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0. JI. LIYBEHKO, O. II. YCATHH, M. IO. BAFAK, 4. b. ®OPKYH, O. B. CEHEL[bKUH

BU3HAUEHHSI OIITUMAJIBHOI TOTYKHOCTI ABCOPBIIMHOI'O TEILIOBOI'O HACOCY IPHU
IHTEI'PAIIL IO TEINJIOBOI CXEMM IIT-60/70-130/13

Bupimryerbcs 3aaua BH3HA4YEHHS ONTHMAIBHOI TEIUIOBOI IOTYXKHOCTI aOCOpOLIHHOrO TEMIOBOr0 Hacoca 3 MApOBMM HArpiBaHHAM IIPH
oxHocryreHesii peredepauii (COP = 1,71). PosrisiqyBaHuii TEIIOBMI HACOC IHTErPOBaHMH B TEILIOBY cxemy mapoBoi Typ6inu I1T-60/70-130/13.
I'padix TemnomocTauaHHs U JAaHOTO HapoTypOiHHOro mukiry craHoBHTH 150/70 °C. Takoxk yCTaHOBKOIO BHPOOISEThCSA HAap HA TEXHOJOTIUHI
noTpeby. Bu3HaueHHs TEIUIOBMX Ta BUTPATHUX XapaKTEPHUCTHK abCOPOLiHHOrO TEIIOBOrO HACOCA 3/iHCHIOETBCS 3 BUKOPHCTAHHAM MOOYI0BAaHOI Ta
3aIPOIIOHOBAHOI alpOKCUMANiiHOI MaTeMaTHyHOi Mozeni. Ha mifcTaBi mpoBefeHOro aHaiizy Ta HasBHOTO JOCBiTYy C(OpPMYIEOBAHO ONTHMI3aLiiHy
3agady. DyHKII€0 METH € BUOIp ONTUMAIBHOI IOTY)KHOCTI IHTErpoBaHOro abCOpOLIHHOIrO TEIIOBOrO HAacoca 3a YMOBH ONTHMAIIBHOI BHTPATH
€HEePreTUYHOro nauyBa. Ilonryk onTHMabHOI TEMIIOBOI MOTYXKHOCTI a0COPOIIIHHOTO TEIIOBOr0 Hacoca 3/1ifiCHIOBABCS 32 YMOBH BilITyCKy Iapy yepes
perynboBaHui BHpOOHMuMIT BinOip TypOinm 3 mapamerpamu 1,296 MIla, 280 °C. Bynu posrisHyTi BapiaHTH Ut 3MIHHOI BUTpAaTH Iapu Ha
texHonoriuni notpedu (0, 20, 50 ta 80 1/rox). YMOBOIO Oysa MOCTIHHICTE BUTPATH MPOTATOM poKy. OTpHMaHi pe3ylbTaTH MOKa3ajH, 10 00 BCiX
PO3DIIHYTHX PEXKHMMIB 3aBaHTa)XKEHHS TypOiHM, ONTHMAaJbHE 3HAYECHHS MOTYXHOCTI aOCOpPOIIMHOrO TEIIOBOrO Hacoca € iJEHTHYHUM 1 CTAHOBHTH
~ 17,25 MBrT. Po3paxyHKOBI TOCIi[DKEHHS ITOKa3alH, 10 32 BapTocTi enekTpoeneprii 0,13 mon./(kBt-1) Ta ymoBHOTro nanusa 309 non./T eHepro6Iok 3
Typ6inoro [1T-60/70-130/13 ta interpoBanuii abCOpOLIHII TEIUTOBHI HACOC (TEILIOBOIO MOTYXHICTIO 15-18 MBT) nipu BUpOOHHYOMY HaBaHTAKCHHI
nonay 20 T/roj mapu, a Tako BATpaTi 000POTHOT MEPEKHOI BOJHM Ha TEIUIONOCTAaYaHHs 1oHaA 1550 T/To/ Z03BOJIMTE OTPHMATH OKYIHICTH HPOCKTY
eHepro30epexeHHs MeHIe 3 pokiB. HacTynmHIM MO3UTHBHUM e)eKTOM € Te, 10 eKOHOMIsl MauBa 103Bouiste 3Hu3uTH Bukuan CO, Ha 9321 11 NOy Ha
48 T. 3a pe3ynpTaTaMH JOCTIIKEHb CIOCTEPIracMo IO3UTHBHHI eKOIOTiuHMII edeKT Bix iHTerpamii abcopOLiifHOro TEIIOBOrO HAcoca B iCHYIOUY
TEIUIOBY CXEMY.

Kurouosi ciioBa: naposa TypOiHa, aGCOpOLiHMIT TEIUIOBHI HAcOC, Tapsiue BOAOIIOCTAYaHHs, TEIUIOBA CXeMa, CHEPro30epekeHHsI, OITHMI3aLis,
puOyTOK, IPOCTUI TEPMiH OKYITHOCTI.

0. SHUBENKO, O. USATYI, M. BABAK, YA. FORKUN, O. SENESTKY]

DETERMINING THE OPTIMUM POWER OF AN ABSORPTION HEAT PUMP WHEN IT
INTEGRATING TO PT-60/70-130/13 THERMAL SCHEME

The problem of determining the optimal thermal power of an absorption heat pump with steam heating at one-stage regeneration (COP = 1.71) is
solved. The heat pump is integrated into the thermal scheme of PT-60/70-130/13 steam turbine. The heat supply schedule for this steam turbine cycle
is 150/70 °C. The installation also produces steam for technological needs. The thermal and flow rate characteristics of an absorption heat pump are
determined using the constructed and proposed approximation mathematical model. Based on the analysis and existing experience, an optimization
problem was formulated. The goal function is to select the integrated absorption heat optimal power pump with the condition of optimal energy fuel
consumption. The search for the optimal thermal power of an absorption heat pump was carried out under the condition of steam release through a
controlled production turbine extraction with parameters of 1.296 MPa, 280 °C. Options for variable steam consumption for process needs (0, 20, 50
and 80 t/h) were considered. The condition was constancy of consumption throughout the year. The results obtained showed that, relative to all
considered turbine loading modes, the optimal power value of the absorption heat pump is identical and amounts to ~ 17.25 MW. Calculation studies
have shown that at a cost of electricity of 0.13 USD/(kWh) and equivalent fuel of 309 USD/t, a power unit with PT-60/70-130/13 turbine and an
integrated absorption heat pump (thermal power 15-18 MW) with a production load of more than 20 t/h of steam, as well as a consumption of recycled
network water for heat supply of more than ~ 1550 t/h, the payback of the energy saving project will be achieved in less than 3 years. The next positive
effect is that fuel savings can reduce CO, emissions by 9321 tons and NOy by 48 tons. According to research results, we observe a positive
environmental effect from the integration of an absorption heat pump into the existing thermal scheme.

Keywords: steam turbine, absorption heat pump, hot water supply, thermal scheme, energy saving, optimization, profit, simple payback period.

Beryn. [lo TemnoBMX IOTOKIB, IO € Yy CKJali
TypOoreHepaTopa eJIeKTPOCTaHLil MOKHa BiJHECTH:
JMMOBHX Ta3iB, BOJIM OXOJIOJUKEHHS KOHJEHcaTropa

najgvBa, BOJU # IOJIMIIEHHS EKOJOTIYHOTO CTaHy
HaBKOJIMIIHBOTO cepepoBuina. Y Kwurai BnpoBamxeHHS
ABTH na TEL]| Bu3HauaeTbcs Ha 3aKOHOJABUOMY pIiBHI

(mapoBoi TypOiHM), TeHepaTopa Ta CHCTEMH 3MasKH. Y
OipImocTi BHITAIKIB BOHH  PO3CIIOIOTBCS bi (6]
HaBKOJIMIIHBOTO CEPEAOBHILA.

[lo crocyerbest maposoi Typ6iam I1T-60/70-130/13
JIM3 [1], TO TIOTYXXHICTh TOTOKY OXOJOIKYIOUOi BOJAH
KOHJICHCATOpa 3a YMOBHM HOMIHAJILHOTO HABaHTaXKCHHS
Qu« ~ 6,3 I'xan/ron (Butpara mapu ~12 1/ron), cymapHa
MOTYXHICTh cHCTeM oxosokeHHs 3masku (CO3) i
reaeparopa (COT") Qcom+cor ~ 0,47 MBr. Sk Hachiiok B
rpamupHi B atMmocdepy ckupaersesi Qs ~ 6,7 ['kan/ron
TETUIOTH.

CyuacHuM €HEeProOIaTHAM MAXOA0M mpu
yrmmizanii Qg e imTerpamis mo TemnoBoi cxemu (TC)
eHeproboky abcopbuiitaoro temrooro Hacoca (ABTH).
BinnoBigHi mpoekTn peainizoBaHi y 0araThOX MPOBiTHUX
nepxasax. Lle 3a0e3neuye mpuOyTOK 3a paxyHOK €KOHOMIi

[2,3]. B Vxkpaini BnpoBamkysatm ABTH ma TEI
KIT «KUIBTEIUIOEHEPI O» muime nnanyeThes [4].

JocmimKkeH M 3 eHepro30epeXeHHs TIPH iHTerparii
ABTH 3 mapoBum o6irpiBom y TC mapoBux TypOiH
npuaiIseTbes unmaino ysaru: [1, 5-10], B Tomy uucni i
ykpaincbkumu daxisrpimu [11-13].

[pu nocnimxkenni interpauii ABTH no cknany TC
TypOOYCTaHOBOK, SIK B Hamiii po6oti [13] Tak # iHmuX,
HEJIOCTaTHHO YBaru IPHIUICHO TNUTAHHSIM BUPIICHHS
ONTHMI3allifHUX 3aBIaHb 3 BHOOpY: TOTYXXHOCTI
terioHacocHoi ycranoBkd (THY), nocijkeHHs pexumiB
il QpyHKIIIOHYBaHHS.

Mera po6oru. Bu3HauuTH ONTUMAJbHY TEIJIOBY
MOTYKHICTB 1 pexkumu podot ABTH nipwm iHTerparii #ioro
mo texHonorivHoi TC mapoTypOiHHOI yCTaHOBKH, Ta
OIIIHATH PO0O0Yi YMOBH HaBaHTa)KEHHS TYpOIHHOTO LIUKITY,

© 0. JI. lly6enko, O. I1. Ycaruii, M. 0. Babax, 5. b. ®opkys, O. B. Cenenpkuii, 2023
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SIKi TIpY LiHAX HA €HEProHOCIi B YKpaiHi AaayTh MiJCTaBU
JUIsl peatizanii TAKoro eHeproouaHoro 3axXomy.
3aranasHi xapakrepuctuku ABTH. Haiinpoctimmii
ABTH 3 mnapoBuM 0O0IrpiBOM NpU OJHOCTYIIHYACTIH
pereneparii (abo TepMoTpaHchOpPMATOp, IO MOHUKYE)
SIBIISIE  COOOI0 TIOENHAHHA YOTHUPHOX TEIUIOOOMIHHHUKIB,
PO3MIIIIEHUX B OHOMY iHTErpoBaHOMY Kopiryci [14].

JBa TemmooOMiHHUKHN (TeHepaTop i KOHAEHCATOP)
MpamiolOTh  MpH  OUThII ~ BHCOKOMY  THCKY,  IX
MPU3HAYCHHS — OTPUMATH JIETKO KHUIUIAYY pianHy (BOLY);
IIBA 1HIIUX TETUIOOOMiHHUKA (BHIIAPHUK i abcopOep) —
IIPU 3HW)KEHOMY THCKY, BIJIBOJSTH TEIUIOBY €HEPrii0 Bij
JUKepena, 1 epeTBOPIOI0Th OTPUMAaHHU 1ap B KOMIIOHEHT
pimkoro po3uuny, qus. [14].

Edexrunicte ABTH ouinroerses koedinieHTOM
nepetBopenHns | (a00 COP), sikuii BU3HaYa€THCS

COP = Qugru / Qn,

e Qagruy Qn — KITBKICTH TEIUIOTH, SIKA BIIBOJMTHCS Bif
THY (mani BUKOPHCTOBYETHCS) 1 BIIOBIIHO Ta, sIKa HOToO
obirpiBae.

Ocnosni nepesacu ABTH:

- IDKEpEJIOM TeIUIOTH, LI0 TPi€, MOXYTh BHCTYIATH
rapsivi TeXHOJIOTIUHI PiJIMHHU, BOJa, Ta3H, BOJSHA Mapa;

-y SKOCTI TEIUIOHOCIS, IO HArpiBa€ThCsl, MOXKYTh
BUKOPUCTOBYBATHCS JItO0I JDKepena 3 TeMIepaTyporo
1o + 60 °C;

- TPUBAIIIIMK ~ TepMiH  eKcIulyarauii
MApOKOMIIPECIITHOTO TEIIOBOTO HACOCY;

- He BUKOPUCTOBYIOTHCS BITHOCHO JOPOTi 1 MIKiAIHBI
amiak i ppeoHwy;

- BUCOKa HAAIWHICTh (HEMae pyXOMHX YacTHH),
BiJCYTHI BiOparis i mrymm;

- MEHIIII BHUTPATH Ha eKcIuTyaTamito (micis 3 pokiB
poboT He TOTPiIOCH KamiTadbHUH PEMOHT Ta 3aMiHa
Macia).

Jlo neoonixie ABTH sionocsms:

- NepiOJAMYHICT POOOTH NPU3BOJUTH IO BHUTPAT
JIOZIATKOBOI eHeprii Ha HarpiB / OXOJIOJUKEHHS HE TIIBKU
copOeHTy, a i Kopiycy ajacopoepa;

- BITHOCHO HEBHCOKI THapaMeTpH IIOTOKY TeIJIOTH,
mo Buxoauth (mo +90°C), i sk HaACHOOK — piBEHb
e(heKTHBHOCTI;

- IOCHUTD BHCOKI METaJIOEMHICTh (dacTuHA
TEIUIOOOMIHHUKIB 3HAXOIUTHCS T PO3PAIKEHHIM) 1, 5K
CIIIICTBO — KaIiTaJlbHi BUTPATH.

Bubip 06'exty nociaigxenns interpaunii ABTH y
TC Typ6inu. Amnamiz craHy mnpoOjeMH IOKa3aB, IO
HaHOUTBIT TIEPCTIEKTHBHUME 711 BrpoBakeHHs ABTH
1o cximany TC mapoBoi TypOinu € motyxHi «T» Ta «I1T»
Typbinn [12], ki MpaiolOTh 3 BEIUKHM TEILUIOBUM

HDK Y

HaBaHTAXCHHAM (MPU  MOpPO3i Yy KiIbKa TpagyciB
HEOOXiJTHO BKJIIOYATH MIKOBMH BOJOTPIMHUHA KOTeN
(IIBK), mnpu 1upomy mapoBa TypOiHa Impamoe 3
3a()iKCOBAHOIO  EJICKTPUYHOIO IOTYXXHICTIO, IO €

cnpustiausum it THY).

[lepcniektuBHUME 00'€eKTaMHM JJIsl  JOCIHIJKEHb 3
inrerpauii ABTH B YkpaiHi ciij BBaxkatu naposi TypOiHH
IIT-60/70-130/13 Ta T-110/120-130 (BimHOCHO MOTYXHi
Ta PO3MOBCIOJKCHI: MEPIINX — TPH 1 TOCTATHHO ONM3BKIX
no uux I1T-60-90/13 — cim, a mpyrux — Bicim). B miit

poboti B sKocTi Takoro o00'ekTy oOpaHO TYpOiHY
I1T-60/70-130/13 (IIT-60) — HaiiOiabII THUpPaXKHY cepen
BUTOTOBIICHUX B pasHcbkuil yac (6inbin vixk 100 of.).

[MapoBa Typ6ina IIT-60 3  KOHIeHcauwiWHOI
YCTaHOBKOIO 1 JIBOMa PETryJIbOBaHUMHM BifOOpaMu mapw,
SIBJISIE  COOO0 JIBONMJIIHAPOBUI OJNHOBAJBHHUIA arperat
(IMmiHIpPH BHUCOKOTO 1 HH3BKOTO THCKY, OCTaHHIH
BKITIOYA€ [BI YaCTWHHU: CEPEAHBOTO i HU3BKOTO THCKY,
BiamosigHo YCT ta YHT).

[IT-60 wmae 7 BimOopiB mapm, 1OBa 3 SKHX
perymsoBaHi, 3 migirpiBada Bucokoro Ttucky (IIBT) i
4 mipirpiBaya Hu3bkoro tucky (ITHT), i Mmae Taki ocHOBHI
xapakrepuctuku [15]:

- HOMiHaJIbHA MOTYKHICTh TypOinu 60 MBT;

- yucio obopotis 3000 06/xB;

- mapaMeTpu CBDKOI mapu Iepei  CTONOPHUM
KiaamaHom: — THCK  Pp=12,75MIla,  Temneparypa
To =565 °C;

- MaKCHMaJIbHa BUTpaTa TapH y TOJOBY TypOiHH
[G.]uax = 387 T/rox;

- MAKCUMQJIbHUH TIPOMYCK TMapH B KOHAEHCATOP
[Gi]uax = 160 1/rOm.

Tuck napu perysiboBaHUX BiJOOpIB:

- pupobnHmyoro 0,686-1,666 MIla;

- rerutodikariiiaoro 0,0294-0,147 MITa.

MinimManeHuid ponyck mapu B UYHT mpu 3axpuriid
MOBOPOTHIN perynrorouiii miapparmi (ITPJI) 3 Tuckom B
kamepi Binoopy 0,0196 MIla craHOBUTH MPH YIIUIHHEHIN
miapparmi 10 T/romr I[IT-60 B VYkpaiHi pansHCBKOTO
BUpoOHMITBa, Yy HUX [IP]] He yminsHeHa, BUTpaTa mapu B
YHT nepesumrye 24 1/Tog.

Martematuuni monejai ABTH ta TC typ6inm Ha
0a3i 3aBoAcbKMX XapakrepucTuk. B 3araasHOMy
BUMAJIKy MOJCIIOBaHHS TEIUIOOOMIHHHX TIIPOLIECIB B
ABTH € cxmaguuMm, ockizekun THY  Bkimouae
TETIOOOMIHHUKH, JIe MPOTIKaIOTh Mpolecu adbcopOuii —
JecopOii, MOTpiOHI 3HAHHS XapaKTEePHCTHUK KOXKHOTO 3
€JIEMEHTIB MAIlMHM, TEPMOJMHAMIYHUX BJIACTHBOCTEH
TEIJIOHOCITB, 1X BUTpar [14].

ABTH npaitoe 3 TppoMa IOTOKaMH €HEPrOHOCITB, B
YMOBax €JEeKTPOCTaHIIi X mapoBOMY OOITpiBi 11e:

-BoasgHa mapa 3 Butparoro Gy, mo rtpie THY
(6eperscst 3 Bimbopy TypOinm, y Bumaaky I[IT-60 3
BUPOOHHMYOI0), 3 MOYATKOBMMH IapaMeTpamu: TUCK Ppy
0,14-0,6 MITa, remnepatypa ty; 130 — 165 °C;

- TeXHIYHa BoAa 3 BHUTpaTol0 Gs 3 MOYATKOBOIO
Temrepatyporo ty + 7-35 °C, Ternora kol yTHII3yEThCS
(wupkynsuiiina  Boma (LIB) cucteM  OXOJOMKEHHS:
konaencaropa, CO3 ta COT);

- BoJia 3 BUTpaToto Gy, 3 MOYAaTKOBOIO TEMIIEPATYPOIO
tw1, 1110 HAarpiBaeThest (3BopoTHA ciThoBa Boja (3CB), Boga
MUKABICHHST ~ TypOOYCTaHOBKM  Ta  TEINIOMEPEXi),
Temneparypa sikoi Ha Buxoni 3 THY t,, He mepeBuurye
90 °C.

Hduns mopemroBanHs xapakrtepuctuk ABTH Oymu
BHKOpHUCTaHi: KpuBi mpoxyktuBHOCcTi THY Kopmopamii
Broad, Kwra#i, (mmB.puc.1), Homorpamu CKb
«Tennocubmar» (muB. puc. 2), Ta 3arajbHi
xapakrepuctuku ix THY.

s koxxHOTO 3 THCKIB Tapu Py = 0,1; 0,2; 0,3; 0,4;
0,5 Ta 0,6 MIla (nuB. puc. 1), mwo rpie THY, s Bizomux
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temrepatyp: LIB, sika oxonomkyerbes, Ha Buxoai 3 THY
t25 (15; 20; 25; 30 Ta 35 °C) ta 3CB, sAka HarpiBaeThcs,
Ha Bxoni B THY t,, (40; 50; 60 ta 70 °C) Oynu BU3HAYCHI
twoi j, k- TabauLs OCTaHHIX € OCHOBOIO iHTepHoOsALiiiHOrO
ANTOPUTMY, KU peatizye 3alIe)KHICTh

tuo(Pras s, twa). (1)

Banexnocti Ha HOMorpamax (puc.2,a i 6) MawTh
TMHIMHAN XapaKkTep, TOMY JJIs alpoKCHMAIlii KOKHOI 3 4-X
MpSAMHUX 3 MpaBoi YacCTHHW Ta 5-X 3 JBOi JOCTATHBLO
3aJaTH KOOPAWHATH ABOX TOYOK. TaONHIs 3HAYEHb ITHX
0a30BHX TOYOK IIOKJAJeHa B OCHOBY IHTEPIIOJIAIIHHOTO
aNTOPUTMY, KU peatizye 3aleKHICTh

QAETH (tSZ: tWli tWZ)' (2)
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Puc. 1. Kpusi npoxyxrusrocti ABTH Kopnopauii Broad 3
BijIoOpakeHHsIM rapameTpiB GpyHkuionysanus THY [16]:
—— — ABTH o6irpiBaeTbcst maporo 3 HOPMAaTUBHUMU
napamerpamu: 0,5 MITa, 149 °C

i | ¥ 1T / 4 /
[t | [ AT
AN Jamd = T .
e A ’;,;q | r30c) L1/ f-/// ///f
il | IS | iy
[ LAl \ / v
ook zaN /,n AT
a " | /// o /y V7 \__l
7| LerT | ARy [s0°¢
/"-‘\\ L P |1 || i!‘4’ // {/ //’{‘I\ L
DL TTreyoc] [ 7 [Teooc]
ey v | AV TA T
&0 1] mn m M w0 Mo QI"-'@ 10 15 n FL1 n 15 a f,z.nc
a 6

Puc. 2. 3mina BimHOCHOT TertoBoi npoxykrusHocTi ABTH 6
(a) Ta Temmeparypu oxonomkeHoi Bojau micist THY tg, (6) B
3aJIeXKHOCTI BiJl TeMIlepaTyp BOJH, [0 HATrpiBaeThes: fy,y — Ha
Bxoni, ty, — Ha Buxoxi 3 THY [17]

0a30BUX TOYKax

Jns

BU3HA4YeHHI tyy Ta Q. BUKOPHCTOBYBANACS OJHOMipHA

iHTeproysLii 1o npu

KyOiuHa CTUTaf{H 1HTEPITOIIAILIS.

KpiMm 1pOro 3 BHKOPHUCTaHHSAM JaHUX PO
xapakrepuctukd ABTH Kopmopauii Broad 3 COP = 1,71
(muB. Tabn. 1) moOymoBaHO ampoKCHMAIliifHI BHpa3sd B
3anexxHOCTI Bix Qy apty Y KBT A1 BU3HaUCHHS:

- BTpaT TUCKY st temoHociiB THY: Toro, skumit
oxonouKyeThest APs, 1 Toro, sikuit HarpiBaeTbes AP,

- HOpMaTHBHUX BHTpaT TeruoHociiB ABTH: Gy,

Gsy, Gwy TOro, MO Tpie, TOro, MO OXOJOMKYETHCS Ta
TOTO, IO HATPIBAETHCS,

- JUI BU3HAYCHHS CIICKTPUIHOT MOTYKHOCTI N ApTH,
Ky norpedsisie ABTH.

Tabmus 1 — Xapaxrepucruku notyxunx ABTH 3 maposum
00IrpiBOM 3 OJTHOCTYIIHYACTOIO0 CXEMOIO pereHepanii
kuraiicekoi Kopropariii Broad mapku BDS [16]

(Aty = typ = tyy = 30 °C)

TemioBa 11B: 3CB: Burparu:
i G,, G Gy,
H(gyX(HIC}FL M53 AP, M\g/ AP, K1I1 -
i ABTH — | klla | — | x[la | — kBt
Qs kBT ToJI TOJ To1
16947/
6980 15188 | 58 | 1200 | 83 486 38,8
22595/
9304 20240 58 1600 83 648 50,4
28244 /|
11630 25315 | 58 | 2000 | 83 810 52,4
HowminaneHi mapaMeTpH TEIIOHOCITB:
- TeMIepaTypl  BOAW, BXim/Buxim:  Tiei, 1m0
oxomomkyerbes, 30/25°C  (At;=5°C); iei, sxa

narpiBaetscs 50 / 80 °C;

- THCK napH, 1o rpie, 0,5 MIla abc.

Ha 6a3i (1), (2), nepeniueHnX ampOKCHUMAIiHHUX
BUpa3iB Ta piBHAHb 30epexeHHs Oyino mNoOyHOBaHO
aITOPUTM 1 TporpamHi 3acodu (peanizoBani Ha (opTpaHi
G95) 3 BuzHauyeHHs xapaktepucTuk ABTH.

MonentoBaHHS TC I1T-60 peasi3zoBaHo
eHepretmanuM  Metogom [18, 19]. o ocobnuBocTeit
MOJEIIIOBaHHA, SKI IOB's3aHi 3 Oa)kaHHAM HaOJIM3UTH
pe3ynbTaTH PO3pPaxyHKIB MO IIHCHUX, CIII BigHECTH
BHUKOpPHCTaHHs 3aBOCHKOI armpokcumMartii Nygr = Fn(Gupr)
Ui BU3Ha4eHHS Nuypyr — NMOTY)KHOCTI YaCTHHH HH3BKOTO
ticky (YHT) B 3aexHOCTI BiJ BUTpaTH MapH Ha BXOJi B
Hel Gyyr (AuB. popmyny Ha puc. 3).

[pu iurerpanii ABTH y TC T1ypb6im ciin
30UIBIIYBaTH THUCK Mapu B KOoHAeHcaropi P, mopiBHsHO 3
HopMmatuBHUMH 0,04 aTa, 1UIsl SKMX BU3HAYCHA 3aJIC)KHICTH
Hapuc. 3. Ile mnpusBeno [0 HEOOXIAHOCTI pPoOOHUTH
morpaBky A0 Nyyr Bix Py.

L AL
T L B =12 xeeden?, ri
15 1= G40 KRanKe; 1
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Puc. 3. Buaytpimnas notyxuicts UHT I1T-60 B 3anexxHOCTI Bif
BUTpATH [apH 110 3aBOJACHKUX HaHuX [14]

s mompaBka BH3HAYAETHCS 3 MOJO0M TPUKYTHHKIB,
110 BioOpaxkyoTh mpotec posiupeHts mnapu y YHT B IS
miarpami  TpH  HOPMATUBHOMY 3HA4Y€HHI THCKY 1
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peaJbHOMY, a€ 3MOTY BCTAaHOBHTH MHOXHHUK 10 Nuyyr,
1110 BpaxoBye 3MiHy P,.

PosrnsnyTi  ocobnmBocTi  MoxenroBanHs I1T-60
3HAMIUIM BiZJOOpa)KCHHS B IPOrPaMHOMY KOMIUIEKCI 3
pospaxynky TC mapoBoi TypOiHM, IO po3poOJyieHHH B
[IMMamm im. A. M. ITiaropaoro HAH VYkpainu.

IlocTanoBKa i po3B'sA3aHHA 3aBJaHHA 3 BHOOpY
onTumaabHoi moTy:xkHocTi ABTH. B 3aransHOMY
BHTIIAAI 3amada onrrumizarii ¢pyaknionysanas TC mapoBoi
TypOiEm 3 iHTerpoBanmM ABTH mpm 3miHHEX y daci
peKMMax eKcIUTyaramii € JocTtaTHbo ckiaaHooo [19].
Bubip kpurepiro skocTi (I1e moKa3aHo, Hanpukaa, y [7])
BIIYYTHO  BIUIMBa€E Ha  pe3y/lbTaTd  BHU3HAYCHHS
ontuManbHOI motyxHocti ABTH.

Inrerpaniss ABTH B mepmy d4epry BIUIMBae Ha
3MEHIIEHHS KiIBKOCTI ManuBa, 1mo cramoerbes Ha TEILL
Tomy i1 kpuTepieM eeKTHBHOCTI ONTUMI3aLiiHOT 3a1au4i 3
BuOopy mnotyxHocTi THY mami oOpaHO meil MOKa3HUK,
SKHH ~ He  moTpedye  JOJaTKOBHX  pO3paxyHKIiB.
Tpagumidiauil BUOiIp B TKOCTI KPUTEPil0 THUTOMOI BUTPATH
MaJIiBa Ha TEIUIO, 3apa3 He € OOOB'SI3KOBHM Y 3B'A3KY i3
MEPEeX0J0M IO BUIFHOTO IIHOYTBOPCHHS BIAIOBIIHO IO
3akony Ykpainu «IIpo puHOK eleKTpHYHOi eHeprii».

Tpanuriiina TexHosoris ii BupimeHHs 06a3yeThCcs Ha
Mepexo/ii Bil 3MIHHHMX Yy 4aci QyHKIIH J0 OcCepeaHEHUX
XapaKTepUCTHUK.

[Ticng oceperHeHHS y Yaci TeMIepaTyp 30BHIIITHHOTO
MOBITPs (MIEPEXOAy [0 CEePEelHBO-MICSUYHUX TEMIIEpaTyp
t° TpuBamicTiO T 1 BiANOBIAHO 3HAaYeHb NApaMeTpiB

3.n
3aMiCTh (DYHKIIM) 3aBIaHHS 3 BU3HAYEHHS ONTHMAIBHOT
noryxHocti ABTH, sikuii interpoBannii o TC mapoBoi

TypOiHM 1 3abe3nedye MiHIMaiIbHI pPiYyHI BUTpATH
YMOBHOTO TanuBa By Ay, POPMYIIOIOTECS TAKMM YHHOM:
3HalTH
Nyon +1

\.on

min( Z BEAETH i (QHAETH ’GTj ’Xoj 'Zz,r)'Tj ); (3)

j=1
{;(QHABTH ’ G’T'JAC.oj ' Ez,r)EV;
KVmin S|\/|S KVmax <,

ne  Quaptn — HOMiHaNBHA TerutoBa moTykHiCTH ABTH,
ONTHMAJIbHE 3HAUYEHHS SIKOT IIyKAETHCS,

G, j — BuTpara napu B rojioBy Typ6inu ITT-60 y j-it
MICSIllb  ONAIIOBAIBHOTO  CE30HYy €  [apaMeTpom,
BH3HAYEHHS SIKOTO J]a€ 3MOTy po3B'a3aru cran TC;

V(O at1 Grr Xy j1Z,,) — BEKTOp (DYHKLIOHANBHUX

00OMEXKEHD,
V — o0macTh icHyBaHHS (QYHKIIOHAJHHUX 0OMEXKEHB;
Ky min + Kymaex — TPAHHIL iICHYBaHHS OOMEKEHb.

Maemo  Takuid  BEKTOp
rapameTpiB, SKUMH CJIiJT KePyBaTH:

Xo,r = {ijv Phj} + {PkMi)KOH! Ph Mi)KOH}! J = 11 21 <oy Nyt om

ne tucku P — mapu y kxoHaeHcatopi (npu iHTerparii
ABTH 3a paxyHok #oro BHOOPY 3a0e3NedyeThCs
edexruBHa podota THY); Py, — mapu, mo rpie ABTH;
Ny.on = 6 MICAIIIB — TPHBAIICTh CE30HY OIAJCHHS B
VYkpaiHi.

3MIHHUX  pPEXUMHHX

Maemo Takox 3a;[aHi BCKTOpPU:
¥C — c c c c
t'x,n _{ts.n]’tmn2"" t t

Hn o Enion } — cepenHbOMicSTUHIX
TeMIepaTyp 30BHIIIHLOrO OBiTPs y °C;

T={T, T, T Tv-xe T X Twixont = 1744, 672,
744,732, 720, 744, 4404} — TepMmiHiB TPUBAIOCTI CTOSHHS
t° (ciueHb — NOJOBMHHM KBITHS i KOBTHS — IPYJCHB) Y

Tox;
2.z.r = {Psnp06a Gsnpoﬁa G3csy

HE3MIHHHX PeXUMHHUX MapaMeTpiB,
1€ Puuposs Grupos — THCK 1 BUTpaTa Mmapu y peryiaboBaHUH
BupoOHMumid  BinOip IIT-60 (mami BBaxaeTbcs, IO
Puupos = 1,296 MIla, a Gyupes HE3MIHHAa Il OJHOTO
BapiaHTy BHpimeHHsS 3amadi (3) sSK 1 NOTYXKHICTb
TEIIONOCTa4YaHHs TMAapoIo 3 LBOT0 Bi00PY Qyupos = CONSL,
G.; — Burpara 3CB, me Briouae ~ 40 xapakTepucTHK
(KK emementiB TC, THCK y meaepaTopax, BiTHOCHI
BTpaTU: THCKY y eneMeHTax TC, B YIIUIPHCHHSAX 1 Take
iHIIe).

OyuKuis MeTH 3a1adi (3) Mae aIUTHBHI BJACTHBOCTI,
10 J1a€ 3MOTY 3aIHCaTH

} — BekTOp 3amaHuX

Nyon +1

.o

min( z BzABTHj(QuABTH G Xy ’Zz,r)'TJ’ )=
=1

e 1 (4)

Nont

= Z min(BZAETH i (QHAETH ’G'rj ’Xoj jz,r)'Tj )-

j=1

3a3HauMMo, 110 MDKONAJIIOBAJIbHUI Ce30H B YKpaiHi
TpuBae B cepenaboMy ~ 4404 ron, moryxkua «IIT» a6o
«T» typbina B meit yac Ha TEIl nepeObyBae B omHiil 3
3a3HauCHHUX CUTYaIliii:

-npamtoe Ha I'BII (4x mpaBwio 3 4YacTKOBUM
HaBaHTaXCHHSIM) a00 y KOHJIEHCAI[IHHOMY peXuMi (SKIIO
TIaJTMBO — BYTLILIA);

-He Tmpamoe (HemMa moTpeOM BKIIIOYaTH IpH
HasiBHOCTI Ha TEIL] kinbkox TypOiH, 60 TEOPETHUYHO IO
MigpyYHUKaX TerioBe HaBaHTakeHHs [BIT y 5-6 pasis
MEHILIE Hi)X MIPU OMANCHHI).

[o momepenHix po3paxyHkax, skio podora [1T-60 3
inTerpoBannM ABTH y MixkomamoBansHuit ce3oH Ha ['BIT
MOJIMBA, TO Ja€ HEMOTaHWH TMPUOYTOK, ane € TEeMOIO
IHIIIOTO JOCIIIIKEHHS.

Hami poss'ssanHs 3amaui (4) OymemMo posrisaaTu
TIJBKH I OTIATIOBAIEHOTO CE30HY.

Cxema inrerpauii ABTH y TC I1T-60 npencraBiena
Ha puc. 4 (npunuunoBy TC uiei TypOinu mus. [14]). Sk
BHJIHO 3 Ti€i cxemu, mapa s o0irpiBy ABTH Gepetscst 3
peryinpoBaHoro BupoOHWYoro Bimbopy IIT-60, sxuit
npamoe 3 THCKOM ~ 1,296 MIla. THY o06irpiBaeTscs
maporo 3 TuckoMm 0,233 Mlla, sika mocTymae 3 BHXJIOIY
YIII'M mnotyxHicTio 1 MBT, 1m0 BCTaHOBIIOETHCS TSI
eHepro30epeKeHHsI.

3 ypaxyBaHHAM (4) 3amaya TOIIYKY ONTHMaJIbHOT
notyxxHocti ABTH, mo mpamoe y ckmani TC IIT-60 B
ONTUMAIFHOMY DPEXHMiI B  ONATIOBAIBHUHA  CE30H,
3BOJIUTBCS JIO pO3B's3aHHs 6 (MO0  KUIBKOCTI Ny o)
JMOTIOMDKHUX ONTHMI3alliiHUX 3amad, TpH BHUPIMICHHI
KOXKHOI 13 sIKMX Ny aprn Ta Z,, BBaKalOTbCS 3aJaHUMHU.
Kputepiem sikocTi Takoi 3amadi € KUIBKICTh MajuBa, sKa

CIIATFOETBCST 32 Micsib, s 3abesmeueHHs podotu TC
TypOinu 3 inTerpoBannm ABTH.
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Puc. 4. Cxema cucremn oxoJo/KkeHHsI KoHaeHcaropy Typ6inu [1T-60 npu interpanii ABTH noryxwnictio 17 MBT:
ABTH: A — abcopbep, I' — renepatop, B — Bunapuuk, K — konnencarop, OK — oxonomkyBau KOHIEHCATY;

B/I — Bakyymuuii neaepatop; KT — koungencarop I1T-60; MT — eneprozbepiraroda maposa TypOiHa Manoi HOTY»KHOCTI 3
npotutuckom; Hacocu: ITiH — mimkuBmoBanbHuii TermoBoi mepexi, CH — citboBuit; [IBK — mikoBuii BogOrpiitHUIA KOTEI; CHCTEMH
oxonomkeHHs: COI' — reneparopa, CO3 — 3ma3ku; CII — citpoBuii mixirpisau, YHT — yacTiHa HU3BKOTO TUCKY; BiOOpPH, 110
perymoioThes: 3 — BUpoOHHYii, 6 — Terurodikauiiiauii; |, 11, 111 — 38's13ku 3 enemenTamu Terutosoi cxemu [1T-60

BiamosigHa monmomMikHa oNTHMI3alliitHa 3ama4a, pu
PO3B'I3aHHI KOOI BU3HAYAIOTHCSA 1 XapakTrepucTuku TC
I1T-60, dpopmytoeThCSI TAKMM YHHOM (BKA3aHO OCHOBHI
PIBHSHHS Ta AKTUBHI OOMEXEHHS) — JUJIsl CIPOIICHHS
3aIKcy 1HJIEKCH, 110 BiJOBIIAIOTH MOPSIKOBOMY HOMEPY
OTIANIOBAILHOTO MicAlls, Y mocTaHoBLi 3axaui (5) i naui,
Jie MOXJIMBO, OITyIIEHi:

3HAUTH:

MiN(By . abr(Qu asTy Pty ts2, twa, twa); Q)
Qastr(Qu asTH: Pha, te2s tuas two) =
= Qs (Pt iz, bty t2) Qo s

tso = ta(Py) = 5

Gt Quasth, Gy, Phay Py Z,,) = 26 T/rog;
Gt Quastiy G, Py, Py Z,, )+ (i(Pi t) —
= t:1(Pi)-4,19) + Qcor + com = Qs + KiparGrpass
Qs = 4,19Gs: (t1(P) — t2);
QabtH(Qu abTH) Pra, tsa, twn, tu2) =
= Qu5070(ts.10 Grics) = Gren. ix'fren. nia(Pren sins tren sin);
Grics = Gacn(1 + Giysep );
1,1 < COP(Pyy, tsp, twg, twp) < 1,71;
30 MBT < New(t% 1 Qi asTH) Gy Pty P Z,, ) <70 MBr;
0 t/rox < Gyey wix < 150 T/rog;
13 MBT < Q, aprn < 20 MBT;
140 t/rox < G, < 387 1/rox [15];

0,233 MIla < Py; < 0,6 MIla;
20 °C < ty(P,) <40 °C;
30 °C <ty (") < 60 °C;
two(Pha, ts2, twr) <90 °C.

B mocranoBi (5) MaeMo TEIIOBI HOTYKHOCTI:

QastH(Quastrs Phiy to, twa, tw) — peanbha, sxa
nepenaetses 10 3CB y ABTH;

Qis070(tsms  Gnes) — mo monaetses  Bim  TEIL
CIIOXXHMBA4YeBl B ONANIOBAIGHUN TEepio MO 3aJaHOMY
Temnepatypaomy rpadiky 150/70 °C;

Qco3 +cor — CyMapHa CHCTEM OXOJIO/DKEHHS 3Ma3Ku
Ta TeHepaTopa;

Qs — LIB, mo oxomomkyetbest y ABTH,;

KiparGrpax — IO 3HiMaeTbea 3 1B y rpamuphi, TyT
Gipay — BUTpATA NAPH Y TPATUPHIO, Ky = 50 — KOCDinieHT
KpPaTHOCTI OXOJIOJKEHHS,

ix(Py ty) — TEIOBMICT mapu y KOHASHCATOPI;

PTen Bin — 0,1869 MHa, tTerl Bin — 11811 oC’ GTen BiJY
iren. pin(Prenpiny Uremsi) — THCK, TeMIepaTypa, BUTpara Ta
TEIUIOBMICT TapuW y peryiabOBaHUM Teruodikariitanii
BinGip TIT-60 (mpu poGoOTi Ha TEMIOBOMY HaBaHTa)KEHHI
ITP]] mpaKTHYHO 3aKpUTa);

Gpcg — BuTpara mpsmoi cithoBoi Boam (IICB), a
Giinscs = 2 % — BiIHOCHO MiZDKMBIIEHHS.

[Mapamerpamu, IO 3MIHIOIOTHCS TPH BUPIIICHHI
samadi (5), aBastothest: Qy aprh, Phi, Pk Ta G, (ocTanuiii
3abe3neuye po3paxyHok TC), po3B's3yeTbcs BOHA
METO/IOM TI0 KOOPJMHATHOTO CITYCKY.

Ilpu po3s's3anHi (5) BUSABICHUH OJHOCTOPOHHIN
BIIMB Ppy Ha By aptu, 1 ONTHManbHE 3HAYEHHA
P 1 = Ppi min = 0,233 MIla neXuTh Ha HUXKHIM TpaHMIi
Jiana3oHy 3MiHH.
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B sxocTi mpuknamy pe3yiabTaTH BHPILICHHS ABOX
JIOKaJbHUX 3aJ1a4 onTuMizalii (5) mpeacrasieHi Ha puc. 5.

Ipu t°,; = +5 °C ocobnusicTs BupimeHHs 3axadi (5)
noJjirae y ToMy, LIO TpH Wil TeMneparypi oOMeXeHHs
Nex > 30 MBT crae aktuBuuM i, gk Haciaigok, COP < 1,71
(npm t°,, < +5 °C, COP = 1,71).

By 8ETH »
T ITog.
24430 T "
24 425
172 17,25 Cxarma. MBT
a
By n AETH »
T.¥. LTon.
___,_.—l-'-'-'_d
14,998
14 956
17,2 17,25 Oy aETH, MBT
7]

Puc. 5. 3anexHOCTi BUTpaTH yMOBHOTO nanuBa By, apry Bif
Q. gt ipu t,, = 5,4 °C (@) Ta t%,,, = +5 °C B 0TOUYEHH] TOYKH
ONTHMYMY

Bupimme 6 ngomoMikHHX 3amad ontuMizamii (5),
OTPUMYEMO pillleHHs1 3axadi (4), sKe CiiJ OLIHUTH 3
€KOHOMIYHOI TOYKH 30py, YA Ma€ BOHO NEPCIEKTHBU JUIs
BIIPOBAJKEHHSI.

Exonomiuna OI[iHKA iHTerpauii ABTH.
Busnauennss mpuOyTKy, iHBecTHHiliHMX BuUTpaTt. B
yMoOBax YKpaiHd, sKa BOIOE 1 He Maja CTajoi eKOHOMIKH B
SIKOCTI KpUTEpil0 EeKOHOMIYHOi OLIHKA TEXHIYHOTO
pimenHs 3 inTerpanii ABTH mocratHpo obpaTtn mpocTuit
TEePMiH OKYITHOCTI.

IIpocTmii TepMiH OKYHHOCTI eHepro3odepirardoi
TexHoJorii 3 BukopuctanusiM ABTH BuszHauaeTscst:

Tox ABTH = |3 ABTH IPrs AgTH,

Ae Iz ABTH = CABTH_'QH ABTH + CYHFM'NYHFM. —  cymapi
iHBeCTHLIi Ha peayi3amilo eHeproTeXHOOTil, TYT Capty —
mutoma Bapricte ABTH, Nypgry —  HOMiHanbHA
MOTYXHICTh yTHII3AIIHHOI MapoBOi I'BUHTOBOI MalInHH
(VIITM) 3 muTOMOIO BapTIiCTIO Cymry. LI MamumHa auis
iarerpoBanoi IIT-60 HeoOXximHa i yTWii3amii THCKY
mapu 3 BHpOOHHWYOro Bimbopy, mo obirpieae THY.
Bapticte YIII'M Ha 30-40 % wmenma BapTocTi Manoi
mapoBoi TypOiHU 3 MPOTUTHCKOM aHAJIOTI9HOI MOTY>KHOCTI
[20, 21].

[pubytok (profit) 3a omamroBanpHUil ce30H mpH
interpauii ABTH no cxiagy TC mapoBoi TypOinu mpu
ocepeiHeHHi 1o t°,;, BU3HAYAETHCS TAKUM YHHOM:

nOAI

Pron = z (Aproni (tz.n[) : Ton.[ - EXpen/nM.on )’ (6)

i=1

ne  APry,(t,,i) — cymapHi 3MiHH 3a TOAMHY BapTOCTI
MarepiaibHAX IOTOKIB, IO MalTh Miclie Tpu poOOoTi
IIT-60 3 inTerpoBannm ABTH nopiBHsHO 3 BapianToM 6€3
THY 3a micsip B ONaJIOBAILHUNA CE30H, SKI BH3HA4YEHI
TP BUPIMIECHHI BiAMOBiTHOT 3a1a4i (5);

Ex=0,075 Izgry + 56,5 — 3MmiHa piYHUX YMOBHO-
NOCTIMHUX  BHUTpaT (EXPEenses), 1mo TMoB's3aHl 3

inTerpauieto ABTH (3apmnatHs J0AaTKOBOTO HEpCOHATY,
BUTpPATH HA 3aITYACTHHH i MaTepialy, TOLIO).

Takum umHOM, mpu 3mimi t%,,, Ta Z JUIs

zr
BH3HauUeHHs Pr,, KOXXHUH pa3 ciij po3paxoByBaTH CTaH
TC TIT-60 6e3 THY. fx mpuknaa, B TabJy. 2 HaBeIEHO
pe3yibTaTH po3paxyHKiB 0Oa3oBux pexkmMmiB [1T-60 Ha
terogikamiiHoMy HaBaHTaxkeHHi 0e3 ABTH, sxi
NOTPiOHI JJIs1 BU3HAYESHHS 3MIHU XapaKTEPUCTHK TypOiHH
3 inTerpoBanuM ABTH.

[Ipu pospaxynky koxHoro pexumy TC 6e3 ABTH
miIoupaeThesl BUTpaTa Mapu Ha BXoni y TypOiHy G,, sika
3abe3neuye  HeoOXxigHy — Temmepatypy I[ICB  Ta
[Gilmin = 26 T/ron.

ITpu po3paxyHkax npuiManocs (KOMIIOHEHTH Z,, ):

- KK]I xotenbHO1 ycTanoBku sik i [IBK 0,9;

- BigHocHuit epexruHui KK/ nporoynoi yactuHu:
BT 0,800, UCT 0,820, YHT 0,555;

- MOBEPHCHHST KOHJCHCATY 3 BHPOOHHYOTO BimOOpy
75 % 3 Temneparypoto 40 °C;

- DUPKYJIAMiiHA cucrema OXOJIOKEHHS
TypOOTeHepaTopa  TpaIioe 3  BHTPATOI0  BOJIH
Gy = 1300 t/rox, mimkusnenns 0,2 %.

3 aHami3y naHux TadJI. 2 BHIHO:

- moynHaroun 3 t,,=-2,5°C, IIT-60 mpamoe y
OJTHOMY pexuMi («xkopucHa» reHepaiis
Nex = 47,167 MBT), ockinbku TerutodikaiiiftHui BiaOip
MPAKTUYIHO MaKCHUMAIIbHO 3aBaHTAXKEHUI
(Gren. s = 144,7 t/ron < 150 t/rox) JIOTPiB 3CB
peanizyerses y [IBK. Take nocuts Benuke Terwiodikariiite
3aBaHTAXCHHA TypOIHM TPU3BOAWTH 1O 3MCHIICHHS
enexTporenepartii (mpairoe Ha kopucte ABTH);

- Haif0inpIma BHUTpaTa mnanwBa 25,3 Ty.L/rog y
caMuii XONOAHWM Micans civens t°, =-5,4°C (npu
G3cp <1330 t/ron  3orpiBanns y IIBK HemoTpiOHe),
HaliMeHIIIa — Y TIepeXiTHAHA TIepio/.

3a pmammMm  Tabim 2 Oyno BHU3HAYeHO 00'eMu
pecypciB, siki BuTpaueHi TypoOoycraHoBkoro I1T-60 3a
OMANIOBAILHUN CE30H, 1 AKi 3MIHIOIOTBCS NPH IHTErparii
ABTH: nponano enexrpoeneprii 189,8 I'Br-rox, craneno
97,6 Thc. Ty.1l, ManWBa, HA IIDKUBJICHHS BUTPAYCHO:

113,3Ttuc. T  Texmivnoi Bomum  (IIB), 83,3 Tmc. T
MIOM'SIKIIIEHO].
B skocti pospaxyHkoBux Temmeparyp t,, mus

BH3HAYEHHS TOKa3HUKIB poboTu [1T-60 B omaxroBambHUI
Ce30H (JiucTonaa—0epe3eHb) 00paHo KOMIIOHEHTH BEKTOpa
{-5,4; -4,5; +0,9; +5; +1,5; -3}, mo BiANOBIIAIOTH IO
JCTY 3 kiimMartoorii cepeaHiM MiCTYHAM TeMIepaTypaMm
Mmict YkpaiHu 3 muMu TypOinamu. B mepexinHi nepionu
(TIOJIOBMHM 5KOBTHSI Ta KBiTHS) mpuidHsTo t°,, = +5 °C.

OcCHOBHMH BKJIaJ Yy 3MiHY pIYHMX BHUTpaT HpHU
interpauii ABTH no TC napoBoi TypOiHM ae eKOHOMIs
najgvBa, BHCOKAa IiHa SKOTO IiABWINYE INAHCH Ha
OTpPMMaHHsSI CIPOMOXKHUX pe3yibTariB 3anaui (6). Tomy
MAIMBOM Yy JOCTI/UKCHHI O0OpaHWH TpPHUPOJHWNA ra3
(TerutoTBOpHa 3maTHiCTE ~ 35000 kJK/M® Tpu TycTHHI
~0,7 KF/Ma).

UsneH miz 3HAKOM CyMH 3 BUpasy (6) po3paxoBy€eThCS:

APr(t, ;) = ANge-C. + AB-Cy . + AGxop-Cxos +
+ AGTex'CTex st Atax,
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Tabnuus 2 — Xapakrepucruka crany TC I1T-60/70-130/13 npu cepenHpoMicsuHEX pexxnmax HaBaHTaxeHHs 6e3 ABTH nipu
3abe3neyeni Teruonocradanns mo rpadiky 150/70 °C 3 Burparoro citboBoi Bogu 1600 1/ro Ta Bimycky 3 BUpoGHHIOTO Binbopy*
20 t/ron mapu

HaiimenyBanHs noka3zHuKa Micau:
1 11 111 1V, X XI XII
CepennpomicsigHa Temneparypa t,,, °C -5,4 -45 +0,9 +5 +1,5 -3
Yac cTostHHS Iii€i TeMIepaTypH, rox 744 672 744 732 720 744
JKHBIIbH BOA KOTIA - Temriepatypa, °C 237,17 237,7 235,4 2235 234,7 237,7
- BUTPATa, T/TO 259,3 259,3 2439 173,09 239,38 259,3
Butpara napu Ha TypOiHy, T/TOI 249,20 249,20 234,42 166,36 230,07 249,20
- BUpoOHWYMit BinOip, T/rox 3BiAKA™: 34,14 34,14 33,39 29,83 33,17 34,14
Eg - [IBT 3 Ha pereHepaiito, T/Tox 11,47 11,47 10,85 7,93 10,67 11,47
= ITHT 4 Ha pereHeparito, T/To1 10,22 10,22 9,67 7,05 9,50 10,22
& | - [IHT 3 Ha perenepalliio, T/Tox 6,23 6,23 5,96 4,66 5,88 6,23
E - TerutodikaidHui Binbip, T/ro, 3BiAKM: 144,47 144,47 123,68 85,36 120,64 144,47
g | -IIHT 2 Ha pereHepallito, T/Tox 7,07 7,07 7,00 6,51 6,99 7,07
5 Goit T/ron (BiAmyIleHa TEIIoTa, 133,92 133,92 123,68 75,37 120,64 133,92
OOWIP Pran/ron) (70,00) (70,00) (64,64) (39,40) (63,06) (70,00)
Temutora mixsenena y I1BK, 'kan/rox 11,43 9,03 0,0 0,0 0,0 5,02
[Tapu B KoHZIEHCATOD, T/TOX 26,0 (tuck 0,00334 MIla, remneparypa 25,9 °C)
Burpara: 1B mimkxuBICHHS 32 4ac CTOSIHHS 19,34 17,47 19,34 19,03 18,72 19,34
TEMIIEPaTypH, THC. T
Butpara Boau Ha - TOJIMHHA, T/TOJ 16,623 16,623 16,03 13,309 15,858 16,623
T/DKABICHAA " 33 HAC CTOAHI 12,37 11,17 26,23 9,74 11,42 12,37
TypOOyCTaHOBKH: TEMIIepaTypH, THC. T
Citsosa | —BHTPATA (miwxuBIeHHs), MO/TOA 1600 (32)
. - remmeparypa 3CB, °C 52,06 51,15 45,65 52,24 45,03 49,62
- remneparypa [ICB*, °C 103,5 101,13 86,87 78,0 85,28 97,17
Enexrpuuna - BJIacHUX 1notped, MBT 1,189 1,189 1,1123 0,824 1,104 1,189
MOTY)KHICTb: - «kopucHa», MBT 47,167 47,167 44,492 31,901 43,700 47,167
«KopucHay elleKTprdHa €Heprisi 3a 9ac CTOSHHS 35,0 31,70 33.10 23.35 31,46 35,0
Temneparypu, I'Br-rog
KK enexrpuunuid, % 0,28096 0,28096 0,28051 0,27735 0,28040 0,28096
CyMapHO BUTpaYCHO TEIIOTH, I 'Kaj/rox 82,39 79,98 65,62 40,36 64,03 75,98
T'ommHa suTpara - KOTelI, T y.I./TOJ 23,486 23,486 22,190 16,100 21,805 23,486
- TIBK, T y.1./rox 1,815 1,433 0 0 0 0,796
YMOBHOTO naisa - CymapHa, T y.1L/Tox 25,300 24,918 22,190 16,100 21,805 24,282
BuTtpara yMOBHOTrO MajyBa 3a 4ac CTOSIHHS 18.82 16.74 1651 11.79 1570 18.07
TEMIIEPATYPH, THUC. T Y.II. ' ' ' ' ' '
ne micns iHTerpamii ABTH wmaemMo roamHHI 3MiHM — €KOJOTiYHOrO mojxatky y 2023 pomi 3a i INKiUIHBI

BapTOCTEl B MiCAIllb OMNAOBAILHOTO CE30HY TaKHX
CHEPreTUYHUX CKJIaIOBHX:

ANgi — «KOpUCHOD»
TypOOTeHeparopa;

AB — BUTpaTH yMOBHOTO ITaJINBAa;

AGxop — BUTPATH TIOM 'SKIIEHOT BOAM TIiPKUBIICHHS
TypOOyCTaHOBKH;

AGrex s = Gywinn — Grpag — BUTpATH IT1 JPKABIICHHS
TEXHIYHOIO BOJOIO (3MeHmIyeThcsi Burpara LIB Ha
TpajiupHIO 1, IK HACJII0K, 00'eMH ii BUNaplOBaHHS);

Cer Cym CxoBs Crexs — BITOBITHO IiHU OJUHHIb
BUMIpPY MEPENiYeHNX SHEPreTUIHUX CKIIA/IOBHX;

Atax = ABpr (Mcoz-hcoz + MyoxNnox) — pisauns
CIUIATI €KOJOTIYHOTO TOAATKY 3a IIKIJUIMBI BUKUAU 10
atMmoc¢epu micns inrerpanii ABTH, Tyt ABpr — pizanms
y BUTpATi NMPUPOJHOTO ra3y y KoTjoarperari 1o i micis
inTerpanii ABTH,

Mco2, Myox — MacH mKipIuBux BUkuaiB CO, Ta NO,
B arMocdepy, IO YTBOPIOIOTHCS TpPH CHATIOBaHHI | T
MIPUPOIHOTO Taszy,

hcoo = 0,8047 USD/t,-hyox = 69,045 USD/T — craBku

eﬂeKTpI/I‘IHO.I. HOTy)KHOCTi

BUKHUJIU JI0 aTMOCc(epH B YKpaiHi.

Jns Bu3HaueHHs po3mipy mikimmBux Bukuais CO,
ta NOy 10 arMocdepu ckopucraemocs [22], 1e HaBeAEHO,
[0 TPH CrHamoBaHHI 1 T mpupomHOTo Ta3y (Biamosimae
~ 1,704 T y.m) yTBOPIOIOTBCSA TaKa KUTBKICTH IIKiTMBHX
BUKHUIIB: Mcoz = 2,726 1/1, Myox = 0,0143 /1.

3ayIeHOCTI THUTOMOT IIHU Capry, BapTOCTi laprh
ABTH Ta cymapHuX IHBECTHIIIH Bix #oro TemioBoi
MOTYXHOCTI Qy Apry MPEICTaBIICH] Ha puUc. 6.

Bapricte  BcranoBnennss  YIII'M  motyxHicTio
Nyrrm = 1 MBT cknagae lypry = 350 tuc. USD [20, 21].
B pesynbraTi Maemo:

350 tuc. USD, 600 kBT < Nyprm < 1000 xBr,

| =
M Nyrirm * Cyrrms, K0 Nypry > 1000 MBT,

Ie Cyrrm = 350 USD/kBT.

PesyabTaTn BHpIilICeHHA 3amaui BHOOpPY
ONTUMANBHOI  WOTY:KHOCTI  Quapry.  Pesynmbpratu
BU3HAYECHHS NPUOYTKY 32 OMAIIOBAILHUN CE30H Ta Tox IS
TPHOX Gyypos: 20, 50 Ta 80 T/ros 3 THcKOM 1,296 MIla s
pslly HOMIHAJIBHHMX TeIUIOBHX moTyxHocTed ABTH, mio
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interpoBanuii 10 TC IIT-60, siki LMIOCTPYIOTH pPe3yIbTaTH
nomryky ontumaibHoi notyxHocti ABTH naBeneno na
puc. 7. Burpatu Gscp, 110 3a1aBaInCs IPH PO3paxyHKax i
BiZIOOpaXKeHI Ha IbOMY pPHCYHKY, OOMpayucs 3 yMOB
JIOCSATHCHHS. DIiBHA OKYIHOCTI IHBECTHIIIH, SKHA €
HaOJIMKEHNM /10 TIEPCIIEKTUBHAUX 3HAUCHb.

EMETH® |
TED
kBT
240

180 |

120 |

10 15 Wopyy, MEBr
a
tuc.USD
2100 _fi{B__HL
2900 ==
I4BTH
2700 —
2500
15 16 17 Eyxarma MBr
o6

Puc. 6. 3anexnocti muToMOi iHK Capry (U1 OTy)kHUX THY 32

nanumu [23]) (@), Baptocti |zpry Ta CyMapHHUX iHBECTHIIIN
Is apt (0) Bin HOMiHANBHOT TerToBOI moTy)HOCTI ABTH

OnruMizaniiini
miHax Ha moyatok 2023 poky:
c. = 0,13 USD/(xBt1'Trox)

PO3paxyHKH BHKOHYBAUCSA MOPH
Ha EJIEKTPOCHEPTilo
— JeHHa wmiHa 10 Tapudy

Hanpyru |l kmacy HaJlMBO — [PHUPOJHHU ra3
F¥aETH,
e USD acp = IISIDD TTag. 41
&
cezoH | I +
1000
mep = 1500 wirox.
-
a00
15 16 17 COwartH. MBT
FrasmH, ,
THe LTS Caep = 1600 nrog,
CEe30H | b
1200 F D
= 1500 T 2
1000 - X
800 I
15 16 17 O sk MBT
FruEH, ;
THc 1TSD oy = ld_l.DD TTOH.
CESOH -|'
800 Fyep = 1500 wros.
i
GO0 |
15 16 17 'q uETH, MBT

4

Cyn =309 USD/T y.i. (16,5 rpu/m® 3 TIJIB, kype 1 USD —
37,28 rpn.).

3a ekcrnepTHUMH oliHkamu (¢aximie 3 [[IMar
iM. A. M. I[Tlinropporo HAH VYkpainun, mo nocnikyroTs

nuTaHHs 3 ouuctku Bomu ansa  TELl, wmaemo:
CxXOB — 10 USD/T, Crexs — 0,2 USD/t.

3rimHo puc. 7:

- mpubyTok  Bigm  BrnpoBamkeHHs ~ABTH  mo

motyxHocti 17,25 MBT 3pocrae, a moTiM magae, o
nosicHroeThest 3MeHIIeHHasM COP;

- MiHIMQJIBHUM ~ TPOCTHHA  TEpMiH  OKYIHOCTI
TexHiuHOro pimenss 3 interpauii ABTH no TC IIT-60
cknanae 2,3-4,3 poku B 3aneXHOCTI Bifi PiBHA Gyypos Ta
Gscp. Ilpuuomy mng  ycix Tpbox BapiaHTiB  Gyypos
(TOKpUBAIOTh 3HAYHMK [iarna3oH 3MiHM IMX BHUTpAT)
maemo oxHe 3HaueHHS Q' Aty ~ 17,25 MBr. Ha weii
pe3yabTaT MPAIOITh JBa (DakTOpW: A0 Ili€i MO3HAYKU
notyxHicte YIII'M He mnepesmmryBama | MBT, T06TO
MOJKJIMBO OYIJIO 3aCTOCYBATH OUNBIN JEIIeBY MAIIuHY, IpH
uiit noryxuocti THY Gy = G.

Bim3naunmo taki ocobmuBocti inTerparii ABTH:

- pH Gyupos = 0, 1, = 5 °C, stkio Gsep < 1820 1/rog,
ckimaaHo 3abesneuntn  podory IIT-60 ©6e3 ABTH
(Nex <30 MBT). 3 aHanoriyHux MOPUYMH [PH  LUX
t, . HEMOXJIMBO BUKOPUCTOBYBATH ABTH (THY
MPUXOJIUTHCS BUKJIFOYATH);

- IPY IPUHHATHX 1iHaX Ha eHeproHocii s ABTH 3
Q. asTH > 15 MBT npu Guupos > 20 1/ron Ta
Gscp > 1550 T/romr OYiKyeThCST — MEPCHICKTHBHHN IS
BIIPOBAKEHHS (Tox < 3 POKIB) TEPMiH OKYITHOCTI;

Tow.
CEZOH Ogep = 1500 orog.
4 Ar—, &
[
3 CGmep = 1600 mrog. .
L
2 T
15 16 17 & armH, MEBET
Tou.
CE3OH Gmep = 1300 mrog,. 3
3 b
(Fzep = 1600 mrom.
i e
15 16 17 Cuasra. MEBT
Tox. T
CESOH Fgep = 1400 mTog.
g Gzep = 1500 ©Tog.
2 I

15 16 17 o apm. MEBT

Puc. 7. BanexxHicTs npHu poOOTI TypOiHH Ha PEKUMI TEIIONOCTA4YaHHs MPUOYTKY 3a OMAOBaJIbHUN Ce30H Prapry Ta mpocToro
TEPMIHY OKYITHOCTI T, Bi HOMiHanbHOT Term1oBoi motyx)HocTi ABTH N, apry, o inTerpoBanuii 1o TC I1T-60, mpu pi3HUX BUTpaTax:
GBHpoG Ta G3CB:

a = Gyupos = 20 T/r071; 6 = Gypipos = 50 T/T01; 6 — Gyhyipos = 80 T/TOR
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- pu Qy aprn > 18 MBT i t,,, > +2,3 °C inTerpoBana
THY Bumymeno mpamoe 3 mamum COP 1,1-14 (Ha
Oinbin Husbkux t°,, COP = 1,71).

Pesynbratn pospaxynkis xapakrepuctuk TC I1T-60
3 iHterpoBanuM ABTH onTuManbHOIO TOTYXHICTIO
~17 MBt Ha HaBaHTa)XE€HHAX, [0 BIAIIOBINAIOTH
3a3HaueHUM t,,, IpH Gyupos = 20 1/rox, Gscp = 1600 1/rog,

Pn =0,233 MIla (tuck mapu ©Ha Buxsom YIII'M
~ 0,25 MIla) HaBesieHo y Tab. 3.
SAx BugHO 3 Tabm 3, mpm iHTerpamii ABTH

Q% a5rn = 17,25 MBT o TC IIT-60:

-B THY wHarpiBaetbcs Tinmbku wactuna 3CB
(Gy = 368-472 1/rom) ToMy mpO MPSIMHUN MiAIrpiB BOAM
ITiDKUBJIEHHS HEMa MOBH;

- 1o t,, =-5,4 °C ue BukopuctoByethcs [IBK.

Pesynprath  po3paxyHKy  3MIiHM  TOKa3HHKIB
TypboycranoBkn IIT-60 micnsa  interpauii ABTH
1725MBTt gmo i TC mpencraBmeni y  Taom. 4,

Chupos = 20 1/ron, G3cp = 1600 1/rox.

IMpu inrerpanii ABTH 17,25 MBT no TC IIT-60 3a
OMAaJIOBAILHUI ce30H Maemo mpudyTok 1257,7 tuc. USD,
npu iHBectulisx ~ 3050 tuc. USD orpumyemo mpoctuii
TEpMiH OKYNHOCTI 2,42 pOKH.

Sk cBimyare ganHi 3 Ta0u. 4, ipu inTerpanii ABTH g0
TC IIT-60 crifiky TeHAEHMIO O 3MEHIICHHS BapTOCTi 3a
OTIATIOBAIGHUM CE30H MAIOTh BUTPATH IAJMBA 1 TEXHIYHOT
BOJM ITi/UKUBJICHHS IUPKYJIALIIHOI CHCTEMH OXOJIOKCHHS
npu HemoreHepamii  (~ 4,4 I'Brrom), skxa 3MeHIIye
npuOyTOK, X04a 3a XoJoxHi Mics (y Bapianti 6e3 ABTH
BritoueHuii [IBK) Oyna monarkosa enexTporenepartisi.

BucHoBkn. 3  BUKOpPHCTaHHSIM  NOOYHOBaHOI
MaTreMaTuyHoi Mozeni Ta cdopMmynboBaHOi  3amadi
MOUIYKy ontuManbHoi motyxkHocti ABTH 3 mapoBum
00irpiBoM, MpH iHTerpamii Horo g0 TEIIOBOI CXeMHU
I1T-60/70-130/13  poss'si3ano  3agayy  BH3HAYEHHS
HOMiHANBHOI TerutoBoi noTykHOocTi ABTH.

Tabmut 3 — Cran TC I1T-60 npu cepeqHbOMICIYHUX pexXUMax HaBaHTaXeHHS 3 iHTerpoBanuM ABTH 17,25 MBT npu 3a0e3neuenHi
Teronocradanus 1o rpadixy 150/70 °C 3 Butparoro citboBoi Boxu 1600 T/Tox Ta Bimmmycky 3 BupoOHHYI0T0 Binbopy™* 20 T/ron mapw,
Pp1 = 0,233 MIla. [Hotyxnicte YIII'M 971 kBt

HaiimenyBanHs moka3HHKa Mieau:
I 11 111 1V, X XI XII
CepennapoMicsiuHa Temmeparypa t,;, °C -5,4 -45 +0,9 +5 +1,5 -3
BuTtpara napu Ha TypOiHy, T/TO] 260,05 253,39 214,12 154,30 209,85 242,37
=) - y BUPOOHUYHIA, T/TO; 3BiAKH*: 50,15 49,81 47,82 44,64 47,59 49,26
8 - I[1BT 3 Ha perenepatiito, T/Tox 11,92 11,65 10,00 7,40 9,82 11,19
E -na ABTH, 1/rox 15,46
;\ § - [THT 4 Ha pereHepanio, T/Tox 10,62 10,37 8,90 6,58 8,74 9,96
= 'Lg - ITHT 3 Ha perenepaltito, 1/To1 6,72 6,60 5,87 4,72 5,79 6,40
5 2 | - y remnnodikauiiaumii, T/roa, 3BiaKu: 136,88 132,29 104,79 61,31 101,73 124,63
i - [THT 2 - Ha pereHepaio, 1/Toj 6,71 6,67 6,54 6,40 6,53 6,62
= - Goinep - t/To]] 126,70 | 122,13 | 104,79 51,43 91,72 114,53
M (remtora, I'kan/rox) (66,22) | (63,84) | (49,53) | (26,88) | (47,94) | (59,86)
o a Bxin: Pp1 = 0,233 MITa, ty; = 146 °C
o % g Buxin: th =0,099 Mlla, t,; =ty
8 =z TemnoTa Ha pereHepario, I'kan/roa 1,283 | 1,294 | 1342 | 1,280 | 1,345 | 13310
g o i w Bxin: Py = 0,02 MIa, ty, °C: 38,7 38,4 36,2 36,9 35,9 37,8
E f ‘§ 2 Buxiz: P, = 0,15 MIIa, ty, °C: 337 33,4 31,2 31,9 30,9 32,8
g = S 2 Butpara G, 1/Toz 1249 1249 1246 734 1247 1248
5 m S % Bigseneno remtoru Qs, MBT 6,155 6,156 6,153 3,620 6,158 6,156
,E S5 Bxix: Pos = 0,25 MITa, t, = tycg
?E g 5 Buxin: Py, = 0,165 MITa, t,, °C: 82,97 83,68 86,8 82,8 87,0 84,75
a B & Butpara Gy, 1/rox 478 455 359 476 347 421
§ Iigsix rermoru go 3CB, I'kan/rox 17,248 17,249 17,246 14,299 17,250 17,249
;C:’ Enexrpuyna noTyxHicTh HacociB, KBT 40 40 40 33 39 40
BinHOCHA TemioBa MOTYKHICTh 0,9999 0,9999 0,9997 0,8289 1,0000 0,9999
COP 1,710 1,710 1,710 1,417 1,710 1,710
Komencatop - ek P,-10°, MITa 7,217 7,099 6,302 6,546 6,210 6,891
- BUTpaTa, T/To1 26,0 26,0 26,0 26,0 26,0 26,0
Cithosa Boa s8opotHa (3CB), npsma (TICB) BUTpATy (IIUKUBICHHS) T TT:év;IHeZpaTypy 3CB 1a IICB nusB. y
Burpara - I1B Ha rpagupHIO, T/T0] 50 (mimmxuBienns 1 1/rox)
- Boau Ha mipkusienus TY, T/rox 17,057 16,791 15,221 12,826 15,049 16,350
Enexrpuuna - BJIacHUX 1notped, MBT 1,198 1,168 0,996 0,738 0,977 1,120
HOTY)KHICTb: - «KkopucHay, MBT 49,501 48,306 41,176 30000 40,385 46,318
KK enexrpuunmii, % 0,27769 | 0,27741 | 0,27548 | 0,27069 | 0,27527 | 0,27695
Temnora migsenena go 3CB, I'kan/rox 81,46 79,06 64,64 40,12 63,06 75,05
Butpara ymoBHOTO - KOTeJ, T Y.IL/TOJ 24,429 | 23,852 | 20,402 | 14,998 | 20,016 | 22,888
rmajrBa - [1BK, T y.n./rox 0 0 0 0 0 0
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Ta6muus 4 — 3mina nokasuukis [1T-60 micns inrerpauii Q°, sgry ~ 17,25 MBT (suB. Tabun. 2 Ta Tabn. 3)

j Micsi:
HaiimMeHnyBaHHS MOKa3HHKa
I I 11 v, X Xl Xl
CepennpoMicsiuHa Temreparypa t,;, °C -5,4 -4,5 +0,9 +5 +1,5 -3
Yac cTosHHS i€l TeMIepaTypH, IO 744 672 744 732 720 744
- elleKTpoeHeprii Ha npoaax, [ Bt rox 1,736 0,765 -2,467 -1392 | -2,387 | -0,632
§ .. | - cymMapHHX BUTpaT yMOBHOI'O N1aJIUBa, T y.II 648 716 1330 807 1288 1037
=®
S Z | - Butpar Ha - [IB Ha rpagupHIo, THC. T 18,6 16,8 18,6 18,3 18 18,6
E § MiPKUBIEHHS: | - OM'SIKIIEHOT BOJH, T -323 -113 602 354 582 203
(‘sz 2l y Bukugax CO,, T 1037 1146 2128 1290 2061 1659
- y Bukugax NOy, T 5,438 6,011 11,163 6,769 10,809 8,703
- elleKTpoeHeprii Ha npoxax, Tuc. USD 225,7 99,5 -320,7 -180,9 -310,3 -82,1
=
S | - CYMapHHX BUTPAT yMOBHOTO MajUBa, TUC. usb 200,2 2214 4111 249,3 398,0 320,5
; % - BUTpar Ha - [IB, tuc. USD 0,372 0,336 0,372 0,366 0,360 0,372
E i | NUDKMBICHHS: | - mom'skuieHoi Boay, Tuc. USD -3,229 -1,129 6,019 3,536 5,825 2,031
2 g - CIUIATH €KOJIOTITHOTO - CO,, tuc. USD 0,834 0,922 1,712 1,038 1,658 1,335
-2 8 | noparky 3a BUKHHM 3i - NO,, tuc. USD 0,375 0,415 0,771 0,467 0,746 0,601
o] .
§ "= | CTallOHapHUX JKEpen - cyma, tuc. USD 1,109 1,337 2,483 1,505 2,404 1,936
CymapHa ekoHOMis 3a Micsib, Tuc. USD 4243 321,4 99,2 73,8 96,3 2427
BusHaueni onTuManbHi - pillleHHs TIpH  Pi3HHX TEIUIOBIH c>_(eMi TEI_[ UL TiABULICHHS 1 €HEepreTHYHol
BUTpPATAX 3BOpOT~HO'1' citboBoi Boau ta mapu (0, 20, 50 Ta Z‘ggg:;;ggm' Eﬁg’;’”’“”;*a‘;;);’:‘””m'jgﬁ' N l.hgtbi:‘}/_els?-'rus.en /
80 1/ron), sika BIIMYCKAETBCS 3 THCKOM 1,296 MIla sin oborudovanie/teplovie-nasosy (ara 3peprenns: 02.12.2022).
BUpOOGHUYOTrO Bigdopy Typ6inu I1T-60/70-130/13. 3. Absorption heat pump water chilling unit energy-saving
3HalineHo ONTUMAJILHY HOMiHam,Hy TEIIOBY reconstruction project c_)f Cangzhou Huarun Thermal Power Plant.
notyxHicte ABTH, 3a yMOBH 0GirpiBy maporo THCKOM ;E;ﬁeHES_pi/éei‘itg%i'g)'”9'Com'C”/2°16'08/O3/°—54899'htm (nara
0,233 MlTa Z[JIH. PO3TIIAHYTHX  Bap1aHTIB. PaHIOHaHBHa_'. 4. Tunogi eumozu 0o obnadnamns ma mamepianié npu 0OyOigHUYmME,
tersioBa notyxHicte ABTH cranosurts 17,4 MBT. 3a wiei pexoncmpykyii  ma  pemonmi  enepeoo'ckmié  CmpyKmypHux
TEILIOBO1 HOTy)KHOCTi BUTPATH BOJM, 110 OXOJIOJKYETHCS nioposdinie KII «KUIBTEII/IOEHEPI'O». Texuiuna nonimuxa.
THY, ii Ta, 0 OXOJNOMKYE KOHIEHCATOP #l CHCTE Tennomexuiune obaaonanns. TII-4/01/1-87-21. Kuis, 2021. 86 c.
y .H Ta, I X 6H A y. H'H.H. Top H vereMu URL:  http://kte.kmda.gov.ua/wp-content/uploads/2921/09/Tehn.-
3Ma3Ki 1 I'CHCpaTopa OIHM3BKI O WHIMaHI’HOI BUTpATH polityka-KP-KTE-teplo-2021-zatverdzh.pdf ~ (mata  3BepHeHHs:
napy y KOHJICHCATOp Ha TeIIOMIKAIiHHOMY PEIKUMI. 10.11.2021).
Orpumano, mo mpoctuii Tepmin okymuocti ABTH 5. DengT., ControlsJ., LiuZ., YinP. Waste-heat Recovery from
(., 17,25 MBT) npu interpauii g0 TC [1T-60/70-130/13, EgvgerPPéz;n_t“Ior District Heating. Heat Transfer. 2019. Vol. 26,
cTaHOBUTH 2,3—4,3 pOKH 3aleXHO BiJl Guupos 1 Gacp. lpu 6. Zh'an'g L Zhaﬁg Yu, Zhoul., EZ. WangK. WangZ. LiG.
Gscp > 1550 1/rox Ta Gyypos > 20 T/TOA Tor < 3 POKiB TOMY Qu B. Research of waste heat energy efficiency for absorption heat
peamizamist ABTH € nepcrieKTuBHIM. pump recycling thermal power plant circulating water. I0P Conf.
Pe3ybTaTH JOCIHIKEHHS MOKA3adM, IO HACIiIKOM fgge;:ofgrzh agd_Ei‘giE%grg/i’;tgé Slgigfle\;z/lolzl issue 4. Sanya:
. .. . , . 4 p. doi: 10. -
inrerpanii ABTH onrumansuoi notyskuocti (17,25 MBT) 7. Wang . Liur\)/v., Liu G, SunW., Li G.. Qiu B. Theoretical Design
mo TC IIT-60/70-130/13 mpoTAromM OnamoBaibHOIO and Analysis of the Waste Heat Recovery System of Turbine
CE30H supos — 20 T/TOI, G308 = T/TON) €! xhaust Steam Using an Absorption Heat Pump for Heating Supply.
Y (Guupos = 20 T/rO7, G 1600 1/ Exhaust Steam Usi Absorption Heat Pump for Heating Suppl
- 3MEHINEHHS eleKTporeneparii Ha 2,3 %; Energies. 2020. VVol. 13, no. 23. doi: 10.3390/en13236256
- eKOHOMisi: manmBa Ha ~ 6 %, TeXHiuHOI BOJM HAa 8. Yavorovsky Yu. V., Bartenev A. I, Sultanguzin I. A.,
. ) e i o Alimgazin A. Sh, Prishchepova S. A., Kalyakin I. D. Improving
HIZKUBIICHHA  TUPKYJIAUINHOL - CHCTEMHA - Ha 96 %, - Energy and Environmental Efficiency of Combined Heat-and Power
ITOM 'SIKIIICHOT BOJM HA ITiKKUBIIeHHS Ha 1,9 %. Plant Based on Absorption Heat Transformers. E3S Web of
ExonoMig majguBa nae MOKJIUBICTE 3MEHIIUTH Conferences. 2020. Vol. 178. 6 p. doi: 10.1051/e3sconf/
MPOTATOM OMANIOBAIEHOTO CE30HY IIKIIIMBI BUKUAA IO 9 5&2213301%1;; 3T, MaoH.C. Liub.S. WangR.Z Double
atmocgepu: CO, ma 9321 T,VNOX Ha 48vTa 36eper ™ section absorption heat pump for the deep recovery of low-grade
108,9 Tuc. T BomM — BakIMBUH eKONOriYHMH edexT Bif waste heat. Energy Conversion and Management. 2020, P. 113072.
iHTerpaui'l' ABTH. 10. Wang Z., ShenH., GuQ. WenD. LiuG., GaoW. RenlJ.
oCTimKe a inrerpamii ABTH 1o 6i Economic Analysis of Heat Pump Recovery System for Circulating
Hocairenns HHT. HHH. Hrerpan . , JIbH Water Waste Heat in Power Plant. E3S Web of Conferences. 2021.
TOTYKHHUX €HEproGJIOKiB CIIil MPO/IOBKUTH, Y 3B3KY 3 Vol. 256. 4 p. doi: 10.1051/e35conf/202125602011
THM, IO CTOCOBHO TypOimm T-110/120-130, cmix  11. Yupkia M. b., Kysuenos M. A., Illepcros €. B., Crennukos B. H.
OUiKyBaTH 3MEHIIEHHS T, 32 PAXYHOK CKOPOYEHHS IMorenuiiina ~ MOMUIMBICTL ~ Ta  TEXHIYHA  palliOHAJBHICTH
iHBeCTHHiﬁ SHUKEHHS HHTOMO’I‘ BapTOCTi yCTaTKyBaHH}I. 3aCTOCYBaHHA TEIVIOHACOCHUX TEXHOJIOTII npu KOM6iHOBaHOMy
BUPOOHMITBI  €IEKTPUYHOI Ta TEmwIoBoi eHepril. [lpobremu
Cuincok Jitepatypn mawunobyodysanns. 2014. T. 17, Ne 1. C. 11-20.
12. Hly6enko O. JI., Ba6ak M. 10., Ceneupkuii O. B. Owinka

1. Pomanrok B. H.,, Mycnina /I. 5., Bo6iu A. A., Konomumpka H. A., JIOUUIBHOCTI  iHTerpanii abcopOLiifHOro TEIIoBOro Hacoca a0
Bby6ups T. B., Mamskos C. B. AGcop0Ouiiini TemioBi HacocH y TEXHOJOTiUYHOI CcXeMu KOHJCHcamiliHoi TypOiHn. Mamepianu
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A. ROGOVYI, REN QINGSHENG, WANG XINGRONG, A. NESKOROZHENYI, Y. TIMCHENKO

IMPROVEMENT OF DIMENSIONS AND CHARACTERISTICS OF THE VORTEX CHAMBER PUMP
FOR COAL-WATER MEDIUM DELIVERING

The vortex chamber pump combines the positive characteristics of the centrifugal pump and the jet pump, and its efficiency is much higher than that of
the classical jet pump. This pump differs from the vortex injector by having the pump flow into the tangential outlet channel, which is not available in
the vortex injector. The traditional bulk material pump in many aspects has certain shortcomings, these shortcomings limit its application scope and
use effect, the traditional bulk material pumps mechanical parts and seals rapidly wear, resulting in short service life. Based on solving the Reynolds
equations for water flow, the influence of the angle between the tangential channels of the pump on the energy characteristics is analyzed: an increase
in the angle to 180° leads to a decrease in the relative efficiency by 30 %, the outlet pressure by 12 %, and the suction flow rate by 14 %. Thus, the
design with a zero angle between the tangential active medium inlet and the tangential outlet channels is optimal in terms of energy-saving pumping
performance. As the diameter of the vortex chamber increases, there is no significant trend in the efficiency of the pumped fluid be the vortex chamber
pump. With the increase in the total supply pressure, the axial inlet flow rate increase is relatively slow, and the outlet flow rate increases in a parabolic
trend. The wear of the pump vortex chamber wall depends on the mass flow rate of coal entering the vortex chamber. The larger the mass flow rate of
the abrasive medium, the greater the erosion rate density and the mean volume fraction in the vortex chamber of the vortex chamber pump. The
smaller the particle diameter of the coal, the larger the erosion rate density and mean volume fraction in the vortex chamber of the vortex chamber
pump. Thus, an increase in particle size should be sought, which will result in less wear.
Keywords: vortex chamber pump, mathematical modelling, wear, coal, water.

A. C. POTOBHH, PEHB I[IHIIIEH, BAH CIHPYH, A. 0. HECKOPOKEHHH, €. I. TIMYEHKO

YAOCKOHAJIEHHSI TEOMETPUYHUX PO3MIPIB I XAPAKTEPUCTHUK BUXOPOKAMEPHHUX
HACOCIB JJIs1 HEPEKAYYBAHHSA BOJOBYI'VIBHOI'O CEPEJOBHIIIA

BuxopokamepHuii HacoC MOeHye B co0i TO3UTHBHI XapaKTEPHCTHKHU BiJLEHTPOBOTO i CTPYMHHHOTO HACOCIB, a foro e)eKTHBHICTh HabaraTo BUIIA,
HIXK y KJIACHYHOTO CTPYMHHHOTO Hacoca. Leit Hacoc Bifpi3HAETHCS By BUXPOBOIO €XKEKTOPA THM, IO MOTIK HOAAETHCS B TAHTCHIIAIBHUIT BUXIIHUI
KaHaJ, KUK BiICyTHIN y BUXpOBOMY iHykekTopi. TpaauuiiiHuii Hacoc Ui CHITy9MX MaTepiaiiB y 6araTboxX acHeKTax Mae MeBHI HEOMIKH, [l HEIOMKN
00MeXyYIOTh cepy HOro 3aCcTOCYBaHHS, MEXaHIUHI JeTall Ta yIIIIbHEHHs TPAAULIHIX HACOCIB IS CHIIYYHX MaTepialliB IIBUAKO 3HOIIYIOTHCS, IO
MPU3BOJUTH 10 KOPOTKOTO TepMiHy ciykOu. Ha ocHOBI po3B'si3aHHs piBHAHB PeliHONbaca IS MOTOKY BOJIM IIPOAHANI30BAHO BIUIUB KyTa MiK
TaHTeHLIaJbHUMH KaHAJaMH HAcOCa Ha CHEPreTHYHI XapaKkTepHCTHKH: 30iblueHHs KyTa 10 180° mpu3BoauTh 1o 3MeHmIeHHs BigHocHoro KKJI Ha
30 %, TucKy Ha Buxoni — Ha 12 %, a BUTpaTH BCMOKTYBaHHs — Ha 14 %. TakuMm 4MHOM, KOHCTPYKIIisl 3 HYJIbOBHM KYTOM MK TAHI€HI[IaJIbHUM BXOZOM
AKTUBHOTO CEpENIOBHUINA 1 TAHTEHLIAIPHMM BUXIJHUM KaHAllaMH € ONTHMAaJbHOKI 3 TOYKM 30py €HEepro30epiraroumx XapakTepuCTHK Hacoca. 3i
301/IBIIICHHSAM JiaMeTpa BUXPOBOi KaMepH HE CIIOCTEPIraeThCsi CYTTEBOI TEHJACHIIT 0 3HIKEHHS e(pEKTUBHOCTI IepeKadyBaHHs PiMHH HacocoM. 3i
301JIBIIICHHSM 3arabHOTO THCKY IT0Jja4i 0ChOBa BUTPATa Ha BXOJI 30UIBIIYETHCS BITHOCHO MOBLIBHO,  BUTPATa 3MILIAHOTO NTOTOKY Ha BUXOJI 3pOCTa€e
3a mapaboiuHUM TPEHIOM. 3HOC CTIHKM BUXPOBOI KaMepH Hacoca 3aJIeXHTh BiJl MaCOBOi BUTPATH BYTI/UIA, IO HAJXOAUTh y BUXPOBY KaMmepy. Yum
OinbITa MacoBa BHTpaTa abpasMBHOrO CEpPENOBHINA, THM OiNbIla IIIIBHICTE MIBHIKOCTI epo3ii i cepemHs 00'eMHA dYacTKa TBEPJOTO CHITYy4OTO
CepeJIoBUINA y BUXPOBiil kamepi Hacoca. UMM MEHIIMI jAiaMeTp YaCTHHOK BYTiUIA, THM OiNblua IiIBHICTH MIBHIKOCTI €po3ii i cepeqHs 00'eMHa
4yacTKa y BUXpOBil Kamepi Hacoca. TaKMM YHHOM, CJIiJ IparHyTy 0 301IbLUICHHS PO3Mipy YaCTHHOK, L0 MPHU3BE/E IO MEHILIOTO 3HOCY.
Kuro4osi cii0Ba: BUXopoKkaMepHHIT HACOC, MATEMAaTHYHE MOJICIIFOBAHHs, 3HOIIYBAHHSI, BYT1JLIs, BOJA.

Introduction. In many industries, traditional pumps
delivering bulk materials have some disadvantages in
many aspects, including frequent maintenance, high
failure rate, high cost, limited transmission distance,
limited lift, requiring a large amount of water, and having
a great impact on environmental shadow [1]. The failure
rate of traditional bulk material pumps is high, because in
the production and operation of the pump, various factors
such as material quality, processing accuracy, installation
and debugging, and maintenance will have an impact on
the performance and life of the pump. In addition, the
operating environment of the pump can also affect its
failure rate, such as shock stress, vibration, chemical
corrosion, and heat. Thus, in the pumping of bulk
materials, shock stress, vibration, chemical corrosion, and
high heat requirements, the reliability of the pump is
especially important, the traditional bulk material pump in
many aspects has certain shortcomings, and these
shortcomings limit its application scope and use effect, the
traditional bulk material pump mechanical parts and seals
rapid wear, resulting in short service life [2].

Literature review. Classic pumps are prone to rapid

grinding wear due to the use of mechanical moving parts
and seals. Practically all pump units used in hydraulic
conveying plants, except for jet pump units, are subject to
considerable wear and tear, as a result of which the
average MTBF of pumps and parts varies between
700-2000 hours. In addition, increasing the service life
requires the use of more expensive materials that are less
susceptible to corrosion and abrasion [3, 4]. Improving the
performance of the pumping bulk material device is an
urgent problem to be solved [5]. In the papers [6-8] the
new jet pump, the vortex chamber supercharger (VCS), is
shown (Fig.1). If the liquid is pumped, then the
supercharger can be called a vortex chamber pump (VCP).
The VCP can move solid particles in comparison with
vortex ejectors which cannot do it because they have an
axial exit channel [9, 10]. Moreover, the efficiency of the
VCP is higher. Thus, further improvement of jet
superchargers, and search for new technical solutions
based on more efficient principles of energy transfer will
allow to reduce specific energy consumption and improve
economic characteristics of hydrotransportation.

In the previous studied was created the vortex

© A. Rogovyi, Ren Qingsheng, Wang Xingrong, A. Neskorozhenyi, Y. Timchenko, 2023
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chamber supercharger with proper geometrical dimensions
for delivering air with solid particles in pneumatic
transport [1,7,8]. But VCS needs to be verified for
delivering water and also it needs to optimize the angle
between tangential channels and the diameter of the

vortex chamber.
X Inlefl

"“'\J Pumping inlet

: i

Inlet2

Fig 1. Vortex chamber pump layout

In addition, the pumping of coal particles can result
in significant concentrations of coal particles, which can
result in significant wear on the vortex chamber [11].
Therefore, it is necessary to estimate the concentrations of
solids during pumping and to estimate the wear [12].

Goal. This work aims to improve the performance of
the vortex chamber pump when pumping water, to
optimize the angle between tangential channels and the
diameter of the vortex chamber, to establish patterns of
coal particulate flow in water, and to determine the wear
characteristics of the vortex chamber.

Research Methodology. This study was carried out
in two stages. First, a numerical simulation of the water
flow in the vortex chamber pump was carried out based on
the solution of the RANS (Reynolds-averaged Navier-
Stokes equations) [13] using the Shear stress transport
(SST) turbulence model [14]:

A, _p 1o ofmaaul
ot lox, ' opox ox | poox | ox
M+i( uk)—i ﬁ +P _B* ko:
ot o ) T | My ) TR PR

o(po) 0 d o) 2
+—(pU.0)=—/| py — |- pPo° +

ot axj(p‘ ) axj[”efaxj] PP

+Cdm+oc£Pk,
My

where x; are coordinates; u; are the velocity vector
components; p is the density; pe = p + y; is the effective
viscosity; u; is the turbulent viscosity; p is the molecular
viscosity; k is the kinetic energy of the turbulence
pulsation; o is the turbulence eddy frequency; Cd, is the
cross-diffusion term in the SST-model; P, is the
production of turbulence kinetic energy.

The empirical function for sensitization of the SST
model to the effects of streamline curvature and system
rotation is defined by:

f. =max{min(f,.,.1.25), 0.0},
where
2r ) .
frotation = (1+ Crl)ﬁ[l_ C,;tan ! (Cr2 r)} —C.q,

Cr1 :1’ Cr2 :2’ Cr3 :1’

. S - DS; o |1
r :a'rZZQikSik |:Tt]+(gimnsjn+8jmnSin)th:|QD3’
- ou,
Sij :1 %4__] :
2( ox; o
- ou;
2(\ ox; o
$?=25;S;;  Q°=20,Q;; D’=max(s? 0.09").

The simulation was carried out in the commercial
software Ansys CFX with the student license. The
tetragonal grids were used [15, 16]. The sensitivity of the
solution to the mesh size was determined. The
convergence of the numerical model was tested based on
the achievement of all the residuals up to values of 10,
as well as the independence of the flow rates in the pump
channels from iterations [17].

After carrying out calculations in water, the
trajectories of anthracite particles and their flow rates in
the suction channels and in the outlet channel of the mixed
flow were determined [18]. For the dispersed phase, the
anthracite particle trajectory is calculated by integrating
the force balance. It was considered that solid particles
have a spherical form. Furthermore, all particles are
treated as point masses by the CFD code so that an
equation for the torque is omitted [19]:

av, -
P =F,+F,

where IfD, pr represent the drag force and the pressure
gradient force, the expressions of which are given as:

- 3 -
= =W*;§CD Re, (0-V, );

F =2 |vp,
Py

where C, is the drag coefficient [20]:
£(1+iRe2pj; Re, <1000;
C, =1{Re, 18

0.424; Re, > 1000.
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Re, is the
Re, =pd, |\7p —L_I|/p, V, is the particle velocity, d, is the

particle  Reynolds  number,

particle diameter, p, is the density of particles.

The adequacy of the mathematical model of the flow
in the vortex chamber pump was verified by experimental
data. The discrepancy did not exceed 10 %.

Results. The vortex chamber pump generally
consists of a cylindrical vortex chamber, two
axisymmetric axial channels and two tangential channels
(Fig. 1, 2). The main parameters of the vortex chamber
pump are given in Table 1 below.

_ .4
!
Bl‘ - D1
B AR lR!
\ | —
Cﬂ‘ Al D_“ C1
L] (ot

Fig. 2. Main dimensions of the VCP

Table 1 — Main parameters of vortex chamber pump

Dimensions VCP
Tangential channel length A1l/mm 100
Axial channel B1/mm 100
Tangential inlet diameter C1/mm 10
Tangential outlet diameter C2/mm 15
Axial inlet C3/mm 10

Axial inlet C4/mm 10
Vortex chamber diameter D1/mm 50
Vortex chamber height D2/mm 30

The general mesh template of the Ansys Meshing
was used to generate the tetrahedral mesh for the VCP.
Curvature Normal Angle is set to 11°, Min Size adopts the

default value of mesh generation of 1.54.-10™ m, the

minimum edge length of the mesh is 3.15-107° m,
Transition Ratio is set to 0.77, Maximum Layers is set to
5, Growth Rate is set to 1.2. After the system
automatically generates the mesh, the number of mesh
elements of the vortex chamber supercharger is 302, 117,
and the mesh refinement is carried out in the connections
and edges of the model in order to ensure the readiness of
the calculation.

The grid convergence analysis is carried out before
the model calculation run to ensure that the model division
grid will not affect the results of the model calculation.
For the format analysis of the mesh, the density of the grid
has a great impact on the run convergence and stability
characteristics, to carry out the grid irrelevance
verification, while ensuring that the other boundary
conditions remain unchanged at the same time divided

into 10 kinds of sparsity of different degrees of mesh. The
VVCP model had grids with 12000, 20000, 30000, 42000,
52000, 62000, 71000, 83000, 92000, and 110000. The
curves shown in Fig. 3 were plotted according to the
numerical simulation of the outlet flow rate results of the
fluid pumped by the VCP as a reference basis. The results
show that when the number of grid elements is not less
than 92000, the flow rate at the outlet of the VCP tends to
stabilize, indicating that the calculation results will not
change significantly, indicating that the grid setting of the
model satisfies the calculation of the operational results.
Based on not less than the minimum number of mesh
elements, the default number of mesh elements generated
by the system is selected as 300000, which is used as the
final calculation model of the pump.

0. 0064

/-,f""““\a_-
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"E 0. 0060 - //

0., 0062 o
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Qutlet flow(m

0. 0056

0., 0054 T T M T T T T T

0 20000 40000 GOODO JO000 100000 120000

Number of grid elements
Fig. 3. Grid independence verification

The boundary conditions for water flow are
presented in Fig. 4.

The characteristics of the pumping water are the
relationship between the relative pressure and efficiency
of the device outlet, as well as the relative suction rate (the
so-called ejection coefficient, entertainment ratio) of the
relative mass flow rate entering the device from the inlet.
All features of VCP can be simplified into a universal

feature p = f(m), as well as other types of turbochargers.

Open with 0 Pa
static pressure

Outlet with
static pressure
in the range 0...400 kPa

Supply: CQ\
Inlet with total
pressure 2 MPa
# Open with 0 Pa
# / static pressure

¥

Fig. 4. The boundary conditions for pumping the water
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From Fig. 5, it can be seen that the efficiency is
highest in the region of 1.36 me/ms. As the ratio pe/ps
increases, the ratio of m;/m; decreases. Here,
Min = Ming + Mine. Here mg is the outlet mass flow rate, m
is the supply flow rate, p. is the static pressure at the
outlet, ps is the static supply pressure, mj,;, m;,, are the
mass flow rates in axial channels.

2.500
2.000 ®
'
BiaE L
£ 1500
o
o
E_
L
T 1.000 =
E
0.500 -
8
- - . ~
0,000 o

1150 1.200 1.300

1.250

relative flow rate me/ms

&—min/ms &— pafps —1|

Fig. 5. Calculated characteristics for water delivering

To optimize the angle between the tangential
channels, three models of the supercharger were prepared
with angles of 0, 90, and 180° (Fig. 6). To simplify the
comparison of results, the integral indicators (efficiency,
suction flow through the axial channels, and outlet
pressure in the tangential channel) are referred to the
characteristics of the basic design with a zero angle

between the channels.
/ . _§w=vlr l _
Supply
C

Fig. 6. The computational model of the VCP:
a — the angle between the tangential channels of Supply and Exit
is 0°; b — the angle is 90°; ¢ — the angle is 180°

Supply

a b

Fig. 7 and 8 show a comparison of water pumping
efficiency at different angles between the tangential
channels. The optimal angle for a structure without a
drainage channel is 0°. This is because most of the energy
of the main flow goes directly into the tangential outlet
channel without losses during movement and friction
against the walls of the vortex chamber.

The fluid streamlines in the VCP with different
angles between channels are presented Fig. 9 and 10.

——

Fig. 7. Efficiency of the different channel positions
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Fig. 8. Related values of the different channel positions

Fig. 9. Streamlines in the meridional plane of the VCP:
a-0° b-90° c-180°

Fig. 10. Streamlines in the VCP:
a—0°b-90°c-180°

To objectively analyze the fluid motion
characteristics of the VCP, analyze the change rule of
outlet and axial inlet flow rates under different energy
supplies, respectively set the total pumping inlet pressure
of 2 MPa, 4 MPa, 6 MPa, 8 MPa, 10 MPa. As shown in
Fig. 11, with the increase in the total supply pressure, the
axial inlet flow rate increase is relatively slow, and the
outlet flow rate increases in a parabolic trend.

#—Inlet
+—Exit

-

{m'/s)

Outlet and inlet flows

28 1P M AP 101

Pressure on supply

Fig. 11. Fluid flow curves for different supply pressures

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 22023

19



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

To further analyze the effect of pressure on
characteristics, analyze the VCP of different pressures of
the change rule of efficiency. The results show that the
efficiency is in the range of fluctuations between 17.6 %
and 17.8 %, the pressure value of the changes in the
efficiency is not very obvious. When the pressure
continues to increase to 10 MPa there is a trend of
decreasing efficiency. This is consistent with the increase
in pressure inlet and outlet flow rate increases slowly,
indicating that with the increasing pressure VCP
efficiency not only cannot increase at the same time, but
there will be a tendency to reduce.

The VCP has a good conveying effect for bulk
materials, but the efficiency of pumping water has not
been significantly improved. The working principle of
VCP pressurization is to form a pressure difference
between the circumferential and axial areas of the vortex
chamber through the movement of the fluid inside the
vortex chamber. The channels on both sides of the axial
direction are in the low-pressure area, causing it to pump
fluid. When the fluid enters the vortex chamber and
moves with the internal rotating fluid, the fluid generates
additional centrifugal force during the rotating motion,
increasing the velocity of the fluid and jetting it out along
the tangential outlet of the vortex chamber, thus
completing the function of pumping the fluid. The
working efficiency of VCP is mainly influenced by the
flow rate of axial suction fluid and the magnitude of the
additional centrifugal force of the fluid. To increase the
transmission efficiency of VCP-pumped fluid and explore
the influence of the VCP mechanism on its efficiency, an
optimization design is now carried out for the diameter of
the vortex chamber. The diameter of the prototype vortex
chamber was 50 mm, and five different diameter models
of vortex chambers were designed on the original basis.
The diameters of the vortex chambers were 40 mm,
45 mm, 55 mm, 60 mm, and 65 mm.

The fluid transfer efficiency obtained by different
models is shown in Fig. 12 and Table 2. As the diameter
of the vortex chamber increases, there is no significant
trend in the efficiency of the pumped fluid be the VCP,
with a fluctuation range of 14.36 % to 17.67 %. The VCP
model with a diameter of 45 mm has the lowest efficiency,
and it has the highest efficiency when the vortex chamber
diameter is 50 mm. The diameter has a significant impact
on VCP efficiency between 40 mm and 50 mm. The
diameter of the vortex chamber has a small impact
between 55 mm-65 mm, with a fluctuation range of
15.29 % to 16.78 %.

Table 2 — Parameters of the VCP with different vortex chamber

diameters
Diameter 1 2 3 4 5
(40 mm) | (45 mm) | (50 mm) | (55 mm) | (60 mm)
Adalinlet | 165 | g5 10 107 | 98
velocity
m;,/m; 0.34 0.31 0.35 0.34 0.34
Efficiency 17.3 14.4 17.7 16.5 16.8

Fig. 13 shows boundary conditions for calculation of
solid particle trajectories.

Efficiency (%)

Model 1 Model 2 Model 3 Madel 4 Model 5 Model 6
Modeled with different diameters

Fig. 12. Efficiency of different VCP models
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Qutlet with
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in the range 0...400 kPa ngi’; ;g';g;a
+ antracite
particles with
V=001 m/s

+ antracite Supply: Q

particles with i

V=001 mis Inlet with total

pressure 2 MPa
#4 Open with 0 Pa
static pressure

Fig. 13. The boundary conditions for pumping the coal

The mass flow rate of the abrasive medium also
determines the different concentrations of solid particles
in the VCP. In addition to coal, research has also been
conducted on materials such as sand, magnetite, and
organic abrasive media. Due to the expansion of different
active forces, the trajectory and wear mode are almost
identical, only the degree of wear and trajectory are
different, so no calculation results are given for these
materials.

Compared with turbochargers with mechanical
moving bodies, the improvement of the service life
[21, 22] of jet pumps depends on many factors such as the
concentration of solid particles, the type of wall and
particle material, flow rate, and wall thickness. But if
there is sufficient wall thickness, the reliability of the jet
supercharger is unconditionally higher. To determine the
maximum wear area, motion simulations were conducted
on coal particles of different sizes ranging from
d, = 1x10™m to d, = 15x10™*m. From Fig. 14, the wear of
the vortex chamber wall depends on the diameter of the
coal entering the vortex chamber. For coal with different
diameters in the vortex chamber, the erosion rate density
and averaged volume fraction are shown in Fig. 15 and 16.

Fig. 17 and 18 show that the wear of the vortex
chamber wall depends on the mass flow rate of coal
entering the vortex chamber. Uniform wear was observed
for all flow velocity wvalues and solid particle
concentration values, which was also confirmed by
calculations of vortex chambers in other devices [23, 24].
This indicates that it is sufficient to increase the thickness
of the vortex chamber wall to increase the reliability and
durability of devices with vortex chambers, especially
VCP.

20

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 22023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

larger the mass flow rate of the abrasive medium, the
greater the erosion rate density and the mean volume
fraction in the vortex chamber of the VCP.

Fig. 14. Characteristics of coal movement and erosion in the
vortex chamber:
a — diameter of the particles 1.5 mm; b —1 mm; ¢ - 0.5 mm;

d-0.1mm
d
i Fig. 17. The erosion rate and volume fraction at the different
mass flow rates of the coal:
015 —e—cla/mijs a—1kg/s; b-0.1kgls; c—0.01kg/s; d—0.001 kg/s
ol | I s N W e ,
- - - - - L2
Fig. 15. Dependence of the erosion rate density on solid particles —a— vorgad Voluma Fraian
diameter 2
0.02 - 5
\’74 .00 .20 04D 060 0.80 100 i1x
0015 n HRR m kafs
e — e hueraged Volume raction Fig. 18. Dependence of the averaged volume fraction of solid on
o005 solid particles flow rate
o mew oadl 7Gta  obbr i o0 A0 450 Conclusions. The vortex chamber pump combines

D mm

the positive characteristics of the centrifugal pump and the
Fig. 16. Dependence of the averaged volume fraction of solidon  jet pump, and its efficiency is much higher than that of the
solid particles diameter classical jet pump. This pump differs from the vortex
The smaller the particle diameter of the coal, the  injector by having the pump flow into the tangential outlet
larger the erosion rate density and mean volume fraction ~ channel, which is not available in the vortex injector.
in the vortex chamber. Thus, an increase in particle size We improved the performance of the vortex chamber
should be sought, which will result in less wear. The wear ~ pump when pumping water, optimized the angle between
of the pump vortex chamber wall depends on the mass tangential channels and the diameter of the vortex
flow rate of coal entering the vortex chamber [25]. The chamber, established patterns of coal particles in water,
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and determined the wear characteristics of the vortex
chamber.

Based on solving the Reynolds equations for water
flow, the influence of the angle between the tangential
channels of the pump on the energy characteristics is
analyzed: an increase in the angle to 180° leads to a
decrease in the relative efficiency by 30 %, the outlet
pressure by 12 %, and the suction flow rate by 14 %.
Thus, the design with a zero angle between the tangential
active medium inlet and the tangential outlet channels is
optimal in terms of energy-saving pumping performance.

As the diameter of the vortex chamber increases,
there is no significant trend in the efficiency of the
pumped fluid be the VCP, with a fluctuation range of
14.36 % to 17.67 %.
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I. A. ABPYHIH, M. A. IIOJPUTAJIO, A. B. EPEMEHKO, 1. I. MOPO3

AHAJII3 MOXJIMBOCTI 3BACTOCYBAHHA I'TJTPOMOTOP-KOJIEC B TPAHCMICIAX
MBUJIKICHUX TPAKTOPIB

MeTta. MeTolo CTaTTi € OLiHKA MOXXJIMBOCTI PO3pOOKH 00'€MHOTrO TiAPONPUBOAA B BiAMOBIAHOCTI IUTATHIH TArOBOrO-IUBHIKICHIH XapaKTepPUCTHLI
xonicHoro Tpaktopa XT3-17021 3 BukopHCTaHHSIM Oe3pEAyKTOPHUX NPUBOLIB Beaydux Koiic. sl bOro BHUKOHAHHH PO3PaxyHOK 00'€MHOro
TiAPONPHBOAA XOAY KOJNICHOTO TPAKToOpa IIPH 3aCTOCYBAaHHI HOBITHIX paiabHONOPINHEBHX OAaraTOLMKIOBHX TiZPOMOTOP-KOIEC 3 MOLIMPEHUM
Jiana30HOM 4acToTH 00EpTaHHs i PeryIoBaHHS pobodoro o6'emy. Meronuka fnociimkeHb. [IpoBeneHnid aHali3 TATOBO-IIBUAKICHOI XapaKTEPHCTHKU
xouticHoro Tpakropa XT3-17021 i Ha ii OCHOBI OIS Cy4acHUX BUCOKOMOMEHTHHX PaJliaJIbHOIOPIIHEBHUX 0araToHKIOBHX TiIPOMOTOPIB 3 TOYKH 30Dy
3aJIOBOJICHHSI XapaKTEPUCTHK 0 KPYTHOMY MOMEHTY i 4acTOTi oOepTaHHs NMpH OOMEKEHHSX 3a MOTYXHICTIO LIONO CEpPiiHOro 3pa3ka B MOBHOMY
nianas3oHi MIBUAKOCTI TpakTopa. Po3paxoBaHi MakcHMaibHI 3Ha4eHHs poOOYMX 00'e€MIiB 4-X BeIyd4HMX TiAPOMOTOP-KOJEC 1 HACOCY JKHMBIICHHS IHX
TiZIPOMOTOPIB, KPYTHHIT MOMEHT i TIepernajl THCKIB B TiIPONPUBOAI 1 BCTAHOBJICH] PEXMMU, HA AKX TOTPIOHO 3MiHIOBATH PoO0UHii 00'eM i JpoMoTOpiB
BiJl MAaKCHMAJIHOTO J0 MiHIMAJIbHOTO 3HAa4€Hb /IS BiJIIPALIOBAHHS TATOBO-IIBUAKICHOT XapakTepucTuku. [IpoBeneHHMi NOpPIBHSUIBHUI aHai3
PpazniaJbHOMOPIIHEBUX 0AaraToLMKIOBAX TiJPOMOTOPIB i Juisi OOpaHOro JUIsl JOCHJUKEHHS rigpomorop-koneca momeni MHP27 ¢ipmu «Poclain
Hydraulics» po3ristHyTi TifpaBiiuHi IPHHIMIIOBI CXEMH 3 3aCTOCYBAHHSM B TiPOMOTOPAX CHCTEMH TiIpaBIi4HOIO PEry/IIOBaHHS YOTUPHOX CTYICHIB
poGoyoro 00'eMy, BUKOPHCTaHHS KOMOIHOBAHOTO CTOSHKOBOTO i poOOYOro rajipM, a TaKOX CUCTEMH aHTHOYKCYBaHHS 3 BUKOPHUCTaHHSIM 3ac00iB
NPONOPLIHHOI  ENeKTPOriIpoaBTOMaTHKU. Pesynbrarn. OOpaHi BHCOKOMOMEHTHI TipOMOTOp-KOJeca pajiabHOIOPIIHEBOTO THUILY, SKi JaloTh
MOXIIUBICTh 3a0€3MednTH (YHKI[IOHYBaHHS TpaHCMicii Tpaktopa 0e3 NPOMIKHHX PEIyKTOpiB MiX TiIpOMOTOPaMH i MaTOYMHAMHU KOJIC, Ta
po3paxoBaHe 3HA4YCHHS POOOYOro 00'eMy aKCiaJbHOMOPIIHEBOIO HAcocy, 1o 3ade3neuye (YHKIIOHYBaHHS TpaHCMICii TpakTopa B HOBHOMY
IIBUAKICHOMY Jliana3oHi. 3a pe3yapraTaMy po3paxyHKiB BCTAHOBIICHO, IO THCK B TiponpuBozi He nepesumtye 35 MIla npu QoCATHYTHX B Cy4acHHX
Hacocax i rigpomoropax 3HaueHb Big 40 MIla no 50 MITa. IToka3ana MOXJIMBICTB IMiJBHINEHHS INBUJKOCTI TpakTopa Bijx mTaTtHOi 35 KM/TOI /10
nepcnekTuBHOI B 50 KM/Tof.

KoarouoBi cioBa: xomicHuil TpakTop, TpaHCMicis, 00'€eMHHMH TiIpONPHBOJ, pajiaJbHONOPIIHEBE TiJPOMOTOP-KOIECO, TATOBO-IIBHAKICHA
XapaKTepHUCTHKA, KPyTHHII MOMEHT, IIOTY)KHICTb, 4aCTOTa 00epTaHHs, TIEPeNnaJ| THCKIB, Iialla30H PEry/IoBaHHs poO0YOro 00'eMy TiJpOManIvH.

G. AVRUNIN, M. PODRIGALO, A. YEREMENKGO, I. MOROZ

ANALYSIS OF THE POSSIBILITY OF APPLICATION OF HYDRAULIC MOTOR-WHEELS IN
TRANSMISSIONS HIGH-SPEED TRACTORS

Goal. The purpose of the article is to assess the possibility of developing a hydraulic fluid power in accordance with the standard traction-speed
characteristics of the KhTZ-17021 wheeled tractor with the of using gearless drives of the driving wheels. For this purpose, the calculation of the
hydraulic fluid power of the wheeled tractor was performed when using the latest radial piston multi-cycle hydraulic motor-wheels with a wide range
of rotation frequency and adjustment of the working volume. Research methodology. An analysis of the traction-speed characteristics of the KhTZ-
17021 wheeled tractor and, based on it, a review of modern high-torque radial-piston multi-cycle hydraulic motors from the point of view of meeting
the characteristics of torque and rotation frequency with power limitations relative to the serial model in the full speed range of the tractor. The
maximum values of the working volumes of the 4 driving hydraulic motor-wheels and the power supply pump of these hydraulic motors, the torque
and pressure drop in the hydraulic drive are calculated, and the modes in which it is necessary to change the working volume of the hydraulic motors
from the maximum to the minimum values to work out the traction-speed characteristics. A comparative analysis of radial-piston multi-cycle hydraulic
motors was carried out, and for the hydromotor-wheel model MHP27 of the "Poclain Hydraulics" company, which was chosen for the study, the
hydraulic principle diagrams were considered with the use of a hydraulic regulation system of four stages of the working volume in hydraulic motors,
the use of combined parking and service brakes, as well as an anti-skid system using means of proportional electro-hydraulic automation. The results.
High-torque hydraulic motor-wheels of the radial piston type were selected, which make it possible to ensure the operation of the tractor transmission
without intermediate gearboxes between the hydraulic motors and wheel hubs, and the calculated value of the working volume of the axial piston
pump, which ensures the operation of the tractor transmission in the full speed range. Based on the results of the calculations, it was established that
the pressure in the hydraulic drive does not exceed 35 MPa, while values from 40 MPa to 50 MPa are achieved in modern pumps and hydraulic
motors. The possibility of increasing the speed of the tractor from standard 35 km/h to promising 50 km/h is shown.

Keywords: wheel tractor, transmission, hydraulic fluid power, radial-piston hydraulic motor-wheel, traction-speed characteristic, torque, power,
rotation frequency, pressure difference, range of adjustment of the working volume of hydraulic machines.

Beryn. BrockoHaneHHs TpaHCMicili TpakTopiB €
OJHMM 3 IUIAXIB CYTTE€BOrO MiJBHIICHHS IX TATOBO-
mBuakicaux — xapakrepuctuk (TIIX), apromaru3anii
VOpaBIiHHSA 3 peaji3amicio Oe3CcTyNeHeBOTO 3MiHEHHS
mBuakocTi, mapuineHHs KK/ i naauBHOT €eKOHOMIYHOCTI,
3MEHIIEHHS TrabapUTHO-MacOBMX MOKa3HHKIB. B nmammit
gac 3yCTpi4aloThCS  TiApOMEXaHi4HI  TpaHCMIcii 3
KOMIUIEKCHIMH  TiZpoTpaHcopMaTopaMy, MeXaHiuHi
TpaHCcMicii 3 cucTeMaMM 3a0e3NEUeHHs] TEePEKIIOYCHHS
nepezad 0e3 PO3pHBIB MOTOKIB MOTYKHOCTI, TBOXIIOTOKOBI
Oe3cTyneHeBi rizipoMexaHiyHi TpaHcMicil 3
BUKOpUCTaHHAM 00'eMHoro Tigponpusona (OI'TI) B sikocti
Kepyluoro opraHa, a TakoX TpaHCcMicii 3 MoTop-
kosecamu. TpaHcMicii 3 MOTOp-KoJIecaMH CTBOPIOIOTH Ha

6a3i OI'Tl 3 akciaJbHONMOPIIHEBHMH TiAPOMOTOpaMH i
[UIAHETaPHUMH PEAYKTOpaMHu ab0 3 BHCOKOMOMEHTHHMH
panialbHOTIOPIIHEBUMU  THXOXIIHUMH  T1IpOMOTOpaMu
(high-torque low-speed hydraulic motors — HTLS), a B
OCTaHHIH 4Yac 3 enekTpoMmoTop-koiecamu. Omisig
CYY4acCHUX TEHJICHUIH 3 PO3BUTKY MOTOpP-KOJEC ILOMAO0
HiIBUIICHHS YacTOT 00epTaHHS i KPyTHOTO MOMEHTY IpH
3MEHILICHHI 1X MacH, BIOCKOHAJCHHS aBTOMAaTH30BaHUX
cUCTeM 3a0e3NeUeHHs CTaOUIBHOCTI PyXy HpH JOPOXKHIX
nepenrkoaax AaroTb MOKJIMBICTh CBO€YACHO IIPOBOAUTH

MOIIYKOBI  poOOTH 3  BIOCKOHAJCHHS  TPAHCMICii
TPaKTOPIB.

Jlana crarTs TpUCBAYEHA aHATI3Zy MOXKIMBOCTI
BUKOPHCTAaHHS  BHCOKOMOMEHTHHX  TiJpOMOTOP-KOJIEC

OT. A. Aepysin, M. A. Ilonpurano, A. B. €pemenxo, 1. I. Mopos, 2023
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OCT@aHHIX pOKIB pPO3pOOKM Ha TMpPHKIAIl Tpakropa
XT3-17021 BupoOGHMITBA XapKIBCBKOTO TPaKTOPHOIO
3aBOJY.

AnaniTnyHui orasa Jgiteparypu. JlocmikeHHIM
moa0 BUOOPY THIYy TpAHCMICIH 1 TOpPIBHAHHIO iX
XapakTepUCTUK  TPHCBAYCHO  JEKiIbKa  poOiT, sKi
CTOCYIOTBCSL ~ TPaKTOpiB, 30MpaidpbHUX KoMmOalHIB i
KOMYHQJIBHAX TpUOHpanbuux mamue [1-4]. Tak aHami3
THIX TpaHcMiciii  3epHO30HMpambHHX KOMOAWHIB i
MPOMO3MILT IOJ0 3aCTOCYBaHHS KOHCTPYKTHBHHX CXEM
HaBeZeHi y poborax [1,2]. TlopiBHsuibHHI aHaui3
CepiiHUX KOpOOOK Tmepemay 31  XOMO3MEHIIyBaYaMu,
JIBOXIIOTOKOBHUX 6e3cTyneHeBux TriIpOMeXaHiYHUX
TPAaHCMICili 3 BUKOPUCTAHHSM aKCiaJbHOTIOPIIHEBHX
rizpomamua B OITl, a Takok TiApOMEXaHIYHHX
(TiApOIMHaMIYHUX ) TpaHCMICii 3
rigpoTpancopMaropamu, po3nTHYTHI B poboTax [3, 4].
ITokazano, 1m0 OCOOMMBHMH HEpeBaraMM JBOXITIOTOKOBHX
TpaHCMiciit 3 orma MTOPIBHSHO 3
TiIpOTpaHC(HOPMATOPHUMH € MOXKITUBICTE 3a0€3IEUUTH
MiHIMalbHI [IBUAKOCTI TpakTopa ©0€3 3acTOCYBaHHS
okpemoro xono3MennryBada. lllomo mo TpaHcwmiciid 3
TiIPOMOTp-KOJIECAMH, TO BEIMKHH JIOCBiJ] CTBOPEHHS
Takoi TpaHcMicii Mae XapKiBCHKUIl TPaKTOPHUN 3aBOA, /1€
Ha TYCEHHYHOMY IPOMHCIIOBOMY TPaKTOpPi-Oyiabmo3epi-
posmymyBadi TC-10 3actocoBanmii Goprosumii OI'Tl 3
aKCiaJIbHOTIOPIITHEBUMH TiPOMOTOP-KOJIECaMH 3 TIOXHIINM
OmokoM  IWINIHAPIB, BOYJOBaHMMH B  IUIaHETapHi
penykropu [5-7]. OI'Tl mae aBTOMAaTH30BaHy CHCTEMY
0€3CTYNEHEBOIO  EJEKTPOTIIPABIIYHOTO  PEryIIOBaHHS
IMIBUAKOCTI 1 TIOBOPOTOM TpakTropa Ha 0a3i eNEKTPOHHOTO
KOMIIEKCY 3 €(QEKTUBHHM CHEpPro30epekeHHsAM II0/I0
nanusa B JIB3. Jlunamiuni xapakrepuctiku takoro OI'TI
posnsiHyTi B poboti [8] 3 oTpumaHHAM pekomeHIaiit
IO/I0 IIBUAKOII peryaroBaHHS pobodoro o0'eMy HacociB
1 TIIPOMOTOPIB TSI BUKJIFOYCHHS PEXKUMIB 3 ITiIBUIIICHUM
THCKOM 1 KaBiTaIliHHAX.

Crnix 3a3Ha4UTH, IO PO3PAxXyHOK TpaHCMicii
TPAHCIIOPTHOTO 3aco0y MoxumBuit 3a manmmu TIHIX B
TeXHIYHIA XapaKTEePUCTHIII IIHOTO 3aco0y, SIKIIO0 MOBa e
po MOjepHi3alio TpaHcMicii, abo BusHayenns TIHIX 3a
mapaMeTpaMH HOBOTO TpaHcHopTHoro 3acoby [9].
Hampukian, ¢ipmu, 110 THOCTaBisIOTH  T'€POTOPHI
riJpOMOTOpP-KoJieca, HaBOISTH METOJUKH PO3PaXyHKY
THIX 3 ypaxyBaHHSIM Macu MalllWHM, ii IIBUAKOCTI i
MPUCKOPCHHS, MOPOXHIX YMOB (TOKPHUTTA), 1 Jami
pO3paxyHKy KPYTHOTO MOMEHTY 1 pobodoro o0'emy
rizpomoropa (IeKinpKox Beayuux rimpomoropis) [10, 11].
[IpakTH4HO IIi METONWMKH OTHAKOBI, KpiM TOro, IO 3a
meroaukor0 [11] mporoHyeTbesi BBedeHHs KoedilieHTa
3Ha4YeHHSM 1,1 1711 ypaxyBaHHS CyNIpOTUBY IOBITPSL.

J1n1si BUKOHAaHHSI METH CTaTTi PO3IIISTHEMO SIK TPHKJIIA]
MOXJIMBICTh 3aCTOCYBAaHHS TpaHCMICii 3 TiIpoMOTOp-
KoJlecaMu Ha KosicHomy Tpaktopi XT3-17021 [12]. Ieit
TPAKTOp TATOBOTO Kjiacy 4 (HOMiHaJbHE TATOBE 3YCHILISA
40 kH) ocuamenuii JIB3 momenmi BF6M1013E-DEUTZ
AG 3 HOMiHaNBHOW moTyXxHicTIO 132 kBT (180 K/c) 1 Mae
4 Bemyui Kojeca 3a JONOMOIOI0 KapJIaHHUX HPUBOJIB.
Maca tpaktopa ckiagae 8,3 T (3 mpuuenom mo 20T),
MaKcMMajbHa IIBUIKICTH A0 35 KM/roa. MakcuMmaiibHe
TAroBe 3ycuiuia Tpaktopa B 60 kH pocsraerscs Ha

YeTBEepTi Iepeaadi MepIuoro Jiarna3oHy TpaHCMICII mpu
mBHUAKOCTI B 6,96 KM/Tom, a MaKCHMallbHa IIBUIKICTH B
35,27 xm/roxt ipu TATOBOMY 3ycwinii 5,5 kH Ha yerBepriii
nepenadi TpPeTbOro niamasoHy TpaHcwmicii. HomiHnaibHe
TsiroBe 3ycwuist B 39,7 kH (okpyrmoemo o 40 kH 3rigno
TITOBOMY Kyiacy Tpaktopa XT3-17021) mocsraetbes Ha
IpyTii Tepemavi APYroro diama3oHy WpW [IBHAKOCTI
9,32 xm/ron. Ha puc. 1 mpencraBnena TILX xomicHOTO
Tpakropa XT3-1021, sxy moOymoBamm Ha OCHOBi IaHHX
TaOMMYHOI TEXHIYHOI XapaKTepPUCTHKH B IHCTPYKIii 3
ekcrutyaranii [12], i po3paxyHKOBi 3Ha9€HHS BUXiIHOI
(KOpHCHOT) MOTYXHOCTI BiJi HIBHIKOCTI TpakTopa. Takox
NPUBECHI 3HAUSHHS YaCTOTH 00epTaHHs KOJIEC TPaKTOpa,
pO3paxoBaHi 3a POPMYJIOKO:

3
n =20 Vowe 5335271966 47 (1)
: 60 =-d, 1,605
€  Vimaxe = 35,27 KM/TOJi — MakKCHMallbHa IIBHJKICTh

TPaKTopa,

d, = 1,605 M — 30BHiIIHI# JiaMeTp HIUHU.

Takum umnoM, mist tpakropa XT3-17021 notpioOHi
riIpoMoTOp-KOJieca 3 ~ MAaKCHMAaJbHOK  YacTOTOIO
obeprannst 116,6 x8™. Jlami BH3HAYAEMO MAKCHMAIbHHI
KPYTHHI MOMEHT TiJpOMOTOp-Kojeca, o 3abe3rneuye Xif
TpakTopa 3  MaKCHMaJbHAM  TSITOBUM  3YCHJUISIM
F . vace = 60 kH:

dB

T.MakKc 2.2 =

ne Z = 4 — KITBKICTh TiAPOMOTOP-KOJIEC.

3Ha4YeHHS HUX JBOX IMapaMeETPiB JAIOTh MOXKIHBICTh
NPOBECTH TOIIYK IOTPIOHOTO TiApOMOTOp-Kojieca 3a
KaTajoraMu BUPOOHHKIB.

60.10° 0% _ 12037,5 H-m, (2)
2-4

M.Makc

[y
FrxH |20 Pr, kBt
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Puc. 1. Taroso-mBHIKicHa Xapakrepuctuka F, Tpakropa
XT3-17021 ta #ioro KopHuCHa MOTYXKHiCTh P,

OcHoBHAa vacTuHa. Amnamz  iHQOpMamiitHIX
JOKEpeJ, 30KpeMa KaTajoriB 3aKOpJOHHHX BHPOOHUKIB
pamiaIbHOTIOPITHEBUX ~ 0AaraTOIMKIOBUX  TiAPOMOTOPIB
MOKa3aB, L0 3a MOKa3HUKOM KpyTHOro moMenra (12 xH) e
JIOCTaTHbO BUPOOHUKIB T1IPOMOTOPIB, a 32 MOXKJIHMBICTIO
JOCATHEHHs MOTPiOHOI yacToTH ObepTamHs B 117 XB™ €
OOMEXeHHS 3 TOYKH 30py SK IhOTO abCOIIOTHOTO
3HAYeHHS, TaK 1 WOro [JOCSATHEHHS NpU JOCTaTHBO
ITMOOKOMY Jiala3oHi PeryaioBaHHSA poOodoro o06'eMy
[13-16]. B Tabn. 1 npuBeneHi TexHiuHi XapaKTEePUCTHKU
paaiaTbHOTIOPIIHEBHUX TiPOMOTOP-KoJeC 0araTommuKIOBO1
nit kommanii «Rexroth Bosch Group» (moxens MCR-C20)
i ¢pipmu «Poclain Hydraulics» wosiTHROT Momeri MHP27
ta momermi MS25 momepemnpoi cepii. B rimpomortopax
MHP27-Poclain cyTreBo mifBuIeHI MOKA3HUKH II[O/I0
9acTOTH 00epTaHH, TOTYKHOCTI, 1 III0 0COOIHBO BaYKIINBE
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ISl TPAHCMICIH TpPaKTOpiB, 1€ MOMJIMBICTh 3MEHIIICHHS
poGouoro of'emy y 4 pasm o 608 cm’. Ocramue
JOCSTHEHHA [a€ MOXJIMBICTh IMIABUIIUTH IIBUAKICTH
TpakTopa 6e3 HapolryBaHHs nozadi pododoi pigunu (PP),
TOOTO HACTAaHOBHOTO 3HAYEHHA poOodoro 00'eMy
npuoaHoro Hacoca OI'TI Tpancmicii 1 /IB3 TpakTopa.
Tpeba Takok BIAMITUTH, IO MOTPIOHUN MaKCHMaJIbHHUN
kpyTHH MomeHT B 12 kH mocsraerscs s Bcix
PO3IIAHYTHX  TiAPOMOTOpIB, ajle 3 TOYKH  30py
IHKEHEPHOTO 3amacy IepeBary Mae TaKoX TIiJpOMOTOp
MHP27-Poclain, B sixomy nocsruaenuii tTuck B 50 MIla,
110 BHUIE HIX B IHIMUX KOHCTPYKIisx B 45 Mlla. [llomo
IIUTOMOTO  TIOKa3HWKa —  BIJHOMIEHHS Macu [0
MaKCHUMalbHOTO  KPYTHOrO  MOMeHTY M/M,,e, TO
rigpomorop-koneco MHP27-Poclain B komGinamii 3
raJlbMaMH CTOSIHKOBOTO Ta pPOOOYOTO THITIB HE CYTTEBO
nocrynaerbess Mogeni MCR-C20 i mae 3HauHy mepeBary
nepe monepenHpon MS25.

Ha puc.2 B sKOCTI mNpHKIAmy 3acTOCYBaHHS
Cy4acHMX TIOpPIIHEBMX TIPyH B pPaiaJbHONOPIIHEBUX
rizpoMoTopax 0araTOnWKIOBOi [ii MpWBEIeHi MOoOJemi
MCR-Rexroth Bosch Group. OcHOBHUMH YacTHHAMH €
(puc. 2, @) 6ok uuniHApie 1, nopiieHs 2 3 yIiIbHEHHIM
3, ponuk 4, aHTH(PUKLINHHA NPOKIagKa 5 1 KyJIauKOBHH
Kopryc-Komip 6, Ha SIKMH cnupaeTbes posuk. s
30UIBIIEHHS TUIONII ONOPHOI MOBEPXHi, HA Ky i€ OiyHa
cmiia 3 00Ky PONHKiB 4, IOPIIHI 2 BUKOHAHI CTYHiHYACTO1
¢dopmu (puc. 2, 6), IO TO3BOIIIIO 3MEHIIUTH PajialbHUH
rabaput rigpomoropa. Benmka uroma mopmHA 2 €
poOoYol0 i Ha TOPHIHI BCTAHOBJICHO YIIUTHHEHHS 3.
HwxkHilt xBocTOBHK 7 moOpmHSA 2 30i7bIIye OMOPHY
MTOBEPXHIO MOPIIHS 1 YIIUTFHEHHS He MoTpedye. € Takok
KOHCTPYKLIisl IIOPIIHS, B SIKii JUIsl 31ifiCHEHHS 6€311eYHOT0
PEKMMYy BUIBHOTO XOIy B OCHOBI KOXXHOTO ITOPIIHS
BCTaHOBJIEHI MarHiTH 8 (puc. 2, ). [Ipu THcky B Kopiyci

ripOMOTOpA, CTBOPEHOTO uepe3 CleliajbHUi OTBip, Ta
pO3BaHT@XEHUX  BiJI TUCKY  OTBOpPaX  OCHOBHHX
Maricrpajieid, TOpIIHI 3 pOJMKaMH 1 KOMIpoM He
KOHTaKTYIOTh MiXk c000t0. MarHiTi 7 yTpUMYyIOTh MOPIIHI
3 pONMKaMH Ol JHUIY OTBOPIB B OJIOLI LWIIHIPIB NpH
BiJICYTHOCTI THCKY B KOPITYCi TiipoMOTOpAa.

Ha puc.3 mnpuBeneHi 3ajexHOCTI TEOPETHYHOI
urpatd PP (Qqr), sika motpibHa mis (YHKUIOHYBaHHS
OI'Tl xomy Tpakropa, KopucHOi moTyxHOCTi (Poy,) Ta
nepernajay THCKIB Ha rizpomoropax (Ap,) BiA MIBHIKOCTI
TPAKTOPa SIK YaCTOTH 00epTaHHs TigpoMoTop-Koec (Ney) 3
ypaxyBaHHSIM 3MIHHUX 4-X 3HaueHb poOOUMX 00'eMiB

rigpomoropa  (Vyi..ma) Momemi MHP27-Poclain.  1Ti
napameTpu po3paxoByBasH 3a (OPMYJIaMH:
Q,, =107°-4v  -n__, 1/xB; (3)
M, . -

Pm_“ _ Awm,i nK,T ) KBT, (4)

9550

M.
Ap,, =——>—— Mlla, (5)

’ 0’159 -VM,f . T]MI'M

ge  V,j—pobouuii 06'eM oaHi€l 31 CTyNeHiB rixpoMoTopa
MHP2434 (Va1 = 2434 eM?; V,» = 1825 em®;

Vys = 1217 em?; Ve = 608 om®);

N, — 9acToTa 00EPTAHHS KOJIiC TPAKTOPA, xB

Mur = 0,95 — rimpomexaniuyanii KK/ rizpomoropa
(mpuiiMaeMO TOCTIITHUM y TIepIIOMY HaOMMKEHHI);

Mayi — KpyTHUH MOMEHT 4-X TigpoMOTOpiB Ha i-i
cryneni M, ;, H-m.

IMapamerpu, MmO  BIANOBIZAKOTE  MOXKIHBOCTI
MiIBUIICHAST MaKCUMaJbHOI TMIBHIKOCTI TpakTopa 3i
mratHoi B 35,27 km/rog g0 50 km/rox, mo3HAveHi

ITyHKTUPHOIO JIHIETO.

Tabmums 1 — TexHIUHI XapaKTEPUCTUKH BHCOKOMOMEHTHHX PalialIbHOIIOPIIHEBUX 0araToIMKIOBHAX TiIPOMOTOPIB

LHI/Iq)p FiIIpOMOTOpa Vmaxcl\almiur nmaxgl Puaxcs M, H-m Mmaxcx H-m P, m, m/MMaKCI
cM XB MIla | (p=32MIlla) | (Pyaces MIIa) | kBt KT Kkr/kH-M
MCR-C20 2500/1250 | 115 45 12720 17888 94 211 11,8
MS25 2498/1249 | 137 45 12710 17873 90 270 15,1
MHP27 2434/608 252 50 12384 19350 195 | 240* 12,4*
Ipumitka: *) — Jlist rigpoMoTopa 3 KOMOIHOBAHHM TJIbMOM (CTOSIHKOBHM i po604nm)

Puc. 2. [lopurreBi rpynu paiaabHONOPIIHEBHX TigpomoTopis Moneni MCR:
a — 3 T HAPUIHUM TIOPIITHEM 2; 6 — 3 HWITHIPUIHUM ITOPIIHEM 2 Ta XBOCTOBHKOM 7; 8 — 3 MarHiToM § y HOpIIHi
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Puc. 3. Butparu PP, Buxigna notyxsicts OI'Tl i nepenaj THCKIB Ha TiApOMOpP-KOJIecax 3ajIeXHO BiJ MIBUAKOCTI Tpakropa XT3-17021

Cnix Bim3HauuTH, o rigpomorop MHP27 srigno
TEXHIYHIH XapaKTCPUCTHII Ma€ MAKCHMAJbHY YaCTOTY
obepranus a0 252 XB™, mo He 00MEeXy€e JOCSITHEHHS
mBHIKOCTI Tpaktopa B S50 xkm/rog (166 xB ! IS
TipOMOTOPA).

[lomo pospaxyuky Butpatu PP Big Hacoca (Qory), TO
riZpoMOTOp-KoJeca OOepTaroThCS TNPH MaKCHMAaJIbHOMY
pobodomy ob'emi V,; mo mBuakocti 7 km/rox (23 XB_l),
Jajmi TpH TepeKIiovueHHI Ha poboumii ob'em V,, 10
mBuakocti 11 km/rox (36,5 XB ™), Ha pexuMi pobodoro
06'eMy V.3 mo mBmakocti 17,5 km/rox (58 x87), i Ha
pexumi  pobodoro ob'emy V4 10 MaKCUMAaJbHOI
mBuakocti 35,27 km/ron (116,8 XB_l). TakuM dYHHOM,
MakcuMalbHa BuTparta PP, sika 3abe3meuye pyx Tpakropa B
MTOBHOMY Jliania30Hi IIBUAKOCTEH, HE epeBUIye 284 11/xB.
Hotyxwaicts OI'Tl Tpakropa miaBumryeThes mo 116,5 kBT
Ipu  IOBHAKOCTI B 7 KM/TOm, IO  BiATIOBimae
MaKCHMaJbHOMY TsToBOoMYy 3ycwmmo B 60 kH, i mami
3MeHnryerscst 10 54 kBT. PoOoumii 006'em Hacoca, 1o
3abe3neuye noTpiOHy Burpary PP mis 4-x rigpomoropis
Ha MaKCHMaJIbHIH IIBUJIKOCTI TPaKTopa, 3HAXOIUTHCS 3a
bopmyror:

4 ,-n 4.608-116,8

v - crare _ =150,9 cM®, (6)
nll .nl)ll .T]OM 2000'0597 .0’ 97

e Vs =608 cM® — pobounii 06'eM rigpomoropa Ha 4-it
cTyneHi (MiHIMaIpHHN);

N r.maxe = 11618 XB_l -
o0epTaHHA TiAPOMOTOPA,

n, = 2000 x8™ — wacrora o0epTaHHsS Hacoca, sKa
3a3BUYail CIiBIAJAE 3 YACTOTOIO OOEpTaHHS TPUBOIHOTO
AB3;

Now = 0,97 1 Moy = 0,97 — 006'emunit KKJI macoca i
TiIpOMOTOpA, BIAMOBIIHO (33a€EMOCSI TOTIEPETHBO).

AKCiaJIbHOMIOPIIHEBI HACOCH 3 TaKUM PoO0YMM
00'eMOM BHITyCKAlOTh INPOBIJHI 3aKOpAOHHI (ipMH, a

MaKCHMaJIbHa gacToTra

TaKO)K MOXKe OyTH 3aCTOCOBAaHWH aKCiaJbHOIOPITHEBUH
HACOC B BUKOHAHHI TaHJIEM BUPOOHUIITBA KPOIIBHHIIEKOTO
mignpuemctBa «[igpocuna» [17-19]. Takum duHOM,
KOMIUICKCHE PEryJIIOBaHHS PoOOYOoro o0'eMy Hacoca Ta
TiIPOMOTOP-KOJIEC JTa€ MOXKJIMBICTH BiNIPAIlbOBYBAHHS
THIX Ttpakropa XT3-17021. [l nigBULICHHS piBHA
aBroMaruszamii Ta eHeproz0epexkeHHs B  TpaHCMicii
Tpakropa ii OI'Tl HONOBHIOIOTH €IEKTPOHHUM OJOKOM i
CHUCTeMaMH IPONOPIIHHOTO KepyBaHHS HAcOCOM Ta
OITHOYACHO 4-Ma TiIPOMOTOP-KOJIECaMH.

JIsi  TepCIIeKTHBHOT KOHCTPYKIi TpakTropa Mpu
MigBUIIEeHHI mBUAKocTi A0 50 km/rog Butpara PP
noBuHHA Oyne 30inbmena go 404 n/xB, aje MOTYXKHICTh
mpu I1bOMYy He mnepeBuinye 84 kBT, ToOTO B ymoBax
poboru mrarHoro JIB3. Tuck B OI'Tl Ha Bcix pexumax
THIX Tpakropa mopiBHioe Bing 12 MIla mo 32-36 MlIla,
aje 1 I OCTaHHI 3HAYCHHS CYTTEBO MEHINIE, HIXK
Makcumaiphuid B 50 MIla mns rimpomortopa MHP27
(3a3Buuaii, HOMIHAIGHHNA THCK B PaiaJbHOMOPITHEBUX
rizpomoTopax nopiBHioe 25 Mlla a6o 32 MIla). Curig
BIIMITHTH, IIO HaBeIeHI pe3yiasraTH Oynmd OTpuUMaHi 3
ypaxyBaHHAM TigpomexaHigunoro KKJ[ rimpomotopiB Ha
piBai 0,95 i TeopeTMYHHX 3HAYCHHAX BHUTpATH, TOOTO
moTpeOyIOTh YTOUHEHHS Ha IMOJANBIINAX eTanax poOoTH.

Ha puc.4 mnoOynoBaHa 3ajeXkHICTh KPYTHOTO
MOMEHTY TigpomoTop-koieca MHP27 3anexxHO Bix
4acToTH Horo oOepTaHHs 3 BKa3iBKaMM MO0 CTYIIEHI
poboyoro o00'eMy TiZpoMOTOpa, sKa 3a0e3meyye I
XapaKTepUCTUKY. TakuM YMHOM, TiIpOMOTOp 3abe3nedye
nepeMillleHHs TpakTopa 3 3aJaHUMH apaMeTpamu, a JIs
CTBOpPECHHSI OE3CTYIIHYACTOTO TMEpeMIlIeHHs TpaKTopa
BHKOPHCTOBYETBCSI  aKCIaJbHOTIOPITHEBWA  HAcoc 3
CJeKTPOTIIPABIIYHAM  TPOTOPUIHHAM  PETYISTOPOM.
ABTOMaTH3aIlisl TEpPeKIIOYCHHS [iala30HIB MOXe OyTh
CTBOPCHA 3a JIOTIOMOTOI0 CHT'HAJIIB 3BOPOTHOTO 3B'A3KY 3a
tuckom B OI'Tl Ta wactoTor0 OOepTaHHS TIiIAPOMOTOP-

Bulletin of the National Technical University "KhPI1".
Series: Hydraulic machines and hydraulic units, no. 22023

27



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

konec. 1li mapamMeTpu BXOIATH O CICKTPOHHOTO OJIOKY,
SIKMI TIOJa€ KEePYIdUi CUTHAJIU Ha PEryiasTopu poOoYux
00'eMiB Hacoca Ta TigpoMoTopa.

Po3misiHeMO TEpCHEKTHBH 3aCTOCYBaHHS B 1HIIHX
TPAHCMICISX TPAHCIOPTHUX 3aC00IB BHCOKOMOMCHTHUX

pamiadbHOTIOPITHEBUX  OaraTOMUKIOBHUX  TiIPOMOTOP-
komec Mmomeni MHP-Poclain. Ha puc. 5 mnpuseneni
3HaUeHHHA poOoumx 00'eMiB W'STH  THIIOPO3MIpiB

rigpomoropis MHP-Poclain 3anexHo Bix MakcHMaibHAX
9acToT oOepTaHHsS 31 3HAYCHHSMH IMPOMIKHUX CTYIICHIB
pobounx o0'emiB. Takok BKa3aHi 3HAYCHHS KPYTHHUX
MOMEHTIB IIPH  MakCUMaJbHUX poOo4yux  o00'emax
rizpomotopiB. Cnifg BIAMITHTH JOCATHYTI MaKCHMaJbHI
3HauCHHs 4YacToTH obOepranHs Bix 180 xB ! no 430 XB_l,
IO € TEPCHEeKTHBHUMH MO0 CTBOPEHHS TpaHCMICIH 3
0e3peayKTOPHUMHU T'iIpPOMOTOP-KOJIECAMH.

Ha puc. 6 npeacTaBieHi 3a1€XHOCTI 3MiHH KPYTHOTO

MOMEHTY, YaCTOTH 00epTaHHs Ta NOTYXHOCTI T'IPOMOTOPIB
MHP-Poclain 3 4-ma cTyneHsiMi perymaroBaHHS pPOOOYOro
00'eMy 3aJie’)KHO BiJ ocTaHHBOTO. IIpH IbOMY IpUBEAEHI
3aJIe)KHOCTI JUIsl eKCTpEeMaJIbHUX 3HaYeHb pOOOUYHX 00'eMIB:
1416 cm® i 3526 cM® TUIIOPO3MIPHOTO PSIy MOAEieH
MHP20/27. Tlo3Hauku 3 1mdporo «1» BigHOCATBCS s
TiIPOMOTOpa 3 MAKCHMAIBHIM poGounm 06'emom 1416 cn?,
3 mudpor «2» BIZHOCITHCS IO CaMOr0 HAHOLIBIIOTO
TUTIOPO3MIpY 3 pobounm 0b'emom 3526 em®. Pobounit 06'eM
TiIpOMOTOPIB 3MEHIITYEThCS CTYIIIHYaCTO 31
croiBimHOmeHEsM 1; 1,33; 2,0 Ta 4,0. [Ipn upomy gactora
obepraHHs TiIpoMOTOpiB 30uIbLIyeThCs Ha 1,25-1,28 Bin
YacTOTH 00EpTaHHS IPU MAKCUMaILHOMY POOOUOMY 00'eMi.
KpyTHuii MOMEHT TiZpOMOTOpIB 30UIBINYETBCS Bij
11,3kH:M pmns rimpoMoTopa 3 MiHIMaJbHUM POOOUUM
ob'emom 1416 cm® mo 28 kH:-m mis rigpomoTtopa 3
MaKCHMAJIbHIM PO60unM 06'eMomM 3526 e,

12 4 My, kHu
ZZ e | Val=2434 en’, 25/33 MIa
10 ﬁng :
e o W e S IS R —— Vm2=0,75Vm1= 1825 em’, 24/25 MIla
8 )
‘ V2 |/
7] .
6 V33=0,5Vwl= 1217 e’, 22/36 MIla
4 Vnd4=0,25F m1=608 e, 12/33 MIla
IlepcnexTBHmii
2 MOKA3HHK lIIBH.’lKOCTi |
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0 | | sl J
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Puc. 4. 3anexHocTi TaroBoro 3ycuiuis Tpakropa XT3-17021 Bix #foro mBHAKOCTI Ta KPyTHOTO MOMEHTA IipOMOTOp-KoJieca 3
perylibOBaHIM pOOOYHM 00'€EMOM BiJl YACTOTH HOTO 0OEpPTaHHS
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Puc. 5. MakcumalibHi 3Ha4€HHs 4acTOTH 00epTaHHs rigpomoTopis MHP Poclain 3 4-ma cTyneHsMu peryaoBaHHs po6o4oro 06'emy
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Puc. 6. KpyTHHii MOMEHT, 4acTOTa 0OepTaHHs Ta MOTYXHicTh rizpomoropis MHP-Poclain 3 4-ma crynensmu perymoBatHs po6o4oro
o0'emy

MaxkcuManpHa  TOTY)XHICTE IIMX  TiIPOMOTOpIB
nocsrae 175 kBt 1 150 kBt, BigmoBigHo. Aje Clif
BIZI3HAYUTH, 110 B THIOPO3MIPHOMY pSly PEryJbOBaHUX
T1JIPOMOTOPIB € 3pa3ok 3 NmoTyxHicTio 185 kBT. Lle Monens
Mae poGounit 06'em 2712 cm®. Takoxk BigzHaunmmo, mo
TiIpOMOTOPH 3 MOCTIHHUM poOOYUM 00'eMOM MalOTh
Mi/IBUILIEHY MaKCHMallbHy MOTYXXHICTb, sika Oijblle Ha
1,1-1,3 pa3u mOTYXHOCTI TiAPOMOTOPIB 3 4-Ma CTYNEHIMH
pobodoro 00'emy. MakcuManbHe 3HAUYCHHS MOTY>KHOCTI B
280 kBT Mae TigpoMOTOp 3 MOCTIHHUM pOOOYHUM 00'eMOM
1893 cM®. Jlnst rigpoMOTOpiB 3 MOCTIHHHM POGOUMM
00'eMOM MakCHUMajbHa dYacTOTa OOepTaHHSI CyTTEBO
Oinbllla HIK 3 peryJbOBaHWUM BUKOHaHHAM. Harmpukian,
JUIS  TiApoMoTopa 3 TOCTIHHEM poOouuM  00'eMoM
1416 cM® MakcHMalbHa YacToTa oOepTaHHs JOPIBHIOE

505xB™, a I perylhOBAHMX  BHKOHAHb  IIPH
(GYHKUIIOHYBaHHI 3 MaKCHMaJlbHUM poOoYuM 00'eMOM
3HIKYeTbes 10 420 XB_l, 380xet i 342 xt IS
JIBOCTYIIEHEBOI'0, TPUCTYIIEHEBOTO Ta YOTUPHCTYIIEHEBOTO
BHKOHAHHSI, BIAMOBIIHO.

B karanorax, npucesueHux Trigpomoropam MHP-
Poclain, He npUBOAUTHCS 300pakeHHS BHYTPILIHBOT
KOMITOHOBKH BY3JIiB HOPIIHEBUX I'PYI Ta PO3HONIUIBHUKA
PP, a TifpKy 30BHIMIHIN BHTIISI TiZPOMOTOPIB, i MOXKIIHBO
Ile TIOB'A3aHO 3 HOBH3HOIO PO3POOKH B YMOBaX BHCOKOI
KOHKypeHIIii B naHiii ramy3i. Ha pwuc. 7 mpencraBieHi
30BHIIIHI BHIH TiJPOMOTOPIiB B BUKOHAHHI 3 MaTOYMHOIO
JUIsl KpiIUTeHHs Koseca (puc. 7, a), 31 LUTIIBOBUM BajioM
(puc. 7, 6) Ta BUIOM Ha 3aIHIO KPHUILIKY 3 PO3MOAITEHUKOM
PP (puc. 7, 6).

Puc. 7. Tigpomoropu MHP20/27 Poclain Hydraulics
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Maca TigpoMOTOpiB € TIIOCTIHHOIO JUIi BCHOTO
TUIIOPO3MIPHOTO DALY, aje 3aJeXHUTh BiJ BOYIOBaHHX

rajbMiBHUX CHCTEM — CTOSHKOBUX, poOounx abo
KOMOIHOBaHHUX (CTOSHKOBOi 1 poOo4oi B  OJHOMY
rigpomoropi). TakuM dYMHOM, TiJpOMOTOp-KOjeca 3

(rmaHIEBUM TPHEAHAHHAM [O MAaTOYMHH KOJeca MaroTh
Macy: 6e3 raspma — 180 kr; 31 CTOSHKOBHM 200 poOodnM
ragbMoM — 200 kxr; 3 xkoMOiHoBanuM raiabMoM — 240 kr.
limpomoTopH 3 BUXiTHIM HUTIIIHOBAM BaJIOM MAlOTh Macy:
6e3 rasibma — 180 kr; 31 cTosHkoBUM raibMoM — 200 Kr.

3aranbpHa XapakTepucTrka rigpomoropis MHP20/27-
Poclain: poGoui oG'emu Big 1400 cm® o 3500 em®,
KpyTHUIl MoMmeHT n0 24 kH-m, uwacrora oGepraHHs 0
520 x8™!, moryxuicts g0 280 kBT, KibKicTh cTymeHiB
perymoBaHHs pobouoro 00'emy 2; 3 ado 4.

Ha puc.8 npuBemeHi  3HAYEHHS  [OBHOTO
(zaramproro) KKJI rigpomoropis  MHP20/27-Poclain
3aiexHo Bim  Thcky (P, Gap, B CHiBBimHOMICHHI
16ap=0,1MIla) Tta wwacrotm obeprauuas (N, %).

Makcumanbue 3HaueHHs KKJ[ mocsrae 0,93, mpo e
BHCOKHMM TIOKa3HHKOM cepell TiApOMOTOPIB JaHOTO THITY.
Take 3nauenns KKJI 3naxogutecs B 30H1 15 %55 % Big
MaKCUMaJIbHOI 4YacTOTH OOEpTaHHS Ta NPH TUCKAaX Bij
15 MIla no 45 MIla (150 6ap—450 6ap), 110 i € 30HOK
ONTHMaNBHOI poboTu rimpomoropa. Ilpu miaBuIIEeHHI
gactoTd oOepTanHs B miama3oni 55 %-100 % Bix
MaKCUMaJbHO 3HA4YCHHS Ta NpH TUCKax MeHme 15 Mlla
(150 6ap) KK]I rizpomoTopa 3MeHmryeTses 10 0,83.
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Puc. 8. KK]I rizxpomoropis MHP20/27-Poclain

Ha pwuc.9 mnpuBencHa rigpaBiiyHa MIPUHIIAIIOBA
cxema rigpomoropa MHP20/27-Poclain 3 4-ma crymensmu
peTyITIoBaHHS Po60IOro 00'eMy Ta CTOSHKOBHM i pOOOYHNM

Bnok rizpomoTtopa M
1 &
i M2 |
MI M3

raxemami [20]. Tizpomotop M yMOBHO MOIiNCHU# Ha TPH
rigpomoropa M1, M2 i M3, i 3a nomomoror
rigpopo3noinbHukiB P1 i P2 3 rizpaBiniyHuM KepyBaHHIM
(ominii kepyBanHs Y1 1 Y2, BIANOBIAHO) CTBOPIOIOTHCS
ctyneHi pobodoro o6'emy. Kanan R € 3muBHnM 1 00'eqHye
TPH 3MUBHUX JIiHII TizpomoTopiB. [Ipu BigcyTHOCTI THCKY
yopaBmiHHS B KaHamax Y1 i Y2 uepe3 kamam A i
rigpoposnoniapHuKi P1 1 P2 HarniTaerbes PP Big Hacocy i
ToTparuisie 0 Beix cekuid M1, M2 i M3, mo Biamosigae
(YHKIIOHYBaHHIO  TigpOMOTOpa 3  MaKCHMalIbHUM
pobounm oO'emom. Ilpm mimBomi TmcKky B KaHam Y1
rigpopo3nofinbHuk Pl mepemimiyerbcss  mpaBopyd i
rigpomorop M1 3'enHyeTbest 31 37aMBHOIO JiHielo R i
KPYTHUII MOMEHT CTBOPIOIOTh TUIBKH TigpomoTtopu M2 i
M3 (mpyra cryneHs peryiroBaHHs). [lpu minBeneHHi
TUCKY TINBKA B KaHal Y2 Tigpopo3nomiabHuK P2
3MIlLy€eThCsl JIBOpYY 1 Tigpomorop M2 3'emHyeThes 3i
3IMTUBHOIO JIiHI€0 R 1 KpyTHUIT MOMEHT CTBOPIOIOTH TUTBKA
rizpomotopu M1 i M3 (Tperss CTymeHb pPerymiOBaHHSI).
[Ipu omHOYACHI# MOadi TUCKY yIpaBiiHHA B KamepH Y1 i
Y2 rizpomortopu M1 i M2 3'eqHy€eThCS 31 37HBHOIO JIIHIEIO
R i kpyTHHII MOMEHT CTBOPIOE TiTBKH TigpomMoTop M3
(uetBepra crymeHp perymroBanus). Jlimii 1, 2 1 3 €
JNPCHAXHUMH IUUIsI BifBeICHHs BuUTOKIB PP 3 kxopmycy
rinpomoropa.  lanpmiBHa ~ KOMOiHOBaHa  cucrTeMa
CKJIaJIa€ThCS 3 Bally MAaTOUYMHH 4 1 rajdbMiBHUX JIHUCKIB 5,
NPYXHHU 6 1 MOPIIHS 7 CTOSHKOBOI CHCTEMH, IOPIIHS 8
po00YOi TanbMiIBHOT CHCTEMH Ta OTBOPIB JUIS IIiJABEJACHHS
tucky: XD — mis 3mificHeHHS po0OOYOoro TajdbMyBaHHS,
X — [u1s po3raqbMyBaHHS CTOSTHKOBOTO TajibMa.
INppasniura npuanunosa cxema OI'TI TpancropTHOT
MalliHA 3 rizpomortop-konecamu ~ MI1-M4 i
antuOykcyBanbauM npuctpoem VMA  ¢ipmu  «Poclain
Hydraulics» maBenena wa puc. 10 [21]. do ckiamy OI'TI
BXoasaTh mpuBogHuii JIB3, ocHoBHmii Hacoc H, Hacoc
IT1JKABJICHHS Hm, Jpocelti JAP1-]1P4 3
€JIEKTPOMArHITHUM TPONOPLIHHUM KEPYBaHHSM, JaTYUKA
gacToTu obepranHs konec JJUO1-/JHO4, matumk JIITPK
KyTa TIOBOPOTY pyiboBoro koneca PK i enekrpoHHuit 610k
kepyBanHs BK. Ilig wac pyxy TpaHCHOPTHOTO 3aco0y 3
OJHAKOBUMH IIBHIKOCTAMH KOXXHOTO 3 KOJIeC, IO
XapakTepHO MU MPSAMOJIHIHHOTO PyXy MO PIiBHIHM cyxii
noposi, apoceni [IP1-JIP4 HopMalbHO BIAKPHUTI IiJ| Ti€I0

3BOpPOTHHX mpyxkuH 1 PP mnpm  miHiManbHOMY
TiIpaBIIYHOMY ONOPI HAAXOAWTH JIO TIAPOMOTOPIB
M1-M4.
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Puc. 9. T'igpasniuna npuHImIosa cxema rigpomoropa MHP20/27-Poclain ta 3aranbHuil BH/ KOMOIHOBAHOTO ralbMiBHOTO PHCTPOIO
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Puc. 10. T'igpasniuna npunimnosa cxema OL'TI 3 rigpomorop-konecamu ¢ipmu «Poclain Hydraulics» i antuOykcyBaibHUM
eNIeKTPOTriApaBIiYHuM HprcTpoeM VMA

IIpu mOBOPOTI TPaHCIIOPTHOTO 3ac00Y 3a JOIOMOIOIO
nmarurika JITIPK BBOIMTBCS KOpEryBaHHsS IOJAdi BUTPAT
yepe3 gapoceni JIP1-JIP4 wmotop-komic M1 i M2
MPONOPIIHHO KYTOBOMY BiIXHJICHHIO Y PYJIBOBOTO KOJeca.
BykcyBaHHS OZHOTO 3 KONIC MPHU3BOIWTH N0 Pi3KOTO
301IIBIIEHHS YaCTOTH obepTaHHA BIIIIOBIJHOTO
TiIpOMOTOpPA, OCKUTBKH TPAHCHOPTHUI 3aci0 3yMUHAETHCS
1 Bcs momada Hacoca H HagxXomWTes TIABKA OO OXHOTO 3
TiIpOMOTOPIB. [TixBumeHHs qaCTOTH obepTaHHA
riIpOMOTOpa MOHAJ MAKCHMMAJIbHO JOIMYCTHME 3HAYCHHS
NOB'sSi3aHEe 3 PU3MKOM IeperpiBaHHs MOPLIHEBUX TPYI i
PO3MOIIBHOTO By3jJa. 3 METOI0 3alo0iraHHs PEeXUMY
OykcyBaHHs eJeKTpoHHUI 0510k BK BHKOHY€e MOpIBHSHHS
3HaueHb CHTHAJIIB 3BOPOTHOTO 3B'SI3KYy BiJ IaTYMKIiB
gactotd obepranssa JJUO i BBOAUTh HEOOXiTHY KOPEKIIIIO.
Hampuxman, mnpm obepranHi rigpomoropa M2 3
MiABHUIECHOIO0 MBHAKICTIO, 0ok BK momae enmexrpuanwmit
curHan Ha Jnpocend J[P2, mepekpurrs mepepizy SKOTO
nepepo3nojiysic PP Mixk rizpoMoTropamu i BiZJHOBIIIOE PyX.
OcHoBHOW0O (QyHKITE0 Tigpodnoka VMA e oOMexeHHs
BUTpaTH, IO MOAAETHCS JO TiAPOMOTOpa Kojeca, IIo
OyKcye.

BucnoBku. 1. TIpoBeneHi craTwmyHi pO3paxyHKH
MOKa3aJiy, 10 HOBI BUCOKOMOMEHTHI PaiiajbHOMOPIIHEBI
rigpomorop-koneca MHP27 ¢ipmu «Poclain Hydraulics»
3 TOMIMPEHHM Jiala30HOM IIBHIKOCTI Ta pEry/IIOBaHHS

poboyoro 00'eMy JalOTh  MOXIHMBICTH  CTBOPCHHS
TpaHCMICIH TPaKTOPiB 31 MBHUAKICTIO 10 50 KM/TOI.

2. Ha OCHOBI aHaIIzy TATOBO-IIBUIKICHUX
xapaktepucTuk Tpaktopa XT13-17021 mpoBemeHuit BubGip
TUTIOPO3MIpiB  4-X BeAydHWX TiIpOMOTOp-KOleC Ta
aKCiaJIbHOTIOPIITHEBOTO HACOCY TPAHCMICIi.

3. [lokasaHa MOMXJIMBICTH ITIJBUIIEHHS IIBUIKOCTI
TpPaKTOpa BiJl MITATHOI 35 KM/TOA JO MNEPCIEKTUBHOI B
50 km/rog.

4. T'izpomoTop-Kojeca MHP27 arperaroBaHi
raibMaMH CTOSHKOBOTO 1 pOOOYOro THIIB 1 THOpPydY 3
aHTHOYKCYBAJIHOIO  €JICKTPOTIJPABIiYHOI0  CHCTEMOIO
3a0e3rneuyloTh ~ NOTPIOHI  BIACTHUBOCTI  TpaHCMicil
Cy4acHOTO TPaKTopa.

5. INoganbmi po®0TH MOBUHHI OyTH CHpPSMOBaHI s
OI[IHKM  JWHAMIYHUAX  XapaKTePUCTHUK  TiApaBIivyHOT
TPAHCMICil KOJICHOTO TpaKTopa Ta YTOYHEHHS PEKUMIB
peryIoBaHHS Hacoca i T1IPOMOTOP-KOJIEC 32 JAOMOMOTOI0
3ac00iB €JIEKTPOTIAPOABTOMATHKH.
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€. C. KPYIIA, P. M. IEMYYK

PO3POBKA HOBUX KOHCTPYKIIII TOPU30OHTAJIBHUX KAIICYJbHUX I'IJIPOTYPBIH

PO3riIssHYyTO KJIIOYOBI acHEKTH Ta LUISXM MiABUIICHHS CHEPreTHYHOi Ta eKcIUTyaTauiiiHol e(peKTHBHOCTI TIigpoTypOiHHOrO 00JaaHaHHS
TiIPOENICKTPOCTaHIii. 31ifiCHeHO AeTanbHUI aHaji3 HaNpAMKIB yJIOCKOHAJICHHS OCHOBHUX NOKa3HMKIB, 5IKi XapaKTEepH3yIOTh NEPEBArd JOMATCBHX
rigpoTypOiH Tropu3oHTambHOro TUIy. OCOONHBY yBary HOpPUAUICHO NPSIMOTOYHHM IIOBOPTHO-JIOINATEBHM TiIpOTypOiHaM 3 TOPU3OHTAIbHHM
po3TalryBaHHIM Oci obepTaHHs ripoarperaty. 3a3HaueHo, IO I riapoTypOiHU BOJIOAIIOTH 3HAYYLIMMH IE€peBaraMu IOPIiBHSIHO 3 TypOiHamH, sKi
BUKOPHUCTOBYIOTh CIIpallbHy KaMepy Il HoJadi BOJAHM, 30KPEMa BHCOKOK MHPOITYCKHOKO 3aTHICTIO Ta IMMPOKMM Jialla30HOM eKCIUTyaTamlii o
HamopaM Ta BuTpaTaM. OCHOBHHI aKIIeHT aBTOpPAaMM CTaTTi 3poOJeHO Ha IepeBarax NPSAMOTOYHHX KAaICyIbHHX TiIpOTypOiH Ta IXHBOMY
HOTEHLIfHOMY BHKOPHCTAHHI IIPH BHCOKMX HamopaX. HemosikoM iCHyIOYMX NpSIMOTOYHMX TifipoarperariB € Te, IO BOHM IPAaLIOIOTh HAa HU3BKUX
Haropax J10 25 M, TOMy HeoOXiJJHO 3aiiMaTHCs PO3POOKO0 HOBMX KOHCTPYKILiH riapoTyp06iH faHoro tiry. B po6oTi po3risiHyTo HOBi KOHCTPYKTHBHI
pillIeHHS, Ha SKi OTPUMAHO MATEHTH YKpaiHH, COpsSMOBaHI Ha e€(EKTHBHE BUKOPUCTAHHS TOPU3OHTAIBHHX KalCYJIbHUX TipOArperariB Ha BHIIHMX
Harnopax, 70 280 M, 3 PO3IIMPEHHAM 30HM HafiifHOI ekciuTyartamii. BucBiTiena mpoGiemMaTHKa IiJBHINECHHS €HEPreTUYHHX Ta EKCILTyaTaIliiHuX
TIOKa3HHMKIB TiAPOTYpOIiHHOTO 00JIaIHAHHS TiAPOETeKTPOCTaHIIii CTABUTh Mepe AOCIiJHUKaMH BaXKITMBI 3aB/IaHHS 100 ONTHMi3amil KOHCTPYKIIii Ta
MOKpalIeHHs IXHbOT epEeKTHBHOCTI. 3alIpOMOHOBaHO PEKOMEH ANl 010 POBEICHHS YHCenbHOro MoaenoBaHHsa B nporpamax CFD (Computational
Fluid Dynamics). 3acrocyBanns CFD B 1aHOMY KOHTEKCTi 3ae3redye JeTaqbHe PO3yMiHHs TiAPOAMHAMIYHHX MPOLECIB B MPOTOYHUX YaCTHHAX
rigporypOiH, IO € KIFOYOBHM (AaKTOpoM Yy iX yrnockoHaneHHi. Takuil iHTerpoBaHMH MiJXiJ A0 JOCHIUKCHHS, SKHH BKIo4ae B cebe sK
€KCIEePUMEHTAJIbHI, TAaK 1 YMCENbHI METOM, CIPUATHME PO3po0Ii eheKTUBHUX Ta HAAIMHUX TiAPOTYpOiH, BIANOBIAHO A0 Cy4aCHHX BUMOI CTajoOro
PO3BUTKY €HEPIEeTUKH.

Kuarouosi cioBa: kancynbHa TiipoTyp6iHa, podode Koreco, HalpaBJBIIOuMii arapaT, COILIOBUI amapar, KOMOIHaTOpHA 3aJIeXKHICTh, KoedilieHT
KOPHUCHOI Jii.

Y. KRUPA, R. DEMCHUK
DEVELOPMENT OF NEW DESIGNS OF HORIZONTAL BULB HYDROTURBINES

The key aspects and methods of increasing the energy and operational efficiency of hydraulic turbine equipment at hydroelectric power plants are
considered. A detailed analysis of directions for improving the main indicators characterizing the advantages of horizontal-type bladed hydraulic
turbines has been carried out. Particular attention is paid to direct-flow rotary-blade hydraulic turbines with a horizontal axis of rotation for the
hydraulic unit. These hydraulic turbines offer significant advantages over those using a spiral casing for water supply, including high throughput and a
wide range of operating pressures and flow rates. The focus of the article is on the advantages of direct-flow bulb hydraulic turbines and their potential
use at high pressures. However, existing direct-flow hydraulic units operate at low heads of up to 25 m. Therefore, there is a need to develop new
designs for these turbines to operate efficiently at higher heads up to 280 m, expanding the reliable operation zone. The paper examines new design
solutions for which Ukrainian patents have been received, aiming at the effective use of horizontal bulb hydraulic units. The text highlights the
problems of increasing the energy and operational performance of hydraulic turbine equipment at hydroelectric power plants, presenting important
tasks for researchers to optimize structures and improve efficiency. Recommendations for carrying out numerical modeling in CFD (Computational
Fluid Dynamics) programs are proposed to provide a detailed understanding of hydrodynamic processes in the flow parts of hydraulic turbines. The
purpose of numerical modeling is to evaluate the efficiency and productivity of new hydroturbines in different operating modes. This includes
analyzing the pressure distribution, flow rate and other characteristics inside the turbine. The obtained data will allow to identify potential "“weak"
points and optimize the blading and other structural elements for maximum efficiency. This integrated research approach, including both experimental
and multiple methods, will contribute to the development of efficient and reliable hydroturbines in line with modern requirements for sustainable
energy development.
Keywords: bulb hydraulic turbine, runner, wicket gate, nozzle diaphragm, cate-blade relationship, efficiency.

Beryn. CyuwacHe  eHepreTMyHe  BUPOOHHMLTBO  JDKEpeEl €Heprii.
31MTOBXYETHCA 3 TOCTIHHOIO OTPeO0I0 Y BAOCKOHAICHHI CTBOpeHHS HOBHUX KOHCTPYKIIH  TiApaBIiYHHX
TEXHOJIOTiH, 0COOMMBO B OONACTi TiApaBmiYHMX TypOiH. TypOiH BHMarae TIHOOKOTO pO3YMIHHA  (Pi3MUHUX
EdexTHBHICTE €HEPTeTHYHNX CHCTEM HANpsAMY 3ale)KUTh  IPOIECiB, IO BigOyBalOThCS Mg dYac iX poOoTH.

Bil MPOAYKTHBHOCTI BHKOPHCTOBYBAaHUX TYypOiH, TOMY
po3poOka HOBHX THINB TiApaBIiYHAX TypOiH CTae
KIIFOYOBHUM  (akTOpOM y 3a0e3ledeHHi CTiHKoro Ta
edexTrBHOrO BHPOOHHIITBA eHepril [1-2].

OnHUM 3 TOJOBHUX HampsMKIB B Iill cdepi €
migBuileHHs: edekTuBHOCTI poboTH  rimporypOin. 3
PO3BUTKOM TEXHOJOTIH Ta HAayKOBUX JOCIIJIKEHb,
HEOoOXI1THO MPOJIOBXKYBATH POOOTY HaJl pO3pOOKOI0 HOBHUX
TUTIB TiapaBiivHX TypOiH. Lle mos's3aH0 3 THM, 110 HOBI
TEXHOJIOTil MOXYTh 3abe3rmeunty OiLIpITy e(pEeKTHUBHICTH
BHPOOHHMIITBA  EJIEKTPOEHEprii, MeHIIe BUTpaT Ha
YTPUMaHHS Ta SKCIUTYaTallilo, a TAKOXK 3HWKEHHS BIUIHBY
Ha HaBKOJMIIHE cepenoBumie. lle 0coOnInMBO BaykJIMBO B
yMOBax MOCTiHO 3pOCTa04YOro TOMHTY HAa €HEprilo Ta
MPAarHeHHS 3MCHIICHHS 3aJIe)KHOCTI B TPAJMIIHHIX

VHikaneHI GOpMHU TOMATEeBUX CHCTEM, ONTHMIi30BaHI IS

KOHKPETHHX YMOB, a TaKOX IHHOBAIiifHIi MeToxu
VIOpaBIiHHA I[IOTOKOM BOAM  CTAalOTh  KIKOYOBHMH
aclleKTaM{ y Mi/IBUIIEHHI e(EeKTUBHOCTI TIiJIpaBIiYHUX
Typ6in [2-6].

Kpim TOro, 3 ypaxyBaHHSM 3pOCTarouoi KiTbKOCTI
TiJIPOCHEPreTHYHUX CTaHMiH Ta iX PO3BHUTKY Y pI3HHX
KpaiHax  CBiTy, BHHHUKae 1otpeda y  po3poOri
rizpaBmiyanx  TypOiH, sKi  BIANOBIZAIOTH  PI3HUM
KIMaTHIHAM Ta TreorpadiyamM ymoBaMm. Hampukian,
TiIpOeNeKTPOCTaHIlii B YMOBaX BHCOKHX Tip abo B
o0ymacTsIX 3 HH3BKMM piBHEM BOAM IOTPEOYIOTh
rizpaBmigHAX TypOiH 3 BiANOBITHIMH MapaMeTpamMy Ta
xapakrepuctukamu [1-3].

Mera pocaifzkeHHs

noJjisarae B FHI/I60KOMy
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PO3KPHUTTI MOTEHLiaJly Ta BHU3HAYEHHI ONTHMAIBHUX
LUISIXIB  BJIOCKOHAJIEHHS TOPU3OHTAIBHUX KalCyJIbHUX
rigporyp0in. B pe3ynbTati 1b0ro AOCIiKEHHS BUSBIEHO
HOBI MOXIIMBOCTI JUIi MiJBUIIEHHS e€(QEKTHBHOCTI
riIpoTypOiH, 0 B CBOIO YEPry CIPUSTHME IMOJANIBIIOMY
PO3BUTKY Ta YIOCKOHAJCHHIO Talxy3i BiJHOBIIOBAIHHOI
CHEPreTHKH.

IlepeBaru TOPH30HTAIBHUX KaINcyJbHUX
rinporyp6in. Cyuacai I'EC i3 TOpHM30HTAIEHUMHU
KalCyJIpbHUMHU Tifpoarperatamu (puc. 1) Bxke yCIHiITHO
(YHKIIOHYIOTh Y pI3HMX YacTHHaX cBiTy. Baxumso, mo
BOHM MOXYThb OYTH BCTaHOBJICHI SIK Yy BEJIMKHX pidKax,
TaK i Ha JPiIOHUX BOJNOTOKAX, IO PO3LIMPIOE 00NACTh X
3acrocyBanHs [1-8].

Puc. 1. [IpsiMoTOUHHMI KaIICyIbHUIA Tigpoarperat

Ha panuit MOMEHT MEpCIEKTUBHUM HAIPSMKOM Yy
Cy4acHOMY rizporyp600yyBaHHi € po3pobka
TOPU3OHTAJBHUX  NPSMOTOYHHMX  TigpoarperaTiB 3
BUCOKMMH KOe(illieHTaMH IIBHIAKOXITHOCTI, I iX
3aCTOCYBaHHs OLIbLI BHCOKI Hamopu [6-8].

3acTocyBaHHsS NPSMOTOYHHUX TiApoarperariB Ha
Haropu moHanm 40M  3ycTpidae psg  mpoOiem
TiIPOAMHAMIYHOTO XapaKTepy, MIIHOCTI KOHCTPYKILIH, a
TaKOXK TMpobimeM HamiitHol ekcruryaramii. OnpHak 1l
TPYAHOILI 1 poOJIeMH MOXXKHA BHPIIINATH, a TIEpEeBard, mo
OTPHUMYIOTBCS BiJl 3aCTOCYBaHHS NMPSIMOTOYHHX arperaris,

He3amnepeyHi.
Egexmuenicme ma npodykxmuenicme. QpHi€D 3
KIIOYOBHX  TIEpeBar  TOPH3OHTAIBHUX  KanCyJIbHHX

rigpotyp6in  (CKI'T) € ix BHcOka e(heKTHBHICTH Ta
npoAyKTuBHICTh. Lli TypOiHM cHpoekToBaHI Tak, 00
MakKCHMAaJbHO BHKOPHCTATH EHEpTrilo MOTOKY BOAM. IxX
TOPM30OHTAJIbHE  TIOJIOKEHHS ~ Ta  KOHCTPYKLisS 3
MOBOPOTHUMH  JIONATSIMUA ~ JO3BOJIIIOTH  3a0€3IE€4yBaTH
cTabinbHe Ta Ha/liiiHe BUPOOHUIITBO enekTpoeneprii [4-8].

[epepara 'KI'T moisirae Takox y IXHIH 34aTHOCTI
MPAIfOBAaTH B IIMPOKOMY [iana3oHi MIBUAKOCTEH HOTOKY
Bomu. lle o3Hawae, 1O BOHM MOXYTh €(EKTHBHO
(DYHKIIIOHYBATH SK Ha pidKax 3 MOBUIBHOIO TEUi€O, TaK i
Oinpmmr mBuAKKX BogoTokax. EdexrusHicts ['KI'T pobuts
ix mpuBa®IMBEM BHOOPOM ISl PI3HOMAHITHHX TIPOEKTIiB
T1IpOEHEePTeTHKY.

Ipssmorouni (karcyibHi) rigpoarperatud (puc. 1),
taki sk Ha KuiBcekili 'EC, Kaniscekii I'EC Ta iH.,
HEe3Ba)KalOUYM Ha CKJIAJHICTh KOHCTPYKIII Ta BEIUKY
METaJIOMICTKICTh, MAIOTh CYTTEBI NepeBaru B MOPIBHAHHI
3 TiAPOTYypOiHamMH 31 cripaJbHUM MiABeACHHAM Bou [6]:

- Ha 30-40 % OinbI BHCOKA IPOITyCKHA 3JIaTHICTS,

0 JTO3BOJIIE TIPU TOMY XK JiaMeTpi pobodoro kojeca
HiIBUIIATH TOTYXHiCTh Ha 30-40 % abo 3MeHmHTH
niamerp po0Oodoro Koieca TPH TiH Ke TMOTYXKHOCTI i
OTpUMAaTH CyTTeBY ekoHoMito rabapury ['EC y mmani Ta
METaJIOEMHOCT] apMaTypH, II0 3aKIaJa€ThCSI B OCTOH;

-punmii  KKJ| B onmTuMymi 1 3HAa4YHO BHINUI
cepennboekctyarariiinuit KKJI (1a 5-10 %);

- OlmbII  IIMPOKMWH  Jiama3oH  eKcIulyaramii  3a
HarmopaMy Ta BHTpPaTaMH, IIUPIIY MaHEBPEHICTh MpH
MYCKy Ta 3YNHHII Tigpoarperary, HIO BaXIJIHBO IPH
poOOTI Ha MIKOBUX HABAHTAXKCHHSIX;

- Oimpm  crabinmeHYy poOOTY Timpoarperary Ha
peXuMax, BIAMIHHHX Bill ONTHMAJIFHOTO B IIHPOKHX
Jliarra3oHaxX 3MiHU BUTPATH (TIOTY>KHOCTI) Ta HAIOpY;

- HIOKYHUH piBEeHb HECTALIOHAPHOCTI MTOTOKY.

Komnaxmuicme ma Huzbke HABAHMAICEHHS HA
ingppacmpyxkmypy. TKI'T MatoTh KOMIIaKTHHIA JU3aiH, 10
poOUTH X MPUAATHUMH Uil BCTAHOBJICHHSI B OOMEXKEHHX
npocropax. Ile ocobmuBo BaknuBo mist mpoekTie MITEC
Ha wManux piukax. Kommakrhicte I'KI'T  nozBossie
MaKCHMaJIbHO BHKOPUCTOBYBaTH PECYpCH Ta 3HU3UTH
HaBaHTaKCHHs Ha iHbpacTpykTypy [6, 7].

Kpim Toro, Bcranoenenns [ KI'T motpebye MeHIIoro
o0'emy OyniBenbHHX poOit, mopiBHsHo 3 ['EC, ne
BUKODHCTOBYIOTbCS ~ BEpTHKalbHI  TigpoTypOinm. Ile
3HIKYE BIUIMB Ha JIOBKUUIL Ta 3MEHIIYE BHTpaTH Ha
OyNiBHMITBO Ta  OOCIYrOBYBaHHA. IXHA  BHCOKa
e(eKTUBHICT, Ta HU3bKI EKCIUTyaTalifiHi BHUTpaTH
poONATH iX MPUBAOJIMBUM BapiaHTOM MJI iHBECTODPIB Ta
OTIepaTOPIB TiAPOETEKTPOCTAHIIIH.

HoBi KOHCTPYKTHBHI pillleHHSI TOPU30HTAJIbHUX
KaNCyJbHUX TiApoTypOiH. /19 po3poOKM HOBHWX THIIIB
rigpaBmivHUX TypOiH HEOOXiIHO NPOBOAWTH HAYKOBO-
JOCTiTHI poOOTH Ta BIPOBAIKYBAaTH HOBI TEXHOJIOTII.

Ha Kadepi «[igpaBnivi MAIlUHHA
im. . @. Ipockypn» HTY «XIIl» Bexerbcsi akTHBHA
po0oTa 11010 PO3POOKH HOBUX THIIIB TiPABIIYHUAX TYpOiH.
OCHOBOIIOJIO)KHUKOM IIHOTO HANpPSIMKY CTaB Hpogecop
Orter BacunmpoBuu [ToteTenko. 3a octanHi poku kKadeaporo
rijpomMarine OyJio OTPUMAaHO JECSTKU IaTeHTIB YKpaiHH
Ha HOBI KOHCTpYKIIT riapotyp6in [6-10].

Poszrnsaemo IIBi HOBHX KOHCTPYKIIii
TOPU3OHTANFHUX KAaIlCyIBHUX TiApOTypOiH, Ha sKi Oyio
OTPUMAaHO MaTeHTH YKpaiHu Ha KopucHy mozeins [9, 10].

Hdani KOpHCHI MOZIeNi BiTHOCATBCS JO Tailysi
ripoMaInHOOy IyBaHHS 1 MOXKYTh OyTH BUKOPHCTaHI Ha
T1IPOCICKTPOCTAHIIISX.

Bimomi rigpoarperaté obnaaHaHi TiAPOTYypOiHAMHU
MOBOPOTHO-JIONATEBOTO THUILY, L0 BKIIOYAIOThH CIipajbHY
Kamepy, CTaTop, HaNpaBJSIFOYHiA anapaT Ta podoue KojIeco
MOBOPOTHO-JIONATEBOTO JllaroHaJIbHOTO THILY,
3acTOCOBYBaHi Ha Hamopu Bif 40 mo 170 m [11].

Taxi rimpoTypOiHI MarOTh BUCOKI CHEPTrOKaBIiTalliHHI
W eKcIDTyaTamidHI IMOKa3HMKH B  TOPIBHSHHI 3
JKOPCTKOJIONATeBUMHU paiarbHO-0CEOBUMH
TipoTypOiHAMHU, SKi 3aCTOCOBYIOTHCS Ha BUCOKI HATIOPH.

Hemonmikom y mMOpiBHSHHI 3  TPSIMOTOYHHUMH
TOPU3OHTAJBHUMH TifpoarperataMd € OUIbIl HHM3bKa
NPOITyCKHA CIIPOMOXHICTh LUX TiIpoTypOiH Ta Oinbun
po3Mipu OJIOKY Tifpoarperary B IUIaHi, MEHII IIMPOKUI
qiama3oH HamidHOI eKCIulyaralii [0 HamopaMm Ta
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BUTpaTam.

Bigomi rigpoarperatv ropu3OHTaILHO-KAIICYJIBHOTO
THUILY 3 IPSIMOOCHHMM ITPOTOYHHM TPAaKTOM, 3aCTOCOBYBaHI
Ha HuspkoHamipaux [EC 3 H = 3-25 m [7].

i rimpoarperaT  BHACHIOK  HPSIMOOCHOTO
MmiABeNeHHS I BigBeJEeHHS BOAW 1 TPOCTOTH (HOpMHU
MPOTOYHOTO TPAKTy IPH YCTAHOBII HAa HU3BKOHAMIPHHUX
I'EC wMaroTh mepeBarm TIiepen TigpoarperaramMu 3
BEPTHUKAJIHHUMHU [TOBOPOTHO-JIOTIATEBUMH TiApOTypOiHAMHU
(X MO0 TpPONMyCKHIH 3maTHOCTI 1 dYacToTi, Tak 1 3a
C€HepreTHIHUMH TOKa3HUKamu). [Ipu mpomy rabaputHi
pO3Mipu TiApOTYpOIHHOTO OJOKY 3HAYHO MEHII, HIX B
OCBOBHX BEPTUKAIbHUX MOBOPOTHO-JIONATEBUX
rigporyp0OiHax.

HenosikoMm icHYIOYHX NPSIMOTOYHMX TipoarperariB
3 TypOiHAMH TaKOro TUNY € Te, 1[0 BOHH IPALIOIOTh Ha
HU3BKUX Hamopax A0 25 M. Lle mos's13aHo 3 TUM, 110 B IUX
rizpotypOiHax BiACYTHSA cCHipadbHa Kamepa, a MOMEHT
KIJIBKOCTI PyXy Tepes] poOOYHM KOJIECOM FOPH30HTAJILHO-
INPSMOTOYHOI TiAPOTYPOIHM CTBOPIOETHCS  KOJIOHAMHU
cTaropa 1 HampaBSIIOYMM —anapaToM, YCTaHOBJICHUM
nepen pobounM KoslecoM. ToMy 3a0e3leuuTH Iepen
poOoUYNM KOJIeCOM HEOOXiTHUH BUCOKHUN PiBEHH MOMEHTY
KUTBKOCTI  pyXy TUIBKM 3a paxyHOK cTaTtopa i
HAIPABIISIFOYOTO anapary HeMOXJIHBO [7].

B ocHoBy kopucHoi Mozeni [9] mocraBneHa 3agaga
MABUIIIEHHS CepeHbOCKCIUTYaTaIli HHHIX,

C€HeproKaBiTalliHHUX IMOKa3HUKIB 1 HaIIMHOCTI
eKCIUTyaTarmii IPSIMOTOYHUX TOPHU3OHTAIBHUX
rigpoarperari, pO3IIUPEHHS 30HM eKCIUTyartamii Imo

HaropaM ax g0 270-280 m.

[ocraBnena 3amaya OCATAETHCS THM, IO B TypOiHi
mepel  HaNpaBIISIIOYUM  alapaToM  BCTaHOBIIOETHCS
COIUIOBMH  MiABIMHUA  OpraH  riApoTypOiHH,  IIO
MpeacTaBisie co00I0 psAl CIeialbHO CIpodiTbOBaHUX
KPUBOJIHIMHUX (CTipalibHUX) KOH(PY30pHUX COILUIOBHX
KaHaTiB, sIKi PO3MIMIEHI II0 KONy Teped JIOMaTKaMu
HATIPaBJIIOYOTO amapaTy, o 3a0e3MedyloTh HeoOXiTHuN
MOMEHT KIJTBKOCTI pyXy IUIi ONTHMaibHOi pobotn
rizpotypbinm  mpm  Hamopax go 270-280m Ta
PIBHOMIPDHMM II0 OKPY)KHOMY HAamnpsIMKy 1 IO BHCOTI
HAIpaBJsIOYOro anapary MiJBOJOM IOTOKY A0 poOO4oro
KoJseca JliaroHaJIbHOTO YKOPCTKO-JIOTIATEBOTO
MPOTIEJIEPHOTO Ta MTOBOPOTHO-JIONATEBOTO OCHOBOTO THILY,
0 CMpalboOBYE IMiABUIICHUI Harmip. JIOmaTku COIIOBHX
amapariB IIPH [bOMY TPAIOTh TAKOXX POJIb KOJIOH CTATOPY,
110 3abe3neuye HaiiHy omopy riapoarperary [9].

Ha puc.2 moka3zaHo MepHIIOHATPHHUN TIePETHH
TOPU30HTAJBHOTO HPSMOTOYHOTO Tifpoarperary; Ha
puc. 3 NPEICTaBICHO COIUIOBHMH KOH(Y30pHHI KaHal B
TUTaHi.

T'opuzonTansHui MPSIMOTOYHUN rizpoarperat
BKIIIOYae B cebe MeTamiyHy Karcyiay abo OeTOHHY
KoJoHy 1, B sKii  pO3TAlIOBYIOTHCS  TE€HEPATOP
€IeKTPUYHOTO  CTPyMy,  MiJIIUIHHUKY, I STHUK,
JIOTIOMDKHE ~ OOJIaJHaHHI, COIUIOBUH  KOH(]y30pHHUI
MiABITHUI OpraH 2; JOMATKH HAMpaBJIsA0voro amnapary 3;
poboue  Kojeco  JliaroHalbHO-OCHOBOTO  THIYy  4;
BiZICMOKTYIO4Y TPYOy IIPSIMOOCHOTO THILY 5.

lopusoHTanbHUIT NPSAMOTOYHME rimpoarperar 3
JIiaroHaJIbHO-OCHOBUM POOOYMM KOJIECOM CKJIaJa€ThCs 3

TIpOTypOIHHOTO i EIEKTPOreHePaTOPHOTo 00T IHAHHS.
lpgpasmiuna  TypOGiHa  ABISIETBCS — NPHBOJOM
reHeparopa €JIEKTPHYHOTO CTPYMY, II€PETBOPIOIOYH
€HEprilo MOTOKY BOAM B MEXaHIYHY €HEprilo oOepTaHHs
poTOpa reHepaTopa Ta Npaue HaCTymHUM YrHOM [9].
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Puc. 2. BucokoHanipHuii ropH30HTaIbHUI TPSIMOTOYHUI
rizpoarperar 3 JiaroHalIbHO-OCHOBHM POOOYUM KOJIECOM
[lepetun A-A
\
S
P
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= e
Puc. 3. CorutoBuii migBinHuit opran
IToTik BoaW 3 TIEBHUM HAMOPOM 1 BUTPATOIO

MiABOIUTECSA B O0JIACTH COIIOBOTO ITiJBIAHOTO OpTraHy 2.
B koH(Y30pHHX, CHEI[iaTbHO CHPOQLILOBAHUX COTUIOBHX
KaHaJlax, I10 PO3MIlleHi 10 KOJIy Hepe]| HalpaBIsIOuuM
amaparoM, 30UIBIIYETbCS MEPHIIOHAJIbHA Ta OKpPY>KHA
CKJIaJIoBa IIBUJKOCTI HOTOKY, CTBOPIOIOYHM HEOOXIIHUM
JUIl  ONTUMaJbHOI  poOOTH  TiAPOTYpOIHM  MOMEHT
KIJIBKOCTI PyXy HOTOKY Ta PIBHOMIPHICTH B OKPY)XHOMY
HanmpsIMKy ¥  BHCOTI  HampaBIFOYOTO  arapary,
3a0e3meuyrourd  BHCOKI EHEpProKaBiTAIliifHI ITOKa3HUKH
rizpotyp0Oinu. Jani moTik mocTymae 4epe3 MiKIONaTouHi
KaHaIM HaNpaBIIOYOro amapary 3, IO SBISEThCA
peTyIMIOI0YNM (BHTPATy, a BIAMOBIAHO H MOTY)KHICTb)
OpraHoM, B MDKJIONATEBI KaHald poOOYOro Koleca
niaroHanpHO-ockoBoro Tumy 4. Ilpu mpomy posBopor
nonareil poOoYOoro kojeca 3IIMCHIOETbCS 3a PaxyHOK
CHUCTEMHU peryoBaHHs y  BIANOBIZHOCTI 10
KOMOIHATOPHOT 3aJIeKHOCTI BiJ BEJIMYHUHH BiIKPHTTS
JIONATOK  HANpaBjslo4oro  amapary, 3abe3nedyrouu
MiHiMaNbHI BTpatu eHeprii. [ami moTik 3 MiHIMaaTbHUMH
BTpaTaMH BIIBOJUTHECS B HIDKHIA O'ed mPpSAMOOCHOIO
BiJICMOKTYIOUOIO TPYOOIO 5.

Hacrymua xounctpykuis [10] Bigpi3usieTbes TuM, 110
COIIOBUH KOH(Y30pHUIA MiABIAHUI OpraH, Ha BiAMIHY Bil
BHIIIC MPHUBEICHOI TiAPOTYypOiHM, Mae TIOBOPOTHI BUXIiIHI
enementH (puc. 4, 5).
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Puc. 4. BucokoHanipHuii ropH30HTaIbHUI TPSIMOTOYHUI
rifipoarperar 3 JiaroHaJbHO-0CHOBAM POOOYHM KOJIECOM

Ilepetun A-A

Puc. 5. CorutoBuit miaBinHuUi opra 3 TOBOPOTHUMH BHXiTHUMHU
eJIEMEHTaMH

Ha pwuc.4 mnokazanuii MepUAiOHATBHUN TEpeTHH
TOPU30HTAIBHOTO OPSMOTOYHOTO Tifpoarperary; Ha
puc. 5 mpencTaBIeHO COIUIOBMIA KOH(Y30pHMI KaHal B
IJIaHi.

lopusoHTaNbHUIT ~ TPSAMOTOYHMN  rifpoarperar
BKIIOYae B ceOe MeTanmiuHy Karncyny abo OeToHHY
kKoioHy 1, B sKifl  pO3TalIOBYIOTBCS ~ I'€HEPATOP
CJNIEKTPUYHOTO  CTPyMY,  MiAUIMITHUKH,  iIH'SITHHK,
JIONIOMDKHE ~ OOJIaJHaHHS;,  COIUIOBUH  KOH(QY30pHHUI
miABIIHUH opraH 2 3 TOBOPOTHHMH  BUXITHUMHU

€JIeMEHTaMHU 3; JIONAaTKM HAaIpaBIAO4Yoro amapary 4;
poboue  Koleco  iarOHaJbHO-OCHOBOTO  THIy  5;
BIZICMOKTYIO4Y TPYOy IIPSIMOOCHOTO THIY 6.

[IpencraBnena rigpoTypOiHa Tpamroe HACTYITHUM
guHOM. [TOTIK BOOM MPOXOAWTH Yepe3 KaHAIHM COIUIOBHX
anapariB. JlomaTku COMJIOBMX amapartiB 3 HOBOPOTHUMH
BUXIIHUMH  elleMeHTaMH  (KpOMKaMH)  BHKOHYIOTb
GYHKIIIO ~ peryJroBaHHs BUTpATH (moTy>xHOCTI)
rigpotyp6iau [10].

Jani motik mocrymnae 4epe3 MDKIONATOYHI KaHau
HaMpaBisIOYOro  amapary B MDKJIONATEBl  KaHAJIH
pobodoro Kojeca MiaroHaIbHO-OCHOBOrO Tumy. Illpm
IIOMY PO3BOPOT JIOTATEH OCBOBOTO THITY 3IHCHIOETHCS
32 paxyHOK CHCTEMH PETYJIIOBaHHsS Y BiIIIOBIIHOCTI IO
TPHOXEJICMEHTHOI ~KOMOIHATOPHOI  3aJI)KHOCTI  KyTa
PO3BOPOTY OCBOBOTO THIy JIOHmarted Big pPO3BOPOTY
BHUXIJHUX €JE€MEHTIB JIOMAaTOK COIJIOBUX amapariB Ta
BIZIKPUTTS JIOIATOK HAaIpPaBJsIFOYOro arnapary,
3a0e3meuyroun MiHiMaidbHI BTpaTH eHeprii. Jlami moTik 3
MiHIMaJTbHUMH BTpPAaTaMU BiJABOIUTHCSI B HWXKHIH O'ed
MIPSIMOOCHOIO BiJICMOKTYIOYOO TPyOO¥O.

TakuM  4MHOM,  3aCTOCYBaHHS  NPSIMOTOYHHX
TOPU30HTAIBHUX TiJpoarperariB 3 JiarOHAILHO-OCHOBUM
pobourM KojecoM Ha OuTbIl BHCOKI Hamopu (10
270-280 m) [9, 10] mo3Bomsic PO3MOBCIOANTH TEPEBArH
IIUX arperaTiB, Taki SK OUTBII BHCOKAa MPOIYCKHA
CIPOMOXHICTh, 10 3a0e3nedye OUIBIIY MOTYXKHICTb
TypOiHM IIpU TOMY ke AiaMeTpi pobodoro kojeca, OLIbII
BUCOKI CHEPrOKaBiTAIliiiHI TIOKa3HWKH Ta HAJIIHICT
eKCIUTyaTallil, Ha BUIlle3a3HaYeHi HAllOpH.

PexomeHnpamii 1040 4YuCeTLHOTO MOIETIOBAHHS
NMOTOKY B HOBHX KOHCTPYKIifIX T'OPU30HTAJILHUX
KancyJbHHX TiApoTypOin. [HHOBaIiiiHi KOHCTPYKIIl
TOPU30HTANBHUX KallCyJIbHHUX TigpoTypOiH, Ha AKi Oymn
OTpHMaHI JJaHi MAaTeHTH, € 3HAUYIIUM KPOKOM y PO3BHTKY
edepretuanoi inmyctpii [9, 10]. OxHak, He3Baxkaouu Ha
yCIIIIHE TPOEKTYBaHHS, i KOHCTPYKIII 3HAXOJIATHCS Ha
eTami po3poOKH, 1 A IX omTHMi3aIii Ta YAOCKOHAJICHHS
MPOBEJICHHSI YUCEIBHOIO MOJETIOBaHHS IOTOKY B iX
MPOTOYHHX YACTHHAX CTA€ HEOOXiTHUM ETaroM.

YucenbHe MOJICTIOBaHHS BUKOHYETbHCS 3
BUKOPHCTAaHHIM Cy4acHHX NporpamuHux komiiekcis CFD
(Computational Fluid Dynamics), sKki 103BOJISIOTH
aHaJi3yBaTH Ta ONTHMI3yBaTH XapaKTEPUCTHKU IOTOKY B
pizHEX ymoBax. 3actocyBanHs CFD B maHomMy KOHTEKCTi
3a0e3neuye  JeTadbHE PO3YMIHHS — TiIpOIWHAMIYHIX
MPOIIECiB  BCEPEAMHI TiAPOTYpOIiH, IO € KIOYOBUM
¢axropom y ix ymnockoHanensi [12, 13].

MeTol0 YHCENBPHOTO MOJECNIOBAaHHS €  OLiHKa
e(eKTUBHOCTI Ta MPOIYKTUBHOCTI HOBHX TiAPOTYpOiH B
pizHEX pexxumax poboTu. lle BkIodae aHami3 po3momity
THUCKY, ILIBHJIKOCTI TOTOKY Ta IHIIMX XapaKTepPHCTHK
BCepeauHi TypOiHu.

OTpuMaHi JaHi J03BOJIATH BHSIBUTH TIOTEHIIHHI
«cnmabKi» Micll Ta ONTHMI3yBaTH (OpPMY JIOMIATEBUX
CHCTEM Ta IHIIUX EJEMEHTIB  KOHCTPYKIT s
MakcuManbHOI edextuBHOCTI [12, 13].

BukopucraHHs Cy4acHHMX TEXHOJOTIH YHCEIbHOTO

MOJICTIIOBaHHSI ~ BIIKDHBA€ HOBI  INEPCIEKTUBH  JUIS
CTBOpPEHHS €(DEKTUBHUX Ta HaJIIHUX TiApOTypOiH.
BucHoBkH. 1. Po3poOxka TOPHU30HTAIILHUX

MPSIMOTOYHHUX TiPOarperatiB 3 BUCOKUMH Koe(illieHTaMu
MIBUIKOXITHOCTI, IJIs iX 3aCTOCYBaHHS Ha OLTBII BHCOKI

HAllOpH, € TEPCHeKTHBHUM HANpPSIMKOM Cy4acHOTO
rizpoTypOo0yyBaHHS.
2.3acTocyBaHHS  3allaTCHTOBAHWX  KOHCTPYKILii

NPSMOTOYHUX TifipoarperariB 3 JiarOHaJbHO-OCHOBHM
pobounM  J03BOJHUTH  €(PEKTUBHO  BHUKOPHCTOBYBATH
TOPU30HTAIIBHI TiApoTypOiHK Ha HarmopH 10 280 M.

3. IlpencraBneHi HOBI KOHCTPYKIil TigpoTypOiH
3HaXOIAThCS Ha CTadil po3poOKH, i uid 1X onTHMizamil
JIOLIbHO BUKOPUCTOBYBaTH YHCENIbHE MOJIEIIOBAHHS
NOTOKY i3 3aCTOCYBaHHSAM Cy4YaCHHX HPOrPaMHHX
komrutekciB CFD.
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I TYNIANOVA, K. REZVAYA, V. DRANKOVSKIY, D. SAVENKOV, O. TYNIANOV

DESIGN OF HIGHLY EFFICIENT WATER PASSAGE OF PUMP-TURBINE

The problem of the need to develop renewable energy sources as a way to save the energy supply and energy independence of Ukraine by changing the
consumption of carbohydrates is considered. It is shown that the development of Ukrainian renewable energy must occur in parallel with the
development of energy storage systems and balancing of the energy system. The most effective system for storing energy and balancing the energy
system is pumped storage power stations (PSPS). The work shows that the design of a highly effective equipment of a hydroelectric power plant
depends on the correct selection of the element geometry of the pump-turbine water passage. Therefore, it is possible to ensure the necessary level of
energy characteristics of hydraulic equipment. A method of dimensionless average parameters was established, which allows even at the initial stages
of designing new reversible hydraulic machines to determine the optimal geometry of the watter passage elements. This method showed good results
during the numerical research of Francis hydraulic turbines at a wide range of heads, as well as reversible hydromachines at heads of 300-500 m.
Using expressions that establish the connection of hydrodynamic characteristics with dimensionless complexes, three variants of the flow part of the
high-pressure pump-turbines (ORO500) were investigated. Based on the obtained results, a significant influence of the geometry on the hydraulic
indicators of the machine was noted. The distribution of energy losses in the inlet, blade system and outlet was analyzed. The greatest energy losses
occur in the inlet of the pump-turbines. To increase the energy and kinematic indicators of the ORO500 pump-turbines, the geometry of the feed
elements, as well as the spiral casing and stator, was changed. Variants for improving the parameters in the elements of the supply of the water passage
of the pump-turbine are proposed.

Keywords: reversible hydraulic machine, water passage, averaged parameters, energy parameters, mathematical model, energy losses, optimal
mode.

I I. THHBAHOBA, K. C. PE3BA, B. E. IPAHKOBCBKHH, /I. A. CABEHKOB, 0. . THHbIHOB

MPOEKTYBAHHA BUCOKOE®EKTUBHUX ITIPOTOYHUX YACTUH OBOPOTHOI
Ir'TAPOMAIINHU

PosrisiHyTO MpobieMy HEOOXiJHOCTI PO3BUTKY BiJHOBIIOBAHHX [DKEPEIN CHEPTil sk 3ac00y 30epexeHHs JOBKIJUII Ta CHEProHe3aaeKHOCTI YKpaiHu 3
METOI0 3MCHILICHHS BUKOPUCTAHHS OPraHUYHOrO manusa. [IokaszaHO, M0 PO3BHTOK YKpAaiHCHKOI BiHOBIIFOBAHOI €HEPreTHKH IIOBHHEH BinOyBaTHCS
napaensHo 3 OyIiBHUIITBOM CHCTEM HAKONMYEHHs eHeprii Ta GanaHcyBaHHS eHeprocuctemu. HalledekTHBHINIMI y cHCTEMI HAKOMMYEHHS eHeprii Ta
GanaHCyBaHHs EHEProcucTeMH € rigpoakymymoroui enektpuuni cranuii (TAEC). B po0ori moka3aHo, IO CTBOPEHHS BHCOKOS()EKTUBHOIO
ycratkyBaHHs ['TAEC 6arato B 4oMy 3aJIeXXHTh Bijl IIPaBUIIBHOTO BUOOPY TE€OMETPIi eIeMEHTIB IIPOTOYHOI YACTHHH OOOPOTHHX TiPOMAIINH, 3aBJISKH
YOMY BHMHHUKA€ MOXIIHMBICTH 3a0€3NeYMTH HEOOXiIHWIl PiBEHb CHEPreTHMYHMX IIOKA3HUKIB Tipoo0iafaHHs. 3acTOCYBaHHS METOJY OCEPEIHEHUX
0e3p0o3MipHUX XapaKTePHCTUK B XapaKTEPHHUX Hepepizax NPOTOYHOI YaCTHHMU JI03BOJISE BXKE HA IIOYATKOBHX €TaNax MPOEKTYBaHHSI HOBHX 0DOPOTHHX
iipaBIiYHAX MAIIMH OOpaTH ONTHMAJIbHY TI€OMETpII0 EJIEeMEHTIB NMPOTOYHOI YacTHUHH. J[aHWii METOA MO3MTHBHO 3apeKOMeHiyBaB cebe IpH
YHCETbHOMY JTOCII/DKEHHI paialbHO-0ChOBUX TiAPOTYpOiH y IIHPOKOMY Jiamna3oHi HAMOpiB, a Takok obopoTHux Mammi Ha Hamopu 300-500 m.
BHKOPHCTOBYIOUH BHpa3H, SIKi BCTAQHOBIIOIOTH 3B'S30K TiIPOJMHAMIYHUX XapaKTEPHCTHK 3 GE3pO3MipHHMH KOMIUIEKCAaMH Oyl JOCHIDKEHI TpH
BapiaHTH MPOTOYHOI YACTWHH BHCOKOHAIIpHOi oboportHoi rizpomamman OPOS500. Ha ocHOBI oTpuMaHHX pe3yJbTaTiB BiJIMIiY€HO 3HAUHWH BILIUB
reoMeTpii Ha MOKa3HUKH TigpoManinHu. [IpoaHanizoBaHO po3IOIiT BTpAT €Hepril y MiJBOI, JONAaTeBild cucTeMi Ta Bigpoai. HaifOinbii BTpaTu eHeprii
BiZIOYBaIOThCA y MiZBOAI 060POTHOI TifpoManmHu. [l MiJABUIECHHS €HEPreTUYHUX Ta KIHEMAaTHYHUX TOKa3HUKIB 000poTHOI rizpomarman OPO500
OyJ10 3MiHEHO I'€OMETPIrO eJIEMEHTIB IiBO/LY, a caMe CITipaIbHOI KaMepH i cTaTopy. 3alpoIOHOBAHO BapiaHTH NMOKPAIICHHS MTOKa3HUKIB B €lIEMEHTAX
MiZIBO/Ly IPOTOYHOI YAaCTUHU OOOPOTHOT TiJPOMALITHHH.

Kurodogi ci1oBa: 060poTHa rifpaBiiyHa MallHa, IPOTOYHA YaCTHHA, OCEPEAHEH] TapaMeTpH, eHEPreTUYHI apaMeTpH, MaTeMaTHYHa MOJIEIb,
BTPATH EHEPrii, ONTHMAIBHUIT PEXKUM.

Introduction. Energy security is a priority for
Ukraine during and after the end of the war unleashed by
russia. One of the key ways to guarantee Ukraine's
security is to develop renewable energy sources.
Renewable energy is not just a means of preserving the
environment. It is now a matter of survival, energy
independence, and abandonment of hydrocarbons, which
have become a blackmail tool for dictatorships in the
modern world. The further development of Ukrainian
renewable energy should become one of the priorities
when the war is over. The development of renewable
energy should go hand in hand with the construction of
energy storage and power system balancing systems. Of
the modern technologies for balancing electricity in the
integrated power system, (pumped storage power plant)
PSPPs are the most efficient. PSPPs account for almost
94 % of all regulating capacities. They have significant
advantages over industrial batteries in terms of cost,
capacity and lifetime. That is why pumped storage power
plants are built wherever there are favourable natural

conditions. They can not only generate electricity like
hydroelectric power plants, but also consume excess
electricity (for example, generated by NPPs at night or by
solar and wind power plants during the day) by pumping
water from a lower reservoir to an upper reservoir, thus
regulating the load schedule in a wide range [1-3].

Multivariate analysis is necessary for the modern
approach to the design of water passages of PSPP. In this
approach, not only the influence of regime parameters on
energy performance is investigated, but also the
geometrical parameters of individual elements of the
water passage.

At present, there are various methods and approaches
to study the working process in reversible hydraulic
machines. At the same time, the selection of the most
efficient of them depends on the stage of design and on
the task facing the designers.

Interaction of different mathematical models for
describing working process (i.e. application of block-
hierarchical approach) is effective at different stages of
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hydraulic machine design [1-7].

For a pumped storage power plant, the decisive
factor in the selection of parameters is the pumping mode,
since the reversible hydraulic machine must provide the
necessary head and the necessary characteristics of
cavitation in the pumping operation mode when the
required power with the maximum efficiency is reached in
the turbine mode at the calculated head. The difference
between the optimal mode and the calculated one requires
a thorough study of the water passage of the reversible
hydraulic machine in turbine operation mode in order to
reasonably determination of the design power, reserves for
increasing the hydraulic efficiency and reducing the
intensity of hydrodynamic unsteadiness [8-11]. The
modern approach to the development of the water passage
implies a large number of studies aimed at identifying the
influence of geometric and operating parameters on
energy parameters. Mathematical models of the working
process are the basis for such a numerical analysis. Along
with the development of methods for modeling the
working process, using the results of solving the problem
of 3D viscous fluid flow [12-17], methods for calculating
energy characteristics based on simplified flow models are
widely used.

One of the mathematical models used at the initial
stages is a model based on dimensionless averaged
parameters (the macro level) [18-20].

In this paper, the method of dimensionless averaged
parameters was applied to the design study of the
characteristics of a high-head reversible hydraulic
machine at a head of 500 m [8].

Modeling method. The use of dimensionless
averaging method to investigate flow in the water passage
allows to determine the averaged kinematic and energy
characteristics in the characteristic cross-sections. In
general case the following cross-sections are selected for
verification of flow parameters calculations (Fig. 1):

0-0 — at the outlet of the wicket gate (WG);

1-1 - at the inlet to the runner;

2-2 — at the outlet of the runner;

3-3 —at the suction inlet draft tube.

To perform calculations in determining the kinematic
parameters of the flow in the spiral casing with the stator
it is necessary to have data on the angle of twist of the
flow, which depends on the geometric parameters of the
flow part: the angle of spiral coverage in plan o, radius of
inlet section of the spiral p;, outer radius of the spiral R,
height of the wicket gate b,y The kinematic and energy
parameters in the characteristic sections can be determined
at known regime parameters (o, Q, ag, n); kinematic
characteristics of the wicket gate (average flow angle ao,
distribution of flow angles over the height of the wicket
gate vanes); geometrical parameters of a water passage
(bwg/Dr, Zwg Dug), outlines of inlet and outlet edges in
meridional projection, geometrical angles of the blade at
inlet and outlet edges; geometrical characteristics of
meridional flow in the points of flow lines section with
characteristic sections (angle between the meridian
component of speed and normal to the section vy, angle
between tangent to the flow line and turbine axis 8). Thus,
at change of geometrical parameters at early stages it is

possible to calculate several variants of a water passage to
select more optimal with the maximum power and optimal
kinematic parameters.

For a computational study of the influence of
geometric parameters on the characteristics of the
pump-turbine water passage, it is necessary to select
the appropriate mathematical model and accepted
loss coefficients, which make it possible to describe
the working process of the energy interaction of the
flow with the water passage elements. The selected
model has proven itself well in the calculations of
reversible hydraulic machines for heads of 200 and
500 m [8].

Fig. 1. The main cross-sections of the water passage of the
reversible hydraulic machine in the turbine operation mode

The kinematic characteristic of the 3D lattice of the
runner establishes the connection between dimensionless

r,.D r.D .
complexes —2— and —— at the inlet and outlet from the
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runner lattice —2— = f[mD — j
Q Q Q

The kinematic characteristic can be written as:
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In more detail, the meaning of the above
designations concerning the kinematic description of the
flow in the water passage is given in [18-20].

Depending on the kinematic complexes that
characterize the flow in the characteristic sections of the
water passage, the hydrodynamic characteristics of the
blade systems are expressed.

The hydrodynamic characteristics of the wicket gate
(WG) are the dependences of the loss coefficient on the
dimensionless complex, which determines the direction of

the flow behind the WG: Ky e = f[%] is loss

D

characteristic in the WG; = f(ao) is kinematic

characteristic of WG (calibration of WG).

The hydrodynamic characteristics of the 3D lattice of
the runner include kinematic, theoretical characteristics
(characteristics of the force interaction of the flow with
the runner), characteristics of losses, presented in
dimensionless form.

The given kinematic description is a basis of the
functional model of the working process, which
establishes the relationship between the energy and
operating  parameters  with  the  hydrodynamic
characteristics of the water passage:

where ky, = is the coefficient of hydraulic

losses. In the functional model of the working process
presented by: theoretical pressure  characteristic

KHT[kQ, @ L‘J, water passage loss characteristic
Q

kh(kQ, F?TD, L‘j.

The theoretical characteristic establishes the
dependence of the theoretical coefficient Kyr on the

generalized kinematic parameters K, r,D/Q and

geometric parameters of the runner - L. The
characteristic of losses k;, reflects the relationship of the

- . T,D
coefficient of the lost head with the parameters kg, OT

and geometry of the runner — L .

Initial data. Parameters' calculation of the of the
first variant of the water passage. Spiral casing with
circular meridional cross-sections, which is calculated
according to the law V,-r=const with the angle of
coverage ¢, =360°. The calculated angle of the spiral
a., = 27°. The velocity in the inlet section was determined
from the flow rate in the design turbine mode of operation.
Diameter of the inlet section of the spiral casing
D¢, = 0.484D,, stator lattice densification I/t =1.48. The
number of stator columns is 20. Diameter of the stator at
the inlet Di, = 1.56D,, at the outlet — Dgyys = 1.31D,.
Height of the stator — by =0.943D,. Geometrical
parameters of the wicket gate: number of vanes z,,4 = 20,
lattice densification I/t =1.07, diameter D, =1.198D,,
height — by = 0.674D,. Parameters of the runner: diameter
D, =1 m, the ratio of diameter at the inlet of the runner
and its outlet is 0.5, the number of blades z, = 6. The draft
tube consists of a conical part, a bend and a cylindrical
part. Parameters of the draft tube: diameter at the inlet
Dgtin = 0.5D,, diameter at the outlet Dgi o = Dy, length
Idt = 5Dr

Parameters' calculation of the of the second variant
of the water passage. Spiral casing was replaced by the
second variant with the following parameters: the design
angle of the spiral is increased to 370°. The diameter of
the inlet section of the spiral casing Ds. = 0.59D,, stator
lattice densification is reduced — I/t = 0.897. The number
of stator columns is reduced to 16. The diameter of the
stator at the inlet is increased up to 1.6D,, at the outlet
without changes. The stator height is unchanged. All other
elements (wicket gate, runner and draft tube) remained
with the same geometrical parameters as in the first
version of the water passage.

Parameters' calculation of the of the third variant of
the water passage. The modified second variant was taken
as a basis and the following changes were made to the
geometry of the wicket gate only. The number of vanes —
16, the diameter was increased Dy, = 1.25D, I/t = 0.897.

Calculation results. As a result of calculations of
three variants of the water passage, the following results
were obtained: parameters of the optimal operating mode
of the hydraulic machine, energy losses in the water
passage elements, hydraulic efficiency, flow angles at the
inlet and at the outlet of the runner.

These parameters are necessary to determine the
most suitable geometrical parameters of water passage
elements. Table 1 summarizes the parameters of the
optimal mode.

Table 1 — The parameters of the optimal mode

Variant n';, rpm Q', m*/sec , %
1% 80 0.147 84.3
2M 77 0.156 84.6
31 79 0.150 86.5

40

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 22023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

One of the main parameters that characterise the
operation of a reversible hydraulic machine is the
hydraulic efficiency. The efficiency surfaces are presented
in Fig. 2-4. This makes it possible to visualise more
clearly the nature of loss changes in the water passage.

Q'I: mE. sec

Fig. 2. The efficiency surface of the ORO500-B-100 (1 version)

0.3 o' mjsac

Fig. 3. The efficiency surface of the ORO500-B-100 (2 version)

Fig. 4. The efficiency surface of the ORO500-B-100 (3 version)

Graph of energy losses in water passage elements
gives an opportunity to analyse element by element where
losses have larger value. This helps to understand where it
is necessary to reduse losses for improvement of
parameters of the reversible hydraulic machine. For this
purpose the graph at optimal values n'; and Q'; of three
variants of the pump-turbine water passage was drew, the
data for which were obtained by calculation with the use
of the method of averaged dimensionless parameters
(Fig. 5).

The graph shows that the inlet elements have the
highest losses. Due to changes in the geometry of these
elements, the losses are significantly reduced relative to
the first variant.

To verify the correctness of the obtained results on
the basis of the selected method, we also conducted
experimental studies of three variants of flow parts of
reversible hydraulic machine at the department *Hydraulic
Machines” NTU "KHPI" on the hydraulic set.

draft tube runner wicket gate stator spiral casing

il

Fig. 5. Losses in the elements of the flow part of three variants of
the flow part

The universal characteristic of three variants of the
flowing part, which is presented in Fig. 6, shows the
character of parameters change and optimum on it.

n /min
100

85

80

120 130 140 150 160 170 @ s

Fig. 6. Comparison of universal characteristics

After investigation of the first variant of the water
passage of the reversible hydraulic machine, a universal
characteristic was obtained (Fig. 6, black lines).

Further modifications of the first variant were carried
out.

The results of experimental studies showed that the
universal characteristic was shifted and the mode
parameters of the hydraulic machine operation were
changed in comparison with the first variant. The
optimum of the characteristic was formed at slightly
higher reduced flow rates and rotations (Fig. 6, lines of
green colour). The mode of the reversible hydraulic
machine have changed for the better: the number of
rotations decreased and the reduced flow rate also
decreased by 3.4 % (from 147 to 142 I/s), which is better
for the hydrounit with the given head (Fig. 6, blue lines).

Parameters of optimal operating modes of the
hydrounit are summarised in Table 2.

Table 2 — Optimal mode parameters

Variant n',, rpm Q', m°/sec n, %
1% 89 0,145 83.6
2" 92 0.147 86.7
3 88 0.142 88.8

During calculation, it was determined that in the
water passage of a slow-speed reversible hydraulic
machine the largest energy losses are observed in the inlet
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(60-65 %) [8]. Therefore, after the calculation of the first
variant, the geometry of the spiral casing with stator was
changed. This resulted in 1.16 % reduction of losses in the
spiral casing (1.02 %), stator (1.16 %) and wicket gate.
But due to incomplete coordination of inlet and blade
system, losses in the runner redused by 2.17 %. As a
consequence, the hydraulic efficiency and consequently
the total efficiency increased by 1.16 %.

Further, the geometry of the wicket gate was also
changed. This resulted in the following: losses in the inlet
elements increased slightly (total increase — 0.67 %), but
at the same time losses in the runner decreased by 2.17 %.
As a result of matching the inlet and blade system, the
efficiency was increased by 0.84 %.

If we compare the last variant of the flow part with
the original (first variant), the efficiency was increased by
2 %.

Conclusions. 1. Application of the dimensionless
averaged parameter method to the study of water passages
of reversible hydraulic machines in turbine operation
mode shows that geometrical parameters influence
hydrodynamic, energy and kinematic parameters.

2.Using the method of averaged dimensionless
parameters the flow angles B; and o, are determined,
which give information about the flow of the runner blade
system and about the coordination of the elements of the
water passage of the reversible hydraulic machine.

3. In a slow-speed reversible hydraulic machine, the
greatest losses are in the inlet (60-62 %). Thus, to
increase the energy and kinematic parameters it is
necessary to modify (change the geometry) exactly the
elements of the inlet (spiral casing, stator and wicket
gate).

4. As a result of calculations it was determined that
the change of geometrical parameters of the spiral
chamber, stator led to a decrease in losses by 1.16 %, and
when changing the geometry of the wicket gate — 0.84 %.
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A. H. MAMEJIOB, C. B. CTACb, €. B. IABPYXIH

OCOBJMBOCTI ILTIBKOBOI TEUII PIMHU 110 BEPTUKAJIbHIN ITIOBEPXHI Y
IHONNEPEYHOMY MATHITHOMY IIOJII

OpnHiero 3 aKTyalbHUX NPOOJEM MArHiTHOI TiAPOJAMHAMIKK € HpoOieMa Tedii eNeKTPONPOBIIHMX PIMH y TOHKHMX ILIapax PigWH 3a HasSBHOCTI
MOTIEPEYHOro MarHiTHoro monsi. Ha kanmb, ¥ Joci JOCTIIDKEHHS JaHWX MPOOJeM MarHiTHOI TiIpOAMHAMIKU CJIiJ| BBaXKATH CYTTEBO HEJOCTATHIMH.
BIuinB MONepeYHOro MarHiTHOrO MOJIsi MOXKE MO3HAYATUCS HAa HU3KY YHHHMKIB: 3MiHA B'S3KOCTi IIOTOKY 3 ZOMOMOIO0 BIUIMBY MarHiTHOTO IIOJS Ha
(i3MKO-XIMiYHI BJIACTHBOCTI CEPEOBHINA; NPOSB e(eKTy raJbMyBaHHS IOTOKY, SKHH MOXKE CYTTEBO IO3HAYATHCS B TiIPOAMHAMIYHMX PiIHHHHX
IUTIBKaxX y MPOLEcax TemIoMacoooMiny. Y po6orTi 3pobieHo cripoOy po3MISHYTH BILUIMB IOCTIHHOrO MarHiTHOTO 10JIs Ha (OPMYyBaHHS TOHKOTO IIapy
pIAMHM Ha BEPTUKAJIBHIN MOBEPXHI MiJ| Ji€I0 MOHAEPOMOTOPHUX CHWII. SIK BiJOMO, MOHIEPOMOTOPHI CHIIM B JIaHOMY BUIAJKy MOXYTb IPU3BECTH IO
1iyIoro psity edexTiB, MOB'I3aHUX 31 3MIHOIO B'SI3KOCTI Ta raJbMyBaHHSIM MOTOKY. BiJIbIIOI MIpOIO 11€ MOXKE BHSBILITUCS B TOHKHX PIIMHHUX IIapax
3aJIEKHO Bijl CNIBBIAHONICHHS IPaBiTAlliffHUX CHJI, CHJI iHEpUii Ta CuJI, IO MAIOTh MAarHiTHy NMpPUPOIy. AHali3 BIUIMBY JAHOTO SBHILA y BHUIAIKY
TOHKMX DPIMHHHUX IIapiB, SK MMOKa3aHO B POOOTI, iICTOTHO BILIMBAE HA JOBXKMHY TiJPOJUHAMIYHOI MOYATKOBOI AUISHKY, TOBIIMHY PIAMHHOTO MIapy i
TaciHHS XBHJIBOBOIO PyXy B 30Hi cTa0imi3oBaHoi Tewii. PekoMeHmamii moao po3paxyHKy DaHMX XapaKTepPUCTHK MPEACTaBJIeHI B Iiil CTaTTi, B sAKiif
BEJIMKA yBara NMpUIULIETECS BH3HAYCHHIO PIIMHHOTO IApy 3aJISKHO BiJ CIHIBBIIHOIIEHHS MDK CHJIaMH iHepLii Ta CHJIaMH, II0 MAlOTh MarHiTHY
npupoxy. Takox Oyno OTpUMaHO BUPa3 BU3HAYCHHS PO3MOILTY IIBUIKOCTEH PiJMHHOTO MIApy Y 30HI cTa0ini30BaHO IUIIBKOBOT Tedii B MONEPEYHOMY
MarHiTHOMY 1oji. TakuM 4MHOM, 3iCTaBIISIFOYH BHPa3 BU3HAUCHHS PO3MOALTY MIBUIKOCTEH PiMHHOIO HIapy B IUTBLI €3 BIUIMBY MarHiTHOro IOJIS 3
BHPa30M 3a HassBHOCTI MarHiTHOTO I1OJIsI, MO’KHA OLIHWTH BIUIMB ITOHIEPOMOTOPOHHX CHJI IPOTSTOM PiJMHHOI IUTiBKH.

Ku1i04oBi cjioBa: eneKkTponpoBifHa piauHA, IUIIBKOBA Tedis, TiAPOJMHAMIYHA MOYATKOBA AIISHKA, MOHICPOMOTOPHI CHIIM, MarHiTHE mHoJe,
raJlbMyBaHHsI [I0TOKY, CHJIM iHEpLil, TOBIMHA APy PiIuHM.

A. MAMEDOV, S. STAS, E. LAVRUKHIN

FEATURES OF THE FILM FLOW OF A LIQUID OVER A VERTICAL SURFACE IN A TRANSVERSE
MAGNETIC FIELD

One of the actual problems of magnetohydrodynamics is the problem of the flow of electrically conductive liquids in thin liquid layers in the presence
of a transverse magnetic field. Unfortunately, studies of these problems have not been sufficient so far. The influence of a transverse magnetic field
can affect a number of factors: the change in the viscosity of the flow due to the magnetic field on the physico-chemical characteristics of the medium;
manifestation of the effect of flow deceleration, which can have a significant effect on the hydrodynamic characteristics of the film flow in the
processes of heat and mass transfer. In this regard, in this work was made an attempt to consider the influence of a constant magnetic field on the
formation of a thin liquid layer on a vertical surface under the action of ponderomotive forces. As known, ponderomotive forces in the case under
consideration can lead to a number of effects associated with a change in viscosity and flow deceleration. To a greater extent, this can manifest itself in
thin liquid layers, depending on the ratio of gravitational forces, inertia forces and forces of a magnetic nature. An analysis of the influence of this
phenomenon in the considered case of thin liquid layers, as shown in the work, significantly affects the length of the hydrodynamic initial section, the
thickness of the liquid layer, and the damping of wave motion in the zone of stabilized flow. Recommendations for calculating these characteristics are
presented in this article, in which much attention is paid to the definition of the liquid layer, depending on the ratio between the forces of inertia and
the forces of a magnetic nature. An expression was also obtained for determining the distribution of velocities in the zone of a stabilized film flow in a
transverse magnetic field. Thus, by comparing the expression for determining the distribution of velocities in a film without the influence of a
magnetic field with the expression in the presence of a magnetic field, one can estimate the effect of ponderomotive forces on the flow of a liquid film.

Keywords: electrically conductive liquid, film flow, hydrodynamic initial section, ponderomotive forces, magnetic field, flow deceleration,
inertia forces, liquid layer thickness.

Berym Ta  aHadmi3  OCHOBHMX  JOCJHIIKeHb. IUIOCKMX  MAarHiTHO-TIAPOJMHAMIYHMX  IOTOKax Y

JlocmimkeHHs Tedii B'I3KUX Ta aHOMAIBLHO-B'I3KUX PiTAH
Yy MAarHiTHOMY TIOJi € OAHI€I0 3 aKTyalbHHX NpoOIeM
Mar”iTHOi  TigpoMexaHiku. Po3B'sa3aHHIO  3aBIaHb,
MOB'SI3aHUX 13 MOAIOHUM BUIOM Tedill y pi3sHHX KaHalax,
npucBsiueHi pobotn «kiacukiBy ['aprmana it Illepkiida
[1-6]. Hemo mi3Hilie OTpUMAaHO PO3B'I30K 3a1adi MPO
CTalliOHApHY OJHOBHUMIPHY TEUil0 HECTUCIIHMBOI B'I3KOT
CJICKTPONPOBIHOT piMUHKM uepe3 Kpyriay Tpyoy 3a
HasIBHOCTI IONEPEYHOr0 OJHOPIJTHOTO MAarHiTHOTO MOJIs
[7]. HIpu mpoMy BBakamocs, IO Ha HEMPOBIAHIA CTiHII
HIBUJIKICTh HE KOB3a€. PO3B'I30K MOXXHA BBaXKaTH JIOCHUTH
TOYHMM 1 CIHpaBEUIMBHM [UIsl yCiX 3HAYCHb 4HCIA
laptmana. Byma nocsrHyTa BigNOBIiOHICTE MOTOYHHX
TEOPETHIHIX pe3yIbTaTIB BIIOBITHO bi (o)
eKCIIEPUMEHTAIIbHUX 3HA4YCHb, OTPUMAaHHUX [apTMaHOM i
Jlazapycom [1] y niama3oHi HM3BKHX 1 CepeiHIX 4HCenl
laprmana. HuHi  cyrreBa  yBara  NpHIUISETHCS
HANPI3HOMAHITHIIINM MHATAHHIM TEUidl y TiAPOIUHAMIIIL.
Hanpukian, npu HMOCWICHHI MarHiTOBUXPEBUX XBHIb Y

MOTIEPEeYHOMY MATHITHOMY ITOJIi JTIHEAPHU30BaHI PiBHSIHHS
MAarHITHO-TiPOJANHAMIKH JOCIHIIKYIOTECS 32 JTOTIOMOTOIO
METOMIB HAONMMKEHHsS, KOJM BHUBOAWUTHCA CHCTEMa
3BHYAHUX IU(EPEHINaTbHIX PIBHAHb B3JOBX JIiHIN
wmHy ocHoBHOi Tewii [8]. Ili piBHAHHA KepyOTh

BapiamisMH SK TONEPEeYHHX, TaK 1 TapajelbHuX
MarHiTOBUXPEBUX  XBWIb.  AMIUNTYAHI  PiBHSAHHA
pO3B'SI3yIOTBCA ~ SBHO  JUII  KOHKPETHOI  reomerpii
OCHOBHOTO Teuii.

ITmocka Teuist B MAaTHITOT1APOJUHAMIII

Bparincekoro, Moxxe OyTH NpeACTaBICHA AHAIITHYHUM
JOCII/DKCHHSIM ~ CTallioHapHOi IUIOCKOT Tewil Tomepex
HaKJIQJICHOTO  OJHOPIJHOTO  MAarHiTHOrO  MOJs,  IIO
PYX@€ETbCS  OJHOPIAHUM  TPAJIEHTOM TUCKY B3JIOBXK
npsiMoro kaHany [9]. 3aranpHuil GanmaHc KUIBKOCTI pyXy
He MoXxe OyTH 3a0e3NeueHHi JHIIe MapaaelbHuM B'SI3KHM
HAaIpyKEHHAM, TOMY BPaxOBYBaJIOCS B'S3Ke HAIPY)KCHHS,
MIEPIICHANKYIISIPHE CHIIOBHM JiHISIM MarHiTHOTO 1o [9].

BaxxnmuBuM € aHaii3 BIUIMBY IOHASPOMOTOPHHX CHII
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Ha KIHEMaTH4HI Ta AWHAMIYHI XapaKTEPHUCTHKH IOTOKY
€JIEKTPOIIPOBIIHOT PIIMHM SK 32 HAasBHOCTI CHJI iHepIii
BiJl KOHBEKTHBHOrO mpucKopeHHsx [10-12], Ttak i
cTabinizoBaHoi Tewil, BioMoi sk Tedis ["aprmana. Pazom
i3 THM, OKpIM KJIAacCHYHUX 3aBJaHb pyXy y Tpyoax i
KaHaJaX, IPOMHUCIOBICTE  TOTpeOye  pPO3B'I3aHHSA
cnenn(iYHNX 3aBIaHb, IIOB'SI3aHMUX 13 BH3HAYCHHSIM
BEJMYMHH BIDIMBY MATHITHOTO TOJS IIPH YIIPaBIiHHI
CTPYMHUHHUMH MIOTOKaMH 3a JIOTIOMOT 010
€JIeKTPOMArHITHIX cwil. Po3B's3aHHSA MOAiIOHWX 3aBAaHB
motpeOye BCTAaHOBICHHSA e(eKTy B3aeMOIil MarHiTHOTO
NoJs Ha MOTIK eNeKTPOnpoBigHOl piguHu. [0 Takmux
epextiB  cimig  BigHOcUTH  edekTH, TOB's3aHi 3
rajJbMyBaHHSIM €JEKTPONPOBIAHOT PIAMHU WX  Ji€r0
MmarHitTHoro mnois [13], mpucrinHi edexktn Ta TIi, IO
MOB'SI3aHI 3 BIUIMBOM MAarHIiTHOTO TIIOJII Ha 3MiHY
PEOJIOTIUHMX OCOOJHMBOCTEHl €JIEKTPONPOBIAHOT PiJHMHU
(TosiBa B'I3KO-TIaCTHYHOCTI) [ 14].

[ eneKTpompoBiAHUX PIAMHHHUX  CEPEIOBHUIN
Hikymin I. H. 3i cmiBaBropamu [15-16] 3a3Havae, 1o
MAarHITO-TiIpOANHAMIYHA B3a€MOJIS MOXXE MOPOKYBaTH
KOHBEKTHUBHUH pyX Y pIAMHI, BIUINBAaTH Ha CTPYKTYpY Ta
CTifikicTh Takoro pyxy. Jng BumaakiB, KOJH HYHCIO
IIpanarns maibke HymboBe Pr—0, momepedHne MarHiTHE
moye (CKJIajgoBa) HAa BIiAMIHY BiA TOPH30HTAIHHOTO
CYTTEBO BIUIMBAE HA CTAa01Ti3a11ii0 TOTOKY.

OcHoBHA YacTHHA. ILnun B'fA3K01
€JIeKTPOMATHITHOI PiAMHU B3A0BK BePTHUKAJIBLHOL
MOBEPXHi y MaruiTHoMy noJi. Y 1iif poGoTi po3risaHyTO
rpaBiTaiifHAI TUTHH B'I3KO1 piauHA B30BXK
BEPTHKAIbHUX TJIaAKUX MNOBepXxoHb (puc. 1). Tepminy,
IUIMH, T€Yis 1 MOTIK piBHO3HAYHI.

4

4

4

l
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Puc. 1. Tedis B'sI3K01 €NEKTPOMArHITHOI PIAUHH B3I0BXK
BEPTHKAILHOT TOBEPXHi y MarHiTHOMY MOJIi:
1 — nacazka; 2 — mocriiini MaruiTy; |; — 30Ha po3moiIEYOTO
npucTporo; |, — 30Ha rigpoANHAMIYHOT MOYATKOBOI [UISHKY;
I3 — 30Ha crabinizoBaHoi Teuil; |4 — 30Ha XBUIILOBOT Teil

OcCoO0JMBICTIO Takoro IUIMHY € T€, L0 piAuHa, sKa
BUTIKAE 3 HAcagku 1, MOTpamwisie Ha BEPTHUKAJbHY
MOBEPXHIO 1 MiJ JI€I0 CHIIM TSDKIHHS PYXA€ThCS B3JOBXK
uiei noBepxHi. Takuii pyX MOXXKHa NOJATH Y BUTIISII TPHOX
30H — 30HU TiJPOJMHAMIYHOT MOYATKOBOT MiNsHKY |, 1e
crioctepiraeTbess nedopmarisi €mopu  IIBUAKOCTEH IO
TOBIIMHI INIBKM Ta 3MiHa TOBIIMHHA O, 30HHU
crabinizoBaHoi Teuil l; 1e mepexbayaeThes, MO TOBIIMHA
IUTiBKHA HE 3MIiHIOETBCS 110 JOBXKHUHI |3; 30HU |4, 1€ 3aBIgKHM
NPUIIBUANICHOMY [UIMHY CIIOCTEPIracThCsl XBHIbOBHUIM
pyx. [Ilpukiang pAeTanbHOrO OIMKCY TAaKOTO  SIBHINA
HaBOAUTHCs Y poOoti Jlesiva [17].

Cimig BKaszaTd, IO CTa0LTI30BaHMI IUIMH ILIIBKH
cnocrepiraerbest npu yncnax Re = 20-30, a XBUILOBUIT —
npu Re > 30-50. V 3aranbHOMY BUTIISII PIBHSHHS PyXy
Mmae purisiz [17]:
ouy

ouy
—+u,—+u
6t+x6x+

Juy

_ 1 ap
Yoy —

p Ox

+v(ZE)+ £

ne f — ob'emHa cuna, BiHeCceHa MO OJMHHMII TYCTHHH i
CIpsiIMOBaHa B3JI0BXK oci X.

Jis BUDAIKy OJHOBHUMIPHOT CTabiTi30BaHOl Teuil
piBHAHHS (1) CYTTEBO CHpPOILYETHCS, 1 JUISI BHIAJAKY
IUTIBKOBOT CTa0iIi30BaHOT Tedii MO HUWTIHAPUYHIA TPYOi
eIopa IMIBHIKOCTEH TOBIIMHM PIJUHHOTO IIapy MOXe
OyTtu omucana piBasHEAM (2) [18].

—_ 9 (p2_ .2 9 2.1p”
ux—4v(R r)+2v(R+6) lnR, 2

Iie I — pajianpHa KOOpAMHATA; R — KpUBH3HA TOBEPXHI.
Jis mockoi 3amadi, KO pyX IUTIBKH 0OYMOBJICHO
JIET0 CHJIM TSDKIHHSA, PIBHSHHS PYXY Ma€ BUTIIST

0%uy
v ( ) +g=0. 3
52 ) T 9 @)
Ha  migcraBi 1uxX  JaHWX ~ JIedKi  aBTOpH
3alpOINOHYBAU  3QJICXKHICTh  BU3HAYCHHS  TOBIIMHU

IUIIBKA. B OCHOBHOMY Taki 3aJIe)KHOCTI XapaKTepH3yIOTh
TOBLIMHY IUTIBKH, K (QyHKIit0 yucna PeliHonpaca. Tak,
Hanpukian, 3a ganuMu Kanwmni, Hyccensra, BopoHroga,

TOBIIMHY  IUTIBKA  TIPOIIOHYETHCS  PO3PaxOBYBATH
HaCTYITHUMU (pOopMyNaMH BiAIOBITHO:

5= 0,93 (%)1/3 -Rel/3, )

5= ()" R ®

5 = 0,145 (%)1/3 - Re%6, 6)

Ha minmcraBi HaBemeHWX JaHUX MPO OCOOIMBOCTI
IDTIBKOBOT Tedii MpU HAsSBHOCTI IMONEPEYHOTO0 MarHiTHOTO
IOJIST PO3TJISTHEMO BIUIMB IOHICPOMOTOPHHMX CHJ Ha
JTOCTIKYBaHUH TUTIBKOBUH TOTIK, SIK TOKa3aHO Ha puc. 1.
Sx Bimomo, AN OZHOMIpHOTO CTabiTi30BaHOTO BHIAJKY
Teuii TOHAEPOMOTOpPHI CHIM MOXYTh OYTH BH3HAYCHI
3QJIEKHICTIO!

E, =[x §]+‘“2+15‘5v§2, @)

1€ ] — TyCTHHA CTPYMY; B- IHAYKIisS Mar"HiTHOTO MOJIS,
W* — MarHiTHa OpOHKKHiCTE, p* = 1,25-107° T'e/m.
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BCHI/I‘{I/IHa, 10 XapakKTepusye mnonepeuHe MarHiTHe
10J1I€, MOXKE 6yTI/I BHU3HA4YCHA:

—

oEB
T

®)

= . .
ne E — Hampy»KeHICTh eIeKTPOMArHITHOTO TOJIS.
Jnst omHOMIpHOT TUTIBKOBOI Tedii PIBHSIHHS PyXY
Ha0yBa€ TAaKOTroO BUTIISILY:

0%u, N GEB_0
G2 )T =0

€))

Takum 4MHOM, BUKOPHCTOBYIOUYM piBHSHHS (9) npu
BIZMOBITHUX TPaHMYHUX YMOBaX, MOXKHa OTPHUMATH
YSIBICHHS TIPO BIUIMB IIONIEPEYHOI0 MATHITHOIO TIOJIS Ha
TIOTIK PiAMHM, M0 TPaBiTAllIHHO CTIKa€ MO BEPTHUKAIBHIN
noBepxHi. Tak, HampukiIaja, NPHUITYCKAIOYH, IO TPH
IOCHTH BEJIMKIM JOBXKHHI HAaCaJKH, Ha HOro BHXOJI TeYis
€ ctabimizoBaHoOIO 1 MOXke OyTH onmcaHa piBHSHHEM (10):

d*u, oB? oEB
- Uy = +
dy> ooop odx

MoskHa oJlepKaTH 3aKOH PO3MOJTY IBHIKOCTEH Ha
BUXOJ1 3 HacaJKH. PillleHHs JaHOTO PiBHSHHSA MOXe OyTH
NPE/ACTaBICHO HACTYITHUM YHHOM: JIaHE pIBHSHHA
3alMcaHO y TPHUIYLIEHHI, IO CWIM IiHepuUil Bix
KOHBEKTHUBHOT'O TIPUCKOPEHHS MOPIBHSHO 3
MOBEPXHEBUMH CWJIaMH, [0 BHMHHKAIOTH y TOJI
MarHiTHOro Tmojs, HeBenuki. [lepenbavaerbes, 110
JIOKaJIbHA MIBUIKICTh € KOOPAUHATOIO TITBKH MOTIEPEUHOT
koopauHatu Y. lle piBHIHHEA € audepeHIiaTbHIM
PiBHSHHSIM Apyroro poy. Moro pimeHHs cijg mykatd y
BUNIDIAI cymu  1BOX (yHKIiH U(y) = Ug(y) + ui(y), me
Ug(Y), Ui(y) — 9acTMHHI pPO3B'I3KH  HEOIHODIAHOTO
audepeHnianbHOro  piBHAHHA. 3 METOI0 BH3HAYEHHS
byHKLiT Up(y) 3anuIIeMo XapaKTepUCTHYHE PIBHSHHS:

(10

d?u, N du, oB*> 0 "
dy? dy @t D
V LIbOMY BUNAJKY BUKOHYETHCS YMOBA.
o
}\ = —B -
oB? H
240 A——=0, (12)
H o
)\ = B -
1

SAx Bimomo [19], pileHHSAM IILOTO PIBHSIHHS MOXE
OyTH 3aJIeKHICTB:

U =c¢ e 4c, e =

o o
=, exp{—B Ey +c, exp{B Ey . (13)

YactuaHMN  po3B's30k  piBHAHHA  (10), TOOTO
BusHaueHHs (QyHKIii  Ui(y) MOXHa OTpUMATH i3
3aJIeKHOCTI!

6cEB 1 dp d?*u, oB?
0-y+ +——= - u,. (14)

W pdx dy? @

PimeHHs B JaHOMY BHIIAJKy MOXKHA IIYKATH Y
BUTIISII QYHKINT

(15)

Micns mipcranoBku (15) y (14) oTpumaemo Bupas
BiHOCHO A:

() =0-y+Aul =0,ul =

O_GB2 =0EB+1.d_p (16)
W oopodx’
AKe HaOyBa€ TAKOTO BUTIISTY
B oB? dx

i, MO CyTi, BPaxOBy€ BIUIMB IOMEPEYHOrO MATHITHOTO
mois Ha moTik. Tak¥uMm YMHOM, Ha MiJCTaBl HAaBEACHUX
CIIBBiHOIIEHb CKJIaa0Ba IIBHUAKOCTI Uy(y) Moxe OyTH
MpeACTaBlIeHa y BHUIILAAI (YHKIIi eJIeKTpOMarHiTHHX
napameTpiB Ta nepenany THCKY:

(18)

BukopucroByroun Bupazu Up(y) Ta Ui(y) MoxHa
OTPMMATH 3arajibHy 3aJIEKHICTh IS LIBUIKOCTI U, fAKa
HabyBae BUTIISAY:

o o
u(y) =c, -exps —B Ey +c, expi{B u—y -

*

E 1 dp "
B oB? dx (19)
abo
Y y
u(y) = c; - exp{-Ha Z} + ¢, - exp {Ha Z} -

oEB +g—p

——pr (20)

oB?

Iie C; Ta C, — MOCTIiHHI IHTETpyBaHHS, 0 BU3HAYAIOTHCS 3
IPaHUYHUX YMOB.

B skocTi rpaHMYHHX YMOB MPHAMAIOTHCS YMOBU
NPWINIAHHS PITUHA HA CTIHKaX KaHAIy Ta YMOBHU
3HAYEHHS MAaKCHMAaJbHOI IIBHIKOCTI Ha oOcCi, TOOTO Il
YMOBH MOYHA 3aI1CaTH:

21

(22)

ITinctanoBka ymoB (21) ta (22) y piBHsHHS (20)
JIO3BOJISIIOTH OJIEpIKATH JBa ajreOpaidHUX BHpasH LIOJ0
BEJIMYHUH C; Ta Cp, @ CaMe:

H
— YMOBH Ha CTiHIi: y = E,u(y) =0;

— yMoBH Ha oci: y = 0, u(y) = Upgy-

dp
H H 0'EB+—x
0=c;-exp {—Ha Z} + ¢, " exp {Ha Z} - GBZd , (23)
oEB + Z—g
Umax = C1 + ¢y — TRz (24)

KoncranTi 004HCIIOI0THCS:

dp
oEB + E

Bz —Cy + Uy + P, (25)

€1 = —Cy+ Upgx +
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A

_ dx
=—pz (26)
[ixcraBumo (25) y (23):

H
0 =exp {—Ha ﬁ} (—cy + Upax + P, X

H
X exp {Haﬁ} — @;

0= {u H} - H} +
—cz(exp ar| = eXp~ aﬂ)

H H
FUpmax © €Xp {—Ha —} + o (exp {—Ha ﬁ} - 1);

2L
cy =
_ Umax * €Xp {—Ha %} +o (exp {—Ha ;I—L} - 1) @7
2sh {Ha %} .
Jlist 3HaX0KeHHs Cq miacTaBumo (27) y (25):
= Umax * €XP {Ha ;I—L} + CD}gexp {Ha ZE} - 1) 28
2sh {Ha ﬁ}

TakuM YUHOM, BHKOPUCTOBYIOun Bupasu (27) Ta
(29), o Bu3HAUAIOTH C; U Cp micist ix migctanoBku B (20),
OTPUMAEMO  OCTAaTOYHUM  BUpa3 s PO3MOJLTY
IIBUJIKOCTEH  YKIHII — TiIAPOJUHAMIYHOI  MOYATKOBOT
IUISHKM y TIOTOII MiJ €0 IMOMEpPEeYyHOr0 MAarHiTHOTO
I10JIA

() = Umax * €XP {Ha ZH_L} + CDISeXp {Ha ZH_L} - 1) y
2sh {Ha ﬁ}

X exp {—Ha %} -

_umax © exp {—Ha ;I—L} + o (exp {—Ha %} - 1)

2sh {Ha i} *

7L
x exp {Ha %} —o. (29)

[epeBaroro gaHOro BUpa3zy € Te, IO JIOKalbHA

MBUAKICTh TOTOKY B KIHIII TIOYaTKOBOi  JUISHKH
BH3HAYAETHCS K (QYHKITST MaKCUMajdbHOI IIBHIKOCTI Ha
oci KaHaiy.

Takum 4YWHOM, Ha BXOAI B 30HY TIpaBiTAIliiHO
CTIKaI0401 PIJMHU MAEMO BiATIOBIJHY €MIOPY IIBUAKOCTEH
K (YHKIIIO XapaKTepUCTUK MAarHiTHOTO TIOJIS, IO
BIUIMBAaIOTh Ha  (OpMyBaHHA  pIAMHHOI  IUTIBKH.
[Mpunyckawo4y, Mo TiAPOJMHAMIYHA MMOYATKOBA JiNISTHKA
IiBKY |, Mae HEBEIHUKI PO3MIpH, PO3IIITHEMO XapaKTepHi
0COOMBOCTI TUIMHY B 30Hi cTtabinizoBanoi Tewii. Jlis miel
IIISTHKA MoOke OyTh BuKopucTtane piBHsHHA (9). Ha
MiACTaBi PO3B'I3aHH JAHOTO PIBHSAHHSA OylI0O OTpUMAaHO
BUpa3, II0 XapaKTepU3ye BIUIMB MOHAEPOMOTOPHHUX CHII
Ha cTabiTi30BaHUH TUTMH TUTIBKH.

[eperBopumo piBHsiHHS (9):

0*u, oEB g
= -= (30)
dy? vt v
Hdnst  3py4ysHocTi po3's3yBanHs piBHsHHS  (30)
BBE/IEMO:
oEB
=2 31)
vt v
3posymino, piBHsgHHES (30) HimO iHImIE SK
HEOTHOpimHE  OudepeHIiagbHe  PIBHSAHHA  JAPYroro
MOPSIIKY, PIIIEHHS SIKOTO MAa€ BUTJIS!
2
ux=a17+c1y+cz, (32)
e C;, C, — KOHCTaHTH PO3B'I3aHHA IU(EPEHIIATLHOTO
PIBHSIHHSI.
[TpuitMemMo Taki TpaHUYHI YMOBH:
u, =0 (32)
. = =0.
I {y Z 6, =0 (33)

Uy = Ug 82 2ug—oy 82
II.{ ;=6 =>(32)u0=0(1?+C15=>61=%. (34)

MincraBumo (31), (33) i (34) y (32):

oEB g
3 (O'EB g) y?  2to— (vu* B 7) 5 35
Uz = vt v/ 2 28 y- (35)
Orpumannii  Bupa3 (35) BH3HA4YaE  PO3MOMLT

IIBUJIKOCTEH Yy 30HI CcTalimi30BaHOi IUTIBKOBOI Tedwii y
MOTIepeYHOMY MarHITHOMY TIOJI.

BucHoBKkM Ta oTpuMaHi pe3yabTaTH. Takum
YUHOM, 3iCTaByssrouM BHUpa3 (2) g BU3HAYCHHS
IIBUJKOCTI IUTIBKM O3 BIUIMBY MArHiTHOTO IIONSA 3
BupazoM (35) 3a HasgBHOCTI MAarHiTHOTO IOJSI MOXKHA
OLIIHUTH BIUIMB IOHJIEPOMOTOPHUX CHJI Ha TUTMH PiIUHHOL
IUTiBKH.

Ha »xanp, BU3Ha4€HHS TOBIUMHM IUIIBKH MOMJIHBO
3MIACHIOBATH MEPENyCIM EKCIEPUMEHTAIbHUM IILISIXOM,
OCKUTBKH TIPH IIbOMY BHKOPHUCTOBYIOTHCS KOPHTYBAIIbHI
koedimientn. [lonepenHi eKkciepuMEHTH TOKa3ajH, 10 3a
HAsBHOCTI MarHiTHOTO TOJIS TOBIIMHA IUTIBKU € (DYHKIIEI0
HE TiJBKHU gucna PeifHonbaca, a i uncna ["aptmana, T06TO

8=k, Re"+k, Ha". (36)

TakuMm 4MHOM, y HEPIIOMY HaOIMKECHHI PO3IIISIHYTO
BIUIMB IIOIEPEYHOTO0 MArHITHOTO IO 13 3aJaHUMH
xapakrepuctukamu B, E, ¢ Ha xapakrep Teuii pinuHHOI
IUTIBKH 32 YMOBH €JIEKTPOITPOBITHOCTI PiJIHHU.

BaxnauBo, mo Oynu oTpuMaHi BUpasd, sKi
XapaKTepU3yIOTh I0JIe IBUAKOCTEH MOTOKY SIK Y Hacasi
TaK 1 Ha OUIAHOI cTa0liai3oBaHOro IiiBkoBoro rteduii. Ha
MiACTaBl SKICHOTO EKCHEePHUMEHTY MOXYTh OyTH HajJaHi
MIPOTO3HIIIT OO0 PO3PAXYHKY TOBIIMHH IUTiBKH.
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A. O. IMAHEBHUK

MOJEJIOBAHHA POBOYOI'O ITPOLECY CBEPJJIOBUHHOI'O CTPYMUHHOI'O HACOCA

Po3pobiieHa MaTeMaTH4YHa MOJIENb PYXy pOOOYOro MOTOKY B NMPOTOYHIH YaCTHHI CTPYMHHHOTO HACOCA HA OCHOBI BUKOPHCTAHHS paJianbHOI (yHKIT
KOMIUIGKCHOI 3MIHHOI i3 3MIIICHHUM LEHTPOM BHTOKY. BigmoBimHO m0 mpuiiHATOI Mozeni poOoya pigvHa pajaiajlbHO aCUMETPUYHO BUXOAUTH i3
3MIIIICHOTO LEHTPY BHTOKY Yy BCIiX HampsiMKax. BincTaHe 10 LEHTpy BHTOKY Mae OOCpHEHMi BIUIMB Ha IIBHAKICTH MOLIMPEHHS POOOYOI PimMHH.
3MileHnii BUTOK paniainbHoi (yHKUii 103BOJSE BpaxyBaTH HECHIBBiCHICTH po0OOdYOi HAacaIkd Ta KamepH 3MIIyBaHHsS BHACIIJOK HESKiCHOTO
BUTOTOBJICHHS JIeTallell CTPYMHHHOTO Hacoca. BeKTop KOMIUIEKCHOTO MOTEHILIaly i3 3MillEHMM BUTOKOM BH3HAYCHHIl SIK Pi3HULA BEKTOPIB, MOYATOK
SIKHX 3HAXOAUTHCS B IIEHTPI KOOPAMHAT, a KiHIEBI TOUKH XapaKTepU3yIOTh IIOYaTKOBE Ta KiHI[EBE MOIOXKEHHS 3MimeHoi (GyHKnii. 3 BUKOPHCTaHHAM
PIBHSHHS IIOTEHILaNy LIBUAKOCTEH Ta (YHKLil Tedil OTPHMMAHO CHIBBIAHOMIGHHS Ui KOMIUICKCHOTO IOTEHLialy IUIOCKO-paIiajJbHOro Ta
MPOCTOPOBOrO POOOYOro MOTOKY 13 OJHOCTOPOHHIM Ta JBOCTOPOHHIM 3MILIEHHSM LEHTpy BHTOKY. KiHemaTHyHa KapTHHa pyxy poOodoro
Cepe/IOBUINA BH3HAYAETHCS MMPOCTOPOBOIO TiAPOANHAMIYHOIO CITKOIO YTBOPEHOI €KBIMOTEHLIAILHUMH MOBEPXHSAMH Ta MOBEPXHAMH Teuii (QYHKIIIH
BUTOKY, SIKa Ma€ BHUIJIAA OPTOrOHAIBHO PO3MIIICHHX KOaKCiadbHUX cep Ta pajialbHAX MEPHIiOHAIBHHUX IUIONIMH. 3MillleHHS BHTOKY BH3HAUYae
BIZIXMJIEHHS OCi po0090i HacaJKH BiJ oci KaMepH 3MilllyBaHHs CTPYMHHHOTO Hacoca. BcTaHoBieHo, mo npodii mBHAKOCTEH pajiadbHOTO MOTOKY i3
3MIIIEHUM BHTOKOM BTpayalOTh CBOKO MOAIOHICTB 1 cepis KiIHEeMaTHUHHX KPHBHUX HE MOKE OyTH 3aMiHEHa €IMHOI0 OE3pPO3MIPHOIO 3aJCKHICTIO, SIKa
BU3Hayasa 6 KIHEMAaTHKY ITOTOKY HE3aJIeXKHO BiJ] BiCTaHEH MiX TOYKOIO BUTOKY Ta BXIJHHM IEpepi3oM KaMepH 3MilllyBaHHs CTPYMHHHOI'O HAcoca.
BenmuuHa 3MillieHHs [IGHTPY BUTOKY Ma€ OOCpPHEHMI BIUIMB Ha MIBHAKICTH PajiadbHOTO MOTOKY i 3MEHIIYEThCS TPU 3POCTAaHHI BiJICTaHi 0 KaMepH
3MimryBaHHs. [Ipu 3pocTaHHI BEIMYMHH 3MILICHHS BUTOKY 30UIBIIYETHCS aCUMETPUYHICTh MPO]ITIO0 MBUIKOCTEH Ta 3p0OCcTae HOro HEPiBHOMIPHICTb.
HaknajauHst OTpUMaHO1 XapaKTepHCTUYHOI (PYHKINT acCHMEeTpHUYHOI pajiaabHOI Tedii Ta BUXPOBOi (DyHKIIT KOMILUIEKCHOI 3MIHHOI J03BOJISI€ BU3HAYUTH
CTPYKTYpY PiBHSIHHS 3MillIaHOTO MOTOKY P MOZEIIOBAaHHI Ipolecy 00epTaHHs CTPyMUHHOTO Hacoca B CBEPJUIOBUHI.

KurouoBi ciioBa: cBep UIOBUHHUIT CTPYMHHHHI HAcoc, €XKEKLiiHa cHCTeMa, MMOTEeHIiabHI [TOTOKHU, TiApoAnHaMiuHI (YHKIUIT, KOMIUIEKCHUI
HOTeHIial, 3MillleHa (yHKIis BUTOKY, eKBIOTEHIiaIbHI JiHii, JTiHii Tedil.

D. PANEVNYK
SIMULATION OF AWELL JET PUMP WORKING PROCESS

A mathematical model of the movement of the working flow in the flow part of the jet pump was developed based on the use of a radial function of a
complex variable with a shifted leakage center. According to the accepted model, the working fluid radially asymmetrically exits from the displaced
leakage center in all directions. The distance to the center of the leak has an inverse effect on the rate of spread of the working fluid. The offset turn of
the radial function allows you to take into account the misalignment of the working nozzle and the mixing chamber due to poor manufacturing of jet
pump parts. The vector of the complex potential with a shifted origin is defined as the difference of vectors whose origin is at the center of coordinates,
and the endpoints characterize the initial and final positions of the shifted function. Using the equation of the potential of velocities and the stream
function, the relationship for the complex potential of the plane-radial and spatial working flow with one-way and two-way displacement of the
leakage center is obtained. The kinematic picture of the movement of the working medium is determined by a spatial hydrodynamic grid formed by
equipotential surfaces and flow surfaces of leakage functions, which has the form of orthogonally placed coaxial spheres and radial meridional planes.
The leakage displacement determines the deviation of the axis of the working nozzle from the axis of the displacement chamber of the jet pump. It is
established that the velocity profiles of the radial flow with a displaced leak lose their similarity and the series of kinematic curves cannot be replaced
by a single dimensionless dependence that would determine the flow kinematics regardless of the distance between the leak point and the inlet cross-
section of the mixing chamber of the jet pump. The displacement of the leakage center has an inverse effect on the radial flow rate and decreases with
increasing distance to the mixing chamber. As the value of the leakage displacement increases, the asymmetry of the velocity profile increases and its
unevenness increases. Superimposition of the obtained characteristic function of the asymmetric radial flow and the vortex function of the complex
variable allows to determine the structure of the mixed flow equation when simulating the rotation process of the jet pump in the well.

Keywords: well jet pump, ejection system, potential flows, hydrodynamic functions, complex potential, shifted leakage function, equipotential
lines, streamlines.

Beryn.  3aBagkd  TpOCTiH  KOHCTPYKINI — Ta
BIICYTHOCTI PyXOMHX YaCTHH CTPYMHHHI HAacOCH

CBEPAJIOBUH CHPHSIE MiIBUIICHHIO CHEPreTHIHOT Oe3neKn
KpaiHu.

BiJJ3HAYAIOTHCS BHCOKOIO HAMIMHICTIO, IO 3YMOBWJIO iX
LIMPOKE BUKOPHCTaHHS NP peaiizalil HU3KW OCHOBHHX
TEXHOJIOTIYHUX orepariii po3pobku TIOKJIa IiB
ByrneBoAHiB. CyTTEBOIO MepeBarold  3acTOCYBaHHA
HA(TOra30BUX CKCEKIIHHUX TEXHOJOTIH € MOMKIIHBICTh
BCTAHOBJICHHSI CTPYMHUHHHX HAcCOCIB Y Ba)KKOIOCTYITHHX
MICIIIX, 30epeXeHHsS Tpare3faTHOCTI B arpecHBHOMY
Cepe/IoBUIIlI B yYMOBax BIUIMBY BHCOKOIO Tra30BOT0O
(dakTopy Ta OOBOIHEHOCTI MPOAYKIl CBEPAJIOBHHHU 3a
HAsBHOCTI a0pa3WBHUX MEXaHIYHUX JOMIIIOK 1 BKIIOYCHB
mapadiny. YCKIagHEHHS YMOB  pO3pOOKH  HOBHX
HapTOra30BUX POJOBHII Ta HEOOXITHICTH IIiJBHUIICHHS
peHTa0eNpbHOCTI  JIII0YMX  MOKJIAJiB  BYIJIEBOJHIB €
MIPUYMHOIO 3POCTAHHS YaCTKH BUKOPUCTAHHS €XKEKLIHHNUX
TEXHOJIOTIH. 3aCTOCYBaHHS €XKEKI[IMHUX TEXHOJOTIH st
BITHOBJICHHS Ta 3aJy4CHHS B CKCIUTyaTaI[il0 HEIIF0YMX

OCHOBHUM HEZOJIIKOM CBEpJIOBUHHOI €XeKIiHHOT
cucremu € Huspkuil KKJI cTrpymmHHOrOo Hacoca, 10
MOB'I3aHO 3 OCOOJMBOCTSIMM  MpOLIECY 3MilllyBaHHS
pobo4oro Ta iHXKEKTOBAHOTO IIOTOKY B HOro NPOTO4Hiit

gacTUHi. BHAcHimOK CyTT€BOI pi3HMII IIBHIKOCTEH
po0o4oro Ta IHKEKTOBAHOTO MOTOKIB B TNPHMEXKOBOMY
mapi, SKHA BIIOKPEMIIFOE 3MIllyBaHi CEepeIOBHUINA
BUHHKAE IHTEHCHBHE BUXPOYTBOPEHHS, SIKe
CYNPOBOIKYETHCS 3HAYHUMH Ti/IpaBIiYHUMH BTpAaTaMu Ta
JMCHIIAIIEI0 eHeprii. Husbki SHepreTUYHI
XapaKTepUCTUKU CTPYMHHHOTO Hacoca 3yMOBIIOIOTBH

HEOOXIiTHICTh CTBOPEHHSI YMOB, siki O 3a0e3medmin Horo
eKCIUTyaTallifo B  ONTUMAJIbHOMY pexuMi. Bubip
ONTHMAIBHUX  KOHCTPYKTOPCHKHX  Ta  PEXKHUMHHUX
rapaMeTpiB CBEPAJIOBUHHOI ©KEKIIHHOT CHCTEMH BIMAarae
YIOCKOHAJICHHsI  ICHYIOYMX MaTeMaTHYHHX  MOojeneit

© [1. O. ITaneBuuk, 2023
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pobodoro mporecy CTpyMHHHOTO Hacoca. 3BayKarouu Ha
MOUIMPEHICTh HA(TOra30BUX EKEKUIHHUX TEXHOJIOTIH
Ii/IBUILEHHS €()EKTUBHOCTI NPOEKTYBAHHS KOHCTPYKLIi Ta
NPOTHO3YyBaHHS  PEXUMY  pOOOTH  CBEPJIOBUHHOTO
CTPYMHHHOT'O HacOCa € aKTyaJbHUM 3aBIaHHSIM.
AHaniTuyHuii  orusig  Jitepatypu. Haiibinpm
NOIIMpPEeHa MaTeMaTH4YHa MOJAENL poOOYOro mpouecy
©KEKIIHHOI CHCTEeMH 3acHOBaHA Ha BHUKOPHCTaHHI
piBHSHHS 30€peKeHHS IMITyIbCY pyXy piauHE B
3aMKHEHOMY 00'eMi KamepH 3MIITyBaHHSI CTPYMHHHOTO
Hacoca [l], sike pO3B'SI3yeThCS CHUTBHO 3 PIBHAHHSAM
Bepuymni Ta HemepepBHOCTI moToky. Ha BiaMmiHy Bix
IHIIUX TiAPOMANIMH JUHAMIYHOTO THUIYy CTPYMHHHUM
Hacoc 3'€HYETbCS 3 TiJPaBIIYHOIO CHUCTEMOIO 32
JIOTIOMOTOI0 TPHOX TiAPaBIIYHUX JiHIH, BHACTIIOK YOTO
JUIL  XapaKTepUCTHKH  Horo  po0boyoro  mporuecy
3aCTOCOBYIOTbCS 0€3pPO3MIpHI CIIBBIIHOLICHHS Y BHUIIISAI
BiTHOCHOTO Hamopy Ta koedimieHTa imkekmii [2]. YV
BUIIAJIKy BHKOPHCTAHHS HAINpPaBISIFOYHX EJIEMEHTIB IS
3aKpy4yBaHHsS 3MIlIyBaHUX IOTOKIB KJIACHYHE BHUXiJHE
pIBHSHHS OallaHCYy CYMapHOTO IMITyIbCY PYXY PpiIHHA
JIOTIOBHIOETHCS €IIEMEHTaMH TEOpil BUXPOBHX MOTOKIB [3].
[Ipu 1pOMy CTpYKTypa TpaauIliifHOTO PiBHSAHHS HaIipHOI
XapaKTepUCTUKU  CTPYMHUHHOTO  Hacoca  MICTUTh
JIOJIaATKOBY CKJIaJIOBY, sIKa BU3HA4Ya€ HaIlip, CTBOPIOBAHUIM
BIIICHTPOBUMH CHJIAMH TIpH OOEpTaHHI 3MIIIyBaHUX
cepemoBuml. Jlpyra 3a TIOMUPEHICTIO MaTeMaTH4YHA
MOJienb Tmepeadadyac BUKOPUCTAHHS JUIsi ONUCY PyXy
3MIIIYBaHUX NOTOKIB CUCTEMH JuepeHnianbHIX PiBHSIHb
y vacTHHHUX noxigHux (piBHsaHb Has'e-Ctokca) [4].
3ragaHa cucTeMa Tependadae  CHITBHUA  PO3B’S30K
PIBHSIHB pYXy pinHH, 30epeKeHHs eHepril Ta CyliIbHOCTI
MIOTOKY, a 10r0 KIHEMaTH4HI ITapaMeTpy BU3HAYAIOTCS 3a
JIOIIOMOT0I0  TIpUHHATOT Mozeni TypOyneHTHocti. Jlis
po3B'sI3KYy cuctemMH piBHsAHP Has'e-CTokca, 3a3BH4ai,
BUKOPHUCTOBYETBCS METOA CKiHUEHHHX €JIEeMEHTIB i3
3aydeHHsM KoM rorepaux mporpam SolidWorks [5] Ta
ANSYS  [6].  PospaxyHKOBi  aliroputMu s
AaBTOMATH30BAHOTO  MPOSKTYBaHHS  CBEPIOBHHHUX
©KEKIIHHUX CHCTEM MOXYTh OyTH moOymoBaHi i3
3aCTOCYBaHHSIM MOBHM mporpamyBanHs Python [7].
O0JacTi 3aCTOCYBaHHS MaTeMaTHYHUX MoJeield pooo4oro

porecy CTPYMHMHHOTO Hacoca 00MEKYIOThCS
BUKOHAHHAM YMOBH 1oro eKCILTyaTaril B
JokaBiTamiitHomy pexumi [8]. Bracmimok BuCOKOi

IIBUJIKOCTI BUTIKAHHSA POOOYOTO IMOTOKY Y BHXITHOMY
mepepi3zi poOOYOi HacaiaKW BUHHKAE O0JACTh HHU3BKOTO
THUCKy. BenwumHa BTpaT IIBHAKICHOTO HAMoOpy MOXe
TIePEBHIILYBATH 3HAYEHHS T1IPOCTaTHIHOTO i
TiIPOJMHAMIYHOTO THUCKY BHACIIJIOK YOTO BigOyBaeThCs
po3puB pobodoro motoky. KapirarmiiiHa o0macte Moxe
BUHHMKATH TAaKOXX B IH)KEKTOBAHOMY MOTOILl Ha BXOJl B
KaMmepy 3MilllyBaHHS CTpyYMUHHOTO Hacoca. KasiTariitHuii
PO3paxyHOK CBEp/UIOBUHHOTO CTPYMHHHOIO Hacoca
JO3BOJIIE BU3HAYUTH MIiHIMAJIBHO JOMYCTHMY TJIHOMHY
WOTO pO3MIIlIEHHS] B CBEPAJIOBHHI, a00 MaKCHUMAIbHO
JIOIyCTUMY BEJIMYMHY pPO0040i BHUTpaTtu. Y BHIAIKY
(ikcoBaHMX 3HAueHb 3raJlaHUX MapaMeTpiB B Tpoleci
NIPOEKTYBaHHA  KOHCTPYKWii  eXekuiiiHoi  cucremu
PO3pPaxoOBYEThCSI  MIHIMAJIBHO  JOMYCTUMHHA  JiaMeTp
pobouoi Hacagaku a00 KaMepH 3MiLIyBaHHS CTPYMHHHOTO

Hacoca.  PexuM  poOOTH  eXEKUIHHOT  CHCTeMH
BU3HAYAEThCSA MLUIIXOM CIUJIBHOTO PO3BSI3KY PiBHSHB
HAaIpHOT XapaKTEePUCTHKH CTPYMHHHOTO Hacoca Ta Horo
TiIpaBIiYHOT CHUCTEMH. 3BaXKAOUYM HAa KOHCTPYKIIIO
HAJMOJOTHOI  €XKEeKI[iWHOT  CHCTeMH B Mpoleci
MOJeNoBaHHSA 1l poOodoro mporecy 3acTOCOBYETHCS
METOJ eJeKTporiapoauHaMiunoi ananorii [9]. B npomeci
onrTuMizarii KoHiryparii MPOTOYHOT YaCTHHU
CTPYMHHHOTO  Hacoca  MOJCNIOEThCS  BIUIMB  Ha
XapaKTePUCTHKH €XKEKIIHHOI CHCTEeMH IOBXHHHA KaMeph
smitmyBannst [10], HasBHOCTI qudy3opa [11], Bincrani mMix
poOOYOr0 HAcaIKOKW Ta KaMeporw 3milryBaHHs [12],
CHIBBIIHOIIGHHSI J{iaMeTpiB KamMepH 3MilIyBaHHSI Ta
pobouoi Hacamku [13].

HesBakaroun Ha TEHIEHLIIO JO 3pOCTaHHS 00cCATY

TEOPETUIHUX JTOCTIIKCHD pobodoro mporecy
©KEKI[IHHUX CHCTeM ICHYIOYi MareMaTHUyHI MoJjeni
HEJOCTaTHbO BPAXOBYIOTh OCOOJNMBOCTI ~eKCIUTyaramii

CBEpAJIOBUHHUX CTPYMHHHHX HacociB. Ilo3a yBaroro
IIMPOKOTO KOJA JIOCHIJHMKIB 3QJIMINAIOTBCS ITUTAHHS
TOB'sI3aH1 3 MOXKIIUBICTIO OOCpTaHHS CTPYMHHHOT'O Hacoca
B CBEpUIOBHHI. 30KpeMa NpH peamizamii Mporecy
MOTJIHOIEHHS CBEPAJIOBUH CTPYMHUHHHMA Hacoc
o0epTaeThesi pa3oM 3 KOJIOHOI OypuiibHHX TpyO. Bimomi
TaKOX KOHCTPYKIIi CBEP/UIOBUHHUX KOMIIOHOBOK, B SIKMX
obepTaHHS CTPYMHHHOTO Hacoca 3IIMCHIOEThCS 3a
JOIIOMOTOIO TifpaBligyHUX ABHUTYHIB. OOGepToBHH pyX B
CBEPJIOBUHI CYIIPOBOKYETHCS TIOSBOIO IHEPIIIHHUX CHIT 1
©KeKI[iiHa cucreMa HaOyBae O3HAaK XapaKTepHHUX JUIs
BiJIIICHTPOBUX HAaCOCIB. HasBuicts JIOJTAaTKOBHX
eKCITyaTalifHuX (akTopiB, sKi HE BPaXxOBYIOTHCS
CyJacHUMH  MaT€MaTHYHUMH  MOJENISIMH,  3HHXKYE
e()eKTUBHICTD MPOEKTYBaHHS KOHCTPYKIIH Ta
NIPOTHO3YBaHHS PEXHUMIB EKCIUTyaTalil CBEpJIOBUHHHUX
CTPYMHHHHUX HacociB. B po6Gori [14] 3ampomonoBano
CKJIaJIOBl 3MIIIAHOTO TOTOKY MOZETIOBATH Y BHIIAIL
(GYHKIOIH BHUXOPOBHTOKY Ta MapaleilbHO-CTPYMHUHHOI
Teuii. PiBHAHHSA pyXy 3MIMIAaHOTO TOTOKY MOXe OyTh
MPEACTaBICHO KOMIUIEKCHUM TIOTEHITIAIOM, CKJIAJ0Bi
SIKOTO BIANOBialOTH piBHAHHAM Jlammaca Ta ymoBam
Komm-Pumana i BH3HaualoTh KiHEMaTHKy O€3BHXPOBOI
tedii. [lpuHIMN HakIagaHHA LUPKYJSAMIAHOI Tedii Ha
pamiambHMH  TOTIK ~ JIO3BOJISIE  BPaxoBYBaTH NP
MOJICJIFOBaHHI POOOYOro MPOLECY EKEKI[IHHOT CUCTeMHU
o0OepTaHHs CTPYMHHHOI'O HAacoca B CBEP/UIOBHHI IIPH
peaitizariii OKpeMHX TEXHOJIOTIYHHUX OTIePAIliii.

Mera Ta 3aga4i gJocJaigKeHHsa. MeTo0 TOCIiIKEHD
€ OoOrpyHTYyBaHHS MOXIHMBOCTI 3aCTOCYBaHHS IS
MO/IETIFOBAHHS Tpoliecy 00epTaHHS CTPYMHUHHOTO Hacoca
B CBEPIIOBUHI eJIeMeHTapHO1 TiApOIMHAMITHOT
pamianpHOI (YHKHIi KOMIDIEKCHOI 3MIiHHOI i3 3MiI[CHUM
LEHTPOM BUTOKY pOOOYOT PiIUHH.

[TocraBiena  Mmera  mepeabauae
HACTYITHHUX 3aBJaHb JIOCIIPKEHb:

- BU3HAYCHHS BUIUISY KOMILJIEKCHOTO ITOTEHIATyY
IJIOCKOT Ta MPOCTOPOBOI pagianbHOl HYHKITT 13 3MIIEHUM
LEHTPOM BUTOKY;

- MepeBipka  YMOB  aHANITHYHOCTI
PIBHSHHS KOMIUICKCHOTO TMOTEHIANy i3
BUTOKOM,;

- TOCJIJKCHHSI KIHEMaTHKH PaiallbHOTO MOTOKY i3

BHUKOHAaHHA

OTPUMAHOTO
3MIiIIEHUM
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3MIIIEHUM LIEHTPOM BHUTOKY.

OcHoBHa 4acTHHA. BpaxoBylounm KOHCTPYKIiIO
©XKCKIIIHHUX CHUCTEM, 3MIIIECHUA BHUTOK pajialbHOI
¢GyHKIIT Mae Miclie y BUNaJKy HESKiCHOIO BUTOTOBIICHHS
JeTasieil NpOTOYHOI YacTMHM CTPYMHHHOIO Hacoca,
BHACNIZIOK YOTO BHHHUKAE€ paJiaibHA HECIIBBICHICTh
pobouoi Hacamkum 1 KaMepw 3MIITyBaHHSA. 3MilIeHa
pamianpHa (YHKIS BiAMOBINAE BiAXMJICHHIO ITOYATKOBOI
TOYKHA BEKTOpa KOMIUIEKCHOTO MOTEHIady BiX IIEHTpa
BHUTOKY. BpaxoByroun 0COOIMBOCTI BEKTOPHOTO aHANI3y,
BEKTOP KOMIUIEKCHOTO MOTEHIIATY i3 3MIIIEHMM BHTOKOM
MoXke OyTH BH3HAUYEHHH SIK PI3HHIS BEKTOPIB, MOYATOK
SIKMX 3HAXOMUTHCS B LICHTPI KOOPAMHAT, a KIHIIEBI TOYKU
XapaKTepU3ylTh IMO0YaTKOBE Ta KIiHIEBE IOJIOXKEHHS
3Mitenoi GpyHkii (puc. 1).

YA

R b

.

0 x x0
Puc. 1. F'eomeTpuuHa iHTEpIIpeTALlis IUIOCKOTO BUTOKY 13

3MIILIEHUM LIGHTPOM KOOpAHUHAT

Tomi y Bumaaky 1iockoi pamianbHOi —(QyHKIIT
KOMIUIEKCHUH IOTEHLIaJl i3 3MIIEHUM BUTOKOM MOXeE
OyTu BU3HaUeHHH 3a (hopMynamMu

Qi)
W_Zn In(z-2,); @
0= tnyf(x=x, ) +(y-¥o) @
Y= garctg—y_ Yo (3)

2n X=X,

ne Q — BuTpata pinuHy;

Z — KOMIUICKCHa KOOpJHMHATA, IO BIJMOBiAE
CUMETPHUYHOMY BHUTOKY;
Zp — KOMIUIGKCHa KOOpJIWHATa, IO BiANOBimae

MTOYATKOBIN TOUIII BEKTOpa 3MiIeHOi (pyHKIIIT,

X, Y, Xo, Yo — KOOpANHATH TOYOK AJSI CUMETPUIHOTO
Ta aCHMETPUYHOTO BUTOKY.

KommnekcHi KoopIuHaTH Z, Zp, Y CBOIO YEpry, MaroTh
KOOpJHMHATH X, Y Ta Xg, Yo (puc. 1), TOOTO BUKOHYIOTBCS
CITiBBiTHOIIIEHHS Z=X+1y, Zg = Xp * iYo.
BukopucroByroun Qopmyny Ednepa mns  mokxa3oBoi

BpaxoByioun B3a€MO3B'I30K MDK MNOJSAPHUMH Ta
JIEKapTOBUMH KOOPJMHATaMH 3aIlMIIEMO DIBHSHHS JUIA
BU3HAYEeHHS (YHKLIi IUIOCKOTO BHTOKY 13 3MIIIEHHM
JDKEPENIoM poO0oUOro MOTOKY

Z .

(p:aln(r—ro):aln\/(x—xo)z+(y—y0) ;0 ()

\V:aiG:a‘arcth. (6)
%o
B piBasaEsx (5), (6) BpaxoBaHO GOpMYyIH IS

2 2
BM3HA4YCHHA MOAYJIsI KOMIIJICKCHOTO 4yucjaa I = \[x +y,

fy =% + 10 .

BpaxoByroun ctpykrypy dopmyn (5), (6) Ta
aHAJIOTIYHI CIIBBIIHOIICHHS JIJIsl CHMETPUYHOI paiiaibHOT
¢ynkuii  [15] BU3HaUMMO  BUINISAA  PIBHSHb, SIKi
XapaKTepu3yloTh MNOTEHIall IMIBUAKOCTEH Ta (YHKII0
Tedii Ayl BUNa Ky 3MIIIEHOTO ITPOCTOPOBOTO BUTOKY. st
0CECHMETPUYHOTO NOTOKY B LMIIHAPUYHAX KOOPAMHATAX
OTPUMAEMO

_Q 1
4n \/(z—zo)z+(r—ro)2
Q -1,

Cam(z-z ) +(r-r,)

0= ; (7

y= @)

Bigmosimao no pieasHEe (7), (8) mpoaHamizyemo
BUIUISL[ €EKBIOTEHI[aJIbHMX JIHIM Ta JiHIA Tedil B
KoopauHaTax FpZ. KoopauHaTH XapakTepHUX TOYOK
EKBIMOTEHI[IAIbHUX JIHI BU3HAYAEMO BUKOPUCTOBYHOUU
¢yHKIiI0 moTeHwiany mBuakocteil (piBHsHHA (7)). s
TOYOK TepeTHHY €KBIMMOTEHIIIATBLHOT JHHIT 3
TOPU30HTAIBHUMH OCAMH (pHC. 2, d) BHKOPHCTOBYIOUH
€JIEMEHTapHI1 CITiBBITHOMIEHHS 3aITAIIIEMO

Q’ 2
1-7,= |———(r-1,)";
0 167T2(p2 ( 0)
T.1,6:r=r0;z=zoi—Q ; )
4no
2
1.2,5: r=0;z2=2,% %—roz :
167°p
AHaﬂOri‘IHO BU3HA4Ya€EMO KOOpJAUHATHU TOYOK

MEPEeTHHY EeKBIMOTeHIIaTbHOI JIiHII 3 BEPTUKAJIHLHUMHU
ocsamu (puc. 2, a).
BuxopucroBytoun piBHAHHSA (7) 3amumeMo

(GbOpMH KOMIUIEKCHOTO YHCIA Ta MPaBUiia MEPETBOPEHHS For = Q° _(Z_Z )2_
JorapuQMiB 3amuIIEeMo * A\ 16n¢? o)
W =aln(z-z)=aln(r-r,)+aio, @ 18,3 227y r=r (10)
" 4
ne  a— aiiiche uueno, a = Q/2x;
I, o — MOIYJTb KOMITJIEKCHOTO YHCJIa BiJIOBIIHO JIsI 17 4 7=0'r=r +
CHMETPUYHOTO T4 ACHMETPHIHOTO BUTOKY. T ' o
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Puc. 2. EkBinorenuianbHi jinii (a) i ninii Teyii (6)
MPOCTOPOBOTO BUTOKY i3 TBOCTOPOHHIM 3MiIIEHHSIM HOTro
LEHTPY

PiBHsSHHS TpsIMOi, 10 BH3HAYa€ JiHIIO Tedii (JTiHisg
014 Ha puc. 2, 6) BU3HAYaEMO BUKOPHUCTOBYIOUH PIBHSHHS
(8). Iicns ememeHTapHHX mepeTBOpeHb (Gopmynu (8)
OTPUMAEMO BUpa3 Ui BU3HAYCHHS KyTOBOrO KoedilieHTa
JiHIT Teuil

(11)

o0 167y? :
Pipasans (7), (8) HeoOXigHO aganTyBaTH IO YMOB
BUKOPHCTAHHSA CTPYMHHHOTO Hacoca. 3MIIIeHHS TOYKH
BUTOKY B HAlpsIMKY 3MiHH KOODAWHATH € PETYIbOBAHUM
rnapaMeTpoMm, SKuil Bu3Hauae MakcumanbHuii KKJ[
CTPYMHHHOTO Hacoca. 3MillleHHs B HAPSMKY OCi Z, TAKUM
YMHOM, €  PEryJlbOBaHOI  BEJIMYMHOIO 1  MOXe
BPaxOBYBaTHCh PIBHAHHIM (YHKIII Teuil 3 HE3MIiLIEHUM
BUTOKOM. 3MIIlIEHHSI BUTOKY B HalpsIMKY OCi I BU3Hauae
BIIXWJIEHHS Oci po00oYoi Hacaiku BiA OCi Kamepu
3MIIyBaHHS CTPYMHUHHOTO HAacOCa BHACIIIOK HESKICHOTO
BUTOTOBJIEHHS JeTajlel WOoro MpOTOYHOI YACTUHM.
@OyHKIi KOMIUIEKCHOTO MOTEHIialy B IIbOMY BHIAIKY
MOBUHHA MICTUTH BEIHMYHMHY, SKa BH3HAYAE 3MIIICHHA
BHTOKY B HampsAMKy oci I. PiBHIHHA TOTeHIiaTy
IIBUIKOCTEH Ta ¢yHKmii Teuii y BHIIA/IKY
OJTHOCTOPOHHBOTO 3MIIIEHHS BUTOKY MA€ BUTIIS

Q 1
¢=-7 =; (12)
T \/ 22 +(r-n)
Q z
T z?+(r—r,)
Busnaunmo rpadiuHe 300pakeHHS  CKIIAJOBHX
KOMITIEKCHOTO TMOTEHINAy 3 OJHOCTOPOHHIM 3MIIICHHIM
BHTOKY. PiBHsSHHS (12) BH3HaYae rpadik

eKBINOTEHITIabHOI JTiHi1, a piBHsSHHS (13) — miHii Tewii
(puc. 3).

-

]rl|

n

Puc. 3. EkBinoreHianbHi jinii (a) i jinii Teyii (6)
MPOCTOPOBOTO BUTOKY 13 OTHOCTOPOHHIM 3MILLICHHSIM HOTO
LEHTpY

KoopauHaTH TOYOK NEpEeTHHY EKBIOTEHLIAIbHOT
JmiHIT 3 TOPH30HTAJBFHOIO  BICCIO  BHM3HAYaeMoO 3
piBasiuus (12)

Q? .

Q

T.1,5r=ry; z=4—;
4dno

(14)

1.2,4:r=0;, z==

KoopauHaTi TOYOK TEpPETHHY CKBIMOTEHIIAIBHOT
JIiHIT 3 BiCCIO ' BU3HAYaeMO 3 piBHAHHA (12).
Micns 3xitficaenns migcTanoBku Z =0 oTpuMaemo

(15)

T.3: 2=0; r:ro—&.

4
PiBusiHHs JiHil Tewii (puc. 3, 6) BH3HAYaEMO 3
dopmymn  (13). KyroBuii xoedimient miHIi  Tedil

3MIII[EHOTO BUTOKY BU3HAYAEMO 32 (hOPMYIIOI0
r—r Q?
tgo=—=>=, | ——-
z 167y

[epeBipuMO yMOBM aHAJITHYHOCTI KOMILJIEKCHOTO
MOTEHI[iay i3  3MINIEHUM  BHTOKOM. Bu3Haummo
KOMIIOHEHTH pamianbHOT LIBUAKOCTIL LITXOM
nmudepeHIliFoBaHAs (QYHKIIIT MOTEHINany MIBHIKOCTI
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_%_Q z :
VZ - oz An (22 +(r_ro)2 )1,5 ! (16)
:8_(p:g r-h (17)

" or  4rm (ZZ+(I‘—|’O)2)L5.'

CrpykTypa piBHSIHb JAJsl BU3HAYCHHS KOMIIOHCHTIB

HIBUAKOCTI 3 BpaxyBaHHsIM (QYHKUii Tedii MICTUTB
KOOPANHATY 3MIIIEHOTO BUTOKY

V, = 1 a_‘V;Vr:_ I v (18)

r—r, or r-r, oz
BpaxoByroun piBHsiHHs (18) 3amumemo
V.= (83\:’, 4Q : 2\1® ! (19)
T (z2 +(r-n,) )
r—r
vo¥y_Q_ k| (20)

01 4n (ZZ +(r_r0)2)1'5

PiBHICTE KOMIIOHEHTIB IIBHIKOCTI,
dopmymamu  (16), (19) ta (17), (20), cBimauTs TPO
BUKOHaHHA yMoB Komm-Pumana. Toxi pesymbTyroda
pamianbHOI IIBHAKOCTI Y BHNAAKY 3MIIICHHS BHUTOKY
Moske OyTH BU3HaUEHa 3a (POPMYIIO0

BHU3HAUYCHUX 34

Y VEIRVE - . S
4sz Jr(r—ro)2

Bu3HauuMo xapaxkTep pO3MOJiy TOPU30HTAJIbHUX
MPOEKIH MIBHAKOCTI BHKOPHUCTOBYIOUM piBHAHHS (19).

MakcuManbHe  3HA4CHHS  TOPHM3OHTAIBHOI  MPOEKIIii
IIBUJIKOCTI Ma€ MICIIe Y BHITAAKY I' = Iy
— , (22)

4nz?

TOOTO MaKCHMajbHAa IIBHIKICTH pPAaIialbHOTO TOTOKY
TOPIBHSHO 3 CHMETPHYHHM PO3MIIICHHSIM BHUTOKY [15]
3aNIIAE€THCS HE3MIHHOIO.

Busnauumo BenuuuHy poOoudoi BuTpati Q, Ha BXoJi
B KaMmepy 3MIlIyBaHHS CTPYMHHHOTO Hacoca. AHAamor
dopmynu ans cumeTpuyHOro motoky [15] y Bumagky
3MIIIIEHOT0 BUTOKY Ma€ BHUIJISIL

Q, =2 y((r-r).2)-v(r.2)].

Toni BUKOpHCTOBYIOUM PiBHSHHS (QYHKUIT Tedii A
3MiIIeHOro BUTOKY ((popmyina (13) 3anmiemo

(23)

z

z
22 2 (24)
\/z 1 \/zz +(r-n,)
[licns  3amiEM  pagiyca  JiaMeTpoM  KaMepH
aMmitnyBanHst ' = d,/2 oTpumaemo
z
(25)

z
\/zz+r02 \/22+(dk/2—r0)2

CepeHio MBUAKICTE POOOYOT0 MOTOKY BH3HAYAEMO

LOULIXOM  JIJIEHHS ~ BUTpPaTd Ha  IUIOHIYy  KamepH
3MIIIYBaHHS S
2Q, z z

- - . (26)

Vce
T | e

Toni BpaxoByroun piBHSHHS (22), (26) BU3HAYAEMO
KoedilieHTH HepiBHOMipHOCTI poOodoro moToky. s

BHU3HAYEHHS koedinieHTa HEpiBHOMIPHOCTI
BHKOPHCTOBYEMO CIBBIIHOIICHHS Qpsy = Veep/ V7 max
z
Poo = -(27)

(d /z \/z +17 \/zz+(dx/2—r0)2

BusHaunMo 3aKOHOMIPHOCTI 3MiHM KiHEMaTHYHHX
mapaMeTpiB pagiaJbHOTO MOTOKY i3 3MIIIEHUM BHTOKOM.
PosrnsHeMo  xapakTep  pO3MOALTY  TOPHU30HTAIBHOI
KOMITOHEHTH  pajiadbHOi  IMIBUAKOCTI  TPEJCTaBJICHI
piBasHHsME (16), (19). BpaxoByrouu, nio KoopJuHaTa Z B
piBasHHIX (16), (19) BH3HaYae BINCTaHb MIX TOYKOIO
BUTOKY Ta BXiJIHHUM IIepepi3oM KamepH 3MimryBaHHs Z = |,
3aIMIIeMo

V, = <, : (28)

Z 4n(|§ +(r—r0)2)1'5

I'padiune  300pakeHHss  piBHAHHS  (28)  mix
¢bikcoBaHOl BeNMYMHM 3MillleHHS BUTOKY Fo = 0,005 m)
moOyIoBaHe Uil TAKMX BiICTaHEH MiX TOYKOIO BUTOKY Ta
KaMepor0 3MilllyBaHHs CTpyMHHHOro Hacoca: I = 0,01 m;
lp2 = 0,012 m; lp3 = 0,015 M (puc. 4, a).

i r, M
0,02

0,01

Puc. 4. ITone mBuakocTelr po6040ro MOTOKY JUIs 3MILIEHOTO
BHUTOKY:

a — po(ib MBHUAKOCTEH TS PI3HUX BiAICTaHEW 10 TOUKU
BUTOKY |2 1 —0,01 M; 2 - 0,012 m; 3 — 0,015 M; 6 — BinHOCHa
0ChOBA MIBUIKICTE pOOOYOr0 IMOTOKY IS Pi3HUX BifcTaHEeH 10
po6ovoi Hacaku Ip: 1-0,01m;2-0,015m;3-0,02 M

AHami3  OTpUMaHWX KPHUBHX  CBIJUHTH  IIPO
MOPYIICHHS CHMETPHUYHOCTI MpOo(dimiB  MIBHIKOCTEH
3MIIIIEHOTO BUTOKY. MaKkCHMasbHi 3HAa9eHHS MIBHIKOCTEH
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JIOKQJII3YIOTBCSL B HANpPSMKY 3MILICHHS TOYKH BHUTOKY, a
MOJOKEHHST ~ €KCTPEMYMIB  KiHEMaTHYHHMX  KPHBHX
BIJINOBIJIa€ €KCIEHTPUCUTETY € = Iy, SIKUH BH3HAYAETHCS
BEJIMUYMHOIO 3CYBY JDKepesia pajiajbHOro mnoroky. Ha
BIZIMIHY BiJi CHMETPUYHOIO IOJS WIBHJAKOCTEH mpodimi
pamianbHOTO TOTOKY i3 3MIIIEHHM BHTOKOM BTpAdalOTh
CBOIO MONIOHICTH 1 cepist KiIHEMaTHYHUX KPUBUX HE MOXKE
OyTHu 3aMiHEHa €IWHOI0 0e3pO3MIpHOI0 3aJEKHICTIO, sIKa
BM3Ha4Yaja O KIiHEMAaTHKy IIOTOKY HE3aJeXHO BiJ
BiICTaHEHl MK TOYKOIO BHUTOKY Ta BXITHHM Mepepi3oM
KaMepH 3MillyBaHHS CTPYMHHHOTO Hacoca.

Broius  BennuuHu 3MiﬂleHH§I TOYKHM BUTOKY Ha
KiHEMaTHKy paliaJIbHOrO MOTOKY PO3IJISIHEMO IUIIXOM
BHU3HAUYEHHS CHIBBITHOIICHHS HIBUJIKOCTEN
acuMmeTrpuyHoro V,, Ta cuMeTpudHOro V TIOTOKIB.
Pesynbryroua panianbHOT IIBUAKOCTI PafiabHOIO HOTOKY
y BHIQJIKy HYJbOBOIO 3MIIIEHHS BHUTOKY MOXe OyTH
BU3HaUYeHa 3a ¢opmyinoo (21) micns TiICTaHOBKH
3HaueHs Mo =0

1
\ :gﬁ. (29)
4m 2° +r
Tonmi ¢opmyna Iyisi BH3HAYEHHS CITiBBiTHOIICHHS

mBuaKocTei V,,, V BpaxoByroud piBusaHs (21), (29) mace
BUIJISL

.V N
- AT (30)
Vi 224 (r-n)
Bia pe3ynapTyounMX — IIBHAKOCTEH  pajianbHOro

MOTOKY TMepeaeMo 10 ochoBUX. [licis TiJCTaHOBKU
koopauHaTh I = 0 OTprMaeMo

V 1 1

’ Z3M

V), == == - (31)
Vi 14(n/z) 1+(n/1,)

AmHani3 oTprMaHOI 3aJeXKHOCTI CBiguuTh (pHuc. 4, 6)
mpo OOCPHEHWI BIUIMB BIHOCHOTO 3MIIICHHS BUTOKY
(er=rolr,, Oe I, — paalyc Kamepu 3MilIyBaHHsA) Ha
HIBUAKICTh PajiajbHOrO IOTOKY. 3pOCTaHHs BiACTaHi JI0
KaMepy 3MilIyBaHHS MIHIMI3ye BIUIMB  BEJIWYHUHH
3MIIlIEHHS BUTOKY Ha IIBUJKICTh PaJiaJbHOTO IOTOKY.

Jnst OLiHKY BIUIMBY BEJIMYMHU 3MILICHHS BUTOKY Ha
HEPIBHOMIPHICTh PpO3MOALTY IIBHUAKOCTEH BH3HAYNMO
CHIBBITHOIICHHS  KOC(IIi€HTIB  HEPIBHOMIPHOCTI ¥
BUIIQJKYy  3MIOIGHOTO Ta  CHMETPHYHOTO  BHUTOKY.
KoedimieHT HEpiBHOMIPHOCTI y BUMAIKy CHMETPHIHOTO
BHTOKY OTpPHMaeMoO 3 piBHSHHA (27) micnsa 3aiCHEHHS
MiICTaHOBKU Iy = 0

8 1

= 1-
o (do/2) | \J1+0,25(d,/2)

BukopucroByroun piBasHHs (27), (32) 3anuimemo

(32)

z z
22 +r? 2.(d /2-r1.V
@pz%ﬂ R I( /271) (33)

P, 1—

1+0,25(d, /2’

Amnaniz piBusHHg  (33) Ta Horo rpadivyHoro
300pakeHHs (puc. 5) MOKa3ye, M0 BiTHOCHUI KOCPIIi€HT
HEpIBHOMIPHOCTI y BUIIAJIKy HYJIHOBOTO 3MillIEHHSI BUTOKY
=0 unpuiivae s3uauenns ¢,=1. Ilpu 3pocranHi

BEITUIHHA 3MIIIEeHHS BHTOKY 30UTBITYETHCS
ACHMETPHYHICTh TPOQITI0 MBHAKOCTEH 1 KOedilieHT
HEPIBHOMIPHOCTI 3HWXKYETHCA, TOOTO HEPIBHOMIPHICTH
PO3MOALUTY IIBHIKOCTEH 3pOCTaE.

=4
(=]
n

0 0.05 0.1 0.15 02 02

()

Puc. 5. BignocHuit koedilieHT HepiBHOMIPHOCTI PO3IOALITY
MIBUIIKOCTEH POOOIOro MOTOKY i3 3MIIIICHUM BUTOKOM JIJIS
Pi3HMX BifcTaHeil 10 TOUKH BUTOKY |y
1-0,01m;2-0,015m;3-0,02m™m

[IpoBenenunit ananis mokKasye, 10 paliajbHe
3MIIlIEHHS BUTOKY O€3yMOBHO BILJIMBA€ Ha XapakTep MOJIs
LIBUAKOCTEH B KaMepi 3MilllyBaHHs CTPYMHHHOTO Hacoca,
BHACHIZIOK YOTO BEJWYHMHY 3MIOIEHHS HEOoOXiTHO
BpaxoBYBaTH IMPH IPOTHO3YBaHHI pPEXUMY poOOTH
CBEPUIOBUHHOI ©KEKIIITHOT CHCTEMH.

BucnoBku. IIpoBeneHi moOCTiKEHHS HO3BOJSIOTH
3pOOHTH HACTYITHI BUCHOBKH:

1. PagianbHa eJeMeHTapHa TpUBUMIpHA
XapakTepucTH4Ha (YHKIiS KOMIUIEKCHOT 3MIHHOI 13
3MIIIEHUM LEHTPOM BHTOKY MOXE BHKOPHUCTOBYBATHChH
JUIL  MOJENIOBaHHS po00YOro Mpouecy eXeKIiHHOT
CHUCTEMHU y BHIIQJIKy HESKICHOTO BHTOTOBIICHHS JeTalei
MPOTOYHOT YaCTMHM CTPYMHHHOTO Hacoca i pajiajbHOI
HECIMIBBICHOCTI p0O00YO0T HACAKK 1 KAMEPH 3MIIIyBaHHS.

2. BcraHoBiieHi yMOBHM aHAJITHYHOCTI OTPHUMAHOTO
PIBHSHHS KOMIUIEKCHOTO TOTEHIANy i3 3MIIICHUM
BUTOKOM, IO Jajl0 3MOTY BH3HAYHTH PE3YJIbTYIOUY
MIBUIKOCTI palialbHOTO IOTOKY Yy BHIJIIOI YaCTHHHOI
MTOX1THOT XapaKTePUCTHIHOI (PYHKIII.

3. JlocnipkeHa KiHeMaTHKa palialibHOTO ITOTOKY:

- panianbHe 3MiLIEHHS BUTOKY HOpYLIye
CUMETPUYHICT, Ta NOAIOHICTH NPO(INIB IIBUIKOCTEH
po0OYOro MOTOKY;

- eKCTpeMallbHI 3HA4YeHHS KIHEMAaTHYHHX KPUBHX
BIZIMOBIAIOT BEJMYMHI 3CYBY JOKEpena paiialbHOro
HOTOKY;

- 3MIIIEHHA BUTOKY Mae€ OOepHeHWH BIUTMB Ha
BiTHOCHY OCBHOBY IIBHAKICTH pPOOOYOr0 MOTOKY ISt
pi3HHUX BifcTaHe# o pobodoi Haca KM,

- 3pOCTaHHS BEJIMYWHU 3MIIICHHS BHUTOKY ITiJICHITIOE

HEPIBHOMIPHICTh  PO3MOAUTY IMIBHAKOCTEH pPoOOYOTO
MIOTOKY.
3aB[laHH§I o JaJIbIINX ,HOCJ'liIl)KeHI) noJjsrae B

00rpyHTYBaHHI MOXKJIMBOCTI BUKOPHCTaHHSI pajiaabHOI Ta
LUUPKYJSINIAHOT  QyHKUIT [ MOJENOBaHHS pOOOYOTo
npolecy CTPYMHMHHOTO  Hacoca i3  BpaxyBaHHIM
0COOIMBOCTEH HOTo 00epTaHHS B CBEPUIOBHHI.
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H.TI. IIEBYEHKO, JI. B. JEBE/JUHEI]b

MOJUPIKALIA POBOY0OT'O KOJIECA BIZIIEHTPOBOI'O HACOCA 3A JOIIOMOI'OIO CAIIP

B nmanmit yac mig uyac NpPOEKTYBaHHS TiJPABIIYHUX MAIMH IIMPOKO BHUKOPHUCTOBYETBCS CIIeLiajlizoBaHE NporpamHe 3abesnedeHHs. Y poOOTi
TPEACTABIICHO OIJISJ Cy4aCHHUX MPOrpaMm, 1[0 BUKOPUCTOBYIOTh CUCTEMY aBTOMATH30BAHOTO NPOEKTYBAHHS BiALIGHTPOBUX HacociB. CydacHHH Miaxin
10 HPOCKTYBAaHHS BiJIICHTPOBHX HACOCIB IPYHTYEThCS Ha CIIIBHOMY BHPILICHHI NpPsAMOI Ta 3BOPOTHOI 3agad Teopii pobodoro mporecy B
rizpomarHax. MeToro po6oTH € po3pobka poGOYOro Kojieca BiIlIEHTPOBOIO CEKIIHHOro HACOCY Ha Taki apaMeTpH: 06'eM PiMHu 6 M° Ha FOAMHY Ta
Hamip 140 M. Hacoc BHKOpHCTOByeTbCs Uil moAadi HAaTOBOI CHPOBHHH IO pEKyHepaTopiB Majiol AMCTHIALiHHOI ycTaHoBkn MJ{Y-20
HadTomepepoOHOro 3aBofy. Y CEKIIHHOMY HAcOCi € MOMUIUBICTH KOMIIOHYBATH IMAaKeTH POOOYMX KOJIC PI3HOTO BHKOHAHHA. BifgcyTHICTH y
BIZIKPHUTOMY OCTYIIi T€OMETPUYHHMX PO3MIPIB poOOYOro KoJsieca BiALIEHTPOBOIO CEKI[IHHOrO HAacoca Ha MOTPIOHI mapaMeTpu yCKIIaJHIOE BHOIp
edexTHBHOrO pexxuMy podotu. ToMy 3aaua NpOEKTyBaHHS Ta TOCIIPKEHHsT podounx koitic Hacoca triry BHC 3a nonomoroto CAIIP y nmporpamHoMy
cepenoBumi ANSYS CFD € akryansHO0. Y po0OOTi BHKOPUCTOBYEThCs BinmbHa akajgemiuna Bepcit ANSYS CFD. V po6oti mpencraBieHoO OMHC
OCHOBHHUX €TalliB IPOEKTYBaHHsS Ta JOCII/PKEHHs BiJLUEHTPOBOTO Hacoca. 3a CTPYMHMHHOIO KJIACHYHOIO TEODI€I0 Ta Pe3yNbTaTaMH PO3PaxyHKy B
nporpami Vista CPD Oyau npoananizoBaHi Ta 0OpaHi reOMETpHYHI pPO3MipH Ta KiHeMaTH4HI napamerpu Hacoca. 3aramsHuii KKJ[ Hacoca Ha
MoTnepeTHbOMY eTari npoekTyBaHHs csrae 50 %. Ha npyromy eramni BupilyeTbes mpsiMa 3a/iada KOMIT'TOTepHOro 3D MoJeoBaHHs Y IPOrpaMHOMY
cepenopuit Ansys CFX — Bi3Ha4eHHs TipoAMHAMIYHHAX Ta €HEPreTHYHUX XapaKTepPUCTUK Hacoca. Y poOOTi IPEICTaBICHO PE3yIIbTaTH YHCEIBHOTO
JIOCIIJDKEHHST TPHOX BapiaHTIB poOOYOro Kojeca Hacoca, siKi BUKOPHCTOBYIOTHCS ISl IIPOTHO3YBAHHS PEXHMY e(eKTHBHOI POOOTH BiJLEHTPOBOIO
Hacoca.

Kurodosi c1oBa: HaToBa CHPOBHHA, BIAIIGHTPOBUI HAcOC, poboUe KOJIECO, YHCENbHE MOJICIIOBAHHS, CHCTEMA aBTOMATHYHOTO IIPOEKTYBAHHS,
CFD, Vista CPD, koediuieHT KOpHCHOI Jii, K-& MoJienb TypOyIeHTHOCTI.

N. SHEVCHENKO, D. LEBEDYNETS
MODIFICATION OF THE CENTRIFUGAL PUMP IMPELLER USING CAD

Currently, during the design of hydraulic machines, specialized software is widely used. The work presents an overview of modern programs that use a
system of automated design of centrifugal pumps. The modern approach to the design of centrifugal pumps is based on the joint solution of direct and
inverse problems of the theory of the working process in hydraulic machines. The purpose of the work is to develop the impeller of a centrifugal
sectional pump with the following parameters: a liquid volume of 6 m® per hour and a pressure of 140 m. The pump is used to supply crude oil to the
recuperators of the small distillation unit SDU-20 of the oil refinery. In the sectional pump, it is possible to compose packages of impellers of various
designs. The lack of publicly available geometric dimensions of the impeller of a centrifugal sectional pump for the required parameters makes it
difficult to choose an effective mode of operation. Therefore, the task of designing and researching the impellers of the VNS type pump using CAD in
the ANSYS CFD software environment is relevant. The work uses the free academic version of ANSYS CFD. The work presents a description of the
main stages of design and research of a centrifugal pump. The geometric dimensions and kinematic parameters of the pump were analyzed and
selected according to the jet classical theory and calculation results in the Vista CPD program. The overall efficiency of the pump at the preliminary
design stage reaches 50 %. At the second stage, the direct task of computer 3D modeling in the Ansys CFX software environment is solved.
Determination of the hydrodynamic and energy characteristics of the pump is carried out. The paper presents the results of a numerical study of three
variants of the pump impeller, which are used to predict the mode of efficient operation of a centrifugal pump.

Keywords: crude oil, centrifugal pump, impeller, numerical simulation, automatic design system, CFD, Vista CPD, efficiency, k-¢ turbulence
model.

Beryn. CywacHuit  minxix 10  TPOEKTYBaHHS
MPOTOYHHX YAacTHH TiAPOMAIIMH IPYHTYETHCS  Ha

MPOTOYHHUX YAaCTHHAX TiJPOMAIIMH HAaBEJCHO y poOOTax
[3, 4]. Y poGori [4] npoananizoBaHO cydacHHi MiaXin g0

CIUTFHOMY BUPIIIIEHHI MPAMHUX 1 3BOPOTHUX 3azad Teopil
pobGodoro nporuecy. Y MoHorpadii [1] BukiageHo oCHOBHI
METOIHM JOCTIDKCHHS pPOoO0YOro TpoIecy JIOMaTeBHX
TiIpoMaIH Ha OCHOBI Pi3HHX ITIIXOMIB IO MOJEITIOBAHHS
TEeXHIYHUX 00'€KTiB. PO3TISIHYTO MUTaHHS NMPOEKTYBAaHHS
TiIpOMalinH, a TaKoX LUIIXM IX BHpILIEHHS 3a
JIOIIOMOT'0I0 Cy4YaCHHX MAaKeTiB NPUKJIAJHUX IIPOrPaM.

Ha cporomni mnpu mnpoeKkTyBaHHI TiJpaBJIiYHUX
MalllMH [IMPOKO BHKOPUCTOBYETHCS  CIIEIiajli30BaHe
nporpamMHe  3a0e3neueHHs. 3acTOCYBaHHS  YHCIIOBHX
METONIB  TPOEKTYBaHHSA JIa€ MOXIIHBICTH  3HAYHO
3MEHIIUTH Yac po3poOKH 1 TOKpAaIlUTH  SKICTh
MPOEKTYBaHHs MPOTOYHHX YACTUH HACOCIB. Y poboTi [2]
HaJaHO MIPHKIAAM Ta aHali3 Cy4acHHX IPOTPAMHHX
KOMIUIEKCIB, SIKI BHKOPHUCTOBYIOTBCS MJISI PO3pPaxyHKy
IIPOCTOPOBOI Tedii B MPOTOYHMX YACTHHAX T'iPOMAIIINH.

VYkpalHCbKUMH HAYKOBIIMH [HCTUTYTYy mpoOiiemMm
MammHoOyayBanHs  iM. A. M. ITliazropHoro po3pobiieHo
mporpaMHuil  KoMmIulekc  MoxemoBaHHi  [PMFlow.
PesynbraTH mOCHIIPKEHh NPOCTOPOBOI Tedii pPiTUHM B

ONTHMI3allii XapaKTepPHUCTHUK TiAPOMAIIUH Ta BU3HAYCHHS
[IJTFOBUX MApaMeTPiB ONTHUMI3aIlii.

Crnix BiA3HAYUTH, IO MOIEPETHE NPOCKTYBAaHHI €
Ba)XJIMBUM MEPIIUM KPOKOM y TPOEKTYBaHHI Oyab-sKOi
rizpomammHn. Bukopucranas monepexnsoro 1D Tta 2D
NPOEKTYBaHHA Hacoca Ta NOAAIbIIE BHKOPUCTAHHA
MOTYXKHIIIOTO KOMI'IOTEPHOTO MOJICTIOBAHHS B CHCTEMI
CFD edexkTuBHO JONOBHIOIOTH OJMH OJHOTrO B HpolLeci
MPOEKTYBaHHS TiJPOMAILHH.

Tak, Hampuknag, y CepeNoOBHUII [POrpaMHOIO
3abe3neueHHss AXSTREAM® B paMkax JOCHiTHHUIBKOT
poOOTH MOKHA BUKOHYBATH YHCEIbHI 3BOPOTHY Ta MPSIMY
3aga4i. Y po6oti [5] HamaHO NpHKIAA BUKOPUCTAHHS
nporpamaoro AXSTREAM® y HaB4agpbHOMY TIpoIeci
kadenpu «[ligpaBmiunai wmamman iM. . @. [Ipockypu»
HTVY «XIII». A came, npoeKTyBaHHs IPOTOYHOT YACTUHHU
BIJIIICHTPOBOrO0 Hacoca Ta Mpo(diIrOBaHHSA JOMaTed Ha
3ajiaHi yMOBHU; OOYMCIICHHS TiPOJJMHAMIYHUX MapaMeTpiB
CIPOEKTOBAHOTO Hacoca y pexumi Meanline mode Ta
EHEePreTUYHUX XapaKTepPUCTHK Hacoca.

© H.T. lllesuenko, . B. Jlebenunenp, 2023
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OpHielo 3 TmepefoBHX 1 HaWmoOmyJsipHIIUX Y
cnewiayictiB B cdepi aBTOMaTH30BaHUX 1H)XXKEHEPHUX
pO3paxyHKiB € yHiBepcanbHa nporpamua cuctema ANSYS.
3rinuo [6-8] y cepemosumii Ansys Workbench icaye maker
NpOrpaMHUX JOAATKIB 1 (yHKUIIH 118 NpPOEKTyBaHHS
TiIpOMaImnH, SKHHA IO3BOJISIE ONTHUMAIBFHO PO3POOHTH
TEOMETPIiI0 BINIEHTPOBOTO HACOCY 1 MPOBECTH aHANi3
MOBEIiHKHU TOTOKY B Hacoci. [Iporpamanii Mmoxymns Ansys
Vista CPD (Centrifugal Pumps Design)
BUKOPUCTOBYETBCS JUISl EKCIIPEC-aHali3y XapaKTePHCTHK
Tewii B TPOTOYHIH dYacTHWHI BIOIEHTPOBOTO Hacoca
IUITXOM  PO3B'S3aHHA B  MEPHUIIOHANBHIA  IUIOIIMHI
JIBOBUMIpHHX DiBHsIHb Eiiiepa, cepeaHix B OKpPYKHOMY
HanpsiMKy. Ansys VistaCPD — ne 2D-pimanpHuk, mo €
MEepeXiJIHOI0  JIAHKOK  MDK  MOYaTKOBHM 1D-
MPOEKTYBaHHAM 10 cepeaHii ninii Ta 3D CFD-anamizom.

Pospaxynok B Ansys Vista CPD no3Bosisie B cTuciuii
TEPMiH PO3IIITHYTH Oe3id BapiaHTIB KOHCTPYKIUI Ta
BHECTH HEOOXi/IHI KOPEKTUBH B T€OMETPUYHY MOJEIb Ha
MOYATKOBHX €Talrax POCKTyBaHHSI.

[lepemaua 3D-reomerpii BUKOHYETHCS 4Yepe3 Ansys
BladeModeler.  TlobGymoBa  po3paxyHKOBOI — Mojei
BUKOHYETBCSI B IporpamHomy cepenosuii Ansys CFX-
Pre. Hagaini cucrema n03BOJIsIE aBTOMaTHYHE CTBOPEHHS
3BITYy Ta Bi3yali3allifo pe3ylbTaTiB pPO3paxyHKy 3a
norniomororo Ansys CFD-Post.

3amadi JOCHIKEHb 3 BHUKOPHUCTAHHAM CYYaCHHX
METOJIIB KOMIT'FOTEPHOTO MOJICIIOBAHHS € aKTyalbHHMHU.
Oco0nuBicTIO po0OTH € BHKOPUCTAHHS  BUIHHOTO
nporpamuoro 3abesneuerns — ANSYS Student.

Metoo poboTH € po3pobOka podoYoro Kojeca
BiauenTpoBoro Hacocy BHC 6/140 3a 10moMoro0 cucrem
aBTOMAaTHU30BAaHOT'O NPOEKTYBaHHS Yy  IPOIPaMHOMY
cepenoumi  ANSYS CFD. Hacocu 1uporo tuny -
BIIICHTPOBI, TOPWU3OHTANbHI, CEKIiifHi, OTHOKOPITYCHI,
OaraToCcTymiHYacTi, 3 OIHOCTOPOHHIM pPO3TaIlyBaHHAM
poOoUYMX KOJIC, 3 aBTOMATHYHHM PO3BAHTAKCHHSIM
OCBOBOTO 3YCH/UIA pOTOpa, TiAPABIIYHOI TW'SITOI0, 3
MM IIATTHAKAMA KOB3aHHS, 3 TIPUBOJIOM BII
enekTpomsuryna. 3a mocwinanasmu [9, 10] mposemeno
OISl EHEPreTHMYHHUX XapaKTEPUCTHK Ta KOHCTPYKIIH
0araTOCTYNCHEBOTO BIAIICHTPOBOIO HAacoca JUIS 3aJaHUX
napameTpiB mojgadi 4-3 M*/TOS s CTBOPEHHS HATIOPY
140-180 m. Hacoc BHC 6/140 BHKOPHCTOBYETHCS ISt
mogadi HaTOBOI CHPOBHHHM B PEKyIepaTtopd Maioi
IUCTUIALIIAHOL YCTaHOBKH MIV-20
MiHiHadTonepepoOHoro 3aBoy. HasBHICT y BiIKpUTOMY
JOCTYMI TUIbKM Ta0apUTHHUX MapaMeTpiB HACOCIB THUILY
BHC na mnotpiOHI mapameTpw YCKIAJHIOE pPO3pPOOKY
pobounx Koiic, ToMy OyJI0 IPUHHATO PIILICHHS TPOBECTH
PO3p0o0Ky Hacoca 3a HACTYITHUM aJIrOPUTMOM:

1. Ilposectu ToTIepeTHiIH MIPOEKTYBaJTbHUN
pPO3paxyHOK MEPHUIIAaHHOTO TMepepi3y BiIIIEHTPOBOIO
Hacoca 3a KJIACHYHOIO0 MeTOIUKO0 A. A. JlomakinHa.

2.3a OTpUMaHHMMH JAQHHMH HPOBECTH HAOJIKCHHN
PO3paxyHOK TreOMETPUYHHUX XapaKTEePUCTUK
BiIlIEHTPOBOro Hacoca y aoaatky VistaCPD.

3. IIpoBectn YHCeIIbHEe MOJICITIOBaHHS
TiIPONMHAMIYHMX  MapaMeTpiB  JeKiIbKa  BapiaHTIB
po6ouoro koseca (PK).

VY poborti [11] mpoBeaeHO YHCENbHI JOCIHIIKSHHS

BIJIIICHTPOBOTO Hacoca (PO3paxyHKOBi mapaMeTpu: 00'em
100 M3/1"0,H, Hamip 18 M , mBHIKiCTE 0OepTaHHS
1480 x8™). Ilicms ormsmy moms Tedii B Momemi Hacoca
MPOBEICHO JIesiKi TeOMETPUYHI MoJudikarii, Taki sK
JIiaMeTpu poOOYoro Kojieca Ha BXOJI Ta BHUXO[I, KyTH
BXOJly Ta BUXOJY JIOTATI, KyT OTHHAHHS JIOMATI, TOBIINHA
jomaTi, IOUpWHA  BXOAYy Ta  BHUXOAY  JIOMATI.
ExcnepuMeHTanbHI JTOCTiKEeHHS OyNH peaizoBaHi s
HOBOI'O Hacoca.

Y pobGori [12] Oymo TpOBENEHO UHCENbHE
JOCTIDKCHHS BIiAIIEHTPOBOTO HAacoca Ha IapaMeTpH:
sutparta piguan 120 M¥rox ta mamip 20 M. Y pobori
pO3pOOJICHO Ta ONTHMI30BaHO MPOTOYHA YACTHHA
BiJIIICHTPOBOTO HAcoca 3a JOMOMOIow 4-x MOIyJiB
nporpamHoro 3abesneuenHs: ANSYS Vista, ANSYS
DesignModeler, MporpamMHe 3a0e3neueHHs TSt
onrtuMmisaiii moBepxHi Bigkianka u ANSYS CFD.

VY pobori [13] HamaHO mpHKIAN MPOEKTYyBaHHS Ta
IOCTIKCHHS BiAIIEHTPOBOTO KOMIIPECOpa 3a JIOTIOMOTOI0

CUCTEMHM  aBTOMATHU30BAaHOTO  NPOEKTYyBaHHSI  Ansys
VistaCCD.
Onuc OCHOBHMX eTamiB MNPOEKTYBAaHHA Ta

AocTiKeHHs1 BigueHTpoBOoro Hacocy. OCHOBHI eTanu
CAIIP BiameHTpoBOro Hacoca 300paxkeHo Ha puc. 1.

- A

: T

2 ! Blade Design  +"

Vista CPD

- B - [ - D

2 . Blade Design v ®2 Geometry +" 4 &2 @ Setup v 4
BladeGen 3@ Mesh i 3 @ soluton v
Mesh a @ Results "

CFX

:
92 @ setp v,

3 ﬁl%j Solution  +"

4 @ Results "
Model CFX

—>4 |5 Parameters

Puc. 1. Cxema 6okie CFD «ANSY Sy mis CATIP
BIJILIGHTPOBOI'O HACOCY

Bbaok A - nonepenne mnpoekryBanHs PK Ta
cripaibHOT KaMepH Hacoca Ha 3ajaHi TapaMeTpH.

Baok B — MOXJIHMBICTD pearyBaHHs T€OMETPUTHHX
napaMeTpiB JIONaTi Ta MEPUAIOHAIBHOI MPOEKIii, Jucia
JIoTaTe| Ta iHIIi.

Baok C - aBromMaTu3oBaHUU TMpolec Mepeaadi

reomeTpii TBepmoTinmeHOI Moxmemi PK Tta mobymoma
PO3paxyHKOBOI CITKH.
Baok D - mnoOymoBa wMaTeMaTHYHOI MOJENI,

4rcelbHE pIMICHHS Ta Bi3yamizamis Ta oOQopMICHHS
pe3yNbTaTi TIAPOAMHAMIYHUX PO3PAXYHKIB.

baok E - aBromaTH3oBaHHWil mpolec mnepenayi
reoMeTpii TBEpIOTLIBHOI MOJIENI CIipallbHOI KaMepu Ta
1o0y10Ba po3paxyHKOBOI CITKH.

Baok F - moOymoBa waremMaTH4HOI MOJEI,
YyuceNbHE pILNIEHHS Ta Bi3yami3amis Ta oQOpMICHHS
pe3ynbTaTi TIIPOAMHAMIYHUX PO3PaXyHKIB y CIipajbHOI
KaMepu Hacoca.

Pesynbratn mpoekrtyBanHs BigBogy BHC y pobGoti
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HE HaJIaHO.

Bu3HaueHHsI OCHOBHUX NapaMeTpiB Hacoca Yy
aonatky Vista CPD. OcHoBHI BHXiIHI TTapaMeTpH Hacoca
3amaloTecst y Omoky A, nomarka Vista CPD. Ile:
mBuaKicte obepranas PK 3000 XB_l; BUTpaTa 6 M3/roz[;
notpibuuit Hamip Hacoca — 140 M. MakcumaliibHe 4HCIIO
crynenis — 8. IlBuakoxigmicts Hacoca Ny =50 x>, ¥

cekniiHomMy Hacoci BHC  BHKOpPHCTOBYIOTH  KiJIbKa
moudikanii PK 3akpuroro tumy.
PobGoue  komeco  XapaKTepU3yeTbCsS  TaKUMH

TCOMETPUYHHMH TMapaMeTpaMu: maiamerpoM Bxoxy Dy
MOTOKY PiZIMHU B KoJieco, iameTpamu Bxoay D; i Buxomy
D, 3 nomartkm, miamerpamu Bamy O, i crymumi d,
JOBXHHOIO CTymuli | ., IMpUHOO MomaTKK Ha BXOi by i
Buxomi bp. 3a ymMoBaMM BHKOHaHHS MII[HOCTI 0GpaHO
miaMeTp Baiy OaraToctymeHeBoro Hacoca — 25 MM.
[IpuitHATO yMOBM OCHOBOrO BXOAY y HEPUIMM CTyNEHb
Hacoca. Y poOOTi 32 CTPYMEHEBOIO KIIACHYHOIO TEOPi€Io
[13] ta pesympTaTEMu mporpamHOro cepemopuima Vista

CPD nmpoanamizoBano Ta 00paHO  TE€OMETpPHUYHI,
KiHeMaTH4HI napamMeTpu Hacoca. [ToGynoBa
MEpHUIIOHAILHOTO ~ TPOEKWii  Koyjeca  MPOBOAMTHCA

BUXOJSYM 3 JIOCBiy, HAKOMUYCHOTO Npu 00poOIi Ta
noeeneHHi HacociB. 3aranpauit KKJI Hacoca mpubau3HO
nocsirae 60 %.

Ha puc.2 Ta 3 HagaHO TpHUKIA] YHCEIBHUX
pesynbratiB Ta ecku3z PK BimmentpoBoro Hacoca. €

MOXJIMBICTE ~ po3paxyHKiB  2D-reomerpii  BimBomy
CIHPAIBHOTO.
37 421 PCA rginess L1d Vista Canerduge Parms Congn 2201 81
ke Cacoime Close Sestehes Blicency Dt
Cpeeng condboes Cmcmaty | Mty 1
el g rmarce
a Ll - o e (V)
3 £ s ox

Puc. 2. Nonarok Vista CPD — o mo6ynosu reomerpii PK

IToOynoBa reoMetpii TpUBUMIpPHOI MoaeJi pituHN
Ta citrkoBoi mogemi. Y gomatky «Vista CPD» €
MOJKJIMBICTh CTBOpPEHHS, peIaryBaHHS Ta IMIIOpPTYyBaHHS
TPUBHUMIPHOI PO3paxyHKOBOi Mopeni pimwHA. Y poOoTi
MPOBEACHO  MOCT/HKCHHA  JeKinbka  Moam(ikamii
pobouoro koijeca: 3MiHa KUIBKOCTI JIOTIATEH, PO3MOMLI
TOBIIMHHU JIOMATi, KyTiB Ha KpOMKax. Y Tporeci
MIPOEKTYBaHHS € MOMJIMBICTH CIIJKYBaTH 3a PO3IOALIOM
KyTiB B3JIOBX JiHIT cTpyMy, Ta iHmi. Ha puc. 3 Hagano
inrepdeiicu monynis BladeGen, DesingModeler momartka
«Vista CPD».

MartemMaTH4Ha MoJeJb Ta IpaHiunHi ymoBH. [[ns
MareMaTtuuHoro mojenoBanHs (MM) TypOyseHTHOT Teuil
y mnporouniii wactmHi EBH BuHKOpHCTOByEMO cHcTeMy

ocepezHeHi 3a PeifHobIcOM Ta cucteMy piBHSHB 1S K-¢
Mozeni TypbynentHocri [1, 3].

Hdns  uumcenvHoi peamizaunii MMy  3agmauax
CiApOAMHAMIKA HEOOXiJHO CTBOPUTU CITKOBY MOJE/b Ta
NOJPIOHUTH CITKY MOOIN3y TBEPIUX CTIHOK, BHACIIJOK
HasiBHOCTI NIPUKOPIOHHMX IapiB #  ocoOiauBoCTei
rizpoauHaMikd B HUX. Bemuke 3Ha4eHHS Ha 301KHICTP 1
SAKICTb ~ pO3paxyHKy MaloTh  pO3MIpH  CITKM Ta
NPU3MATHYHUX IIapiB B 30HI INPUTPAaHWYHOTO IIApy
MOOJIN3Y CTIHOK.

W el AL Baeim - @
e for s Buk lm her Gesa ddi Ve Mede e

CARR R L T Maas ANBEiler
Ll X4
Mo

RO EFFER [ W RFRS QR BD SN 8 a

il A L LA X N AR SR IR

8 s tatsiene Wit ey

Puc. 3. Tnrepdeiicu moxyi BladeGen, DesingModeler ta

piBHAHB  Hepo3puBHOCTI,  piBHAHHA  HaB'e-CTokca  immopryBamms 1/6 yacTHHM TpHBHMIpHOI po3paxyHKoBoi Mozemi PK
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VYV poboTi BHKOPHCTOBYEThCS CTYICHTChKAa Bepcis
nporpamu  ANSYS 3  0OMeXEeHHSIMH B  KUIBKOCTI
ocepenkis citku — 500 TwHC.

Micns pobotu y pemakropi Mesh (Brxok D)
nepexoquMo 1o HactynHoro eramy CFX Pre — Bnok F.
[Micnst 3amycky Setup i3 BCiX TPUBUMIPHUX O0'€KTIB CITKH
AaBTOMAaTHYHO CTBODPIOETHCSI JOMEH 3a Has3Boro Default
Domain. I3 Bcix aBoBUMipHHX oOiacTell A KOXKHOTO
JIOMEHY aBTOMAaTHYHO CTBOPIOIOTHCS TPAHUIN MiJ Ha3BY
Default Domain Default.

3amaemo MM Ta  TpaHWYHI  YMOBH I
PO3paxyHKOBHX 30H, TUB. puc. 4. Jlns moOymoBu Mojeni
Teuii y pobOouoMy KoJieCi, MO-TIepIle, OOUPAETHCS THIT
mamman ~ «Pump»  (wacoc). J[lami BKasyeThecs  THI
po3paxyHkoBux obnacreil. [lns pobodoro komeca —
«Rotating», n=3000 XB_l; JUIL CIIPaJbHOTO BIIBOAY —
«Stationary». Tunm pobodoro cepemopuima — «\Water»;
MOJIENE TypOyIIEHTHOCTI — cTaHmapTHa K-g.

B saxocti rpaHmYHOI yMOBM Ha BXOHi B
PO3paxyHKOBHI KaHall 3aaBaBcs MacoBa BUTpAaTa B KI/C.
Po3paxyHok mpoBommBcs I poOOUOro  Aiama3’oHy
pobotn  Hacoca:  0,75Quur < Qour <1,25Qy.  3amaHo
HACTYITHI 'PaHUYHI YMOBH:

- Ha moBepxHi jonari Blade 1 3amaBanacs mBUAKICTH
obepranus PK, mo nopiBHIOE DIBUAKOCTI 0OepTaHHS Baly
3000 xB7";

-Ha Hepyxomux mnoBepxusix PK (Blade, Hub,
Shroud) 3amaetscst ymoa «No Slip Wall» — mBuakicts
TIOPIBHIOE HYITIO,

-Ha BXOmi y KaHanm pobGodoro komeca «lnlet» —
3amae€ThCsl MacoBa BHTpara Ha onxuH cextop PK (umcio
nonareit Z = 6). Hanpuknan, G = 0,25 kr/c, mo nopiBHIOE
pexumy Hacoca Q = 5,4 merox;

-Ha BHXOJi po3paxyHkoBoro kamamy «Outlet» —
HaUTHIIKOBHH THCK — 0;

- Ha mepioauuHuX noBepxHax «Periodic 1 Side» Ta
«Periodic 1 Side 2» — yMOBH 1epioAUYHOCTI.

- fe.

Puc. 4. Jlo 3aBnaHHs rpaHUYHUX YMOBH Y PO3PaxXyHKOBIH 30H1
PK Hacoca

— o [

PesyabTaT nociaimkeHHs. Y poOoTi JOCHIIKEHO
TPH BapiaHTiB pobouero xojeca Hacoca:

B-0 — 6a3oBuii — D, = 0,132 Mm;

B-1 — ninpiska koneca D, = 0,12 M, koca KpoMKa;

B-2 — minpiska koseca Ta 3MiHa pO3TalllyBaHHS
BximHOi kpomku PK.

bazoBuii  Bapiant. Ha puc.5  HaBeneHo
po3paxyHkoBi xapaktepuctuku PK BimmeHTpoBoro macoca
Juist 6a3oBoro Bapianty B-0.

Jami HamaHO TIOPIBHSJIBHI Bi3yajbHI pe3yabTaTH

YHCENPHUX PO3paxyHKiB it Oa3oBoi Mogeni PK:
posmoain mBuakocti Cp (puc. 6) Ta pO3MOIIT THCKY
B3JIOBX JIOTIATi — PUC. 7 U1 2-X peXXUMIB poOOTH Hacoca:
Q=15n/ctaQ=2,1n/c.

Pexum Q=15na/c=54 M3/1“0,£[ —  BIONOBigae
ONTUMAITEHOL 30Hi1 poboumnx XapaKTepUCTHUK
Jocipkenoro darartocryneneBoro nacoca HBC 6-140.

A0

3 ——
—— Hos

# Kkdo

o =

—_— 100

o 0.6 12 13 24 94
Qo /c

Puc. 5. Po3paxynxosi xapakrepuctuku PK. bazoswuit Bapiant B-0:

~H=1Q); °°~-KKI=1(Q)

[ N — Figiine 14, Vectos of Area Sveraged £ o0 Merksanal Suface

|

E;

a 7]

Puc. 6. Bizyamnizauis Tedii y MepuiOHAILHOMY IEPETUHY
kanany PK (6a3oBuii Bapiant B-0) 151t 1BOX pexuMiB:
a-Q=15n0/c;6-Q=21n/c

FUTANEE T Chart 2. Blade Loading a1 S0% Span
Chart 2. Blade Loading at 50% Span

Blade Loading at 50% Span

Blade Loading at 50% Span
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Puc. 7. YncenbHi pe3ynbTaTH PO3IOILUTY THCKY B3IOBXK JIONATI
(6a3oBwuii BapianT B-0) 1uist ABOX pexxuMiB:
a-Q=15n0/c;6-Q=21n/c

Hamni npoeeneHo moaudikamiro PK.

Bapianm B-1. TlpoBexeno mommdikamito 6a30BOro
Bapianty B-0 — migpizyBanHs pobouoro koineca PK:

- miapizka po6ogoro xoneca PK D, = 120mm;

- 3MiHa TOBIIMHY JIOIATI.

Ha puc. 8 HagaHO reoMeTpUYHI TapaMeTpH BapiaHTy
B-1y cepenoBuii.

Bapiaum B-2. Ha puc.9 mnpencraBieHO BapiaHT
B-2 — 3mina kxpomku PK.

B T1abn. 1 HamaHo 4MCeNbHI pe3ylbTaTH OCHOBHHX
nmapamerpiB Hacoca — Hamip Ta KKJI. Pozpaxynku
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MIPOBEAEHO I 1BOX pexkumie — Q = 1,5 ta Q=2,1 i/c Ta
JUIsl 2-X BapiaHTIB TOBIIMHM JIonaTi (4 MM Ta 2 MM).

&
suLE A BDe 90 AL
viksE

nFEEAAA = X8 ¥

B ---- = =S

1LY
Dy= 120 mm

t=2mm

Puc. 8. basosuii Bapiant B-0 Ta iioro moaundixaris B-1

&
Puc. 9. Monmudikaris 6azoBoro Bapianty PK: B-2
Tabmuus 1 — 3BeneHi pe3ynbTaTu po3paxyHKiB
MoaudikoBannx PK
Bapianr| B-0 B-1 B-2
t, MM 4 4 2 4 2

H,m |26/18|21,1/16,7|21,8/17,9|24,5/21,8|24,6/22,1
KK, %| 62/61 |61,7/60,2|62,8/61,9| 64,1/65 |64,2/65,2
Q,u/c [15/2,1] 15/2,1 | 15/2,1 | 1,5/21 | 1521

Ha puc. 10 npezacTaBineHo Bizyaiizailisi pe3ysbTaTiB
pospaxyaky PK mms Bapianty B-2 (mpuiiHsATO: TOBImIKHA
Jomarti Ha BUXOAI (=2 MM; ONTHMAaIbHUN pPEKUM
Q =15 n/c).

Chart 1. fisde Laadk
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Flgure 11. Contour

of Mass Averaged Pt on Meridsonal Surface
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Puc. 10. Po3nonin THCKY B3IOBX NPOdist Ta y
MepuaioHansHoMy nepetuny PK s Bapianty B-2

BucnoBku. JlociipkeHHSI INIPOBEICHO Ha OCHOBI
NPOEKTYBaHHA NPOTOYHOI YAaCTHMHH pPOOOYOro Koseca
BIZIIEHTPOBOI'O ~ Hacoca 3a  JIOIOMOIOI0  CHUCTEMH
aBTOMAaTH30BaHOTO MpoeKkTyBaHHS Ansys Vista CPD.

3a  CTpyMHUHHOIO  KJAaCHYHOIO  TeOpi€lo  Ta
pe3yiapTaTaMi po3paxyHKy B mporpami Vista CPD Oymu
MpoaHaji30BaHi Ta oOpaHi TEOMETPWYHI pPO3MIpH Ta
KiHeMaTH4Hi mapaMeTpu Hacoca. 3araxpanit KKJI Hacoca
Ha TIOTIepeTHFOMY eTali MpoekTyBaHHs ciarae 50 %.

lppapniuanit  KKJ| wMoamdikoBaHoro pobodoro
koneca Hacoca (Bapiant B-2) micns apyroro eramy
NPOEKTyBaHHs 3011b1IKBCs Ha 2 %, BinOynoCs HEBEINYKE
3MIIIEHHS XapaKTEPUCTUKH y 30HY OLIBIINX BUTpAT.

Buxopucranns YUCENbHUX JIOCIIKEHb 3a
JTOTIOMOTOI0 TIPOTPAMHUX J0AaTKiB ANSYS 1a€ MOKIHBICTh
JIONIPAIFOBATH TEOMETPil0 Hacoca 1 TMOKPaluTH HOro
MePBICHI XapaKTEPUCTUKH.

Cnucoxk jitepatypu

1. [panxorcekuii B. E., Muponos K. A., Tunssnosa . I, Pe3pa K. C.,
Kpyna €. C., KyxrenkoB 0. M.  Mamemamuune mooenosanns
pobouoeo npoyecy ciopomawun: monoepagis. Xapkis: HTY «XI1D»,
2022. 406 c. URL: http://repository.kpi.kharkov.ua/bitstream/KhPI-
Press/56895/1/Monograph_2022_Drankovskyi_Matematychne_mod
eliuvannia.pdf (nara 3Bepuenns: 26.07.2023).

2. Krupa Y., Demchuk R., Volobuiev A., Kis S. Comparative analysis
of software systems for hydraulic turbine flow simulation. Bulletin
of the National Technical University "KhPI". Series: Hydraulic
machines and hydraulic units. Kharkiv: NTU "KhPI". 2023. No. 1.
P. 49-55. doi: 10.20998/2411-3441.2023.1.08

3. PycanoB A.B., TmecinB.l, XopesO.M., KanuakosckiP.,
Komomsokua JI. B., KocesHoBa A. 1, Kocesinos 1. 1O.,
IMamenko H. B., Pycanos P. A., Cyxopeopwuii I1. M., Uyraii M. O.
Haykoeo-mexuiuni ~ OCHO8U — MOOenO6aHHs [ NPOEKMyBaHHs
NPOMOYHUX — YACMUH — eHeP2eMmUYHUX mypooyCmaHoeok | pen.
PycanoB A. B. Xapkis: IncTuTyr npobineM MammHOOYTyBaHHS
im. A. M. ITigroproro, 2019. 384 c.

4. PycanoB A.B., CyborinB.I'., XopeO.M, bukosIlO. A.,
Koportaes II. O., Ari6anos €. C. Bius npoctopoBoi ¢popmu jomnareit
pobounx Koiic Hacoc-TypOiHM Ha XapaKTEpPUCTUKH IIOTOKY B
Typ6inHomy pexumi. Journal of Mechanical Engineering. 2022.

Vol. 25, no. 4. URL: https://journal-me.com/wp-
content/uploads/2023/01/2022_4 1_ukr.pdf  (mara  3BepHeHHs:
26.07.2023).

5. IlleBuenko H.T., IBamenxo B. 10., Py6nescekuii €. 10.,
3akopa O. O. IIpoexTyBaHHs BiILEHTPOBOrO Hacoca 3a JIOMOMOIOI0
nporpamuoro 3abesmedenns AXSTREAM®. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI". 2022. No.1. P.72-77.
doi: 10.20998/2411-3441.2022.1.11

6. VistaTM CPD - centrifugal and mixed-flow pump preliminary
design. URL: https://www.pcaeng.co.uk/content_uploads/Factsheet_
No.6_vista_cpd_highres.pdf (zara 3seprenss: 28.07.2023).

7. Ansys Student -  Free Software  Download.
https://www.ansys.com/academic/students/ansys-student
3BepHeHHs: 28.07.2023).

8. ANSYS CFX Tutorials 2021. URL:
25536336/ansys-cfx-tutorials-2021-r1
30.05.2023).

9. Hacocu. Ilpomucnosa epyna Gidromash. URL: https://gidromash.ua/
ru/prom/mnogostupenchatie_gorizontalnie_nasosi/cnsg__lcnsg__ac

URL:
(nara

https://studylib.net/doc/
(nara 3BEPHEHHSI:

nsg/mnogostup_cnsg_lcnsg_acnsg.html (mata 3BEPHCHHS:
26.07.2023).
10. CVIEM3.  Kamanoe. URL:  https://konsolnik.com.ua/nasosy-

sektsionnye-tsns-tsnsg/ (mara 3sepuensst: 27.07.2023).

11. Kocaaslan O., Ozgoren M., Aksoy M. H., Babayigit O.
Experimental and Numerical Investigation of Coating Effect on
Pump Impeller and Volute. Journal of Applied Fluid Mechanics.
2016. Vol. 9, no. 5. P. 2475-2487. doi: 10.18869/
acadpub.jafm.68.236.25094

12. Alawadhi K., Alzuwayer B.,

Mohammad T. A., Buhemdi M. H.

60

Bulletin of the National Technical University "KhP1".

Series: Hydraulic machines and hydraulic units, no. 22023



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

13.

14.

TEXHIYHUH YHIBEPCHUTET
iMm. I'. @. [Ipockypu»;

Design and Optimization of A Centrifugal Pump for Slurry
Transport Using Response Surface Method. Machines. 2021. Vol. 9,
no. 60. doi: 10.3390/machines9030060

Porosuii A. C., Asapos A. C., [lemuyk P. M.  YiocokHaneHHs
XapaKTEePUCTHK POOOUYOro Koyieca BUCOKOHAIIPHOTO BiLIEHTPOBOTO
KoMIIpecopa npoekTyBaHHsM 3a jgornomororo CAIIP. Bulletin of the
National Technical University "KhPI". Series: Hydraulic machines
and hydraulic units. Kharkiv: NTU "KhPI". 2023. No. 1. P. 25-30.
doi: 10.20998/2411-3441.2023.1.04

PxebaeBa H. K., PxebaeB E. €. Pospaxynox i xoucmpyiosamnns
sioyenmposux nacocie. Cymn: Cym1Y, 2009. 220 c.

References (transliterated)

Drankovs'kyy V. E., Myronov K. A, Tyn'yanova I. I., Ryezva K. S.,
Krupa Ye. S., Kukhtenkov Yu. M. Matematychne modelyuvannya
robochoho protsesu hidromashyn: monohrafiya [Mathematical
modelling of the hydraulic machine workflow]. Kharkiv, NTU
"KhPI" Publ., 2022. 406 p. Available at: http://repository.kpi.
kharkov.ua/bitstream/KhPI-Press/56895/1/Monograph_2022_Drankov
skyi_Matematychne_modeliuvannia.pdf (accessed 26.07.2023).
Krupa Y., Demchuk R., Volobuiev A., Kis S. Comparative analysis
of software systems for hydraulic turbine flow simulation. Bulletin
of the National Technical University "KhPI". Series: Hydraulic
machines and hydraulic units. Kharkiv, NTU "KhPI" Publ., 2023,
no. 1, pp. 49-55. doi: 10.20998/2411-3441.2023.1.08

Rusanov A. V., Hnesin V. I, KhoryevO. M., Zhandkovski R.,
Kolodyazhna L. V., Kos'yanova A. I., Kos'yanov D. Yu.,
Pashchenko N. V., Rusanov R. A., Sukhorebryy P. M.,

Chuhay M. O. Naukovo-tekhnichni osnovy modelyuvannya i
proektuvannya protochnykh chastyn enerhetychnykh turboustanovok
[Scientific and technical basis of modeling and design of flow parts
of power turbine installations]. Kharkiv, Instytut problem
mashynobuduvannya im. A. M. Pidhornoho Publ., 2019. 384 p.
Rusanov A. V., Subotin V. H., KhoryevO. M, Bykov Yu. A,
Korotayev P. O., Ahibalov Ye. S. VIyv prostorovoyi formy lopatey
robochykh Kkolis nasos-turbiny na kharakterystyky potoku v
turbinnomu rezhymi [Effect of spatial shape of pump-turbine
impeller blades on flow characteristics in turbine mode]. Journal of
Mechanical Engineering. 2022, vol. 25, no.4. Available at:
https://journal-me.com/wp-content/uploads/2023/01/2022_4_1_ukr.pdf
(accessed 26.07.2023).

Shevchenko N. H.,  Ivashchenko V. Yu.,  Rublevs'kyy Ye. Yu.,
Zakora O. O. Proektuvannya vidtsentrovoho nasosa za dopomohoyu

10.

11

12.

13.

14.

prohramnoho zabezpechennya AXSTREAM® [Centrifugal pump
design using AXSTREAM® software]. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv, NTU "KhPI" Publ., 2022, no. 1, pp. 72-77.
doi: 10.20998/2411-3441.2022.1.11

VistaTM CPD - centrifugal and mixed-flow pump preliminary
design. Awvailable at: https://www.pcaeng.co.uk/content_uploads/
Factsheet_No.6_vista_cpd_highres.pdf (accessed 28.07.2023).

Ansys Student — Free Software Download. Available at:
https://www.ansys.com/academic/students/ansys-student  (accessed
28.07.2023).

ANSYS CFX Tutorials 2021. Awvailable at: https:/studylib.net/
doc/25536336/ansys-cfx-tutorials-2021-r1 (accessed 30.05.2023).
Nasosy. Promyslova hrupa Gidromash [Pumps. Industrial group
Gidromash]. Available at: https://gidromash.ua/ru/prom/
mnogostupenchatie_gorizontalnie_nasosi/cnsg__1lcnsg__acnsg/mno
gostup_cnsg_lcnsg_acnsg.html (accessed 26.07.2023).

SLEMZ. Kataloh [SLEMZ. Catalogue]. Available at:
https://konsolnik.com.ua/nasosy-sektsionnye-tsns-tsnsg/  (accessed
27.07.2023).

Kocaaslan O., Ozgoren M., Aksoy M. H., Babayigit O.

Experimental and Numerical Investigation of Coating Effect on
Pump Impeller and Volute. Journal of Applied Fluid Mechanics.
2016, vol. 9, no. 5, pp. 2475-2487. doi: 10.18869/
acadpub.jafm.68.236.25094

Alawadhi K., Alzuwayer B., Mohammad T. A., Buhemdi M. H.
Design and Optimization of A Centrifugal Pump for Slurry
Transport Using Response Surface Method. Machines. 2021, vol. 9,
no. 60. doi: 10.3390/machines9030060

Rogovyi A.S., AzarovA.S., Demchuk R. M. Udosoknalennya
kharakterystyk robochoho kolesa vysokonapirnoho vidtsentrovoho
kompresora proektuvannyam za dopomohoyu SAPR [Improving
characteristics of the impeller of a high-pressure centrifugal
compressor by designing with the help of CAD]. Bulletin of the
National Technical University "KhPI". Series: Hydraulic machines
and hydraulic units. Kharkiv, NTU "KhPI" Publ., 2023, no. 1,
pp. 25-30. doi: 10.20998/2411-3441.2023.1.04

Rzhebayeva N. K., Rzhebayev E. Ye. Rozrakhunok i
konstruyuvannya vidtsentrovykh nasosiv [Calculation and design of
centrifugal pumps]. Sumy, SumDU Publ., 2009. 220 p.

Haoituna (received) 15.11.2023

Bioomocmi npo asmopis | About the Authors

Lleguenko Hamania I'puzopiena (Shevchenko Nataliia) — xanaumar TexHiYHUX Hayk, OOLEHT, HarioHansHU

M. XapKiB, VkpaiHa;

nataliia.shevchenko@khpi.edu.ua
Jebeouneys JJenuc Bimaniiiosuu (Lebedynets Denys) — HamioHanbauii TexXHiYHHA yHiBepcHTET «XapKiBCHKHA
MOJITeXHIYHUHN 1HCTUTYT», MaricTpanT kadenpu «[impasmigai mammau iMm. I'. @. [Ipockypu»; M. XapkiB, YkpaiHa;
ORCID: https://orcid.org/0009-0007-3344-3130; e-mail: denys.lebedynets@mit.khpi.edu.ua

«XapKiBCBKUI MOJITEXHIYHUH
ORCID:

IHCTUTYT»,

nmoueHT kKadenpu «[impapnivHi
https://orcid.org/0000-0002-6877-7428;

MallluHU
e-mail:

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 22023

61



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

YK 621.671.22 doi: 10.20998/2411-3441.2023.2.09

A. C. POTOBHH, A. C. A3APOB, 0. 1. HIV]IPHK, O. b. TIAHAMAPbOBA, /. B. TEBFE/IHHEIIb

BAJIJIALIA BIIKPUTOI BIBJIOTEKH OPENFOAM T'IZIPOTYPBIH VIS BACOKOHAMIPHOI'O
BIIOEHTPOBOT'O KOMITPECOPA

Creuianpauit mporpamauii Moaynb 1o OpenFoam nonmaHo mocTaTHRO HaBHO, Oimbln HiKXK 10 poKiB TOMy, H JOCTaTHBO BENHKA KUTBKICTH POOIT
MPUCBSIYCHA HOro BHUKOPUCTAHHIO IUIsi BHPILICHHS HpoOneM TypOiHOOynmyBaHHs. HeTouHOCTI MOIETIOBaHHS MOXYTh BHHUKATH 3a 301TBIICHHS
MIBUIKOCTI 10 Ham3BykoBoi Tewil. Mertoro poGotu € Bamimamis Bigkpurtoi 06i6mioreku OpenFoam rigpoTypOiH Uil po3paxyHKy Tedii y
BHCOKOHAIIPHOMY BiJLIGHTPOBOMY KOMIIPECOpPi Ta 3HaX0 U KeHHs ontumanbHuX 3a KK/l Ta criBBiIHOIIEHHSAM NOBHHMX THCKIB IIapaMeTpiB Ta MOAei
po3paxyHKy. s 4HCIOBOrO PO3paxyHKy BHKOPHCTAHO ocepelHeHHs 3a Pelinonbiacom piBasiHp Has'e-Crokca, mo 3actocoBani B CFD-6i6mioTeni
OpenFoam v. 2212. B po6oTi Ui 3aMUKaHHs PiBHSHb MAaTEMaTHYHOI MOJEN BUKOPHUCTAHO JBiI HAMOUIbII BXXUBAHUX AJIS MONIOHHMX 3a1ad MOAEINI
TypOynentHocTi: K-&€ Mozens ta SST-Mozenb. MopestoBas st 34iHCHEHO 3a J0oMOoror MoauikoBaHoi Bepcii conBepa sonicFoam, sikuil jocTynHURA
y OpenFoam. MakcuManbHa TOMHJIKA PO3PaxyHKY CHIBBIJHOIIEGHHS ITOBHOIO THCKY B po0odiil 30HI s ycix Mopeneil ckiana 3 %. Yci moneni
MOTaHO MOBOJATHCS Y 30HI HU3BKHX BUTpAT. Haxuin yciX KpUBUX BiJIOBiJa€ eKCIIEPUMEHTANIBHIN XapaKTepUCTHLli. PO3paxyHOK 3a MOJEISIMU 3 TyXKe
rapHAMH CiTKAMH B CEpEIHbOMY IPHBOAMTH 10 30iibimeHoro Ha 2 % criBBigHOWmIEHHS THCKiB. BukopucranHs OpenFoam o3Boisie TOYHO
(MakcHMalbHa IOXHOKA He MepeBuIye 5 %) MporHo3yBaTH iHTErpalibHi MapaMeTpH BHCOKOHAIIPHOTO BiALIGHTPOBOro KoMmipecopa. Haibinpim Touso
KK/I npornosye mozpenb SST i3 BUKOPUCTAHHSAM CITOK OlblIe HiX 2,56 MITH. €IEMEHTIB, aje TaKol KiIbKOCTI €JIEMEHTIB HEe JOCTATHBO VIS SIKICHOTO
NIPOTHO3Y XapaKTePHCTHK KOMIIpEcopa 3a MaJMX BUTpAT. Y MOJANBIIHMX MOCIIIKEHHSIX PalliOHAIBHO BHKOPHCTOBYBATH CITKH, IO CKJIAIAIOThHCS
IIOHaMMEeHIIe 3 5 MJIH. eJIEMEHTIB Ta BUKOPHCTOBYBATH SST-MOeNb TYpOYyICHTHOCTI.
Ku11040Bi cj10Ba: BiIIIEHTPOBHIA KOMIIPECOP, MATEMaTH4YHE MOJICIIOBAHHS, YUCIOBUI PO3paxyHOK, Bajigauis, noxitponnuid KK/, tick.

A. ROGOVYI, A. AZAROV, O. SHUDRYK, O. PANAMARIOVA, D. LEVEDYNETS

VALIDATION OF THE HYDRAULIC TURBINE OPENFOAM LIBRARY FOR A HIGH-PRESSURE
CENTRIFUGAL COMPRESSOR

A special program module was added to OpenFoam more than 10 years ago, and a large number of studies have been devoted to its use for solving
turbine engineering problems. Modeling inaccuracies can occur when the velocity is increased to supersonic flow. The aim of this work is to validate
the OpenFoam open library of hydraulic turbines for the a high-pressure centrifugal compressor flow calculation and finding the parameters and
calculation model that are optimal in terms of efficiency and total/total pressure ratio. For the numerical calculation, we used Reynolds averaging of
the Navier-Stokes equations, which are used in the CFD library OpenFoam v. 2212. In this work, the two most commonly used turbulence models for
such problems are used to close the equations of the mathematical model: the k-e model and the Shear stress transport (SST) model. The simulation
was performed using a modified version of the sonicFoam solver, which is available in OpenFoam. The maximum error in calculating the total
pressure ratio in the working zone for all models was 3 %. All models behave poorly in the low mass flow rate zone. The slope of all curves
corresponds to the experimental characteristic. The calculation using the models with very fine meshes on average determines a 2 % increase in the
total-to-total pressure ratio. Using OpenFoam, the integrated parameters of a high-pressure centrifugal compressor can be predicted accurately
(maximum error does not exceed 5 %). The most accurate efficiency is predicted by the SST model using meshes of more than 2.56 million elements,
but this number of elements is not enough to predict the compressor's performance at low flow rate zone. In further research, it is rational to use grids
consisting of at least 5 million elements and use the SST turbulence model.
Keywords: centrifugal compressor, mathematical modelling, numerical solution, validation, polytropic efficiency, pressure.

Beryn. CrOroHI YMCIIOBI METOAM BHUPIIICHHS 3a7ad  KUTBKOCTI BHKOPHCTaHHMX ISl CITKH €JIEMEHTIB Ta
TipoaepoMHAMIKHI IITUPOKO BUKOPHUCTOBYIOTBCS ~ 3MCHIIMTH HEOOXIHICTh EKCIICPUMECHTATBHIX
IHmKeHepaMu Ta HAYKOBIISIMHI TS BUpIMIEHHA  JOCHIKEHb JUIA ONTHMi3amii TypOiH, HacociB Ta
pi3HOMaHITHHUX 3a1a4 Teuil pizuH Ta rasis [1]. 3agagi, mo  xommpecopis [8, 9].

MOXYTh OyTH pO3B'A3aHI 3a BHUKOPHUCTAHHS JaHUX AHaJgi3 ocraHHiX gocaimkennb. CreniaapHHNA

METONiB, BCE OLIbIIEe YCKIQJAHIOIOTHCS, ajieé BUHUKAE
npoOieMa KOPEKTHOTO BHKOPUCTAHHS MaTeMaTHYHHUX
MoJenel Ta Mozaenel TypOyJIeHTHOCTI Uil IEBHUX KIIAciB
3agay  [2, 3]. HaiiGinbm poO3MOBCIOPKEHI KOMEPIiiHi
MaKeTu cuMyJsilil Tedii B TypOoMaminHax, Taki sk Ansys
CFX € BanmiioBaHUM TPOrpaMHUX KOMIUIEKCOM, IO BiKe
BHKOPHUCTAHO JUIsI BUPIIMIEHHS BEIUKOI KUIBKOCTI 3amad
Tewil mapW, Tras3iB Ta piAuH, Mae OOMEXKEHHS IS
BUKOPUCTaHHS B HAYKOBUX JIOCTI/DKCHHSX BHACIIIOK
ICHyBaHHS  TPaHWYHOI  KIJIBKOCTI  €JNEeMEHTIB I
cTymeHTchKoi Jirensii [4,5]. 3 iHmoi croporu, GimbII
JOCTYIHUH CTyJIeHTaM, aclipaHTaM Ta HayKOBISIM
nporpamuuii komruieke OpenFoam 3Ha4HO CKIamHINIAN
Ta NoTpedye MocTiiiHol Baijanii CTBOPIOBAaHUX MOJYJIIB
ta miamporpam [6,7]. Bepudikamis = 03Ha4eHOro
BIZIKDUTOTO  TPOTPaMHOTO  KOMIUIEKCY  JIO3BOJIUTH
BUpINIyBaTH 3aha4yi OuIbIl TOYHO 0O€3 OOMeKeHHs

nporpamuuii Mmoayne 1o OpenFoam nonaHo jpocTaTHBO
JIaBHO, Oumbm HiX 10 pokiB TOMy I JOCTaTHBO BEJHKA
KUIBKICTh POOIT NPUCBSIYEHA HOTO0 BHKOPUCTAHHIO JUIS
BUpilIEHHA Mpobiem typOomamuH. Tak, B poboTax
[10, 11] 3a3HayeHo MPO YCHILIHICTH HOr0 BUKOPHCTAHHS
JUTST 3a7ad  TiapoTypOiHOOYAyBaHHS ISl HECTHCIUBHX
pinun. Hoswmii consep multiple reference frame (MRF) ta
iHTepdeiicn 3B'A3ky Oynu po3poOiieHI Ta monmaHi a0
OpenFoam, micis woro B pobori [12] BHKOHAHO
MoJanblly BaliJamilo Ui BiJIEHTPOBMX HacociB. B
pobori [13] HaBeneHo iH(bOpMAlLiO NMPO BHKOPUCTAHHS
COJIBEpY Ha OCHOBI THCKY JUIsl MOJICIIOBAHHSI CYMiCHOTO
TeriooOMiny. B skocTi BamimamiifiHOTO TpHKIany OyIiio
BukopucTano jomate NASA C3X Film, i 6yno Bu3sHaueHO
TapHE Y3TOMKCHHS MapaMeTpiB 3 EKCIEePUMEHTAIbHUMHU
IaHuMHu. B momampmomy po3poOiieH0  HaONMKEeHWH
po3sszyBau Pimana [14] mis Haa3ByKOBHX Tedidl #
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NPOBEJCHO HOro Bajijauii Iyl Takoro THIY Te4id Ta y
MOpIBHAHHI 3 KoMepuiHMME mnporpamamu [15, 16].
3azHayeHo, mio pesynbraTd oTpumani B Openfoam,
MOXYTb  OyTM  BUKOPHUCTaHI  JUIi  MOZEIIOBAaHHS
HaJ3BYKOBUX Tediil y TypOomammHax [17]. SkicHuit
PO3paxyHOK Tedil i 0COONMBO PO3MOALTIB TEMIIEPATyp Ha
JOmaTsaX TypOiH Ta KOMIPECOpiB MO3BOJSE 30iNBIINTH

HaAIWHICTP MamMH Ta  30UIBINUTH  MIXKPEeMOHTHI
inrepsasu [18, 19].
Mera. Meroro poOOTH € Bamijamis BiAKPUTOI

6i6miorexn OpenFoam rigpotypOiH U po3paxyHKy Tedil
y BHCOKOHANIPHOMY BiAIIGHTPOBOMY KOMIIpEcopi Ta

3HaXOKEHHS ONTUMAJIbHUX 3a KK Ta
CHIBBITHOIICHHSIM MOBHUX THCKIiB IapaMeTpiB Ta MOJEINi
PO3paxyHKy.

PesyabTaTn OCHIIKEeHb. Jltst YHUCIIOBOTO

PO3paxyHKy BUKOPHCTAHO OCepeaHeHHs 3a PeitHombacom
piBasaHb HaB'e-Ctokca, mo 3actocosani B CFD-6i6miorerni
OpenFoam v. 2212 [20]. PiBusiHHs 30epeXeHHs MacH,
KIJIBKOCTI pyXY Ta €Heprii:

o = [~

ﬁ_i)—i_v.(purel)zo; (1)
o(pU o o
(gt )+v.(pUre.U)+p(qu):_vp+v.r; )

o(pE —
%-"V'(purel ): ' (3)

=-Vp-U+1:(VU)+V-(kyVT)

e p — ryctuHa; p — Tuck; U — abCcomroTHa MIBUAKICTH;
dKa TOB'I3aHa 3 BiIHOCHOIO MmBHAKiCTIO U, Ta 3

KYTOBOIO IIBHJKICTIO 00epTaHHS JOMEHY () HACTYIHHUM
PIBHSHHSIM:

U, =U-QxT. 4)

JlBa 10naTKOBI WIEHM Yy TMpaBii dYacTHMHI PIBHSIHHS
KIJIBKOCTI pPyXy BpaxoByIOTh mpuckopeHHs Kopiosica
BHACNIJIOK OOEpPTaHHSA Ta BIALECHTPOBY cHiy. TeH30p
Harpy>XeHb 3CyBY Ma€ BUTJIISL

2 _
T= g [S_E(V'U)I] (5)

ne S=VU+VU'. EpexrusHa B'I3KicTh Ta e(eKTHBHA
TEIUIOTIPOBITHICTE €  CYMOIO  MOJIEKYJSIpHAX — Ta
TypOyJIEHTHHX:

Mo = M+H, Ky =k 4K (6)

IToBHa enepris E Moxke OyTH BUpakeHa sIK

MOJIeNIi BHUKOPHCTAHO JIBI HAWOUIBII BXHBAHUX IS
noAiOHUX 3a1a4 Mojieni TypOynenTHocTi [22]: K- Moaerns
[23] Ta k-0 SST-momens [24].

[lin wdwac MozaenrOBaHHS B SKOCTI POOOYOro
cepenoBUIa 00paHO TOBITPS SK iNeaNbHUN a3, a YMOBH
Tewil BBaKamucs  cramioHapHuMH. OCKUIBKH IS
TIPUCKOPEHHS o04ncIIeHb BHKOPHCTOBYBABCS
TNICEBJIOHECTALlIOHAPHUH PO3PaxXyHOK 3 NEBHUM KPOKOM 3a
4acoM s NPUCKOPEHHS CHUMYJLil, pPO3paxyHOK
3aKiHYyBaBCS TICHS JIOCATHEHHS MOCTIHHUX 3HAYCHb
HEeB'sI3aHb Ta BHTpPaTH B Kommpecopi. Ocrwamii
mapamMeTpiB Tedil BKa3ylTh Ha MOXJIMBI HECTaOUIbHI
pobodi TOYKHM 3a NMEBHHX XapaKTEpHCTHK MOTOKYy. Taka
CUTyaIlisl OCOOJMBO XapaKTepHA ULl MajuX MAaCOBHX
BUTpAT Y OEAHAHHI 3 BUCOKHAM CITiBBiTHOIICHHSM THCKIB,
KOJIM MOJMJIMBUI ITOMIIQX HPU3BOJIUTH JI0 THMYAaCOBHX
KOJIMBaHb MacoBOTro MOTOKy. Lle Moke mpu3BecTH 10
MOBHOT 3YMUHKU poboTh kommpecopa. Lli HectabimbHI
KOJIMBaHHSA HE MOXYTh OYyTH BHpIIICHI 3a JOIIOMOTOIO
MoJIeNi, IPEeICTaBICHO] B JaHil CTaTTi.

Jlis MozemoBaHHS 00epTaHHsS KoJieca KOMIIpecopa
Bukopuctano miaxix MRF. B mpomy migxoni oGmacts
MOJIISEThCA HA CTalioHapHy Ta obeproBy obmacti. B
obOmacti oOepTaHHS [MOJATKOBI UJIEHW B PIBHIHHIX
MOJIETIOIOTh BIUIMB pyxomoro poropa. Ilinxin MRF ne
BpaxoBy€ BITHOCHHH pyX pPyXoMOi 30HH BiJHOCHO

CyCImHIX  30H, HAmpUKJIalN, CiTKa  3aJUIIAETHCS
(ikcoBanoro [25].

MonentoBaHHS 3IIHICHEHO 3a JOIIOMOTOI0
Moau¢ikoBaHoi Bepcii cosBepa sonicFoam, sikuid

moctymHuil 'y OpenFoam. Ile comBep s cTHCIHBOI
piauHM U 10- Ta HAaA3BYKOBHX TEYiH, IO I'PYHTYETHCS
Ha BH3HAYCHHI THUCKY. SIK po3mmpeHHs, Oyio peanizoBaHo
minxin MRF. 3a 3amoBuyBaHHSIM pIBHSHHA €Heprii y
sonicFoam 06a3yeTbcss Ha BHYTpIiMmHIA eHeprii. OxgHaK 11
dbopMa He MIAXOAWTH IS BHCOKOUIBUIKICHUX Teuidl. 3
1i€1 MPIYUHA BUPINTYBAJIOCs PiBHAHHS MOBHOI eHeprii (3).
30DKHICTD  PO3B'I3KYy  OLIHIOETHCS 32  JIOTNIOMOTOIO
JEKITBKOX KOHTPONBHUX TOYOK IO Beii obmacti. Kpim
TOrO, KOHTPOJIIOBAJacsi MacoBa BUTpara Ha BXOJl B
KOMIIPECOp.

V pisasuusax (1)—(7) muckpeTusallis KOHBEKTHBHHX
YIICHIB BHKOHAaHA 32 IOMOMOTOIO JIIHIHHOI 1HTEPITOIAIl

apyroro mopsaky (upwind) - mis U, E. T pamieHTH
IUCKpETH3yBalMca 32  JONOMOTOI  IICHTPaJIbHOI
PI3HUICBOi CXeMH. [HTerpyBaHHs 3a 4YacoM JUis
JOKaJbHOTO  KPOKYy 332 4YacoM BHKOHYETBCS 3
BUKOPHUCTAHHAM HeABHOI cxemu Eilnepa nepumioro
MOPSZIKY.

CHiBBiTHOIICHHS TOBHUX THUCKIB, BTpaTH Ta
momitpotanit KK omiHtoBanmcs mns  TOpPiBHAHHS
EKCIICPUMCHTATIBHUX JIaHUX Ta pe3yNbTaTiB

MOJCJIFOBAHHA. Bonu Bu3zHavaoThCS HaCTYITHUM YWNHOM:

1,2 n
E:ch+E|U| : @) n*_p;ut_ . In(x") k_l'C_ Ap’ @
. , . P In(T,, /T,) k '~ 05pv*’
Ilto cucremy pIBHIHb MOXHA pO3B'SI3aTH U1 BCie€l
obmacti. B iHepmianbHI cucTeMi BiIUIIKy piBHSAHHS x N . . .
- e Pos Pin IOBHI THUCKM Ha BHUXOAI Ta BXOII
MOKHa TIEPETBOPUTH OO OPUTIHAIBHOTO  BHIJIALY,
3a/aBIIM KyToBY mBHKicTs Q =0 [21]. xommpecopa; Ty, Ty, — TOBHI Temmeparypu rasy Ha
B po6oTi a1 3aMHUKaHHA pIBHAHb MaTeMaTM4HOi BHXOXi Ta Bxodi kommpecopa; k=14 - mnokasHUK
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aziabati; AP — BIPATH IIOBHOTO THCKY.

B po3paxyHKy BHUKOPHCTAHO CEKTOPHHMH MiAXim 3a
SIKOTO pOTOp MaB KyTOBHH po3Mmip 25,7°, nomaTteBuit
mudpysop — 20° (BUmiNIEHO CHHIM KOJNBOPOM Ha pHC. 1).
Komnpecop mae Buxigumii miamerp poOodoro Koseca
240 MM, KyTOBY IIBHAKICTH obepramHs 207500 xB™.
Yucio omnatel HaIpsMHOTO anapary, 10 00epTaeThes —
14, yucno nonarei podoyoro xoneca — 28, YUCIIO JoNATEH
nonareBoro nudysopa — 18.

Puc. 1. Po3paxyHKoBa MOJIeNIb BUCOKO HAITIPHOTO
BIJILIEHTPOBOTO KOMIIpecopa

Inrepdeiic MiX CTaTUYHUM JIOMECHOM JIOMATEBOTO
mudysopa Ta JOMEHOM pOTOopa, IO O0EepTaEThC,
BusHaueHo sk Frozen Rotor [22]. CitkoBi po30uTTs
BUKOPWCTaHI IS Balijamii po3paxyHKy HaBEeJIE€HO B
Taou. 1.

Tabmuis 1 — Po3mip ciTok po3paxyHKOBHX JOMEHIB KOMIIpecopa

. . KinbkicTs enemenTis X10°
ClTK(?BPIPI Tywe
perioH I'py6a | CranmaptHa | 'apna repua
Po6oue koseco 0,3 0,83 2,0 4,3
Hudyzop 0,14 0,24 0,56 1,3
Pazom 0,44 1,07 2,56 5,6

I'panmuni ymoBM: BXim nmo pobodoro Kojeca —
noBHui THCK BenuunHoo O ITa Ta moBHa Temmneparypa
rampMyBaHHS BenmunHOI 288 K. Ha Buxoni 3amaBamacs
MacoBa BHTpaTa pi3HOI BENUYMHH [UII OTPHMAaHHI
XapaKTEepUCTUKU KoMmmpecopa. s iHIMX 3MIHHHX Ha
BUXOJIi BUKOPHCTOBYBAJIHCS I'PAaHUYHI YMOBH 3 HYJIHOBUM
rpamieHToM. CTIHKM  BBaXaJuCsid HEKOB3HUMH  Ta
aniadbatnynumu. IllopcTkicTIO TOBEpXHI  HEXTYBalH.
Ockinbky iH(poOpMaLis npo TypOYJIEHTHI yMOBH Ha BXOJI
M  yYac  eKCIEPUMEHTAJbHHUX  JIOCHIDKEHb  He
¢ikcyBanacs, TO IHTEHCHBHICTh TypOYJIIEHTHOCTI Ha BXOZI
3amaBanacs piBHOW 5 %.

PesynpTaTi po3paxyHKY CIIiBBiTHOLICHHS HOBHHX
THUCKIB ISl CITOK pI3HOTO PO3Mipy Ta BHUKOPHUCTAHHS

CIIOCTEpIiraeThcs 3BOPOTHA KapTHHA — 3MeEHIIeHe Ha 3 %
CIiBBiTHONICHHS TUCKiB. OIIHI€I0 3 MPUIHH PO30IKHOCTEH
€ aJropuT™M Ha OCHOBI THCKY B 3allpOIIOHOBAHOMY
consepi. Lleit MeToa MPU3BOAUTH IO TIOMUJIOK, KOJIH TIOTiK
HaOIKAEThCSI 10 HAA3BYKOBHX YMOB, IO MOXYTh
BUHUKATH BHACIIJIOK BIIPHBAaHHS PIIAHU BiJ CTiHOK
nomarteid. Ll mpuumHA MOXE TPUBOJUTH JIO 3HAYHHUX
MMOMUJIOK PO3PaxyHKy XapakTepUCTHKH 3a K-& Mojeno y
30HI Manux BUTpaT. BrTpatm 3a 1MX YMOB He
BPaxOBYIOTBCS ~ HAJICKHUM  YHHOM.  BHKOpUCTaHHS
COJIBEpa HA OCHOBI T'YCTHHH, SIKAN OYyJIO MPOTECTOBAHO HA
TecToBOMy Tipukiami Radiver [26], mokasas memo kparri
pe3ynIbTaTH TOPIBHAHO 3 TIPEACTABICHHAM COJBEPOM.
OpmHak, TpPencTaBICHWA  KOMIIpECOp  Tpamioe B
MO3BYKOBHX  yMOBaX, IO pOOUTH  3aCTOCOBHHUM
MPECTaBICHUN y JAHOMY JTOCII/IKeHHI COTBEP.

&«
iy

w
[i%]

Lo
@

CniegigHOWEHHA NOBHWX TUCKIB, TT*
w

—
o

1.8 21
Macoea BuTpara, Kr/c

Puc. 2. CriiBBiqHOILICHHSI HOBHUX TUCKIB AJIS Pi3HHUX CITOK Ta
Mozenei TypOyIeHTHOCTI

Ha puc. 3 npencraineHo HNOpPIBHSHHS HOJIITPOITHOTO
KK/l pospaxoBaHOro 3a pi3HHX CITOK Ta Mojenei
TypOyJIEHTHOCTI 3 €KCIIepUMEHTAILHIUMU JTaHUMU. Haxun
yCiX KpHMBUX BIJIOBIIa€ EKCIIEPUMEHTAJbHIA KPHBIH.
Maxkcumansaa moxubOka Bm3HadeHHA KK]I y pobGodomy
niama3oHi kommpecopa He mepesunrye 4 %. Haiibinpm
togHo KKJ[ mporrosye momens SST i3 BHKOpPHCTaHHAM
CITOK Oimpire HDK 2,56 MIH. €JIEMEHTIB, aje TakKol
KUTBKOCTI €JIEMEHTIB He JOCTATHBO SKICHO NMPOTHO3YBATH
XapaKTEePUCTHKY KOMIIPECOpa 3a MaymxX BHTpaT. Takum
YMHOM, Y NOAAJBLUIMX JOCTI/DKEHHAX palioHaIbHO
BUKOPHCTOBYBATH CITKH, IO CKJIaIalOThCs LIOHAWMEHIIIe
3 5 MIIH. eNeMEHTIB Ta BHKOpUCTOBYBatH SST-Mojenb
TypOyienTHocti. Bukopucranns OpenFoam no3Bossie
TOYHO (MakcHMajbHa TOXHOKa He mepeBHirye 5 %)
MIPOTHO3YBATH IHTErpalbHI MapaMeTpH BHCOKOHAIIPHOTO
BIZILIEHTPOBOT'O KOMIIpECOpa.

pi3HUX Mopened TypOYJIEHTHOCTI y TIOpIBHSHHI 3 08 T ' ' T ' ' T
€KCIIEpUMEHTAILHEMU JAHMMH HABEJEHO Ha pHC. 2. e o gg IégT :__0_'44 Lo |
Haiimenmry  moxuOky  MOXKHa  cmocrepiraté  3a g " [— 2568 \ 1
BuKkopucTanHs SST Moneni TypOyJeHTHOCTI B  30HI S 0,76 | ?g? ]
po6040i TOUKH. £ : -

MakcuMarnbHa TOMMITKa PO3paxyHKy 2074 1
CHIBBITHOIIIEHHSI IOBHOTO TUCKY B po0O4iid 30HI A ycixX é e I T
Momeneit ckmama 3 % (puc.2). VYei Momenmi MOraHO ol I
TIOBOJIITECS Y 30HI HU3BKHUX BHUTpaT. Haxwir ycix KpuBHX 07 [/ . , , . , , ]
BifmoBimae CKCIICPUMCHTAJbHIN XapaKTCPUCTHIII. 1,5 1.8 21
Po3paxyHOk 3a MozensiMH 3 AyKe T'apHHMH CITKaMu B Macosa eutpata, Krfc
CEPEAHBOMY BU3HA4ae 30ibLICHE Ha 2% Puc. 3. TTonitponuuit KKJI a4 pisHux citok Ta Mozaenei
CIIBBIIHOIIEHHS  THCKiB. Jlmsg  iHmIMX  Mojenei TypOyJIEHTHOCTI
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BucnoBkn. B poGoTi mpoBexeHO  Bamijamiro
Biakpuroi ©Oibmiorexku OpenFoam rigporypOiH s
pO3paxyHKy Teuil y BHCOKOANipHOMY BIJIIICHTPOBOMY
komrpecopi. Buxopucranas OpenFoam no3Bosisie TO4HO
(MakcumanpHa ~— moxuOka ~ He — mepeBuinye 5 %)
MIPOTHO3YBAaTH IHTErpallbHi MapaMeTpH BUCOKOHAITIPHOTO
BiIICHTPOBOTO KOMIIPECOPA.

Haii6inemr Touno KK]I mpornosye momens SST i3
BHKOPHCTAHHAM CITOK OinbIne HiK 2,56 MITH. €JIEMEHTIB,
alle Takol KINBKOCTI €JIEMEHTIB HE JOCTATHBO A
SIKICHOTO TIPOTHO3YBAaHHS XapaKTEPUCTHKHA KOMIpecopa B
30HI Manux BUTpaT. Y NOJAIBINUAX JJOCIHIPKEHHIX
paIlioHAIbHO BHKOPHCTOBYBATH CITKH, IO CKJIAIAOTHCS
LIOHaMEHIIE 3 5 MJIH. €JIEMEHTIB Ta BUKOPHCTOBYBaTH
SST-Monenb TypOyIeHTHOCTI.

MakcumasbHa TIOMHJIKA PO3paxyHKy
CHIBBITHOIIIEHHS] IOBHOTO TUCKY B po0OO4ii 30HI A ycixX
Mozeneit ckiana 3 %. Yci Mogeri moraHo MOBOASTHCS Y
30HI Majgmx BHTpar. Haxunm ycix KpUBUX BIATOBigae
eKCIIepUMEHTaNIBHIA ~ XapakTepuctuli. Po3paxyHok 3a
MOJEISIMA 3 Ay)Xe TapHUMH CITKaMH B CEpEIHBOMY
BU3Ha4ae 30uIb1IeHe Ha 2 % CIIBBIIHOIIEHHS THCKIB.
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M. B. YEPKAIIIEHKO, O. I. T'ACIOK

MATEMATHYHA MOJEJIb I'OJIOBHOI'O PO3IIOAIVIBHUKA CUCTEMMU PEI'YJIIOBAHHSA
MBUAKOCTI I'TIPOTYPBIHU

Hajgano MaTeMaTH4Hy MOJENb TOJOBHOTO pPO3MOAIIbHHKA. B CBITOBIH Ta BITYM3HSAHIA NpPAaKTHLI CTBOPEHHS TIiAPOTYpOIHHOrO OONaIHAHHS
BU3HAYMJIACS YiTKA TCHJCHLIS CTBOPEHHS CHCTEM YNPABIiHHA YaCTOTOIO OOepTaHHs poTopa TiApoTypOiHM Ha 6a3i xomm'rorepiB. Komm'torepHi
CHCTEMH BiJKPUBAIOTh MOXJIMBICT 3a JOIIOMOIOI0 NPOrPAMHOTO 3a0E3IEUeHHs peasisyBaTH BBEICHHS €(EKTHBHHX alITOPUTMIB, IO MOKPAILYIOTH
CTaTHYHI i ANHAMIYHI XapaKTEPUCTHKHU cUcTeMH. Lle B CBOO uepry miJBHIIye 3HAYMMICTh MATEMATHYHOTO MOJICIIFOBAHHS SIK HA CTAil IPOCKTyBaHH,
TaK 1 iJ 4ac MyCKOHAJIaroJKyBaJbHUX POoOIT. AHaNi3 BUKOHAHHX POOIT, IPUCBAYCHUX MATEMATHYHOMY OIHCY €JIEMEHTIB TiIPONPUBOY PEryiIsTopa,
MOKa3aB, L0 BOHU 3BOJSATHCS IO JIIHEAPH30BAHUX DIBHSAHb 0€3 ypaxyBaHHS DAy BaXJIMBHX (AaKTOpPIB, sIKi JO3BOJATH MiJBHIIMTH TOYHICTb
MaTteMaTH4HOI Mojeni. ITokpalieHHs CTaTHYHUX | JMHAMIYHAX XapaKTePHCTUK I CHCTEMH B L(JIOMY MOXKHA JOCSITH IIUIIXOM BHPIIICHHS HAayKOBOI
npobsieMn 3 JOCIIDKEHHS HOro JMHAMIKM Ha 0a3i po3poOku Ounbll NMOBHOI MaTreMaTWYHOI Mojeni. JIst 3HWKEHHS TepTs i TicTepesucy,
YHEMOXKJIMBJICHHS O0JiTepalii IyHXep eIeKTPOriApaBIiuHoOro MepeTBOPIOBaYa B HIDKHIW YaCTHHI OCHAICHUI CETHEPOBHM KosiecoM. [lominmenHs
JIMHAMIYHUX XapaKTEPUCTUK PEryjIsaTOpiB IIBHIKOCTI TiAPOTypOiH BHMarae po3poOJIeHHS HETiHIMHUX MaTeMaTHYHUX MOJeNneil i3 HoaanbIuM
aHaTI30M IePeXiTHUX MPOILECiB y TiIPONPUBOLI peryiastopa mBHAKOcTi. OmiHKa MOKa3HUKIB SKOCTI NMEPEXiTHUX MPOLECIB 1 OJabIle KOPUTYBaHHS
napameTpiB Jja€ 3MOTY JOMOITHCS 3HIDKCHHS TPHBAIOCTI MEPEXiJHUX MPOLECIB, MiIBHIICHHS IBHIKOAII Ta TOYHOCTI MO3MLIOHYBAaHHS 33 MaJHMX
nepeMilieHb cepBoMoTopa. Huska HEBpaxOBaHMX YMHHUKIB MiJl 4ac CKJIAJAHHS MAaTEMaTHYHOI MOJENI €NeKTPOriApaBIiyHOTO MEpEeTBOpIOBaYa Jlae
3MOTy MiIBULIUTH ii aJeKBAaTHICTh pEaNbHOMY 00'€KTY IOCIIJDKEHHS 1 MIABUIIMTH IIBHJIKOMAIIO CHCTEMH KEepPyBaHHS YacTOTOI0 oOEepTaHHS pOTOpa
rizpoTypOiHH.

KurouoBi ci1oBa: cuctema ynpasiiHHS, poOOde KOJECO, OBOPOTHO-JIONATEBA TipoTypOiHa, peryisaTtop, MaTeMaTHYyHa MOAENb, TMO3HLIHHUI
TiZPOITHEBMOIIPHBIJI.

M. CHERKASHENKO, O. HASIUK

MATHEMATICAL MODEL THE MAIN DISTRIBUTOR OF THE HYDRAULIC TURBINE SPEED
CONTROL SYSTEM

The article presents a mathematical model of an main distributor. In the world and domestic practice of creating hydraulic turbine equipment, there is a
clear tendency to create computer-based rotor speed control systems for hydraulic turbines. Computer systems provide an opportunity to implement
the introduction of effective algorithms using software that improve the static and dynamic characteristics of the system. This in turn increases the
importance of mathematical modeling both at the design stage and during commissioning. The analysis of the performed works devoted to the
mathematical description of the elements of the hydraulic drive of the regulator showed that they are reduced to linearized equations without taking
into account a number of important factors that will increase the accuracy of the mathematical model. Improvement of static and dynamic
characteristics and the system as a whole can be achieved by solving the scientific problem of studying its dynamics based on the development of a
more complete mathematical model. To reduce friction and hysteresis, to prevent obliteration, the electrohydraulic converter plunger in the lower part
is equipped with a segner wheel. Improving the dynamic characteristics of hydraulic turbine speed controllers requires the development of nonlinear
mathematical models with subsequent analysis of transients in the hydraulic drive of the speed controller. Evaluation of the quality of transient
processes and subsequent adjustment of parameters allows to achieve a reduction in the duration of transients, increase the speed and accuracy of
positioning at small movements of the servo motor. A number of unaccounted factors during the preparation of the mathematical model of the electro-
hydraulic converter makes it possible to increase its adequacy to the real object of study and increase the speed of the control system of the rotor speed
of the hydraulic turbine.
Keywords: control system, impeller, rotary blade hydraulic turbine, regulator, mathematical model, positional hydraulic pneumatic drive.

Beryn. B cBiTOBif Ta BiTUM3HAHIA TpakTHLi  mepepi3y (puc. 1).

CTBOPEHHSI TiAPOTYpOiHHOTO OONaJHAHHS BH3HAYMIIACS
YiTKa TEHJEHILIisS CTBOPEHHS CHCTEM  YIPaBJiHHA
gactoToro obepranHsa potopa (CYUOP) rigporyp6inm Ha
6a3i EOM. Kowmm'roTepHi CHCTEMH  BiIKpHUBAIOTH
MOJJIMBICTH 32 JOTOMOTOIO IPOTPAMHOTO 3a0e3IeYeHHS
peamizyBaTH BBeIEHHS e€QEKTUBHHUX aITOPUTMIB, IO
MOKPAIIyIOTh CTAaTHYHI 1 JAWHAMIYHI XapaKTepUCTHKU
cucremMu. lle B CBOIO depry migBUIIYE 3HAYNMICTh
MaTeMaTM4yHOro  MOJIEJIIOBaHHS K  Ha  cTamii
MIPOEKTYBaHHS CVYYOP, TaK i iz qac
MyCKOHAJIATO/IXKYBaJIbHUX POOIT.

Cyuacuuii ctad po3sutky CYUOP man B pobotax
[1-15]. Awmanmiz mmx poOiT gae 3MOry 3a3HAYHUTH, LIO
MOJAJBIINKA PO3BUTOK MaTeMaTHYHUX MOJIEJIeH eJIEeMEHTIB
rigponpuBony CYUYOP € akryanmpHIM.

Pimenns. [lepen MaTeMaTHYHUM OIHMCOM IIPOLECIB
y TroJoBHOMY posmoninpHuKy P3, Tmmy D100c
(BupobrmurBa GEC  Alstom  Neyrpic, ®panmis,
I'peHOOTB) pO3TISIHEMO CcXeMy HOro  IONEepevHOro

Tyt 1 — 3010THHK; 2 — KOpITYC; 3 — MHO; 4 — KPHIIIKa;
5 — nmatumk; 10 — rime3a; 11 — mrok; 20 — oOmexyBay
BIIKPHUTTS APOCENBHUX LIUNMHH, 21 — IITOK, PeryTrolunii
3aKpUTTA; OTBip X — BXig MOCTIHHOTO THCKY Bif
MacroHaripaoi ycranoBku (MHY) Ha BepxHiil Topelrs;
otBip T — 3nmuB pobouoi pizuau (PP) 3 kamepu BiIKpHUTTS;
oTBip Y — yOpaBmiHHSA pO3MOIUTEHUKOM THCKOM BiJ
enekTporimpasmiudoro mepersoptoBaua 2 (EITI,) Ha
HWKHIN TOpenb; oTBip L — BiJBiJ BUTOKIB 3BEpXy; OTBIp
V — BiIBil BUTOKIB Ha JHi (Ha CXeMi HE MOKa3aHO); OTBIp
R — 3n1uB PP 3 kamepu 3akpuTTSL.

I'pacdiyne 300paxkeHHs LBOro rijpoamapara 3
BiJIIOBITHIMH KOMEHTAPSAMH ITOKA3aHO Ha pHC. 2.

P3, mpamroe Takum umHOM. [licnms momaui
kepyBaipHOTO BIUBY Bin EITl, mo xanamy Y 30J0THHK
3Mmityetses Bropy i mogae PP y cepsomotop 2 (CM,) Ha
po3Bopot nonareid PK. Curnan 3 matumka npo ¢akTuaHe
MOJIOKEHHST 30JIOTHHUKA HAJXOJUTh 10 KOMITIOTEpa, e
CIUTBHO 3 CUTHAJIOM 3BOPOTHOTO 3B'SI3KY MPO TOJO0KEHHS
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mroka CM, (yomaTel) 3MEHIIyE HEY3TOJUKEHICTh Mixk
3aBIaHHSIM 1 (DakTHYHMM TOJOXEHHsAM Jonated. [lpu
usomy 3osotHuk EITI, i P3; moBepratoTbest y BuXimHi
no3uuii i cunm Ticky PP Ha BepxHiii 1 HWxHIHM Topui P3;
CTalOTh PIBHUMH.

ra
Ll

.

-
1
-

-

Puc. 1. KoHCTpyKTHBHA cXeMa MOIEPEUHOro mepepisy
posmoniieHuKa P3,

e \

IIpu curHami Ha 3ropTanHs Jionatei 30;0THUK EI'TI,
MigiMaeTbcs BBEpX, MOEMHYe KaHal Y pO3MOIiTEHUKA
P3, 3i 31uBOM. OCTaHHE BUKIIMKAE OMMYCKAHHS 30JI0THUKA
P3; i momauy PP y mrokoBy mnopoxxuuny CM, Ha
3rOPTAHHS JIOMATEH.

P3, BCTaHOBIIOETBCS y BEPTHKAJIBHE IMOJOXKCHHS 1
HOT0 IPOCEINbHI MIUTMHA 3aKPUBAIOTHCS PYXOM 30JI0THHKA
BHHM3 ITiJT €10 BJIACHOT Bary.

CUITHAN
NoNCXKEHHA
SONOTHUEKA

7

NOCTIAHWIA TUCK

BATOKK

- —————

{ BIAKPMTTA
A CEPBOMOTOPA

3nme

NOJAYA KWMBNEHHA P

3AKPATTA
B CEPBOMOTOPA

3/VIE 3 KAMEPU 2AKPUTTA g |

_— - —- r—t

MAPABIYHE
¥MPABNIHHA Y

Puc. 2. I'padiune 306paxenns P3,

3HaueHHS BUTpAT y HWXKHIH KepylOdiil MOpOXHUHI
P3,, crnpuuMHEHMX TiIpaBIiYHUM KEpYBaHHAIM 3 OOKY
EI'TI, BU3HAYAIOTHCS TAKUMH PIBHSHHIMU:

- mpu X, > 0
q = A ) pr32 +V0p32 +Ap32.H .xp32 . dppzZ ,
P P dt E, dt
-mpu X, < 0
_ pr32 VOp'sZ + Ap'jz.H : xp'xz dpp32 - V
qp32.2 - A]732.H dt - E ' dt *

[ITo6 nponoBxkuTH Aami 1moOymoBY MOJEINi By3ia,
CIiJl BU3HAYUTH DIBHAHHA, 32 KM MOXHa OOYHCIHTH
IUTOIIY JPOCETHHUX IIUTHH 30JI0THUKA P3,.

CxemMa  TOJIOBHOTO posmoninbHUKa  P3, 3
miaKmodeHuM cepBomoropom CM, 300pakeHa Ha puc. 3
Ta 4. 30J0THUK MICTUTh YOTHPH MOsICKH (puc. 3), SKi 3
BTYJIKOIO YTBOPIOIOTH YOTHPH APOCENbHI miinnHu Al-A4.
VY BTy KOXHY HIUTHHY TPEACTABISIOTE YOTUPU KPYTIIi
BiKHa, pO3TalllOBaHI Ha pIBHIA KyTOBId BiAcCTaHi IO
ixupoMy Kkomy. CrpimkamMM  TIOKa3aHO  HampsIMOK
MepeMillleHHs] 30JIOTHHUKA IIOJ0 BTYJKH, a TaKoX
nepeMinieHHst mroka cepsomoropa CM, npu moBOpOTi
nonareit PK.

Ha pwuc.3 ¢ysxmionyBaHHS  rigpoMexaHiqHOT
YaCTHHH TIOSICHIOETBCS 32 JIOTIOMOTOIO TiJIPaBJIIYHOTO
MICTKa, y IIIedaX SKOTO 300pakKeHO pPeTyJIOBaIbHI
minuHE  (Apocerni), a B JiaroHali MICTKa BBIMKHEHO
cepBomorop. JIepenoMm TimpaBiidHOi eHeprii ciuyrye
MHYV.

ot MHY

—

p p pafiouero noneca

Puc. 3. Cxema roJI0BHOTO PO3MOIUTBHHUKA, IO 1€ 3MOTY
OOYHUCIINTH IOy IIUTHH

BusnaunMo piBHSHHA, 10 BH3HAYa€e (GOPMY LIUTHHU
M 9ac pyxy 30JOTHHKa BmIpaBo Ha moBopoT PK, T.u.
3mMiEHy Al B (QyHKIII NepeMillleHHS X, 30JI0THUKA
(puc. 4).

HlinuHa, Mo BiZKPUBAETBCA TPH X,y > 0 HaBemeHa
WITpUXyBaHHAM Ha puc. 5. TyT uepes cumson Ry, = AB
MO3HAYCHWH pajiyc OTBOpY IIUTHHH, dYepe3 o —
HEeHTpaILHUH 3MiHHUH KyT cextopa UAJ[OB.

3 tpukyrHuka AAKB karer AK = R;-c0s(a/2), a
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kareT BK = R,»-sina. 3Bigku
[Tnoumna TpukytHuka AAKB nopiBHIo€:
a X2 . O X
1/2AK-BK = 1/2R%,,,-sin(a/2)-cos(a/2) = 1/4R?,,sina. cos—=1-—"2 | —=arccos| 1—2 |,
2 Rp32 2 P32
abo
X,
a =2arccos| 1 —22
p32

ITig yac pyxy 30JI0THHKA BIIBO Xy, < 0 AN IIITHHH
A2 i A4 maemo:

2
=arccos| 1221

p32

a |sz . a
cos—=1-21 =
2

p32

.

A
A4 A3
0o/ e \
Xz
PL Pr
A2
Al
B

A2=A4= 2R2p32-(0c —sina) 1 mami B 3araibHOMY

MHY BUNAJKY NO3HAUMMO Al — A4 uepes Ay pso.
' ' ' ) ] 3 ypaxyBaHHSM [MO3UTUBHOTO MEPEKPUTTS:
Puc. 4. Cxema T1ApaBJIIYHOIO MICTKa I'APOMEXaHITHO1 YaCTUHHU - an xp32 > O

CHCTEMH CTOCOBHO J10 PK

Suait S . 0, sKwo x,, <A,
HalIeMO ILIOIIUHY CEKTOPa \US,sop OKPYXKHOCTI 3 X =

TaKOI MPOMOPLIi: (X, —A), sKIO X, > A;
0,511;R2p32 — BINOBIAAE KYTY T,
US a0 — BIAIIOBiAE KYTY 0
USazos = (0,57R% a)/m. 0

- TIPU Xy < 0

SKIO X, <—A,

xp32.2 =
(%, +4), sKmO X, >—A

PiBHsiHHS pyXy 3050THHKA P3, tipu x, > 01 x, < O:

d?x,,, ~ » »
mp32 ) dtz - Apzz.u s T ApsZ.B o™
dx
p32.1
- G3 - F’lp,p;Z _Bpsz ' dt - Fm,p'sZ,
- Xp32.1

me F oo =Foopn tSigN g Ciiamomyeyxoro Teprs;
Fome = 4,0 (Pa—P, ) A, €00 —  rizpomuHamiuna
cua.

BucnoBku. Po3poOrnieHa HemiHiliHa MaTemMaTH4YHA
MOJICJIb TOJIOBHOTO PO3MOJAUIHHHKA, SKA BXOTUTH 1O

Puc. 5. Cxema miinmuan Al

[lykaHna mioma cerMmenTa: CKJany TOBHOI  MaTreMaTHYHOI  MOJENi  CHUCTeMHU
1 peryIroBaHHS IIBUAKOCTI T1APOTYpOIHN A JOCIHTIHKEHHS
uS 110B =uUS ALIOB -uUS AlB = 0, 5R;32 o—2-— Rpi2 -sina = MUHAMIYHUX XApaKTEPUCTHK 3 METOK IOKPAICHHS
, MIBUAKOIT Ta TOYHOCTI MTO3UIIFOBAHHS.
=0,5R’, (a—sina).
Cnucoxk jitepatypu
TOI{I IUIOIIa MITMHE (MAloYM Ha yBasi, IO TaKUX 1. Pycanos A. B., I'mecin B. L Hayxkoeo-mexHiuni O0CHO8U
OTBOPIB lIOTI/IpI/I)I MOOeNI06anHs | NPOEKMY6aHHsI NPOMOYHUX YACTIUH eHEP2eMUYHUX
2 . myp6oycmanogok. Xapkis: [[Imar, 2019. 386 c.
Al = 4'USI[OB =2R P32'((X, - sma). 2. Cokon €., Yepkamenko M., Ilorerenko O., JIpankoBchkuii B.,
. T'acrok O., I'pu6 O. I'idpoenepeemuxa. Tom 2. I'iopasniuni mawiunu.
Taky x nnomy mMae miiuHa Ne 3, 7.4, Xapxkis: HTY «XIII», 2020. 534 c.
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O.I.T'PUB, I. T. KPAIIAJTIOK, T. C. JOHEIIbKA, 4. JI. JET'TAP, O. B. THIIIHUH

EHEPTETUYHA CTIMKICTh MEJJMYHUX OB'EKTIB 1]l YAC NEPEXITHUX PEXXUMIB
POBOTH EHEPTETUYHOI CUCTEMHU

Posrnsimaetbcss NMUTaHHS IMOAO IIJABHINECHHS HAAifHOCTI poOOTH 00'ekTiB B eHepreTuuHid cuctemi Ykpainu. IlokasaHo, W0 NHUTaHHS
eHepro3adesneyeHHs 00'€KTIB CYCNIIBHOIO KOPHCTYBAaHHS OTPHMMAjo HOBI BUMOTHW mix yac BiliHH. OcoOJMBO Taki BUMOTM TEHEp CTABILITBCSA 10
MenuuHUX 00'ekTiB. OCHOBHUMH BUJIAaMU E€HEPTil IS MEIUYHHX 3aKJIaiB € TIOCTA4YaHHS eNeKTPUYHOT 1 TemioBoi eHeprii. J{ns Ykpaiuu, BUXoas4u i3
KIIMaTHYHUX OCOOJMBOCTEH, XapaKTepHi BUTPATU TEIUIOBOI €HEprii 3HA4YHO OLIBIINX OOCATiB, HIX IHIIMX BUIIB eHepril. ToMy OJHUM i3 BaXKIIMBUX
KPOKIB 110 3MEHILCHHIO CIIOKMBAHHS €HEpTil € TerioMo/epHizauis OyaiBens. B naniii po6oTi posrisiaeTbes 3araipHa CHCTEMa €HEProlnoCTayaHHs,
sIKa BKJIFOYAE HE TUIBKYU TEIIONOCTavYaHHs, aje i eaekTpornoctadanHs. [1oTpiOHa He TiIbKK HAsSBHICTH caMoi €IICKTPUKH B MEPEKi, a if 11 BiIMOBIAHICTh
BUMOT'aM sIKOCTi. OJIHI€I0 3 HAHOIBII KPUTHIHHX 0 SIKOCTI €IEeKTPUYHOI SHEepril € MeUYHI eNeKTPOTEXHIUHI KOMIUIEKCH. Bix poboTH SKHX 3aeXKUTh
TPaBHJIBHICTh AiarHO3Y Ta MiATPUMAHHS KUTTEisUIBHOCTI OpraHi3My XBOPOTo. 3arporiOHOBAaHO OLIHIOBATU CTAaH €HEPrOIOCTAYaHHS 4Yepe3 MOAENb
B3a€MHOI MOB'3aHOCTI eHepriid. ToMy SIKiCHI 3MiHM B NOKa3HMKaX TEIUIOBOI €HEeprii He MOXYTh OyTH KOMIIEHCOBaHI 32 PaxyHOK CaMe MEpEKEBUX
pimens. [TiATpuMaHHs TeMIiepaTypy B IPUMIIICHHIX MOXKIIHBE CaMe 3a PaxyHOK BUKOPHCTAaHHS IHIIHX JPKEpeN Teruia. B Tepminax Mozeii 3B's13aHOCTi
€Hepriift — eIMHMIT MUISAX [T BUPIBHIOBAHHS «TiJIa EHEPrOCIIOKMBAHHA» € B3a€EMHA 3aMiHa OJIHi€l eHeprii iHmo. Bu3HaueHi BapiaHTH BUPiBHIOBAHHS
«TiNla EHEPrOCHOKUBAHHSY Ui MEJUYHHUX YCTAHOB. 3alpPOMOHOBAHO NPEJCTABICHHS «Tijlla €HEPTOCHOXUBAHHS 13 BiOOPAKCHHSM SKICHUX MEX
(hopMH «TiNa SHEProCIOKMBAHHSY 110 BiJHOLICHHIO JI0 TEIUIOBOI eHeprii. BBEIGHO MOHATTS MeXi eHEPreTHYHOI CTIMKOCTI 32 SKICHUMH MOKa3HUKAMH.
Bupnineno HU3Ky 3aXO0AiB 110 HiATPUMII €HepreTHyHoi CTifikocTi. JIJIst JOCATHEHHS HaliOBIIOI BiIIOBITHOCTI SIKICHMM ITOKa3HUKAaM €HEpronocTadyaHHs
3aMpOIOHOBAHO — BiJIKJIIOYEHHS YaCTUHU NPUMIILICHD Bl CHCTEMH €HEProIOCTa4aHHs i3 30epeKEHHIM IPYIU €HEPronoCTauyaHHs Ul TUX IPUMIIIEHb
IO 3aJMIIaThCs. 3a3HAYCHO, IO BHUKOPHUCTOBYIOUM KPHTEpiH €HepreTMYHOi CTIfKOCTi, MOXJIIMBO IpOaHali3yBaTH OyniBENbHI KOHCTPYKILi i
TEXHOJIOTIYHI MPOIIECH B CaMUX OyMiBIISX i3 METOIO BUPOOJIEHHS 3aX0/IiB IO MiIBUIIEHHIO €HEPIeTUYHOI CTIIKOCTI i3 331aHOI0 HANPaBJICHICTIO.

KurouoBi ci1oBa: BTpaTé TEIUIOBOI €HEpril, MOB'SI3aHICTh €HEPriid, TIIO €HEeProCIOKMBAHHSI, €HEPreTHYHa CTIMKICTh, MEXa EHepreTHYHOI
CTIHKOCTI, €HepreTHYHa CTIHKICTh 3a IKICHUMH TTOKa3HUKaMH.

0. GRUB, I. KRAPALYUK, T. DONETSKA, Y. DEHTIAR, O. PYSHNYI

ENERGY RESISTANCE OF MEDICAL FACILITIES DURING TRANSIENT OPERATION MODES OF
THE ENERGY SYSTEM

The question of increasing the reliability of the operation of objects in the energy system of Ukraine is under consideration. It is shown that the issue of
energy supply of public facilities received new requirements during the war. Especially such requirements now apply to medical facilities. The main
types of energy for medical institutions are the supply of electrical and thermal energy. For Ukraine, on the basis of climatic features, the consumption
of thermal energy is much larger than that of other types of energy. Therefore, one of the important steps to reduce energy consumption is thermal
modernization of buildings. This paper considers the general energy supply system, which includes not only heat supply but also electricity supply. It
is necessary not only to have the electricity itself in the network, but also to meet the quality requirements. Medical electrotechnical complexes are one
of the most critical to the quality of electrical energy. Correct diagnosis and maintenance of vital activity of the patient's organism depend on their
work. It is proposed to assess the state of energy supply through the model of mutual dependence of energies. Therefore, qualitative changes in thermal
energy indicators cannot be compensated for by network solutions. Maintaining the temperature in the premises is possible precisely due to the use of
other heat sources. In terms of the energy connectivity model, the only way to equalize the "body of energy consumption™ is the mutual replacement of
one energy by another. Variants of equalization of the "body of energy consumption" for medical institutions are defined. A presentation of the "body
of energy consumption” is proposed, with a reflection of the qualitative limits of the shape of the "body of energy consumption” in relation to thermal
energy. The concept of the limit of energy sustainability according to qualitative indicators is introduced. A number of measures to support energy
sustainability have been identified. In order to achieve the longest compliance with energy supply quality indicators, it is proposed to disconnect part
of the premises from the energy supply system while preserving the energy supply group for those premises that will remain. It is noted that using the
criterion of energy sustainability, it is possible to analyze construction structures and technological processes in the buildings themselves in order to
develop measures to increase energy sustainability with a given direction.

Keywords: thermal energy losses, energy connection, energy consumption body, energy sustainability, energy sustainability limit, energy
sustainability by qualitative indicators.

ITocTanoBKa npoodjaemu. TIuranns
eHepro3ade3neyeHHs 00'€KTiB CYyCHIIBHOTO KOPHCTYBAaHHS
OTpUMajo HOBI BUMOTH Tia dac BiiHH. OcoOMWMBO Taki
BHMOTH TEIep CTaBJIATBCS JO MEIUYHUX O00'€KTiB.
[ligTprMaHHs KHUTTS € 00OB'SI3KOBOIO BUMOT'OI0 HE TUTBKU
JUTS OJTHIET JTIFOIMHY, aje U JUTsl CyCIiJIbCTBA B IILJIOMY.

Eneprozabe3neucHHs BKIIOYa€e B ceOe 1 MOCTaYaHHS
@JIEKTPUYHOI eHeprii 1 mocrayanHs TemaoBoi eneprii. Li
JIBA BHUJM CHEPrii € OCHOBHUMH JJIsi TPOMAaJIChKUX
3aKaafiB. | BUXOAsUM i3 KIIIMATHYHHUX OCOOJIMBOCTEM, HJIS
VYkpaiHH XapaKTepHi BHTPaTH TEIUIOBOi €Heprii 3HaYHO
OUTBIIMX 00CATIB, HIXK IHIIUX BHUIIB €HEPTil.

IHTerparis 3 €BpONEHCHKUM COIO30M BHMArae Bif

OyxiBenb 1 crmopyn — me HaWOUIBII YyTIHMBI KPOKH IO
30epexeHHio eHeprii. Ha puc. 1 HaBenmeHa y 3araipHOMY
BHTJIAI CTPYKTYpa TEIIOMOICPHi3alii OyaiBels.

Bci  kpokm mo TemoMozepHi3amii 3 METOro
CKOpPOYEHHS CHOXXKMBaHHS TEIJIOBOi €Heprii MOXKHa
po30uUTH Ha JABa HAOpsSAMHU: TEXHIYHI 3axoam |1

OpraHizaIliiiti 3axo/u.

Haii0inpin o4eBHMIOHI TEXHIYHI 3aXOAM — II€ CamMe
3MEHIICHHS BUTOKIB TEIIOBOI €Heprii uepe3 icHyroui
otBopu (BiKHa, [Bepi), 3a pPaxyHOK BCTaHOBJCHHS
Cy4JaCHHX TETJIOI30JIbOBAHMX BIKOH i ABepeil. Buxomsun 3
TOTO, IO HAWOUNBIII BTpaTH TeIUia HPOXOIATH caMe B
icHyrounx oTBOpax. | BpaxoBylouW, II0 BikHa i JABepi
MaroTh 3Ha4HWH 3HOC. Taka 3aMiHa Ma€e He TUTbKH e(peKT
[0 3MEHILIEHHIO BUTPAT TEIUIa B MPUMIILCHHSX, & i Ha/ae

© O.T.Tpud, I. T. Kpanamok, T. C. Honenpka, 5. . derrap, O. B. [Tuurnauii, 2023

HAapoOJHOTO TOCHOJapcTBAa YKpaiHM NEepexXomuTH Ha
TEXHOJIOTii  eHeproz0epexeHHs.  TemoMonepHizalis
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no0puii ecreTnuHuit Burisn. [IpoBeneHHs Takux 3MiH B
NPUMILICHHSX B IEpIIy Yepry KUJIAe€ThCs B OKO. ToMy B
OIBIIOCTI BUMAJAKIB TEMJIOMOJEPHI3allisl BUKOHYETHCS
caMme TakuM YMHOM, 1 Ha IIbOMY 1 3aBEpPIIYETHCS.

3arasibHa TennomogaepHisauin 6ygisenn

i OpraHizauiiiHi
TexHiuHi 3axoam P u
3axoam
Beranos- VremieHHs Haxamry- HPOBSHSHIM_
JICHHS 30BHIMIHIX v CHEProayaury, 1
BaHHA BUPOOJICHHS IIpoBenenus

CY4acHMX
JBepeii i
BiKOH

OrOpOJDKY-
BAJIGHHX
KOHCTPYKIIi it

TETIOBOI
CHCTeMH

HaBYAHHA 3
eHepro-
3a01IaUKEHHS

peKoMeH iartiit
T10 TIOKpAIIeH-
HIO CTaHy
€Hepromnocra-
JaHHT

Puc. 1. 3aransHa cTpyKTypa TerioMo/epHizaii OyIiBeb

[lepeBakHy  OlmbmIiCTE  OYmIBENBHUX  CHOPYIX
MEIWYHHX 3aKiIafiB 0yso moOyqoBaHO B PaIsSHCHKI YacH.
I Bci Taki OyamiBii MalOTh 3HA4YHI Bagu 3 TOYKH 30Dy
TEIUIOBUTPAT 30BHIIIHIX OTOPOPKYBATBHIX KOHCTPYKIIIH.
Tomy nnst OyaiBesab MEAWYHOIO NPU3HAYEHHS HEOOXIJTHO
MPOBOAWTH YTEIUICHHS 30BHIMIHIX OTOPOKYBaJIbHHX
KOHCTPYKIiKA. J[0 SIKUX BITHOCATH CTIHHW, JaXW, KPHUTI
nepexoau i iHmi. BuxoHaHHS Takumx poOIT Mae ceHC B
TOMY BHWIAJKy, KOJM Oyiu TpOBENEHI 1HXEHEepHi
0OCTEe)KEHHSI 1 CTBOPEHHH MPOEKT i3 pO3paxyHKaMH II0
TEIIOBOMY cTaHy o0'ekta. Taka poGora € Oinpmia 3a
BUTpaTaMH MaTepiamiB 1 romuH pobotu. Ame mns
JIOCSITHEHHSI TIEBHUX BEJIMYMH EKOHOMII TEIIoBOi eHepril
0e3 TakuX 3aX0IiB HEMOKIHBO [1].

Hapith skmo OyiM TpoBeAcHI poOOTH MO
BCTAaHOBJICHHIO HOBHX BIKOH 1 JBepell 1 BHKOHAHO
YTEIJICHHS OTOPOJKYBAJIbHUX KOHCTPYKIIH, TO OymiBis
MOXE 3aJMIINTHCS «XOJIOHOI0» 200 HaBITh «IYIIHOIO». |
IPU 1IbOMY BHTPATH TEIJIOBOI €HEprii MOXKYTh HaBiTh HE
3MiHATHCA. I MOCATHEHHS eeKTy eKOHOMIT Oe3yMOBHO
HEOOXITHO HAJIATOAWTH TEILIOBY CUCTEMY OyIIiBJi Ha HOBI
BUTPATH TEIIa, BCTAHOBUTH TEIUIOPETYJIATOPH.

Ille omma rpyma 3axomiB 3 TEIUIOMOJCPHI3allil
OymiBenr — 1[¢ OpraHizaimifiHi 3axomd, [0 SIKHX
BIZIHOCSATBCS: TPOBEJCHHSI €HEProayJauTy 1 MPOBEACHHS
HaBYaHHS TIEPCOHAITY, 110 00CIYroBye OymiBIIIO.

[IpoBeneHHsT eHEProayauTy JIO3BOJISIE CTBOPHTH
EHEePreTUYHUI Macnopt. 3a pe3yibTaTaMu E€HEepProayauTy
CTBOPIOIOTH KapTy €HEepProBUTpaT OyIiBiIi i pO3pOOIISIOTH
METOJMYHI PEKOMEHJAIIi IO IMiJTPUMAHHIO MOKA3HUKIB
€HEeprocroXKMBaHHs Ha IIEBHOMY DiBHI.

Be3 mpoBeneHHsT HaBYaHHS MEPCOHAITY HE MOXKIUBO
JOCSTTH BHU3HAYEHUX MeX BHUTpaT eHeprii. Tomy
HaBYaHHS IIEPCOHATY € TaKHM X€ BaXXJIMBHUM €JICMEHTOM
TEIUIOMOICpHi3amii OyxiBmi, sSK Bci ommcaHi Bume. Bin

AKOCTI HaBYaHHS MOXe 3aJIe)KaTh CTaH
€HEProCIIOKUBAHHA. 3MEHIINTH y4acTb JIOAWHH B
pEeTyMIOBaHHI  TEIJIOBUX IIOTOKIB MOXXE ITOBHICTIO

aBTOMaTHYHA CHCTeMa peryJioBaHHs;. Alle Taki CHCTEMH
MTOKH IO 3aHAATO JOPOTi, TOMY ITOKH BapTiCTh €HEprii He
3pOCTe, a BapTiCTh aBTOMaTHKH HE 3MEHILIHUTHCS JI0 NEBHOT
BEJIMYMHH, BUKOPUCTAHHS TAKMX aBTOMATHYHUX CHUCTEM B
OyniBJISIX MEAMYHOTO TIPU3HAYEHHS TIOKU HE MOJKIIUBE.
3BHYalfHO, MIO IIOBHOi TEIUIOMOJIEpHi3amlii BCiX
OymiBens B YKpaiHi 1lle He MPOBEICHO. AJie JUIs HAMOLIbIIT

9yTIUBHX cdep Taka poOora BeaeThcs. Tak 3akimamn
MEIWIIUHA BiTHOCATHCSA OO KPHUTHYHOI iH(pacTpyKTypH.

ToMy BIZCOTOK TIPOBEINCHHS OCHOBHHX 3aXOIiB 3
TEIUIOMOJICPHI3aIll  BiKe BHKOHAHO. Hanpuknarn,
3Me0iIpIIOr0 BHKOHAHO 3aMiHy BIKOH 1 TIpOBEICHO

TEXHIYHE 06CJ'IyI‘OByBaHH)I CHUCTCMHU TCIJIOIIOCTAaYaHHA

[2, 3].

Micbki  3akiaad  MEAMYHOTO  OOCIyroBYBaHHS
HaceJNeHHS MIAKIIOYEHI [0 Mepexi LEeHTPaJbHOro
tewtonocradanns. Illo € TexHiuHO 3py4yHHM, 00
miATpUMaHHs B pOOOTI CHCTEMH TEIJIONOCTA4YaHHs

MOKJIQJICHO Ha CIEIalliCTiB MICHKHX TEIJIOBUX MEPEK.
Ane B yMOBax pHU3HKIB MOPYIIEHHS pPOOOTH €IUHOT
CHCTEMU EHEproroCTavaHHs, I[IEHTPATi30BaHa CUCTEMA
notpelye pe3epByBaHH:, a00 TyOIFOBaHHS.

B nmamiit poOOTI po3risAaeThCs 3araibHa CHCTEMa

CHEepPronoCcTavyaHHs, sIKa BKJTIOYAE HE TITBKH
TEIJIONOCTaYaHHs, ajlle i eIeKTPOIIOCTayaHHs.
o mo cucTeMu eneKTpONOCTavyaHHs, TO cama

Mepexa eJIeKTPONOCTadYaHHs Ma€ AyOJIOBaHHS, 1 TOMY €
noBom  HagiHOro.  IloTpeba B enekTpumi €
BIIMOBiAANIbHOIO. Bim HAABHOCTI ENEKTPUKH  MOXKE
3a]eKaTH JKUTTS JIIOAMHHM. ToMy Juid HiITpUMaHHS B
pOOOTI EIEKTPUYHUX CHCTEM, IS 3aKIaliB MEIUIIMHU
BCTaHOBJIOIOTH JIBUT'YHU-TEHEPATOPH.

[ToTpiOHa He TiNBKKM HAsBHICTH CaMOi €JIEKTPUKU B
Mepexi, a i ii BiMOoBiAHICT, BUMOTaM sikocTi [4].

OpHi€r0 3 HAWOUTBII KPUTUYHUX JO  SIKOCTI
CJICKTPUYHOI ~ eHeprii € MeOUYHI eJICKTPOTEXHIvHi
KOMIUIEKCH. Bix po0oTh SKHX 3aleXHTh MPaBHIBHICTH
JiarHO3y Ta MiATPUMAHHSA J>KUTTENISIIBHOCTI OpPraHi3My
XBOPOTO.

Jlo Takoro oOnmagHAHHS HaNEXKAaTh KOMITIOTEPH
ToMorpadu, amapaTH YJIBTPa3BYKOBOTO OOCTEKEHHS,
JiHIHHI OPUCKOpIOBadi, pEHTreH-arnaparypa, amnaparu
IITYYHOT BEHTWIALIT JIETeHb.

OpHier0 3 HAWOLIBII 3HAYMMUX TEHACHINH Yy
PO3BUTKY OXOPOHH 37I0POB's € «IU(BPOBI3AIlisN» MEIHIHIX
texHoorid. Ilpm 1mBpoMy B yMOBax  3arajbHOI
«IHTepHeTH3alil»  Jenali  aKTyaJbHIIMMH  CTalOTh
npobnemu 3abe3redeHHs KiOepOe3neku iHpopMamiiHIX
Ta TEXHOJOTIYHMUX cucTeM. OCTaHHIM YacoM MOMITHO
3pocia KIUJIBKICTH IHIIUIEHTIB, MOB'SI3aHUX 3
HECaHKIIOHOBaHMM 30BHImHIM BrmBoM (HCB) Ha
MEIUYHI CHCTEMH MEAMYHOTro oOnamHaHHSA Ta HU(POBY
menuuHy TtexHiky (MT), nmo ckinagy skoi BXOIUTH
nporpamue 3abesnedenns (I113) ta/abo Mikpomporpamuauit
6J10K yripaBiiHHS (KOHTPOJIEP, MPOIECOp), HAMPUKIIAI, Ha
Tomorpadu, nabopatopHi aHai3aTopH,
KapAiOCTUMYIIATOPY Ta 1HCYIIHOBI momnu. Pe3ynbTaTamu
peamizarii 3a3HadueHUX Kibep3arpo3 y BHIAJKy MOXYTh
OyTH: BigMOBa — BTpaTa INpane3faTHOCTI CHUCTEM Mel.
oOnasHanHs Ta/abo MT, HecaHKIIOHOBaHa 3MiHA PEXUMY
Ta nmapametpiB ¢yHkuionyBanHs MT. 3ayBaxumo, mo y
CHIA, mnoumnatroun 3 2013 p., FDA (www.fda.gov)
3IMCHIOETBCS MOHITOPUHT I1HIMJEHTIB, IOB'SI3aHUX i3
KiOEepBIUIMBOM Ha IU(POBY MEUUHY TexXHIKY. O4eBHIHO,
o TOpYyImeHHs Tpame3natHocti mugpooi  MT,
BUKJIMKaHE HECaHKI[IOHOBAaHUM 30BHIIIHIM
KiOepBIUTMBOM, MOKE MaTH HAWCEPHO3HIIII HACIIIKH TSI
3I0pPOB'A MAIli€eHTa Ta/abo mepcoHany.
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Ilpn npoexTyBaHHI EJNEKTPUYHHX CHCTEM IS
rocmitTajgiB  MoTpiOHa  peTelbHA  IEpeBipKa  HHU3KH
(akTopiB, SKi CHUILHO T'apaHTYIOTh 3a0e3MEeYEeHHs JBOX
IO CyTi MPOTWJIEKHUX MUTAHB: 3aXUCT Ta OE3MEPEPBHICTD
poboTu.

MenndHa eNeKTpUYHa CHCTeMa —  KOMIUIEKC
YCTaTKyBaHHS, O KpaiHBOTO 3aXOAy OJHA OAWHHUIIA
SIKOTO € MEAWYHAM eJIeKTPOOOIaTHAHHAM, 3'€THAHUM i3
IHIIUM YCTaTKyBaHHSIM (DYHKIIIOHAJIFHO YH 3 JOMOMOTOIO
eNEeKTPUYHHX PO3'€eMHUX 3'e¢lHaHb. [0 cKiamy MequdHOi
EIIEKTPUYHOT CHCTEMH BXOIATH MPIIIAAA, HEOOXiTHI st
3a0e3neueHHsl MPaIe3IaTHOCTI CUCTEMH, Ta HaBEJICHI B
IHCTPYKIIIT 3 eKCIUTyaTalii.

MenuuHi  €JICKTPUYHI  CHUCTEMH €  TPYIIOH
SNEKTPUYHUX MEAWYHHX NPHCTPOIB ab0 eJIeKTPUIHUX
MEOUYHUX Ta HEMEIWYHUX MPHUCTPOIB, 3'€IHAHUX
CJICKTPUYHO IS TIepeayi CUTHANIB a00 JaHHX 1 MaroTh
CHiJIbHE  KMBICHHS. Hampuknan, — mpuctpil, 1o
KOHTPOJIIOE (hi310JIOTIUHI TapaMeTpH MaIlieHTa Ta mepeaae
BIZIMOBIIHI JaHi IHIIOMY YCTaTKyBaHHIO, SIKE, Y CBOIO
yepry, o0OpoOIIsie 11i mapameTpu.

Menngni npuMiIeHHsS TOIULIIOTECA Ha rpymu 0, 1
ta 2 (tabm. 1).

Tabmuns 1 — Tunu MequYHUX IPUMIIIECHb

. 0 1 2
Ne Tun npumiteHHs
rpyna | rpyna | rpyna
1 MacaxHe npUMilIeHHS * *
2 [Manatn *
3 ITosiorosa nasara *
4 IMpumimenns st EKT, EET, "
EHI" ta EMIT
5 [pumiteHHs A1 eHA0CKomil
6 AmOynaTopHe BiIiIeHHS * *
7 YpoutorivHe BiUIiICHHS *
8 [MpumitieHHs st panioq.(.)ri'i "
Ta NPOMEHEeBOI Tepanii
9 | Ilpuminensst ajst rigporeparii *
10 [pumimenns FEIISI "
ncuxoreparii
11 [MpumirnenHs yis aHecTesii *
12 Omnepattiiina *
13 [pumitueHss s H'i:-Z[FOTOBKI/I " "
JI0 oneparii
14 KimHara jiy1s rincyBaHHs * *
15 Hicnﬂogepauil‘z’me - -
HPHUMiLIEHHS
[pumitueHss s
16 BCTAQHOBJICHHSI CEPEIHIX *
KaTeTepiB
17 [pumimenns i}?eHCI/IBHOT "
Tepaii
18 [MpumitieHHs s aHriorpa.(bi'l' "
Ta reMOJMHAMIYHOTO aHAJI3Y
19 | TpumitneHHs yis reMoiatizy
20 MPT-npuminieHHs *
21 Ipumimenss s paxianiitnol "
MEIUIUHA
29 [MpumirneHHs anst "
HEJIOHOMICHUX JiTel

[pumimenns rpynu 0: MeAWYHI NPUMIILEHHS, 1€ HE
nepe0a4aeTbesl BAKOPUCTAHHS KOHTAKTYIOUHMX YaCTHH.

Hanpukian, amMOynaTopHi BIIJTIIGHHS Ta MAaca)KHi
NPUMILIEHHS, B SIKHX  HE  BUKOPHCTOBYIOTBCS
eJIEKTPOMEXaHIYHI IPUCTPOT.

[Mpumimenns rpynu 1: MeQu4Hi NPUMIIIEHHS, B
SKHX mependavyaeTbcss BHYTpIIIHE ab0  30BHILIHE
3aCTOCYBAHHS KOHTaKTYIOUHMX 4YacTHH M OyIb-IKHX
YaCTHH Tija, KPiM 30HH CepIIs.

VY 1MxX NpUMIMIEeHHSIX eJeKTpOMeXaHIdHI MpUCTPOi 3
po0OOYOr0 YACTHHOIO BHKOPHCTOBYIOTH SIK BHYTPIIIHBO,
Tak i 30BHINIHBO [T OyIb-SIKUX YaCTHH Tija MaIli€HTa, 3a
BUHSITKOM 30HHU CEpPILS.

[MpumimenHs Trpynu 2: MeQU4HI NPUMIILEHHS, B
SIKMX KOHTaKTYIOU1 JaCTUHH nependavyaeTbes
BUKOPHCTOBYBATH Ul BHYTPIIIHBOCEPIIEBUX HPOLEAYP,
oreparifHuX JJIsi MOKAa30BHX OMepamiid 1 Mpyu BUKOHAHHI
IHIIUX JKUTTEBO BAXIMBUX JIKYBaJbHHUX MPOLEAYD, KOJIU
npunuHeHHs  (301if)  enekTponocTauaHHs — CTAHOBUTH
HeOe3IeKy TSl XKUTTS TMalie€HTa.

EnexTpuuni cuCTeMH Yy MEIUYHHX NPHUMIMIEHHIX
rpynd 2 MamoTh BHUCOKHH piBeHb ckimagHocTi. Lle
NPUMILICHHS, B SKHX €JCKTPOMEIMYHI TPHUCTPOi 3
KaTeTepaMH, PiJHAMH, II0 TPOBOJATE, a00 €JIEKTpoIaMH
BHUKOPHCTOBYIOTBCS B 30HI ceplil abo OGe3mocepeHbo Ha
cepIli mTallieHTa, BHACTIZOK YOTO BHHHKAaE HeOe3meka
Mikpomoky. Jlo rpymm 2  TakoX  BiZHOCSTBCS
MPUMIILICHHS, B SIKUX 3 Mali€EHTaMH OPOBOJSATHCS KUTTEBO
BOXJIMBI TpoleAyprd Ta Tmepeboi B eNeKTPOKUBIICHHI
MOXYTb TPHU3BECTH [0 PHU3HKY U1 JKHUTTA, a TaKOX
KIMHATH Ui MiATOTOBKM IO OIEpalliid, omepamiidHi Ta
MICIISOTIePalliifHI MPUMINICHHS JJIS MAI[IEHTIB, MIOA0 SKUX
BUKOHYBajacsi 3araipHa aHecrtesis. [Ipum mpoMy BemmKi
BUMOTHU TPEA'SBISAIOTHCS 1 10 BUIIMX CHCTEM >KHBIICHHS.
Po3po0OHMK NMOBHHEH TOYHO OI[IHUTH MOXIIMBI BapiaHTH
Ha BIJNOBIJHICTh YMHHMAM CTaHJapTaM Ta KOHKPETHHM
TEeXHIYHAM yMOBaM.

MenuaHi TpUMIIIEHHS TaKOK MOXKYTh CKJIaJaTHCS 3
IpynH KiMHAT, SKIIO BOHH (YHKIIOHAJIBHO 3'€JHAHI,
NpUYIOMYy  BOHH  MOXYTb HE TIOBIJOMJISITHCS
Oe3mocepenHb0, i OyTH TpW3HAYEHI U1 iarHOCTHKH,
JMiKyBaHHSA,  TPOBEACHHS  XIPYypriuHUX  Omeparii,
CHOCTEpeXXEHHs 3a  MallieHTaMd Ta  peabimitarii
(BKJIIOUYAOYM KOCMETOJIOTiuHI omeparlii). Hampukmnan,
(GYHKIIOHAJBHO 3'€IHAHMMHU KIMHATaMU MOXXHa Ha3BaTh
omepariiHy KiMHATy IJIsi MPOBEACHHS IPOIEIyp Mepen
aHecTe3iel0 Ta micisonepaliiine npuMilieHHs. Menudsi
MPUMIIICHHS € TMPUMIMCHHIMH 3 OUTBIIOI HEOEe3NMeKoIo
SIICKTPUIHOTO ypasKeHHS, OCKIJIBKH Tali€HTH
nepe0yBaloTh y BPa3JIMBIIMIOMY CTaHI 1 IIITAalOTHCS
BIUIUBY €JICKTPUYHMX MPUCTPOiB. ToMy a1t 3a0e31medeHHs
MaKCUMallbHOI Oe3MeKH TMAIIEHTIB IS eNeKTPHIHHIX
CHCTEM CITiJ] BAKOPHCTOBYBATH CIEIiadbHi TEXHOJOTII.

Jlo cxnany MEAUYHOI €IEKTPUYHOI CUCTEMU BXOISATh
puiIasi, HeoOXigHe s 3abe3meueHHs mpae3aaTHOCTI
CHCTEMH, Ta HaBeJIeHE B IHCTPYKIIi 3 eKCIUTyaTaIlii.

MenuuHi  €NEeKTPUYHI  CHUCTEMH €  TPYIIOI0
CJNIEKTPUYHMX MEJNYHUX MPHUCTPOIB ab0 ENeKTPUIHUX
MEIMYHUX Ta HEMEJUYHHX MPUCTPOIB, 3'€JIHAHUX
€JeKTPUYHO JJIs Tepejadi CHTHAJIB a00 JaHUX 1 MarTh
cniibHe  xapuyBaHHA. Hampukinan, npucTpid, 1o
KOHTpOJItO€ (i3ioNoriuHi napaMeTpH MalieHTa Ta nepeaae
BIAMOBIHI JaHI IHIIOMY YCTaTKyBaHHIO, SIKE, Y CBOIO
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4yepry, oOpoOIise I mapaMeTpH [Uis HaJaHHS HEOOXITHOT
JUTsL IarHOCTUKY iH(popmari [5].

Y moOyTi B OCTaHHI POKH IIMPOKOTO TIONIMPEHHS
HaOyJM TeNneBi30pH, KOMITIOTEpU Ta IHII NMPHUCTPOi, IO
MpaIolTh HA TOCTIHHOMY CTpyMi depe3 BTOPUHHE
JOKEPEINO JKUBJICHHS Ta IMOTIPIIYIOTH SKICTh €NeKTPHYHOT
eHeprii B Mepexi xuBneHHs [6]. YV pesynbrari BUHHK
CBOTO POy MapaJOKC: 3aCTOCYBaHHS HOBHX TEXHOJIOTIH,
AKi eKOHOMi4HI Ta TEXHOJOTiYHO eQeKTHBHI, SKi
MOKPALLYIOTh KUTTA JIIOJEH, HETraTUBHO MO3HAYA€ThCS Ha
AKOCTI ENeKTPUYHOI eHeprii B eNEeKTPHYHHX Mepexax
[4, 71.

B poGorti [8] Oymo mokasano, mo «B Hawomy
KaimMami  Haubinbwiull 00cae  cnoxcueaemoi  eHepeii €
mennoea enepeis. Tomy nedocmaua menioeoi enepeii, abo
iT HU3bKAa AKICMb MAE KOMNEHCYBAMUCA THUWMUMU MUnamu
enepeii cnooicueanns cnodcugaua. Tax Ak erexmpuyna
eHepeisl € HAUYHIBEPCANbHIWOI0, MO il GUKOPUCMOBYIOMb 8
neputy uepey O BUPIGHIOBAHHS MINA €HePeMUUHO20
cnooicusanna.  Take — chodicuGanua — npU3BOOUMb 00
Nnoz2ipuieHHsa AKOCMi eleKmpPUyHoi enepeii.»

B3aeMHa MOB's13aHICTh €HEPriii BU3HAYCHA MOJICILIIO
3B'SI32aHOCTI €HEPTii.

3akiaieHi Mepexi AJisl ToOCTauaHHs TeIIOBOi eHepril
B MICTax HE MalOTh CHCTEMH HyOnoBaHHSI. ToMy sKicHI
3MiHM B TOKa3HHKaxX TEILIOBOi €Heprii He MOXYTh OyTH
KOMIICHCOBaHI 332 PaxyHOK CaMe€ MEpEeXEBHX pilieHb. |
MiATPUMAHHS TEMIepaTypu B NPHUMILIEHHIX MOXIIMBE
caMe 3a paxyHOK BHKOPHCTaHHS IHIIMX JJKEpen Temna. A
caMe 3a  paxyHOK  OTpUMaHHi  Temia  Bij
eJICKTpOHATpiBaJlbHUX TMpWIaNiB. B TepMiHax Mojemi
3B'A3aHOCTI €HEpriil — €IMHMH LUIIX JUIl BUPIBHIOBAHHS
«TiJla EHEePTOCIOKWBaHHSI» € B3a€MHA 3aMiHa OJHi€l
eHepril 1HIIOoI0.

MoskHa BHM3HAYWTH BapiaHTH BHUPIBHIOBAHHS «Tijia
€HEProCHOXUBAHH» JJISI MEINYHUX YCTAHOB!

- 3MEHIIICHHSI TEMIIEPaTypH TEIIOHOCIS B Mepexi
TEIUIONOCTaYaHHs (HEJOCTATHS KiJIBKICTh €Heprii) mnpu
MTOBHIN TPAIe3AaTHOCT] ENEKTPUIHOT MEPExKi;

- BIICYTHICTp ~ TEIUIOBOi ~ eHeprii 3  Mepexi
TEIUIOTIOCTaYaHHA (aBapis Ha Mepeki TemIonoCTadyaHHI)
TIpY TIOBHIH MpaIe31aTHOCTI eJICKTPUIHOI MEPEexi;

- BIICYTHICTh ~ TEIUIOBOi  eHeprii 3  Mepexi
TEIUIOTIOCTaYaHHs (aBapis Ha MEpeki TeIUIOMOCTadaHH)
BIZICYTHOCTI €JIeKTpOonocTayanHs (poboTa BiJj JIOKaIbHOTO
JIM3EIIbHOTO TeHepaTopa).

3po3ymiJio, 10 HiATPUMAaHHS BHYTPIIIHIX
TEMIIEPaTYPHUX PEXUMIB MPUMIILEHb MOXIIMBO JIUIIE Y
BUTAJIKY, KOJH KiJBKICTh €HEprii 3aMiHHHKa MOXe OyTH
MOPIBHSHA 13 HEJOCTaTHBOIO KUIBKICTIO TEIIOBOI eHeprii
(puc. 2).

B TepMmiHax «rina eHEProCHOXXUBaHHS» DPE3yJbTAT
JOCATAETHCS KOJH MICHS il pi3HUX (AKTOPIB i MPUHHATIX
NpOTH/IIN 3aMiHHHMKA OJHI€l eHeprii Ha IHIIYy IUIolIa Tija
€HEepProCIOXUBAaHHSI S; N0 BHHHMKHEHHS ii 1 S, micms
BUHUKHEHHS [Ii1 3aTUIIAETHCS HE3MIHHOO (pHC. 3).

B rpadigHOMy MpeICTaBJICHI «Tinma
€HEeProCHoXKMBaHHA» MOXKHA BiOOpa3sHTH SAKICHI Mexi
(opMH «Tila €HEProCIOKUBAHHS» IO BiJHOIIECHHIO 10
TeroBoi eHeprii (puc. 4).

I'padiune mnpencraBieHHS HOPM  Spin MiHIMyM
€HEProCHOKHUBAHHS Spax — MAKCUMYM €HEPTOCHOXXMBaHHS
BIAMOBIMZHO HO  SKICHHX BHMOT 33  KIUIBKICHUM
apamMeTpOM.

Tennosa
eHepria

*_ EneKTpuuHa
E %, eHepris

s

Puc. 2. Tino eHeprocnoxuBaHHs

Tennosa
eHepria

Sz

Enektpuina E
eHepria

Puc. 3. PiBHicTb IUIOILI Tijla €HEPrOCIOKUBAHHS MiCIIs il
pi3HuX (akTopiB

Tennosa
eHepris

EnektpuyHa
eHepria

Puc. 4. Pi3Huws mion Tijla eHeprocroXUBaHHsI BiAMOBIAHO 10
SIKICHHX BHMOT 32 KUIBKICHHM ITapaMeTpoM

SKicTh eneKkTpudHOI eHeprii Mae 3HauHy KiJIbKiCTh
napaMeTpiB OUTbIy 3a KUIBKICTh IIapaMeTpiB SIKOCTI
TEIJIOBOi  eHeprii  (TpaHedl y  TepMiHax  «Tija
SHEProCIIOKUBAHH»). AJle IPU MiABUICHHI CHIOXKUBaHHS
€IIEKTPUYIHOI eHeprii, 3017bIIeHHS 00CATY CIIOKHBAHHS TI0
MOTYXXHOCTI JI0 JIESIKOi BEJIMYMHU OlIbIle HIXK HA TEBHY
MEXy 3pOCTaloTh 1 1iHII TapamMeTpu HEesSKiCHOCTI
CJIEKTPUKH. B HESKICHICTH €JIEeKTPUKH B TakoMy pasi
MOJKE 3aXONHWTH HE OJWH — JBa MapaMeTpu a Oimbpmry
KUTBKICTh. | B TakOMy BHIIQJKY 3araJbHU CTaH SIKOCTI
€JeKTPUYHOI eHeprii 3HU3UTbCA IO TaKoi MeXi, KoJu
BUKOPHCTAaHHS CKJIAJHUX NpWIaAiB Oyne mix 3arpo3oro.
o ansi MEAMYHUX YCTAaHOB € HE HPOCTO BAKIMBOIO, a
HaJ BaXJUBOK YMOBOKW. Binm mpaBmisHOCTI poboTn
EJIEKTPOHHUX MPUJIAJIB MOXKE 3aJIeXKaTH XKUTTS JIOAUHH.

[TporonyeThcs BBECTH OLIHKY 3arajbHOTO CTaHy
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C€HEPTOCTIOKUBAHHS IANPHEMCTBA. | TaKOK OIIHKOIO
OIMCYBATH JIOCATHEHHS! MEXi B €HEPrOCIIOKUBAHHI, KOJIH
SIKICHI TTapaMeTpu BHHIYTh 32 MEXi NOMYCTUMHUX, IS
6e3neyHoi poOOTH MPHCTPOIB 1 BUKOHAHHS IEPCOHAIOM
CBOIX 3aBHaHb. Taky OIIIHKY MOXXHAa Ha3BaTH MEXKEI0
€HEPTreTUIHO1 CTIHKOCTI.

Enepretnuna CTIMKICTh ONHCYE TIJNBKH HEpexXinHi
PEKHMH eHepromocTadanHs miampueMcTB. Ilim dac
HOpPMaJIbHUX PEXHMMIB EHEProlOCTa4aHHS BCS CHEpris,
o MmoTpiOHa A (QyHKIIOHYBaHHS NPHIATIB i CHCTEM
MATPHEMCTBA OepeTbes 13 Mepexki 13 HEOOMEKEHOIO
noTyxHicTio. [IpM BUHUKHEHHI SKMXOCh aBapid, abo
0OMEXEeHb B MEpEeXi EHeprorocTadyaHHs, MiAPHEMCTBO
MOX€ JIesSKHid, OOMEXeHWH dYac, TMOKPUBATH CBOI
EHepromoTpedn 3a paxyHOK pi3HHUX 3MIH CXeMHu
€HeprorocTayanHs, ado 3a paxyHOK JIOKAJIbHHX JDKEpel
eHeprii.

OCHOBHUI €HEPreTUUHHIA MOTIK, JAJIS HIINPUEMCTB B
YkpaiHu npumnazae Ha TEIUIOBY €HEPrii, TOMy pO3paxyHOK
TiJla €HEepProcHoXHWBaHHS 1 OyJe BECTHCS TaKHM YHHOM,
mo 3a 0a30By BENMYMHY MPUIIMEMO caMe TEIUIOBY
eHepriro. [3 (i3udHMX 0COONMBOCTEH BCi MaTepiayibHi
00'eKTH MaIOTh TEIUIOBY iHepiito (puc. 5).

T,°c A

Thom

Tmin

THC

el g t,

Puc. 5. TerutoBa iHepIrist MpUMIIICHb

Ha puc.5 T, BiINOBia€ HOMIHAIEHOMY PiBHIO
TEMITEPaTypH B MPUMITICHHSX. Tmi, — MIHIMJIBHUN PiBEHB
TEMIIEpaTypu B IMPUMILICHHI y BiIMOBIAHOCTI 0 HOPM.
IIpu Takiii Temmeparypi Tyin TPUMIIICHHS e MOXE
BUKOPHUCTOBYBATHCS  3a  NPU3HAYCHHIM. Ty
TeMIlepaTypa HaBKOJHUIIHBOTO CEPEOBHINA, MiHIMAlbHA
TeMIepaTypa, 10 SKOi MOXXE 3HH3HTHUCS TeMIIepaTypa B
OPUMIMICHH]. {5 gac, KOJMW Oylno BiIKIIOYEHO
TEIUIOTIOCTAYAHHS. e Jac, 3a SKUM TeMIeparypa
3HHU3HUTHCS A0 MiHIMAJIBHO MOXKIIMBOI, 3HIKCHHS AKOi HE
JI03BOJITH BHUKOPHUCTOBYBATH MPUMIIICHHS 3a
npu3HavueHHsAM. Takuii yac Oyzae XapaKTepu3yBaTH
CTiliKicTh npuMimneHHs (OyaiBmi). IIIBuAKICTS 3MEHIICHHS
TeMreparypu 3 Tuou 1O Tmin BU3HAYAETBCA KyTOM 3.
[HmuMu crmoBaMM 3MCEHIICHHSA 4Yacy CTIHKOCTI MOXHA
BimoOpa3uTH dYepe3 BEIWYMHH KyTa [ i3 TPSIMOI0
3ajexHicTI0. UMM MeHmmi KyT [, TUM MEHIIMH Yac
CTIHKOCTI PUMILIICHHS.

Ha ocHoBi 3akony 30epexenHs exeprii [9, 10] 3mina
BHYTPIMIHBOI €HEeprii NpUMIIIeHHS OPIiBHIOE CyMi eHeprii
MiABEICHOI 0 IBOTO 00'eMy 330BHI (JIXKEPENIO MMOCTaYaHHS
TerIoBol eHeprii, Temmomepexa) dQ; i eHeprii, ska
BHIULIETBCS B TPHUMIIMICHHI 3a PaxXyHOK BHYTPIITHIX
Jokepen Tertotu dQ,.

dQ = dQ; + dQ..

Benuuuna dQ, = q,dVdr.
Je qy MMITOMA C€HEPTisl BHYTPINIHIX JDHKepe
TEIUIOTH, SIKa BUIISIETHCS B OAMHUII 00'€MY 32 OIMHHUIIIO

Jacy.
3HaXOIKEHHS dQ NPOBOJMTHCS
eleMeHTapHui 00'eM 31 croponamu dx, dy, dz:

dQ; =dQx + dQy + dQz.

3rigao 3akoHy Dyp'e, €Heprisd, MO HAAXOIWTH IO
TIPUMIIIIEHHS :

4yepes

A i
dQ, = }‘ax dydzdr.
Enepris, 1110 BUXOUTS 13 MPUMIILIEHHS:
dQy = -1 (t + )dydzdr,

A — Koe(DiIieHT TETUTOTPOBITHOCTI.
B enemenTapHoMy 00'eMi 3aHIIaeThCs:

2
dQ; - dQy = dQ, = A2 dxdydzdt.

Amnaoriuno s dQy, 1 dQ,.

Toni

%t 9%t | 0%t

el + ﬁ + ﬁ) dvdr.

dQ, =A(

3po3ymino, mo KoedimieHT TEIIOMpOBOIHOCTI (a B
HAIIOMY BHUIMAIKy, I¢ KOE(DIilli€HT TEIIONPOBOIHOCTI
OTOPODKYBATBHUX KOHCTPYKIi) Oyme Oe3mocepenHno
BIUIMBATH HA Yac CHEPreTHYHOI cTifikocTi. YuM MeHIIa
TEIUIOTIPOBIIHICTE OTOPOPKYBAJIBHUX KOHCTPYKIIH THM
OiIBpIINI Yac eHePreTHYHOI CTIHKOCTI.

3 iHIIOI CTOPOHW BEJIWYMHA Yacy CTIHKOCTI Oyne
3anexxatd Big dQ, — TEIIOBOro MOTOKY BiJ BHYTPILIHIX
moxepen. Jlms MemWIHWX 3akiIaaiB OJHUM 13 OCHOBHHX
JOKEepeNl BHYTPIIIHBOTO TEIUIOBOTO TIOTOKY € TEIUIo
MoauHU (TAlli€HTH, MEIUYHWA TEPCOHAN € JHKEepPEeoM
TerIa).

3abe3neuennn piena enepeemuunoi cmiiukocmi nio
uac nepexionux peicumie enepzonocmauannun. MoxHa
BHUJIUTUTH LTy HU3KY 3aXO0/IiB MO MiATPUMIL €HEPTreTHIHOT
crifikocti. Taki 3axomu 00'€mMHYIOTBCS B IBa OCHOBHI
HanpssMu  (puc. 6): 3MEHIIEHHS €HEPrOCIIOKHMBAHHSI 3
MMOHMKCHHSAM TPYMH EHEProNOCTaYaHHs MPUMIIICHb 1
3MEHIIICHHS CHEPTOCIIOKUBAHHS 32 PAXYHOK BiIKITIOYCHHS
JMESIKUX TPUMIIIEHb BiJ] EHEPrOCHOXHBAaHHS, ane i3
30epeKeHHSIM IPyITH eHeprocrnoxuBanus [11, 12].

3axoam 3a6e3neyeHHA PiBHA eHepPreTUUHO
cTifikocTi

/\

BigkntoyeHHA oKpemmx
NPUMILLEHD Big,
€HEeprocnoXMBaHHA ane i3
36epekeHHAM rpynu
€HeprocnoXmnBaHHA

MoHWKEeHHA rpynu
eHepronocrayaHHsa
npuMmil,eHb

Puc. 6. OcHOBHI HampsiMK 3aX0/iB IO 3a0€3MEYCHHIO PiBHS
CHEePTeTHYHOT CTIHKOCTI

3a3HaueHi HanpsMU 3abe3rneueHHs piBHA
€HEPTeTUYHO1 CTIHKOCTI MafOTh CBOI HEMIOJIIKH 1 TIepeBary.
Tak 1  JOCATHEHHS  MEXOBOI  CHEProCTIHKOCTI
(HaOITBIIT JOBIIOK 32 YaCOM) MOYKHA TUIBKH 332 PaxXyHOK
MMOHMKCHHSI TPYIU CHEPromoCTayaHHsS NPUMIIICHb i3
HaCTYyITHUM BIIKITIOYEHHAM MIPUMIIIIeHb BiX
EHEepPronoCTavYaHHs.

Jlns TOCATHEHHSI HalIOBIIOT BiIIOBIIHOCTI SIKICHUM
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CHCPIoOIIOCTa4YaHHs AJIA TUX 110 3aJIMIIAThCS. OypcoBa . B.  Asmomamuxa  npomuasapitinozo  ynpasniuis
BHCHOBKH. 3aHp0HOHOBaHI/II71 KpI/ITepiﬁ enexmpoerepeemuynux cucmem. Xapkis: @OBb bpogin, 2020. 216 c.

EHEepreTHYHOI CTIMKOCTI 703BOJIsIE OIIHUTH OyniBil Ha
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O. FATYEYEV, N. FATIEIEVA, V. POLIAKOV, A. SHYIAN, O. RADCHENKO

DESIGN SPECIFICS OF A BUILT-IN DIAGNOSTIC SYSTEM FOR HYDRAULIC MACHINES

The basis for obtaining information about the object of diagnosis is technical diagnostic tools, which involve measuring operations of various
parameters, the totality of which is the basis of the diagnostic process. Diagnostic tools are divided into external, portable (mobile) and built-in. Built-
in technical diagnostic tools are considered. The built-in diagnostic system (BDS) is an autonomous complex for automatic checking of the degree of
operability and serviceability of units and the hydraulic drive as a whole, which allows, within limited limits, to localize some faults based on the
results of monitoring diagnostic and functional parameters in operational or special test modes, and the diagnostic results can be presented to the
operator or accumulated for further processing. Compared to other built-in diagnostic tools, BDSs are the most complex and relatively new devices.
They are in the process of development, prototyping, and experimental research. A set of diagnostic equipment was designed, namely: designing a unit
of measuring instrumentation; designing a load device for diagnosing pumps and taking load characteristics directly at the facility. The designed set of
diagnostic devices is used as an integrated diagnostic system (due to built-in sensors), as well as a separate diagnostic complex due to the ability to
connect external sensors. The values of the diagnostic parameters measured by this complex can be recorded on an internal memory card or transferred
via wireless Bluetooth to a PC or Android device (smartphone, tablet) for further processing. A study was also carried out to assess the strength of the
hydrotester body using a computational and analytical method (using the finite element method in the Ansys Static Structural environment), which is
equivalent to full-scale testing in terms of boundary conditions and achievable results. Based on the calculation results, it is possible to assert that the
choice of material and structural dimensions of the designed device were chosen rationally.
Keywords: technical diagnostics, hydraulic tester, measuring instrumentation unit, load device, pressure, flow rate, fluid temperature.

O. M. DATEEB, H. M. PATEEBA, B. B. IIOJIAKOB, A. B. IITHAH, O. C. PATYEHKO

OCOBJUBOCTI ITIPOEKTYBAHHS BBYJIOBAHOI CUCTEMHU JIATHOCTYBAHHSI
T'TAPABJIIYHUX MAIINH

OcHoBoro oTpuMaHHS iH(opMarii mpo 00'€KT AIaTHOCTYBaHHS € 3aCO0HM TEXHIYHOTO MiaTHOCTYBAHHS, IIPU IbOMY IIepen0adacThCs MPOBEACHHS
orneparii BUMIpIOBaHHs Pi3HUX NapaMeTpiB, CYKYIHICTh KX € OCHOBOIO MPOLIECY JiarHOCTYBaHHS. 3aCO0M JiarHOCTYBaHHS MOUISIOTH Ha 30BHIILHI,
nepeHocHi (mepecyBHi) Ta BOymoBaHi. PosrsiHyTo BOygoBaHi 3aco0HM TeXHIUHOro miarHocTyBaHHS. BOymoBana cuctema miarnoctyBanus (BCI) e
AQBTOHOMHHM KOMILICKCOM JUIsl aBTOMAaTHYHOI IEPEBIPKU CTYIICHS MPALE3AaTHOCTI Ta CIIPABHOCTI arperaTiB i IiApONPUBOLY B LIIOMY, IO JO3BOJIE, B
OOMEKEHHX MEXaX, JIOKalTi3yBaTH JesKi HECIPABHOCTI 3a pe3yJbTaTaMd KOHTPOJIO [IarHOCTHYHHX 1 (YHKIIOHAJBHHX MapaMeTpiB B
eKCIUTyaTaliifHuX abo CHelialbHUX TECTOBMX PEXHMMaX, NMPUYOMY pe3yJbTaTH AIarHOCTYBAaHHS MOXYTh OYyTH IIpeJCTaBIICHI omepatopy abo
HaKOMHMYYIOThCS Ul MoAanbinoi oOpoOku. [lo BipHOIIEHHIO N0 iHIIMX BOymoBaHHMX 3aco0iB miarHoctyBaHHS BCJl € HaiOinmbll CKIQAHHUMHU Ta
HOPIBHSHO HOBMMHU NpUCTposMu. BoHM mepeOyBaroTh y cTajil po3poOKH, MaKeTyBaHHS Ta CKCIEPUMEHTaIbHUX JOCITIIKeHb. Byno mpoeneHo
MPOEKTYBAHHA KOMIUIEKCY JIIarHOCTHYHOrO OONaJHAHHA, a caMe: IHPOEKTYBaHHSA OJIOKy BHMIDIOBAJIBHUX TPHIAJiB; IPOEKTYBAHHS
HABaHTAXyBAJIbHOTO IPUCTPOIO IS JIarHOCTHKU HACOCIB i 3HATTS HABAHTAKYBAIBHOI XapaKTEPUCTHKH Ge3rnocepenHbo Ha 00'exti. ClpoeKTOBaHMiT
KOMIUICKT J[iaTHOCTHYHHUX IPUCTPOIB BUKOPHCTOBYETHCS B AKOCTI BOYOBAHOI CHCTEMH J[iarHOCTYBaHH! (32 PaXyHOK BOYJIOBaHHUX JATHHKIB), a TAKOXK
SIK OKPEMHH JiarHOCTHYHMI KOMIUICKC 3a PaxyHOK MOXIIMBOCTI MiJKJIIOYCHHS 30BHINIHIX AaT4MKiB. BUMIpIOBaHI MM KOMIUIEKCOM 3HAuCHHS
JIarHOCTUYHMX IIapaMeTpiB MOXKYThb OyTH 3ammcaHi Ha BHYTPINIHIO KapTy mam'ati abo mepemani depe3 OesmporoBmii Bluetooth-3B'si30x Ha
nepconanbHuil komm'torep PC abo Android-npuctpiii (cMapTdoH, miaHmer) s nogaibmoi 06podku. Takox Oyino MPOBENSHO JOCHTIIKEHHS OLIHKA
MILHOCTI KOPITyCY TigpoTecTepa po3paxyHKOBO-aHAIITHYHUM CII0co00M (i3 3aCTOCYBaHHIM METOAY KiHIIEBHX €IEMEHTIB B cepeoBuiax Ansys Static
Structural), 1110 € exBiBaJICHTHUM HATYpPHHM BHIIPOOYBAHHSM IIO0 KPAflOBHX YMOB Ta TOCSDKHHX PE3YJIbTATIB. 3a Pe3yIbTATOM PO3PAXYHKY MOXIIHBO
CTBEpXKYBaTH, 1110 BUOIp MaTepiaiy i KOHCTPYKTHBHI PO3MipH CIIPOEKTOBAHOIO MpHIIaay Oyiii 00paHi pauioHaIbHO.

KurouoBi cioBa: TexHiUHE MiarHOCTYBaHHs, TeCTEp TigpaBIiYHUN, OJIOK BUMIDIOBATBPHUX MPHIAAIB, HABAHTAXKYyBAIBHUH MPHUCTPiH, THUCK,
BHUTpaTa, TEMIepaTypa pobo4oi pifuHH.

Introduction. The use of technical diagnostics
provides a direction for changing not only the technical
condition of the hydraulic drive of machines, but also their
maintenance and repair system during operation, since
technical diagnostics is a prerequisite for the transition to
advanced methods of maintenance and repair of hydraulic
drives according to their technical condition.

A diagnostic system should be developed at the
design stage of hydraulic drives, because only then can the
required level of controllability and manufacturability be
ensured. When developing diagnostic systems for
hydraulic drives, the following main tasks are solved
tasks: development of diagnostic algorithms; forecasting
changes in their technical condition during operation;
selection of diagnostic methods; development of
diagnostic tools [1].

The basis for obtaining information about the object
of diagnostics is technical diagnostic tools, which involve
measuring operations of various parameters, the totality of

which is the basis of the diagnostic process [2].

Diagnostic tools are divided into external, portable
(mobile) and built-in. A built-in technical diagnostic tool
is a diagnostic tool made in a common design with the
object of diagnosis [3].

A technical diagnostics system is a set of means and
object of diagnostics and, if necessary, performers
prepared for diagnostics or performing it in accordance
with the rules established by the relevant documentation

[4].

Problem statement in a general way. A significant
number of vehicles (land, air, water, underground) and
technological facilities are equipped with hydraulic drives.
The operability of the hydraulic drive largely determines
the reliability of the machine as a whole, so assessing the
technical condition of hydraulic systems becomes an
important task in the facility diagnostics system [5, 6].
Diagnostics of hydraulic drives can largely solve the
problem of diagnosing the object as a whole.

© O. Fatyeyev, N. Fatieieva, V. Poliakov, A. Shyian, O. Radchenko, 2023
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In order to prevent failures and accidents, reduce the
time and costs associated with fault detection, there is a
need to design and operate built-in diagnostic tools for
‘hydro’ facilities.

The first step towards obtaining individualised
information about the hydraulic drive being diagnosed is
the use of combinations of instruments connected to the
sensors installed in the drive [7] or on-board monitoring
systems for mobile machines [8].

The built-in diagnostic system (BDS) is an
autonomous complex for automatic checking of the degree
of operability and serviceability of units and the hydraulic
drive as a whole, which allows, within limited limits, to
localise some faults based on the results of monitoring
diagnostic and functional parameters in operational or
special test modes, and the diagnostic results can be
presented to the operator or accumulated for further
processing.

The traditional method of on-board diagnostics is to
build an algorithm based on the deviation AY(t) of the
measured value Y(t) from its set value Yq(t). However, this
method allows to establish only the values of the
controlled parameter outside the permissible limits and
does not specify the cause of the system malfunction. It is
possible to create a diagnostic system with elements of
artificial intelligence [9, 10]. Such a system on the basis of
logical analysis of the values of the controlled parameters
identifies the faulty element of the hydraulic drive,
indicates the way to eliminate the fault and warns about
the pre-emergency situation. This reduces the time-
consuming processes of installing measuring equipment
during adjustment work and finding and locating faulty
hydraulic drive elements, and ensures a significant
reduction in labour costs for maintenance and repair by
eliminating a significant proportion of sudden failures and
by having the driver (operator) participate in the
elimination of minor faults of the diagnosed object.

Fig. 1 shows a generalised structure diagram of an
embedded microprocessor-based diagnostic system. It
includes the following functional units: a primary
converter unit, a signal normalisation unit, an on-board
microprocessor, a control unit and information display
facilities. Analogue and digital signals of pressure, flow
rate, degree of purification and level of working fluid,
temperature of pump body parts, crankshaft speed of the
engine (pumps), some auxiliary signals from low-voltage
electrical equipment, etc. can be used as the main input
information [11].

Promising functions of built-in diagnostic systems
for hydraulic drives include:

-searching for faults or their causes with
recommendations to the operator for their elimination and
further actions;

- checking the degree of operability of individual
subsystems of the diagnosed object in a dialogue mode;

- control of diagnosed systems in case of emergency
and pre-emergency situations;

- forecasting the resource life of individual units.

It should also be noted that the feasibility of
equipping a built-in diagnostic system is determined by
the type of mobile machine or process equipment, their

mode of operation, the complexity of the drives being
diagnosed, and the responsibility and cost of the
operations they perform.

Compared to other built-in diagnostic tools, BDSs
are the most complex and relatively new devices. They are
in the process of development, prototyping and
experimental research.

ADC - analogue-to-digital

TSD - tracking and storage
device

RAM - random access memory
device

ot |

EPROM - erasable programmable
read-enly memory
CP - central processor

Display

rator [ S Eac

Control unit

Fig. 1. Structure diagram of the BDS of hydraulic drives

Research Methodology. Quantitative evaluation of
diagnostic parameters can be carried out taking into
account the provisions of information theory. However, at
the first stages, it is advisable to select them on qualitative
grounds. One of the criteria may be the attempt to bring
the list of faults detected by the built-in diagnostic system
as close as possible to the list specified in the classifier of
characteristic faults of hydraulic systems of the object
being diagnosed. For designed hydraulic drives, such a list
can be compiled on the basis of a principle scheme, taking
into account the experience of operating similar
facilities [12]. Preference should be given to the key
parameters that determine the safety of the object to be
diagnosed (for example, the pressure in the steering or
braking circuits of a mobile machine) and parameters that
characterise faults that lead to significant technical and
economic losses.

Taking into account the possible options for
organising the BDS operation algorithm, the parameters of
hydraulic drives can be divided into subgroups according
to the following features:

- parameters that determine the safety of the facility;

- parameters for daily inspection (pre-operational
inspection);

- parameters for continuous tolerance control;

- auxiliary parameters and control points.

Auxiliary parameters are used to organise the fault
finding process. The rationale for using or the significance
of an auxiliary parameter can be assessed by the number
of elementary algorithms in which it is involved, i.e. the
number of faults (and their degree of responsibility) for
which this parameter is required to be detected; its
exclusion leads to a deterioration in the recognition of
many faults.

When selecting the monitored parameters and sensor
installation locations, the possibility of measuring the
parameter and the design features of the elements of the
hydraulic drive being diagnosed should be taken into
account.

Based on the above analysis of the design process of
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an embedded microprocessor-based hydraulic drive
diagnostic system, a number of key parameters can be
identified that are required in its development:

- number of control points (input signals) and their
location at the facility;

- type of input signals;

- nomenclature of sensors;

- level of signals produced by the sensors;

- measurement range for different channels;

- measurement accuracy (of sensors);

- indication discreteness;

- permissible values of measured values;

- microprocessor set, taking into account which the
design is carried out;

- memory capacity of RAM and EPROM,;

- means of communication with the operator.

These data are part of the terms of reference for the
development of the BDS and should be taken into account
in the process of formation and refinement.

1. Designing a built-in diagnostic system. It is
advisable to design a set of diagnostic equipment for the
main range of parameters of modern hydraulic systems of
hydrofied equipment [13, 14].

Initial data for design:

1.the measured flow rate range is from 10 to
200 I/min;

2. pressure measurement range — from 0 to 400 bar;

3. measuring range of working fluid temperature —
from 5 to 90°C;

4. measuring range of output shaft rotational speed —
from 10 to 10000 min™.

Based on the initial data, the design consists of two
main stages:

- design of the measuring instrumentation unit;

- designing a load device for diagnosing pumps and
taking load characteristics directly at the facility.

The hydraulic tester is a handy portable device
(Fig. 2) and is designed to diagnose the condition of
hydraulic systems by the following parameters [15, 16]:

- fluid flow rate;

- fluid pressure;

- fluid temperature;

- speed of the drive shaft or hydraulic motor shaft.

Set of diagnostic devices SDD
o
= o

Benssuen

Pl ez
Temgecaes
Ronatonal spasd

i = Ld

Fig. 2. Set of diagnostic devices

SDD - this device allows you to diagnose hydraulic
equipment, as well as display and store the values of
the main parameters of hydraulic systems:

- Flow rate (1 chammel)

- Pressure (3 channels)

- Temperature (1 channel)

@ =)@

- Rotational speed (1 chamnnel)

The main spheres of application are service and
analysis of hydraulic systems.

The tester is based on the ATmega2560
microcontroller. A 3.2" TFT-HX8357 monitor with a
resolution of 480x320 pixels is used as a human-machine
interface.

The HET-200 has six input channels (three analogue
channels — pressure P, Py, P, and three digital channels —
flow rate Q, temperature t, rotation speed n) and can
display, record and process signals from sensors
connected to the device [16].

For operational measurement of the main parameters
of the hydraulic system, a single connector with three
channels (Q, P, t) is used, to which a block of measuring
instruments is connected for simultaneous measurement of
the flow, pressure and temperature of the working fluid.

To measure the pressure at different points of the
hydraulic system, there are two analogue channels (P, and
P,) with separate connectors for connecting pressure
sensors. For these sensors, the HET-200 screen can
display the measured actual, maximum, minimum
pressure values, as well as the difference between the
values of channels P, and P, (P,—P,). The maximum and
minimum values (P1min, Pimaxs Pamin» P2max) €an be reset at
any time by pressing the button. The measuring range of
the connected sensors is selected in the configuration.

To measure the speed of the drive shaft or hydraulic
motor shaft, a separate connector with a digital input (n) is
provided, to which a tachometer is connected.

The HET-200 has a built-in real-time clock, which is
convenient for processing measurement results. The
current date and time are displayed at the top of the
screen. Correction of the current date and time is possible
in the setup mode.

The measured values can be recorded on the internal
memory card or transferred via Bluetooth-wirelessly to a
PC or Android-device (smartphone, tablet) for further
processing.

The basic set of the hydraulic tester includes:

- hydraulic tester — 1 pc;

- measuring instrumentation unit (to be designed) —
1 pc;

- DB9 (COM) connection cable — 1 pc;

- miniUSB-USB (5V) charging cable — 1 pc;

- USB power supply (5V, 2A) - 1 pc.

The design of the measuring instrumentation unit is
shown in Fig. 3.

Fig. 3. Design of the measuring instrumentation unit:
1 - body; 2 — turbine; 3 — guide bushing; 4 — inductive turbine
speed sensor; 5 — pressure sensor; 6 — temperature sensor
installation location; 7 — fittings

The display device has the view shown in Fig. 4.
The general view of the diagnostic equipment set is
shown in Fig. 5.
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Tr3-200

Fig. 4. Device for indicating and recording hydraulic system
parameters

Configuration of the diagnostic device and
connection to the input channels

@ i Optical tachometer

Pressure sensor No.2 r
J

Pressure sensor No.1 lr @
'l
(o
. Bluetooth

Android APP

A unit of measuring instruments:
- pressure sensor;
- flow sensor;

- temperature sensor

Electronic unit

Fig. 5. The diagnostic equipment set

2. Assessment of the strength of the hydrotester
body. The aim of the study is to evaluate the strength of
the hydrotester body by a computational and analytical
method (using the finite element method in the Ansys
Static Structural environment), which is equivalent to full-
scale testing in terms of boundary conditions and
achievable results [17, 18].

The object of research is the body of the measuring
instrumentation unit used in the design hydrotester. Test
conditions — simulation of full-scale tests by computer
calculation using the finite element method in the ANSYS
Workbench 2023 R2 environment.

Design model - a solid STEP-model that
corresponds exactly to the full-scale sample in terms of
dimensions, MCC-characteristics that form the model
assembly, as well as materials of their manufacture
(tensile strength, yield strength, Poisson's ratio, etc.):
Structural Steel (typical characteristics for Steel 3),
deformable aluminium alloy of B96 grade — Table 1.

Table 1 — Physical and mechanical properties of the material
deformable aluminium alloy grade B96 in the Ansys
environment

Density 2850 kg/m®
Modulus of Elasticity 7400 kg/mm?
Poisson's ratio 0.36
Young's modulus 76 GPa
Yield strength 550-570 MPa
Tensile strength 480 MPa

At the stage of tensile-compressive elasticity,
aluminium alloys have higher relative elongations than
steels (Fig. 6).

The body is made of aluminium alloy B96. The
appearance of the design model in the ANSYS
Workbench software environment is shown in Fig. 7.

G e e
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- f— B = =K1
! -~ H |
i I -~ ¥ 't'\
e
ol b A s
4
20 :
70 . |
7 { i !
Gooow & g T8

Fig. 6. Tensile-compression diagram of aluminium alloys

At the next stage, the model under study was divided
into finite elements (Fig. 8). The total number of finite

elements is 21476, which contain 13353 nodes of the
tetrahedron type (tetrahedral mesh).

Fig. 7. 3D-model of the body in the ANSY'S Workbench
environment

Fig. 8. Breakdown of the model under study into finite elements

Obviously, the model requires the wuse of
displacement constraints, otherwise it will not be statically
balanced. Let's set the constraints according to the actual
anchoring of the body (Fig. 9) — rigid anchoring at the
lower edge of the body (Fixed support).

Let's analyse the design model under the conditions
of the working fluid under maximum pressure. In
accordance with the operating pressure range of the
diagnostic hydraulic equipment, we take the maximum
pressure P« to be 40 MPa. We distribute the pressure
over all internal surfaces where the working fluid is
located (Fig. 10). The pressure load is applied in stages.

Linear pressure increase to the maximum (40 MPa)
inls.
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oo

Fig. 10. Scheme of loading with pressure P, =40 MPa

To familiarise yourself with the results of the
calculation, it is advisable to familiarise yourself with the
Mises maximum stress criteria, which is based on the
Mises-Hencky theory, also known as the theory of shape
change energy. In elasticity theory, an infinitesimal
volume of material at any point on or inside a solid can be
rotated so that only normal stresses remain and all shear
stresses are zero. The three remaining normal stresses are
called principal stresses: 6; — maximum, o, — average,
63— minimum. In this case, the following condition is
met: 6; > 6, > o3.

For principal stresses 61, 65, 63, the Mises stress is
expressed as follows:

Oyonmises = t[(01 — 62)2 + (0, — 63)2"‘(0'1 - 63)2]/2 }1/2-

The theory states that a ductile material begins to fail
at the point where the Mises stress becomes equal to the
ultimate stress. In most cases, the yield strength is used as
the ultimate stress Gjimit, SO the condition Gygnmises = Olimit
must be met. Since our problem does not involve plastic
deformations, the research is carried out within the
framework of Hooke's law. With a linear relationship
between strain and material isotropy, stresses and strains
are related by Hooke's law as follows (excluding
temperature effects):

1 1

€ = E (cx — Vo, — voz),yxy = E‘txy;
1 1

g = Fi (—vox + oy — voz),yxz = Erxz;
1 1

g = z (—vox —voy — (rz),yyZ = E‘Eyz,

where &, ¢&,,8, —
modulus; G — shear module; vy, Vxz Vyz

linear deformations; E — Young's
shear

deformations in the relevant planes; v — Poisson's ratio
(shown in Table 1).

The distribution of equivalent stresses (fourth theory
of strength) in a part is shown in Fig. 11.

The colour palette corresponding to the numerical
stress values in Pa is shown. The maximum equivalent
stresses in the part were 6, = 192 MPa.

The distribution of total deformations in the part is
shown in Fig. 12.

2 00404}
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]
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Fig. 12. Total strain distribution palette
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The maximum deformation is 0.02 mm in the area of
the threaded connection of the fittings.

The value of the minimum safety factor (Fig. 13) at
the yield strength is ny,;, = 1.5289, which is sufficient.

Fig. 13. Safety factor distribution palette

Based on the results of the calculation, it is possible
to assert that the choice of material and structural
dimensions was correct.

Conclusions. According to the above structural
diagram of the built-in microprocessor diagnostic system,
a set of diagnostic devices was developed that can be used
as a built-in diagnostic system (due to built-in sensors), as
well as a separate diagnostic complex due to the
possibility of connecting external sensors.

To solve the problems of operational measurement
of the main parameters of hydraulic systems, a set of
diagnostic equipment was developed for the main range of
parameters of modern hydraulic systems, namely the flow
range from 10 to 200 I/min, the pressure range from 0 to
400 bar, the temperature range from 5 to 90°C.

A study was also carried out to assess the strength of
the hydrotester body using a computational and analytical
method (using the finite element method in the Ansys
Static Structural environment), which is equivalent to full-
scale testing in terms of boundary conditions and
achievable results. The calculation results confirm the
correct choice of material and structural dimensions,
which is also confirmed by hydrostatic testing of the
prototype.
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M. I. YEPIIAKOB

NIJABUINEHHS E@EKTUBHOCTI CBEPIJINJIBHOI'O BEPCTATA 3A JOIIOMOI' OO
CTPYKTYPHOI OPTAHIBAILII

Po3risigaeThest MeTOJ, CTPYKTYPHOI OpraHi3auii TifpornHeBMoarperariB Ta iforo nmpukiajgHe 3actocyBaHHsS. CHHTE3 KepylOUHX HMPHCTPOIB TiJpo- Ta
ITHEBMOATPEraTiB € aKTYaJIbHOI0 NPOOIEMOI0, OCKIIBKH Ha IIbOMY eTali (OPMYyIOThCSI OCHOBHI TEXHIYHI XapaKTEPHCTHUKH, L0 BIUTUBAIOTH HA SIKICTh Ta
(yHKIiOHYBaHHS. 3HAYYIINM €IEMEHTOM € o0paHa CTPYKTypHAa OpraHi3amis, OCKUIBKHM DalliOHAIbHICTH il CTPYKTYpH BIUIMBAa€ HE TUIBKH Ha
MIBUAKOAI0, NMPOCTOTY EKCIUTyaTallii Ta pallioHaJbHICTh CaMOi CXEMH, a TaKOX Ha CTaHIApPTH3allil0 Ta JIETKICTh CTBOPEHHS NMPHUCTPOIB. 3aBJSAKH
BU3HAUCHHIO CTPYKTYpPHOI oprasizauii riIponHeBMoarperariB, a came ii eeMEHTIB Ta B3a€MOJil MK HUMHU Yy JMCKPETHO-aHAJIOrOBiil cucteMi, OyB
PO3TIISIHYTHI NPUKIAA MOOYJOBH TiJPOIMHEBMOCUCTEMH CBEPIIMIBHOTO BEPCTATy. Y CTATTI PO3MIISIHYTI OCHOBHI CKJIAJ0BI CTPYKTYPHOI OpraHizariii,
no0y0BaHa cXeMa, CIUPAIOYNCh Ha SIKY, IIPH NPOEKTYBAaHHI TiAPOIHEBMOArperara, € pealbHUM CKOPOTHTH KUIBKICTh €IEMEHTIB HaM'sATi Ta JIOTiYHHUX
eneMeHTiB. PO3MISIHYTI MHOXXHHM Ta MiZIMHOXXHHH Takoi CTPYKTYpH, BU3HAuUCHI BXiJHI Ta BUXIiJHI CHTHaIIM TigpornHeBMoarperara. PosristHyTi 610K
nam'saTi Ta Horo Komanzoanapar. Po3risHyTi 610ku 30iriB Ta 610KM NOALTIB BKIIOYEHb. [IpencTaBiieHa cxeMa CBEepAIMIBHOTO BepcTara Ta 3po0IeHuit
ii ommc i3 BKa3aHHAM eleMeHTHoI 6asu. OnmcaHuii MOYaTOK POOOTH JaHOi cXeMHM Ta 1MoOyAOBaHMIT rpad omepamnii JUIs TEXHOJOTIYHHX TEPEXOAiB
BcepeauHi Hel. [ToOynoBaHa TaOMHIA BKIIFOYEHb JUIS CXEMH, SIKa MICTHTH Y coOi BiJOMOCTi IO MOTOYHI MO3MIii BUKOHABYMX NPHCTPOIB Ta iXHiif
PEeXUM poOOTH, HOTO MOTOYHUIA CTaH, a TAKOXK MPO B3AEMOJIII0 BXITHUX Ta BUXIJAHUX NPHCTPOiB. Hagane Bu3HaueHHS MOHATTIO rpad. bynu ckinaneHi
CJIP a5t cTaHiB MEPeXO/iB i3 ypaXyBaHHSIM CHUTHAJIB, 10 EPEBO/STH CUCTEMY y HACTYIIHHI CTaH, Ta CHTHAIB, 11O JiI0Th BCEPSAMHI mepexony. Byan
MiHIMi30BaHi BiIITOBIHI CHCTEMH JiHIIHUX PIBHAHb. PO3IISIHYTO MicCIie JIOTIYHUX KOHTPOJIEPIB y TaHiil CTPyKTypHiil opraHizarii.

KurouoBi ci0oBa: CTpyKTypHa OpraHi3amis, CHHTE3 CXEM, TiJpOIHEBMOArperar, JUCKPETHO-aHaJIOroBa CHCTEMa, JIOTiYHI KOHTPOJCPH,
CBEPTMIIBHUI BEpCTaT.

M. CHERPAKOV

INCREASING THE EFFICIENCY OF THE DRILLING MACHINE WITH STRUCTURAL
ORGANIZATION

The purpose of the article is to consider the method of structural organization of hydropneumatic units and its practical application. The synthesis of
control devices of hydraulic and pneumatic units is an actual question, since at this stage the main technical characteristics affecting quality and
functioning are formed. A significant element is the chosen structural organization, since the rationality of its structure affects not only speed, ease of
operation and rationality of the scheme itself but also standardization and ease of device creation. Thanks to the definition of the structural
organization of hydropneumatic units, namely its elements and the interaction between them in a discrete-analog system, an example of the
construction of a hydropneumatic system of a drilling machine was considered. In the article, the main components of the structural organization are
considered, a scheme is built, based on which, when designing a hydropneumatic unit, it is realistic to reduce the number of memory elements and
logical elements. The sets and subsets of this structure are considered, the input and output signals of the hydropneumatic unit are determined. The
memory block and its control unit are considered. Coincidence blocks and inclusion division blocks are considered. The scheme of the drilling
machine is presented and its description is made with the indication of the element base. The beginning of the operation of this scheme is described
and the operation graph for technological transitions within it is constructed. A table of inclusions for the scheme is built, which contains information
about the current positions of executive devices and their operating mode, its current state, as well as about the interaction of input and output devices.
The definition of the concept of the graph is provided. CPRs were constructed for transition states, taking into account the signals that move the system
to the next state and the signals acting inside the transition. The respective systems of linear equations were minimized. The place of logical controllers
in this structural organization is considered.
Keywords: structural organization, synthesis of schemes, hydropneumatic unit, discrete-analog system, logic controllers, drilling machine.

Beryn. B cygacHuX yMoBaxX po3BHTKY TEXHOJIOTiMl Ta ~ aHAJOTOBOTO  YIPABIIHHA. AHAJIOTOBOIO  YacCTHHOIO

MOCTIHHOTO  BIAOCKOHAJICHHS BHPOOHWYHMX  TPOIIECIB
MUTaHHS MiABUINCHAS €(QEKTUBHOCTI OOJaIHAHHS CTa€
Ha/3BUYAiHO  akTyasbHUM. OfHIEI0 3 KIFOYOBHX
CKJIaJIOBMX IBOTO TIJXOAy € IMOUIYK ONTHMAbHUX
METOJIB Ta TEXHOJIOTIH i1 TOKpalleHHS poboTu
BEPCTaTIB, IO BiJIrparOTh BAXJIHMBY POJb Y YUCICHHHUX
ray3sx IPOMHUCIOBOCTI.

Ha  erami  cuHTe3y  Kepylwu4ux  IMPUCTPOIB
rizpoarperaris (bopMyroThCS OCHOBHI TEXHIYH1
XapaKTepUCTUKH, TOX 1€ poOUTh HOro BaKIHMBOIO
CKIIaOBOI0  Tporiecy  po3podOkm. ILli  cxmamoBi i

paliOHAIBHICTD CXEMH, IO CHHTE3YETBCS, MIBUAKOIS,
IPOCTOTa HANArO/DKCHHS Ta eKcIuTyaTamii. Bemnke
3HAQUCHHSA Ma€ NMPUHHATA CTPYKTypHA OpTraHi3aiis, TOMY
0  paIliOHANBHICTH  CTPYKTYpH  BIUTUBAE,  KpiM
nepepaxoBaHUX XapaKTEPUCTHK, TAaKOXK Ha yHidikawiro i
MPOCTOTY CTBOPEHHSI IPUCTPOIB.

TakuM YMHOM, MOXKHA PO3IJISSHYTH HACTYIHY
cTpykTypy [l], $Ka € CHHTE30M IHCKPETHOTO Ta

CIYTYIOTh KIHIEBI IEepeMUKavi, PO3MOIITFHUKH TOIIO.
TobT0 yce, mo mpuiiMae Ha ceO¢ aHAIIOTOBHMH CHUTHAIL
JMcKpeTHUMH y IIbOMY BHIIAJKY € JIOTiYHI KOHTPOJIEPH.

CTpykKTypHa opraHisanisi riiponnHeBMoarperaris.
3anpornoHoBaHa  CTPYKTypa  JITUCKPETHO-aHAJIOTOBOTO
yIOpaBIiHHSA TigpoarperariB (puc. 1) mo3Boise 3BeCTH 10
MiHiMyMy uucio eixemeHTiB mam'ati (EIl) 6moky mam'sari,
YUCJIO JIOTIYHMX EJIEMEHTIB, HeOOXiTHUX s peamizarii
CXEMH, 3/[IIICHUTH TIO3UIIIOHYBaHHS OKPEMUX BUKOHABUUX
MPUCTPOIB 3 BENUKOI TouHicTO [1-3].

MHOXHHa BXIJTHUX CHTHAJIB KEPYIOUOrO IPUCTPOIO
(KIT) X cknamaeTbes 3 MIIMHOKUHH CUTHAINIB X, BUXOJIB
By3miB U, a TakoX 3 TIMHOXHWHA X, BIUIMBY Bi OpraHiB
PYYHOTO YHpaBIiHHA. Y BXigHOMY OJOIi QopMyeThCs
6e3nmiy ymoB E, mo ckimagaeTbes 3 miaMHOXHHEA Q 1 T.
Koxxna ymoBa 3 migMHOXMHM Q  (yHKIIOHaJIBHO
3aJICKUTh BiJl CHTHANB 3 MHOXHHHU X, SIKI BU3HAYalOTh
BIAMOBITHUN MeEpexiJy y TEXHOJOTIYHOMY HpoLeci, 0
pealli3yeThes, 1 OMHCYETHCS KOH'IOHKIIEIO —BXIJIHUX
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sminHuX KII, sKki mpuiiMaroTh OJWHUYHE 3HAYCHHS HA
JaHoMy Habopi. KoxxHa ymoBa 3 migMHOXHHU T 3aJI€KHUTh
TUIBKHM BiJ] 3a3HAYCHUX BUIIE CHUTHAJIB, SKI BUKJIUKAIOTH
Nepexo]y, a W BiJl JOAATKOBUX CHIHANIB 3 IiJAMHOXHWHH
X.. Habip Bximuux curnanis KII, y sxomy npuiimMae
OJMHWYHE 3HAYCHHS YyMOBa 3 MiAMHOXWHH 7T, nmami
Ha3WBA€ETHCA TOJOBXKEHUM HabopoMm. PosrimsiHemMo Taki
mojioBxkeHi Habopu 7, sKi JOMOBHEHI MiHIMaIbHUM
YHCIIOM 3MiHHHX.

Brmox mam'sTi 5 BKIIOWae KOMaHmoamapar, Mo
Mictute  mochimoBHo 3'emHami  EIl  (Tpurepm 3
PO3IOUTBHMMHM ~ BXO#amM), KoxeH momepeanii  EIT
BUMMKAETBCS ~ CHTHAIOM 3 BUXOJY  HACTYIHOTO
(mactymauMm octanHboMy EIl BBaxkaeThcs mepuimif). YV
KOMaHioanapari BUKOPHCTOBYeTbcsi oauH Buxin EIT.
BunsTOK CTaHOBUTH BHMamoK, skiio KII mictuts aBa
BHYTpIIIHI CTaHy, a 6Jiok nmam'siti Mictuth oauH EIl 1 npu
IIbOMY BHKOPHCTOBYIOTBCS JIBa HOTO iHBEPCHI BUXOAN.

Brok 30iriB 1 ciyxuth ans GopMyBaHHS MHOXHHH
V yMoOB, Oymb-sika 3 SKAX (YHKIIIOHATBHO 3aIIC)KHUTH BiJ
MOZIOBKEHUX JEIKMMH CHUTHAJaMH 3 MHOXHHH YMOB Y
3 E.

bnok moxiniB BKIIOYEHb 3 MICTUTH eleMeHTH V i
BUKOPHCTOBYEThCSI TpH BKIIOYeHHI oxHoro EIN pizHumu
Habopamu 3 MHOXKUHH U 171 pizHEX nporpam podotu KII.

brokx mominiB BKIIOYEHb 4 MICTUTH €JIEMEHTH V i
BHUKOPHUCTOBYETHCS Y pasi Kimpkox mporpam pobortu KII,
SIKI TIPU3BOJATH JO TOSIBH Pi3HOT KUIBKOCTI BHYTPINITHIX
CTaHIB KOXXHOI POTPaMH.

Buxigauii 0J0K MICTHTh €JIEMEHTH V, a TaKOoX
ITHEBMO- 200 TiApOPO3MOAUTLHUKH (4aCTO 3 ABOCTOPOHHIM
VOpaBIiHHAM), $Ki TOCHJIAIOTE pobody pimuHy ¥y
BUKOHaBUI mpHCTpoi 7. Y pO3IISHYTIH CTPYKTYypi, Ha

BIZIMIHY Bijl CTaHJaPTHOI NMO3MIIIIIHOT CTPYKTYpH, CUTHAIIH
BiJ BXimHOro Oyoky 30iriB 1 abo Bim Oyoky 30iriB 2
MOJAI0ThCsl Oe3MocepeIHbo Y BUXITHUN OJIOK MOALIiB 6,
TOAl SIK Yy CTaHAApTHIM CTPYKTypli BHXITHMHA OJIOK
MOJAIOTECS CUTHamM Bijg Omoky mam'sti. Lle  mae
MOKIIHBICTH BHKOPHUCTOBYBAaTH Bl 0cOo0IMBOCTI
arperaTHoro Ta €JIEMEHTHOTO MIJIXOJIB 10 MPOEKTYBaHHA
cucrem mnpuBoziB 3 KII: xomaHmoanmapaTHHH NPUHIIHAT
BUKOHAHHS OJIOKY maM'aTi (3 arperaTHOTO IMiIXOAy) Ta
MTOTOBKEHHSI HaOOpiB, IO BHKIMKAIOTH Iepexonu (3
€JIEMEHTHOTO MiAXOMYy), 3 IOAAIBIINM CHHTE3yBaHHIM
MiHIMATBPHOTO  OJOKY mam'saTi Ta  (opMaIbHOTO
MOJIOBXKCHHS HA0OOpiB  sSKi BUKIMKAIOTH IEPEXOJIH.
ITHeBMOETIEKTPOTIEPETBOPIOBaYI (T1IPOCIICKTPOIICPETBOPIOBAYI)
8 cimyxath 1S 3B'SI3KY AUCKPETHOI YaCTHHU CTPYKTYPH 3
aHaioroBoi. BuxigHuii OJ0k MicTUTh 9 BHKOHaBYI
npucTpoi 3 pO3MOJUIBHHKaMH 3 HPONOPLIHHUM
VIOPaBIiHHAM, [0 3HAYHO PO3IIUPIOE (PYHKIIOHAIBHI
MOXJIMBOCTI 3aIIPOIIOHOBAHOI CTPYKTYpH. Buximuuii 610k
JIO3BOJISIE  3MIMCHIOBATH MO3WI[IOHYBAaHHS 3 BHCOKOIO
TOYHICTIO.

CTpyKTypHHI CHHTE3 JIOTIYHOI CXEMH JO3BOJISIE
orpumaru cuctemy Joriunux piBasas (CJIP), ska
MaTeMaTH4YHO onucye 1o cxemy. CJIP MicTUTh piBHAHHSA
JUTS BKITIOYCHHS Ta BUMUKaHHA [ 1, 3, 4] Oyne-saxoro EIT ta
KOXKHOTO BHKOHABYOro mpucrporo. Minimizanis CJIP
3abe3meuyye Ha erTami MOOyIOBH CXEMH CKOPOUSHHS
KIJTBKOCTI €JeMEeHTIB (MOZyTiB), BHOpaHMX K 0a30Bi.
Taxkum ynHOM, 320€3MEYNBIIN IPH CTPYKTYPHOMY CHHTE31
oTpuMaHHs MiHiManpHOro uwucia EIl, Tum camum
CKOPOYYEMO KiNBbKICTh PiBHsIHB, 10 BxonaTh g0 CJIP, a
MIHIMI3YIOUM KOJKHE pIBHSHHS, CKOPOUYEMO KiJIBbKICTh
0a3uCHUX MPUCTPOIB.
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Puc. 1. CtpykTypHa opraHi3aiis CHCTEMH TiIpOITHEBMOArperaTis
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3acTocyBaHHSI CTPYTYpHOI opraHizauii Ha NpHKIai
cBEpAMIbHOrO Bepcrara. Ha puc.2 HaBeneHa cxema
T1JIPONHEBMONIPHBO/LY ~ CBEpUIMIIBHOTO  Bepcrata [5].
Po3rissHeMO Ha OCHOBI  I[bOTO  TiIPOITHEBMOIPHBOIY
CTPYKTYpHY Oprasizaiito Bij rpada onepaiiit 10 piBHSHb
CJIP. T'pap - me Oe3miy SAKUX-HEOYHAb EJIEMEHTIB,
3B'I3aHUX MK c000t0 criBBiTHOMEHHAMH [6]. Cuifg
Bi3HAUWTH: JIOTIYHI CXEMH alToOpuTMiB (anredpaiuna

¢dopma) MOXyTe OyTH TmomaHi y BHIIALI Tpadis
MIEPEXO/IiB.
I [ . I 1 i {
5(2) 22 | B
sff 2 ] 2(1) (1
Xl § i 1IX
9

203 5(3)

Puc. 2. Cxema TiZiponHEBMONPHUBO/LY CBEpTHIILHOTO BepcTaTa

Le# rizponHEBMONPUBOJ MICTHTh y €001 KHONIKY
«Ilyck» 1, 4OTHPOXITIHINHI JBOMO3UIIIHI PO3MOITEHUKA
3 IBOCTOPOHHIM ymnpaBiiHHAM 2(1)-2(3), mo ynpasisioTs
WITHAPAaMH, OAMH 3 SKUX 3 JIBOMa I[ITOKOBUMH
nopoxkauHamu 3 i 4, xinrnesi Bummkaui 5(1)-5(3), 6,
peryinboBaHUi Jpocenb 7, IO MOAAE TUCK Yy ILITOKOBY
MOPOXKHUHY IWTiHApaA 8.

CBepuTIIbHUH BepcTaT Tpamoe B
HariBaBTOMAaTHYHOMY, aBTOMAaTUYHOMY Ta
HaJIaroJ/PKyBaJbHUX pekuMax. KoXKeH IMKII MOYMHAETHCS
Tricist MOBEPHEHHS y BUXIJIHE MOJIOXKEHHS

ITHEBMOIIPUBOJY 3aTHCKy X;=1 1 mnpu BKIIOYECHOMY
THEeBMOTYMOJIepi X7 = 1.

Po6oTta BinOyBaeThCS HACTYITHUM YHHOM, 37ABOEHHI
IITIHAP 3 TOPOXHUHAMH 3, 4 TepeMillye i BCTAHOBIIOE
JeTadb B JBOX TMO3MUINSAX, a IWIHAP 8 CIYXUTh IS
mojmadi  cBepmIbHOI  TomiBku. [lomampmra  poGora
3IIHCHIOETHCS BiMIIOBIAHO 10 Tpada omeparriit (puc. 3).

F=F(Xg+ X?)_)Z'_

; P—=7 B}
-~ 2 2 :
ky <« o 2 o s
P> Z P—=7Z,
6 1 3 3
B -+ 5 -+ _ 4
Ps - Zz P g Z_,{
Puc. 3. I'pa¢ onepamiit
B3aeMonmis BXiIHUX Ta BHXIZHHX TPHUCTPOIB

mmokaszaHa y tabmmmi 1.

Tabnuiyt 1 — B3aeMois BXiAHUX Ta BUXITHUX OPUCTPOIB

BuxingHi curaann Bxigui curaanu
ABTOMATHYHMI
Hananka
" PEXUM
=
5 5 5
Z Hasga g = 2z
jos] H O o O
g o K g ¥ | Bxa. | Buki.
m g > g
= =
Z; SaxuM gerani X1 X2 X11 Xy
[epemimenHns
3aCTOCYBaHHS i3 ¥
Z; X3 X4 X22 X22
JIETAIIIO Y 30HY
006poOKH
Z3 O0poOka aeraii Xs Xs X33 X3
Po = X1X3Xs;

P1 = X1XsXs(Xs + X7);
P2 = X2,X3XsX7;
P3 = Xg,X2XsX7;
P4 = Xg,X2XaX7;
Ps = X5,X2XaX7;
Pg = X3,X2X5X7.
VY 1ux piBHSHHSX CHUTHAJIH, IO TIEPEBOIATH CUCTEMY
BiJl OTHUX CTaHIB 0 iHINX, 3aIKCaHi JiBOPYY BiJl KOMH,
MIPaBOPYY 3aNMCaHi CUTHAJIH, 110 AIIOTh Y EPEXO/Ii.
Posrisemo Ounpin  petanmbHO 1MoOyZoBY Tpada
oreparii Juis TiApOITHEeBMOArperariB, KU MICTUTb Pi3HI
pexxumu pobotu. TyT OCHOBHOIO 3a/aueio € MPaBUIIBHO
copMyBaTH pexXHMH poboTH cucteMu. Lle Moxe craTu
CIPaBKHBOIO IMPOOJIEMOIO, TOX, LI00 LBOrO YHHKHYTH,
HEOOXiTHO MOKIJIAQJHO PO3IISHYTH pPEXUMH poOOTH
CHCTEMH 3 TIODJIAAY MaTeMaTHYHUX MoOAened Ta
npakTHYHOT peanizamii [7-9].

Po3pi3HAIOTE TpH  OCHOBHI PEXHUMH POOOTH:
ABTOMaTUYHHH, HaIliBABTOMAaTHYHUH Ta
Hajaro[ukyBaneHuil. Ilpm pobOOTI B aBTOMAaTUYHOMY
peXuMi  3a3BMYail NMycK poOOTH 3/IHCHIOETBCS 32

curHajom Bix kHonku «Ilyck» i jani LUK TOBTOPIOETHCS
aBToMaTHyHO. [Ipy HaMiBAaBTOMATHYHOMY PEXHMI poOOTH
NOBTOPEHHS LIMKJIY MOXIIMBE JIMIIE 32 BIUIUBY Ha KHOIIKY
«Tyck».

[Ipu cuHTE31 cXeM CHUCTEM TiJpOITHEBMOIIPHBOIIB
HUHI BHUKOPHUCTOBYIOThCS JIBa OCHOBHHX HiIXOIu 3
BUKOPHCTaHHSIM CTAaHAAPTHOI MO3ULIHHOI CTPYKTypH Ta
MiHiMabHOTI cTpykTypu [9-11]. Ilpm BuKOpHCTaHHI
CTaHIAPTHOI TO3HMMIHHOI CTPYKTYpH TPU KUIBKOCTI
eJIEMEHTIB maM'aTi N >3 MOXXHa 3amucaTH HACTYIHI
piBHSIHHS 1151 QYHKIIH BKIIIOYEHHS S:

- y BUMAJKy HaliBaBTOMAaTHYHOTO PEXKUMA:

S1=PoeXy,

ne S; — yHKuUis BBIMKHEHHS IIEpIIOro eJIeMeHTa naM'siTi;
Po — Bximumii HaOlp MOYAaTKOBOrO CTaHy BHKOHAaBYHMX
HPUCTPOIB; X; — KHOIKA «ITyck».

- y BUIIAJIKy aBTOMAaTHYHOTO PeKHUMa POOOTH:

S1=Po (X1 + Yn),

Jie Yn — BUXIJHWIA CUTHAJ OCTAHHBOTO eJIeMEHTa IaM'sTi N
KOMaHIoanapara.

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 22023

87




ISSN 2411-3441 (print), ISSN 2523-4471 (online)

IMoemnyrour aBTOMATHUYHUI 1 HaIiBaBTOMATHYHHA
PEXXUMU, MOKHA OTPUMATHU HACTYITHE PIBHIHHS

Sl = POXa (Xl + yn)+ POYaxl‘

IIE X — CUTHAJ BiJl IEpEMHKaYa «aBTOMATHIHHN PEIKHAMY,;
X, — curHaja BiJl IepeMHKaua «HaliBaBTOMAaTHYHUIL

pEXKUM.
Jauti, SIKIo po3KpUTH TY>KKH Ta CIPOCTUTH BHAPa3

Si=RX X + RX, Y, + BX X = Rx + X, Y,
OTPUMYEMO:
S1=Po (X1 + X4 Yn)-

Jloriuni konTtposepu. Kpim 1poro, He ciuin
3a0yBaTu IpoO 3acTOCYBAaHHS IPOMHCIOBUX JIOTTYHHX
KOHTpPOJIEPIB Y JHMCKPETHO-aHAJIOTOBUX CHCTEMaX, a
TaKOX  TPOIOPIIIHOI  TiZpomHEBMoamapatypu,  3a
JIOTIOMOTOI0 SIKOi MOJKHA PEryIIOBAaTH BIiIKPUTTS TiApo-
a00 MTHEBMOPO3MOAIIGHAKA 1, TaKUM YHHOM, OiJbII
e(heKTHBHO BHKOPHUCTOBYBATH MOJKJIMBOCTI
MO3MIIOHYBaHHS  TigpomHeBmoarperary [12]. Taka
riZpomHeBMoanaparypa IO3BOJISE€ YHUKHYTH (Di3HUHHIX
KIHIIEBUX IIEPEMHUKAUYiB Yy CXeMi Ta BHUKOPHCTOBYBaTH
MOJIOKCHHS PO3MOUILHUKA 3aMiCTh HHUX. TakuM YHHOM,
YAaCTUHY TOTOYHOI CXEMHM CBEPAJMIIBHOTO BEpCTaTy
MOYKHa MOJIEPHI3yBaTH TaK, SIK MPECTaBJICHO Ha pucC. 4.

|
P A

Q1 Q?

vouill|i{=ss
R

Puc. 4. Luningp i3 npoNopIiifHO anaparyporo
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0. A. APOLHIEHKO, O. I. T'ACIOK

JOCJIIKEHHSA IIOTOYHOI'O CTAHY PO3BUTKY CUCTEM KEPYBAHHS TA ABTOMATHM3AIIII
I'APABJIIYHUX MAIIWH

MaiiGyTHi TigpaBiiyHi CHCTEMH 3HAYHOIO Miporo BKIoyaTuMyTh Al Ta ML, MiZBHINYIOYM TOYHICTH KEpYBaHHs Ta 3a0€3MEYYIOYM NMPOTHO30BAHE
00CITyroByBaHHs. AJITOPUTMH, KEPOBaHI INTYYHHM IHTEJNEKTOM, BCE 4YacTille BHKOPHCTOBYBATUMYThCS MJIi HPOTHO30BAHOTO TEXHIYHOTO
00CIIyroByBaHHS, MMOKPALIYIOYH HAAIHHICTh 1 TEpMiH CIIyKOH TiApaBiaidyHuX cucteM. Llg iHTerpauis npusBene A0 PO3YMHIIIOI Ta e()EeKTHBHINION
POOOTH Ta TIOJXOBXKHUTH TEPMiH CIyxkOn obsanHanHs. [HTerpanis Texnonorii IoT Mae BupimanbHe 3HaYEHHs 11 300py Ta aHawi3y JJAHUX Y peaJbHOMY
Yaci, MOJIEryoYy BiIIaICHNi MOHITOPUHT i KOHTPOJb, [0 IPU3BOAUTH 10 MiIBHIICHHS eEKTUBHOCTI pOOOTH Ta YIIPABIiHHS TEX00CIyrOBYBaHHIM.
BukopucTaHHs XMapHUX IUAaTGOpM Ul aHami3y Ta 30epiraHHs JaHUX, HMOBIpHO, 30LIBIINTHCS, 3a0e3Meuyodn OUIbII CKIAJAHY OOpOOKY INaHUX i
JIOCTYIHICTh. BJIOCKOHANEHI JAaTYNKK Ta IPOTHO3HE OOCIYrOBYBAaHHS 3HAUHO CIPHAIOTH Oe3meri, nependayaroun 3001 cucremu. HaniliHicTh Takox
IIJBUIIYEThCS 3aBASKM CKOPOYEHHIO Hacy TIIPOCTOI0 Ta PO3YMHIIIMM rpadikaM TEXHIYHOro O0OCIYroByBaHHs. 3pOCTaioya KOHBEPIeHILis
BJIOCKOHAJICHOI POOOTOTEXHIKH 3 TiIPaBIiYHUMU CUCTEMaMH CIIPSIMOBYE Ili CUCTEMH O 301NbIIEHHS aBTOHOMHOCTI. Po3mmpeni (yHKuil 6e3nexku
CTaHYTh TPIOPUTETOM 3aBJIKH PO3YMHIIIMM JaTYMKAM i aITOPUTMaM KepyBaHHs. 3pOCTar0ua CKIIAHICTh TiPaBIiYHIX CHCTEM ITiJIKPECIIOE TOTPedy
B CIIeIliali30BaHOMY HaBYaHHI Ta OCBITi 3 IPOEKTYBaHHs, 0OCITYroBYBaHHS Ta eKCILTyaTalii cucteM. O4iKyeThes, 10 MaHOYTHI TiJpaBIiuHi MalIMHK
OyayTh OLbII aIANITOBAHUMH Ta THYYKHUMH, 3 MOAYJIbHUMH KOHCTPYKILSIMH, SIKi 32I0BOJBHATUMYTh KOHKPETHI MOTPEOM KOHKPETHOT ray3i. 3Ha4YHO0
pobiemMoro € ajanTuBHicTh Mozeneii Al Ta ML B 1uHamivHMX yMOBaX peaibHOro cBiTy. [l BupilIeHHS i€l mpoGieMu po3poONsSIOTECS METOIH
OesnepepBHOr0 HaBuaHHS. IlifBOISIYM MiACYMOK, MOXKHA CKa3aTW, 1[0 MalOyTHe cHCTeM KepyBaHHA Ta aBTOMATH3allil TiIPABIIYHUX MallHH
CHpsIMOBAaHE Ha Oijblly PO3YMHICTb, 3B'A30K, €(peKTHBHICTh Ta aaanTuBHICTh. L{i TeHaeHuil OyayTh MigKpIIUTIOBATUCS MOCTIHHUM TEXHOJIOTIYHHM
IPOTPECOM, 30KpeMa y cepi ITYJHOTO iHTENEKTY, MAIIMHHOTO HABYAHHS, IHTEPHETY pedcii.

KorodoBi cjoBa: TifpaBiiuHi MallMHU, CHCTEMH KEPyBaHHS, aBTOMAaTH3allis, IPOTHO3HE OOCIYTrOBYBaHHS, IITYYHHH IHTENIGKT, MallnHHE
HaBYaHHS.

0. YAROSHENKO, 0. HASIUK

STUDY OF THE CURRENT STATE OF DEVELOPMENT OF CONTROL AND AUTOMATION
SYSTEMS OF HYDRAULIC MACHINES

Future hydraulic systems will heavily incorporate Al and ML, enhancing control precision and enabling predictive maintenance. Al-driven algorithms
will increasingly be used for predictive maintenance, improving the reliability and lifespan of hydraulic systems. This integration will lead to smarter,
more efficient operation, and extended equipment lifespans. The integration of 10T technology is crucial for real-time data collection and analysis,
facilitating remote monitoring and control that leads to improved operational efficiency and maintenance management. The use of cloud platforms for
data analysis and storage is likely to increase, enabling more sophisticated data processing and accessibility. Advanced sensors and predictive
maintenance contribute significantly to safety by anticipating system failures. Reliability is also enhanced through reduced downtime and smarter
maintenance schedules. The growing convergence of advanced robotics with hydraulic systems is steering these systems towards increased autonomy.
Enhanced safety features will be a priority, driven by smarter sensors and control algorithms. The growing complexity of hydraulic systems
underscores the need for specialized training and education in system design, maintenance, and operation. Future hydraulic machines are expected to
be more customizable and flexible, with modular designs that cater to specific industry needs. A significant challenge is the adaptability of Al and ML
models in dynamic, real-world conditions. Continuous learning methods are being developed to address this. In summary, the future of hydraulic
machine control systems and automation looks towards greater intelligence, connectivity, efficiency, and adaptability. These trends will be
underpinned by ongoing technological advancements, particularly in Al, ML, 10T, and sustainable practices.
Keywords: hydraulic machines, control systems, automation, predictive maintenance, artificial intelligence, machine learning.

Beryn. EdextuBHa Ta HagiiiHa poOoTa rigpaBIiqvHUX
MaIlvH, SKi BiOIrpaOTh BHPIMANBHY poOIb Yy PI3HUX
ramy3sx MPOMUCIOBOCTI, 3HAYHOIO MipOIO 3aJeKHUTh BiJl
iXHIX cHCTeM KepyBaHHS Ta aBToMaTHu3alii. [HTerparis

MepeZIOBUX ~ CHCTEM  YIPaBIiHHA Ta  TEXHOJOTIH
aBroMaru3alii Ccra€ Bce OUIBII  BaXXIUBOK IS
M ABULLEHHS TIPOJAYKTHUBHOCTI, Oe3nexku Ta

€HEeProe(eKTHUBHOCTI I[MX MAIIIHH.

ligpaBniuHi MAalIMHU BiJOMi CBO€I 3JATHICTIO
NPUKJIAAaTH BEJIHMKI 3YCWUIS Ta KepyBaTH BEIUKUMHU
HaBaHTAXXCHHSAMH, IO POOHUTH iX HE3aMIHHUMH B TaKHX
ramys3sx, SIK OyZmiBHHIITBO, BUPOOHHUIITBO Ta
ripanaoo0yBHa mpoMucioBicTs [1]. Cucrtemu kepyBaHHS
Ta aBTOMATH3aIlil € KIIOYOBHUMHU JUIi 3a0e3IedcHHS
po0OTH TMX MAaIIWH i3 TOYHICTIO Ta e()eKTHUBHICTIO,
HEOOXITHAMH B TaKHX CKIAQJHAX YMOBaX. 3aBISKH
TOYHOMY KOHTPOJIFO HaJ MOTOKOM 1 THCKOM TifpaBiigHOl
PIAMHU 1Ii CHCTEMH IO3BOJISIOTH MAIlllMHAM BUKOHYBATH
CKJIamHI 3aBIaHHS 3 BHCOKOK TOYHICTIO, 3MCHIIYHOUYH
BIJIXO/IU Ta MiJABHIIYIOYH 3arajibHy MPOAYKTHBHICTb.

VY cepenoBumiax, ¢ BUKOPUCTOBYIOTHCS TipaBIiuHi
MaIliHU, Oe3leka Mae  IepuiopsgHe  3HAYCHHS.
ABTOMATH30BaHI CHUCTEMH KEPYBaHHS 3HAYHOIO MIpOIO
CHOpUAIOTh Oe3meri omepariii, 3a0e3nedyrodnd TOYHHU
KOHTPOJIb 32 pPYXOM MAIIMHH, 3HIKYIOUA PH3UK
HEIIACHUX BUIIAJIKIB, CIPUYMHCHHUX  JIFOJCHKOIO
MIOMIJIKOI0 200 MeXaHI4HOI0 HecmpaBHicTIO. KpiMm Toro,
i CHCTEMHU MOXXYTh BKIJIIOUATH MEXaHi3MHU O€3MeKH, Taki
SK aBapiiHe BIIKIIOYEHHS Ta TIOMEPEDKEHHS TIPO
MIPOTHO30BaHE TEXHIYHE 0OCITYyrOBYBaHHS, IO IIe OisIbIe
miBuIye Oe3eKy eKcIuryaTaii.

ABTOMAaTH3aIls B TiPaBIIYHAX MaIIMHAX MPHU3BENA
JI0O PO3BUTKY MOXIIUBOCTEH MPOTHO30BAHOTO TEXHIYHOTO
00CITyroByBaHHs. 3aBIsSKH OC3MEPEPBHOMY MOHITOPUHTY
CTaHy pI3HUX KOMIIOHCHTIB Ili CHCTEMH MOXYTh
nepea0aYuTH MOXUIIMBI 3001 mie 70 iX BHHUKHEHHA. [lei
nependavyBaHUH IMiIXiT IO TEXHIYHOTO OOCIyroBYBaHHS
CKOpoUye HemependadeHi MpocToi, TOHOBXKYE TEpMiH
CITy>kOM 00NamHAHHS Ta 3a0INaPKye BUTPATH, TIOB'S3aHi 3
PEMOHTOM 1 BTPATOIO MPOLYKTUBHOCTI.
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Inrerpamist cyyacHMX TEXHOJIOTIH, Takux SK
wryqHuii iHTenekr (anra. Al) Ta loT, i3 cucremamu
YIOpaBIiHHSA TiApPaBIiYHMMH MallMHAMH € 3HAYHUM
KPOKOM  BIEpeA. AJTOPUTMH IITYYHOTO IHTEJIEKTY
MOXYTbh ONTHMI3YBaTH MPOAYKTHBHICTb, aJalITYBaTHCS JIO
MIHJIFBAX YMOB i1 HaBiTh BUUTHCS HAa MUHYJIHX ONeEpaIlisx,
mo0 MOKpAIIUTH TPOAYKTHUBHICTH y MaHOyTHbOMY.
ITigkaroueHHs o InTepuery peueit JI03BOJISIE
3MIACHIOBATA MUCTAHIIMHWNA MOHITOPUHT 1 KOHTPOJb,
JIO3BOJISIIOYM ~ OllepaTopaM KepyBaTH MallMHAMH Ha
BiJICTaHI, 30MpaTH JaHi U aHA3Y Ta IIBUAKO IpUAMAaTH
0OTIpYHTOBAHI PillICHHS.

CuctemMu KepyBaHHS Ta aBTOMaTH3alil TaKOX
BIZIIrpaloTh BAXJIMUBY pOJb Yy TOMY, LI00 3poOuTH
TipaBIiYHi MAalIMHA OUIBII EKOJOTIYHUMHU. 3aBISKH
onTUMi3alii omepamiif i CUCTEMH MOXYTh 3MEHIINUTH
CIOXKMBaHHS CHEeprii Ta MiHIMI3yBaTH BIJIMB POMHUCIOBOT
IiSUTBHOCTI HAa HABKOJIMIIHE cepefoBuine. EdexrnBHe
KepyBaHHS TiIpaBIiYHUMH MAaIIMHAMH BEAE 0 MEHIINX
BATPaT pecypciB 1 MEHIMNX BUKUMIB, Y3TOIKYHOUH
MPOMHUCIIOBI  MPOIECH 31  3POCTAIOYMMH  IUIIMHA
€KOJIOTIYHOT CTIHKOCTI.

[lincymoBytoun, CUCTEMU
aBTOMaru3alii € He NPOCTO BIOCKOHAJICHHSIMH, a
BOXJIMBUMH KOMIIOHEHTaMH CY4YacHHUX TiJpaBIiqHUX
MamyH. BoHn 3abe3nedyioTh TOYHICTH, €(EKTHUBHICTB,
Oe3meKky Ta CTaOUTBHICTD Omepalliif, y3roKyroud iX i3
TEXHOJIOTIYHUMH JIOCATHEHHSIMH Ta BHMOTaMHU pI3HHX
raiy3eil. OCKITbKM TEXHOJIOTisl MPOJIOBXKY€E PO3BUBATHCS,
pOJb IMX CHUCTEM Yy TiApaBIiYHUX MallMHAaX CTaHe IIe
OUThII  BaXJIHMBOK, CTUMYJIIOIOYM  IHHOBAIlii  Ta
e(eKTUBHICTH MPOMHCIIOBHX OTIEpaLliil y BCbOMY CBITI.

Mema pobomu. OCHOBHOIO METOIO IIi€i CTaTTi €
peTesibHUI  aHami3 OCTaHHIX pPO3pOOOK y cucremax
KepyBaHHS Ta aBTOMAaTH3amii B 00JacTi TiApaBIigHUX
mamuH. [le mnepembadae meTaNbHMNA aHaNi3 OCTaHHIX
TEXHOJOTIYHUX  JIOCSATHEHb, 1X BIPOBAPKCHHA Ta
pe3ynbpTaTiB  BINIMBY Ha €QEeKTHBHICTh, Oe3leKy Ta
onepaniiny edektuBHiCTh. CTaTTS Mae Ha MeTi HagaTh
BCEOIYHMM OIVIAA IOTOYHMX TEHIACHIIH, BHU3HAYUTH
KJIFOYOBI 1HHOBAI Ta OLIHUTH iX 3HAYEHHS B KOHTEKCTI
PO3BUTKY Taly3¢BUX CTAHAPTIB 1 BUMOT.

O6csr LOTO aHaizy IIUPOKUH, ane
[IECTIPSIMOBAHUN,  OXOIUIIOIOYHM  KUTbKa  KJIFOUOBHX
obmacteil y cdepi rigpaBiaiuHUX CHUCTEM KEpyBaHHS Ta
aBTOMAaTHU3allii MalIuH:

- [arerpamiss mrTydHoro iHTenekty. JlocmimxeHHs
TOTO, SIK IITYYHWH IHTENEKT IHTETPYETbCSI B CHCTEMH
KEepyBaHHS, MOKpAlIylOYd Taki  MOXJIHMBOCTI, K
MPUHHATTS pillleHb, IPOrHO3HA aHANITHKA Ta OIepalliifHa
e(heKTHUBHICTE.

- Bigganenuit MOHITOPUHT. BUBYEHHS TEXHOJIOTIH 1
METOJIOJIOTiH, II0 BHUKOPUCTOBYIOTBCA Ui BiIJaJICHOTO
MOHITOPUHTY  MPOAYKTUBHOCTI ~Ta  Mpaie3aaTHOCTI
TiApaBIiYHUX MAIIWH, CTIIPHSIHHA 300py HaHUX Y PeKnMi
peajpHOro d4acy Ta 3a0e3leueHHs IPOaKTHBHOIO
KepyBaHHSI.

- [IporHo3He TexHiuHe 0OCIyroByBaHHs. BuBuYeHHS
TOrO, SIK TPOTHOCTHYHE TEXHIYHE O0OCIyroByBaHHS
3MIHIOE CTpaTerii 00CIyroByBaHHS TiAPaBIiYHUX CHUCTEM,
BUKOPHCTOBYIOUM iH(OpMamilo Ha OCHOBI JaHUX JUIA

KepyBaHHs Ta

nepenOayeHHss MOTEHLIHHUX NpoOJIeM 1 ITOM'SKIIEHHS
IPOCTOI0, THM CaMHM  OINTHMI3yIOUM  YHpaBIIiHHA
JKUTTEBUM LUKIIOM 1 eKCILTyaTaliiHy HAXiHHICTb.

OcHoBHa  dvactmHa.  [HTerpamis  mTy4HOTO
IHTEJIEKTy B CHCTEMH KEpyBaHHS TiJIpaBIiYHUMHU
MalIMHAMH KapIUHAIBHO 3MiHUJIA TPABHIIA, i IBUIIUBIIH
iX e(eKTHBHICTh, TOYHICTh 1 aJanTHUBHICTh. CHCTEMHU
KepyBaHHI Ha oOcHOBI Al BHKOPHCTOBYIOTH pi3Hi
AITOPUTMH MAIIMHHOTO HAaBYaHHA [  ONTHMIi3amii
MPOXYKTUBHOCTI. Hampukian, MpOrHOCTHYHI aITrOPHTMH
aHAN3YIOTh ICTOPHYHI JaHI Ta NaHI B peallbHOMY daci,
11100 nepenoaYnTH norpeou B TEXHIYHOMY
0oOCITyroByBaHHi, TaKMUM YHHOM CKOPOYYIOYM dHac
MPOCTOI0 Ta MOJOBXKYIOUM TEPMIiH CIYKOM 0O0JiaJHaAHHSI.
ANTOpPUTMHM HaBYaHHS 3 TIJIKPIIUIEHHSIM JIO3BOJISIIOTh
cUCTEeMaM HaBYaTHCS Ta BIOCKOHAJIOBATUCS HAa OCHOBI
BJIACHOTO  JIOCBIy B  PEXKUMI  pEalbHOrO0  Yacy,
aIanTyloyuch A0 MIHIMBHX YMOB ISl ONTHMAIBbHOL
pobotu [2]. Li mporpamu ITYYHOTO iHTENEKTY HE TUTBKA
MiABUINYIOTH  €(QeKTUBHICTH, ale #  CHOPHAIOTH
Oe3neyHimii 1 HamiHHIITIH POOOTI TiAPABITIYHIX MAIITHH.

CyuacHmii mpuknax iHterpamii Al B cucremu
KEpYBaHHS TiIpaBIiYHMMHU MallMHAMU MOXKHA 3HAHTH B
pPO3pO0IIl IHTEICKTYaIbHUX TIAPABIIYHUX EKCKaBaTOPIB.
Taki xommnanii, sik Caterpillar i Komatsu, mpeacraBuiu
eKCKaBaTOpH, OocHaIeHi Al Ta anropuTMaMu MamInHHOTO
HaB4aHHA. Lli cuctemMu 30MparoTh AaHi BiJ JaTYMKIB Ha
€KCKaBaTopi I aHallizy poOounx Mojaesei. AJITOpUTMH
MalIMHHOTO HaBYaHHA oOOpoOJIsIIOTH Wi JaHi, 0100
ONTHMI3YBaTH TPOAYKTHBHICTH €KCKaBaTOpa, HANPHUKIIAM
MOKPALIUTH €KOHOMII0 MajuBa Ta TOYHICTh MijJ dYac
KomaHHA. KpimM Toro, mi cucreMu MITyYHOTO IHTEIEKTY
MOXYTh  TNPOTHO3YBaTW  IIOTPeOM B  TEXHIYHOMY
00CITyrOByBaHHI, BIJICTEXKYIOUM CHPAaBHICTh  PI3HUX
KOMITOHEHTIB, TUM CaMHM 3MEHIIYIOYH Yac MPOCTOI0 Ta
BUTPATH HA TeXHiYHE 0OCIyroByBanHs [3, 4].

Kommanis Caterpillar Inc. 3HauHO TOKpamuIa
MPOAYKTHUBHICTE  CBOIX TigpaBIiYHUX EKCKaBaTOPiB
3aBJISAKY 1HTErpaii BAOCKOHAICHUX TiPaBIiTHIUX CUCTEM.
Hoswuii rimpasmiunnii exckaBatop Cat 336, Hampukian,
Ma€ eJIEeKTPOTiAPaBIiuHy CHUCTEMY IMO3UTHUBHOTO IIOTOKY
Ta OUIPIIMH IMIIHADP CTPUIH, LIO TOKpAIlye 3yCHIII
KOIIaHHS Ta NOBOPOTHUI MoMeHT. L[5 cuctema mpononye
MOKpAIIeHy KEePOBAaHICTh Ta e(QEKTHUBHICTh, OCKUIBKU
KOMaH/IM KJIallaHiB 1 BUTpaTa Hacoca KOHTPOJIIOIOTHCS Ha
OCHOBI KOMaHJ JDKOMCTHKA, SIKIi MOXHA pETyIIOBaTH
BIZIMOBITHO 10 YMOB po0OoTH. J[BUTYyH €KCKaBaTopa Mae
TPH PEXHMH, BKIIOYAIOUM IHTEJNEKTYaJIbHUH PEXHM,
NpU3HAYCHUH A7 ajanTamii MOTYXHOCTI JBUTYHA Ta
TiIpaBIiqHO] CHCTEMH [0 YMOB KOIIAaHHS, THM CaMHUM
3HIDKYIOUM CIIO’KMBaHHS nanuBa. Llell po3yMHU# pexum
KOHTDOJIIOE YHUCICHHI NapaMeTpyd MalluHU, Taki sK
Koe(illieHT HaBaHTaXXEHHS Ta KOMaHAM Baxkess, LI00
MOCTIMHO  peryjioBaTH  MOTYXHICTh JABHIYHa  JUIS
MIHIMaJbHOTO CIIOXKMBAaHHS MaJIMBa Ta MAaKCUMaJbHOI
MIPOAYKTUBHOCTI [5].

Binganeruit MOHITOPHHT Y TiIpaBIiYHUX MallXHAX
nepe0avyae BUKOPUCTAHHS MEPEAOBUX TEXHOJOTIH, TAKNX
sk loT (IarepHer pedeif), pmaT4MKM Ta XMapHi
obOuncnenns. L{i cucremu mOCTiifHO 30MparOTh NaHI Bif
o0JajiHaHHs, TaKi SIK TeMIlepaTypa, TUCK 1 piBHI piAMHH, i
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nepenaroTh ix y BijgmaneHe micue Jui aHamizy. Lle nae
3MOTY B PEXHMi pEalbHOrO 4Yacy BiJCTEXYBaTH
NPOJXYKTUBHICTh 1 CTaH MauiuHU. [lepeBaru BKIIIOYAIOTH
NIPOTHO3HE TEXHIYHE OOCIYroBYBaHHsS, J€ MOTEHILIIHI
MpoOJIeMH BHSBISIOTHCS IO IX €CKaNallii, MOKpameHUN
gac Oe3BiAMOBHOI pPOOOTH Ta TMOKpaIleHe NPUHHATTS
pilIeHs 3a IOMOMOTo0 aHamily maHux [6]. Kpim Toro,

MUCTAHIIMHAKA ~ MOHITOPHHT  HO3BOJISIE  €(DEeKTHBHO
pPO3MOIINATH  Pecypcu, 3MEHIIYBATH  BHUTPAaTH  HA
BIIpA/DKEHHS  TEXHIKIB 1  3arajoM  MiIBHITYyBaTH
e(heKTUBHICTH POOOTH.

OmHuM 13 SICKpaBMX TPHUKIJIQJAIB  BiJJIaJIEHOTO
MoHiTopuHry B aii € cucrema iCountPD xommnanii Parker
Hannifin. Ili cucTreMd  BHUKOPUCTOBYHOTBCS  JJIS

MOHITOPUHTY 3a0pyIHEHHsS YaCTHHKAMH B TiIpaBIiYHUX
pinunax. Take 3a0pyaHeHHs MOXe OyTH IIKiJUIUBUM IS
oOnajHaHHS, TPU3BOJSYU JI0 3HOCY Ta BUXOLY 3 JIafy.
Cucremn  iCountPD  3a0e3nedyroTb  MOHITOPHHT
TiIpaBIiYHOT PIAMHU B PEXUMi peaJpbHOTO dYacy, IO
JIO3BOJISIE HEraifHO BXKWMTH 3aXOJiB Yy pa3l BHABICHHS
3a0pynHeHp. lleft mepexim Big TMepiOAMYHOTO OO
Oe3NepepBHOTO  MOHITOPUHTY  JIOTIOMAara€ yHHUKHYTH
kartacTpodiyHX 300iB 1 Jae 3MOTy TIPOBOIMTH
npodijakTuuHe OOCIYroBYBaHHS, CKOPOYYIOUM dYac
MPOCTOI0 Ta BHUTPATH HA TEXHIYHE OOCIYrOBYBAaHHS.
Iarerparmiss 0e3aPOTOBMX CHCTEM 1 MIiAKIIOYCHHSA [0
TaTepHeTy peueit o3Havae BiAmaNeHUd TOCTYII 10 JAHHUX 3
Oyap-SIKOTO MicCIls, IO 3HAYHO 3MEHIIye TOoTpedy B
00CIIyroBylO4OMY MEpCOHalli Ha Micli Ta MiJBHIILYE
e(exTuBHICTH poboTH [7].

llle omHMM IHHOBAIIfHUM JOJATKOM € CHCTEMa
LifeSense Bim Eaton. LifeSense — me iHTenekTyaipHa
cUcTeMa MOHITOPUHTY CTaHy TiIpaBIiYHHUX [UIAHTIB, sIKa
MOXE BHSIBUTH, KOJM IIUIAHT HAOJIKAEThCS /IO KiHIA
CBOTO JKHTTEBOTO IHKIy. BiH mpamoe nusixom
MOCTIHOTO MOHITOPHHTY CTaHy IUIAHTa 33 JIOTIOMOTOI0
JATYUKIB 1 TPOTHO3YBaHHS MOTEHIIIITHUX HECIPAaBHOCTEH.
b MOJKJIMBICTB nependavyBaHOTO TEXHITHOTO
00CIIyTOByBaHHS Ma€ BHpIlIabHE 3HAYCHHS IS
YHUKHEHHS DAaNTOBHX IIOJIOMOK IIUIAHTIB, AKI MOXYTb
OyTH JOPOrMMH 3 TOYKH 30pYy IIPOCTOI0 Ta PEMOHTY.
LifeSense mponoHye sk OpoToBHH, Tak 1 0e3ApOTOBHIA
MOHITOPHHT, IpUIOMY 6e31poToBa cucrema
BuKopucToBye TexHosorito loT s oHOBieHp i
CIOBILIICHh Yy peajbHOMY 4Yaci. Taki CHCTEeMU 3HAYHO
T ABHUIYIOTH €PEKTHBHICTH 1 Oe3meKy podoTu [7].

Parker Hannifin Takox pospobue miardpopmy loT
ming Ha3Boro «lomoc wmammaw» ("The Voice of the
Machine"). L1 mnardopma crargapTusye Texsonorito [oT
y mpoxykrax Parker, moBHicTIO iHTerpyroun ii B Gi3Hec-

MOJeNnb  KiIi€eHTa. BiH  BUKOPHUCTOBYE  JaTYUKH,
BCTaHOBJEHI B mnpoaykrax Parker, mis cTBOpeHHs
KPUTHUYHUX JAHUX TPO IPOXYKTUBHICT, SKi IOTIM

mepemaroTbess Ha nwumo3  [oT 1 aHamisyroTees  3a
JIOTIOMOTOI0 XMapHOi aHamiTuku. g cucrema mpomnoHye
MPOTHO3HE TEXHIYHE OOCIYroBYBaHHS Ta TMOKpAIIye
AKICTh OOCITyTOBYBAaHHSI IUIIXOM 3aMiHH JIeTajiel O TOro,
SIK BOHM BUMIYTh 3 naay. Lle npuknaz toro, six [oT MoxxHa
IHTErpyBaTH B TiJpaBIi4YHI CHUCTEMH JUI PO3YMHIIIUX i
eexTUBHIMUX onepamii [§].

Ili npukmagu  IIIOCTPYIOTH, SIK  TEXHOJIOTIT

JMUCTAHIIITHOTO MOHITOPHHT'Y Ta [HTepHETy pedei
BUKOPDHCTOBYIOTBCS B TifpaBNiuHiil  ramysi s
MiABUICHHS HAMIHHOCTI Ta e(QEKTHBHOCTI CHUCTCMHU.
[HTerparis Takux TEXHOJOTIH € 3HAaYHUM KPOKOM BIIEpE]
y un¢poBii TpaHcdopmauii riipaBIiyHUX CHCTEM, IO
BeZIe 10 PO3YMHININX, OUIBII MOB'A3aHUX 1 €PEKTHBHIIITIX
TiIpaBIiYHUX MAIITWH.

[poruosue Texuiune obcmyrosysanus [9, 10] — e
KOHIICTILIiS, sIKa peai3oBaHa Iyl e(peKTHBHOTO KepyBaHHS
IUIAHAMH ~ TEXOOCIYTOBYBaHHS  aKTHBIB  IUIIXOM
MPOTHO3YBaHHS iX HECNPAaBHOCTEH 3a JOIOMOTOIO
METOJ[IB, KCPOBAaHMX JaHUMH. Y [HUX CICHAPIAX daHi
30MpalOThCSl MPOTATOM IEBHOTO IMepiojy uacy Juis
MOHITOPUHTY CTaHy oOinajHaHHA. MeTa moJisirac B TOMY,
mo0 3HAaWTH MEeBHI KOpeusmii Ta 3aKOHOMIPHOCTI, SIKi
MOXKYTh JIOTIOMOI'TH TIepeI0adnuTH Ta 3PEIITO0 3armo0irTu
HerauaMm. OOnagHaHHS Yy OOpOOHIH MPOMHCIOBOCTI
4acTO BHUKOPHCTOBYETbCA 0€3 MiAXOAy [0 IIIAHOBOTO
TEXHIYHOTO 0OCIyroByBaHHsI. Taka MpakTHKa YacTo
NPU3BOJUTE JI0 HEOYIKYBaHMX IIPOCTOIB 4Yepe3 IIeBHi
HecriomiBani 30o0i. Ilix 4Yac IUIAHOBOrO TEXHIYHOTO
00CIIyTOBYBaHHS  CTaH  BHPOOHHYOTO  OONagHAHHS
nepeBipsieThCs yepe3 (ikcoBaHUH MPOMDKOK Hacy, 1 SIKIIO
BUHHKAE Oynb-siKa HECIIPaBHICTB, KOMITOHEHT
3aMIHIOETBCA, 00 YHHKHYTH HECIOJIBaHUX 3YIHHOK
obmagHanHA. 3 iHmIOro OOKy, ILe TPHU3BOIUTH MO
301TBIICHHS Yacy, IPOTATOM SIKOTO MaIllMHA HE IMPALIoE, i
BUTpPAT Ha MPOBEJCHHS TEXHIYHOTO OOCIyroBYBaHHSI.
[MTosiBa po3yMHHX CHCTEM IIpU3BeJa A0 301IbIICHHS yBaru
JIO CTpaTerii MpOrHO3HOTO OOCIYrOBYBAHHS , SIKi MOXKYTh
3MEHIIUTH BapTiCTh MPOCTOIO Ta MiJABUIIUTH JOCTYITHICTb
(xoe(illieHT BHKOPHCTaHHS) BHUPOOHUYOTO OOJaTHAHHS.
PdM Takox Mae moTeHmianm MM CTBOPEHHS HOBHX
€KOJIOTTYHMX MPAKTHK Y BHUPOOHUITBI IIJISIXOM ITOBHOTO
BUKOPDHUCTaHHS  TEPMiHYy KOPHCHOTO  BHKOPUCTaHHS
KOMITOHEHTIB

PeanpHi mpHKITagy TPOTHO3HOTO OOCITYTOBYBaHHS
TiIpaBIiYHAX CHCTEM JEMOHCTPYIOTh €(QEeKTHBHICTh
IIFOTO MAXOAY B Pi3HUX Tally3sX IPOMHCIOBOCTI.

Hanpuknan, pimenas Bosch Rexroth ODIN
UTIOCTPY€E  BIPOB/DKEHHS  MPOTHO3HOTO  TEXHIYHOTO
00CITyroByBaHHS B TiJIpaBIiYHUX cCUCTEeMax. Y i ciryx0i
BUKOPDHCTOBYETBCSl ~ CIICLIaJbHUII  CEHCOPHHMH  IakerT,
MO/JICPHI30BaHUI y KIIEHTCHKI MAalIMHH, Y MOEIHAHHI 3
OsokoM 300py JaHHMX 1 [UTO30M IHTEpHETY peder s
MiAKIIOYEHHS /0 XMapH. ANTOPUTMH  MAIIWHHOTO
HaByaHHI (ML) BUKOPHUCTOBYIOTBCA Ml TOOYIOBH
MOJIEJIE Ta BMSBIIEHHS aHOMAaJil, a CIELiaiCTU-IIOIN
HaJaloTh  PEKOMEHAAIil  IMOJ0  JIarHOCTUKH  Ta
obciyroByBanHs. llei migxim He TUTBKH Tependavae
MOTEHIIIHHI 3001, ajie i MPOMOHY€E KOMIUIEKCHI TIOCITYTH 3
TEXHIYHOrO OOCIIyrOBYyBaHHS, BKJIIOYAIOYH YIIPaBJIiHHS
3allaCHUMM ~ YacTUHaMH Ta  OOCIyroByBaHHs  Ha
micipix [11].

Omgumak Merogu ML He mo36aBieHi OOMEXEHb,
OCKITBKM I  MOJEIl 3a3BUYaii  HABYAIOTHCS  Ha
¢ikcoBaHOMY pO3MOALNI, SAKUH BigoOpaxae JHIIIe

MOTOYHUH cTaH npobiemu. Uepe3 BHYTINIHI 9M 30BHIMIHI
YUHHUKA CTaH MNpoONeMH MOXe 3MIiHIOBAaTHCS, a
NPOJXYKTUBHICTh ~ 3HIKYETbCS  4Yepe3  BiJCYTHICTb
y3arajJpHeHHs Ta ajanTamii. Ha BimMiHy Big IpOro
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CTaLiOHApHOTO HaBYAJILHOTO HAabOpy, peaybHi Imporpamu
MOCTIHHO 3MIHIOIOTH CBO€ CEPEIOBHIIE, CTBOPIOOYU
motpedy TMOCTIHHO aJanTyBaTH MOJEIb JO 3MIHHHX
cuenapiie. 11106 momoMorTu B ibOMy, METOJIU MOCTIHHOTO
HaBYaHHS HIPOTOHYIOTh crocobu MOCTIHHOTO
aJlanTyBaHHS MOJeJell MPOTHO3YBAaHHS Ta BKIIIOYCHHS
HOBMUX 3HAaHb Ticiss po3ropranHs. Hes3Baxawouu Ha
MepeBaru IMX METOJIB, BCe I iCHYIOTH mpobieMu 3 ix
3aCTOCYBAHHSAM 10 pealbHUX MpobneM. s mogonaHHs
Takoi mpobyemMu y poOoTi [12] Bxke MpOMOHYEThCS HOBHIA

crocid CTBOpPEHHS KOHTPOJNBHHX TMOKAa3HHKIB, SKi
CHPUSIIOTH  3aCTOCYBaHHIO  METOMIB  Oe3lepepBHOrO
HaBYaHHS B OUIBII  peaNiCTUYHUX  CEpelOBHIIAX,
HABOASYM  KOHKPETHI  NPHUKJIAId  MPOTHOCTHYHOTO
00CITyroByBaHHS.

3arajgoMm, MpPOTHO3HE TEXHIYHE OOCITyroByBaHHS

TiIPaBIiYHAX CHUCTEM 30CEPEPKEHO Ha MOHITOPHHTY Ta
aHali3i JaHWX BIJ PI3HUX JaTYMKIB, BCTAHOBJICHHX B
oOnamHanHi. 1li MaTYWKK BIACTEXKYIOTh TaKi MMapaMeTpH,
SK THCK, TEMIIepaTypa Ta MBHAKICTh MOoToKy. [ToTimM maHi
00pOOIIAIOTECS 32 JAOMOMOTOK aNTOPUTMIB MAITHHHOTO
HaBYaHHS JUIS BUSBJICHHS INAOJIOHIB, IO BKAa3yIOTh Ha
MOTEHITMHI MPOOIeMH, 10 J03BOJISAE [UIAHYBATH TEXHIUHE
00CITyrOByBaHHS JI0 TOTO, SIK BUHUKHYTh 3001, THM CaMUM
3MEHIIYIOYM  4ac  MPOCTOI0  Ta  BUTpPAaTH  Ha
00CITyrOBYBaHHS.

Ii mpukIamy MiAKPECTIOTh 3pOCTAI0TY TEHEHITIIO
B IIPOMHUCIOBOMY OOCIYyrOBYBaHHI, J€ TpaguLildHi
PEaKTHBHI MiAXOIU 3aMIHIOKOTHCS OUTBII MPOAKTHBHUMH
CTparerisiMi, KepoBaHMMH  JaHuMmu. Lleit  3cyB
0OYMOBJICHHI  3pPOCTAOUOK)  CKJIAJHICTIO CEHCOPHHX
TEXHOJIOTIH 1 MOXJIMBOCTSAMH aJTOPUTMIB MAaIIHMHHOTO
HaByaHHS OOpOOJSATH ¥ IHTEpIpETYBaTH BEIMYE3HI
o0Csry AaHWX Ui Kpamoro NpUHHATTS pilleHb MiJ 4ac
YIpaBITiHHSA 0OCITyTOBYBaHHSIM.

lamy3eBi ekcriepTH 3ampONOHYBaIHM Pi3HI MOTIAAN
HAa MalOyTHE CHCTEM KEpyBaHHS TiApaBIiYHAMHA
MaIlliHAMHM, 30CEpeKYIOUNCh Ha IHTEerpamii HOBITHIX
TEXHOJIOTiH 1 HOBMX HaBHYOK, HEOOXITHUX y Liif ramysi.

Texnonorigamii mporpec. IcHye KoHceHCcyc [13]
LIOJI0 TOTO, IO TEXHOJIOTIYHMH mporpec, 3o0kpema Al,
ML, IIoT Tta kiGepbe3smneka, BimirpaBaTHMe BHpILIAJIbHY
pOJb B EBONIIOLII CHCTEM KepyBaHHS TiIpaBIiyHUMHU
MamHaMH. O4IKYETBCS, IO 1L TEXHOJIOTii CTBOPSTH
pO3yMHiIli, eEeKTUBHILI Ta TpaHcopMaliliHI CHCTEMHU
kepyBaHHs. LTydHUI IHTENEKT Ta MAaIIWHHE HABYAHHS,
HaNpHKiaz, 3a0e3rnedaTh MIBHIMIE Ta TOYHINIE MPUHMATH
pilleHHs Ta aHANI3yBaTH IaHi B peaJbHOMY daci, II0
NpU3BEE /10 TMPOAKTUBHHUX pIMIEHb Yy CHCTEMHOMY
ynpasninHi. Lleit nmporpec Mae posmouarn  epy
aBTOMATH3allii,  B3a€MOIIOB'SI3aHOTO  IHTENIEKTYy  Ta
MIABHUINCHOT HAIIHOCTI Ta Oe3neku cuctemu [14].

IHHOBami{ Ta riOpuAHI PIlIEHHA: Taki €KCIepTH, SK
IMon Kapicon, renepanshuii aupextop Tolomatic,
HmiAKpecmoTh [15] BaXJMBICTh iHHOBAIH, 0COOIMBO B
KOHTEKCTI TiOpHIHUX pillleHb, SKi MOETHYIOTh CHIIBHI
croponu enextpudikarii Ta rigpasiiku. [lepiox manmgemii
IPUCKOPUB 10 TEHJEHII0, CHOHYKAIOUH iHXKEHEpIB i
JI3aifHepiB JI0CIIDKYBaTH HOBI IIUISIXH PO3POOKH MaIllvH,
sIKi e)eKTHBHO TOENHYIOTH Pi3Hi TexHomorii. L{ei mimxin
BioOpaxkae BIAXiJ BN TPAAWIIHHUX METOMIB, KOJHU

KOMIIaHii UL
TEXHOJIOTII.

[loTpebn B oCBiTi Ta HaBYaHHI: 3pOCTa€ BHU3HAHHS
TOTO, WO B Tajly3l TipaBiiKM CKOPOYYEThCS KiJIBbKICTh
¢axiBIiB 13 TIMOOKUMH 3HAHHSMH B Taily3i TiApaBIIiKH,
JaCTKOBO HYepe3 BIJCYTHICTh CIEHialbHUX HAaBYAIBHUX
mporpaM i KypciB y miff ramy3i. MaiiOyTHs
KUTTE3NATHICTh TiAPaBIIYHAX CHCTEM 3alIe)KUTh BiJ
po3poOku HOBOT KBami(ikamii «crerianicTa 3 TipaBIigHOl
MEXaTpOHIKM», sKa TO€gHYe B c0o0i JOCBiL SK ¥y
MamuHOOYyBaHHI, TaK 1 B TEXHOJOTiAX KepyBaHHs. Lleit
MDKIUCIMIUTIHAPDHUNA — Tiaxigx Oynae HeoOXigHuM  JJist

MOTJIM  30CEpEAUTUCSI Ha  OJHOMY

po3pobku Ta onTuMizamii MaiOyTHIX TiApaBIiYHUX
CHCTEM 1 KOMITOHEHTIB [16].
MaiiOyTHsT ~ JKMUTTE3AATHICTH 1  3aCTOCYBaHHS:

OmuiHOI04YM MalOyTHIO JKUTTE3JATHICTh TiIPaBIiYHUAX
CHCTEM, BaXJIMBO BPaxOBYBAaTH KOHKPETHI 3aCTOCYBaHHS
Ta YHIKaJdbHI CHJIBHI Ta CaOKi CTOPOHH pPI3HHUX THIIB
npuBoxiB. Hampukiazn, y meBHUX cepax 3acTOCyBaHHS,
JIe IOTpiOHA BENMKa CHJIA, TiAPaBIidyHI MPUBOIU MOXKYTh
MaTu TepeBary Haja eJIEKTPOMEXaHIYHHMH CHCTEMaMHu.
OuikyeTbcs, IO MpOrpec y Marepianax, HOKPHTTAX,
reoMeTpii Ta TaKMX TEXHOJIOTisX, sik 3D-apyk Ha meradi,
me OuTbllle PO3IIMPHUTH MOXIHUBOCTI  TiAPaBIIYHHUX
cucreM. Kpim TOoro, BCce Oinplie yBarm NPUAIISETHCS
€KOJIOTIYHUM MIpKyBaHHsIM 1 HEOOXiMHOCTI amanTamii
TiApaBIiKA 0 HOBUX TMPAaBWJI i €KOJIOTIYHUX CTaHIAPTiB
[16].

I[i mepcrexkTHBH MiIKPECHIOIOTh MalOyTHeE, ne
CHCTEMU KepyBaHHS TifpaBIiYHMMU MallnHaMH OyAyTb
OimpmIO0  MIpOIO  IHTETpOBaHI 3 IEPEJOBUMH
TexHonorissMu [17], kpame pearyBaTHMyTh Ha MiHJIMBI
NoTpeOu pUHKY Ta Oinblie 3aeKaTUMyTh BiJ poOouoi
CWIIH, sIKa BOJIOJI€ CYMIIIIIIO TPAAUIIHHUX 1HKCHEPHIX
HaBUYOK 1 TEPEIOBOTO  TEXHOJOTIYHOTO  JOCBIIY.
EBodrorist ux cucreM, WMOBIpPHO, MPOJOBKYBATUMETHCS
nmoTpebor0 B OUTBIIIH e(EeKTHBHOCTI, aJaNTUBHOCTI Ta
€KOJIOTI4HIHN CTIHKOCTI.

JlargmadT cucTeM YHpaBIiHHA Ta aBTOMAaTH3aIlil
TIIpaBIIYHNX MAIIMH MIBHIKO PO3BUBAETHCS 3aBHAKH
HEBIIMHHOMY TEXHOJIOTIYHOMY mporpecy. Hemoxnuso
MEPEOIIHUTH BaXKJIMBICTh MOCTIMHUX I1HHOBAIM y il
rajy3i, OCKUIbKM BOHH € KIIOYOBHUMH JJISL 33J0BOJICHHS
3pOCTAIOYUX BUMOT JI0 €(PEKTHBHOCTI, OE3MEeKH, CTIHKOCTI
Ta aJalTHBHOCTI B PI3HUX MPOMHUCIOBUX CEKTOPAX.

Y Mipy pO3BHUTKY HPOMHUCIOBOCTI BHMOTH O
TiApaBIIYHUX  CHCTEM  CTAalOTh  CKIQJHINIAMHA  Ta
pizHOMaHiTHImIMH. [TocTiiiHi iHHOBaMIi TapaHTYIOTh, IO
i CHCTEMH MOXYTb 3aJOBOJBHHUTH IIOTPEOM TaKHX
raiyse, SK  OyIiBHHITBO, BHPOOHHIITBO Ta
TipHUYIOMOOYBHA  TIPOMHCIOBICTH,  SIKI  ITOCTIHHO
3MiHIOIOThCS. Lle BKitouae B cebe po3poOKy cucTeM, siKi €
HE TUIBKM TOTY)KHUMH Ta TOYHMMH, aje TaKoX
EHEeProe(eKTUBHUMH Ta SKOJIOTIYHO YHCTUMH.

Turerparis Al, ML, IoT Ta iHIIUX HOBHX TEXHOJIOTIH
TpaHCcOpPMy€e€ MOMJIMBOCTI TiApaBmiyamx MamuH. [li
TEXHOJIOTii CTBOPIOIOTh PO3YMHIIII CHCTEMH KepyBaHHS,
MOKPAIIYIOTh IPOTHO30BAaHE TEXHIYHE OOCIYrOBYBaHHS Ta
MOKPaIyIOTh eQeKTuBHICTh poboTH. OgHaK iX MOBHUH
MOTEHIiaJl MOXHA peai3yBaTy JIMIIE 3aBJISKH MOCTIHHIM
JIOCJIJKEHHSIM 1 pO3pO0KaM.
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OCKIIbKY TipaBiIiuHi CUCTEMH BiAIrParOTh BaXKIIMBY
poib y OaraThoX cdepax 3acTOCyBaHHs, ix Oe3meka Ta
HAJIWHICTP MAaKOTh IepmopsaHe 3HadeHHS. [locTiiiHi
iHHOBAIlii JIOTIOMArarTh Yy pO3poOIli BIOCKOHAJICHUX
MEXaHi3MIB MOHITOPDUHIY Ta KOHTPOJIO, SIKI MOXYTb
nepenbdavaTy 3001 Ta 3amodiraté aBapisM, 3a0e3nMedyroun
TaKUM YUHOM Oe3IeKy SIK ONepaTopiB, TaK i MAIIHH.

OmHrM i3 BaXIMBUX BUKIHNKIB y Wil ramy3i €
3a0e3neueHHss ~ AanTHBHOCTI  MoOJeNed  INTYIHOTO
IHTETIeKTY Ta MAIIMHHOTO HAaBYaHHS B HECTAIllOHAPHHUX
cepenoBumax. llocTiifHi iHHOBAIii € BaXJIMBUMH IS
PO3pOOKH AITOPUTMIB 1 MOJETICH, SIKi MOXYTh HABYATHCS
Ta aJanTyBaTUCS B PEKHMI PEaIbHOTO Yacy, TapaHTYIOYH,
110 TiAPaBIIYHI CHCTEMH 3aJUIIAIOTHCS e()EKTHBHUMHU Ta
JIEBUMHU B PI3HUX POOOYHMX KOHTEKCTaX.

IHHOBaIl B  TiAPABMIYHMX  CHCTEMaX  TaKOX
COPUSAIOTh CKOHOMIYHIM CTIHKOCTI IIJSIXOM 3HMKCHHS
eKCIUTyaTaI[ifHUX BHUTPAT i IiABUIICHHS MPOIYKTUBHOCTI.
[MomiOHMM YHWHOM EKOJOTIYHO YHCTI TPAKTHKH Ta
MaTepiali B TiIPaBIIYHUX CHCTEMaX Y3TOKYIOTHCS 3
rI100aTEHUMHE 3YCHIUISIMH IIOJI0 CTAJIOTO PO3BHUTKY.

3i 3pOoCTaHHSAM CKIJIAQJHOCTI TiJpaBIiYHUX CHCTEM
3pocTae morpeba B CHEIialbHUX HaBUYKax 1 3HAHHSX.
besnepepBHi iHHOBAaIli BUMAararoTh MOCTIHHOI OCBITH Ta
HABYAHHS, 00 rapaHTyBaTH, II0 poOodYa Crja MOXKE

e(heKTUBHO MPOEKTYBATH, eKCITyaTyBaTH Ta
MiATPUMYBATH IIi IEPEIOBI CHCTEMHU.
BucnoBok. Iloctiiimi iHHOBalii B  CcHCTEMAax

YIpaBIIiHHS Ta aBTOMAaTU3alii TiJpaBliYHUX MamllH — L
HE MPOCTO NparHeHHs A0 TEXHOJIOTIYHOI'O IpOTpecy; Iie
HEOOXiMHICT  JUIA  33/I0BOJICHHS BHMOT  CYy4YacHOI
MIPOMHCIIOBOCTI. 3arajbHUil MPOTHO3 PO3BHTKY CHCTEM
KEepyBaHHS Ta aBTOMAaTH3alii TiJAPaBJIIYHIUX MAIIUH €

MO3UTHBHUM, CHCTEMH YIPABIiHHSA  TiAPaBIIYHUMHA
MalIMHaAMH CTaIOTh ORI IHTENIEKTyaIbHUMH,
noB'si3aHuMU  Ta  edexruBHimmMH. [IpoTe  mocriitHi

JIOCIHI/PKEHHS Ta PO3POOKH € BaXKIIMBUMH IS TTOJIOJIaHHS
ICHYIOYMX MPOOJIEeM i MOBHOTO BUKOPUCTAHHS MOTEHIIATY
HOBUX TexHOJoTid. [lincymMoBylouH, CiijJ 3a3HaYMTH, IO
Iporpec 'y cCHCTeMax KepyBaHHS Ta aBTOMaru3alii
TiApaBIIYHAX MAIIMH PEBOJIOIIOHI3YE X €(PEeKTHBHICTS,
Oe3meKy Ta 3arajbHy HPOXYKTHBHICTH, mpuaomy Al, ML
ta [oT BimirparoTs KIIFOYOBY POk y Milt TpaHchopMaIii.
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