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Huceprarniitna po0OoTa NpUCBAYEHA AOCTIIKEHHIO MPOIECIB paaialiiiHOro
NEPEHOCY B CUCTEMaX KOHIEHTpALii COHAYHOTO BUIIPOMIHIOBAHHSI.

Memorw poboTu € po3poOka Ta y3araJbHEHHS METO/IB MaTEMaTU4YHOTO 1
KOMIT FOTEPHOTO MOJICIOBAHHS TIEPEHOCY EHEPreTUYHHUX TIOTOKIB Yy COHSYHUX
CHEPreTUYHUX CHUCTeMaxX 3 KOHIICHTPATOpaMH, BU3HAYEHHIO CITIBBIJHOIIEHb MIX
TEOMETPUYHUMHU Ta EHEPreTUYHHMHU TlapaMeTpamMH TaKuX CHCTeM 3a JJif
3a0€3MEeUeHHs] MAaKCUMAJIbHUX 3HA4€Hb ©€(EKTUBHOCTI  BIAMOBITHOTO  IUKITY
NEePETBOPEHHS, BIUIUB Ha Il CIiBBIIHOIIEHHS HETOYHOCTI MOBEPXHI KOHIIEHTPATOPIB
Ta e(heKTy po3(hOKyCyBaHHS.

[IpoBenennii  aHami3s  OCHOBHMX  THIIB  TIEPETBOPEHHS  COHSYHOTO
BUIIPOMIHIOBaHHSl JI03BOJIMB BUSIBUTH CYTT€BI TNE€peBarv, SKi XapakTepHl Jid
TEPMOJMHAMIYHOIO TMepeTBOpeHHs. Peamizamiss 1ux mnepeBar HeMOXJIuBa 0e€3
BCEOIYHOTO JOCIIPKEHHS KOKHOTO €JIEMEHTY COHSYHOTO ITHKITY.

KitouoBUM e€1eMeHTOM O1IBIIOCTI COHSYHMX TEPMOJUHAMIYHUX YCTAHOBOK €
CUCTEMA MPUHOMY COHSIYHOTO BHIIPOMIHIOBAHHS, 110 CKJIATAETHCS 13 KOHIIEHTPATOPa
Ta TemionpuiiMada. Bijg eHepreTMuHWX Ta EKOHOMIYHUX IapaMeTpiB CHCTEMH
npuiioMy 3aleXuTh €(QEKTHUBHICTh MEPETBOPEHHA B LUIOMY. TOMY TOCHIJIKEHHS
MpOIIECiB  paialifHOTO TEPEHOCY B  CHCTeMaxX KOHIIGHTpAIlli  COHSYHOTO

BUMNPOMIHIOBaHHS Ta BHM3HAUE€HHS Ha OCHOBI IHUX JOCHIDKEHb HANOUIBII



palioHaIbHUX MOKA3HUKIB IMX CUCTEM € AKMYAlbHOI HAYKOB0IO 3a/laueto, sika Oyia
pO3B’s3aHa B X0/l BUKOHAHHS IUCEPTAIlii.

06 ’exmom NOCTIIKEHHS € MPOIECH PaliallifHOTO MEPEHOCY, M0 MAIOTh MICTO
B CHCTEMax KOHIEHTPAIIll COHSYHOTO BUIIPOMIHIOBAHHS.

Ilpeomemom ROCHIIKEHHS € MOJENi, IO OMUCYIOTh MIPOIEC KOHILEHTpALii
COHSIYHOTO BHUITPOMIHIOBAHHS, METOAM Ta aJTOPUTMHU IJIsi PO3B’SI3aHHSA Ta aHAJI3y
3aMpONOHOBAHUX MOJICIICH.

[lin 4yac pociipKeHHs OyJM TIOCTaBJIEHI Ta PO3B’si3aHI HACTYIHI HAYKOBI
3a0aui.:

- po3poOsieHa y3araJjbHeHa MaTeMaTHUYHAa MOJIEJb MPOIeCY KOHIEHTpaIlii
COHSIYHOTO BHIPOMIHIOBAHHS;

- MPpOBEJCHUH aHaji3 Ta BUOIP BIAMOBIIHUX IMPUITYICHB;

- noOynoBaHui 4uciIoBUM anroput™ Monrte-Kapino Ta cTBOpeHMid BiIacHUM
MPOTPaMHUI KOJ JUIsl TIPOBEICHHS YHCIOBUX CKCIIEPHMEHTIB 10 BH3HAYCHHIO
palioHATPHUX TEOMETPUYHUX Ta CHEPreTUYHUX TOKA3HUKIB CHCTEMH
KOHIICHTpAIlli Ha MPUKJIaJll MapadoI0iTHOTO0 KOHIIEHTPATOPa;

- MpoaHai30BaHl OTPUMaHI PE3yJbTaTH 3 TOYKHA 30PY BIUIUBY HETOYHOCTI
MOBEPXHI KOHILIEHTPATOpa Ta MIpU Oro po3(poKyCcyBaHHS;

- mpoBeAeHa BepHUQiKallisd YHUCIOBUX pE3yJbTaTIB Ha OCHOBI 3HAHJEHOIrO
HAOMKEHOTO aHATITHYHOTO PO3B’SI3KY.

OCHOBY JOCIIIPKEHHS CKJIaJlae po3poOKa y3arajabHEHOI MaTeMaTUYHOT MOJIEIII,
sKa OIHUCY€E TMPOLEC EHEeProlnepeHocy B CHCTEMax KOHIICHTpalllli HE3aJeKHO BiJ
reoMeTpii KOHIIEHTpaTopa Ta TeronpuiiMada. Mopenp OyayBansach B paMKax
(GhOTOMETPUYHOTO TIAXOAY Ha MiJICTaBl 3aKOHY A3EPKAIBHOTO BIJIOWUTTS COHSYHHUX
MIPOMEHIB BiJ] TOBEPXHI KOHIIEHTPATOPA.

HasiBHicTh BIUIMBY OaraThboX HemependauyBaHUX (DAKTOPIB, IO BIUIMBAIOTH Ha

IpolleC  KOHIIEHTpallli, YHEMOXJIUBIIIOE OTPUMAaHHS  3arajbHOTO  PO3B’SI3KY
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y3arajabHeHOi MaTeMaTW4yHoi Mojelni. ToMy HEOOXiTHUM CTa€ aHali3 XapaKTepHUX
NPUIYIIEHb, B OCHOBY SIKMUX TOKJIaJeHO BUJ (GYHKUID 1HIUKATPUCH Ta METOJ
BU3HAYEHHS KyTOBUX BIAXUJIEHb COHSIYHOTO MPOMEHIO BiJ 1/1€aIbHOTO HANIPSIMKY.

Jlns mojanblioro MojentoBaHHS Oyio oOpaHO MPUNYIICHHS, MPH SIKOMY
BEJIMYMHA MPOCTOPOBOTO BIIOMTOrO MydyKa IMPOMIHIB JOPIBHIOE KYTYy PO3KPUTTS
CoHis, a eHeprisi y TaKOMy BiIOMTOMY ITydlll pO3MoAiiieHa piBHOMIpHO. [Ipu Takux
NPUMYIIEHHAX Yy3arajbHEeHa MaTeMaTH4YHa MoOJelib Oyjia 3acTocoBaHa IS
KOHIIEHTpaTopa MapaldosoifHOi TeoMEeTpii, B SAKOMY IMepeadadyanoch, 10 CymMapHa
HETOYHICTH MTOBEPXHI 13 BIJIIIOBITHUMH KYTOBUMH BIIXWJICHHAMUA
H1OPAIKOBY€E€THCS HOPMAJIBHOMY 3aKOHY PO3MOJILTY.

AHaJli3 OTpUMaHOi MaTEMaTUYHOI MOJIeNl TIOKa3zaB, IO TpaHMIll 001acTi
MOIIYKY PO3B’SI3Ky MalOTh HEBU3HAYCHUHN XapaKTep, TOMY Cepell MOXKIUBUX METOIIB
pO3B’sI3Ky Oysio OoOpaHO METOA CTAaTUCTUYHUX BHUIpoOyBaHb MoHte-Kapio, sxii
HalOUIBII BIANOBIAA€ TOCTAHOBILI 3ajgayi. Po3poOka YHCIOBOrO aJropuTMy
Monte-Kapno mpoBoauiack, 6a3yro4uch Ha CTaTUCTUYHIA TPAKTOBII TOJBIIHOTO
IHTerpany, $K MaTeMaTUYHOTO CHOJIBaHHS (YHKUII JEIKOro JIBOBHUMIPHOIO
BUITAJIKOBOTO BeKkTOpy. [IpoBefeHnil BEKTOpHUI aHaATI3 HANpPaBJICHUX MPOMEHIB Bijl
CoHIT Ha KOHIIEHTPATOp Ta BIJ KOHIIGHTpaTOpa Ha TEIUIONpHIMad J03BOJUB
BU3HAYUTU OCHOBHI CIIBBIJIHOIIEHHS Ta C(POPMYBAIM CTPYKTYPY BIJAMOBIIHOTO
yucjaoBoro  anroputmy.  llpomeaypu — BpaxyBaHHS ~ HETOYHOCTI  TOBEPXHI
KOHIIEHTpaTopa Ta epekTy po3(poKyCyBaHHS BXOAWIN B OCHOBHUI C++ mporpaMHuii
KOJ B SIKOCT1 OKPEMHX MOJIYJIIB.

[IpoBeneHi Ha OCHOBI BJIACHOTO MPOTPAMHOTO KONy YHCIIOBI €KCIIEPUMEHTH
JI03BOJIMJIM BU3HAUWTHU 3HAYEHHS IIUIBHOCTI TEIUIOBOTO MOTOKY BiJl KOHIIEHTPAaTOpa
Ha TIOBEPXHI TEIJIONpUiiMaua, JOCTIAUTH, SK BIJIUBA€ HA 1€ 3HAYCHHS HETOYHICTH
MOBEPX1 KOHIIEHTPATOpa, SIKY IMPOMOHYETHCS BU3HAYATH B JIOJSIX KyTa PO3KPUTTSA

COHH}I. OerMO HpO&HaHiBOBaHI/Iﬁ BIIJIMB HA 3HAUYCHHSI HIiJIBHOCTi TCIIOBOT'O ITIOTOKY
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edexTy po3doKyCyBaHHSIM KOHIICHTpaTOpa Ta 3HAWJEHO CITIBBIJHOIIEHHS MIX
CyMapHUMHU MOXHOKaMU MOBEPXHI Ta MOXHOKamMu po3okycyBaHHs. BusBienuii ¢paxkt
HAsIBHOCTI B3a€EMHOI KOMIIEHCAIli MOMWJIOK MOBEpxHI Ta po3dokycyBanHs. ToOTO
3HANAEHO, 0 pealbHI KOHIIEHTPATOpH 13 PO3(DOKYCYBaHHSAM MOXYTh OyTH OLIbIIT
eHepreTUYHO e(heKTUBHI, HIXK MATeMAaTUYHO 17I€aIbHI 13 p03()OKYCYBaHHSIM.

OTtpuMaHi yucioOBl JaHi Oynu Bepu]ikoBaHI depe3 MOPIBHSIHHS 13 JaHUMH,
OTPUMaHHMM Ha OCHOBI 3HAMJEHOTO AaHAIITUYHOTO PO3B’SA3KYy. XapaKTepHOIO
OCOOJIUBICTIO TAaKOTO PO3B’SI3KYy € Te, 0 HOoro MaremMaTuyHa MOJElb Maibke
MTOBHICTIO BIJIMOBiIaJla MaTeMaTHIHOI MO/IEJI1 YMCIIOBOTO PO3B’SI3KY 13 BIATIOBITHUMH
OpPUMYIIEHHAMH. JledKl CHpOIIEHHS CTOCYBAJIUCH XapakTtepy (GYHKIII PO3MOILTY
HETOYHOCTI MOBEPXHI KOHLEHTparopa, a came, MiJ Yac MNOIIYyKYy aHaJITUYHOIO
pO3B’sA3KYy oOOupasiach CepelHs IHTerpajibHa WMOBIPHICTH PO3MOALTY HETOYHOCTI
noBepxHi. [IpoBeseHe MOpIBHAHHS 4UCIOBUX AaHUX MoHTe-Kapiao Ta aHamiTUYHUX
JaHUX T[IOKa3aJlo 1X 3aJ0BUIBHUN 30ir, SKWM MiATBEPIKYBaBCS BIJMNOBIAHUMU
CTAaTUCTUYHUMH KPUTEPISIMH.

HaykoBa HOBM3HA OTPMMAHHUX Pe3yJIbTATIB

1. Ha ocHOBI y3arajgpbHeHOI MaTeMaTH4HO1 MOJIEJi pO3pOOIECHUN YHCIIOBUN
anroput™ MonTe-Kapiio Ta crBOpeHMH BJIACHHI NPOrPaAaMHHMH MPOAYKT UL
BU3HAYCHHS OCHOBHHMX CHEPTreTUYHMX XapaKTCPUCTUK B CHCTEMax KOHIICHTpAITii
COHSIYHOTO BHUIPOMIHIOBAHHS 13 ypaxXyBaHHSAM HETOYHOCTI MOBEPXHI KOHIICHTPATOPa
Ta epexty Horo po3(poxkycyBaHHS.

2. Bnepiie BU3Ha4YeHO BIUIUB CyMapHOT HETOYHOCTI MOBEPXHI PEATIbHOTO
KOHIIEHTpaTopa Ha NIUIbHICTh TEIUIOBOTO MOTOKY B HWOro (DOKAJIbHIM IUIONIMHI MPHU
¢ikcamii HEeTOYHOCTI B vacTkax KyTa po3kputtss Conus. [lopiBHSHO 3HauYeHHs
IIUTPHOCTI TETUIOBOTO MOTOKY BiJl PEATbHOTO KOHIIEHTpAaTOpa MpH PIBHOMIPHOMY Ta

HOPMAJILHOTO 3aKOHY PO3MOJILTY HETOYHOCTEH MOBEPXHI.



3. Bnepiie BcTraHoBJeHHiT ¢aKT B3aEMHOI KOMIICHCAIi HETOYHOCTI
MOBEPXHI KOHIIEHTpaTopa Ta edeKTy Horo po3hokycyBaHHs. 3HANAEHO, 10 pealibHI
KOHIICHTPATOPH 13 HE3HAYHUMH HETOYHOCTAMH Ta pPO3(POKYCYBaHHSIM MOXYTh OyTH
O1TBII €eHEPreTUYHO e(DEKTUBHI, HIPK MaTeMaTUYIHO 1/IeaIbHI 3 PO3(DOKYCYyBaHHSIM.

4, Bnepme  npoBeaeHo — Bepu@ikamilo  OTPUMAaHMX  METOIOM
Mounrte-Kapino uyucioBux [gaHUX i1 IIUTBHOCTI TEIUIOBOTO TOTOKY ILISXOM
MOPIBHSHHS 13 JaHUMU 3HANIEHOr0 AHAJITUYHOIO PO3B’SA3KY, B SIKOMY HETOUHICTh
MIOBEPXHI BPaXOBY€ETHCSI HA OCHOBI 3HAYEHHS IHTErPAJIbHOI HMOBIPHOCTI.

IIpakTHYHe 3HAYEHHS] OTPUMAHUX Pe3yJIbTATIB

1. Ha ocHoBI po3poOineHoro uyucioBoro ainropurmy Mounrte-Kapno Oys
CTBOPEHMI BiIacHUM nporpamMHuil C++KoJ, SKHil Ma€e y3araJlbHEHH XapakTep 1 MOXKe
3aCTOCOBYBATHUCS, B pa3l HE3HAYHOI KOPEKI, Uil PO3PaxyHKYy KOHIEHTPaTOpPiB
Oynp-sikoi reomerpii. Kpim Toro, cTBopeHMid NmporpamMHUil KOJ Ma€ THYYKY Ta
PO30pY CTPYKTYpY, LIO JO3BOJIIE HOro TpaHCPOPMYBATH B 3AJICKHOCTI BiJl TUITY
oOpaHuX MPUITYIIEHb Ta METOAIB BpaXyBaHHs HETOYHOCTI 0€3 CYyTTEBUX 3MiH.

2. Pe3ynbTaTty mpoBeAEHOro AOCIIKEHHS! MOXYTh OYTH BUKOPHUCTaH1 IiJl
yac TMPOEKTyBaHHS Ta (YHKI[IOHYBaHHS CY4YaCHUX COHSYHUX CHEPreTUYHHX
YCTAHOBOK PI3HOTO TEMIIEPATypHOTO PIBHSA Ta MNPU3HAYECHHS, B CKIAIl SKUX
3HAXOAMUTHCS KOHLUEHTPATOP COHSAYHOTO BUIIPOMIHIOBaHHS BIJMOBIIHOI T€OMETIi.

3. TeopernyHi Ta MNPaKTUYHI TOJOXKEHHS POOOTH CTald CKJIAJIOBOIO
YaCTHHOI HaBYAJbHUX JTUCHMIUIIH “Mopeni 1 MEeToau MPUKIAJIHOI MaTeMaTUKH
“Mertomaun ineHTH(IKaIil MapaMeTpiB MaTeMaTHIHUX MoJeliel”, sSKi BHKJIAAAIOThCS
1utst 3700yBaviB Buioi ocBiTy piBHsA PhD cneriansrocTi 113 [Ipukinagna MmaTeMaTuku
B JIHIMpOBChKOMY HalllOHAJIbHOMY YHiBepcuteTi iMeHi Ounecs ['onuapa.

4, [IpoBeneni MOCHIKEHHS Ta iX pe3ydbTaTH CKJIQJA0Th BiJMOBIIHUAN
pPO3IILT 1HILIATUBHOI HAYyKOBO-JOCHIAHOI poboTH “‘/lerepMiHOBaHI Ta CTOXACTHUYHI

QITOPUTMH KOMIT IOTEPHOTO MOJIENIOBaHHS 00’ €KTIB Ta MPOILIECIB PI3HOI MPUPOIU’”
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ABSTRACT

Masalykin S.S. Statistical modeling of energy flows in the systems of solar
energy concentration. — Qualifying scientific work on manuscript rights.

PhD thesis for the scientific degree of Philosophy Doctor in a specialty 113
Applied Mathematics. — Oles Honchar Dnipro National University, Dnipro, 2024.

The dissertation is devoted to research of radiation transfer processes in
systems of concentration of solar radiation.

The purpose of the study is development and generalization of models of
mathematics and computer modeling of radiative transfer in solar energy systems with
concentrators, determination of correlations between geometric and energy
parameters of such systems in order to ensuring of maximum efficiency for
corresponded conversion cycle, influence on these correlations of errors of
concentrator surface and defocusing effect.

Conducted analysis of main types of conversion of solar radiation allowed to
reveal significant advantages, which are typical for thermodynamics conversion.
Realization of these advantages is impossible without comprehensive research of each
element of solar cycle. Therefore, researches of radiation transfer processes in
systems of concentration of solar radiation and determinations based on these
researches the most rational parameters these systems are an actual scientific
problem, which was solved in this dissertation.

Object of study is processes of radiation transfer in systems of concentration of
solar radiation.

Subject of study is models, which describe process of concentration of solar
radiation, methods and algorithms for solution and analysis of presented models.

The scientific problems, which were set and solved during the research, are follow:
- development of generalized mathematical model of process of concentration of

solar radiation;



- analysis and choice of corresponding assumptions;

- Dbuilding of Monte-Carlo numerical algorithm and development of customer
software for conduction of numerical experiments in order to determine
efficient geometrical and energy parameters of system of concentration with
parabolic concentrator;

- analysis of obtained results with view point of influence of concentrator surface
error and measure of it defocusing;

- verification of numerical results based on found approximate analytical

solution.

Development of generalized mathematical model, which describes energy
transfer process in system of concentration is bases of this study. The developed
model does not depend on geometry concentrator and heat receiver. The model is
built within the photometric approach and based on the specular reflection law of
solar rays from concentrator surface.

The influence of many unpredictable factors affecting the concentration process
makes it impossible to obtain a general solution of a generalized mathematical model.
So, the characteristic assumptions must be analyzed in study. The type of indicatrix
function and method of determination of angle deviations of solar ray from ideal
direction are criteria for assumptions.

The following assumptions were chosen for further modeling: the space angle
of reflected beam of rays is equal to finite size of the Sun and energy in reflected
beam is distributed uniformly. The generalized mathematical model with these
assumptions was applied for modeling of parabolic concentrator. It was considered
that total surface errors with certain angle deviations subject to the normal distribution

law.



The analysis of developed mathematical model shows that boundaries of area
of solution have indeterminate character. So, Monte Carlo ray tracing method was
chosen for the solution founding. This method the best corresponds to the statement
of the problem.

Creation of Monte Carlo numerical algorithm based on statistical interpretation
of the double integral. The double integral was considered as the mathematical
expectation of the function of some two-dimensional random vector.

The conducted analysis of directed rays from Sun to concentrator and from
concentrator to heat receiver allows to determine the basic rations and to form the
numerical algorithm structure. The errors of concentrator surface and defocusing
effect were described using separate program modules. These modules were part of
main C++ software.

The numerical experiments are conducted based on the developed customer
software. The heat flux density from concentrator at heat receiver surface was
determined during these numerical experiments. The concentrator surface errors are
calculated as part of finite size of the Sun.

In addition, the influence of the defocusing on the solar flux density value was
analyzed. Relationships between the total surface errors and errors of defocusing were
founding in this study.

It is discovered that there is mutual compensation of surface errors and errors of
defocusing. That is, found that the real concentrators with defocusing can be the most
energy efficient than the mathematical ideal with defocusing.

The obtained numerical data were compared with analytical data. The
analytical data are result of the founded approximate analytical solution.

The mathematical model for analytical solution corresponds fully to the
mathematical model for numerical solution, however it had the add assumptions.

These assumptions related to function of distribution of the concentrator surface
10



errors. Namely, the analytical solution is founded with average integral probability of
distribution of surface errors. Comparison of Monte Carlo numerical data with
analytical data shown their satisfactory match, which is confirmed by appropriate
statistical criteria.
The scientific novelty of the obtained results

1. The Monte Carlo numerical algorithm was developed and the customer
software was created for determination of general energy parameters in system of
concentration of solar radiation taking into account errors of surface of concentrator
and defocusing effect. The numerical algorithm and software are based on generalized
mathematical model of process of concentration.

2. The impact of the total errors of surface of real concentrator on heat flux
density in its focal area was determined for the first time. Heat flux density values
from real concentrator with uniform and normal distribution law of surface errors
were compared.

3. The fact of mutual compensation of errors of concentrator surface and
defocusing effect was established for the first time. It is founded that real
concentrators with insignificant errors and defocusing can be the most energy
efficient than mathematical ideal concentrators.

4. The verification of the Monte Carlo numerical data for heat flux density
is conducted for the first time using the found analytical solution. The errors of
surface are taking into account in analytical solution based on integral probability
value.

The practical significance of the obtained results

1. The customer C++ software was created based on developed numerical

algorithm. The software is generalized and can use in case of minor correction for

analysis of concentrators of any geometry. Moreover, the created software has
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flexible structure that allows without significant changes to transform its in depend on
chosen assumptions and methods of taking into account of errors.

2. The results of presented study can be used during design and operation of
modern solar energy plants of different temperature level and purpose with solar
concentrators of appropriate geometry.

3. The theoretical and practical provisions have become an integral part of
educational subjects “Models and methods of applied mathematics”, “Methods of
identification of parameters of mathematical models”, which are taught to students of
higher education at the PhD level, specialty 113 Applied Mathematics in Oles
Honchar Dnipro National University.

4, Conducted researches and their results make up the corresponding
section of initial scientific work “Determinate and stochastic algorithms for computer
modeling of objects and processes of different nature” (2022 — 2024, research
supervisor Prof. Knysh L.l.) (state registration number: 0122U001467), which is
carried out on Department of Computer Technologies, Faculty of Applied
Mathematics, DNU.

Keywords: solar energy conversion, solar radiation, concentrator, heat receiver,
heat energy, mathematical model, numerical methods, probability distributions,
Monte Carlo ray tracing method, computer algorithm, numerical modeling, stationary

regime, approximate analytical solution, verification of results.
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BCTYII

AKTYaJIbHICTh TEMM.

EneprernyHi cucreMyd Ha OCHOBI BIJIHOBIIIOBAaHUX JIKEpEN €HEprii CTaloTh BCe
OUTBII MOMYJIAPHUMHE Ta 3aiiMarOTh 3HAYHE MICII€ B eHEpreTUYHOMY OanaHcl 6araTbox
KpaiH cBiTy. B 1poMy OanaHci HaWHOUIBIIMK BIJCOTOK 3aiiMae EHEpris, o
TeHEPY€EThCA COHSYHMMH CHEPrOoyCTaHOBKAMH. Taku CHCTEMHU 3a (PI3MYHUM THUIIOM
nepeTBopeHHs eHeprii COHIS MOAUISIOThCA Ha (POTOETEKTPUYHI Ta TEPMOIMHAMIYHI.
B (QoroenekTpuyHux cucTeMax peami3yeTbcs NpsSIME IEPETBOPEHHS COHSYHOIO
BUIPOMIHIOBaHHS 13 OJIHOYACHOIO T'€HEPali€0 MOCTIMHOTO €JIEKTPUYHOTO CTpyMmy. B
TEPMOJMHAMIUHUX CHCTEMaX OTPUMAaHHS €HEprii 3AIACHIOETBCA 3a JIOIMOMOIOIO
BIJIMOBITHOTO TEPMOJANMHAMIYHOIO LIUKITY.

TepMoauHaMiuHe NEPETBOPEHHS COHAYHOI €HEprii Mae 3HA4YHI MepeBaru nepes
dotoenektpuyHuM. Jlo 1MX TmepeBar BIAHOCUTHCS OUIBII BHUCOKA €(EKTHUBHICTH
NEePETBOPEHHA, sKa 30UIBIIYEThCS NpH 30UIBIIEHHI MOTYXHOCTI, BIJCYTHICTb
Jerpajaiii eJeMEeHTIB, €KOJOri4yHa YHUCTOTa MPU MPOCKTYBaHHI, EKCILIyartaiii Ta
yTHII3allli, 3HAYHO OUTBIINI TEPMiH eKcIuTyaTarlii Toio. Jjisg peanizamii nux rnepesar
HEOOXITHUM € JAeTaJIbHE TOCHIJIKEHHS Ta BUOIP palllOHATIbHUX MapaMeTpiB KOKHOIO
TEXHOJIOTIYHOTO €JIEMEHTY TEpPMOJMHAMIYHOIO COHA4YHOro uukiy. Cepea Takux
€JIEMEHTIB  KJIIOYOBE  MicClle  3ailMae cuUcTeMa  KOHUEHTpalii  COHAYHOTO
BUMNPOMIHIOBaHHS, $Ka CKJIAJA€ThCS 13 KOHIIEHTpaTopa BIAMOBIIHOI T'eoMeTpii Ta
teronpuiiMada. Came BiJ BUOOpPY MapamMeTpiB CHCTEMH KOHIICHTpAIlli 3aJeKUTh
3arajbHa €HepreTuyHa Ta €KOHOMIYHA €(EeKTHBHICTh BCI€I CUCTEMH IMEPETBOPECHHS.
Tomy mocmimKeHHs TPOIECiB MEPEHOCY EHEePreTUYHUX MOTOKIB B cuctemi “CoHIle —
KOHIIEHTpATOp — TeIuIonpuiiMay” € aKTyaJbHOI HAYKOBOKW 3a/Jayero, sKa

pPO3B’sI3yBasiach B JaH1id poOOTi.
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Po3p’si3aHHa  Takoi 3a;adul  €KCINEPUMEHTAIbHUMH METOAAMH €  JyXKe
KOIITOBHUM, a aHAJIITUYHI METOAM MOXJIMBO 3aJISTH JIMILE IS HAWMPOCTIIIMX
BUITAJIKIB MaTEMaTUYHO 1/IeaJbHUX KOHIIEHTpaTopiB. ToMy po3poOiieHHS Ta
peaiizallisg 4UCIOBHUX METOJIB Ta aJTOPUTMIB ISl JOCIIDKCHHS pealbHUX CHUCTEM
KOHIIEHTpallli € HaWOUIbIl TMEepPCHEKTUBHUM  HAMNpsSMKOM, SIKHH  JO3BOJHUTH
MOJICITIOBATH TPOIECH B CHCTEMaxX KOHIIEHTpAIii 31 3HAYHO MEHIIUMHU BUTPATAMHU
yacy Ta KowrTiB. [lojaiblioMy pO3BHTKY Takoro HampsMKy IpHUCBSYeHa JaHa
aucepTarliiiHa pooora.

Bynp-sikuii  4uMcioBUW  anropuTM 0a3zyeThCs Ha MaTeMaTHYHIN  Mojenl
BIJIMOBITHOTO Tporiecy. B poOoti mpuBeneHi eranu m1oOYyJOBH y3araibHEHOL
MaTeMaTUYHOI MOJENl TPOIeCy KOHILEHTpAIllii, Ha OCHOBI $KOI CTa€ MOKJIHUBUM
pO3pOOUTH MaTeMaTUYHy MOJENb JUIsi OyIb-iKOi TreoMeTpii KOHIEHTpaTopa Ta
TeronpuiiMada. B po0oTi Taka Moenb I BHU3HAYEHOCTI OyJjia CTBOpPEHA IS
napaboJI0iTHOTO KOHIIEHTpaTOpa.

[ToBepxHsi peanbHOr0 KOHIIGHTpATOpa Jajieka BiJ 1/1€alibHOI MaTeMaTUYHOL
dbopmu. ToMy BaKIMBO MPOBECTH CHUCTEMATH3AIlII0 MOKJIUBHUX IMOMHUJIOK ITOBEPXHI
Ta BU3HAUUTH METOJM I1X BpaxyBaHHS. B AKOCTI KpuTepiiB TOYHOCTI oOupayiach
(GyHKLIS 1HAUKATPUCH BUINPOMIHIOBAHHS Ta 3HAYEHHS KyTOBUX BIAXUJIEHb MOBEPXHI.
[Ipu MojenoBaHHI BBaXKAJIOCh, IO KYTOBI BIAXWJICHHS MiANOPSAIKOBYIOTHCS
WMOBIpHICHUM 3aKkoHaM. Takui TMIiAXiJ y3araabHIOE PE3yJNbTaTH, T03BOJSE 1X
PO3LIMPUTH HA OyIb-SIKY CUCTEMY KOHLIEHTpaIlli.

Oco0OnuBOCTI TPOTIKAHHS TPOIECY MEPEHOCY BHUIPOMIHIOBAHHS B CHUCTEMax
KOHIICHTpAIlii pOOMTh HEBH3HAUCHHMMH HE TUIBKHM IIUIBHICTh KOHIICHTPOBAHOTO
TEIUIOBOTO TMOTOKY BiJ KOHILIEHTpatopa, a 1 GopMy dokanpHOI TuisiMU. Tomy €
JIOTIYHUM TIPOBOJIUTH MOJICTIOBAHHS CTATUCTUYHUMH MeToaMu MonTe-Kapiio.

[IpoBenenuii aHami3z JITEPATYpHUX JOKEPENI 3a TEMOK JAUCEPTALIMHOIrO

JTOCTIDKEHHSI CBIIYUTh NPO Te, M0 OaraTto acrekTiB MOOYJI0BU aJITrOPUTMIB
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Mounre-Kapio nis po3paxyHKy CHUCTEM KOHLIEHTpalli 3aJIMIIAIOThCS HEIOCTaTHbO
JTOCTIKEHUMHU. BUTBIIICTh Cy4aCHUX YHUCIOBHUX JOCIIKEHb ITPOBOJIMIOCH HA OCHOBI
CTaHJIAPTHUX KOMEPIIHUX MaKeTiB 13 3aKpUTUM KoJoM. [Ipu BUKOpHCTaHHI TaKUX
NAKETIB HEMOXJIMBO BHU3HAYUTH B3a€EMHUN 3B’S30K MapaMeTpiB, BIUIMB Ha iX
3HAUYCHHSA JOJATKOBUX e(eKTIB Tuily po3doKyCyBaHHS TOIIO. Tomy moOymoBa
BJIACHOTO MPOTPaMHOT0 KOJAY Ta MPOBEACHHS Ha HOTO OCHOBI YHCJIOBHUX PO3PAXYHKIB
Ta IX aHaji3 JO3BOJIUThH y3araJbHUTH 3HaHHS B I[bOMY HampsMKY, HaJaTh pealibHI
NpaKTUYHI ~ peKOMEHJAlli I[0J0 MPOEKTYBaHHSA Ta EKCIUTyaTalli CHCTEM
KoHIeHTpauli. Kpim Toro, po3pobiieHa MaTeMaTH4YHa MOJIENb, YACIOBUM aJITOPUTM Ta
BJACHUM TMpOrpaMHUA KOJ MOKe OYyTH CKJIaJ0BOI0 YAaCTUHOIO 3arajbHOI0
MYJIbTH(PI3UYHOTO IPOTPAMHOT0 AOJATKY, KMl CHHXPOHI3Y€ Ta aBTOMAaTU3Yy€e POOOTH

BCIX CKJIAJIOBUX €JIEMEHTIB IIUKITY MepeTBOpeHHs eHeprii CoHIIs.

3B’5130K po00TH 3 HAYKOBUMM IPOrpaMaMH, IJIAHAMM, TEMAMHU.

JuceprarniitHi JOCTIDKEHHS 3JIMCHIOBAJIMCSA Y BIAMOBITHOCTI J0 TUTaHIB
HAayKOBHUX JOCHIIXeHb JIHIMPOBCHKOTO HAIlIOHAJILHOTO YHIBEpPCUTETY imeH1 Omecs
['oHuapa B pamkax HayKOBHX TeM “‘JoCHimKEHHS MaTeMaTUIHUX Mojiened (hi3undHuX
NPOLIECIB METOJAMM 1AEHTH(IKALII Ta PEKypEeHTHOrO aHali3y 13 3aCTOCYBaHHAM
iH(popmariitnux texHonoriin” (Ne mepxpeectpauii 0119U101053, 2019-2021 pp.),
“JleTepMiHOBaHI Ta CTOXaCTUYHI aJITOPUTMHU KOMIT FOTEPHOTO MOJICTIOBaHHS 00’ €KTIB
Ta nporeciB pizHoi npupoan” (Ne gepxkpeectparii 01220001467, 2022-2024 pp.), ki
BUKOHYBAJINCh Ha Kadeapu KOMIT IOTEPHHX TEXHOJOTIH (aKyIbTETy NPUKIATHOT

matematuku JIHY.

Merta i 3apa4i 10CJTiIKEeHHS.
Memot Oucepmayiiinoi pobomu € po3poOka Ta Yy3arajibHEHHS METOJIIB

MaTEMaTUYHOTO 1 KOMIT' IOTEPHOTO MOJENIOBAaHHS pajliallifHOro TMepeHocy B
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COHSIYHMX €HEPreTUYHUX CUCTEMax 3 KOHIICHTpAaTOpaMH, BU3HAUCHHS CITIBBIIHOIIEHb
MDK TEOMETPUYHUMHU Ta EHEPreTUYHMMH TapaMeTpaMHu TaKUX CHUCTEM 3a s
3a0€3MEUYCHHs] MaKCUMAJIbHUX 3HA4YeHb €(QEKTHBHOCTI  BIAMOBIAHOTO  ITUKITY
MIepETBOPEHHS, BIUIMB Ha IIi CIIBBIIHOIICHHS HETOYHOCTI MOBEPXHI KOHIICHTPATOPIB
Ta e(heKkTy po3(hOKyCyBaHHS.

JlocArHEeHHsT ~ 3a3HAYE€HOI METHU  CIOPUSTUME  MIABUIICHHIO  TEIJIOBOI
e(EeKTUBHOCTI CUCTEM MPHUIMY TEPMOJIUHAMIYHUX COHSYHUX CTAHIIIN, 3HIDKEHHIO X
BapTOCTI Ta TEPMIHIB OKYITHOCTI, Ma/IIHHIO I[IHM Ha KIHLIEBUI €HEPreTUYHUIN MPOTYKT.

Jljis nocsITHEeHHS 3a3HaueHOoi MeTH OyJIM MOCTABIIEH] Ta PO3B’sA3aH1 TaKl HAYKO8I
3a0aui:

- po3po0bseHa y3arajibHEHa MaTeMaTH4YHA MOJEINb MPOLEeCy KOHIEHTpalii
COHSYHOTO BUIIPOMIHIOBAHHS;

- MPOBENCHMIA aHaJI3 1 BUOIp BIAMOBIIHUX MPUITYLIEHB;

- noOyoBaHuil 4ucloBUi anroput™ Monrte-Kapino Ta cTBOpeHHit
BJIACHUM TpPOTrpaMHUM KOJ JJii NPOBEAEHHS YHUCIOBHX EKCIIEPUMEHTIB IO
BU3HAUEHHIO PAIliOHAIbHUX TEOMETPUYHHX Ta CHEPreTUYHHX IMOKAa3HHUKIB CHCTEMHU
KOHIIEHTpAIlli Ha PUKIIAJIi MapaboI0iTHOTO KOHIIEHTPATOPa;

- MIPOAHAJI30BaHl OTPUMaH1 pe3yJbTaTH 3 TOYKU 30PY BIUIMBY HETOYHOCTI
MOBEPXHI KOHILIEHTPATOpa Ta MIpU HOro po3(poKycyBaHHS;

- MpoBeeHa Bepudikallisi YUCIOBUX PE3yJbTaTIB HA OCHOBI 3HANIEHOTO
HAOJIMKEHOTO aHATITUYHOTO PO3B’SI3KY.

006’°ckmom 0ocnioxyceHHa € TPOIECU TEPEHOCY EHEePreTUYHUX TOTOKIB B
cucTeMax KoHIeHTpailii eneprii CoHIs.

Ilpeomemom oOocnioxycenns € MOJENl, IO OMUCYIOTh MPOLIEC KOHIEHTpaIlii
COHAYHOTO BUIIPOMIHIOBAHHS, METOAM Ta AJITOPUTMHU JUIsl PO3B’SI3aHHS Ta aHaJI3y

3aIlIPOITIOHOBAHUX MOHGHGﬁ.
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Memoou oOocnioxcennsn: Ui PO3B’SI3aHHA 3a3HAUYCHUX 3aJ7a4 3aCTOCOBAHO
METOAM MaTeMaTUYHOIO MOJIEIIOBAHHS, Teopii HMOBIPHOCTI Ta MaTeMaTHYHOI
CTATUCTUKH, METOAW OO0YHuCIeHb, 30Kpema Metoau Mourte-Kapno, uwucioBoro
aHajizy, 00’ €KTHO-OPIEHTOBAHOTO IIPOTrpaMyBaHHS.

Jlocmogipuicms ompumanux pe3ynbmamis 3a0€3MEUY€ThCSI BUKOPUCTAHHSIM
no0pe ampoOOBaHUX MOJAENCH, KOPEKTHICTIO MaTeMAaTHWYHUX ITOCTAaHOBOK 3ajad,
BUKOPUCTAHHSAM METOJIIB Ta QJITOPUTMIB, IO € TEOPETUYHO OOIPYHTOBAHHMHU Ta HE
CYNEepEewIMBUMHU 13 BIJJOMUMHU IMOJOXKEHHSMH IHIIMX aBTOPIB, KOHTPOJbOBAHOIO
TOYHICTIO OOYHCIICHB, IOOPOI0 Y3TOKEHICTIO MK COOOI0 YHCIOBUX Ta aHAJITUUYHHUX
pe3yJIbTaTiB, HECYNEPEUYHICTIO OTPUMAHUX PE3YJIbTaTIB BIAMOBIIHUM OIMyOJI1KOBAaHUM

pe3yJibTaTaM 1HIIUX aBTOPIB.
Hayxoea nosusna odepicanux pe3yibmamis NOJIATAE Y HACTYITHOMY:

1. Ha ocHOBI y3arajgbHEHOI MAaTeMAaTHYHOT MOJIEl po3pOOJIEHUN YHCIIOBUI
anroputM MoHTe-Kapiio Ta CcTBOpeHMH BJIACHUN NPOrPpaMHUIN NPOAYKT IS
BU3HAUEHHS OCHOBHUX CHEPreTHMYHUX XapaKTEPUCTUK B CHCTEMax KOHIICHTpaIli
COHSIYHOTO BUIPOMIHIOBAHHS 13 ypaxXyBaHHSAM HETOYHOCTI MOBEPXHI KOHIICHTPATOpa
Ta eheKkTy Horo po3hoKyCyBaHHS.

2. Bnepiue BM3HAa4Y€HO BIUIMB CyMapHOi HETOYHOCTI TIOBEPXHI peasbHOTO
KOHIIEHTpaTopa Ha NIUIBHICTh TEIUIOBOTO MOTOKY B HOro (DOKaJIbHIM IUIONIMHI MPHU
¢ikcamii HEeTOYHOCTI B vacTkax KyTa po3kpuTTss Conus. [lopiBHSHO 3HayeHHs
IIUTPHOCTI TETUIOBOTO TMOTOKY BiJl PEATHbHOTO KOHIIEHTpAaTOpa MpH PIBHOMIPHOMY Ta
HOPMAJILHOTO 3aKOHAX PO3MOJILTY HETOYHOCTEH MOBEPXHI.

3. Bnepme BcTraHoBJIeHHMIT (aKT B3a€EMHOI KOMIIEHCallll HETOYHOCTI
MOBEPXHI KOHIIEHTpaTopa Ta edekTy Horo po3dokycyBaHHs. 3HAWACHO, 10 pPeabHi
KOHIIEHTPATOpH 13 HE3HAYHUMHU HETOYHOCTSIMHU Ta po3(hOKYyCyBaHHSIM MOXYTb OyTH

0111 €eHEPreTUYHO e(DEKTUBHI, HIPK MaTeMaTUYHO 1/1Ie€aIbHI 3 PO3(DOKYCYyBaHHSIM.
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4, Brnepmie npoBegeno Bepudikanio orpumanux merogoM Monte-Kapiio
YHUCJIOBUX JAAHUX JUIS MIUIBHOCTI TEIUIOBOIO MOTOKY IIJISIXOM MOPIBHAHHS 13 JAHUMU
3HAlIeHOTr0 AaHAJITHYHOT0 PO3B’SI3KY, B IKOMY HETOYHICTh TIOBEPXHI BPaXOBY€ETHCS

Ha OCHOBI 3HAYEHHS 1IHTETPaAJIbHOI KMOBIPHOCTI.

Ilpakmuune 3Hauenns 00eprHcanux pe3yabmamig noJsrae y HACTYITHOMY:

1. Ha ocHoBi po3po6ieHoro uucioBoro ainroputm Monte-Kapino OyB
CTBOPEHMI BiIacHUI nporpamMHuii C++KoJl, SKUil Mae y3aralbHEHUN XapakTep 1 MOXe
3aCTOCOBYBATHUCS, B pa3l HE3HAYHOI KOPEKIi, Uil PO3PaxyHKy KOHIIEHTPaTOpPiB
Oynp-sikoi reomerpii. Kpim Toro, cTBOpeHuii mporpamMHUil KOJ Ma€ THYYKY Ta
PO30py CTPYKTYpY, IO JI03BOJISIE MOro TpaHC(OPMYBATH B 3aJIEKHOCTI BIJ THUILY
oOpaHuX MPUITYIIEHb Ta METOAIB BpaXyBaHHs HETOYHOCTI 0€3 CYyTTEBUX 3MiH.

2. Pe3ynbpTaTi nmpoBeAeHOro AOCIIKEHHSI MOXYTh OYTH BUKOPHUCTaH1 IiJl
4ac TIPOSKTYBaHHS Ta (YHKI[IOHYBaHHS CyYaCHHUX COHSYHHX EHEPTeTUYHUX
YCTAaHOBOK PI3HOTO TEMIIEPATypHOTO PIBHS Ta TNPU3HAYCHHS, B CKIAIl SKUX
3HAXOJAMUTHCS KOHLUEHTPATOP COHSAYHOTO BUIIPOMIHIOBaHHS BIJMOBIIHOI T€OMETPii.

3. TeopernyHi Ta MNpaKTUYHI TOJOXKEHHS POOOTH CTalld CKJIAJIOBOIO
YAaCTUHOK HABUAJBHUX JIUCHMIUNH “Mopeni 1 MeToau MPUKIAIHOI MaTeMaTUKHU
“Metoau iaeHTu(dikaiii mapamMeTpiB MaTeMaTUYHUX MOJIEJICH”, K1 BUKJIAAAIOThCS
1u1st 3700yBaviB Buioi ocBiTy piBHsA PhD cnemiansrocTi 113 [Ipuknagna MmaTeMaTuku
B JIHIMpOBCHKOMY HalllOHAJIbHOMY YHiBepcuteTi iMeHi Ounecs ['onuapa.

4, [IpoBeneni MOCHIKEHHS Ta iX pe3yibTaTH CKJIQJA0OTh BiJMOBITHUAN
pO3ALT 1HIIIATUBHOI HAYyKOBO-AOCHIAHY poboTy “JleTepMiHOBaHI Ta CTOXaCTHYHI
QITOPUTMH KOMIT IOTEPHOTO MOJIENIOBaHHS 00’ €KTIB Ta MPOLECIB PI3HOI MPUPOIU~
(2022-2024, naykoBuii kepiBHMk mpod. Kuum JII., mepkaBHuil peecTpariiitHuii
HoMep:0122U001467), saxa mpoBOAWThCA Ha Kadeapli KOMIT FOTEPHUX TEXHOJOT1M

dakynpTeTy npukiaaHoi matematuku [JHY.
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Ocobucmuit  enecok 3000ysaua. Pe3ynbTaTu  auceprainiiiHoi  poOOTI
BiToOpakeHO y 8 HAYKOBUX MpaIsix. YCi pe3ynbTaTH JUCEPTAIiHOI poOOTH, IO
BUHOCSTBLCS Ha 3aXUCT, OTPUMaH1 aBTOPOM OCOOHMCTO. Y TIpallsx, 110 omyOJiKoBaH1 y
CITIBaBTOPCTBI, 3100yBaueM B: [77] — mpe3eHTOBaHI eTany CKJIaJaHHs y3aralbHEHOI
MaTeMaTUYHOI ~ MOJeJIi  MpolLlecy KOHILEHTpamii anst  OyAb-sKoi  reoMmeTpii
KOHIICHTpaTopa Ta TeIUloNnpuiiMada; MpoBe/eHa Kiaacudikailiss MOXIUBHUX MiIXO/IB
70 pO3B’SI3aHHA y3arajbHEHOI MAaTEMaTWYHOI MOJIeJl; BU3HAYEHl MPUITYIICHHS Ta
3alpONOHOBAHUM HA OCHOBI WX MPUMYIIEHb HAOTMKEHUN aHATITUYHUM METO.
PO3B’SI3KYy 3ajadi KOHIEHTpAIll /Ui KOHIIEHTpaTopa napabosioigHoi reomerpii; [84,
87, 90] — 3ampomnonoBano MeToq MoHTe-Kapio st KoMII’ FOTepHOTO MOJICITIOBAHHS
MPOILIECIB €HEProNepeHOCy B CUCTEMax KOHIIGHTpallli COHSYHOTO BHUIPOMIHIOBAHHS;
BUJIJICHI Ta OMMCaH1 OCHOBHI €Tany po3poO0KH YnciIoBOro airoputMy Monte-Kapiio;
HaBEJCHI PE3yJbTaTH PO3PAXYHKY JUIS 1J€aIbHUX Ta peadbHUX MNapadboJoiTHUX
KOHIICHTPATOPIB, K1 IPOBEACH] 3 BUKOPUCTAHHSAM PO3POOJICHOTO ITPOTPAMHOTO KO,
[91, 105] - 3ampomoHOBaHO METOJ BpaxyBaHHS pPO3(OKYCYBaHHS IOBEPXHI
KOHIIEHTpaTopa Ta OMUCaH1 3MiHM B OCHOBHOMY aJTOPHUTMI, SIKI OKPEMO BPaXxOBYIOTh
Takui e(eKT; MPOBEICHI MapaMeTPUyHl JOCTIHPKEHHS 1100 BU3HAUYCHHS BIUIMBY
KYTIB pO3()OKyCYBaHHsS Ha €HEPreTUYHI MOKa3HUKU MapadoJIoigHOTO KOHLEHTPATOpa;
MOPIBHSHO BIUIMBM HA 111 TIOKa3HWKKW HETOYHOCTI TOBEpPXHI Ta e(deKTy
po3dokycyBanns; [107] — moBeaeHa MOXKIMBICTH BHKOPHUCTAHHS PO3POOJICHOTO
MPOTPAMHOTO MPOAYKTY SIK €IEMEHTY MYJIbTU(]DI3ZUIHOTO KOMIT FOTEPHOTO OJATKY
JUISL pO3paxyHKY TIOBHOTO €HEPreTUYHOrO0 IHUKIY CY4YaCHHUX TEePMOIAMHAMIYHUX
constyaux craniiii; [108] — chopmynboBanuii y3araabHEHUH MiAXiA 10 pO3PaXyHKY
CHEePIeTUYHHUX IMOTOKIB B CHCTEMaxX KOHIICHTPAIIIi.

Anpobauia pe3ynomamie oucepmauii. Pe3ynbTaT nucepraiiiiHoi podoTu

JIOTIOBIJIAJIUCh 1 OOrOBOPIOBAJIMCh HA HAYKOBUX CeMiHapax ‘‘AKTyajbHI NHUTaHHS
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ontumizauii Ta AUCKpeTHOi Marematuku» npu Haykosiii pami HAH Vkpainu 3
npobnemu “KibepHernka”, skuii QyHKIIOHYye TIpu JIHITPOBCHKOMY HAaIllOHAILHOMY
yHiBepcuteri  imMeni  Onecs [onHuapa  (HaAykoBUH  KEpIBHHK  ceMiHapy
yiien-kopecnonnenT HAHY, nokrop ¢i3.-mat. Hayk, npodecop KicensoBa O.M.); Ha
MixHapoIHUX HAYKOBHUX KOH(epeHiisx “MaTemMaTiuHe Ta IporpaMHe 3a0e3MeYeHHs
iHTeneKTyanbanx cuctem’ (M. Jlaimpo, 2021, 2022, 2023 pp.); “JIroguHa 1 KocMoc”
(M. duimpo, 2021 p.), “Tadopmariiini TEXHOJOTIT B METaIyprii Ta MalIHHOOY TyBaHH1
— ITMM’2022” (m. Huimpo, 2022 p.).

Ilybnixauii. OCHOBHI pe3yJibTaTU JIUCEPTAIiiHOI PoOOTH OmyOiikoBaHO Yy 8
HAYKOBUX mpamsx: JaBi crarti  [/7,91] y BHIaHHSX, IO IHJACKCYEThCS
HAYKOBOMETPHYHOI 0a30t0 Scopus; omHa crtatTs [87] y HaykoBOMy QaxoBomy
BUJIaHHI YKpaiHu kareropii b, 5 Te3 gomoBiged y 30ipHHMKax MaTepialiB

MDKHApOJHHUX HaykoBUX KoH(pepeniii [84, 90, 105, 107, 108].

Cmpykmypa ma o6caz oucepmauii. Jlucepraniitna poOoTa CKJIada€eThCcs 31
BCTYIy, YOTHUPBOX PO3MLIIB, BHCHOBKIB, TEPENIKy BHUKOPUCTAHUX JDKEpEN, IO
MmictuTh 112 nHaiimenyBaHb. 3aranbHuil oocsr mucepraiii — 131 cropinku. PoGota

MICTUTH 28 PUCYHKIB.

Iloosaku. ABTOp BHUCIOBIIOE IUPY NOJASKY HAyKOBOMY KEPIBHUKY, TOKTOPY
TEeXHIYHUX HayK, mnpodecopy Kuum Jlrommuni IBaHiBHI 3a mOCTIHY YyBary,

100pO3UUWINBE CTABJICHHS Ta IOIOMOTY B pOOOTI.
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1. CHCTEMA “KOHIIEHTPATOP - TEILIOIIPUMMAY COHSYHOI'O
BUITPOMIHIOBAHHS” SIK CKJAJOBUM EJEMEHT CUCTEM
NEPETBOPEHHSI EHEPI'II COHIIS

1.1.Tunu cucreM nepeTBOPEHHsI COHIYHOT0 BUIIPOMiHIOBAHHS.

Eneprernyni cucteMy Ha OCHOBI BiJTHOBJIIOBAHMX JKEPESI €HEPTii MOYWHAIOTH
BIJITpaBaTl 3HAYHY pOJIb B CTPYKTYpl €HEPreTHYHOro OayiaHcy OUIBIIOCTI KpaiH
cBity. Cepell TakuX JKEpell eHeprii HeBUUEPITHI MOKIMBOCTI Ma€ €HEPTis COHAYHOTO
BUIIPOMIHIOBaHHS, MEPETBOPEHHS SKOi 3a (PI3UYHOIO CYTTIO 3IIMCHIOETHCS ABOMA
OCHOBHMMH MeETOJaMU — (POTOECNEKTPUUYHUM Ta TepMmoauHaMiuHuM. [li mMeroau
MEPETBOPEHH MAalOTh XapaKTepHI OCOOJMBOCTI, SIKI BU3HAYAIOTh BUOIP KOXKHOTO 3
HUX TIpU TPOCKTYyBaHHI CHEPTeTUYHMX CHCTEM BIAMOBIIHOTO TPH3HAYCHHS Ta
nmoTy>xHocTi [1].

Ha puc. 1.1. mpencraBieHa y3arajJibHeHa cXeMma CHCTEMaTH3allli CHUCTEM

NEPETBOPEHHS COHSYHOIO BUIIPOMIHIOBAHHS 3 TOYKHU 30py (PI3UYHOTO MPUHLHUITY iX

(GYyHKIIOHYBaHHSI.
Cuctemu nepetsopeHHA eHeprii COHUA
‘ PoToeneKTpUYHI |—| KombiHoBaHe H TepmoauHamivHe ‘
3 bez 3 Bez 3 Bes
HOHUgHTpaTo HOHUSHTRaTO ROHUEHTPaTO ROHU2HTPAaTo ROHUEHTRAaTO HOHUEHTP3TO
pamm pie pamm pie pamm pie

1

NapabBonoin
Mnackuii
‘ MapaGonoumninap

Puc.1.1 Cuctemaru3zaiiisi cuicTeM NEpPEeTBOPEHHS COHSYHOTO BUIIPOMIHIOBAHHS
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B ¢otoenextpuunux cucremax mneperBopeHHs eHeprii COHIl B €IEKTPUKY
3MIMCHIOETHCS TIPSIMHUM METOAO0M, 0€3 MpoMKHUX cTajii. [TocTiiHINA eneKTpuuHMiA
CTpyM TEHEepyeThCcsl Oe3mocepeHb0 B IIapl HAMIBIPOBIIHUKIB, SIKI MOXYTh
BUTOTOBJISITHCS 13 PI3HUX MartepiaiiB. Ha chorojiHi HaOIbII PO3MOBCIOKEHUMH B
HA3eMHIA CHEpreTUlll € COHSIYHI €JIEMEHTH Ha OCHOBI MOHO- Ta MOJIKPHUILTAIEBOTO
KPEMHIIO, @ B KOCMIYHIM €HEepreTUIll — COHAYHI eIEMEHTH Ha OCHOBI apCeHiAy Tajiio
GaAs [2,3].

TexHonoriga (pOTOENIEKTPUYHOTO MEPETBOPEHHSI COHSUHOIO BUIIPOMIHIOBAHHS €
JIOCTaTHHO arpoOOBaHOIO, I[iHA KPEMHIEBUX COHSYHMX TaHENeW mpu macmrabdax ix
BUPOOHMIITBA CTajla BIIHOCHO HHU3bKOIO, ajle TaKl CUCTEMHU MAalOTh HEIIOJIKH, SKi
CKJIaJIHO YCYHYTH. Jl0 TaKuX HEJOJIKIB CJI1Jl BIAHECTH:

- Hu3bKUH KoedimienT kopucHoi aii (10 —15%) GinbIIOCTI COHSYHUX CIIEMCHTIB,
M1JIBUIIICHHS IKOTO 0OMEXY€EThCs (DI3UYHOIO CYTHICTIO Tporiecy GoToedeKTy;

- HEOOXITHICTh y BHUKOPUCTAHHI JOJATKOBUX MPHUCTPOIB (IHBEPTOPIB) IS
MEPETBOPEHHS MOCTIHHOTO EJIEKTPUYHOTO CTPYMY B 3MIHHIH;

- npoOieMu KOMyTallli, sIKIi MPU3BOJATH JO 3HMXKEHHSI 3arajibHOi MOTYXHOCTI
COHSIYHOI (POTOETIEKTPUYHOI CTaHI[l MpU 30UTHIIEHHI KUIBKOCTI COHSYHHX
TaHese;

- (¢i3uyHa Aerpajailisi B 4aci HamiBOPOBIAHUKOBUX COHSYHHMX EJIEMEHTIB, SIKa
MPU3BOJUTH JI0 CYTTEBOTO MAIIHHS 1X €(EKTUBHOCTI;

- npoOJeMu 3 yTUII3ali€l0 BIANPAIbOBAHUX COHSIYHUX MaHEeeH.

Jlesiki 3 UX HEIOJIIKIB MOXJIMBO KOMIIEHCYBAaTH 3a PaxyHOK BHUKOPHCTaHHS
BUCOKOTEMIIEPATYpPHUX COHAYHUX €JEMEHTIB Tuny apceHigy raniio GaAs. Taki
COHSIYHI €JIEMEHTH MaroTh Outbiny eexTuBHICTH (25 — 30%), sika MoXke 1ie OibIie

1IBUIIYBATUCh ITiJl BIVIMBOM KOHIICHTPOBAHOTO COHSYHOTO BUIIPOMiHIOBaHHS [4].
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AJne 1iHa TakuX HaIlIBIPOBIAHUKIB € JyX€ BHUCOKOIO 3aBISKU TOMY, III0 BOHHU
BUTOTOBJISIFOTBCA 13 XIMIYHHUX €JIEMEHTIB, SKI Majo PO3IMOBCIOKEHI Ha 3eMil.
TexHonorisi BHUTOTOBJCHHS BHCOKOS()EKTUBHUX HAIMIBIPOBIAHUKOBUX COHSAYHUX
€JIEMEHTIB € TaKOX JOCHUTh KOIITOBHOI. THM HE MEHII, MOAIOHI COHSUHI €JIEMEHTU
BUKOPHUCTOBYIOTHCSL B COHSIUHUX MAHENSIX KOCMIYHUX amapariB, /e iX BapTICTh He
KPUTHYHA 1 IOBHICTIO KOMIIEHCYETHCSI eHEPreTUYHOI €()EeKTUBHICTIO.

[lepcieKTUBHMM METOJOM MiJBUILEHHS €(QEKTUBHOCTI Ta 3MEHUICHHS
Jerpajanii  COHAYHUX  €JEMEHTIB ~ CTae  MPOEKTyBaHHA  KOMOIHOBaHUX
TEPMO(OTOETEKTPUYHUX TMPUCTPOiB, B SAKUX COHSYHI €JIEMEHTH JOJIaTKOBO
OXOJIOJIKYIOThCSI a00 HarpiBaroTbes. [1iIBUIIIEHHS TeMIiepaTypy HETaTUBHO BILIMBAE
Ha KKJ[ kjmacmyHMX KpEeMHIEBHX COHSIYHMX MaHeNled, TOMYy iX JOJaTKOBE
OXOJIO/DKCHHSI  CIpus€ CcTabum3aiii TeMIepaTypHOTO pEeXKUMY Ta  IIJBUILYE
eeKTUBHICTh cucTeMH TmepeTBopeHHs [5]. KpiMm Toro, B KOMOIHOBaHHMX
TEpMO(POTOETEKTPUUHUX TPUCTPOSIX ICHYE MOXIJIMBICTh OTPUMYBATH HE TUIBKH
€JIEKTPUYHY, a 1 TEIJIOBY €HEpPriio, 10 TaKOXX MPU3BOJUTH A0 3POCTaHHS 3arajibHOI
e(EKTHUBHOCTI 1 3MEHIIICHHIO TEPMiHY OKYITHOCTI cucteM [6,7].

B 3amexxHocTi  Bil  TUIy  COHSIYHMX  €JIEMEHTIB  KOMOiIHOBaHi
TepMO(DOTOCTEKTPUYHI CHCTEMU TIEPETBOPEHHSI MOXKYTh MPOEKTYBaTHCh SIK 3
KOHLIEHTpaTopaMu, Tak 1 0e3 HuX. B KjIacuuHUX KpeMHIEBUX TEPMOPOTOECTEKTPUUHUX
COHAYHUX MaHEIsIX BUKOPUCTOBYIOTHCS HU3BKOTEMIIEPATYPHI KOHLIEHTPATOPHU THUITY
dbokoH — doxnmH 13 koedimieHTOM KoHIeHTpalii 3 — 5. OcTaHHI POKM aKTUBHHUI
HAyKOBHM  MOIIYK  BEAEThCS B  Trajy3l  BHUKOPUCTaHHS ~ CEpPEelIHbO  Ta
BHUCOKOTEMIIEPATyPHUX KOHIIEHTPATOPIB Yy KOMOIHOBaHUX TEPMO(POTOCIEKTPUIHUX
npuctposix  [8,9]. B momiOHMX TriOpUAHMX ~ CHUCTEMaX BUKOPUCTOBYHOTHCS
BHUCOKOTEMITEpaTypHI COHsIYHI efeMeHTH TUy GaAs, eEeKTUBHICTD SIKUX 3pOCTAE IMi]T
BIJIMBOM KOHLIEHTPOBAHOT'O COHS'YHOI'O MOTOKY. 3aJIMIIKOBE TEIUIO MEPENAEThCS IS

MepeTBOPEHHS B TEPMOAMHAMIYHOMY 1K1 Tuity Penkina [10,11].
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Takum YUHOM, y KOMOIHOBaHUX BHUCOKOTEMITEpATypPHUX
TEpMO(POTOCTEKTPUUHUX CTAHISAX OJHOYACHO pEaN3yeThCsl K (POTOCIECKTPUUHE
MEPETBOPEHHS, TaK 1 TEPMOJWHAMIYHE, 1 1X 3arainbHa €()EeKTHBHICTh NIPU BH3HAYCHUX
yMOBaX CKJIAAA€ThCs 13 CyMH (oToerekTpuuHoro ta repmoauHamiyHoro KKJI. ToOto
doroenekTpuyHi Ta KOMOIHOBaHI COHSYHI EHEPreTUYHI CUCTEMH MOXYTh
(GYHKIIIOHYBaTH SIK 3 KOHIIEHTPAaTOpaMH, TaK 1 0e3 HUX.

Ha BinMiHy BiJl HUX, TEPMOJAMHAMIYHI CUCTeMH mepeTBopeHHs eHeprii CoHls,
SK TPaBWJIO, MICTATh y CBOEMY CKJIaai KoHIEHTpatop. Lleil Tum mepeTBopeHHs €
MallMHHUM, TOOTO mepeadayae BUKOPUCTAHHA JOJATKOBOIO TEIJIOBOTO abo
MEXaHIYHOTO IMKIY — MNapoTypOIHHOTO HHKIY PeHkiHa, ra30TypOIHHOTO IHUKITY
bpaiitona, nmkiay Cripaiara Tomo. Peamizamis TemjgoBuUX LHMKIIB nependayae
HasBHICTh JIOJAATKOBOT'O OOJaJHAHHS, IO IIJIBUINYE BapTICTh 1 TEPMIH OKYITHOCTI
noaiOHux cucteM. He3Bakarounm Ha 1€, ICHYIOTh IEpeBard TEPMOIUHAMIYHOIO

nepeTBOpeHHs nepe GporoeaekTpudHuM. [0 Takux nepeBar BiTHOCUTHCS:

BHUCOKa €(DEKTUBHICTh TePMOAMHAMIYHUX cUCTEM (110 30%), sika 301IbIIy€ThCA

MIPU T1JBUILIEHH] TTOTY>KHOCTI COHSYHMX CTaHIIIN;

- BIICYTHICTb Jierpajallii B CHCTeMax YJIOBJIIOBAHHS Ta MEPETBOPECHHS;

- HasgBHICTH MIPOMHUCIIOBOTO BUPOOHUIITBA CKJIQJIOBUX €JIEMEHTIB
TEPMOJIUHAMIYHOTO ITUKITY;

- 3HAYHO OUTBININA TEPMIH eKCIUTyaTaIlil;

- €KOJIOT14YHa YUCTOTa MPU BUTOTOBJIEHHI, (YHKIIOHYBaHHI Ta YTHJII3allii.

[inbHicTh TemoBoro moToky Bim CoOHI € Ty)Xe HU3BKOIO — Ha TMOBEPXHI
3emii BoHa He nepesunrye 1000 BT/M% a B HaBKOJO3EMHOMY HpPOCTOPI CKJIazac
omsbko 1360 Br/m% Ilpu Takili IIUIBHOCTI TEIJIOBOrO TOTOKY HEMOYKIJIUBO

peainizyBaTu Oyib-SIKUM TEPMOIMHAMIYHHUI UK 0€3 J0IaTKOBOT'O KOHIICHTPYBaHHSI.
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ToMy KOHILIEHTpaTOp € TOJOBHUM 1 HAWKOIITOBHUM €JIEMEHTOM OyJb-IKOi
TEPMOJMHAMIYHOI CTAHII].

['eomeTpiss KOHIIEHTpaTOpa HAMpsMy 3ajJeKUTh BiJl TUITY TEPMOAMHAMIYHOTO
UKy TnepeTBopeHHs. TemmeparypHuil pexum ra3orypOiHHOro Hukiy bpaiiTona
[12,13] ta nuxiry Cripiiara [14,15] MOXITUBO 3a0€3NEUNUTH JIMIIE BUKOPHUCTOBYIOUH
KOHIIEHTpaTopu mapadomnoigHoi ¢opmu. I[lapoTypOiHHMII LUK peanizoByeTbCs 13
BUKOPHUCTAHHSAM KOHIIEHTpaTopa MapadojormmiiaapuaHoi reomerpii [16,17] abo
KOHIIEHTpaTopiB y BUrJsA a1 Jin3 @penens [18,19]. BucokoremneparypHuit LK
Penkina Ta mukin bpaiiToHa MOXJIMBO TaKOXX peani3yBaTH B COHAYHIA CTaHIIi y
BUTJISAI BEXKI 3 TIOJIEM TUTACKUX COHSIUHUX KOHIIGHTpaTopiB — remiocratis  [20,21].

Cepen HaBeeHUX THIIB KOHLEHTPATOPIB ICHYIOTh Taki, I[IO BXE€ CTalH
OPOMHUCIOBUM  cTaHaapToM. Jlo HHMX  BIOHOCATbCA  NapaOOJOLMIIHIPUYHI
koHneHTpatopu SEGS LS-2, SEGS LS-3, ski BUTOTOBISAIOTBCS 33 TEXHOJIOTIEIO
amepHrKaHo-13painbebkoi komnanii LUZ, abo napa®oaouuiiHApUYHUNA KOHLIEHTPATOP
tuny EuroTrough [22,23]. Ane, sik npaBuiio, Oyib-sSKWi COHIYHHA KOHIIEHTPATOP —
1€ YHIKQJIbHUM €HEepreTUYHUN 00’ €KT, SIKUW MPOEKTYETHCS IMij BIAMOBIIHY CUCTEMY
NEPETBOPEHHA. TOMY aKTyaJIbHOI0 HAYKOBOIO 3a/1a4el0 € CTBOPEHHS 3arajlbHOro
METOAY JUIsi BU3HAUEHHS HAMOUIbLI paliOHAIbHUX TIE€OMETPUYHUX MapameTpiB
COHSIYHOTO KOHIIGHTpATopa, fAKI 3a0e3MedyloTb HEOOXiJHI 3HAYEHHS CTyMNeHs
KOHIICHTpAIlii COHIYHOTO BUIIPOMIHIOBAHHS 1 MaKCUMaJbHE 3HaY€HHS €(EKTUBHOCTI

BIJIMOBITHOTO IIUKITY TIEPETBOPEHHSI.

1.2. ®izuuna moaeab nmpouecy. XapakTepUCTHKA reOMETPUYHUX Ta

eHepPreTUYHUX MapaMeTpiB NapadoJ10iIHOr0 KOHLEHTPATOpa

30UIbIICHHST IIUIBHOCTI COHSYHOT'O BHUIPOMIHIOBaHHS, SIKE 3a0€3MeuyeThes

OyJIb-SIKUM KOHIIEHTPATOPOM, HampsMy 3ajekuTh BiJ Horo reomeTpii. B skocTi
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KpUTEPIIO, SIKUW XapaKTepusye 1€ 30UIbIICHHS, BUCTYIIA€ 3HAYEHHS] T€OMETPUYHOTO
KoedilieHTa KOHIEHTparii abo crtyneHs koHueHtpauii C. Ilim 1uM 3HaYCHHSIM
pPO3yMIIOTH BITHOIICHHS amepTypyd KOHIICHTPATOpa, Ha fAKy TaJa€ COHSYHE
BUNPOMIHIOBaHHS [0 amepTypu TelionpuiiMada, Ha SKy T[IONAJa€e  BxkKe
CKOHIICHTPOBAHE COHSYHE BUIPOMIHIOBAHHS. B 3alleKHOCTI Bif IIOTO 3HAYCHHS
KOHIICHTPATOPU TOJUISIIOTHCS HAa HHU3BKOTEMIEpPATypHI, CEpeIHBOTEMIIEPATypHI Ta
BHCOKOTEMIIepaTypHi [24].

Jlo HU3BKOTEMIEPATYPHUX COHSYHMX KOHUEHTPATOPIB BITHOCSTHCA (POKOHH,
doxiHu, MiHIMHI J3epKajia, Kl 3a0e3MeuyoTh CTYIIHb KOHLIEHTpAIli BiJ 3 10 5 npu
OpIEHTOBHIA Temmeparypi B TemnonpuiimMadi Binm 340K nmo 510K, o
CepeIHbOTEMIIEPATYPHUX  BIIHOCATHCS  MapaOONOUMIIHAPUYHI ~ KOHLEHTPATOPH,
KOHIICHTPATOpH y BUIIISIAL JTiH3 Dpenens 31 ctyneHeM KoHmeHTparlii Big 20 mo 150 i
TeMmriepatyporo B TemtonpuitMada Bim 340K mo 800K.  HaiiGinemr BHCOKI
temnepatrypu B TemnonpuiiMadi Big 340K mo 1200K 1 Bumie 3a0e3nedyroTh
napabosIoiHI KOHIEHTPATOPH, B SIKUX CTYIIHb KOHIIEHTpAIlli MOXE JOXOJWTH IO
1000 i Bume. B conssyHMX BEkKax 3 MOJIEM TUTACKUX TEIi0CTaTIB CTYMiHb KOHIICHTpAITil
nepesuiye 3500.

HaykoBi migxoau, Mojgesi, METOAM Ta BUCHOBKH, SIKi PO3IJISAAKTHCH B
JAaHid po00Ti, MOKHA 3aCTOCYBATH ITi/I KOHHEHTPATOPH OyAb-IKOI reoMetpii. Ase
JUTs BUBHAYEHOCTI B SKOCTI (PI3MYHOT MOJAENI MJisi MOAANBIINX JOCIIIKEHb OYJIIO0
oOpaHO MapaboJIOIAHUI COHSIYHUWA KOHILIGHTPATOp, OJHY 3 MOJENed [KOro

npejacTaBicHo Ha puc. 1.2. [25]
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Puc.1.2. 3aranpHuii BUTIA MapaboIoiqHOro KOHIeHTpaTopa [25]

Ha puc.1.2. 300paxkennii aBTOHOMHMIA TTapadooinuuit Moayss Tuy EuroDish
3 miameTpoM 8.5 M, IIomIero anepTypu 56.7 M? i cepelHiM CTyNeHeM KOHLEHTpallii
2500, sxwuii mpoekTyBaBcs Juisi peamizarii nukiny Cripminra.  [TapaGonoigawuii
KOHLIEHTpaTop opieHToBaHM TouHO Ha CoHune. COHAYHI MPOMEHI NaJarTh Ha
J3epKAJIbHY TOBEPXHIO MapaboJIoiTHOTO KOHIIEHTPATOpa, BiIOOpaKarOThCS BiA HEl i
GOKyCylOThCSI Ha KpYroBid IUIOMIMHI Majoro pajaiyca 3 LEeHTpOM B (QOKyci
KOHIIEHTPATOpa, JE€ pPO3TAlIOBYETHCS TEIUIoNpuiiMay. TermmonpuiiMad npuiiMae
CKOHIICHTPOBAHUM TEIUIOBUI MOTIK g mojaiblioro mneperBopeHHs. LinbHicTh
OO TEIMJOBOIO MOTOKY BU3HAYAETHCS I€OMETPIEI0 KOHLEHTPATOpa, SKICTIO HOro
MOBEPXHI Ta, B 3araJIbHOMY BHUIAJIKY, BiicTaHHIO Bl COHIIS.

Ha puc. 1.3. cxemaTnuHO mpencTaBieHH XiJ nNpoMmiHiB B cuctemi “CoHue —

napadoJIoiTHUM KOHIIEHTPATOP — TEIIoNpHUiiMay’” Ta ii reOMeTpUYHI TapaMeTpH.
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Puc.1.3. Xix npoMiHiB Ta reoMeTpHUUHI mapaMmeTpu cuctemu “CoHIle —

napaboI0iTHUN KOHLIEHTPATOp — TeIUIonpuiiMay”

['eomerpuyni mapameTpu  MaTEeMaTHYHO  1/I€aJIbHOTO  MapaboJI0iTHOTO
KOHLIEHTpaTOpa BHU3HAYAIOTHhCS PIBHAHHAM MMapaloJIOIAHOI MOBEPXHI, SKE B

MNPSMOKYTHIN CUCTEM1 KOOPJIMHAT MA€ BUTIISI:
X +y*=4f.z, (1.2.1)
ne f, — doxycHa BincTans.

Sk mpaBWiIO, M Yac JOCHIDKeHb 3pYYHO TICPEXOTUTH [0 TOJISPHUAX
KOOpJWHAT, B SKUX B3a€EMHHUH 3B'S30K MDK T'€OMETPHYHUMHU IapaMeTpaMu
napabo10iia BUPaXKaETHCS K

_ 2fsinuy

Ry =
1+cosu,

(1.2.2))

ne R, ,u,— paalyc KOHLIEHTpAaTOpa Ta HOr0 KyT PO3KPUTTS, B1AIIOBIIHO.
k Ux — paaly TpaTop YT PO3Kp
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TakuM 9MHOM, TeoMeTpis MapaboIOITHOTO KOHIIEHTPATOpa XapaKTePU3YEThCS
JIBOMa HE3aJIC)KHUMU MapaMeTpaMu, a TPETid mapaMeTp OJHO3HAYHO BU3HAYAETHCH 13
piBHsHHS (1.2.2).

B sKocTi BU3HAYAJBLHOTO TEOMETPUYHOIO TMapameTpa, SKHi 3ade3rnedye
MaKCUMaJbHE 3HAYCHHS IIUIBHOCTI KOHIICHTPOBAHOTO  COHSYHOTO  IOTOKY,

0OMpPAETHCS KyT PO3KPHUTTA U, . [ 3HaX0/KEHHA BEIMYMHU LIbOTO KyTa HEOOXIIHO

BU3HAYUTH Pazalyc GokanpHOi MU R, . I3 reoMeTpuYHUX MIPKYBaHb, MA€EMO:

Rup b , (1.2.3)

sinye  sin(90° —u, )

ne y.=16"—kyr poskpurra CoHugs.

BpaxoByrouu mo Siny. =y.,a R, = &, Ma€EMO:

cosu,

Rep _ PV Ve 2y .

R sin(90° —u, )-psinu,  cosu, -sinu,  sin2u,

Tonl cTynmiHb KOHILIEHTpauli JJIi MareMaTU4yHO 1J1€aJIbHOTO MapadoJ0inHOro

KOHICHTPATOPA BU3HAYAECTHCA AK

2 2
R sin2u
C=| =% | =|——& |, (1.2.4)
Ry 2y
a ONTUMAJIBLHUU KyT PO3KPUTTA BHU3HAYAETHCS 13 cHiBBigHOmEHHS ——=0 1

du,

JIOPIBHIOE Uy, =45°.

ko 3HaYeHHs LbOro KyTa MiAcTaBUTU B piBHSAHHA (1.2.4), To B Qokyci
MaTEeMaTUYHO 1JeaJbHOrO MapaloJIOIIHOIO KOHILIEHTPATOpa TEOPETUYHO MOMKIUBO

OTPUMAaTH MaKCHUMallbHy CTyneHb KoHueHtpamii C,,, =//550 . Ane mnoBepxH:A

pealbHOTO0 KOHIICHTpATOpa 3aBKIM Ma€ BIIXWUJEHHS BiJ i7eanbHOoi. baraTouncenbHi
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I[OCJ'IiI[}KCHHH ImoKaszajii, IO B PCAIIBHUX Hapa60HOTIIHHX KOHIOCHTPATOpPAX

ONITUMAJbHUH KyT PO3KPUTTA JopiBHIOE U, . ~60° [26,27] .

Kopt

1.3. Ilpukaaani 3aaa4i Ta BiANOBiAHI THIN Mapa00JIOITHUX KOHIIEHTPATOPIB Ta
TenJIonpuiiMaviB /1 3aCTOCYBAHHS B COHSYHUX €HEPreTUHYHUX CHCTEeMAX

CoHslyH1 eHepreTMyHi CUCTEMU 3 TapaboJOiHUMHM KOHIIEHTPATOPAMHU
BITHOCATBCS 1O KIJIACy BHCOKOTEMIIEpAaTypHUX EHEPreTUYHUX YCTaHOBOK, IO 1
0oOyMOBJIIO€ BHUOIp TUIU TEIUIONPUHAMAYIB Ta THUILy NEpeTBOpeHHs. Teruionpuitmaui
JUTSL TAKUX CHCTEM MOXKYTh OyTH 3aKpUTOro (MOPOKHUHHOIO) a00 BIAKPUTOrO THUILY.
OnTuManbHe CHIBBIIHOUIEHHS MIX T'€OMETPUYHHMMHM MapaMeTpamMu napadosioiTHOTO
KOHIIEHTpaTopa 1 TeruionpuiimMaya 3abe3neuye e(eKTUBHY poOOTy BCIA CHUCTEMHU
IIEPETBOPEHHS.

BuOip Tumy TtermonpuiiMaya B 3HAYHIM Mipl 3aJI€KUTh BiJ MPU3HAYEHHS
eHepreTuyHoi cucreMu. lle MOxyTh Oyt MacmiTabHI €HEpPreTHYHI CUCTEMHU THUITY
Benukoi consuHOl mewi B Y30ekucrani ta ®@panmii [28 — 30], B SKMX MOXIUBO
3MIICHIOBATH HABITH IJIABJIEHHS Ta OTPUMaHHS HOBUX MarepiaiiB, abo Benukoro 400
M? mapabonoinHoro kouuenrparopa (puc.l.4) B ABCTpaniiicbKOMy HaLiOHAIEHOMY
yHiBepcuteTi [31].

[TommpenuMu € COHAYHI EHEPreTHYHI CHUCTEMH 13 MapabooinHUMH
KOHIIeHTpaTtopamu Ta apuryHamu Cripiiara [32 — 34]. Ha puc. 1.5. npencrasienuii
napaboIoiIHUNA KOHIIEHTPATOp 13 ABUTYHOM CTIipJiHra HOMIHAJIBHOI MOTY>KHOCTI 33

kBT, sikuii po3ramoBanuii Ha kanmyci YHiBepcutety [lamepmo (Itamis) [34].
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Puc.1.5. ITapabonoigauii koHLEHTpaTop 13 ABUTYHOM CTipiiHra B YHIBEpCUTETI

[MTanepmo (ITamis) [34]
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Ane, mopsn 3 TaKMMH MaclTaOHUMH KOIITOBHUMH TIPOCKTaMH, B CBITI
NPOBOMITHCS ~ aKTHUBHI ~ HAYKOBI  JIOCHI/DKEHHS  COHAYHUX  MMapabosioigHuX
CHEPreTUYHUX CHUCTEM CEPEIHBOI Ta MaOi TMOTYXKHOCTI, SKI MPOCKTYIOTHCS IS
reHeparlii BUCOKOTEMIIEPAaTypHOTO TeIia i3 MOJAIBIINM HOTO TEPETBOPEHHSIM Y
MEpEKEBUX Ta aBTOHOMHUX COHSYHHUX CTAHINSAX. B Takux cucremax Teruionmpuitmadi
MOYTh OyTH TPaBHIBHOI reoMeTpuuHOi popmu (mmiHIp, chepa, miBchepa, KOHYC)
[35,36] ab0 ckimamHOl KOHCTPYKIIT B BUMIIAAL cripaii [37], rekcaroHaabHUX Mipamii
[38] Tomo.

Came TerionpuiiMay y BUTJIS/I 30BHINIHBOI CHIPaJIbHOT TPYOKH IS TMIIITPIBY
BOIM JociipkyBaBcs B [39] pasom i3 mapaboJiOifHMM KOHIICHTPATOPOM THITY

[eddaepa. PoTo eHEPreTHYHOI YCTAHOBKH MPEICTABIEHO HA puUC. 1.6.

reflector 7

‘ Receiver inside
‘ + £~ aluminum housing

JA)

Receiver at focus

Puc. 1.6. ConsiuHa eHepreTuyHa yCTaHOBKA 13 Mapad0I0ifHUM KOHIIEHTPATOPOM THUITY

leddnepa ta cipansHuM Terionpuiivadem [39]
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Jlns 3a6e3nedeHHss HeOOX1HOT TeMIepaTypH TEIJIOHOCIS B TEIJIONpHUiiMayl Bi
30°C nmo 100°C obupascst koHueHTpaTop miomero 16Mm2. ITig yac mocmimkeHb, [Ki
NPOBOAMIIUCH MPHU PI3HUX 3HAYEHHS UIUIBHOCTI COHSYHOTO BUIPOMIHIOBAHHA, OyJ0
BU3HAUCHO CEpe/HIN KOe(IIEHT TEIUIOBHMX BTpAT CEHEPreTHYHOI CHUCTEMH Ta il

I I 01 K S6%
CEPEIIHIO TEIUIOBY €(heKTHBHICTD, SIKa TOPIBHIOBAJIA OB HIXK 56%.

B po6oti [40] npoBoaniochk TeCTyBaHHS MapadOJIOiTHOTO KOHIIEHTpaTopa 3

pI3HUMH THIAMU TOPOKHUHHUX TEIUIONPUHMAUIB — IMWIHAPUYHUM, KyOIdYHUM,

niscpepuunum (Puc.1.7).

Puc.1.7. [301b0BaHMi HMIIIHAPUYHUMA, KyOIYHUH, MIBCHEPUUHUM TETUIONPUItMAY 15

COHSYHOT CHEPreTHUHOI CUCTEMH 13 TapaboIoiAHUM KOoHIIeHTpaTtopoMm [40]

B sxocTi TemnoHoCcis y TeruionpuiiMayax BUKOPHCTOBYBAJUCH PI3HI THUIH
HAHOPIJIMH HA OCHOBI TEXHIYHMX OJiH. JloCHi/pDKeHHS MoKa3aiu, 10 KyOldyHuM Ta
niBcepuuHid  TeronpuiiMadl € OuIbIl  €PEeKTUBHUMHU y TIOPIBHSHHI 13
MWTIHAPUYHUM. 3HANJICHO TAaKOX, 0 BUKOPUCTAHHS HAHOPIAWH MIABUIIYE TEIJIOBY
epextuBHicTh Ha 12.9%, 5.84% ta 1.44% B mniBcpepuyHOoMy, KyOIUHOMY Ta
HUJITHAPUIHOMY TETUIONpUiMayi, BIAMIOBITHO.

[I’sTh TUMIB TeIUIONpUMAYiB — MWJIIHAPUYHHUMA, TPSIMOKYTHHH, CHEPUIHHM,
KOHIYHMI Ta HWIHAPUYHO-KOHIYHUN JOCHIKYyBaluch B [41] mis BU3HAYEHHS iX

ONTUMAJLHUX TEOMETPUYHUX TapamMeTpiB, SKI BIANOBIJAIOTh T'€OMETPUYHHUX
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napaMmeTrpam oOpaHOro mapaboJIOiMHOTO KOHIIEHTpaTopa. Bu3HaueHo, mo Haikparii
CHEpreTHYHI TMOKAa3HWKU Ma€ TeIUIONpHiMad [HIiHAPUIHO-KOHIYHOI (QopMu, B
AKOMY, B pa3l BHOOpPY ONTHUMAIbHUX TEOMETPUYHHX TIapaMeTpiB,  TEIUIOBa
edeKTUBHICTh MOXke aocaratu 67.95%, excepreruuna — 35.73%, a ontuuna — 85.42%
MoienroBaHHsI MMPOBOIWIOCH 3 BHKOPUCTaHHSIM cTaHmapTHoro makera SolidWorks
Flow Simulation.

Cucrema Ha OCHOBI MapabOJIOiTHOTO KOHIICHTpATOpa AJIA ONMpPICHEHHS BOJIH,

110 TIpeJIcTaBIeHa Ha puc.1.8, mocmimpkyBanacs B [42].

Puc. 1.8. Cucrema 15t onpicHEHsI BOAM 3 MapadoI0iJHUM KOHIIeHTaTopoM [42]

Po3pobnena Ha 0cHOBI HecTalioHapHUX OanaHcoBUX piBHSAHb 1D maTemaTnuna
Mojienb Oyia BepudiKoBaHa IUISIXOM MOPIBHSIHHS 3 €KCIEPUMEHTAILHUMH JTAaHUMHU.
PesynbraTty mokazanu, mo Koe(iIlieHT BiOUTTS MOBEPXHI KOHIEHTPATOpa, PO3MIp
Horo amepTypu, po3Mmip mnoBepxHI (oKyca, 1€ 3HAXOAMUTHCS TeIulonpuiiMay 13
COJICHOIO BOJIOI0, 3HAUYHO BIUIMBAIOTh HA IIBUIKICTH Ta SIKICTh IPOLECY OMPICHEHHS.

3HaiiieHo, 10 MapaboJOifHUI KOHLIEHTPATOp JlaMeTpoM 3M MpU ONTUMAIbHHUX
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napameTpax CUCTEMHU MOKe 3a0e3MeunuTH 70 75 KI' JUCTHIHOBAHOI BOAU B MEPIOa 3
8 30 no 17 — 30 roauH.

[TopiBHSIHHS MapaMeTpiB MJIACKOTO BIIKPUTOTO Ta MOPOKHUHHOTO 3aKPUTOTO
TeIIonpuiiMaya B CHUCTEMI ‘‘TIapa0OJIOIAHHMI KOHIIEHTPATOp — TeIulonpuiiMay”
npoBoawiioch B [43]. 3HaliieHO, 1110 BUKOPUCTAHHS MOPOXHUHHKUX TEIUIONPHIMAYiB
HiABUIILY€E 3arayibHy €(eKTUBHICTh CUCTEMH MpHitoMy Ok HixK Ha 20%, TpU LOMY
TeMIlepaTypa Ha MOBEPXHI TEIUIONpHUIiMAaya 3HHKYEThCS OLIbIN Hixk Ha 450°C, mo
3HAYHO 3MEHIITY€E HOTO TEIJIOBI BTPATH.

B [44] 3anmponoHOBaHO MOKpaIleHUIH AU3aiH TOPOKHUHHOTO TEIUIONPHUiiMaya,
B CEpeluHl SKOro pO3TalloBaHl JOJATKOBI MigHlI pebpa. JlocmiKyBaiuch
CHepreTUYH1 TapaMeTpH TEIUIONpHUiiMaya Mpy TPhOX PI3HUX BapiaHTaX pO3TallyBaHHS
pebp — 13 kpokoMm 2.5 mM, 22 MM, 44 mMM. BusnadeHo, 1o TerioBa €(eKTUBHICTh
TAaKOro TerulonpuiiMaya Ouein HiK Ha 31% Oinmpine 3a TEmIoBY e(EeKTHBHICTH
TeIonpuitMada 13 TJIaAKUMA CTIHKAMH. JlocmikeHHs MIPOBOJIUIIACH
CKCTICPUMEHTAJILHO Ta Ha OCHOBI 1D GanaHcoBOi MaTeMaTHIHOT MOJICITI.

[TiBchepuunuii TernonpuiiMay, MO CyMiCHHU 13 (a30mepexiTHUM TeIJI0BUM
aKyMyJIATOpOM “TBepje Tijo — pimuHa”, nociimkysascs B [45]. Ha puc.1.9 Ta puc.
1.10. nmokazaHuil TEIJIONPHUIIMAaY — TETJIOAKYMYJISITOP (3 130Js1i€r0 Ta 0e3 130s11i1)

Ta 3arajibHa CXemMa €HEePreTUYHOI CUCTEMH, BIAMOBIIHO.

Puc. 1.9. TennonpuiiMay-TemnaoaKyMyJIsITOpP COHIYHOI €HET€TUYHOT CUCTEMH 13

11apaboJIOITHUM KOHIIEHTpAaTopoM [45]
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Parabolic dish HTF pipe ciruit

Insulated cavity receiver HTF storage tank

Data acquisition
system

Shed constituting
HTF circulating
pump

Puc. 1.10.3aranpHa cxema COHSYHOT €HETETUYHOI CUCTEMH 13 TapaboI0iTHUM

KOHIICHTpaTopoMm [45]

B sKOCTI TemnoakymyJior04oro maTepially BUKOPHUCTOBYBajach CyMIlI COJIIB
NaNO; and KNOg;. Takuit TerutonpuiiMay, sk €JIeMEHT COHSYHOI CHEPreTHYHOI
CUCTEMH 3 TIapaboJIOiTHUM KOHIIEHTPATOPOM, JIOCSITAa€e €HePreTUYHOI €)EKTUBHOCTI B
31.4% 1 3naTeH 3a0e3neuyBaTy TEIJIOBHM PEXUM CUCTEMU y pasi BiacyTHOCTI COHIIS.

OntuMizalliss mapaMeTpiB  CUCTEMHU  “TIapa0oJIOiTHUN  KOHIIGHTPATOp —
NMOPOKHUHHUK TerionpuiiMay’” npejacrasiicHo B [46]. loka3aHo, 110 TerutonpuimMay
KOHIYHUHN (opMu 3a0e3rnedye HalBHII MOKa3HUKHA TEIUIOBOI €()eKTUBHOCTI CUCTEMH,
Kl TIpU BIAMOBIJHIM TMOYATKOBIA poOOUYill TemmepaTypi TEIUIOHOCIS MOXKYTh
noxomutu a0  70% mpu  87% onTuyHI  epeKTUBHOCTI  Mapados0igHOTO
KOHIIEHTpaTOopa.

[TapaGosnoinHuii KOHIIEHTpaTopa J1aMETPOM 3m MIPOTIOHY€ThCS
BUKOpPHCTOBYBaTH B [47] mist opraHizaimii COHSYHOTO MapOTYpOIHHOTO IHKITY
Penkina. JloBeaeHo, 110 mojii0Ha eHepreTuyHa cucTeMa Moxke reiepysatu 10 1000BT

€JIEKTPUYHOTrO cTpyMy npH Temmeparypi mapy 400.1°C ta 3aranbhiii epexTuBHOCTI
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Bix 32% 1o 42%. MonentoBaHHS TPOBOJWIIOCH 13 BHKOPUCTAHHSIM TPEHOBAHUX
HEUPOHHUX MEpeX 1 OTpUMaHl Pe3yibTaTH IEPEeBIPsUTMCH IUISIXOM IOPIBHSIHHS 13
JTAHUMU €KCTICPUMCHTY.

TakuM 4YMHOM, MPOBEJACHUHN aHaji3 IOKa3ye, 10 B OCTaHHI POKH B CBITI
IPOBOJATHCS OararourcesbHI HayKOBI JOCHTIDKEHHS, II0 IOB’S3aHl 13 MOUIYKOM
HAWOUTBII E€HEepPreTHYHO e(EeKTUBHUX TMapaMeTpiB CHUCTeMH ‘‘TiapaboioigHHit
KOHIIGHTpaTop — TeIuionpuiimMay” pi3HOI MOTYXHOCTI Ta mnpu3HadeHHs. Lli
JOCITIJKEHHST 0a3yloTbCsl Ha IMIHPOKOMY  BIPOBAKEHHI CyYaCHHX METOIIB
MaTEeMaTUYHOTO MOJICJIFOBaHHS, pe3yibTaTH SIKOTO M1 TBEPIKYIOThCS

CKCIICPUMCHTAJIbHUMU JaHUMMH.

1.4. Orasig MeToOIB J0C/IIKeHb CUCTEMH “NIapa0oJ/I0iiHuii KOHIEHTpaTopa -
TemonpuitMay”. Meroa crarucTu4HuX BUnpooysanb Mounre-KapJio npu
AOCJIIIZKeHHI MPOLECiB MePEHOCY COHAYHOI0 BUIIPOMiHIOBAHHA B

napadoJI0iTHNX KOHIIEHTPATOpax

B mnpuBeneHomy BuIE OISl CHCTEMH ‘‘TIapa0OJIOITHUN KOHIEHTPATOp —
TeIIonpuiiMay” TOCTIKYBAIUCh, IK TPaBUIIO, €KCIIEpUMEHTAILHO a00 Ha ocHOB1 1D
OalaHCOBOI MaTeMaTH4YHOI Mojedl. Takl JOCHIDKEHHS JO3BOJIIIOTH BHU3HAYUTH
ONTUMAJIbHUM JAM3alH CHUCTEMH, OCOOMMBOCTI 1ii (DYHKI[IOHyBaHHS,  3arajbHi
CHEPreTUYH1 MapaMeTpu TOIIO. AJie TaKi J0CTiIKEeHHSI TMepPeHOCY COHSIYHOIOo
BUIIPOMIHIOBAHHSI MAKTh CYTTEBMH HENOJIK — iX pe3yJbTaTH Xy:Ke CKJIAJHO
y3araJibHUTH, MeEePeHecTH Ha OijJbll MHUPOKUI KjIac nogiOHux saBum. [Is
npoOJjieMa B3arajii XxapakTepHa i 3a7ad paaiallifHOro TEIIOOOMIHY B OYIb-SIKHUX
CHUCTEMaX KOHIICHTpaIlii, TOMy BKpail BaXXJIMBHM € PO3pOOKa JOCTAaTHHO TOYHUX Ta

AJJCKBAaTHUX MGTO,IIiB MAaTEMAaTHU4YHOT'O MOJACIIFOBAHHA, HaA OCHOBI SIKHX Ime Ha €raliax
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MPOCKTYBaHHS MOXKHA BHU3HAYUTH HAMOUIBIN  pallioHaJdbHI TEOMETPUYHI Ta
€HEpreTUYH1 MapaMeTpy KOHILIEHTpaTopa Ta TeIionpuiimaya.

Cepen Takux METOIB OCOONMBY IIHHICTh MalOTh AHAJITUYHI METOAH, SKi
nepeadayaroTh OTPUMAHHS TOYHOTO PO3B’S3KY 3a/aul KOHIeHTpalii. J[ji1 oTpumManHs
TaKOTO PO3B’ 3Ky HEOOXITHO JT0OJIaTKOBO BU3HAYUTH MPUIYIEHHS, sIKI O KPUTHYHO HE
3MEHIITYBaJId WOTO TOYHICTh Ta aleKBaTHICTh. SIK MpaBmUiio, Taki MOl OyIyIOThCS
JUIS. MAaTEMaTUYHO 1/Iea]IbHUX KOHIIGHTPATOPIB MPH PI3HMX BUXITHUX yMoBax. PaHHI
HAyKOBI POOOTH B LIbOMY HampsIMKy OyJIM MPHUCBSYEHI PO3PAXYHKY MapabdOoJIOiTHUX
KOHIIEHTPATOPIB JJI1 KOCMIYHUX COHSIYHUX TEPMOJMHAMIYHHX CHCTEM Ta BEJIUKHX
COHsSYHUX reyeit [48,49].

B Toil *e yac iCHye Kjiac aHaJITUYHUX PO3B’SI3KIB, B SAKUX BPaXOBYBAJIHCH
HETOYHOCTI  TOBEPXHI  KOHIIEHTpaTopa. BBaxamoch, 10 11  HETOYHOCTI
HiAMOPSIKOBYIOTECS piBHOMIpHOMY [50] 200 HOpManbHOMY 3aKOHaM po3moaity [51].

[IpomixkHe Miclie cepell IMX MIAXOJIB 3aiiMarOTh KOMOIHOBaHI MOJIEINI THUITY
P.Amapici, B SIKUX MPOMOHYETHCS BBEIICHHS JOJATKOBOTO MapaMeTpy HETOYHOCTI B
MaTeMaTUYHy MOJENb ISl MaTeMAaTHYHO 1/I€aJIbHOTO KOHIIEHTPATOpa, M0 J03BOJISIE
pO3B’s3aTH 11 aHAIITUYHO.

Ha cporomni KJIacMYHUM aHANITHYHUM PO3B’S3KOM JUIsl BH3HAYCHHS
napaMeTpiB MaTeMaTHYHO 11€alTbHOTO Ta PEaTbHOTO MapaboIoiqHOTO KOHIIEHTPATOpa
BBaXKAETHCS AHAIITHYHUN PO3B’A30K, 3ampornoHoBanuii B [52]. 3ampomoHoBaHa
nporeaypa 6a3yeTbCs Ha YCTAJIGHUX MOHATTAX 1HTErpasly MOTOKY Ta 1HTEHCHUBHOCTI
BUTIPOMIHIOBaHHS, aJie Peasi3y€eThCs MPOCTUMU T€OMETPUIHIUMH KOHCTPYKITISIMH, IO
BKJIFOYAIOTh HECKIHUEHHO Malli Tipamigy Ha TMOBEPXHI KOHIeHTpaTopa. OTpuMaHuii
aQHAJITUYHUNA PO3B’SI30K BBAXKAETHCSI TECTOBUM JUISl OILIIHKM TOYHOCTI CYy4YacCHHUX
YUCJIOBHUX aJTOPUTMIB.

B poGori [53] 3ampomnoHoBaHMI aHAMITHYHUN IMIiAXIA 0 BU3HAYCHHS

EHEPreTHYHUX NapaMeTpiB NapadoJoiHOrO KOHIIEHTpAaTOpa, IO CKJIAJAA€ThCs 13
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KBaJIpaTHUX JI3epKabHUX (haceT. 3a CBIMYEHHSIM aBTOPiB, OTpUMaH1 aHAIITUYHI JaHi
BIJIPI3HSIIOTBCA BIJ] JJAHUX HATYpHOTIO €KCIepuMeHTy Ha 8.84%, 110 CBIAYUTH PO
MOJKJIUBICTh BUKOPHCTAHHS PO3pPOOJEHOT MAaTeMAaTHYHOI MOJIENl IS OIIIHOYHUX
pO3paxyHKiB (alleTHUX MapadoI0iTHUX KOHIIEHTPATOPIB.

Oco0MMBOCTI MPOTIKAHHS MPOIIECIB Y CHUCTEMax KOHIEHTpallli 3BOASATH [0
MIHIMyMY BHUKOPUCTAHHS aHANITUYHUX TMIAXOMIB JJIsi BU3HAYCHHS CEHEPreTHUYHUX
MOKa3HUKIB TakuX cucteM. HalOuabll MNOMyIspHUMH METOJaMH JIOCHIIPKEHHS
BBaKAIOTHCSl YUCJIOBI, CEPEJI SIKUX € JOCUTH €K30THYHI.

Tak, B pobOotri [54] momyk ONTHUMAalIbHUX MapaMeTpiB MapaboJIoiHOTO
KOHIIEHTpaTopa, AKid (QYHKIIOHYE pa3oMm 13 MamuHO CTipiiHra, mpoBOAMBCSA Ha
OCHOBI 0aratouuibOBOi OMNTHMi3allli PO YacTUHOK. Po3rismanuch J1€B’SITh
napameTpiB, Ui SKUX OyJ0 BHU3HAYEHO ONTUMaNbHY Trpanuio Ilapero, a
ONTUMAJIbHUIA PO3B’SI30K 3HAXOJMBCS HA OCHOBI TEXHIKH JIIHITHOTO MpOrpamyBaHHS
JJ1si 0araTOBUMIPHOTO aHalidy nepeBar. Pe3ynpTatu mokaszaiu, 110 MaKCUMajbHE
3HAQYCHHS CHEPreTMYHOi MOTYy»XHOCTI cucteMu B 23.46 kBt Biamosimae
onTUMalibHOMYy  KoediuieHTy edextuBHOCTI 30.15%, 1m0 HaOmMxkaeTbcs 10
171eaJbHOT0 PO3B’sA3KY. BLabIl Toro, aHami3 4yTIMBOCTI 3aJadi IOKa3aB, IO IS
KOHLIEHTpaTopa JilaMeTpoM Bia 2.5 1o 15M 3HaueHHSI ONTUMAaNIbHOI MOTYKHOCT1 Oyie
BapitoBatucs Bia 1.43 no 53.54 kBt 3 cepennim koedirienToM epekTuBHOCTI Bijg 29.8
10 30.2%. Bus3HayeHO TaKOX KPUTHUYHWUN BIUB Ha Il TOKa3HUKU KOE(DIIiEHTY
3a0pyAHEHHS KOHIIEHTpaTopa.

YucaoBuii ONTHUKO-MEXaHIYHMKA TMiaxig Oyno 3ampomoHoBaHo B [55] mms
BU3HAYCHHS BIUTUBY BITPOBOTO HABAHTAKCHHS Ta HABAHTAXEHHS 32 PaXyHOK Macy Ha
EHEPreTUYHI IOKa3sHWKM IapabosoinHoro kourenrpatopa XEM-Dish system
niametpoMm 17.7m. JlocaimKkeHHs] TPOBOIWIKCS IJIS IIUPOKOTO CIEKTPY BITPOBUX
YMOB, MpHU AKUX IIBUIKICTH BITPY Aocsrana 17 m/c, a HampsMOK BITPY 3MiHIOBABCS

Bin 0 mo 180°. OcHoBHY yBary Oyno NpUAiIEHO BH3HAYEHHIO BILIMBY BIiTPOBOIO
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MOTEHI[laly Ta MacHh KOHIIEHTpaTOpa Ha HETOYHICTh HOro MOBEPXHI Ta PO3MOJLI
KOHIIEHTPOBAHOTO TEIUIOBOIO MOTOKY Ha MOBEpXHi Teronpuitmaya. [Ipu nedopmarii
KOHIIGHTpaTopa 3a paxyHOK BITPY TMOXHMOKa HWOTO TOBEPXHI MOXE JOCITaTh
MaKCHMaJIbHUX 3Ha4eHb Bij 1.755 mpana go 1.828 mpan npu KyTi aTaku BiJ 459 o 0°,
aJie MpU [BOMY 3arajbHE 3HAYCHHS C€(PEKTUBHOCTI ONTHYHOI CHUCTEMH Maike HE
3MIHIOETBCA 1 3aiumaeThes Ha piBHI 89.06%. [Ipu nogaBanHi Beix THUMIB AedopMartiit
cepelnHs MMoxuOKa MOBEpXHI Moke nocsratu 7.702 wmpaj, 1Mo TpU3BOAUTH 10
3HUKEHHS 3arajibHoOi €()eKTUBHOCTI 110 87%.

IIpoBeneHuii Bule OrJsiA MOKAa3ye€, IO s BU3HAYCHHS PaliOHAJIbHHUX
€HEPreTHYHUX TMApaMeTpiB cucTeMH “mapalosoifHMH KOHIEHTPATop —
TeIJIONPHUiIiMa4Y” BHKOPUCTOBYIOTHCSI eKCIIePUMEHTAJIbHI, iHxkeHepni (1D
0ajlaHCOBi), aHAJITMYHI Ta JeTepPMiHOBAaHI YMCJIOBI MeTOAU. AJie B CBITOBIil
COHSIYHIN eHepreTvui IiCHY€ 3arajJbHONPHUHATHN KOHCEHCYC, L0 MeETOH
CTATUCTUYHUX BuUnpoOyBanb Monre-Kapso Hail0libm migxoaurs s
MoO1eII0BaHHA noaioHux nmpoueciB. Came pizHi Mmoaudikaiii meroxy Mounre-Kapio
MOKJIaJICHI B OCHOBY OUIBIIIOCTI Cy4YaCHUX HAYKOBHUX JOCIIJKEHb B Tally3l MEPEHOCY
COHSTYHOTO BUIPOMIHIOBAHHS B CHCTEMax KOHIICHTpAIIIi.

B po6orti [56] y3araibHEHO MiIXOIU IO MOJCIIOBAHHI CHCTEM KOHIICHTpAIIil
COHSTYHOTO BUIPOMIHIOBaHHS, 110 0a3yroThcsi Ha meToaax Monte-Kapno. B ormsai
HABEJICHI IHTETPAJIbHI Ta BIAMOBIAHI iM YKCIOBI (OPMYITIOBAaHHS HAWOLIBII
nomupeHux anroputmiB Monte-Kapio, nmpeacTtaBieHi mporpaMHi JOJATKH IS iX
peautizailii, HaJaH1 MiAXOAM JIJIs IPOBEACHHS aHaJI3y Ha Uy TJIMBICTh 3aIIPONIOHOBAHUX
QJIITOPUTMIB.

Bubip came wmerogmy Monre-Kapno s MopentoBaHHS — MEPEHOCY
BUINIPOMIHIOBaHHSI B COHSYHUX KOHIICHTPATOpPaX TMOB’S3aHUN 3 THM, IO MOBEPXHSA
peajbHOr0 KOHIIGHTpATOpa JajeKka BiJ] MaTeMaTHU4HO iJealibHOi. PeanbHa moBepxHs

Ma€ HETOYHOCTI — abepailii, oTpuMaHi B MpPOIECI BUTOTOBJICHHSIM ab0 B Ipolieci
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ekcruryaraiii. Kpim Toro, cucrema “KoHIIEHTpaTOp — TeIionpuiiMay” (GyHKIIOHYIO Y
BIJIKPUTOMY TPOCTOP1 Ta MiAJIA€THCA BWIMBY YMOB HaBKOJIMIIHBOTO CEPEIOBUINA —
JIOTIy, BITpY, MYy Ta 1H. BUHUKAIOTh TakOXX BiIXWJICHHSI, TIOB’S3aHi 13 TOXUOKaMH
cuctemu crtexxeHHs 3a ConileMm, po3dokycyBaHHsM. Ha moBepxHI KOHIIEHTpaTopa
3IIACHIOETHCS. PO3CISIHHS CBITJIA, OBEPXHS MOXe OyTd 3aTiHeHoro. Bce 1e poOuTh
HEBU3HAYCHOIO O0OJIACTh IHTETPYBaHHSA, IO OOYMOBIIIOE BUKOPUCTAaHHS METOLIY
CTaTUCTUYHUX BUNIPOOyBaHb MoHTe-Kapio /yist 3a7a4 KOHIIEHTpaIli.

B [57] meron Monte-Kapno OyB 3acTocoBaHMiA Il pO3paxyHKy HapaMeTpiB
HOBOTO JIBOXCTYIIIHYATOTO MapaboJ0iMHOTO KOHIIEHTPATOPA 13 30BHIIIHIM J[1aMETPOM
20m 1 xoedimienToM BinOUTTA mnoBepxHi 0.949. ABTOpu po3poOUIK BIIACHUIA
anroput™ MoHTe-Kapio, B SKOMy BpaxOBYBaJd pPO3MOAUT B IyYIll COHSYHHUX
MIPOMEHIB, 1[0 MaJal0Th Ha KOHIIEHTPATOp 1 10 BigoOpaxaroTbes Bia HbOro. s
IIOTO BUKOPUCTOBYBAJIACh COHSYHA MOAeNb byi. HeTouHOCTI MOBepXHI BU3HAYAIHCH
IBOMa KyTaMHd — 3C€HITHHM KyTOM, IO BiJXHJISAE€THCA BiJ TPSIMOTO HAMPSIMKY Ha
Conre, Ta asuMyTaabHUM. PO3MOALT TEpIIOro BIiJMOBIAB 3aKOHY apKCHUHYyca, a
PO3MOIT APYroro — PIBHOMIPHOMY PO3MOJLUTY BUMAAKOBOI BelMunHU. OTpuMaHi Ha
OCHOB1 BiacHOro MonTe-Kapino koay eHepreTHMYHi MOKa3HHWKH JBOCTYIIHYACTOTO
napaboJIoiTHOTO KOHIIEHTpaTopa Maii>ke CIIBHaJalu 13 JaHUMHU, 1110 OTPUMYBAIHCH 3
BUKOPUCTAHHAM KOMEPIIMHOTO TMPOTpaMHOro TpOoAYyKTy TracePro®, sxwuii
3aCTOCOBYETHCS I TPOEKTYBaHHS Ta aHalI3y ONTUYHUX CHCTEM Ta CHCTEM
OCBITJICHHSI.

BrmivB  CHiBBIHONICHHS TEOMETPUYHUX TapaMeTpiB TeIUIONpHiiMadya Ha
ONTHUYHI TMOKAa3HUKH CHCTEeMH  ‘“‘MaTeMaTU4YHO  I1JCaJIbHUM  IapaboJIoiIHHMA
KOHIIGHTPaTOp — TOPOKHUHHUK  TeIUIoNnpuiiMad”  JOCIIIKYBaJIOCh METOIOM
MomnTte-Kapno B [58]. Ha ocHOBi 00poOKHM OTpUMaHHUX YHCIOBUX JaHHX OYJI0
3HANEHO y3arajJbHEeHE KOPEJSIIHE CITIBBITHOIICHHS, SIKE 3B’ A3y€ BIIHOCHHUM pajaiyc

KOHIIEHTpaTopa (BIAHOIICHHS pajiyca KOHIEHTpaTopa A0 pajaiyca TerjionpuiimMaya),
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BIJIHOCHY BHMCOTY TeIUIONpHiiMada (BIIHOIIEHHS BUCOTH TEIUIONpHiiMada 10 MOro
pajiyca) Ta IOTJIMHAIYY 37aTHICTh CTIHOK TeIIoNnpuiiMaya.

JlokanpH1 Ta cepeaHi ONTUYHI MOKA3HUKH ABOCTYIHYACTOTO HAMPABICHOTO JI0
HU3y 1apaboJIOIIHOIO  KOHIIEHTpAaTopa JIOCIHiKyBaauch B [59] MerTomom
Mounrte-Kapno. Cucrema KOHIIEHTpaIlli CKJIajaiach i3 MEPBUHHOTO MapadOsI0iqHOTO
KOHIIEHTpATOpa, BTOPUHHOTO IJIACKOTO KOHIIGHTpaTopa Ta TerulonpuiimMaua. bymu
BU3HAYCHI ONTUMAJIBHUN KYT PO3KPUTTS MMapadOJOIAHOrO0 KOHILEHTpATopa, KyT
HaxwIy INIAaCKOTO KOHIIEHTPATOpa, BIJICTaHb MDK TIEPBUHHUM Ta BTOPHUHHUM
KOHIleHTpaTopaMu. [lopsim 13 T1UJIacCKUM BTOPUHHHUM  KOHIIEHTPATOpOM  OyJio
JOCTIPKEHO TinepOoJIOIIHUNA BTOPUHHUN KOHILIEHTpAToOp. 3HaieHo, 10 ONTHUYHI
MOKa3HWKM IUTACKOTO Ta TimepOOJOiqHOTO BTOPUHHOTO KOHIEHTpAaTOpa Maiike
OJIHAKOBI, ajie MepHIMi Mae TepeBard 3 TOYKH 30PY IMPOCTOTH BUTOTOBJICHHS Ta
BCTAHOBJICHHS. UMCIOBI 3HAu€HHS TEIUIOBOTO TIOTOKY Ta CEpeaHBbOI ONTUYHOI
e(eKTUBHOCTI, sKI 3a0e3nedye Taka cucreMa, AopiBHIOIOTH 8.089 kBT Ta 78.9%,
BIJITTOBITHO.

B [60] meron Monte-Kapio mist po3paxyHKy pamialliiHOTO TEIIO0OMiHY B
cucteMi “napabosoinHuil KOHIIEHTPATOp — TEIUIoNpuiiMay” OyB BUKOPUCTAHHUI pa3oM
13 CFD MopentoBaHHSM /Ji1 BU3HAYEHHS! BITPOBUX KOHBEKTHUBHUX BTpAT 3 MOBEPXHI
TerionpuiiMaya. Pe3ynpTaT MoentoBaHHS OyJIM OTPUMAaHI JUIsl pI3HUX KYTiB HAXHITY
KOHIICHTpAaTOpa, PI3HUX HAIMpPSMKIB Ta IMIBUJKOCTEH BITPY. 3HAWIEHO, 110 HASBHICTH
KOHLIEHTPATOpPy 3MEHIIy€ BITPOBI KOHBEKTUBHI BTPATH 3 MOBEPXHI TEIUIONMpHUiiMaya.
3anponoHOBaH1 KpPUTEPlabHI CHIBBIIHOIIEHHS I BU3HAYCHHS CEPEIHIX YHCEl
Hyccenbra Ha moBepXxHi TemIonpuiiMayda Mpu HasIBHOCTI KOHIIEHTpaTOpa.

EnepreTnyni nmoka3Huku mapabosoigHOTO KOHIIEHTpaTopa aiamerpom 1.8 M ta
doxycHoro BiacTanHio 0.92 m (puc.1.11), skuit pyHKIioHye Ha gaxy EHepreTHaHOTO
uentpy M. Typina (Itamis), 3Haxomuince Merogom Monrte-Kapio B [61]. ABTopu

pO3paxoByBaJIM TEIJIOBUI MOTIK Ta TEMIIEpaTypHI MOKA3HUKU TEIUIONpUiiMayda st
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JIBOX BUMAJKIB — MaTeMaTHYHO 1J€abHOTO KOHIIEHTpAaTOpa Ta KOHIIEHTparopa i3
3aranpHOI0 80% HeTouHICTIO moBepxHi. OTpUMaH1 YUCIOBI JJaHI TMOPIBHIOBAJIUCH 13
HATypHUMH CKCTIIEpUMEHTaMH. 3HaWCHI BiAXwWieHI KoiauBaiauch Big 2% mo 7% B

3aJIC)KHOCTI BiJl BUITAJIKOBO OOPAHOTO JTHS POKY.

Puc.1.11. ocaiaauibKuii mapaOboI0iAHUI KOHIIEHTPATOp EHEpreTHYHOrO EHTPY

M. Typina (Itamnis) [61]

B [62] metomom MomnTte-Kapio mOCHIKyBaIMCh CHEPreTUYHI TOKAa3HUKH
napaboIoiIHOrO  KOHIIEHTpaTropa,  SKUW  (QYHKIIOHYe 13  HWJIIHIPUYHUM
TeIJIoNpruiiMadyeM OCOOJMBOTO THIy. Takuil TeruionpuitMad MaB OJHE 3 YOTHPHOX
TUIIIB YBITHYTOTO KBapIlOBOTO BiKHA — KOHIYHE, cepuyHe, CHHYCOiJalbHE Ta y
BUTJISIAL TIEpOOJIYHOTO TAHreHCY. 3HAlAEHO, 110 Yy TMOPIBHSAHHI 13 IUJIACKUM
KBAapLOBUM BIKHOM, YBITHYTI BIKHA 3MEHIIYIOTh KOS(IIIEHT HEPIBHOMIPHOCTI Mailke
B /1Ba pa3u — 3 0.68 10 0.31 — 0.39 B 3aJIe3)KHOCTI Bij T€OMETPIi.

BmivB reoMeTpuyHHX mNapaMeTpiB NapaboJoifHOro KOHIEHTpAaTopa Ha €ro

ONTHYHY €QEeKTUBHICT, Oyo Bu3HadeHo B [63], Oa3yrouuch Ha aaropuTMi
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Momnte-Kapinio. KonuieHTpaTop ckiiaa€ThCsl 13 OJIHAKOBUX KBAJIpaTHUX A3EPKATbHUX
MIOBEPXOHb, K1 pO3TAIllOBaHI Ha mapabosoinHiil pami. B anroputmi BpaxoByBaiHCs
HETOYHOCTI TIOBEPXHI KOHIIEHTPAaTOpa Ta HETOYHOCTI CHCTEMHU CTeKeHHs 32 COHIIEM.
Bepudikaiiis oTpuMaHuX YHCIOBUX JaHUX 3A1MCHIOBAJIACh MIJISAXOM IOPIBHSIHHS 13
pe3ylbTaTaMi EKCIIEPUMEHTIB, SKI MPOBOAUIMCH HAa MOJAEIBHOMY KOHIIEHTPAaTOpi
Majoro po3mipy. 3HaiIeHI ONTUMAaJbHI CITIBBITHOIICHHS MK BEJIMKHAM J1aMETPOM
KOHIIEHTpaTopa Ta IIMPUHOI0 MaJMX KBaJpaTHUX JA3€pKal, 10 3a0e3MeuyloTh
MaKCUMaJibH1 3HAYE€HHS ONTUYHOI €(PEKTUBHOCTI Ta PIBHOMIPHICTH TEIIOBOTO MOTOKY
Ha MOBEPXHI TeIJIoNpUiMaya.

B [64] netansHO mpeacTaBiieHi eTany o0y oBu aaroputmy Monrte-Kapio mis
napaboJIoiTHOTO KOHIIEHTpaTopa 3 HMOBIPHICHUM PO3MOAUIOM HETOYHOCTI HOTO
MOBEPXHI, SIKI MANOPSAKYyBaduch po3noaury Penes. Ha BimMmiHy Bim mornepeaHix
JOCIIIJIKEHb, JI€ BIUIMB HETOYHOCTI IOBEPXHI pPO3paxOBYBaBCsA, SK IPABHIIO,
(GOTOMETpUYHUMHU  MeTOoJlaMUd  (METOJlaMH T'€OMETPUYHOI ONTHUKH), B I[bOMY
JOCIIJIKYBaHHS JIJI1 BpaXxyBaHHS MMOMUJIOK TOBEPXHI BHUKOPHUCTOBYBAJIach TAKOX 1
TEOpisl pO3CIIOBAHHA CBITJIA. 3HANACHO, IO HEAOOLIHKA €(dEeKTy PO3CIFOBAHHS MOXKE
CIPUYMHUTUA TOXUOKY B 5.45% mnpu DOCHIKEHHI MOJEIBHOrOo mapaboioiTHOTO
KOHIIEHTPATOPa 3 KyToM po3kpuTTa 60° Ta GOKYCHOIO BifICTaHHIO SM.

CyMicHe (yHKL10HYBaHHS napabos0iTHOTO KOHIIEHTpAaTOpa 3
TeIyIonpuiiMadyaMu  pi3HUX (GopM y BUTIAMI OaraTorpaHHUKIB JTOCIIIKYBaJIOCh
metongoM Monte-Kapio B [65]. Ilix yac po3paxyHKIB BpaxoByBajach I€OMETpis
CUCTEMHU, KOEe(IIIEHT BIAOUTTSA MOBEPXHI KOHIEHTpPATOpa Ta HETOYHOCTI MOBEPXHI.
3HaiiIeHo, M0 TEIUIONpHWMa4Y Yy BUIJSAAl YOTHUPUTPAHHWKA Ma€ HaWKparii
€HEpreTUYH1 MOKA3HUKHU Y MOPIBHSAHHS 13 I’ SITH- Ta IIECTUTPAHHUKAMHU.

Komepiiitnuii  mporpamuanii  komruieke  SolTrace, skuii  po3poOiieHO B
HamionaneHiéi nmabopatopii mo BigHoBaoBanoi enepreruku CIIIA (National

Renewable Energy Laboratory (NREL)), Oyio 3acTocoBaHO Iij 4ac JOCIIKCHHS
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napaboJIOITHOr0 KOHIIeHTpaTtopa miamerpom 3Mm B [66]. Ilporpama SolTrace
po3po0ieHa  JJis  MOJIETIOBAaHHS  COHSYHMX  €HEPreTMYHHUX  CHUCTEeM 13
KOHIleHTpaTopamMu MetogoM Monte-Kapmo. Ilimx dac mocimikeHb 3HAYCHHS
HETOYHOCTI TOBEPXHI KOHIIEHTpaTopa BapitoBaimuch Bim 1.7453 no 34.907 wmpan,
pamiyca ameptypHoro otBopy — Bim 0.125 mo 0.162 M, koedimieHTy BIiIOUTTS
noBepxHi KoHIeHTparopa — Bif 0.75 mo 0.95 mpu doxkycHoi Biacrani Big 1.7 go 1.95
M. bazyrounchs Ha OTpUMaHUX YUCIOBUX JIaHUX, Oy 3HANJIEH] ONTUMAaJIbHI 3HAYEHHS
HaBEJCHUX BEJIWYMH, SIKI BIINOBIAAJIM MaKCUMaJbHIM TEIIOBIM €(EeKTUBHOCTI
TerIonpuitMaya oOpaHOTo AU3aiHY.

TakuMm 4YMHOM, MPUBEICHUN BUIIE OTJISiM MOKA3ye, 0 HAMOUIBII MOIMYJISIPHUM
METOJIOM JOCIHIKECHHS EHEPTeTUYHUX Ta TEOMETPHYHUX TIOKA3HHKIB CHCTEMH
KOHIIEHTpAIlii ~ COHSYHOTO  BUIPOMIHIOBAaHHS ~ Ha  OCHOBI  MapaboJIOiTHUX
KOHLIEHTPATOPIB € METOJl CTAaTUCTHYHUX BUNpoOyBaHb MonTe — Kapno. Lleit Mmeron
Ma€ CyTTEBI MepeBaru, JIo SIKUX ciij BigHecTH [67]:

- MPOCTOTY aJTOPUTMIB 1 MOKJIUBICTH IMIBUKOI X TIepeOyA0BH MpU 3MiHAX YMOB
3a11a4l;

- HEUYYTJIUBICTH JI0 3001B MiJ] 4ac pO3paxyHKIB;

- BUKOPHUCTAHHS MaJIOro 00’eMy mam’siTi.

ATnie mopsi 3 MM, METOIy IpUTaMaHH1 HeAOJIKHU, CEPe]T IKUX:

- HEBHCOKa TOYHICTB;

- HEOOXITHICTh peasi3allii BEJIMKOI KUIBKOCTI BHUMNPOOYBaHb, IO TOTpeOye
3HAYHUX 3aTpaT MAIIMHHOTO Yacy.

OcranHii HEIOJIK MaibKe IMOBHICTIO HIBEIIOETHCS OCTAaHHIM YacoM, KOJHU
IIBUJIKOJI1s1 IEPCOHATBHUX KOMIT FOTEPIB Ta CEPBEPOM € YK€ BUCOKOIO.

He3Baxatoun Ha MPOCTOTY QJITOPUTMIB, OUIBIIICTh JOCTIIKEHb HABEICHOTO
OrJIsily BHUKOHYBAJIHUCh, 0a3ylUHMCh Ha KOIITOBHMX KOMEPUIMHHMX MPOrpaMHUX

MaKeTaX, B SKHUX €Talu CTBOPEHHS € ‘“‘JUOpHOI CKpUHBKOIWO . Tomy, B Kpaii
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BOKJIMBUMH HAyKOBUMHM 3aJayaMH, SIK1 ITOCTaBJICHI Ta PO3B’s3aHl B AaHIA poOOTi €
TaKi:

- po3poOka y3araapHEHOI MaTeMAaTUYHOI MOJENl TPOIECY KOHIIEHTpAIii
COHSIYHOT'O BUIPOMIHIOBaHHS;

- aHami3 1 BUOip BIAMOBIIHUX MPUMYIIEHb,

- moOysoBa 4YHUCIOBOTO ainroputMy Monrte-Kapino Ta CTBOpeHHsS BJIacCHOTO
POrpaMHOTO KOAY AJIs MPOBEACHHS YHCIOBUX €KCIIEPUMEHTIB 110 BU3HAYEHHIO
parioHaNTbHUX TEOMETPUYHUX Ta CHEPreTUYHUX TOKa3HHUKIB CHCTEMHU
KOHIIEHTpalli Ha MPUKJIaal napabosoiqHOr0 KOHIIEHTPATopa;

- aHali3 OTPUMAHUX PE3yJbTATIB 3 TOYKM 30pY BIUIMBY HETOUHOCTI MOBEPXHI
KOHLIEHTpaTopa Ta MipH MOro po3(OKyCyBaHHS;

- Bepu(ikallisi YUCIOBHX pe3yJbTaTiB Ha OCHOBI 3HAWJIEHOTO HAOIUKEHOTO

aHAJTITUYHOTO PO3B’S3KY.

BucnoBku a0 po3ainy 1

1. TIpoBeneHO OIJIsIA Ta CUCTEMATU3AIlll0 METOJIIB MepeTBOpeHHs eHeprii CoHus
3a iX (pi3uyHOIO CyTHICTIO. BH3HaueH1 mepeBard TepMOJAMHAMIYHOTO CIOCOO0Y
NEPETBOPEHHA Y IOPIBHIHHI 3 (DOTOEIEKTPUUHHUM.

2. OG6rpyHTOBaHa HEOOXIMHICTh BUKOPHCTAHHSA KOHIEHTPATOPIB ISl peaizarlii
TEPMOJIMHAMIYHOTO TEPETBOPEHHS. 3HAMIeHAa BIAMOBIAHICT, Ta MPOBEACHA
KJacuikais TUMIB KOHLEHTPATOPIB B 3aJIEKHOCTI BiJl TEMIEPATYPHOTO PiBHS
CUCTEMU NIEPETBOPEHHS.

3. IlpoimrocTpoBaHi OCHOBHI TE€OMETPUYHI Ta EHEPreTHYHI MapaMeTpu
KOHIICHTpaTOpa Ha MPUKJIal KOHIIEHTpaTopa napadoaoigHOI reoMeTpii.

4. IlpoBeneHuit oOrisA pealdbHUX Ta JOCHIAHULBKUX IPOEKTIB, B SKHX
BUKOPUCTOBYETHCS MapabOSOiAHUI KOHLeHTpaTop. OnucaHl MOXJIHMBI THUIH

TeTUIONPUHMAYIB.
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5. Haganuii omuc MOMJIIMBHX METOAIB JOCIIDKCHHS TIPOIIECIB  IEPEHOCY
COHSIYHOTO BUIIPOMIHIOBaHHSI B CHCTeMax KOHIEeHTpailii. OOrpyHTOBaHO BHUOIp
Merony Monte-Kapno, sK OCHOBHOTO METOMY YHCIOBOTO PO3PaXyHKY
napameTpiB cucteMu “CoHIle — KOHIICHTPATOp — TEIUIoNpuiMay”,

6. ChopmynnoBaHi OCHOBHI 3a7a4i TOCITIIPKCHHS.
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2. MATEMATHUYHA MOJEJIb HEPEHOCY COHAYHOT' O
BUIIPOMIHIOBAHHSA B CUCTEMI “COHIIE — TAPABOJIOIJHUM
KOHIIEHTPATOP — TEILIOIIPUHMAY”

CTBOpeHHSI MaTEeMaTHYHOI MOJIEIl MEePEHOCY COHSYHOTO BHUIPOMIHIOBAHHS B
CHUCTeMaxX KOHIICHTpaIlii Ha OCHOBI MapaboJIOiTHUX KOHIIEHTPATOPIB MIPOBOIUIOCH HA
OCHOB1 y3arajibHEHOI MAaTeMAaTHYHOI MOJIEIl MPOIECy MepeHOoCY I CUCTEM
KOHIIEHTpaIlii. Taka MoJiebp MOke OyTU po3po0sieHa K 13 BUKOPUCTAHHSIM METOJIB
(b13U4HOI (XBUIILOBOT) ONTUKH, TaK 1 HA OCHOBI ySIBJIEHb TEOPETUYHOT (T€OMETPUYHOT)

dboTomeTpii (reOMETPUYHOI ONITUKH).

2.1. AHai3 MOKJIMBHX MiIXO0AIB 10 CTBOPEHHS y3araJbHeHOI MAaTeMATHYHOI
Mo/ieJli MepeHocy COHSIYHOT0 BUNPOMiHIOBAHHSI B CHCTEMAaX KOHIEHTpaii

[Ipomiec KOHIIEHTpaAllli COHSIMHOTO BUIPOMIHIOBAHHS MOKHA BBa)XaTu
YaCTKOBMM BHUIIQJKOM PO3MOBCIO/KCHHS pajiamiifHoi eHeprii B CHUCTeMI T,
PO3IIJICHUX JAlaTepMIYyHUM cepenoBuieM. Jlo mociimkeHHs MNOAIOHUX MPOIECiB
MO>HA TTIIXOUTH JBOSKO: Ha OCHOBI (h13MYHOT ONITUKK a00 Ha OCHOBI (hOTOMETPIi.

VY (13uuHIil ONTHLI IHTEHCUBHICTH MOJISI €JIEKTPOMATHITHOTO BUITPOMIHIOBAHHS
BU3HAYAETHCS KBAAPAaTOM MOJYJISA HAIMpPYXKEHOCTI €JIeKTPOMarHitHoro mois. s
BU3HAUEHHS II€] BEJIMUYMHU HEOOXIHO PO3B’sA3yBaTH CUCTEMY piBHAHb MakcBeina, B
Ky B SIBHOMY BUIJISiII HE BXOJWTh HI F€OMETpis MOJIi BUIPOMIHIOBAHHSA, H1 MOrO
dboTOMETpUYHI TOKAa3HWKH, IO OCOOJMBO BAXKIWBO y 3ajadaX KOHIICHTpAIIii.
ExcriepuMeHTanbHl JOCHIIKEHHS B Iiil 00JacTi TakoX MawTh TpyaHom. Ile
MOB’5I3aHO 3 TUM, IO B ONTUYHOMY Jiana30H1 CIEKTPY YaCTOTH €JIEeKTPOMAarHiTHUX
KOJIMBaHb € HACTUIbHI BUCOKHMH, IIO0 BUMIPIOBATH MOJYJIb BEKTOPY HANpPY>KEHOCTI

CHCKTpOMarHiTHOFO IIOJIsI MPAKTHYHO HEMOZKIHUBO. Hl (I)aKTI/I BKa3yIOTb HA HasIBHICTH
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00’€KTUBHUX TPYJHOILUIB I 4Yac PO3PAaXyHKY IOJS BUIIPOMIHIOBAHHS METOJaMU
(b13UYHOT ONTUKH.

KpiM TOrO, COHAYHI KOHIIEHTPATOpH y OLIBIIOCTI BHUMAJAKIB MAalOTh BIHOCHO
HEBUCOKY F'€OMETPUYHY TOUHICTh 1 TOMY BIJHOCATBHCS 0 KJIAacy ONTHYHUX CHUCTEM 13
CHJIPHO BUpaXXCHUMH adeparisiMiu. B Takux cuctemax XBUJILOBI e(PeKTH, IMOB’sA3aHi 13
T paKIer0, MPAKTUIHO MOBHICTIO 3TMAKYIOTHCSA B CHILy OUTBII CYTTEBOTO BILTUBY
abepartiii [68,69].

He3Baxatoum Ha 1€, BUKOPUCTaHHS METOMIB €JIEKTPOMArHiTHOI Teopii
BUIIPOMIHIOBaHHS JUIsI PO3PaxyHKY BUCOKOTEMIIEPATYpPHHMX KOHIIEHTPATOPIiB 1HOJII
onpapnyeThes. lle 0coO0aMBO akTyanbHO TMpU  JIOCHIKEHHI MapabosIoiTHuX
KOHLIEHTPATOpIB Majoro JiaMerpa, B SIKMX BIUIMB JIU(]paKIiil € MOpPIBHIOBaHUM 13
BIUTMBOM alepairliii. B Takux KOHIIEHTpaTOpax ICHYE CYTT€Ba HEPIBHOMIPHICTh
pO3MOALUTY BHUIPOMIHIOBAHHSA MO KpasM (DOKAJIBHOI IUIAMH, IO HIATBEPIKYETHCS
pe3ynbTaTaMu HaTYpHUX ekcrepuMeHTiB [70].

B pobGorax [71,72] po3poOneHuil MOCETMEHTHHN METON, SKWUW JT03BOJISIE
OyIqyBaTH KapTHHM IHTEHCHUBHOCTI €JEKTPOMArHITHUX XBWJIb JJi BHYTPILIHbOI
00JacTi KOHIIEHTpaTopa Oylb-IKOi T€OMEeTpii, CTEXUTH 3a 3MIHAMH B TMOTOKaXx,
BPaxOBYIOUM BIJXWJIECHHS BIJIOMTOrO MPOMEHIO BiJI ontuyHoi oci. Lle mo3Boisie
YTOYHUTH ONTHMAJbHE TIOJIOKCHHS TEIUIONpUiiMaya 13 BpaxyBaHHAM BILIUBY
PO3CIFOBaHHS.

HasBhicTe moaiOHux edekTiB 0e3yMOBHO Mae TEOPETHYHMM  1HTepec, aie
KIHIICBOIO METOI0 Oyab-SIKOTO JOCII/DKEHHSI CHUCTEM KOHIIEHTpAIlil € BU3HAYCHHS
TEIJIOBUX TIOKAa3HUKIB B 001acTi QokanpbHOro 300paxkeHHs. HepiBHOMIpHICTH
PO3IOIITY TETJIOBOTO MOTOKY 3a paXyHOK PO3CIFOBaHHS B Iiil 00J1aCTi Majio BILUIMBAE
3a IHTErpaJibHI TEIJIOBI MOKAa3HUKH CUCTEMH. TOMy CIUIeCKaMH, siKi (pIKCYyIOThCS Ha
IpaHUIX (OKAIBHOI IUIOIIMHY, B IPAKTUYHUX PO3paxyHKax, sIK IPaBUIIO, HEXTYIOTb.

Kpim TOTrO, B CBITOBIM COHSUHIN €HEPTETHIll MPOCTEKYETHCS 3arajbHa TEHACHINS J0
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MIJBUILIEHHS TOTYKHOCTI COHSYHMX TEIJIOBUX YCTAaHOBOK, IO MPU3BOAMUTH JI0
30UIBIICHHS PO3MIPIB KOHIIEHTPATOPIB Ta JO 3MEHIIEHHS iX TOYHOCTI. ToMy s
CTBOPCHHSI MaTEMaTHYHHX MOJIEJICH TAKUX CHCTEM B OUTBIIIOCTI BUITAJIKIB JJOCTATHHO
MaTth 1HQOpMAIiI0 TPO MAKPOCTPYKTYpy IO BIAOUTTS BHUIIPOMIHIOBAHHS.
OtpumaTy moi0HY 1H(GOPMAIIiF0 MOKHA HA OCHOBI METOIB TEOPETUIHOI (POTOMETPIi,
K1 1 CKJIQAaI0Th OCHOBY JJAHOTO JTOCITIIKCHHS.

B pamkax teopernunoi Gotomerpii [73,74] mnependadaeThcs, MO0 CHEpris
NepeaeTbcsl B My4lll MPOMEHIB HECKIHYEHHO MaJloro MOMEpEeYyHOro Imnepepisy 1
pO3MIpH  €JIEMEHTApHUX IUIOMIAJ0K TMOBEPXOHb T, $KI MPUHAMAIOTh Y4acTh B
pagianiiHoMy TEIUIO0OMiHI, 3HAYHO OLIbIIE JOBXUHHU XBUJIb BUIIPOMIHIOBAHHS, IO
MEPEHOCUTHCS, 1 3HAYHO MEHIIIE BIICTaH1 MIXK IUIOMIAAKaMu. Takui miaxig MOBHICTIO
BIJINIOBIJIA€ TPOIECY KOHIIEHTpAIlli, TOMy camMe METOJU T€OMETPUYHOI (OoTOMETpii
MOKJIAJICHO B OCHOBY CTBOPCHHS Y3araJlbHEHOI MaTEeMaTHYHOI MOJENi MPOIecy

KOHLIEHTpAaL[li COHIYHOT'O BUIIPOMIHIOBAHHS.

2.2. CTBOpeHHsI y3arajibHeHOI MATeMAaTHYHOI MO/IeJTi TPoIecy nepeHocy

COHAYHOIO BHHpOMiHlOBaHHﬂ

B mporieci mepeHOCY COHS'YHOTO BUIIPOMIHIOBaHHSI B CHUCTEMax KOHIIEHTpallii
3aisHUMU € Tpu 00’ekta — CoHIle, KOHLIEHTpATop, TeronpuiiMay. KoxeHn 3 1mux
00’€KTIB Ma€ BJIACTUBOCTI, SIKl XapaKTePU3YIOThCS BIAMOBIAHUMH BETUUUHAMH.

CoHlle B cHcTeMax KOHIIGHTpaIlli BBa)Ka€ThbCs HECKIHUCHHO BiJJIaJICHUM
BUIIPOMIHIOBaYEM, SKHW TOCHJIA€ B KOXHY TOYKY TIOBEpXHI KOHIIEHTPAaTOpa
KPYTOBUI KOHIYHUN MTy4OK MPOMEHIB, KU XapaKTepU3yEThCS:

- KYTOM PO3KPUTTS 2y, ~32,
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0 .
-  OJHMHHUYHHUM BCKTOPOM IC , IO IIOKAa3y€ HaAIIpAM BlJ COHHSI Ha TOYKY

KOHIICHTPATOPA;

- IHAUKATPUCOIO BUIIPOMIHIOBAHHS, SIKa BU3HAYAE PO3MOJILI EHEPrii B IMyYIll:

_dl(y)
fo(y) = TOR (2.2.1)

ne 0<y <wy.,; |(y)— IHTEHCHBHICTb BHIPOMIHIOBAHHS B JOBUILHOMY HAaIpPSIMKYy B
CepellMHl KOHIYHOIO ITy4yKa NpOMIHIB; |(0) — IHTEHCHUBHICTh BHIIPOMIHIOBAaHHS B

HaIpsMKY, IKH 00OpaHHii 32 OCHOBHUI B CEpEMHI ITyYKa MPOMIHIB.

-E. — IIUUIBHICTh NOTOKY COHSYHOI pazianii (COHsYHA cTajna).
JUIs. HABKOJO3EMHOIO MPOCTOPY 3HAYEHHSA COHSYHOI CTajol HAOJIMKEHO
nopiBHOE E. ~[360Bm / m°. Po03paxyHOK COHSYHOI CTaJIOi Ha IMOBEPXHI 3eMill —

e OKpeMa OaraTorulaHOBa 3ajilada, pPO3B’SI30K SKOI 3alieKUTh Bij 0aratbox
reorpadiyHuX, KIIMaTUYHUX Ta 4aCOBUX (PakTopiB [75].

OxkpeMo ciiag BIAMITATH, WO 3HAYEHHS (YHKIT IHAMKATPUCU Ta 3HAYCHHS
COHSIYHOI CTaJI0i B 3arajlbHOMY BUMAJKY 3aJI€KaTh B JOBXUHU XBHWJII. AJie MijJ yac
pO3B’s3aHHS 3a7a4 KOHIICHTpAIlli CHEKTPalbHI XapakTEPUCTHKH, SK TPABUIO, HE
BPaxOBYIOThCS 1 BCl MAaTEeMaTH4YHI BUKJIAJIKK MPOBOMASTH 13 IHTErpaJIbHUMU MOTOKAMH

COHAYHOI'O BI/IHpOMiHIOBaHHH.

KonuenrpaTrop migx yac poO3paxyHKy CHCTEM KOHIICHTpallli BU3HA4Ya€e
3arajbHUN E€HEePreTUYHUN piBeHb CUCTeMH. /[ CTBOpEHHsS MaTeMaTU4YHOI MOJel
HEOOX1IHO 3HATH:

- PIBHSIHHS TIOBEPXHI KOHIIEHTpaTOpa:

F.(x,y,2)=0, (2.2.2)

e (x,y,z)eS,,a S, — IuIowa B1IOMBaIOY1i OBEPXHI KOHLIEHTPATOPA;
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- JIaHi, B IKUX BPaXxOBYIOTHCS HETOYHOCTI MMOBEPXHI KOHIIEHTPATOpa 3a PaxyHOK
pI3HUX BILIUBIB;

- Koe(ilieHT BIIOUTTSA NOBEPXHI KOHLIEHTpaTopa f, ;

- (yHKUIIO IHAUKATPUCH BUIMPOMIHIOBAHHS Y B1IOUTOMY ITyYIIi:

f(p) = S

310 (2.2.3)

ne 0<@<g@,;1(p) — inTeHCHBHICT, BUIPOMIHIOBAaHHS B JOBLILHOMY HAIPAMKY B

cepenuni Bimouroro myuka, |(0) — iHTeHCHBHICTE BUIPOMIHIOBAHHS B HANPSAMKY,
SKUW oOpaHUi 3a OCHOBHHI B CEpEJIMHI BIIOUTOTO MMyyYKa MPOMIHIB.

Kpim Toro, B pamkax (POTOMETPHUYHOTO MIAXOJY BBAXKAETHCS, IO BIAOUTTS
y4yka TMPOMIHIB BiJ TOBEPXHI KOHIIEHTPATOpa MIANOPAIKOBYETbCA 3aKOHY

J3epKajIbLHOTO BiouTTs [76].

TemonpuiiMay XapakTepU3y€eThCS:
- PIBHSIHHSIM MOBEPXHI
F.(xy,2)=0, (2.2.4)
ne (x,y,2)€S,,a S, — mioma HOBEPXHi TeILIONPHiiMaYa;

- THUIIOM TeIUIoNpuiiMaya — BIIKpUTHUIA a00 3aKpUTHUH.

CtBOpeHHsI y3arajdbHEHOI MaTEeMaTUYHOI MOJENl MPOIECy KOHIEHTpAIlii
JIOLIBHO MTPOBOJUTH B J[Ba €TalM — HA MEPUIOMY €Tarl HeOOXITHO MPOMO/IEIIIOBATH
TerooOMiH B cuctemi “CoHIlE — KOHIIGHTpaTop”’, a Ha JAPYroMy — B CHCTEMi

“KOHLIEHTpaTOp — Terionpuiimau’ [77].
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1 etam — cucrema “CoHue - KOHIEHTpaTop”
BuninmuMo Ha A3epkaibHid TOBEpPXHI KOHIIGHTPATOpa, WIO0 CXEMaTUYHO

300pakeHa Ha puc. 2.1, emeMeHTapHy AUITHKY dS gKa € OKOJIOM TOYKH

K H

Q (X< Y Z¢) - Micuesnaxomkersss finsHkn  dS,  OHO3HAYHO BH3HAYAETHCS

HANPSMKOM BEKTOPY HOpMaJi JI0 MOBEPXH1 KOHIIEHTpaTopa Nk.

Puc.2.1. Cxema BiIOUTTSI COHSIYHOT'O BUIMIPOMIHIOBAHHS BiJl TOBEPXHI

KOHIIEHTpaTopa

bynemo BBaxaru, 1mo B Touky Q, (XK Y Z )naz[ae IIyYOK COHSTYHUX IPOMEHIB

17, sxuit ¢dopmye TimecHuit KyT 2y, . BigOuTuil Bix elneMeHTy MOBEpXHi

KoHIeHTpaTopa dS, my4ok mpomeHiB |% xapakrepusyerbcs kyrom ¢ . Hopmanb
KOHIIEHTpaTopa Nk yTBOptoe i3 Bekropamu -l¢ i I} cucremy kytiB 9,9, , fKi
BU3HAUYAIOTh PO3TalllyBaHHS KOHIIEHTpatopa BigHOocHO CoOHI Ta BiTHOCHO
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TemwtonpuiiMada, BimmosigHo. Bektop 1%, dopmye TinmecHudi KyT ¢, , AKUi

XapaKTepu3ye HAMPSIMOK BiJl KOHIIEHTpATOpa J0 MpHiiMava Juisl My4YKa MPOMEHIB, 10
TOYHO MOTPAILISIOTh HA TEIUIONpUMAaY.

[ToBHUMI1 MOTIK BUIPOMIHIOBaHHS, BIIOMTHUN eneMeHTOM dS, , BU3HAYAETHCS

CHIBBIIHOIIICHHSIM:

do, =pdo =p.E.dS, , (2.2.5)
ne dS,, =dS, cosd, — mpoekuis enemeHTapHoi ainstHka dS, ,a cosd, =12n,..
Bigbute BUNpPOMIHIOBaHHSI TMOLIMPIOETHCS B COHSYHOMY IMy4Ylll 3 (DYHKIIIEIO

1HIUKATPUCH

fo(co)=‘:%(g). 226)

[IpoBeneHo HOpMYBaHHS B MeXaX BIJMIOBIIHOTO TUIECHOTO KyTa TaKUM YHHOM:

2w @

do, = [ [di(p)o (2.2.7)

ne do=sinpdpdf — enemenrapna mioma cepuaHOi TOBEPXHIi padiyca .

[Ticnsg miacranoBku (2.2.6) B (2.2.7) MaeMo:

do, =d|(O)27zT f,(p)sinpde. (2.2.8)

0

[IpupiBHIOBaBIIM MpaBi YaCTUHU PIBHAHB (2.2.5) Ta (2.2.8), Maemo:
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di(0)= %ﬁK EcdSi, (2.2.9)

27 [ fo(p)singde
0

Ha ocHoBi piBHsHB (2.2.9) Ta (2.2.6) oTpuMaEMO CHIBBIAHOIIEHHS JIS CHIJIH

BUNPOMIHIOBaHHS B Oy/Ib-IKOMY HANPSIMKY B CEpEIMHI BIIOUTOTO ITydKa:

@

27 [ fo(p)singde
0

2 eran — cucrema “KoHueHTparop - Temjionpuimay”

BusnaueHHs1 XapaKTepUCTUK TEIUIONpPUiMada MOXHA PO3IIISIIATU SIK TEPEHOC
BUMPOMIHIOBaHHS MIK JBOMa MOBEPXHSIMH, SKi JOBUIBHO OPIEHTOBaHI y MPOCTOPI.
BuninmuMo Ha moBepxHi TeIUloNpuiiMava, sika 3agaHa piBHAHHAM (2.2.4), OyIb-sKy

touky P (X,,Y,.Z;) i npoexemo gmo Hei i3 Touku Q,(X,Yy Zx ) KOHLEHTpATOpa

1
npoMisb . OMMHUYHUI BEKTOP IIHOTO MPOMEHIO, IO XapaKTepHU3ye HOro HaIpsM y

MPOCTOPI, BU3HAYAETHCS PIBHSAHHSIIM:

I([){H:(XH—XK)i+(yn_YK)j+(ZH_ZR)k’ (2.2.11)

|2
KIl

ne gy =|lgy| - noBxuna BexTOpY.

Ha ocHOBI kilacuuyHOTO (HOTOMETPUYHOTO CIIBBIIHOIICHHS [77] 3HaiimeMo

TEIJIOBUH MOTIK, 110 MOMaJa€e B 00paHy TOUKY TeIIONpHUiiMaya y BUTIISAL
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dl (17 )cos 9y,

dE,, = (2.2.12)

_ gradF;(x,y,z)
~ |oradF, (xy.z)|

JIJIs BU3HAYCHHS CWIM BHUNpoMiHIOBaHHs dl (I KH) B HaIpsSIMKy BEKTOPY |9<17

HEO0OX1JHO BCTAHOBUTH, UM TOMNAJA€ B IIbOMY HAMPSIMKY MOTIK BijJ KOHIIEHTpaTopa Ha
3aJlaHy TOYKY TEIUIONpUiiMaya, a TAKOXK BU3HAYUTH BEJIMYMHY LIOTO ITOTOKY.

Jlnsi BU3HAYEHHS. MOKJIMBOCTI nomnananns npomento 19, B TinecHuii kyT ¢,
AKUU “OXOIUTI0€” O0paHy TOYKY TeIUIONpUiiMayda, JTOPEYHUM OauuTbCs BBEICHHS

dbynkuii Xesicaiaa BUIy:

1, saxwo (|(I)<H|9()ZCOS(DO 2213

0, saxkwo (I%HI(}{) < cos @

5('1{17):

Jlns BU3HAYEHHS MOKIMBOCTI momamanHs npomento |9, y Bximauil oTBip

Szy TEIIONpUiMaya 3aKpUTOTO (MOPOKHUHHOTO) TUITY BBOJUTHCS 1€ OJIHA (PYHKIIIS
XeBicaiiia BUIY:

1, saxwo gz NS gy#0

2 (k) = (2.2.14)

3 ypaxysaHusM 3HaueHb OyHkuiii &(lg;) ta y(lg;) Bupas mis cum

BUIIPOMIHIOBaHHS B HAIIPAMKY |, MOXKHA 3allUCaTH SK:

dl(lkn):dl(¢)§(|Kn)l(|Kn)- (2.2.15)
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[Ticns migcranoBku Bupasy (2.2.15) y cmiBBigHoIeHHS (2.2.12) 13 MOJaIBIION0

miacTaHoBKoro y (2.2.10), maemo:

o, = EcPic fo(2)€ (Vi) 7 (11 )05 8y €0 9 08S (2.2.16)

Do
2713, | fo(p)singde
0

BpaxoByroun  BIacTMBOCTI  QJUTUBHOCTI  MOTOKY  (MOBHUM  MOTIK
BUMPOMIHIOBaHHSl  CKJIQIA€TbCA 13 CYMY  €IIEMEHTApHUX  TMOTOKIB), TOTIK
BUIPOMIHIOBaHHS B ToYIll P 3Haxoaumo HuIsiXxoMm iHTErpyBaHHs Bupasy (2.2.16) mo

BCIi I3epKaJIbHIN MOBEPXHI KOHIEHTpATOpA:

”,BK fo(@ ) (177 )c0S g cOS G, dS | (2.2.17)

j fo(@)singde

YacTo s aHammizy 3pyyHO BHUKOPUCTOBYBATH O€3pO3MIpHMI aHAJIOr 3HAYCHHS

MOTOKY BUIPOMIHIOBAHHS y BUTJIS/IL

Ec

E, I'BK fo(@)& (1) 2 (Vg ) (N gz ) €08 G €OS ;S (2.2.18)

i 12 [ To(p)singde

Takum uymHOM, BHUpazu (2.2.17) a6o (2.2.18) MoXHa BBaKaTHU y3araJibHEHOIO

MOJIEJITIO MEPEHOCY COHSYHOTO BUIIPOMIHIOBaHHS Y cucteMi “COHIE — KOHIEHTPATOP
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— TerutonpuiiMay”’. g y3aranpHeHa MaTeMaTHYHA MOJIEIh HE 3aJICKUTh BiJl TeOMETpii
KOHIICHTpaTOopa.

3anponoHOBaHa y3arajbHEHa MaTeMaTU4YHa MOJENb HE Oyle 3aMKHyTO Oe3
BU3HAUYCHHSI 3aKOHY B1IOUTTS. {7151 1IbOTO CHI1 BIAMITHTH, IO JA3€pKaJIbHA MOBEPXHS
KOHIIEHTpATOpa HE € ONTUYHO TJaJKOI0 MO BIIHOMICHHIO JI0 MAaJal040ro COHSYHOTO
BUIMIPOMiHIOBaHHS. TomMy, B 3aralbHOMYy BHUNAJAKYy TMpOLEC BIAOUTTS HOCHUTH
HaIpaBIIEHO po3CitoBaHMid xapakTtep. Lle o3Hadae, MO Bich MmydYKka, BiTOUTOTO
€JIEMEHTAPHOIO JUISHKOI0 KOHIIEHTpaTOpa, HalpaBlieHa 3epKaIbHO IO BITHOIICHHIO
JI0 OC1 MaIar04yoro Myyka, a Horo TUIECHUM KyT MOKe OyTH OLIBIINM 3a TUIECHUM KYT
Majjaloyoro Imy4yka B CHJIy pO3CIIOBaHHS Ha Mikpopenbedi. MareMatuyHo 11

BJIACTUBICTb 3aIIUCY€ETHCS Y BUIIIS/IL 3aKOHY 3€pKaIbHOrO BIIOUTTS [79]:
0 0 0 0 7
(_IC)nKIK:O’ (_IC)nK:nKIK1 WCS%—E’ (2.2.19)

KpiMm 3akoHy J3epKalbHOrO BIAOUTTA, JO y3arajJbHEHOI MaTeMaTUYHOI MOJENI
TaKOK HEOOX1JHO J0JaTH METOJ] BpaxyBaHHs HETOYHOCTI MOBEPXHI A3epkana. Orisg

TaKHuX MGTOI[iB HaBeI[eHI/Iﬁ HMOKYC.

2.3. Bubip meToay BpaxyBaHHsI HETOUHOCTi MOBEPXHi KOHLIEHTPATOPA

BpaxyBaHHSI HETOYHOCTI MOBEPXHI KOHIIEHTPATOpa MPOBOAMTHCS HA OCHOBI
aHai3y 3HA4Y€Hb JBOX KPUTEPIiB — TEOMETPUYHUX Ta ONTUYHHUX. [eomeTpuuHi
BKa3yIOTh Ha CTYIICHb BIIXWJICHHS MMOBEPXHI KOHIICHTpATOpa BiJ i1eanbHOl Gopmu, a
ONTUYHI — (IKCYIOTh HEPIBHOMIPHICTh PO3MOAULY €HEprii BUIPOMIHIOBAHHS B
CJIEMEHTApPHOMY TIy4lll COHSYHUX TIPOMEHIB, IO TMajgae abo BiJOMBAETHCA BiA
MTOBEPXHI KOHIICHTPATOPA.

OueBHIHO, 110 HAMOUIBII TOYHI Ta aJCKBaTHI 3HAYEHHS T'C€OMETPUYHHX Ta

OIITHYHUX BiI[XI/IJ'ICHB MOXHa OTpHUMATH Ha OCHOBI CKCIICPUMCHTAJIbHUX JaHHUX
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peanpbHUX KOHIeHTpatopiB. [lim dYac iX mNpoBeIECHHS CTBOPIOIOTHCS CIICIiaNIbHI
Tabauil — abeporpaMu, B SKHX (DIKCYIOThCS 3HAUCHHS BIAXWIICHHS BIJOMTOTO Bif
KOHIIEHTpATOpa MPOMEHIO B KOXHIM 13 PIBHOMIPHO OOpaHUX JAMCKPETHUX TOUYOK Ha
MTOBEPXHI KOHIICHTpaTopa. YKHCIIOBE 3HAUYCHHS BIAXUJICHHS — II¢ 3HAYEHHS TIJICCHOTO

KyTa Oj MDK HOPMALII0O pEaJbHOTO KOHLEHTpaTopa Ny Ta HOPMAJLIIO

MaTeMaTUYHO 1J€aJbHOTO KOHIICHTpaTOpa n:< . Hnsa  dikcarii nporo 3HaYCHHS
TUIECHUHA KyT Oy NPOEKTYETbCA HA JBa IUIACKUX KyTa Ay, =Ay, (X, y,z) Ta
Avy, =Av (X, y,z) . Ilicna 3HAaXOIKEHHA 3HAYEHHA IUIACKUX KyTIB y BHIUIAAL

TabnuIh a00 y BUTIISAII aPOKCUMYIOUUX (DYHKIIIHM, BIIXWICHHS HOpMaJl peaibHOTo

KOHIIEHTpaTopa BiJ iAcaibHOI (POpMH BHpPAKAETHCS (PYHKIIIOHAIBHOIO 3aJIEKHICTIO
7 .
BUOY Ng :nK(nK,AyK ,AVK) , SIKa TOTIM BUKOPUCTOBYETHCS y NOAAIBIIOMY

MozemoBaHHsA. Ha puc. 2.2 moka3aHO poO3TallyBaHHA IUIACKUX KYTIB BIJHOCHO
HOpMaJiel pealbHOTO Ta MaTEMATHYHO 1/1€aTbHOTO KOHIIEHTpATOpa.

Jlo HemoJiKiB TaKOro METOJia BU3HAUYCHHS HETOYHOCTI IOBEPXHI BIJIHOCHUTHCS
Te, 0 abeporpamMu OYAYIOThCS JJIs BXKE ICHYHOUYMX KOHIIEHTpaTOpiB. buibin Toro, 11
KOHIIGHTPAaTOPH HEOOX1IHO BHUTOTOBUTH y HATypajbHy BEIUYHHY, 00 10 3ajad
KOHIIGHTpAIlli MPakTUYHO HEMOXIIMBO 3aCTOCYBaTH TEOpil0 MOAIOHOCTI Ta
PO3MIPHOCTI — 3HAYEHHS 3 MOJIETIbHUX KOHUEHTPATOPIB BKpail CKIIaJHO MEPEHECTH Ha
peanbHi KOHIeHTpaTopu. KpiM Toro, moaiOHI HAaTypHI BHIPOOYBaHHS TOCTaTHBO
KOILITOBHI Ta TpUBaJi, 00 aJIeKBAaTHICTb PE3YJbTaTIB, SIKI OTPUMaH1 y Ja00OpaTOPHUX
yMOBax i MTYYHUM OCBITJICHHSIM HEOOXIJHO 3ICTaBUTHU 13 pEaJbHUMU YMOBHU
¢GyHKIIOHYBaHHS cUcTeMU. ToMy akTyalbHOI 3aJauero Mij 4ac JOCIIIKEHHS CUCTEM
KOHLIEHTpalli € BHM3HAYEHHS TAKUX TEOPETHMYHUX MIAXOAIB JI0 BpaxXyBaHHs
HETOYHOCTI TIOBEPXHI KOHIIGHTpATOpa, SKi O iX ONMUCyBadM HAWOUIBII TOYHO 1

aJICKBATHO, HAOIMKAI0YH OTpI/IMaHi SHAYCHHSA JO CKCIICPUMCHTAJIbHUX.
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Ave

Puc.2.2. BinxuneHHs HopMaji peajlbHOro KOHLIEHTPaTopa BiJl HOpMaJIl

MAaTCMaTH4YHO i,Z[CaJIBHOFO KOHIOCHTpPATOPA

[IpoBenenuii aHami3 Moka3aB, IO BCl TEOPETUYHI MIAXOAW IO BpaxyBaHHS
HETOYHOCTI TIOBEPXHI KOHIIEHTPATOPa YMOBHO MOHA PO3IIJIUTH Ha YOTUPH OCHOBHI
Pyl B 3aJ€XKHOCTI BiJ 3HAaY€HHsA (QYHKIIi I1HIAMKATPUCH Ta 3HAYEHHS KYTIB
Ay, =Ay (X,¥,2) 1a Ay, =Ay (X, Y,z) . Sk npasuio, 3a 0a30Buil napamerp
oOupaeThCcsi 3HA4YCHHS (YHKINT 1HAUKATpUCH y BinmOutomy myuii. Ha puc. 2.3

CXEMaTUYHO HABEICHUI MOA10HUI PO3MOILIL.
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fol@) =1
P = VY¢

fo () = fc(P)

V3aranpHeHa Po = Wc
MaTeMaTH9HA MOJIEITb
IpOoIIEeCY KOHLEHTpaii f, (@) = var
T
Pe<@q <3

2

fﬂ I:(p) =g~ hie®

@DZE

Puc. 2.3. Knacudikaris mijaxo/1iB 10 BpaXyBaHHS HETOYHOCTI MOBEPXHI

KOHIICHTpATOpa B 3aJIEXKHOCTI BIJ (DYHKINT IHAUKATPUCH

Jlo mepmioi rpynm BiTHOCSTHCS MOjENI, MOOYJOBaHI y MNPUMYIICHHI, IO
po3Mip BIAOMTOr0 Mydyka JOPIBHIOE PO3MIPY TNAJA0UOro IMy4yka 1 PO3MOJILIT
BUIMIPOMIHIOBaHHSI B My4YIll € PIBHOMIpHUM. MaTeMaTUYHO 1€ MPUITYIICHHS MOXHA

3aMMCcaTh HAaCTYITHUM YHHOM:
oo=vc, Tolp)=1. (2.3.1)

Taky imeanizoBaHy MoJielib OyJIO MOKJIaJCHO B OCHOBY 0OararboX paHHIX Ta
CydacHUX JOCTipKeHb. Mojenb Moke OyTH 3acTocoBaHa $K IS MaTeMaTHYHO
11eabHUX KOHIEHTpaTopiB (Ay, =0, Av, =0), Tak 1 114 peaJbHUX KOHIIEHTPATOPIB
(A7 =A7 (X, Y,2) , Av, =Av, (X Y,2) ). B pasi igeanbHOro KoHLEHTpaTopa 3
TOYHOIO opieHTallier0 Ha CoHIle 3a/1auya KOHIIEHTpaIlli B JaH1i MOCTAHOBII MOXe OyTH

pO3B’s3aHa aHAJTITUYHUM METOJIOM €JIEMEHTApHUX Bi0OpakeHb (METOJOM EIIICIB),
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SKIHA IIMPOKO 3aCTOCOBYETHCS B MPAKTHUII PO3PAXYHKIB PI3HUX MPHUCTPOIB OCBITICHHS
[80].

JIist  imeanbHUX KOHIIEHTPATOPIB 3 HETOYHOIO Opi€HTarmiero (HasBHICTH
po3doKycyBaHHsI) BIEpIIe Taka 3aaada Oyina pos3p’sizaHa B [81,82] Ha oCHOBI
YHUCIIOBUX METOJIB. Y CYYacCHHMX JOCHIJKCHHSIX peaJbHUX CHUCTEM KOHIEHTparii
HABEJACHUM MIAXilT € TaKOX JOCHUTh PO3MOBCIOKEHUM, 00 [omyckae OyIb-sKi
CrocOoOM 3aBJaHHS HETOYHOCTI TMOBEPXHI KOHIIEHTPATOpPIB — JIUCKPETHHI,
HaOMKeHU!, UMoBIpHICcHUH [83,84].

JIpyry rpymny ckJiaJialoTb MOJeJi, OOy I0BaH1 y MPUIYIIEHHI, 0 MaJIar0uuii
Ta BIJOMTHN MMy4YKM TPOMEHIB IMOBHICTIO 1JI€HTUYHI 3 TOYKH 30py 3HAYCHHS
IHAMKATPUCH BUIIPOMIHIOBaHHSA. MaTeMaTHYHO I yMOBA BHUIJISAAE€ HACTYITHUM

YNHOM:

po=vc, fole)="T(vc). (2.3.2)

[Ipy TakoMy HpPUIYHIEHHI TaKOX ICHYE MOXJIMBICTh 3aJaBaTd HETOYHOCTI
MOBEPXHI PI3HUMHU Croco0aMH, OJHAK BUHUKAIOTh JOJATKOBI TMPOOJEMHU, IO
NOB’sI3aH1 13 BU3HAUYEHHAM (YHKLII 1HAMKATPUCH B My4Ylll MPOMEHIB, 110 HAIXOIATh

Bix Conis. s 1boro MoXe OyTH BUKOPHUCTAHE CITIBBIIHOIIICHHS

fe(w)=1"(B)cosp,

ne 0<y<y.; B — KyT MDK HanpsAMKOM IIPOMEHIO B Iy4Ylll Ta HOPMAaJUIIO JO

. .. * . . .
HOBepxHi coHsiuHOI chepu; f ( S ) — KyToBa (pyHKLIA, sIKa BUpPaXae BIAHOCHY 3MIHY
SICKPaBOCT1 COHS'YHOTO JHUCKY 3a HaIllpsIMKaMHu.

38’5130k Mk Kyramu f Ta W Moxe OyTH 3HalJIeHHid 13 MPOCTOro

T€OMETPUYHOTO CITiBBITHOIIICHHS:
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f ~arccos, |1— Y1 ~arcsin| 2L :

Ve Ve

“ee * .
a 3HaueHHs QyHkmii f ( p ) OTUCYETHCS AMMPOKCHUMYIOUUMHU (QYHKIISIMU THITY

_1+1.564cos g,
2.564

V)
abo

f*()=0.513+0.487cos 33,

K1 0a3y10TbCA Ha aCTPOHOMIYHUX JTaHUX [85].

Hagenenuii miaxig € akTyaldbHUM 1] 4Yac pO3paxyHKY MapaMeTpiB KOCMIYHHMX
COHAYHUX EHEPreTMYHUX CHUCTEM, OCOOJIIMBO THUX, $KI MPOEKTYIOThCA s
BUKOPUCTAHHS B MIKIUIAHETHUX MOJIBOTAX.

Jlo TpeThOi rpynM BiJHOCSTBCS MOJENI, SKI OYIyIOThCS 13 BUKOPUCTAHHIM
XapaKTEPUCTUK pPEATbHUX KOHUEHTPATOPIB — ICTUHHUX abeporpaMm IOBEpXHI,
BUMIpSHUX a00 po3paxoBaHUX (DYHKIIN 1HAUKATpUCH. MaTreMaTHUHUN OMUC ITUX

MOJeJeN Ma€ BUTIISI

We <@y < %, fo (@) =var (2.3.3)

1, IK OyJI0 BIAMIYEHE BHUILE, B HAHOUIBIIOMY CTYIIE€HI BIANOBIJAE XapaKTepy MPOILIECiB

NepPEeHoCy, sIKI MaIOTh MICLIE B CUCTEMAaX KOHUEHTpAIlil COHSIYHOTO BUIPOMIHIOBAHHS.
B okpemy 4erBepTy TIpymy Cui BUAUIMTH MiAXiA, KA BIepIie

3anporoHoByBaB P. Amapici, 1 sikuil OyJayeThCs Ha MPUITYLIEHHI, 110 BIAOUTHUM BiJ

KOHIIEHTpAaTOpa YMOBHUI Iy4OK MPH (PIKCOBAHOMY KYTi ¢, Ma€ IHAUKATPUCY BUILY:
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o =%, fo(p)=e™" (2.3.4)

ne h, — mapaMmeTp QYHKUII pO3NOALTY €HEprii B YMOBHOMY BIIOMTOMY ITy4Ill
(mapametp Amapici).

Oco0MMBICTh JTAaHOTO MIIXOAYy IMOJATAE Yy TOMY, IO pealbHa J3epKajbHa
MIOBEPXHS 3aMIHIOETHCSI TEOMETPUYHO i€AIbHOI0, a HETOYHICTh TOBEPXHI Y

HESABHOMY BHIJIAI BPaxOBYIOThCS 3a JIONIOMOrOI0 napaMerpa h,, KMl BHCTyHa€ B

SKOCTI MIpy TOYHOCTI [86].

3anponoHOBaHUM MiXija, 3 OJHOTO OOKY, JyKe CIPOIILY€E PO3B’SI30K 3aaadi, 00
el po3B’sI30K HEOOXITHO 3HAXOIUTH JUIsl MaTEMATUYHO 11€aJIbHOTO KOHILIEHTPATopa,
aje, 3 IHIIOrO OOKYy, BUHHMKA€ OKpEMa J0JIaTKoBa IMpoOJieMa MOIIYKY 3HAaYeHHS

napaMmeTpa TOYHOCTI hy .

TakuMm YWHOM, MpoaHaNI3yBaBIIM BCl HABEJCHI BHINI METOIW BpaxyBaHHS
HETOYHOCTI MTOBEPXHI KOHIIEHTPATOPA, MOYKHA MEPEXOUTH O CTBOPEHHS KOHKPETHOT
MaTeMaTHYHOI ~ MOJENl  JUIA  JOCHIDKEHHS  EHEePreTUYHUX  XapaKTePUCTHUK

KOHIIEHTPATOPIB BIAMOBIIHOT T€OMETPIi.

2.4. MaremaTH4Ha MOJeJIb NPoUeCy KOHIeHTPpauil B cucteMi “CoHie —
napadoJI0iIHN KOHIIEHTPATOP — Telionpuiimay”
3acTOCyEMO OCHOBHI MOJIOKEHHS y3arajlbHeHOI MaTeMaTUYHOT MOJIEII MPOIECY
KOHIIGHTpAIl 10 AOCTIIHPKCHHSI COHIYHUX CHEPreTHUYHUX CHCTEM 13 TapaldoIoiTHUMHU
KoHIleHTpaTopamu [87]. Ha puc.2.4. mokazaHuil xiJ COHAYHUX MpoMeHiB Biag CoHus
Ha TapaboJIOITHUM KOHIIEHTpATOp 1 BiA MapaboJOiHOrO KOHIEHTpaTopa Ha

TEIUIONPUIIMAaY.
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Puc.2.4. Cxema xony npomeHiB B cuctemi “CoHile — mapadoia0ifHUIl KOHIIEHTPATOP —

TerionpuimMay’”’

V3aranpHeHa MaremMathyHa Monens (2.2.17) Oyna BHKOpUCTaHa IS

napabosI0iIHOTO KOHIIEHTpATOpa, PIBHSHHS SKOTO MAa€ BUTJISI!
X +y’=4f.z.

Jlns BU3HAYEHHSI IMIUIBHOCTI TEIJIOBOTO MNOTOKY Ep, 10 HAIXOIUTh BIJ
napaboJIoiHOTO  KOHIEHTpaTopa Ha  TeIUlonpuiMad, 3po0JjeHl  HACTYIIHI
MPUITYTIICHHS

- JOCHIKY€ThCA TEIJIONPUMAaY BIIKPUTOTO TUITY, TOOTO )((I KH) =1;
- KOHIIEHTpaTOp TOYHO opieHTOoBaHUM Ha CoHIIE;
- Koe(imieHT BIIOUTTS TOBEPXHI  KOHIIEHTpAaTOpa €  CTaluM, TOOTO

B =const,

- ynkuis inaukatpucu mae Burmsin f (o) =1, akyr ¢, =y, =16".
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BukopucToBy0UYHM HaBelIeHI MPUITYIICHHS Ta BPaXOBYIOYH IO MPU MAJIOMY KYTi
] 29 ve l//2
sinp~¢@ i _[Singod(o ~ I pdo = 7C , y3araJbHEHy MaTeMaTHmdHy Mozenb (2.2.17)
0 0

MOJHa IICPCIrcaTu y BI/IFJIHI[iI

m// |2
C s,

3acTtocyemo kinacuuHy GopMyITy Mepexoy Bij MOBEpXHEBOTO iHTerpany (2.4.1)

JI0 OJIBIMHOTO JJIs SIBHO 3a7aHo1 (yHKITy dhopmi [88]:

Sﬂ f(xy,z)dS = Sﬂ f (x,y,z(x,y))\/1+(z'x)2 +(z'y)2dxdy,

e S'K — TIJIOIIA TTOBEPXHI MapaboJI0iTHOTO KOHIIEHTPATOpA.

[Ticag BU3HAUCHHS HOXiI[HI/IX Ta CIIPOIICHH:A, 3HAXOANMO MATCMATUYIHY MOJACIIb

KOHIIEHTpAIli A1 MapaboI0iTHOTO KOHIICHTPATOPA Y AEKAPTOBUX KOOPIMHATAX:

E /5 )C0S 9y C0S Gy 4/4 + X%+ dS
E, = Cﬁ[(zj ki1) K 17\/ K y (2.4.2)

27 fwé 12,

JInst 3py4HOCTI TOAANBLIOTO MOJENIOBaHHS y BHpas3l (2.4.2) HeoOXITHO

MeperTH Bij IEKapTOBUX KOOPIHHAT (x, y) JIO TIOJISIPHUX (r ,9) , a caMe:
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7 R
E, - EcLBx 2I J~§ xi1) cosSKcosgml4fK+r rdrd@ (2.4.3)

27 fK‘//c i

JC

1, axwo @y<y,

: (2.4.4)
0, sakwo @y>y,

Cf(lKn):

OtpuMane cmiBBigHOmEHHS (2.4.3), sKe JOMOBHIOETHCS yMmoBamu (2.4.4),
MOXHa BBa)KaTU MaTEeMaTUYHOI MOJICJUII0 TEPEHOCY BHUIPOMIHIOBAHHS B CHUCTEMI

“CoHIle — mapa0oia0iIHUI KOHLIEHTPATOP — TeIUIONpUiMay’”.

BucHoBkm 10 po3aity 2

1. Ilpoanami3zoBaHl [B1 KOHIEMIi, SIKI MOXJIMBI HpH MOOYJIOBI y3arajJbHEHOI
MaTeMaTUyHOI MoOJeNi Tmporecy KoHmeHTpamii. OOrpyHTOBaHO  BHOIp
(GOTOMETPUYHOrO MIJXOAY JJIsi CTBOPEHHS Yy3arajlbHEHOI  MaTeMaTH4HOI
MOJEJII.

2. BusHaueHl BeNWYWHU, SIKA XapaKTEPU3YIOTh BJIACTUBOCTI 00’€KTIB B CHCTEMI
KoHLeHTpauli “CoHlie — KOHIIEHTPATOP — TeIIonpuiMay”.

3. bazyrounch Ha OalaHCOBHUX EHEPreTUYHUX CITIBBIJIHOIIEHHSX B CHCTEMI
“CoHIle — KOHIIEHTpATOp” Ta “KOHIICHTPATOp — TeIulonpuitMay”’, moOyaoBaHa
y3arajibHeHa MaTeMaTH4Ha MOJENIb €HeprooOMiHy B CHCTEMax KOHIIEHTpAllii,
sKa HE 3aJICKUTh Bl T€OMETPii KOHIIEHTpATOpa Ta TeIJIonpruiiMaya.

4. 3amnpornoHoBaHa Kiacu(ikallis MiIX0/IB 0 BpaxyBaHHS HETOYHOCTI MOBEPXHI
KOHIICHTpAaTOpa B 3aJIEKHOCTI BIJ (PYHKIIT 1HIUKATPUCH; BU3HAYEHI OCHOBHI
METO/M PO3PaXxyHKY KYTOBHUX BIJIXWJICHb MOBEPXHI PEABHOTO KOHIICHTPATOPA

B1JI MAaTEMATUYHO 1J1€aJILHOI.
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5. Ha ocHOBi cTBOpeHOi y3araJibHEeHOI MaTEeMaTHMYHOI MOJEN Ta BiJMOBITHUX
CIOpOIICHh IOOyJOBaHA MaTeMaTWyHa MOJEIb Ui  1apabdoJsIoiIHOTo
KOHIICHTpaToOpa, HAa OCHOBI SIKOT mependavacTbcsi MPOBEACHHS UYHCIOBUX

JTOCJTIIKEHD.
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3. KOMII'IOTEPHE MOJEJIOBAHHSA ITPOLHECY IIEPEHOCY
BUIIPOMIHIOBAHHSA B CUCTEMI “COHIIE — TAPABOJIOIJHUM
KOHIIEHTPATOP — TEILIOIIPUHIMAY”

Po3pobnena maTemaTMyHa MOJENb MPOLECY KOHIEHTpalii COHSYHOTO
BunpomintoBanHs (2.4.3) — (2.4.4) MICTUTh BEJIMYMHY MIIJIBHOCTI COHSIYHOTO
BUNPOMIHIOBaHHS B SBHOMY BUIJsAl. ToMy 11 3HaXOMKEHHS 3BOJUTHCA MO
pPO3paxyHKy TMOJBIMHOro 1HTerpany. JlJis dYHCIOBOrO pO3paxyHKy MOJBIMHUX
IHTErpajliB MO’KHa BHUKOPUCTOBYBAaTH KJIACH4YHI KyOaTypHi ¢GopMyiu abo MeToau
CTaTUCTUYHOTO  IHTErpyBaHHA. Bubip Meromy  OOyMOBJIEHO  BJIACTHBICTIO
HiiHTerpanbHol  (QyHKIII, fKa BHU3HA4Yae€Tbcsl yMmoBamMu  3anayi. ['panui
nigiHTerpanbHoi GyHkis iHTerpany (2.4.3) MamTh CKIAQAHUN Ta HEBU3HAUYCHUN

xapaktep. KoHTypu rpaHuils IHTETpyBaHHS 3aJI€KaTh Bijl 3HaUCHHS (PYHKIIIT cf(l KH),

MOBEAIHKY $IKOi B OOJACTl 1HTErpyBaHHSA MPAKTHYHO HEMOXJIMBO mepeadauntu. Lli
OOCTaBMHU CBiIYaTh TMPO JOIIJIBHICTH BHUKOPUCTAHHS METOJY CTaTUCTUYHUX
BunpodyBanb MonTte-Kapiio /st 3HaXO/KEHHSI YHCIOBOTO PO3B’S3KY PO3pOOIEHOT

MaTeMaTUYHOI MOJIEJII MPOIEeCY KOHIICHTPAIIii.

3.1. Po3poOka anropurmy MonTte-Kapio 111 BU3BHAUEeHHSI eHePreTHYHUX
XapPaKTEePUCTHUK CUCTEM KOHIEHTPAaMil
Jlo mouatky ctBOpeHHs airoputMy MoHTe-Kapio HeoOXiTHO BHU3HAYUTHCS 13
HMOBIPHICHOIO TPAKTOBKOIO OY/Ib-SIKOTO MOJBIMHOTO iHTerpaty. B 3amexHocTi Big Hel
0oOHMpaeThCs METOJ| CTATHUCTHUYHOIO MOJICIIOBAHHS. SIKIO BiJOME CITIBBIJIHOIICHHS
MDK 1HTETpajoM Ta WMOBIPHICTIO MOii, TO BUKOPUCTOBYETHCS TMEPIIMA METOJ

CTATUCTUYHOTO MOJICJIIOBAaHHs. BiAMOBIAHO APYyroro MeTOay 3HAYCHHS MOABIMHOTO
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IHTerpaty — 11e MaTeMaTUYHe CIO/IBaHHS (PYHKIIIT IESIKOr0 JBOMIPHOTO BUIIAIKOBOTO
BekTopy [89].

[lepmuit MeTon € BITHOCHO HETOYHUM 1 Mependadae MOMEpeHE 3aBIaHHS
EKCTpEeMaIbHUX 3HAauYeHb IMiAIHTErpasibHOI PyHKII. TOMY MpH CTBOPEHHI aJITOPUTMY
nepeBara BijjlaHa IPyroMy METOAY CTaTUCTUYHOTO iHTerpyBaHHs [90].

3aBASKH TOMY, III0 3HAYEHHS MMOABIHHOTO 1IHTErpaly y BHpasi

£ - E-fx TRJ-Kg(lm)cosgkcossmeK+r2rdrd¢9
00

|2
KIT

€ MaTeMAaTHYHUM CIIOJIBAaHHSM BIJIMOBITHOT MMOBIpHICHOI (DYHKIIII, OIIHKY I[bOTO

IHTErpagy Ma€ BUIIISIA:

N
2.9(r.6)
le =27R B, (3.1.1)

(1..)cosd, cosP.r/4f2+r’drdé
é: KT 17 K'i K i

2
IKH

ne g(r,6)= , (r,8) — -cucrema nBOX

HE3AJIEKHUX BUIAJKOBUX BEJIIMYWH, SKI PIBHOMIPHO pO3MOAUICHI B 00JacTi
0<r <R ta 0<6 <27,a N —uucio BunpoOyBaHs s renepauii (r,8).
[Iponienypa reHeparii cucremu BunagkoBux BenuuuH (I,6) 3BOIUTHCS 10

JHIAHOTO NEPETBOPEHHS BUIY

=R (3.12)
0 =2nw, o

Ie @, Ta @, — BUIAJKOBI YUCIA, PIBHOMIPHO po3nofineHi B fianasoHi [0;1].
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Ominka inTerpany |. cxiagamacek i3 nekiapkox eramiB. Ha mepmomy erami

HAa HEMEpepBHIA TMOBEpPXHI TeIUIONpuiiMaya, II0 pPO3TalIoBaHWi Yy (QoOKyci
KOHIIEHTpaTopa, (hopMyBaBcsi PiBHOMIPHHI pPO3PaxXyHKOBUN INAOJIOH JHCKPETHHX
toyok. Ilicms dYoro oOupamach KOHKpETHa JUCKpPETHA TOYKa IOBEpPXHI

teronpuiivada (X,;,Y,,Z,) 3 UbOro IAOIOHY, SIKifi cTaBHJacs y BiIMOBIIHICTH
BHIIaJIKOBa TOYKA [IOBEPXHI KoHueHTpaTopa (I;,6,). BBakanocs, 1m0 came Bix TOUYKH
(I‘,H,) BIIOMBAETbCA TIPOMiHb, IO CHPSIMOBAaHMM Ha TOYKY TeIUIONpUiiMayda
(Xn’ ynizn)-

Ha apyromy erami oGunciroBamuch koopausatu touku (I,6,) B cucremi

KOOpAMHAT, IO TMOB's3aHa 13 KOHIleHTpaTopoM. Ilicis 3HaXOJKEHHsS 3HAYCHHS
KoopruHaTH i€l Touku (X, Y.,Zc) , PO3paxoByBajach JOBXKHHA BEKTOPY |, v

BIJIMOBIJIHOCTI JO CHIBBIJIHOIICHHS:

Ler = O =X+ (Y = Vi) + (2 = 2,0)% . (3.1.3)

3HaueHHs COSY, = COS( ?m,—n HP) XapakTepu3y€e B3a€EMHEC pO3TallyBaHHS

KOHIIEHTpaTopa Ta TeIjonpuiiMaya y MpOCTOpi, a 3HaYeHHs COSY, :COS(—Ig,n K)

MOKa3y€e OpiEHTAIl0 KOHIIEHTpaTopa BigHOCHO CoHIis. [[s po3paxyHKy 1UX 3HaY€Hb

CKOPHUCTAEMOCH MTPABUIIOM CKAISIPHOTO JOOYTKY JBOX BEKTOPIB, a caMe:

cosS, =12 n, + I,‘jnynﬂy +12. N, (3.1.4)
Ta
c0s 9 =—(18Ng, + 18N, +10N,, ). (3.1.5)

[Ticnst  po3paxyHKy IIMX 3Ha4eHb 3HAXOAMMO TMPOMIKHE 3HAYCHHS
MiIHTErPATLHOTO BUPA3Y:
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€089, C08 G I\[4fe 417 (3.1.6)

2
IKH

z,—1 2f
me €0sY, =—L—=X a cosg, = £

I](n w/l’i2+4fKZ .

Ha Tpernomy erami po3paxyHKy MepeBIpSIETHCS yMOBA MOMaJaHHS TPOMEHIO
Ha TIOBEPXHIO TEIUIONpHiiMada, sIKa XapaKTepU3YEThCA 3HAYCHHSIM (QyHKIIL
XeBicaiiny cf(l KH). I IbOTO MPOBOAUTHCS PO3PAXYHOK KYTa, B IKOMY MOKJIUBO

3HaXOJUTHCS] IPOMIHb:

gDO = arCCOS(II%CIIng + IlgyIIO(Hy + Ilgzllgﬂz) ) (317)

[Tin wyac po3paxyHKy KyTa ¢, BUHUKAa€ OKpeMma 3ajiaya, sika IOB’s3aHa 13

BU3HAUEHHAM KoopauHat Bektopy |y [91]. Lli koopauHaTH 3HAXOAAThCA, 6a3yI0UUCh

Ha 3aKOHI JI3epKabHOTO B1AOUTTA (2.2.19), a came:
0 0o _ 0 . 0 T
(—12)nel% =0, (-12)ne =n, 1%, we <o, <
BianoBiHO 3aKOHY J3€pKaJIbHOTO BIJOUTTS, MPOMIHb, IO Majae€, BIAOUTHIA
OpOMiHb Ta HOPMallb JO TOBEPXHI € KOMIUIAHAPHUMHU BEKTOpamMHu, TOOTO
3HaXOJAThCS B OJIHIN muionuHi. OCHOBHA BJIACTUBICTh KOMIUIAHAPHUX BEKTOPIB — II€
PIBHICTh HYJIO iX 3MimIaHoro m00yTKy a00 HasBHICTh BIAMOBIAHOI JHIAHOT

sajeskHocTi. Jnst BUmanaky cucremu BekTopiB Iy, 12,n, 1 niHiliHA 3anexkHICTH Mae

BUTJISI:
1% = pl2 +an,, (3.1.8)

1ie P Ta § — AOB1JIbHI KOHCTAHTH.
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[Tomuoxumo pisasans (3.1.8) ma 1%,12,n

CUCTEMY PIBHSIHb BULY:

IOK N = p(loc'nK +Q(n|< 'nK)
512 = p(12 1) +a(n 12)
I 18 =p(12-12)+a(ng-12)

I3 mepuioro piBHAHHS MaEMO:
1% -ne =p(I2-ne)+a.
Jpyre Ta TpeTe piBHAHHSA EPENUIIEMO Y BUTIISIL:
(1) =p(1E-12)-a(n.12)
Ta
1912 = p(l‘é)2+q(nK 12).
[Ticnst nonaBanns piBHsSHHSA (3.1.12) no piBasHHA (3.1.11) Maemo:
(1) +15 12 = p(12-12 )+ p(12)".

[IpuBeneHHs Noa10HKUX B OCTAHHBOMY P1BHSIHHI

(- p)((12) 415 12) =0

Ta aHaJ13 OTPUMAHOTO PE3YIbTATY JO3BOJISIE 3pOOUTH BUCHOBOK, 1m0 P =1.

[TinctaBumo 11€ 3HaueHHs B (3.1.10) Ta oTpuMyeMmo:

g=ly -n =12 -n ==2(12 -n,. ).

« » BUIMOBIAHO, Ta OTPUMAEMO

(3.1.9)

(3.1.10)

(3.1.11)

(3.1.12)

[TinctaBumo 3Hauenns P ta ( B (3.1.8) Ta ocTaToOuHO MaeMO BUpaA3 sl BEKTOPY

|}y BexTOpHiii

1% =18 —2n, (12 -n, )

abo B KoOpAMHATHIN (opMi
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0 _ 10 0 0 0
IKx - ICx - 2nKx (IanKx + ICynKy + ICanz)
0o 10 0 0 0
1 =12, —2n, (0, +1%n,, +120,). (3.1.13)
0 _ 10 0 0 0
IKZ - ICZ - 2nKz(|anKx + ICynKy + ICanz)

Yy BHUITIAJIKY, AKIIIO KOHOCHTPATOP TOYHO O 1€EHTOBAaHUN Ha COHHG, KOMIIOHEHTH

y TpaTop p

1, =1° =0, a 12, =—1. Toxi

Ilgx = 2N, Ny,
I, =2n,, N, - (3.1.14)
2 =207, -1

[Ticas 3HAXO’KCHHA 3HAYCHHSI KyTa @, HGpGBipHGTLCH BHUKOHAHHA YMOBH

(2.4.4)

1, axwo @y<y,
0, sKkwo @y>yo

¢ (|1<17) -
ko s yMoBa BUKOHYETHCS, TO OTPUMaH1 3HAYEHHS JIOJAOTHCSA 10 CYMHU Y
Bupasi (3.1.1), SKIIO yMOBa HE BUKOHYETHCS, TO T€HEPYEThCA IIE OJHA BUIIAKOBA
TOYKa Ha TTOBEPXHI KOHIEHTPATOPA 1 UK PO3PaXyHKY 31HCHIOEThCA 11ie pa3. [licis
BUKOHAHHS Takoro Hukiy N pa3iB UIIIBHICT KOHIIEHTPOBAHOTO COHAYHOTO MOTOKY B
oOpaHiii TOYIll TeIUIONpHiiMadya BBAXKAETHCS 3HAMIACHOIO 1 CHIIJ TMEPEXOAUTH [0
HACTYMHOI TOYKH MIa0JIOHY, KM NOOYI0BaHM HA MOBEPXHI TEILIONpUiiMaya.
OkpeMo B pPO3pOOJICHOMY alTOpUTMI TependavyacThesl Mporeaypa BHOOPY
ONTUMAJIBHOIO 3HAUEHHS KUIbKOCTI BUMpPoOyBaHb N, mpH sKOMY TOYHICTH Ta
JIOCTOBIPHICTh OTPUMAHMX pPE3yJbTaTiB OyJe MakcuMaibHOW0. HeoOximHiCTh Takoi

MPOILICTypH TOB’sI3aHa 3 TUM, IO TIiJ] 9ac po3B’sa3aHHs 3a1a4l MeTogoM Monte-Kapio

~

peani3yeThes ITYYHUI BUMAJKOBUI MPOLIEC 1 TOMY OL[IHKA pe3ynbTary [, 3aBKIu €
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BEJIMYMHOIO BUIAJKOBOIO, & HOTO TOYHICTh HOCUTh WMOBIpHICHUN Xapaktep. Tomy

~

MOKHa CTBEpJUKYBaTH, IO NOXuOKa Bupasy [, ~I[, He mepeBUIlyE & 13

JIOCTOBIPHICTIO @, SIKIIO MMOBIPHICTh HEPIBHOCTI ‘1 =1 E‘<g JOPIBHIOE &, TOOTO
SIKIIIO

P(T, -1, <¢)=a. (3.1.15)

[HmMMM caoBamMM L€ 3HAYMTh, IO MOXMOKa MpU 3aMiHI 1HTerpaia [; #oro

~

OLIHKOIO /, 3 MMOBIPHICTIO ¢ He OyJe NEepPEeBUILYBaTH & .

TouHICTh 1 JOCTOBIPHICTh OLIHKHM 3ajeXaTh B1J AMCHEPCIi MiAIHTETrPaIbHOI

byHkii Ta yKcia npoBeAeHUX BUIPOOyBaHb. LI 3HAUEHHS MOB’s3aHI 3aJIEKHICTIO

Buay [92]:
D
N=t,— , (3.1.16)
g
ne N — kimpkicTh BUNpoOOyBaHb; D — nucmepcis migiHTerpainbHOl  (GyHKIIIT,

L 20 (a).
HMucnepcis  migiHTerpanbHOi  (QYHKINT pPO3PaxOBYEThCSI B  alTOPUTMI  3a

HACTYITHOI HAOJIMKEHOI0 (hOPMYJIOH:

>0 (0) | X0(.0)

D~(27) RZ| =L v 2 , (3.1.17)

a 3HaueHHs QyHKLIl cD‘l(a), aka € obOepHeHor a0 QyHkuii Jlammacy — 3a

JIOTIOMOTOI0  TaONHWIb CHELiaJbHUX MaTeMaTHuHuX (QyHKUiH abo BOymoOBaHUX

010JT10TEK.
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TakuM YWHOM, JJI1 BU3HAYEHHS HEOOX1THOI KIIBKOCTI BUIPOOYBaHb CIIif
CIIOYaTKy 3ajaTucs Oyab-skuM uuciioM BunpoOyBanb N =N' Ta mpoBecTd 3 HUM
po3paxyHku. Ilicis 9oro po3paxyBaT 3HAYCHHS JUCIIEPCii Ta BUSHAYNUTH HA OCHOBI
(3.1.16) HoBe 3HaueHHs uwucia BunpoOyBanb N" . Ile 3HayeHHs  IOBHHHE
BIIITOBIIATH oOpaHoi TOYHOCTI & Ta JIOCTOBIPHOCTI
(a~0.9+0.95). Ilicia mporo mepeBipseThCS BiHOCHA MOXHMOKa MK TOYaTKOBUM

—N"-N]

YUCJIOM BHUIPOOYBaHb Ta po3paxoBaHuM N = Axmo g BenuuuHa Oyze

MEHIIA 3a 33J]aHy, TO MPOIEC PO3PAXYHKY BBAKAETHCS 3aBEPIICHUM, a SIKIIO OUIbIIE
3a 3aJlaHy, TO MPOIEC PO3pPaXyHKy HEOOX1IHO MOBTOPUTU 13 3HAWJCHUM YHUCIOM
kubkocTi BunpoOyBanb N" . CrpykTypa ONUCAaHOTO alrOpUTMy HaBelIE€HA B

0s10k-cxemi Ha puc. 3.1.

AM:AM;,E,Q:'
l

Peanizauia meTomy
MoHTe-Kapno

l

D,t,,N"

¥ a'.l"

l Tak

Cend)

Puc.3.1. brnok-cxema anroputMy BUOOPY ONTHUMAIBHOT KITBKOCTI BUIPOOYBaHb
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3.2. BpaxyBaHHsl HETOYHOCTI OBEPXHi KOHIIEHTPATOPA NPHU MOOYA0BI

anropurmy Monrte-KapJio

B migposnim 2.3. HajmaHa cucTeMaTH3alliss METOIIB BpaxyBaHHS HETOYHOCTI
MOBEPXHI KOHIEHTPATOpa, B OCHOBY SKOI MOKJIAJACHUN BUA (YHKIIT 1HIUKATPHUCH.
[Tpu ubomMy BHUOIp 3HAYEHHS KYTIB, SIKI XapaKTePU3yIOTh HETOUHICTh MOBEPXHi, HE
posrsinanuck. Ilepm HiXK nepedTH mis po3paxyHKH IIMX 3HAYEHb HEOOXITHO
Bi3HAUMTH, IO HETOYHOCTi MOBEPXHi MOXKYyTh MaTH pi3Hy HOpUpody. Ix
cucTeMaru3ailis HaBeaeHa B [93,94], ne Bci MOTEHITiHHI HETOYHOCTI PO3UIAIOTH Ha

- MOXHWOKH, 1110 TOB’sI3aH1 13 “Hel3epKaibHICTIO” (A1(Yy3HICTIO) MTOBEPXHI;
- MOXUOKHU Npo(dUII0 — MIOPCTKICTh MOBEPXHI;

- MOXHUOKHU OMOPHOI KOHCTPYKIIIi,

-  TIOXHOKM cTeXeHHS 3a COHIIEM;

- MOXUOKM 3MIIICHHS TEIIoONpUiiMaya BiIHOCHO (DOKaTBHOT TUIOIIUHH.

Kpim TOro, 10 IMX HETOYHOCTEH MOXKYTh JOJABATUCS BIUTMBYA HABKOJMIIIHHOTO
cepeaoBUILY — BiTep, o, nui, Touo [95]. I1ix yac ekcrutyaraiiii KOHIIEHTPATOPiB HA
iX TOBEpXHI MOXYTh BUHHUKHYTH (Di3U4HI MOMIKOJXEHHS Ta nedopmyBanus. [lpu
TaKiil KUJIbKOCTI €(peKTIB PI3HOI MPUPOJU BU3HAUYUTHU BIUIMB KOXKHOTO YK€ CKIIAHO.
ToMmy, y BIANOBIIHOCTI JO T€Opii UMOBIPHOCTI, BCl MOMUJIKM MOKHA PO3TJISIIATH SIK
HE3aJIe)KH1 BHITAJIKOBI TIPOIIECH, SIKI OMHCYIOTHCS HOPMAJIBHUM 3aKOHOM PO3MOITY
["ayca 3 HyTbOBUM MaTEMaTUIHUM OUYiKYBAHHSM.

CrangapTHe BIIXWIEHHS KOXXHOTO THUITy MOMHWJIKM O, TpU amnpoKCHUMaIlii

HOpPMAaJbHOTO po3noaity ['ayca MoxkHa miCyMyBaTH Ta BUKOPHMCTOBYBATH B aHai3i

y3araJlbHeHU# napaMeTp BULY:

(3.2.1)

Jie N — KUTBKICTh BIUIMBIB, IO BPaXOBYIOTHCA.
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OTpumaHe 3HA4YEHHS MOKE€ BUKOPUCTOBYBATHUCS HE TUIBKM SIK CyMapHe
BIIXUJICHHSI TIPH CTaTUCTUYHOMY METOJ[I BpaxyBaHHS HETOYHOCTI MOBEPXHi, a 1 fK
OJTHA 31 3MIHHUX B y3arajbHEHUX ONTUYHUX (YHKIISX THIMY KoedimieHTy (hakTopy
nepexoruieHHs: a0 yHIBepcaJIbHOTO MapameTpy nomuiok [96]. [Ipu monentoBanHi 3a
JOTIOMOTOI0 TMX (PYHKI[Ii BCEe HETOYHOCTI (MOMMJIKH) IOBEPXHI KOHIICHTpATOpa
MOIUIAIOTHCS HA JIB1 BEJTUKI TPy — BHUITAIKOBI TOMIJIKH T4 CHCTEMATHYHI TIOMIJIKH.
BBakaeTbcsi, BC1 BUIMAAKOBI MIOMUJIKM OB’ s13aH1 31 3MIHAMH TMOTY>KHOCTI ITPOMEHIO B
nydil, sskuii Hagxoauth Bij CoHis, epekTaMu ONTUYHOTO PO3CIIOBaHHS HA MOBEPXHI
KOHIIEHTpaTopa Ta e(deKTaMH BHITQJIKOBUX IOMIJIOK, IO CIPUYHUHEHI YMOBAaMH
HABKOJIMITHLOTO CEPEIOBUIIA — BITEP, O, M Too. CHCTeMaTHyH1 MOMUJIKU — I1€
MOMHWJIKH, CIPUYMHEHI BUPOOHUIITBOM, HAJNAMTYBaHHSIM Ta EKCIUIyaTaIll€lo
KOHIIEHTpaTopa — MIOPCTKICTh MPOQLITI0, 3MIIIEHHS KOHIIEHTpaTopa BiIHOCHO COHIIS
Ta 3MIIICHHSI TEIUIoONpHUiiMadya BIIHOCHO (POKYCy KOHIIEHTpaTopa. BBakaeThcs, 1110
CUCTEMATUYHI TTOMIJIKM MAlOTh CHJIBHIIINN BIUIMB Ha €HEPTETUYHY MPOJAYKTHBHICTH
CUCTEMU TIOPIBHSIHO 13 BUTIAJIKOBUMH TOMUIIKAMH.

Hapeaenuit po3no/ina Ha BUMIAAKOBI Ta CUCTEeMAaTHYHI TTOMUJIKY Ta 1HIIT METOJIU
CHUCTEeMaTH3aIlli HETOYHOCTI MalOTh, CKOPIII 32 BCE, BUKITIOYHO TCOPETUIHUN 1HTEpEC.
CkopucTaTucs TaKOW CHCTEMATH3allll0 Ha MPaKTULl Maike HEMOXJMBO. Tomy, sk
MPaBUJIO, TIPU JOCTIPKEHHSAX 0OMPArOTh 1HII ABI MiIX0AU 10 BU3HAYCHHIO TOMUJIOK,
a came:

- INpU CTAaTUCTUYHOMY aHaJi3l IIOMMIOK B IIapaMeTpl O, BPaxOBYIOThCH

CyMapHI HETOYHOCTI MOBEPXHI, Kl € HAHOUTbII BUpaKEHUMU B AaHIi cUCTeMi
KOHIICHTpAIIii;

- JIeTaJbHO AaHAMI3y€ThCS JIMIIE OJHA TOMMWIKA, e(EeKT BiI SKOT MOXKHA
BpaxyBaTH €KCIIEPUMEHTAIFHO a00 MUISIXOM BBEJICHHS B MATEMAaTHYHY MOJIEIb

Ta YHUCJIOBUU AJITOPUTM.
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B po6oti [64] aBTOp 00’€¢aHaB B OJHY €(EKTUBHY MOMMJIKY YOTHPH THUIIH
MOBEPXHEBUX TOMMJIOK, IIOB’SI3aHUX 13 BIJXWJICHHAM BiJIOMTOr0 IPOMEHIO Bij
JI3epKAIbHOTO  HampsMKy. lle moMmiku — m3epKanmbHOCTI, IMOPCTKOCTI  Ta
HEJIOCKOHAJIOCTI TeOMETpUYHOI (OpPMHU TOBEpPXHI KOHIEHTpaTopa Ta IOMUJIKA
cTexxeHHs 3a COHLEM.

st mocmimkenas B [97] Oynm oOpaHi MOMWJIKK JBOX THIIB — HETOYHICTH
MOBEPXHI KOHIICHTpATOpa, sIka BUHUKAE 1] J1€I0 CHJI TpaBiTallli Ta HETOYHICTh, SKa
MOB’s13aHa 13 SIKICTIO CUCTEMU (DOKYCYBaHHSI.

[Ipu wac moOymoBi uucimoBoro aiaroputmy Monte-Kapno B maniit po0OorTi
BUKOPHCTOBYBAJIMCH JIBa HaBeJeHUX Miaxoay. Ha meprioMy erari cymapHUid BIUIMB
BCIX TOMUJIOK IIOBEPXHI KOHLIEHTpPAaTOpa BpPAaXOBYBaBCSI B €JWHOMY NapameTpi
BIJIXWJICHHS TOBEPXHI, SIKUA € KyTOM MDK HOPMAaJISIMU PEAJbHOIO Ta MaTEMaTHYHO
1I€aJIbHOT0 KOHIIEHTpaTopa. Ha apyromy ertami AOCHIDKEHHS B YHCIOBUW aIrOpUTM
J10/1aBaBCs JOJIaTKOBHI OJIOK, B IKOMY OKPEMO MOJIETIOBABCS €(eKT po3(pOKyCyBaHHS
KOHIICHTpATOpa — BIIXUJICHHS HOT0 ONTUYHOI OC1 B1JI TOYHOTO HanpsMKy Ha CoHIIe.

Peanizamii mepmoro migxony ©Oa3yeTbcsi Ha MNPUIYLIEHHI, IO CyMapHI
HETOYHOCTI TOBEPXHI MIAMOPSIKOBYIOTHCS HOPMAJIBHOMY 3aKOHY PO3MOILTY 13
HYJIbOBUM MAaT€MaTUYHUM OYIKyBaHHsSM. /[ BBemeHux y migpo3aim 2.3. OBOX

IUIACKUX KyTiB Ay, =Ay(X,Y,2) Ta Av, =Av,(X,Y,2), Ak GOPMYyIOTb CHCTEMY
HE3aJIe)KHUX BHIAAKOBUX BenuuuH ( Ay, ,Av, ), HIIbHICTb HMOBIPDHOCTI  Ma€

BUTJISI:

1[A;f|2< Av%]

1 T2 2 L2

PAy  Av )=———e 7 , (3.2.2)
270 O

yov
le ©,,0, — CyMapHi CE€pEeIHbOKBAJPATAYHI BIAXUIEHHS, B SKUX BPAaXOBYIOTHCS BCI

THUIIY IIOMUJIOK B HaNpsIMKax KyTiB Ay, Ta Av, , BIANOBIIHO.
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Cri BIAMITUATH, 11O JJISI BITHOCHO TOYHMX MapabosI0iTHMX KOHIICHTPATOPIB, SIK

npasuio, Ay, > Av, . B upboMy pa3si Bupa3 sl MIIBHOCTI HOPMAJIBHOTO PO3MOJILITY

(3.2.2) criponty€eThbes 1 CTa€ TAaKUM:

1A7¢

1 252
PAy)=—pm—e 7. 3.2.3
]/K : 2 ( )

[Ipu ctBOpenns anroputmy Monte-Kapno B maniii poOOTi BBa)anaoch, IO
BIJIXWJICHHS 31 IITBHICTIO (3.2.2) iCHy€ B KOXHIM BUITAIKOBO 0OpaHiil TOYIl TOBEPXHI
KOHIIeHTpaTopa. UucioBe 3HAYEHHS IHOTO BIAXWJICHHS MOJEIIOBAJIOCh HAa OCHOBI
HEHTPAIbHOI TPAHUYHOI TEOpEeMH Teopii MMOBIpHOCTEH (MpaBWiIO “‘BaAHANUATH)
[98]:

Ay, = |23 (0, ~05),
n -
e «, € [0,1] — BEKTOP BUMAJKOBUX PIBHOMIPHO PO3MOIJICHUX BEIIMYUH.

3Haiinene 3HaueHHs Ay, [0AaBajOCh 10 3HAYEHHS KyTa ), SIKE BXOJIUTh Y

BUpa3u IS KOMIIOHEHTIB HOpMajl MaTeéMaTHYHO 1/1€aJIbHOTO KOHIICHTpaTopa y
BUMAAKOBIM TouIll. OCTaTOYHO 3HAYCHHS KOMIOHEHT OJMHUYHOI HOpMaJll pealbHOro
KOHLIEHTpaTopa y BUIAJKOBIA TOUll B cPepuuHiid cuctemi koopauHat (I,y,6) mae
BUTJISI;

Ny, =Sinycosé

n =sinysing,

Ny, =—COSy

ne y=y +Ay., a y' — 3HaueHHA cQepUMUHOr0 KyTa MATEMaTHYHO i1eaqbHOro

KOHIIEHTpaTopa.
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[Ile oxHUM BIOKPUTHMM MOMEHTOM € 3HA4YE€HHS CEPEIHbOKBAIPATUYHOTO
BiAXWIEHHS. lle 3HaueHHs 3HAWTH B A0COJMIOTHUX BEJIMYMHAX JOCTATHBO CKIIAJHO,
KpIM TOTO BOHO € YHIKQJbHOI XapaKTePUCTHKOI KOHKPETHOTrO KOHIeHTpaTopa. Jlis

y3araJIbHCHHA pe?)y.]]LTaTiB I[OCJ'IiIDKeHHH CCPCAHBbOKBAAPATUIHEC BiI[XI/IJIeHHH Gy

PO3paxoBYyBaJOCh B YaCTKaX BEJIMYMHU KyTa po3kputts CoHiis [83]:
o, =Ky, (3.2.4)
ne Ke [0,1] — KOoe(ILIEHT MPOMOPIIAHOCTI.

Cnig BIAMITUTH, IO KpIM HOPMaJbHOTO 3akOHY posnoAury ['ayca mnpu
CTATUCTUYHOMY BHM3HAUEHHI HETOYHOCTI IMOBEPXHI MOXYTh BUKOPHUCTOBYBATHUCA 1
1HII 3aKkoHW po3noaury. B [99] BBaxkanoch, O CyMapHI CTaTUCTHYHI MOXHUOKH
MOBEPXHI KOHIEHTPATOpa NIANOPAIKOBYIOTECS po3noauty Penes, sKuil xapakTepusye
3arajibHe KyTOBE BIIXWJIEHHS JBOX HOPMaJbHO PO3MOJIJIEHUX HEKOPEIbOBAaHUX MIXK
c00010 KYTOBUX MOMMJIOK 1 Ma€ MIUIBHICTh PO3MOALTY UMOBIPHOCTI BUAY
AZ

20°

P(A,a)z%exp — : (3.2.5)

ne A=\Ay; +Av; .

MopenroBanHS TPOBOAWIOCH JJII KOHIIEHTPAToOpa 13 BIIHOCHO MAaJoO0
CyMapHOi CepeIHbOKBAIPATUYHOI MOXHWOKOI ITOBEPXHI IIPH JIBOX HMOBIPHICHUX
pO3MOMIIaX KyTOBUX MOMWJIOK — OJHOBHUMIPHOMY HOPMAJILHOMY Ta PEICEBCHKOMY.
[TopiBHSIHHA pe3ynbTaTIB MOKA3aJIO0, 1110 BUKOPUCTaHHS po3noauty Peneto npu3BoauTh
710 3aHKEHHS Maibke Ha 16% 3HayeHHs MUIBHOCTI TEIJIOBOIO MOTOKY Yy (pOKaJIbHIN
TJIONIMHI TI0 BIIHOIICHHIO JI0 3HAYEHHS, SIKe OTPUMAaHE IIPU HOPMaAJIbLHOMY PO3IOALTI.

Posmogin Penes OyB Bukopuctanuit B [100] mnst BpaxyBaHHS HETOYHOCTI
MOBEPXHI BEIMKOro MapaboloifHOrO KOHIEHTpaTopa miuomeo 400 M2, mo

noOy/I0BaHU B ABCTpaliiiCbKOMY HalllOHAJIbLHOMY YHiBepcuTeTi. JlocmimKeHHs

MMPOBOJIUIIOCH IJISA HOpiBHHHHﬂ iHTeraJIBHI/IX CHCPICTUYHUX 3HAUYCHb, OTPHUMAHNX Ha
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OCHOBl HOPMaJBHOTO JBOBUMIpPHOTO po3mnoauty 1 posnoautry Penes. [lani
MOJIeNIIOBaHHsl OyJiM Bepu(DiIKOBaHI E€KCIIEPUMEHTATbHUMU JAHUMHU, HA OCHOBI 4OTO
3po0JIeHNd BUCHOBOK, IO BUKOPUCTaHHS po3moAiury Pemes Ta HOpMaJbHOTO
po3nojiny aa€e  (pakTUYHO OJHAKOBI 3HAYCHHS IIUIBHOCTI TEIJIOBOTO IIOTOKY B
doxyci.

TeopeTnunuil Ta MOPIBHSIBHUNA 1HTEpEC MOKE MaTH 1 aHali3 Ail piIBHOMIPHOTO
3aKOHY pO3MOAULY KYTOBUX IOMHUJIOK MOBEPXHI, TOOTO KOJM PO3MOJAUT TOYOK
NEepPeTUHY OCell BIAOMTHX IMy4YKiB 13 (POKAJIbHOK IUIONIMHOK BBAXKAETHCA
PIBHOMIpHUM 13 LEHTpoM Yy ¢okyci mapabosoina. OueBUIIHO, IO BiJ CHCTEMH
JHIAHUX BUIAKOBUX BEITUYHH, SIKI XapaKTEPHU3YIOTh MOJIOKEHHS TOUKH B (DOKAIIbHIN
IJIONIMHI, HECKJIAJIHO TMEPEeUTH N0 BIAMOBIAHUX KYTOBHUX BIIXWUJIEHb OCI MyyKa, a
MOTIM 1 JI0 KYTOBUX BIJIXWJIEHb HOPMaJTi JI0 MIOBEPXHI B TOUIll BIAOUTTS. BiamosigHO

CTBOPEHOI MAaTEMaTUYHOI MOJEN UIUIBHICTh PIBHOMIPHOTO pPO3MNOJLTY KYyTIB

2

Ay, =Ay, (X,Y,2) Ta Av, =Av, (X, Y,Z) B IpaHHLAX TUIECHOTO KyTa 70,

mMae

BUTJIS;

, npu (A]/,z( +A4vE)<6;

1
MAX

P(Ay,Av, ) =1 T , (3.2.6)
0 npu (Ayi+4vi)>sh,,

ne O, — KyT, IO BIATIOB1A€ pajlyCy KoJia pO3CIIOBaHHS y (POKaJIBHIN IIIOIINHI.

3.3. Pe3yaibTaTu Mo/1e/IIOBAHHS 32/1a4i NePeHOCY COHSIYHOT0 BUNIPOMiHIOBAHHSI B

cucremi “CoHue — napadoJ0iIHNH KOHIIEHTPATOP — Telvionpuiimay”

Jlnst TpOBENEHHSI YHMCIOBUX EKCIIEPUMEHTIB OYB pPO3pOOJICHUN BIIACHHMA
nporpaMHuil IpoAyKT Ha MOBI C++, sikuii 0a3yeThcs Ha CTBOPEHOMY Ta OTHCAHOMY

Buie anroputmi Monte-Kapno. MojentoBaHHs MPOBOJIUIIOCH ISl TapaboI0iqHOTO
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KOHIEHTpaTopa i3 pagiycom R, =2m Ta KyToM poskpurts U, = 60°
MakcumanbHuii paniyc TemnonpuiiMaya popisHioBaB I, =0.04u. B xoxi uncinoBux

EKCIICPUMEHTIB 1€l paaiyc OyJi0 ONTUMI30BaHO 3 TOYKH 30py HAWOUIBII
palioHaJbHUX EHEePreTMYHUX XapakTepucTuk cucremu. Ha puc. 3.2. HaBeneHo
pe3ysnbTaTd MOJEIIOBAHHA PO3MOJALTY ILIIJIBHOCTI KOHLEHTPOBAHOTO TEIUIOBOTO
NOTOKY B (OKaIbHIA IUIOMIMHI MaTeMaTHYHO 1/€ajbHOro MapaloJIoiAHOTO

KOHIIEHTpaTopa oOpaHoi reoMeTpii.

] } Bm

Ll]inonicms mennio6ozo nOMoKy,”~ 5
M

A

30000 \
25000 \
20000

15000
10000 \
5000 k

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Paoiyc npuiimaua, m

Puc. 3.2. Po3noain MijbHOCTI TEIUIOBOTO MOTOKY HA MOBEPXHI MpUiiMaya asis

171eaIbHOI0 KOHIIEHTpATOpa

Sk 1 ouiKyBaJoCs, JUISI MaTeMAaTU4YHO 1J€aJbHOrO  MapaloJIoiHOTO
KOHIIEHTpaTopa iCHye MaKCUMajbHE 3HAY€HHS MIIJIBHOCTI TEIJIOBOTO TMOTOKY, SKE

PIBHOMIPHO PO3MOJIEHE N0 pajiycy TemjonpuiiMaya. [Ipu 1ipomy st po3risiHyTO1
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reoMeTpii KOHIICHTpaTopa BIAMNOBITHE 3HAYCHHS pajiyca (okaabHOI IUIIMH HE
nepesuirye 0.08.u.

Po3monin IMIIBHOCTI TEMJIOBOTO TOTOKY, IO TOCTYNae Ha TMOBEPXHIO
TEIUTONpHiiMaya BiJl PEaTbHOTO0 KOHIIGHTpaTopa, Mmoka3aHo Ha pwuc.3.3. I'padiku
noOyJI0BaHO y TIPUMNYIICHHI, MO0 KYyTOB1 BIAXWJICHHS TIOBEPXHI BIAMOBITAIOTH

HOpMaJIbHOMY 3aKOHY PO3MOALTY.

. . Bm
I[invHicmy menno6o2o nOMoxy, ™
M

K=0

25000

20000

15000

10000

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Paoiyc npuiivaua, m

Puc. 3.3. [uibHICTH TEIJIOBOTO MOTOKY HAa MOBEPXHI TEIJIONPUAMaya s

peaIbHOTO KOHIIEHTpAaTOpa (HOPMAIBHHM 3aKOH PO3TOIITY KYTOBUX TTOMHJIOK)

AHani3yroun HaBelleHI rpadiku MOXHA 3pOOMTH BUCHOBOK, IO HABITH TPH
HE3HAYHIM HETOYHOCTI moBepxHi mpu K =0.5, saxka B aOCONIOTHUX BEIMYMHAX HE

nepeBuinye 8' =2.33mpad, cnoctepiraetbesi Maiixke 35% maaiHHS E€HEPreTUYHUX

MOKa3HUKIB CUCTEMHU. TakuM YMHOM, BIJAXWJICHHS MOBEPXHI KOHIEHTpaTopa Bij
imeanbHoi (OpMU MPU3BOAUTH JO CYTTEBOIO 3MEHIICHHS MIIJIBHOCTI TEIMJIOBOTO

MOTOKY Ha MOBEPXHI TEIIoONpHiiMaya, ajne Maike He BIUIMBA€ Ha BEIUYHMHY pajlyca
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dbokanpHOi TIAMH. lle QakT HeoOXiAHO BpaxoBYyBaTH IIiJi Yac MPOEKTYBaHHS
MOPOKHUHHUX TEIUIONPUIIMadiB, BEJIMYMHA alepTypHOTO OTBOPY SKUX TOBHHHA
CHIBIAAATH 13 BEIMUMHOIO (OKYCHOI IisiMHU. Lle 103BOIMTH MiHIMI3yBaTH TEIUIOBI
BTpPaTH TaKOTO TeIUIONpuiiMava. Y BUMNAAKY BIJIKPUTOTO TEIUIONpHIMada TaKOX
HEOOX1/THO YITKO BU3HAYUTH IPaHUIl (POKYCHOI TUISIMH 711 HAHO1JIbII PalioHATBHOTO
BUKOPHUCTaHHA (POKYCHOI IUIOIIMHM TiJl Yac OpraHizaiii Ha HIA pI3HOMaHITHHUX
TEIUIOBUX IPOIIECIB — MIJIIrPiB, IJIABJICHHS TOIIIO.

Jlyis OimBIIOTO TEOPETUYHOTO Y3aralbHEHHS OTPUMAHUX pPE3yJbTaTiB Ta ix
BCEOIYHOIO aHaji3y IPOBENECHO MOJEIIOBAHHSA PO3MOAUTY TEIUIOBOTO IOTOKY B
dboKyci KOHIIEHTpaTopa Yy IpHUIYIIEHHI, 1Mo aleparii MOBEpPXHI KOHIIEHTpaTopa
pO3IOMINICHI PIBHOMIPHOTO 13 TIUTBHICTIO HMOBiIpHOCTI (3.2.6). Ha puc. 3.4.
IPUBENICHO MOPIBHSAHHS IIUIBHOCTI TEIUVIOBOTO MOTOKY ISl pealbHOIO KOHIEHTPAaTopa

IPY HOPMAJIBHOMY Ta PIBHOMIPHOMY 3aKOHAX PO3MOJILITY KyTOBHX OMUIIOK.

. . Bm
]inoHicms meniogo2o nOmMoxy, 2

e K — 0.25
e K =05
25000 K _ 1

20000

15000

10000

’ |

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Paoiye npuitmaya, m

Puc. 3.4. I{ibHOCTI TEMJIOBOTO MOTOKY JUIsl peajJbHOTO KOHIIEHTpAaTOpa Npu

HOPMAJIbHOMY Ta PIBHOMIPHOMY 3aKOHaX PO3MOJALTY KyTOBHX MTOMHUIIOK
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Sk MOXHa CIOCTEpiraTH, IO JJisA BIJHOCHO TOYHHX KOHIIEHTPATOPIB 3
0.25<K <0.53pauenns TemnoBoro moToky B (pOKyCi Malo 3aJeKHTh Bif BHOOPY
BIAMOBIAHUX WMOBIPHICHUX 3akoHiB. Ilpu 30iIbIICHHI HETOYHOCTI MOBEPXHi
KOHIICHTpaTopa PO301KHOCTI MK CHEPreTHYHUMHU IOKa3HUKaMHU 30UIBIIYIOTHCS, a
caMe PIBHOMIPHHM pO3MOMALT Hajae OUTbII 3aHMKEH! JaHl MO BIIHOIICHHIO [0

HOPMAJIBHOT'O.

3.4. Mojae/iloBaHHS eHePreTHYHUX BTPAT NPH Po3(POKYCYBAHHI COHTYHHUX

napa0oJI0iTHUX KOHLEHTPATOPIB.

binbmiicte  mapabofOifHMX KOHLEHTPATOpPIB  MarOTh JBOBICHI CHCTEMH
creskeHHs 3a CoHlleM, 1110 J103BOJISIE OpraHi3yBaTH YITKY opieHTauiero Ha CoHue A
OTPUMaHHS MaKCUMaJIbHUX €HEPreTUYHUX MOKa3HUKIB y (okyci. Tomy 3abe3nedeHHs
TOYHOCTI aBTOMATH30BAaHOI CHCTEMH OpIEHTAIlll BIAIrpae 3HA4YHY pOJib IMiJl Yac
pO3paxyHKy 1 NPOEKTYBaHHsS CHUCTEM KOHIeHTparii. Sk Oyno BigMiueHa BHIIIE,
HETOYHOCTI Ta MOMMJIKM TOBEpPXHI, SIKI BHHHUKAIOTh 3aBISKH HAsBHOCTI 300iB y
CUCTEMI, 4YaCTO BKJIIOYAIOTHCA Y BUpa3 JiJIsl cymMapHoi nmoxuoku (3.2.1). Ane gacro nei
TUI TOMUWJIOK MOYKHA JOCIAUTH OKPEMO, 3aBISIKH MOXJIMBOCTI X BUMIPIOBAaHHS a00
PO30POCTI BU3HAYEHHS IiJ 4ac MaTeMaTUyHOro MmojaentoBaHHsA. B poGoti [101]
pPO3pOOICHO MOJENb JJIsi BU3HAYEHHS TOMIJIKH PO3(OKYyCyBaHHS MapadOJIOITHOTO
KOHLIEHTPATOpa, sIKa BUHUKAE 3aBISKH HAaXWIy KOJIOHH, L0 TPUMAE KOHIEHTPATOP.
MoxrBa mOMUIIKa po3(OKyCyBaHHS ONKCYBalach 3a JOMOMOIOI0 PaaialibHOTO Ta
OKPYXHOTO KYTIB, SIKI XapaKTepu3yBaJld HAMNPAMKU HaXWIy KoJIoHU. Po3pobieHa
MaTeMaTU4yHa MOJIElb, sIKa BpaxoByBaja 3MiHy KyTiB COHIIS MPOTITroM 100U, MicALs,
pPOKy, MIATBEp/PKyBajach HATypHUMH  €KCIIEpUMEHTaMH. Bu3HaueHo, 110
MakcuMajbHa  J1000Ba  INOMMJIKA  CTEXKEHHS  HE  MOXE  I[EepeBULIYBATU

1.91~ 3.49 mpao , a mpoTarom poky He Moxe nepepuntysatu 0.1°,
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Hosuit MeTon miHiMIzallli moXubok crexkeHHs 3a CoHIleM Il TapaboJI0iTHOTO
KOHIIEHTpaTopa Oyio 3amporoHoBaHo B [102]. ABTopu NMPOMOHYIOTH KOMIIEHCYBATH
MOJKJIMBI MOXUOKH pO3(hOKYyCyBaHHS HUIIXOM KOPEKIIii MOJOKEHHS TerIonpHuiiMaua
Ta WOTr0 MPHUCTOCYBaHHA JI0 3MIH B TMOJIOKEHHI KOHIIEHTparopa. PeanizoBanuit ais
BU3HAYCHHS  TOJIOKEHHS  TeIulonpuitMada  anroput™  Monte-Kapno  Oys
BepHU(IKOBaHUH IIJITXOM MOPIBHSAHHSA 13 HATYPHUM €KCIIEPUMEHTOM.

Mopnenb MEXaHIYHOTO PYXy TBEPAOIO Tija, B SIKOi 3B’ A3YIOThCS a3UMYTAIIbHUMA,
BUCOTHUM Ta (POKYCHHMI HampsiIMOK, OyJi0 BUKOpHCTaHO B pobortax [103,104] s
BU3HAUEHHS NOKa3HUKIB cTexeHHs 3a CoHleM napabosoifHOro KOHILIEHTPATopa.
PanianpHuii Ta TaHreHUIAJBHUNW KYTH BUKOPHUCTOBYBAJIHUCH /IS OMHUCY BIAXWJICHBb Y
KOKHOMY 3 HampsiMKiB. Pe3ynpTaTii MOJETIOBaHHS MOKA3alH, 10 3arajibHa MOMHIIKA
BIJICT€XKEHHS 3POCTa€, a MPOTYKTUBHICTh BIJICTEKEHHS 3HUKYETHCA 31 301IbIIICHHAM
MOMUJIKK padlalbHOTO KyTa. 3HaAWJIeHI ONTUMAaJIbHI CIIBBIJHOIIEHHS KYTIB MIX
HaIpsIMKaMH, sIKI MOXKYTbh 3a0e31edyBaTH MaKCUMaJIbHy €()EeKTHUBHICTh CUCTEMHU MPU
HAsSIBHOCTI PO3(OKyCyBaHHS.

Y po3pobneHiii MaTeMaTW4HIA MoOJeNl Ta CTBOPEHOMY KOMII IOTEPHOMY
anroputMmi  MonTe-Kapiio TakoXX ICHye MOXJIHMBICTh BpaxyBaTH BIUIMB €(EKTY
po3(poKkyCyBaHHS Ha €HEPTeTUYHI MOKAa3HUKH Mapados10ifHoro KoHieHTpartopa [105].
BianoBiiHO 3aKOHY A3€pKadbHOTO BIAOUTTS (2.2.19)

0 0o _ 0 . 0 T
(_IC)nKIK =0, (_IC)nK =Ny, ve<g, SE
38’130k Mik Bektopamu |p,12,n, MOXHa NpEACTABUTH B KOOPAMHATHIN (Gopmi y
Burjsii (3.1.13)
0 _ 10 0 0 0
IKx - ICx B anx (IanKx + ICynKy + Icanz)
0 _q0 0 0 0
IKy - ICy - any (IanKx + ICynKy + ICanz) '

0 _ |0 0 0 0
IKZ - Icz B ZnKz (IanKx + ICynKy + Icanz)
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IO

. . 0
B touno opientoBanomy Ha Comne xomunentparopi I, =l =0, a 12, =-1.

BinxuneHHs: KOHIIEHTpATOpa BiJl TOYHOTO HAMPSMKY XapaKTePU3y€EThCs MPOCTOPOBUM

0 IO IO
Cx? "Cy!' 'Cz*

KyTOM, BEJIMYHHY SIKOTO HEOOXIIHO 3B’S3aTH 31 3HAUCHHSIMHU KOMIIOHEHT |
JIJis bOTO TIPOMOHYETHCSI B CUCTEM1 KOOPJAMHAT, SIKa MOB’si3aHa 3 KOHIEHTPATOPOM,
BIMOBIIHUN TPOCTOPOBUM KYT PO3KIACTH Ha [Ba IJJACKUX KyTH 4 Ta A .

CxemaTuyHe 1€ MOKa3aHo Ha puc.3.5.

Puc.3.5. Cxema po3nojiny KyTiB mpu po3(oKyCyBaHHI.

I3 reomeTpuUYHHUX MiIpKyBaHb MaeMo a = SIn y‘lc‘ =S§iny 1 IPOEKII] MMaJardoro
nmy4dka npoMeHiB BiJl COHIISI Ha OCl IPSIMOKYTHOI CUCTEMH KOOpPJMHAT, SIKa 3B sA3aHa 13

KOHLCHTPATOPOM, MAaOThb BUIJIAL!

|, =acos i =sinucosi
|, =asini=sinusini. . (3.4.1)

l.. = ‘Ig‘cos,u = cos

OtpuMane 3HaueHHS KOMMOHEHT (3.4.1) BBOAWIOCH B OCHOBHUU aJITOPUTM

Mounrte-Kapno 1 nuisixom 4MCIOBHX €KCIIEPUMEHTIB MO 3MiHI BEJIMYMHHU KyTiB A Ta
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J{ JOCHI)KYyBaBCs BIUIMB IIPOCTOPOBOIO KyTa po3(OKyCyBaHHS Ha pO3MOILI

TETUIOBOTO TIOTOKY Ha MOBEPXHi TEIUIONpHUiiMaya.
YucnoBi  eKCIEpUMEHTH 1O BHU3HAYCHHIO €(eKTy  po3(oKyCyBaHHS
OPOBOJIWINCH Ul KOHLEHTpATOpa pO3IJITHYTOI BHILE IeoMeTpii, a came, pajiyc

KoHIeHTpatopa R, =2m, KyT poskpurtst U, =60°. I[iNbHICTL TEMIOBOrO MOTOKY,

aka Hagxoauth Bl CoHis, nopiBHioBasia 600Bm / M, Koe(dilieHT BiAOUTTS

IIOBEPXHI KOHLIEHTparopa [, =1.
Ha puc. 3.6 MoxxHa cnioctepiraTi BIUIMB 301IbIIEHHS BEJIMYMHU KyTa L/ TIpU

HE3MIHHOMY KyTi A Ha UIUIBHICTh TEIJIOBOrO TMOTOKY, IO HAJIXOJIUTh Ha

TGHHOHpHﬁMaq Bi,ZI MaTCMaTH4YHO iI[eaJ'II)HOFO KOHICHTPATOPA.

Bm
Hinouicms mennoeo2o nomoxy, iy

A=0,u=0
2= 0.001,u = 0.001

A =0.001,u = 0.002
A =0.001,u = 0.003

A=0.001,u = 0.004

30000 4

25000 A

20000

15000 +

10000 +

5000 A

0.0|05 O.OIIU O.OIJ_S 0.620 0.625 0.0|30 0.0|35 0.640
Paoive npuiivaua, m

Puc.3.6. BruiuB BenuuuHM KyTa 4 npu A =const

Ha MIUTBHICTH TETJIOBOTO MOTOKY HA MTOBEPXHI TEIJIONpUiiMayda

Sk moxwna crnocrepirati, npu 4 <0.004pad cyTTeBO 3MEHIIYETHCS PO3MIP

¢dokanbHOI MUISIMH TPU MaiKe HE3MIHHIM MaKCHUMaibHIN UIUIBHOCTI TEIJIOBOTO

95



notoky. Posmip ¢okanpHoi twisimu npu 4> 0.004pa0 crae MiHIMaIbHUM, IO
103BOJIsI€ 3aiKCyBaTH 1€ 3HAUCHHS SIK KDUTHYHE MIPU po3(hOKyCyBaHH.

YucnoBi po3paxyHKH T[OKa3ajid, M0 BEJIMYMHA TEIUIOBOTO TMOTOKY MAJio
3aIeKUTH BiJ 3HaueHHs Kyra A €[0,27]. Leil pakr HANIAIHO MPOLIIOCTPOBAHO Ha
puc. 3.7, ne BUIHO, MO 1pH 30uTbIIeHH] KyTa A 1 (ikcoBanomy kyTi 4 =0.001pao,

IIUTHHICTH TETUIOBOTO MTOTOKY 3IMIIAETHCS HE3MIHHOIO.

Bm
Iinonicms meniogozo nomoxy, 2

35000

A=0u=0
A=0.001,u=0.001

30000 4

25000 +

A =0.002,u=0.001

20000 A

A =0.003,u = 0.001

15000

A =0.004,u = 0.001

10000

5000 4

0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Padive npuitvaua, s

Puc. 3.7. BinuB BenmuuuHu KyTa A Tpu 4 =CONSt  Ha HIUIBHICTH TETLIOBOTO

ITOTOKY

Taxkum 4rHOM, 3HAYEHHS KPYroBoro Kyta A mpu po3doKyCyBaHHI Maibke HeE
BILJIMBA€E HA EHEPTeTUYHI TapaMETPU CUCTEMI.

ba3yrounce Ha po3po6ieHOMY YHCIOBOMY alTOPUTMI, OYyJIO MPOBEIEHO TAKOXK
JOCITIKEHHST CHIBBIHOIICHHS! M) CYMapHUMH MOXHMOKaMH MOBEPXHI 1 MOXUOKaMU
po3dokycyBaHHS, TOOTO (PAKTUYHO BU3HAYEHO 4YACTKY €(EeKTy po3(pOKyCyBaHHS B
3araibHOMY OajaHci HETO4YHOCTI moBepxHI. Ha pwuc. 3.8 mpointocTpoBaHO BILTUB

pi3HUX (DaKTOpPIB HA EHEPreTUKy CHUCTEMHU mpuiioMy. Po3risiHyTo BHMaIKu
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MatemaTudHo i7eansHoro (K =0) ta peanbHoro ( K =0.5) koHIleHTpaTopa 13 4iTKOIO
opieHrartiero Ha Conie (A =0, £x=0), a Tako)X BUMMAJKH MaTeMaTHYHO 1J1€aJIbHOTO
( K=0) Tta peampaux ( K=0.5 ta K=1) KOHIEHTpaTOpiB 3 HAasBHICTIO
po3dokycysanus ( A =0.002pao, 1 =0.002paod).

Bm
HinorHicmo menioeo2o nomnoxy, )

35000 1 iyrhpipdbois

A=0u=0K=0

A1 =0.002,x = 0.002,K = 0
A=0,u=0K=05

A1 =0.002,u = 0.002,K = 0.5
1=0.002,x = 0.002,K = 1

30000

25000

20000 -

15000 -

10000

5000

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Paoiyc npuiivaya, m

Puc.3.8. BrumB nomuniku po3pokycyBaHHs Ta abepalliil HOBepxXH1 KOHLEHTpaTopa

Ha IIJIHICTh TETUIOBOTO TIOTOKY.

Amnani3 rpadikiB MmokasaB, 110 aleparii MOBEepXHI Ta Po3(OKyCyBaHHS IO
pi3HOMY BIUIMBAaIOTh Ha €HEPreTUYHI MOKA3HUKHU CHUCTEeMHU. Tak, A MaTeMaTHYHO
17IeaTbHOTO KOHIIGHTpATOpa 30UIbIIEHHS KyTa pPo3(hOKYyCyBaHHS MPHU3BOIAUTH 10
3HAYHOT'O 3MEHILEHHS pajilycy (POKaNbHOI IUISIMU Ha MOBEPXHI TerionpuiiMava. [lpu
BpaxyBaHHI B MOjIeJl adeparliii moBepxHi KOHIIEHTpaTopa, po3Mip (POKaIBHOI MIIsIMHU
HaBIMaKU 30UIbIIYETHCS, allé MaKCMMallbHa IIUIBHICTH TEIMJIOBOIO MOTOKY MOMITHO
3MEHIITY€ThCSI.

Jlist BU3HAYCHHS BIUIMBY alOepamiii moBepxHI Ta i1 po3oKyCyBaHHS Ha

3arajbHy €HEepPreTuYHy €QEeKTUBHICTh CUCTEMH MPUIOMY OYJIO0 PO3paxOBaHO CEpPEIAHE
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3HAYEHHS MUIFHOCTI KOHIEHTPOBAHOTO TEIUIOBOTO MOTOKY E y dokycHii miommHi
y BUTJISIL:

L1 Eryrdrag, (34.2)

2
7 0 0

E-=

ne R, — makcuMmaibHE 3HaUEHHS pajiyca MpuiiMaya.

JI1s1 pO3TIIAHYTOIO BUITAJIKY MAEMO:
E=— [ E(r)rdr. (3.4.3)

CepenHe 3HA4YE€HHS UIIJILHOCTI TEIJIOBOTO TMOTOKY 3HAXOAWIOCH IIJISXOM
YUCJIOBOTO i1HTerpyBaHHsA Bupa3y (3.4.3) 3a KIaCHYHOIO KBaJpaTypHOi (HOPMYIIOH0
Tparnermiii [106].

JIUCKpeTH1 3HA4YeHHS TEIUIOBOIO MOTOKY E(r) pPO3paxoBYyBaJUCh Ha OCHOBI

Merony Monte-Kapio npu pi3HMX CHIBBIJHOIICHHSX KYTIB f/, A Ta 3HAYEHHSX

koedimienty K . B sxocti kputepis aisi mopiBHSHHS Oyio oOpaHO MaTeMaTUYHO
11eanbHUN KOHIIEHTpaTop 0e3 po3dokycyBanns. s oOpaHoi reomeTpii cuctemMu Ha
OCHOBI KOMIT'IOTEPHOTO MOJIETIIOBaHHS OYyJI0 BU3HAYEHO ONTHUMAJbHHUI pajilyc

(okycHoi 1usimu, skuil popiBHoe R, ~0.021wm . Came nns Takoro paniyca Oynu

pO3paxoBaHi CEPEeIHE 3HAYEHHS NIUIBHOCTI TEIJIOBOTO TMOTOKY TMPU PI3HUX

CHIBBIAHOLIEHHsAX mapametpiB u , A Ta K . Po3paxoBaHe cepeiHe 3HAUYCHHS

IIIJIBHOCTI TEIJIOBOTO TMOTOKY JIJIE MaTEeMaTU4YHO 17€ajJbHOI0 KOHIIEHTpaTopa

Bm

2
M

npuGm3Ho fopiBHOBaI0 E = 2500

Ha puc. 3.9. HaBeneHO MOPIBHSIHHS CEPEIHIX 3HAYEHb IIUIBHOCTI TEIJIOBOTO

MOTOKY ISl TEIUIONpUiiMadiB npu (PikcoBaHOMY pajiyci POKYCHOI MIISIMHU.
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Bm
Linonicmo menioeo20 nomoxy, gy

2500

2000 -

1500 -

1000 A

p=0 1 = 0.002 p=0 p=0002 u=0.002
2=0 2 =0.002 A=0 2=0002 2=0.002
K=0 K=0 K=05 K=05 K=1

Puc. 3.9. IlopiBHSIHHS cepeiHIX 3HAUEHD LIIJILHOCTI TEIUIOBOTO MOTOKY MIPH PI3HUX

3HaYeHHSX mapameTpiB 4, A Ta K

AHani3 ricrorpaMy CBITYUTH MPO T€, IO Y BUMAAKY MAaTEMaTHYHO 1/1€aTbHOTIO
KOHLIEHTpaTopa HaBITh NPU HEBEJIHMKUX 3HAYEHHSIX KYyTIB pPO3(OKyCyBaHHs

1=0.002pao ta 1=0.002pao, cepenHe 3HAYCHHS MIIILHOCTI TEIJIOBOTO TIOTOKY

3MEHIITY€ThCS CYTTEBO, Maixke Ha 50% .

AJie moMIY€eHO, 110 AJIsl peajJbHOro KOHIIEHTpATOpa 3 HEBEJIMKUMHU abepalisiMu
(K =0.5) npu po3dokycyBaHHI cepeaHs IIIbHICTh TEMJIOBOIO MOTOKY 3MEHIIYETHCS
B TMOPIBHSHHI 3 11€aJbHUM KOHIEHTPATOPOM 3 po3(oKycyBaHHsAM Juiie Ha 46% .
Takuii edexT Moke BUHHMKHYTH 4Yepe3 B3a€EMHY KOMIIEHCAIlll0 MOMUWIOK. I[lpu
30UIbIIEHH] Koe(ilieHTy HeToyHOCcTi mnoBepxHi 10 K =1 cepenne 3HaueHHsS
HIJIBHOCTI TETJIOBOTO OTOKY 3aKOHOMIPHO 3MEHIIyeThcs Maiixke Ha 60%.

Bci uucnosi gani Oyiau oTpuMaHi Ha OCHOBI BJIACHOTO KOMIT IOTEPHOTO KOIY,

KU MOXE BUKOPHCTOBYBATHCH SIK CAMOCTIMHUN MPOrpaMHUN MOIYJNb, Tak 1 fK
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YacTUHA MYJIbTU(]I3UYHOTO KOMIT IOTEPHOTO JOAATKY [JIi PO3PAaXyHKY IOBHOTO

CHEPreTHYHOTO UKITY CYYaCHHX TEPMOJMHAMIYHUX COHSYHUX cTaHiii [107].

BucHoBkm 10 po3ainy 3

1. CTBOpPEHO YMCIOBHNA AJTOPUTM JJIi BU3HAUCHHSI €HEPTrEeTHUYHUX MOKA3HUKIB B
cuctemi “CoHile — mapaboOJOiMHUN KOHIICHTPATOp — TEIUIONpHiiMau”’, SKUN
0a3yeThCsl HAa METO/I1 CTATUCTUYHUX BUNIPOoOyBaHb MoHnTe-Kapio.

2. Ilpoanami3oBaHi THUI HETOYHOCTI TOBEPXHI Ta METOAM iX BpaxyBaHHS.
OO6rpynToBaHo BHUOIp WMOBIPHICHMX 3aKOHIB Il BpaxyBaHHS HETOYHOCTI
HOBEPXHI, PO3pOOJIEHO aIrOPUTMHU PO3PaXyHKY HETOUHOCTI MOBEPXHI.

3. BpaockonaneHo po3po0eHO MaTeMaTHUHY MOJEINb HUIAXOM YpaxyBaHHS B Hii
dakTopy po3(doKyCcyBaHHI 3a JIOIIOMOI'OI0 ABOX BiMOBIIHUX KYTIB.

4. CTBOpeHUN NPOTPaMHUI KOJA [JIi BU3HAYEHHS CHEPreTUYHUX TMOKA3HUKIB
CUCTEM KOHUEHTpalii 13 MaTeMaTU4YHO 11€aJbHUM KOHUEHTPATOpoM, 13
peaIbHUM HETOYHUM KOHILIEHTPATOPOM, 13 po3(hOKyCOBaHUM KOHLIEHTPATOPAM.

5. IlpoBemeHi  YHUCIOBI  €KCHEPUMEHTH 13  MaTeMaTU4YHO  1J€aIbHUMH
KOHIIEHTpaTOpaMHu Ta peaIbHUMU KOHIIEHTpaTopa 13 po3(oKyCyBaHHSIM Ta 0€3
po3dokycyBanHs. B  skocTi  KpuTepis  OIIHKM TOYHOCTI  IOBEpPXHI
3aMpOoNOHOBAHUI MHOXKHHK, 1[0 BU3HAYa€ 4acTKy KyTa po3kpuTTs CoHIs, a B
SAKOCT1 KpuTepii po3poKycyBaHHs — aOCOJFOTHE 3HAYEHHS JIBOX BIAMOBIIHHUX
KYTIB.

6. 3HaiiileHO BIUIUB KOXHOTO 3 KYyTiB poO3(OKYyCyBaHHS Ha EHEPreTUYHI
MOKa3HWKH CHUCTEMH, a caMe, BUSBIEHO, MO e(eKT po3(pOKyCyBaHHS AJis
napa0oJIOITHOTO KOHIIGHTPaTOpa BH3HAYAETHCS JIMINE OJHMM 3 KYTIB.
BusHaueHO KpUTHYHE 3HAYEHHS LBOTO KyTa, MPU SIKOMY pO3Mip (OKaIbHOI

IsMU Oy i€ MIHIMAJTbHUM.
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IIpoBeneHo TOpPIBHSAHHS BIUIMBY €(eKTiB pPo3(OKyCyBaHHS 1 HETOYHOCTI
MOBEPXHI KOHIIEHTPATOpa HAa CEPeHE 3HAYCHHSI IIUTBHOCTI TEIUIOBOTO MOTOKY,
0 HAJXOJUTh BiJ KOHIICHTpATOpa Ha IMOBEPXHIO TeIulonpuiimMada. Bmepie
BUSBIICHO HAsSBHICTh B3a€EMHOI KOMIICHCAIll MOMHIIOK TIpU PO3(POKYCyBaHHS

I KOHIIEHTPATOPIB 13 HE3HAUHUMU abepallisiMi MOBEPXHI.
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4. BEPUDIKAILISI MATEMATUYHOI MOJEJII TA PE3YJIBTATIB
KOMIT’IOTEPHOI'O MOJIEJIIOBAHHSI EHEPTETUYHUX ITAPAMETPIB
CHUCTEMM “COHIIE — TAPABOJIOITHUM KOHIIEHTPATOP -
TEIJIONMPUHAMAY”

OTpuMaHi 4YHCTIOBI PO3B’SI3KM OyJb-AKOi 3ajadi MaloTh OJIMH CYTTEBH
HEJIOJIIK — BOHM 3HAWJEH1 i1 KOHKPETHOI CHUCTEMHU 1 MOKJIMBOCTI y3arajibHEHHS
YUCJIOBHX pe3yJbTaTiB nayxke oOmexeHl. Kpim Toro, 00OB’A3KOBHM €TamoMm
YHUCJIIOBOTO JOCIHIHDKEHHSI € TepeBipKa aJleKBaTHOCTI OTPUMAHUX pe3yibTaTiB — iX
BepuiKaris.

HaiiOinbi BUpa3HO B3a€EMO3B’SI30K MK MapamMeTpaMu, Kl XapaKTEepU3YyIOTh
Mpollec KOHIIEHTpaIlli, MOKHAa BUSIBUTH, CIHPAIOYUCHh Ha PE3yJIbTaTU aHATITUYHHX
nociipkeHb. OTsi aHaNITUYHUX PO3B’SA3KIB MOMIOHMX 3aaad, SIKUW HaBEJICHUU B
nigpo3auvi 1.4, mnokaszaB, 110 TaKMX PO3B’SI3KIB ICHY€ JIy’K€ Majo 1 BCl BOHH, SIK
MpaBuiIO, 3HAWIEHI HJisi KOHIIEHTPATOPIB MaTeMaTHUYHO ieanbHOi ¢dopmMu abo 3
IHIITMMU CYTTEBUMH TPUITYIIICHHSIMHU.

B naniif po60TH TakoX MPOMOHYEThCS HAOTMKEHUN aHATITHYHUNA PO3B’S30K,
AKUU 0a3yeTbcsl Ha PO3pOOJICHIM MaTeMaTUYHIA MOJIEN 13 MPUIYIIEHHIMHU, K1 Oyiu
oOpaHi Jys1 CTBOpeHHS anroputMy Monrte-Kapio w1 TNONIyKY YHCIOBUX
po3B’s3kiB. Kpim TOro, 110 32 TOMOMOTO0I0 IIHOTO AHATITUYHOTO PO3B’SI3KY MOXKJIUBO
OI[IHUTU OCHOBHI MapaMeTpH CUCTEMHU KOHIIEHTpaIlii, Horo Oyj0 Tak0oX BUKOPUCTAHO
Uit Bepudikailii po3poOsieHOT MaTeMaTUYHOI MOJell Ta OTPUMAHUX UYHCIOBUX

pe3yJIbTaTiB.
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4.1. HabauxeHUil aHAJITUYHUI MeTO/ PO3PAXYHKY eHEPreTUHYHUX MOKA3HUKIB
B cucremi “CoHue — napadoJI0iIHNil KOHIEHTPATOP — Telionpuimay”
[Tomryx HaOMMKEHOTO AHATITUYHOTO PO3B’SI3KY MPOBOIMBCS y MPUITYIICHHI

(2.3.1), a came @y=y, Ta fo((o)zl. BBaxkanoce, 10 KyT MiX BIIXWUJICHHSIM

MIPOMEHIO0, BIAOMTOr0 BIJ TOBEPXHI pPEAJTBbHOTO Ta MAaTEMATHYHO 1JI€aJIbBHOTO

KOHIICHTpaTOpa B KOXKHIN TOUIIl BIJMIOBIIa€ HOPMAJILHOMY 3aKOHY PO3IMOJILTY, a came

2

@
1 T 257
P(p)=——=—e ", (4.1.1)
N, 27[0'(0
€ ¢ — BUIAQJKOBE KYyTOBE BIIXWICHHS OCI BIAOMTOr0 myyka Bij 1/1€aJIbHOTO

HaIpsMKY; o, — CEPEAHBOKBAAPATHYHE BIIXWICHHS ¢ .

Ha BigMiHy BiJ YKMCIIOBOTO QJFTOPUTMY, J€ PO3PaXyHOK TEIIOBOTO MOTOKY BiJ
KOHIIEHTpaTOpa Ha TEIUIONpHiiMau MPOBOAMBCS Y 3BOPOTHOMY MOPSIKY, IMOIIYK
AHAJIITHYHOTO PO3B’SI3Ky 3HAXOAMThCA B mpsMomy mopsaky [108]. Ha mosepxHi
KOHIIEHTpaTopa oOmpaeThcsi Touka Q, sKa € BEpPUIMHOIO Iydyka MPOMEHIB, IO
HAaKpUBAIOTh TOUKY MOBEpXHI Temtonpuitmaua 4. Ha puc. 4.1. ta puc.4.2 y nepepisi
MOKa3aHO XiJ TPOMEHIB Bil TOYKM KOHIEHTpatopa Q 10 TOYKM Ha TOBEpXHI
TerionpuiiMaya A.

JlokanpHa WIUIBHICTH TEIUIOBOTO TOTOKY B  Toulll A BIJIITOBIA€

criBBigHOIIEHHIO (2.2.16), a came:

_ EcBi To(#) S (V) 2 (1 gz ) €08 I €05 9,S ¢ |

dE,, .
27157 [ fo(p)sinpde
0

BpaxoBytoun ymoBu (2.3.1), a TakoX NPUNYCKAIOYH, IO MYyYOK BIAOUTHX

npoMeHiB momnagae Ha Ttertonpuitvau Bigkpuroro tumy (1) =1, 7 (1) =1,

MaeMO
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Puc.4.1. Jlo BU3HaYeHHS IMOBIPHOCTI OIPOMIHIOBaHHS TOYKH B (DOKAJIbHIN
IUTOIMHI KIJbLIEBOI 30HA KOHLEHTPATOpa IIPH @, = W

<
\

-

Pr— lIJC
@+ Ug
Pr

2Ur¢

e —
A
N

Puc.4.2. JIo Bu3HaueHHsI IMOBIPHOCTI OIIPOMIHIOBAHHS TOYKH B (hOKIbHIN
IUIOUIMHI KIIBLIEBOI 30HU KOHLEHTPATOPA IPH @, < I/
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Ec By €08 3,dS

2|2
myclo

dEA: ) (4'1'2)

ne $,— KyT Mk npomeHeM QA 1 HOpMaJUTIO [0 IMOBEPXHI TeIIonpuiiMaya B To4ll A;
IQ A— BlacTaHb MK Toukamu Q Ta A,

B sKoCTi OCHOBHOTO MPUITYIICHHS 711 TOOYI0BH HAOIMKEHOTO aHATITHYHOTO
po3B’s3Ky BHOEpeMO Te, IO BiJACTaHb Big Toukun Q A0 TOoukm A Ta KyT, SKUH
YTBOPIOETHCS MK IpoMeHeM QA Ta HOpMaJUTIO /10 TOBEPXHI TeIUIONpUitMaya B TOYIII

A, OyoyTh TakuM K, SIK 1 y BUIAIKY, KO O Touka A cmiBmajgaina 0 3 (oKycoMm

napabonoina F, To6To Oyaemo BBaxkaT, 110
[ToxuOka Takoro mpumyIiieHHs Oyje 3pocTaTH Mo Mipi 30UIbIICHHS BIJCTaH1 Bij

dbokycy.

Tenep Bupas (4.1.2) MOXHa 3arMcaTH y BUTIISI::

Ecfy CosIpdSy

Tyep*’

dE, = (4.1.4)

[[lo6 BM3HAUNTH CepeTHE 3HAYSHHS MOBHOT IIITFHOCTI BUIIPOMIHIOBAaHHS B TOYII
A, HEOOX1IHO BCTAaHOBUTH WMOBIPHICTh TOTO, 110 CYKYIIHICTh IYYKIiB, BIAOUTUX BiA
MOBEPXHI KOHIIEHTpaTopa, “Hakpue’ maHy Touky. Sk BumHo i3 puc. 4.1, Touka A
HAJIEXXHUTh KOJIy pajiilycy I 3 ueHTpoM B ¢okyci F. Ilonoxxennst Oyab-sKOi TOUKH IIbOTO
KOJila Yy BIAMOBIAHIA MEpUIIOHATBHIM IIOMIMHI MapaboJ0iAHOTO KOHIEHTpATOpa
Moyke OyTH onucaHa HacTynHUM KyToMm [109]:
r

P, = p*(1+cosu)cosu, (4.1.5)
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Je r,U — IMOTOYHHUH paailyc 1 MOTOYHUN KYT PO3KPHUTTS IapadoJsioina, BiIMOBIIHO, a
v, S
p*=2f.
Ha n3epkanbHiii MOBEpXHI KOHIIGHTpaTOpa BHJIUIMMO €JICMEHTapHY KiJIBIICBY

IUIIHKY, 0OMeKeHy KyTamu U Ta U+du. Mmosiphicts mozii D v » SIKa TOJSIrae B
rrc

TOMY, IO IYYKH, BIAOWTI I€I0 JUISHKOIO, “HAKPHIOTH TOYKY A, BU3HAYAETHCS

HacTynmHuM urHoM [110,111]:

a) IPH @, =Y/

P Ve
P(D,,. )=0255<2 [ ps(p)de, (4.1.6)
¢I’ ?~Yc

P Y
ne 2 J p¢(¢)d¢ — WUMOBIPHICTh MOTPAIUIIHHS OCl My4Ka, BIIOUTOTO OYyIb-sIKOIO

¢)r _V/C

TOYKOIO KUIBIEBOT JUISHKA Ha KOHILIEHTPATOPI, Y KUIbIE Ha (pOKATbHIN IUIOIIMHI, SKE

OoTpuMaHe B pe3ynbTari obepranHs BiApizky BC HaBkono onTuvHOi oci; 0.25¥¢ _
Dy
BIJIHOIICHHS TUIOINII Kpyra aiametpoM BC mo mtomii kibis mupunoro BC.
0) mpu @, <y
Y=o, @ Veto,
P(Dgor v ) =2 I ps(@)de+ 0.25(2 —W—rJZ J ps(@)de, (4.17)
0 Y=o,

V=9, Veto,
ne 2 j p;(p)dp Ta 2 I p;(@)de — iimosipHicTs momamamHs oci myuka B
0 V=@,

KpyT AlaMeTpoM CC i B ximsle, OTpUMaHe B pe3yJibTaTi o0epTaHHS BIAPI3KY CB

) P

j — BIJIHOILICHHS IUIONI Kpyra
Ve

HAaBKOJIO ONTHUYHOI OCI, BIAIIOBIIHO; 0.25[
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niameTpoM BC, Bing sikoi BIAHSATO IUIOILY LEHTPAIBHOTO Kpyra, 10 IUIOMNI KiIbIl
mmpunoo C B.
OckinbKH UI1 TOYOK (DOKAIBHOI INIOIMHUA Fp =% =U, TO CepellHE 3HAYCHHS

OTPOMIHEHHS, SIKE CTBOPIOETHCS KUIBIIEBOIO 30HOI0 HAa KOHIIGHTpATopi B Toull A,

MOXHA BUBHAYUTH HACTYIIHUM YUHOM:

SE =P(D,,, | f dE, . (4.1.8)

6=0

3 ypaxyBaHHsIM 3aj1exxHocT1 (4.1.4) Mmaemo:

) e

2 %2 2 %2
o0 VP o0 WP

3pobumo mepexia Bia MPSIMOKYTHOI CHCTEMH KOOPJIMHAT JI0 TOJISIPHOI, a came,

pr = Si:l ; Ta dSKl cosu =rdrdé@ u TOal OCTATOYHO OTPUMYEMO:
2z 2
E. B, cosudS, E.fB, f rdrdd
§Er - P(D‘/’r#/c) J 2 %2 - P(DW'/’C) - ZK I *2 (4.1.9)
o0 WP Ve o0 P
[Ticnst iHTErpyBaHHS MaEMO
SE, :MP(DWC )sinucosudu. (4.1.10)

2
Ve
CepenHe 3HA4YE€HHSI TTOBHOI HIUIBHOCTI MOTOKY B TOYIl A BHU3HAYAEMO HUISIXOM

1HTerpyBanHs Bupasy (4.1.10) no xyTy po3KpHUTTs KOHLEHTpaTopa Uy :

2E B, f :
E, :#ﬂ’{j P(D,,,, Jsinucosudu. (4.1.11)
C 0
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Cnig BIAMITUTH, WIO0 WMOBIPHICTB P(Dw Wc) 3aJIEKUTh BiJI MOTOYHOTO KyTa

@, AKHM, B CBOIO Yepry, 3aJIeKUTh B1Jl MOTOYHOIO 3Ha4YeHHs KyTa U. Ilpum Takomy

migxoni pospaxysaru iHTerpan (4.1.11) anamitmyHO HEMOXJMBO. OTpHUMaHUii
iaTerpan (4.1.11) MoxHa po3B’sA3aTH YHCIOBUMH MeTomaMu. Alie 3a MeTy OyIio
MIOCTaBJICHO 3HAXO/KEHHS caMe HaOJIMKEHOTO aHaJITHYHOTO PO3B’s3Ky. i1 1poro
MPOIMOHYETHCS 3POOUTH MEPEXif] 10 CEPEAHbOIHTErPATBHUX 3HAYCHD ITapaMeTpiB.
Bu3HaueHO Ha OCHOBI TE€OpEMHU IPO CEpEHE 3HAUYEHHS CEPEIHBbOIHTErpajbHE

3HA4YCHHS KyTa ¢, B IHTEpBajl [O,UK] y Burisizi [112]:

Ug

J¢ﬂu . _
o = _r smuK+O.5uK+O.253|n2uK.
r Uk p* Uy

(4.1.12)

OTpumaHe 3HAYECHHS (?r nigctaBiasiemo B piBHsAHHA (4.1.6) a6o (4.1.7) Ta

3HAXOAMMO CEpEIHE 3HAYCHHA MMOBIPHOCTI P(D_ ), SIK€ HE 3aJCKUTh B1X KyTa U.
Pr.We

[Ticnst migcTaHOBKM 1bOTO 3HaueHHs B Bupa3 (4.1.11) 1 mpoBeneHHS 1HTErpyBaHHS

Ma€EMO.

r 2 e

u HJ
2E ‘o E B, sin“u
E =——£§£P(D ) | sinucosudu = P “P(D,, ). (4113)
P W Pr W

Ye 0 Ve

OtpumaHe pIBHSHHA HAOJMKEHO AHAIITUYHO OINHCY€E PO3MOIIT HIUIBHOCTI
TEIJIOBOTO IMOTOKY Ha TMOBEPXHI TeruionpuiimMava. JlaHe pIBHSHHS Ma€ BiAHOCHO
npocty Gopmy, MIAXOIUTh I PO3PAXYHKY PEaTbHUX KOHIIEHTPATOPiB, 00 BpaxoBye
(bakTop MOMUJIOK, 1 TOMY € 3MICTOBHUM Ta 3pYYHHMM JJIsl BAKOPUCTAHHS HA MPAKTHUII
1] 9ac PO3PaxyHKy CUCTEM KOHIICHTpaIlli. 3arporoHOBAaHUYN aHATITUYHUN PO3B’ 30K

Jla€ OJHO3HAYHY OIIHKY PO3MOJIITY TEIIOBOTO MOTOKY HA TIOBEPXHI TEIUIONMpHUiiMaya,

Ma€ YHIBEpCAJIbHUX XapakTep Ta MOKe OyTH 3aCTOCOBAaHUM 1Jisi MapalosIoiTHUX
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KOHIIEHTpaTopiB Oyab-sikoi reoMetpii. [IpocroTa mponecy 3HaXOIKEHHS PO3MOLITY
TEIJIOBOTO MOTOKY Ha MOBEPXHI TEIUIONpHUiiMaya J103BOJISIE OTPUMATH aHATITUYHUMA
pe3yNbTaT MBUIKO 1 0€3 BUKOPUCTAHHS TOJIaTKOBOT O0UHMCIIOBAILHOT TEXHIKH.

[aTerpanbHe 3HAUYEHHS WMOBIPHOCTI, B SKOMY IiepeadadaroThCs BCl BHIM
NOMMJIOK, B TOMY d4HuCHi 1 (QakTop po3(pOoKyCyBaHHS, Ja€ CYTTEBI IEpeBaru Mpu
IH)KCHEpHUX Ta MPOEKTHUX PO3paxyHKax. Y MOPIBHSAHHI 13 KIACHYHUM aHATITHYHUM
po3B’s3kOM  [52], AKUH YacTO BUKOPUCTOBYETbCA I BepUPIKallii YHCIOBUX
JOCIIIJKEHb, 3HANUJACHUM aHATITUYHUA pO3B’SI30K € OUIbLI Yy3arajlbHEHUU, 00
0a3yeThcs Ha y3arajlbHeHIH MaTeMaTUYHIM MOJACI KOHIICHTpAIIiil 1 O1IbII 3MICTOBHUM
C TOYKH 30py METOJIy BpaxyBaHHS 1HTETpaJIbHUX MOMMJIOK MOBEPXHI KOHIIEHTPATOPA.
Ile nmo3BoNse CTBEpIPKyBaTH, IO 3alpPOMOHOBAHMN PO3B’SA30K € TIAHOIO
QIbTEPHATUBOIO JO BXKE ICHYIOUMX KIACUYHUX aHATITUYHUX PO3B’SI3KIB 3a1au
KOHIICHTpAIIii.

basyrounce Ha @QyHKUIi po3moAury TemiaoBoro moToky (4.1.13), icHye
MOJKJIMBICTh 3HAHWTH TOYKOBI MaKCHUMaJIbHI 3HAYEHHS TCIUIOBUX ITOTOKIB, SIKI TAKOX
MO’KHa BBa)XaTH TECTOBMMH y TepmioMy HaOmmkeHHi. Lle 3HaueHHS MakcUMalbHOI
IIUTBHOCTI TEIJIOBOTO MOTOKY B (OKYCl 17€aJIbHOTO Ta PEealbHOTO MapabosioiIHOTO
KOHIIEHTpaTOpa.

JIns MareMaTu4yHO 1/1€aJbHOTO KOHIIEHTPAaTopa MAaeMO P(D(;Tw ):1 . Tomi
r ¥Wc

MaKCUMaJIbHE 3HAYEHHS OMPOMIHEHHS B (JOKYC1 TAKOTO KOHIIEHTPATOPa BU3HAYAETHCS

HAaCTYITHUM YHHOM:

a2
Epex = Ech L (4.1.14)
Ve

Jliis pokyca mapaboioifHOro KoHIeHTpaTopa 3HaueHHs npu =0 Bupas (4.1.7)

OyJle MaTh HACTYHUMN BUTJISIL;
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Ve

P(D,,,.)= | Ps(0)p=erf % (4.1.15)
“ve o,

OTxe, MakCUMajbHE 3HAYEHHS IIUIBHOCTI MOTOKY Yy (DOKambHIN MIOMIMHI AJIs

pealbHOT0 KOHIIEHTpaTopa Moke OyTH BU3HauUeHe 13 Bupa3y (4.1.13) sk:

2
g, =P SN U g Ve (4.1.16)
Ve \/§0¢

Takum yuHOM, piBHSIHHS (4.1.14) Ta (4.1.16) HaAOMMKEHO aHATITHYHO OIHCYIOThH
MaKCHMaJIbHE 3HAYEHHS NIIJILHOCTI TEIJIOBOTO IOTOKY B (POKaIbHIM IIIOIIMHI
17IealbHOTO Ta peajbHOro KOHIIEHTpaTopa, BiAMOBIAHO. Ili piBHSHHA Oynu
3acTocoBaHl Juisi Bepudikallii dYHCIOBOi MOJENi, fKa OTPUMaHa METOJOM

Momnte-Kapiio Ta 1etajibHO ONMcaHa BUIIIE.

4.2. Bepugikauis pe3yJbTaTiB KOMII’I0TEPHOT0 MOIETIOBAHHS, OTPUMAHUX
MeToa0M MonTte-KapJio

[TopiBHSHHA aHATITUYHUX Ta YHUCJIOBHX pE3yJbTaTiB OyJI0 MPOBEIACHO JUIs

MoOJieIl KOHIEHTpAaTopa HACTYIHOI FeOMeTpii: pajalyc KOHIeHTpaTtopa Ry =2m, KyT

PO3KPUTTS Uy =60° , MakcuMambHHII paiiyc TeIUIompHiiMada r; =0.04m

Koe(IlieHT BIAOUTTA IOBEPXHI KOHLEHTPAaTopa [ =1, HIIBHICTE TEMJIOBOIO
Bm
INOTOKY EC :6007

Ha mepmiomy etami mOpiBHIOBAJOCh MaKCHMalbHE 3HAYEHHS OE3pO3MIpHOI

IIIJTLHOCTI TEIJIOBOTO MOTOKY B (hOKYCl KOHIIEHTpATOpa BiAMOBITHOI reOMETpii, sKe
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) Bm
OTPUMaHE 33 HaOJIM>KEHUM aHAJIITHYHUM METOJIOM Ta 3a YuCIoBUM. Jna E . = 600—2
M

1
max

e HaOJM)KEHE 3HAYeHHS JOPIBHIOE & = =34621, mo B mocTaTHi# Mipi

Il max
C

TOYHO BIJNOBIAa€ pe3ynbTaraM, OTPUMAHUM 3a JOMOMOIOI0 YHCIOBOI MOJENi
Mounrte-Kapio, po3pobienoi B naniit po6oti. BiqHocHa noxu6ka He nepesutye 1.1%.
Jlist oTpuMaHHS PO3MOJITY KOHIEHTPOBAHOTO TEIIOBOTO MOTOKY IO pajiycy

TEIUIONpHUiiMada po3po0IEeHUM aHATITHYHUM METOJOM paflyc I; Oyno po3outo Ha N

JTACKPETHUX TOYOK rie[O,rH]. ITincraBnsgemo obpane 3HaueHHs I, B (4.1.12) Ta
BU3HA4Ya€MO CEPEIHBOIHTErPAJIbHE 3HAYEHHS KyTa ¢, Ul BIANOBIAHOI TOYKH

paziyca. Jlani OpIBHIOEMO 3HAM/ICHE 3HAUYEHHA ¢, 13 KyTOM PO3KpUTTA COHLA /.

SIKmo BenMYMHA @ 2V, TO WMOBIPHICTH P(qu ) PO3pPaxoBYEMO BIIOBIIHO

Ve
Bupasy (4.1.6), a axmio &i <y, To BimoBigHO Bupazy (4.1.7).
[licyis 9Oro 3HaXOAMMO 3HA4YEHHs onpoMiHeHHs E, 3a ¢dopmynowo (4.1.13) y

BUOpaHii Toulll, a JIOKaJdbHE OE3pO3MipHE 3HAYEHHS LIIJIBHOCTI TEIJIOBOTO MOTOKY

&, I KOKHOI 3 TOYOK BU3HAYAEMO HaCTyIITHUM YHHOM!

£, =—-, (4.2.1)

Ha puc. 4.3 mpencraBieHO TOPIBHSHHS PO3MOJAUIIB 0€3pO3MIPHOI IIIIFHOCTI
TEIUIOBOTO TIOTOKY, SIKI OTpUMaHI 3alpOINOHOBAHUM aHAIITUYHUM METOJIOM Ta

po3po0aeHuM YKciIoBUM MeToaoM MonTe-Kapio.
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be3po3mipHa NMMUTBHICT TEMIOBOTO MOTOKY

35000 A

30000 A

25000 ~

20000 -

15000 ~

10000 -

5000 A

0_

0.000 0005 0010 0015 0020 0025 0030 0035 0.040
Pamiyc mpuitmaga, M

Puc. 4.3. TlopiBHSHHS pO3MOAUTY HIIIBHOCTI TEIJIOBOTO MOTOKY, OTPUMAHUX

aHaMTHYHUM (o =4') Ta YUCIIOBUM MeTOI0M (ieabHUI KOHIIEHTPATOP)
P

[To aHamorii 13 YUCIOBUM aJIrOPUTMOM, [JIsi BU3HAUEHHS CTyNEeHI0 abepauii
NOBEpXHI KOHLEHTpAaTOpa B aHAJIITUYHOMY PO3B’SI3Ky TaKOX BHUKOPHUCTOBYBABCSA
koedimieHT K, SKUNA XapakTepu3ye CepeAHbOKBAIPATUYHE BIAXUIEHHS KyTOBHUX

MOMHUIIOK o, B 4YacTKax BenMYuHU KyTa po3kputrsi Conus o, =Ky . s

BpaxyBaHHs PO3(OKYCyBaHHSI TaKOX, I10 AHAJOTl 13 YHCIOBUM aJTOPUTMOM,
BUKOPHCTAJIaCh CUCTEMax KyTiB A Ta L.

HasiBHICTH 0COONIMBOI TOYKH HE J03BOJISE BHU3HAYUTH AHAIITHYHO PO3IMOILT
IIIJTBHOCTI TETUIOBOTO IOTOKY BiJi MAaTEeMaTH4YHO 1JI€aJIbHOTO KOHIIGHTpaTopa Ha
MOBEPXHI TerulonpuiiMada. TomMy TMOPIBHIOBAIMCH PO3MOAUT I  17€aIbHOTO
KOHIIEHTpaTopa, OTPUMAaHU YUCIOBHUM METOJOM, 1 PO3MOAUI i KOHIEHTPATOpa,

MIOBEPXHS SIKOTO OJIM3bKA JI0 1€aIbHO1, IKUM pO3pax0OBaHUM aHATITUYHO. SIK BUIHO 13
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puc. 4.3, 4KCIIOB1 pe3yabTaTH VIS 1JI€aJIbHOTO KOHIIEHTpaTtopa 0e3 po3hoKyCyBaHHS
Maike CHiBINAalOTh 3 aHAJITUYHUMHU pe3yjbTaTaMH Ui KOHIIGHTpaTtopa 0e3

dboKyCyBaHHSI TIpH o, =025y, =4' , mWo JoKa3zye aJeKBaTHICTb PO3POOIEHUX

MaTCMaTHYHHUX MO,ZIGJICﬁ Ta YUCJIOBHUX aJIFOpI/ITMiB.

[Ipu 3017dbIIIEHHI 3HAYEHHS  BIAXWJICHHS o, CIIOCTEpITAEThCS  €PEeKT

CHepreTUYHUX BTpAT, SIKUH JOCTATHHO TOYHO IMITY€ HETAaTHUBHI €(eKTHU PealbHOTO
KOHIIEHTpaTopa, Taki SK alepailii MOBEpXHI KOHIEHTpaTopa Ta po3(OKyCyBaHHS
BilHOCHO Hampsimy Ha Conue. Ha puc. 4.4 mpeactaBiieHO MOPIBHSHHS PO3MOJLTY
0e3pO3MIpPHOi IIUIBHOCTI TEIUIOBOIO TIOTOKY, K€ pO3paXxOBaHO aHAJITUYHUM

METOJIOM TMpH G¢=l//C=16' ~0.00465 Ta 0e3p0o3MIpHOI MIIJILHOCTI TEIJIOBOTO

MOTOKY ISl KOHIEHTpaTopiB 3 adeparisimMu noBepxHi K =0.56e3 po3okycyBaHHA 1 3

po3dokycyBanusam nipu A =0.002 pao, 1 =0.002 pao .
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Puc. 4.4. IlopiBHSIHHS PO3MOJILIIB LIIIBHOCTI TEIUIOBOTO OTOKY, OTPUMAHOTO

aHaJIITUHYHUM METOJIOM (G(p =16") Ta YUCIIOBUM METOJIOM (peabHUN KOHIICHTPATOP)

Ax BugHO 3 puc. 4.4, 4KMCIIOBI PE3yNbTAaTU AJIA PEATbHOIO KOHLEHTpaTopa 3

To4HOIO opieHTarliero Ha Conre ta abeparismu K =0.5, 1110 BiANMOBIAAIOTH o, =16',

MaiiKe MOBHICTIO CIIBMAAI0Th 13 aHATITUYHUMU JaHuMu. [1pu po3dokycyBanHi, SK 1
OYIKYBAJIOCh, CIIOCTEPIra€ThCA BIIXHWIICHHS YHMCIOBUX JaHUX BiJl aHATITAUYHUX, 1110
0COOJMBO TMOMITHO Mpu HaOmmxeHH1 10 ¢okycy. Lle mop’s3aHo 3 TUM, MO0 €(eKT
po3dokycyBaHHs HanpsMy He OyJo BpaxoBaHO IIiJI 4Yac TMOIIYKY aHaJITUYHOTO

pO3B’S3KY 3ajadi.
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Jl1s1 BpaxyBaHHS MipU TOYHOCTI OyJIM BUKOPHUCTaH1 JIB1 CTATUCTUYHI BEIUYMHU —

BIJIHOCHE CEPE/IHE BIAXUIICHHS

RAD = % El{uci - EaHanim,.
i=1

ananim,

Ta CCPCAHBOKBAAPATHYIHC BiI[XI/IJ'IeHHSI

N

Z( Eltuc, - EaHaniml. )2

RMSE =1/ =L
N

Amnam3 mnokasaB, mo RAD=~0566 , a RMSE=1750 , 1 me mo3BoJs€e
CTBEp/UKYBAaTH TIPO 3aJ0BUIBHY KOPEISII0 MDK YHCIOBHMH Ta aHAJITUYHUMH
JAHUMU Ta MIATBEPIKYE aJEKBATHICTb PO3POOJIEHOT MAaTEeMAaTHMYHOI MOJENl Ta
CTBOPEHOI0 YMCIIOBOro anropurmy Monre-Kapio.

TakuM YuHOM, pPO3poOJeHA MaTeMaTWYHAa MOJEIb Ta CTBOPEHUN YHCIOBUM
anroput™ MoHTte-Kapimo moBHO, 3MICTOBHO 1 aJaeKBaTHO OIHCYIOTh TIPOIECH
MEPEHOCY COHSYHOTO BHUIPOMIHIOBAaHHA B cHcTeMax KoHmeHtparii. Ilig wdac
MPOBEJICHHS JOCII/DKEHh BpaxoBaHl BCl €(EKTH, SKI BUHUKAIOTh B TMOJIOHUX
cuctemax. [Ipyu MOpiBHSHHI OTPUMAHUX YUCJIOBHX JaHUX 13 JAaHUMHU HAOIMKEHOTO

aHATITUYHOTO PO3B’SI3KY CIIOCTEPITa€ThCs iX 3aI0BLIbHA 301KHICTb.

BucHoBku 10 po3ainy 4
1. TlpoBeneHO yTOYHEHHS PO3pPOOJEHOT MATEeMATHYHOI MOJENl Il peajbHOro
napaboJ0iMHOTO KOHIEHTPATOpa, IO JJO3BOJIAJIO 3HAWTH 1i HAOIMKEHUUN

aHAJITUYHUI PO3B’SA30K.
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2. 3anpomoHOBAaHO METOJI BpaxyBaHHS HETOYHOCTI MOBEPXHI KOHIEHTpATOpa,
SKUA 0a3zyeTbcsl Ha aHami3l PyHKIIT WMOBIPHOCTI JIJII YCEPEIHEHUX BEJIWYMH,
sKa BIMOBIA€ HOPMATHHOMY 3aKOHY PO3MOJILTY.

3. Ha ocHOBI HaOMMKEHOTO aHATITUYHOIO PO3B’S3KY 3HAMIeHa MaKcHUMalbHa
HIUIBHICTh KOHIEHTPOBAHOTO COHSYHOTO TOTOKY B (Qokyci Ta (QyHKIsSA
PO3MOLTY HIUTBHOCTI MOTOKY B (hokanmbHIKM muromuHi. [1i mapameTpu obpani B
SIKOCT1 KpUTepliB s Bepudikaiii anropurmy MonTte-Kapio ta orpuMaHux Ha
MOr0 OCHOBI YHCJIOBUX JAHUX.

4. TlpoBeneHO MOPIBHSIHHS YHUCIOBUX Ta aHATITHYHUX PE3YJIbTATIB, SIKE MOKA3aJI0
iX Maii>ke MOBHHMM 30Ir JUIsl i7€alIbHOTO Ta PEaIbHOTO KOHIIEHTpaTropa 0e3
po3dokycyBanHs. J[Ji1 KOHIEHTPATOPIB 13 PO3(DOKYCYBaHHSIM CHOCTEPIraeThCs
JesIKe BIIXWICHHS MDK aHAJIITUYHUMUA Ta YHUCJIOBUMH JaHUMH, SKE
(1KCYBaJIOCh CTaTUCTUYHUMHU MeToAamMu OOpoOKH ekcrnepuMeHTiB. OTpuMaHi

PO301KHOCTI HE MEPEBULLYIOTh 3HAYEHHS 1HKEHEPHOI MOXUOKHU.
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BUCHOBKH

Jluceprariisi € 3aKiHYEHOIO HAyKOBO-JIOCIITHOIO pOOOTOI0, B AKIH MPOBEACHO
TEOPETUYHE y3araJibHEHHS Ta KOMIUIEKCHUH PO3B’A30K BAXKINBOI HAYKOBO-IOCIITHOT
3a7a4i, sIKa MOB’A3aHa 13 MaTEMaTHUYHUM Ta KOMI IOTEPHUX MOJICIIOBAaHHIM MPOIIECIB
NEPEHOCY COHSYHOTO BUIPOMIHIOBAHHSA B CUCTEMaX HOTO KOHIIEHTpAIIii.

[TimcyMoBYrOYi MpOBEACHI AOCIIKEHHS, sIKI MPE3eHTOBaHI B AaHid poOOTI,

MO>KHA 3pOOUTH HACTYIIHI BUCHOBKH.

1. Ha ocHOBi BceOIYHOro aHami3y CydyacHOI HAyKOBOI JITepaTypy BHU3HA4YeHI
OCHOBHI MepeBaru TEPMOJIMHAMIYHOTO crocoOy neperBopeHHs eHeprii CoHl,
OoOTpyHTOBaHA HEOOXIMHICTh NPOBEJCHHS HAYKOBHUX JIOCHIJKEHb COHSYHUX
TEPMOJUHAMIYHUAX CUCTEM 3 KOHIIEHTPATOPaMHU METOJAAMH MAT€MaTUYHOTO Ta
KOMIT FOTEPHOTO MO/JICTIOBAHHSI.

2. B pamkax (oTOMETpUYHOTO MIAXOAY PO3pOOJICHA y3arajbHEHAa MaTeMaTHYHA
MOJIEJb MIPOIIECY KOHILIEHTPAIlll COHSIYHOTO BUITPOMIHIOBAHHSI, B K1 BpaxoBaHi
BCl e(dexTu, sKi BHHMKAIOTh B CHCTEMaxX KOHIIGHTpallli Ta BIUIMBAIOTh Ha
CHEPreTHKY LUX CUCTEM.

3. BusHaueni MeTomu MOCHIHDKEHHS PO3pOOJICHOT y3arallbHEHOi MaTeMaTHYHOI
MOJIeNIl, CUCTEMAaTU30BaH1 MOKJIMBI MPUITYIIEHHS IIOA0 METOJIB BpaxyBaHHS
HETOYHOCTI  TMOBEpPXHI  KOHIEHTpaTopa. B  TepMmiHax  y3arajabHEHOI
MaTeMaTHUYHOI ~ MOJENl po3po0iieHa MaTeMaTHMyHa MOJENb  IEePEeHOCY
BUNPOMIiHIOBaHHSI B cuctemi “CoHIle — mMmapaboOJOITHUI KOHIIEHTPATOP —
TerIonpuimay .

4. Ha ocHOBI MareMaTwuyHOI MOJEN Juisi MapaboJOiMHOTO KOHIIEHTpaTopa
po3pobiieHnit uucioBuil anroputM MoHTte-Kapio Ta cTBOpeHHWii BJIacHM

nporpaMHnﬁ IPOAYKT JJIs1 BHU3HAYCHH:A OCHOBHHUX CHCPICTUYHUX
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XapaKTEPUCTHUK B CHCTEMaxX KOHIEHTpAIlii COHSYHOIO BHUIIPOMIHIOBaHHS 3
ypaxyBaHHSM HETOYHOCTI TIOBEpPXHI KOHIIEHTpaTopa Ta edexkty Horo
po3(hOoKyCyBaHHSI.

Bnepme BM3HAYeHO BIUIMB CyMapHUX HETOYHOCTEW MOBEPXHI PEabHOTO
KOHIIEHTpATOpa Ha IIUIBHICTh TEIUIOBOTO MOTOKY B HOro (pOKaNIbHIN IMIIOIIUHI
npu ¢ikcaiii HETOUHOCTEW B yacTkax KyTa po3kpuTts Conug. [lopiBHsHO
3HAYEHHS HIUIBHOCTI TEIUIOBOTO TMOTOKY BiJl pPeaJlbHOrO KOHIEHTpaTopa IMpHu
PIBHOMIPHOMY Ta HOPMaJIbBHOMY 3aKOHAX PO3MO/1Ty HETOUHOCTEN MTOBEPXHI.
Ha ocHOBI KOMIT'IOTEpHOTO MOJICIIOBAHHS BCTAaHOBJICHO BIUIUB KYTIB
po3(hoKyCyBaHHS Ha €HEPreTUYHI MOKA3HUKH NapadoI0iTHOTO KOHIIEHTPATOPA.
3HaiiIeHo, M0 Ha Il TTOKAa3HWKU CYTTEBO BIUIMBAE 3HAYEHHS JIUIIEC OJHOTO 3
JIBOX KYTIB, BU3HAUYEHO KPUTUYHE 3HAYEHHS IILOTO KyTa, MPU SIKOMY PO3MIp
(doxanbHOI IAMH Oy/ie MiHIMAJIbHUM.

Bnepuie BcraHnoBJieHMi (pakT B3aeMHOI KOMIEHCAllli HETOYHOCTI MOBEPXHI
KOHIIEHTpaTtopa Ta edeKTy Horo po3(poKyCyBaHHS. 3HAWJICHO, IO pPeaslbHI
KOHIICHTPATOPH 13 HE3HAYHUMHU HETOYHOCTSAMH Ta PO3(OKYCYyBaHHSIM MOXKYTh
Oyt OinbInl eHepreTHYHO e(EeKTUBHI, HDK MaTEeMaTHYHO 1JIeaJibHI 3
po3(OKyCyBaHHSM.

IIpoBeneno amanTaiito po3poOJIeHOT MATEMAaTUYHOI MOAEII JJIsl MOJAAIBIIOTO il
PO3B’sI3aHHSA HAONMKCHUM aHAJITUYHUM MeToJoM. Ha OCHOBI aHANIITHYHOTO
PO3B’S3Ky 3HAWICHO MaKCUMajbHE 3HAYCHHS IIUIBHOCTI KOHIICHTPOBAHOTO
MOTOKY B (DOKYCI 1/IeaTbHOTO Ta PEAIbHOTO MapadoI0IAHOTO KOHIIEHTpAaTOpa Ta
PO3MOLT HIUTHPHOCTI B (POKYCHIM TUTOIIHHI.

Bnepme mnposeaeno Bepudikanirvo orpumanux Merogom Monte-Kapnio
YUCJIOBUX JIaHUX JUIsI TIUTHHOCTI TETUIOBOTO TOTOKY IUISXOM TMOPIBHSHHS 13
JAHUMU 3HANEHOr0 AaHAJTITHYHOT0 PO3B’A3KY, B SIKOMY HETOYHICTh OBEPXHI1

BPaxOBYEThCS Ha OCHOB1 3HAYEHHS 1HTErPaIbHOI KMOBIPHOCTI.
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