyTh, 4TO (pa3oBBIHA
Mepexoj] B M3MEHEHNH 3apaaa GoToHa, HapuMmep, u3
cocrosiaust Qimax” = +1€, paBHOTO 3apsiy MO3UTPOHA, B
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Qamin'= -le, paBHOro »JJIEMEHTAPHOMY 3apsay
JJIEKTPOHA, B CBOEM INPHHIMIE HEBO3MOXEH, M3-3a
HapylIeHUs XOTs Obl, MNPHUHATOrO B KBaHTOBOM
MeXaHuKe, pUHIHNa gonoiHurensHoctu H. bopa [5-
11]. Bo3MOXHBI mepexo/ibl 3 COCTOSIHUSA Qimax* = +16,
B cocrosane Qo* = + 0e, um obpatHo —
(Qimax" = +1€) <« (Qo* = + 0e), a TaKkKe U3 COCTOSHUS
Qamin” = -1e, B coctostare Qo = - Oe, m obpatHO —
(Qamin” = -1e) « (Qo = - 0e). [emo B TOM, 4YTO
COOCTBEHHBIE OpOWTANFHBIE MOMEHTHI BpAIICHUS
(oTOHA BOKPYT CBOEH OCH B3aUMHO IPOTHBOIIOJIOXKHEI,
B CWIy TOro, 4Yr0 B KBaHTOBOIl MeXaHHKE 3a
TMIOJIOKUTEIIBHOE HalpaBJIeHUE BpalleHHs
COOCTBEHHOI'O OpOMTAaIbHOTO MOMEHTa BpAICHUS
(oTOHAa  OTHOCHTENHHO CBOEH  OCH  IIPUHATO
HarpaBjeHUE MMPOTHUB YaCOBOH CTPENIKU, M OH PaBEH:
Li" = Jiro = +1. Eciu e HampaBliCHHE BpAILCHUSI
COOCTBEHHOTO OpOWTANFHOTO MOMEHTa BpAIICHHUS
(OTOHa OTHOCHTENBHO CBOEH OCH OYJAET MO 4acOBOMH
CTpeJKe, TO OHO OyJeT CUUTATHCS OTPHLATEIBHBIM H,
CIIeIOBATEINILHO, €ro 3HAUYCHUE B 9TOM CIIydyae paBHO Ly
= Jro = -1. [Ipuuém Ji = - Jp mpeacTaBIsAOT co00i
NPOTHBOIIONIOKHO HAIPABICHHBIC HHEPLUH BPAILCHUS
camoro (OoTOHa OTHOCHTENHFHO OpOHMTAIBHON OCH
BpallleHWsl, TpU pPa3IMYHBIX T[epexoaax. 3a BecCh
MHUHUMAJBHBIA ~ TEPUOA  Tmin = 2@ GOTOH
XapaKkTepu3yeTcss W3MEHEHHEM CBOEro 3apsijga OT
«tle» 10 «-le», mpum 3TOM TPOXOJS HYEpe3 CBOIO
XapaKkTepHyl0  HyJleByl0  Touky  «+0e»  rme
JNIEKTPUYCCKHI 3aps/ B HEW Takke paBeH HyIIO.

Ob1ee BpeMs W3MEHEHUs COOCTBEHHOrO 3apsiia
(otona paBHo B cpenHeM T = 2-107® c¢. Bpems
CYILECTBOBAHUS HOJIOXKHUTEIEHOTO 120)07
OTPHULIATEIFHOTO COOCTBEHHOTO 3apsna (HOTOHa PaBHO
T~ 0,210 ¢, xorga BeNUUMHA MOJOXKUTEIHHOTO
3apsma pasHa QY = +0,8e...+1e u oTpuuarensHOro
3apsina paBHa Q= -0,8e...-1e.

@oTOH TmpenacTaBiIseT Cco0oi  cBOeOOpa3HBII
SHEPreTHYeCKUi 3JIEKTPOMAarHUTHBIN JUTOJb,
MOCTOSSHHO ~ MEHSIIONIMICS BO BPEMEHHM H B

NPOCTPAHCTBE, TEM CAMbIM HOTYUHAACH, KBAHTOBOMY
MPUHIITY HeonpenenéHHocTH [ 'eizendepra (9):

h
(Ax - Ap) = -, ©)
I/IBMCpﬂ}I BCJIIMYNHY CPCAHCKBAAPATUICCKOIO
OTKJIOHEHUA KOOPANHATHI AXu CpeaHe-

KBaJApaTU4YCCKOro OTKIIOHCHUSA UMITYyJIbCa Ap, n 1pu
93TOM, 06J1az[a$1 H3BECTHOI CKOPOCTBIO CBCTa, (I)OTOH
JAOIMYCKACT HCOIrpaHUYCHHYH) TOYHOCTb H3MEPCHUA
CBOUX KOOpAHMHAT BO BPEMCHU U B IMPOCTPAHCTBE, a

V(@ t) =2Y () coswt

Beeném  obosHauenne VE(F t) =V (7F)eti®t
TOrja omepaTop Bo3MymeHHs V(¥.t) TUpHHEMAaeT
caenyromwmii Bup (13):

V@ELY =VTFE ) + V(7 t). (13)

B nepBom mopsiike, 3aBUCALIEH OT BpPEMEHHU
TEOpUH  BO3MYIIEHHIl  BEPOATHOCTh  Iepexoja

=Y (Fel®t +v (Fe vt

3HAYUT MU CBOCIro, HU3MCHAIOUICTIOCA COOCTBEHHOTO
Op61/ITaJ'II)HOFO 3apsanaa.
HpI/I OTpaKCHHUU OT 3epKaJ'II)H0171 TMMOBEPXHOCTHU

WIM TpU TPOXOXKICHUM Cpel C TIPagueHTOM
IUIOTHOCTH, TO €CThb IIpH SABJIEHUSAX abeppanuu,
ONBITHBIM ~ NMyTEéM  OOHApy>XUBAaeTcs  HM3MEHEHHUE

HaTpaBiIeHUs OBIKeHUS ¢ortoHa [5]. Bo Bcex atmx
MPUBEIEHHBIX CITydasX (OTOHBI HE IOTIIOMAIOTCS
BELLECTBOM, U SIBHO HE BXOAST C HOCUTEISIMU BEIIECTBA
B KOHTAKTHOE B3aWMOJEHWCTBHE, TO €CTh B (opmare
JJIEMEHTApHBIX YacTHIl cpenbl. OOHAKO TPH ITOM
MIPOUCXOJUT CMEHA HaIpaBJICHUA U MOJIApU3ALUU
¢orona [7]. Takoe noBeaeHue ¢poroHa, kak GpepMuOH-
YacTUIBl, BO3MOXKHO TOJBKO TOJ  JeiicTBueM
TIOCTOSIHHBIX DJIEKTPUYECKUX TIOJIeH, (hOPMHUPYEMBIX
9NEeKTpOHAMM U NPOTOHAMHU  cpelbl.  AHamu3
MHOXECTBa  JKCHEPUMEHTOB  YyKa3blBaeT,  4TO
JEHCTBEHHBIM (PAKTOPOM IIPH THX B3aMMOJACHCTBHIX
SIBISIETCS HE TOJBKO BEIMYMHA IMOJs, HO ewE u
TpaJHeHT, CIICAOBATEIHHO, (POTOH SABIISICTCS OTIHIHBIM
KBaHTOBBIM JIETEKTOPOM TpaJUEHTa 3JIEKTPUUECKOIO
oz [9].

Hecrauuonapuasi Teopusi Bosmyenuii. [lycts
Ho — Tak Ha3bIBaeMBIil OIEpaTOp CIOKONUCTBHUS,
MIPEACTABISIIOIIMH U3 ce0s, He 3aBUCSIIUIT OT BpEeMEHU
raMUJIbTOHMAH KBAaHTOBOM CHCTEMBI B OTCYTCTBUE
BHEIIHUX 3JIEKTPUYECKUX M MAarHUTHBIX mojei. Jlns
3TOr0 raMuibTOHUAHa ypaBHeHue IlIpénunrepa
JIONyCKaeT CBOE TOYHOE peuieHue. Torna MOJHBIN
raMwibToHMaH H 3Toil cucTemMbl B NPUCYTCTBUU
HecTallMoHapHOTrO BHemiHero mnoms [8, 11, 12-17]
nMeeT kinaccuueckuid Bug (10):

H=Ho+ V(#p), (10)

rie  V(Ft) — omepatop  BO3MYILEHHMS,
ONMCHIBAIOLINI B3aUMOJIEHCTBUE BHEIIHETO 3JEKTPO-
MarHUTHOTO IOJs ¢ KBaHTOBOM cuctemoi. Teopus

BO3MYIICHUH  HWCIONB3YeTCS TPH  BBIIOJHCHUH
cnenyromiero yciosus (11):
V(7 1) << Ho. (11)

ITycTp KBaHTOBas cHCTEMa HaXOJIUTCS B IIOJIE
NaJA0IEeld, MOHOXPOMAaTUYECKON 3JI€KTPOMAarHUTHON
BOJIHBI, XapaKTEPUCTUKH KOTOPOTO TEPHOIMIECKH
MEHAITCA CO BpeMmMeHeM ¢ uacrorod . Torna
omepatop Bo3MymeHHs ~V(Ft) Takke OyneTr
HNEepUOUUECKH MEHSTHCA CO BpPEMEHeM C TOH XKe
YacTOTOH (1, CIIEI0BATEIILHO, OH MOJKET OBITH 3aIicaH
B Bue (12):

(12)

«W» KBaHTOBOH CHUCTEMBI B EIUHHIy BPEMEHHU H3
COCTOSIHUS, OITMCHIBAEMOr0 BOJIHOBOU (pyHkumedt Wi B
COCTOSIHHE, ONMCHIBAEMOE BOJHOBOH (yHKIHEH
YWe(Win Ws— coOcrBennbie (yHKIMU omeparopa
Ho) o neicteuem Bosmymerns Y (¥)eti®t sanaéres
BeIpakeHueM (14):


https://ru.wikipedia.org/wiki/%D0%A1%D1%80%D0%B5%D0%B4%D0%BD%D0%B5%D0%BA%D0%B2%D0%B0%D0%B4%D1%80%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%BE%D0%B5_%D0%BE%D1%82%D0%BA%D0%BB%D0%BE%D0%BD%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%A1%D1%80%D0%B5%D0%B4%D0%BD%D0%B5%D0%BA%D0%B2%D0%B0%D0%B4%D1%80%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%BE%D0%B5_%D0%BE%D1%82%D0%BA%D0%BB%D0%BE%D0%BD%D0%B5%D0%BD%D0%B8%D0%B5
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W= %“‘4’;‘?(1")%‘3142 priEg) = 2—;

ITpruuém nepexo s MPOUCXOAAT B COCTOSHHS,
obnamaromue 3Heprue Er = Ej + ho u mmoTHOCTHIO
p¢(Ef) (Ei u Ef— cobcTBeHHBIC 3HAUEHHUS OTepaTopa
Ho, oTBeuatomnue cobctBeHHbIM QyHKIHAM W) n Wr).

Bosmymenne V*(7,t) mpEBOmZMT K TOMYy, YTO
KBaHTOBas CHUCTEMa TepseT OSHepruio ho myTém
BBIHYXJIeHHOrO Hcmyckanus, Er = Ei — ho. Ilog
neiicTereM Bo3Mymenus V(T,t) cucrema nmprobpeTaet
sHepruto ho u Ef = E; + ho. Ms1 Oynem paccmatpuBath
JUIIb  MOCJIENHUN  Ciydail, COOTBETCTBYIOIIMM
MOTJIOIIEHUIO SHEPTUH  BIIEKTPOMArHUTHOTO  TIOJI,
OCTaBJsAs B ONeparope BosmymieHus V(7,t) mumb
BTOpOe cmaraemoe V (F,t), KOTOpPOE 3aBHCHT OT
BpEMEHH Kak e ~‘@t,

KBanToBass cucrema B moje IUIOCKOI
3JIEKTPOMATHUTHOH BOJIHBI. PaccMoTpum ciydaii,
KOTa Ha KBAaHTOBYIO CHUCTEMY TIIafaeT IUIOCKas
MOHOXpOMAaTHYEeCKas 3IeKTPOMarHuTHast BosiHa. Toraa
MONHBIA raMmibTOHMaH H cucTemMsl wactun U

3JeKTpoMaruutTHoro nons [4, 6, 11-17] umeer Bug
(15):

He = — [ (B2 + H?) 0xdyoz = — [(E? + H2) oF

rae EuH— HANPSOKEHHOCTU DJIEKTPUUECKOTO U
MarHUTHOTO TOJICH.

Ecnu mone xBaHTOBaHO W TPEACTABIAET COOOMU
COBOKYIHOCTh N (DOTOHOB »Hepruud hw, TO TOrma

JHEPIus TaKoOro 3NIEKTPOMArHUTHOTO noJtst
ompenensercs BepaxkenueM (18):
H, = nhw. (18)

Boipaxkenue mis omeparopa V(T.,t) umeer B
cirydae OeccMHOBBIX YacTull Bu1 (19):

A(F,t) = 240¢ cos(kF — wt) = Apeellfi=-0t) 4 A go-ilki-wt)

-
rae k — BOJIHOBO BEKTOD, HampaBJICHHUC

KOTOPOTO ONPEACTIACT HAIPABJIICHUE PACTIPOCTPAHCHUA

- ®w - - o
BONIHBI (THe kK = —'M,an — eAUHUYHBIA BEKTOp B
[

T —
HampaBienun k), nE —
HOJISIPU3ALIH U3ITyYECHUS.

C,HI/IHI/I"IHLIf/'I BEKTOP

BexTopHblii MOTEHIAN A JTOKEH
YAOBIETBOPSATH yCI0BHIO (21):

divA = 0. (21)

e @[ pe Ee)

H = Ho + Ha + V(7' 1), (15)
rae Ho— raMusibTOHUAH CHCTEMBI B OTCYTCTBUE
BHEILIHUX AJIEKTPUIECKUX U MATHUTHBIX TOJIEH,

Hel — raMIITBTOHHAH 3JIEKTPOMATrHUTHOTO TIOJIS 1
V(¥,t) — raMUIbTOHHAH B3aUMOJEHCTBUA CUCTEMBI C
AJIEKTPOMArHUTHBIM TIOJIEM, MPEACTaBIIIIONINI co00it
OTIepaTOp BO3MYIIICHHS.

B nmanpHefimem nop cuctemoif OyaeM MOHUMATh
COBOKYITHOCTb A HEpENITUBUCTCKUX yacTull. Torma
oTCIofla MeeM BeIpakeHue (16):

& P2

= a
H- S Sw,
a=l =My 53 (16)
Ie Pa¥M My — ONepaTop HMIyJbCca M Macca
YacTULl CUCTEMBbI, Wah — B3HEprus B3aUMOJEHCTBUS
4yacTUIl «a» u «b». Hel — 3HEPrus 37eKTpOMarHuTHOTO
nosna. Knaccuueckoe BblpaXeHHE Uil SHEPTUHU

aiekTpoMarautHoro mois [11, 12] npunumaer Bupg
17):

17)
— 1 ﬂ Ea.
Virt)=-=> —2Ap, (19)
Caamm, ,
rae €Ca — SJICKTPHUUICCKUC 3apsabl qacTuUul
CUCTEMEBI, My — Macca 4YacCTHUI[ CUCTEMEI, A —

BEKTOPHBIH MOTEHIMAT 3JIEKTPOMArHUTHOW BOJIHBI B
TOM TOUKE, TJIe HAXOUTCS YaCTHIIA «a».
KoHKpeTusupyem 3TO BBIpaXEHHE AJIS Cirydas,
KOIJla CHUCTeMa IIOIJIONIAeT MaJaloIlyl0 Ha Heé
IUTOCKYI0O MOHOXPOMATHUYECKYI0 3JIEKTPOMArHUTHYIO

—

BOJIHY. BexTopHBIN moTeHnuan A takoil BomHbI [11,
12] mosxHo 3anucats B Buje (20):

(20)

Jis maockoil, momepeuHo, 3IeKTPOMAarHUTHOM

BOJIHBI, TIOJISIPU30BaHHON NepIEeHANKYISIPHO
HANpaBICHUIO  paclpocTpaHeHusa, yciosue (21)
paBHOCWIIBHO TpeOOBaHHMIO (22):

(kg) =0, (22)

Moxcraenss B dopmyny (19) s V(7,t) mumb
MepBhIA wieH u3 BeIpakeHHs (20) Ui BEKTOPHOTO
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MOTEHLMANa IUIOCKOM BOJHBI, KOTOPBI HMeeT
OTpULATENIbHYIO YAaCTOTY U, CJIEeI0BATENIbHO, OTBEYAET
3a MOTJIOIEHUE U3TyYeHHsI, osrydaeM (23):

. - E -
Vir,t) = vwir)e ™t = —A e lz i E’]'i':-alpaL

[pruém n3 MaTepuanbHOTO yYpaBHEHUS (24):

Jlnst oneparopa Bo3MyIleHus V(T) IMeeM B HTOTe
BEIpakeHue (25):

1 e,
) = —Ag > —2ep, (25)
C a=] My .

Knaccugeckoe mpejacTaBieHHE U3NyYeHUS U
(oTOHBLI Berie 65110 yKa3aHo, 4TO
DNIEKTPOMAarHUTHOE  Mojie  M3jiydeHus  (OToHA
MPEJICTaBJICHO B KJIACCHYECKOHM (opme (divz= 0)
IJIOCKOHU NOIIEPEYHOU MOHOXPOMAaTUYECKOU
aNIeKTpOMarHuTHO# BoiHbl (21). U3 kypca KBaHTOBOI
MEXaHUKH H3BECTHO, YTO 3JIEKTPOMArHUTHAas BOJIHA,
cocTosimast u3 ()OTOHOB, HE MOXKET HMETh JIIOOYIO
WHTeHCHBHOCTH [4, 6, 11-15, 17]. [Jna »sToro
aMIUIMTYAy BEKTOPHOTO MOTEHnuana AgHOpPMHpYeM
TaKk, 9YTOOBI OHAa COOTBETCTBOBaja N (HOTOHAM B
enuHuLe 00bEMa. B aToM citywae ycpenH€HHAs 10
BPEMEHU IUIOTHOCTH DHEPrHU DJIEKTPOMAarHUTHOM
BOJIHBI OyleT paBHa SHEPTUM N (OTOHOB, COTIACHO
BBIpaXKEHUIO (26):

é(EZ +H?) = nho,  (26)
Ucnone3ys Beipaskenust (27)...(29):

(E?) = (H?), @7)

o124

E= cat’ (28)

(sin wt) =1, (29)

2

110JIy4aeM 3HauCHUE YCPEIHEHHOU 10 BpEMEHU
TUIOTHOCTH DHEPTUU BHGKTpOMaFHHTHOﬁ BOJIHBI JIJIA N
(hoTOHOB, coriacHo BeIpaxkeHuto (30):

A

L(E2 +H2) =22 (30)

i)
2mc?
[IpupaBHUBas Mex 1ty cO00i ABa BBIpaKEHHS
(26) u (30), momywsaem paBeHcTBo (31):

(31)

OTkyna mnonydaeM 3HAa4eHHE HOPMHPOBAHHOM
AMIUIATYIbl BEKTOPHOTO IIOTCHIMAIa Ao A n
(¢oToHOB B enuHHIE O00BEMA, B COOTBETCTBHE C
BEIpakeHHeM (32):

Ca=11m, (23)

Ao = /z”jn ‘¢ (32)

Tak kak HaM BayKCH TOJIBKO TPOLECC MOTJIOLICHUS
M3Iy4deHUsT (OTOHOB, TO B HATbHEWIIEM ISl TUIOCKOM
9IeKTPOMAarHUTHON BOJHBI HCIOJIB3yeM CIeXyrolee
BhIpaxkeHue (33)

AR 0 = ’27::"1 ceeilki-wt),

HopmupyeM mIOCKy¥0 BOJHY Tak, 4TOOBI OHa
naBana oavH (OTOH B equHMIE 00bEMa, TOraa B
KOHEYHOM UTOTe MojdydaeM BeIpakeHue (34):

AR ) = fi)ﬂcsei(ﬁ’i_“f).

Knaccudpukanus GpoToHoB U MyJILTHIOIbHBIE
BOJIHBI. COCTOSIHUSI KBAHTOBBIX CUCTEM (aToMa U sJipa)
XapaKTepu3yloTCsl  ONpPEACIEHHBIMU  3HAYCHUSIMH
MOMEHTa KOJNWYecTBa ABWXKeHHs J u uérHoctH P.
IMosTomMy B moOoM mpomecce, B KOTOPOM TaKHe
KBAaHTOBBIC CUCTEMBI IIEPEXOAAT M3 OAHOTO COCTOSHUS
B Jpyroe, IOJDKHBI YUHUTHIBATHCS TpaBmiIa 0TOOpa IO
MOMEHTY ¥ 4éTHOCTH. Ecni aToM mimH SiApo mepexonsT
U3 OJIHOTO COCTOSIHMS B Jpyroe B pe3yJlibTare
HOIJIOIIEHHsT  3JEKTPOMArHUTHOTO M3IY4eHHs, TO
3aKOHBI COXpaHEHHs MOMEHTa KOJMYECTBA JBHIKCHUS
¥ 9YETHOCTH TPEOYIOT, YTOOBI IOTJIONIEHHOE H3ITyUYeHHEe
TaK)Ke UMeJIOo onpeaenéHuble 3HaueHus J u P. Iloatomy
y4acTBOBaTh B @aTOMHBIX U SIIEPHBIX MPOLIECCAX MOXKET
JIMIIb TaKOE 3JIEKTPOMAarHUTHOE M3JTy4eHHE, BOIHOBAS
(GyHKOHS KOTOPOro — cOoOCTBeHHas (DyHKIHS
orepaTopoB MoMeHTa u u€tHoctH [4, 6, 11-15, 17].

(33)

(34)

BekTopHBINM  TTOTEHITHAT Z(?, t)  miockoi
AIEKTPOMArHUTHOM BOJIHBI HE UMEToIIeH
OTIpeNeIEHHOTO0 MOMEHTa M YETHOCTH, pa3jiaracTcs B
PSAA TIO COCTOSHHSIM C OTPENSIEHHBIMU 3HAYCHHUSIMU
MOMEHTa KoimdecTBa ABmkeHHs J U u€tHOocTH P 1Mo
MYJIBTHITOJIEHBIM BOJTHAM FJIH MYyJIBTHITONM [4, 6, 11—
15, 17]. OtnenbHBIC YIEHBI TAKOTO PA3JIOKEHHS Oy Iy T
OTBEYaTh DJIEKTPOMArHUTHBIM BoJHAM ((GoToHAM) C
OnpeneIEHHBIMH 3HAYCHUSIMH MOMCHTA W 4ETHOCTH,
KOTOPBIE MOTYT OBITh ITOTJIOIICHBI ATOMAMH H SAPAMHU.
Hammra 3agaga cocTouT B TOM, 9TOOBI IIEPEUTH OT MO
(OTOHOB € OmNpeacaEHHBIM 3HAYCHHEM HMITYJIbCa

p= Ak x momo ¢oToHOB C  ompenenEéHHBIMU
3HaYCHWSAMH MOMEHTa KOJIWYecTBAa JIBIDKEHUS | U
4y€THOCTH P.

[ToyHBIIT MOMEHT KOJIMYECTBA JBIMKEHUS (HOTOHA
J mpuHMMaeT meNOYHNCICHHBIE 3HAYCHHS, HAadWHAas C
equannbl: J =1, 2, 3,.... HeBo3MoXHOCTB At GOTOHA


http://nuclphys.sinp.msu.ru/el/elt01.htm#eq1.3
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J =0 cnexyer n3 TOro, 4TO JIEKTPOMArHUTHAS BOJIHA
HonepeyHa M MOITOMY HE MOXET OBIThb OIMCaHa
cepryeckd CHMMETPUYHON BOJIHOBOH (DYHKIIHEH.

o

Puc. 2. Cnunno-opboumanvhas mooensb yHKYUOHUPOBAHUSL KOHEYHO20 COCMOSIHUSL JNEKMPUYECKUX U MACHUHBIX
nepexo008 6 KeaHmosol cucmeme Gomona 3a epems Habooenus T~ 10-18 cex, npu nynesom cnune S = 0 u
YpOosHeM omcuéma, onpeoeisieMblM noaodcumensvrol wémuocmoio JPi = 0+.

K ¢oTtoHy HenpuMeHMMO O0OBIYHOE ONpeJeNIeHNne
CIMHa KaK MOMEHTA KOJIMYECTBA JIBI)KCHHUS B CHCTEME
MOKOsI, TaK KaK Takod cucTeMbl Uil (OTOHA HE
cymectByer. [TockonbKy, pOTOH — KBAaHT BEKTOPHOTO
nois, a Jiro0oe BEKTOpHOE II0j€ IPUIOAHO IS
ONMHUCaHWs 4YacTHIBI CO CIMHOM 1, paccMmarpuBas
CBOMCTBA BEKTOPHOTO TIOJII [0 OTHOIICHHIO K
BpAIIeHUsIM CUCTEMBI KOOpJAUHAT, TO POTOHY yIOOHO
npunucats ciiuH S = 1. VI3 aToro cnemyer, 4ToO MOTHBIH

5
MOMEHT (oTOoHA J MOXKHO (HOpMATBFHO paccMaTpUBATh

KaK BEKTOPHYI0 CYMMY CHHHOBOTO Su opOuTANBEHOTO

L MOMeHTOB — ] L+ S npu4éM  OpOUTAIIBHBIN
MOMEHT L B JaHHOM cCilyuyae HE YTO MHOE, KaK paHr
chepuyecknx QyHKumi Yim, BXOIIIIMX B COCTaB
BOJIHOBOU (yHKIMu dorona [4-12].

@OTOHBI ¢ oONpeAenéHHbIM  3HaueHueM J
Ha3bIBAIOTCA 2J-TTOJILHBIMH (IUTIOILHBIMY, ecii J = 1;
KBaJIPYHOJIBHBIMH, €CITH J = 2; OKTYNOJBHBIMH, €CIIN
J=3 wu t1.a.). Hdua nanHoro J KBaHTOBOE YHUCIO



L m
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opOuTasbHOr0O MOMEHTa L MOXeT NpUHHMATh TPH
3Havenus: L = J+1, J, J-1 tak kak cniul potona S = 1.
YérHocth (oTOHa Py ompenensercs mpaBuiiom,
COTJIACHO BhIpaxkeHHIo (35):
Py = (-1)-* (35)
[To3ToMy (HOTOHBI C OAMHAKOBBIM J MOTYT UMETh
pa3iiYHbIC 3HAYCHUS OPOWMTAILHOTO MOMEHTa, a
CJIeZIOBATENILHO, M YETHOCTH. DOTOHBI, I KOTOPBIX
OpOHTANBLHBI MOMEHT COBMAJAET C MOJHbIM — L =],
uMeroT 4éTHOCTh (—1)*! 1 Ha3pIBAIOTCA MArHUTHBIMU
Mj-potonamu. @ortonbl, s KoTopeix L =J+1,
AMEIOT 9€THOCTh -1)’n Ha3bIBAIOTCS
anekTpudeckumu  Ej-¢poroHamu. Takum obOpazom,
(hOTOHBI SIEKTPHUESCKOTO THIIA, B OTIMYHE OT (POTOHOB

MarHUTHOTO THIA, HE HMEIOT ONpPEIEeIEHHOTO
3Ha4YeHHs OpOUTANbHOrO MOMEHTa. VX BosHOBas
¢byHKIMS ~ sABUseTCS  JIMHEHHOW — KOMOMHaiuein

cocrosiamii ¢ L =J + 1 [4-17].

Alr, ) = Age e = 4N n2T+DGAL +pAlD
I=l

rie €, — 0asuCHBle BEKTOPhl KOMILUIEKCHOM
LUPKYJIIPHOM CHUCTEMBl KOOPAMHAT, IPUYEM JIEBOU
KpPYroBOH moJspu3aliii oTBe4yaeT p = +1, a mpaBoi
=-1. B COOTBETCTBHM C 3TUM IPOEKIHS IOJIHOIO
MOMeHTa (POTOHA MPUHUMAET 3HaueHuss M =+ 1.
Jna Haubosee TPOCTOro  Ciydas, Koria
HA4albHOE COCTOSHUE KBAaHTOBOW CHCTEMBI HMEET
HyneBod cruH S = 0 ¥ MOJOXHUTENBHYI0 YETHOCTH

JPi= 0%, Bo3mOoxHble KOoHeuHble cocrosHus (JPf)
CHCTEMBI,  BO3ZHHMKAIOI[ME  NPH  IOMIOLICHUU
w T

= ihr-wt] _ it

Alr,t) =Agee = Ape™>
T M=-
I

rmep  =+1,  MP _  yvarpuma  Bpamenui,

3aBUCAIIAs OT YIJIOB 8 U @, KOTOPHIE OMNPENENSIOT
-

HalpaBjeHHE BOJHOBOTO BeKTOpa KB  MOJSIpHOI
cUCTeMe KOOpAMHAT. B 3ToM ciydae mpoeKIust
MOJIHOTO MOMEHTa (oToHa M TpHHUMAeT BCe
BO3MOJKHBIC 3HaUeHHs: M = +J, +(J-1),....
IIpakTuyeckoe NpUMeHeHHe HOBBIX
KBAHTOBBIX cBoOiicTB ¢oToHa. B mocnennee Bpems
HAuaJloCchb  MAaccoBOe, CEepUHHOEe  MPOU3BOACTBO
KBAaHTOBBIX TE€HEPATOPOB M HCTOYHHKOB JIa3€pHOTO
W3Ty4eHUs, a TakKe MHKPOIPOIIECCOPOB  Ha
KBAaHTOBBIX HadalaX C WCIIONb30BAaHUEM MOHATHS
HaJIM4MS U U3MEHEHHS COOCTBEHHOTO OpOMTAIBHOTO
3apsga y (OTOHAa TIPH CEPHIHOM TPOM3BOICTBE

MOIIIHBIX, BBICOKOIIPOU3BOAUTEIIbHBIX n
CBCpX6LICTp0ﬂeﬁCTBy}OmHX COBPEMCEHHBIX
KOMIIBIOTEPOB. Hcnons3oBaHue nacu pOCCI/IfICKHX

yqéHLIX O HaJIM4Yu€ IOCTOSAHHO H3MCHAIOLICIOCA BO
BPEMCEHU u B IPOCTPAHCTBE COOCTBEHHOTI'O

Jdns  ommcanust  snekrpuueckoro  (EJ) wm
MarHutHoro  (MJ)  m3dydeHMi — MCHONB3YHOTCS
3NEeKTPUUYECKUE u MarHuTHbIE

E AM
notenmmaner M oy ©IM KOTOpBIE MOKHO

paccMatpuBaTh Kak coOcTBeHHble pyHKIMH E; u M
WU3JIyYEHUH, UMEIOIINX MPOEKIHIO MTOJHOIO MOMEHTA,
paBHyto M. Pa3noxeHune miockou 3JIeKTpPOMAarHUTHOM

BOJHBI TI0 MYJBTHIONSAM €CTh pa3JIOKEHHE TI0

E AM
XapaKTePUCTUIECKUM dysxiuay © By M
[4-17].

Hawnbonee nmpocToil Buja 3TO pas3ioKeHHEe UMEeT
TOTrJ@, KOTJa IUIOCKAas OJJISKTPOMAarHWTHAs BOJIHA
NoJsipu30oBaHa 1O  Kpyry W e€  BOJHOBOH
BeKTopEHaHpaBneH Buonb ocu 0z [4-9, 11-17]. B
9TOM YacTHOM ClIy4yae pasjioKeHHE MO MYJIbTHUIIONSM
umeet Buj (36):

(36)

JIMIIOTBHBIX u KBaIPYIOIbHBIX ¢boToHOB
JJIEKTPUYCCKOTO0 W MArHUTHOTO THIA, TOKa3aHbl Ha
puc. 2.

Ecnu BonHoBo# BeKTOpEI/IMeeT IIPOU3BOJILHOE
HAMpaBICHUE, TO PA3JI0KEHHUE MO0 MYJIbTHIIONSIM [4-9,
11-17] nupencraBusier coboii  Oolee  CIIOKHOE
BEIpakeHue (37):

! 22T * DYy, (.6, 0G AL +pall)
I

@37
opOuTanbEHOTO 3apsiga ¢doToHa JIETJI0
(yHIaMEHTaNbHOM  OCHOBOH  NIpH  CO3JaHUU

cBepxMomHoro (o 1 MBT) u manpHOAEHWCTBYIOMIETO
O6oeBoro mazepa (mo 220 KM), HCIOJNB3YeMOTO B
orpannuyeHHOM KoHTHHreHte BKC P® B Cupun.
CkopocTh Tiepefaud  y3KOKOTE€PEHTHBIM  ITyYKOM
(OTOHOB MOJYJIMPOBaHHOM GuT-uHpopMamuu B 1020
pa3 Ooubllie, 4YeM TMpH T[epeiavye aHaJOTHYHON
mudpoBoi  MHpOpPMAIMM € HCIOJBb30BaHHUEM
9JIEKTPOHOB B Ka4eCTBE OCHOBHBIX HOCHTENEH 3apsa
U TEepeHOCYHKOB HWHPOPMAIMU OT HCTOYHHUKA
(mepemaTymka) K CBOMM MOTPEOHTEISIM (IPUEMHUKY ).

B 371011 cBSI31 HEOOXOAUMO OTMETUTE, YTO OOEBOM
na3ep, yCTaHOBJICHHbII Ha 3cMUHLBI “R0SS” u “Donald
Cook” BMC CHIA umerot motaocth 10 100 kBT nipu
5G(QEKTUBHOM  JATBHOCTH HOpPAXEHHS eI |
MIPOTUBHMKA Ha paccrosHue 10 30 kM. [Ipuuém, ecnun
HAa aMEpPUKAaHCKMX BOCHHBIX KOpaOmsix Ja3epHas
yCcTaHOBKa paboTaeT Ha IMOJHYI0 MOIIHOCTB, TO CaM
Kopabib W Ke 6oeBoit aBTOMOOWITb
OCTaHABIMBAIOTCS W HE MMEIOT BO3MOXKHOCTh HITH
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CBOMM XOJOM, T.K. HE XBaraeT HEOOXOANMOM
MPOEKTHON MOIIHOCTH, TEM CAMBIM IPEACTAaBISAS U3
ce0s1 MpeKpacHylo HEMOABIIKHYIO LIeJIb JUIS TOPIIEIHO-
PaKeTHBIX aTak IPOTUBHUKA C TOJIBOJIHBIX aTOMOXOIOB
WIN XKe HaJIBOJTHBIX Kopabiei, ¢ OeperoBbix [13PK,
tuna C-400 “Tpuymd”, a Takke ¢ BO3ayxa, UCTIONb3Ys
ucrpedurenu-6oMOapaupoBuKy. Poccuiickuii ke
00eBoif J1a3ep COCTOUT W3 OAHOTO pabouero, 60EBOTO
peakTopa, OJHOTO  PE3EPBHOTO,  KOHTPOIBHOTO
peakTopa W OJHOTO peakTopa UIi HEOOXOAMMOH
HavyaJlbHO-yCKOpsitolleld noakadku. IlepBbie  1Ba
(6oeBpIxX) peakTopa paboTaIOT Ha OBICTPHIX HEUTPOHAX,
C HCHOJB30BAaHUEM COOCTBEHHOTO, OPOHMTAILHOTO
3apsAAa y Y3KOHAIPAaBIEHHOTO, KOTEPEHTHOro Iy4Ka
(OTOHOB, JNeTAIMX HAa OOHApYKEHHYIO Ieib WIN
NPOTUBHMKA, a  TPETHH  pPEaKTop  IOJKAYKH
(YHKIMOHMpPYET  Ha  MEJICHHBIX  (TCIUIOBBIX)
HEUTpOHAaX.

Poccuiickuii 60eBoii ma3ep paboTaeT COBEpPIICHHO
ABTOHOMHO, HE3aBUCHMO OT (YHKIIMOHUPOBAHUS
9HEPreTHYECKOH YCTaHOBKH BOEHHOTO Kopabms. Uto
ABISIETCS  OONBIIMM  JTOCTHIKGHHEM  POCCHHCKOMN
BOEHHOW HMH)KEHEpHOM MbIciu. Poccuiickas nazepHas
YCTaHOBKa HMEET TPHU AaBTOHOMHBIX, HE3aBHCHMBIX
YPOBHS OXJaxJIeHHs pabodero Teaa — KBAaHTOBOI'O
aBTOT€HEPaTOpa HEMPEPHIBHOIO U MMITYJILCHOTO THUIIA
reHepanuy (OTOHHOrO Iy4Ka C BBIXOJa 0OEBOTO
nasepa.

BriBoaBI:

1. BouBnensr Oonee  HOBBIE — (HU3HYECKHE
CBOMCTBa (JOTOHA, HA AaTOMHO-MOJIEKYJISIPHOM yPOBHE
B3aUMO/ICHCTBUS N3Ty4eHHA U MOTJIONICHUS (POTOHOB
IpU TIEpexoJie AIEKTPOHOB C BHEIIHUX, YNAIEHHBIX
opOUT aTOMOB BellecTBa Ha 0OoJjiee HU3KYIO OpOUTY
BpAI[EHNUS BOKPYT SiApa aTOMOB.

2. ONBITHBIM yTEM oOHapy>KeH
OBICTPOMEHSIOIINIICS BO BPEMEHH U B MPOCTPAHCTBE,
COOCTBEHHBIH  OpPOWTAJBHBIA  OTPHULATENBHBIA U
MIOJIOXKHUTEIBHBIN 3apsiipl (HOTOHA.

3. ®OoTOH — KBa3WHEHTpaJbHasl dJIEeMEHTapHas
yacTMma B Tpupode, oOsajaromas  ObICTpO-
MEHSIOIINMCS BO BpDEMEHH U B IIPOCTPAHCTBE 3apAIioM
0T «-le» — oTpHLATeNbHBIN 3apsij, YUCICHHO PaBHBII
3apsaly OJIEMEHTApHOTO 3JEKTpOHa M 10 «+le» —
TIOJIO>KUTEJIbHBIN 3apsil, YMCICHHO pPaBHBIA 3apsmy
AJIEMEHTApHOTO  MO3UTPOHA, KAaK  aHTHYACTHUIIE
JIEKTPOHA.

4. Bpewms cyliecTBOBaHHUS MOJIOKUTEIHFHOTO UITH
OTPUIATENILHOTO COOCTBEHHOTO 3apsijia (POTOHA PaBHO
T = 0,2:10"® ¢, xorma BenMYMHA MOJNOKUTEILHOTO
3apsga paBHa Q° = +0,8e...tle W oTpHUIATEIHLHOTO
3apsiia paBHa Q = -0,8e...-le.

5. Macca ¢goTtoHa OynmeT Uit KaxI0i 9acTOTHI, B
paccMaTpUBaeMOM  JMana3oHe, CBOfA, OTAEJbHasd,
OTIIMYAIOIIAsICS APYT OT ApYyTa.

6. HHTEHCHBHOCTb, UHBEPCHOCTb, MOILHOCTh U
CHJIa JIA3epHOTO W3IyYeHHWs CHJIBHO 3aBHCAT OT
Jara3oHa paboYnx 9acTOT BXOIHOTO CHTHAJIA.

7. Y ¢oTroHa CymECTBYeT TOJBKO  TaK
Ha3plBaeMasi PEeNATUBUCTCKAs Macca, OTIMYHAs OT

HyJIs1, TaK KaK ero JelcTBUTEbHAs (peaibHas) Macca,
B COCTOSIHUU NOKOSI PaBHA HYIIO Mgo = 0.

8. Ckopocth (HOTOHA B COCTOSIHHM TIOKOS
OTCYTCTBYET Vgo = 0, Tak Kak (OTOH ABHXKETCS CO
CKOPOCTBIO CBETA KaK MOINepeyHas 3JIeKTPOMarHuTHas
BOJIHA, B ONPEACIEHHOU Cpelie.

9. IlonepeuHas, MOHOXpOMaTHYECKas,
JJIEKTPOMAarHUTHas BOJIHA, TIPOXOAS dYepe3 CBOE
HyJIEBOE 3HAYCHHUE, XapaKTEPHU3yeTCs TEM, YTO B 3TOH
TOYKE  3HaueHHWe  3apsga  (OTOHA  HAIWHAET
YMEHBIIATBCS 1O  OKCIIOHEHTE  CO  CBOETO
MakcUMaibHOro 3Hadenus Q+ = 1Y = +le, 10
Hyns Q,+ = 01 = +0e, Korga  cam doron
MIPaKTHYECKN TepseT CBOIO CKOpPOCTSb,
OCTaHABJIMBACTCSI, IMEET IPAKTHIECKU CBOIO HYJIEBYIO
Maccy ITOKOsl, IpH 3TOM y (OTOHA, B 3TOT MOMEHT
BPEMEHH, TAKXKE OTCYTCTBYIOT SHEPTUS M HMMILYJIBC
JIBHDKCHUSL.

10. 3a Bech nepuon T = 21 POTOH PHEPreTHUECKH
HEUTpaJIEH U €ro MOJIHBIN 3aps[ Qé” =0.

11. PaccMoTpeHa  HecTauMOHAapHas  TEOPHs
BO3MYILCHHSI KBAaHTOBOW CHCTEMBI B TIPHCYTCTBHHU
HECTallMOHApHOTO BHEUIHEro mnoyisl. Bo3mymenne
V*(#) npuBOAMT K TOMy, YTO KBAaHTOBas CHCTEMA

TepsieT  dHepru0  ho  myTéM  BBIHYXICHHOI'O
ucnyckanus, Er = E;i — ho.Ilog ngelictBuem
BosMymieHHs ~ V(Tt) cucteMa  mIpuoOpeTaer

sHepruro ho u Er= E; + ho.

12. DnekTpoMarHUTHOE TOJIe U3My4YeHHsT POTOHA
NIPEACTaBICHO B KJIACCHYECKOH (OpMe IUIOCKOH
TIOTIEPEYHOI MOHOXPOMAaTHIECKOH JIEKTPOMAarHUTHOM

Bonusl  divA = 0. OneKTpOMarHuTHas  BOJIHA,
cocrosimasi U3 (OTOHOB, HE MOXKET HMMETh JOOYI0
HWHTEHCHBHOCTb.

13. KBaHTOBBIE

nepexoabl mpoucxonsr B

cocrosiHUs, obOmamaromme sHeprueit Er= E; + Fwu

mrotocteio F (Ef) (Bim Ef —  cobcTBeHHBIE
3Ha4YeHus omeparopa Ho, oTBewaromue coOCTBEHHBIM
byuxiusam Wiu W)

14. Bextopusiii motenmman A(F,t) mwiockoit
3JIEKTPOMArHUTHOU BOJIHBI HE UMeEIoIIEeN
OINpPEeCIEHHOI0O MOMEHTa U 4YETHOCTH, pa3ilaraercs B
PSAA TIO COCTOSHMSIM C OTpPENeNIEHHBIMU 3HAYCHUSIMU
MOMEHTa KOJIM4YecTBa JBWKEHUsS J u y€TtHocTH P 1o
MYJBTUIIONBHBIM ~ BOJIHAM ~ WJIH  MYJIBTHIIONAM.
OTnmenbHBIE WICHBI TAaKOTO PAa3NIOKEHHUS OyIyT
OTBEYATh JJIEKTPOMATHUTHBIM BOJHaM ((OTOHAM) C
onpeneiéHHBIMI 3HAYCHUSIMA MOMEHTa W YETHOCTH,
KOTOPBIE MOTYT OBITh HOTJIOMICHBI aTOMAaMH H SITPaMHU
BeIIeCTBa.

Hcnonb3oBaHue HOEM POCCHMCKHX YYEHBIX O
HAJIMYHE MTOCTOSTHHO M3MEHSIONIET0CS BO BPEMEHH U B
MIPOCTPAHCTBE COOCTBEHHOTO OPOWUTATBHOTO 3apsijaa
¢boToHa Jeryiio (QyHIAMEHTATBLHOW OCHOBOU mpH
co3ganuu cBepxmomrHoro (mo 1 MBT) m manpHO-
neicTByromero 6oesoro jasepa (mo 220 kM),
HCTIONB3yeMOol B orpaHmdeHHOM KoHTHHreHTe BKC
P® B Cupun.

CkopocTh Tepefaud Y3KOKOT€PEHTHBIM IMyYKOM
(GoTOHOB MOyNIHMpOBaHHOH GuT-uHpOpMamuu B 1020
pa3 Oombie, dYeM TIpU TMepefade aHAJOTHYHOU
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mudpoBoli  MHpOpPMAMM  C  HUCIIOJIb30BaHHEM
JJIEKTPOHOB B KauyecTBE OCHOBHBIX HOCHTENEH 3apsiia
U TEpEeHOCYHKOB HWH(MOpPMALMH OT HCTOYHHUKA
(nmepenardnka) K CBOMM HOTPEOUTENSAIM (IPUEMHHUKY).
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INTRODUCTION OF LIMIT AND CONTINUITY CONCEPTS.

AHHOTa].ll/Iﬂ. Brrancnenne npeaciia He JacT HOBOT'O 3HAHUA (KpOMe MOATBCPIKACHUA HerepHBHOCTI/I) u
MMO2TOMY MOTHBHUPOBKA BBESACHHWA NOHATHUA 3aTPYyAHCHA. B cBs3m ¢ aTHM MNpCACTABIIACT HHTCPEC aHAIN3 OHHOﬁ u3
MIPHUHATHIX BO (PpaHITy3CKOM CpeqHel IKOJIe CXeM BBEICHH TOHATHI Mpe/ieNia i HempePHIBHOCTH.

Abstract. Calculation of the limit does not provide new knowledge (other than confirmation of continuity)
and therefore the motivation for introducing the concept is difficult. In this regard, it is of interest to analyze one
of the schemes adopted in the French secondary school for introducing the concepts of limit and continuity.

Kniouesvie cnosa: @ynxyus,
unmepnpemayus.

3HA4Yerue,

npeoen, HenpepuleHOCHb,

apaymenm, HPOMEN’CYMOK, YUCIO,

Keywords: function, value, limit, continuity, argument, interval, number, interpretation.

[Tpu u3yuenunn temsl «IIpenen GyHKIMNY» 0OBIYHO
MEPBBIM (2 MHOTIA M €AWHCTBEHHBIM ) M3 BBOJMMBIX
ONpENENEHUI SBIAETCA OMNPEAEICHUE KOHEYHOTO
npejena GYHKIUHA B TOYKE: )lcll‘gf(x) = b, 22 eciu

JUTSL TE0OO0TO TIOJIOKUTENIFHOTO YHCIIa EHAWIETCS TaKoe
MOJIOXKHUTEIBHOE YHUCIIO 6, 4TO npu
x#xao,2lx—al<d=>|f(x) —b <e.|

Xopomo W3BECTHBI TPYAHOCTH, CBSI3aHHBIE C
YCBOGHHEM 3TOTO OINPEIEICHHUS U Pa3bsICHEHHUEM €ro
Ha  IpuMmepax. Bce  3HaKOMble  ydamiuMcs
alieMeHTapHbIe (GYHKIMK HerpepbIBHbL. [Ipenen Takoi
¢yakumn  f  paBen ee 3Hauenmo f(a) B
paccMatpuBaemMoil  Touke a. OdYeHp  CIIOXHOE
OTpeNielieHHe CBOJIUTCS K CJIOBaM «IIOJICTaBHB d
BMeCTO X...».(DOTy BO3MOXHOCTh «HAXOXKJIEHUS
mpezena»  3aMedaroT Bce ydamecs. Otcroga-
OMaCHOCTh IOPOYHOTIO Kpyra, TaKk KaK HMMEHHO IS
000CHOBaHHUS HETIPEPBIBHOCTH pemnratTcs
yIpa)KHEHHs Ha BBIYHMCIICHHUE TPEJIENIOB HETTPEPBIBHBIX
(hyHKIIHIA. )

[Iporpamma 1973 r. [IpenycmarpuBaeT uzyueHue
MOBE/ICHUsT  JIMHEHHOW  (yHKUMM  KBaJpaTHYHOI
¢GyHKIMM #  00paTHO MPOIMOPIMOHATBFHOCTH Ha
rpanunax obnacrei onpeneneHus cexnuii C u E, Tak u,
Hampumep, cekumii 4 u B (ywammecs KOTOPBIX
«OPHEHTHPYIOTCS Ha W3yYeHHE JIUTepaTypbl U
SKOHOMHKM ).

Hcnonp3ytoTcst mpuMepsl Hanbosiee HM3BECTHBIX
yyamumest byHKIMH: f(x)=ax+b, f(x)=ax?.
3HaYUTENbHYI0 POJIb IPU STOM UrPalOT UHTYUTHBHEIE
HOpPEeJCTaBICHUS O HEOTPAHUYEHHOM BO3PACTaHMU.
3amernM, 4To TpaduKku (QyHKIHH HE HCIONIB3YIOTCS
(oHM  THOABIAIOTCA  TO3Xe,  Kak  pe3ynbTaT
ucciuenoBanna). X MecTo 3aHMMaeT TEOPETHKO-

MHOXKCCTBEHHAs] ~ HHTEPIpPETalus,  MOPOXKICHHAS
MIPECTaBICHUAMHI O (PYHKIIMH KaK O YaCTHOM CITydae
OTHOIICHUS U YAAYHO UCTIONB3YIONIasi HHTEPIIPETAIIIO
peIIeHN COOTBETCTBYIOMNX HepaBeHCTB. HarmsaHsie
MPECTAaBICHAA BO3HUKAIOT Takke Omaromaps Tak
Ha3bIBACMbIM Tabnunam nsmenenus (puc.1,3,4,5).
IIporiecc w3ydeHUs MOHATHSA TIpeaeia MOXKHO
yCIOBHO pPa30uTh Ha Tpu dTama. llepmerid stam (Il

KIacc) CBsi3aH C  HCCIIEJOBAHUEM  KOHKPETHBIX
GbyHKUMHA, a HMMEHHO MX  TOBEACHHS  IIpH
HEOTPAHUYEHHOM YBEIUYECHUU (yMeHbIICHIH)

aprymenta (f(xX)=2x+5,f(x)=x?) u B KOHLAX OTKPHITHIX
1
POMEXyYTKOB 001acTu onpezaenetus (f (X:);).
TepmuHonorus, 0603Ha4eHUs U (HOPMYIHPOBKH
OyIyIIUX ONpEICICHHI MOSBISIOTCS KaK BBIPAKCHHUS

0OHapyKEHHBIX CBOWCTB PacCMaTpPUBAEMBIX (DYHKIHI
f(x)=ax+b npu «OosbIINX» 3HAYEHU X.

I[Mpumep  la. PaccmartpuBaercs — (yHKIHA
f
x—>f(x) =2x+5
Haxomurcss ee oOmacte  ompeneneHus |

BBISICHSIETCS XapakTep u3MeHeHus (Bo3pacranus). C
yBEJIMYEHHEM  apryMeHTa  3HaueHus  (PYHKIHH
Bo3pactaroT. CTaBUTCSI BONpPOC O  XapakTepe
BO3pPACTaHMS: BEPHO JIM, YTO 3HAYEHHE (YHKIHMH
npes3oiinyT, Hanpumep, uncio 101? Jloboe 3aganHOe
grciao A?
Qx+5>4) o (x>
A-5

MOKa3bIBAET, UYTO CYIIECTBYeT uucio B, paBHoe 2 ,
(x>B)=>(2x+5>A4),

PaBHOCHIBHOCTE

TaKoe, YTO WM , WHadye,
TaKoe, uTo (x €]B;+o( ]=((2x+5) €
14; +oo[ ) (puc. 2).
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Puc.2  namomuHaeT ¢  OJHOH  CTOpOHHI,
omnpezenenue QyHKIUM (CTPENIKHN),C APYroi-perieHne
HepaBeHcTBa f(X)>A.

IlomyueHHOE CBOMCTBO KpaTKO 3alMCHIBAIOT

raS (¥) = Foompux — +oo(f (x)cTpemuresk +

00,KOTITAXCTPEMHTCSX + 0).
IMpumep 16.  PaccmarpuBaercs

f
x—f(x)=2x+5
Tabmuna m3meHeHust (puc.l) mOKa3bIBaeT, 4TO

(l)yHKHI/IH OIpeaciiCHa MMPU KaKUuX YroaHo OOJILLINX IO
a0COJIIOTHOW BETMUYNHE OTpHUIATCIbHBIX 3HAYCHHUAX

dyHKIHS

X |-oC +o0
11-!—5‘ _—
pac 1.
T ‘—oc mmes
—— --.-7
2x+5 | cm— 4o
puc. 3
|
X - 0 +c0
1 - [
X | A Ty -5
Pac.3

Otor ¢akT 3amuceiBaroT Tak: f(X)— - ocompm
X—-0.Tabmuna w3menennss Qyakuun — f(X)=2x+5
JIOTIOJIHAETCS TaK, KaK OKa3aHo Ha puc.3.

Mpumep2. Ilycts x— f(x) = x2Ilo Tabauue
u3MeHenus: (puc. 4)3amedaem, 4TO dYeM Ooiiblie
a0coJIrOTHAs BeJNMYMHA X, TeM OOoJjblIe ero KBajapar.
Mosxker 1m x? npes3oiiti A? (x2>A)e (x>VA i x <-
VA).

KakoBo Obl HM OBUIO JaHHOE IOJIOKHUTEIHLHOE
ancno A, MOXKHO HaiiTH umcio B pasHoevVA mmm |
Takoe, uto (x? > A) & (x > VA nm x < —/A).\

KakoBo Obl HM OBLIO HAHHOE IOJOXKHUTEILHOE
yucino A, MOXXHO HalTH yucio B, paBHOe VA, Takoe,
yro (x >B)=> (x2>A4A) u (x < —-B) = (x? > 4),

aprymenTa. [Ipu 3ToM 3HaueHHS QYHKIMH CTAHOBATCS
BCC MCHBIIIC ¥ MCHBIIC MPHU YMCHBIICHHHA apTyMCHTA.
CraHyT JI1 OHH MEHBIIIC, YeM JIF000€ Hanepe 1 3aJaHHOS
YUCIo?

A-5)
PaBHOCHIBHOCTH @x+5<A) e (x <3 ) €

MOKa3bIBAET, &

YTOCYIIECTBYETYHCIOB,paBHOE A%S ,TAKOE,4TO
x<B)=>

= (2x + 5 < A),wnm,uHaye,rakoe,4to(x €] —

; B[) = (2x 4+ 5) €] — oo; AD).

B X
i ]
[ ="
L
o 44 .y
pHc 2
¥ | -0 i +oo
1 |
— | +m | A oo
T S | /z
n | &
| 0
prc. 4
B X
(L = _-Er_‘-g y
Puc.6

uHade ToBops (x € |B;+oo[) = (x% € J4;+[) u
(x € ]—o0; —B[) = (x? € ]4; +oo[
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RELAXATION PHENOMENA FOR ELECTRON IN CRYSTAL AND A GENERALIZATION OF
CHAPMAN-ENSKOG METHOD
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Cokonoeckuii Cepzeii

KaHouoam Qusuxo-mamemamuieckux Hayk, ooyeHm xageopuvl Qusuxu
IIpuonenposckas 2ocy0apcmeeHnas akademus CmpoumenbCmed U apxXumeKmypbl

PEJAKCAIIMOHHBIE ABJEHUA JJI5 9JIEKTPOHA B KPUCTAJJIE 1 OBOIIEHUE METOJA
YEIIMEHA-3HCKOT'A

Summary. Relaxation of velocity and temperature of electron in crystal has been investigated. The problem
was analyzed on the basis of kinetic equation for electron in equilibrium phonon bath with the help of the reduced
description method that lead to a generalization of standard Chapman-Enskog method. It was shown that proposed
by Landau method of investigation of relaxation phenomena in plasma corresponds to the simplest approximation
in the framework of theory developed in the present paper.

AnHoTrauusi. M3ydeHa pernakcalusi CKOPOCTH U TeMIepaTyphl DJJIEKTpOHA B KpucTawie. 3amaya
MNpoaHaJIN3UPOBAHA HA OCHOBC KUHCTHYICCKOI'O YpPaBHCHUA JI 3JICKTPOHA B PABHOBECHOM (bOHOHHOM TCPMOCTATE
C IOMOIIBIO METOJAA COKPAIICHHOTO OIMMCAaHUA, YTO BCIACT K O606H.IGHI/IIO CTaHAApTHOTO METOAa YenmeHa-
DHCKOra. HOKaSaHO, 4qTOo HpeZ[JIO)I(eHHBIfI J'IaH/:[ay MCTOA HU3YUCHUSA PCIaKCAIlHOHHBIX SBIICHHI B IIIa3Me

COOTBETCTBYET IPOCTEHIIICH alIPOKCHUMAIINU B paMKax TEOPHH, Pa3BUTOH B HacTosIIeH padore.
Key words: relaxation phenomena in two component systems, generalized Chapman-Enskog method, Landau

approximation.

Knouesvie cnosa: penaxcayuonnvie seneHusi 8 08YXKOMHOHEHMHOU cucmeme, 0000WeHHbIll Memoo

Yenmena-duckoea, npubaudicenue Jlanoay.

Hactosmas pabGotra mocBseHa  KHHETHKE
OJTHOPOJHBIX COCTOSIHUH 3JIEKTpOHa B KpHcTamie. B
KayecTBE MapaMeTpOB  COKPAIIEHHOIO  OMHCaHHs
HCIIOJIb30BaHbl €ro temuneparypa T u cKopocTs U,. B
paccMaTpuBaeMoin MOJeNu JIEKTPOH
B3aMO/ICHCTBYET C PaBHOBECHOW CHCTEMOH ()OHOHOB,
uMmeromeil temneparypy T, M HyJNEBYH CPEIHIOIO
CKOpOCTh (IIOKOSAIIAACA KPUCTAJUIMYECKasl PEeIIeTKa).
Takxum 00pa3om, peus HIET O peslaKCalluy TEMIIEpaTyp
U CKOPOCTEH B IByXKOMIIOHEHTHOH CHCTEME.

BrniepBrle 3amauy O BBIpaBHHUBaHHMU TEMIIEpaTyp
KOMIIOHEHT paccMmoTpen Jlanmay [1]. B  ocHoBy
paccMOTpeHnsi  OBUIO  TIOJIOKEHO  KHHETHYECKOe
ypaBHEHHME Il  JBYXKOMIIOHEHTHOM  IIa3MBI,
Ha3bIBaEMOE Tenepb ypaBHEHUEM Jlannay.
@dakTHUeCKH O3TO €CTh YpaBHEHHE HNPUOIMKEHUS
ciaboro  B3aMMOJCHCTBHS C  JOHOJIHUTEIBEHBIM
oOpe3aHneM B HHTErpaje IO IepelaBaeMoMy MpH
CTOJKHOBEHHMSIX uMITynscy [2]. Ilpum BerYmcieHun
BPEMEHH penakcanuy OBUIO TPEANONIOKEHO, YTO B
KOMIIOHEHTaX IUIa3MBI  OBICTPO  YCTaHABJIMBAETCS
paBHOBECHE C HEKOTOPBIMHU TEMIIEpPAaTypaMH, KOTOPBIE
3aTeM MEUIEHHO BBIPaBHUBAIOTCS. MeIIeHHOCTh
mpoIiecca peJaKcallid CBS3BIBAJIACh C  OOJBIINM

pa3IM4MeM ~ MacC  YacTHIl  KOMIIOHEHT,  YTO
YUUTBIBATOCH B  BBIYMCICHUAX KAk  HaJMuue
JIOTIOJIHUTEIBHOIO Majioro napamerpa [1].

Jlangay mpuM pelIeHMHM ONWCAHHON 3aJadu
UCTIONB30BaI pactpeneneHns Makcseima. OTHaKo 3T0
HE O3HAyaeT, 4YTO OHHU TMPEACTaBISIOT COOOH
HEpaBHOBECHYIO (PYHKIHIO pacHpeieseHHs CHCTEMBI.
Hacrosmas paboTa BO3HMKIIA U3 TIONBITKY MTOHATH, KaK
BBITVIAUT B 3TOH CHUTyallMd HepaBHOBeCHas (pyHKITHA
pacupenenenus. s ynpoueHus pacCMOTpeHa 3a1ada
0 KMHETHKE OJHOPOJHBIX COCTOSHHUI 4acTHUIBI, c1abo
B3aMMOJEMCTBYIOIEN C PAaBHOBECHBIM TEPMOCTATOM.
IIpu »>TOM BIMSHMEM 4YacTHIBI Ha TEPMOCTAaT B
TEPMOJNHAMUYIECKOM TIpe/ieIie MOXKHO IpEeHeOpeUb.
Jnst Oospleil  ONpeneneHHOCTH HaMU H3y4aroTcs
penaKkcalioHHbIe ~ SIBJIGHHWS  JUIl  DJIEKTpOHa B
KpUCTamie, TIAe pollb  BTOPOH  paBHOBECHOH
KOMITOHEHTHI UI'PAeT PaBHOBECHBIH ()OHOHHBIH Tas3.

B ocHOBY paboThI 1o10’ke€HO 000011IeHNEe METo1a
UenMeHa-DHCKOTa, KOTOPOE BBITEKaeT W3  €ro
MMOHNMaHUA KaK METOJa COKPAIIEHHOTO OIMCAHUA,
MPUMEHEHHOTO AN peIIeHHsT  KHHETHYECKHX
ypaBHEHUH (CM. CTaHIAPTHOE M3IIOKEHUE METo/1a B [2
c. 32-37, 3 c¢. 124-138]). pues Takoro OTHOIIEHUS K
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MeTony YenmeHa-DHCkOra (akTHYSCKH 3aJ0KCHA B Kunernyeckoe  ypaBHEeHHWE Ui  ONHKCAHUS
padote boromto6osa [4] (cM. Takxke [2]). OJIHOPOAHBIX COCTOSIHUH DJIEKTpOHa B KpHUCTaIe
NCXOJHBIE YPABHEHU A MOKHO 3amucaTh B BUze [5]
0cfp(t) = Lf (1) = [ d®>pM (0, p")f pr (1) (€
1
M) = sy | koS0’ = [p = kD = (1+ m8G —p)} x

X 5(€p—kn + hwy — ep) +

1

+ (2m)%h

| @pgt@ +m)s@" = 1 + kD) = ns @' = P2} x

X 8(&p + hwy — eprpn)- (2)

(cMm. Taxoke [6]). 3mech Ny, — paBHOBECHBIE YNCIIA 3aT0OJIHEHUS (OHOHOB IpH Temmeparype Ty, p, — UMITYJIbC
OJIEKTPOHA, K, — BOIHOBOH BEKTOP ()OHOHA, £, — SHEPTHSA DIEKTPOHA, fiw), — SHEPTUs (POHOHA

£, = @3)

(m — macca anexrpona). B monenn ®penrxa, IPUTOAHON I ONMUCAHHA MONAPOHA, PYHKIHH Wy H Jj
BBIOMPAIOTCS B BUJIE

i
Wy = W, Ik = 270) % (ko = %), (4)

rae a — O6e3pa3mepHas Manas nocrossHHas @pemuxa [5, 7 c. 259], k, — xapakTepHOe 3HaUYCHHE BOJTHOBOTO

BEKTODA.
B ocHOBY paccMOTpeHUsI HOJ0XUM (DYHKIIMOHATIBHYIO THIIOTE3Y

o @®) — = h (T fo) u(t, fo)) (fop = ot = 0)), ®)

To
rae remnepatypa T (t, fy) u cpeaHss CKOpocTh Uy (t, fy) AIIeKTpoHa onpeneneHs GopMyIaMu

| Epfy O —5 = mnau(t, fo),

3 3 mu(t,fo)?
[ Epfy@ey 5 [T(0 fo) + 5] (6)
B KOTOPBIX 1l — IIOCTOSIHHAS “TIFIOTHOCTH 3JIEKTPOHOB"

J @*pfp() =n. U]

CootHomeHune (5) O3Ha4yaeT, YTO COKpALIEHHOE ONHMCAHWE HACTYNAeT IPH BPEeMEHaX t, 3HAUYUTEIBHO
OOJBIIMX XapaKTEPHOTO BPEMEHH Ty, M YKa3bIBAET Ha HE3aBHCUMOCTS fp, (T, u) OT foy.
OyHKIIHOHAIbHAS TUIIOTE3a (5) BEIET K 3aMKHYThIM ypaBHeHusM it BenmuuH T (€, f,), Uy (¢, fo)

3. T(t, fo) = Lo(T(t, fo), u(t, fo)),
deui(t, fo) = L(T (& fo), ut, o)), ®)
rie 0003HaYeHO
Lo(T,w) = = [ d*p(e, — pru)Lfy (T, u) Li(T,u) = — [ d*ppLf, (T, w). )

B cBoro ouepens, Gynxius pacupenenenus f,,(T,u) ynoBIeTBOPAET KHHETHYECKOMY ypaBHeHuio (1) npu
COKpaIIeHHOM OIMCAHUH
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3 £ (To) 81, (T,w)

o8 o1, w) + P 1 (7, 0) = Lfy (T, ), (10)
a TaKKe JTOMONHUTENLHBIM YCIOBHAM

depr(T' wp, = mny,
3 mu?

[ &®pf(T,w)e, =n (ET + T) (11)

IpuBeNeHHbIE YPABHEHHS ABISAIOTCA OCHOBHBIMU [d3p £,B, = 3n. (14)
2

YpaBHEHMSMH METOAAa COKPAIEHHOTO ONHCAaHUSA
NPUMEHUTENBEHO K paccMaTpuBaeMoii mpoodiieme.

OBOBIIEHHBIN METO/ YEIIMEHA-
OHCKOT'A

B cBocii cTaHmapTHOH (OPMYITHPOBKE METO
Yenmena-Duckora [2 c¢. 32-37, 3 c. 124-138]
OpHUEHTUPOBAH HA UCCJIEJOBAHUE T'MIPOIMHAMUYECKON
sBomorur. OO00IEHHST TOT0 METOJa BOSMOXKHBI Ha
OCHOBE €ro OHMMAaHUs KaK 4acTHOI'O Cllydas METoJa
COKpAILEHHOIO ONUCAaHUS, IPUMEHEHHOIO K PELICHUIO
KMHETUYECKOTO YPABHEHHUS.

W3ydnm siBICHUS B CUCTEME BONM3H PaBHOBECHS,
korna T — Ty U u; ABISAIOTCA MaJbIMU BEITUYHHAMU
onmHOrO Topsiaka Y. Wimem (yHKUMIO pacrpeneneHus
fp (T, u) B BHIE PA3NOKEHHSA IO U

frTw = £7+ £+ 0. (12)

IIpocToit ananu3 Ha ocHoBe (1), (2), (10), (11) u

COO0paXKeHHMI BpallaTeIbHON WHBAapUaHTHOCTU
MOKa3bIBAET, YTO

£ = A,pyuy + B,(T — Ty) (13)

rne Ap, B,
UMITYJIbCA, YAOBJICTBOPSIONIAE YPABHEHUSIM

— HEKOTOpBle (GYHKIUH OT MOAYJISA

LAppl = _AuAppl;
3
[d?pe, A, = n

LB, = —ArB,,

1
(2m)%h

o, K(p,p') =

fﬁthH

Croma BXomsaT Kod(pOUIHMEHTH A, A7, KOTOpEIC
OIIPEAEIIAIOT SBOJIIONHMIO TapaMeTpoB T, u;

1
Ly = =27(T = To),
LV = —2u,, (15)
To ecth Tp = A7, T, = Ay  smasorcs
BpEMEHAMM peNaKcaluu Juis  Temrepatypsl T H

CKOpOCTH U;.

GOynkuuu App;, B, ABIAIOTCA COOCTBEHHBIMU
byHKIIIMHI oreparopa L, OTBEYAIONINMHU

COOCTBEHHBIM 3Ha4YeHUsIM A, Ap. CHeKTpaibHYIO
3amady st L MOXKHO 06CYKIaTh B TEPMHHAX MATPHIIBI
M(p,p") u3 (2). TlockoJbKy OHa BELICCTBEHHA, HO HE
CHMMETPHYHA, JOJDKHBI OBITH BBEACHBI €€ IPaBble U
neBbIe coOcTBeHHbIe GyHKIHA Yy, (D), Xn (D)

fd3pM(p! p’) lpn(p,) = _Anlpn(p)l
f Aoxn @M@, p") = =2 xn(®")

J&pxa®) ¥ (@) = 81
Zn)(n(p)lpn(p,) = 6(}9’ - p)

Marpuia M(p,p’) oGmamaer cBoiicTBaMu,
KOTOpBIE YA0OHO OMUCHIBATH B TEPMHHAX MATPHI[BI
K(p,p"), onpenensemoii popmynoit

(16)

x {8 —p") — 8(p + ki — p")}8(ep + how — £pin)

M(p,p)e, = —p,K(p,p"). (17)
Corunacho (2), (16) aTo naet
d*pe,{6(® —p) — 8(p + kh — p)} X
oK, ") = 0, K(p',p0); (18)
J @' K®,0") 20 (@) = 2tn (), ¥ () = @p2a(P) (19)
OPTOHOPMHPOBaHHOW u  monHOW. [Ipu  3TOM

[lpu ompeneeHUN CKaIIPHOTO TPOHU3BEICHHS
hopmymoi
(Cp,Dp) = fd3qupCpr (20)

omeparop, orBevarommii marpuue  K(p,p’),
SIBISIETCS] CHMMETPHYHBIM, & CHCTEMA BEKTOPOB X, (p)-

KBajipaTUIHAs hopma
{Cp, Dp} = [d3p d3p'9,K(p, p)C,D,r (21)

06J1a}1aeT CBOICTBaMH
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|/

{Cp' Dp} = {DP’CZ?}’ {Cp Cp} = 0(22)

U OYCHb I0JIE3HA NPH PEIICHUH KUHETHYECKOTO
ypaBHenus. U3 (22) crnegyer MONOXKHUTEIbHOCTD
COOCTBEHHBIX 3HAUCHHH An (uckiroueHue:
COOCTBEHHOMY BEKTOpPY Yo = 1 oTBeuaet 1,=0).

Ay = S0 S? ()

&
-5 62
=0 3 Ty

3aMeTHM, 4TO H3JIOKEHHOE 0000IIEHHE METOIa (S0=1,Sl=a+1-x) (25)
YermmeHa-JHCKOTA TTO3BOJISIET B CIICAYIOMIEM TTOPSIKE * *
TE€OpUN BO3MyH.[eHI/H\/'I o u BBIMTH 3a paMKn HpOCTOI\/'I KOTOPbIE HOPMUPOBAHBI YCIOBUAMU
JMHEAPU3AlUU U TOJYYUTh HEIMHCHHBIC YpaBHEHUS
o T, . a3 25" S" 2)=x 8,
HpudamxenHoe peneHue MOJTyYeHHBIX I pépP ( ) (To) o
ypaBHeHuu _ 4mTo T(n+5/2)
[epetinem k  TPUOMIKEHHOMY  PELICHHIO Xn =
ypaBuenuii (14). Cormacuo (1), (2), (14), (17) mocme '
3ame
e J @ poySt () St (2) = mburm
-~ 2
A, =nep,A
P P
_ 2 I'(n+3/2)
. N T (26)
B, = ne,B, (23)
L. = Torna ypasaeHus (24) marot
s ynkuud Ay, B, noiyuuM  cieyrouue
YpaBHCHHA Y=o Ann @y VX! = Ay Qna Xy,
@' K, p) pidy = Aupidy, g, =L,
~ 3 )
(Apr&p) =3 fo
- - - N = Ab ,
fd3p,K(p,p,)B , =AT - n'=0 nn Yn! TOn\ Yn
(Byrey) =2 (24) by —by =1 @7)
bynem mckars H:f peLICHAC B BHAC psiAa IO II¢ BBEICHBI CHMMETPUYHBIC, TOJIOKUTEIHHO
nonmuHomam Conuna SZ(x) [8 ¢.49] OTIpE/IETICHHBIC MATPHITBI
_ 1 n (&p n' (ép
At = m{pl% (TO)'plsg (TO)}'
1
B, = W{S% (To) ST (T—O)} (28)

Bblunicienue a, B NPHOIMKEHHH  OJHOTO
MOJINHOMA, & by, B IPUOJIMIKEHUH IBYX TOJTMHOMOB (T.€.
caMoe MpocToe NPHOIIIKEHHE) AaeT

_ 1
ao—_,

To
u = 3, {Pl:Pl}
bo = 0,
1
b1 = _T_O,

Ar = 32? {ep &}

_&p-mu
) =—"—e™ T +0(?). (29)
(2nmT)2
Oto mnpuOMIKEeHHEe MOXXeT OBITh Ha3BaHO

npubmmkenueM Jlanmay TOCKONBKY B HW3BECTHOM
pabote [1] OH UCTIONB30BAT MPH aHAIHM3E PEJIaKCAINN

TeMIlepaTyp B KadecTBE HEPaBHOBECHOW (yHKInu
pacnipenienenus f,(T,u) pacnpenenenne Maksenna c
T # T, (penakcamust CKoOpocTeil paccMoTpeHa B [9]).

B 3akmrouenmne Hacrosmied pabOTHl BBIYHUCIMM
coOCcTBeHHBIE 3HaueHHA A, Ay mo ¢dopmymam (29).
VYunteBas BelpakeHue (18) mms matpumbl K (p,p'),
HOJTyYUM

A = oz [ @k gin s 8K,
2
Ar = Gz [ kgl “’ké(k) (30)
II€ BBEJICHA CKaJIApHas (fpyHKuHﬂ
o(k) = fd3p¢p5(£p + hawy — £p+kh)- (31)

IMockonbky 6(k) 3aBucUT TONBKO OT Moxyis k,
HampaBuUM K; BIOJIb OCH P, B HMIYJIBCHOM
MPOCTPaHCTBE U BBeleM B HeM cdepuueckue
KOOpAMHATEL. DTO JacT
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1 mw, kh
6(k)=— dﬂf dpp(pP‘Y(COSQ_E[T_?):
~ kn Rk ppop = kh,/2mTmT, ’
rae
— |mex _ kh
Ry = . >
OrpaHn4mBasch Jajee cilydaeM MOJSIpOHA BeiBoabl

Opennxa (4), moIyIIM

6(xk0) ‘/TznanO X e_vy(X)
= he
V= Ty’
ye) = &) 2N

BoszBpamasice Teneps k BopaxkeHusM (30) mis
Ay, Ar, TOTyIHIM

3
4wa v2 v
Ty=22 5k (2)
v svzrshl 12/’
5

4wa vZ v
o=t )
T ™3 27 shs 0\2)

rne  K,(x) - oyskuum
Olpe/IeNsIeMble HHTETPaIoM

© _ _ _ a/2
Jy dxx®leTPrea/x = 2(%) K.(2y/pa). (33)

(cMm. [10], dhopmyma 3.471.9). B cirydae BRICOKHX
TemriepaTyp To > Ahw 3TH  BBIpOXEHHS MOXKHO
YIIPOCTHTH C yUETOM pasioxeHuit pyHkuuii K, (x) npu
x—0

(32)

MakgoHanbaa,

Ky(x) = Ilnx + 0(x9),
K, (x) = %+ O(xInx) (34)

(cm. [10], bopmyant 8.446, 8.447.3). B pesynbrare
cooTHomeHus (32) garoT

16wa -1
o~ 2

T 32w
Ap = 3\/_1/2 Inv (T, > hw). (35)

Otcroma BHAHO, 4TO mpu Ty > Aw CKOPOCTH
DIIEKTPOHA U; OBICTPO 3aTyXaeT, a ero temmeparypa T
MeJUIeHHO mpubimkaercst K GoHOHHO# T .

Ha ocxoBe o0000menus weroma YenmeHa-
DHCckora B JIyXe METOHa COKPAICHHOTO OIHMCAHUS
YAAJIOCh HOHSATD penensl NPUMEHUMOCTH
npubmkeHus JlaHmay B ero TEOpHH pellakcaliu B
JIBYXKOMITIOHEHTHBIX CHCTeMax. Bpr4mcieHo Bpems
penakcalii CKOPOCTH M TEeMIIepaTyphl JJIEKTpOHa B
kpuctajuie.  IIpeuioKeHHBIH ~ METOX  MO3BOJISET
U3Y4YUTh HENWHEWHBbIE 3(PPEKThl B peaKCalUOHHBIX
SIBJICHUSIX.

Hacrositas paboTa BBINOJNHEHA MPU MOACPIKKE
I'ocynapcTBeHHOrO dounna (byHIaMEHTAIbHBIX
HCCIleIOBaHMi YKpauHsl (TpasT 2.7 / 418).
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KaHouoam Qusuxo-mamemamuieckux Hayk, ooyeHm xageopuvl Qusuxu
IIpuonenposckas 2ocy0apcmeeHnas akademus CmpoumenbCmed U apxXumeKmypbl

OBOBIIEHHBII METO/I YEIIMEHA-DHCKOI'A B TEOPUH TAU®®Y3UU DJIEKTPOHA B
KPUCTAJLJIE

Summary. Diffusion of an electron in crystal was studied on the base of a kinetic equation obtained without
assumption about a weak non-uniformity of state of the system. A generalized Navier-Stockes approximation was
developed and a correction for diffusion coefficient was calculated. It was emphasized that weak consistency of
the Burnett approximation results in standard approaches with experiment can be related with neglecting by
influence of non-uniformity of the system on interaction of its particles. For enough small gradients of parameters,
which describe state of the system, contributions of the generalized Navier-Stockes approximation can have a
bigger order then the Burnett terms.

Annoranus. M3yuena muddysus snexTpoHa B KpHCTaDIe HAa OCHOBE KHHETHYECKOTO YpaBHEHUS,
BBIBCJICHHOI'O 0e3 OpEAIOJI0KEHUA O ciraboi HCOAHOPOAHOCTH COCTOSAHUA CHUCTCMBI. PazBuTo 0606II.IGHHOG
npubmmkenne Happe-CTOKca W BBIYHCIICHA TMOIpaBKa K kKodpduuueHTty auddysun. OTMedeHo, 4To ciadas
COTJIACOBAHHOCTL PE3YJIbTATOB aHaJIM3a HpI/I6J'II/I>KeHI/I$[ EapHCTTa C JKCIICPUMEHTOM MOXKCT OBITH CBsI3aHa C
npeHeremeHHeM B CTAHJAPTHBLIX MOAXOJaX BJIIMAHHUCM HCEOAHOPOJAHOCTH CHCTEMBI Ha BBaHMOHeﬁCTBHH ce
YaCTHUII. HpI/I J0CTAaTOYHO MaJIbIX TpaauCHTax IapaMETpPOB, OIMUCBIBAIOIINUX COCTOAHUE CUCTEMBI, BKJIAIbL
0006meHHoro npubdikenns: Happre-CTokca MOTYT UMETh OOJIBbILIHIA TIOPSI0K, YeM OApHETTOBCKUE YJICHBI.

Key words: strong non-uniform states, generalized Chapman-Enskog method, non-classical polynomials.

Kniouesvie cnosa: cunbHo HeoOHOpoOHble cocmosnus, 000bwennvii memod UYenmena-OHckoaa,
HeKJlaccuvyeckKue nojluHombl.

OCHOBOM I
HEOTHOPOAHOCTH  Ha

HaCTOHH.[a?[ pa60Ta IIOCBAIICHA KHHETUKE CUJIBHO
HCOAHOPOAHBIX COCTOSIHUI JJICKTPOHA B KpHCTAJIIC.

W3y4YeHHs  BIUSHUA  CHJIBHOM
TUQQPy3ur0  ANIEKTpoHa B

IIpu sTOM B mepBylO o4yepenb UMEETCsl B BUAY Y4YeT
BIMSHUS HEOJHOPOJHOCTU COCTOSHUSI CHCTEMBI Ha
SJIEMEHTapHBIE IPOLECCH B3aUMOACUCTBHUS YaCTHIL
CUCTEMBL. HccnenoBanue 3TOU poOIeMbI
OCJIOXKHSETCSI T€M, YTO OTCYTCTBYIOT Kaue€CTBCHHBIC
co00paXkeHHsl, KOTOPbIE MOXXHO IIOJIOKHTh B OCHOBY
paccmoTtpenusi. OHO MOXKET OBITh BBITIOTHEHO TOJIBKO B
paMKax TOCIeI0BaTeIbHON TEOpPHH HEPaBHOBECHBIX
MPOIIECCOB, KAaKOW SBISETCS METOJ COKPAIICHHOTO
ONMCaHWs HEpaBHOBECHBIX IpoleccoB boromoboBa
(cm., Hampumep, [1, 2 c¢.175-196]). B pabore
paccMaTpuBaeTCd KHUHETHYECKOE YypaBHEHHE IJIs
SNEeKTpOHAa B KPUCTAJUIE, B3aUMOJCHCTBYIOIETO C
paBHOBECHBIM (OHOHHBIM TMOJEM. JTO YpaBHEHHE
ObuT0 BBIBEIEHO B pabote aBTOpoB [3] MeTomom
COKpAIIEHHOTO OmHcaHug 0e3 MPeanoIoKeHUS O
cmaboif  HEOIHOPOJHOCTH COCTOSHHUS 3JIEKTPOHA,
OIIMCBIBAEMOTO BUT'HEPOBCKOM dhyHKIIIEH
pactpenenenus. IlosToMy OHO MOXET CIIyXXHTh

KpHUCTaJIe.

3amadya HacTosmell pabOTHl BO3HHKIA B
pe3yipTaTe aHauM3a MPUYHH Mallod TOJE3HOCTH B
TIPUIIOKEHUSIX MPHUOKEHUS bapuerta B
KMHETH4eCcKoil Teopuu. B nurteparype ormeuanoch
HECKOJIBKO NPHYUH 3TOH CUTyallnu: paccMaTpUBaeMble
B THAPOJWHAMHUKE paA3JIOKEHUS MO0 TpajJueHTam
SBIISIIOTCS ACUMIITOTHYECKUMU U YY€T HOBBIX UYJICHOB
Pa3I0oKEeHUs CKOpee BCEro He YIyYIIUT pe3yisrar [4
c.155]; Teopus B3aUMOJIEHCTBYIOILNX MOJ
MpeCKa3bIBaeT HaIM4yue B YpaBHEHHSIX
TUAPOJIMHAMUKYA YJIEHOB MEHbLIMX BKJanoB HaBbe-
Crokca, HO Oonpmux BKIaoB baprerra [5]. Hamu
3aMEUY€HO, UYTO UMEETC elle O/IHA PUUHHA, CBSI3aHHAs

c BO3MOXHOH 3aBUCUMOCTBIO HHTETpajia
CTOJIKHOBEHUH oT TpagueHTOB ¢GbyHKIMN
pacupeneneHus. Bnepsble  Takasg ~— 3aBUCHUMOCTb

¢dakTuuecku Obla HalgeHa boromro0oBBIM mpH
BBIBOJIE MM KHUHETHYECKMX YypaBHeHUM Jlanpmay u
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Bonbumana [1]. OgHako ee BIMSHUE Ha SIBJICHHS

mepeHoca 0 cux mop He obcyxkaanack. boiee Toro,

MIPOJOIHKAOTCS HCCIICIOBAHHUS 0apHETTOBCKHUX

BKJIQJIOB B YPaBHCHUS THAPOJUHAMUKA Ha OCHOBE

UHTErpaia CTOJIKHOBEHUS MPOCTPAHCTBECHHO-

OJIHOPOJHOTO ciy4as (CM., Harpumep, [6]).
NCXOJIHBIE YPABHEHU A

Kunernueckoe ypaBHEHHE Ui BUTHEPOBCKOU
dynximm  pacnpenenenus  snextpona  f,(x,t),
MOJIyYCHHOE B padoTe [3], mMeeT BUJ

dufy (e t) = =2 2ED Ly £(0), (1)

m  0xn

rie uMHTerpan cTonkHoBeHmi I, (x, f)maercs
(dopmyoit

L(x,f) = ﬁf_ow dt [ d3k gj; {nkfp_kh (x + %1) -1 +n0f (x - %1)} X

cos%(sp_kh + hwy — sp) +

4L

3mech Ny, — pPaBHOBECHbIC YHCIA 3arOJHEHUS
(hDOHOHOB, P, — HUMIIYJbC BJIEKTPOHA, kK — BOJHOBOMN
BeKTOp (hoHOHA, &, — SHEprus O2JEeKTpoHa, Awy —
sHeprust (OHOHA, g, — QYHKIHUSA, ONPEACNSIONIAs
HHTCHCUBHOCTh 3NEKTPOH-(POHOHHOTO
B3aUMOJEICTBUA

1

_ 1 _p? — n )z

N = o € =559k = A \—
eTo -1

p)
(B Mogenu ®dpenuxa MONAralT Wy = W, A = o Ty —

Temriepatypa (OHOHHOTO TepMOCTaTa, M — Macca
anekTpoHa). s Toro, 4ToOBI COCPENOTOUMTHCS Ha
OCHOBHOM Tpo0OJieMe, TIOJIHOCTBhIO —IpeHeOperaem
MONAPU3AMOHHBIMH 1 CIUHOBBIMH 3 exTamu.
Kunernueckoit ypaBHeHme (1) cmpaBemmBo C
TOYHOCTBIO [0 WJICHOB TPEThEro MOpsKa II0
KOHCTaHTE B3amMozelcTBusi A BrIO4nTENIbHO. OHO

PPy f_ow dt [ d3kg} {(1 + 1) fprkn (x - %T) - yfy (x + %1)} X cos%(sp + hawy — epyn) (2)

SIBIISIETCST 0000IIEHHEM YpaBHEHHUS, MOJYYEHHOIO B
pabore [7] AnS TPOCTPAHCTBEHHO OJHOPOTHOTO
Clydasi, TAC H3ydaach Ta )K€ camasi MOJIeIb.

Wzyanm Ha ocHOBe ypaBHeHHs (1) muddysuio
9JIEKTPOHA B KPHCTAJLIC, IPH KOTOPOH €ro COCTOSHHE
omuchiBaeTcss  mwiotHocthio  n(x,t).  CormacHo
¢yHkunoHanpHON — Tmmorese  boromroboa  (cM.,
Hanpumep, [1, 2 ¢.33]), byHkuus pacmnpeneieHus
3JIEKTPOHA UMEET MPH 3TOM CTPYKTYPY fpr (X, n(t)), rie
fp(x,n) = f,(x,n(x")) — HEKOTOPBIH DyHKIHOHAT OT
n(x), obnagaromuii CBONCTBOM

n(x) = [ dpf,(x,n). ®)

Uuterpan cronkHoBenuit I, (x, f), oueBuaHO,
MIPUBOJIUT K 3aKOHY COXpaHEHUS ‘‘ducia 4YacTHIl’

9jixn(t) . — p
den(x, t) = _IBT’ Ji(,mn) = [d3p Zlfp(x, n). 4
Bpemennoe ypasuenwe it n(x,t) (4) wu .
omuceiBaeT  auddysH0  JMeKTpoHA.  3ajgaua _on g% g <<1. (5)
3aKJIFOYAETCs B BBIYMCIICHUM IIOTOKA ‘“4MCJIa 4acTUIl’ 0x1-0%1
Ji(x,n)B Teopum BO3MYHIEHWH MO TPAIUCHTAM
IOTHOCTH ®ynkuuonan f,(x,n) yIOBIETBOPAET COTJIACHO
(1), (4) cnenyromemMy ypaBHEHHUIO
(g3 ST 3jix ) | 1) _
[ dix DRI P = (x, f (), (6)
KOTOpO€  CJeIyeT pemarb COBMECTHO C .
cootHomenueM (3). Ilpu stom cormacHo (3) MOXKHO OBOBIIEHHbBIN METO/ YUETIMEHA-
CUMTATh, 4YTO OHCKOTI'A

9% fp(x,n)
ax:...axls ~ S. (7)
OTMeTuM, YTO 3Ta TCOPHS SKBHBAJICHTHA METOIY
Yemmena-JHckora pelIeHus KHHETHYECKOTO
ypaBHeHust (1), (2), Ha 4Yro OBUIO yKa3aHO eIIie
Boronro6oBemvm [1].

Bynem wuckate pemenme ypaBHeHus (6) s
fp(x,M)B BuJIE psina Mo cTeneHsM g

fan) =P+ P+ P ro0@®. ©®)

Vurem, 41O HHTErpa CTOJIKHOBEHHH
L, (x, f)Taxke ciemyeT pasnoKuTh 1O IPagHeHTaM

Lo f) =120 ) + I, ) + 1P (x, ) + 0(g%), ©)
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peaACTaBUB YJICHBI PA3JIOKCHHUS B BUIC

05f 1 (%)
1, f) = [ d*p' My, (o, )ax—. (10)

xls

B HCIIOJIb30BAHUU  PA3JIOKCHUA HUHTETpaJia
CTOJIKHOBCHUH I10 rpagucHraM MW COCTOUT HalIC

I(O)(x f)= thdgkgk{nkfp i (X) —

1
+ 412 f d3kgi{(1 + nk)fp+kh(x)

u oOmamaer OOBIYHOI 0O0JIBIIMAHOBCKOM

CTPYKTYpoii (cM. [2 ¢.233]).
3. (),

YAOBJICTBOPACT YPAaBHCHUAM

®, © £2wn

CormacHo

0 =1 fOm),

n() = [ d*pf,” @n). (12)
OObIYHBIE  COOOpa)KCHUSI  MOKAa3bIBAIOT, 4TO
(dhyHKIASA p(o) (x,n) MIPONIOPIIMOHATbHA
pacnpeneneHuo Makcsea
0

£, n) = n(0)d,,

1 )

¥p = EL

(2mmTy)2

[ d®*p'M(p,p" ), = 0. (13)
®opmyna (4) Temeph  MOKAa3bIBaeT,  YTO
COOTBETCTBYIOIHH BKJIaJ B MOTOK

OTCYTCTByele(O)(x, n) = 0.
Bxirax mepBoro Topsiika 0 TpajueHTaM fp(l)B

(GYHKIHMIO pacrpe/ieiieHus] 3JIeKTPOHA OINpPeessieTcst
cornacHo (3), (6), (8), (9) ypaBHeHHAMU

(0)
p19%p
m 0x;

0 1
=100, fO) + I (x, fO),

0=[d*pf. (14)

CooOpakeHusi BpaliaTeabHOW HWHBAPUAHTHOCTH

®
TIOKa3bIBAIOT, YTO QYHKIWSA S, 'UMEET CTPYKTYpY
® _
fo = bpp z (15)
—¢ oi” i org)
P ax; m ax;

0= fd3p (2)_

- nkfp(x)} 6(517 + hwk - £p+kh)

o0o0menue wmeroma Yernmena - DHckora (cM.
CTaHAapTHOE U3J10kKeHue Metona B [2 ¢.32-37, 4 c.124-
138]). OcHOBHOW BKJIaA B HHTErpan CTOJKHOBEHUN

Izso) (x, f) naercs pu 3TOM (opmyIioi

a+ nk)fp(x)}6(ep kn T hoy, — &) +

(11)

TJIe BENMMYUHAA,SBISETCS CKAISIPOM. YUHUTHIBAs
cootHomenus (10), (13), mpuxoauM K ClIeIyOIIUM
YPaBHEHHAM 171 QyHKIHH A,

1 1] 7 I
—¢ppi(1— ) = [ d*p'Mp,p )by I A,

— (43
0= [d*pe,pid, (16)
Crona BXOIUT CKaJIIpHast BEJIMYKMHA &y, KOTOPYIO
MOJKHO BBIYUCIIUTH 110 (hopMyJie
3.7 ’ _ 14
J&*p'M@. )y = ppa, . (17)
DyHKIHMSA  Q,y4HTBIBAET B PaccCMaTpPHUBAEMOM
MPUOJIMKCHUU BIIMSHUE HEOTHOPOIHOCTUA COCTOSHHUS
CHUCTEMBl ~Ha  MPOIECCHl  AIICKTPOH-(HOHOHHOTO
B3aumoieiicTBus. [lpu 3ToM BTOpOe ypaBHeHue B (16)
(monmomHUTENBEHOE yCIIOBHE) BBITOJTHACTCSI

€Y)
p

TOXIeCTBEHHO. DyHKUUsA HaWTH

COOTBETCTBYIOIIMIA BKJIJ] B TIOTOK “‘dncia yacTuil” (4)

IIO3BOJISCT

(1) _ on
N1 - _DO a_:q’
-J d3p—<pp (18)

OTO BBIpaXEHHE HMEeT BHJ OOBIYHOTO 3aKOHA
Ouka ¢ xodpdunmenrom mauddysun D,. DOyHKIUSL
fp(l) oTBevaeT 0000IeHHOMY TpuOImkeHnio Hapbe -
Crokca B TeOpHM SBJICHHH IlepeHoca Ha OCHOBE
KUHETHYecKoro ypaBHeHus (cm. [2 c.36, 4 c.149]).
CrangapTHOMY HOAXOAY COOTBETCTBYET
npeHeOpexxenne B ypaBHeHud (16) BxiiazoM QyHKIUH
ap~/12. [ostomy popmynst (16), (18) garoT mompaBKy
K OOBYHOMY BBHIpOXEHHIO i Kod(hduimenra
muddysun.

Bkian BrOporo mopsiika Io TpaaueHTam fp(z)B
(GYHKIUIO paclpeleneHus 3JIeKTPOHa OINPEAeNseTCs
cornacHo (3), (6), (8), (9) ypaBHEeHUSIMH

0 1 2
= LV @) + I8P (x, f D) + 1P (x, fO),

(19)
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CooOpaxxeHust BpallaTeIbHOW WHBAPUAHTHOCTH
2
MOKAa3bIBAIOT, YTO (DYHKIIMS fp( dumeer CTPYKTYpPY

1
A =Py — gPZSzl’- (20)

3meck By, €, — HEKOTOPBIE CKATAPHBIE (DYHKIHH,

@ _ a%n
fp = ¢p (Bpé‘ w T+ CpAp,u’) m_ KOTOpBIE 5 SIBIISIFOTCSL  PEIICHISIMH  CIEIYIOIINX
YpaBHEHU
1 I !
®p (gAppz — By + Do) = [d*p'M(p,p )@, B, 0 = [ d*pe,B,;
1 1 !
oy (2 4y =) = [ P MP, P )by 1 Cr, 0 = [ d*pyColhy . 1)
Crooa BXOAAT KOI(DOUIMEHTHI, ONMpeaeiaeMbIe
[P aHAITM3€ NPEAbIAYIIETr0 MPUOIMKSHUS
1 ! ! ! ! ! I !
S o' {M(p, D) + My (0,0 )01}y Ay + [ @' My 0,0y = p(BpSur + Volpurr) (22)
HomonauTenpHOE yenosue Ha GyHkmmio C,B (22) HEKJIACCUYECKHUE OPTOI'OHAJIBHBIE

B CHITy COOOpakKeHHH BpalaTelbHONH HHBAPHAHTHOCTH
BBITIOJTHEHO TOXKJECTBEHHO. J{OTIOTHUTEIFHOE YCIOBHE
Ha QyHKuMIo ByB (22) MOXHO BBINOJHUTH, BHIOUpas
MOJXOAAIIee pellieHHe HHTETPabHOTO ypaBHEHUS (22)
Uit 3Tol QyHKuu (cormacHo (13) Bponpenenena ¢
TOYHOCTBIO JIO aJINTUBHON ITOCTOSIHHOH).

OyHK1IMA fp(z) oTBevaeT npubmkeHuto bapuerra
B TEOpHHM SIBICHMH  IlepeHOca Ha  OCHOBE
KHHETHYECKOTO YpaBHEHUS (CM., Hampumep, [4 c.149,
6 c¢.67]). Ot crapmapTHOrO TOAXOAAa  HAIIe
pacCMOTpeHHE OTIMYaeTCd HanudueM (YHKIHUH,
KOTOpBIC  OITMCHIBAIOT BJIMSHHE HEOTHOPOIHOCTH
COCTOSIHUSL ~ DJJIEKTpOHa  Ha  TIPOLECCHl  €ro
B3aumoyieiictBust ¢ ¢oHoHamu.  CooOpaxxeHus
BpalaTeIbHONl MHBApHMAHTHOCTH IOKAa3bIBAIOT, 4TO
GapHETTOBCKHE BKJaAbl B IMOTOK ‘‘YUciia YacTUIl’

OTCYTCTBYIOT jl(z) = 0. Ciegyer 0AHaKO OTMETHUTb, UTO
NP PacCMOTPEHHMHU SIBICHHH TIepeHoca B IPYIHX
cucrteMax OapHETTOBCKME BKJIAJbI B 0OIIeM ciydae
OTIMYHBl OT Hynd. [Ipm  JOCTaTOYHO  MabIX
TpafveHTax THAPOIUHAMUYECKUX HEPEMEHHBIX Hallll
JIOTIONTHUTEIbHbIE BKJIagsl B npubmmkeHne Hasbe-
Croxca MOTyT OBITh 00JIbIIIE OOBIYHBIX OAPHETTOBCKUX
BKJIQZIOB B IIOTOKH. OTO MOXET OBbITh NPUIHHON
IUIOXOTO coTriacusi OOBIYHOTO NpubIkeHus bapHerra
C DOKCIIEPUMEHTOM, OTMEYaBIIErocs B JHMTEpaType
[4 c.155].

[MOJIMHOMBI B PEIIEHNN WHTEI'PAJIBHBIX
YPABHEHUI METOJIA YEIIMEHA-3CKOI'A

O000IIEHHBIH METOI YemMmeHna—IHCKOTA
NIPUBOJWUT K HWHTETPabHBIM ypaBHEHUsM Tuna (16),
(22), xoTOpBIe HE MOTYT OBITH TOYHO pemieHbl. [ ux
NPUOMKEHHOTO  PELICHUS MOXKHO —HCIOJIb30BATh
METOJl Pa3JIOKEHHsI PELICHHs 10 HEKOTOPOH cHucTeMe
OPTOTOHATBHBIX MOJIMHOMOB, NIMPOKO IIPUMEHSEMBIi B
o6bryHOM Teopui [S ¢.138-141, 6 ¢.48-53, 7]. B pamkax
9TOr0  TOAXOAa  KOHEYHO  YYHTHIBAIOTCS U
JIOTIOJTHUTENBHBIE YCIOBHS Ha HCKOMBIE (YHKIHH,
npuBenenasie B (16), (23). ObcynuMm 31ech TOIBKO
pEIIEHHe HMHTErPanbHOrO ypasHeHus (16) Ay,
KOTOpPOE€ MOXKHO MCKaTh B BHJIE Pa3JIOKEHHS

[oe]

Ap = Z Cn‘l)n(apz)

n=0

=_1
(a= 2mTO)’

(23)
rae ¢, (x) — momuHOM n -oi creneHu. [loMmHOMEL
¢ (X) CTPOSITCS ¢ TOMOIIBIO CXEMBI OPTOTOHAINA3AIIUI
I'pamma-IlIMuaTa, OCHOBAaHHOM Ha  CIEAYIOLIEM
OTIPEICIICHIH CKAJISIPHOTO TIPOU3BEICHHS

(b bur) = 2 [ d*ph(ap?) fu(ap? b (ap?) = [ dxxzh(x) b ()t (x) = Sy (24)

rae h(x) — HekoTopas MOJOKUTEIbHAS BECOBas
¢ysknusa. TakuM myTeM, HampuMep, HaXOJUM TIePBBIS
J(BA TIOJIMHOMA

1
e

Po(x) =

]

3]

xep—eq

$1(x) = ——;
/90(9290—312)

o 1
es = [ dxh(x)x*"2. (25)

[Ipun wmccnemoBaHWM WHTETPANBHBIX ypaBHEHUH
tuna (16), (22) yao6HO UCTIONH30BaTh KBAAPATUIHYIO

dopmy, cessamHylo ¢ sapom  M(p,p), wu
orpeaeIseMyto GopMysoi
{A,B} = {4,,B,} = — [ ®pd®p' A,M(p,p" )b, B, (26)
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(em. [4 c.104, 8 c.49, 9]). Oma sBusercs
MOJIOKUTEIBHO OMpEAETIeHHON (HOpPMOiL, Tak Kak ee
MOYHO MPUBECTH K BULY

1
4m2h

{4,B} =

Hnsa pemenns ypaBaeHus (16) memecoobpasHO
BBIOPATh BECOBYIO QyHKIHIO /(X)B BUIE
h(apz) = ¢pp2(1 - ap)l (28)

TaK Kak mocie 3toro u3 (16), (25), (26) BeiTekaer
COOTHOIIICHHE

(Pi0n Pidp} =~ L2 (29)

fd3 pdskglinkd)p(Ap - Ap+kh)(Bp - Bp+kh) X 6(£p + hwk - 5p+kh) (27)

Z:Lo’=o ann'cn' = 611,01 (30)
e 0003HaYEHO
m
Ann' = _{pl(;bn! pld)n’}\/?o' (31)

Taxum 00pazom, BEIOOp BecoBoi GpyHKIMHU h(X) B
Bune (28) ympomaer cucTeMy YpaBHEHHHA s
k03 unreHToB paznoxenus (23) uckomoil GyHKINU

C yuerom ompeneneHus (23) oHo jmgaer  ApTIO IOCTPOCHHOM CHCTEME IIOIMHOMOB.
CIEAYIOUIYIO cUCTEMY ypaBHEHHI UL Paznoxxenme  (23)  mO3BONSET  BBEIPAa3HTh
K03 PHUIUEHTOB C;, ko3 dunueHT quddy3uu Dy uepe3 pelieHre CHCTEMbI

ypaBrenwuii (30). Hampumep, ¢ TOYHOCTBIO 10 TIEPBBIX
JBYX HOJMHOMOB TIOJTyYHM
1 5ep—2e
DO = —41Tl A Co + Cq1 L ’ (32)
V=0 2 |eseg—e?
rae coriacHo (30)
_ ajq _ aio
o= —1 o =—40 (33)
Q00a11~A01410 20110~ Q00411

Takum oOpa3om, npubIMKEeHHOe pemeHne  KuHeTHYeckoe ypaBHEHHUE ISl CHIILHO HEOAHOPOIHBIX
UHTETpaJbHOrO  ypaBHeHus (16) B MeTome  COCTOSIHMIT dJiekTpoHa B Kpuctamie // BicHuk
OpPTOTOHAJIBHBIX MTOJIMHOMOB HalIeHO. JIHINpONEeTPOBCHKOTO YHIBEPCUTETY. dizuka,

BoiBoab! pamioenexTporika. — 2003, Bum. 10. - C.152-159.

Vyer BAUSHUS HEOIHOPOAHOCTH COCTOSIHUS 4. Oeprurep [Ix., Kamep I. Maremarudeckas

CHCTEMBl Ha CTOJKHOBEHHUS 4YacTHIl HPUBOAWUT K
ecTeCTBEeHHOMY  00oOmennto mMeroma  YemneH-
OHckora. [Ipu [OCTaTOYHO MajbIX TpagUeHTax
THIPOJMHAMHYECKNX  ITIEPEMEHHBIX  0000IIeHHOe
npubmmkenue Happe-CTokca maeT B MOTOKH BKJA,
MPEBBIMIAIOIINI BKJIa CTAHIAPTHOTO OAPHETTOBCKOTO
npubIKeHus. be3 yuera 3Toro HOBOTo BKJIa/ia TPYAHO
HaJIeATHCS HA COTJIacHe TEOPUHU M HKCIIEPUMEHTA.
Hacrosmas paboTta BBIOJHEHA MPU YaCTHYHOU
nojnepxxke porna INTAS B pakax mpoekra Ne 00-577.
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MATHEMATICAL PROCESSING OF THE RESULTS OF SYNTHESIS OF VINYL ETHERS OF
CYANURIC ACID
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3aB. Jlaboparopun MHcTHTYyT MuKpoOHoIoruu
Axanemus Hayk PecrryOnmku Y30ekucraH,

JTIOKTOp OMOJIOTHYECKUX HAYK, aKaJIeMHUK

MATEMATHYECKAS OBPABOTKA PE3YJIbTATOB CUHTE3A BUHNJIOBBIX DOUPOB
IIMAHYPOBOM KUCJIOTHI

AHHoOTanus. B craTthe IpuBEAEHBI pe3yNbTaThl UCCIEIOBAHUS MPOIEcca TOMOTEHHOTO KAaTaIUTHYECKOTO
BUHUIMpOBaHus 2,4,6-tpuruapokcu 1,3,5-TpruasuHa aneTuaeHoOM Ha OCHOBE BBICOKO-OCHOBHBI cuctem: [IMCO,
JAM®A; TuapoKCHIOB JUTHA, HATPHS U Kaiust. OnpeseneHo, 4To B Mpoliecce CHHTe3a 00pa3yloTCcsl MOHO-, U- U
TpU-BUHIIOBBIE 3(upbl TpHasuH. HalieHbl ONTHMajbHBIE IMapaMeTphl Mpolecca, OINpPEeNeHO BIMSIHUE
MPOIOJDKUTEIBHOCTH TIPOBEACHUS PEaKIMH M TEeMIepaTyphl, KOJIMYECTBA M CKOPOCTH IOAAYU alleTHIICHA,
MPUPOABI KaTalu3aTOPOB W PACTBOPHUTENIEH Ha BBIXOA IENEBBIX IHpoaykra. CTpyKTypa CHHTE3MPOBAaHHBIX
BUHIJIOBBIX 3(HpoB moaTsepxaeHa gaHubiMu UK, 'H, BC-SIMP cnekrpaibHble aHanu3oB. IloiyueHHbIE
pa3paboTaHbl MaTeMaTHYECKMMH MOJIENISIMM M METOJaMH. AHAlIM3 IOJYYEHHBIX JKCIIEPUMEHTAIbHBIX
Pe3yJIbTaTOB XMMHUYECKOTO IpoIecca MOKa3al MX COOTBETCTBHE C TEOPETHYECKHUMHU JaHHBIMU. Pa3paboraHbl
JUarpaMMsbl pe3yIbTaTOB SHEPrMM aKTHUBAllMM U JAMHAMHMKA M3MEHEHHsS KMHETHUECKUX IMapaMeTpoB, a TaKkKe
NpUBeH rpadUKN aHATUTHIECKUX (QYHKIHH.

OmnpenesieHa 3HAYCHHWE BBIXOAAa MPOAYKTOB: IMMOKa3ayso, uto mnpd Temmeparype 80-120 °C
MIPOIOJDKUTEIBHOCTH PEaKIMy 6 YacOB BBIXO/1 BHHIJIOBBIX A(HPOB IIMaHyPOBBIIl KHCIOTH yBenuunBaeTcs: (12,2—
18,2) mono-BuHMIOBOTO 3¢Upa, (14,6-21,8) mu-BuHMIOBOTO Adupa U (12,4-22,6) % Tpu- BUHUIOBOTO 3dHupa
COOTBETCTBEHHO. YCTAaHOBJIEHA, YTO JaibHEHIIee MOBBIICHHE Temreparypsl peaknuu (140 °C) mpuBomuT K
YMEIIEHNIO BBIX0a MPOAyKToB 10 16,4; 16 1 10,8 % COOTBETCTBEHHO ISl MOHO-, IU- ¥ TPH-BUHUJIOBBIX d(UPOB.
YCTaHOBIIEHO, YTO ONTHUMAJIBHBIM PEXHM OT IPOBEICHHUS AHKCIEPHMEHTOB SBISETCA: NMPOJODKUTEIBHOCTH 6
yacoB, Temneparypa 120 °C, kou4ecTBO KaTanu3aTopa OTHOCUTENBHO KUCIOT 10 % OT Macchl KUCIOTHI, CKOPOCTh
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nojiauu anetuicHa 4,5 n/cek. BpUICHBI yCIOBUS MaKCHMAIbHOTO BBIXOJa 00MIasi BUHIIOBOTO 3dupa (62.6%)
UMaHYPOBOU KHUCIIOTHI.

Abstract. In article results by investigation of catalytic homogeneous vinylation of 2,4,6-trihydroxy-1,3,5-
triazine (cyanuric acid) by acetylene on the base high-based system: DMSO, DMF; hydroxides of lithium,
potassium and sodium. It was determined that in process of synthesis mono-, two- and three-vinyl ethers of
cyanuric acid have been formed. Optimal parameters of investigated process were determined: influence of
duration of reaction temperature and rate of feeding acetylene, nature of using catalysts and solvents on yield of
forming products. Structure of the synthesized vinyl ethers was been proved by data of such methods IR, H, 13C-
NMR spectral analyzes. Obtain results were treated wish using mathematical models and methods. Analysis of
obtained experimental results of investigated chemical process has shown corresponding to theoretical data.
Diagrams of results of activation energy and dynamics of changing of kinetic parameters have been elaborated and
also graphs of analytical functions are also presented. Values of products yields have been determined: it was
shown that at temperature of 80-120 °C for and duration of reaction 6 h, yield of vinyl ethers of cyanuric acid have
increased: (12.2-18.2) of mono-vinyl ether, (14.6-21.8) two-vinyl ether and (12.4 - 22.6) % three-vinyl ether,
correspondence. It was determined that further increase of temperature (140 °C) has carried out to he creasing of
yields of products to 16.4; 16 and 10.8 % correspondence for mono-, two- and thee-vinyl ethers. It was determined
that optimal optimal regime for carrying out of experiments was: duration of reaction 6 hours, temperature 120 °C,
quantity of catalyst relatively of initial reagent (cyanuric acid) - 10 mas %, (from it’s mass) and rate feeding of
acetylene 4.5 | / sec. The conditions for the maximum yield of total vinyl ester (62.6%) of cyanuric acid were
determined.

Knrouesvie cnosa: ayemunen, sunuiuposanue, UHUIOBIL 3QUp, YUAHYPOBOU KUCIOMbL, MOHO,- OU- U MpU
BUHUJL Yuanypam.

Key words: acetylene, vinylation, ethers of cyanuric acid, mono,- two- and three vinyl cyanurates.

INTRODUCTION
Obtaining complex compounds with the

microelectronics; various solvents in the textile

industry [13-15].

participation of cyanuric acid is becoming relevant in
the world industry. The formation of certain cyanuric
acid derivatives due to the exchange of a hydrogen
atom and sulfur containing compounds by oxygen
substitution has been theoretically studied [1]. Also,
with the participation of cyanuric acid and melamine,
supramolecular clusters were obtained [2-5]. The use of
cyanuric acid and some of its homologs is becoming
more promising in metallurgy. It should be emphasized
that due to the content of the hydrogen atom in the
composition of cyanuric acid, it has a special tendency
to form the Hamilton complex [6,7]. Because of these
properties, cyanuric acid has gained importance for the
biochemical and pharmaceutical industries [8-12].
Currently, vinyl esters and ethers are widely used
in various industries: including as biological active
substances in medicine; monomers for the production
of polymers and plastic materials; inhibitors in the oil

Cyanuric acid and its derivatives are widely used
in various industries. The introduction of a vinyl group
into a cyanuric acid molecule has increased its
biological activity and expands the scope of its using
[16-18]. Mathematical processing the results obtained
in chemical reactions, finding a mathematical formula
for the course of such processes is important at
elaboration of technology and determining the
technological parameters of the synthesis of organic
compounds [19].

In this paper is presented the mathematical
processing of the obtained experimental results by
catalytic vinylation of cyanuric acid with acetylene.

EXPERIMENTAL

The least squares method has allowed the
experimental data to select such analytical function that
passes as close to the experimental points as possible.
In the general case, the problem can be formulated as

and gas industry; crosslinking agents in the follows. Let result of the experiments in a certain
manufacture of rubber and rubber; adhesives in  experimental dependence y (x), was obtained which in
is presented in table:
X X, X, X3 Xn-1 Xn
Yy 1 Y2 V3 Yn-1 In

It is necessary to build an analytical dependence
f(x,aq,a,, ..., a;), that most accurately describes the
results of the experiment. To building function
parameters f(x,ay,a,, ...,a,) the least squares
method. Was used which is concluded that

S(al'aZl ""ak) = Z?:l[yi - YL]Z

function f(x, aq, a,, ..., a;) it in necessaries, by such
method so that the sum of the squared deviations of the
measured values Vi from calculated
Y, = f(x, a4, ay, ..., a;) would be the smallest (Fig.1):

Til=1[yi - f(x' ai, az, --'!ak)]z - min (1)
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Fig 1. Analytical dependence of product yield on temperature
The task consists of two stages:
1. By use it’s the results of the experiments, to 95 _
determine the appearance of the selected dependence. 9y
. as
2. Choose the coefficients of dependence ey 0 )
Y = f(x,a4,ay, ..., a;). Mathematical, the problem of
selecting the coefficients of dependence is reduced to :_5 =
ak

determining the coefficients a; from the condition (1).

The sufficient condition for the minimum function
S(aq,a,, ..., a;) (1) is the equality to zero of all its
partial derivatives. Therefore, the problem of finding
the minimum of function (1) is equivalent to solving a
system of algebraic equations:

If the parameters a; are introduced in dependence
Y =f(x,a4,a,..,a;) linearly, then system (3)
consisting from k linear equations with k unknowns
will be obtained:

of
]E_O

{ Ln=1 Z[yl - f(xl a,, as, ---xak)

n

i)
i=1 2[yl - f(x! A, Az, wny ak)] i = 0(3)

o
7i1=1 Z[YL - f(x, aq, Az, .y ak)] a_ak =0
In general, a system of equations for calculating
parameters a; polynomial k —1 —st degree Y =
kK a;x=1 has the form:

n n 2 n k-1 _ yn
an+a; Yis X+ ag N xi ot @ Xing X = Xisi Vi

n n 2 n 3 n k _ yvn
Ay i X + @ Yimg Xi + Az Nimg X + o @ Xing Xi = Nimg XY

n k n k+1 n k+2 n
ay Nici X Fap Xy T Fag Xy i Tt e a X X =

System (4) can be written in matrix form:
()

Elements of the matrix C and vector g are
calculated by the formulas:

n
_ i+j-2
Cij= Z X

k=1

Ca=g,

i=1,.,k+1j=1.k+1, (6)

1, .. k+1. @)

_ \n i-1 : _
gi = Zk=1YiXk 1=

4)
2 = TR 2,

Having solved system (4), parameters of
dependence Y = a; + a,x + azx? + - + a1 x* can
be determined.

RESULTS AND DISCUSSION

The influence of the nature of the solvent and
catalyst, the temperature and the feed rate of acetylene
on the formation of vinyl compounds on the base of
cyanuric acid has been investigated. Cyanuric acid
vinyl compounds were synthesized by catalytic
vinylation involving acetylene owing to its active
hydrogen atoms [20].

DMSO, DMF were used as a solvent, and LiOH,
NaOH, and KOH as catalysts. In this case, the
formation of mono-, two- and three-vinyl ethers of
cyanuric acid was established. The results showed that
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with an increasing of the amount of catalyst, the yield
of products has increased.

The activation energy and reaction rate were
calculated in order to determine the kinetic parameters

of the synthesis of mono-, two- and three vinyl ethers
of cyanuric acids (table 1).

Table 1.
Kinetic parameters of the synthesis of mono, two, three-vinyl ethers of cyanuric acid
(DMSO solvent, KOH catalyst)

The duration of the Product yield: Average reaction rate
. Temperature, °C
reaction, hour % | moll %/ hour mol / Lh
Synthesis mono-vinyl ether of cyanuric acid
80 12,2 0,99 4,41 0,22
6 100 16,7 1,35 6,03 0,30
120 18,2 147 6,57 0,32
140 16,4 1,32 5,92 0,28
Synthesis two-vinyl ether of cyanuric acid
80 14,6 1,19 5,28 0,26
6 100 18,6 151 6,73 0,34
120 218 1,78 7,89 0,40
140 16,0 1,30 5,27 0,29
Synthesis three-vinyl ether of cyanuric acid
80 124 1,01 4,48 0,22
100 148 1,20 5,33 0,26
6 120 22,6 1,86 8,15 0,42
140 10,8 0,88 3,89 0,20

Using the tables, it is possible to elaborate a
mathematical model of the reactions. Mathematical
model and has been composed an analytic function for

each table has been found. According to the results, the

most effective reaction is the reaction, the duration of
which is 6 hours. For brevity, mathematically a model
of these reactions in presented:

1-table model:
t; 80 100 120 140
U; 12.2 16.7 18.2 16.4
4 4
S(all az, ..., ak) = Z[ul - Ui]z = Z[ul - f(ti) a,, a,as, a4—)]2 - min
i=1 i=1
f(ti a1, a5,a3,04) = a; + ayt; + azty® + ast®
From (2) we obtain system (8) from 4 linear equations with 4 unknowns:
1 2[u; — ag — apt; — ast® — ast’] = 0
i 2[w; —ay — apt; — ast? — 2]ty =0
1 2[w; — ay — apt; — agt? — aut®]t> =0
St 2[w —ag + axt; + agti? + ant®] 63 =0
From here we get the system:
4a, + a; Z?:l t; +az Z‘il=1 tiz t+a, Z‘il=1 ti3 = Z?=1 U;
G Yt + @ Yl tf Fag N tP a Bt = Tty
a X tf + ap iy 67+ az iyt + as X, tis =Y tiy
a Z?:l ti3 +a; Z‘il=1 t? +asz Z?:l t? + Ayt Z‘il=1 tiﬁ = Yim1 tl-3ui
In matrix form, system (9) can be written as:
4 440 50400 5984000 a; 63,5
440 50400 5984000 73248-10* az | _ 7126
50400 5984000 73248 - 10* 919424 - 10° as 828600
5984000 73248-10* 919424-10° 11777664 -10° ay 99397600
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Having solved system (9), we determine the dependence parameters

a; = —29,8;a, = 0,715;a; = —18,75-10~%; a, = —62,496 - 10~7

and function f = —29,8 + 0,715x — 18,75 - 10™*x2 — 62,496 - 10~ 7x5.
Now using the Maplel8 program, it is possible to construct a graph of this function and a diagram of the
results (Fig. 2).
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Fig 2. The in fluense of temperature on the yield of mono-vinyl ester of cyanuric acid; (a) experimentally;
(b) the results of mathematical processing.

t; 80 100 120 140
9; 441 6,03 6,57 592
u; 12.2 16.7 18.2 16.4

4 4
S(alﬂ a, ..., ak) = Z[ui - Ui]z = Z[ui - f(tiiﬁi! a;,az,as, a4)]2 - min
i=1 =

i=1
f(t, 9 a1, a5, a3, a4) = at; + apt® + azt;9; + ‘1419i2
From (2) we obtain system (10) from 4 linear equations with 4 unknowns:

Vi 2w = (agt; + agti? + astyd; + a,9;%)]t; = 0
Zlil-=1 Z[ui - (alti + aztiz + a3ti19i + a419,:2)] ti2 =0

10)
?’:1 Z[ui - (alti + aztiz + a3ti19i + a419i2)] tiﬁi =0
2?212[111- - (alti + aztiz + a3tl~19i + a419i2)] 19i2 =0
From here the following system will be obtained:
A Y ti 4 ap Yoy 6 + as Ty 79 + ag i, 69 = Tty
al ?:1 tl3 + a2 Z?:l tl4 + a3 Z?:l tl3191. + a4 Z?’:l tizﬁiz = Lil—=1 ultLZ (11)

2 3

Ay i t70 + ap T 79 + as Xiy 679, 4 a, X, 697 = Niny wityd;
2 2 3 4 2

@ Xiog 697+ @ T t70,7 + az Dy 697 + Qpaq Diea 05 = Xk wi;

System (11) can be written in matrix form:

50400 5984000 299164 15278,222 a; 7126
5984000 73248-10* 35885360 1796560,84 a |\ _ 828600
299164 35885360 1796560,84 91864,57586 [| a3 | ~ | 42315,46

15278,222 1796560,84 91864,57586 4791,802388/ ‘44 2204,85599

Having solved system  (11), the dependence  parameters a; = 0,151887768503185;
a, = —8,17174362595097 - 107%; a; = —0,0222409649173869; a, = 0,432874298761817 and function
f(t;, 9 a1,a,, a3 a,) = 0,151887768503185t; — 0,0000817174362595097t,% —
0,0222409649173869t;9; + 0,4328742987618179;% have been determined.
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2-table model:
t 80 100 120 140
u; 14.6 18.6 21.8 16

4

4
S, @, ey ) = D T = Uil? = ) [ty = f(t, 1,0, 03, 0)1 — min
i=1 i

i=1
f(tyay,az,a3,0,) = a; + ayt; + azt;? + aut®
From (2) system (12) of 4 linear equations with 4 unknowns was obtained:

1 2[w; — ay — apt; — asty® —aut’] =0

1 2[w; —ay — apt; — agt? —t°]t; =0

12)
Z?:l Z[U,i —a, — azti - a3ti2 - a4ti3] tiz =0
t 1 2[u; — ag + axt; + asti? + aut®]t;2 =0
From here the following system can be obtained:
4a, + a, Z?ﬂ t;+az ?:1 tiz +a, Z?’:l ti3 = ?:1 U;
4 4 2 4 3 4 4 __ 4
Q Xisati+ap Xima G Haz Xisi 6 +ag Ximq ti = Xinq tiwy (13)
Y trtay it as Yl tt ta, T 7 =X tAy
ka1 ittt Yttt e Y tP e X tf = Xty

System (13) in matrix form can be written as:

4 440 50400 5984000 a; 71
440 50400 5984000 73248-10* a |\ _ 7884
50400 5984000  73248-10*  919424-10° as || 906960
5984000 73248-10* 919424 -10° 11777664 -10°/ ‘%4 107649600

Solving the system (13), parameters dependence a, = 154,6;a, = —4,67666;a; = 0,05025; 0. =

4
0,0001708336 and function f = 154,6 — 4,67666x + 0,05025x% + 0,0001708336x3., can been determined.
Now, using the program Maplel18, a graph of this function and a diagram of the results can been determined

(Fig. 3).
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Fig. 3. Effect of temperature on the yield two-vinyl ether of cyanuric acid: (a) experimentally;
(b) the results of mathematical processing

t; 80 100 120 140
Y, 5,28 6,73 7,89 5,27
u; 14.6 18.6 21.8 16




=2 East European Scientific Journal #3(55), 2020 67

4 4
S(all az, ..., ak) = Z[ui - Ui]2 = Z[ui - f(ti!ﬂi! a,,dz,as, a4)]2 - min
i=1 i=

i=1
f(t, 9 a1, a5, a3, a4) = at; + apt;® + azt9; + a419i2
From (2) system (14) from 4 linear equations with 4 unknowns will be obtained.

f=12[ul- - (alti + aztiz + a3ti19i + a419i2)]ti =0
Z?:l Z[U,i - (alti + aztiz + a3ti19i + a419i2)] tiz =0

(14)
Z?:l Z[U,i - (alti + aztiz + a3ti19i + a419i2)] tiﬁi =0
2 2
‘il-:1 Z[U,i - (alti + aztiz + a3tl-19i + a419i )] 191' =0
From here we get the system:
2
a; Z?:l tiz +a; Z?:l ti3 +az Z?:l ti2‘9i + ay Z?=1 69" = Z?=1 u;t;
g Yt ap Tt as T 29 4 ag Tl 79,7 = T uit?
4 2 4 3 4 2 2 4 3 4 (15)
Ay Ximq t0; + ap Ximq 670 + a3 Xiog 69,7 + a Ximg 69,7 = Xisq ity
2 2 3 4 2
a Yt + ap D 79+ ag Ty 69,7 + G D 9 = Tl wid;

System (15) can be written in matrix form

50400 5984000 318000 18118,02 a, 7884
5984000 73248-10* 37528160 2072129,84 a |\ _ 906960
318000 37528160  2072129,84 121689,0917 |\ @3 | | 51129,88
18118,02 2072129,84 121689,0917 7475,309905/ \ds 3050,93476

Having  solved system  (15), the dependence  parameters a; = 0,18257393692835;
a, = —3,05057318158219 - 10™%; a; = —0,0174143349854603; a, = 0,333673055662075 and function
f(t;, 9 a1,a,, a3 a,) = 0,18257393692835t; — 3,05057318158219 - 10~4t;2 —
0,0174143349854603t;9; + 0,3336730556620759;°can be determined.

3-table model:
80 12,4 1,01 4,48 0,22
6 100 14,8 1,20 5,33 0,26
120 22,6 1,86 8,15 0,42
140 10,8 0,88 3,89 0,20
t; 80 100 120 140
u; 12.4 14.8 22.6 10,8
4 4
S(ay, az, ..., a) = Z[ui -U)* = Z[ui — f(ti, a1, ay,a3,a,)]* > min
i=1 i=1

f(tiay,az,a3,a4) = ay + azt; + asti® + ayt;?
From (2) system (16) from 4 linear equations with 4 unknowns will be obtained:

1 2[u; — ag — apt; — azt® — ast*] = 0
1 2[uy —ag — apt; — ast® — t2]t; = 0
1 2[u; — ag — apt; — ast® — agt®]t? = 0
t12[u; — ag + axt; + asti? + aut®]t2 =0

(16)

From here we get the system:
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da; + Tt Has T tf +a Xt = N
G Yt + @Yl tf Fag Nt} +a Xt = Tty
a X tf + ap iy 67+ az it + as X, tis = Y thy
a Xiat? + ap Dot + as T 67 + ape D tf = X,

(17

System (17) in matrix form can be written as:

4 440 50400 5984000 a; 60,6
440 50400 5984000 73248 -10* a | _ 6696
50400 5984000  73248-10* 919424 -10° as 764480
5984000 73248-10* 919424-10° 11777664 -105/ ‘G4 89836800

Having solved system (13), we determine the dependence parameters a, = 556,8;a, = —16,51167;
a; = 0,163; a, = —0,000520834 and function f = 556,8 — 16,51167x + 0,163x% — 0,000520834x3.
Now, using the program Maple18, we construct a graph of this function and a diagram of the results (Fig.4).
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Fig.4. The effect of temperature on the yield of three vinyl esters of cyanuric acid; (a) experimentally;
(b) the results of mathematical processing:

t; 80 100 120 140
Y, 4,48 533 8,15 3,89
u; 12.4 14.8 22.6 10,8

4 4
S(ay, az, .., a) = Z[ui -U)* = Z[ui — f(t,9;, a1, a,,a3,a4)]* > min
im1 =

i=1
f(t, 93 a1, 0z, a3, a4) = a1ty + Ayt + azt;d; + a,9;
From (2) system (18) from 4 linear equations with 4 unknowns will be obtained.

f:12[ul- - (alti + aztiz + a3tl~19i + a419i2)]tl- =0
?’:1 Z[U,l' - (altl- + aztiz + a3ti19i + a419i2)] tiz =0

(18)
Z?:l Z[ui - (alti + aztiz + a3til9i + a419,:2)] tiﬁi =0
?:1 Z[Ui - (alti + aztiz + a3ti19i + a419i2)] 191'2 =0
From here we get the system:
Ay Yig 7+ ap Doy 67+ ag Xieq 79 + a, Ty 697 = T wity
al ?:1 tl3 + a2 ?:1 tl4 + a3 ?:1 tl3191 + a4- Z‘il'zl tizﬁiz = ‘il'zl ultlz (19)

2 3

ay i 70 + ap T 79 + a T, 79, + an T, 69,7 = By utyd;
2 2 3 4 2

a Yy 607+ ap Doy t70° + az N 697 + Qg Xisy 9 = X wid;

System (19) can be written in matrix form:
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50400 5984000 275576 14535,716 a; 6696
5984000 73248-10% 32381120 1665612,72 a | _ 764480
275576 32381120 1665612,72 95537,32172 az | — 40317,04

14535,716 1665612,72 95537,32172 5850,815511/ ‘G4

23333,89986

Having solved system (19), we determine parameters of the dependence a; = 0,15863913854156;
a, = —8,94907004671319 - 10™%; a; = 0,00740573017296242; a, = 0,138615079939314 and function
f(t:, 9 a1,a,, a3, a,) = 0,15863913854156t; — 8,94907004671319 - 10™4t,2 +
0,00740573017296242t;9; + 0,13861507993931419i2.

CONCLUSION

After analyzation of kinetic parameters of the
synthesis of cyanuric acid vinyl esters, the average
reaction rate was determined and it’s activation energy
was calculated. Using mathematical modeling, analysis
of graphs of analytical functions and diagrams of
kinetic parameters of synthesis it is possible to
establishe that at a reaction time of 6 hours and a
temperature of 120 ° C the yields of vinyl esters have
reached a maximum values: mono- vinyl 18.2%, di-
vinyl 21.8%, and tri-vinyl - 22.6%.
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PHASE EQUILIBRIA IN THE NA, CA// SO,, F—- H.O SYSTEM AT 75°C

Abstract. The phase equilibria in the Na, Ca //SO,, F -

H.O system at 75°C were investigated by the

translation method. The closed phase diagram for the system was constructed based on the obtained data.
Keywords: translation method — phase equilibria — component —geometric images.

Knowledge of the laws of phase equilibria of the
Na, Ca // SO, F — H.O system is necessary to establish
optimal conditions for the separation of sulfate and
fluoride salts of sodium and calcium from natural and
technological solutions containing these salts.

As an analysis of the literature [1] shows, this
system has not been investigated so far. We studied it
using the translation method, which follows from the
principle of compatibility of structural elements n and
(n + 1) component systems in one diagram [2].
According to the translation method, structural
elements of the diagrams of n-component systems
increase their dimension by one unit and translated to
the (n + 1) component composition in a transformed
form when the next component is added to them (at
constant temperature and pressure),. For example, in
this case, invariant points of n - component systems at
the (n + 1) component level turn into monovariant
curves, and monovariant curves into divariant fields,
etc. Transformed geometric images, according to their
topological properties, at the level of (n + 1) component

composition, intersecting each other (observing the
Gibbs phase rule) form geometric images of the system
at this component level. Thus, the translation method
will make it possible to predict the possible phase
equilibria of multicomponent systems (when moving
from the n-component level to the (n + 1) component
level) and theoretically construct their closed phase
diagrams. A more detailed application of the translation
method for predicting the structure of the phase
equilibrium diagram in multicomponent water — salt
systems was considered in literature [3-4].

The studied four-component system includes the
following three-component systems: Na;SOs — CaSO4
- HzO, NaF — CaF, — Hzo, NaF — Na,SO4 — H,0 and
CaF, — CaSO,4 - H0.

There are 3, 1, 2 and 1 invaraint points in the
Na,SO; — CaSO4 — H.0, NaF — CaF; — H.O, NaF —
Na;SO4 — H20 and CaF; — CaSO4 — H20 systems at
75°C respectively according to literature [5]. Table 1
gives the list and equilibrium solid phases at the ternary
invariant points of the listed systems.

Table 1

Phase equilibria in the invariant points of the Na, Ca// SO4,F-H20 system
at 75°C at the level of three-component composition

Invariant point Solid phase composition Invariant point Solid phase composition
Na,SO4 — NaF —H,0 system NaF — CaF, — HO system
E3 Wo+Shr E3 Wo+Fo
E3 Shr+Te Na;SO4— CaSO4 — H,0 system
CaF, — CaSO4—H,0 system E3 Tet+Gb
E3 Fo+ Gp E3 Gb+5Ca'Na-3
E3 5CaNa-3+ Gp

Letter E in Table 1 and further denotes an invariant
point with an superscript indicating the multiplicity of
the point (system complexity) and subscript indicating
the serial number of the point. Following notations
were used: Te-tenarditis Na,SO4, Gb — glauberite

Na,SO;- CaSOs4, Gp — gypsum CaSO4-2H>0, Wo —
willomite NaF, Fo — fluorite CaF;, Shr — sheireritis
Na2804~NaF, 5Ca-Na-3 - 5C&SO4'N&2804'3H20.
Figure 1 shows phase equilibria diagram of the Na,
Call/SO4, F — H0 system at 75° C. Unfolded pyramid
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in Figure 1 which is constructed based of the data in

Table 1 shows the ternary composition of the system.
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Figure 1. Phase equilibria diagram of the Na, Ca// SO4, F - H20 system at 750C
at the ternary composition shown in the form of an unfolded pyramid.

The translation of invariant points of ternary
composition to the quaternary composition leads to the
formation of the following quaternary points with
equilibrium solid phases:

E} + E} Ef =Woa + Sty + Fo;

E3 + E3 Ef =Fo+Gpp+ 5Ca-Na‘3;

E3 + E2 E3 =Shr+Ta+ Gb;

E3 + Shr E} =Shr + Gp + 5Ca-Na-3.

The phase equilibria diagram of the Na, Ca// SO,
F—H,0 system at 75°C constructed on this basis of data
at a four-component composition level shows that the
divariant fields Gb, 5Ca-Na-3, Fo are not closed. For
their closure, we found the fourth E# invariant point
with the (Shr + 5Ca-Na-3 + Fo) equilibrium solid
phases using the “intermediate” translation method
[3.4].

2NaF Ef E}  Na:SO,
| |
wWao | Jr Te
| .
v Shr .E*f < E:
E7 = E4 I Ghb
1 ~ .
4t €= — — — — E2
Es E4 E
YCQSD..-NQ:SD.,- SH:=O
Ef<————|E7
2
Fo A
| Gp
|
|
CaF- E3 CaSO.

Fig. 2. Schematic phase equilibria diag

ram constructed by the translation method

for Na, Ca// SO4, F - H20 system at 75°C

Figure 2 shows the final version of schematic
phase equilibria diagram [6] of 75°C isotherm of the
Na, Ca// SO4, F-H,O system at the four-component
composition. The presented diagram combines
elements of the structure of the system at the levels of
three- and four-component compasitions. In particular,

the sides of the diagram are the coordinate cores of the
diagram of the three-component systems that make up
this  four-component system. On them are
schematically plotted (projected) the positions of the
corresponding invariant points. When translating to the
level of four-component composition, they turn into
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monovariant curves (in the figure, these monovariant
curves are shown as dashed lines, and the arrow
indicates the directions of translation). The phase com-
position of the precipitation of these curves is identical
to the phase composition of the translated triple
invariant points. The monovariant curves formed
during the translation of triple invariant points at the
level of four-component composition mutually

intersecting (following the Gibbs phase rule) form
quadruple invariant points, the phase composition of
the precipitation of which is given above.

Between the invariant level points of the four-
component composition, monovariant curves pass,
which are characterized by the following phase
composition of precipitation;

E} w1 = FQ + Shr; B ! — 5C3-Na-3 + ®o;
[} e E4 = Shp + Gh; E} se—F4 = Shr + 5Ca-Na-3.

The system under study at the level of the four-
component composition is characterized by the

presence of six (6) divariant fields, the contours of
which are presented in Table. 2.

Table 2

Equilibrium solid phases and contours of divariant fields in the diagram
of the Na, Ca// SO4, F-H20 system at 75°C

The equilibrium solid The contours of the fields The equilibrium solid The contours of the fields
phase of the fields in the diagram (Fig. 2) phase of the fields in the diagram (Fig. 2)
NaF Ef<— E3
Wo E3 Gb ‘
|
|
|
Lo Bj e E3
i
El
E3—E3 —> E} Ed E3 <E3
Shr | | 5Ca-Na-3 ‘
v
Ef—E: E2 E} < E3
E3 -*E} — Ei E; < E3
Fo | Gp /E\
|
CaF;— Eg "_">E‘21' Eg — CaS0,
E% — Na,SOq,
Te :’ ‘
\
Ei<— E:

The structure of the system under study at 75° C
shows that the crystallization fields of fluorite,
sheirerite and 5Ca'Na-3 border 5 of the 7 fields of
crystallization of other phases. This indicates that, due
to their low solubility, these salts occupy a significant
part of the studied system under the given conditions.
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