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AIICTPAKT:

KJIYYHU 3bOPOBU:

W noxpaj HecTaOMJIHUMOT KapakTep Ha OOHOBIMBUTE
HEKOHBEHLIMOHAIIHA M3BOPHM HA €HEpruja, TPEHIOT Ha
HUBHO 3rOJIEMEHO Kopucteme BO EBpoma u cure
ClieHapHja W TpeIBUAyBama KOW CE IpaBaT BO Taa
HAcoKa, JOBexyBa 1O THoTpedara 3a EHEpPreTcKo
OamaHcHpame BO MpeXaTa U 3TOJeMyBame Ha
(haexcuOmITHOCTa BO MPOU3BOJCTBOTO HA EICKTPUIHA
eHepruja. 3a THe MOTPeOH, XMAPOLEHTPAIUTE KaKO
XHJIPOCHEPTeTCKM  O0jeKTH Cce€  HajImorofHd  3a
MOKPHBAE HA OBUE (DIIyKTyallHu.

OTryka ce pasBuia wujaejata 3a IpUMEHa Ha
MIPOMEHJIUBUOT OpOj Ha BPTEKHU Ka] XUIPAYITHUHUTE
TypOMHH, KaJie cO KOpeKirja Ha OpojoT Ha BPTEXKH, A
ce TIOCTUTHE MOe(UKACHO UCKOPUCTYBAE HA BOJHHUTE
TEKOBH, & HCTOBPEMEHO Jia C€ 3rojJeMH HUBHOTO
paboTHO mojapayje.

Bo oBaa toxTopcka aucepraiyja, akieHTOT € CTaBeH Ha
CIPOBOJIHUTE JIONIATKU, KOU C€ TIaBHUOT CTaI[MOHAPEH
IUCTpUOYTHUBEH €JIEMEHT Ha TYpOMHHMTE M CITyXKaT 3a
perynanuja Ha MPOTOKOT, @ BOEJHO M MOKHOCTa Ha
MalMHata. AHaJIW3UTe OJaT BO HAacoKa Ha
neduHUpame Ha TJIABHUTE KUHEMAaTCKU CTpPYjHHU
nmapaMeTpu KOM BJazeaT BO NPOCTOPOT IOMEry
CIPOBOJHHUOT amapar u paboTHOTO KOJIO Ha TypOUHaTa.
Crnopen Toa, pa3BUeH € HOB THUI Ha HEYHH(POPMHHU
JIOTIATKH, CO IeJI J]a C€ YBU/IM BIMjaHUETO KOe IO UMaat
Ha CTPYjHHUTE MapaMeTpyd Ha KOJOTO MPU MPOMEHIIUB
Opoj Ha BPTEXKHU.

AHnamusute ce wu3Bpmienn co mnomom Ha CFD
HYMEPUYKH CHUMYJIAIIMA Ha CTPYCHETO, Ha TOBEKe
pa3BUEHH MOJICITM Ha CIIPOBOJIHU JIOMATKH, OJ] KaJe ce
NoOMBaaT TO3UTHBHHU 3aKIydolld H HACOKH BO
MOHATAaMOIIICH pa3B0Oj Ha OBaa TEXHWKa HA JIN3ajH Ha
CIPOBOJHHOT arapar.

CrnpoBognu nonatku, @panuuc Typouna, I[Ipomennus
6poj Ha Bptexxku, CFD, Heynudopmuu nonarku



FILIP V. STOJKOVSKI, M.Sc. Mech. Eng.

INTERACTION OF THE GUIDE VANE BLADES SHAPE WITH THE
HYDRODYNAMIC PARAMETERS AND THE EFFICIENCY OF VARIABLE-SPEED
FRANCIS TURBINE

ABSTRACT: Despite the unstable nature of the unconventional
renewable energy sources, the trend of increasing
usage of them in Europe and all the scenarios and
forecasts made in that direction, lead to the need of
balancing energy in the grid and increasing
flexibility in electricity production. To address
these needs, hydropower plants as hydropower
facilities are most suitable to cover these
fluctuations.

This brought the idea of applying variable speed
operation to hydraulic turbines, where adjusting
their rotational speed results in more efficient water
to energy usage ratio, and increases their operating
range at the same time.

In this doctoral dissertation the emphasis is on the
guide vanes, which are the main stationary
distribution element of the turbines and serve to
regulate the flow, as well as the power of the
machine. The analyses are based mainly at defining
the main kinematic flow parameters that are
dominant in the vaneless space between the turbine
runner and the guide vanes. According to that, a
new type non-uniform blades were developed, in
order to see their impact on the flow parameters and
efficiency at variable speed operated turbine.

The analyses were performed with CFD numerical
flow simulation on various developed models of
guide vanes, from where positive conclusions and
directions for further development of this technique
for guide vane design are obtained.

KEY WORDS: Guide vanes, Francis turbine, variable speed
operation, CFD, non-uniform blades



OBaa aucepranyja € IMOCBETEHa Ha MOJOT TaTKO, KOj € Moja OecKOHeuyHa WHCHIHpanuja U
MOTHBAIja, HA MOjaTa MajKa, 3a Hej3MHUOT OXpaObpyBayKu AyX M HeCEOWYHA MOAIPIIKA U HA
MOjOT OpaT KOj OTCEKOoTalll BepyBalle BO MEHE.

bu cakan ga uzpazam 6;1arogapHOCT 10 MOjOT MEHTOP, IITO YCIEITHO M€ BOJICIIE HU3 CTYAHHUTE
U IITO ME BKJIYYH BO NMPEAW3BUKYBAYKHOT MPOeKT Xuapodieke, kaje MTO ro TECTHUPaB U
HAATPaJMB MOETO 3HACHE OJ 00JacTa HA XUIAPAYIHMYHUTE TYpOOMAIIMHU U HUBHUOT JU3ajH.
Hcro Taka, moceOHa OJIaroJapHOCT 10 CUTE WICHOBH Ha MPOEKTOT 32 HUBHATA OTBOPEHOCT 32
KOMYHHUKaIfja 3a pa3MeHa Ha wjaew. Moja Hajaimaboka OJIaroJapHOCT 10 TPHjaTEINTE H
KOJIETUTE, KaJie 0€3 HUBHOTO APYyKeHke, pa3doupame, MOTHBaIM]ja U 0XpadpyBauku 300pOBU HE
O MO>KeJI 1a TO M30/1aM OBOj TaT 70 Kpaj.

OBaa JOKTOpCKa mucepTalja € pealu3upaHa BO paMKHTE Ha MPOeKTOT Xuapodiexc
(HydroFlex) koj e ¢punancupan oj mporpamara 3a HCTpaXyBame U HHOBAaIMU Ha EBporckarta
yauja Xopu3oHT 2020 criopen J0roBOPOT 3a rpaHT op. 764011.
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,,Hayuu ru npaBuiiata kako npogecuoHaell, a MpeKpIIv r'm Kako yMETHHUK
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BoBen

XuapoeHeprujata ce cMeTa Kako OOHOBJIHMB M3BOp HA €HEpPruja Mopaju CBOjaTa HEHUCIPITHOCT,
OJHOCHO IOpajy ToOa IITO BOJHATAa Maca ydyecTByBa BO XHUAPOLUKIYcOT Ha 3emjara. llpen
KOMepIfjajiHaTa eJIeKTpUYHa €Hepruja Jla cTaHe MIMPOKO JOCTalHa, Heprujara Ha BojaTa ce
KOpHUCTeJla 32 HAaBOJIHYBakE U IOI'OH HAa pa3HU MAIllMHU, KAKO BOJCHULIM, MAIIMHU BO TEKCTUJIHATA
WHAYCTpHja, TWIAHU, TUTAITKH U cl1. Of moyeTokoT Ha 20™°" Bek, TEPMHHOT XUAPOCHEPrHja ce
KOPUCTH HAjYeCTO BO CII0j CO MOAEPHHUOT Pa3B0Oj HAa XUAPOEIEKTPUYHATA EHEPrHja.

XuapoeHeprujata € coJip>kaHa BO peYHUTE TEKOBH, Op3UTE CIMBOBH, KpajOpekHaTa MPOMEHa Ha
HUBOTO Ha MOpHUHaTa MpeKy e(eKTuTe Ha IUIMMa U OCeKa U MOpPCKUTE OpaHOBU. BKymHHOT
MOTEHIM]aJl Ha BOJAHUTE TEKOBH BO CBETOT ce olieHyBa Ha 4,5 [TW]. Okony exHa 4eTBpTHHA O
OBOj MOTEHLMjaJl MOXe J]a C€ UCKOPUCTH 32 MPOM3BOJCTBO Ha €JIeKTpUyHa eHepruja. Bo 1975™
roguHa, camo 15% oa 0BOj MOTEHHMjay OWMJI MCKOPUCTEH 3a MPOU3BOJCTBO HAa EJICKTPUYHA
eHepruja. Tpu YETBPTHHU O]l HMCKOPUCTIMBUOT XHJPOEHEPreTCKU MOTEHIMjall ce Haolfa BO
HEpa3BUEHUTE 3eMjU WIM 3€MJUTE BO pa3Boj, kako mTo ce Adpuka u Jlatuncka AMepuka, Kazie
IITO € UCKOPUCTEH caMo co 6%. [IpyraTa 4eTBpTHHA OJ1 OBaa €HEpruja ce Haola BO pa3BUEHUTE
3eMjH KaJie IITO € UCKOPUCTEH co 35%.

Eneprujata Ha BOJHUTE TEKOBU C€ UCKOPUCTYBA BO XuaponeHTpanure. [locrojaT moeke BupoBU
Ha XUAPOLEHTPAIIU, U TOA:

e [IpoTouyHM XUIPOLIEHTPAIH

e AKyMyJallMUOHU XUIPOLEHTPAIH

e [lymmHO — akyMyJanuoHH (peBep3UOMIHN) XUAPOLIEHTpAIN
e Manu XuapoueHTpanu

HckopucTyBameT0 Ha BOJHUOT TOTEHIMjal 3a MPOU3BOJCTBO Ha EIEKTPHUYHA EHEpruja
CKOHOMCKH € KOHKYPCHTCH CO IMPOU3BOJACTBOTO Ha CICKTPpHUYHA O[] q)OCI/IJ'IHI/ITe U HYKJICApHUTC
ropHuBa, Ma 3aToa XUIApOEHeprujaTa MpeTCTaByBa Haj3HA4YaeH OOHOBIWB M3BOp Ha €HEpruja Ha
3emjara.

XuapoeHeprujata WiIM €HEprujara Ha BOJHUTE TEKOBH, NMPETCTAaByBa HAJrOJEMHOT OOHOBIUB
M3BOp HA €Hepruja BO CBETOT, MOKPUBAjKU OKOIy 62% O]l CBETCKOTO IPOM3BOACTBO Ha
€JIEKTpUYHA €Hepruja ol OOHOBIMBU HU3BOPH, CIOPEIEHO CO BeTepHaTa eHepruja koja 21% u
coHueBara (oTOHANOHCKa eHepruja co 7%. Octanature 10% ce o ocTaHATH HEKOHBELIMOHAIHU
M3BOPH Ha €Hepruja. XuApoeHeprujara NMpeTcTaByBa €BTUH M OAPXKIIMB H3BOP Ha €HEpruja.
OnmTo € Mmo3HAaTO JeKa XHuJIpoeHeprujara oOe3deqyBa TrojleMH MOXHOCTH BO TIOTJIEA Ha
eJIEKTpUYHATa Mpeka, Kako IITO ce€ CKJIaJupamke Ha €eHeprujara Kaj aKyMYyJIallUCKHUTE
XUIPOLICHTPAIIH, CIIEeCHE Ha IPOMEHIMBUTE ONTOBAapyBamha Ha MpekaTa U CUCTEMCKa HHepIHja.
[Tpu moTpeda Ha 3rosiemeHa (haeKCHOUITHOCT BO MPOU3BOJICTBOTO, KAKO IITO € OP30TO BKIYIyBaHkhE
BO Mpeka, XHUJIpPOEHeprujara ce KapaKTepu3upa CO MHOTY KpaTOK BPEMEHCKHM NepuoJ] Ha
OCTBAapyBH-€ Ha BaKBO IPOM3BOJCTBO, KaKO M ja OJECHyBa MHTErpaiujata BO MpekaTa Ha
HaM3MEHUYHO IPOU3BOJICTBO HAa BETEP M COHYEBA EHEpPruja, MpeKy CHocoOHOcTa Ja BPIIH
Oamancupame. KiydHara kapakTepuCTHKa Ha XHUIAPOCHEpPrjaTa € Hej3MHaTa JIOJITOBEYHOCT.
XuapoueHTpanuTe MoxkaT 1a padorar Bpemercku 100 nma qgypu u moBeke rofiMHHU, BO criopeada co
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JPYTUTE TEXHUKU HA KOHBEP3Hja Ha OOHOBIIMBY M3BOPH KOH CE MIPOIICHYBaar ja padotar oj 20 110
30 roaguHu.

ITpon3BOACTBOTO Ha €lEKTpUYHA €Hepruja Bo EBpoma on OOHOBIMBHM HM3BOpU CE OYEKyBa Ja
¢nykrynpa. OGHOBIMBHUTE U3BOPU Ha €HEpruja KOM ce JeHecka TpeH ]l Bo EBpomna, ce coHueBara
U BeTE€pHATa €HEepruja, Kou CaMUTe 1o cede nMaaT HeCTaOWIIEH KapakTep, U 3aBUCAT BOIVIABHO OJ1
BpeMeHckuTe ycnoBu [1]. Ox Taa mpuumHa morpebara 3a OanaHCHpame Ke ce 3TOJIEMH.
banancupamwero 3HauM (UEKCMOMIHOCT, a KAaKo M3BOp Ha €HEpruja Toa IO IMOCTUTHYBAT
XUIPOLIEHTPAIUTE, LITO 3HAYM aKO Ce CIEAM OBOj TPEH[, THE Ke Jo0ujaT Ha MHOTY rojema
BaYKHOCT.

TepMHHOT (ICKCUOMIIHOCT BO IMUPOKA CMHCIA TO ONHINYBAa EAMHCTBCHHOT IMOTCHIHMjal 3a
OanmaHCUpame Ha IPOU3BOJCTBOTO U IOOapyBayKaTa, Co MPUIAroyBame Ha MPOU3BOJICTBOTO WU
nobapyBadkara Ha €JEKTpHYHA €HEepruja, CEKOraml Kora MMa OTCTallyBame Off BOOOWYaeHaTa
KonuuMHa BO cucteMoT. OBaa HEpaMHOTEXa MOTEKHYBa OJI pPAa3IMYHU €IEMEHTH Ha
€JIEKTPOCHEPTETCKUOT CUCTEM M TIOCTaBYBaaT pa3IMuHU Oapama 3a U3BOPOT Ha (PIICKCUOMITHOCT.

Bo EBpoma, XuIpoeHepreTckHuoT CEKTOp HMa 3rojieMeHa morpeda oj (IeKCUOMIHOCT BO
NPOM3BOJICTBOTO HA EJICKTPUYHA €HEepruja, a co Toa U (PIEKCHOMIHOCT BO CBOjaTa padoTa.
[Mpakcara mokaxyBa JeKa XHAPAYJUYHUTC TYpOUHHM BO XHUJIPOICHTPAIUTE, CE IOBEKE Cce
yIpaByBaHU Ja paboTaT HAABOpP OJ HHUBHOTO mpoekTHo moxpadje (off-design operational
conditions) ce moBeke BpeMe BO TEKOT Ha roauHata [2]. Criopen Xuaposiorujara ¥ TePEHCKUTE
YCJIOBU KaJie Ce TpajaT XHIpPOLEHTpalHuTe, Hajyecta € ynorpedata Ha PpaHuuc TypOHHUTE.
KonBeHIMOHAIHATA IPAKTHKA JeDUHUPA J1a TU3aJHOT Ha OBUE MAIIMHU € 0100eH 3a paboTa mpu
KOHCTaHTEH CHHXPOH Opoj Ha BPTEXH, 3a MOTPeOUTE Ha TOOMBAE HA EICKTPUYHA CHEPrHja BO
reaepaTopor. Bo BakoB ciydaj, paOOTHUTE yCIIOBU c€ NeUHUPAHU CO PACIIONONKHBUOT IMAJ U
NPOTOK HU3 TYpOMHATA, ITO JJOBEIyBa 10 HeeprKacHa paboTa, XuapayuiHu 3aryou utH. Co Toa,
KOHBEHIMOHATHUTe @DpaHIUC TYpOMHM MPETCTaByBaaT EAMHEYHO pEryJallMOHU CUHXPOHHU
MalllHH, CO KOHCTaTeH Opoj Ha BPTEXKH, CAMHCTBEHA T€OMETPHja CO KOHCTAHTEH OpOj U THI Ha
JIONATKH, KaJie peryjanujara Ha MOKHOCTa Ce€ BPIIH MPEKY CHPOBOJHUOT amapaT MpeKy HEroBO
OTBOpAmE 1 3aTBOPamE, CO IITO CE MEHYBa MPOTOKOT HU3 TypOMHATA IPH pa3JInyeH Na/.

Ceto oBa mro ja nepuHMpa jgeHemHata @paHmuMc TypOWHA, BCYIIHOCT IPETCTaByBa
OTpaHUYYBakE Ha HEJ3UHOT KapaKTep KaKo CHepreTcka MallnHa, 0COOCHO KOHCTAHTHUOT CHHXPOH
Opoj Ha BpTexxku. OBa JJ0BEJIO 10 pa3Boj Ha UjIejaTa Ja OBUE MAIIIMHU CE YIIPaByBaaT CO IPOMEHIINUB
Opoj Ha BPTEXH, CO IITO OM MPEeTCTaByBajie TYPOMHHU CO IBOjHA PETYIIAIHja — IO TIPOTOK U 10 Opoj
Ha BpTexku. Ce TOKaXKyBa JieKa CO MPOMEHA T.e. KOpeKIrja Ha OpojoT Ha BPTEXKH, MOXKE Jla Ce
mo100pu eUKacCHOCTa Ha XHIPOJUHAMUYKHUTE MPOIECH Ha TpaHc(hopaMildja HA eHeprujaTa BO
TypOuHHUTE, a cO Toa M edpUKacHOCTa Ha camaTa TypOWHA, JOBEAYBajKW 10 MOEPUKACHO
MIPOM3BOJICTBO HA €JIEKTPUYHA €HEPIHja. 3TOJIEMEHOTO KOPUCTEHHE HAa BETPOT€HEPATOPUTE JIOBEIIO
710 pa3BOj Ha TeHEpPaTopu KOU MOXAT Jla padoTaT cO MPOMEHIUB OpOj HAa BPTEKH, KOPUCTE]KH
cTatnuku nHBepTepu. [loTeHIMjaIHaTa aTUTHKAITHja Ha OBaa TEXHUKA HAa XUPAYIMYHUTE TYpOUHU
J0Bea JI0 3TOJIEMEHO BHHMMAaHHE Kaj CHEPreTHYapuTe Ha Hajpa3IndHH CHMIIO3UYMH H CE
UCTPaXKyBa BO YHUBEP3UTETUTE HU3 CBETOT.



XugpoauHaMHUKaTa KOPUCT MpHU paboTa co MPOMEHJIMB Opoj Ha BPTEXH Ha TypOHMHATA, Kaj
TypOMHHU KO paboTar co MPOMEHJIUBH TaJ0BH, JOBIYBa O MOXKHOCT JIa C€ MHCTAJIMpPA ITOMA
reHepaTop Koj ke paboTu co MpoMEeHIHUB Opoj Ha BpTexH. TypOuHaTa ke JaBa momMaia H3Je3Ha
MOKHOCT TIOpaJ iy IPOMEHJIMBHOT OpOj Ha BPTEKH U ce 100MBa 3rojieMeHa (hIeKCHOMITHOCT Ja ce
KOPHCTH MAJIOT BO PAHTOT Ha Herosara aeHuBenanyja [3]. Ce ouekyBa U IPEOTHUTE PEIKIUMH, KAKO
M HECaKaHWTE TI0jaBM Ha XWApAayJIH4YeH ynap, a ce W30erHaT Wil HamajaT, IITO MOXe Ja
pe3yaTHpa co HaMalyBame Ha rabapuTOT Ha LENOKYIHATa XUAPOMAIIMHCKA OIpeMa, a Co Toa Ja
ce no0ue MoNCIUIATINBA ONIPEMa, KaKo 3a N3BeA0a, TaKa U 3a OJIPIKyBambe.

Kopucra o npoMeHanBuoT O6poj Ha BPTEXH Kaj TYpOUHUTE 3aBUCH O]l paOOTHUTE YCJIOBU Ha
LIEHTpaslaTa, Kajae Tpeba J1a ce HampaBaT aHaIW3M Ha (PU3MOMIIHOCTA 32 KOPUCTEH-E¢ Ha OBaa
TeXHUKa W Ja ce neduHupaar pabOTHHM clieHapuja. BoriiaBHO, TEXHWYKH MOA00pyBama Ha
TypOMHHUTE CO MPOMEHJIUB OpPOj HA BPTEXKHU CE 0UYEKyBa BO HACOKA Ha:

e [lopoGpyBame Ha nepdopmMaHcuTe HAIBOP OJ1 MPOEKTHATa pabOTHA 30HA, TPU IPOMEHA Ha
najoT

e [lonoOpyBame Ha mnephopMaHCUTE NPU MCKOPUCTYBAaWkE HA MPOTOLM HAABOP O
IPOEKTHAaTa 30HAa, & CO TOA 3TOJEMyBame HAa HCKOPUCTIMBHOT PAaHT HAa IPOTOLHU 3a
MIPOM3BOJICTBO Ha €HEpruja

Cn.1 Tlpumep Ha ympaByBamETO 3a MOI00pYyBamke HAa e(PUKacCHOCTA TIPH
HIpOMEHJIMB Opoj Ha BpTexkH [4]



1. Konument Ha mnpomeHsiuB OpoOj Ha BpPTEXKHM H Iperjes Ha
peIeBAaHTHHM UCTPAXKYBaKka 011 00J1acTa

JlebvHupameTo Ha MOTEHIMjaJlHaTa KOPUCHOCT Ha paboTara cO MPOMEHJIMB OpOj Ha BPTEKH,
3aBUCH OJ1 KBAHTHTAaTUBHOTO aHAJM3Mpame Ha mo1o0pyBamaTa Ha TypouHaTa [3]. Bo ananusure
ua Sheldon [3] 3a 3 ®pannuc TypOouHM cO pa3audHu crenuGuIHE OPOEBU HA BPTEXKH Ng = 24.5 —
447 —56.1 noOuBa 3rojeMyBame Ha MPOU3BEACHATA CHEPrHja pPEIaTHBHO BO OJHOC Ha
MCKOpHCTEHAaTa BOJIa, CO IIaBHA I1eJl J1a Ce MaKCUMH3Upa euKacHocTa Ha paborata. Cekako, OBHE
pe3yaTaTh ce Bp3aHU 3a TUNOT Ha DpaHIuC TypOUHU KOU Ce UCITUTAHU, U CE OYSKYBa Ja APYT TUIT
Ha pabOTHO KOJIO Jla He ce onxHecyBa ucto. Bo anamusute Ha Alexander [3], cnporuBHO on
MIPETXOTHO CIIOMEHATUTE aHAM3H, (POKYCOT € KaKO CO MPOMEHJIMB Opoj Ha BPTEKHU J1a ce Jo0ue
MpOIIMpyBake Ha pabOTHATa KapaKTEPHCTHKA, HACIPOTH TOA J1a C€ MOCTUTHE MaKCHMAalHa
epukacHoct. O oOBaa aHaiM3a Ce 3aKiydyBa JeKa Kaj TUIOBUTE Ha TypOMHH KOHM ce
KapaKTepU3UPaHU CO TIOTECHA paboTHA KapaKTePUCTUKA, KOPUCTEJKH ja TEXHUKATA HA IPOMEHIIUB
Opoj Ha BPTEXKHU, MOXKE Ja C€ OUYEKYBa MPOIINPYBambe Ha HUBHOTO pabOTHO Moapadyje.

Bo ananusute Ha C. Farell [3], kaxe ce cyOnmumupanu u peTXOAHNUTE JBE CIOMEHATH aHAIH3H, CE
W3BEJICHH CHOCTABHM MaTEMaTHUK{ peJIallii BP3aHH CO IMPOMCHIUBUOT OpOj Ha BPTEKH.
Kopucrejku ja OjnepoBara paBeHka Ha TYpOOMAIIMHUTE, U3BEACH € TOSTHOCTABEH MATEMAaTUUKH
MOJIEJT 3a MPEIUKIFja Ha 3aBUCHOCTUTE TIOMETy IPOMEHJIMBHOT OpOj Ha BPTEXKH U MPOTOKOT HU3
TypOWHaTa, 332 KOHCTAaHTHA OTBOPEHOCT HA CPOBOJIHUOT arapar, MpeKy paBeHKaTa

Q =An+ i—n [m3/s] (1)

kane A u B mperctaByBaar KOehUIIMEHTH — KOHCTAaHTH 3a JajeHaTa TyOWHA MPU KOHCTaHTHA
OTBOPEHOCT Ha CIPOBOJIHUOT anapar MpH KOHCTAHTEH MaJl, U 1) € CTENICHOT Ha IMOJIE3HO JIejCTBO
(edukacHocTa) Ha TypOMHaTa. BOo T1aBHO, KapaKTEPUCTUKHUTE KOW TM MMa JTOOMEHO BO CBOUTE
aHalu3| ce AaneHu Ha ci.1.1 3a enen cnenuduuen 6poj (TUm) Ha TypOHUHA.
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Cn.1.1 IlpommpyBame Ha pabOTHOTO TO/pavje co MPOMEHINB Opoj Ha BpTexH [3]

ABTopuTe TBpAAT J€Ka pa3jIMYHUTE T€OMETPUU Ha KOJOTO U KapaKTEpPUCTUKHUTE Ha TypOuHaTa
MOJKaT /1a BIIMjaaT Ha neppopMaHCUTe KOra € BO Ipallame MIPOMEHIUB Opoj Ha BpTexH. Mcro Taka
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TBpAAT JIeKa TYpOWHHUTE CO MOBUCOKHU Crielu(UIHN Op3UHU (HUCKONPUTHUCHU TypOMHH) MUMalie
HajTOJIEMO MOJ00pyBamke Ha TIep(HOPMAHCHUTE U TIOKAXKAJIE HAjTI00pO HCKOPHUCTYBAE HA POTOKOT
CO 3roJIeMyBambe Ha OpOjOT Ha BPTEXKH.

Tomax [5] ja u3BemyBa UcTaTa 3aBUCHOCT, HAPEKYBAjKHU ja CTOCOOHOCT 3a peryJaiuja Ha IPOTOK
Kaj paaujanHo-akcujanHu (Ppanuuc) TypOuHH, 1aBajku 3aBUCHOCTH Ha Koedunuenture A u B ox
KOM TE€OMETPHCKH IapaMeTpd Ha KOJIOTO JUPEKTHO 3aBUCAT, CBEAYBajKM TM HA EJUHEYHU
napaMeTpu MPOTOKOT U OpojoT Ha BpTexu (@1 M Nqq. McTO Taka aBTOPOT ce 3aHMUMaBa U CO
OOJIMKOT Ha CTPYEHETO BO OE3JI0MAaTUYHUOT IPOCTOP NMOMEry CIIPOBOJHUOT anapar u paboTHOTO
KOJIO, KOj TO JeHHUpa KaKo MOTEHIMjaTHU CTPYEHE HIIH XEIHKOUIAIHO CTPYEHE, BO 3aBHCHOCT
OJ1 MEPHUINjaHCKHOT MpeCceK Ha TypOuHara.

KpuBuenko [6] ru nma npeTcTaBeHO Ha MOCJHOCTABEH HAUYMH CPEJHUTE BPEAHOCTH HA BEKTOPHUTE
Ha Op3MHUTE HUBHUTE PeJallii KaKo TPUAroJHULM Ha Op3MHU Ha BJ€3 BO pPaOOTHOTO KOJIO U Ha
u3Je3 0/ CIPOBOJAHMUOT amapaT, Kako U JAe(UHUPAHETO Ha YCIOBUTE Ha Oe3yJapHO CTpyeHme Ha
BJI€3 BO PaOOTHOTO KOJIO, TPU KOHCTAHTEH IIPOTOK U MPOMEHIIUB OpOj Ha BPTEXKH.

Bapmnut Bo cBojata kuura [7] naBa ynpocten u3pa3 Ha OjiepoBaTta paBeHKa Ha TypOOMAIIHHUTE,
Kajie To 3eMa yNpOCTYBamETO JIeKa 3aJ KOJOTO HEMa I10jaBa Ha MOBpaTeH BpIOr (paboTa BO
30HaTa HAa MaKCUMaliHa e(pUKACHOCT), M OTTyKa I'0 U3BelyBa NOTPEOHUOT aroj Ha M3JIE3HHOT pad
Ha JIONATKUTE 3a JjaJicHaTa pa0oTHA TOYKa OJl MHTEPEC, 3aBUCHA OJ] T[0T, IPOTOKOT U OpOjoOT Ha
BpTeXHu. McTo Taka gaBa OCBPT KOH HAYMHOT Ha NMPOQMINPAEE HA CIIPOBOAHUTE JIONATKH IPU
nepUHUpaHUTE ariii Ha TPUATOJIHUIUTE Ha OP3HHU.

Astopute Anzapee [8] u Kosanes [9] naBaat ocBpT KOH camaTa KOHCTPYKIMja Ha CIIPOBOJICH
amaparT OJf MeXaHWYKa TJeJlHa TOYKa, KaKo U OJf €HEepPreTCKH Kapakrep, NedUHUpPAJKUu TU
BJIMjaHHjaTa Ha OOJIMKOT Ha JIOTIATKUTE BP3 MPOTOYHOCTA, HO U Bp3 eUKacHOCTa Ha TypOUHAaTA.
Hcro Taka Tyka ce nepuHUpaHH U MPETOPAUTUBUTE FT€OMETPUCKU KOHCTPYKTUBHU KOSPUITUEHTH
3a M3ajH Ha CIIPOBOJIHUOT arapar.

Wilhelmi J.R. [10] Bpmm naGoparopucku HCTpakyBama Ha NyMIHAa TypOMHA W HEj3MHATa
KapaKTEepUCTHKa CO TPOMEHIWB Opoj Ha BPTEXKH, BO HACOKAa Ha ONTUMAIHO YIpaByBambe.
Heckelsmueller [11] Bpim ananu3u 3a amukanujara Ha @paHIyc TypOMHU CO IPOMEHIIUB OPO]
Ha BPTEXKH, KOPUCTEJKH TIOAATOIU OJ] MOJCICKH HCIUTYBamba M aHAIU3UPAjKU TO OJHOCOT Ha
OeHeduTOT TOOMEH O/ MOTPEOHHUOT MPOTOK U MOKHOCTA, CO IPOMEHIIMB Opoj Ha BpTexu. Borghetti
[12] on mpyra crpana mak ce 3aHMMaBa CO MPOMEHJIMBUOT OpOj HAa BPTEXKHU Kaj TypOMHUTE BO
MaJlUTe XHIPOLEHTPAIH, Pa3BHBAjKU YIpaByBayKH OJIOK MOJAEIH 3a NMpaTelke Ha TOYKaTa Ha
HajBUCOKA ePUKACHOCT CIIOPE. AHjarpaMoT Ha TypOuHarta. Bortoni [13] ce 3anumaBa co onmmTHoT
O6eHeuT o1 MpoMeHIMB OpOj Ha BPTEXXU HAa TypOMHHUTE, HCIUTYBAjKU T BO JabopaTopuja, Mpu
YCJIOBM Ha MPOMEHIIMBY TMaJI0BH, KOja € KOPHCTa Ha OBaa TeXHHWKa. VIcTo Taka laBa OCBPT KOH
TPUATOJHHUIIUTE HAa OP3MHHU Ha BIIe3 BO PaOOTHOTO KOJIO KOH C€ TI0jaByBaaT MpH MPOMEHIIUB OpOj
Ha BpTeKH, npecMeTkoBHO. Abubakirov [14] anamusupa paboTHH aujarpamu Ha TypOWHA, O
CHHXPOH BO IIPOMEHJIMB OpOj Ha BPTEXKHU U MpeJiara ajJropuram 3a yrpaByBame Ha TypOHHATA.

HcTpaxkyBamara BO IOHOBO BpEME KOU C€ BP3aHH CO OBaa MpoOJeMaTHKa, TJIABHO C€ JBHXKAT BO
HACOKa Ha aHaim3a Ha pabOTHOTO KOJO Ha TypOWHATa M IIEJIOKYITHATa KapaKTepHCTHKa Ha



TypOMHaTa, HE IIe[ajK1 I'M CTPyjHUTE e(PEeKTH NpeAN3BUKAHM O] CIIPOBOJAHUOT arnapar Ha caMoTO
KOJIO M HETOBOTO BJIMjaHWE Ha OMIITaTa KapakrepucTuka. Ox apyra cTpaHa mak, ce BIOXKyBaat
HaropH 3a MHTErpaluja ¥ aBTOMaTu3allija Ha COBPEMEHUTE CO(PTBEPCKH ANaTKU 32 HyMEPUUKH
CUMYJIalMd ¥ KOMI[JyTePCKH MaHUMyJanmud 3a e(QeKTHBHO M e(UKACHO MOJeIHpame W
ONTUMHpAke Ha CTPYJHUTE €JIEMEHTH Ha TypOMHHMTE, BO HACOKa Ha HUBHO MOJOOpyBame Ha
nephopMaHCUTE, 3roJIeMyBamke Ha paOOTHHOT BEK, /IM3ajH HAa TYpOMHHU 3a MPOMEHJIUB OpOj HA
BPTEXH KaKO U 3a rosieM Opoj Ha CTapT/CTON JUHAMUYKH ONTOBapyBama HA CAMUTE MAaIIUHU, KOU
JIEHECKa €HEPTeTCKUOT CEKTOP T 0apa, 3a 3rojieMyBame Ha (JICKCUOMITHOCTA MPU TTPOU3BOACTBO
Ha ejekTpu4yHa eHepruja. CeTo oBa ce mpaBu co Len aa ce pobue “state-of-the-art” ompema 3a
HaMeHaTa Koja € aepuHupana. CieleH 4eKop ce MOJEJICKMTE HMCIUTYBalkha Ha KOMILJYTEPCKU
ONTUMHpAHATa ONpemMa, 3a YBHJl BO KapaKTEPUCTHKHUTE U MephopMaHCUTE KOM Taa OIpeMa I'
naBa. Bo Taa Hacoka, ce mppeMHHYBa KOH T.H. TapaMeTapcko AepUHUpame Ha reoMeTprjaTa Ha
CTPYJHUTE €JEeMEHTH 3a Op3a MaHUIyJlalyja Ha FeoMeTpHjaTa U Kpeupame Ha Hajpa3IuyHU
TIM32jHA BO KOMITjyTEPCKHOT MPOCTOP ¥ HUBHA €Ballyalldja MPEeKy HyMEPUYKH CHMYJIAIUH, KaKO
CTpYjHH, TaKa U JaKOCTHH.

Sundfor [15] Bo cBojaTa Te3a ce 6aBu co MPOOEH TM3ajH HA BUCOKOMIPUTUCHO DpaHIuc TypOUHCKO
KOJIO Koe Ou paboTenio co mpoMmeHuB Opoj Ha Bprexwu. Mcto Taka, Nordvik [16] Bo cBojata Te3a
Ce 3aHMMaBa CO HyMEPUYKHU CUMYJAIlMU Ha ocToeuko dpaHIuc Koo u JeuHNpamke Ha maTeKkara
Ha paboTa co MPOMEHJIMB Opoj Ha BPTEXKH, TOOMEHA CO CHUMYJAIlUU U CIOpPEeHA CO MOJEIICKH
tectoBu. Mimen [17] Bo cBojaTa IOKTOpCKa JucepTalMja c€ 3aHMMaBa CO ONTHMHU3allMja Ha
reOMETPUCKH MapaMeTpU3paHo padOTHO KOJIO Ha BUCOKOINpHUTHCHA PpaHuuc TypOuHa Koe Ou
MMaJo MPOMEHIUB Opoj Ha BPTEXHU, KOpUCTEjkU T.H. CyporaT MOJAeTUpame — TEXHUKA MPU Koja
HCXOJIOT O] PE3YJITATOT HE MOXKE JMPEKTHO J1a C€ KBaHTU(DUIIMPA, TYKY 00paTHO, O] TOOHMEHUTE
pe3yaTaru (UCX0/I0T), 1a ce Aajie peuieHue. Tengs [18] uma npupoHec BO Kpeupame KOMITjyTepcKa
IM3ajHepCKa ajlaTka 3a 1obuBame Ha OpaHIuC TypOWHA CO IPOMEHIIUB OpOj HA BPTEKH, KAaKO OJ1
TJIeJIHa TOYKa Ha CTPYEH-E, Taka U 0/ JaKOCHA TJIeHA TOUKA.

On noceramHUTe HCTPaXyBama BO 00J1acTa, CO OCBPT Ha CHPOBOJHHOT amapaT ¥ HETOBHUTE
BJIMjaHHja KaKo Ja ja moao0par KapakTepucTUKaTa Ha TypOMHaTa HalBOp O pabOTHATa TOYKa,
3HaYaeH mnpuaoHec uMa naaaeHo B.J.Lewis [19], koj BO CBOETO HCTpakyBame aHAIU3Upa
UCHYIITAakEe HA BOACH MJIa3 JIOTIOJIHUTENIEH OJ1 M3JIE3HUOT pad Ha CIIPOBOTHUTE JIOTIATKU CO LI
KOpEeKIlMja Ha BPTJIOTOT M WHTCH3UTETOT KOj € KpewpaH oj pemierkara. Kopekmujarta Ha
MHTEH3UTETOT Ha BUOPOT IpeJ] pabOTHOTO KOJIO TH Mo100pyBa nepdopmMaHcuTe Ha TypOuHaTa BO
Ipyro paboTHO Mojpayje.

Baxken mpugoHec BO aHaJIM3HTE 3a CIPOBOAHMOT amapaT mma maaeHo S. Chitrakar [20]. Bo
MOTECHA CMHUCIIA, aHAJTM3UTE TH BOJM Ha BJIMjaHHETO HA 3a30PHUTE HA JIOMIATKUTE Ha CIIPOBOJIHUOT
amapar W TPCTEHHWTE, KOW C€ jaByBaaT IOpaad CEAWMEHTH BO BOJHWTE, KaKO THE BjHjaaT Ha
OIIITHOT MPOGHIT Ha OP3UHU O] CIIPOBOJAHUOT arapat nmpeMa paboTHOTO KOJIO M KaKo BIIHjaaT Ha
eukacHOCTa. AHaNIM3UTE TW MpPaBH CO IOMOII HAa HYMEPUYKH CHMYJIallMHd, Kako M CO
nabopaTopucku ekcriepumeHT. Thapa [21] ce 3aHrMMaBa co onTUMH3aIMja Ha U3Be10a HAa CErMEHT
OJ1 KPY’>KHa pelIeTKa — CIPOBOJICH arapar 3a Ja0opaTOPHCKU UCTPaKyBarba, aHATM3UPAjKU TO
KOpPETHPajKi TO BJIE3HOTO CTPYeH¢ BO pElIeTKaTra, Kako W PacmopeoT Ha Op3WHH KOj ce
nocTurayBa. Bo cinwuna oGnact Ha oBHe JBa aBropa, npumoHec masaatr u Chen [22] 3a
MEXaHM3MOT Ha CeIMMEHTAIINja U KPEUparbe Ha 3a30pH, KaKO M JUCOATaHCOT Ha MPUTUCOIMTE HA



nonarkute, 1 Kumar [23] Bo Bpcka co BiMjaHHjaTa Ha 3a30pHUTE Kaj CIPOBOJHUTE JIOMATKH Ha
rojaBara Ha BPTJIIOKHHU cTpyema. Celebioglu [25] ce 3anmmaBa co omira 1u3ajH Mpoleaypa Ha
CIIPOBOJICH amapaT, TECTUPAjKU pPa3IMYHM JIONMATKM HYMEPUYKH M Kako BIHMjaaT OMINTO Ha
MEXaHMYKHTE KapaKTepUCTUKU Ha amapatoT. Zhang [26] ru uma aHanmu3upaHo edekThre of
JBOpPEIHA PEIIeTKa — IBOPENICH CIIPOBOCH arapaT Bp3 HaMalyBame Ha BPTIOKHUTE CTPYEHa BO
mudycopor Ha Typounata. Devals [27] ce 3anumaBa co omninrara ONTUMHU3aIKja Ha [EJTOKYTHUOT
IUCTPUOYTHUBEH CHUCTEM — CIIMpaja, CTaTOp W CIIPOBOJCH amapar Ha TypOWHara, cO MHOTY Majl
OCBPT KOH CIIPOBOJTHUTE JIOMATKH.

On ropeHaBeICHUTE PEIEBAaHTHHU UCTPAXKYBamba, MOXKeE /1a C€ CyMHpa JeKa aHAIN3UTE IVIABHO 0/1aT
BO HacCOKa Ha OMIITHOT e(eKT Ha TypOHHaTa Koja 61 paboTena co MPOMEHIUB Opoj Ha BPTEXKHU.
I[Toroa, kako ce ogHEeCyBa PaOOTHOTO KOJIO M €BEHTYATHO KAaKO J1a ce MOA00pH aKo € IpeBUaAeHa
paboTa co nmpoMeHJIUB OpOj Ha BPTEXKH, KAKO U OMILUTOTO YIIPaByBamke HA TYPOMHUTE HAMEHETH J1a
paboraT Ha OBOj HauMH. Bo Bpcka €O CHPOBOJAHUTE JIOMATKH Ka] XUIAPAYJIMYHU TYypOUHH,
JIOCETAIIHUTE UCTPaKyBama Ce MOBEKEe BO HACOKA HA €BEHTYAIHU BIHjaHU]a U MPEAU3BUKAHU
aHOMAJIMM Ka] CHPOBOJHH JIONATKH M KAaKO THE BIIMjaaT Ha OIIITaTa KapaKTepHCTHUKA Ha
TypOMHaTa, KaKO M HEKOM OIILTH ITpaBUJjIa 3a JU3ajH Ha CIIPOBOJICH amapar.

Bo oBaa nmokTopcka auceprandja, HampaBeH € €lE€H HCUEKOp KOH aHalU3Upame Ha MOBEKe
napaMeTpu Ha CIPOBOAHMOT amapar. HampaBeHa e kKoxe3Wja HAa CaMHOT AWM3ajH HA JIONATKH,
JTUPEKTHO 3aBHCHU OJ1 CTPYJHHUTE YCIIOBH MOTPEOHM 32 paOOTHOTO KOJIO BO OmpezeseHa paboTHa
TOYKA, @ BOCTHO C€ AaHAIM3UPAHH OIIPECIICHN TeOMETPHUCKHU NTapaMeTPH OJ] CHPOBOJAHUOT anapar.
HcTo Taka, 3HauemeToO Ha paboTaTa co MPOMEHJIMB OpOj HA BPTEXHU € U3BEJCHO O] TJIe/IHa TOUKa
Ha KUHEMAaTHKa Ha CTPYEHETO Ha BJIE30T Ha paOOTHOTO KOJIO U KaKO TUPEKTHO BiIMjae Ha OOJIUKOT
Ha CIIPOBOJIHUTE JIONIATKH, CO LIeJ J]a Ce MPOILIMPpU pabOTHATa KapaKTepUCTUKA Ha TypOUHaTa.

[Toarajku ox MaTeMaTHYKOTO AeUHUpame HAa CTPYJHHUTE YCIOBH KOW BIIJeaT BO MPOCTOPOT
nomery CHpPOBOJHMOT amapaT U pabdOTHOTO KOJO, BO IJlaBa 2 C€ H3BEJIEHU MOTPEOHMTE
3aKOHUTOCTH KOM K€ C€ KOPHUCTAT 3a IOHATaMOIIHO JedUHHpamke Ha TeOMeTpHjaTta Ha
CTIPOBOAHMOT amapar. J{aeH e ¥ KpaToK OCBPT KOH 3aKOHHTOCTUTE KOM Ba)kaT MPHU MPOMEHIIUB
Opoj Ha BPTEKM Ha TypOMHATa, KaKO M IIITO CE OYEKYBa Jia ce Jo0ue.

Bo rmaBa 3 e paspaboreHa reomerpujara Ha CIPOBOAHUOT amapar, Koja € MapamMeTapcKu
neduHupana. LleT0KynHUOT npoliec 3a 100MBamke Ha Hajpa3IMYHHU JOIATKU Ha CIIPOBOJICH amapar,
BO 3aBHUCHOCT 0]l pabOoTHaTa TOYKa Ha TypOMHAaTa, UMIIEMEHTUPAaH BO MpPOrpaMCKHOT ja3HK
MATLAB, co nien 1o6uBame Ha Hajpa3TUYHU OOJIUIM HA JIOTIATKYA KOH C€ UCITUTaHH.

Bo rnaBa 4 HakpaTKo ce JaJeHU YCIOBUTE Ha aHAIU3UTE KOU KE€ ce BOJAT BO IOHATAMOIIHUTE
u3Jarama, KoM BEJIMUMHH C€ OJ] MHTEPEC 3a 0BA UCTPAXKYBambe, KAKO U OCBPT KOH CTaHAApJUTE 3a
eBallyallija Ha IapaMeTpuTe Ha TypOuHaTa.

Bo riaBa 5 ce moctaBeHH OCHOBHUTE HAa HYMEPUUKOTO MOJCTHPAE U CUMYJIAIIH, MATEMATUIKHTE
MOJIENIM KOM Ce KOPHCTCHH 3a ONHC Ha TypOYJIEHTHUTE CTpyema, Kako U Je(uHHpame Ha
pedepenTHHOT HyNTH MOJen, TypOunata ®@pannuc 99 [42], Hej3uHa HyMepUYKa eBalyaluja Ha
nepdopmaHcuTe U AeHHUpakE Ha HyMEepHUYKaTa Ipelika Koj MOCTaBeHHOT MoJiel ja naBa. OBaa



aHanu3a e norpeOHa 3a BepH(HKalMja Ha CAaMHOT MOJIEN KOj K€ ce KOPUCTH BO MOHATAMOLIHHUTE
aHaJIM3U Ha Hajpas3JIMYHU CIIPOBOJIHU JIOTIATKH.

Bo riaBa 6 ce n3BeeHH BiMjaHKjaTa HA OAPEICHU T€OMETPUCKU TTapaMeTPH Bp3 epUKacHOCTa Ha
TypObuHata. Mcnuranu ce BKynmnHO 37 MOJENIM Ha CIPOBOJHHU JIONATKU CO Hajpa3IvuyHU
KOH(UTYypaIu, co 1Ie] YBU BO Pa3IMKUTE KOU I'M AaBaat Ha e(pUKACHOCTA, a CO 1eJl [e(pUHUPAbE
Ha XUIpayJIMYKU TOBOJIHA JIOTIATKA.

Bo rmaBa 7 e TexuIITeTO Ha OBaa JuCepTalMja, OJHOCHO BIIMJaHHUETO HAa HEYHH(DOPMHO
npoduIMpany JIonaTKu Bp3 pabOTHOTO NoJipayje Ha TypOuHaTa pu NPOMEHIIUB OpOj Ha BPTEXKH.
dakToT Aeka TypOuWHATa MpU MpOMEHeT Opoj Ha BPTEKM MMa HOBAa pabOTHA TOYKa, T.€. HOBU
pabOTHHU yCIIOBH, Je(PUHUPAHU CE JONATKH HA CIIPOBOJEH anapar cO pa3HU arjiy IO BUCHHA Ha
JIONaTKaTa 3a COOMIUTYBAKkE HA CTpyjaTa KOH KOJOTO. AHAJIU3UTE 0JIaT BO HACOKa J1a C€ YBUIU
KaKO OJIpeJICHH CErMEHTH Oj JIollaTKaTa KOM MMaaT pa3jM4yHM arid Ha M3JIE3HHOT pald 3a
HACOYyBamke Ha CTPYEHETO, J1a 0 HAacoyaT MOBOJIHO KOra KOJIOTO OM MMalio mpoMeHeT Opoj Ha
BPTEXKU.

3aKIy9d0KOT OJIF BO HACOKA Ha eBaTyaldja Ha CUTe on)aTeHU YeKOPH, AcPUHUPAHUTE TapaMETPH,
MOKHOCTHTE 3a MOJ00pyBame U MoHataMmoIlrHa padora. [locebeH OocBpPT € naneH KOH riaBHaTa
uaeja 3a JAu3ajH Ha HEYHU(OPMHHU JIOMATKH, KaJe Ce JOHECyBa 3aKIy4dOK JeKa (PU3UUYKHUTE
KMHEMAaTCKH YCJIOBH KOM BIiaieaT BO Mery MPOCTOPOT Ha CHPOBOJAHUOT amapar ¥ KOJOTO MpHU
npoMeHa Ha OpOjoT Ha BPTEXH, MOXKE Jla C€ MOCTUTHAT CO JIOTIOJHUTEIHA ONTHMH3alMja Ha
reoMeTpHjaTa Ha JIONATKUTE, Oujejku eeKTUTe ce BUAMBYU Ka] aHAJTU3UPAHUTE MOJIETH, IOBEKe
BO HAaCOKa Ha MOJ00pYyBamke Ha CTPYjHATA CIMKA Ha BJIE3 BO KOJIOTO, IPOCIIEIEHO CO Onarame Ha
edpuKacHOCTa BO ONTHManHaTa paboOTHA TOYKa, a 3rojeMyBamkbe Ha eQuKacHOCTa Ha
HCKOPCUTYBA-E HAZBOP O Hea.
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2. MateMaTH4KH MOJeJIM HA CTPYEHETO Kaj CIPOBOHUOT aNapaTt u
PadoOTHOTO KOJIO HA TYPOUHUTE

2.1. Crpyeme KpeMpaHO O] CTAIMOHAPHA KpPY:KHA pelieTKa (CIPOBOEH
amapar)

3aKITydOKOT M3BEACH OJ1 MPETXOJHUTE aHAIM3U MOKaXyBa Jeka (uiynaHaTa CTpyja TPajHO ce
negopmupa 1 MEHyBa HaCOKa Ha JIBH)KEH-E, KOTa Ce ONCTPYjyBa KpyKHa pelieTka, 1 uma oO0JIHMK
Ha KPYKHO BHOpPHO JBHXewe. [Ipu pabora Ha TypOuHaTa, MPOTOKOT HU3 TypOMHATa, Kako U
CaMHMOT OOJIMK Ha CTpyelme Ha Bie3 BO pabOTHOTO KOJIO Ha TypOMHATa € YIpaByBaHO O]
CIIPOBOJHHOT arapar, KaJie BO 3aBUCHOCT OJ1 MO3UIIMjaTa Ha JIOMIATKUTE BO CIPOBOJHHOT arapar,
BPTEKHHOT MOMEHT Ha pabOTHOTO KoJI10 Bapupa. CTpyemeTo Koe ce 1001Ba BO MEI'yIIpOCTOPOT Ha
CIIPOBOJTHUOT amapaT M pabOTHOTO KoJio (Oe3/70MmaThuueH MPOCTOpP) MOXKE Ja C€ OIHIIE CO
paBeHKaTa 3a cTpyeme Ha uneanet ¢uyun Bo Jlam6-I'pomexo Bekropcku ook [5][7]:

v -
= FOxV =-V(gH) (21)

. — —_— — —>
kage mto H mpercraByBa crienuduvHa eHepruja Ha Giayunor, V = (VZ, V., Vu) € arcOJyTHHOT

— —
BEKTOp Ha Op3MHATa CO CBOMTE MPOEKIMHU BO IMJIMHAPHYEH KOOPAMHATEH cucTeM, U (L = rotV
IPETCTaByBa BEKTOpP Ha BPTEXKOT HAa CTpyjaTa KOM MMa CBOM MPOCKIUH BO LMIMHIPUYECH
KOOPJMHATEH CUCTEM H C€ U3pa3yBaaT Kako:

A
Q, = v, _%
" do 0z
dv, OJv,
O = —— 4 — 2.2
. > T 50 (2.2)
dv, 0dv,
== 9z | or

Cn.2.1 AnconyTeH BEKTOp Ha CTPYEHETO BO IMIMHAPUYCH
KOOPJIMHATEH CUCTEM BO 0€37I0HaTHYHUOT IPOCTOP

EKCHepI/IMCHTaﬂHI/I CTyAuun HMaar IIOKaKaHO JCKa BO 0C3JI0MAaTHYHUOT mpocTop HOMny
CIIPOBOAHUOT amapar nu pa6OTHOTO KOJIO, CTPYCHETO MOXKE Ja C€ aHaAJIM3Upa KaKO CTAllMOHAPHO
OCHOCHUMCTPUYHO. 36Ma_]‘I’CI/I npeaBu rmpu CTaiuOHAPHO OCHOCUMCETPUYIHO CTPYCH:EC, eHeerjaTa Ha
Ha (bJ'IYI/IJIOT Ha BJIE3 BO KOJIOTO MOXK€ J1a C€ CMETa 3a KOHCTaHTHa, I1a C€ )IO6I/IBa JCKa

v (v, H
o _ ., A H)

2.3
R 50 0 (2.3)
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OTTyka MOXe Ja ce M3BenaT JABa O0JIMKa Ha CTPYEHETO, T.€. TIOTECHIHjaTHO (HEBPTEKHO) WIIH
BPTEXKHO (XEJIMKOMIAIHO) cTpyewe. [Ipy MoTeHIMjaTHO CTpyewne, MOXKE /1a CE 3allulle JIeKa He
MOCTOM IPOMEHA Ha BEKTOPOT Ha Op3uMHATa BO paJivjasieH IMpaBell:

o) . 9r) |
dz —rd d =0 2.4
aZ ar + a(p T (p (vu ) ( )
[Ipu xenuKoMJIaIHO CTPyEeHE, BEKTOPOT Ha BPTEKOT M BEKTOPOT Ha Op3uHaTa ce MeryceOHO
napasiesHu:

9 9
%d +%dz—d(vu ) =0 (2.5)

Opn nBaTa W3BE/ICHU CITydau ce J100MBa MPOU3BOIOT Ha 0OeMHATa KOMIIOHEHTA M PaJNyCOT, KaJIe
MIPBUOT U3BOJ] HA OBOj MPOM3BOJ € HYJIa, CO MITO ce 100uBa “3aKOHOT Ha cI0O0ACH BPTIIOr” Kajie
Op3uHaTa € 00paTHO MPOTOPIIMOHATHA O] PACTOJaHUETO:

v,r = const. (2.6)

AKO ce mpeTnocTaBu Jeka o0eMHaTa KOMIIOHEHTa Ha BEKTOPOT Ha Op3WHAaTa OKOJy OCKaTa Ha
poTaliyja JIeKH Ha KOHTYpa OJ1 KPY>KHHUIIA, MOXKE J1a CE 3aIuIle KaKo:

= %vu dl = 2rmv, = const. (2.7)

CO HITO C€ MOKaXyBa JIeKa IUPKyJIallijaTa Ha ONPEIeICHO pacTojaHue OJ1 OcKaTa Ha poTalyja Ha
CTpYyeHETO ce OApXKyBa KoHcTaHTHa. Cmopen Toa, MOXE Ja C€ HU3BIeYe 3aKIydoK JeKa
CIPOBOJHHUOT amapar (GopMupa CTAIMOHAPHO OCHOCHMETPHYHO CTPYEHE BO OE3JIOMaTHYHUOT
MIPOCTOP, KOE MOKeE Jla OM/ie MOTEHIIHNjaIHO WIIM BPTEXKHO CTpyewne. Bo ciyyaj Ha MOTEHIINUjaTHO
CTpyeH€, BUOPOT € KOHCTAHTEH BO CHUTE TOUKH Ha (IyHIOT BO 0€3J0MaTUYHHOT IpocTop. Bo
CJIy4aj Ha BPTEKHO CTPYEHE, BHOPOT € KOHCTAHTEH IO JOKUHA HAa CTPYJHHUIIATA U CE MEHYBa O]1
eHa 710 1pyra crpyjHuna. [IpamameTo Koe ce mocTaByBa € BCYIIHOCT BO KO CITyYaH ce 10jaByBa
MOTEHIIMjaTHO, a BO KOU XENUKOWJAITHO CTPyeHe BO OE3NMOMATUYHHOT MPOCTOp MOMery
CIIPOBOJTHUOT amapaT ¥ padoTHOTO Kojo. Ce mpucTamyBa KOH JeUHHUpame Ha OOJHMKOT Ha
MEpPUIMjaHCKUOT TPECeK I03aJd CHPOBOJHHOT amapar KOH pa0OTHOTO KOJO, IIEMaTCKH
MIPETCTABEHO HA CIICAHUTE CITHKH.
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r r
Cn.2.2 Illema Ha MEPUIUjaHCKHU MIPECEK HA Cn.2.3 Illema Ha MepUINjaHCKHU MPECEK Kaj
6p3ooana @paniuc TypouHa [5] cropooaaa Opannuc TypouHa [5]

Ha memaTta Ha MepuanjaHCKUOT mpecek Ha Op3ooana DpaHiuc TypOuHa, BIE3HHOT pald Ha
JIOTIATKUTE HA paOOTHOTO KOJIO € BOBJICUEH KOH OCKaTa Ha poTalija Ha TypOMHATa, CO TOA IITO
noara 10 HOpPMHOMEPHOCT Ha MPOUIIOT Ha paJinjaiHaTa KOMIIOHEHTa Ha Op3uHaTa, Kaje cienejku
ja KOHTypaTa Ha POTOYHHUOT TPAKT, Jjoara JI0 CIyIITAkE Ha JOHATa KOHTYpa, a CO Toa MpoMeHa
Ha paJvjajgHaTa KOMIIOEHTa Ha Op3uHaTa 1o BUCHHA. YHU(DOpMEH npodui ce Jo00uBa HA CAMUOT
u3Je3 01 CIIPOBOJHUOT arapar, KaJie BIe3HUOT pad Ha JIONATKUTE Ha KOJOTO HE CE BO KOHTAKT.
Criope Toa CTpyeHhEeTO He MOXKE J1a Ce pasriielyBa KaKo MOTEHIIN]alTHO, TYKY KaKO XCITHKOUIAITHO:

0 0
—(;;r) dz #0; Q, = —(vzr) dz # 0 (2.8)

On npyra cTpaHa, kaj ciopooiHa dpaniyc TyporuHa MoXke Ja ce 3a0enexu JeKa BIe3HHOT pad Ha
JIOTIATKUTE 0] paOOTHOTO KOJIO Ce Haol'a BO MPOCTOPOT KaJie He Jjoara 10 MpOMeHa Ha pajidjaiHara
KOMIIOHEHTa Ha Op3WHAaTa MO BHCHHA, A Taka Kaj OBHE TypOMHHM MOXE /Ja Ce aHaIu3upa
CTPYEHETO BO 0€30MATUYHUOT MPOCTOP KAKO MOTEHIHjaTHO.

Bp3uHara Ha CTpyeme Ha u3jie3 O CIIPOBOAHUOT arapaT MPeTCTaByBa BEKTOPCKU 30UP O/l CBOHTE
MPOEKIIMHU BO WJIMHIPUYICH KOOPAUHATEH cucTeM [6]

Vo = Vor + Vou (2.9)

KaJie IITO V,, ja MPeTCTaByBa MPOEKIMjaTa Ha Op3uHATa Ha CTPyeHe BO pajiMjaiHa HACOKa, Koja
JUPEKTHO 3aBUCH OJ1 IPOTOKOT ¥ BUCHHATA HA CIIPOBOJIHUOT arapar, u ce u3pa3yBa Kako

Qa

(2.10)

U V,, ja MpeTcTaByBa MpoeKIMjaTa Ha Op3UHATa HA CTPYyEHE M0 00EMOT Ha KPYKHOCTA Ha U3Je3
O]l CIPOBOIHUOT amapaT
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Vou = VoC0SQ, ; Vo R, = const. (2.11)

[TpoTokoT HU3 TypOWHATA TIABHO 3aBHCH OJf OTBOPEHOCTA, Kako M 01 (hopMaTa Ha JOMATKUTE BO
CIpOBOAHMOT amapat. Ha c¢i1.2.4 ce mpeTcTaBeHH TPpHU KapaKTEPUCTUYHU (POPMH HA JIOMATKH Kaj
e/leH crpoBoieH anapat. Criopen TeopHjara, ce 1001Ba AeKa IPU UCTH OTBOPEHOCTH, a Pa3InYHA
dbopmMa Ha JIOMATKHTE, INTO PE3YJNTHpPA CO Pas3iMueH aroy Ha COOIIITYBamke Ha CTpyjaTa, ce
100MBaaT pasMKU BO MPOTOLUTE HU3 TypOuHaTa. OIHOCHO, KOHKABHU JIONMATKU (opMHUpaaT
TIOMaJI arojl Ha CTpyjaTta, a co TOa U IIOMaJI MPOTOK, H 0OpaTHO, KOHBEKCHU JIONATKH (OopMHpaar
[IOTOJIEM arojl, a cO Toa W TOrojJieM HPOTOK. ArojioT BCYHIHOCT I'O H3pa3yBa CTENEHOT Ha
MPOEKIMja Ha Op3WHATA Ha W3Je3 BO paavjainHa (MpoTodHa) W mnepudepHa (IUPKyIAIMOHA)
HaCoKa.

@ om | / Gt
60 : / ,\2 1400
3 b
40 % 1200

/,’/
20 éV 1000
0= 70 60 @Waz Px 466 8005, %
a

Cn.2.4 Binjanue Ha ¢popmara Ha JIOIATKUTE HAa IPOTOKOT HU3 TypOUHATA IPU KOHCTaHTa OTBOPEHOCT

(7101

2.2. Ctpyeme BO padOTHOTO KO0JIO

[Toarajku ox “KmnacuuynaTta Teopuja Ha TypOMHM, U3BJIEUEHA € CpeAHa JIMHHUja MO JOJDKHHA Ha
MEpPUIMjaHCKUOT TNPECEK, Koja Ke MpeTcTaByBa €Ha CTPYjHHUIA BO TOj MPECEK, CO MOYETOK O
BJIC3HHOT pad Ha JjomarkaTa Ha KOJIOTO 10 u3ie3HHoT pabd [6]. Ctpyemero kaj TypOMHUTE €
cexorail poTUPHO, la Taka 0J1 TeopujaTa Ha MexaHuka Ha (QayuanuTe, ce JeUHUpa KaKko CTpyeme
HU3 CTPYEH TOK KOj poTupa. QIyuaHUTE YECTULN ABHKEJKH c€ MO JOJDKMHATA Ha CTPYyjHHIIATa
(cn1.2.5 crpyjunna o3HaueHa pk) co penatuBHa Op3vHA W, HCTOBPEMEHO POTHPAAT OKOJY OCKaTa
Ha poTaluja co CTpyjHaTa JUHU]a.
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V2m

2.5 Mepuawjancin npecex Ha Cn.2.6 OproronajiHa IpoeKidja Ha cTpyjuunaTa [6]
®pannuc TypouHa [6]

Ob6emHaTa KOMIIOHEHTA KOja IUPEKTHO 3aBUCH 01 Op3uHaTa Ha poTalja Ha KOJIOTO C€ U3paszyBa
KaKO 4MCTa KUHEMATCKa TojeMHHA. AKO () ja MPETCTaByBa arojiHata Op3WHA CO KOja poThpa
(baynIoT OKOJIy OCKaTa Ha poTaiuja, Toram ooemHara (nepudepHara) Op3uHa Ha Koja U J1a Ouio
¢IryniHa YecTHIIa Ha OJIPENICHO PacTojaHue R M JIe)KH Ha CTpyjHATA JIMHH]jA, KE H3HECyBa

u=Rw (2.12)

Bo oiHOC Ha HEMOABMKEH KOOPJMHATECH CHCTEM, CTPYESHETO, M BO ClIy4aj KOTa arojHara Op3uHa
€ KOHCTaHTHA, € HECTAlMOHAPHO, a arcoJyTHaTa Op3MHa U MpETCTaByBa BEKTOPCKU 30Up Ha
penatuBHATa U 0OeMHaTa Op3uHa:

F=w+i (2.13)

PaboTtHuTe ycroBu Ha TypOuHaTa ce AehUHUpaHU MPEKy J(Ba MapaMeTpu: MPOTOKOT Q u OpojoT
Ha BPTEeXH N. 3a JaJeHH AUMEH3MH Ha pabOTHOTO KOJIO, MOXKE Jia C€ HM3BeJaT BEKTOPCKHUTE
KOMITOHEHTH Ha TPUAroJHUKOT Ha Op3uHH. [1a Taka, Ha BI€30T BO KOJIOTO Kaj BPBOT HA JIOMATKUTE,
obOeMHaTa KOMIIOHEHTA ke Oujie

_2Rjmn

S (2.14)

Uy

[Ipoeknujara Ha amcoJXyTHHOT BEKTOp Ha Op3WHAaTa BO MEPHUIMJAaHCKH TIPECEK ja JaBa
MepHIMjaHCKaTa KOMIIOHEHTa Ha Op3uHaTa Koja ce M3BeayBa Kako

Qa

Cim = m (215)

ObeMHaTa KOMIIOHEHTa Ha arcoJlyTHUOT BEKTOp Ha Op3MHATa Ha CTpyeme, CIOpe] 3aKOHOT Ha
cJ1000/1€H BPTJIOT, K€ 3aBUCH O]l YCIOBUTE HA CTPYEHE KPEUPAHU OJ] CIIPOBOIHUOT arapar

R,
Ciu = vouR_l (2.16)
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OMHOCOT Ha OBHE JBE KOMIIOHCHTH Ha Op3WHM IO JiaBa arojioT Ha arcoJlyTHUOT BEKTOp Ha
Op3uHAaTa O] TPUATOJTHUKOT HA Op3WHU

C
tga, = -2 (2.17)

Ciu

ATICOTlyTHHOT BEKTOp Ha Op3uHaTa MPETCTaByBa BEKTOPCKU 30Mp HA OBHE JIBE KOMIIOHEHTH

—

¢ = Ciu + Cim (2.18)

W3BeneHnTe BEKTOPCKU peJlalliy BakaT U HA U3Je3 0j] pabOTHOTO KOJO, CBEIEHU HA M3JE3HUOT
pab Ha jomaTkuTe Ha paauyc R,. PaBeHKHUTE Ha OCHOCHMETPUYHO CTPYEHE BO MElyJIONaTHYeH
KaHaJ Ha pabOTHO KOJIO Ha TypOWHA M CHJIMTE Ha Jionmatkurte ce u3BeaeHu oxa 1. Jlopenn [7] Bo
dbopma Ha

10p d 2

[P (2.19)
por dt r

E, = % + v“rvT (2.19.1)

g g _L0p_dv (2.19.2)
2z 9 pdz dt

KOM ce TPOCKIIMHM Ha pe3yJTaHTHaTa cuia F; Koja JIejCTBYBa Ha JIOTIATKUTE, MPETCTaBEHA BO
IWIAHJIPUYEH KOOPJIUHATEH cucTeM. [Ipyu w = const. MOMEHTOT KOj ce IIPeHeCcyBa Ha BPATHIIOTO
Ha TypOuWHaTa (OKOJy ocKaTa Ha poTaiyja), ce M3BeayBa oj BTopara JlopeHIOBa paBeHKa 3a
nepudepHaTa KOMIIOHEHTA Ha CHJIaTa

E, = (2.20)

dv, N v v duy N v dr 1 (rdvu N vudr) _ ld(v,r)
dt r dt rdt r\dt dt /] r dt

EnemMeHTapHHOT MOMEHT KOj JI¢jCTBYyBa Ha CTpaHa Ha pabOTHOTO KOJO CO eJeMEeHTapHa maca
H3HECYBa

dm
dT = F,rdm = d(vur)E = pdQd(v,r) (2.21)

Cy'MapHI/IOT MOMCHT € €IHAKOB Ha ITPOMCHATa4 HAa MOMCHTOT OJf BJIC3 OO0 MU3JIC3 HA pa60THOTO KOJIO

2
T=p- f d(w,r)dQ = pQL(Wrar)r — Wyar)o] (2.22)

1

On paBeHKara 3a XuapayIuyHaTa pacrojoXKHBa MOKHOCT Ha TypOuHaTa
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Py = pgH,Qq (2.23)
U MEXaHHN4YKarta MOI'(HOCT Ha BpaTI/IJ'IOT O Ha Typ6I/IHaTa

2mn
Py=Tw=T—— 2.24
M w 60 ( )

Y HUBHUOT OJIHOC KOj ja neduHupa e(hukacHOCTa Ha TypOMHATA

y B To (@)= Gunle 029
Py pgHnQq gty
KaJie I0eIMHEYHUTE IPOM3BOIM HA Tw = U, CE J0OHBa
gHuN = U1y — UpVypy (2.26)
OJTHOCHO IPEBEJICHa BO 03HAKM Ha Op3MHU Kaj pabOTHO KOJIO Ha TypOoMallinHa
gHpN = U1Cry — UpCoy (2.26.1)

CO IITO € M3BE/CHA IJIaBHATa paBeHKa Ha TypOuHHTe T.H. OjIepoBa paBeHKa 3a TypOOMAaIINHH,
kane H, ro mpercraByBa HETO MaAO0T (HAMOPOT) Ha TypOMHATA, OMHOCHO eHeprujara. On apyra
cTpaHa mak, ako ognocute (v, 1); = I} ce nobusa neka

w
gH = 5= (5 = T) (2.27)

Ol KaJe ce 3aKiydyBa Jeka MOMEHTOT W HAIoOpOT Ha TypOWHATa 3aBUCAT OJ Pa3IHKUTE Ha
[UPKYJAIUUTE KPEUPaHU Tpe] U 337 KOJIoTo. MakCUMallHa MCKOPUCTIIMBOCT Ha CHEprujara
(onrrumaiiHa paboTHA TOYKa Ha TypOMHATa), O PaBEHCTBOTO CE JI00MBa Kora

UyCoy = 0, Fz =0 (228)
npuToa ycBojyBaku 7 = 1, co mto OjnepoBara paBeHKa ro 1001MBa 00JIUKOT

n 27N L
an = UC1y = %Fl = ERlclu yn [mm 1] (229)
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2.2.1. Yc/10BH HA ONITHMAJIHO ONICTPYjYBambe HA KOJIOTO Ha BJie3 (0e3y1apHH cTpyema)

KoHcTpyHpameTo Ha TpUAaroJHUKOT Ha Op3MHM HA MO3HATH rabapuTH Ha pabOTHOTO KOJO U
MIO3HIIMja Ha OTBOPEHOCT Ha CIIPOBOTHUTE JIOTIATKHU, 3aBHCH O] OPOjOT Ha BPTEKHU HA CAMOTO KOJIO
Y TIPOTOKOT, CO TOA LITO CIIEIHHUTE 3aKIy4OlH Ke OMaaT n3BeJeHu Bp3 0a3a Ha OBHE MapaMeTpH.
[TpumepoT e mpe3eMeH JOKOJIKY TypOnuHaTa paboTH Ha KOHCTaHTEH MPOTOK () ¥ MPOMEHIUB Opoj
Ha BpTeKHU N [6].

Cn.2.8 3aryom o yaapHo
CTpyCHE

Cn.2.7 TpuaronHuk Ha Op3uHH Ha BJe3 BO pabOTHO K070 [6]

BexToport Ha anconryTHa Op3uHa IpU BaKBH yCIIOBU Ha pab0Ta, OCTaHyBa HEIIPOMEHET OuejKu He
3aBHCH 07 OpPOjOT Ha BPTEKH, MOPAJN IITO OCTAHyBaaT 00EMHATa M peslaTHBHATA KOMIIOHEHTA Ha
Op3uHara Ja ce MeHyBaaT. lIpu mpoMena Ha OpojoT Ha BPTEXKHU, pelaTUBHATa Op3WHA HE TO
3arasyBa aroJjoT Ha BPBOT Ha JIOMATKHUTE, CO IITO Jo0ara 0 o/yienyBame Ha (iaynaHara cTpyja Ha
BJIE3 BO KOJIOTO U C€ MPEIN3BUKYBaaT IOMOJHUTEIHH 3aryOH Ha eHEepruja

B1 < 6,3an’; By > 8 3an’"’ (2.30)

Ox Tyka ce n3BeIyBa 3aKIy4OKOT JeKa ONTUMAJICH YCIIOB Ha CTpYjee ce o0uBa npu B, = §; KOj
ce HapekyBa “Oe3ymapHO” cTpyeme. OBO] YCIOB € YHCTO TEOMETPHUCKH YCIOB KOj BO
MMOHATAMOIIIHUTE aHAJHM3U € 36MEH KaKo perep Mnpu npoduinpame Ha CIIPOBOJHHUTE JIOMATKH, /1a
ce Taka mpowIMpaHyd W TIOCTaBEHU Jia To 00e30e1yBaaT OBOj THI Ha CTPYEHE, HE3aBUCHO O]
OpojOoT Ha BPTEXkH, KOja € U LIe]Ta Ha OBa UCTpaKyBamwe. 3aryOuTe Ha Bie3 BO paOOTHOTO KOJIO
MIPEeIM3BUKAHU O] YIapPHO CTpyeme (MpOopUITHE IyOUTOIHN ), ITOSAHOCTABEHO MOXKE JIa CE 3aluIaT
criopen [28]

—

Aw —  — .,
Aninc=W;Aw=w{—Wl; Aw =w —wy (2.31)
n
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2.2.2.. YcJ10BHM Ha ONITHMAIIHO ONCTPYjyBame HA KOJOTO Ha n3Je3 (0e3BMOPHU CTPyema)

On nopyra crpaHa Mmak, MakCUMajHa eHepruja ce tpanchopmupa Bo Typbunara npu [, = 0 Ha
u3ie3 ox koioto. Ha m3ne3 ox paboTHOTO KOO, JomaTkuTe kaj @paHiuc TypouHa Gpopmupaar
NPUIMYHO TyCTa PelIeTKa, Ia Taka aroJioT Ha pelaTUBHATa Op3MHA BOTJIABHO MOJXKE JIa CE YCBOH
JieKa He ce MeHyBa [, = §,. MlcTo Taka, MHTEH3UTETOT Ha pelaTUBHATA KOMIIOHEHTA Ha Op3uHaTa
HE Ce MEHYBa CO MpPOMEHa Ha OpOjOT Ha BPTEXKH, IITO 3HAYM TJIABHO 3aBHCU O]l IPOTOKOT HU3
TypOuHara.

!

czwz non - opt.

\O
Cn.2.9 Tpuaronuumu Ha OP3UHK Ha H3JI€3 0 paOOTHO K0JI0 [6]

On cn.2.9 mMoxe nma ce 3a0eiexu BIMjaHM]ETO HA TPOMEHaTa Ha OpOjOT HAa BPTEXHU BP3
IpOeKIMjaTa Ha arCOoJyTHUOT BEKTOp Ha Op3MHAa Ha H3Je3 Of KOJOTO mpema oOeMHaTa
KOMIIOHEHTa, CO INTO MPEAW3BHKYBa IMPKyJalMja Ha H3Je3 O] KOJOTO (IHUPKYJIAIHMOHH
ryouTorm). 3aryoure oj oBaa 1ojaBa MoXe Ja ce 3amuiar kako [28]

C
Algy = = (2.32)
29H,

BnynjanueTo Ha W3JIE€3HMOT TPUArOJHUK Ha OpP3UMHM OJf KOJOTO Bp3 CTEHNEHOT HAa pa3MeHa Ha
€Hepryja € MpeTcTaBeH BO MOHATAMOIIHUTE M3Jlaramka Kako MOCIEeANIA, Kajle Ce BOCIIOCTaBEHU
KMHEMaTCKUTE YCIIOBH MOMEly CIIPOBOJEH amapaTr U BIE30T Ha KOJIOTO, KAaKO U BJE3-H3JIE3 O
pabOTHO KOJIO 32 U3BEICHUTE ONITUMAIIHU YCIIOBH Ha CTPYEH-E.
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2.3. Pelauuu Ha CTPYjHUTE MapaMeTPH Kaj CIIPOBO/IEH anapaT u paboTHO KOJI0
U HUBHO U3BeyBambe

AKo ce 3ameHn 00eMHaTa KOMIIOHEHTA Ha aliCOTyTHUOT BEKTOP Ha Op3WHATa CO pelianujara

Cim Qd
= = 2.33
C1u tga;, 2R,mBtga, (2:33)
toram OjiepoBata paBeHka qoouBa 06auk [29][30]
n  Qq
Hy = ——2_ .
9% = 60 B tga, (2:34)

oI Ka€ JUPCKTHO CC U3BCAYBA aroJIOT Ha aliCOJIYTHHUOT BCKTOP Ha 6p31/1HaTa HOTpe6eH Ha BJIC3 BO
KOJIOTO

n Qg
60 B, gH,

tga, = (2.34.1)

Cropen 3aK0HOT Ha cl1000/ICH BPTIIOT, Ce Jloara 10 U3pa3oT Ha arojioTHa QUIyHaHATa CTpyja Koj
CIPOBOIHUTE JIOTIATKU Tpebda aa ro o6e30enar Ha Biie3 BO pabOTHOTO KOJIO, TIPEKY

c1yR
1; L=y, (2.35)
o
Qa
Vor = m ;RO > R1 ;Bo =~ Bl (2351)

KaJIe aroJioT Ha COOMNINTYBamkE Ha CTPYEHETO Ke Oujie

v
tga, = v—or > tga, (2.36)

ou

W3Benenure penanuuM ce KpyLUUjalHH BO IIOHATaMOIIHUTE TIIOrJaBja, KajJe ce H3BeayBa
npoduaupame Ha JIONATKUTE BO OJHOC Ha MOTPEOHMOT arojl Ha HACOYYyBame Ha CTpyjaTra oj
CIPOBOJHMOT amapart npema paboTHOTO KOJIO Ha TypOHMHAaTa.

Cn.2.10 Ipodunmpame Ha J0OIaTKa BO CIIPOBOJIEH amapar [7]
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2.4. Moaenupame Ha CTpyem€e NP MPOMEHJMB OpPoj HA BPTe:XKU (KMHEMATCKA
aHaJIu3a)

O mpeTX0THO N3BEICHUTE PEIALUH Ha CTPYEHe ToMery pabOTHOTO KOJIO M CIPOBOAHHUOT arapar,
€BHJICHTHO € JIeKa CO MpOMeHa Ha OpojoT Ha BPTEXk M (01 KHHEMAaTCKa IJIeJHa TOYKa) joara u J0
IpoOMEeHa Ha MOTPEOHHOT aroj Ha COOMIITYBAakE HA CTPYEHETO, CO IITO IUPEKTHO Ce BIHMjac Ha
npopMINPAkETO HAa JIONATKUTE BO CIPOBOAHMOT amapar. McToBpeMeHo, MpH OAp)KyBambe Ha
KOHCTaHTEH HETO MaJ W KOHCTaHTHAa OTBOPEHOCT Ha CHPOBOJHUTE JIONATKH, CO MPOMEHaTa Ha
OpojoT Ha BpTEXU Ha TypOHMHATa, ce Jloara J0 3aKJIy4oK Ja joara 0 MPOMEHa Ha MPOTOKOT HU3
TypOuHaTa. YIpOCTEH M3pa3 Ha OBaa IojaBa € JajeHa co u3pas3or [31]

do w? w dw

2 _
dQ _ u; anU + and_T] (237)

Kajge mTo A MpeTcTaByBa OJpeleH KOe(UIIEHT CO MO3WTHBHA BPEIHOCT, BO 3aBHUCHOCT O]
TypOuHaTa, a U, ja IMpeTcTaByBa oOeMHAaTa KOMIIOHEHTa Ha pOTalMjaTa Ha H3Je3 Of KOJOTO.
OTTyka MOXe Ja ce 3aHeMapu IpoMeHaTa Ha eUKacHOCTa co OPOjoT Ha BPTEXKHU, CO 1T Ja ce
CBEZIe Ha OMIUT U3pa3

2 _
280 _w — gHun (2.37.1)
dw w?

o1 Kaac CC I[O6I/IB8.8.T CJICAHUTC KUHEMATCKH OJHOCH.

- Ilpu u, = /gH,n, IpU KOHCTaHTHa OTBOPEHOCT Ha CIPOBOJHMUTE JIONMATKH, NMPOTOKOT HU3
TypOuHaTa He 3aBHCH 01 OpOjOT Ha BPTEKHU

- Ilpu u, > ,/gH,n, Npu KOHCTAHTHa OTBOPEHOCT HA CIPOBOJHHTE JIOTATKH, MPOTOKOT HH3
TypOWHATa ce 3rojieMyBa CO 3roJIeMyBambe Ha OpOjoT HA BPTEKHU

- Ilpu u, < ./gH,n, Ipu KOHCTaHTHa OTBOPEHOCT HAa CIPOBOJHHUTE JIOMATKH, MPOTOKOT HU3
TypOMHaTa ce HaMallyBa CO 3roJIieMyBamke Ha OpPOjOT Ha BPTEKU

[TpBHOT ycI10B € KapakTepucTuicH 3a Opaniuc TypOUHU Co cpeaHa crierupuiHa Op3uHa, BTOPUOT
yCIIOB 3a Op300JHU W TPETHOT YCiIoB 3a cropoogHu @panmuc typounu [31]. Bo oBa
UCTpaxKyBame, pepepeHTHa TypOHHa € BUCOKONIPUTHCHA (criopooiHa) PpaHiuc TypOuHa, Kaj Koja
pe3yaTaTuTe MOKaXKyBaart JieKa IMpH 3rojJeMyBame Ha Op0joT Ha BPTEXKHU, Joara 10 HaMalyBamke Ha
MPOTOKOT U 00paTHO. TeopeTcku, TpUaroJHUIUTEe Ha Op3WHU Ha BIIE3 KOM CE JOOMBaaT BO OBOj
ciy4daj ce mperctaBeHu Ha cir.2.11. Ox cnukara, Moxe Jia ce 3a0eNeku MpoMeHaTa Ha arojoT Ha
HACOYYBame Ha CTPYSHETO O] CIPOBOTHHOT arapat KOH KOJIOTO Ha TypOWHATA, CO IITO CE BIIUjac
Ha TPOQHUIUPAKHETO HA JIOMATKUTE BO CIIPOBOAHUOT amapar. ['oOlleMHHHMTE Ha arjiuTe KOW ce
MEHYBaaT 3aBUCAT O]l TUIIOT Ha TypOWHA U HE Ce eIHO3HAYHH, KAKO U MHTEH3UTETOT Ha MPOMEHA
Ha MPOTOKOT. Y CIIOBOT 32 3ama3yBame Ha 0e3yAapHO CTPYEHE € MPECTUKaH Ha CUTE TPUATOJIHUIIH
Ha Op3WHHM, KaKO IITO € MPETXOJHO M3BENIEHO, 3a TOOMBamhEe HA ONTHMAIHU CTPYjHU YCIOBH Ha
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BJIE3 BO pabOTHOTO KOJIO, KaJie OAHOCOT Ha 00eMHaTa KOMIIOHEHTA U pellaTUBHA KOMIIOHEHTa Ha
Op3uHaTa ce 3arma3eHy NpeKy arojoT Ha KIYHOT Ha JIOTIATKUTE.

[TpakTUYHO € HEBO3MOXKHO /1a C€ OJIP’KU TEOPETCKUOT ONTUMAJICH TPUATOJTHUK Ha Op3WHU Ha U3J1e3
o1 pabOTHOTO KOJIO, TIPY MPOMEHa Ha OpOjOT Ha BPTEKH, a OJ] Ipyra CTpaHa MakK TEOPETCKHU Ce
MOKa)KyBa JIeKa CO KOpEeKIlfja Ha MPOTOKOT HU3 TypOMHATa, TOj MOXKe J1a ce nocturue. Toa nak ce
KOCH cO (PM3MKAIHOCTa HAa MPOMEHJIMBHOT Opoj Ha BpPTeXH Kaj criopoogHa dpanuuc TypOuHa,
Kajie ce qo0uBa Jia Mpu 3rojeMeH Opoj Ha BPTEKH, MPOTOKOT HU3 TypOMHATa omnara, a 3a JoOOUBame
Ha ONTUMAJICH U3JIe3€H TPUATOJIHUK Ha Op3UHU, MOTPEOHO € 3rojieMyBame Ha MPOTOKOT (ci.2.11
+AQ), u o6paTHo. HakpaTko, H3JI€3HUOT ONTUMAJICH TPUATOJHUK Ha Op3MHHU 0] pAOOTHOTO KOJIO
€ 00paTHO MPONOPIMOHAJIEH O] ONTHUMAIHHOT BJIE3€H TPUArOJIHMK HAa Op3MHHU, Taka ILUTO Ce
OYEeKyBa, TaKa IITO MPH KOHCTAHTEH HETO MaJ] U MPOMEHJIUB Opoj Ha BPTEXKHU HA TypOuHATa,
IPOLIECOT CEKOTalll € MPOCIIe/IeH CO 3aryou Ha u3je3 ojf paboTHOTO KOJIO.

Qed

B1=61

n=clonst. Ned

Cn.2.12 ObpartHa MponopLUUOHATHOCT Ha
ONTUMAJHUTE CTPYjHH YCIOBH HA BJIE3 U U3JIE3 O
paboTHOTO KOJI0 [28]

Cn.2.11 IlpoMeHa Ha TPHATONHUIIMTE HA OP3UHH
NpY IPOMEHIIUB OPOj Ha BPTEKHU

Opx c1.2.11 npomeHarta Ha TPHATOJIHUKOT Ha Op3MHU TIPU 3rojieMeH Opoj Ha BPTEXKH 3a OMpeiesieH
npupact Ha poTokoT (+AQ), COOIBETCTBYBa Ha YCIOBUTE Ha 3aKOHOT Ha CJIMYHOCT Ha paboTa Ha
TypOHMHHUTE, KaJie ce MOoOMBa MPECIMKyBambe Ha ONTUMAIHUOT TPUATOJHUK HA Op3WHH MPH 1) =
const. IITO NOKa)XKyBa JieKa jJoara ¥ 0 IpoMeHa Ha HallopoT Ha TypOuHaTa, mopaau norpedara
Ha 3Tr0JIEMYyBambe Ha MPOTOKOT (A¢uHa KpUBa):

g w=Gr- e

Ha cn1.2.12 e npeTcTaBeHa 1ieMaTCK1 yHUBEp3aJiHATa KapakTeprucTHKa Ha eqHa @pannuc TypOuHa,
co oOpaTHaTa MNPONOPLUOHAIHOCT HAa ONTUMAJIHHUTE YCJIOBU Ha OICTPYjyBame Ha KOJOTO,
U3BE/ICHA NPU KOHCTAaHTEH HETO Maj, 32 HEKOJKY MO3MIMHM Ha OTBOPEHOCT Ha CIPOBOJAHMUTE
JIOTIATKH.
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3a BakBa KOH(HUTypaImja, MOXKe Ja ce 3a0eIexu JeKa MPU KOHCTAHTEH CHHXPOH Opoj Ha BPTEXKH,
CO OTBOpaWmE Ha CIPOBOJIHUTE JIONATKH, jJoara JO omnarame Ha epuKacHOCTa Ha TypOWHATa.
JIokoJIKy Om JOIUIO 0 MPOMEHA Ha OPOjOT Ha BPTEXH Ha KOJOTO, THE TOYKH JIOKAITHO MOXKE J1a
ce TMoMecTaT BO Hacoka Ha moBuineHa edukacHocT (cn.2.13) co mTo ce goOuBa IiemMa Ha
ONTHMAaJHaTa naTeka npu padboTa Ha TypOHHA CO MPOMEHIIUB OpOj Ha BPTEXKH.

Qed Qed
{3’1:(’51 __n=var.

n=var.

Ned Ned

n=const. n=const.
Cn.2.13 OntumanHa nateka 3a padoTa co Cn.2.14 Pabota co npoMeHIUB Opoj HA BPTEKHU
MIPOMEHIINB Opoj Ha BpTexH (0e3 mpoMeHa Ha (co mpomeHa Ha KOH(HUTYpaIrja Ha CIIPOBOTHHI
KOH(HTypaIldja Ha CIIPOBOIHM JIoTaTku) [28] JIOTIATKH)

Ha cn1.2.13 xane memara Ha onTUMalTHa TaTeka € AeQuHUpaHa Py MPOMEHIUB OpOj Ha BPTEKH,
IpU IITO HEMa MPOMEHAa Ha KapaKTepUCTHKaTa Ha CaMHOT CIIPOBOJIEH amapar. Yjorara Ha
CIPOBOHHOT arapaT, OCBEH IITO BPIIH peryJjannja Ha MPOTOKOT, TUPEKTHO BIIHjae M Ha OOJIUKOT
Ha paOoTHaTa KapakTepucTHKa Ha TypOuHarta. Crenejku M JOOMEHUTE TOYKM Ha Marekara u
CakajKku J]a ce TOCTHTHE MOIIMpOKa padOTHA KapaKTepHCTHKa (IIEMAaTCKH MPETCTaBeHa KaKo
KOHIIEHTPUYHHM KPYTOBU Ha M30-€()MKACHOCTH), MOTpeOHA € KOpEeKlMja Ha CaMHOT CIPOBOJICH
amapar (ci1.2.14) Koj mocTaBeH BO CBOjaTa MPOEKTHA MO3UIHja Ay O OBO3MOXKHII IIPOIIUPYBAHE
Ha 001acTa Ha €IHAKBU €(hpUKaCHOCTH.
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n
al0=const.
n=var.
Ned
e}
@
O Qed
% o B1=61 H=const.
O ®© ; :
QI ['2=0
©
\d‘)
‘a0
|
i
i
= n=const. Ned

Cn.2.15 lemaTcku MprUKa3 Ha OYEKYBaHU IIPOMEHH MPU KOPEKIIMja Ha TeOMETpHjaTa Ha CIIPOBOJHHUTE
JIOTIATKHU CO I MPOIINPYBake Ha KapaKTepUCcTUKaTa

On memata Ha ci1.2.14, Mmosxe /1a ce 3a0esexu JjeKa BO CBojaTa MPOEKTHA IO3UIH]ja, TP HaMaJeH
Opoj Ha BPTEKH, COPOBOJHHOT amapar Tpeda J1a OBO3MOXKH 3rojieMeH MPOTOK HU3 TypOHMHATa U
oOpaTHO. 3a JajneHaTa MPOeKTHA TMO3UIlMja Ha CIPOBOJHUOT arapar, CTENEHOT Ha MPOMEHa Ha
e(pUKaCHOCTa Ha CMETKa Ha MpOMeHaTa Ha OpOjOT Ha BPTEXM € aHAJIM3HpaH BO MOHATAMOIIHUTE
u3jarama, TpPEeKy AUPEKTHA aHali3a Ha BIWjaHHETO HAa TEOMETpHjaTa Ha JIOMATKUTE BO
CIPOBOJHHOT amapaT Bp3 MPOIINPYBAKETO HA KapaKTEPUCTUKATA HAa TypOUHATA.
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3. I3BenyBame HA O0JMKOT HA JIONATKHUTE HA CIIPOBOJHUOT amapat
Bp3 0a3a HA MHUIIMjaJIHA NIPECMETKA HA CTPYjHU MapaMeTpH

3.1. CrpaTeruu M NpUCTAIl KOH MPOEKTHPAaK¢ HA CIIPOBO/ICH anapar

Bo oBa nornagje e pa3paboTeH MpoiecoT Ha T0OMBamke Ha OOJUKOT Ha JIONATKUTE HA CIPOBOTHUOT
amapatr, Kako W IeJocHaTa Kpy»Ha pemieTka onx mpodunu. Bo mperxomHoTo mornaje Oea
HU3BCACHU MAaTCMATUYKUTC 3aBUCHOCTU Ha OIIPCACIICHN KNHCMATCKN CprJHI/I BCIIMYNHU KOU CE O]
MHTEpEC 3a aHaJIM3UPAHUOT MpobieM, Bp3 unja 0a3a, BO OBa IOTJIaBje, € U3BEJCHA METOI0JIOTH]ja
3a HUBHA KOpeJanuja co TeOMETPUCKUOT OOJIHMK Ha JIONMATKUTE M caMaTa peleTKa.

Kako CTPAaTCrur 3a HNPOCKTHUPALC HA CIIPOBOJHHUOT arapar, MOXKE aa €€ U3BCAAT CICAHHUTC, a
3aBUCarT oJ IciaTa KOja Kpy>XHaTa pC€uI€TKa Tpe6a J1a TU UCIIOJIHU.

e IlpoexTHpame Ha Kpy>KHa peIIeTKa Of MPo(WIN CO LeJI UCIIOJIIHYBAKE HA ONPEesICHH
XUIpayJInYHy nephopMaHcH (XuApayIMuHO MOBOJIHA PEIIETKA)

e [IpoekTHpame Ha KpyKHa pelieTka o]l HpoduiIu co LeJd peryianuja Ha TypOuHa
(eHepreTcku MOBOJIHA PELIETKA)

Ha nipB moruien, 1Bata mpucTanu cropea0eHo ce MHOTY CIIMYHH, a CETIaK ce pa3uayBaaT BO TOTJIE/
Ha I1eJITa Koja Tpeda Jja ce UCIOHMU, T.€. HE CeK0ja XUPayTUYHO MIOBOJIHA PEIIETKA I'M 33J0BOJTyBa
€HepreTCKUTe NoTpedu 3a peryiianrja Ha TypOrMHa, HO UCTOTO BaXkKHM M BO JApyrara Hacoka. OBue
3aKJIy4yOLlM C€ M3BEJCHH BO MMOHATaMOLIHUTE T1aBu. OHa ITO € 3aeJHUYKO Kaj JiBaTa NpUcTarna, e
JIeKa pelleTkaTa, He3aBUCHO O] IeJiTa Koja Tpeba /1a ja MCIOJHHU, c€ 00JMKYBa TE€OMETPUCKH BO
OJTHOC Ha MPETXOAHO MPECMETaHH WM 33JJa/IeHU CTPYJHU KUHEMATCKU BEJTUUHHU.
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3.2. 'eomeTpucKHN MapaMeTPH HA KPYKHATA pellieTKAa HA CIPOBOHUOT anapatT

Ce mpucramnyBa KOH JAcpUHHpAkE HA €IHA KPY)KHA pElIeTKa U CE€ M3BEIyBaaT Te€OMETPUCKHUTE
BEJTMYMHU U Mel'yCeOHUTE 3aBUCHOCTH.

Ta6.3.1 Onuc Ha reOMETPUCKUTE BETUUNHH

Cumbon EanHuua Onuc

Ri (m) Pagwvyc Ha Bnes Bo pelueTkata

Ro (m) Pagwuyc Ha n3nes Bo pelletkarta

R x (m) Paguyc Ha genbeHa KpyxHuua Ha pelleTkaTta

Bgv (m) BucuHa Ha pelueTtkaTta (Jlonatkute)

R1 (m) Paguyc Ha Bne3 Bo paboTHO koo

1) (deg) Aron Ha 3adpakarbe Ha nonaTkuTe

pointA  (-) [MoyeTHa TouKka Ha MO3MLMOHMPaK-E Ha nonaTkaTa - u3nes

pointB  (-) MoyeTHa To4ka Ha NO3VLMOHMPak-E Ha JlonaTkara - Bre3

pointB' (-) PoTupaHa Touka Ha Bnes3 npema 3adgaTHVUOT aron

L (m) [orkmHa Ha TeTMBa Ha fonaTtkaTa

t (m) Yekop Ha peLueTkaTa onpeaeneH kaj aenbeHara kpyxHuua

to (m) Yekop Ha peLueTkaTa onpeaeneH Ha U3nes3HuoT paguyc

L/t ) l'ycTuHa Ha pelueTkaTa Kaj AebneHarta kpyxHuua

ai (deg) CTpyeH aron Ha Bfes BO peLueTkata

ao (deg) CTpyeH aron Ha u3ne3 oA pelueTkaTa

5 (deg) Aron Ha HaKMoH Ha TeTMBaTa Ha fonaTkuTe Npy U3nNesH1oT
paamyc

ao (m) CseTon 0TBOp Ha fonaTkute

ao/L (v) PenaTtuBeH cBeTon oTBOp Ha nonatkute

Cn.3.1 [llema Ha reoMeTpHjaTa Ha eIHA
KPY’)KHA perieTKa

CuTe reOMETpUCKM BEIIMYMHU Ha peleTKaTa ce M3BEJACHU BO OJHOC HAa OCKaTa Ha poTaludja Ha
TypOuHaTa. CUTE MOSTUHEYHO HABEICHH T€OMETPUCKH BEJTMUMHH, BO TOHATAMOIIHUOT KOHTEKCT,
ce MCKOMOMHHUpPAHU CO IeN JOoOMBame Ha Oe3AMMEH3MOHAIHM BEIMYUHH T.€. O€3MMEH3HCKa
(HOpManu3HupaHa) pelreTka.

ITpBa riaBHa BeIMYMHA HA pelIeTKaTa € paAuycoT Ha U3je3Hara KpyKHHULa R, K0j € BO OJHOC €O
BJIE3HUOT paJUyC Ha JIONATKUTE Ha PabOTHOTO KOJIO, KaJie MPOLEHTYAIHO CE MPETCTaByBa KaKo
pas3nuKara BO pacTOjaHHETO Mely M3JIe3HHOT pad Ha JIONaTKUTE Ha pelieTKaTa co BJIE3HUOT pad
Ha JIOTIATKUTE HA KOJIOTO IPEKY OJTHOCOT

R,

Cro = =2
Ro }?1

(3.1)

Brnesnunor pamuyc Bo pemierkara R; Kajie ce Haora BIIE3HHOT pad Ha JIOMATKUTE € MPETCTaBeH
MPOIIEHTYATHO KaKo pa3jinkaTa BO paCTOjaHUETO Ha JIBaTa Pajnyca Ha perieTkara mpeKy 0JHOCOT

Cri = — (3.2)

[ToueTna Touka Ko0ja ce neuHUpa HA U3TIE3HUOT pauayc R, 3a MO3UIIMOHUPA-E Ha U3JIE3HUOT pad
HAa JIOTIATKUTE T.€. MOYETOKOT Ha TeThBaTa Ha mpoduiioT e Toukata A. KpajoT Ha TeTHBaTa MpBUYHO
ce nedunupa npeky Toukata B. llemaTcku npuka3 € 1ajieH Ha CIEIHUTE CIUKU.
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Cn.3.2 lllema Ha KOHCTpYHUpambe Ha TeTHBaTa Ha JonaTkute [32]

Co poranuja Ha Toukara B okony ockaTa Ha poTanMja Ha TypOWHATa, 3a OMPEIEICH aroi ¢ T.H.
3aaTeH aroJ Ha JIOMaTKaTa, ce J00MBa Toukara B’ Koja ro IpeTcTaByBa MOYETOKOT T.€. YEIO0TO
Ha JIoTaTKaTa, a OTceykara 4B’ mpeTcraByBa TEeTHBa Ha MPO(UIOT Ha JonaTkaTa. 3a onpeieieH
Opoj Ha TeTUBH (JIOIATKH) BO PEIIETKATa, aroJioT Ha YeKOp Ha JIOMATKUTE Ke M3HeCyBa

_ 360

Zgv

Pgv (3.3)

KOj ce pa3imKyBa o] 3ahaTHHOT aroJ Ha Jiornatkara. TeTuBara Ha Jionarkara (opMHUpa aroii o co
u3Je3HaTa Kpy>KHHIA, KOj € HapeueH BO OBOj CJIy4aj aroj Ha HAKJIOH Ha TetuBata. OBOj arod,
3aeHO cO 3adaTHUOT arojl U aroJioT Ha CTpyeme Koj Tpeba ja ce 06e30enm ol perieTkara ce
aHaJTM3UpaHUd BO TOHATAMOIIHUTE MOIJIaBja, Kaje ce joafa J0 pe3yiTar Jeka Tpeba na ce
00e30eIM KOJMHEApHOCT TOMery arojoT Ha HAaKJIIOH Ha TETHBAaTa M CTPYJHHOT aroi Koj ce
00e30emyBa. AKO ce BOBEJIE OBOj KPUTEPHYM:

[0)
5‘)"6[ = —= 1 (34)

Torari, Sa(I)aTHI/IOT aroJl Ha JIOIMaTKaTa BO pC€HICTKATa IPETCTaByBa pE3yJITaT O CUTC IIPETXOIHO
HAaIlmoMEHAaTH YCJIOBH U CC€ U3pa3yBa KakKo

ZLYB,, (R, — y/RZ + 4X}Yjtans)

@ = atan (3.5

tand

kaje X; u Yz mpercraByBaaT KOOpIMHATH Ha Toukara B’ (cim.3.2) kow mpousieryBaaT Kako
pe3yJTar oj1 yCBOCHHOT OpOj Ha JONATKU U JOJDKWHATA T.€. TYCTHHATA Ha PelleTKaTa.

JloikuHaTa Ha TeTHBaTa NpeTcTaBeHa co L ja mpercraByBa camara JO/DKHMHA Ha MpoduiIoT Ha

JomaTKara, ¥ BO 3aBHCHOCT O] YCBOGHHOT Opoj Ha JIONMaTKH BO pemietkata ZQgV ce W3BeayBa
napameTapoT r'ycTHHa Ha perieTkara [34]:
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L
~ 2R,m (3.6)

Zgy

L
tO

KaJie 4eKopoT t, BOOOMYAEHO ce M3pa3yBa MpeKy AenOeHaTa Kpy>KHHUIA Ha pelieTKara Ha Koja
JIe)KaT OCKUTE Ha poTalja Ha JOMATKUTE BO PelIeTKaTa, HO Ol IPUYHHA LITO OBOj T€OMETPUCKH
rapaMeTap He € 071 HHTEpeC Ha HCTPaKyBambETO, YEKOPOT CE IPECMETYBa Ha U3JI€3HATA KPYKHULIA
Ha pelleTKaTa, Kako MepoJiaBHa roJieMHHA IpU aHaJIU3HTE.

Bne3nata Kpy’KHUIIa Ha CIIPOBOAHUOT allapaT CC€ MPECMCTyBa IIPCKY HI/ITaFOpI/IHa TeOpEMa O/
IPOCKIMHUTE HA JOJDKMHATA HA TETUBATA IO X U 'Y OCKUTE U U3JIC3HUOT paguycC

Ri= (L2 + (Ly+ RO)Z)O'5 3.7)

OcoOeHa OTENIKOTHja TOKA)XKyBa apaMEeTPUPAHLETO Ha CBETIIMOT OTBOP o NMOMETY JIOTIATKUTE,
HE3aBUCHO /M C€ aHajJIu3upa momery 2 mpoduia WM TEOPETCKU 2 TETHUBHU, KajJe HErOBOTO
MHTEPIIPETHpakhe Ha PeaTHBHA OCHOBA € aHAJMTUYKU IPETCTABEHO MPEKy peJanujara

Ao = — (3.8)

3.3. Kpurepuymu 3a npoduiinpame Ha JONATKUTE
3.3.1. [IpecmeTka HA CTPYjHHTE KHHEMATCKH BeJIMUYMHH BO 0€3/10MaATHYHUOT MPOCTOP

[Tpodmmpamero Ha JIOMATKUTE HA CIPOBOJHHUOT amapar € MPETCTaBeHO KaKOo MOCIeaula Of
CTPYJHUTE KUHEMATCKU BEJIMYMHU KOHW C€ MPUCYTHH HA CAMHOT BJe€3 BO pabOTHOTO KOJIO Ha
TypOHMHaTa, 3a ONpEeJIeJICHU MPOSKTHHU (pabOTHH) yCIIoBH Ha TypOuHaTa. Kako 1mTo e u3BeieHo BO
rinasa 2, ox OjiepoBaTa paBeHKa Ha TypOOMAIIIMHUTE, OCTAaHYBa MOEIHOCTABEHATA peTalija Ipu
aHaJM3a BO ONTUMaliHATa TOYKa Ha paboTta Ha TypOuHara (paB.2.29 u 2.34.1).

[Ipeky npecmeTka Ha TPUArOJTHUKOT HAa OP3MHU Ha BJI€3 BO KOJIOTO, 32 MPOEKTHUTE MapaMeTpu Ha
TypOuHaTa, o0eMHaTa KOMIIOHEHTA Ha aricoJlyTHaTa Op3MHA Ha CTPyeHme Ha Biie3 BO pabOTHOTO
KOJIO Ha 00EMOT Ha BJIe3 BO KOJOTO ja JjaBa Bie€3HaTa LUPKYJiallkija BO KOJIOTO

Fl = 2R1T[Cu1 (39)

Crnopen 3aKOHOT Ha CJI00OJEH BPTIOT, IUpPKyJalujaTa BO 0€3I0MaTUYHUOT MPOCTOp Momery
KOJIOTO M CHPOBOJHHUOT amapar ce OApXyBa, Ia Taka ce€ jJoara J0 COOJHOCOT Ha OOEMHMTE
KOMITOHEHTH Ha arcoyTHaTa Op3uHa BO TOj MPOCTOP

Ry
Fo = Fl y Vou = CluR— (310)
o]
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KaJie 1ITO V,, MPETCTaByBa MPOCKIIMja Ha Op3uHATa HA U3JIe3 O] CIIPOBOAHHUOT arapat 1o 00eMoT
Ha M3JIe3HATa KPY>KHUIIA HA pEeIIeTKaTa.

Panujanaara KOMIIOHEHTa Ha arcolyTHaTa Op3WHATA T.e. MEpHIUjaHCKaTa Op3WHA HA BJE3 BO
pabOTHOTO KOJIO C€ MPECMETYBA MPEKY TeOMETPUCKUTE MPAHUIIM HA BJIE3 BO KOJIOTO U MTPOSKTHHOT
MIPOTOK TPEKY U3pa3oT

Qa
= — 3.11
Jloxoiniky Tpeba /1a ce 3ama3u KHHeMaTCKaTa peaiuja
c
1u

co 1en 100uBamke Ha KOHCTAaHTHA MepHUaMjaHCKa Op3uHa (HaMalyBambe Ha 3aryouTe) U na ce
IpeciiiKa Ha paJinyCcoT Ha M3JIe3HaTa KPY>KHHUIA O CIIPOBOIHHUOT anapar, KaJie mTo

R, >R, (3.13)

O0u ce moOWI0 pelieHue JeKa BHCHHATAa Ha CIPOBOJHATA JIOMATKAa BO pelieTkara Tpebda ga ce
HaMaJIM BO OJTHOC HA BUCHMHATA Ha BJIE3 BO pa0OTHOTO KOJIO

B, < B, (3.13.1)

On KOHCTPYKTMBHM U3BeAOEHW TNPUYMHH, Kaj crnopoomanute @Dpanuuc TypOWHH, mMoOpaau
OJMCKOCTa Ha KOJIOTO U CIIPOBOJIHUTE JIONATKH, BUCHHATa Ha CIPOBOJHMOT amapar ce U3BedyBa
CKOpO €/IHAaKBa Ha BJI€3HATa BUCHUHA BO KOJIOTO

B, ~ B, (3.13.2)

CO IITO ce J0OMBa HaMaTyBamke Ha paJljajHaTa KOMIIOHEHTa Ha Op3MHATa, a CO TOA U HaMallyBame
Ha CTPYJHHUOT arojl KoM THe To 3adakaaT

Qa
=—-- 14
Yor = 2R,nB, (3.14)
v, c
tga, = 2 < tga, = = (3.15)
Uou Clu

CO OBHE OJHOCH C€ 3ala3yBaaT CTPYJHUTE 3aKOHM BO O€3JIOMATUYHHOT MPOCTOp IMoMmery
CIPOBOJIHUOT amapar u paboTHOTO KoJ0. bp3uHaTa Ha cTpyeme Ha U3lie3 O]l CIIPOBOIHUOT amapar
H3HECyBa

Vo = (VG + v5,)*° (3.16)
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oo Kaac HpI/IGHI/I)KHO MOXEC Ja CC ,[[e(i)I/IHI/Ipa HOTpe6HI/IOT CBCTOJI OTBOP HOMefy JABC JIOIIATKH, KaKO

Qa

AQop = 55—
O Z,uBov,

(3.17)

3.3.2. PaBeHKa Ha CKeJIETHUILA HA TIPOPUJIOT

[TocTojar moBeke Mpemnopakd M CTaHAApAM 3a W3BeA0Aa HAa pPAaBEHKUTE HA CKEJIETHHUIIATAa Ha
XHIPONPOQHIUTE, TIPU IITO HEKOW OFf HUB JIaBaaT MHOTY OTPaHUYyBamba BO OJHOC Ha OOJIUKOT
(mpekpuryBamata) Ha npodunor. On Taa mpuuyMHA, pa3BueHa € (yHKIMja KOja NPEeTCTaByBa
MIOJIMHOM 0J1 3TH pe/l, Koja € MpeB3eMeHa O] TeOpHjaTa Ha pa3Boj Ha Kpuia Kaj Oe30maniHu jJeTana;

Y. = Ax3 — Bx? 4+ Cx = (ab — a)x® — abx? + ax (3.18)

KaJie X MpeTcTaByBa OE3TMMEH3HMCKa JODKMHA Ha JjionaTtkara (mpoduior). Koepunuenture Ha
MOJIMHOMOT C€ pEIIeHU W JeUHHPAHH BO CTPOTO OMNPEICIICHH TPaHWIM Ha Oe3IUMEH3UCKA
nobkuHA Ha TetuBata on 0 1o 1, kajie rpaHuYHAUTE YCIIOBU ce ACUHUPAHU 32 THE JABE TIO3UIIHH.
OmHOCHO, TPBHOT U3BOJI HA TIOJIMHOMOT Ke Oujie:

d
d—f = 34x? —2Bx + C = 3(ab — a)x®> — 2abx + a (3.18.1)

Kaaec 3a x = 0, HN3BOJOT Ha (bYHKL[I/IjaTa BO ITIOYCTHATAa TOYKa ja JaBa TaHI'€HTaTa Ha aroJoT Ha
HaKJIOH Ha IpaBara, OJHOCHO.

a=C=tg(B) (3.18.2)

a 3a x = 1, u3BoA0T Ha GyHKIMjaTa ja JaBa TAaHTEHTAaTa HAa arojoT Ha HAKJIIOH Ha TpaBaTa,
OJTHOCHO!:

tg(B,) =3(B —tg(B)) — 2B + tg(B) = 3B — 3tg(B) — 2B + tg(B) (3.18.3)
tg(B,) = B — 2tg(By) (3.18.4)
B = tg(B,) + 2tg(B) (3.18.5)

Baka nedunupanu koeuIMeHTH HA MOJIMHOMOT MPEKY ariiuTe Ha TAHTEHTUTE Ha MOYETOKOT U
KpajoT Ha TETHBATa, TO JaBaaT KOHEYHHOT 3aIuC Ha PYHKIMjaTa HA CKEJICTHUIIATA

Y. = Ax3 — Bx? + Cx (3.19)

CO Koe(hUIIMEeHTHUTE
B =tg(B,) + 2tg(B;) (3.19.1)
A=B—-tg(B;) (3.19.2)
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C =tg(By)

(3.19.3)

KaJie §; mpeTcTaByBa BIC3HUOT aroj Ha TETHBAaTa Ha JIOMaTKaTa Koja ro 3adaka co BI€3HHOT aro
Ha CTPYEHETO BO pelIeTKarta, u f5, ro MpeTCTaByBa M3JIE3HUOT aroyl Ha TETHBATa Ha JOMaTKaTa

mITO ce 3adaka co U3JIE3HUOT aroJl Ha CTPYCH-ETO O/ PEeLIeTKATa.

Cn.3.3 IllemaTcku puKa3 Ha CKEJIETHHUIIATA W3BEICHA MOMElY arjinTe Ha CTPYemeTo U TeTuBara [33]

OBa mokaxXyBa JeKa KOe(pHUIMEHTHTE Ha CKEJETHHIAaTa CE CTPOrO 3aBUCHH O arjuTe Ha
CTpyemeTo ITO ce 3adakaar co TeTuBaTa Ha jomnatkarta. OBaa paBeHKa € pa3BHEHa 3a Ja ce
nobujat mpodwin co T.H. “pedaekTupayka’ CKeIETHUIIA, IIITO € IPETCTABEHO Ha CICTHUTE CIUKH.

Reflexed Camber

a0

o

Cn.3.4 [Ipumep Ha CKeNETHUIIA IPU HETATUBEH arojl Ha KpajoT Ha TeTHUBAaTa

Reflexed Camber

™ I L L

Cn.3.6 [Ipumep Ha CKeJIETHHIIA TPU HETATHBEH arojl Ha MOYEeTOKOT Ha TETHBAaTa
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3.3.3. Pacnpenesida Ha neGemHaTa HA IPOQUIIOT NPEKY TEKUHCKH NapaMeTpH

OmmtTHOT M3pas 3a OIKC Ha pachpeaendara Ha AedenuHara Ha npodunor riacu [35]:
yr =x™(1 = x)"f(x)

U MIPETCTaByBa MPOMEHA HA peJlaTHBHATA JeOeIMHA HA MPOQHIOT, Kafe M, N ce napamMeTapcKu
BennuuHM, f(X) € u3BecHa QyHKIHMja Koja Bo uHTepBajoT ox 0 1o 1 Hema peannn koperu. OBoj
u3pa3 MOXeE J1a ce 3aluilie BO MHOTY pa3iIHyHu oOnuiy no notpeda. Victo taka 3a noOuBame Ha
APYTH CTaHJapAM3UpaHU NMpo(dWiIn, ce MPUMEHYBaaT 3aKOHM Ha pacrpenesda o1 KIyHOT J0
JOKalMjaTa Ha MakcuMaiiHarta JeOelMHa MPeKy MnapabosinyeH, XUIepOOIMUeH WU SIUITHYCH
3aKOH, CO IITO paBeHKaTa 1o0MBa pasHH oOnmiy. Hamecto oBOj mpucramn, HCKOPUCTEHA € T.H.
“Bezier Spline” ¢yHnkimja, 3a Koja ce MOTPEOHM HEKOJIKY TSKMHCKUA MapamMeTpu KOH KOU
(dbyHKIIMjaTa aCHMITOTCKU CE CTPEMH.

oP, Q1 R, oP, oP, Qs oP,

P,
&/

Qs
P, =25 P, P, t=.25 oP;
Cn.3.7 IIpumep na Bezier kpusa co n=4 Cn.3.8 [Ipumep na Bezier kpusa co N=5
TEKUHCKHU TTapaMeTpu TEKUHCKH TIapaMeTpu

TexxnHckUTE NapamMeTpu Ha KpuBaTa c€ 3aJaJeHU NPEKy HEKOM NPUPOJHU U I€OMETPUCKU
3aKOHUTOCTH, KaKO Ha IpUMEp:

o TexuHCKUTE MapaMeTpu KOW TO ONHIIyBaaT ueIoTo (yAapHUOT pad U Heromara
pacmipenenfa) Ha TPO(IIOT ce M3BEACHHU O €IHOCTABEH 3aKOH Ha eIWHEYHa mapabosa
(NACA crannapm)

e TexuHCKUTE MapaMeTpH KO ja ONHUIITYBaaT JOKaIfjaTa 1 MHTEH3UTETOT Ha MaKCHMaTHaTa
nebenrHa ce CI0001HM 3a MaHMITyJ1aIija Bo 30HaTa o1 20-45% o qomkuHaTa Ha TeTHBATa

e TeKUHCKUTE MapaMeTpy KOM ja OINMUINYBaaT OIalikara Ha Mpo(UIOT MMaaT omaravku
TpPEeHJI co Mer'yceOeH arojl Ha HaKJIOH BO paHToT o1 4 1o 8 creneHu 3a M30EeTHYBame Ha
€BEHTYaITHO OJUICITyBambe Ha (IIyHIHATA CTPYja IPU ONICTPY]yBamke Ha MPOPHUIOT

[TpakTH4HO, CO MOBEKe TEKUHCKU MapaMeTpH, ce N00MBa MOMpEHU3Ha acCHMITOTCKA KpUBa 3a
¢dyHKIMjaTa Ha pacnpenenda. 3a OBOj Cilydaj U3BEACHH ce 9 TEKUHCKM MapaMeTpu KOH KOH €
ONHIIaHA KPHUBaTa Ha pachpeiendoarta Ha IpoQUIoT.

4_/_

9"
aI A PO r
&

Cn.3.9 Bezier acumnrorcka KpHBa 3a pacnpeenoda Ha nedenHaTa Ha KiyHOT [36]
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Knynort e nedunupan co 3 TesxuHCKH apameTpu Py, P; u P, 1ITO BCYITHOCT NPETCTaByBaaT TOUKH
BO Xy pamHuHata co koopauHatd Po(Pox Poy), Pi(Pix Piy) u P,(P2x P2y). Bpennoctute Ha
KOOp/MHATHUTE HAa MOYETHUOT (HYJITHOT) IapameTap U3HecyBaar

P, = (0,0) (3.21)

co mTo ce AeduHUpa MovyeTHaTa ToOYka Ha KpUBaTa BO CAMHOT KOOPAMHATEH MMOYETOK, KOja Mopa
na Oume 3amazeHa. TexxuHCkUTe mapameTpu P; u P, ce JUPEeKTHO 3aBUCHU O] YCBOEHaTa
MakcUMalHa je0enrHa Koja nmpoguioT Tpeda 1a ja uMa, U3pa3eHa Kako MPOILEHT O eIMHeYHAaTa
JOJDKMHA

t,=——x;x=1 (3.21.1)

kane mwro T, ja mpeTcTaByBa pealHaTta MaKCMMajHa Ae0eIuHa Ha MPOQUIOT KaKO MPOLEHT OJf
JIOJDKMHATA, a t,, € MOJOBUHA O]l peanHara Ae0ennHa, Koja Tpeba 1a ce 3a1a1e MoAeAHAKBO Ha
IBeTe cTpaHu (rpOHaTa W TpajHaTa KOHTypa) BO OJHOC Ha cKejeTHunara. [lapamerapor Ha
nebenunara € Bp3aH co Py(Pyy Py,) xane mro P, = t, I0 NpeTcTaByBa MHTEH3MTETOT Ha
MakcHMalHaTa faebenuna, a Py, = dx ja mpercTaByBa JIOKaIljaTa HAa MaKCUMaJTHATa JIeOeIIMHA Ha
npoduIoT MO X OCKara, W3pa3eHa BO MPOILIEHTH OJ €IWHEYHAaTa [OJDKMHA Ha TETHBATa.
TexxuHckuTe napameTpu P; u P; vMaaT e€IHaKBH HHTEH3UTETH 110 Y KOOPJIMHATATA, a IO JOJDKUHA
Ha TeTuBara ce Haoraat Ha +10 + 20% ox ycBoeHaTa JIoKalyja Ha MakcuMalHaTa nebenvna dx,
CO IIeN KOHIEHTpalMja Ha THE TOYKM BO 30HaTa Ha MakcMMaliHa JeOennHa, W HarojleMeHa
TEHJICHIIMja Ha aCUMIITOTCKaTa KpHMBa BO Taa 30HA. TEXMHCKUOT mapamerap P; € yCBOEH 1a ro
MPETCTaByBa IMOMAJIMOT IOJYIPEYHUK Ha eNuIcaTra, koja Tpeba Ja ro omuiie KIyHOT Ha
npodminor. TexuHckuTe mapameTpu P; u P, ce mMpeTcTaBeHH KaKo KOOPAMHATH Ha TAaHTCHTHTE
KOM ja OMUIIYBaaT eMIITUYHATA 3aKOHUTOCT Ha KIIYHOT, 3apakajku TO paauycoT Ha ToYeTHaTa
BITMIIIaHA KpY>KHUIIA BO poduioT (mapamerap P; ciopen NACA cranmapaure):

7 = 0.204T, ; Py, = 0; Py, = 2r (3.21.2)

TexxunckuoT napametap P, mak e W3Be/leH O]l MOYETOKOT Ha 3aKPUBYBAKETO HA MPOQPHUIOT KOH
JIOKalldjaTa Ha MakCHUMaiHarta aebeinHa, mpe3eMeHa oJ1 pyckure ctangapau [8] 3a u3Benda Ha
Xuaponpoduin, BO OAHOC Ha JIOKallMjaTa Ha MaKCUMalHaTa JeOelrHa U WHTEH3UTETOT KaKo
sz = O.lldx 158 sz - 0.8ty

09dx . ... 1.11dx %/

G
1 [
tte

ty

0.75X
0.9X
X

Cn.3.10 TexuHckH TapaMeTpy KOH ja JeGUHUpaaT pacupenendara Ha nedenmaara Ha mpouioT
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Texunckure napamerpu Pg u P, ce naofaatr Ha 75% u 90% on nomkuHaTa Ha TeTHBaTa Ha
npoUIOT Kajie HUBHUOT MHTEH3UTET 110 Y KOOPJIMHATATa € BO JUPEKTHA 3aBUCHOCT OJ1 yCBOECHATa
nebenrHa Ha KpajoT Ha npodmioT. TeUHCKHOT mapameTap Pg ja mpercTaByBa MHHHMAJTHATA
neOenHa Ha MPOQHIIOT Ha CAMUOT HETOB Kpaj, KaJie cope]] pyckure npenopaku [8] 3a n3paborka
Ha CIIPOBOJIHHU JIONIATKH n3HeCyBa Pg,, = 0.01x na nomkuna Pg, = x. P, u P;,, ©Maat TpeH] Ha
omarake BO OXHOC Ha aepuHupan aron ox 4 — 8 [deg| 3a cmpedyBame Ha EBEHTYaJIHO
OJIeTyIyBam-€ MPHU ONCTpYjyBambe Ha npoduinoT. PaBenkara Ha Bezier Spline kpuBara Mosxe na ce
3anuiie kako [37]:

n

B(t) = 2 (?) (1 —t)*itip; ; (Tll) = l'(nn——'L)' (3.22)

i=0

KaJle UITO N IpeTcTaByBa Opoj Ha TEKUHCKU apaMeTpH, [-TUOT IapameTap, t-poMeHuBa, P; e
TEXHMHCKUAOT Tmapamerap. Ha cienHuTe CIMKM Ce MPETCTABEHW HEKOJKY HW3BEICHHU NPOQHIU
CIIOPEIEHH CO MPOoMIN JT0O0UEHH CO 0Baa TEXHHUKA.

I [
0 02 0.4 06 08 1

01 02 03 04 0s 06 07 08 09 1

NACA 0016 (dx = 0.3; T, = 0.16)

02

0.15

0 02 04 06 08 1 a2n 0.1 02 0.3 0.4 0.5 06 07 0.8 0.9 1

NACA 66 — 018 (dx = 0.45;T, = 0.18)
Cn.3.11 CrangapaHu u3BelIeHH TIPOQHITH Cn.3.12 Bezier kpeupanu npoduiiu

34



3.4. 'eoMeTpuCKH 0€3TUMEH3MOHATHA (HOPMAJIN3UPAHA) KPY/KHA pelieTKa

LlemokymHaTa mporeaypa Ha MpecMeTKa M KPUTEPUYMHTE 3a MPOPHINpake Ha JIONATKUTE Kaj
CIPOBOJHMOT amapaT ce BMETHATH BO IpecMeTkoBeH ko Bo MATLAB. 3a noueTHu mpoeKTHH
YCIJIOBU Ha €JJHa TypOMHa, KaKo IITO CE MPOTOK, HETO MaJl, BIE3HUOT AWjaMeTap Ha KOJIOTO U OpOjoT
Ha BPTEXH, IPECMETKOBHATA MPOLEAYypa C€ OJBMBA Ha HAUMH Ha JAe(UHUpamE HAa MOTPeOHUTE
Op3WHU U ariii KOW Ce MPHUCYTHU Ha BJIe3 BO pAOOTHOTO KOJIO, KAKO U MOTPEOHUTE OP3WHU U arin
Ha U3JIe3 01 CIIPOBOAHUOT arnapat. Bo Taa cMucia, BO MOHATaMOILIHUTE U3J1aramba, FreOMeTpUcKaTa
crenuQuKanyja Ha peleTKUTe Ke ce 3ajaBa BO 0e31MMEH3HOHAIEeH O0JIMK, IPETCTaByBajKU '
IPOLIEHTYAJTHO OJIHOCUTE Ha U3JIE3HUOT AMjaMeTap BO OJJHOC Ha BJIE3HUOT JMjaMeTap Ha KOJIOTO,
BJIE3HHOT BO OJIHOC Ha M3JIC3HUOT JIMjaMeTap Ha pelIeTKaTa, TyCTUHATa Ha pelieTkaTa, OpojoT Ha
JIONaTKH, 3aaTHUOT arojl BO OJHOC HAa arojoT Ha YEeKOp Ha pelleTkara Kako M JioKalujata U
MaKkcuMajHaTa ae0enuHaTa Ha IpoduiIoT.

3.4.1. lIpumep 1 - XEII Cs. [lerka, MakenoHuja

Ta6.3.1 Bie3nu napamerpu 3a TypOuHaTa

d
[m%/s] Hn[m] nfrpm] Di[m] B1[m]
50 40 21429 2484 0,97

Ta6.3.2 JloOnenn mapaMeTpu 3a perieTkara

L/it[-] Cro[-] Cri[-] Zgv[] fi_n[-] dx][] ty [-]
1,15 1,075 1,16 24 1,2184 0,275 0,17

Cn.3.13 'eoMeTpuja Ha IpecMeTaHa Cn.3.14 TlocToeuka reoMeTpHja
KoH(uUrypamuja Ha cripoBozieH anapar (mp.1.) (TexHu4kH HAUPT)

x[m]
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3.4.2. Illpumep 2 - XEII Toke, HopBemka

Ta6.3.3 Brne3an napamerpu 3a TypOHHaTa
Qd
[m3/s] Hn[m] n[rpm] D1[m]

D2[m] B1l[m]
31 377 375

3,1875 1,7799 0,306

Ta06.3.4 loOueHu nmapaMeTpu 3a pereTkara
LA[-] Cro[-] Cri[] ng[] fi_n[-] dx[]

ty [ ]
1,333 1,06 1,093 1,3665

0.36

::§ @

-0.05
x [m]

Cn.3.15 I'eomerpuja Ha mpecMeTaHa KOHPHUTypaIja
Ha CrpoBo/ieH amnapar (mp.2.)

y [m]

Cn.3.16 ITocToeuka reomeTpuja
(TexHuuxu HaupT)
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4. KpurepuyMu 3a aHAJIN3a

Kako mro Oerre HanoMeHaTo BO IJ1aBa 2, aHANIM3aTa OJU BO MOBEKE HACOKH, KaJie Ce pasriieyBa
WHTEpaKIyjara momMery OOJMKOT Ha JIOMATKUTE, XUAPOJINHAMHYKUTE YCIOBH U MPOMEHINBUOT
Opoj Ha BpTexu. OTTyKa MpouseryBaar M TJIaBHUTE KPUTEUPYMH Bp3 KOU KE c€ M3HECyBaat
3akiyyonute. Ce pasrienyBa Kako TeOMETpHjaTa Ha CIIPOBOHHOT arapar Birjae Ha ehUKacCHOCTA
Ha TypOuHarta u npopminte Ha Op3UHH BO OE3JI0MATUYHUOT IIPOCTOP, HO M 0OPATHO, 01 TOTPeOUTE
Ha TypOMHaTa 1a paboTH CO MPOMEHJIUB OpOj HA BPTEXKH, KaKo O ce neduHupaje reoMeTpujara
Ha CIIPOBOJIHUOT arapar, a co Toa U KakBH Mpo¢ i Ha Op3uHM ke ce J00MjaT BO MEIyIIPOCTOPOT.

OBaa aHanM3a ce yCI0XKHyBa CO CaMOTO TOA IITO C€ BOBEAYBaaT IOrojeM Opoj HOBU IapamMeTpH,
HE3aBUCHO JAJIM CE O]l FEOMETPUCKH, XUApayIMUCH UM eHepreTcku kapakrep. Cenak aHanu3aTta
ce (hoxycupa Ha nepUHUpPAHE Ha HEKOJIKY MapaMeTpu:

a) FGOMeTpI/ICKI/I nmapaMeTpu Ha CIIPpOBOJCH arapar. 6p0j Ha JIONIAaTKH, I'YCTHHA Ha PCHICTKA,
33(1)8,T€H aroJi Ha JOIMaTKUTE U JOIMOJHUTCIIHO CBETIMOT OTBOP Ha JIOIIATKUTE

0) XuapaylInyHH MapamMeTpu: CTpyjHa ciuKa, Ipoduiu Ha Op3UHU U JONOJHUTENHO 3aryou Ha
IIPUTHUCOK U 3aryOu Ha eHepruja

B) EHepreTcku nmapameTpu: epuKacHOCT Ha TypOMHATA U MIPOIIMPYBake Ha pabOTHOTO Mopayje

4.1. KputepuyM Ha CTpyjHO moJjie, mpopuaiu HA OpP3UHM U JOMHUHAHTHH
XUAPOAUHAMUYKH FOJIeMUHHI

CtpyjHOTO TI0JIE M TPOUIINTE HAa OP3UHH KOU ce JJOOMBAaT BO OE3IONATUYHHOT IMIPOCTOP MOMETy
CIPOBOJHMUOT amapaT ¥ pabOTHOTO KOJIO C€ APACTMYHO PA3IMYHU Of aHAIUTHYKUTE METOIU Ha
IpecMeTKa CO YCpeIHETH Op3MHH, KOM Ce M3BEIACHU BO MPETXOAHWUTE Toriasja. [Ipodunor Ha
Op3WHU ce pasriieyBa TPOJUMEH3HOHAIHO, IO JIOJDKMHA Ha HW3Je3HaTa KPYXKHHUIA Ha
CIPOBOJIHHUTE JIOTIATKH, KaKO M 10 BUCHHA. JlOOMEHUTE pe3yaTaTu 3a pa3IMYHUTE CIydau, MpH
aHaTM3Upak-E Ha BIIMjaHUETO HAa MPOMEHIMBUOT OpOj Ha BPTEXHU Bp3 MpoduiIoT Ha Op3uHH, ke ce
pasrienyBa BO CEKIIMUTE Ha 3[[paBO CTPYCHE MO BUCHHA HA JIONATKaTa (CpeHATa Ha M3JIe3HATa
MOBPIIIMHA), a Kaj HEYyHH()OPMHUTE JIONATKH BO TPH BUCUHH Ha, KaJie € BOBEJIEH KPUTEPUYM 32
yardopMHOCT Ha mpodmitoT Ha 6p3unu cropea BS 1042: Section 2.4. (1989) — Measurement of
fluid flow in closed conduits (Part 2. Velocity-area method) [38] xoj rimacu

(4)

n 2
s _ou_ 1 S - 1)
u U n—1
U MpeTcTaByBa CTaHAap/HA JeBHjalldja HA MOECTUHHUTE NOOMEHM BPEAHOCTH Ha Op3MHATA IO
JOJKMHA Ha MepHaTa 30Ha. OTTyKa, ce MpecMeTyBa UHIEKCOT Ha YHU(POPMHOCT Ha MPOodUIoT u

ce MOBp3yBa CO TUIIOT HA PELIeTKaTa, Co MITO ce JOOMBA IEIOCHO XUIPAYITHUYHO-T€OMETPUCKO
napaMeTpupame Ha CIPOBOJHHUOT anapar.
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OcTtaHaTuTe XUApayIUYHU BEJIMYMHU BO 0€37100aTUYHHOT MPOCTOP, KaKo LITO ce pacrpenendara
Ha TPUTUCOKOT, NHUPKyJalHjata ¥ Ap. C€ NPECMETyBaaT KakO YCPEOHETH BPEIHOCTH IIO
NOBpIIMHATa Ha 00EMOT Ha W3JIe3 O] CIPOBOAHMOT amapaT, U C€ aHaJIM3UpPaHU BO OJHOC Ha
MOTPEeOHUTE YCBOEHU BPEIHOCTH KOU pelleTKara Tpeda J1a T'M MOCTUTHE.

4.2. KputepuyM Ha mNpoumupyBamkeé Ha padoTHATA KapaKTePUCTHKA Ha
TYpOMHATa CO NIPOMEH/IUB OPOj HA BPTEKHU

OBOj KpuTEepHyM, Kako IITO € HaBEeISHO BO IiaBa 2, ce JeduHHpa BO OJHOC Ha MPOEKTHATA
NO3UIIMja HAa OTBOPEHOCT HA CIIPOBOJHHOT amapar d, = CONst. IpU IITO Ke Ce aHaIu3upa
JieBHjanyjaTa Ha euKacHOCTa Ha TypOMHATa OKOJY CBOjOT ONTHUMYM, 32 Pa3IMYHUA OpOEBH Ha
BpTexku. Kako mTo € HaroMeHaro, pererkara Koja JaBa MoMalld OTCTAIllKU BO €(PUKACHOCTA IPH
pOMEHIUB Opoj Ha BPTEXKH, JaBa MPOLIMPYBamke Ha pabOTHOTO Mo/payje Ha TypOuHaTa.

OTTyka U3BeIeHH Ce 3aKITy4OIH 332 TPOQHINpPAHE HA JIOMATKUTE 110 BUCHHA, HAMECTO KOPUCTEHE
Ha JIONATKH CO eJIcH MPOo(duII, CO IITO CE OUEKYyBa OIpe/IesieHa 30Ha O] JIONaTKaTa Jja Ouje HoceuKa
IIPpU BOJICH-C HA CTPYEHETO MpeMa H3JIe3 O]l CIIPOBOJHHUOT amapar, co IITO CE COOMIITYBa Ha
PabOTHOTO KOJIO 32 MOTPEOHUOT OpOj HA BPTEIKH.

4.3. MeToau 3a ciopeada Ha pe3yJTaTuTe

[IpecmeTrkuTe Ha TYpOMHCKUTE KOCPUIIMEHTH 32 JeUHUPAKHE HA KapaKTEpUCTUKATa Ce
HampaBeHH Ha 0Oasa Ha crapmapaor IEC60193 [39] 3a eBamyanuja Ha mepdopMaHCUTE, CO
KOPHCTEE Ha 03 JMMEH3HOHATHUTE HApaMeTPH Neg [—], Qeg [- 1 1 Tog [—].

ITopanu nocroemeTo Ha MOBEKE MapaMeTPH BO aHAIM3UTE, €I Of PE3YJITaTUTE CE NPETCTaBEHU
B0 3D nujarpamu, kajie Ha X U Yy OCKUTE Ce MPETCTaByBaaT OMpPEIEIEHU T€OMETPUCKH MTapaMeTpH
Ha CIPOBOJIHUOT arapar, Kako U UHJEKCOT Ha YHU(POPMHOCT Ha MpouiIoT Ha Op3uHHU, HACTIPOTH
MIPOEKTHUTE MapaMeTpy Ha CIPOBOJHHUOT amapar (MHCTAJIUpPaH MPOTOK), CO Lel JepUuHUpambe Ha
reOMEeTPUMTE Ha CIIPOBOJICH arapar KoU ce OJIMCKY WM TOYHO Je(UHUPAHU 3a TaJCHUTE BIE3HU
napaMeTpu Ha TypOuHaTa, a moroa epukacHocta Ha TypOUHaTa ce MpeTcTaByBa Ha OpJMHATATA.

ToukuTe KOM ce T0OMBAaaT BO MPOCTOPOT MEryCeOHO Ce MOBP3aHM CO CTATHCTHYKA TPEHIOBCKA
anmpOKCHMMAaTHBHA TIOBPIIKMHA CIIOpE] METOAOT Ha HajManu kBajapatu (Response Surface
Methodology) koja maBa ciuka Ha 3aBHCHOCTHTE Ha MMPOMEHJIMBUTE CO OJ3MBHATA MIPOMEHIINBA,
BO CJIy4ajoB e(pHKacHOCTa Ha TypOMHATAa. ATIPOKCHMATHBHATA MTOBPIIMHA BOBELYBa I'PEIIKA IIPU
anpoKCHUMaIlijaTa HU3 TOUYKUTE JOOUCHHU O aHAIIM3UTE, HO IT00ATHO /1aBa CIIMKa 3a Mel'yceOHHUTe
BJIMjaHKMja Ha MMOECJUHUTE ITapaMeETPH, O Kajie K€ Ce M3BJIEKYyBaaT 3aKIy4OIMTE W W3BeayBaar
HapeJHUTE MOJIEIIH.
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5. Hymepuuko Mmoaeanpame

W3Benenure aHaau3u M JOOMEHHUTE PE3yJITaTH BO OBaa JHcepTalyja ce Ha 0a3a Ha HyMEPUYKO
MOJIETIpake Ha CTPYEHETO, CO TIOCEOCH OCBPT KOH MPHCTAINOT HA CUMYJIUPAE Ha CTPYCHE Kaj
XUIPAyJIUYHNA TYpOUHU, KOpUCTEjKH ro koMepuujanHuot codrepck maker ANSYS FLUENT
20. Hymepuukure Moaenu ce Oa3upaaT HajIpBO Ha JehUHUpame Ha MOCAMHEUYHHTE CTPYjHHU
JOMEHH, KO MPAKTUYHO TY MPETCTAByBAaaT MOSAUHUTE ACJIOBU HA XUApAyJIHUHATa TYpOrHA, KaKo
IITO C€ CHMpajara, CTaTOPCKUOT MHPCTEH W CTATOPCKHUTE JIOMATKH, CHPOBOJHUOT arapar,
paboTHOTO KOJIO M Au(y30poT. HUBHOTO mpeTcTaByBame 3a LIEIUTE HA CUMYJIALUUTE € MPEeKy
JMCKpETH3aIlja Ha CTPYJHUOT MPOCTOP U JAeHUHUpPAHE HA TOYSTHN U TPAHUYHH YCIIOBH BO KOH
HYMEPHUYKOTO PEIICHUE CEe OYCKYBa.

5.1. ''1TaBHM paBeHKM HA CTPYEH-E€TO U MO/IeJIUPamk-€ HA TYpOYyJIeHIuja

AKo ce pasrienyBa TPOJIMMEH3HOHAIHO CTPYEHhE Ha HeKoMIpecuOmieH Giyu] Kaje rycTiHaTa e
KOHCTaHTHA p = CONSt., TOral ce MO03HATH OCHOBHUTE npuHIUIH [40]

e 3akoH 3a 3ama3yBame Ha MacaTta (PaBeHka Ha KOHTUHYHUTETOT)

, O0v, 0v, 0v,
= = 5.1
Vv 9x + 3y + PP 0 (5.1)

e 3aKoOH 3a 3ama3yBame Ha KOJMuecTBOTO JBIkeme (HaBue-CTokcoBa paBeHKA)

613 -
StV @@ =-Vp+V-T+F (5.2)

2
T=u(Vo + voT) — §V vl (5.3)

TypOyneHTHOTO cTpyeme ce KapakTepusupa co (GIyKTyalluu Ha Op3MHaTa BO TEKOT Ha BPEMETO,
OKOJIy eJlHa IT0CTOjaHa BPEeTHOCT Ha Op3MHaTa T.H. MpoceyHa Op3uHa. AKO ce 3eMe IpEeaBH eIHa
0]l KOMITHEHTHUTE Ha Op3KHAaTa, MOXKeE J1a Ce 3amuile AeKa

t+At

f v (t)dt (5.4)

t

vx(t) =V = A_t

IpU IITO BO MPOU3BOJIEH MOMEHT, MOMEHTHaTa Op3WHa MpeTcTaByBa 30HMp Ha MpoceyHaTa U
diykTyrpaukaTa KOMIoHeHTa (myJscanujara)

vx(t) = Uy + valc(t) (5.5)

Ocranature XUAPOMECXaHHUYKHU, BCKTOPCKHM HWJIM CKaJlapHU TOJICMHHH KOU (bHYKTyI/IpaaT CcC
3aruuryBaaT Kako
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f@=r1+f@® (5.6)

Co 3amena Ha oBue u3pasu Bo HaBue-CrokcoBaTta paBeHka, ce 100uBa T.H. PejHosnicoBa paBeHKa
3a TypOYJIEHTHO CTpyerhe Ha HekoMIpecuOuieH Bucko3er Gpuyna (RANS)

Vo= V4V (=) + F (5.7)

3a pemaBame Ha PejHosicoBaTa paBeHKa, cekoraml € HoTpeGHO J1a 01 3aeJHO CO paBeHKaTa Ha
KOHTHHYHTETOT. 3a J100MBam-e Ha TypOyJICHIMjaTa, WICHOT BO PABEHKAaTa V' T'M MPETCTABYBA
PejHONICOBUTE HATIOHU BO CTPYEHETO, KO €€ MOTPEOHO Ja c& MaTeMaTHYKU MOJICIIUPAAt, co Lel
KOMILUIETHpamhe Ha pELICHUETO. PejHONICOBUTE HAlOHM ce€ BO penaluja co I'paJUEHTHTE Ha
cpenHara Op3uHa U TypOyJeHTHAaTa BUCKO3HOCT, KaJI€ 3a CTPYEHE IIPETCTaBEHO BO 2 HACOKH Ce
3aIuIlyBaaT Kako

— avx avy 2 v,
vi=Uly = e o +— 3y 36xy (k e ) (5.8)

T.H. XUoTe3a Ha EyCI/IHeCK, I1a Taka, PejHOJ'II[COBaTa TPAHCIIOPTHA paBCHKAa MOXKEC J1a CC 3aIllUIIC
Kako

dv,

6 _ ap’ 0 v, 6vy
a5t Tay ) =50 ayl“eff (6)1 ax )| TF (59)

KaJe WTO ferr = U + [y € €PEKTUBHATA BUCKOZHOCT, & IIPUTUCOKOT

2 2 dv

KaJe IITO 3a HEKOMIIPECHOWMIHU CTpyema IOCIeTHHOT WIeH ce 3aHemapyBa. Jlokonky ce
MpeTcTaBu Jieka TypOyJNeHTHaTa BHCKO3HOCT € 3aBUCHA OJf KHUHETHYKaTa CHEepruja Ha
TypOyseHIjara

k2
e = Cup— (5.11)

kane mro C, € KOHCTaHTa, a k M & e HAM3MEHNYHO KMHETUYKATa U JUCUIIATHBHATA €HEPIHja Ha
TypOyJIeHIIHjaTa, M TUE CE PE3YJITaT Ha JBE TPAHCIIOPTHU PaBEHKU

d ut
a(pk) +V(pVk)=V-[(u+ E)Vk] + P, — pe (5.12)

d(pe)
ot

[(“ * )‘7‘9]+ (CerPi = Cezpe) (5.13)
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OBue JBe paBeHKH ce MO3HATH Kako k — & cTaHmapaeH Mojen 3a TypOynennuja. Bo cirydaj Ha
pOoTaliluOHN ABUKCHA BO HYMCPUUYKHUOT MOIACI, KAaKO BO MJAaACHUOT IPUMCP Ha POTAlITMOHO
JBIDKEHE Ha PabOTHO KOJI0 Ha TypOmHaTa, TypOyJIeHTHaTa BUCKO3HOCT CE€ MPECMETyBa Ha HCT
Ha4MH, Kajie KoepuuueHToT C, # COonst. u ce u3pasypa Kako

1

C,=———
u 5.14
Ay + A —kgV ( )

Kazie To Ay u A ce koHcTaHTH, a V = f(£)) e Bo 3aBHCHOCT OJ1 CpeIHATA BPEIHOCT HA BPTEKOT
Ha CTpyjara riie/laHo Kaj BPT/JIHMB JOMEH, KOj IaK € 3aBUCEH OJ1 arojiHaTa Op3uHa Ha JOMEHOT () =
f (wy). TpaucopTHHTE paBeHKH 3a k 1 € Ke Ouaar

d
(k) +V(pVK) = 7+ [(u + E)7K] + Py pe (5.15)

d(pe t g2 £

% +V-(pVe)=V- [(u + %) \78] + pC,Se — pC, P + ECleQGb +S, (5.16)
OBue nBe paBeHKH o AehuHUpaaT k — & MOAENOT 3a TypOyJIeHIM]a, MO3HAT KaKo “OCTBapiuB”
MOJIe]l KO HaJ]MUHYBa OJIpEICHU OTpaHHYyBama BO PaBeHKaTa Ha JMCHIIAllMja HA KHHETHYKATa
eHepruja Ha TyOyJeHIMjaTa BO CTaHAAPIHUOT OIKC, MPH IITO BO HErO CE BMETHATH MapaMeTpu
IpU BPTJIMBH CTPYjHU TOMEHH BO HYMEPUUYKHOT MOJEJ, W BPIIM MOAOOpa NpeauKldja Mpu
€BEHTYAJTHU OJIJICNyBamka Ha (JIynaHaTa CTpyja mokpaj sugoure. OBOj MOJEN € YCBOCH U Ke ce
KOPHUCTU BO MIOHATAMOIITHUTE HYMEPUYKU CUMYJIAIUH.
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5.2. Moaenupame HA CTPyele BO TPAHUYEH CJI0j

TypOynenTHuTE CTpyema 3aBUcaT O] MPHCYCTBOTO HA SHAOBH BO MojenuTte. Bo cTpyjHoTO mose
Kajge ce no0mBa cpeaHata Op3WHA, BIHMjaHHE KMa OE3IM3rayKUOT YCJIOB OJ SHIOBHUTE.
Monenupamwero 05113y 10 SUAOBUTE 3HAYUTEIHO BJMjae BP3 BEPOJIOCTOJHOCTa HA HYMEPHUKOTO
peleHue, J0KOJIKY SHIOBUTE Ce ITITaBHUOT U3BOP Ha TypOyJIeHIIM]a UM BPTJIOKHOCT Ha CTpyjara.
3aroa, TOYHATA MPETCTaBa 3a CTPYCHETO BO ONM3MHA HAa SHAOBHTE OBO3MOXKYBA IPE/IBUIyBamba
Ha TypOYJIEHTHH CTpyeHa BO THE 00JIaCTH.

BbpojHu excriepuMeHTH MOKa)KyBaaT JieKa CTpyjHaTa 30Ha BO OJM3HMHA SUAOT (TPAaHUYHHOT CII0))
MOJKE OIIITO Ja C€ IMOJEeNH Ha TPU MOMAaIH 30HA. BO BHATPEIIHUOT C10j, HApEUEH ,,BUCKO3CH
MOJICJI0]“, CTPYEHETO € PEYUCH JJAaMMHApHO, a MOJIEKyJIapHaTa BHCKO3HOCT MMa JOMHHAHTHA
yIJloTa BO 3ala3yBame Ha JBIKCHETO. BOo HaBOPENIHHOT CII0j, HApEUYeH IEIOCHO TypOYJIeHTEH
cl10j, TypOyJeHuujaTa uMa rojaema ynora. I[loctou 30Ha nomer'y BUCKO3HHOT HOJICIIO] U LIETIOCHO
TypOyJIE€HTHHOT CJI0] Kajae eheKTuTe Ha MOJEKyJIapHaTa BHUCKO3HOCT M TypOyJICHIHjaTa C€ CO
MOJICIHAKBO BIIMjaHHUE.

UiUT = 2,5 In(Ur ylv) +5.45

|—————— [panunueH Cnoj —--‘

Uiur = Ur yiv

HapBopeweH cnoj

u/ur

LlenocHo

Buckosen - . -
Merycnoj Typ6yneHTeH cnoj

nopcnoj

Y

4 +o
y =5 y =60 In Ur yiv

Cn.5.1 30HU BO TPAaHUYHUOT CJIOj HA CTPYECHETO

TexHudkaTa MpaKTHKa IMOKaXyBa JeKa 32 MHKEHEPCKU aHAIHM3U HE € MOTPEOHO MOJIeHpamke Ha
CTPYEHETO BO BHCKO3HHMOT IMOJCIO] U JIeKa HYMEPUYKOTO MOJEIHUpamke Ha CTPYEHETO BO
TPAaHUYHUOT CJI0j TOKpaj SHJOBHUTE, CO TOJEeMa TOYHOCT CE€ 3aJ0BOJIyBa CO KOPHCTEHE Ha
ropeHaBeIeHUTE MOJIeNH 3a TypOyJeHIHja U neduHrupame Ha 0e31MMEH3MOHAIHA O/1/1aIeYeHOCT
OJl SUJIOT IIPEMa jaApoTO Ha CTpyemero Bo pamkure on 30 < y* < 300, T.e. Bo 30HaTa Ha
JorapuTaMcKa 3aKOHUTOCT Ha pacnpezen6a. HaBenenata 6e31MMeH3HOHANIHA O/1/1a7I€YEHOCT HE €
HUIITO TTOBEKE O] IPeCMeTKa Ha BUCHHATA M TIPUPACTOT HA KEITMUTE BO HyMEpUYKaTa Mpexa 0]l
SUJIOBUTE KOH jJaJpOTO Ha CTpyemeTo, 3a omndakame Ha oBaa 3akoHHTOCT. [la Taka,
0e3MMMEH3UCKaTa BPEJHOCT Ha BUCHHA Ha TpBaTa Keldja J0 SHUIOT KOj Ce ONCTpYyjyBa, ce
MpecMeTyBa Kako

+_ Py

P (5.17)
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KaJie U, ja MpeTcTaByBa Op3WHAaTa Ha TPUCHE Ha (IYyHIOT BO 30HATA HA SUAOT
v = |[— (5.18)

TaHreHuMjaTHUOT HAMOH T,, C€ MPECMETYBa BO 3aBUCHOCT OJ KOE(UIIMEHTOT Ha OTIOPOT Ha
TpHUEHE Ha SUJOT. Y CBOEHO € OICTPYjyBambe Ha aepOJMHAMHYHU Tea, MPUOIMKHA BPEIHOCT HA
OTIOPOT Ha TPUEH-E € JaJIeH BO TeopujaTa Kako 3aBUCHOCT OJ OJHOCOT HAa MaKCHUMallHaTa
nebenrHa Ha nNpoQUIOT K JoJKMHATA Ha Herosata Tetusa Cy, = f(t,/L) = 0.08 + 0.04 [41].
3a MmoegHOCTaByBame, YCBOCH € IpocedeH KoehunueHT Ha otrnop Ha npodwmmre C,,; = 0.06.
OTTyKa, TaHT€HLIMjaJTHUOT HAIOH Ce MPECMETyBa KaKo

1
Ty =5GP Ve (5.19)

KaJle Vo, ja MPETCTaByBa CpeiHaTa Op3MHA Ha CTPYECHETO BO 30HAaTa Ha mpoduiot. JJokoiky ce
[IOCTaBH [TOYETHA BPEHOCT 3a Oe3[MMEH3HCKaTa BUCHHA Ha [TpBaTa KeJrja, MOKe Jja ce IpecMeTa
BHUCTHMHCKAaTa BUCOUMHA Ha MpBaTa KeJKja BO TPAaHUYHUOT CJI0]

(5.20)

Cnopen ntujarpamoT Ha ci1.5.1 Moxe /1a ce yBUIM JIeKa 3a pelllaBake Ha TPAaHUYHHOT CJI0j BO YUCTO
JIOTapUTAMCKOTO TIo/Ipadje KaJie eJI0CHO TypOyIeHTHHOT CJI0j € JOMUHAHTEH, 0e3IMMEeH3HCcKaTa
BPEIHOCT Ha BHCHMHATa Ha Keiujata € y* > 60, Taka ITO BO IMOHATAMOIIHUTE CHUMYJIAIIUH,
ycBoeHa e Bpeanocra y+ = 100. BpojoT Ha KeJMu BO TPAaHUYHHOT CJI0j CE MPENopavyysa ja He €
nomai ox 3, a MeryceOHHOT MpHUpacT Ha KeJIMUTE Ja ce ABIKH BO pamkute ox 1.1 1o 1.3, co mTo
€ YCBOCH NPUPACT BO MOHATAMOUIHUHTE CUMYyJIanuu ox 1.2.

MN’\/

1
log

Cn.5.2 [Ipuka3 Ha pa3Boj Ha KeJIMKUTE 3a pelllaBambe Ha TPAHUYHHUOT CJIO]
BO JIOrapHTaMcKara 30Ha
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5.3. Onuc Ha pedpepeHTHHOT MO/IeJ1 0/ AHAJU3UTE - TypOuHaTa @pannuc 99

Typ6unara ®pannuc 99 npercraByBa ckaimupan moaen (1:5.1) Ha mpoToTHIl Ha TypOHMHATa BO
xuapoenektpanata Toke Bo Hopsemka. TypOunara e cocraBeHa on crupajia co BMeTHaTH 14
CTaTOPCKHU JIONATKH, CIIPOBOJEH amapar co 28 CHOPOBOJHHU JIOMATKU, U pabOTHO Koyio co 15
HEeJIOCHU U 15 pasznennu nonatku, mro ¢opmupaat 30 yaapHu (4esiHH) paboOBHM HA BJIE30T BO
KOJIOTO, KaKo W AU(Y30p OJ KOJIEHACT THUIl CO IMPOMEHJIMB HAlpeyeH IpeceK. BiesHuor u
U3JIE3HUOT AMjameTap Ha kosoto ce D; = 0.63 [m] u D, = 0.349 [m]. Mozenor Ha TypOuHara ce
Haola Bo jJabopaTopujara 3a XuApoeHepreTuka npu Y HUBEP3UTETOT 3a HayKa U TEXHOJIOTHja BO
Tponnaxajm, Hopemnika. [Ipecek Ha Mozaenor € najaeH Ha ¢i1.5.3.

Cn.5.3 TIpecek Hu3 MozenoT Ha Typouna @panrmc 99 [42] C21.5.4 T'eomerpuciu 1eTant Ha BIE3 BO
KOJOTO

Monenor Ha TypOuHa e coctaBeH of (1) criupana, (2) cTatopcku Jomatkw, (3) CIpoBOJIEH anapar,
(4) paboTHO KOJIO Ha TypOHMHATA, (5) IIaBHHU JIONATKH Ha KOJIOTO, (6) pasaenuu onatku (Splitter
blades) na xonoto, (7) koHnycen nen Ha qudy30poT u (8) KojeHacT e Ha audy30poT. PaboTHOTO
KOJIO Ha TypOWHATa MPETCTaByBa THII Ha KOJO Ha CIOpPOOAHA (BHUCOKOMpHUTHCHA) DpaHIuc
TypOuHa co 15 nenocuu u 15 paznennu nonatku. O U3BPIIEHN MOJIEICKU UCIIUTYBaba, IO3HATH
ce CJICJIHUTE TIOAATOIH 3a TypOrHAaTa BO mapidjaicH (Hu30K) paboten pexum (PL), Bo 30HaTa Ha
makcuManHa epukacHoct (BEP) u Bo Bucok padoren pexxum (HL):

Ta6.5.1 V3Beienn kapakTepucTuku Ha MoenoT @paniuc 99 [42]
p [kg/m3] g [m/s2]| ned[-] | Qed][] n[] Hn[m] [Q [m3/s]| n[rpm] | T [Nm]
PL 999.23 | 9.821 0.215 0.07 0.7169 | 12.29 0.071 406.2 144.06
BEP | 999.19 | 9.821 0.18 0.15 | 09303 | 11.91 | 0.203 | 335.4 | 628.41
HL 999.2 9.821 0.195 0.19 0.9066 | 11.24 0.221 369.6 | 605.62
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5.4. U3Benda Ha HYMepHUYKH MoOjel, Bepudukamuja U omnpeaejyBame Ha
HYMepPHYKA rpelika u 0TCTanyBame 0/1 JIa0OpaTOPUCKUTE Meperha

Criopen mpeTX0IHO HAaBEIECHWTE HAYMHU HAa HyMEPUYKO MOJENHpame, U3BPILIECHA € aHaIHu3a CO
CFD cumymnanuja Ha MomenoT Ha typOunata @panmuc 99, koja e pedepeHTHa BO oOBaa
JUCpeTalja ¥ MTOHATaMOITHUTE aHAIM3H, KOj K€ ce HapeKyBa “HyaTH monen’” wim Mogen 0.

Bo nocerammaure ananusu U objaBeHu pesyaratd Bo tpynosute [29], [30], [43], [44] u [45],
CHMYJIAIIMUTE CE BOJICHU 0€3 YUEeCTBO Ha CIMpajiaTa i CTaTOPOT, O/ IPUYMHA IITO CE aHAIN3UPAHH
BJIE3HUTE €(DEKTH BO CIIPOBOJHHOT arapaT, HACOKUTE HA CTPYEHETO Ha BJI€3 M HETOBHUTE €(PEKTH
KOM T'Ml IPETU3BUKYBA, KAKO U HM3a Ha Pa3IHYHKU MOJICJIN Ha CIIPOBOIHH JIOIATKH KO OTCTAITyBaaT
0J1 KOHBEHIIMOHAJTHATA TEOMETPHja CO KOja Ce pacroiiara, co 1eJ1 Ja ce J001jaT MoBeKe Pe3yITaTu
U TI0JIaTOIM 33 OJIHECYBAmETO HAa FeOMETpUjaTa Ha CIIPOBOJAHHUOT arapar Bp3 KapaKTepUCTHKATa
Ha MaIlliHaTa.

Co oBa ympocTyBame, UCTOBPEMEHO c€ J00MBa HaMaldyBame Ha MOTPEOHOTO MPECMETKOBHO
BpeMe, HYMEPUUYKHUOT MOJENOT KOj C€ HCIHUTYBa € CO peAylupaH Opoj Ha €NeMEHTH, CO IITO
MOJICJIOT € COCTaBEH O] CIIPOBOJICH amapar, padOTHO KOJIO W KOHYCHHOT el Of TU(Y30pOT.
Crnupanata ¥ CTaTOPCKHUTE JIONATKU Ha MOJIEJIOT Ha TypOrHATa c€ MPETXOAHO aHATM3UPAHU TIPEKY
HYMEpUYKHU CUMYJIAIUH, KaJie 3aryOuTe Ha eHepruja ce JOOMEHH U MOAO0LHA BO IPECMETKOBHUOT
MOJIEJI C€ BMETHATH 32 OIPeJIeyBamhe Ha HETO naaoT (¢i.5.5)

0.16
0.14
0.12

0.1

= — n
5 008 mSP_SV Al =mspQ
T 006 - mg, = 1.5516
n = 17656
0.04 y = 1.5516x1.765
0.02 R2 = 0.9998
0
0 0.05 01 0.15 02 0.25 0.3

Q [m3/s]

Cn.5.5 Jlujarpam Ha XUApayINIHATE 3aryOn Ha CITUpaiaTa ¥ CTATOPCKUTE JIOMATKHA U MOIYI U
CKCIIOHCHT Ha KpUBaTa Ha XUJPAYJINIHHUTE 3aryOu

3a u3BeaO0a HA HYMEPUYKHOT MOJEI, IOJIOBHU TOJATOIM C€ CHEPreTCKUTE MapaMeTpu Ha
MOJIETIOT Ha TypOuHaTa, KaJie 32 ONTHUMallHaTa pabOTHA TOYKA, U3BEJACHH Ce:

Tab.5.2 V3BeaeHn napaMeTpy 3a onTUMaJIHaTa paboTHA TOYKA HA TypOWHATa
BEP |p[kg/m3][g[m/s2]| ned[-] | Qed[-] | D1[m] [ D2[m] | n[rpm] | Hn[m] [Qd [m3/s] T [Nm]
998.2 9.81 0.18 0.15 0.62 0.349 | 333.33 | 11.76 | 0.2017 | 624.44

45



5.4.1. Mpexxupame Ha palOTHOTO K010

PaGoTHOTO KOJIO CO CBOMTE KapaKTEPUCTUYHU TUMEH3UHU € MPEeTCTaBeHo Ha ci.5.6. Mpexata 3a
pabOTHOTO KOJIO € M3BEJICHA CIOpe]] aHATUTHYKU MPECMETKH 3a MPHPACTOT HA KEIUUTE TOPE]
SUJIOBHTE, 32 JaJICHUOT MPOTOK, T.€. MPECMETKA Ha pelaThBHATa Op3WHA HA CTPYEHE Ha BJIE3 BO
xonoto. 3a D; = 0.62 [m], n = 333.33 [min~1], B; ~ 0.06 [m],Q; = 0.2017 [m3/s] u Bnesen
aroJI Ha JIOTIATKUTE Ha KOJIOTO O; =~ 82 [°], mpecMeTaH € aHAIMTHYKK TPHATOJHUKOT Ha OP3MHU
Ha BJIe3 BO KOJIOTO, KaJie pellaTUBHATa Op3vuHA M3HECYBa

w; = 1.75 [m/s]

[TpecmeTanaTta BpeAHOCT 3a pellaTUBHATA Op3WHA € yCBOeHa Ja Ouze 2[m/s], oa mpuyuHa mro He
e 3eMeHa npenBua AedenrHaTa Ha jonatkute. Cropesa Toa, MpecMeTaHa € BUCHMHATa Ha IpBaTa
kenunja na m3HecyBa 0.05 [mm], mpuroa 3amanenu ce 5 Kelnu 3a OMUC HAa TPAHUYHHOT CJIOj CO
Meryceben mpupact oj 1.2 (20% pact). Pa6oTHOTO K010 ce cocTou o 6 - 10° kenumu.

Cn.5.6 [Ipecek Ha xostoto Ha Ppaniuc 99
MOJEJIOT

Cn.5.7 Mpexa Ha paGOTHO KOJIO

5.4.2. Mpesxxupame Ha CIPOBOJHHMOT anapar

CrpoBOIHHOT amapaT CO CBOMTE KapaKTEPUCTHYHU IAMMEH3MU € TMpeTcTaBeH Ha ci.5.6. [lpu
U3BpILIEHATa aHAJTUTHYKA MpPEecMeTKa 3a Op3MHUTE MOMery KOJIOTO U CIPOBOJAHMOT amapat, ce
no0uBa Jleka MaKkCHUMaaHaTa Op3uHa moMery JIBe JJONAaTKH BO CIIPOBOJIHUOT amapat Ja U3HeCyBa

v, = 10 [m/s]
CO IITO BHCHHATA Ha MPBATa KeJirja Ha SHI0BUTE Ha JIOMATKUTE O] CIIPOBOTHUOT anapar H3HeCyBa

0.025[mm]. MpesxuTte Ha COPOBOIHHOT amapaT ce JBMKAT BO rpaHuIuTe o 5 10° 1o 6 - 10°
KeJINH.
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#658.085mm

DETAIL A
SCALE 1:1

$736.556mm —___

Cn.5.8 [lumMeH3uK Ha CIPOBOIHHMOT arapar Ha

wostestor dparwic 99 Cn.5.9 Mpexa Ha CIpOBOTHHOT arapaT

5.4.3. Mpexxupame Ha q1udy3opoTt

Judy30poT, KaKo IITO € HAITOMEHATO, BO CUMYJIALIMUTE € 3eMEH IPEABH]I CaMO CO KOHYCHHUOT JIel,
CO IIeJl HaMalyBamke Ha MOTPEOHOTO BpeMeE 3a OJBMBame Ha cuMmynauuute. IIpu nmpoekTHuor
IPOTOK U M3JIE3€H JAMjaMeTap Ha KOJIOTO, ce 1001Ba Op3uHa oA

Vairr = 2 [m/s]
O]l KaJie ce MPecMeTyBa BICHHA Ha IpBaTa KejMja Ha SHAO0T Ha audysoport ga oune y = 0.4 [mm].

['paHUYHHOT cI10j € omuIIaH co 5 kenuu co merycedeH npupact oa 1.2. [ludy3opoT ce coctou o
9 - 10* kenumu.

Cn.5.11 IMpumep Ha u3BeIeHA MpeXa Kaj
0] 1oie CIIPOBOIHUTE JIOTIATKU M KOJIOTO

47



5.4.4. 'paHUYHHU YCJI0BH HA HYMEPUYKHOT Mo e

On npuYHMHA MITO aKIEHT HA caMmara aHajiu3a € CIPOBOJHUOT amapaT W HETOBHUTE BJIHMjaHU]ja HA
CTPYEHETO KO C€ Kpeupa Ha BJIe3 BO pabOTHOTO KOJIO, KaKO U OMIITOTO BIIMjaHUE Ha pabOTHATA
KapaKTepUCTHKA, CIHUpaJiaTa ¥ CTATOPCKUTE JIOMATKH HE C€ 3€MEHM IMPEIBUI BO CUMYJIAIUUTE.
[IpeTxoaHKTE UCTpaKyBama KoM ce myonukyBanu [43] Bo Hacoka Ha neduHuparme Ha 3adaTHUOT
aroJl Ha JIONATKUTE, HAYMHOT M BIMjaHHETO HA BJIE3HATA CTPYyja BO CIPOBOAHUOT amapar co
criopenda Ha KOHBEKCHU Y KOHKaBHHM JIOTIATKU BO PEIIETKAaTa, KaKo M aHAIM3Hpakhe Ha Pa3InIHA
JIOJDKMHM Ha JIOMATKU, T'YCTUHM Ha PEIIeTKH U HUBHU PACIIOHHU, OBHE 2 €JIeMEHTH Ha TypOuHara
Ce UCKIIYYCHHU O] aHAJIH3HTE.

Ha Bie3 BO cIpoBOIHHMOT amapar, Kako I'paHHYEH YCJOB € 3a1aJieH KOHCTAaHTEH IMPOTOK, O]
IPUYHMHA IITO PELICHUETO N0oJ00pO KOHBEPrupa, cO MPOLEHTYaIHd KOMIIOHEHTH 10 00eMOT Ha
KPY)KHOCTa Ha BJe3 Ha paJdjajHaTa W OOEMHaTa KOMIIOHEHTa Ha BEKTOpPHUTE (HAaKJIOH Ha
CTPYJHUIIUTE) KOHCTAHTEH IO Lejara KpyxHocT. Ha uzne3 on augy3opor e 3aaaaeH cTaTHUKU
MPUTUCOK KaKO TPaHW4YEeH YCIoB. PaGOTHOTO KOJO Kako 3ace0eH BOJIYMEH BO HYMEPHUKHOT
JIOMEH, UMa 3aJ1aJieHa arojiHa Op3MHA OKOJIy BEpTHKAJIHATa OCKa Ha pOTaluja, LITO HyMEPUYKH
3aJlaBa Ha KeJIMUTE Ha BOJIYyMEHOT 00eMHa KOMIIOHEHTA, T.€. C€ PelllaBa CTPYEHETO BO TO] BOJYMEH
[0 OJJHOC Ha pellaTUBHAaTa Op3uHa, a LEJOKYNHAaTa CTPyjHA CIMKA Ha PEIICHUETO € “‘CMp3HaT
potop” (frozen rotor) — kBa3u craioHapHa cTpyjHa ciuka. [loBpIIMHUTE HAa BOJIYMEHOT CO KOj €
OIUIIIAHOTO KOJIOTO OJ1 TypOMHaTa (JIOMAaTKUTE, KpyHATa U BEHEIOT) Ceé HYMEPUUKH 0CI000eHU
na GUKTUBHO POTHMpaaT BO HACOKA HA POTaIlHja Ha KOJIOTO, HO 0€3 3a/1a/ieHa BpEeIHOCT (BEKTOP)
Ha caMMTe SHJOBH, CO 11e] npudakame Ha UMIYJICOT OJ] poTalyjaTa Ha BOJIYMEHOT U IPEHOC Ha
Op3MHUTE U IPUTHCOLUTE 01 (PIYyUI0T KOH SUA0BUTE (IPUHLUI HA TypOuHa). [ pannynuTe ycinoBu
ce LIeMaTCKU MPeTCTaBeH! Ha CJ1.5.12

[paHVyeH ycros Ha Bnes3 Bo  Vui

CcrpoBogeH anapar
MpoTok
Qi=const. [kg/s]

OpgHoc Ha 6panHuTe
npoueHTyanHo
vri f vui

PoTupayki NoBpLUMHKA

07} KONoTO

(nonatku, KpyHa 1 BeHel)
penatvsHO w2=0 BO 0QHOC
Ha POTUPHWOT BOMTYMEH

w1 [rad/s]

PoTupeH sonymeH
Ha KonoTo
w1 [rad/s]

IpaHuyeH ycnos
Ha uanes og audy3op
Cratnukm I'Ipmmco%
pst_o [Pa] 1

Cn.5.12 I'padmuxu mprka3 Ha TPAaHUYHHUTE YCIOBH
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5.5. Pe3yJaTaTu M NpoieHKAa HA HyMepUYKAa rpelkKa

HymepuuknTe cMyauy yCIenHO KOHBEPrHpaar, Co IOCTUTHYBAkE HA TOYHOCT Ha PEIICHUETO
no 107°. AHajorHo Ha Toa, BO CTPYjHHOT JOMEH € 3a1aJicHa €HAa MPOM3BOJHA TOYKA KaJIE €
clieZiecHa KOHBEpreHI1jaTta Ha Op3uHaTa BO Taa TOUKA, KAaKO JOJATEH KPUTEUPYM Ha PEIIaBambe Ha
CTPYJHOTO T0JI€ U Jle(pUHHpae Ha MOTPEOHUOT Opoj Ha UTepaluu 3a 100uBamke Ha UCTOTO.

024

Nom. moel efficiency, 1. (%] (Black)
Power factor, Py [ (Red)

0.24,

0.22-

0.2

vVAAeomNC P00

0168

0141

Discharge factor, Q, [-]

0.1 dils

0.08 -

0.06

0.04
014 015 0.16 017 0.18 0.19 0.2 0.21 022 023

Gl S Ty i i Lk L L .
ned [-] 014 0.15 0.16 047 0.18 0.19 0.2 0.21 0.22 0.23
Speed factor, Nep -]

Cn.5.13 JloOuena yHuBep3aiiHa KapaKTEPUCTHUKA O Cn.5.14 YHuBep3aliHa KapaKTepUCTUKA OJ1
HYMEpPUUYKH CUMYJIaIluu MOJIEJICKM UCTTUTYBama [46]

PenaruBHaTa rpemika Ha HyMEpUUKUTE CUMYJIALlMU BO 00JIacTa Ha MaKCUMaliHa e(hUKacHOCT Koja
ce 100MBa, MOXKe J]a ce PecMeTa CIIope T JJOKaIMjaTa Ha TOYKaTa IpeKy pelylupaHuTe IapaMeTpu
Ha TypOHHaTa

Ned,, — Ned
Enuy = |21 100 & 1.67 [%]
¢ nedm

Qedm - Qedcfd

€0uq = +100 ~ 3.92[%]
Qedm
& = |M| +100 ~ 0.107 [%]
M

3a mpoBepka Ha pelleHHeTo U JeuHupame Ha HyMepuyKaTa Tpellka, HalpaBeHa € cropeznda
MpeKy Tpeceny Ha JBaTa JujarpaMu 3a peaylHpaHd OpOEBH Ha BPTEKHU N,q = 0.165 + 0.18 +
0.195 [—] 3a ucTH OTBOPEHOCTH HA CIPOBOJAHUTE JIOTIATKH.
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Cn.5.15 Ilpecenn Ha yHUBEP3aIHUTE KAPAKTEPUCTHKH
A) ngg = 0.165 [—] B) neq = 0.18 [—] B) neq = 0.195 [—]
Cpenna rpemika 0.252 [%)] Cpenna rpemika 0.262 [%] Cpenna rpemika -0.303 [%0]

OtTtyka Moxe na ce 3abenexu Jeka HyMepudykoTo pemeHue Ha Moxenor 0 He oTcramyBa
3HAYUTEIHO 07 TaOOPaTOPHCKHUTE MOJICIICKU UCITyTBama Ha TypOuHara @panmuc 99. Toukara Ha
MaKkcuMajaHa e(pUKACHOCT KOja € JoOMeHa CO HyMEpPUYKU CUMYJIAIMU Ce MOMeCcTyBa 1o Opoj Ha
BPTEXH U 10 MPOTOK, TPH IITO IPEIIKUTE HA OTCTalyBambe 011 MoaeioT ce 1.67 [%] u 3.92 [%],
NMoeMHEYHO. VHTEH3UTETOT Ha MaKCHMallHaTa eQHUKACHOCT HyMEpPWYKH J00HMeHa HW3HEeCyBa
93.7[%] cnopeneno co Ha mozenot on 93.6[%] T.e. co rpemka ox 0.107[%]. 3a ymre eana
criopenda, HapaBeHH ce TPU MpeceKa Ha JBaTa AWjarpaMu, M0 KOHCTAaHTHU PeaylupaHu OpoeBH
Ha BPTEXKU. 3a MPBUOT MPECEK TPEUIKUTE Ha ePuKacHOCTa JOOMEHU HYMEPUYKH HACIPOTH
MOJICJICKHTE Meperba ce ABMKAT BO paHrot o1 +1.302 mo -0.325[%], ogHoCHO cpemHa rpemika Ha
npecekoT ox 0.252[%]. 3a BTopuoT npecek, rpemkure ce Bo panrot oxa 0 no +0.552[%] omHocHO
cpeana rpemika Ha mpecekoT oa 0.262[%], a BO TpEeTHOT mpeceK, TPENIKUTE Ce BO PAHTOT O]
+0.225[%] no -0.55[%], omHOCHO TipoceuHa rperika Ha npecekot ox -0.303[%].

Co oBaa cniopeniba u eBajlyalyja, MOXe J1a ce 3aKIy4H JIeKa KpaTeHheTo Ha HyMEPHUUKHUOT JIOMEH
3a OIIUC Ha TypOMHATa, CO L1eJ MOEJHOCTABYBAKE HA CTPYJHUOT JOMEH U HAMATyBamke Ha BPEMETO
Ha pelllaBamke Ha COJBEPOT, JaBa MPEelU3HO Je(UHUpAkEe Ha KapaKTepUCTUKAT aHa TypOMHAaTa.
Cure mpeB3eMEHU UYEKOPU 3a HEroBO JAePUHHpAmE, HYMEPHUUKO MOJEIUpPame W IpHCTall,
MpEXUPAKE Ha INOCAUHEUHUTE EIIEMEHTH, YCBOCHUTE TI'PDAHUYHU YCJIOBH, MOJEIUPABETO HA
TypOyJieHI[jaTa, KaKk0 ¥ HAaYMHOT Ha BOJCHE HAa HYMEPUUYKUTE CHUMYJAIMH, C€ MOKa)XyBa 3a
KOPEKTEH U JOCTA IPELM3EH U TOYEH, CO HE3HAYUTEIIHA OTCTAIlyBalkha O JOCTAITHUTE IT0JATOLN
0]l MEpemaTa.
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6. Baiujanue Ha o1/1eJIHM TeOMETPUCKH NapaMeTPH HA CIIPOBOAHUOT
anmapatr Bp3 XWJIPOJAMHAMHYKHTE YCJOBH H e(HKACHOCTA HA
TypOMHaTa

Bo oBaa riiaBa ce u3BeeH pe3yaTaTH O[] MaplMjaiHU aHAIU3U KaJle ce TPEeTUpaHU BiUjaHUjaTa
noMery reoMerpujaTta, CTpyjHUTE YCIOBH M e(pHUKACHOCTa Ha TypOMHATa NpPHU KOHCTAHTEH U
npomeniauB 0poj Ha Bpreku [43][44]. TlojaoBHUTE aHAIM3K Ce BO HAacOKa Ha JeUHHpaArbe Ha
HEKOM OMIUTH Mel'yceOHU BIIMjaHH]ja, KaKo U Je(pUHUPakbe Ha IPaHULIMTE BO KOU aHAIM3HTE Ke ce
BOJIAT.

Cin.6.1 Tlpuka3 Ha mpOMEHa Ha TeOMETPUCKHTE napameTpu [43]

6.1. AHaqm3a Ha TreoMeTPHUCKHUTE NapaMeTpu Bp3 eQUKACHOCTA NpH
KOHCTAHTEeH 0OpP0j HA BPTEKHN

[Toarajku on MpPOEKTHHUTE MapaMeTpu Ha TypOWHATa, T.e. 30HaTa HA MaKCMMalilHa €(UKACHOCT,
W3BEJCHU ce 37 MOJIENH Ha CIIPOBOJIHHM JIONIATKH BO CIO00THUOT ITPOCTOP OMETY pabOTHOTO KOJIO
U CTaTopckuTe jomnatku. M3Bemenute Moaenu ce coctojat on 24, 26, 28 u 32 jomaTku, 4uu
pENIeTKH UMaaT pa3IndyHa T'yCTHHA, CBETOJI OTBOP, OJHOC TIOMETy BIE3HHOT W U3JIE3HUOT PaInyC
1 3adaTeH aroj Ha TeTUBaTa Ha JjonaTkuTe. Kputepuymot Ha mpodunupame Ha U3JIE3HUOT pabd Ha
JIOTIATKUTE 3a CUTE MOJCIH € UCTH (&, = CcOonst., U JUPEKTHO 3aBHCH O] MOTPEOHUOT arojl Ha
CIIPOBEIyBame Ha CTpyjaTa Ha BJIe3 BO KOJIOTO MpHU JajeHuTe paboTHU ycioBu. M3BeneHute
MOJICNIH ce aajeHu Bo Ta0.6.1.
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Ta6.6.1 — M3Benenn koHGUT

palui Ha pCHICTKU

Komb.[-]| Zgv [-] | fi_n[-] [Cro[-]| Cri[-] | L/t[-] |ao/L[-]| ao/t [-] |&_rel[-]|dx[-] | ty[-]
1 32 1.42 | 1.025 11 1571 | 0.179 0.28 1.021 0.3 | 0.16
2 32 1.42 1.05 11 1534 | 0.186 | 0.285 | 1.044 | 0.3 | 0.16
3 32 1.42 | 1.075 11 1.498 | 0.192 | 0.287 | 1.061 0.3 | 0.16
4 32 1.42 11 11 1.463 | 0.199 [ 0.291 | 1.083 0.3 | 0.16
5 32 1.42 | 1.075 11 1572 | 0179 | 0.281 | 1.021 0.3 | 0.16
6 32 142 | 1.075 | 1.125 | 1.633 | 0.213 | 0.347 | 1.401 0.3 | 0.16
7 32 142 | 1.075 | 1.15 | 1.702 | 0.239 | 0.407 | 1.752 0.3 | 0.16
8 32 124 11075 | 1.08 | 1.353 | 0.203 | 0.275 0.99 0.3 | 0.16
9 28 1.24 | 1.025 11 1374 | 0.214 | 0.295 | 1.021 0.3 | 0.16
10 28 1.24 1.05 11 1342 | 0222 | 0.299 | 1.044 | 03 | 0.16
11 28 1.24 | 1.075 11 1.31 0.23 0.301 [ 1.061 0.3 | 0.16
12 28 1.24 11 11 1.281 | 0.239 | 0.306 | 1.083 0.3 | 0.16
13 28 1.24 | 1.075 11 1374 | 0.214 | 0.294 | 1.021 0.3 | 0.16
14 28 124 | 1.075 | 1.125 | 1.428 | 0.252 0.36 1.401 0.3 | 0.16
15 28 124 |1075 | 115 | 1.488 | 0.281 | 0418 | 1.752 0.3 | 0.16
16 28 14 1.075 11 1528 | 0.16 0.245 | 0.737 0.3 | 0.16
17 28 1.32 | 1.075 11 1.452 | 0.203 | 0.294 | 1.021 0.3 | 0.16
18 28 1.09 | 1.075 | 1.08 | 1.183 | 0.244 | 0.289 0.99 0.3 | 0.16
19 26 1.16 | 1.025 11 1.276 | 0.237 | 0.302 | 1.021 0.3 | 0.16
20 26 1.16 1.05 11 1.245 | 0.246 | 0.306 | 1.044 | 0.3 | 0.16
21 26 1.16 | 1.075 11 1.217 | 0.254 | 0.309 | 1.061 0.3 | 0.16
22 26 1.16 11 11 1.189 | 0.263 | 0.313 | 1.083 0.3 | 0.16
23 26 1.16 | 1.075 11 1.277 | 0236 | 0.302 | 1.021 0.3 | 0.16
24 26 116 | 1.075 | 1.125 | 1.327 | 0.277 | 0.368 | 1.401 0.3 | 0.16
25 26 116 | 1.075 [ 1.15 | 1.383 | 0.308 | 0.426 | 1.752 0.3 | 0.16
26 26 13 1.075 11 142 | 0.178 | 0.252 | 0.737 0.3 | 0.16
27 26 1.23 | 1.075 11 1.349 | 0.224 | 0.302 | 1.021 0.3 | 0.16
28 26 1.01 | 1075 | 1.08 | 1.099 | 0.27 0.297 0.99 0.3 | 0.16
29 24 1.07 | 1.025 11 1.178 | 0.264 | 0.311 | 1.021 0.3 | 0.16
30 24 1.07 1.05 1.1 115 | 0274 | 0316 | 1.044 | 03 | 0.16
31 24 1.07 | 1.075 11 1.124 | 0.284 | 0.319 | 1.061 0.3 | 0.16
32 24 1.07 11 11 1.097 | 0.294 | 0.323 | 1.083 0.3 | 0.16
33 24 1.07 | 1.075 11 1.179 | 0.265 | 0.312 | 1.021 0.3 | 0.16
34 24 1.07 | 1.075 [ 1.125 | 1.225 | 0.308 | 0.377 | 1.401 0.3 | 0.16
35 24 1.07 | 1075 | 115 | 1.276 | 0.341 | 0436 | 1.752 0.3 | 0.16
36 24 1.2 1.075 11 1.311 0.2 0.263 | 0.737 0.3 | 0.16
37 24 1.13 | 1.075 11 1.245 | 0.25 0.312 | 1.021 0.3 | 0.16

HymepuukuTe cuMyaliui Ha MOJCIUTE CE U3BECHH MPU KOHCTAHTH YCJIOBH 3a MaJ0T U OpPOjoT
Ha BPTEXH, CIIOpPE]l yCBOCHATa TOYKAa Ha MakcHMMayHa e()MKaCHOCT Ha TypOuHaTa. Pesysirature
KOH ce JJ0OMeHH 3a e(pKacHOCTa Ha TYpOMHATA, Ce TIPETCTABCHHU Ha pellaTHBHA OCHOBA, CIIOPEICHU
MeryceOHO | MOJIOIHA CIIOpeIeHH CO PehEePEHTHHOT HYJITH MOJICI O/ MPETXOJHUTE CUMYJIAIlnN
MpeTcTaBeHu Bo riiaBa 4. MeryceOHara criopeida € u3BeJieHa 3aBUCHO U HE3aBUCHO 07 OpojoT Ha
JIONIATKU BO CITPOBOJIHUOT ariapar, co Il 1001Barbe Ha T7100aTHa 1 JIOKaTHA CITMKA Ha BIIMjaHHjaTa
HAa MOCTUHUTE TEOMETPUCKH MTapaMeTpH.
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Cn.6.2 IMoenuHedny epukacHOCTH 1o KoHpurypauuu [43]

0.91974

10

15

20
Mogen [-]

25

30

35

40

52



6.1.1. Brujanne Ha ryCTMHATA U CBETJIHMOT OTBOP HAa JIOMATKHUTE

['mobanHata cirka Ha BIMjaHUETO HA TYCTHHATA Ha PEIICTKATA U PEIATHBHUOT CBETOJN OTBOP Ha
JIOTIATKUTE BO pEIIeTKAaTa, € MPETCTaBeHa BO OIHOC HA MaKCUMalTHaTa e(puKacHOCT Koja ce 1o0uBa
OJI CUMYJIaIlITE, HE3aBUCHO 0] OPOjOT Ha JIOMATKUTE BO PEIIETKATA.
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Cn.6.3 Briujanue Ha ryctuHara u cBeTIHOT oTBOp  Cn.6.4 Biinjanue Ha rycTHHATA M CBETIUOT OTBOP
Bp3 epukacHOCTa Ha TypOUHAaTa Bp3 epukacHOCTa Ha TypOUHaTa

On cnmukute 6.3 m 6.4, Moke na ce 3a0enekdw JeKa 30HATA HA MaKCHMaiaHa e(UKACHOCT €
3aJI0BOJIEHA ITPU I'YCTUHU Ha peleTKaTa Bo paHrot ox 1.1-1.3 u penarusen cseton orsop oz 0.24-
0.29, He3aBuCHO 071 OpOjOT Ha JIOMATKHU. 30HaTa Ha MakCUMaHa €(UKACHOCT KOPECTIOHANPA CO
IIPOEKTHUOT MPOTOK Ha TypOMHATa, Ia Taka MU3BEIECHU ce INI0OATHUTE peNalvy 3a JoOMBame Ha
PEIATHBHHUOT CBETOJI OTBOP HA JIOMATKHUTE M MMPOEKTHUOT MPOTOK.
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Cn.6.5 Binjanuje Ha penaTUBHHOT cBeTos oTBOp  Cn.6.6 Binjanuje Ha peIaTUBHHOT CBETOJI OTBOP
BO OJTHOC Ha YEKOPOT Ha pelIeTKara BO OJTHOC Ha JIOJDKMHATA Ha JIoTaTKaTa
BP3 MPOEKTHHOT MIPOTOK BP3 MPOEKTHHOT MTPOTOK
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Cn.6.7 Bimjanuje Ha penatuBHHOT cBeTos oTBOp  Cn1.6.8 BinjaHuje Ha peaTHBHUOT CBETON OTBOP
BO OJTHOC Ha YEKOPOT Ha pelieTKara BO OJTHOC Ha JIOJDKMHATA Ha JIoMaTKaTa
Bp3 epukacHOCTA Bp3 eukacHOCTA

On nujarpamure Moke Jia ce 3a0eJiexu JieKa BPEIHOCTUTE KOU KOPECIIOHIUPAAT HA CBETJIMOT
OTBOp KaJie ce A0OMBa MPOCKTHUOT MPOTOK, C€ MACHTUYHH CO BPEIHOCTUTE 32 MaKCHUMallHATa
epukacHocT. CBETIMOT OTBOP Mel'y JIONATKUTE € MMPETCTaBEH BO OJIHOC Ha YEKOPOT U BO OJJHOC Ha
JOJDKMHATA Ha JIONATKaTa, KaJe ce IiefaaT IpaHHuITe BO KOM TOj Tpeba Ja ce ABMXKH U OBHE
OJTHOCH C€ IIPEB3EMEHH BO IOHATAMOIITHUTE aHAJIN3H, KaJIe Ce U3BEICHU KPYKHH PEIIETKU BO OBHE
rpaHuny. YekopoT Ha pelleTkara € U3BeAeH I100alHO U MOEIUHEYHO 1Mo Opoj Ha JOMAaTKU BO
CIPOBOJHUOT amapar, 0J1 KaJie MOXe Jla ce€ YBUJAT I'paHULIUTE BO KoU TOj ce ABmxu. Ce qo6uBaar
OIITUMHU3AIMMOHHN KPUBH 3a BPCAHOCTA Ha YCKOPOT HA PCUICTKATa, YN BPCIHOCTH CC IMIPEB3CMCHHA
BO [TOHATAMOLIHUTE aHAJIH3H.
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Lit [ LA [
Cn.6.9 T'mobaiHo BiMjaHKE HA TYCTHHATA BP3 Cn1.6.10 Biujanue Ha rycTuHata npu 28
eukacHocTa JIOTIATKU
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Zgv=26
1 1
0.99 0.99
— 0.98 — 0.98
5 0.97 5 0.97
0.96 0.96
0.95 0.95
R2 =0.9932
0.94 0.94 Zgv=24
R2 =0.9367
0.93 0.93
1 11 1.2 1.3 1.4 15 1 11 1.2 1.3 1.4
L[] L/t [-]

Cn.6.11 Bimjarue Ha TycTHHATA IpH 26 JIOTMATKH C11.6.12 Bimjanme Ha rycTunara npu 24
JIOIMAaTKH

6.1.2. Brujanue Ha 3apaTHHOT aroJi 4 aroJ0T HA HAKJIOH HA JIONATKUTE

3adaTHUOT aroy Ha JIOMATKUTE BO CIIPOBOIHHUOT arapar BO CBOjaTa MPOEKTHA MO3HIIN]ja TUPEKTHO
BJIMjae Ha epuKkacHOCTa Ha TypOUHATa, CO IITO ce Ae(hMHUPaA PAHTOT BO KOj TOj Tpeba J1a ce ABHXKH,
3a HaMaJTyBame Ha OTCTAIlyBamETO OJ1 30HAaTa HA MaKCHMaJTHA eUKACHOCT, IpU AePUHUpPAHE HA
CIIPOBOJICH amapar 3a JaJICHUTE MPOeKTHU BpeHoCTH. O Ipyra cTpaHa, 3a arojoT Ha HAKJIOH Ha
Jorarkara (arojioT Ha HaKJIOH Ha TETHBATa) ce Jo0uBa aeka Tpeda ga 06e30e1u KOTUHEapHOCT CO
aroJIOT Ha CIIPOBEyBal-E Ha CTPYECHETO O] CIPOBOJHHOT amapaT KOH KOJIOTO, Kako He Ou ce
TOOMIIO OTCTAIyBamkE O] 30HaTa HA MaKCUMAaJIHA €(PUKACHOCT.
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Cn.6.13 Bnujanue Ha 3apaTHHOT arox Ha Cn.6.14 Brnujanue Ha aroyioT Ha HAKJIOH Ha
JIOTIATKUTE Bp3 e(hrKacHOCTa JIOTIATKUTE Bp3 ehrKkacHOCTA
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6.1.3. U3Ben0a Ha noBoJIHA KOH(HUIYpPalKja HA CIPOBOJCH anapaT o A00HeHnTe pe3yJITaTh

On ropeHaBeieHUTE Pe3yATaTH 3a MMOEIMHEUHUTE BIMjaHH]a HA TEOMETPUCKUTE apaMeTpH Bp3
epuKacHOCTa Ha TypOMHATa, BO HEj3MHATA IMPOEKTHA TOYKA, M3BE/ICHA € MMOBOJIHA KOH(HUTYypalnja
KOja 'l 33/I0BOJTyBa OBUE T€OMETPHCKHU MTApaMETPH, KOja ce€ KOPUCTH BO IIOHATAMOIITHUTE aHAJIH3H.

Cn.6.16 JluMeH3uu Ha yCBOEGHA TeOMETpHja 3a
aHAIIM3HTE

Cn.6.15 M3Benena reomerpuja 3o MATLAB

YcBoeHara reoMeTpHja Ha CIIPOBOJIEH arapar ¢e COCTOM 01 Zg, = 26 nonatku, Kou Gopmupaar
rycTHHa Ha pemerkata on L/t = 1.242, uma penaTtuBeH CBETOJ OTBOP BO OJHOC Ha JOJDKUHATA
Ha npoduior on ay/L = 0.147, ogHOCHM Ha paauycuTe Ha BIE3HUTE U HU3JIE3HUTE PabOBU
HAcmpeMa BIIE3HHOT BO pobOoTHoTO Koo Cp; = 1.172 u Cg, = 1.075, aron Ha HakIOH Ha
JIOTIATKUTE BO OJHOC Ha CTPYJHUOT aroil O, = 1, JoKanuja Ha MakcMMaiHaTa JeOenrHa Ha
npoGuIoT BO OJHOC Ha JOoJKMHATa Ha npodwior e dx = 0.3 m MakcuManHara neOeinvHa Ha
MCTaTa Taa JOKalKja BO OJJHOC Ha JIOJDKMHATA Ha MpoGuIIoT usHecysa t, = 0.17.

3apajy TMOETHOCTAaBYyBamkhe HAa TMOHATAMOIIHUTE aHAM3U KajJieé Ce UCIHUTYBaHU NPOQUIHpaHH
(3aKpUBEHH) JIOMATKH, MOCOOJBETHO € yCBOCHATa TOYETHAa TeOMETpHja Ja € (GopMuUpaHa O]
cUMeTpHuYeH MpodwiI Ha JIoNaTkaTa, W BP3 OCHOBAa Ha TO] MPOQWI TMOCTHOCTABHO Jia Ce
HCq)HHHpaaT CTCIICHUTC HAa 3aKPUBYBAKC HA JIOMMATKUTE.
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/. Moaeaupame M aHaau3a Ha edeKTUTe NpPeIU3BUKAHU O]
HeYHHU(POPMHO NPOPUIMPAHM JIONATKU HA CIIPOBO/IEH anapar

7.1. Pa3Boj Ha uaejara

[Toarajku o1 MPETXOJHO W3BPLICHUTE aHAIM3M U MaTEeMaTHMYKU M3BelyBamba M 3aKIy4OlH, Ce
no0uBa ujaeja Ja ce MCKOPUCTH MPOMEHIMBHOT Opoj Ha BPTEXM HAa TypOMHATa, BO HACOKa Ha
NpOIIMpPYBake Ha PabOTHOTO Mojpadje Mo MpoToK. OTTyKa, Kako IITO € MPEeTXOJHO HaBEACHO,
Kora TypOuHaTa paboTH CO TIPOMEHJIMB OpOj Ha BPTEXKH, IPU KOHCTAHTEH MaJI, Joara Jo mopact
WIA HaMaJTyBambe Ha MPOTOKOT, 0OPAaTHO MPOMOPIHMOHAIHO OJ1 MOPACTOT WM HAMayBambeTO Ha
Op3uHata Ha poranuja. [Ipu Toa, 3eMajKu ro ycjIoBOT Ha ONTHMAIHO OIICTPYjyBame Ha BIE3 BO
paboTHOTO KOJI0 (0e3yAapHO CTpyEHE), ce Aoara A0 3aKIyUYOK JIeKa JionaTka qe)uHUpaHa O] eeH
npodWI, YMH arjid Ha TeTHBAaTa U M3JIE3HUOT pad oAroBapaar BO CBOjaTa MPOCKTHA MO3UIIMja HA
enHa paboTHAa TOYKa Ha TypOMHATa, HE TM 3aJI0BOJYBAaT MOTPEOHUTE CTPYjHH KHHEMATCKH
BEJIMYMHH TIPU TIPOMEHA Ha OPOjOT Ha BPTEKH.

CornacHo Teopujara, Ha ¢i1.7.1 MOke J1a BUU criope10a Ha TEOMETPHH Ha JIONATKH Ha CIIPOBOJICH
amapar. Jlonatkure ce MOCTaBEHU Ha €HAKBa OTBOPEHOCT (2=CONSt.), kou popMUpaaT pa3iuaHu
arjy Ha HaCOYYBame Ha CTPYCHETO KOH KOJIOTO (pa3IMYHM aryid Ha U3ie3HuoT pad). [Ipu BakBu
YCIJIOBH c€ JI00MBa JieKa ceKoja oJ1 JaJICHUTE KOH(PHUTypalluu JaBa pa3IuideH MPOTOK, BO 3aBHCHOCT
0J1 KoOH(UTyparyjaTa Ha U3JIE3HUOT pao.
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Cn.7.1 Biinjanue Ha ¢opmara Ha JIONATKUTE HAa IPOTOKOT HU3 TypOMHATa IPU KOHCTaHTHA OTBOPEHOCT

(7101

Ce mocraByBa xunote3ata: 11ITo ako JonmaTkute Ha CIPOBOJAHUOT anapaT Ce JU3ajHUPaHH KaKoO
KOMOHMHAIH]ja 01 OBUE Tpouim?

Ce TprayBa o]l IpeTIOCTAaBKaTa JeKa MapIHjaTHHA JACJIIOBU OJ1 JIOMATKATa, 10 BHCHHA, TEKUHCKU
Ke ja HacouyBaaT (uIyHHATa CTpyja mpeMa KOJOTO, BO 3aBHCHOCT OJf MOTPEOHUTE KMHEMATCKH
CTPYjHHU YCJIOBH IIpH pa3IMyHUTE OpoeBHM Ha BpTexH. Ha mpumep, 30HaTa Kaje TOMHHAHTEH €
aroJIoT Ha M3JIE3HUOT pad KOj OAroBapa 3a CTpyeHe MU HaMaJieH Opoj Ha BPTEXH, Ke BIIUjac HaA
baynaHaTa CTpyja M TEKUHCKHA K€ ja HACOYM CO MOTPEOHHWOT aroi mpema kojoro. OOpaTHO
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nepuHUPaHO, APIUjATHUOT e O JoNaTKaTa Kaje M3JIE3HUOT pad MMa arojl Koj oJAroBapa 3a
CTpyEH-C IPH 3roJIeMEeH OpOj Ha BPTEXKH, Ke BiIMjae Ha QUIYHIHATA CTPYja TSKUHCKHU Ja ja HACOUH
CO IOTPEOHHUOT aroj KOH KOJIOTO.

Hymepuuku ce ucnuraHu moBeke reoMETpUH Ha CIIPOBOJIHU JIONIATKU KOW CE€ MU3BEACHU 3a €Ha
paboTHa TOuka Ha TypOMHATa W Kako THE Ce€ OJIHecyBaaT NpU MPOMEHJUB OpOj Ha BPTEXKH,
MIOCTaBEHH BO MCTAaTa Taa MO3UIIM]a.

Nako moxHOCTa 32 U3Be0a HA 3aKPUBEHH JIOTIATKH € TEOPETCKH CKOPO HEOTpaHWYEeHA, CEMaK JIBe
COCEJIHM JIONATKHU MeTyceOHO Tpeba Aa ce Au3ajHupaaT Taka J1a MoXkaT Ja (opMHUpaaT v 1EeJI0CHO
3aTBOpame (MPEKJION U HAJIETHYBAbE) 3a 3alHpamke Ha MPOTOKOT U UCKIIyYyBambe Ha TypOUHaTA.
bunejku ockara Ha poTalyja HeMa HUKaKBa T€OMETPHUCKA WM KHHEMATCKa yJIOTa BO POTUPAETO
Ha JIONaTKaTa ¥ HEj3WHO MOCTaByBame BO MOTpeOHATa MO3UllMja, ce A00MBa JIeKa JIBe COCEIHU
JIOTIATKU KOU C€ 3aKpUBEHHU, Me'yceOHO MopaaT Jia 3ara3aT KOHCTAaHTEH CBETOJI OTBOP IO Leia
BHCHHA Ha jonaTkuTe. CaMo Taka, MOKe Jla ce NMOCTUTHE 3aTBOPamE Ha CIIPOBOJHHUOT amapaT u
MOTPEOHOTO HAJICTHYBAhE HA JIOMIATKHTE.

7.2. Pa3B0j Ha MICIMTHU MOJEJIH

Hacokara Ha pa3BuBame Ha UCHMTHUTE MOJENIN 3aBUCH JUPEKTHO O]l KHHEMAaTCKaTa CIIMKa Koja
ce 100MBa py IPOMEHET OpOj HAa BPTEKHU U IPOTOKOT HU3 TypOUHATA, IPH KOHCTAHTEH HETO Maj.
HcnuTtyBameTo Ha 0Baa 3aBUCHOCT € HAaIIPABEHA HA IMOBEKE MOJEIN Ha CIIPOBOJHHU JIONIATKH, KOU
Ce TECTUPAHM IMPU HHUBHA KOHCTAaHTHA OTBOPEHOCT 3a Jla C€ YBUAM CTENEHOT Ha MpOMEHa Ha
IIPOTOKOT IIpU MPOMEHET Opoj Ha BpTexkH. He3aBUCHO 01 TUIIOT Ha CIIPOBOJIEH arapar, paboTHOTO
KOJIO ja JlaBa CJIeJIHaTa KapaKTepucTuka (ci.7.2).
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Cn.7.2.1 PenatuBHa MpoMeHa Ha BPTEXKHUOT
MOMEHT IIpY IPOMEHa Ha OPOjOT Ha BPTEXKH 3a
H = const.

Cn.7.2 PenarvBHa IpOMEHA Ha MMPOTOYHOCTA TIPH
npoMeHa Ha OpojoT Ha BpTexu 3a H = const.
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Fig.7.3.1 PenaTuBHa npoMeHa Ha BPTEKHUOT
MOMEHT pHY pOMeHa Ha OpPOjOT Ha BPTEXKH 3a
Q = const.

Fig.7.3 PenaTuBHa npoMeHa Ha MajioT IpH
mpoMeHa Ha OpojoT Ha BPTekH 3a ) = const.

On ci1.7.2 MOke J1a ce BUIH JIeKa 32 HCIIUTHUOT Mojiel Ha TypOouHa (Ppannuc 99), He 3aBUCHO 01
TUIIOT Ha CIIPOBO/JICH arapar mnpeja paboTHOTO KOJIO, KapaKTePUCTUKATa HA IIPOMEHA Ha MIPOTOKOT
Hu3 TypOuHarta Bo panrot o1 +15[%] ox HoMuHaIHHOT OpOj Ha BpTEKU M3HEeCyBa okoiry +10[%].
OBOj 0JTHOC BaKH CaMO 3a HCIIMTHHOT MOJIe) Ha TypOuHa. JIpyr Mo/ies Ha TypOHrHA ce OYeKyBa Jia
Jajie pa3inIHyA OJHOCH Ha MpoMeHH. McTo Taka, BpTE)KHHOT MOMEHT IIPHU OBHE IIPOMEHH oOfiara,
BO paHrot o1 +15[%] ox HoMHHATHHOT OpOj Ha BPTEXHU U M3HECYyBa okoiIy +25[%].

Opn cn.7.3 Moxe J1a ce BUU JeKa 32 UICIUTHUOT MOJEJT He 3aBUCHO OJ] TUIOT Ha CIIPOBO/ICH arapar
npe pabOTHOTO KOJIO, KapaKTepPUCTHKATa HAa MPOMEHA Ha Mag0T HU3 TypOWHATa BO PaHTOT O
+15[%] ox HOMHHATHKOT OpOj Ha BPTEKH H3HECYBa okoiy £12[%]. BpTe:KkHHOT MOMEHT IpH OBHUE
pOMEHH omara, Bo panrot oj +15[%)] o HoMUHAIHHOT OpPOj HA BPTEXKH U M3HECYBa OKoJy £3[%0].

HpeKy OBHUC MMPOLCHTYAJIHNU OAHOCH, U3BCACHU CC TPUAT'OJITHULIUTC Ha 6p3I/IHI/I, CO Il IIO6I/IBaH>e
Ha MPOMCHUTC Ha HAMaJHUOT arojl WM HHTCH3UTCTOT Ha alcCoJIyTHaTa 6p31/IHa Hacodyc€Ha O[]

CIIPOBOAHUOT aliapaT KOH KOJIOTO.
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Cn.7.4 TpuaromHuIM Ha OP3WHM Kaj Cn.7.5 TpuaronHuuy Ha Op3UHU Kaj
npoMeHeT Opoj Ha BpTexxu npu H = const. poMeHeT Opoj Ha BpTexu npu Q = const.

TpuaromHuyTe Ha BIE30T BO paOOTHOTO KOJIO C€ CTPOTO U3BEACHHU CIIOPEl KWHEMATCKHUTE YCIIOBH
U TpaBWiia KOM BakaT MpU NPOMEHIMB Opoj Ha BPTEXKU M IMPOMEHAa Ha IMPOTOKOT, CO L
3arasyBame Ha 0e3ylapHO CTpyeHe Ha KIYHOT Ha JIOTIATKUTE 0/ KOJIOTO. TpHaroJIHUINTE KOU Ce
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IO0OMEHU Ha M3Je3 0] pabOTHOTO KOJIO Ce TMOCeHIa Ha TPOMEHETHOT OpOj Ha BPTEXKU M MPOTOK
HU3 TypOWMHATa, 3a1a3yBajKy TO aroJioT Ha M3JIe3 OJ] JJONATKUTe, KaJe penieTkara Koja ja mpasat
Ha M3JIe3 01 KOJIOTO € T'yCTa M CTPYCHhEeTO MMa TeHJICHIIM]ja Ja ja cliequ Taa Hacoka. JIOKOIKy ce
3aMeHaT BPeJHOCTUTE 3a TypOuHaTa (T€OMETPUCKH M CTPYjHH) c€ JOOMBAAT CIICTHHUTE PE3YJITATH

(Tab.7.1m 7.1.1).

Ta6.7.1 [IpecMeTann TpUAroJHUITH Ha OP3WHU Ha BJIe3 BO pabOTHOTO KoJio 3a H = const.
D1 D2 B1 o1 62 . Q ul clm wl |ul-clu clu cl at Aa
n[-] |n[min-1] [ H[m]
[m] | [m] | [m] [[ded] |[deg] [m3/s] | [m/s] | [m/s] | [m/s] | [m/s] [m/s] | [m/s] | [deg] |[deg]
0.62 | 0.35 | 0.06 [ 82.9 | 18.2 1 333.33 115 0.2 11082 | 1.71 1.72 0.21 10.61 10.75 | 9.26 -
1.15 383.33 115 |0.178 | 12.44 | 1.52 1.53 0.19 1225 | 12.34 | 6.92 | -2.34
0.85 283.33 115 [ 0194 | 9.2 1.87 1.88 0.23 8.97 9.16 11.69 | 2.43

Tab.7.1.1 IlpecMeTaHu TPHATOJIHUIIA HA OP3MHM HA BJIe3 BO pabOTHOTO K00 3a Q = const.

D1 | D2 | B1 o1 62 in-11 | H Q ul clm wl (ul-clu| clu cl al Aatl
im] | tm] | m] | [deg] | [degy | M1 | IMin-T | HIMT a6y imiss) | tmisy | imis) | [mis] | [mis] |[mis] | [deg] | [deg]

0.62 | 0.35|0.06 | 829 | 18.2 | 0.85 | 283.33 8.92 0.2 9.2 [ 171 1.72 | 0.21 8.99 9.15 [10.73| 1.47
1 333.33 11.7 0.2 10.82| 1.71 172 | 0.21 | 1061 [10.75] 9.26 0
1.15 | 383.33 14.86 0.2 12.44( 1.71 172 | 0.21 | 1223 |12.35| 7.99 | -1.27

Crniopen mpecMeTaHUTE BPETHOCTH 3a H = const. MOke Ja ce yBHIM JieKa ce joara JJ0 MHOTY
MaJId IPOMEHHM Ha arojioT Ha arcoyiyTHaTa Op3uHa, Bo paHrot ox -2.34 [°] 3a +15 [%] sromemen
Opoj Ha BpPTEXH Ha KOJIOTO U HamasieH mpoTok 3a 11[%] ox Qnom, 10 +2.43 [°] 3a -15 [%] namanen
Opoj Ha BPTEXHU Ha KOJIOTO ¥ 3rosieMeH npoTok 3a 9[%] Qnom. 3a Q = const., mpoMeHUTe ce BO
omcer ox +1,47 [°] 3a -15 [%] mamanen Opoj Ha BpTexu u -1,27 [°] 3a +15 [%] 3ronemen Opoj Ha
BPTEXH Ha KOJIOTO.

OBue BpeTHOCTH C€ MOjAOBHHU 3a UCIPTyBamke Ha MPOQUIMPAHUTE JOMATKH, Kaae HUBHHOT
JIMjara3oH € 3roJIeMEH 3a MOTPeOUTe Ha aHaJIM3HWTEe, BO 3aBHCHOCT OJ TOa KOJIKY THE arji Ha
MpoMEHa Ha W3IIE3HHOT pad Ha COpoBOJHATA JIOMATKa BIWjaaT Ha KapaKTEepHUCTUKAaTa Ha
TypOuHarta. 3a eBajlyalija Ha CTPyEHETO, OCBEH 10 pajrjajeH n3Jie3, MPe3eMEH! ¢ TPU CEeKITUU
M0 BUCHHA Ha JIOMAaTKaTa KOW Ce JaJIeHU Ha ci.7.6, ¥ mpeTcTaByBaaT TpU 30HU, 30Ha Z1 — KOpeH
Ha JomaTkata, 3oHa Z0 — cpenuHa Ha JomaTkata M 30Ha Z2 — BpB Ha JIONIATKaTa, KOW Ce
HAMIOMEHATH HEKOJIKY MaTH BO MMOHATAMOIIIHOTO M3JIarame.

Z2- -
Z0- - 1

Z1- -

-
-l

r
Cn.7.6 HpeCCIIHI/I 30HH 34 aHaJin3a Ha CTPYCHETO IO BUCHUHA HA 0e3II0MaTHYHUOT MpoCTOp
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7.2.1. lojnoBua reomerpuja (Moxen SYM — CumerpudeH npodui)

W3Benenara reomeTprja BO IPETXOJHOTO MOIJIaBje € HyMEPUUYKU UCIIMTaHAa 3a Aa/ICHUOT PaHT Ha
OpoeBu Ha BpTexu. ['eomeTpujata maneHa Ha ci.7/.7 € opopMeHa O CUMETpHUYeH Nmpodusl Ha
JIoNaTKaTa, HO3ULMOHUPAH 3a paboTHAaTa TOYKAa CO MaKCUMaJlHa €(PUKAaCHOCT Ha TypOHHAaTa.

Cn.7.7 U3Benena reomerpuja Bo MATLAB | Cn.7.8 Inmmen3un Ha Mogen 0

Mogenot e ucriutat npu rnpotok o1 Q@ = 200 [I/s] Bo cBojaTa mpoeKTHa NO3MIINja, IPU pa3InYeH
Opoj Ha BPTEKU Ha KOJIOTO BO paHrot o1 +20[%] o HoMHHAIHHOT OpOj HA BPTEKH.

Ta0.7.2 KoHcTaHTH BO HyMEPHUUKUOT MOZET

p [kg/m3] | g [m/s2] |p[kg/ms]| D1[m] | D2[m] | B1[m] Akl [m2] | Ak2[m2]

998.2 9.81 ]0.001003| 0.62 0.35 0.06 0.117 0.096

Pesynarature ce mpeTcTaBeHM Ha pelaTHBHA OCHOBA MU OE3AMMEH3MOHATHH OpOEBU, OCBEH
e(UKaCHOCTAa KOja € IPeTCTaBeHa CO aliCOMyTHA BPEAHOCT HyMEPUUYKH JJOOMEHA O] CUMYJIAllUUTe
U CIIYXH 3a eBajyalldja Ha W3BEJCHUTE MoJeNH. Pe3yntaTure of HyMEpPHUUKHTE CUMYJIAIUU Ce
IajeHu Bo tabemara 7.3.

Ta6.7.3 Monen SYM - Pesynraru

n[min-1]|Q [m3/s]| Hn [m] | T [Nm] | Ph[kW] | Pm[kW] | n[-] |ned[] | Qed[]| w[] | @[]
266.66 | 0.20036 | 9.48 | 618.5585 18.6 17.27 0.9285 | 0.161 0.17 38435 | 1.051

283.33 | 0.20036 | 9.87 | 612.9505 19.36 18.19 0.9396 | 0.168 0.166 | 35.446 0.99
300 0.20036 | 10.28 [ 607.4283 20.17 19.09 0.9465 | 0.174 0.163 32.93 0.935
316.66 | 0.20036 | 10.72 | 602.1851 21.03 19.97 0.9496 0.18 0.159 | 30.821 | 0.885
333.33 [ 0.20036 | 11.17 | 596.6872 21.92 20.83 0.9503 | 0.186 0.156 | 28.983 | 0.841
350 0.20036 [ 11.62 [ 590.7491 22.8 21.65 0.9496 | 0.191 0.153 | 27.347 | 0.801
366.66 [ 0.20036 | 12.1 584.702 23.74 22.45 0.9457 | 0.196 0.15 25.947 | 0.765
383.33 [0.20036 | 12.6 | 578.8613 24.72 23.24 0.9401 | 0.201 0.147 | 24721 | 0.731
400 0.20036 [ 13.11 [ 572.8662 25.72 24 0.9331 | 0.206 0.144 | 23.622 | 0.701
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0.96 0.96

0.95 0.95
0.94 0.94
=093 =093
je o
0.92 0.92
0.91 Sy 0.91 S
0.9 0.9
0.14 0.16 0.18 0.2 0.22 0.14 0.15 0.16 0.17 0.18
ned [-] Qed [-]
Cn.7.9 EdukacHocT Ha TypOMHATa BO OJTHOC Ha Cn.7.10 EdukacHoct Ha TypOMHATa BO OJHOC Ha
penyiupan 6poj Ha BPTEXKHU peayHpaH mpoToK

On pesynratute MoOXe Aa ce 3a0elexd JeKa CHMETPUYHHOT Tpo(Hi JaBa CHMETPUYHA
pacripenenfa Ha KapaKTEepUCTHKATa, BO JIBETE HACOKH OFf ONTHMYMOT, CO TIO0JIaro omnarame Ha
KapaTeKpPUCTHKAaTa BO HACOKA HAa HaMaJieH Opoj Ha BpTexku. [Ipu mpomeHa Ha OpojoT Ha BPTEXKH,
Joara JI0 TIpOMEHa Ha MPUTHCOKOT, T.€. CO 3TOJIEMyBame Ha OpOjoT Ha BPTEXKH pacTe H
MIPUTUCOKOT, 3apajiu MoTpedara ja mpoTede nucTara KoJudrHa Ha IpoTokK (ci.7.11).

Pressure
Coatour 1

Pressure
Conour 1

1.25e+05
1.16e+06
1.126+05
1.06e+05
9.87e+04
-9.21e+04
8.56e+04
- 7.89e+04
7.2de+04
6.588+04
5 §2e+04
£.26e+04
4.61e+04
3.95e+04
3.29e+04
2 83e+04
1.97e+04
1.32e+04
6.58e+03
0.00e+00
[Pa]

o

Prassure
Contour 1

[Pa]

e
Cn.7.11 KoHTypH Ha CTATUIKUOT MPUTUCOK
A)n = 0.8n,,m B)n =n,om C)n=12n,0m

Onx KoHTYypHTE Ha pacmpenenda Ha MPUTHCONNTE, €BUJCHTHTA € Pa3InKaTa BO HHTEH3UTETUTE Ha
MIPUTHUCOIUTE, KAKO U Ha TOYKAaTa Ha CTarHallyja Ha MPUTHUCOKOT Ha BJie3 BO pabOTHOTO Kojo. Kaj
HaMaJIeH Opoj Ha BPTEXKH, TOUKATa Ha CTarHaIlMja ce Haola Ha rpajHara (MPUTHCHATA) CTpaHa Ha
JOMAaTKUTe Ha KojoTo. Kako ce 3rojemyBaaT BpTEXHTE, TOUKaTa ce€ MEHyBa ce JoJeKa
pellaTMBHATaA CTpyja Mery JIONAaTKUTE He J10jae 10 eekT Jia ja omncTpyjyBa rpOHaTa (BCHCHATA)
cTpaHa Ha jomnatkute. OBHue edeKkTH ce MOoA0OpO MPHUKAKAHM HAa CIEAHHUTE CIHUKH, Kajae ce
MIPETCTaBEHN BEKTOPHUTE HA PEIATHBHOTO CTPYEH-E METy JIOMATKHUTE O] KOJIOTO.
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Velogif o Blade,
Vet
.95e-+00

r 2.88e+00

" Ma9ew00

I 2.67a03

[m s*-1]

s\z

3ona Z1 — Kopen Ha nonaTka

Velacity Blade To Blade

. 6.987e+00

5.2408+00

" 3.4%4er00

I 2.876e-08

[m sf-A1]

1.747e+00

Cn.7.13 PenaTvBHU CTPYjHHUIIM BO KOJIOTO MPHU N = 0.\8nnom — Kondopmuo npecimkann

3ona Z1 — KopeH Ha nonarka

Cn.7.12 BekTopu Ha penatuBHaTa Op3uHa Ha CTPY

veloci £ Blade
Wty
370400

3.190400

T 7150er00

I 6.3%e-03

[m s-1]

At

3ona Z0 —
Cpenuna Ha JoTIaTKA

Velocity Blade To Blade

‘ 6.887e+400

5.240e+00
3.494e+00
1.747e+00

2.8766-08
[m 1)

3ona Z0 —
Cpenuna Ha I0TIaTKA

|| 287e+00

| [1.48e+00

2.07e-04,
[ms™1]

eme BO KosioTo pu n = 0.8ny,,m

To Blade

Z2 — Bps Ha jonaTka

Velocity Blade To Blade

l 6.987¢+00

5.2400+00
- 3.494e+00
1.747e+00

2876608
[ms-1]

R

Z2 — BpB Ha 5oniatka

Ha c¢n.7.12 ce npercTaBeHU pelaTUBHUTE BEKTOPH HA CTPYEHETO BO KOJIOTO, KOM CE PEICBAHTHU
3a HETrO W OINHUIIYBAaaT KaKBO € CTpyemeTo moMery nomarkurte. [Ipu HamaneH Opoj Ha BPTEXH,
MOJKe J1a ce 3a0elexu yaap Ha CTpyjaTa Ha IpajJHaTa CTpaHa Ha JIOTIATKUTE, IITO JTOBEIyBa 10
OJIIeTTyBame Ha CTpyemeTo. [Ipe3eMenu ce Tpu mpecely Mo BUCKHHA Ha JIoMaTKaTa, Kajae MOXe J1a
ce 3a0eexu JieKa MHTEH3UTETOT Ha OJyIeNyBamara ce pa3limkyBa. Hajromemo omsemyBame ce
MojaByBa BO 30HATa Kaj BPBOT Ha JIOMATKWTE, IITO MOKaXyBa BCYIIHOCT JIeKa PACIOHOT Ha
BJIE3HHOT pad momery KpyHaTa ¥ BEHENOT Ha JIONATKUTE Ha paOOTHOTO KOJIO, KOj MAaKO € Mal,
BIIMjac Ha HAUMHOT Ha OJICITyBamk-€ Ha CTpyjaTa, T.€. Tpeda aa ce 3eMe MpeaBu MpH JehUHUPAHE
Ha 0OJIMKOT Ha WU3JIE3HUOT pad Ha CIIPOBOHATA JIOTIATKA.
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VE!rDLH;{ Bl
Westor

!t 1ge00

3.60e-08 b 3.60e-08
[ms*1] [ms"1] X ) [ms”1]
N O = BN :
a penaTHBHATa Op3rHA HAa CTPYEHE BO KOJIIOTO MPH N = Nyom

3ona Z0 —

3onHa Z1 — Kopen Ha nonaTka
CpenuHa Ha J0oTIaTKA

3oHa Z2 — BpB Ha nonaTka

2 N\ SOR T
Volocity Blade To Blade — N \ Velocity Blade To Blade : Velacily Blade To Blade
R — R X g % = 6.356e+00
- S

4.767¢+00 NN 47672400 4.767e+00

3.178e+00 . - 31780400 3.1782+00

1.589¢+00 : N - 1.589e+00 . N N 1.589e+00

4 \

3.602¢-08 NN N 3.602e-08 ™ \ 3.602¢-08

[ms1) NN [m st % {msr1)
;\\j \ \ 1‘
N\ m% S
NN . RN D
s N ] * b

Cin.7.15 Penatupnm CTPYJHUIIA BO KOJIOTO TPU N = n;wm — Kondopmuo npecnukann
3ona Z0 —

3ona Z1 — KopeH Ha nonarka
Cpenuna Ha omarka

3ona Z2 — BpB Ha nomnatka

[Ipu HOMHHaseH Opoj Ha BPTEXKHU, MOKE J1a ce 3a0esIexu JIeKa OJUIeNyBamba Ha CTpyjaTa CKOpo U
Ja HEMa, BO CUTE€ TPU BHUCHUHM Ha 30HM Ha JjonaTkute. Cemak, NMOMHTEH3UBHO OJJIEIYBAHE
MOBTOPHO C€ jaByBa BO 30HATa HAa BPBOT Ha JIOMATKUTE, IITO MOBTOPHO yKa)XKyBa Ha BIIMJaHUETO
Ha pacroHOT Ha BJIE3HOT pad Ha JIOMATKUTE BO KOJIOTO.
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Velacity B Ve\omtx Bl Blade
Veclar | Vestor

e+00

Velocity Bl;
Vccxorqr
e00

* | ¥B3e+a0 [ Y * | r83e00 ¥ razero

4.338-08
[ms*1] - [m s*1]

4.33e-08
[ms*1]

W 0 N

Cn.7.16 Bekropu Ha penatuBHaTa Op3uHa Ha CTPYEHE BO KOJIOTO Ipu N = 1.2n,,m
Z1 — KopeH Ha jtonatka Z0 — CpenuHa Ha JIoTIaTKa Z2 — BpB Ha JlonaTka
; RO\ R S
Ve\o;\glzgladoeom Blade | \ &: N vmo;\;yzglangnm Blado i S, Ve\o_lmg/a 3Bla%e0 To Blade
. e+ - 2 . e+ N o X I g o+
4990+00 e+ gh} R 499+ P
5.4990+01 $5.499e+00 : )\};J e B : 5.499e+00 =
- 3.666e+00 - 3.666e+00 h e SR 3.666e+00 \\ g
1.833e+00 - 1.833e+400 Y AK}, : 1.8330+00 \ 4
4328008 4.328¢-08 | =% 4.328¢-08 =N
[ms*1] [m 1] | 2 N [m ™1
Cn.7.17 PenaTuBHM CTPYjHUIM BO KOJIOTO ipu 1 = 1.2n,,,, — KondopmHo npecnukanu
Z1 — KopeH Ha noraTka Z0 — Cpenuna Ha jonaTka Z2 — Bps Ha JonaTka

[Tpu 3rosemen Opoj Ha BPTEKH, OJJICITyBakHETO Ha (IIyUaHATA CTPYja BO KOJIOTO € Pa3IHYHO 110
BHCHUHA Ha JlonaTkuTe. Kaj KopeHOT 1 Kaj BPBOT Ha JIONIATKUTE TOA € MHTEH3UBUPAHO, a BO CPEeInHA
Ha JIONIATKUTE HEIITO [TOMAJIO, IITO J1aBa e(heKT KaKo CTPYCHETO JIa € CPEIUIIHO (HOKYCUPAHO MPH
oBaa cocroj6a. Toa mokakxyBa MHTYMTMBHO KakBa Ou Tpebanma nma Ouzge pacmpenenbara Ha
npoduuTe Kaj HeyHH()OPMHUTE JIOMATKH, T.€. IeKa BO 30HUTE Ha KOPEHOT M BPBOT Ha JIOMATKHUTE
Tpeba 1a ce HanpaBy KOPEKIMja Ha reOMeTpHjaTa.

AHanu3upajku T'H OJJIelTyBambaTa, MOXKe J1a ce 3aKJIydH JeKa Ha BPBOT HA JIONATKUTE Tpeba 1a ce
HaIlpaBy KOpEKIMja Ha HM3JIE3HHOT pad Ha CIIPOBOJHUTE JIONIATKA HAa HAYHMH JIa BEKTOPOT Ha
HAacOYyBame Ha CTPYCHETO € IOBOJICH 3a 3roJIeMeH Opoj Ha BPTEXKH, a BO 30HaTa Ha KOPEHOT Ha
JIOMIATKUTE Ha HAYHMH J]a OJIrOBapa Ha HamalieH Opoj Ha BpTexu. Taka edexTuTe Ha OUICITyBabE
ce OYEeKyBa Jia ce HaMaJaT, CO IITO OM JIONUIO 0 Moe(UKACHO OICTPYjyBamke U HaMallyBame Ha
yIapHHUTE CTPYeHa Ha BJie3 BO paDOTHOTO KOJIO.
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7.2.2. Brujanue Ha aroJiotT Ha ae)opManMjaTa Ha U3JE3HNOT pad Ha JJonmaTKaTa

[Tokpaj mpecmeTkuTe 3a MoTpedHaTa AedopMaliija Ha CTpyjaTa Ha U3Je3 O/l CIPOBOJAHUOT anapar
3a pasnuueH Opoj Ha BPTEKH, aHATM3UPAHU C€ MOToJIeMH AedopManuy Ha W3JIE3HHOT pad Ha
JIOTIATKHUTE, CO Ied Ja C€ YBUAM BIMJaHMETO HA aroJioT Ha HaIyIlTamke O] JIomaTkaTa Bp3
KapakTepucThkarta. M3Benenu ce 4 koHPUTrypaluu co 3aKpHMBEH M3JIe3eH pad BO MO3UTHBHA H
HEeraTUBHA HACOKa, KaJle JIOMATKUTE ce 0(pOPMEHH YHCTO OJ1 eJieH pod Il Co BakBa Jedopmaliyja,
3aras3yBajKu CBETJIMOT OTBOP Mel'y HUB J1a OCTaHE KOHCTaHTEH.

Cn.7.18 Mogen (+)10

Cn.7.19 Mogen (-)10

Cn.7.20 Mogen (+)5

Cn.7.21 Mogen (-)5
I'enepupanure mogenun Bo MATLAB ce ucnuranu HyMepuYKM 3a €IHAKBH YCJIOBHU Kako

nojnoBHUOT Mozaen SYM u criopes HEro ce crope/ieH! Ha UCTa OCHOBA, O Il ehuHUpamhe Ha
Mer'yceOHHUTE pa3IuKu 1 e(DeKTH KOU JIOMATKUTE TH JaBaaT Bp3 KapaKTepUCTHKATa HAa TypOWHATA.
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7.2.2.1. Mopea (+)10

0.96
0.95
0.94

=093
0.92

0.91 ——SYM

(+)10
0.9
0.14 0.16 0.18 0.2 0.22

ned [-]
Cn.7.22 Cnopenda [SYM u (+)10]

0.95
0.94
=093 \
ey
0.92
0.1 ——SYM
(+)10
0.9
014 015 016 017 018 019

Qed [1]
Cn.7.23 Cnopenda [SYM u (+)10]

Cnopen 1o0MeHHTE Pe3yJiTaTh, MOXKeE Jia ce 3a0eJIekKH JIeKa oara 1o onarame Ha epuKacHOCTa Ha
TypOuHaTa, IITO € 0YeKyBaHO, 3apaau aedopmMalijata Ha U3JIE3HUOT pab Ha JIoMaTKaTa 3a aroi
KOj HE 0JIroBapa Ha ycJIOBUTE 3a paboTa BO 30HaTa Ha MakcumaiHa edukacHoct. [Ipuroa, co oBaa
nedopmarnja, ce 3abeexyBa MOMECTyBabe¢ Ha KapaKTEpPUCTHKAaTa BO HACOKA HA 3rOJIEMEHHU
MIPOTOIIH, KaJIe CE M0jaByBa JIOKAJICH eKCTPEM Ha e(puKacHOCTA (JIOKAJIEH ONITUMYM).

0.96
0.95

0.94 ¢

2093 «—F

jo
0.92

0.91

0.9
0.6 0.7 0.8

——SYM
(+)10

1 11 12 13

n/n_nom [-]

Cn.7.24 Criopen6a [SYM u (+)10)]
3a Q = const., H # const.

Hedopmarmjata o (+)10 cTeneHn Ha U3NME3HUOT pad Ha JOMATKATa BO OJHOC HA CUMETPHYHUOT
npodu, TO 1aBa JIOKATHUOT ONTUMYM BO 30Hata Ha 0.9n,,,,,, omHocHO 3a 10% Hamasien Opoj Ha
BpTexkH. 3abenexnuBo € neka 3a n = 0.8n,,,, noara 1o mopact Ha e(UKACHOCTa, KaJe ce
CTIIOPEICHU CTPYJHHUTE CITUKHU CO CTPYEH-ETO Kaj CUMeTpHYHa Jonatka (cin.7.12) kane ce riena nexa
3a Taa 30Ha He Jioara JIo O/JIeIyBamke Ha CTPYCHETO Mery JIOMATKUTE BO KOJIOTO.
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Va\uc\q Blade To Bla: Velul:il{ Blade To Blag
Vactar Vecior

N

RN X \ N
Cn.7.25 BekTopu Ha penatuBHa Op3HuHa Ha CTPYyeme BO KOJOTO pu 1 = 0.81,,41,

Z1 — KopeH Ha Joniatka Z0 — CpenviHa Ha JIOTaTKa Z2 — BpB Ha nomnaTka

05 i)
. * 7

HI/II_II/I BO KOJ‘IO (Moﬁén (+)10) |

A)n = 0.8n,om B)n =n,om B)n = 1.1n,,m

Pressure Pressure Pressure
GContaur 1 Contour 1 Contour 1

1.00e+05 1.00e+05 1.00e+05

9.478+04 9.47e+04 9.47e+04

8.95e+04

St

7.80e+04

7.37a+04

84a+04
6.328+04

Cn.7.27 KoHTypH Ha CTaTHYKUA IPUTUCOK
B) Mogen (+)10
n=091,m
Jlokanen onTumym

A) Mogen (+)10
n=0.75n,,,m

B) Mogen (+)10
n = 1.05n,,m
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7.2.2.2. Monen (-)10

0.96

0.96
0.95 0.95
0.94 0.94
- - {
=093 To0.93
0.92 0.92
0.91 ——SYM 0.91 ——SYM
()10 ()10
014 016 018 02 0.22 012 013 014 015 016 017 0.8
ned [ Qed[]
Cn.7.28 Crniopenoa [SYM u (-)10] Cn.7.29 Crnopenoa [SYM u (-)10]

Crnopen nujarpamute Ha cii.7.29, Moxke 1a ce 3a0eexu JeKa U BO OBOj Cydaj jgoara JIo onarame
Ha e(pUKACHOCTA, U MIOMECTYBakhE Ha KAPAKTEPUCTHKATAa BO HACOKA HA HAMAJICHHU MPOTOIH, KaJIe
ce J100MBa JIOKAJICH ONTHUMYM. JIOKaTHUOT OoNTUMYM ce 1o0uBa BO 30Hata Ha 1.11,,,,, OMHOCHO
3a 10% 3rosnemeH 6poj Ha BPTEXKH.

0.96

0.95 /‘\

094 < N
e 7
L A
~0.93 d

0.92

091 *=SYM

()10
0.9

06 07 08 09 1 11 12 13 14
n/n_nom [-]

Cn.7.30 Criopenba [SYM u (-)10)]
3a Q = const., H # const.

Velocity Blada To Blado
Vector

| B.716+00

anm‘,l.'¥ Blade To Blade
Vector

Velocity Blade To Blade
Vaclar

. 6.71e+00

\ '!@' \ ;
— s . W B2~ N\ RS \ R P

Cn.7.31 Bextopu Ha pelaTHBHA 6p3HHé Ha CTpyeme BO KOJ0TO Tipu 1 = 1.21,,,,, (Mogen (-)10)
Z1 — KopeH Ha nomaTtka Z0 — Cpenuna Ha jonaTka Z2 — Bps Ha JionaTka

—
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Velocity Blade To Blade = \ N\ Valocity Blade To Blade ., Valocity Blade To Blade

l’ 6.714e+00
5.036e+00 R " 5.0368+00 2 B N\ Y 5.036e+00
3.357e+00

3.357e+00 3.3576+00

1.679e+00

1.6790+00 N NN Y 1.679e+00

2922008 W, 2.9226-08 iy NN 2.922¢-08
[ms*-1] e, NN \ [msr1) s . N [ms*1]

Cn.7.32 PenaTiBHY CTPYjHUIH BO Konofo pu N = 1.21in0m - KOH(I)opMHd l';pCCJ'II/IKaHI/I
(Mogen (-)10)
Z1 — KopeH Ha Jonatka Z0 — Cpenuna Ha JonaTka Z2 — Bps Ha nonaTka

Cnopeneno co Bekropute 3a n = 1.2n,,, Kaj CHMETpUYHATA JIONATKAa, C€BHJICHTHO €
MoI00pyBamkETO HA CTPYCHETO MPU OBOj OpOj HA BPTEKH, KOPUCTEJKU JIOMATKA CO HETaTHBHA
nedopmarija Ha u3ne3HuoT pad (-)10. PematuBHUTE CTPYJHHUITM UCTO TaKa IMOKa)KyBaarT Jieka Hema
OJIICTTyBam¢ Ha CTpyjaTa Mery JIOMAaTKUTe, CO IITO Jioara JI0 mopacT Ha eUKACHOCTa 3a TOj Opoj
Ha BpTexH. Kako v BO MPEeTXOAHUOT MOJEI O]l aHAJIn3aTa, ce I0OMBa MOpacT Ha MPUTHUCOKOT CO
HarojeMyBame Ha OpOjOT Ha BPTEXH, 3a Ja CE 3aJ0BOJM YCIOBOT Ha MPOTEKyBame Ha UCTa
KOJIMYHHA.
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7.2.2.3. Mognea (+)5

0.96 0.96
0.95 095
0.94 0.94
o093 2093
0.92 0.92
S

091 = sYM 091 e

—o—(+)5 —o—(+)5
0.9 0.9

0.14 0.16 0.18 02 0.22 012 013 014 015 016 017 0.8
ned [] Qed [
Cn.7.33 Cniopenba [SYM u (+)5] C1n.7.34 Criopen6a [SYM u (+)5]

HedopMmanmjaTta Ha U3NIE3HUOT pad Ha JIOMATKHUTE Of +5 CTEMEHH BO OJHOC HA CHMETPUYHUOT
npoduII IPUI0HECYBa JI0 TIOMECTYBAhE Ha KapaKTePUCTHKATAa BO HACOKA HA 3rOJIEMEHH MIPOTOIIH,
KaJie JIOKAJTHUOT ONTHUMYM ce no0uBa Bo 30Hara Ha 0.95n,,,,, oaHOCHO 3a 5% HamaiieH Opoj Ha
BPTEXKH.

0.96
0.95
0.94
~0.93
o
0.92
——SYM

—o—(+)5

0.9
06 07 08 09 1 11 12 13 14

n/n_nom [-]
C1n.7.35 Crniopenoa [SYM u (+)5)]
3a Q = const., H # const.

Velocity Blade To Blade Velocity Blade To Blade Velocity Blade To Blade

6.335e+00 I 6.335e+00 l 6.335e+(

4.751e+00 - 4.751e+00 4.751e+00

3.1680+00 3.168e+00 3.168e+00

1.584e+00 1.5840+00 1.684e+00

2.876e-08 2.876e-08 2.876e-08
[mst-1) [ms*1] [m 1]

NN \ £
Cn.7.36 PenatuBHM cTpYjHUIE BO K0JIOTO 1ipu N = 0.8Nn,,,,, — Konpopmuo npecinukanu (Mogaen (+)5)
Z1 — KopeH Ha Jiornarka Z0 — Cpeauna Ha JiornaTka Z2 — BpsB Ha Jionatka
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I[Ipu n = 0.8n,,,, kage Ha aujarpamMoT Ha ci.7/.35 ce ao0WBa HE3HAYWTEJEH MOpPAcT Ha
e(UKaCHOCTA, IIeJIajKh T CTPYJHUITUTE, MOXKE Ja CE 3aKIIyYH JeKa OBaa JIONaTKa He ja MOKpUBa
30HaTa ePUKACHO, U Jloara JIo MojaBa Ha OJJICIyBamke Ha (IIyHIHATA CTPY]a, TOKOJIKY C€ CIIOPEIH
co mogenot (+)10. 3apaau ceTo oBa, MOJIEIIOT HE € BKJIYYCH BO TIOHATAMOIITHUTE aHAIIN3H, OUIC| KU
HE JIaBa KBAJIUTATHBHO MMOJI00PYBamkE Ha CTPYCHETO, @ BOSIHO U HA e(pUKacHOCTA.

7.2.2.4. Mogueu (-)5

0.96 0.96
0.95 0.95
0.94 0.94 /
~0.93 =093
0.92 0.92
0.91 ——5SYM 0.1 ——SYM
()5 03
0.9 0.9
0.14 0.16 0.18 0.2 0.22 012 013 014 015 016 017 018
ned [-] Qed [-]
Cn.7.37 Cnopenba [SYM, (-)5 u (-)10] Cn.7.38 Crniopenba [SYM, (-)5 u (-)10]

0.96

0.95

0.94 \

~0.93
{e
0.92
0.91 ——SYM
()5

0.9
06 07 08 09 1 11 12 13 14

n/n_nom [-]
Ci.7.38.1 Cniopen6a [SYM u (-)5)]
3a Q = const., H # const.

Crniopenn ToOMEHHUTE PE3yJTaTH, CBHICHTHU ce e(EKTUTE KOW Ce JIOOMBaaT CO 3aKpUBYBame Ha
U3JIC3HUOT pad Ha JIOMATKUTE. AHAIM3UPAjKU TH PEIaTUBHUTE CTPYJHHUIM BO KoJoTO (Ci1.7.39),
CIIOPEZICHO CO CUMETPUYHATA JIONIAaTKa, CBHICHTHO € OJUICITYBamkEeTO Ha (IyHIHATA CTPY]ja, HAKO €
TOa CO HaMalleH MHTEH3UTET, 3apaJH IITO Joara A0 mopacT Ha epukacHocta 3a n = 1.2n,,py,.
Crnopeneno co mozenot (-)10, 3a oBoj Opoj Ha BpTeXH Joara 0 W3eIHauyBame Ha eUKACHOCTA,
a CIIOpeZICHO Ha OCHOBA Ha MPOTOK, MPH KOHCTAHTEH MaJ, joara Jo 3rojieMeHa e(hUKacHOCT Ha
UcKopHucTyBambe. OBOj MOJIeN ke OHJIe aHAIM3UPaH BO CKIIOI CO APYTH MPOoGUIH BO KOMOHHAIU]a
Ha €/IHa JIOTIaTKa, 33 YBU Ha HETOBOTO YYECTBO BO IPOIIUPYBakhe Ha padOTHATA KApAaKTEPUCTHKA.
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Ve\oé:i%i\ad;ﬂh Blade | \/e\uz\;ygslad;oToB\ade % X Velogw;yg?ladﬂeom Blade
g = ) . > m

5.095e+00 5.095e+00 % 5.095e+00

- 3.397e+00 3.397e+00 ‘\,f 3.3976+00

1.698e+00 1.698e+00 \ ; . 1.698e+00

4.328e-08 4.328e-08 \ ; :\ 4.328e-08
[ms*1] ms*-1] 5 [msr1]
Cn.7.39 PenatuBHH CTPYjHUIM BO KOJIOTO pu 1 = 1.2n,,,,, — Korndopmuo npecnukanu (Mozmein (-)5)

Z1 — KopeH Ha jomaTka Z0 — CpenwHa Ha jomaTka Z2 — BpB Ha JIonaTKa

7.2.2.5. Cniopenda Ha Moge/uTe co AepopManyja HA U3J1e3HHOT pald HA JJonaTKaTa

0.96 0.96
Q=const. H=const.
0.95 0.95
7
0.94 / 0.94
= =093 \
~0.93 p
0.92 0.92
0.91 0.91
——-SYM (+)10 (-)10 (+)5 ——(-)5 ——SYM—e—(+)10——(-)10 ——(+)5——(-)5
0.9
0.9 016 018 02 022 024 026
07 08 09 1 11 12 13 O [m3/s]
n/n_nom [-]

Cn.7.40 Cnopenba Ha MoJienuTe

Crnopen 1oOueHHTE pe3yiITaTH, Ha KpaTKO MOXKE Jla C€ 3aKJIydu JieKa Ipu IpoMeHa Ha OpojoT Ha
BPTEXH, OJPE/ICHU JIOMATKH JaBaar Mmojo0pyBame Ha CTPYEHETO M e(PHUKACHOCTAa HAJABOP O
paboTHaTa Touka Ha TypOuHara. [Ipu aHanM3a Ha PeJIaTUBHOTO OINCTPYjyBamke Ha KOJIOTO, 33 N =
0.8n,,4,, JOmaTkaTa co MO3WTHMBHA Aedopmarija Ha u3Ne3HHoT pad ox (+)10 cremenu maBa
HAjTIOBOJIHA CTPYjHA CJIMKA, KaKO M MOPACT Ha e(pUKacHOCTa Ha HCKOPHCTYBamke HA MPOTOKOT. 32
HOMHUHAJIEH Opoj Ha BPTEKH, CHMETPUYHATA JIOMATKa JlaBa Hajq00pO HMCKOPUCTYBamkE H
HajIOBOJIHA CTpYjHA chuKa. 3a n = 1.2n,,,, BO Morjie Ha OpOjOT Ha BPTEXH U JABAaTa MOJIEIH J10
HeratuBHa jaedopmanuja Ha U3Ne3HUOT pad (-)5 u (-)10 maBaaT uaeHTHYHA €PUKACHOCT, a BO
MoTJie/l Ha UCKOPUCTYBame Ha MPOTOKOT, MOJENOT (-)5 AaBa morosiema e(puKacHOCT, a MoJjomna
CTpYyjHa cluKa, cnopeaeHo co moaenor (-)10.

[Tpodunure Ha OpP3MHY ce aHATM3UPAHU HA U3JI€3 O] JIONATKUTE, Ha paJidjajHa KOOpIuHaTa, Koja
e neduHUpaHa co YeKOpoT Ha jomartkute (ci.7.41). buaejku 4ekopoT Ha WM3JIE3HUOT paauyc Ha
JIOTIATKUTE € €IHAKOB 3a MOJCIHTE, MPETCTaBeH € CO penaTuBHa BpenHoct t, = 1 [—]. Ipu
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cnopendba Ha mnpopuiute, JOOMEHM NpU KOHCTAaHTEH IPOTOK, ce J00HMBa pas3jiuka BO
WHTECH3UTETUTE Ha OP3MHUTE, KOja MPOU3IIETYBA O/ 3aKPUBYBAKHETO HA JIOTIATKUTE.

PR
PN

7
!

O RPN WAOO O N ®O©
—
ofc
a @

vo [m/s]

|
/

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
to [-]

Cn.7.41 Cnopenda Ha npodunute Ha Op3uHH

On cnopenbata Ha mpoduiInTe, MOXKE Ja ce 3a0eekn Koja KoH(puUrypaipja KakBa pacnpeaenoa
Ha Op3uHaTa naBa. YHU(OpMHOCTa Ha MPOoMIOT Ha OpP3MHM JaBa 3rojieMeHa e(PUKacCHOCT Ha
OTICTPYjyBamkETO Ha Biie3 BO paboTHOTO Kojo. Ce 3abenexyBa JeKa MOJETUTE CO HEeraTWBHA
nedopmarja Ha wu3Ie3HMOT pad Ha sonatkute (-)10 w (-)5 wWMaaT WHTECH3UBUpPAHA
HEYHU(OPMHOCT Ha Op3MHATa KaKo M HAaKJIOHYBamE Ha CTPEYHETO KOH COCeIHATa JIONaTKa.

7.2.3. BijaHne Ha JIOMaTKa CO0 KOJIMHCAPHHU alJIu Ha TETUBATaA U HA U3JI€3HUOT p36

[Toarajku on pe3ynraTtute 10OMEHH BO IJIaBa 6, M3BEICHU CE CIEIHUTE JBa MOJETA YUU ariu Ha
HAKJIOH Ha TETUBUTE Ha JIOMATKUTE Ce KOJMHEAPHHU CO arojoT Ha HaCOUyBame Ha CTPYCHETO, a
pe3yaTaTuTe Ce€ HajIOBOJIHM TJIEAaHO BO HAaCOKa Ha e(pHUKACHOCTA. 3apajyd KOHCTPYKTUBHU U
CHEPreTCKM TPUYMHU Ha KOJIOTO KOe € pedepeHTHO BO aHamu3uTe, Oo(GopMyBameTo Ha
MaKCHUMAJTHO IIeJIOCHO POTHPAHA JIOMATKa € BO3MOXHO CaMO BO PaHTOT o ()4 cTeneHu poTaliyja,
a Co IIeT JIOMAaTKUTe MeryceOHO aa GhopMHUpaaT €IHAKBHU CBETIM OTBOPHU, KAKO M Ja MOXKAT Ja
M3BpIIAT LIEJIOCHO 3aTBOPAHE CO MPEKIIONYBAkE.

Pa3zBojor Ha oBMe JBa Mojena IMPEeTCTaByBa NpeB3eMame Ha M0jA0BHHOT Monen SYM —
CUMETPUYHHOT MPOGUII Ha JIoNaTKaTa, KOj € poTupaH enHam 3a (+)4 u enHam 3a (-)4 CTENeHHU.
IIpu HeroBaTa poTanMja joara JO CTECHYBambe€ U HAroJlieMyBame Ha CBETIMOT OTBOp Mery
JIONATKUTE, 11a TaKa OJICITHUTE TIO3UIMHU C€ PA3IHKYBaaT Co pa3iMyHa J0JDKUHA Ha JIOTIATKHUTE, CO
1IeJI IOCTUTHYBamhe Ha €HAKBHU CBETIM OTBOPHU, Kako pedepeHTHHOT Moaen SYM (cn.7.42 u
cn.7.43).

Cn.7.42 Mopgen (+)4 ROT Cn.7.43 Mopen (-)4 ROT
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0.96 0.96

Q=const. -
0.95 0.95 Q=const -,
0.94 0.94 \
/
con | /
0.92 0.92
0.91 ——SYM 0.91 ——SYM
(+)4_ROT ()4_ROT
0.9 0.9
06 07 08 09 1 11 12 13 14 06 07 08 09 1 11 12 13 14
n/n_nom [-] n/n_nom [-]
Cn.7.44 Cnopenba [SYM u (+)4 ROT] Cn.7.45 Cropenoa [SYM u (-)4 ROT]
0.96 0.96
0.95 0.95
0.94 0.94
=093 Z0.93
0.92 0.92
0.91 —=SYM 0.91 ——SYM
(+)4_ROT (4_ROT
0.9 0.9
012 013 014 015 016 017 0.8 012 013 014 015 016 017 0.18
Qed [] Qed []
Cn.7.46 Coopenda [SYM u (+)4 ROT] Cn.7.47 Cnopenoa [SYM u (-)4 ROT]

Cropen pe3ynraTuTe o] AMjarpaMmuTe, MOXe Ja ce 3a0eexu JeKa Py poTallrja Ha JOMAaTKUTE BO
Hacoka Ha otBopame (Mogein (+)4 ROT) edmkacHOCTa omara, iMa 1ojaBa Ha JIOKAJICH OIITHMYM H
noafa 0 TMOMECTYBame Ha KapaKTepUCTHKaTa BO HACOKA HAa 3TOJIEMEHH MPOTOIH, OJHOCHO
HamasieH Opoj Ha BpTexku 3a 0.95n,,,,. [Ipu poranuja Bo Hacoka Ha 3aTBOpAmE HA JIOMIATKHUTE
(Mognen (-)4 ROT), noafa 10 HE3HAYUTETHO Omarame Ha e(hUKACHOCTA MPH 3rOJEMyBambe Ha
OpOojOT Ha BPTEXH, Jloara 10 MOMECTyBamke Ha KapaKTepUCTHUKATA CO TI0jaBa Ha JIOKAJIEH ONTUMYM
BO HAacOKa Ha HaMaJeHW npoToi| 3a n = 1.05n,,,,. M3BeneHu ce pelaTUBHUTE CTPYJHHUIIA BO
KOJIOTO, MPU KpajHUTe paboTHH Touku 3a +20% o HoMUHAIHUOT Opoj Ha BpTexku. Kaj aBata
MojieTia IPU OBHE YCIIOBU CE jaBYBa OJJIENyBame Ha (hIyuaHaTa CTpYja.

Vekcily Blade To Blade s, 2 Velociy Blece To Blade
7.157¢+00 b 5.780e+00

SXome - v. . 3 \ 5.007e+30 . 7\‘31 X
i ; » » A . 1.697e+00 :. : \
sl SR \ P &
N\ N b
Cn.7.48 Mogen (+)4 ROT 3an = 0.8n,o1 Cn.7.49 Mopen (-)4 ROT 3an = 1.2n,,;m
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7.2.4. Cnopenda Ha pe3yJiTaTUTe MOMely JIOMATKUTE co JedopManuja HA U3JIe3HUOT Pad u
JIOMATKHUTE CO KOJTUHEAPHA TeTUBA

Co uen ma ce yBuAM KOj TUN Ha nedopmMalivdja WU TMO3UIMja Ha JIOMATKUTE JaBa IMOTOJIEM
MPUIOHEC KOH e(PUKACHOCTA U IOKPUBAKETO HAa 30HU HAJBOP Of paboTHATA TOYKA KaJie € 30HaTa
Ha e(pUKacHOCT MaKcHMallHa, HAIIPAaBeHa € MpPBHYHA cropenda moMery MOJENHTe, CBeIeH! Ha
O0e3nquMeH3noHaHU OpoeBu. HajmpBo e HampaBeHa crnopenda Ha MOJEIUTE CO TO3UTHBHA
nedopMalyja Ha U3NIE3HUOT pad U MO3UTHBHA POTAIlHja BO HACOKA HA OTBOPAE, KaJIe CE 0UeKyBa
Ja C€ BHJIM KOj THI Ha JIOMATKH MOAOOPO ja MOKpHWBA 30HATA MPHU 3TOJIEMEHH MPOTOIH, T.C.
HamasieH Opoj Ha BPTEXKH.

0.96 0.96
0.95 0.95
0.94 0.94
- \ w 4
=0.93 = 0.93
o o
0.92 0.92
——SYM ——SYM
0.91 (+)10 0.91 (910
—o—(+)5 —e—(-)5
—o—(+)4_ROT —e—(-)4_ROT
0.9 0.9
0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.13 0.14 0.15 0.16 0.17 0.18 0.19
Qed [-] Qed [-]

Cn.7.50 Cnopenba Ha MoJenUTE U BIMjaHUjaTa IPETCTaBeHN Ha OCHOBA Ha PeIyLUpPaH MPOTOK

On nujarpammre, MOXe Ja ce 3a0eIexH JeKa JIOMATKUTE KOU Ce CO MO3UTHBHA JedopMalnja Ha
n3ne3Huot pad (moxenure (+)5 u (+)10) gaBaaT nporMpyBame BO HACOKA Ha 3TOJIEMEHHU TPOTOIH
CO TIOBHUIIIEHA €(UKACHOCT BO OJIHOC Ha MOJENOT co mo3utuBHa poranyja (+)4 ROT. Ox npyra
CTpaHa TaK, MOJEJOT co HeraTuBHa portaryja (-)4 ROT masa momo0Opu mepdopmMaHCcH BO HACOKa
Ha HaMaJeHH MPOTOIIM, BO OJTHOC HA MOJICJIUTE CO JiepopMalija Ha H3JIE3HHOT pad Ha JIOMAaTKUTE.

0.96 16 750

Q=const. 15 Q=const. Q=const.
700
09 /h \\‘
14
0.94 13 650 ’\‘\’\’\'\0\‘
VN WG
= / 1 / ‘\‘\‘\0\‘\‘\'

H[m]
T [Nm]

550

500

0.91 450

0.9 6 400
0.7 0.8 0.9 1 11 12 13 0.7 0.8 0.9 1 11 12 13 0.7 0.8 0.9 1 11 12 13
n/n_nom [-] n/n_nom [-] n/n_nom [-]

—e—SYM (010  —e—()10 —e—(+)5 —e—SYM (#10  —e—()10 ——(4)5 ——SYM (10  —e—(-)10 ——(4)5
——(-)5 (+)4ROT (-)4ROT ——(-)5 (+)4_ROT (-)4_ROT ——(-)5 (+)4_ROT (-)4_ROT
Cn.7.51 Cnopenba Ha pe3ynraTure 3a Cn.7.53 Cnopenba Ha BPTEKHUTE
edukacHocTa PN MOMEHTH TIpH

n # const.u Q = const. n # const.u Q = const.

Cn.7.52 Cnopenba Ha Mag0T IPU
n # const.u Q = const.

Opn nujarpamure Ha criopendute 7.52 u 7.53, Moxke n1a ce 3a0erexu JeKa 38 KOHCTAHTEH MPOTOK
¥ TIPOMEHJIMB OpOj Ha BPTEXH, jJoara J0 cropenda Ha MPOMEHUTE Ha MaI0T 32 MOJICITIHNTE, KaKo
BPTEKHUOT MOMEHT Ha TypOuHaTa. MlcToBpeMeHo, Ha JIEBUOT JijarpaM mapajiesHo € MOoCTaBeHa ’
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epuKacHOCTa Koja ce Jo0uBa Kako pe3yiarar. OBHE KapaKTEpUCTHKH CE€ CBEJICHH Ha
0e3IMMEH3HCKA OCHOBA.

0.18 0.2

0.17 0.19

0.16
0.18
0.15

0.14 0.7

0.13 0.16

Ted [
Qed []

0.12 0.15
0.11

L
0.14
0.1

0.09 0.13

0.08 0.12
0.15 0.16 0.17 0.18 0.19 0.2 0.21 0.15 0.16 0.17 0.18 0.19 0.2 0.21

ned [-] ned [-]
——SYM (+)10 —e—(-)10 (+)5 ——SYM (+)10 —e—(-)10 (+)5
()5 (+)4_ROT —o—(-)4_ROT ()5 (+)4_ROT —e—(-)4_ROT
Cn.7.54 Cniopenba Ha pexyiupaHu
BPTCKHU MOMCHTH ITIpU

n # const.u Q = const.

Cn.7.55 Penyuupana kapakTepuCTHKa
n # const.u Q = const.

Ha naujarpamute 7.54 u 7.55 ce npeTcraBeHu peayLUpaHUTe MapaMeTpy Ha BPTEKHUOT MOMEHT,
OpojoT Ha BpTexH U NPOoTKOT. Co KBaJpaTHU LIPBEHU TOUYKU CE U3BEACHU TOUKUTE Kajie OpOojoT Ha
BPTEXH € €JTHAKOB Ha HOMUHAJIHUOT. Taka Mo>ke J1a ce 3a0ese’u Koja KoH(pUrypaiuja copeieHa
CO HOMUHAJIHHOT OpOj Ha BPTEKH, KaKo BiIMjae Ha paboTHATa 30Ha, T.€. POpMHUpPaA KapaKTepUCTUKA
BO HacoOKa Ha 3rojJieMEH WJIM HaMmajeH Opoj Ha BPTEXH, a CO TOA BO HACOKA HA 3rOJIEMEHH WJIH
HamaJleHu MpoTond. Bo MOHAaTaMOIIHOTO H3Jarame Bp3 OCHOBA Ha peayLupaHaTa
KapaKTEepUCTHUKA, CE€ CIOPEAYBaaT aHAIM3UPAHUTE MOJENIN HACIPOTH CUMETPUYHUTE JIONIATKHU, CO
UCT YeKOp Ha NMPOMEHa Ha OpOjOT Ha BPTEXKHU, IITO K€ YKaKe Ha €BEHTYaJIHH MPOIIUpYBamba WIN
CTEeCHYBama Ha pabOTHOTO MOpayje, AaHAIM3UPAjKH T KaKO YHCTO T€OMETPHUCKA KapaKTEPUCTHKA,
O]l MPUYHMHA HITO CEKOja OJ1 OBUE PeIyLIMPAaHU KapaKTEPUCTUKHU BCYIITHOCT MPETCTaBYBa OJIpe/ieHa
cocTojba 0/1 CeBKyNHaTa TypOMHCKA KapaKTepUCTUKa U MefyceOHO ce HecriopeuuBu. [loHatamy,
3a 2 10 3 MO3MIIMU Ha JIOTIAaTKaTa, TOOMEHH Cce IIKOJIKACTUTE jarpaMu U ce mpeceueHn 3a H =
const. u Q = const. U CIIOPEJIEHN CO CUMETPUUHUTE JIOTIATKH 32 J1a CE YBUIU IPOIIUPYBAKHETO
Ha pabOTHATa 30HA U 3r0JIEMYBAakETO HA €PUKACHOCTA 3a APYTd OPOEBU HA BPTEKU Pa3IMUHH O
HOMMHAJIHUOT, IPETCTaBEHO Kako Bo ryasa 2 Ha Cin.2.15.
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Cn1.7.56 Penynupana kapakTepHCTHKa 3a Cn.7.56.1 Ulkonkact aujarpam 3a
CHMETPHYHATA JIOTIATKA CHMETPHYHATA JIOTIATKA

W3Benena e peaylupaHara KapakKTepUCTUKA 3a CHMETPUYHATA JionaTka (¢i1.7.56) u co kopucreme

Ha Tpaln3HOTO IIPaBUJIO HAa HHTCTPHUPALE 3a ITPECMETKA Ha IMTOBPIIMHATA IO KpUBaTa, IIOBpIIMHATA

KOja ce 100MBa BO HACOKa Ha pemyuupan Opoj Ha BpTexu usnecysa A, , = 0.007 [—], u BO
sym

HacOKa Ha pPEeIylUpaH NPOTOK H3HecyBa Ag, dsym = 0.0047 [-]. Ox mOGMEHHMOT MIKOJIKACT

nujarpam Ha ci1.7.56.1, makcumainia epukacHocT ce nobusa npu nax ox H = 11[m] u npotok ox
Q =0.2[m3/s] u 3a oBue YCJIOBH, IpEceK € HalpaBeH Ha JWjarpaMoT 3a N0OMBambE Ha
KaparepucTuuHaTa paboTHa Kpusa (cn1.7.56.2).

0.96

0.95 Q=const.
H=const.

0.94
0.93
—.0.92

<001
0.9
0.89
0.88 --SYM

0.87
0.6 0.7 0.8 0.9 1 11 1.2 13

n/n_nom [-]
Fig.7.56.2 TIpecek Ha MIKOJIKACTUOT JHjarpaM Ha CUMETPUYHUTE JIONIATKHU 32
n # const.; Q = const.; H = const.

[TonatamorniHaTa ujaeja Koja ce pa3BuUBa € jJa ce mnpoduiampaar JIONMATKA T.H. HEYHU(DOPMHH
JIOTIaTKH, KaKo (hopMHUpaHU 0]1 KOMOMHAIIUY Ha Pa3IMYHU NPOQUIIN 110 BUCHHA CIIOpE]] JOOUEHUTE
pe3yaTaTu, co Iesl TeKHUHCKO MMOKPUBAKE HA KapaKTepUCTHKATa U HEJ3UHO MPOIINPYBabe, Kaje
ce OueKyBa IMMOEJIMHEYHH JIEJIOBH OJI JOoMaTKara Mo BUCHHA Ja YYECTBYBaaT BO HACOUYBambe€ Ha
CTpYEHEeTO, NOTPEeOHO 32 JaieHuoT Opoj Ha BpTexu. Criope pe3yiTaTuTe, UCIIUTAaHU Ce MOJIEIH
Ha JIOTIATKHA KOW CE€ COCTaBEHHW O] KOMOWHAIMja Ha MpOo(HIn cO pa3IudHO Y4eCTBO BO camara
JIoTIaTKa, BO 3aBUCHOCT 0J1 KapaKTepHCTUKaTa Koja ce J0OHBa.
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7.3. AHa/IM3a HA HEYHU(POPMHMU JIONATKH
7.3.1. Kondurypaumja 1

OBaa koH(urypammja € u3BeIeHa CO IeJl NMPBUYHO 3alO3HABAKE CO €(PEKTUTE U CTPYJHUTE
napaMmeTpu MpeAu3BUKaHU o]l poduirpaHa Jomnatka. O4eKyBamara ce KapaKTepuCTUKaTa Koja
ke ce 1o0ue, TeXUHCKU WIHM CPEIUIIIHO MIPHITaTHE TOMEly KapaKTepUCTUKUTE Ha CHMETPUYHUOT
npodun u npodunot co nedpopmanrja Ha u31e3HUOT pad. ['eomerpujaTta e najena Ha ci.7.57.

Cn.7.57 Kongwurypamuja 1 (+)10-SYM

Ha cn.7.57 moxe na ce 3a0enexu jaeka jonarkara € ¢popMupaHa oJl 1Ba npoduia, CHMETpUYCH
npodun u mpodua co aedopmanyja Ha U3IE3HUOT Pad BO MO3UTHUBHA HACOKA, KaJle IUPEKTHO ce
MoBp3aHu, 0e3 JepHuHUparke Ha MOEAWHEYHU JEJOBH MO BHUCHHA Ha JIOMATKaTa KOj Mpodui
KOJIKaBO MPOLEHTYaJTHO YY4ECTBO MMa BO reoOMeTpHjaTa Ha yornatkata. CBETIMOT OTBOP MOMery
JIONATKUTE € 3aJ{p’KaH 3a KOHCTATeH.

0.96 0.955
0.95
0.95
0.945
0.94 0.94
— 935
=0.93 =
= =093
0.92 0.925
——SYM 0.92 —e—SYM
0.91 (+)10 (H)10
——(+)10_SYM 0.915 ——(+)10_SYM
09 091
015 016 017 018 019 02 021 022 014 015 016 017 018 019
ned [-] Qed []
Cn.7.58 (+)10-SYM kapakTepHCTHKA Cn.7.59 (+)10-SYM kapakTepHCTHKA

Crnopen noOueHHTE pe3ynTaTH, Kako IITO € M OYeKYyBaHO, MOXE Ja C€ YBUAM JIeKa
KapakTepHCcTUKaTa Ha KOMOMHUPAHUOT Npoduil, mpumara noMery naplnjagiHiuTe KapaKTepUCTUKU
HAa CHUMETPHUYHUOT Tpodun u npoduinor co aedpopmanmja Ha u3Ne3HUOT pabd. Bo 3oHara Ha
HaMmajieH Opoj Ha BPTEXH, ce 3abenexyBa BIIMjaHHETO Ha JIOMATKaTa KajJe HW3JIE3HHOT pad e
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nedopmupan 3a +10 crenenn. [loara 1o mojaBa Ha JIOKajJeH ONTUMYM BO 30Hata Ha 0.951,,,.,,
IOTO MOKaXXyBa ACKAa TC)KUHCKHUOT aroji OJ JionaTrkKara mTo CprjaTa T'0O nMa Mpyu HalylmITakC Ha
CIPOBOJHMOT amapar € +5 creneHu. [IpuToa, mpu HOMUHAJIEH W 3roJeMEH OpOj Ha BPTEXKH,
OUYEKYBAmkETO € TPEHIOT Ha KApAaKTEPUCTUKATA Ha KPUBATA J1a TO CIIEAH TPEHAOT Ha CHMETPHUYHUOT
npo¢ I, HO HATPOTHB C€ JOOMBA HEJ3UHO OMarame M HE 33JI0BOJTyBa¢ HAa Taa 30Ha.

0.96
0.95

0.94

—e—SYM
0.91 (+)10
==(+)10_SYM

0.7 0.8 0.9 1 1.1 1.2 1.3
n/n_nom [-]

Cn.7.60 Criopenba [SYM u (+)10-SYM)]
3an # const.u Q = const.

14 s
// & 0.955
135 = & 0.95 Q=const.
~ & 0.945 H=const.
$ & # 0.94
Y e 2 RiE <& :
126 'm?’// QL;/ ki / & 0.935
B i 0.93
B E7, o) o 3 .
iis h/ @”’/&y /c‘?/ic; 0.925
© i
15 ///:9 _/&5? & g 2 0.92

0.915

o

&

D

¢/ & & S /. 0-91

. & & s R : 0.905
& & & & 7 0.9

10} g & o &/ / :
S /S S S s _ 0.895

a5 2, & ;?1 ot & / it 0.89

. \/ petp sl 0.885

nll

3”7? o fr 0.88 ---SYM -#-(+)10_SYM
a5l : { - - 0.875
. R . : 0.7 0.8 0.9 1 1.1 1.2 1.3
0.8 0.85 0.9 095 n1[—] 1.05 11 115 12 n/n_nom [-]
Cn.7.60. 1 Kongurypauuja 1 - Hlkonkact Fig.7.60.2 Criopenta [SYM u (+)10-SYM]
Ijarpam n # const.; Q = const.; H = const.

On mobueHuTe pe3ysITaTh MOXKE J1a C€ BUAM JIeka HEYHH(OPMHATA JIOTIaTKa CO KOH(UTypaluja
(+)10-SYM Bo criopenba co Moaen SYM naBa manky nmono0pu nepdpopmancu npu pabora HaBop
0] HOMHHAJTHHOT Opoj Ha BpTexu. PaboTHata kapaktepucthuka Ha Moxen SYM e morecHa n
[10jaByBa MK BO 30HaTa Ha ONTMHUANIHA paboTa, Bo cropenda co mozenot (+)10-SYM, kane mro
KapaKkTepHCTHUKAaTa € MOIIMPOKa ¥ MMa MopaMHa ONTUMaJiHa 30Ha. 3a HamaJieH Opoj Ha BPTEXH OJ1
n = 0.8n,4m, Momenot (+)10-SYM mnoxkaxyBa 3ronemeHa epukacHocT on cca. 1 [%] u 3a
3rojieMeH Opoj Ha BpTexku n = 1.2n,,,, mopact Ha epukacHcoTa 3a cca. 0.5 [%]. OnrumanHaTa
pabotHa 3oHa Ha Moxenor (+)10-SYM e namamena 3a cca. 0.6 [%], mTo moBemyBa [0
u3paMHyBame (MOIIKMPOKa) 30Ha Ha pabora. CeBKYMHO, OBa MOKaXyBa JeKa HEYHH(POPMHHUOT
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IM3ajH Ha JIOTaTKaTa MOXE Ja JOBeAe A0 MonoOpyBama Ha paboTara Ha TypOMHATa HaABOP
HOMMHAJIHaTa pabOTHA TOYKa.

Criopen penaTWBHUTE CTPYJHHIM Ha CTPYCHETO BO KOJOTO, MPEB3EMEHH HA TPH IMO3UIMH IO
BHUCUHA Ha JOTEKyBam€ O]l CIIPOBOAHUOT amapar, O4YMIJIEJHA € pa3jMKaTa BO HAYMHHUTE Ha
OICTpYjyBame MpHU HamajieH Opoj Ha BpTexu. KopeHoT Ha jonarkara Ha CIPOBOAHMUOT amapar
KaJie € CO MO3UTUBHO AedopMupaH H3/Ie3eH pad MPHUIOHECYBa KOH IOMOBOJHO XpaHEHE U
HCIIOJIHYBAalbC Ha JIOMMATUYHUTC KaHAJIM Ha Typ61/1HaTa, HaMaJ'IYBajI,(I/I ro OJICIIYBAalLCTO Ha
¢nyunnata cTpyja. Bo cpennnaTa Ha nmpecekort, Kajie Beke ce ryOH BIMjaHUeTo Ha 1e()OMUPAHUOT
u3je3eH pad Ha CIPOBOJHATA JIONATKA, 3a0€lIeXkIIMBa € IPOMEHA Ha HAacOKaTa Ha PEIaTUBHUTE
BEKTOPH Ha CTPYEHETO, a CO Toa J0OMBame Ha 3rOJEMEHO YIAapHO CTPYyeHhE U JeTyMHO
OJUIeIlyBamke OJ rpOHAaTa CTpaHa Ha JIONATKUTE Ha KoloTo. MICTHOT eeKT ce MHTEH3UBUpPA BO
30HaTa Ha BPBOT Ha CIIPOBOJHMUTE JIOTIATKHU, KaJie BIMJaHUETO Ha Ne(OPMHUPAHUOT HU3Je3eH pad
CKOpO U J1a TO HEMa.

1.47e+01 . 1.47e+01 e 1.47e+01
1.40e+01 " 1.40e+01 W 1.40e+01
1.33e+01 ! 1.33e+01 1.33e+01

1.25e+01 1.25e+01 ’ r 1.25e+01
1.18e+01 A 1.18e+01 { 1.18e+01 £
1.11e+01 o 1.11e+01 £ 1.11e+01
1.03e+01 1.03e+01 1.03e+01

9.58¢400 4 9.58¢400 > ; 9.58¢400

884e+00 ‘4 884e+00 4 884e+00

8.11e+00 8.11e+00 \ 8.11e+00

7376400 \ 737e400 | 737400

6630100 / > 663400 | 4 6636400 /|

5906400 590400 v, 5906400

5166400 7 5160400 y f 5160400

4420000 ) [/ X 4426400 / Y 4420400

368400 d 3680400 3686400

2956400 A 2.950+00 2.95¢+00

221400 221e400 2216400 \

1476400 1476100 i 147e400 :

737601 ; i 7.37e04 ] 1 7.37e04, J i
0006400 4 b i 000e+00 ) . Y i 000200 [ Tl &

Cn.7.61 PenaTuBHM CTPYjHUIM HA BJIE3 BO paOOTHOTO KOJIO IPU N = Ny (Mogmen (+)10-SYM)

Z1 — KopeH Ha norartka Z0 — Cpenuna Ha JonaTKa Z2 — Bps Ha JionaTka
1.56e+01 . 1.56e+01 & 1.56e+01 e
1.48e+01 - ” 1.48e+01 = 1.48e+01 e
1.40e+01 1.40e+01 # 1.40e+01 7
1.32e+01 4 1,32e401 5 1,32e401 =
1.25e+01 o 1.25e+01 R 1.25e+01 ¥
1.17e+01 o 1.17e+01 _ 1.17e+01

= " >
1.09e+01 4 1.09e+01 o 1.09e+01
1.01e+01 7 1.01e+01 ! . 1.01e+01
9350400 9356400 ¥ 935e+00 7
857e+00 =g 857e+00 # \ 857e+00 *
7.79+00 ' 7.79+00 7.7%+00
7.01e+00 y 701es00 70les00
623400 62300 623100
545400 5.45e+00 545400
4676+00 \ 467400 4878400
380e400 | 38%e100 4 389400 4
3126400 1 / 3122400 3126400
2340400 1 2340400 2340400
1.566400 1.568400 1.56/94‘00
7.7%-01 X W | i 7.78-01 7.78-01 j

0.00e400 U 0 b 0.00e400 o 05 0/00e+00 “ 103 =

LY
Ci.7.62 PenaTuBHM CTPYjHHUIM HA Biie3 BO pabOTHOTO Koo ipu n = 0.8ny,,,,, (Momen SYM)
Z1 — KopeH Ha jomaTka Z0 — Cpenuna Ha Jionatka Z2 — BpB Ha Jionarka

Ha cn.7.61 u 7.62 ce nmpercraBeHH CIopen0EeHO peIaTUBHUTE CTPYJHUIIM Ha BJIe3 BO KOJOTO Kaj
CUMETpPUYHATA JIOMIATKa TIPU UCTHOT OpOj Ha BPTEKU. EBHIIEHTHA € pa3iuKaTa BO CTPYjHUIIUTE,
Kaze ce moomBa neka Mmoaenot (+)10-SYM npu n = 0.8n,,,,, IpaBu MOMOBOJIHO ONICTPYjyBamke HA
BJI€3 BO pPa0OTHOTO KOJIO TIO TIeJIa BUCHHA.
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[Tpu 3ronemen Opoj Ha BPTEKHU, UCIIOTHYBAKHETO HA JIOMATHYHUTE KAHATU € MPOCIICICHO CO
OJlIeTTyBame. 3a aHallM3a Ha CTPYJHUTE TOjaBH, M3BEICHH ce MpopuiInTe Ha Op3UHH KO THU
(dbopMupaar JIOMaTKUTE 110 BUCHHA. Y CBOSHHU c€ 3 BUCHMHU Ha Jiomnarkara, Ha £9.2% ox BUCHHATA
(o3Haku 3a jgonmHara 30Ha Z1 w ropHata 30Ha Z2), Kaje ce JAOMHHAHTHU TCOMETPHUTE Ha
MOCIMHUTE MPOPWIN U Ha cperHa Ha Jomatkute 30Ha Z0. [Ipodmimre Ha Op3uHU ce CIIOpEACHH
co nmpo(unuTe Ha MOSTUHEYHHUTE JOMIATKU AU3ajHUPAHU O]l CAMO €JeH MPOQUIL.

v [m/s]
v [m/s]

—e—SYM
——Z2

()10
Z1

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
tgv [-] tgv [

Cn.7.63 Criopen6a Ha mpoduIoT Ha Op3UHH 32 Cn.7.64 Cniopen6a Ha npoduIoT Ha Op3UHH 32
moxen (+)10 u 3oHa Z1 Kage € uCTHOT Mozaen SYM u 30Ha Z2 Kajie € UICTHOT

On criopenbara Ha npoduikTe HA OP3MHM, MOXKE Ja ce 3a0eNeKH JAeKa KOMOMHAIMjaTa Ha OBUE
IBa mpoduia BiIMjae eIeH Ha APYT BO OJHOC Ha MpodwioT Ha Op3uHU. Bo 30HaTa Ha mpoduiIoT
Kaje e popmupan u3ae3HUOT pad 3a +10 cTerneHu, CopeieHo o JIONAaTKAaTa IeJI0CHO (GopMHUpaHa
on TOj mpodwma, ce 3abenexyBa jJeka goara 0 NMPOMEHA Ha OOJIMKOT M 3roJie,yBame Ha
WHTEH3UTETOT Ha Op3uHuTe. OOpaTHO, BO 30HATa HA CHMETPUYHUOT POQHII CIIOPEICHO CO TaKBa
JomnaTka, jioara J0 MPOMEHa Ha OOJHMKOT Ha TPO(HIOT W HaMallyBamkbe HAa WHTCH3MTETOT Ha
Op3uHUTE.

Ogaa criope0a mokax<yBa Jieka TUpeKTHaTa U3Be10a O eJIeH BO APYT O0JIHK, KaJie TIPOLEHTYaTHO
YYeCTBO Ha IMOEIUHEYHUTE MPO(WIHM TMpeceld Hema, TOBEAyBa 10 MEryceOHO BiIHMjaHHE Ha
reoMeTpuuTe Bp3 (GOPMUPAKETO HA MPOPHIOT HAa Op3MHU W HE ce J00MBa HUBHOTO YYECTBO
napIjagHo 10 BHCHHA Ha JlonarkaTa. VcTo Taka, ce 100MBa U MPBUOT Ba)XKEH 3aKIy4OK, a TOA €
JieKa IpeKy aHajJIn3a Ha JIBe KapaKTEPUCTHKN KOM TPOU3JIETYBaaT O 1Ba THUIA Ha JIOMATKH, MOXKE
7la ce TPETIIOCTAaBHU JeKa KapaKTepUCTHKAaTa Ha KOMOMHUPAHUOT MPOQHI KE TO CIEeTU TPEHI0T Ha
KpHBaTa IoMery JBeTe KapaKTepHUCTUKH.

Cnopenbara Ha peAylHMpaHUTE KapaKTEPUCTUKH TMOKaXXKyBa Jieka HMa MpOIIMpYBamke Ha

MOBPIIUHUTE TOJI KpUBaTa, KOH peynupaH Opoj Ha BpTexu o cca. 2.9 [%] u KOH peayuupan
npoTok ox cca. 12.8 [%].
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Qed[]

0.18

0.168, 0.1766
0175
017 01613,
0.1696
0.165
= —| > = —
046 0.2121, A"ed1 0.0072 [~] Anedsym 0.007 [-]
0.1487
0.155
0.15 AQegz1 = 0.0053 [-] > AQedsym = 0.0047 [-]
0.145 020575,
——SYM —&—(+)10_SYM :
0.14
014 015 016 017 018 019 02 021 022

ned [-]

Cn.7.65 Cnopenba Ha peaynupaHuTe
KapaKTECpUCTUKU
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7.3.2. Koudpurypanmuja 2

OBaa koMOuHanMja e pa3paboTeHa Kako CKJION Ha JiBa npoduia co nedopmalnrja Ha U3JI€3HUOT
pad ¥ CUMETPUIHHOT MPOQIII, TSKUHCKH TPUTE MPOGUIN ce 3acTaneHu mo 25% 1o BUCHHA Ha
JonaTKaTa, a ocTaHatute 25% ce MpeoHu 30HU IoMel'y TeéOMeTpUUTE.

g |
IS |
=2 ] i
£ £
< =
n o
— ©
[
£
1S
2
B & N

Cn.7.66 I'eomeTpuja Ha KoHUTypauyjaTa 2

Co ormen Ha Toa Acka MPOPWIOT CO MO3MTHUBHA Acedopmanuja Ha usne3nuor pad (+)10 masa
nono6pu nepdopmancu nmpu HamaseH 6poj Ha BpTexu 3a 10% o1 HOMUHAIIHUOT, 32 JOOUBakE Ha
THe nephopMaHCcH MOTpedHa € moMaia eHepruja a ce OCTBapu CTpyemero. O0paTHa € ciuKaTa
Kaj mpoduIoT Co HeraTUBHA Aedopmaliija Ha u3iie3HuotT pad (-)10, kage ce qoOuBaar moaoopu
nepdopMancu npu 3royieMeH Opoj Ha BpTexu 3a 10% o HOMUHAIHUOT, IPU MITO € MOTPEOHO
MorojieMa €HEepruja 3a Ja ce OCTBapH CTpyemeTo. CTPYeHmETO CeKoraml T'o CIEAW TPEHAOT H
HacoKaTa Ha IoMaJjl OTIIOp, Ila TaKa, HAKJIOHETOCTa Ha MPOIIMpPYBamke Kaj oBaa KOH(Urypaimja e
BO HacOKa Ha HamalieH Opoj Ha BpTexu (ci.7.67).

0.96 0.96
0.95
0.94
093

0.92

——SYM
0.91 (+)10 0.91
—A—E:Q)JEL%SYM(-)lO 3x25 —e—SYM —— (+)10 —— (-)10 =t—=(+)10SYM(-)10_3x25
0.9 - 0.9
0.7 0.8 0.9 1 1.1 1.2 1.3 0.13 0.14 0.15 0.16 0.17 0.18 0.19
n/n_nom [-] Qed [-]
Cn.7.67 Cniopenda Ha KapaKTEpUCTUKUATE TI0 Opoj Cn.7.68 Cnopeniba Ha OCHOBA Ha pelylHpaH
Ha BpTexHu 32 Q = const., H # const. MPOTOK

Criopen0ara Ha OCHOBA Ha peaylnupaH Opoj Ha BPTEXKH N,y MOKAXKYBA JCKA KAPAKTCPUCTUKUTE BO
HacOKa Ha IIMPEHE CKOpPO M Jia HE Ce pasiMKyBaaT, a BO IOIJE[ Ha e(pHKacHOCTa, OBaa
KOMOWHaIIMja 1aBa TIoMaJl CTETEH Ha MoJie3Ho ejcTBo. Ha ocHOBa Ha peaynupan mpoTok Q,q4, c€
I00MBa MOMECTYBamkE HA KapaKTEPUCTUKATa BO HACOKA HA 3rOJIEMCHU HA MPOTOLM T.€. HAMaJeH
Opoj Ha BPTEKHU.
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7.3.3. Koupurypanmuja 3

Ogaa koH(UTypaIlyja € UCIIMUTaHa IIOBTOPHO, CaMO 0OpaTHO MOCTaBEHA — MIPEBPTCHHU JIONATKH, 32
CBCHTYaJIHO Jia CC YBHJIM WM BJIHjaHHETO HA PACIOPENOT Ha JIOTATKUTE, T.C. Jald KOPEHOT Ha
jonarkara Tpeba Ja € CO MO3WTHBEH WJIM HETaTHBEH aroi Ha aedopmalidja Ha W3JIe3HHOT pad.
Pesynrarure ce nanenu Ha cii.7.69.

0.96 0.96
0.95 0.95
0.94 0.94
C093 T0.93
0.92 0.92
—e—SYM
——SYM
0.91 (+)10 0.91 ()10
()10 ()10
00 —o—(+)10SYM(-)10_3x25 09 —0—(+)10_SYM_(-)10_3x25
. 0.7 0.8 0.9 1 1.1 1.2 1.3 . 0.13 0.14 0.15 0.16 0.17 0.18 0.19
n/n_nom [-] Qed []
Cn.7.69 Cnopeba Ha KapaKTEPUCTUKHUTE 11O OPOj Cn.7.70 CnopenOu Ha KapakTEpUCTHKHUTE IO
Ha BpTexH 3a Q = const.,H # const. pelyuupaH IpoTOK

Mosxe na ce 3abenexu AeKa BO TeCHaTa 30Ha OKOJIy ONTUMYMOT, Jjoafa 1o 6J1aro nopaMHyBambe
Ha KapaKTepUCTHKATa, IITO ja IPaBU Taa 30Ha nopamupeHa. OnarameTo Ha KapaKTepUCTUKaTa BO
Hacoka Ha HamajieH Opoj Ha BpTEXH I0jaByBa OJlaro MpeKpllyBame, IITO HUCTO TaKa JlaBa
TEHJEHIMja JIeKa 30HaTa Tyka ce mpomupyBa. Cropenbda CO CHUMETPUUHHOT MPOGUIT KakKo
peaylrpaHa KapakTEepUCTHKA € AajieHa Ha ci./.71.
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nf] -
Fig.7.70.1 Koudurypanuja 3 — IIkonkacrt Fig.7.70.2 Cnopenba co Monen SYM
Ijarpam n # const.; Q = const.; H = const.

On moOueHuTe pe3ynTaTu MOKe Ja ce BUIM Jieka HeyHupopMHaTa jonatka Ha Kondurypanmja 3
Bo cropenda co Model SYM naBa momobpu nepdopmancu npu pabota co 3rojiemMeH Opoj Ha
BpTexkH. 3a HamajeH Opoj Ha BpTrexu on n = 0.8n,,,, KoH}urypauujata 3 mnokaxyBa
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HE3HAYMTENHO 3rojieMeHa epukacHocT Ha cca. 0.3 [%] u 3a n = 1.2n,,,, 3a cca. 2 [%].
Onrumannata padoTtHa 30Ha Ha Kondurypamuja 3 ce namanysa 3a cca. 0.2 [%].

Crnopenbara Ha penynMpaHUTe KapaKTEPHCTUKM TOKa)XyBa JleKa HMa IPOIIUpYBame Ha
HOBPIIMHKUTE MO/ KpUBaTa, KOH Opoj Ha BpTexku ox cca. 1.4 [%] u ko npotok ox cca. 2.1 [%].
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Cn.7.71 Cnopenba Ha penyluupaHaTa KapaKTepUCTHKA
(koH(UTYypanrja 3 ¥ CUMETPUYHA JIOTIATKA)

Crniopen CTpyjHHTE CIIMKH BO TPHIIOT, MOXE Jla ce 3a0eIekH JIeKa MOCTUHSYHUTE POPHIN TI0
BHCHHA, KOU CE U3BEJICHU CO 3aKPUBYBAE HA U3TIE3HUOT pad, BO TPAHUYHHUTE TOYKH HA OPOjoT HA
BPTEXH, HE y4ECTBYBaaT BO MOJOOPEHO HACOUyBame Ha CTpyemeTo. [I03UTHBHO 3aKpuBeHaTa
nonatka (+)10, xoja ce oyekyBa ja ro mogoOpu cTpyemeTo 3a O6poj Ha Bprexu n = 0.8n,,p,
M0jaByBa OJUICTTyBakbE Ha CTpyjaTa Ha rpOHATa CTpaHa Ha JIONATKUTE Ha KOJoTo. [lpu n = nyy,
CPEIHHOT TPECEK Ha JIoNaTKaTa Koj € CHMeTpruieH 00e30e/1yBa XpaHehe Ha KOJIOTO, a BO TIPECEKOT
Ha KOPEHOT Ha JIonaTKara ce IojaByBaaT MaJjii ojjenyBama. [Ipu 3ronemen 6poj Ha BpTEKH, Kajie
HETaTUBHO 3akpuBeHara jomatka (-)10 Tpeba na o0e30enu IMOMOBONIHO CTPyEHE, IMOjaByBa
OJUIeIyBama Ha CTpyjaTa.

OTTyka MOKe J1a ce 3aKJIy4yH JieKa eHAaKBUTE (CUMETPHYHH) edopMalMi Ha JIoaTKaTa co UCT
WHTCH3UTET, BCYNTHOCT TEKMHCKM JaBaaT arojl Kako CHUMETpHYHATa JIomaTka W HE TO
MIOCTUTHYBAaT €(heKTOT Ha HACOUYBa€ 3a OMpEAEICHUOT OpOj Ha BPTEXKH, KOTra ce CropeayBaar
CO JIONATKHU KO C€ AM3ajHUpPaHu O UCT eauHeueH npodui. [Iputoa, ciopenbeHo co Tue JomaTkH,
Kako M CO CHUMETpUYHATa JIOMATKa KaKo pernep, KOH(QUIYypaluUTe IOKaXyBaaT pa3IMyHH
XHIpayJInYHN 3aryOu. 3rojieMeH ImajJ Ha MPHUTHUCOK Ce J0OMBa Kaj JIOMATKUTE CO HETaTHBHA
3aKpUBEHOCT Ha W3JIE3HHOT pad, KOM MOA0OpO ja HacodyBaaT cTpyjaTa 3a 3rosieMeH Opoj Ha
BPTEXH, OJT IPUIMHA IITO BEKTOPOT HA Op3WHATa Ha CTPYSHETO MMa CBOja 3TOJIeMEHa MPOEKIIHja
BO nepudepHa Hacoka. OOpaTHO Ha HUB, JIOMATKUTE CO MO3UTHUBHA JleopMalja Ha U3JIE3HUOT
pab, mpoeKIMjaTa Ha BEKTOPOT Ha Op3WHATa Ha CTPyEHE HAa W3JIe3 € BO pajvjajiHa HacoKa.
Pemerkure n nenara xkoHdurypauuja Ha TypOMHATa € UCNUTAHA NMPU KOHCTAHTHU MPOTOLHU H
€HAKBH CBETIM OTBOPH Ha JIOMIATKUTE, a MOpaJW OBHE TPUYMHHU J0ara O TPOMEHa Ha
MHTEH3UTETOT Ha BEKTOPOT Ha Op3uHaTa (3a0p3aHo WK 3a0aBEHO CTPyeme), a Taka Joafra u J10
pas3nuky Ha 3aryoute. [lopaayu moCToemeTo Ha OBUE PA3IIUKH, BO CICIHUTE H3JIaramba ce IPaBeHN

86



aHaJIM3M Ha KOMOWHAIIMU MOMETy JIOTIaTKU KOM MMaaT CIIMYHU 3aryOu Ha €Hepruja, Kako IITo €
npoduiioT Ha nonatku (+)10 u 3aporupanara nonatka (-)4ROT.

E

AHst

7

6

5

4

3

2

1

0

Model

BSYM
u(+)10
u(+)5
u (+)4ROT
= (-)10
u(-)5
u (-)4ROT
(+)10-SYM
m (+)10-SYM-(-)10 (N)
= (+)10-SYM-(-)10 (M)

Cn.7.72 Tlam Ha CTAaTMYKHOT MIPUTHCOK HU3
CIIPOBOJIHUTE JIOTIATKU

0.6

0.5

0.4

AHe [m]
o
w

0.

N

0.

=

0

Model

BSYM
= (+)10
H(+)5
m (+)4ROT
= (-)10
=(-)5
m (-)4ROT
(+)10-SYM
m (+)10-SYM-(-)10 (N)
B (+)10-SYM-(-)10 (M)

Cn.7.73 3aryOu Ha eHepruja (ToTajieH MPUTUCOK)
HU3 CIIPOBOJIHUTE JIOMIATKU
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1.53e+01
1.46e+01
1.38e+01
1.30e+01
1.23e+01
1.15e+01
1.07e+01
9.97e+00
9.21e+00

1.46e+01
1.38e+01
1.30e+01
1.23e+01
1.15e+01
1.07e+01

9.97e+00
‘ 9.21e+00

1.46e+01
1.38e+01
1.30e+01
1.23e+01
1.15e+01
1.07e+01
9.97e+00
9.21e+00

B) Mojex (+)10-SYM-(-)10-3x25%
3oHa Z2 — BpB Ha nomnaTKa

A) Mogen (+)10-SYM-(-)10-3x25%
3oHa Z1 — KopeH Ha nonaTtka

b) Mozen (+)10-SYM-(-)10-3x25%
3ona Z0 — CpeauHa Ha Jomarka

1.56e+01
1.48e+01
1.40e+01
1.32¢+01
1.25e+01
1.17e+01
1.09¢+01
1.01e+01

B.1) Mogen SYM 3a ciopenba

Cn.7.74 PenaTuBHU CTPYjHHUILIM HA BiIe3 BO KOJOTO pu n = 0.81,,01m
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1.52e+01
1.44e+01
1.37e+01
1.29e+01
1.22e+01
1.14e+01
1.06e+01

1.52e+01
1.44e+01
1.37e+01
1.29e+01
1.22e+01
1.14e+01

b) Mogzen (+)10-SYM-(-)10-3x25%

3ona Z0 — Cpenyna Ha JonaTka
1526401 e s
1.44e+01
1.37e+01

1.29e+01
1.22e+01

A) Mogen (+)10-SYM-(-)10-3x25%
3oHa Z1 — KopeH Ha nonaTtka

1.45e+01
1.38e+01
1.31e+01
1.23e+01
1.16e+01
1.09e+01
1.02e+01
9.44e+00
8.71e+00
7.99e+00
7.26e+00
6.54e+00
5.81e+00

N NN
Al =\
b.1) Mozaen SYM 3a crniopenoa

B) Mogen (+)10-SYM-(-)10-3x25%
3oHa Z2 — BpB Ha jonaTka
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1.38e+01
1.31e+01
1.24e+01
1.17e+01
1.10e+01
1.03e+01
9.65e+00
8.96e+00

1.38e+01
1.31e+01
1.24e+01
1.17e+01
1.10e+01

1.38e+01
1312401
1.24¢+01
1.17e+01
1.10e+01
1.03e+01
9.65e+00
8966400

1.38e+01
1.31e+01
1.24e+01
1.17e+01
1.10e+01
1.03e+01
9.63e+00
8.94e+00
8.25e+00
7.57e+00

A.1.) Monen SYM 3a criopenba

B) Mogzen (+)10-SYM-(-)10-3x25%
3ona Z0 — Cpeauna Ha jomarka

C) Mogen (+)10-SYM-(-)10-3x25%
3oHa Z2 — BpB Ha jonaTka

Cn.7.76 PenaTuBHU CTPYjHHUIIM HA BJI€3 BO KOJIOTO nMpu n = 1.2n,,4m
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7.3.4. Koupurypanmuja 4

Crnopen mpeTxoHO NOOMEHHUTE pe3ynTaTd 3a HEYHU(PMHHU JIONMATKH, HAKPAaTKO MOXeE Ja ce
3aKITy4d JeKa THe KOMOWHAIMKM Ha NpoQHIM HE JOBEAyBaaT 10 3HAYajHO MPOIIMPYBAkE Ha
KapakTepucTukata. EdexkToT Ha moaoOpyBame Ha CTpyjHATa CIMKa MpPU MaplujaTHH paOOTHU
pPSKHMH € €BHJICHTEH, ocoOeHo kaj moxenor (+)10-SYM co emHocTpaHo 3aKpuBYBame Ha
n31e3HUOT pad. CnenHaTa KOHUTypalyja Koja ce pasrieayBa € Cloj Ha CUMETpUYeH Mo co
npoduI co KoJMHeapHa TeTuBa Koj € noouen ox mozenor (-)4ROT. Pacnpenenbara Ha aBaTta
npo¢uIn Mo BUCHHA CE€ BO 3aBUCHOCT OJ1 IOJ[PavjeTo CEeKOj KOj IO MOKPHBA.

N 0.96
0.95

0.94

0.96

0.95

0.94

=0.93 =093
[ [
0.92 0.92
| ——SYM ——SYM
E 091 (-)4_ROT 091 (-)4_ROT
I ——(-)4ROT_SYM ——(-)4ROT_SYM
e 0.9 0.9
‘ | I“' 0.7 0.8 0.9 1 1.1 1.2 1.3 0.12 0.13 0.14 0.15 0.16 0.17 0.18
§ L"»‘ n/n_nom [-] Qed [-]
Cn.7.77
ema Ha Cn.7.77.1 Criopenba va Mmonenure m 3oHa  Ci.7.78 Criopei0a Ha MOICTTUTE HA OCHOBA
Ha ronobOpyBame npu n = 1.15n Ha peayLupaH OPOTOK
JIOTIATKUTE A0OPY p nom penyuupas mnp

Crniopen pe3ynratute, MOXKe Ja ce 3a0eexH JeKa oBaa KOHQUrypalyja He oTnara nomery JiBere
KapaKTepUCTUKHU, NPH LITO ce JA00MBa MOMECTEHA KapaKTEpUCTHKA U ce Tie/la TeHACHIjaTa Aa
paboTu BO 30HATa Ha 3rojeMeH OpOj Ha BPTEXKHU KaJle MMa U TMOBUINyBamke Ha edukracHoCTa.
AHanmu3upaHa € CTpyjHaTa CIMKa BO TPUTE MPECENX Ha JIoNaTKaTa, 3a Opoj Ha BPTEKHU O N =
1.15n,,om, XKazie e yBUEHA pa3iuKaTta BO €(pUKACHOCTHTE M CIOPEIEHHU C€ CTPYJHUTE CIHUKH CO
cuMeTpuyHHOT Tpodui. OBaa KoH(UTypalyja TMOKaXyBa KOHCTAHTHOCT W OJJIp)KyBambe Ha
e(pMKacHOCTA IPEIOMUHAHTHO BO 30HaTa Ha 3rojeMeH 0poj Ha Bpresku on 1 = (1.05 + 1.2)1n,,0m
IITO C€ MPETIOCTABYBA JIeKa MOKE J1a IO OJIP’KHU OBOj TPEH/I M BO KOMOWHAITU]a CO APYTH PO UITH
Ha JIOTIATKH.

1556401 > 1556401 1556401 2
1.47e401 === 1.47e401 e 1.47e+01 S
1.39+01 o 1.39+01 i 1.39e+01 -

1.32e+01 1.32e+01 1.32e+01 _‘/V
1.24e+01 A

1.24e+01 1.24e+01
1.16e+01 o 1.16e+01 > 1.16e+01
1.08+01 > 1.08e401 ) 1.08e+01 "
1.01e+01 % 1.01e+01 1.01e+01
9.29e+00 ™ 9.29e+00 ™~ 9.20e+00 / -
8516400 7 8516400 ; 8516400 A
7.74e+00 s U 7.74e+00 7.74e+00
6.97e+00 b 6.97e+00 7 6.97e+00
6.19e+00 7 6.19e+00 - 6.19e+00 7
5.42¢+00 5.42e+00 5.42¢+00
4.64e+00 4.64e+00 4.64e+00
| 3872400 3876400 | 387400/
| 3108400, | 3100400 y 3106400
232e400 ~ 2326100 &~ 232400 &
1.556400 4 1.55e400 ' 1.55¢+00
7.74e-01 \ 7.74e-01 A 7.74001/ 1.

0.00e+00 {1 05 i) 0.,00e+00 [ 005 oY 0.00e+00 b 008 () 93

Cn1.7.79 PenaTHBHU CTPYjHHULM HA B3 BO paboTHOTO Koo ipu 1 = 1.15n,,,,, (Mogen (-)4ROT-SYM)
Z1 — KopeH Ha Jonatka Z0 — Cpenuna Ha JlomiaTka Z2 — BpB Ha 5oniaTka
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Crniopen cTpyjHUTE CITUKH, €BUACHTHO € MPHCYCTBOTO HAa POTHUPAHATA JIOATKA KOja T0 KOpEeTupa
CTPYEHETO Ha BJIe3 BO KOJIOTO, BIIMjacjKH OJ Cpe/lMHaTa Ha JIolaTKaTa 1a c¢ 10 BPBOT KaJie Taa €
JIOMUHaHTHA. Bo 30HaTa Ha KOPEHOT Ha JIOTIATKaTa, JOMUHAHTEH € CHMETPUYHNOT MPOpIII, Kaje
ce 3a0enexxyBa BO CTPYEHETO JeKa joara 10 AEIyMHO OJUleNyBame Ha (puyuaHaTa cTpyja Ha
rpajHaTa CTpaHa Ha JIONATKUTE Ha KOJOTO.

1.36e+01 1.36e+01 1.36e+01 ;

1.29e+01 1.29e+01 { 1.29e+01 A

1.22e+01 4 1.22e+01 Y 1.22e+01 . %
[ \ Ay A\

1.15e+01 il 1.15e+01 1.15e+01 p & \

1.09e+01 —_aff ) 1.09e+01 7 \ 1.09e+01 > A
1.02¢+01 4 1.02¢+01 b 1.02¢+01

9506400 A 9506400 A\ 9506400 )

8.82e400 7 i 8.82e400 { = 8.82e400 {

8.14e+00 ¥ ¥ 8.14e+00 2 B S 8.14e+00 X #

7.46e+00 \ 7.46e+00 B 7466400

6.78¢400 J 6.78¢400 7 A i) 6.78¢400 7

6.10e+00 g 6.10e+00 ' % 6.10e+00 4 £

5.43+00 ™y 5.43e+00 2 5.43+00 i g

4756400 ) 475400 \ 475400 A

4.07e+00 4.07e+00, ) 40724007

339400 # 3.30e+00 ¥ > 339400 y

271e+00 Sl 271e+00 271e+00 4 a

2.03e+00 , 2036400 203400 N

1.36e400 =N 136400 1" 1360400 ¢ el

6.78e-01 1 678601 i 6.78¢-01 % i

0.00e#00 P s g TR 0.00e400 s 57 0.00e400 ; 0 o

Ci.7.80 PenaTuBHM CTpYjHHUIM HA BiIe3 BO pabOTHOTO Koo ipu n = 1.15n,,,, (Moaen SYM)
Z1 — KopeH Ha jomaTka Z0 — Cpenuna Ha Jionatka Z2 — BpB Ha Jiomnarka

Ha cn.7.80 ce mpercraBenu crpyjHunmre npu n = 1.15n,,,, kKaj cuMeTpuyHara JjomaTka, 3a
criopenda co crpyjuurmre kaj monaenoT (-)4ROT-SYM. Paznukure ce OYUIIICTHH BO CUTE TPH
30HM Ha Jjomnarkara. Bo 30HaTa Ha KOPEHOT, KaJie M Kaj JIBaTa MoJieJia € CUMETPHUYCH POPHIOT
IpH TPECeK Ha JonarkaTa, Hopaju JeIyMHOTO BIIMjaHHUE HA 3apPOTUPAHUOT MPOQu, ce Jo0uBaar
MOMalli OJIJIelyBama, BO criopeada co CTpyemeTo Kaj MoaenoT SY M.
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7.3.5. Koupurypanuja 5

OBaa xoMOuHaIMja MpeTcTaByBa CIoj Ha MPo(UIM co MO3UTHBHA JleopMalija Ha U3JIE3HUOT pad
(+)10, cumerpudeH npodus ¥ HETaTMBHO POTHpaH mpodwi co koiuHeapHa TetuBa (-)4ROT.
HcxonoTr 3a reHepupame Ha oBaa KOH(Urypaluja € cropei INPEeTXOJHUTE AWjarpaMu Ha
OJUICIHUTE YHU(OPMHM JIOTIATKU COCTABEHH OJ OBHE NpOoUiIM, KOUM NMOKaXyBaaT Hajaoopu
nepdopMaHCcH BO HAaCOKa Ha 3rojeMEH W HamalieH Opoj Ha BPTEXH, KaKO U CIMYHM 3aryOu Ha
eHepruja.

Cn.7.81 3D npuka3 Ha koHpurypamnujara 5

Pacniopenor 1o BUCHHA Ha IPOPHIUTE € YCBOCH CIIOPE TOYKUTE BO KAPAKTEPUCTHKHUTE KOH CE
no0uBaaT 3a moeAnHeuHuTe Jonatku. Pacorot o +20% Ha OpoeBU Ha BPTEXKH € CBEACH Ja €
perpe3eHT Ha BICHHATA Ha JIOMaTKaTa, Kaje ce rieaa Koj mpodui KOJIKaBo yu4ecTBO OM UMall BO
nomnatkata (ci1.7.82).

0.955

SYM 3ona —e—SYM

(+)10
095 \ ()4_ROT
(+)10 \
0.945 3ona !
= 094
[y
0.935

0.93

0.925
0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4

n/n_nom [-]

Cn.7.82 Ilogenba Ha y4ecTBOTO Ha MPOQUINTE BO JONaTKara cropes
YYMHOKOT Ha 30HUTE Ha MPOIINPYBAbE

On aujarpamor ce TieaaT 30HUTE Ha y4ecTBO Ha oJienHuTe YHU(OpMHH jJonaTtku. OTTyKa ce
3aloyYHyBa CO JIEJIeHE Ha JIoNaTKaTa 10 BUCHHA, [0 YYMHOK Ha IMpo¢ui ITO ce OYeKyBa Ja ce
nobue. Ce nobuBaat 8 TOUKM Ha 1ojenda, Kou 3a JaJeHUOT Opoj Ha BPTEXKH J1aBaaT MaKCHMaIHA
e(UKacHOCT, CIoOpe]l paHroT Ha OpPOEBM HAa BPTEXKH INTO C€ HCIUTyBa. /[Be pabOTHM TOYKH
npumnaraat Ha Jiornatkarta co aedopmanuja u3ne3Huot pad (+)10, Tpu TOUKM Ha CUMETpHUYHATA
JIOTIaTKa ¥ TPHM TOYKHU Ha JIomaTKaTa co KojuHeapHa tetuBa (-)4ROT. Bucunara Ha CripOBOIHHOT
amapar ¢ B, = 60[mm], na Taka npoueHTyajiHo oj BucuHara, Ipopuiaot co (+)10 crenenu Ha
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u3sie3Hara BUCHHA € 25% of yonarkata T.e. 15 [Mm], cuMeTpuYHUOT 1 KOJIMHEAPHUOT POTUPAH
npodui yuectByBaat co 1o 37.5% omHocHO 110 22.5[Mm] o/ BUcHHATA, TOSAUHEYHO.

0.96 0.96
0.95 0.95
0.94 0.94 /
To0.93 ~=0.93
jey o
0.92 0.92
—e—5SYM
0.91 0.91
()4ROT_SYM_(+)10
—e—SYM (-)4ROT_SYM_(+)10
0.9 09
07 08 09 11 12 13 0.135 0.145 0.155 0.165 0175
n/n_nom [-] Qed [-]
Cn.7.83 Cnopen6ba Ha KapaKTEpPUCTHKHTE 110 OPoj Cn1.7.84 Cnopenba Ha KapaKTEPUCTHKHUTE 110
Ha BPTEXKH pexyunpas mpoToK

Cnopen pe3ynTaTure MOKe Ja ce 3a0eliexH JieKa Jloara 1o onarame Ha e(UKacHOCTa, U mobar
HAKJIOH Ha KapaKTepHCTHUKaTa BO HACOKa Ha 3TrOJIeMeH Opoj Ha BPTEXH, INTO TOKaXyBa JEKa
3apotupanarta jonarka (-)4ROT Bo Taa 30Ha ycneBa Ja BiMjae Ha Kapakrepuctukara. Jloara 1o
10jaBa Ha CKajiecTa IPOMEHA Ha KapaKTePUCTHUKATA MPeJ JOKATHUOT ONTUMYM, IITO MOKaKyBa
MaJia /103a Ha KOHCTaHTHOCT Ha pabOTHOTO Mojpayje Bo Taa 30Ha. Bo Hacoka Ha HamaneH Opoj Ha
BpPTEXH, KapaKTepUCTHUKaTa orara, ITO MOKaxyBa neka mnpodmwior (+)10 Bo KopeHOT Ha
JoTaTKaTa HEeJOBOJHO ja orndaka 30HaTa Ha HaMajeH Opoj Ha BPTEXKHU.

14 A e R | 0.955
e i e 0.95
i v 0945 £ 0.945
13 T ’,\,/ C -~ g 694
: S g i X
ol //Qc_»W ] G 0.935
Py S & g y
/ e§ K Q°§? g - 0.93
12 g{,%’_ & / ol 0.925
+0
15 zéo o%‘;é & - . & Q/“@ : _ 092
U L] e
= RS Q‘*&g,/ ¥ / : 0.91
105 Q'O? 0.905
10 °:Wq Vi k3 : 0-9
AL s 0.895
LS
95}’ P 0.89
&
. -°°? o / 0.885 ---SYM
.D-quz - 0.88 =+=(-)4ROT_SYM_(+)10
857 / 0.875
L ‘ | | ‘ ‘ , 07 08 09 1 11 12 13
0.8 0.85 09 095 1 1.05 11 1.15 1.2 n/n_nom [-]

ntd
Cn.7.84.1 Konduryparnwuja 5 — [llkonkact
Ijarpam

Cn.7.84.2 Cniopenba co Moaen SYM
n # const.; Q = const.; H = const.

On moOueHuTe pe3ynTaTu MOKe Ja ce BUIU Jieka HeyHupopMHaTa ionatka Ha Konduryparwuja 5
Bo criopenoa co Moaenotr SYM naBa nmogo6pu nepdopMaHcH mpu padoTa co TPOMEHIIUB Opoj Ha
BpTexkH. 3a Opoj Ha Bprexku on n = 0.8n,,,, KoHuUrypauujaTa 5 mOKaxyBa 3roieMeHa
edukacHoct o cca. 1 [%]|uzan = 1.2n,,,, oacca. 2 [%]. OntumannaTa 30Ha Ha KoHdurypanuja
5 e HamasieHa 3a cca. 0.4 [%].
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CnopebaTa Ha peylIipaHUTE KapaKTEPUCTHKH MMOKaKyBa IeKa HMa CMaTyBambe Ha MOBPIIHHHUTE
0] KpUBaTa, KOH Opoj Ha BpTEeKH 0o cca. -2.9 [%] u KoH npoTok o cca. -4,3 [%0].

0.175
0.1613,
0.17 0.1696

0.165

0.16

Qed []

0.155

0.15

0.145 —e—SYM

()4ROT_SYM_(+)10

0.15 0.16 0.17

0.18 0.19 0.2
ned [-]

0.20575,

0.144

0.21

Cn.7.85 Cniope0a Ha perynHpaHUTe KapaKTePUCTHKH

A

Ag

neds

ed

= 0.0068 [-] < 4y, = 0007 [-]

_ = 00045 [-]<4q,, = 00047 [-]

Hamnpasena e ciopen0a Ha CTpyjHUTE CIMKHM Ha OBaa KOH(Urypaiuja co 1IeJIOCHO CUMETpUYHaTa
nomaTka. Ha ¢1.7.86 ce 3a0enexyBa omienyBame Ha QuiynHaTa CTpyja Ha TpajHaTa CTpaHa Ha
nonaTtkute, npu n = 1.15n,,,,, IWTO HEe AaBa MOBUIIyBambe Ha €(PUKACHOCTA BO Taa 30HA H €
UJICHTUYHA CIIOPEJCHO CO CUMETpUYHATA.

1.37e+01

1308401 -
1.23e+01 !
1.16+01 ~

1.10e+01
1.03e401
959400
890400 {
8.22e+00 g g \
7530400
|| 6850100 i
H 6.16e+00 A N
5486400 % r N
479400
4116400 *
3420400
W 274e400
2050400
1376400 ¢ i
68501/
0006400 "\,p a .05 i

= 1.37e+01
s 1.30e+01
1.23e+01

I 1.16e+01

&/ | 1.10e+01
{ 1.03e401
958e400

8906400

8.22e+00

7.53e+00

6850400

l ‘ 6.16e+00.

5.48e+00

4.79e+00

411e+00 7

W 3.42e+00
2.74e+00
205e+00

1.37¢+00 ¢

S 6.85¢-01

i 0.008400

N\

£\

.05 (it

2

D

» I

]

g I

1.37e+01
1.30e+01
1.23e+01
1.16e+01 e
1.10e+01 2
1.03e+01

9.59e+00 :
8.90e+00 >
8.22e400 "
753e+00

6.85¢+00 3
6.16e+00 4 é\
5.482+00

4.79e+00 ¥
4116400 "
3.42€+00 A
2742400 N
208400
1.376400
685001
0.008+00

S

0.05 iy

e

Cn.7.86 PenatuBHn CprjﬁHuH Ha BJIe3 BO pabotHoTo Kosto pu 1 = 1.15n,0m
(Mogen (-)4AROT-SYM-(+)10)
Z0 — CpenyiHa Ha JomiaTka

Z1 — KopeH Ha JtonaTtka

Z2 — Bps Ha JonaTka
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b RN
{ A
MNERREN, X

Cn.7.87 PCJ‘ITI/IBHI/I CTPYjHHUIIH HA BJIE3 BO £)a6OTHOTO KOJIO TIpU n= A5n,0m
(Mogen SYM)
Z1 — KopeH Ha Iomatka Z0 — CpenuHa Ha JomnaTka Z2 — BpB Ha nonaTka

F
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7.3.6. Kondpurypanuja 6

OBaa koH¢wurypamuja npercraByBa Mojaudukaiuja Ha KoHpurypauujata 5, co 3aMeHa Ha
npoduIOT co 3aKpuBeH m3ne3eH pad ox (+)10 cremenu Ha (+)15 crenenu, co men na ce qodue
MOKPHBAK-E HA 30HATA IIPU HaMaJieH Opoj Ha BPTEXH.

0.96
0.95
0.94

o093
0.92
0.91

0.9

Cn.7.88 Cniopeiba Ha KapaKTEPUCTHUKUTE 110 OPOj

.
N
@ ‘ /‘/
~W = |
| _

Cn.7.88 Illema Ha nonaTkure

0.96
0.95
0.94

To.93
0.92

—e—SYM
(-)4ROT_SYM_(+)10
=o—(+)15_SYM_(-)4ROT

0.91

0.9
0.8 0.9 1 11 1.2 13 0.135

n/n_nom [-]

Ha BPTCIKU

7

—e—SYM

(-)4ROT_SYM_(+)10

—e—(+)15_SYM_(-)4ROT

0.145 0.155 0.165 0.175
Qed []

Cn.7.89 Crniopen6a Ha KapaKTEPUCTHKHUTE 110

penyIupaH mpoToK

Cnopen pesynraTute ce 100MBa Jieka jojaTHata Jedopmalnrja Ha U3JIE€3HUOT pad MpUIOHECYBa
3a KOpeKIrja Ha e(UKaCHOCTa U MMPOMEHA Ha KapaKTepUcTUKaTa 3a HaMajieH Opoj Ha BpTexu. O
Jpyra cTpaHa MaK, He3HAYUTEJIHO MaJlo onafame Ha epUKAaCHOCTA ce JOoOHBa MPH 3rojieMeH 0poj
Ha BpTexu. Ha cnukure Ha cTpyemerto (¢1.7.91) Moxke na ce 3a0enexu Kako BiMjae A0AATHOTO
3aKpUBYBambE HAa U3JIE3HUOT pad, CIIOpPeIeHO CO MPeTX0oAHUOT Mozel. Ce 100uBa ojIenyBame, HO
HaMaJieHo, Tla 3aToa Jjoara JI0 mopacT Ha e(pUKACHOCTA BO Taa 30HA, CIIOPEICHO CO MPETXOIHHOT

MOICII.
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o 0.955
0.95
0.945
0.94
0.935
0.93
0.925
0.92
£0.915

ﬂ
093
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Ha pa3MeHa Ha €Hepruja.

14 0.2
13 0.15
12 0.1
£ E
11 5 0.05
T T
10 0
07 08 . 11 12 13
9 —e—SYM -0.05 —e—SYM
5 —o—(+)15_SYM_(-)4ROT o1 —e—(+)15_SYM_(-)4ROT
07 08 09 1 11 12 13 n/n_nom []
n/n_nom [-]
Cn.7.94 Cnopenba Ha HamOpOT Ha BIIE3 BO Cn.7.95 Cnopenba Ha HaNOPOT Ha U3IE3 O]
paboTHO KOJIO paboTHO KOJIO
13 14
125
- 13
115 12
_o1n =
E 105 ? 11
T 10 T
05 10
° —e—SYM 9 ——SYM
85 —o—(+)15_SYM_(-)4ROT (+)15_SYM_(-)4ROT
8 8
06 07 08 09 1 11 12 13 14 0.7 0.8 0.9 1 1.1 1.2 1.3
n/n_nom [-] n/n_nom [-]
Cn.7.96 Criopend6a Ha HAOPOT Ha KOJIOTO Cn.7.97 Cnopenba Ha HanopoT Ha TypOWHAaTa

99



630 0.175

—e—SYM
620 —o—(+)15_SYM_(-)4ROT 0.17
0.165
610
= = 016
Z.600 =
- ©0.155
590
0.15
580 0145 =~ —e—SYM
—e—(+)15_SYM_(-)4ROT
570 0.14
0.7 0.8 0.9 1 11 1.2 1.3 0.15 0.16 0.17 0.18 0.19 0.2 0.21
n/n_nom [-] ned [-]
Cn.7.98 Cnopenba Ha BpTeKHUTE MOMEHTH Ha Cn.7.99 Cnopenda Ha penyuupaHuTe
KOJIOTO KapaKTEPUCTHKH

Crnopen KJIacUYHUTE €HEPreTCKH MapaMeTpy KOM ce MPEeTCTaBeHW Ha JujarpaMuTe, MOXe Jia ce
3aberexu JeKa TypOuHaTa Kako CHCTEM, a BOSTHO M KOJIOTO, HE3aBHCHO O] THIIOT Ha CHPOBOJICH
amapar ce ogHecyBa HaeHTHMYHO. Of Taa NMpUYMHA, AHAIM3UPAHU CE BEKTOPUTE Ha CTpyeHe Ha
BJIE3 BO KOJIOTO, KOU TO OpMHUpAaT TPUAroJIHUKOT Ha OP3MHU U IIPECMETaHU ce 3aryouTe Ha Biie3
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Cn.7.104 3ary6u Ha BJie3 BO KOJIOTO

EnuHCTBEHM pa3nuku BO MpecMeTKaTa Ha OP3WHCKUTE KOMIIOHEHTH Ha BJIE3 BO paOOTHOTO KOJIO
ce TojaByBaaT Kaj arcoilyTHarta u nepudepHata Op3uHa Ha BJIE3 BO KOJOTO, YHUH MeryceOHU
pa3nuku ce 3aHemMapianBo Mainu. OBa JOBeoyBa /10 3aKIIyUOK J€Ka U CO HEYHH(OPMHA JIOMATKa,
CHUTE yCPEIHETH CTPYjHHU apaMETPH MOXKaAT J1a Ce I0BEIaT MOJIeTHAKBO UCTO KAKO M CO KOPUCTEHE
Ha CUMETpPUYHA JIomaTka. Pa3mkara Bo epukacHOCTa [0 HHTEH3UTET, KaKO U 10 00JIHK, MOXE J1a
ce 3a0eJeXu JIeKa BO OBOj CIydaj 3aBHCH BO TJIABHO O] MaJ0T HA TOTAJHHUOT MPUTHCOK HU3
penieTKara, Kako v 01 APYyTH CTpyjHU eHOMEHHU KOH Tpeba Ja ce NCTIUTaaT, Kako Ha MpUMep Jaau
OJIBEIyBal€TO Ha CTpyjaTa OJf CIPOBOJHHOT amapar € BO BpPTEXHA COCTOj0a, Mopaau
Pa3HOJIMKOCTA Ha IPOQIIIOT Ha JIOTIATKATa MO0 BUCHHA.
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8. 3aKJIy4olH U MPeNnopaKku 32 MOHATAMOIIIHA PadoTa

Amnanuzara npu paboTa co mpoMeHIUB OpOj Ha BPTEKU Kaj TypOHMHUTE, BOOIIIITO HE IPETCTaByBa
€IHOCTaBHA 3a/a4ya, KoOja BOCIHO € MYJTHAWCIUIUIMHApDHA W M3UCKYyBa MHOTY TIOBEKe
UCTpaXKyBama, PU3NYKH MEpera KaKko M PeajH yCIOBU Ha paboTa Ha XHUIPOLEHTPAIUTE HA TOj
NPUHIMI, 332 Ja ce no0ujaT MOrojieMH HCKYyCTBa BO OBaa oOnact. Mako HaBHIyM eJIEKTPO
orpemaTta J03BOJyBa BAaKOB THII Ha pa0oTa Ha TypOUHUTE, camaTa TYpOMHA U CTPYCHETO KOe ce
Kpeupa Ipy BaKBU YCJIOBH ITPETCTaBYBa TeMa Koja MPOJI0/DKYBa Jla Ce pa3BUBa, KAKO BO HACOKA HA
pabOTHOTO KOJI0, TaKa M Kaj CIPOBOAHUOT anapaT U OCTAHATHTE TYPOUHCKH JETIOBH.

Bo oBaa moktopcka quceprandja € HampaBeH HCYEKOp KOH Je(dUHUpame Ha 3HAUYCHETO Ha
CIIPOBOJIHUOT amapart Kaj XuapayJindHa TypOuHa co mpoMeHauB Opoj Ha BpTexu. Ha oBOj HauuH
ce JlaBa IPUJOHEC BO HEJIOBOJIHO OTICEXKHATa TUTEepaTypa, MOCEOHO 3a KPYKHHUTE PEIIECTKU KOH ce
KOPHUCTAT KaKoO CIPOBOJIHM JIOTIATKHU.

Hekonky dekopu ce mpe3eMeHU 3a CTUTHYBame€ 1O TJlaBHaTa 1N, a Toa € aHajlu3ara Ha
HEYHU(OPMHH JIONATKH U KaKO THE BJIMjaaT Ha KapaKTepUCTUKATa Ha TypOMHATa PH IPOMEHA Ha
OpojorT Ha BpTeku. Ha MO4YeTOKOT ce M3BEAEHM OCHOBHMTE MaTE€MaTHYKU pejalud KOU IO
OIMIIYBAaT CTPYEHETO BO MEIYNPOCTOPOT HAa KOJOTO M CIIPOBOJHUTE JIOMATKH, CO KpaTKa
aHaJIM3a Ha TOa LITO 3HAa4YH IPOMEHJIUB OpOj Ha BPTEXKHU, O] KHHEMATCKU U €HEPreTCKH ACIIEKT.

Bo riaa 3, kopucrejku ja OcHOBaTa Ha M3BEJICHUTE 3aKOHUTOCTH, € PEATM3UPaHO [apaMeTpUpambe
Ha reoMeTpujaTa W HEj3MH MaTeMaTHYKH OIUC CO IieN J0o0uBame Ha Hajpa3iuyHu (HopMu Ha
CIIPOBOAHMU JIOIIATKH, KOMW CC KOPHUCTAT BO IIOHATAMOINIHUTC aHAJIMU3U. Camuor npucTamn Ha
nepuHUpame Ha reoMeTpujaTa Ha CIPOBOJHHUOT amapar MpeTCTaByBa HOBUTET, UCTO KaKo H
nepUHUPambEeTo HAa KOHTYPUTE Ha JIOMIATKATE, HUBHOTO MPO(INpame Koe € TMPEKTHO 3aBUCHO O
NoTpeOHUTE BEKTOPHM Ha CTpyeHE I03aJM pelIeTKara, 3a ompeseineHa pabOoTHa ToYKa Ha
TypOHMHAaTa, BMETHATO BO TIPOTPAMCKH KO/I.

[TocraByBameTo Ha HyMepu4KHOT Mojien 3a CFD cumymanmute € Bp3 6a3a Ha pedepeHTEeH MO
Ha BUcOKomnpuTrcHa @paniuc Typouna (Ppannuc 99) ucnurana Bo Jlaboparopuja Ha NTNU, koj
IpeTcTaByBa cKaJlipaH Mojield Ha TypOuHa o1 XunpoueHnrtpainaTta Toke Bo Hopsemika. OBoj moaen
€ HMCKOPHMCTEH BO aHAJIM3UTE M CO HEro ce JAeQUHUpaaT BOJACHETO HAa CUMYJAIUUTE BO
MTOHATAMOINIHUTE H3JIarama.

Ha oBoj HauWH ce co3/a/IecHN yCIIOBH 3a HCITUTYBakbe HAa HAjpa3IMIHA T€OMETPUH Ha CIPOBOJIHU
JIOTIATKH CO 1T J1a ce Je(UHUpaaT HEeKOJIKY OrpaHUYyBamka BO CaMUOT Ou3ajH. Biaujanuero Ha
YEKOPOT, CBETIIMOT OTBOP MJIM T'YCTHHATA HA peIleTKaTa, € HCTPAKEHO 110 IMaT Ha CUMYJIAIlH, 32
Ha Kpaj Ja ce JeduHUpa eHa MOBOJHA TEOMETpHja Ha JIOMATKK Ha KOja MOCeOHU TeOMETPUCKU
JIEBUJAIlH ¥ CE€ W3BPIICHU 3a JOOMBame HA HEYHHU(POPMHO npoduaupanu jJomnatku. Bo riasa 6,
OCBEH HABEJICHUTE aHAIM3H, C€ JIOHECYBA €JIeH MHOTY 3Ha4aeH 3aKIy4yOK BO BPCKa CO HAUMHOT Ha
MOCTaBYBamkE Ha JIOMATKHUTE, a TOA € JieKa TeTHBaTa Ha JIOMATKUTE Tpeba /a € KOoJWHeapHa CO
aroJioT Ha M3IIE3HMOT pad Ha JomaTrkaTa, OJHOCHO CO aroyioT Koj Tpeba /1a ce COOMIITH Ha
CTPYEHETO Ha KOJIOTO 3a JajeHara paboTHa Touka. Cekoja Ou3ajHUpaHa JIOMaTka Koja Ke
OTCTamyBa OJ1 OBOj KPUTEPUYM, UCTOBPEMEHO H3JIETyBa OJ ONTHMAaHATa 30HA Ha MCIIOHYBaHbe
Ha CTpyjHUTE YcI0oBU. BoBeayBajku TO OBOj KPUTEPUYM 3a JU3ajH HA CIIPOBOIHUTE JIOTIATKH, CE€

102



JlaBa ¥ HACOKA 32 MTHUTE MPOEKTAHTH KaKo J1a ce MPUCTAHU Ha CIIPOBOJAHOT arnapar, 0e3 Jia ce IyTa
HU3 Hajpa3IMuHU MO3UIMH Ha JIONaTKaTa.

KopucTejku i cuTe 3aKkilydold OJ MPETXOJHUTE TOTJIaBja, MPUCTANICHO € KOH JAeQHHUpame Ha
HeyHupopMHO mpodunupanu jgonatkd. [lojaoBHaTta reomerpuja € CUMETPUYEH MNpOPHI Ha
jomnaTka, OMIEJKM € €IHOCTaBEeH KaKo IeOMETpHja W BP3 OCHOBA HA HETO C€ MpPaBEHU CHUTE
TE€OMETPUCKH NPOMEHH, KaKO Ha W3JIe3HHOT pad Ha JiornaTkaTa, Taka M Ha camara TeTHUBa Ha
JIOTIATKaTa, TPH IITO CE€ MOCTUTHYBA KOJMHEAPHOCT CO CTPYCHETO.

AHanu3uTe TOKaXyBaaT JeKka Majdd INPOMEHM Ha JIoNaTKara JOBeAyBaaT JO IPOMEHA —
MOMECTyBal€¢ Ha KapakTepucTukara. [la Taka wzaejatra e pa3BMEHa BO HAacoKa CHUTE THE
MOeAMHEYHHN TIPOMEHH J1a ce ordaTaT Kako eHa, T.€. €Ha JIonaTka - KoOMOWHaIuja o1 mpopuiIn
Koja O 'y MOKpHJIa OBHE IIOMECTYBamka U ce J0OMBa rpyIHa KapaKTePUCTHKA, CO MAJIKY OlagHaTa
e(pUKaCHOCT BO 30HAaTa HA ONITUMYMOT, HO CO MPOIITUpPEeHa pabOTHA 30HA.

[IpomMenuTe Ha reoMerpujaTa Ha nOpoUIOT JAaBaaT €JHO3HAYHU pELICHHja, ITOMECTEHa
KapaKTepUCTHKa BO HACOKa Ha 3roJIeMEH WMJIM HaMmajeH Opoj Ha BPTEXM M I0jaBa Ha JIOKAJECH
ONTUMYM BO Taa 30Ha. IIpuroa, Xuapayauuku NOBOJIHA CIMKA ce JOOMBAa BO THE 30HHU, Kaje
OCHOBHATA JIONIaTKa He ro 00e30e1yBa Toa.

JIBOjHUTE IPOMEHU Ha TreoMeTpHjara, OJHOCHO FeOMEeTpHja cOCTaBeHa oj JABa Ipoduiia, 1aBaat
KapakTepHCTHUKa Koja MoTara TOYHO oMery naplujalHUTe KapaKTEepUCTHKU Ha ABaTa npoduiia
noenuHeyHo. McTo Taka ngaBaaT NOMECTyBamb€ Ha KapaKTEpUCTHKAaTa HEKale IMOMely JIBETe
naplujagHu KapaKTePUCTUKHU, HCTOBPEMEHO MOKPUBAjKH ja XUIpaYIMUKH CETa Taa 30Ha IOBOJIHO,
KaKo I10 CTpyjHa CJIMKa, TaKa U 10 e(pUKACHOCT, HE3HAUYNTEIHO HaMaJieHa BO OJJHOC Ha OCHOBHUOT
MOJIEIL.

[enTa KOja ce MOCTUTHYBA € TOKPUBAHE HA IBETE 30HH, HA HAMAJICH U 3T0JIEMEH Op0j Ha BPTEXKH.
TeopeTcku, a 1 UHTYUTHUBHO, CIIOpE]] Pe3yJATaTUTE KOU LITO c€ MPHUKAKaHHU € J1a JiolaTKara ce
dbopMupa ox Tpu mpoduIU MO BUCHHA 3a Ja IO MOKpHE pabOTHOTO mojapadvje. AHAIM3UTE Ha
HEKOJIKY MOJENH TMOKaXkaa JeKa KapaKTepHCcTUKaTa ce MpOoIIMpyBa, Joara 0 MOpacT Ha
e(pUKaCHOCTA IPU pa3IMYHU OPOEBU Ha BPTEXH 0]l HOMUHAIHHUOT, a €(UKaCHOCTa BO ONITUMYMOT
omara. Kongurypanuure 3, 5 u 6 coctaBeHu 011 Tpu Mpod iy, MOKaKyBaaT JeKa joara 10 mopact
Ha epukcHOcTa ipu padota co 20% namaneH 6poj Ha BpTexu, ox 0.3% mo 1%. OnTumannara 30Ha
Ka] oBHe KOH(UTYypally ce HaManyBa Bo oAHOC Ha 6a3zHuot moxaen on 0.2% mo 0.75%, u npu
3rosieMeH Opoj Ha BpTexu 3a 20%, naBaaT mopact Ha epukanocta oxa 0.5% 1o 2%.

BornaBHo, cuTe KapaKTepUCTHKH KOU c€ JOOMEHH IMoTIaraar 1o/ BIjaHue Ha IJIaBHATa JJonaTKa
oopmena ox cumerpuueH npodmi. Toa maBa Tpy0d 3aKIydoK JieKa CHUMETPUYCH Tpodui e
MIOBOJICH 32 OBHE paOOTHM YCJIOBH M T'M IOKpUBA CUTE 30HU Ha OpoeBW Ha BpTexH. [lapimjamHu
CEerMEHTH O]l JIOTIATKUTE HEKaJle T HCIIOJIHYBaaT CTPYJHHUTE YCJIOBH INPH ONpeseiicH Opoj Ha
BPTEXH, HO CITUKaTa Koja ce JoOMBa € JIeKa CUTE TPHU MPOQHIN 10 BUCHHA, CH BIIMjaaT €ICH Ha
JPYT, CO TOA IITO Ha M3JIe3 OJ] CIPOBOHUOT anapaTt ce (GopMupa TEKHUHCKO CTPYEHE CO €JIEH aro
Ha HACOYEHOCT, CIIMYHO Ha TOoa KaKo Jia € MOCTaBeHa eIHO3HaYHa TaKBa JIOMATKa, HO CO MOJIOUIH
neppopMaHCH NPy HOMHHAJIEH OpOj Ha BPTEXH, a MOA0OPHU MPH pa3indeH Opoj Ha BPTEKHU, KaKO
¥ Ha IPUMEp MOTOJIEMH 3aryOH BO CAMUOT CIIPOBOJICH amapar.
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Enen ox 3akimydoruTe npu Haarpaada Ha OBa UCTPaKyBame € BO BPCKa CO CAMUOT MOJEI KOj €
pedepeHTeH, a Toa BUCOKOIMpHUTHCHAaTa Typouna ®panuuc 99. Cute aHanusu Ha TYpOUHHU CO
IIPOMEHJINB OpOj Ha BPTEXKHU, KOM CE HAIIOMEHATH BO BOBE/IHUTE IJIaBH, YKa)KyBaaT JIeKa [1OT0JIEM
O6enedur o oBaa TexHUWKAa OM MMaine HUCKonmputucHuTe Ppanuuc TypObunu. Mcro Taka, Kako
TypOMHCKa KOHCTPYKIMja ¥ THUII HAa TypOuHa, @panuuc 99 e nu3zajHupaHa 3a MHOTY Majll YeKOPH
Ha OTBOPAmE Ha JIOMATKUTE U TECHHU MPOCTOPH HA MaHEeBap Ha UCTHTE, KaJzie co camo on 1 + 2 [°]
IIpOMEHa Ha MO3UIMjaTa Ha JIomaTKaTa, IpOTOKOT Moxe Jia ce cMmeHu 3a 10 1o 15%. Ce 3akinyuyBa
JieKa KCTUTE aHAIM3H € MOTPeOHO J1a ce M3BenaT U 32 HUCKONPUTUCEH TN Ha PpaHiuc TypOrHa
CO MpOBEpEeHa KapaKTepPUCTHKA, 3a J]a MOXKe Jia ce YBUIU e(PeKTOT Ha HEeYyHU(DPOPMHHU JIONATKU Ha
CIPOBOAHMOT amapaT. Bo riaBHO, Kaj THe TypOMHHM KOHCTPYKTHBHO TIJIEJAHO, CIIPOBOJHATA
JIOTIaTKa Ce KapaKTepu3upa co MorojieMa BUCHHA, CTPYEHETO KOe ce Kperpa Mo3a/id CIIPOBOIHUTE
JIOTIATKH € TIOTSHIIMjATHO XEITUKOUJAIHO U ce TOOMBa MOKHOCT 3a MOrojieMa MaHMITyJIalja Ha
npoduauTe Ha JoMaTKaTa Mo BUCHHA, a HCTOBPEMEHO U IO arojl Ha HacOuyBame Ha CTPEYHHETO,
Ounejku oBue TypOMHM paboTaT cO MHOTY ITOTOJIEMH arjld Ha OTBOPEHOCT.

Wpejata cexkako ce IMOKaXyBa Kako onpaBgaHa. EdekTtuTe ce NOCTUTHyBaaT Kaj CHUTE
HEeYHU(POPMHO MpoUIUpaH JONATKU, TOBEKE WIIM TOMAJILE, KaJe ce IJiefa JieKa pH MPOMEHET
Opoj Ha BPTEXH, NOCAMHEUHUTE 30HM MpaBaT €(PUKACHO CTPYJHO HMCIIOJIHYBaWkE Ha KOJOTO, CO
HaMaJIeHW OJyIeIyBama W TpoIIUpyBamke Ha 30HaTa. Ce 3akiydyBa JeKa TeopHjaTa Koja €
[IOCTaBEHa BO OBa UCTPaXyBame€ JeKa MPOMEHIMBUOT OpOj HAa BPTEXkKH, O] KMHEMAaTCKa IJIEHA
TOYKa HA CTPYCHETO 0apa passIndyeH pacropel] Ha BEKTOPUTE BO MPA3HUOT MPOCTOPOT IOMEry
KOJIOTO U CIPOBOJHMOT amapaT U € BO3MOXHO TOa Jia C€ MOCTUTHE NPEKy H3JIE3HUOT pad Ha
cinpoBojHara jomnartka. Co Toa, ce neduHrpa U caMoTO BIIMjaHWE HAa CIPOBOJHUOT amapar Bp3
KapaKkTepHCTUKaTa Ha TypOMHATA, ce MOKaKyBa JeKa MOXe Jia ja IOMECTyBa U MEHYBa, (akT Ha
KOj JTocera BO TMpaKTHKaTa HE My ce OOpHYBAJIO 3HAYUTEITHO BHUMAHHE.

[TonaTamomnrHUTE UCTpAKyBamkba MOXKAT J1a OJIaT BO HEKOJIKY Hacoku. Ha mpumep, 1a ce HampaBu
ONTHMU3AIIH]ja HAa HeyHH(POpMHATA JIONaTKa, CeKOj MOeANHEUEH HEj31H MIPEeCceK M0 BUCHHA J1a 1aBa
UCTa XHJpayJiHyHa KapaKTepUCTHKa, a pa3IMYHO HacouyBame Ha (ayuaHaTta crpyja. Tyka
craraaT BapHjallMd MO JOJDKMHA HA MPOPUINTE BO MPECEIUTe, KAKO U HUBHO MPOIEHTYATHO
Y4eCTBO BO camaTa JIONaTKa, IIITO Ce OYEKyBa JlaJie EHepPreTcko OalaHcUpame Ha CTPYEHETO BO
CIIPOBOJIHUOT amapar.

Jlpyra Hacoka, Koja Mpou3JieryBa oJl TOOMEHHUTE pe3yNTaTd, € J1a ce aHaJIM3UpaaT CHPOBOTHH
JIOTIATKH CO MOXKHOCT 32 BapWjalliy Ha U3JIE3HUOT pal M Herosa poTauuja. Maejata Beke nocrtou
Ka] aBUOHCKUTE KpHJia YMj Kpaj ce U3BJIEKyBa U BOBJEKYBa, U C€ POTHpPA OKOJIy TOUYKA, CAMO BO
OBOj CJIy4aj OM ce UCKOPHUCTHIII TO] €(PEeKT 3a HACOUyBamke Ha CTPYCHETO MpeMa MOTPEOHUOT aro
3a TOTPEOHUOT OPOj HAa BPTEXKH.

Tpera MOXHOCT € pa3BUBame Ha ABOPEAHM pelieTKU. [IpBHOT pen 1a € cocTaBeH oA JIONAaTKU KOU
ke OuaaT MpOoeKTUPaHU 3a HOMHMHAJHATa pabOTHA TOYKAa M Taka MOCTaBEHH, a BTOPHOT pea Ja
BpIIM KOpEKIMja Ha HAcOUyBameTO Ha CTpyjara, MpH IMpOMEHa Ha OpojoT Ha BPTEXKU H
MIOCTUTHYBaWkE Ha NOTPEOHUTE YCIIOBH.
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W KoHe4HO YeTBpTaTa HAcoKa, MOBEKe KaKo MJeja, joara o HAlOMEHATOTO UCTPaKyBame BO
BOBEJTHHOT JIET, & TOA € CO HCIYIITAamke Ha BOACHU MJIa30BH O U3JIE3HUTE PAOOBHU Ha JIOIATKUTE.
CHabyBameTo Ha MJIa30T CO MPUTHCOK Joafa 0] IPUTUCHUOT LIEBKOBOJ Npel TypOHHaTa, 1a Taka
O]l UICTaTa KOJIMYMHA Ha BOJIA KOja € MoTpeOHa, O ce HCKOPUCTHIIA 32 ITOI00pYBamke Ha CTPYEHETO
BO MPOCTOPOT MOMeEly CIPOBOAHUOT amapaTr U paboTHOTO Kojo. Ce odeKkyBa Ja MOJBOIHUTE
MJIa30BM KOU MMaaT MHOTY morojema Op3uHa Ha CTPYEeH€ CIIOPEIeHO co Op3uHaTa nomery Jse
CIPOBOJIHU JIONATKH, J]a HAIIpaBaT CTPYjHA 3aBeca U JIOMOJHUTEIHO /1a TO HACOYaT CTPYEHETO CO
MOTPEOHUOT UHTEH3UTET U HacoKa.

Hapenennte mpenio3n u HACOKH 3a IMOHAaTaMOIITHa paboTa cemak 0a3upaar Ha IJIaBHATa Ujeja, a
TOA € JIeKa MpHU IPOMEHa Ha OpPOjOT Ha BPTEXHU, CE MEHYBa MPAKTUYHO pabOTHATA TOUYKA, T.€. Ce
no0uBa HOBa XHJpayJM4Ha CcOCTOj0a, HOB pacropes] Ha BEKTOPUTE, CO HOBM MHTEH3UTETU U
HACOKH, Koja Tpeba Jia ce MOCTUrHEe BO MEI'YIIPOCTOPOT Ha KOJIOTO U CIIPOBOAHUTE JIOMIATKH, 3a
edukacHa paboTa Ha camara TypOHMHA U TOKPUBAKE HA Taa pabOTHA 30HA, HE3aBUCHO OJ1 HAYMHOT
Ha KO0j Toa OM ce MOCTUrHajo. 3a JeHUHHUpame BO KOja HAacoKa Jla ce OAM BO MOHATAMOIIHUTE
UCTpaXXyBama, MOTPEOHHU Ce aHAINM3H Ha CUTE OBHUE MPEIJIOT pelIeHHja, KaKo EHEPreTCKH, TaKa
TE€XHO-€KOHOMCKH, Jla C€ BHJIM KOE€ pELICHHE JaBa HajaoOpH XUAPOJMHAMUYKH YCIIOBH Kaj
TypOMHaTa CO TMPOMEHIWB OpOj HA BPTEXKH, KOE pelIeHHuEe Hajnoopo ja omdaka 30HATa HA
npenBueHa paboTa, HCTO Taka BO 3aBUCHOCT O] YCIIOBUTE Ha paboTa Ha XUAPOLIEHTpalaTa, KOJIKY
BpeMe U Kako Ou paboTera BO BAKOB PEKUM, J1a C€ BUIHM KOE pEIIeHHUE 3310BOTYBa, 8 HCTOBPEMEHO
Jla € eKOHOMCKH HCIUIATJIMBO Ha MOJOJT IepUO/I.
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Abstract: This paper is focused on the guide vane cascade as one of the most crucial stationary
sub-systems of the hydraulic turbine, which needs to provide efficient inflow hydraulic conditions
to the runner. The guide vanes direct the flow from the spiral casing and the stay vanes towards
the runner, regulating the desired discharge. A parametric design tool with normalized geometrical
constraints was created in MATLAB, suitable for generating guide vane cascade geometries for
Francis turbines. The goal is to determine the limits of these constraints, which will lead to future
faster prediction of initial guide vane configurations in the turbine optimal operating region. Several
geometries are developed using preliminary design data of the turbine and are investigated using
CFD simulations close to the best efficiency point (BEP) of the turbine. This research is part of
the Horizon-2020—HydroFlex project led by the Norwegian University of Science and Technology
(NTNU), focusing on the development of a flexible hydropower generation.

Keywords: guide vanes; parametric design; Francis turbine; CFD

1. Introduction

Hydropower, as a part of the family of renewable energy sources, is an active engineer-
ing and scientific field which focuses on optimization of the entire energy transformation
process so as to attain more efficient, flexible, and reliable electricity generation. Increased
electricity demands for balancing and, sometimes, temptingly high profit margins for
off-design operation have pushed hydroturbines to their structural limits. The turbines are
being operated at unfavorable loads, which has raised concerns and challenged the existing
design philosophy. The critical requirements for modern turbines are high efficiency and
stability over the wide operating range. Increasing flexibility in energy production from
hydropower plants is a task demanded by the hydropower sector in Europe and world-
wide, especially in off-design operation conditions of the turbines. The turbines need to
operate with more start-stop cycles and high ramping rates. Variable-speed operation of
Francis turbines is seen as an alternative solution to achieve high ramping rates and more
efficient energy production in off-design operating conditions [1-3].

As a part of the HydroFlex project, the goal of this research is to develop a robust
parametric tool for the generation of radial guide vane cascades for low specific speed
Francis turbines. In this case, the open Francis-99 turbine geometry was used as a reference,
and the tool was developed and further tested for this particular geometry [1]. However,
the research shows that the applied methods can be generalized and used for various types
of high-head Francis turbines as well.

Due to confidentiality, it is very hard to get to the turbine design approaches used
by the manufacturers, which makes it difficult for researchers to engage their skills and
knowledge in evaluating the turbine designs. Computational fluid dynamics (CFD) is

Energies 2021, 14, 2667. https:/ /doi.org/10.3390/en14092667
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generally used for the design of turbine passages and for evaluation of the hydrodynamic
behavior of the entire machine. Combining CFD with parametrically defined guide vanes,
numerical calculations for different cascade configurations are performed with the goal
to identify the limits of the guide vane design procedure for high-head Francis turbines,
in this case, the zone of best efficiency operation of the turbine, taken as a starting point
for the design. The limits of the geometrical parameters are further used to propose an
optimization objective in the narrow range, and to improve the tool in MATLAB for guide
vane cascade configuration development.

2. Geometry Description

Figure 1 shows the main geometrical parameters that are considered for the develop-
ment of the guide vane cascade [4-8]. Primarily, the goal is to estimate the ranges for these
parameters under the design conditions of the turbine.

Symbol Unit Description

Ri (m) Cascade inlet design radius

Ro (m) Cascade outlet design radius

Rx (m) Cascade axis circumference radius

Bgv (m) Cascade height

R1 (m) Runner blades inlet radius

() (deg) Blade chord wrap angle

pointA  (-) Starting point for chord placement

pointB  (-) Starting point for the end of chord

point B (-) Rotated point B about the blade chord wrap angle
L (m) Blade chord length

t (m) Cascade pitch measured at axis circumference
to (m) Cascade pitch measured at blades outlet

L/t (-) Cascade density at axis circumference

ai (deg) Cascade inlet flow angle

ao (deg) Cascade outlet flow angle

6 (deg) Blade chord angle enclosed with outlet radius
ao (m) Blades opening

ao /L (-) Relative blade opening

(b)

Figure 1. Radial cascade geometry parameters: (a) Geometrical scheme representation; (b) description of geometrical

parameter symbols.

As Figure 1 shows, all geometrical parameters are obtained in relation to the turbine’s
center of rotation. Their values are defined according to the turbine runner inlet diameter,
inlet height, rotational speed, and design flow rate and head. All of these geometrical
constraints are further generalized to obtain a “non-dimensional” guide vane cascade [9].

The main geometrical parameters of the guide vanes include the guide vane outlet
circumference radius Ro. It represents the distance from the blades’ trailing edges to the
runner inlet edges in the turbine design conditions, which, in this case, is the best efficiency
point. It is represented as a ratio from the runner inlet radius as:

R,
— = Cgo- 1
R, Ro @
The guide vane inlet circumference radius Ri represents the cascade inlet circle. The
vanes’ hydraulic profiles are positioned between these radii. The inlet radius is represented
as a ratio of the guide vane outlet radius as:
R;

R Cri - )
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A fixed point (starting point) of the chord line is selected on the guide vane outlet
radius, indicated as Point A. The point where the chord line begins is on the top of the
guide vane inlet radius, noted as Point B, as shown in Figure 2. A rotation of the chord
line is introduced around the turbine rotation axis to place the chord line between the
guide vane radii by rotating the top Point B positioned on the inlet radius. For an arbitrary
number of blades in the cascade, noted as Zgv, the blades angular distribution will be:

360

= -, 3
Pgv ng 3)

and the normalized (relative) wrap angle of the chord line will be the ratio of the actual
wrap angle ¢ and the blades’ angular distribution ¢guv:

on = . @)

(a) (b)
Figure 2. Radial cascade development: (a) Chord line positioning; (b) angular normalization.

The chord line forms an angle ¢ with the cascade outlet diameter; the angle shows the
leaning of the chord line towards the outlet.

The chord length, indicated as L, represents the actual blade length, and according to
the selected number of blades Zgv, a cascade pitch is formed, marked as £, to obtain the
cascade density, as the ratio between the length and the pitch:

L L
T T 2R ®)

44

where the pitch ¢ is calculated according to the axis radius Rx where the blades are assumed
to be pivoted. In this initial case, as the pivot point location is not observed, the axis radius
is calculated as the average radius between the inlet and outlet circumference:

Ri+Ro

Ry = >

(6)

For the obtained position of the chord line, a simplified calculation is made for the ve-
locity triangles at the guide vane inlet and outlet. According to the free-vortex theory [9-12],
where the circulation remains constant in the vaneless space, the flow velocity and its radial
and tangential components are obtained, yielding the flow direction that the guide vanes
need to achieve. Deriving from the Euler turbine equation, the needed inflow angle at the
turbine design point is obtained as:

ng  Qu
60 Brlan ! (7)

tguy =
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where 1, is the design rotational speed, Qd is the design flow rate, Hn is the design net
head, Bry is the runner inlet height, and g is the gravitational acceleration. According to this,
the runner inlet velocity triangle is obtained. The angle &, in Figure 1 is the cascade outlet
flow angle which needs to be developed, and it slightly differs from the absolute velocity
angle « at the runner inlet, due to the free-vortex effect in the vaneless space. The radial
cascade outflow conditions are guided from the outlet velocity and its components in a
radial (which represents the flow rate) and the tangential (which represents the circulation)
manner. The free-vortex law which preserves in the vaneless space is transferred from the
runner inlet to the guide vane outlet, with respect to the change of the radial distance as:

Ry
Vou = Cly—, 8
ou lu R, ( )
where v, represents the tangential velocity component of the guide vanes and cy,, is the
tangential velocity at the runner inlet. The radial velocity component is directly influenced
by the turbine flow rate at certain radial distance, with respect to the cascade height B, as:

Gor = ZR(S:BgU ' ®
The vector sum of these two components gives the outlet velocity of the cascade:
%o = Uor + Vou, (10)
and it has an angle «, at the cascade outlet:
tgn, = % . (11)

The inflow angle to the guide vanes is pre-defined from the spiral casing and the
stay vanes of the observed turbine. These calculated flow angular directions are enclosing
angles with the chord line, shown in Figure 3, from which a polynomial equation is derived
and the camber line yc of the blades can be calculated as follows [13]:

y. = Ax® — Bx? +Cx, (12)

where x represents the non-dimensional chord length. The following relations for the
coefficients of the equation are obtained:

B = tg(Bo) +2tg(Bi); A = B—1tg(Bi); C = tg(Bi), (13)

where Bo is the enclosed outflow angle and i is the enclosed inflow angle with the
chord line. This shows that the camber-line polynomial equation coefficients are strictly
dependent from the flow angles which are enclosed with the chord line. This equation is
developed to obtain hydrofoils with a reflexed camber-line, if needed [13]. After obtaining
the camber-line, a Bezier curve is developed for the thickness distribution, where the curve
weights are selected in the range of several recommended hydrofoil configurations. The
idea was to enable changes in the location of maximal thickness of the blade and to include
it into the optimization procedure. The Bezier parametrized points are calculated as [14]:

By = & (7 )a-oens (1) = ity )

where 1 represents the number of parameters (weights) and P; are the adopted parameters
for thickness distribution development of the blade.
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Figure 3. Development of a hydrofoil blade: (a) Calculated velocity flow angles enclosed with
the chord line (scheme); (b) Bezier thickness distribution and camber-line used for developing
a hydrofoil.

The opening between two blades a,, presented in Figure 1, shows particular difficulty
for geometrical parametrization. In this case, the opening is observed afterwards as a
relative parameter a,y in a ratio to the chord length, and it is further investigated as an
obtained result of:

a
AoN = fo (15)

3. Turbine Inputs and Developed Guide Vane Configurations

The developed guide vane configurations correspond to the previous geometrical
explanations and flow considerations. The turbine inputs, which are crucial for the initial
design, are given in Table 1. The following parameters represents the Francis-99 turbine
model installed at the Waterpower Laboratory at NTNU [15], for which, from the model
hill chart, the following values have been adopted:

Table 1. Turbine input parameters.

Description Symbol Unit Value
Net head H, (m) 11.2
Design flow rate Qq (m3/s) 0.2
Design rotational speed ny (rpm) 333.33
Runner inlet diameter D, (m) 0.62
Runner outlet diameter D,y (m) 0.349
Guide vane height Bgo (m) 0.06
Speed factor (IEC60193) Ned -) 0.185
Discharge factor (IEC60193) Qed -) 0.1567

According to the turbine inputs, several guide vane configurations were developed
within the available space of the examined turbine. Changes were made in the guide vane
geometries by analyzing the relative position of the guide vane outlet diameter from the
runner Cro, their inlet diameter relative to the outlet diameter Cri, blade chord wrap angle
¢, and number of blades Zgv. The hydrofoil profile thickness distribution function was
fixed, but the overall shape changes as the camber-line changes, with the chord wrap angle
¢ and Cri. The thickness to length ratio is also kept constant. The following configurations
are presented in Figure 4.
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Combination (-) Zgv(-) fi_N(-) L/t(-) ao/L(-)
1 32 1.42 1575  0.079
2 28 1.24 1378 0111
3 26 1.16 128 0135
4 24 1.07 1181  0.167
5 32 1.42 1579  0.085
6 28 1.24 1382 0119
7 26 1.16 1.283  0.145
8 24 1.07 1184 0179
9 32 1.42 1.497  0.091
10 28 1.24 131 0.128
11 26 1.16 1216  0.155
12 24 1.07 1123 0.191
13 32 1.42 1.459  0.098
14 28 1.24 1277 0137
15 26 1.16 1185  0.166
16 24 1.07 1.094  0.204
17 32 1.42 1.496  0.089
18 28 1.24 131 0.123
19 26 1.16 1215  0.148
20 24 1.07 1.122 0.18
21 32 1.42 1537  0.127
2 28 1.24 1343 0.166
23 26 1.16 1.248  0.193
24 24 1.07 1152 0.226
25 32 1.42 1583  0.156
26 28 1.24 1384  0.199
27 26 1.16 1.285  0.227
28 24 1.07 1187  0.262
29 28 1.4 1456 0.071
30 26 13 1351 0.088
31 24 1.2 1248 0111
32 28 1.32 1383  0.112
33 26 1.23 1.284  0.134 -
34 24 1.13 118 = 0.162 o
35 32 1.24 13 0.108 o
36 28 1.09 1138 0.155 =
37 26 1.01 1.056  0.189
(@) (b)

Figure 4. Developed guide vane configurations: (a) Developed configuration geometrical data;
(b) schematic representation of the geometry changes and analysis of opening space and overlap
section with examples of several developed configurations in MATLAB.

It is evident from Figure 4b that a change of the inlet/outlet radii leads to a change
of the chord wrap angle of the blades, which causes the change of the blade length. That
results in an increased or decreased opening between the blades, and it also influences their
overlap, affecting the cascade density. All the configurations are developed for shock-free
inflow conditions of the cascade, and the trailing edge bending angles are developed for
shock-free flow entrance into the runner (x, = const.), for the given turbine inputs.

The configuration geometries were developed in MATLAB and transferred to AN-
SYS Workbench, where the flow domains were created. The mesh was built in ANSYS
TurboGrid and assembled with a previously meshed runner of the Francis-99 turbine. The
simulations were guided in ANSYS Fluent. The numerical model is simplified to the guide
vanes, the runner, and the draft tube cone. The numerical mesh consists of ca. 1.5 million
cells, where the runner and the draft tube cone consist of 810 k and 150 k cells, respectively.
A zone mesh independence test for the guide vane domain was carried out, observing the
total pressure drop through the cascade, for obtaining low deviations of the total pressure
in front of the runner, i.e., the guide vane outlet, where a number of cells from 0.4 to
1 million gave a total pressure deviation of 2%, so the meshes for the guide vanes were
created within the range of 550 k to 650 k cells [-]. Sections of the numerical mesh and the
zone mesh independence test are shown in Figure 5.
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(@)

Figure 5. Numerical mesh: (a) Mesh at the hubs; (b) overall mesh preview; (c) guide vane zone mesh independence test.
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(b) (0)

In order to obtain the value of the turbine design head, the boundary conditions of
the model are inlet and outlet total pressures, where a fixed flow direction is imposed at
the inlet. Realizable k-¢ is used as turbulence model, using standard wall functions. The y+
distance for the guide vane blades changes throughout the blades” height, having a growth
rate of 1.2. For around 83.3% of the blades’ height, the mesh has a y+ range from 3.5 to 30,
giving an average value of ~16, so a larger portion of the blade is covered where the flow
phenomena are predominant. The other 16.7%, which is near the ends of the blade (the top
and low point near the hub and shroud), has a value of y+>30.

The runner of the Francis-99 turbine consists of 15 full blades and 15 splitter blades,
which are assumed as “moving walls”, along with the runner hub and shroud surfaces,
with no slip conditions. The runner domain frame is given motion around the z-axis as a
“frozen rotor”. The guide vane models consist of 24 to 32 blades. The frames are connected
to each other via moving reference frame interfaces. The simulations were guided as
steady state.

4. CFD Results

As mentioned, the guide vane configurations are developed according to the turbine
design point, i.e., the best efficiency point. Other operating points of the turbine are not
observed in this analysis because the main goal is to determine the influence of some
geometrical parameters towards the design point. The turbine efficiency are calculated
according to the IEC 60193 [16] standard, by defining the total pressure differences at the
guide vane inlet and the draft tube cone outlet. The variations of the head between the
analyzed cases are in the range of £3% of the design net head given in Table 1, so they are
taken without any correction. The turbine efficiency is calculated as:

n = %’l = _ Tumw [~] (16)

h 08 HupumQnum

where Pm is the mechanical power of the turbine runner developed, calculated as the prod-
uct of the numerically obtained runner torque Tnum and the angular velocity w, divided
by the hydraulic available power Ph in the system, which is product of the numerically
obtained head Hnum and flow rate Qnum. The combination which results in the highest
absolute value for the efficiency from the CFD analysis is normalized as 77 = 1 [], and all
other efficiencies are compared to this value in relative terms. The influences of particular
geometrical constraints are represented by 2D contour plots, where the variable geometry
parameters are set on the x and y axis, and the turbine efficiency is presented on the vertical
z axis, to observe how certain changes of geometrical constraints influence the turbine
efficiency. Primarily, a chart of all the combinations is plotted in Figure 6 against relative
turbine efficiency to further determine which zones of interest shall be implemented in an
optimization algorithm.
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Figure 6. Relative turbine efficiency for each of the tested combinations described in Figure 4 and the
highest and lowest efficiencies for the tested combinations.

Despite the applied theory for designing the guide vanes for all the configurations,
some configurations show higher efficiencies and some of them show lower efficiencies.
In this analyzed case, the lowest efficiency is obtained for combination 16 and the best for
combination 21, both shown in the results of this analysis.

For a given constant number of guide vanes Zgv, the 2D charts presented in Figures 7-10
are obtained, from which it can be seen that a peak of the curve is formed, showing the
potential optimization zone when the cascade consists of that number of blades.
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Figure 7. Results interpretation for Zgv = 32 blades: (a) Cascade density vs. relative turbine efficiency; (b) relative opening
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Figure 8. Results interpretation for Zgv = 28 blades: (a) Cascade density vs. relative turbine efficiency; (b) relative opening
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Figure 9. Results interpretation for Zgv = 26 blades: (a) Cascade density vs. relative turbine efficiency; (b) relative opening
vs. relative turbine efficiency; (c) contour plot of (a,b).
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Figure 10. Results interpretation for Zgv = 24 blades: (a) Cascade density vs. relative turbine efficiency; (b) relative opening
vs. relative turbine efficiency; (c) contour plot of (a,b).

It can be noted from Figures 7-10 that for a certain number of blades in the cascade,
the analyzed density and the opening between the blades change. These geometrical
parameters are results of the given cascade configuration. For cascades consisting of
32 blades, the zone of optimal operation lies between densities of 1.35-1.55 and a relative
opening to length ratio from 0.075-0.125. For cascades consisting of 28 blades, the zone of
optimal operation shifts and, regarding the density, skews in the range of 1.2-1.4 and the
relative opening to length ratio ranges from 0.1-0.17. For cascades consisting of 26 blades,
the zone shifts towards larger opening to length ratios from 0.125-0.175 and towards
smaller cascade densities, in the range of 1.05-1.35. For cascades consisting of 24 blades,
the zone shifts as in the previous case in the range of densities from 1.05-1.25 and opening
to length ratios from 0.17-0.21.

These charts represent the geometrical constraints which are related to the future
development of the guide vanes for high-head Francis turbines, which need to be taken
into account. Additionally, a comparison between the ratios of the guide vanes’ outlet
diameter and inlet diameter is shown in the charts in Figure 11.

From the charts in Figure 11, it can be concluded that as the number of the blades
decreases, the optimal zone of guide vane diameter ratios expands. The outlet diameter of
the guide vanes, which is related to the runner inlet diameter, has the greatest influence.
The guide vane inlet diameter, related to the outlet diameter, changes slightly in the range
of 1.09-1.12 for all cases.
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Figure 11. Results interpretation for guide vane diameters ratios: (a) For Zgv = 32; (b) for Zgv = 28; (c) for Zgv = 26.

An interesting behavior of the chord angle enclosed with the outlet diameter is noticed.
Taking into account the outflow angle of the cascade, shown in Figures 1 and 3 as &, and
calculated in accordance with the Euler turbine equation, the relation can be presented as:

)
Orel = DTO (17)
The chart in Figure 12 shows that if this angle varies around the calculated outflow
angle, we exit from the optimal operation zone of the turbine. The fitting curve tends
towards the calculated cascade outflow angle. This is crucial for further development of the
guide vanes and the wrap angle of the blades related to the outflow angle of the cascade,
to obtain a cascade which performs well in the design zone.

1.01
1
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92

0.91 o_rel (7)

0.9
0.6 0.8 1 1.2 14 1.6 1.8
o _rel

R?=0.8604

eff.

Figure 12. Relative chord angle to outlet diameter against relative turbine efficiency.

The current obtained ranges will be further implemented in an optimization algorithm,
using the ANSYS Design Explorer, to test the design configurations in these limited ranges
and to maximize turbine efficiency.

In Figure 13, a comparison between combinations 16 and 21 is made, as these two
combinations showed the lowest and the highest efficiencies, shown in Figure 6. The
geometrical and flow differences between them are shown throughout CFD post-processed
images. The configurations were generated according to equal theory and initial turbine
data. Their main differences are the inlet/outlet radius ratio, the number of guide vanes,
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and the chord wrap angle, which lead to different cascade densities and different opening
spaces between the blades. The blades trailing edge angles in all the cases are constant and
derived from the calculations in the MATLAB code, with an expected result of different
magnitudes of the slip effects between the configurations. The blades’ thickness to length
ratio for all cases is constant, maintained at 16% of the blades’ length, no matter how long

the blades are.
2.20e+01
I 2,00e+01
1.80e+01

1.60e+01

2.20e+01

2.00e+01

1.80e+01
1.608+01
1.408+01 1.40e+01
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8.00e+00 8.00e+00
5.00e+00 6.006+00
4.00e+00 4006400

2.00e+00 3 2.00e+00

0.00e+0

@) | | (b)

Figure 13. CFD post-process of velocity streamlines: (a) Combination 16—streamlines (Cri = 1.1; Cro = 1.075; L/t = 1.456;
a/L = 0.071; fi = 1.4; Zgv = 28); (b) combination 21—streamlines (Cri = 1.1; Cro = 1.75; L/t = 1.138; a/L = 0.155; fi = 1.09;
Zgv = 26).

From the velocity streamlines, it can be seen that combination 16 does not perform
efficient filling of the runner blade inner channel, creating flow separations in the runner,
compared to combination 21. For these two cases, a comparison between their velocity
profiles was made. The velocity distribution was observed [17] at the guide vanes’ outlet
radius, between two blades. It can be seen in Figure 14b that the velocity profile of
combination 21 is more symmetrical and uniform compared to combination 16 (Figure 14a),
plotted against the guide vane relative outlet pitch fo.

1.1 1.1
1 1
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> 07 207
S 06 006
> )
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(@‘3 04 © 0.4
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Figure 14. Velocity profile comparison: (a) Combination 16; (b) combination 21.

5. Conclusions

In this paper, an approach for further optimization of the guide vane design for high-
head Francis turbines has been presented, by developing several geometries within a design
space pre-described by the Francis-99 turbine model from the Waterpower Laboratory at
NTNU. First, a MATLAB calculation tool for generating guide vane configurations suitable
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for Francis turbines was developed; the tool creates plausible cascade geometries according
to turbine input data. The free geometry parameters for the final choice of the desired
cascade are described and changed in a range which the design space dictates.

Several cascade geometries were developed and tested through CFD simulations for
the turbine model in order to obtain the crucial geometrical parameters and their influence
on the turbine efficiency, as a way of determining their limits of change which need to be
implemented in an automated algorithm for further optimization. In order to obtain the
relative values for the system efficiency, the CFD model was simplified and consisted of
guide vanes, a runner, and a draft tube cone. All the geometries were developed according
to the adopted turbine design point, which is the highest efficiency point, and the analysis
was carried out to see how the guide vane configurations deviate from the efficiency around
this point.

The results were obtained with curve fitting and surface fitting between two variable
parameters and the turbine efficiency, while the third variable parameter was left uncon-
trolled. This showed how certain geometrical relations, such as inlet/outlet radius, cascade
density, guide vanes’ opening clearance, chord line wrap angle, etc., within their tight
range, influence the turbine efficiency and design flow rate. According to the results, limits
for the mentioned geometrical constraints were interpreted for their further development.
One of the main conclusions which can be derived from this analysis is the chord leaning
angle towards the guide vanes’ outlet diameter, which has to be collinear with the cascade
outflow angle. This conclusion for the chord leaning angle will be implemented, along
with the blade thickness distribution law and the maximal blade thickness location, which
were fixed geometrical constraints in this analysis, and they will be separately tested within
the further developed optimization.

This approach offers a better understanding for the basic cascade geometrical rela-
tions and their influence, especially for high-head Francis turbines, whereas for low-head
machines, it is expected that the region of the limits will change, as these machines are
inclined towards greater guide vanes” opening angles. Additionally, two optimization
objectives can be derived from this analysis, which can be further implemented—one is to
maximize the turbine efficiency and the other is to maximize velocity profile uniformity.
The second objective comes from the velocity profile comparison, where combination 21
obtained in this analysis shows a more uniform velocity profile towards the turbine runner.
Further, an index of asymmetry can be introduced for the relative shape of the velocity
profile [18] of the guide vanes, in a relation with some geometrical parameters, in order to
obtain hydraulic/geometry parametrization for further optimization.

It is important to note that some other objectives, such as the static pressure losses
or the energy losses through the cascade, turned out to be unnecessary as they can lead
to misguidance towards the estimation of optimal turbine operation; however, they are
crucial in cases when the guide vane cascade is developed separately from the turbine.
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Abstract. Hydropower as a part of the family of renewable energy sources represents an
engineering and scientific field which inspires researchers to work on development of the
systems and sub-systems in a way of optimizing the whole energy transformation process to
obtain more efficient, flexible and reliable hydropower operation with the best possible water to
energy ratio. This research is part of a Horizon 2020 HydroFlex project by the Norwegian
University of Science and Technology (NTNU), where the main goal is development of a flexible
hydropower generation. The guide vane cascade is one of the most crucial stationary sub-systems
of the hydraulic turbine and is a subject of this study. Its re-design for obtaining a quality “flow-
feeding” of a variable speed high head Francis turbine is developed. Having this goal in mind, a
MATLAB code was generated, based on several key parameters, such as initial energy
conditions as net head and turbine discharge at best efficiency point (BEP). Turbine runner
geometrical constraints are taken into account during this process, while using recommendations
for some initial guide vane calculations such as their number, inlet and outlet diameter, guide
vane axis diameter, delivery angles etc. Using an inverse Euler turbine equation, the operating
range of the turbine was calculated for a variable speed and discharge conditions, keeping the
shock-free flow for all states at the runner’s inlet, as it is the most favourable inflow condition.
For those operating points, the flow streamlines angles were obtained at the guide vanes leading
and trailing edges. With an interpolating mathematical functions between the angles of the
leading and trailing edges, the camber lines of the hydrofoils were obtained for further guide
vane cascade geometry development. This algorithm can be implemented on any given runner
geometry. The guide vane design is then exported into ANSYS Workbench for further numerical
tests, such as CFD simulations for verifying the hydrodynamic characteristics and FEM analysis
for verifying the structural integrity of this sub-system for variable speed operating conditions.

Keywords: Guide Vanes, Parametric Design, Variable Speed, Francis Turbines
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1. Introduction
Increasing flexibility in energy production from hydropower plants is a task demanded by the
hydropower sector in Europe and worldwide, especially at off-design operation conditions of the
turbines. Using flexibility, variable speed operation (VSO) can be implemented to perform more
efficient energy production at off-design operating conditions. As part of the HydroFlex project, the
goal of this research is to develop a parameter based code for generating favourable designs of a radial
guide vane cascade for low specific speed Francis turbines. In this case, the code was developed for the
existing Francis 99 turbine runner from the open source web-site of the Waterpower Laboratory [11] at
NTNU, but the research shows that it can be generalized for various high head Francis turbine runners.
To start with, the theoretical background was implemented and researched by using the classic
turbine theory to obtain the one-dimensional mathematical relations which describe the flow conditions
in the guide vanes, especially the flow conditions between the guide vanes and the runner. Secondly, the
physics of variable speed turbine was studied and mathematically simplified as one dimensional models
to obtain the relations and dominant parameters which need to be examined. Next, a matrix based
calculation was performed to obtain the operating ranges of the turbine and the guide vanes openings
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for settled range of rotational speed and discharges, by keeping constant head as the situation is observed
as steady state.

The geometry of the radial cascade blades was developed by using recommendations for
developing a 4 digit NACA hydrofoils and by implementing the camber and thickness functions. As
previously the operating ranges of the turbine were calculated, following the one dimensional mid-span
streamline curvature at the inlet and outlet of the guide vanes, by interpolating the hydrofoil camber
functions, the camber line of the blade was obtained, and the thickness was obtained from other static
calculations. Later, the initially obtained geometry was tested with Computational Fluid Dynamics
(CFD) simulations for the previously given operating conditions and it was compared with the
numerically obtained results for the existing guide vanes of the Francis 99 turbine.

2. Theoretical Background

During turbine operation, flow to the runner is managed by the guide vanes and depending on the
opening position, turbine torque varies. The guide vane is the stationary component, and the runner is
the rotating component of a turbine. We can represent the flow conditions between the guide vanes and

the runner inlet i.e. in the vaneless space, considering the equation of motion of an ideal fluid in the
vector form Lamb — Gromeko [2,3]:

v o
E+ QxV =—grad(gH) 1

where H is the specific energy of the fluid in absolute movement, V = (7; v, 71;) is the absolute velocity

vector having components in a cylindrical coordinate system, and @ = rotV is the vortex vector whose
projections on the axis of the cylindrical coordinate system are equal to:

Az
vy__________ < R Q v, Oy
w & " dp 0z
Vu d
dv, O0v,
v =4 2
Vz QZ ar + a(p ( )
dv, O0v,
Q, =-
u 9z " or

Fig.1. Absolute flow vector and its components in
cylindrical coordinate system for the vaneless space

Experimental studies show that in the area between the guide vanes and the runner, the fluid motion
with sufficient accuracy can be considered steady and axisymmetric. With reasonable accuracy, we can
also accept that in front of runner, the specific energy of the fluid is constant. In that case, for steady
flow and for axisymmetric conditions:

017_0 d(v,H)
at ' A

(©)

Two flow modules can be observed, i.e. the flow is potential, or the flow is rotational (helical type).
For potential flow it can be derived that there are no changes in the velocity in the radial direction:

da(v,1) d(v,1r) dvy, _ _
92 dz + ar dr + %rdga =d(r)=0 4)

and for helical flow, the vortex vector and the velocity vector are parallel to each other, i.e.:
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dv, av,
= — B = 5
d(v,1) o dr + oz dz=0 ()
From both cases the “free vortex” equation can be derived, which shows that the circulation created by
the guide vanes in the vanelesss space preserves:

= *‘vu dl = 2rm - v, = const. (6)

According to this, several conclusions can be derived:

e The guide vanes form a steady axisymmetric flow in front of the runner, which is either potential
or rotational

¢ Inthe case of potential flow, the swirl is constant for all points of the liquid in the region between
the guide vanes and the runner

e In the case of a rotational flow, the swirl of the flow maintains a constant value along the
streamline and changes from one streamline to another

Let’s consider in what cases behind the guide vanes potential or helical flow is formed. This is mainly
determined by the outlines of the flowing part in the area between the guide apparatus and the runner,
and also depends on the height of the guide apparatus. In the present case, a high-head Francis turbine
runner is studied. The leading edge of the runner blade is located in the zone of radial movement of the
liquid and represents a vertical line, i.e., r; = const. along the leading edge of the runner blade.

h

Leading edge (1)

Log-spiral
inlet flow

Line sink/vortex

Fig.2. Flow path of Radial-axial hydraulic turbine [1] Fig.3. Radial cascades [5]

Following the classic turbine theory, a mean mid-span streamline method was used to develop the
mathematical relations valid for the guide vanes outlet i.e. runner inlet conditions. The water flow in
front of the runner is formed by the annular (radial) cascade of guide vanes, which is characterized by
the form of the blade profiles and the chord spacing of the cascade [1]. The blade profile can be
symmetric if the camber line of the profile is represented by straight line, or asymmetric if the camber
line of the profile is curved. The cascade is defined by the pitch, which means the distance between two
blades in the row, and the chord length of the blades. The ratio of the chord length and the pitch, i.e. L/t
indicates the cascade density. As the guide vane must ensure complete closure of the turbine runner, the
ratio L/t is greater than unity, which shows that the cascade is sufficiently dense, and by that, it can be
assumed that the direction of water velocity is very close to the direction of the blades outlet edges. For
radial-flow cascade, the vector of absolute water flow can be presented as a sum of two vector
components: the radial (meridian) component and the peripheral (circulation) component:

Vg = Vor + Vou O

Knowing the flow rate through the turbine and the dimensions (height) of the guide vanes, the radial
component can be specified as:
Q

= 8
Vor Doz TL'BD ( )
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The angle between the vector components is derived from the geometry relation of the guide vanes
opening as:

_ Vor
sinag

Vg ; Vou = VpCOSQy 9

Fig.4. Guide vanes opening parameters [4]

The flow conditions just in front of the runner, for high-head (low-speed) turbines, in a relation with the
constant circulation created from the guide vanes (eq.6), the velocity parallelograms can be related as:

(10)

Fig.5. Velocity parallelograms [1] = 60

Including the Euler turbine equation, the torque and the energy created in the runner can be written as:

pQ
Z My = pQ(r1C1y — T2C2) = E(Fl -I;) (11)
w
gHNp = uiCqy — UpCoy = E(H —I3) (12)

from which several essential conclusions can be considered:

e The principal importance is the structure of the flow in front and behind the runner.

e Most favourable operating condition regarding the efficiency is the outlet circulation T, = 0;
where the front circulation is constant and can be estimated as I = Iy = const. from the
circulation created behind the guide vanes.

e Most favourable inflow conditions can be estimated when shock-free (zero-incidence) entry in
the runner is provided, i.e. the leading edge angle remains constant 8; = const.

Previous explanations are derived for constant rotational velocity of the runner. The variable speed
operation assumptions regarding the guide vanes, can be derived from the Euler equation observing the
possibility of flow regulation with the guide vanes. After several mathematical operations, the flow
regulation can be expressed as [3]:

gHny 2 gHng 2
0= ( w )+(wr2) S ctgag = ( w )+(wr2)_<7"20tgﬁz) onB (13)
(ctgao) n (rZCtgﬂZ) 0 Q A, ot
1By, 2,

where Q is the flow rate, w is the angular velocity of the runner, «, is the guide vanes outlet angle
(fig.4), B, is the runner blades trailing edge angle (fig.5) and 4, is the runner outlet surface. In the case
that it is analysed, this equation was implemented in the previously tested operating region of the turbine,
which is described later in this paper. The physical phenomenon of variable speed used at high-head
(low-speed) turbines, keeping the head constant, at constant guide vanes opening, can be written as:
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u, <./ gHny (14)

which shows that the flow rate decreases with the increasing of the rotational speed of the runner [4].
Physically this can be described as the near positioning of the runner blades and the guide vanes, when
the rotational speed increases, the rotational “frames” created of the runner blades inner channels are
more frequent and they are “repelling” the amount of flow, in other case when the rotational speed
decreases, the rotational “frames” of the runner blades inner channels are less frequent and the runner is
absorbing increased amount of flow, observing runner with fixed number of blades. This shows how the
runners rotational speed influence on the flow rate, for constant head and constant guide vanes opening

[4]:
d 2 _gH H d
q 9@ _ v —gHn,  gH difn (15)
dw w? w W

where A is positive number, and the change of the hydraulic efficiency with the rotational velocity can
be neglected for further simplifications.

3. Hydrodynamic profile of a guide vane

Profiling the hydrofoil of the guide vanes by using the derived one-dimensional relations can be made
with several easy steps. Observing the hydrofoil camber line, for the calculated velocities and
streamlines angles for the BEP of the turbine, we can “interpolate” the camber line as a function between
the streamlines angles, taking into account the previously assumptions for most favourable inflow
conditions. Observing fig.3. we can conclude that the guide vane hydrofoil camber is positioned in a
way that the leading edge of the hydrofoil is corresponding with the spiral case and stay vanes outlet
angle of the absolute velocity vector. The trailing edge of the guide vane hydrofoil shall be in accordance
with the guide vanes outlet angle (fig.4) i.e. @y = a4, previously calculated for various runner inflow
conditions. The NACA standards, are recommending equations for describing the geometry of their 4-
digit MPXX hydrofoils, such as [10]:

M
ycl=ﬁ(2Px—x2);for0<x<P (16)

ycz:%[(1—zp)+sz—x2];fow<x<c 17

where eq.16 describes the law of camber-line distribution from the beginning to the location of maximal
camber deflection and eq.17 describes the camber-line distribution from the maximal camber location
to the full length of the chord line ‘c’, M defines the maximal camber deflection and P is the location of
maximal camber. The thickness distribution above and below of the hydrofoil is described as:

t
=55 (apVx — ayx — ax? + azx® — a,x*) (18)

ap = 0,2969 [—]; a; = 0,1260 [-];a, = 0,3516 [—]; a5 = 0,2843 [-];a, = 0,1015 [-] (19)

The coordinate points for the hydrofoil up/low contour lines are calculated as:

dv.:
tan(@) = Yei (20)

dx
Xy =X =Yt Sing; yy = Yo + ye - cosb (21)
X, =X+ Yy Sinb; y, = Yo — Y - cosl (22)

where xy, yy, x; and y; are the coordinates of the upper/lower curves respectively, and 8 is the angle
of the camber increment. The equations for the camber line can be equalized for M and P as the camber
is represented by two functions having the same camber criterions - parameters. Using the tangency rule
for the leading and trailing edge angles of the foil, with the eq.20, we can simply represent that the first
camber function is strictly dependent from the leading edge angle, and the second camber function from



30th IAHR Symposium on Hydraulic Machinery and Systems IOP Publishing
IOP Conf. Series: Earth and Environmental Science 774 (2021) 012112 doi:10.1088/1755-1315/774/1/012112

the trailing edge angle. Developing a system of two equations and representing M and P as two variables,
for previously calculated angles of the leading edge (the angle of the stay vanes outflow) and trailing
edge (delivery angle of the guide vanes), we can determine the M and P parameter of the hydrofoil for
the calculated streamline angles:

p?- [tgao - tgasvo] —-P- [Ztgao + tgasvo] +tgag = 0 (23)
P-tgag,, —2-M =0 (24)

Solving this system of equations gives the values of M and P, and then by implementing those values,
by using the equations of the camber line, the hydrofoil geometry is determined.

4. Parametric Design Tool - Initial Calculations and Geometry Development

All of the above equations and calculation procedure is implemented into a MATLAB code which is
performing calculations for deriving the initial geometry of the radial guide vane cascade, where all
previously described assumptions and simplifications are respected. First, the theoretical velocity
triangles for the given runner geometry are calculated for obtaining the location of the best efficiency
point. After that, the code is developed for calculating the velocity parallelograms for the vaneless space
between the guide vanes and the runner, and also at the guide vanes inlet (constraints from the spiral
case and stay vanes distributors). The number, diameters and pivot diameter for the guide vanes are
calculated acc. to recommendations from the literature, which gives us space for further optimization
including these variables. As it was mentioned, the principle of variable speed was implemented. For
the given runner and measured model data, a flow and speed range were determined in the working area
of the runner. According to eg.13, as the runner speed and flow are changing, disregarding the changes
in the head (eq.3), the resulting variable is the guide vane flow delivery angle. All results are represented
in relative values.
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From the charts on fig.6 and 7, it can be concluded that the guide vanes flow delivery angle increases
with the rate of increased flow and runner speed. The function curvature is concave instead of convex
because the losses through the guide vanes are neglected. The range on the 3D surface plot shows the
maximal opening the guide vanes can have in the defined range of calculation for the machine, and the
range on the 2D contour plot is constrained within the range up to 12 [deg] where later CFD calculations
are performed. Using simplified mathematical models for the hydraulic losses in the turbine and with
the indirect method for determining the efficiency, the theoretical hill chart was calculated using the
one-dimensional theory developed before for the mid-streamline, within the runners operating domain,
and also the mechanical torque that the runner can produce for these conditions.
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Fig.8. Predicted turbine hill (H=const.;Q=var.; n=var) Fig.9. Runner Torque (H=const.;Q=var.; n=var)

From the predicted hill chart it can be concluded that the previously calculated BEP corresponds with
the iso-lines for the zone of maximal predicted efficiency. From the chart on fig.9, it is evident that the
torque increases with the increased amounts of discharge and reduced runner’s speed. The point of
variable speed in our case is to catch and connect the local best efficiency points of the turbine in
different operating conditions. As expected, for keeping the head constant, and changing the guide vanes
opening and runner rotational speed, we will obtain a similar behavior as double regulated turbine. Using
the relations described in part 3, a guide vane hydrofoil is developed for the BEP and a radial guide vane
cascade is plotted, which is later exported into ANSYS Workbench and ANSYS CFX for further CFD
analysis.

GV Hydrofoil 1

0.2
as0
0.1

F(Ilgl.1:0;Ol?%/gISO;p;d:gij'I;:i;.‘s\éa;r\;?(y:dlrzg/c;I Fig.11. Guide vanes radial cascade plot
5. CFD Analysis

Two CFD models were built, tested and compared for similar mesh sizes and identical conditions, i.e.
tested for constant head and +5% off-design rotational speed. The first CFD model i.e. Model 0 is the
original Francis 99 Turbine, where the guide vane cascade and runner performance ware examined and
tested. Model 1 is represented with fig.10. from above, developed with the design tool. Comparison of
the guide vanes hydrofoils is given on the figures 12 and 13.

16°
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Fig.12. Francis 99 — Hydrofoil (Model 0) Fig.13. Developed Hydrofoil (Model 1)

According to the calculations in the design tool, the developed geometry of the blades in Model 1 is
shorter. Also the thickness of the blade was calculated according to the maximal hydrostatic pressure
for prototype pressure conditions, i.e. calculated as 14% of the blade chord length. The leading and
trailing edge angles differs also as the NACA recommendations were implemented for 4 digit hydrofoils
where the maximal camber and its location is strictly influenced from the calculated streamline angles,
where in this case, it pulls behind the camber extension. The hydrofoil of Model 0 has a maximal
thickness of 20% located at 20% chord length, compared to Model 1 where the maximal thickness is
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14% located at 30% of the chord length. The pivot point of the blades in Model 1 is adopted to be at the
gravity center of the blade. These calculations do not take into account the pivot point location, as the
blade torque need to be examined via CFD simulation in some positions of partial opening to obtain a
“zero torque”. The numerical models are consisted of 3.3 - 3.4-10° cells. The number and size of the
cells was selected according to previous performed CFD simulations of 3 operating points of the existing
Francis 99 turbine model which showed good corresponding with the same points from the turbine hill
chart. Zone mesh independence test for the guide vane domain was carried out, observing the total
pressure drop through the cascade, for obtaining low deviations of the total pressure in front of the
runner, i.e. the guide vanes outlet, where the number of cells from 0,4 to 1 million gave total pressure
deviation of +2%, so the meshes for the guide vanes were created within the range of 450-600-10° cells
(fig.13.1.). The runner was consisted of 1.97-10° cells, the draft tube from 70-10° cells and the spiral
casing with the stay vanes from 776-10° cells. The non-conformal meshes are connected with general
grid interface. The boundary conditions of the models are set as constant inlet total pressure and outlet
static pressure, i.e. the head is constant H,, = 12,4 [m] as it was calculated within the design tool.
Multiple openings for the guide vanes were taken into account to obtain the operating range of turbine.
The simulations were guided as steady using the “Frozen Rotor” interface model for the runner. The
selected turbulence model is standard k — ¢ as it was previously tested for giving best predictions for
the hydraulic character of the guide vanes blades [7] and the efficiency of the turbine [8]. The number
of iterations was set to 1000, and the convergence of the results was successful reaching a residuals for
the continuity up to RMS to 10°® (fig.13.2).
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Fig.13.1. Mesh independence test for the guide vanes Fig.13.2. Convergence of residuals

The results obtained from the CFD simulations represented on a relative and non-dimensional scales for
the discharge and the efficiency, where the calculated parameters for the Model 0 are the basis and the
results from Model 1 are compared with them. The results for the head from the CFD calculations which
are calculated according to IEC 60193 [13] varied cca. £0,06% which is negligible. The efficiency is
calculated as the ratio of mechanical power of the runner with the hydraulic power of the turbine, i.e.

Py, T -w
ne=p-=—0pl-l (25)
h pg nQ
1,02 1,02 1,02
Model 1 - n+5%
1 Model 1 - n=1 1 Model 1 - n-5% 1
0,98
0,98 0,98
0,96
0,96 0,96
= = E 094
0,94
Model 0 - n=1 0.4 Model 0 - n-5% 092
092 Model 0 - n+5%
092 09
e 09 0,88
0,88 0,86
0 02 04 QDHG 08 1 12 14 0.88 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
Qp Q[
Fig.14. Turbine efficiency (n=1) Fig.15. Turbine efficiency (n-5%) Fig.16. Turbine efficiency (n+5%)

According to the charts it can be concluded that the efficiency is increased with using the guide vanes
in Model 1. For runner design rotational speed (n=333,33 [rpm], i.e. n=1 [-]) the BEP location is shifted
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to increased discharge from the location of the design basis BEP and the trend of the curve is similar
with the basis curve. For runner rotational speed decreased by -5%, the local BEP location corresponds
with the basis local BEP location, where it can be seen that the trend of the efficiency curve is not similar
with the trend of the basis curve. For runner rotational speed increased by +5%, the local BEP location
corresponds with the basis local BEP location and the trend of the curve is wider than the basis curve.
By capturing the local best efficiency points and connecting them, a non-dimensional graph
(Qea [—] nea [—]) was plotted for showing the trend of the connected BEPs.
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From the chart on fig.17. it can be concluded that the curve of the connected local BEP’s for Model 1 is
consistent showing how the runner’s flow rate decreases with the increased rotational speed and vice
versa. For Model 0 at n+5% it can be seen that the guide vanes are shifting the local BEP for a decreased
flow rate. The guide vanes of Model 1 maintain higher outlet circulation which is one of the primary
criteria for the efficiency of the guide vanes and the efficient “flow feeding” of high head turbines.
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Fig.19. Mid-span streamlines in runner Fig.20.Mid-span streamlines in Fig.21. Mid-span stre
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Fig.22. Mid-span streamlines in runner Fig.23.Mid-span streamlines in Fig.24. Mid-spntam:as in runner
(Model 1, n=1, Local BEP) runner (Model 1, n=+5%, Local BEP) (Model 1, n=-5%, Local BEP)
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The differences between the local BEP’s is represented by the velocity profiles developed behind the
guide vanes for both models, where a sc. “index of asymmetry” of the velocity profile is pointed out. It
shows the ratio of the standard deviation of the mean velocities calculated along each point with the
mean axial fluid velocity of the channel (in our case the meridian velocity on the pitch between 2 guide
vane blades) [6]. The surface between the 2 blades is represented as a rectangular cross section with the

blades pitch length and the blade height.

21U — U)?
n—1

(26)

Fig.33. Meridian velocity profiles

Fig.34. 3D Meridian velocity profile

On fig.33 it can be seen that the meridian (radial) velocities are not constant despite the assumption of
simplification presented in eq.3. The guide vanes are creating crests which disrupt the velocity vector
field in the vaneless space. Also because the angular change at constant radius, a localization of the
maximal meridian vector was obtained near the first (left) blade. The velocity profile is disturbed along
the guide vanes height because the skin friction between the top and low guide vanes rings. All of all, a
3D deformed meridian velocity vector profile is obtained which needs to be examined. If we neglect the
deformity of the velocity profile along the guide vanes height, we can extract the angular change of the

meridian velocity which is dominant in cases like this.

10



30th IAHR Symposium on Hydraulic Machinery and Systems IOP Publishing
IOP Conf. Series: Earth and Environmental Science 774 (2021) 012112 doi:10.1088/1755-1315/774/1/012112

0.9
0.8
0.7
0,6

v_mer [-]

» Model_1 > 05 * Model_1
= Model_0 04 = Model_0
03
02
0.1
0
o 010203040506 070809 1 11 0 010203040506070809 1 11
X[l X[
Fig.35. Comparison of the meridian velocity profiles for Fig.36. Relative deviation of the partial velocity
Model 0 and Model 1 at n=1 [-]; BEP vectors from the average velocity vector

At first sight, the primary difference between the velocity profiles for the both models occur at the
location near the second (right) blade where for Model 1 the velocity vectors are more intense than the
Model 0, resulting in reduced maximal meridian velocity. Using eq.26, the index of asymmetry is
calculated for the observed profiles. Using the individual average velocity, the asymmetry is plotted and
compared (fig.36.), where it can be concluded that deviation differences occur between the two observed
velocity profiles from their average value, but the velocity profile of Model 0 shows slightly better than
the Model 1 (35% vs. 50%) cca. difference of 15% which means that the velocity profile is more
symmetric. Theoretically, obtaining more symmetric meridian velocity profile should produce more
efficient inflow conditions for the runner. This situation preserves for all other cases and the asymmetry
is produced mainly from the shape of the guide vanes. The asymmetry of the profile mostly changes
with the guide vanes opening position and flow rate, where for constant guide vane opening and for
variable speed conditions, the asymmetry remains almost constant and changes the intensity of the
average meridian velocity vector because the changes in the flow rate. This shows that the one
dimensional theory of velocity parallelograms is insufficient for describing all the phenomena occurring
in the vaneless space.

6. Conclusions and Further Work

In this paper, a one-dimensional mathematical model was presented and implemented for development
a radial guide vane cascade for the purposes of variable speed high head Francis turbine. For the guide
vane hydrofoil geometry, the recommendations for 4 digit NACA hydrofoils were considered and the
geometry was obtained by interpolating the camber functions between the guide vanes previously
calculated inflow and outflow angles. The obtained geometry is represented as a slightly non-
symmetrical concave hydrofoil (Model 1) and it was tested via CFD simulations and compared with the
original guide vane hydrofoil (Model 0) from the turbine model Francis 99.

Primarily, the results are interpreted regarding the turbine efficiency, where the developed
Model 1 showed better efficiency throughout the operating range of the turbine, for variable speed
observed at +5% change from nominal rotational speed, where at the best efficiency points, the
efficiency increased up to 1%. This was obtained because the guide vanes of Model 1 keep higher values
of the circulation in front of the runner, which is crucial for high head reaction turbines. Also, Model 1
has minor pressure and energy losses than Model 0 about 1%, which shows that it is hydraulically more
efficient. One step further was taken and the meridian velocity profile was examined behind the guide
vanes where a 3D deformed velocity field was obtained. By its simplifications, two averaged by height
meridian velocity profiles were compared for both models and were statistically examined for deviations
of the partial vectors from the average velocity vector, showing the rate of asymmetry in circumferential
direction. Model 0 showed 15% more symmetry than Model 1, mainly because the shape of the trailing
edge of the guide vanes, and because Model 0 produces lower circulation intensity.

The main conclusions include determination of the crucial parameters which are dominant for
developing guide vanes for variable speed high head turbines, such as the intensity of the developed
circulation and potentially more symmetrical meridian velocity profile behind the guide vanes for all
variable speed operating points, to obtain some kind of law of similarity between the velocity profiles
for various rotational speeds, because the laws of velocity parallelograms are insufficient for describing
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these effects. Further work should include the pressure distribution at the trailing edges of the guide
vanes, to prevent occurring of blade tip vortices [12].

The conclusions can be summarized as follows. First, the flow conditions in the vaneless space
are far from axisymmetric, but they are repetitive for each guide vane section, which shows that the
velocity profiles need to be examined to obtain theoretically close symmetrical meridian velocity profile.
Also the average meridian velocity by theory shall be kept constant, which shows that this will influence
the flow space between the guide vane blades. After that, the cascade shall be examined if it is
accelerating or decelerating the fluid and how does it influence on the efficiency. Second, for high head
turbines, the crucial parameter here is shown to be the circulation created by the guide vanes, which
need to be increased or decreased for variable speed operations. Finally, the pivot point location and
even eccentricity of the guide vanes shall be determined for obtaining “zero torque” on the blade. This
condition will change the kinematical point of rotation of the blades, which can lead to reforming the
shape of the flow path between two guide vanes, and by that, to change all flow conditions.
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Guide Vane Cascades on their Hydraulic Performance at
Variable Speed Operated Francis Turbines
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Abstract- Design of radial blade cascades, with the intend to
become turbine guide vanes, lies in the basis of satisfying turbine
runner needs for particular turbine design point of interest. More
or less, for conventional turbine operation, the hydrodynamic
parameters in the pre-runner space can be easily estimated. For
variable speed turbine operation at constant head, these
parameters change in a way that cannot be easily predicted using
conventional techniques. In this paper, the guide vanes, as crucial
turbine sub-system which needs to perform efficient runner flow
feeding for these operating ranges, are numerically tested in
various geometrical shapes and configurations, to observe the
cascades behavior, in a way of estimating which cascade
configuration satisfies certain hydrodynamic and efficiency
considerations of the operating points of interest. The criteria
which the guide vanes need to meet are based on hydrodynamic
parameters and expansion of the turbine operating range.

Index Terms- Guide Vanes, CFD, Francis Turbines, Variable
Speed Operation (VSO)

I. INTRODUCTION

he design of guide vanes, more or less, so far has been

developed for constant synchronous turbine runners, to meet
some hydraulic criteria considering the turbine power output at
given head/discharge conditions. For variable speed operating
conditions, things changes drastically when the guide vanes
design is considered, where multiple points of interest shall be
met. The variable speed operating physics has been previously
explained [6, 7] and this research represents a statistical upgrade
towards definition of the influential geometrical constraints that
the guide vane cascade has to the hydrodynamic and efficiency
characteristics of the turbine.

The variable speed operated (VSO) Francis turbine is developed
under the circumstances of constant head. Several methods of
operation can be examined, and by those, the developing
procedure of designs can be established and further optimized.
First method is that the VSO of a turbine is strictly depending
from the turbine universal characteristic chart (hill chart), by
tracking local most efficient zones in a certain range of rotational
speed. In that way, variable-speed operation gives the
opportunity to adjust and optimize the rotational speed of the

runner according to the available head for each guide vane
opening.

Second method, which is observed, is focused on the result
obtained from VS operation, i.e. expanding the operating range
of the turbine, overall, and what hydrodynamic conditions has to
be present in the pre-runner space to obtain operating range
expansion. The definition of the hydrodynamic conditions for
different rotational speed of the turbine runner directly influence
the design of the guide vane cascade and the blades in the
cascade.

The VS operation, the hydrodynamic conditions and the blades
design are interacting between each other, so strict correlation
from one to another cannot be made easily, and that is why,
several partial analysis have been made: how the geometry
influences the hydrodynamic conditions and how the changes of
hydrodynamic conditions, due to VS operation, influences the
geometry. In this paper, the first approach has been analyzed,
defining which cascade configuration gives shrinkage or
expanding of the turbine operating range.

II.  VARIABLE SPEED OPERATION INTERPRETATION

The VSO turbine, as it was mentioned, can be examined in two
ways. First, according to the universal hill chart of the turbine,
where tracking of the local most efficient zones is done.

Qed[-] &

Fig.1. Variable speed operated turbine — example [5]
From fig.1, it can be seen that the guide vanes design is not

influencing the turbine operation, as the variable speed method
taken here can be achieved with ordinary guide vane cascade.
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Thus, the hill chart shape also is obtained for a selected guide
vanes configuration, and the situation looks like this.

If we observe the guide vanes, how they influence on the general
shape of the hill chart, the main goal is to expand the turbine
operating region, i.e. how the guide vanes configurations and
influence on the hill chart shape. The following scheme is
expected (fig.2).

Qed [-14

ned [-]
Fig.2. Guide vane reconfiguration and VSO

From the chart on fig.2 it can be seen that the guide vane curve
characteristics are wider and it is expected to expand the
operating region of the turbine (red iso-lines). Obtaining a guide
vane configuration which will expand the operating region, than,
by variable speed operation as in fig.1, the benefits are evident
and the VSO effect is more dominant (magenta curve or black
dashed curve).

This interpretation of the VSO turbine by operating schemes and
regions, thus is only sufficient for observing the expected overall
turbine behavior. The hydrodynamic parameters which leads to
obtaining such expansions, are mainly defined from the turbine
runner inlet flow conditions when VSO is present, and how they
can be achieved with the guide vanes, which means that they
influence the guide vanes design and vice versa. The velocity
parallelograms in front of the turbine runner for VSO are
presented on fig.3.

Fig.3. Runner inlet velocity triangles and guide vanes outlet
velocity parallelograms

From the schematic charts from fig.1 and 2, it is evident that for
constant head and change of rotational speed, the discharge of
the turbine changes, either it increases or decreases. On basis of
that, the velocity triangles were developed (fig.3) and the
velocity parallelograms at the guide vanes outlet. The following
velocity vector configurations shows that the guide vanes shall
meet these velocity ratios for VSO turbine. It can be noticed that
the runner inflow angle is kept constant, as the inflow conditions
is desired to remain as more efficient as possible, by providing a
shock-free (zero incidence) inflow conditions to the runner [1].

III. GUIDE V ANES CASCADES NUMERICAL TESTS

As the last statement was to ensure shock-free inflow conditions
to the runner, taking into account this criteria, several geometries
were developed and tested through CFD analysis, to obtain how
particular geometrical parameters influence on the overall turbine
characteristics, when operation region expansion is demanded by
VSO. The tested geometrical parameters of the cascades are the
density L/t [-], the relative opening of the guide vanes a/L [-], the
inlet cascade radius relative to the outlet Cg; /-] and the relative
angular positioning of the blade chord length regarding the
turbine center of rotation ¢y [-]. These geometry parameters are
general for description a various types of radial cascades, where
some detailed parameters such as blade thickness distribution or
maximal thickness location etc. are neglected for further analysis.

--—-'--,-:..ﬁ___.f}‘_"‘__ .

Fig. Blade in the cascade description

All the configurations are developed for shock-free inflow
conditions to the cascade, and the trailing edge bending angles
are developed for shock-free flow entrance into the runner, for
the given turbine inputs (tab.1).

Table 1: Turbine input parameters
Net head Hn [m] 11,2
Design flow rate Qd [m3/s] 0,2
Design rotational speed nd [rpm] 333,33
Runner inlet diameter Drl [m] 0,62
Runner outlet diameter Dr2 [m] 0,349
Guide vanes height Bgv [m] 0,06
Speed Factor IEC60193) ned [-] 0,185
Discharge factor (IEC60193) Qed [-] 0,1567

The configurations geometries were developed in MATLAB and
transferred to ANSY S Workbench, where the flow domains were
created. The mesh was built in ANSYS TurboGRID and
assembled with previously meshed runner of the Francis 99
turbine. The numerical model is reduced, consisted only from the
guide vanes, the runner and the draft tube cone. The numerical
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mesh is consisted of cca. 1.5 million cells, where approximately
550 to 650k cells were used in the guide vanes, the runner is
consisted of 810k cells and the draft tube cone from 150k cells.

Fig.4. Mesh prev1ew - example of the 31mulated'models

The boundary conditions of the model are inlet and outlet total
pressures, to obtain the value of the turbine design head, where at
the inlet, a cylindrical components of the vector were adjusted.
The turbulence model used is standard k-¢. The runner of the
Francis 99 turbine is consisted of 15 full blades and 15 splitter
blades, which are assumed as “moving walls” along with the
runner hub and shroud surfaces, with no slip conditions. The
runner domain frame is given motion around the vertical ‘z’ axis.
The guide vanes models are consisted from 24 up to 32 blades.
The frames are connected between each other via interfaces,
which allows further easiness of transient simulations using the
sliding-mesh technique. The simulations were guided as steady,
changing the runner rotational speed in the range of +15% of the
nominal speed.

IV. RESULTS

The guide vanes configurations are developed in one position,
according to the turbine design point i.e. the best efficiency
point. The same configurations are tested for off-design point of
+15% of the nominal speed.
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Fig.5. Influence of cascade inlet radius on operating range
expansion at different rotational speeds

From fig.5. it can be concluded that the zone of optimal
operation lies at the turbine design rotational speed n=1 [-], and
with a cascade inlet radius from 5% to 10% larger than the outlet
radius. Regarding the expansion of the operating range, it can be
concluded that the iso-lines are most stretched at 7.5% of inlet

radius ratio, which can be a guidance for further development of
the “optimal” cascade.
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Fig.6. Influence of cascade blades chord line angular position on
operating range expansion at different rotational speeds

finf]

From fig.6 it can be seen that the biggest extension of the range
is when a variable angular position of the chord is given. As this,
technically is plausible if the blades are “profiled” and have a
changeable angular shape, will be analyzed further. For standard
radial cascades of fixed blade geometry, the weighted angular
position of the chord shall be around 1.11 [-].

1,25
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Fig.7. Influence of cascade density on operating range expansion
at different rotational speeds

On this chart, it can be easily concluded that the cascade density
i.e. the overlap between the blades influences on the expansion of
the operating range. Most expand region is obtained between
10%-25% of blades overlap, i.e. cascade density of L/t=1.1 -
1.25[-].
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Fig.8. Influence of blades relative opening to their length on
operating range expansion at different rotational speeds
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The blades relative opening shows that maximal operating range
expansion is obtained when there is a change of the opening from
12% to 17%. If the cascade is built from constant blade
configurations, the weighted value of the relative opening shall
be in the range around 14%-16% of the blade length.

V. MODELS COMPARISON

By taking the previous assumptions and calculations, how the
cascade types behaves when variable speed is needed, for
obtaining an expanded hill chart, previous analysis were guided
to test and prove this approach for further development.

A strict comparison was made with the existing guide vanes on
the observed turbine model Francis 99 which is in the
Waterpower Laboratory at NTNU. The guide vanes are consisted
of 28 blades, and the cascade has the following geometry
parameters (tab.2). The developed model is geometrically very
close to the existing guide vanes, as the turbine model has very
tight geometrical constraints where the guide vanes can be
positioned and examined. The following analysis was carried out
for further development of this cascade and to further perform
model tests.

Table 2: Model configurations compared

CRi[] L[] a0/L [] fi_n[]
FR99 1,126 1,324 0,166 1,23
MODEL1 1,127 1,3 0,148 1,25

The main difference between the cascades is the relative angular
position of the chord lines of the blades, and the relative opening
of the blades, which can be seen that the developed Model 1 has
slightly smaller opening, related with the conclusions from the
chart on fig.8. The other geometry parameters are selected to
ensure that the developed cascade can be fitted in the turbine
model test rig.

Fig.9. Developed guide vanes model

For several guide vanes openings and rotational speeds of the
runner, for equal operating conditions, the turbine hill charts
were obtained and plotted on relative efficiency scale from 0.9-1

[-].
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Fig.10. Developed guide vanes (Model 1) — turbine hill chart
(pre-described operating limits and extensions)
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Fig.11. Francis 99 guide vanes model — turbine hill chart (pre-
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From the results obtained in the hill charts, it can be easily
concluded that, by respecting only one of the previous derived
criteria (in this example the relative guide vane opening), an
expansion of the turbine operating range is obtained, especially
in the range of reduced rotational speed and reduced flow rates.
This is significant increase of the operating range which
intuitively shows that this turbine can operate with good
efficiency out of the previous described operating limits.

According to fig.10 and 11 it can be concluded that the turbine
characteristics compared for the 2 models, extends. Model 1
gives better performance compared to FR99 guide vanes.
Extended characteristics is obtained for reduced rotational speed,
compared as the ratio between the limitations:

Ngdrpen

0.15
= =1.364 [-]

Megprs 0132

For reduced flow rates, the characteristics extends compared with
the previous limitation:

Qearres _ 0.076
Qeary  0.052

=1.462 [-]

Fig.12.2. Dynamic pressure contours (Francis 99 Guide vanes)

The velocity profiles at the outlet pitch of the blades is compared
to show the plausible hydrodynamic reason for extension of the
operating range. The velocity profiles are analyzed also in
relative manner, to obtain not the intensity, but the uniformity
(asymmetry) of the profile, given on equal blade pitch.

From the chart on fig.13.1 it can be concluded that the velocity
profile obtained for the developed model 1 remains almost equal
for off-design rotational speeds, compared to the existing guide
vanes, which for increases rotational speed of the runner, the
velocity profile deforms and losses its symmetry.
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Fig.13.1. Velocity profile — Model 1
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Fig.13.2. Velocity profile — Francis 99 Guide Vanes

According to this results, a decision was made to further develop
a model of the guide vanes, to perform further measurements and
mode tests, to prove these characteristics of operating range
expansion and how does the guide vanes, overall, can re-shape
the operating hill chart of the turbine.

VI. CONCLUSION

In this paper, a brief analysis was carried out for determining
some of the influential geometry parameters of guide vanes,
when variable speed operation is expected of the turbine runner,
to cover more operating zones. Primarily, the guide vanes
cascade is multiple times described and geometrically
parametrized in the previous researches done, so a continuing to
those researches was made here to the next step.

Several cascade configurations (particularly 21 configurations)
were examined, with various geometry parameters differences,
from different cascade inlet radius, different angular position of
the blades chord line, different cascade density, opening etc. All

WWwWw.savezenergeticara.org



http://www.savezenergeticara.org/

ENERGIJA, EKONOMIJA, EKOLOGIJA / ENERGY, ECONOMY, ECOLOGY

these geometry parameters were tested with CFD simulations on
a reduced numerical model of the Francis 99 turbine model from
the NTNU Waterpower laboratory. All the cascades were
developed for the best efficiency operating point of the turbine.
The tests were carried out at constant head and opening, for
variable rotational speeds of the runner. The results were plotted
as contours (iso-lines) of 3 variables, the geometry parameter
observed, the rotational speed and the turbine efficiency, to
observe how the operating range extends and the optimal zone
shifts with the change of rotational speed or with the change of
the particular geometry parameter.

According to the primary results, it was obtained how certain
geometry parameters influence the extension of operating range
of the turbine. A comparison was made for a developed guide
vane cascade (Model 1) with the existing guide vane cascade of
the Francis 99 turbine model, to observe how the blades opening
change influence the range extension. The results showed
extension of the range, so a decision was made to further build a
model of the guide vanes to prove these operational extensions,
by performing model test at the laboratory.

From this analysis, generally, it can be concluded simply that the
design of the guide vanes cascade is not unambiguous, but quite
opposite. They represent a matter which needs to be evolved
iteratively by certain combinations, which can give reasonable
and favorable hydrodynamic conditions in the pre-runner space,
and on the overall turbine efficiency.
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