HUCIIOJIb30BAHHUE FLOWYVISION U 10SO AJIs1 OITUMU3AIIMU OXJIAKJIEHUSI TPAHC®OPMATOPA
J.B. Canmncm“dl, A.A. AKceHonl, I/I.B.Mocxanenz, H.I/I.KapaceBZ.
1 - Obveounennviti uncmumym gvicokux memnepamyp PAH, . Mockea, Poccus.
2 - 000 «TECHCy, 2. Mocksa, Poccus.

OnHOM M3 BaKHEHINWX 3a/a4 Uil 00ECHeYeHUs] ONTUMaJbHOW PabOThl TPaHCHOPMATOPOB SBIAETCS CO3JaHUE
YCJIOBHH JJIs1 MakcUMasibHO 3¢ dexTuBHOrO TeroodOMeHa c okpyxkarouield cpenodd. [Ipu ontummzanuu TeriooOMeHa
KeJIaTeIbHO MUHUMHM3UPOBATh U3MEHEHHE 3aBOJICKOI KOHCTPYKIMH TpaHchopMaropa 1 paiuaTopoB, TaKk KaK 3TO CBS3aHO
C CEepbe3HBIMH MaTEepPHAIBHBIMH 3aTpaTaMU Ha MOANW(HKALUIO BCErO IMPOU3BOJCTBA. 3HAYMTENIHHOE BIMSHUE HA IpOLECe
TerI000MeHa OKa3bIBaeT IIOJIOKEHHE OTBEPCTHH, Yepe3 KOTOpbIe IMPOHMCXOMUT LUPKYISIMS Macia MeXIy OakoM H
paguaropamu. Ha Tekymuid MOMEHT, MECTO IOAKIIOYEHHS paJuaTopoB K Oaky TpaHCpoOpMAaTOpa OIpEeAeNsieTcs B
OCHOBHOM TEXHOJOTHYECKHUMHU H SPTOHOMHYECKHMH cOoO0OpakeHUsIMU. [103TOMY CyLIeCTBYeT ONpeleleHHBIH pe3eps s
yBeJIM4YeHUs 3PPEKTUBHOCTH TEINIOOOMEHA.

Jns penreHust 3a1add MOBBIIECHUS 3(PQEKTUBHOCTH TemsiooOMeHa B TpaHcdopmarope ucnonbdytores CAD-
cucreMa SolidWorks, CFD—cucrema FlowVision n mHTErpanimoHHO-oNTHMHU3aMoHHast matgopma 10SO.

VuureiBasi yCIOBHS MHHHMAJIBHOTO H3MEHEHWsI KOHCTPYKLHH Tpanc(opMaropa, B KadecTBE IapaMeTpoB
OINTUMHU3ALMH BBIOPAHO IOJOXKCHHE MACJIONPOBOAOB HA OOKOBBIX CTEHKax 0aka, [PH HEHM3MCHHOM IOJOXKCHUH
TpaHcdopmaropa U BHEIIHUX paJdaTOPOB.

TpexmepHasi MoJeJIb

TpexmepHas reoMeTpus pacuetHoH Moaenu co3naetca B CAD-cucteme SolidWorks. Tpancdopmarop coctout u3
3 OCHOBHBIX YacTei: paxuaTopsl, 0aK ¢ aKTUBHON YacThi0, MacJIONPOBOABI.
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Puc.1 — TpexmepHast Mozeib TpaHchopMaropa.

Pagnaropsl

B nanHOW XoH(DHrypammu TpaHchopMaTopa BO BHEIIHHX paadaTOpax MPOUCXOTUT OXJIAXKICHHE Macia
IUPKYJUPYIOMIETO B TpaHCHOPMATOPE TIPH MOMOIIN €CTECTBEHHON KOHBeKImMH. CeKIMs pagruaTopa COCTOUT U3 6 MmaHese,
KOTOPBIE B CBOIO o4epeb cocTosT u3 20 TpyOok. TpexMepHas MOIeb MOBTOPSIET BCE JETATH PEATbHOTO H3ICIIHS.

Bbak Tpancdopmaropa

OcHoBHas 001acTh TpaHCPOPMATOpPA MOJHOCTHIO 3ATOJHCHHAS CIICIUAIBLHBIM MACIIOM JUIS DJICKTPOU3OJSAINHA U
oxiaxaeHus. B Gake pacroio)keHa akTHBHAs 4acTh C MarHUTOIPOBOAOM M OOMOTKaMH, IpeoOpasyromas HampspKeHHUe.

Tak kak uccieayeTcs TeII000MeH B TpaHc(hopMaTope, TO AIEMEHTHI, CBSI3aHHBIEC C 3JIEKTPON3OILIIINECH U He BIHUAIONINE Ha
TEIUI00OMEH, MOXKHO HE paCCMAaTPHUBATh.

TpexmepHast Moens 6aka TpaHcPopMaTopa COCTOUT U3:



I'epmernynoOTO [T Maciia Oaka,

OOKOBBIX JIOITOJIHUTEIBHBIX 00JaCTEMH,
MarHUTONPOBO/IA,

00MOTOK BBICOKOTO M HU3KOT'O HATIPSKCHUS.

TpexmepHas MOENb MOATOTOBIEHA Ul CHUMMETPUYHOM IIOCTAaHOBKHM 3ajaud. AKTHUBHAas 4acTb COCTOUT M3
MarHUTOINPOBOAA, OOMOTOK, M30JSATOPOB. JlJIsl yNpoIIeHHs I'€OMETPUU OCTaBJIEHBI TOJBKO MarHUTOIPOBOJ M OOMOTKH
BBICOKOTO M HU3KOTO HalpsbKeHus. B peansHoM TpaHchopmaTope aist 00pbObl ¢ HOBBIIIEHHEM AaBJICHUS U3-32 TEIJIOBOTO
pacuIMpeHHs Maclla HCIOJIb3yeTCs CIEelMaNbHBIl  paclIMpUTENbHBIH  Oadok. B paccmarpuBaeMoill  IOCTaHOBKE
pacUIMpUTENbHBIA 0a4OK MOJICTUPYETCS C MIOMOLIBIO y4acTKa TPyObl ¢ TPaHUYHBIM yciioBueM CBOOOAHBIN BBIXO/I.

JomonmautenbHple 00BeMBI COOKYy OT aKTUBHOW 30HBI TpaHcpopmaTopa HEOOXOAWMBI Ui BCTaBKU
rapaMeTpU30BaHHBIX MacJIONPOBOIOB: BO BpeMs pacueTa NPaKTUYECKH BECh 3TOT 00beM OyleT BBIYTEH W3 PacueTHOU
00JIacTH C HOMOLIBIO TTOJBIKHOTO TeIa.

Macaonposoabt

C ToUKH 3peHHsI KOMITIOHOBKH YCTPOHCTBA M YCKOPEHHS PacueTOB LIEIecO00pa3HO M3MEHATh MAacIOMPOBOIBL, a HE
MOJIOXKCHHUE MACCHBHBIX 0aka W paguaTopoB CO CI0XHOI reomerpueii. Bo FlowVision 3amMeHa TpexMepHO# MoJenu nepes
HAYaJIoOM pacyera MPOU3BOJUTCS MYTEM 3aMCHBI MMIIOPTHPOBAHHOI'O OOBEKTa, Ha KOTOpPOM cTpoutcs I[loaBmxHOE Teo.
[TosToMy coeanHeHue paguatopa U Oaka MPOM3BOAUTCS C MOMOINBIO [ToNBMKHOTO Tesia, KOTOPBINA MPEACTaBIsET COO0M
TapajuieNIeIiIe]] ¢ BRIpe3aHHBIMHU B HeM MacionpoBogamu (Puc.2).

Puc.2 — Ceuenue TpexMepHOI MO/ICTIH MacIONPOBO/IA.
I[Ipn nmobaBneHWHM B pacueTHYIO 00JacTh, MOABH)KHOE TENO C MAacJONPOBOJAMH TIOJHOCTHIO IEPEKPOET
JIOTIONTHUTEIhHYI0 OOKOBYIO 001acTh TpaHChopMaropa, a 0ak OyJeT COeNWHEH C paguaTopaMu TOJBKO Yepe3 BBIPE3BI B
MHOJBM)XHOM TEJE.

IMapameTpu3aiysi MacjIONPOBOJOB OCYIIECTBISCTCS CICAYIOIUM 00pa3zom. LleHTp BXOZHOTO OTBEpPCTHS
MacJIONPOBO/Ia HAXOMHUTCS HAa OIPEACICHHOM PAcCTOSHHH OT OOKOBOIl M BepxHEH CTeHKH mapasvienenunena (Ha Puc.2
MOKa3aHbl KOOPAMHATHI JJIsl BEpXHEro Beixoza). JlaHHble paccTosiHus jobaBiieHbl B Tabauiy napamerpoB SolidWorks, n
MOTYT OBITh U3MEHEHBI U3 BHEMIHeH mporpamMmbl. OrpaHiYeHHs Ha 3TH TapaMeTPhl HAKIABIBAIOTCS HCXOS U3 Pa3sMepOB
6OKOBOI CTEHKHU TpaHC(HOPMATOPA, U U3 YCIOBHUS HE MEPECEUCHNUsI MACIOIPOBO/IOB.

IlocTanoBka 3apa4u

B mpoexTe ompeneneHsl ABe MOJENH: Macio B Oake M pagudaTropax M CTalb B MAarHHUTONPOBOAAX M OOMOTKaxX.
Mexny MOJENSIMHU 3a/1aHO COMPSDKEHUE O TeIUTy.

B 00MOTKax HHU3KOrO U BBICOKOTO HANPSHDKCHWS W MAarHUTONPOBOJAE 3aJaHbl HCTOYHHKH TeIia C
TerioBbiAeeHneM 41650 KB/M3, 75985 KB/M3, 23360 KB/M3, KOTOpBIE B CyMME JalOT aOCONIOTHOE 3HAYCHHE
TerioBbIAeNeHus nopsaka 30kBt, xapakrepHble peaqbHOMY U3EIUIO.

I[J'Ii[ MOACINPOBAHUSA KOHBCKIIMM HCIIOJIB3YCTCA l'[pI/I6.]'II/I)K€HI/Ie BYCCI/IHCCKa, KOTOpOC HE Tpe6yeT 3alaHuA
3aBUCUMOCTH IIJIOTHOCTH Macjia OT TEMIICPATYypPhI. I[.]'ISI peajm3aliu JaHHOTrO METOo/ia B noao6nacn/1 C MacCJIOM 3aJa€TCia
oO0beMHas cujia, 3HAUYCHUEC KOTOpOﬁ OIMPECACIICHO CICAYIOINM BBIPAKCHUCM

F =pogB(To — T);
rae: F — obbemuas cuia, [H/M3]; po=890 — MIOTHOCTH KUIKOCTU MpHu Temneparype T [KF/M3]; |g]=9,81 —

YCKOpEeHHE CBOOOTHOTO MaICHHS [M/c?]; p=7*10" — koodpprrment TEMIEPaTyPHOTO PaCIIUPEHHS [1/°C]; T - TeMIeparypa
xugxoctu [°C.
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Puc. 3 - PaccTaHoBKa TpaHUYHBIX YCIOBHUII HA PACYETHON MOJIEIH.
B mono6iactu bak 3amaHbl creayromuye rpaHiIHbBIC YCIIOBHS:

I'pannunoe  ycmoBue (I'Y) «0oOMOTKa BBICOKOTO HANPSIKCHHA», «OOMOTKAa HH3KOTO  HAMPSHKCHUN,
«MAarHUTOMPOBO/IY - COMPSHKCHHE TI0 TEIIY C COOTBETCTBYHOIIUMH MOI00IACTIMH.

T'Y «b6ak» - crenkn Oaka M BCTaBKa AJIsL IEPCKPBITHUA T-mocToB B 3a30pax MEKAY IMIIOCKOCTAMU 00MOTOK U
CepACcHHHMKA I'PaHNYAlINX C INIOCKOCThIO CUMMETPUU.

T'Y «pamuatop» — CTCHKH PaauaTopa U MaclONPOBOJbI C BHEIIHAM TEIUIOOOMEHOM: KO3 GHUIIMEHT TEILUIOOTIAuH
11,3 (3aman mocne cpaBHEHHS peABAPUTEIBHOTO pacdera Bo FlowVision ¢ TEIUIOBRIMHU UCTIBITAHUSAME TpaHchopMaTopa);
Temneparypa BHemHei cpessi - 20 'C.

I'Y «Bpixon K pacuiMpuresbHOMY 0auky» — CBOOOJHBIM BBIXOJ € arMOc(EpHBIM JIaBlICHHEM (IMYJISLHS
pacIIUpUTENHFHOTO OadKa).

I'Y «I1n0CKOCTh CUMMETPUM» — IOBEPXHOCTH CUMMETPHH.
Jlis KOHTpONA pacdeTa 3alaHbl CIEAYIONINE XapAKTEPUCTUKU:

Tsr - cpennsisi Temneparypa Macia B 6ake. T verh u T niz - cpennsisi TeMieparypa BEpXHHX M HH)KHHX CJIOCB
Macja COOTBETCTBEHHO (cM. Puc.4)

Puc.4 — Obnactu ycpenHeHus TeMeparyp.

3navenus Tsr, T _verh, T niz, Takxke 3ajaHbl B KA4ECTBE BHEIIHUX TApAMETPOB IS epenaun JanHbeix B [0SO



PacuerHas ceTka

Hcnonp3yercs paBHOMepHas HadanbHas cetka ¢ 48%69*77 syeek. Ha rpaHUuHOM YCIIOBUH «OOMOTKa BBICOKOTO
HaNpsDKeHUS» 3aJaHa aJanTalisi BTOPOTO YPOBHS, a Ha MOBEPXHOCTH OOMOTKHM HM3KOTO HANpsDKEHUS W paguaTopa
amanranus 1-ro ypoBHs. OOlee KOJIMYECTBO PacUeTHBIX sideeK B TpaHchopmarope mopsiaka 520 Thic. siueek (TOYHOE
KOJIMYECTBO STYCEK 3aBHCUT OT TEKYIIEH reoMeTpHH MacionpoBoaoB). CedeHne pacueTHON CEeTKH NpuBeAeHo Ha Puc.5

Puc. 5 — Ceuenue pacyeTHOH CTEKH.
B mapamerpax pemartens 3agaHbl: METOI PELICHHS ypaBHEHUs DHEPIUM B TBEPABIX TellaX - CTALlMOHAPHOCTB;
HEsIBHAsI HOBAsl CXEMa CO 2-bIM TIOPSAKOM TOYHOCTH U miarom 1o Bpemenu 50 CFL.

B xauecTBe KpUTEpH OCTAaHOBA MCIOIB30BAaHA CPEAHSS TeMIIepaTypa B Oaxe.

Ha pucynke 6 mpezacraBieHO
CpaBHEHHE  pe3yibTaTta  pacueTra
TeoooMeHa B TpaHcopmarope ¢
pe3yJbTaToM, MOJIYYeHHBIM Ha Ooliee
noZpoOHOM MoJzenu TpanchopmaTopa
u BepUBHUINPOBAHHBIM
JKCIIEpUMEHTOM.  Bpems  pacuera
YIPOIIEHHOW  MOJAEIH  COCTAaBWIIO
TIOpSIJIKa OJTHOTO Yaca, B TO BPEMs Kak
Gostee moapoOHas MocTaHOBKA TpedyeT
10-16 uacoB pacuera. HaOmomaercs
Ka4eCTBEHHOE COBIIa/ICHHE
4 : pacmpezieneHus TEeMIIepaTyp B
WH Mmllmml l‘mlhw I"hm i pa3IMYHBIX IIOCKOCTSAX CEYCHMS, YTO
' MO3BOJISIET UCIIOJIBb30BaTh BHIOPAHHYIO

‘ | ‘ MOCTAHOBKY 3a/1aud JUIsl  PEeLICHHS
ONTHMU3AILIMOHHOH 3aJ1auu.

B)
OnTuMHu3anMoOHHbIE pacueTsl ¢

Puc.6 - Pacnpenesnenue Temiiepatyp B pa3HbIX CEUCHHAX a) U 0) YHPOIIEHHON nomouisio I0OSO
TE€OMETPHU B) U T') OoJiee moipoOHast TeOMETpPHSI.

B 10SO peanu3oBaH

GbyHKIHOHAN, OOECIEUNBAIOIINNA HHTETPAIIMIO PA3INYHBIX MPOrPAMMHBIX KOMIIOHCHTOB HH)XEHEPHOTO aHainW3a |
npoektupoBanus, B dacTHoctH, SolidWorks u FlowVision, 4ro mo3Bossier ObICTpO CBsI3aTh MX APYr € JIPYroM JUis
pelIeHu s 3a1a91 OTITHMH3AIIHH.

PaccmarpuBaemsblii  ontuMu3anuoHHbi  1poekT B IOSO cocToMT W3 IBYX pacuUETHBIX OJIOKOB: CO3JaHHE
reomerpun B SolidWorks n pacuer moznemu Bo FlowVision.

B kadecTBe BXOZHBIX MAapaMeTPOB BBICTYIAIOT KOOPAWHATHI IO BEPTHKAIM M TOPU3OHTAIH [UIS BBIXOJOB
MacJIOIPOBOJIOB HA CTEHKE Oaka TpaHcdopmaropa. BeIXomHBIME ITapaMeTpaMu SIBJISIOTCS CpeHss TeMIleparypa B Oake u
TEMIIEpaTypbl BEPXHUX M HIDKHHUX CIIOEB Macia.

Ipornece onTUMU3aIKMU TPOUCXOAUT CICAYIOIIMM 00pa3oM:
e B mepBom pacueTHOM OJIOKE CO3IAeTCS MOJETh MAacCIONPOBOAOB C TEKYIIMMH KOOPAMHATAMH BXOJIOB.

Koopaunate! onpenensirorest camoiit [0SO B pexxrMe oNTUMHU3AIMN HITH 331aI0TCS IPU TIOMOILY TaOIHIBI
B PEXXHME apaMETPUIECKOTO UCCIIEI0BAHMA.



e 3areM coO3/aHHAs TeOMETpHs aBTOMaTH4Yecku ummopTtupyercsi Bo Flowvision u 3amyckaercs Consep
FlowVision mst pacuera texymeit moaenu. [locne cpabaTsiBaHUS YCIOBHI OCTaHOBA, Pe3yIbTAT pacdyera
coxpansiercs B [0SO.

e PesyneraTel pacdera obpabatsiBaioTcst B IOSO m Ha OCHOBE WX aHajmM3a 3aJal0TCS HOBBIC BXOITHBIC
napameTphl.

ITapamerpuueckuii pacyer

Brun npoBenieH mapaMeTpudecKuii pacyeT 1mo AByM HapamerpaM (KOOPAMHATHI IO OCH X U BEPXHETO M HIKHETO
Bx07I0B). Tak Kak 3amadya CHMMETPUYHAS IUIA JTF000TO OJHOTO W3 IMapaMeTpOB, JJIS BEPXHETO MACIIONPOBOJA IHATIA30H
n3MeHeHwus 3agaBaics ot 1,3m go 1,82m, a mns Hmwkaero ot 0,7m mo 1,82m, ¢ marom 0,125M, To ecth 50 Touek. Pesynbrar
npexacrasicH Ha Puc.7

Puc.7 — 3anmxenue TemMepaTypbl OT MaKCUMaJIBHOM B 3aBUCHMOCTH OT MOJI0KEHHS MacJIONPOBOAOB HA CTCHKE 0aKa.

Buanm, 4To Ha TpexMepHOH MOBEPXHOCTH MPHUCYTCTBYET HECKOJIbKO MUKOB. [Iuku Ha rpaduke COOTBETCTBYIOT
MUHUMAaJIBHBIM 3HaueHUAM Temmeparypsl. Ilomydaercs, yTo Hambosiee ONTHMAJIbHBIMM SBISIOTCS IIOJIOKEHHS, KOTAa
MacJIOIPOBO/IBI PACTIONOKEHBI JINOO C OTHOTO, OO C IMIPOTUBOIOJIOXKHBIX KpaéB CTEHKH Oaka TpaHchopMaTopa.

OHTHMI/I33HI/IOHH])H7[ pacuer

OnTUMHU3AIMOHHBI pacdeT MPOBOMMICA C HW3MEHEHHEM KOOPIMHATHI MAaclONPOBOMOB IO TOPH30HTAIH
(BepTuKaJIbHBIE KOOPJIMHATHI 3aUKCUPOBaHbI). B mpoliecce onTUMHU3alUKM MOCUYUTAHBI TOpsiaka 250 pacuyeTHbIX ciydaeB
(Puc.8).

a) - : " » : g 6)
Puc.8 — YMeHbleHHe cpeHeil Temnepatypsl B 6ake TpaHcdopMaTopa Ipy H3MEHEHHH a) TTOJI0KEHHS BEPXHEro MacIonpoBo/a
0) MOJIOKEHHsI HU)KHETO MacJIONpOBO/a.

Pe3ynpTaThl ONTUMHU3AIIMOHHOTO pacyeTa MOATBEPXKAAIOT JaHHbIE MapaMeTPUYECKOTo pacueTa U YTOUHSIOT HX.
Tak B mapaMeTpHuecKOM pacueTe He OYEBHIHO, KaKoe II0JIOXKEeHHe Oojiee BHIMOJHOE: KOorja 00a OTBEPCTHS C OJHON
CTOPOHBI, WJM Ha TMPOTUBOIOJIOKHBIX. Pe3ynpTaT ONTHUMH3alMM $SBHO TOBOPUT B TMOJB3Y IPOTHUBOIOJIOKHOTO
pacIonoXeHHUs.

BoiBoabI

B nanHoOIT paboTe mpoBeneHa 0TpaboTKa TEXHOJIOTHU ONTHMH3ALIUU OXJIaXACHUS TpaHchopMaTopoB. YncieHHOe
MOJICTUPOBAaHUE MPOIECCOB TEIIOOOMEHA OCYIIECTBIECHO TPU IMOMOINU MporpaMMHOro kKomruiekca FlowVision. s
OTIpE/ICIICHUS] OTITUMAIIFHOTO TOJOKEHUSI MacIIONPOBOJIOB, MCHOIB30BAaH MporpaMMHbIil kKoMiuieke 10SO, mo3BosstonTiii
[IPOBOJUTH MHOTOKPUTEPUATIbHYIO MHOTOIIAPAMETPUUECKYIO ONTUMHU3ALMIO 32 MUHUMAJIBHOE YUCIIO uTepauuid. I'eomerpus
TpaHchopMaTOpa ¢ MapaMeTpU30BaHHBIMH MaCIIONPOBOIaMu co3aaercs u Momuduuupyercs B CAD-cucreme SolidWorks.

[onmydeHHbIe pe3ysbTaThl AEMOHCTPHPYIOT BO3MOXHOCTh npuMmeHeHus FlowVision coBmectHo ¢ I0SO s
(G (PEKTUBHOM aBTOMATHYECKOH ONTHMHU3AIMU CYLIECTBYIOIINX IPOMBIIIIEHHBIX YCTPOWCTB Ha NPUMEPE CHUCTEMBI
oxyiaxaeHust Tpancpopmartopa. [Ipm 3ToM HEOOXOAMMO OTMETHTb, 4YTO ONTHMH3ALUS HPOUCXOTUT II0 MHOTUM
napameTpam, TaKuM 00pa3oM MOXKHO HOJIy4aTb CyMMapHBIH 3()(EKT 0T ONTHMH3aLUH OOJIBIIOrO KOJIMYECTBA NapaMeTpOB.



