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beaanoscora O.A., J/lumosuenxo P.J]., Muxaiiroe A.I., Cyxuii K.M., Cyxa 1.B.

AJITOPUTM PO3PAXYHKY KOHCTPYKTUBHUX TA EKCILTYATAIIIMHNX
XAPAKTEPUCTUK AJICOPBILIMHOIO AKYMYJIATOPA TEILIOBOI EHEPITI
BIAKPUTOI'O TUITY HA OCHOBI KOMITIO3UTHUX AICOPBEHTIB

JABH3 «YkpaiHchKkuii AepKaBHUi XiMiKO-TeXHOJIOTiYHMIi yHiBepcuTeT», M. [IHinpo, Ykpaina

Po6ota mpucBsiueHa po3po0bi1li e(heKTUBHOI'O aJITOPUTMY BU3HAUYEHHST €KCIUTyaTalliifHUX i
KOHCTPYKTUMBHHUX XapaKTEPUCTUK alCOPOIIiHHOrO aKyMyJIsiTopa TEIMJIOBOI €HEePTii BiAKpU-
Toro Ttuity. OTpUMaB MOJANbIINI PO3BUTOK AJTOPUTM PO3PaxyHKY eKCIulyaTalliliHUX
XapaKTepUCTHK aICOPOLIIHHOTO TETUIOBOTO aKyMYJISITOpA BiKpUTOro THIy. [TponoHyeThest
HaCTYITHUI MOPSIIOK PO3paxyHKYy: o0UMCIeHHs KoedillieHTa Maconepenayi, BABHAYeHHSI
Macu BOAM, SIKY TIOJAHO 3 TMApOMOBITPSIHUM MOTOKOM IO 1HApy TEIJI0aKyMYJIIOKUOro
Matepiany (agcopOeHTy), po3paxyHOK BEJIMUMHM afcopOllii, KOPUCHOI TETIJIOTHU aIcopOllii,
BU3HAUEHHST BUTPAT TEIJIOTU Ha TPOIIEC, SKi BKIIOYAIOTh BUTPATH TETUIOTH IJIS HAarpiBy
afcopOeHTy, KOpIlyca YCTaHOBKY, BOJM B 3BOJIOKYBaui, BUTTAPOBYBaHHS BOIMU, HarpiBaH-
HsI agcopOoOBaHOI BOIM i JIecOpOIIilo, a TAKOX OOYMCIIEHHST Koe(illieHTa KOPUCHOI ii.
Macy Bomm, Ky MOJAHO IO 1Iapy aacopOeHTa BU3HAYAIN JBOMA CITOCOOAMU: BiIIOBITHO
IO TPAaHWYHOI afacopOlIii 00 BpaxoBylourn 00’€M Ta aOCOJIIOTHY BOJIOTICTh ITApOIIOBITPSI-
HOTO MOTOKY, SIKMI MOCTyMae 10 uiapy aacopoeHTy. BuBueHo excrtyaTalliiiHi XxapakTe-
PUCTUKM TEIJIOBOTO aKyMyJISITOpa BiIKPUTOTO TUITY TIPU BUKOPUCTAHHI KOMITO3UTHOIO
aficopOeHTy «CuJlikarejab—Hatpiii cyabdar». IlinTBepmkeHo minBuileHHs KoedillieHTa
KOPMCHOI il TIpX 3pOCTaHHi LIBUAKOCTI Ta BiTHOCHOI BOJIOTOCTi MapOMOBITPSIHOTO IMOTO-
Ky. [lokazaHO KOpensiiro KOHCTPYKTUBHMX XapaKTepUCTHK Ta e(PeKTUBHOCTI aacopO-
LIHOTO TEII0aKyMYJII0I0YOro MPUCTpoto. basyiouncek Ha 3aNTpONOHOBAHOMY aJITOPUTMI,
1MoKa3aHo, 1110 MaKCMMaJbHi 3HaYeHHsI KoedilliEHTa KOPUCHOI Aii BilMOBiNalOTh TUIOLLI
nepepidy Tertoakymysoodoro Marepiany 0,08—0,11 m? 3a yMOBHM BiZTHOCHOI BOJIOTOCTI
MaponoBIiTPSIHOrO MOTOKY He Hikve 40—50% Ta mBuakoctsix 0,5—0,8 m/c. Pesyiabratn
3MIIICHEHOTO MOCIKEHHSI MOXYTh OyTM BUKOPUCTaHI TpU po3pollli eHeproedeKTUB-
HUX JCUEHTPai30BaHUX CUCTEM IIOBITPSIHOTO OMAJCHHS, a TaKOX aaCcOpOLIiHMX MO-
IYJTiB-OCYIIIyBadiB ISl XKUTIOBHUX MPUMIilLIEHb.

KumouoBi cyioBa: ancopOuiitHUiT aKyMyJIsITOp TETUIOBOI eHeprii, KoedillieHT KOpUCHOT il
TeruioTa aacopoilii, KOMIO3UTHUI aiCOPOEHT.

DOI: 10.32434/2521-6406-2019-5-1-3-8

Ilocmanosexa npobaemu

TemnnoakyMy:tooui IPUCTPOi BUKOPUCTOBYIOTh
B Pi3HUX rajly3siX TPOMUCIOBOCTI: IJIsI 3aXUCTY eJIeK-
TPOHHMX TIPWIANiB Bif MeperpiBy, Misl cTadimizaltii
TeMmIiepatyp B MpUMillleHHi Ta obsagHaHHA. Kio-
YyeBUM € BMKOPUCTAHHSI aKyMYyJISITOPiB TeIUIOBOI
eHeprii B rejiocucremMax TeMJOMOCTayaHHS, sIKe
JIO3BOJISIE CKOperyBaTU J00OBY Ta CE30HHY He-
PiBHOMIpHiICTh MOTOKY COHSTYHOTO BUITPOMiHIOBaH-
Hs, a TaKOX He30aJIaHCOBAaHICTh IIEPiOAiB BUPOO-
HUIITBA Ta CIOXWBAHHS TEIJIOBOI €HEPTii.

Ananiz ocmannix docaioncenv ma nyoaixauii

3acTocyBaHHSI amCOPOLIMHMX TEIJIOBUX aKy-
MYJISITOPiB B cucTeMax OIlaJlOBaHHS, a TaKox
MigirpiBy Ta KOHAMIIIOHYBAaHHS MPUILUIMBHOTO TO-
BiTpsI TIPOIOHYBAJIOCh MPOTSITOM OCTaHHIX AECSTU
poxkiB [1—3]. ITepcrieKTUBHUMM [J1sI TTOMIOHMX TIPH-
CTPOIB MJIsl MOTJAMHaAHHS, TpaHcdopMallii Ta aKy-
MYJIIOBaHHSI TEIJIOBOI €HEeprii € KOMITO3UTHI acop-
OEHTU TUILY «CiJIb B IOPUHHIK MaTpulli» [4,5]. Tak,
Kom1to3ut SWS-1A (okcu aatoMiHilo, SIKUI iMITpe-
rOBaHO KaJlbllili XJOPUAOM) BMSBUB Kpallli afi-
COpOIIiliHI BJIACTUBOCTI B IOPIiBHSIHHI 3 TpamuIIiii-

© Bensinoschka O.A., JlutoBuenko P.JI., Muxaitnos A.I'., Cyxuit K.M., Cyxa 1.B., 2019
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HUMU JiOKCUJIOM KPEMHil0 Ta OKCHUIOM ajiloMi-
Hito [5]. B Toit e yac, MmaTeMaTU4Hi MOAEJIi PO3-
[JISIIAI0Th MepeBaXKHO OAHY 3i CTafil MpolLeciB eK-
CILTyaTallii afcopOLiTHUX TeII0aKyMyTIOIYUX ITPY-
CTPOIB, 30KpeMa, MPOLIECU MaCOIMePeHEeCeHHs TTpU
ajcopOitii [6,7]. ANITOPUTMH Ta METOTWUKU pO3pa-
XYHKY, SIKi JO3BOJISIIOTh OLIIHUTU KOPEJSILil0 KOH-
CTPYKIIil Ta e(peKTUBHICTb €KCILUTyaTallii akyMmyJsi-
TOPiB TEIUIOBOI €HEPTii pO3po0eHi MepeBaKHO IS
€MHICHUX TMPpUCTPOiB [8]. OTke cTae aKTyallbHOIO
3a1a4a po3poOKM 3arabHUX MPUHLIUIIIB BUBHAYEHHS
KOHCTPYKTUBHUX XapaKTEPUCTHUK, SIKi BiIIIOBIiAaIOTh
MaKCUMaJIbHiil €(eKTUBHOCTI aiCcopOLiiHUX Terl-
JIOAKyMYJIIOIOUYMX TTPUCTPOIB.

Dopmyarosanns memu 00CAIONCEHHs

Hapana po6ota mpucBsgdyeHa po3poOili aiaro-
PUTMY BU3HAYEHHST KOHCTPYKTUBHUX XapaKTepHC-
TUK aACcOpOLifHOrO TEIIOBOrO aKyMyJisITopa, SKi
BiIMOBimaloTh Oro MakCUMaIbHill e(DEKTUBHOCTI.

KoHcTpyKllist TermoakyMyJtor4oro NpucTpolo
BiIKpUTOro TUITy HaBeleHa Ha puc. 1 3rigHo 3 [2].

2 5 4

O/ PO \)

iz 2227

L —

Puc. 1. EkcieprMeHTabHa YCTaHOBKA JUISI TOCIiIKEHHSI
TEIUTOaKyMYJTIOI0UMX MaTepiajiB: 1 — Teri0i30boBaHUI
KOpITyC; 2 — TeTUI0aKyMyJIIOIOuMii Marepiai; 3 — KOMIIpecop;
4 — 3BOJIOXKYBay; 5 — Pe3UCTUBHUI HArpiBaJIbHUI €JIEMEHT;
6 — Tepe3n

ExcnutyaTauiro 3aiiicHIOIOTh B IBa etanu. Ha
MepiioMy eTari IMOBITpsl 3 HABKOJMIIHbLOTO cepe-
JIOBUILIA 3a JOMOMOIOK KomIipecopa 3 MoaaloTh B
3BOJIOKYBay 4, e MOoro BiIHOCHa BOJIOTICTb 3pOC-
tae 10 60—80 %. [ari 3BoIOKeHE MOBITps HArpiBa-
I0Th B €JIEKTPUYHOMY PEe3UCTMBHOMY HarpiBaJibHO-
My eJIeMeHTi 5, 1o Temreparyp oinbir 3a 30°. ITotim
3BOJIOKEHE MOBITPS MOAAIOTH /10 1lIapy aICOPOEHTY.
ITicas HeTpuBajioro NMporpiBaHHS TeII0aKyMYJIIO-
touoro Marepiany (15 xB) Boga ancopOyeTbCs 3 TO-
BiTpsI, 1110 MOJAETHCS B TETIJIOAKYMYJIIOIOUMIA MaTe-
piaji, 1110 € €eK30TepMiuHUM TpoliecoM. Temmnepary-
pU SIK TeTJI0aKyMYyJIFOIOUOro Marepially, Tak i Io-
BiTpsl 3pocTatoTh. [1pu 1IbOMY TeMMepaTypa MOBITpsI
Ha BUXO/Ii 3 TEIJIOAKYMYJIIOI0YOTO MPUCTPOIO CKJla-

nmae 90—115°C. Ha gpyromy etarri 30iliCHIOETECS pe-
reHepalig amcopOeHTa IUISIXOM IoAadi rapsiaoro
MOBITPS, 110 IPUBOINTH 10 HarpiBaHHS agcopOeH-
Ty OO TeMmIiepatyp He Huxde 90°C, i, oTke, 10 Je-
copOii.

Koedimient xopucnoi mii (KKJI) po3paxoBy-
BaJIM 3a 3alIPONIOHOBAHUM aJrOpUTMOM [2], gk, %:

KK):[:%JOO,
Q

3

(1)

ae Q,,, — KOpHUCHa TeIjoTa (TemoTa aacopoumum),
K/Dk:

QKopzManc'AHanca (2)
ne M,,. — maca ancopb6enty, kr; AH,,, — Terurora
agcop6uii, kJIx/kr; Q, — BUTpaTu TeToTU, KJIX:

Q3 = Qa]:[c + QKOPH + QHar‘p + inﬁn + QI{CC + Qz;f“ > (3)

e Qauc, QKopn, QHarp, QBOMl

o Quee, Qune™™ — BILTIOBIIHO,

Ha KOXHill cTafii, BUTpaTU TEIJIOTU [Jis HarpiBy
ancopOeHTy, KOpITyca YCTaHOBKM, HarpiBaHHS BOIU
B 0aKy, BUMapOBYBaHHs BoAW B 0aky, aecopOilito,
HarpiBaHHsI aacopOoBaHOi Boau, KJIX.

KinpkicTh TeruioTn, HEOOXiaHE JJIsI HarpiBaH-
HSI MaTepialy i Jetajeil IpUCTPOIO PO3PaxOByBaIl
3a 3araJIbHOBITOMOIO (hOPMYJIIOI0
Q=M-C-At, (4)
me M — maca matepiany ab6o gerani, kr; C — Ter-
JIOEMHICTh Matepiaiy abo netani, KIX/kr-K; At —
3MmiHa Temreparypu, °C.

Burpatn Ha BUMapoBYyBaHHSI BOOW BH3HAYa-
JIA, IK JOOYTOK MacW BOIM, Ky ITOAAaHO IO IIapy
TEIUI0AKYMYJIIOI0YOro Matepiaiy (ancopoeHry) My,
Ta TeTUIOTH BUITapoOBYBaHHS AH,, :

Qiii“ = MHZO : AHBHH . (5)

BrniuB mBUIKOCTI pyXy MapoIOBITPsIHOL
cyMmilli Ha KoedillieHT KOPUCHOI [ii BpaXxoBaHU
BBEJICHHSIM B pO3paxyHOK KoedillieHTa A, IKUii Mo-
Ka3ye BeJIMYMHY afacopOiii, Kr/Kr. Llei koedimieHT
BUKOPUCTOBYBaJIM MPU PO3PaXyHKY BUTpAT TEILIO-
TH Ha IeCOpPOILIii:

QI[CC = AHI{GC ’ Mauc ’ A (6)

Belyanovskaya E.A., Lytovchenko R.D., Mikhailov A.G., Sukhyy K.M., Sukha I.V.
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i Ha HarpiBaHH$ aJcopOOBaHOI BOIU:

Qsozm — Manc A CB '(tper - tH.c.) >

cop (7)
ne t,.. — TeMIiepaTypa pereHepauii ancopoeHry, "C;
t,. — TeMIlepaTypa HaBKOJHUIIHLOTO CEPEeIOBHIIA,
°C; AH,..=2850 — terutora mecopOrii, K/Ix/KT.
BenuuuHy ancopOlii BU3HaYaIU, SK:

:M.Vm, (8)
M

ajc

A

ne V., — 00’em nositpst: V,,,=F, wt, M3 w —
LIBUIKICTh MApPOMOBITPSIHOIO MOTOKY, M/cC; F, .. —
TJIOIA TIepepi3y TeTUIOBOTO akyMmyssitopa, Mm%, C —
a0COoJII0THA BOJIOTICTh MapOMNOBITPSIHOTO MOTOKY Ha
BUXO[Ii 3 TEIUIOBOTO aKyMmyJssTopa [2]:

; 9

+1

ne t — TpuBajicTh aacop6iii, ¢; C, — abcooTHa
BOJIOTICTh MMApPOITOBITPSIHOTO MOTOKY Ha BXOJi B TEII-
JIOBHMIT akyMynsTop, Kr/m?*; H — mapy agcopb6enTa,
M; A, — aIcopOLiiiHa €MHICTb TeII0aKyMYyJIIO-
0o4oro matepiany, Kr/kr; B — koedilieHT Macore-
penadi, ¢!, IK1ii BU3HAYEHO 3TiTHO 3 3aJIEXKHICTIO

[2]:

ae By, By Ta B, — KoedillieHTM MacoBiggayi B ra-
30Bill (a3i, B mopax i MOB3MOBXHBHOTO ITEPEMIlTy-
BaHHA [2].

JI1st po3p0o0OKY METOMIB ITiIBUIIIEHHS Koedilli-
€HTa KOPUCHOI Aii BUKOHAHO aHaJli3 CTPYKTYpH Tell-
JIOBUX BUTpaT MpHU eKCIUlyaTalil TerioakyMyJiio-
I0YOro MPUCTPOIO Bimkputoro tuiy [2]. 3rimHo 3
oro pesynbTaTaMM BCTAHOBJICHO, IO HaMOiIbII
3HAYHUMHM € BUTPATH Ha BHUITAPOBYBAHHSI BOIU
(43%) Ta necopo6iriro (47%), maji HoyTh BUTpaTH Ha
HarpiB agcop6oBaHoi Bomu (6%), HarpiBaHHS BOAUN
(3%) Ta HarpiBaHHS KOpITyca TEIIJIOBOTO aKyMYJISI-
topa (1%). BoueBuab, iCTOTHO CKOPOTUTHU BUTPaATH
TEIUTOTH MOXHA IIISIXOM 3MiHM MacHh BOIM, SIKY
MOJaHO [0 1Iapy ajcopOeHTy.

Macy Boau, sika TofaHa 10 1apy aacopbeH-
Ty, MOXe OyTW MPUUHSTO BiAMOBIAHO A0 T'paHU-
YHOI agcopOuii

MHzOZAmaX.Manc (10)

ab0, BpaXOBYIOUH IIBUAKICTh TTOTOKY BOJIOTOTO TTO-
BiTpsI, IK JOOYTOK O0’€MYy TIOBIiTpSl, 110 IPOMIIOB
yepe3 TeIIOKyMyJlouunii Marepiai, V,,, Ta adbco-
JIIOTHOI BOJIOTOCTi IapOTOBITPSTHOTO ITOTOKY Ha
BXOgi A0 11apy aacop6eHta C;:
MHzOZVnoa.CO' (1 1)

Biok-cxema MOIMMOBHEHOTO aJTOPUTMY, SKa
po3pobJieHa BiIMOBIMHO A0 JAHOI METOOMKU PO3-
paxyHKy, HajaHa Ha puc. 2.

[ ITogarox ]

v

Beenenna

PospaxyHoK Ko e dilieHTa MacoIepenadi.
PospaxyHOK MacH BOAH B HapoloBITPAHOMY
MOTOKY, AKY MOJaHo No Wapy agcopbeHTa.
PozpaxyHOK BENHYHHE agcopbuii.
PospaxyHOK KOPHCHOI TEIUIOTH agcopbiii.
PospaxyHOK TEINIOBHX BUTPAT Ha NPOLeC:

1) Tennorta gna Harpieansa agcopbeHTy.

2) TennoTa gna HarpiBy KOPIYCY NPUCTPOIO.
3) TemnoTa gna Harpiey agcopboraHoi BOOH.
¥ Tennota gna gecopbuii.

0) TennoTa A HarpiEy BEORH E 3BONOXYEAY1.
6) Tennora qnA EXIapOBYEAHHA EOH.
PospaxyHOK Ko e dilieHTa KOPUCHOT Aii.

[ w=w+0,1 |

Axmo
A< A

v

Bupenenna
PESVILTATIE

Kigens

Puc. 2. Biok-cxema ajroputMy po3paxyHKy KoedilieHTa
KOPMCHOI ZTii aficopOIIifHOTO TEIJIOBOTO aKyMyJIsITOpa
BiIKPUTOTO THUITY
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Bukaadennsa ocrnoeénoeco mamepiaay docaidxceHus

Puc. 3 nokasye 3anexHicTb KoedillieHTa KO-
PMCHOI il BiJl IIBUIKOCTI MapONOBITPSIHOTO MOTO-
Ky, 11O MOJAEThCS Ha TEMJ0aKyMYJIOUYUM
npuctpiii. Jlinis 1 mokasye, 110, SIKILIO Maca BOIU
MPUIHATA BiAMOBIIHOW TpaHWYHIill agcopOLii, TO
MaKCUMaJlbHe 3HaUeHHsI Koe(illieHTa KOPUCHOI Ail
(KK) cnioctepira€Tbcsi B 1OBOJi BYy3bKOMY Aiamna-
30Hi IIBUIKOCTEMH.

B Toii ke yac, S0 npu noaadi BOAW BiAmo-
BiTHO 10 00’€My Ta aOCOJIFOTHii1 BOJIOTOCTi MOBITPsI
3rigzHo 3 dopmynoto (11), To Ha Tpadiky 3anex-
Hocti KKJ]I Bim IIBMAKOCTI IOBITPSI, BiH BUXOAUTH
Ha nato nipu w=0,1 m/c (puc. 3, kpusi 2). B Toit
K€ yac Mpu aHaJIOriyHMX yMoBax (puc. 4), OoCKijib-
KM Maca BOJM, sKa TMOAAHO J0 IIapy TerioaKkymy-
JIIOIOYOTO MaTtepially, He Jviiie 3aJeXXUTh Bill IIBUI-
KOCTi TIOTOKY, aje i TepeBUIIYE BEJIUUYUHY, 1110
BimmoBimae amcopOliii BOASHOI IMapy IIapoM KOM-
MO3UTY 3a AAHUX YMOB, 0JM3bKO B Tpu pa3u. Ko-
edilieHT KOpUCHOI Hii MpU LIbOMY HE MepeBU-
mye 40%.

CkoperyBaTy BeJIMYMHY Macu BOIU, SIKY TO-
JlaHO A0 1Iapy aacopOeHTa, BpaxOBYHOUM BILJIUB
a0COJTIOTHOI BOJIOTOCTI MOBITPsI Ha afACcopOLIil0, MOX-
JINBO, BOYEBU/Ib, 3MiHIOIOUM O0’€M MOBITPSI, LIJISI-
XOM 3MiHM TUIOIII Mepepi3y TEIIOBOTO aKyMYJISITO-
pa, i, OTXe, TOBIIMHU 1lIapy aacopOoeHTy. Tak, 3HU-
XKeHHs1 Turowni mepepidy Big 0,1662 no 0,0831 m?
CIIpUSIE MiABUILIEHHIO KoeillieHTa KOPMCHOI il Bi
42 mo 50% (puc. 5). [lpu mbOMy MaKCUMaJIbHI 3Ha-
YyeHHs KoedillieHTa KOPUCHOI il CrocTepiraloThes
B OB IIMPOKOMY iHTEpBaJi IIBUIKOCTEN TMapo-
MOBITPSIHOTO TOTOKY B MOPiBHSIHHI 3 MOAaYelo BO-
JIOTW BiJIMTOBiIHO 10 IPaHUYHOI aacopOLii.

B Toit e yac MakcuMmalibHi 3HaYEHHS a-
copO1Iii CITOCTepiraloThCcsl BOUYECBMIbL NPHU 3HAYCH-
Hax w=0,5—0,8 m/c [2] Temmeparypax 40—60°C Ta
BiTHOCHUX BOJIOTOCTSIX TTAPOIOBITPSIHOTO MOTOKY HE
Hkdye 3a 40—50%. Otxe, BpaxoByouM 3abe3re-
YEeHHSI MAaKCUMAaJbHOTO TETIJIOBOrO HaBaHTAXKEHHS,
JOLIJIbHO €KCIIyaTyBaTU TEIUIOBUI aKyMYJsITOP
BiZIMTOBiAHO JI0 3a3HAYEHMX €KCILTyaTalliiHUX Xapak-
TEPUCTUK.

KKﬂ, 00 1 KKII: % KKﬂ» %
> 501 1 50 1
. 2
. 2 . 2

251 25+ 251 .
0 T : . . 0 . . .
0,0 0,4 073 0,0 0,2 0,4 0,0 0,1 0,2 0,3

W, M/C W, M/C w, M/c
a 0 B

Puc. 3. BiuiuB 1IBUAKOCTI MapoOIOBITPSIHOTO MOTOKY (abcomotHa Bostoricts: a — 0,04; 6 — 0,06; 8 — 0,08 r/M*) Ha koedilieHT

KOPHMCHOI il aAcopOLIiiHOrO TEIJIOBOr0 aKyMyJISITOpa BiZKpUTOro TUMy: 1 — Maca BOAM BiAMOBiga€ rpaHUYHIN amcopOlLii;

2 — Maca Bou, sKa MoJaHa 3 BOJOTUM MOBITPSIM 10 11apy aacoOpOeHTY

KKJI, %
40 —a

KK, %

40+ .

30
BignocHa Bosoricts

204 — = —40%(1) IilgH_OﬁB%%(HOHCTB " ]il;IlH_OCH% foimrlcn,
—+—50%(2) —+—50%(2) —+—50% (2)
104 —+—60%(3) —+—60%(3) 0 —a—60% (3)
0 . . . . : 0 . i 04 . . ,
0,00 025 0,50 0,75 100 125 0,00 0,25 0,50 0,75 0,00 0,20 0,40 0,60
W, M/C , M/c W, M/C
a 0 B

Puc. 4. BiiiuB mIBUAKOCTI MAapOIOBITPSIHOTO MOTOKY Ta BiZIHOCHOI BOJIOTOCTi Ha KoedillieHT KOPUCHOI il ancopOuiitHoro

TETJIOBOTO aKyMYyJISITOpa BiKPUTOTO TUIY. TeMIiepatypa maporoBiTpstHoro moroky, °C: a — 40; 6 — 50; B — 60.
TosumHa mapy agcopoenty 0,25 m

Belyanovskaya E.A., Lytovchenko R.D., Mikhailov A.G., Sukhyy K.M., Sukha I.V.
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KK/, % KKZ, % KK, %
50 1 50] 1
2 507 1
401 * 3 0] 3 2 y 3 2
40
301 [ (1)H=1wm; F=0,0831 M 30] R > ]
(2) H=0,75 m; F=0,1108 v’ (D H=10w FE0.0831 0 % [/ (1) H=1 w3 F=0,0831
20 >3 M; =0, b 203 [2)H=0,75 m; F=0,1108 200 [/ ) H = 0.75 u: F—0.1108 o
ol GH=05wmF=016620 1/ T o @ 75 M; F=0,1108 w
(3) H=0,5 m; F=0,1662 M 104/ (3)H=0,5 m; F=0,1662 m
000 035 050 07 Wli;(f)l(}c 0:00 025 0,50 W,%,ZC 0.00 020 0.0 060, wi/c
a 0 B

Puc. 5. BluiMB KOHCTPYKTMBHUX XapaKTepUCTUK Ha BEJIMUMHY KoedillieHTa KOPUCHOI MIii TeII0aKyMyJ/II0I040ro IprucTpoIo

BinkpuToro tumy. Temnepatypa napornositpsinoro noroky 50°C. BigHocHa BOJIOTICTb MapoOIOBITPSIHOTO MOTOKY:
a—30%;6—40%; B — 50%

Bucnoexu

JocnigxeHo mpolecu eKCIulyaTalii amcop0
LIHOro aKyMyJIsITOpa TEIUIOBOI €Heprii BiIKpUTO-
ro TUIYy HA OCHOBiI KOMIIO3UTHOTO aAcopOeHTa «CU-
JIiKarejab — HaTpiii cybdars. OTprUMAaB NOJAbIINIA
PO3BUTOK aJITOPUTM BU3HAUECHHS eKCIUTyaTalliiHUX
XapaKTepUCTUK alCOPOLiifHOIO TEILUIOBOIO aKyMy-
JIITOpA.

IToxa3aHo BIIMB IUBUAKOCTi, TEMIEpPATypu Ta
BOJIOT'OCTi MApOIOBITPSIHOTO MOTOKA HA KOeillieHT
KOPMCHOI il TEIIOBOrO akyMyJisiTopa. BctaHoBie-
HO KOPEJISILiI0 MixK KOHCTPYKTUBHUMM XapaKTepu-
CTUKaMU KoedilliEHTOM KOPMCHOI il aacopOLiii-
HOTO TeIJI0aKyMyJI0l0uoro MmpucTporo. Makcu-
MajibHi 3HAUY€HHS KoedilieHTa KOPUCHOI il
BiIIIOBiNAIOTH ILIOLLI IIepepi3y TEILI0OaKyMYJII0I0U0-
ro martepiany 0,08—0,11 M?> 3a yMOBU BiZHOCHOI
BOJIOTOCTi MAapOIOBITPSIHOTO MOTOKY He Huxkue 40—
50% Ta wBuakoctsax 0,5—0,8 m/c.

Hanmana pobora BMKOHaHa 3a 4acTKOBOI
miaTpuMKA MiHicTepcTBa OCBIiTH i HayKu YKpaiHU
(Homep mepxpeectpauii Temu HIAP 0119U002243).
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AJITOPUTM PACYETA KOHCTPYKTUBHbBIX 1
EKCILTYATAIIMOHHBIX XAPAKTEPUCTUK
AJICOPBLIMOHHOI'O AKKYMYVYJISITOPA TEILIOBOM
OHEPTUU OTKPBITOI'O TUITA HA OCHOBE
KOMITIO3UTHBIX AICOPBEHTOB

beaanoecxan E.A., Jlumosuenko P.J[., Muxaiiroe A.I.,
Cyxoii K.M., Cyxas U.B.

Paboma nocesawena paspabomke s¢hghexmuerozo anreopum-
Ma onpedenenus: IKCNAYAMAYUOHHBIX U KOHCMPYKMUBHbIX XAPAK-
mepucmuk aocopOyUOHHO20 AKKYMYAAMOPA Menaoeoll dHepeuu
omkpvimoeo muna. Iloayyun danvretiuee pazgumue areopumm pac-
Yema sKCNAYAMAYUOHHBIX XAPAKMEPUCMUK A0COPOUUOHHO20 men-
108020 AKKYMYASmopa omkpuimoeo muna. [Ipedaaeaemces caedyro-
wuii nopaook pacuema: viuucierue Kodgduyuenma macconepeoa-
yu, onpedenenue mMaccol 600bl, NPEOCMABACHHOU ¢ NAPOBO30YUIHbIM
HOMOKOM K €010 MeNA0aKKyMyaupyioueeo mamepuana (adcopbem-
ma), pacvem GeAuUUHb A0COPOUUU, NOAE3HOU Meniomvl adcopo-
yuu, onpedenenus pacxo0a menaombl Ha SKCHAYAMAYUI0, 6KAHUA-
fouwue pacxoovl menaomsl 044 Haepeea adcopbenma, Kopnyca yc-
MAaHOBKU, 600bl 8 Y8AadCHUmene, Ucnapenus 600bl, Hazpee adcop-
OUPOBAHHOI 800bL U DecopOyUI0, a MAaKICce bIMUCAeHUS KOIDDuUu-
enma noaesHoeo deticmeusi. Maccy 600vi, nooanHol é caoii adcop-
benma, onpedeasinu 08yMs cnOCOOAMU: 6 COOMEEMCMBUU C Npe-
denvHoli adcopbyuu uiu yuumoleas o0sem u abCoONOMHYI0 8AANC-
HOCMb NApO8030YUIHO20 NOMOKA, KOMOPbLU hocmynaem 6 cioii ao-
copbernma. H3yueHsl sKCNAYAMAUUOHHbIE XAPAKMEPUCIUKU Men-
108020 AKKYMYAAMOPA OMKPbIMO20 MUNA npu UCn0oAb308aHUU KOM-
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no3umHoeo adcopbenma «cunikazeab—Hamputi cyasgpam». Illoomeep-
JCOeHO nogvlieHue Ko3ghuyuenma nore3noeo oeticmeus npu poc-
me cKopocmu U OMHOCUMENbHOU 8AANCHOCMU NAPOBO30YUIHOU NO-
moka. Ilokazana Koppeaayus KOHCMPYKMUBHbIX XAPAKMEPUCIUK
u aghpexmuerocmu adcopOUUOHHO20 MENN0AKKYMYAUPYHOUe20 yc-
mpoticmea. OcHOBbIBAsCH HA NPEONOICEHHOM AAOpUmMMe, NOKA3a-
HO, Ym0 MaKcumanbHvle 3HaveHus Koagguyuenma noaeznoeo deti-
CcmMeusi COOm@emcmeyiom NAOWAoU CeueHuss MenioaKKymMyaupyo-
weeo mamepuana 0,08—0, 11 m? npu omHocumenvHol 61aHCHOCMU
napogosdyuiroi nomoka e vuxce 40—50% u cxopocmsx 0,5—0,8 m/c.
Pesyasmamutr nposedennoeo uccaedosarus moeym 6vims UCHOAb30-
8aHbl NPU Pa3padomie dHepoIPGeKxmuHsiX deyeHmpau308aHHbIX
cucmem 8030YUHO20 OMONACHUS, A MAKlce A0COPOYUOHHBIX MOOY-
Ael-ocywumenetl 015 HCUABIX NOMEUeHU.

Kimouesble cioBa: acOpOLIMOHHBIN aKKYMYJISITOP TEIUIOBOM
SHEpPTUM, KOI(POUIMEHT TOJIE3HOTO NEeWCTBMSA, TEIJIoTa
afcopOIIMK, KOMITO3UTHBIN aCOPOEHT.

ALGORITHM FOR CALCULATION OF DESIGN AND
PERFORMANCE OF OPEN-TYPE HEAT STORAGE
DEVICE BASED ON COMPOSITE ADSORBENTS

Belyanovskaya E.A., Lytovchenko R.D., Mikhailov A.G.,
Sukhyy K.M., Sukha L.V.

Ukrainian State University of Chemical Engineering, Dnipro,
Ukraine

The present work is focused on the development of an effective
algorithm to determine the operational and design characteristics of
an open-type thermal energy storage device. The algorithm for
calculating the performance characteristics of an open type adsorption
heat accumulator has been further developed. The following
calculation procedure is proposed: calculating the mass transfer
coefficient, determining mass of water supplied with vapor-air flow
to the heat storage material layer (adsorbent), calculation of
adsorption, effective heat of adsorption, determination of an
operational heat input, including a heat input for warming of an
adsorbent, a case, water in a humidifier, evaporation of water, heating
the adsorbed water and desorption, as well as calculating the efficiency
factor. The mass of water supplied to the adsorbent layer was
determined in two ways: in accordance with the limiting adsorption
or taking into account the volume and absolute humidity of the
vapor-air flow that enters the adsorbent layer. The performance of
an open-type thermal accumulator was studied using the composite
adsorbent “silica gel-sodium sulphate”. An increase in the efficiency
with increasing speed and relative humidity of a vapor-air flow was
confirmed. The correlation between design characteristics and an
efficiency factor of an adsorptive heat storage device is shown. Based
on the proposed algorithm, it is shown that the maximum values of
efficiency correspond to the cross-sectional area of heat-accumulating
material 0,08—0,11 m? at a relative humidity of the vapor-air flow
of not less than 40—50% and speeds of 0,5—0,8 m/s. The results of
the study can be used in the development of energy-efficient
decentralized air heating systems, as well as adsorption dryers for
residential premises.

Keywords: adsorption accumulator of thermal energy, ef-
ficiency, heat of adsorption, composite adsorbent.
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Ezopoe E.A., Kyuepenro A.E.

IMOVCK DOPEKTUBHON TOIIOJOIMUN CTPYKTYPHBIX KOHCTPYKIINI HA

OCHOBE IOJYOHNPEJIEJIEHHON OIITUMU3AIIAN

I'BY3 «IIpuanenpoBcKas rocyiapcTBEHHAS] aKaJeMusi CTPOUTENILCTBA M APXUTEKTYPbI», I. JIHenp, YKpauHa

B cratbe paccmarpuBaeTcs 3amaya IMOMCKa ONTUMAIBHON TOTOJIOTMM TPOCTPAHCTBEH-
HBIX (PePMEHHBIX CTPYKTYp. B MaTeMaTueckKoM KOHTEKCTE TTPEIOKEHHBIN TIOIX0M 00be-
JIMHSIET 3a/1a4y BBIMYKJIOW ONTUMM3AlUKU C JOTOJHUTEIbHBIMU HEBBITYKJIBIMU YCJIOBU-
SIMM ¥ CBOZIUT €€ K TTOJTyOIIpeNIeICHHON ONTUMU3AIIMOHHOM 3amade. Llenbio mpemmoxkeH-
HOTO aJITOPUTMA SBJISIETCSI MUHUMU3AIMSI MAcChl MPOCTPAHCTBEHHON KOHCTPYKIIMU B
COOTBETCTBUM C TAKUMU HEBBITYKJIBIMU YCIOBUSIMU, KaK YCIOBUE IMPOYHOCTU W YCTOM -
YUBOCTU. B TIpUHIINITE KOJMYECTBO TaKMX YCIOBUI HE OTpaHWUYMBaeTcs. B obiem ciy-
yae paccMaTpUBaeMyIo TIpo0IeMy MOXHO OTPEIETUTh KaK 3a1aqy MHOTOKPUTEPUATEHOMN
ontumuzauuu {J,,J,,—J }—>min, roe J, — byHkunoHan oobema, J, — GYyHKIIMOHA XeCT-
KocTH, J, — (DyHKIIMOHAT TTPOYHOCTH. JIJIsT TTOMCKa ONTUMAIBHON TOTIOJOTUM CTEPXKHE-
BOI CUCTEMBI C ONITUMAJIbHBIM 3HAUeHHeM (YHKITMOHANA J, B paboTe UCTIOIBb3yeTCs MO-
nuduIMpoBaHHas 3aaada nosyonpeneneHHoi ontumusauuu (SDP). T'unoresa, noio-
>XeHHas B OCHOBY pacCMaTpPUBaeMOTO TIOIX0/Ia, COCTOUT B TOM, YTO MUHUMU3AITUS SHEPTHY
yrpyroi nedopMaliiy CTEpXKHEBOW CUCTEMBI TIPUBOMUT K T€OMETPUYCCKA HEM3MEHsIe-
MOI cXeMe C ONTHUMAaJIbHBIM COOTHOIICHUEM MEXIy oO0beMaMu CTepXHeil. PerieHue
TTOJTyOTIPE/ICTICHHOU 3alayd ONTUMU3AIIMY TOTIOJIOTUH CTEPXKHEBON CUCTEMBI 33a1aeT CO-
OTHOILLIEHUE MEXIy 00beMaMU CTEPXKHEH V,:V,:...:V,. OObeM Kaxa0ro CTepxKHsI MOXHO
BBIYMCIIUTD KakK t;=V-v,, [Jile MHTETPabHbII MapameTp V, ONpeaesaIonnii 3Ha4YeHue GhyH-
KITMOHasa J,, MOXHO TIOTYYUTh W3 JIOTOTHUTEIBHBIX YCIOBUM MMPOYHOCTH U YCTONIMBO-
CTU. YcoBHUe TTPOYHOCTH 3amuchiBaeTcs B cootBeTcTBUM ¢ JJBH B.2.6-198:2014, a kpu-
Tepuil ycroitumBoct npuHumaercss B Bujae detK >0, rme K, — kacartenbHas mMarpuiia
KECTKOCTH CTEPKHEBOUM CUCTEeMBI. [T WIUTIOCTPAIlUK pabOTHI TIPEIIOKEHHOTO TTOIX0na
pellieHa 3a1a4a ONTUMU3ALMK TOMOJIOTMH CTPYKTYPHOM TIIUTHI ¢ pa3MepaMu 9 Mx8 Mx2 M
U Pa3TUIHBIMU BapUAHTAMM PACIIONIOXEHUSI OTIOP.

Kuniouesbie cjioBa: TOIoJIOrYSI, ONITUMU3ALIMS, CTepKHEBasl CUCTeMa, CTPYKTYpHasl TUIuTa,
MOMEHT MHEPILMU, KyCOYHO-JIMHEIHAs allpOKCUMAalInsl, YCTOHNYNBOCTb.

DOI: 10.32434/2521-6406-2019-5-1-9-14

Ilocmanoexa npo6aemot

BOdDeKTUBHOCTD MPOCTPAHCTBEHHBIX CTEPK-
HEBBIX CHCTeM, KOTOpPBIE HAILIN IIIMPOKOE TIpUMe-
HEHHE B TIPOMBIIIJIEHHOM, TPaXXIaHCKOM W BOCH-
HOM CTPOMTENICTBE, B 3HAUMTEIHLHON Mepe 3aBU-
CHAT OT TIPaBWJIHHO BBIOpAaHHON KOHCTPYKTMBHOM
CXEMbI, WJIM — B OOILIEM cJiygae — ToIojioruu. B
CBOIO ouepeib, 3agaya onpenesieHus] palroHalb-
HOI TOITOJIOTUM TIPOCTPAHCTBEHHON CHUCTEMBI He-
Pa3pBIBHO CBSI3aHA C TIPOOJIEMOI CHIKEHUS MaTe-
pUaTOeMKOCTH U obecrieyeHusl HalleXXHOCTU (yH-
KIIMOHUPOBAHUS KOHCTPYKIINH. 3a4acTyIO0 PEIIUTh
TaKylo 3agayy OYeHb CJIOXHO, MO3TOMY OOBIUHO

© Eropos E.A., Kyuepenko A.E., 2019

MIPUXOIUTCS paccMaTpWBaTh MHOXKECTBO BO3MOXK-
HBIX BapmaHTOB. [lpm 3TOM majeko He ¢akT, 4TO
Cpeny pacCMOTPEHHBIX OKaXXeTcsl TaKOi BapWaHT,
KOTOpPEIN obecreunBacT MUHUMYM pacxoia Mare-
puana. Otciofa ciaeayeT, UTo BO BCeX TaKMX Cliydya-
SIX aKTyaJbHBIMU CTAHOBSITCA ONTHMM3AIIMOHHEIC
aJITOPUTMEI, TTO3BOJIAIONINE PeIllaTh TTOTOOHEIE 3a-
Jlauyu B OoJjiee CTPOroi MOCTaHOBKE.

Anaau3 nocaeonux uccaedoganuil u nyoauxayui

OOBIYHO PabOTHI, CYLIECTBYIOIIME B O0JacTH
OINTUMAJIBHOTO TIPOSKTUPOBAHMUS, TNOO UCCIEAYIOT
cyrydo MareMaTU4ecKylo CTOPOHY BOIpoca, WU
OTPpaHWYMBAIOTCA pelleHNeM WHXEHEPHBIX IPU-

Finding of effective topology of space structures using semidefinite programming
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KJaaHbix 3a1a4. K nepBoii rpy1ine MOXHO OTHECTU
pabotsl H.B. banuuyka [1], T. Takans! [2], A. beH-
Tansg [3]. Tak, B [1] aHanuTUYECKU pelaeTcs 3a1a-
Ya ONTUMAJIBLHOTO MPOSKTUPOBAHMS B BUIE (PYHK-
muoHajoB. B [2] aBTOp paccMmaTpuBaeT 3amady OIl-
TUMU3ALUU TOMOJOTUM C MO3ULIUI TUHEHHOTO MPOo-
rpaMMHMpOBaHusl, a B pabote [3] mpoBoauTcs aHa-
JIU3 1 000CHOBaHME MTPOOJeMbl ONITUMU3ALIMU CTEP-
>KHEBBIX CUCTEM, KOTOpasi IpejacTaBieHa Kak 3a1a-
ya ToJyoInpeneJeHHOro MporpaMMUpPOBaHUsI.

M3 BTOpOIt TpyMITEl MOXXHO BEIIETUTH paOOTHI
B.b. I'punena [4], A.B. [lepenbmytepa, B.A. Ilep-
MsikoBa [5], B.B. Tpodumosnua [6], C.®D. [Muayrn-
Ha [7]. B [4] aBTOp, Hampumep, paccMaTpuBaeT
ONTUMM3ALUIO JIEMEHTOB KOHCTPYKLMIA MO CIeK-
TPy COOCTBEHHBIX yacToT. B [5] aBTOpBI NMpUBOAST
MPaKTUYECKUEe METOAbl PelIeHUs] HEKOTOPbIX OIl-
TUMU3ALMOHHBIX 3a7a4. B [6] cpenu mpoyero pac-
CMaTpUBAETCsl ONTUMU3ALIUS TTPeaBapUTEIbHO Ha-
MPSKEHHBIX METAIMYECKMX KOHCTPYKIIUIA, a B [7]
HCITOJIb3YETCSl BEPOSTHOCTHBIE METOBI JIJIs1 TT0A00-
pa rmapaMeTpoOB 3JIEMEHTOB CTaJIbHBIX KOHCTPYKLIHWIA.

Dopmyauposanue yeau uccae008anus

B ykazaHHBIX BblllIe pab0oTaX MOXHO OTMETUTD
ceaylolme 0COOEHHOCTH: 001Ie ONMTUMU3ALMOH -
HBbIe METOIBI MAJOIIPUMEHUMEI IUIST PelleHUs pe-
aJIbHBIX TeXHUUYECKUX 3aJay, a MHXEeHEpHbIe MO-
XOJIbl OOBIYHO He 00eCcreyrBalOT ONMTUMAaIbHOCTD.
B OoablIMHCTBE ciydyaeB 3TO CBOAMT Ha HET BCe
YCUJIMS 110 onpeneeHno 3(h(heKTUBHOM KOHCTPYK-
TUBHOM CXEMBI.

B pabore npemsiaraercsi airopuT™ ONTUMU3A-
LIMA TOIOJOTUU TMPOCTPAHCTBEHHBIX CTEPXKHEBBIX
CHUCTEM, KOTOPbI MO3BOJISIET COBMECTUTh MaTeMa-
TUYECKUI ONTUMU3ALMOHHBIM TTOIXOA C MHXEHep-
HBIMW KPUTEPUAMU, B YACTHOCTU C HOPMATHUBHBI-
MU TpeOOBaHUSIMU K MPOYHOCTU U YCTOMUYMBOCTH.
Ilenb onTUMU3ALIMOHHOIO aJITOPUTMa — MUHUMM-
3alMs MaTepPUaTOEMKOCTU TIpU OOECIeYeHUU Bbl-
MOJHEHUSI HOPMaTUBHBIX TpeOoBaHuit. M3BecT-
HoO [8], 4TO 3aTpaThl HA MaTepUaJibl MOTYT JOCTH-
ratb 60—70% o01IIeil CTOMMOCTH KOHCTPYKIIUM U3
MeTalljia, I03TOMY pelllieHre TaKou 3amaun sIBisieT-
CSl BECbMa aKTyaJIbHOW MPOOJIEMOIA.

H3a001cenue ocognozo mamepuaaa

PaccmaTtpuBast TIpOTOTHIT KOHCTPYKIIUM Kak
MoJIHbIA Tpad (puc. 1), KOJIMYECTBO BEPILIUH B KO-
TOPOM N= Y| , @ KOJIMYECTBO pedep m= |E| , BBE-
neM caenyrouie ooosHaueHust: feR™, EeR™, LeR™,
veR™ — COOTBETCTBEHHO OCEBbIE CUJIbI, BOBHHUKA-
IollMe B CTepKHX, Moayau KOHra, niavHbl 1 0Obe-
MEI CTepXKHEH; Ae R*™™ — MaTpuiia ypaBHeHUI paB-
HOBECUSI CUCTEMBI, aiT— ee cronber; KeR33n —
MaTpuIla XXeCTKOCTH cucTteMbl; FeR3" — BHemnrHme

CUJTBI, TIPWJIOKEHHBIE K y3JIaM KOHCTPYKIINH; e R*"
— MepeMeUIeHUS Y3JI0B.

Puc. 1. ITpumep noaHoro rpaga-npoToTrna apoyHoii dhepmbl

ECJ’II/I CUCTEMA HAaXOOUTCA B PaBHOBCCUH, TO
YpaBHCHUEC 6ancha CHJI MOXKXHO 3aItmcarthb Tak:
Af+F=0. (1)
A OCCBbBIC CHJIbI, BOBHUKAIOIINE B CTCPKHAX,

KOTOpPBIE MOTYMHSAIOTCS KIACCUYECKON TeOpUN Dii-
nepa-BbepHyIIM, ONUCHIBAIOTCS YPABHEHUEM:

_EV T
pa— 1 1
f, = a,u.

1

(2)

INepememieHns y3JI0B CBSI3aHBI C JEHCTBUEM
BHEIIHUX CHJI CJICAYIOIINM PaBEHCTBOM:

K-u=F, (3)

TI€ MaTpUIy KECTKOCTU MOKHO IPECACTaBUTh Kak:

(4)

PaGoty BHe1IHMX cuJl (2 3HAUUT — U SHEPIUIO
yIpyroi nechopMaluu KOHCTPYKILIMU), CBSI3aHHYIO
C MepeMelleHUEM Y3JIOB CHUCTeMbl, MOXHO BbIpa-
3UTh TaK:

(3)

B nTore TIOJIYy4acTCd, 4YTO IJId PCIICHUA OIITHU-
MU3ALMOHHOM 3a1a4u HGOGXOJII/IMO MHWHHUMU3NPO-

m
BaTh IB€ BEJIMYUHBL: W U Vi , 4 3aJa4a ONTUMU-
i=l
3allMM TOMOJIOTUU CTEPXKHEBBIX KOHCTPYKIIUI MO-
KeT OBITh TIpEACTaBJICHA B CIIEAYIOIIEM BUIC:

Egorov E.A., Kucherenko A.E.
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minimize, ‘W :

Ku=F;

iv <V
i=1

(6)

Ho takas 3agaya He SBISIETCS BBITYKJIOM, MO-
3TOMY €€ HeoOXOOMMO IIpeoOpa3oBaTh, YUUTHIBAs
cootHolueHus (1)—(5). IIpu aToM BbIOEpEM TaKoi
€€ BUJ, KOTOPBIi ObI COOTBETCTBOBAJI 3aaaue MoJy-
oIpeae/ieHHOM onTuMu3aLuu [3], Tak Kak UMEHHO
IJISI TAKOTO Kjacca mpobyieM pa3paboTaHO Haubo-
Jiee TPOM3BOIMUTEIbHOE MPUKIIATHOE TTPOrpaMMHOE
obecnieueHue (solvers). MoxHO moka3aTrh, 4YTO IJIsI
MOJIOXKUTEJIBHO TOJTyoIpeneeHHON MaTPULIbL:

Q F'
F K

>0 (7)

CYLLECTBYET TAKOM BEKTOP U, KOTOPBIA ITO3BOJUT
3aMucaTh 9KBUBAJIEHTHYIO CUCTEMY:

Ku =F;
K>0;

Q>W. (8)

bosiee Toro, MoxHo IOKa3aThb, YTO B CUCTEME
C ONTUMAJbHOM TOMNOJIOTMEU COOTHOILIEHUE
V|iV,i...0V,, HE 3aBUCHUT OT BEJIMYMHBI V, MO3TOMY

m

CyMMy ZVi CBEPXY MOXHO OrpaHUYUThH 1, 4TO MO-
1=

3BOJISIET CYIIIECTBEHHO YCKOPUTH OOlllee pelieHHe
3amayr. C y4eToM BBILIENEePEYMCIEHHOTO, 3a1aqdy
(6) MOXHO MepPeOINpPeaeTUTb K BULY:

minimize, €:

m
ZV =
i=1

1

v, Vi=l1..
Q T

— E
F 2 —ras

i=1 i

9)

B TakoM BUIEe oNnTUMM3AllMOHHAs 3a1a4ya CTa-
HOBUTCS BBINYKJIOM. B pe3ynbrare ee pelieHus om-
penensieTcsl ONTUMaJIbHAsI TOIOJIOTHUS KOHCTPYKLIMHT
U COOTHOIIIEHUSI MEXIy 00beMaMM cTepxkHel. Cre-
IVIOIIMI IIar COCTOMT B MOAOOPE TAKOrO0 MUHM-
MaJlbHOro obobema Marepuana V (U COOTBETCTBEH-
HO TITOIIAAEN CEYEeHMIA), TP KOTOPOM BBIITOTHS -
JIUCh OBl YCJIOBUSA IPOYHOCTH U OOIIEH yCTOWYM-
BOCTU cuUCTeMBI [9]. YcimoBHe IPpOYHOCTH MOXKET
OBITH 3aMMCaHO B BUJC:

——L<yR)i=1.m, 10
Vv, Y (10)

1

rae y — KoadUUMeHT ycaoBuit padbotsl, R — pac-
YeTHOE COINpPOTUBIEHUE MaTepuana. O01ast ycToi-
YMBOCTb CUCTEMBI OIIPEACIsIeTCI KPUTEPUEM:
detK >0, (11)
rne K, — rnobanbHas KacaTejabHasi MaTpuila CTep-

XHeBOI cucTeMbl. O0BeM KaXKIOTO CTEPKHS OIpe-
TeJIIeTCS M3 COOTHOILICHUS t=V;'V.

Hauaso

Pemenne HO.'I}'OHD(‘,"[(‘.'I(‘IIIIOﬁ

3agaun g V =1

‘l ti=v;-V, i

Omnpegesienne napaMeTpon

ceueHuii creprKHeii

]

- BrimonnsioTes: ye10Bus
V =V 44 |+— Her . .
MPOYHOCTH H YCTONIHBOCTH?

/ BuiBon t;, i =

2

Komer

Puc. 2. Brok-cxema peleHUsI ONTUMM3allMOHHOM 3a1a4u

Finding of effective topology of space structures using semidefinite programming
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Puc. 4. OnTumanbHbIe TOMOJIOTUM MPY PA3IMYHBIX BAPUAHTAX PACTIOIOXKESHUST OTMOp

Ha 3axiounTeIbHOM 3Tarie MoayYeHHass Mo- Mognynb FOHra npuaumarcs pasHbiM 2-10'! T1a,
JleJib TIPOBEPSIETCSI B IPOTPAMMHOM KOMIIJIEKCE pacuyeTHOe CONpoTuBIeHue Matepuana — 2,1-108 Ia,
ANSYS. B uenom, pelieHre ONTMMU3ALMOHHON K03 bUIMEHT yciaoBuii padotsl 0,9. I1pu nposep-
3aJa4u MOXHO TPEeNCTaBUTh OJIOK-CXeMOi, MpuBe- K€ KOHCTPYKIIMM Ha YCTOMUMBOCTBH IUISI TTOCTPO-
JNEHHON Ha puc. 2. €HUST KacaTeJIbHOM MaTpHUIIbl XKEeCTKOCTU CHUCTEMBI

PaccMoTpuM npocTpaHCTBEHHYIO CTepKHEBYIO K| TIocKue MOMEHTBI MHEPLIMM CEYEHMIi olpene-
cucteMy [10] ¢ reHepaabHBIMU pa3MepaMM JsuMCh corjiacHo [11]. IIpoBeneHHOe MoaeIpOBa-
9 Mx8 Mx2 M. Y3JIbl ¥ IOJIHBIH Tpad cUCTEMBI M300- HUE TTO3BOJIMJIO BBISIBUTh ONITUMAJIbHBIE TOTIOJIOTH-
paxeHbl Ha puc. 3. K y3nmam HukHero mosica 1-20  4deckue cxeMbl KOHCTpykKuuii (puc. 4). Ilpu stom
TpUJIoKeHa pacripeneiaeHHas Harpy3ka g=10 kH/M2.  Macchl IpOCTPaHCTBEHHBIX CTEPXKHEBBIX CUCTEM TS

IIpoBeneM 4YMCIEHHBIN DKCIEPUMEHT M Bbl- TpPeX BapMaHTOB pa3MelleHUs OIOp COCTABWIM CO-
SICHUM, KaK OyIeT MeHSThCS ONTHMMalibHas TOMo- oOTBeTcTBeHHO 702 KT, 563 Kr, 362 KT.

JIOTMSI TUTMTHI U €€ Macca MpPU CIEAYIOMNX Pacio- MOXHO OTMETUTh, YTO MPU YBEIUICHUM YKUC-
JIOXKEHUSIX IIapHUPHO-HEMOABMIKHBIX OIOp: a) MO  Jia ONOpP YMEHBIIAETCsI KaK Macca CTep>XXHEBOM CH-
yraaMm B y3nax 1, 4, 17, 20; 6) B y3max 1, 4, 9, 12, cTeMbl, TaK U KOJIMYECTBO €€ CTEpXKHEI, a pa3Me-
17, 20; B) B y3nax 1, 4, 10, 11, 17, 20. LIICHME TONOJHUTEIBHBIX OIIOP B LEHTPE KOHCTPYK-

Egorov E.A., Kucherenko A.E.
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LUU sBJsieTcs: 6osee a3(PPEeKTUBHBIM, HEXEIN pac-
MOJIOXKEHWE OIOp TOJbKO MO MEPUMETPY.

Buisoowt

I[IpuBenenHass moguduIUpoBaHHasT Qopma
MoJiyornpenesieHHOM 3aJaur ONTUMH3alIMK TOIOJIO-
TUU CTEPXKHEBON CUCTEMbI MO3BOJISIET MHTETPUPO-
BaTb ONTUMHU3ALIMOHHYIO 3a/1a4y C OCHOBHBIMU WH-
JKEHEPHBIMU KPUTEPUSMU U 3a CUET ITOTO CYIle-
CTBEHHO COKpaTUTh OObEM BBIYMCIECHUU TMpU pe-
IIEHUU CJIOXHBIX MPOCTPAHCTBEHHBIX CUCTEM.
IIpennoxeHHasi 00001IeHHAs cXxeMa pelleHus OIl-
TUMHU3ALIMOHHOU 3a1auM O0bEeINHSIET MaTeMaThuuec-
KU U UHXEHEPHBIN TOAXOAbl K ONTUMAaJbHOMY
MPOEKTUPOBAHUIO MPOCTPAHCTBEHHBIX CTEPXKHEBBIX
CHUCTEM.
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IIOIIYK E(I)EK“TI/IBHOT TOMOJOTI CTPYKTYPHUX
KOHCTPYKIII HA OCHOBI HAITIBBU3HAYEHO{
OIITUMIBAIIIT

€zopos €.A., Kyuepenrxo O.€.

Y cmammi pozensdaemucs 3adaua nowyky onmumanvHoi
monoaoeii npocmoposux cmpykmyp. Y mamemamu4Homy KOHmMeKcmi
3anponoHo8aHull nioxio o6’c0Hye 3adauy onykaoi onmumizayii 3
dodamkogumu HEONYKAUMU YMO8amMu ma 3600ums ii 0o Haniesus-
HaveHoi onmumizayiinoi 3ad0aui. Memor 3anponoHo8aHoeo aneo-
pummy € MiHiMizayis macu npocmoposoi KOHCMPYKUii 8i0noeioHo
00 makKux HeonyKAUx ymoe, K ymoea miynocmi i cmitikocmi. IIpun-
YUN0B0 KiNbKicmb MAKUX yM0og HeoOMedceHa. Y 3aeanvhomy eunao-
Ky npobaemy, aKka po32as0acmuscs, MOJNCHA GU3HAYUMU K 3a0a4y
baeamokpumepiaavroi onmumizayii {J,,J,—J }—>min, de J, —
gyukuyionan 06’emy, J, — ynkyionan ncopcmxocmi, J,, — ghynxyi-
oHan miyHocmi. Jlns nowyky onmumanvHoi monoaoeii cmpusicHesoi
cucmemuy 3 ONMUMANBHUM 3HAYEHHAM (DYHKUIOHALY HCOPCMKOCHI
J, 8 pobomi euxopucmogyemocs mModugikoeara 3ada4a Hanieeus-
Hayvenoi onmumizayii (SDP). Tinomesa, wo nokaadena ¢ ocHogy
3aNPONOHOBAH020 NIOX00Y, NOASA2AE 6 MOMY, W0 MIHIMI3ayis eHepeii
npysucroi degpopmauii cmpuicresoi cucmemu npu3eoo0ums 0o ee-
OMEMPUHHO HE3MIHHOI CXeMU 3 ONMUMANLHUM CHIBEIOHOUWEHHAM MIdNC
06 emamu cmpudncris. Po3eé’ 130k HanigeusHaueHoi 3ada4i onmumi-
3ayii monoaoeii cmpuicHesoi cucmemu 3a0ae cniggiOHOWEHHS MidC
00°emamu CMPUNCHIB V2 V,: ...: V,,. OO €M KONICHO20 CIPUICHS MONCHA
obuucaumu ak t,=V-v, de inmeepanvuuil napamemp V, sxuil usHa-
uae 3HaueHHs yHKyionary o6’emy J,, moxcna ompumamu 3 0o-
damkogux ymoe miyHocmi i cmidkocmi. Ymoea miyHocmi 3anucyemo-
ca eionosiono do JIBH B.2.6-198:2014, a kpumepiu cmiikocmi
npuiimaemocs y eueasnoi det K. >0, de K, — domuuna mampuys
Jacopemrocmi cmepicHegoi cucmemu. s intocmpauii pobomu 3a-
NPONOHOBAH020 NIOX0dY po36’a3ana 3a0aua onmumizayii mononoeii
cmpyKkmypHoi naumu 3 posmipamu 9 mxE mx2m i pizHuMU eapian-
mamu po3mauLy8anHs onop.

KoarouoBi ciioBa: TOIOJIOTiSI, ONMTUMI3allist, CTpUXKHEBa
cHucTeMa, CTPYKTYpHA TIJINTa, MOMEHT iHepllil, KyCKOBO-JIiHiiTHa
arpoKcUMallisi, CTilKiCTb.
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FINDING OF EFFECTIVE TOPOLOGY OF SPACE
STRUCTURES USING SEMIDEFINITE PROGRAMMING

Egorov E.A., Kucherenko A.E.

Prydniprovska State Academy of Civil Engineering and Architec-
ture, Dnipro, Ukraine

The paper considers the problem of topology optimization of
space truss-like structures. The proposed algorithm combines convex
optimization problem with non-convex conditions. The purpose of
the algorithm is to minimize the mass of a spatial structure according
to such non-convex conditions as structural safety requirement and
buckling. Basically, there are no limitations in number of these
conditions (convex or non-convex). In general, the problem can be
specified as a multicriteria optimization task in following form:
., J,,—J,} = min, where J, is a functional of volume, J, is a functional
of stiffness, J_is a functional of strength. The stiffness functional J,
can be defined by means of nodes displacements and energy of a
system (compliance). Here to find an optimal truss topology with
minimal compliance we use the modified semidefinite optimization
problem (SDP), which can be obtained after certain transformations
of the non-convex truss topology optimization task. The basic
hypothesis is that truss compliance minimization leads to an invariable
topology of the truss-like structure with optimal ratio of volumes of
truss members. Solution of the semidefinite optimization problem

member can be calculated as t,=V’-v, where the parameter V, which
defines the value of the integral functional J,, can be obtained from
additional conditions such as strength and buckling. The next
important step is approximation of geometric characteristics of cross-
sections. We need to calculate area moments of inertia to assemble
the stiffness matrix of a structure. This matrix plays a key role in
defining of buckling conditions. For simple cross-sections such as
«solid circular», «square» calculation of moments of inertia is a
trivial problem solved via well-known formulas. For complex cross-
sections the dependence of moments of inertia on area is not so
simple and may be considered as an ill-posed problem. The condition
of strength is recorded in accordance with DBN V.2.6-198:2014,
and the buckling condition is determined using the tangent stiffness
matrix of a structure as follows: det K .>0. To illustrate the proposed
approach, the problem of topology optimization of a space structure
with sides 9mx8mx2m and different positions of supports has been
solved.

Keywords: topology, optimization, truss, space structure,
moment of inertia, piecewise linear approximation, buckling.
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The article offers and justifies a method for solving a problem of optimal design of bent
rods exposed to aggressive media. The problems of such class have special place among
the problems of optimal design, which is explained by the fact that modeling corrosion
deformation in structural elements requires solving not only the equations of solid mechanics,
but also the system of differential equations describing the accumulation of geometric
damage and including stress functions. The authors analyze existing approaches to solving
these problem and problems of these approaches. On the basis of this analysis a
fundamentally different approach to solving some problems of optimal design of bending
rod elements that function in aggressive media is proposed, the statement of a problem,
the numerical solution of which requires much less computational cost, and the result is
the same as for the traditional problem statement, is proposed and justified. The authors
consider a problem of vector optimization by two criteria: minimum area and perimeter of
a cross-section at the time of exhaustion of the bearing capacity. The objective function
includes the weight coefficient o, taking into account the influence of cross-sectional
perimeter. A modified scheme for solving the optimization problem is created, which
involves a module for one-dimensional optimization by parameter ». The proposed method
is based on the assumption that there is only one value of the coefficient of perimeter
influence, for which the solutions of problems in both traditional and new statements
coincide. To compare these results correctly, it is necessary for a cross-section to be
represented in both statements by a set of rectangular fragments both at an initial time and
at a time corresponding to the limit state, so the model of corroding equivalent cross-
section is used. A numerical illustration demonstrates almost complete coincidence of the
solutions for both problem statements. At the same time utilization of developed method
allows reducing the computational cost by several orders of magnitude compared to
traditional methods for solving problems of this class.

Keywords: optimal design, aggressive medium, model of corroding cross-section, system
of differential equations.
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A METHOD FOR SOLVING PROBLEMS OF BENDING ROD OPTIMIZATION TAKING

Statement of the problem

Problems of optimization of structures exposed
to aggressive media have special place among the
problems of optimal design. This is explained by the
fact that the equations of solid mechanics of are not
enough to calculate the constraint functions. The
influence of aggressive media causes destruction of
a surface layer of metal (corrosive wear) and,
consequently, changes in initial geometric
characteristics of structural elements. As noted in
many works of Ukrainian and foreign researchers,
mechanical stresses significantly accelerate the

© Zelentsov D.G., Denysiuk O.R., 2019

corrosion process [1—5]. In this case, a model of
corrosion deformation of a structure is necessary for
calculation of constraint functions. In its most general
form, it consists of a system of differential equations
(SDU) describing the accumulation of geometric
damage and including stress functions, and a system
of mechanical equations for calculation of the stress-
strain state (SSS). The dimension of a SDU is
determined by a number of parameters that allows a
researcher to find a unique solution, which defines
the geometric characteristics of a structure at any
given time. When modeling the process of corrosive
deformation in real structures, only the numerical

A method for solving problems of bending rod optimization taking corrosion into account



16 ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 15-22

solution of SDU is possible.

Thus, the problem of optimal design of
corroding structures consists of two related tasks: to
reduce computational costs and to ensure a required
accuracy of the result. Previously, these tasks were
accomplished by adapting numerical optimization
methods and methods of solving systems of
differential equations to the class of problems under
consideration, including the creation of error control
algorithms based on artificial neural networks
(ANNSs). This approach has partially solved the
problems of accuracy and efficiency, but in general
they still remain relevant.

This paper proposes a fundamentally different
approach to solving some problems of optimal design
of bending rod elements that function in aggressive
media. The authors propose and justify the statement
of a problem, the numerical solution of which
requires much less computational cost, and the result
is the same as for the traditional problem statement.

Analysis of recent research and publications

As noted above, the main ways to reduce
computational costs in solving problems of optimal
design of corroding structures were modifications of
numerical methods of mathematical programming
and methods for solving systems of differential
equations. Considering the first approach, it is
necessary to note the work [6] dedicated to the
modification of the flexible tolerance method. The
paper proposed to consider the integration step for
SDU (and, consequently, its solution error) as a
decreasing function of the iteration number in solving
the problem of mathematical programming. This
approach significantly reduced the computational
cost, especially at the initial iterations, due to the
relatively high error in the computation of constraint
functions. However, it was impossible to predict a
solution error since the influence of factors other
than integration step value remained unexplored.
These factors are the initial stress value, the
parameters of an aggressive medium and the
characteristics of cross-sections of rod elements
(shape, area and perimeter). Later in [7,8]
information about the influence of these factors on
the error of SDU solution was formalized using
artificial neural networks. The use of ANNs made it
possible to determine an integration step value for a
SDU while solving the problem, depending on the
required accuracy of a solution.

In the last decade, numerical-analytical
methods have been used in the calculation of
constraint functions [9], increasing efficiency due to
a reasonable change in the integration step in the
process of solving a SDU.

All of these modifications have improved the
efficiency of computations, which allowed the
researchers to solve a number of complex applied
problems, but in general the problem of optimal
design of corroding structures remains relevant.

A characteristic feature of bending rod elements
is that corrosion leads to a change not only in size
but also in shape of a section [9]. The reason is the
uneven distribution of stress across the height of a
section. As a result, firstly, the number of parameters
that determine the geometric characteristics of a
section at random moment of time increases, and,
secondly, for a random section, it has not yet been
possible to obtain user-friendly analytical
dependences that allow a researcher to determine
the durability of an element. In the study of such
structures, the use of the above modifications of
computational procedures is not possible.

The fact of the influence of cross-section
perimeter of a bent corroding rod on its optimal
parameters was described, for example, in [10]. In
this paper a new problem statement, which makes it
possible to determine the optimal parameters of a
rod with rectangular cross-section, was also proposed.

Formulation of the research objectives

As an object of research in this article rod
elements (beams) in conditions of pure bending
intended for operation in aggressive media are
considered. For certainty, we will consider the I-
beam. The weight optimization problem is formulated
as follows: it is required to determine the dimensions
of a beam cross-section so that its area is minimal
and for a given time a beam retains its load-bearing
capacity. In the form of a problem of nonlinear
mathematical programming, this formulation under
strength constraints has the form:

A(i) —>min; X e X,;

XD:{ieE“‘g(i):[c]—c(i,t*)ZO}. (1)

Here x=[H;By:Dg:T,]" is the vector of variable
parameters; A is the cross-sectional area of a rod
element; o and [c] are the current and the limit
values of stress; t* is the specified service life.

As a model of geometric damage accumulation,
the following differential equation will be
used [11,12]:

ds,

DTl (1+ko); 8|,,=0,

(2)

where &, is the depth of corrosion damage (damage
parameter); v, is the corrosion rate in the absence of
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stress; k is the coefficient of stress influence on the
rate of corrosion process; t is time.

The possibility of using equation (2) in modeling
the processes of corrosion deformation is justified in
the monograph [9,13].

The calculation of constraint functions (CF)
involves the calculation of the stress state in a cross-
section at a given time, taking into account the
corrosion process occurring in it.

Models of corroding cross-sections under pure
bending conditions are described in detail in [9].
Main provisions necessary to solve the problem are
described below.

Two parameters are enough to determine the
size and shape of a section at given time: 8, and
5, (Fig. 1).

B, 3,

Ty

Fig. 1. I-beam cross-section

The system of differential equations for these
parameters has a form:

ds,

E=V0(l+k61); 81(0)=0;
dd
d—t2=vo(l+kc52); 82(0)=0. (3)

Stresses o, and o, are calculated according to
formulas:

M (H, - 2T +25,)
%= o1 :

(4)

where a value of the cross-sectional moment of inertia
is determined as follows:

[(H,-2
1 |x(By=0,5v,t—1,55,)+
12 +(H, —2T, +23, ) x

x(Dy —0,5v,t~1,55,)

5,) (H0—2T0+281)3}<

NE)

Thus, the computation of constraint functions
in the optimization problem involves solving
numerically the system of differential equations (3)
together with the equations (4) and (5). A scheme
for solving the optimization problem is a two-circuit
scheme (Fig. 2) where OF is a module for
computation of objective function; CF is a module
for computation of constraint function; PR is a
module for recalculation of cross-sectional
parameters; NLP is a module for solutions of the
nonlinear programming problem.

e~

NLP
CF
L PR
Fig. 2. Two-circuit scheme for solving the optimization
problem

The presence of feedback significantly increases
a computational cost of solving the optimization
problem and sensitivity to errors in the calculation
of a constraint function. Nevertheless, it is possible
to obtain a strict solution of the optimization problem
only in this way.

On the other hand, an alternative approach to
solving optimization problems for corroding structures
has been used for more than 20 years. It consists in
finding an optimal solution for a neutral medium

with subsequent restoration of a sacrificial metal
layer [14] (Fig. 3).

Fig. 3. Scheme for solving the optimization problem with
separate sequential circuits

A method for solving problems of bending rod optimization taking corrosion into account



18 ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 15-22

Here SDU is a module for solving a system of
differential equations.

Variable parameters in this case are the
dimensions of a cross-section at the time of
exhaustion of the Dbearing capacity:

x=[H;;B;D Ty ]T . With regard to the object of this
study, a formulation of the problem in this approach
is the following:

A(X)—> min; Xe X,

Xb :{ie E® ‘g(i)=[6]—0(i)20} ,

In this case, the strength constraint can be used
as a coupling equation, and formally the problem
takes a form of an unconditional optimization
problem with three variable parameters. The system
of differential equations is solved only once. Despite
the fact that the advantages of this approach are
obvious from the point of view of computational
costs, it is not a complete alternative to the traditional
formulation of the problem for the following reasons.

1. In reality, the dimensions of an I-beam cross-
section are determined by the structural constraints
(the boundaries of variation of the variable
parameters) and the coupling equation (the strength
constraint), so they are not optimal in the
conventional sense of the word. Since the
constructive constraints are determined by a person
who sets a task, the only solution of the problem (6)
does not exist at all.

2. The problem statement (1) assumes that at
the initial moment of time a cross-section is
represented by rectangular fragments. Since the stress
varies linearly in a height of a cross-section, at the
moment of exhaustion of the bearing capacity it loses
its initial form (Fig. 1). Obviously, when building a
sacrificial layer of metal (solution of the system (3)
when changing the sign in the right parts) on a cross-
section, the dimensions of which will be determined
from a solution of the problem (6), at the initial
moment of time it won’t also be represented by
rectangular fragments. Therefore, it is not possible to
make a correct comparison of results obtained by solving
optimization problems in statements (1) and (6).

3. An optimal solution of the problem in the
statement (1) is significantly influenced by the
perimeter of a cross-section P, which is implicitly
included in the constraint function. The change in
the cross-sectional area AA due to corrosion will be
determined by the formula

(6)

AA=v, | ]f(1+kc(1>, t))dP dt.

P O

(7)

At the same time, the statement (6) completely
ignores this fact.

The objective of this work is to develop a
method that will allow obtaining the same results as
in the statement (1) at minimal computational cost
required to solve a problem in the formulation (6).

An outline of the main research material

We consider a problem of vector optimization
by two criteria: minimum area and perimeter of a
cross-section at the time of exhaustion of the bearing
capacity:

G(F) =0t B2,
P"-P
+( —w)w—)min;ieXD;

Xb :{ie E* ‘g(i)=[6]—c(i)20}.

Here o is the weight coefficient, taking into
account the influence of cross-sectional perimeter
(we[0;1]); P~, P*, A=, A" is, respectively, the smallest
and the largest of values that perimeter and area can
take in a given range of variable parameter values.

Same as in the statement (6), found optimal
cross-section sizes are increased by a value
corresponding to the sacrificial metal layer. Therefore,
there is a modified scheme for solving the
optimization problem, presented in figure 4, where
an additional block ODO is a module for one-
dimensional optimization by parameter o.

(8)

OoDO

NLP

— |

SDE

L

Fig. 4. A modified scheme for solving the optimization

PR

problem

The proposed method is based on the following
assumption: there is only one value of the coefficient
of perimeter influence, for which the solutions of
problems in the statements (1) and (8) coincide.
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To confirm the validity of this thesis it is
necessary to eliminate problems arising while solving
the problem in the statement (6).

Problems of constructive constraints and
ignoring the perimeter of a cross-section are
eliminated by the problem statement itself.

To compare results correctly, it is necessary
for a cross-section to be represented in both
statements by a set of rectangular fragments both at
an initial time and at a time corresponding to the
limit state. In this case, it is proposed to use a model
of corroding equivalent cross-section — a section
that at any time retains its shape, and a value of its
moment of inertia is equal to a moment of inertia of
a cross-section with a changed shape. This is achieved
by introducing a coefficient for stress averaging over
a cross-section height. In particular, for the damage
accumulation model (2), this coefficient is 0.75. A
detailed description for the model of corroding
equivalent cross-section is given in [9]. Using this
model, a system of differential equations describing
the change in size of an I-beam cross-section (Fig. 5)
takes the form:

do

d—t‘:vo(1+kcl); 8,(0)=0;

%:VO(Hkoz); 5,(0)=0;
t

do

—2= vy (1+0.75ke)): 8,,,(0) =0

dd

2eq

m =v,(1+0,5k (0, +6,)); 8,,,(0)=0. (9)

When the sacrificial metal layer is restored, signs
on the right side of the system (9) are reversed.

The cross-sectional moment of inertia for this
model is determined by the formula:

[(H,-25,)" = (H,~2T, +25,)’ |
.(10)

€q

1
:E ><(B0 —282€q)+
+(H,-2T,+28,)’ (D, -25,,)

Fig. 5. Equivalent I-beam cross-section

For a numerical illustration, a beam of I-section
was considered, and its geometric dimensions varied
in the intervals: 5.0<H<10.0 (cm), 1.0<B<4.0 (cm),

0.1<D<2.5 (cm), 1.0<T<2.5 (cm). The value of the
bending moment M=100 kN-cm, corrosion rate in
the absence of stress v,=0.1 cm/year, the coefficient
of stress influence on the corrosion rate, the ultimate
stress [c]=240 MPa. The durability of the structure
varied in the range from 1 to 5 years to evaluate the
optimal solution with varying degrees of
aggressiveness of a medium.

It is obvious that the comparison of results of
solving problems (1) and (8)—(9) is possible only
when methods of their solution guarantee a global
extremum. Since the number of variable parameters
is small, the brute force method was used in this
paper. The parameters of computational procedures
were chosen in such a way that maximum permissible
errors in solution of the system of differential
equations (9) and optimization problems themselves
in both statements were the same. In particular, a
spatial grid with the uniform distance between nodes
equal to 0.01 of the length of the change interval for
each variable parameter was used to solve the global
optimization problem by the brute force method.
The step for solving the SDE numerically was taken
to be h,=0.002t*.

The solution of the problem in the statement (1)
was taken as a reference.

In particular, for t*=5.0 years the following
optimal solution for the initial time was obtained:

X =[7,38,2,17541,2176;2,3626]' ; A=13.5117 cm.

At the time of destruction, the dimensions of the
cross-section were the following:

X, = [6, 0725;0,8679;0,1001;1,1 304]T . The maximum

stress value in the cross-section was 6,=239.99 MPa.
The analysis of the obtained solution leads to the
conclusion that an optimal design is determined,
among other factors, by a strength restriction and a
lower limit for a structural restriction on the
parameter D (Fig. 3). Similar conclusions follow
from the analysis of solutions obtained for other
values of t*.

When solving the problem in the statement (8)—
(9), the number of variable parameters of the internal
optimization problem was reduced to two due to the
use of a coupling equation and taking into account
the information obtained while solving the previous
problem.

The results of solving the internal optimization
problem are shown in table 1 for t*=5.0 years.

The bottom row of the table shows the results
of external optimization by parameter ». The internal
optimization problem was solved by the method of
parabolas.

A method for solving problems of bending rod optimization taking corrosion into account
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The discrepancy between the solution results
on the value of cross-sectional area at the initial
time was 0.32%. This result can be considered quite
satisfactory taking into account the fact that in the
numerical implementation for both statements there
were errors of the brute force method, the solution
of systems of differential equations and, for the
second formulation, the parabolas method used for
external optimization.

Table 1
Optimal solutions for different values of parameter @

A, cm’
13.62059
13.58758
13.56713
13.55690
13.55512
13.56044
13.55486

D, cm
1.22975
1.22763
1.22542
1.22313
1.22080
1.21841
1.22138

() H, cm
0.200 | 7.75717
0.220(7.62171
0.240|7.50174
0.260 | 7.39450
0.280|7.29791
0.300 | 7.21040
0.27517.32110

B, cm
2.14737
2.16506
2.18154
2.19697
2.21151
2.22522
2.20796

T, cm
2.22379
2.25665
2.28755
2.31682
2.34471
2.37145
2.33787

When solving the problem in the statement (1)
with the above parameters of the computational
method, SDU (9) was solved numerically
103183209 times, while in the formulation (8)—(9)
it was solved only 11 times.

In table 2 the results of solving the problem in
two statements with different values of the parameter
of medium aggressiveness vyt are shown. Here are
the optimal values of the coefficient of perimeter
influence o, the values of cross-sectional areas: A,
and A, obtained while solving problems in
statements (1) and (8)—(9) respectively, and the
values of discrepancy of the results.

Table 2
Optimal solutions for different values of parameter vt

Vot, cm [0} A, em’ | A, emt’ €, %
0.1 0.106 4.338 4.343 0.12
0.2 0.169 6.665 6.674 0.14
0.3 0214 8.327 8.342 0.18
0.4 0.248 11.196 11.226 0.27
0.5 0.275 13.512 13.555 0.32

These results confirm almost complete
coincidence of the solutions for both problem
statements.

Conclusions

A new method for solving a class of problems
of optimal design of corroding structural elements is
proposed and justified. It makes it possible to solve
the problem of search for optimum parameters of a
cross-section as a lower-dimension two-criterion

problem of unconstrained optimization (the criteria
are minimum area and perimeter of a cross-section).
The solution of this problem is followed by the
restoration of a sacrificial metal layer at a given value
of the parameter , which is the coefficient of
perimeter influence (internal optimization), and one-
dimensional optimization of this parameter (external
optimization). Analysis of the results of numerical
experiments confirms the fact of reducing the
computational cost by several orders of magnitude
compared to traditional methods for solving problems
of this class. Further increase in efficiency of the
proposed method can be achieved, according to the
authors, by approximating the dependence of the
coefficient of perimeter influence on a degree of
aggressiveness of a medium and a value of an applied
load. In this case, there is no need to solve the
problem of external optimization.
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METO/I PO3B’I3AHHA 3AJAY OTITUMI3ALIIT
3TMHHUX CTPVKHIB 3 YPAXYBAHHAM
KOPO3IMHOTI'O 3HOCY

3eaenuos JI.1., /lenucrwok O.P.

Y cmammi npononyemocs i 06rpynmosyemuscsi memoo po3-
6 A3aHHA 300a4i ONMUMANLHOO NPOCKMYBAHHS 32UHHUX CIPUICHIB,
W0 3Hax00aMmuCsl Ni0 GNAUBOM agpecusHux cepedoguwy. 3adaui ma-
K020 KAacy 3aumaroms ocobauee micye ceped 3a0a4 ONMUMAanbHO20
NPOEeKMYBAHHS, W0 NOACHIOEMBCS MUM, W0 MOOeAI0BAHHS KOPO3ill-
Hoi Degpopmauii 6 enemeHmax KOHCMPYKYIi uMaezac po3e6 ’13anHs He
minbKu pieHsIHb MeXaHiKu meepdoeo mina, ase i cucmemu ougepen-
YIanbHUX PIGHSAHb, W0 ONUCYIOMb HAKONUYEHHS 2e0MeMPUHHUX NO-
WK00JCeHs | 6KArUaoms 6 cebe QyHKyii Hanpyucens. Asmopu ana-
2i3yrome icHyro4i nioxodu 0o po3e6 ’a3auHsa nodibHux 3adau i npobie-
MU, Wo sUHUKAOMb npu ix eukopucmanni. Ha ocrnosi éuxonanoeo
aHanizy 3anponoHO8aHO NPUHUUNOBO HWIUL NiOXI0 00 p036 43aHHS
desKux 3a0a4 ONMUMAAbHO0 NPOCKMYBAHHS 32UHHUX CIPUICHEBUX
enemMenmia, ujo YHKUioHyIoms @ azpecusHux cepedosuuax, a ma-
KOJIC 3anpONnOHOB8AHO | 0OTPYHMOBAHO NOCMAHOBKY 3a0ati, uuce-
AbHUL PO36 A30K AKOI 8UMazae Habazamo MeHuux 004UCA08ANbHUX
eumpam, a pe3yasbmam 30ieaemucs 3 mpaoulyitiHor HOCMAHOBKOH).
Asmopu po3ersdaroms 3a0a4y éeKkmopHoi onmumizayii 3a deoma
Kpumepiamu: MiHIMAAbHOI nAOWI | nepumempa nonepeuHo2o nepe-
i3y 6 Momenm euuepnauHs Hecy4oi 30amuocmi. Ilinvoea gynkyis
eKAOHaE 6 cebe 8ac08ull KoegiyieHm @, wo 8paxoye enaug nepu-
Mempa nonepeurHozo nepepizy. Cmeopena modugikoseana cxema po3-
6’13anHs 3a0a4i onmumizayii, wo éKa4ae Mooyab 00HOBUMIPHOT
onmumizayii 3a napamempom w. 3anponoHo8aHuil cnocio 3acHoea-
HULL Ha NPUNYUWEHHI, W0 ICHYE MIiAbKU 00He 3HaYeHHs Koegiyienma
6NAUBY NEpUMempPa, NPuU SKOMY p036 I3Ku 3a0a4i K 6 mpaoduyitiHiil,
mak i 6 HOgill nocmanoskax 3biearomocs. /s npasusvHoeo no-
DIGHAHHS YuUX pe3yabmamie HeoOXiOHo, w06 nepepiz 6y10 HaA0aHo 6
000X NOCMAHOBKAX HAOOPOM NPAMOKYMHUX (pasmeHmie K 6 no-
YAMKOBUL MOMEeHmM Yacy, max i 6 MoMenm, wo 8ionogioac epauu-
YHOMY CMAHY, MOMY BUKOPUCMOBYEMbCA MOOeab KOPOOYIOU020
ekesisarenmnoeo nepepisy. Yuceavna intocmpayis 0emoHcmpye
Mmatiyce nosHul 30ie po3e’a3Kie 04a 000X nocmanosok 3adaui. Y

motl Jce 4ac, 8UKOPUCMAHHS PO3POOAEH020 MemOody 0038045€ 3HU-
3Umu 004UCAOBANbHI BUMPAMU HA KiNbKA NOPSOKIE 6 NOPIGHIHHI 3
MpaouyiiHumMu Memooamu po3e a3aHHs 3a0a4 yb02o KAdacy.

Kimouosi ciioBa: ontumanbHe MpOEKTYBAaHHSI, arpecuBHE
cepeloBUlIe, MOJIEJNb KOPOLYIOUOTro mepepisy, cucrema
nudepeHIiaIbHIX PiBHSHb.

METO/I PEHIEHW 3ATAY OITUMM3ALINN
MN3TNBAEMbBIX CTEP2KHEU C YYETOM
KOPPO3MMOHHOI'O U3HOCA

3eaenuos JI.1., /lenucrok O.P.

B cmamve npedaaecaemcs u obocnoswieaemes memoo peuie-
HUSL 3a0a4U ONMUMAALHO20 NPOEKMUPOGAHUS U32UOAeMbIX CIEDIIC-
Hell, N008epICeHHbIX 8030eliCMBUI0 aepecCUsHbIX cped. 3adavu ma-
K020 KAdcca 3aHuMaiom 0coboe mecmo cpedu 3a0a4 ONMUMAnbHO20
NPOEKMUPOBAHUsl, YMO 00BACHAEMCS meM, 4mo MOO0eAUpOsaHue
KOPPO3UOHHOU Oehopmayuu @ s1emMeHmax KOHCmpyKyuu mpedyem
DeuleHUs. He MOAbKO YPAGHEHUTI MeXAHUKU meepio2o mead, Ho U
cucmembl OUPGepeHyUaIbHbIX YPAGHEHUI, ONUCHIBAIUWUX HAKON-
JleHUe 2eOMeMPUHeCKUX NOBPeNCOeHUl U KAUARWUX 6 ce0s (yH-
Kyuu HanpsoceHuti. AGmopvl aHAAU3Upyrom cyuecmeyruue noo-
X00bl K peuleHur0 n000OHbIX 3a0a4 U 603HUKAROWUE NPU UX UCNOAb-
306anuu npobaemsl. Ha ocnose nposedennoeo ananuza npeonodicen
NPUHYURUAABHO UHOU NOOX00 K DeuleHUI0 HeKOMOoPbIX 3a0a4 ONmu-
MAAbHO20 NPOEKMUPOBAHUS U32UOAEMBIX CHIEDICHEBBIX INEMEHMO8,
DYHKUUOHUPYIOUUX 6 AePeCcCUBHBIX CPedax, a maKice npediojNceHa
U 000CHO8AHA NOCMAHOBKA 3A0a4U, HUCAEHHOE peuleHue KOMOopoll
mpef@yem 20pa300 MeHbUUX GbIYUCAUMENbHBIX 3aMPaAm, a pe3yib-
mam coenadaem ¢ mpacuyUOHHOU NOCMAKOBKOLL. A6mopbl paccmam-
DpuUearom 3a0avy 6eKmMopHOU ONMUMU3AUUU NO 08YM KPUMEDUSM:
MUHUMAALHOU NAOWA0U U NepUMempy HONePeyHO20 Ce4eHUsl 8 MO~
Menm ucuepnanus Hecyujeti cnocoonocmu. Lleneeas gynxyus exaio-
yaem 6 cebs 6eco60ll KOI(pduyueHm o, y4UmMol8arowull 6ausHue
nepumempa nonepeuroeo cevenus. Cozdana modupuyuposannas
cxema pewleHus 3a0a4u ONMUMUZAUUU, BKAKUAIOWAS MOOYAb 00-
HOMepHOU onmumu3ayuu no napamempy w. Ilpedracaemuili cnoco6
OCHOBAH HA NPEONOAONCEHUU, YO CYUECmEyem MoabKo 00HO 3HA-
YeHue KoIghuyuenma eaUsHUs nepuUMempa, npu Komopom peuie-
HUs 3a0a4u KaK 6 mpaouyuoHHol, MaK U 6 HOGOU NOCMAHOBKAX
coenadatom. Jns npaguabHo20 CPAGHEHUS IMUX Pe3YAbMAMOE He-
06x00uM0, umobbl ceverue Obl10 NPpedcmasneHo 6 00eux nocMmaHog-
Kax HabopoM npsmoYyeonbHbiX (PPasmMeHmos KaK 6 HauaabHbll MO-
MeHm 8peMeHU, MAK U 6 MOMEHM, COOMEEMCMEYIouUTi npedesbHO-
MY COCOSIHUIO, NOIMOMY UCHOAb3YEeMCs. MOOeAb KOPPOOUpYUe2o
aKeusareHmuoeo ceverus. Quciennas usirocmpayus demMoncmpu-
pyem noumu noAHoe cO8nadeHue peuerul 0 00eux NoCMaHo8oK
3ada4u. B mo sce epems, ucnoavzosanue papabomanHo2o memooa
103605€M CHU3UMb GbIYUCAUMENbHbIE 3AMPANbL HA HECKOAbKO HO-
DAOK06 NO CPAGHEHUIO ¢ MPAOUYUOHHBIMU MemO0aMU PelleHus 3a-
day amoeo kaacca.

KawoueBbie ciaoBa: onTuMaibHOE TNPOEKTUPOBaHME,
arpeccrMBHas cpefia, MOJEJIb KOPPOAUPYIOLIETO CEUEHUSI, CUCTEMa
nrddepeHIIMaNTbHBIX ypaBHEHUI.

A method for solving problems of bending rod optimization taking corrosion into account



22

ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 15-22

A METHOD FOR SOLVING PROBLEMS OF BENDING
ROD OPTIMIZATION TAKING CORROSION INTO
ACCOUNT

Zelentsov D.G., Denysiuk O.R.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article offers and justifies a method for solving a problem
of optimal design of bent rods exposed to aggressive media. The
problems of such class have special place among the problems of
optimal design, which is explained by the fact that modeling corrosion
deformation in structural elements requires solving not only the
equations of solid mechanics, but also the system of differential
equations describing the accumulation of geometric damage and
including stress functions. The authors analyze existing approaches
to solving these problem and problems of these approaches. On the
basis of this analysis a fundamentally different approach to solving
some problems of optimal design of bending rod elements that function
in aggressive media is proposed, the statement of a problem, the
numerical solution of which requires much less computational cost,
and the result is the same as for the traditional problem statement, is
proposed and justified. The authors consider a problem of vector
optimization by two criteria: minimum area and perimeter of a cross-
section at the time of exhaustion of the bearing capacity. The objective
function includes the weight coefficient o, taking into account the
influence of cross-sectional perimeter. A modified scheme for solving
the optimization problem is created, which involves a module for
one-dimensional optimization by parameter . The proposed method
is based on the assumption that there is only one value of the coefficient
of perimeter influence, for which the solutions of problems in both
traditional and new statements coincide. To compare these results
correctly, it is necessary for a cross-section to be represented in both
statements by a set of rectangular fragments both at an initial time
and at a time corresponding to the limit state, so the model of corroding
equivalent cross-section is used. A numerical illustration demonstrates
almost complete coincidence of the solutions for both problem
statements. At the same time utilization of developed method allows
reducing the computational cost by several orders of magnitude
compared to traditional methods for solving problems of this class.

Keywords: optimal design, aggressive medium, model of
corroding cross-section, system of differential equations.
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YIK 519.8

Kopawrina JI.C., beases O.P.

BU3HAYEHHA OHTHMAJIBHOT KIJIBKOCTI TA MICI1b POSMIIITEHHA
3APSITHUX CTAHIIIN 1JI EJTEKTPOMOBLIIB HA TEPUTOPII MICTA

Hauionanbhmii Texniunmii yniBepcuteT «/IHinpoBcbka mojitexHika», M. JIHinpo, Ykpaina

B poborti po3risinaeTbes 3aa4a ONTUMAIbHOTO PO3MILLIEHHST 3apSIIHUX CTAHLIN ISl eleK-
TpoMOOiIiB y M. [IHINpo y npunyiieHHi, 1[0 TAKUMU CTaHLIisIMM BapTO OOJaaHyBaTU
HacaMmIiepe[ iCHyIo4i MailIaHYuMKH J1J1s1 MapKyBaHHS aBToTpaHcrnopTy. Ha ocHOBI pe3yiib-
TaTiB aHaJli3y pUHKY eJIEKTPOMOOIIiB K B LiJOMy Mo YKpaiHi, Tak i B camomy M. JIHirm-
PO, UMcia BJIACHUKIB eJIEKTPUYHUX aBTOMOOIIIB, TEXHIYHUX MapaMeTpiB eJ1eKTPOMOOiJIiB
i 3apsIIOK, a TAKOX TMapaMeTpiB poObOoTH BXe (YHKIIIOHYIOUMX Ha TepUTOPil MicTa 3apsif-
HUX CTaHLiil CMOYaTKy BUPILIYETbCS MUTAHHS MPO pallioHaJbHY KiUIbKICTh 3apsiTHUX
CTaHIil, SKi MOTPIOHO PO3MICTUTH 3a i 3aJ0BOJICHHS IMMOTOYHOro monuty. Jaii, 3
ypaxyBaHHSIM TPaHCHOPTHOI iH(pacTpyKTypu MicTa, cepen (yHKUIOHYIOYMX aBTOCTO-
STHOK 3JIICHIOETHCSI TIOIIYK B PO3paxOBaHill KiJIbKOCTI TUX, ¢ HANOiIbII pallioHaJIbHO
(3a TepuTOpiaIbLHUM KPUTEPiEM) BCTAHOBUTH 3apsiiHi MpucTpoi. ToOTO METO ONnTUMi-
3alii € MiHiMi3allisl BicTaHi Bif HailBigmaaeHillIOro MaiqaHuYMKa UIsl apKyBaHHsSI aBTO-
TpaHCHOPTY A0 HAMOJIMKYOL 3apsiaAHOl cTaHIIii. Bu3HaueHHs onTUMaIbHOI KiJTbKOCTI 3a-
pAIHUX cTaHIii B Micti JIHinpo, 1o 3abe3rneuye MiHiMalbHI CymMapHi BTpaTH Bil Mpo-
CTOIO TIOCTIiB Ta BiIMOB Ha OOCJIYroBYBaHHSI, 3[iliCHEHO, 3aCTOCOBYIOUM MOMIEJi i MeTOIN
Teopii MacoBOro o0cayroByBaHHs. BUkoHaHMiT aHaJTi3 TaKMX TTapaMeTpiB CUCTEMU Maco-
BOTO OOCIIYTrOBYBaHHSI, SIK IOTiK 3asIBOK i MOXJIMBA IIPOAYKTUBHICTh KaHaJiB. Peaizairis
CHCTeMH MacOBOTO OOCJIyTOBYBaHHSI 3lliliCHEHa MOBOIO TiporpaMmyBaHHs1 C++ 3a HacTym-
HUX BUXiTHUX YMOB. PO3paxyHOK ONTHMaJIbHOI KiJIBKOCTI 3apsiIHMX TCTOJIETIiB HA TEPU-
TOpii MicTa 3MiCHIOETHCS y TIPUITYIIEHHI, 1110 Y BapTiCHOMY BUpaXXeHHi HOXim Bim
eKCILTyaTallil OHOTO 3apsITHOTO TiCTOJIeTa i BUTPATU HA MOro yTpUMaHHS MpU BUMYIIIE-
HOMY ITPOCTOI Maiike Ti caMi. A KoeilliEHT YMCTOTO JOXOMY 3apsiTHOI CTaHIIil TSI eJIeK-
TPOMOOIJIIB € TIPOMOPLIIHHUM Pi3HUII MiX CEpPEeIHbOIO KiJbKICTIO €JIeKTPOMOOIIiB, 1110
00CIIyTOBYIOThCSI CUCTEMOIO, Ta YMCJIOM ITiCTOJIETIB, 1110 BUMYILIEHO MPOCTOWIOTh. s
pPO3B’sI3aHHS 3a/1a4i KOMOiHATOPHOI ONTUMI3allii BUKOPUCTOBYETHCS HAOIMXKEHUI aaro-
PUTM IUTYYHOI iMyHHOI CUCTEMH.

KmouoBi ciioBa: enekTpoMoOiii, 3apsiiHi CTaHIlil, onTUMajbHEe PO3MillleHHsI, KOMOiHa-
TOpHA ONTHUMi3allisl, IMyHHi CUCTeMU, reoiH¢opMalliiiHi TeXHOJIOrII.

DOI: 10.32434/2521-6406-2019-5-1-23-29

Ilocmanosxa npobaemu

®opMyBaHHS YMOB CTaJIOTO PO3BUTKY JIHITpoO-
METPOBCHKOTO PeTiOHY MOTpedye rapMOHiIHOTO To-
€IHAaHHSI €KOHOMIYHO1, COliaJIbHO1 Ta €KOJOTriuHO1
METU PO3BUTKY COLiaJbHOI iH(pPaCcTpyKTypu, NO-
CATHEHHS KOl Tepeadayae MoJepHi3allilo peri-
OHAJILHOI 1H(PACTPYKTYpHU 3 ypaxyBaHHSIM TOTPeO
PO3BUTKY JIIOJACHKOTO MOTEHIiaay MPOMUCIOBOTO
periony [1]. IlepcrieKTUBHUMM OJIsI TOCITHEHHS
CTaJOro PO3BUTKY PErioHy BUCTYIAIOTh KPOKMU,
CpsIMOBaHi Ha MiJACUJIEHHS KOHKYPEHTHUX Tepe-

© Kopsukina JI.C., bensieB O.P., 2019

Bar po3BUTKY perioHaJIbHOI COLliaIbHOI iH(ppacTpyK-
TypH, 1110 nepeadavae y3romaKeHHs HampsiMiB po3-
BUTKY MaJIOTO Ta CEpPeAHBLOIO Oi3HECY 3 IpiopuTeT-
HUMU HampsiMaMM PO3BUTKY chepH MOCHIYT y perTi-
OHi; MiABUIIEHHS €(PeKTUBHOCTI BUKOPUCTAHHS
HayKOBO-OCBITHBOI'O TMOTEHLIially perioHy y BIIpO-
BaJKCHHI iIHHOBALIITHMX TEXHOJIOTIT PO3BUTKY COLIi-
ajibHO1 iHPpacTpyKTypu Ta iH. OOHUM 3 Tpiopu-
TeTHUX HAIpsMiB MiHiMi3allil pU3UKiB collialbHO-
€KOHOMIYHOr0 pPO3BUTKY, a OTXe, # IMpOCyBaHHS
JIHIMpOmneTpoBCHKOTO perioHy B OiK peaizaliii Liaei
ctajoro po3BuTKy HHinmpo-2030 B eKojoriuyHii

Determination of optimal number and places of location of charging station for electric vehicles inside the

city
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MiICUCTEMI € 3MEHILIEHHS BUKWIIB LIKiJUTUBUX pe-
yoBMH y noBiTpsi. Cepen iHioro B [1] 3ampomnoHo-
BaHO PO3BMBATHU SIKiCHY, HaliliHy, cTajy Ta J0-
CTYMHY iH(PacTpyKTypy, sika 06a3yeThcsl Ha BUKO-
PUCTaHHI iHHOBaLiMHUX TEXHOJOTIl, ¥ T.4. €KOJIO-
TiYHO YMCTUX BUIIB TPAHCIIOPTY.

Haii6inpin nepcrneKTUBHUMU TEXHOJIOTiSIMU
11010 3HVXKEHHSI BUKUIIB TAPHUKOBUX I'a3iB € eJIeK-
TPOMOOiTi, SIKi BKJIIOYAIOTh TiOpUAM 31 3MiHHUMU
MOJIYJISIMU 1 aBTOMOOLII 3 akymynsitopaMu. [lorut
Ha MalllMHU, 1110 MalOTh 3aMiCTh ABUTYHA BHYTPIll-
HBOT'O 3TOPSIHHSI aKyMYJISITOPHY OaTapeto, CTpiMKO
3pPOCTa€E, OCKIUIbBKU, y MTOPIBHSAHHI 3 aBTOMOOLIIMU
Ha OpraHiuHOMY MaJIMBi, OKPiM BiICYTHOCTI 1IKiIJI1-
BUX BUXJIOIIB, SIKi € OMHUM 3 TOJJOBHUX €JIEMEHTIiB
3a0pyIHEHHSI HABKOJIMIIIHHOTO CePEelOBUILIA, eeK-
TpOMOOiIi MalOTh TaKi IepeBaru: HagiiiHICTh i JOB-
TOBIYHICTh NBUTYHA TMpPU TpUBAIill eKcrulyarailii;
BUCOKMI KoedillieHT KOpUCHOI Aii; MOXJIUBICTh
3apsiIKA aKyMYJIITOPIB Bill CTaHAAPTHOI €JeKTPU-
yHOI Mepexi. OcTaHHINM acHeKT CBITYWTHL IIPO Te,
1o eaekTpomMooinb (EM) no3BoJisie 3HaUHO €KOHO-
MUTH Ha BUTpaTax, OCOOJMBO B HiUHi Yacu.

3a manumu caitty IRS Group nuiie 3 ciyHs
no kBiTeHb 2019 poKy KiJIbKicTb aBTOMOOiNiB B
KpaiHi 30inpmmnack Ha 13,1% i Ha mepiie KBiTHS
craHoBuIa 12119 enektpomo06iniB. KinbkicTh enex-
TpoMOOiTiB B M. JIHIMPO TaKOX 30iJbIIYETHCS 1110-
Mmicsasg. B Mexax MicTa OQHMM i3 CETMEHTIB, B IKMX
BXX€ BUKOPUCTOBYIOTHCS €JIEKTPOMODITi, € BAaHTaXHi
Ta MEPCOHAJIbHI MEPEBE3CHHSI.

3 orisigoM Ha Te, 10 aKyMYJsSTOpHi Oatapei
3a0€3MeuyloTh Ipobir ereKTpoMobiIiB Bim 160 mo
240 xm 0e3 mim3apsiiku, iX BaKKO BBaXXaTU TPU-
JaTHUMM U1 TPUBAIMX MOIi3M0K, 0COOJIMUBO 3 ypa-
XyBaHHSIM BiJICYTHOCTi cTaHUiil minzapsiaku. Came
HEPO3BUHEHY iH(PACTPYKTYpy 3apsiAHUX CTaHLIiKi
BBaXaloThb OAHUM 3 HenojiikiB EM Ha maHuit Mo-
MeHT. | 11e milficHO cepiio3Ha ImpobjieMa B eKCILIya-
Tallii, OCKUIbKM 3aJIMIIUTHUCS CTOSITM Ha J0OpOo3i 3
aKyMyJISITOpPOM, 10 PO3PSIAMBCS, — 30BCiM Heba-
>KaHa Mofis 1J1s1 Bodis. 3a3BUYaii J1sl TOBHOTO 3apsi-
JIKEHHST eJIEKTpOMOOiIst MOTpiOHO 6;113bKo 8—10 ro-
nuH. OTXe, MOXe 3HaIOOWUTHUCS CIielliajbHa CTaH-
List AJIs1 Mia3apsiaky, Ha SIKik eleKTpoMobiib 3Mo-
K€ repedyBaTh MPOTITOM LIbOTO Yacy.

Ha pganuit MmomeHT B JIHiMpi HapaXoBYEThCS
osm3bko 20 3apsiiHUX cTaHlliiA. Po3TallioBaHi BOHH,
B OCHOBHOMY, MOOJIM3Y TOPrOBUX LIEHTPiB, aBTOCA-
JIOHiB, Ha JeSIKMX 3arpaBKax i BEIUKUX aBTOCTOSIH-
Kax. Aje ix Ma€ Oytv 3HayHO Oinbiie. 3 1 JUIHS
2019 poxky BcTymalwTb B Jil0 Taki HOpPMaTHBMU:
MiHIMyM 5% MicIlb Ha TTapKOBMX MaliTaHYMKaX MicTa
[Hinpa maroTh OyTM OCHAILIEHI CTAHLisIMU IS 3a-

PSIIKY eJIeKTPOMOOiJTiB. A MPOTITOM HACTYITHUX
11 pokiB mnaHyeTbcs OOJIagHATA TAKMMM CTaHIIi-
SIMM BCi aBTOMaiaHYMKM B YKpaiHi.

OTXe, OCKiJIbKMU MacoBe BIpoBamkeHHs EM
Ha JaHU 4Yac YTpyIdHEHE TeXHiYHUMHU OOMEXEeH-
HSIMU, MIOB’SI3aHUMM 3 IUCTAHIIi€I0 TIepecyBaHHS Ta
TPUBAJIMM YacOM 3apsiiKM aKyMmyJsiTopa, akTyaslb-
HOIO TMPOOJIEMOIO € BHU3HAUEHHS pallioHaJIbHOIO
Yyuclia 3apsSiIHUX CTaHIIi B Mexax micta abo peri-
OHY Ta iX pO3MillleHHS.

B naniii po6oTi, 1o mepiiie, BUPILIYETHCS TH-
TaHHS MPO OMNTUMAJbHY KiJIbKiCTh 3apsaHUX
CTaHIi, SIKi MOTPiOHO PO3MICTUTU y MicTi JIHimpo
abu 3aJ0BOJILHUTU MTOTOYHMIA MOIMUT, BUKOPUCTO-
BYIOUM €JIEMEHTH TeOopil MacoBOIo OOCIYrOoBYBaH-
Ha. [lo-gpyre, craBUTbCS i PO3B’SI3yETHCS 3amada
OINTUMAJIbHOTO (32 TePUTOPiaIbHUM KPUTEPIEM)
PO3MIlLIEHHS 3apsAHUX MPUCTPOIB y MPUMYILIEHHI,
IO 1X BapTO PO3TalllOBYBaTU Ha MaljaHYMKaX IJIsl
MapKyBaHHSI TPAHCITOPTHUX 3acO0iB.

0Ozaa0 ocmannix docaioxcens i nyoaixauiii

ITutaHHs, MOB’SI3aHi 3 ONTUMAIbHUM PO3Mi-
IIEHHSIM 3apsiAHUX CTaHLii ST eJIeKTpOMOOiiB,
MPOTSITOM OCTAaHHBOTO NECSATUJIITTSI PO3IISAAINCh
OaraTbMa BYEHMMHU Ta MPAKTUKAMU SK BiTYM3HSI-
HUMM, TaK i 3apyOiKHUMMU.

Taxk, 1iKaBoO 3 TOYKU 30pYy NPUKIATHHUX 3aC-
TOCYBaHb BUsBMIAcs poboTa [2], me Iopsn 3 Mo-
JeJUTI0 OMTHUMIi3allii 3araJbHUX BUTpAT CUCTEMU
eJIEKTPUYHUX TaKCi pO3TJISIaEThCs 3amadya ONTUMi-
3allii KOMITOHYBaHHS 3apsAHOI iH(MPACTPYKTypu 3
ypaxyBaHHSIM TIOMUTY Ha TMacaXkUpChbKi MepeBe3eH-
HSI Ta TIOTPeOU Y 3apsiIKEeHHI.

ITpobneMa 3apsaXeHHsSI €JIeKTPOMOOITiB y
Anonii posrnsaaerses B [3]. TyT aBTOpU, KOHLIEH-
TPYIOTb yBary Ha mMajomy Mpobiry eaeKkTpoMoOiniB
(y cepenrbomy 160 KM), AIKMiA He TO3BOJISIE 3MiICHIO-
BaTH JajieKi moaopoxi 6e3 10CTaTHbOI KiJIbKOCTi 3a-
PSIIHUX CTaHIii, i TOMY TMPOMOHYETbCS BCTaHOB-
JIIOBATH 3apsiIHI IPpWIAaW Ha MiCISIX 3yITMHKU OIS
Jlopir, 110 HaJacTb 3MOTY BJIACHHWKAaM €JIEKTPO-
MOOiTB mogopoxXyBaTu SITIOHIEI0 BIJIBHO, HE XBU-
JIIOIOUKCH 32 3apsili CBOTO €JIEKTPOTPAHCIIOPTY.

B po6ori [4] po3risimaloTbcsl MUTAHHS, OB’ SI-
3aHi 3 PO3MILLIEHHSIM 3apSIAHUX CTAHLNA Y KpUTHU-
YHUX MICLISIX AeKiIbKOX paiioHiB Ctambyna. Buko-
PUCTOBYIOUM METOJ aHaJli3y iepapxiii, aBTOpU Olli-
HIOIOTh Bary KOXHOTO aJlbTepHATUBHOTI'O MiClIsl PO3-
TalllyBaHHSI 3 TOAAJIBIIMM iX paHXyBaHHsSM. Ha-
Jaji, i BarTd BUKOPUCTOBYIOTHCS Y SIKOCTi BXiTHMX
JaHUX JJ1 MaTeMaTUYHOI MOJIeIi 3a1a4ui BUBHAUEH-
HS1 KiJIbKOCTi 3apsiIHUX CTaHIild, 110 MaloTh OyTU
BCTaHOBJICHI.

¥V pobori [5] 3a DOMOMOT0OI0 CTAaTUCTUUYHUX

Koriashkina L.S., Belyaev A.R.
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METO/IB Ta TEOpil MacOBOTO OOCIIyTOBYBaHHSI PO3-
PaxoBYIOThCSI TapaMeTpH, SIKi € KJIIOUYOBUMU MpHU
BUOODPiI TUIIIB 3apsITHUX CTaHILiil M eIeKTpo-
MOOiJTiB. ¥ cTaTTi BUKOHAHi po3paxyHKU BiZHOCHO
JIBOX Pi3HUX THUITIB CTaHIIil: MaJioi, 3 MOXJIMBICTIO
LIBUAKOTO 3apsiIKeHHS, i BEJIUKOi, e 4ac 3aps-
JIXKEHOTO OJHOTO €JIEKTPOMOOIISI 3HAYHO OUIBIINIA.

HesKi HayKoBILIi MPOIOHYIOTh PO3TJSiAaTH B
SIKOCTi MOXJIMBUX MiCIIb JIJIs1 PO3TalllyBaHHSI CTaHLIii
3apsiIKKA €JIEKTPOMOOITIB i cepBiciB 3 3aMiHU aKy-
MYJISITOpHMX OaTapeil TpaauliiiHi Mepexi aBTo3ar-
paBHMX CTaHIIil (HapuKiam, B poooTi [6]). O6rpyH-
TOBYIOTb TaKe pillleHHSI 3MEHILEeHHSIM BapTOCTi Ta
BUKOPHMCTAHHSIM 3eMJIi Ha MOOYIOBY 3apsiIHUX Ta
aKyMYJISITOPHUX CTaHLIilA.

HesBakaioun Ha 4YMCICHHICTH IMyOJiKalriid,
MPUCBIYEHUX MpobjeMaM ONTUMAJIbHOTO PO3Mi-
LIEHHS 3apsIAHUX CTaHIiM Ta MYyHKTiB TEXHIYHOro
00CJTyTOBYBaHHS €JIEKTPOMOOILITIB, aKTyaJIbHUM Ha-
MPSIMOM HAYKOBMX JOCJiIXEHb 3aJUIIAETHCS BU-
SIBJIEHHSI palliOHaJbHUX MiCIlb PO3TalllyBaHHS 3a-
psoHuX ctaHuii o EM B Mexxax omHOro Micra Ha
0a3i BUKOPUCTAHHS Cy4YaCHUX METOZIB OITHMi3allil
Ta iHpopMalLiliHUX TEXHOJOTIM.

Mema docaidxncenns

OO0’eKTOM NOCHIIXKEHHSI € CUCTeMa MacOBOIO
oocnyrosyBanHst (CMO) BlracHUKIB €JIeKTpO-
MoO6imiB. IlpenmMeToM OOCHIIXEHHS € ITOKa3HUKU
edexTuBHOCTI podoTn CMO, a TakoX TMOIIYyK Hali-
KpallMX Micllb pO3TalllyBaHHSI CTaHLIii mJsi 3apsi-
JIKEHHST aKyMYJISITOPiB eJIeKTpoMo0iiB. MeToro m1oc-
JIIKEHDb € 3HUXXEHHSI BUTpaT Ha 3aKyMiBJIIo i ycTa-
HOBKY 3apsITHMX CTAHIii B KiJIbKOCTIi, JOCTaTHIi
IIJIsI 33JJ0BOJIEHHSI TIOTOYHOT'O MOTUTY 3 OTJISIIOM Ha
Te, 1[0 MaCOBEe BUKOPUCTAHHS €JIEKTPOMODIJIiB Mpu
3miliCHeHHI i BaHTaXXHUX, i TIEPCOHAILHUX TIepeBe-
3€Hb € KJIIOYOBUM CTpaTeTiYHUM MUTAHHSIM 3 TOY-
KM 30py €HEPreTUYHOI Oe3IeKU SIK JJIs YKpaiHU B
LiJioMy, Tak i B Mexax micta [Himnpa.

Ilocmanoexa 3adaui

Ha ocHOBI cTaTUCTUYHUX JaHUX PO KiIBKICTh
eJeKTpOMOOiNiB i (PyHKUIOHYIOUYUX 3apsIAHUX
cTaHuiil B M. JIHiMpo, OUiHUTU KiJbKicTb N 3apsi-
HUX CTaHIIiif, 1110 MalOTh OYTU PO3MillleHi Ha Tepu-
TOpii MicTa B HAMOMMKYMI yac, MOCTaTHIO IS 3a-
Oe3neyeHHs MOoTped y TaKMX CTaHIiSIX 32 YMOBU
SIKOMOT'a MEHIIIMX BUTpPAT BiJ MTPOCTOI TEXHOJOTi-
YHOTO 00JIaqHAHHSI.

Y npunyliueHHi, 1110 3apsIAHUMU TTPUCTPOSIMU
MaloTh OyTM OCHallleHi HacamIiepe] MaklIaHYMKU
IIIsI TapKyBaHHSI TPaHCIOPTHUX 3aco0iB (y ToMy
YUCII i eJIeKTpOMOOiiB), 3HATU N aBTOCTOSIHOK B
M. JIHiTIpo m1st o6nagHaHHS 1X 3apsSIIHUMM CTaHIli-
SIMM Taki, 100 MakcMMaJlbHa BiICTaHb Bim OyIob-

SIKOI 3 HUX 0 HaWOIMKJ0l 3apsimHOI cTaHIlii Oyma
MiHiMaJIbHOIO.
Buxaaod ocnoenoco mamepiany
BusHaueHHS onTMMaNbHOI KiIBKOCTI 3apsii-
HUX CTaHLii® B MicTi HHinpo, mo 3abe3meuye
MiHiMaJIbHi CyMapHi BTpaTH BiJl MPOCTOIO TMOCTiB Ta
BiIMOB Ha OOCJIYyTOBYBaHHS, 3IiliCHEHO, 3aCTOCO-
BYIOYM MOJIEJIi i METOAM TeOpili MacOBOIO OOCIIyro-
ByBaHHs. [Ipu 1IbOMy MpoOBeAeHUI aHali3 TaKUX
napameTrpiB CMO, sK MOTiK 3asiBOK Ta MOXJIMBa
MPOAYKTUBHICTb KaHajiB. BBememo HacTymHi mo-
3HAYEHHs: M — iHTEHCUBHICTh 0OCIyTOBYBaHHS, sIKa
po3paxoByeTbcsl gk 1/charging time, ne
charging_time — yac oGcyroByBaHHSI OJJHOTO eJieK-
TpoMoOijis (roauH); 1 — iHTEHCUBHICTb MOTOKA Ma-
IIKH, sIKa PO3pPaXOBYEThCS 3a (opmysolo
1/(station_time/number_cars), ne station_time — yac
pobotu craHiii, number cars — KiJIbKiCTh aBTO-
MOOIJIiB, SIKi 3apsaKaloThCsd B ONMH J€Hb, C — Ha-
BaHTaXXEHHSI OIHIEI 3apsIIHOI CTaHIIii, sSIKe HOpPiB-
Hio€ 4YacTui 1/m. IHIII nmoka3HUKU edeKTUBHOCTI
poOOTH CHCTEMU MacOBOTO OOCIIyTOBYBaHHS i (hop-
MYJIM I X oO4YMCc/IieHHs HaBeaeHi B Tabi. 1. Pea-
Jlizalisgd CMCTEMU MacoBOTro 0OOCJIyroByBaHHS
3fiiicHeHa MOBoOIO mporpamyBaHHsl C++ 3a HacTyII-
HUX BUXimHMX ganux. 3rigHo 3 caiitoMm IRS Group,
y micti IHinpo craHoMm Ha 01.04.2019 HapaxoByeThbCs
1256 enexTpomMo0OiTiB Ta ridpumiB. [1oBHMIT 3apsim
aKyMyJsiTopa MOXHa OTPUMATU IiCJAsl YOTUPHOX
TOJH HerepepBHOI 3apsiaku. Enekrpokap noTpioHO
3apsKaTA B CEPEIHbOMY KOXHI TPU IHi.
Ta6nauus 1
Iloka3nuku edextuBnocti CMO

Hassa nokaznuka
edpexruBaOCTI CMO
I'panmuHi iMoBipHOCTI 1
cradiB Bigkpuroi CMO
6e3 uepru (popmyiu
Eprnanra)

®opMyina 1 pO3paxyHKy

k

_ P _P_
Po gok! > Pk =" Po

MMOBipHICTh BiTMOBH

BigHocHa mponyckHa
CIIPOMO’KHICTh

AOCOIOTHA TIPOITyCKHA A
CIIPOMO’KHICTh

Cepenns kinbkicts EM,
110 3apsIHKAIOTHCS =0

CepenHs KUTBKICTB
HE3aTiSTHUX 3apsITHUX
MMICTOJIETIB

M
KoedinienT noxomy W=k-M
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Tabanuga 2
Ilokasnuku edexTuBnocti podoru CMO
.. AObcomoTHa . . ..
Kinpkicts Bignocna < .. Cepenns kiibKicTh | CepefHs KUIBKICTh .
MPONyCKHA HNmMoBIpHICTD . Hox1ia, ymoB
3apsTHUX . MPOITyCKHA . EM, mo HEe3aIISTHUX 3apsIHUX
. .| cnpomoxHiCTB, . BiAMOBH . . TPOII. OHH.
MMICTOJIETIB EM/rox CIPOMO’KHICTh 3apsSIKAIOTHCSA MMCTOJIETIB
1 0,246 0,014 0,985 0,985 0,014 0,971
2 0,492 0,028 0,971 1,971 0,028 1,942
3 0,739 0,042 0,958 2,956 0,044 2,913
71 16,048 0,921 0,079 64,193 6,807 57,386
72 16,186 0,929 0,070 64,744 7,255 57,489
73 16,316 0,936 0,063 65,266 7,734 57,531
74 16,439 0,943 0,056 64,756 8,243 57,512
75 16,553 0,950 0,049 66,214 8,785 57,428
Pesynbratit po3paxyHKiB BCix 3a3HaYEHUX I10- M (x{n )thn) . m=1,2,...M, oTxe |X| —M:

Ka3HUKiB e(heKTUBHOCTi pOOOTU CHUCTEeMU MacOBO-
ro oO0CJIyroByBaHHSI MPU 3MiHHIM KiJIbKOCTi 3apsi-
HUX MICTOJIETiB HaBeaeHi B Ta0J. 2.

TyT nepenbavaeTnes, 110 Yy BapTiCHOMY BUpa-
>KeHHi JOXil Bil eKcIulyaTalii OJHOTO 3apsiIHOTO
MmicTojieTa i BUTpaTU Ha WOro yTpuMaHHS MpU BU-
MYILIEHOMY MPOCTOI MalixKe Ti caMi, a YUCTUI JOXif
3apsiaHoi ctaHLil 111 EM e mpornopuiitHuM pi3HuLi
MiX BiTHOCHOIO MPOITYCKHOI CIIPOMOKHICTIO, TOOTO
cepenHbolo aojeo EM, 1110 00CIyroByloThCs CUC-
TE€MO10, Ta YHMCJIOM MiCTOJIETiB, 1110 BUMYILIEHO TPO-
CTOIOIOTb.

AHati3 pe3yJbTaTiB po3paxyHKiB MOKa3ye, 1110
yuM OiJibllle 3apsaAHUX IiCTOJETiB, TUM Oijbllia
KiJIbKiCTh BJIACHUKIB €JIEKTPOMOOIJIiB MOXe KOpUC-
TaTUCh MOCAyraMu 3 3apsilkKeHHs aBTo. OpHak, 3i
3HAYHUM 3POCTAaHHSIM KiJIbKOCTi MPUCTPOIB
301JIBLLIYETHCS KiJIbKICTh TaKUX, SIKi BUMYIIEHO MPO-
CTOIOIOTh, 1 OTXE, 3pOCTalOTh HEMPOAYKTUBHI BUT-
patu Ha ix yrpuMaHHs. ONTUMalibHa KiJIbKiCTb 3a-
PSIOHUX ITCTOJIETIB I cTaHLi — 73. 3 Takomw
KiJTBKICTIO 3apsmHUX TpUCTpoiB 93% BIaCHUKIB
€JIEKTpOMOOiJIiB, 1110 MOTPEOYIOTh 3apsIKU, 3MOXYTh
OTPUMATH BIIMOBIIHY TTOCTYTY.

ITocTaBneHa 3agaya Mpo ONTHUMAaJbHE PO3Mi-
IIEeHHS 3apsiaHuX craHuit aas EM Ha teputopii
M. [Hinpo € 3amayero KOMOIHATOPHOI ONMTUMi3allil
(3amava nMpo MOKpUTTS Ha Tpadi). 3a HeBEJIUKOI po3-
MipHOCTi BOHa MOXe OyTH PO3B’si3aHa MMOBHUM Iie-
pebopoM, B iHILIOMY BUITaJKy BUKOPHCTOBYIOTh Ha-
OJNIM>KEeHi aJrOpuTMU — €BOJIIOLIIHI, pOIOBI, IO-
CJIiIOBHI aJITOPUTMM, iHIIIi METOAMU.

HaBenemo maTeMaTHuHy MOCTaHOBKY 3ajadvi.
ByneMo BUKOpPUCTOBYBaTH Taki MO3HAUYEHHS: X —
MHOXWMHAa BCiX aBTOCTOSIHOK, KOXHa 3 SIKMX HafgaHa
cBoiMM  reorpa¢giyHUMU  KOOpAMHATaMU

M*={1,2,...,M} — MHOXMHa iHIEKCiB €JIEMEHTIB 3
X; 2}\1 — MHOXHWHa BCUIIKMX KoMOiHallil i3 M ene-

MeHTIB 110 N eJIEMEHTIB, G, = { - JN} — eJIEMEHT

MHOXWHA Z}\I ,

2}\]‘ =CII\\IA ; c(x™, x¥) — BimcTaHb MixX
aBTOCTOSIHKaMM X™, xX, mzk, m, ke M.

IToTpiObHO 3HaNTU TaKe G*EEJN , 3a IKOTO Ha-
OyBa€e MiHIMaJIbHOTO 3HAYEHHS HACTYITHA BEJIUYU-
Ha:

R(c) = max minc(x™,x")

meM*\c kec

Tob6To BennumHa R(s) mis koxHoro ¢ikcona-
Horo Habopy N iCHylO4YMX MailaHYMKIB 1151 TIap-
KyBaHHSI aBTOMOO1JTiB BU3HAYA€ HANOUIbIIY BiiCTaHb
Bil OyIb-sIKOI aBTOCTOSIHKM IO HAMOJIMK4YOro Maii-
JAHYUKY i3 3apSITHUM TIPUCTPOEM.

BximHoro iHdopMali€ro ajs 3amadi € MaTpULs
HaMOIVKIMX BiICTaHEH MiX KOXHOIO Mapor Mak-
JAHYMKIB, IKa MoOyJIoBaHa 3a JOMOMOIOIO CEPBICY
Google API. Axiio mpumycTrTH, 110 3apsaHi CTaHIIiL
MaloTh TPU 3apsIIHI MiCTONETH, TOOTO KOXEH KaHal
CMO mae Tpu NOCTH, TO, BUXOISIUU 3 MOMNEPEAHBO
OTPUMAaHMX pe3yjabTaTiB, B MicTi JIHimpo mMae OyTu
24 Takux ctaHuii. OCKiJbKHU PO3MipHICTb 3aaadi 3a
TaKMX JAHUX BeJIMKa, pO3B’SI30K 3a7adyi OTpuMaHui
3a JOTOMOTOI0 HAOJIVXEHOTo aJTOPUTMY LUTYYHOI
iIMYHHOI CHCTEMH, a caMe aJITOPUTMY KJIOHAJbHOTO
Binoopy (CLONALG) [7], 610K cxemy SIKOTO Ha-
BelIeHO Ha puc. 1.

AJITOPUTM peaji3oBaHO 3a JOMOMOIOK MOB
nporpamyBaHHs R Ta C++. BiH MaHinyJ0e BeKTO-

Koriashkina L.S., Belyaev A.R.
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Puc. 2. Pe3ynbraTt po3paxyHKiB LITYYHOI iIMyHHOI CUCTEMU

Puc. 3. OntumanbsHe po3MillieHHs 24 3apsiqHKMX CTaHLii B M. JIHinpo

POM HiICHUX 4YmceJ, A€ KOXEH €JIEeMEHT — 1Ie HO- HeoOXimHO po3MicTUTH y MicTi HdHinpo. Po3pobie-
MEp aBTOMOOLILHOTO MalilaH4YuKa, Ha SIKMi HeoO- Ha Iporpama mnependadae BUOIp L€l BEIMYMHU KO-
XiTHO BCTAaHOBUTH 3apsIAHY CTaHIIilo. JIoBX1Ha BeK- puctyBaueM. Ha puc. 2 HaBeneHo rpagik, 1110 Bigo0-
TOpY AOPiBHIOE KiJIBKOCTI 3apsIIHUX IIPUCTPOIB, SIKi  paxye 301KHICTh MPOLIeCY HaJIAIUTyBaHHS IUTYYHOI
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IMYHHOI CHCTEMM IS MOIIYKY PO3B’SI3Ky 3amadi
KOMOIHATOPHOI ONMTUMi3allil METOIOM KJIOHAJIbHO-
ro Bimdopy, poboTa SIKOro 3ajJeXWUTh Bill TaKMX Ma-
paMeTpiB aJITOPUTMY: pO3Mip ITOMYJIAL1, KOePillieHT
KJIOHYBaHHS, Koe(illiEHT HaWTiplIuX aHTUTIN,
KIJIBKICTh KJIOHIB [8].

3a gomomorolo 6i0ioTex shiny ta leaflet ot-
pUMMaHi pe3yJibTaTu Po3paxyHKiB OyJIM BizoOpaxkeHi
Ha iHTepaKTHMBHIiil KapTti Micta JIHimpa. Ha puc. 3
HaBeJEHO OINTUMAaJIbHE PO3MillleHHSI 24 3apsIIHUX
craHuiii. Kpim Toro, Ha KapTi KOXHili po3Tallo-
BaHilf 3apgAHili cTaHLii MOCTaBJeHUN Yy
BiMOBIAHICTb CBill KOJIip, i LIUM KOJIbOPOM MO3HAa-
YyeHi HaWOJIMX4i 10 HbOTO iCHYHOUi MaillIaHYMKMU.
OTrxe, BoAHOYAC i3 poO3TalllyBaHHSIM 3apsaAHMUX
CTaHLii 3iliCHeHe PO30OUTTSI MHOXUHU BCiX (yH-
KI[IOHYIOUYMX MalJaH4YMKiB JJIs1 MapKyBaHHSI aBTO-
TPaHCIIOPTY Ha MiAMHOXWHMU, B MeXKax SIKUX Hak-
Onmkya 3apsiiHa CTaHIlisl OJHA i Ta cama.

Bucnosku

Otxe, B po0OOTi po3B’sI3aHa 3aaya ONTUMaJlb-
HOTO PO3MIillIeHHS 3apsIAHUX CTaHLii IJis eJIeKTpo-
MOOiTiB B M. JIHIMpO y MPUIyLIEHHi, 1110 TaKUMU
CTaHIiSIMY BUTiAHO 00JIaAHYBaTU HacaMmIiepes iCHy-
04i MalWgaHYMKW IJs1 MapKyBaHHSI aBTOMOOIIB.
ITpu uboMy craBuacs 3a MeTy MiHiMi3allis BiacTaHi
BiJl HABiIJaJICHIIIIOrO MaiJaHYMKa JJIsT ITapKyBaHHS
aBTOTPAHCIIOPTY 10 HAMOJMXKUOI 3apsIAHOI CTAHIIil.
KinpKicTh 3apsimHUX CTaHIIIM, SIKi PO3MILIyBaJIMCS,
po3paxoBaHa 3a JOMOMOTOI0 METOMiB Teopii Maco-
BOro 0OCJIyrOByBaHHS. 3 ypaxyBaHHSIM pe3yJIbTaTiB
aHaJlizy PUHKY €JIEeKTPOMOOIIB SK B IiIJIOMY IIO
VkpaiHi, TaKk i B camomy M. JIHinpo, 4yuciaa Biac-
HUKIB €JIeKTPUYHUX aBTOMOOIIiB, TEXHIUHUX XapaK-
TEPUCTUK eJIeKTPOMOOIIIB i 3apsaoK, a TaKOX Ta-
paMeTpiB poOOTU BXe (DYHKIIOHYIOUMX Ha Tepu-
TOpii MicTa 3apsiAHUX CTAHLiA BUSBJIEHO, IO IS
3aI0BOJIEHHS MOMUTY Maiike 93% BomiiB eeKTpo-
KapiB JOCTaTHbO PO3MICTMUTHM Ha TEPUTOpil MicTa
73 3apsOHUX MiCTOJeTU. Y MPUITYIIEHi, 1110 KOXHa
CTaHIIis Ma€ B CepeaHbOMY I10 3 3apsIgHi ITicToe-
TH, cepel, (PYHKILIOHYIOUUX aBTOCTOSIHOK 3HalIeHi
24 Tux, ne HaWOLIbII pallioHAJIbHO (3a TEPUTOPI-
aJIbHUM KpUTEPiEM) BCTAHOBUTU 3apsiAHI MPUCTPOI.
OnTuMajibHEe PO3MIllIeHHS 3apsiAHUX CTaHLiil Ha
TepUTOPii MicTa, a TaKOX HAWOIMXKYi 10 KOXHOI 3
HUX aBTOMOOIJIbHI CTOSIHKY TMpeNCcTaBleHi Ha KapTi
Micra [Himnpa.

Hanmani xopucHO mpm MomemoBaHHI 3amadi
OINTUMAJIbHOTO PO3MIllleHHSI CTaHIlili BpaxoByBaTU
piBHOMipHE HaBaHTaXK€HHSI Ha BCi CTaHIii, MOX-
JMBUN TpUOYTOK i TEPMiH OKYMHOCTI BKJIaJAEHMX
iHBECTMLIA.
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ONPEJNEJEHUE OITUMAJIBHOTO KOJTMYECTBA 1
MECT PASMEIIEHWA 3APAHBIX CTAHLIUW IJIA
OJIEKTPOMOBWIEU HA TEPPUTOPUU I'OPOJA

Kopawxuna JI.C., beases A.P.

B pabome paccmampusaemcs 3adaua onmumanvHoeo pas-
MeueHust 3apsoHbIX cCmaHyutl 04s saeKkmpomodunell 6 2opode J[nenp
6 NPeonoNoNCeHUU, YMO MAKUMU CIAHUUAMU He00X00UMO 060py-
dosamy, 6 nepeyro ouepeds, cywecmeyiouue mecma 04s RAPKOBKU
aemompancnopma. Ilpedcmaenenst pesysvmamo: anaiu3a pyiHKa
2nekmpomobuneli Kak é yeaom no Yxpaure, max u 6 camom 2opooe
Jlnenp. Ha ocHose ungopmayuu o koauvecmee 61a0eavlye8 1eKm-
PUHECKUX a6moMOOuUAeli, MEXHUMECKUX NAPAMEmPax 3AeKmpomo-
bunell u 3aps00K, a Mak Jce napamempax pabomst yice QyHKuuo-
HUPYIOWUX HQ MeppUmopuu 20pooa 3apsaoHbiX CManyuil, peuaemcst
6HAYANE BONPOC O PAYUOHANLHOM KOAUYEeCmEe 3apsioHbIX CMAHYULL,
Komopble HeobX00uMo pazmecmums 045 Y008AeME0PeHUs MeKyuie-
20 cnpoca. Jlanee, ¢ yuemom mMpaHCnOPMHOU UHGPACMPYKMYDPbL
2opoda, cpedu YHKUUOHUPYIOUUX ABMOCMOSHOK OCYUecmensien -
Cs1 NOUCK 8 HYICHOM KOAuYecmee mex, e0e Haubonee payuoHanbHO
(no meppumopuaibHoOMy Kpumepuio) yCmaHogumy 3apsoHble ycm-
poticmea. Lleavio onmumusayuu 1645emcs MUHUMUZQAUUS PACCMOSL-
HUsi om camoli danvHel nAowadku 045 NapKOBKU A8MOMPAHCHOpP-
ma do 6audcatiuell 3apsaoHol cmanyuu. Onpedesenue onmumans-
H020 Koauuecmea 3apsoHbiX cmaHuyull 6 eopode JlHenp, Komopole

Koriashkina L.S., Belyaev A.R.
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obecnevusaom MUHUMANbHbIE CYMMAPHble pacxodsl Om HPOCmos
nOCMO8 U 0OMKA308 HA 00CAYICUBAHUE, PearU308aHO C NOMOULLIO
Modenell u Memodoe meopuu Maccogoeo oocayyucusanus. Ilposeden
AHAAU3 MAKUX NApamempo8 CUCMeMbl MACCOB020 0OCAYICUBAHUSL,
KaK nOmMoK 3As1860K U 803MOJICHAS NPOOYKMUBHOCMb KaHAA08. Pea-
AUBAUUSL CUCEMbL MACCOB8020 00CAYICUBAHUS PeANU308aHA HA A3bl-
Ke npoepammuposanus C++ ¢ ucnoavzosanuem credyloujux ucxoo-
Hoix yeaoguid. Pacuém onmumanshoeo Koauvecmea 3apsaodubix nuc-
moaemoe Ha meppumopuu 20poda ocyuecmensiemcs 6 npeonoso-
JHCeHUU, YMO 8 CMOUMOCIHOM BbIpadceHuu 00Xo0bl OM IKCHAYAma-
Yuu 00H020 3apAOHO20 NUCMOAEMA U PACX00bl HA €20 CO0epICaHUe
npu 8bIHYICOEHHOM npocmoe noumu 00HU U me Jce. A Koaghguyu-
eHm Yucmoeo 00x00a 3aps0HOl CMAaHyuu 0s Inekmpomoouieil s16-
JS1emcst NPONOPYUOHANLHBIM PA3HUYE MeNCOYy CPeOHUM KOAUYEeCBOM
2neKmpomoduneil, Komopule 00CAYICUBAIOMCS CUCMEMOU, U YUCIOM
nuUCmonemos, Komopoie 8blHysc0eHHO npocmausarom. /s peuwe-
HUs 3a0a4u KOMOUHAMOPHOU ONMUMU3AUUYU UCNOAb3Yem st nPUOAU-
JICEHHBLU AN0PUMM UCKYCCMBEHHOU UMMYHHOU CUCMEMDbI.

KioueBbie ciioBa: 3JeKTPOMOOMIIN, 3apsiAHbIE CTAHIINM,
ONTUMAJIbHOE pa3MelleHre, KOMOMHATOpHAsI ONTUMU3ALNS,
WMMYHHBIE CCTEMBbI, TeOMH(MOPMAIIMOHHBIE TEXHOJIOTHH.

DETERMINATION OF OPTIMAL NUMBER AND PLACES
OF LOCATION OF CHARGING STATION FOR ELECTRIC
VEHICLES INSIDE THE CITY

Koriashkina L.S., Belyaev A.R.
Dnipro Polytechnic, Dnipro, Ukraine

The article deals with the problem of optimal placement of
charging stations for electric vehicles in Dnipro under the assumption
that the existing sites for parking should be primarily equipped with
such stations. Based on the results of electric vehicles market analysis,
generally in Ukraine, as well as inside Dnipro city, of the number of
electric car owners, technical parameters of electric vehicles and
charging stations and also operation conditions of charging stations
that already exist in the territory of the city, the issue about rational
quantity of charging stations which need to be placed for satisfying
current demand should be settled above all. After that, taking into
consideration transport infrastructure of the city, the search of the
estimated number of car parking lots among operational ones is
carried out in order to find the ones where chargers are mostly
rational to be installed (according to territorial criterion). Thus, the
purpose of optimization is to minimize the distance from the most
remote car parking lot to the nearest charging station. Determination
of the optimal number of charging stations in Dnipro, which ensures
minimal total losses from posts downtime and service denial, is carried
out using models and methods of Queuing theory. The analysis of
such parameters of the Queuing system as the flow of applications
and the possible efficiency of channels was carried out. The
implementation of the Queuing system is effected using C++
programming language with the following source data. The calculation
of the optimal number of charging pistols in the city is based on the
assumption that in terms of value, income from one charging pistol
operation and expenses for its maintenance under forced downtime
are almost the same and the coefficient of net income of charging
station for electric vehicles is proportional to the difference between
the average number of electric vehicles serviced by the system and
the number of pistols forced to stand idle. To solve the combinatorial
optimization issue, the approximate algorithm of the artificial immune
system is used.

Keywords: electric vehicles, charging stations, optimal
placement, combinatorial optimization, immune systems, geoin-
formation technologies.
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Informational methods for analyzing and managing systems under uncertainty are studied.
The expediency of use of information uncertainty in tasks of identification of control
objects and synthesis of regulatory systems is justified. For the numerical evaluation of
information uncertainty, an amount of disinformation is used as Bongard’s negative useful
information. Such information uncertainty can serve as a criterion for the adequacy of a
mathematical model of a control object. Information assessment of the modeling accuracy
is applicable to any method of identification and allows a researcher to compare the
accuracy of models that differ from each other by the method of obtaining (analytical or
experimental), nature (deterministic or stochastic models), specific implementation (physical
or mathematical models). In the course of parametric identification, an optimization
problem of finding a minimum of information uncertainty in the parameter space of a
mathematical model can be solved. The information uncertainty criterion provides
verification of the statistical hypothesis about the adequacy of a particular model. If the
criterion value exceeds a certain critical value, the adequacy hypothesis must be rejected.
To calculate the critical values of the information adequacy criterion, a statistical experiment
was performed. Using the Monte Carlo method, the probability distribution of the
information criterion was investigated. A sufficiently smooth empirical criterion distribution
function was constructed. The distribution of the information criterion has a pronounced
asymmetry and a small positive kurtosis. It is revealed that this distribution is best
approximated by the Generalized Extreme Value Distribution law. The critical value can
be defined as a quantile of the level of 0.01 or 0.05 for this distribution.

Keywords: adequacy, computer modeling, distribution law, identification, information
criterion, Monte Carlo method, control object, statistical hypothesis, uncertainty.
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Statement of the problem

As known, the synthesis of control systems
begins with the process of obtaining a mathematical
model of a controllable object. Meanwhile,
developers are encountering the problem of
incomplete correspondence of models with an
identified object. Thus, during system synthesis, the
models remain uncertain.

The sources of model uncertainty are:

— incomplete knowledge of the physical and
chemical processes occurring in the object;

— assumptions and simplifications, taken during
a model formation;

— noises, interferences and measurement errors
taking place in experimental researches of objects;

— parameters changes in the object over time.

Another problem is the quality assessment of

© Manko G.I., Chistokletov E.P., 2019

the obtained model. To solve this problem, additional
researches are carried out, listed in the report [1].

Verification is the process of determining that
a model implementation accurately represents the
developer’s conceptual description of the model and
its solution.

Validation is the process of determining the
degree to which a model is an accurate representation
of the real world from the perspective of the intended
uses of a model.

Both verification and validation are processes
that accumulate evidence of a model’s correctness
or accuracy for a specific scenario; thus, they cannot
prove that a model is correct and accurate for all
possible scenarios, but, rather, it can provide evidence
that a model is sufficiently accurate for its intended
use.

Manko G.1., Chistokletov E.P.
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Adequacy is the decision that the model fidelity
is sufficient for its intended use.

Fidelity is the difference between simulation
and experimental outcomes.

Analysis of recent research and publications

Conceptual model validity, model verification,
operational validity, and data validity were discussed
by Robert G. Sargent [2]. Four different approaches
to determining model validity are described, a
graphical paradigm that relates verification and
validation to the model development process is
presented, and various validation techniques are
defined.

In the article [3], the analytical expressions are
obtained to determine the dynamic characteristics
of controllable objects by the parameters of closed
systems transient function. However, the automation
of such process is extremely difficult.

In the work [4], the peculiarities of the
controllable object identification by measures of
Toolbox PID Tuner in the MATLAB environment
are considered. There is stated that automatic
identification does not always give satisfactory results.

A.N. Trunov [5] gives an overview of the works
devoted to the general patterns of selection criteria
search for settling the adequacy. There is an
indication of a single expression of adequacy
assessment absence, which makes possible taking into
account several factors of influence and suggesting
expressions for their calculation. It is proposed to
use a criterion that is inversely proportional to the
standard deviation of a model from experimental
values.

The dispersion methods for adequacy
assessment are widely known. E.P. Chernogorov [6]
states that the system model allows a researcher to
model some general population. The experiment
provides a separate implementation of this general
population. The model also provides an
implementation of a general population, reproducing
the experimental conditions. The adequacy
assessment lies in checking statistical hypotheses
about the belonging of these realizations to the same
general population.

It should be noted that the dispersion criteria
of the adequacy, like Fisher criterion [7], are
applicable only in the case of a normal distribution
of model variables, which doesn’t always take place
in practice.

Objective

The purpose of this work is to substantiate the
criterion of information uncertainty application to
assess the adequacy of models obtained in the course
of identifying controllable objects.

Informational uncertainty

The philosophical category of “uncertainty” is
in the focus of many scientists’ attention. The authors
of the article [8] consider uncertainty as a concept
expressing a certain phenomenon associated with a
subject-object relation. This makes it possible to
distinguish four aspects of the study of the uncertainty
concept. Uncertainty is a concept that can display:
the properties of an object, the conditions of
interaction between an object and a subject, the
features of subjective perception, the features of
interaction of new knowledge with current
knowledge. So uncertainty is a category that reflects
the absence of any (material or ideal) orderliness.

For control systems that are the subject of our
research, in work [9], questions of quantitative
estimation of orderliness and related concepts of
complexity, organization, and entropy are considered.
According to [9], ranking can be viewed as a
characteristic of order — the absence of a difference
in relation to something taken as the standard of
order.

We consider a multidimensional parallelepiped
in the parameter space of a system used in interval
systems theory as such standard. We will consider
such n-dimensional parallelepiped as a target area,
avector X, directed from the origin of coordinates
to the target area as a standard of order, and a system
in such a state as ranked. The difference measure of
the system parameters real vector X={x1,x2,...,xn}
from order standard X, characterizes the disorder
v.

Uncertainty takes different meanings in different
situations and at different times. If m situations are
possible, the probabilities of which are p,,p,,...,Pm,
then the ensemble gives a complete characteristic of
disorder at each moment of time

[371,372,...,31}
PisPrses P )

A generalized ranking characteristic is the
organization of the system, which, like ranking, is

more convenient to estimate through the opposite
value — disorder:

(1)

— 1 d m —
O:UaBUsiUpjf(V), (2)

where U is the symbol of generalization of the
disorder characteristics, respectively, for m situations,
d elements of a system and 1 time intervals; f is a
function by which weighting of the disorder is

Use of information uncertainty in identification tasks
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performed by the existence factor of its occurring in
relation to a certain functioning of the system
indicator; p;, s;, o, are the weights of j-th situation,
i-th element and B-th time interval, respectively.

Taking formula (2) as a basis, we can derive a
set of relations that can be used as an estimate of
uncertainty. To simplify, let’s take d=1 and I=1. We
perform the operation of generalization by m
situations with weighting by probabilities included
in the ensemble (1):

0= ij logIlg,,

j=

(3)

where Ily; is some numerical characteristic of
differences X from X, , called the disorder
parameter.

Taking a j-th situation disorder probability

H?j =P; as a parameter, we obtain Shannon’s
informational entropy formula:

6=H=—ijlogpj. (4)
i

Mathematical model of a system under
investigation due to inevitable inaccuracies gives
distribution Q={q;} instead of real distribution P={p;}.

Taking H\?j =q;, we obtain Bongard’s uncertainty

formula [10]:

O=N(p/q)=-)_p,logq;. (5)
J

According to Bongard, useful information
stored in the distribution Q={q;}, regarding the
problem with a probability of response P={p;}, is:

4;
IH=H—N(p/q)=ZpJ. logp—. (6)
; .

J

Unlike the amount of information according
to Shannon’s classical theory, useful information can
have both positive and negative meaning. Due to
inaccuracies of a system’s mathematical description,
we should talk about the misinformation:

p.
D=N(p/q)—H=ijlogq—’. (7)

J J

Thus, the uncertainty estimate brought by the
model is disorganization according to formula (3),
in which Ily;=p;/q;. We will call the amount of
misinformation (7) the information uncertainty.

Obviously, the largest value of misinformation
occurs when H=0. Dividing the information
uncertainty (7) by its maximum possible value, we
obtain the relative information uncertainty:

p.
2P, logqu > p; logp,
J j j

= = =l— J .
supD —ijlogqj ijlogqj
J ]

n (8)

Ways to use informational uncertainty in
identification tasks

Information uncertainty in the form (7) can
be used as a criterion for the adequacy of
mathematical models. Accurate assessment of
modeling accuracy is possible with any method that
makes it possible to compare models with different
characteristics (analytical or experimental), character
(deterministic or stochastic models), implementation
of realizations (physical or mathematical models).
A mathematical model cannot be defined as minimal
uncertainty.

Relative information uncertainty in the form
(8) can be used as a criterion for the adequacy of
models obtained by other methods. Moreover, there
is both the possibility of comparing several models
and choosing the most adequate, taking the least
amount of misinformation, as well as examining the
adequacy of a particular model’s statistical hypothesis.

Here is the way to determine whether the model
is adequate. Let us assume that there is some object,
a state of which is characterized by the variable y
(output value of the object). As a result of
experimental researches, which used the method of
a passive experiment, for instance, a statistical
sampling of the object’s values was obtained. The
estimate of probabilities p;is a ratio of a sample’s
number of v; implementations, falling within a j-th
separation interval of a range of y value, to the sample
size n.

Let there also be a mathematical model of such
an object, for which model value of the output

variable ¥ can be calculated, and by methods of

information theory or mathematical statistics, a
distribution Q={q;} can be found.

We hypothesize that a mathematical model is
adequate to an object. To examine the hypothesis,
we need to calculate a criterion of information
uncertainty value for model in the form (7), for which

Manko G.1., Chistokletov E.P.
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we use statistics

1 \Z
S=—) v.log—-.
nzj: ! gnqj )

The resulting criterion value is compared with
its critical value. If the calculated value is greater
than critical, the adequacy hypothesis is rejected.

To calculate critical values, it is necessary to
know the adequacy criterion distribution law. The
distribution law can be determined by the statistical
computer simulation method, described in [11].

The calculating power of modern computers
allows us to solve many problems using a statistical
experiment. Regulatory document P 50.1.037—
2002 [12] recommends: if the probability distribution
law is used to describe the sample F(x,0) and
estimates of its parameters are found, and to test a
complex hypothesis H,: F(x)e{F(x,0),60eQ} a
researcher doesn’t know the statistical distribution
of the corresponding criterion, it is rational to use
the methodology of statistical laws computer analysis,
which is well proven in modeling distributions of
criteria statistics.

To do so, by the law F(x,0) there should be
modeled N statistical samples of the same volume n
as a sample, for which an examination of the
hypothesis H,: F(x)e{F(x,0),06eQ} is needed. Next,
for each of the N samples, it is necessary to calculate
the same parameters of the law estimates, and then
S statistics of the studied criterion value. As a result,
statistics values sampling S,,S,,...,Sy will be obtained
with the distribution law G(Sn*H,) for examined
hypothesis H,. For this sample, with a sufficiently
large N, a quite smooth empirical distribution
function of Gy(Sn”H,) can be built, which can be
directly used to conclude whether the hypothesis H,
can be accepted. Simulated distribution deviations
from the theoretical one at N=2000 usually have an
order of H~*+0.015. If necessary, it is possible to
build an approximate analytical model,
approximating G(Sn”*H,), and to make afterward a
decision about the examined hypothesis, based on
this model.

The information criterion of the probability
distribution values research was carried out by the
Monte Carlo method. A sample of random v; values
was generated, for which the value of the S statistics
was determined, and this was repeated 3000 times.
This is a number greater than N=2000, recommended
in [12]. For a sample of criterion values obtained
this way, the distribution of criterion values histogram
was built. The critical value was defined as 0.01-

quantile.

The information criterion distribution has a
pronounced asymmetry and a small positive kurtosis.
Lognormal Distribution, Gamma Distribution,
Weibull Distribution, Generalized Extreme Value
Distribution can give such a picture. Compliance
with all these distributions was verified using the
information criterion. The calculation results showed
that the Generalized Extreme Value Distribution
provides the best approximation. However, as shown
by additional researches, in the small values of
information uncertainty criterion region, these
distributions density curves differ from the normal
distribution curve a little bit, and the quantile level
of 0.05 for these distributions is almost equal. This
gives grounds to state that at a trust level of 90%, it
is permissible to use value tables of the normal
distribution function to determine the critical values
of the information adequacy criterion.

Conclusions

The use of the informative uncertainty criteria
in the tasks of identification has been proposed in
this paper. As a criterion for informational
uncertainty, it was proposed to use the amount of
misinformation brought by the mathematical model.
The formulas for calculating such a criterion were
given. The ways of using the criterion in the course
of solving identification problems are shown.
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BUKOPUCTAHHSA THOOPMALIIITHOI
HEBU3HAYEHOCTI B 3ATAYAX ITEHTU®IKAILIIT

Manxo I'.1., Qucmoxaemos €.11.

Busuaromucs inghopmauitini memoou ananizy ma ynpagninHs
cucmemamu 8 ymogax Hegusnaverocmi. O0rpyHmoeano 0oyinbHicmo
BUKOPUCMAHHS IHOPMAYIUHOI HesU3HaueHOCmI 6 3ada4ax i0eHmu-
ixauii 06 ’ekmie ynpaeninHs i cunme3sy cucmem peeyniosanis. /s
4UCA06020 OUIHIBAHHS THGOPMAYIUHOI HeeU3HAYeHOCMI 8UKOpUC-
mMosyemuCsl KinvKicme 0e3iHgopmayii Ik HeeamueHoi KopucHoi iHgop-
mayii boneapoa. Taka ingopmauitina HegusHauenicmo modxce cay-
eyeamu sk Kpumepii adekeamnocmi mamemamu4Hoi modeni
00’ekma ynpaeninua. Ingopmayiina ouinroeants mounocmi mooe-
AHBAHHS MOXCce 6ymu 3acmocoeana npu 0yob-sKomy memodi iden-
mucpikayii i 0036015€ NOPIGHIO6AMU MOUHICMb MOOeaell, W0 8i0pi3Hs-
romobcsi 00Ha 6i0 00HOI MemodoM OMPUMAHHS (AHAAIMUYHUM abO
eKcnepumMeHmanbHum), xapakmepom (demepminoeari abo cmoxac-
muyHi mModeni), KOHKpemHow0 peanizauiero (Qizuuni abo mamema-
muyHi modeni). B xodi napamempuyroi idenmudhixauyii moce eupi-
Wy8amucsi ONMUMI3ayidHa 3a0a4a NOWLYKY MiHIMyMY iH@opmayi-
HOI HeGU3HA4eHOCMI 8 NPOCMOpPI napamempie Mamemamu4Hoi Mo-
deni. Kpumepiii inghopmauitinoi nHesusnauenocmi 3abe3neyye nepe-
GIDKY CMAmMuCmu4Hoi einomesu Npo a0eK8amHicmbv KOHKPemHOI
modeni. HdKkujo 3nHauenHs Kpumepilo nepesuujye oeske Kpumuiute
3HAueHHs, 2inome3a npo adeKeamuicms NOBUHHA Oymu GiOKUHYmMA.
st po3paxyHKy Kpumu4HUX 3Ha4eHv iHOPMAyiliHoeo Kpumepiro
adexeamuocmi 6ye 30ilcHeHUll cmamucmu4tull excnepumerm. 3
suxopucmanusim memody Moume-Kapao 6yn0 docaioxncero po3nodin
timogipHocmell inghopmauitinoeo kpumepito. byra nobydosana do-
cums enadka emnipuvHa QyHkuis posnodiny kpumepiro. Posnodin
iHghopmauyitiHoeo Kpumepito Mae supascery acumempiro i Hegeau-
Kuil nosumusHull excyec. Buseneno, wo yeil po3nodin HauKpauum
yyHom anpokcumyemocs 3axkoHom Generalized Extreme Value
Distribution. Kpumuune 3nauenus modice 6ymu 6U3Ha4eHoO K K8aH-
muas piens 0,01 abo 0,05 yvboeo poznodiny.

KnwoyoBi cinoBa: anekBaTHiCTh, KOMIT'IOTEpHE
MOIeTIBaHHS, 3aKOH pO3MOAiNy, imeHTudikais,
inbopmaniitnuit  kpurepiit, meron MoHTe-Kapio,

KOHTPOJIbOBaHU I 00’€KT, CTATUCTUYHA TiNoTe3a, HEBU3HAUCHICTb.

HCITOJIb30BAHUE MHO®OPMAITMOHHO
HEOITPEJEJTEHHOCTH B 3AJTAYAX
WIEHTAPUKALINU

Manxo I''H., Yucmoxaemos E.II.

H3zyuaromes ungopmayuonHvie memodsl aHaru3a u ynpas-
AeHUs cucmemamu 8 ycaogusx Heonpedeaennocmu. OOocHoeaHa
1e1eco06pazHOCMy UCHOAB3068AHUS UHPHOPMAYUOHHOU HeonpedeneH-
Hocmu 6 3adauax udeHmugukayuu 006seKmos ynpasieHus u CuH-
me3a cucmem peeyauposanus. Jlis uucio6oi oyeHKu uHgopmayu-
OHHOU HeonpedeseHHOCU UCNOAb3YeMCsl KOAUYeCmeo 0e3uHgpopma-
Yuu KaxK ompuyamenvroll noaesnoi ungopmayuu bouneapoa. Takas
UHGDOPMAYUOHHAS HEONPEOeAeHHOCHIb MOJNCem CAYICUMD 6 Kaye-
cmee Kpumepusi A0eK8amHoCy MaAmeMamu4eckou modeau 00sex -
ma ynpaenenus. Hugopmayuonnas oyenka movyHocmu modeaupo-
BAHUS NPUMEHUMA NPU AH060M Memoode udeHmugukayuu u no3eo-
Aslem CPAGHUAMb MOYHOCHb MOOeAeli, OMAUYAIWUXC Opye Om
dpyea memoodom noAyueHuUs (AHANUMUYECKUM UL KCNePUMEHMA b~
HbIM), Xapakmepom (OemepMUHUPOBaHHble UAU CIMOXACMUYecKUue
Modenu), KOHKpemHoU pearusayuell (Qusuueckue uau mamemamu-
ueckue modeau). B xode napamempuueckoil uoenmugpuxayuu mo-
JHcem peuamuvCs ONMUMU3AYUOHHAS 300a4a NOUCKA MUHUMYMA UH-
@PopmMayuoHHOI HeonpedeseHHOCMU 6 NPOCMPAHCMEe NAPAMEmMpPO8
Mamemamueckoll modeau. Kpumepuii ungpopmayuontoti Heonpe-
deneHHOCMU 00ecneyugaem nPogepKy CMamucmu4ecKol eunomesbl
00 adexkeamHocmu KoHKpemHot modeau. Ecau 3nauenue kpumepus
npeevluiaem HeKkomopoe Kpumu4eckoe 3Ha4eHue, eunomesa 00 adex-
eamuocmu doadcHa 6bime omeepeHyma. Jlis pactema Kpumuuec-
KUX 3HQYeHUl UHQPOPMAYUOHHO20 Kpumepusi adeKeamnocmu Gbia
npoeeder cmamucmuueckuti sxcnepumenm. C UCnoAb308aHUEM Me-
moda Monme-Kapao 6b10 uccaedosaro pacnpedeneHie 6eposmuo-
cmell uHgopmayuorHo2o kpumepus. bviia nocmpoena docmamou-
HO enadkas smnupuxeckas (DYHKYuUs pacnpedesenus Kpumepus.
Pacnpedenenue ungopmayuonnoeo Kpumepus umeem ebipaiceHHyo
acumMmempuro u Heboabuol NOA0JICUMeNbHbIL dKcyecc. Boisgaeno,
4mo 3mo pacnpedenenue HAUAYHUUM 00pazom annpoKCUMuUpyemcs
3axonom Generalized Extreme Value Distribution. Kpumuueckoe
3Ha4YeHue modcem Obimb onpedeneHo Kaxk Keawmuav ypoeus 0,01
uau 0,05 smoeo pacnpedenenus.

KnioueBble ciaoBa: afeKBaTHOCTb, KOMITbIOTEpHOE
MOJIIECJTMPOBaHUE, 3aKOH pacIpeieieHus, UIeHTUGUKAIUS,
nHpOpPMaUMOHHBI KpuTepuit, meton Monte-Kapio,
KOHTPOJIMPYEMBI OGBEKT, CTaTHUCTUUYeCKas TUIMOTe3a,
HEONPeIeIeHHOCTb.

Manko G.1., Chistokletov E.P.
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USE OF INFORMATION UNCERTAINTY IN
IDENTIFICATION TASKS

Manko G.1I., Chistokletov E.P.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

Informational methods for analyzing and managing systems
under uncertainty are studied. The expediency of use of information
uncertainty in tasks of identification of control objects and synthesis
of regulatory systems is justified. For the numerical evaluation of
information uncertainty, an amount of disinformation is used as
Bongard’s negative useful information. Such information uncertainty
can serve as a criterion for the adequacy of a mathematical model of
a control object. Information assessment of the modeling accuracy is
applicable to any method of identification and allows a researcher to
compare the accuracy of models that differ from each other by the
method of obtaining (analytical or experimental), nature (deterministic
or stochastic models), specific implementation (physical or
mathematical models). In the course of parametric identification, an
optimization problem of finding a minimum of information uncertainty
in the parameter space of a mathematical model can be solved. The
information uncertainty criterion provides verification of the statistical
hypothesis about the adequacy of a particular model. If the criterion
value exceeds a certain critical value, the adequacy hypothesis must
be rejected. To calculate the critical values of the information
adequacy criterion, a statistical experiment was performed. Using
the Monte Carlo method, the probability distribution of the information
criterion was investigated. A sufficiently smooth empirical criterion
distribution function was constructed. The distribution of the
information criterion has a pronounced asymmetry and a small positive
kurtosis. It is revealed that this distribution is best approximated by
the Generalized Extreme Value Distribution law. The critical value
can be defined as a quantile of the level of 0.01 or 0.05 for this
distribution.

Keywords: adequacy, computer modeling, distribution law,
identification, information criterion, Monte Carlo method, con-
trol object, statistical hypothesis, uncertainty.
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RECOGNITION AND GENERATION OF QR/BAR CODES IN MOBILE APPLICATIONS
Ukrainian State University of Chemical Technology, Dnipro, Ukraine

The article is devoted to the analysis of methods of recognition and generation of QR/bar
codes in mobile applications. The most common algorithms for detecting and generating
codes are considered: Otsu method, Reed-Solomon codes, binary coding algorithm, Orazio
Gallo and Roberto Manduchi approach. In this article, it is proposed to use an algorithm
based on these approaches, which is refined and used for the software implementation of
the mobile application. The main stages of the recognition process in the work are: converting
a color image into gray shades (using the pixel hue difference method); gray image
binarization (Otsu algorithm); using affine transformations to preserve parallelism, which
includes rotation, stretching, shifting, scaling. The main stages of the generating process
for QR codes are: processing and reduction to the standard form for QR codes; the process
of generating a binary string (in the work data of only numerical and symbolic types was
considered); counting the total number of characters in the source string and converting
the decimal number to a binary representation; determining the length of the generated
binary string according to the Denso Wave standard (the encoding of character types is
different); determining the required length of the final binary string; auxiliary tokens are
concatenated; generation of Reed-Solomon error correction codes. Three types of bar
codes are considered: code 128, code 39, and EAN 13. The last type was used. A bar code
scanner includes two steps for automatically scanning all bar codes: finding the location of
the bar code, bar code decoding. To localize the image and the bar code that is captured
by the system, the algorithm of Orazio Gallo and Roberto Manduchi is used. In order to
obtain a smoothed map, a block filter of a certain size was used, taking into account the
size of the input code image. In addition to the code localization, it is cut off: the intensity
of each pixel is taken into account, and the lines of the bar code (pixels with an intensity
greater than zero) are highlighted. An image with improved contrast is converted to binary
form, and to convert to an ideal image, each image column is scanned and checked for the
maximum number of pixels with an intensity of zero or one. This article focuses on
describing the edge detection process. The decoding algorithm uses an array of code width
bands. All the above approaches and algorithms based on them are implemented as a
mobile application for recognition and generation of codes.

Keywords: recognition, generation, binarization, affine transformations, bar code.
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Formulation of a problem

A sufficient amount of works has been devoted
to recognition of texts [1], labels and barcodes. The
use of QR codes (Quick Response code) in everyday
life opens up new opportunities: to establish a
connection between hyperspace and real life, using
modern technologies for transmitting digital data
streams and methods of indirect information transfer.
QR codes are often used for commercial tracking,
travel tickets, storage of personal information, etc.

© Nikonenko A.N., Korotka L.I., 2019

As is well known, bar codes are read with
scanners that use laser beams. Currently, smartphones
can also be used as scanning devices for QR codes.
This is a very simple, easy and convenient way to
access specific URLs or websites. The fact that there
is no need to manually enter the URL provides a
better conversion, and therefore it is good for
marketing purposes and more.

Quite contradictory requirements are put
forward for QR codes: the code must store a huge

Nikonenko A.N., Korotka L.1I.
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amount of necessary information, however, at the
same time occupy a small area. In addition, if the
information is damaged, then it should be easily
restored. In this case, the code must have a high
recognition rate, despite the fact that some of it may
be missing. Obviously, it is quite convenient and
practical to scan information using mobile phones
where a recognition program is installed. Obviously,
the development of free mobile applications for
recognition and generation of codes is relevant.

Analysis of recent research and publications

It should be noted that, despite the practical
application of codes and the relevance of their use,
there are not so many works on their detection and
generation. As you know, the concept of a QR code
first appeared in Japan in 1994: a code standard was
developed and presented to track the different stages
of Toyota production at its enterprises. Due to
simplicity, the popularity of QR codes has increased,
which made it possible to use these two-dimensional
codes in all spheres of human life [2]. The most
common is the algorithm proposed by Otsu,
calculating the binarization threshold for a halftone
image, which is used in the field of computer pattern
recognition and image processing to produce black
and white images [3].

One approach to decoding bar codes was
proposed by Orazio Gallo and Roberto Manduchi.
The method is based on deformable patterns and
uses all the information about the gray level of each
pixel. They presented a new bar code decoding
algorithm (localization and reading) that can work
with blurred, noisy images and low-resolution
images [4].

In the general case, when generating noise-
proof codes (Reed-Solomon), multiplication and
division of polynomials into each other is used [35].
The algorithm proposed by Luping Fang and Chao
Xie can detect a bar code area even against a complex
background using image analysis based on areas.
Unlike traditional image analysis based on regions,
the algorithm is processed using an integral image.
It can work with images that are blurred, contain
obliquely arranged barcode areas and are shot under
different lighting conditions. The fast and reliable
way to detect a noisy barcode is offered by Xianyong
Fang [6—8].

Formulation of the objectives of the article
(problem statement)

The paper discusses the methods of recognition
and generation of QR / bar codes that are available
in the public domain and analyzes them. An aim of
the work is to develop an algorithm for generating
and detecting codes, on the basis of which a mobile

application is created. In this case, special attention
is paid to the performance of the developed algorithm.

Presentation of the main research material

As is known, the use of two-dimensional bar
codes is that the printed code is transmitted to the
object, then read using a mobile device that has a
functioning camera and installed necessary software
that will decode the bar code itself.

The QR code detection algorithm presented in
this work consists of several stages: searching for
outlines in the image; contour approximations; search
for suitable quadrangles; FP block ratio checker
(Finder Pattern).

There are not many programs that read and
decode QR codes, they are all implemented using a
simple code detection algorithm on the image
obtained from the camera, after which a simple
procedure for information decoding takes place. And
all this requires a completely clear positioning of the
selected area on the device and a special arrangement
of QR codes, the area must exactly coincide with
sides of QR codes. That is, the user needs to
independently focus on a necessary QR code and
control that the area for QR code scanning coincides
with the decoded QR code itself.

Let us dwell on the important points of this
process. First of all, you need to convert a color
image into an image with gray shades. A method
based on the difference in the illumination of pixels
is used. It is a modifiable analogue of the method of
averaging values of the three components of each
pixel [2]. Calculated by the formula:
Pli][j]I=(R+G+B)/3.

For this work, the selected coefficients of color
components are: P,.,=0.21-R+0.71-G+0.07-B.

The result will be the calculation of all pixels
in the image by the formula, after which a new image
only in shades of gray is obtained.

For binarization of the image, the Otsu method
is used, where the image forms a bimodal histogram.
Next, the optimal threshold is computed, which
divides the two classes so that their intragroup
dispersion tends to the minimum value. The method
is described in a way below [3].

Let q, and q, be the probabilities of each class,
which were calculated using the formulas:

Recognition and generation of QR/bar codes in mobile applications
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Dispersion for each of the classes is determined
as follows:

o} (0=X[i-w (0]

(0= X [i-n(0]

i=t+l

The mean value of each class is calculated:

ul(t)ziiPEi;;

i1 q; (t

Mz(t): ZI: iP(i)

i=t+1 O (t) ‘

In order to get a result you need to maximize
the following equation:

Gi :GZ—ci(t):

=q,()[1-a, () [ () -1, (1) ] -

As a result, the required threshold was obtained,
by which it is possible to divide the histogram into
two classes and to assign the pixels of the smaller
class to zeros, and to the pixels of the other class to
ones. Thus, the binarized image is obtained and
proceed to the next stage.

As is known, affine transformations retain
parallelism. The full group of affine transformations
consists of four transformations:

— turn;

— stretching;

— shift;

— scaling.

Transformations of this group can be written
in different ways, for example, [4].

The process of coding QR codes is divided into
several main stages. The process, which is
implemented in this work, is described below.

The first stage is that a string with input data is
processed and reduced to the standard form for QR
codes.

After the string with the initial data is received,
the process of generating a binary string begins. Four
technical bits are added to the beginning of the binary
string X, which are determined based on the data
type being encoded. The list of possible combinations

includes: 0001 — numeric data, 0010 — alphanumeric
data, 0100 — binary information, 1000 — special
Japanese characters. In order to simplify the process
of displaying the results, only numerical and symbolic
data were considered in the paper.

In the next generation step, the total number
of characters in the source string is calculated and
the decimal number is converted to a binary
representation. It is necessary to determine a length
of the generated binary string according to the Denso
Wave standard.

In order to encode a character data type, the
source string must be broken into pairs of characters.
Then you need to know the value from the ASCII
table for the first character in each of the pairs, this
value is multiplied by the number 45, then the value
is taken according to the same ASCII table for the
second character in each of the pairs. These two
values are summed, and each pair of symbols has its
own numerical value. The resulting numbers must
be sequentially represented as 11-bit numbers in
binary form. If the line contains an odd number of
characters, then the value for this character from
ASCII is taken and converted to a 6-bit binary
number. All received blocks are also concatenated
with the generated string X on the right side.

After completing the described steps, it is
necessary to refer to the version table of Denso Wave
again, and to determine the required length of the
final binary string. If the length of the string X is less
than required, then from the right side from 1 to
4 bits are added (depending on how many characters
are missing). The generated string X is divided into
8-bit tokens (blocks) and, if the last block is less
than 8 bits, then zeros are appended to it on the
right side.

At the final stage of generating a binary string,
auxiliary tokens are concatenated with string X. In
case the generated string is smaller than required
(according to the version table), eight bit blocks are
added to the end of the generated string in turn,
until the required number of bits is reached: 11101100
and 00010001. When the generated string contains
the required number of bits, the binary string is
considered to be finally generated and can be used
in the next steps of generating QR codes.

Next, go to the generation of Reed-Solomon
codes for error correction. As noted earlier, in general
case, when generating Reed-Solomon codes, the
multiplication and division of polynomials are used.
For example, if polynomial A is a code word
(generated on the basis of the binary string obtained
in the previous step), and B is an irreducible
polynomial that is known to both sides exchanging
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information, then their multiplication will generate
a new polynomial C.

This process means that when the transmitted
message is received, the process of decoding it will
be to divide the polynomials by each other. If the
division of a polynomial C by a polynomial B leaves
a remainder, then a transmitted message contains
an error. The remainder of the division forms a
polynomial syndrome, through which you can find
out the damaged bits. In addition, in some cases,
you can correct a certain number of errors in the
received message. If the degree of polynomial B
differs from the degree of polynomial A by at least
two, then it is possible not only to determine the
presence or absence of an error in the transmitted
message, but also to correct some of them. In this
case, the following equation (where k is the degree
of the polynomial; t is the maximum value of possible
corrections) shows that the redundancy of Reed-
Solomon codes is: k=2-t.

The process of generating Reed-Solomon codes,
their encoding and decoding, is described in the
appendix of the QR codes specification [5]. As a
result of generating a string using Reed-Solomon
codes for the original message, a set of decimal values
will be generated. They need to be converted to binary
format and concatenated with the source line on
the right side. The result of all the previous steps
will be a string in binary format containing the original
message data plus Reed-Solomon codes in order to
provide the possibility of error correction in the
decoded message. Using Reed-Solomon codes, code
words are generated in order to recover errors when
reading information from a QR code. Then they are
combined with the original message, which was
generated at the first stage of the algorithm. The
result will be one line containing a certain number
of bits according to the specification. At this stage,
the QR code has not yet been formed. Next, we
analyze how the two-dimensional representation of
a QR code is generated. To begin with, a standard
QR code pattern is generated, which contain all the
necessary technical bits needed to define auxiliary
information. Such standard template is the basis of
any QR code. This template always includes three
positioning markers located in an upper left and right
corner, as well as in a lower left corner of a template.
In addition, all the templates contain special Timing
Patterns (alternating white and black pixels), which
serve to pre-determine the version of the QR code.

With a known version of the QR code and a
level of error correction, and in the presence of all
the technical primitives in the template, the filling
of the template of the QR code with previously

generated information begins. The process of adding
bits of the original message to the matrix is as follows:
first, the first pixel (a color is selected according to
the value of the bit) is located in the lower right-
most corner of the template. The second pixel is
added to the left of the first on the same line. The
next pair of bits is located on top, similar to the first
two. This is how the entire template column is filled.
When the filled column has reached the top of the
template, the process begins anew, but from the first
free cell located on the top-right (the same process,
but only from the bottom upwards), as well as the
first column. Thus, the entire QR code template is
filled. The received QR code is not fully completed
at this stage. In order to complete the code generation
process, it is necessary to apply special masks and
calculate penalty values from the received QR codes.
According to the specification, it is necessary to
generate eight different types of QR codes based on
the newly generated one. Each of these eight codes
is defined by its formula, presented in the table.

Each of the formulas presented is used to
determine whether a pixel located with certain indices
should be replaced with the opposite value.

A bar code is a visual display of information in
the form of stripes and gaps on the surface. Stripes
and spaces can be of different widths and consist of
numbers, symbols. Today, different types of bar codes
are used (code 128, code 39 and EAN 13) [6—8]. In
this case, EAN 13 is used.

Formulas for generating eight codes

Mask Pattern Condition
0 (i+j) mod 2=0
1 i mod 2=0
2 jmod 3=0
3 (i+j) mod 3=0
4 ((i div 2)+(j div 3)) mod 2=0
5 (ij) mod 2+(i j) mod 3=0
6 ((ij) mod 2+(i j) mod 3) mod 2=0
7 ((1j) mod 3+(i+j) mod 2) mod 2=0

Here i is the row index, j is the column index.

The BAR code scanner includes several bar
code scanning steps:

— finding the location of the bar code;

— bar code decoding.

The numbers are divided into three groups, that
is, they form three different sets of numbers. The
first group is encoded using a scheme, where each
digit has two possible codings: one with even parity
and the other with odd parity. The first digit is

Recognition and generation of QR/bar codes in mobile applications
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encoded with the choice of pattern. Each digit in
the last group of six digits is encoded using one set
of column patterns that are used for the Universal
Product Code (UPC). When the first digit is zero,
then the digits in the first group of six are encoded
using patterns that are used for the UPC; because of
this, the UPC bar code is treated as an EAN-13 bar
code with the first digit shown as zero [6].

In this paper, the algorithm by Roberto
Manduchi and Orazio Gallo was chosen, which states
that the bar code image is captured by the camera in
such way that the vertical axis is parallel to the stripes.
Also, this image is transformed into an image in a
gray tint [7]. It is necessary to calculate the horizontal
and vertical derivatives Ie(n) and Iy(n) for each pixel
n, then they are combined in a non-linear way, which
is calculated by the formula: Ie(n)=|Ix(n)—|ly(n)|.

It is possible to suggest that the majority of
points in the bar code must have a large Ie(n) value.
To achieve it, a block filter of size 31r31 is used over
Ie(n), and a smoothed map Is(n) is obtained.

The filter size is selected from the size of the
incoming bar code image and the smallest bar code
size. As a result, the binary form Is(n) is presented
with a threshold, which is calculated using the simple
Otsu method, and the output image. Next, the pixel
No is selected, which tends to the maximum Is(n).
The vertical and horizontal line extends from No
and a rectangle is formulated, which has sides parallel
to the axes of the bar code image.

As is well known, when a bar code is scanned,
unnecessary information that surrounds it enters the
camera. Therefore, when the process of localization

of the bar code passes, the information surrounding
it will be deleted (the pixels are zero). The image is
then cropped: the lines of the bar code are highlighted
(the pixels are greater than zero).

Since an image can be distorted in real time, it
needs to be converted to perfect. To do this, you
need to check each column for the maximum number
of pixels with an intensity of zero or one. If a column
has more pixels with one, then the column needs to
be converted to pixels with intensity of one. In order
to detect edges, you need to create an array of edges
that forms the edges of the bar code image strips.
The bandwidth is calculated by subtracting the
successive elements of the array of edges (the
bandwidth is the input to the decoding).

Decoding occurs in such a way that the bar
code number is decoded using an array of width
bands. The first digit does not change (because the
first digit is the country code, it will not change).
The first group, which includes six digits, is encoded
as LGLGGL, and the remaining group, which also
consists of six digits, is encoded as RRRRR (the
black and white columns alternate where white is
zero and black is one) [7].

All of the above is implemented as a mobile
application, some of the results of its use are shown
in the figure.

Results and conclusions

The article describes an approach to developing
a mobile application for recognizing and decoding
QR/bar codes.

As a result, the following tasks were solved:

— algorithms for the transformation of
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geometric objects on the plane, coding and decoding
of QR/ bar codes, recognition and image processing
were studied;

— algorithms for the selection of QR/bar code
in the image;

— algorithms necessary for converting QR codes
to standard form using affine transformations are
presented;

— implemented QR/bar code decoding
algorithm;

— developed a mobile application based on the
described algorithm.
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PO3III3BHABAHHA TA TEHEPAIIIA QR/BAR-KOJIB ¥V
MOBLIIBHUX TOJATKAX

Huxonenrxo O.M., Kopomxa JI.1.

Cmamms npucesuerHa aHaiizy memooie po3nizHasaHHs ma
eenepauii QR/bar kodie 6 mobirbHux dodamkax. Pozeasnymo
Haubinbw nOWUpeHi areopummu 0emeKmy8anHs i KOOY8aHHs K00ig:
memod Ouy, kodu Pioa-Conomona, areopumm 08ilikooeo Kody-
eanHs, nioxio Opauio T'aano i Pobepmo Mandyui. Y pobomi npono-
HYEMbCA GUKOPUCIOBYBAMU ANOPUMM, AKUU 0A3YEMbCA HA 343HA-
ueHUx nioxooax, ma, aKutl 000NPaybOBAHO i BUKOPUCMAHO 045 NPO-
epamHoi peanizayii mMobinbHoeo dodamky. OcHOGHUMU emanamu
npoyecy po3nizHaanHs @ pooomi €: KOHBEPMAyis KOAb0P08020 300-
PadsceHHs: y GiOMiHKU Cipo2o (8UKOPUCMOBYEMbCS Memo0 Di3HUYi
8iominkie nikcenie); biHapusauyis cipoeo 300paxcenHs (areopumm
Ouy); eukopucmaHHs agiHHUX nepemeopers 05 30epediceHHs na-
DpaneavHocmi, AKi 8KAI0HAIOMb NOBOPOM, DO3MASHEHHS, 3DYUICHHS,
Mmacwumabyeanus. OcHosHumu emanamu npouecy eewepauii QR-kodie
€: 0b6pobka i npueedenns do cmandoapmuoeo dass QR kodieé éudy;
npouec eenepayii GinapHux psokie (6 pobomi pozeasdasucs OaHi
MIiNbKU YUCEAbHOO | CUMBOAbHORO MUNIB); NIOPAXYHOK 3A2aNbHOT
KiAbKocmi cumeonie y 3a0aHomy psaoKy i nepemeopenHs 0ecimko-
6020 4ucAa 8 OiHapHe HAOGHHS, GU3HAYEHHS 008ICUHU OIHAPHO2O
pAodKa, wo eeHepyemocs, 6ionogiono do cmaroapmy komnanii Denso
Wave (kodyeanHs cumeonbHux munie 30iliCHIOEMbCA IHaKUle); 8U-
3Ha4eHHs] HeoOXiOHOI 008XCcuUHU KiHUeo2o OiHapHo2o psdka; 00-
NOMINCHI MOKeHU KOHKameHyromocsl, eeHepauis kodie Pida-Cono-
MOHa 045 Kopekyii nomunok. B pobomi poseasHymi mpu munu
wmpux-kodig: kod 128, kod 39 i EAN 13. Buxopucmaro ocmanHii
mun. Ckanep wimpux-kody eKA4ae 6 cebe 06a KpoKu 045 Aemo-
MamMu4H020 CKAHYBAHHSA 6CIX WMPUX-K00i6: 3HAXOONCEHHS PO3Ma-
WYBAHHS WMPUX-K0JY,; 0eK00yearHs wmpux-kody. /s aokanizayii
300pancents wimpux-kKoay, AKull 3aX0NAEMbC CUCEMOI0, UKO-
pucmanuti areopumm Opauuo Taano i Pobepmo Mandy4i. 3 memoro
OMPUMAHHSL 321a0XHCeH0i Kapmu, UKOPUCMAHo 610K08uUll girbmp
NeBH020 PO3MIDY 3 YPAXYBAHHAM PO3MIPY 8XIOH020 300pajiceHHs KOOy.
Kpim nokanizayii kody, eukonyemocs 1i02o 00pizka: poseasdaemocs
IHMEeHCUBHICMb KOJCHO20 niKceas | 8UOiNgiombcs paoKU wWmpux-
K00y (nikceni 3 inmeHcugricmio binvuie HyAs). 300pasiceHHs 3 noain-
WeHOI0 KOHMPACMHICMIO Nepemeoproemuscs 6 08ilikogy gopmy 0as
nepemeopenHs 6 ideanvhe 300padcents, KOJNCeH Cmosneyb 300pa-
JCEHHA CKAHYEMBCA | NepesipaemuvCs HA MAKCUMANbHY KiAbKicmb
nikcenie 3 iHmeHcusHicmio Hy1b a6o oduHuys. B pobomi oxpemy
yeazy npudineHo onucy npoyecy 6Us6AeHHs ePAHUUb 300PANCeHHS.
Aneopumm 0ekody8aHHs GUKOPUCIOBYE MACUB CMYe WUPUHU KOOY.
Bci suwie euxnadeni nioxodu ma Ha ix ocHogi areopummu, peanizo-
8aHi y 6uensidi MobinbHO20 000AMKY PO3NI3HABAHHS Ma 2eHepauii
Kodie.

KumouoBi ciioBa: po3mnizHaBaHHS, TeHepallisi, OiHapu3alis,
adinHe nmepeTBOpeHHsI, ITPUX-KOJI.

PACIIO3HABAHUME U TEHEPALIIA QR/BAR-KOJ1OB B
MOBWIBHBIX ITPIJIOXKEHUAX

Huxonenro A.H., Kopomkas JI.H.

Cmambsi noceswjeHa aHaiusy memooo8 pacno3HA8auust u
eenepauuu QR/bar k0doe 6 mobuavHbIX npunocenusx. Paccmom-
DeHbl Hauboaee pacnpocmpaHentble aieo0pummsl 0emeKmupo8aHus
u Kodupoganus K0dos: memod Ouy, koder Puda-Coaomona, areo-
pumm 08ou4H020 Koouposauus, nodxod Opayuo Tarro u Pobepmo
Manoyuu. B pabome npedsacaemcs Ucnoav3oeames areopumm, 6a-
UPYIOWULICS HA YKA3AHHBIX N00X00ax, KOMOopbiil 0opaboman u uc-
N0Ab306aH 0451 NPOSPAMMHOU Pearu3ayuu MoOUALHO20 npedaoce-
Husi. OCHOGHbIMU SMANAMU NPOYECCa PACHO3HABAHUS @ pabome 516-
ASTHOMCA: KOHBEPMAYUS YBETHO20 U300DAXNCEHUS. 6 OMMEHKU Cepo2o
(ucnonv3zyemesi Memoo pasHoCmu OMmeHK08 nuKcenell),; 6uHapusa-
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yus cepoeo usobpaxcenus (areopumm Ouyy); ucnoav3oeauue ag-
huHHbIX NPeobpaz08anHuil 015 COXPaHeHUs NAPAIIeAbHOCMU, KOMO-
pble 8KAIOYAIOM NOBOPOM, PACMSdNCeHUe, cOsUe, MACWMaduposa-
Hue. OcHosHbiMu 3manamu npoyecca eedepauuu QR-xodoé s615-
romes: o6pabomka u npusedenue k cmandapmuomy 01 QR kodoe
6udy; npouecc eeHepauuu 6uHapHou cmpoku (6 pabome paccmam-
PUBAAUCH OGHHbIE MOABKO YUCAEHHO20 U CUMBOAbHO20 MUNO0E); NO0-
cuem o0uec0 KoAU4ecmeda cUME0A08 6 UCXOOHOU CmpoKe U npeoo-
Dazoeanue decaAmMu4H020 4UCAa 6 OUHAPHOe npedcmaeneHue; onpe-
denenue ONUHbL 2eHepupyemoli OUHAPHOU CMPOKU COAACHO CMAH-
dapmy xomnanuu Denso Wave (kodupoeanue cumeonbHbix munoe
ocyujecmensiemcs uHaue); onpeodeneHie Heo0Xo0UuMoi ONUHbl KOHeY-
HOU OUHAPHOU CMPOKU,; 6CNOMO2AMeNbHbIe MOKEHbl KOHKAMeHUpy-
romes; eenepayusi k0008 Puda-Conromona 045 KoppeKuuu ouuoox.
B pabome paccmompenst mpu muna wmpux-x00og: kod 128, koo 39
u EAN 13. Hcnoavsoean nocaeonui mun. Ckanep wmpux-koda
eKA04aem 6 ces 06a wiaea 045 A8MOMAMUYECK020 CKAHUPOGAHUS
6CeX WMPUX-K0008: HAX0NCOeHUEe MeCIONOA0NCEHUEe WMPUX-K00d;
dexodupoearnue wmpux-koda. Jlns nokasusayuu u300paxiceHus
WmMpUX-K00a, KOmMopwlii 3aX6amvléaemcs CUCIEMOU, UCNOAb308AH
aneopumm Opayuo Tarro u Pobepmo Mandyuu. C yeavro noayue-
HUsL CenadceHHOU Kapmol, UCNOAb308aH OA0UHbLU purbmp onpede-
JIEHHO20 Pa3mepa ¢ Y4emoM pasmepa 6X00H020 U300pasiceHus Kooa.
Tlomumo noxanusayuu Kooa, bINOAHAEMCs €20 00pe3Ka: paccmam-
pueaemcsi UHMEHCUGHOCb KANCO020 NUKCENs U GblOeASIHOMCS CHPOKU
wmpux-koda (nukceau ¢ UHMeHCUsHocmuvro 6oavuie Hyas). M306-
padicenue ¢ YAyHueHHOU KOHMPACMHOCMbI0 Npeodpasyemcs 6 060-
UYHY0 hopmy u 04 npeobpazoeanus 6 udeasvHoe usodpadicerue,
Kaocowlii cmoabey, u300pasicenusi CKaHUpyemcs: U nposepsaemcs Ha
MAKCUMAAbHOE KOAUHECME0 RUKCeAell ¢ UHMEHCUBHOCIBIO HOMb UAU
edunuya. B pabome omoenvHoe éHuMaHUe yOeaeHO ORUCAHUI NPO-
yecca obHapysceHus Kpaes. Aneopumm 0eko0uposanus Ucnonb3yem
maccue noaoc wupusl Kooa. Bee eviuie uznoxcertvie nodxodst U Ha
UX OCHOBE AN20PUMMbL, PeaNU308aHbl 6 8U0e MOOUNLHOR0 NPUAOICe-
HUSL DACNO3HABAHUS U 2eHEPAYUU K0O08.

KnwueBbie cjaoBa: pacro3HaBaHHUe, TFeHepauus,
ouHapu3arusi, ahppruHHbIE MPeoOpPa30oBaHUsl, IITPUX-KOJI.

RECOGNITION AND GENERATION OF QR/BAR CODES
IN MOBILE APPLICATIONS

Nikonenko A.N., Korotka L.1I.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article is devoted to the analysis of methods of recognition
and generation of QR/bar codes in mobile applications. The most
common algorithms for detecting and generating codes are considered:
Otsu method, Reed-Solomon codes, binary coding algorithm, Orazio
Gallo and Roberto Manduchi approach. In this article, it is proposed
to use an algorithm based on these approaches, which is refined and
used for the software implementation of the mobile application. The
main stages of the recognition process in the work are: converting a
color image into gray shades (using the pixel hue difference method);
gray image binarization (Otsu algorithm); using affine transformations
to preserve parallelism, which includes rotation, stretching, shifting,
scaling. The main stages of the generating process for QR codes are:
processing and reduction to the standard form for QR codes; the
process of generating a binary string (in the work data of only
numerical and symbolic types was considered); counting the total
number of characters in the source string and converting the decimal
number to a binary representation; determining the length of the
generated binary string according to the Denso Wave standard (the
encoding of character types is different); determining the required
length of the final binary string; auxiliary tokens are concatenated;
generation of Reed-Solomon error correction codes. Three types of
bar codes are considered: code 128, code 39, and EAN 13. The last
type was used. A bar code scanner includes two steps for automatically

scanning all bar codes: finding the location of the bar code, bar code
decoding. To localize the image and the bar code that is captured by
the system, the algorithm of Orazio Gallo and Roberto Manduchi is
used. In order to obtain a smoothed map, a block filter of a certain
size was used, taking into account the size of the input code image.
In addition to the code localization, it is cut off: the intensity of each
pixel is taken into account, and the lines of the bar code (pixels with
an intensity greater than zero) are highlighted. An image with improved
contrast is converted to binary form, and to convert to an ideal
image, each image column is scanned and checked for the maximum
number of pixels with an intensity of zero or one. This article focuses
on describing the edge detection process. The decoding algorithm
uses an array of code width bands. All the above approaches and
algorithms based on them are implemented as a mobile application
for recognition and generation of codes.

Keywords: recognition, generation, binarization, affine
transformations, bar code.
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HEKOTOPBIE OCOBEHHOCTHN KOMITBIOTEPHOT'O MOJAEJINPOBAHUA N3TBA
YIIPYI'OU KPYT'OBOU APKU C BBIPE3OM
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® 'BY3 «/IHenpoBcKmii HAMMOHAJBHBINA yHUBepcuTeT nMend Osecs Tonyapa», r. Tnenp, YKkpanna

KoHcTpyKiiny, MoaeIupoBaHWe KOTOPBIX CBOAMTCS K CXeMe KPYroBOil apKu, ILIMPOKO
MPUMEHSIIOTCSI B CJIOKHBIX COOPYXXKEHMSIX TUIIA TUIOTUH U MEPEeKPBITUIA, TIPY TTPOSKTUPO-
BaHUU CWJIOBBIX 3JIEMEHTOB B aBUa- U CyIOCTPOEeHUU. Il peleHus] pa3InyHbIX TEXHO-
JIOTMYECKUX 3a7ay B TOJIIMHE apKu 4acTO HEOOXOAMMO MpeaycMOTpeTh Bbipesbl. [1pu
9TOM IPU BbIOOPE pALlMOHATBHBIX MapaMETPOB KOHCTPYKIIUM HEOOXOAMMO N1€1aTh MHO-
JK€CTBEHHbIE TepecueThl YIIPyroro u3rnda apku, Mo3ToMy B 3aa4aX ONTUMM3AIMN KOH-
CTPYKLIMU TIPUHSTO MCIOJIb30BaTh YIIPOILEHHBIE CXeMbI pacueTa. Takue CXeMbl 4acTo He
YUMUTBIBAIOT OCOOEHHOCTHU 1e(hOPMUPOBAHUSI apKU C BbIpe3aMU, KOHIICHTPALIMIO Harpsi-
KeHUI B TaKMX KOHCTPYKIMSIX MU M3MEHEHWE XapakTepa MX M3ruda 1Mo CpaBHEHUIO C
1eapHoMi apkoii. OCOOEHHO SIPKO TaKMe OCOOEHHOCTH MPOSIBISIIOTCS B apKax, UMEIOLIUX
OTHOCHUTEJILHO OOJIBIIIYIO BBHICOTY Mpoduiis B paauaabHOM HarpapieHuu. K takum mo-
JIeIsIM CBOJUTCS pacyeT apKU-CTEHKM M 00JIeTYeHHON apKu U3 CBApHBIX JIMCTOB. B pabo-
Te TIPOBE/ICH IUIOCKWII pacyeT YIpyroil KpyroBoil MeTaUIMYeCKON apKu ¢ LIEHTPaIbHbIM
MOJIYKPYTJIBIM BBIPE3OM C Pa3IMUHBIM COOTHOILIEHUEM KOHCTPYKTUBHBIX TTapaMETPOB TpU
JIEICTBUU HA HEe PAaBHOMEPHOrO BHEILIHETO NaBjieHus. st MoaeupoBaHUs UCTOJb30-
BaH TiporpaMMHbIii koMruieke SolidWorks. TTonydyeHsl 3aBucuMOcTH Koa(dduirmeHTa
KOHIICHTpallMM HaMNpsDKEHUI B BEpILIMHE BbIpe3a OT COOTHOIIEHUS pa3MepOoB BbIpe3a 1
TOJILIMHBI apKu, a Takxke ee paauyca. [lokazaHa, 4yTo 3aMeHa B YIPOILEHHOM pacueTe
apKy C BBIPE30M Ha CIUIOIIHYIO apKy, MMEIOIIYI0 YMEHbIIEHHYI0O Ha paauyc BbIpe3a
BBICOTY MPOodWIsl, HE AA€T MPEACTABICHUS O PEAIbHOM pacrpelieIeHun yCUInii U nepe-
MEIICHUI W MPUBOIUT K HeaJeKBaTHBIM pacueTaM. YTMPOIIEHHYI MOJEIb MOXHO MC-
MOJIb30BaTh JIS1 MPeABAPUTEIbHBIX PACYETOB TOJIBKO C YYETOM TMOIMPAaBOYHBIX KO3 du-
LIMEHTOB, paCYMTAaHHBIX B paboTe.

KmoueBble ciioBa: KpyroBasi apka, BbIpe3, KOHIICHTPAIlMsI HaINpsDKEHUW, YIpOIIeHHAas
MOJIEJIb.
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HacTostinyio paboTy MBI XOTeJ 1 OBI TTIOCBSITUTD
MMaMsITH Halllero Apyra U KOJUIerd, KaHauaara Qu-
3MKO-MaTeMaTUIeCKUX HayK, JOKTOPA TEXHIUESCKUX
Hayk, nipoeccopa bapaneHko Banepusi Anekcee-
BUYa, M3BECTHOTO YYEHOTO B 00JIACTH TWHAMUYEC-
KOTO TIPOTPaMMHUPOBAaHUS, HEUETKOTO MOACIHPO-
BaHWS W ONTUMM3AIUNA MEXaHWIECKNX KOHCTPYK-
uif, B paboTax KOTOPOTO BIIEPBBIE OBLIN PacCMOT-
peHbl TogobHbIe 3agauu [1].

Ilocmanoexa npobaemot 6 obuiem eude u ee cés3b
C BAJCHBIMU NpAKMuUYeCKUMU 3adaiamu

M3BecTHO, 9YTO B COBPEMEHHOM TTPOMBIIIIICH-
HOCTU U CTPOUTEIBCTBE IIMPOKOE MPUMEHEHUE

© Onesckuit B.U., Onesckuii A.B., 2019

HaXOIST 3JEMEHTHl HECYIIMX KOHCTPYKIWI THTIA
6anok m apok [1]. B pe3ynbTaTe CHMIOBBIX BO3IEii-
CTBUIA B TAaKWX 3JIEMEHTaX BO3HUKAIOT HEpaBHOMEP-
HBIE TIOJISI HATIPSDKeHW, 6¢3 IeTATbHOTO U3YIeHUS
KOTOPBIX HEBO3MOXHO OOECIIEUNTh MPOYHOCTH U
Halle>KHOCTh paboTHl Bceil KOHCTpyKumu. KoHcr-
PYKLIWH, MOIETNPOBAHIE KOTOPBIX CBOIUTCS K CXE-
Me KPyTOBOI apKH, ITUPOKO TTPUMEHSTIOTCS B CJIOX-
HBIX COOPYKCHMSIX THIIA TUIOTUH U TIEPEKPBITUA,
IIPH IPOESKTUPOBAHUY CUJIOBBIX 3JIEMEHTOB B aB1a-
u cynoctpoenuu [2,3]. B ctpoutenbcTBe apku npu-
MEHSTIOTCS TIPM BO3BEIEHUN MOCTOB, TTaBMJIBOHOB,
KPBITBIX PBIHKOB, aHTapOB, CIIOPTUBHBIX 3aJI0B U

Some peculiarities of computer modeling of a bending of elastic circular arch with notch
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JIPYTryx CTpoeHui OoJbluoi ruiolanu. Pacxonm Ma-
Tepuaja Mpu COOPYKeHUU apKu OKa3blBaeTcCsl 3Ha-
YUTEJIbHO MEHbIIE, YeM MpU CO3MaHUU OaTOuHbIX
1 PaMHBIX CUCTEM, TIPU 3TOM apKM MPOCTHI B U3rO-
TOBJIGHUM U MOHTaXe.

[ns peuieHus: pa3aduHbIX TEXHOJOTUYECKUX
3a/1a4 B TOJILIMHE apKH YacTO HEOOXOAUMO TIpeayc-
MOTpETH Bbipe3bl [2—4]. I[Ipu HeYeTKOM MoaeIupo-
BaHWU WJIU TMPU BBIOOPE pallMOHAJIbHBIX IMapamMer-
POB KOHCTPYKUMU HeoOXOAMMO JejaTh MHOXe-
CTBEHHbIE MepecyeThl YIPYroro u3ruba apku, Io-
9TOMY B TaKUX 3aJadyax MPUHSITO HCIIOJb30BaTh
YIIPOLIEHHBbIE CXEMbI pacueTa IJs YMEHbIIEHUSs
BpeMEHU KOMITbIOTEPHOTO MOJEJIUPOBAHUSI MPU
coxpaHeHUHM To4dHOCTH [1,5,6]. TakmM oOpaszom,
KOPPEKTHBIM YIPOILEHHBI pacueT apku C BbIpe-
30M TIPEACTABISIECT CYIIECTBEHHbIW MPAKTUYECKUNA
UHTEpecC.

Anaauz nybauxayuil, évideaeHue HepeuleHHbIX
uacmeii npobaemol

[Ipobneme pacuera apok, B TOM YUCIE OCIa0-
JICHHBIX BBIpE3aMU U OTBEPCTUSIMU, TOCBSIILIEHO
MHoXecTBo pabot [1,3—13]. K cxoaHbIM 3amauam
MPUBOAUTCS pacyeT OCECUMMMETPUUYHBIX 000J0UYEeK
MpU AEHCTBUU AABJIEHUS W pellieHUe TUIOCKUX 3a-
nay teopum ynpyroctu [7,10,14,15]. PacueTbl u
SKCMEPUMEHTHI, MMPOBEIEHHbIE B paCCMaTPUBaeMbIX
paboTax, TMOKa3bIBalOT, UTO apkKa aedopmupyercs
HeogHopoaHo. OCHOBHOEe BHUMaHUE aBTOpaMHU yJie-
JISIETCSI BOMPOCY KPETJIEHUsI KOHLIOB apKM MpU OT-
CYTCTBUHU BbIpe30B [15] u onTtumuzauuu ¢Ghopmbl
BBIpe3a Ipu ero Haymmanu [3—6,11]. ['maBHBIM (ak-
TOpPOM, 00YCJIaBIMBAIOIIMM pa3pylleHe KOHCTPYK-
LIMU TIPU YCTOMYUBOM J1e(DOPMUPOBAHUU, SIBISICT-
csl KOHLIEHTpalus HanpskeHuit [3—5,7].

AHanu3 paboT IOKa3bIBaeT, YTO MCIOJIb3ye-
Mbl€ YIpolleHHbIe cxeMbl [7—10] yacTo He y4uThI-
BalOT OCOOEHHOCTU Ae(MOPMUPOBAHUST apKU C BbI-

a 0

pe3aMy, KOHIICHTPAILINIO HATIPSDKEHM B TAKMX KOH-
CTPYKIIMSIX W M3MEHEHME XapaKTepa UX M3ruba 1mo
CpaBHEHUIO ¢ 1IeJbHON apKoil. OCOOeHHO SIPKO Ta-
KHWe OCOOEHHOCTU TPOSBISIIOTCA B apKaX, UMEIo-
IIXX OTHOCUTEIBbHO OOJIBbIIYIO BHICOTY MpOodUiis B
paauaabHOM HaIlpaBJIEeHUM, TO €CTb JIJIs apKU-CTeH-
K1 ¥ 00JIETYEHHOM apKW U3 CBapHBIX JIMCTOB [6,7],
U TpeOyIOT IOIMOJHUTEIbHOTO 0osiee MOIAPOOHOrO
paccMOTpeHUS.

Dopmyauposanue ueaeli cmamo U4 HOCHMAHOG-
Ka 3adauu

3agayeil HacTosleil paboOThl SIBJAsSETCS aHa-
JIN3 BOBMOXHOCTU 3aMEHbI PACUETHOM CXeMbl apKU
C KPYroBbIM BBIPE30M 3KBMBAJIECHTHOM apKoil 0e3
BbIpe3a MeHblliell ToaluHbL. C 3TOl 1eablo B pa-
0oTe MpoBeNeH IJIOCKWI pacueT yIpyroi Kpyro-
BOM METAJUIMYECKON apKu B BUIE MOJYKOJbLA, Ta-
KO 3Xe apK¥ ¢ LIEHTPAJTBHBIM TTOIYKPYTJIBIM BhIpe-
30M [12—14], a Takxe apku 0e3 BhIpe3a C BHICOTOI
CeUYeHUsI, paBHOW Pa3HOCTU BBICOTHI CEYEHUS MC-
XOJHOU apKu U pajuyca BbIpe3a Mpu AeHCTBUU Ha
HUX paBHOMEPHOTO BHEIITHETO AaBiIeHUs. BEIOop B
KayeCcTBe Harpy3ku paBHOMEPHOI'O BHEIIHEIro AaB-
JIeHust oOycioBJeH Hambojiee xapaKTepHOU (op-
MOM MCITOJIb30BaHUS apOK.

Hzn0o1cenue ocHoeH020 Mamepuaia uccie0o8anus

CooTHoIIeHNe KOHCTPYKTUBHBIX ITapaMeTpOB
BapbUpPOBAJIOCh B CIEAYIOLIMX TIpelnesiaX: paauyc
apku R nmpuHumMmancs paBHbiM 10 M, BbicOoTa ceve-
Hus h — 1 M 1 2 M; panuyc BbIpe3a r UBMEHSIICS OT
0,05h mo 0,5h; BeicoTa ceueHuUs IPUBEACHHON apKU
MpuHUMaliach paBHoi h-r. Cxema apok nipu h=1 m
u r=0,5 M, Mcrnoib30BaHHAasl IS MOJAEIUPOBAHMS,
npuBeaeHa Ha puc. 1.

PaccmarpuBanioch paBHOMEpPHOE BHEILIHEE TaB-
JieHue nHTeHcuBHOCThIO 500 ITa, mpuioxeHHoe K
BHEILIHEW rpaHulle apkKu. Marepuan apkKu — JieTu-
pOBaHHas1 KOHCTPYKIIMOHHas ctanb Mapku 20XI'CA,

§/ 8 8

& 8

B

Puc. 1. 'eomeTpuueckas cxema pacuera apok: a — ¢ BeIpe3oM (Moaesb 1), 6 — 6e3 Boipe3da (Moaenb 1I), B — npuBeaeHHast

(momensb III)

Olevskyi V1., Olevskyi O.V.
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von Mises (Nin"2)
281295220
25811 4700
234934160
211753620

18857 3080
16539 2540
142212000
119031470
\\ 95850930
72670390
49439855
L 26309320
3128782
— Mpegen TexyuecTit 620 422 000,0
a

von Mises (Nim"2)
156519710
143492010
130454310

11 743660,0

104408900
91381200
78353495
65325795
52298090
39270385
26242683
13214978
187274
—b Mpegen TekyuecTin 620 422 000,0
0

von Mises (Nin"2)
738053120
67 657 4560
61509 5960

55361 7360

492138760
43086 0160
369181560
307702980
246224380
18474 5780
123267190
61788595
3100041
# Mpegen Tekydect: 620 422 000,0
B

von Mises (Nn*2)
29085600,0
26 661 890,0
242381820

218144740

19390 766,0
16 967 058,0
14543 350,0
121196410
96959330
72722245
48485160
24248078
10985
—W Mpegen TekyuecTy: 620 422 000,0
r

Puc. 2. Hanpstxkenust mo Musecy B yIIpyrux apkKax:
a — r=0,05h, h=1 m; 6 — r=0,05h, h=2 m; B — r=0,5h, h=1 M; r — r=0,5h, h=2 M

Some peculiarities of computer modeling of a bending of elastic circular arch with notch
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Monayab FOura 2,1-10° MIla, mpenen TeKydecTHn
0,62 I'Tla, koadduuuent Ilyaccona 0,28. Huzkumit
cpe3 apKM KeCTKO 3ajieJlaH WJIY 1apHUPHO OIepT,
a BEPXHHMI MMeEET CKOJB3SIIYI0 B BEPTUKATHHOM
HaIpaBJIeHUU XECTKYIO 3aeJIKy, UYTO COOTBETCTBY-
€T YCJIOBUSIM CUMMETPUM MOJYKpyTiaoi apku. s
MOIETUPOBAHMS MCITOJIB30BaH MTPOTPaMMHBIN KOM-
miekc SolidWorks [16]. CeTka reHepupoBajach aB-
TOMAaTUYECKU, MepecTparBaiach alanTUBHO K (op-
Me 00beKTa, MUHMMAaJIbHOE KOJWYECTBO 3BJIEMEH-
TOB BIOJIb YUacTKa AYTH apKH COCTaBIISIO 36, MaK-
CUMaJIbHBIN pa3Mmep sTueiiku cocTaBisii 25 mM. Pac-
YyeT MPOU3BOIMIICS CO CTYLIEHWEM CETKU 10 JOCTH-
SKeHUST 3afaHHOM TouyHOoCTH. HampsokeHns mo Mu-
3ecy [17] m mepeMellleHUs TIPUBEACHBI Ha pUC. 2—
10.

Ha pucyHkax mokazaHa yTpupoBaHHasi ¢op-
Ma J1echOpMUPOBAHHOK apKu (MepeMelleHUsT yBe-
JrueHsb! B 200 pa3), mopsiaoK pacnonokeHue o0beK-
TOB Ha PUCYHKaX COOTBETCTBYET PACMOJIOKEHUIO UX
Ha puc. 1 (B ganbpHeiilemM OyaeM Ha3bIBaTb UX MO-
aenu 1, IT u III).

AHau3 pe3yJbTaTOB pacueTa Mpu XKeCTKOM 3a-
JleJIKe HUXKHEro KOHIIa apok (puc. 2—7) mokasbiBa-
€T, YTO HaNPSKEHMS U TIepeMellleHUsST HEOTHOPOI-
HBI KaK IT0 [UTMHE apKH, TaK 1 110 BBICOTE ee ceue-
Hus. I[ToBeneHue apku C BbIpe30OM U 0€3 HEero cy-
LIECTBEHHO OTJIMYAIOTCS MEXAY CO0OiA.

YV apku 6e3 BbIpe3a MaKCMMaIbHEIE HaIllpsoKe -
HUS JOCTUTAIOTCS C BHYTPEHHENW CTOPOHBI CEUCHUS
B 30HE 3aaenku (puc. 2,a, puc. 2,0).

VYV apku ¢ BbIpe30M B 3TOM 00J1aCTU TakKXke
MMeeTCs 3HAUMTeIbHAss KOHIIEHTPAIMST HaIIpsKe-
HUIT, HO MaKCHUMaJIbHBIC HATIPSLKEHUS JOCTUTAOT-

von Mises (Nin*2)
620 361 856,0

568 887 168,0

. 517 4124800

. 465937 8240

4144631360

. 362 988 448,0
| 3115137920
. 2600331200
_ 208 564 448,0
_ 157 089 776,0
105615112,0
\ 541404360

26657650

!
L. — Mpeaen TexkyyecTi: 620 422 0000

Puc. 3. HanpstkeHust mo Mu3secy B apKax ¢ OOJbIINM
BBIPE30M IPU pacyeTe MIacTUIeCKOro a1ehopMUPOBAHUS
(r=0,5h, h=2 m)

csl B BepllMHe BbIpesa (puc. 2,B, puc. 2,1). Hecmort-
ps Ha TO, YTO TaKWe HAIPSDKEHMS ITOCTUTAIOTCS
JIMIIb B OYeHb MajJioll obysacTu ceyeHusl (Ha
puc. 2,a, puc. 2,0 30Ha KOHILIEHTPALIMX HaIIpsKe-
HUIi yBeJIMUeHa M yKa3aHa CTPEJIKOi), pacueT apku
C YU4ETOM ILJIaCTMYECKMX CBOMCTB MaTepualia IoKa-
3bIBAa€T YBEJMUYEHME 30HbI IJIACTUYECKOTo aedop-
MUMPOBAHUS NPU yBEIWMYCHUM Harpy3ku (puc. 3).
DTO 03HAYaeT, YTO paspylleHre HAcTyIraeT UMEeH-
HO B 30HE KOHIICHTpAllM MaKCHUMAaJIbHBIX HaIpsi-
SKeHWIT B BepIIIMHE BBIpE3a.

CpaBHeHME TIOJIel TIepeMellIeHMid, a0COMIoT-
HbIe 3HaUYeHUS KOTOPBIX MPUBEICHBI Ha puc. 4—6,
MO3BOJISIET ClieJIaTh BBIBOJA O CMEHE XapaKTepa IMpo-
rmba apKW C BBIPE3OM TIPU YBEIMYCHUM pamuyca
BbIpe3a:

— IUIST MaJIbIX 3HAaYeHW#l pagmyca BBIpe3a
0,05h<r<0,3h xapakTepHa ¢opma aehopMUPOBaHUSI
C MaKCMyMOM B 30HE BEPIIMHEBI apKK (MK BepX-
HEM KOHIIE pacCMaTpUBaeMOI YETBEPTH apKH)
(puc. 4). Takas ¢opma aedopMupoBaHuUs OJMU3KA
K TiepeMeleHUsIM apku 6e3 Bbipesa (monenu 11, 111);

— ¢ yBeJIMYEHWEM pamudyca BbIpe3a B auara-
30He 0,4h<r<0,5h 30Ha MaKCUMaJbHbIX TIepeMelle-
HUIi ymajigeTcst OT BepxHero cpesa (puc. 6);

— 3HaueHue 0,3h<r<0,4h gBnsteTcst mepexom-
HBIM OT OJHOTO THITa U3rmba K apyromy (puc. 5).

M3meHeHne xapakTepa 1eopMUPOBAHUS CBSI-
3aHO C YMEHBIICHNEM COITPOTUBJICHUS B 30HE BBI-
pe3a 1 MePECTPOMKON HATIPSIXKEHHOIO COCTOSIHUS B
dopmy ¢ yBemMueHMEM KOHIICHTPAIIUM HATIIpsIKe-
HUIT B BepIIMHE BhIpe3a. DTO M3MEHEHUE XapaKTe-
pM3yeT mepexoi Bbipe3a U3 (akTopa JIOKaIbHOU
MMPOYHOCTH K BUAY KOHCTPYKTMBHOTO 3JIEMECHTA,
U3MEHSIOIIETO XapakTep AedopMupoBaHusl 00beK-
Ta Kak eIMHOro ILeJ0To.

Pacuer Koa(dpurmerHTa KOHIICHTPALIMY HATIPSI-
xxeHuii K B apke ¢ Bbipe3om (Mmoaenb ) u npuse-
JIeHHoU apku 6e3 BbIpesa (Moaenb I1I) mo cpaBHe-
HUIO C MAKCUMAJTbHBIMY HATIPSDKEHUSMU MCXOTHOM
apku 6e3 BoIpe3a (Mozaenab 1) ais ciaydas >kecTkoim
3aleIKN HIDKHETO TOplla TIpUBEIeHBI Ha pHC. 7,a.
Ha puc. 7,6 mpuBeneHsl Ko3(pPUIIMEHT OTHOIIIE-
HUS aMITIATYI MaKCUMAaJIbHBIX TIepeMeIleHni k B
apke ¢ BbIpe3oM (Monesb 1) u B mpuBeAeHHOI apKe
0e3 Bbipesa (Mozaensb III) mo cpaBHEHUIO ¢ MaKCH-
MaJIbHBIMHM HAIIpSKEHUSIMA WCXOTHOM apkm 6e3
BbIpe3a (monenb I1) must ciydyast skecTkol 3amesiKu
HIDKHETO KOHIIA apoK.

Ha rpadmkax 4eTKO BUIHO Ka4yeCTBEHHOE 13-
MEHEHUE, COOTBETCTBYIOIEe NMarna3oHaM CMEHBI
xapakTepa 1e(hopMUPOBaHUS apKU C BBIPE3OM.

Pacuer apok ¢ mrapHUpHOM 3a1eJIKOI HIKHE-
ro Topla MpuBeAeH Ha puc. 8—9 M KayeCcTBEHHO

Olevskyi V.I., Olevskyi O.V.
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URES (mm)
1.017+000
9.324e-001
8.476e-001
7.6298-001

6.781e-001
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5.086e-001
4.238e-001
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4.334e-001
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8.668e-002
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1.000e-030

0
Puc. 4. AMIIIUTYIBI TIepeMellieHnsT B apKax ¢ MajibIM Beipe3oM r=0,05h: a — h=1M; 6 — h=2 ™

URES (mm)
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1.513e+000
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_ 1.238e+000
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8.250e-001

6.875-001
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a

URES (mm)
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7.983e-001
7.258e-001
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. 5.806e-001
5.080e-001
4.355e-001
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7.258e-002
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0

Puc. 5. AMIuTyasl nmepeMelleHust B apkax ¢ Beipe3oM r=0,4h: a — h=1M; 6 — h=2 ™M
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Puc. 6. AMIUIMTYIBI TIEPEMELLIEHUST B apKaX ¢ 00iblIMM Bbipe3oM r=0,5h:a — h=1M; 6 —h=2m
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Puc. 7. CooTHolIeHUs MaKCUMAJIbHBIX 3HAYEHU I TTapaMeTPOB MOJIEJIeii: a — HANPsLKeHUs, 0 — mepeMeleHusI

(crmomrHast yepHast auaus — I x 11, h=1 m, mrpuxnynkrupHasa auaus — 1 x 11, h=2 m, mrpuxoBas yepHast aunust — 111 x 11,

h=1 M, nynktupHas aunus — I x II, h=2 m, cromHas cepas aunus — I x 111 ang Hanpspkenuit u 111 x 1 1 nepemenieHuii,

h=1 M, wtpuxoBas cepast 1uuus — | k 111 nasg Hanpsokenuit u 111 x 1 ais mepemeieHuin)

MaJjio OTJIMYAeTCs OT CJIydyast KeCTKOM 3ameKu.
Pacuet koapduiirieHTa KOHLIEHTpAIIMXA HAMPS -
xkeHuil K B apke ¢ BeIpe3om (Momeib 1) u npuse-
JIeHHOU apku 0e3 BeIpe3a (Monenb I1I) mo cpaBHe-
HUIO C MAKCUMAaJIbHBIMU HaIPSDKEHUSIMU MCXOMHOM
apku 6e3 BeIpesa (Modenb 1) mis ciayvas mapHup-
HOM 3aJeJKM HWXHEro Toplia MPHUBEIEeHBI Ha
puc. 10,a. Ha puc. 10,6 npuBeaeHbl Ko3hhUuiieH-

THI OTHOLLIEHUS] aMILTUTYA MaKCUMaJIbHBIX TTIepeMe-
1eHuit k B apke ¢ BeIpe3oM (Monenb 1) u B ripuBe-
JIIeHHOU apKe 0e3 BbIpe3a (Mozaenb 111) mo cpaBHe-
HUIO C MAKCUMAaJIbHBIMU HaIPSDKEHUSIMU MCXOMHOM
apku 0e3 Beipesa (Moaenb 1) mis ciayvas mapHup-
HOI 3alIeJIKM HIDKHETO KOHIIA apoK.

B [18] npuBeneHbl 3HaueHUsT KOG GULIMEHTA
KOHIIEHTpAIlMX HOPMAJIbHBIX HANIPSDKEHU I 1S UM~

Olevskyi V1., Olevskyi O.V.
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Puc. 8. Hanpstkenust mo Musecy B yIIpyrux apkax:
a — r=0,05h, h=1 m; 6 — r=0,05h, h=2 m; B — r=0,5h, h=1 M; r — r=0,5h, h=2 M

Some peculiarities of computer modeling of a bending of elastic circular arch with notch
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Puc. 9. AmMmuutyabl nepeMelneHus B apkax: a — r=0,05h, h=1 m; 6 — r=0,05h, h=2 m; B — r=0,5h, h=1 m; r — r=0,5h, h=2 M

Olevskyi V1., Olevskyi O.V.
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Puc. 10. CooTHOLIEHUST MaKCUMaJIbHBIX 3HAYEHUIA MTapaMeTPOB MOJIEJIeii: a — HaMpsKeHUsl, 0 — TiepeMelleHust

(crutowtHas yepHast auHus — I x 11, h=1 M, wrpuxnyukrupHas aunusa — I x 11, h=2 M, wrpuxosas yepHas auaus — I k 11,

h=1 M, nyuktupHas sunust — III k 11, h=2 M, criiournas cepast iunust — I k 111 gns nanpspxkenuit u 1 x 1 s nepemenenuit,

h=1 M, wrpuxosas cepas auHusl — I k 111 g nanpsoxkenwit u 111 k 1 115 nepemeiuenmit)

CTOTO U3ruda 6ECKOHEUHOU MOJOChl ¢ OMHOCTOPOH-
HUM TIOJYKPYIJIBIM BbIPE30M B €€ IJIOCKOCTH.
CpaBHeHUe pe3yabTaToB pacuera ¢ JaHHBIMU [18]
MOKa3bIBaeT, UTO JJISI apKU KOI(POUIIMEHT KOHLIEeH-
TpallMy HaIpsKeHUs 0 CPaBHEHUIO C HOMUHAJb-
HbIM, TOJYYEHHBIM [Jisl MPpUBEIEHHON apku 0e3
BBIpPE3a, BHINIE ITpuMepHO Ha 20%, YeM IS TI0JI0-
Chl. DTO €CTeCTBEHHO, TOCKOJIBLKY B [18] HE yUUTHI-
BaeTCsl KPUBM3HA M KOHEUHBIA 00BbEM KOHCTPYK-
uunu. Kpome toro, B [18] He mpuBedeHbI TaHHBIE
st Belpe3oB B nuamaszoHe 0,3h<r<0,5h, a Takue
BBIPE3bl HaN0O0JIee YacTO MCIOIb3YIOTCS MPU U3TO-
TOBJICHUY TEXHOJIOTUYECKMX OTBEPCTUI B 00JIeTYeH-
HBIX apKax.

OCHOBBIBasICb Ha JAHHBIX pacyeTa s pac-
CMaTpUBaeMOT0 BUIA HATPY3KM MOXXHO MPEIOKUTh
clienyolye MpuoaKeHHbIe (OPMYJIbL IJIsl Ompe-
JeJICHUsI Maxkopupyromux KoadduiueHtoB K koH-
LIEHTPALIMY TIPUBEICHHBIX TT0 Mu3ecy HanmpsKeHU i
B CJIEAYIOILIEM BUIE:

K=3 nmna 0,05h<r<0,2h,
K=3,2+2,5(r/h) nna 0,25h<r<0,5h.

IIpu pacuere necpopMUpPOBaHUS apKU CIEAYET
Takxke MpPUHUMATh KO3¢pGULMeHT Kk yBeaudyeHus
MaKCHUMAIbHBIX MEPEMEILICHUN IS TPUBECICHHOMN
apku 1o gopmyie

K=1,06+2,5(1/h).

IIpuMeHeHMe yKa3aHHBIX KO3((PUIIMEHTOB

MO3BOJISIET TTPOU3BOAUTHL MPUOJIMXKEHHBINA TpeaBa-
PUTENIbHBIN pacyeT apKu C BbIPe30M MpU AEHCTBUU
BHEIIHETO JaBJIEHUSI Y 3HAUUTEJIbHO CHMXKAeT 00beM
HEeoOXOIMMBIX PacyeToB MPY BapbMPOBAaHUM Tapa-
meTpoB. [Ipu 3TOM cieayeT MOMHUTDH, YTO pacro-
JIOK€HHE KPUTUUYECKUX TOYEK MaKCUMaJbHbIX Ha-
NPSKEHUN U MEpEMELLEHUI Y TPUBEACHHOMW apKu
U apKU C BbIPE30M OTJIMYaeTCsl. DTO OCOOEHHO BaX-
HO MpU MPOBEAEHUU ONTUMU3ALUUU KOHCTPYKLIMU
C KMHEMaTUYECKMMM OrPaHUYECHUSIMU M, B 4aCT-
HOCTH, METOJIOM JUHAMMYECKOTO MPOrpaMMMUpOBa-
Hu# [1].

Bbieodut

B pabote nmpoBeneH MIOCKUI pacyeT YIpyroi
KPYTrOBOM METAJUIMYECKOM apKu C LEHTPaJbHBIM
MOJIYKPYTJIbIM BBIPE30OM C Pa3JIUUYHBIM COOTHOLIE-
HUEM KOHCTPYKTUBHBIX TTApaMETPOB MpHU AEWCTBUU
Ha Hee PaBHOMEPHOIO BHeElIHero aaBiaeHus. s
MOJIEIMPOBAHUS MCTIONIb30BaH MPOrPAMMHBINA KOM-
iekc SolidWorks. ITonyyeHbl 3aBUCUMOCTHU KO3 -
duLMeHTa KOHIEHTPpAMU HANIPSDKEHUI B BEpILIM-
HE BbIpe3a OT COOTHOILLEHUSI pa3MEPOB BbIpe3a U
TOJIIMHBI apKu, a TakKxke ee pamuyca. ITokazaHo,
YTO 3aM€Ha B YIPOIIEHHOM pacyeTe apKu ¢ BbIpe-
30M Ha CIUIOUIHYIO apKy, MMEIOLIYI0 YMEHBIIeH-
HYIO Ha paJuyc BbIpe3a BbICOTY Mpoduisi, HE AAET
MPeICTaBICHUSI O peaIbHOM paclpeneieHun yCu-
JIMIA U TEepPEMEIICHU M IIPUBOAUT K HeameKBaT-
HbIM pacuetam. g npenBapUTEIbHBIX pacyeTOB
MOXHO MCIOJIb30BaTh YIIPOLIEHHYIO MOJIEJb TOJb-
KO C yY€TOM IIONPaBOYHBIX KO3 (UILIMEHTOB, pac-
YUTAaHHBIX B padoTte.

Some peculiarities of computer modeling of a bending of elastic circular arch with notch
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JEAKI OCOBJIUBOCTI KOMIT'IOTEPHOI'O
MOJIETIOBAHHS 3TUHY IMPYKHOI KPYTOBOI APKU
3 BUPI3OM

QOaeecokuii B.1., Oaescoxuii O.B.

Konempykuii, modentosants skux 3600umucst 00 cxemu Kpy-
20601 apKu, WUPOKO 3aCMOCOBYIOMbCS 8 CKAAOHUX CHOPYOax muny
epebend [ nepekpummis, npu NPOEKMYBAHHI CUNOBUX eAeMeHMI8 &
asia- i cyoHoOydyeanHi. /lns eupiwieHHs pi3HUX MeXHON02IYHUX 306~
daHb y moswuni apku yacmo Heobxiono nepedbavumu eupizu. Ilpu
YbOMY Npu UOOPI PAUIOHANBHUX NAPAMempié KOHCMPYKUii Heo0Xio-
HO POOUMU MHONUCUHHI NePEPAXYHKU NPYICHO20 GUSUHY APKU, MOMY
6 3adayvax onmumizauii KOHCMPYKYIi NPULIHAMO BUKOPUCMOBY8aMU
cnpoweni cxemu pospaxyuky. Taxi cxemu uacmo He 8paxogyromo
ocobaugocmi depopmysants apKu 3 upizamu, KOHUEHMpayiro Ha-
NPYIHCeHb 8 MAKUX KOHCMPYKUIAX [ 3MIHY Xxapakmepy iX eucuHy 6
nopieHsaHHi 3 yinichoro apkorw. Haiibinbw sckpaso maki ocobau-
80CMi NPOABASAIOMBCA 8 APKAX, W0 MAIOMb BIOHOCHO GEAUKY BUCO-
my npoghinto 6 padiasvHomy Hanpsamky. o makux modeneil 360-
dumbcsi pO3PaxyHoK apKu-cmiHKU i noaeeuieHoi apku 3i 36apHUx
aucmig. B pobomi euxoHaro naockuil po3paxyHok nPysuCHOI Kpyeo-
80i Memaneeoi apku 3 UeHMpaNbHUM HANIBKPY2AUM BUPI30M 3 DIZHUM
Cni6BIOHOWEHHAM KOHCMPYKMUGHUX napamempie npu 0ii Ha Hei
DIBHOMIDHO20 306HiUWIHb020 MUCKY. [[15 MOOeA8anHs GUKOpUCMA-
Hutl npoepamuuil komnaexc SolidWorks. Ompumano 3anrexcHocmi
Koeghiuienma KoHyeHmpauii HanpyjceHv y 6epuiuHi eupizy 6i0
Cni6BIOHOWEeHHs pO3MIDie UPI3Y | MOBWUHU apKu, a makoic ii pa-
diyca. Tlokazano, wo 3amina 6 CHPOWEHOMY DO3DAXYHKY apKu 3
BUPI30M HA CYUINbHY APKY, WO MAE 3MeHuleHy Ha paiiyc eupizy
sucomy npoghinto, He dae ys6aeHHs nPo pearbHull po3nooin 3ycuas i
nepemiujers i npu3gooums 0o Headekeamuux po3paxyukie. Cnpo-
Weny Mo0eab MOJNCHA 8UKOPUCMOBY8amu 0451 NONepeoHix po3pa-
XYHKi6 MiAbKU 3 YPaxyeaHHsImM NONPasovHux Koegiyicumie, po3pa-
X08aHUx 6 pobomi.

KiwouyoBi cioBa: kpyroBa apka, BUpi3, KOHIIEHTpaIlis
HanpyXeHb, CIIPOIleHa MOJIEITb.

Olevskyi V.I., Olevskyi O.V.
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SOME PECULIARITIES OF COMPUTER MODELING OF
A BENDING OF ELASTIC CIRCULAR ARCH WITH
NOTCH

Olevskyi V.1. “, Olevskyi O.V. *

2 Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

» Oles Honchar Dnipro National University, Dnipro, Ukraine

Structures, the modeling of which is reduced to the circular
arch scheme, are widely used in complex structures such as dams
and ceilings, in the design of load-bearing elements in aircraft and
shipbuilding. To solve various technological problems it is often
necessary to provide cuts in the thickness of the arch. In this case,
when choosing rational parameters of a structure, it is necessary to
make multiple recalculations of the elastic bend of the arch;, therefore,
it is a common practice to use simplified calculation schemes in the
problems of structure optimization. Such schemes often do not take
into account peculiarities of deformation in an arch with cutouts,
stress concentration in such structures, and change in the nature of
their bending compared to a solid arch. Such features are especially
vividly manifested in arches with a relatively large profile height in
a radial direction. Calculation of arch-walls and lightweight arches
of welded sheets is reduced to such models. A flat calculation of an
elastic circular metal arch with a central semicircular cutout with a
different ratio of design parameters under the action of uniform
external pressure on it was carried out. The SolidWorks software
complex was used for modeling. The dependences of the stress
concentration coefficient at an apex of a cutout on the ratio of the
dimensions of a cutout and the thickness of an arch, as well as its
radius, are obtained. It is shown that the replacement of an arch
with a cutout with a solid arch, having a profile height reduced by a
cutout radius, in a simplified calculation does not give an idea of the
real distribution of forces and displacements and leads to inadequate
calculations. The simplified model can be used for preliminary
calculations only taking into account the correction factors calculated
in the work.

Keywords: circular arch, cutout, stress concentration, sim-
plified model.

REFERENCES

1. Pochtman Ju.M., Baranenko V.A. Dinamicheskoe pro-
grammirovanie v zadachah stroitel’noj mehaniki [Dynamic pro-
gramming in problems of structural mechanics]. Moskow, Strojiz-
dat, 1975, 112 p. (in Russian).

2. Jejgenson S.N., Korihin N.V., Golovin A.l
Jeksperimental’noe issledovanie naprjazhennogo sostojanija nekoto-
ryh otvetstvennyh konstrukcij krupnyh gidrojenergeticheskih
sooruzhenij [Experimental study of the stress state of some critical
structures of large hydropower facilities]. Inzhenerno-stroitel’nyj
zhurnal, 2014, No 1(45), pp. 59-70 (in Russian).

3. Mavljutov R.R. Koncentracija naprjazhenij v jelementah
aviacionnyh konstrukcij [Stress concentration in elements of air-
craft structures]. Moskow, Nauka, 1981, 142 p. (in Russian).

4. Kiva D.S., Krivov G.A., Semencov V.F. i dr. Konstruk-
tivno-tehnologicheskie metody povyshenija ustalostnoj dolgovechnosti
Jelementov konstrukcii planera samoleta v zone funkcional 'nyh otver-
stij [Constructive-technological methods for increasing the fa-
tigue life of structural elements of the airframe of an airplane in
the area of functional openings]. Kiev, KVIC, 2015, 188 p. (in
Russian).

5. Dukarskij Ju.M., Mihajlova O.V. Optimizacija konstruk-
tivnogo reshenija i analiz naprjazhennogo sostojanija stal ’nyh balok
s perforirovannoj stenkoj [Optimization of the constructive solu-
tion and analysis of the stress state of steel beams with a perforat-
ed wall]. Sb. materialov NTK MGUP, Moskow, MGUP, 2002,

pp. 82—84. (in Russian).

6. Lavrova A.S. Sovershenstvovanie metodov rascheta per-
Jforirovannyh balok s kruglymi vyrezami s pomoshh ju konechno-
Jelementnogo analiza i modelirovanija [Improving methods for
calculating perforated round-cut beams using finite element anal-
ysis and modeling]. Dis...kand. tehn. nauk: 05.23.01, Kalinin-
grad, Kaliningradskij gosudarstvennyj tehnicheskij universitet,
2018, 167 p. (in Russian).

7. Vajnberg D.V. Koncentracija naprjazhenij v plastinah okolo
otverstij i vykruzhek [The concentration of stresses in the plates
near the holes and fillets]. Kiev, Tehnika, 1969, 220 p. (in Rus-
sian).

8. Vlasov A.N., Sovatarova V.L., Talonov A.V. Opisanie
fizicheskih processov v strukturno neodnorodnyh sredah | Descrip-
tion of physical processes in structurally inhomogeneous media].
Moskow, RUDN, 2009, 258 p. (in Russian).

9. Grigoljuk Je. I. Naprjazhennoe sostojanie vblizi otverstij
[Stress near holes]. Nekotorye prikladnye zadachi teorii plastin i
obolochek, Moskow, MGU, 1981, pp. 226-237. (in Russian).

10. Kolpakov A.G. K raschetu plastiny s lokal’nym voz-
mushheniem formy // Prikladnaja mehanika i tehnicheskaja fizika
[To the calculation of the plate with local form perturbation].
2012, T. 53, Ne 4, pp. 171-182. (in Russian).

11. Pritykin A.l. Koncentracija napriazhenij vo florah s krug-
lymi i oval’'nymi vyrezami [ Stress concentration in floras with round
and oval cutouts]. Vestnik AGTU. Ser. Morskaja tehnika i teh-
nologija, 2009, no. 1, pp. 76-81. (in Russian).

12. Salenko S.D., Shevchenko S.S. Snizhenie koncentracii
naprjazhenij v okrestnosti odnostoronnego vyreza v plastine | The
decrease in stress concentration in the vicinity of one-side cut in
the plate]. Sudostroenie, 2013, no. 5(820), pp. 32-33 (in Rus-
sian).

13. Zhang L.L., Yang Z., Hou J., Wang Z. Q. The Stress
and Strain Concentrations in Curved Beams of Finite Thickness
with End Moments. Advanced Materials Research, 2011,
vols. 163-167, pp. 2953-2963.

14. Semenov-Ezhov 1.E., Shirshov A.A. Koncentracija
naprjazhenij v tolstostennyh cilindricheskih obolochkah i korpusnyh
detaljah pri dejstvii davienija [Stress concentration in thick-walled
cylindrical shells and body parts under pressure]. Inzhenernyj
vestnik, 2015, no. 5, pp. 1-12 (in Russian).

15. Savin G.N. The stress distribution in a thin shell with an
arbitrary hole. // Problems of Continuum Mechanics. Philadel-
phia, Society for Industrial and Applied Mathematics, 1961,
pp. 382-405.

16. Aljamovskij A.A. SolidWorks Simulation. Inzhenernyj
analiz dlja professionalov: zadachi, metody, rekomendacii [Solid-
Works Simulation. Engineering analysis for professionals: objec-
tives, methods, recommendations]. Moskow, DMK Press, 2015,
562 p. (in Russian).

17. Monchiet V., Kondo D., Charkaluk E., Oana C. Mac-
roscopic yield criteria for plastic anisotropic materials containing
spheroidal voids. // International Journal of Plasticity, 2008,
Vol. 24 (7), pp. 1158-1189.

18. Pilkey W.D. and Pilkey D.F. Peterson’s Stress Con-
centration Factors, Third Edition. John Wiley & Sons, Inc.,
Hoboken, New Jersey, 2008, 522 p.

Some peculiarities of computer modeling of a bending of elastic circular arch with notch



54 ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 54-62

VIIK 621.3.

Ouitinux O.10., Tapanenxo I0.K.

PO3POBKA AHAJIITUYHOI MOJIEJII IJIS1 PO3PAXYHKY I OIITUMI3ALILL
BIBPOAKYCTUYHOI'O HABAHTAXKEHHSA TPYBOITPOBOAIB TEXHOJIOTTYHUX
AITAPATIB

JABH3 «YkpaiHchkuii AepKaBHUi XiMiKO-TeXHOJIOTiYHMIi yHiBepcuTeT», M. JIHinpo, Ykpaina

CraTTs IprCBsIYeHA PO3pOOIIi aHATIITUYHOI MILIEI IJII pO3paxyHKY i oNTUMi3allii Biopo-
aKyCTUYHOTO HaBaHTaXXEHHSI TPYOONPOBOJIiB TEXHOJOTIYHMX amnapaTiB. BinxuneHHs na-
paMeTpiB reomeTpii TpyOOIpOBOAY Bij ifeaJbHUX i HEOJHOPIMHICTL MaTepiany BILIMBA-
I0Th Ha BiOpOAKyCTHYHE HaBaHTaXKEHHsS TEXHOJOTIYHMX arapartiB. ICHyroui yncenbHi aj-
TOPUTMU PO3PAXYHKIB YacTOT i (hOPM KOJIMBaHb TEXHOJIOTIYHUX TPYyOOIPOBOIIB, SIKi BU-
KOPUCTOBYIOTb JIJIsI OLIiHIOBAaHHSI OCHOBHOI YacCTOTHU KOJIMBAJbHOI CUCTEMU HE BPAaXOBY-
I0Th IMHAMIiYHi XapakKTepuCTUKU. TOYHICTh YACTOTU KOJMBaHb BU3HAUYEHHSI BiOpoakyc-
TUYHOTO HAaBaHTAXXEHHS 3aJIeXKUTh BiJ BUOOpPY (hOpMU KOJIMBaHb, SIKY iHOMi BaXXKKO 3a3-
nanerigp repeadbauntu. [lpakTuuHi 3aBHaHHS BUMaraloThb BMKOHAaHHSI pO3PaxyHKOBUX
poOiT 3 HEOOXiMHOW TOYHICTIO. BiACyTHICTH TOYHOIO METOMA PO3paxXyHKY YacToT i (hopM
KOJIMBaHb TPYOONPOBO/IIB, SIKWi1 O BpaXxOBYBaB TWM KPIIlJICHHSI Ta po3TalllyBaHHSI OITip,
MPOEKTYBAaJIbHUKY 3MYIIICHI alanTyBaTH iCHYIOUI MiXOAM Ta MOJIEJIi PO3PaXyYHKIB 10 KOH-
KPETHUX BUMIpIOBAJIbHMX YMOB. TOMy Ha MpakTUIli 3aCTOCOBYIOTb CIPOILEHi i HaOIu-
JKeHi MeToau po3paxyHKy. [Ipu HasiBHOCTI 30cepekeHUX Mac i B pa3i BpaxyBaHHSI PO3-
CiIOBaHHSI €HEepril y MiCLISIX 3aKpiTUIeHHST TPYOONPOBO/IIB aJITOPUTMU PO3PAXyHKY CTAIOTh
OinbII TPyAOMICTKUMM. B nesikux BUIagkax MOXJIMBICTb MaTeMaTUYHOI TPaKTyBaHHSI
3aBIaHHSI CTA€ 3/IiICHEHHO JIMIIE 32 YMOBU BBEJCHHS B PO3PAaXyHOK HESIKUX CIIPO-
1IeHb. 3alIPOIIOHOBaHA aHAITUYHA MOJIEJIb PO3pPaxyHKY 4acToT i ¢opM KOJUBaHb BiOpo-
aKyCTUYHOTO HaBaHTaXeHHs 6a3yeThcst Ha Metoni Kpunosa. BusHaueHHs1 BracHUX popMm
i 4acTOT KOJIMBaHb TPYOOIIPOBOY 3MiMICHIOETHCS iHTETPalli€l0 BUXiTHOTO MudepeHIliaab-
HOTO piBHSIHHSI BUIBHUX TOMEPEYHUX KOJUBAHb JUISI Pi3HUX TUITIB 3aKpPillJIeHHsI KiHIIiB.
HageneHni pedysibTaTu mporpaMHoi peaisallii MozeIi B TporpaMHoMy cepenoBuiii Python.

KumouoBi cioBa: BiOpo4acTOTHMIT METO KOHTPOJIIO, YacToTa, (popMa KoJMBaHb, (PYHKILiT
Kpunoga.
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Besedenns

B TexHosorivHoMy oOJjlamHaHHI (TeIrioMaco-
OOMiHHI amapaTu, arapaTh 3aHypPEHOI'O T'OpPiHH:,
KaBiTalliliHi TEIUIOTeHEepaTOpHU Ta iH.) MOXYTh BU-
HUKAaTU CUJIbHI HEliHiliHI KOJIMUBaHHS, SIKi MOXYTh
ICTOTHO iHT€HCU(iKyBaTU TEXHOJIOTiIUHI IIpoliecu
(migBUIYBaTH TEIUIOHAPYXKEHHICTh TOIMKOBUX Ka-
Mep (sIK lie BimOyBa€eThcs B KaMepax BiOpalliiiHOro
TOpiHHS), MOKpalllyBaTH TETJI0- i MAaCOOOMiH, 3HU-
KyBaTu TigpaBniuHuit omip) [1]. 3 iHIIOTrO GOKY
HEJIiHilAHI KOJMBAaHHS MOXYTh IPU3BECTU OO He-
KOHTPOJbOBAHOTO 30iJbII€HHSI MiCLEBUX KO-
edillieHTIB TEIUIOBiAAAYi, MEXaHIYHMX i TEILIOBUX
HAaIpyT, 1110 MOX€e MPU3BOAUTH 10 PyHHYBaHHS eJie-

© Oumniitauk O.10., Tapanenko H0.K., 2019

MEHTIiB KOHCTpyKUii [2]. KpiM Toro, MoxiuBa cu-
Tyallisl, KOJIM 3BOPOTHMI 3B’SI30K MixX KOJIMBaHHSI-
MU MapaMeTpiB rasy i TeIjIoMacoIliIBOAOM, i, Ta-
KUM YMHOM, KOJMBaHHSI MOXYTb CTaBaTU CaMoO-
30ymKkyBaHUMU [3].

HocnigkeHHsI HEeJIiHIMHUX KOJMBaHb i mpo-
LIeciB y amaparax, 110 BigOyBalOThbCS IiJ BILJIMBOM
TaKWX CKJaIHMX KOJMBaHb, CTAaHOBUTb 3HAUHI
MaTeMaTWU4Hi TpyaHolli. ToMy akTyaJbHOIO € pO3-
poOKa METOAMKM KOHTPOJIIO Ta JOCIIIKEHb Pe30-
HAHCHUX HEJIiHIHUX KOJIMBaHb, 1110 BUHUKAIOTh B
OiIbII IPOCTUX CHUCTEMaX, 30Kpema, B Tpybompo-
BOIAX.

Oliynyk O., Taranenko Y.



ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 54-62 55

Ananiz aimepamypHux 0anux i nocmanoeka npo-
onemu

Jxxepena KojJuMBaHb TPyOOINPOBOMiB MalTh
pi3He TTOXOIKEeHHsI, HalpuKiaa, B poOoTi [4] me-
TaJIbHO AOCHIIXEHUI TMapaMeTpUYHUN pe30HaHC
TpyOOIPOBOIIB, SIKU1 SIBJISIE COOOI0 3pOCTaloyi KO-
JIMBaHHS OJM3bKO XWTKE CTAHOBMILE PiBHOBAru.
OpHak HaiOiIbLI MTOIIUPEHUM JKePesIoM KOJUBAHb
TpyOOMpPOBOMAiIB € 3BUYAWHUI pPE30HAHC, KOJU
YacToTa 30ypIOIOUMX KOJIMBAaHb HAOIMKAETHCS IO
YacTOTU BJIACHUX KOJMBaHb CUCTEMU. Y 3arajibHO-
MY BUITaKy B3aEMOisl TpyOOITPOBOAY 3 BHYTPIlLLIHIM
MOTOKOM DPiIMHU HOCUTbH ABOCTOPOHHIN XapakTep:
MyJbcallii BHYTPilIHBOTO MOTOKY PilMHU BUKJIMKA-
0T AWHaMiYHi medopmailii TpyoonpoBoay, a Au-
HaMiuHi nedopmalii TpyOONpoBoay MOXYTb CTaTU
MPUUYMHOIO TyJbcallili MOTOKY B TiApocucTemi,
YACTUHOIO SIKOI € TpyOOIpoOBi.

11 e(beKTMBHOTO KOHTPOJIIO HEOOXITHUI TOY -
HUI pPO3paxyHOK 4acToT i (popM KOJUBaHb AiISTHOK
TpyOOIPOBOAY MiX KpPIiIUIEHHSIMU 3 YpaXyBaHHSM
iX po3rallryBaHHSI i )KOPCTKOCTi (TiAIaTAMBOCTI), 11O
JI03BOJIUTH KOHTPOJIIOBATU MiCILi MaKCUMaJbHUX
HarpyXeHb i BiAMOBIIHO 3MiliCHIOBATH JiKBifallio
aBapiliHMX CUTYyalliil, 10 OCOOJMBO BaXXKJIMBO IIPU
rnepekauyBaHHS JIEFKO3aMMUCTUX 1 CUJIBHO TOKCH-
YHUX PiIyH.

I1poGiemMo10 HOCTOBIPHOIO KOHTPOJIIO € TE, 110
BU3HAYEHHS 4acTOT i (hOpM KOJUBaHb 30iliCHIOETh-
¢ HaOMIKeHUMH MeTomaMu [5—6] 6e3 ypaxyBaH-
HS >KOPCTKOCTI (IMiIgaTJuBOCTi) 3aKpiljieHb i iX
po3TallyBaHHS, 110 3HUXYE €(DEKTUBHICTb KOHT-
pOJII0 BHACIIIOK TPYAOMICTKMX, a iHOMI i ITOMMJI-
KOBMX BU3HAY€Hb MiCllb MAKCUMaJIbHUX HAIPyKeHb
Ha IiJISTHKaX TpyOOIpOBOIiB.

IcHytoui yKcenbHiI AITOPUTMU PO3PaXYHKIB ya-
CTOT i (pOopM KOJIMBaHb TPYOOIIPOBOAiB BUKOPUCTO-
BYIOTb KJIACUYIHY TEOpif0 KOJIMBaHb, MeTon Dyp’e,
meton JI’Anambepa, Bapiatiiiti metoau Penes, Pitia
Ta iH.

Bimomuit Mmeton Pesest 3acTOCOBYETBCSI TOIOB-
HUM YMHOM ISl OLIiIHKM OCHOBHOI YaCTOTHU KOJIM-
BaJIbHOI CMCTEMH, OMHAK, iHIII i IMHAMIYHi XapaK-
TEPUCTUKU 3ATMIIAIOTHCS HEPOSKPUTUMU. TOUYHICTh
YacTOTU KOJIMBaHb 3aJIeXXUTh Bil BUOOpPY (opmu
KOJIMBaHb, SIKYy 1HOAI BaXXKO 3a3fajierigb mependa-
yutu [7].

Merton PiTua € mogajiblliuM po3BUTKOM METO-
ny Penest i 3acHoBaHUMi1 Ha BapiallilHOMY TIpMH-
uumi FaminbroHa. BiH m03BoJjisse€ 3BeCTH po3paxy-
HOK CHUCTEMHU 3 PO3MOIiJIEHOI Macolo 10 po3pa-
XYHKY OiJIbIII TTPOCTO1 CUCTEMHU 3 KiHLIEBUM YUCIIOM
CTyIIeHiB cBOOOOM [8].

Iupoko BimoMi HaGAMXKEHI METOAM BM3HAa-

YeHHs BJIACHMX 4YacTOT i (popM KOJIMBaHb TpPyOO-
npoBoniB. OCHOBHUM HEJIOIiKOM ITOAIOHNX METO/IIB,
1[0 MPU3BOAUTH YACOM J0 3HAYHUX KiJIbKiCHUX TTO-
XiOOK poO3paxyHKy, € CHpPOIUEHHS, MPUUHATI Mpu
00J1iKy KpailoBUX yMOB (F€OMETPUYHUX i AUHaAMi-
YHUX YMOB, 110 HakJajaloTh OOMEXEHHS Ha CBO-
0oy mepeMillieHHs KiHIliB TpyOOIIpOBOIY, a TAaKOX
Ha BUTUHAIOYMI MOMEHT i MOMEPEYHy CUIY).

BimxunenHs mapamMeTpiB reoMeTpii TpyooIIpo-
BOJIy MpU eKCIIyaTallii BiJl i HEOMHOPIAHICTh MaTe-
piajly BIJIMBaKOTh Ha PO3MOMAiT BiOPOAKYCTUUHMX
HaBaHTaXeHb. [CHyIOUi YuceNbHi aJITOPUTMU PO3-
PaxyHKiB 4acToT i popM KoimBaHb TpyOOIIPOBO/IIB,
1110 BUKOPUCTOBYIOTb JUISI OLIiHIOBAaHHSI OCHOBHOI Ya-
CTOTU KOJIMBAJIbHOI CUCTEMM HE BpPaXxOBYIOThb AU-
HaMiyHi XapakKTepUCTUKU, 3MiHY TYCTUHU Ta B’SI3-
KOCTi piiMHU B cepeauHi TpybonpoBoay. TOUHICTb
YacTOTU KOJIMBaHb TPYOOMPOBOAY TaKOX 3aJI€XKUTh
Big BUOODPY (hOPMU KOJIMBaHb, SIKY iHOMi BaXXKO 3a-
3najieriab nepeadaunty. [pakTuyHi 3aBIaHHS BU-
MaralTb BUKOHAaHHSI pO3paXyHKOBMX pOOIT 3 He-
00XinHOIO TOYHICTIO. BincyTHICTh aHaTiTUYHOTO Me-
TOAY BU3HAUEHHS 4acTOT i (hOpM KOJIMBaHb TPyOO-
MpoBONYy, SIKU OM BpaxoBYyBaB TUI KpIiIUIEHHS Ta
po3TalllyBaHHSI OMip, 3MYIIYE MPOEKTYyBaJIbHUKIB
afanTyBaTH iCHYIOUI MiIXOAM Ta MOJei PO3paxyHKiB
JI0 KOHKPETHUX BUMipIOBAJILHUX YMOB.

ToMy akTyaqbHOIO HayKOBO-TIPUKJIATHOKO 3a-
JaJyero € po3poOKa aHAIITUYHOI MOJENi pOo3paxyH-
Ky 4acToT i popM KOJIMBaHb TPyOOIIPOBOMIIB 3 ypa-
XYBaHHSIM >KOPCTKOCTi (MiZmaTAuBOCTi) omop i ix
po3TalnyBaHHsI. 3aCTOCYBaHHSI TakKoi MoJesi J03-
BOJIUTh MiABUIIUTU TOUYHICTb METOAY KOHTPOJIIO
SIKOCTi TEXHOJIOTIYHOTO IIPOLIECY Ta CYTTEBO CIIPOC-
TUTD 3aJa4uy MPOEKTyBaHHS Ta aJanTallil iCHyI40-
ro MpUIagHOro NapKy BiOpouyacTOTHUX JATYMKIB J0
KOHKPETHUX BUMipIOBaJbHUX 3a1ay.

Iiav ma 3adaui docaioncennsn

Mertoro gaHoi podOTH € po3pobKa aHaIITAU-
HO1 Mojei ISl po3paxyHKy 4acToT i (popm Kosu-
BaHb TPYOOIPOBOAY 3 ypaxyBaHHSIM >KOPCTKOCTi
(migmaTauBOCTI) omop i ix po3rairyBaHHS. s qo-
CSITHEHHSI TIOCTaBJIEHOT METU HEOOXiTHO BUPILLIUTU
HaCTYIHi 3aBIaHHS:

— PO3pOOUTH MaTeMaTUYHY MOJCIb aHATITH-
YHOTO METOy PO3paxyHKy 4acToT i ¢opM KoJju-
BaHb TPYOOIPOBOY 32 PaXyHOK 3aCTOCYBaHHSI TOU-
HOTO CMPOILEHHS OCHOBHUX PiBHSIHb PE30HAHCHUX
KOJIMBaHb 3 ypaxyBaHHSIM >KOPCTKOCTi (MmimgaTiu-
BOCTI) OITOp i iX po3TallyBaHHS,

— BUKOHATM PO3paxyHOK 4acToTu i dopmu
KOJIMBaHb TPYOOIPOBOAY IJisl Pi3HUX YMOB 3aKpill-
JICHHS;

— BMKOHATM aHaJli3 pe3yJbTaTiB pO3paxyHKiB

Development of an analytical model for calculating and optimizing vibroacoustic loading of technological

equipment pipelines
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IIITXOM TTOPiBHSHHS 3 pe3yabTaTaMH BiTOMUX Me-
TOMIB Ta OIiIHWTH TOYHICTb OTPUMAHOI MOIEJi.
Po3pobka aHamiTUYHOI MOJEi pO3paxyHKy
BiOpPOAKyCTHYHOTO HaBaHTaXXEHHST TEXHOJIOTIYHOTO
TpyOOIIPOBOAY
3amuireMo piBHIHHS BJIACHUX KOJWBaHb
IUISHKA TpyOOIIpoBOLY Y BUIIsAI [9]:

o'y (x,t) __m 82y(x,t)‘ (1)
ox* EJ, ox’

z

V piBHsHHI (1) ¢yHKIIiS KonuBaHb y(X,t) Bigpa-
XOBYETHCS Bill OJI0XEHHS OCHOBOI JIiHiI TPyOOIIpO-
BOJIY IMPU HMOro CTaTUYHOMY piBHOBa3i (0e3 ypaxy-
BaHHSI MPOTUHY Bill BJacCHOI Baru).

3acrocoBytloun Meton Dyp’e (MeTon MOmiTy
3MiHHMX) [4] pillleHHs1 AudepeHLialbHUX PiBHSIHb
B MPUBATHUX MOXiAHMUX, (PYHKIIiIO KOJWBaHb Oye-
MO 1IyKaTu Y BUTJISII:

y(x,)=Y(X)T(1). (2)

ITincraBasroun pimeHHs (2) B piBHsAHHS (1) i
MPUMHOXYIOUHM JIiBY i MpaBy YaCTMHU PiBHSIHHS Ha

EJ 1

-, MaeMmo:
m Y (x)T(t)

EJ 1 d4Y(X)_
m Y(x) dx* -

C 1 dT(t)
T(t) dt’

(3)

Tak sIK (yHKIIil pi3HUX apryMeHTIiB MOXYTb
OyTH piBHi TiJIbKM KOHCTaHTi, TO OTPUMYEMO JIBa
PiBHSIHHSI:

EJZ 1 d4Y(X) — (1)2 a60
m Y(x) dx*
“Y(x) m
'Y (x)=
dx* EJZ(D (x)=0, )
2
1 d (Y =" a6o
T(t) dt’
2
d(;rtgt)+co2T(t)=O (5)

PiBusHHS (6) Mae ysaBHI KOpeHi XapaKTepH-
CTUYHOTO PiBHSIHHS 1, OTXe:

T(t)=asinot+bcosnt, (6)

3 OTpUMaHOTO pillleHHSI BUILJIMBAE, 110 Mapa-
METp ® BU3HAYA€E YaCTOTY BJACHUX KOJMBaHb OaIKU.

PiBHssHHST (4) Bu3Hauvae ¢opMy KOJMBaHb
IUISTHKA TPyOOIIPOBOAY i HA3MBAETHCS AUPEPEHITI-
aJIbHUM DPiBHSIHHSI (DOPMU KOJIMBaHb TPYOOIPOBO-
ay.

IIpn mepexonmi 1o O6e3po3MipHOTO IMapaMeTpa
(apryMeHT) OTpUMAa€EMO:
y(x)=AS(kx)+BT(kx)+CU(kx)+DV(kx), (7)
Je y(X) — BiIXWJIEHHSI TOUOK OCi TpyOOIpOBOAY Bill
piBHOBaxXHOTO nosioxxeHHs1; A, B, C, D — nocriiiHi
migiOpaHi Tak, 11006 BUOpaHi Tak 1100 1J1sI (PYHKIIi
y(X) BUKOHYBaJIMCS YMOBM 3aKpillJIeHHs KiHIIiB;
S(kx), BT(kx),CU(kx), DV(kx) — dyHkuiss Kpuno-
Ba [5]:

S(kx)=1/2(chkx+coskx),

T(kx)=1/2(shkx+sinkx),
U(kx)=1/2(chkx+coskx),
T(kx)=1/2(shkx+sinkx). (8)

Taonuusa 1
CxeMH MOXKJIMBHX BapiaHTiB KOMIOHOBKH TPYOOMPOBOLY
Ha JBOX i TPhOX OMOpax

Twur 3akpitureHHs

Homep kKoMIoHOBKH
TpyOOnpoBOay Ha omopax

n=1 :
—
n=3 3:%

n=6 I % 5
n=7 g

n=9

n=10

Oliynyk O., Taranenko Y.
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PosrisiHeMo KoJiMBaHHSI TpyOONPOBOAIB IS
YOTUPbOX OCHOBHUX YMOB 3aKPillJIEHHS KiHIIiB Tpy-
6ompoBoAy 3a maHuUMH [6]:

— KiHellb TpyOOTIIPOBOAY BiJIbHUIA;

— JKOPCTKe KpiIJIeHHS KiHls TpyOOIpoOBOILY;

— 3akpiljeHHs KiHUs TpyOoOmpoBOLY B
MPYXHiil onopi.

®yukiii Kpnmosa maroTh 3MOTy 3aImmcaTi BU-
pa3 3arajJbHOTO iHTerpajaa, 110 3aA0BOJIbLHSIE YMO-
BaM Ha KiHOi X=0 i MICTUTh TiITBKU ABI ITOCTIWHI,
SIKi BU3HAYAIOThCS 3 YMOB Ha iHIIOMY KiHIIi X=1 [4].
IIpu HasgBHOCTI MPOMIiXHOI OMOpPW BUpa3 s 3a-
nucy ¢opMU TOJOBHOTO KOJMBaHHSI Ma€ BUIJISI
(I noBXrHa TpyOOIPOBOIY):

y(x)=AS(kx)+BT(kx)+CU(kx)+DV(kx),

npu 0<x<I;

y(x)=AS(kx)+BT(kx)+CU (kx)+DV(kx)+
+R/KEI-V(k(x-1)), ipm 1,<x<1,+1,. )

Y T1aba. 1 HaBeneHO CXeMHU BCiX MOXJIMBHUX
BapiaHTIiB KPirJIEeHHSI TPYOOIPOBOIY Ha ABOX i TPHOX
oIfopax ypaxyBaHHSIM SIKMX BUKOHAHO PO3paxXyHKH
3a JiTepaTypHUMU JaHUMU [5].

IIponoHoBaHa kJjlacuikallisg ToOKJIajgeHa B
OCHOBY PO3pO06JIEHOTO MPOTPAMHOTO KOMITIEKCY 3
PpO3paxyHKy BJIaCHUX 4acToT i (hOpM KOJIMBaHb TPY-
O0ormpoBoay. AJITOPUTM PO3PaXyHKOBOI YaCTUHU
IIpOrpaMy TIPOJEMOHCTPOBAHO Ha TPUKIIALII.

1. 3aBaHTaxKyeEMO pOOOUi MOMYJIi Ta BUXiTHI JaHi
3 HEOOXiTHMMHU PO3PAXyHKOBUMMU CITiBBITHOILIEHHSIMU
ISl TapaMeTpiB AISTHKY TpyoorpoBoay (cxema 1).

2. 3agaemo ¢yHKuii KpuioBa BUKOPUCTOBY-
[OUX TIPUIOM IIJIST iX 6aratopa3oBOTO BUKOPUCTAH-

from numpy import * # ons pospaxymkis

import matplotlib.pyplot as plt # epaghixa

import matplotlib as mpl # epagixa

mpl.rcParams [ 'font.family'] = 'fantasy' # epaghixa

L =L1+ L2 # 0osorcuna dinauku mpyoonpogooy 6 m.
#X =x/ L ionocra 0osocuna Oiiauku mpyoonpoeooy
d = 20e-3 # enympiwniii diamemp mpy60onpo6oody 6 M.
dt = 1.5e-3 # moswuna cminku mpy6onpogooy 6 M.

D =d + 2 *dt # 306niwniii diamemp mpy6onposooy 8 m.
E = 196e9 # mooyaw IOnea mamepiany 6 v/ m2.

rm = 7.9e3 # macosa winvuicms mamepiany 6 ke / m3.
rg = le3 # macosa winenicms piounu 6 ke / m3.

¢ = le5 #aicopcmkicmov 3aK1a0eHHs 8 H /M

cl = le4 # acopcmricms 3axnadenis 6 H/ m

c2 = 2e4 # acopcmricmb 3ak1a0ens 6 H/ M

c3 = 2e4 # acopcmricmb 3akna0enis 6 H/ m

n = 2 # 6ubip KomMnouyeanHs OiNAHKY MpPYOONPo8ooy

11 = L1/ L #gionocna 0o6scuna OiAHKU 00 3aKPINIeHHs
12 =L2/L # 6ionocna 0ossicuna OiAHKU OO 3aKPINIEHHS.
[ =11 + 12 # 3acanvha 8ionocna 008icuna

from scipy.optimizeimport * # /[na eupiuiens HuceibHuM Memooom

mpl.rcParams [ 'font.fantasy'] = 'Comic Sans MS, Arial' # epagixa
L1 = 0.5 # 0oexcuna dinsnku mpy6onpogooy Midxc onopamu 8 M.
L2 = 1.0 # 0oexcuna dinsinku mpy6onpogooy Mixic onopamu 8 M.

1= (pi/64) * (D ** 4-d ** 4) # cmamuunuti momenm inepyii mpyou ¢ M4.

mg = (pi/4) *d ** 2 * rg # maca oounuyi dosxcunu piounu 6 k2 / m3

mt = (pi/4) * (D ** 2-d ** 2) * rm # maca oounuyi doesxcuru mpyou 6 ke / m3

m = mg + mt #maca oouHuyi dosdxcUHU MPyoU 3 piouHoIo 8 K2 / M3

EJ = E *J # 006ymox m00yna npysicHocmi Ha CMamuyHuil MOMeHm inepyii 6 H * m2

Cxema 1

def S(k,x):# ¢pynxyia Kpunosa
return (cosh(k*x)+cos(k*x))/2
def T(k,x):# ¢pynxyia Kpunosa
return (sinh(k*x)+sin(k*x))/2
def U(k,x):# @pynxyis Kpunosa
return (cosh(k*x)-cos(k*x))/2
def V(kx):# ¢ynxyis Kpunosa
return (sinh(k*x)-sin(k*x))/2

Cxema 2

Development of an analytical model for calculating and optimizing vibroacoustic loading of technological

equipment pipelines
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def f(k):# ¢pynxyii ona pospaxyuxy xoegiyienma k gpopmu xonusans
ifn==1:

return U(k,1)**2-T(k,1)*V(k,1)

elifn==2:

return S(k, 1) **2-T(k, 1) *V(k,1)

elif n==3:

return (k**3*EJ*S(k, 1)- c*V(k,1)) *S(k, 1)-(k**3*EJ*V(k, 1)- c*U(k,1))*T(k, 1)
elifn==4:

return (K**3*EJ*T(k, 1)/c+S(k, 1)) *V(k,1)-(k**3*EJ*U(k, 1)/c+T(k, 1)) *U(k,1)
elif n==5:

return Vik, 1) *(k**3*EJ/c *(k**3*EJ*T(k, 1)-c*S(k, 1)) +k**3*EJ*S(k, 1)-c*V(k, 1))-(k**3*EJ*U(k, 1)-
c*T(k, 1)) *(k**3*EJ/c*U(k,1)+T(k, 1))

elif n==6:

al=U(k,);

a2=T(k1);

a3=k**3*EJ*V(k,11)-c*U(k,11);

b1=V(k1),

b2=U(k,)

b3=k**3*EJ*S(k,11)-c*V(k,1);

d1=V(k12);

d2=U(k,12)

return d1*(a2*b3-a3*b2)-d2*(al *b3-a3*bl)

elifn==7:

al=S(k,1);

a2=V(k);

a3=k**3*EJ*V(k,11)-c*U(k,11);

bI=T(k]);

b2=S(k,1)

b3=k**3*EJ*S(k,11)-c*V(k,1);

d1=T(k12);

d2=S(k,12)

return d1*(a2*b3-a3*b2)-d2*(al *b3-a3*bl)

elif n==38:

al=S(k,1),

a2=k**3*EJ*V(k,11)-c1*U(k,11);

a3=k**3*EJ*V(k,1)-c2*U(k,1);

bI=Uk1);

b2=k**3*¥EJ*S(k,11)-c1*V(k,11);

b3=k**3*EJ*S(k,1)-c2*V(k,1);

d1=T(k12);

A2=k**3*EJ*S(k,12)-c2*V(k,12);

return d1*(a2*b3-a3*b2)+d2*(al *b2-a2*b1)

elif n==9:

al=V(k1);

a2=U(k,1);

a3=k**3*EJ*U(k,11)-c2*T(k,11);

bI=k**3*EJ/c1*U(k,)+T(k1);

b2=k**3*EJ/c1*T(k,)+S(k,1);

b3=(k**3*EJ/c1*T(k,11)+S(k,11)) *k**3*¥EJ-c2*(k**3*EJ/c1*S(k,11)+V(k,11));
d1=T(k12);

d2=S(k,12);

return d1*(a2*b3-a3*b2)-d2*(al *b3-a3*bl)

elifn==10:

al=V(k1);

a2=k**3*EJ*U(k,11)-c2*T(k,11);

a3=k**3*EJ*U(k,1)-c2*T(k,1);

bI=k**3*EJ/c1*U(k,)+T(k1);

b2=k**6*¥E**2¥T**2/c I *¥T(k,11)+(1-c2/c1) *k**3*EJ*S(k,11)-c2*V(k,11),
bI=k*¥*G*E**2*J**2/c [ *T(k,))+(1-c3/c1)*k **3*¥EJ*S(k,1)-c3*V(k,1);
d1=T(k12);

d2=k**3*EJ*S(k,12)-c3*V(k,12);

return d1*(a2*b3-a3*b2)+d2*(al *b2-a2*b1)

Cxema 3

Oliynyk O., Taranenko Y.
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def y(k,x):# ¢pynxyii ona pospaxynxy gopmu koausans

ifn==1I:

return U(k,x)-T(k, 1) *V(k,x)/U(k, 1)

elifn==2:

return U(k,x)-V(k,1)*V(kx)/S(k,1)

elifn==3:

return U(k,x)-S(k,1)*V(k,x)/T(k,1)

elifn==4:

return k**3*EJ*S(k,x)/c-(T(k,x)/V(k, 1)) *(k**3*EJ*U(k, 1)/c+T(k,1))+V(k,x)
elifn==35:

return k**3*EJ*S(k,x)/c-(T(k,x)/V(k, 1)) *(k**3*EJ*U(k, 1)/c+T(k, 1))+ V(kx)
elif n==6:

al=U(k1);

a3=k**3*EJ*V(k,11)-c*U(k,11);

b1=V(k1);b2=U(k,)

b3=k**3*EJ*S(k,11)-c*V(k,11);

d1=V(k12);

if O<=x<=lI:

return -b3/a3*U(k,x)+V(k,x)

elif l1<x<=l:

return -b3/a3*U(k,x)+V(kx)-1/d1*(-b3/a3*al +bl)*V(k,x-11)

elifn==7:

al=S(k,1);

a2=V(k1);

a3=k**3*EJ*V(k,11)-c*U(k,11);

b3=k**3*EJ*S(k,11)-c*V(k,11);

d2=S(k,12)

if 0<=x<=I1I:

return -b3/a3*U(k,x)+V(kx)

elif [1<x<=l:

return -b3/a3*U(k,x)+V(k,x)-1/d2*(-b3/a3*a2+al)*V(k,x-11)

elif n==38:

al=S(k,1);

a2=k**3*EJ*V(k,11)-c1*U(k,11);

b1=U(k,);

b2=k**3*EJ*S(k,11)-c1*V(k,11);

dI=T(k,12),

if 0<=x<=I[1I:

return -b2/a2*U(k,x)+V(k,x)

elif [1<x<=l:

return -b2/a2*U(k,x)+V(kx)-1/d1*(-b2/a2*al+b1)*V (k,x-11)

elif n==9:

al=Vk,1l),

a3=k**3*EJ*U(k,11)-c2*T(k,11);

b1=k**3*EJ/c1*U(k1)+T(k,1);
b3=(k**3*EJ/c1*T(k,11)+S(k,11))*k**3*¥EJ-c2*(k**3*EJ/c1*S(k,11)+V(k11)),
dI=T(k,12),

if 0<=x<=I[1I:

return -b3/a3*T(k,x) tk**3*EJ/c1*S(k,x)+V(kx)

elif l1<x<=l:

return -b3/a3*T(k,x)+k**3*EJ/c1*S(k,x)+V(kx)-1/d1*(b1-al *b3/a3)*V (kx-11)
elifn==10:

al=V(k,1l),

a2=k**3*EJ*U(k,11)-c2*T(k,11);

b1=k**3*EJ/c1*U(k1)+T(k1);

b2=k**G*E**2*¥J*¥*¥2/c 1 *¥T(k,11)+(1-c2/c1) *k**3*EJ*S(k,11)-c2*V(k,11);
dI1=T(k12);

if 0<=x<=I[1I:

return -b2/a2*T(k,x) +k**3*EJ/c1*S(k,x)+V(kx)

elif [1<x<=l:

return -b2/a2*T(k,x)+k**3*EJ/c1*S(kx)+V(kx)-1/d1*(bl-al*b2/a2)*V(k,x-11)

Cxema 4

Development of an analytical model for calculating and optimizing vibroacoustic loading of technological
equipment pipelines
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a=[]
w=0
for i in range(0,4+w):# nepebop k

if k==0:# euxnrouenns Hy1b08020 3HAUEHHS k
w=]

elif k!=0:

p=round(k,3)

ifpnotind:

d.append(p)

k=brentq(lambda k.f(k),0+pi*i,pi+pi*i)# uucrose suznauenns k

Cxema 5

q =linspace(0,1,100)

x=[wforwinq]

forkind:
w=round((k**2*(EJ/m)**0.5)/(2*pi*L**2),3)
z=[y(kx)for x in q]

pltplot(x, z,label="k= %s,f=%s I'y' %(str(k),str(w)))

pltxlabel('x/L ")
pltylabel('Y(x/L) ')
plt.legend(loc="best’)
plt.grid(True)plt.show()

plt.title("lepwi mpu ghopmu gueubHux KOIUBAHD Y 8iCbOGIL NiHIT MpYOU 0151 KOMNOHOGKU Ne %s'%on)

plt.show()
Cxema 6
Tadbnauug 2
EkcnepumMeHTa/IbHA MepeBipKa TOYHOCTiI BU3HAYEHHS YACTOT
Howmep BiacHoi ExcnepumenTaibHe [Toxubka po3paxyHKy,
Po3paxoBane 3nauyenss, ['m o
4acTOTH 3HaueHHs, 11 %
[epma dopma 66,6 67,8 1,2
Apyra ¢opma 132,1 1343 2,2
Tpers popma 2842 290,1 5,9

Hs1 'y BUIJIsiai nmporpaMHux pyHkuiin defS(k,x) 3 me-
penayero B HUX 3MiHHUX K, X (cxema 2).
3.01puMyeMo ¢yHKLIT 11 BU3HAYEHHS KO-
edimienTa opMu KoJMBaHb K BiIIIOBiZHO OO0 HO-
MepiB KOMITIOHOBOK n Bia 1 mo 10 (cxema 3).

4. OrpuMyemMo (YHKIIi1 17151 BUSHAYEHHSI Pop-
MM KOJIUBaHb y(X) BiIMOBIIHO 10 HOMEpaMu KOM-
nmoHoBok n Big 1 1o 10 (cxema 4).

5. 3HaxoAMMO YHMCEJIbHI 3HAYEHHS TepIIuX
TpbOX KoedillieHTiB (popmu k BuUKIIOUAIOYU TMPU
1IbOMY HMOro HYJbOBe 3HaueHHs. [1pu 11boMy BUpi-
LIYEMO IIPO0JIeMy O0JIACTI MOIIYKY I K IIJISIXOM
BUKOPUCTaHHS Aiana3zony 0+pi*i, pi+pi*i (cxema 5).

6. bynmyemo Ha omHOMYy Tpadiky yci Tpu dop-
MH KOJIMBaHb 3 00UMCICHUMH YacToTaMu (cxema 6).

3 BUKOPUCTAHHSIM PO3pO0JIEHOT0 ITPOrpaMHO-
ro 3abe3rneyeHHs BU3BHAYUMMO (hOPMU KOJIUBaHb TPY-
0ompoBOAY AJISI BUTIAKY, KOJM TPYOOIpOBif 3aKpi-
IUIEHUI Ha ABOX MPYXHHUX OIMopax IIoA0 Momnepe-
YHUX MepeMillieHb Ha KiHusgx. Kopucrymouuch Ha-
BEJIEHOIO METOAMKOIO, Peali30BaHOIO B pO3pO0JIeHiit
Mporpami, OTpUMaEMO Bi3yaslizallilo 4acToTH i pop-

MM TOJIOBHMX KOJMBaHb IS BKa3aHOI KOMITOHOB-
KM diJSSHKU TpyOONpOBOAY Y BilMOBIAHOCTI 10
PiBHSIHb PO3paxyHKy 4acTOTH Ta (pOpMU TOJOBHUX

0.8 TR

06 /\

== k=4.73,f=50.901 'u
-& k=7.853,f=140.305 'y /
~— k=10.996, f=275.088 'y

0 0.2 0.4 0.6 0.8 1.0
x/L

Bigyaunizauis nepiuux TppoXx opM BUTMOHUX KOJMBaHb
BiCbOBOI JIiHil TpyOOIpoOBOIY

Oliynyk O., Taranenko Y.
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KOJIMBaHb (PUCYHOK).

ExcnepumeHTalibHa TepeBipKa TOYHOCTI BU3-
HayeHHsI 4acTOT MPOBOAMJIACH 3 BUKOPHCTAHHSIM
B/l 3 mmninapunyaumM pe3oHatopoM [10]. Pesynbra-
TU TIOPiBHSJIBHOTO aHali3y HaBelaeHi B TaOJI. 2.

ITomiTHO, 110 MoOXMOKa 3pocTa€e 3i 3pOCTaH-
HsIM (pOpMU, OTHAK 3HAYEHHS TMTOXUOKU BU3HAUEH-
HsI 4aCTOTW KOJIMBAaHHS Ha IIepIliii (popMi € mepe-
KOHJIUBUM apryMEHTOM JIJIS1 BAKOPUCTaHHS PO3po0-
JIEHOI aHaJliTU4HO1 Moneni. ns iHmumx ¢opm mno-
XnOKa B MexXax JomyctuMoro (5%) 3 ypaxyBaHHSIM
TOrO 110 PO3PaXyHOK HE BPAaXOBYE TepTs i BILUIUB
IIBUIKOCTI TToTOKY [10].
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PA3PABOTKA AHAJIUTUYECKO¥ MOZIEJIN 15
PACYETA 1 OITUMM3ALINY BUBPOAKYCTUUYECKOM
3AT'PY3KU TPYBOITPOBOJOB TEXHOJIOI'MYECKUX
AIITTAPATOB

Oueiinux O.10., Tapanenxo 10.K.

Cmamos nocesujerna papabomke aHarumu4eckou 04s pac-
Yema u ONMUMU3AYUYU BUOPOAKYCMUYECK020 HASPY3KU MPYyOOnpo-
60006 mexHooeuveckux annapamos. OMKAOHeHUe Napamempos
eeomempuu mpyoonpogoda om udearbHvix U HeOOHOPOOHOCMb MAa-
mepuana éausiom Ha 6UGPOAKYCMUMECKUL HA2PY3KU MeXHOA02U-
yeckux annapamos. Cyujecmeyruue MHO2OYUCACHHbIE AN20PUMMbL
pacuemos uacmom u opm Koae6anHuii mexHoao2uMecKux mpy6o-
npo6000s, UCNOAB3YEMbIX 0451 OUEHKU OCHOBHOU HaACmOomyl Koaeba-
MEAbHOU CUCTEMbL He YYUMbI6arm OUHAMUYecKUue XapaKmepuc-
muku. Tounocms wacmomst Koaebauuil onpedeneHus eubpoaKyc-
MU1ecK0e0 HaAepy3Ku 3aeucum om evlbopa opmui Korebanul, Ko-
mopyr uHoeda mpyoHo 3aparee npedckasams. [lpakmuueckue 3a-
dayu mpebyrom 6bINOAHEHUS PACHeMHbIX pabom ¢ mpebyemou mo4-
Hocmblo. Omcymemeue mMovHO20 Memooa pacuema 4acmom u gopm
Koaebanuii mpybonpogodos, Komopulii Obl y4UmMsleas mun Kpenie-
HUSL U PACHOAONCEHUS] CONPOMUBACHUE, NPOCKMUPOSUUKU BbIHYJIC-
deHvl adanmuposams cyujecmeyoujue nooxoosl u modeau pacye-
M08 K KOHKPEeMHbIM UMepumenviuim ycaosusm. [losmomy Ha npak-
muKe NPUMEHSIOm YRPOUjeHHble U NPUdAUNICeHHble Memodbl pacye-
ma. IIpu naauuuu cocpe0omoYeHHbIX MACC U 8 CAyHuae yuema pacce-
SIHUSL SHEpeUU 6 Mecmax KpenieHusi mpyoonpogooog ancopummyl
pacuema cmanossmces 6oaee mpyooemkumu. B Hekomopwix cayuasx
603MOICHOCb MAMEMAMUYECKOl MPaKmosKu 3a0a4a cmaHogun-
€51 6LINOAHUMOU MOABKO NPU YCAOGUU 66€0€HUS 8 PACHEN HEKOMO-
puix ynpouwenui. [Ipednodcennas anarumu4eckas mooens paciema
yacmom u opm Koaebauull 8UOPOAKYCMUYECK020 HAPY3KU b6a3u-
pyemcs Ha memode Kpwviroea. Onpedenerue cobcmeeHHbIX (hopm U
yacmom Koaebanuti mpyoonpoeooa oCyuecmensemces UHmeepayu-
ell Ucx00H020 dughepeHyUanbHo20 ypasHeHus: c60000HbIX nonepey-
HbIX KOAeOaHUU 0451 PA3AU4HbIX MUN08 3aKpenieHus Konyos. [lpu-
6e0eHHble Pe3yAbmanbl NPOSPAMMHOU Pearu3ayuu mMooeau 8 npo-
epammHuou cpede Python.

KiiouyeBbie cioBa: BUOPOUYACTOTHBIN METON KOHTPOJIS,
yacrora, ¢hopma Konebanuit, pyakimuu Kpbuiosa.
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DEVELOPMENT OF AN ANALYTICAL MODEL FOR
CALCULATING AND OPTIMIZING VIBROACOUSTIC
LOADING OF TECHNOLOGICAL EQUIPMENT
PIPELINES

Oliynyk O., Taranenko Y.

Ukrainian State Chemical Technological University, Dnipro,
Ukraine

The article is devoted to the development of analytical model
for calculation and optimization of vibroacoustic load of pipelines of
technological apparatuses. A deviation of pipeline geometry from the
ideal one and the heterogeneity of material affect the vibroacoustic
load of a technological apparatus. Numerous existing algorithms for
calculating frequencies and forms of fluctuations in technological
pipelines used to estimate the fundamental frequency of a vibrational
system do not take into account dynamic characteristics. An accuracy
of an oscillation frequency of determining the vibration acoustic load
depends on the choice of the form of oscillation, which is sometimes
difficult to predict in advance. Practical tasks require performing
design work with a required accuracy. The lack of an accurate
method for calculating frequencies and forms of fluctuations in
pipelines, which would take into account a type of fastening and a
location of resistance, forces designers to adapt existing approaches
and models of calculations to specific measuring conditions. Therefore,
in practice, simplified and approximate methods of calculation are
used. In the presence of concentrated masses and in the case of
energy scattering registration in places where pipelines are fastened,
calculation algorithms become more labor intensive. In some cases,
a possibility of mathematical interpretation of a task becomes feasible
only if some simplifications are introduced. The proposed analytical
model for calculation of frequencies and forms of vibroacoustic load
oscillations is based on the Krylov method. The determination of
eigenforms and frequencies of vibrations of a pipeline is carried out
by integrating an initial differential equation of free transverse
oscillations for various types of fastening of the ends. The results of
the software implementation of the model in the Python software
environment are shown.

Kimouogi cioBa: vibration frequency control method, fre-
quency, waveform, Krylov function.
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AIAJIBHOCTI HIAITPUEMCTB

JABH3 «YkpaiHchKkuii AepKaBHUi XiMiKO-TeXHOJIOTiYHMIi yHiBepcuTeT», M. [IHinpo, Ykpaina

CratTs nipucBsiueHa (piHaHCOBO-eKOHOMIUHOMY OLIIHHIOBaHHI CTaHYy aBTOTPAHCIIOPTHUX
MiAMPUEMCTB YKpaiHU LIJISIXOM BUKOPUCTaHHSI 6araTOBUMipHOTO CTaTUCTUYHOTO KJlac-
TepHOro aHaiidy. B crarri Oyno po3B’s3aHO 3amady aHajidy (PiHaHCOBO-€KOHOMIUHOTO
crany mignpueMmcTB Ykpainu 3a 2013—2017 pp. y naketi STATISTICA 3 ypaxyBaHHSM
(iHAHCOBO-EKOHOMIYHMX MOKA3HUKIB. Y MOCTIIKEeHHi 3aCTOCOBAHO YOTHUPHU TPYIHU I10-
Ka3HMKIB: JIIKBiAHICTh, (DiHAHCOBA CTIilKiCTh, HiJlOBa aKTUBHICTh, peHTA0EIbHICTh 3a 1a-
HUMM (DiHAHCOBOI 3BITHOCTiI HECSATH aBTOTPAHCIIOPTHUX MiANMPUEMCTB. BukopucTaHHS
MeTony k-cepenHix Ta arJioMepaTHBHOIO METOAY JepeBOIOAIOHOI KlacTepu3allii 103BO-
JIWJIO PO3IUIUTHU MiAMPUEMCTBA HA TPU KJIACTEPH, SIKi BilOOpaKaloTh X CTaH: KPU3OBUIA,
nepeakpu3oBuii, HeKpu3zoBuii. [1pu 3acTocyBaHHi MeTony k-cepemaHix METOIOM COpPTY-
BaHHS BifICTaHi Ta BUOOPY CIOCTEpEXXEHHSI Ha MOCTIMHUX iHTepBaJlax 3aJaHO MOYaTKOBI
LEHTPU KJIACTEPiB, BUOPAHO CIIOCTEPEKEeHHSI, IKi MAKCHUMIi3yIOTh ITOYATKOBI BiICTaHi MixK
kiactepamu. OTpUMaHO 3HAYEHHSI MIKTPYITOBUX i CEpeHbOTPYNOBUX TUCIIEPCiii, Tapa-
meTpa F Ta piBHSI 3HAUYIIOCTI, 1110 TO3BOJIMJIO BUSIBUTH (DiHAHCOBO-€KOHOMIiYHi IMOKa3-
HUKH, SIKi HECYTb HAOIbIIly iH(OPMATUBHICTD AJIs TIpOLIeCy KiacTepu3allii MeTonoM k-
cepenHix. s kinacTepusallii arJioMepaTMBHAM METOIOM JIepeBOITOAIOHOI KiTacTe pr3alii
y SKOCTi mpaBuja 00’eHaHHS B KJIACTEPU B3SITO METOJ OAMHOYHOTO 3B’s13Ky. B pe3yiib-
TaTi KjacTepusallii mody10BaHO JIEHIpOTrpamy, sika J103BOJISIE BUBHAYMTH KJIACTEPHU B 3a-
JIEXXHOCTI Bif BiacTaHi Mixk HUMM. Lle 103BOIMIIO PO3MJISTHYTU XapaKTePUCTUKY Pi3HUX
CcTOpiH (hiHAHCOBOTO CTaHY MiANIPUEMCTBA, BUSIBUTU $SIKi TTapaMeTpy YTBOPIOIOTh MOYaT-
KOBi KJIacTepu CTaHy MiANMPUEMCTB, Ta SIKi YTBOPIOIOTb OKPEMi KJIaCTepH i IMOCTYIOBO
MPUEAHYIOTHCS JI0 TIeplrx KiaacTepiB. [1o0ynoBaHa ropu3oHTaIbHa IepeBOIOiOHA /iar-
paMa aBTOTPAHCIOPTHUX MiANIPUEMCTB BigoOpaXae IiANpUEMCTBA, SIKi TICHO CTUCKa-
I0TbCSl OAMH 3 OJHUM Ta HUISIXOM 00’emHaHHSI (hOPMYIOTh HOBi Kiactepu. OTpumani
KJacTepM LUISIXOM KJlacTepu3allii MeTogoM k-cepeaHix Ta arjioMepaTMBHUM METOIOM
JiepeBONOAIOHOI KiacTepu3allii Oy0 MpoaHaji30BaHO Ta 3p00JIEHO BUCHOBKM IIONO iX
CTaHy.

KumiouoBi ciioBa: KiacTepHuii aHasi3, MeTol K-cepenHix, arJioMepaTuBHUN METO/ AePeBO-
noaibHoi Knactepu3sallii, GiHaHCOBO-€KOHOMIUHMI CTaH ITiAIPUEMCTB, CTaH MiAPUEMCTB.
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MIIXOIU KJACTEPHOI'O AHAII3Y 10 OLIIHKA ®THAHCOBO-EKOHOMIYHO{

Ilocmanosxa npobaemu

3a ymMoB iHTerpalii Ta miodaizaiii Kio4yoBe
3HAYEHHS Y PO3B’sI3aHHI Ipo0JieM 3pOCTaHHS KOH-
KYpPEHTOCIIPOMOXHOCTI HAalliOHAJIbHOI €KOHOMIiKU
MaloTh CyYaCHi opraHizalliliHi YTBOPEHHS, a CaMe:
HayKOBI 1 TEXHOJIOTIYHI ITapKK, TEXHOIIOJIiCU, iHHO-
BalliliHi Ta HAYKOBO-TEXHOJIOTiYHi LIEHTpH, Oi3HEeC-
iHKyOaTopu, KiacTepu. AIKe, Tocnogapchka IJIO-
OaJizallisl 3HAYHO IOCIa0dI0€ HallioHaJbHI Oap’e-
pu, copusdu yHigikalii 6i3Hecy i 3a TaHUX YMOB

© IMucapskosa B.P., Haymenko H.1O., 2019

perioHaJbHO-IIPOCTOPOBI CUCTEMHU € TOJIOBHUMMU
cy0’eKTaMM T'OCIIOJAapIOBAaHHS SIK B MeXax KpaiHHu,
TaK i B IJioOajibHOMY cepeaoBuILi [1].

AHaji3 (iHaHCOBOIO CTaHy MIiAIIPUEMCTBA €
BaXXKJIMBOIO i aKTyaJIbHOIO IIPO0JIEMOI0, SIK IUIST KOX-
HOTIO IANPUEMCTBA, TaK i WIS AepXKaBU B LILJIOMY.
Panillle mpu aHajisi cTaHy IiANpUEMCTBA BBOIM-
JIMCS Pi3HOTrO poay JiMiTh, (pOoHIM, i 3 TOJOBHUX
MOKAa3HMKIB BUAUISUIM ITpubyToK. Lleit mokasHuk OyB
OCHOBOIO 11I0JI0 BUCHOBKIB IIpo (piHAHCOBUM CTaH

Cluster analysis approaches to assessing the financial and economic activities of enterprises
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MiANpUEMCTRA.

B manwmii yac Takuii migxinx HEMOXJIMBUMA, TaK
SIK KOXHE TTiATTPUEMCTBO B YMOBaX PUHKOBMX BiTHO-
CUH 3allikaBJieHe B CTabiIbHOCTI, MJIaTOCITPOMOXK-
HOCTi, MOXJIUBOCTi €KOHOMIYHOI'O 3pOCTaHHSI, B Cy-
YaCHMX METOAaX OLIHIOBAHHS Ta aHai3y. Y 3B’S3-
Ky 3 LIMM BaXJMBO BXe HE CTiJIbKU BpaxoByBaTU
po3Mip nMpuOYyTKY, CKiJIbKM BU3HAYaTU pPiBeHb Iljia-
TOCIIPOMOXKHOCTI, (DiHAHCOBY CTiMKIiCTb, AiJIOBY aK-
TUBHICTb, peHTa0EIbHICTb.

3acTocoByBaHi B YKpaiHi MeToAM aHaji3y
¢iHAaHCOBO-EKOHOMIYHOIO CTaHy MiAIpUEMCTBA
BiJICTalOTh Bill pO3BUTKY PMHKOBOI eKOHOMiku. ba-
raTo IMUTaHb i MPOOJIeMU TakKi, K OI[iHKA CTaHy
MiIMPUEMCTBA METOJAMU Cy4acHOTO OaraToBUMip-
HOTO CTaTUCTUYHOIO aHAaIi3y AOCIIIXKEeHi 3 HeIo-
CTaTHBOIO MTOBHOTOIO.

Ananiz ocmannix docaioncensv i nybaixauii

IToHaTTS «KyTacTep» XapaKTepU3YEThCS 3HAU-
HOO KiJIBKICTIO MiAXOMAiB 10 PO3YyMiHHSI HOro CyT-
HOCTi, EKOHOMIUHOT'O 3MICTY i TOSICHEHHSI 3 TOUKU
30py iHCTUTYLiHOI Teopii. Po3rasiay kiactepiB
npucBsiueHi podootu: B. ArapoHoBa, M. AdaHacke-
Ba, A. bypgka, €. be3ssymko, H. Bixacosoi,
M. Boiinapenko, A. Boponosa, 1. I'pymieBcbkoro,
B. Ayonunskoro, P. Kauamoma, I'. Kieitnepa,
A. Kyninosna, 0. JlaBpukosa, I. Ilictynona, E. Mo-
HactupHoro, H. Harpynnoi, C. Ocamuyka, B. Ocu-
noBa, 1. [Tunumenko, O. Pomanosoi, C. CokoseH-
Ko, B. Uesranona, O. FOmanosa Ta iH.

Mema i nocmanoexa 3adaui docaioyceHHs

MeTow JoCHiIKeHHSI € 3aCTOCyBaHHsI Oara-
TOBUMIipHOTO CTaTUCTUYHOIO KJIACTEPHOTO aHaJli3y
I (hiHAHCOBO-€KOHOMIUHOTO OLIiHIOBaHHS CTaHy
aBTOTPAHCIIOPTHUX MiANPUEMCTB YKpaiHU.

Bukaao ocnosnozo mamepiaay docaioxncenns

Kiacrepu3aiist, B 3araJbHOMY BUIJISII, BU3-
HAYa€ThCs SIK TPOLIEC CyMiCHOTO poO3TalllyBaHHS
¢ipM i iHIIKMX AifOBUX 0CiO ycepeanHi KOHLIEHTPO-
BaHOi reorpadiuHoi objacti, Koornepalii HaBKOJIO
MeBHOI (DYHKIIOHAJbHOI Hillli i BCTaHOBJIEHHS
TiCHUX B3a€EMO3B’SI3KiB i pPOOOYMX aNbSHCIB IJISI
MOCUJIEHHS iX KOJIEKTUBHOI KOHKYPEHTOCIIPOMOX-
HocTi [2].

KnactepHuii aHamiz — 1e 3arajbHa Ha3Ba
0e3Jiui 00YMCIIOBAJIBHUX TPOLEeAyp, 1110 BUKOPU-
CTOBYIOTbCSI MPU CTBOpPEHHi Kiacudikailii. binbiu
TOYHO, KJacTepHUI MeTon — Ilie OaraToBUMipHa
CTaTUCTUYHA MPOLEAYPA, 1[0 BUKOHYE 30ip AaHUX,
sIKi MIiCTSITh iH(opMallito Tpo BUOipKy 00’€KTiB, a
MOTiM BITOPSIAKOBYE 00’ €KTH B TIOPiBHSIHO OJHOPIIHI
TPYIN.

OnHe 3 BaXXJIMBUX MPU3HAUYEHb KJacTepuaallii
— MiABUILIEHHS KOHKYPEHTOCITPOMOXHOCTI KOXXHOT

KOMIIaHii, sIka BXOAUTb B KjacTep, IMiJBUILEHHS
KOHKYPEHTOCIIPOMOKHOCTI BUPOOHMIITBA i CTIIKOTO
(byHKI1IIOHYBaHHSI €J1eMeHTiB Bciel cuctemu. Yac-
TKa KiH1IE€BOI MPOIYKIIii B 3araJibHOMY 00cCs3i Mpo-
JaxiB aHAJIOTiYHOI MPOAYKIlii — FOJIOBHMIA MOKa3-
HUK KOHKYPEHTOCIIPOMOXHOCTI [3].

[ns 0o0’enHaHHS 00’€KTiB B KJlacTepu Heo0-
XilTHO MaTH B PO3MOPSIXKEHHI Mipy MOAIOHOCTI MixX
o6’extamu. Te, 110 JeSKi pedi BUSBIISIOTh MiX CO-
0010 MOAiIOHICTh a00 BiIMiHHICTb, € BEJIbMMU BaX-
JIUBUM MOMEHTOM IS Mpollecy Kiacudikairii.
[TpyHUMIT MOETamHOTO METOAY PO30OUTTS BUOIpKU
Ha OKpeMi I'pynu AOCUTb mpocTtuii. OmHak, He3Ba-
’Kal4uu Ha MPOCTOTY, MOHSTTS MOAIOHOCTI i 0CO0-
JINBO TIPOLIEYPU, SIKi BUKOPHUCTOBYIOThCSI TPU BU-
MiploBaHHi MoaiOHOCTi, He Taki mpocTi. He icHye
Hi OIHI€EI 3araJbHONPUNHATOL IJIsI BUKOPUCTAHHS
Mipu cxoxocTi. HaitGinbin nomMpeHuMu miaxona-
MU €: KoedillieHTH Kopelsliii, MeToau BilCTaHi,
Koe(dilliEHTU acOLiaTUBHOCTi, iMOBIpHICTHI Koedi-
LIIEHTU TMOIIOHOCTI.

3a J0MOMOroIo pi3HUX METOMIB KilacTepu3allii
MOXXHa OTpUMAaTH Pi3Hi pe3yJbTaTH JIJIs1 OMHUX 1 TUX
caMuX BUXiIHUX gaHuX. [lesiki MeToau MaroTh 0C00-
JIMBOCTI i BJIACTMUBOCTI, 1110 HE MPUTAaMaHHi iHILIUM
MetogaM. Hampukian, MeTon OAMHOUYHOTO 3B’SI3KY
Ma€ TeHIEHIIil0 IO YTBOPEHHS JOBIUX JIAHIIIOTiB
KJIacTepiB, B TOM Yac SIK METOH, Yopa CXWJILHUI 10
YTBOPEHHSI 1IIJIbHUX TinepcdepuyHux KiacTepis.
PosyminHs TOTO, 110 Pi3HI METOAM KJIacTepu3allil
OyayTb MOPOJIXXYBaTU Pi3Hi pe3yJbTaTu, Ma€ OiNbIl
HiXX TPOCTO aKaJeMiuyHUWN iHTepec, OCKiJbKM IIi
METOJIU 3aCTOCOBYIOTHCSI IO HOOCHiIXXKEHHS peasib-
HUX maHux 0e3 ocobnuBuX po3aymiB. Kpaiie mie no
BUYEPITHOTO aHali3y MaHWX 3HATWU CUJIbHIi i ciabKi
CTOPOHM Pi3HUX METOMIB, HiXX ParTOBO BUSIBUTH,
IO pe3yJbTaTH aHali3y 0araro B YoMy 3000B’sI13aHi
BJIACTMBOCTSIM CaMOIO METOAY, a He BHYTPIllIHii
CTPYKTYpi AaHUX.

l'onoBHe Mpu3HaUeHHST KJIACTEPHOrO aHalizy
(Big anra. Cluster — rpoHO, CKYITUEHHS) — pO30UT-
TSI MHOXWHM JOCHTiIXXyBaHUX O0’€EKTIB i O3HAK Ha
OIHOPIIHI B AeIKOMY CE€HCi Tpynu abo Kiactepu [4].
MeToau KjIacTEpHOrO aHallizy MOXHa 3aCTOCOBY-
BaTU HaBiTh TO/i, KOJIM MOBa ijie TIpo MpoCTe yIpy-
MyBaHHSI, B SIKOMY BC€ 3BOIUTHLCS IO YTBOPEHHS
IPYyI MO KiJbKiCHil MOAiOHOCTi.

st mpoBeleHHsI KJaCTEPHOro aHallizy s
aBTOTPAHCIIOPTHUX MiAMPUEMCTB 3aCTOCOBAHO Me-
ton k-cepenHix. Meron k-cepeaHix — 1ie MeTOn
KJIaCTEPHOro aHalizy, MeTa SKOro MOJISITaE B PO3-
MOJiJIeHHI m crocTepexeHb (3 mpocTtopy R") Ha k
KJacTepiB, MpU LbOMY KOXHE CIIOCTEePEeXEeHHS
BiTHOCUTBCS 10 TOTO KJacTepy, A0 LEHTPY SIKOro

Pisarkova V.R., Naumenko N.Yu.
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BOHO HaMOIMXYe.
B saxocTi Mipn 01M3bKOCTi BUKOPHUCTOBYETHCS
EBkiinoBa Bincranb (1):

P, y) =[x == 3 (5, ~ ¥,

ne x,y € R". (1)

PosrnsgnemMo  HU3KY
xMx® . xm) xO eRn,

Meton k-cepeaHix Moaijsie m CHocTepeXeHb
Ha k kactepiB (k<m) S={S,,S,,...,S,}, 11100 MiHiMmi3y-
BaTU CyMapHe KBaJpaTU4YHE BiIXUJIEHHS TOYOK KJia-
CTEepiB Bill LIEHTPIiB LIUX KjacTepiB (2):

k . 2
: 0 _
mm[Z:i_lz:x(j)esi ‘X I‘J‘H }’

e x¥ eR", u, €R",

CITOCTECPECKCHD

(2)

Je w; — LUeHTp Kjactepa S,

Axuro mMipa OIM3BKOCTI A0 LIEHTPY KiIacTepa
BU3Ha4YeHa, TO pO30UTTS 00’€KTIB Ha KJIACTEPU 3BO-
IVTHCS IO BU3HAYEHHS IIEHTPIB KiacTepiB. Ymcio
KJacTepiB k 3ama€eTbcst 3a37ajIerinb.

PosrnsgHemo mouarkoBuii HabGip k cepenHix
(ueHTpiB) y,...,1, Y KiIactepax S,,S,,...,S,. Ha nep-
LLIOMY €Talli LIEHTPU KJIacTepiB 0OMPAIOThCS BUIIA -
KOBO a0o0 3a MeBHUM ITpaBUJIOM (HaIpUKIIam, oopa-
TH LIEHTPH, SIKi MaKCHUMIi3yIOTh OYaTKOBIi BiAcTaHi
MiX KJIacTepaMm).

BigHocuMo criocTepekeHHs A0 TUX KJ1acTepiB,
yue cepeqHe (UEeHTP) N0 HUX Hailbaumxye. KoxHe
CMOCTepeXEeHHs HaJleXKUTh TIJIbKU 10 OMHOTO KJjlac-
Tepa, HaBiTh SIKIIO OT0 MOXHA BiTHECTH IO IBOX
abo Oinbllle KjIacTepiB.

[Ticist pOro, LIEHTP KOXKHOIO i-To KJIacTepa
MepepaxoBYEThCS 32 HACTYITHUM IipaBwioM (3):

i xDes; ( 3)

TakuM 4YMHOM alrOpUTM K-CepemHix MmoJisirae
y TIepepaxyHKy Ha KOKHOMY KpOIli EHTPY IS KOXK-
HOTO KJIacTepa, OTPMMAHOTO Ha IOIepeIHbOMY
KpOIli. AITOPUTM 3YITMHSIETLCS, KOJTA 3HAYCHHS m;
HE 3MIHIOIOTBCS: |KPOK =y kPox t+1,

Ha ocnHoOBi gaHux OyxrajTepchbKOTo OajaHCy
3a 5 pOKiB HiSUTBHOCTI JJIs KJIACTePHOIro aHasi3y
po3paxoBaHO (PiHAHCOBO-EKOHOMIYHI ITOKa3HUKU
IUTST TeCSITU aBTOTPAHCITOPTHUX TiAIPUEMCTB YK-
painu, a came: IIIl «ABroekcmpec-JHimpo»,

IMAT «ATII-11210», ITAT «Tepuu-ABTO»,
ITAT <«ITiBHiutpaHc», [TAT «YkpOyn», ITPAT «Yep-
kacuaBToTrpaHc», IIPAT «3akapmaTtaBTOTpaHC»,
ITPAT «ITopinng-Ilnwoc», TOB «BOCTOK>»,
ITAT «/JlHinpomeTpoBChbKE aBTOTPaHCHOPTHE
nignpueMmctBo 11201»).

IndopmatniinuM 3a0e3re4eHHSIM BUCTYIIN
HACTYMHi KiJbKiCHI (piHAaHCOBi MOKa3HUKU: KO-
edilieHT 3aranbHoi JikBigHOCTI (L1), KoediieHT
abcomoTHOI JikBigHOCTI (L2), KoediuieHT moro-
yHoi JikBigHocTi (L3), koedillieHT He3anexXHOCTi
(F1), xoediuieHnt ¢inancoBoi 3anexHocti (F2),
KoedillieHT 3a0e3MeuyeHOCTi BIaCHUMU OOOPOTHU-
mu 3anacamu (F3), koediuieHT dinancyBaHHs (F4),
000pOTHICTh AebiTopchbkoi 3aboproBaHocTi (DI1),
00OPOTHICTh KPeAUTOPChKOi 3ab0opropaHocTi (D2),
00opoTHicTh BiaacHoro karmitany (D3). Ha ocHoBi
po3paxoBaHMX MOKA3HUKIB Ta iX ONTUMAaJbHUX 3HA-
yeHb Oys0 3p00JEHO BHCHOBOK II[OJO CTaHY
MiAIIPUEMCTB.

Jns po3B’sizaHHS 3amadi aHajidy (iHaHCOBO-
€KOHOMIYHOTr0 CTaHy MiANPUEMCTB 3a JTOTIOMOIO0
KJIaCTepHOr0 aHallizy BUKOPUCTAHO MPOTrpaMHUI
npoaykT STATISTICA. ¥ nporpami peanizoBaHi Tak
3BaHi arJoMepaTWBHI METOAM MiHIMaJIbHOI JOUC-
nepcii: joining (tree clustering) (nepeBoroaioHa Kia-
crepu3allis) i two-way joining (IBOBXOIOBa Kjac-
Tepu3allisi), Metod k-means (k-cepenHix).

VY pesyabrari, Kiactepmsaiis HiZIPUEMCTB
PpO3MOAIUTG iX Ha KPU30Bi, MepeaKpHU30Bi Ta He-
KPM30Bi HiAIIPUEMCTBA, TOOTO, KiJIbKiCTh KJIACTEPiB
Oyze nopiBHIOBaTU TpboM. ITouaTKoBi LIeHTpU KJjia-
CcTepiB 3alaHO METOIOM COpPTYBaHHS BiACTaHi Ta
BHOOpPY CIIOCTEPEXKEHHS Ha IMOCTIMHMX iHTepBaJax.
s BCTaHOBJIEHHSI TOYAaTKOBUX LIEHTPiB KJIacTePiB
00paHO CIOCTEePEXEHHS, IKi MAKCUMIi3yIOTh Iovar-
KOBI BiIcTaHi MiX KJ1acTepaMu, IIpu ITOOYIOBI Kja-
CTEepiB 3aJa€ThCSl MAaKCUMaJIbHA KiJIbKIiCTh iTepaliii.

Pesynbsratu kmacrepmsaiii metogom k-ce-
penHix HaBeAeHi y Tabnuii. B Hiit mpuBeneHi 3Ha-
YeHHsI MiXTPYIOBUX Ta CEPeIHbOTPYNOBUX AUC-
nepciii. YuM MeHIe 3HauYeHHSI cepeaHbOrpyMnoBOil
JIUCIIepcii Ta YuM OiJibllle 3HAUEHHS MiXTpyIoBOi
JIUCIIepCii, TUM Kpallle 03HaKa XapaKTepu3ye TpU-
HaJICKHICTh 00’€EKTIB IO KjiacTepa.

Kpammii pe3ynbpTaTt Kiactepu3sallii xapakTepr-
3y€eTbCsl OUIBIIMMU 3HAUYEHHSIMU TapameTpa F Ta
MEHIIMMU 3HaUYeHHSIMU TTlapaMeTpa signif. p (piBeHb
3Hauywocti). IlapameTpn 3 piBHEM 3HAYYyLIIOCTi
p>0,05 MOXXHA BUKITIOYUTH 3 JOCIIIKEHHSI.

Taki mokasHuku siK F2 (koedinieHT 3a6e3ne-
YEHOCTi BJIacHUMU O0OpOTHUMHU 3acobamu), F4
(koediuieHT ¢pinaHcyBaHHs), D1 (000OpPOTHICTH HAe-
OiTopchkoi 3aboproBaHocTi) Ta D2 (000pOTHICTH

Cluster analysis approaches to assessing the financial and economic activities of enterprises
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PesyabraTn Knacrepusanii meronom k-cepennix

TMokasHuk : Jucnepcis F signif. p (piB(?HI)
Mixrpynosa CepeaHporpynona 3HAYYIIOCTI)
L1 1,65 121,12 0,32 0,73
L2 0,72 17,71 0,96 0,39
L3 0,01 59,61 0,00 1,00
F1 0,51 30,94 0,39 0,68
F2 907,33 800,28 26,64 0,00
F3 6,29 102,97 1,44 0,25
F4 903,73 725,59 29,27 0,00
Dl 1068,45 1172,26 21,42 0,00
D2 915,15 447,00 48,11 0,00
D3 31,90 263,64 2,84 0,07
D4 1,72 77,10 0,52 0,60
R1 0,09 3,72 0,55 0,58
R2 0,01 0,62 0,54 0,59
R3 0,60 2,43 5,83 0,01
R5 0,28 4,60 1,41 0,25

KPEAUTOPCHhKOI 3a00proBaHOCTi) HECyTh HalOiIb-
1y iH(opMaTUBHICTb [JIsl TIpoliecy KjiacTepu3allil.
s 1BUAKOTO PO3IISIAY CTaHY IMiANPUEMCTB Oyne
JIOCTaTHLO PO3IJISIHYTU caMe I1i TTOKa3HUKMU.

CepenHi 3HaueHHsT Wis1 ¢cOPMOBAHUX Kiac-
TepiB HaBeleHi Ha puc. 1.

I'padik mepegdavae 3 KiracTtepu, cepeaHi 3Ha-
YEHHS SIKUX BiIPi3HSIOTHCS OAMH Bif ogHoro. KoxHa
JlamaHa JIiHisl Ha JiHiliHOMY rpadikKy BiArosBigae
OIHOMY 3 OTpMMaHMX KiactepiB. KoxHuit po3noin
TOPU3OHTANILHOI Oci rpadika BiaMoBizae OmHIN i3
3MIHHUX, SIKi BKJIIOUYEHi B aHaJTi3. BepTukanbHa Bich
BiZilMOBigae cepeaHiM 3HAYEHHSIM 3MiHHUX s
00’€XTiB, IO BXOAATH B KOXEH 3 KjacTepiB. 3
puc. 1 BumHO, 10 30irM MpPUCYTHI B OiablIiit
KiJIbKOCTi MapaMeTpiB.

Mpadik cepeaHiXx 3Ha4YeHb ANA KOXHOro KnacTtepa
25

20

-10 —e— Kpusosi
L2 F1 F3 D1 D3 R1 R3 —=— lNepeakpusosi

MapameTpu —— Hekpusosi

Puc. 1. JliniliHui rpadik cepenHix 3HaueHb C(hOPMOBAHUX
KJIacTepiB

AHaJi3you OTpUMMaHi pe3yiabTaTh, OTpUMa-
HO HACTYITHE OI[iHIOBaHHSI CTaHy ITiAIIPHMEMCTB.
INepmmii kmacTep nependayae KpU30Bi MiAIIPUEM-

CTBa, J0 1IIbOTO KJjacTepa MOTpanuiv HaCTYIIHi
TpaHcropTHi minnpuemcta: «ATII-11210», «Tep-
Hu-ABTO», «IliBHiuTpanc» 3a 2016 ta 2017 poxm
HIistIbHOCTI, «YKpOyn», «3akaprnaTaBTO-TpaHC»,
«[Moninns-Ilnoc» 3a nmokazHukamu 2017 poky,
«BOCTOKY>» Ta «/IHinmponeTpoBcbKe aBTOTPAHCITOP-
THe migrmpuemMctBo 11201».

o mepenkpu30BUX MiAMPUEMCTB, TOOTO M0
JIPYTOro KiIactepa, ITOTParIN MigIPUEMCTBA: «AB-
Toekcnpec-JHimpo» 3a mokazHukamu 2014 poky,
«ITiBHiuTpaHc» 3a 2013—2015 poku AiIIbHOCTI,
«IToginnsg-ITnoc» 3 ¢PpiHAHCOBO-EKOHOMIYHUMU
nokasHukamu 2015 poky.

Tperiit kacTep Hajliyye HACTYIHI MiAMTPUEM-
cTBa: «ABTOoekcrpec-JHinpo», a came 2015—2017 pp.
nistnbHOCTi, «YepkacuaBTroTpaHc» Ta «Ilomimmsi-
ITmoc» 3a mokasuukamu 3a 2013 ta 2016 poku. Lle
0O3Hayae, 1o i MiAIMPUEMCTBA BiTHOCITLCS IO He-
KPU30BUX TiATIPUEMCTB.

BaxnuBuM MOMEHTOM MpU KjaacTepu3sallii
00’€KTiB € BU3HAUEHHS BiICTaHi MiX KjJacTepaMH.
Ha nepmioMy kpoli iepapxiuHoi arjiomepaTHBHOL
MpOLEAYPHU, KOJIU KOXHUIA 00’EKT € OKpEMUM KJia-
CTEepOM, BifCTaHi MiX UMM 00’€KTaMM BH3HaYa-
I0ThCs1 00paHoI0 Mipoto. OmHaK, KO 3B SI3yIOThCS
pa3oM JeKiJibKa 00’€KTiB, BUHMKAE IIpodjieMa BU3-
HavyeHHS BiICTaHi MiX KjacTepamu, TOOTO HeoOXi-
JIHE TIpaBUJIO O0’€eMHaHHSI abo 3B’SI3KY MU ABOX
KjacrepiB. IcHye Oe3riu MeTOmiB 00’ €qHAHHS Kia-
CTepiB: BiCTaHb «HAMOJMXKYOro cycima» (OAMHU-
YHUI 3B’SI30K), BiICTaHb «IaJbHbLOTO cycima» (Io-
BHUI 3B’SI130K), He3BaXeHE Ta 3BaXKEHE ITOIIapHe
cepelHE (cepenHill 3B’S130K), HE3BaXXeHUI Ta 3Ba-
KeHUI LEHTPOITHWI MeToau, MeTon Yopaa [5].

ITpu knacrepu3ailii arioMepaTUBHUM METOIOM

Pisarkova V.R., Naumenko N.Yu.
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JIepeBOIOAiOHOI KilacTepu3allili y SIKOCTi TpaBuja
iepapxiyHOTro 00’€HAHHSI B KJIACTE€PU BUKOPHUCTO-
BYETHCSI METOA OAMHOYHOTO 3B’SI3KY.

B pesyabrari Kiactepu3salilii Oyay€eTbcsl TOpr-
30HTaJIbHa a00 BepTUKaJibHA AIeHAporpaMa — rpadik,
Ha SIKOMY BM3HAu€eHi BiJICTaHi MixX 00’€KTaMM i KJ1a-
cTepaMu IpU iX NOCHimoBHOMY 00’enmHaHHi. epe-
BOITOAiOHA CTPYKTypa rpadika JO3BOJSIE BUZHAYM-
T KJIaCTepU B 3aJIEXKHOCTI Bill 00paHOro rnopora —
3a/IaHOI BiICTaHi MiX KJacTepaMM.

3 puc. 2 BUAHO, IO IIePIINi KJIacTep YTBO-
PIOIOTh HAMOIIbII CXOXKi IMTapaMeTpu: 3arajibHa peH-
TabesbHicTb (R1) i peHTabenbHicTh poaykiii (R4),
IPYTUi KJIACTEP YTBOPIOIOTH IIBUIAKHUI KOeilliEHT
nikBigHocTi (L1) i moTouHuit Koedili€HT JiKBiZHOCTI
(L3). Bci iHmi KoedillieHTH XapaKTepu3yloTh pi3Hi
CTOPOHM (hiHAHCOBOI'O CTaHY MiAMIPUEMCTBA, YTBO-
PIOIOTh OKpeMi KJIacTepH i MOCTYITOBO MPUETHYIOTh-
cs IO TIePIINX KIacTepiB.

[exgporpama Ana 15 3MiHHWX
MeToq oaWHOYHOrO 3B'A3KY
EBKnigoBa BiAcTaHb

L1
L3
D4
L2
R1
R2
R4
R3
F1
F3
D3

R—

D2
D1

0 10 20 30 40 50
BigcTaHb

Puc. 2. T'opusoHTanbHa AepeBOIOAIOHA diarpaMa 03HaK
MiIIPUEMCTB

Bu6ip KiabKOCTI KJIaciB JJ1s1 IeHApOrpaMM ISt
MiAMPUEMCTB IPU METOi OMMHOYHOTO 3B’SI3KY MOXKe
BU3HAUYaTUCSI HA OCHOBI aHaJi3y crieliaJlbHuX (QyH-
KI[iOHaJIiB SIKOCTi, HA OCHOBIi TOPiBHSIHHS PO30UT-
TS Ha Pi3HY KiJIbKiCTh KJ1aCiB, MOXJIMBOCTi 3MiCTOB-
HOI iHTeprpeTalii Ta iHIIUX KpuTepiiB. HaitGinbi
JIOLIIbHY PO30MBKY BMOVpAa€e HailyacTille cam A0C-
JIAHUK 32 AEHAPOrPaMol0, 1O BiloOpaxae pe3ysib-
TaTU TPYIyBaHHSI OO’€KTIB Ha BCiX KpoKax ajro-
putMy. OJHOYACHO MOXYTb TaKOX BMKOPUCTOBY-
BaTUCS 1 MaTeMaTW4YHi KpUTepil SIKOCTi TpymyBaH-
HA [6].

HiarpamMy cTaHiB MiANPUEMCTB HaJaHO Ha
puc. 3, g1e BUOHO, IO 3aJIEcXKHO BiA BimcTaHi,
MiANPUEMCTBA MOTPANUIU IO OJHOTO 3 MOXJIMBUX

KJ1acTepiB.

Hiarpama MOYMHAETHCH 3JI1iBa 3 KOXHOTO
MiANPUEMCTBA B CBOEMY BJIacHOMY KJjactepi. I1pu
pyci BIIpaBo, TPAaHCITOPTHI MiAIPUEMCTBA, SIKi OLTBII
TiCHO CTHCKAIOThCS OOUH 3 OOHUM, 00 € THYIOThC i
dopmyroTh HOBI KiacTtepu. KoxeH By30i miarpa-
MM, HaBeJIeHOI Ha puC. 3, CTAHOBUTh 00’ €THAHHS
JIBOX a0o Oifiblile KJIacTepiB, MOJIOKEHHS BY3IiB Ha
TOPU30HTAJIbHIMI OCi BM3HA4Ya€ BiAcTaHb, Ha SKiil
Oyau 00’e€HaHI BiAMOBIAHI KJlacTepH.

ITicns 3nificHeHHST AepeBOIOAIOHOI KiacTepu-
3allii, 10 KjacTepa HEKpU30BUX IMiAMPUEMCTB TO-
TpaIvJIM HACTYITHI ITOITPUEMCTBA: «ABTOEKCIIPEC-
Huimpo» 3a 2017 Ta 2016 pp., «HepkacuaBTOTpaHC»
3a 2013 ta 2017 poku misimpHOCTI, «ATII-11210» 3a
2014—2017 poku mistmbHOCTI, «YKpOyI» 3 TIOKa3HU-
kamu 2013, 2014, 2016 Ta 2017 pokiB, «3akapmna-
taBToTpaHc» 3a 2013—2014 poku AignbHOCTI,
«JIHImMponeTpOBChKE aBTOTPAHCIIOPTHE MiANIPUEM-
ctBo 11201».

Ho xiactepa KpHU30BUX MiANPUEMCTB MOTpa-
muu: «ATTI-11210» 3a 2013 pik, «IHimponeTpoBCch-
Ke aBTOTpaHcIopTHe mnianpuemctBo 11201» 3a
2013—2014 poku aisIbHOCTI, «3aKapraTaBTOTPaHC»
3a 2015—2017 poku, «Tepuu-ABTO», «Iloginns-
Ilmoc», «BOCTOKS>, ta «IliBHiuTpanc» 3a 2016 Ta
2017 poku HisIbHOCTI.

OcraHHilt KiacTep nependavyae rnepeaKpu3oBi
aBTOTPAHCIIOPTHi MiampuemcTBa, a came: «Yepka-
CHaBTOTpaHC» 3 (hiHAHCOBO-€KOHOMIYHMMMU T1OKa3-
HuKamu 3a Tiepion 2014—2016 pp., «[lomimmsa-ITmoc»
3a 2015—2017 pp., «ABToekcnpec-Hinpo» 3a 2014—
2015 poku misuibHOCTI Ta «IliBHiuTpaHc» 3a 2013—
2015 poku JisUIbHOCTI MiANPUEMCTBA.

Pesynbrar aHasisy 103BOJIMB pO30UTH 00’ EKTH
MOCTIIXEHHSI Ha TPU TPYyMNuU: KPU30Bi, MepeaKpu-
30Bi Ta HEKpHU30Bi mignpuemctBa. KiaactepHuii
aHaJi3 ¢iHAHCOBO-EKOHOMIYHUX MOKa3HUKIB
00’EKTIB IOCIMKEHHS IOKa3aB, 1[0 camMe ITOKa3-
HUKM OiJ0BOI aKTUBHOCTI Ta (piHAHCOBOI CTiMAKOCTI
cepell yCix 15 po3riassHYTHMX MOXYTb XapakKTepusy-
BaTU IMiANPUEMCTBO Ta BiIHECTHU HOro OO MEBHOrO
kjactepa. [1po 1e roBopsITh pe3yabTaTy KiacTepu-
3allii IIsIXoM MeTony k-cepemHix.

Bucnoexu

KiacrepHuii aHaniz € MOTYXXHUM 3aCO00M
PO3BinyBaJIbHOTO aHali3y AAHWUX i CTAaTUCTUYHUX
IOCHimKeHb B Oynb-sKiil IIpeIMeTHIii obyiacTi. ¥
nporpaMi STATISTICA peanizoBaHi sik iepapxiuHi,
TakK i CTPYKTYpHi MeTOAM KJAaCTEPHOIo aHaizy.
IlepeBarn LIbOTO CTATUCTUYHOTO MaKeTy OOYMOB-
JIeHi ix rpadiuHUMU MoXIuBOCTSIMU. [lependaueHi
JNIBOBUMIpHi i TpUBUMIpHi TpadiyHi BimoOpaKeHHs
OTPUMMAaHMX KJIACTEPiB B MPOCTOPi JOCIiIKYyBaHUX

Cluster analysis approaches to assessing the financial and economic activities of enterprises
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[eHgporpama Ana nignpuemcTs
MeTog 0AWHOYHOrO 3B'A3KY
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Puc. 3. l'opusoHTanbHa AepeBonoAioHa aiarpama aBTOTPaHCIIOPTHUX IMiAIIPUEMCTB

3MiHHHUX, a TaKOX pe3yJbTaTU poOOTH i€papXidyHOI
Mpoleaypu rpynyBaHHS 00’ €KTIB.

HeoOxigHo 3acTOCOBYBaTHM pi3Hi aJropuTMH
KJIaCTEPHOI'O aHaJli3y i pOOMTH BUCHOBKHU Ha IiJCTaBi
3arajJibHOI OLIIHKW Pe3yJbTaTiB pOOOTU aJITOPUTMIB.
KinactepHuil aHai3 n103BOJISIE BUSIBUTU IIPOOIEMHI
CUTYyalii i HAMITUTU LUISIXM iX BUpimeHHs. OTXe,
Lleil MeToJ HemapaMeTPUUHOI CTAaTUCTUKU MOXKHA
PO3MIISIIATY SIK CKJIaJOBY YaCTUHY CMCTEMHOTIO aHa-
JIi3y.

TakyM 4YMHOM, OpPU OOCIIAXEHHiI CTaHy
MiAPUEMCTB KJIacTepHa MOJIEIb He Ja€ IJIsT OKpe-
MO B34TOTO MIiAIIPUMEMCTBA IMOBHY aleKBaTHE Olli-
HIOBAHHS MOT0 CTaHy, TaK SIK HE € perpe3eHTaTUB-
HOIO Ta I peKOMEHIYETHCS AOIIOBHIOBATU HEpo-
MepeKeBUMU MOJEISIMU OLIIHKM i HEUITKMMMU IIPO-
IYKLUiAHUMU cucTeMaMu. Taka rpymna METOMIiB BXe
€ pernpe3eHTaTMBHOI0. ToMy Ul HallKpalloro pe-
3yJbTaTy (PiHAHCOBOIO OLIIHIOBAHHS MiAIIPUEMCTBA
HEOO0XiTHO KOMIUIEKCHO BUKOPUCTOBYBAaTU MOJEII.
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MMOAXObI KTACTEPHOT'O AHAJIM3A K OLIEHKE
P®UHAHCOBO-DKOHOMUYECKOU AEATEIbHOCTH
IIPEAIIPUATUN

Ilucapvroea B.P., Haymenxo H.IO.

Cmambus noceésueHa QUHAHC080-IKOHOMUHECKOU OUeHKe
COCMOSIHUSL A8MOMPAHCNOPMHBIX npednpusmui Ykpaurvl nymem
UCNOAB308AHUS MHO2OMEPHO20 CMAMUCMUYECK020 KAACMEPHO20
aHanuza. B cmamve Ovina pewena 3adava ananuza unancoeo-
SKOHOMUYECK020 COCMOsAHUSA npednpusmui Ykpauns 3a 2013—
2017 200vt desmenvrocmu 6 naxkeme STATISTICA ¢ yuemom ¢u-
HAHC080-IKOHOMUYEeCKUX nokaszameneli. B ucciedoeanuu npumere-
Hbl Yembipe epynnbl NOKA3ameneil: AUK6UOHOCMy, (UHAHCO8As YC-
mMou¥Ue0Ccms, 0406458 AKMUBHOCHb, PEHMAOEAbHOCHb N0 OAHHBIM
@UHAHCO80L OMUemHOCMU Jecsimu a8mompaHCnOPMHbIX NPeonpu-
amui. Hcnoav3osanue memooa k-cpeoHux u aznomepamuerozo me-
moda 0pesosuUOHOU Kaacmepu3ayuu no360AUA0 pazdeiums nped-
npusmus Ha Mpu Kaacmepa, KOmopbie 0mpancaiom ux coCHosiHue:
KpU3ucHoe, npeOKpusucHoe, HekpusucHoe. IIpu npumenenuu memo-
da k-cpednux memodom copmuposKu paccmosiHus u evloopa Ha-
O1100eHUs. Ha NOCMOSAHHBIX UHMEPEAIax 3a0aHbl HA4AAbHbIE UeH-
mpbl Kaacmepos, 6blOpaHbl HAONOO0eHUs, KOMOpble MAKCUMU3UPY-
F0m HauanvHvle paccmosHus mexcdy kaacmepamu. Iloayuernor 3na-
YeHUsl MedCePYNNOBbIX U CPeOHe2PYNNOBbIX OUCnepcuil, napamempa
F u yposus snauumocmu, umo no3eoauno 6visieumv QUHAHCOB0-
9KOHOMUYeECKUe NOKa3amenu, Komopbie Hecym HauboAbULyio UHpop-
MamueHocme 045 npoyecca Kaacmepu3ayuu memooom k-cpeoHux.
s kaacmepu3sayuu azaomepamueHsim Memooom dpegosudHoll Kaa-
cmepuzayuu 8 Kavecmee npaguna 00se0uHeHUs @ Kaacmepbl 63sm
Memoo 00uHouHOU cé53uU. B pezyrvmame kaacmepuszayuu nocmpo-
€HO 0eHOPOSPamMMy, KOmopas no3604sem onpedesums KAacmepol 8
3a6UCUMOCIIU OM PACCMOSAHUS MENCOY HUMU. DMO N0360AUNL0 pac-
CMOmMpems XapaKmepucmuKky pasiuyHbX CMOPOH (QUHAHCO8020
COCMOSHUSL NPeONPUSMUSL, BbIAGUN NADAMEMDbL, 00PA3YIUUe HA-
YanbHvle KAACMepPbl COCMOSHUS NPeOnPUsmMuUil, U KAacmepsbl, KOmo-
pble 00pasyrom omoenvHble KAacmepsl U NOCHENeHHO NPUCOeOUHsl-
fomes K nepgvim kaacmepam. [locmpoena eopuzonmansras dpego-
BUOHAS OUASPAMMA A8MOMPAHCHOPMHBIX NPEONPUSMUL, KOMOpas
ompaxjcaem npednpusimusi, MeCHoO CHCUMAruuecs: opye ¢ Opyeom, u
nymem o0sedunenus gopmupyem Hogbvle Kaacmepsi. [losyuerHvie
KAacmepol Hymem KAACmepu3ayuu Memooom k-cpeonux u aznome-
PAMUBHbIM Memooom Opeo8UOHOU Kaacmepu3ayuu Obiau npoana-
AUUPOBAHYL U COLAAHDI 8bI600BI OMHOCUMEALHO UX COCHOSHUSL.

KiroyeBble cj10Ba: KJ1aCTepHbI aHAJIN3, METOI K-CpemHmX,
arJjoMepaTUBHBI METOJ IPEeBOBUAHON KjacTepusaluu,
(MHAHCOBO-2KOHOMUYECKOE COCTOSIHUE TPEeANpUsiTUMd,
COCTOSTHME TIPENTTPUATUH.

CLUSTER ANALYSIS APPROACHES TO ASSESSING
THE FINANCIAL AND ECONOMIC ACTIVITIES OF
ENTERPRISES

Pisarkova V.R., Naumenko N.Yu.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article is devoted to the financial and economic assessment
of the state of road transport enterprises in Ukraine through the use
of multidimensional statistical cluster analysis. The article solved
the task of analyzing the financial and economic state of enterprises
in Ukraine for 2013-2017 years in the STATISTICA sofiware product,
taking into account financial and economic indicators. The study
used four groups of indicators: liquidity, financial stability, business
activity, profitability according to the financial statements of ten
road transport enterprises. The use of the k-means method and the
agglomerative tree-clustering method made it possible to divide

enterprises into three clusters that reflect their state: crisis, pre-crisis,
and non-crisis. When the k-means method is used, the initial centers
of the clusters are specified by the method of sorting the distance and
selecting observations at constant intervals, observations that maximize
the initial distances between the clusters are chosen. The value of
intergroup and average group variances, the F parameter and the
level of significance were obtained, which made it possible to identify
financial and economic indicators that are most informative for the
clustering process using the k-means method. For clustering using
the agglomerative tree-clustering method, the single link method was
taken as the clustering rule. As a result of clustering, a dendrogram
was constructed, which allows determining the clusters depending on
the distance between them. This made it possible to analyse the
characteristics of various aspects of the financial condition of the
enterprise, to identify the parameters that form the initial clusters of
the state of enterprises, and the clusters, which form separate clusters
and gradually join the first clusters. A horizontal tree diagram of
road transport enterprises has been built, which reflects enterprises
that are closely shrinking with each other and form new clusters by
combining. The clusters obtained using the method of k-means and
agglomerative method of tree clustering were analyzed and conclusions
regarding their state were drawn.

Keywords: cluster analysis, k-means method, agglomera-
tive tree clustering method, financial and economic state of en-
terprises, state of enterprises.
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MATEMATUYECKOE MOJIEJTUPOBAHUE ITPOLECCA U3MEJIBYEHUA C
OJHOBPEMEHHOU CYIIKOU MATEPUAJIA B HIEHTPOBEXKHOUN MEJIbHUILE

I'BY3 «YkpauHCcKuii rocy1apcTBeHHbId XUMHUKO-TEXHOJOTUYECKUI YHUBEPCUTET», T. [IHenp, YKpanna

B nmanHoOi1 pabore paccMOTpeHa aKTyalbHasl 3a1ada IOJIyYeHUsT MAaTeMaTUUECKOTO O~
CaHUs Tpoliecca U3MeJIbYEHN MaTeprajia B LEHTPOOEKHON MEIbHULIE C OMHOBPEMEH-
HOM CyLIKOW MaTepuaia. McciemoBaHue Mmpolecca CyIIKU ¢ OQHOBPEMEHHBIM M3MEITb-
YEHUEM TTOKA3aJIM HE TOJBKO €r0 YHUBEPCAIBLHOCTD ITPH 00pabOTKE CaMbIX pa3HOOOpas3-
HBIX MaTE€pPUAJIOB, HO M NPAaKTUYECKM MIHOBEHHOE yIajJieHHe OOJIbIIeil YacTH BJIaru.
IIpu aTOM CylIKa MTHTEHCUGDUITUPYETCST BCJASICTBUE HE TOJIBKO OBICTPOTO Pa3BUTHSI I10-
BEPXHOCTH KOHTAKTa, HO ¥ aKTUBHOI'O MEPEMELIMBAHUs BO3IyXa M MaTepuala, a TakxkKe
B pe3yJsibrare 0oJice OLICTPOro MCIIAPEHUST BJIark CO CBEXEO0Pa30BaHHBIX TTOBEPXHOCTEIA.
H3MenbyeHrEe MaTepUaIoB B LIEHTPOOEXHBIX MEJIbHUIIAX, OCOOEHHO TOHKOIO ITOMOJIA,
COIPOBOXIAETCS 3HAYMTEILHBIM TEIIJIOBBIIEIEHUEM, YTO MTO3BOJISIET OCYLIECTBIISATh CYLLKY
MaTepuajia OIHOBPEMEHHO ¢ M3MebueHreM. OOpa3oBaHUE TEIUIOTH B pabOYMX 30HAX
JAHHOTO TUIIA U3MEJIBYUTENICH 00YCIOBIIEHO CICAYIOIIMMHI (paKTOpaMK: TPEHUEM BO3MIY-
Xa ¥ MaTepuajia 0 pabo4re 3JIEMEHTHI, TypOyIM3alliK MBLIEra30BOi CMECH, BOSHUKHO-
BEHHMEM HOBBIX MTOBEPXHOCTEH IPU Pa3pylIEHUM, MHOTOKPATHBIM CXKAaTHEM ITbUIEra3o-
BOI cMecH U T.1. CHMXEHME BIaXHOCTH M3MEIBLYEHHOrO IIPOLYKTA SBJISETCS HEOOXO-
JUMBIM YCJIOBMEM ISl JAJbHEMIIEr0 MCITONb30BAHMSI B IIPOM3BOACTBE, ISl YEro MC-
MOJIL3YIOT AOMOJHUTENbHOE CYIIIbHOe 00opynoBaHue. C APyroil CTOPOHBI, Ype3Mep-
HOE TIOBBIIIEHNE TEMIIEPATYPhl IPA M3MEJIbUYCHUM IS MHOTHMX MaTepUasioB HeXeJla-
TEJIBHO, TAK KaK MOXET MPUBECTH K YXYIILIEHMIO Ka4eCTBa MPOAYKTa, a TAKXKE, IIPUBO-
JUT K CO3JAHUIO B3PBIBOOIACHOI 00CTaHOBKM. [lojydeHHasT MaTeMaTndeckasl MOJIEb
MTO3BOJISIET IIPOrHO3MPOBATh PabOTy M3MEIbUUTENSI M OINPEEATh 3HAYEHUST BXOTHBIX
BEJIMYMH [UISl TIOJYYEHHUS] KAueCTBEHHOIO M3MEJIbUEHHOIO IMPOAYKTA C HEOOXOIMMOIL
KOHEYHOI BIaXXHOCTBIO. B cTaThe MpencTaBiieH TEIIOBOM 6ajaHC IEHTPOOEKHON MeTh-
Hubl. [IpuBeseHB MaTeMaTMUYECKKME 3aBMCHMMOCTHU JUISI pacueTa YIEJIbHOIO pacxoma
TEIJIOTHI M TEMIIEPATYPhI IbIJIETa30BOMl CMECH Ha BBIXOIE M3 LIEHTPOOEKHOI MEeJbHU-
ubl. [TonyyeHbl 5KCIIEPUMMEHTAIbHBIE 3aBUCUMOCTH 110 BIMSIHUIO TEXHOJOTHYECKMX
[apaMeTpOB Ha TEMIIEPATYPY IBLIEra30BOil CMECH, MTOATBEPKIAIOIINE PE3YIBTATHI TEO-
PETUUYECKMX MCCIIEIOBAHMIA.

Kmouesbie ciioBa: MOACIUPOBAHUEC ITPOLIECCA UBMEJIBYCHU S, TCIJIOTAa U3MECJIBUCHUA, TEM -
rneparypa IbUIera3oBoil cmecu, HeHTpOGC)KHaH MCJIbHUILIA, YPABHCHUC PErpeCCUMU.

DOI: 10.32434/2521-6406-2019-5-1-70-74

Ilocmanoerxa npobaemvl u anaausz nocieoHux
uccaedosanuil u nybauxauuii

Merton CyIIKHU BIaKHBIX MaTepUAJIOB C OMHO-
BPEMEHHBIM U3METbUYEHUEM XapaKTepU3yeTCs BbI-
COKOI MHTEHCUBHOCTBIO ITpollecca, IMPOKUM V-
arna3oHoOM CBOMCTB oOpabaThIBaeMbIX MaTEpHUaJIOB,
XOPOIIMMU TEXHUKO-2KOHOMUYECKMMU TToKa3are-
Jgamu. Ilpu cyiike ¢ omTHOBpeMEHHBIM HU3MeEJIbye-
HUEM MPOUCXOIUT MHTEHCU(DUKAIIUSI BHYTPEHHETO

Y BHEIIHETO TeILTI00O0MeHa, IpUYeM B 3TOM ciIydae
OTCYTCTBYIOT OIpaHWYEHMUS, TIPUCYIIIME OOJBIINH-
CTBY CYIIMJIOK B3BELIEHHOTO CJI0s, M MOTYT Iepe-
pabaThIBaTbCs KPYIMTHOKYCKOBBIE, KOMKYIOIIECS U
CIUTIAIONIMECsS MaTepUabl.

HccnenoBanue mpoliecca CyIIKA C OMHOBpPE-
MEHHBIM M3MeJIbUeHUEM T0Ka3adu He TOJBKO ero
YHUBEpPCAJbHOCTb IIPU 00pabOTKe caMbIX Pa3HO00-
pa3HbIX MaTepuaaoB, HO U MPAKTUUYECKU MIHOBEH-

© Turosa E.B., Kpaseu B.M., MunakoBa H.A., YepHeukuii E.B., 'narko E.H., 2019
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Hoe ynajieHue oosblieid yactu Baaru [1]. Ipu aTom
CcylliKa MHTEHCU(ULIMPYETCS BCAEACTBUE HE TOJb-
KO OBICTPOro pa3BUTUSI MOBEPXHOCTHU KOHTAKTa, HO
Y1 aKTUBHOTIO MepeMellMBaHMsI BO3AyxXa U MaTepua-
Jla, a TaKXe, BEepOSITHO, B pe3ysbTaTe 6oJjiee ObICT-
poTO MCIapeHusl BJIaTM CO CBeXeoOpa30BaHHBIX
noBepxHocTeit. CpaBHeHUE pa3IUUYHBLIX TUIIOB CY-
LIMJIOK TOKa3aj0, YTO CYLIUJKA ¢ OTHOBPEMEHHbBIM
U3MeJIbYeHUEM MaTepuraja UMEIT MpeuMyllecTBa
10 AOMYCTUMBIM TeMIepaTypaM ra3a, BpeMeHU Ipe-
OBIBaHUS, CTETICHN TIepeMEIITMBaHIS, 3aHUMaeMbIM
rabapuTam.

HMsMmenbueHre MaTtepuanoB B LIEHTPOOEKHBIX
MeJIbHU1IaX, 0COOEHHO TOHKOTO TTIOMOJIa, COMTPOBOXK-
JlaeTCsl 3HAUUTEIbHBIM TEILJIOBBIACIEHUEM, YTO MO~
3BOJISIET OCYLLIECTBIISITh CYLIKY MaTepralia OIHOBpe-
MEHHO C M3MeabueHneM [2]. OOpa3oBaHMEe TEIUIO-
Thl B pabOYMX 30HAX JAaHHOTO THIMA U3MeJIbUnTeNei
00YCJIOBJIEHO CleAyIolIMMU (pakTopaMu: TpeHUueM
BO3yXa U MaTepuralia 0 paboune 3JeMeHThI, TypOy-
JIM3alMU TIbUIEra30BOi CMecH, BOSHUKHOBEHUEM
HOBBIX TTOBEPXHOCTEl IMpPU pa3pyllieHUU, MHOTO-
KpaTHBIM CXKaTMEM TIblJIera3oBoil cmecu U T.1. Jst
0OJIBIIOTO KOJMYECTBA MaTepualoB CHUXEHUE
BJIAXXHOCTH SIBJISIETCSI HEOOXOAUMBIM YCIOBUEM LIS
JajIbHEMI1IeTO UCTIONb30BaHMsl B IPOU3BOJACTBE, IS
Yero MCMOJb3YIOT JOMOJHUTEIbHOE CYIIWJIbHOE
obopynoBaHue. C Apyroil CTOpOHBI, Upe3MepHOe
TTOBBIIICHUE TEMIICPATyphl MIPY U3METbYCHUU TS
MHOI'MX MaTepUaJlOB HeXeJaTeJbHO, TaK KaK B He-
KOTOPBIX CAyYasix 3TO MPUBOAUT K YXYIIIEHUIO Ka-
YyecTBa MPONYKTa, a TaKKe, MPUBOIUT K CO3IaHUIO
B3pbIBOOITACHON OOCTaHOBKHU.

Taxkum obpa3om, akTyaibHOU MPoOIEMOit SIB-
JISIETCSl HaXOXIIeHWe MaTeMaTUu4eCKUX 3aBUCHMOC-
Tell, MO3BOJSIONIUX MPOrHO3UPOBATh pabOTy M3-
MEJIBUYUTESISI U ONPEesIsITh ONTUMAJIbHbIE 3HAUEHU ST
BXOIHBIX BEJIWYWH IS TIOIYYeHUS Ka4eCTBEHHOTO
U3MEeJIbYeHHOTO MPOAYKTa C HEOOXOAUMOI KOHeu-
HOM BJIAXKHOCTBIO.

Dopmyauposka ueaeii cmamou

3agaveil vccenoBaHMS SIBJSIETCSI YCTaHOBJIE-
HUE MaTeMaTU4YeCKON 3aBUCUMOCTU MEXIY BXO[-
HBIMU Y BBIXOTHBIMU TEXHOJIOTYECKIUMH TTapaMeT-
pamu mpolecca u3MeJbUeHusl, YTO MO3BOJUT pac-
YETHBIM ITyTEM OIIPEACNISITh ONTUMATbHEBIE 3HAYe-
HUSI TTapaMeTPOB B LIEHTPOOEXKHON MeJTbHUIIE.

H3zaoxcenue ocnoeHoz2o mamepuaaa ucciedosanus

BoinosHMM MapamMeTpuuecKuii aHaJIu3 LeHT-
poOeXXHOM MeJbHUIIbI Ha OCHOBAaHUU TETLIOBOTO
OajlaHca mpolecca U3MeJbueHUs.

B MenbHuiy nocrymnaetr G, (Kr/c) MCXOZHOIO
MaTrepuaja, nMerolero Temmepatypy 0, (°C) u Ha-
YaJIbHYIO BJIAXXHOCTD y, (%), U3 KOTOPOTO UCITaps-

ercsa W (kr/c) Biaru. B usMmenbuuTesb MOCTyNaeT
L, (Xr/c) BnaxxHOTO BO3IyXa C TeMrepartypoii t, (°C)
U OTHOCUTEJbHON BIaXHOCTBIO BO3IyXa ¢, CO-
nepxxaiero L (Kr/c) abcoaroTHO CyXoro Bo3ayxa. DH-
TaJIbIMs BO3Myxa Ha Bxone B MenbHuLy — I, (JIX/KT).
W3 mMenbHubl yaangetrcss G, (Kr/c) BbICYIIEHHOTO
Marepuajga ¢ Temmeparypoil o, (°C) M KOHeuHOi
BJIAXKHOCTBIO ©, (%). Bo3myx, BEIXOASIIINIT U3 MEITb-
HUILIbI, UMeeT dHTanbnuio I, (IX/Kr) u TeMneparty-
py t, ("C).

ITonyueHue MaTeMaTUUECKON 3aBUCUMOCTHU
TeMIlepaTyphbl TbLJIEra30BOil CMECHU Ha BBIXOAE M3-
MEJTBYNTENS t, OT U3MEHEHMST BXOMHBIX ITapaMeT-
POB BBIITOJTHUM aHAJIMTUYECKUM cItocobom [3].

OO01mMi1 TenI0BO# OajlaHC IIpolecca BhIpaxka-
eTCsI 3aBUCHMOCTEIO [4]:
2Qu=ZQx, (1)
rae XQ, — npuxon Teruia, Bt; 2Q, — pacxon Teruia, Br.

Cxema TEeIUIOBBIX MOTOKOB B MEJIbHUIIE Mpe/-
craBjieHa Ha puc. 1.

CocTtaBUM ypaBHEHHUE TeIJI0OBOro OajaHca:
LIO+GOCBJ'LM@O—'_QHZLIZ—'—GZCM@Z—'—QHJ (2)
rne C,,,, — TEIIOEMKOCTb BJIaXXHOTO MaTepuasa,
Jx/(xr-K); Q, — Terora, BO3HUKAIOIIAs B pabo-
Yyeil 30He MeJIbHUILIBI MpY U3MeJbUeHUU (TeruioTa
usMenbueHus1), Bt; C,, — TeraoeMKOCTb BbICYILIEH-
Horo Marepuaina, Jx/(kr-K); Q, — motepu Teruio-
TBI B OKpYXamlyio cpeny, Br.

C Hapys KB BozayxoM | Mevbrma L-I,c ompaoorammMBog;quOM
LI,
Temwrotas | @: Cu- ©, ¢ BBICYMEHHBIM
C BJIa’KHBIM MaTepHAIOM paboueit Matepaaiom ”
GoCou©, 30HEMEIIB- | () - oTepH TEILIOTH B
HHEL O, OKpYKAIOMIYIO CPey

Puc. 1. CxeMa Tem10BbIX IOTOKOB B LIEHTPOOEXKHOI MEJIbHUIIE

ITpuxon TemjaoThl ¢ BAaXHBIM MaTepualoM
MPEACTAaBAM KaK CyMMY JIBYX COCTABJISIOIINX: TETI-
JIOTBI, TPUXOASIIENA C BBICYIIEHHBIM MaTepUAJIOM,
U TEMJIOThI, MPUXOIMILIENA C YIAJISEMOM BJIArou:
GOCBHAMG)():GZCMG)O—'—WCBIL@O' (3)

IToacraBuB ypaBHeHue (3) B dopmyay (2),
TMOYYNM:

LIO+GZCMG)O—'_WCBH.@O—'_QE[:LIZ+G2CM®2+QH' (4)

W3 ypaBHeHus (4) BbIpa3suM pacxoi TeTI0ThI

Mathematical modeling of the grinding process with simultaneous drying of the material in a centrifugal mill
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usMeapueHust Q,:

Q. =L(I,—[))+G,C,(0,70)—WC,,0,tQ,.  (5)

Pacxon abGCoOMIOTHO CyXOTO BO3IyXa OIpeie-
JIUM 4epe3 pacxXoll BIaXKHOTO BO3AyXa:
L=L,(1=X,), (6)
rme X, — HavaJbHOE BJArocoaep:KaHue BO3Iyxa,
(KT BJI./KT CyX.MarT.).

Pacxonm BBICYIIIeHHOTO MaTepuajia BBIPa3HM
yepe3 pacxo BIaxKHOIo MaTepuana [5]:

(100-0,)

. (7)
(100 -m,)

G,=G

Pacxon yoaneHHO# BiIary OIpeae/ivuM I0 ypaB-
HEHUIO:

(o, —,)

A TR (8)
(100- o, )

W =G,

KoneuHoe BnmarocomepkaHue BO3Myxa IIpesi-
CTaBUM B BUIE:
X=X+ X,, (9)
rae X, — JOIOJTHUTENBHOE BarocoiepxkaHue, KO-
TOPOE BO3HMKAET B pe3ybTaTe Tepexoma NCrapeH-
HOI Bjaru B Bo3AyX, (KT BJI./KI CyX.MmarT.).

JLOTIOTHUTETLHOE BJIATOCONEPKAaHUE OTpele-
JIUM KaK OTHOIIEHWE pacxola yOaJeHHOW BJIard K
pacxony abCOJIIOTHO CYXOTO BO3MyXa:

x vV__ W _
L LO(I—XO)
Go(wo_wz)

= . 10
(100~ o, )L, (1-X,) (o

HavanpHyto sHTaNbIMIO BO3AyXa OMpEaAeIuM
MO ypaBHEHUIO:
IO=C:c4rs4t0+in.0)(0> (1 1)
rae C,, — TeII0eMKOCTh CyXoro Bo3ayxa, JIx/(kr-K);
i,, — HayaJbHas1 3HTaAbIus mapa, IK/Kr.

KoHeuHyro sHTaNbINI0 BO3MyXa OMPEAeIM I10
ypaBHEHMUIO:

IZZCC.B.t2+in.2X2> (12)

rae i,, — KOHeuHasl SHTaJibnus napa, JIxK/Kr.

IToTepu TerIOTH MPEACTABISIOT COOOM CTOXK-
HYIO TEIJIOOTIauy OT MOBEPXHOCTU U3METbUYUTENS
B OKpYKaIoIyo cpeny [6]:
Q.=aFAt, (13)
IIe oo — CyMMapHbIii KO3(hGUIUEHT TeIJI00TIaun
JydeucIyckanmeM W KoHBekumeit, Bt/(m>K);
F — myiomanab MOBEPXHOCTUM MEJBbHUILI, M?;
At — pasHOCTb TEMIIEPATYP MEXKIY MOBEPXHOCTHIO
MEJIBHUIIBE M OKpYyKaloleit cpemoii, °C.

CyMMapHbIi KO3 PUIIMEeHT TEIIOOTAAUM JTy-
YeUCIyCKaHMEM U KOHBEKLMed omnpeaeauM Io
ypaBHEeHMUIO [5]:
0=9,74+0,07At. (14)

IMoncraBus ypaBHeHus (6)—(14) B ypaBHEeHME
(5), nonyyum:

QJJ = Lo(l_)(o)><

I (jc.B.tZ—l—in.Z>< |
% X X0+ GO((DO_(’OZ) - +
(loo_wz)Lo(l_Xo)
__(Cc.g.to + in.OXO) |
100 —o
+G,——2C,(t, —t,)—
0100—0)2 M(2 o)
(030_0)2)
-G,———*C_t,+Q._. (15)
0 100_ , BI. 0 Qn

ITocne npeobpa3zoBaHUM TOJIYYUM:

Cc.s.(tz - to) + } n

+Xo (in42 - in.o)

n G ((’00 - 0‘)2 )(in.2 - CC.B.tO) +
100- o, | +(100-w,)C, (t, - t,)

Qﬂ =L0(1_XO)|:

}LQH. (16)

Pasnenms o6e yactu ypaBHeHUd (16) Ha Mac-
COBEII pacxojl MBUTIETra30BOi cMecn M, TIOIyYUM
VIETBHBIA pacXold TeTUIOTHI M3MEITbUCHUsI, TO €CTh
TEIUIOTY M3MENbUYCeHHUS, MPUXOAIIIyocs Ha 1 KT
MBIJIETa30BO CMECH:
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0035 004
G, xr/c

0 0,005 0,01 0,015 0,02 0,025 0,03 0,045

a

(%)

] 0,02 0,04 0.06 0,08 0.1 012 0,14 0,16

G, xr/c
0

Puc. 2. 3aBUCHMOCTb TeMIIepaTyphl MbLJIETa30BOI CMECH Ha BBIXOJE M3 MEJIbHUIIBI OT pacxoja Marepuaia U pacxoia Bo3ayxa Mpu

M3MEJIBYCHUM: a) MpaMopa: — 9KCIepMMeHTaIbHbIE JaHHBIE TTpU pacxone Bozayxa: 1 — 0,034 kr/c, 2 — 0,030 kr/c, 3 — 0,024 kr/c;

— — JIaHHBbIe, paCCYMTaHHBIC MO 3aBUCUMOCTH (18); 6) KpacCHOTO Xej1e30-0KMCHOTO IMMUTMEHTa: — 3KCIIepUMEHTaIbHbIE TaHHbIE

npu pacxoze Bosmyxa: 1 — 0,115 kr/c, 2 — 0,108 xr/c, 3 — 0,09 kr/c; — — naHHbIe, pacCUMTaHHBIE MO 3aBUCUMOCTH (18)
Q JIJ1s1 TTOJTy4YeHHO MaTeMaTUYeCKOM 3aBUCUMO-
q=—>-= CTU ObUIM pacCUMTaHbl MOKa3aTeJu aleKBaTHOCTU
M., U CIIeJIaH BBIBOI, YTO MaTeMaTUYEeCKast MOIEIb SIB-
L,(1-X,) [Cc (-t +X, (i ,—i 0)] JISIETCSI JOCTOBEPHOU U MOXKET 6]3[Tb HCIIOJIb30BaHa
= = : —= + TSI TAKOTO TUIIA U3METBYUTETIEN.
MCM Boieoowt
: B pesynbTate NMpOBENEHHBIX TEOPETUUYECKUX
G (0 —0,)(1,, —C_, t;)+ DE3yTE POBCIL p
0 : B UCCIIENOBAHUM, TMOJyYeHAa MareMaruyeckas 3aBU-
N 100-m, | +100-m,)C,(t, —t,) N Q, (17) CUMOCTb BIMAHUs TEXHONOIUMECKUX NAPAMETPOB
’ poliecca U3MENIBUCHUS HA TeMIIEpaTypy IbLiera-
MCM MCM

IIpeodpazosanue dopmynsl (16) mo3BoIsIEeT
MOJYYUTh 3aBUCUMOCTh TeMIIEPaTyPhl MbIJIEra30BOM
CMECH OT TEXHOJIOTMUECKMX TTapaMeTpoB Ipollecca:

Q,-Q,+L,(-X,)x
X[CC.B.tO _XO (in.2 _in.O)] _
G,(100—w,)C,

100 - o,

Go (0)0 — o, )(in.Z o CBn.tO) -
100 -, | —(100-©,)C, —t,

G,(100—w,)C,

100- o,

t,=
Ly(1=X,)C, +

(18)
LO (1 - XO)CC.B. +

st mpoBepku 3aBucuMocTu (18) Ha amekBaT-
HOCTb TPOBEIEeHbI SKCIEPUMEHTAbHbIE HCCIeNO0-
BaHMSI 10 BJIMSIHUIO TEXHOJOTMYECKUX ITapaMeTPOB
nmpoiiecca U3MeJbUeHUS Ha TeMIlepaTypy Ibliera-
30BOI CMECH Ha BBIXOJE U3 MEJbHUIIbI.

Ha puc. 2 npeacraBieHbl rpagpuueckue 3aBu-
CUMOCTH TeMIIepaTyphl MbLJIEra30BOi CMECH OT pac-
XojJa MaTepuaja Mpu MU3MeJbYeHUU MpamMopa U
KPacCHOIO XeJIe30-OKMCHOTO MUTMEHTA.

30BOI1 cMecHu Ha BbIxoae MeabHUlLIbL. IloxyyeHHas
MaTeMaTh4ecKash MOJeJb MO3BOJISIET IIPOTHO3UPO-
BaTh pabOTy M3MEJbUYUTENSI U OMNpeAessTh OITHU-
MaJbHble 3HAYEHUS BXOMHBIX BEJIMYMH IJIsI IOJY-
YeHUsI KaYeCTBEHHOI'O MU3MEJIbUYEHHOIO MPOIYKTa C
HEeOOXOIUMOI KOHEYHOM BIasKHOCTBIO.
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MATEMATUYHE MOJEJIOBAHHA ITPOLECY
IHOAPIBHEHHA 3 OTHOYACHUM CYIIIHHAM
MATEPIATTY B BIZHEHTPOBOMY MJINHI

Timosa O.B., Kpaseus B.I., Minarxosa H.O., Yepneuvruii €.B.,
Tnamko O.M.

Y oaniii pobomi posensnyma akmyanvHa 3a0ava ompumanHs
MamemMamu4Ho20 Onucy npouecy nodpibHents mamepiany @ eioueH-
MpoBOMY MAUHI 3 OOHOHACHOK CYwKor mamepiany. JlocaioncenHs
npouyecy CyuiHHs 3 00HOHACHUM NOOPIOHEHHAM NOKA3aAU He MinbKu
1i020 yHigepcanbHicms npu 00podYi HAUPIZHOMAHIMHIWUX Mamepi-
anie, ane i NPAKMUUHO MUMMEBe 8UOANeHHs OIAbUIOI HacMUHU 80~
aoeu. Tlpu yvomy cywinns inmeHcugikyemocs 6Hacaiook He minoKu
WBUOK020 PO3BUMKY NOGEPXHI KOHMAKMY, aie i aKmUueHoeo nepe-
MiuyeauHs nogimpsi i mamepiany, a maxKoxyc é pesyabmami Oinviu
WEUOK020 GUNAPOBYBAHHS B0A02U 3 CBINCOYMBOPEHUX NOBEPXOHD.
Tlodpionenns mamepianie y 8i0UeHMpPOBUX MAUHAX, OCOOAUBO MOH-
K020 nomeny, CynpogooicyemuCs 3HAUHUM BUOINCHHAM Menia, ujo
do36045€ 30iliCHIO8AMU CYWIHHS Mamepiany 0OHOYACHO 3 NOOPIOHeH-
HAM. Ymeopenns mensomu 6 poboyux 30Hax 0aH020 Muny noo-
DibHI08a™I6 00YMOBAEHO HACMYRHUMU (DaKmopamu: mepmsam no-
eimps | mamepiany 06 poboui enremenmu, mypoyaizayii nun02a3oeoi
CyMiwi, GUHUKHEHHAM HOBUX NOGEPXOHb NPU PYUHYEAHHI, baeamo-
PA308UM CMUCHEHHSM RUA02A3080i Cymiuti ma iH. SHUMNCeHHs 8040~
20cmi nodpibHeHo20 NPOOYKMYy € HeoOXiOHOH YMOB0H 045 NOOANb-
w020 GUKOPUCMAHHSA Y BUPOOHUYMEI, 0451 4020 BUKOPUCMOBYIOMb
dodamkoge cywunvHe yCmamkyeanHs. 3 iHul0eo 60Ky, HaomipHe
nioguujeHHs: memnepamypu npu noopioHerHi 045 baeamvox mamepi-
anie HebaNCaHo, OCKIAbKU Modce npueecmu 00 NOIpUeHHs AKOCmi
npooyKmy, a maxossc, npu3go0ums 0o cmeopeHHs eubyxoHebe3ney-
Hoi obcmanosku. Ompumana Mamemamu4Ha mooeasb 0036045€ NPo-
eHo3yeamu pobomy nodpibH0eaua i U3HAYaAMu 3HA4eHHs BXIOHUX
8eAUHUH 0451 00ePIUCHHSL AKICHO20 NOOPIOHEH020 NPOOYKMY 3 Heo0-
XiOHOM KiHuesoio eonocicmio. Y cmammi Hadanuli menaoeuil ba-
AaHc 8idyenmpogo2o mauna. Haeedeno mamemamuuni 3anexcnocmi
04151 PO3PAXYHKY NUMOMOI 6UMPAmMU menaomu i memnepamypu nu-
102a3080i cymiuwii Ha 6uxodi 3 idyeHmpogoeo Maura. Ompumano
eKCNepUMEeHManbhi 3a1eiCHOCmi w000 6NAUBY MEeXHOA0IMHUX na-
pamempie Ha memnepamypy nuA02a3080i cymiuli, wo niomeepoicy-
10mb pe3ynbmamu meopemuyHUX 00CAi0dHCeHb.

KimouoBi cioBa: MozesioBaHHSI TMpoLiecy MOApiOHEHHS,
TeIUIoTa MOAPIOHEHHS, TeMmIeparypa MUJI0razoBoi cymilii,
BiJILIEHTPOBMIA MJIUH, PiBHSIHHS perpecii.

MATHEMATICAL MODELING OF THE GRINDING
PROCESS WITH SIMULTANEOUS DRYING OF THE
MATERIAL IN A CENTRIFUGAL MILL

Titova O.V., Kravets V.1., Minakova N.O., Chernetsky E.V.,
Gnatko O.M.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

In this work, the relevant task of obtaining a mathematical
description of the process of material grinding in a centrifugal mill
with simultaneous drying of the material is considered. The study of

the drying process with simultaneous grinding showed not only its
versatility in processing a wide variety of materials, but also almost
instantaneous removal of most of the moisture. In this case, drying is
intensified due to not only the rapid development of the contact
surface, but also the active mixing of air and material, as well as
due to the more rapid evaporation of moisture from freshly formed
surfaces. The grinding of materials in centrifugal mills, especially
fine grinding, is accompanied by a significant heat release, which
allows the material to be dried simultaneously with grinding. The
formation of heat in the working areas of this type of grinders happens
due to following factors: air and material friction on work items,
turbulence in the dust-gas mixture, emergence of new surfaces during
fracture, repeated compression of the dust-gas mixture, etc. Reducing
the moisture content of the crushed product is a prerequisite for
further use in production, for which additional drying equipment is
used. On the other hand, excessive temperature increase during
grinding is undesirable for many materials, as it can lead to
deterioration of the product quality, and also leads to the creation of
an explosive situation. The obtained mathematical model makes it
possible to predict the operation of the shredder and determine the
values of input quantities to obtain a high-quality grinded product
with a required final humidity. The article presents the heat balance
of a centrifugal mill. Mathematical dependences are given for
calculating the specific heat consumption and temperature of the
dust-gas mixture at the exit from the centrifugal mill. Experimental
dependences on the influence of technological parameters on the
temperature of the dust-gas mixture, confirming the results of
theoretical studies, are obtained.

Keywords: modeling of grinding process, heat of grinding,
temperature of the gas-dust mixture, centrifugal mill, regression
equation.
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