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SECTION 1. ASTRONOMY

1.1 BU3HAYEHHS TA AHAJI3 PO3NOALIY KOMET COHSAYHOI
CUCTEMHA

Anomauia Poboma npucesuena axmyanvHiti memi CMamucmuyHo20 AHALI3Y
nPOCMOPOBO2O PO3NOIJINLY NAPAMEMPI8 KOMEMHUX opoOim Onsi NiOmMeepONCeHHs.
2inome3su iCHY8AHHS Y MIJCNAAHEMHOM) NPOCMOPI cucmemu Cmaiux opoim, 0 AKUX
8ci elemeHmu nioafearomv OesKill 0emepmMiHo8awil 3aKoHomipwocmi. Ompumani
OYIHKU iI Xapakxmepucmuk, 8 sIKocmi Hociig ingopmayii npo po3nodiiu enemenmiea
op6im komem COHAYHOI cucmemu 8UCHYNAIOMb 2ICMOSPAMU.

BaxxnuBoio 0COOJMBICTIO pO3MOAULY NHapaMmeTpiB OpOIT KOMET € iX uiTKa
TUCKpeTHICTh,. Ha maHuii yac HeraTMBHOTO a0O0 IMO3WUTHUBHOIO IMATBEP/KCHHS JTaHa
rinoTe3a He oTpuMaja. Taki po30DKHOCTI MOSICHIOIOTHCS MAJIUMHU 00’ eMaMu BUO1POK,
HEBJAIMM BHOOpOM 00’ekTiB. B cyuyacHux ymoBax 3'BUJacsi MOJKJIUBICTb
MOBEPHYTHUCS JI0 111€1 BAXJIMBOI MTPOOJIEMHU, B TIEPIITY YEPry, 3aBISIKH HOBUM JIAHUM TIPO
MT, opOitu sikux 30mmxkyroTbest 3 opOiToto 3emni (komer NEC, actepoinis NEA 1
MIIA). ¥V BuUKOHAaHOMY JOCIIJKEHHI MIATBEP/P)KEHA TIMOTe3a MPO ICHYBaHHS B
MDKIIJIAHETHOMY TIPOCTOpl cucTeMHu cTiiikux opOit komer NEC, mns skux Bci
€JIEMEHTH I1UIraloTh ASSKIM JeTEepMIHOBaHIM 3aKOHOMIPHOCTI. OTpUMAaHO OLIHKH ii
XapaKTEPUCTHUK.

Memorw po6omu € NOCIIKEHHS PO3NOALUTY OCHOBHHUX €JIEMEHTIB OpOIT KOMET
JUTSL TIATBEPAKEHHS MOro JUCKPETHOIO XapakTepy 3aco0amMu CTaTUCTUYHOTO aHAI3y
Ta aHaJI13y YaCOBUX PSIiB.

00’ckm 0ocnioxncenna: po3noia eIEMEHTIB OpOIT KOMET.

Ilpeomem Oocnioyicenna — METOAN CTATUCTUYHOTO aHATI3y Ta OOYHMCIIIOBAIbHI
METOJI CIIEKTPAILHOTO aHaI3y, METOU aHali3y YaCOBUX PSAIIB.

I1ix yac poboTH OyJIM IOCTABIIEHI HACMYRHI 3a0aui:
1. TlokazaTu MUCKPETHUI XapaKTep PO3MOLTY BEIHKOI MBOCI @, EKCIIEHTPUCUTETY

OpOITH e Ta HaxWTy i Ta 3HAYEHHS KyTa |l .

2. BukoHaTu BIAHOBJIEHHA (YHKUII TyCTUHHM HMOBIPHOCTI pO3NOALTY 3a

JOCIIIKYBAaHUMU TTapaMeTPaMH.
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3. IlepeBipuTu Y3TrO/KEHICTh PE3YJIbTATIB, OTPUMAHUX 3aC00AMH CTATUCTUYHOTO
aHaJi3y 3 pe3yJibTaTaMU CIIEKTPaJbHOTO aHaMI3y.
Haykoea noéu3na — npy BUKOHaHHI pOOOTH BUKOPUCTaHI HOBI JJaHI KaTaJIOTiB
npo opOiTH KOMET, K1 30KyBaJIMCS 3 OpOITOr0 3emiti, CTBOpEHa IMporpama s
CIIEKTPAJIBHOTO aHaJIi3y 3TPYyNOBAaHUX BUOIPOK KOPOTKO- Ta JOBTONEPIOIUYHUX KOMET.
B pesynbTaTi ochipKeHHs] OTpUMaHO HACTYIIHI pe3yibmamu:

1) IlinTBepaKeHa TiroTe3a Mpo ICHYBaHHS B MIKIIJIAHETHOMY IIPOCTOPI CUCTEMU
CTIHKMX OpOIT, I SKAX BCIX EIEMEHTH TMIAMOPSIAKOBYIOTBCS ICSIKIN
JEeTePMIHOBaHIN 3aKOHOMIPHOCTI.

2) IlobynoBani ricTorpaMud  pO3MOJAUTY  €JIEMEHTIB  OpOIT KOPOTKO- Ta
JOBTOTIEPIOTUIHUX KOMET.

3) Bukonane BigHOBICHHS (QYHKIIT TYCTMHH MMOBIPHOCTI PO3IOALTY 3a
JOCJIPKYBaHUMU €JIEMEHTaMu OpOIT KOMET.

4) JIoCTOBIpHICT, OTPUMAHUX TICTOrpaM 1 BIJHOBIEHOI (YHKIT TYyCTUHU
HMOBIPHOCTI PO3MOALTY MiATBEPIKEHO Y3TOHKEHICTIO PE3YIbTaTIB, OTPUMAaHUX
METOJIaMH CTATUCTUYHOTO Ta CIICKTPAIIBHOTO aHaJIi3Yy.

ITin wac mocmimkeHHs OyJiM 3aCTOCOBAaHI METOAM CTATUCTUYHOIO aHATI3y Ta
METO/IM aHaJli3y 4acoBuX psiB. CBoeuacHa 00poOKa HOBUX KaTaJIOKHUX JaHUX — OJTHE
3 HalaKTyaJbHININX 3aBJIaHb KOMETHOI acTpoHOMii. CTaTUCTUYHUN aHATI3 JO3BOJISIE
CHUCTEeMAaTH3yBaTH, BUKOHATH 0OpPOOKY Ta aHalli3 OTPUMAHUX PE3yJIbTATIB 1 Bi3yalbHO
ix BimoOpasuTu y ¢opMi BIAMOBIZHUX TICTOTpaM PO3MOALTYy. Marwuu J0CTaTHBO
BEJIMKY BHOIPKY OpOIT KOPOTKONEPIOAMYHUX Ta JOBIOMEPIOIUYHNUX KOMET [5] MOKHA
OTPUMATH OLIHKH PO3MOALIIB €JIeMEHTIB ix opOiT. s 1boro HeoOXi1HO MOOYAyBaTH
riCTOrpaMu  YHMCEJIBHOCTI  JIOCHII)KYBaHUX e€JeMeHTIB. BubipkoBl pgaHi OyJio
3rpyNnoBaHO ISl MOJANBIIOTO aHATI3Y.

JIisi BU3HAYCHHS KilbKOCMI 2pyn HEOOXITHO TOTPUMYBATHCHh JIBOX BaKIUBUX
YMOB TMOOYJIOBM TpymyBaHb: 1) BHAUIEHI TPYyNHd MarOTh BIAPIZHATUCA SKICHOIO
OJIHOPIJTHICTIO; 2) KIIBKICTh OJIMHMITL Y KOXKHIHM rpymi Mae OyTH JOCUTH BEJUKOIO, IO

BIJIIIOBIJA€ BUMO31 3aKOHY BEJIMKHX YHCEN. Y MAacCOBUX CYKYMHOCTAX ONTHUMAJIbHY
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KUTBKICTh TpPyn MOXXHA BH3HAYUTH 3a (POPMYJIOI0 aMEpPUKAaHCHKOTO BYEHOTO
Crepmxeca: m=14+3,332-1gn,

JIe m - KUIbKICTb IHTE€PBAJIB; 71 - 00CAT CYKYITHOCTI.

[ToHATTS yacoBOro psiAy SIK BHOPSJAKOBAHOI CYKYIHOCTI JUCKPETHUX BHUMIPIB
MICTUTh IIUPOKE KOJIO JAaHUX CIIOCTEpPEkKEHb B acTpOHOMIi, (i3ulll, TexHiml. Janwuii
amapar MO)XHa BHUKOPHUCTOBYBAaTH 1 B THX BHUIAJKaX, KOJU B SKOCTI apryMEHTY
BUCTYTIA€ HE JIUIIE Yac, a i 1HII 3MIHHI. XapaKTepHOIO BIACTUBICTIO YaCOBUX PSIJIIB €
HAsBHICTh BHUIAJKOBOIO KOMIIOHEHTAa. B JaHOMYy JOCIIDKEHHI Yy SKOCTI MOENI
BUCTYTIAIOTh PO3MOALUIN €IEMEHTIB OpOIT KOMET. ACTPOHOMIYHMM CHOCTEPEKEHHSIM
npUTaMaHHi HEPIBHOMIPHICTh PO3MOJUTY MOMEHTIB CIIOCTEPEKEHHS Y daci,
OPUBHECEHHSI XMOHOI mepiogu4HocTl. ToMmy, 00 YHUKHYTH LUMX YCKJIAaJHEHb MpHU
TOCIIKEHH] OyAyBaJlUCh «4YacoBi» PSAOU HE IS 1HAWBITyaIbHMX TOINA, a IS
CYKYITHOCTEH iX y (IKCOBAHUX IHTEpBaJIaX 3MIHU MMapaMeTPiB — Oy IyBai TICTOTPaMH
yycenbHOCTI. KUIBKICTh [1ala3oHIB TiCTOrpaM 3ajieXkana TaKoX Bl TOYHOCTI
BU3HAYCHHSI 3HAUYCHD BIJIMOBITHOTO MapaMeTpy. OCKIUIBKH MPOIIEC HE € CTAI[IOHAPHUM,
CIIOYATKY JOCIIIKYETHCS HOTO CepeTHE 3HAUCHHS Ta CUCTEMaTHyHa 3MiHa. BaxxnmuBum
€TaroM JOCIiIPKeHHS CTajll o0y 10Ba sy Ta HOro Mojeni. B sKocTi BUX1THUX TaHUX
OyJld BUKOPUCTaHI PO3MOJIN €JEMEHTIB OpOIT KOMET B sAKOCTI eranoHy. lle
00yMOBJICHO BEJIMKUM 00’€MOM BHOIPKH KOMET [5] Ta BUCOKOIO TOUHICTIO OI[IHOK iX
napameTpiB. 3 MPEICTABICHUX B Karajorax mapaMmerpiB opOiT komer Oynu oOpani 3
€JIEMEHTH, SIKUMH OIHUCYEThCA OpOITAIbHUM pPyX Majux Tia: OUIbIla MiBBICH 4,
EKCIEHTPUCUTET e Ta HaXuJjl OpOITH i, TOBEIIHKA IKUX BU3HAYAE CTINKICTh CUCTEMHU.

JIist moCHiKeHHsT KOPOTKOIMEPIOANYHUX KOMET OyB oOpaHWi HOBUI KaTaJor
KoMeTHUX opOIT [5]. O0’em BuOipku — 718 xomeT. KUTbKICTh IpyIl Jj1s1 CTATUCTUYHOI
00po0Oku 3a hopmynoro Crepaxeca m=11.

Jlns BU3HAYEHHS 1 aHaI3y pO3MOJUTY BEJIMKOI MiBOCI a OyiaM BHU3HAUYCHI
IHTEpBaIM 711 KOXKHOT TPYMH 3rpyNOBaHUX JTaHUX, MipaxoBaHa YHCEIBbHICTh KOXKHOT
rpymnu, oOYHCIeHl ii cepeaHe 3HAYEHHs, BIAMOBIJHE KBAHTOBE YHUCIO M; Ta HOTO
[JI0OYMCceabHe a00 HamiBILIIOYHCEIbHE HAOJMKEHHS 7., aOCOIIOTHA Ta BIJHOCHA

noxubOka HabmmxeHHs. OTpuMaHi pe3ysbTaTH CTATUCTUYHOI OOpPOOKM HaBEIEHO Y
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Tabn. 1, a Ha MamoHKY 1 300pakeHa ricTorpaMa po3IoIiy.

Tabmuisil. CTaTUCTHYHMIA PO3IMOALT BEJIMKOI MIBOCI @ Ta BIAMOBIIHUX iM KBAHTOBUX YHCET

I'pyna | min max Yacrora | cepeHe | ni nz In, —n,| g (%)
1 2218012 | 4,993113 | 443 3,581378 | 9,136848 |9 0,136848 1,497761
2 4993113 | 7,768213 | 153 6,364855 | 12,18051 12 0,180514 1,481992
3 7,768213 10,54331 | 34 8,635351 | 14,18768 14 0,187679 1,322828
4 10,54331 13,31841 | 19 11,806563 | 16,58949 | 16,5 | 0,089492 0,539451
5 13,31841 16,09352 | 12 14,724495 | 18,52642 18,5 |0,026422 0,142618
6 16,09352 | 18,86862 | 24 17,347459 | 20,10895 | 20 0,108945 0,541774
7 18,86862 | 21,64372 | 13 19,866971 | 21,51975 | 21,5 | 0,019748 0,091767
8 21,64372 | 2441882 | 5 23,456648 | 23,38322 | 23,5 | 0,116779 0,499415
9 24,41882 | 27,19392 | 5 25,799972 | 24,52342 | 24,5 | 0,023416 0,095486
10 27,19392 | 29,96902 | & 28,561912 | 25,80269 | 26 0,19731 0,764686
11 29,96902 | 3274412 | 2 32,636760 | 27,58194 | 27,5 | 0,081944 0,297093

500

450

< 400

350

< 300

§ 250

200

& 150

= 100

50

0

ﬁ)\

Mamntonok 1. I'icrorpama po3noiuty BeJIMKOi MiBOCI a

Ha ricTtorpami 4iTKO MpOSIBIAIOTHCS 3amajuHUd Ta BUKUAW. Bukuag Ha a

~3,581378 a.0. IBHO HE BUIMAJIKOBOTO ITOXOKCHHS.

JUis BU3HAYEHHS 1 aHaI3y PO3MOJAUTY E€KCUEHTPHUCHUTETY e Oyiu BU3HAYEHI

IHTEepBaIM JUIsl KOKHOI TPYNH JaHUX, MiJ[paXxOBaHAa YHCEJIbHICTh KOXKHOI TPYIH,

obuncnieHi ii cepenHe 3HaueHHsI. OTpuUMaHl pPe3yabTaTH CTATUCTUYHOI OOPOOKH

HaBeleHl B Ta0n. 2, a HA MATOHKY 2 300pa)keHa OTpUMaHa TiCTOTpaMa PO3MOILTY

EKCIICHTPUCUTETY e 3 JIHICI TPEHAY — CyMH CHCTEMAaTH4YHO! CKJIQJ0BOi, SIKa €

MOJCIUTIO PSITY.
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Ta6mui 2. CTaTUCTHYHHUEN PO3TO/1T eKCIEHTPUCUTETY OpPOITH KOMET €

['pyna min max YacroTa Cepenne
1 0,02887100 | 0,11715545 7 0,07337486
2 0,11715545 | 0,20543991 34 0,16790549
3 0,20543991 0,29372436 61 0,24469426
4 0,29372436 | 0,38200882 60 0,34427789
5 0,38200882 | 0,47029327 90 0,42752395
6 0,47029327 | 0,55857773 109 0,51502834
7 0,55857773 | 0,64686218 102 0,60289008
8 0,64686218 | 0,73514664 136 0,68825197
9 0,73514664 | 0,82343109 40 0,77854135
10 0,82343109 | 0,91171555 37 0,86308151
11 0,91171555 1,00000000 42 0,95510835
3arasipHa KiIBKICTh 718

160
140
120
100
80
60 -
40 -
20 -

KinbKictb n

EkcueHTpucutet opbitn e

Pucynox 2. I'ictorpama eKCeHTPUCUTETY OpOITH KOPOTKONEPIOJUIHIX KOMET 3
JIHIEI0 TPEHAY

JIyist BU3HAUGHHA 1 aHali3y PO3MOUTY KyTa HaXWIy MiXK IUIOIIMHOIO OpOITH Ta
IUTOLIMHOO EKJINTUKY I OyJIM TAKOXK BU3HAYEHI 1HTEPBAIM JJIsl KOXKHOI IPYNH JAHUX,
I1paxoBaHa YMCEIbHICTh KOKHOI IpyIH, 00uncieHi ii cepeqHe 3HaueHHd. OTpruMaHi
pe3yJbTaTH CTAaTUCTUYHOI 0OpOOKM HaBeJeHl B Ta0J.3, a Ha MAJIIOHKY 3 300pa)keHa
OoTpUMaHa TricTorpama po3noAity. Ha ricrorpami, sk 1 B monepeaHix po3noijaax yiTko
MPOCTEXKYIOTHCSI BUKU]IU Ta 3aNIaJIMHU YhCeNbHOCTI. OTpuMaHuii BUkug Ha i~[ 1,19622

n00pe y3roHKY€EThCS 3 TAaHUMH TTOTIEPEIHIX TiCTOTpaMm.
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Tabmuus 3. CTaTUCTUYHUI PO3MOILT HAXUITY
MDK TITIOIIMHOIO OpOITH Ta IUIONTUHOIO SKIINTHKU

['pyna min max n Xecepenne
1 0,23800 25,72912 517 11,19622
2 25,72912 51,22024 69 33,25582
3 51,22024 76,71137 83 68,76580
4 76,71137 102,20249 17 86,38747
5 102,20249 | 127,69361 8 114,09742
6 127,69361 | 153,18473 10 144,81638
7 153,18473 | 178,67585 11 163,59532
8 178,67585 | 204,16697 |0
9 204,16697 | 229,65810 1 210,56121
10 229,65810 | 255,14922 |0
11 255,14922 | 280,64034 2 240,12365
3aranpHa KiIbKICTb | 718
600

T 500 -

E 400

30

=

£ 100 -

0 - _—
?‘fp oé)‘:’r %’3 %"33_\ {%QQ &%29 \)q’}% ‘%m ‘%\»
Haxun opb6itn A0 NAOWMHU EKNINTUKM |

Mastonok 3. I'icrorpama Haxuiay opOITH J0 IUIONTUHN SKIIITHKH

Jlis BU3HAUEHHs 1 aHAII3y po3MnoAuly KyTa M 1m0 o0'eiHye €KCLIEHTPUCUTET e

Ta HaxuJ opOITH i B OJIUH MMapaMeTp 1 BUPAXKAEThCS (POPMYII0r0

cos i = cos(p)-cosi

OyJy, SIK 1 B ITONEPE/IHIX BHUIAIKaX, OTPUMaH1 1HTEPBaIN JJI1 KOKHOI IPYIH JTaHUX,
iJpaxoBaHa YUCEIbHICTh KOXKHOI Ipymu, o0uncieHi ii cepenne 3nauenHs. OTpuMani
pe3yJbTaTh CTAaTUCTUYHOI 0OpPOOKM HaBeeHI B Ta0i. 4, a Ha MaltOHKY 4 300pa)keHa

ricrorpama po3mnojiiny.

10
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Tabmuug 4. CTaTUCTUYHUI PO3MOALT KyTa L OPOITH KOPOTKONEPIOAUYHUX KOMET

I'pyna min max KubKicTh | CepenHe 3HAUCHHS
1 0,159687 0,425774 24 0,346631
2 0,425774 0,691861 67 0,566103
3 0,691861 0,957948 80 0,842524
4 0,957948 1,224035 123 1,083199
5 1,224035 1,490122 65 1,355593
6 1,490122 1,756209 86 1,597152
7 1,756209 2,022296 83 1,894827
8 2,022296 2,288383 66 2,152293
9 2,288383 2,55447 73 2,410164
10 2,55447 2,820557 43 2,635847
11 2,820557 3,086643 8 2,91024

3aranpHa KUIBKICTh 718

140
120
100

Kinbkicte N
%]
[an]

Pucynok 4. I'ictorpama kyTa [l opoiTH KOPOTKONEPIOAUUYHUX KOMET

Ha otpumannx B pe3ynpTrari CTaTUCTUYHOTO JOCHIDKEHHS TiCTOTpaMax
PO3IOALIIB BEJIMKOI MIBOCI @, €KCLEHTPUCHUTETY OpOiTH KomeT € = SIN(,kyra i
HAXWJIy  MDK  IUIOMMHOIO  OpOIiTM  Ta  IUIOMIMHOKW  CKJIINTHUKH,  KyTa

ye :arccos(cosgo-cos i) YiTKO TPOSIBISAIOTHCS 3allafuHd Ta BUKHIW. [leBHUI

€BOJIIOLIIMHUN MEXaHi3M MPHUBIB JI0 TOTO, 1[0 PO3MOJILI CTaB 6araTOMOJaIbHUM.
Jlns mociipkeHHs  TOBrOMEPioAMYHMX KOMET OyB oOpaHUil HOBMM KaTajor
KoMeTHHUX opOiIT [5]. O6’em Bubipku — 119 komer. CrioyaTKy 17151 BC1X 3HAU€Hb BEJIUKOT

miBOCi @ OyJIM BU3HAYCHI HIJIOYMCEIbHI 00 HAIMIBIIJIOYHCEIbHI 3HAUYCHHS TUCKPETHUX

11
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PiBHIB, a TOTIM BHUKOHAHO TPYIyBaHHS 3a OTPUMAHUMHU JTUCKPETHUMHU YHUCIAMHU.

Takum ynHOM OoTpUManu 59 rpyn JaHux, 3rpyHOBAaHUX 3a KBAHTOBUMM YUCIAMMU, IS

KOXKHOI 3 SIKUX Oy OOYHCIIEHI CepeHl 3HAUEHHS JOCIHIKYBAaHUX €JIEMEHTIB OpOiT

KOMET: OUIBIIOI MIBOCI @, €KCIICHTPUCUTETY e Ta Haxuiay opOiTH i Ta moOy/I0BaHi

ricTorpamu BIAIOBIJHUX PO3IOALIIB NapaMeTpiB (JUB. MATIOHKH 5 — 7).
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Pucynok 6. Po3mosin eKCIeHTPUCHUTETY e JOBTONEePioANYHUX KOMET
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6,38630
35,12230
118,77530
63,56367
115,73641
113,40997
125,66734
161,57991
24,09195
145,81445
99,93626
69,28098
71,40279
28,23561
144,80160
105,36121
31,11947
107,62532
59,36694
108,43252

Pucynox 7. Po3noain Haxuimy opOiTH i JOBrONepioAMYHUX KOMET

12



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS

B pe3ynbTati cTaTUCTUYHOTO aHAN3y €JIEMEHTIB OpOIT KOMET MiATBEPIKEHO, 1110
BOHU J00pe TPYIYIOThCS 32 JTUCKPETHUMHU PIBHAMHU PO3MIPIB OpOIT, JIe nklIpuiimMae
1iJouncenbHe a00 HamiBLinouncenbHe 3HaueHns ta dy, = 0.0429a.0. Ha rictorpamax
JUIS. BCIX JIOCTIKYBAaHUX IMapaMeTpiB OpOIT UITKO MPOSBIAIOTHCS 3alaJuHU Ta
BUKHJIH.

Bucnoexu 1lin yac nocmipkenHs Oyinu chopmysibOBaHI OCHOBHI MpoOiIeMuU
KOMETHOT KOCMOTOHIi, OMKCaHi JIBa OCHOBHUX MIiJIXOJHA A0 MPOOJIEMHU MOXOKEHHS
KOMET, OOTPYHTOBAHO AOLIJIBHICTh BUKOPUCTAHHS METO/I1B CTATUCTHYHOTO aHAJI3y Ta
aHaJi3y YacoBUX PsAIB JJIi BUKOHAHHS JOCTIIKCHHS, BU3HAYCHA METOIUKA iX
3acTocyBaHHA. byJl0 BUKOHaHO CTaTUCTUYHY OOpOOKY BUOIPOK KOPOTKONEPIOIUYHUX
(718) ta nosromepiognunux (119) komeT 3a HOBUMU JaHUMH €JIEMEHTIB iX OpOIT,
BHU3HAYEHO PO3MOJAUIN JOCIIKYBAaHUX MapaMeTPiB y BUIJISAL BIAMOBIHUX T1CTOrpaM
Ta BUKOHAHO iX aHaii3. Pe3ynbratu ociipkeHb NATBEPANIIN TII0TE3Y MPO ICHYBaHHS
B MDKIJITAHETHOMY MPOCTOpl cucTeMu CTidkux opoit xkomer NEC, mis skux Bci
€JIEMEHTH MIAKOPAIOTHCS ACSKIM TeTepMIHOBaH1 3aKOHOMIPHOCTI. OTpUMAaHO OLIIHKU
il XapaKTepUCTHUK, SIK1 TIATBEPAWIN TUCKPETHUNA XapaKkTep PO3NOALTYy BEJIUKOI MiBOCI
a, CKCIEHTPUCUTETY OpOITHM e , HaXwiIy [ Ta 3Ha4YeHHS KyTa K. J[OCTOBIpHICTH
OTPMMAaHHUX TICTOrpaM 1 PO3MOAUTY JOCHIPKYBaHUX NapaMeTpiB OpOIT KOMET
MIATBEP/KEHO Y3TOJKEHICTIO pe3yJIbTaTiB, OTPUMAHMX METOJAaMH CTaTUCTHYHOTO

aHaJi3y Ta aHalli3y YacOBUX PSJIIB.
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SECTION 2. INFORMATICS AND CYBERNETICS

2.1 Quantitative evaluation of the electrocardiography - methods and clinical
implementation

Electrocardiography (ECG) is a leading instrumental method of the bioelectrical
potentials study of the heart muscle during its operation, one of the main and mandatory
methods for heart disease diagnosing[19].
ECG has been and remains a relevant method of disease study of the cardiovascular
system and is undergoing a significant transformation in modern medical practice[20].
The development of computer technology and information technology has given rise
to new effective methods of ECG processing and diagnosis - ECG digitalization.

The QT interval is the time from the start of the Q wave to the end of the T wave
(fig. 1), it represents the time taken for ventricular depolarisation and repolarisation
[21] and depends on gender (woman have longer QT) [22], age (older people have
longer QT), heart rate (HR) (inversely proportional).

R
- h Interval QT -

P
N\

> NN VvV ¥
R -- BN

Fig. 1 The QT interval and the end of the T wave

The value of the QT dispersion (dQT) indicates the difference between the
minimum and maximum QT duration:

dQT = QTmax - QTmin

The increase of dQT is associated with severe ventricular arrhythmias, sudden
cardiac death in patients with chronic heart failure, hypertrophic cardiomyopathy, in
male athletes (without heart disease) [23], decrease of dQT is a predictor of reduction
of fatal events in  patients with  myocardial infarction (MI).
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To accurately and objectively estimate of the QT interval, use a corrected (heart rate-
adjusted) - QTc - Bazett formula (RR <1000 ms.) [24]:
QTc=QT: VRR
Normal rates: QTc¢ for women <460 ms, for men <440 ms. Abnormally short QTc
1s considered to be <350 ms. QTc¢ interval over 500 ms is associated with an increased
risk of pirouette ventricular tachycardia (Torsades de Pointes)[21]. QTc interval> 600
ms 1s very dangerous and requires active methods of treatment.
To assess QTc also use:
- Fridericia formula (RR > 1000 ms): QTc = QT : RR"3[21]
- Framingham formula: QTc = QT + 0,154(1 — RR)[25]
- Hodges formula: QTc = QT + 1,75(HR— 60) [21].
Visual determination of normal QT 1is acceptable, normal QT should be less than

half of the previous RR interval (valid only for HR - 60-100 / min) (fig. 2) [26].

2, 12 " o

Fig.2 Visual determination of nornial QT |27]

The study of heart rate variability (HRV) dates back to 1965, when scientists E.H.
Hon and S.T. Lee found out that the state of fetal distress was preceded by an
alternation of intervals between heartbeats before there were any significant changes
in heart rate, and after 12 years M.M. Wolf and co-authors found a correlation of higher
risk of death in patients with MI with low HRV [28]. Currently, studies of HRV and
the possibility of cardiovascular risk prediction in various cardiac pathologies
continue.

HRYV is the natural variation of interval between heartbeats of normal sinus

rhythm, they are called NN-interval [29]. HRV assessment in patients with MI,
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postinfarction cardiosclerosis, arrhythmias and heart failure is widely used [29].The
normative time intervals for HRV assessment are 5 minutes for short and 24 hours for
long ECG recordings.The definition of HRV in the evaluation of short records is more
widely used in today's studies to obtain a "faster" result and to narrow the therapeutic
"window" for decision,
because this technique is simpler, however, 24-hour ECG recording allows to get more
information about physiological and pathological processes in the body, but sometimes
10-second ECG recording is the only possible during emergency treatment, while being
considered more variable and less informative [30].

The HRYV study includes an analysis of the following indicators:

SDNN - standard deviation of all NN intervals;

SDANN - standard deviation of the averages of NN intervals in all 5 (10) min segments
of the entire recording;

RMSSD - the square root of the mean of the sum of the squares of differences between
adjacent NN intervals;

NNS50 - count number of pairs of adjacent NN intervals differing by more than 50 ms
in the entire recording;

pNNS50 - NN50 count divided by the total number of all NN intervals [31].

Patients diagnosed with unstable angina have a significant decrease of HRV
(SDNN, SDANN, RMSSD, PNN50), which is a negative prognostic factor, because
the risk of MI or sudden death in this cohort of patients is higher ( when SDANN <70
ms) [32]. Decrease of HRV leads to a dominant influence of sympathetic mechanisms
and the development of electrical instability of the heart. In the acute phase of MI, the
decrease of daily SDNN is associated with left ventricular dysfunction, elevated
creatine phosphokinase, and acute heart failure class according to T. Killip and J.
Kimbeall [33].

Thus, the decrease of HRV is usually considered as a marker of weakening of the
parasympathetic protector of the heart and is regarded as a negative prognostic factor
n the course of cardiovascular disease (CVD).

ST-segment changes are important for prognosis, and even minor ST depression on the
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ECG is associated with CVD and risk of death.

Abnormal ST-segment fluctuations reflect pathological ventricular repolarization,
and the greater ST-segment depression - the worse prognosis and risk of CVD,
although minor depression adversely affects the prognosis [34,35,36]. It is noted that
changes of ST (“J-point” + 80ms / 1.0mm) are associated with all-cause mortality for
both sexes (hazard rate [HR] of 0.64, p = 0.002] for men and 0.61, p <0.001] for
women [37]. In the analysis of depression of the ST segment also evaluate its shape -
upsloping, downsloping, horizontal (fig. 3).
It is known that upsloping depression of the ST segment is benign.
C. Hodnesdal et al. (2013) investigated rapidly upsloping ST-segment in healthy
middle-aged men and its association with the risk of death from coronary heart disease
(CHD) [38]. Patients were divided into 3 groups and found that the rapidly upsloping
group had a 30% decreased risk of CHD death (HR, 0.70, 95% CI1 0.51-0.95) compared
to the normal ST-segment group [38]. The rapidly upsloping ST-segment was a
common finding (20%) and was associated with a 30% reduced risk of dying from

CHD compared to individuals with normal ST-segment [38].

Fig. 3 Types of ST-segment depression (upsloping, downsloping, horizontal —
from left to right) [39]

A promising study of the ECG is an algorithm of constructing of its first derivative
for differentiation with the analysis of quantitative ratios of differentiated deflection
T. This technique is based on the use of differential hardware amplifiers using
integrated circuits that allow you to amplify the ECG and also simultaneously obtain

the first derivative of each of the leads [40] or using mathematical calculations for
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digitalization of the ECG, providing a standard approach to the construction of the first

derivative of the ECG curve by the equation:

Ax—0 Ax

lim — limit, Ay - function increment, Ax - argument increment.

For quantitative calculations, the rates of change of potentials during the
ventricular repolarization phase are analyzed - the ratio of the maximum velocities
(RMV), as the ratio of the amplitude of the second phase of the T wave to the first (V2
to V1), and the ratio of adjacent extreme values (RAEV) = (V1-V3)/ V1 (fig.4) [40].
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Fig. 4 Method of constructing of the first derivative of ECG and differentiation
of T wave [40]

Decrease of RMV indicate an increased risk of acute coronary catastrophe, and
increase of this indicator is a marker of left ventricular hypertrophy [41].

Thus, the quantitative assessment of the ECG for its digitalization is a promising
direction of the development of modern medicine and requires further implementation
in real clinical practice, the main advantages of which are safety, simplicity and non-

invasiveness.
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SECTION 3. MATHEMATICS

3.1 Application of statistical methods to analyse the results of medical research
according to the type of the measurement scale

Analysis of the results of scientific medical research should usually begin with
determining the type of measurement scale of the studied features. Descriptive and
comparative statistics of results are performed depending on the type of the scale. There
are four types of measurement scales that were proposed by S. Stevenson [42].

1. The nominal scale is a scale that classifies by name. Names are not quantified,
they only distinguish one object of study from another. The simplest nominal scales
are dichotomous scales that have only two categories (for example, gender, dominant
hand, the presence of siblings) [43]. More complex nominal scales consist of three or
more cells. For example, classification by ethnicity, marital status, eye colour. An
essential feature of nominal scales is that they do not provide any ordering of answers.
For example, by classifying people by their favourite colour, the researcher cannot put
green "ahead" of blue. The answers are simply classified. Thus, the nominal scales
reflect the lowest level of measurement [44]. Operating on nominal scales, the
researcher has only one numerical characteristic - the number of observations.

Conjugation tables are used for statistical analysis of nominal scales. They
indicate the number of persons in each experimental group who have or do not have
studied feature. The results of research are usually presented in the form of n (%).

The following criteria are used to compare the samples presented in nominal
scales.

Pearson's y? test can be used both for 2x2 tables and for larger tables. This test
has a limit on the number of observations. Ehe value in each cell should not be less
than 10. If at least one cell has a value in the range from 5 to 9, use the Yates’s
correction [45].

The criterion is used only for independent samples, and for comparisons such as
"before-after treatment", or if at least one cell has a value less than 5, use Fisher's exact

test.
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Fisher's exact test is used to compare small samples. It can be used in cases where
the cells of table 2x2 have zero values, ie if the studied feature was not found in one of
the groups or, conversely, was present in all patients of one of the groups [46].

Odds ratio is an assessment of the relative risk in case-control studies. Odds ratio
is one of the main ways to numerically describe the extent to which the absence or
presence of a certain trait is associated with the presence of the studied factor in the
statistical group. Used only for case-control comparisons [47].

Relative risk is used to determine the risk of some symptom in patients exposed
to a risk factor in relation to the control group. [47].

2. Ordinal scale - a scale that classifies on the principle of "more or less" [43].
There must be at least three classes in the ordinal scale. In contrast to the nominative
scale, in the ordinal scale you can rank the elements from largest to smallest. However,
unlike the interval scale and the relationship scale, the difference between the two
levels cannot be considered the same as the difference between the other two levels.
For example, if the satisfaction scale is considered, the same difference between "fully
satisfied" and "partially satisfied" and between "partially satisfied" and "partially
dissatisfied" cannot be considered [44].

Quantities and percentages are used for descriptive statistics of the data in the
ordinal scale similarly to the nominative scale. Statistical analysis of ordinal scales is
performed using following nonparametric methods.

Rosenbaum’s Q test is used to compare independent samples if there are at least
11 elements in each sample.[43].

The Mann-Whitney U test is also used to compare independent samples, but it
can be used for small sample size (at ni, n2> 3) and is more powerful than the

Rosenbaum test. [43].

Signs z test 1s intended to establish the general direction of shift of the feature

under study [43].
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Wilcoxon's T test is used to compare features measured at two different levels in
the same sample. Like the signs test, it allows to determine the direction of change, but
also determines their severity [43].

Kruskal-Wallis test is used to compare three or more independent samples [48].

Spearman’s rank correlation is used to determine the relationship between
samples, it’s direction, and strength.

3. The interval scale is a scale according to which each of the possible values of
the feature is at the same distance from the other value [43]. The disadvantage of
interval scales is that they do not have a true zero point, even if one of the scaled values
is called "zero". An example of an interval scale is the intelligence quotient (IQ).
Although it is technically possible to get a score of 0 on the IQ test, such a score will
not indicate a complete absence of Q. Moreover, if a person has an 1Q of 140, it does
not mean that his level of intelligence is twice as high as the level of intelligence of a
person with an 1Q of 70. However, the difference between 1Q 80 and 100 is the same
as the difference between 1Q 120 and 140 [44].

Statistical analysis of the data presented in the interval scale is performed
depending on the distribution of the random variable. The following criteria are used
to check the distribution for normality [49].

Combined criterion for checking skewness and kurtosis for sample sizes
8<n<5000. This criterion includes checking the distribution law for symmetry. Since
there are other symmetric laws besides the normal distribution law, the condition of
proximity of the asymmetry coefficient to zero is necessary, but not sufficient to claim
that the distribution law is normal. Therefore, to check for symmetry in this criterion
add another check for the kurtosis of the distribution of the feature, which in the normal
distribution is zero. The power of this criterion increases as the sample size increases.

D'Agostino’s K-squared test for small sample sizes is based on transformations
of the sample kurtosis and skewness, and has power only against the alternatives that

the distribution is skewed and/or kurtic.
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The Shapiro-Wilk test is used for small samples (8<n<50). The test is more
powerful than nonparametric agreement criteria, but it is difficult to distinguish the
exponential distribution law from the normal one.

The Epps-Pally test is used for 8<n<200 samples. This test is more powerful
than the nonparametric agreement tests at the sample size n<50, but as the Shapiro-
Wilk test, it is difficult to distinguish the exponential distribution law from the normal
one.

Pearson's test and Kolmogorov-Smirnov's test are non-parametric agreement
tests and they are suitable only for grouped data, and grouping leads to loss of
information. Their using is appropriate as additional to the tests described above.

The description statistics of the interval scale data is presented using the mean
value and its error or standard deviation, if the hypothesis of the normality of the
distribution of a random variable is accepted, or using the median and interquartile
range otherwise.

If the hypothesis of a normal sample distribution is accepted, then the following
parametric tests are used for statistical analysis of interval scales

Paired t-test 1s used to compare means of two normally distributed populations
from which two dependent samples were selected.

Unpaired t-test is used to compare means of two normally distributed
populations in the case of independent samples.

ANOVA is used if it is necessary to compare three or more levels of a certain trait.
This test is more powerful than the Kruskal-Wallis test, but it can only be used in the
case of normally distributed samples.

Pearson's correlation is used to determine the presence of a relationship, its
direction, and strength between two normally distributed independent features.

If the distribution of at least one of the studied samples differs from normal,
nonparametric methods are used similar to the ordinal scales.

4. The ratio scale has all the properties of nominal, ordinal and interval scales.
Like the nominal scale, it provides a name or category for each object (numbers are

labels). As with the ordinal scale, objects are ordered (in terms of ordering numbers).
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As in the interval scale, the same difference in the two places on the scale has the same
value. The main difference of the scale of equal relations is the presence of a real zero
point [44]. A classic example of the difference between an interval scale and a ratio
scale 1s the temperature scale. The Kelvin scale has absolutely zero, and one can say
that the temperature of 100°K is twice as high as the temperature of 50°K. The Celsius
scale has no absolute zero, and therefore it cannot be said that a temperature of 100°C
is twice as high as the temperature of 50°C.

Statistical analysis of ratio scales relations is carried out similarly to the analysis

of interval scales.

23



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS

3.2 The arcsine laws in the modelling of the natural processes depending on
random factors

1.1. Random processes. Wiener process.

The process is called a phenomenon that develops, changes over time. A random
process is a process whose development depends, among other things, on random
factors. Random processes are models, mathematical forms of description, and study
of the behaviour of many natural phenomena, such as physical, biological, socio-
economic ones. Examples of random processes include deviations in the processing of
parts from standard sizes, the service life of household appliances and technical
equipment, fluctuations in exchange rates and securities prices, the number of orders
for service over time in queuing systems, and so on.

Such a wide practical application of random processes, of course, led to their
active study and practical use of the results. However, their study is not easy.

One of the first random processes considered and studied by scientists was the
microscopic observation of the behaviour of solid particles in liquids or gases the
process of chaotic thermal motion of these particles under the action of uneven impacts
of molecules of matter from different directions, which was called Brownian! motion.

Brownian motion has an unexpected feature for scientists of that time - the motion
of particles never stops. So the reason for the motion of particles is precisely the
structure of a liquid or gas. Experiments have shown that the velocity of particles
during Brownian motion increases with increasing temperature of the liquid or gas,
which suggests the connection of Brownian motion with the chaotic thermal motion of
the particles that make up the liquid or gas. The discovery and explanation of Brownian
motion were of great importance for physics, as it became both experimental and
theoretical confirmation of the chaotic thermal motion of molecules and atoms, which
is a fundamental position of the modern molecular kinetic theory of the structure of

matter.

!'It is named in honour of the Scottish biologist Robert Brown, who in 1827, when examined under a
microscope, noticed the chaotic and incessant movement of plant pollen particles in water.
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The mathematical model of the Brownian motion was created at the beginning of
the twentieth century almost simultaneously by M. Smoluchowski in 1904 in Lviv
(Ukraine) and A. Einstein in 1905 in Bern (Switzerland). These scientists
independently developed theories that described the parameters of the motion of
molecular particles in matter.

The American mathematician N. Wiener made a significant contribution to the
further study of the Brownian motion. It was in his honour that the Wiener process was
named — it is denoted by w(t) — a mathematical model of the Brownian motion process
or, in general, of random walk with continuous time.

The Wiener process w(t) in the theory of random processes is one of the most
important random processes and plays an important role in applied mathematics. A
detailed review of both the Wiener process and its properties and its application in
socio-economic processes can be found in [50].

1.2. Stochastic differential equations.

The Wiener process, as a mathematical model of Brownian motion, proved to be
an extremely complex mathematical object. One of the key and fundamental properties
of the Wiener process w(t) was that, firstly, it is not differentiated (it does not have a
normal differential) at any point, and, secondly, has an unlimited variation on any
which segment. This makes it impossible to study the Wiener process using
conventional tools (differential, derivative, integral) of mathematical analysis.

However, in the 1940s the Japanese mathematician Kiyosi It6 and, independently
of him, the Ukrainian mathematician losif Gikhman, developed the concept of a
stochastic differential of a random process, denoted by dw(t) for the Wiener process
(see, for example, [51]), which is analogous to the concept of the ordinary differential
in mathematical analysis.

This not only made it possible to construct a theory of stochastic Ito calculus (i.e.,
the ability to find differentials and integrals from random processes) but also made it
possible to consider random processes as solutions of differential equations of a certain
type — which includes stochastic differentials in addition to ordinary differentials. Such

differential equations became known as stochastic differential equations.
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For example, let us consider £(t) — a random continuous-time process with
continuous trajectories. One can prove (see, for example, [52]) that process &(t) is a

solution of the following stochastic differential equation:
t t

£ = £0) + [ b(E))ds + [ o(5())dw(s), (1)

0 0

where [ Ot b(f (S))ds be an ordinary Lebesgue integral and |, Ot a(f (s))dw(s) be an Ito

stochastic integral over a stochastic differential dw(s). Moreover, the coefficient b(x)
for an ordinary differential is called a drift coefficient, and the coefficient o (x) for a
stochastic differential is called a diffusion coefficient.

Subsequently, many results were obtained regarding the conditions of existence
and unity of solutions of stochastic differential equations of the form (1.1), their
properties, and methods of solving certain types of stochastic differential equations.

A detailed review of the theory of stochastic differential equations developed
research methods and the results obtained can be found in [52], [53], [54].

1.3. Random processes with the local time at some point

Here is a brief overview of the issue, using [54], [55].

With the progress of science and technology, the development of their
applications such as filtering, encrypting, and decrypting signals in communication
networks, forecasting various economic and social phenomena and indicators,
calculations involving a large number of insignificant factors, etc. are becoming
increasingly popular. Modern physics in the study of many phenomena requires taking
into account various kinds of fluctuation effects. These can be thermal noise,
instability, turbulence, inhomogeneity of the environment, problems in statistical
hydrodynamics, statistical radio physics and acoustics, and so on.

If the phenomenon under consideration occurs in a multilayer medium, such as
liquid filtration, then the so-called local time of process appears in the mathematical
model of the phenomenon. The local time of random process at a certain point to some
instant is a purely probabilistic object. The study of random processes with local time

at a certain point is a modern area of research in the theory of random processes.
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It has been proved that the local time of a non-random process at a certain point
for any period of time is identically equal to 0, but for random processes, the local time
exists and it is different from 0. For example, for a random process (t) given as a
solution of stochastic differential equation (1.1) local time at point a until time t is

defined as follows:

1 t
Li(t,a) = }si—r%ﬁj; Ita—s: ar6(£(s))o?(E(s)) ds, (1.2)

1,if xeA
0,if x¢&A

The first representative of this class of random processes is so-called "skew

where Ir43(x) = { be the indicator function of set A4.

Brownian motion", which was defined by K. 1t6 and H. McKean and firstly productive
studied by W. Rosenkrantz and M. Portenko. Summarizing the results of these and
other authors, we can say that the skew Brownian motion can be considered as a
solution of a stochastic equation with local time at some point a of the form
E(t) = BLE(t, @) + w(b), (1.3)

where w(t) is a standard Wiener process. The solution of Equation (1.3) is interpreted
by researchers as Brownian motion in some medium (liquid or gas), where at a certain
level there is a partially permeable membrane.

The coefficient B at local time in Equation (1.3) is interpreted as an indicator of
membrane permeability. We will talk about the reasons for this interpretation later.

2.1. Arcsine laws for the Wiener process

Let Ir43(x) be the indicator function of set 4, as defined above.

Theorem A. (by French mathematician P. Levy, 1939)
Let {w(t), t € [0,50]} be a standard Wiener process. Thenfor0 < x <1

1
2
P fl{(o; +oo(W(t))dt < x = Earcsin X. (2.1)
0
This result was later summarized as

T

1 2
_[I{(O? +ooy(W())dt < x ¢ = Earcsin X. (2.1.1)

pl=
T

0
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This result is called “the arcsine law”. In simple words, we can say that according
to the arcsine law, the time that the trajectory of the Wiener process spends in the upper
half-plane has the arcsine distribution. That is, if the trajectory of the Wiener process
has been in the lower half-plane for a long time, then the probability increases that the
trajectory of the Wiener process will pass into the upper half-plane.

This property of the Wiener process and random deviations of exchange rates,
stocks, securities, which have a behaviour similar to the behaviour of the Wiener
process, have led to numerous attempts to use the arcsine law for prediction of the
exchange rates of economic assets.

To do it strictly mathematically, of course, is impossible due to the presence of
randomness. However, investors often are satisfied with approximate results, so, the
number of publications that try to use the arcsine law for prediction of the behaviour
of exchange rates of economic assets increase: Google returns almost 1 million results
for keywords ““arcsine law economics”.

Later were received other similar results where appear arcsine function. They
were called the arcsine laws too; particularly the result of the Theorem A was named
“the first arc-sine law”. Consequences of these works are the following results:

Theorem B. (so called “the second arc-sine law for Brownian motion”).

Let L =sup{t<1: w(t) =0} be the last zero of Wiener process until the
instant t = 1. Then (for0 < x < 1)

2
P{L < x} = Earcsin X. (2.2)

Theorem C. (so called “the third arc-sine law for Brownian motion™).

Let Z = arg trer%g)f]{w(t)} be the instant of hitting Wiener process its maximum
for time [0, 50]. Then (for 0 < x < 1)
2
P{Z <x} = Earcsin X. (2.3)

2.2. Arcsine laws for the skew Brownian motion
Let us consider the skew Brownian motion as a solution of a stochastic equation

involving the local time of process at the point 0 until time ¢
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E(t) = BLE(t,0) + w(t), t = 0, (2.3)
where w(t) be a standard Wiener process.
It is well known from [56], that if [§| < 1 then there is the unique strong solution
of Equation (2.3) i.e. a symmetric local time of process £(t) at the point 0 until time ¢

of the form of Equation (1.2) exists almost surely:

1 t
L5(t,0) = (lsii%ﬁj Ii_s,50(€(s)) ds,
0

and Equation (2.3) fulfils almost surely.

One can prove the following results:

Theorem 2.1. (A first arc-sine law for the skew Brownian motion).

Let £(t) be the skew Brownian motion, defined by Equation (2.3) and constant
|B] < 1. Then for every 0 < x < 1, we have

(1-p)*x
(1+pB)2—4px

T
1 2
P ?j Ii0; 0oy ($(B))dt < x ¢ = —arcsinj (2.4)

) s
Theorem 2.2. (A second arc-sine law for the skew Brownian motion).
Let £(t) be the skew Brownian motion, defined as above, constant || < 1 and
Ny =supf{t <T: &(t) = 0}.

Then forevery 0 < x < T, we have

P{N; < }—2 ' f
TS X —ﬂarcsm T.

Theorem 2.3. (A third arc-sine law for the skew Brownian motion).

Let £(t) be the skew Brownian motion, defined as above, constant || < 1 and

Zr =arg tg%ggs]{f ()}

Then forevery 0 < x < T, we have

P{Z; < }—2 ' f
T<X —narcsm T

2.3. Consequences of the Theorem 2.1.
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Corollary 1. It’s clear that if § = 0 then from Equation (2.4) we have result for
Wiener process, 1.e. Equation (2.1) from Theorem A. Thus, Theorem 2.1 generalizes
result of Theorem A.

Corollary 2. It’s well known from [56] that if § = 1 then distributions of the
skew Brownian motion coincide with distributions of process |w(t)| and if § = —1
then distributions of the skew Brownian motion coincide with distributions of process

—|w(t)|. So we should expect that for § — 1 the probability

T

1
PAz [l ronE@ae <

0

have to tend to 0 for 0 < x < 1, and for §§ tends to —1 the probability

T

1
PAz [l (@ < x

0
have to tend to 1 for 0 < x < 1. It is obviously that exact the same results follow from
Equation (2.4).

Corollary 3. It follows from Theorem A that for the Wiener process w(t) holds

T
1

1 1
P Tf Ig(o; +00)y(W(t))dt < > = 5
0

Let us compare this result with similar results for the skew Brownian motion. As

follows from Theorem 2.1, we have:

T
1 1| 2 f(1 — B)2
f— . < [— e — 1 —_—
p TJ I{(O,J,Oo)}(f(t))dt =3 —aresin [—— 257
0

T
1-p2_1

1
— . <— 1=,

0
The proof of Theorems 2.1, 2.2, 2.3, formulation and proof of some other results,
and much more detailed review of publications other authors on this topic are given in

the work of the author of these lines [57].
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3. Some possible interpretations of the obtained results for prediction of the
behaviour of natural processes depending on random factors and having a
partially permeable barrier at a certain level.

Now let us recall the numerous studies of the price dynamics of some economic
assets — the exchange rate, stocks, commodities, the ForEx market, etc., which contain
attempts to predict these price dynamics. If the investor considers the market stable and
homogeneous and assumes that fluctuations in economic assets are caused only by
chance, then to predict the behaviour of exchange rates or other economic assets, the
investor should (and really do) try to use the law of arcsine for the Wiener process.

Further in studies devoted to the investigation of pricing different goods,
currencies, assets we often meet an idea of “psychological barrier”, 1.e. such price, after
reaching it we observe a significant change of attitude of investors to this “goods”™—
an additional growth or reduction the demand on it.

On another side, it’s well known ([54], p. 139) that the local time of the one-
dimensional random process is like some partially permeable “membrane” such as the
path of a one-dimensional random process with local time after reaching the level

where the local time with the coefficient |$| < 1 is concentrated with probability #

will go up and with probability % it will go down. It is these values (more precisely,

one value — the constant f3, i.e. the coefficient at the local time of the process) that
determine the indicator of permeability of the membrane.

In extreme cases, at § = +1 the membrane ceases to be permeable, becomes a
barrier with reflection up (at § = 1) or down (at § = —1).

For example, suppose that about 70% of investors for some reason believe that
the exchange rate of a certain economic asset equal to 25 $ — it's cheap. Then when the
exchange rate of this asset reaches the price equal to 25 $ about 70% of investors begin
to actively buy it, so the rate of this asset goes up. Approximately, we can assume that

the probability of the stock price to go up in this situation (after it reaches level 25 $)

is equal to 0.7, i.e. # = 0,7 so we find that § = 0.4.
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That is why we assume that the skew Brownian motion can be considered as a
model of the behaviour of exchange rates, stocks, or other economic assets with
semipermeable membranes — it may be due to psychological, regulatory, or other
reasons. Therefore, the results of this chapter can be used for predicting the exchange
rate of currencies or other economic assets in the situation of the existence of some
psychological, regulatory, technical, or technological partially permeable barriers.

Moreover, for the same reasons, it is natural to assume that the results of this
chapter can be used to modelling and predicting the behaviour of many other natural
processes, such as demographic, electoral, biological, technical ones in the situation of

the presence of permeable barriers in a mathematical model of these processes.
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3.3 Quantum Genetic Algorithm Of Sinus Node Dysfunction Syndrome Diagnosis

It’s known that using quantum genetic algorithm may be effective for heart
electrical instabilities diagnosis. We used simple variant of it [58]. Example of the
quantum genetic algorithm (QGA) using for differential diagnosis of antonym,
oxymoron like heart electrical instabilities for sinus node dysfunction syndrome or
binodal syndrome [58] by some qubit chromosomes:

> = al|0> + a2|1>

|q1 > = a1 (sinoatrial blockade II stage)|0> + a2 (atrial fibrillation) |1>

|q2> = al (tachy- brady- syndrome)|0> a2 (atrial flutter) |1>

|q3 > = al (reentrant  supraventricular  tachycardia)|0> + a2 (Trifascicular
Block - Right Bundle Branch Block with Both Left anterior fascicular block
and Left posterior fascicular block) [1>

|qg4 > = a1 (Atrioventricular III block)|0> + a2 (atrial fibrillation) |1>

|q5 > = al (sinus bradycardia)|0> + a2 (atrial tachyarrhythmias) |1>

|q6 > =al (sinus pause )|0> + a2 (atrial fibrillation) |1>

|q 7> = al (sinoatrial exit block)|0>+ a2 (sinus bradycardia) |1>

Some examples of linear and nonlinear antonym pathogenesis of arrhythmias and
blockades as result of unity [59,60] were presented as prerequisite to sinus node
dysfunction diagnostics principles of methodical directions. Some examples of linear
and nonlinear antonym pathogenesis of arrhythmias and blockades as result of unity
[59,60] were presented as prerequisite to sinus node dysfunction diagnostics principles.
Purpose of this investigation was to determine directions of quantum genetic algorithm

for sinus node dysfunction diagnosis.

Diagnosis of sinus node dysfunction syndrome was based on our data and
Medscape information [61,62,63,64,65,66,67], presented on visual programming by
language “Dragon” [68] (fig. 1).
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[ Sinus node dysfunction syndrome diagnosis
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investigation

1

Fig. 1. Diagnosis of sinus node dysfunction syndrome by language “Dragon”

[68]

A higher-order quantum genetic algorithm was used for diagnosis of sinus node

dysfunction syndrome [69].

Diagnosis of sinus node dysfunction syndrome was based on Medscape

information [61,62,63,64,65,66,67] and ECG may include the following:
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ePeriods of inappropriate and often severe bradycardia, with heart rate of below
50 beats per minute (bpm);

eSinus pauses;

eSinus Arrest;

eSinoatrial (SA) exit block with, and often without, appropriate atrial and
junctional escape rhythms;

e Alternating bradycardia and atrial tachyarrhythmias;

e Atrial fibrillation is the most common arrhythmia

e Atrial flutter;

eParoxysmal supraventricular tachycardias (ie, due to atrial tachycardia).

Example of the quantum genetic algorithm using for differential diagnosis of
antonym, oxymoron like heart electrical instabilities for sinus node dysfunction
syndrome or binodal syndrome by some qubit chrosomes:

> = al|0> + a2|1>

|q1 > = al (sinoatrial blockade II stage)|0> + a2 (atrial fibrillation) |1>

|q2> = al (tachy- brady- syndrome)|0> a2 (atrial flutter) |1>

|q3 > = al (reentrant  supraventricular  tachycardia)|0> + a2 (Trifascicular
Block - Right Bundle Branch Block with Both Left anterior fascicular block
and Left posterior fascicular block) [1>

|q4 > = a1 (Atrioventricular III block)|0> + a2 (atrial fibrillation) |1>

|q5 > = al (sinus bradycardia)|0> + a2 (atrial tachyarrhythmias) |1>

|q6 > =al (sinus pause )|0> + a2 (atrial fibrillation) |1>

|q 7> = al (sinoatrial exit block)|0>+ a2 (sinus bradycardia) |[1>

|q 8 = a1 (sinoatrial blockade II stage)|0> + a2 (atrial fibrillation) |1>

|q9> = al (pair supraventricular extrasystoles)|0> + a2 (short supraventricular
tachycardia) |1>

|q10> = a1 (pair atrial extrasystoles)|0> + a2 (Short runs of atrial arrhythmia|l>

|q11> = al (tachycardia syndrome)|0> + a2 (bradycardia syndrome ) |1>
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and so on

Examples of higher-order QGA by the quantum operators implementation, which
take into account the quantum chromosome representation as a quantum register set
with entangled states [69, 70].

If each two qubits are entangled, then the chromosome [69, 70] can be represented
as follows:

R1 R2 R3 R4; and so on, where each quantum register Ri consists of two qubits
(r=2) [69, 70], which are in a superposition state:

R1

ql | g2

|q1> = a1 (pair supraventricular extrasystoles)|0> + a2 (short supraventricular

tachycardia) |1>

|g2> = a1 (pair atrial extrasystoles)|0> + a2 (Short runs of atrial arrhythmia|l>

93 | |q4

|q3> = al (tachycardia syndrome)|0> + o2 (bradycardia syndrome ) |1>

|g4 > = al (reentrant  supraventricular  tachycardia)|0> + a2 (Short runs of
atrial arrhythmia|l1>

R3

95 | Iq6

|q5 > = a1 (sinus bradycardia)|0> + a2 (atrial tachyarrhythmias) |1>
|6 > = al (sinus pause )|0> + a2 (atrial fibrillation) |1>

R4

97 | lq8

|q 7> = al (sinoatrial exit block)|0> + a2 (sinus bradycardia) |1>

atrial fibrillation

36



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS

|q 8 = a1 (sinoatrial blockade II stage)|0> + a2 (atrial fibrillation) |1>

Example of higher-order QGA with the quantum chromosome to consist of four
quantum registers and to be represented as follows:
R1R2 R3 R4

R1

lql |92 |lg3 |lq4

|q1> = al (pair supraventricular extrasystoles)|0> + a2 (short supraventricular
tachycardia) |1>

|q2> = al (pair atrial extrasystoles)|0> + a2 (Short runs of atrial arrhythmia|1>

|q3> = a1 (tachycardia syndrome)|0> + a2 (bradycardia syndrome ) |1>

|g4 > = al (reentrant  supraventricular  tachycardia)|0> + a2 (Short runs of

atrial arrhythmia|1>

95 |la6 |lq7 |lq8
|q5 > = a1 (sinus bradycardia)|0> + a2 (atrial tachyarrhythmias) |1>

|6 > = ol (sinus pause )|0> + a2 (atrial fibrillation) |1>
|q 7> = al (sinoatrial exit block)|0>+ a2 (sinus bradycardia) |1>

|q 8 = al (sinoatrial blockade II stage)|0> + a2 (atrial fibrillation) |1>

R3
199 | |ql0 ||ql1 ||q12

|q9 > = al (sinoatrial blockade II stage)|0> + a2 (atrial fibrillation) |1>

|q10> = al (tachy- brady- syndrome)|0> a2 (atrial flutter) [1>

|q11 > = al (reentrant  supraventricular  tachycardia)|0> + a2 (Trifascicular
Block - Right Bundle Branch Block with Both Left anterior fascicular block
and Left posterior fascicular block) [1>
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|q12 > = al (Atrioventricular III block)|0> + a2 (atrial fibrillation) |1>

R4
Iq13 ||ql4 ||ql5 |]|ql6

|q13 > = al (sinus bradycardia)|0> + a2 (atrial tachyarrhythmias) |1>

|q14 > = al (sinus pause )|0> + a2 (atrial fibrillation) |1>

|q 15> = al (sinoatrial exit block)|0>+ a2 (sinus bradycardia) |1>

|q16 > = a1 (sinus bradycardia)|0> + a2 (Trifascicular Block - Right Bundle
Branch Block with Both Left anterior fascicular block and Left posterior
fascicular block) [1>

Diagnosis verification must will be by:

e statistical analysis (http://vassarstats.net/vsclin.html) ;

e test of sensitivity (http://vassarstats.net/clin1.html) and specificity
by (http://vassarstats.net/clinl.html);

e transesophageal atrial pacing [61];

e clectrophysiological studies [61].

Thus, linear and nonlinear oxymoron like pathogenesis of arrhythmias and
blockades was prerequisite to sinus node dysfunction diagnosis by using higher-order
quantum genetic algorithm. Quantum state entanglement of heart electrical instabilities
was basis for successful decisions. Higher-order quantum genetic algorithm for
diagnosis showed its effectiveness. Diagnosis verification must will be by test of
sensitivity and specificity; by transesophageal atrial pacing, electrophysiological

studies.
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3.4 Mathematical description of throttle diagrams of gas-hydrodynamic devices

Gas-hydrodynamic devices are widely used in pneumatic and hydro-automatics,
in measuring transducers of physical and mechanical parameters of fluids, in
transducers of position and dimensions of details, in synthesizers of gas mixtures and
liquid mixtures of a specific composition, etc. [71-80]. Throttle elements are the main
components of such devices. They are placed in the fluid flow to create various gas-
hydrodynamic effects. The functionality and the operation of gas-hydrodynamic
devices depend on many factors particularly, the number and the type of throttle
elements, the connection type, combinations of different throttles in the diagram, and
the regime parameters of their operation. The structure of throttle diagrams is the basis
for the synthesis of every gas-hydrodynamic device. It is necessary to have different
types of diagrams to solve the problem of choosing a throttle diagram for a specific
gas-hydrodynamic device. This task is complicated for gas-hydrodynamic devices
because the number of throttle diagrams increases progressively with the increasing of
the number of different throttle elements.

Besides, using the multi-type throttles with different ways of their connection
even in the same diagram leads to increasing the number of possible variants of
constructing the gas-hydrodynamic devices, which may differ by their transform
functions and accuracy. Therefore, generating the totality of throttle diagrams is
relevant for solving the problems of synthesizing gas-hydrodynamic devices.

The gas-hydrodynamic devices of different functionality are constructed on the
base of throttle elements connected in various diagrams. The number of throttle
elements, their type and design parameters plays an important role in building the
specific gas-hydrodynamic devices since they have a significant impact on their
metrological and operational characteristics [71, 72].

Synthesizing a specific gas-hydrodynamic device begins with the analysis of the
capabilities of throttle diagrams. Thus, the research [73] is devoted to investigating the
different variants of constructing the capillary pressure dividers used in gas-dynamic

synthesizers of multicomponent gas mixtures with micro-concentrations of
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components and flowrate setting devices. Depending on the specific synthesis problem,
these dividers contain the different numbers of capillaries, which are arranged in series
and parallel in a capillary pack. In [74], the gas-dynamic divider is considered for the
setting of different pressure values. The diagrams of cascade connection and binary
branching of linear dividers are developed for micro-flowrate setting devices,
synthesizers of gas mixtures, and pressure calibrators.

The diagrams of gas-dynamic synthesizers are built on the basic diagrams.
According to the classification [75], they include a flows summarizer, a gas flow
divider, a packet of capillaries, a pressure divider, as well as cascade connections of
pressure dividers and gas flow dividers. Considering the analysis of the properties of
the basic connections of throttle elements, a diagram is proposed that combines the
investigated throttle diagrams. This diagram is intended for designing high-precision
systems of gas-dynamic preparation of complex mixtures with micro-concentrations of
components [75]. The article [76] presents a precise synthesizer of binary and triple
mixtures for calibrating blood analyzers based on the throttle diagram of flow
summarizer with pressure equalization. The dimensions of the dosing capillaries of the
summarizer provide the concentrations of components in the gas mixture that are
independent of changes of the inlet, outlet and barometric pressure.

Air gauges have been used in industrial measurements of linear dimensions, the
roundness of cylindrical elements, etc. The simplest device consists of two serial
connected inlet and measuring nozzles [77]. The surface of the measured part serves
as a flapper, which restricts the airflow at the outlet of connection. The air pressure in
the chamber between the throttles 1s the output signal of such a device. It is proportional
to the distance between the nozzle and the controlled surface.

The choice of throttle elements and their connection into a diagram is an integral
part of the synthesis of gas-hydrodynamic throttle transducers of various physical and
mechanical parameters of gases and liquids [78]. In the device for measuring the liquid
viscosity [79], a viscous-sensitive element is used with the capillary channels
connected parallel into a package. Such a package makes it possible to create laminar

fluid flow in each capillary. Viscosimetric detectors constructed on three, four

40



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS
capillaries, connected in bridge diagrams [80], are used in chromatography to
determine the specific viscosity. In [81], the bridge diagram based on capillary tubes is
used to measure small gas flowrates. A similar diagram with turbulent and laminar
throttles in the opposite bridge arms is proposed for measuring the kinematic viscosity
and density of petroleum products [71]. The authors in [72] propose a bridge diagram
with the same types of throttle elements for continuous analysis of binary gas mixtures.
More complex diagrams, as serial connected hydrodynamic bridge [82] or throttle
matrices [78], composed throttle matrices [83] are used in multifunctional transducers
of parameters of non-Newtonian fluids, in particular, power-law fluid, Bingham plastic
fluid, etc.

The analysis of the reviewed and the other gas-hydrodynamic devices shows that
their characteristics depend on the properties of individual throttle elements as well as
the device structure, which determines the interaction of throttle elements connected in
a certain way. Structural synthesis of a gas-hydrodynamic device involves the
availability of a set of structures with throttle elements connected in different ways.
When generating a set of structures, it is necessary to take into account the element
base of a device, the number of throttle elements, the interconnection between the
throttle elements. In order to construct a specific device, it is necessary to choose such
a structure from a variety of possible structures, which will provide desired functional,
metrological and operational characteristics.

Our purpose is to analyze the methods of constructing throttle diagrams, to
identify the main problems of generating a set of structures of throttle diagrams, and to
improve the mathematical description of structures of gas-hydrodynamic devices.

The above review of gas-hydrodynamic devices showed that they are based on
diagrams with serial and parallel connections of throttle elements and their
combinations. Throttle elements used in the diagrams may be the same, but usually,
they differ in design. Therefore, the application of various combinations of throttles in
diagrams gives a wide range of devices with different characteristics. The diagrams

with different combinations of throttle elements will also have different characteristics
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since the throttles work under different regime parameters (pressure, differential
pressure, flowrate), which influence on gas-hydrodynamic effects.

Relevant mathematical theories such as graph theory and matrix theory are widely
used in practice for synthesizing various diagrams (control diagrams, electrical
circuits) [84, 85]. Graph theory is a powerful mathematical apparatus that makes it
possible to describe many diagrams using the concepts of vertices and edges of a graph
without tying to the number of elements in the diagram. Graphs that are equivalent to
throttle diagrams could also be represented as matrices. For example, vertex matrices
describe the throttle connection nodes of the diagram; edge matrices describe the
presence of a throttle between nodes, and incidence matrices indicate the relationship
between the incident elements of the diagram (throttles and nodes).

Each diagram, especially diagrams of gas-hydrodynamic transducers with
different characteristics, 1s based on a certain number of elements. On the contrary,
there are no restrictions on the number of elements between vertices in graph theory.
Therefore, the number of diagrams might be undefined. However, many such
diagrams, primarily those described by graphs with empty edges, have no practical
application.

Instead, in our research [78, 83] graphs allow us to describe mathematically a set
of nodes of a specific throttle diagram and a set of measuring channels between nodes.
Taking into account the transform functions of each measuring channel of the specific
diagram, which correspond to the graph edges, we obtain a loaded graph. Based on this
loaded graph we can build mathematical models of measuring transducers and analyze
their functionality.

Our research shows that it is advisable to solve the problem of synthesis of throttle
diagrams using set theory. This theory allows us to single out those diagrams based on
typical connections (series and parallel), which are most often used for constructing
measuring transducers of technological parameters. Therefore, we propose a
mathematical apparatus based on set theory and combinatory analysis [86, 87] to
synthesize all possible variants of throttle diagrams based on a certain number of

elements.

42



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS
To solve this problem, let us give the basic definitions. An order S of a diagram
equals to a number of throttle elements in a diagram, which can be connected in

different ways. A set of throttle elements D, ={d,.d,,...,d,} is a set of n primary

throttle elements di1, db,..., d, of different design, on which we can build the diagrams.
Let us note that the diagram order S may be less than the number # of primary elements,
equal to n or greater than n. For example, if the order of the diagram S = n, then each
element of the set D is applied once in the diagram. If the order of the diagram S > n,
then some elements of the set are applied several times in the diagram. And if § < n,
then some elements of the set D are not applied in the diagram.

According to [84], a tuple is an ordered sequence of a finite number of elements.
Therefore, the tuple of length n with throttle elements as components will characterize
the certain sequence of their connection. Brackets < > are used for a tuple. For
example, tuples <d,,d, >, <d,,d, >, <d,,d, >, <d,,d, >with the length 2 are
different, since the corresponding components of each tuple do not equal the
corresponding components of other tuples [86]. Particularly the above tuples describe
four different diagrams, which consist of two primary elements di, d> connected in
series. It 1s logical to assume that tuples can describe the diagrams with a serial
connection of throttle elements.

First of all, it is necessary to define n-element set D; of primary throttles in order

to synthesize throttle diagrams using a serial connection of throttles. We can found a
set of tuples D that describes all diagrams of higher orders S > 1, as a union of the

sets of diagrams of lower order.
Such a set is found using a direct Cartesian product of sets that describe the

diagrams of lower orders (the sum of their orders equals to S) [82]

S-1

by =J(py., xD,) (1)

i=1

where D; is a set that describes a diagram of the ith order.
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Let us note that applying the operation of a direct Cartesian product of sets for

determining the set D™ we obtain subsets that intersect, for example:

(D, , xD,)N(D;xD, |)=D,xD,x..xD, =D,

S multipliers

2)

where S > 1, D is a set of primary throttle elements.

However, the operation of uniting of the sets applied in the equation (1) eliminates
such duplicate subsets.

The concept of a tuple as an ordered sequence is not suitable for describing
diagrams with a parallel connection of throttle elements, since the elements ranking in
parallel connection does not change the diagram structure. We have developed a new
concept of rank as another ordered finite group of elements that may contain the same
elements in addition to different ones, and permutation of elements in the rank does
not change the rank. The number of elements in the rank was called a width by authors.

Square brackets [ ] are proposed for a rank. For example, let us write ranks with a
minimum width 2 formed of elements di, d»: [d,,d, ], [d,.d,], [d,.d,] and [d,,d,].
By definition, the ranks [d,,d,]| and [d,,d,] are equal, since the sequence of
components in the ranks does not create a new rank. Consequently, four presented
ranks can describe three different diagrams built on two parallel connected primary
elements.

In order to determine a set of ranks we introduce a new operation on sets — an
indirect product of sets. An indirect product of sets 4 and B is a set consisting of
different ranks of width 2, one component of which belongs to 4 and the other one
belongs to B [82]. Indirect product of sets 4 and B is marked as A*B. So, if 4 = {d,, d, }
and B={d,,d,,d,} then

A*B={d,,d }[d,,d,]|d,.d;]]|d,.d,]]d,.d;]}
In general, we can found a set of ranks DZ* for describing the diagrams of the

Sth order formed by parallel connection of the primary elements, as the union of the
sets using the indirect product of all sets that describe the diagrams of lower orders (the

sum of their orders equals to S)
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S-1
ar
Dy = (DS—i *D, ) (3)
i=1
Since the reversion of sets at their indirect product leads to the same result — the
same ranks are obtained. Then we can write the equation (3) as
b
ar
Dy :U(DS—i *D, ), (4)
j=1

where b = entire(S/2) is the nearest integer value, no more than S/2,1.e. b<S/2.

We can found a set Ds that describes all possible diagrams of the Sth order built
on serial and parallel connections of throttle elements, as the union of the sets D" and
Dy

Dy =Dg" UDE". (5)

Consequently, the set of all diagrams of the Sth order is determined by union of
the sets of lower-order diagrams formed by serial and parallel connections of the
primary throttles. Note that the set D" and the set DI also intersect. The same
subsets are eliminated by uniting these sets using formula (5).

Thus, the equations (1), (4), (5) for determining the elements of the sets D",

D! and Ds allow to obtain not only all possible variants of diagrams of the Sth order,

but also to eliminate the identical diagrams. We take into account that the elements of
the set Ds are found by consequent determining the elements of the sets which describe
the diagrams of the second, the third, and then the higher orders, including the diagrams
of the Sth order.

Let us consider the features of generating a set of throttle diagrams starting with
diagrams of the second order and then the third and the fourth orders. For example,
according to the equations (1), (4), (5), the set that describes the diagrams of the second

order will look like

D, =D UD?" =(D, xD,)U(D, *D,). (6)
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One can see from the equation (6) that the set D>, which covers all structures of
diagrams of the second order is formed by the union of two subsets D, x D, and D1*D;
based on the set of primary elements D;.

Applying the combinatory analysis [87], we propose to determine the number of
elements k> of the set D that is the number of all possible throttle diagrams of the

second order by the formula:

B n(3n+1)
fy=—"7—" (7)

Let us apply the developed theory to determine the set D; that describes the
diagrams of the third order

D3:D;”UD;’“’=(Q( 3‘XDJ (U J

i=1
(D, x D,)U(D, x D,))U (D, * D,).
Substituting the equation (6) for the set D> into the set D3 we obtain:
Dy =(((D, x D)U(D, * Dy))x D )U(D, x (D x D)U (D, * Dy)))
U(((D, xD,)U(D, * Dy))* D).
Then after some transformations, we will receive
D, =(D, x D, x D, )U((D, * D, )x D, )U (D, x D, x D,)U (D, x (D, * D))
U((D, xD,)* D,)U(D, * D, * D,).

Having eliminated duplicate subsets we obtain the final expression for the set Ds:
D3:(D1XD1XDI)U((DI*DI)XDI)U(DIX(DI*Dl)) )
U((D, xD,)* D, )U(D, * D, * D,).
The set Ds is formed by the union of five subsets in equation (8). These subsets
form all structures of the diagrams of the third order.
The number k3 of elements of the set D3 that is the number of all possible throttle

diagrams of the third order can be calculated according to the formula:
ks =n2(3n+2)+é(n—2)(n—l)n. (9)

Similarly, using the developed equations (1), (4), (5), we find a set that describes
the diagrams of the fourth order:
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D, =(D, x D, x D;x D, )U((D, *DI)XDI XDl)U(Dl x (D, * D, )x D))
U (((Dl X Dl)*Dl)x DI)U ((Dl *D, * D, )x DI)U (Dl x D, x (D, *Dl))
U ((Dl *Dl)x (Dl *Dl))U (Dl X ((Dl X Dl)* Dl))U (D1 X (Dl *D, *Dl)) (10)
U ((Dl x Dy x Dl)*Dl)U (((Dl *Dl)x Dl)*Dl)U ((Dl X (Dl *Dl))*Dl)
U (Dl *Dy * D *DI)U ((Dl X Dl)*(Dl X Dl))U ((Dl X Dl)*Dl *Dl)'
The union of fifteen subsets forms the set Di. Based on this set, we form all
structures of diagrams of the fourth order. To find the number k4 of elements of the set
Dy that 1s the number of all possible throttle diagrams of the fourth order, we use the

formula:
1 4 3 2
k4=§(65n +38n° +15n° +2n) (11)

Substituting a given set of primary elements D; in the equations (6), (8) or (10)
and performing the corresponding operations of direct and indirect products of subsets
we find descriptions of the structures for all possible diagrams of the second, the third
or the fourth order, respectively.

For example, let us consider the synthesis of the diagrams of the second order
using 3 different types of throttles di, d», ds. First let us use one primary throttle d.
Then a set D, ={d, } and the diagrams will be built using only the same throttles. By

formula (7) we obtain two throttle diagrams of the second order, which are described
by a set

D, ={<d,,d, >,[d,,d, ]} (12)

Thus, Figure 1 (a) shows two throttle diagrams on the basis of two identical

throttle elements. The first diagram is described by a tuple <d,,d, > and contains a

serial connection of throttles. The second diagram is described by a rank [dl,dl] and

contains a parallel connection of throttles.
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di

d d E

<d,,d, > [dladl]
(a)

dd dd d di d d
1T i+ {4—+rH{—1r ‘1T rH{—+

<d,,d, > <d,,d, > <d,,d, > <d,,d, >

ldi.a,]  ldr.d,]  di.d,]
(b)

di di di d> d ds
Y 3 T+

<d,,d, > <d,,d, > <d,,d; >

> di > > d> ds
—_—r—r {— %+ [+

<d,,d, > <d,,d, > <d,,dy>

d d d d> d ds
<d,,d, > <d,,d, > <d;,d; >
d> _&_ di d>
L 2} 12 {2 L= {2f
[d,.d,] ld,.d,] [d,,d,] ld,,d,] [d,,d,] ld,,d,]

(c)

Figure 1. Throttle diagrams of the second order
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Next let us assume that the diagrams are built on two throttles di and d» with

different constructive characteristics that form a set D, ={d,,d,}. According to
formula (7) we obtain k> = 7 throttle diagrams of the second order, which are described
by a set
D, ={<d,,d, ><d,,d, ><d,,d, ><d,,d, >,
(d,.d\}d,.d,}1d,.d, ]

Figure 1 (b) illustrates the set (13) of synthesized throttle diagrams based on two

(13)

different throttle elements. This set consists of 7 throttle diagrams, including 4
diagrams with a serial connection of selected throttles described by tuples

<d,,d, ><d,,d, ><d,,d, ><d,,d, > and 3 diagrams with parallel connection of
selected throttles described by ranks [d,,d, |,[d,,d,]|d,,d,]. It should be noted that

gas-dynamic diagrams described by tuples <d,,d, >,<d,,d, > are different.

Having three different primary throttle elements (n = 3) it is already possible to

build k> = 15 throttle diagrams of the second order. So, if D, = {d, ,d,,d, } the throttle

diagrams of the second order are described by a set
D, ={<d,,d, >,<d,,d, ><d,,d, ><d,.,d, ><d,,d, >,
<d,,d; ><d,,d, ><d;,d, >,<dy,d; >, (14)
[d,.d,11d,.d,]ds.d;]d,.d, }1d,. d; ] [d,. d, ]

Figure 1 (c) shows the obtained set (14), which consists of 15 throttle diagrams
based on three different throttle elements. As we see, increasing the number of primary
throttles to 3 increased the number of diagrams with serial connection of selected
throttles to 9, as well as increased the number of diagrams with parallel connection of
selected throttles to 6. Choosing appropriate throttles in each diagram provides desired
functional and metrological characteristics of gas-hydrodynamic devices.

Similarly, it is possible to synthesize the throttle diagrams of the third order. So,
if n =1 and the set of primary throttle elements D, = {d, }, then by the formula (9) we

obtain k3 = 5 diagrams of the third order. If we apply n = 2 primary throttles in the

diagrams of the third order and D, = {d,,d, } then the number of diagrams increases

to 32.
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Using three primary throttles described by a set D, ={d,,d,,d,} we can already

build 100 throttle diagrams of the third order. For example, let us present the simplest
set, which describes the diagrams of the third order built on identical throttles:
D, ={<d,.d,,d, ><ld,,d\}d, >,<d, [d,,d\||>[<d,,d, >,d,]|d,.d,,d,]} (15)
Figure 2 illustrates the set (15), which consists of 5 throttle diagrams of the third
order built on the base of all possible different variants of serial and parallel connection
of three identical throttles that are described by the corresponding tuples and ranks.

d

di d d [ ] di
S = m —
[ ]

<d1:[d1>d1]> [<d1>d1 >=d1] [dladladl]

Fig. 2. Throttle diagrams of the third order

The description of all diagrams of the fourth, the fifth and the higher orders can
be found using the developed mathematical description of the structures of throttle
diagrams. For example, according to the equation (10) it is possible to construct 15
throttle diagrams of the fourth order from one primary element di, which are described

by a set

D,=1{<d,.d,,d,,d, ><[d,.d ]d.d ><d.ld,.d]d, >
<[<d,,d, > d ] d ><[d,d,, d]d ><d.,d,[d,,d]>
<ld\,d,lld,.d\]><d,,[<d,.d, >d |><d,]d.d,d]> (16)
[<d\.d\.d, >d }[<[d,d}d, >d }[<d,]dd]>d]
[d,.d\,dd }[<d\.d > <d, d >|[<d\.d >, d,d]
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According to the set D4 Figure 3 shows all possible structures of throttle diagrams
of the fourth order constructed on identical throttles. We can see from Figure 2 and
Figure 3 that tuples, such as <|[d,,d,]d, >, <|[d,,d,][d,.d,]> or
<[<d,,d, >,d,] d, >, contain ranks and tuples as elements as well as ranks, such as
[<d,.d, >d,] [<[d,,d,}d, >,d ]or[<d,,[d,,d,]> d,], contain tuples and ranks as
elements.

If we use not one but two primary elements d,,d, for the synthesis of throttle

diagrams of the fourth order, the number of diagrams will increase to 804, each of
which will have its inherent functionality and characteristics. Among the variety of
throttle diagrams of the fourth order, the so-called bridge diagram is widely used in the

practice of constructing the gas-hydrodynamic devices. A rank [< d,,d, ><d,, d, >]

that consists of two tuples based on two different throttles describes this diagram.

Thus, using the developed mathematical description of structures, it is possible to
form a totality of throttle diagrams and to synthesize gas-hydrodynamic devices and
transducers of general purpose with the necessary characteristics. Moreover, there are
many ways of realization of gas-hydrodynamic devices due to using various supply
modes, different types of throttles, as well as a wide range of possible output signals
of the throttle diagram.

Particularly, based on the synthesized diagrams of the second order with the serial

connection of throttles which are described by tuples < d,,d, >, <d,,d, > (see Figure

1 (b)), the designers build transducers of physical and mechanical parameters of fluids
(viscosity, density, adiabatic index, composition), fluids flowrate, constructive
characteristics of throttles (diameter or length), as well as some empirical coefficients

of throttle (flowrate coefficient, correction coefficient for inlet effects) etc.
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di di
di d di di B o T /1 di di di
—_/— {1 4| d T+ di
L
<d,,d,,d,,d, > <ld,,d 1d,,d, > <d,,[d,,d, ] d, >
di
d di di

Ai_:l d di d d d ]
di —:l—:l—“
1 di ]

<[<d,,d, >d ] d, > <ld, d,,d]d, > <d,,d,,[d,,d,]>
di di di  d
[ [ %
<ld,.d,}[d,.d,]> <d,,|<d,,d, > d]|>
di y
d d d !
1|_| 1|_| 1 dl
4 } -
[<d19d19d1 >»d1] [<[d1,d1],d1 >,d1] [<d1»[d1»d1]>ad1]
di
T d d .
— 1 1+
—%}— di
— - —t 1
1 d: a i
di 1
L
ld,.d,.d,.d] [<d,.d, >,<d,, d, >] [<d,,d, >, d, d]

Fig. 3. Throttle diagrams of the fourth order
For example, the authors studied a transducer of liquid dynamic viscosity built on

two serial-connected capillary tubes with the same diameter but different lengths with
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higher accuracy of measurement due to compensation of the inlet effects on the tubes.
If we use capillary tubes of different diameters, which create different shear rates, it is
possible to measure the parameters of non-Newtonian liquids, which are described by
two-parameter models. The other transducer is based on laminar and turbulent throttles
and operates in a mode of constant pressure drop on both throttles. It is intended for
measuring a complex parameter of the liquid that equals to the square of the liquid
dynamic viscosity divided by its density. If we automatically provide the same pressure
drop on laminar and turbulent throttles, the value of liquid flowrate through the throttles
will be proportional to its kinematic viscosity [88].

An 1mportant application of the developed tools is also the designing of gas
analyzers of binary gas mixtures using the bridge diagram, which is described by the

rank [< d,,d,><d,, d, >] based on two different types of throttles (laminar and

turbulent) [72]. If the absolute pressure of the gas mixture at the outlet of the diagram
and the total pressure drop on the bridge diagram are stabilized, the output signal that
is pressure differential in the outlet diagonal of the gas-dynamic bridge is proportional
to the composition of the gas mixture.

Summarizing the research results, we should note that the developed
mathematical tools are useful for solving gas analysis problems, constructing
synthesizers of gas and liquid mixtures, constructing multi-parameter transducers of
gas, Newtonian and non-Newtonian liquids, constructing flowmeters of small and
micro flowrates of gases and liquids with improved metrological characteristics.

As aresult of the performed researches, the authors developed mathematical tools
for structural synthesis of throttle diagrams of gas-hydrodynamic devices. The study
solves the problem of generating the possible structures of throttle diagrams based on
serial and parallel connection of elements using set theory. A tuple is used to describe
a serial connection of throttle elements. A new concept of rank is proposed for the
description of diagrams with a parallel connection of elements. It is an ordered finite
group of elements in which the change in their sequence does not create another rank,

unlike tuples. The mathematical tools are developed for obtaining a set of tuples using
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the direct Cartesian product and a set of ranks using the introduced operation — the
indirect product.

A mathematical description of the set of possible structures of throttle diagrams
i1s proposed applying the union of these sets (tuples and ranks), which eliminates
identical diagrams. Using the apparatus of the combinatory analysis, we obtain
formulas for calculating the number of all possible throttle diagrams of different orders.
The developed mathematical description of the structures of throttle diagrams enables
us to algorithmize the process of synthesis of throttle diagrams of gas-hydrodynamic
devices for their further structural analysis and optimization.

The proposed tools for structural synthesis can serve as a basis for designers of
gas-hydrodynamic devices for general purposes with specified functional and
metrological characteristics. The scope of the developed mathematical description can
be extended to the synthesis of electrical, pneumatic, thermal, and the other diagrams

used for solving different problems.
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3.5 InTerpoBaHe HABYAHHS NPU BHUBYEHHI Teopil irop Ta o0podku pe3ybTATIB
HOCJIIIZKeHHS

Teopis irop — po3ALT NPUKIATHOT MATEMATUKH, SKUW 3aiMa€eThCA MaTeMaTUYHUMU
MOJENISAIMH, iX JOCHIDKCHHSM, 3HAXO/DKCHHSM OINTHUMAJILHOTO PO3B'S3KY B
cTpateriuHux cutyarisx [89]. OCHOBHUMH 3ajadyaMu TeOpii irop € JOCIIKEHHS
MaTEeMaTHYHUX MOJICICH, 3HAXO/KCHHS ONTHMAJIbHUX PO3B'S3KiB, Ta CTBOPCHHS
OCHOBHMX CTpaTeriil Jjisi OTPUMaHHA MaKCUMaJIbHOTO pe3yJIbTaTy B MEBHIA MOJEIII.

Crpareris - 1miaH, 3riJHO 3 SIKUM TpaBellb POOUTH BUOIp Y Oyab-sAKiil MOMIMBIN
cutyamii ans gocsrHenHs urpaumry [90]. Irpu, skuMu 3aiiMaeThCcsi Teopis 1rop
MOAUISIOTHCS Ha KUIbKA PI3HUX THUIIB, ajleé MU 3yITUHUMOCH Ha CTPATET1YHMX Irpax i
posrissHeMo ix. CTpaTeriuHi irpu XapakTepu3yoThes HasiBHICTIO [91]:

e KOHQIIKTHOI CUTYyallii MIX TPaBISIMHU;

e BOX a00 OunblIe KOHQIIKTHUX CTOPIH;

® TIpaBuWJ IPH, SIKI BU3HAYAIOTh MOKIIUBI 111 TpaBIliB.

3aayamMu TPaBI[IB CTPATETIYHUX ITOP € MaKCUMIi3allisi CBOTO BUTparly. ['paBelp,
SIKUHW TIOCTYTIAETHCS 1HITUM TPABISIM TTOBUHEH HABIIAKW MIHIMI3YBaTH CBIM IpOrpaill.

Tako cTpaTeriuHi irpu XapakTepu3ylThCsl HasBHICTIO MOCIIA0BHOI rpu. ToOTO
MPaBo 3irpaTv MEePENaEThCs BiJl OJJHOTO TPaBIlsl JO 1HIIOTO, MICHS TOTO, K MEepUIni
3poOuTh cBiM Xia. Taki Irpu Ha3UBAKOTHCSA NMOKPOKOBI cTparerii. Po3risitHemo oy 3
TaKHX 1rop i Ha3BOK «XPECTUKU-HYIUKU» [92].

«XpeCTUKU-HYJIUKW» - Tpa ISl ABOX TPABIIIB, B SKii TPaBIli MAlOTh 3MOTY CTaBUTH
HyiuK «O» abo xpecTuk «X». BomHowac 15 rpa mpocta, ajie IikaBa Ta notpedye
PO3pPaxyHKY XOIB , ISl BUTPAII.

Posrisinemo npasuia rpu:
e TpaBlii IO Yep3i CTABJIATh HA BUIbHI KIITHHHU 1O 3X3 3HAKW (OJMH - 3aBKIU

XPECTUKH, THIIHUN - 3aBK]I1 HYJIUKH);

® [EpILIUiA, XTO 3MIT MOOYAYyBaTH B psAl 3 cBOi PIrypu MO BepTUKAIl, FTOPU3OHTAIIL
a0o JiaroHaji, BUTpae;

® SKIIIO HIXTO HE 3yMiB OOy IyBaTH B Psiji 3 CBOi (irypu Ta irpoBe MoJie MOBHICTIO
3afHATE PIrypaMu - OTOJIONTYETHCS HIYUS;

® [EpIINid X1J] pOOUTH rpaBellb, SKUI CTABUTh XPECTUKH.

[IpoieMOHCTPY€EMO CTaHAAPTHY TPy JBOX rpaBuiB (Mai.l.)

QX Q- C%Q
p X X

Mantonok 1. MoxuBi BapiaHTH 3alIOBHEHHSI KJIITHH 3 BUrpaieM [92].
['paBelnib, KUl TpaB 3a XPECTUKU — BUTPAB.
Ta po3risinemo rpy, B sSikiii HeMae rnepeMoxis (Mai.2)
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MaitoHok 2. MoXJIMB1 BapiaHTH 3allOBHEHHS KJIITHH 0e3 Burparnty [92].

[TpoananizyBaBIIM MPUKIAIN TPU B « XPECTUKU-HYJIUKIY BUHUKAE TUTAHHS, 5K
MOYKHA 3aB)KI1 BUTPABaTH B 111K rp1 ? s BIAMIOBIA1 HA 11€ MUTAHHS , PO3TJISTHEMO
OJIMH 13 CIOCO01B PO3B’sI3aHHS 1[1€1 IPU — 3a JOIMOMOT0 AJITOPUTMIB, SIKI MOKHA
3aCTOCYBaTH B MOBax nporpamyBaHHs. [IpecTraBuMo oiHy 3 TAaKUX MOB
nporpamyBaHHs — C++.

C++ - xoMIT ' FOTepHA MOBa MPOTrpaMyBaHHs, 3acHOBaHa 111e B 1979 pomu [93]. Ls
MoOBa 0a3yeTbcsi Ha MOBI porpaMmyBanHs C, ajie 3 MATPUMKOIO KUIBKOX Mapagurm
IporpaMyBaHHs: 00'€KTHO-OPIEHTOBAHOI1, y3arajJbHEHO1 Ta MPOLEAYPHOI.

J1J1st MTOBHOLIIHHOTO PO3B’S3KY I'pU «XPECTUKU-HYIUKI 3MIHUMO CTaHJIapTH1
npaBuia. Hexaii irpose nose 6yae posmipoMm N x N, ie N € Z1 N = 3. Ilapamerp
N mosxHa Oyie 3MiHIOBATH, 00 3HAXOUTH PO3B’SI3KH JJIs1 OYIb-SIKUX irop.

Hampuknan, niuss N = 4, irpoBe mosie Oyne MaTu HaCTyHUHN BUTIIS (Mad.3)

X|O

L o R S TR -

a b ¢ d
Mastonok 3. Tabnuist 4x4 11 3a1TI0BHEHHS XpeCTUKaMU 1 HyuKamu [93].

Hexaii irpoBe nosie — 1BOBUMIipHHI MacuB, po3MipoM N X N , SSKUif CKJIaIa€ThCA
13 yucen: 0, 1 abo 2. ko KoMipka MacuBY MICTUTh 4ncio 0 — e 03Hayae, 1o
TPaBISM JI03BOJISIETHCS CTABUTH XPECTUK a00 HYJIMK B IO KOMIPKY. SIKIIIO0 KOMipKa
MacHUBY MICTUTb YMCJIO | — 1€ 03Ha4ae , M0 B L1 KOMIPLII B3K€ MOCTaBICHUN XPECTUK
NEPILIKUM FPABIEM, a SIKIIO0 MICTUTBCS YUCIIO 2 — B I[1H KOMIPI[l NOCTABJICHUIA HYJIHK
JIPYTUM TPaBLIEM.

3aBaaHHSIM anroputMy [94] Oyne — 3HAUTH HAHONTUMABHIIINKN X111 JJ1s
oOpaHoro rpasiis 3 00paHoo irpoBoro Maror po3mipoMm N X N. To6To po3pobutu
byHKITIO, siKa Oy/Ie TpUiMaTH JIBa mapaMeTpu: Homep rpaii (1 — xpecTuku , 2 —
HYJINKH) Ta IrpOBY MaIty (IBOBUMIpHHI MacuB). DyHKIIis Oy/ie moBepTaTy aBa
3HAUEHHS: pO3paxoBaHe 3HaUeHHS X — HOMEp psAlKa (po3paxyHOK nounHaeTbes 3 0) 1
po3paxoBaHe 3HaAYEHHsI Y — HOMEp CTOBIIIS (po3paxyHoK mounHaeThesa 3 0), X 1Y —
KOOPJAWHATH PO3Pax0OBaHOTO X0y ISl TPaBIIs.

B nporpami 6yaemo 306epirata po3mip irpoBoi Mamnu B rapaMeTpi size ( size =
n).

[TapameTp size Oynemo 30epiraTu, sik KOHCTAHTY:

const int size = 4; //ona npuxnady size = 4

CrtBopumo kiac coord, sikuii Oye 306epiraTu aBi KoopauHaTu X 1 Y:

class coord {
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public:
int X; //koopounama x
int y; //koopounama y
s
®OyHKIIiS PO3paxyHKY X0y JUIs TpaBisg OyIe MaTh HACTYTHUN BUTJISI:
coord CalcMove(int player , int map[n][n])
Hamni ctBopumo kiac coordMass , sikuit Oye 30epirat MacuBH: KOopauHaT X|[s]
1 Y[s] 1 3nauens val[s] , vsVal , rept[s].
[Tpu oMy s — KOHCTaHTA, sIKa 3HAXOIUTHCA 32 (POPMYIIOFO:
s=2n*x(n+ 1)
I Oyzae 36epiraTuck Tak:
const int s =2 * size * (size + 1); //pospaxosyemo s
S — KUIBKICTB yCIX BapiaHTIB X0y JUISl TPABLs, IK1 HOBTOPIOKOTHCS.
val[s] — MacuB uucen, sikuii Oyne BIAMOBIZATH 3a KIIBKICTh MPHUCYTHIX (iryp,
SKUMH Tpa€ rpaBeilb, ado Ha BepTukaii [x][y], abo Ha ropuzoHTam [x][y], abo Ha
JiaroHaisix irpoBoro mojs [x][y].
vsVal[s] — macuB uucen, momiOHmMii A0 val, ane SKWUKM BIAMOBIJAE 3a KIJTBKICTh
MPUCYTHIX GIryp CYNEepHHKA.
rept[s] — macuB yuces, sskui 30epirae KUIbKICTh IMIOBTOPIB I[LOTO BaAPiaHTy XOIY

Knac coordMass Oye MaTh HaCTYITHUNA BUTJISL;
class coordMass {
public:
int X[s]; /Koopounamu x modicausux siuleHn
int y[s]; /xoopournamu y modiciueux siuietsb
int val[s];
int vsVal[s];
int rept[s];
s
[Tounemo OynyBatu ¢yHkuito calcMove.
Bci 3minHI, K1 TpucyTH1 y QYHKIII:
coord PlayerMove; //inanvruti po3e 'sazox
int nMove = 0, nMoveRept = 0; //kinbxicmo po3e a3kie 6 macusax
coordMass mMove , mMoveRept; //macusu po3s’ssxis
inti,j,n,vsN,x,y;
int valMax = 0, vsValMax = 0;
int reptMax = 0, nMax =0 ;
nt rpos;
[Tounemo nepebupaTy Bci TOpU30HTAI 1 BEPTHUKAII, K1 IPUCYTHI HA IrPOBOMY
OJIL:
for (j = 0; j <size ; j++) { //eopuzsonmani
if (map[i][j] == player) //3pisnioemo 3nauenHs manu 3 epasyem
n += 1; //paxyemo xinokicme 3Hauenv epasys
if (map[i][j] == vs(player)) //3pisnioemo 3navenus manu 3 cynepHuxom
vsN += 1; //paxyemo kinvkicmov 3HayeHb CyneprHuxa

57



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS

mMove.x[size * nMove + j] =1;
mMove.y[size * nMove + j] =j;
}
for  =0;j <size;jt++)
if (mapl[i][j] == 0) {
mMove.val[size * nMove + j] = n;
mMove.vsVal[size * nMove +j] = vsN;
b
else {
mMove.val[size * nMove + j]| = -1; //eudanaemo yeii sapianm
mMove.vsVal[size * nMove + j] = -1; //eudansemo yeti éapianm
b
nMove +=1;
b

ToOGTo My mo yep3i nepedbupaem BCi TOPU3OHTA, PAXyEMO KUIBKICTh GIryp
I'paBIis 1 CylIEpHUKA HAa KOKHIM TOPU30HTAJI, 1 3aIIMCYy€EMO J1aHl B MacuB mMove, a
KUIBKICTh TOPAaxOBaHUX KIITHHOK Oyze 30epiratuck B nMove.

Tak camo nepeOrpaemo BCl BEpTHKaII 1 1Bl AlaroHal irpoBoi MarH, 1
3aMnucy€eMo BCl BapiaHTU B MacuB mMove.

[Totim macuB mMove noTpiOHO BIAGUILTPYBATH: NpUOpaTH BC1 3aiiBl PilLICHHS,
pILIEHHS , SIKI TIOBTOPIOIOTHCS MPUOPATH, ajle 3aIUIIUTH OAHE TaKe PIILICHHS, 3
KUIBKICTIO TIOBTOPEHB rept.

[Ipornec dinpTparii gaHUX:

for (1=0;1<nMove ; i++)

if (mMove.val[i] != 0 and mMove.vsVal[i] !=0)
mMove.val[i] =-1;

for 1=0;1<nMove ;it++) {
if (mMove.val[i] !=-1)
for (j =0 ;) <=nMoveRept ; j++) {
if (mMove.x[1] != -1 and mMove.x[1] == mMoveRept.x[j] and
mMove.y[i1] == mMoveRept.y[j] and mMove.val[i] == mMoveRept.val[j] and
mMove.vsVal[i] == mMoveRept.vsVal[j]) {
mMoveRept.rept[j] += 1;
mMove.x[1] =-1;
break;
b

if (mMove.val[i] !=-1 and mMove.x[i] !=-1) {
mMoveRept.x[nMoveRept] = mMove.x[i];
mMoveRept.y[nMoveRept] = mMove.y[i];
mMoveRept.val[nMoveRept] = mMove.val[i];
mMoveRept.vsVal[nMoveRept] = mMove.vsVal[i];
mMoveRept.rept(nMoveRept] += 1;
nMoveRept += 1;
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mMove.x[1] =-1;

;

BindinespoBanuii MmacuB mMove Oyne 36epiratuchk y macusi mMoveRept, a
KUIBbKICTh BapiaHTiB y 3MiHHIi nMoveRept.

Tenep BaXXJIMBUI MOMEHT B 3HAXOJKEHH1 pO3B’SI3KY, NOTPIOHO 3HANUTHU TakKe
pimieHHs: B MacuBi 1anux mMoveRept, sike Oyae MICTUTH HalOUTbLIE 3HAYEHHS.

mMoveRept.val[i] a6o mMoveRept.vsVal[j] , skuro mMoveRept.val[i] =
mMoveRept.vsVal[j] , To po3B’s30k 3anadi Oyae 30epiratuck y mMoveRept[i],
ane sxio mMoveRept.val[i] < mMoveRept.vsVall[j] , To po3s’s30k 3amaudi Oye
30epiratucs y mMoveRept[j].

Ane Moke OyTH Takuil BapiaHT, 110 Y BiIQLIBTPOBAHOMY MAaCHBI 3HaY€Hb
mMoveRept He Oye 30epiraTuch *KO0IHOTO PO3B’A30K, y TAKOMY BapiaHTi HOTPiIOHO
o0OpaTu X111 Juisl rpaBLs BUIAJIKOBUM METOJIOM , Y IbOMY BapiaHT1 Ha irpoBii Marll
HEMA€ HISIKMX 3aKOHOMIPHOCTEH.

ITepeBaru 1aHOTO AWIrOPUTMY:

® [IIBU/IKE 3HAXO/[KEHHS PO3B’ 130K JJIsl TPaBLIS;

®PO3B’ 30K MOKHA 3HANTH JIJIs1 Maixke Oy/Ib-SKOro po3Mipy IrpoBOi Marw;

®3HAXOJPKCHHS PO3B’ 30K 0€3 peKypCUBHOTO METO/Ty Ta epedopy BCiX
BapiaHTIB I'pH, 110 3aliMa€ TOCTATHHO Yacy.

Henoniku anropurmy:

eHE rapaHTOBaHUM BUTpanl. Ajke « XpeCTUKU-HYJIUKI» - IPa 3 PIBHUM IIAHCOM
BUTPATH B 000X TPaBIIiB.

®3HAYHUI OO€EM.

HaBenmeno npukiam, sk MOYKHA OpraHi3yBaTH IHTETPOBaHE BUBUCHHS TeMU «Irpu
Ha CTpaTerii» 31 CTBOPEHHSIM BJIACHOTO KOMIT IOTEPHOr0 KOAY, 1110 JO3BOJISIE ITHO0KO
3aHYpUTHCS y TPOoOIeMy 1 TpOaHaIi3yBaTH YC1 MOXKJIMBI BapiaHTU MaKCUMaJILHOTO
BUTpaIty abo MiHiManbpHOTO Tiporpaty. [{o cripusie po3BUTKY JIOTIYHOTO MUCTICHHS,
dbopMyBaHHIO HABUYOK, SIKI MOXKYTh JlajIl IIIMPOKO 3aCTOCOBYBATUCS, SIK Y MaOyTHIN
npodecii, Tak 1 y MOBCAKACHHOMY KHUTTI.
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3.6 MaremaTuyHa MoJeJb TMepedadyi HABAHTAKeHHSI Bil MNoNepeIHbO
HANPYKEHOr0 HWJIIHAPUYHOIO MITAMIA [0 NMPY:KHOr0 WMIAPYy 3 MOYAaTKOBUMH
HANPYKEeHHAMH

MareMaTryHe MOJETIOBAHHS Ta JOCIIKCHHS MPOOJIeM KOHTAKTHOI B3a€MOI1
NOMEepPeIHbO HAIPYKEHUX TIJ, € JOCUTh aKTyalbHOI y Haml 4yac. [[iaTBepKeHHIM
nporo € Buctyn akaaemika HAH VYkpainu Jleonina Jlobanosa i3 momnoBiaaio «Ilpo
BUKOHAHHS IIJILOBOI ITporpaMu HaykoBux gociimkerb HAH Vkpainn «HamnidHicTs 1
JIOBIOBIYHICTh MaTepialliB, KOHCTPYKIIIHA, 00JlafHAHHS Ta CIIOPYI»», 110 BigdyBcs 09
rpyass 2020p. [95]. BpaxoByrouu 1ie, BaKJIMBUMH € BUPIIIEHHS NPO0JIeM KOHTAKTHOI
B3aeMoOJli neopMOBaHUX Tij, TOB’SI3aHUX 13 TMEPEAAUYCI0 HABAHTAXKEHHSA Y
KOHCTPYKIIISIX, CIIOPY/Iax Ta ACTAJISIX MAIIWH, SIK1 OB’ s13aH1 13 BpaXyBaHHSIM HasIBHOCTI
MOYAaTKOBUX HANpPYXeHb y TUIaX HA 3aKOH PO3MOJLITY KOHTAKTHUX HANpPYXKEHb 1
NepEMIIICHb.

Tomy B pgaHiii poOOTI 3alIpONOHOBAHO MAaTE€MaTU4YHY MOJENb Ta PO3B’A30K
KOHTAKTHOI 3aJ1a4l MpO THCK MOMEPEIHHO HAMPY>KEHOTO MUIIHAPUYHOTO IITaMIIa Ha
NPY)KHUH MIap 3 MOYaTKOBUMH HAMpyKeHHAMU. J[oCiKEeHHS TpeIcTaBIeHOT 3a/1a4i
BUKOHAHO B paMKax JIIHEApU30BaHOI Teopii NpyKHOCTI [96, 97] Oe3 BpaxyBaHHS CUJI
TEPTSL.

JocnipxeHHs: mpoOjJeMu KOHTAKTHOI B3a€MOJIT MOMEPEIHbO HAIMPY>KEHUX Tid
BUCBITJICHa y OaraThbOoX TpalsgX Cy4YacHHMX HAyKOBIIB IO BCbOMy CBITY. Lle
MOSICHIOEThCSL O€3MepEePBHO0 HEOOXIIHICTIO Y BJAOCKOHAJICHHI METOAIB Ta MiIXO/IIB
JOCIIKEHHS Ta MPOrHO3YBaHHS TEXHIYHOTO CTaHy 1 TEPMIHY €KCILTyaTalli TEXHIYHUX
00’exTiB Ta criopya. Tak y MexaHilli CyIUJIbHUX CePEOBHII TOCTATHLO BEJIMKA yBara
OPUAUISETHCA JOCTIKEHHI0O KOHTAKTHOI B3a€MOJI1T TBEpAUX Ne(POPMOBAHUX TiJI, IO
OB’ s13aHE 13 TPOOJIEMOIO BU3HAYEHHS 1X HAIPYKEHO-1€(POPMOBAaHUX CTaHIB. AHai3
pe3yibTaTiB IUX JOCHIIKEHb T03BOJSE CPOPMYyBATH YMOBH Ha MEXI MOBEPXOHb
KOHTaKTYIOUnX Je(GOPMOBAHMUX Tij, IO BIAMOBINAIOTH AificHOCTI. He3Baxkatoun Ha
ICHYIOYl JIOCATHEHHS y Teopil KOHTAKTHOI B3a€MOIl TPYXHUX TUI, BCE IIE
3QITMIIAETHCS HETOCTATHRO PO3POOJICHUIA PsIT MOMEHTIB, cepell AKX — BpaxXyBaHHS

3QJIMIIKOBUX HAINPY>KEHb y TUIAX HA 3aKOH PO3MOAULY TUCKY B MICISIX iX JOTHUKY, LIO
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JO03BOJIUTH OUTbII  €()EKTUBHO BPAXOBYBATH CKCIUIyaTalliiiHy HAJIIHHICTh Ta
JIOBTOBIUHICTh PI3HOMAHITHUX KOHCTPYKIIM, crnopyd Ta oOjaaHaHHs. 3BIIACH, 1
BUILJIMBAE BEJIMKA KUIBKICTh OIyOJIIKOBaHUX POOIT, cepes AKUX OrIsioB1 cTaTTl [99 -
101].

KoHTakTHa B3aeMOAisl JKOPCTKUX Ta MPYXKHUX IITAMIIB 3 TONEPEIHBO
HAIPY>KEHUMHU TUIaMH TIpejcTaBieHa B mpamsx [96,97,99,102-109]. Ilpuuomy
PO3MIIAIAI0THCS a00 MPY>KHI MOTEHINaIM KOHKPETHOT cTpyKTypH [110], abo 3aBnaHHs
CTAaBUThCSl B 3arajJbHOMY BUTJIAML JJI1 CTUCIHMX (HECTUCIMBHUX) TII 3 MOTEHI[AJIOM
JTOBUTHHOI ~ CTPYKTYpH  HA  OCHOBI  JIiHEApW30BaHOI  TeOpii  MPYXKHOCTI
[96,99,101,103,104]. B po6otax [107, 109] po3risiHyTO po3B’ 130K KOHTAKTHUX 3a/1a4
PO THUCK KOPCTKOIO Ta MPY>KHOTO KUIBLIEBOrO INTaMIla Ha MPYXHUM Mmap 3
MOYATKOBUMH HAIPY>KEHHSIMU. A 3a7ada i JBOX IONEPEJAHbO HAMNpPyKEHUX
CHIBBICHMX IWIHAPIB Ta IIapy 3 MOYATKOBUMH HAIMpPYKEHHSMH MPEACTaBICHA Yy
crarti [108].

dyHaaMeHTaabHI Pe3ybTaTH JIIHEAPU30BaHOI Teopii MPYKHOCTI, Ha SAKIH
OCHOBAaHE JlaHE MOCIHIHKEHHS, Oyl onep)KaHi YKpaiHCHKHMM BUYEHHUM, aKaJIeMIKOM
HAH Vkpaiau npod. I'yzem Omnekcannpom MuxkomaiiouueM [96,97,99,101,104].
HuwMm Brepie 0yJio po3B’si3aHO psii KOHTAKTHUX 3a7a4 JIJIsl CTUCIUBUX 1 HECTUCIUBUX
T1JI OTHUM 13 HalOUIbII ePEeKTUBHUX MIAXOAIB JUIsl MAaTEpiaiiB 3 JOBUIBHOIO (HOPMOIO
IOPY>KHOTO TMOTEHLIaNy Ta OJHOPIAHMUMH [OYaTKOBUMHU HAMpPY>KEHHAMH, IO
OCHOBaHUU Ha Teopii (QYHKIT KOMIUIEKCHOI 3MIHHOI JUIsl TUIOCKHX 3aja4 1 Teopii
MOTEHINATy IS MPOCTOPOBHUX 3ahad. [loganbIioro po3BUTKY TeOpist KOHTAKTHOI
B3a€MO/I1i T1J1 3 TOYATKOBUMH HANPYKEHHSAMU OTpuMaia y npausx noro yusis: C. FO.
babuua, B. b. Pyguunekoro, I1. I1. I'puropenka, FO.I1. I'myxoBa, B. M. Ha3apeHka,
A.O. Pamcrkoro, M. M. Jlixtsapyka, O. M. Ilanactoka, y TOMy 4ucili i aBTOpa JaHOT
npaili, Ta IHIIKUX BITYU3HIHUX 1 3apyOikHUX BueHuX [102,103,105-109]. Icnye Takox
psAn 1HIMX y3arajapHIOOUMX myomikamin [98,105], axi moBHICTIO a00 YacTKOBO
MOB'sI3aH1 3 TEMATHUKOTO IT1€T Mpaii.

VY nmaniii poOOTI 3 BUKOPUCTaHHSM CHIBBIAHOLIEHb JIIHEAPU30BAHOI TEOPIi

npyxxHocTi [96,99,101,103,104] mocaikeHHS BUKOHAHO B 3araJlbHOMY BHUTJISIAI JUTS
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CTHUCIMBHX 1 HECTUCIMBUX TUT I Teopii BEIMKHUX MOYATKOBUX AedopMaliiii 1 JBOX
BapIiaHTIB TEOPIii MaJIUX MOYATKOBUX JAedopMalliil pu TOBUIbHIN CTPYKTYp1 IPYKHOTO
MOTEHIIIATY.

[Tpu nmocmigkeHHI KOHTAKTHOI B3a€MOJIi TN 3 MOYATKOBUMH HaIpPY>KEHHSIMHU
PO3PI3HATUMEMO HACTYIHI cTaHu TuIa: 1) HepedopmiBHUEN (IPUPOIHUI) — BIJICYTHI
nedopmariiii Ta HanpyxeHHs; 2) nedhopMiBHUN (TTOYATKOBHM, OCHOBHUMN) — MPHUCYTHI
Mo4aTKoBl (3anmuiikoBi) nedopmaiii Ta HampykeHHs; 3) cTaH 30ypeHHS. Yci
BEeIMYHMHM, MmO OyAyTh BigHOCHTHCS 10 AePOpMIiBHOTO CcTaHy sK 1 B [95],
BiJI3HAYaTUMEMO BEPXHIM 1HJEKCOM «0», a BEIMUYMHU 30ypeHOTo CTaHy sk 1y [95] —
mrpuxoM. JIpyruil Ta TpeTiii cTaHu — Ie cTaHu piBHOBAaru Tina abo ioro pyxy. Ix
MO>KHA OITMCATH 3a JOIIOMOTI'O0 HENIHIMHOT TeOpii MPYKHOCTI CKIHYEHHUX Ta MEPIIOTO
1 JIpyroro BapiaHTy MajuxX MnoyaTkoBux nedopmariiiii. [lpudyomy: s mepiioro
BapiaHTy HEJIHIMHOI Teopil MaluX MOYATKOBUX JAedopMauiidl MPUITyCKAETHCA, IO
BITHOCHUMHU BHUJOBXKEHHSMU Ta 3CYyBaMH MO’KHAa 3HEXTYBaTH, OCKIJTbKM BOHH €
MEHIIMMU 3a OJIMHULIIO; JUIsl APYTOro BapiaHTy HENHINHOI Teopii MauX MOYaTKOBUX
nedopmaliiii, KpiM OpUITYLIEHb NEPIIOTO BAPIAHTY, TOAAETHCS MPUITYLLIEHHS TOTO, 10
nedopMIBHUN CTaH Tija MOXKHA BHU3HAYMTH 3a JOTOMOTOI0 T'€OMETPUYHOI JIIHIHHOT
Teopii, a B MOPIBHAHHI 3 OAMHUIECI0O MOXHA 3HEXTYBAaTH KOMIIOHEHTaMHU BEKTOpa

nepeMilieHh TOYOK Tila y TNOYATKOBOMY CTaHi, TOOTO &,+0U, [ox, ~&,;, ne &~

CKJIaJIOBI METPUYHOTO TEH30pa Yy He1e(pOPMIBHOMY CTaHi.

KpiM TOro, BenmWYuHU TPETHOTO CTaHy OyJeMO OMHUCYBAaTU SIK CyMy BEIUYHH
neOpMIBHOTO CTaHy Ta iX BIAMOBIIHUX 30ypeHb, SKi BBAKATUMEMO MEHIIUMHU 3a
BEJIMYMHM JIPYTOTO CTaHy.

CHmiBBIIHOWICHHS  JUIsI TPEThOTO CTAHy HAa3BEMO  CHIBBIAHOIICHHSIMU
JIHEapU30BaHOI Teopli MNPYKHOCTI s TUI 3 TOYATKOBHUMH (3aJIMILIKOBHMH)
HaIPy>KCHHSMH, SKIIO TICA 1X JIiHeapu3amii BiTHATH BEJIWYUHHU, K1 BIAMOBIIAIOTH
nedopMiBHOMY cTaHy Tuia. ToOTO, K10 z=f(Xx) — nesKe CIiBBIAHOIICHHS HEIIHINHOT

TEOpli MPY’KHOCTI, TO CIIBBIJHOIICHHS JIIHEAPU30BaHOI Teopii OyJe MaTh BUIJISA

z~x(df [dx)[ . [96].
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JI1st mOCIiIPKEHHS 3aCTOCYEMO KOOPJIMHATH TTOYATKOBOTO JIe(hOPMOBAHOTO CTaHy
(y1, V2, ¥3), SKI TOB'S3aHl 3 JIArpaH)KEBUMHU KOOpJAWHATAMHM (X1, X2, X3)
criBBigHOMmEHHAMH: Vi=AXi. Tyt A; (i=1,2,3) — KoedillieHTH BUIOBKEHHS, SKi
BH3HAYAIOTh MEPEMIIICHHS [M0YaTKOBOTO CTaHy. Bich y3 cpsiMoBaHa mo HOpMali A0
00J1aCTl KOHTAKTY.

[TpunycTumo, M0 MOYaTKOBI CTAaHM KOHTAKTYIOYUX TUT — OJHOPIIHI Ta PiBHI, a
NPYXXKHI MOTEHILIAJIM — JBIYl HemepepBHO-AudepeHiiiiioBanl GyHKINT anredpaidHux
iHBapiaHTiB TeH30pa nedopmarniii ['pina [96]. Matepianu Tii, BBaXKA€EMO 130TPOITHUM
CTHUCIUBHMH 200 HECTUCITUBHUMH 3 JOBLJILHOIO CTPYKTYPOIO MPYKHOTO MOTSHITIAITY.

Bci BennunHM, sIKi BIZHOCITHCS 0 NPYKHOTO LUIIHAPA MO3HAYAIOTHCSI BEPXHIM
iHgekcoM «(1)», mapy — «(2)», a ocHOBH — «(3)».

Y pocnipkeHHI OyAeMO pO3TJsjgaTd MPYKHI 130TPOIHI Tila (CTUCIUBI abo
HECTUCIIMBI) 3 JOBUIBHOIO (OPMOIO TMpPYyKHOTO ToTeHIiany [96]. ¥V Bumaaky
OPTOTPOMHUX T, BBAKATUMEMO, IO MPY>KHO-CKBIBAJICHTHI HAMPSMKH CITIBIAAAI0Th
i3 HaNPAMKOM Oceii KOOpJMHAT y fehopMiBHOMY cTaHi y; (i =1,3) . Hexaii mogaTkoBwmit
nedOopMIBHUH CTaH € OJHOPITHUM Ta 30Ha KOHTAKTY MPYXKHUX TUT OyJie MICTUTHCS Y
IJIOIIMHI y3=const. ByieMo BBa)KaTH, 1110 TTOYATKOBI HAMIPY>KEHHS IIFOTh B3JJ0OBX 30HH
KOHTAKTY.

OCKUIbKM B JIIHIMHIA MeXaHIll maTepiajiiB He OepyTbcs A0 yBaru Mo4yaTKOBI
HAIPYKEHHs, TO IJIs iX BpaXyBaHHs MOKHA 3aCTOCYBATH 3arajibHy HENIHINHY TEOPIIo
npyxHocTi [98]. Ane B 11bOMYy BUMAJAKY JOCUTH CKJIQJHO Oy/1e OTpUMATHU PO3B’ 30K y
JOCTYITHOMY BUTJIsiA. TOMy mpu JOCHTH 3HAYHIN BEIMYMHI MTOYATKOBUX HAIMPYKCHb
Kparie CKOpUCTATUCH i1 JlIHeapu30BaHUM BapiaHToM [96].

TakuM 4YMHOM, TPUITYCTUMO, IO 3aBXIW OyAyTh BHUKOHYBAaTHUCS HACTYITHI
NOJIOKEHHS [96], sIKi € OCHOBHMMMU JJIs JIIHEAPU30BAHOI T€OP1i NPy KHOCTI:

1. KoHTakTHa B3aeMOAISl MPYHOTO CKIHYEHHOTO IMJIIHAPUYHOTO IITAMITy 3
MIOYAaTKOBUMH HAINPYXKCHHSAMHU 13 TONEPEAHBO HANMPYKEHUM TIPYKHUM IIIAPOM,
BiJIOYBAETHCS MICIISI BHHUKHEHHS Y HUX TIOYAaTKOBOT'O HAIIPY>KEHOT'O CTaHy.

2. JlogaTkoBe 30BHIIIHE HAaBaHTaXEHHS (IO BIJHOLIEHHIO J0 IMMOYaTKOBOTO

CTaHy) Jll€ Ha IPYXXHUU LHWJIIHIAPUYHHUM IITaMII, BUKJIMKAOYU y 1Iapl 3 MOYaTKOBUMH
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(3AIMIIKOBUMH)  HANPYXKEHHSMHU 3HAYHO MEHIIE 30ypeHHS HamnpyXeHO -
neOpMIBHOTO CTaHy TOPIBHSHO 13 BIAMOBIJHUMH BEJIUYMHAMH IMOYATKOBOTO
HAIPY>KEHOT'O CTaHy.

3. IloyatkoBuii HaNpy>>keHO-1ePOPMIBHUM CTaH TIJI KOHTAKTHOI B3a€MO/I1i, Ma€
TaKy CTPYKTypy, IO B JAUISHIIl IX KOHTAKTy MOro MO’XHa HaOJM)XEHO BBa)KaTu
OJTHOPIJTHUM.

4. Po3B’430K JiHEapU30BaHOI 3ajladl Teopii MPYKHOCTI MPO KOHTAKTHY
B3a€EMO/IIIO MOIEPEIHBO HAMPYKEHOTO HUIIHIPUYHOTO IITaMIIa 3 IPYKHUM IIaPOM 13
MOYAaTKOBUMH HAMPYKEHHSIMU — €IMHUIA, TOOTO BUKOHYETHCSI yMOBa [96].

Buie onucani nmoyioKeHHS 1al0Th MOXJIMBICTh 3aCTOCOBYBATH JIIHEAPU30BAHY
TEOPI1I0 MPY>KHOCTI A0 PO3B’si3aHHS L€l mpobiemu. BiagzHauumo, 0o 30KkpeMa apyre
MI0JIOKEHHS MOJKE MOPYIITYBATUCh B OKOJI1 TOYOK 3MIHU T'PAaHUYHUX YMOB [96], B AKUX
KOHTaKTHI HaNpyKeHHS 3pOCTat0Th 10 0e3MexHOcTIi. [leTanbHe 0OroBOpeHHs LbOTO
SBUINA Y TEeOpil KOHTAKTHHX 3a/Jad JIHIMHOI Ta JIIHEapU30BaHOI TEOpii MPYKHOCTI
BHKOHaHO y mpansx [100,101], BUCHOBOK 3 4HOTO MOJISITA€ B HACTYITHOMY: Y PO3B’sI3KaxX

KOHTAKTHUX 3aJdad i1 IPYXKHHUX Ta KOPCTKHUX Ti1 BUHHUKAIOTh OCOOJMBOCTI

CTETIEHEBOTO MOPAJIKY 0( p' ), 1€ p — BIJCTaHb BiJ TOYKH JO MEX1 KOHTaKTy; y —

napamMeTp, SKUH BHUPAXa€TbCS 13 JEAKOTO TPAHCUEHJECHTHOTO piBHAHHA [96] 1
3aJIEKUTH BiJl MPYKHUX CTAJUX TiI, KI KOHTAKTYIOTh, Ta BIJ CTPYKTYPH HPYKHOTO
NoTeHIialy. Y TakuX TOYKaxX HaIpY>KEHHS BiJl KOHTAKTHOI B3a€MOJIi TUT (P13UYHOTO
3MICTY HE HECYTb, ajie 1 Ha 00paxyBaHHsS IHTEIPAIBHUX XapAKTEPUCTUK KOHTAKTHUX
3aJ1a4 HE MaIOTh BIUIMBY.

OT1xe, chopMyITIOEMO MOCTAHOBKY 3ajayi: Po3rissHeMO NpyXHUM LWTIHIAPUYHHUMA
mramn (puc.l.) pagiyca R 1 BucoToro H 3 MOYaTKOBUMH HAMpPYXKEHHSIMH, IO
BTUCKAETHCS y MPYKHUM 1Iap MiJ A1€:0 CHIK P miciis BUHUKHEHHS TaM I104aTKOBOI'O

ne(OpMIBHOTO CTaHy.
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Pucynok 1. HuninapuynHuii mrram, map Ta OCHOBA 3 MOYATKOBUMHU

HaANPYXEHHSIMU

ToBmmHA MIapy B MOYaTKOBOMY J1e(popMOBaHOMY CTaHi MOB’s3aHa 3 TOBIIMHOIO
y Hele(OpMOBaHOMY CTaHi BimHomeHHAM /4 =M/ Bynemo paxyBaTu, IO 30BHILIHE
HaBaHTAXEHHSI MPUKIIAJICHE TUIBKU 10 BUIBHOTO TOPIIS MPY>KHOTO IITaMIIa, MiJ I1€10
SIKOTO BC1 TOYKH IIITaMIIa IEPEMIIAIOTHCS Y HAMIPSIMKY OC1 CUMETPIT )3 Ha OJIHY 1 Ty K
camy BenuuMHy €. BBaxarumemo, 10 MOBEPXHI 1032 JUISTHKOIO KOHTAKTY
3QJIMIIAIOTHCS BIIBHUMU BiJ BIUIMBY 30BHIIIHIX CHJ, @ B 30HI KOHTAaKTy BIJCYTHE
TEPTsl, a IEPEMILIECHHS Ta HAIIPY>KEHHS — HETIEPEPBHI.
[Ipunyctumo, 1[0 MOYATKOBUM CTaH TUI — OJHOPIOAHUM, 1 BUKOHYIOTHCA
CIIBBITHOIIICHHS [96]:
Vo =X +Up, Up =8, (hy =D y; . (1, m =1,2,3)
Tomi oCHOBHE PIBHSHHS B IEPEMIIICHHSX ISl CTUCIUBUX T11 Ma€ BUTIISLT (DOPMYIT
LyUq =0, Ly = 05 0 /vy | (im0, B =1,3) (1)
a U1 HECTUCIMBUX T1J1 pa3oM 13 YMOBOIO HECTUCIHUBOCTI:
LU + G ') 0V0 = 0, L = Koy 00,05 (2)
90U [O; =0. 4 =Ny (i, jom, 0, B = 1,3).
Bupasu s BU3HAUYEHHS CKJIQJIOBUX TEH30pa HAMNpPyXEHb ISl CTUCIMBHUX 1

HECTUCIMBUX TUI 3aIIUIIEMO Y BUTJISIAL
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ou, oU, Ak Al
0 = 0os =%, O =Koy —2 405D O = b, Kl = — ok
if jop ayﬁ jop ayB ij ijo Ahohs ijof > “ijop A koA jop ,

I[Ipy OZHOPIAHUX MOYATKOBHX HATIPYKEHHAX S =5 #0; §'=0 % =la#) po3p’a3Km
piBHsHB (1), (2) mpeacTaBuMoO 4Yepe3 MWIHAPUYHI KoopauHatu (r, 6, z)) y BUTIIAII
PO3B’SA3KIB PIBHSIHHS:

(A +E7 0*0)3)(A, +E5 870330 =0 (3)
ne A =8/art +r ' ofor

BpaxoByioun yMmOBY IiCHYBaHHS €IMHOTO PO3B’S3KYy JIHEApU30BaHOI Teopil
NOPY>KHOCTI JIJIT  CTUCIIMBUX 1 HECTHUCIUBUX Tl [96], MOXIIMBI JBa BapiaHTH
TIpe/ICTaBICHHS 3aralbHOr0 PO3B’si3Ky (3): BHIAAOK piBHHX KopeHiB (€5 =&) Ta
BUIIAJIOK HEPIBHHUX KOpeHiB (&) #&5).

VY Bumanky piBHUX KOpEHiB piBHSHHSA (3), TOOTO:

4)
X =%+ 3kas (Al +&y 82/‘%’32)5(1 =0, (Al +&y 62/6y32)§(2 =0
VY Bumanaky HepiBHUX KOPEHIB piBHAHHSA (3):
T= T+ o (A +87 0003 )7 =0, (A +E207/0)3)7, =0 (5)

V cuctemi KpyroBuX HWIIHAPUYHUX KOOPIAMHAT (r, 0, z), € z =v'y;, v, =4/n,
(i=1,2), n =E7, n, =&, TaKii MOCTAHOBII BiJIOBIIal0Th IPAHUYHI YMOBHU:
1) Ha topui numminapa z = Hv,', 1e v, =n; , (i=1, 2):
W =—¢, o =0, (0<r<R) (6)

2) Ha mMexi mpy>KHOTO MIapy B AUISHII KOHTAKTY z, =0, (i=1, 2):

i) =i, 0 =0, 05 =04 =0, (0<r<R) @)
3) Ha mexi mpy’kHOT0 11apy mo3a JIISTHKOK KOHTAKTY z, =0, (i=1, 2):
=0, 05 =0, (R<r<w) (8)
4) Ha O0KOBIi1 MOBEPXHI NPYKHOTO IITaMITy 7=R:
0 =0, OV =0, (0<z <Hv" )
5) Ha HykHIN TOBEPXHI WAPY, z; = Ak, =—Hv, ', (i=1, 2):
uf =0, w? =0, (0<r<o); (10)
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YMoBa piBHOBaru
1
P==27R’[ p03 (0, p)d p, (11)
0

1110 BCTAHOBJIIOE 3B’ A30K MK OCIJaHHSAM TOPLS 1 pIBHOJIIOUO HABAHTAKEHHSA P.
JUis BU3HAUEHHS HaIpyKeHO-Ae(POPMIBHOIO CTaHy Y MPYKHOMY LIMUIIHAP] Y BULIAAKY
HEPIBHUX KOPEHIB ' #"» 3arajbHUM PO3B’sA30K (5) BH3HAYaJIbHOrO pIBHSAHHA (3)

OpPUIMEMO Yy BUTIISIII:

7= 0,58{eg‘(r2 27 =)=t (0 + QHOY (2 + 2)) 67 (5 + 23) ~ (2HOG) (2] + ZS’)}} - (12)

© I (v, v, R . . 5 =
_kzl {bgk) {So %Io (venr)sin(y,zv) + 1, (kaz”)sm(Ykzzvz)} —Jy (ak")[sz (02)) +S5(a 2, ):'}Xk
= 1Y

A 115 BUNaIKy pIBHUX KOPEHIB n, =n, 3arajJbHUN po3B’A30K (4) BUZHAYAIBHOTO

piBHsIHHS (3) MaTUMEMO:

7= 8<vlzl (12 Omy =) 0 (= my) ' = 2EGHO) (3~ 22) |+ (13)

- _ So(1=1y (Y, R)) . e .
+RkZ::1Xk |:R(2Yk) lbfk{H(lme Tz Io(kal’”)Sln(Ykzlvl)JrJo(akr)ukl(Sz(akzl)JFZlSs(Othl))D

ne Ju(x), I,(x) — dyHskiii beccens qiicHOro Ta YSIBHOTO apryMEHTY,

T+my 1 1 3 3

Sy = = mn - = v -

0 , Og=mn +myny ", O =my;” +myv,” |
1+ m,

G —¢ v Gy —C -
b3(k) =48R2J0(pk){%——2%}(v11ﬂ’2[1(kazR)[Vsz(z)—V1SoWk(1)]) !
up + (ViR Miso ug + (v R) ?

(G =€)y (v, R) N 1-¢,

w(j)=
L (y,v;R) Vv R

0, = E(8m,(1+ H)n,' —4Hv ' +(1-m)R°H ™),

L (=12)

2 -1, 2 —1 -1,

~ _{(’31111@1122’ : _{7\‘3@1133’”1'@1122”1' >
' ' —1 -1,

(Kiy33m; = K3113)Kq 1027 5

Mgy (o)™ (133 + K313) 122
B = Jo (e Witoo (45h° (e v eh(on v ) +4,, [(1 + my)sh? (o Hv )| psh(a Hv') + 1y ]+
+1,, [(1 +m,)sh’ (ockval)[tlzsh(ockval) +1; ] +ch(o, Hv, ") x
+ch(ockva1){tloch(ockval)[cosh(ockval) +q (1 - ch(akval))} +c,(1+my)sh(o, Hv, " )(1—
—ch(a, HV;I))}D / <(10 (7 R) - 1){t11121t00sh2(ockHv1_1) 1, | cigch(on Hy )1+ ch(on, Hy ) +
+(1+m, )sh(ow, Hv;' )(z‘,zch(ockHvl_I )+ ¢Sy + tyysh(o, Hv)' ))}} +¢ (ch(ockHvl_I )— 1)[tmch(ockHvl_]) +
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(14 my )sh(o Hv ') |+ sh(oy Hv )| egtigch(oy Hvp ) = tyysh(o iy )]> ,
52 (oz)) = RSOHZICh(szlR_I) + E(k)Sh(szlR_l)a LS~‘3 (a4zy) = _Sh(szlR_l) - M(k)Ch(Ukle_l)a
M =M N;', E®=-EN.".
Toni BUpa3u Juisi KOMIIOHEHT BEKTOpa MEPEMILIEHHS 1 TEH30pa HANPY>KEHHS IS
HUJIIHIPUYHOTO IITaMIia 0yAeMo IIyKaTu y BUTJISIL:
JJIsL ™M # 1y

U;(l) =¢0,r(2H06, )71 Xo + Z {Y/%bs(k) [soll (v R, (“/k"lR)Y1 vili (Y1) cos(y,zv) = vady (Vay,7) COS(Ykzz"z)J +
k=1

+add, () (Syloz v+ Ss(oy )

1 (mz, myz & I, (y,v,R) . .
U =—¢ I+% _EI_I‘F#J_I —Z Yib(k) {SoLmllo(YkVﬂ’)Sln(Ykzlvl)—mzlo(Yk"z’”)Sln(Ykzzvz) +
’ HO,  n ny k=1 ’ L (yiwR)

m1§2 (akzl) 4 ngs (akzz )J}X
k

+0c,%J0(ockr)[ " "
1 2

3,(31):C44(1+m1)ll<—Hi)6 Xo{lJri}— (14)

Vi W

< I, (y,v,R) S, (o2 sSs (a2
—Z Yiby() So%”110(%"1”)005(}’1{4"1)—Snzlo(kaz’”)COS(Ykzz"z) +0LiJ0(0°k’”) 4( u ])+ 5( . 2) Xk
k=1 L (y;wR) M V2

i = Cog (14my) Y {sovibé") [y (o) sinGr z30) =4 v R (ot Ry () sinCrzn) |+

=~

+ap; (%")[”1_152 (o2 )+ 503" S5 (0123 )]} Xk

A ny=n,:
4Ey 1 i R? so(1=1,(vy,R))
O i Y LN Y B = p®y w1 H| 1+ 02y cos +
r <H92 Xo”[vl Zl] ;xk{ P Vil (nyer) VY RL, vy, R) V14 (vinz1)
sin(y,vz;) o (& S s
+ Yk 141 —Jl(akr){v_k(&(akzl)+vlzls5 (akzl))—S3 (Otkzl)}}> (15)
k 1

7 g<(m2 ! +[1 ~2E(HO,)" (17~ 22 +dmyz (v + 2, ))}Xo N
+k§ Xk {0> Sszl(k)yklo (ykvlr)[(H(l +85o(1=1, (Y, Ry, R (VﬂkR))il ) +vz )m1 sin(y,vz,) +

+(1- mz)COS(Y/{‘ﬁzl)Y;lJ —Jo(oyryn” |:mlak (Sz (o) + A (7% )) + (my =1y, (o2 )}}>

o= C44s<—8Ev1 (HOR?) g | (1 ) (v 2 )+ (1, )z, |+
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+2 Nk {0, SR2byemdy (yenr) [(1 +my) by (H(l + 50 (1= Iy (Y RNy Y RL (4 R)) ™ ) thz )COS(YkV121) +
=i

+(1+my ) Ly sin(yvz) |- ockJO(ozkr)[(l +my ) oy ! (54 (oz )+ 12 Ss (o7, ))+ (1+my ) 1,85 (ou 2y )}}>

AEr(L+my) & R so(=T, (Y, R)) ,
le»(l): Cpe Yo+ 2. Xk _kalb( Liyonr)| (1+my )y, | H| 1+ +vzy |sin(yvzy) —
' H6, 1; 2 ' ( ) WY RL (Vv R)

—(1+m, )cos(ykvlzl)} Jr(i—/‘J1 (akr)[(xk (1+m, )(52 (02 )+ iz, 85 (0 7y ))+(1+ my ) Ss (o2, )J}>
|

1, -
me 6,=v +v, ,

S, (0 z) = R, ch(oz,) — cth(udv, sh(0y2)) |, Sy (0, 2)) = Rew [ sh(ayz) - cth(udv eh(ayz,) |,

R2 ~ n,R’g
S(akz»—n » [cth(uklvz )sh(o,z,) = ch(a,z,) |, Ss(0y2,) =

[ cthu,dvseh(ayz,) - sh(ayz,) .
kS mHS,
Hanpyxeno-gegopmiBHUN CcTaH y TPYKHOMY IHapi 3 TOYaTKOBUMHU
(3QIMIIKOBUMU) HAMpYy>KeHHAMH Bu3HaumMmo 3 [106] uepe3 rapmoHiitHi QyHKINT y
BUIJISI/II IHTErpailiB XaHKels. 3a10BOJILHUBILIN TpeTi0 YMOBY (7), Apyry — (8) 1 yMOBH
(10), micns psiay nepeTBOPEHb MATUMEMO
JUTSl HEPIBHUX KOPEHIB 1 # 712
' =T (Q1; 8 Kgs 331 Wy = —mp T (Q7; 55 K( 1 53:5531) (16)
() = Cug (1+m)L R T Q585K s s33551) 12 = Cpy (14 my)s; (W R) ' T2 (Q2;58); K15 1515 1)
JUTSL PIBHUX KOPEHIB 7, =n,:

w® =e(n0) " T QLS5 Np: Kos) 5 uf® = mys(mB,) 7' TH(Q2; S No3 K's)) (17)

D) = (14 m) )&l Cuy (O, R) ' TH(Q2 ;ST N K 58) 5 Q8 = (14 my )eCy (0, RV) ' TH(Q3 ;81 N K3 5)

s——ml_1 N _mh s —si s—sl—2
I[e 1 m, ’ 2 m, vz’ 3 Ovz’ Oll’
7 n n n.n 13 * n n n
T3(Q+I5Sma 531532511):;2C]|:11Q (Sj+m 910[319[3250)+ zaQ ( J+m ’h0[319[325k1):|
Jj=0

n—(Xo 1){119’1' (Sm ;L 0;51;52;0)+Z%Qi‘ (S,’,’ll;h;O;Bl;Bz;ki)}—

i=1

89 i 1& " —
42 {llgnl( I;MJ;BI;BZ;O)"—ZZCZI'Q?(sz;h;uj;B];BZ;ki):|,

i=1

A A h A h
Q2" t,u,k,a,0) = k| L B,u,—i+9 +1 B,u,i+—1+6 +17 E,p,—z—l——1+9 -
t (R t7tR  tRv t R tRv,
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Y Z rn| P Z h n| P 2 hl r r
-a|L] | =,u,—=+06 L] | =, u,—=+——+0 +L JH——=———+6 L’ (t,0,u)=L" (t,
[ ’”(r MR j ’"[t MR tRv, j [t MR tRv, H’ m(60-0) =Ly (G u),

QS0 N KD, k;a)=(1+a0)((1—xo)~g’i(S,’;l;o;k;a;o)—fi QL (87,305 k850) -
j=0

+ my >

—i kui (K,:;3 ;uk;k;a;O)—%on{F (N;’12 ;O;k;a;0)+

> a (=)0 (85, :0:ksasie) -

=1

DR &
+0, uzbmxkgi (K,’;3 iy Rsk; a;0)>+

1
2 k=1

2
zc**n’ (87,1025 - Wi}ixoﬁi(%;o;k;a;vlr)+
2

j=0

+94ixk(2i (KZ};pk;k;a;vlr)+¢Zb(k) kQI (K,’:, ;iykle;k;a;vlr)>
k=1 2 k=1 ’

O3 ([ 1k, 0) = (42 —s5,) 1, (p,u,le_l —9)+(A112 —Zk)fjjn (p, w2k (Rv) " + 2R —e)

(AP =20 ) U (o1 28 (R + 2R =0) (A 45y =2k ) L, (P, =z R = 0) 422, R I, (P, —2 R —0) £

(4 =2k) 25, (pob, 20 (RY) ™ = 2R =0)+ (47 +22R ™)L, (o, 20 (Rv) ' =287 -0)

n rn - _ 22 -1 412
(t,0,u) =L (t,u), 47 =s50(50 =550 +5)"s A7 = 250(59 —,)(5o +25) (50 +5) >, A~ =h(souR) ™ 47,

Sy (pz) = " sinne* ", (p)dn, K (pikysz) = [n"wo (b )e™J, (p)dn,
0
Ny (psz jn v (n,0¢”", (np)dn , C; —KoedillieHTH pO3KIany y pax F(m), "% — nesxi

koHcTaHTH (i=0,1,2,...).
m;, Cyu» L maBeneniy [96].

i

B (12)-(17) 3nauenns koediieHTiB 7>
BuxopuctoBytouu po3s’sa3ku s nuitiaapa (12) - (15) it 3a10BOABHAI0YN TPETIO

yMoBY (7) Ta 1pyry ymoBy (9), 3HalijieMo BJIacHi 3HaueHHs 3aa4i (6) — (11)

JUISl BUITQJIKY HEPIBHUX KOPEHIB 7 # 15 ;

2k+1
Vk:¥, ak=%,ae Ji(n) =0, (18)

JUTSl BANIQAKY PIBHUX KOPEHIB 7, =n, ¢

oLy =%, v, =2mkH ™', (k=0,1,2,..) (19)
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3 nmomomororo nepmux ymMoB (7) 1 (8) MOXHA BU3HAYUTHU HEBIIOMY (YHKIIIO

£(7) 3 mapHUX IHTErPATLHUX PIBHSAHB [T HEPIBHUX KOPEHIB
[Fam™ Jympdn=f(p), (p<1), [F()Jo(mp)dn=0, (p>1), (20)
0 0

JI€ 1JIs1 BUIMAJIKy HEPIBHUX KOPEHIB 7 # 1,

oc _1 _
f(p)=ei( -1- 64Zkao(ukp>+ j W Gy (p)dn). 8, = M 63='f—11(s1—s()),
3 0 1

JUISl BUTTQJIKY PIBHUX KOPEHIB 1, =1,
2

_ R
) 2_8931 (1_7(0 —2(m, _1)6_X0P+

2
+, kzl %o (eP) + +0,5(m, — R Zb“”xklo(vklemj +[n'FM)GMh)J,(np)dn
= 0

e 0, =m (s, —s,)v; .

3actocyBanHs (opMynu 3BepHEHHs a0 (16) mpU3BOAUTH 10 I1HTErPATBLHOIO
piBHssHHS Dpearoabma APyroro poay BigHOCHO (GyHKIiT £ (77)

JUTSI BATIAAKY HEPIBHUX KOPEHIB " # 75 ;

F) _ 28(

. (X0 —Dw(n,0) - 94Zkao(n Hk)+ J (u) G(uh)y, (ﬂ»“)dbl], (21)

k=1 0

JUTSI BATIAAKY PIBHUX KOPEHIB 1, =n, ¢

2

@:—ﬁ[( xO)wo(n,O) 2(m2—1)R Xo‘l’1(ﬂ»0)+e4ZXkWo(T] B+

n 05

) (22)
+0,5(my —DR* Y. bf")kao<n,ivkv1R>]+2nl [u™ F(u)G(uhyy, (n,u)du
k=1 0

1
ne V. (x.p)= [t" cosxtcos ytdt
0

3a10BONIBHUBIIN JpYry rpaHudyHy yMoBy (7), po3s’sa3ok (21)-(22) Oynemo
IIyKaTH METOJOM MOCHIJOBHUX HAOJIMKEHb, B34BIIM 32 HYJbOBE HAOIMKEHHS
byHKIII10
FOm)/n=26(n8;)" p(n),

Jie JUTs1 BUTIaJIKy HEPIBHUX KOPEHIB n, #n,:

M) = (1o = DWo(M.0) =0, D 7, wo (1 M).
k=1
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JUTSI BATIAAKY PIBHUX KOPEHIB 1, =n, ¢

p(n)=a((1—xo)wo(n,0>—2(m2 SR 2 400, S 1w +

k=1

+0,5(m, — 1)R2 > bfk)Xk\Vo (n,i“/kle)j

Hactynni HabnmkeHHsT BU3HAUYUMO 32 (OPMYJIOH0

F(j)(n) ZETF(j_I)(u)

Ul To

G(uh)Jy(mu)du

Po3B’s30k (14) 3anumiemMo y BUTIISIAIL
F=Y F"() (23)
n=0

BigmiTumo, mo mporec MmociaioBHUX HaOMMKeHb (23) 30LKHUN mpu #>1 Ta
) >y, , BDAXOBYIOUH JIOCHIPKEHHS NPOBeeH] [96].

3a10BOGHUBINM ~ Tiepini  JBI  rpaHudHi  ymoBH (7) 3  ypaxyBaHHAM
oproroHaneHocTi  GecceneBux  (Qynkmiii  Jo(#4P) | nua  BU3HAYEHHS  CTAIMX
X (=0,12,.) orpumaeMo HeCKiHUECHHY KBa3iperyisipHy CHUCTEMY anre0paidHux

PIBHSIHB

St + 2 O, =@, (k=0,1,2,.) (24)

n=0
KoedimienTn cucteMu MOKHa MPEICTABUTH Y BUTJISII

JI€ 17151 BUITAJIKy HEPIBHUX KOPEHIB n, #n,

9, {H > j—csm“ (o ;- (u, O)du} o, = 2[ 0,y (0.11,) += Z I%(h”)“” \(u, un)du}
Jj=lo j =lo
2 0.0,RE
940 ——{ 04w (0,1 ) +— ZI(W; 15 1 )G () (u, O)d“) oo == (25)
T j=1g K/
O Jo ) [ by, (1l wl)| 2
9 = 2KRv, {11"1 th( v j th{ W H’ {Wo(o Hk)+nj21£Wj (U )G (hu)y g (u, O)du}

205, R 251
3S0v} u Z Toin Yo T T z .[ (\VO (u> My )G(hu)\vl_l (M, H )du):|,
0

2
S = _{—64‘110(”/( M) —
T Jj=1

Jie JUTSl BUTIAJIKY PIBHUX KOPEHIB 1, =7,

m, —1)R* L2 2(m, —1)R?
T

S Zl{l"' ( iT[‘Vo(%O)"'
=10

T

2 2

wl(u,O)JG(huw,«_l (u,O)du}
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o0 © 2
@, =ﬂ =22 [wo @ 0G )y O)du} 9, =—“k2Je° ](;;")B—EE“‘) —sM(k)} (26)
J=l 3 1

1 m,—DR*
5, =—{e4wo<o,un)+% By iR+ | ( Woloi,)+

1 2 T j=10

m, —1DR? n .
+%b{ )\Vo(u,lynVIR)JG(hu)Wj1(“»%)‘1”}
2E _2

Bgo = ; ‘Vo (& Hk)"' z .[\Vo(“ w)G(hu)y ;. (u,0)du |;

k0,0,/R T j=l0o

2 2(m, —1R? sin 2 »=
Skoj{wo(o,um (my ~DR” sinpy | ZJ{ Woltt) +
0

2 W o meb; o

n (m, — 1)R2

. b1(k)\V0 (u’i'\{kle)j G(hu)\llj_1 (u, O)du}’

(m, —1)R* ,
2Tbl(k)\llo (W, R) +

2 i?[ SV (U, ) +
0

2
S = __[94\410 (Ko 1,) +
T neld; ;o

n (m, — 1)R2

: bl(k)\vo(u,l'ykle)JG(hu)\llj_l (ua Hn)d“ +

Z i ymvl J (Hk )b(ﬂ) (Ynzle[ (Ymle) + SO (1 I, (Y/;zle)))
2k05 m=1 ur +y2viR

\II] 1( un)

e 05 = (v, +w$)mmny ((m3 +myw) )E) ™, sy (np,) = —nJCOS ntdtj. G(uh)cosutdu.

[Tpu o6uucnenni pyukmii (23) i koedimieHTiB (25) — (26) OLIBIIICT IHTETPAIIIB
y KiHIIEBOMY BHTIISI HE OOYHCITIOIOTHCS, BPAXOBYIOUN CKIaHICTh GyHKIii G; (=14
. Tomy, mounHaO4M 3 IPyroro HaOIMKEHHS, MIHTErpaibHl QYHKIIT pO3KIaIal0ThCs
y psau 3a creneHsmu A7, (i=1,..,7) Mo 103BOIUTH OOUUCIUTH KOE(DIIEHTH CUCTEMH
(24) HabGnmxeHo.

BusHauusmu Hepifomi ctami £ (0 =0.1.2,.) i3 cucremu (24), Mo3kHa 0GUUCIUTH
HaNPy>KeHO-1e(POPMIBHHI CTaH SIK y IPYKHOMY IIITaMIIi, TaK 1 B mapi 3a Gpopmynamu
(12) - (17).

VY pe3ynbrari LBOrO PO3B’SI30K MPEACTABICHUN Yy BHIJISAAl PSAIB  4epes
HECKIHUEHHY CHCTEMY KOHCTAHT, 1[0 BH3HAYAIOTHCA 13 CUCTEMH KBa3iperyJsipHUX
NiHiHUX anreOpaiudux piBHAHL. [Ipudyomy B cucremi (24) koedinientn % i S
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3alie’aTh Bl CTPYKTYpPH MPY>KHOTO TMOTEHINaly, BUCOTH MPYXHOTo Imramna H, i
TOBIIMHY NONEPEIHBO HAIIPYKEHOT'O APy, a BUIbHI WIEHH 3aJI€KaTh B1Jl KOPEHIB 71>7>

BpaxoByroun acUMOTOTHYHI TpecTaBleHHs st QyHKiii beccens, Benudud Ly
Ta 0OMEXKEHICTh IHTETpaliB Y(Lk, W,), cuctema (24) KBa3iperyssipHa, sIKIo Ai>Aqwp, a
TaKOX TPU BUKOHAHHI YMOBH

_ 0,36E(1- v2)! , JUISL CTUCIIMBHX TiJI;
Caaly (14 my )(s = 50 )(my (5o = 51)) < ( ) .
0,48F, 111 HECTHCIIMBUX TiJI,

UucenpHo, KBa3iperyJsipHICTh cuctemu (24) miarBepakye Taom. |1,

10
chopMoBaHa ISl TEPIIMX BOCBMHM 3HA4Y€Hb KOEQIIIEHTIB CUCTEMH, BUIIHMCAHOI Yy

BUTJISAI

Lk =—Z 84, /O xn T, /8 (K=0,1,2,.)
n=0

y BUTIQAKy ToTeHmiana Tpemnoapa npu h=4, 11=0.7.
Taomur 1.

KoedimienTn kBa3iperyiasipHOi CUCTEMU JTIHIHHUX alireOpaiuHuX pIBHSIHb

n —9, /9% @, /9

1 2 3 4 5 6 7 8
k
1]0.67817 | 0.67816 | -0.49398 | -0.49397 | 0.36871 | 0.36870 | -0.27927 | -0.27926 | 3.62-107
21067814 | 0.67813 | -0.49393 | -0.49392 | 0.36865 | 0.36864 | 0.27922 | 0.27921 | -3.39-10°
310.67813 | 0.67812 | -0.49392 | -0.49391 | 0.36864 | 0.36863 | -0.27920 | -0.27919 | -1.26-10°°
41 0.67810 | 0.67809 | -0.49389 | -0.49388 | 0.36861 | 0.36860 | -0.27918 | -0.27916 | -1.09-10°°
510.67808 | 0.67808 | -0.49384 | -0.49383 | 0.36854 | 0.36853 | -0.27911 | -0.27910 | 6.72-10”
6 | 0.67808 | 0.67807 | -0.49383 | -0.49382 | 0.36854 | 0.36853 | -0.27910 | -0.27909 | 7.58-10"
710.67807 | 0.67806 | -0.49382 | -0.49381 | 0.36852 | 0.36851 | -0.27908 | -0.27907 | 2.43-10°®
810.67789 | 0.67788 | -0.49352 | -0.49351 | 0.36819 | 0.36818 | -0.27875 | -0.27874 | -8.97-10”

B po60Ti Takox MpOBEAEHO YUCEIBHE PO3B’sI3aHHS CUCTEMH (24) 15 MOTeHIiana
Tpenoapa (HEOTyKIBCHbKI Tijla) Ta TaApMOHIYHOTO TMOTEHIlIAIa MIPU TaKUX 3HAYCHHSX
napamerpis: k=n=32; v=%=0,5; /=10; 4 =0,7; 0,8; 0,9; 1; 1,1; 1,2; E=3,92.
Anroputm 0a3yeTbcs Ha METOMA1 PEAYKIli Ta peaii3oBaHUN y BUTJISAIlI IPOrpaMH B

naketi Maple.
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BB mouyaTkoBUX HaAmpy’KeHb HA 3aKOH PO3MOUTY KOHTAKTHUX HAIpPY>KEHb 1

nepeMilieHb JUIsS 3a7adl Mpo TUCK MPYKHOIO0 HWIIHAPUYHOTO IITaMIa Ha Iap 3

[OYaTKOBUMHU (3JIMILIKOBUMH) HAIIPY>KEHHSIMH Y BUIIAJKy TaPMOHIYHOTO ITOTEHI1a1a,

300paxyeThcsl HA puc. 3, 5, a y BUIMAJAKY NoTeHmiana Tpenoapa Ha puc. 2, 4 Ta 6.

[IpyuoMy Ha puc. 5 mnOpeacTaBieHl TAHTCHLIAJNbHI HANpPYXEHHS, [0 HaWOIbII

30CepeIKeHI MOOIN3y 30HH KOHTAKTY.
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o

O aN WO,

10

Pucynok 6. TanrenuianbHi Hanpy»keHHs (noteHuiana Tpenoapa)

Byno npoBeneHo 1ociiiKeHHs 301KHOCT1 YUCIOBUX PAJIIB, SIK1 3yCTplyaliucs Ipu
po3B’s3yBaHHi 3amayi (6) — (11). Tak mns OGiABIIOCTI PSAAIB 3HAMACHI MaXOPaHTH.
301KHICTb ACSKHUX PAIB OyJI0 JOCUTH CKIIAHO JIOBECTH aHATITUYHO, ajie 3 YUCEIbHUX
pe3ynbTaTIB BUSABUIIOCS, 110 BOHA 3a0€3MEYy€ThCSI MOHOTOHHUM CIIQJaHHSM CTAJIAX
X (=012, )1a |/o(4P)|. Ane neski psimy, O BXOAATH Y BUPA3U JUIS HAIPYIKEHD
nuniHapuyHoro mrammna (14) — (15) B Toukax 3MiHM TPAaHHUYHHX YMOB BUSIBUIHCS
po36ikHUMH, (OCKimbKM A X Jo(#pP) > pnpy k—>©) ange Le y3rouKyeTbes 3
JTOCTIKeHHSIMH [96].

[TopiBHIOIOUM KOMITIOHEHTH HAIPYKEHO-Ae(POPMIBHOTO CTAHY TiJ 3 TOYATKOBUMHU
HAIpPY>KEHHSMHU 13 BIAMOBIIHUMH BHUpa3aMH Uil 130TPOMHOTrO Tija 0€3 MOYaTKOBHUX
Hanpy>XeHb, Ipu z; = ) OTpUMAEMO PIBHSIHHS:

Us(r,0) = kU3 (r,0), Os5(r,0) =k, - O%s(r,0), (27)

T€ Us(r,0), Oy(r,0) — IEPEMILLEHHS 1 HAITPY>KEHHS IT1]] IIITAMIIOM, 1110 BTUCKAETHCS Y
map 3 IMOYATKOBMMHU HampyxkeHHAMHU; UY(r,0), 0%(r.0) —U3(y1,¥2,0), Q%3 (y1, V2, 0)-
NEPEeMIIICHHS 1 HAPY>KEHHS 1] IITaMIIOM, [0 BTUCKAETHCS y 1Iap 0€3 MOYaTKOBUX
HaANpPYXEeHHb; Kk, ks — KOe]illi€HTH, AK1 BiIOOPaXKarOTh BIUIMB MOYaTKOBUX HAPY>KEHb Ha
KOHTAKTHI HAMIPY>KEHHS 1 IEPEMIIIICHHS IPYKHUX IIIIHJIpa Ta mapy.

3anexHICTh 3MIHU KOS(IIIEHTIB X, ks 3 piBHAHB (27) npeAcTaBiieHo y Ta0. 2. 3 4oro
BUJIHO, 110 NMpHU HAOIMKEeHHI Koe(dillieHTa BHJIOBKEHHS 10 3HAY€Hb ITOBEPXHEBOT
HECTIMKOCTI MaTepialy IepeMIlIeHHs] HEOOMEKEHO 3pOCTaloTh, a HaMpPyKEHHS

MPSMYIOTB J0 HYJIS.
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Tabmans 2

3aneKHICTh 3MIHU KOE(IIIEHTIB £, ks

IToreHmian
" Baprencaa Xasanonia [otenmian Tpenoapa l"apmoniuHMiT TOTEHITI AT
k ks k ks k ks
0,5951 - - - - 0 0
0,6661 - - © 0 1,7391 0,2332
0,6934 © 0 4,1602 0,2090 1,5396 0,3128
0,7 19,7913 44,3841 3,4487 2,9543 1,5061 4,7907
0,8 1,7088 2,6107 1,3285 1,2423 1,2446 2,3223
0,9 1,1653 1,3597 1,0774 1,0376 1,1166 1,4539
1,1 0,9328 0,8847 0,9583 1,0218 0,8533 0,7142
1,2 0,9048 0,8778 0,9176 1,0699 0,6306 0,5132
1,3 0,8961 0,9327 0,8687 1,1269 0,2329 0,3609

[lepeBipka ojepkaHUX pe3yJibTaTIB Ha ETAaJOHHUX 3a/ladyax IMpeJCcTaBlieHa
YUCEIBHO Yy Ta0i. 3, MOPIBHSHHSAM YUCIOBUX 3HAYEHb CUIU P, 10 Jli€ HA BEpXHIU
TOpEIlb IITaMIIa, TIPU 33/IaHUX BEJIMUYMHAX MTOYATKOBUX HANPY>KEHb Ta TOBIIMHU IIapy

h 13 BUMaikoM 6€3 MOYaTKOBUX HANPYKEHb (BUIIICHOTO YKUPHUM MIPUGTOM).

Ta0munsa 3
Yuciiosl 3HaueHHA cuiin P/eR
7\’1
0,7 0,8 0,9 1 1,1 1,2
[Torenmian h
Tpenoapa 1,6 1,4082 1,2487 1,2974 1,2315 1,2978 1,2043
4 1,4025 1,2456 1,2945 1,2296 1,2653 1,2022

MiHiManbHI 3HAQYE€HHS TOBILUMHU 1IApy / NpelcTaBiieHl B Ta0d. 4, y BUOAAKY
rapMOHIYHOTO MOTEeHIIay. [ mOpiBHIHHS, TPUBECHI 3HAYCHHS TOBIIUHU APy ¢,
KOJIM y UWJIIHJP1 BIJICYTHI TIOYATKOBI HAMpYy>EHHs. 3 Ta0a. 4 BUIHO, IO MOYATKOBI

HaIpY’KCHH: BINNIMBAOTH HA MCTOJ HOCJIiI[OBHI/IX HaOJIHKEHD.
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MiHimManbHI 3HaYEHHS TOBIUHM MIaApY A

Tabnuig 4

M 0,7 0,8 0,9 1 1,1 1,2 1,3
h 1,54 1,25 1,02 0,83 0,67 0,54 0,42
t 1,49 1,27 1,08 0,83 0,65 0,51 0,41

OTxe, BpaxoBYIOYH pe3yJIbTaTh MaTEMAaTUYHOTO MOJICJIIOBAHHS Ta MTPOBEICHOTO
JOCIIJPKEHHS. JJI1 MOTEHLIadiB, 110 BIJAMNOBIJAOTh PIBHUM Ta HEPIBHHUM KOPEHAM
BU3HAYAJILHOTO pIBHAHHS (3), BIUIMB TOYAaTKOBUX HAMpPYXCHb HAa HAMPYXKEHO-
neOpMOBaHHU CTaH MPYKHOTO LUJIHAPA, IO BTUCKAETHCS Yy MPYXKHUHM Imap Ta
OCHOBY, IIOJIAATAE Y TOMY, LI0:

1. [TouaTkoB1 HampyXeHHS MPU CTUCKY NPHU3BOIATH 10 3MEHILIEHHS CHJIH
HaIpy>Ke€Hb Yy LWIIHIPUYHOMY IOTaMIl Ta IIapl, a HOPH PO3TITHEHHI — A0 IX
30UTBIIICHHS, Y BUIAJIKY MEPEMIIeHb BCE BiIOYBAETHCS HABMAaKu. T00TO, HASBHICTH
NONEepPEeIHbO HAMNPYKEHOrO CTaHy IMiJ 4ac KOHTAKTHOI B3a€MOAIl MPYXHUX TUI Ja€
3MOTY PEryJIOBaTH KOHTAKTHI HANpY>KEHHS Ta MEPEeMIIIEHHS MpU pOo3paxyHKax Ha
MILHICTh J€Talie MalllMH Ta KOHCTPYKIii. [IpuyoMy ajis KOHTaKTHUX HaIpy>KE€Hb
HeOe3MeuHMH € TIOYaTKOBI HAMpYXEHHS Yy BHUMAAKY pPO3TSATHEHHS, a A
HEePEMILIEHHS — y BUMAJKy CTHUCKY.

2. Haii6inpmmii BIUIMB TOYATKOBUX HAMPYXKEHb BIJI3HAYCHUN Ha O14HIN
NOBEPXHI LITaMITy.

3. ToBuuHa mapy He BIUIMBAE Ha XapakTep Al MOYaTKOBUX HAIPYXKEHb, a
BIUIMBAE JIUIIIC HA X 3HAYCHHS.

4. bitbmr cyTTeBO, Yy KUIBKICHOMY IUIaH1, IOYAaTKOBI HANPYXXEHHS JIIOTh Y
BHUCOKOGJIACTUYHUX MaTepiajax y MOPIBHAHHI 13 OUIBII KOPCTKUMH, ajie SKICHO iX
BILJIUB 30€pIiraeTbesl.

5. Heb6e3neunoro € cutyaiiisi, KOJIM TOYAaTKOB1 HAMIPY>KEHHS HAOIMKAIOTHCS
0 3HAUYEHb IMOBEPXHEBOI HECTIMKOCTI, OCKIIbKM KOHTAaKTHI HAampyXeHHS 1

NEepPEMIILIEHHS P13KO 3MIHIOIOTh CBOi 3HAUEHHS.
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BusiBriennit ipy 10CTiPKEHHI BIUIMB MOYATKOBUX (3AJIMIIIKOBUX) HAMPYKEHb €
CYTTEBHM I CTHUCIWUBHUX Ta HECTUCIMBUX TUT 1 TIOBMHEH BPaxOBYBAaTHUCS TIPHU
po3paxyHKax Ha HaJIIMHICTb Ta MILHICTh MaTeplalliB, KOHCTPYKLIiH, coopyxa i
obnagHanHsa. lle miaATBep/HKEHO OJEp)KAHUMHU aHATITUYHUMH, TpadiyHUMH Ta
YUCJIIOBUMH PE3yJIbTaTaMH, IO A€ 3MOTY BHKOPHUCTOBYBaTH iX B IH)KEHEPHHUX

pO3paxyHKax.
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SECTION 4. MECHANICS

4.1 Screw Conveyors with Elastic Surfaces

One of the problems arising at transporting bulk agricultural products is high
degree of their damage because of stuck of grain particles between internal static
surface of guiding jacket and rotational peripheral surface of screw operating element.
Because of this, it is also possible stuck of operating element causing its breakdowns
and energy costs increase.

Solution of the given tasks, in particular development of original constructions of
screw operating elements and selection of their rational parameters and operating
modes were discussed in the following works [112 - 116].

The research objective is to develop new constructions of auger conveyor with
changeable elastic screw blade, make its design and provide theoretical grounds
concerning the impact of constructive and technological parameters of elastic screw
blade upon force value influencing stuck grain and also to design bench and make test
investigations.

New construction of auger conveyor with elastic screw blades and design options
of auger elastic rib in the form of petals (sections) [117] depicted in Figure 1 were
developed for the implementation of set tasks.

Auger conveyor with elastic screw blade consists of shaft 1, in which band screw
spiral 2, to which elastic spiral 3, which can be made as entire one or of separate petals
(sections) was fixed with the help of sectional blades 4 and bolt connections with half-
round heads 5 and nipples 6.

Width and stiffness of petals are chosen depending on physical and mechanical
qualities of transported material. Granular materials interact with operating elastic
screw blades while their transporting in guiding jacket 7. In case, when grain falls and
it 1s stuck between unmovable blade of guiding jacket and rotational elastic screw

blade, cut petals bend to protect grain from its decay.
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Fig. 1. Auger conveyor with elastic screw blades and blades design options

An offered construction of auger conveyor with elastic screw blade gives the
opportunity to change quickly an operating elastic spiral in case of its runout or when
it is necessary to transport materials of another rheological quality.

Defining efforts arising during close interaction of elastic rib screw blade, corn
grain is going to be investigated, the form of which can be described as half-sphere
transiting to cone.

Performing theoretical calculations (on the first stage), we take the following
hypotheses: the grain form is ideal and it is described by basic mathematical formulas;
peripheral surface of operating element is ideal and it is described by the form of right
angle; friction coefficient in the process of elastic rib screw blade interworking with
grain products is stable; elastic surface of operating element is up to parameters of
absolutely elastic blade (for small deformations); we ignore movements of radial and
angular grain; centrifugal forces are not taken into consideration; fluctuation between
elements interaction are not taken into account; deformation of elastic sections fixed
on the surface of auger conveyor rib is defined according to common formulas of
products resistance; in the process of deformation the bend line of elastic rib screw
blade is formalized by ideal span.

The process of interworking screw auger blades (Fig. 2) with half-spherical corn
grain surface 1 stuck between internal surface of guiding jacket 2 and peripheral
surface of auger elastic rib 3 is going to be investigated.
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Corn grain position, which can be much more likely stuck, is shown in Figure 2.
In this case, corn grain touches surface of internal jacket surface with its cone surface
and spherical surface interworks with auger elastic rib.

There is stuck corn grain only when maximal starting angle o, between normal
force of interaction of auger elastic rib with the surface of grain N, and plane, which is
perpendicular to axis of rotation of auger conveyor, is less than angle of grain friction
on internal surface of jacket.

In the process of grain stuck, auger conveyor rotates and its elastic blade slips in
circular and axial directions with corresponding deformation regarding to grain. During
this process force direction N, approaches to axis OY and its size increases.

The aim of theoretical calculation is defining such parameters of interaction of
auger elastic rib with grain material, which protect its possible decay. That is to say,
auger conveyor rib will rotate with definite deformation relatively to grain not
damaging it. Interaction parameters include constructive and geometrical system
parameters, and rheological qualities of transporting object and materials used for
manufacturing auger elastic rib.

Stuck corn grain is deformed in the process of rotation of auger elastic rib. The
process of rotating of elastic rib from the start of its contact with grain p. 4, which is
defined by angle ar to definite the current value position p. B is going to be
investigated.

As far as auger elastic rib is not absolutely elastic and its deflection size is
insignificant, then in first approximation we take that length of span OB is equal to
overhang length of elastic rib 1

Preliminary let us define the height of elastic rib in deformed state ¥ transporting
its running end from p. 4 to p. B that is from starting angle of contact o, to the current
value ar. Then

V.=1-A;. (1)

Value Aris defined in statement
Ar=A,-A, 2)
where Ar - value of the current value overlap of elastic rib with a grain, m; A, - value

82



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS
of starting overlap of elastic rib with a grain, m; A, - value of residual overlap of elastic

rib with a grain, m.

Fig. 2. Design model for the evaluation of transpositions, deformations and forces,
which occur between elastic rib screw blade and stuck grain

Values A, and A; are correspondingly defined
A, =r, —r,cosa, =r,(l-cosa,), (3)
A, =r, —r,coso, =r,(1-cosa,), 4)
where 73 - radius of dome-shaped corn grain surface, m.
Substituting dependences (3) and (4) into (2), we get
A, =r,(1-cosa, )-r,(1-cosa,)=r,(cosa, —cosa, ). (5)
Substituting (5) into (1), we get
Y, =1-r,(cosa, —cosa, ). (6)
Then in triangle BOOr we define the current value meaning of sag of elastic rib

fi=r-Vp, (7

a

where f, = \/Z 2 _(I-r[cosa, —cosa,]).; f - magnitude of movement of auger
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elastic rib end, m.

After transformations we get

f, = \/rg (cosa, —cosa, J2! —r,[cosa, —cosa, ). ®)
According to known dependences of resistance of materials transporting of loaded
cantilever fitted beam end is defined as

_ NP

Mg 9
3EI ®)

fa

where N - force acting on running end of auger elastic rib, N; £ - module of elasticity
of auger elastic rib, Pa; I - moment of rib inertia, m*; & - coefficient taking into account
auger elastic rib profile.

In case of using elastic rib in the form of trapezium, its moment of inertia is

I\»* -a'

defined by dependence [ = .
48(b—a)
Substituting meaning f, from equation (8) into equation (9), and also taking into

account the moment of inertia of rib of force N,, which appear between periphery of

elastic rib and grain is defined by dependence

B E(b4 —a* )\/r3 (cosa, —cosa, )2/ -7, [cosa, —cosa, ])

N, = , 10
’ 162(b—a )k (8

where ¢ - width of bigger base of trapezoidal rib, m; a - width of smaller base of
trapezoidal rib, m.
To the case when width of element of elastic rib changes in length / from a to b,

b—a
4]

coefficient k in the first approximation will be equal £ =1-

Analyzing dependence (10) we preliminary define the intensity impact one or
other parameters of interaction on value of N,.

For this, possible limits of change of value of parameters should be defined.
Elastic rib section of auger conveyor is in the form of trapezium and can be made of
rubber, polyethylene of law and high pressure, and polypropylene can be accepted as
the fact. According to data [118] module of elasticity for these materials is: rubber (at

law deformation) — E=(0.01...0.1)-10° Pa; polyethylene of law pressure —
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E =0.2-10° Pa; polyethylene of high pressure — E= 0.8-10° Pa.

Let us accept that analysis of the dependence (10) will be done in the range of
meanings £ = (0.05...0.25) -10° Pa, at medium meaning E = 0.15 10° Pa.

Overhang size of auger elastic rib will be changed in the range of / = 0.024...0.032
m, at average meaning / = 0.028 m.

Width of bigger 6 and less a base of auger rib section in the form of trapezium is
accepted in the range of ¢ = 0.020...0.024 m (average meaning ¢ = 0.022 m); a =
0.014...0.018 m (average meaning a = 0.016 m).

According to known investigations [119] corn grain is from 5.2 to 14 mm long;
from 5 to 11 mm wide; from 3 to 8 mm thick. That is why radius of its dome-shaped
surface is considered in the range of »= 0.0015...0.0045 m (average meaning r; =
0.003 m).

According to [119] let us take the range of change of friction angle of corn grains
along different types of materials and roughness of guiding jacket internal surface in
the range of o, = 6°...14° (average meaning a,, = 10°). The current value angle ar varies
from a, to zero.

Tilt angle B of elastic screw blade is considered ranging from 10°...30° (average
meaning 3 = 20°).

Then in the evaluation of intensity impact of stated above parameters on value of
Np let us take the last meaning ar = 0°. Correspondingly in formula (10) value of cos
ar = 1. Then dependence (10) takes the form
E(b4 — a4)\/r3 (1-cosa, J2I —7,[l —cosa, )

161*(b—a)k '

N, =

(11)

Force N, which acts perpendicular to rib plane, expands on axial N, acting in the
direction of auger axis and circular N; acting in its cross-section. Then axial and
circular forces are defined correspondingly

N = E(b4 —a4)\/r3(1—cosan)(Zl—rg[l—cosan])
- 161%(b—a )k

sin f3; (12)

E(b4 ~a’ )\/r3 (1-cosa, )2/ —7[1-cosa,])
16/*(b —a)k

N, = cosp. (13)
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where [ - tilt angle of screw blade of auger elastic rib, deg.

To reduce the degree of grain material damage whilst its transportation by screw
conveyors we suggest to fasten some elastic sections to the rigid screw base which
would bend when some corns are in a clearance between fixed internal surface of a
guiding jacket and rotational peripheral surface of the screw.

For this purpose, an elastic screw conveyor with adjacent elastic sections
overlapping has been developed whose general view is presented on Fig. 3. It consists
of a central shaft 1 with rigid base 2 on which elastic sections 3 are fixed by screw
plates 4 and screw bolts with cup heads 5 and screw nuts 6. Whilst agricultural loose
materials transportation in the guiding jacket 7 the elastic sections are bending when

some grains are pinched between the jacket fixed surface and rotational surface of the

elastic sections. This results in less damage of grain material.

Fig. 3 — General view of the screws with elastic sections overlapping

The transported material while in operation will be rolling off the top edge of the
upper section on the lower end of the next section which will have some positive effect
on energy consumption of the transportation process and reduce the damage degree of
the loose material.

To determine the parameters of loose material flow motion between adjacent
elastic sections we consider the general view of position of adjacent elastic sections

edges which are fixed to the screw rigid base (Fig. 4).
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Figure 4 specifies:  — helix angle of screw surface of auger base; £ — inclination
angle of external section edge.

The size of overlapping between the edges of adjacent elastic sections and the
numeric values of above-mentioned angles are defined constructively and can be
chosen depending on transportation conditions.

The aim of conducting theoretical investigation is to define the motion path of
loose material flow after its leaving the elastic section overhang depending on the
design and kinematic parameters of the operating device, and also determining the
conditions for the further motion path of loose material flow in case of its landing on

the next elastic section.

Fig. 4 — General view of position of adjacent elastic sections edges

The research results are necessary to prevent the impact interaction of loose
material flow leaving the section edge with the rough base of the further screw turn
where some metal joints are located which can cause the increased damage of material.

Let’s analyze some loose material flow motion in case when there are some
overhangs on the screw surface caused by edges overlapping of adjacent elastic
sections (Fig. 5).

Figure 5 contains the following symbols: # — height of position of external blade
edge above the lower blade; R, — jacket radius; N1 — screw response on the load; F —
friction force caused by reaction Ni; N> — jacket response on the load; F> — friction
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force caused by reaction N»; wi — load friction coefficient on screw surface; p, — load
friction coefficient on jacket surface; y— direction angle of load particle motion against
jacket; y — angular position of load particle in its rotational motion; z — longitudinal

coordinate of the particle along the jacket axis.

HE

Fig. 5 — Forces acting on an elementary particle of loose cargo flow

We extract an elementary part of loose material which is simultaneously touching
the jacket and the screw. Then we define the forces acting on this part and on their
basis we set up the equation of its motion. On the jacket side a reaction is taking place
on the elementary particle of the flow which is perpendicular to its surface N2, and
friction force [, directed at the side opposite to the direction of particles motion against
the jacket. Jacket’s reaction is determined by the vector sum of forces obtained from
the force of weight of material flow particle and centrifugal force caused by rotation.
The particle is also influenced by the screw blade surface N1 which is perpendicular to
the screw surface in the contact point and correspondent force of friction F acting in
the direction opposite to the flow motion against the screw conveyor, i.e. tangentially
to the screw edge.

The equation of motion of a certain particle of load with mass m transported by

horizontal screw conveyor can be written as a system of equations

d’z . .
mW:NlcosE_,—FlsmE_,—Fﬁmx; (14)
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d*0 .
mR, — = Nysin&+ F cos&~ F; cosy (15)
2
N, =mgcosy+mR, (Ci’_\tl]j : (16)
F=uN,; (17
F, =u,N,. (18)

The following geometrical dependences can be written between the directions of

particle motion and screw conveyor geometry at its rotation with angular velocity

z
R TR (19)

_ Z
tgg = m , (20)

To solve the system of equations (14) - (20) we use transformations and

substitutions to get rid of the unknown force and express all parameters in the terms

of value of angle v . At first the system looks like
mZ=N (cos&—p, sin&)—p, (mg cosy +mR )sinx : (21)

mRKé =N, (sin<§+u1 cos&)—u2 (mg cosw+mRK\j/2)cosx ) (22)

The differential equation of material particle motion for variable y will eventually

have the form

Y+ A+Bcosy =0 (23)

In this equation the coefficients 4 and B are found by the following dependencies

A=, [ cos(x+8)—wsin(x+&) ] (24)

B="2%[cos (1 +&) - sin(g +&)Jeost (25)

While some loose material flow is moving it’s necessary that centrifugal force is

bigger than weight force. Otherwise, the flow particles won’t move constantly, and
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their overflow and mixing will take place which will spoil badly the whole picture of

flow transportation. Thus, this will be obtained under conditions
bs |8
V> R - (26)

The equation (23) is a second-order nonlinear differential equation whose
analytical solution is impossible and we must use a numerical method of such equations
integration, namely Runge-Kutta method.

The important moment of motion is separation of a particle of the material flow
from the external blade overhang and free motion of the flow on the jacket surface till

the moment of contact with the next screw blade.
Separation of a flow particle from the blade surface is taking place at angle &, > &

, which is defined by the geometry of adjacent blades relative position (Figure 4). Here
the velocity of material flow against the screw surface due to the negligible change of
angle & remains steady. The value of linear velocity of relative motion J of material

flow is found from the kinematic dependence
Vsing =z (27)
Therefore, at angle change of flow descending off the overhang
Vsing =z, . (28)
Thus, the velocity values of loose material flow motion while descending off the

overhang and taking into account the equations (19, 20) and (27, 28), are calculated by

the formulae

P _Z_sin&1
1 sin & (29)
. . cos§, cos &,
=jyy—+oll-——=—
I w( COS&). (30)

Free motion of particles on the jacket surface in case of separation from the blade

1s written in the form of two second-order differential equations

d’z :
m =—F,siny, . (31)

dr*

90



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS

2
mR. cfitgj =—F, cosy—mgsiny (32)

with initial conditions at the beginning of loose material leaving the section edge
z2(0)=z, z(0)=z+h,

where » — the value of overhang of external section edge above the internal surface
VO =v;  w0)=y,; (33)

21

R, -

K

tgy =

After transformation we obtained
mz = —, (mgcosw+mR\|'/2)sinx; (34)

mR \j = —p, (mg cosy +mR \’ )cosx —mgsiny | (35)

Free motion of material flow will take place until the moment of contact with one
of the next screw blades. To calculate the moment and place of contact we assume that
further part of screw surface is without any overhangs.

The condition of free motion of a flow particle on the screw jacket is described
by the inequality

RottgE<z+Rytgg, (36)
where the expression for the screw surface ascending at its rotation is on the right-hand
side, integrated motion of the flow particle along the axis z and towards rotational
motion. is on the left-hand side.

The material particle doesn’t touch the screw surface being in free motion when
the inequality is satisfied. The values z and y are in the solution of the system of
equations (34, 35) with correspondent initial conditions.

From the inequality (36) at solving the system of equations of motion at each step
the satisfaction of the above-mentioned condition, the time when a particle stops free
motion %t,, and also the value of axial movement of a flow particle z> are defined.

Therefore, it’s necessary to find the value of angle of screw relative turning and
flow particle @2 till the moment of their next contact in time point #. Its value is found

by the formula
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__ %
While defining the impact of any interaction parameter on values N, and N; its

0,

value was changed within a certain range. The other parameters remained
unchangeable, and their average values were substituted in formulae (12) and (13). It
was found that the elasticity modulus of elastic section screw surface had the maximal
impact on values N, and Ny, i.e. the properties of material of which the section screw
surface was made.

The second in importance after the above-mentioned elasticity modulus regarding
impact depth on the value N, are the initial angle of interaction of elastic section with the
grain surface o, length of cantilever overhang of screw elastic edge / and inclination angle
B of elastic section screw surface.

The increase of a grain radius 7. results in increase both N, and N.

Design parameters of trapezoid elastic section, namely the parameters a and b
have minimum impact on values N, and N.

As for the centrifugal force N, the inclination angle B of elastic edge screw surface
is second in importance after modulus of elasticity with regard to the impact power on
its value.

Thus, within the boundaries of parameters values range change for the axial force
N, its increase is as follows: for £ — 5 times increase; for a,, — 2.34 times increase; for
re — 1.79 times increase; for b— 1.42 times increase; for a —1.27 times increase. The
decrease of value N, is as follows: for / — 1.49 times decrease; for B — 1.15 times
decrease.

For the centrifugal force N; its increase is as follows: for £ — 5.12 times increase;
for B — 2.88 times increase; for o, — 2.32 times increase; for . — 1.79 times increase;
for b — 1.4 times increase; for a — 1.32 times increase. The decrease of value N, is only
for / — 1.33 times decrease.

For the given boundaries of interaction parameters values for the central point
where plots are met the axial force value N, is 2.76 times larger than the centrifugal

force value MN:.
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To analyze the obtained dynamic model (formulae 14 — 37) the program based on
the language Delphi has been developed. The program helped to determine the
numerical characteristics and to plot parameters of the flow free motion versus the
change of main coefficients of the mathematical model.

The aim of the analysis was to find the positive effect of mathematical model
parameters on free motion of loose material flow. The results of modelling are shown on
Figures 6 - 11. Each plot shows the effect of a certain parameter on the x-axis. Here, on
y-axis of the plot time ¢, and path /, are shown of material particle free motion till its
contact with the next section.

The plot on Figure 6 shows that the increase of helix angle of screw base screw
surface & results in decrease of distance covered /, and, correspondingly, time ¢, of free
motion of particles till the contact with the next section due to the decrease of velocity
of loose material flow against the screw surface as exemplified by the analysis of
dependency (20). So, the increase of value & from 10° to 30° causes the 4.2 times shorter
path [, and 3.1 times less time #,.

Figure 7 presents plots #, and /, versus friction coefficient of loose material on the
screw elastic sections 1.

Similar to the previous case, increase of value p results in decreased values #, and
[,. Thus, the increase of friction coefficient value pi from 0.2 to 0.8 results in 1.6 times

shorter path /, and 1.09 times increase of time ¢,.

t,s | ,mm t,s | ,mm
’ ' \ p
0,2 \ 200 0,15 \\ 150

\ 0,125 7\\ 125
0,15 N 150
lp | \
\ P \
0,1 < 100 0,1 100
t
p

0,05 —T 50 0,075 75
—_— £,
0 0 0,05 50
10 15 20 25 30 35 £, grad 0,2 0.3 0.4 0,5 0,6 0,7 Hy
Fig. 6 — Dependencies #, and /, versus helix Fig. 7 — Dependencies #, and /, versus
angle & of screw base screw surface material friction coefficient pi on screw

elastic sections
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Figure 8 presents plots ¢, and /, versus friction coefficient of loose material on the
jacket internal surface ..

Analysis of plots data shows that decreasing tendency of values #, and /, at
increasing friction coefficient p is the same as in the previous case but the impact force
i1s much bigger. Increase of friction coefficient p, from 0.2 to 0.8 results in 2.1 times
decrease of path /,, and 1.5 times decrease of time #,.

The following parameters have the opposite effect on the values ¢, and /, behavior.

Figure 9 presents plots #, and /, versus rotation frequency n of screw operating
device. Rotation frequency »n increase results in significant increase of value /, due to
the increase of velocity of particle’s rolling off the external blade edge.

Thus, increase of value n from 200 to 800 rev/min results in approximately 5 times
increase of value /.

In this case, time ¢, is not changing greatly. It can be explained by the increase of
angular velocity of screw rotation in such a way that the next section has approximately

the same period of time to approach the flow particles.

t.s \ {,mr tp,s Ip.mr
™ 0,25 A 250
017 170 O,
\ 15 //
0,14 \ 140 02 )’ 200
Ip >\ /
011 \. 110 015 150
, \ / .
\ / p
0’08 7\ \\ 20 0’1 » 100
t SRS S
o | s '—t—._.\
0,05 so 005 50
0,2 0,3 0,4 0,5 0,6 0,7 U, 200 300 400 500 600 700 n, rev/imin
Fig. 8 — Dependencies #, and [, versus Fig. 9 — Dependencies #, and [, versus

friction coefficient u, of material on the  rotation frequency n of screw operating
jacket surface device

Figure 10 presents plots ¢, and [, against height 4 external blade edge position
above the lower blade.
It was found that the given parameter has a little influence on the flow free motion,

but the increased value / causes the increase of values #, and /,. In fact, time difference
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is proportional to the time of screw rotation by value /. Thus, increase of value 4 from
0.5 to 0.35 mm causes the 1.24 times increase of /, and 1.14 times increase of #,.

Figure 11 presents plots # and /, versus material convergence angle which is
determined by the inclination angle of external section edge &;.

Unlike the previous case the change of inclination angle & of external section edge
greatly affects the value #, and /,. So, the increase of angle value & from 25° to 45°

results in 3.53 times longer path /, and 3.16 times increase of time ¢,.

t.s I ,me t,s I mr

o’ ' i) / P
/ /

0,14 // 140 0,25 250

0,12 120 0,2 200

I

P
01 100 0,15 ,/ // 150
tp / /

AN

0,08 80 01 ] — 100
e v // ’
p
0,06 60 0,05 Lee—"] 50
05 1 15 2 25 3 homm 25 29 33 37 40 43 t, grad
Fig. 10 — Dependencies #, and /, versus Fig. 11 — Time dependencies ¢, and [,

height % of external blade edge position versus inclination angle &; of external
above the lower blade section edge

Analysis of diagrams on Figures 6 — 11 allows to evaluate the impact of each
parameter of the system on the loose material flow behavior at its passing through the

obstacle like a step between the screw plates.

CONCLUSIONS

The most efficient parameters of elastic sections interactions with the grain
material of hemisphere-cone shape have been substantiated on the basis of obtained
analytical dependencies.

The impact depth of interaction parameters of screw elastic section and a corn
grain on the values of axial N, and centrifugal force N has been determined. It was
found that elasticity modulus of screw elastic section has the maximal impact on the

values N, and Ni. The second in importance on the value N, are the initial angle of
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interaction of screw elastic edge with grain surface, length of cantilever overhang of
screw elastic section and its inclination angle.

As for the centrifugal force N, the second in importance after the elasticity
modulus regarding impact depth on its value is the inclination angle of elastic section
screw surface.

The impact of elastic screw design and kinematic parameters on the loose material
flow behavior in the area between the adjacent sections which are overlapped has been
determined.

On the basis of obtained analytical dependencies and their analysis we came to
the conclusion that the increase of friction forces both on the screw surface p; and
jacket surface p:results in decrease of time ¢, and path /, of particles free motion of
loose material flow. The increase of friction coeficient value p; from 0.2 to 0.8 causes
the 1.6 times shorter path /, and 1.09 less time %, The increase of friction coeficient
value p. from 0.2 to 0.8 causes the 2.1 times shorter path /, and 1.5 less time #,.

The increase of screw helix angle & results in shorter path /, and time ¢, due to the
decrease of loose material flow velocity against the screw surface. The increase of
screw helix angle  from 10° to 30° results in 4,2 times shorter path /, and 3,1 times
more time 7.

The change of rotation frequency of operating device n from 200 to 800 rev/min
causes the 5 times increase of path /, of particle free motion. In this case, the time of
the particle free flight #, does not change greatly, and it can be explained by the increase
of angular velocity of screw rotation, so that the next section is able to approach the
flow particles in approximately the same period of time.

It was found that height / of external section free end position over the lower
section has a negligible effect on material flow though the increase of value % causes
the increase of values of time ¢, and path /,.

Increase of value of inclination angle of external section edge £ from 25° to 45°

results in 3.53 times longer path /, and 3.16 times more time #,.
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SECTION 5. PHYSICS

5.1 JocaigskeHHsI peKMMIB PO0OTH i METOAMKA PO3PAXYHKY BAKYYMHHUX CHCTEM
riIpoeHepreTHYHMX i BOAOroCHOAAPCHLKHUX 00’ EKTIB

VYcmimHa excrutyartariisi aBToMmaTu3oBaHnx HacocHux cranmi (AHC) 3anexuts
BiJl MIITPUMAHHS X OCHOBHOTI'O Ta JIOMOMDKHOIO OOJIaJIHAHHS y CIPAaBHOMY CTaHi,
poOOTH HACOCIB y PEKUMax BHUCOKUX K.K.Jd., TOTPUMAHHS KOHTPOJIIO 32 BUTPATOIO
HACOCIB, BIPOBAKEHHS 3aC00IB aBTOMATHKHU 1 TeJleMeXxaHiKd. EQeKTuBHUM BUAOM
3aJIMBY Ta MOJANBIIOIO MIATPUMAHHS Yy 3aJIUTOMY CTaHl BiJLIEHTPOBUX HACOCIB
ABTOMATU30BaHUX HACOCHHUX CTaHIIINA € BUKOPUCTAHHS BAKYYMHUX CUCTEM.

KosHna cyyacHa HacocHa CTaHIiA € T1APOCHEPTeTUYHUM BY3JIOM, IO CKIIAAA€ThCS
13 TIAPOTEXHIYHHUX, EHEPreTUYHHX 1 OyAiBEIbHUX CIOPYZ, TIAPOMEXaHIYHOTO 1
eHepreTuyHoro obnamHanas [122]. BakyymHi cucteMu HaneXaTh J0 JIOIMOMIKHOTO
obnagnanHs AHC, ane 3a6e3neuyroTh Oe3nepeliiiHy poOOTy OCHOBHUX HACOCHHUX
arperartiB, OT’K€ BUBYCHHSI X TEXHOJOTIYHUX TPOIIECIB € aKTyaTbHUM TUTAHHSIM.

O06’exTOM JIOCHIIKEHb € Po0OYl LMKIM BAKyYYMHHMX YCTaHOBOK, a MPEAMETOM
JOCIIKEHb — KOHCTPYKIi BaKyyMHHX YCTaHOBOK, TPHBAIICTh POOOYOro IUKITY
BaKyyM-CHUCTEM Ta BIUIMB NapaMeTPiB BaKyyMHOI YCTAHOBKHM Ha XapakTep ii poOoTH.
[Ipy BUBYEHHI TEXHOJIOTIYHHMX TPOIECIB BAKYYMHHX YCTaHOBOK BHKOPHCTOBYBABCSI
METOJI EKCHEPUMEHTAIBHUX JOCIHIKEHb, @ IPU 00pOOLl OTPUMAHHUX MaTrepiaiiB —
METOJIM MaTeMaTUYHOI CTATUCTUKH, (P13UYHOTO Ta MATEMATUYHOTO MOJICTIOBAHHS.

MeToro JIOCHIIPKEHb € YJIOCKOHAJEHHS ICHYIOUHMX Ta po3poOKa HOBUX
QHAMITHYHUX Ta YHCEIbHUX METOJUK PO3PAXyHKY TEXHOJIOTTYHHUX MPOIIECIB
BakyyMHux cucteM AHC Ta po3poOka HOBUX MPUCTPOIB VIS 3aJIMBY BiJILIEHTPOBUX
HacociB. JInsi MocATHEHHsI MOCTaBiieHOI MeTh Oyniu chopMysibOBaHI Taki 3ajadi:
MpoaHaIi3yBaTH Ta YIOCKOHAJIUTH MOJENIl 1 METOAY aHAITHYHUX Ta YUCEIbHUX
PO3paxyHKIB poOOUMX IIUKJIIB BAKYYMHHUX YCTaHOBOK; po3pooutu Ha EOM nporpamu
pPO3paxyHKy poOOYMX XapaKTEPUCTUK BAKyyM-HAcOCIB ab0 €XKEKTOpa; BUKOHATHU
EKCIIEpUMEHTAJIbHE BHU3HAYEHHA PO3PAXyHKOBUX IapaMeTpiB poOOUYOTo ILHKITY
BAKYYMHOI CHUCTEMHU 1 EKCIEPUMEHTaJIbHY MEPEeBIPKY 3alpONOHOBAHUX METOJUK
PO3paxyHKy; MPOBECTH OLIHKY BITUBY XapakTepy Ta PO3MIpiB OKpPEMHX €JIEMEHTIB
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BaKyyM-CHUCTEMHU Ha 11 TEXHOJIOT1YHMI MPOIEC Ta JATH BIAMOBIIHI peKOMEHAAIIT 3
METOFO 301BIIICHHS TPUBAIOCTI Yacy poOOTH BaKyyMHOI YCTaHOBKH.

Ha mantonky 1 HaBeeHa KOHCTPYKIISl €eKCIIEPUMEHTaIbHOI YCTaHOBKH [129].

4

Masnonok 1. Po3paxyHkoBa cxema BaKyyMHOI YCTaHOBKH:
1 - BakyyMHUI Hacoc; 2 - yCMOKTYBaJIbHA JIiHIS BAKYYMHOI'O HAacoCa;
3 - KOMyHiKallis, 1[0 BIBOJAUTH MOBITPS 13 KOPITYCY BIAIIEHTPOBOIO Hacoca y
BaKyyMHUU KOTeJ; 4 - BAKYYMHHI KOTeN; 5 - )KUBUJIbHA TPyOa BaKyyMHOI
YCTaHOBKHU; 6 - HaripHa Tpy0a BIIIEHTPOBOr0 HacOca; 7 - BIILIEHTPOBUHN HACOC;
8 - yCMOKTYBaJIbHa JTiHIS BIIIIEHTPOBOTO HAcOCa
Po3pobieHo MeToauKy MpOBEACHHS JOCHIIKEHb IS 3HATTS POOOYHX
XapaKTEepPUCTUK BaKyyM-HAacoca Ta €XKeKTopa 1 TmapaMmeTpiB poOodoro IUKIY
BaKyyMHOI CHCTEMH Ta METOJWKY JOCTIIKCHb IS BU3HAYCHHS BIUIMBY 3JIUBY
BaKyyMHOTO Hacoca Ha MOro po0ody XapaKTepUCTUKY, a TaKOX JJisi BU3HAUCHHS
BUTpATH TOBITPS, MiCMOKTAaHOTO 10 BaKyyM-CHCTEMH. EKCrepuMeHTanbHO Oyiu
OTpUMaHI XapaKTEPUCTUKN BaKyYMHOI yCTaHOBKH.
3aJIeKHICTD IJIs TIepepaxyHKy 00'eMHOT BUTpATH MOBITPs (Q), MiICMOKTAHOTO Y
BaKyyMHHUH KOTE€J, Y KOOpPAMHATH MacoBoi BUTpatu (G), ONHUCYEThCA JIHIAHOIO
3aJIEKHICTIO
G:a—ﬂ'heak, (1)
ne heax — BAKYyM y BaKyyMHIH cUCTeMI, M; @, [ - eMITIIpU4Hi KOediIi€HTH.
OCHOBHOIO XapaKTEPUCTUKOIO POOOTH BAKyyM-CUCTEMH € ii poOOUMil IHKII

(mamroHOK 2). Pobouuii yuxn 6akyymHuoi cucmemu — 1€ Ha3Ba TEXHOJOTTYHOTO
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npoliecy, M 9ac sIKOro po0odi Ta pe3epBHI HACOCH HACOCHOT CTaHIIII 3 J0MOMOTOIO

BaKyyMHHUX CUCTEM NepeOyBalOTh y TOTOBHOCTI 10 IyCKY, TOOTO y 3aJIUTOMY CTaHi.

Noars Z|
M

haaK,B’
Rgax.c=Zc C
Zp /

171 2] 13

ty
0 t,c

MaimroHok 2. I'padix poO0Y0Oro MUKy BAKYyMHOI YCTAaHOBKH

CritaaeTbes Lel LUK, SIK IPABUIIO, 3 TPhOX XapaKTEPHUX MEPIOAIB:

- mepiof] poOOTH BaKyyM-HAcOCa, KOJIU BaKyyM 3pOCTa€ BII Heaa=Z4 1O Hear, B}
a piBeHb BOAM Y BaKyyM-KOTJIi (32 paXyHOK BiJIKauyBaHHS MOBITPs) 301TBIITY€ETHCS Bl
BIAMITKH Z4 10 Z5;

- mepiof 1oOiraHHs PiBHSA BOJAU Y BaKYyMHOMY KOTJII O CBOTO MAKCUMYMY, KOJIH
IpYU BIAKIIOYEHOMY BaKyyM-HAcoCl piB€Hb BOJM 32 PAXyHOK IMiJICMOKTYIOUOI CHIIH
BaKyyMy IpOJIOBXKY€ 30UIbLIYyBaTUCS BiJ Zp 10 Zc, a BaKyyM, HaBIIaKW, BHACIIJIOK
IiICMOKTYBAHHS JI0 BAKYYM-KOTJIa TIOBITPSI 3MEHIITY€EThCS Bl Agar,3” 0 Hoax,c=2c;

- TEepioJl CHpaLIOBaHHA PIBHA BOJAM 1 BaKyymMy y KOTJII, KOJM 3a PaxyHOK
1JICMOKTYBAHHS MOBITPA 13 30BHI Ta Ta30BU/IICHHS BCEPEANHI YCTAHOBKU BaKyyM 1
piBEHB BOAM y KOTJII OJHOYACHO 3HUKYIOTHCS Bill Agax,c=Zc 10 Noaa=Za=Z4.

TpuBanicTh KOXKHOTO 13 BUIIIEHA3BaHUX TEPIOJIB CTAHOBUTH BIATIOBIIHO #;, > Ta
{3, 2 TPUBAIICTh YCHOTO POOOYOT0 HUKITY f,=t;+12+13.

[Moao msAxiB 30UIBIIEHHS] TPUBAIOCTI pOOOYOTO IUKIIY BAKYYMHOI YCTaHOBKH,
TO BOHU y OUIBIIOCTI BUIAJKIB TOB’sA3aHI 13 J0JIATKOBUMHM 3aTpaTaMu eHeprii abo
komTiB. Tak, Hampukiaa, 30UTbIICHHS BUCOTH 1 IJIOHII BaKyyMHOTO KOTJIA 1 TUIOIII
YKUBWJIHHOI TPYyOU BUMarae JI0JaTKOBUX KarmiTanoBkianaeHb [124]. Ane, 3 iHIIoro 60Ky,
30UTbLIEHHSI TPUBAJIOCTI POOOYOro LMKIY 3MEHIIy€E CIpPALOBaHHS OO0JaHaHHA
YCTaHOBKH 1 BUTPATH €Heprii npu 1i excrutryaraiii. ToMmy BUOip onTUMalbHUX PO3MIPIB
BUIIICHA3BAHUX €JIEMEHTIB BAKYYMHOI CUCTEMH € 1HKEHEPHO-EKOHOMIYHOIO 3a/1a4€l0.

PesynbraTi ekcriepuMeHTaIbHUX JTOCTIKEeHD MpeCTaBieH] y Tabmwmi 1.
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Ta0anmg 1
BB nmapaMeTpiB BaKyyMHOi YCTAaHOBKH HAa TPUBAIICTB il pOOOUYOTO HUKITY
Mapamerp ti+t, L=ttt hsax B ZB, }:ag,cc
c c M M "

Z~30M 88 1020 6,06 3,50 3,85
3,2 80 945 6,40 3,72 4,07

3.4 76 865 6,75 3,94 4,21

3,6 70 780 7,13 4,16 4,53

d= 50 mm 60 855 6,65 3,36 3,65
81,5 49 945 6,40 3,72 4,07

200 30 1245 4,60 4,39 4,25

ti= 15c 39 615 5,28 3,41 3,68
30 56 945 6,40 3,72 4,07

45 60 1175 7,13 4,07 4,06

60 65 1330 7,59 4,43 4,40

Hanpuxknan, 13 301b1IEHHSIM MOYAaTKOBOTO PiBHS BoaU Z4 Bif 3,0 10 3,6 M, TOOTO
13 3MEHILEHHSIM MOBITPSIHOIO MPOLIAPKY Y BaKyyM-KoTai (Zx=4,56 M=const), 4ac
pobouoro mukiy ckopouyeTbes Bim 1020 mo 780 c. OTxe, DOIIILHO Ha3zHA4YaTH
BIJIMITKY MIOYAaTKOBOTO PI1BHS MO-MOKJIMBOCTI OUIBII HU3BKOIO, aJI€ HE HUKYE BIAMITKH
BEPXiB KOPITYCiB BIAIEHTPOBUX HACOCIB, PO3MIIMIEHUX TiJ] 3aJUBOM. 301IBIICHHS
niaMeTpa (a BIAMOBIAHO 1 IJIOIII MOMIEPEYHOTO Mepepi3dy) KUBWIBHOI TpyOu d Bix 50
10 200 MM (BHACIIAOK 301JIbIIEHHS IPUTOKY BOJAM Yy BaKYYMHHUW KOTEN) NPU3BOAUTD
70 3MEHIIIEHHS JPYTroro Iepioay poOoYoro MUKy BaKyyM-CHUCTEMH, ajie TIOMITHO
30UIBIIY€ETHCS] TPUBATICTD UKIY &, Bia 855 mo 1245 ¢ [127].

3061IbLIEHHS TUIONII ITOMIEPEYHOTO mepepisy Sk BakyyM-kotaa Big 0,3 1o 0,9 m?
NPU3BOJUTH 0 30UIBIICHHS TPUBAIOCTI f#, Bix 676 mo 993 c. OueBuaHo, 1o i3
30UTbLIIEHHSIM O0’€MYy KOTJIa TPHUBANICTh LUKIY 30UIBIIYETHCS, IO MOSCHIOETHCA
OimpImMM  00’€MOM TOBITPSHOTO MPOLIAPKY BaKyyMHOTO KOTia. AJie, OCKIJIbKU
BapTICTh KOTJIa MPHU I[OMY TaKOX 30UIbIIYETHCS, TO MUTAaHHS MPO PO3MIPH KOTJIA
NOTPIOHO BUPINIYBAaTH HA OCHOBI TEXHIKO-€KOHOMIYHOI'O MOPIBHSHHS BapiaHTIB.

[Tpu 361nbIIEHH] Yacy poOOTH BaKyyMHOTO Hacoca y poOodoMy MUK #; Bif 15

10 60 c, criocTepiranocs 301IbIIEHHS TPUBAJIOCTI poO0YOro UKy ¢, Big 615 no 1330

100



PHYSICAL AND MATHEMATICAL JUSTIFICATION OF SCIENTIFIC ACHIEVEMENTS
¢ [127]. Lle NOSCHIOETHCS THM, IO 32 OUTBIITNN MPOMIXKOK Yacy piBE€Hb BOJU Y BaKyyM-
KOTJII MIJHIMETbCA Ha BHILY BIIMITKY, a HIBUAKICTb CHAJaHHS PIBHSA BOAM NpH
NOI0HMX yMOBaxX €KCIUTyaTallll BaKyyMHOI YCTaHOBKM Oy/i€ MPaKTHYHO OJHAKOBOIO.

30unbiieHHsT  KoedillieHTa BUTpATH KUBWIbHOT Tpyou 4 Big 0,2 mo 0,7
IPU3BOJUTH N0 30UIBIICHHS TPUBAJIOCTI podouoro mukiy ¢, Big 807 mo 964 c.
OCKUJIbKY TPH yCIX 1HIIKUX PIBHUX YMOBAX A 3pOCTA€ Pa30M i3 301IBIICHHSIM JllaMeTpa
TpyOH 1 3MEHILEHHSM 11 T0BXKHUHH, TO KUBUIbHY TPyOy JAOLIIBHO BCTAHOBJIIOBATHU I10-
MO>KJIMBOCT1 OUIBIIKUX MOMEPEYHUX MePEePi3iB 1 HO-MOMKIUBOCTI OLIBII KOPOTKOIO.

Po3po6ieno Ha EOM nporpamu po3paxyHKy poOOUYMX XapaKTEPUCTUK BAKyyM-
Hacoca abo exekTropa, pobouoro nmkiy BakyyMHoi cucreMu AHC, ocHamieHoi
BaKyyM-HacocoM ab0 €XEKTOPOM 13 BEPTUKAJIbHUM Ta TOPU3OHTAIBHUM BaKyyM-
KOTJIaMH, 4Yacy 3ajJuBy BIJILEHTPOBOIO Hacoca 3 YypaxyBaHHSM I03I0BXKHBOTO
npodisIt0 YCMOKTYBalibHO1 TpyOu [127].

Ha ocHOB1I npoBeAeHUX AOCHIKEHb BUKOHAHO IMOPIBHAHHS POOOYMX LUKIIIB
BaKyyMHHX CHUCTEM, OCHAILEHUX BaKyyM-HacOCOM a00 €KEKTOPOM, 13 BEPTUKAIbHUM
a0 TOPHM3OHTAIBHHM BaKyyM-KOTJIaMH, IO JOBOJATH IEpeBary BUKOPHCTAHHS
BaKyyM-HACOCIB Ta PiBHICTh TPUBAIOCTI pOOOYMX ITUKIIIB BAKYyM-CHUCTEM, OCHAIICHUX
BEPTUKAJIILHUM 1 TOPU30HTAIBHUM BaKyyM-KoTiaamu. [IpoBeeHo nepeBipKky METOIUKH
PO3paxyHKy 4yacy 3ajJuBY BIJILIEHTPOBOIO HACOCA, SIKY BUKOHAHO Ha J1I0Y1d HACOCHIN
CTaHLli MEeJIIOPaTUBHO-EKOJOTIYHOIO KOMIUIEKCY 0a30BOro rocrojapcTBa HAyKOBO-
HaBYaJIbHO-BUPOOHUYOTrO LIeHTpY “CBiTaHoK” B ceni beuans Kocroninbebkoro paitony
PiBHEeHCHKOT 00acTi [130].

Po3rissHeMO €HeproeKoOHOMIUHE MOpPIBHSAHHSA POOOTH BaKyyMHHMX YCTaHOBOK
AHC, ocHallleHHX BaKyyMHHM HACOCOM 1 €XEKTOPOM. {7151 iboro O0yi10 mpoBeAEHO psij
JOCIIKEHb POOOYMX ITMKIIIB BaKyyMHOI CHCTEMH, OCHAIEHOI PI3HUMU BaKyyM-
nacocamu (PMK-2" ta RV-550-01-EE) i esxeKTopoM i3 TphbOMa 3MiHHMMHM COILIAMH 3
niametpamu 25, 30 1 35 mMm. Pesynbratu gocinikeHb HaBeaeHo y Tabmuii 2. Kpim
TOr0, OyJI0 IPOBEAEHO psiJl po3paxyHkKiB HA EOM po6ouunx MKIIIB BAKYYMHHUX CUCTEM,
10 OCHauleH1 1HKUMHA BakyyMHuMu Hacocamu Tunny KBH, BBH 1 PMK. Pesynbratu

PO3paxyHKIB TaKOX ITOKa3aH1 y Ta0mIli 2.
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SAx BugHO 13 TaONUIN, MPU YCIX OJHAKOBUX TEOMETPUYHUX TapaMmeTpax
BaKyyMHOI CUCTEMHU Ta PIBHOMY 4acl poOOTH BaKyyM-Hacoca abo €XeKTOpa, Kpaili

€HEPro-eKOHOMIYHI IOKa3HUKHU MAalOTh BAKYyYMHI HaCOCH.

Tabmni 2
EHepro-ekoHOMiYHI XapaKTEPUCTHKH BAKYyMHOT CUCTEMH y 3aJICKHOCTI
B1JI MapKH BaKyyM-Hacoca abo JliaMeTpa Coria eKeKTopa

Yac . Yac poboTr .
Mapxa po6ouoro K-1b yBiMKHEHB oIl BHTpajeHa BapTlcTE
BaKyyM-Hacoca — 06J'I'a,Z[HaHH$I 3a BUTYHA, €Hepri, eJ1.eHeprif,
piK, n, IIT. E, xBrron | S, rpu/pik
ty, tos, TO
BaKYyM- HaCOCH
KBH-8 562 56153 476, 94 1335, 4 173, 60
BBH-1,5 968 32601 271, 68 1086,7 141, 27
BBH-12 1240 25450 212,08 4241, 6 551,41
PMK-2" 840 37569 313,08 3130, 8 407, 00
PMK-4 1223 25803 215,03 15052, 1 1956,77
RV-550-01-EE 753 41910 349, 25 26194 340, 52
€KEKTOP
coIuIo & 25MM 272 115942 966, 18 16908,15 2198,06
comwto & 30mMm 416 75808 631, 73 11055,28 1437,19
comio & 35mMm 373 84547 704, 56 12329,8 1602,87

KpiMm TOro, myck exekropa nmorpedye YBIMKHEHHs BIILIEHTPOBOTO HAcoca, ILIO
nojiaBaTuMe poOoUy piIMHY y Kamepy 3MilnyBaHHs exekrtopa. Lleit Hacoc, y cBoro
qyepry, TeX MOTPIOHO TMOCTIMHO TPUMATH T 3aJIUBOM, IO MOTPeOyE YCTAaHOBKH
OJTHOTO BaKyyMHOT'O Hacoca (11e 0COOJIMBO aKTyaIbHO ITiJT 9ac MEepIIoro MyCKYy).

ToMmy, mpu TPOEKTYBaHHI CHUCTEM 3aJMBY  BIJIEHTPOBUX  HACOCIB
PEKOMEHIYEThCSI BCTAHOBIIOBATH CaMe BaKyyM-HAacOC.

Bakyymni YCTAaHOBKM HACOCHMX CTaHIId, $K MpPaBWIO, OCHAaIEHI
BEPTUKAJIBHUMHU BaKyyM-KOTJIAMU, aJie IHKOJIM HAa HACOCHUX CTaHI[ISIX BJIAIITOBYIOTS 1
TOPU30HTAIbHI BaKyyM-KOTJIH. SIK TIPHKIaa, MOKHAa HAaBECTH BaKyyMHY yCTaHOBKY
HAacOCHOI cTaHIli miakauku “Bop3enbchkuii” KueBo-CBSATOMIEHCHKOTO paioHy
KwuiBcbkoi obnacti. Tomy Oyno MpoBeneHO chelialibHE AOCHIIKEHHS poOOYnX
IPOIIECIB BAaKyyMHHUX YCTAaHOBOK 13 TOPU3OHTAIHHUMH BaKyyM-KoTiaamu. Jls
00’€KTUBHOCTI Ta JIOCTOBIPHOCTI TMOPIBHSHHS, a TaKOX JJISI MOXJIHUBOCTI

CIIBCTaBJICHHS PE3yJIbTATIB PO3PAXYHKY, PO3MIPHA BaKyyMHHUX KOTJIIB OYyJIM MPUHHSATI
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omHakoBuMHu (Dx=0,8 ™M, [k=1,8 ™). OIHAKOBUMH TaKOX NpUAMAIUCI 00’ eMHU
TOBITPAHUX TPOIIAPKIB y BaKyyMHOMY KOTii V;=0,782 M i mo4aTkoBi piBHi Boau y
BaKyyMHUX KoTiax (Z4=3,106 m).

PesynpTaTn ananmizy cBig4arh Mpo Te, IO TPUBAIICTH POOOUYHX HHKIIB y 000X
BUIIaJIKaX KOMITIOHOBKH BaKYYMHHUX YCTaHOBOK € IMPAKTHYHO OJTHAKOBOO (BiJIITOBITHO,
872,4 ¢ — nmns TOPU3OHTAIBLHOTO BaKyyM-KoTjia 1 876 ¢ — misi BEPTUKAIBHOTIO).
Bukonani gociipkeHHS CBig4aTh MpO Te, M0 OOWABAa BapiaHTH KOMITIOHOBKH
BaKyyMHHUX CHCTEM 3 CHEPTETUYHOI TOUKHU 30y € aOCOIFOTHO OJJTHAKOBHMH, 1 TIepeBara
TOTO YU IHIIOTO BAapiaHTy BU3HAYAETHCSA JIMIIE YMOBAMHU PO3MIIICHHS BaKyyMHOI
CUCTEMH Yy TPUMIIIEHHI HACOCHOI CTAHIlli 1 3YMOBJIIOETHCS BUMOTaMU PO3MIILICHHS
OCHOBHOT'O Ta JJOMOMI)KHOT'O 00JIaIHAHHS.

Po3pobiieno  ynockoHaneHud MeTOJ BU3HAUEHHS MapaMeTpiB MiJCMOKTaHOTO
MOBITPSI, CYTHICTh SIKOTO MOJISITAa€ Y TOMY, IO 3aMICTh PO3B'SI3aHHS CUCTEMH 13 3+5

PIBHSIHb, HEOOXIIHO BHU3HAUWUTH CEPEIHI 3HAYEHHS MAacOBOi BHUTpPATH THOBITPS

20 LEi

. _i=l . . . _i=l
G'ap=——, 1 KoeiuieHTa Ecep: Ecp =
n n

[Ticns mporo 3amaemMocss Oyab-SKMM 13 IMMapaMeTpiB BUTPATH IOBITPsS uepes
HENTIJILHOCTI BAKyyM-CUCTEMH, 1[0 OMUBAIOTHCS BO010 (AG) abo "yepe3 HeNliIbHOCTI,
110 3HAXOAThCA Y TOBITP1 (Sy) — 1 BUBHAYAEMO 1HIIIHMA

G'cep - AG (2)
Ecep

S =

[lepeBipka 3amponOHOBAHOI METOJUKH IMOKa3ye, 10 MoxuOka Oyne y Mmexax
TOYHOCTI PO3paxyHKYy (61u3bko 2%), kim0 npuiHATH AG+SyE=const=Gcep.

Po3rasiHyTO nMUTaHHS BUKOPUCTAHHS MPUHLHUIIB MOAIOHOCTI A1 NEPEPAXyHKY
XapaKTepUCTUK PpOoOOUYOro LUKIY BaKyyMHOI YCTAaHOBKH 13 TOTPUMaHHSIM BUKOHAHHS
YMOB MOAIOHOCTI HATYpHHUX 1 MOJENbHHMX HapaMmerpiB cucreMu [126]. Onucano
METOJUKY BH3HAUCHHS MPHUBEACHOI IUIONII XUBWUIBHOI TpyOH x-Sr. Y pesynbrarti
pO3paxyHKiB OyJI0 OTpuMaHO cepeHi 3HaueHHs [t KOJKHOI cepii JocTiaiB OyayemMo
kpuBy (puc.3). Kopuctyouucs 11i€xo KpuBOr, MOKHA MO0y TyBaTu rpadiku pododoro
LUKITY JJ1 OyIb-5IKOi BAKYyMHO1 YCTAHOBKH, OCHAIIIEHO1 )KUBHJIBHOIO TPYyOOI0, III0 Ma€e
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NOKa3HUK 4-StT MEHIIUH, abo piBHUH, HI)K MakCUMajbHE 3HAYEHHS IMOKAa3HHWKA Ha

MAaJIOHKY 3, TOOTO MEHIIIe, HiXk I -5,=00116,/.

KpuBa p=f(h/d) cBigumth mpo Te, MO NpPH 3MEHIICHHI BIAKPUTTS 3aCyBKH
KOeQIIIEHT BUTPATH 4 CIIOYATKY 3MEHIIYETHCS JyXe MOBUIBHO, a MOTIM MIBUIKICTD
3MEHIIEHHS Horo Ge3nepepBHO 3pOCTa€ 1 MpHU BIAKPUTTI 4/d=0 xoedillieHT BUTpaTH

TaKOXX BUSIBIIIETHCS PIBHUM HYJIIO [125].

a=h/d
OcHOBHOM f

OcHOBHO# /

OcCHOBHO#

LS

OcHOBHOI = PO3PAXYHKOBA KPHBA
OcHOBHOIA T

OCHOBHO#

OcHOBHO#
/

OcHOBHO#

OCHOBHO# =

OcHoBHO# H
'

OcHOBHO# T
OcHoBHOIT  OcHoBHOH  OcHoBHOH  OcHoBHON  OcHOBHOI ~ OCHOBHOM

Mastonok 3. Kpusa u=f(h/d)

Bukonana mnepeBipka Ha BaKyyMHIH YCTaHOBIl, OCHAIICHIH >XUBHJIbHUMHU
TpyOamu 3 miamerpamu d,=200 mwMm, d,=81,5 mm 1  d,=50 MM mokazana, 110
KOOPJIMHATH XapaKTePHUX TOUOK IpaikiB poOOYUX LUKIIIB BAKYYMHHUX CHCTEM, IO
HOPIBHIOIOTHCS, TPAKTUYHO criBNaigu. JlJig BU3BHAUYECHHS TapaMeTpa MPUBEIEHO]T IIJI0LL1

KUBUJILHOT TPYOH BaKyyM-KOTJIa OTPUMAHO 3aJICKHICTh

s, =md d” 3)
T4 1245 1+ dhXE)

ne [ - noBxxuHa TpyOH, M; 7 - Koe(Dilli€HT MOPCTKOCTI CTIHOK TPyOH; 2¢i - cyma
Koe(iIieHTIB MICIIEBUX OIOPIB; d - JiaMeTp TPyOH, M.

I3 oTpumManoi popmMysu BUIHO, 110 13 30UIBIICHHSM JIiIaMeTPy TPyOu d mapameTp
1-ST 3pOcTae, a MpU 3pOCTaHHI JAOBXKHUHM TPpYOHW /, KoedilieHTa HIOPCTKOCTI CTIHOK
TpyOM n Ta CyMH KOe(iIli€HTIB MiCIIEBUX OMOPiB 2 - BiH, HABIAKU, 3MEHIITYEThCS.
OckUIbKM TIPW BUBEACHHI 3aJICKHOCTI HE BBOJMIKMCS HISKI OOMEXKEHHS, TO BOHA
cripaBe/UIMBa Ui Oy[b-SIKUX 3HA4YeHb d, [, n Ta 2 KUBWIBHUX TPYO BaKyyMHHUX
koTiB. [licis 11bOro BU3HAYaEMO, SIK BIUIUBAE MapaMeTp 4-St Ha Takl MOKa3HUKH, SK
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TPUBATICTH pOOOUYOTO ITUKITY #,, TPUBAIICTh TPETHOTO MEPIOYy CIAIaHHS PIBHS BOJHU Yy
BaKyyMHOMY KOTJII #3, BAKYYMY /sac 3’ TA HA PIBHI BOJIU Y BAaKyyM-KOTJII Zp Ta Zc .

Jlns 6111101 HAOYHOCTI HA MATFOHKY 4 HaBeieHO rpadiky 3aJIeKHOCTI YOTUPHOX
BUIIICHA3BAaHUX MapaMeTpiB poOOYOTro MUKITY BijJ mapamerpa -Srt.

I'padiku cBiquaTh PO TE, 110 31 30UTBIICHHAM £1-ST BAKYYM a3’  3HUKYETHCH,
a piBeHb Zp, HaBMaKH, 3pocTac. Y rpaHulaX pi3HUOS (MeawB-Zp) MPIMYE IO HYIIS.
B3aemue HaOnmxkeHHs Ap4x,3’ Ta Zp NPU3BOJUTH O CKOPOUCHHS TPUBAJIOCTI APYroro

nepioay (¢2) y pobouomy UK.

cyma BTpat l, M
80
nanopy, ¢;
d, M 7
7,0 now
60 | °™ 066
50 | o025 05 5 ‘ A
4.0 0.02 0,4 ——&— joBXKHHA TPYOH |, M
’ 03 s
3.0 0,015 —— giamerp Tpyoun d, M \\\\
3
2,0 N {
’ 0,2 — e cocdimie S N
0,01 ) koedilienT moperkocTi n \\//
1,0 0,005 0.1 ) =& CyMa BTpAT HANopy /“// x\
P LT 1R #
0 I } } } } | ‘

OcHOKMOHD KO KHCHD KHOHD KNCHD KICHTD KHOHD KNCHD KHCHD KDOHD KXCHDBHOT

Maionok 4. I'padiku 3aiexHO0CTI /, 1, d Ta 24 Bif KoedillieHTa BUTPATH L

Beprukanbaumu niepepizamu rpagikiB Ha MajglOHKy 4 OTpUMYEMO JaHl IS
o0y 10BU rpadikiB poOOYOTo MUKIY.

[To6ymoBani rpadiku 3aleKHOCTI mapameTpiB /, d, n ta X Big xoedimieHTa
BUTPATH >KMBWIBHOI TPyOM 4 CBig4aTh MpO Te, IO i3 30UIBLIEHHAM [, n Ta ¢
Koe(iIleHT BUTPATH KUBWIBHOI TPYOH 3MEHIIIYETHCSA, a 3 MaJIIOHKA 4 BUIUIMBAE, 1110 13
3MEHIICHHSIM 4 TPUBAJIICTh POOOYOro LUKIY BaKyyMHOi YCTAHOBKHM NMPHU MOCTIMHIH
TPUBAJIOCTI POOOTH BaKyyM-Hacoca TaKOX 3MEHIIYETbCS, IO NPHU3BOAUTH [0
301IBIIEHHS €HEPrOEMHOCTI poOOYOro Mpolecy BaKyyMHO! ycTaHOBKH. OTxe, IS
€KOHOMIT TP eKCIUTyaTallli BaKyyMHOi YCTaHOBKH JOBXHHY UBUJIBHOI TP

7]
KOEQIIIEHT MOPCTKOCTI 1 KOe(DIli€HT MICIIEBUX OMOPIB CIiJl SKOMOTA 3MEHITYBa’
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